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Humans are chronically exposed to mixtures of xenobiotics re-
ferred to as endocrine-disrupting chemicals (EDCs). A vast body of
literature links exposure to these chemicals with increased inci-
dences of reproductive, metabolic, or neurological disorders.
Moreover, recent data demonstrate that, when used in combina-
tion, chemicals have outcomes that cannot be predicted from their
individual behavior. In its heterodimeric form with the retinoid X
receptor (RXR), the pregnane X receptor (PXR) plays an essential
role in controlling the mammalian xenobiotic response and medi-
ates both beneficial and detrimental effects. Our previous work
shed light on a mechanism by which a binary mixture of xenobi-
otics activates PXR in a synergistic fashion. Structural analysis
revealed that mutual stabilization of the compounds within the
ligand-binding pocket of PXR accounts for the enhancement of
their binding affinity. In order to identify and characterize addi-
tional active mixtures, we combined a set of cell-based, biophysi-
cal, structural, and in vivo approaches. Our study reveals features
that confirm the binding promiscuity of this receptor and its ability
to accommodate bipartite ligands. We reveal previously unidenti-
fied binding mechanisms involving dynamic structural transitions
and covalent coupling and report four binary mixtures eliciting
graded synergistic activities. Last, we demonstrate that the robust
activity obtained with two synergizing PXR ligands can be en-
hanced further in the presence of RXR environmental ligands.
Our study reveals insights as to how low-dose EDC mixtures
may alter physiology through interaction with RXR-PXR and po-
tentially several other nuclear receptor heterodimers.
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he human xenobiotic response is mediated primarily by the

nuclear receptor (NR) 112 (pregnane X receptor, PXR), a
unique sensor activated by a large array of compounds (1). It has
been identified by the American Environmental Protection
Agency ToxCast’s program as a major front-line target of
chemicals. PXR heterodimerizes with the retinoid X receptors
(RXRa, B, v; NR2B1-3) and plays a critical protective role in
regulating the expression of detoxifying enzymes (e.g., cyto-
chrome CYP3A4) and transporters (e.g., ATP-dependent efflux
pump MDRI1) that drive liver and gastrointestinal metabolism,
as well as clearance of many exogenous and endogenous sub-
stances such as drugs, environmental pollutants, food compo-
nents, or hormones. However, sustained activation of PXR is
also known to provoke undesirable effects, including drug—drug
interactions, resistance to cancer therapy, formation and accu-
mulation of toxic intermediates, or defects in the homeostasis of
endogenous compounds like steroid hormones or bile acids (2,
3). In addition, PXR is also expressed in various cancerous tis-
sues (e.g., colon adenocarcinoma, hepatocellular carcinoma),
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where its activation has been linked to increased cell prolifera-
tion and tumor aggressiveness (4). The interaction of PXR with
xenobiotics has also been linked to an increased risk of cardio-
vascular (5) and metabolic (6) diseases.

Unlike most NRs that bind few ligands with structural ho-
mologies, PXR interacts with a large number of compounds that
differ greatly in size and chemical structures (7). For example,
PXR binds to and is activated by high molecular weight com-
pounds such as the anticancer drug paclitaxel (854 Da) and the
antibiotic rifampicin (823 Da), or smaller ones like the insecti-
cide fipronil (FIP; 437 Da), the natural hormone estradiol (E2;
272 Da), and the plasticizer bisphenol-A (228 Da), to cite but a
few. Moreover, we have shown previously that the ligand-binding
pocket (LBP) of PXR can accommodate two different com-
pounds simultaneously and that this cobinding leads to dramatic
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changes in the activity of the ligands bound (8). Through ex-
tensive functional and structural analyses, we demonstrated that
the pharmaceutical 17a-ethinylestradiol (EE2) and the organo-
chlorine pesticide frans-Nonachlor (TNC) bind to PXR in a co-
operative manner, stabilize each other within its LBP, and
synergistically activate the receptor. Remarkably, biophysical
characterization revealed that, when used as a binary mixture,
EE2 and TNC bind to PXR with an up to 100-fold greater
binding affinity than those of the individual compounds. As a
consequence, a substantial expression of the PXR endogenous
target gene CYP3A44 could be observed at concentrations where
single chemicals displayed no activity. This study provided a
mechanistic explanation and a proof of concept for the “cock-
tail” or “mixture” effect where inactive chemicals can actually
combine within the confined environment of a receptor LBP to
form a potent supramolecular ligand. It added to the demon-
strations of additive effects on signaling pathways shown by
Kortenkamp and others (9-12).

Based on the observation of EE2 and TNC cobinding, we
reasoned that small (<500 Da) and chemically unrelated com-
pounds could bind to different subpockets and fill a limited
portion of the PXR LBP, thereby leaving an empty volume
available for accommodating a second substance. Here, we re-
port on the structural and functional characterization of the
binding mode of an eclectic subset of known PXR ligands that
reveals unforeseen interaction mechanisms and confirms
compound-specific partial occupancies of the LBP. We then
generated binary mixtures by mixing compounds with compatible
binding modes and found composite ligands displaying different
degrees of synergistic activities in vitro and in vivo. Crystallo-
graphic analysis revealed details of their binding mechanisms and
how individual components may adjust their own binding mode
in the presence of a cobinder. Additionally, we showed by cell-
based and biophysical assays that tributyltin (TBT), a well-
characterized RXR environmental ligand, further potentiates
the synergistic activity of EE2 and TNC by increasing the affinity
of the RXR-PXR heterodimer for transcriptional coactivators.
Our work provides biochemical, structural, and functional data
showing various ways by which mixtures of endocrine-disrupting
chemicals (EDCs) to which we are constantly exposed can dis-
turb cell signaling at doses where individual components are
assumed to be innocuous.

Results and Discussion

Structural and Functional Characterization of PXR Environmental
Ligands. From the vast ensemble of compounds acting as PXR
ligands, we selected a subset of 13 chemicals with molecular
weights below 500 Da and exhibiting a large diversity in their
chemical structures (SI Appendix, Fig. S1). We were able to solve
the crystal structures of PXR ligand-binding domain (LBD) in
complex with nine of these compounds, namely the pesticides
FIP, pretilachlor (PRE), oxadiazon (OXA), endosulfan (END),
and cis-chlordane (CC); the antifungal clotrimazole (CLO); the
biocide TBT; the phytoestrogen ferutinin (FER); and the myco-
toxin a-zearalanol (ZEA). However, we failed to obtain crystals or
unambiguous electron densities for the pesticides heptachlor endo-
epoxide (HEP), fenvalerate, and toxaphene and the detergent
4-tert-octylphenol. Data collection and refinement statistics are
summarized in SI Appendix, Table S1. In parallel, we monitored the
agonistic potential of these compounds using the stably transfected
HGSLN GALA4-PXR-LBD reporter cell line (8). The data reported
in Fig. 14 and SI Appendix, Table S2, show half-maximal effective
concentrations (ECsgs) ranging from 0.5 pM to 15 uM, with PRE
and OXA acting as the most potent PXR agonists and CC or HEP
being the least active.

The structures display the canonical active conformation of
the LBD of NRs, with the C-terminal helix H12 (also termed
AF-2 or activation helix) capping the LBP (SI Appendix, Fig.

20f 10 | PNAS
https://doi.org/10.1073/pnas.2020551118

S24), and compounds could be precisely placed in their re-
spective electron density (SI Appendix, Fig. S2B), revealing dif-
ferent binding modes and cavity occupancies. We first observed
that PXR contains an aromatic cage deeply buried at the bottom
of the LBP made up of F288, W299, and Y306 that trap ligands
through their most hydrophobic/aromatic moieties. This sub-
pocket delineated by helix H5 and the p-sheet S3/S4 is involved
in n-stacking, n-halogen, and/or C-H/x interactions (SI Appendi,
Fig. S3) and constitutes the major anchoring point for END,
CLO, ZEA, CC, and, to some extent, FER (Fig. 2 A-F). Addi-
tional contacts between these compounds and the LBP encom-
pass van der Waals interactions with surrounding hydrophobic
residues and essentially display no hydrogen bonding, except for
FER, whose phenolic side chain extends outside the aromatic
cage and forms a hydrogen bond with the E321 side chain in the
loop linking H6 and H7 (Fig. 2E, red dashes). When compared
to the unliganded form, only a few side-chain reorientations are
necessary to accommodate the compounds that make no direct
interaction with the activation helix H12 located on the other
side of the pocket (Fig. 2 A-F). Note that this mechanism of
interaction is reminiscent of that previously observed for TNC
(8), suggesting a common binding mode for organochlorine
pesticides that leaves vacant a significant portion of the LBP
delineated by helices H3, H11, and H12.

PRE and TBT display unusual binding mechanisms, with the
presence of two copies of each compound in the LBP, one or two
of them covalently linked to a cysteine residue (Fig. 2 F and G).
Covalent interactions were confirmed by mass spectrometry
(MS) under denaturing conditions (SI Appendix, Fig. S4). The
structures reveal that one molecule of PRE is covalently linked
to C207 while the second docks between the first molecule and
the aromatic cage in a noncovalent manner (Fig. 2F). In contrast,
the two TBT molecules are bound in a face-to-face fashion
through covalent bonds with C207 and C284, respectively
(Fig. 2G). Covalent coupling occurs between the sulfur atom of
cysteine residues and either the tin atom of TBT or the carbon
atom of the acetamide moiety of PRE (SI Appendix, Fig. S4).
C284 resides in the middle of helix H5 and points toward the
ligand-binding cavity, whereas C207 is located in a loop following
helix H2" in the TBT and PRE structures (Fig. 2 F and G).
However, in other structures, including that of unliganded (apo)
PXR, H2' is one a-helical turn longer, so C207 lies in H2" and
points outside the LBP (SI Appendix, Fig. S5). Ensemble re-
finement of several PXR LBD structures using Phenix (13)
revealed that the C-terminal part of H2' is highly flexible and
easily unfolds (SI Appendix, Fig. S6). The dynamics of the
resulting loop allow C207 to explore a vast ensemble of spatial
positions that facilitate coupling reactions with the chemically
reactive moieties frequently present in bioactive compounds
such as pesticides (Movie S1). Again, no interaction is observed
between TBT or PRE and the AF-2 helix (Fig. 2 F and G).

The structures with OXA and FIP showed that the two com-
pounds mostly overlap and occupy a subpocket perpendicular to
helix H3 and extending from H12 to the aromatic cage, leaving a
volume corresponding to the binding site of the covalently bound
PRE molecule empty (Fig. 2 H and I). While the interaction of
OXA with PXR relies essentially on networks of halogen bonds
and van der Waals interactions with LBP residues, a continuous
electron density between C284 and FIP strongly suggested a
covalent coupling (SI Appendix, Fig. S2B). Intriguingly, while the
two ligands reside in a similar region of the LBP, they display
quite different ECsgs (Fig. 14 and SI Appendix, Table S2). This
could be explained by the larger size of FIP that might be too
sterically constrained within its binding site, as suggested by the
significant shift of the aromatic cage residue Y306 toward the
solvent compared to its position in other PXR structures. A short
residence time of FIP within the LBP could also explain why a
covalent coupling is not observed by MS (short incubation time
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Fig. 1. Compound activity in transactivation assays using the HG5LN GAL4-PXR-LBD cell line. (A) Cells were exposed to different concentrations of test
compounds. Assays were performed in quadruplicate in at least three independent experiments, and data are expressed as mean (+SEM). Note that, because
of toxicity issues, CLO could not be used at concentrations above 3 pM. (B—F) Cells were exposed to compounds in binary mixtures as indicated. Black dashed
lines represent the theoretical activation curves obtained for the additive combination of individual compound activities calculated using the Bliss inde-
pendence model (20). Assays were performed in quadruplicate in at least three independent experiments, and data are expressed as mean (+SEM).

of 1 h), whereas it can be seen in the crystal structure, where the As a whole, this crystallographic analysis on a limited set of
ligand and the receptor are coincubated for several days during chemically and structurally unrelated compounds reveals a va-
the crystallization process. riety of binding mechanisms and pocket occupancies. Together

Fig. 2. Chemicals bind to PXR with varied binding mechanisms and pocket occupancies. (A-/) Close-up view of the LBP of PXR bound to the various test
compounds. The chemicals (color code for carbon atoms as in Fig. 1A) and residues belonging to the aromatic cage (gray) are shown as sticks. Other residues
are displayed as lines. Oxygen, nitrogen, sulfur, and chlorine atoms are colored in red, blue, yellow, and green, respectively. Residues and secondary structural
elements discussed in the text are labeled.
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with previously reported data, this study allowed us to delineate
four PXR LBP subpockets which serve as primary binding sites
for four groups of chemicals (Fig. 3). More specifically, these
distinct parts of the LBP can be defined as: 1) the organochlorine
pesticides’ (ligand group 1) anchoring site in the aromatic cage
region involving H3, H5, H7, and the B-strands S3 and S4; 2) the
FIP/OXA (ligand group 2) interaction site close to helix H3 and
extending from H12 to the p-sheet S3/S4; and 3) the binding site
of PRE and TBT (ligand group 3) covalently bound to C207
comprising the C-terminal part of H2’ and the following variable
loop, the B-strands S1 and S4 and helix H11. As shown in S/
Appendix, Fig. S7TA, the fourth subpocket corresponds to the
previously identified binding site of steroidal ligands (ligand
group 4), which is delimited by helices H2’, H3, H11, and H12 (8,
14). In contrast with our aforementioned structures, the majority
of the 20 nonredundant complex structures of PXR in the Pro-
tein Data Bank (PDB) show ligands with a more central position
in the LBP, mainly extending from subpocket 1 to subpocket 4
(e.g., SR12813, SI Appendix, Fig. S84; garcinoic acid, SI Ap-
pendix, Fig. S8B). Besides, rifampicin is the only one ligand
which occupies almost all of the LBP (SI Appendix, Fig. S8C),
thus covering the four groups defined in this study. However, few
ligands are more specifically bound to one of the four subsites
(e.g., a benzothiazine in 3, SI Appendix, Fig. S8D; the HIV-1
integrase and S1P, inhibitors in 1, SI Appendix, Fig. S8 E and F;
the P2X4 and HIV reverse-transcriptase inhibitors in 2, SI Ap-
pendix, Fig. S8 G and H). Finally, all ligands except estrogens of
group 4 established contacts with the aromatic cage of subpocket
1 through =n-stacking or C-H/xn interactions, and half of them
occupy at least subpocket 2 also. Therefore, subsites 3 and 4 are
the least occupied.

Graded Synergistic Activity of Binary Mixtures. Based on this
structural knowledge, we generated binary mixtures so as to
identify new cobinders that could activate PXR in a synergistic
fashion. We mixed compounds with compatible binding modes
(Fig. 3) such as, for instance, organochlorine pesticides (ligand
group 1) with steroidal ligands (ligand group 4) and PRE (from
group 3) with ligands of groups 1 or 2 (FIP/OXA), and

Fig. 3. Differential occupancy of the PXR LBP. The four PXR LBP subpockets
defined in this study are displayed and labeled. One compound represen-
tative of each group is shown within its subpocket. Both the ligands and
their pockets are colored following the code used in Fig. 1A.
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monitored the activity of these two-component mixtures using
the HG5LN GALA4-PXR-LBD reporter cell line. Compared to
the data obtained with individual ligands, most combinations
exhibited additive effects, but some of them produced a syner-
gistic activation of PXR (SI Appendix, Table S3). Notably, we
observed that the synergistic potential of a given compound
varied according to the partner ligand. For instance, we noticed a
clear graded synergistic activation of PXR by combinations
containing the natural hormone E2 as the common component
and various ligands of group 1. In order to gain more insight into
the molecular determinants of the synergistic activation of PXR
by composite ligands, we proceeded further with the structural
and functional characterization of these mixtures. Using the
HGSLN GALA4-PXR-LBD reporter cell line, we found that the
E2/CC mix displayed the best synergy factor (SF; 5.3), followed
by E2/END (SF = 4.9) and E2/HEP (SF = 4.2), whereas E2/CLO
(SF = 1.1) and E2/ZEA (SF = 1.0) showed very little or no
synergism (Fig. 1 B—F). Note that the first described synergistic
mixture EE2/TNC had an SF of 7.4 (8).

The interaction of PXR with the chemicals either alone or in
combinations was then characterized by using electrospray ion-
ization (ESI) MS under native conditions. Analyzed separately,
CLO, TNC, CC, and END bound essentially to PXR in a 1:1
molar ratio, while EE2, E2, HEP, and ZEA were found to in-
teract with the receptor with 1:1 and 1:2 binding stoichiometries
(possibly 1:3 and more for ZEA; SI Appendix, Fig. S9). Note,
however, that nonspecific binding outside the LBP may account
for the detection of ternary and quaternary complexes, as only
one molecule of EE2, E2, HEP, and ZEA bound to the LBP of
PXR could be identified in the corresponding crystal structures
(refs. 8, 14 and this work). We then analyzed PXR in the pres-
ence of the six corresponding binary mixtures. Incubation with
the EE2/TNC, E2/CC, E2/HEP, and E2/END mixtures resulted
in the formation of predominant ternary complexes corre-
sponding to PXR interacting with E2 and CC, HEP, or END, or
with EE2 and TNC, in a 1:1:1 molar ratio, indicative of a greater
binding affinity of the mixes compared to individual compounds
(Fig. 4). In contrast, coincubation with E2 and CLO led to a
slightly higher amount of 1:1 CLO-bound PXR species, sug-
gesting an absence of binding cooperativity for the E2/CLO
mixture. Last, the binding affinity of ZEA was significantly de-
creased in the presence of E2, as shown by the predominance of
the ZEA-bound over the doubly bound species. Together, these
native ESI-MS data confirmed that the LBP of PXR can ac-
commodate two ligands simultaneously and that cobinding
modifies positively or negatively the binding characteristics of
each compound.

We next examined the effect of the compounds alone or
in combination in an in vivo model featuring a transgenic line
of Xenopus laevis, which expresses the green fluorescent pro-
tein (GFP) under the control of the LBD of PXR fused to the
DNA-binding domain of the yeast transcription factor GAL4
(GAL4-PXR-LBD). Due to toxicity issues, only E2, EE2, TNC,
END, and CC could be analyzed. As expected, injection of the
reference PXR agonist SR12813 in skeletal muscle induced a
strong induction of GFP, whereas treatment with each test
compound alone led to little or no enhancement of the reporter
gene expression relative to the control experiment (Fig. 5).
However, in comparison with the ligands used alone, cotreat-
ment with EE2 and TNC yielded much stronger activation of
PXR, as revealed by the induction of GFP to a level comparable
to that obtained with SR12813. In association with E2, CC and
END also produced a synergistic response, though to a slightly
lesser extent than EE2/TNC. These in vivo data are in full
agreement with the cell-based and biophysical assays reported
above. As a whole, they provide support for the notion that
compounds acting as poor activators when used separately can
show increased binding capacity for PXR in the presence of
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Fig. 4. Analysis of ligand-binding cooperativity by native MS. (A) Native ESI-
MS was used to characterize PXR LBD in the presence of six binary mixtures
as indicated. Asterisks indicate acetate adducts. (B) Relative abundance dis-
tributions of unliganded and liganded PXR (L1, EE2 or E2; L2, TNC, END, CC,
HEP, CLO, or ZEA) derived from native MS analyses of PXR LBD (5 uM) in the
presence of 2 molar equivalents of EE2/TNC, E2/END, E2/CC, E2/HEP, E2/CLO,
and E2/ZEA ligand mixtures (10 uM each).

another ligand, thus leading to PXR activation with various de-
grees of synergy.

Structural Analysis of PXR LBD Bound to Composite Ligands. To gain
structure-based insights into the mode of binding of the various
mixtures to PXR, we solved the crystal structures of PXR LBD in
complex with E2/HEP, E2/CC, E2/END, E2/CLO, and E2/ZEA
at 2.50-A, 2.15-A, 2.0-A, 2.3-A, and 2.25-A resolution, respec-
tively (SI Appendix, Table S1). As for the individual ligands, all of
the structures display the canonical active conformation, and,
with the exception of E2 in the PXR/E2/ZEA complex, all of the
ligands could be positioned unequivocally in their respective
electron density (S Appendix, Fig. S10 A-D). In agreement with
native MS data (Fig. 4), the crystallographic analysis shows that
E2 and ZEA are essentially mutually exclusive and that this is
most likely due to the steric hindrance of M243 residing between
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the two compounds (SI Appendix, Fig. S10E). Fig. 6 displays the
four ternary complexes for which a reliable structure could be
solved. It shows that the E2 binding mode remains essentially
unchanged with the 3-hydroxyl group on the A-ring forming a
hydrogen bond with S247 and the 17p-hydroxyl group on the
D-ring hydrogen-bonded with R410 (SI Appendix, Fig. S7B).
Interestingly, while the four partner ligands remain anchored to
their primary binding site (i.e., the aromatic cage), two of them,
namely CC and CLO, adopt a different position from that ob-
served in the absence of E2 (Fig. 6, Insets), indicating that the
compounds had to modify their binding mode in order to adapt
themselves to the presence of the steroidal ligand (Fig. 6 A and
D). Only a slight shift was observed in the case of END (Fig. 6C),
while HEP could not be reliably modeled in the structure of the
binary complex PXR/HEP due to a poorly defined electron
density, which likely reflects high mobility of this ligand when E2
is absent. A similar observation was made with TNC, which could
be positioned in the ternary complex with EE2 only (8).

In line with our previous study on the EE2/TNC mixture (8),
the transactivation assays reported in Fig. 1 B-D show that the
synergism observed with certain ligand combinations relies on a
gain of binding affinity of the compounds when they are coad-
ministered. A shift of the activation curves toward the lower li-
gand concentrations clearly reflects this cooperative binding. We
therefore performed a detailed analysis of the ternary complex
structures in our hands to unveil the structural determinants of
cooperative binding and affinity enhancement. Surprisingly, we
found that the number and strength of interligand contacts are
not correlated with the level of synergism. SI Appendix, Table
S4A4, reports the number of interligand interactions according to
their distance as measured in the five complex structures. It
shows that CLO displays the weakest synergy factor and is in-
volved in many more interactions with the steroid than the other
compounds For instance, with only one weak contact of 4.38 A
in length, END and E2 bind cooperatively with an SF of 4.9,
while the most synergistic combination EE2/TNC shows only
three interactions between 3.80 A and 4.40 A. On the receptor
side, and in the case of E2/CC and E2/END, we did not notice
drastic structural changes when comparing the corresponding
binary and ternary complex structures (PXR/E2, PXR/CC, and
PXR/END with PXR/E2/CC and PXR/E2/END). However, we
found that the interactions between the protein and a given li-
gand vary according to the presence or absence of the cobinder
(SI Appendix, Table S4B). These variations arise from the large
(CC) or slight (END, E2) repositioning of the ligands and some
side-chain rearrangements upon binding of the second ligand.
However, opposite situations were observed for each compound.
Whereas the PXR-E2 contact count decreases in the presence of
CC or END (note, however, that the two hydrogen bonds
maintaining E2 are conserved in all complexes), those of
PXR-CC and PXR-END remain almost constant or increase,
respectively, upon E2 binding. Regarding the E2/CLO couple,
which does not form a synergistic association, the structure
shows a significant rearrangement of the loop following H2'
(especially around 1.209; SI Appendix, Fig. S11) accompanied by
a loss of interactions of both ligands with the receptor (SI Ap-
pendix, Table S4B). As the PXR-ligand interactions largely su-
persede the E2-CLO contacts both in number and intensity (i.e.,
proximity), it is likely that a significant decrease in receptor—
ligand contacts may negatively compensate the gain in stability
generated by the E2/CLO interface.

This structural analysis suggests that cobinding and synergism
do not follow specific rules and are therefore difficult to predict.
It appears that cobinding depends on the extent to which the
ligands and PXR can adapt to each other through ligand repo-
sitioning and structural rearrangement of the LBP, whereas the
degree of synergism is the result of the balance between the gain
and loss of stabilizing interactions occurring during formation of
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Fig. 5. PXR-driven transactivation is synergistically activated in vivo. Transient transactivation of human PXR LBD. Somatic transgenesis in tadpole tail muscle

of two GFP-reporter constructs (CMV-Gal4 DBD-PXR LBD + 5UAS-GFP) was done at day 0. After 8 d of treatment with daily renewal, GFP expression was
measured from pictures using ImageJ. (A-J) Magnification (40x) of representative tail skeletal muscle fibers (one per group) after treatment with (A) solvent,
(B) PXR synthetic agonist SR12813 1 uM, (C) 17a-ethinylestradiol EE2 1 uM, (D) 17p-estradiol E2 1 pM, (E) TNC 1 uM, (F) TNC + EE2 1 pM each, (G) CC 0.1 uM, (H)
E2 1 uM + CC 0.1 uM, (/) END 5 nM, and (J) E2 1 uM + END 5 nM. (K and L) Quantification of fluorescence and statistical analysis. Experiments were performed

at least three times (n > 8 for each condition), providing similar results (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

the ternary complex. The weak interligand contacts displayed
by synergistic couples also suggest that the mere presence of a
second compound may provide a mutual stabilization by
restricting ligand mobility, as seen with the EE2/TNC and E2/
HEP couples for which the singly bound structures could not be
determined due to TNC and HEP dynamics. These reduced
dynamics would lead to a longer residence time inside the cav-
ity and to enhanced apparent dissociation constant of the com-
posite ligand.

Synergism through the RXR-PXR Heterodimer. The fact that PXR
and RXR are heterodimerization partners raises the question
whether combinations of PXR and RXR activators may cause
synergistic effects. TBT is a potent environmental ligand of RXR
(15, 16) responsible for a wide variety of deleterious effects in
the marine ecosystem (17) and metabolic disorders in humans
(18, 19). Initial experiments in colon LS174T carcinoma cells
containing the full-length PXR and the CYP3A4-XREM lucif-
erase reporter plasmid were performed to characterize the
modifying effect of TBT on EE2/TNC-mediated activation of
RXR-PXR. We first confirmed that EE2 and TNC act as poor
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RXR-PXR agonists when used separately, whereas their com-
bination triggers a much stronger activation (Fig. 74). TBT alone
also acted as a poor activator of the RXR-PXR heterodimer
(note that concentrations above 0.1 pM could not be used due to
toxicity issues), but cotreatment with EE2 and TNC led to a shift
of the activation curve of the EE2/TNC binary mixture toward
better potency and efficacy values and to a strong synergistic
PXR activation. This is illustrated by the theoretical activity
curve obtained for the additive combination of TBT, EE2, and
TNC individual activities [dashed line calculated using the Bliss
independence model (20) in Fig. 74]. We then compared the
ability of EE2, TNC, and TBT alone or in combination to in-
crease CYP3A44 gene expression in LS174T cells. Consistent with
the reporter gene assays, we found that EE2 and TNC cotreat-
ment yielded much stronger activation and that the effectiveness
of the binary mixture was drastically enhanced when used in
combination with TBT, which, on its own, appears as a poor
activator of CYP3A44 gene expression (Fig. 7B).

Last, we characterized the impact of the presence of TBT on
the EE2/TNC-induced coactivator recruitment by RXR-PXR.
For this purpose, we used fluorescence anisotropy assays with the
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Fig.6. The binding modes of binary mixtures as revealed by X-ray crystallography. Close-up view of the LBP of PXR bound to 17p-estradiol (E2) and (A) CC, (B)
HEP, (C) END, and (D) CLO. The compounds (color code for carbon atoms as in Fig. 1A) and residues belonging to the aromatic cage (gray) are shown as sticks.
Other residues are displayed as lines. Oxygen, nitrogen, sulfur, and chlorine atoms are colored in red, blue, yellow, and green, respectively. Residues and
secondary structural elements discussed in the text are labeled. (Insets) Comparison of the binding modes of CC, END, and CLO in the presence and absence
of E2.

purified RXR-PXR LBD heterodimer and the fluorescein-
labeled NR interaction domain (NID) of SRC-1 containing
three LxxLL interaction motifs. In a first step, we measured the
affinity of the interaction between the heterodimer and SRC-1
NID in the presence of reference ligands and the test compounds
individually. As expected, we found that the PXR agonist
SR12813 efficiently enhanced SRC-1 recruitment, while the
RXR agonist CD3254 induced a modest increase of the affinity
of the coactivator for RXR-PXR (Fig. 7C). In agreement with

our previous observations (8), EE2 and TNC alone had weak
effects, but their combination produced a strong increase in
SRC-1 recruitment, similar to that observed with SR12813. We
next evaluated the effect of TBT alone and in combination. As a
ligand of both RXR and PXR, TBT enhanced the affinity of the
heterodimer for the coactivator with an efficiency intermediate
between those of SR12813 and CD3254. We then observed that,
when coincubated with TBT, the recruitment of SRC-1 induced
by TNC or EE2 was increased to a level similar to that obtained
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Fig. 7. Synergistic activation of the RXR-PXR heterodimer by mixtures of RXR and PXR ligands. (A) LS174T-PXR 3A4 luciferase cells were treated by com-

pounds either alone or in combination as indicated. Assays were performed in triplicate in at least three independent experiments, and data are expressed as
mean (+SEM). The black dashed line represents the theoretical activation curve obtained for the additive combination of EE2, TNC, and TBT activities cal-
culated using the Bliss independence model (20). Note that, in the EE2/TNC/TBT combination, TBT is 100-fold less concentrated than EE2 and TNC. (B) RT-qPCR
analysis of CYP3A4 mRNA expression in control or PXR-overexpressing LS174T cells treated for 48 h by solvent (0.1% DMSO) or the indicated ligands (TNC,
EE2, and SR12813 at 3 pM; TBT at 30 nM). Results were obtained from three separate experiments performed in duplicates. Data are expressed as mean
(+SEM) compared to DMSO-treated cells. (C) Fluorescence anisotropy analysis showing the relative affinity of the fluorescein-labeled SRC-1 NID for RXR-PXR
LBD heterodimer in the presence of saturating concentrations of reference and test compounds alone or in mixture.
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with TBT alone. However, in this case, we cannot rule out that,
due to the low affinity of EE2 and TNC alone, and the compe-
tition with TBT for PXR, the measured affinity reflects TBT
binding only. More importantly, we found that the strong effect
of the EE2/TNC mixture on coactivator recruitment was mark-
edly greater in the presence of TBT. Similar results were
obtained when TBT was associated with the PXR agonist
SR12813 or when TNC and EE2 were used in combination with
the RXR agonist CD3254, demonstrating that activation of both
receptors leads to the cooperative recruitment of SRC-1 to
RXR-PXR via the generation of one binding site for the LxxLLL
motifs of coactivators on each subunit of the heterodimer. Taken
together, these data support the notion that full synergistic ac-
tivation of the RXR-PXR heterodimer by EDC mixtures can be
attained via the combined action of two cooperative binding
events involving: 1) the simultaneous interaction of two (or
more) chemicals stabilizing each other within the LBP of PXR,
and 2) binding of a third compound to RXR, expanding the
interaction surface on the heterodimer and enhancing its affinity
for transcriptional coactivators.

Concluding Remarks

In this study, we identified several PXR LBP subpockets that can
accommodate small environmental ligands of diverse chemical
structures due to their specific features, including a unique F/W/
Y triad forming an aromatic n-trap deeply buried at the bottom
of the LBP, two reactive cysteine residues available for covalent
coupling, or highly malleable and adaptive secondary structural
elements. These observations further substantiate the ligand-
binding promiscuity of PXR and its role as a sensor respond-
ing to a wide variety of chemicals. In this respect, one can note
that, while binding to different subpockets and therefore stabi-
lizing different regions of the LBP, all compounds act as PXR
agonists, differing only by their binding affinity. No specific in-
teraction, such as, for example, with the AF-2 helix, appears
required to activate the receptor. For instance, OXA and PRE,
which make very little or no interaction with helix H12, serve as
potent agonists, whereas E2 that is engaged in many contacts
with the activation helix appears as a poor PXR activator.
Nevertheless, our fluorescence anisotropy study reveals a clear

2nLig
(PXR)£

direct effect of ligand binding on the recruitment of coactivators
in the context of the RXR-PXR heterodimer, suggesting that
ligand-dependent PXR activation involves regulatory regions of
the LBD that still remain to be identified.

Our efforts to characterize novel synergistic mixtures by as-
sociation of compounds for which the binding modes were pre-
characterized led to the identification of four binary mixtures
displaying various degrees of synergistic activity and composed of
E2 (ligand group 4) as the common component and compounds
bound to the organochlorine pesticides binding site (ligand
group 1). In contrast, mixtures encompassing compounds from
groups 2 or 3 displayed no or very weak synergistic activity. This
failure is probably attributable to the very small set of com-
pounds used in the present study. A similar strategy using high-
throughput screening of large compound libraries would lead to
the identification of a greater number of substances synergizing
with each of the groups of ligands defined in the present study.
Nonetheless, our investigations on the newly discovered mixtures
reveal that: 1) cobinding does not automatically engender syn-
ergistic activity, as illustrated by the E2/CLO association; and, 2)
in line with our previous results (8), the synergism observed with
certain combinations results from a cooperative binding mech-
anism where each compound stabilizes the other, thereby leading
to a global increase of their affinity for the receptor. Taken to-
gether, the results clearly show that stabilization of a compound
within the LBP upon binding of a second ligand is not necessarily
driven by newly created interligand contacts, but may arise from
an increase in protein-ligand interactions following ligand and/
or receptor rearrangement. Whether cobinding could lead to
antagonism has not been observed experimentally yet, and future
studies are needed to explore this possibility. Like synergism,
such antagonistic effects would have major implications for both
endobiotic and xenobiotic metabolism. However, PXR has
proven very difficult to antagonize, and the first fully validated
competitive inhibitor has been reported only recently (21). Un-
fortunately, the molecular details of its mode of action, in par-
ticular its impact on PXR structure and dynamics, remain
vaguely understood. Some of the specific structural features of
PXR LBP (e.g., large size, high plasticity) most likely account for
such refractoriness to antagonism and could explain why, in our

3rdLig

Fig. 8. Model for synergistic activation of the PXR signaling pathway by ternary mixtures of EDCs. Together with previous ones, our study shows that the LBP
of PXR displays several specific structural features accounting for its role as a sensor responding to a wide variety of chemicals. They comprise an aromatic
n-trap (x trap), two reactive cysteine residues (C207, C284) available for covalent coupling or highly dynamic and conformable secondary structural elements
(Dyn. SSE). Upon binding of an environmental ligand to PXR, transcriptional coactivators are recruited by the DNA-bound RXR-PXR heterodimer via the
interaction of one of their LxxLL binding motifs (gray ovals) with the coactivator binding site (CBS) of PXR, thus inducing the transcription of target genes.
However, rather than single molecules, human exposure involves a broad mix of chemicals, which may act in a synergistic manner, possibly through the two
converging mechanisms identified in this work. Both rely on the binding cooperativity of: 1) a second compound that physically assembles with the first one
into the PXR LBP to form a supramolecular ligand with improved functional properties in regard to those of its individual components, or 2) a second
coactivator LxxLL motif upon RXR activation insuring a robust interaction of the coactivator with the RXR-PXR heterodimer (highlighted by red ovals).
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experiments, both single and double binding led to activation
rather than inhibition.

Like many other NRs, PXR functions as a heterodimer with
RXR whose activity can be modulated by a number of natural,
synthetic, and environmental compounds (15, 22-24). Here
we show that RXR (e.g., TBT) and PXR (e.g., EE2/TNC) en-
vironmental ligands can act in a concerted manner to induce
cooperative recruitment of the coactivator SRC-1 by the heter-
odimer and the synergistic activation of RXR-PXR target gene
expression. Considering the huge diversity of environmen-
tal chemicals, the mechanisms we report here for PXR are
very likely to apply to other NRs, notably the peroxisome
proliferator-activated receptors (PPAR«, f, y), the farnesoid
receptor (FXR), or the liver X receptors (LXRa, ), which all
harbor a sizable LBP and function as RXR heterodimeric part-
ners (25). As schematized in Fig. 8, our study reports on PXR’s
unique features and discloses two converging cooperative bind-
ing mechanisms by which EDC mixtures can efficiently mobilize
the PXR and possibly other NR pathways at much lower con-
centrations than those required for the individual compounds to
produce similar responses. Our findings may have broad-
reaching implications in the fields of toxicology, endocrine dis-
ruption, and risk assessment, and point out the need to consider
chemical exposure beyond regulatory framework boundaries. In
addition, many prescription drugs are known to act as low-
affinity PXR ligands mediating drug-drug interactions. How-
ever, in vivo and clinical studies never take into account the
combined action of coadministered pharmaceuticals that may
function synergistically, thereby exacerbating PXR-dependent
harmful effects. Evaluating the impact of mixed therapeutic
molecules on PXR activity could help explain certain known
drug interactions and perhaps reveal new ones.

Materials and Methods

Ligands. SR12813 and CD3254 were purchased from Tocris Bioscience. All of
the other chemicals were purchased from Sigma-Aldrich. All compound stock
solutions were prepared at 10 mM in dimethyl sulfoxide (DMSO).

Cell Lines. HG5LN GAL4-PXR and LS174T-PXR 3A4 luciferase reporter cell lines
were previously described (8). They were grown in Dulbecco’s modified
Eagle medium (Invitrogen) supplemented with 10% fetal calf serum,
L-glutamine, and antibiotics (Invitrogen).

Transactivation Assays. HG5LN GAL4-PXR and LS174T-PXR 3A4 luciferase
reporter cell lines were seeded at a density of 25,000 cells per well in 96-well
white opaque tissue culture plates (Greiner CellStar). Compounds to be
tested were added 24 h later, and cells were incubated at 37 °C for 16 h. At
the end of the incubation period, culture medium was replaced with me-
dium containing 0.3 mM luciferin. Luciferase activity was measured for 2 s in
intact living cells using a plate reader (PerkinElmer Luminometer). ECso
values were measured using GraphPad Prism (GraphPad Software).

PXR Crystal Structures. The human PXR LBD (residues 130 to 434) was cop-
roduced with a fragment of the steroid receptor coactivator-1 (SRC-1, 623-
710) to enhance PXR stability and purified as previously described (8).
Crystals of the PXR LBD complexes were obtained by mixing 1 pL of protein
(4 mg/mL) preincubated (1 h) with ligand (3 molar equivalents with 1 ligand
or 1.5 each for 2 ligands) and 1 uL of precipitant [50 to 100 mM imidazole,
pH 7.0 to 7.4, 8 to 14% (vol/vol) isopropanol] and equilibrated against a
reservoir of 500 pL of precipitant. Crystals appeared in 24 to 48 h. Diffraction
data were collected on the ID23-1, ID23-2, ID29, ID30A-1, or ID30B beamlines
at the European Synchrotron Radiation Facilities (Grenoble, France) and on
the PX1 beamline at the Swiss Light Source (Villigen, Switzerland). Data
were processed and scaled with XDS and XSCALE (26). Crystals belong to
space group P432,2. The structure was solved and refined using Phenix (13)
and COOT (27). Data collection and refinement statistics are summarized in
SI Appendix, Table S1. Figures were prepared with PyMOL (https:/pymol.
org/2/).

ESI-MS Analyses. Denaturing MS experiments were carried out on an elec-
trospray time-of-flight mass spectrometer (LCT; Waters) coupled to an
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automated chip-based nanoelectrospray source (Triversa Nanomate; Advion
Biosciences) operating in the positive ion mode. First, purified PXR LBD was
buffer-exchanged against 150 mM, pH 8.0, ammonium acetate buffer
(Sigma) using 0.5-mL Zeba Spin desalting columns (Thermo Fisher Scientific).
Then, protein concentration was determined using a Nanodrop 2000 spec-
trophotometer (Thermo Fisher Scientific). PXR LBD was then incubated with
a 10-molar excess of TBT or PRE ligands during 5 min at 20 °C at a final
concentration of 20 uM (and 200 uM for each ligand, keeping 1% amount of
DMSO). Prior to MS analyses, an external calibration was performed using
the multiply charged ions produced by 2 mM horse heart myoglobin solution
(Sigma) diluted in water/acetonitrile/formic acid (50/50/1, vol/vol) over the
m/z range of 500 to 5,000. Samples were analyzed to a final concentration of
2 uM of PXR LBD diluted in the water/acetonitrile/formic acid solution using
tuning parameters of the mass spectrometer as follows: backing pressure
and cone voltage were set to 2.1 mbar and 40 V respectively, while raw data
were acquired with MassLynx 4.1 (Waters).

Native MS experiments were performed on a hybrid electrospray quad-
rupole time-of-flight mass spectrometer (Synapt G2 HDMS; Waters) coupled
to an automated chip-based nanoelectrospray source (Triversa Nanomate;
Advion Biosciences) operating in the positive ion mode. PXR LBD was buffer-
exchanged as described above and incubated during 5 min at 20 °C to a final
concentration of 5 pM (in 150 mM NH4Ac, pH 8.0) with a 2-molar excess of
binary mixtures (EE2/TNC, E2/END, E2/CC, E2/HEP, E2/CLO, or E2/ZEA; 10 uM
each). Prior to analyses, mass spectrometer calibration was performed using
singly charged ions produced by a 2-mg/mL solution of cesium iodide in 2-
propanol/water (1v/1v; Sigma) over the m/z range 1,000 to 10,000. Instru-
mental parameters were optimized to get an optimal m/z ion transmission
without dissociation of weak noncovalent interactions by raising the back-
ing pressure, the cone voltage, and the extraction voltage to 6 mbar, 20 V,
and 5V, respectively (acquisition performed with MassLynx 4.1).

Deconvolution of MS spectra was performed using UniDec version 4.1.2
(28) using the following parameters: m/z ranges were set to 1,000 to 1,700
and to 3,100 to 4,100 for denaturing and native MS experiments, respec-
tively. Processing parameters were set as follows: substract curved, 10; nor-
malize data, nonlinear; sample mass every 10 Da; charge range, 20 to 40 and
10 to 12; and mass range, 38,000 to 39,000 and 38,000 to 40,000 Da for
denaturing and native MS experiments, respectively. Deconvolution pa-
rameters were set as follows: peak full width at half maximum, 0.85; charge
smooth width, 1.0; point smooth width, 1.0; peak detection range, 10.0 Da;
and peak detection threshold, 0.15. Relative abundance described in Fig. 4B
was calculated from the intensities given by UniDec for the four considered
species: PXR unliganded, PXR:L1, PXR:L2, and PXR:L1:L2.

Steady-State Fluorescence Anisotropy. The RXR-PXR LBD heterodimer and
the fluorescein-labeled SRC-1 NID were prepared as previously described (8).
Measures of the binding affinities of the coactivator fragment for the het-
erodimer in the absence and presence of various ligands were performed
using a Safire2 microplate reader (TECAN). The excitation wavelength was
set at 470 nm, and emission measured at 530 nm for the fluorescein-tagged
fragment. Assays were carried out in the following buffer solution: 20 mM
Tris-HCl, pH 7.5, 150 mM Nacl, 1 mM tris(2-carboxyethyl)phosphine, and 5%
(vol/vol) glycerol. We initiated the measurements at the highest concentra-
tion of protein (20 uM) and diluted the protein sample twofold successively
with the buffer solution. For each point of the titration curve, the protein
sample was mixed with 5 nM of fluorescent fragment and a 3-molar excess
of ligand (60 uM final concentrations). Binding data were fitted using a
sigmoidal dose-response model using GraphPad Prism (GraphPad Software).

RT-PCR and Real-Time qPCR. Total RNA was isolated with EXTRACTME Total
RNA Kit (Blirt; cat. no. EMO9.1). One microgram of total RNA was reverse-
transcribed to ¢cDNA using the 5x All-In-One RT Master mix (Abm; cat. no.
G490). qPCRs were performed using SYBR green (Qiagen) and specific pri-
mers with the LightCycler-480 real-time PCR system (Roche Diagnostics).
Sequences of each primer were as follows: Cyp3a4, forward, 5-GCCTGGTGC-
TCCTCTATCTA-3’; and reverse, 5-GGCTGTTGACCATCATAAAAG-3'; Actb,
forward, 5-AGGCACCAGGGCGTGAT-3’; and reverse, 5-GCCCACATAGGA-
ATCCTTCTGAC-3'. The relative amount of RNA was calculated with the 2447
method, and gene expression was normalized using p-actin.

Somatic Gene Transfer. Xenopus tadpoles were obtained from Centre de
Ressources Biologiques Xénopes (Université Rennes 1, Unité Mixte de Service
3387) at stage Nieuwkoop-Faber (NF) 50. Animals were fed and raised until
NF53 for 2 wk. A mixture of two different circular plasmids (800 ng CMV-
Gal4 DBD-PXRLBD + 800 ng 5UAS-GFP, 1 pL of NaCl 0.45%) was injected into
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the skeletal-dorsal muscle as previously described (29, 30). Tadpoles are
anesthetized before injections in MS222 0.1%.

Treatments. After injection, tadpoles were placed for at least 1 h in clean
water to let them recover. Seven different treatments were made. Each group
was composed of 10 tadpoles in a glass tank of 1 L containing 0.5 L of water
with chemical. Stock solutions of all compounds used were done in DMSO at
0.1 M, aliquoted at 10 pL, and stored at —20 °C until use. New aliquots were
used for renewal every day for 8 d. DMSO content in all tanks was 1/5,000.
We examined first the effect of SR12813 (1 uM), E2 (1 pM), END (5 nM), CC
(0.1 uM), and two combinations, E2 with END and E2 with CC, and confirmed
the synergistic effect of TNC+EE2 using 1 pM of each or the combination of
the two compounds. The renewal of the chemical solutions was done during
7 d in the afternoon and with food added in the tank the following morning
to avoid any trapping by the food.

Imaging and Fluorescence Quantification. Tadpoles were placed in MS222
0.1% until immobility, washed in clean water, and placed into a wet chamber.
Images were acquired using a Leica MZ16F fluorescence stereo microscope
(MZ16F) equipped with a Q.imaging retiga camera, driven by QCapture Pro-
6.0 software, and an eGFP filter bandpass. All pictures were taken with the
same parameters (40x objective and 600-ms exposure time, gain 4). The
quantification of fluorescence was measured only in a region of interest
delimited to the transfected muscle fibers using ImageJ software.

Statistical Analysis of Results. Experiments were reproduced three times
following the same protocol with three different batches of animals. For each
independent experiment, data from all groups were normalized to the
control group (to 100 value). Then, a pool of all data was made. Graphs and
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