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Abstract

The pregnane X receptor (PXR) regulates the metabolism and excretion of xenobiotics and
endobiotics by regulating the expression of drug-metabolizing enzymes and transporters. The
unique structure of PXR allows the binding of many drugs and drug leads to it, possibly causing
undesired drug-drug interactions. Therefore, it is crucial to evaluate whether lead compounds bind
to PXR. Fluorescence-based assays are preferred because of their sensitivity and non-radioactive
nature. One fluorescent PXR probe is currently commercially available; however, because its
chemical structure is not publicly disclosed, it is not optimal for studying ligand-PXR interactions.
Here we report the characterization of BODIPY FL Vinblastine, generated by labeling vinblastine
with the fluorophore 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY FL), as a
high-affinity ligand for human PXR with a Kj value of 673 nM. We provide evidence that
BODIPY FL Vinblastine is a unique chemical entity different from either vinblastine or the
fluorophore 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene in its function as a high-
affinity human PXR ligand. We describe a BODIPY FL Vinblastine-based human PXR Time-
Resolved Fluorescence Resonance Energy Transfer assay, which was used to successfully test a
panel of human PXR ligands. The BODIPY FL Vinblastine—based biochemical assay is suitable
for high-throughput screening to evaluate whether lead compounds bind to PXR.
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Introduction

The pregnane X receptor (PXR) is a key xenobiotic receptor that regulates the metabolism
and excretion of xenobiotics and endobiotics by regulating the expression of drug-
metabolizing enzymes and drug transporters [1,2]. Expression of a PXR target gene is
regulated by the binding of PXR to the promoter region of the target gene, such as that of
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cytochrome P450 3A4 (CYP3A4), a key enzyme in the metabolism of more than 50% of all
clinically prescribed drugs [3]. By affecting drug metabolism, changes in the expression of
such mediators can influence the therapeutic and toxicologic response to drugs and cause
adverse drug-drug interactions [4,5].

PXR activity is regulated mainly by direct ligand binding (and the unique structure of PXR
allows the binding of many drugs and drug leads to it) [4], although it can also be regulated
by various cell signaling pathways [5]. Radioisotope-based binding assays (scintillation
proximity assays) were initially used to investigate direct binding of PXR to its ligands.
They assessed the competitive binding of a group of tritium-labeled putative PXR ligands,
such as 3,5-Bis(1,1-dimethylethyl)-4-hydr-oxyphenyl]ethenylidene]bis-phosphonic acid
tetraethyl ester (SR12813) [6-8], N-(2,2,2-trifluoroethyl)-N-[4-[2,2,2-trifluoro-1-hydroxy-1-
(trifluoromethyl)ethyl]phenyl]-benzenesulfonamide (TO901317) [9] and N-methyl-N-[4-
[2,2,2-trifluoro-1-hydroxy-1-(trifluoromethyl) ethyl]phenyl]benzenesulfonamide (NMTB)
[10] to PXR. When Invitrogen offered the LanthaScreen® Time-Resolved Fluorescence
Resonance Energy Transfer (TR-FRET) Pregnane X Competitive Binding Assay Kit,
containing the first PXR fluorescent probe (Fluormone PXR [SXR] Green), it was quickly
used in multiple studies [11-20]. However, this commercially available assay is not optimal
for studying ligand-PXR interactions. First, the chemical structure of Fluormone PXR
(SXR) Green is proprietary information and is not publicly disclosed. Second, Fluormone
PXR (SXR) Green is available only as a component of the assay kit, at a pre-diluted
concentration of 4 uM in 50% methanol/water [21].

To study ligand-PXR interactions, a PXR fluorescent probe that offers a publicly available
structure and flexibility for various assay formats is highly valuable. Here we introduce
BODIPY FL Vinblastine, vinblastine labeled with the fluorophore 4,4-difluoro-5,7-
dimethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY fluorescein, or BODIPY FL) (Figure
1A), as the first PXR fluorescent probe with a publicly available structure. We report here
that BODIPY FL Vinblastine has high binding affinity to the human PXR (hPXR) protein,
with a K value of 673 nM in an hPXR TR-FRET binding assay. Furthermore, other known
hPXR ligands could compete with BODIPY FL Vinblastine for binding to hPXR. We have
developed and validated an hPXR TR-FRET assay that uses BODIPY FL Vinblastine as a
fluorescent probe to evaluate the binding of a panel of hPXR ligands to hPXR in a high-
throughput format.

Materials and Methods

Materials

GST-hPXR-LBD, LanthaScreen Th-anti-GST antibody, TR-FRET PXR (SXR) assay buffer,
BODIPY FL Vinblastine (CAS: 1431846-82-0), BODIPY FL propionic acid (4,4-
difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-propionic acid; CAS: 126250-45-1),
BODIPY FL hydrazide (4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
propionic acid, hydrazide; CAS: 178388-71-1), BODIPY FL EDA (4,4-difluoro-5,7-
dimethyl-4-bora-3a,4a-diaza-s-indacene-3-propionyl ethylenediamine, hydrochloride; CAS:
209541-26-4), and 1 M DTT (dithiothreitol; CAS: 3483-12-3) were purchased from
Invitrogen (Carlsbad, CA). Dimethyl sulfoxide (DMSO; CAS: 67-68-5) was purchased from
Fisher Scientific (Pittsburgh, PA). TO901317 (N-(2,2,2-trifluoroethyl)-N-[4-[2,2,2-
trifluoro-1-hydroxy-1-(trifluoromethyl)ethyl]phenyl]-benzenesulfonamide; CAS:
293754-55-9) was purchased from Cayman Chemical (Ann Arbor, MI). SR12813 ([[3,5-
Bis(1,1-dimethylethyl)-4-hydr-oxyphenyl]ethenylidene]bis-phosphonic acid tetraethyl ester;
CAS: 126411-39-0) was purchased from Enzo Life Sciences (Farmingdale, NY).
Vinblastine (vincaleukoblastine; CAS: 143-67-9) and vincristine (22-oxovincaleukoblastine;
CAS: 2068-78-2) were purchased from Tocris Bioscience (Minneapolis, MN). Clotrimazole
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(1-[(2-chlorophenyl)diphenylmethyl]-1H-imidazole; CAS: 23593-75-1) and rifampicin (3-
(4-methylpiperazinyliminomethyl)rifamycin SV, CAS: 13292-46-1) were purchased from
Sigma (St. Louis, MO). Hyperforin (CAS: 238074-03-8), ginkgolide A (CAS: 15291-75-5)
and ginkgolide B (CAS: 15291-77-7) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA\). 384-well black polypropylene plates were purchased from Matrical
Bioscience (Spokane WA). DMSO was used as solvent to dissolve all compounds used in
this study.

All assays were carried out in 20 yL TR-FRET PXR (SXR) assay buffer with 5 nM GST-
hPXR-LBD, 0.05 mM DTT, and 5 nM Th-anti-GST at room temperature (approximately 25
°C) in 384-well black polypropylene plates, and all assays were performed in triplicate. All
chemicals were solubilized in DMSO. The final DMSO concentration was 1.1% in all assays
with the exception of the DMSO tolerance test, in which DMSO concentrations are
specified. In a typical assay, chemical (solubilized in DMSO) diluted in TR-FRET PXR
(SXR) assay buffer as 2 x working solution (containing 2% DMSO) was first dispensed (10
pL/well) into 384-well plate, followed by the dispensing of BODIPY FL Vinblastine
solution [4 x working solution in TR-FRET PXR (SXR) assay buffer with 0.4 % DMSQ] (5
pL/well), and a mixture of 20 nM GST-hPXR-LBD and 20 nM Tb-anti-GST solution
(prepared in TR-FRET PXR (SXR) assay buffer containing 0.2 mM DTT (5 pyL/well). After
mixing of all assay components by shaking for 1 minute on a IKA® MTS 2/4 digital
microtiter plate shaker (IKA® Works, Inc., Wilmington, NC), the plates were briefly
centrifuged at 201 x g (1,000 rpm) for 30 second in an Eppendorf® 5810 centrifuge with the
A-4-62 swing-bucket rotor (Eppendorf AG, Hamburg, Germany). The typical assay
incubation time was 30 min, with the exception of the longitudinal signal stability assays, in
which the incubation time is specified. All assay data were generated by using a PHERAstar
plate reader from BMG Labtech (Durham, NC) to measure the fluorescent emission ratio
(520 nm/490 nm) of each well, using a 340-nm excitation filter, 100-ps delay time, and 200-
s integration time. Raw data from the plate reader were directly used for analysis. The
curve-fitting software GraphPad Prism 5.04 (GraphPad Software, La Jolla, CA) was used to
generate graphs and curves and to determine Kj and ICsq values. The methods described
here were applied to all the specific assays described below; additional information is
included in the description of each specific assay where applicable.

Probe K4 Determination in the hPXR TR-FRET Assay

Serial dilutions of BODIPY FL Vinblastine (1:2 titration, 15 concentrations of 5000-0.31
nM) were incubated with 5 nM GST-hPXR-LBD, 0.05 mM DTT, and 5 nM Th-anti-GST
plus either 1.1% DMSO (vehicle) or 50 uM T0901317 (final DMSO concentration was
1.1%) for 30 min before TR-FRET signals were collected. The collected data were fit into a
one-site total binding equation for the DMSO vehicle group and a linear non-specific
binding equation for the 50 uM TO901317 group. The specific equilibrium binding constant
(Kg) was derived from the specific binding curve, derived as curveppmso-curveTogo1317, by
fitting the data into a one-site specific binding equation.

Optimization of Probe Concentration for hPXR TR-FRET Binding Assays

BODIPY FL Vinblastine (100, 250, or 500 nM) was incubated with 5 nM GST-hPXRLBD,
0.05 mM DTT, and 5 nM Th-anti-GST plus eitherl.1 % DMSO (vehicle), 10 yM TO901317
(final DMSO concentration was 1.1%), or 50 yM T0O901317 (final DMSO concentration
was 1.1%) for 30 min, and then TR-FRET signals were collected.
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Determination of Signal Stability in the BODIPY FL Vinblastine-based hPXR TR-FRET

Assay

BODIPY FL Vinblastine (250 nM) was incubated with 5 nM GST-hPXR-LBD, 0.05 mM
DTT, and 5 nM Th-anti-GST plus either DMSO, 50 yM T0O901317, or serial dilutions of
TO901317 (50 uM to 0.28 nM with 1-to-3 titration for 12 concentration levels), and TR-
FRET signals were collected at 0.5, 1, 2, 3, 4, and 5h. Final DMSO concentration in all
samples was 1.1%. In the Z’-factor signal stability test, 16 data points were included in each
high-signal (DMSO, negative vehicle control to determine total binding) or low-signal (50
MM TO901317, positive control to determine non-specific binding) group, and the Z’-factor
value was calculated by using equation 1 [22].

lel _ 30’74—307
Mean*t — Mean—

0]

where o7 is the standard deviation of the negative control (DMSO) group; o~ is the standard
deviation of the positive control (50 uM TO901317) group; Mean* is the mean of the
negative-control (DMSO) group; and Mean~ is the mean of the positive-control (50 yM
TO901317) group. The data from TO901317 titration were fit into a one-site competition
binding equation to derive 1Cgq values.

DMSO Tolerance Test for the BODIPY FL Vinblastine-based hPXR TR-FRET Assay

BODIPY FL Vinblastine (250 nM) was incubated with 5 nM GST-hPXR-LBD, 0.05 mM
DTT, and 5 nM Tb-anti-GST plus either DMSO, 50 yuM T0O901317, or serial dilutions of
TO901317 (50 uM to 0.28 nM, with 1:3 titration at 12 concentration levels). The final
DMSO concentration was 0.2%, 0.5%, 1%, 2%, 5% or 10% in each group. After 30-min
incubation, the TR-FRET signals were collected. The data from titrated TO901317 were fit
into a one-site competition binding equation to determine the 1Csq values.

Binding Affinity of a Panel of hPXR Ligands, Vincristine, and Vinblastine with hPXR in the
BODIPY FL Vinblastine-based TR-FRET Assay

Serial dilutions of TO901317, SR12813, clotrimazole, rifampicin, hyperforin, ginkgolide A,
ginkgolide B, vincristine, vinblastine (100 pM to 0.56 nM, 1:3 titration at 12 concentration
levels), DMSO, or 50 yM T0O901317 were incubated with 250 nM BODIPY FL Vinblastine,
5nM GST-hPXR-LBD, 0.05 mM DTT, and 5 nM Th-anti-GST for 30 min, and then TR-
FRET signals were collected. Where applicable, the data were fit into a one-site competitive
binding equation in a dose-dependent manner to derive 1Cgq values. The inhibition constant
( K') value was subsequently calculated by using equation 2 [23].

K;=ICs/(1—[L]/K.) (2

where ICsg is the concentration of inhibitor that inhibits 50% of binding, [L] is the
concentration of BODIPY FL Vinblastine (250 nM), and K|_is the Ky value of BODIPY FL
Vinblastine in the assay (673 nM). The K; values were used to compare the binding affinity
of compounds to GST-hPXR-LBD.

Non-specific Binding of BODIPY Dyes in the hPXR TR-FRET Assay

BODIPY FL Vinblastine, BODIPY FL propionic acid, BODIPY FL hydrazide, or BODIPY
FL EDA (250 nM) was incubated with 5 nM GST-hPXR-LBD, 0.05 mM DTT, and 5 nM
Th-anti-GST plus either DMSO or 50 yM T0O901317 for 30 min, and then TR-FRET signals
were collected. In a parallel control group, 250 nM BODIPY FL Vinblastine, BODIPY FL
propionic acid, BODIPY FL hydrazide, or BODIPY FL EDA was incubated with only 5 nM
GST-hPXR-LBD and 0.05 mM DTT plus either DMSO or 50 uM T0901317 for 30 min,
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and then TR-FRET signals were collected. Final DMSO concentration in all samples was
1.1%.

Statistical analysis

Results were expressed as the mean + standard deviation of at least three independent
experiments. Sample and control values were compared by using Student's #test, and p <
0.05 was considered to indicate a statistically significant difference.

Results and Discussion
BODIPY FL Vinblastine Binds to the hPXR Ligand-Binding Domain with High Affinity

We used a TR-FRET assay to evaluate the binding ability of a panel of fluorescent
compounds to the ligand-binding domain (LBD) of hPXR and found that BODIPY FL
vinblastine, a fluorescent analog of the anticancer drug vinblastine generated by linking it to
the BODIPY FL fluorophore (Figure 1A), is a hPXR ligand (Figure 1B). The specific
equilibrium binding constant (Ky) of BODIPY FL Vinblastine and hPXR-LBD in the TR-
FRET assay system was determined by individually plotting the total binding curve (black
curve in Figure 1B, in the presence of DMSO vehicle control) and non-specific binding
curve (red curve in Figure 1B, in the presence of the high-affinity hPXR ligand TO901317)
from experimental data, then generating the specific binding curve (green curve in Figure
1B) by subtraction of non-specific binding from total binding (DMSO — TO901317). The
total binding curve and the non-specific binding curve were derived from titrated BODIPY
FL Vinblastine (5000-0.31 nM, with 1:2 dilution, at 15 concentration levels) incubated with
5nM GST-hPXR-LBD and 5 nM Th-anti-GST plus either DMSO or 50 pM T0O901317,
respectively.

The unique structure of PXR allows the binding of many drugs and drug leads to it [4].
TO901317, originally described as an LXR ligand, is a potent hPXR agonist [9] which at 50
MM inhibited all specific binding of BODIPY FL Vinblastine to hPXRLBD at the
concentration range tested; any binding activity in the presence of 50 yM TO901317 was
therefore considered non-specific. The Ky value of BODIPY FL Vinblastine, derived from
the specific binding curve, was 673 nM £ 18 nM, indicating relatively high binding affinity.
In the total binding experiments, the TR-FRET signal increased when the concentration of
BODIPY FL Vinblastine increased from nanomolar to low micromolar, and it then increased
slowly. In contrast, in the non-specific binding experiments the overall TR-FRET signal was
relatively low and increased slowly in a linear manner over the concentration range tested.
Because of the low non-specific binding, the specific binding curve was very similar to the
total binding curve. These results indicate that BODIPY FL Vinblastine is a high-affinity
hPXR fluorescent probe and that it has low non-specific activity in the assay system.

BODIPY FL Vinblastine is not the first high-affinity fluorescent hPXR probe. However, the
undisclosed chemical structure of the Fluormone PXR (SXR) Green probe [21] makes it less
valuable for studying ligand-PXR interactions. Here we describe the first hPXR fluorescent
probe whose structure is publicly available; further, the compound is available in pure solid
form, allowing the preparation of stock solutions of higher concentration in a preferred
solvent. Therefore, BODIPY FL Vinblastine is a potentially useful fluorescent probe for
studying regulation of PXR by ligand binding.

Determination of the Optimal BODIPY FL Vinblastine Concentration for the hPXR TR-FRET

Assay

In a fluorescence-based assay, an optimal fluorescent probe concentration is crucial. To
avoid deviating from the Cheng-Prusoff equation for subsequent calculation of the Kj value
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of a compound, a concentration at or somewhat below the Ky value of the probe should
generally be tested first [23]. As the Kj value of BODIPY FL Vinblastine is 673 nM, we
tested 3 different concentrations of BODIPY FL Vinblastine: 100, 250, and 500 nM. Each
probe concentration was tested under 4 different treatment conditions to gain insight as to
the total binding of BODIPY FL Vinblastine to hPXR (DMSO group), the non-specific
binding of BODIPY FL Vinblastine under different concentrations of the competing ligand
TO901317, and whether the non-specific binding is PXR-mediated (DMSO in the absence
of hPXR protein) (Figure 2A). Consistent with the data shown in Figure 1B, in Figure 2A,
both total binding and non-specific binding increased when the concentration of BODIPY
FL Vinblastine increased. TO901317 at 10 yM and 50 uM inhibited the TR-FRET signal
equally effectively at a lower concentration of BODIPY FL Vinblastine (100 nM), with
fluorescent emission ratios of 0.019 and 0.018, respectively; however, 50 yM T0O901317
inhibited the signal more effectively than 10 yM T0O901317 at higher BODIPY FL
Vinblastine concentration (500 nM), with fluorescent emission ratios of 0.031 and 0.050,
respectively. The positive control (TO901317) was tested at concentrations as high as 100
UM, but no additional inhibition of BODIPY FL Vinblastine binding was observed beyond
that achieved by 50 uM of TO901317 (data not shown; see the dose-responsive curves in
Figure 5). Therefore, 50 yM T0O901317 was used as the positive control in subsequent
experiments to determine the assay background and noise signal levels.

To determine whether non-specific BODIPY FL Vinblastine binding is mediated by hPXR,
we omitted hPXR protein from the assay. In the absence of GST-hPXR-LBD, increasing
BODIPY FL Vinblastine concentration (from 100, 250, to 500 nM) correspondingly
increased the fluorescent emission ratio (0.019, 0.025, and 0.04, respectively), suggesting
that BODIPY FL Vinblastine can bind weakly to other components of the assay system,
such as the Tb-anti-GST antibody (Figure 2A). BODIPY FL Vinblastine binding in the
absence of hPXR protein (fluorescent emission ratio 0.019, 0.025, and 0.04, corresponding
to 100, 250, and 500 nM of BODIPY FL Vinblastine) was comparable to the non-specific
BODIPY FL Vinblastine binding in the presence of GST-PXR-LBD protein and either 50
pMM T0O901317 (0.018, 0.023, and 0.031) or 10 pM TO901317 (0.019, 0.028, and 0.050).
These results indicate that while BODIPY FL Vinblastine can bind weakly and non-
specifically to components of the assay system in an hPXR-independent manner, its binding
to hPXR is specific and can be abolished by a higher concentration of the hPXR ligand
TO901317. The ratio of total binding signal (DMSO negative control group) to non-specific
binding signal (50 pM T0901317 positive control group) is shown in Figure 2B as signal/
background: 4.8, 5.1 and 6.0 for BODIPY FL Vinblastine concentrations of 100, 250, and
500 nM, respectively. As the TR-FRET assay is robust and radiometric, all three signal/
background ratios are suitable for a high-throughput screening (HTS) assay. In fact, with the
Invitrogen PXR TR-FRET kit, HTS of 8280 chemicals was successfully accomplished, with
signal/background ratios ranging from 2.5 to only 3.5 and Z’-factor > 0.5) [13]. We chose
250 nM of BODIPY FL Vinblastine for further experiments, considering both the signal/
background ratio (the higher he better) and non-specific binding (the lower the better).
However, 100 nM and 500 nM of BODIPY FL Vinblastine probe concentrations can both be
used as well to achieve acceptable assay performance.

Signal from the BODIPY FL Vinblastine-based hPXR TR-FRET Assay Is Stable

Signal stability is an important parameter in an HTS assay. To assess the signal stability, we
measured the binding activity of 250 nM BODIPY FL Vinblastine with or without various
concentrations of TO901317 at 0.5, 1, 2, 3, 4, and 5 hours in reactions containing 5 nM
GST-hPXR-LBD and 5 nM Th-anti-GST. Both the total binding (with DMSO vehicle
control) and the non-specific binding (with 50 uM T0O901317) were relatively stable (Figure
3A). Correspondingly, the signal/background ratios were relatively stable as well, with a
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slightly decreasing trend over time: 5.02, 5.05, 4.99, 4.77, 4.66, and 4.36 for 0.5, 1, 2, 3, 4,
and 5 h, respectively (Figure 3B). The Z’-factor remained constant over the entire testing
period: 0.840, 0.834, 0.831, 0.834, 0.836 and 8.835 at 0.5, 1, 2, 3, 4, and 5 hours,
respectively (Figure 3C). The ICsq values for TO901317 increased slightly during the first 2
h (162 nM, 170 nM, and 185 nM at 0.5, 1, and 2h, respectively) and then progressively
increased to 231 nM, 266 nM and 299 nM after 3, 4 and 5 hours respectively, of incubation
(Figure 3D). The consistent Z’-factor values over 5 hours demonstrated that the assay is very
stable and is suitable for HTS. While all incubation times can be used for HTS, the signal/
background ratio and ICsq values suggest an optimal incubation time of 2 h or less for the
BODIPY FL Vinblastine-based hPXR TR-FRET assay; an HTS assay using the Invitrogen
PXR TR-FRET kit also demonstrated an optimal incubation time of approximately 2 hours
[13]. Because a shorter incubation time contributes to higher throughput, a 0.5 h incubation
time was selected for further experiments.

BODIPY FL Vinblastine-based hPXR TR-FRET Assay Tolerates a Wide Range of DMSO
Concentrations

DMSO tolerance is another important assay parameter, as DMSO is a solvent commonly
used for compounds in drug discovery. We used DMSO to dissolve all the compounds used
in this study. In the DMSO tolerance test, the TR-FRET signals from BODIPY FL
Vinblastine binding were collected after 30 minutes of incubation with either DMSO vehicle
control or various concentrations of TO901317 in 0.2%, 0.5%, 1%, 2%, 5% and 10% final
DMSO concentrations, plus 250 nM BODIPY FL Vinblastine, 5 nM GST-hPXR-LBD, and
5 nM Tb-anti-GST. The total binding signal (at 520 nm/490 nm ratio) remained stable at
0.106, 0.109, 0.106, 0.104, and 0.100 when the DMSO concentration increased (0.2%, 0.5%,
1%, 2%, and 5%), and then decreased to 0.088 when the DMSO concentration increased to
10% (Figure 4A). The non-specific binding signal (in the presence of 50 yM of TO901317)
remained constant at 0.0199, 0.0210, 0.0200, 0.0199, 0.0196, and 0.0201, corresponding to
DMSO concentrations of 0.2%, 0.5%, 1%, 2%, 5%, and 10% (Figure 4A). The signal/
background ratio was also relatively stable, ranging from 5.35 to 5.09 at DMSO
concentrations below 5%, and falling to 4.36 when the DMSO concentration was 10%
(Figure 4B). In the TO901317 competition assay, the 1C5q values of TO901317 remained
constant throughout the DMSO concentration range tested: 158, 160, 154, 164, 152, and 160
nM, corresponding to DMSO concentrations of 0.2%, 0.5%, 1%, 2%, 5%, and 10% (Figure
4C). These results indicate that the BODIPY FL Vinblastine-based TR-FRET assay can
tolerate a wide range of DMSO concentrations up to 5%, comparable to the Invitrogen PXR
TR-FRET kits [21]. DMSO concentrations up to 1.1% were used in this report with the
exception of the DMSO tolerance test.

Binding Affinity of a Panel of hPXR Ligands in the BODIPY FL Vinblastine-based hPXR TR-

FRET Assay

To further validate and evaluate the BODIPY FL Vinblastine-based hPXR TR-FRET assay,
we selected a panel of seven hPXR ligands: TO901317, SR12813, clotrimazole, rifampicin,
hyperforin, ginkgolide A and ginkgolide B. The hPXR binding activity values of all seven
compounds have previously been derived by using the Invitrogen hPXR TR-FRET binding
kit [11-16,24]. In addition, TO901317 [25], SR12813 [26,27], rifampicin [28] and
hyperforin [29] ligand-hPXR co-crystal structures have been reported. In the BODIPY FL
Vinblastine-based TR-FRET assay, TR-FRET signals were collected after 30-minute
incubation with serial dilutions of the seven hPXR ligands, plus 250 nM BODIPY FL
Vinblastine, 5 nM GST-hPXR-LBD, and 5 nM Th-anti-GST. The data were fit into a one-
site competitive binding equation to derive the dose response curves (Figure 5). Because of
incomplete solubility, data points for clotrimazole 100 uM were not included. TO901317,
SR12813, clotrimazole, rifampicin, hyperforin, ginkgolide A, and ginkgolide B had 1Cs

Anal Biochem. Author manuscript; available in PMC 2014 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lin and Chen

Page 8

values of 159 nM, 157 nM, 1.94 uM, 12.7 uM, 147 nM, 13.7 uM, and 12.1 uM, respectively
(K values of 116 nM, 114 nM, 1.41 yM, 9.26 uM, 107 nM, 9.99 uM, and 8.82 uM,
respectively) (Table 1).

Of the ligands with previously reported ICsg values (TO901317, SR12813, clotrimazole,
rifampicin, and hyperforin), the BODIPY FL Vinblastine-based TR-FRET assay yielded
ICsq or K; values in the order (low to high) of hyperforin ~ SR12813 ~ TO901317 <
clotrimazole < rifampicin, in general agreement with the order reported using the Invitrogen
hPXR binding kit(SR12813 ~ T0O901317 < hyperforin < clotrimazole < rifampicin),
although the values measured with the BODIPY FL Vinblastine-based TR-FRET assay were
somewhat higher (Table 1). The K; value of hyperforin was similar to those of TO901317
and SR12813 in the BODIPY FL Vinblastine-based assay but higher than those of
TO901317 and SR12813 obtained by using the Invitrogen kit (Table 1). The reported
activity of SR12813 and hyperforin varies, possibly reflecting different assay conditions. We
used the lowest reported 1Cs values for comparison to our data. Both ginkgolide A and
ginkgolide B are reported to be hPXR ligands [14], but their ICgg or Kj values had not been
reported. In the BODIPY FL Vinblastine-based TR-FRET assay, both ginkgolide A and
ginkgolide B competed with BODIPY FL Vinblastine for binding to hPXR in a dose-
dependent manner (Figure 5); similar curves were reported using Fluormone PXR (SXR)
Green as the fluorescent probe [14]. When comparing the binding affinity of a compound to
PXR from different assays, it is critical to carry out the comparison in the context of specific
assay conditions and assay formats used. Xiao et a/. highlighted such importance in their
evaluation of drug-PXR interactions by using different /n vitro assays [30]. By using a
circular dichroism assay and a PXR-SRC (steroid receptor coactivator) tethered protein, they
determined hypothetical Ky values of clotrimazole, rifampicin and hyperforin to be 0.29,
0.54 and 0.05 pM, respectively. By using an affinity selection-mass spectrometry assay and
a PXR protein (without SRC), they determined the Ky values of clotrimazole and rifampicin
to be 0.33 and 10 pM, respectively. When they compared the PXR without SRC to the PXR-
SRC tethered protein, they found significant differences in the shape and the volume of the
corresponding ligand binding sites, and suggested that Kj values determined by the circular
dichroism assay be treated as a ranking order instead of an estimation of the binding affinity.
In our BODIPY FL Vinblastine-based TR-FRET assay, the Ky values of clotrimazole,
rifampicin and hyperforin are 1.41, 9.26 and 0.107 pM, respectively (Table 1). Consistent
with the statement made by Xiao et a/, the ranking order, but not the exact value of the Ky, is
consistent among different assays.

Taken together, our results indicate that BODIPY FL Vinblastine binds specifically to hPXR
and that the BODIPY FL Vinblastine-based hPXR TR-FRET assay can be used to measure
the binding affinity of compounds to hPXR. The rank order of affinity of hyperforin,
SR12813, and TO901317 determined by our assay was slightly different from that
determined by the Fluormone PXR (SXR) Green-based assay (Table 1). This discrepancy
may reflect different binding modes of BODIPY FL Vinblastine and Fluormone PXR (SXR)
Green to hPXR. It is well known that PXR has a relatively large and flexible ligand-binding
pocket that can accommodate ligands of different sizes [25-29,31-33] and even a single
ligand with different conformations [26]. It would be of interest to use a co-crystal structural
approach to compare the binding modes of BODIPY FL Vinblastine-hPXR and Invitrogen's
Fluormone PXR (SXR) Green-hPXR.

BODIPY FL Vinblastine is a Unique Chemical Entity with High Binding Affinity to hPXR

Because BODIPY FL Vinblastine binds to the LBD of hPXR with high affinity (Ky= 673
nM), we investigated whether this affinity is due to BODIPY FL or to vinblastine.
Vinblastine has been shown to activate hPXR in cell-based assays [34,35]. However, there is
no evidence of direct interaction between vinblastine and hPXR. We first tested the effect of
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DMSO (vehicle control), 50 yM TO901317, and various concentrations of vinblastine or its
close analog, vincristine, on 250 nM BODIPY FL Vinblastine, incubated with 5 nM GST-
hPXR-LBD and 5 nM Th-anti-GST for 30 minutes. As expected, 50 yM T0O901317, when
compared to DMSQ, significantly (p < 0.0001) decreased the binding of BODIPY FL
Vinblastine to hPXR (Figure 6A). Surprisingly, vinblastine and vincristine at 11.1 and 33.3
MM failed to compete with and inhibit the binding of BODIPY FL Vinblastine to hPXR (p >
0.05; compared to DMSO). At 100 uM, vinblastine and vincristine only marginally but
statistically significantly (p=0.0004 and 0.009, respectively; compared to DMSO vehicle
control) inhibited the binding of BODIPY FL Vinblastine to hPXR (25.4% and 12.1%,
respectively) (Figure 6A). The slightly higher binding affinity of vinblastine than that of
vincristine is consistent with cell-based assays in which vinblastine is a stronger activator of
hPXR than vincristine [34].

The unexpected failure of vinblastine to efficiently compete with and inhibit the binding of
BODIPY FL-labeled vinblastine to hPXR prompted us to investigate whether the BODIPY
FL fluorophore mediates the binding of BODIPY FL Vinblastine to hPXR. We compared
the binding affinity of 250 nM of BODIPY FL Vinblastine, BODIPY FL propionic acid,
BODIPY FL hydrazide and BODIPY FL EDA (Figure 6B), in the presence of either DMSO
vehicle control (total binding) or 50 yM TO901317 (non-specific binding), after incubation
for 30 minutes with 5 nM Tb-anti-GST and 5 nM GST-hPXR-LBD (for hPXR mediated
binding) or no GST-hPXR-LBD (for non-hPXR-mediated binding).

As shown in Figure 6C, binding of BODIPY FL Vinblastine to hPXR was specifically
inhibited by 50 uM of TO901317. In contrast, BODIPY FL propionic acid, BODIPY FL
hydrazide and BODIPY FL EDA generated high non-specific, hPXR-independent TR-FRET
signals (1.72, 1.75 and 3.27 for BODIPY FL propionic acid, BODIPY FL hydrazide, and
BODIPY FL EDA, respectively), possibly by interacting with the Th-anti-GST antibody. In
the presence of GST-hPXR-LBD, the TR-FRET signals decreased to 0.65, 0.65, and 1.16 for
BODIPY FL propionic acid, BODIPY FL hydrazide and BODIPY FL EDA, respectively.
The TR-FRET signals generated by BODIPY FL propionic acid, BODIPY FL hydrazide and
BODIPY FL EDA were not inhibited by the hPXR-specific ligand TO901317 in either the
presence or absence of GST-hPXR-LBD. These results demonstrate that the BODIPY
fluorophore, in either its acid form (BODIPY FL propionic acid) or its basic form (BODIPY
FL hydrazide and BODIPY FL EDA), can generate strong TR-FRET assay signals that are
independent of hPXR, possibly by interacting non-specifically with the Th-anti-GST
antibody. Therefore, the BODIPY fluorophore does not bind to hPXR. Interestingly,
BODIPY is reported to enhance ligand binding affinity to certain target proteins [36].
Experiments investigating the effect of BODIPY on a broad range of protein-based
biochemical assays will further our understanding of the non-target—specific bioactivity of
BODIPY.

In summary, we have found that vinblastine labeled with the BODIPY FL fluorophore
(BODIPY FL Vinblastine) can bind to GST-hPXR-LBD in a TR-FRET assay containing
Th-anti-GST antibody. Binding can be inhibited by either the potent hPXR ligand
TO901317 (Figure 1) or by omitting GST-hPXR-LBD from the assay (Figure 2A),
indicating that BODIPY FL Vinblastine binds specifically to the LBD of hPXR. We further
confirmed the specific binding of BODIPY FL Vinblastine to hPXR LBD by showing that a
panel of hPXR ligands competed with and inhibited the binding of BODIPY FL Vinblastine
to hPXR LBD (Figure 5 and Table 1). Importantly, we have demonstrated that BODIPY FL
Vinblastine is a unique chemical entity: a high-affinity (Ky = 673 nM) ligand that binds to
the LBD of hPXR and that differs from either vinblastine or the fluorophore BODIPY FL.
Here, we present BODIPY FL Vinblastine as a new and high-affinity hPXR ligand. The
BODIPY FL Vinblastine-based hPXR TR-FRET assay has a high signal/background ratio
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(Figure 2B) and high signal stability, both of which contribute to high and consistent 2’
values (Figure 3); it also has a wide range of DMSO tolerance (Figure 4). In testing a panel
of hPXR ligands, this validated assay produced results comparable to those of Invitrogen's
hPXR TR-FRET assay, the probe of which [Fluormone PXR (SXR) Green] has an
undisclosed structure. While BODIPY FL Vinblastine is a high affinity hPXR fluorescent
probe and a potentially useful biochemical tool to study drug-hPXR interactions, vinblastine
does not bind to hPXR significantly. Therefore, BODIPY FL Vinblastine and vinblastine
should be treated as two different chemical entities with distinctly different binding affinity

to hPXR.
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Figure 1.

BODIPY FL Vinblastine and its interaction with 5 nM GST-hPXR-LBD and 5 nM Tb-anti-
GST. (A) Structure of BODIPY FL Vinblastine. (B) Binding curves of the indicated
concentrations of BODIPY FL Vinblastine to 5 nM GST-hPXR-LBD and 5 nM Thb-anti-
GST after 30 minutes of incubation in the presence of DMSO (total binding) or of 50 yM
TO901317 (non-specific binding). The total binding curve and the non-specific binding
curve were derived from titrated BODIPY FL Vinblastine (5 000 — 0.31 nM, with 1:2
dilution, at 15 concentration levels) treated with DMSO (vehicle, negative control) or 50 pM
TO901317 (positive control), respectively. The specific binding curve was generated by
subtracting non-specific binding from total binding. The specific equilibrium binding
constant (Ky) derived from the specific binding curve was 673 + 18 nM.
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Figure2.

Interaction between the indicated concentrations of BODIPY FL Vinblastine, 5 nM GST-
hPXR-LBD, and 5 nM Th-anti-GST after 30 minutes of incubation. (A) BODIPY FL
Vinblastine interaction with 5 nM GST-hPXR-LBD and 5 nM Thb-anti-GST in the presence
of DMSO, 10 yM T0901317, or 50 uM TO901317, and interaction of BODIPY FL
Vinblastine and 5 nM Th-anti-GST (without GST-hPXR-LBD) with DMSO. (B) Signal-to-
background ratio (signal/background) of BODIPY FL Vinblastine interaction with 5 nM
GST-hPXR-LBD and 5 nM Thb-anti-GST, where signal and background are the 520 nm/490
nm ratio obtained from DMSO and 50 yM TO901317, respectively. For each BODIPY FL
Vinblastine concentration tested in both (A) and (B), the difference between DMSO and
either 10 pM, or 50 uM TO901317was statistically significant (p < 0.0001).

Anal Biochem. Author manuscript; available in PMC 2014 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lin and Chen

Page 15

015 £33 DMSO (Vehicle)

£ DMSO (Vehicle) o . R
_— S0 TO901317 3 - 50 M TOM131

Signal Background

2
2k 3h 4h S 30min th  2h  3h  4h Sh
cubation Time Tncubation Time

~* 30 min

30min 1h  2h  3h 4h  Sh
Incubation Time 0.

*7 emowmy

Figure 3.

Longitudinal signal stability of the interaction of 250 nM BODIPY FL Vinblastine with 5
nM GST-hPXR-LBD and 5 nM Th-anti-GST. (A) Interaction of 250 nM BODIPY FL
Vinblastine with 5 nM GST-hPXR-LBD and 5 nM Th-anti-GST at the indicated time points
in the presence of DMSO or 50 yM T0901317. (B) Signal-to-background ratio of the
interaction of 250 nM BODIPY FL Vinblastine with 5 nM GST-hPXR-LBD and 5 nM Thb-
anti-GST at the indicated time points. (C) Z’-factor values of the interaction of 250 nM
BODIPY FL Vinblastine with 5 nM GST-hPXR-LBD and 5 nM Tbh-anti-GST at the
indicated time points. The Z’-factor was calculated from the total binding signal (DMSO)
and background signal (50 pM T0O901317) by using equation 1 (see Methods). (D) The
TO901317 dose-response curves in the presence of 250 nM BODIPY FL Vinblastine, 5 nM
GST-hPXR-LBD, and 5 nM Th-anti-GST at the indicated time points. For each time point
tested in both (A) and (B), the difference between DMSO and 50 yM TO901317 was
statistically significant (o < 0.0001).
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Figure4.

DMSO tolerance in the interaction of 250 nM BODIPY FL Vinblastine with 5 nM GST-
hPXR-LBD and 5 nM Th-anti-GST after 30 minutes of incubation. (A) Interaction of 250
nM BODIPY FL Vinblastine with 5 nM GST-hPXR-LBD and 5 nM Tb-anti-GST in the
presence of DMSO control or 50 yM TO901317 at the indicated final DMSO
concentrations. (B) Signal-to-background ratio in the interaction of 250 nM BODIPY FL
Vinblastine with 5 nM GST-hPXR-LBD and 5 nM Tb-anti-GST in the presence of the
indicated DMSO concentrations. (C) TO901317 dose-response curves in the presence of 250
nM BODIPY FL Vinblastine, 5 nM GST-hPXR-LBD, and 5 nM Tbh-anti-GST at the
indicated DMSO concentrations. For each DMSO concentration tested in both (A) and (B),
the difference between DMSO and 50 pM T0O901317 was statistically significant (p <
0.0001).
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TO901317
SR12813
Clotrimazole
Rifampicin
Hyperforin
Ginkgolide A
Ginkgolide B

Dose-response curves of a panel of hPXR ligands in the presence of 250 nM BODIPY FL
Vinblastine, 5 nM GST-hPXR-LBD, and 5 nM Th-anti-GST after 30 minutes of incubation.
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Figure6.

Specific and non-specific interaction of vincristine, vinblastine, BODIPY FL Vinblastine,
BODIPY FL propionic acid, BODIPY FL hydrazide or BODIPY FL EDA with 5 nM GST-
hPXR-LBD and 5 nM Th-anti-GST after 30 minutes of incubation. (A) Competition of
TO901317, vincristine, or vinblastine with 250 nM BODIPY FL Vinblastine in the presence
of 5nM GST-hPXR-LBD and 5 nM Th-anti-GST. (B) Structures of BODIPY FL propionic
acid, BODIPY FL hydrazide, and BODIPY FL EDA. (C) Interaction of 250 nM BODIPY
FL Vinblastine, BODIPY FL propionic acid, BODIPY FL hydrazide, or BODIPY FL EDA
with 5 nM Th-anti-GST with or without 5 nM GST-hPXR-LBD in the presence of DMSO or
50 uM TO901317. The inset shows an enlargement of the BODIPY FL Vinblastine bar
graph.
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Table 1

Summary of the Activity of a Panel of hPXR Ligands
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Activity

in This Study, Using BODIPY Activity Reported, Using Fluormone PXR (SXR) Green as Probe
FL vinblastine as Probe

Chemical 1Csq K; |c50a K b

TO901317 159 nM 116 nM 44 nM [12], 52 nM [24], 90 nM[13] 22 nM, 26 nM, 45 nM

SR12813 157 nM 114 nM 42 nM [15], 49 nM [11], 69 nM [24], 140 nM 21 nM, 24.5 nM, 34.5 nM 70
[16], 710 nM[13] nM, 355 nM

Clotrimazole  1.94 yM 1.41uM 2.0 uM [24] 1.0uM

Rifampicin 12.7 uyM 9.26 uM 14.13 uyM [24] 7.06 uM

Hyperforin 147 nM 107 nM 140 nM [24], 710 nM [13] 70 nM, 355 nM

Ginkgolide A 13.7 yM 9.99 uM 54% (1000 uM) [14] NAC

Ginkgolide B 12.1 uM 8.82 uM 48% (1000 pM) [14] NA

C’]\/q';llues obtained from published reports (see References)

bVaIues calculated from published data by using equation 2 (see Methods)

c .
NA: Not applicable
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