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Abstract
Investigation of an Improved Phospholipid-Mimicking Agonist of LRH-1

By Sarah Abraham

Liver receptor homolog-1 (LRH-1; NR5A2) is a nuclear receptor that regulates glucose
and bile acid homeostasis in the liver, intestine, and pancreas. We have recently reported small
molecules that mimic phospholipid residue contacts at the binding pocket mouth through
carboxylic acid tails. Here, we report a similar series of small molecules with different polar
moieties that aim to make similar contacts. Using a tetrazole instead of the carboxylic acid
improves potency, target gene expression, and binding at the mouth of the pocket. Combing a
previous small molecule with the tetrazole design improves compound potency, binding, and
thermal stability. The resulting small molecule is specific for NR5A receptors providing a useful

tool for exploring LRH-1 biology and targeting the receptor in pathophysiological contexts.
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Introduction:

Inflammatory Bowel Disease (IBD) is a class of diseases characterized by chronic
inflammation of the gastrointestinal tract and affects approximately 3.1 million people in the US
(Xu et al., 2018). Glucocorticoids (GCs) are a common treatment for IBD. While GCs reduce gut
inflammation, they also may have unwanted side effects that result from tissues outside the
intestines necessitating the need for new therapies that promote local glucocorticoid synthesis
(Al-Barwardy et al., 2021; Bayrer et al., 2018; Bruscoli et al., 2021).

Nuclear receptors (NRs) are a class of transcription factors that modulate gene expression
in response to lipophilic molecules. Most NRs consist of a DNA binding domain (DBD), ligand
binding domain (LBD), and hinge region. Ligand binding induces conformational changes
within the NR that drive coregulator association, which remodel chromatin and recruit
transcriptional machinery (Evans and Mangelsdorf, 2014; Li et al., 2003; Lonard and O'Malley
B, 2007; McKenna et al., 1999; Nagy and Schwabe, 2004; Weikum et al., 2018). Liver receptor
homolog -1(LRH-1; NR5A?2) is a member of the NR5A subclass of NRs and is primarily
expressed in tissues such as the breast, ovaries, and tissues of endodermal origin, such as the
pancreas, intestines, and the liver. LRH-1 has regulatory roles in glucose and bile acid
homeostasis, steroidogenesis, and development (Stein and Schoonjans, 2015; Yazawa et al.,
2015). LRH-1 is also involved in cell renewal and glucocorticoid synthesis within epithelial cells
in the gut, making it an attractive target for IBD (Botrugno et al., 2004; Coste et al., 2007;
Fernandez-Marcos et al., 2011; Mueller et al., 2006).

While the endogenous ligand for LRH-1 remains disputed, crystal structures and mass
spectrometry have shown that LRH-1 binds phospholipids (PLs) (Sablin and Krylova et al.,2005;

Ortlund et al., 2005). Phosphatidylcholines of medium tail length are the most activating and



drive coactivator recruitment in vitro (Musille et al., 2012). Additionally,
dilauroylphosphatidylcholine (DLPC), a dietary phospholipid, decreased glucose intolerance and
liver steatosis, while downregulating genes involved in lipogenesis in a murine high-fat diet
model (Lee et al., 2011). However, PL’s are a poor tool for clinical and laboratory use due to
their insolubility and poor potency, making synthetic agonists a much more attractive tool for
modulating LRH-1 activity.

The first class of LRH-1 agonists bound deep within the pocket in a manner dissimilar to
that of phospholipids (Fig. 1A, B). RJW100, the lead molecule of this class, contacted deep polar
residues through waters that are conserved within the binding pocket (Fig. 1B, C) (Mays et al.,
2016; Whitby et al., 2006; Whitby et al., 2011). To mimic interactions that phospholipids make
with the pocket mouth, compounds with various carbon chain lengths and phospho-mimetic
moieties were synthesized. 10CA emerged as the lead compound of this investigation and
included a carboxylic acid at the end of a ten-carbon linker (Fig. 1B, C). This compound
displayed improved potency and efficacy relative to RIW100 in reporter assays (Flynn et al.,
2018). Later structural studies confirmed that 10CA contacts the same polar residues as

phospholipids at the pocket mouth (G421, Y516, and K520) (Fig. 1B) (Mays et al., 2022).
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Figure 1. LRH-1 binding to agonistic ligands. A. Structure of LRH-1(light grey; PDB entry 4DOS) bound to
DLPC (beige) and TIF2 coactivator peptide fragment (green). B. Binding orientation of DLPC within the pocket
mouth (top; beige; PDB 4DOS) and RIW100 (bottom; green; PDB entry SL11) overlaid with phospholipid-mimetic
small molecule 10CA (bottom; light pink; PDB entry 7JYD). Interacting side chains are shown as sticks (O =red, N
= blue, P = orange, C = white). Hydrogen bonds are indicated with red dotted lines and waters necessary for small

molecule-LRH-1 interactions are shown as red spheres. C. Chemical structures of DLPC, RIW100, and 10CA.

Previously, various polar moieties on the core of the RIW100 have been explored that
sought to make direct contact with polar residues indirectly engaged through the conserved water
network (Fig. 1B). The lead compound from these studies (‘6N’) replaced the hydroxyl group
with a sulfamide, which improved binding affinity and agonism (D'Agostino et al., 2020).
However, few alternative functional groups to the carboxylic acid have been explored. Therefore,
we developed a series of 10CA isosteres to investigate the effects of different pocket mouth
contacts (Allen et al., 2012; Friedman, 1951; Wassermann and Bajorath, 2011).

Replacing the carboxylic acid with a tetrazole moiety improved potency and increased
target gene expression in HepG2 cells. Investigation of the tetrazole through structural studies
paired with molecular dynamics (MD) revealed that the tetrazole preserved allosteric
communication similar to that of 10CA and improved hydrogen binding at the pocket mouth.
Adding the 6N sulfamide to the tetrazole isostere improves binding and potency further. The
resulting small molecules (‘6N-Tet”) showed specificity for NR5A receptors, providing a useful

tool for LRH-1 activation both within laboratory and clinical settings.



RESULTS:
10CA isosteres were designed with a variety of polar moieties, including a tetrazole
(‘Tet’), amide (‘Am’), hydroxamic acid (‘HA”), piperazine (‘PIP”), sulfamate (‘Sul’), and serine

(‘Ser’) (Fig. 2).
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Figure 2. Chemical structures of 10CA isostere series.

To begin the investigation, we tested compound binding to the LRH-1 LBD, using a
fluorescence polarization competition assay (D'Agostino et al., 2020). The tetrazole had the
highest binding affinity (Ki =23 nM), similar to that of 10CA (Ki= 26 nM) (Fig. 3A, Supp Fig.
1A, B). The tetrazole also drove the greatest improvement of LRH-1 LBD stability and was the

most congruent to 10CA (+6.4 °C and +6.65 °C, respectively) (Fig. 3B). We then assessed LRH-



1 activity using a luciferase reporter assay. Both the Tet (ECso= 710 nM) and the Sul (ECso =470
nM) had improved potency relative to 10CA (Fig. 3C, Supp. Fig. 2). The other isosteres
displayed either decreased potency, thermal stability and/or affinity. To further investigate the
effects of the compounds on LRH-1 activity, we tested the effect of compounds on the expression
of two target genes of LRH-1 in liver-derived HepG2, cells which are commonly used for
examining LRH-1 activity (Cato et al., 2022; Choi et al., 2020; Whitby et al., 2006; Xiao et al.,
2018). Genes examined included CYP7A1, which encodes the rate limiting enzyme in bile acid
homeostasis and NROB2, which encodes a key nuclear receptor coregulator of LRH-1 (Li et al.,
2005; Song et al., 2008). Tet drove the greatest increase in steady-state mRNA levels for both
target genes (Fig. 3D). Therefore, Tet displays improved potency and efficacy over 10CA and

was thus used for future mechanistic exploration.
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Figure 3. Biochemical characterization of 10CA isostere series. A. FP competition assay assessing binding

affinity of compounds for the LRH-1 LBD. K; = inhibition constant. Data from two independent experiments are



shown as means + 95% confidence intervals. B. Ligand-driven thermal stability of LRH-1 LBD. The inflection point
corresponds to the temperature at which the protein unfolds. Data from two independent experiments are shown as
means = SEM. C. Luciferase reporter assay used to determine compound-mediated activation of LRH-1. Relative
efficacy was calculated by normalization the fold change to that of 10CA. The green quadrant indicates increased
potency and efficacy relative to 10CA. Data is shown as a means from three biological replicates. D. RT-qPCR
analysis of HepG2 cells treated with isosteres (Tet and Sul — 10 pM; 10CA, Am, HA, Pip, and Ser — 30 uM) for 24
hours. Data from four biological replicates were normalized to DMSO control and are shown as means + SEM.

Brown-Forsythe and Welch one-way ANOVA with Dunnett multiple comparison test, **p < 0.01, ***p < 0.001.

To investigate the mechanism of Tet, we solved the crystal structure of the LRH-1 LBD
bound to Tet and a fragment of a common NR coactivator TIF2. There was electron density that
corresponds to the tail, core, and tetrazole group (Fig. 4A,B; Table S1). The tetrazole position
was very similar to that of the carboxylic acid of 10CA (Fig. 4C). Tet and 10CA both make the
same deep polar contacts via the conserved water network (Fig. 4C) (Mays et al., 2022; Mays et
al., 2016). Although the tetrazole had more extensive contacts at the mouth of the pocket, there
was no contact with K520 (Fig. 4D). This may be due to the low pH (4.6) of crystallization
conditions, potentially protonating the tetrazole and consequently decreasing the electrostatic

interaction with the nearby lysine.
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Figure 4. Crystal structure of LRH-1 LBD with Tet and TIF2. A. Crystal structure of Tet (blue) bound to LRH-1
LBD (white; unpublished), and TIF2 peptide (green). B. Ligand 2Fo-Fc omit map showing electron density for Tet
contoured at 16. C. Tet (blue) and 10CA (pink; PDB entry 7JYD) overlaid within the pocket. D. Deep pocket
hydrogen bonding between Tet, water molecules (red spheres), and nearby residues. E. Tet interactions with pocket
mouth residues. Sidechains (or mainchains) of interacting residues are shown as sticks (O =red, N = blue, S =
yellow, C = white). Hydrogen bonds shown as red dotted lines. K520 is out of hydrogen bonding range (indicated by

gray dotted lines).

Given the differences in interaction with K520 between Tet and 10CA we wanted to look
at pocket mouth interactions. To do this, we used molecular dynamics (MD) for 4 * 500 ns
simulations to determine which residues the ligands were interacting with. We looked at both the
deprotonated tetrazole and the deprotonated carboxylic acid states, as they reflect ligand status at
the physiological pH (Herbst and Wilson, 2002; Herr, 2002; Kaczmarek et al., 1979; Liljebris et
al., 2002; Matta et al., 2010; McManus and Herbst, 2002; Neochoritis et al., 2019). Tet made

stronger contact with the pocket mouth residues by interacting with specific residues for a larger



portion of the simulation time. The tetrazole moiety interacted with G421 for twenty times longer
than 10CA and Y516 and K520 for two times as long (Fig. SA). Upon comparison of the average
structure, both 10CA and Tet mobilized H6-H7 (Fig. SB). H6-H7 is where the alternative
activation function surface (AF-B) is located which communicates ligand binding status to
coregulators in LRH-1. (Musille et al., 2016; Musille et al., 2012).

Then, we performed a community analysis, which looks at groups of residues that have
correlated motion to examine differences in communication between the ligand binding pocket
and the AF-B. This analysis also allows for comparison between the apo state and the ligand-
bound state (Girvan and Newman, 2002; Sethi et al., 2009; Vanwart et al., 2012). Of note, both
10CA and Tet drive correlated motion between the ligand binding pocket and H6-H7, which
suggests that both ligands drive correlated motion to the AF-B (Fig. SC). Another notable
difference is that the correlated motion of the TIF2 peptide differed from the Tet- and 10CA-
bound LBD, which suggests that different ligands may have altering effects on coactivator
communication in certain contexts (Fig. 5C). Overall, the MD simulations predict that Tet makes
stronger contacts at the pocket mouth and drives allosteric communication at the AF-B in a

10CA-like manner.
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Figure 5. A. Duration of simulation Tet and 10CA spend hydrogen bonding with G421, Y516, and K520. Data is
shown as means from four 500 ns simulations + SEM. Data was analyzed with an unpaired two-tailed t-test, *p <
0.05, **p < 0.01, ***p < 0.001. B. Differences in average structures obtained by subtracting distances between
residues and distance matrices (between Co atoms). Matrices are representative of structural changes between the
two indicated complexes. C. Analysis showing communities of residues with high correlated motion. Edge weight is

determined by degree of correlated motion.

Previously, replacing of the hydroxyl group on the RIW100 core with a sulfamide
improved agonism and affinity (‘6N’) (Mays et al., 2019). Recently, we have found that a
‘hybrid’ of the two lead agonists (‘6N-10CA’) (Cato et al., 2022), demonstrated improved
compound binding while maintaining high efficacy. Following similar logic, we appended the
sulfamide to Tet, which improved binding, potency, and thermal stability (Fig. 6B, C, D, E).

Additionally, 6N-Tet promoted similar levels of NROB2 mRNA to that of Tet (Fig. 6F).
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Therefore, the addition of the sulfamide improves compound binding while upholding agonistic

function that is modulated by pocket.
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Figure 6. Characterization of 6N-Tet. A. Overlaid structure of 6N-10CA (purple; PDB entry 7TT8) and
10CA (pink; PDB entry 7JYD) in the LRH-1 LBD binding pocket. Residues that interact with ligands are
shown in sticks (O = red, N = blue, S = yellow, C = white). Water molecules are shown as red spheres, and
hydrogen bonds are shown in red dotted lines. B. Chemical structures of Tet and 6N-Tet. C. FP competition
assay measuring the binding of compounds to the LRH-1 LBD. K;= inhibition constant. Data from two
independent experiments are shown as means + 95% confidence intervals. D. Luciferase reporter assay
measuring compound-mediate activation of LRH-1. ECso= maximal effective concentration. Data shown as
means from three (Tet) or five (6N-Tet) biological replicates. E. Ligand-driven thermal stability of LRH-1
LBD. The inflection point corresponds to the melting temperature of the protein. Data from two independent
experiments are shown as means + SEM. F. RT-qPCR analysis of HepG2 cells treated with agonists (Tet, 6N-
Tet — 10 uM; 10CA — 30uM) for 24 hours. Data from two (DMSO and 6N-Tet) or four (10CA and Tet)

biological replicates. Data normalized to signal of DMSO control and shown as means + SEM.



The only other human NRS5A receptor is steroidogenic factor-1 (SF-1, NR5SA1) which
shares ~76% sequence similarity in its LBD with that of LRH-1 (Sablin et al., 2003). All small

molecules tested were cross-reactive with SF-1 (Fig. 7A). However, aside from the slight

11

activation of PXR, 6N-Tet showed no activation for other NRs tested, such as ERa, AR, and GR

(Fig. 7B). Overall, the Tet isostere improves compound potency and LRH-1 target gene

expression while also maintaining high affinity for LRH-1 and specificity for NRSA receptors.
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DISCUSSION:

LRH-1 is a nuclear receptor that is known to bind PLs (Musille et al., 2012). While early
small molecule agonists of LRH-1 bound deep within the pocket, mimicking binding patterns
similar to phospholipids helps improve compound potency and efficacy (Flynn et al., 2018;
Mays et al., 2016; Mays et al., 2022; Whitby et al., 2011). Here, we examined a new class of
compounds that aimed at modifying pocket mouth interactions. Tet was the only isostere to have
a similar affinity to that of 10CA. This small molecule also had increased potency in reporter
assays and drove higher expression of target genes NROB2 and CYP7A1 in HepG2 cells. The
tetrazole also bound very similarly to 10CA within the LRH-1 LBD. The only notable difference
was that the tetrazole didn’t contact K520, which may be due to protonation at low pH in crystal
conditions. MD simulations suggest that the tetrazole makes stronger contacts at the pocket
mouth due to the tetrazole interacting with G421 for >60% of simulations, whereas 10CA only
interacted with this residue for ~5% of simulations. Additionally, Tet interacted with K520 and
Y516 for two times as long as 10CA.

The tetrazole is deprotonated due to its aromatic characteristic, giving a negative charge
at the physiological pH, similar to the carboxylic acids, allowing for extensive hydrogen bonding
and electrostatic engagement with K520. Additionally, the tetrazole consists of four atoms that
can hydrogen bond versus the two in the carboxylic acid, which may account for the high
potency, affinity, thermal stability, and stronger interactions seen in the MD simulations.

Tetrazole derivatives are a robust class that is well-defined within the realm of medicinal
chemistry (Hansch and Leo, 1995; Herr, 2002; Juby and Hudyma, 1969; Myznikov et al., 2007).
Recently, compounds containing tetrazoles have been used for a wide variety of novel drugs as

antifungals, antibacterial’s, and antihypertensives (Zou et al., 2020). Carboxylic acids are not
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always ideal due to their potential limited permeability across cell membranes and metabolic
instability (Herbst and Wilson, 2002; Herr, 2002; Kaczmarek et al., 1979; Liljebris et al., 2002;
Matta et al., 2010; McManus and Herbst, 2002; Neochoritis et al., 2019). Additionally, the
hydrogen bonding environment of the tetrazole extends 1.2 A farther than the carboxylic acid
(Allen et al., 2012). Given this, a shorter linker length of nine carbons might be better suited for
the tetrazole compound.

Tetrazoles are not a functional group commonly found within biological contexts,
decreasing the potential degradation via metabolic pathways (Figdor and von ittenau, 1967; Herr,
2002; Holland and Pereira, 1967; Myznikov et al., 2007; Neochoritis et al., 2019). Tetrazoles
have increased lipophilicity relative to that of carboxylic acids, which may account for the
increased target gene expression within HepG2 cells (Hansch and Leo, 1995; Herr, 2002; Kraus,
1983).

Previously, studies have shown that the addition of a sulfamide in place of the hydroxyl
on the RIW100 scaffold improves potency of the compound (Mays et al., 2019). Recently, it has
also been shown that appending this sulfamide to the 10CA scaffold (6N-10CA) improves
affinity and potency 30 times greater than that of 10CA (Cato et al., 2022). Due to the high
binding affinity and high efficacy in reporter assays, we used a similar approach, synthesizing a
small molecule with the Tet tail and sulfamide anchoring group (6N-Tet). 6N-Tet was able to
maintain the efficacy of Tet and displayed increased affinity and potency. However, this small
molecule displayed modestly improved affinity and potency over Tet (two-fold).

Cross-reactivity across various nuclear receptors is a concern due to the potentially vast
physiological side effects, so we aimed to examine the specificity of our ligands. There was

minimal reactivity with other nuclear receptors but high cross-reactivity with LRH-1’s homolog
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SF-1, which was expected due to their high similarity in the LBD (Meinsohn et al., 2019;
Yazawa et al., 2015). However, further modifications to this group of LRH-1 agonists might
provide a path to increase specificity towards LRH-1.

Overall, the tetrazole moiety is an effective way to contact pocket mouth residues of
LRH-1. Tet shows improved potency, efficacy, and stronger hydrogen bonding with PL-binding
residues at the mouth of the pocket. 6N-Tet also represents a selective NRSA agonist that
maintains strong LRH-1 agonism. Ultimately, this small molecule can provide a new pathway to

explore the effects of LRH-1 within pathophysiological contexts.
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METHODS:

Chemical Synthesis.

Cell culture. Cells were cultured under standard conditions (5% COz2, 37°C). HepG2 cells were
cultured in phenol red-free DMEM + 10% fetal bovine serum (FBS). HeLa cells were cultured in
phenol red-free MEMa + 10% FBS — charcoal/dextran treated (FBS-S).

Data analysis and visualization. Average values from technical replicates were used for all data
analyses. These values represented either biological replicates (in-cell work) or independent
experiments (in vitro work) that were combined for data analyses. Bar charts and curves were
constructed with GraphPad Prism version 9, structural figures were constructed with either
PyMol or VMD (Humphrey et al., 1996), and difference distance matrices were constructed with
Bio3D (Grant et al., 2006). GraphPad Prism version 9 was used for all data analyses. All figures
were constructed using Adobe Illustrator 2021 (Adobe Inc.). Values were consistently reported
with two significant figures.

Protein purification. LRH-1 LBD was expressed and purified as described previously (Cato et
al., 2022). Briefly, BL21(DE3) E. coli cells were transformed with human LRH-1 LBD (residues
299-541) with an N-terminal 6xHis tag in a pMCSG7 vector. Cells were grown at 37°C in liquid
broth until ODsoo 0.6. Protein expression was induced with 1 mM IPTG for 4 hours at 30°C.
Cells were centrifuged and stored at -80°C. The cell pellet was resuspended in lysis buffer (20
mM Tris-HCl, 150 mM NaCl, 5% glycerol, 25 mM imidazole, 0.2 mM phenylmethylsulfonyl
fluoride, DNase, lysozyme, pH 7.4) and lysed via sonication. Protein was isolated with Ni?*
affinity chromatography. Human LRH-1 LBD purifies bound to bacterial phospholipids when
expressed in E. coli (Ortlund et al., 2005). We removed co-purified bacterial lipids for LRH-1

LBD used in FP competition assays by incubating the protein with four-fold molar excess of
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DLPC overnight at 4°C. LBD was then purified with size-exclusion chromatography (SEC) into
assay buffer (150 mM NaCl, 20 mM Tris-HCI, 5 % glycerol, pH 7.4). LRH-1 LBD used for
thermal stability assays was purified in a similar manner but was not complexed with DLPC
prior to SEC purification. LRH-1 LBD used for crystallography was incubated with TEV
protease to remove the 6xHis tag and subjected to a second round of Ni?*affinity
chromatography before being complexed with Tet (see below). All protein was stored at -80°C
until use.

Fluorescence polarization competition assays. Forward binding assays were run as described
previously (D'Agostino et al., 2020). Briefly, binding affinity for 6N conjugated to fluorescein
amidite (FAM) was determined using 10 nM 6N-FAM and protein concentrations indicated in
the figure (Fig. S1). Plates were incubated overnight at 4°C. Polarization was monitored on a
Neo plate reader (Biotek, Winooski, VT) at an excitation/emission wavelength of 485/528 nm.
Eight independent experiments were conducted, each with three technical replicates. Data were
baseline-corrected and fit with a one-site binding (total) curve in GraphPad Prism version 9. The
resulting curve is provided in supplemental information (Fig. S1) and the K4 was 8.1 nM.

FP competition assays were conducted as described previously (Cato et al., 2022; D'Agostino et
al., 2020). Briefly, experiments were conducted in 30 pL of assay buffer (150 mM NaCl, 20 mM
Tris-HCIl, 5% glycerol, pH 7.4). 6N-FAM (10 nM/well) was incubated with LRH-1 LBD (5
nM/well). Unlabeled compounds were added at concentrations indicated in figures, with DMSO
in each well held constant at 6.7% v/v. Data were excluded from analysis from wells with 1e-4
M Am and HA, as the corresponding polarization values distorted the curve fit because they were
abnormally high potentially as a result of compound insolubility. Each experiment was

performed two times with four technical replicates each. Technical replicates were averaged and
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normalized independently prior to final data analysis. Using GraphPad Prism (version 9), data
from each independent experiment were first normalized so that the highest and lowest values
corresponded to 100 and zero, respectively. Data were then fit to a one-site, fit Ki curve,
assuming a final probe concentration of 10 nM and probe affinity (K4 = 8.1 nM) determined with
forward binding assays (Fig. S1).

Thermal stability assays. Thermal stability of the LRH-1 LBD complexed with ligands was
determined as described previously (Cato et al., 2022) using a Tycho™ NT.6 Nanotemper. LRH-
1 LBD was incubated with 5-fold molar excess of ligand (final DMSO concentration was 1.4%)
overnight at 4°C in assay buffer (150 mM NaCl, 20 mM Tris-HCI, 5% glycerol, pH 7.4).
Complexes were centrifuged at high speed for five minutes and then loaded into capillaries
Tryptophan/tyrosine fluorescence was monitored at wavelengths 330 and 350 nm over a
30°C/min gradient (35°C — 95°C). The inflection point was determined with Tycho™ NT.6
software. Two separate experiments were conducted with three technical replicates, which were
averaged and plotted using GraphPad Prism (version 9).

Luciferase reporter assays. LRH-1 reporter assays were conducted as described previously
(Cato et al., 2022; Mays et al., 2016). Briefly, HeLa cells were seeded at ~ 7,500 cells per well in
96-well plates (white-walled, clear bottom) in MEMa + 10% FBS-S. Once cells reached 70-90%
confluence, they were transfected with LRH-1 (in pCI vector, 5 ng/well), a reporter plasmid with
an NRS5A response element derived from the SHP promoter cloned upstream of firefly luciferase
(in pGL3-Basic vector, 50 ng/well), and a plasmid expressing Renilla luciferase constitutively
from a CMV promoter (1 ng/well) (Mays et al., 2022). Cells were transfected with FuGENE at a
ratio of 2.5:1 (FuGENE:DNA). Twenty-four hours after transfection, compounds were diluted in

Opti-MEM and introduced to cells at final concentrations indicated in figures (final DMSO
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concentration was 0.37%). Luciferase signal was measured after 24 hours using the DualGlo kit
(Promega) with a Neo plate reader (Biotek, Winooski, VT). Experiments were conducted with
three biological replicates, each with three technical replicates averaged prior to data analysis.
Each well’s Firefly luciferase signal intensity was divided by the well’s Renilla signal intensity
and then normalized relative to the DMSO control. Data were analyzed with GraphPad Prism
(version 9) using a stimulating dose-response curve (Hill slope = 1). The fold change was
determined to be the calculated span + 1. Relative efficacies reported were determined by
dividing the small molecule’s fold change by that of 10CA. Data were excluded from analysis for
cells treated with 3e-5 M of Tet and Sul as low Renilla signal and cell morphology suggested
cytotoxicity. Data was included for this concentration in reporter assays comparing Tet and 6N-
Tet, as there was no observable cell death during these experiments.

RT-qPCR. RT-qPCR was performed as described previously (Cato et al., 2022). HepG2 cells
were seeded at 400,000 cells per well in 24-well plates in DMEM + 10% FBS. When cells
reached ~ 90% confluence, media was exchanged with media containing DMSO or compound at
the desired concentration (final DMSO concentration: 0.3%). Small molecules were added
concentrations indicated in figure legends. After 24 hours, media was decanted, cells were
washed with phosphate buffered saline, and cells were collected in RLT lysis buffer (+ 1% 2-
mercaptoethanol). Cells were stored at -80°C prior to RNA extraction. RNA was extracted from
cells using the RNeasy® Mini Kit (QIAGEN), with on-column DNase digestion. RNA was
reverse transcribed with the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems™). cDNA was quantified using Power SYBR Green PCR Master Mix (Applied
Biosystems™), using human ACTB (Actin Beta) as a housekeeping gene. Ct values were

calculated by resident software on the StepOne Plus thermocycler. Data were normalized using
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the AACt method (Livak and Schmittgen, 2001). Each experiment was conducted with two or
four biological replicates that were normalized independently for data analysis. Data were
analyzed with GraphPad Prism, using a Brown-Forsythe and Welch One-Way ANOVA and
Dunnett T3 Multiple Comparisons Test. Primers used for RT-qPCR were as follows:

hACTB (Chiang et al., 2019)

forward 5’-AGGCACCAGGGCGTGAT-3’

reverse 5’-GCCCACATAGGAATCCTTCTGAC-3’

hSHP (Whitby et al., 2011)

forward 5’-GCTTAGCCCCAAGGAATATGC-3’

reverse 5’-GTTCCAGGACTTCACACAGC-3’

hCYP7AI (Buetal., 2017)

forward 5’-GAGAAGGCAAACGGGTGAAC-3’

reverse 5’-GGATTGGCACCAAATTGCAGA-3’

X-ray crystallography. LRH-1 LBD-Tet crystals were generated as described previously (Cato
et al., 2022; Cornelison et al., 2020; Mays et al., 2022). Briefly, cleaved (6xHis tag removed)
LRH-1 LBD was incubated with Tet at four-fold molar excess overnight at 4°C. The complex
was then purified via SEC into crystallization buffer (150 mM NaCl, 100 mM ammonium
acetate, | mM EDTA, 2 mM CHAPS, 1 mM DTT, pH 7.4) and incubated with a peptide
corresponding to human TIF2 NR box 3 ("HsN-KENALLRYLLDKDD-COy) at four-fold molar
excess, along with an additional two-fold molar excess of Tet, for two hours at room
temperature. The complex was then concentrated to ~ 7 mg/mL and crystals were generated via
hanging drop vapor diffusion in crystallant containing 0.1 M tri-Na citrate — pH 4.6, 10-14% tert-

butanol, and 0-7.5% glycerol at 4°C. Crystals were flash frozen in liquid N2 using cryoprotectant
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consisting of crystallant supplemented with 30% glycerol. Data were collected remotely from the
Southeast Regional Collaborative Access Team (SER-CAT) at the Advanced Photon Source
(Argonne National Laboratories, Chicago, IL). Data were processed using HKL.2000 and phased
with molecular replacement, using PDB 4DOS as the search model (Musille et al., 2012).
Structure refinement was performed with Phenix (Adams et al., 2010; Afonine et al., 2012) and
Coot (Emsley et al., 2010). Additional refinement was performed with PDB-REDO (Joosten et
al., 2014). Twinning was detected with xtriage in Phenix, and we used the recommended twin
law (-h,-k,I) during refinement. Final figures were constructed with PyMOL (Schrodinger, LLC),
which was also used to predict hydrogen bonds between the ligand and pocket mouth.

Model construction. Complexes for MD simulations with LRH-1 LBD were constructed as
described previously (Cato et al., 2022). Three complexes were included: 1) apo LRH-1-TIF2; i1)
LRH-1-TIF2-Tet; and iii) LRH-1-TIF2-10CA. Ligand-bound (or apo) LRH-1 LBD complexes
were generated by using the structure of LRH-1-TIF2-Tet (PDB 8F8M) as a starting model. Note
that PDB 8F8M underwent further refinement before being uploaded to PDB but was nearly
identical to that used for MD studies. 10CA was modeled into the complex using the positioning
of the ligand from the previous crystal structure (PDB 7JYD). Complexes included LRH-1
residues 299-540 and residues 742-752 of TIF2 ("H3N-NALLRYLLDKD-COz2). Residues 539
and 540 were added using the positioning from PDB 7JYE.

Maestro (Schrédinger, LLC) was used to optimize hydrogen bond assignments (pH 7.0), add N-
and C-terminal caps to LRH-1 and TIF2, and run initial minimization on the structure. The
complexes were solvated in an octahedral box of TIP3P water with a 10 A buffer around the
protein complex. Na* and CI™ ions were added to neutralize the protein and achieve physiological

buffer conditions (150 mM NacCl). Systems were set up using the xleap tool in AmberTools20 of
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Amber 2020 (Case et al., 2020), with ff14SB (Maier et al., 2015) (protein), GAFF2 (Wang et al.,
2004) (ligand), and TIP3P (Jorgensen et al., 1983) (water) forcefields. Parameters for 10CA and
Tet were obtained using Antechamber (Wang et al., 2001) in AmberTools20. Note that both
ligands were deprotonated in simulations, giving each a net charge of -1.

Molecular dynamics simulations. MD simulations were performed as described previously
(Cato et al., 2022; Mays et al., 2019). For minimization, 5000 steps of steepest descent were
used, followed by 5000 steps of conjugate gradient minimization. Minimizations were first
performed with 500 kcal/mol-A2 restraints on all protein and ligand atoms. Restraints were then
removed on all atoms except the ligand and TIF2 peptide, and the protocol was repeated.
Restraints were then removed on all atoms except the ligand, and the protocol was repeated.
Restraints were subsequently lowered to 100 kcal/mol-A2 and then finally removed from all
atoms for two final rounds of minimization. Minimized systems were heated from 0 to 300 K
with a 100-ps MD run, with constant volume periodic boundaries and 10 kcal/mol-A2 restraints
on all protein and ligand atoms. A 10-ns equilibration was performed for all complexes with 10
kcal/mol-A2 restraints on all protein and ligand atoms using the NPT ensemble. Restraints were
then removed on all atoms except the ligand, and the protocol was repeated. The protocol was
repeated with a 1 kcal/mol-A2 restraint on the ligand. Note that the water molecules critical for
ligand engagement deep within the pocket (four waters) and at the mouth (one water) were
restrained along with ligand.

Production trajectories of 500-ns were obtained for unrestrained complexes in the NPT
ensemble. All bonds between heavy atoms and hydrogens were fixed with the SHAKE algorithm
(Ryckaert et al., 1977). A cutoff distance of 10 A was used to evaluate long-range electrostatics

with particle mesh Ewald and for van der Waals forces. Structural averaging was performed
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using the CPPTRAJ (Roe and Cheatham, 2013) module of AmberTools. Four 500-ns simulations
were run and concatenated with CPPTRAJ (Roe and Cheatham, 2013), with every fifth frame
(total of 40,000 frames) used for data analysis. Water, Na*, CI-, along with N- and C-terminal
caps, were removed for data analysis.

CPPTRAIJ (Roe and Cheatham, 2013) was used to for hydrogen bond analyses, as well as the
construction of average structures. Note that hydrogen bond analysis was conducted with the
default angle cutoff of 135° and distance cutoff of 3.5 A. Bio3D (Grant et al., 2006) was used to
create difference distance matrices comparing average structures between apo and ligand-bound
complexes. Dynamic networks were constructed from trajectories using the NetworkView plugin
(Sethi et al., 2009) in VMD (Humphrey et al., 1996) and the Carma program (Glykos, 2006).
Networks were constructed by defining all protein Ca atoms as nodes, using Cartesian
covariance (calculated in Carma) to measure communication within the network. Hydrogen
atoms were excluded from network construction, and edges between neighboring residues were
disallowed. Pairs of nodes that reside within a 4.5 A cutoff for 75% of the simulation are
connected via an edge. Communities are constructed using the Girvan-Newman algorithm, and
the minimum number of communities possible were generated while maintaining at least 98%
maximum modularity (Girvan and Newman, 2002; Newman, 2006). Communities were
visualized with VMD (Humphrey et al., 1996).

Cross-reactivity studies. Reporter assays comparing LRH-1 and SF-1 activity were conducted
as above. However, for experiments testing SF-1 activity, cells were transfected with SF-1 in a
pcDNA vector (5 ng/well). Cells were transfected with FuGENE at a ratio of 4:1
(FuGENE:DNA). Cells were treated with 10 uM of compound for 24 hours (final DMSO

concentration was 0.37%). Reporter assays assessing cross-reactivity with non-NR5A receptors
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were conducted by INDIGO Biosciences, Inc. Reporter cells expressed either the native receptor
(AhR, AR, ERa, GR, and MR) or a receptor hybrid in which the native N-terminal DBD has
been replaced with that of the yeast Gal4 DBD (RORy, CAR3, FXR, PPARa, PPARS, PPARY,
and PXR). Huh7 (AhR), CV-1 (AR), CHO (CAR3, ERa, FXR, GR, PPARa, PPARS, and
PPARY), or HEK293 (RORy, MR, and PXR) cells were used in studies. A gene encoding Firefly
luciferase was downstream of a receptor-specific genetic response element or the Gal4 upstream
activation sequence. All reference compounds used, aside from ursolic acid (RORY inverse
agonists), were agonists and were as follows: ursolic acid (RORY), MeBio (AhR), Sa-Dihydro-
11- ketoTestosterone (AR), CITCO (CAR3), 17B-estradiol (ERa), GW4064 (FXR),
dexamethasone (GR), aldosterone (MR), GW7647 (PPARa), GW0742 (PPARJ), rosiglitazone
(PPARY), and rifampicin (PXR). Experiments were run in triplicate in 96-well plates (medium =
cell recovery medium). Assay plates were incubated for 24 hours and then the treatment media
was discarded. Luciferase Detection Reagent was added and relative bioluminescence was

measured. All graphical manipulations were performed using GraphPad Prism software.
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Supplemental Figure 1. FP Binding and Competition for each isostere. Determination of the 6N-FAM binding
affinity to LRH-1 LBD from the top left curve using FP binding. Data used from 8 independent experiments shown
as mean + SEM, brackets have 95% confidence intervals. K4 = dissociation constant. FP competition was used to
determine K; (inhibition constant). Data shown as mean + SEM from two independent experiments, brackets have
95% confidence intervals. Polarization was normalized to a scale of the lowest value = 0, highest = 100. These K;

were used in Figure 3A and 6C
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Supplemental Figure 2. Luciferase Reporter Assays. Effect of small molecules on LRH-1 activity determined

through luciferase reporter activity. Data from three biological replicates normalized to DMSO control shown as

mean + SEM, with brackets having the 95% confidence interval. Relative luciferase activity is corresponded to the

calculated span of the curve + 1. ECso = half maximal effective concentration. Relative activity was normalized to

that of 10CA and used to construct Figure 3C.



Figure S3. Tet omit map. Omit map for Fc — Fo contoured at 2.5¢
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Data collection

27

LRH-1 + Tet + Tif2

Space group P321
Cell dimensions

a,b,c(A) 89.2,89.2,105.7

a, B,y (°) 90,90, 120
Resolution (A) 446 - 2.60 (2.69 - 2.60)
Average I/0 12.1 (1.38)
Completeness (%) 97.7 (81.7)
CCl1/2 0.937 (0.570)
Redundancy 11.2
Unique reflections 15066 (1235)
Refinement
R-work/R-free (%) 20.1/22 4
No. atoms

Protein 2041

Ligand 37

Water 29
B-factors

Protein 68.1

Ligand 58.5

Water 62.7
R.M.S. deviations

Bond lengths (A) 0.002

Bond angles (°) 0.49
Ramachandran favored (%) 96 .4
Ramachandran outliers (%) 0.00
Twin law -h,-k.l
PDB accession code 8F8M

Table S1: Data from X-ray crystallography.
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