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Significance

One of the most important 
physiological damage-control 
mechanisms is detoxification. 
Because of their roles in 
removing potentially harmful 
substances, detoxification 
systems are highly promiscuous 
in the molecules they recognize. 
While evolutionarily protective, 
this presents a roadblock to drug 
development. To understand 
how drug molecules will react 
during physiological exposure, 
we must identify the mechanisms 
of promiscuity in detoxification 
systems. In this study, we have 
performed structural, 
biochemical, chemical, and 
cellular experiments to 
characterize a structural 
mechanism of promiscuity in 
pregnane X receptor, a major 
transcriptional regulator of drug 
metabolizing enzymes.
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Ligand-binding promiscuity in detoxification systems protects the body from toxico-
logical harm but is a roadblock to drug development due to the difficulty in optimizing 
small molecules to both retain target potency and avoid metabolic events. Immense 
effort is invested in evaluating metabolism of molecules to develop safer, more effective 
treatments, but engineering specificity into or out of promiscuous proteins and their 
ligands is a challenging task. To better understand the promiscuous nature of detoxifi-
cation networks, we have used X-ray crystallography to characterize a structural feature 
of pregnane X receptor (PXR), a nuclear receptor that is activated by diverse molecules 
(with different structures and sizes) to up-regulate transcription of drug metabolism 
genes. We found that large ligands expand PXR’s ligand-binding pocket, and the ligand- 
induced expansion occurs through a specific unfavorable compound-protein clash that 
likely contributes to reduced binding affinity. Removing the clash by compound modi-
fication resulted in more favorable binding modes with significantly enhanced binding 
affinity. We then engineered the unfavorable ligand-protein clash into a potent, small 
PXR ligand, resulting in marked reduction in PXR binding and activation. Structural 
analysis showed that PXR is remodeled, and the modified ligands reposition in the 
binding pocket to avoid clashes, but the conformational changes result in less favorable 
binding modes. Thus, ligand-induced binding pocket expansion increases ligand-bind-
ing potential of PXR but is an unfavorable event; therefore, drug candidates can be 
engineered to expand PXR’s ligand-binding pocket and reduce their safety liability due 
to PXR binding.

nuclear receptor | promiscuity | drug design

Promiscuity in cellular detoxification pathways is an evolutionary trait that allows cells to 
maintain chemical homeostasis, even when presented with diverse endobiotics and xenobi-
otics (1–4). However, due to their negative influence on drug pharmacokinetics and toxicity, 
these pathways contain perhaps the most infamous promiscuous proteins related to human 
physiology. Metabolic enzymes modify diverse small molecules to protect the body from 
toxicological harm and maintain physiological homeostasis, and, in the process, alter drug 
activities by disabling active parental molecules or creating metabolites with new activities 
(5). Like the detoxification enzymes themselves, transcription factors that control expression 
of drug metabolism-related genes show great ligand-binding promiscuity. These “xenobiotic 
receptors” sense exogenous substances and respond by up-regulating detoxification programs. 
The nuclear receptor pregnane X receptor (PXR) is a master transcriptional regulator of drug 
metabolism and disposition gene networks (6–8). Among various functions, PXR has a 
central role in controlling the expression of the cytochrome P450 3A (CYP3A) family of 
enzymes, which metabolizes more than half of clinically applied drugs (9). Importantly, 
direct inhibition of CYP3A activity or induction of CYP3A expression through mechanisms 
such as PXR activation are the dominant sources of drug–drug interactions (10). 
Circumventing small molecule-mediated PXR activation and interactions with downstream 
metabolic enzymes is a major roadblock to drug development, as these events lead to drug–
drug interactions and decreased drug efficacy. Thus, assessing and designing out the PXR 
liability of small molecules is an integral part of drug development pipelines (11).

Mechanistically, structure–activity relationships (SAR) are challenging to perform with 
promiscuous ligand binders because of the allowed conformational heterogeneity in both 
the proteins and bound ligands. Various structural models have been proposed (12), but the 
mechanisms of promiscuity differ from protein to protein, and a single protein may have 
promiscuity mechanisms specific to each ligand. Therefore, a holistic view of promiscuity 
is difficult to achieve and requires the study of diverse protein–ligand partners. The immense 
chemical space of PXR ligands is exhibited in SI Appendix, Table S1, in which all previously 
cocrystallized ligands are displayed. Importantly, PXR has been crystallized with a large 
variety of chemicals, resulting in some understanding of its promiscuity mechanisms. PXR 
is known to allow multiple binding poses of ligands (13), incorporate multiple ligands in 
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the binding pocket simultaneously (14, 15), and expand its binding 
pocket to accommodate large ligands (16). The diversity of PXR 
ligands can be explained, in part, by PXR’s ligand-binding pocket 
volume, which is large even when compared with its partner xeno-
biotic receptor, constitutive androstane receptor (CAR; 1,200 to 
1,600 Å3 for PXR versus ~600 Å3 for CAR) (17). However, although 
previous studies have illustrated PXR’s structural response to ligands 
of various shapes and sizes, no studies have yet focused on PXR-
ligand changes related to analogs of single scaffolds. Thus, in the 
current work, we characterize a conformational mechanism that 
governs PXR ligand promiscuity and demonstrate how this struc-
tural feature can be exploited across analogs of multiple chemical 
scaffolds to modulate PXR binding.

The large macrocyclic antibiotic rifampicin was the first dis-
covered human PXR agonist, and rifampicin’s ability to up-reg-
ulate CYP3A4 was the very reason the human PXR homolog was 
initially discovered and characterized (6, 8, 18). A rifampic-
in-PXR ligand binding domain (LBD) cocrystal structure previ-
ously showed that rifampicin binding causes expansion of, and 
disorder in, the ligand-binding pocket (16). We performed SAR 
and cocrystallography of selected rifampicin analogs and identi-
fied a key chemical appendage responsible for both the induced 
PXR LBD structural disorder and comparatively weak PXR bind-
ing affinity of rifampicin. Removal of rifampicin’s 3-position 
(4-methylpiperazin-1-yl)iminomethyl appendage “unlocks” the 
macrolide binding pose, allowing a more favorable position 
within the pocket that can exist without unfavorable binding 
pocket expansion. We used these observations to rationally design 
analogs of one of the most potent PXR agonists, T0901317, that 
were predicted to enlarge the binding pocket as rifampicin does. 
The analogs showed a marked decrease in PXR binding affinity 
that correlated with the length of the added chemical appendage, 
and we confirmed by cocrystallography that the reduction in 
affinity was due to unfavorable changes in binding mode and 
PXR conformation. PXR’s binding pocket inflation represents a 
mechanism that enables it to accommodate diversified com-
pounds, augmenting its role as a detoxification program regulator. 
However, our results show that while the PXR ligand-binding 
pocket can expand to incorporate large ligands, ligand-induced 
expansion reduces a ligand’s binding affinity, an unfavorable 
attribute that can be utilized in drug development to minimize 
the PXR liability of small molecules. Our studies support the 
feasibility to control the function of a promiscuous protein by 
engineering its ligands.

Results

Rifampicin Analogs Exhibit Differential Binding Affinity for PXR 
LBD. Because rifampicin is the prototypical PXR agonist and has 
long been a benchmark for assessing CYP3A4 induction through 
PXR, we performed SAR for the binding affinity of rifampicin 
to PXR LBD. Rifampicin and eight analogs were chosen for the 
analysis, including additional clinically approved drugs such as 
rifaximin and rifapentine (Fig. 1). To measure ligand binding, 
we used a time-resolved fluorescence resonance energy transfer 
(TR-FRET) assay that measures displacement of a fluorescent 
PXR ligand from PXR LBD (19). T0901317 and SR12813 were 
used for comparison because they are two of the most potent and 
commonly used PXR agonists (20–24). Interestingly, rather than 
a gradient of binding affinities, the test compounds clustered 
into two distinct groups (Fig. 1 B and C and Table 1). Group 1 
analogs bound with micromolar affinity roughly equal to that of 
rifampicin, while group 2 analogs bound with nanomolar affinity 
roughly equal to that of SR12813.

Rifampicin Analog Binding Affinity Is Correlated with the Size 
of the 3-Position Appendage at Its 1,4-Dihydroxynaphthalene 
Core. The two-group clustering of binding affinities suggested that 
a single specific difference exists between compounds of group 1 
versus group 2, and upon inspection of the chemical structures, a 
clear correlation between activity and structures could be observed. 
Rifampicin contains a bulky substituent in the 3-position of the 
substituted 1,4-dihydroxynaphthalene core (Fig.  1A), and all 
other group 1 analogs likewise have bulky moieties in the 3- or 
4-positions. However, in the more potent group 2 binders, these 
bulky appendages are absent.

To gain insight into the potential impacts of the appendage on 
PXR binding, we analyzed the previously solved cocrystal structure 
of PXR LBD in complex with rifampicin (PDB ID 1SKX) (16). 
The appendage, however, is not present in the structure due to lack 
of observable electron density (Fig. 2A). In this previous report, 
Chrencik et al. found that the 3-position substituent clashed with 
regions on the floor of the ligand-binding pocket, resulting in 
disordered expansion of the pocket and lack of electron density for 
both the rifampicin appendage and PXR residues comprising the 
pocket floor (16). This phenomenon can be observed by comparing 
the rifampicin-PXR LBD complex with the apo and hyperfor-
in-PXR LBD structures, which have well-defined floors (Fig. 2B). 
Additional rifampicin atoms other than the appendage can be seen 
to clash with the native conformation of the loop connecting alpha 
helix 2 (α2) to beta strand 1 (β1), explaining the absence of α2 
from the electron density (Fig. 2C and SI Appendix, Table S1). 
Analysis of all PXR LBD crystal structures to date (n = 49, 
SI Appendix, Table S1) shows that while this region has some 
amount of flexibility to allow binding of various ligands, rifampicin 
is the only ligand to have significant overlap with the native α2-β1 
loop configuration (Fig. 2C).

Crystal Structure of PXR LBD Bound to the High-Affinity Binder 
Rifamycin S Reveals Loss of Ligand-Protein Clash and Gain of 
Favorable Interactions. In Fig. 1, four rifampicin analogs were 
found to have higher binding affinity than rifampicin for PXR 
LBD (rifamycin, 3-formyl rifamycin, rifamycin S, and 3-bromo 
rifamycin S). Based on our comprehensive evaluation of all PXR 
LBD structures (Fig. 2C), we hypothesized that the affinity shift 
may be related to two chemical and structural features. First, the 
lack of a bulky 3-position substituent would allow compound 
binding without significant clashes occurring with the ligand-
binding pocket floor. Second, the high-affinity analogs would bind 
in such a way that avoids additional clashes between the protein 
and macrocycle.

To fully understand the mechanism of increased binding affin-
ities, we solved the crystal structure of rifamycin S-bound PXR 
LBD to a resolution of 2.25 Å (SI Appendix, Table S2). The bind-
ing location of rifamycin S in the structure was well defined, with 
the refined Fo–Fc map showing clear density for the macrolide 
ring (Fig. 3A). Unlike the rifampicin–PXR LBD complex, the 
rifamycin S-bound structure had clear density for helix 2 (Fig. 3B), 
and this correlated with the absence of a rifamycin S clash with 
the α2-β1 loop (Fig. 3C). Alpha helix 2 was present at the same 
location as in other PXR LBD structures (Fig. 3D). Rifamycin 
S was twisted in the pocket from rifampicin’s position, resulting 
in increased distance between the ligand and α2 (Fig. 3E). 
Interestingly, the shift away from α2 resulted in rifamycin S bind-
ing deeper in the F288-W299-Y306 aromatic cage, which has 
been shown to be vital for PXR ligand binding (Fig. 3F). Therefore, 
the enhanced binding affinity of group 2 rifampicin analogs 
appears to be due to 1) no clash with the ligand-binding pocket 
floor and 2) increased hydrophobic interactions of the compound 
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with the F288-W299-Y306 subpocket. Although the rifampicin 
appendage is not observed in the structure, it is likely that its 
physical presence restrains rifampicin to a conformation that 
clashes with the α2-β1 loop; removal of the appendage frees the 
macrocycle to bind in a more favorable position (Fig. 3G).

Structural Findings from the Rifamycin S-PXR LBD Complex Can 
Be Applied to Different Ligand Scaffolds. An inherent complexity 
of conducting SAR on promiscuous ligand-binding proteins is 

the specificity of the SAR findings to a single chemical scaffold. 
We found that removing a ligand-PXR α2 clash enhanced the 
ligand’s binding affinity (Fig. 3). Therefore, we would predict that 
engineering a chemical clash with the α2-β1 region will reduce 
ligand-binding affinity. To concurrently test this prediction and 
whether the rifampicin analog results can be applied to additional 
chemical space, we chose to design analogs of the highly potent 
PXR agonist T0901317.

The published crystal structure of T0901317 in complex with 
PXR LBD (PDB ID 2O9I) has a PXR LBD dimer with 
T0901317 bound to each monomer (Fig. 4A). T0901317 is 
placed in slightly different poses in the two chains, but in both 
cases the N-trifluoroethyl group is oriented toward the α2-β1 
loop (Fig. 4A). This positioning made T0901317 an attractive 
candidate to test the possibility to design a α2-β1 clash, and we 
synthesized five analogs with extensions of the N-trifluoroethyl 
group (Fig. 4B). Four analogs were carbon chain extensions 
(T0-C4, T0-C5, T0-C6, and T0-C8), and the fifth compound 
was a biphenyl substitution (T0-BP). When assayed for PXR 
LBD binding, affinity of the analogs was reduced in a stepwise 
manner, with T0-BP being 28-fold less potent than the parental 
T0901317 (Fig. 4C). Interestingly, upon inspection of the car-
bon chain extension analogs, there was a linear correlation 
between binding potency and carbon chain length (Fig. 4D). 
Although the strategy was not able to completely abolish PXR 
binding, it is noteworthy that we achieved nearly a 30-fold 
reduction in binding affinity of one of the most potent PXR 
agonists currently known.

Fig. 1. Rifampicin analogs cluster into two distinct groups for PXR LBD binding affinity. (A) Chemicals are divided into two groups: 1) compounds that bind PXR 
LBD with affinity equal to rifampicin and 2) compounds that bind PXR LBD with affinity greater than rifampicin. The 1,4-dihydroxynaphthalene core is red, and 
the 3- and 4- position appendages are blue. (B and C) PXR LBD binding assays are shown for the indicated compounds.

Table 1. PXR LBD binding activities of rifampicin analogs

Compound Group
PXR LBD binding 
[IC50 ± SD (µM)] FC*

T0901317 NA 0.004 ± 0.0003 0.0015

SR12813 NA 0.026 ± 0.003 0.0096

Rifampicin 1 2.7 ± 0.4 1

Rifamycin O 1 4.1 ± 0.4 1.5

Rifaximin 1 11.4 ± 3.3 4.2

Rifabutin 1 11.8 ± 4.4 4.4

Rifapentine 1 5.7 ± 1.6 2.1

Rifamycin 2 0.067 ± 0.009 0.025

3-Formyl Rifamycin 2 0.054 ± 0.01 0.020

Rifamycin S 2 0.054 ± 0.014 0.020

3-Bromo Rifamycin S 2 0.057 ± 0.011 0.021
*FC, fold change, calculated by dividing a compound’s IC50 value by that of rifampicin.
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The binding results suggest that our structure-guided approach 
to modulate ligand proximity to the α2-β1 region can be applied 
to various ligand scaffolds. To confirm that the differences in analog 
binding affinity were due to PXR-ligand structural changes, we 
cocrystallized PXR LBD with T0-BP and T0-C6 (Fig. 4E and 
SI Appendix, Tables S3 and S4 and Figs. S1–S3). Both compounds 
were well defined in the pocket (SI Appendix, Fig. S1); however, due 
to its flexibility, apparent lack of stabilizing interactions, and sub-
stantial available surrounding space for it to freely move, we did not 
observe electron density for the T0-C6 carbon chain (SI Appendix, 
Fig. S1B). As predicted, the biphenyl rings of T0-BP occupied space 
that would normally be occupied by α2, and the helix was displaced 
downward compared with T0901317-bound PXR LBD (Fig. 4E). 
Strikingly, when the α2-β1 region of T0-BP-bound PXR LBD was 
compared with the α2-β1 region of all other PXR LBD structures, 
we found that the helix and beta strand were displaced more by 
T0-BP than by any other previously cocrystallized ligand 
(SI Appendix, Fig. S2). T0-C6-induced structural changes were 
more subtle, but we observed three significant differences between 
T0901317-bound and T0-C6-bound PXR LBD (SI Appendix, 
Fig. S3). First, the L209 sidechain in the α2-β1 loop flipped to 
accommodate the carbon chain. Second, α2 was shifted away from 
the compound binding position due to its being dislodged by the 
carbon chain. Third, the C terminus of α11 was displaced in T0-C6-
bound versus T0901317-bound PXR LBD. These three events 
likely occur in succession upon binding of the extended T0901317 
analog: Binding requires extra space that is afforded by the L209 
flip and α2 displacement, and the α2 movement then forces repo-
sitioning of α11. These observations indicate that extending the 
N-position arm of T0901317 toward the α2-β1 loop results in 
unfavorable PXR conformational changes to incorporate the ligand.

Incorporation of the α2 Clash Translates to Reduced Cellular 
Activity. We have proposed a structural feature that can be used 
to manipulate PXR ligand binding and validated the proposal in 

biochemical experiments. However, the biological impacts remain 
to be seen. Therefore, we tested the rifampicin and T0901317 
analogs in cellular reporter assays that measure the expression 
of firefly luciferase under the control of a PXR-responsive 
CYP3A4 promoter. We used 293T cells that do not express 
PXR and cotransfected the reporter with either PXR-expressing 
plasmid or an empty vector (EV) to control for reporter activity 
changes unrelated to PXR. High concentrations of compounds 
tend to induce nonspecific signals due to cytotoxicity and other 
nonspecific mechanisms. To identify an appropriate range of 
compound concentrations for assessing PXR activation, we first 
tested the EV-transfected cells using a large range of compound 
concentrations (Fig.  5 A–C, Left). The concentrations that 
nonspecifically reduced reporter signal were excluded from analysis 
in the PXR-transfected cells.

The T0901317 analogs showed an excellent correlation between 
binding potencies (Fig. 4C) and cellular activity (Fig. 5 A, Right), 
thereby validating our structural prediction in a cellular model. 
The group 1 rifampicin analog trends were also as expected, with 
all analog activities equal to or slightly less than rifampicin 
(Fig. 5 B, Right). The group 2 rifampicin analogs were less con-
sistent with the PXR binding potency but still exhibited the 
expected trend (Figs. 1 C and 5 C, Right). Cellular activities of 
rifamycin and rifamycin S were marginally better than rifampicin, 
3-formyl rifamycin activity was more significantly enhanced over 
rifampicin, and 3-bromo rifamycin S had the expected activity 
equal to that of SR12813 (Fig. 5C). The inconsistencies may be 
attributed to various factors, including cellular permeability, dif-
ferential cellular metabolism, or altered non-PXR protein binding 
profiles. Indeed, unlike rifampicin, several of the analogs showed 
significant reduction in reporter expression in the absence of PXR, 
indicating transcriptional or cytotoxic effects. Nevertheless, 
together, the data indicate that designing a ligand clash with the 
α2-β1 area reduces PXR binding and subsequent transcriptional 
transactivation.

Fig. 2. Rifampicin clashes with the native PXR α2-β1 loop conformation. (A) PXR LBD is shown in complex with rifampicin (PDB ID 1SKX). The location of the 
unobserved 3-position substituent is indicated with a dotted oval. (B) Structures of apo PXR LBD (PDB ID 1ILG) or PXR LBD in complex with hyperforin (PDB ID 
1M13, Right) or rifampicin (PDB ID 1SKX, Left) are shown. Alpha helix 2 (α2) and beta strand 1 (β1) are indicated, and α2 is not observed in the rifampicin-bound 
structure. (C) All previously reported PXR LBD structures are overlaid. Ligands are shown as sticks, and protein is represented as cartoon. Rifampicin is shown 
in chocolate color and is the only ligand to clash with the native α2-β1 loop conformation shown in gray.
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Fig. 3. Rifamycin S has a more favorable binding position than rifampicin in the PXR ligand-binding pocket. (A) The rifamycin S binding mode in PXR LBD is well 
defined. The 2Fo–Fc map is contoured in mesh at 1.0 RMSD and carved around rifamycin S at 2 Å. (B) α2 in the rifamycin S-PXR LBD cocrystal structure is well-
defined. The α2 main chain is shown as sticks with the 2Fo–Fc map contoured in mesh at 1.0 RMSD and carved around main chain atoms at 2 Å. (C) Rifamycin S 
does not clash with α2 in the cocrystal structure. (D) Comparison of overall PXR LBD structures bound to rifamycin S or rifampicin (PDB ID 1SKX). The rifamycin 
S-bound LBD has a clearly placed α2. (E) Overlay of rifamycin S and rifampicin positions. Rifamycin S is shifted away from α2 compared with rifampicin. (F) Overlay 
of rifamycin S and rifampicin positions. Rifamycin S binds deeper in the F288-W299-Y306 subpocket than rifampicin. (G) Schematic of structural changes between 
rifampicin-bound (Left) and rifamycin S-bound (Right) PXR LBD.
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Groups 1 and 2 Rifampicin Analogs Have Distinct Binding 
Requirements. Studies of promiscuity may involve two general 
approaches: 1) Ligands are modified to impart enhanced or 
diminished specificity in their protein-binding profiles and 2) 
proteins are modified to obtain enhanced or diminished specificity 
in their ligand-binding profiles. Thus far, we have identified a PXR 
structural feature that regulates PXR’s ligand-binding promiscuity 
and synthesized ligands to unfavorably clash with the feature 
(approach 1). Next, we conducted PXR mutagenesis to alter PXR 
ligand selectivity (approach 2).

In addition to changes at the α2 region, our rifamycin S-PXR 
LBD structure indicated that rifamycin S binds deeper in the 

F288-W299-Y306 subpocket than rifampicin (Fig. 3F), suggest-
ing that the higher affinity group 2 analogs may have increased 
reliance on the aromatic cage for binding. The subpocket was 
previously identified as a key element in PXR ligand binding 
(25), and we have found that mutations in the region have 
ligand-dependent outcomes (26). Specifically, the W299A muta-
tion weakens the aromatic cage, thereby impacting ligand binding 
(Fig. 6A), but the specific effects vary among ligands. The small 
ligand T0901317 is ~100-fold less potent in activating W299A 
mutant PXR compared with wild-type (WT), but the relatively 
large rifampicin is minimally affected by the mutation (26). To 
test our structure-based prediction that the group 2 analogs may 

Fig. 4. Ligands designed to clash with the α2-β1 loop have decreased PXR binding affinity. (A) Comparison of T0901317 binding poses in the two PXR LBD chains of 
PDB ID 2O9I. (B) Chemical structures of T0901317 and synthesized analogs. (C) PXR LBD binding assays were performed for the indicated compounds. Fold change 
(FC) was calculated by dividing a compound’s IC50 value by that of T0901317. (D) The binding IC50s are plotted against the number of carbons on the N-position 
of the respective T0901317 analog. T0-BP was excluded from the analysis. (E) Comparison of T0901317-bound (PDB ID 2O9I, chain A) and T0-BP-bound PXR LBD.
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more heavily rely on the W299 region than rifampicin and group 
1 analogs, we performed reporter assays with WT and W299A 
PXR. Like rifampicin, rifabutin activity changed very little from 
WT to W299A (Fig. 6B). However, the group 2 analogs rifamy-
cin S and 3-bromo rifamycin S were nearly completely inactive 
for W299A PXR (Fig. 6C). For 3-bromo rifamycin S, the muta-
tion resulted in >24-fold reduction in activity (EC50 = 137 ± 40 
nM for WT and EC50 > 3.3 µM for W299A; 3.3 µM was the 
highest concentration before reporter signal reduction was 
observed in Fig. 5B). Therefore, we found that removal of 
rifampicin’s 3-position moiety improves ligand potency but alters 
the protein–ligand interactions in a manner that can be exploited 
by modifying PXR residues.

Discussion

Promiscuity is often discussed in the context of enzymatic sub-
strates and reactions, but xenobiotic receptors are also excellent 
models of ligand-binding promiscuity. Among the 48 human 
nuclear receptors, the xenobiotic receptors PXR and CAR are 
unique in their evolutionary emergence by positive rather than 
negative selection, suggesting a significant fitness benefit in their 
current states (27). Because of their roles in transcriptionally reg-
ulating detoxification programs, PXR and CAR must be able to 
respond to a variety of chemical ligands. PXR, in particular, is 
highly efficient in this regard due to its large binding pocket vol-
ume (1,200 to 1,600 Å3) (17) that allows multiple binding poses 

Fig. 5. Structural predictions and biochemical results translate to cellular PXR activity. 293T cells were cotransfected with a PXR-responsive luciferase reporter 
and either an empty vector (EV) or PXR-expressing plasmid. Cells were treated for 24 h with the indicated compounds and assayed for luciferase activity. 
Compounds were used in threefold dilution series starting at 30 µM, and concentrations that exhibited signal reduction in the EV wells were excluded from 
analysis in the PXR-transfected samples. Results are shown as fold change (FC) relative to the averaged dimethyl sulfoxide (DMSO) controls of PXR-transfected 
cells, and compounds are split based on their previous designations: (A) T0901317 analogs, (B) group 1 rifampicin analogs, and (C) group 2 rifampicin analogs.
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of ligands (13), simultaneous incorporation of multiple ligands 
in the binding pocket (14, 15), and further expansion of its bind-
ing pocket to accommodate large ligands (16). Additionally, 
because of its role in regulating CYP3A expression, analysis of 
PXR activation is standard in drug development pipelines and is 
in the United States Food and Drug Administration guidance 
(https://www.fda.gov/regulatory-information/search-fda-guid-
ance-documents/in-vitro-drug-interaction-studies-cy-
tochrome-p450-enzyme-and-transporter-mediated-drug-interac-
tions) (11). Because of PXR’s enormous ligand diversity, it is not 
possible to predict the PXR activation potential of small molecule 
drug candidates. All molecules must be experimentally tested, and 
substantial medicinal chemistry effort is required to remove the 
PXR liability of lead compounds. Therefore, studying the mech-
anisms of PXR promiscuity is of great importance in drug 
development.

Although PXR is well described as being promiscuously acti-
vated by diverse molecules, certain selectivity exists among chem-
icals. This selectivity is clear in two observations: 1) PXR proteins 
from different species are activated by different compounds (28) 
and 2) drug molecules can be chemically altered to escape PXR 
binding (11). Structural studies are required to reveal the mecha-
nisms of promiscuity and selectivity, but no such studies have been 
performed with structurally related compounds to divulge the 
differences between strong and weak binders. Structure-guided 
reduction in PXR binding is performed in pharmaceutical devel-
opment, but reduction in PXR activity empirically through medic-
inal chemistry is the usual method of removing the PXR liability 
of small molecules. Campaigns that use a crystallographic approach 
generally begin with a PXR LBD cocrystal structure with a single 
potent PXR agonist; the structure is then used to guide medicinal 
chemistry efforts with no further structural characterization. 
Introducing a molecule clash with the F288-W299-Y306 aromatic 
cage is the most common result of these structure-guided programs 
(11). Thus, we have performed a crystallographic comparison of 
structurally related chemicals that bind and activate PXR with 
different potencies and used our findings to characterize a PXR 
feature that can be used to enhance or diminish PXR binding by 
small molecules.

Rifampicin was the first discovered human PXR agonist, and 
nearly three decades later, it remains one of the most common 
experimental PXR inducers (6, 8, 18). However, with a micromo-
lar binding affinity (IC50 = 2.7 µM in PXR LBD binding assay, 

Table 1 and Fig. 1), rifampicin is orders of magnitude less potent 
than other PXR agonists, such as T0901317 (IC50 = 4 nM, Table 1 
and Fig. 1). A previously reported rifampicin-PXR LBD cocrystal 
structure showed that rifampicin binding causes expansion of, and 
disorder in the floor of, the ligand-binding pocket (16). With a 
molecular weight (MW) of 823 Da, rifampicin is substantially 
larger than T0901317 (MW = 481 Da), invoking the question of 
whether ligand size is a limiting factor of PXR activity. However, 
with MW of 775 Da, 3-bromo rifamycin S had a binding IC50 of 
57 nM, ~50-fold enhanced over rifampicin. This affinity was only 
~twofold worse than SR12813 (IC50 = 26 nM, Table 1 and Fig. 1), 
which has a MW of 505 Da. Therefore, size is not directly corre-
lated with activity. After testing multiple rifampicin analogs, we 
found a clear correlation between binding affinity and presence 
of a bulky substituent on the dihydroxynaphthalene core (Fig. 1). 
Our crystal structure of PXR LBD bound to rifamycin S revealed 
that a compound lacking the bulky moiety on the dihydroxynaph-
thalene core no longer induces structural disorder in PXR LBD 
(Fig. 3). We may then conclude that although PXR has structural 
flexibility in its ligand-binding pocket to accommodate large lig-
ands, usage of this expansion feature is unfavorable.

While the 3-position appendage seems to be the driving factor 
for the decreased potency of group 1 rifampicin analogs versus 
group 2 analogs, it is a different part of the molecule that physically 
clashes with the α2-β1 region of PXR LBD (Fig. 2C). Therefore, 
the dihydroxynaphthalene core appendage likely restrains the 
macrolide conformation, resulting in the α2-β1 clash. Appendage 
removal allowed the molecule (rifamycin S) to shift away from 
α2-β1, resulting in a more favorable binding mode (Fig. 3 E–G). 
To test whether a α2-β1 clash itself could reduce ligand potency, 
we modified the most potent PXR ligand T0901317 to result in 
a structurally guided α2-β1 clash (Fig. 4). Using this approach, 
we achieved a 28-fold reduction in binding potency that translated 
to significantly reduced cellular activity (Figs. 4C and 5C). Certain 
PXR ligands have been shown to be conformationally flexible 
within the binding pocket, likely due to the large pocket size 
relative to the small ligands (13, 29). Although not discussed in 
the original report, T0901317 appears to be flexible based on the 
presence of positive difference density around the molecule (PDB 
ID 2O9I) (30). The flexibility of PXR LBD combined with its 
large pocket volume make SAR difficult, as modified small mol-
ecules may bind in different poses than the parental compounds. 
Therefore, while our results indicate that the modified T0901317 

Fig. 6. Group 2 rifampicin analogs have increased reliance on the F288-W299-Y306 aromatic cage. (A) Overlay of rifampicin (dark salmon) and rifamycin S (pale 
cyan) positions in wild-type (WT) PXR LBD (from Fig. 3F) with W299 modeled as A299. (B and C) 293T cells were cotransfected with a PXR-responsive luciferase 
reporter and either a WT or W299A mutant PXR-expressing plasmid. Cells were treated for 24 h with the indicated compounds and assayed for luciferase activity. 
Results are shown as fold change (FC) relative to the averaged DMSO controls of WT PXR-transfected cells.

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/in-vitro-drug-interaction-studies-cytochrome-p450-enzyme-and-transporter-mediated-drug-interactions
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analogs indeed clash with α2-β1 and displace it, as predicted, we 
cannot rule out the possibility that some analogs are instead forced 
to bind in modes that are less favorable than the parental T0901317 
mode. However, in either case, the desired result is achieved by 
extending the molecule toward the α2-β1 region. Additional 
examples of this exist in the literature, although loss of binding is 
not specifically discussed with respect to α2-β1. For example, we 
previously described a thalidomide-linked PXR ligand with nearly 
absent PXR binding (31), and, based on crystallographic analysis 
of a precursor of this ligand (32), loss of binding is likely due to 
the rigid thalidomide group being incompatible with any available 
α2-β1 position.

Physiologically, orally administered drugs are at their highest 
concentrations in organs where PXR resides (liver and intestine), 
and even low-affinity drugs can activate PXR and experience a 
first pass effect. Therefore, complete abolition of PXR agonism is 
required. Medicinal chemistry campaigns to avoid metabolic 
events while retaining target potency are difficult and time-con-
suming. Introducing the α2-β1 clash is an approach that can be 
used in isolation or in combination with other strategies such as 
the F288-W299-Y306 clash to achieve full loss of PXR activity. 
Our findings indicate that while PXR is a wildly promiscuous 
ligand binder, certain elements that contribute to promiscuity also 
limit the efficiency of ligands at the edges of PXR’s binding range. 
The flexibility of the ligand-binding pocket floor extends the bind-
ing potential of PXR, but ligands that bind in this manner do so 
with a penalty.

Materials and Methods

General Chemistry Methods and Synthesis. DMSO, rifampicin, SR12813, 
and T0901317 were purchased from MilliporeSigma. BODIPY FL vindoline 
was synthesized as previously reported (19). Rifaximin and 3-formyl rifa-
mycin were purchased from Cayman Chemical. Rifabutin and rifamycin S 
were purchased from MedChemExpress. Rifamycin, rifamycin O, and 3-bromo 
rifamycin S were purchased from Toronto Research Chemicals. Rifapentine 
was purchased from AstaTech. The manufacturer-determined purity of all 
compounds was >95%. Synthesis and evaluation of the T0901317 analogs 
is described in SI Appendix.

TR-FRET PXR Competitive Binding Assay. The TR-FRET PXR competitive binding 
assay was performed as previously described (19). The assay buffer composition 
was 50 mM Tris (pH 7.5), 20 mM MgCl2, 0.1 mg/mL bovine serum albumin, and 
0.05 mM dithiothreitol. BODIPY FL vindoline (15 µL/well, 133.3 nM in assay 
buffer) was dispensed into 384-well low-volume black assay plates. An Echo 555 
Acoustic Liquid Handler (Labcyte) then dispensed 60 nL/well compound stocks 
or DMSO. Lastly, 5 µL/well 20 nM Tb-anti-GST (Thermo Fisher Scientific) and 20 
nM GST-PXR LBD (Thermo Fisher Scientific) in assay buffer were added. The final 
concentrations of the assay components (in a 20 µL final assay volume per well) 
were: 100 nM BODIPY FL vindoline, 5 nM Tb-anti-GST, 5 nM GST-PXR LBD, and 
0.3% DMSO. DMSO alone (0.3%) and 3 µM T0901317 (diluted from 60 nL of  
1 mM stock to a 20 µL assay volume) were included in each plate to serve as nega-
tive and positive controls, respectively. The plates were shaken at 900 rpm (80 × g) 
on an IKA MTS 2/4 digital microtiter shaker (IKA Works) for 1 min then centrifuged 
at 1,000 rpm (201 × g) for 30 s in an Eppendorf 5810 centrifuge equipped with 
an A-4-62 swing-bucket rotor. The plates were protected from light exposure and 
incubated for 1 h at room temperature. After incubation, the TR-FRET signal from 
each well was collected with a PHERAstar FS Microplate Reader (BMG Labtech). 
The percent inhibition for each well was calculated using the following equation,

% Inhibition = 100 × 1 −

(

SignalChemical − SignalT0901317
)

(

SignalDMSO − SignalT0901317
) .

Protein Purification, Crystallization, and Structure Determination: 
Rifamycin S. PXR LBD was expressed and purified as previously described 
(32), with modifications. Codon-optimized sequences for His-tagged PXR LBD 

(residues 130 to 434) and untagged mouse SRC-1 (residues 623 to 710) were 
cloned into pETDuet-1 (Novagen), which allows coexpression of two genes from 
separate inducible T7 promoters. The plasmid was transformed into TurboCells 
Competent E. coli BL21(DE3) (Genlantis), grown in terrific broth at 37 °C to 
an OD600 of 3 to 4, and induced overnight at 16 °C with 500 µM isopropyl 
β-D-thiogalactoside (IPTG). Cells were pelleted by centrifugation at 4,000 × 
g and resuspended in lysis buffer [20 mM Tris (pH 7.5), 250 mM NaCl, 5% 
(v/v) glycerol, 10 mM imidazole] supplemented with EDTA-free SIGMAFAST 
protease inhibitor cocktail tablets (MilliporeSigma) and 1 mg/mL lysozyme 
(Thermo Fisher Scientific). The suspension was sonicated and then centrifuged 
at 20,000 × g for 1 h, and the supernatant was applied to a 5 mL HisTrap FF 
column (Cytiva). The column was washed with 50 mL lysis buffer, and bound 
proteins were eluted with lysis buffer containing 500 mM imidazole. Elution 
fractions were collected and analyzed by SDS–PAGE for protein amount and 
purity. Selected fractions were pooled, and a 2:1 molar ratio of SRC-1 peptide 
was added to stabilize PXR LBD (N-CPSSHSSLTERHKILHRLLQEGSPS-C, prepared 
by the Macromolecular Synthesis Section at St. Jude Children’s Research 
Hospital). The PXR LBD/peptide mixture was concentrated to ≤10 mL in an 
Amicon Ultra-15 centrifugal filter unit with 10 kDa cutoff (MilliporeSigma), 
filtered through a 0.22-µm syringe filter, and loaded onto a HiLoad 26/600 
Superdex 200 pg size exclusion column (Cytiva) equilibrated with storage 
buffer [20 mM Tris (pH 7.8), 250 mM NaCl, 5% (v/v) glycerol, 5 mM DTT, 1 
mM EDTA]. Elution fractions were collected and analyzed by SDS–PAGE, pure 
fractions were pooled, and a 2:1 molar ratio of SRC-1 peptide was again added. 
The PXR LBD/peptide mixture was concentrated to 3 mg/mL, aliquoted, flash 
frozen in liquid nitrogen, and stored at −80 °C.

PXR LBD (3 mg/mL, 83 µM) was mixed with 2 mM rifamycin S and incubated for 
1.5 h at 4 °C. This mixture contained 2% DMSO from the compound dilution. Hanging 
drop trays were set with 1 µL protein-ligand complex and 1 µL reservoir solutions 
containing 50 or 100 mM imidazole (pH 7 to 7.6) and 10 to 16% isopropanol. Crystals 
grew in various conditions within 3 to 5 d and were cryoprotected in respective 
mother liquors containing 2 mM rifamycin S, 2% DMSO, and 20% (+/−)-2-methyl-
2,4- pentanediol (MPD, Hampton Research). The data presented were collected from 
a single crystal grown in 100 mM imidazole (pH 7.2) with 14% isopropanol.

X-ray diffraction data were collected to a resolution of 2.25 Å at FMX Beamline 
17-ID-2 at the National Synchrotron Light Source II at Brookhaven National 
Laboratory. Frames were processed with XDS (33). The crystals belonged to space 
group P43212 with one molecule in the asymmetric unit. The structure was solved 
by molecular replacement in Phaser (34) using PDB ID 1M13 as the search model 
(35). The search model was stripped of solvent and ligand prior to molecular 
replacement. Rifamycin S was placed with Phenix LigandFit (36, 37). Iterative 
cycles of model building and refinement were performed in Coot (38) and Phenix 
(39). The data collection and refinement statistics are shown in SI  Appendix, 
Table  S2. All crystallographic figures were made in PyMOL (Schrödinger). The 
structure is deposited as PDB ID 8E3N.

Protein Purification, Crystallization, and Structure Determination: T0-BP. 
Protein was purified as above and stored at 4 mg/mL. PXR LBD (4 mg/mL, 110 µM) 
was mixed with 2 mM T0-BP and incubated for 1 h at room temperature. This 
mixture contained 2% DMSO from the compound dilution. Hanging drop trays 
were set with 1 µL protein-ligand complex and 1 µL reservoir solutions containing 
50 mM imidazole (pH 6.8 to 7.8) and 8 to 14% isopropanol. Crystals grew in 
various conditions within 1 to 3 d and were cryoprotected in respective mother 
liquors containing 1 mM T0-BP, 1% DMSO, and 40% ethylene glycol. The data 
presented were collected from a single crystal grown in 50 mM imidazole (pH 7.0) 
with 12% isopropanol.

X-ray diffraction data were collected to a resolution of 2.3 Å at AMX Beamline 
17-ID-1 at the National Synchrotron Light Source II at Brookhaven National 
Laboratory. Frames were processed with XDS (33). The crystals belonged to space 
group P43212 with one molecule in the asymmetric unit. The structure was solved 
by molecular replacement in Phaser (34) using PDB ID 1M13 as the search model 
(35). The search model was stripped of solvent and ligand prior to molecular 
replacement. T0-BP was placed with Phenix LigandFit (36, 37). Iterative cycles of 
model building and refinement were performed in Coot (38) and Phenix (39). 
The data collection and refinement statistics are shown in SI Appendix, Table S3. 
All crystallographic figures were made in PyMOL (Schrödinger). The structure is 
deposited as PDB ID 8FPE.

http://www.pnas.org/lookup/doi/10.1073/pnas.2217804120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217804120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217804120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217804120#supplementary-materials
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Protein Purification, Crystallization, and Structure Determination: 
T0-C6. For the T0-C6-PXR LBD cocrystal structure, we used a PXR LBD tethered 
to a 33-amino acid SRC-1 peptide (40–42) and optimized the expression, purifi-
cation, and crystallization in-house. A codon-optimized sequence for His-tagged 
PXR LBD (residues 130 to 434) tethered to SRC-1 (residues 678 to 710) with 
SGGSGG linker was cloned into pET3a (Novagen). The plasmid was transformed 
into TurboCells Competent E. coli BL21(DE3) (Genlantis), grown in terrific broth 
+ 0.2% glucose at 37 °C to an OD600 of 3 to 4, and induced overnight at 16 °C 
with 200 µM IPTG. Cells were pelleted by centrifugation at 4,000 × g and resus-
pended in lysis buffer [25 mM Tris (pH 7.9), 500 mM NaCl, 5% (v/v) glycerol, 
1 mM DTT, 10 mM imidazole] supplemented with EDTA-free SIGMAFAST pro-
tease inhibitor cocktail tablets. The suspension was lysed by passage through a 
microfluidizer at 18,000 psi and then centrifuged at 20,000 × g for 1 h, and the 
supernatant was applied to a 5 mL HisTrap FF column. The column was washed 
with 50 mL lysis buffer, and bound proteins were eluted with a 100 mL linear 
gradient from lysis buffer to lysis buffer containing 250 mM imidazole. Elution 
fractions were collected and analyzed by SDS–PAGE for protein amount and 
purity. Selected fractions were pooled and diluted to 125 mM NaCl by addition 
of lysis buffer without NaCl. The protein was applied to a 5 mL HiTrap SP HP 
column (Cytiva), and the flow-through contained the PXR LBD-SRC-1. The protein 
was concentrated to ≤10 mL in a Amicon Ultra-15 centrifugal filter unit with 
10 kDa cutoff, filtered through a 0.22-µm syringe filter, and loaded onto a HiLoad 
26/600 Superdex 200 pg size exclusion column equilibrated with storage buffer 
[25 mM Tris-HCl (pH 8.0), 100 mM NaCl, 5% (v/v) glycerol, 2 mM DTT]. Elution 
fractions were collected and analyzed by SDS-PAGE, and pure fractions were 
pooled, concentrated to 12.4 mg/mL, aliquoted, flash frozen in liquid nitrogen, 
and stored at −80 °C.

PXR LBD-SRC-1 (12.4 mg/mL, 308 µM) was mixed with 2 mM T0-C6 and incu-
bated for 1.5 h at room temperature. This mixture contained 2% DMSO from 
the compound dilution. Hanging drop trays were set with 1 µL protein-ligand 
complex and 1 µL reservoir solutions containing 100 mM Bis-Tris (pH 5.5 to 6.8) 
and 9 to 15% MPD. Crystals grew in various conditions within 1 to 2 d, with the 
chosen crystal growing in 9% MPD at pH 5.8. The crystal was cryoprotected in 100 
mM Bis-Tris (pH 5.8), 1 mM T0-C6, 1% DMSO, and 25% MPD.

X-ray diffraction data from a single crystal were collected to a resolution of 
2.37 Å at AMX Beamline 17-ID-1 at the National Synchrotron Light Source II at 
Brookhaven National Laboratory. Frames were processed with XDS (33). The crys-
tals belonged to space group P212121 with two molecules in the asymmetric unit. 
The structure was solved by molecular replacement in Phaser (34) using PDB ID 
3CTB as the search model (35). The search model was stripped of solvent prior to 
molecular replacement. T0-C6 was placed with Phenix LigandFit (36, 37). Iterative 
cycles of model building and refinement were performed in Coot (38) and Phenix 
(39). The data collection and refinement statistics are shown in SI  Appendix, 

Table  S4. All crystallographic figures were made in PyMOL (Schrödinger). The 
structure is deposited as PDB ID 8EQZ.

PXR Transactivation Assays. 293T/17 cells were obtained from the American 
Type Culture Collection (ATCC, cat. # CRL-11268) and maintained in Dulbecco's 
Modified Eagle Medium (DMEM, ATCC) with 10% fetal bovine serum (FBS; 
HyClone). Cells were incubated in a humidified atmosphere at 37 °C with 5% 
CO2 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.

PXR transactivation assays were performed similarly as previously described, 
with modifications (43). 293T cells (1 × 106/well in 2 mL DMEM + 10% FBS) were 
reverse transfected in 6-well plates with pGL3-CYP3A4-luc (2 µg/well) (44, 45) 
and 100 ng/well of either empty vector (pcDNA3) or pcDNA3-FLAG-PXR (WT 
or W299A) using FuGENE HD (Promega). 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 
5,000 cells/well in 25 µL volume were added to PerkinElmer CulturPlate-384 
plates. An Echo 555 Acoustic Liquid Handler was used to dispense 75 nL/well of 
DMSO or stock compounds into the wells, for a final DMSO concentration of 0.3%. 
After 24 h, a luciferase assay was performed using the steadylite plus Reporter 
Gene Assay System and EnVision microplate reader (PerkinElmer).

Data, Materials, and Software Availability. This manuscript includes three 
X-ray crystal structures that have been deposited in the Protein Data Bank with 
IDs 8E3N (46), 8FPE (47), and 8EQZ (48).
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