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As a critical regulator of drug metabolism and inflammation, Pregnane X Receptor (PXR), plays an important role in disease pathophysiology
linking metabolism and inflammation (e.g. hepatic steatosis)1'2. There has been much progress in the identification of agonist ligands for PXR,
however, there are limited descriptions of drug-like antagonists and their binding sites on PXR>*®_ A critical barrier has been the inability to
efficiently purify full-length protein for structural studies with antagonists despite the fact that PXR was cloned and characterized in 1998. Our
laboratory developed a novel high throughput yeast based two-hybrid assay to define an antagonist, ketoconazole's, binding residues on PXRC.
Our method involves creating mutational libraries that would rescue the effect of single mutations on the AF-2 surface of PXR expected to
interact with ketoconazole. Rescue or "gain-of-function" second mutations can be made such that conclusions regarding the genetic interaction
of ketoconazole and the surface residue(s) on PXR are feasible. Thus, we developed a high throughput two-hybrid yeast screen of PXR mutants
interacting with its coactivator, SRC-1. Using this approach, in which the yeast was modified to accommodate the study of the antifungal

drug, ketoconazole, we could demonstrate specific mutations on PXR enriched in clones unable to bind to ketoconazole. By reverse logic, we
conclude that the original residues are direct interaction residues with ketoconazole. This assay represents a novel, tractable genetic assay to
screen for antagonist binding sites on nuclear receptor surfaces. This assay could be applied to any drug regardless of its cytotoxic potential

to yeast as well as to cellular protein(s) that cannot be studied using standard structural biology or proteomic based methods. Potential pitfalls
include interpretation of data (complementary methods useful), reliance on single Y2H method, expertise in handling yeast or performing yeast
two-hybrid assays, and assay optimization.

Video Link

The video component of this article can be found at http://www.jove.com/video/51085/

Introduction

The yeast two-hybrid (Y2H) assay is widely used to discover 7protein-Protein interactions and more recently for discovery of novel small
molecules that disrupt protein-protein interaction complexes 189,10, 11 However, the conventional approaches of this assay, used for drug
discovery or "hits", do not allow for detection of allosteric interaction residues of chemicals compounds within protein-protein surfaces, that when
altered still interact and allow for interrogation of the altered residues’". Indeed, such a method(s), if feasible to develop, would enable a tractable
yeast system for high throughput assessment of allosteric interaction residues critical for protein-protein interaction disruption. In the context of
drug discovery, the most direct way to establish interaction of compounds with proteins would involve structural determination (e.g. crystalization
of protein-inhibitor complex). These methods are cumbersome, use elaborate resources and it is not technically feasible to perform structural
studies on every protein.

Tractable genetic drug screening systems have been established in bacteria® 2 and other model systems like mammalian two-hybrid. However,
these systems need optimization and alternative systems like Y2H are still the most tested in drug discovery. There are limitations that include
poor sensitivity and reliability of interactions using singular methods13, however, a single Y2H assay can be modified to answer specific
questions regarding interaction residues. In the field of nuclear receptor research, Y2H has been used to define interacting proteinsm, however,
these protein interactions have rarely been used to define the nature in which ligands/antagonists interact with nuclear receptor-protein
complexes. Thus, our laboratory focused efforts on defining a method, especially for receptor proteins that are not readily amenable to proteomic
based methods, that would unearth novel ligand/antagonist interacting residues using a reverse Y2H based discovery platform.

Based on our previous finding that ketoconazole disrupts PXR and its activator SRC-1, we developed a novel reverse Y2H system that enable
us to define and interrogate ketoconazole interacting residues on PXR®. Our method is based on the properties of the yeast GAL4 protein that
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consists of separable domains responsible for DNA-binding and transcriptional activation. The PXR LBD protein is expressed as a fusion to the
LexA DNA-binding domain (DNA-BD), while the full length co-activators SRC-1 (steroid receptor coactivator 1) proteins are expressed as fusions
to the GAL4 activation domain (AD). Interaction between PXR and SRC-1 fusion proteins leads to the transcriptional activation of GAL4-binding
sites containin% reporter gene B-LacZ that is integrated into the yeast genome. Ketoconazole, a PXR antagonist, disrupts PXR and SRC-1
interaction ' ™ 7 and we can detect the interaction of PXR and SRC-1 in the presence or absence of ketoconazole after staining colonies on
filters for X-gal activity. The principle of Y2H is illustrated in Figure 1 and the experimental procedure is summarized in Figure 2.

1. Construction of PXR and SRC-1 Fusions in Yeast Vectors

1. PCR amplification of Human PXR LBD (107-434 amino acids) and Human SRC-1 full length (1-1401 amino acids).
1. Use pSG5-hPXR plasmid8 as PXR LBD template, use pPCMX-SRC1 plasmid as SRC-1 templates.
2. Thaw PCR SuperMix, DNA templates and primers (see Materials), keep them on ice.
3. Add 0.25 pg/pl DNA template 1 pl, 10 mM primer pairs 2 pl each, PCR SuperMix 45 pl and add H,O to bring total volume to 50 pl.
4. Set PCR at one cycle of 94 °C for 2 min, 20 cycles of 94 °C for 30 sec, 55 °C for 30 sec and 72 °C for 2 min, then one cycle of 72 °C
for 10 min for extension. Check PCR products by running on 1% agarose gel.

2. PCR products cloning into Y2H vectors.
1. Purify PCR products from 1% agarose gel. Digest PXR, LBD, PCR, and Y2H vector pSH2-1 with BamHI and Sall; digest SRC-1 PCR
and Y2H vector pPGADNOT with Notl and Sall. To do this, add 1 ug DNA , 3 pl 10x reaction buffer, 1 pl restriction enzymes, and finally
H,0O to bring total volume to 30 pl.
2. Putdigestion samples in 37 °C water bath for 1 hr. Check digestion by running on 1% agarose gel.
3. Purify digestion samples from 1% agarose gel, ligate digested PCR products and Y2H vectors and transform to DH5a competent cells.
4. Pick the colonies and isolate the plasmid DNA.

3. Identify pSH2-1-PXR plasmid DNA by BamHI/Sall digestion, identify pPGADNOT-SRC-1 plasmid DNA by Notl/Sall digestion. Verify all positive
plasmid DNA by sequencing.

2. Yeast Two-hybrid Assays

1. Inoculate the yeast strain into 5 ml YPAD and incubate over night by constant agitation (220 rpm at 30 °C). Note: The Saccharomyces
cerevisiae strain was CTY10-5d (MATa ade2 trp1-901 leu2-3,112 his3-200 ga 14 gal80" URA3::lexA-lacZ) that contains an integrated GAL71-
lacZ gene with lexA operatorm. To obtain viable yeast cells resistant to ketoconazole, but those that did not carry transporter alterations as a
cause of azole resistance'®?, novel strains of CTY10-5d yeast were obtained by first deleting ERG3 ( erg3A)and then introducing additional
deletion in ERG11 ( erg3A/erg11A) genes by homologous recombination. The construction details have been described in a previously
published manuscript6 .

2. The next day (in the morning), inoculate yeast (1:20) in 5 ml YAPD and incubate to obtain an ODgyo ~0.2 by constant agitation (220 rpm at 30
°C).

3. Pellet the cells at 2,000 rpm in a microcentrifuge for 2 min and discard the supernatant. Then wash the pellet twice with autoclaved water and
once with 0.1 M LiAc.

4. After the final wash, discard supernatant and add the following reagents to the cell pellet: 240 pl PEG 3500 50% w/v, 36 pl 1 M LiAc, 50 pl 2
mg/ml boiled salmon sperm ssDNA, H,O 34 pl. Vortex to mix, add 1 ug pSH-PXR and 1 ug pGADNOT-SRC-1 DNA and mix.

5. Transfer the mix to polystyrene round-bottom tube, agitate the transformation, mix (220 rpm at 30 °C) for 30 min. Move the tube to 42 °C
water bath and incubate for an additional 30 min.

6. Centrifuge the tube at 2,000 rpm for 2 min and remove the supernatant. Wash pellet once with autoclaved water.

7. Pipette 100 pl sterile water into the tube, re-suspend the cells by gentle finger tapping and pipetting, then plate onto plates of -His/-Leu
Dropout Medium (Formulation per One Liter -His/-Leu Dropout Medium: 20 g dextrose, 1.7 g YNB, 0.67 g CSM-His/-Leu, 5 g ammonium
sulfate, 1.5% agar) and incubate at 30 °C for 3-4 days to isolate transformants.

3. X-gal Filter Assay

1. Cut nitrocellulose membrane to the size of part of a Petri dish. Label the nitrocellulose membrane to mark the orientation.
Place premarked nitrocellulose membrane on yeast colonies, make sure that the membrane is in contact with the surface of the plate
medium.

3. Remove the membrane, place it colony side up on a 3 mm filter paper, and place the membrane and the filter paper at -80 °C for 15 min.

4. Make X-gal solution. Add 50 pl 20 mg/ml X-gal and 15 pl B-mercaptoethanol to 5 ml of Z-buffer (1 L buffer contains 16.1 g Na,HPO,7H,0, 5.5
g NaH,PO4, H,0, 0.75 g KCI , 0.25 g MgS0,4+7H,0) . If Z Buffer was kept at 4 °C, bring it to room temperature before adding these reagents.

5. Place two circles of 3 mm filter paper in a Petri dish and soak them with 5 ml X-gal solution. Drain excess buffer from the Petri dish and place
the nitrocellulose membrane with the colony side up.

6. Close the lid, ensure that the membrane is making complete contact with the filter paper and it is completely wet. Wrap the Petri dish in foil
and incubate at 37 °C for 30 min to overnight.

4. Liquid B-gal Assay

1. Grow Yeast in -His/-Leu Dropout liquid medium to ODggg 0.7.
2. Transfer 1 ml medium into a 1.5 ml microcentrifuge tube and centrifuge at 3,000 rpm for 2 min. Discard the supernatant.
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3. Add 1 ml of Z Buffer to resuspend the pellet, centrifuge at 3,000 rpm again for 2 min. Discard the supernatant.

4. Add 150 pl of Z Buffer with 2ME to resuspend the cell pellet, mix then add 50 pl chloroform and 20 pl 0.1% SDS. Vigorously vortex the
sample for 15 sec.

5. Add 700 pl of ONPG Solution (1 mg/ml in Z buffer). Set the timer, incubate at 30 °C long enough to allow the yellow colour to develop and
note total reaction time.

6. Add 500 pl of 1 M Na,COs; to stop the reaction and determine the absorbance at 420 nm. The blank is 700 ul ONPG solution plus 500 pyl 1 M
NazoO?,.

Calculate Miller Units as follows: Miller Units = (A420*1,000)/(A600*min*ml)

A420: absorbance units at 420 nanometers; A600: absorbance units at 600 nanometers; min: the reaction time in minutes; ml: the reaction
volume in ml

Representative Results

We performed an assay to see if we could detect a colorimetric readout of the association of PXR and steroid receptor coactivator-1 (SRC-1).
Since yeast has significant sterol production, it has previously been shown that lacZ expression in yeast can be induced without the need for
additional exogenous ligand. We found that lacZ expression (blue colonies) is also induced in the yeast strain transformed with PXR and SRC-1;
however, there is no induction of LacZ expression (white colonies) in yeast transformed with empty vectors, PXR or SRC-1 individually (Figure
3). To determine whether ketoconazole (25 pM) disrupted PXR and SRC-1 interaction in yeast, replica plates containing ketoconazole were
soaked with nitrocellulose and X-gal filter, lift, and 3-galactosidase liquid assays were performed. We show that ketoconazole disrupts PXR and
SRC-1 interactions in yeast since all the colonies from the replica filter were now white (which was also shown by the significantly reduced 8-
galactosidase activity by liquid enzymatic assays) (Figure 4A). We had previously shown in mammalian assays that the PXR mutant (T248E/
K277Q) can be activated by a strong ligand (e.g. rifampicin) but is immune to the antagonistic effects of ketoconazole”. Similarly, when we
engineered the PXR double mutant (T248E/K277Q) in the yeast plasmid and then performed yeast transformations with SRC-1, we were able to
show that the colonies exposed to ketoconazole still retain LacZ expression (Figure 4B).
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Figure 1. Schematic illustrating the principles of the yeast two-hybrid (Y2H) assay. The yeast assay has been established as a functional
assay that allows for isolation of PXR mutants that are resistant to ketoconazole mediated inhibition of SRC-1 interaction. A, rifampicin-induced
two-hybrid interaction of LexA-DB-hPXR fusion protein with SRC-1 fused to GAL4-activation domain (GAL4AC-SRC-1). The interaction results

in blue colonies in an X-gal assay because of the LacZ reporter. B, presence of ketoconazole disrupts the rifampicin-induced interaction of hPXR
with SRC-1. X-gal assay results in white colonies. C, presence of a mutation (indicated with an asterisk) in hPXR that renders it immune to

the action of ketoconazole will yield a blue colony. D, a further modification of our assay in the future could incorporate additional second site
suppressor mutations (illustrated with half moon) nullifying the effect of first mutation that could result in the disruption of hPXR-SRC-1 interaction
and hence a white colony in the X-gal assay. LexAOp, LexA operon; Galp, Gal4 promoter Lac Z, beta-glalactosidase; DB, LexAOp DNA-binding
domain of Galp; AC, activation domain; *, mutation(s). (Reproduced from reference® ). Click here to view larger figure.
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Figure 2. Experimental Flow Chart.
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Figure 3. X-gal, lift assay, and B-gal liquid assay. Yeast was transformed with indicated plasmids and plated colonies subjected to X-gal lift
assay (left panel) and B-gal liquid assay (right panel). pSH empty vector + pGADNOT empty vector (lane 1); pSH-PXR + pGADNOT empty

vector (lane 2); pSH empty vector + pGADNOT-SRC-1 (lane 3); pSH-PXR + pGADNOT-SRC-1 (lane 4); 5. pSH-INI-1 + pGADNOT-c-Myc
(positive control; lane 5). (reproduced from referencee).
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Figure 4. Ketoconazole disrupts wild-type but not mutant PXR association with coactivator, SRC-1. Yeast colonies were replica in plates
containing vehicle (0.2% DMSO; lane 1) or ketoconazole (25 uM; lane 2). X-gal lift assay (left panel) and B-gal liquid assay (right panel) were

then performed. Wild type PXR (A, B line 1 and 2) and ketoconazole mute mutant T248E/K277Q (B line 3 and 4) were shown in this figure.
(reproduced from referencee).

In our modified Y2H assay, we have identified important residues for ketoconazole interactions on PXR®. Since SRC-1 is a coactivator (and was
cloned into the pGADNOot vector), we also tested whether SRC-1 could activate lacZ expression when cloned into the pSH vector system and
whether this would change the activation profile and/or affect the leakiness of the yeast two-hybrid assay. Using our redesigned plasmids we
performed two-hybrid assays in erg3A/erg11A yeast. As before, we show that lacZ expression (blue colonies) is also induced in erg3A/erg11A
yeast strain transformed with PXR and SRC-1; however, there is no induction of LacZ expression (white colonies) in yeast transformed with
empty vectors, PXR or SRC-1 individually (data not shown). Our approach provides a powerful new method for isolation ofsgenetic interaction
allosteric ligand-protein residues for proteins not amenable to conventional structural biology and/or proteomic approaches 21

The protocol as described has several pitfalls that must be acknowledged. First, sensitivity of detection, especially those partial antagonist effects
on protein-protein interaction residues can limit the resolution of the assay. Colorimetric scanning might help resolve some of the detection
issues?’. Second, the presence of blue colonies may not always indicate ketoconazole resistant PXR mutations (false positive). The lacZ
expression could be rescued in the presence of ketoconazole due to mutation(s) in PXR that makes the protein constitutively active or active
independent of SRC-1 interaction. Such mutants of PXR can be distinguished from the true ketoconazole resistant mutants by testing the ability
of the LexA-DB-PXR to self activate lacZ expression, i.e. these mutants will yield blue colonies in the absence of GAL4AC-SRC-1. As a corollary,
the mutants can also introduced into yeast using the GAL4AC-plasmid in the absence of LexA-DB-SRC-1 to further describe evidence for
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self-activation of LacZ. Third, it remains unknown if the same result would be obtained if other Y2H protocols/vectors were used™. Fourth, the

study of intramolecular revertant mutants (second site suppressor mutants of ketoconazole-resistant mutants) can add to the understanding of
antagonist binding by defining neighboring residues that impact the binding pharmacophore. With a modification of the library of mutants, one

can define this more precisely using a ketoconazole-resistant mutant as the mutagenesis template.

This method can be modified to incorporate any drug whereby the cytotoxic target in yeast is well established or to a drug(s) that has no potential
toxicity towards yeast. The yeast can be modified, as we have showns, and still be viable for Y2H assays. The power of this method also relies
on ancillary information from other assays (e.g. molecular docking) that inform site-specific interactions. Furthermore, specific nuclear receptor/
coregulator interactions (e.g. nurr77/LKB1; AR/PELP1) may be studied®®?. The tractability of this system is that it is portable, can be performed
within days in a high throughput manner and does not require expensive reagents or methods.
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