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Abstract

Pregnane X receptor (PXR) is activated by chemicals to transcriptionally regulate drug disposition and possibly decrease drug
efficacy and increase resistance, suggesting therapeutic value for PXR antagonists. We previously reported the antagonist
SPA70 and its analog SJB7, which unexpectedly is an agonist. Here, we describe another unexpected observation: mutating
a single residue (W299A) within the PXR ligand-binding domain converts SPA70 to an agonist. After characterizing wild-
type and W299A PXR activity profiles, we used molecular dynamics simulations to reveal that in wild-type PXR, agonists
stabilize the activation function 2 (AF-2) helix in an “inward” position, but SPA70 displaces the AF-2. In W299A, however,
SPA70 stabilizes the AF-2 “inward”, like agonists. We validated our model by predicting the antagonist SJC2 to be a W299A
agonist, which was confirmed experimentally. Our work correlates previously unobserved ligand-induced conformational
changes to PXR cellular activity and, for the first time, reveals how PXR antagonists work.
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Introduction

Human pregnane X receptor (PXR) is a major nuclear recep-
tor involved in drug metabolism and disposition. PXR is
modulated by many diverse chemicals and transcriptionally
regulates drug metabolizing enzymes and transporters to
control xenobiotic disposition and endobiotic homeostasis
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[1-5]. Genes regulated by PXR include those encoding
cytochrome P450 (CYP) enzymes such as CYP3A4 [5],
CYP3AS [6], and CYP2B6 [7], phase II metabolizing
enzymes such as UDP glucuronosyltransferases [8], trans-
porters such as multidrug resistance protein 1 [9, 10], and
many others. PXR has great promiscuity in its ligand-bind-
ing profile and is activated by many xenobiotics, possibly
causing drug resistance, toxicity, or drug—drug interactions.
Well-known compounds that activate PXR include the anti-
biotic rifampicin (Rif) [5], the chemotherapy agent pacli-
taxel [11], the antiviral ritonavir [12], and hyperforin from
the herb St. John’s Wort [13]. While many PXR agonists
have been identified, there are few known antagonists, and
these chemicals are known to have nonspecific effects unre-
lated to PXR [14]. However, we recently reported SPA70
as a potent and highly selective PXR antagonist, and this
compound may serve as a tool for investigating the roles
of PXR in cell and disease biology [15, 16]. The chemical
structures of compounds used in the current study are pre-
sented in Fig. 1.

As other nuclear receptors, PXR is composed of an
N-terminal DNA-binding domain (DBD) and a C-terminal
ligand-binding domain (LBD) connected by a flexible hinge
region [17]. Upon ligand-induced activation, PXR forms
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Fig. 1 Chemical structures of
compounds used in this study
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heterodimers with retinoid X receptor (RXR) to bind to
hexanucleotide direct and inverted repeats at the promot-
ers of target genes [1-3, 5]. The transcriptional activity of
PXR is enhanced by coactivators, such as steroid receptor
coactivator 1 (SRC-1), and repressed by corepressors, such
as nuclear receptor corepressor (NCoR) [18]. Based on
knowledge gained from related nuclear receptors, binding of
coactivators or corepressors is dependent upon positioning
of the C-terminal activation function 2 (AF-2) helix, which
in turn is affected by ligand binding [19]. PXR’s large, flex-
ible ligand-binding pocket, with a size of 1200-1600 A is
believed to mediate ligand promiscuity, allowing accommo-
dation of compounds with varying sizes and structures [19].
However, species-specific PXR ligand preferences suggest
that binding pocket size is not the sole factor in providing
promiscuity. Indeed, mutating just one or a few amino acids
can alter PXR’s response to human-specific Rif or SR12813
and rodent-specific pregnenolone-16a-carbonitrile [20-24].
Furthermore, we previously showed that structurally simi-
lar compounds bind with similar affinity to PXR but have
opposing cellular outcomes, suggesting that subtle structural
changes in PXR ligands may have dramatically different
functional consequences [Fig. 1; SJIB7 (agonist) and SPA70
(antagonist)] [16].
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A previously reported computational approach based on
crystal structures of apo and ligand-bound PXR LBD iden-
tified five “hot spots” that are major contributors to ligand
binding [25]. The hot spot consisting of the cross-species
conserved residues F288, W299, and Y306 interacts with
all co-crystallized PXR ligands. While there is currently
no crystal structure of antagonist-bound PXR, our docking
studies coupled with hydrogen—deuterium exchange have
shown that the antagonist SPA70 may bind PXR similarly
to SPA70’s structurally related agonists such as SJB7 that
contact the F288—W299-Y306 hot spot [16], but it is unclear
why SPA70 is an antagonist but SJB7 is an agonist. We
previously studied the impacts of mutating W299 on the
cellular activities of ligand binding and found that mutants
have differential effects on PXR activation by the agonists
Rif, SR12813, and T0901317 (TO) [26]. Additionally, phe-
nobarbital was recently shown to directly activate PXR in a
W299-dependent manner [27]. These studies reveal a criti-
cal role of W299 in the cellular activities of ligand binding.

In the current study, we used W299 mutants to study
ligand-mediated PXR activation and inhibition. We carefully
characterized W299A PXR and found that it lacks the basal
activity that is present with WT PXR and disproportion-
ately reduces Rif and TO potency; both Rif and TO, however,
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fully activate the mutant at high concentrations. Unexpect-
edly, SPA70, the antagonist of WT PXR, became an ago-
nist of W299A. Further analyses confirmed the antagonistic
behavior of SPA70 for WT PXR and its opposing agonistic
behavior for W299A PXR, such as differential DNA binding
and cofactor interactions. Because the mutation functionally
switches SPA70, we used the W299A LBD as a platform to
study the mechanisms of PXR activation vs. inhibition by
small molecules. Molecular dynamics (MD) simulations of
the PXR-ligand systems suggest that the positioning of the
AF-2 helix in WT LBD is differentially affected by agonists
[(“inward”) for both TO and SJB7] and antagonist SPA70
(“outward”), providing the first explanation for the mecha-
nism of PXR antagonism. Consistent with our cellular data
showing that SPA70 activates W299A PXR, MD simula-
tions revealed that the AF-2 helix is positioned in an agonis-
tic mode in W299A LBD with SPA70 (“inward”), similar to
that in both WT and W299A with agonists TO and SJB7. We
further used our model on the two distinct ligand-induced
AF-2 conformations (“inward” for agonist and “outward”
for antagonist) to predict a known PXR antagonist (SJC2)
[16] to be an agonist for W299A, which was subsequently
confirmed in cell-based assays. Our results correlate dis-
tinct ligand-induced conformations to the opposing cellu-
lar activities of agonist and antagonist and provide insights
into mechanisms of PXR activation and inhibition by small
molecules.

Results

W299A PXR has reduced basal and agonist-induced
activities

W299 is a cross-species conserved residue in the PXR
ligand-binding pocket (Supplementary Fig. 1), and we
have previously reported that PXR activation by agonists
is affected by W299 mutations [26]. To further investigate
these effects, we generated dose response curves using
HepG?2 cells (clone C3A, henceforth referred to as HepG2)
co-transfected with pcDNA3 (empty vector, EV) or WT
or mutant PXR expression vector and a reporter plasmid
encoding firefly luciferase under the control of a PXR-
regulated CYP3A4 promoter and treated with various com-
pounds (Supplementary Fig. 2). Whereas some mutants (i.e.,
W299F) resembled WT, some were completely inactive (i.e.,
W299D—used as a negative control for the remainder of this
study), and others showed decreased basal activity and shifts
in agonist potency, but retained inducibility (i.e., W299A).
The observation that W299A lacked basal activity but was
still agonist-inducible, together with previous reports that
it reduced [26] or abolished [27] the activity of agonists,
prompted us to fully characterize this mutant. Consistent

with our previous findings, W299A reduced the activation
of PXR by TO to a larger extent than that by Rif; however,
at high concentrations, TO and Rif both activated W299A
equally to WT (Fig. 2a). Furthermore, we confirmed that
W299A PXR lacked the basal activity present in the WT
protein (Fig. 2b).

We further tested whether W299A also reduced PXR
activation by ligand cocktails. It was previously reported
that the pesticide trans-nonachlor (TNC) and the synthetic
estrogen 17a-ethinylestradiol (EE2) synergistically activate
PXR by binding concomitantly, with TNC forming nonpolar
interactions with the F288—-W299-Y306 hot spot [28]. As
shown in Supplementary Fig. 3, whereas TNC or EE2 alone
moderately activated WT PXR, their combination potently
activated the receptor. The W299A mutation severely dimin-
ished the potency of TNC and EE2, either alone or com-
bined, but full activation was still attained at high compound
concentrations, similar to TO and Rif, and the combination
of TNC and EE2 appeared to retain its synergy in W299A
activation. Together, our data show that W299 is critical
for PXR activation by both single agonists and compound
mixtures.

WT and W299A PXR have varying cofactor
recruitment profiles

To determine if the loss of basal and agonist-induced activi-
ties in W299A was simply due to reduced protein expression
or altered subcellular localization, we performed western
blot and immunofluorescence of FLAG-PXR-transfected
cells. The PXR constructs had relatively equal expression,
but treatment with 5 uM TO increased the level of WT PXR,
consistent with previous observations that ligands can sta-
bilize PXR (Supplementary Fig. 4) [16]. Neither mutation
nor compound treatment altered the subcellular distribution
of PXR (Supplementary Fig. 5). These data suggest that the
activity differences are not due to expression or localization
changes.

We next assessed the interactions of PXR LBD (fused to
the VP16 activation domain) with the heterodimeric part-
ner RXRa, the corepressor mouse NCoR (mNCoR), and
the coactivator SRC-1 (fused to the GAL4 DNA-binding
domain) by mammalian two-hybrid assays (Fig. 2c). HepG2
cells were co-transfected with vectors as indicated, treated
with DMSO, Rif (10 uM), or TO (5 uM), and assayed for
luciferase activity. The concentrations of compounds
were chosen to fully activate both WT and W299A based
on Fig. 2a. The W299A and W299D mutations slightly
decreased PXR LBD-RXRa interaction compared to WT,
but the signals were still higher than empty vector control
(EV) background. Only WT PXR LBD interacted with
mNCoR, suggesting that the reduced or abolished activ-
ity of the PXR mutants is not due to increased corepressor
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Fig.2 PXR activation by Rif and TO is differentially affected by
W299 mutations. a HepG2 cells were co-transfected with empty vec-
tor (pcDNA3, EV), WT, W299A, or W299D PXR and a plasmid
encoding firefly luciferase under the control of a PXR-responsive
CYP3A4 promoter. Cells were treated with Rif or TO for 24 h and
assayed for luciferase activity. b The DMSO controls from a are plot-
ted. The symbols represent all DMSO wells from three independent
experiments. ¢ Mammalian two-hybrid assays were performed in
HepG2 cells. Cells were co-transfected with an empty pACT vector
or pACT-PXR LBD plasmid (WT, W299A, or W299D), a coregula-
tor plasmid (pBIND-RXRa, pBIND-mNCoR, or pBIND-SRC-1), and
a GALA4 firefly luciferase reporter plasmid. Cells were treated with
10 uM Rif or 5 uM TO for 24 h and assayed for luciferase activity.
The symbols represent measurements from four independent experi-
ments. Data in a—c are presented as fold change (FC) relative to the
WT PXR DMSO control. For ¢, significance was assessed with one-
way ANOVA followed by Dunnett’s test for each sample compared

interactions. Unliganded WT PXR LBD interacted with
SRC-1, and interaction was enhanced by Rif and TO, as
expected. W299A PXR LBD, however, did not inter-
act with SRC-1 in the absence of agonist, but interaction
increased with agonist treatment. These data are consistent
with our observation that W299A lacks basal activity but

@ Springer

O &8 <Q O o <
o0 TR G ER
N N
SRC-1
251 mm (1) ]
2.0- m WT
Hm \W299A 2
1.5 =3 W299D ofo
1.0 ool | :
0.5 1B
7 # # - B3 . N
# o o # # o4 o # : T oro
0.0lercforo T 2 a0 £ & o0 0 < b dea
FRERQFERQFERIGERZEzRGER
s = S S s = = S
o n a a o n o o
Untr CYP3A4

to the DMSO control of its group [p<0.05 (*)] and for each sample
compared to the DMSO control for WT PXR [p<0.05 (#)]. d HepG2
cells were transfected with untagged PXR (—) or FLAG-PXR (WT,
W299A, or W299D). Cells were treated with 10 uM Rif or 5 uM TO
for 24 h, and ChIP was performed with anti-FLAG. Primers directed
at an untranscribed genomic region (Untr) and the CYP3A4 PXRE
were used for qPCR. e HepG2 cells were co-transfected with FLAG-
PXR plasmid (WT, W299A, or W299D) and either EV (—) or a plas-
mid expressing SRC-1. Cells were treated with 10 uM Rif or 5 uM
TO for 24 h, and ChIP was performed with anti-SRC-1. Data for d, e
are presented as FC relative to the CYP3A4 qPCR from the WT PXR
DMSO sample, and symbols represent measurements from three
independent experiments. Significance was assessed with one-way
ANOVA followed by Dunnett’s test for each sample compared to the
DMSO control of its group [p<0.05 (*)] and for each sample com-
pared to the DMSO control for WT PXR CYP3A4 [p<0.05 (#)]

is still inducible by Rif and TO. W299D PXR LBD did not
show SRC-1 binding under any condition, consistent with
the reporter assays showing that this mutant is completely
inactive.

Results from the two-hybrid assays suggested that
the altered activity of W299A may be caused by altered
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interaction with coactivator but not with RXR or corepres-
sor. Therefore, we investigated recruitment of PXR and
SRC-1 directly to the endogenous CYP3A4 promoter. We
transfected HepG?2 cells with FLAG-tagged PXR, treated
with DMSO, Rif (10 uM), or TO (5 pM), and performed
chromatin immunoprecipitation (ChIP) with anti-FLAG
antibody. Binding was assessed at the endogenous CYP3A4
PXR response element (PXRE) and at an unrelated untran-
scribed genomic sequence (Untr) as previously described
(Fig. 2d) [29]. WT PXR bound the CYP3A4 PXRE in the
absence of ligand, and binding was increased with the addi-
tion of Rif or TO. W299A PXR had reduced CYP3A4 PXRE
occupancy in the absence of ligand but showed interaction
when Rif or TO was added. Binding of the Untr negative
control region was minimal and unaffected by mutation or
ligand.

Next, HepG2 cells were co-transfected with WT or
mutant PXR and SRC-1 expression constructs, and ChIP
assays were performed with anti-SRC-1 antibody (Fig. 2e).
With WT PXR, SRC-1 was abundant at the CYP3A4 PXRE
without ligand, and occupancy increased slightly, but not
significantly, with the addition of agonist; this small increase
is likely due to low inducibility of endogenous CYP3A4 by
PXR ligands in HepG2. No SRC-1 was present at the PXRE
in W299A PXR-transfected cells, but binding increased with
Rif and TO. SRC-1 was absent from the promoter in W299D
PXR-transfected cells under all conditions. These results are
consistent with results from the CYP3A4 reporter, mam-
malian two-hybrid, and FLAG-PXR ChIP assays, and they
show that SRC-1 recruitment to the CYP3A4 promoter is
dependent on and correlates with PXR activation.

W299A PXR has altered ligand-binding properties

Due to the apparent importance of the W299 residue in
determining the cellular outcome of agonist binding, we
wished to test the ligand-binding affinity of WT and mutant
PXR. We were unable to obtain pure, soluble W299A pro-
tein, so we resorted to cell lysate-based experimentation.
GST-tagged WT, W299A, and W299D PXR LBD proteins
were expressed by in vitro transcription/translation, and the
resulting lysate was subjected to our previously reported
time-resolved fluorescence resonance energy transfer (TR-
FRET) binding assay that measures binding of a fluorescent
PXR ligand (BODIPY FL vindoline) to GST-PXR bound by
a terbium-labeled GST antibody [30]. W299A and W299D
had reduced TR-FRET signal (Supplementary Fig. 6), indi-
cating that the mutants have drastically reduced affinity for
the BODIPY FL vindoline probe, and this assay could there-
fore not be used to assess direct and competitive binding of
TO and Rif to the mutants.

We then turned to a cellular thermal shift assay (CETSA)
[31, 32] using split Nano Luciferase [33] in 293T cells

transfected with PXR LBD expression constructs with
N-terminal HiBiT peptides. WT LBD was stabilized by
TO, as exhibited by dose-responsive shifts in the melting
curves (Supplementary Fig. 7a—c). TO did not stabilize
W299A or W299D LBD, indicating that the mutants may
have decreased affinity for TO. Importantly, the thermal
stability of LBD was unaffected by mutation alone (Sup-
plementary Fig. 7d). The CETSA was markedly less sen-
sitive (ICy, for TO with WT PXR was 1.8 +0.4 uM) than
our previously reported competitive TR-FRET assay (ICs,
was 102 nM) [30], and we were therefore unable to observe
TO stabilization of W299A LBD. It is also possible that TO
binds the mutant proteins but does not induce stabilizing
conformational changes. Unfortunately, we were unable to
obtain results with Rif because the compound inhibited a
reaction component, reducing luminescence equally with all
proteins (Supplementary Fig. 7e). Nevertheless, the CETSA
and TR-FRET results (in the context of technical limita-
tions such as low assay sensitivity) together suggest that
the W299A mutation alters PXR ligand-binding properties
and/or ligand-induced conformational changes. The obser-
vation that at high concentrations both TO and Rif activated
W299A equally to WT (Fig. 2a), however, indicates that
both ligands can induce the proper active conformation of
the mutant receptor, provided that they are used at sufficient
concentrations.

Because the W299A mutation altered ligand-binding
properties of PXR LBD, we asked whether the lack of
W299A basal activity (Fig. 2b) is due to loss of binding
and activation by an endogenous chemical. We made use
of a triple mutant of PXR (S208W, S247W, and C284W,
henceforth referred to as 3W) previously reported to be fully
active without exogenous ligand due to the mutations mim-
icking ligand binding [34]. As expected, 3W was fully con-
stitutively active (Supplementary Fig. 8, WT vs. 3W). 3W
dramatically increased the basal activity of W299A (W299A
vs. 3W W299A), but not that of W299D, further confirming
the complete loss of function conferred by a charged residue
at position 299, and suggesting that either 1) lack of W299A
basal activity is due to lack of binding of a weak endogenous
agonist or 2) W299 itself has a role in weakly activating
the receptor. Interestingly, TO enhanced the activity of 3W
W299A, but not 3W, suggesting that it adopts a new pose
in the W299A mutant that is not occluded by the additional
3W mutations, further supporting the notion that W299A
alters PXR’s ligand-binding properties and ligand-induced
conformational changes.

SPA70 is an antagonist of WT PXR but an agonist
of W299A PXR

After characterizing the role of W299 in modulating agonist
activity, we were curious how the W299A mutant would
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function in the presence of an antagonist such as SPA70.
Consistent with our previous characterization of SPA70,
SPA70 alone decreased the activity of WT PXR in the
CYP3A4 reporter assay, suggesting that this compound may
be an inverse agonist for WT PXR (Fig. 3a) [16]. Unex-
pectedly, however, we found that SPA70 was an agonist of
W299A (Fig. 3a). Because W299C and W299V showed
activation profiles similar to that of W299A, and W299F
activation was like WT (Supplementary Fig. 2), we tested
these mutants with SPA70 (Supplementary Fig. 9) and found
that SPA70 was an inverse agonist of W299F (like WT) and
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an agonist of W299C and, to a lesser extent, W299V (like
W299A). To investigate the switch of SPA70 from antago-
nist to agonist, we performed mammalian two-hybrid assays
with WT or W299A PXR LBD in the presence of 10 uM Rif
or SPA70 (Fig. 3b). SPA70 slightly increased the interaction
of WT PXR LBD with SRC-1, but to a lesser extent than
Rif (3.2-fold for Rif vs. 2.0-fold for SPA70 compared to
DMSO). Rif and SPA70 both increased SRC-1 interaction
with W299A PXR LBD to the same extent (3.0-fold for Rif
and 3.1-fold for SPA70 compared to DMSO). Consistent
with our previously reported data [16], SPA70 enhanced WT
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«Fig.3 SPA70 is an antagonist of PXR WT but an agonist of PXR
W299A. a HepG2 cells were co-transfected with empty vector (EV),
WT, W299A, or W299D PXR and a plasmid encoding firefly lucif-
erase under the control of a PXR-responsive CYP3A4 promoter. Cells
were treated with SPA70 for 24 h and assayed for luciferase activity.
b Mammalian two-hybrid assays were performed in HepG2 cells.
Cells were co-transfected with an empty pACT vector or pACT-
PXR LBD plasmid (WT, W299A, or W299D), a coregulator plasmid
(pBIND-SRC-1 or pBIND-mNCoR), and a GAL4 firefly luciferase
reporter plasmid. Cells were treated with 10 uM Rif or SPA70 for
24 h and assayed for luciferase activity. The symbols represent meas-
urements from four independent experiments. The gray point in the
W299A +Rif group of the left panel is an excluded outlier. Data in
panels a, b are presented as FC relative to the WT PXR DMSO con-
trol. For b, significance was assessed with one-way ANOVA followed
by Dunnett’s test for each sample compared to the DMSO control of
its group [p <0.05 (*)] and for each sample compared to the DMSO
control for WT PXR [p<0.05 (#)]. ¢ HepG2 cells were transfected
with untagged PXR (—) or FLAG-PXR (WT or W299A). Cells were
treated with 10 uM Rif or SPA70 for 24 h, and ChIP was performed
with anti-FLAG. d HepG2 cells were co-transfected with FLAG-PXR
plasmid (WT or W299A) and either EV (-) or a plasmid expressing
SRC-1. Cells were treated with 10 uM Rif or SPA70 for 24 h, and
ChIP was performed with anti-SRC-1. Data for ¢, d are presented as
FC relative to the CYP3A4 qPCR from the WT PXR DMSO sample,
and symbols represent measurements from at least three independ-
ent experiments. For ¢, d, significance was assessed with one-way
ANOVA followed by Dunnett’s test for each sample compared to the
DMSO control of its group [p<0.05 (*)] and for each sample com-
pared to the DMSO control for WT PXR CYP3A4 [p<0.05 (#)]. e
The activities of WT and W299A PXR without ligand (basal), with
agonist, and with SPA70 are shown graphically. For each condition,
the solid arrow lengths and directions depict the qualitative equi-
librium of DNA-bound vs. free PXR, and the spheres show cofac-
tor interactions. The small dashed arrows indicate the equilibrium
between SRC-1 and NCoR interactions with PXR under the basal
condition; the equilibrium is depicted as preferring SRC-1 due to the
basal activity present with WT PXR

PXR LBD interaction with mNCoR, while Rif did not (1.1-
fold for Rif vs. 3.0-fold for SPA70 compared to DMSO).
However, the SPA70-induced interaction between W299A
PXR LBD and mNCoR was significantly less (1.6-fold for
SPA70 compared to DMSO). Together, these data indicate
that SPA70 more robustly recruits corepressor to WT PXR,
but coactivator to W299A PXR, consistent with the expected
behavior of an inverse agonist and an agonist.

Next, we analyzed PXR and SRC-1 recruitment to the
endogenous CYP3A4 PXRE by ChIP in HepG2 cells. Sur-
prisingly, both Rif and SPA70 increased WT PXR occu-
pancy at the CYP3A4 PXRE, suggesting that both agonists
and antagonists induce PXR binding at responsive pro-
moters (Fig. 3¢). As in Fig. 2d, without ligand, W299A
was reduced at the PXRE compared to WT; when Rif or
SPA70 was added, W299A PXR at the PXRE increased to
near-WT levels. Importantly, SPA70 decreased coactivator
SRC-1 recruitment to the CYP3A4 PXRE in the presence
of WT PXR, but increased SRC-1 occupancy in the pres-
ence of W299A PXR (Fig. 3d). Unfortunately, we were
unable to obtain ChIP data for NCoR, likely due to the

low responsiveness of the CYP3A4 gene to PXR ligands
in HepG2 cells. Nevertheless, the PXR and SRC-1 ChIP
data together with the two-hybrid results suggest that SPA70
inhibits WT PXR and activates W299A PXR by inducing
PXR recruitment to responsive promoters and altering PXR-
cofactor interactions (Fig. 3e). However, the mechanism
responsible for SPA70 being an antagonist for WT PXR
but an agonist for W299A PXR is unknown. Interestingly,
SPA70 slightly increased PXR LBD interaction with SRC-1
in mammalian two-hybrid, but decreased SRC-1 occupancy
at the endogenous CYP3A4 PXRE, suggesting that pro-
tein—protein interactions may differ when PXR is free vs.
bound to target DNA sequences.

SPA70 antagonist-to-agonist switch correlates
to the “outward”-"inward” positioning of AF-2 helix
revealed in molecular dynamics (MD) simulations

Having carefully characterized the opposing antagonistic
(for WT PXR) and agonistic (for W299A PXR) profiles
of SPA70, we wanted to gain insights into ligand-induced
structural effects as a result of the W299A mutation and
to study the conformational mechanisms by which SPA70
becomes an agonist of W299A PXR. Although several crys-
tal structures for PXR LBD exist, most of these incorporate
an SRC-1 peptide for protein solubilization and crystalli-
zation; accordingly, no structure yet exists for antagonist-
bound PXR. Moreover, though highly informative, crystal
structures only provide a snapshot of the total information
and lack dynamic detail. Interpreting structural information
from proteins as promiscuous and flexible as PXR may be
skewed, as crystal structures often force the protein into a
limited subset of potential conformations. Since molecu-
lar dynamics (MD) simulations have been used to study
the binding mechanism of SR12813 to PXR LBD [35],
we thought this would be an appropriate approach to gain
dynamic structural insights into our systems of interest.

We performed simulations of WT and W299A PXR LBD
with no ligand, TO, SPA70, and SJIB7 for a total of 8 systems.
We first ensured each system had properly equilibrated by
measuring the root mean squared deviation (RMSD) and
checking that all simulations demonstrated a reasonable pla-
teau and were each under 3 A (Supplementary Fig. 10). Fur-
thermore, we solvated the systems in the same water-based
solvent model, ran each system for a total of 200 ns, and kept
all other parameters the same to enable among-simulation
comparisons. Because the AF-2 helix has been implicated
in the activation mechanism of PXR [19], post-trajectory
atomic alignments were performed to capture any relative
structural changes in this (or any other) region.

To test and validate the approach, we first analyzed the
potent agonist TO with WT and W299A PXR LBD. No sig-
nificant secondary structure changes were apparent between
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the two complexes over the course of the simulation (Fig. 4a,
Supplementary Fig. 11a), but we observed that TO was
able to move deeper into the binding pocket in the W299A
mutant to a position that would not be allowed in the WT
protein. This observation is consistent with the aforemen-
tioned results that TO was able to activate 3W W299A but
not 3W (Supplementary Fig. 8). To test whether the lack of
the bulky tryptophan residue in W299A was the basis for
TO being able to move deeper into the pocket, we decided
to test another ligand. We chose SIB7 because it is an ago-
nist (Supplementary Fig. 2) that has high structure simi-
larity to SPA70 (Fig. 1) [16]. SIB7 simulations confirmed
the observation from TO simulations: the ligand was able to
slide deeper into the binding pocket of W299A to a posi-
tion that would clash with the W299 residue of WT PXR
(Fig. 4b). No secondary structure changes between WT and
mutant proteins occurred in the SJB7 simulations, including
the AF-2 region (Fig. 4b, Supplementary Fig. 11b). This
closely mirrored our results for TO and prompted us to test
if any changes could be observed when using an antagonist
as input.

To obtain insights into how the W299A mutation con-
verts SPA70 to function as an agonist, we simulated WT
and W299A proteins with SPA70. As observed with the ago-
nists we tested, W299A permitted SPA70 to slide deeper
into the binding pocket, further away from the AF-2 helix
(Fig. 5a). At the start of the simulation, this was the only
difference that could be seen, and, like the agonists, there
were no changes in overall protein structure (Supplementary

Fig.4 The W299A mutation a

WT + TO

W299A + TO

Fig. 12a). However, we were surprised that the AF-2 helix
quickly adopted a different position in WT PXR LBD rela-
tive to W299A. Strikingly, the AF-2 helix in the WT-SPA70
structure was pointed in an outward direction, nearly perpen-
dicular to the W299A-SPA70 AF-2 helix which was facing
inward (Fig. 5a). We were also surprised that the “outward”
vs. “inward” positioning of AF-2 was the only structural
difference in SPA70-bound PXR simulations, as all other
areas of the protein superimposed clearly (Supplementary
Fig. 12a). We sought to determine whether differential ligand
stability between WT and W299A PXR LBD simulations
contributed to the functional switch, since SPA70 moves fur-
ther away from the AF-2 helix in the W299A mutant. How-
ever, the W299A-mediated shift in SPA70’s binding pocket
occupancy did not destabilize SPA70 itself, which was an
effect also seen in the agonist simulations (Supplementary
Fig. 13). These data indicate that 1) the mutation of W299
enabled ligands to move deeper into the binding pocket away
from the AF-2 helix, 2) the mutation still allowed ligands to
bind as stably as the WT simulations, and 3) the AF-2 helix
faced outward (“AF-2q,,”) in the WT-SPA70 structure but
inward (“AF-2;.”) in the W299A-SPA70 structure.

Upon observing the differences in AF-2 positioning
between SPA70-bound WT and W299A PXR LBD, we
postulated that this positioning could be a structural mecha-
nism for the antagonist-to-agonist switch between the WT
and W299A proteins. Therefore, we directly compared the
most potent agonist (T0) and antagonist (SPA70) of WT
PXR to see if any differences in the AF-2 helix could be

Overlay

does not affect agonist-bound
PXR conformation. Molecular
dynamics simulations were
performed for WT and W299A
PXR LBD in the presence of
a TO or b SIB7. Individual
and overlaid images are shown
for the ligands in the ligand-
binding pocket; the right
panels focus on the AF-2 helix
and W/A299. Each panel is
derived from the same frame

of its respective simulation.
Protein-ligand structures are

W299A + SJB7

shown in gray (WT +TO),
green (W299A +TO0), olive
(WT +SJB7), and blue
(W299A + SJB7). Ligand
heteroatoms are shown in red
for oxygen, blue for nitrogen,
yellow for sulfur, and teal for
fluorine
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Fig.5 Structural mechanism of SPA70 antagonist-to-agonist switch
conferred by the W299A mutation. Molecular dynamics simulations
were performed for WT and W299A PXR LBD in the presence of
no ligand, TO, or SPA70. a Individual and superimposed images of
the ligand-binding pocket are shown for SPA70-bound WT (teal) and
W299A (raspberry) PXR LBD; the right panels focus on the AF-2
helix and W/A299. The dashed lines indicate the orientation of each
AF-2 helix; arrows point from the N to the C terminus of the helix.
The AF-2 is labeled “In” or “Out” in reference to the proximity of
the C terminus to the ligand-binding pocket. b Overlaid images of
TO-bound WT (gray) and SPA70-bound WT (teal) PXR LBD. ¢

discerned in the context of WT PXR LBD alone. Remark-
ably, while SPA70 induced WT PXR LBD to adopt the AF-
2,y conformation as stated above, TO induced the AF-2;
mode (Fig. 5b). The consistent observations in Fig. 5a, b
suggested that the AF-2,, position could be indicative of
PXR in an antagonistic conformation while AF-2;, might
confer agonistic mode. When we compared W299A-SPA70
to WT-TO, we observed the AF-2,, position for both com-
plexes (Fig. 5¢), consistent with our cell-based activity data

Time (ns)

Overlaid images of TO-bound WT (gray) and SPA70-bound W299A
(raspberry) PXR LBD. d WT or W299A simulations without ligand,
with TO, and with SPA70 are overlaid. Left panel: the AF-2 is in the
“In” position for all simulations except SPA70-bound WT. Right
panel: The AF-2 cannot adopt the “In” position in WT PXR LBD
when SPA70 is present because the helix would clash with the ligand;
therefore, the helix is held in the “Out” orientation. e Quantification
of the “In” vs. “Out” AF-2 orientations between simulations. The dis-
tance from the AF-2 residue F429 to the Helix 3 residue F251 was
measured for the duration of each simulation (using a-carbon atoms
for measurements)

showing that both of these conditions are agonistic (Figs. 2,
3). By superimposing the structures of WT and W299A
PXR LBD with no ligand, TO, or SPA70 (six simulations
total), we clearly demonstrated that the only system known
to be in functionally antagonistic mode (SPA70-bound WT
PXR LBD) was also the only simulation resulting in the AF-
2, conformation (Fig. 5d, left panel). After closely exam-
ining and overlaying each ligand from these simulations, it
was apparent that SPA70 prevents the AF-2;, conformation
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only in WT PXR LBD, as a steric clash would occur
(Fig. 5d, right panel). Conversely, all other systems (includ-
ing SPA70-bound W299A PXR LBD) held the ligands far
enough away from the AF-2 that it could adopt the “In”
conformation.

While the AF-2, vs. AF-2, difference was clear visu-
ally, we sought to quantify the AF-2 “In-ness” vs. “Out-
ness”. To do so, we chose the same C-terminal residue of
the AF-2 (F429) and measured its distance to the helix 3
(H3) residue F251. H3 was selected because its structure
was very well conserved across all simulations (Supplemen-
tary Fig. 14a, b), so it could provide a reference point from
which AF-2; vs. AF-2, could be easily distinguished. We
observed a dramatic~5 A difference between the “In” vs.
“Out” positions of the AF-2 (Fig. 5e). The AF-2, con-
formation only resulted from SPA70-bound WT PXR and
was maintained for the course of the simulation (Fig. Se).
Furthermore, the median and distribution values for each
collective simulation reinforced this striking difference
in AF-2 positioning (Supplementary Fig. 14c). When the
AF-2 regions of WT-SPA70, WT-T0, and WT-SJB7 simula-
tions were superimposed, although secondary structure of
the helix was partially lost in SJB7 simulations (Fig. 4), it
was clear that SJB7 induced the AF-2;, conformation (Sup-
plementary Fig. 15). Changes in specific residues involved
in ligand—protein interactions were observed between the
systems, but no clear pattern could be discerned to explain
the antagonist-to-agonist switch of SPA70 (Supplementary
Fig. 16), suggesting that there may be multiple interaction
modes that can lead to PXR modulation.

Comparing the combinations of PXR LBD (WT and
W299A) with chemical modulators (agonists and antago-
nists), our collective results indicate that the AF-2 adopts
distinct positions for agonists vs. antagonists. Interestingly,
the AF-2 conformation in response to ligands could be
manipulated by a mutation (W299A) far across the ligand-
binding pocket, but the mutation itself did not appear to
affect protein conformation (Supplementary Fig. 12b).
Mutating tryptophan 299 to alanine allowed for all ligands
to bind further from the AF-2, and in the case of SPA70,
the ligand became far enough away to permit the AF-2;,
conformation. In WT PXR LBD, SPA70 was stabilized and
held up by the W299 residue in such a way that it prevented
the AF-2 helix from folding in, forcing it to remain in the
AF-2  conformation.

MD simulations predict an antagonist-to-agonist
switch

In our previous work, we reported 3 compounds in addition
to SPA70 that exhibited antagonistic activity toward PXR
[16]. Of these three compounds, SJIC2 was the most potent.
To test whether the AF-2,,, to AF-2;, switch was specific
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to SPA70, we simulated WT and W299A PXR with SIC2.
Interestingly, we found that, like with SPA70, SIC2-bound
WT AF-2 adopted the “Out” position and SJIC2-bound
W299A AF-2 adopted the “In” position (Fig. 6a). When
overlaid with SPA70 simulations, the positionings of the
AF-2 were very similar between the respective simulations
(Fig. 6b), and quantification of the AF-2 to H3 distances
supported these observations, although the WT-SPA70
AF-2 was slightly further “Out” than the WT-SJC2 AF-2
(Fig. 6¢). These data suggested that the AF-2,,, conforma-
tion is unique to antagonists and predicted that the W299A
mutation converts SJIC2 to an agonist, like SPA70.

To determine whether the MD simulations had accurately
predicted an antagonist-to-agonist switch of SIC2, we tested
SJC2 in the CYP3A4 promoter reporter assays with WT and
W299A PXR. First, we combined SJIC2 with 10 uM Rif and
found that SJC2 antagonizes Rif activation of WT PXR, as
expected (Supplementary Fig. 17). SJC2 alone had no effect
on the basal activity of WT PXR but was indeed an agonist
of W299A (Fig. 6d), demonstrating that our computational
approach successfully predicted the functional switch of an
antagonist to an agonist. The antagonistic effect of SIC2
on Rif-mediated WT PXR activation and the lack of any
effect of SJC2 alone suggested that SJC2 acts by a mecha-
nism distinct from that of SPA70. In mammalian two-hybrid
assay, SPA70, but not SJIC2, induced corepressor interac-
tion with WT PXR LBD (Supplementary Fig. 18). These
results suggest that SJC2 may be a neutral antagonist of WT
PXR, unlike SPA70, which has characteristics of an inverse
agonist.

Discussion

Previous studies have reported the dependency of PXR ago-
nist activity on W299 [26, 27], but we wished to characterize
the role of W299 more extensively and expand the investiga-
tion into multi-ligand and antagonistic systems. In our initial
screen, we observed that W299 mutations can cause loss of
basal activity or complete loss of function (Supplementary
Fig. 2). Substitutions with large hydrophobic residues (L or
F) retained WT-like activity, but mutants with small, polar,
or charged residues (D, G, or S) lacked activity. The A, C,
and V substitutions had an intermediate phenotype, lacking
basal activity but retaining inducibility. These findings sug-
gest that size and hydrophobicity are integral dictators of
ligand interaction at this hot spot and of general ligand bind-
ing. As suspected, W299A and W299D exhibited reduced
fluorescent probe binding and ligand-mediated PXR stabi-
lization (Supplementary Figs. 6, 7), and it is possible that
these deficiencies reflect decreased ligand-binding affinity
of the mutants. The decreased ligand affinity could contrib-
ute to loss of PXR basal activity in the W299A mutant by
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Fig.6 MD predicts an antagonist-to-agonist switch. a Molecular
dynamics simulations were performed for WT and W299A PXR
LBD in the presence of SJIC2. Individual and superimposed images of
the ligand-binding pocket are shown for SJC2-bound WT (violet) and
W299A (yellow) PXR LBD; the right panels focus on the AF-2 helix
and W/A299. b WT or W299A simulations with SJC2 and SPA70 are
overlaid. The AF-2 is in the “Out” position for WT simulations and in
the “In” position for W299A simulations. ¢ Quantification of the “In”

decreasing endogenous chemical binding, and our observa-
tion that the basal activity of W299A can be rescued by
mutations in the ligand-binding pocket that mimic ligand
binding supports this notion (Supplementary Fig. 8). On the
other hand, at high concentrations, both TO and Rif acti-
vated W299A equally to WT (Fig. 2a), indicating adequate
binding of TO and Rif in cells and supporting the idea that
W299A alters ligand-induced conformational changes. As
expected, our observations of PXR activity differences can
be attributed to differential cofactor interactions and PXR
recruitment to the CYP3A4 promoter (Fig. 2). Although WT,
W299A, and W299D proteins were equally expressed and
had similar subcellular localization (Supplementary Figs. 4,
5), we cannot rule out the potential for misfolding of the
mutants. For example, the introduction of a charged resi-
due into the hydrophobic ligand-binding pocket in W299D
could destabilize the LBD, leading to the observed lack of
activity. W299 itself may play a role in protein stability, and
mutation to smaller residues could disrupt protein structure.
Because W299A lacked basal activity and was unable to
interact with mNCoR or SRC-1 in the absence of ligand
(Figs. 2, 3), it is possible that this mutant is conformation-
ally distinct from the WT protein. Another possibility is
that due to the altered ligand binding properties of W299A,

vs. “Out” AF-2 orientations between simulations. The distance from
the AF-2 residue F429 to the Helix 3 residue F251 was measured for
the duration of each simulation (using a-carbon atoms for measure-
ments). d HepG2 cells were co-transfected with empty vector (EV),
WT, W299A, or W299D PXR and a plasmid encoding firefly lucif-
erase under the control of a PXR-responsive CYP3A4 promoter. Cells
were treated with SJC2 for 24 h and assayed for luciferase activity

the mutant protein loses binding of endogenous chemicals
that contribute to basal activity and protein—protein interac-
tion equilibria. However, if protein structure is disrupted by
W299A mutation, a WT-like conformation is rescued by
exogenous ligands, as shown by the ability of Rif and TO,
when used at sufficient concentrations, to fully activate the
mutant and induce coactivator binding.

Surprisingly, we found that the WT PXR antagonist
SPA70 is an agonist of W299A, W299C, and, to a lesser
extent, W299V PXR (Fig. 3, Supplementary Fig. 9), and,
based on our cell-based and MD data, we have proposed a
model to explain both the antagonistic activity of SPA70 for
WT PXR and the antagonist-to-agonist switch conferred by
the W299A mutation (Fig. 7). As we previously discussed
[16], the reduction of WT PXR basal activity by SPA70
in the cell-based reporter assay (Fig. 3a) and the ability of
SPA70 to enhance the interaction of WT PXR LBD with
the corepressor mNCoR (Fig. 3b) suggest that SPA70 func-
tions as an inverse agonist of WT PXR. With W299A PXR
LBD, however, SPA70 induced interaction with the coac-
tivator SRC-1 and not mNCoR. Our ChIP results showed
that SPA70 enhanced both WT and W299A PXR recruit-
ment to the CYP3A4 promoter (Fig. 3c); however, SPA70
reduced SRC-1 recruitment to the promoter in cells with
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Fig.7 Model of mutational

and chemical PXR modulation.
Agonists stabilize the “In” AF-2
position, allowing coactivator
to bind. Inverse agonists, like
SPA70, stabilize an “Out” AF-2
position that favors corepressor
binding. The W299A mutation
allows SPA70 to bind away
from the AF-2 and stabilize the
“In” AF-2 conformation

WT PXR but increased SRC-1 recruitment to the promoter
in cells with W299A PXR (Fig. 3d). While we were not
able to obtain corepressor ChIP results, we can surmise from
our data that SPA70 functions by increasing the presence of
an inhibitory WT PXR-corepressor complex at responsive
promoters.

Our MD simulations revealed conformational dynamics
that were remarkably consistent with our cell-based results.
Simulations of WT PXR LBD with TO and W299A PXR
LBD with TO or SPA70 all displayed similar AF-2 posi-
tioning (AF-2;,), consistent with our observation that these
are all active complexes (agonistic mode); therefore, we can
likely refer to this AF-2 conformation as the “active” con-
formation. The only inhibitory complex, WT PXR LBD in
the presence of SPA70, had an AF-2 nearly perpendicular to
the positions of the AF-2 in the other simulations, and this
complex was the only one to adopt this configuration (AF-
204)- The AF-2 in the W299A PXR LBD with SPA70 was
able to move to the active position due to SPA70 shifting
away from the AF-2 toward the F288—W299-Y306 hot spot.
Our findings mirror structural insights from related nuclear
receptors in that agonists stabilize the AF-2 in a position
suitable for coactivator binding; as a likely inverse agonist of
PXR, SPA70 not only clashes with the active AF-2 position
but may stabilize the AF-2 in a conformation that promotes
corepressor binding.

Interestingly, we were able to computationally predict
the antagonist-to-agonist switch of a SPA70 analog, SJC2
(Fig. 6). These results suggest that our data are not specific
to a single compound, and we can propose that the mecha-
nism of PXR antagonism directly correlates with the AF-2
positioning induced by the antagonist. Quantification of “In-
ness” vs. “Out-ness” showed that the AF-2 of WT PXR LBD
bound by SPA70 was more “Out” than of WT PXR LBD
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bound by SJC2. It is possible that the degree of “Out-ness”
can reflect compound potency, as SPA70 is more potent than
SJC2 and is able to decrease basal activity of WT PXR.
However, due to the availability of only a small number of
PXR antagonists and the large computational requirements
for MD, we were unable to test this hypothesis at a larger
scale. Unfortunately, it is not possible to simulate the com-
plex cellular environment surrounding PXR, so MD gives
only information about PXR alone without additional cel-
lular factors like protein partners and endogenous ligands.
It is possible that W299 mutants could behave differently in
various cellular systems or when faced with diverse DNA
response elements. Our PXR transactivation assays were
performed with a reporter construct containing the CYP3A4
promoter and PXRE with ER6 and DR3, respectively. Pro-
tein—protein interaction assays showed that W299A had
reduced interaction with RXRa, SRC-1, and mNCoR, and
the loss of these protein interactors could potentially reflect
gain of new interactors that alter DNA-binding specificity.
Our previous characterization of SPA70 and related ana-
logs suggested that subtle chemical modifications of SPA70
(i.e., compounds such as SJIB7) can dramatically change the
cellular activity of the compounds and that the cellular out-
come of ligand binding is likely determined by conforma-
tional changes induced by specific ligands [16]. Our current
work shows that the inverse is true as well: modifications
of PXR structure (e.g., by mutating W299) can dramati-
cally change the cellular activity of compounds. We have
taken advantage of these two unexpected observations on
PXR-ligand structure activity relationship (i.e., the cellular
activity of a ligand can be reversed by either subtle chemical
modifications of the ligand, or modifications of the receptor),
carefully characterized the cellular activities, and, together
with MD simulations, built a model with validated predictive
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power. Although naturally occurring W299 mutations have
not been reported (Supplementary Table 1), mutations at
this position may be a powerful tool to study PXR regula-
tion and chemical modulation. This suggestion is illustrated
by our observation that a single mutation regulates PXR
modulation by SPA70, and we have used this fortuitous
finding to study the cellular and structural mechanisms by
which SPA70 acts on PXR. We have demonstrated the use of
this system in cellular and computational methods, and the
approach will be invaluable to future cellular, computational,
biochemical, and structural studies of PXR regulation by
small molecules. Based on our data, we postulate not only
that W299 is a critical residue that dictates ligand binding,
but also that this amino acid is a master switch that dictates
the cellular outcome of ligand binding.

Materials and methods
Sequence alignments

The UniProt IDs for the aligned PXR sequences were rhe-
sus macaque (Q8SQO01), dog (F1Q075), human (O75469),
zebrafish (BOV1HS), horse (F6Y2P7), rat (Q9R1A7), cat
(M3W595), chimpanzee (AOA213S3V5), mouse (054915),
cow (A2VDU4), and pig (A5J0K7). The UniProt ID
for human CAR was Q14994. Sequences were aligned
in Jalview using the MAFFT module [36], and aligned
sequences were annotated for sequence conservation and
secondary structure with ESPript 3 [37]. Secondary struc-
ture information was extracted from our previously reported
structure of the PXR LBD with the agonist SIB7 (PDB ID:
5XO0R) [16].

Cell culture

HepG2/C3A and 293T cells were obtained from the Ameri-
can Type Culture Collection (ATCC) and authenticated by
short tandem repeat (STR) DNA profiling. HepG2/C3A
were maintained in Eagle’s Minimum Essential Medium
(ATCC) with 10% FBS (HyClone), and 293T were cultured
in Dulbecco’s Modified Eagle Medium (DMEM, Thermo
Fisher Scientific) with 10% FBS. Cells were incubated in a
humidified atmosphere at 37 °C with 5% CO, and routinely
verified to be mycoplasma free by using the MycoProbe
Mycoplasma Detection Kit (R&D Systems). Cell counts
were obtained with a Countess II Automated Cell Counter
using trypan blue staining.

Compounds and oligonucleotides

DMSO, rifampicin, TO0901317, SR12813,
17a-ethinylestradiol (EE2), and trans-nonachlor were

purchased from Sigma-Aldrich. SPA70, SIB7, and SJC2
were obtained from WuXi AppTec [16]. All oligonucleo-
tides were from Integrated DNA Technologies and are pre-
sented in Supplementary Table 2.

Plasmids

Construction of the pcDNA3.1-FLAG-PXR expression
plasmid was described previously [38] using pcDNA3.1
from Thermo Fisher Scientific. Mutants of this plasmid
were generated by Codex BioSolutions, Inc [39]. The
pcDNA3.1-PXR vector containing untagged PXR has
been described [38]. Construction of pGL3-CYP3A4-luc
containing firefly luciferase under the control of a PXR-
responsive CYP3A4 promoter has also been described [38,
40]. The CheckMate mammalian two-hybrid system (Pro-
mega) contained the pACT, pBIND, and pG5/uc vectors.
Use of pACT containing full-length PXR (pACT-PXR) and
pBIND containing steroid receptor coactivator-1 (amino
acids 621-765, pBIND-SRC-1), mouse nuclear receptor
corepressor (amino acids 1958-2401, pBIND-mNCoR), or
retinoid X receptor alpha (RXRa, pBIND-RXRa) has been
described [16, 26, 39, 41-43]. For this study, pACT-PXR
LBD containing residues 139-434 of PXR LBD was used
in mammalian two-hybrid experiments and was generated
with the Q5 Site-Directed Mutagenesis Kit (New Eng-
land Biolabs) using primers P1 and P2 and the previously
described pACT-PXR as template. The pACT-PXR LBD
W299A mutant was constructed with the Q5 Site-Directed
Mutagenesis Kit using primers P3 and P4. The pACT-PXR
LBD W299D mutant was constructed with the QuikChange
II XL Site-Directed Mutagenesis Kit (Agilent Technologies)
using primers PS5 and P6. PCR3.1hSRC-1A encoding full-
length SRC-1 was a gift from Dr. Bert W. O’Malley (Baylor
College of Medicine) [44]. The bacterial GST-PXR-LBD
expression vector pGEX-6P1-hPXR-LBD was a gift from
Sridhar Mani (Addgene plasmid # 67769) [45]. This vector
was not used directly in this study but was used as template
for further engineering; the Q5 Site-Directed Mutagenesis
Kit and primers P7 and P8 were used to delete the 3C cleav-
age site and 32 N-terminal residues from the PXR LBD,
generating pGEX-6P1-hPXR-LBD-2. The W299A and
W299D mutations were made in pGEX-6P1-hPXR-LBD-2
as above, and, after failing to obtain soluble protein from
bacterial expression, these vectors were used as templates to
generate pcDNA3.1-FLAG-GST-PXR LBD (WT, W299A,
and W299D) by the following method: pcDNA3.1-FLAG-
PXR (WT, W299A, and W299D) was amplified with prim-
ers P9 and P10, and GST-PXR LBD was amplified from
pGEX-6P1-hPXR-LBD-2 with primers P11 and P12, and the
resulting fragments were assembled with NEBuilder HiFi
DNA Assembly Master Mix (New England Biolabs). The
pcDNA3.1-FLAG-GST control vector was generated with
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the Q5 Site-Directed Mutagenesis Kit using primers P13 and
P14 with pcDNA3.1-FLAG-GST-PXR LBD as template.
The pcDNA3.1-HiBiT-PXR LBD vectors were constructed
with the Q5 Site-Directed Mutagenesis Kit using primers
P15 and P16 with pcDNA3.1-FLAG-PXR (WT, W299A,
and W299D) as template; this strategy replaced the FLAG
tag in the original vectors with the 11 amino acid HiBiT
peptide flanked by Gly-Ser as described previously [33]. To
make pcDNA3.1-FLAG-PXR 3W vectors containing the
S208W, S247W, and C284W mutations, pcDNA3.1-FLAG-
PXR (WT, W299A, or W299D) was amplified with P17 and
P18 and assembled with a gBlock containing the three muta-
tions (Integrated DNA Technologies, P19) using NEBuilder
HiFi DNA Assembly Master Mix.

Antibodies

Antibodies used in this study were mouse anti-FLAG M2
(Sigma-Aldrich, cat. # F3165), rabbit anti-p-actin (Cell Sign-
aling Technology, cat. # 4967S), rabbit anti-SRC-1 (Abcam,
cat. # ab2859), goat anti-mouse IRDye 800CW (LI-COR,
cat. # 926-32210), goat anti-rabbit IRDye 680LT (LI-COR,
cat. # 926-68021), and goat anti-mouse Alexa Fluor 488
(Thermo Fisher Scientific, cat. # A-11001). Antibodies were
used at assay-specific concentrations noted in the relevant
method subsections.

PXR transactivation assays

Assays were performed similarly as previously described
[16, 43]. HepG2 cells (600,000/well) were plated in six-
well tissue culture-treated plates. The following day, cells
were co-transfected with pGL3-CYP3A4-luc (2 pg/well)
and 100 ng/well of either empty vector (pcDNA3.1) or
pcDNA3.1-FLAG-PXR (WT or W299 mutant) using Lipo-
fectamine 3000 (Thermo Fisher Scientific). Twenty-four
hours after transfection, cells were trypsinized and sus-
pended in phenol red-free DMEM (Thermo Fisher Scien-
tific) supplemented with 5% charcoal/dextran-treated FBS
(HyClone), and 15,000 cells/well were added to white 384-
well plates. Compounds were added at indicated concentra-
tions, and the final DMSO concentration was 0.3% (0.6%
for the TNC + EE2 combination experiments and the SJC2
antagonist assay). After 24 h, a luciferase assay was per-
formed using the steadylite plus Reporter Gene Assay Sys-
tem and EnVision microplate reader (PerkinElmer).

Western blot analysis
HepG2 cells (600,000/well) were plated in six-well tis-
sue culture-treated plates. The following day, cells were

transfected with indicated plasmids (2 pg/well) using
Lipofectamine 3000. Twenty-four hours after transfection,
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compounds were added at the indicated concentrations in
phenol red-free DMEM supplemented with 5% charcoal/
dextran-treated FBS. The final DMSO concentration was
0.25%. After an additional 24 h, cells were trypsinized,
pelleted by centrifugation, washed with PBS, and lysed in
radioimmunoprecipitation assay (RIPA) buffer [5S0 mM Tris
(pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycho-
late, 0.1% SDS]. Protein in the lysate was quantified with the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific),
and 25 ug was loaded with NuPAGE LDS Sample Buffer
(Thermo Fisher Scientific) into NuPAGE 4-12% Bis—Tris
gels (Thermo Fisher Scientific). Separated proteins were
transferred to nitrocellulose membranes using the iBlot 2
Dry Blotting System (Thermo Fisher Scientific). Membranes
were blocked with TBST [50 mM Tris (pH 7.4), 150 mM
NaCl, 0.1% Tween 20] containing 5% milk for 1 h at room
temperature (RT). Mouse anti-FLAG M2 (1:2,500 dilu-
tion) and rabbit anti-B-actin (1:2,000 dilution) were bound
overnight at 4 °C in TBST containing 5% milk. Membranes
were washed with TBST three times for 10 min each, and
anti-mouse or anti-rabbit IRDye antibodies (1:10,000 dilu-
tion) were added in TBST containing 5% milk for 1 h at RT.
Membranes were washed as above, imaged with an Odyssey
CLx imaging system (LI-COR), and quantified with Image
Studio software (LI-COR).

Immunofluorescence

PerkinElmer ViewPlate-96 Black plates were coated with
2% collagen for 10 min at RT (100% collagen I rat protein
was obtained from Thermo Fisher Scientific and diluted to
2% in UltraPure water). Wells were washed with PBS, and
10,000 HepG2 cells were plated per well. The following
day, cells were transfected with indicated plasmids (100 ng/
well) using Lipofectamine 3000. Twenty-four hours after
transfection, compounds were added at the indicated concen-
trations in phenol red—free DMEM supplemented with 5%
charcoal/dextran-treated FBS. The final DMSO concentra-
tion was 0.25%. After an additional 24 h, cells were washed
with PBS, crosslinked with 4% formaldehyde in PBS at RT
for 20 min, washed 3 X for 5 min with PBS, permeabilized
with 0.1% Triton X-100 in PBS for 10 min, washed 3 X for
5 min with PBS, blocked with 5% BSA in PBST (PBS, 0.1%
Tween 20) for 1 h, rinsed 1 X with PBS, stained with mouse
anti-FLAG M2 (1:500 dilution) in PBST with 1% BSA at RT
for 1 h, washed 3 X for 5 min with PBST, stained with goat
anti-mouse Alexa Fluor 488 (1:500 dilution) in PBST with
1% BSA at RT for 1 h, stained with 1 ug/mL DAPI in PBS
for 15 min, washed 3 X for 5 min with PBST, and stored in
PBS. Images were taken with an IN CELL Analyzer 6000
(GE Healthcare) using a 20 X objective. CellProfiler was
used for quantification [46—48].
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Mammalian two-hybrid assays

The CheckMate mammalian two-hybrid system (Promega)
was used to assess PXR-cofactor interactions similarly to
previously described [41]. HepG2 cells (600,000/well)
were plated in six-well tissue culture-treated plates. The
following day, cells were transfected with pG5luc (2 pg/
well), indicated pBIND vectors (100 ng/well) and indicated
pACT vectors (100 ng/well) using Lipofectamine 3000.
Twenty-four hours after transfection, cells were trypsinized
and suspended in phenol red-free DMEM (Thermo Fisher
Scientific) supplemented with 5% charcoal/dextran-treated
FBS (HyClone), and 15,000 cells/well were added to white
384-well plates. Compounds were added at indicated con-
centrations, and the final DMSO concentration was 0.5%.
After an additional 24 h, a luciferase assay was performed
using the steadylite plus Reporter Gene Assay System and
EnVision microplate reader.

Chromatin immunoprecipitation assays

ChIPs were performed according to Abcam’s protocol,
with minor modifications. HepG2 cells (600,000/well)
were plated in six-well tissue culture-treated plates. The
following day, cells were transfected with indicated plas-
mids (2 pug/well for single transfections or 3 pg/well total
for co-transfections at 1:1 ratios) using Lipofectamine 3000.
Twenty-four hours after transfection, compounds were added
at the indicated concentrations in phenol red-free DMEM
supplemented with 5% charcoal/dextran-treated FBS. The
final DMSO concentration was 0.25%. After an additional
24 h, cells were crosslinked by addition of formaldehyde
directly to the media to 1% final concentration and incuba-
tion at RT for 10 min. The reaction was quenched by addi-
tion of glycine to 125 mM and incubation at RT for 5 min.
The liquid was aspirated, and PBS was added to the wells.
Cells were scraped, transferred to 15 mL tubes, and cen-
trifuged at 500xg for 5 min. Two wells were combined for
each ChIP sample. The supernatant was removed, and pel-
lets were stored at — 80 °C. Cell pellets were thawed on ice
and lysed with 1 mL of 50 mM HEPES (pH 7.9), 140 mM
NaCl, 1 mM EDTA, 0.25% Triton X-100, 0.5% NP-40, and
10% glycerol on ice for 10 min. The lysate was centrifuged at
500xg for 5 min to pellet nuclei. Nuclei were washed twice
with 10 mM Tris (pH 8.0), 200 mM NaCl, 1 mM EDTA,
and 0.5 mM EGTA and twice with shearing buffer [10 mM
Tris (pH 8.0), ] mM EDTA, 0.1% SDS]. The pellet was
resuspended for each wash followed by centrifugation at
500xg for 5 min. The final pellets were resuspended in 1 mL
shearing buffer and transferred to 1 mL milliTUBEs with
AFA fibers (Covaris). Chromatin was sheared in a Covaris
E220 Focused-ultrasonicator for 8 min using the manufac-
turer’s recommended standard settings to yield an average

fragment size of 300 bp. Sheared chromatin was centrifuged
at 16,000x g for 10 min to pellet insoluble material. 50 puL of
supernatant was saved as input. 800 uL of supernatant was
added to 200 pL of 21 mM Tris (pH 8.0), 167 mM NaCl,
1 mM EDTA, 1.1% Triton X-100, and 0.1% SDS with 20 pL
of Dynabeads Protein G (Thermo Fisher Scientific) and 2 pug
of appropriate antibody and incubated overnight at 4 °C with
rotation. Beads were washed for 3 min each at 4 °C with
rotation with low salt wash [20 mM Tris (pH 8.0), 150 mM
NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS], high salt
wash [20 mM Tris (pH 8.0), 500 mM NaCl, 2 mM EDTA,
1% Triton X-100, 0.1% SDS], lithium chloride wash [10 mM
Tris (pH 8.0), 250 mM LiCl, 1 mM EDTA, 1% NP-40, 1%
sodium deoxycholate], and twice with TE [10 mM Tris (pH
8.0), 1 mM EDTA]. Bound complexes were eluted twice
with 125 uL of 100 mM sodium bicarbonate, 1% SDS for
15 min at 37 °C. 1 U of proteinase K (New England Biolabs,
cat. # P8107S) was added to the inputs and eluates with
40 mM Tris (pH 8.0), 200 mM NacCl, and 10 mM EDTA,
and samples were incubated at 65 °C for 2 h. DNA was puri-
fied with the QIAquick PCR Purification Kit (QIAGEN).
After purification, DNA (2 pL in a 10 pL reaction volume)
was subjected to amplification by denaturation at 95 °C
for 2 min, followed by 40 cycles of denaturation at 95 °C
for 15 s and annealing/extension at 60 °C for 1 min using
PowerUp SYBR Green Master Mix (Thermo Fisher Scien-
tific) in an Applied Biosystems 7500 Fast Real-Time PCR
System. The primers used in this study have been reported
previously [29] (Supplementary Table 2); primers for the
untranscribed negative control region (Untr) were P20 and
P21, and primers for the CYP3A4 PXRE were P22 and P23.
Results are expressed as percent input normalized to the WT
PXR DMSO control in each experiment; because transfec-
tion efficiencies varied between experiments, we found that
normalizing each experiment reduced assay variability.

Time-resolved fluorescence resonance energy
transfer assays

GST (pcDNA3.1-FLAG-GST) or GST-PXR LBD
[pcDNA3.1-FLAG-GST-PXR LBD (WT, W299A, and
W299D)] were expressed using the TT Quick Coupled
Transcription/Translation System (Promega); 1 pg of plas-
mid DNA was used for each 50 pL reaction, and the reac-
tions were incubated at 30 °C for 90 min. The TR-FRET
binding assay has been described previously [30], and the
protocol was modified for the in vitro protein expression
method. Reactions (20 puL) contained 50 mM Tris (pH 7.5),
50 mM Nac(Cl, 0.1 mg/mL bovine serum albumin, 5 nM
LanthaScreen Tb-anti-GST Antibody (Thermo Fisher Sci-
entific), 2 puL of protein expression reaction product, 1%
DMSO, and the indicated concentrations of BODIPY FL
vindoline. Reactions were incubated at RT in black 384-well
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low-volume assay plates for 30 min, and a PHERAstar FS
plate reader (BMG Labtech) was used to detect the TR-
FRET signals with the following instrumentation settings:
a 340 nm excitation filter, a 100 ps delay time, and a 200 ps
integration time. The TR-FRET ratio was expressed as
10,000 X 520 nm/490 nm, and values were normalized by
subtracting the GST control signal at each point from the
corresponding GST-PXR LBD signals.

Split Nano Luciferase cellular thermal shift assays

The use of the split Nano Luciferase technique for CETSA
has been described previously [33]. 293T cells (600,000/
well) were plated in six-well tissue culture-treated plates.
The following day, cells were transfected with pcDNA3.1-
HiBiT-PXR LBD (WT, W299A, or W299D) plasmids (2 pg/
well) using Lipofectamine 3000. The media was changed
after 24 h, and cells were cultured for an additional day. Cells
were washed with PBS, trypsinized, centrifuged at 500xg
for 5 min, washed with phenol red-free DMEM (without
FBS), centrifuged at 500xg for 5 min, and resuspended in
phenol red-free DMEM (without FBS) at 10° cells/mL. For
full melt curves, cell suspension (38 uL.) was added to PCR
plates containing 2 uL. of DMSO or TO dilution to yield 5%
DMSO and the indicated concentrations of TO. The plates
were sealed, incubated at 37 °C in the cell culture incubator
for 1 h, and heated in an Applied Biosystems ProFlex PCR
System for 3.5 min at the indicated temperatures. 20 pL of
suspension was added to white 384-well plates containing
5 pL of 5% NP-40 in DPBS, 62.5 nL LgBiT protein, and
125 nL HiBiT Lytic Substrate, the plates were shaken for
10 min at RT, and luminescence was read on an EnVision
microplate reader. The LgBiT protein and HiBiT Lytic Sub-
strate are components of the Nano-Glo HiBiT Lytic Detec-
tion System (Promega). The same procedure was used for
compound dose responses except that the cell suspensions
with indicated compounds and 5% DMSO were heated at
46 °C for 3.5 min; this temperature was chosen based on the
signal-to-background ratio of TO vs. DMSO in Supplemen-
tary Fig. 7a. For experiments assessing DMSO effects, 36 pL.
of cell suspension was added to 4 uL. of DMSO at 10 X final
concentration; this modification was made to allow a highest
final DMSO concentration of 10%.

Ligand docking and molecular dynamics
simulations

The published structure of the PXR LBD bound to the ago-
nist SJB7 was obtained from the Protein Data Bank (PDB:
5XO0R, Chain B) [16] and loaded into Maestro software
(Schrodinger Release 2019-3). To prepare the protein for
docking and simulations, the protein preparation wizard was
used to assign bond orders, add hydrogens, create disulfide
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bonds, and fill in missing side chains and loops. Default
parameters were used for optimization of hydrogen bond
assignment (sampling of water orientations and use of pH
7.0). Waters beyond 5 A of het groups or with less than
3 hydrogen bonds to non-waters were removed. Restrained
energy minimization was then applied using the OPLS3e
forcefield [49]. Once the wild-type PXR protein structure
was prepared, tryptophan 299 was mutated to alanine, and
the resulting mutant structure was prepared using the same
method to ensure proper handling of the A299 residue. Pre-
pared protein systems were further checked by Ramachan-
dran plots and ensuring there were no steric clashes. To gen-
erate receptor grids, SJB7 was selected as the grid-defining
ligand (for both wild-type and mutant systems). Default
Van der Waals radius scaling parameters were used (scal-
ing factor of 1, partial charge cutoff of 0.25). For docking
TO, SPA70, and SIB7, each of the 3D structures were first
obtained from the PubChem database (https://www.pubch
em.ncbi.nlm.nih.gov). For SJC2, we used Maestro’s 2D
sketch function to draw the ligand before preparation. The
virtual screening workflow panel was used to prepare each
ligand (by generating possible states at pH 7.0 +2.0 and
retaining specified stereochemical properties) for docking
into the WT and W299A PXR LBD receptor grids in paral-
lel. The most stringent docking mode (extra precision, “XP”)
of Glide [50] was used, with the following parameters: dock
flexibly, perform post-docking minimization, and keep 100%
of scoring compounds. For molecular dynamics simulations,
systems were built each for ligand-free, TO-bound, SPA70-
bound, SIB7-bound, and SJC2-bound WT and W299A
structures using the system builder panel of Desmond
(Schrodinger Release 2019-3). The SPC solvent model was
used, and the forcefield was set to OPLS3e. Solvated systems
were loaded into the workspace using the molecular dynam-
ics panel. The total simulation time for each system was set
to 200 ns, with 200 ps trajectory recording intervals. The
system energy was set to the default value of 1.2, and the
ensemble class used was NPT. Simulations were set to run
at 300.0 K and at 1.01325 bar. The option to relax model
systems before simulations was selected.

Plotting and statistical analyses

All plots were made in GraphPad Prism 8 and reflect the fold
change compared to the WT PXR control in each experi-
ment. Results are expressed as the mean + standard devia-
tion from at least three independent experiments, and basic
dose response curves were fitted as needed. Significance was
assessed with one-way ANOVA followed by Dunnett’s test
for multiple comparisons [p <0.05 (*), p >0.05 (non-signif-
icant)]. The “additive” lines in the TNC + EE2 combination
plot show the theoretical activation curves for the additive
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combination of EE2 and TNC calculated using the Bliss
independence model [51].
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