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ABSTRACT
STRUCTURE-FUNCTION STUDIES OF THE NR5A NUCLEAR RECEPTORS
By Emma Hope D’Agostino

Nuclear receptors (NRs) comprise 48 ligand-regulated transcription factors. NRs have unique, high-
affinity ligands, making them excellent pharmacological targets. Many NRs respond to lipids or lipid
metabolites and have proven challenging to target due to the promiscuity and metabolic lability of
lipids. This work focuses on two phospholipid (PL)-regulated NRs which together form the human
NR5A subfamily: steroidogenic factor-1 (SF-1) and liver receptor homolog-1 (LRH-1). The NR5A
receptors regulate development, metabolism, and steroidogenesis, and are putative therapeutic targets
for obesity, diabetes, inflammatory bowel diseases, and several cancers. Small molecule screens for
NR5As have yielded few results. Recombinantly expressed NR5As co-purify with bacterial PLs that
are difficult to displace in compound screens; an easily accessible direct binding assay has not been
previously described, complicating efforts to validate and improve lead compounds; and the largely
hydrophobic binding pocket provides few residues to anchor a scaffold.

Here, we describe a novel fluorescence polarization competition assay which directly detects ligand
binding and quantifies binding affinities. We demonstrate the development of agonists which combine
elements of earlier LRH-1 agonists with PLs to drive improvements in efficacy, leading to the first
LRH-1 agonist with 7z vive efficacy in a murine model of colitis. We solve the first synthetic agonist-
bound crystal structure of SF-1, giving insight into the mechanism of action of this receptor for future
small molecule development. Finally, we show that SF-1, while previously reported to function
exclusively as a monomer, can also dimerize 7z vitro and in cells and that the oligomerization state is
ligand responsive. Together, these studies significantly progress our ability to study the NR5A

receptors and our understanding of their ligand-mediated mechanisms of action.
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CHAPTER 1: THE NR5A NUCLEAR RECEPTORS

Introduction

The nuclear receptor (NR) superfamily is one of the largest superfamilies of human
receptors, comprising 48 members which control diverse functions including development,
steroidogenesis, and metabolism. These transcription factors bind to their target DNA response
elements (REs) to control gene expression in response to binding of small lipophilic ligands. The
specificity of NRs for both their REs and ligands make them excellent drug targets. Drug discovery
efforts have yielded FDA-approved therapies for 17 out of 48 NRs,' with the focus largely on the
steroid and retinoid receptors. The untargeted receptors are either orphans, with as-yet unidentified
ligands, or bind to lipids or lipid metabolites. Lipid-binding NRs are more difficult to target, and
there has only been one therapeutic class developed which targets lipid-binding NRs thus far, the
peroxisome proliferator-activated receptor subfamily (Table 1.1). Two phospholipid-regulated
receptors which show promise as drug targets are steroidogenic factor-1 (SF-1; NR5A1) and liver
receptor homolog-1 (LRH-1; NR5A2), which together compose the human NR5A subfamily.
NR5A Genes

SF-1 is located on chromosome 9 and is composed of seven exons.” There is one isoform of
SF-1 in humans, although secondary isoforms are present in other species including rat and mouse.”
LRH-1 is located on chromosome 1 and composed of eight exons.’ There are three isoforms, and
the primary isoform lacks the canonical A/B N-terminal region seen in most nuclear receptors (see
below).
NR5A Structure

Like most NRs, the NR5As have a modular domain composition comprising an N-terminal
DNA-binding domain (DBD) connected by a flexible hinge region to a C-terminal ligand-binding

domain (LBD) (Figure 1.1).” SF-1, like the primary isoform of LRH-1, lacks the N-terminal A/B



region, termed the activation function-1 surface, which is involved in ligand-independent activation
in other NRs. The NR5A DBDs contain two zinc finger motifs that flank a DNA-reading helix that
positions in the DNA major groove. The NR5As have a unique addendum to the DBD, termed the
Fushi Tarazu (Ftz-F1) region. This short region C-terminal to the DBD binds three base pairs of
DNA 5’ to the canonical six base pair NR RE allowing the NR5As to recognize nine base pairs of
DNA as monomers, rather than binding repeating units of six base pairs as dimers like most other
NRs.* The NR5As bind to the canonical response element YCAAGGYCR, where Y is any
pyrimidine and R is any purine.* The LBD demonstrates the canonical NR fold, consisting of 12
alpha helices and two beta sheets between helices five and six, and contains a ligand-binding pocket
and the activation function surface (AFS). The AFS comprises helices three, four, and the activation
function helix (AF-H), and serves to bind coregulator proteins, shown as green fragments in Figure
1.1.

Expression

The NR5As exhibit distinct, largely nonoverlapping expression patterns, coexisting primarily in the
ovary. SF-1 is expressed in the adrenal glands, the theca cells of the ovary, the Leydig and Sertoli
cells of the testes, and the ventromedial nucleus of the hypothalamus (VMH).” LRH-1 is expressed
in the liver, pancreas, colon, pre-adipocytes, the granulosa cells and corpora lutea of the ovary, and

the testes.>®

Both receptors are also expressed eatly in the developing embryo, with SF-1 in the
urogenital ridge at day 9.5 and LRH-1 in multiple tissues as early as day 6.5."°

Biological Roles/ Function

The primary role of SF-1 is as a master regulator of steroidogenesis in the adrenal glands and
gonads. SF-1 regulates several aspects of the steroid synthesis process, including: the expression of

every adrenal and gonadal steroidogenic gene; the uptake, transport, and de #ovo synthesis of

cholesterol to supply steroidogenesis; and the expression of receptors for adrenocorticotropic



hormone (ACTH) and follicle-stimulating hormone (FSH) to stimulate adrenal and gonadal
steroidogenesis.” SF-1 is also necessary for proper development of the adrenal glands, gonads, and
hypothalamus.” Complete loss of SF-1 is lethal at birth due to the inability to synthesize
glucocorticoids and mineralocorticoids, though exogenously-delivered steroids allow survival.” SF-1
mutations in humans lead to congenital adrenal hypoplasia, characterized by adrenal insufficiency
and male to female sex reversal.” In the VMH, SF-1 regulates metabolism; the VMH is critical for
maintaining energy homeostasis. The precise role of SF-1 is unclear in the VMH, but loss of SF-1 in
this region leads to obesity due to increased food intake, decreased energy expenditure, and impaired
glucose tolerance and insulin sensitivity."

The primary role of LRH-1 is as a master metabolic regulator in the liver, pancreas, and colon. LRH-
1 controls lipid, bile acid, and glucose homeostasis by regulating de novo lipogenesis, bile acid
synthesis, glucose uptake, and reverse cholesterol transport into the liver.>'" Like SF-1, LRH-1
controls steroidogenesis in the ovaries, as well as the breast preadipocytes. LRH-1 is required for
ovulation and progesterone production in the ovaries through its regulation of the genes for the
steroidogenic acute regulatory protein ($7ar), scavenger receptor B1(Searb?), and cytochrome P450
side chain cleavage enzyme (Cyp77aT), and activates transcription of aromatase in breast
preadipocytes, leading to estradiol synthesis."” Finally, LRH-1 controls pluripotency during
development, directly inducing Oc#4 transcription, a key pluripotency regulator, and loss of LRH-1 is
embryonic lethal.”

Together, these receptors have distinct but complementary roles in steroidogenesis, development,
and metabolism. More work remains to fully understand the mechanism of some of these roles, such
as the precise genomic targets of SF-1 in the VMH. The diverse roles of these receptors, particularly

as regulators of metabolism and steroidogenesis, have made them attractive pharmacological targets.



Putative I igands

The NR5As are adopted orphan receptors and have been shown through extensive study to bind
various phospholipids (PL) (summarized in Figure 1.2). Initial biochemical and crystallographic
studies identified co-purified bacterial PL in the binding pockets of these receptors, including
phosphatidylglycerol and phosphatidylethanolamine, leading to the suggestion that PLs were the
native ligand."”"* Both NR5As have been shown to bind directly through i vitro assays and X-ray
crystallography to phosphatidylinositol species including PIP, and PIPs, though activation in cells

has not been shown.!>!®

" LRH-1 and SF-1 bind directly to and are activated in cells by medium-
chain, saturated phosphatidylcholine (PC) species, and SF-1 has also been crystallized with 1-
palmitoyl-2-steroyl-sn-glycero-3phosphocholine (16:0-18:0 PC).>"** T.RH-1 is activated in mice by
one of these species, 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC). These PC species are
dietary and present in only small amounts in mammalian cells; thus, they may not be the “true”
native ligand. Studies to identify native activating ligands are lacking, and the specific endogenous PL
ligands for these receptors have not yet been identified. However, based on the available
biochemical and structural information, it is believed that the native ligands are PL species.

NR5As in Disease

The NR5As hold therapeutic promise in a number of disease areas, including several cancers,
metabolic, and inflammatory diseases.

Cancer

SF-1 has been identified as a likely oncogene in adrenocortical carcinoma (ACC), an aggressive
cancer of the adrenal cortex. ACC is a rare and deadly cancer, with 0.5 to 2 cases per million per year
and 5-year survival rates ranging from 16-40%.* The 9q34 chromosomal region, which includes SF-

1, is frequently amplified in adenomas, particularly pediatric adenomas.*' The amplification and

subsequent upregulation of SF-1 leads to increased proliferation in an ACC cell model.** Moreover,



SF-1 is an accurate diagnostic marker of ACC, and the level of expression of SF-1 protein in ACC
tumors cortelates with prognosis.”

LRH-1 has been identified as a target of interest in several cancers, primarily of the breast, colon,
and pancreas. Perhaps the clearest role for LRH-1 is in the exacerbation of estrogen receptor
positive (ER+) breast cancer. LRH-1 1) increases estrogen ligand availability to ER by increasing
aromatase expression in breast preadipocytes adjoining the breast tumort;* 2) participates in a
transcriptional feedforward loop with ER, as they are transcriptional targets of each other;>* and 3)
promotes cleavage of E-cadherin, leading to increased migration and invasion of tumor cells.”” In
colon cancer, LRH-1 is involved in an entirely separate pathway, in which it cooperates with beta-
catenin to drive tumor progression. These two transcription factors coactivate each other to initiate
transcription of cyclins D1 and E1 and c-Myc, promoting proliferation.”® Reducing LRH-1 levels in
an LRH-1 haplosufficiency murine colorectal cancer model and an in-cell knockdown reduced
tumor burden and cell proliferation, respectively.”* Finally, LRH-1’s role in pancreatic cancer is
somewhat unclear. A genome-wide association study identified the LRH-1 gene as a pancreatic
cancer susceptibility locus, though the functional effects of the single nucleotide polymorphisms
were not investigated.” Subsequent studies revealed LRH-1 to be upregulated in pancreatic ductal
adenocarcinomas and pancreatic cancer cell lines, and silencing LRH-1 in these cancer cell lines
reduced cell proliferation.”’ Somewhat paradoxically, loss of LRH-1 in a heterozygous mouse model
sensitizes the pancreas to damage and creates a pre-inflammatory state similar to early pancreatitis,
suggesting that LRH-1 protects against the development of pancreatic cancer.”” Further work is
needed to delineate the particular role of LRH-1 in the development and progression of pancreatic
cancer.

Metabolic Disorders



The NR5A receptors are master regulators of metabolism, SF-1 through the VMH and LRH-1
through the liver. This level of control has made them targets of interest for the treatment of obesity
and type II diabetes. Complete SF-1 knockout mice (rescued from steroid deficiency with exogenous
corticosteroid delivery and adrenal gland transplants) display late-onset obesity, weighing neatly
twice as much as their wildtype littermates by eight weeks of age due to decreased activity.” A
VMH-specific SF-1 knockout mouse developed similar late-onset obesity due to both decreased
activity and increased food intake." The VMH SF-1 knockout mice also demonstrated impaired
glucose tolerance and leptin and insulin sensitivity compared to their wildtype counterparts,
implicating SF-1 in metabolic hormone regulation. These studies suggest that activating SF-1 in the
VMH may protect against the development of obesity and type 2 diabetes (T2D); currently, there is
no available agonist which could target SF-1 in the VMH. LRH-1 regulates glucose, cholesterol, and
lipid metabolism in the liver, and controls several pathways which may be beneficial in the setting of
obesity. LRH-1 regulates glucose through direct transcriptional regulation of glucokinase and
increases glucose uptake into the cell through the GLUT4 transporter.'** It promotes reverse
cholesterol transport through the Scarbl transporter;” controls bile acid synthesis through a
feedback loop with the nuclear receptors farsenoid X receptor (FXR) and small heterodimer partner
(SHP);* and regulates de novo lipogenesis."® Combined, these effects may combat T2D and obesity.
In an obese mouse model, activation of LRH-1 with a PL agonist improved glucose homeostasis
and reduced de novo lipogenesis. Further work is needed to confirm the viability of these targets in
metabolic disease.

Inflammation/ Autoimmune Disease

LRH-1 has recently drawn attention for its potential as a target for inflammatory/ autoimmune
diseases including type I diabetes (T1D) and inflammatory bowel diseases (IBD). LRH-1 is both

anti-inflammatory and pro-regeneration, and its activation in these disease settings may therefore be



beneficial. In T1D, activation of LRH-1 with a synthetic agonist reduced islet apoptosis in cells and
significantly decreased and/ or reversed the development of diabetes in both chemical
(streptozotocin) and autoimmune (RIP-B7.1 mice) murine models of T1D.”” These effects were
achieved via increased alpha to beta cell differentiation and promotion of an anti-inflammatory M2
macrophage phenotype. In IBD, LRH-1 combats inflammation in the colon by locally increasing
cortisol production through upregulation of CYP77.47 and CYP71B7 transcription.”® Additionally,
LRH-1 promotes intestinal stem cell renewal through upregulation of Wnt/B-catenin signaling.*®
Overexpression of human LRH-1 in mice in an immune model of colitis improved disease severity
and decreased inflammatory markers, and activation of LRH-1 in murine intestinal organoids with a
synthetic agonist promoted steroidogenic and anti-inflammatory gene expression.””* These data
provide an exciting foundation for future studies of LRH-1 in inflammatory disease.

Synthetic Modulation of NR5.A Receptors

Given the breadth of potential therapeutic applications of NR5A antagonists and agonists for
cancer, metabolic, and inflammatory diseases, there has been considerable interest in the
development of synthetic modulators for this receptor subclass. Synthetic modulators are preferred
over native PL ligands because PLs are rapidly metabolized, easily remodeled, and unlikely to be
specific for a particular receptor. However, due to the overwhelmingly hydrophobic ligand-binding
pockets (LBPs) of the NR5As, it has proved difficult to identify and progress synthetic modulators.
The modulators which have been described to date are summarized in Figure 1.3.

Antagonists

Compounds to decrease NR5A activity are sought for the treatment of cancer. To date, five
antagonist classes have been identified: three benzothiophene LRH-1 antagonists;" AC-45594, an
SF-1 inverse agonist;”* SID7965943 and SID7970631, SF-1-specific isoquinolinone antagonists;"

SR1848, an LRH-1/ SF-1 dual antagonist;* and Cpd3, an LRH-1 specific antagonist.” While
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SID7965943, SID7970631, and Cpd3 have been shown to bind directly to the NR5As, SR1848
utilizes an unknown mechanism to antagonize LRH-1 that does not involve binding in the LBP (the

.96 There is no structural

benzothiophenes and AC-45594 have not been extensively characterized).
information available for these antagonists and as such, it has not yet been possible to establish
structure-activity relationships to improve the affinity or potency of these compounds. None have
been tested in animal models, perhaps due to the relatively low (micromolar) affinity and potency of
all but the isoquinolinone classes. It remains to be seen whether a more effective antagonist scaffold
may exist for the NR5As.

Agonists

Agonists are sought to increase NR5A activity for the treatment of obesity, diabetes, and
inflammatory disease. As with antagonists, discovering agonist scaffolds has proven challenging due
to the hydrophobic LBPs of these receptors. To date, only one synthetic agonist scaffold has been
reported, a hexahydropentalene scaffold with the original compound name of GSK8470, which is
active towards both NR5As.*”* One derivative of the original parent compound, termed BL.001/
5f, was used in the aforementioned T1D mouse models and successfully prevented and/ or reversed
T1D.””* However, in general this compound class has required extensive modification for use as a
synthetic agonist. The parent compound GSK8470 was acid labile and thus derivatized to the more
stable RJW100.* RJW100 showed only modest in-cell activity and 7z vitro affinity for the NR5As.
An extensive exploration of the RJW100 scaffold using biochemical, structural, and 7z vivo methods
yielded the most potent LRH-1 agonists to date, with 1000-fold improved affinity and potency
compared to RJW100.*>* The best compound in this class shows activity in mice in a model of
colitis (unpublished, Chapter 3).

It remains to be seen whether a similar highly effective compound can be designed to target SF-1.

While there are now several X-ray crystal structures of LRH-1 in complex with small molecules,
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until recently there were no structures solved of SF-1 in complex with any small molecules, which
has hindered small molecule development for this receptor. The first structure of SF-1 in complex
with a hexahydropentalene synthetic agonist is described in Chapter 4 (unpublished).

Questions Addressed in This Work

The major question addressed in this work is how small molecules can be designed to modulate
nuclear receptor activity and control gene expression. The use of X-ray crystallography to guide
small molecule design has proven to be a powerful means towards generating highly potent
compounds which strongly activate LRH-1 in particular. In Chapter 2 we describe a novel
fluorescence polarization competition binding assay which enabled, for the first time, the rapid
quantification of small molecule binding to the NR5A receptors. This assay led to more efficient
optimization of our chemical library and aided in the detection of high-affinity compounds in our
pharmaceutical development program. We describe a subset of these high-affinity compounds,
named the “phospholipid mimetics,” in Chapter 3, which were designed to capture the best aspects
of the hexahydropentalene agonists described above and PLs. This work contains the first small
molecule which demonstrates 7z vivo activation of LRH-1 in the context of inflammatory bowel
disease and lessens disease severity. In Chapter 4 we report the first crystal structure of SF-1 bound
to a small molecule agonist, 6N-10CA, developed by our lab. We reveal that 6N-10CA makes an
extensive hydrogen bond network deep in the SF-1 binding pocket; further work is ongoing to
determine the mechanism of action of this agonist. In Chapter 5, we detail the preliminary findings
by our lab that SF-1 may not only function as a monomer, but also as a dimer. Finally, in Chapter 6

we place this work within the NR field and propose ideas for future studies.
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NRNC Receptor Native Ligand’%-52 | Approved Therapy! Application
Symbol
NROB1 Dosage-sensitive sex Orphan None
reversal, adrenal hypoplasia
critical region, on
chromosome X, gene 1
NROB2 Small heterodimer partner Retinoids? None
NR1A1 Thyroid hormone receptor | Thyroid hormone Liothyronine, Hormone
alpha levothyroxine replacement
NR1A2 Thyroid hormone receptor | Thyroid hormone Liothyronine, Hormone
beta levothyroxine replacement
NR1B1 Retinoic acid receptor alpha | Retinoic acid, Adapalene; alitretinoin & | Dermatologic;
arotinoid acid tamibarotene; antineoplastic;
isotretinoin, tazarotene keratolytic
& acitretin
NR1B2 Retinoic acid receptor beta Retinoic acid, Alitretinoin; adapalene; Antineoplastic;
arotinoid acid tazarotene dermatologic;
keratolytic
NR1B3 Retinoic acid receptor Retinoic acid, Alitretinoin; adapalene; Antineoplastic;
gamma arotinoid acid tazarotene dermatologic;
keratolytic
NR1C1 Peroxisome proliferator- Pirinixic acid, Clofibrate; fenofibrate, Antichloesteremic;
activated receptor alpha palmitic acid gemfibrozil antilipemic
NR1C2 Peroxisome proliferator- Fatty acids, none
activated receptor prostaglandins
beta/delta
NR1C3 Peroxisome proliferator- Fatty acids, Pioglitazone, Hypoglycemic;
activated receptor gamma prostaglandins rosiglitazone; antihypertensive
treoprostinil
NR1D2 Rev-ErbA-alpha Heme None
NR1D3 Rev-ErbA-beta Heme None
NR1F1 RAR-telated orphan- Cholesterol, ATRA | None
receptor-alpha
NRI1EF2 RAR-telated orphan- Cholesterol, ATRA | None
receptor-beta
NR1F3 RAR-related orphan- Cholesterol, ATRA | None
receptor-gamma
NR1H2 Liver X receptor-beta Oxysterols None
NR1H3 Liver X receptor-alpha Oxysterols None
NR1H4 Farnesoid X receptor Bile acids None
NR11I1 Vitamin D receptor Vitamin D Calcitriol; Antiosteoporosis;
dihydrotachysterol anti-migraine
NR112 Pregnane X receptor Xenobiotics
NR1I3 Constitutive androstane Androstanol, None
receptor phenobarbitol
NR2A1 Hepatocyte nuclear Fatty acids? None
receptor-4-alpha
NR2A2 Hepatocyte nuclear Fatty acids? None
receptor-4-gamma
NR2B1 Retinoic X receptor alpha Retinoids Alitretinoin, bexarotene; | Antineoplastic;
adapalene dermatologic
NR2B2 Retinoic X receptor beta Retinoids Alitretinoin, bexarotene; | Antineoplastic;
adapalene dermatologic
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NR2B3 Retinoic X receptor gamma | Retinoids Alitretinoin, bexarotene; | Antineoplastic;
adapalene dermatologic
NR2C1 Testicular receptor 2 Orphan None
NR2C2 Testicular receptor 4 Fatty acids, None
polyunsaturated
fatty acids
NR2E1 Tailless Retinoids? None
NR2E3 Photoreceptor cell-specific Retinoids? None
nuclear receptor
NR2F1 Chicken ovalbumin Orphan None
upstream promoter-
transcription factor 1
NR2F2 Chicken ovalbumin Retinoids? None
upstream promoter-
transcription factor 11
NR2F6 Chicken ovalbumin Orphan None
upstream promoter-
transcription factor 111
NR3A1 Estrogen receptor alpha Estrogens Chlorotrianisene, Hormone
estradiol, estrogens, replacement; fertility;
dienestrol, antineoplastic;
diethylstilbestrol, contraceptive
raloxifene; clomifene;
danazol, fulvestrant,
tamoxifen; desogestrel,
norgestrel, progesterone
NR3A2 Estrogen receptor beta Estrogens Estradiol, raloxifene; Hormone
tamoxifen replacement;
antineoplastic
NR3B1 Estrogen-related receptor- Orphan None
alpha
NR3B2 Estrogen-related receptor- Orphan None
beta
NR3B3 Estrogen-related receptor- Orphan None
gamma
NR3C1 Glucocorticoid Receptor Cortisol Betamethasone, Anti-inflammatory,
budesonide, corticosteroids,
dexamethasone, glucocorticoids, anti-
difluprednante, allergy, anti-asthma
flunisolide,
flumethasone,
hydrocortamate,
amcinonide,
methylprednisolone,
prednisone
NR3C2 Mineralocorticoid receptor Aldosterone Fludrocortisone; Anti-inflammatory;
desoxycorticosterone hormone
pivalate; sprinolactone replacement; anti-
hypertensive
NR3C3 Progesterone receptor Progesterone Drospirenone, Contraceptive;
etonogestrel, antidysmennorheal;
levonorgestrel, antineoplastic;
progesterone; abortificant
dydrogesterone;

nilutamid; ulipristsl
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NR3C4 Androgen Receptor testosterone Bicalutamide, Antineoplastic;
dromostanolone, antihirsutism;
fluoxymesterone, antianemic; anabolic;
flutamide, nilutamide; hormone
cyproterone; replacement
nandrolone;
oxandrolone;
testestosterone

NR4A1 Netrve growth factor 1B Orphan None

NR4A2 Nuclear receptor related 1 Orphan None

NR4A3 Neuron-derived orphan Orphan None

receptor 1

NR5A1 Steroidogenic factor 1 Phospholipids None

NR5A2 Liver receptor homolog 1 Phospholipids None

NRG6A1 Germ cell nuclear factor Orphan None

Table 1.1. Nuclear receptor family therapeutic landscape. Of the 48 human NRs, FDA-approved therapies
are available for 17 receptors, 11 remain orphans for which native ligands have not been identified,
and 20 have identified ligands but have not yet been targeted in the clinic.
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A -
LRH-1 151-
1-83 84-151 167 168-290 291-541
SF-1
79-
1-9 10-110 111 112-218 219-461

Figure 1.1. NR5A structure. (A) Domain architectures of LRH-1 (top, light blue) and SF-1 (bottom,
dark blue). Each contains a DNA-binding domain (DBD), the Ftz-F1 box, a flexible hinge region,
and a ligand-binding domain (LBD). LRH-1 is shown as isoform 2, which is the predominant
isoform and does not contain the activation function surface at the N-terminus. (B) LRH-1 structure
from ligand-bound LBD (PDB: 5L.11), with ligand RJW100 shown in pink, and DBD (PDB: 5LOM)
bound to Oc## DNA element. (C) SF-1 structure from phosphatidylethanolamine (PE)-bound LBD
(PDB: 1ZDT) and inhibin-alpha-bound DBD (PDB: 2FF0). Full-length structures are unavailable
for these receptors; thus, the hinge regions are not shown.
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Figure 1.2. NR5.A Mammalian Phospholipid Ligands. The NR5A receptors have been characterized with
multiple phosphatidylcholine and phosphatidylinositol species 7 vitro, in cells, and 7 vivo. Shown are
the PLs which have been characterized to date; colored dots indicate whether each species has been
crystallized with each receptor (SF-1, blue; LRH-1, green), shown to activate the receptors in cells
(pink), or shown to activate LRH-1 7z vzvo (purple).
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Figure 1.3. NR5A synthetic modulators. Shown are significant synthetic modulators which have been
reported for the NR5A subfamily. Top, agonists, bottom, antagonists. Colored dots specify whether
each compound has been validated for LRH-1, SF-1, or both.
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This manuscript describes a novel fluorescence polarization binding assay for the human NR5A
nuclear receptors, liver receptor homolog-1 (LRH-1) and steroidogenic factor-1 (SF-1). Although we
had been developing NR5A agonists for several years, prior to the development of this binding assay
we had no way to measure binding affinities to guide our drug development efforts. We also could
not easily screen potential endogenous ligands for these receptors, as their endogenous ligand(s) is not
known, though they are presumed to be phospholipids. The development of this assay has greatly
facilitated our own drug development efforts and has great potential to accelerate the NR5A
therapeutic development field. This work was accepted for publication in ACS Medicinal Chemistry

Letters for a special Women in Chemistry issue in November of 2019.

This chapter adapted from the previously published work D’Agostino EH, Cornelison JL, Mays SG, Flynn AR, Patel A,
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Abstract

As regulators of steroidogenesis, development, and metabolism, the nuclear receptor 5A (NR5A)
subfamily members steroidogenic factor 1 (SF-1) and liver receptor homologue 1 (LRH-1) are
important pharmacological targets for cancers and metabolic diseases. Evaluation of small molecule
modulators and candidate endogenous ligands for these orphan receptors has been hindered by the
lack of accessible, robust direct-binding assays. Here, we leverage the potency of our new NR5A
agonist (ON) to create a high-affinity probe for fluorescence polarization competition assays by
conjugating ON to fluorescein (FAM). The 6N-FAM probe tightly binds the NR5A receptors and
detects direct binding of synthetic and phospholipid ligands. For 25 LRH-1 agonists, affinity predicts
potency in cellular activation assays, demonstrating the potential for this assay in drug discovery.
Moreover, phospholipids dilauroylphosphatidylcholine and phosphatidylinositol(4,5)phosphate bind
with high affinity, demonstrating this assay is robust for evaluation of candidate endogenous ligands
for human NR5A receptors.

Introduction
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The human nuclear receptor (NR) superfamily comprises 48 ligand-regulated transcription factors that
regulate diverse biological processes including metabolism, inflammation, immune response,
development, and steroidogenesis. NRs show exquisite specificity for their endogenous ligands and
respond by driving specific transcriptional changes. Their powerful control of gene expression makes
them attractive pharmacological targets, and genetic gain and loss of function studies have revealed
tremendous potential for this receptor class. However, only 17 NRs have been successfully targeted
in the clinic.! Of the remaining NRs, many respond to abundant lipids and lipid metabolites, and
elucidating native ligands and synthetic modulators has been challenging.>’

Two lipid-sensing NRs with promising therapeutic potential are steroidogenic factor-1 (SF-1; NR5AT;
Figure 1A) and liver receptor homologue-1 (LRH-1; NR5A2; Figure 2.1B), the two human NR5A
subfamily members. SF-1 regulates steroidogenesis in the ovaries and adrenal glands* and energy
homeostasis in the ventromedial hypothalamus.” LRH-1 regulates steroidogenesis®? in the ovaries,

19 cholesterol,''"'? and bile acid

breast preadipocytes, and intestinal epithelium and glucose,
homeostasis in the liver, intestine, and pancreas. SF-1 and LRH-1 are critical for development: SF-1
is necessary for endocrine organ development and differentiation,'” and LRH-1 is required for the
maintenance of stem cell pluripotency.'* Both NR5As also drive cancer progression, with SF-1
involved in adrenocortical carcinoma and LRH-1 in cancers of the breast, colon, pancreas, and
prostate.’> ! These diverse roles make the NR5As attractive pharmaceutical targets.

Despite the therapeutic promise of the NR5As, development of synthetic modulators has been
challenging. Phospholipids (PLs) are the putative native ligands for the NR5As, which bind multiple
phosphatidylcholine and phosphatidylinositol species.?’~** The hydrophobicity of these native ligands

and their corresponding ligand-binding pockets creates two challenges in designing ligand-binding

assays and screens.
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First, NR5As favor ligands with low aqueous solubility, hindering ligand binding detection. Second,
recombinant proteins copurify with phospholipids, further confounding ligand binding detection.
Though direct binding assays have been reported for the NR5A receptors, they are not amenable to
rapid compound screening.?!**~?* Screens have largely relied on indirect methods such as coregulator
recruitment and have only identified a handful of small molecule modulators.?>*~* The ability to
measure direct binding in the ligand-binding pocket would greatly facilitate synthetic ligand screening
and development. Thus, we sought to develop a direct binding assay for efficient quantification of
binding affinities of a small compound library. Fluorescence polarization (FP) is a direct, equilibrium
binding assay commonly used with NRs. It is solution based, allowing molecules to retain their native
state, uses minimal material, and allows parallel evaluation of several compounds using plate-based
fluorescence detectors. We recently developed an NR5A agonist, 6N, with low nanomolar potency
which facilitated the synthesis of a fluorescent probe for use in FP.* Here, we report an FP
competition assay using a novel fluorescent probe synthesized by conjugating 6N to a
fluoresceinamine (FAM) moiety. This assay detects binding of synthetic ligands from multiple classes
and of potential endogenous phospholipid ligands with a dynamic range from single-digit nanomolar
to midmicromolar. Affinities of a small set of synthetic agonists correlate with potencies in cellular
LRH-1 activation assays, demonstrating the potential for this assay to predict in-cell activity prior to
undertaking more expensive and time-intensive methods for characterization of candidate NR5A
modulators.

Results

Probe Design

We designed a novel fluorescent probe based on our recent discovery of 6N, which has low nanomolar
ECs in luciferase reporter assays.” High-affinity compounds are important for FP-based competition

binding assays because probe affinity limits detection of K, for competing ligands.>” We hypothesized
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that this potent agonist would bind the NR5A receptors with high affinity and serve as a scaffold for
an FP probe.

The ON agonist was rationally designed based on our crystallographic studies with the
hexahydropentalene NR5A agonist, RJW100.?"-3 Substitution of a sulfamide for the RJW100 hydroxyl
group enhanced polar interactions in the LRH-1 binding pocket and improved potency 100-fold over
RJW100 in cellular activation assays. Guided by the crystal structure of LRH-1-6N, we extended the
ON hexyl “tail” and installed a fluoresceinamine (FAM) moiety. The linker length was sufficient to
position the FAM substituent outside the pocket without interfering with desired deep-pocket
contacts anchoring the probe (Figure 1C—D). Tail modifications on the hexahydropentalene scaffold
are easily incorporated, and NR5A receptors can accommodate a variety of modifications.>® Synthesis
of the designed probe involved elaboration of diol 1, the synthesis of which was reported previously.*?
Ley-Griffith oxidation afforded the corresponding ketoacid. Esterification gave rise to 2 (in 72% yield
over two steps), and diastereoselective reductive amination to 3 provided the endo amine necessary
for installation of the sulfamide, which drives potency of the probe. Sulfamide assembly® and global
deprotection gave 5 which was coupled with fluoresceinamine to furnish the probe 6N-FAM (6)
(Scheme 2.1).

Assay Development

We first determined the affinities of SF-1 and LRH-1 for 6N- FAM. Purified SF-1 or LRH-1 ligand-
binding domain was titrated against several constant 6N-FAM concentrations to determine optimal
conditions. We chose 10 nM ON-FAM as it maximized signal and sensitivity in competition
experiments (below). The Ky of the probe using these conditions was 1.0 nM for LRH-1 (95%
confidence interval: [0.8, 1.3]), and 12.3 nM [9.0, 16.7] for SF-1 (Figure 2.2A, S2.1).

To validate 6N-FAM in a competition assay, we measured the K; values of unlabeled 6N (Figure 2.2B,

S2.1). The unlabeled probe should completely outcompete the labeled probe with a similar inhibition
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constant (K) to the forward binding constant (Kg).** Optimized reaction conditions are described in
full detail in the Supporting Information. For both LRH-1 and SF-1, unlabeled 6N dose-dependently
decreased milli- polarization values and completely outcompeted the probe (Figure 2.2B, S2.1). For
LRH-1, 6N bound with a K; of 2.1 nM (95% CI: [1.3, 3.4]), in agreement with the forward binding
Kg4. Affinities of 6N-FAM and ON were similar when apo-LRH-1 was used instead of DLPC-
exchanged protein (Figure 2.2C—D, S2.1). Thus, DLPC does not significantly impact affinity
measurements, eliminating the need to strip and refold the protein. Surprisingly, the affinity of
unlabeled 6N for SF-1 was much lower than the Ky of the probe, perhaps indicating that the FAM
linker makes additional interactions with SF-1 versus LRH-1.

High-Affinity Probe Increases Sensitivity For Detecting Mammalian Phospholipid Binding

Phospholipid binding assays are challenging to develop, as lipids prefer micellular environments and
aggregate in solution. We have previously reported a liposome-based fluorescence resonance energy
transfer (FRET)-based assay for LRH-1.** This assay utilizes donor-quencher vesicles harboring
nitrobenzoxadiazole (NBD)-labeled 1,2-dilauroyl-sn-glycero-3- phosphoethanolamine (DLPE) and 7-
diethylamino-3-((4- iodoacetyl)amino)phenyl)-4-methylcouramin (DCIA)-labeled LRH-1 and
requires the nonspecific lipid chaperone 3-cyclodextrin to enhance lipid exchange. Though this assay
measures binding of a variety of lipids, its lower range of detection is 1 uM due to the relatively low
affinity of DCIA- LRH-1 for NBD-DLPE. Thus, we sought to determine whether the FP competition
assay, which has a low nanomolar limit of detection, could be used to measure phospholipid binding
and evaluate candidate endogenous NR5A ligands.

DLPC binds both LRH-1 and SF-1 and is of pharmacological interest due to its ability to suppress
lipogenesis and improve insulin resistance in obese mice.”’ We detected DLPC K; values of 850 nM
[303, 2430] and 81.4 nM [52.7, 120] for SF-1 and LRH-1, respectively (Figures 2.3A and S2.1). This is

20-fold greater than the 1.9 uM affinity we measured using the FRET assay with LRH-1. Thus, the
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FP assay increases our dynamic range 1,000-fold compared to the FRET assay and expands our ability
to evaluate potential endogenous ligands for the NR5As.

We also measured binding to phosphatidylinositol 4,5- bisphosphate (P1(4,5)P2), as multiple
phosphatidylinositol species have been crystallized with NR5As (Figures 2.3B and S2.1).2!:%
Phosphatidylinositols bind NR5As with high affinity in an electrophoretic mobility shift (EMSA)-
based assay.?!** Affinities for PIP(4,5)P; binding of 418 nM [265, 646] and 64.3 nM [39.8, 103] for
SF-1 and LRH-1, respectively, were similar to those obtained in the EMSA assay for SF-1 binding to
PIP(4,5)P, (~250 nM) and LRH-1 binding to PI1(3,4,5)P; (120 £ 9 nM).

The ligand exchange detected with these PLs indicates that NR5As may follow a canonical model of
nuclear receptor activation. Previous reports have proposed that NR5As bind ligand upon folding, are
constitutively ligand-bound and active, and do not exist in apo form.*** These data indicate that
NRS5A receptors are dynamic and capable of heterotypic ligand exchange.

Alffinity Correlates with Biological Activity and Receptor Stability for Synthetic Agonists

We have previously used thermal shift assays to detect ligand binding to LRH-1 and assess the effects
of ligands on global protein stability. For a recently reported subset of these agonists, we have shown
that 50% unfolding temperature (T,,) values for LRH-1—ligand complexes strongly correlate with
ECs values for LRH-1 activity in cellular luciferase reporter assays. However, many compounds that
bind the NR5As do not induce a strong thermal shift response. We sought to determine whether the
FP competition assay could be used to predict compound activity in cells by measuring K; values for
this set of compounds based on the RJW100 scaffold. These compounds, referred to as the R! series,
include 6N and contain modifications at the 1-position hydroxyl (Figure 2.4A). We found that LRH-
1 K values for the R' series correlate with ECs values from luciferase reporter assays (Figure 2.4B,
Pearson r = 0.67, p = 0.0087), indicating that the FP assay can be a screening tool to predict in-cell

activity for LRH-1, offering exciting potential for future use in compound development. The LRH-1
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K| values also correlate with Ty, values for the R! compounds (Figure 4C, Pearson r = —0.66, p =
0.0027; Figures S2.1—3). We have not measured in-cell activation of SF-1 by the entire set of R!
compounds; thus, further investigation is needed to determine whether K; and ECs correlate for SF-
1. However, there is no correlation between the K; and Ty, values for the R! series with SF-1 (Figure
2.4D, Pearson r = —0.084, p = 0.73; Figures S1—-2, 4), perhaps due to distinct effects on SF-1
conformation. The R! compounds were designed based on LRH-1 structural studies and generally
exhibit poor affinity (>1 uM) for SF-1. It remains to be seen whether binding affinities will predict
stabilization or in-cell activity of SF-1 for higher affinity compounds.

FP Competition Assay Accurately Quantifies Binding of Synthetic Modulators

To further validate our FP competition assay, we compared K values to previously reported Ky values
(Figures 2.5 and S2.1). The FP affinity of RJW100 for SF-1 was similar to the value determined by
EMSA (EMSA: 1200 * 270 nM; FP: 3.3 uM [1.9, 5.7]; Figure 2.5A).! Our FP values were in agreement
with affinities calculated by equilibrium surface plasmon resonance (SPR) for the Cpd3 antagonist for
LRH-1 (SPR: 1.5 + 0.3 uM; FP: 2.4 uM [0.9, 5.2]; Figure 2.5B).?** Interestingly, the FP assay showed
a higher affinity for the PME9 agonist to LRH-1 than SPR (FP, 7.0 uM [3.8, 13.0]; SPR, 62.9 pM;
Figure 2.5C), perhaps due to the time difference between the two assays. SPR was conducted with 60-
s contact times, whereas the FP assay requires overnight equilibration to achieve maximum affinity.
We next examined the SF-1 isoquinolinone antagonist SIID7969543; no binding data is available for
this compound, but its 1Cs is 30 nM.*® While SID7969543 displaced the 6N-FAM at high
concentrations, we were unable to calculate affinity (Figure 2.5D). Finally, we tested binding of the
LRH-1 antagonist SR1848, for which the authors could not detect binding.?® Our FP assay also did
not detect binding (Figure 2.5E), suggesting a novel mechanism of LRH-1 inhibition and also
underscoring the difficulty of synthetic modulator development without a direct binding assay to verify

compound binding in the ligand-binding pocket.
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Discussion
The NR5A receptors are promising therapeutic targets for metabolic diseases and several cancers, but
the hydrophobicity of their binding pockets and preferred ligands has made compound screening and
development exceptionally challenging. We present an FP competition assay to quantify direct ligand
binding to NR5A receptors with a 5-log dynamic range. Fluorescence polarization is a simple,
inexpensive assay commonly used to quantify ligand binding for NRs (e.g., the PolarScreen FP
competition assay is available for seven NRs, Thermo Fisher Scientific, Waltham, MA). It is solution-
based, retaining native protein conformation, and equilibrium-based, permitting for measurement of
binding regardless of ligand exchange kinetics. We have optimized the assay for 384-well plates,
allowing measurement of several compounds in parallel. The assay format ensures that binding will
only be detected if a competitor binds in the ligand-binding pocket. This is particularly important for
NR5As given that previous screens have largely relied on indirect or virtual screening methods. 272831
The flexibility in buffer components provided by FP is critical given the general insolubility of NR5A
ligands. We have successfully used 6.7% v/v DMSO and ethanol to increase competitor solubility,
allowing competitor ligand concentrations up to 200 uM. We have shown that K; values correlate with
in-cell potencies for a series of related NR5A agonists, indicating that this in vitro assay can predict
biological activity. In additional to small molecules, the assay detects binding of candidate endogenous
phospholipid ligands, which are still under investigation for this subfamily. This assay will be
invaluable in continued drug design efforts for these attractive pharmacological targets
Methods
Protein Expression and Purification.

Human LRH-1 LBD (residues 299-541) in the pLIC-His vector was transformed in E. o/ strain

BL21(pLysS) for expression. Cultures (6 L in Liquid Broth, LB) were grown in the presence of

ampicillin and chloramphenicol at 37 °C to an ODgy of 0.6. Protein expression was induced with 1
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mM isopropyl-1-thio-D-galactopyranoside (IPTG) and grown for 4 hours at 30 °C. Cell pellets were
resuspended in Buffer A (20 mM Tris-HCI (pH 7.4), 150 mM NaCl, 5% glycerol, 25 mM imidazole),
DNAse, lysozyme, and phenylmethylsulfonyl fluoride (PMSF). Resuspended cells were sonicated and
clarified by centrifugation at 16,000xg for 45 minutes in a Sorvall RC 6+. Protein was purified from
the lysate by nickel affinity chromatography (HisTrap FF; GE Healthcare, Little Chalfront, UK): lysate
was flowed over the column, washed with Buffer A, and eluted with Buffer B (20 mM Tris-HCI (pH
7.4), 150 mM NaCl, 5% glycerol, 500 mM imidazole). Protein was incubated with DLPC (4-fold molar
excess) overnight at 4 °C, repurified by size exclusion into assay buffer (150 mM NaCl, 20 mM Tris-
HCI (pH 7.4), 5% glycerol) concentrated to approximately 3 mg/ml.and stored at -80 °C until use.
SF-1 LBD (residues 218-461) in the pLIC-His vector was transformed in E. ¢/ strain BL21(pLysS)
for expression. Cultures (6L LB) were grown in the presence of ampicillin and chloramphenicol at 37

°C to an ODey of 0.6. Expression was induced with 0.5 mM IPTG and cultures were grown overnight

at 18 °C. Protein was purified by nickel affinity chromatography as described for LRH-1 (Buffer A:
20 mM Tris-HCI (pH 7.4), 5% glycerol, 500 mM NaCl, 25 mM imidazole, 0.5 mM TCEP; Buffer B:
20 mM Tris-HCI (pH 7.4), 5% glycerol, 500 mM NaCl, 500 mM imidazole, 0.5 mM TCEP), followed
by overnight DLPC exchange and size exclusion chromatography into assay buffer. Pure SF-1 protein
was concentrated to approximately 3 mg/mlL and stored at -80 °C until use.

Generation of apo . RH-1. To extract lipids from the LRH-1 LBD, 4.5 mL of purified protein (15 mg)
was treated with 18.75 mL of chloroform-methanol solution (1:2 v/v) and vortexed briefly. An
additional 2.5 mL chloroform:water solution (1:1 v/v) was added and the mixtute was vortexed again.
The stripped and unfolded protein was pelleted by centrifugation at 1000 rpm for 10 minutes. The
resulting protein pellet was dissolved into 0.5 mL of buffer containing 50 mM Tris (pH 8.0), 6 M

guanidine hydrochloride and 2 mM DTT. Protein was refolded by fast dilution at 4 °C into 50 mL of
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buffer containing 20 mM Tris (pH 8.5), 1.7 M urea, 4% glycerol and 2 mM DTT. The final urea
concentration was adjusted to 2 M, and protein was concentrated to ~ 15 mL, followed by overnight
dialysis against assay buffer (see below) containing 2 mM DTT at 4 °C. Refolded protein was purified
by size exclusion chromatography to remove aggregates and remaining unfolded protein.

Fluorescence Polarization. All assays were conducted in black, polystyrene, non-binding surface 384-well
plates (Corning Inc., Corning, NY) with 30 uL. volumes in assay buffer. Binding affinity for 6N-FAM
was determined using 10 nM 6N-FAM and protein concentrations ranging from 1"°-5> M (SF-1) or
1""-5° M (LRH-1). Plates were incubated overnight at 4 °C and centrifuged at 2,000xg for 2 minutes
before polarization measurement. Polarization was monitored on a Neo plate reader (Biotek,
Winooski, VT) at an excitation/emission wavelength of 485/528 nm. Nine technical replicates were
conducted over three experiments and compiled binding data were baseline-corrected to wells with
no protein and fit with a one-site binding curve in GraphPad Prism version 7 (GraphPad, Inc., La
Jolla, CA).

Competition assays were performed in accordance with development guidelines.” For LRH-1, 10
nM 6N-FAM (10 times the affinity of LRH-1 for 6N-FAM, necessary to obtain adequate signal) and
5 nM LRH-1 (80% of the forward binding Bn.) were used. For SF-1, 10 nM 6N-FAM (0.8 times the
affinity of SF-1 for 6N-FAM) and 25 nM SF-1 (60% of the forward binding Bn.) were used.
Competitor ligand concentration ranged from 2''-2* M, and competitor ligand volume was kept
constant to maintain constant DMSO in each well (6.7% v/v). Eight technical replicates were
performed over two experiments, and GraphPad Prism version 7 was used to analyze compiled data
using a one-site, fit K curve, with normalization to 6N competition.

For assays with lipids, lipids were solubilized in chloroform and transferred to a clean glass tube.
Lipids were dried via evaporation to produce multilamellar sheets. These were resuspended in ethanol

and sonicated (twice x 30 seconds) to produce small vesicles for use in FP assays.
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Differential Scanning Fluorimetry. Putified protein, pre-exchanged with DLPC (0.2 mg/mL), was
combined with agonists overnight at 4 °C in assay buffer. SYPRO orange dye was added to the

complexes the next day, at a final dilution of 1:1000. Complexes were heated at a rate of 0.5 °C/

minute on a StepOne Plus thermocycler, using the ROX filter for fluorescence detection. The melting
temperature (T, 50% unfolding) was calculated using the Bolzman equation (GraphPad Prism, V7).

Assays were conducted with nine technical replicates over three experiments.

Figures

K

Figure 2.1. Structure-guided design of NR5A probe. Structures of the ligand-binding domains of (A) SF-1

(PDB: 1ZDT) and (B) LRH-1 (PDB: 60QY). (C) There is a clear exit tunnel from the ligand- binding
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pocket (LRH-1 shown) which can accommodate the 6N- FAM linker, and (D) the linker (red) and
FAM molecule (dashed line) provide sufficient length to exit the pocket mouth and leave the FAM

moiety solvent-exposed for FP detection.

drives binding 6N-FAM fluorescent label

Scheme 2.1. Chemical synthesis of 6N-FAM (6)*

*Reagents and conditions: (a) Tetrapropylammonium perrhuthenate, N-methyl morpholine oxide,
H20, MeCN, 23 °C, 16 h; (b) MeOH, conc. aq. HCl, 23 °C, 16 h; (c) NH3 (7N in MeOH),
titanium(IV) isopropoxide, 23 °C, 6h. Sodium borohydride, 16 h; (d) Chlorosulfonylisocyanate,
‘BuOH, DCM, 0 to 23 °C, 45 min, then TEA, 0 to 23 °C, 3 h; (e) 1,4-dioxane: conc. aq. HCI (3:1 v/v),

40 °C, 14 h; (f) EDCI, fluoreseinamine isomer 1, DMF, 23 °C, 5 h.
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Figure 2.2. Validation of fluorescence polarization. (A) Binding of 6N- FAM to SF-1 or LRH-1 (n = 9).
Insets indicate K4 values (95% CI in square brackets). (B) Competitive displacement of the 6N-FAM
probe using unlabeled 6N (n = 8). 6N completely displaced 6N-FAM from both SF-1 and LRH-1.
Insets indicate the K; (95% CI in square brackets). (C) 6N-FAM and (D) Unlabeled 6N binds apo
LRH-1 with comparable affinity to DLPC-exchanged protein (C, n = 2; D, n = 8). Blue lines, SF-1;
black lines, LRH-1; error bars are SEM. Competition experiments used 10 nM 6N-FAM, 5 nM LRH-

1,25 nM SP-1.
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Figure 2.3. FP assay detects lipid binding. Both NR5As bind (A) dilauroylphosphatidylcholine (DLPC) and

(B) P1(4,5)P, (n = 8). Blue lines, SF-1; black lines, LRH-1; 95% Cl is in square brackets; error bars are

SEM. Experiments used 10 nM 6N-FAM, 5 nM LRH-1, 25 nM SF-1.
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Figure 2.4. Binding affinity correlates with in-cell activity and receptor stability for LRH-1, but not SF-1. (A)

Modifications were made to the 1-position hydroxyl (“R'”) of RJW100, shown in blue, to generate 24
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derivatives (reported in). (B) Affinity of R! compounds correlates with in-cell potency for LRH-1 in a

luciferase reporter assay. Affinity of R! compounds also correlated with their effect on receptor

stability for LRH-1 (C), but not for SF-1 (D).
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Figure 2.5. FP measurements for synthetic ligands. Both NR5As bind RJW100 (A), Cpd3 (B), and PME9 (C).
(D) Binding affinity for SF-1 antagonist SID7969543 cannot be calculated, although probe
displacement is detected at high doses. (D) Binding is undetectable for SR1848. Blue lines, SF-1; black

lines, LRH-1; error bars are SEM (n = 8). Experiments used 10 nM 6N-FAM, 5 nM LRH-1, 25 nM

SF-1.

Compound SF-1 K [95% confidence interval] LRH-1 K [95% confidence interval]

O6N-FAM (Ky) 12.3 nM [9.0, 16.7] 1.0 nM [0.8, 1.3];
Apo, 4.8 nM [3.8, 6.1]

6N 1.4 uM [0.8, 2.4] 2.1 nM [1.3,3.4];
Apo, 2.7 nM [1.3, 6.3]

DLPC 850 nM [303, 2430] 81.4 nM [52.7, 126]

PI1(4,5)P, 9.6 uM [4.3, 21.5] 756 nM [382, 1470]

IN cne cne

1X cne cne

S1 4.5 uM [1.8,10.7] 801 nM [434, 1460]

2N cne 973 nM [453, 2060]

2X 18.6 uM [9.3, 36.8 3.5 uM [1.5, 8.5]

S2N 23 uM [0.7,13.2] 326 nM [181, 580]

S2X 43.9 uM [16.1, 234] cne

3N 1.6 uM [0.9, 2.8] 287 nM [174, 468]

3X 1.3 uM [0.8, 1.9] 151 nM [83.0, 263]

S3N 2.8 uM [0.2, 43.1] cne
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S3X 4.9 uM, 0.8, 31.7] cnc

4N 5.6 uM [2.4, 19.6] 321 nM [178, 595]
4X 5.4 uM [2.1, 14.5] 508 nM [167, 1670]
5N 21.9 uM [12.4, 39.5] 20.8 nM [11.2, 38.5]
5X cne 1.2 uM [0.6, 2.2]
6N 1.4 uM [0.8, 2.4] 2.1 nM [1.3, 3.4]
6X cne 152 nM [98.5, 234]
7N 3.7uM [2.2,6.9] 366 nM [231, 584]
7X 13.3 uM [8.1, 21.7] 22uM [1.4,3.4]
8N 2.0 uM [1.4,2.7] 278 nM [203, 379]
8X 1.2 uM [0.9, 1.7] 170 nM [121, 238]
RJW100 3.3 uM [1.9,5.7] 316 nM [179, 555]
Cpd3 7.8 uM [4.8, 12.6] 2.4 uM 0.9, 5.2]
PME9 34.6 uM [12.3, 93.5] 7.0 uM [ 3.8, 13.0]
SID7969543 cnc cnc

SR1848 cnc cnc

Supplementary Figure S2.1. Summary K; table. Kq and Kivalues are presented in the order in which they
appear in the manuscript. Experiments were analyzed in Graphpad Prism, v7 using a one-site fit Kj
curve (n=8). 95% confidence are reported for each K; value; cnc (could not calculate) indicates that

confidence intervals or K; values could not be calculated.
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Supplementary Figure 2.2. SF-1 binding to R1 compounds. Curves for SF-1 binding to R' compounds are
shown, with endo stereoisomers of the R' substituent in teal and exo stereoisomers in black.
Experiments analyzed in Graphpad Prism, v7 using a one-site fit K; curve (n=8). 95% confidence are
reported for each K value; curves are not shown if confidence intervals or Kjvalues could not be

calculated. Error bars are shown as SEM.
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Supplementary Figure §2.3. L.RH-1 binding to R’ compounds. Curves for LRH-1 binding to R' compounds
are shown, with endo stereoisomers of the R' substituent in teal and exo stereoisomers in black.

Experiments were analyzed in Graphpad Prism, v7 using a one-site fit K curve (n=8). 95% confidence
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are reported for each K value; curves are not shown if confidence intervals or Kjvalues could not be

calculated. Error bars are shown as SEM.
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Supplementary Fignre S2.4. Representative thermal shift curves. Left, SF-1; right, LRH-1. Representative
melting curves for DLPC and two synthetic agonists are shown. S3X stabilizes LRH-1, but not SF-1,
whereas 5N stabilizes both receptors. Experiments were analyzed in Graphpad Prism, v7 using the
Boltzman equation (n=9). 95% confidence intervals are shown for each Ti, value; error bars are shown
as SEM.

Supplementary Figure $2.5. Detailed Chemical Syntheses

Chemical synthesis

All reactions were carried out in oven-dried glassware, equipped with a stir bar and under a nitrogen
atmosphere with dry solvents under anhydrous conditions, unless otherwise noted. Solvents used in
anhydrous reactions were purified by passing over activated alumina and storing under argon. Yields
refer to chromatographically and spectroscopically (‘H NMR) homogenous materials, unless
otherwise stated. Reagents were purchased at the highest commercial quality and used without further
purification, unless otherwise stated. z-Butyllithium (7-Buli) was used as a 2.5 M solution in hexanes
(Aldrich), was stored at 4 °C and titrated prior to use. Organic solutions were concentrated under
reduced pressure on a rotary evaporator using a water bath. Chromatographic purification of products
was accomplished using forced-flow chromatography on 230-400 mesh silica gel. Preparative thin-
layer chromatography (PTLC) separations were carried out on 1000um SiliCycle silica gel F-254 plates.
Thin-layer chromatography (TLC) was performed on 250um SiliCycle silica gel F-254 plates.
Visualization of the developed chromatogram was performed by fluorescence quenching or by
staining using KMnQs, p-anisaldehyde, or ninhydrin stains. "H and C NMR spectra were obtained
from the Emory University NMR facility and recorded on a INOVA 600 (600 MHz), INOVA 500
(500 MHz), INOVA 400 (400 MHz), VNMR 400 (400 MHz), or Mercury 300 (300 MHz), and are
internally referenced to residual protio solvent signals. Data for 'H NMR are reported as follows:
chemical shift (ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dd
= doublet of doublets, dt = doublet of triplets, ddd= doublet of doublet of doublets, dtd= doublet of
triplet of doublets, b = broad, etc.), coupling constant (Hz), integration, and assignment, when
applicable. Data for decoupled "C NMR are reported in terms of chemical shift and multiplicity when
applicable. Liquid chromatography mass spectrometry (LC-MS) was performed on an Agilent 6120
mass spectrometer with an Agilent 1220 Infinity liquid chromatography inlet. Preparative high
pressure liquid chromatography (Prep-HPLC) was performed on an Agilent 1200 Infinity Series
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chromatograph using an Agilent Prep-C18 30 x 250 mm 10 pm column. HPLC analyses were
performed using the following conditions.

Method A: A linear gradient using water and 0.1 % formic acid (FA) (Solvent A) and MeCN and 0.1%
FA (Solvent B); t = 0 min, 75% B, t = 4 min, 99% B (held for 1 min), then 50% B for 1 min, was
employed on Agilent Zorbax SB-C18 1.8 micron, 2.1 mm x 50 mm column (flow S2 rate 0.8 mL/min).
The UV detection was set to 254 nm. The LC column was maintained at ambient temperature.
Method B: A linear gradient using water and 0.1 % formic acid (FA) (Solvent A) and MeCN and 0.1%
FA (Solvent B); t = 0 min, 50% B, t = 4 min, 99% B (held for 1 min), then 50% B for 1 min, was
employed on Agilent Zorbax SB-C18 1.8 micron, 2.1 mm x 50 mm column (flow S2 rate 0.8 mL/min).
The UV detection was set to 254 nm. The LC column was maintained at ambient temperature.
Method C: An isocratic method using 60% MeCN, 40% water, and 0.1 % FA was employed on an
Agilent Zotbax SB-C18 1.8 micron, 2.1 mm x 50 mm column (flow rate 0.8 mL/min). The UV
detection was set to 254 nm. The LC column was maintained at ambient temperature.

(¢}
Bu
N/\/\CH3
H
OH

Bu

PMED9 3,5-di-#er#-butyl-N-butyl-2-hydroxybenzamide (PMEY)

To a round bottom flask charged with stir bar was added 3,5-di-zer~butyl-2-hydroxybenzoic acid (311
mg, 1.2 mmol, 1.0 equiv) in THF. 4-nitrophenylchloroformate (284 mg, 1.4 mmol, 1.1 equiv) was
added, followed by triethylamine (200 puL, 1.4, 1.1 equiv). The reaction was stirred at room temperature
for 1 h. The volatiles were concentrated and the crude residue was partitioned between ethyl acetate
and water and extracted three times with ethyl acetate. The combined organic layers were washed with
NaHCO:; and brine, dried with MgSOy, filtered, and concentrated. The crude activated ester was then
dissolved in THF and treated with n-butylamine (140 uL, 1.4mmol, 1.1 equiv) and triethylamine (210
uL, 1.5mmol, 1.2 equiv). The reaction was stirred overnight. After reaction completion, the solution
was concentrated and subjected to silica gel chromatography in 10% EtOAc/hexanes to afford the
title compound as a colotless solid (162 mg, 43% yield over 2 steps). Spectral data were consistent
with literature values from: de Jesus Cortez F, Suzawa M, Irvy S, Bruning JM, Sablin E, Jacobson MP,
et al. Disulfide-Trapping Identifies a New, Effective Chemical Probe for Activating the Nuclear

Receptor Human LRH-1 (NR5A2). PLoS ONE, 2016, 11(7): ¢0159316
IH NMR (600 MHz, CDCLy) 8 12.73 (s, 1H), 7.44 (d, ] = 2.3 Hz, 1H), 7.10 (d, ] = 2.3 Hz, 1H), 6.24 (s, 1H), 3.58 — 3.34
(m, 2H), 1.66 — 1.57 (m, 2H), 1.45 — 1.35 (m, 11H), 1.29 (s, 9H), 0.94 (t, ] = 7.5 Hz, 3H).

HPLC Method A, LRMS (ESI, APCI) 7/ calc’d for CoH3NO2 (M+H)* 306.2, found 305.9.
Purity established by HPLC Method A: >99%.
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5-(10-hydroxydecyl)-4-phenyl-3a-(1-phenylvinyl)-1,2,3,3a,6,6a-hexahydropentalen-1-ol (1): A
slight modification of the procedure of Flynn et al. was used. Prior to use in the reaction, all reagents
were dried by azeotropic removal of water using benzene. A dry round bottom flask containing
bis(cyclopentadienyl)zirconium(IV) dichloride (1.403 g, 4.8 mmol, 1.2 equiv) under nitrogen, was
dissolved in anhydrous, degassed tetrahydrofuran (THF, 5 mL/mmol enyne) and cooled to -78 °C.
The resulting solution was treated with #-BuLi (3.84 mL, 9.6 mmol, 2.4 equiv.) and the light yellow
solution was stirred for 50 minutes. A solution of tert-butyldimethyl((7-phenylhept-1-en-6-yn-3-
yl)oxy)silane (1.202 g, 4.0 mmol, 1.0 equiv) in anhydrous, degassed THF (5 mL/mmol) was added.
The resulting salmon-colored mixture was stirred at -78 °C for 45 minutes, the cooling bath removed,
and the reaction mixture was allowed to warm to ambient temperature with stirring (2.5 hours total).
The reaction mixture was then cooled to -78 °C for 15 minutes and tert-butyl((10,10-
dibromodecyl)oxy)diphenylsilane (2.492 g, 44 mmol, 1.1 equiv) was added as a solution in
anhydrous THF (5 mL/mmol) followed by freshly prepared lithium diisopropylamide (LDA, 4.4 mL,
4.4 mmol, 1.0 M, 1.1 equiv.). After 30 minutes, a freshly prepared solution of lithium phenylacetylide
(14.4 mmol, 3.6 equiv.) in anhydrous THF (2 mL/mmol) was added dropwise and the resulting rust-
colored solution was stirred at -78 °C for 1 hour. The reaction was quenched with methanol and
saturated aqueous sodium bicarbonate and allowed to warm to room temperature, affording a light
yellow slurry that stirred overnight. The slurry was then poured onto water and extracted with ethyl
acetate four times. The combined organic layers were washed with brine, dried with Na,SOs, filtered,
and concentrated 7z vacuo to afford a crude mixture. The resulting crude mixture was dissolved in 200
mL of 1:1 DCM:MeOH in a round bottom flask then 0.5 mL of concentrated HCI added. The
resulting solution was stirred at room temperature for 2.5 hours before concentrating iz vacuo and
subjecting to silica gel chromatography (5-50% EtOAc/hexanes eluent) to afford the title compound
as a yellow oil and 1.7:1 mixture of diastereomers used in the next step without separation. (1.47 g,
80% over 2 steps).

Exo diastereomer: '"H NMR (600 MHz, CDCls) 8 7.37 — 7.23 (m, 8H), 7.20 (t, ] = 8.0 Hz, 2H), 5.07
(d,] = 1.4 Hz, 1H), 4.99 (d, ] = 1.4 Hz, 1H), 3.96 — 3.93 (m, 1H), 3.64 (t, ] = 6.6 Hz, 2H), 2.36 (dd, |
=16.9,9.3 Hz, 1H), 2.29 (dd, ] = 9.3, 1.8 Hz, 1H), 2.13 — 1.98 (m, 4H), 1.75 — 1.63 (m, 2H), 1.56 (p,
] = 6.8 Hz, 3H), 1.43 — 1.17 (m, 14H).

Endo diastereomer: "H NMR (600 MHz, CDCly) 8 7.37 — 7.23 (m, 8H), 7.20 (t, ] = 7.5 Hz, 2H), 5.07
(d,] =14Hz 1H),4.93 (d, ] = 1.4 Hz, 1H), 4.18 (td, ] = 8.9, 5.6, 1H), 3.64 (t, ] = 6.6 Hz, 2H), 2.62
(dd, ] = 17.5, 2.1 Hz, 1H), 2.48 (td, | = 8.7, 2.0 Hz, 1H), 2.13 — 1.98 (m, 4H), 1.84 (dq, J = 10.0, 4.9
Hz, 1H), 1.75 — 1.63 (m, 2H), 1.56 (p, | = 6.8 Hz, 2H), 1.43 — 1.17 (m, 14H).

OH
10-(-6-ox0-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)decanoic  acid:
To a solution of 5-(10-hydroxydecyl)-4-phenyl-3a-(1-phenylvinyl)-1,2,3,3a,6,6a-
hexahydropentalen-1-ol (1) in acetonitrile (592 mg, 1.3 mmol, 0.1 M) was added
tetrapropylammonium perruthenate (45.3 mg, 0.13 mmol, 0.1 equiv.), N-methylmorpholine N-oxide
(2.29 g, 12.9 mmol, 10 equiv.), and water (0.24 mL, 12.9 mmol, 10 equiv.) and stirred at room
temperature overnight. The reaction solution was then filtered through a pad of silica with 99:1
EtOAc:AcOH to collect the title compound as a yellow oil (608 mg, quant.).
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'"H NMR (500 MHz, CDCl;) & 7.40 — 7.19 (m, 10H), 5.22 (d, ] = 1.5 Hz, 1H), 5.11 (d, ] = 1.4 Hz,
1H), 2.46 (d, ] = 7.8 Hz, 1H), 2.36 — 2.26 (m, 4H), 2.16 — 1.95 (m, 5H), 1.91 (dd, ] = 16.5, 7.8 Hz,
1H), 1.61 (p, ] = 7.5 Hz, 2H), 1.46 — 0.97 (m, 12H). Carboxylic acid proton (-COOH) not observed.
BC NMR (126 MHz, CDCl3) § 223.0, 179.9, 153.3, 145.0, 142.6, 137.5, 136.8, 129.1, 128.4, 128.2,
127.7,127.2,127.1, 115.4, 65.6, 55.7, 38.9, 37.6, 34.2, 30.1, 29.8, 29.4, 29.3, 29.1, 28.5, 27.7, 24.8.
HPLC method A, LRMS (ESI, APCI) /3 calc’d for C3,H30Os (M+H)™ 471.3, found 470.8.

OMe

methyl 10-(6-oxo-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)decanoate (2): To a solution of 10-(-6-oxo-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-
hexahydropentalen-2-yl)decanoic acid in methanol (945 mg, 2 mmol, 0.1 M) was added 5 drops
of concentrated HCl and stirred at room temperature overnight. Reaction solution was then
concentrated iz vacuo and filtered through a pad of silica to collect the title compound as a yellow oil
(930 mg, 96%).

'"H NMR (500 MHz, CDCls) 8 7.40 — 7.19 (m, 10H), 5.22 (d, ] = 1.3 Hz, 1H), 5.11 (d, ] = 1.3 Hz,
1H), 3.66 (s, 3H), 2.46 (d, ] = 7.7 Hz, 1H), 2.34 — 2.25 (m, 4H), 2.16 — 1.95 (m, 5H), 1.91 (dd, ] = 16.5,
7.8 Hz, 1H), 1.60 (p, ] = 7.5 Hz, 2H), 1.33 — 1.10 (m, 12H).

PC NMR (126 MHz, CDCly) & 222.7, 174.4, 153.3, 144.9, 142.6, 137.5, 136.7, 129.0, 128.3, 128.2,
127.7,127.1, 127.1, 115.3, 65.5, 55.6, 51.5, 38.8, 37.6, 34.2, 30.0, 29.7, 29.4, 29.33, 29.27, 29.2, 28 .4,
27.7,25.0.

HPLC method A, LRMS (ESI, APCI) 7/ % calc’d for C53HytOs (M+H) " 485.3, found 484.9.

OMe

methyl 10-(6-amino-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)decanoate (3): To a screw top test tube charged with a stir bar was added methyl 10-(6-oxo-3-
phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)decanoate (2) (350 mg, 0.72
mmol, 1.0 equiv.) and ethanol (3 mL) and sealed. Ammonia (7 M in methanol, 0.52 mL, 3.61 mmol,
5.0 equiv.) then titanium(IV) isopropoxide (0.33 mL, 1.08 mmol, 1.5 equiv.) were added via syringe
and stirred at room temperature for 6 hours. The test tube cap was then removed and sodium
borohydride (82 mg, 2.16 mmol, 3 equiv.) added portion-wise. The resulting solution was stirred at
room temperature overnight before being quenched with EtOAc, saturated aqueous potassium
sodium tartrate, and 2 M aqueous sodium hydroxide. The resulting slurry was then sonicated in the
reaction tube for 10 minutes before adding to a separatory funnel. The aqueous layer was then drained
and remaining EtOAc washed with 2 x 20 mL of aqueous potassium sodium tartrate and 2M sodium
hydroxide then 20 mL water and 20 mL brine. The remaining organic layer was then dried over
Na,SO,, filtered, and concentrated 7z vacuo to give the title compound as a yellow oil (283 mg, 81%).
'H NMR (500 MHz, CDCl3) 8 7.35 — 7.22 (m, 8H), 7.20 (t, ] = 2.0 Hz, 1H), 7.18 (t, ] = 1.5 Hz, 1H),
5.07 (d, ] = 1.4 Hz, 1H), 493 (d, ] = 1.5 Hz, 1H), 3.66 (s, 3H), 3.31 (td, | = 8.7, 5.8 Hz, 1H), 2.49 —
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2.40 (m, 2H), 2.29 (t, ] = 7.6 Hz, 2H), 2.12 — 2.00 (m, 4H), 1.85 - 1.78 (m, 1H), 1.72 — 1.67 (m, 2H),
1.60 (p, ] = 7.5 Hz, 2H), 1.42 — 1.15 (m, 12H). Amine protons (-NHp) not observed.

BC NMR (126 MHz, CDCl3) § 174.5, 155.1, 144.3, 143.0, 139.5, 137.2, 129.9, 127.9, 127.8, 127.7,
126.8, 1267, 1153, 69.6, 55.3, 51.6, 34.4, 34.3. 33.3, 30.0, 29.9, 29.52, 29.50, 29.4, 29.3, 28.1, 25.1,
HPLC method A, LRMS (ESI, APCI) 7/ % calc’d for CssHuNO, (M+H) " 486.3, found 485.8

0]
BocHN /
S~ N
o// H OMe
methyl 10-(6-((N-(tert-butoxycarbonyl)sulfamoyl)amino)-3-phenyl-3a-(1-phenylvinyl)-

1,3a,4,5,6,6a-hexahydropentalen-2-yl)decanoate (4): To a solution of #rzbutyl alcohol (47 mg,
0.64 mmol, 1.1 equiv.) in anhydrous DCM (0.6 mL) in an oven-dried flask under nitrogen at 0 °C was
added neat chlorosulfonylisocyanate (0.050 mL, 0.58 mmol, 1.0 equiv.) and stirred for 45 minutes,
warming to room temperature in that time. The resulting solution was then added via syringe to a
solution of methyl 10-(6-amino-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-
2-yl)decanoate (3) (283 mg, 0.58 mmol, 1.0 equiv.) and triethylamine (0.12 mL, 0.87 mmol, 1.5
equiv.) in anhydrous DCM (0.6 mL) under nitrogen in an oven-dried flask at 0 °C. The reaction was
then stirred and warmed to room temperature over 3 hours before diluting with DCM and washing
with 2 x 10 mL 0.5 M aqueous HCI, 10 mL water and 10 mL brine. The organic layer was then dried
over Na,SOy, filtered, and concentrated 7z vacuo to give crude material. This material was subjected to
silica gel chromatography (10-40% EtOAc/hexanes) to collect material taken crude to the next step.

OH
10-(3-phenyl-3a-(1-phenylvinyl)-6-(sulfamoylamino)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)decanoic acid (5): A 20 mL scintillation vial was charged with a stir bar and methyl 10-(6-((IN-
(tert-butoxycarbonyl)sulfamoyl)amino)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-
hexahydropentalen-2-yl)decanoate (4) (160 mg, 0.24 mmol) and cooled to 0 °C. A 3:1 v/v solution
of dioxane and concentrated HCI (2 mL) was then added and allowed to warm to room temperature
and stirred for 24 hours before heating to 40 °C for 14 hours. The reaction solution was then diluted
with EtOAc and washed with 3 x 5 mL 0.5 M aqueous HCI, 5 ml water, and 5 mL brine. The organic
layer was then dried over NaxSOy, filtered, and concentrated 7z vacuo to give the title compound as a
brown oil (94 mg, 29% over 2 steps).

"H NMR (500 MHz, CDCl;) 8 7.35 — 7.22 (m, 8H), 7.19 (t, ] = 2.0 Hz, 1H), 7.17 (t, ] = 1.6 Hz, 1H),
5.10 (d, /] = 1.3 Hz, 1H), 4.95 (d, ] = 1.4 Hz, 1H), 4.84 (d, ] = 7.8 Hz, 1H), 4.72 (s, 2H), 3.78 (dtd, | =
11.2, 8.3, 6.0 Hz, 1H), 2.62 (td, | = 8.9, 2.1 Hz, 1H), 2.42 (dd, ] = 17.7, 2.1 Hz, 1H), 2.34 (t, ] = 7.4
Hz, 2H), 2.16 (dd, | = 17.6, 9.0 Hz, 1H), 2.11 — 2.00 (m, 2H), 1.99 — 1.92 (m, 1H), 1.75 — 1.68 (m,
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2H), 1.62 (p, ] = 7.4 Hz, 2H), 1.53 — 1.42 (m, 1H), 1.43 — 1.18 (m, 12H). Carboxylic acid proton (-
COOH) not observed.

PC NMR (126 MHz, CDCls) § 179.3, 154.3, 143.8, 143.01 139.3, 136.8, 129.8, 128.0, 127.8, 127.0,
126.9, 115.7, 68.9, 57.2, 47.5, 35.6, 34.0, 32.6, 31.8, 29.9, 29.7, 29.2, 29.1, 29.0, 28.9, 27.9, 24.6.
HPLC method B, LRMS (ESI, APCI) 7/ 3: calc’d for CHN2O,S (M+H) " 551.3, found 551.8.

OH
Q
o
o
HNJ/
0
o)

OH
N-(3',6'-dihydroxy-3-oxo0-3H-spiro[isobenzofuran-1,9'-xanthen]-5-y1)-10-(3-phenyl-3a-(1-
phenylvinyl)-6-(sulfamoylamino)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)decanamide (6N-
FAM): A 1 dram vial was charged with a stirbar, 10-(3-phenyl-3a-(1-phenylvinyl)-6-
(sulfamoylamino)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)decanoic acid (5) (28.6 mg, 0.05 mmol,
1.0 equiv.), fluoresceinamine isomer 1 (21 mg, 0.06 mmol, 1.2 equiv.), EDCI (11.5 mg, 0.06 mmol, 1.2
equiv.) and DMF (0.65 mL). The resulting solution was stirred at room temperature for 16 hours
before diluting with MeCN and subjecting to preparative HPLC to collect the title compound. (9.9
mg, 22%).

"H NMR (600 MHz, (CD3),CO) 8 9.58 (s,1H), 8.45 (s, 1H), 7.91 (dd, ] = 8.3, 1.9 Hz, 1H), 7.39 — 7.35
(m, 2H), 7.35 - 7.23 (m, 6H), 7.20 (d, ] = 7.5 Hz, 2H), 7.17 (d, ] = 8.3 Hz, 1H), 6.74 (d, ] = 2.3 Hz,
2H), 6.70 (d,] = 8.7 Hz, 2H), 6.62 (dd, ] = 8.7, 2.4 Hz, 2H), 5.86 — 5.80 (m, 3H), 5.06 (s, 1H), 4.93 (s,
1H), 3.81 —3.72 (m, 1H), 2.71 (dd, ] = 17.6, 2.2 Hz, 1H), 2.66 (td, ] = 9.0, 2.2 Hz, 1H), 2.43 (t,] = 7.4
Hz, 2H), 2.20 (dd, ] = 17.5, 9.1 Hz, 1H), 1.95 (m, 1H), 1.75 — 1.66 (m, 4H), 1.62 (qd, ] = 11.1, 7.0 Hz,
1H), 1.47 — 1.18 (m, 12H). Phenolic protons (Ar-OH) not observed.

PC NMR (151 MHz, (CD;).CO) 172.8, 169.6, 160.6, 156.3, 153.6, 145.1, 144.4, 142.2, 139.9, 138.2,
130.8, 130.39, 130.35, 130.31, 129.0, 128.8, 128.7, 128.6, 127.8, 127.7, 125.3, 115.6, 113.5, 112.0, 103.5,
103.4, 69.9, 58.0, 48.6, 37.9, 36.6, 33.7.

HPLC method C, LRMS (ESI, APCI) 7/ 3 calc’d for Cs2HsN30sS (M-H) 878.4, found 878.1 (M-H)

Purity established by HPLC Method C: 96%
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SR1848 and Cpd3 were gifted from Patrick Griffin (Scripps University). SID7969543 was purchased from

Tocris. DLPC was purchased from Avanti Polar Lipids. P1(4,5)P2 was purchased from Cayman Chemical.

Chemical Sources
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Abstract

As ligands for nuclear hormone receptors (NRs), phosphatidylcholines are powerful
signaling molecules. Here, we demonstrate that mimicking phosphatidylcholine-NR interactions is a
robust strategy for improving agonists of liver receptor homolog-1 (LRH-1), a promising therapeutic
target for diabetes and colitis. Conventional LRH-1 modulators only occupy part of the binding
pocket, leaving vacant a region important for phosphatidylcholine binding and allostery. Therefore,
we constructed a set of hybrid molecules that incorporate elements of natural phosphatidylcholines
into the scaffold of a synthetic LRH-1 agonist. The phosphatidylcholine-mimicking group increases
LRH-1 binding affinity and transcriptional activity via formation of productive interactions with
residues that coordinate the phosphatidylcholine headgroup. In organoid and 7 vive models of
colitis, the best new agonist upregulates LRH-1-controlled anti-inflammatory genes and significantly
improves colonic histopathology and disease-related weight loss. This is the first evidence of  vivo

efficacy for an LRH-1 modulator in colitis, a leap forward in agonist development.

Introduction

Phospholipids (PLs) comprise a diverse family of amphipathic lipids characterized by a
phosphate-containing headgroup and two fatty acyl tails of varied lengths and saturation states. PLs
play many roles in physiology, including forming lipid bilayers, signaling for apoptosis, and activating
G-protein coupled receptors.”” PLs are labile and are synthesized and catabolized in response to

stimuli such as fed or fasting states, stress, and circadian thythms,"*

yielding metabolites that
perform specialized functions.
Phosphatidylcholines (PCs) are a subtype of PL that are the most abundant component of

cukaryotic cellular membranes and are vital for maintaining membrane integrity and curvature.” In

addition to these structural roles, PCs are important cell sighaling mediators. Catabolism of PCs
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produces bioactive molecules such as arachidonic acid and diacylglycerol.” PC catabolism also
generates labile methyl groups used for DNA methylation and for synthesis of molecules such as
nucleotides and amino acids.” Catabolism of PCs is not required for bioactivity: certain intact PCs
exert broad effects on metabolic homeostasis by acting as ligands for nuclear hormone receptors
(NRs).*'"" As NR ligands, PCs represent a novel, understudied class of hormone.

Particularly strong evidence supports a role for PCs as ligands of liver receptor homolog-1
(LRH-1). LRH-1 is an orphan NR that regulates cholesterol homeostasis, metabolism, proliferation,
and intestinal inflammation and has garnered attention as a novel therapeutic target for diseases such
as diabetes, cancer, and inflammatory bowel diseases.'” LRH-1 binds a wide range of PLs i vitro,

162 Moreover, several models have

and medium-chained, saturated PCs activate it exogenously.
shown a relationship between endogenous PC levels and LRH-1 activity. Diet-induced depletion of
PCs in mice induces an “antagonist” pattern of gene expression in the liver similar to LRH-1
knockout mice.** Similarly, diet-induced depletion of PCs in C. elegans inhibits the worm LRH-1
ortholog, causing fat accumulation that is rescued by PC agonists.” In human hepatocytes, LRH-1
senses PCs generated via methyl metabolism to control beta-oxidation of fatty acids and

mitochondrial biogenesis.”

Finally, oral administration of dilauroylphosphatidylcholine (DLPC, PC
12:0/12:0) induces potent anti-diabetic effects in mouse models of insulin resistance. The anti-
diabetic effects are LRH-1-dependent and occur via repression of de novo lipogenesis in the liver.'"®
The sensitivity of LRH-1 to PC levels suggests a regulatory circuit connecting PC availability
to LRH-1-controlled gene expression. However, this circuit has been difficult to elucidate. Natural
PCs are insoluble and rapidly metabolized, and unlikely to be LRH-1-selective, which makes them
difficult to work with in the laboratory. These poor pharmacological properties also limit the use of

PCs as therapeutics. We therefore designed a set of “PL-mimics” by fusing PL headgroups (or

phosphate bioisosteres) to the synthetic LRH-1 agonist RJW100 (Figure 1a-b).”” These hybrid
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molecules contain the hexahydropentalene (6HP) core from RJW100, appended with a polar moiety
that mimics a PC headgroup at position R* (Figure 3.1a-b).”” Based on structural analyses, we
hypothesized that the modified R* groups would make similar interactions to PCs in the LRH-1
binding pocket and stimulate receptor activity. Indeed, the agonists activate LRH-1 robustly  vitro
and promote strong patterns of coregulator protein recruitment. We present new crystal structures
showing that the agonists are anchored deeply in the pocket via the 6HP core and that the added
polar groups make PL-like contacts at the mouth of the pocket as designed. The best of this class is
active /7 vivo, suppressing lipogenic genes in the liver and inducing intestinal anti-inflammatory genes
in separate mouse studies. Anti-inflammatory effects in the gut profoundly reduce inflammation
and weight loss in a murine model of colitis. This work demonstrates that strategic targeting of the
PC binding site improves activity, elucidates the mechanism of action of these compounds, and
provides the first 7z vivo evidence of efficacy in colitis for a small molecule modulator of LRH-1.
Results

Structure-guided design of PL-mimics.

Crystal structures of LRH-1 bound to PLs depict an unusual ligand binding mode.'*">*
Whereas most NR ligands are fully engulfed within the binding pocket, PLs bind LRH-1 with a
portion of the headgroup protruding into the solvent (Figure 3.1a). Lipid phosphates coordinate
polar residues near the pocket mouth, while the acyl chains line the pocket interior, making
numerous hydrophobic contacts (Figure 3.1a). We previously focused on strengthening deep pocket
interactions made by RJW100, resulting in the discovery of the potent agonists 6N and 6Na.**" We
used an alternative approach to design the PL-mimics, seeking to promote interactions near the
mouth of the pocket. Notably, the alkyl “tail” of RJW100 (position R* overlaps with the PL fatty

acyl chains and follows a trajectory toward the pocket mouth (Figure 3.12).”” Based on this
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observation, we synthesized sets of compounds modified at R* with alkyl tails of varied lengths at
that terminate in polar, PL-mimicking groups (Figure 3.1b).”’
Modifications improve binding affinity and activity.

The addition of a phosphorylcholine (ChoP) or carboxylic acid (CA) to position R* on the
RJW100 scaffold dramatically increases LRH-1 transcriptional activity, depending on the length of
the alkyl linker connecting the bicyclic core to the modified group.”” Compounds containing linkers
of 9-10 carbons are the strongest activators for both classes, increasing Ena neatly two-fold over
RJW100 (Figure 3.1c). The optimal linker is 18-20 A from the bicyclic core to the terminal polar
group for the ChoPs and 15-17 A for the CAs (Figure 3.1c, Table S3.1).2” Compounds with short
alkyl linkers (4-5 carbons) do not significantly activate the receptor above baseline at doses up to 30
uM,”” and diverse modifications elsewhere on the RfW100 scaffold™ affect potency (ECsy) but rarely
increase Ena (Figure 3.1d). The PL-mimicking groups also improve binding affinity in a linker
length-dependent manner (Figure 3.1e-f, $3.1-83.3). ChoPs and CAs with longer linkers (9-11
carbons) have the highest affinities, with Kj values between 2-11 nM (Figure 3.1e-f, Table S3.1). To
test whether the improved affinity and activity are caused by the longer alkyl linker or the terminal
polar group, we synthesized and tested a set of diols (terminally hydroxy-modified at R*) with
varying linker lengths (Figure 3.1b). The diols bind and activate LRH-1 similarly to RJW100
regardless of linker length, suggesting that the charged polar group is the driver of the improved
properties (Figure 3.1c, 1g, S3.3-83.4). Together, these data suggest that PL-mimicking groups form
productive interactions with LRH-1, greatly increasing transcriptional output.

Structural basis for improved binding and activity.

To understand the mechanism of action of the PL-mimics, we determined X-ray crystal

structures of the LRH-1 LBD bound to either 10CA or 9ChoP at resolutions of 2.3 and 2.55 A,

respectively (Figure 3.2a-b, Table S3.2). Both structures depict the ligand bound at a single site in
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the ligand binding pocket (Figure 3.2a-b). The peptide from the TIF2 coregulator, added to stabilize
the complex, is bound at the activation function surface (AFS), comprised of portions of helices 3,
4, and the activation function helix (AF-H, Figure 3.2a-b).

The electron density surrounding the ligands unambiguously indicates their positions in the
ligand binding pocket, including the extended alkyl linkers and terminal polar groups (Figure 3.2c).
The agonists’ 6HP cores, styrene substituents and hydroxyl groups adopt nearly identical positions
in the deep pocket to RJW100 (Figure S3.5). Remarkably, the alkyl tails of both 10CA and 9ChoP
extend toward the mouth of the pocket, with the terminal polar groups close to the DLPC
phosphate (seen by superposition with PDB 4DOS," Figure 3.2d). The CA and ChoP groups make
very similar contacts near the mouth of the pocket as DLPC, including hydrogen bonds with the
sidechains of residues Y516 and K520 and with the a-amino group of G421 (Figure 3.2e-f). The
agonists also make a water-mediated hydrogen bond with the a-amino group of 1.424 via the CA
and phosphate groups (also made by DLPC), strengthening their associations with the pocket
mouth. Molecular dynamics simulations with the 10CA structure predict that the interactions with
Y516 and K520 persist for 50.2% and 37.6% of a 1 us simulation, respectively. This is similar to
DLPC, which interacts for 49.4% of the time with Y516 and 33.2% with K520. The interaction with
the backbone amide of G421 is less stable for 10CA than DLPC (27.0% of the simulation versus
48.1% for DLPC).

We were particularly interested in how the PL-mimics affect receptor conformation near the
mouth of the pocket, since flexibility there is important for allosteric signaling by DL.PC.”
Specifically, the helix 6/ B-sheet region is used to sense ligands and communicate with the
coregulator binding surface to recruit appropriate coregulator proteins.” PL binding expands the
pocket mouth relative to apo LRH-1 via a ~3 A displacement of helix 6 by the sn1 acyl chain.’"*

10CA and 9ChoP expand the pocket mouth through a different mechanism. They do not shift helix
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6; instead, they displace the C-terminus of helix 10 by 2.0-2.3 A relative to apo LRH-1 (from
superposition with PDB 4PLD)* and 3.5-3.9 A relative to the LRH-1-DLPC structure, Figure 3.2g).
To form hydrogen bonds with Y516 and K520, the R* polar groups of the PL.-mimics move toward
the C-terminus of helix 10 relative to the DLPC phosphate.

To interrogate the function of the PL-like interactions made in the structures, we mutated
key LRH-1 residues and measured the impact on binding affinity and transcriptional activity.
Introduction of either a Y516A or K520A mutation decreases DLPC’s binding affinity by 40- and
24-fold, respectively, versus WT LRH-1 (Figure 3.2h, §3.6). We also observe statistically significant
reductions in binding affinities for longer-tailed CAs and ChoPs for both mutants, with the
exception of 9ChoP for the K520A mutation (Figure 3.2h, §3.6). Compounds with the 6HP
scaffold that do not contact these residues (RJW100 and 6N)*** are insensitive or less sensitive to
these mutations (Figure 3.2h, S3.7). In luciferase reporter assays, mutations to Y516A or K520A do
not affect basal activity of LRH-1; however, the Y516A mutation reduces activation by all four
agonists by 24-33% relative to WT protein (Figure 3.2i). Compounds 9CA and 10CA are very poor
activators of the K520A mutant, reducing its activation by around 60% versus WT LRH-1, while
9ChoP and 10ChoP activate it equally well as WT protein. Together, these results demonstrate that
one or more of the interactions near the mouth of the pocket contribute to the increased affinity
and efficacy conferred by the extended polar group at R*.

Effects on LRH-1 conformation and coregulator recruitment.

To understand how the PL-mimics switch LRH-1 into the active state, we investigated how
activating zersus non-activating CAs affect LRH-1 conformation in solution using hydrogen-
deuterium exchange mass spectrometry (HDX-MS). We used four CAs for HDX-MS, two that
bind LRH-1 but are inactive (4CA and 5CA) and the two most active agonists in this series (9CA

and 10CA). Relative to the inactive compounds, 9CA and 10CA stabilize the LRH-1 activation
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function surface (AFS), a dynamic region in the LBD that serves as a binding site for coregulator
proteins (Figure 3.3a, Figure S3.7). Ligand-induced conformational changes to the AFS tune
coregulator associations and modulate transcriptional activity. Compounds 9CA and 10CA stabilize
portions of the AFS, including helix 3 and the loop preceding the activation function helix (pre-AF-
H loop) relative to the shorter-tailed CAs (Figure 3.3a-c). 10CA also stabilizes the AF-H and part of
helix 4 relative to 4CA (Figure 3.3a-b).

The stabilization of the AFS observed with HDX-MS suggests that 9CA and 10CA may
affect coregulator associations. To test this, we conducted coregulator profiling using the
Microarray Assay for Real-time Coregulator-Nuclear Receptor Interactions (MARCoNI), a
microarray that quantifies associations of 64 coregulators from a library of 154 peptides containing
NR interaction motifs.” We first investigated how long- versus short-tailed agonists affect
coregulator binding to the LRH-1 LBD, using the same CAs as the HDX-MS experiments. Since

LRH-1 copurifies with PL from E. o/, thought to act as weak agonists,"*"*

we generated apo LRH-1
LBD by stripping the ligands and refolding the receptor'® (Figure S3.9). Apo LRH-1 LBD
preferentially binds peptides from known LRH-1 corepressors (i.e. nuclear receptor corepressor 1
(NCOR1), nuclear receptor subfamily 0 group B member 1 (NROB1, also called DAX-1), and
nuclear receptor subfamily 0 group B member 2 (NROB2, also called SHP) (Figure S3.9). The
strongest interactor is NF-»B inhibitor beta (InB, Figure S3.9), a direct repressor of the retinoid X
receptor” that has not been previously reported to bind LRH-1. Both 9CA and 10CA disrupt many
of the strongest coregulator interactions with apo-LRH-1 (7e. IxBj3, NCORI1, and transcriptional
cofactor of c-fos (TREF1)), while strongly recruiting a specific complement of coregulators (e.g.
ligand dependent nuclear receptor corepressor (LCOR), nuclear receptor coactivator A1 (NCOAT1)

and nuclear receptor coactivator A3 (NCOA3), Figure 3.4a). In contrast, 4CA and 5CA have much

weaker effects on coregulator associations (Figure 3.4a). These results suggest that the longer-tailed
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agonists promote conformational changes to the LBD that affect coregulator recognition of the
AFS, consistent with observations from HDX-MS.

In addition to demarking differences between active and inactive compounds, the
coregulator recruitment pattern of 9CA and 10CA is also distinct from agonists in different classes.
This is seen through comparison to MARCoNI results with 6N and 6N-aniline (6Na), which share
the RJW100 core scaffold but are modified elsewhere on the molecule.” Unsupervised hierarchical
clustering of the data shows a striking separation by ligand class: the most structurally similar
ligands cluster together (Figure 3.4b). The close relationship between 9CA and 10CA in the
clustering analysis appears to be due to common effects on coregulator dissociations. This
distinguishes them from 4CA, which exhibits an otherwise similar (albeit weaker) pattern of
coregulator associations to the longer-tailed compounds (Figure 3.4b). Coregulator recruitment by
6N and 6Na is weak relative to the longer-tailed CAs, but it also displays a different pattern: for
example, 9CA and 10CA promote dissociation of 16 coregulator peptides in common, while 6N and
6Na affect a distinct set of five coregulator peptides (Figure 3.4c).

Many of the observations from the experiment with isolated LBD are recapitulated in a
MARCoNI study using FL-LRH-1. This is not a direct correlate to the LBD experiment, since apo-
FL protein was unstable, and FL-LRH-1 in this experiment was bound to copurifying E. co/i PL.
Interestingly, the recombinant FL-LRH-1 exhibits a nearly identical coregulator binding pattern to
untreated apo-LBD (Figure S3.9). The FL protein also responds very similarly to 10CA, strongly
recruiting peptides from LCOR, NCOA1, and SHP and strongly dissociating IkBf3, NCoR1, and
TREF (Figure S3.9). A total of 85% of the peptides affected by at least 1.5-fold over baseline by
10CA in the LBD experiment are also altered by more than 1.5-fold with FL-LRH-1 (Figure 3.4d).

As in the LBD experiment, the effects of 6N are relatively weak and mainly involve coregulator

dissociation, including IkBf} and several canonical LRH-1 corepressors (e.g. NCOR1, PROX1, SHP,
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and DAX-1, Figure §3.9). Differences between 10CA and 6N are more apparent with FL-LRH-1
than LBD: 22 peptides are recruited by one compound and displaced by the other (Figure 3.4e).
These striking differences in patterns of coregulator recruitment by 10CA versus 6N are indicative of
distinct ligand-induced conformational changes at the LRH-1 AFS, demonstrating that receptor
allostery is tunable through ligand modifications. These studies also reveal the strong effects on
coregulator recruitment driven by the strategic addition of a PL-mimicking group.
10CA reduces excpression of lipogenic genes in the liver.

LRH-1 is highly expressed in the liver, where it regulates bile acid biosynthesis, ER-stress

161737 We tested whether 10CA, one of the most active of the new

resolution, and de novo lipogenesis.
compounds in luciferase assays, could activate endogenous LRH-1 in Huh7 hepatocytes. A 24-hour
treatment of 10CA dose-dependently upregulates known LRH-1 transcriptional targets SHP
(NROB2) and polo-like kinase 3 (PLK3). 10CA also downregulates targets involved in de novo
lipogenesis, including sterol regulatory element-binding protein 1 (SREBPF7, also called SREBP1-c),
acetyl-CoA carboxylase 2 (ACACB), fatty acid synthase (FASN), and stearoyl-CoA desaturase-1
(SCDT) (Figure 3.5a). Interestingly, downregulation of these lipogenic genes in the liver is associated
with LRH-1-dependent antidiabetic effects by DLPC."

To determine whether 10CA can activate LRH-1 in the liver 7z vivo, we overexpressed human
LRH-1 (hLRH-1) in C57BL/6] mice using AAV8 adenovirus. The overexpression strategy was
chosen because 10CA and analogs are poor activators of mouse LRH-1 in luciferase reporter assays
(data not shown). Two weeks after viral infection, mice were treated with 10CA at 0.1, 1, or 10
mg/kg in a seties of five intraperitoneal injections spanning three days (Figure 3.5b).
Overexpression of hLRH-1 was verified by qRT-PCR (Figure 3.5¢), and agonist-induced gene

expression changes in the liver were assessed by Nanostring.” The most prominent effect of 10CA

treatment is the downregulation of lipogenic genes (Figure 3.5d-¢). The affected genes were the
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same as those downregulated in Huh7 cells (FFASN, SREBPF1, ACACB, and SCDT). The
downregulation was dependent on hLRH-1 expression, since they were unchanged in mice not
expressing hLRH-1 (Figure S3.10).
Efficacy of 10CA in organoid and niurine models of colitis.

LRH-1 is a novel therapeutic target for inflammatory bowel diseases such as ulcerative colitis
(UC), a chronic disease characterized by inflaimmation of the colon and decreased integrity of the
intestinal epithelium.” LRH-1 regulates local glucocorticoid production in the intestine that
promotes cell survival, which is important for maintenance of the intestinal epithelial barrier.*”
* Loss of LRH-1 function in mice decreases glucocorticoid production in the intestinal epithelium
and decreases expression of Cypl1al and Cyp11b1, genes that regulate corticosterone production.”
These defects are rescued by overexpression of hLRH-1.* We therefore investigated efficacy of
10CA in UC. We began with an 77 vifro model, using organoids derived from intestinal crypts of
humanized LRH-1 mice (enteroids). In these enteroids, hLRH-1 is expressed in the context of
conditional deletion of endogenous LRH-1 in the intestinal epithelium,” and they mimic ulcerative
colitis (UC) when stimulated with tumor necrosis factor alpha (TNF-«) to induce inflammation.***
Overnight treatment with 10CA induces expression of Cyp77al and Cyp17h1, increases expression of
the anti-inflammatory cytokine I/~70, and decreases expression of pro-inflammatory cytokines [/-7B
and TNNF-a (Figure 3.6a-c). These changes in gene expression require the expression of hLRH-1,
since they are not observed in epithelium-specific LRH-1-deficient enteroids (Figure S3.11).
Therefore, 10CA strongly upregulates LRH-1-controlled steroidogenesis in enteroids with
concomitant anti-inflammatory gene expression changes.

To test efficacy of 10CA 2 vivo, we utilized a dextran sulfate sodium (DSS)-induced murine
model of UC, using epithelium-specific humanized LRH-1 mice. Administration of DSS rapidly

damages the intestinal epithelium, resulting in intestinal inflammation and compromised barrier
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function.” Mice received seven days of DSS treatment, followed by five days of daily intraperitoneal
injections of 10CA or vehicle. DSS administration caused rapid weight loss in both groups beginning
around day 5, typical for this disease model.* Vehicle-treated animals lost an average of 8.6% initial
body weight by the end of the study (Figure 3.6d). In contrast, mice treated with 10CA began re-
gaining weight on day 9 and were within 1% of baseline at the end of the study (Figure 3.6d).
10CA-treated mice had markedly improved scores for disease activity, which quantity severity of
symptoms such as diarrhea and blood in the stool (Figure 3.6¢), and scores for histology and gross
morphology, which quantify inflammation, tissue damage, and crypt loss in the colon (Figure 3.6¢).
Representative colonic tissue sections illustrate the striking differences between 10CA-treated and
control mice, with examples of crypt loss highlighted in yellow (Figure 3.6f-g). This is the first
LRH-1 small molecule agonist to show 7z vive efficacy in a model of colitis, demonstrating the
potential of targeting LRH-1 for treatment of this chronic disease.
Discussion

The discovery that PCs act as nuclear receptor ligands has illuminated the potential for novel
signaling axes connecting PC metabolism with gene expression. Compelling evidence from gain and
loss of function studies connects PC availability to LRH-1-controlled transcriptional programs
involving lipid and methyl metabolism. A close relationship between PC generation via the one-
carbon pathway and the response of LRH-1 to dietary PCs has led to the intriguing hypothesis that
LRH-1 senses PCs as a proxy for nutrient availability. Likewise, PCs have anti-inflammatory effects
in the intestinal mucosa that are not fully explained by their physical role in this tissue.**" The
agonists described herein provide tools to probe a potential LRH-1-PC regulatory circuit, which is
challenging to elucidate with natural PCs due to their lability and promiscuity.”'

Crystallographic data reveals very different binding modes of natural PL and the synthetic

LRH-1 modulator RJW100, with the former making polar interactions near the mouth of the pocket
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and the latter being anchored in the deep pocket.””* The hybrid PL-mimics were designed with the
rationale that appending a polar moiety to an extended R* alkyl tail would allow the agonists to
interact with both regions of the pocket. With two new crystal structures, we demonstrate that this
strategy was successful: the 6HP cores nearly perfectly superpose with RJW100, while the polar
groups in the extended tails form hydrogen bonds with several residues engaged by the DLPC
phosphate group (Figure 3.2). Disrupting these hydrogen bonds via mutagenesis reduces binding
affinity and decreases activity of the longer-tailed agonists (Figure 3.2). Compounds with shorter
tails or lacking a charged group at the R* terminus are not more active than RJW100, further
demonstrating that the PL-mimicking interactions are responsible for the improved binding and
activity profiles (Figure 3.1). HDX-MS experiments show that the longer-tailed CAs stabilize the
LRH-1 AFS relative to shorter-tailed CAs (Figure 3.3). The AFS stabilization is associated with
much stronger effects on coregulator recruitment than seen with shorter-tailed CAs, including
dissociation of many factors bound by apo-LRH-1 (Figure 3.4). Together, these data suggest a
model in which specific interactions made by the PL-mimicking group promote conformational
changes at the AFS that activate the receptor by modulating coregulator associations. Notably, the
allostery observed for the PL-mimics is different from that of DLPC, which relies upon flexibility
and motion of the region near helix 3.6. The PL-mimics do not displace helix 6 in the crystal
structures (Figure 2), and the flexibility of helix 6 is unchanged in HDX-MS experiments with 9CA
and 10CA versus shorter-tailed CAs (Figure 3.3). The agonists therefore mimic PC interactions but
act more as hybrids between PCs and synthetic agonists with respect to effects on receptor
conformation and allostery. Nevertheless, the PL-mimics recapitulate many gene expression
changes made by exogenous DLPC, including downregulation of lipogenic genes in hepatocytes and
mouse liver (Figure 3.5). Downregulation of the same set of lipogenic genes and consequent

suppression of de novo lipogenesis is thought to be the main mechanism through which DLPC exerts
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anti-diabetic effects, including reducing liver fat accumulation and improving insulin resistance.
This suggests a potential for the new agonists in diabetes and metabolic disorders associated with
obesity, which is an ongoing area of research in our laboratories.

LRH-1 is as an important regulator of intestinal cell renewal and local inflammation in the
gut.*"* One of the most exciting findings in these studies is the strong efficacy in UC i vivo. While
gain and loss of function studies have demonstrated the potential of targeting LRH-1 in colitis,” and
the agonist 6N activates steroidogenic genes in enteroids,” this is the first demonstration of a
synthetic molecule to exhibit 7z vivo efficacy. In DSS-induced UC, LRH-1 activation by 10CA
markedly decreases disease markers, inhibits colonic crypt loss, and ameliorates disease-associated
weight loss (Figure 3.6). Studies in enteroids link this efficacy to anti-inflammatory gene expression
patterns (Figure 3.6). Targeting LRH-1 in UC is a particularly intriguing strategy, as its activation
suppresses inflammation locally in the gut.*** UC is commonly treated with corticosteroids, anti-
TNFa therapies, or other systemic immunosuppressants that often cause adverse effects associated
with immunosuppression in tissues other than the colon™. Thus, LRH-1 agonists may offer a more
precise approach to UC treatment, reducing the potential for on-target, adverse effects in other
tissues.

Together, this work has demonstrated an exciting potential for incorporating PL-mimicking
interactions into LRH-1 agonists. The PL-mimics are valuable tools to study LRH-1 activation by
ligands and to broaden our understanding of PL-regulated transcriptional programs. They also have
potential as therapeutics for diseases associated with aberrant LRH-1 activity, such as diabetes and
UC.

Methods
Chemical synthesis. We have previously described the synthesis of the phosphorylcholine derivatives

(4ChoP-11ChoP, also called 12a-12h) and carboxylic acid derivatives (4CA-11CA, also called 13a-
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13h) modified at the R* position of the RJW100 scaffold.”” Methods for synthesis of diols (4OH-
110H) are described in detail in the supplemental materials. Synthetic methods for RfW100 and
RJW100 analogs modified at positions R', R? or R* (compounds 1N-8N; 1X-8X; 9-23, used to
generate Figure 2B) have also been published previously.”

Cell culture. Hela and Huh7 cells were purchased from Atlantic Type Culture Collection. Hela cells
were cultured in MEMoa medium supplemented with 10% charcoal-stripped fetal bovine serum.
Huh7 cells were cultured in DMEM/F12 medium (Gibco) supplemented with 10% fetal bovine
serum. Cells were maintained under standard culture conditions.

Reporter gene assays. Hela cells were seeded into 96-well culture plates at 7500 cells/ well and
transfected with reporter plasmids and either pCI empty vector or full-length LRH-1-pCI. Reporter
plasmids consisted of (1) the pGL3 basic vector containing a portion of the SHP promoter
containing the LRH-1 response element cloned upstream of firefly luciferase and (2) a constitutively
active vector encoding Rexilla luciferase used for normalization. Transfections utilized the
FugeneHD transfection reagent at a ratio of 5 pl Fugene: 2 pg DNA. Cells were treated with
agonists 24 hours after transfection at concentrations indicated in the figure legends. 24 hours after
treatment, luminescence was quantified using the DualGlo kit from Promega on a BioTek Neo plate
reader. Values for ECso and En. were calculated by fitting data to a three-parameter dose-response
curve in GraphPad Prism, v7.

Calenlation of Relative Elfficacy (RE). This value was used to compare data from luciferase reporter assays
that were conducted on different dates by normalizing values to data from the compound RJW100
assessed in parallel experiments. RE was calculated from curve-fitting to data from luciferase reporter
assays. To compare the maximum activities of the new compounds to RJW100, we used the formula

(Maxepa — Minepa) / (Maxgywioo — Mingwioo), where “Max” and “Min” denote the dose response curve
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maximum and minimum, respectively. A RE of 0 indicates a completely inactive compound, a value
of 1 indicates equal activity to RJW100, and values above 1 indicate greater activity.

Protein purification

I.LRH-7 L.BD. LRH-1 LBD (residues 299-541) in the pMSC7 vector was transformed in E. co/i strain
BL21(pLysS) for expression. Cultures were grown at 37 °C in liquid broth to an ODyg of 0.6 prior
to induction of protein expression with 1 mM isopropyl-1-thio-D-galactopyranoside IPTG).
Cultures were grown for 4 hours at 30 °C following induction. Protein was purified by nickel affinity
chromatography with Buffer A of 20 mM Tris HCI (pH 7.4), 150 mM NaCl, 5% glycerol, and 25
mM imidazole and Buffer B of 150 mM Tris HCI (pH 7.4), 150 mM NaCl, 5% glycerol, and 500
mM imidazole (HisTrap FF; GE Healthcare, Little Chalfront, UK). Protein was incubated with
DLPC (4-fold molar excess) overnight at 4 °C, repurified by size exclusion into assay buffer (150
mM NaCl, 20 mM Ttis-HCl (pH 7.4), and 5% glycerol, concentrated to approximately 3 mg/mL,
and stored at -80 °C until use. The same purification strategy was utilized for protein containing the
point mutations described in the text.

Full-length LRH-1 purification. The gene encompassing the full-length LRH-1 (FL-LRH-1; residues 1-
495, isoform 1) was codon-optimized for E. co/i, sub-cloned into a modified PET28b vector with a
His-SUMO tag and transformed into E. co/i strain BL21 (DE3) cells. Cells were grown in LB media
at 37 °C to an ODgy of 0.5. Protein expression was induced with 0.2 mM IPTG and grown
overnight at 16 °C. Cells were harvested by centrifugation and resuspended into lysis buffer
containing 20 mM Tris (pH 7.5), 500 mM NaCl, 5% glycerol, 25 mM imidazole, 0.5 mM #s(2-
carboxyethyl) phosphine (TCEP), and 0.1 mM phenylmethylsulphonyl fluoride (PMSF). Cells were
lysed by sonication for 8 minutes and clarified by centrifugation. Protein was purified by nickel
affinity chromatography with elution buffer of 20 mM Tris HCI (pH 7.5), 500 mM NaCl, 5%

glycerol, 0.5 mM TCEP and 125 mM imidazole (HisTrap FF; GE Healthcare, Little Chalfront, UK).
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The His-Sumo tag was removed using tobacco etch virus (TEV) protease at 4 °C with dialysis
against buffer containing 20 mM Tris (pH 7.5), 500 mM NaCl, 5% glycerol and 0.5 mM TCEP. Ion-
exchange chromatography was used to isolate cleaved protein and remove DNA with tandem Hitrap
Q-SP columns (GE Healthcare). Protein was flowed through the Q column onto the SP column,
from which it was eluted as a single peak using a linear gradient of NaCl from 0.35 M to 1 M.
Finally, the protein was further purified to homogeneity by size exclusion chromatography.
Functionality of the purified protein was determined by testing its ability to bind DNA containing an
LRH-1 response element, and its ability to bind ligand (see “Ligand binding assay” for details). DNA
binding was measured using fluorescence polarization with a 6-carboxyfluorescein (FAM)-labeled
double-stranded DNA probe containing the LRH-1 binding element from the CYP7A1 promoter.
FL-LRH-1 was titrated against 10 nM FAM-CYP7A1 in buffer containing 20 mM Tris (pH 7.5), 150
mM NaCl, 5% glycerol and 0.5 mM TCEP, with a final volume of 50 uL, and incubated at room
temperature for 30 min. Polarization was monitored on a Synergy 4 microplate reader (Biotek,
Winooski, VT) at an excitation/emission wavelength of 485/528 nm. Cutves were fit using a one-
site specific binding equation with baseline-subtraction of protein alone in GraphPad Prism, v7. One
biological replicate was conducted with two technical replicates.

Generation of apo . RH-1. To extract lipids from the LRH-1 LBD, 1 mL of purified protein (3 mg)
was treated with 3.75 mL of chloroform-methanol solution (1:2 v/v) and vortexed briefly. An
additional 2.5 mL chloroform:water solution (1:1 v/v) was added and the mixture was vortexed
again. The stripped and unfolded protein was pelleted by centrifugation at 1000 rpm for 10 minutes.
The resulting protein pellet was dissolved into 0.5 mL of buffer containing 50 mM Tris (pH 8.0), 6
M guanidine hydrochloride and 2 mM DTT. Protein was refolded by fast dilution at 4 °C into 25
mL of buffer containing 20 mM Tris (pH 8.5), 1.7 M urea, 4% glycerol and 2 mM DTT. The final

urea concentration was adjusted to 2 M, and the protein was concentrated to ~ 1.5 mL, followed by
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overnight dialysis against PBS containing 2 mM DTT at 4 °C. Refolded protein was purified by size
exclusion chromatography to remove aggregates and remaining unfolded protein, and ligand binding
ability was verified by fluorescence polarization as described below.

Mutagenesis. Mutations were introduced to LRH-1 in the pMSC7 and pCI vectors using the
Quikchange Lightning Site-Directed Mutagenesis Kit as directed by the manufacturer (Agilent).
Constructs were sequenced prior to use in binding or activity assays.

Ligand binding assay. All assays were conducted in black, polystyrene, non-binding surface 384-well
plates (Corning Inc., Corning, NY) with 30 puLL volumes in assay buffer (150 mM NaCl, 20 mM Tris-
HCI pH 7.4, 5% glycerol). Binding affinity of the fluorescein amidite (FAM)-labeled probe (6N-
FAM) for WT and mutant LRH-1 was determined by titrating purified protein in the presence of 10
nM 6N-FAM, as previously described.” The affinity of the probe for WT and mutant LRH-1 LBD
from these initial experiments was used to determine probe and protein concentrations for
competition experiments with unlabeled agonists. Competition assays were conducted with 10 nM
O6N-FAM (10, 0.6, and 1.1 times the Ky of wildtype, K520A, and Y516A LRH-1, respectively, for
O6N-FAM). For protein concentration, 5, 10, and 15 nM wildtype, K520A, or Y516A LRH-1 were
used, representing 50-80% of the B, from the 6N-FAM binding curves for each protein variant.
Assay conditions were validated using unlabeled compound 6N. Competition experiments used
unlabeled agonists at a concentration range of 200 pM-200 uM. Plates were incubated overnight at
4 °C and centrifuged at 2,000 x g for 2 minutes before polarization measurement. Polarization was
monitored on a Neo plate reader (Biotek, Winooski, VT) at an excitation/emission wavelength of
485/528 nm. The experiment was conducted twice in quadruplicate, and GraphPad Prism version 7
was used to analyze compiled data. Data were first baseline subtracted with the lowest concentration
of competitor as the baseline. To compare the ability of each competitor to displace the 6N-FAM

probe from LRH-1, data were then normalized to the unlabeled 6N competition curve, as 6N
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completely competes the 6N-FAM probe, such that a baseline of 0 represents complete competition
of the 6N-FAM probe for a given agonist. Finally, data were fit using a one-site, fit K; curve in
GraphPad Prism. This equation fits the K; of the unlabelled competing ligand using the ECs of the
competition curve, the concentration of the fluorescent probe, and the K4 of the probe for each
receptor, as follows:

Equation 1: Calculating the ECs of the competing ligand.

Y=Bottom + (Top-Bottom)/(1+10"(X-LogECs))

Equation 2: Calculating K from ECso, probe concentration, and probe K.
logECs=1og(10™ogKi*(1+[Probe, nM]/Probe Kd, nM))

Mutants were normalized to their respective unlabeled 6N competition curves, which had different
shifts in polarization than wildtype. To compare K values for wildtype versus K520A and Y516A
mutants, two-way ANOVA was conducted followed by Dunnett’s test for multiple comparisons
(GraphPad Prism v7).

Hydrogen-denterium excchange mass spectrometry (HDX-MS). Following affinity purification and removal
of the His-tag as described above, LRH-1 LBD protein was repurified by size exclusion
chromatography into an assay buffer of phosphate-buffered saline, pH 7.5, plus 5% glycerol.
Protein aliquots (2 mg/ml) were incubated with carboxylic acid detivatives 4CA, 5CA, 9CA, or
10CA at 5-fold molar excess, overnight at 4 °C. Samples were diluted 1:7 (v/v) in labeling buffer to
initialize exchange reactions (same as the protein buffer but containing 99.9 % DO instead of H,O).
The reactions were quenched after 0, 10, 100, 1000 and 10000 seconds by adding equal volume of
precooled quenching buffer (100 mM phosphate, 0.5 M tris(2-carboxyethyl) phosphine, 0.8% formic
acid, and 2% acetonitrile, pH 2.5). Reactions for each sample at each time point were performed in
triplicate. Quenched samples were passed through an Enzymate BEH pepsin column (Waters Corp,

Milford, MA). Fragmented peptides were separated by an C18 UPLC column and analyzed by a Q-
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Tof Premier mass spectrometer. ProteinLynx Global SERVER™ (PLGS) was used to identify
peptides by database searching of LRH-1 LBD sequence. The HDX-MS data were further processed
using DynamX (v3.0) and the differential HDX between ligand-bound states was calculated by
comparing the relative fractional uptake for each residue at given time.

In vitro NR-coregulator recruitment by MLARCoNI

Experiment with LRH-1 LBD: Assay mixes consisted of 50 nM purified His-LRH-1 LBD (either in
the apo state or pre-loaded with compounds), 25 nM ALEXA488-conjugated penta-His antibody
(Qiagen # 35310), 50 pM DTT, 20mM Tris (pH 7.4), 250mM NaCl and 0.5 mM TCEP.
Experiment with FL-LRH-1: Assay mixes of 50 nM His-SUMO-hLRH-1-FL (bound to
copurifying PL from E. /i or preloaded with compound during purification), 25 nM ALEXA488-
conjugated penta-His antibody (Qiagen # 35310), 50 uM DTT, and 10 uM freshly added compound
(or 2% DMSO) were made in 20mM Tris(pH 7.4), 250mM NaCl and 0.5 mM TCEP and stored on
ice.

LRH-1 in the assay mixes was analyzed by applying Microarray Assay for Real-time Coregulator
Nuclear Receptor Interaction (MARCoNI), using PamChip #88101 with 154 unique coregulator
sequences, as described previously.” In shott, each condition was tested using three technical
replicates (arrays), and LRH-1 binding to each coregulator motif was quantified using BioNavigator
software (PamGene). The compound-induced log-fold change (LFC) of LRH-1 binding to each
coregulator peptide and statistical significance (Student’s t-test) were calculated and visualized using
R software (R Core Team, 2017). Compound and interaction (dis)similarity were calculated by
Hierarchical Clustering on Euclidean Distance and Ward’s agglomeration. Upset plots were
generated using the R package UpSetR v1.4.0.>

Crystallography. 6X-His-LRH-1 LBD was expressed and purified by nickel affinity chromatography as

described above. The His tag was cleaved overnight at 4 °C using TEV protease with dialysis against
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buffer containing 150 mM NaCl, 5% glycerol, and 20 mM Tris HCI (pH 7.4). Cleaved protein was
isolated using nickel affinity chromatography. To generate protein-ligand complexes, purified
protein was incubated overnight at 4 °C with 4-5-fold molar excess of ligand. Complexes were
purified by size exclusion chromatography into crystallization buffer consisting of 150 mM NaCl,
100 mM ammonium acetate (pH 7.4), 1 mM DTT, and 1 mM EDTA, 2 mM 3-[(3-
cholamidopropyl)dimethylammonio]-1propanesulfonic acid (CHAPS) and then incubated with 4-
fold molar excess of Tif2 peptide for two hours at room temperature (Tif2 peptide sequence was
H;N-KENALLRYLLDK-COy'). Crystallization conditions for each complex were as follows:
LRH-1-10CA-Tif2: The LRH-1-10CA-TIF2 complex was concentrated to 5 mg/mL and screened
using the Classics screen (Qiagen) and a Phoenix Liquid Handler (Art Robbins Instruments) in 96-
well sitting drop plates. Crystals were generated at room temperature in 0.4 M N/K tartrate.
LRH-1-9ChoP-Tif2: Crystals were generated by soaking into LRH-1-10CA-Tif2 crystals. First, we
generated LRH-1-10CA-Tif2 crystals in larger drops by microseeding, using the LRH-1-10CA-Tif2
crystals described above as seed stocks. Fresh LRH-1-10CA-Tif2 complex was concentrated to 5.2
mg/ml, and the seed stock was added to the protein at a dilution of 1:100. The complex was then
crystallized by sitting drop vapor diffusion at 4 °C, in drops containing 1 ul protein/seed stock plus
2 pl crystallant. The crystallant was 9-19% tert-butanol, 0-6 % glycerol, 0.1 M tri-sodium citrate pH
4.6. The 9ChoP ligand was soaked into the crystal drops at 1 pM (~1% DMSO) for two days, and 1
uM 9ChoP was also added to the cryoprotectant.

Structure Determination. Crystals were flash-frozen in liquid nitrogen using a cryoprotectant of 30%
glycerol in crystallant. Data were collected remotely from Argonne National Laboratory (South East
Regional Collaborative Access Team, Lemont, IL) using the 22ID beamline. Data were processed
and scaled using HKI.2000”" and phased by molecular replacement using Phaser-MR in Phenix™®

with PDB 5L11 as the search model. For the 9ChoP structure, the 10CA structure was used as the
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search model. Coot” and Phenix.refine™ were used for model building and refinement, respectively.
Figures were constructed using Pymol.”’ Ligplot+°' was used to identify residues interacting with the
ligands. Measurements to determine displacement of helix 10 were between C-alphas of residue
N523 for each protein.

Molecular dynamics simulations.

Model construction:

For model construction, two crystal structures of LRH-1 LBD in complex with Tif2 were used.
These were (1) PDB 7]YD (10CA ligand) and (2) PDB 4DOS (DLPC). The structures were
modified at the N and C termini so that they included residues 300-540 of LRH-1 and residues 742-
751 of the Tif2 peptide. Missing residues within this protein sequence were added, as well as missing
protein side chains.

Simulations:

All complexes were solvated in an octahedral box of TIP3P water with a 10 A buffer around the
complex. Na" and Clions were added to neutralize the complex and achieve physiological conditions
62

(150 mM sodium chloride). All systems were generated with the Xleap module of AmberTools,

using the ff14SB force field.®> Parameters for all ligands were obtained using the Antechamber

64 62

module™ of AmberTools. All minimizations and simulations were performed with Amber16.” Using
a minimization protocol of 5000 steps of steepest descent followed by 5000 steps of conjugate
gradient, systems were minimized in an iterative manner: i) with 500 kcal/mol.A’restraints on all
atoms; ii) with 500 kcal/ mol.A” restraints on restraints retained on ligand and peptide atoms; iii)
with restraints removed from all atoms. Following minimization, systems were heated from 0 to 300
K using a 100-ps run with constant volume petiodic boundaries and 5 kcal/ mol.A? restraints on all

protein and ligand atoms. Equilibration was performed using a 12-ns MD run with 10 kcal/mol.A?

restraints on protein and ligand atoms using the NPT ensemble. Restraints were reduced to 1
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kcal/mol.A? for an additional 10 ns of equilibration. All restraints were removed, and production
runs were performed for 1 us in the NPT ensemble. A 2-fs time step was used for all simulations.
All bonds between heavy atoms and hydrogens were fixed with the SHAKE algorithm.® A 10-A
cutoff was used for nonbonded interactions. Long range electrostatics were evaluated using Particle
Mesh Ewald (PME). For analysis, frames were obtained at 20 ps intervals from each simulation. The
CPPTRAJ module® of AmberTools was used for structural averaging of MD trajectories and
distance calculations.

Agonist treatment and RNA extraction in Hub7 cells. Huh7 cells were plated in 6-well plates at 5x10°
cells/well. After 24 hours, cells were treated with vehicle (0.1% DMSO in media) or indicated
concentrations of 10CA. Cells were collected for RNA after 24 hours of treatment. RNA extraction
was performed using the RNAeasy Mini RNA extraction kit (Qiagen).

Animals. Experimental protocols for the AAV8 overexpression study were approved by the Institute
for Animal Care and Use Committee at T3 Laboratories and Emory University and conformed to
the Guide for the Care and Use of Laboratory Animals, published by the National Institutes of
Health (NIH Publication No. 86-23, revised 1996), and with federal and state regulations. C57BL/6]
mice (male; 10-12 weeks of age) were purchased from Jackson Labs (Bar Harbor, ME, USA). Mice
wete housed at room temperature in a 12-hr light/12-hr dark vivatium, with ad /Zbitum access to food
and water.

For the experiments involving enteroids and DSS, the study protocol was approved by the
Animal Care and Use Committee of the Baylor College of Medicine and was in accordance with the
Guide for the Care and Use of Laboratory Animals [DHHS publication no. (NIH) 85-23, revised
1985, Office of Science and Health Reports, DRR/NIH, Bethesda, MD 20205]. Animals were
housed and bred in a specific pathogen free (SPF) facility. An inducible intestinal epithelia cell IEC)

knockout line was created by crossing animals harboring CreERT2 under control of the villin
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promoter with LRH-1 floxed (LRH-17%animals and bred to homozygosity (LRH-1 KO, LRH-
175Villin-Cre+). The humanized LRH-1 line (LRH-175hLRH-14,Villin-Cre+) was generated with
Rosa26-LoxP-STOP-LoxP-hLRH-1 animals, crossed into our LRH-1 KO line, which conditionally
overexpresses hLRH-1 in the intestinal epithelium with the knockout of endogenous mLRH-1.
Viral overexpression and drug treatment. Adeno-associated virus serotype 8 (AAV8) expressing N-
terminal Avi-tagged, human LRH-1 was obtained from Vector Biolabs (Malvern, PA, USA).
C57BL./6] mice were administered 1x10" genome copies (GC)/mL via femoral vein injection. All
experiments were conducted two weeks after virus treatment. Mice were administered 0.1, 1.0, or 10
mg/ kg of 10CA or vehicle (5% ethanol in sunflower oil) via intraperitoneal injection five times over
a 3-day period. Mice were treated each morning and evening for two days and on the morning of
day 3. Mice were euthanized on day 3, approximately four hours after the final drug treatment.
Mouse liver tissue was collected and flash-frozen in liquid nitrogen at the time of euthanasia. Tissue
samples were subsequently stored at -80 °C. To extract RNA, liver samples were cryo-pulverized in
liquid nitrogen, then homogenized in TRI® Reagent (Invitrogen) and RNA was extracted using the
TRI® Reagent protocol followed by miRNAeasy Mini RNA extraction kit (Qiagen). A portion of
the RNA was retained for NanoString analysis, and a portion was subjected to qRT-PCR to verify
overexpression of hLRH-1. Reverse transcription was performed using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). qPCR was performed using the Power SYBR™
Green PCR Master Mix (Applied Biosystems) and run on a StepOnePlus™ Real-Time PCR
instrument (Applied Biosystems). Data were analyzed via the AAC, method, with Taza binding protein
(Thp) serving as the reference gene. Primers for hLRH-1 detection by qPCR were
CTTTGTCCCGTGTGTGGAGAT (forward) and GTCGGCCCTTACAGCTTCTA (reverse) and
for Tbp were TGCACAGGAGCCAAGAGTGAA (forward) and CACATCACAGCTCCCCACCA

(reverse).
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NanoString Gene Expression Analysis. RNA was extracted from liver tissue as detailed above. RNA
concentration was determined from OD values on a Nanodrop 1000. Sample profiles were assessed
on a 2100 Bioanalyzer Instrument (Agilent) using the RNA 6000 Nano (25ng/ul — 1,000ng/ul) or
Pico assay (0.5ng/ul — 20ng/ul). All RNA Integrity (RIN) scores were >9.0. 25ng of total RNA was
hybridized with biotin labeled capture probes and fluorescently labeled reporter probes from
NanoString Technologies, Inc. for 18 hours at 65 °C. Following hybridization, samples were
injected into a NanoString SPRINT cartridge and loaded onto the nCounter SPRINT Profiler
instrument where excess capture probe and reporter probe were removed, and hybridized mRNAs
were immobilized for imaging. Following image acquisition, mRNA counts were extracted from
raw RCC files using nSolver™ data analysis software (ver.4.0, NanoString Technologies, Inc.) and
exported as .csv files for further analysis. One-way ANOVA followed by pairwise t-tests were used
to determine statistical significance.

Humanized . RH-1 Mouse Intestinal Enteroid Culture. Intestinal crypt culture (enteroids) were derived
from LRH-1 KO (LRH-175Villin-Cre+), and hLRH-1 (LRH-175hL.RH-1%4,Villin-Cre+) male mice
(6—8 weeks old). Briefly, the small intestine was isolated and flushed with ice-cold PBS, opened
longitudinally, then cut into 1—2 mm pieces. Intestinal fragments were incubated in an EDTA-
containing solution (4 mM) at 4 °C for 60 min on a tube rocker. The intestinal fragment suspension
was fractionated by vertical shaking manually and crypt-containing fractions passed through a 70 um
cell strainer for plating in Matrigel. The crypt-Matrigel suspension was allowed to polymerize at 37
°C for 15 min. Intestinal organoids wetre grown in base culture media (Advanced DMEM/F12
media, HEPES, GlutaMax, penicillin, and streptomycin) supplemented with growth factors (EGF,
Noggin, R-spondin, R&D Systems), B27 (Life Technologies), N2 (Life Technologies), and N-acetyl
cysteine (NAC, Sigma). Intestinal enteroids were passaged every 3 days. Established LRH-1h

enteroids were treated with mouse TNF-a overnight to provoke inflammatory changes, then treated
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with vehicle (DMSO) or compound 10CA (1 pM) overnight. Following the treatment, enteroid
tissues were harvested for real-time PCR.
RNA Isolation and RT-gPCR. Intestinal enteroids were washed in ice cold PBS and suspended in
Trizol solution (Sigma). RNA was isolated with RNeasy spin columns (Qiagen). DN Ase-treated total
RNA was used to generate cDNA using Superscript II (Quanta). Sybr green-based qPCR (Kapa
Biosystems) was performed on a Roche LightCycler 480 II with primers as shown below. The AACt
method was used for calculating gene expression fold changes using Rplp0O (ribosomal protein, large,
PO, known as 36B4) as the reference. Primer sequences are shown in Table 1 below.
General Synthetic Information
All reactions were carried out in oven-dried glassware, equipped with a stir bar and under a

nitrogen atmosphere with dry solvents under anhydrous conditions, unless otherwise noted.
Solvents used in anhydrous reactions were purified by passing over activated alumina and storing
under argon. Yields refer to chromatographically and spectroscopically (‘H NMR) homogenous
materials, unless otherwise stated. Reagents were purchased at the highest commercial quality and
used without further purification, unless otherwise stated. n-Butyllithium (n-BuLi) was used as a 1.6
M or a 2.5 M solution in hexanes (Aldrich), was stored at 4°C and titrated prior to use. Organic
solutions were concentrated under reduced pressure on a rotary evaporator using a water bath.
Chromatographic purification of products was accomplished using forced-flow chromatography on
230-400 mesh silica gel. Preparative thin-layer chromatography (PTLC) separations were carried out
on 1000um SiliCycle silica gel F-254 plates. Thin-layer chromatography (TLC) was performed on
250pum SiliCycle silica gel F-254 plates. Visualization of the developed chromatogram was performed
by fluorescence quenching or by staining using KMnOy, p-anisaldehyde, or ninhydrin stains.

"H and C NMR spectra were obtained from the Emory University NMR facility and recorded

on a Bruker Avance III HD 600 equipped with cryo-probe (600 MHz), INOVA 600 (600 MHz),
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INOVA 500 (500 MHz), INOVA 400 (400 MHz), VNMR 400 (400 MHz), or Mercury 300 (300
MH?z), and are internally referenced to residual protio solvent signals. Data for 'H NMR are reported
as follows: chemical shift (ppm), multiplicity (s = singlet, d = doublet, t = triplet, ¢ = quartet, m =
multiplet, dd = doublet of doublets, dt = doublet of triplets, ddd= doublet of doublet of doublets,
dtd= doublet of triplet of doublets, b = broad, etc.), coupling constant (Hz), integration, and
assignment, when applicable. Data for decoupled "C NMR are reported in terms of chemical shift
and multiplicity when applicable. IR spectra were recorded on a Thermo Fisher Diamond-ATR and
reported in terms of frequency of absorption (cm ). High Resolution mass spectra were obtained
from the Emory University Mass Spectral facility. Gas Chromatography Mass Spectrometry (GC-MS)
was performed on an Agilent 5977A mass spectrometer with an Agilent 7890A gas chromatography
inlet. Liquid Chromatography Mass Spectrometry (LC-MS) was performed on an Agilent 6120 mass
spectrometer with an Agilent 1220 Infinity liquid chromatography inlet. Preparative High-Pressure
Liquid chromatography (Prep-HPLC) was performed on an Agilent 1200 Infinity Series
chromatograph using an Agilent Prep-C18 30 x 250 mm 10 pm column, or an Agilent Prep-C18 21.2
x 100 mm, 5 um column.

Synthesis of PC Mimics 1-3
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Compounds S1a-S1h, S2a—h, 1a—=h, and 2a—h were synthesized and purified as described
previously.'

Hybrid Precursors: Compounds S1a—S1h

Ph
PW4Z

6MOM
4-(6- exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)butan-1-ol (Sla): '"H NMR (400 MHz, CDCl;) 8 7.35 — 7.11 (m, 10H), 5.03 (d, ] = 1.5 Hz, 1H),
4.99 (d, ] = 1.5 Hz, 1H), 4.60 — 4.52 (m, 2H), 3.81 — 3.71 (m, 1H), 3.54 (t, ] = 6.2 Hz, 2H), 3.29 (s,
3H), 2.47 — 2.35 (m, 1H), 2.31 — 2.26 (m, 1H), 2.09 — 1.99 (m, 4H), 1.78 — 1.54 (m, 4H), 1.52 — 1.35
(m, 3H). For the endo diastereomer (characteristic signals): '"H NMR (400 MHz, CDCl;) 8 5.06 (d, |
= 1.3 Hz, 1H), 4.84 (d, /] = 1.4 Hz, 1H), 4.00 (td, ] = 9.8, 6.1 Hz, 1H), 2.64 (dd, ] = 17.1, 2.4 Hz,
1H), 2.53 (td, ] = 9.0, 2.2 Hz, 1H). ®*C NMR (126 MHz, CDCls) & 154.4, 144.0, 140.8, 139.7, 137.3,
129.6, 127.8, 127.70, 127.65, 126.6, 114.9, 94.7, 86.7, 69.1, 62.6, 55.2, 52.8, 40.4, 32.7, 32.4, 31.5,

29.4,24.0. LRMS (ESI, APCI) 7/ z: calc’d for C;yH3 02 [M-OCH3]" 387.2, found 386.9.

Ph
PW%?

OMOM

! Flynn, A.R., Mays, S.G., Ortlund, E.A., and Jui, N.T.; ACS Med. Chem. Lett. 2018, 9(10), 1051-1056.
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5-(6- exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)pentan-1-ol (S1b): For the exo diastereomer: "H NMR (600 MHz, CDCL) 8 7.41 — 7.10 (m,
10H), 5.01 (d, ] = 1.4 Hz, 1H), 4.97 (d, ] = 1.4 Hz, 1H), 4.60 — 4.51 (m, 2H), 3.76 (s, 1H), 3.55 (t, ] =
6.5 Hz, 2H), 3.27 (s, 3H), 2.39 (d, /] = 8.6 Hz, 1H), 2.29 (dd, ] = 18.2, 9.6 Hz, 1H), 2.10 — 1.88 (m,
4H), 1.75 - 1.50 (m, 2H), 1.50 — 1.42 (m, 2H), 1.41 — 1.22 (m, 5H).

For the endo diastereomer (characteristic signals): '"H NMR (600 MHz, CDCL;) 8 5.07 (d, ] = 1.3 Hz,
1H), 4.84 (d, ] = 1.4 Hz, 1H), 4.00 (td, ] = 10.3, 5.8 Hz, 1H), 2.63 (dd, ] = 17.3, 2.3 Hz, 1H), 2.52
(td, J = 9.2, 2.1 Hz, 1H). LRMS (ESI, APCI) 7/ % calc’d for CysH3:0, [M-OCH3]" 401.2, found

401.2.

Ph
Ph—,/{

E)MOM
6-(6- exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)hexan-1-ol (S1c): For the exo diastereomer: '"H NMR (600 MHz, CDCl;) 8 7.36 — 7.11 (m, 10H),
5.03 (s, 1H), 4.98 (s, 1H), 4.61 — 4.51 (m, 2H), 3.77 (s, 1H), 3.57 (t, ] = 6.7 Hz, 2H), 3.29 (s, 3H),
2.40 (d, ] = 9.1, 1.8 Hz, 1H), 2.30 (dd, ] = 16.9, 9.3 Hz, 1H), 2.10 — 1.96 (m, 4H), 1.79 — 1.53 (m,
2H), 1.54 — 1.45 (m, 2H), 1.43 — 1.23 (m, 7H). For the endo diastereomer (characteristic signals): '"H
NMR (600 MHz, CDCl5) 8 5.08 (d, ] = 1.4 Hz, 1H), 4.85 (d, ] = 1.4 Hz, 1H), 4.01 (td, ] = 9.8, 5.6
Hz, 1H), 2.65 (dd, ] = 17.3, 2.2 Hz, 1H), 2.54 (td, ] = 9.1, 2.3 Hz, 1H).
BC NMR (126 MHz, CDCly) 8 154.5, 144.1, 141.1, 139.4, 137.4, 134.8, 129.6, 127.8, 127.63, 126.59,
114.9,94.7, 86.7, 69.1, 62.8, 55.1, 52.8, 40.5, 32.0, 32.41, 31.42, 29.6, 29.4, 27.8, 25.5. LRMS (ESI,

APCI) 7/ % calc’d for CHasO, [M-OCHs] ™ 415.3, found 415.3.
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OMOM

7-(6- exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)heptan-1-ol (S1d): For the exo diastereomer: 'H NMR (600 MHz, CDCls) 8 7.46 — 7.02 (m,
10H), 5.05 (s, 1H), 5.00 (s, 1H), 4.62 — 4.56 (m, 2H), 3.79 (s, 1H), 3.66 — 3.60 (m, 2H), 3.30 (s, 3H),
241 (d, ] = 9.4 Hz, 1H), 2.32 (dd, ] = 17.0, 9.2 Hz, 1H), 2.08 — 1.92 (m, 4H), 1.78 — 1.67 (m, 2H),
1.59 — 1.49 (m, 2H), 1.44 — 1.19 (m, 9H). For the endo diastereomer (characteristic signals): '"H NMR
(600 MHz, CDCls) 8 5.08 (d, /] = 1.3 Hz, 1H), 4.85 (d, ] = 1.2 Hz, 1H), 4.00 (td, ] = 9.6, 5.6 Hz, 1H),
2.65 (dd, ] = 17.4, 2.1 Hz, 1H), 2.53 (td, ] = 8.9, 2.2 Hz, 1H).

BC NMR (126 MHz, CDCly) 8 154.5, 144.1, 141.2, 139.3, 137.5, 129.6, 127.8, 127.63, 126.57, 114.9,
94.7, 86.7, 69.1, 63.0, 55.1, 52.8, 40.5, 32.7, 32.4, 31.4, 29.64, 29.58, 29.2, 27.7, 25.6. LRMS (ESI,

APCI) 7/ % calc’d for CsHaO, [M-OCHs]™ 429.3, found 428.8.

Ph
PW%?

6MOM
8-(6- exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)octan-1-ol (Sle): For the exo diastereomer: 'H NMR (500 MHz, CDCls) 8 7.41 — 7.18 (m, 10H),
5.05(d, ] = 1.5 Hz, 1H), 5.01 (d, ] = 1.5 Hz, 1H), 4.63 — 4.53 (m, 2H), 3.79 (s, 1H), 3.62 (t, ] = 6.7
Hz, 2H), 3.31 (s, 3H), 2.42 (d, ] = 9.4, 1.8 Hz, 1H), 2.32 (dd, ] = 16.9, 9.1 Hz, 1H), 2.11 — 1.97 (m,
4H), 1.83 — 1.54 (m, 4H), 1.59 — 1.50 (m, 2H), 1.38 — 1.17 (m, 9H). For the endo diastereomer

(characteristic signals): "H NMR (500 MHz, CDCL) § 5.08 (d, ] = 1.3 Hz, 1H), 4.85 (d, ] = 1.3 Hz,
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1H), 4.01 (td, ] = 9.6, 5.8 Hz, 1H), 2.65 (dd, ] = 17.4, 2.1 Hz, 1H), 2.53 (td, ] = 8.9, 2.2 Hz, 1H). *C
NMR (126 MHz, CDCly) 8 154.5, 144.1, 141.3, 139.3, 137.5, 129.6, 127.8, 127.6, 126.59, 126.55,
114.8,94.7, 86.7, 69.1, 63.0, 55.1, 52.8, 40.5, 32.8, 32.4, 31.4, 29.7, 29.6, 29.33, 29.27, 27.8, 25.7.

LRMS (ESI, APCI) /3 calc’d for CsiHyO» [M-OCH;]* 443.3, found 442.9

Ph
PW4Z

OMOM

9-(6- exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)nonan-1-ol (S1f): For the exo diastereomer: "H NMR (500 MHz, CDCL3) 8 7.39 — 7.15 (m, 10H),
5.06 (d, ] = 1.4 Hz, 1H), 5.01 (d, ] = 1.5 Hz, 1H), 4.62 — 4.56 (m, 2H), 3.80 (s, 1H), 3.62 (t, ] = 6.7
Hz, 2H), 3.32 (s, 3H), 2.43 (d, ] = 9.1, 1.7 Hz, 1H), 2.33 (dd, ] = 16.9, 9.2 Hz, 1H), 2.11 — 1.99 (m,
4H), 1.79 — 1.60 (m, 4H), 1.60 — 1.51 (m, 2H), 1.43 — 1.17 (m, 11H).

For the endo diastereomer (characteristic signals): '"H NMR (500 MHz, CDCl3) § 5.09 (d, ] = 1.4 Hz,
1H), 4.86 (d, ] = 1.4 Hz, 1H), 4.01 (td, ] = 9.6, 5.8 Hz, 1H), 2.66 (dd, | = 17.3, 2.4 Hz, 1H), 2.54 (td,
J=9.0,2.3 Hz, 1H). ®C NMR (126 MHz, CDCl;) & 154.5, 144.1, 141.3, 139.2, 137.5, 129.6, 127.8,
127.6, 126.62, 126.56, 114.9, 94.7, 86.7, 69.1, 63.0, 55.2, 52.7, 40.5, 32.8, 32.4, 31.4, 29.7, 29.6, 29.5,

29.4,29.3,27.8, 25.7.LRMS (ESI, APCI) 7/ % calc’d for CHu O, [M-CH50] " 457.3, found 457.8.

Ph
PW%?

OMOM
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10-(6-exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-
2-yl)decan-1-ol (S1g): For the exo diastereomer: "H NMR (500 MHz, CDCl;) 8 7.41 —7.17 (m,
10H), 5.07 (d, /] = 1.4 Hz, 1H), 5.02 (d, ] = 1.5 Hz, 1H), 4.64 — 4.56 (m, 2H), 3.81 (p, ] = 2.1 Hz,
1H), 3.62 (d, ] = 6.6 Hz, 2H), 3.32 (s, 3H), 2.44 (dq, | = 9.2, 1.7 Hz, 1H), 2.35 (dd, ] = 16.9, 9.2 Hz,
1H), 2.11 — 2.00 (m, 4H), 1.81 — 1.63 (m, 4H), 1.57 (m, 2H), 1.40 — 1.19 (m, 13H). For the endo
diastereomer (characteristic signals): '"H NMR (500 MHz, CDCl;) 8 5.10 (d, ] = 1.3 Hz, 1H), 4.87
(d,J=1.4Hz, 1H), 4.03 (td, ] = 9.7, 5.6 Hz, 1H), 2.68 (dd, ] = 17.3, 2.3 Hz, 1H), 2.56 (td, ] = 9.0,
2.3 Hz, 1H). ®*C NMR (126 MHz, CDCls) § 154.5, 144.1, 141.3, 139.2, 137.5, 129.6, 127.8, 127.6,
126.62, 126.56, 114.9, 94.7, 86.7, 69.1, 63.0, 55.2, 52.7, 40.5, 32.8, 32.4, 31.4, 29.7, 29.6, 29.5, 29.4,

29.3,27.8,25.7. LRMS (ESI, APCI) 7/ z: calc’d for Cs3HazO, [M-CH;0] " 471.3, found 470.9.

Ph
PhJ{

6MOM
11-(6-exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)undecan-1-ol (S1h): For the exo diastereomer: 'H NMR (500 MHz, CDCls) 8 7.42 — 7.16 (m,
10H), 5.08 (d, ] = 1.5 Hz, 1H), 5.03 (d, ] = 1.5 Hz, 1H), 4.65 — 4.56 (m, 3H), 3.82 (s, 1H), 3.64 (t, ] =
6.7 Hz, 2H), 3.33 (s, 3H), 2.45 (d, ] = 9.2, 1.7 Hz, 1H), 2.36 (dd, ] = 16.9, 9.2 Hz, 1H), 2.13 — 2.00
(m, 4H), 1.89 — 1.61 (m, 4H), 1.62 — 1.51 (m, 2H), 1.41 — 1.19 (m, 15H).
For the endo diastereomer (characteristic signals): '"H NMR (500 MHz, CDCL;) 8 5.11 (d, ] = 1.4 Hz,
1H), 4.88 (d, ] = 1.4 Hz, 1H), 4.03 (td, ] = 9.8, 5.8 Hz, 1H), 2.68 (dd, | = 17.3, 2.3 Hz, 1H), 2.57 (td,
J=19.0,2.3 Hz, 1H). "C NMR (126 MHz, CDCL3) 8 154.5, 144.1, 141.4, 139.2, 137.5, 129.6, 127.8,

127.7,126.64, 126.58, 114.9, 94.7, 86.8, 69.1, 62.9, 55.2, 52.7, 40.6, 32.8, 32.5, 31.5, 29.7, 29.7, 29.61,



85

29.58, 29.54, 29.46, 29.4, 27.9, 25.8. LRMS (ESI, APCI) 2/ calc’d for CyyHisO, [M-CH;0]" 485.3,
found 484.9.

Phosphorylcholines: Compounds 1a—bh.

4-(6- exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)butyl (2-
(trimethylammonio)ethyl) phosphate (1a): 'H NMR (500 MHz, CDCls) 8 7.28 — 7.13 (m, 10H),
5.02 (s, 1H), 4.99 (s, 1H), 4.19 (s, 2H), 3.81 (s, 1H), 3.76 (s, 2H), 3.64 (s, 2H), 3.21 (s, 9H), 2.26 — 2.05
(m, 3H), 2.01 — 1.87 (m, 1H), 1.68 — 1.36 (m, 9H). *'P NMR (121 MHz, CDCL) 8 -0.76. LRMS (ES],

APCI) m/z: calc’d for CsiHyOsNP [M+H]" : 540.3, found 540.3.

5-(6- exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)pentyl
(2-(trimethylammonio)ethyl) phosphate (1b): 'H NMR (600 MHz, CDCls) 8 7.31 — 7.24 (m,
4H), 7.25 - 7.14 (m, 6H), 4.99 (s, 2H), 4.19 (s, 2H), 3.86 (s, 1H), 3.75 (s, 2H), 3.63 (s, 2H), 3.20 (s,

9H), 2.25 — 2.18 (m, 1H), 2.16 — 2.04 (m, 2H), 1.95 — 1.87 (m, 1H), 1.70 — 1.60 (m, 1F), 1.60 — 1.52
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(m, 4H), 1.53 — 1.43 (m, 1H), 1.42 — 1.30 (m, 3H), 1.31 — 1.18 (m, 2H). *P NMR (121 MHz, CDCl,)

8 -0.82. LRMS (ESI, APCI) 7/z: calc’d for CyoFLisOsNP [M+H]" : 554.3, found 554.2.

Ph
AN

o
K (0] ND
HO o RN
o) |

6-(6-exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)hexyl (2-

(trimethylammonio)ethyl) phosphate (1c): 'H NMR (500 MHz, CDCl3) § 7.41 — 7.26 (m, 4H),

7.28 — 7.12 (m, 6H), 5.03 (s, 1H), 5.01 (s, 1H), 4.24 (s, 2H), 3.88 (s, 1H), 3.80 — 3.67 (m, 4H), 3.28 (s,

9F), 2.28 — 2.05 (m, 3H), 2.01 — 1.80 (m, 1H), 1.72 — 1.49 (m, 3H), 1.40 — 0.82 (m, 10F). *P NMR

A oroform- -0.59. R m/ 2. calc’d tor Cs3H4rOs + 3,
(121 MHz, Chlorof d) 8 -0.59. LRMS (ESI, APCI) 7/ z: calc’d for Cs3sHysOsNP [M+H]" 568.3

found 568.2.

S Ph
HO" 0. g -
NS

7-(6- exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)heptyl
(2-(trimethylammonio)ethyl) phosphate (1d): 'H NMR (500 MHz, CDCl;) 8 7.37 — 7.11 (m,
10H), 5.02 (s, 1H), 4.99 (s, 1H), 4.21 (s, 2H), 3.87 (s, 1H), 3.77 (s, 2H), 3.67 (s, 1H), 3.25 (s, 9H),
2.29 - 2.16 (m, 1H), 2.15 - 2.02 (m, 2H), 2.00 — 1.90 (m, 1H), 1.72 — 1.57 (m, 3H), 1.57 — 1.48 (m,

3H), 1.37 — 1.14 (m, 9H). *C NMR (300 MHz, CDCl3) & 154.6, 144.1, 140.9, 139.6, 137.4, 129.6,
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127.8,127.7,126.64, 114.7, 81.5, 69.1, 66.1, 65.7, 59.2, 55.7, 54.3, 40.0, 34.2, 32.0, 30.8, 29.5, 29.3,
29.2,27.6, 25.6. P NMR (300 MHz, CDCIy) 8 -0.51. HRMS (ESI) /2 calc’d for CsyHaOsNP

[M+H]" : 582.3343, found 582.3338.

8-(6-exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)octyl (2-
(trimethylammonio)ethyl) phosphate (le): "H NMR (600 MHz, CDCl3) § 7.33 —7.15 (m, 10H),
5.00 (s, 1H), 4.96 (s, 1H), 4.22 (s, 2H), 3.89 (s, 1H), 3.81 — 3.75 (m, 2H), 3.74 — 3.66 (m, 2H), 3.27 (s,
9H), 2.28 — 2.17 (m, 2H), 2.10 — 2.04 (m, 1H), 1.96 — 1.87 (m, 1H), 1.71 — 1.58 (m, 3H), 1.57 — 1.48
(m, 2H), 1.36 — 1.13 (m, 12H). ®*C NMR (151 MHz, CDCls) & 154.6, 144.1, 141.0, 139.5, 137.4,
129.6, 127.8, 127.6, 126.61, 126.55, 114.8, 81.7, 69.2, 66.3, 59.1, 55.6, 54.4, 53.4, 40.1, 37.1, 34.3,
32.0, 30.8,29.4, 29.2, 28.9, 28.8, 27.5, 25.6, 22.6. *P NMR (300 MHz, CDCl;) § -0.43. LRMS (ES],
APCI) m/z: calc’d for CssHs1OsNP [M+H]" 596.3, found 596.3. HRMS (ESI) 7/ z: calc’d for

C3sHsOsNP [M+H]" : 596.3499, found 596.3494.
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9-(6- exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)nonyl (2-
(trimethylammonio)ethyl) phosphate (1f): '"H NMR (600 MHz, CDCl;) 8 7.32 — 7.14 (m, 10H),
5.01 (d, ] = 7.6 Hz, 1H), 495 (d, ] = 7.9 Hz, 1H), 4.20 (s, 2H), 3.87 (s, 1H), 3.75 (s, 3H), 3.67 (s,
3H), 3.25 (s, 9H), 2.27 — 2.18 (m, 2H), 2.06 — 1.98 (m, 2H), 1.94 (p, / = 7.0 Hz, 1H), 1.70 — 1.58 (m,
4H), 1.58 — 1.48 (m, 3H), 1.36 — 1.10 (m, 12H). "C NMR (126 MHz, CDCL) 8 154.7, 144.2, 141.1,
139.4,137.4,129.7,127.8,127.7, 127.6, 126.63, 126.57, 114.9, 81.7, 69.3, 66.2, 65.9, 59.3, 55.7, 54.4,
40.2, 34.2, 32.1, 30.9, 29.5, 29.3, 29.2, 27.7, 27.6, 25.8. >'P NMR (121 MHz, CDCl;) 8 -0.73. LRMS

(ESI, APCI) /3 calc’d for CsHs;OsNP [M+H]™ 610.4, found 609.8. HRMS (ESI) 7/ z: calc’d for

C3Hs:05NP [M+H]": 610.3656, found 610.3655.

Ph
PhJ{

OH

10-(6-exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)decyl
(2-(trimethylammonio)ethyl) phosphate (1g): '"H NMR (600 MHz, CDCl;) 8 7.34 — 7.14 (m,
10H), 5.03 (d, ] = 4.9 Hz, 1H), 4.95 (d, ] = 5.0 Hz, 1H), 4.24 (s, 2H), 3.90 (s, 1H), 3.79 (q, ] = 6.4
Hz, 2H), 3.74 (s, 2H), 3.28 (s, 9H), 2.34 — 2.23 (m, 2H), 2.10 — 1.92 (m, 3H), 1.64 (q, / = 10.2, 6.5
Hz, 2H), 1.56 (t, ] = 7.3 Hz, 2H), 1.37 — 1.10 (m, 16H). "C NMR (126 MHz, CDClL;) 5 154.7, 144.2,
141.1,139.4,137.4,129.7, 127.73, 127.70, 127.6, 126.63, 126.56, 81.7, 69.3, 66.2, 65.9, 59.3, 55.6,
54.3,40.2, 34.1, 32.2, 30.91, 30.86, 29.6, 29.3, 29.22, 29.17, 27.6, 25.8. *P NMR (121 MHz, CDCl)

8 -0.75. LRMS (ESI, APCI) 7/z: calc’d for CoHssOsNP [M+H]" : 624.4, found 624.3.
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11-(6-exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)undecyl
(2-(trimethylammonio)ethyl) phosphate (1h): "H NMR (600 MHz, CDCl3) 8 7.35 — 7.15 (m,
12H), 5.03 (s, 1H), 4.96 (s, 1H), 4.26 (s, 2H), 3.91 (s, 1H), 3.85 — 3.77 (m, 2H), 3.75 (s, 2H), 3.29 (s,
9H), 2.32 (dd, ] = 16.7, 9.4 Hz, 1H), 2.26 (d, ] = 9.6 Hz, 1H), 2.10 — 1.94 (m, 4H), 1.71 — 1.61 (m,
3H), 1.61 — 1.53 (m, 2H), 1.38 — 1.14 (m, 16H). "C NMR (126 MHz, CDCL;) 8 154.7, 144.2, 141.1,
139.3,137.4,129.7, 114.9, 81.7, 69.3, 66.2, 65.9, 59.3, 55.7, 54.4, 40.3, 34.0, 32.2, 31.6, 30.91, 30.86,
29.6, 29.5, 29.43, 29.40, 29.36, 29.3, 29.2, 27.7, 25.8, 22.7. *'P NMR (121 MHz, CDCL) § -
0.90.mLRMS (ESI, APCI) 72/ z: calc’d for C3sHsOsNP [M+H]" 638.4, found 637.8 HRMS (ESI)
m/ % calc’d for CssHs7OsNP [M+H]" : 638.3969, found 638.3974.

Carboxylate Precursors: Compounds S 2a—h.

Ph
vt

OMOM

4-(6- exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)butanoic acid (S2a): For the exo diastereomer: 'H NMR (500 MHz, CDCls) 8 7.47 — 7.05 (m,
10H), 5.07 (s, 1H), 5.01 (s, 1H), 4.66 — 4.52 (m, 2H), 3.80 (s, 1H), 3.31 (s, 3H), 2.45 (d, ] = 8.9 Hz,
1H), 2.37 — 2.20 (m, 2H), 2.13 — 1.98 (m, 4H), 1.81 — 1.57 (m, 3H), 1.36 — 1.18 (m, 3H). For the endo
diastereomer (characteristic signals): '"H NMR (500 MHz, CDCls) & 5.08 (s, 1H), 4.88 (s, 1H), 4.06 —

3.98 (m, 1H), 2.67 (d, ] = 17.8 Hz, 1H). ®C NMR (126 MHz, cdcls) § 179.0, 154.3, 143.9, 140.6,
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139.7,137.1, 129.5, 127.80, 127.75, 127.7, 126.8, 115.0, 94.7, 86.6, 69.1, 55.2, 52.8, 40.3, 33.6, 32.4,

31.5,29.1, 22.9. LRMS (ESI, APCI) 7/ z: calc’d for CoyH29O3 [M-OCH3]" 401.2, found 400.8.

Ph OH
PW#{

6MOM
5-(6- exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)pentanoic acid (S2b): For the exo diastereomer: '"H NMR (500 MHz, CDCl;) 8 7.37 — 7.14 (m,
10H), 5.06 (d, /] = 1.4 Hz, 1H), 5.02 (d, ] = 1.4 Hz, 1H), 4.63 — 4.57 (m, 2H), 3.80 (s, 1H), 3.32 (s,
3H), 2.43 (d, ] = 9.2 Hz, 1H), 2.35 — 2.26 (m, 3H), 2.10 — 2.00 (m, 4H), 1.79 — 1.53 (m, 4H), 1.46 —
1.20 (m, 3H). For the endo diastereomer (characteristic signals): "H NMR (500 MHz, CDCl;) 8 5.07
(d,J =13 Hz, 1H), 4.85 (d, ] = 1.3 Hz, 1H), 3.99 (dt, ] = 9.6, 5.8 Hz, 1H), 2.63 (dd, ] = 17.2, 1.8
Hz, 1H), 2.54 (dd, | = 9.5, 2.2 Hz, 1H). "C NMR (151 MHz, CDCl;) 8 179.5, 154.3, 144.0, 140.4,
139.9,137.2,129.5, 127.8, 127.7, 127.6, 126.7, 126.6, 114.9, 86.6, 69.1, 55.1, 52.7, 40.3, 32.4, 31.4,
29.9,29.3,27.2, 24.6. LRMS (ESI, APCI) 7/3: calc’d for CoH3O4 [M-H] 445.2, found 445.1.

Calc’d for CysH3103 [M-OCH3;]" 415.2, found 415.2.

OMOM



91

6-(6- exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)hexanoic acid (S2¢): For the exo diastereomer: "H NMR (500 MHz, CDCl;) 8 7.36 — 7.11 (m,
10H), 5.05 (d, J = 1.4 Hz, 1H), 5.02 (d, ] = 1.5 Hz, 1H), 3.80 (s, 1H), 3.33 (s, 3H), 2.41 (d, ] = 8.7
Hz, 1H), 2.38 — 2.29 (m, 2H), 2.24 (dd, ] = 17.0, 8.9 Hz, 1H), 2.12 — 1.98 (m, 4H), 1.79 — 1.49 (m,
7H), 1.47 — 1.18 (m, 4H). For the endo diastereomer: "H NMR (600 MHz, CDCL3) 8 5.06 (d, ] = 1.3
Hz, 1H), 4.84 (d, ] = 1.3 Hz, 1H), 4.00 (td, ] = 9.8, 5.8 Hz, 1H), 2.63 (dd, ] = 17.4, 2.2 Hz, 1H), 2.53
(td, ] = 9.0, 2.2 Hz, 1H). ®*C NMR (151 MHz, CDCls) & 179.5, 144.1, 140.7, 139.5, 137.2, 129.6,
127.72,127.69, 127.66, 126.66, 126.65, 115.0, 82.0, 69.3, 60.4, 53.4, 40.1, 34.0, 32.0, 31.6, 29.4, 29.0,
27.4,27.0, 22.6, 21.1. LRMS (ESI, APCI) 7/ z: calc’d for C3H3504 [M-H] 459.3, found 459.3.

Calc’d for CH3305 [M-OCHs;]™ 429.2, found 429.3.

OMOM

7-(6- exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)heptanoic acid (S2d): '"H NMR (500 MHz, CDCl;) 8 7.60 — 7.02 (m, 10H), 5.05 (d, ] = 1.5 Hz,
1H), 5.00 (d, ] = 1.5 Hz, 1H), 4.66 — 4.52 (m, 2H), 3.79 (s, 1H), 3.31 (s, 3H), 2.42 (d, ] = 9.3, 1.7 Hz,
1H), 2.40 — 2.27 (m, 3H), 2.10 — 1.97 (m, 4H), 1.79 — 1.50 (m, 4H), 1.52 — 1.18 (m, 7H). For the endo
diastereomer (characteristic signals): 'H NMR (500 MHz, Chloroform-4) 8 5.08 (d, ] = 1.4 Hz, 1H),
4.85(d, ] = 1.4 Hz, 1H), 4.01 (td, ] = 9.1, 5.8 Hz, 1H), 2.64 (d, ] = 17.5 Hz, 1H), 2.54 (t, ] = 9.1 Hz,
1H). ®C NMR (126 MHz, CDCls) 8 179.5, 154.5, 144.1, 141.1, 139.4, 137.4, 134.6, 129.6, 127.8,
127.7,126.6, 114.9, 94.7, 86.7, 69.1, 55.1, 52.8, 40.5, 33.9, 32.4, 31.4, 29.6, 29.2, 28.8, 27.6, 24.5.

LRMS (ESI, APCI) /% calc’d for CsiHyO4 [M-H] 473.3, found 473.4.
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OMOM

9-(6- exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)nonanoic acid (S2f): For the exo diastereomer: 'H NMR (500 MHz, CDCl3) § 7.39 — 7.18 (m,
10H), 5.05 (d, /] = 1.4 Hz, 1H), 5.00 (d, ] = 1.5 Hz, 1H), 4.65 — 4.57 (m, 2H), 3.80 (d, ] = 2.1 Hz,
1H), 3.32 (d, ] = 0.7 Hz, 3H), 2.42 (d, 1H), 2.37 — 2.29 (m, 3H), 2.10 — 1.98 (m, 4H), 1.69 — 1.58 (m,
5H), 1.44 — 1.08 (m, 11H). For the endo diastereomer (characteristic signals): 'H NMR (500 MHz,
CDCl;) 6 5.09 (d, ] = 1.3 Hz, 1H), 4.85 (d, ] = 1.4 Hz, 1H), 4.02 (td, ] = 9.8, 5.4 Hz, 1H), 2.65 (dd, J
= 17.7,2.1 Hz, 1H), 2.54 (td, ] = 9.4, 2.1 Hz, 1H). "C NMR (126 MHz, CDCl3) § 179.2, 154.5,
144.1, 141.3, 139.3, 137.4, 129.6, 127.8, 127.6, 126.61, 126.57, 114.9, 94.6, 86.8, 69.1, 55.1, 52.8, 40.5,
33.9,32.4,31.4,29.7,29.5,29.2,29.1, 29.0, 27.7, 24.7. LRMS (ESI, APCI) /3. calc’d for Cs3Ha Oy

[M-H] 501.3, found 501.4. Calc’d for CHxOs [M-CH;O]* 471.3, found 470.8.

Ph
vt

6MOM
10-(6-exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-
2-yl)decanoic acid (S2g): For the exo diastereomer: 'H NMR (500 MHz, CDCl;) 8 7.38 — 7.18 (m,
10H), 5.05 (d, /] = 1.4 Hz, 1H), 5.01 (d, ] = 1.5 Hz, 1H), 4.61 — 4.59 (m, 2H), 3.80 (s, 1H), 3.32 (s,
3H), 2.42 (d, ] = 9.2, 1.7 Hz, 1H), 2.38 — 2.29 (m, 3H), 2.11 — 1.97 (m, 4H), 1.70 — 1.59 (m, 5H), 1.37

—1.18 (m, 13H). For the endo diastereomer (characteristic signals): 'H NMR (500 MHz, CDCl;) &
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5.09 (d, J = 1.3 Hz, 1H), 4.86 (d, ] = 1.3 Hz, 1H), 4.02 (td, J = 9.7, 5.5 Hz, 1H), 2.65 (dd, ] = 17.7,
2.2 Hz, 1H), 2.54 (td, ] = 9.3, 2.2 Hz, 1H). ®*C NMR (126 MHz, CDCls) 8 179.4, 154.5, 144.1,
141.3,139.2, 137.5, 129.6, 127.8, 127.6, 126.61, 126.56, 114.9, 94.7, 86.7, 69.1, 55.1, 52.7, 40.5, 34.0,
32.4,31.4,29.7, 29.6, 29.30, 29.26, 29.2, 29.0, 27.8, 24.7. LRMS (ESI, APCI) /3 calc’d for

C34sH404 [M-H] 515.3, found 515.1. Calc’d for Cs53H41 O3 [M-CH;0] " 485.3, found 484.9.

OMOM

11-(6-exo-(methoxymethoxy)-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)undecanoic acid (S2h): For the exo diastereomer: 'H NMR (500 MHz, CDCls) 8 7.39 — 7.18 (m,
10H), 5.05 (d, /] = 1.2 Hz, 1H), 5.00 (d, ] = 1.2 Hz, 1H), 4.64 — 4.58 (m, 2H), 3.80 (s, 1H), 3.32 (s,
3H), 2.42 (d, ] = 8.8 Hz, 1H), 2.38 — 2.30 (m, 3H), 2.11 — 1.98 (m, 4H), 1.72 — 1.59 (m, 5H), 1.44 —
1.17 (m, 16H). For the endo diastereomer (characteristic signals): 'H NMR (500 MHz, Chloroform-
d) 65.09 (d, ] =1.2Hz, 1H), 4.86 (d, ] = 1.2 Hz, 1H), 4.02 (td, ] = 9.4, 5.7 Hz, 1H), 2.66 (dd, ] =
17.6, 2.2 Hz, 1H), 2.54 (td, ] = 9.9, 2.1 Hz, 1H). "C NMR (126 MHz, CDCls) 8 179.2, 154.5, 144.1,
141.4,139.2, 137.5, 129.6, 127.8, 127.63, 126.60, 126.55, 114.9, 94.7, 86.7, 69.1, 55.1, 52.7, 40.5, 33.9,
32.4,31.4,29.7,29.6, 29.38, 29.36, 29.3, 29.2, 29.0, 27.8, 24.7. LRMS (ESI, APCI) 7/ % calc’d for

C3sHaO4 [M-H] 529.3, found 529.5. Calc’d for CssHysO5 [M-CH50]"499.3, found 498.9.

Carboxcylates: Compounds 2a—2h
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4-(6- exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)butanoic
acid (2a): '"H NMR (500 MHz, CDCl3) & 7.38 — 7.16 (m, 10H), 5.08 (d, ] = 1.4 Hz, 1H), 5.00 (d, ]
= 1.4 Hz, 1H), 3.97 (s, 1H), 2.42 — 2.36 (m, 1H), 2.37 — 2.31 (m, 2H), 2.30 — 2.23 (m, 2H), 2.14 —
2.06 (m, 4H), 1.75 — 1.65 (m, 5H). *C NMR (126 MHz, CDCls) & 178.7, 154.4, 144.0, 140.4, 139.6,
137.0,129.6, 127.8, 127.7, 126.81, 126.75, 115.2, 82.0, 69.4, 55.7, 40.1, 34.0, 33.8, 32.0, 29.1, 22.9.
LRMS (ESI, APCI) 7/ z: calc’d for CosHrOs [M-H] 387.2, found 387.1. HRMS calc’d for CosHzOs

[M-H] : 387.1966, found 387.1969.

Ph 0
Ph—/{

OH

5-(6-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)pentanoic
acid (2b): For the exo diastereomer: 'H NMR (600 MHz, CDCls) 8 7.56 — 6.96 (m, 10H), 5.05 (d, ]
= 1.4 Hz, 1H),4.97 (d, ] = 1.4 Hz, 1H), 3.93 (s, 1H), 2.38 — 2.23 (m, 4H), 2.13 — 1.97 (m, 5H), 1.74
—1.62 (m, 3H), 1.53 (p, | = 7.4 Hz, 2H), 1.44 — 1.32 (m, 2H).

For the endo diastereomer (characteristic signals): '"H NMR (600 MHz, CDCls) 8 5.07 (d, ] = 1.6 Hz,
1H), 4.94 (d, ] = 1.4 Hz, 1H), 4.20 (td, ] = 9.0, 5.7 Hz, 1H), 2.64 (dd, ] = 17.3, 2.0 Hz, 1H), 2.50 (td,
J =8.6,1.9 Hz, 1H). ®"C NMR (126 MHz, CDCls) 8 177.8, 154.5, 144.1, 140.3, 139.8, 137.2, 129.7,
127.8,127.7,126.8, 126.7, 115.1, 82.0, 69.4, 55.8, 40.1, 34.0, 33.5, 32.1, 29.3, 27.2, 24.6. LRMS (ESI,
APCI) 7/ z: calc’d for CxH30Os [M-H] 401.2, found 401.5. Calc’d for CyyH2002 [M-OH]" 385.2,

found 385.2 HRMS calc’d for C,yH3 03 [M+H]" : 403.2268, found 403.2266.
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6-(6-exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)hexanoic
acid (2c): 'H NMR (600 MHz, CDCl3) § 7.49 — 7.05 (m, 10H), 5.05 (d, ] = 1.5 Hz, 1H), 4.97 (d, ]
= 1.4 Hz, 1H), 3.93 (s, 1H), 2.36 — 2.21 (m, 4H), 2.10 — 1.97 (m, 5H), 1.73 - 1.61 (m, 3H), 1.59 —
1.51 (m, 2H), 1.34 (p, ] = 7.6 Hz, 2H), 1.28 — 1.20 (m, 2H). *C NMR (126 MHz, cdcls) § 179.4,
154.5,144.1, 140.7, 139.5, 137.3, 129.6, 127.8, 127.70, 127.68, 126.7, 115.0, 82.1, 69.3, 55.7, 40.2,
34.0, 33.8, 32.0, 29.5, 29.0, 27.4, 24.5. LRMS (ESI, APCI) 7/ 3 calc’d for CpsHa1 O3 [M-H] 415.2,
found 414.9. Calc’d for CsH3102 [M-OH]" 399.2, found 399.2 HRMS calc’d for CosH3O3Na

[M+Na] " : 439.2235, found 439.2237.

7-(6-exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)heptanoic acid (2d): '"H NMR (600 MHz, CDCL;) 8 7.37 — 7.14 (m, 9H), 5.05 (d, ] = 1.5 Hz,
1H), 497 (d, ] = 1.4 Hz, 1H), 3.93 (s, 1H), 2.38 — 2.25 (m, 4H), 2.11 — 1.97 (m, 4H), 1.76 — 1.47 (m,
4H), 1.33 (p, ] = 7.6 Hz, 2H), 1.29 — 1.14 (m, 6H). "C NMR (126 MHz, CDCl;) 8 179.9, 154.5,

144.1,140.9, 139.3, 137.3, 129.7, 127.74, 127.70, 127.66, 126.7, 115.0, 82.1, 69.3, 55.6, 40.2, 34.0,
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33.9, 32.0, 29.6, 29.2, 28.8, 27.6, 24.6. LRMS (ESI, APCI) 7/ % calc’d for CoHa03 [M-H] 429.3,
found 429.3. Calc’d for C2oH30, [M-OH]": 413.2, found 413.28.

HRMS calc’d for CoH3;05 [M-H] : 429.2435, found 429.2378.

8-(6-exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)octanoic
acid (2e): '"H NMR (600 MHz, CDCls) § 7.81 — 7.13 (m, 10H), 5.05 (s, 1H), 4.97 (s, 1H), 3.93 (s,
1H), 2.37 — 2.22 (m, 5H), 2.09 — 1.94 (m, 5H), 1.79 — 1.58 (m, 6H), 1.38 — 1.16 (m, 5H). "C NMR
(126 MHz, CDCl5) 6 180.0, 154.5, 144.1, 141.0, 139.2, 137.3, 129.7, 127.74, 127.68, 127.6, 126.7,
115.0, 82.1, 69.3, 55.6, 40.2, 34.0, 33.8, 32.0, 29.4, 28.94, 28.88, 27.7, 24.6, 21.0. LRMS (ESI, APCI)
m/ % calc’d for C30HssO5 [M-H] 443.3, found 443.2. Calc’d for CsH350, [M-OH]" 427.3, found

427.4. HRMS calc’d for C50Hss05 [M-H] : 443.2592, found 443.2593.

9-(6-exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-

yl)nonanoic acid (2f): "H NMR (500 MHz, CDCly) 8 7.41 — 7.15 (m, 10H), 5.07 (d, ] = 1.4 Hz,
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1H), 4.99 (d, ] = 1.4 Hz, 1H), 3.95 (s, 1H), 2.39 — 2.27 (m, 5H), 2.12 — 1.97 (m, 5H), 1.76 — 1.56 (m,
GH), 1.40 — 1.15 (m, 7H). *C NMR (126 MHz, CDCly) 8 179.5, 154.6, 144.1, 141.1, 139.2, 1374,
129.7, 127.74, 127.71, 127.6, 126.7, 126.6, 115.0, 82.1, 69.3, 55.7, 40.2, 34.0, 32.1, 29.6, 29.5, 29.2,
29.1,29.0, 24.7. LRMS (ESI, APCI) 2/ calc’d for CyHyOs [M-H] 457.3, found 457.3. Calc’d for
C51HyO, [M-OH]" 441.3, found 440.8. HRMS (ESI) /5 : calc’d for CyHyOs [M-H] : 457.2748,

found 457.2749.

Ph
Ph—/{

10-(6-exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)decanoic acid (6HP-CA 2g): 'H NMR (500 MHz, CDCls) & 7.39 — 7.15 (m, 10H), 5.07 (d, ] =
1.6 Hz, 1H), 4.99 (d, ] = 1.6 Hz, 1H), 3.95 (s, 1H), 2.41 — 2.24 (m, 5H), 2.15 — 1.94 (m, 5H), 1.75 —
1.50 (m, 6H), 1.42 — 1.09 (m, 9H). "C NMR (126 MHz, CDCl;) 8 179.4, 154.6, 144.2, 141.2, 139.1,
137.4,129.7,127.74, 127.71, 127.6, 126.7, 126.6, 115.0, 82.1, 69.3, 55.7, 40.3, 34.0, 33.9, 32.1, 29.7,
29.6,29.30, 29.28, 29.2, 29.0, 27.8, 24.7. LRMS (ESI, APCI) 7/ 3. calc’d for C2H3Os [M-H] 471.3,
found 471.3. Calc’d for C32H300O, [M-OH] " : 455.3, found 454.8. HRMS (ESI) 7/3: calc’d for

CxoHiOs [M-H] : 471.2882, found 471.2905. FT-IR (neat): 3360(b), 1708 (s) cm™.
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11-(6-exo-hydroxy-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)undecanoic acid (2h): '"H NMR (500 MHz, CDCl;) 8 7.41 —7.12 (m, 10H), 5.07 (d, ] = 1.4 Hz,
1H), 4.99 (d, ] = 1.5 Hz, 1H), 3.99 — 3.92 (s, 1H), 2.38 — 2.26 (m, 5H), 2.11 — 1.98 (m, 5H), 1.75 —
1.58 (m, 6H), 1.36 — 1.17 (m, 11H). "C NMR (126 MHz, CDCl;) 8 179.4, 154.6, 144.2, 141.2, 139.1,
137.4,129.7,127.74, 127.71, 127.6, 126.7, 126.6, 115.0, 82.1, 69.3, 55.7, 40.2, 34.0, 33.9, 32.1, 29.7,
29.6,29.4,29.3,29.2,29.0, 27.8, 24.7. LRMS (ESI, APCI) 7/ 3. calc’d for Cs3sHaOs [M-H] 485.3,
found 485.3. Calc’d for C33HyO2 [M-OH]": 469.3, found 468.9. HRMS (ESI) 7/ : calc’d for
Cs3Hy1O5 [M-H] : 485.3061, found 485.3065.

Diols: Compounds 3a—3h

General Procedure for Diol MOM Deprotection

To a solution of (Sla-h) in MeCN was added concentrated HCl in excess (5-20 equiv.). The solution
was stitred for 5 minutes or until the reaction was completed by TLC/LCMS. The resulting solution
as concentrated 2 vacuo and subjected to preparatory HPLC to isolate the desired product as the

major exo diastereomer.

Ph

Ph’—//

Z
~
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Exo0-5-(4-hydroxybutyl)-4-phenyl-3a-(1-phenylvinyl)-1,2,3,3a,6,6a-hexahydropentalen-1-ol
(3a): Sla (18.3 mg, 0.04 mmol) was reacted and purified according to the general procedure to give
the title compound as a clear, colorless oil (13.0 mg, 79% yield). "H NMR (600 MHz, Chloroform-
d) 8 7.33 - 7.24 (m, 6H), 7.23 (s, 2H), 7.20 — 7.16 (m, 2H), 5.05 (d, ] = 1.4 Hz, 1H), 4.97 (d, ] = 1.5
Hz, 1H), 3.93 (s, 1H), 3.55 (t, ] = 6.2 Hz, 2H), 2.36 (dd, ] = 16.9, 9.3 Hz, 1H), 2.29 (d, ] = 6.9 Hz,
1H), 2.10 — 2.02 (m, 4H), 1.74 — 1.61 (m, 3H), 1.50 — 1.37 (m, 4H). "C NMR (500 MHz,
Chloroform-d) 5 154.6, 144.1, 140.8, 139.4, 137.3, 129.6, 127.7, 127.7, 127.6, 126.6, 116.6, 114.8,
81.8, 69.3, 62.4, 55.7, 40.1, 33.9, 32.7, 32.0, 29.4, 24.0, 22.5, 10.6. HRMS calcd for CyH3 O, [M+H]"

: 375.231806, found 375.23145.

Exo0-5-(5-hydroxypentyl)-4-phenyl-3a-(1-phenylvinyl)-1,2,3,3a,6,6a-hexahydropentalen-1-ol
(3b): S1b (21.2 mg, 0.05 mmol) was reacted and purified according to the general procedure to give
the title compound as a clear, colorless oil (19.0 mg, >99% yield). 'H NMR (500 MHz, Chloroform-
d) 8 7.43 —7.28 (m, 7TH), 7.28 — 7.19 (m, 3H), 5.09 (d, ] = 1.4 Hz, 1H), 5.01 (d, ] = 1.4 Hz, 1H), 3.97
(s, 1H), 3.61 (t, ] = 6.6 Hz, 2H), 2.38 (dd, ] = 16.8, 9.4 Hz, 1H), 2.31 (d, ] = 9.3, 1.5 Hz, 1H), 2.16 —
2.03 (m, 4H), 1.77 — 1.65 (m, 3H), 1.56 — 1.48 (m, 3H), 1.43 — 1.25 (m, 3H). *C NMR (500 MHz,
Chloroform-d) 8 154.5, 144.1, 140.8, 139.3, 137.3, 131.5, 129.6, 128.2, 127.7, 127.6, 126.7, 126.6,
115.0, 82.0, 69.3, 62.9, 61.9, 55.8, 40.3, 34.0, 32.5, 32.1, 31.3, 29.7, 27.6, 25.8, 16.0. HRMS calc’d for

CH30, [M+H]" : 389.24751, found 398.24762.
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Ex0-5-(6-hydroxyhexyl)-4-phenyl-3a-(1-phenylvinyl)-1,2,3,3a,6,6a-hexahydropentalen-1-ol
(3¢): Slc (9.5 mg, 0.02 mmol) was reacted and purified according to the general procedure to give
the title compound as a clear, colorless oil (6.8 mg, 79% yield). '"H NMR (600 MHz, Chloroform-d)
87.36 —7.25 (m, 6H), 7.24 — 7.15 (m, 4H), 5.05 (s, 1H), 4.97 (s, 1H), 3.93 (s, 1H), 3.58 (t, ] = 6.6 Hz,
2H), 2.35 (dd, ] = 16.9, 9.4 Hz, 1H), 2.28 (d, ] = 9.4 Hz, 1H), 2.11 — 1.97 (m, 4H), 1.75 — 1.62 (m,
3H), 1.53 — 1.46 (m, 2H), 1.38 — 1.15 (m, 6H). *C NMR (600 MHz, Chloroform-d) & 154.5, 144.1,
140.9, 139.2, 137.3, 129.7, 127.7, 127.6, 126.7, 126.6, 115.0, 110.0, 82.0, 69.3, 63.0, 55.8, 40.3, 34.0,

32.6,32.1,29.6, 29.4, 27.7, 25.5. HRMS calc’d for CosH35:0, [M+H]" : 403.26316, found 403.26338.

Exo0-5-(7-hydroxyheptyl)-4-phenyl-3a-(1-phenylvinyl)-1,2,3,3a,6,6a-hexahydropentalen-1-ol
(3d): S1d (11.6 mg, 0.03 mmol) was reacted and purified according to the general procedure to give
the title compound as a clear, colorless oil (8.5 mg, 81% yield). '"H NMR (600 MHz, Chloroform-d)
8 7.35—-7.25 (m, 5H), 7.24 — 7.15 (m, 5H), 5.05 (d, ] = 1.4 Hz, 1H), 4.97 (d, ] = 1.4 Hz, 1H), 3.93 (s,
1H), 3.60 (t, ] = 6.7 Hz, 2H), 2.35 (dd, ] = 16.9, 9.3 Hz, 1H), 2.28 (d, ] = 9.4 Hz, 1H), 2.09 — 1.98
(m, 5H), 1.73 - 1.61 (m, 3H), 1.36 — 1.19 (m, 10H). "C NMR (600 MHz, Chloroform-d) § 154.5,
144.1, 141.0, 139.2, 137.3, 129.7, 127.7, 127.6, 126.64, 126.59, 115.0, 82.0, 69.3, 63.0, 58.5, 55.8, 50.9,
40.2, 34.0, 32.7, 32.1, 29.63, 29.58, 29.2, 27.7, 25.6, 18.4. HRMS calc’d for CH3,0.Cl [M+CI] :

451.24093, found 451.24179.



101

Ex0-5-(8-hydroxyoctyl)-4-phenyl-3a-(1-phenylvinyl)-1,2,3,3a,6,6a-hexahydropentalen-1-ol
(3e): Sle (4.6 mg, 0.01 mmol) was reacted and purified according to the general procedure to give
the title compound as a clear, colotless oil (2.3 mg, 55% yield) "H NMR (600 MHz, Chloroform-d)
87.35-7.25 (m, 6H), 7.24 — 7.16 (m, 4H), 5.05 (d, ] = 1.4 Hz, 1H), 497 (d, ] = 1.4 Hz, 1H), 3.93 (s,
1H), 3.61 (t, ] = 6.7 Hz, 2H), 2.35 (dd, ] = 16.9, 9.3 Hz, 1H), 2.28 (d, ] = 9.2 Hz, 1H), 2.10 — 2.01
(m, 2H), 2.00 — 1.97 (m, 2H), 1.74 — 1.61 (m, 3H), 1.35 - 1.16 (m, 13H). HRMS calc’d for

C30H3302Cl [M+CI] : 465.25658, found 465.25703.

Ex0-5-(9-hydroxynonyl)-4-phenyl-3a-(1-phenylvinyl)-1,2,3,3a,6,6a-hexahydropentalen-1-ol
(3f): S1f (9.4 mg, 0.02 mmol) was reacted and purified according to the general procedure to give
the title compound as a clear, colorless oil (8.2 mg, 96% yield.) '"H NMR (600 MHz, Chloroform-d)
87.39 —7.26 (m, 5H), 7.24 — 7.14 (m, 5H), 5.05 (d, ] = 1.4 Hz, 1H), 497 (d, ] = 1.4 Hz, 1H), 3.93 (s,
1H), 3.62 (t, ] = 9.4 Hz, 2H), 2.34 (dd, ] = 16.7, 9.4 Hz, 1H), 2.27 (d, ] = 9.3 Hz, 1H), 2.12 - 2.03
(m, 2H), 2.01 - 1.96 (m, 1H), 1.74 — 1.58 (m, 3H), 1.34 — 1.17 (m, 18H). "C NMR (600 MHz,
Chloroform-d) 8 154.6, 144.2, 141.1, 139.1, 137.4,129.7, 127.71, 127.70, 127.59, 126.64, 126.57,
115.0, 82.1, 69.3, 63.1, 55.8, 40.2, 34.0, 32.8, 32.1, 29.7, 29.6, 29.5, 29.4, 29.3, 27.8, 25.7. HRMS

calc’d for C31HyO:Cl [M+CI] : 479.27223, found 479.272060.
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Ex0-5-(10-hydroxydecyl)-4-phenyl-3a-(1-phenylvinyl)-1,2,3,3a,6,6a-hexahydropentalen-1-ol
(3g): S1g (81.4 mg, 0.16 mmol) was reacted and purified according to the general procedure to give
the title compound as a clear, colorless oil (62.0 mg, 83% yield). "H NMR (600 MHz, Chloroform-
d) 8 7.35—7.25 (m, 5H), 7.24 — 7.16 (m, 5H), 5.05 (d, ] = 1.4 Hz, 1H), 4.97 (d, ] = 1.4 Hz, 1H), 3.93
(s, 1H), 3.61 (t, ] = 6.7 Hz, 2H), 2.34 (dd, ] = 16.9, 9.4 Hz, 1H), 2.27 (d, ] = 9.2 Hz, 1H), 2.11 — 2.00
(m, 3H), 1.73 — 1.62 (m, 3H), 1.54 (dq, ] = 8.2, 6.7 Hz, 2H), 1.34 — 1.17 (m, 17H). LRMS [APCI]

calc’d for CHy1 O, [M-H] : 457.3, found 457.2.

Exo0-5-(11-hydroxyundecyl)-4-phenyl-3a-(1-phenylvinyl)-1,2,3,3a,6,6a-hexahydropentalen-1-
ol (3h): S1h (7.7 mg, 0.015 mmol) was reacted and purified according to the general procedure to
give the title compound as a clear, colorless oil (5.4 mg, 78% yield). 'H NMR (600 MHz,
Chloroform-d) 8 7.34 — 7.25 (m, 4H), 7.24 — 7.16 (m, 5H), 5.05 (d, /] = 1.4 Hz, 1H), 4.96 (d, ] = 1.3
Hz, 1H), 3.93 (s, 1H), 3.61 (t, ] = 6.7 Hz, 2H), 2.33 (dd, ] = 17.2, 9.8 Hz, 1H), 2.26 (d, ] = 9.3 Hz,
1H), 2.09 — 1.99 (m, 1H), 2.02 — 1.99 (m, 5H), 1.72 — 1.61 (m, 3H), 1.57 — 1.51 (m, 2H), 1.40 — 1.11

(m, 10H). LRMS [APCI] calc’d for CsHy;O, [M-H] : 471.3, found 471.0.
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Table 1. List of primers for qRT-PCR with enteroids.

Gene Forward Primer (5* =2 3) Reverse Primer (5 =2 3’)
m/hLRH-1  GTGTCTCAAT TTAAAATGGT AAT AAGTTTGGGC

GAATTACTCC TATGATGAAG CAATGTACAA GAGAGACAGG
Cypllal GCTGGAAGGTGTAGCTCAGG CACTGGTGTGGAACATCTGG
Cypl1bl primers purchased from QuantiTect,

Qiagen (NM_001033229, catalog #
OTNTTORKRT7R

IL-10 GCCTTATCGGAAATGATCCAGT GCTCCACTGCCTTGCTCTTATT
IL-18 primers purchased from QuantiTect,

Qiagen (NM_008361, catalog #

OTNTN4R3RKN
TNFo CCAGAAAAGACACCATGAGCAC  GGGCCATAGAACTGATGAGAGG
Rplp0(36B4) GAAACTGCTGCCTCACATCCG GCTGGCACAGTGACCTCACAC

Dextran sulfate sodinm (DSS) induced colitis model: h.RH-1 mice (8 weeks old) were administered 2.5%
DSS w/v in drinking water for 5 days, followed by regular water for 7 days. The 10CA (1mg/kg) or
vehicle (0.9% normal saline) were administered by daily intraperitoneal injection beginning on D6
for seven days, during which body weights were monitored daily. At the end of treatment, disease
activity scores were assessed according to Table S3. For colon histological analysis, the colon was
divided into three segments (proximal third, middle third, and distal third). Each segment was
embedded in paraffin, sectioned at 5 um, and stained with hematoxylin and eosin. Histological
analysis was performed in the Cellular and Molecular Morphology Core of the Digestive Disease
Center at Baylor College of Medicine. The sections were blindly scored using a standard histologic
colitis score. Three independent parameters were measured: severity of inflammation (0-3: none,

slight, moderate, severe), depth of injury (0—3: none, mucosal, mucosal and submucosal, transmural),
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and crypt damage (0—4: none, basal one-third damaged, basal two-thirds damaged, only surface
epithelium intact, entire crypt and epithelium lost). The score of each parameter was multiplied by a
factor reflecting the percentage of tissue involvement (X1, 0-25%; X2, 26-50%; X3, 51-75%; X4,
76-100%) averaged per colon.
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Figure 3.1. Phospholipid mimetic design, binding affinity, and activity. (A) LRH-1 ligand binding pocket (LBP)
from PDB 5L11, showing the binding modes of synthetic agonist RfW100 (teal sticks), and
phospholipid agonist DLPC (PDB 4DOS, purple sticks). Key interactions made by each agonist are
highlighted. (B) Agonist design strategy. Phosphorylcholines or carboxylic isosteres were conjugated
to the RJW100 core via alkyl linkers of 4-11 carbons.”” Diols with alkyl linkers of 4-11 carbons but
lacking a charged group at the R* terminus were synthesized for comparison with PL mimics. (C)
Plot of Ena values from luciferase reporter assays as a function of linker length. Each point

represents the mean = SEM from 2-3 experiments. Compounds that did not activate sufficiently for
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Emax calculation are omitted. Dotted line is the mean En.. of RJW100; grey shading indicates SEM. *,
p< 0.05 versus RJW100 by two-way ANOVA followed by Sidak’s multiple comparisons test. (D)
Activity profiles of the PL-mimics versus closely-related LRH-1 agonists. Insez, RfW100 chemical
structure indicating the modification sites of compounds depicted in the plot. Relative efficacy is
Enmas relative to RJW100, calculated as described in Methods. (G-I) Binding affinity (Kj) plotted as a
function of linker length. Lower insets, Pearson correlation coefficients (r) and p-values. Upper insets,

illustration of the part of R* measured to calculate linker length (orange) .
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Figure 3.2. Phospholipid mimetics make PL-like interactions with L RH-1 ligand-binding pocket. Crystal

structures of () 10CA (PDB: 7JYD) and (B) 9ChoP (PDB: 7JYE) bound to LRH-1 LBD and a
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fragment of the Tif2 coregulator. (C) Omit maps showing electron density surrounding 10CA (zgp)
and 9ChoP (bottom). Maps are F,-F, contoured at 26. (D) Superposition of three ligands from LRH-
1 structures: 10CA (cyan sticks), 9ChoP (purple sticks), or DLPC (dark blue sticks, from PBD
4DOS™). 10CA and DLPC protein backbones are shown as grey and light blue cartoons,
respectively. (E-F) Close-up of the interactions made by the terminal polar groups of 10CA (E) and
9ChoP (F) at the LRH-1 binding pocket mouth. Hydrogen bonds are red dotted lines; water
molecule is a red sphere. (G) Superposition of LRH-1 structures in the apo state (PBD 4PLD, pale
orange), LRH-1-DLPC (blue), LRH-1-10CA (grey), and LRH-1-9ChoP (grey). DLPC displaces
helix 6 relative to apo-LRH-1, whereas 10CA and 9ChoP displace helix 10. (H) Effects of K520A
or Y516A mutations on binding affinity. Each bar represents the mean + 95% CI from 2
experiments in quadruplicate. *, p < 0.05 by two-way ANOVA followed by Dunnett’s test for
multiple comparisons. (I) Luciferase reporter assays assess PL-mimetics ability to activate LRH-1
with K520A or Y516A mutations. The pocket-occluding A349F mutation was a negative control.
Cells were treated with 30 pM of each compound for 24 hours prior to measurement of luciferase
signal. *, p < 0.05 versus WT LRH-1 treated with each agonist; (two-way ANOVA followed by

Dunnett’s test for multiple comparisons).
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Figure 3.3. Longer-tailed PL mimetics stabilize the AFS in HDX-MS. (A) Deuterium uptake in regions
within the activation function surface (AFS) of the LRH-1 LBD is more rapid and occurs to a
greater extent for 4CA and 5CA compared to 9CA and 10CA. Each point represents the mean +/-
SD for three replicates. Reduced deuterium exchange indicates greater stability. *, p < 0.05 (B-C)
Differences in deuterium uptake (mean of all timepoints) are mapped onto the LRH-1 LBD for
10CA (C) and 9CA (D) versus 4C. The blue shaded circle indicates the location of the AFS. The
scale bar indicates the colors associated with greater stabilization by 10CA or 9CA (teal and blue

colors) or relative destabilization (yellow). Black indicates regions that were not mapped.
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Figure 3.4. Coregulator recruitment profiling by MARCoNI. (A) Representative bar plots from the
experiment, showing some of the most strongly affected coregulators by 9CA and 10CA. Each bar
represents mean £ SEM from three replicates. Graph titles indicate the coregulator names, with the
residue numbers of the coregulator peptide in parentheses. Statistically significant changes relative to
DMSO control were identified by Student's t-test, post-hoc FDR, *, p<0.05, **, p<0.01 or ***,
p<0.001. (B) Heat map and corresponding raw traces showing log fold change (LFC) in coregulator
peptide binding relative to apo LRH-1-LBD. (C-E). Upset plots highlighting overlaps in
coregulator binding events affected by at least 1.5-fold by various agonists or between experiments.

Horizontal bars represent the number of events in each set, and vertical bars indicate numbers of
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events that overlap in between the groups that have filled-in circles below the vertical bars. For
example, in panel (C), the first vertical bar shows that a set of 16 coregulator peptides dissociate
from LRH-1 in the presence of both 9CA and 10CA that are not affected by 6N and 6Na. (D)
Upset plot comparing overlap in coregulator recruitment events by 10CA bound to full-length LRH-
1 (FL) or LRH-1 ligand binding domain (LBD). Red bars indicate coregulators that associated to
the 10CA-LRH-1 complex and purple bars indicate coregulator dissociation. (E) Upset plot

highlighting an opposite recruitment pattern by compounds 10CA and 6N bound to FL-LRH-1.
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Figure 3.5. 10CA activates . RH-1 in hepatocytes and in the liver. (A) Treatment with 10CA dose-
dependently upregulates expression of SHP and PLLK3 and downregulates LRH-1 targets involved in
de novo lipogenesis in Huh7 hepatocytes (SREBPF1, ACACB, FASN, and SCDT). Cells were treated
for 24 hours with doses of 10CA indicated in the x-axes. (B) Schematic of the experimental design
for the mouse study. Mice were injected with AAV8-hLLRH-1 intravenously to induce human LRH-
1 expression, then after two weeks were treated with five doses of 10CA over three days. (C) Liver
tissue from mice injected with hLRH-1-AAVS8 was isolated and analyzed by qRT-PCR to measure
levels of human LLRH-1. Data are quantified relative to TBP. (D) Heatmap of Nanostring results in
mice expressing hLRH-1 and treated with vehicle, 0.1, 1.0, or 10.0 mg/kg 10CA. (E) Individual bar

graphs from Nanostring showing downregulation of lipogenic genes. *, p < 0.05.
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Figure 3.6. Efficacy of 10CA in organoid and in vivo models of colitis. (A-C) qRT-PCR measuring gene

expression changes in mouse enteroids (n = 3) expressing human LRH-1 and treated with either

DMSO (Veh) or 10CA at 1 pM for 24 hours. 10CA induces expression of steroidogenic genes

Oplilal and Cypl1b1 (A), increases expression of the anti-inflammatory cytokine IL-10 (B) and

suppresses expression of the pro-inflammatory cytokines IL-1b and TNFa (C). (D) Plot of weight

changes of mice in the DSS experiment. Each point represents the mean = SEM from 5 mice per

group. Horizontal bars above the figure indicate periods of daily DSS or 10CA or Vehicle (Veh)
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administration. (E) Scores for disease activity scores, histology, and morphology were calculated as
described in the methods section and Table S3. Boxes indicate the median and 1* and 3" quartiles
and whiskers indicate the range . (F-G) Representative colon sections stained with H&E show
reduced intestinal damage with 10CA treatment (G) compared to vehicle (F). Regions highlighted in
yellow in panel (F) show examples of crypt loss.*, p < 0.05, **, p < 0.01 relative to vehicle-treated
organoids or mice.

Authors will release the atomic coordinates and experimental data upon article publication. PDB
IDs have been provided in figure legends and are as follows: LRH-1-10CA, 7JYD; LRH-1-9ChoP,

7JYE.

Table S3.1. Summary of linker lengths and key biological parameters for LRH-1 agonists.

Phosphorylcholines
Ema*
Linker (Mean Fold vs
length (# Linker log Ki (M) ECso (uM)* DMSO +/-
Carbons) length (A)  Mean, [95% CI] Mean +/- SEM SEM)
4 10.9 cnc cnc cne
5 12.4 cnc cnc cne
6 13.9 -5.6 [-6.0, -5.2] cnc cne
7 15.5 -0.8 [-7.1, -6.4] cnc cne
8 17.0 -7.4 [-7.7,-7.0] >30 cne
9 18.6 -8.2-8.5,-7.9] 7+/-2 23+/-0.2
10 20.1 -8.7 [-9.4, -8.1] 54/-2 2.1 +/-01
11 21.6 -8.5 [-8.8, -8.3] 51+/-0.5 1.4 +/-0.06
Carboxylic acids
Ema*
Linker (Mean Fold vs
length (# Linker log Ki (M) ECso (uM)* DMSO +/-
Carbons) length (A)  Mean, [95% CI] Mean +/- SEM SEM)
4 7.6 -5.8 [-6.0, -5.7] cnc cne

5 9.1 -5.0 [-5.3, -4.4] cnc cne
6 10.7 -6.5 [-6.8, -6.2] 9+/-4 2+/-01
7 12.2 -6.6 [-6.8, -6.4] 4+/-3 1.6 +/-0.1
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8 13.8 -7.21-7.7,-6.7] 4+/-3 2.1+/-01
9 15.3 -8.0 [-8.1,-7.9] 1.8 +/-0.7 25+/-0.1
10 16.8 -8.0 [-8.3, -7.7] 0.4 +/-02 23+/-0.2
11 18.4 -8.2 [-8.5, -8.0] 0.3+/-0.2 1.9 +/-0.1
Diols
Linker ECso (}LN[) Enax
length (# Linker log Ki (M) Mean +/- (Mean Fold vs
Carbons) length (A)  Mean, [95% CI] SEM DMSO +/- SEM)
4 7.6 -6.7 |-7.4,-6.0] 0.4 +/-0.5 1.44 +/-0.07
5 9.1 -5.7 [-6.0, -5.5] cne cnc
6 10.7 -6.3 [-6.6, -6.1] 1.0+/-0.8 1.8 +/-0.1
7 12.2 cne 0.2+/-0.3 1.46 +/-0.09
8 13.8 -5.4 [-5.6,-5.2] 0.7 +/-1 1.4 +/-0.1
9 15.3 -6.5[-6.8,-6.1] 1+/-2 1.6 +/-0.2
10 16.8 -6.6 [-7.1,-6.2] 0.1+/-0.2 1.6 +/-0.1
11 18.4 cnc 1+/-1 1.4 +/-0.1

* Values previously reported (Flynn ez a/, 2018)



—
o
T

)
T

o
1

13 2% 55 3%
t3

BERELALLLL BRI BN Rl BB EELLL BN Rl B EEL |

% 6N-FAM Bound

—
(&) o
g 9

o
]

% 6N-FAM Bound

% 6N-FAM Bound
o =)
< <

o
]

8 7 -6 5 -4 -3
log[4ChoP] (M)

K.=2.3uM[1.0, 5.9]

BERELALLLL BRI BERSLERLLL BRI BEREELLLL Bl |
8 -7 6 -5 -4 3
log[6ChoP] (M)

| K = 43.4 nM

[19.5, 102]
BREALLLL B ELLLL BN Rl BN Rl BN Rl el |
9 8 -7 6 -5 -4

—
(&) o
T 9

% 6N-FAM Bound
o

1K =1.9nM

log[8ChoP] (M)

[0.4, 7.4]

log[10ChoP] (M

1004

50+

100+

50+

1K =5.8nM

116

P it Ay
[

log[5ChoP] (M)

Ki='17OIﬂW
[77.6, 377] $

log[7ChoP] (M)

[3.0, 10.5]

5 5 -4

log[11ChoP] (M)



117

Figure $3.1. Fluorescence polarization competition: phosphorylcholines. Curves were first baseline subtracted
with the lowest concentration of competitor agonist as baseline, then normalized to the unlabeled
ON curve to determine percent 6N-FAM bound as described in the methods. Insets are 95%
confidence intervals; error shown is SEM. Assays were conducted in duplicate, each with four

technical replicates.
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Figure $§3.4. Luciferase reporter assays with diols. Hela cells were treated with the indicated concentration

of each compound. Each point represents the mean = SEM from two experiments conducted in

triplicate.

Table $3.2: X-ray data collection and refinement statistics.

Data collection

LRH-1 + 10CA + TIF2

LRH-1 + 9ChoP +

TIF2

Space group P3,21 P3,21
Cell dimensions

a, b, c (A) 88.4, 88.4, 105.7 89.2, 89.2, 106.5

o, B,y () 90, 90, 120 90, 90, 90
Resolution (A) 38.27 - 2.30 (2.38 - 2.30)  34.21 — 2.55 (2.64-2.55)
Rypim 0.045 (0.305) 0.074 (0.542)
I/ol 22.7 (1.79) 13.8 (1.31)
CCip2 97.0 (77.6) 98.7 (57.1)
Completeness (%o) 99.8 (98.7) 99.9 (100.0)
Redundancy 15.8 (15.3) 13.8 (13.8)
Refinement
Resolution (A) 2.30 2.55
No. reflections 21639 16426
Ryork / Réree (%0) 21.3/23.3 17.6 / 20.1
No. atoms

Protein 2037 2061

Water 38 18
Twin Law n/a -h, -k, 1
B-factors

Protein 66.3 63.7

Ligand 52.6 65.0

Water 60.2 49.7
R.m.s. deviations

Bond lengths (A) 0.002 0.001

Bond angles (°) 0.48 0.33
Ramachandran 97.2 97.6
favored (%)
Ramachandran 0 0
outliers (%)
PDB accession code 77YD 7JYE

Values in parentheses indicate highest resolution shell.
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Figure $§3.5. 6HP cores of 10CA and 9ChoP adopt the same position as RIW100 6HP core. (A) 10CA (PDB:
7JYD) maintains the deep pocket water network with T352 seen with RJW100 (PDB: 5L11). (B)
9ChoP (PDB: 7JYE) maintains the core position of the parent compound RJW100. Although there
was not electron density to support the expected water network, this was not surprising given the
high B-factors in the structure. (C) Superposition of 10CA (teal), 9ChoP (purple), and RJW100
(pink) ligands shows all three cores overlay in a nearly identical position. 10CA and 9ChoP backbone

shown as 10CA alone in grey for simplicity; RJW100 shown as pink.
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Figure $3.6. Fluorescence polarization: pocket mouth mutants. (A) Forward binding curve for the 6N-FAM
probe. For B-H, curves were first baseline subtracted with the lowest concentration of competitor
agonist as baseline, then normalized to the unlabeled 6N curve (for wildtype, K520A, or Y510A as
appropriate) to determine percent 6N-FAM bound as described in the methods. Insets are 95%

confidence intervals; error shown is SEM. Forward binding assays were conducted in triplicate, each
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with three technical replicates; competition assays were conducted in duplicate, each with four

technical replicates.

80+ —> greater effect than RJW/6N
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60— ® 10ChoP
DLPC
40+ °
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Figure $3.7. Fold reduction in K; for Y516.A versus K520A mutation versus W1 K;. Grey shading indicates
the effects of the mutations RJW100 and 6N, which do not contact the mutated residues. DLPC and
longer-tailed PL-mimics are more sensitive to these mutations, with the exception of 9ChoP, which

is not significantly affected by the K520A mutation.



125

A

SNAS IPHLILELLKCEPDEPQVQAK IMAYLQQEQANRSKHEKLSTFGLMCKMADQTLFS | VEWARSS | FFRELKVDDQMKLLQNCWSELL ILDHIYRQVVHGKEGS IFLVTGQQVDYS | I ASQAGATLNNLMSHAQELVAKLRSLQFD
410 420 430 440
—

100 s 1000 s 10000 s

Exchange Time

Relative Fractional Uptake M
0% 84%
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Deuterium uptake over time for each HDX experiment, mapped onto PBD 4DOS.
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Figure $3.9. Protein purification and MARCoNI. (A) Binding curve of the 6N-FAM probe to apo LRH-

1 LBD. Each point represents the mean = SEM from one experiment conducted in duplicate. Inset

indicates the Kgq, with the 95% confidence interval in square brackets. (B) Profile from size
exclusion chromatography showing the pure protein eluting at ~14 mL. (C) Binding curve of the

6N-FAM probe to FL-LLRH-1. Each point represents the mean £ SEM from one expetriment

conducted in duplicate. Insetindicates the Ky, with the 95% confidence interval in square brackets.
(D) Fluorescence polarization binding curve showing the association between FL-LRH-1 and the
LRH-1 response element on the CYP7A1 promoter. Inset indicates the Ky, with the 95% confidence
interval in square brackets. (E) Size exclusion chromatogram for FL-LRH-1, with clear elution peak
at ~85 mL. F. Coregulator recruitment by apo LRH-1 LBD, showing recruitment of coregulator

peptides, including previously identified LRH-1-interacting motifs from NROB1, NROB2, and

NCORI, as well as the novel interactor, IxBB. G. FL-LRH-1 demonstrates a similar MARCoNI

trace to apo LRH-1 LBD when not complexed with agonist. (H) Heatmap comparing coregulator
recruitment by 10CA and 6N to FL-LRH-1. “10CA+” and “6N+" refer to the addition of excess
ligand immediately before the MARCoNI versus only complexing with ligand before size exclusion

chromatography (see Methods).

Table $3.3. Modified colitis disease activity score.

Scores 0 1 2 3 4
Weight loss (%o) 0 >0% 25% 210% 215%
Diarrhea Normal Mild Loose Moderate Liquid
Hematochezia None FOBT=® FOBT+ Blood++ Blood+++
Sick appearance Normal Mild Moderate Hunched,

: Lethargic
uncleanness uncleanness Slow moving
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Figure §3.10. 10CA treatment does not activate mouse L RH-1. Nanostring gene expression analysis in

wildtype mice reveals that 10CA does not activate mouse LRH-1 and induce expression of LRH-1

target genes. Mice were treated with 5 doses of the indicated dosage of 10CA over 3 days, each 12

hours apart (see Methods for further detail). Shown here are Srebp1c (A), Fasn (B), Sedl (C), and Acab

(D) mRNA expression. Error bars shown are SEM; n = 4-5 mice per group.



. Cyp11ai Cyp11b1

25 yp 20 y
= 2.01
2 15
g 151
3 1.0
£ 1.0 '
s
x 0.51 0.5
1S

0.0

0.0
S Veh  10CA

2.0- IL-10 2.01 IL-1B 1.5- Tnfa
.
> 1.5 1.5
(72}
>
o
5 1.0 T 1.0
< -1
Z
= 0.51 0.51

0.0 0.0- 3

Veh 10CA Veh 10CA Veh 10CA

Figure §3.11. 10CA does not alter gene expression in enteroids lacking L RH-1. Enteroids derived from
epithelial-specific Lrh-1 knockout mice were treated with DMSO (Veh) or 10CA at 1 uM. Gene

expression changes were measured by q-RT-PCR as described in Figure 6.

129



130

References

1. van der Veen, J.N. et al. The critical role of phosphatidylcholine and
phosphatidylethanolamine metabolism in health and disease. Biochim Biophys Acta Biomenibr
1859, 1558-1572 (2017).

2. Chaurio, R.A. et al. Phospholipids: key players in apoptosis and immune regulation. Molecules
14, 4892-914 (2009).

3. Dawaliby, R. et al. Allosteric regulation of G protein-coupled receptor activity by
phospholipids. Naz Chenz Bio/ 12, 35-9 (2016).

4. Liu, S. et al. A diurnal serum lipid integrates hepatic lipogenesis and peripheral fatty acid use.
Nature 502, 550-4 (2013).

5. O'Donnell, V.B., Rossjohn, J. & Wakelam, M.]. Phospholipid signaling in innate immune

cells. | Clin Invest 128, 2670-2679 (2018).
6. Wymann, M.P. & Scheiter, R. Lipid signalling in disease. Na# Rev Mo/ Cell Biol 9, 162-176

(2008).

7. Li, Z. et al. The ratio of phosphatidylcholine to phosphatidylethanolamine influences
membrane integrity and steatohepatitis. Cel/ Metab 3, 321-31 (20006).

8. Furse, S. & de Kroon, A.l. Phosphatidylcholine's functions beyond that of a membrane
brick. Mo/ Membr Biol 32, 117-9 (2015).

9. Walker, A.K. 1-Carbon Cycle Metabolites Methylate Their Way to Fatty Liver. Trends

Endocrinol Metab 28, 63-72 (2017).

10. Chakravarthy, M.V. et al. Identification of a physiologically relevant endogenous ligand for
PPARalpha in liver. Ce//138, 476-88 (2009).

11. Kang, H.W., Kanno, K., Scapa, E.FF. & Cohen, D.E. Regulatory role for phosphatidylcholine
transfer protein/StarD2 in the metabolic response to peroxisome proliferator activated
receptor alpha (PPAR). Biochinica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids
1801, 496-502 (2010).

12. Musille, P.M. et al. Antidiabetic phospholipid-nuclear receptor complex reveals the
mechanism for phospholipid-driven gene regulation. Naz Struct Mol Bio/19, 532-7, S1-2
(2012).

13. Ortlund, E.A. et al. Modulation of human nuclear receptor LRH-1 activity by phospholipids
and SHP. Nat Struct Mol Bio/ 12, 357-63 (2005).

14. Musille, P.M., Kossmann, B.R., Kohn, J.A., Ivanov, I. & Ortlund, E.A. Unexpected
Allosteric Network Contributes to LRH-1 Coregulator Selectivity. | Bio/ Chem (2015).

15. Sablin, E.P. et al. Structure of Liver Receptor Homolog-1 (NR5A2) with PIP hormone
bound in the ligand binding pocket. | S#uct Bio/ (2015).

10. Lee, J.M. et al. A nuclear-receptor-dependent phosphatidylcholine pathway with antidiabetic
effects. Nature 474, 506-10 (2011).

17. Mamrosh, J.L. et al. Nuclear receptor LRH-1/NRS5A2 is required and targetable for liver
endoplasmic reticulum stress resolution. E/fe 3, e01694 (2014).

18. Coste, A., Dubuquoy, L., Barnouin, R., Annicotte, J-S., Magnier, B. Notti, M., Corazza, N.,
Antal, M.C., Metzger, D., Desreumaux, P., Brunner, T., Auwerx, J., and Schoonjans, K. .
LRH-1-mediated glucocorticoid synthesis in enterocytes protects against infalmmatory
bowel disease. Proc Nat! Acad Sci U S A 104, 13098-13103.

19. Xu, P., Oosterveer, M.H., Stein, S., Demagny, H., Ryu, D., Moullan, N., Comment, A.,
Auwerx, J., Schoonjans, K. LRH-1-dependent programming of mitochondrial glutamine
processing drives liver cancer. Genes Dev 30, 1255-1260 (20106).



20.

21.

22.

23.

24.

25.

206.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

131

Nadolny, C. & Dong, X. Liver receptor homolog-1 (LRH-1): a potential therapeutic target
tor cancer. Cancer Biol Ther 16, 997-1004 (2015).

Cobo-Vuilleumier, N. et al. LRH-1 agonism favours an immune-islet dialogue which
protects against diabetes mellitus. Na# Commun 9, 1488 (2018).

Bayrer, J.R. et al. LRH-1 Mitigates Intestinal Infammatory Disease by Maintaining Epithelial
Homeostasis and Cell Survival. bioRxzv (2018).

Musille, P.M., Kossmann, B.R., Kohn, J.A., Ivanov, I. & Ortlund, E.A. Unexpected
Allosteric Network Contributes to LRH-1 Coregulator Selectivity. Journal of Biological
Chemistry 291, 1411-1426 (2015).

Wagner, M. et al. Liver receptor homolog-1 is a critical determinant of methyl-pool
metabolism. Hepatology 63, 95-106 (2010).

Lin, C.J. & Wang, M.C. Microbial metabolites regulate host lipid metabolism through
NR5A-Hedgehog signalling. Naz Cel/ Bio/19, 550-557 (2017).

Choi, S. et al. Methyl-sensing nuclear receptor Liver Receptor Homolog-1 regulates
mitochondrial function in mouse hepatocytes. Hepatology 71, 1055-1069 (2019).

Flynn, A.R., Mays, S.G., Ortlund, E.A. & Jui, N.T. Development of Hybrid Phospholipid
Mimics as Effective Agonists for Liver Receptor Homologue-1. ACS Medicinal Chemistry
Letters 9, 1051-1056 (2018).

Krylova, I.N. et al. Structural analyses reveal phosphatidyl inositols as ligands for the NR5
orphan receptors SF-1 and LRH-1. Ce// 120, 343-55 (2005).

Mays, S.G. et al. Development of the First Low Nanomolar Liver Receptor Homolog-1
Agonist through Structure-guided Design. | Med Chernz (2019).

Cornelison, J.L. et al. Development of a new class of liver receptor homolog-1 (LRH-1)
agonists by photoredox conjugate addition. Bioorganic & Medicinal Chemistry Letters 30(2020).
Musille, P.M. et al. Antidiabetic phospholipid-nuclear receptor complex reveals the
mechanism for phospholipid-driven gene regulation. Nature Structural and Molecular Biology 19,
532-7,S81-2 (2012).

Mays, S.G. et al. Crystal Structures of the Nuclear Receptor, Liver Receptor Homolog 1,
Bound to Synthetic Agonists. Journal of Biological Chemistry 291, 25281-25291 (2016).

Mays, S.G. et al. Development of the first low nanomolar liver receptor homolog-1 agonist
through structure-guided design. Journal of Medicinal Chemistry 62, 11022-11034 (2019).
Koppen, A., Houtman, R., Pijenburg, D., Jeninga, E.H., Ruijtenbeek, R., Kalkhoven, E.
Nuclear Receptor-Coregulator Interaction Profiling Identifies TRIP3 as a Novel Peroxisome
Proliferator-activated Receptor. Molecular and Cellular Proteomics, 2211-2226 (2009).

Na, S.-Y. et al. IkBb Interacts with the Retinoid X Receptor and Inhibits Retinoid-dependent
Transactivation in Lipopolysaccharide-treated Cells. | Bio/ Chem 273, 3212-3215 (1998).
Corneilson, ]J.L.C., M. L.; Johnson, A. M.; D’Agostino, E. H.; Melchers, D.; Patel, A. B.;
Mays, S. G.; Houtman, R.; Ortlund, E. A.; Jui, N. T. Development of a new class of liver
receptor homolog-1 (LRH-1) agonists by photoredox conjugate addition. bRy (2020).
Lu, T. et al. Molecular Basis for Feedback Regulation of Bile Acid Synthesis by Nuclear
Receptors. Molecutar Cell 6, 507-515 (2000).

Geiss, G.K., Bumgarner, R.E., Birditt, B., Dahl, T., Dowidar, N., Dunaway, D.L., Fell, H.P.,
Ferree, S., George, R.D., Grogan, T., James, J.J., Maysuria, M., Mitton, J.D., Oliveria, P.,
Osborn, J.L., Peng, T, Ratcliffe, A.L., Webster, P.J.,Davidson, E.H., Hood, L., Dimitrov, K.
Direct multiplexed measurement of gene expression with color-coded probe pairs. Nazure
Biotechnology 26, 317-325 (2008).

Otrdas, 1., Eckmann, L., Talamini, M., Baumgart, D.C. & Sandborn, W.J. Ulcerative colitis.
The Lancet 380, 1606-1619 (2012).



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

132

Coste, A. et al. LRH-1-mediated glucocorticoid synthesis in enterocytes protects against
inflammatory bowel disease. Proc Nat!/ Acad Sci U S A 104, 13098-103 (2007).

Mueller, M. et al. The nuclear receptor LRH-1 critically regulates extra-adrenal glucocorticoid
synthesis in the intestine. | Exp Med 203, 2057-62 (20006).

Bouguen, G. et al. Intestinal steroidogenesis controls PPARgamma expression in the colon
and is impaired during ulcerative colitis. Gu# 64, 901-10 (2015).

Bayrer, J.R. et al. LRH-1 mitigates intestinal inflammatory disease by maintaining epithelial
homeostasis and cell survival. Nat Commun 9, 4055 (2018).

Basak, O. et al. Induced Quiescence of Lgr5+ Stem Cells in Intestinal Organoids Enables
Differentiation of Hormone-Producing Enteroendocrine Cells. Cel/ Sten Cell 20, 177-190 e4
(2017).

Chassaing, B., Aitken, J.D., Malleshappa, M. & Vijay-Kumar, M. Dextran sulfate sodium
(DSS)-induced colitis in mice. Curr Protoc Immunol 104, 15 25 1-15 25 14 (2014).

Chassaing, B., Aitken, J.D., Malleshappa, M. & Vijay-Kumar, M. Dextran sulfate sodium
(DSS)-induced colitis in mice. Curr Protoc Immunol 104, 1-14 (2014).

Treede, I. et al. Anti-inflammatory effects of phosphatidylcholine. | Bio/ Chenz 282, 27155-64
(2007).

Olson, A., Diebel, L.N. & Liberati, D.M. Exogenous phosphatidylcholine supplementation
improves intestinal barrier defense against Clostridium difficile toxin. | Traunma Acute Care
Surg 77, 570-5; discussion 576 (2014).

Chen, M. et al. Phosphatidylcholine regulates NF-»B activation in attenuation of LPS-
induced inflammation: evidence from in vitro study. Animal Cells and Systems 22, 7-14 (2017).
Schneider, H., Braun, A., Fullekrug, J., Stremmel, W. & Ehehalt, R. Lipid based therapy for
ulcerative colitis-modulation of intestinal mucus membrane phospholipids as a tool to
influence inflammation. In# | Mo/ S¢i 11, 4149-64 (2010).

MacDonald, J.I., Specher, H. Phospholipid Fatty Acid Remodeling in Mammalian Cells.
Biochim Biophys Acta, Lipids 1.ipid Metab 1084, 105-121 (1991).

Fernandez-Marcos, P.J., Auwers, J. & Schoonjans, K. Emerging actions of the nuclear
receptor LRH-1 in the gut. Biochim Biophys Acta 1812, 947-55 (2011).

Gensler, L.S. Glucocorticoids: complications to anticipate and prevent. Neurohospitalist 3, 92-
97 (2013).

D’Agostino, E.H. et al. Development of a Versatile and Sensitive Direct Ligand Binding
Assay for Human NR5A Nuclear Receptors. ACS Medicinal Chemistry Letters (2019).

Aarts, J.M. et al. Robust array-based coregulator binding assay predicting ERalpha-agonist
potency and generating binding profiles reflecting ligand structure. Chenz Res Toxicol 26, 336-
46 (2013).

Conway, J.R., Lex, A. & Gehlenborg, N. UpSetR: an R package for the visualization of
intersecting sets and their properties. Bioznformatics 33, 2938-2940 (2017).

Otwinowski, Z., Minor, W. Processing of X-Ray Diffraction Data Collected in Oscillation
Mode. Methods in Enzymology 276, 307-326 (1997).

Adams, P.D. et al. PHENIX: a comprehensive Python-based system for macromolecular
structure solution. Acta Crystallogr D Biol Crystallogr 66, 213-21 (2010).

Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta Crystallogr
D Biol Crystallogr 60, 2126-32 (2004).

Schrodinger, LLC. The PyMOL Molecular Graphics System, Version 1.3r1. (2010).
Laskowski, R.A. & Swindells, M.B. LigPlot+: multiple ligand-protein interaction diagrams
for drug discovery. | Chen Inf Model 51, 2778-86 (2011).



62.

63.

64.

65.

66.

133

Case, D.C., D.; Cheatham lii, T.; Darden, T.; Duke, R.; Giese, T.; Gohlke, H.; Goetz, A.;
Greene, D.; Homeyer, N.; Izadi, S.; Kovalenko, A.; Lee, T.; LeGrand, S.; Li, P.; Lin, C.; Liu,
J.; Luchko, T.; Luo, R.; Mermelstein, D.; Merz, K. M.; Monard, G.; Nguyen, H.; Omelyan, L;
Onufriev, A.; Pan, F.; Qi, R;; Roe, D. R.; Roitberg, A.; Sagui, C.; Simmerling, C.; Botello-
Smith, W.; Swails, J.; Walker, R.; Wang, J.; Wolf, R.; Wu, X,; Xiao, L.; York, D.; Kollman, P.
AMBER 2017. University of Californa, San Franscisco (2017).

Maier, J.A.M., C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K. E.; Simmerling, C. {f14SB:
Improving the accuracy of protein side chain and backbone parameters from ff99SB. Journal
of chemical theory and computation 11, 3696-3713 (2015).

Wang, J.W., W.; Kollman, P. A.; Case, D. A. Antechamber: an accessory software package
for molecular mechanical calculations. | Am Chem Soc 222, U403 (2001).

Ryckaert, J.-P.C., G.; Berendsen, H. J. Numerical integration of the cartesian equations of
motion of a system with constraints: molecular dynamics of n-alkanes. Journal of Computational
Physies 23, 327-341 (1977).

Roe, D.R.C.I, T. E. PTRAJ and CPPTRAJ: software for processing and analysis of
molecular dynamics trajectory data. Journal of chemical theory and computation 9, 3084-3095
(2013).



134
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Steroidogenic factor-1 is a phospholipid-regulated nuclear receptor, closely related to liver receptor
homolog-1, that controls steroidogenesis in the adrenal glands and gonads and metabolism from the
hypothalamus. While there is significant interest in targeting this receptor for the treatment of
adrenal cancer and obesity, drug development has been hindered by the lack of crystal structures in
complex with any synthetic small molecules. Our previous work with LRH-1 offers the exciting
possibility to target SF-1. The work represents the first crystal structure of SF-1 in complex with a
synthetic agonist, and the synthetic agonist here is the best reported for SF-1. This chapter will be

submitted for publication in 2021.

*E.H.D, M.L.C,, and E.A.O. participated in research design. E.H.D., M.L.C,, ].L.C., and A.M.]. performed experiments.
E.HD., ML.C,J.L.C, AM.]., and E.A.O. analyzed data. E.H.D. wrote the manuscript. E.H.D. conducted all binding

and thermal shift assays and solved the crystal structure.



135

Abstract

Steroidogenic factor-1 (SF-1) is a phospholipid-regulated nuclear receptor expressed in the adrenal
glands, gonads, and hypothalamus that controls steroidogenesis and metabolism. There is significant
therapeutic interest in SF-1, as it is an oncogene in adrenocortical cancer and may be targetable in
obesity. However, the endogenous phospholipid ligand has not been identified for this receptor and
drug development has been difficult. While synthetic modulators have been described, no crystal
structures have been reported of SF-1 in complex with synthetic compounds, preventing the
establishment of structure-activity relationships. Here, we report the first crystal structure of SF-1 in
complex with a synthetic agonist. This compound, recently discovered in our labs, is the best agonist
reported for SF-1, with low nanomolar affinity and potency. This structure offers the opportunity to
link structure and activity, facilitating design of more potent agonists for SF-1 that also discriminate
between this receptor and its close homolog, liver receptor homolog-1.

Introduction

Steroidogenic factor-1 (SF-1) is one of 48 human members of the nuclear receptor (NR) family,
composed of ligand-regulated transcription factors that control diverse biological processes
including development, metabolism, and steroidogenesis. NR activity is controlled by specific, high-
affinity lipophilic ligands, making them excellent drug targets, and over one-third of NRs have
already been targeted in the clinic." SF-1 belongs to the NR5A subfamily, a class of monomeric,
phospholipid-binding NRs.” SF-1 is potential therapeutic target for the treatment of adrenocortical
cancer and obesity, but its largely hydrophobic binding pocket and the lack of available crystal
structures in complex with synthetic small molecules have hindered the development of new
modulators.’

SF-1 is expressed in the adrenal cortex, gonads, and ventromedial nucleus of the hypothalamus

(VMH), and it is necessary for the development of each organ where it is expressed.”* In the adrenal
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glands and gonads, it is a master steroidogenic regulator, controlling: the expression of every adrenal
and gonadal steroidogenic gene; the uptake, transport, and de #ovo synthesis of cholesterol to supply
steroidogenesis; and the expression of receptors for adrenocorticotropic and follicle-stimulating
hormones to stimulate adrenal and gonadal steroidogenesis.” SF-1’s control of steroidogenesis has
implicated it as a likely oncogene in adrenocortical carcinoma, a rare and deadly cancer.”® In the
VMH, a region critical for the maintenance of energy homeostasis, SF-1 regulates metabolism. The
precise genes controlled by SF-1 in the VMH are unclear, but loss of SF-1 in this region leads to
obesity due to increased food intake, decreased energy expenditure, and impaired glucose tolerance
and insulin sensitivity.” The processes that SF-1 controls therefore make it an attractive therapeutic
target in adrenocortical carcinoma and obesity.

The endogenous ligands for the NR5A receptors are believed to be phospholipids (PLs). The first
crystal structures of both SF-1 and the only other human NR5A receptor, liver receptor homolog-1
(LRH-1), revealed bacterial phospholipids in the binding pocket.'”"" Subsequent studies identified
medium-chained, saturated phosphatidylcholine species which could activate the NR5As in cells and
activate LRH-1 7z vivo."”> The NR5As can also bind phosphatidylinositol species with high affinity."> "
However, there has not yet been a ligand identified which activates SF-1 % vivo. Even if a specific PL
were identified, PLs do not make ideal therapeutic candidates; they are challenging to work with in
the laboratory setting and are rapidly metabolized and remodeled 7z vivo, limiting their specificity.
Thus, there is significant interest in the development of synthetic modulators both to inactivate and
activate this receptor.

Synthetic modulators have been challenging to develop for SF-1. The ligand binding pocket (LBP) is
largely hydrophobic, leaving few regions for scaffolds to specifically target. Furthermore, only
recently was a simple, direct binding assay developed that makes it possible to characterize positive

results from large-scale screens." There have been a handful of antagonists and one agonist scaffold
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reported for SF-1, but no crystal structures have been solved to date of SF-1 in complex with any
synthetic modulators, preventing the establishment of a structure-activity relationship to further
their development.'> ">’

Recently, our labs synthesized the most effective LRH-1 agonist to date, with 43 nanomolar potency
and 180 picomolar affinity (unpublished). This agonist, 6N-10CA, is a hybrid of earlier small
molecules which target both polar residues in the deep binding pocket and PL-binding residues at
the pocket mouth.'”* We show here that 6N-10CA is also the best agonist reported for SF-1, with
low nanomolar affinity and potency, and the stability induced by this molecule allowed us to solve
the first crystal structure of SF-1 in complex with a synthetic agonist. Surprisingly, the structure
shows that the LBP is co-occupied by a bacterial PL, a phosphatidylethanolamine (PE) species, as a
result of the soaking process used to introduce 6N-10CA into the pocket, but the electron density
for both ligands is unambiguous. As we have shown previously with 6N and 6N-10CA for LRH-1,
the 6N-10CA sulfamide makes an extensive hydrogen bond network with the pocket interior (Mays
2019 and unpublished)."” This structure offers the first opportunity to directly examine the
interactions made by an SF-1 agonist and will accelerate small molecule development for this
exciting therapeutic target.

Results

Agonist design. We have previously reported extensive modifications to the SF-1/ LRH-1 dual agonist
RJW100.""* Substitution of a sulfamide moiety off the hexahydropentalene cotre improved affinity
and potency two orders of magnitude towards LRH-1, resulting in the first low-nanomolar LRH-1
agonist (Figure 4.12)."*"” This dramatic improvement resulted from an expansive hydrogen bond
network deep in the LRH-1 binding pocket initiated by the sulfamide group."” While the sulfamide
compound, termed 6N, was potent and high affinity, it did not activate LRH-1 to a greater extent

than the parent RJW100 compound. Thus, we next sought to increase activation by increasing the
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alkyl chain length and appending phospholipid-mimicking groups to access phospholipid-
coordinating residues at the pocket mouth (Figure 4.1b)."** This strategy was successful, resulting in
improved activation and potency towards LRH-1, and the best compound from this series, termed

182 Most recently, we

10CA, activates LRH-1 7z vivo in a2 murine model of ulcerative colitis.
combined these two design strategies into a “hybrid” compound termed 6N-10CA to access both
the deep pocket and pocket mouth interactions, resulting in the best LRH-1 agonist to date (Figure
4.1c). The modifications have a synergistic effect; 6N-10CA has picomolar affinity and potency (Ki:
180 pM, 95% confidence interval [120, 280]; ECso: 43 nM [27, 69]) and more effectively alters LRH-
1 target gene expression in qPCR assays than its single component agonists (data unpublished).
While our work has focused on LRH-1, given that the parent molecule, RfW100, is a dual SF-1/
LRH-1 agonist, we reasoned that its derivatives would also activate SF-1. We have previously
demonstrated that a subset of our RJW100 derivatives bind SF-1, though with lower affinity than to
LRH-1, and shown that 6N activates SF-1 with high potency.>" A high-resolution crystal structure
of agonist-bound SF-1 would be highly valuable, both for SF-1 therapeutic development and for
characterization of potential cross-targeting between LRH-1 and SF-1 given the nearly identical
ligand-binding pockets. We hypothesized that 6N-10CA would be high affinity and stabilizing
enough to yield such a structure a structure.

6IN-10CA is a potent, stabilizing SF-1 agonist. We began by comparing the functional effects of 6N-
10CA with its constituent compounds, 6N and 10CA (Figure 4.2). We found that the 6N and 10CA
modifications had a synergistic effect on SF-1 binding in our fluorescence polarization assay,
resulting in a ~60-fold increase in affinity over 6N and a ~4-fold improvement over 6N (Figure
4.1d). The 60.4 nM K of 6N-10CA is the highest affinity reported for an SF-1 synthetic agonist,
though it does not reach the picomolar affinity of 6N-10CA for LRH-1. We found mixed effects for

in-cell activation, measured by luciferase (Figure 4.1¢). 6N-10CA was 3-fold less potent than 6N and
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19-fold more potent than 10CA, with an ECs, of 170 nM. 6N-1CA had a maximum activation in
between 6N and 10CA of 1.7, similar to the level achieved in LRH-1 luciferase assays (unpublished).
Finally, we determined the effect of these three compounds on the stability of SF-1 using thermal
melting (Figure 4.1f). Compared to the phospholipid control, all three compounds selected for a
stable conformer of SF-1: 6N and 6N-10CA both resulted in a shift in melting temperature of ~6.5
°C, whereas 10CA shifted the melting temperature by ~2 °C. In contrast, 6N-10CA has a synergistic
effect in thermal melting for LRH-1, shifting the melting temperature by 11 °C versus ~9 °C for 6N
and 5.5 °C for 10CA, indicating that the mechanism of action may differ between the two receptors
(Mays 2019 and data unpublished).” Taken together, these data demonstrate that the sulfamide and
carboxylic acid moieties combine to improve potency and affinity, creating the best SF-1 agonist to
date.

Analysis of SE-1-6N-10CA crystal structure. The strong potency, high affinity, and significant
stabilization led us to pursue crystallization studies with 6N-10CA to visualize the binding mode and
understand the mechanism of action. We solved the structure of SF-1 bound to 6N-10CA and a
fragment of the coactivator TIF2 to a resolution of 2.59 A, using a CysLite version of SF-1 lacking
surface cysteines (Table 4.1, Figure 4.2)." Surprisingly, 6N-10CA is not the only ligand in the ligand-
binding pocket. The pocket is co-occupied by a bacterial phospholipid, mostly likely
dipalmitoylphosphoethanolamine (DPPE; 16:0/16:0), which has been co-crystallized with SF-1
several times previously as a bacterial phospholipid from purification.'”*>* Of the two molecules in
the asymmetric unit, 6N-10CA and DPPE are present in chain B, and chain A is fully occupied by
DPPE (Figure 4.2a-b). The partial occupancy of 6N-10CA is most likely a result of the soaking
method used to generate the structure (see Methods). Nevertheless, there is unambiguous electron
density indicating the presence of both 6N-10CA and DPPE in the binding pocket (Figure 4.2 c-f).

Ligand omit maps omitting 6N-10CA, DPPE, or all ligands demonstrate that the ligand density is
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only satisfied when both 6N-10CA and DPPE are present (Figure 4.2c-e, S4.1). The need for both
ligands is particularly clear due to the strong density from the 6N-10CA sulfamide group and the
DPPE phosphate. In contrast, an omit map generated for chain A shows that DPPE fully satisfies
the ligand density (Figure 4.2f).

Although the co-occupied ligands are overlapping, this structure still yields useful information about
the interactions made with SF-1. As expected based on previous structures, the DPPE phosphate is
coordinated by hydrogen bonds with Y436, K440, and the a-amino group of G341 in chains A and
B (Figure 4.3a). The carboxylic acid moiety of 6N-10CA, however, is distant from these same
phosphate-coordinating residues at the pocket mouth, suggesting that the 6N-10CA “tail” may not
contact the same residues as a phospholipid (Figure 4.3b). This is surprising given our previous work
with similar compounds bound to LRH-1 showing the carboxylic acid moiety engaging in hydrogen
bonds with the phosphate-coordinating residues (Figure 4.3c).”” Superposition of the LRH-1 and
SF-1 6N-10CA structures reveals that the alkyl tails take dramatically different paths in the pocket,
resulting in a distance of 3.7 A between the carboxylic acid carbons (Figure 4.3c). However, fitting
the SF-1 6N-10CA alkyl tail during structure refinement was challenging. Its overlap with the tail of
DPPE prevented manipulation towards the established LRH-1 tail path and may have obscured its
true positioning.

The 6N-10CA interactions in the deep pocket are nearly identical to those of 6N and LRH-1 (Figure
4.3d).” The sulfamide moiety directly interacts with M268 and engages in a water-mediated
hydrogen bond network with R313, H310, and the a-amino group of L.324. These are all
interactions made by the sulfamide group with LRH-1. Missing is a direct interaction with the a-
amino group of V326 (V406 in LRH-1). Additionally, LRH-1 T352 is critical for activation by 6N,
but not within hydrogen-bonding distance in the structure; the analogous T272 is a similar distance

of 3.4 A from the sulfamide in the SF-1 structure. In sum, 6N-10CA binds SF-1 very similarly to
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LRH-1, particularly in the deep pocket, and the co-occupancy with DPPE complicates interpreting
the alkyl chain path.

Discussion

SF-1 is a compelling therapeutic target in the settings of obesity and adrenocortical cancer due to its
regulation of metabolism and steroidogenesis. Furthermore, while SF-1 is a critical regulator of
metabolism through the VMH, its precise role in this region is unknown, and a strong agonist which
could target the brain would help to elucidate its transcriptional program.

Here, we charactetize a dual LRH-1/ SF-1 agonist, 6N-10CA recently synthesized in our labs
(unpublished). 6N-10CA is the best agonist to date for both receptors, with 60.4 nM affinity, 170
nM ECs, and 6 °C stabilization in by thermal shift for SF-1 (Figure 4.1). The high affinity and
stabilization provided by 6N-10CA enabled the solution of the first SF-1 crystal structure with any
non-phospholipid small molecule (Figure 4.2). This 2.59 A structure showed a surprising co-
occupancy with the bacterial phospholipid DPPE; SF-1 co-purifies with E. e/ PLs, and displacing
them for crystallization is difficult. We obtained the structure by soaking 6N-10CA into crystals
known to contain lipid, and the soaking procedure only partially replaced DPPE. Despite the
incomplete ligand exchange, the 6N-10CA-SF-1 structure still yielded valuable information about
the molecular interactions between this agonist class and SF-1. The interactions in the deep pocket
were nearly identical to those of 6N and 6N-10CA with LRH-1, with the sulfamide moiety forming
an extensive hydrogen bond network with M268, H310, R313, and 1324 (Mays 2019 and
unpublished).” Only the LRH-1 V406 hydrogen bond was absent, as the a-amino group of V326 is
too far (3.4 A) to form a hydrogen bond with the sulfamide in the SF-1 structure. A residue critical
for activation of LRH-1, T272 (T352 in LRH-1), was 3.4 A from the sulfamide (3.9 A in LRH-1);
although this is not within hydrogen-bonding distance, it is within interaction distance and may be

similarly important for SF-1 activation. Another residue, M268 (M345 in LRH-1), which directly
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engages the sulfamide group in both the SF-1 and LRH-1 structures but was not found necessary for
LRH-1 activity, is another candidate residue for functional investigation. While the deep pocket
interactions were nearly identical to those of LRH-1, the electron density of 6N-10CA diverged at
the SF-1 pocket mouth. Based on the multiple structures we have previously solved of similar
agonists bound to LRH-1 we hypothesized that 6N-10CA would engage the phosphate-coordinating
residues Y436, K440, and the a-amino group of G341 (Figure 4.3c).” Instead, the 6N-10CA tail
diverged from the LRH-1 path and the carboxylic acid moiety is positioned outside of hydrogen-
bonding distance with these residues in our structure. However, the definitive path of the 6N-10CA
tail was obfuscated by the overlapping DPPE tail, and the positioning was uncertain. Further
functional studies with mutagenesis or molecular dynamics simulations will determine whether
interactions with the deep pocket and pocket mouth are necessary for the activity of 6N-10CA.
Together, these results demonstrate a high affinity, potent, strongly stabilizing SF-1 agonist, likely
with a similar mechanism of activation to LRH-1.

With a highly effective agonist and the first synthetic small molecule-bound crystal structure of SF-1
in-hand, new avenues of therapeutic development are now feasible. 6N-10CA would be a useful tool
for elucidating SF-1’s particular role in altering gene expression in the VMH. Given the therapeutic
potential of SF-1 in obesity, altering 6N-10CA to cross the blood-brain barrier and target the VMH
in vivo is now feasible, with structure-guided design. This structure may also enable improvements on
agonist efficacy. 6N-10CA is nearly four times less potent and two orders of magnitude lower
affinity than for LRH-1, indicating differences in mechanisms of activation and room for
improvement towards SF-1. The ability to directly compare SF-1- and LRH-1-6N-10CA structures
also offers the potential to develop more selective compounds. While global activation of LRH-1 is
unlikely to be detrimental, unnecessary activation of SF-1 in the adrenal glands would lead to

overproduction of adrenal steroids. Thus, using this structure to select agonists towards LRH-1 and
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away from SF-1 would further LRH-1 agonist development in the settings of diabetes, obesity, and
inflammatory bowel diseases. Finally, SF-1 antagonists are sought for the treatment of adrenocortical
cancer, and this structure may yield strategies to modify 6N-10CA for receptor destabilization and
antagonism.

Methods

Chemical synthesis. Compounds 6N and 10CA were synthesized as previously described."* The

synthesis and characterization for compound 6N-10CA were as follows:

2o

0,

I,'

HO OH

5-(10-hydroxydecyl)-4-phenyl-3a-(1-phenylvinyl)-1,2,3,3a,6,6a-hexahydropentalen-1-ol (3): A
slight modification of the procedure of Flynn et al. was used. Prior to use in the reaction, all reagents
were dried by azeotropic removal of water using benzene. A dry round bottom flask containing
bis(cyclopentadienyl)zirconium(IV) dichloride (1.403 g, 4.8 mmol, 1.2 equiv) under nitrogen, was
dissolved in anhydrous, degassed tetrahydrofuran (THF, 5 mL/mmol enyne) and cooled to -78 °C.
The resulting solution was treated with #-BuLi (3.84 mL, 9.6 mmol, 2.4 equiv.) and the light yellow
solution was stirred for 50 minutes. A solution of tert-butyldimethyl((7-phenylhept-1-en-6-yn-3-
yl)oxy)silane (1.202 g, 4.0 mmol, 1.0 equiv) in anhydrous, degassed THF (5 mL/mmol) was added.
The resulting salmon-colored mixture was stirred at -78 °C for 45 minutes, the cooling bath
removed, and the reaction mixture was allowed to warm to ambient temperature with stirring (2.5
hours total). The reaction mixture was then cooled to -78 °C for 15 minutes and tert-butyl((10,10-
dibromodecyl)oxy)diphenylsilane (2.492 g, 4.4 mmol, 1.1 equiv) was added as a solution in

anhydrous THF (5 mL/mmol) followed by freshly prepared lithium diisopropylamide (LDA, 4.4
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mL, 4.4 mmol, 1.0 M, 1.1 equiv.). After 30 minutes, a freshly prepared solution of lithium
phenylacetylide (14.4 mmol, 3.6 equiv.) in anhydrous THF (2 mL/mmol) was added dropwise and
the resulting rust-colored solution was stirred at -78 °C for 1 hour. The reaction was quenched with
methanol and saturated aqueous sodium bicarbonate and allowed to warm to room temperature,
affording a light yellow slurry that stirred overnight. The slurry was then poured onto water and
extracted with ethyl acetate four times. The combined organic layers were washed with brine, dried
with Na,SOy, filtered, and concentrated 7 vacuo to afford a crude mixture. The resulting crude
mixture was dissolved in 200 mL of 1:1 DCM:MeOH in a round bottom flask then 0.5 mL of
concentrated HCl added. The resulting solution was stirred at room temperature for 2.5 hours
before concentrating 7z vacno and subjecting to silica gel chromatography (5-50% EtOAc/hexanes
eluent) to afford the title compound as a yellow oil and 1.7:1 mixture of diastereomers used in the

next step without separation. (1.47 g, 80% over 2 steps).

Exo diastereomer: "H NMR (600 MHz, CDCLy) 8 7.37 — 7.23 (m, 8H), 7.20 (t, ] = 8.0 Hz, 2F), 5.07
(d,] = 1.4 Hz, 1H), 4.99 (d, ] = 1.4 Hz, 1H), 3.96 — 3.93 (m, 1H), 3.64 (¢, ] = 6.6 Hz, 2H), 2.36 (dd, ]
=16.9, 9.3 Hz, 1H), 2.29 (dd, ] = 9.3, 1.8 Hz, 1H), 2.13 — 1.98 (m, 4H), 1.75 — 1.63 (m, 2H), 1.56 (p,

J=06.8Hz,3H), 1.43 — 1.17 (m, 14H).

Endo diastereomer: "'H NMR (600 MHz, CDCls) 8 7.37 — 7.23 (m, 8H), 7.20 (t, ] = 7.5 Hz, 2H),
5.07 (d,] = 1.4 Hz, 1H), 4.93 (d, ] = 1.4 Hz, 1H), 4.18 (td, ] = 8.9, 5.6, 1H), 3.64 (t, ] = 6.6 Hz, 2H),
2.62 (dd, ] = 17.5, 2.1 Hz, 1H), 2.48 (td, ] = 8.7, 2.0 Hz, 1H), 2.13 — 1.98 (m, 4H), 1.84 (dq, ] = 10.0,

4.9 Hz, 1H), 1.75 - 1.63 (m, 2H), 1.56 (p, ] = 6.8 Hz, 2H), 1.43 — 1.17 (m, 14H).
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10-(-6-ox0-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-yl)decanoic acid
(4): To a solution of 3 in acetonitrile (592 mg, 1.3 mmol, 0.1 M) was added tetrapropylammonium
perruthenate (45.3 mg, 0.13 mmol, 0.1 equiv.), N-methylmorpholine N-oxide (2.29 g, 12.9 mmol, 10
equiv.), and water (0.24 mL, 12.9 mmol, 10 equiv.) and stirred at room temperature overnight. The
reaction solution was then filtered through a pad of silica with 99:1 EtOAc:AcOH to collect the title

compound as a yellow oil (608 mg, quant.).

"H NMR (500 MHz, CDCly) 8 7.40 — 7.19 (m, 10H), 5.22 (d, ] = 1.5 Hz, 1H), 5.11 (d, ] = 1.4 Hz,
1H), 2.46 (d, ] = 7.8 Hz, 1H), 2.36 — 2.26 (m, 4H), 2.16 — 1.95 (m, 5H), 1.91 (dd, ] = 16.5, 7.8 Hz,

1H), 1.61 (p, ] = 7.5 Hz, 2H), 1.46 — 0.97 (m, 12H). Carboxylic acid proton (-COOH) not observed.

3C NMR (126 MHz, CDCly)  223.0, 179.9, 153.3, 145.0, 142.6, 137.5, 136.8, 129.1, 128.4, 128.2,

127.7,127.2,127.1, 115.4, 65.6, 55.7, 38.9, 37.6, 34.2, 30.1, 29.8, 29.4, 29.3, 29.1, 28.5, 27.7, 24.8.

HPLC method A, LRMS (ESI, APCI) /z: calc’d for CyoHz0Os (M+H)" 471.3, found 470.8.

OMe

methyl 10-(6-oxo-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)decanoate (5): To a solution of 4 in methanol (945 mg, 2 mmol, 0.1 M) was added 5 drops of
concentrated HCI and stirred at room temperature overnight. Reaction solution was then

concentrated 7 vacno and filtered through a pad of silica to collect the title compound as a yellow oil

(930 mg, 96%).
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'H NMR (500 MHz, CDCIy) 8 7.40 — 7.19 (m, 10H), 5.22 (d, ] = 1.3 Hz, 1H), 5.11 (d, ] = 1.3 Hz,
1H), 3.66 (s, 3H), 2.46 (d, ] = 7.7 Hz, 1H), 2.34 — 2.25 (m, 4H), 2.16 — 1.95 (m, 5H), 1.91 (dd, ] =

16.5, 7.8 Hz, 1H), 1.60 (p, ] = 7.5 Hz, 2H), 1.33 — 1.10 (m, 12H).

3C NMR (126 MHz, CDCLy) § 222.7, 174.4, 153.3, 144.9, 142.6, 137.5, 136.7, 129.0, 128.3, 128.2,
127.7,127.1,127.1, 115.3, 65.5, 55.6, 51.5, 38.8, 37.6, 34.2, 30.0, 29.7, 29.4, 29.33, 29.27, 29.2, 28.4,

27.7,25.0.

HPLC method A, LRMS (ESI, APCI) /z: calc’d for Cy3HyOs (M+H)" 485.3, found 484.9.

[
8

g

H2N OMe

methyl 10-(6-amino-3-phenyl-3a-(1-phenylvinyl)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)decanoate (6): To a screw top test tube charged with a stir bar was added 5 (350 mg, 0.72 mmol,
1.0 equiv.) and ethanol (3 mL) and sealed. Ammonia (7 M in methanol, 0.52 mL, 3.61 mmol, 5.0
equiv.) then titanium(IV) isopropoxide (0.33 mL, 1.08 mmol, 1.5 equiv.) were added via syringe and
stirred at room temperature for 6 hours. The test tube cap was then removed and sodium
borohydride (82 mg, 2.16 mmol, 3 equiv.) added portion-wise. The resulting solution was stirred at
room temperature overnight before being quenched with EtOAc, saturated aqueous potassium
sodium tartrate, and 2 M aqueous sodium hydroxide. The resulting slurry was then sonicated in the
reaction tube for 10 minutes before adding to a separatory funnel. The aqueous layer was then
drained and remaining EtOAc washed with 2 x 20 mL of aqueous potassium sodium tartrate and

2M sodium hydroxide then 20 mL water and 20 mL brine. The remaining organic layer was then
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dried over NaxSOy, filtered, and concentrated zz vacuo to give the title compound as a yellow oil (283

mg, 81%).

"H NMR (500 MHz, CDCly) 8 7.35 — 7.2 (m, 8H), 7.20 (t, ] = 2.0 Hz, 1H), 7.18 (t, ] = 1.5 Hz,
1H), 5.07 (d, ] = 1.4 Hz, 1H), 4.93 (d, ] = 1.5 Hz, 1H), 3.66 (s, 3H), 3.31 (td, ] = 8.7, 5.8 Hz, 1H),
2.49 — 2.40 (m, 2H), 2.29 (t, ] = 7.6 Hz, 2H), 2.12 — 2.00 (m, 4H), 1.85 — 1.78 (m, 1H), 1.72 — 1.67

(m, 2H), 1.60 (p, | = 7.5 Hz, 2H), 1.42 — 1.15 (m, 12H). Amine protons (-NH2) not observed.

PC NMR (126 MHz, CDCls) § 174.5, 155.1, 144.3, 143.0, 139.5, 137.2, 129.9, 127.9, 127.8, 127.7,

126.8, 126.7, 115.3, 69.6, 55.3, 51.6, 34.4, 34.3, 33.3, 30.0, 29.9, 29.52, 29.50, 29.4, 29.3, 28.1, 25.1.

HPLC method A, LRMS (ESI, APCI) 7/ % calc’d for CssHuNO, (M+H) ™ 486.3, found 485.8

0
BocHN\S//
/N
o H

methyl 10-(6-((IN-(tert-butoxycarbonyl)sulfamoyl)amino)-3-phenyl-3a-(1-phenylvinyl)-
1,3a,4,5,6,6a-hexahydropentalen-2-yl)decanoate (7): To a solution of zer/-butyl alcohol (47 mg,
0.64 mmol, 1.1 equiv.) in anhydrous DCM (0.6 mL) in an oven-dried flask under nitrogen at 0 °C
was added neat chlorosulfonylisocyanate (0.050 mL, 0.58 mmol, 1.0 equiv.) and stirred for 45
minutes, warming to room temperature in that time. The resulting solution was then added via
syringe to a solution of 6 (283 mg, 0.58 mmol, 1.0 equiv.) and triethylamine (0.12 mL, 0.87 mmol,
1.5 equiv.) in anhydrous DCM (0.6 mL) under nitrogen in an oven-dried flask at 0 °C. The reaction

was then stirred and warmed to room temperature over 3 hours before diluting with DCM and
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washing with 2 x 10 mL 0.5 M aqueous HCI, 10 mL water and 10 mL brine. The organic layer was
then dried over NaxSOy, filtered, and concentrated iz vacuo to give crude material. This material was
subjected to silica gel chromatography (10-40% EtOAc/hexanes) to collect matetial taken crude to

the next step.

10-(3-phenyl-3a-(1-phenylvinyl)-6-(sulfamoylamino)-1,3a,4,5,6,6a-hexahydropentalen-2-
yl)decanoic acid (1): A 20 mL scintillation vial was charged with a stir bar and 7 (160 mg, 0.24
mmol) and cooled to 0 °C. A 3:1 v/v solution of dioxane and concentrated HCI (2 mL) was then
added and allowed to warm to room temperature and stirred for 24 hours before heating to 40 °C
for 14 hours. The reaction solution was then diluted with EtOAc and washed with 3 x 5 mL 0.5 M
aqueous HCl, 5 ml water, and 5 mL brine. The organic layer was then dried over Na,SOy, filtered,

and concentrated 7z vacuo to give the title compound as a brown oil (94 mg, 29% over 2 steps).

'H NMR (500 MHz, CDCL) 8 7.35 — 7.22 (m, 8H), 7.19 (t, ] = 2.0 Hz, 1H), 7.17 (t, ] = 1.6 Hz,
1H), 5.10 (d, ] = 1.3 Hz, 1H), 4.95 (d, ] = 1.4 Hz, 1H), 4.84 (d, ] = 7.8 Hz, 1H), 4.72 (s, 2H), 3.78
(dtd, ] = 11.2, 8.3, 6.0 Hz, 1H), 2.62 (td, ] = 8.9, 2.1 Hz, 1H), 2.42 (dd, J = 17.7, 2.1 Hz, 1H), 2.34 (t,
] =74 Hz, 2H), 2.16 (dd, ] = 17.6, 9.0 Hz, 1H), 2.11 — 2.00 (m, 2H), 1.99 — 1.92 (m, 1H), 1.75 —
1.68 (m, 2H), 1.62 (p, ] = 7.4 Hz, 2H), 1.53 — 1.42 (m, 1H), 1.43 — 1.18 (m, 12H). Carboxylic acid

proton (-COOH) not observed.

BC NMR (126 MHz, CDCls) 8 179.3, 154.3, 143.8, 143.01 139.3, 136.8, 129.8, 128.0, 127.8, 127.0,

126.9, 115.7, 68.9, 57.2, 47.5, 35.6, 34.0, 32.6, 31.8, 29.9, 29.7, 29.2, 29.1, 29.0, 28.9, 27.9, 24.6.
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HPLC method B, LRMS (ESI, APCI) 7/ calc’d for CHiN,O.S (M+H)* 551.3, found 551.8.

Purification — Wildtype SF-1. E. coli strain BL21(DE3)-pLysS was transformed with SF-1 LBD (amino
acids 218-461) in the pLIC-His vector and cultured at 37 °C to ODgu of 0.6 in Lysogeny Broth
medium in the presence of chloramphenicol and ampicillin. Protein expression was induced with 0.5
mM isopropyl-1-thio-D-galactopyranoside (IPTG) for four hours at 32 °C. Cell pellets were lysed in
125 mL NiA (500 mM NaCl, 25 mM imidazole, 5% glycerol, 20 mM Tris HCI pH 7.4, 0.5 mM
TCEP) with lysozyme, phenylmethylsulfonyl fluoride (PMSF), and DNase followed by sonication.
Lysate was clarified by centrifugation in a Sorvall RC 6+ centrifuge at 16,000 x g for 45 minutes.
Supernatant was flowed over a 5 mL HisTrap FF column (GE Healthcare, Little Chalfront, UK) and
protein was eluted with NiB (NiA with 500 mM imidazole). To homogenize the lipid population,
SF-1 was incubated overnight with dilauroylphosphatidylcholine (DLPC). Size exclusion
chromatography (SEC) into assay buffer (150 mM NaCl, 20 mM Tris HCI pH 7.4, 5% glycerol) was
used as a final purification step; protein was concentrated to ~3 mg/mlL, flash frozen, and stored at
-80 °C for use in assays.

Purification — CysLite SF-1. CysLite SF-1 (amino acids 218-461, C30S, C195S) in the pLic-His vector
was used for crystallization. This protein was purified as described for wildtype SF-1 through the
HisTrap column; after elution from the HisTrap column, the 6X-His tag was cleaved overnight
using tobacco etch virus protease. Cleaved protein was flowed over a second HisTrap column and
the flowthrough was collected, concentrated to ~3 mg/mlL,, flash frozen, and stored at -80 °C for
use in crystallization.

Crystallization. Cleaved SF-1 CysLite was incubated overnight with 4-fold molar excess compound

6N, and SEC was used to remove bacterial lipids and excess compound and exchange into

crystallization buffer (150 mM NaCl, 100 mM ammonium acetate (pH 7.4), 1 mM DTT, and 1 mM
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EDTA, 2 mM 3-[(3-cholamidopropyl)dimethylammonio]-1propanesulfonic acid (CHAPS)). An
additional 2-fold molar excess of 6N was added to SF-1 collected after SEC. SF-1 was concentrated
to~5 mg/mlL, 4-fold molar excess of the Tif2 peptide (HsN-KENALLRYLLDK-CO>) was added,
and the complex was incubated at room temperature for two hours. Crystals were seeded with LRH-
1-RJW100 crystals, grown as previously described.” Crystals wete grown using hanging drop vapor
diffusion at 4 °C with 0.05 mM Na acetate (pH 4.6), 0-25% glycerol, and 5-11% PEG 4000, with 2-4
ul drops. The crystals contained bacterial phospholipid rather than 6N; thus, soaking was used to
exchange the phospholipids. 6N-10CA (100 mM DMSO) was diluted to 2.5 mM in mother liquor,
and 0.5 uLL volumes were added to drops containing crystals for a 2-day soak. Crystals were flash-
frozen in liquid nitrogen using mother liquor with a cryoprotectant of 30% glycerol.

Structure Determination. Data were collected remotely from Argonne National Laboratory (South East
Regional Collaborative Access Team, Lemont, IL) using the 22ID beamline. Data were processed
and scaled using HKI.2000** and phased by molecular replacement using Phaser-MR in Phenix®
with PDB 1ZDT as the search model. Coot™ and Phenix.refine® were used for model building and

1*" Ligplot+** was used to identify

refinement, respectively. Figures were constructed using Pymo
residues interacting with the ligands.

Fluorescence Polarization. All assays were conducted in black, polystyrene, non-binding surface 384-well
plates (Corning Inc., Corning, NY) with 30 uL. volumes in assay buffer. Binding affinity for 6N-FAM
was determined using 10 nM 6N-FAM and protein concentrations ranging from 1'°-5° M. Plates
were incubated overnight at 4 °C and centrifuged at 2,000 x g for 2 minutes before polarization
measurement. Polarization was monitored on a Neo plate reader (Biotek, Winooski, VT) at an
excitation/emission wavelength of 485/528 nm. Nine technical replicates were conducted over three

experiments and compiled binding data were baseline-corrected to wells with no protein and fit with

a one-site binding curve in GraphPad Prism version 7 (GraphPad, Inc., La Jolla, CA). For competition
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assays, 10 nM 6N-FAM (0.8 times the affinity of SF-1 for 6N-FAM) and 25 nM SF-1 (60% of the
forward binding Bum.) were used. Competitor ligand concentration ranged from 2''-2* M, and
competitor ligand volume was kept constant to maintain constant DMSO in each well (6.7% v/v).
Eight technical replicates were performed over two experiments, and GraphPad Prism version 7 was
used to analyze compiled data using a one-site, fit K curve, with normalization to 6N competition.
Luciferase. Hela cells were purchased from Atlantic Type Culture Collection. Hela cells were cultured
in MEMa medium supplemented with 10% charcoal-stripped fetal bovine serum. Cells were
maintained under standard culture conditions. Hela cells were seeded into 96-well culture plates at
7500 cells/ well and transfected with reporter plasmids and either pcDNA empty vector or full-
length SF-1-pcDNA. Reporter plasmids consisted of (1) the pGL3 basic vector containing a portion
of the SHP promoter containing the SF-1 response element cloned upstream of firefly luciferase and
(2) a constitutively active vector encoding Renz/la luciferase used for normalization. Transfections
utilized the FugeneHD transfection reagent at a ratio of 3 ul Fugene: 1 ug DNA. Cells were treated
with agonists 24 hours after transfection at concentrations indicated in the figure legends. 24 hours
after treatment, luminescence was quantified using the DualGlo kit from Promega on a BioTek Neo
plate reader. Values for ECs) and Enm. were calculated by fitting data to a three-parameter dose-
response curve in GraphPad Prism, v7.

Differential Scanning Fluorimetry. Putified protein, pre-exchanged with DLPC (0.2 mg/mL), was

combined with 6N-10CA overnight at 4 °C in assay buffer. SYPRO orange dye was added to the

complexes the next day, at a final dilution of 1:1000. Complexes were heated at a rate of 0.5 °C/
minute on a StepOne Plus thermocycler, using the ROX filter for fluorescence detection. The melting
temperature (T, 50% unfolding) was calculated using the Bolzman equation (GraphPad Prism, V7).

Assays were conducted with nine technical replicates over three experiments.
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Figure 4.1. 6N-10CA is the highest affinity, most potent SE-1 agonist to date. (A-C) Molecular structures of
the previously published 6N" (A) and 10CA* (B); the 6N sulfamide (green) and 10CA carboxylic
acid (pink) moieties were combined to yield the “hybrid” 6N-10CA (C). (D) The sulfamide and
carboxylic acid modifications have a synergistic effect on SF-1 binding, yielding the tightest binding
agonist to date. Experiments were conducted twice in quadruplicate; error bars are SEM; values in
brackets are 95% confidence intervals. (E) 6N-10CA is more potent 10CA, but not 6N, in luciferase
reporter assays, with similar an intermediate ~1.7-fold maximum activation. Experiments were
conducted thrice in triplicate; error shown is SEM; values in brackets are 95% Cls. () Thermal

melting reveals that 6N-10CA and 6N stabilize SF-1 to a similar degree compared to DLPC control
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but more than 10CA. Experiments were conducted thrice in triplicate; error bars are SEM from the

combined replicates.

Table 4.1: X-ray data collection and refinement statistics.

Data collection

SF-1 + 6N-10CA + TIF2

Space group P3,21
Cell dimensions
a, b, ¢ (A) 73.4,73.4,194.2
o, B,y () 90, 90, 120
Resolution (A) 38.59 - 2.59 (2.68 - 2.59)
Rpim 0.035 (0.453)
I/al 20.3 (1.21)
CCip2 99.0 (67.0)
Completeness (%) 99.8 (99.2)
Redundancy 12.4 (11.2)
Refinement
Resolution (A) 2.59
No. reflections 19623
Ryork / Réree (%0) 22.9/28.2
No. atoms
Protein 3934
Water 11
B-factors
Protein 85.2
Ligand 183.0
Water 68.4
R.m.s. deviations
Bond lengths (A) 0.002
Bond angles (°) 0.46
Ramachandran 95.6
favored (%)
Ramachandran 0.21
outliers (%)
PDB accession code Not yet deposited

Values in parentheses indicate highest resolution shell.
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Figure 4.2. 6N-10CA and DPPE co-occupy chain B, but not chain A. (A) In Chain A of the SF-1-6N-10CA
structure (not yet deposited in the PDB), the bacterial phospholipid DPPE dominated occupancy of
the ligand-binding pocket and 6N-10CA was not detected. (B) In Chain B, 6N-10CA and DPPE co-
occupy the ligand-binding pocket, with the tail of DPPE overlapping with the 6N-10CA acyl tail.
When all ligands are omitted from the map, 6N-10CA and DPPE together (C) satisfy the ligand
density for chain B, but not 6N-10CA (D) or DPPE (E) alone. (E) In contrast, in chain A, DPPE

satisfies the ligand density completely. Omit maps are F,-F. contoured at o = 2.0.
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Figure 4.3. DPPE and 6IN-10CA ligand binding pocket-interactions. (A) As seen in previous structures, the
phosphate group of DPPE is coordinated by a hydrogen bond network with Y436, K440, and the a-
amino group of G341.'>** (B) Surprisingly, the 6N-10CA carboxylic acid moiety is not within
hydrogen bonding distance of the phosphate-coordinating residues at the pocket mouth in the
structure. (C) Comparison of the SF-1 and LRH-1 6N-10CA structures reveals that the SF-1 6N-
10CA tail (ligand in ice blue) is shifted considerably from the LRH-1 6N-10CA tail (sky blue; PDB
60QY). The terminal carbon is shifted away from helices 7 and 10 by ~4A, preventing hydrogen
bonding with Y4306, K440, and the a-amino group of G341. SF-1 protein backbone is shown in dark
grey, LRH-1 in light grey; SF-1 residue numbers are given first. (D) 6N-10CA engages several polar

residues deep in the binding pocket, including a direct interaction with M268 and water-mediated
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interactions with H310, R313, and 1.324. There is no hydrogen bond with T272, a residue known to

be critical for sulfamide activation of LRH-1.

Supplemental Figure 4.1. Omission of 6N-10CA or DPPE confirms ligand co-occupancy. (A) Omit map with
O6N-10CA omitted shows that only 6N-10CA and DPPE together fully satisfy the ligand density, not
O6N-10CA (middle) or DPPE (right) alone. (B) DPPE omit map further confirms that only 6N-10CA
and DPPE combined satisfy all features of the ligand density. Map is F,-F., contoured at 2o.
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CHAPTER 5: DIMERIZATION OF STEROIDOGENIC-FACTOR 1
Emma H. D’Agostino,” Anamika Patel,” Michael L. Cato,” Eric A. Ortlund”

"Department of Biochemistry, Emory University, Atlanta, Georgia, 30322, United States

While our initial interest in SF-1 stemmed from its similarity to LRH-1 and our ability to modulate
its activity with our library of small molecules, we were quickly pulled in a second direction. The
NRB5A receptors are canonically monomers — they are, in fact, the only nuclear receptors which act
exclusively as monomers. However, our work with this receptor reveals that SF-1 may also dimerize.
This story still has open questions, but we have now shown through several experiments that SF-1

acts as both a monomer and a dimet.

*E.H.D, A.P., and E.A.O. participated in research design. E.H.D., A.P, and M.L.C. performed experiments.
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Abstract

Steroidogenic factor-1 (SF-1) is a nuclear receptor (NR) in the NR5A subfamily, one of the few
subfamilies which binds DNA as monomers and the only which acts exclusively as monomers. The
NRB5A receptors harbor an extension in the DNA-binding domain (DBD), the Ftz-F1 box, which
extends the canonical DNA recognition element by three base pairs and permits monomeric DNA
binding. SF-1 is a critical regulator of steroidogenesis in the adrenal glands and gonads and
metabolism in the hypothalamus. While this subfamily has not been previously reported to dimerize,
we show here that SF-1 can dimetize 7z vitro and in cells, and that this dimerization is sensitive to a
recently reported, high-affinity agonist. This work adds SF-1 to the list of NRs that act dually as
monomers and dimers and demonstrates a need for further investigation into the functional
significance of the dimer, as the oligomeric state of NRs often determines the direction of gene
regulation.

Intro

Nuclear receptors (NRs) are a family of transcription factors containing 48 human members. The
vast majority of NRs bind to DNA as dimers, with each subunit binding six base pairs of DNA.'
There are exceptions to the general rule: the NRs in subfamily four were initially discovered to bind
DNA as monomers with an eight-base pair response element (RE), and the glucocorticoid receptor
was recently reported to function as a monomer when repressing gene transcription.>” There is also
precedence for NRs to function in multiple oligomeric states; the NR4A family members, while
initially reported to operate solely as monomers, were shortly thereafter discovered to function as
type 2 NRs in concert with the retinoid X receptor (RXR), and then as homodimers.** The
glucocorticoid receptor, while canonically a dimer and, indeed, a founding member of the NR family
and the dimer paradigm, functions as both a dimer and monomer in a context-dependent manner.

There may be other NRs that function in multiple oligomeric states.
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The NR5A receptors, steroidogenic factor-1 (SF-1, NR5A1) and liver receptor homolog-1 (LRH-1,
NR5A2) are unique among NRs as they function only as monomers.® SF-1 is expressed in the
adrenal glands, gonads, and hypothalamus whereas LRH-1 is expressed in the liver, pancreas, colon,
gonads, and breast, and their roles are, broadly, to regulate steroidogenesis, development, and
metabolism.® The NR5As contain a C-terminal extension of the conserved NR DNA-binding
domain (DBD) termed the Ftz-F1 box, giving the ability to bind three additional base pairs of DNA
and stabilizing monomeric DNA binding.” This monomeric binding was initially described through
studies with the fruit fly, silkworm, and mouse NR5A orthologs.” The DBDs of the NR5A
orthologs were confirmed to bind to the previously-reported NR5A RE, and no dimerization was
detected by electrophoretic mobility shift assay for any receptor. Shortly thereafter, murine SF-1 was
reported together with nerve growth factor 1B (NGF1-B), a member of the NR4A subfamily, as a
monomeric NR.” The DBD was also used for these studies, and another gel shift assay showed no
dimerization. Numerous crystal and NMR structures of the individual NR5A DNA and ligand-
binding domains (LBDs) do not show dimerization, although the SF-1 LBD structures tend to
contain two copies in the asymmetric unit.”"* Individual NR domains often do not dimetrize even for
well-characterized dimeric receptors; unsurprisingly, there is no literature describing the behavior of
the full-length NR5A receptors 7 vitro, as this work is only in its early stages in the NR field as a
whole. Limited in-cell ChIP-seq experiments have also identified the monomeric nonamer

consensus response element.'> "

However, these experiments were not performed with NR5A
ligands, and the SF-1 RE search was structured to search for a 9-base pair RE, and thus would not
have found a dimeric RE which would be at least 18 base pairs long.

We conducted a large-scale screen to identify NR-NR and NR-lipid transport protein

interactions and, given the widely accepted view of the NR5A receptors as monomers, were

surprised to see SF-1-SF-1 as one of the strongest interactions in the entire screen. Here, we show
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that SF-1 dimerizes in cells and in several assays 7 vitro, as both the LBD alone and full-length
protein, and that this dimerization is modified by synthetic agonists. This discovery introduces a new
paradigm to the NR5A family and uncovers new questions about the mechanism of action of NR
gene regulation.

Results

Split luciferase assay reveals SEF-1 homodimer. To identify NR-NR and NR-lipid transport protein
interactions in an unbiased manner, we conducted a large protein-protein interaction screen using a
split nanoluciferase system (Figure 5.1a). In this assay, each potential interaction partner is fused to
one half of the nanoluciferase protein. If two interaction partners come within 10 nm, the
nanoluciferase halves form a functional enzyme, allowing readout of a quantifiable luciferase signal.
Unexpectedly, this screen identified the SF-1 homodimer as one of its strongest interactions at two
different transfection concentrations (Figure 5.1b). Out of every SF-1 interaction, the SF-1
homodimer was by far the strongest interaction as well (Figure 5.1c). Because this screen only
identifies interactions, but not their functional significance, we chose to further interrogate the SF-1-
SF-1 homodimer.

The SE-1 LLBD dimerizes in a ligand-dependent manner. We first examined the SF-1 LBD for dimerization.
In our experience with NRs, individual purified domains do not typically dimerize. SF-1 purified
from E. co/i is bound to a mixture of bacterial phospholipids and appears as a single peak at the
expected elution volume for a monomer via size exclusion chromatography (Figure 5.2a). Similarly,
with a moderate SF-1 synthetic agonist, 6N, SF-1 elutes as a single peak at the monomer elution
volume with a slight shoulder (Figure 5.2b-c)."” However, with a higher-affinity agonist, 10CA, SF-1
elutes with two peaks, one at the dimer elution volume and one at the monomer elution volume
(Figure 5.2b, d) (see Chapter 4). The oligomeric states from the size exclusion chromatography were

confirmed with analytical ultracentrifugation (Figure 5.2d). The unusual presence of a dimer with a
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purified LBD suggested the possibility of a strong dimer in agreement with the nanoluciferase screen
and encouraged us to pursue further studies.

Full-length SE-1 dimerizes in vitro. To more completely understand the behavior of the SF-1-SF-1
homodimer, we sought to purify the full-length receptor (FL-SF-1) for further study (Figure 5.3).
Full-length NRs are challenging to purify, but to understand the full mechanism of dimerization,
working with individual domains is inadequate. Our lab has recently made great progress in full-
length NR receptor expression and purification. Expression of FL-SF-1 in E. co/i is modest, but
adequate for purification (Figure 5.3g). The purification scheme involves a nickel column (Figure
5.3a) followed by cleavage of the His-SUMO tag. To strip DNA content from the receptor, a
tandem ion exchange strategy is used, with a Q column to capture DNA/SUMO tag (Figure 5.3b)
and an SP column to capture FL-SF-1 (Figure 5.3c). FL-SF-1 can be challenging to purify by size
exclusion chromatography, which is an area for future focus (Figure 5.3d-f). However, despite
significant degradation, protein with >95% purity can be obtained from the SP column for 7 vitro
assays (Figure 5.3¢).

To confirm the activity of FL-SF-1, we used fluorescence polarization assays to test ligand and DNA
binding (Figure 5.4). FL-SF-1 bound to the 6N-FAM ligand with single-digit nanomolar affinity, a
full order of magnitude tighter than the LBD alone (Figure 5.4a)."* FL.-SF-1 also bound to a single
copy of the CYP7.AT response element with single-digit nanomolar affinity (Figure 5.4b).
Surprisingly, the DNA-binding assay illustrated a two-site binding curve, indicative of dimerization.
The response element in this assay is only 12 base pairs; the SF-1 DNA-binding domain requires 9
base pairs of DNA, so it is unlikely that two copies of SF-1 are bound on the same DNA molecule.
However, the FL-SF-1 is likely dimerizing, perhaps induced by the presence of DNA, and further

study is warranted.
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Ligand disrupts SE-1-SF-1 interaction in cells. Given the ligand-dependence of the LBD dimerization, we
returned to the split nanoluciferase assay to interrogate the effect of ligand on the SF-1 homodimer
in cells. We used 10CA, which induced the LBD dimer, and the 6N-10CA agonist described in
Chapter 4 as it is the best SF-1 agonist to date. Although we hypothesized that these strong agonists
would enhance the in-cell interaction, they had the opposite effect, strongly disrupting the SF-SF-1
dimer (Figure 5.5). While this result appears to be in direct opposition to the LBD reliance upon
ligand for dimerization, SF-1 likely has access to its endogenous phospholipid ligand in mammalian
cells, and this ligand may induce the dimer more strongly than our synthetic agonists. This result
emphasizes the importance of FL-SF-1 and in-cell studies to capture the impact of DBD allostery
and interactions with endogenous ligands and coregulator proteins.

Discussion

SF-1 was initially reported together with Nurt77, a member of the NR4A family, as a monomeric
receptor. The NR4A family was shortly thereafter reported to act as homo- and heterodimers on
DNA, and with this work we add SF-1 to the list of NRs which forms both a monomer and a dimet.
We first identified the SF-1-SF-1 dimer in a large, unbiased NR-lipid transport protein screen, where
SF-1-SF-1 was one of the strongest interactions in the entire screen (Figure 5.1). SF-1 interacted
more strongly with itself than with any other protein in the screen. SF-1 also interacted with several
other NRs and lipid transport proteins in this screen, and while not all are likely to be functionally
relevant (for instance, SF-1 and LRH-1 are not coexpressed 7 vzvo) there are many potential avenues
for future work. We then sought to verify this surprising interaction zz vitro. We showed that the
LBD purifies as a monomer in the presence of bacterial phospholipids and a weak agonist, but that a
strong agonist induces a dimer (Figure 5.2). The LBD also may have some dimer content even

without a strong agonist, as the SEC curves show a slight shoulder; further AUC studies will clarify
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this possibility. Future studies with the LBD will focus on identifying the dimerization interface and
determining whether the interface is consistent across the LBD, FL-SF-1, and in cells.

We successfully purified FL-SF-1 for the first time; this purified full-length NR is a powerful tool for
in vitro studies, as the individual domains may not fully recapitulate activity (Figure 5.3). We show
that FL-SF-1 is pure and active and binds ligand and DNA with single-digit nanomolar affinity
(Figure 5.4). We also show that FL-SF-1 does not dimerize in the presence of our 6N-FAM probe
(consistent with the LBD), but that it forms a two-site binding curve on DNA, indicative of
dimerization (Figure 5.4). Interestingly, the DBD alone does not exhibit a two-site binding curve,
highlighting the need to study FL-SF-1 rather than individual domains and the importance of
allostery between NR domains (data not shown). There is still much to understand about the
behavior of FL-SF-1, including the effects of various ligands, characterization of the dimer interface,
and the effects of different sequences and lengths of DNA.

Finally, we returned to the split nanoluciferase assay used in the initial screen which identified the
SF-1 homodimer to test the effect of ligand on dimer formation. Contrary to our results with
purified LBD in which ligand induced dimer formation, strong agonists disrupted the SF-1
homodimer in cells (Figure 5.5). While this result was unexpected, behavior in cells is often different
from the behavior of purified protein. Agonists could induce DNA binding, and the subsequent
allosteric effects could disrupt the dimer. Agonists likely lead to the recruitment of coregulator
proteins, which could sterically clash with dimer formation. Additional studies will be needed to
understand the functional consequences of SF-1 homodimer formation.

There are many potential future directions of this work, which will be further explored in Chapter 6.
They include 1) identifying the dimerization interface, 2) determining whether dimerization is
occurring on DNA and, if so, on which response elements, 3) determining whether dimerization is

necessary for transcriptional activation in cells. The oligomeric state of SF-1 may also imply a novel
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function, analogous to the dimer versus monomer of GR determining activation or repression of
transcription.” SF-1 has thus far only been shown to activate transcription, and the dimer may
repress transcription or regulate an as-yet-undiscovered set of genes. The experiments here have
shown across multiple systems and methods that SF-1 is not exclusively a monomer as previously
reported, and that further experimentation is warranted to fully understand its complete mechanism
of transcriptional regulation.

Methods

Split luciferase screen. HEK 293T cells were purchased from Atlantic-Type Culture Collection and
cultured in minimal essential media without phenol red (Gibco) with the addition of 10 % fetal
bovine serum. Cells were maintained under standard culture conditions. Cells were plated in a 1536-
well, white, solid-bottom plate and transfected with either 0.5 or 5 ng of each component of the split
luciferase system, that is, a nuclear receptor or lipid transport protein fused at the N-terminus to half
of the Nanoluciferase enzyme, using linear polyethylenimine (PEI) at a total DNA:PEI ratio of 1:3.
After 48 hours, furimazine (NanoGlo; Promega, Madison, WI) was directly added to the cells and
luminescence was measure immediately using an Envision Multilabel plate reader (PerkinElmer,
Waltham, MA). Protein-protein interaction (PPI) scores were reported as a ratio between PPI
luminescence divided by empty vector pair luminescence. Assays were performed in quadruplicate.
Protein Purification: Wildtype L BD. SF-1 LBD (amino acids 218-461) in the pLIC-His vector was used
to transform FE. co/i strain BL21(DE3) and cultured in 6 L. Lysogeny Broth media in the presence of
ampicillin at 37 °C to an ODeg of 0.6. Protein expression was induced with 0.5 mM isopropyl-1-
thio-D-galactopyranoside (IPTG) for 4 h at 32 °C. Cell pellets were lysed in buffer containing 20
mM Tris HCI pH 7.4, 500 mM NaCl, 0.5 mM TCEP, 5% glycerol, lysosome, DNAse, and
phenylmethylsulfonyl fluoride (PMSF) followed by sonication (2 minutes, with 1 second on/ off

intervals). Lysate was clarified by centrifugation for 45 min at 16,000 x g in a Sorvall RC 6+
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centrifuge. The lysate was flowed over a 5 mL. HisTrap FF column (GE Healthcare, Little Chalfront,
UK) with Buffer A (20 mM Tris pH 7.4, 500 mM NaCl, 0.5 mM TCEP, 5% glycerol, 25 mM
imidazole) and SF-1 was eluted with Buffer B (20 mM Ttis pH 7.4, 500 mM NaCl, 0.5 mM TCEP,
5% glycerol, 500 mM imidazole). To homogenize the lipid population, SF-1 was incubated overnight
with dilauroylphosphatidylcholine (DLPC). Size exclusion chromatography (SEC) into assay buffer
(150 mM NaCl, 20 mM Tris HCI pH 7.4, 5% glycerol) was used as a final purification step; protein
was concentrated to ~3 mg/ml, flash frozen, and stored at -80 °C for use in fluorescence
polarization assays.

Purification — CysLite SF-1. CysLite SF-1 (amino acids 218-461, C30S, C195S) in the pLic-His vector
was used for dimerization assays to eliminate the possibility of covalent bonding. This protein was
purified as described for wildtype SF-1 through the HisTrap column; after elution from the HisTrap
column, the 6X-His tag was cleaved overnight using tobacco etch virus protease. Cleaved protein
was flowed over a second HisTrap column and the flowthrough was collected, concentrated to ~3
mg/mlL, flash frozen, and stored at -80 °C for use in assays.

Protein Purification: Full-Length. Full-length SF-1 in the PSMT3 vector was used to transform E. co/s
strain BL21(DE3)-pLysS and cultured Terrific Broth. Protein expression was induced with 1 mM
IPTG for 4 h at 32 °C. Cell pellets were lysed in buffer containing 20 mM Ttris pH 7.4, 750 mM
NaCl, 0.5 mM TCEP, 5% glycerol, 1 uM ZnCl,, 5 mM CHAPS lysozyme, DNAse, PMSF, and a
protease inhibitor tablet (Pierce). To further lyse cells, a homogenizer followed by sonication (2
minutes, with 1 second on/ off intervals) was used. The lysate was flowed over a 5 mL HisTrap FF
column (GE Healthcare, Little Chalfront, UK) with Buffer A (20 mM Tris pH 7.4, 500 mM NaCl,
0.5 mM TCEP, 5% glycerol, 1 uM ZnCl,) and FL-SF-1 was eluted with Buffer B (20 mM Tris pH
7.4, 500 mM NaCl, 0.5 mM TCEP, 5% glycerol, 500 mM imidazole, 1 uM ZnCl,). The His-SUMO

tag was cleaved overnight in dialysis Buffer C (20 mM Tris pH 7.4, 500 mM NaCl, 0.5 mM TCEP,
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5% glycerol, 1 uM ZnCI2, PMSF). To strip DNA from FL-SF-1, a tandem ion exchange approach
was used: the salt concentration was quickly diluted to 250 mM, and the protein-DNA complex was
flowed over connected 5-mL Q (to strip DNA content) and SP (to capture protein) columns. The
columns were then eluted separately with Buffer D (20 mM Tris pH 7.4, 1 M NaCl, 0.5 mM TCEDP,
5% glycerol, 1 uM ZnCly) using a linear gradient of 250 — 650 mM NaCl over 30 CVs, with a final
step to 1 M NaCl for 5 CVs. Captured protein could then be frozen into aliquots and stored at -80
°C, or complexed with DNA/ ligand in dialysis Buffer E (20 mM Tris pH 7.4, 250 M NaCl, 0.5 mM
TCEP, 5% glycerol, 1 uM ZnCl,) using 3,500 MWCO tubing to ensure binding followed by size
exclusion chromatography in Buffer FF (20 mM Tris pH 7.4, 250 M NaCl, 0.5 mM TCEP, 5%
glycerol, 1 uM ZnCl,) as a final purification step.

Fluorescence Polarization. All assays were conducted in black, polystyrene, non-binding surface 384-well
plates (Corning Inc., Corning, NY) with 30 uLL volumes in assay buffer. Binding affinity for 6N-
FAM was determined using 10 nM 6N-FAM and protein concentrations ranging from 1'-5° M.
Binding affinity for the 12-bp CYP7AT1 response element (5-GTTCAAGGCCAG-3’) was
determined using 10 nM CYP7A1-FAM and protein concentrations ranging from 1"'—5 M. Plates
were incubated overnight at 4 °C and centrifuged at 2,000 X g for 2 minutes before polatization
measurement. Polarization was monitored on a Neo plate reader (Biotek, Winooski, VT) at an
excitation/emission wavelength of 485/528 nm. Nine technical replicates were conducted over three
experiments and compiled binding data were baseline-corrected to wells with no protein and fit with
a one-site or two-site binding curve in GraphPad Prism version 7 (GraphPad, Inc., La Jolla, CA).
Competition assays were performed in accordance with development guidelines.” For SF-1 1L.BD, 10
nM O6N-FAM (0.8 times the affinity of SF-1 for 6N-FAM) and 25 nM SF-1 (60% of the forward
binding Bum.) were used. Competitor ligand concentration ranged from 2''-2* M, and competitor

ligand volume was kept constant to maintain constant DMSO in each well (6.7% v/v). Eight technical
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replicates were performed over two experiments, and GraphPad Prism version 7 was used to analyze
compiled data using a one-site, fit K; curve, with normalization to 6N competition.

Analytical Ultracentrifugation. Analytical ultracentrifugation experiments were carried out as previously
described using a Beckman Coulter ProteomeLabTM XI.-A analytical ultracentrifuge equipped with
absorbance optics and an eight-hole An-50 Ti analytical rotor.20 Sedimentation velocity experiments
were carried out at 10 °C and 50,000 rpm (200,000 X g) using 3-mm two-sector charcoal-filled Epon
centerpieces with quartz windows. Each sample was scanned at 0-min time intervals for 300 scans.
Protein samples were run at 0.2 mg/ mL. Sedimentation boundaties were analyzed by the continuous

sedimentation coefficient distribution (c(s)) method using the program SEDFIT.21
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Figure 5.1 Split luciferase screen. (A) In the split luciferase screen, the nanoluciferase enzyme is split in
half and each half is attached to the N-terminus of a potential interaction partner. If the partners

interact with 10 nm, the enzyme comes together and is able to convert substrate into a fluorescent
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signal for quantitative readout. (B) Results of the full NR/ LTP screen; in the entite screen, the SF-
1-SF-1 interaction was one of the top hits for both the 5 ng and 0.5 ng transfection amounts.
“FOC” is fold over control; each dot represents a NR/ LTP potential interaction partner. (C) Heat
map of SF-1-specific screen results. The SF-1-SF-1 interaction was the top result; to better illustrate
gradation, values >30 are excluded from heat map coloration. Values are fold over control, and all

values > 5 are considered relevant.
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Figure 5.2 SF-1 LBD dimerizes in a ligand-driven manner. (A) SEC chromatogram of SF-1 purified from
E. coli shows a single peak at the expected elution volume of ~65 mL for a monomer. (B)
Fluorescence polarization competition assay reveals that 10CA binds with nearly 100-fold higher
affinity than 6N. Values are Kj, with 95% confidence intervals in brackets. (C) SEC chromatogram

of SF-1 LBD in complex with 6N agonist shows a single, monomeric peak with expected elution
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volume of ~19 mL. (D) SEC chromatogram of SF-1 LBD in complex with 10CA agonist shows two
peaks, at ~16 and ~19 mL, indicative of potential dimer induction. Insez. Analytical
ultracentrifugation result from the putative dimer and monomer peaks in confirms presence of

dimer formation driven by 10CA.
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Figure 5.3 SF-1-FL purification. (A) His column, with ~50 mg yield at 50% peak. (B) Q column elution

of DNA after tandem ion exchange. (C) SP column elution of pure SF-1-FL (left) and degradation

product (right) peaks after tandem ion exchange to strip DNA. (D) Sizing column with SF-1
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complexed with DNA; pure SF-1 eluted as a shoulder, and the majority degraded and eluted as a
broad peak with high absorbance. (E) First SDS-PAGE gel showing lysate before purification; first
peak from the His column; second peak from the His column; results from ULP1 His-SUMO tag
cleavage; ladder; SP “clean” meaning a conservative set of fractions taken from the left peak of the
SP column to ensure clean protein; SP “full” meaning the rest of the left peak of the SP column; and
the second peak from the SP column, which is degraded SF-1. (F) SEC shows that most of the
protein degraded, and the only clean protein was a shoulder on the main peak. (G) Results from the
expression; ladder, pre-induction, and post-induction from two separate liters of growths.

Expression band indicated with arrow.
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Figure 5.4. F1-SE-1 dimerizes in vitro on DNA. (A) Fluorescence polarization ligand binding assay

confirms functional ligand binding. (B) Fluorescence polarization DNA binding to single CYP7.A7
response element confirms functional DNA binding. Two-site curve indicates dimerization. Assays
were conducted thrice in triplicate. Kq values are shown with 95% confidence intervals in brackets;

error bars are SEM.
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Figure 5.5. Ligand disrupts dimerization in cells. In the split nanoluciferase assay using FL-SF-1 in cells,
both 10CA and 6N-10CA disrupt the SF-1-SF-1 interaction. 6N-10CA disrupts the dimer at a lower
concentration than 10CA. Assay was conducted twice in triplicate; error shown is SEM.
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS
Conclusions
ILLRH-1
Liver receptor homolog-1 has long been recognized as a promising therapeutic target in a number of
disease states, including type 1 and 2 diabetes, inflammatory bowel diseases, and obesity. However,
targeting the ligand-binding pocket (LBP) of this receptor has been more challenging than expected.
Recombinant LRH-1 purified from E. ¢/ is contaminated with phospholipids, which have been
difficult to displace in binding assays and screens. Removing these phospholipids requires unfolding
and refolding the protein, which is difficult and results in significant loss of protein. The LBP is
almost entirely hydrophobic, complicating finding a scaffold which can access the few polar residues
available for interaction. Because of these difficulties, small molecules screens have only yielded one
agonist scaffold which binds directly in the LBP, the RJW100 scaffold which we have further
developed in this work. In Chapter 2, we describe our development of one of the only direct binding
assays available for LRH-1, enabled by our discovery of a potent synthetic agonist. The development
of a direct ligand-binding assay that is simple to perform has greatly accelerated our ability to
evaluate novel small molecules. We previously relied on a thermal shift assay which determined the
effect of our agonists on the global stability of LRH-1. The degree of stability conferred by an
agonist generally correlates with in-cell activity; however, the thermal shift assay does not indicate
ligand binding in the ligand-binding pocket or allow the calculation of binding affinity. With the
fluorescence polarization competition assay, we can determine whether affinity correlates to in-cell
activity and rapidly assess new compounds. We also can now easily compare efficacy across diverse
small molecules classes, including phospholipids and agonist and antagonist scaffolds, and confirm
binding in the LBP. This represents a significant advancement relative to the mass spectrometry

studies which were previously required to detect competitive ligand binding.
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The progression of LRH-1 agonists from RJW100 to 10CA, described in Chapter 3, is a significant
leap forward. We have advanced from a small molecule with modest activity which did not show 7
vivo activation of LRH-1 to a high-affinity, reasonably potent molecule which activates LRH-1 7z vzvo.
The robust structure-activity relationship we have established through the dozens of compounds we
have studied in complex with LRH-1, including over half a dozen solved crystal structures and
extensive biochemical characterization, has positioned us to further improve our agonists and study
them in a variety of 7z vivo contexts as outlined below.

SF-1

The direct ligand binding assay in Chapter 2 was similarly significant for SF-1; few synthetic
molecules have been reported for SF-1 and this assay will facilitate compound screening. The assay
was immensely helpful for identifying high-affinity candidates for pursuing crystallization studies.
One of the challenges in SF-1 small molecule development has been the lack of synthetic molecule-
bound crystal structures. In Chapter 4, we report the first crystal structure of SF-1 bound to a
synthetic agonist, 6N-10CA, which is also the best agonist reported for SF-1 to date. While there is
still more to be learned from this structure (see below), it has already begun to answer long-standing
questions in our lab about the comparative binding modes between the human NR5A receptors.

In Chapter 5, we address an established paradigm of the NR5A family. LRH-1, SF-1, and all known
NR5A orthologs have been consistently reported in the literature as monomers on DNA, making
them unique among NRs. Here, we show that SF-1 dimerizes 7z vztr0 and in cells and that the
dimerization is sensitive to ligand. This dimerization creates a new paradigm in the NR family; there
are many unanswered questions about the function of this homodimer which are addressed below.

Future Directions
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LRH-1 Small Molecule Development

The discovery of the first agonist to activate LRH-1 77 »ivo in a colitis model represents a significant
advancement in our agonist program. The agonist presented in Chapter 4, 10CA, still presents
opportunities for improvement in terms of potency and pharmacokinetic properties. We have
already developed a significantly more potent compound, 6N-10CA, briefly described in Chapter 5.
With this compound in hand, we now turn to improving the solubility and pharmacokinetic
properties of 6N-10CA. We are currently in the process of etherizing the alkyl “tail” to improve the
partition coefficient (clogP) 3-log fold and eliminating the styrenyl group which is a metabolic
liability (Figure 6.1); these modifications are not expected to impact efficacy.

We now have the opportunity to study LRH-1 activation 7 vive, both in wildtype and disease
models. Traditionally, LRH-1 murine studies have required the use of overexpression models, as the
mouse ortholog ligand-binding pocket differs significantly from the human, generating a muted
ligand-driven response. We have recently developed a humanized mouse using CRISPR editing, and
the combination of this mouse model with our new agonists will enable several avenues of study. In
wildtype animals, we can characterize our agonists to determine their gene regulation programs; we
already have evidence that they drive the recruitment of unique sets of coregulator peptides, which
may alter their transcriptional profiles."? In models of disease, we are encouraged by the efficacy of
10CA in colitis and will pursue further studies in this area as there are multiple models of colitis,
including the T-cell transfer, oxalazone-induced, and 1I-10 knockout models. Given the iz vivo action
of 10CA, we would also like to test our small molecules in models of type 1 diabetes and in a high-
fat diet induced model of obesity and type 2 diabetes.

SE-1 Small Molecule Studies

Our work with SF-1 has advanced our understanding of how SF-1 interacts with synthetic agonists,

particularly in comparison to LRH-1. We have characterized SF-1 with our ~100-compound library
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of small molecules and solved the first synthetic agonist-bound crystal structure. We are now well-
positioned to leverage this information to expand our understanding of full mechanism of this
receptor and develop SF-1-specific modulators.

Further interrogation of the 6N-10CA mechanism of action: we must determine whether 6N-10CA
is functionally engaging the pocket mouth because the partial occupancy with DPPE in our structure
may have biased this region of the electron density map. To accomplish this, we can introduce
substitutions to critical phospholipid-coordinating residues at the pocket mouth, Y436F and K440A,
and interrogate the ability of 6N-10CA to activate SF-1 in comparison to the wildtype receptor. A
second region that is required for LRH-1 activation with 6N is the sulfamide interaction network.
We have established with multiple agonists that T352 is a critical residue for LRH-1 activation,
although it is not within hydrogen bonding distance of the sulfamide in the LRH-1 6N or 6N-10CA
structures.”* Similarly, although the sulfamide group was within 3.4 A of T272 in our SF-1 structure,
it was not within hydrogen bonding distance.”* Thus, to determine whether interaction with SF-1
relies on T272 for activation, we can introduce a T272V substitution. We will also introduce a
substitution to the nearby M268; this residue directly interacts with the sulfamide in both the SF-1
and LRH-1 structures, but was not shown to affect LRH-1 activation. We will determine whether
SF-1 uses the same residues as LRH-1 or has a different mechanism of activation using luciferase
and binding assays. We will also use molecular dynamics simulations to examine the interactions
between 6N-10CA and each of these critical residues, as well as the a-amino group of G341. Finally,
we wish to further understand the effect of 6N-10CA on the function of SF-1. One measure of NR
function is its ability to recruit coregulator proteins, which can be assessed through hydrogen
deuterium exchange coupled to mass spectrometry (to determine the stability of the coregulator
binding surface in response to ligand binding) and coregulator recruitment assays, including the

Microarray Assay for Real-time Coregulator Nuclear receptor Interaction (MARCoNI) previously
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employed by our lab. We also would like to pursue qPCR studies in a relevant SF-1 adrenal cell line
to better understand the ability of 6N-10CA to affect the SF-1 transcriptional program. Together,
these studies will firmly elucidate the mechanism of activation of the receptor.

We can also use the structural and dynamic knowledge gained to dissociate LRH-1 and SF-1
signaling with this agonist class. We now know that our agonist library is not LRH-1-specific and
that SF-1 will need to be accounted for in LRH-1 agonist development, as SF-1 adrenal activation is
expected to be detrimental. However, while our agonists almost universally activate both receptors,
they do not perform equally for these close homologs. For instance, the sulfamide modification
drives low nanomolar potency for LRH-1; for SF-1, this modification does not significantly improve
affinity compared to RJW100.” The best agonist for both receptors, 6N-10CA, has ~300 times the
affinity and ~4 times the potency for LRH-1 than SF-1, implying a difference in mechanism that is
still unclear. One advantage to the general trend of greater efficacy towards LRH-1 than SF-1 with
our agonist library is that with careful dosing, it may be possible to avoid off-target effects towards
SF-1. However, this work has shown that we will need to test for SF-1 activation in LRH-1 studies.
The experiments outlined above, including hydrogen-deuterium exchange and molecular dynamics
simulations, may elucidate mechanistic differences and allow us to develop agonists that select for
LRH-1.

The development of a potent SF-1 agonist offers the opportunity to illuminate SF-1’s role in specific
organ systems. LRH-1 and SF-1 are both expressed in the ovaries and testes, though they are not
coexpressed, and their roles in individual cell types are not fully understood.’ If we can successfully
develop selective agonists, we may be able to parse out the different NR5A roles. SF-1 (and LRH-1)
is capable of stem cell reprogramming, and a strong agonist may enhance its reprogramming ability.’
A relatively uncharacterized region of SF-1 activity is the ventromedial nucleus of the hypothalamus

(VMH), a critical region for feeding behavior and energy homeostasis.® While it is clear that SF-1 is
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critical for function of this region, the precise transcriptional program has not been defined, and a
potent agonist is an invaluable tool for defining the receptor’s gene targets in the VMH.” We can use
our agonists to study SF-1 in ex vzzo VMH neurons, and if 6N-10CA can be modified to cross the
blood-brain barrier and access the VMH, we can also characterize SF-1’s ability to counteract
metabolic disease.

Another key area for future SF-1 small molecule studies is in antagonist development. SF-1 is a
defined oncogene in adrenocortical cancer, a rare and deadly disease for which novel treatments are
critically needed.'”"" We have generated two strategies for inactivating LRH-1: traditional
antagonists, with the goal of destabilizing helix 12, and PROTAC (proteolysis targeting chimeras)
degraders, which recruit ubiquitin ligases and lead to receptor degradation. These strategies have
shown early success and we are prepared to pursue full structure-activity relationship studies
(unpublished). Given the similarity of LRH-1 and SF-1 and the cross-reactivity of our agonists, we
believe that these inactivating compounds will also cross-react with SF-1. We plan to test the
binding affinity of the small set of compounds with SF-1 as well as their ability to destabilize SF-1 in
a thermal melting assay and decrease the receptor’s transcriptional output by qPCR in a relevant
adrenal cell line. We may encounter difficulties with antagonist development as our initial set of
compounds rely on the sulfamide moiety to maintain affinity, but the ability to crystallize SF-1 will
facilitate the progression of this work.

SE-1 Dimer

The discovery that SF-1 has the capacity to dimerize was a surprise that has left many open
questions and future directions.

Obur first goal will be to identify the dimerization interface. Given that the LBD appears to behave
differently than FL-SF-1 in cells, it will be important to identify the interface for both purified LBD

and FL-SF-1 and verify that the interface is the same for both constructs. A combination of
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hydrogen-deuterium exchange and crosslinking mass spectrometry can be used to identify the
interface(s), which may be tested by mutagenesis studies 7 vzfr0 and in cells.

Studies with purified FL-SF-1 are still preliminary. Obtaining protein at >95% for 7 vitro assays is an
important achievement, and now further optimization of the purification scheme will allow
characterization of FL-SF-1 in complex with different ligands and DNA elements. In cells, FL-SF-1
appears to have an opposite response to ligand than the purified LBD (that is, ligand disrupts the
dimer rather than enhancing it); is this also true for purified FL-SF-1? Are there DNA elements
which induce the dimer, as seen in fluorescence polarization for the CYP7.A7 element? Are there
DNA elements which disrupt the dimer? The oligomeric state of FL-SF-1 can be analyzed similarly
to the LBD using size exclusion chromatography and analytical ultracentrifugation.

The next set of questions to address in this project revolves around where the dimer is occurring
both in terms of cellular location (Ze. nuclear versus cytoplasmic) and whether it exists on versus off
of DNA. Previous ChIP-seq studies have only searched for a monomeric, 9-base pair response
element for SF-1." It is possible that reanalysis of this study with a search for a larger element of at
least 18 base pairs could yield a different result; dimeric elements may be present. Using the protein
complementation assay, it may be possible to visualize the interaction in cells, localize it, and
determine whether it is nuclear or cytoplasmic. A different protein complementation assay, such as
split GFP, may be better suited for such a localization study. The antibody used for ChIP-seq may
or may not be suitable for immunofluorescence studies; NR antibodies are notoriously challenging
to work with, but this method of in-cell localization is another potential avenue for investigation.
Finally, the functional consequence of the dimer is critical; does SF-1 form this dimer to activate
transcription, or perhaps to repress it? Is the dimer formed on DNA, or off of it, perhaps as a
sponge to prevent transcriptional activation? The in-cell assay we performed in which strong agonist

disrupts the dimer may suggest that the dimer may not be present as part of a transcriptional
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complex, perhaps explaining why the dimer has not been detected in previous SF-1 studies. We first
must identify the dimerization interface and verify dimer disruption in purified protein and in the
split nanoluciferase assay. The next step will be to perform luciferase assays with the dimer mutants
to determine whether there is a functional consequence to disallowing dimer formation. If a dimeric
response element is identified in the ChIP-seq reanalysis, we will also analyze this response element
in luciferase. Together, all of the studies suggested here will introduce a new paradigm of NR

function into this diverse family.
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Figure 6.1 LRH-1 agonist design strategy. Top: The current best agonist, 6N-10CA, has a CLogP of
6.992; etherizing the alkyl tail is predicted to improve this parameter 3-log fold to 3.97. Bottom: 6N-

10CA has a styrenyl group which is a metabolic liability; shown are strategies to improve
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