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Abstract

Over the last few decades, bile acids (BAs) have emerged as important hormone-like signalling
molecules. Bile acids have been shown to exert their effects through the binding and activation
of the Farnesoid X Receptor (FXR), which regulates various pleiotropic target genes underlying
bile acid homeostasis, inflammation and lipid, glucose and cholesterol metabolism. FXR plays a
pivotal role in the aetiology of various liver pathologies and metabolic syndromes and, as such,
is an attractive therapeutic target. Use of the semi-synthetic BA analogue drug, obeticholic acid
(OCA), has been impeded due to its activation of other BA receptors, and due to the promiscuity
of systemic FXR activation, which leads to unfavourable and counterintuitive effects. Work
described here exploited structural data about the ligand binding domain (LBD) of FXR to design
novel, BA-derived agonists. Computational molecular docking approaches were used to
determine the putative binding mechanisms of novel compounds, and with supplementary
biological activity data, it was postulated that lead candidates implement a unique binding
mode. Efforts were devoted to obtaining a 3D structure of the LBD in complex with lead novel
compounds and associated cofactors in an effort to validate ligand binding interactions, and to
gain further insight into how ligand-mediated structural conformations determine functional
activation of FXR. Two lead novel compounds were confirmed as bona fide agonists of FXR, with
improved potency compared to OCA, and these were able to recruit coactivators essential for
transcriptional activity. Furthermore, these novel agonists were shown to regulate the
expression of genes targeted by FXR, both in vitro and in vivo. Taken collectively, the results
presented herein suggested that one of the lead compounds may achieve some FXR-target
selectivity by its ability to induce conformations of FXR that preferentially recruit specific
coactivators. Despite their common BA scaffold, the two lead compounds displayed differential
regulation of target genes in vivo compared to OCA and, importantly, this work supports scope

for these compounds to be further developed as pharmacological agents for certain diseases.
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Chapter 1.
Introduction



1.1 Bile Acids

Since circa 1500 B.C., the therapeutic importance of bile has been acknowledged, and bile
extracted from black bears has been used in traditional Chinese medicine for thousands of years
(Beuers and Boyer, 1994). However, it wasn’t until 1848 that the first bile acid, cholic acid (CA),
was isolated from ox-gall (Strecker, 1848), and later work into the extraction, identification and
characterization of different bile acids, earned Heinrich Weiland the Nobel prize for chemistry
in 1927. During this time, bile acids (BAs) were being used in liver tonics and laxatives, but
despite this, they were deemed by worldwide medical professionals to have no therapeutic use
(Hofmann and Hagey, 2014). Nonetheless, over the following decades, research was carried out
into the elucidation of BA metabolism, biosynthesis, bioavailability and circulation, and in 1972
it was first observed that chenodeoxycholic acid (CDCA) could induce gallstone dissolution,
sparking a resurgence of interest in the BA field (Danzinger et al., 1972). It was realised that the
therapeutic potential of BAs far exceeded their traditional expectations when, at the end of the
20™ century, their versatile role as signalling molecules was discovered (Wang et al., 1999;
Maruyama et al., 2002). Accordingly, given their underlying role in several different
physiological processes, BA biology has become an ever increasingly popular field for

academics, pharmaceutical companies and biotechnology industries alike.

To date, various BAs have been approved by the United States Food and Drug Administration
(FDA) for the treatment of BA synthesis disorders, peroxisomal disorders, primary biliary
cholangitis and for cosmetic treatment of submental fat (Goulis et al., 1999; Lazarevic¢ et al.,
2019). The use of BAs and BA-analogues is also currently being investigated for the treatment
of metabolic disorders, including type 2 diabetes mellitus (T2DM) and fatty liver diseases,
inflammatory bowel disease, osteoporosis, and, more recently, neuroinflammation and
Parkinson’s disease (Thomas et al., 2008; Porez et al., 2012; Schaap et al., 2013; Abdelkader et
al., 2016). Furthermore, due to their unique physico-chemical properties, BAs are being viewed
by the pharmaceutical industry, as attractive compounds for novel drug delivery systems
(Stojancevi¢ et al., 2013). As such, the therapeutic potential of these molecules is continually

being uncovered.

1.1.1 Physico-chemical Properties of Bile Acids
BAs are the major organic solutes that, in addition to phospholipids, cholesterol and bilirubin,

constitute the hepatic secretion: bile (Reshetnyak, 2013). They are a group of structurally

similar, amphipathic, steroid nucleus-containing molecules, which are produced in the liver as



aresult of cholesterol catabolism. It is now known that BAs are responsible for the solubilisation
and digestion of dietary lipids, absorption of fat-soluble vitamins, elimination of xenobiotics and
maintenance of cholesterol homeostasis, and several of these canonical functions are facilitated

by the distinctive structural properties and stereochemistry of these molecules.

In nature, there exists a great variety of chemical structures of BAs, arising from the numerous
evolutionary biochemical pathways involved in the breakdown and solubilisation of cholesterol
(Hagey et al., 2010). The fact that many BAs were discovered and named prior to the ‘classical
biochemistry’ era, before their structures were determined, creates further complexity to BA
chemistry and nomenclature; and to date, there has been no suitable designation which
includes every family member (Hagey et al., 2010). In biomedical literature, the term ‘bile acids’
is generally used to denote ‘modern’ BAs, or rather Cholanoids; a term comprising acids with

24 carbon atoms, which are predominant in ‘modern’ mammals (Monte et al., 2009).

All classes of BAs have a four-ring cyclopentanophenanthrene (steroid) nucleus; three rings of
which (A,B,C), are six-membered cyclohexanes, and the fourth (D), being a cyclopentane (Figure
1. 1). In most BAs, the steroid nucleus is fully saturated, whereby the double bond at the 5/6%
carbon position (C5/6) in cholesterol is isomerized and then reduced during biosynthesis. This
produces an A/B ring juncture which can either be curved or flat in relation to the other rings,
as a result of the cis- or trans- steric conformation, but in mammals the nucleus orientation is
most commonly cis, denoted by a 5B hydrogen atom (Hofmann and Hagey, 2014). All BAs
contain a side chain that supports a carboxyl group (Figure 1. 1). Likewise, all BAs retain the C3
hydroxyl group from cholesterol, which is epimerised to the a configuration, and the addition
of hydroxyl groups to the C7 can distinguish primary and secondary BAs. CDCA, which comprises
all these features (5B configuration, C24 carboxyl group and 3a,7a hydroxyl groups), is
considered the root, or building block BA and can undergo further modifications to produce all

other C24 BAs (Hofmann and Hagey, 2008).



Steroid

skeleton
Name R, R, R, R,
Primary Cholic Acid (CA) OH OH OH OH
Primary Chenodeoxycholic Acid (CDCA) OH (o) OH(u) H OH
Secondary Deoxycholic Acid (DCA) OH H OH OH
Secondary Lithocholic Acid (LCA) OH H H OH
Secondary Ursodeoxycholic Acid (UDCA) OH (a) OH(@) H OH
Primary Glycocholic Acid OH OH OH NHCH,COOH
Primary Taurocholic Acid OH OH OH NHCH,SO;H

Figure 1. 1 Structures of the most abundant bile acids in humans, including their conjugate groups. BAs
retain their 4-ring steroid nucleus. Hydroxyls in the a orientation are situated below and axial to the
steroid nucleus, whereas in the 8 orientation, they are above, and equatorial in relation to the steroid
nucleus. Carbon atoms numbered 1-24. Adapted from (Monte et al., 2009).

In CDCA, as with most other BAs, the hydroxyl groups, as well as the carboxyl side chain, are
orientated towards the a side of the molecule, creating a concave, hydrophilic, lower face, as
seen in Figure 1. 1. Conversely, the B side of the molecule, which contains methyl groups but no
substituents, affords hydrophobicity to this convex, upper face. The number of hydroxyl groups
at positions along the steroid backbone, and their orientation towards the a- or B- face, in
addition to the length of the side chain, can have significant effects on the hydrophobicity of
the molecule, and the rank order of hydrophobicity decreases from lithocholic acid (LCA)>

deoxycholic acid (DCA)> CDCA> CA (De Aguiar Vallim et al., 2013).

Due to their unique, amphipathic characteristics, in which one side of the molecule is
hydrophobic, whilst the other is hydrophilic, when in an aqueous solution, BA anions will
spontaneously associate forming micelles. In order to achieve this, the BA concentration needs
to exceed a critical value, known as the critical micellar concentration (CMC). However, during
digestion, the cooperative association between BA micelles and the lipid membrane, means
that mixed micelles, containing up to 50 BA molecules with either biliary phosphatidylcholine
or partially ionised fatty acid monoglycerides, can form at concentrations lower than the CMC.

In turn, these mixed micelles, can further solubilise dietary cholesterol, fat and other lipophilic



compounds, including liposoluble vitamins, enabling their absorption (Hofmann and Hagey,
2008). There is an inverse correlation between the CMC and the hydrophobic surface area of a
BA, and so secondary BAs such as LCA and DCA, have an increased capacity for solubilisation

(Hofmann and Hagey, 2008).

1.1.2 Synthesis and Enterohepatic Circulation of Bile Acids
The formation of BAs represents the main route for the elimination of excess cholesterol from

the body, and approximately 500mg of cholesterol is catabolized in the liver every day (Thomas
et al., 2008). In humans, there are two main multienzyme pathways where insoluble cholesterol
is broken down. Both involve processes that lead to the addition of hydroxyl groups to the
steroid backbone and the oxidative cleavage of the sterol side chain, ultimately producing a

soluble primary BA such as CDCA or CA (seen in Figure 1. 1).

The classical pathway, forming neutral intermediate metabolites, is a cascade of fourteen
different enzymes across several intracellular compartments and is restricted to the liver. It
results in the production of almost equal ratios of CDCA and CA. The first, and rate-limiting step
of this biotransformation, is the conversion of cholesterol to 7a-hydroxycholesterol by the
microsomal, cytochrome P450 enzyme, cholesterol 7a-hydroxylase (CYP7A1) (Russell and
Setchell, 1992). CYP7AL1 is highly regulated on a transcriptional level, and its mRNA has a short
half-life, allowing the BA pool to be tightly controlled (Hylemon et al., 2009). The next steps in
the biotransformation process involve further modification of the steroid backbone.
Isomerisation and reduction of cholesterol’s C5/6 double bond creates a cis-angled A/B
juncture. Furthermore, the epimerization of the hydroxyl group at the C3 position of the A ring,
and the addition of a hydroxyl group at the C12 position of the C ring, produce the precursors
of either CDCA or CA, 5B-cholestan-3a,7a-diol or 53-cholestan-3a,7a,12a-triol respectively. The
side chain of these precursors then undergoes a series of oxidation reactions via mitochondrial
enzymes, after which they can become activated to their coenzyme-A esters in the endoplasmic
reticulum. This is followed by additional side chain shortening by the B-oxidation actions of 4
different peroxisomal enzymes, producing either CA or CDCA. Finally, prior to secretion into the
canalicular lumen, the terminal side chain carboxylic acid of the BA is conjugated as an N-acyl
amide bond, with either glycine or taurine. This amidation modification has important effects
on the ionization and solubility of BAs at physiological pH, and conjugation attenuates their
hydrophobic toxicity, minimises passive diffusion, and prevents calcium precipitation and

cleavage by pancreatic enzymes (De Aguiar Vallim et al., 2013; Li and Chiang, 2014).



The alternative biosynthetic pathway of BAs, also known as the ‘acidic’ pathway, due to the
formation of acidic intermediate metabolites, accounts for approximately 10% of de novo BA
synthesis in normal conditions and predominantly produces CDCA. In this pathway, contrary to
the classical pathway, side chain shortening occurs before the modification of the steroid
backbone. In addition, the first two enzymes, sterol 27-hydroxylase (CYP27A1) and oxysterol
7o-hydroxylase (CYP7B1), which oxidise and convert cholesterol into 7a,27-
dihydroxycholesterol, are widely expressed in various different tissues, and CYP27A1 has the
capacity to catalyse multiple oxidation reactions forming the carboxylic acid derivative of the
sterol (Monte et al., 2009). Consequently, the oxysterol intermediate, often derived from

macrophages, or the brain and lung, must be transported to the liver, for the completion of BA

synthesis.
Classic pathway Acidic pathway
Initiation Cholesterol Side-chain
 shortening
7a-hydroxycholesterol 27a-hydroxycholesterol
Initiation
7a-hydroxysterol
intermediates
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Figure 1. 2 Bile acid synthesis pathways. Cholesterol conversion into primary BAs, cholic acid (CA) and
chenodeoxycholic acid (CDCA) occurs via the classic pathway (90%) and the acidic pathway (10%). Steps
leading to the synthesis of BAs include hydroxylation at the C7 (initiation by CYP7A1 or CYP7B1), addition
of hydroxyl groups at the C12 by CYP8B1, epimerisation of the hydroxyl at the C3 by HSD3B7 and reduction
of the double bond by AKR1D1 (sterol ring modification), Side chain shortening by CYP27A1, and
conjugation by BACS and BAT. CYP7A1, Cholesterol 7a-hydroxylase; CYP27A1, sterol 27-hydroxylase;
CYP7B1, Oxysterol 7a-hydroxylase; HSD3B7, Hydroxy-6-5-steroid dehydrogenase, 38- and steroid &-
isomerase 7; CYP8B1, Sterol 12a-hydroxylase; AKR1D1, Aldo-keto reductase family 1, member D1.




Newly synthesized, conjugated BAs are secreted through transporters on the canalicular
membrane, such as bile salt export protein (BSEP), and along with phospholipids and
cholesterol, are stored in the gall bladder where they are concentrated during the interdigestive
period (Merritt and Donaldson, 2009). Here, they can solubilize cholesterol, preventing its
crystallisation and formation of gallstones. After a postprandial stimulus, cholecystokinin
release from the duodenum stimulates gall bladder contraction, activating enterohepatic
circulation. Subsequently, bile is released into the small intestine where it can execute its
digestive role in activating pancreatic lipases, promoting solubilisation and facilitating
absorption into the enterocytes (Zhou and Hylemon, 2014). Once its emulsification role has
been achieved, BAs are then reabsorbed into the distal ileum by the actions of the apical
sodium-dependent bile transporter (ASBT) and the ileal bile acid-binding protein (IBABP), which
actively transport BAs across the enterocyte membranes. Finally BAs can be transported by
organic solute transporters (OSTa/OSTp) into the portal vein where they can return to the liver

(Monte et al., 2009).

A small percentage of primary BAs are not reabsorbed and are instead transformed further by
anaerobic bacteria in the large intestine which act to deconjugate, epimerise and dehydroxylate
them, producing secondary BAs. Deconjugation is carried out by a hydrolase enzyme that is
widely distributed in several species of intestinal bacteria, and which hydrolyses the N-acyl
amide bond. Epimerisation and oxidation of 3-, 7- and 12- hydroxyl groups are catalysed by
hydroxysteroid dehydrogenase enzymes, which are responsible for the reversible change in
stereochemistry from a to B configurations and vice versa; for example, converting CDCA to
ursodeoxycholic acid (UDCA). However, in terms of secondary BA production, C7
dehydroxylation can be considered the most important bacterial biotransformation, as it is
responsible for the production of secondary BAs, LCA and DCA from their primary precursors,
CDCA and CA respectively. The 7a dehydroxylation reaction appears to be restricted to free, de-
conjugated BAs and despite the high turnover rate, the enzymes are found in a very small
percentage of intestinal flora (Ridlon et al., 2006). Nonetheless, the de-conjugation and
dehydroxylation of primary BAs decreases their solubility and increases their hydrophobicity.
Their increased hydrophobicity is linked to an increased toxicity and secondary BA, LCA, has
been shown to contribute to the pathogenesis of cholestatic liver injury and even colon cancer
(McGarr et al., 2005). Whilst the majority of LCA is excreted, up to 4% of LCA and most of DCA
can be recovered across the colonic epithelium by passive diffusion and returned to the liver

where they can be taken up by sodium (Na*)-taurocholate co-transporting polypeptide (NTCP)



and organic anion transporters (OATP), and detoxified by sulfation and amidation (Hofmann,
2004). In the liver, re-conjugated BAs can be subsequently re-secreted into the gall bladder with

newly synthesised BAs, where they can re-join enterohepatic circulation.

This cycle (seen in Figure 1.3) occurs between 4 and 12 times a day and is vital for the transport
of nutrients from the intestines to the liver, elimination of xenobiotics and excretion of
endogenous compounds. Although extremely efficient, the enterohepatic circulation loses
approximately 5% of BAs every day by excretion in the faeces, and so de novo synthesis from

cholesterol is imperative for the replenishment of the BA pool.
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Figure 1. 3 Overview of enterohepatic circulation of bile acids after biosynthesis and conjugation. BAs
are transported out of hepatocytes and into the gall bladder through transporters such as BSEP, where
with cholesterol, phospholipids, bilirubin and other proteins, it forms bile. Bile is released into the small
intestines after feeding. After facilitating digestion and absorption, BAs are reclaimed from the intestinal
lumen by ABST. Intracellular IBABP creates a BA flux and protects the enterocytes from BA toxicity and
OSTay/8 transfers BA to the portal vein where it can be recycled to the liver. Similar reuptake mechanisms
are present in colonocytes and proximal renal tubules (not shown), to prevent BA loss in the urine and
faeces. BAs from the portal circulation can be taken up by NTCP and to a lesser extent, OATPs. FXR,
Farnesoid X Receptor; FGF19, Fibroblast Growth Factor 19.



1.2 The Role of Bile acids

1.2.1 The Classic Role of Bile Acids

As mentioned, the canonical role of BAs is in aiding several processes throughout digestion and
absorption in the intestines. In summary, BAs can emulsify the insoluble end-products of
triglyceride digestion, fatty acids and 2-monoglycerides (Hofmann, 1999). By forming a spherical
or cylindrical lattice, whereby the polar lipids are arranged radially with their hydrophilic heads
facing the aqueous phase, and the BA molecules lying perpendicular, with their hydrophobic
face creating a wedge between the lipid alkyl chains, a mixed micelle can be formed. This
formation of mixed micelles greatly increases the aqueous concentration of the fatty acids and
monoglycerides, which in turn accelerates diffusion by a factor of 100 (Hofmann, 1999). In
addition to the formation of mixed micelles that aid absorption, BAs form mixed micelles with
phosphatidylcholine and cholesterol, where they promote the flow of bile from the
hepatocytes, to the bile canaliculi and to the gall bladder, solubilizing cholesterol, preventing
the formation of gall stones. Finally, another main role of BAs, is that they represent one of the

main forms of cholesterol elimination from the body.

1.2.2 The Role of Bile Acids as Signalling Molecules
While their role as digestive surfactants have long been established, over the last two decades,

BAs have been recognised as signalling molecules with transduction pathways central to several
complex processes. To modulate these processes, which include bile production, insulin
sensitivity, energy expenditure, gut motility, immune cell response and BA, glucose and lipid
metabolism, BAs activate both intracellular nuclear hormone receptors and cell surface G
protein-coupled receptors (Copple and Li, 2016). The functional importance of BA interactions
with some of these receptors is yet to be elucidated, but due to the wide distribution of BA
receptors throughout the body, it is very likely that new functional roles of BAs will continue to

emerge.

1.2.2.1 Nuclear Receptors as Targets of Bile Acids
Whilst their solubilisation properties are central to their role as biological detergents,

hydrophobic BAs can be toxic and sometimes lead to the disruption of membranes in cellular
compartments, ultimately leading to apoptosis and necrosis. As such, the cellular availability
and concentration of BAs needs to be tightly regulated. In order to do this, BAs regulate their
own synthesis, metabolism and transport, by the coordination of a network of nuclear receptors

(Chiang, 2013).



Nuclear receptors are ligand activated transcription factors that mediate many pleiotropic
physiological pathways involved in development, metabolism and reproduction. The receptor
contains a DNA binding domain (DBD), which is responsible for recognising and binding to a
consensus hormone response element found on its target gene. The C-terminus of the receptor,
connected to the N-terminal domain by a variable hinge region, contains a ligand binding
domain (LBD). The LBD is highly conserved between receptors of the same subfamily and
contains a hydrophobic pocket, which is useful in the identification and lodging of small
molecule ligands. Binding to an agonist, causes a conformational change in the LBD, and
ultimately recruits coactivator proteins to the promoter of the target gene. Once recruited,
through a series of chromatin remodelling and post-translational modifications, target gene
transcription can be initiated, and the nuclear receptor can modulate downstream effects in

direct response to signalling molecules.

BAs have been shown to directly interact with three different nuclear hormone receptors;
Farnesoid X receptor (FXR), pregnane X receptor (PXR) and vitamin D receptor (VDR) (Jufica et
al., 2016). These receptors are all highly expressed in the liver and intestines, and act as sensors
for BAs in enterohepatic circulation, modulating genes involved in BA, nutrient and drug

metabolism (Copple and Li, 2016).

1.2.2.1.1 The Farnesoid X Receptor
The identification of FXR as a key BA receptor was crucial in the elucidation of BA metabolism

regulation, hence why FXR is one of the most studied targets of BAs (De Aguiar Vallim et al.,
2013). FXR is highly expressed in the liver, kidneys, intestine and adrenal glands, while lower
levels of expression exist in the heart, adipose and hormone-responsive tissues. The pleiotropic
effects arising from FXR activation include regulation of BA metabolism and transport,
lipoprotein and glucose metabolism. Endogenous BA scan bind to FXR in their free or conjugated
forms and several synthetic agonists, both structurally similar and dissimilar to BAs, have been
developed, helping to uncover the potential of targeting FXR for the treatment of several human

diseases.

1.2.2.1.2 The Pregnane X Receptor
PXR is highly expressed in the intestine and liver, but low levels are expressed in other tissues.

Considered to be a xenobiotics sensor, it is a promiscuous receptor that is activated by
glucocorticoids, steroids, antifungals, macrolide antibiotics and some herbal extracts, as well as
specific BAs. PXR, in coordination with another nuclear receptor, the constitutive androstane
receptor (CAR), acts to regulate the expression of phase | detoxifying cytochrome P450

enzymes, phase Il conjugation enzymes and phase Il uptake and efflux transporters in a process
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that promotes the detoxification, transport and elimination of xenobiotics from the body
(Lehmann et al., 1998; Zhang et al., 2004). PXR has also been shown to suppress CYP7A1l
expression, and thus BA synthesis (Kandel et al., 2016). Similarly, PXR has been shown to
regulate the expression of BA conjugation enzymes and transporters. PXR is only activated by
LCA and its derivative 3-keto-lithocholic acid. However, LCA, in most circumstances, is present
at concentrations too low to elicit a response in PXR. The exception to this being in cases of
cholestasis, where the intrahepatic bile ducts rupture, causing reduced bile flow from the liver
to intestines. It is thought, therefore, that by increasing the expression of hydroxylating and
conjugating enzymes, PXR activation can lead to the conversion of cytotoxic LCA to more
hydrophilic, less toxic BAs; serving to limit liver injury during severe cholestasis (Bachs et al.,

1992; Marschall et al., 2005).

1.2.2.1.3 The Vitamin D Receptor
VDRs are expressed in multiple tissues throughout the body, including the kidneys, intestines,

osteoblasts and macrophages. However, they are not expressed in hepatocytes, but rather in
non-parenchymal cells such as Kupffer cells and sinusoidal endothelial cells (Gascon-Barré et
al., 2003). The classic endogenous ligand for VDR is vitamin D, which has a role in the regulation
of bone and calcium metabolism, cellular growth and differentiation and immunity. As with PXR,
LCA and its metabolites can activate VDR, whilst CA, CDCA and DCA cannot (Makishima et al.,
2002). Likewise, VDR activation can also promote the expression of detoxification enzymes in
the intestines, in addition to mediating BA inhibition of the CYP7A1 enzyme; actions which also
provide protection in the gut from BA toxicity (Copple and Li, 2016). Furthermore, with its role

in immunity and inflammation, VDR may provide added protective benefits in liver cholestasis.

1.2.2.2 G-protein Coupled Bile Acid Receptor — TGR5
Since 2002, it has been established that BAs are also ligands for a plasma membrane bound G-

protein coupled receptor that could activate signal transduction pathways independently of
gene expression regulation (Maruyama et al., 2002; Kawamata et al., 2003). This receptor,
referred to as membrane-type bile acid receptor (M-BAR), G protein-coupled bile acid receptor
(GBAR1) and most commonly, Takeda G-protein receptor 5 (TGR5), is expressed ubiquitously
throughout the body, suggesting that BA activity reaches beyond the digestive tract. TGR5
expression is found, but not limited to the heart, lungs, kidneys, stomach, gallbladder, various
endocrine glands and non-parenchymal cells, and is involved in a broad range of cell-specific
processes (Kawamata et al., 2003). TGR5 is activated by free and conjugated BAs, with the most
potent activators being taurine conjugated LCA; and stimulation leads to an increase in cyclic

adenosine monophosphate (cAMP), which in turn activates protein kinase A (PKA) leading to
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the phosphorylation of target proteins such as cAMP response element binding protein (CREB).
TGRS is thought to be the main component responsible for the immunomodulatory effects of
BAs, and it suppresses macrophage activation by inhibiting nuclear factor kappa B (NFkB)-
mediated inflammatory cytokine production, protecting against inflammatory diseases such as
atherosclerosis, inflammatory bowel syndrome and fatty liver diseases (Pols et al., 2011; Wang
et al., 2011). Furthermore, TGR5 expressed in the sinusoidal endothelial cells in the liver, is
thought to regulate cAMP-dependent endothelial nitric oxide synthase, in a mechanism that
can scavenge BA-induced reactive oxygen species (ROS), protecting the liver against BA-induced
injury (Keitel et al., 2007). TGRS receptors have a role in promoting smooth muscle relaxation
and gall bladder refilling, helping protect against cholesterol gallstone development. In brown
adipose tissue, BA-activated TGR5/cAMP signalling regulates mitochondrial oxygen
consumption and energy expenditure, whereas cAMP-induced glucagon-like peptide 1 (GLP-1)
secretion was shown to play a critical role in regulating glucose homeostasis, insulin secretion,

insulin sensitivity and appetite (Thomas et al., 2009).

1.3 The Farnesoid X Receptor

Despite the numerous receptors responsible for the hormone-like signalling properties of BAs,
significant interest has been directed at FXR, the master regulator of BA homeostasis and

numerous other clinically relevant pathways.

1.3.1 Characterization of FXR
In the early 1990’s, two independent studies lead to the discovery of FXR; screening for nuclear

receptor DBDs in a rat liver cDNA library by Formann and colleagues, and the isolation of two
murine FXR homologs from a yeast two-hybrid screen using human retinoid X receptor (RXR)
LBD as a bait protein (Forman et al., 1995; Seol et al., 1995). Two different isoforms of FXR,
initially named RXR-Interacting Protein 14 (RIP14), were discovered in mice; expression was
detected in the liver and kidney (Seol et al., 1995). It was also originally identified that farnesol,
an intermediate of the mevalonate pathway, could activate RIP14, albeit at supraphysiological
concentrations, and as such, this orphan receptor adopted the name Farnesoid X Receptor
(Forman et al., 1995). Later studies, however, suggested that farnesol could not bind to FXR
directly and several groups trying to uncover the mechanisms by which BA homeostasis is
controlled, acknowledged BAs as the endogenous ligands of FXR (Makishima, 1999; Parks et al.,
1999; Wang et al., 1999). BA binding was confirmed by both ELISA (Makishima, 1999) and

mobility shift assays (Wang et al., 1999), and fluorescence resonance energy transfer (FRET)
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demonstrated that, upon activation, FXR undergoes a conformational change promoting
coactivator recruitment (Parks et al., 1999). Furthermore, cell based assays demonstrated that
transcription of BA metabolism genes could be induced by BA-bound FXR (Makishima, 1999;
Parks et al., 1999; Wang et al., 1999). Chemical fractionation of the biliary extract revealed that
CDCA was the component responsible for the “dramatic” activation of FXR, in a highly specific
response; CDCA could not activate other nuclear hormone receptors (Wang et al., 1999). Cell-
free FRET studies indicated that FXR-mediated coactivator recruitment could be activated by
other BAs such as CA, DCA and LCA, although with a lower efficacy than CDCA (Makishima, 1999;
Parks et al., 1999). Conversely, FXR was completely unresponsive to some BAs, such as UDCA,

suggesting structure dependant activation (Parks et al., 1999).

1.3.2 FXR Gene Structure and Tissue Expression
There are two genes which encode FXR; fxra (NR1H4), which is highly conserved in many

vertebrate species, and fxrf (NR1H5), which exists as a pseudogene in humans. Throughout this
thesis, the term ‘FXR’ will be used to refer to FXRa. The fxra gene is composed of 10 introns and
11 exons and encodes four different isoforms, FXRa1(+), FXRal(-), FXRa2(+) and FXRa2(-). The
different isoforms arise due to a combination of different promoter usage and alternative mRNA
splicing. The starting point of mRNA transcription for FXRal isoforms lies upstream of exon 1,
whereas FXRa2 isoforms are driven by a promoter in exon 3, resulting in different starting
sequences, and although FXRa2 variants are 187bp shorter than FXRal transcripts, they encode
an additional 37 amino acids (Zhang et al., 2003). Meanwhile, the (+) and (-) isoforms differ in
their transcripts with either the random addition or deletion of a four amino acid (MYTG)
insertion within exon 5, in the hinge region adjacent to the DNA binding region (Zhang et al.,
2003). Exons 8-11, containing the LBD are completely conserved between all four isoforms,
suggesting that FXR ligands will bind to any of the isoforms in a nonselective manner (Zhang et
al., 2003). Nonetheless, there appears to be differential expression of the FXR isoforms;
although all four isoforms may be expressed in a particular cell type, one variant may be
significantly dominant. The liver and hepatocyte cells, those with an active steroid metabolism,
predominantly express FXRal, whereas the colon and intestines and other cells involved in
enterohepatic circulation, display specificity towards FXRa2 isoforms (Huber et al., 2002;

Vaquero et al., 2013).

In addition to the variable tissue distribution, the FXRal/2 (+) isoforms differ from the (-)
isoforms in their ability to modulate certain FXR functions. The addition of the MYTG amino acid

insertion in the hinge region, potentially alters the tertiary structure of the protein’s DNA
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binding region, limiting the ability of FXR to bind to certain response elements (Zhang et al.,

2003).

Whilst studies have shown that FXRal(-) appears to be the most potent variant in promoting
the upregulation of target genes in both the liver and intestines, it is thought that the overall
pattern of isoform expression can have profound effects on the sensitivity and transcriptional

response of specific tissues to FXR ligands (Vaquero et al., 2013).

1.3.3 FXR Structure and Activation
As with other nuclear receptors (NRs), the full length FXR protein is organised in modular

domains. The N-terminal modulatory region contains an activation function 1 (AF1), which is
often responsible for the constitutive transcriptional activity of the receptor. Although the AF1
is ligand independent, its transcriptional ability is very weak, and often requires summation in
the form of ligand-dependent activation of an alternative activation function at the C-terminal.
Succeeding the N-terminal domain lies the centrally located DBD. The DBD contains two zinc
(Zn**) finger motifs, which recognise and bind to specific nucleotide sequence response
elements. NRs are usually found as dimers. They can either exist in the cytosol as a homodimer,
which, once a ligand binds, translocates to the nucleus, where it can bind its respective response
elements, or the NR can sit in the nucleus, pre-bound to its target DNA, as a heterodimer with
its partner receptor RXR. In general, FXR exists as a heterodimer, however homodimers have
been observed, particularly on target genes that are negatively regulated by the receptor
(Fiorucci et al., 2007).

The LBD is located at the C-terminus and acts as an important molecular switch. Its architecture
is vital for the creation of a 723A3 hydrophobic cavity that aids ligand binding and for the
recognition of BAs. This ligand binding pocket must accommodate the unique structure of BAs;
the amphipathic properties of BAs are used for structural recognition and discrimination from
other steroid hormones (Mi et al., 2003). FXR crystal structures have shown that similarly to
other NRs, the LBD exists as a 12 a-helix bundle that forms a three-layered sandwich, and the
amino acids involved in ligand binding, located on helices 3,5,6,7 and 10/11, are conserved
between human and rat homologues, (Downes et al., 2003; Mi et al., 2003; Liping Yang et al.,
2014). However, in contrast to classic steroid receptors which have the D ring of their respective
hormones facing helix 12, BAs bind with their backbone reversed so that the A ring faces the
corner and the C24 carboxylic group is situated near the pocket entry point (Mi et al., 2003).
When this carboxyl group is substituted or conjugated with glycine or taurine, as commonly
seen in naturally occurring BAs, the derivative group lies completely out of the ligand binding

pocket, explaining why it does not hinder FXR activation (Mi et al., 2003).
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Explained in more detail in Chapter 5, agonistic activation of FXR occurs by a key conformational
change that is induced upon ligand binding. The ligand dependent AF2 is located within helix 12
of the LBD, and its conformation determines whether transcriptional coactivators can be
recruited to the protein, in a complex that can bind RNA polymerase to initiate the transcription
of the genes that lie downstream of the response element. Inactivation by antagonists,
however, occur when the active conformation of FXR with coactivator complexes is de-
stabilized, or when the receptor’s affinity for a corepressor complex is increased. Using this
mechanism, NRS, such as FXR, can act as sensors for various biological molecules, activating

numerous downstream pathways in response to increased concentrations of such molecules.

A
N C
MYTG
12 AF1  134.a DBD | 21022 Hinge 2622 LBD AF2 48603
FXRal (+)
FXRal (-)
) 482aa
FXRa2 (+)
laa 476aa
FXRa2 (-)
laa 7 472aa
B

Figure 1. 4 Genomic and tertiary protein structure of FXR. (A) The four protein isoforms of FXR and their
modular domains. N-terminal region (blue), DBD (orange), hinge region (yellow), LBD (green), activation
functions (purple), splice variations (grey), (B) The tertiary alpha bundle structure of the ligand binding
domain, depicting cognate ligand CDCA (blue), AF2 helix 12 (purple) and coactivator peptide helix
(red)(PDB ID: 4QE®6).

1.3.4 Biological Functions of FXR
FXR is responsible for the regulation of numerous pleiotropic pathways. The detailed signalling

cascades contributing to BA, lipid, cholesterol and glucose metabolism are discussed in more

depth in Chapter 6 but are briefly outlined here (summarized in Table 1. 1).
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1.3.4.1 BA Metabolism
The generation of FXR knock-out mice was essential for its identification as the master regulator

of BA homeostasis in hepatic tissues (Kok et al., 2003). BA-dependent inhibition of CYP7A1 and
BA synthesis was not observed when mice lacked FXR, and FXR null mice demonstrated more
susceptibility to BA toxicity and liver injury in experimentally-induced cholestasis (Wagner et
al., 2003). These results confirmed FXR’s role in protecting the liver against the detergent effects
of BAs. In order to maintain appropriate concentrations of BAs, FXR regulates multiple pathways
in both the intestines and liver, whereby gut-liver crosstalk ultimately leads to the inhibition of
many of the enzymes required for CDCA or CA synthesis (Figure 1. 5). FXR can also limit hepatic
intracellular BA concentration, by upregulating genes for the transporters responsible for biliary
secretion, and by downregulating genes responsible for uptake transporters of BAs into the cell.
Similarly, intestinal FXR can promote efflux out of enterocytes, by also inhibiting their uptake
transporters, and by activating their transport across the basolateral membrane (Moschetta et

al., 2004).

Figure 1. 5 FXR signalling actions
on hepatocytes in the liver and
enterocytes in the intestines.
m Activation of FXR leads to the

positive  regulation (green

arrows) of several genes whose
m functions are to maintain
: intracellular ~ BA  levels by

inhibiting (red arrows) their
synthesis by  CYP7A1, by
inhibiting their uptake into the
cell, e.g. ASBT, and by promoting
their efflux out of the cell, BSEP
and OSTa. BA transport denoted
by purple dotted arrows. ASBT,
apical bile salt transporter; BA,
bile acid; BSEP, bile salt export
pump; CYP7A1, cholesterol 7-
. alpha  hydroxylase;  FGF19,
IntEStlne fibroblast growth factor 19;
FGFR4, fibroblast growth factor
receptor 4; FXR, farnesoid x
receptor; OSTa, organic solute
transporter alpha; SHP, small
heterodimer partner.

Liver
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1.3.4.2 Lipid, Cholesterol and Glucose Metabolism
Clinical studies into patients with dyslipidaemia, treated with BA sequestrants, and patients

with a CYP7A1 deficiency, highlighted an apparent inverse relationship between the BA pool
and triglyceride concentration (Crouse, 1987; Pullinger et al., 2002). A BA receptor was initially
implicated in lipid regulation when it was realised that CDCA administration could lower plasma
triglyceride concentration in patients being treated for gallstones and for monogenic familial
hypertriglyceridemia, whereas UDCA did not have this effect (Leiss and Von Bermann, 1982).
The breakthrough came when FXR knockout mice displayed a pro-atherogenic phenotype, with
increased plasma triglycerides and cholesterol, as well as the accumulation of free fatty acids in
the liver, confirming the direct and pivotal role of FXR in lipid metabolism (Sinal et al., 2000).
FXR null mice also identified a role of FXR in reverse cholesterol transport, where excess
cholesterol in the periphery is transported back to the liver where it can be catabolised to BAs
or secreted into bile for faecal elimination. In addition to cholesterol transport and lipoprotein
formation, FXR has been implicated in fatty acid oxidation, and several studies in rodents have
uncovered the complex transcriptional modulation of FXR on genes involved in hepatic

lipogenesis and triglyceride clearance.

More recent studies have given rise to another unanticipated function of FXR in regulating
hepatic glucose homeostasis, whereby the role of FXR is largely determined by nutritional status
and interplay between FXR and other receptors. Glucose homeostasis is dependent on the
balance between glucose production from non-carbohydrate substrates (gluconeogenesis),
glucose consumption in the peripheral tissues where it is catabolized to produce adenosine
triphosphate (ATP) (glycolysis), and glucose storage by conversion to glycogen (glycogenesis).
These processes are under tight control by insulin activity, which if disrupted, can lead to altered

glucose levels, metabolic complications and diseases such as T2DM.

FXR knock out mice displayed mild glucose intolerance and dampened insulin signalling, thus
leading to insulin resistance, in the muscle and liver (Ma et al., 2006; Zhang et al., 2006). It is
thought that by lowering levels of triglycerides and free fatty acids, FXR activation can increase
insulin sensitivity in both the liver and peripheral tissues, such as adipose tissue and skeletal
muscle (Zhang et al., 2006). Although other mechanisms are still being elucidated, evidence
suggests that FXR can initiate the signalling cascades that are responsible for the reduction of
gluconeogenesis and the increase in glycogen storage, as seen in diabetic rats (Ma et al., 2006;

Zhang et al., 2006).
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1.3.4.3 Inflammation
Growing evidence suggests a role of FXR in regulating cellular inflammatory responses. In vitro

studies in HepG2 cells demonstrated that FXR could inhibit the major inflammatory hallmark
NFkB at a transcriptional level regardless of whether an endogenous ligand was present.
Furthermore, the synthetic FXR agonist, GW4064, was able to prevent downstream NF-kB
signalling both in HepG2 cells and in mice primary hepatocytes (Wang et al., 2008). NF-kB
activation and concomitant inflammation is pivotal to the progression of several disorders,

emphasizing the importance of targeting FXR for therapeutic purposes.

Table 1. 1 Summary of main biological functions of FXR

Role Increased Decreased

BA synthesis

BA uptake into hepatocytes

BA Homeostasis BA secretion
BA absorption into
enterocytes
Triglyceride clearance Triglyceride synthesis
Lipid Metabolism
Fatty acid oxidation VLDL formation

Insulin signalling

Insulin sensitivity
Glucose Metabolism Hepatic gluconeogenesis
Insulin production

Glycogen storage

Inflammation NFkB pathways

1.3.5 FXR and Disease

The physiological importance of its gene targets and its critical role in several metabolic
pathways has meant that FXR inevitably plays a pivotal role in the pathogenesis of a wide range
of diseases. The continual emergence of evidence suggests that FXR is involved in insulin
resistance and many of its manifestations such as diabetes and non-alcoholic steatohepatitis,
as well as pathologies concerning inflammation. Furthermore, the elevated serum levels of BAs
in patients with hepatic encephalopathy and the recent discovery of FXR mRNA and protein in
neurons suggests a potential role of FXR in the development of neurological complications in

disorders associated with BA over accumulation (Huang et al., 2016)
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1.3.5.1 Intestinal Diseases
Several groups have established antimicrobial properties of BAs (Begley et al., 2005). These

properties are due, to some extent, to their activation of FXR. Mice lacking FXR displayed
symptoms of a compromised epithelial barrier, including the overgrowth of aerobic bacteria in
the ileum. Increased bacterial proliferation and mucosal injury can arise from an obstruction in
the bile duct, and precedes the bacterial translocation, epithelial breakdown and systemic
infection often seen in patients with impaired bile flow. Epithelial barrier deterioration can lead
to inflammatory bowel disease where the intestinal mucosa becomes susceptible to
inflammation and, in an attempt to prevent foreign antigens and bacterial toxins, further
recruits inflammatory mediators (Shaik et al., 2014). Administration of BAs reverses bacterial
overgrowth and FXR activation induces a sophisticated pathway involving the upregulation of
enteroprotective genes and the down regulation of NFkB target genes and proinflammatory

cytokines (Inagaki et al., 2006; Vavassori et al., 2009).

1.3.5.2 Cholestasis
Cholestasis arises due to impairments in bile formation, whether due to pregnancy, drug

administration or hereditary disorders, or alternatively, because of tumours or gallstones,
ultimately resulting in the reduction or obstruction of bile flow. This blockage leads to the
accumulation of biliary constituents including cytotoxic BAs, which as previously mentioned,
can lead to hepatic injury, fibrosis, inflammation and bile duct hyperproliferation, as seen in the
cholestatic diseases primary biliary cholangitis (PBC) and primary sclerosis cholangitis (PSC). To
date, endoscopy and surgery are the most popular and effective treatment for obstructive
cholestasis. The most common treatment for non-obstructive cholestasis is the administration
of hydrophilic BA, UDCA, which reduces the hydrophobicity and thus toxicity of the BA pool, but
this is largely considered to be ineffective (Paumgartner and Beuers, 2002). As the master
regulator of BA synthesis, detoxification and transport, FXR activation can lead to a decreased
and more hydrophilic BA pool, protecting the liver from damage. Evidence for the role of FXR in
the development of cholestasis was seen in FXR knockout mice which displayed similar
symptoms to a hereditary form of the disease. Furthermore, in mice and rat models of
cholestasis, treatment with synthetic FXR agonists, reduced bile duct inflammation and
proliferation, suggesting a protective role of FXR activation (Liu et al., 2003; S. Fiorucci et al.,
2005). In contrast, FXR knockout mice were also shown to have increased protection against
liver injury with an associated increase in the expression of multi-drug resistance associated
protein 4 (MRP4), a basolateral transporter responsible for renal BA elimination (Stedman et

al., 2006). MRP4 expression is thought to be an adaptive response protecting the liver from BA

19



accumulation by redirecting their transport to the kidneys for excretion, highlighting the

complex network of mechanisms underlying BA homeostasis.

1.3.5.3 Atherosclerosis
FXR suppression of NFkB signalling is thought to ameliorate vascular inflammation and inhibit

the development of atherosclerotic lesions central to many vascular dysfunctions including
atherosclerosis (Shaik et al., 2014). FXR is shown to be expressed in vascular smooth muscle
cells, atherosclerotic lesions and endothelial cells, albeit at very low levels (Bishop-Bailey et al.,
2004). Vascular smooth muscle cells are critical for the maintenance of blood vessels, however
inflammation in these cells is thought to contribute to the pathogenesis of atherosclerosis. In
addition to smooth muscle cells, macrophages release inflammatory mediators in response to
increased uptake of lipoproteins further adding to the development of atherosclerotic plaques.
The proinflammatory enzymes responsible for these features, inducible nitric oxide synthase
and cyclo-oxygenase 2, lie down stream of NF-kB. In addition to FXR’s negative regulation of
cholesterol uptake and vasoconstrictive protein, endothelin-1 expression, FXR activation could
be beneficial against the accumulation of lipids, fibrous elements and inflammatory cells that
lead to vascular dysfunction (Li et al., 2007; Mencarelli et al., 2009). Furthermore, in addition to
FXR’s genomic effects on inflammatory cells and lipid altering mechanisms, FXR was shown to
be expressed in anuclear platelet cells, with the ability to inhibit their thrombus-forming
function by modulating cyclic nucleotide signalling (Moraes et al., 2017). Accordingly, FXR may
provide a link between the metabolic and vascular pathways in the development of
atherosclerosis. Nonetheless, atherosclerosis is a complex pathology encompassing many
systemic and vascular parameters of which FXR’s exact effects still need to be fully clarified. FXR
activation also results in the unsolicited decrease in High Density Lipoprotein (HDL) levels
(Gutierrez et al., 2006), emphasizing the need for selective FXR modulators that can affect

systemic inflammation and lipid metabolism without altering HDL levels.

1.3.5.4 Carcinogenesis
Its high levels of expression in enterohepatic tissues, and underlying involvement in several

metabolic and inflammatory pathways, undoubtedly means that FXR plays a role in the
development of particular cancers. One such cancer, and the fourth leading cause of death in
adult cancer patients, is colon cancer (Karsa et al., 2010). The pathogenesis of colorectal cancer
occurs due to the combinatorial effects of several genetic mutations, a sedentary lifestyle and
the increased fat and carbohydrate consumption, and altered hepatic BA secretion associated
with a western diet (Slattery, 2000). Although secondary BAs, such as LCA and DCA, are thought

to directly promote tumour formation, particularly in patients with chronic inflammatory bowel
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disease (Peterlik, 2008), decreased FXR expression was shown to correlate with increased
carcinoma prevalence (Maran et al., 2009). Furthermore FXR null mice displayed increased
epithelial cell proliferation and tumour formation thought to be exacerbated by increased Wnt

signalling as a result of FXR loss (Modica et al., 2008; Maran et al., 2009; Lax et al., 2012).

Another area of great importance is the role of FXR in hepatocellular carcinoma (HCC). HCC is
the fifth most common cancer in the world and stems from liver complications such as hepatitis
B and C, and both alcoholic and non-alcoholic fatty liver diseases (Modica et al., 2010). Altered
BA metabolism precedes HCC due to the deleterious effects of chronic elevated BA levels (Yang
et al., 2007). These effects include inflammation, inflammatory cell production of ROS,
subsequent oxidative damage to DNA, apoptotic resistance which leads to chronic liver injury
and the ensuing hyperproliferation of hepatocytes potentially as a counteractive mechanism
(Perez and Britz, 2009). The role of FXR in preventing tumorigenesis appears to be two fold; on
the one hand, tightly regulating BA levels to supress BA-associated toxicity, and on the other
hand, inhibiting NFkB and other signalling molecules involved in inflammation and the
downregulation of tumour suppressor proteins (liang et al., 2013). Collectively, the evidence

strongly suggests a role of FXR in the protection against hepatic tumorigenesis.

1.3.5.5 Liver Fibrosis
Wound contraction, the increased and altered deposition of extracellular matrix (ECM) and the

reduced breakdown of ECM components aids the liver scarring process; hepatic fibrosis. Hepatic
stellate cells (HSCs) are the major source of ECM in the liver and undergo a trans-differentiation
process during chronic liver disease, changing from a fat-storing, quiescent phenotype to a
myofibroblast-like phenotype. FXR, along with several other nuclear receptors, is expressed in
HSCs, where it can modulate their activity (Fiorucci et al., 2005). FXR signalling promotes the
apoptosis of HSCs and the development of their dormant phenotype, and FXR is considered a

potential therapeutic target for treating liver fibrosis.

1.3.5.6 Non-alcoholic Fatty Liver Diseases
Non-alcoholic fatty liver disease (NAFLD) is defined by the accumulation of fat in the liver of

patients who do not drink excessive alcohol, and as such, is considered a hepatic manifestation
of metabolic syndrome. Metabolic imbalances and dysfunctions in lipid and glucose
metabolism, along with augmented inflammatory processes, contribute to the aetiology of the
disease. Characterization of FXR knock out mice identified a plethora of pathologies, which span

the entire spectrum of NAFLD, highlighting the key role of FXR in the disease (Yang et al., 2007).
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1.4 Non-alcoholic Steatohepatitis

NAFLD is one of the most prominent causes of chronic liver disease worldwide, and is fast
becoming the primary indication for liver transplantation (Bellentani, 2017). NAFLD describes a
spectrum of physiological conditions ranging from simple, lipid accumulation in the liver
(steatosis), to non-alcoholic steatohepatitis (NASH), which is characterized by histopathological
features such as lobular inflammation, hepatocellular ballooning and injury, and a perisinusoidal
fibrosis (Haas et al., 2016). It is mostly asymptomatic and closely associated with obesity and
features of metabolic syndrome, including hypertension, dyslipidaemia and central adiposity
(Buzzetti et al., 2016). In the UK, NAFLD affects up to 30% of the population (Dyson et al., 2014),
and it is considered to be a significant health burden, costing an estimated £35 billion in four
European countries, including the UK (Younossi et al., 2018). The increasing prevalence of
NAFLD mirrors the increasing prevalence of obesity and T2DM, and it’s thought that by 2027,
18 million people will have diagnosed NASH in Japan, the US and the EU5 (UK, France, Germany,
Italy, Spain)(Cave et al., 2016; Sumida and Yoneda, 2018).

Of those with NAFLD, at least 10-20% go on to develop NASH, which is accompanied by the
predisposition of patients to both hepatic and extrahepatic complications such as fibrosis,

cirrhosis, HCC and cardiovascular disease, which can significantly impair life expectancy.

1.4.1 NASH Pathogenesis

Although poorly understood, the pathological progression of steatosis to NASH, is considered
to consist of multiple parallel ‘hits’ acting synergistically to progress the disease. Lipotoxicity,
oxidative stress and endoplasmic reticulum stress, are thought to sensitize the liver to
additional insults mediated by the innate immune defence systems, leading to cytokine-induced
cellular damage (Pacana and Sanyal, 2015). One ‘hit’ involves hepatic de novo lipogenesis, which
is activated by insulin resistance, arising from hyperinsulinaemia and carbohydrate rich diets. In
addition, as a result of insulin resistance, lipolysis in dysfunctional adipocytes is not deactivated,
resulting in the leakage of free fatty acids (FFAs), adipokines, and inflammatory cytokines into
circulation. These FFAs accumulate in ectopic tissues, such as the liver, where they are stored
as triglycerides. However excessive accumulation of FFAs, beyond the threshold of triglyceride
storage, ultimately leads to lipotoxicity due to triglyceride-derived toxic metabolites. Moreover,
decreased triglyceride clearance and reduced very low density lipoprotein (VLDL) export

contributes to the accumulation of fat in the liver.
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These events are counteracted by the mitochondria and peroxisomes which attempt to oxidise
the fatty acids. However, these organelles eventually become ‘overwhelmed’ and
dysfunctional, resulting in the overproduction of ROS and damage associated molecular pattern
molecules. In a subsequent ‘hit’, lipid peroxidation and activation of hepatic macrophages,
Kupffer cells, by FFAs and ROS, trigger inflammation and apoptosis, and can activate natural
immune defence systems via Toll-like receptors. In addition, ROS, together with oxidised low
density lipoprotein (LDL) particles can activate HSCs which initiate fibrogenesis. Similarly, insulin
resistance-induced endoplasmic reticulum stress, results in adaptive unfolded protein
responses and signalling cascades that perpetuate NASH progression by exacerbating insulin

resistance and initiating apoptosis (Cusi, 2012).

Furthermore, recent evidence has implicated the gut-liver axis in the progression of the disease.
An altered composition of the gut microbiota plus an increased gut permeability has been seen
in NAFLD patients, and inflammasome-mediated dysbiosis is also thought to drive NASH
progression (Henao-mejia et al., 2012; Mouzaki et al., 2013). Overgrowth of gut microflora is
thought to lead to further production of fatty acids, and bacterial-derived toxin,
lipopolysaccharide (LPS), which when paired with the increased permeability in the small
intestines, results in increased fatty acid absorption and circulation, driving the production of
inflammatory cytokines. Furthermore, NAFLD is associated with changes to the population of
bacteria that deconjugate BAs and ultimately affect the species in the BA pool, which can

concomitantly affect downstream FXR activation and signalling (Tremaroli and Backhed, 2012).

Collectively, shown in Figure 1. 6, the lipotoxic hepatic events, in addition to the indirect effects
of inflammatory mediators from adipose tissues, the intestines and immune system, highlight
the complex, multifactorial, cross-system nature of this metabolic disorder and importantly,

reflect multiple potential therapeutic targets of NASH (Haas et al., 2016).
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Figure 1. 6 The pathogenesis of NASH. NASH is characterized by fat accumulation, inflammation and fibrosis in the liver. Ongoing lipogenesis results in steatosis, which is
exacerbated by the accumulation of free fatty acids (FFAs) and impaired very low density lipoprotein (VLDL) clearance. FFAs from dysfunctional adipocytes can cause
lipotoxicity and the activation of Kupffer cell-mediated inflammation. Inflammatory factors can activate stellate cells which in turn initiate fibrogenesis. Oxidation of FFAs in
the liver can result in the overproduction of Reactive Oxygen Species (ROS) as a side product, this leads to oxidative stress which further aggravates fibrosis and apoptosis and
contributes to NASH progression. AMPK, 5’-adenosine monophosphate-activated protein kinase; ATP, adenosine triphosphate; IL1, interleukin 1; LPS, lipopolysaccharide;
SREBF1, sterol regulatory element binding transcription factor 1; TGF8, transforming growth factor Beta; TNF, tumour necrosis factor.
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1.4.2 NASH Treatment
Currently, there are no effective medical therapies for NASH treatment or prevention. Most

often, weight loss and improved insulin sensitivity through dietary and lifestyle changes are
recommended, but as many patients are unable to initiate or maintain these changes, a
pharmacological long term solution is needed (Neuschwander-Tetri et al.,, 2015). Liver
transplantation is the only curative treatment for NASH cirrhosis in practice, and even after
transplantation, NASH patients are still at a high risk of suffering from cardiovascular
complications and mortality, likely associated with metabolic disorders (Vanwagner et al.,

2012).

Most treatment strategies target a single feature involved in the pathogenesis of NASH. Vitamin
E and antidiabetic thiazolidinediones are the most studied drugs for the treatment of NASH.
Although these have a strong antisteatotic response and reduce inflammation, they do not
reduce fibrosis (Sanyal et al., 2010). Moreover, concerns about adverse side effects, long term
safety and efficacy are yet to be addressed. Whilst improving insulin sensitivity is necessary, it
is not completely effective in treating NASH in most patients, hence a drug that can collectively
correct insulin resistance, as well as providing anti-inflammatory and anti-fibrotic properties,

would be the ideal candidate for the therapeutic treatment of NASH.

Given its functional role in inflammation, lipid and glucose metabolism, FXR ligands are
potentially ideal candidates for the treatment of NASH. In addition, FXR’s ability to influence
hepatic stellate cell-induced fibrosis, as well as activation of cholesterol scavenger receptors
(explained in more detail in Chapter 6), means that numerous features of the disease can be
targeted in a single receptor. In appreciation of this, significant efforts have been directed at

designing or identifying FXR ligands.
1.5 Current FXR agonists

At present, several endogenous BAs, synthetic compounds and natural extracts have been
identified as ligands for FXR, and others are continually being discovered (Table 1. 2). Although
relatively weak agonists for FXR, knowledge of BAs binding mode to the FXR LBD is crucial for
the development of synthetic and semi-synthetic ligands. Furthermore, natural plant extracts
such as guggulsterone, cafestol and oleanic acid, also ligands for FXR, provide an insight into

gene-specific FXR modulation (Modica et al., 2010).

GW4064 (GlaxoSmithKline, NC, USA) was the first fully synthetic, non-steroidal, high affinity

agonist of FXR to be developed, and it was identified by screening a vast library of isoxazole
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analogue compounds (Maloney et al., 2000). Since then, it has been used in several animal
studies where it has been shown to reduce hepatic inflammation and improve hyperglycaemia,
hyperlipidaemia and insulin sensitivity in diabetic, and obese mice (Zhang et al., 2006; Li et al.,
2008; Wang et al., 2008). Regardless of being several times more potent than CDCA, with an
ECso of 90nM, GW4064 never advanced to clinical stages after displaying undesirable in vitro
and in vivo properties. The compound was associated with poor rat pharmacokinetics, with a
half-life of 3.5 hours and a 10% bioavailability, and its stilbene moiety was unstable and
potentially toxic (Maloney et al., 2000). Nonetheless, it is still used as an archetypal standard

for FXR agonism in experimental work.

The structure of GW4064 was used as a basis for extensive developments of other nonsteroidal
agonists with the aim of improving the physicochemical properties, whilst maintaining the
binding affinity. This led to the synthesis of several compounds, many of which, despite being
very potent, had limited clinical applicability due to their insolubility and poor absorption,
distribution, metabolism and excretion (ADME) properties (Bass et al., 2011; Kinzel et al., 2016).
Removal of the stilbene moiety and the addition of different chemical linker groups led to the
creation LIN452 (Tropifexor, Novartis), which displayed a favourable safety profile, and to date
has been identified as one of the most potent agonists of FXR in vitro, with a cell-based ECs in
the range of 1nM (Tully et al., 2017). Tropifexor displayed modestly improved ADME properties,
and due to promising results in preclinical animal models, where it significantly regulated FXR
target genes, it is currently being tested in phase 2 clinical trials for the treatment of NASH and

PBC (Tully et al., 2017).

Throughout the course of drug discovery for FXR ligands, some researchers identified
compounds, such as Fexaramine, which, unlike CDCA and GW4064, could induce distinct target
gene profiles (Downes et al., 2003). Fexaramine, which is chemically distinct from both BAs and
GW4064, was shown to have a more robust effect on specific genes both in vitro and in vivo
compared to CDCA or GW4064. This gene selectivity was thought to arise from its activation of
homodimeric FXR and clustering with different coactivator complexes (Downes et al., 2003).
Despite showing ECso values comparable to GW4064 in cell-free assays, Fexaramine was not
evaluated for human trials due to its poor absorption when delivered orally, which resulted in
preferential activation of FXR in the intestines, rather than the liver and kidney. Nonetheless,
activation of intestinal FXR by the gut-restricted Fexaramine, was shown to regulate glucose
production, reduce diet-induced weight gain, and reduce global inflammation, suggesting that
activation of specific subsets of FXR receptors and target genes, may also prove to be

therapeutically beneficial, even without systemic FXR activation (Fang et al., 2015). Whilst
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Fexaramine received significant interest from media outlets as a promising new ‘diet pill’
(Macrae, 2015), studies have continued into the use of the compound and its effects on

metabolic disorders (Wang et al., 2017).

Despite the numerous non-steroidal FXR agonists identified through the screening of compound
libraries and subsequent combinatorial chemistry, a number of semi-synthetic BA-derived
agonists, which retain the steroidal nucleus, have been developed. Retaining the BA skeleton is
advantageous, due to the intrinsic amphipathic properties of BAs, and due to the ability of
analogous compounds to enter enterohepatic circulation, without significantly influencing BA
population and homeostasis (Lazarevi¢ et al., 2019). Furthermore, the fine-tuning of the BA
backbone, may help to modulate FXR’s activity, and it has been long established that chemical
manipulations to both the steroid nucleus and carboxyl side chain, could increase the potency
and selectivity of FXR ligands (Modica et al., 2010). Several groups have exploited the BA
backbone to develop agonists for FXR, and dual activation of FXR/TGR5 (Lazarevi¢ et al., 2019).

The most clinically advanced FXR agonist to date is the semi-synthetic, steroidal obeticholic acid
(OCA, Intercept Pharmaceuticals, New York, USA), also known as INT-747 and 6a-ethyl-CDCA,
which, as the name suggests, was made by adding an ethyl group to the C6 on the steroid
backbone of CDCA. This modification resulted in a 80-fold increased potency of OCA compared
with CDCA (Pellicciari et al., 2002). OCA quickly emerged as a promising therapeutic for liver
diseases, displaying antifibrotic and anticholestatic effects in rodent models of liver disease
(Fiorucci et al., 2005). OCA was the first FXR agonist to be used in human studies, and under the
name OCALIVA® (Intercept Pharmaceuticals Inc.), it was recently approved for use in PBC in
combination with UDCA, or in monotherapy when UDCA is not tolerated (Mudaliar et al., 2013).
A short-term proof of concept study, showed that daily administration of OCA could ameliorate
insulin sensitivity in patients with T2DM and NASH, and also was associated with decreased
fibrosis markers (Mudaliar et al., 2013). OCA progressed to a randomised clinical trial in NASH
patients, where it was shown to ameliorate the NAFLD activity score and decrease the severity
of the disease, including hepatocyte ballooning, modular inflammation and again, fibrosis
markers. However, it did not significantly reverse NASH; the number of patients displaying NASH
resolution was not increased compared to placebo groups. Furthermore, histological
improvements seen with OCA, were not significantly better than those seen with other, non
FXR-mediated treatments (Neuschwander-Tetri et al., 2015). The trial sparked debate over
whether serum levels of hepatic enzymes, traditionally used as surrogate biomarkers indicative
of NAFLD, appropriately corresponds with the severity of NASH, which is usually identified by

metabolic features, and the relevance of clinical endpoints were questioned. The study also
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showed that OCA treatment lead to dyslipidaemia; the observance of increased total serum
cholesterol, increased LDL and decreased HDL cholesterol levels, gave rise to safety concerns
with long-term OCA treatment (Hegade et al., 2016). Furthermore, OCA was associated with
increased fasting insulin concentrations and decreased insulin sensitivity (Neuschwander-Tetri
et al., 2015). Paradoxically, one of the adverse effects associated with OCA treatment was the
observation of pruritus, which was severe enough to halt the treatment in some patients
(Neuschwander-Tetri et al., 2015). The incidence of pruritus was thought to stem from OCA-
activation of TGR5 (Alemi et al., 2013), and the promiscuity of this BA analogue highlighted the
need for structural modification of the BA backbone to tailor it towards FXR, rather than other

BA receptors.

More recently, FXR selectivity has been achieved by the addition of novel hydroxyl groups to
the OCA structure (Pellicciari et al., 2016), however, the unfavourable lipid serum profiles
associated with OCA remain to be addressed. It is thought that FXR-induced expression of the
scavenger receptor B1, causes the increase in hepatic uptake of HDL-cholesterol (Zhang et al.,
2010). It has recently been shown that FXR can activate the cholesterol ester transfer protein in
humans, but not mice, (Gautier et al., 2013), and this is also thought to account for unfavourable
lipoprotein profiles that were not previously observed in mice. As such, the use of global FXR
agonists to target certain diseases, such as atherosclerosis, is limited by the unfavourable
effects on plasma HDL levels. Likewise, systemic activation of FXR results in increased FGF19,
which although is beneficial in its negative feedback inhibition of BA synthesis, can also have
deleterious proliferative effects in high levels; overexpression of FGF19 and its receptor FGFR4
in ectopic skeletal muscle has been associated with the formation of tumours (Nicholes et al.,
2002). Whether OCA-induced FGF19 elevations can enhance tumour formation remains
unknown. However, recently, after several drug-associated deaths, the FDA added a ‘black box’
label warning to OCA being prescribed by doctors, and it is thought that dose-adaptation and
treatment optimization is still required for its use. Research efforts are increasingly focussed on
the development of selective FXR modulators that can regulate the functions of individual or
small subsets of FXR target genes discretely, in order to target the relevant disease, whilst

minimising any side effects associated with chronic treatment (Massafra et al., 2018).
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Table 1. 2 Agonists of FXR and their structures

FXR ECsg
Compound Class Structure
(nM)
Natural
CDCA 107
ligand
GW4064 Non-
0.07°
(GSK) steroidal
F
F,>'f\ H F
© M
Tropifexor Non-
<0.001¢ N=L O —~ oH
(Novartis) steroidal S/ S
H 0]
Fexaramine O
Non-
(Howard 0.02°
steroidal
Hughes)
Semi-
OCA
synthetic 0.1¢
(Intercept)
steroidal

2from (Adorini, 2013), ® from (Tully et al., 2017)
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1.6 Research Aims and Objectives

Mounting evidence suggests that FXR has varying, pleiotropic roles, from regulating BA
metabolism to mediating inflammation. Accordingly, FXR is a compelling therapeutic drug
target for the treatment of diseases associated with the enterohepatic system or altered lipid
metabolism and, in particular, those with no current effective treatment, such as NASH.
Although FXR agonists are currently being marketed, there is still an ongoing need for the
development of highly selective agonists with enhanced activity and reduced adverse side

effects.

The hydrophobic nature of FXR’s ligand binding pocket requires a ligand that can make key polar
contacts, whilst upholding characteristic hydrophobic interactions that can sustain an active
receptor conformation. Whilst lipophilic compounds may be potent agonists for FXR, their
reduced solubility can be the root of challenging pharmacokinetic properties. BAs, as the
cognate ligands for FXR, and due to their congruous amphiphilic structure, provide an
appropriate starting scaffold for the design of novel ligands. With the addition of different
functional groups to the steroidal moiety, research here aims to identify a highly potent agonist
of FXR. By doing so, it may be possible to mitigate the adverse effects by only requiring very low
doses to be administered to achieve the desired therapeutic effect and subsequently limiting
systemic exposure to the compound. Furthermore, if these added extensions to the BA
periphery can introduce novel binding mechanisms in the FXR LBD, novel ligands may be able
to promote previously undescribed receptor conformations, which may, by virtue of alternative
coactivator recruitment, be able to differentially regulate different FXR target genes, steering

the compounds towards specific diseases.

Computational methods are frequently used in drug discovery pipelines, and structure-based
analysis and molecular docking have proven invaluable in the development of early generations
of FXR agonists. In addition to experimental approaches, computer-aided methods may help to
streamline this process and may even help to improve our understanding of FXR structure and

activation.

The overall aim of this project is to use both computer-aided and experimental wet-lab
approaches, encompassing structural, biochemical and molecular techniques to further our
understanding of FXR structural dynamics and ligand-mediated activation for the development

of a novel, BA-derived agonist with therapeutic potential.
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The first objective is to use in silico analysis and docking experiments to gain an insight into
structural requirements of FXR activation and to discern how prospective ligands bind to the
FXR LBD. Using this knowledge, rationale can be applied in the design of appropriate
modifications to the ligand scaffold, which could further enhance interactions of the agonist
with the receptor. With this input, novel ligands are to be designed by colleagues at NZP UK,
who will also be responsible for the synthesis of said compounds and will provide them for

proposed work described below.

A second objective of this project is to resolve the crystal structure of FXR to address the
fundamental question of how novel ligands can affect structural changes in the FXR LBD, and to
postulate how these can subsequently affect function. Expression and isolation, particularly of
the FXR LBD, and crystallisation with candidate ligand(s) and cofactors, will help to elucidate the
crucial molecular details of the binding modes and interactions, which, in addition to existing

structural data for FXR, can be used to inform future development of new compounds.

A third objective is to use cell-free assays and gene expression analysis to observe functional
activation of FXR by candidate ligands, at a cellular level. These data will help to evaluate the
robustness of computational methods in predicting lead compounds. Furthermore, it will help
to determine legitimate activity of the compounds and may allow for the elucidation of gene-
specific modulators of FXR. Finally, the testing and observations of lead compound
administration in in vitro and in vivo disease models, may help to confirm the potential of these

compounds for use as therapeutics for metabolic liver disease.
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Chapter 2.
Materials and Methods
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2.1 Materials
2.1.1 Equipment and Software

All equipment used in this study is listed in Table 2. 1. The bioinformatics tools and computer
software used throughout this work are provided in Table 2. 2.

Table 2. 1 List of equipment

Name Source

Bio-Robot 8000 Qiagen
Microplate orbital shaker HT9100 Big Bear Automation

96-well magnet type A Qiagen

Innova 4430 incubator shaker

New Brunswick Scientific

Spectrophotometer CE1020 C1000 series

Cecil Instruments

Avanti J-25 Centrifuge

Beckman Coulter

Allegra 6-K Centrifuge

Beckman Coulter

Spectrafuge 24D Microcentrifuge

Jencons PLS

Digital Sonifier Branson
FPG12800 pressure cell homogenizer Stansted Fluid Power
Novex Mini cell gel tank Invitrogen
Image Scanner Ill Gel Scanner GE Healthcare
Transblot SD semi dry transfer cell Bio rad
Image Quant LAS4000 GE Healthcare
T:Genius Gel imaging system Syngene

GeneAmp PCR system 2700

Applied Biosystems

StepOne Plus gPCR Machine

Applied Biosystems

Nanodrop 1000 spectrophotometer

Thermofisher

Microplate shaker Fisherbrand
Digital block heater QBT2 Grant Instruments
Labport vacuum pump Knf Lab
Autoflow IR direct heat incubator Nuaire

OMNI Tissue Homogenizer Motor and Soft
tissue tips

OMNI International

Nikon TMS inverted microscope

Nikon

AKTA FPLC system

GE Healthcare

Table 2. 2 List of bioinformatics tools and computer software

Tool Purpose Sited Accessed Reference
. . . (Altschul et al.,
Protein BLAST blast.ncbi.nlm.nih.gov 1990)
Sequence . (Larkin et al.,
Clustalw2 analysis ebi.ac.uk/Tools/msa/clustalw? 2007)
Jalview i (Waterhouse et
al., 2009)
IntFold Tertiary reading.ac.uk/bioinf/IntFOLD (McG;;fllr;)et al,
structure (Kelly et al
Phyre2 prediction sbg.bio.ic.ac.uk/phyre2 2315) v
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ExPASY :r;or:\e;:er web.expasy.org/protparam (Gasteiger et al,
ProtParam parame -Xpasy.org/protp 2005)
prediction
Sequence based - . . . ,
L mbiljj45.bio.med.uni- (Smialowski et
SECRET crystallisability
muenchen.de:8888/secret/ al., 2006)
evaluator
PYMOL
Molecular .y
Graphics - Schrédinger, LLC
system, v2.0
Visualisation of Dassault
BioVia protein and Systemes BIOVIA,
Discovery docked ligands - San Diego:
Studio Dassault
Systémes, 2019
(Wallace et al.,
LIGPLOT 1995)
SYBYL v8.0 Molecular ; Tripos Associates
. Inc., 2007
modelling and (Baroni et al
FLAP 2.2 docki - Y
ocking 2007)
Plasmid Editor M. Wayne Davis,
APE v2.0 and Viewer i Utah, USA
Primer search ncbi.nlm.nih.gov/tools/primer-
BLAST Y l., 2012
>Tp and design blast/ (Ve etal., 2012)
EMBL-EBI Gerrl)et:i:d (Papatheodorou
Expression P . https://www.ebi.ac.uk/gxa/home P
expression etal., 2018)
Atlas
database
GraphPad Analyse§ and GraphPad
Prism v.7 graphical - Software, CA,
’ presentation USA
IBM SPSS
Statistical Statistics,
IBM SPS5 v24 analyses i Armonk, NY: IBM
Corp
Image .
Image ) processing and | https://imagej.nih.gov/ij/index.html (Abramoff et al,
analysis 2007)

2.1.2 Molecular Biology Materials
All chemicals and reagents used in this study were supplied by Sigma-Aldrich/MERCK unless

otherwise stated and were of the highest purity. Specialty consumables and reagents used in

this work are provided in Tables 2.3-2.9.
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Table 2. 3 List of consumables and reagents

Name

Source

HisTrap FF column

GE Healthcare

HiTrap TALON column

GE Healthcare

HiTrapQ HP column

GE Healthcare

HiLOAD 26/600 superdex 200pg

GE Healthcare

Ni-NTA magnetic agarose beads

Qiagen

GeBA-Flex Dialysis tubes (3mL, 20mL)

Generon

Amicon Ultra regenerated cellulose
centrifugal units 10kDa

Merck Millipore

Pierce Protein Concentrator
polyethersulfone 10kDa

Thermofisher

MRC polystyrene 96 well crystallisation

Molecular Dimensions

plates
CrystalQuick X2 sitting drop crystallisation MiTeGen
plates
MicroAmp fast optical 96 well plates Thermofisher
96 deep well microplates BD Falcon
Nunc Microwell polystyrene 96 well plates Sigma
Corning round bottom, black 384 well plates Sigma
6x Gel loading dye, purple New England Biolabs
SYBRsafe DNA gel stain Invitrogen
Hyperladder 1kb DNA ladder Bioline

Riboruler high range RNA ladder

Thermofisher

Phusion Flash Master Mix

Thermofisher

AMPure XP PCR Purification system

Agencourt/ Beckman Coulter

Ni-NTA magnetic agarose beads Qiagen
Isopropyl B-D-1-thiogalactopyranoside (IPTG) Generon
NUPAGE Bis-Tris 4-12% precast gel Invitrogen
Low MW range SigmaMarker Sigma
Wide MW range SigmaMarker Sigma
Novex sharp prestained protein ladder Invitrogen
Quick Coomassie Generon
InstantBlue™ Coomassie protein stain Expedeon
cOmplete™ EDTA-free protease inhibitor
} Roche
cocktail tablets
Criterion blotting sandwiches Biorad
Clarity western ECL substrate Biorad
Genelet Plasmid mini prep kit Invitrogen
RNAqueous Total RNA isolation kit Ambion
iScript CDNA synthesis kit Biorad
iTag Universal SYBR green supermix Biorad
Human reference total RNA Agilent
Gel filtration marker kit for proteins 12- .
Sigma

200kDa
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Table 2. 4 List of solutions, buffers and media

Solution

Composition

4x Laemmli sample buffer

200mM Tris pH 6.8, 4% (w/v) SDS, 0.4% (w/v)

bromophenol blue, 40% (v/v) glycerol, 20%
(w/v) tris(2-carboxyethyl)phosphine (TCEP)

1x NuPAGE MOPs running buffer

50 mM MOPS, 50 mM Tris Base, 0.1%(w/Vv)
SDS, 1 mM EDTA, pH 7.7

Semi dry transfer buffer

60mM Tris, 40mM CAPS, pH 9.6 (with 15%
methanol for anode), (with 0.1% SDS for
cathode)

Tween-20 Tris buffered saline (TBST)

20mM Tris pH 7.5, 150mM NaCl, 0.1% (v/v)
Tween-20

Blocking buffer

1x TBST, 5% (w/v) skimmed milk powder

40mM Tris, 20mM glacial acetic acid, ImM

1x TAE agarose gel buffer EDTA
. 40mM MOPS pH7.0, 10mM sodium acetate,
1x MOPS RNA agarose gel running buffer 1mM EDTA
50mM Tris pH 7.8, 500mM NaCl, 30mM

Lysis buffer

imidazole, 0.2% (v/v) Tween20, (10% (v/v)
glycerol)

Ni-NTA wash buffer

50mM Tris pH 7.8, 500mM NaCl, 30mM
imidazole

Ni-NTA elution buffer

50mM Tris pH 7.8, 500mM NaCl, 500mM
imidazole, 10% (v/v) glycerol

Gel filtration buffer

20mM Tris pH 7.8, 200mM NaCl, 1ImM
Dithiothreitol (DTT), 10% (v/v) glycerol

Miller’s Luria-Bertani broth (LB)

NaCl, 5g Yeast extract

Per litre deionised water: 10g Tryptone, 10g

LB agar

NaCl, 5g Yeast extract, 15g agar

Per litre deionised water: 10g Tryptone, 10g

SOC medium

2% Tryptone, 0.5% Yeast Extract, 10 mM
NaCl, 2.5 mM KCI, 10 mM MgCl2, 10 mM
MgS04, 20 mM glucose

Power broth

Per litre deionised water: 52g Power Broth
powder (Molecular Dimensions, UK), 4mL
glycerol

ONEX)

Overnight Express™ Instant TB Medium (TB

glycerol

Per litre deionised water: 60g TB ONEX, 10mL

(EMEM)

Eagle’s Minimum Essential Medium

with 10% and 2mM L-glutamine

EMEM with Earle’s salts, non-essential amino
acids and sodium bicarbonate, supplemented

(DMEM)

Dulbecco’s Modified Eagle’s Medium

DMEM with low glucose (1000g/L) and

FBS and 2mM L -glutamine

sodium bicarbonate, supplemented with 10%
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Table 2. 5 List of antibiotics

Worki
Antibiotic Stock concentration Solvent or mg.
concentration
Carbenicillin 50 mg/mL Water 50 pg/mL
Cholramphenicol 35 mg/mL Ethanol 35 pg/mL
Table 2. 6 List of antibodies
Antibody Type Dilution Source
Anti- 6x His tag .
antibody (mouse Con.Jugated (.Horse 1:1000 Abcam
radish peroxidase)
monoclonal)
Table 2. 7 List of vectors
Antibiofi
Vector n?lblom Tag Source
resistance
pOPINE Amp® Hisg (C-terminal)
pOPINF Amp® Hise (N-terminal)
Hiss, SUMO (both
R ,
POPINS3C Amp N-terminal) Oxford Protein
Hise, HALO7 Production
pOPINHALO7 Ampt (both N- Facility
terminal)
Hiss, GST (both
R ,
POPINI Amp N-terminal)
pET15b AmpR Hiss (N-terminal) Genscript
Table 2. 8 List of E. coli strains
Strain Genotype Purpose Source
F" {proAB laclq lacZAM15 Tn10(TetR )
A(ccdAB)} mcrA A(mrr hsdRMS-mcrBC)
One Shot® . .
OmNIMAX™ 2 T1 ® 80(lacz)AM 15 A(lacZYA-argF)U169 Cloning Invitrogen
endAl recAl supE44 thi-1 gyrA96
relA1 tonA panD
fhuA2 (argF-lacZ)U169 phoA ginV44 . New England
NEB5a 80 (lacZ)M15 gyrA96 Cloning Biolabs
recAl relAl endAl thi-1 hsdR17
F- ompT hsdSB(rB- mB-) gal dcm A(DE3
Rosetta (DE3) pLysS [lacl lacUV5-T7 gene 1 Expression MERCK
ind1 sam7 nin5]) pLysSRARE (Cam®)
fhuA2 [lon] ompT gal (A DE3) . New England
L DE E
emo (DE3) [dem] AhsdS/ pLemo (Cam®) Xpression Biolabs
F—, ompT, hsdSB (rB—, mB-), dcm, gal, .
BL21 (DE L E
(DE3) pLysS A(DE3), plysS (Cam") xpression Promega
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Table 2. 9 Compounds used for in vitro and in vivo work

Compound Structure Solvent Source
DMSO NZP UK
CDCA
OCA DMSO NZP UK
Jed441 DMSO NZP UK
Jed561 DMSO NZP UK
Jed692 DMSO NZP UK
Tropifexor DMSO AbMole
F
rF H
0
N
N= 0"'@—% OH
b4
H 0]
Z-Guggulsterone DMSO Sigma
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2.2 Methods

2.2.1 The Farnesoid X Receptor Gene
In this study, a variant of the human FXRa gene (NR1H4, GenBank accession number U68233)

that encodes isoform 1(+) was used, corresponding to amino acid (aa) sequence accession
number Q96RI1-3 (UniProt) (Appendix 2). The gene was synthesised by GenScript (Piscataway,

NJ, USA) and codon optimized for use in E.coli expression systems.

2.2.2 Structure Prediction and Construct Design
The aa sequence of the full length FXR protein (1-486 aa) was submitted to the Pfam Protein

families database (Finn et al., 2016) to identify conserved domain boundaries. The amino acids
for the full length FXR and individual domains of FXR also were submitted to the structure
prediction servers IntFOLD (McGuffin et al., 2015) and Phyre2 (Kelly et al., 2015). The structures
generated were visualised using the PyMOL Molecular Graphics System, Version 2.0
(Schrodinger, LLC). The predicted domain architecture and tertiary structure were used to
design appropriate constructs encoding these regions. The aa sequences of the proposed
domains were submitted to the ExPASy Protparam server (Gasteiger et al., 2005) to predict
several parameters of the final protein including the theoretical isoelectric point (pl), extinction

coefficient and stability index.

2.2.3 Analysis of FXR Crystal Structures

FXR crystal structures were visualized using PyMOL Molecular Graphics System. Analysis was
carried out using features of the PyMOL software to align multiple structures and to highlight
individual amino acid residues, for comparison with the domain and structure prediction
boundaries. Additional analysis of the selected FXR crystal structure, PDB ID:4QE6, was carried
out using FLAP (Baroni et al., 2007), which was used to probe the ligand binding pocket with
small molecule groups representing hydrophobic, hydrogen bond donor/acceptor and shape

interactions to calculate the corresponding GRID molecular interaction fields (MIFs).

2.3. Molecular Biology Methods

2.3.1 Primer Design

Forward and reverse primers used throughout this study are listed in the relevant chapters’
methods section. The most important consideration for primer design was to have forward and
reverse primers with a melting temperature (Tm) between 58-65°C and with less than 4°C

difference between the two primers. Primers were designed to be between 18-25 bp in length,
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with a GC content between 40-60 % and with the 3’ end concluding with a GC clamp. Primers
were checked using the BLASTp tool for intra- and inter- primer homology, and to check for non-

specific products in the target species genome.

For the ligation independent method, In-Fusion™ cloning (Clontech), primers were designed to
facilitate subsequent cloning. In addition to the sequence complimentary to the target DNA, the
primers also had a 5’-, 15 bp complimentary sequence to the open ends of the respective
destination vector, invalidating the requirement for restriction digestion and minimising the
number of steps involved in cloning. The primers were automatically generated by submitting
the target protein sequence to the OPTIC database (as implemented by OPPF-UK, Harwell
Research Complex) and by selecting the relevant destination vector. A table of the primers used

for this experiment can be found in Appendix 1.

2.3.2 Polymerase Chain Reaction (PCR)

Phusion Flash DNA polymerase was used to amplify the gene of interest (GOI) for subsequent
insertion into the respective vector. A typical reaction consisted of Phusion Flash Master Mix
(Thermofisher), 0.6 uM of each forward and reverse primer, and 20-40 ng template DNA.
Thermal cycling parameters are provided in Table 2.10, and annealing and elongation steps

were repeated for 30 cycles.

Table 2. 10 PCR cycling parameters for use with Phusion Flash Master Mix

Step Temperature (°C) Time (seconds)
Initial denaturation 98 10
Denaturation 98 1
Annealing 60 5
Extension 72 15/Kb
Extension 72 120

2.3.3 Agarose Gel Electrophoresis
The PCR products were analysed by gel electrophoresis on a 1.6 % (w/v) agarose gel. Agarose

was dissolved in 1x TAE by heating briefly before the addition of SYBRsafe DNA gel stain
(1:10,000 dilution). PCR products (5 pL) were mixed with 6x gel loading dye (1 uL) and 5 pL
loaded into each well. The molecular weight marker, Hyperladder 1 Kb, was run alongside PCR
products for comparison. DNA fragments were separated by running the gel at 100 V for 30-40

minutes and the gel visualised using the T:Genius imaging system.

2.3.4 Purification of PCR Products
As all PCR products were relatively small (less than 4 kb) and of good quality (observed by

agarose gel electrophoresis), fragments were purified by paramagnetic bead purification. An
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initial purification was carried out by incubating PCR products with the restriction enzyme Dpnl
at 37°C for 30-60 minutes. Dpnl has specificity for methylated DNA and was used to digest the

template DNA without interfering with the PCR product.

Purification from excess primers, dNTPs, enzymes and salts was carried out using the Agencourt
AMPure XP system, which utilizes solid-phase reversible immobilization technology. AMPure XP
reagent containing the paramagnetic beads, was mixed and incubated with PCR reactions to
allow the binding of DNA fragments larger than 100 bp. Reactions were placed on a super
magnet plate to separate the bead-bound PCR products from unbound reagents. Following

multiple ethanol wash steps, DNA was eluted in 10 mM Tris pH 8.0.

2.3.5 Estimation of DNA Concentration
The concentration of DNA was estimated by measuring the absorbance of UV light at 260 nm

on a Nanodrop spectrophotometer.

2.3.6 IN-Fusion Cloning

The insertion of the gene of interest (GOI) into the linearized vector was carried out by the
sequence independent, ligase-free In-Fusion™ method, which enables the efficient cloning of
PCR products into any linearized vector at any locus. The single-step procedure, whereby the
purified PCR products were incubated with the linearized vector in the presence of the IN-
Fusion™ enzyme at 42°C for 30 minutes, relies on the overlapping homology between the ends
of the DNA fragments and significantly streamlines workflow, allowing cloning to be carried out

in a high throughput manner.

2.3.7. Heat Shock Transformation of E. coli Cells
Aliquots of chemically competent E. coli cells (50 pL volume) were thawed on ice and 1 uL DNA

(50-100 ng) was added and mixed gently by flicking the microfuge tubes. After a 30 minute
incubation on ice, the cell/plasmid mixture was heat shocked for 45 seconds at 42°C and then
immediately recovered on ice for 2 minutes. Pre-warmed SOC medium (250 pL) was added to
the transformed cells, which were then incubated at 37°C for 1 hour. Following their recovery,
20-100 pL of transformed cells were spread on LB plates supplemented with the appropriate
antibiotics, and plates were incubated overnight (approximately 16 hours) at 37°C. For
transformations into One Shot® OmniMAX™ 2 T1 E. coli cells, LB agar was supplemented with
1 mM isopropyl B- D -1-thiogalactopyranoside (IPTG) and 0.2% (v/v) 5-bromo-4-chloro-3-indolyl-
B- D -galactopyranoside (X-gal) to allow for blue/white colony screening. The cloned constructs

were verified by PCR, using both a vector and an insert specific primer. Again, the PCR products
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were run on an agarose gel to confirm the identity of the recombinant plasmid according to

size.

2.3.8. Purification of Plasmid DNA
Overnight cultures were prepared by inoculating one single colony into 10 mL LB broth

supplemented with appropriate antibiotics, and incubated overnight at 37°C, with aeration by
shaking at 250 rotations per minute (rpm). Cells were harvested by centrifugation at 5,000 x g
(relative centrifugal force) for 10 minutes. The cell pellet was used for plasmid DNA purification
using the Genelet Plasmid Miniprep kit (Thermofisher) following manufacturers’ instructions.

Plasmid DNA concentration was measured using a Nanodrop spectrophotometer at 260 nm.

2.3.9 Preparation of Glycerol Stocks
Glycerol stocks, of positively transformed colonies, were prepared from overnight bacterial

cultures with a final concentration of 15% (v/v) glycerol. Stocks were mixed in sterile cryovials

and stored at -80°C.

2.3.10 DNA Sequencing

The plasmid DNA of selected transformed clones was purified by plasmid miniprep as described
in Chapter 2, section 2.3.8, and sequenced by Eurofins, using multiple primers that amplify the

regions of the construct where insertions or mutations took place.

2.4. Production of FXR LBD

A more detailed description of the methods involved in the optimization of the expression and
purification of FXR LBD can be found in Chapter 4. Methods described here are a generalised

procedure.

2.4.1 Expression of FXR LBD
The protein expression protocol used in this study utilized the Rosetta (DE3) pLysS strain,

designed for optimal expression of eukaryotic proteins, or parent strain BL21 (DE3) pLysS.
Starting cultures were prepared for each construct in LB medium supplemented with
chloramphenicol (35 pg/mL) and carbenicillin (50 pg/mL) and incubated overnight at 37°C with
aeration by shaking at 250 rpm. After approximately 16 hours incubation, seed cultures were
then used for the inoculation of LB medium, again supplemented with antibiotics as before, and
cells initially grown at 37°C. Induction was initiated once the cells had reached a mid-
exponential growth phase, indicated by an ODsgonm ~0.5, by adding IPTG to a final concentration

0.7 mM. The cells were grown for a further 20 hours at ~15°C, after which the cells were
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harvested by centrifugation (5,000 x g for 10 minutes) and stored at -80°C until ready for use in

protein purification.

2.4.2 Protein Purification by Immobilized Metal Affinity Chromatography
The expression of a His-tag on the N’- terminal of FXR LBD facilitated purification of this target

protein by Immobilized Metal Affinity Chromatography (IMAC). Purification was carried out
using an automated AKTA FPLC system with a 5 mL pre-packed, nickel-nitrilotriacetic acid (Ni-
NTA)- based HisTrap or cobalt-based HiTrap TALON® column (both GE Healthcare Life Sciences).
Pellets of induced cells were thawed on ice and resuspended in lysis buffer (50 mM tris pH 7.8,
500 mM sodium chloride, 30 mM imidazole, 0.2% (v/v) tween20, 10% (v/v) glycerol)
supplemented with cOmplete™ EDTA-free protease inhibitor cocktail tablets (Roche), lysozyme
(0.5 mg/mL) and DNase | (400 U/mL) (both Sigma). Cells were lysed by sonication at 30%
amplitude for 5 minutes with 5 second pulses, or by using a pressure cell homogenizer at 30
kPsi (Stansted Fluid Power) and the crude lysate clarified by centrifugation (30,000 x g for 30
minutes at 4°C). The supernatant containing soluble proteins was separated and loaded directly
onto the HiTrap column. Non-specific, unbound proteins were removed by washing the column
with a low imidazole content wash buffer (50 mM tris pH 7.8, 500 mM sodium chloride, 30 mM
imidazole), and His-tagged proteins were finally removed from the column by elution in a high
imidazole, high salt concentration buffer (50 mM tris pH 7.8, 500 mM sodium chloride, 500 mM

imidazole, 10% glycerol).

2.4.3 Additional Purification by Size Exclusion Chromatography
Following IMAC purification, the proteins underwent additional purification from salts, other

small molecules and non-specific proteins by size exclusion chromatography (SEC). IMAC
purified proteins were dialysed overnight against gel filtration buffer to remove some of the
imidazole prior to SEC. This second purification step also was carried out using an AKTA FPLC
system with a pre-packed HiLoad 26/600 Superdex 200 prep grade column (GE Healthcare Life
Sciences). The column was calibrated using standards of 6 proteins with known, diverse
molecular weights, and elution times of these proteins were used to create a standard curve.
The elution profile of target proteins was validated with the standard curve to identify the

correct peak containing the protein of interest.

2.5 Protein Analysis and Quantification
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2.5.1 Analysis of Proteins by Sodium Dodecylsulfate — Polyacrylamide Gel

Electrophoresis (SDS-PAGE)
Analysis of expression levels and of the purity of proteins, after each purification step, was

determined by SDS-PAGE. Proteins were run on a NUPAGE 4-12% Bis-Tris precast gel (Novex,
Invitrogen). Samples were mixed with 4x Laemmli buffer and heated at 95°C for 10 minutes
prior to loading. The gel was run for 50 minutes at 200 V in NUPAGE 1xMOPS SDS running buffer
(Invitrogen). Proteins were compared to the Novex sharp prestained protein ladder
(Invitrogen). The gel was either stained to visualise the proteins with Coomassie-based dye
Quick Coomassie (Generon) or used to transfer separated proteins onto a nitrocellulose
membrane via Western Blot (WB) analysis. Gels stained by Quick Coomassie were visualised

using an Image Scanner lll gel scanner (GE Healthcare).

2.5.2 Analysis of Proteins by Western Blot
Proteins were denatured and separated by SDS-PAGE as described (Chapter 2, section 2.5.1.

Proteins were then transferred to a nitrocellulose membrane, using a Transblot SD semi dry
transfer cell (Biorad), which allows efficient, economical blotting without the need for large
volumes of buffer or a gel cassette. Three sheets of Whatman filter paper were pre-soaked in
transfer buffer containing either 15% methanol (for the anode) or 0.1% SDS (for the cathode)
and the membrane was also briefly pre-soaked in anode transfer buffer. A blotting sandwich
was created with the filter paper, membrane and gel, ensuring that the nitrocellulose
membrane was closest to the anode plate, whilst the gel was laid directly on top, closest to the
cathode plate. Transfer was carried out at 15 V for 90minutes, after which the membrane was
washed briefly in deionised water. The nitrocellulose membrane was blocked for 1 hour at room
temperature in TBST containing 5% (w/v) non-fat milk powder. The blocked membrane was
then washed with TBST and incubated with the Horse Radish Peroxidase-conjugated Anti- 6x
His tag antibody (Abcam). His tagged proteins were detected by chemiluminescence, using

Clarity ECL substrate (Biorad) and imaged using the Image Quant LAS4000 (GE Healthcare).

2.5.3 Estimation of Protein Concentration
Protein concentration was estimated by measuring the absorbance at 280 nm, using a

Nanodrop Spectrophotometer (Thermofisher). The molar extinction coefficient (M*cm™) and
molecular weight (Da) of the target protein were calculated from its sequence, using the ExPASY
ProtParam web-based tool (Gasteiger et al., 2005). Protein concentration was determined by
applying the Beer-Lambert law: Absorbance = molar absorption coefficient x concentration x

cell path length.

44



Chapter 3.
Use of Computational Approaches for
the Structural Analysis of FXR and
Molecular Docking of Novel Ligands
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3.1 Introduction

The use of computational methods in modern drug design has increased significantly in recent
years, and it is now considered a de facto standard tool in medicinal chemistry, complementary
to experimental approaches. With traditional drug discovery methods, involving the synthesis
and screening of compounds, only 1 in 40,000 compounds tested will be brought to market,
taking an estimated 7-12 years and $1.2 billion for the development of a new drug (Shankar et
al., 2006). Furthermore, compounds identified in this way, may not have the optimal structure
required for biological activity, meaning that larger doses may have to be administered,
increasing the potential risk of undesired side effects. The advancement of the proteomics field
and the burgeoning availability of structural information, in addition to high performance
software, has meant that computer-aided drug design (CADD) can streamline drug discovery. A
focussed, computer-assisted approach, often coined in silico, can rapidly identify the most
promising compounds to be progressed, whilst eliminating poor candidates at an early stage.
This limits chemical synthesis and biological evaluation, minimizing research resources and
costs whilst accelerating the process of successful lead identification and optimization

(Kapetanovic, 2008).

The two main applications of CADD are structure-based drug design and ligand-based drug
design. The former relies on knowledge of the three-dimensional (3D) structure of the receptor
and its active site in order to evaluate potential molecular interactions, binding energies and
steric relationships between the protein and proposed ligands; whereas the latter, employs
statistical analyses to identify relationships between ligands and their specific biological actions
on target proteins. Both approaches can be used in the iterative process of lead compound
identification, which can serve as a basis for further modifications to optimize the potency,

stability, solubility or pharmacokinetics of the compound.

3.1.1 Structure- Based Drug Design
A pre-requisite of the structure- based process is the knowledge or structure determination of

the target protein either by experimental methods, such as X-ray crystallography (MX) and
Nuclear Magnetic Resonance Spectroscopy (NMR), or by theoretical bioinformatics methods,
such as homology modelling. To date, structures obtained by MX have been the most widely
used for the purposes of drug design. This is due to both the high resolution of the models
generated and also due to its advantage over other techniques in that it can determine

structural information of proteins varying in size from a few amino acids to 900kDa. Moreover,
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the presence of ordered water molecules in experimental data often proves advantageous in
observing key binding mechanisms for some drug targets (Anderson, 2003). NMR spectroscopy
has also been valuable in observing the intramolecular dynamics of the target protein, due to
its use of proteins in solution. Moreover, even if a structure for a target protein cannot be
experimentally determined, advances in protein prediction algorithms and software have
meant that homology modelling can provide sufficient spatial information to predict both ligand

binding and protein-protein interactions.

An important consideration in structure-based drug design, is identification of the ligand
binding sites. Whilst X-ray crystallography provides the advantage that the binding site is usually
obvious and frequently deemed to be the position of the ligand within the crystal lattice, non-
crystallographic methods require alternative methods, often small fragment probing
techniques, to identify the pocket or protuberance with the potential to make various polar,

electrostatic and hydrophobic interactions.

The three-dimensional structure of the receptor and the specific spatial arrangement of its
interacting amino acids within its binding pocket are pivotal to the identification of putative
binding modes of potential ligands; the practical application of this knowledge underlies

molecular docking.

3.1.1.1 Molecular Docking
A detailed understanding of the principles that govern molecular interactions and mechanisms

that most influence ligand binding, provide a framework for the design of new drugs. The
application of these principles to computational approaches, allows for a search space to be
explored and ligands to be virtually placed into its protein receptor and potential interactions
to be predicted, enabling prospective drugs to be evaluated and accordingly ranked, prior to
their synthesis (Mohan et al., 2005). Computational docking aims to generate an optimal ligand-
protein conformation and explores different binding poses (conformations and orientations) of
a ligand in its specified receptor (Mobley and Dill, 2009). The procedure utilizes molecular
mechanics modelling programs, which use different force field parameter-based algorithms to
both search for ligand poses, and to score the predictions based on the thermodynamics of the
interaction. These force field parameters collectively describe the total potential energy of a
given molecule; taking into account the bond energies due to changes in interatomic distance,
changes in bond angles, changes in bond conformation, as well as energy contributions due to
Van der Waals (VdW) forces, and the electrostatic attractive and repulsive forces acting in a
molecule between atoms with a full or partial charge; and subsequently, help to simulate

plausible geometry and interactions between receptor and ligand (Thomas, 2003). Many
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docking procedures use a precalculated grid map to represent the receptor when defining
interaction energies with each ligand. This grid can be reused for each ligand and significantly

accelerates the scoring calculations.

Docking approaches and virtual screening are becoming increasingly automated, allowing
multiple compounds to be processed with little manual intervention. The use of large chemical
compound libraries for virtual screening is advantageous, since the majority of the compounds
used are already commercially available and can easily be screened for biological activity. The
de novo design of novel synthetic ligand scaffolds, however, allows for the bespoke tailoring of
compounds to specifically target certain receptors based on the geometry and biochemical
microenvironment of the binding site. However, the challenge often occurs in actually

synthesizing the intended compounds.

Another major limitation to the procedure, is the fact that most simplistic docking approaches
utilize a rigid receptor. Most ligand and receptor interactions are flexible in solution, and the
receptor may adopt a range of dynamic conformations dependent on its bound or unbound
states. Whilst newer algorithms can account for receptor and ligand flexibility, these are often
more computationally expensive and can dramatically increase the time required for docking

pose predictions (Anderson, 2003).

Although some examples have shown significant differences between docked and experimental
ligand binding poses (Fritz et al., 2001), most cases display very minor differences between the
predicted and actual conformations, with deviations between the atomic Cartesian coordinates
of less than 2A (Shoichet et al., 2002); and several success stories have been documented where
drugs identified by in silico approaches have reached the market (Phillips et al., 2018). As such,
due to its speed, reasonable accuracy, and low cost, docking approaches are methods of choice
for eliminating non-binding compounds and for identifying or scrutinizing potential leads, and
for ultimately enriching hit rates in the initial stages of drug discovery research (Leach et al.,

2006).

3.1.2 Ligand-Based Drug Design
Ligand-based drug design is typically used when the target of certain ligands is unknown, or in

the absence of a 3D structural model or ligand binding information of the target protein. It relies
on the prior identification of ligands that are known to bind to the target, where the desired
biological activity of interest previously has been established. The most widely used tools in the

field of ligand based drug design are 3D quantitative structure activity relationships (3D-QSAR)
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and pharmacophore modelling, and both can be used to understand the structural or physico-

chemical properties that correlate with the desired activity of the ligand.

The premise underlying 3D-QSAR is that similar structural features will yield similar activity, and
this computational approach aims to quantify the relationship between the two. The
experimentally derived biological activity data serves as a dependent variable, whereas a set of
molecular descriptors describing the 3D chemical features or ‘fingerprint’ of each ligand can be
considered as the independent determining factor. The molecular descriptors, or interaction
fields, include the various physical and geometric characteristics of the molecule, and its
guantum chemical properties, and these can be used to generate a pharmacophore model
which attempts to explain the variability of the biological activity in a set of ‘training’ ligands.
This model can then be used for statistical analyses and to determine a final 3D-QSAR model,
which, in turn, can be used to predict the activity of new, analogous ligands (Veselovsky and

Ivanov, 2003).

One widely used, successful method of 3D-QSAR is comparative molecular field analysis
(CoMFA) and the associated method, comparative molecular similarity indices (CoOMSIA). Both
methods assume that the interactions between a ligand and its receptor are non-covalent and
are used to characterize molecular interaction fields around the molecules. By aligning the
molecules against a template compound or common pharmacophore on a 3D grid lattice, the
steric and electrostatic potential energies, at each grid point, can be simultaneously calculated.
While CoMFA does not account for hydrophobic or polar interactions, CoMSIA includes these

terms in its energy function.

Both methods use partial least squares (PLS) analysis to determine an ideal model, which
correlates the molecular descriptors to activity. PLS combines the statistical techniques of
multivariable linear regression and principal component analysis to perform a systematic search
of molecular descriptors. By extracting information from these molecular descriptors and the
biological data, the method can efficiently reduce the number of independent variables, thus
improving the correlation and generating an ideal model (Acharya et al., 2011). The reliability
and quality of the model can be assessed by two statistically significant values obtained from
PLS analysis, the conventional correlation coefficient (R?), and the cross-validated coefficient
(Q?), (Hoéskuldsson, 1988). The model also can be validated by leaving out known compounds
when generating the model, then using the model to predict the activity of said compound, and

then comparing the predicted versus experimental values.
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For 3D-QSAR to be successful, it requires the activity of the compounds to be determined for
the same target, ideally by the same standard protocol, in order for the data to be comparable.
Likewise, the models with the highest predictive power are derived from molecules that are
diverse in both their chemical structure and biological activity, with the difference between the
highest and lowest biological property recommended as being at least 4 orders of magnitude
(Dearden et al., 2009). Nonetheless, the feasible computational time and the fast generation
of models make this indirect modelling approach advantageous (Melo-filho et al., 2014). To
date, 3D-QSAR has been shown to be adequately capable in the prediction of close analogues
of known compounds, and the information obtained from this approach, regarding certain
molecular regions and their ability to positively or negatively affect the activity of the
compound, can be used by medicinal chemists to devise alternative functional groups, which
may be introduced to specific locations on a molecule’s scaffold to enhance biological efficacy

or affinity.
3.2 Aims and Objectives

Conventional drug discovery methods were once dominated by the ‘brute-force’ approach of
high throughput screening of synthetic and natural compound libraries to identify potential lead
compounds. However, this technique was associated with a low hit-rate, and hits that were
identified often had poor efficacy and little scope for further optimization (Sliwoski et al., 2013).
Moreover, the cost and time taken to synthesize compounds, test them and obtain results,
drove the impetus for more rational procedures. The nascent field of structural biology brought
with it structural information for thousands of previously uncharacterized proteins; and due to
the availability of large protein and compound databases, together with advances in computer
software and technology, the use of computational methods in drug design emerged and
quickly became an attractive tool to accelerate the drug discovery pipeline. The use of
computer-aided methods in the field of drug design can significantly reduce the time and cost
required to bring a drug to market, as a wider, more diverse chemical space can be explored
without the need to synthesize every compound to be tested in vitro. With virtual screening,
inactive compounds can be quickly discarded, and potential active compounds can be
prioritized, streamlining the process and resulting in a much higher hit-rate. Furthermore,
computational tools provide the scope for the prediction of pharmacokinetic properties based
on the structure of the ligand, or the prediction of toxic and carcinogenic side effects of

compounds and may be used at other stages in the preclinical development process.
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The overall aim of the work in this chapter, is to use computational tools to aid the
understanding of the structure of the FXR LBD, and to complement other approaches in the
design of novel FXR ligands. To date, several high-resolution structures of the FXR LBD have

been published in the Protein Data Bank (PDB, www.wwpdb.org). These structures, which have

been produced by co-crystallisation with diverse sets of ligands, provide additional insight into
this receptor and the unique binding modes required for either receptor activation or inhibition.
By analysing and comparing these experimentally derived structures, it may be possible to
deduce the primary chemical features of the ligand binding pocket and key residues involved in
small molecule binding. The advantage of readily available structures also means that molecular
docking methods can be employed to screen potential ligands. An aim of this chapter is to dock
potential ligands and to observe their mode of interactions with FXR, to drive the development
of a novel set of compounds to specifically target this receptor. Furthermore, parallel to the
structure-based approach, these novel compounds will be synthesized by NZP UK and used in
FXR-specific reporter assays carried out by DiscoverX (Eurofins). The data provided by DiscoverX
will be used in this lab for subsequent applications in ligand-based QSAR models, and will help
to define the distinct chemical signatures on the ligand backbone that may lead to improved

affinity and efficacy of the novel compounds.
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3.3 Materials and Methods

3.3.1 Homology Modelling
For the most part of this work, a structure of the protein or domain of interest was available in

the Protein Data Bank. However, in the case of the full length FXR protein, or TGR5, where no
structures were available, a homology model was generated. To do this, the amino acid
sequence of the target protein was initially used to perform a protein BLAST search (BLASTp)
and homologous receptors aligned and compared, using the multiple sequence alignment
server Clustalw?2 (ebi.ac.uk/Tools/msa/clustalw2). The aa sequence was then also submitted to
the online protein  structure and  function  prediction server, IntFOLD
(www.reading.ac.uk/bioinf/IntFOLD). The model used was the top ranked structure with the
highest global modality score and confidence values, and template structures used for this
model were cross-referenced in the PDB and evaluated for their rational use as a relevant

template protein.

3.3.2 Initial Analysis of FXR LBD — Ligand Bound Conformations
Prior to in silico ligand docking and screening, the FXR LBD structure was scrutinised. The FXR

LBD adopts different structural conformations according to the nature of the ligand bound, as
shown by the diversity of the X-ray crystallographic structures of FXR deposited in the PDB.
Structures were visualised and compared, using PyMOL Molecular Graphics System, (Version
2.0.4 Schrodinger, LLC). Structures were superimposed to facilitate comparison and the align
script used in the command line to generate all atom root mean square deviation (RMSD)
scores. Reported RMSD values are the output after several refinement cycles. One FXR LBD
structure (PDB ID: 4QE6), from a human homologue of the gene, gave a high-resolution
structure co-crystallised with the classic BA agonist, CDCA. This structure, based on its canonical
active conformation, was chosen as a reference for all subsequent alignments. Furthermore,
due to the similarity of the bound ligand to the compounds of interest herein and the high

quality of the structure, PDB ID: 4QE6 was chosen for the initial analysis and docking studies.

3.3.3 Analysis of the FXR Ligand Binding Pocket

Analysis of the FXR ligand binding pocket was carried out using FLAP software (Fingerprints for
Ligands and Proteins, version 2.2, Molecular Discovery, UK). The software combines GRID
molecular interaction fields (Goodford, 1985), and pharmacophoric fingerprints. Molecular
interaction fields (MIFs) can be described as the distribution of potentials of certain physical
interactions, such as hydrogen bonding, hydrophobic, electrostatic or VdW interactions (Cross

and Cruciani, 2010), and the use of the GRID force field which is specifically designed for the
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characterization of ligand binding to biological macromolecules, improves the accuracy of the
method. The PDB coordinate file 4QE6 was uploaded into the FLAP software for analysis. The
ligand binding pocket was automatically defined, using the CDCA ligand as a guide, but the
radius parameter for the cavity search was extended to 6A to ensure that all possible sub-
pockets were included in the analysis. The resolution of the GRID cage was left at 0.75A, as per
the automated settings. The GRID method places a ‘cage’ over the cavity and performs an
iterative search of interactions at each position on the grid. The method routinely utilizes over
60 chemical probes, but only 6 of the main probes were used to describe the MIFs within the
FXR LBD and on the CDCA ligand structure. The 6 probes used were; the carbonyl oxygen ‘O’
probe for hydrogen bond donors, amide ‘N1’ probe for hydrogen bond acceptors, ‘DRY’ probe
for steric or hydrophobic entropy, ‘CRY’ probe for identifying both lipophilic and hydrophobic
characteristics, ‘OH2’ probe for identifying key water molecule interactions and the ‘H’ probe
for describing the shape of the interaction. MIFs were then merged to form discrete
pharmacophoric fingerprints, representing favourable or unfavourable interactions. These MIFs
can then be used for comparisons of potential ligands for their biological targets and can
overcome the speed-accuracy constraints associated with other methods of in silico docking
and virtual screening. In this case, the FLAP software was used solely for the initial

characterization of the binding pocket, and later for attempts at conducting a 3D-QSAR study.

3.3.4 Molecular Modelling and Docking
In order to explore and rationalise the interactions and potential binding mechanisms of novel

compounds, molecular modelling was performed using the SYBYL 7.2 software package (Tripos,

St. Louis, USA).

3.3.4.1 Compound Library
Compounds were designed by colleagues at NZP UK. Most compounds maintained their 5-ring

steroidal nucleus, with additions and substitutions made to the A and B rings, and additions
made to the side chain (Figure 3. 1). Some compounds had an open A-ring structure. The 3D
structure of each novel compound was built using ChemDraw 16 and Chem3D software
(PerkinElmer Informatics). Energy minimisation of the compounds also were performed in
Chem3D, using the MM2 force field. Some compounds were extracted from their published PDB
coordinate files using the structure preparation tool in SYBYL, where the ligand was removed
and saved as its own object. All compounds were imported into SYBYL and hydrogen atoms
were added in idealised geometries, where necessary. Ideal bond lengths, bond angles and
torsion angles were generated in SYBYL. An appropriate force field for BAs or steroidal

compounds has not been previously described in the literature, and so charges were assigned
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to each atom of each molecule using the Merck Molecular Force Field (MMFF94) available in
the SYBYL software suite, which provides good accuracy for a broad range of organic molecules,
and includes common atom types such as carbon, nitrogen, sulphur and fluorine. Localised
energy minimisations of the conformation were performed using the Powell conjugate gradient
minimization method with the default convergence criterion, 0.05 kcal/mol and the number of
optimization iterations set to 1000. The final structure for each ligand of interest was taken in
its lowest energy conformation and these minimised conformers were used for subsequent
docking experiments. The resulting 3D coordinate files were converted to a mol2format for use
in Surflex-Dock experiments, using SYBYL. A list of all compounds built and used for molecular

docking can be found in Tables 3. 1-3. 5.

R-‘.j HE.’!.

Figure 3. 1 General formula of novel compounds based on bile acid backbone. ‘R’ groups represent
positions where additions or substitutions occur, with numbers representing the carbon position, and a/b
differentiating the configuration of the group compared to the carbon stereocentre.
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Table 3. 1 CDCA-derived compounds with alterations to A/B ring or side chain

Compound Compound
ID Structure ID Structure
(synonym) (synonym)
Jed18
Jed104
(CDCA)
Jed79 Jed106
HO™
Jed85 Jed130
Jed86 Jed379
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Table 3. 2 OCA-derived compounds with substitutions at the tail end (R*’) only

Comp Comp
ound ound

ID Structure ID Structure
(synon (synon
ym) ym)
Jed20

Jed584
(OCA)
HO™

Jed150 Jed585
Jed120 Jed586
Jed243 Jed645
Jed567 Jed588
Jed572 Jed589
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Jed573 Jed590
Jed575 Jed636
Jed576 Jed637
Jed577 Jed638
Jed578 Jed639
Jed579 Jed640
Jed580 Jed641
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Jed581 Jed642

Jed582 Jed643

HOY

Jed583 Jed644

HOY
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Table 3. 3 OCA-derived compounds with extensions at 3C position and altered tail ends

Compound
ID
(synonym)

Structure

Jed181

Jed183

Jed184

Jed303

Jed401

Jed402

Jed403
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Jed404

Jed420

Jed431

Jed433

Jed434
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Table 3. 4 OCA-derived compounds with fluorine substitutions on A ring and additions to tail end

Comp Compo
ound und
ID Structure ID Structure
(synon (synony
ym) m)
Jed678
(1BF- Jed385
OCA)
Jed665
(2aF- Fo., Jed406
OCA) .
HO
OMe
Jed397
(2BF- Jed407
OCA)
Jed664
(4aF- Jed441
OCA)
Jed432
(4BF- Jed442
OCA)
Jed556 Jed443
HOY
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Jed557 ledsss

Jed558 ledS60

Jed381 ledseL

Jed382 edS6o

O=n=0
(@)
hul
w

Jed383 ledse3

Jed384

O=m=0

Jed564
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Table 3. 5 Compounds with open A ring structure

Compound
ID
(synonym)

Structure

Jed388

OCF,

Jed389

Jed390

NH,

Jed391

Jed392

Jed393

OCF,

Jed394
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Jed395

Jed444

3.3.4.2 Receptor Structure Optimization
The experimental crystal structures of FXR LBD co-crystallised with CDCA, N-Benzyl-N-(3-(tert-

butyl)-4-hydroxyphenyl)-2,6-dichloro-4-(dimethylamino) Benzamide (NDB), or without a ligand
(PDB IDs: 4QE6, 401V and 5Q0K, respectively) were obtained from the Protein Data Bank and
optimized in SYBYL for molecular docking. To prepare the structure for docking experiments,
the Biopolymer Structure Preparation tool, within the SYBYL software suite, was used to remove
all non-protein atoms from the coordinate file, these included: the co-crystallised ligand, water
molecules and any bound ions present. The receptor (protein only) then was prepared by
repairing side chains, adding hydrogen atoms in idealised geometries, adding AMBER7 partial
charges and fixing side chain amides and side chain bumps. The resulting optimised protein

coordinate file was saved as a mol2 file for use in ligand docking, as described below.

3.3.4.3 Docking Procedure
The ligand docking experiments utilized Surflex-Dock, a fully automatic flexible algorithm in

SYBYL that can rapidly generate suitable poses for molecular fragments. Surflex-Dock combines
the empirical scoring function of the classic algorithm, Hammerhead, with a surface-based
morphological similarity method. It employs a protomol-based method to generate a putative
binding site, based on the protein structure provided. The automatic, site-based approach,
similar to the GRID method, utilizes a probe-based system and associated scoring function,
whereby H-bond donor probes (N-H), H-bond acceptor probes (C=0) and hydrophobic probes
(CH4) are placed into the ligand binding site in different, discrete positions and conformations,
to assess the entire binding site for its potential to interact with the ligand. High scoring probes
are merged to form a ‘pocket’, or protomol, which represents an assumed, standard pseudo-
ligand or set of molecular fragments that characterize the binding site. The protomol directs the

alignment of ligands in the active site and the conformation of each ligand is compared to the
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protomol. To do this, each ligand is fragmented at positions of rotatable bonds (excluding rigid
ring structures), and each fragment is conformationally aligned with the protomol. The ligand is
then incrementally reconstructed based on the maximal similarity of the fragment to the

protomol and using the constraints of the fragment position on the ligand scaffold.

Ten poses were generated for each compound and these were ranked based on molecular
similarity to the protomol. All parameters within the docking suite were left at the default values
for the docking experiments. The Surflex-Dock scoring function is based on empirical data from
published protein-ligand X-ray structures, and taking into consideration VdW surfaces,
favourable polar or non-polar atom pairs, and entropic terms, a score is generated to represent

a potential value for binding affinity.

Docked ligands were visualised and interactions analysed using PyMOL Molecular Graphics
System, Version 2.0.4 (Schrédinger, LLC) and BIOVIA Discovery Studio (Dassault Systemes, San
Diego, USA). Potential hydrogen bonds (H bonds) were assigned when the distance between
two electronegative atoms was less than 3.3A, whereas any separation greater than 3.3A, but
less than 4A was considered as a VAW interaction. Binding affinities were disregarded in this

work but results of binding mechanisms were documented.

3.3.5 Three-Dimensional Quantitative Structure Activity Relationship (3D-QSAR)
Three dimensional QSAR is an approach using a set of ligands with known activity against a

certain receptor target molecule, and a variety of chemical descriptors. The relationship
between these descriptors and the activity is defined using statistical analysis. The results may
help to identify specific chemical descriptors that correlate most with improved activity or that
are detrimental to activity, and as such the technique can help with the optimization of drug

design.

3.3.5.1 3D-QSAR Using FLAP
A 3D-QSAR was attempted in FLAP (Molecular Discovery). Compounds, that had been built in

Chem3D (PerkinElmer), and that associated FXR activation ECso data had been acquired, were
imported into FLAP as a database and formed what is termed the ‘training set’. The compounds
were initially aligned, using the structure of OCA as a reference template. The alignment uses a
fuzzy subgraph matching algorithm to identify common sub-structural features, and due to the
complexity of the ring structures of the compounds, the parameters were set to align the
molecules based on bond type only. Activity data was transformed to a logarithmic scale for
small differences to be amplified, making it easier to discriminate between compounds with

similar activities.
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The structural components of each compound were analysed using the GRID MIFs as probes, as
described previously (Chapter 3, section 3.3.3), and the 3D-QSAR procedure was run using the
standard implementation in FLAP. A statistical model was then created, using PLS regression
which correlates the independent variables, the structural parameters as determined by the
GRID MIFs, with the dependent, ECso activity data. The PLS technique is useful for when the
independent variables outnumber the data points, and the model generated summarises the
data in the most simplistic format, using the least number of different combinations of the
independent variables to produce an optimum model. The robustness of the model was then
validated by a process known as ‘Leave One Out’, where one compound is excluded, and its
activity predicted by the resulting model that is yielded. The process was repeated for all
compounds (50), and the cross-validation correlation coefficient (Q?), which serves as a
guantitative measure of the predictive power of the model, as well as the correlation coefficient
of determination (R?), which serves as a measure of variance, was determined. Likewise, the
optimum number of components needed to create a regression model also was computed. A
plot of the ‘predicted’ versus ‘experimental’ activity values was produced, which also can be
used to assess the validity and accuracy of the QSAR model that has been generated. Finally,

the PLS loadings plot showed the contribution of each MIF to the activity of each compound.

3.3.4.2 3D-QSAR Using Volsurf+
A 3D-QSAR also was attempted using Volsurf+ software (Molecular Discovery), which similarly

is based on the GRID MIFs. Unlike other comparative tools, in which the superimposition of the
compounds often poses limitations on the usefulness of the model, Volsurf+ extracts
information from 3D molecular fields, converts it to simpler descriptors, and is independent of
conformational sampling and the need for compound alignment. Volsurf+ also allows patterns
in advantageous physicochemical properties to be uncovered (Cruciani et al., 2000). The overall
process for carrying out 3D-QSAR analysis in Volsurf+ was the same as for the procedure used

in FLAP.

66



3.4 Results

3.4.1 The Structure of FXR and Analysis of the LBD
Computational approaches were employed to gain a deeper understanding of the FXR

architecture, specifically regarding the LBD, with the aim that this knowledge would be
beneficial in the design and development of new ligands for this receptor. To date, there have
been no published structures of FXR in its entirety. As such, the amino acid sequence of the
canonical isoform 1(+) of FXR (Uniprot Q96RI1-3) was submitted to the online integrated protein
structure and function prediction server, IntFOLD (McGuffin et al., 2015). The server generated
several models of the full-length FXR protein, and the top-scoring models all used the closely
related protein, human Liver X Receptor (LXRPB), as a template. The server identified this protein
as an evolutionary homologous protein and used it as a template due to its top ranking structure
quality estimates. The top-ranked homology model, shown in Figure 3. 2 was based on a
heterodimer structure of the DBDs and LBDs of LXR[3 and RXR (PDB ID: 4NQA). The FXR DBD was
predicted to exist as a zinc finger fold, whereas the FXR LBD was predicted to be a 12a-helix
sandwich, typical of nuclear receptors. The N-terminal region (1-145aa) did not match any
folding motifs of currently known proteins and its structure was not predicted. Furthermore,
the IntFOLD DISOclust results predicted the N-terminal residues to have a higher probability of
disorder. To determine any minor folding assemblies, the full length FXR sequence was split and
submitted in three parts comprising the N-terminal region, DBD and LBD, respectively. The
structures generated again used human NR structures as a template for the DBD and LBD (PDB
IDs: 1KB6 and 1PQ6 respectively). However, no high-quality templates, with defined structures,

were found to match the sequence of the N-terminal region (1-145aa).
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Figure 3. 2 Full length and individual domain FXR structures predicted by the integrated modelling
server IntFOLD. (A) Full length FXR based on PDB ID: 4NQA, (B) The DNA binding domain (DBD) based on
PDB ID: 1KB6, (C) The ligand binding domain (LBD) based on PDB ID: 1PQ6. Structures in B and C were
submitted to the server independently of one another.

As the site of therapeutic interest, attention was focussed mainly on the FXR LBD. When the
work was initiated, there were 26 structures of the FXR LBD deposited in the PDB, but over the
duration of 3 years, a further 50 LBD structures were added to the database. These structures
have been determined from the co-crystallisation with natural, semi-synthetic and synthetic
agonists and antagonists alike. The diversity of these resultant structures highlights the
plasticity of the receptor when bound to different ligands. In order to gain a better
understanding of the structural flexibility of FXR and some of its possible binding modes,
deposited structures of FXR were superimposed and compared. The structures of FXR with
different ligand classes were compared to 4QE6, representing the structure that had been co-

crystallised with the cognate ligand, CDCA.
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Superimposition and comparison of the structures showed that there are no major
conformational changes that occur, but rather, slight minor changes in individual helices and
loops that are responsible for differential activation of FXR. Comparisons between the
conformation adopted when CDCA was bound, 4QE6, and the apo conformation, 5Q0K, showed
a slight minor change in most of the helices, but overall relatively low RMSD score, especially in
comparison to some of the RMSD scores derived from conformations adopted in the presence
of selective agonists (Table 3. 6). The lowest RMSD scores were observed in structures liganded
with semi-synthetic BA-derived compounds, OCA and Iso-UDCA, and accordingly, there were

only small movements in a few of the loops and helices.

Other steroidal agonists induced slightly more varied conformations, and one agonist 9LI (PDB
5Q0M) had the highest RMSD score, as well as the highest number of helices affected, of all the
steroidal agonist-bound structures. The nonsteroidal full and partial agonists induced more
varied conformations of the FXR LBD, and displayed higher RMSD scores, and movement in
several different helices and loops. Of note, helix 2 and helix 6 displayed the most flexibility
(Figure 3. 3A and B), and measurements within PyMOL, indicated that the former could move
by as much as 104, and the latter by as much as 9.5A, when FXR was liganded with XL355 (PDB
3FLI) as opposed to CDCA. Similarly, the loop between helix 11 and 12, and helix 12 itself, also

displayed largely varying conformations in all the structures compared.

The FXR LBD structure adopted by binding with the antagonist NDB (PDB 40lV), interestingly,
does not display the biggest overall RMSD score, however, significant changes are seen in helix
11 and 12 (Figure 3. 3C). Helix 11 appears to be extended and takes on the structure of a -
sheet, protruding into the space that helix 12 occupies in agonist activated structures, whereas

helix 12 is completely extended away from the main LBD core.
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Table 3.6 Comparison and characterization of helix movement and ligand binding sites of FXR
structures to classic agonist structure 4QE6

. RMSD (A) | Helix movement Ligand
. Resolution -
PDB Entry Ligand (A) compared compared to binding
to 4QE6 4QE6 residues
- M328, R331,
4QE6/ $332, Y361,
6HL1 Y369, H447
_ CDCA 1.6 -
(revised (M290, A291,
structure) H294, I352,
1357, W454)
H2, H5, L5/6, H6, | -
H7, H9, H10,
5Q0K Apo form 1.8 0.936 | H11,111/12,
H12
L1/2, L5/6, HY, R331, 5332,
. L9/10 Y361, Y369,
10SV (mus | OCA (steroidal,
. 2.5 0.712 Ha47
musculus) agonist)
(A291, M328,
1332)
L5/6 H294, R331,
1077
Iso-UDCA $332, Y369
(rattus ] 2.9 0.717
. (steroidal) (M290,
norvegicus)
M328, L348)
_ L1/2, H2, L5/6, | T288, R331
MUF (steroidal,
3BEJ ist) 1.9 0.984 H10/11, L11/12, | (A291, M328,
agonis
8 H12 F329, W454)
H2, L2/3, H3, M265, T270,
L5/6, H6, H7, H294, R331
9Ll (steroidal, H10, H11, (M265, 1287,
5Q0M . 2.2 1.122
agonist) L11/12, H12 F288, 1335,
1352, 1357,
Y361)
Fexaramine H2 (not H294
(methylcinnate, resolved), H3, (L287, M290,
cyclohexyl H6, H11, H12 1335, F336,
10SH . 1.8 0.876
amide, L348, 1352,
nonsteroidal, M365, W469)
agonist)
GW4064 L5/6, H6, H7, H9, | M265, R331
(isoxazole, H11, H12 (T270, L287,
3DCT . 2.5 0.990
nonsteroidal, M290, A291,
agonist)
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1335)

(F329rnm,)
H2, L5/6, H9, R331, H447
GSK237
H11, L11/12, (M265, T270
(GW4064
H12 L287, M290,
3RUU analogue, 2.5 0.905
. A291, H294,
nonsteroidal,
. F329)
agonist)
(F329mr)
635 H2 (not Y369
(Tetrahydro- resolved), H3, (L287, M290,
3L1B azepinoindole, 1.9 0.754 L5/6, H6 (shifted | M328, 1335,
nonsteroidal, by ~5A), H11, 1337, L340,
agonist) L11/12 L348 M365)
H2 (completely N283, H294,
%0 shifted by ~7A), | R331, 5332,
H3, L5/6, H6 Y369
(Tetrahydropyr-
o (completely (M268, 1273,
5Q0l azolopyridines, 1.7 1.195 . .
. shifted by ~4A), L287, 1335,
nonsteroidal,
, H7,L11/12, H12 | F336, L340,
agonist)
1352, F366,
W469)
L1/2, H2 Y369
(completely (1273, L287,
OKI shifted by ~9A), | M290, M328,
(benzimidole, L5/6, H6 1352, 1335)
30Kl . 2.0 0.952
nonsteroidal, (completely
agonist) shifted by ~10A),
H11, L11/12,
H12
H2, L5/6, H7, H447
) L11/12, H12 (M265, T270,
P88 (quinolone,
. L287, M290,
3P88 nonsteroidal, 2.95 1.01
. A291, H294,
agonist)
M328, 1335)
(F329mrm)
. H2 (not H447
Hedragonic
i resolved), H5, (L287, M328,
aci
. L5/6, H6 (not F329, F366,
5WZX (Triterpene, 2.95 1.273
. resolved), H7, F461, W469)
nonsteroidal
_ H11,L11/12, (W454rt)
agonist)
H12
XL335 H2 (completely Y369
3FL (Aze_p|no[4,5-b] 20 0.773 shifted by ~10A), | (L287, 1352)
indole, L2/3, L5/6, H6

nonsteroidal,
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selective (completely
agonist) shifted by
~9.5A), H7, H12
31D H2, L5/6, H7, (F284, L287,

4QES8 (nonsteroidal, 2.62 0.888 L11/12, H12 1357, M450)
partial agonist)
H2 (completely N283
Ivermectin shifted by ~6A), | (L287, M290,
(macrocyclic L5/6, H6 1335)
lactone, (completely
4WVD , 2.9 0.874 , ]
nonsteroidal, shifted by ~10A),
selective L6/7, H7,
agonist) L11/12, H12 (not
resolved)
H2 (completely T288, H447
shifted by ~8A), | (L287, A291
T73 (Terpenoid, y ) ( J
. L5/6, H6
nonsteroidal,
S5IAW . 2.58 1.104 (completely
selective . .
. shifted by ~6A),
agonist)
H7, H9, H11,
L11/12, H12
NDB H2, L5/6, H7, H294
(Benzamide, H11, H12 (A291, M328,
401V 1.7 1.098

nonsteroidal,
antagonist)

(replaced with B-
sheet)

5332, 1352,
M365, L451)

*RMSD and helix movements defined by alignment and measurement tool with structure 4QE6 in PyMOL.
For ligand binding residues, residues involved in hydrogen bonding are shown in bold, residues
contributing to hydrophobic interactions are shown in italics, and residues involved in m-mt interactions
are denoted by (rm).
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Helix 2 Helix 2
Helix 6

Figure 3. 3 Observations of FXR LBD structural flexibility. Superimposition of structures 4QE6 liganded
with natural agonist CDCA (green), 5QO0K apo structure (cyan), 3FLI liganded with selective agonist XL355
(peach), 4WVD liganded with partial agonist ivermectin (yellow), 401V liganded with antagonist NDB
(magenta). Bound ligands represented by black spheres. Structures are shown from different angles to aid
visibility of helix movement (A, B, C).
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The structures show that the ligand binding cavity is created between helix 3, helix 5, helix 6,
helix 7 and helix 10/11 (Figure 3.4). The cognate ligand, CDCA binds with its A- ring in the corner
of the pocket formed by helix 7 and 10/11, where it interacts with Y361, Y369 and H447, on
their respective helices. The opening to the cavity is created by helix 5, helix 1 and loop 1/2, and
the carboxyl tail extends out of the pocket, interacting with R331 on helix 5, near the cavity
entrance. The hydroxyl group at the C7 position on ring B, interacts with S332, also on helix 5,
for additional stabilisation of the receptor conformation. Likewise, several hydrophobic
interactions were observed along the ring structure of CDCA, with a number of different
residues lining the ligand binding pocket, namely M290, A291 and H294 on helix 3, 1354 and
1357 on helix 6, and W454 on helix 11. Comparisons of the ligand binding modes of XL355 (PDB
3FLl), ivermectin (PDB 4WVD) and NDB (PDB40IV), show that whilst CDCA lies horizontal and
relatively flat across the binding pocket, the other ligands extend into the spaces above and

below the canonical ligand, protruding into helix 3 and 6 (Figure 3. 4).

Closer inspection of the exact ligand binding residues (Table 3. 6), shows that OCA hydrogen
bonds with the same residues as CDCA. The other steroidal compounds share a common
interaction with residue R331, however, ligands in 3BEJ and 5Q0M interact with additional
residues along helix 3, T288 and H294, respectively. The other non-steroidal agonists create
hydrogen bonds with a variety of different residues, some known to interact with CDCA, and
others which are novel, such as N283 on helix 3, which makes contacts with agonist OXO in
structure 5Q0I, and the partial agonist ivermectin in structure 4WVD. Nonetheless, for all
structures observed, the most common polar interaction residues are H447 and R331. In
addition to these polar contacts, significant hydrophobic interactions were made by all ligands,
with residues on helix 3 and 5. Furthermore, various aromatic ring-based ligands, such as
GW4064 and its derivatives, were also shown to make pi-pi (rut) stacking interactions

particularly with F329 on helix 5.

In order to discern which interactions were considered as most important for molecular
recognition and ligand binding, the FLAP software was used to carry out analysis of the FXR
ligand binding domain in the 4QE6 structure. GRID molecular probes were used to identify the
molecular interaction fields of the cavity, and results were displayed as a MIF contour map, as
shown in Figure 3. 5A. Three main types of MIFs were identified within the FXR LBD;
hydrophobic hotspots, hydrogen bond-donating regions, and hydrogen bond-accepting regions.
The regions of hydrophobic potential were confined to the top of the cavity, lining helix 3 and
6. Conversely, the regions with high potential for polar interactions, were identified at the base

of the cavity and extending into an unoccupied distal sub-pocket between helix 3 and loop 1/2.
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FLAP also was used to probe CDCA in its classic binding position (Figure 3. 5B). The contour maps
highlighted that CDCA had complementary MIFs to the FXR ligand binding pocket, whereby the
top (B) side of the molecule was preferential to hydrophobic interactions, and the bottom (a)
face was most suited to polar contacts. The amphipathic nature of CDCA was exploited for the
design and creation of novel BA-derived compounds, which could protrude into sub-pockets

not currently occupied by the cognate ligands.

Helix 2

Helix 6

Helix 3

Loop 11/12

Helix 10/11

Helix 12

Figure 3. 4 Observations of ligand binding modes of compounds with different degrees of agonist
behaviour. Ligands are displayed with structure 4QE6 for comparison. Natural agonist CDCA (green),
selective agonist XL355 (peach), partial agonist ivermectin (yellow) and antagonist NDB (magenta). (Helix
7 is not shown to improve visibility of ligands).
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,’ )
Loop

LD\ ™%

Figure 3. 5 Comparisons of GRID molecular interaction fields for the receptor (A) and for the CDCA ligand
(B). Crystal structure of FXR LBD (PDB 4QE6, cyan) with CDCA (lime) was used to generate hydrophobic
(vellow mesh), hydrogen bond donor (blue mesh) and hydrogen bond acceptor (red mesh) molecular
interaction fields, which were used to identify key hotspots in the LBD and potential binding mechanisms
of the different ligands.

3.4.2 In Silico Docking of Compounds into FXR LBD

When molecular docking studies were initiated, the FXR LBD structure 4QE6, was one of the
few structures published for the human homologue of FXR at high resolution. Due to its classic
conformation with a BA ligand, this structure was used for docking the novel BA analogues.
Molecular docking was carried out using the Surflex Dock algorithm in SYBYL. The CDCA
structure was removed from the ligand binding pocket of 4QE6 and a protomol was generated
automatically by probing the cavity with different probes representing either hydrophobic or

hydrogen bond donor/acceptor interactions.

3.4.2.1 Validation of the Docking Method
To validate the docking procedure, the extracted CDCA molecule from the original 4QE6

coordinate file was converted to a mol2 file and redocked into the receptor following the
structure preparation procedures implemented in SYBYL and using the newly defined protomol
as a guide for placement. The results for the top-ranked solution showed that CDCA was docked
back into the same site and in the same orientation that it occupied in the original crystal
structure, however, there were slight differences in the bond torsion angles, particularly along
the steroid ring’s puckered structure (Figure 3. 6). The slight difference in puckering and pose
of the redocked CDCA, resulted in the observation of hydrogen bond interactions with Y361 as
per the original structure, but yielded an additional interaction with S342. Nonetheless, the
RMSD score was calculated in PYMOL without performing an outlier rejection or any fitting in
the alignment, and the difference between all atoms of the two molecules was 2.1A, which was

deemed to be sufficiently accurate (Ramirez and Caballero, 2018).
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Figure 3. 6 Validation of the docking procedure. Re-docked CDCA (cyan) compared with the CDCA from
the original structure (green). Hydrogen bonds are shown by dashed lines.

3.4.2.2 Docking Novel BA Derivatives into FXR LBD
The novel hypothetical compounds were designed by colleagues at NZP UK and built in

ChemDraw 16 and Chem3D software (PerkinElmer Informatics). Following validation,
compounds were docked using the automated method in SYBYL and resulting binding
interactions were viewed in both PyMOL Molecular Graphics System, Version 2.0.4
(Schrodinger, LLC) and BIOVIA Discovery Studio (Dassault Systemes). The dataset was grouped
according to the minimum scaffold of the ligands, and Tables 3. 7-3. 11, summarise the potential
polar contacts and VdW interactions between the ligands’ functional groups and residues within

the binding pocket.

The results showed that all compounds were docked into the same site as the classic BAs, and
in general adopted the same orientation. The novel compounds all displayed polar contacts with
at least one of the common residues, H447, Y361, Y369, S332, and R331, and many employed
VdW interactions with various other residues, particularly those along the upper surface of the
ligand binding pocket on helix 3. Whilst the majority of VdW interactions occur around the
‘ABCD’ ring with hydrophobic residues of the pocket, the addition of electronegative atoms to
either end of the steroid nucleus resulted in novel hydrogen and halogen bonds taking place.
Likewise, the addition of bulky aromatic groups, such as benzene, resulted in the additional

noncovalent, mt-stacking interactions with other residues.
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3.4.2.2.1 The Effect of Simple Substitutions to CDCA Backbone
When comparing the docking results of the simplistic, CDCA-derived compounds (Table 3. 7), it

was observed that all the compounds were oriented in the same position as CDCA, with the
exception of Jed86, Jed104. Despite the relatively simple change to these structures, with the
addition of electronegative atoms to various positions along the A/B rings, it was observed that
there were some differences to the torsion angles of the docked compounds. This gave rise to
the slightly different poses for these compounds as observed in Figure 3. 7. Nonetheless, the
first set of these compounds all engaged in polar contacts with residues along the lower side of
the pocket, and their carboxylic acid side chains sat by the entrance of the cavity, as observed
in their precursor CDCA. Compounds Jed86 and Jed104, both having a fluorine (F) atom added
to the C6 position on the B ring, were positioned back-to-front, with their carboxylic acid side
chains in the crevice of the pocket, towards S355, whilst their steroid ‘heads’ were positioned

at the opening of the pocket.

Table 3. 7 Table summarising polar contacts and VdW interactions between CDCA-derived compounds

and FXR.

Compound . .
Hydrogen Bonds Van der Waals interactions
(synonym)
Jed18 3a0H —S352 L287, M290, A291, H294, M328, 1335,
e
7a0H —S332 1352, W454
(CDcCA)
COOH -R331
Jed79 700H —S332 L287, M290, A291, H294, M328, 1335,
e
COOH -R331 1352
Jed85 700H —S332 M265, L287, M290, A291, H294,
e
COOH -R331 M328, 1352
JedS6 6aF —M290 (halogen bond) M265, L287, M290, A291, H294,
e
COOH —S355 M328, R331, 1335, L348, 1352, 1362
7aF —S332, R331 (halogen bond), M265, M290, H294, 1335, F336, L348,
Jed104 M328 (halogen bond) 1352
COOH —S355
7a0H - 1287 M265, M290, H294, M328, 1335, 1352
Jed106
COOH -R331
Jed130 7a0H — M328, S332, Y369 L287, M290, M328, 1335, L348, 1352,
e
COOH —S342 1357 1362, Y361, M365
Jed379 7a0H —S332 L287, M290, H294, 1335, L348, 1352,
e
Side chain NH, — Y361, H447 1362,M365, F366, Y369
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Figure 3. 7 Docking results of CDCA-derived compounds. Comparisons of novel compounds (grey) with
CDCA (cyan). Compounds that (A) share classic CDCA orientation and (B) docked in tail-first orientation.
Common binding residues are shown as sticks. H bonds are shown as yellow dashes.

3.4.2.2.2 The Effect of Tail End Extensions
The rest of the compounds in the dataset utilised OCA as a starting scaffold, due to its enhanced

potency compared to CDCA. Several compounds were designed to retain the steroid rings of
OCA, but to substitute the carboxyl tail for longer, bulkier extensions with higher electrostatic
potential. The docking results, shown in Table 3. 8, revealed that as expected, the hydroxyl
groups on the A and B rings engaged in polar interactions with the same key residues shown to
interact with OCA, H447, Y361 and Y369. The elongated side chains, however, extended out of
the pocket, or occupied smaller sub pockets created near to the flexible loop between helix 1
and 2. The results showed that the addition of more electronegative atoms to the side chain,
resulted in very subtle structural changes observed by different polar and mn-stacking
interactions. The related compound series, Jed575, Jed576 and Jed577, which all possessed
similar benzene containing side chains, all displayed very similar ‘ABCD’ ring poses, but varying
tail end structures (Figure 3. 8A). Jed575 and Jed576 both exhibited very similar contacts within
the binding pocket, however, although it makes no changes to the potential hydrogen bonds
made, the addition of 2 oxygen atoms to the sulphur atom in Jed577 adds an additional it-sigma
interaction with H294. Similarly, the addition of 2 oxygen atoms to the sulphur on Jed581 results
in a m-sulphur interaction with H294, orienting the tail towards the top of the pocket, and
allowing the end carboxylic acid group to participate in hydrogen bonds with R265 on loop 1/2
(Figure 3. 8).

Furthermore, the addition of other highly electronegative atoms such as fluorine to the end of

the benzene, again results in the observation of slight structural differences. When comparing
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Jed575 and its fluorinated derivative Jed585, the steroid rings of both compounds are docked
in identical positions and poses (Figure 3. 9). However, their tail ends differ, whereby the
addition of the fluorine atom(s) promotes halogen interactions with R331 and Q263, at the

entrance of the binding pocket.

Designs also explored the use of other chemical groups preceding the benzene. Additions of
other cyclic groups such as a cyclobutane causes a shift in the torsion angles of the compound,
forcing the benzene group to sit in sub-pocket between helix 3 and loop 1/2, rather than
protruding out of the pocket. An example of this can be seen in Figure 3. 10A, with Jed589
(yellow) compared to Jed590 (olive), an analogue lacking the cyclobutane group. Furthermore,
the addition of a trifluoromethyl group to the end of the benzene ring, causes further distortions
to the ligand pose, with the side chain of Jed637 extending up towards T270 on helix 2, which

will likely move to accommaodate this elongated compound (Figure 3. 10B).

Likewise, a compound series with the addition of a nitrile group before the benzene, displayed
complete rotations of the nitrile and benzene groups dependent on the atom (nitrogen, oxygen
or sulphur) linking the two functional groups. This is shown in comparisons of Jed641 (nitrogen
linker), Jed642 (oxygen linker) and Jed643 (sulphur linker) in Figure 3. 11, where the nitrile
groups adopt completely different angles (arrowhead), despite the steroid rings aligning
perfectly.

Table 3. 8 Table summarising polar contacts and VdW interactions between OCA-derived compounds
with extensions of the carboxyl tail only and FXR

Compound .
Hydrogen Bonds Van der Waals Interactions
(synonym)
Jed20 300H — H447 L287, M290, 1335, F336, L348, 1352, 1357,
7a0H -Y369 1362, M365, F366,
(ocA)
COOH —S342
7a0H —S332 L287, M290, A291, H294, M328, F336,
Jed150 COOH (1) —R331 1352, Y369
COOH (2) —S342
Jed120 NH - A291 L287, M290, H294 (n-stacking), 1335,
SOs; —W469 F336, L348, 1352, Y369, H447, W454
7a0H — M328, S332 Y260, M265, L287, M290, A291, H294,
Jed243 Sulphonamide NH, — R331 V297, 1335, F336, L348, 1352, 1355, F336,
CF; —N261, Q263 (halogen bond) | 1359, Y361, 1362, M365, F366, Y369
Jed567 7a0H —S332 M265, L287, M290, A291, H294, V297,
1335, L348, 1355, Y361, W454
led572 7a0H —S332 M265, L287, M290, A291, H294, V297,
Triazole N-R331 M328, F329, 1335, L348, 1355, M365
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700H —M328, 5332

L287, M290, A291, H294, 1335, F336,

Jed573 SO, —S342 L348, 1357, F366, Y369, W454
End OH —S345
Jed575 3a0H -Y361 M265, L287, H294, V297, 1335, F336,
7a0H -Y369 L348, 1352, 1357, M365, F366
Jed576 3a0H -Y361 R264, M265, L287, N293, H294, V297,
7a0H -Y369 1335, F336, L348, 1352, 1357, 1362
Jed5 77 300H - Y361, H447 L287, M290, A291, H294 (r-sigma), R331,
7a0H —-Y369 L348, M350, 1352, 1357, 1362, F366, W454
Jed578 700H —-Y369 L287, H294, M328, 1335, L3438, 1352, 1357,
COOH -R331 1362, M365, W454
Jed579 3a0H -Y361 L287, H294, M328, 1335, F336, L348, 1352,
7a0H - Y369 1357, 1362, M365, F366
3a0H -Y361 L287, M290, A291, H294 (rt-sulphur),
Jed580 7a0H - Y369 L348, 1352, 1357, 1362, M365, F366
COOH —R264
3a0H -Y361 M265, P266, 1269, L287, H294 (-
Jed581 7a0H - Y369 sulphur), V297, 1335, F336, L348, 1352,
1357, 1362, M365, F366, W454
Jed582 3a0H -Y361 M265, L287, V297, 1335, F336, L348, 1352,
7a0H —-Y369 1357, 1362, M365
3a0H -Y361, H447 M265, L287, M290, A291, H294, V297,
Jed583 7a0H - Y369 M328, L348, 1352, 1357, 1362, M365,
SO, -R331 F366, W454
3a0H -Y361 M265, L287, V297, L348, 1335, F336, 1352,
Jed584 7a0H - Y369 1357, 1362, M365, F366
CF; —R331, Q263 (halogen bond)
3a0H -Y361 M265 (rt-sigma) L287, M290, A291, L348,
Jed585 7a0H - Y369 1335, 1352, 1357, 1362, M365, F366
CF; —R331, Q263 (halogen bond),
R264 (halogen bond)
3a0H -Y361 M265 (rt-sigma), L287, M290, A291, H294
Jed586 700H —S332, Y369 (mt-sulphur), L348, 1352, 1357, 1362, M365,
CF3 — M265, F366
3a0H -Y361 M265 (rt-sigma), L287, M290, A291, H294
Jed64s 7a0H -Y369 M328, L348, 1352, 1357, 1362, M365,
Sulphonamide NH —R331 F366, W454
CF; — M265,
3a0H —S352 M265, L287, M290, A291, H294, Y369,
Jed588 Sulphonamide NH, — R331 H447, M450, W454
Jed589 Sulphonamide NH, — R331 L287, M290, A291, H294, Y369, H447,
Sulphonamide SO, — M265 M450,
7a0H - L287 R264,M290, A291, H294, M328, W454,
Jed590

Sulphonamide NH; — R331

W469
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3a0H -Y361 R264 (m-stacking), M265, L287, M290,
Jed636 7a0H -Y369 M328, L348, 1352, 1357, 1362, M365, F366

Cyclobutene carbonyl — R331

7a0H — M328, S332 M265 (rt-sigma), L287, M290, A291,
Jed637 NH —-R331 H294, V297, F336, 1352, F366, Y369

CF3—T270

3a0H —S355 M265, M290, A291, H294 (rt-sigma),
Jed638 | CF3—V297 (halogen bond) M328, R331, 1335, H447, M450, 1452,

W454, W470

3a0H —H447 M265, L287, M328, 1335, L348, 1352,
Jed639 700H —-Y369 1357, W454

SO, —R331, S342

CF3 —R264, M290, N293, H294

3a0H - S355 M265, M290, A291, H294, M328, L348,
Jed640 7a0H - 1287 1352, L466, W470

Sulphonamide NH — R331

3a0H — H447 M265, L287, A291, V297, L348, 1352,
Jedsal 7a0H -Y369 1357, 1362, M365, F366

NH - M290

Nitrile N-R331
Jed42 300H — H447 L287, M290, A291, H294, R331, 1335,

7a0H -Y369 L348, 1352, 1357, 1362, M365, F366
Jed643 3a0H — H447 R264, L287, M290, A291, 1335, L348,

7a0H -Y369 1352, 1357, 1362, M365, F366, W454

3a0H — H447 M265, L287, A291, V297, L348, 1352,
Jed644 7a0H -Y369 1357, 1362, M365, F366, M451, W454

NH - M290
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Figure 3. 8 Docking results of OCA-derived compounds with extensions of their carboxyl ‘tails’. (A)
Comparisons of Jed575 (grey), Jed576 (grey), Jed577 (light pink) and OCA (magenta). (B) Comparisons of
Jed578 (yellow), Jed579 (purple), Jed580 (orange) and OCA (magenta). H bonds are shown as yellow
dashes, VdWs and other interactions are not explicitly shown.

Figure 3. 9 Comparisons of Jed575 (blue) and its fluorinated derivative, Jed584 (yellow). H bonds are
shown as yellow dashes, VdWs and halogen bonds are not shown.
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Figure 3. 10 Addition of cyclobutane to BA side chain. (A) Comparisons of compounds with and without
cyclobutane Jed589 (yellow) and Jed590 (olive), respectively. (B) Addition of extra fluorine atoms to end
of benzene in Jed637 (pink) vs compound without fluorination, Jed636 (teal).

Figure 3. 11 Comparisons of nitrile containing side chains. The movement of the nitrile group
(arrowhead) and benzene rings in Jed641 (blue), Jed642 (yellow) and Jed643 (cyan) are dependent on the
linker atom.

3.4.2.2.3 The Effect of Extensions at the C3 Position
The addition of functional groups and extended chains at the C3 position resulted in the shift of

compounds out of the pocket, as would be expected (Figure 3. 12A). Furthermore, the
replacement of the C3 with a nitrogen heteroatom (Jed420 and Jed431), interestingly, also
resulted in the displacement of the compounds further out of the cavity (Figure 3. 12B). The
side chains of the compounds were seen to sit outside of the ligand binding pocket or occupy

sub-pockets next to loop 1/2. While the novel functional groups were able to uphold
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interactions with many of the common binding residues, many of these compounds made fewer

VdWs interactions (Table 3. 9).

Table 3. 9 Table summarising polar contacts and VdW interactions between OCA-derived compounds
with extensions at their C3 position and FXR

Compound .
Hydrogen Bonds Van der Waals Interactions
(synonym)
3- Pyrrole NH — Y369 L287, M290, A291, H294, R331, 1335,
Jed181 7a0H — M328, S332 L348, 1352, Y361, M365
Sulphate — M265
3- COOH -Y369 M265, M290, A291, H294, V297, 1335,
Jed183 7a0H - M328 F336, L348
Sulphate — R331
3- end NH, — Y361, H447 M265, M290, A291, H294, V297, M328,
Jed184 Sulphate — R331 $332, 1335, F336, L348
3- end OH —S355 M265, L287, M290, A291, H294, 1335,
Jed303 7a0H — S33.2 F336, L348, Y361
Sulphonamide NH —R331
CF3 — R331, E334 (halogen bond)
3- Benzene OH - Y369 M265, L287, M290, A291, H294, V297,
Jed401 7a0H —S332 F336, Y361, M362
Sulphonamide NH — R331
7a0H - L287 M265, L287, M290, A291, H294, M328,
Sulphonamide NH — R331 F336, L348, 1352, W470
Jed402 CF; —S259, Q263, F301, V297
(halogen bond), E300 (halogen
bond)
3- benzene OH — H447 M265, M290, A291, H294, 1335, F336,
Jed403 Tail end carbonyl — R331 L348
CF; —E334, Q380
led404 7a0H - 1287 M290, A291, H294, M328, F329, 1335,
Sulphonamide NH & SO, — R331 F336, L348, 1352, M365
Jed420 COOH —-R331 M265, M290, A291, H294, V297, 1335,
F336, L348
Jeda3l Sulphonamide NH — R331 L287, M290, A291, H294, M328, 1335
CF3; — 5262 (halogen bond)
Sulphonamide NH — R331 M265, L287, M290, A291, M328, 1335,
Jed433 CFs — Y260 (halogen bond) V297 | L348, 1352, W454, W470
(halogen bond),
Jed434 3- end OH - 1352, S355 L287, M290, A291, H294, M328, R331,
COOH - R264 1335, F336
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Figure 3. 12 The effect of extensions or substitutions at the C3 position. (A) Comparisons of OCA
(magenta) and Jed183 (lime) show a shift (arrow) in the ABCD ring when the C3 is extended. (B)
Comparisons between OCA (magenta) and Jed420 (purple) and Jed431 (cyan) show a shift (arrow) in the
ABCD ring when the C3 is substituted. H bonds are shown as yellow dashes, VdWs and halogen bonds not
shown.

3.4.2.2.4 The Effect of Simple Fluorine Substitutions on the A ring and Extended
Carboxyl Side Chains
The exploration into the fluorination of the A ring resulted in several simple OCA derivatives

being designed with fluorine atoms added to each position along the hexane ring in either the
a or B configuration. The docking solutions showed that these derivatives, 1BF- (Jed678), 2aF-
(Jed665), 2BF- (Jed397), 4aF- (Jed664), and 4BF- (Jed432), all docked into the same position as
OCA (Figure 3. 13A). A graphical representation of the results shown in Figure 3. 13A, displays
all compounds in perfect alignment of their steroid rings. However, observation at a 90° rotation
shows that the carboxyl side chains of 1BF-OCA and 2aF-OCA had bent back, making potential
contacts with M328 rather than S342 or R331 (Figure 3. 13B). The visualisation of the docking
results in PyMOL was unable to distinguish any differences between the position of the fluorine
group and the consequential effect on binding modes of the compounds. However, inspection
of the ligand interactions in BIOVIA discovery studio identified potential halogen bonds between
fluorine atoms in either configuration on the C4 position and Y369, and the distance between

the tyrosine residue and both fluorine atoms were measured to be 3.5A (Table 3. 10).

Designs also considered the addition of 2 fluorine atoms at different positions along the A ring.
When 2 fluorines were added in both the a and B orientations, to the same C4 atom (Jed556),
the potential for a halogen interaction with Y369 was lost. Adding a second fluorine atom to the
2a or B positions whilst retaining the 4BF (Jed557 and Jed558, respectively) resulted in a slight

change in the steroid ring position in the pocket (Figure 3. 14). Jed558 occupied a similar
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position and pose as OCA, but the fluorine atom on the a side of the molecule rotated the

compound slightly and shifted it further out of the pocket.

When compounds retained a steroid ring structure, with the simple addition of one fluorine
group on the A ring, but an extended side chain tail, the majority still retained interactions with
the essential residues. Whilst interactions with H447, Y361, Y369 in the pocket corner were
maintained by the C3/ C7 hydroxyl groups and by the additional fluorines, the extended tail
chains, most containing sulphonamide moieties, were still able to interact with R331 via their
sulfonyl group or amine group (Table 3. 10). The extension of the side chains beyond the
sulphonamide, with the addition of a benzene ring resulted in more residues being engaged by

VdWs and other interactions including mt-stacking.

Interestingly, some of the compounds made non-canonical interactions with residues along
helix 3. One example is Jed441, which, when visualised in PyMOL, was observed to adopt a
‘flipped’ orientation with its 6a-ethyl group sitting at the top, distal corner of the pocket and
the steroid rings facing helix 3 where it can contribute to interactions with L287 (Figure 3. 15).
Furthermore, the tail end of the compound also lies in close association with Helix 3 and the
addition of the trifluoromethyl group at the end results in halogen interactions with V297, which
also lies on helix 3. These binding mechanisms are not observed with closely related compounds

without the benzene and fluorine groups, such as Jed442.

Another series of compounds also were seen to contribute to potential hydrogen bonds with
residues along helix 3. Jed559 to Jed564 represent a series of structurally related compounds.
Interestingly, these all made potential polar contacts with classic residues from their 3- and 7-
hydroxyl groups (Table 3. 10). These compounds also all appeared to make halogen bonds from
their 4BF atoms, again with classic residue(s) Y369, and Y361 in the case of Jed561. When
visualised in PyMOL, these compounds align at their ‘ABCD’ rings, however, their tail ends are
completely variable (Figure 3. 16). Some compounds, such as Jed560, interact with classic
residue R331 via their sulphonamide group, but interact with other residues on helix3 and loop
1/2 via halogen bonds from their trifluoromethyl substituent. Others engage in hydrogen bonds
between their sulphonamides and M290 on helix 3. One compound, Jed561, despite not having
an extension beyond the benzene moiety, even participates in hydrogen bonding with 2
residues along helix 3, M290 and H294. To help rationalize which features of Jed561 were
important for binding, whether the fluorinated A ring, or the extended side chain, an identical
compound without the 4BF atom, was made, termed Jed692. Docking results of Jed692 and

comparisons with Jed561, showed that the non-fluorinated derivative was pushed further out
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the pocket, with its side chain protruding slightly out of the entrance in a more solvent exposed

region (Figure 3. 17).

Figure 3. 13 Comparisons of fluorinated OCA-
derivatives. (A) OCA-derivatives exhibit perfect
alignment of their steroid rings regardless of the
position of the fluorine atom, but (B) their
carboxylic acid side chains differ. (C) Close up of
fluorine position on the A ring of 4aF-OCA and
48F-OCA (Jed432) and distance in A to Y369. OCA
(magenta), 186F-OCA (green), 2aF-OCA (yellow),
26F-OCA (peach), 4aF-OCA (white), 46F-OCA
(purple). H bonds are shown as yellow dashes,
VdWs and halogen bonds not shown.
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Figure 3. 14 Addition of multiple fluorine atoms to the A ring and their effect on ligand binding position.
OCA (magenta), 20,4 diFluoro-OCA (Jed557, olive), 23,4 diFluoro-OCA (Jed558, purple). Shift in A ring
denoted by arrow. H bonds shown as yellow dashes, VdWs and halogen bonds not shown.

Figure 3. 15 Unique binding mode of Jed441.
Comparisons between OCA (magenta) and Jed441
(peach) from (A) A-ring view and from (B) side chain
view. (C) Comparisons between Jed441 and similar
compound Jed442 (cyan). H bonds shown as yellow
dashes, VdWs and halogen bonds not shown.
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Figure 3. 16 Compounds which make polar contacts with helix 3 and the effect of different side chain
functional groups on binding modes. Comparisons of Jed560 (magenta), Jed561 (yellow) and Jed563

(peach) from (A) angles viewing the A ring and (B) angles viewing the side chain. H bonds shown as yellow
dashes, VdWs and halogen bonds not shown.

Figure 3. 17 Effect of fluorination at the C4 position. Comparisons of Jed561 (yellow) and the non-
fluorinated derivative Jed692 (cyan). H bonds are shown as dashed lines.
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Table 3. 10 Table summarising polar contacts and VdW interactions between OCA-derived compounds
with substitutions on their A rings and FXR

Compound .
Hydrogen Bonds Van der Waals Interactions
(synonym)
Jed678 3a0H —H447 L287, M290, H294, V297, 1335, F336, L348,
(1BF-OCA) | 7a0H —S332 1352, 1357, 1362, M365, F366
3a0H-Y361 L287, M290, H294, 1335, F336, L348, 1352,
20F-OCA | 700H —S332 1357, 1362, M365, F366
COOH- M328
3a0H —H447 L287, M290, 1335, F336, L348, 1352, 1357,
2BF-OCA | 7a0H -Y369 1362, M365, F366
COOH- 5342
3a0H —H447 L287, M290, 1335, F336, L348, 1352, 1357,
4aF - Y369 (halogen bond) 1362, M365, F366
4aF-OCA
7a0H -Y369
COOH- 5342
3a0H —H447 L287, M290, 1335, F336, L348, 1352, 1357,
Jed432 4BF — Y369 (halogen bond) 1362, M365, F366
(4BF-OCA) | 7a0H —Y369
COOH- 5342
3a0H —H447 M265, L287, M290, A291, H294, M328,
Jed556 COOH -R331 R331, 1335, L348, Y369
Jed557 7a0H —S332 M265, L287, M290, A291, H294, M328,
R331, 1335, L348, Y369
3a0H -Y361 L287, M290, A291, 1352, 1357, 1362, M365,
1ed538 | ooH-M328 F366
7a0H - M328, S332 L287, M290, A291, H294, V297, 1335,
Jed381 Sulphonamide SO, —R331 W454, W470
CF;—F301
7a0H — M328, $332 M265, L287, M290, A291, H294, V297,
Jed382 Sulphonamide SO, —R331 1335, F336, L348, 1352, 1357, 1362, M365,
F366, Y369, W454
7a0H — M328, $332 M265, L287, M290, A291, H294, V297,
Jed383 Sulphonamide SO, —R331 1335, F336, L348, 1352, 1357, 1362, M365,
F366, Y369
7a0H —S332 L287, M290, A291, H294 (rt-sulphur),
Jed384 Sulphonamide NH —R331 V297(m-sigma), L298, 1335, F336, L348,
1352, 1357, 1362, M365, F366, Y369, W454
3aF — H447 Y260, L287, M290, A291, H294, V297,
Jed385 7a0H-Y369 L298, 1335, F336, L348, 1352, 1357, 1362,
Sulphonamide NH —R331 M365, F366, Y369, W454
7a0H-Y369 Y260, L287, M290, A291, H294, V297,
Jed406 Sulphonamide NH —R331 L298, 1335, F336, L348, 1352, 1357, 1362,

M365, F366, Y369, W454
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700H —-Y369 L287, M290, A291, H294, V297, L298,
Sulphonamide NH — R331 M328, 1335, F336, Y369

3a0H —S355 M290, A291, H294, 1335, L348, 1352, W454
Jed441 700H —L287

CF3 — V297 (halogen bond)

Jed407

Jedd42 7a0H — M328, S332 M265, L287, M290, A291, H294, 1335,
e
Sulphonamide NH — R331 F336, L348, 1352, W454
700H -S332 L287, M290, A291, H294, Y361
Jed443 .
Sulphonamide NH —R331
300H - Y361, H447 L287, M290, A291, L348, 1352, 1357, 1362,
4BF — Y369 (halogen bond) M365, F366
Jed559
7a0H - Y369
Sulphonamide SO, —S342, S345
3a0H - Y361, H447 M265, L287, M290, A291, V297, L348,
4BF — Y369 (halogen bond) 1352, 1357, 1362, M365, F366

Jed560 7a0H —-Y369
Sulphonamide SO, —R331
CF3 —R264, N293

3a0H -Y361, H447 R264, M265, L287, L348, 1352, 1357, 1362,
4BF — Y361 (halogen bond), M365, F366, W454

Jed561 Y369 (halogen bond)

7a0H —S332, Y369
Sulphonamide NH — M290, H294

3a0H -Y361 R264, M265, L287, M328, L348, 1352, 1357,
4BF — Y369 (halogen bond) 1362, M365, F366
Jed562
7a0H - Y369
Sulphonamide NH — M290
3a0H -Y361 R264, M265, L287, M328, L348, 1352, 1357,
4BF —Y369 (halogen bond) 1362, M365, F366
Jed563
7a0H -Y369
Sulphonamide NH — M290
3a0H -Y361 R264, M265, L287, M290, V297, M328,
Jed564 4BF — Y369 (halogen bond) R331 (m-cation), L348, 1352, 1357, 1362,
7a0H —S332, Y369 M365, F366

3.4.2.2.5 The Effect of Opening the A Ring of the Bile Acid Backbone
When the A ring structure of the classic BA backbone was completely opened, the resulting

compounds still participated in hydrogen bond interactions with essential H447 and Y361
residues via their various electronegative atoms on the substituent open chains (Table 3. 11).
Furthermore, many of the common VdW interactions that were seen previously with classic BA
compounds, were maintained. Despite the absence of the hexane A ring, these compounds

were still observed to occupy a very similar binding position and pose as OCA, however, the BCD
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rings were shifted slightly along in the pocket. Compounds like Jed395, which also has an

additional side chain extension, including the sulphonamide, benzene and trifluoromethyl

groups seen previously in Jed441 and Jed560, was also seen to be oriented towards helix 3,

although its side chain bent downwards allowing the sulphonamide group to make polar

contacts with R331 (Figure 3. 18).

Figure 3. 18 The effect of open A rings and extended side chains on binding position. Comparisons
between OCA (magenta) and Jed396 (mint) and their interactions. H bonds are shown by dashed lines.

Table 3. 11 Table summarising polar contacts and VdW interactions between BA-derived compounds
with an open A ring structure and FXR

Compound .
Hydrogen Bonds Van der Waals Interactions
(synonym)
3- end Benzene OH — H294 L287, M290, H294, A291, V297,
Jed388 7a0H -S332 M328, R331, 1335, F336, L348, 1352,
CFs- A327 F366, Y361, Y369, H447, M450, W454
1- end NH —S355 M265, L287, M290, A291, L348, 1352
Jed389 7a0H —S332
Sulphonamide NH —R331
1- end NH - Y361, H447 M290, A291, M328, W454
Jed390 40H -Y369
COOH —5342
1- end NH —Y361, H447 L287, M290, A291, H294, M328, 1352,
Jed391 40H -Y369 1357, W454
COOH —5342
2-end NH -Y361, H447 L287, M290, A291, H294, M328, 1352,
Jed392 40H —-S332, Y369 1357, 1362, F366

COOH —-S342
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led393 1- end OH - Y369 L287, M290, A291, H294, M328,
CFs—H294 L348, 1352, 1357, 1362, F366, W454
3- end Benzene OH — Y369, H447 L287, M290, A291, H294, V297,
Jed394 7a0H —S332 M328, 1335, F336, L348, 1352, 1357,
1362, F366, M450, W454
1 OH - 1287 A291, H294, V297, F301, M328,
Jed395 4- end OH -Y369 W454, W460
Sulphonamide NH — R331
1- end OH - Y369 A291, H294, M328, L348, W454,
1- end NH-Y369 w460
Jed444
4 OH-1287
COOH - R331, 5342

3.4.2.3 Docking Compounds into Other Structures of FXR LBD
As identified in Chapter 3, section 3.4.1, the FXR LBD structure has been shown to exhibit quite

substantial plasticity and a flexible structure dependent on occupancy of an agonist or
antagonist. In order to account for the different conformations that the receptor can adopt, the
compounds were docked into other FXR LBD structures to identify whether these could
potentially sustain an antagonist or inactivated conformation. Compounds were docked into

the apo structure (PDB ID: 5Q0K) and an antagonist-bound structure (PDB ID: 401V).

The apo docking results showed the compounds occupied completely different binding
orientations and poses and were placed in different sub pockets within the binding cavity. In
the apo structure, OCA was docked in a back to front manner, with its carboxylic acid side chain
tail in first and closest to the top, distal corner of the pocket (Figure 3. 19A). Similarly to OCA,
other compounds like Jed561, whilst docking in the classic agonist sub-pocket, were found to
be in a flipped or upside down orientation, with their 6a-ethyl groups situated at the top of the
pocket (Figure 3. 19B). Whereas compounds such as Jed441, although these dock in the
standard BA orientation, are not positioned close enough to any of the polar residues to make

any potential interactions (Figure 3. 19C).

When the compounds were docked into a structure originally obtained with an antagonist, the
significant conformational changes, also lead to noteworthy changes in the predicted docking
poses of the compounds. OCA again was docked with its carboxyl side chain near the top of the
pocket, interacting with residues on helix 3 (Figure 3. 20A). Whilst the key interaction with H447
was recovered, the altered binding pose of OCA, meant that the interaction was made by the
C7 hydroxyl rather than by the group at the C3 position. Moreover, the steroid ring of OCA also

appeared to be bent back on itself, possibly as an attempt to fit the compound in a smaller,
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unnatural binding cavity. Again Jed561 was positioned with its 6a-ethyl oriented towards the
top of the pocket, and the ‘ABCD’ ring was located in the sub-pocket made by helix 3 and loop
11/12 (Figure 3. 20B). Interestingly, the side chain of Jed561 was positioned towards the base
of the pocket, where it exhibits a steric clash, and thus inserts itself between the extended H11
loop and helix 7. Meanwhile, compounds such as Jed441, at its lowest binding energy, were not
even predicted to dock inside the ligand binding pocket of the antagonist conformation, and

instead were placed outside in the solvent exposed region (Figure 3. 20C).

Figure 3. 19 Binding poses of compounds when
docked into Apo-FXR LBD (from PDB ID: 5Q0K).
Binding poses of (A) OCA, (B) Jed561 and (C)
Jed441.
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Figure 3. 20 Comparisons of binding poses of
compounds when docked into antagonist bound-FXR
LBD (from PDB ID: 401V). Binding poses of (A) OCA, (B)
Jed561 and (C) Jed441. Dashed lines represent H bonds.

3.4.3 3D-QSAR of Novel FXR agonists
Compounds were synthesized by colleagues at NZP UK, and 50 were tested externally (by

DiscoverX, Eurofins, CA, USA) in cell-based chemiluminescence assays for their ability to activate
FXR. These 50 compounds were tested at a range of concentrations and dose-response curves
used to determine and provide corresponding ECso values for the 3D-QSAR training set used in
this work. The ECsp data generated were normalised to OCA, which was set at 100 nM, and data
ranged from 9 nM to 400 nM. For use in the 3D-QSAR model the ECso concentrations were
converted to logarithmic values. In an attempt to identify the specific chemical features of the
novel compounds which were responsible for the enhanced potency, a 3D-QSAR approach was
employed. The first step of the process is to align the 3D structures of the compounds, to easily
distinguish structural differences. The 3D-QSAR was carried out using FLAP software and utilised
the same ligand structure files that had been created previously for the molecular docking

experiments in SYBYL. As the minimal common scaffold, OCA was used as a reference template,
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using the bond type as the basis for alighment. The software, however, was unable to accurately
align every compound, and once outliers had been removed, the final training set, with which
the model would be generated, only contained 21 compounds (Figure 3. 21A and B). A PLS
analysis with these compounds and their logarithm ECso values, minimized the molecular
interaction field data into just a few combinations known as latent variables, with the R? and Q?
plot showing that up to 3 latent variables were required to produce a model with the maximum
statistical value for R? (Figure 3. 21C). The cross-validated Q? values, however, resulted in a
decline when more latent variables were added to the model, with values declining below zero.
This suggested that the model had been overfitted, and the addition of more latent variables
cannot justify the data, reducing its predictive ability. Furthermore, when validating the
resulting model, by comparing the actual versus predicted activity of these compounds, the
graph generated did not show a linear relationship between the experimental and predicted
values (Figure 3. 21D). Moreover, compounds which had been shown to have very similar
experimental activity, often showed quite varied predicted values, further indicating an
unsatisfactory model with low predictive power. The final results for this 3D-QSAR model
identified the shape and hydrogen bond donor molecular descriptors as the two variables with
the most influence on activity. However, both were predicted to have a positive and a negative
correlation with activity. In fact, all descriptors observed, had both a positive and negative
correlation with activity, apart from the aromatic descriptor, which was predicted to have a

small positive influence on activity.

It was initially thought that the unsatisfactory model may have resulted from the poor
alignment of the compounds. To overcome this, Volsurf+ software was used to carry out a QSAR
without the need for aligning the compounds. Volsurf+ compresses the information in 3D
interaction energy grid maps into a few 2D descriptors that also can be used to describe the
pharmacokinetic properties of the compound in question. Once 2D descriptors are generated,
the procedure, much like the 3D-QSAR method in FLAP, uses principal component analysis and
PLS to generate a model to correlate descriptors with activity. Following PLS analysis, again the
results of the R? and Q? validation plots showed that the R? coefficient increased with an
increasing number of latent variables, however, the Q2 value started to decline after 2 variables
(Figure 3. 21E). Again, this suggested that the inclusion of multiple descriptors could not add
any more predictive power to the model without including some noise or irrelevant
information. Further validation, by plotting the predicted versus experimental activity data,
indicated that the model had poor predictive ability, as no linear relationship was observed

between the two values (Figure 3. 21F).
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Figure 3. 21 Correlating molecular descriptors with biological activity of compounds. Alignments of (A)
novel compounds in the training set using OCA as a template and (B) with outliers removed. These
alignments were used to generate a QSAR model correlating structural features with experimental ECso
data. PLS validation plots to check the accuracy of the 3D QSAR model (C and D), and Volsurf+ model (E
and F). In (Cand E) R? /Q? plots, the Q2 value should be close to the R?, but in the models here the Q? values
do not increase with more variables added, suggesting that the model is only accurate and specific for the
training set. In (D and F) plot showing predicted vs experimental values, there is little correlation between
predicted log ECso values and those experimentally determined, further displaying the model’s inability to
accurately predict ECso values of other compounds outside of the training set used to build it. In D, each
compound is represented by a data point, and red to blue data points represent lowest to highest
logarithmic ECso values. ECso data determined by dose-response curves from chemiluminscent reporter
assays were provided by DiscoverX, but QSAR modelling and validation shown here performed by the
author.
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3.4.4 In Silico Docking of Compounds into TGR5
One of the aims of this work was to create compounds that are specific to FXR and will not

activate off target receptors. One receptor of particular importance was TGR5 (G-protein BA
receptor, GPBAR), whose activation had been associated with the adverse effect of pruritus in
early clinical trials (Neuschwander-Tetri et al., 2015). In order to identify whether these novel
compounds could potentially activate TGRS, in silico experiments were also carried out to dock

the compounds into this receptor.

3.4.4.1 Homology Modelling of TGR5
As to date, no structure of the TGR5 receptor has been published, docking studies utilised

homology models of this receptor. An initial homology model was created by performing a
BLAST search within the Protein Data Bank, to identify proteins with a high sequence similarity
which also had structural data available. Results identified a structure of the lysophosphatidic
acid receptor (PDB ID: 4Z36) as the top-rated homolog. Using the predicted binding residues as
theorized by Gertzen et al. (2015) for interactions with the most potent BA agonist of TGRS,
taurocholate, the sequence of top ranking homologs were aligned with TGR5 to see if key
binding residues were conserved amongst these proposed substitute receptors. Gertzen and
colleagues proposed that BAs bind in the top intramembrane region of the receptor close to the
extracellular loops. It is thought that the C3 hydroxyl group, shared by human BAs, can interact
via hydrogen bonds with a glutamate and tyrosine residue within the receptor, and via
hydrophobic interactions with a leucine and tyrosine residue along the steroid ring (Figure 3.
22A). Multiple sequence alignment results from ClustalW2, identified the lysophosphatidic acid
receptor as the closest related sequence, however, the only residues that were conserved in

the proposed ligand binding region were Y240 and L244.

Another homology model also was generated, this time by submitting the TGR5 amino acid
sequence to the secondary structure prediction server, IntFOLD. The structure generated was
based on the structures of the turkey B-adrenergic receptor (PDB 2Y00), human B2-adrenergic
receptor (PDB 2RHI), and substance P receptor (PDB 2KSB). The IntFOLD results also listed R79,

Y69, E169, Y240 and L244 as some of the potential ligand binding residues for this structure.

99



T™M3

171
5 w
G T
172

244

Y
1650 (A (Eh YA V
173, 169 240 241

TM6

TM5

Figure 3. 22 Proposed binding mechanism of BAs in TGR5 and key binding residues. (A) Taurocholate
interactions with TGR5 taken from (Gertzen et al., 2015) , (B) Key residues mapped on to the homology
model of TGR5 generated by the IntFOLD protein prediction server, in this work. ‘TM’ signifies
transmembrane helices and ‘EL’ extracellular loops.

3.4.4.2 Docking Novel Compounds into TGR5
The structure for the TGR5 homology model was prepared in SYBYL, using the protein

preparation tool as previously described (Chapter 3, section 3.3.4.2). Initially, a protomol was
generated using the automated searching algorithm in SYBYL. However, this resulted in the
placement of the compounds further down into the intramembrane region and not near the
proposed extracellular binding site (Figure 3. 23A). The protein was then re-probed this time
using the residue directed procedure, whereby the key binding residues (as identified by
Gertzen et al. 2015) were used for guiding the placement of the protomol. When this approach
was used, only OCA was placed directly in the central binding cavity (Figure 3. 23B). Results
showed that OCA was positioned in the same orientation as the theorized mechanism, with the
A ring headfirst. However, the compound was placed lower into the central region than the
hypothesized site. Nonetheless, OCA was predicted to make hydrogen bonds with the key
residue Y240, albeit with its carboxylic acid tail, rather than C3 hydroxyl group. Jed441, on the
other hand, was placed in the opposite orientation, with its A ring facing the extracellular apex
of the receptor. Furthermore, Jed441 was docked to the side of the intracellular domain and

not directly inside the binding site. Likewise, Jed561, did not appear to fit inside the binding site,
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and at its lowest binding energy was predicted to bind in the extracellular loop region of the

receptor, outside of the binding cavity.

/)/ ARG-79

LEU-244

Figure 3. 23 Compounds docked into TGR5 homology model using (A) automated protomol generation
and (B) residue directed protomol generation. Key ligand binding residues are highlighted in yellow and
labelled. OCA (cyan), Jed441 (orange), Jed561 (burgundy).
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3.5 Discussion

3.5.1 The Structural Plasticity of FXR

The use of online bioinformatics servers and computational software has been instrumental in
understanding structural features of FXR and its mechanisms of ligand binding and activation.
The homology model determined by the protein structure and function prediction server,
IntFOLD, supported the idea that FXR shares the common nuclear receptor modular
architecture, with an intrinsically disordered N-terminal region, a zinc finger-containing DBD,

and an a-helical barrel LBD (Rastinejad et al., 2015).

The vast crystallographic data available for the FXR LBD, reinforces the idea that, like other
nuclear receptors, FXR’s LBD appears to be completely flexible and various helices can move to
accommodate diverse ligand scaffolds. Superimposition of the available FXR LBD structures and
comparison to the structure obtained with cognate CDCA ligand, PDB ID: 4QES6, highlighted the
relatively subtle changes in individual helices that were required for the spectrum of receptor

activation.

Overall structural changes were quantified by the RMSD score (Table 3. 6). The RMSD describes
the average distance between identical atoms on the superimposed proteins, and larger scores
designate larger distances and larger variation between the structures. Interestingly, the RMSD
of the apo structure (5Q0K) compared to 4QE6 was not the highest of all the structures
compared. Hence, highlighting the very minor global conformational changes needed for FXR
to be activated by CDCA. Despite this, these aligned structures displayed slight differences in
almost every helix, except for helices 1, 3 and 8, and the reduced ligand binding cavity observed

in 5Q0K, altered the binding poses of docked compounds (Figure 3. 19A).

Of all the alignments, the structure of OCA-bound FXR, 10SV, had the lowest RMSD score, and
therefore the highest structural similarity to 4QE6. Furthermore, the semi-synthetic ligand was
observed to make hydrogen bonds and hydrophobic interactions with the same residues as the
classic ligand CDCA. OCA has the same common structural motif as CDCA, with the only
difference being the addition of an ethyl group at the C6 position, but OCA has been determined
to be 100 times more potent than its derivative (Pellicciari et al., 2004). The structural data here
further confirms that relatively small conformational changes in the FXR LBD can result in

significant functional consequences.

Considerable deviation was observed in helix 2 and helix 6, which both adopted varying

positions dependent on the ligand that was bound. In some cases, these helices were not
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resolved, perhaps suggesting that their flexibility prevented the well-ordered, discrete structure
required for accurate electron density maps produced by X-ray crystallography. Both helix 2 and
helix 6 are positioned on either side of helix 3, and both have been proposed to act as a
molecular spring to accommodate large ligand scaffolds and support the conformational

movements of helix 3 upon ligand binding (Downes et al., 2003).

Nonetheless, the most significant flexibility was observed for helix 12, which differed depending
on whether the LBD was unliganded, bound with a full or partial agonist, or bound with an
antagonist. In the apo structure of FXR, the loop between helix 11 and 12 is considerably
disordered, and helix 12 lies slightly apart from the main LBD core. However, in the agonist
bound structures, helix 12 lies slightly closer to helix 3, but at a more perpendicular angle.
Although helix 12 was not resolved in the structure co-crystallised with partial agonist,
ivermectin, the holo structure with the antagonist, NDB, displayed significant conformational
changes in this end region of the LBD. The structure obtained with NDB consisted of a
homodimer of two FXR LBD molecules, in which only one domain was bound with the
antagonist. The structure observed included a B-strand immediately preceding helix 12, which,
in turn, adopted an extended remote conformation far from the rest of the LBD helices. This
dynamic extendibility of helix 12 underlies the mechanism of ligand-dependant transcriptional
activation of FXR, as with other nuclear receptors. Helix 12 is also known as the activation
function 2 (AF2) domain. Structural studies into various other nuclear receptors have proposed
that in an apo or antagonist position, helix 12 is completely flexible and lies in a remote position,
far from the rest of the domain, where it precludes protein-protein interactions with a
coactivator protein (Mackinnon et al., 2014). However, upon ligand binding, helices 2, 3, 6 and
11 change conformation, which ultimately alters the position of helix 12 to a more stable one.
Moreover, molecular dynamic simulations have also proposed that loop 11/12 is also
fundamental in the rearrangement of helix 12 in full agonist conformations (Costantino et al.,
2005). In the agonist position, helix 12 localises between helix 3 and helix 11, creating a
hydrophobic binding groove on the surface of the LBD, which promotes the recruitment and
interaction with a coactivator protein (Rastinejad et al., 2013). This structural molecular switch
mechanism is not unique to FXR, however, the mechanism by which it exclusively recognises

and binds its cognate BA ligands is unique.

3.5.2 Ligand Binding Mechanisms of FXR

As previously discussed, the FXR LBD can assume various dynamic conformations, and several
ligands can initiate an induced-fit mechanism whereby helices can move to accommodate

varied ligand scaffolds. Within the ligand binding pocket, several polar and charged residues
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engage in hydrogen bonds with ligands, and the presence of multiple hydrophobic residues
promotes additional stabilisation through hydrophobic effects. Unlike other steroid hormones,
BAs, bind ‘headfirst’ in the FXR binding pocket, with their A- ring in the corner of the pocket,
and their side chain extending out of the opening. BAs like CDCA, are well suited to this unique
binding cavity, in that their hydroxyl groups along their a face are well positioned to interact via
hydrogen bonds with S332, Y361, Y369 and H447, along helix 5, 7 and 11. Furthermore, the
positioning of methyl groups along the B face of their 4 ring nucleus, promotes supplementary
hydrophobic interactions with residues on helix 3, 5 and 7. The addition of their polar carboxylic
acids, mean that hydrogen bonds with R331 on helix 5 can further stabilise their position within
the pocket. Other BAs, such as DCA and LCA lack the hydroxyl group at the C7 and, therefore,
are expected to only interact with H447 and Y361, which is thought to account for their partial
agonism (Makishima, 1999; Downes et al., 2003). H447 and Y361 are thought to act as an
activation trigger, whereby polar contacts with these residues place the protonated histidine
residue in a position where it can form a cation-mt interaction with W469 on helix 12, levering
the AF2 into its stable, active conformation (Mi et al., 2003). Conversely, the compilation of the
ligand binding interactions observed in different agonist-bound structures (Table 3.6), suggests
that whilst hydrogen bonds with H447 are common, the interaction is not always essential for
potent agonists such as GW4064 (in structure 3DCT). Likewise, previous molecular dynamic
simulations have suggested that the interaction between H447 and W469 is not sufficient to
stabilize helix 12 in an active conformation (Costantino et al., 2005). Furthermore, fundamental
differences are observed in other structures where ligands engage in polar contacts with
residues on helix 3 or probe alternative sub-pockets. This further suggests that receptor
activation isn’t restricted to direct interactions with H447 and Y361, and that the coordinated
effects of interactions with residues along other helices may be able to support an active LBD

conformation.

Results of molecular interaction field analysis of the FXR ligand binding pocket, identified the
potential for polar interactions in a sub-pocket between helix 3 and loop 1/2, which could be
exploited in the design of novel ligands. This is further supported by previous docking studies,
which identified the previously undescribed potential for small molecule placement in this
region (Meyer et al., 2005; Pellicciari et al., 2006). The pocket, characterized by H294, V297,
L298, F301 on helix 3, Y260 on helix 1, and M265 on loop 1/2, has been described as the non-
canonical or ‘S2’ binding site; due to the disposition of guggulsterone in this alternative site
during docking studies, it has been proposed as a site for the selective modulation of the

receptor (Meyer et al., 2005). Indeed, interactions with helix 3 in this sub-pocket, may be
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sufficient to alter its conformation and perhaps create a stabilised, but suboptimal coactivator

binding groove with helix 12.

3.5.3 Docking Novel Compounds into the FXR LBD

Previous literature recommends performing docking of novel ligands in a receptor structure
that is complexed with a similar ligand (Sutherland et al., 2007). As such, the 4QE6 structure
was chosen for docking due to its crystallisation with a BA structural analogue, CDCA. Validation
of the docking mechanism, whereby the original CDCA ligand was extracted from the FXR LBD
structure, processed as per the standard ligand preparation procedure, and docked back into
the same receptor, showed marginally different bond angles of the CDCA compound. These may
have arisen from the energy minimization of the ligand and resulted in a slightly altered
placement of the re-docked ligand compared to the crystallised ligand. Nevertheless, in the top
scoring solution, the self-docked ligand occupied the same binding site as the original and most
closely resembled the original crystal structure; although it did not reproduce all of the same
potential polar contacts as the original co-crystallised ligand, the overall RMSD score was within

the threshold limit deemed acceptable to good, 2.0 to 3.0A (Ramirez and Caballero, 2018).

Close to 100 novel compounds were designed and docked for work presented herein. By using
the automated protomol generation procedure, ligands were docked in their most energetically
favourable loci, without the unintentional bias arising from placing the compounds in the classic
steroid binding site. In general, novel compounds occupied the same site as CDCA, and were
orientated with their A rings closest to the pocket corner. Novel compounds also engaged in
hydrogen bond interactions with one or more of the common binding residues, but bulky
additions and substituent groups also meant that several non-canonical interactions were

formed, and side chains could occupy the alternative sub-pockets.

Substitutions or additions of side chains at the C3 position on the BA ‘A’ ring caused a shift in
the steroid nucleus further along in the pocket. However, many of the polar interactions with
classic residues in the corner of the pocket, such as H447, Y361 and Y369, were maintained by
substituent electronegative atoms and polar functional groups on the novel compound
scaffolds. Likewise, extensions of the compounds at their carboxyl side chains, were also able
to maintain many of the common interactions with R331 and other residues at the opening of
the cavity. However, small changes in the composition of the side chains, and the inclusion of
new functional groups in their extensions, often resulted in changes in the torsion angles and
conformations around the compound’s rotatable bonds, ultimately resulting in the engagement

of different potential residues; while the pose and position adopted by the steroid nuclei of
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these compounds were often very similar, their distal side chain ends often displayed
considerable conformational differences. Furthermore, whilst some of the extended side
chains protruded out of the cavity and into the solvent exposed space, possibly making the most
distal functional groups redundant, other chains formed electrostatic interactions with residues
in the auxiliary binding pocket between helix 3 and loop 1/2. Of particular note was the addition
of a highly electronegative, polarizable trifluoromethyl group to the end of the compound side
chain. Trifluoromethyl groups are often added to compounds as a substitute for the more easily
oxidisable hydrocarbon methyl groups, resulting in a more metabolically stable, lipophilic
compounds (Esterhuysen et al., 2017). Results shown here, suggest that inclusion of this
fluorinated functional group to the compounds, increased the potential for the side chain to
occupy the secondary binding pocket, where it could form favourable halogen interactions with

a range of residues on helix 3 and loop 1/2.

Although, the results shown here provide insight into the unique binding modes of the novel
compounds and their occupancy of alternative sub-pockets, a major limitation of the docking
method is that, by itself, it cannot sufficiently predict the functional activation of the receptor,
nor the biological effect of said interactions. A challenge of this receptor, as noted previously,
is that there are no residues solely responsible for the binding of ligands or for the complete,
direct activation of FXR. Furthermore, by virtue of FXR’s activation mechanism, there is no
obligate link between the binding energies of docked ligands and their efficacy (Pellicciari et al.,
2006) and although binding affinities weren’t considered in this case, using docking studies

alone, it is impossible to distinguish full and partial agonists from competitive inhibitors.

3.5.4 Proposed Binding Mechanism of Lead Compounds
In order to identify which compounds were biologically active and which ligand scaffolds were

most associated with the improved efficacy, 50 of the compounds were synthesised and
screened in an in vitro chemiluminescent FXR activation assay. The resultant ECso data were
normalised to OCA (at a value of 100 nM), which is regarded as the gold standard. Results of
ECso values (third party data not shown) showed that compounds with either an extension or
nitrogen heteroatom replacement at the C3 position (e.g. Jed303, Jed420, Jed431, Jed433), had
the lowest affinity for FXR LBD, with values similar to CDCA. On the other hand, compounds
which retained the C3 hydroxyl group, but had an additional fluorine at the C4p position
(Jed441-443, Jed559-564), all appeared to have a higher potency than other compounds
measured. Most members of this series of fluorinated compounds had the potential to form
polar interactions with classic residues H447 and Y361 from their C3 hydroxyl groups, with the

additional potential to form supplementary halogen bonds with Y361 and Y369 from their 43F
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atoms. Furthermore, comparisons of the docking results of Jed561 with Jed692, an identical
derivative without the fluorine at this position, suggests that Jed692 cannot be anchored into
the corner of the pocket by interactions with H447 and Y361, and instead lies further along the
pocket with its side chain protruding out of the cavity. In addition to their effect on metabolic
stability and lipophilicity, fluorine functional groups are often added to compounds to affect the
reactivity of neighbouring functional groups (Graton et al., 2012). Whilst it’s possible that the
fluorine atom at this position on the A ring affords the compound some enhanced potency,
possibly due to the engagement of classic residues by halogen bonds, the fluorine may also be
affecting the hydrogen bond potential of the adjacent hydroxyl group on the C3. However,
whether this impact on neighbouring alcohol groups is positive or negative, is debated and may
be dependent on the chemical environment of the atoms (Graton et al., 2012; Linclau et al.,
2016); and the improved activity of these compounds cannot be solely defined by this simple

addition.

Comparisons of OCA and Jed432, its 4BF-derivative, suggest that both share identical docking
poses and participate in interactions with the same classic residues. However, both share very
similar ECso values, suggesting that the 4BF atom alone is not enough to significantly affect the
potency of the compound. Extensions of the tail ends of these compounds must also be
contributing to their activity. Accordingly, the top two compounds, Jed441 and Jed243, which
both had an ECsp value of 9 nM, had identical structures with the exception of the 4BF, which
was not present in Jed243, thus, highlighting that the side chain of the compound may be more

important for increased potency.

Docking studies were able to identify the unique binding mode of Jed441, which was placed in
a flipped orientation, facing helix 3, with its 6a-ethyl group oriented towards the top of the
pocket. In this orientation, Jed441 had the potential to interact via hydrogen bonds with L287,
and via halogen bonds with V297, both on helix 3. Similarly, the next most active compound,
Jed561, which had an ECsp value of 26 nM, also made potential hydrogen bond interactions from
its side chain to residues on helix 3. Moreover, several other related compounds in this series,
within similar range of ECso values (e.g. Jed560 and Jed563), also were able to make polar
contacts or halogen interactions with residues along helix 3. These data imply that by interacting
with helix 3, these compounds can promote activation of FXR, presumably by affecting the
hydrophobic coactivator binding groove, which is made between helix 3 and helix 12.
Interactions with helix 3 have been observed with several other potent agonists such as
Fexaramine (in structure 10SH) and GW4064 (in structure 3DCT) where these compounds have

been noted to stabilise the hydrophobic core of the receptor and help to sustain a protein
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conformer required for coactivator recruitment (Downes et al., 2003; Akwabi-Ameyaw et al.,
2008). Whilst docking results certainly suggest that this helix 3 interaction mechanism may be
responsible for the improved activity of novel compounds presented here, the challenges of a
rigid or even semi-rigid (as used herein) docking procedures in a highly plastic receptor,
emphasizes the need to confirm these ligand binding modes by X-ray crystallography or other

experimental methods.

3.5.5 Limitations of a Static Docking Procedure
The long-established methods of compound screening by virtual docking, typically use a high-

resolution static structure derived from X-ray crystallography. However, the holo-receptor
structures determined by this method, often only represent an extreme atomic ‘snapshot’ of
conformational states. In the case of the FXR LBD, ligand binding does not lead to one particular
conformation, and instead results in the inherently, dynamic conformational changes of helix
12. As such, the static picture provided by docking results may not necessarily, sufficiently
explain the molecular recognition and receptor transactivation upon ligand binding, and other
techniques which can sample the receptor’s numerous conformational microstates are

required.

The use of computational methods to accurately account for structural plasticity in ligand
screening has recently been established, and the nascent field of flexible docking is becoming
more frequent. Older methods such as that of induced fit docking, involve the formation of a
loose ligand-receptor complex that induces a conformational change in the receptor leading to
a conformation that supports a tighter-bound complex (Koshland, 1958). Induced fit docking
was used previously by Fu et al. to identify a representative FXR state which was then used as
a model for the subsequent virtual screening of compounds (Fu et al., 2012). However, the use
of induced fit docking, may not be able to sample the entire spectrum of binding scenarios and
its use to identify binding modes of a large compound library will be significantly
computationally expensive and time consuming (Feixas et al., 2014). An alternative approach is
to use ensemble docking, which utilises numerous conformational states to account for ligand
interactions with targets in different conformations. This approach has been previously used to
identify potential oestrogen receptor (ER) ligands, and furthermore, to discriminate full agonists
and selective allosteric modulators (Mackinnon et al., 2014). This ensemble approach was found
to yield consistently higher enrichments and diverse actives than when a single structure was

used for docking.
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To overcome the ambiguity associated with docking into a single structure of the FXR LBD, and
to indirectly account for different receptor conformations, lead compounds were also docked
into the apo and antagonist-derived structures. Compounds displayed markedly different
binding orientations in the apo structure, and within the antagonist structure, they either
caused a steric clash or were not even deposited inside the receptor. These results further
suggest that the compounds are indeed agonists rather than antagonists, although the extent

of agonism cannot be determined by the docking method used here.

Additional methods, such as molecular dynamics simulations, can be used to explore a full
continuum of structural states, generating novel receptor conformations not exhibited in
existing crystal structures; and it can even be used to characterize allosteric binding sites
(Durrant and McCammon, 2010). Moreover, molecular dynamics can overcome limitations of
traditional docking, by accounting for solvation effects whereby key, ordered water molecules
in the binding site can be exploited. Extensive molecular dynamics simulations were used
previously, subsequent to rigid docking into a multitude of FXR LBD crystal structures with the
anticipation that it would help to refine predicted ligand binding poses (Bhakat et al., 2018).
However, refinement did not significantly improve predictions, and simulations were unable to
accurately discriminate kinetic stability between correct and mis-docked poses (Bhakat et al.,
2018). Furthermore, due to the low microsecond timescale of simulations, it is thought that
molecular dynamics may unintentionally exclude the capture of important conformational
changes (Feixas et al., 2014). Again, although the simulations may provide insight into structural
rearrangements made when a ligand binds, it may not necessarily reflect the transcriptional
activity of the ligand. Consequently, for the identification of lead compounds, molecular
dynamic simulations are often used in conjunction with other virtual screening methods, as well

as other experimental techniques.

3.5.6 Ligand-based Approaches

The structural flexibility observed for the FXR LBD presents a considerable challenge for binding
predictions obtained by docking methods. To account for this, work also focussed on the use of
ligand-based approaches to identify the specific chemical features that were responsible for the
improved activity of the novel compounds. Three-dimensional QSAR is a common technique
used for the identification of molecular descriptors that correlate with activity, and to date
numerous groups have used this approach for fine-tuning the development of non-steroidal
FXR agonists (Hondrio et al., 2007; Zhang et al., 2007). Unfortunately, the procedure employed
here was associated with several problems. The first being the inadequate alignment of the

compounds. Molecular alignment is one of the crucial steps in conducting a 3D-QSAR, and the
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FLAP software aligns the compounds as to distinguish the common ligand scaffolds from the
unique chemical characteristics. However, an inherent assumption of the method is that all
compounds bind in a common manner (Kim et al., 1998). Although most of the compounds
shared a very similar binding mode, some compounds such as Jed441 were seen to be flipped
upside down, and the considerable rotation in the side chain, often resulted in the compounds
engaging in interactions with alternative residues. Alignment based on structural similarity of
the compounds, therefore, may not necessarily represent the appropriate orientations or
conformations in the target receptor that is associated with their activity, resulting in a weaker

predictive ability of the model.

Nevertheless, use of the alignment independent Volsurf+ technique also failed to produce a
reliable statistical model, which was able to accurately predict the activity or pharmacokinetic
properties of the compounds. This suggests additional or alternative problems with the data.
For example, a fundamental requirement to obtaining a predictive QSAR model is a structurally
and functionally diverse dataset, with responses ranging over several orders of magnitude (Shi
et al., 2001; Dearden et al., 2009). The FXR activity data for these compounds, obtained from
DiscoverX (Eurofins), appears to have an upper limit possibly due to the detection limit of the
assay, and many compounds near this threshold have the exact same ECso value. To obtain more
accurate results, a higher range and more intermediate ligand concentrations should have been
used. Nonetheless this lack of diverse data undoubtedly skews the results and prevents
accurate validation of the model, thus preventing it from accurately predicting important

structural or physico-chemical features correlated with activity.

3.5.7 Conclusion
The work presented in this chapter highlights how computational methods can be applied to

aid the identification of novel agonists of FXR. Bioinformatics and structural visualisation tools
have provided insight into the full length structure of FXR, as well as the intrinsically flexible
LBD. Computational docking methods have been able to characterize the potential binding
mechanisms of novel ligands, and also have been applied as an approximate indicator of off-
target TGR5 activation. It is realised that docking results cannot be naively taken as is, since
many factors, including structural plasticity and solvent effects, play an important role in the in
vivo binding of ligands, and on its own, docking poses and binding affinities cannot accurately
predict receptor transactivation. However, in conjunction with jn vitro screens, such
complementary computational methods have provided a rationalisation of the interactions with
helix 3 that may account for the improved activity of lead compounds Jed441 and Jed561.

Although the 3D-QSAR executed here was unable to produce meaningful results, X-ray
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crystallographic analysis of FXR complexes with the lead compounds may help to elucidate
specific chemical characteristics of the compounds that participate in specific interactions in the

ligand binding pocket, which may be crucial for activation of the receptor.
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Chapter 4. Structure Determination of
FXR
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4.1 Introduction

FXR belongs to a large superfamily of receptors that underlie several important physiological
processes. Accordingly, they are of substantial interest in modern biomedical research and drug
discovery. Despite the growing progress in technology and computational approaches in the
field of drug discovery, structural biology has been instrumental in the adoption of some orphan
receptors, in providing atomic-level insights into the nuclear receptor binding domains, and in

understanding the unique events that determine ligand binding (Ottow and Weinmann, 2008).

Previously published structures of FXR have helped to identify binding modes of cognate BA
ligands, in addition to novel means in which non-steroidal ligands bind in the LBD. Furthermore,
the structure of the FXR LBD has aided the design of novel agonists and enabled predictions to
be made as to the specific molecular recognition mechanisms associating ligand binding and
receptor transactivation (Chapter 3). Nonetheless, due to the flexible nature of the FXR LBD,
and the limitations of a semi-rigid docking procedure, it is imperative to identify exactly how
FXR encompasses the novel ligand scaffolds, and to assess the reliability of the docking process.
Several strategies can be applied to evaluate molecular docking procedures, including the
calculation of docking accuracies, and the use of enrichment factor analysis (Huang et al., 2006).
However, by obtaining structural data specific to the FXR LBD complexed with these novel
ligands, it will not only allow docking solutions to be correlated with actual observed poses, but
it may provide the potential for novel ligands to be chemically modified and improved further.
In addition, the new, more accurate receptor structure can be used for future rounds of
molecular docking. Moreover, the structural determination of FXR’s currently uncharacterized
DBD may help to advance the understanding of DNA binding mechanisms, or even intra-domain

signalling and allostery.

4.1.1 Methods of Structure Determination
There are several methods for determining the intricate three-dimensional structure of

biological macromolecules. These methods gave rise to the field of structural biology and
revolutionized the understanding of concepts surrounding the structure and function of
proteins. Since its inception in the 1950’s, MX has made the largest contribution to the
understanding of proteins and, to date, has been the most popular method for determining the
spatial relationships and locations of individual atoms within a protein. The advent of other
methods such as NMR spectroscopy and the more recent advancement of Nobel prize-winning,

breakthrough technologies in the method of cryo-electron microscopy (cryo-EM), has made it
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possible for scientists to determine the high resolution structure of over 140,000 proteins

(www.rcsb.org/stats, as of August 2019).

4.1.1.1 Macromolecular X-ray Crystallography (MX)
Of the 140,000 proteins deposited in the Brookhaven Protein Data Bank (PDB), approximately

130,000 of these have been determined by X-ray crystallography; with the burgeoning use and
success of this technique owing to significant advances in automated purification and
crystallization methods, increasingly powerful synchrotron X-ray sources, and the development
of sophisticated computer software for data collection, structure solution and refinement
(Wlodawer et al., 2013). Resolutions of up to 0.2nm, or 2A, are routinely obtained with MX,
which is sufficient to distinguish peptides from the protein’s main chain. Yet, structures with
resolutions of 1A or less, are becoming increasingly available, whereby individual atoms can be

clearly defined and even hydrogens may be resolved.

The fundamental principle underlying MX is based on Bragg’s law, which identified that when a
crystal is placed in an X-ray beam, similarly to the phenomenon of reflection, X-ray scattering
will be observed. This scattering arises from the highly ordered, regular arrangement of
homogenous molecules in the crystal, whereby the electrons in the investigated sample, can
diffract the incident X-ray beam at many discrete angles and intensities, depending on the
spacing and planes of the crystal, its orientation relative to the X-ray beam, and the wavelength
of the X-rays (Bragg and Bragg, 1913). The resulting diffraction pattern (recorded either by film
or digital detectors) can be used to deduce the positions of the atoms that gave rise to the
diffraction spots in the original structure. In addition to the measured intensities of diffraction
spots, additional information concerning the ‘phase’ of the spots is required, and this can be
estimated by other experimental or indirect computational methods. Together, data regarding
the intensity and phase of the diffraction spots, can be transformed and used to reconstruct the
crystal structure. The use of MX for the structure determination of proteins is now a mature
technique, in which there have been improvements to nearly all of the time-consuming, critical
steps (Dauter and Wlodawer, 2016). However, the overall quality of the structure is dependent
on sharp diffraction spots, which, in turn, are determined by the size, quality and degree of
internal order in the crystal. As such, a major bottleneck in the process of MX is in the production

of highly ordered, diffraction quality, 3D crystals.

Protein crystals are formed by adopting a low energy, regular arrangement of protein molecules
in 3D space. Regular packing involves repetition of the unit cell (simplest repeating unit) along
different dimensions, and each unit cell is made up of a number of asymmetric units

representing the rotated or translated macromolecule (llari and Savino, 2008). Despite being
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well ordered, biological macromolecule crystals are usually loosely packed, allowing 40-60% of
the volume to be occupied by solvent (llari and Savino, 2008). As a result, protein crystals are
very fragile, but the fact that the protein molecules are surrounded by water, means that their
structure and biochemical features, closely resemble that of their fully solvated variant

(McPherson and Gavira, 2014).

For crystals to form, a highly pure (>95%), monodisperse sample of the protein is required. The
initial protein solution is needed at the highest possible concentration, without the occurrence
of aggregation or precipitation, and a concentration of 10 mg/mL is often recommended as an
optimal starting point. It is critical for the concentration of the protein to gradually increase to
a supersaturated level, providing a thermodynamic force that drives the proteins out of
solution, allowing the formation of crystal growth centres or nuclei (McPherson, 1990). Once a
stable nucleus is formed, the crystal can continue to grow, by non-covalent and intermolecular
physical bonds that hold the molecules together in a stable, perfectly ordered, periodic crystal
lattice (McPherson et al., 1995). If the sample is not homogenous, contaminants can cause flaws
or dislocations, and can even prevent the formation of crystal contacts, hindering the extension

of the crystal lattice.

Macromolecular crystal growth is largely empirical, and an a difficult technique in practice; the
objective of crystallization trials is to significantly reduce the solubility of the proteins in
solution, either by the addition of precipitants directly to the sample (batch crystallization), or
by allowing the gradual dehydration of the sample (vapour diffusion, Figure 4. 1). The method
of vapour diffusion is typically the most common choice of crystallization. A droplet containing
a mixture of the purified protein with a precipitant is positioned next to a larger reservoir
containing the precipitant, either in a well (sitting drop) or suspended from a coverslip (hanging
drop). As the water vapour diffuses out of the drop to achieve an equal osmolarity with the
reservoir, the protein concentration is gradually increased (Dessau and Modis, 2011). In
addition to precipitants, the process of crystallization can be extremely sensitive to the ionic
strength of the solution, the pH and temperature. However, the method has been greatly
advanced by readily available liquid handling robot systems, which can accurately aspirate
submicrolitre drops in a matter of seconds. The use of multi-chamber plates and other
consumables facilitates the high throughput (HTP) screening of vast matrices of crystallization

conditions.
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Figure 4. 1 Method of protein crystallization by vapour diffusion. In sitting drop vapour diffusion, the
drop containing the protein and precipitant is elevated on a bridge above the reservoir, and the well is
sealed with tape. In hanging drop vapour diffusion, the drop is suspended from a cover slip, which is sealed
with vacuum grease to create an air-tight environment. The drop is allowed to equilibrate (blue dotted
arrows) with the reservoir and as water diffuses out the concentration of both the protein and precipitate

in the drop gradually increases promoting the growth of well-ordered crystal lattices under the
appropriate conditions.

4.1.1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy can also provide rich, detailed, atomic-level information about the 3D
structure of biological macromolecules. Moreover, NMR provides the additional benefit of
being able to use proteins in a solution, near physiological conditions, and can be applied to

study time-dependent processes, such as intramolecular dynamics, molecular recognition and

protein folding.

The phenomenon of NMR arises from the intrinsic ‘spin’ of atomic nuclei with odd mass
numbers, which generates a magnetic field, or moment. When these spinning, magnetised
nuclei are placed in an external magnetic field, the nuclei can adopt either a lower or higher
energy spin state, and a resonance spectrum can be recorded following the application of

electromagnetic radiation, which causes transition between a lower energy state to an excited
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one (Lesk, 2016). These properties can be used to determine the chemical environment of the
atom, where the flow of electrons in the vicinity of the nucleus can perturb the applied external
magnetic field, to an extent dependent on the surrounding electron density. Consequently,
nuclei in different surroundings will change states at different magnetic field strengths or
radiation frequencies, and each chemical group will appear in different regions of the spectrum
(Berg et al., 2002). By using this information, it is possible to examine the effect of different
conditions, such as a disordered or folded protein structure, on particular chemical groups or
individual amino acids. Likewise, due to the fact that the spin of one atom’s nuclei can have an
effect on the spin of neighbouring nuclei, proportional to the distance between the two nuclei,
the technique can be applied to detect the relative proximity of atoms to one another in a 3D
protein structure. Furthermore, due to the use of molecules in solution and the potential
conformational heterogeneity of protein structures, NMR analysis can detect a range of

different conformations that the protein may adopt.

One limitation of the technique is that it requires NMR active atoms, with an odd atomic
number, giving rise to nuclear spin. Naturally occurring carbon and nitrogen atoms usually have
an even number of neutrons and protons (*>C and *N), and 3C and *N isotopes are usually only
present in organic material in trace amounts. To overcome this, isotopic labelling is routinely
used where the protein of interest is recombinantly expressed in E. coli grown on media sources
containing *NH4Cl or (**NH4),S04 and *3C-glucose (Cai et al., 1998). A significant limitation of
NMR is its limited use for proteins above 35kDa, which are subject to slower tumbling rates,
reduced sensitivity and more complexity of the spectrum (Yu, 1999). Moreover, although the
technique does not require crystals, which can often be tedious, time consuming or problematic
to achieve, NMR still requires high concentrations and high purities of the sample to obtain a
good signal to noise ratio (Berg et al., 2002). Additionally, it requires a highly stable protein that
can withstand unfolding or precipitation, during the days to weeks that the NMR experiment
takes place. Finally, the spectral data analysis also can be extremely exhaustive, and the large
number of structures compiled can require complex, time consuming experiments and lengthy

analysis.

4.1.1.3 Cryo-Electron Microscopy (cryo-EM)
Cryo-EM is a method that can resolve structures from a variety of biological macromolecules in

their near native environments, ranging in size from a several tens of kilodaltons (kDa), to
megadaltons (mDa) and even to whole cells (Murata and Wolf, 2018). It uses a high energy
electron beam to image very thin specimens in a transmission electron microscope. By using a

magnetic objective lens, it can produce both the diffraction pattern of the sample, and the

117



magnified image, which already contains all of the structural information (Wang and Wang,

2017).

The procedure arose out of developments of earlier methods of transmission electron
microscopy (TEM) and electron crystallography, which were initially deemed unsuitable for
biological specimens, due to their sensitivity to damage from the electron beam radiation, and
due to the difficulties in obtaining diffraction quality two dimensional crystals. Limitations of
these methods were overcome by the introduction of an approach, now known as ‘single-
particle EM’, which allows structures to be determined by the computational alighment of
multiple particle images and subsequent reconstruction of a 3D structure. This process
overcame the need for crystallization, however, it was still restricted by the necessity to
maintain a native hydrated sample within the ultrahigh vacuum environment of the microscope
column (Shen, 2018). Attempts to address this challenge, lead to the discovery that flash
freezing the samples under native conditions, could not only prevent the formation of
crystalline ice, preserving the material in a vitrified, amorphous state, but also protected the
samples from radiation damage. Nonetheless, cryo-EM was widely critiqued due to the need
for large symmetrical molecules, and due to the low resolution of structures obtained (typically
above 5A, and up to 80A, (Lawson et al., 2011; Egelman, 2016)), where even the main chain of
the protein was hard to trace (Shen, 2018). It wasn’t until 2012, after the innovation of direct
electron detectors, that the use of cryo-EM gained momentum. The new detectors were more
sensitive than traditional generations of detectors, and the high speed acquisition of data in the
form of movies, allowed radiation-damaged components to be filtered out, and the blurred
images to be sharpened, overall enabling high resolution structures to be achieved (typically in
the region of ~3 A, but as low as 1.8 A; (Merk, et al., 2016; Herzik Ir et al., 2017; Khoshouei et
al., 2017)).

In addition to its bypassing crystallization, cryo-EM offers the advantage that it can resolve
multiple conformational states from a conformationally heterogenous sample. Furthermore, it
requires significantly less biological sample to use, compared to either MX or NMR, which often
does not require rigorous molecular manipulation (Wang and Wang, 2017). However, although
to date the highest resolution achieved by cryo-EM currently stands at 1.8A (Merk, et al., 2016),
only a handful of structures have been determined at a side-chain level resolution, and the
majority do not surpass 3A. Moreover, the observable object size of the specimen also limits
the use of cryo-EM to resolve certain structures; where very large macromolecules may be
limited by the thickness of the sample that can be penetrated by the electron beam, and very

small samples may be restricted by their lower threshold for radiation damage. Currently, the
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lower molecular weight limit for cryo-EM stands at 38 kDa (Murata and Wolf, 2018).
Furthermore, the low throughput, manual sample preparation and analysis procedures, which
often require substantial expertise and time, often make other techniques more favourable,

particularly for drug discovery pipelines.

4.1.2 Structural Determination of Nuclear Receptors
Nuclear receptors pose unique challenges with regards to their structure determination, arising

from their highly disordered N-terminal regions, highly dynamic domain architecture, and
largely hydrophobic ligand binding pockets. To date full length or individual domain structures
of NRs have been determined by MX, NMR and cryo-EM, and structural data has been

supplemented with the use of additional techniques, such as small angle X-ray scattering (SAXS).

A structure of the full length vitamin D receptor in complex with the DBD and LBD domains of
partner receptor RXR, also bound to response element DNA, was achieved by cryo-EM (Orlov et
al., 2012). However, the structure determined could only be interpreted in the range of 12-13 A.
Such low resolution meant that it could only provide general information regarding the overall
shape of the molecule, and principal characteristics of NRs, such as their DBD-DNA interactions,
LBD-ligand interactions, or LBD-coactivator interactions could not be validated. The VDR
structure resolved by cryo-EM was susceptible to interpretative errors, and there were
inconsistencies between this structure and decades worth of previous literature based on high
resolution crystallographic structures (Rastinejad et al., 2015). Whilst cryo-EM certainly holds
the potential for study of the entire FXR protein, the relatively low resolution limits its

applicability for investigating ligand binding mechanisms in detail.

The majority of NR structures have been elucidated using NMR and MX, and most have focussed
on the individual DBD or LBD domains. The size limitations of NMR have meant that it can only
be applied to a single, truncated domain, as larger molecular weight complexes display
overlapping signals and slower tumbling dynamics (Rastinejad et al., 2013). Early studies were
able to elucidate secondary structural information and identify a common fold of NR DBDs of
the oestrogen receptor, glucocorticoid receptor and retinoic acid receptor (Hard et al., 1990;
Schwabe et al., 1990; Knegtel et al., 1993). However, more comprehensive studies were later
carried out by MX, using these domains bound to DNA (Luisi et al., 1991; Schwabe et al., 1993).
Few studies have used this technique to investigate the dynamic properties, and obtain a
structure of a NR LBD (Lu et al., 2006, 2008; Michiels et al., 2010). Both the apo and holo forms
of the LBD have been determined by NMR, and the technique has been successfully used in

conjunction with transverse relaxation-optimized spectroscopy to understand the structural
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dynamics of the RXR LBD upon ligand binding (Lu et al., 2006). These studies were able to
provide some information regarding open helix 3 and 12 conformations in RXR, where
crystallographic studies were deficient and limited by the packing forces in the crystal lattice.
The structure also was able to demonstrate changes in receptor dimerisation interfaces upon
ligand binding. However, the data was limited by overlapping cross peaks, thought to be due to
the exchanges between monomeric and multimeric forms of the protein. Additionally, the
model contained several unassigned regions, including the loop between helix 6 and 7, and
between helix 10 and 11, despite these regions showing contacts with the ligand in crystal
structures (Lu et al., 2006). Regardless of the advantages of using NMR, NR models derived from

this technique have always been complemented with and confirmed by models derived by MX.

MX has been the primary method of choice for resolving structures of NRs. The technique has
been able to successfully determine the multi-domain structures of PPARy, HNF4a and LXR DBD-
LBDs in complex with partner protein, RXR, and their respective DNA response elements, ligands
and coactivator peptides, at resolutions between 2.8-3.2 A (Chandra et al., 2008, 2013; Lou et
al., 2014). At this resolution, sufficient detail has been provided to unambiguously trace main
chain helices and strands, and interaction interfaces between the DBD and DNA, LBD and
coregulators have been clearly established. Furthermore, models derived by MX have provided
a common template of domain arrangement and architecture for all NRs (Rastinejad et al.,

2015).

As common drug targets, there are hundreds of NR LBD structures that have been delivered by
MX, including 83 for the FXR LBD. Despite their static nature, data from different
crystallographic models served as early indicators of structural plasticity, and comparisons
between structures have provided an insight into active and inactive receptor conformations.
LBD structures determined by MX have adequate resolution to identify, at an atomic level, the
precise residues involved in ligand recognition and binding, and this technique has been widely

applied in the drug discovery process.

A significant limitation with NR LBDs is their instability and their inability to be crystallized in a
apo state (Rastinejad et al., 2013). Furthermore, their propensity to aggregate, due to their
leucine-rich, hydrophobic binding pockets, can hinder the soluble expression of the
recombinant protein in E. coli, and can cause problems during the purification process
(Mossakowska, 1998). Unfortunately, it is not possible to determine which NRs will pose

challenges, but the fact that all previously published structures of FXR have been resolved by
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MX, using protein that had been heterologously expressed in E. coli, suggests that structure

determination by this method is attainable.
4.2 Aims and Objectives

The numerous methods of structure determination can help to further the understanding of
FXR architecture, structural dynamics and receptor activation. While cryo-EM may help to
establish an overall scaffold of the entire FXR protein, the elucidation of specific mechanisms
driving the molecular recognition of DNA and ligands, requires atomic-level detail. Size
constraints would limit the use of NMR to individual domains, but the technique is well suited
to provide dynamic information regarding the conformational rearrangements that the 29kDa
LBD may adopt upon binding different ligands and/or coregulators. Nonetheless, MX is thought
to be more reliable at producing high-resolution structures, which is of particular importance
when considering the detail needed to accurately determine the binding mechanisms of novel
ligands. Furthermore, crystallization trials can be set up and screened for diffraction, in a high
throughput format, allowing multiple ligand/coactivator combinations, and several
crystallization conditions to be explored. MX can also theoretically determine the structure of
the full-length protein, and it may certainly be possible to generate a model of FXR’s DBD and

LBD in complex with DNA response elements, novel ligands and coactivator peptides.

To this end, the aim of the work presented in this chapter is to further the understanding of FXR
function and activation, by obtaining a model of its structure. In order to validate the proposed
binding mechanisms of novel BA ligands (Chapter 3, section 3.5.4), work will primarily focus on
achieving a high resolution structure of the FXR LBD complexed with the top candidate ligands,
as well as with poorly performing analogues, in an attempt to identify structural features that
may account for differences in activity. In order to obtain these structures, work will attempt to
address the challenges associated with the expression, purification and crystallization of NR
LBDs, and to produce a sample of protein that is highly concentrated and homogenous,
adequate for crystallization. A secondary objective will be to determine the likelihood of

expressing other domains of the FXR, either individually or in tandem with another domain.
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4.3 Methods

For final optimised methods, refer to Chapter 2.

4.3.1 Sequence of FXR

The 486 amino acid sequence of the full length FXR canonical isoform 1 can be found in
Appendix 2. Initial constructs encoding the FXR LBD included parts of the sequence of the hinge
region between the DBD and LBD and started at residue 240 (constructs C2-F2). The new
construct later designed for the expression of the FXR LBD, started at residue 258, immediately
before helix 1. The new construct also contained the mutations E291A and E364A (established
through private communication with Markus Rudolph, Roche Pharmaceutical Research and
Early Development, Basel, Switzerland). The codon-optimized gene encoding the full length FXR
was synthesized by Genscript (Piscataway, NJ, USA) for use in high throughput cloning and
expression in pOPIN vectors (kindly provided by the Oxford Protein Production Facility, OPPF,
Harwell Research Complex). The sequence encoding the mutant FXR LBD (herein referred to as

FXR LBDmut1) was synthesized and subcloned directly into the pET15b vector by Genscript.

4.3.2 High Throughput Cloning and Expression Screens

The HTP cloning and expression screening of 23 different constructs, each encoding a different
region of the full length FXR protein in combination with a different N- or C-terminal tag was
carried out at OPPF. The highly specialised robotic equipment and optimised HTP set up at OPPF
facilitated the efficient screening of potential constructs and conditions, which could easily
produce the target protein. The molecular biology methods related to the cloning of these

constructs is outlined in Chapter 2, sections 2.3.1 to 2.3.10.

Screening was carried out using two different E.coli expression strains, Lemo 21 (DE3) and
Rosetta 2 (DE3) placl, and two induction regimes, addition of IPTG and autoinduction. Screening
was carried out in a 96-well format for parallel processing. Purified constructs were transformed
into both host strains for each construct. A starting seed culture was prepared for each
construct in LB medium supplemented with carbenicillin (50 pug/mL) and chloramphenicol
(35 pug/mL). Seed cultures were diluted by a factor of 20 for inoculation into 3mL media, Power
Broth (Molecular Dimensions) for IPTG induction or Overnight Express™ Instant TB medium
(TBONEX, Merck Millipore) for autoinduction, both supplemented with antibiotics as before.
Cells were initially grown at 37°C and induction was initiated once the cells had reached an
ODegoonm ~0.5. Power broth cultures were supplemented with IPTG (to a final concentration
1 mM) and grown for a further 20 hours at 20°C. For autoinduced cultures, protein expression

was initiated by reduction of temperature to 25°C and grown for a further 20 hours.
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Aliquots (1 mL) of the cultures were made and these cells harvested by centrifugation at 6000
x g for 10 minutes (Beckman Avanti centrifuge, rotor JS5.3). The supernatant was removed and
cell pellets stored at -80°C for 20 minutes or until required. The cell pellets were resuspended
completely in lysis buffer (50 mM sodium phosphate, 300 mM sodium chloride, 10 mM
Imidazole, 1% Tween 20, pH 8.0, Qiagen) supplemented with 1 mg/mL lysozyme and 400 U/mL
DNase |, using a micro titre orbital plate shaker for 30 minutes at 1000 rpm. The crude lysate
was clarified by centrifugation at 6000 x g for 30 minutes at 4°C, and supernatants were
transferred to a new 96 well plate where they were mixed with Ni-NTA magnetic agarose bead
suspension (Qiagen) by shaking at 1000 rpm for 30 minutes at room temperature. The plate
was transferred to a 96-well magnet to remove unbound proteins. The beads were washed
twice with wash buffer (50 mM sodium phosphate, 300 mM sodium chloride, 20 mM imidazole,
0.05% Tween 20, pH 8.0, Qiagen) and proteins bound to the Ni-NTA beads eluted in elution
buffer (50 mM sodium phosphate, 300 mM sodium chloride, 250 mM imidazole, 0.05% Tween
20, pH 8.0, Qiagen).

Purified soluble proteins were analysed by SDS-PAGE as outlined in Chapter 2, section 2.5.2,
and run alongside a wide molecular weight range SigmaMarker in the first lane, and a low

molecular weight range SigmaMarker, in the last lane.

4.3.3 Optimization and Scale up of Hise-FXR LBD Expression
Selected constructs were transformed by the heat shock method into Rosetta (DE3) pLysS or

BL21 (DE3) pLysS, as described in Chapter 2, section 2.3.7. Single colonies were used to create
starter cultures, which were in turn used for inoculation into larger scale expression cultures or
stored as glycerol stocks. In cases where glycerol stocks were used for starter cultures, a loopful
of frozen cells were scraped from the stock and immersed into 10-50 mL LB broth. Starter
cultures were incubated overnight at 37°C, shaking at 220 rpm. Cultures were scaled upto 1L,
4 L or 8 L simply by adding more flasks to the batch. Cultures were grown in 2.5 L baffled flasks
with a 500 mL volume of LB supplemented with carbenicillin (50 pg/mL) and chloramphenicol
(35 pg/mL). A 1in 50 dilution was used to inoculate flasks, and all flasks were seeded with the
same starter cultures. Expression was tested following induction with 0.1 mM, 0.5 mM, 0.7 mM
and 1 mM IPTG. Post induction temperatures were tested at 25°C, 20°C and 15°C. After
overnight incubation, cells were harvested by centrifugation at (5,000 x g for 10 minutes), and
cell pellets from each flask were pooled. For cultures larger than 4 L, cells were grown in 4 L

batches and pooled during purification.
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4.3.4 Additional Purification by Anion Exchange Chromatography (AEC)
Another purification step was added in order to separate non-specific proteins from the similar

sized target protein when separation could not be achieved through size exclusion
chromatography alone. At pH 8, the Hiss-tagged FXR-LBD is negatively charged, so a positively
charged Sepharose Q based, HiTrapQ column (GE Healthcare Life Sciences) was used to
separate proteins based on charge. Prior to loading on the column, the protein solution was
diluted in a low salt concentration buffer (50 mM Tris pH8, 50 mM sodium chloride, 10%
glycerol) by dialysis. As the protein is loaded on to the column, the negatively charged target
protein will interact electrostatically to the positively charged resin, binding this protein to the
column for longer. The target protein is then eluted by gradually increasing the salt
concentration on the column, whereby the protein is displaced by the increasing number of

chloride (CI') ions. This step was not included in the final purification protocol.

4.3.5 Degradation Tests
A sample of Hisg-FXR LBD was incubated at room temperature 1 day post IMAC purification for

a further 3 days. Aliquots were taken at various time intervals and immediately mixed with 4x
Laemmlli buffer and denatured. Samples were stored at -21°C until all aliquots had been
collected. Samples were then analysed on an SDS-PAGE gel as outlined in Chapter 2, section

2.5.1.

4.3.6 Thrombin Cleavage
Initial thrombin cleavage tests were carried out on a sample of Hise-FXR LBD immediately

following IMAC purification. The concentration of the protein in the sample was determined by
Nanodrop spectrophotometry. Thrombin from human plasma (Sigma) was dissolved in cold
phosphate buffer solution to a stock solution of 1 U/uL. Thrombin was added to the protein
sample at a concentration of 10 U/mg, and the reaction was mixed gently by inversion. The
sample was split into two 3 mL aliquots and each was added to a 3 mL GeBAflex 10 kDa
molecular weight cut off (MWCO) dialysis tube and dialysed against 500 mL gel filtration buffer
(20 mM tris pH 7.8, 200 mM sodium chloride, 1 mM DTT, 10% (v/v) glycerol). Dialysis was carried
out overnight and aliquots were taken at various intervals and immediately mixed with 4x
Laemmli buffer and denatured. After 22 hours, the cleavage reaction was inhibited by the
addition of 100 mM phenylmethanesulfonyl fluoride (PMSF). The final thrombin cleavage

protocol used reaction conditions at 4°C and for 22 hours.

Cleaved FXR-LBD was separated from contaminant proteins by a second IMAC purification, as
outlined in Chapter 2, section 2.4.2, except the flow through fraction, containing the purified

target protein was collected. The eluted proteins were collected for analysis only.
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4.3.7 Concentration
Following a final purification by SEC (Chapter 2, section 2.4.3), ligands and coactivator peptides

were added to the dilute protein. Ligand compounds had been dissolved in 100% DMSO to a
stock concentration of 20 mM. Ligands were added to the FXR LBDmutl at final 12x molar
concentration, and final DMSO concentration in the sample was less than 1%. SRC2-2
coactivator peptide (KHKILHRLLQDSS) was custom synthesized by Lifetein (New Jersey, USA)
and lyophilized peptide dissolved in water, due to the overall basic polarity of the sequence.
SRC2-2 peptide also was added to a final 12x molar concentration of the FXR LBDmut1 protein.
The protein-ligand-coactivator complex was incubated overnight at 4°C. Following incubation,
the sample was divided between two 15 mL Amicon Ultra-15 centrifugal devices with a 10 kDa
MWCO (Merck). The protein was concentration by centrifuging at 2,500 x g, at 4°C for 5 minutes
at a time. Retained protein near the crevice of the membrane was resuspended by gently
pipetting after each spin. When the volume had reduced to ~1500 pL, the retentate was
transferred to two 0.5 mL Amicon Ultra-0.5 microcentrifugal devices (10 kDa MWCO) and
concentrated further. Final retained proteins were removed by aspiration with a pipette and
pooled together. The final concentration of the protein complex was estimated by absorbance

at 280 nm, using a Nanodrop spectrophotometer.

4.3.8 Crystallization Screening
Preliminary screening for initial crystallization conditions was performed by sitting drop vapour

diffusion method using the high-throughput robotic crystallization facility at OPPF-UK, Research
Complex at Harwell. The Nuclear Receptor (Billas et al., 2001), PACT Premier (Newman et al.,
2005), JCSG+ (Newman et al., 2005) and Proplex screens (all Molecular Dimensions) were used
to test several different buffers, salts and precipitants at different concentrations and pH values
to identify potential conditions for crystal growth. Screening was carried out at 2 different ratios
in 96 well Crystal Quick X plates, using 200 nL droplets consisting of, either 100 nL protein and
100 nL well solution, or 50 nL protein with 150 nL well solution. The reservoir solutions were
dispensed by a Hydra 96 robot (Robbins Scientific) and small volume droplets, by a Mosquito
LCP robot (TTP labtech) at 54% humidity; the plates were transported for droplet visualization

at regular intervals using automated systems. All crystallizations were set up and stored at 295K.

Regions of interest were identified and plates were scanned in 2 um grids over these regions at
the VMXi beamline (A= 0.95A), which collects data in situ, without the need to harvest crystals

from the plate or manipulate the plates in any way.
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4.3.9 Densitometry

Densitometry to quantify expression and purification of different bands was carried out using
Imagel software (NIH, Maryland, USA). Gel images scanned and saved using the Image Scanner
IIl Gel Scanner (GE Healthcare) were uploaded into the Image J software. After selecting the
relevant bands, peaks were plotted corresponding to the respective intensity of the band.

Quantification was carried out by the automatic measurement of the area under each peak.
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4.4 Results

4.4.1 High Throughput Cloning and Small-Scale Expression Screens

4.4.1.1 Rational Construct Design
The NR1H4 gene encoding the canonical isoform 1(+) of FXR (Uniprot Q96RI1-3) was synthesised

by GenScript (Piscataway, NJ, USA) and codon optimized for expression in E. coli systems.
Multiple constructs were designed that contained different domains of the full-length FXR
protein in various vectors (pOPIN suite, OPPF-UK), each expressing a different fusion tag,
maximising the chances of soluble expression (Table 4. 1, Appendix 3). To design these novel
constructs, the Pfam protein families database was used alongside the results from the
structure prediction tool, IntFOLD (Figure 3. 2), for the previously undescribed structures of the
N-terminal domain and DBD of FXR. As expected, the Pfam results, which are generated by
aligning the primary protein sequence with previously determined domain families, suggested
a C-terminal nuclear receptor LBD (303-486aa, PF00104) connected via a hinge region to a more
central zinc finger containing domain (150-219aa, PF00105). The N-terminal domain, again, did
not match any common folding motifs and was predicted to be highly disordered. The amino
acid sequence of the proposed domains also were submitted to the ExPASy ProtParam tool
(Gasteiger et al., 2005), for the prediction of chemical and physical parameters of each
respective region, and to the SEquence-based CRystalizability EvaluaTor (SECRET) online tool
(Smialowski et al., 2006), to predict if the final protein of interest is likely to crystallize. Results
suggested that the FXR LBD constructs should yield soluble protein that is able to crystallize,
whereas the other domains were less likely to do so. The predicted domain boundaries of the
N-terminal region and DBD, as well as the protein parameter prediction tools, allowed
constructs to be designed to include the most appropriate amino acid residues, which could

yield a folded, stable protein structure.

Table 4. 1 List of constructs designed for expression of FXR domains with different fusion tags.

Construct . . . Expected
Insert (amino acid Expression
No. (Well pOPIN Vector . Molecular
. residues) Product .
position) Weight (kDa)
Al pOPINE Full Length FXR (1-486) Full FXR-KHise 56
B1 pOPINF Full Length FXR (1-486) Hise-3C-Full FXR 56
Hiss-SUMO-3C-Full | 67
C1 pOPINS3C Full Length FXR (1-486) EXR
Hiss-HALO7-3C-Full | 88
D1 pOPINHALO7 Full Length FXR (1-486) R
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Hiss-GST-3C-Full 81
E1l pOPINJ Full Length FXR (1-486)
FXR

DNA and Ligand Binding . 41
F1 pOPINE . DBD+LBD-KHise

Domain (134-483)

DNA and Ligand Binding . 41
G1 pOPINF . Hiss-3C-DBD+LBD

Domain (134-483)

DNA and Ligand Binding Hise-SUMO-3C- 52
H1 pOPINS3C .

Domain (134-483) DBD+LBD

DNA and Ligand Binding Hise-HALO7-3C- 73
A2 pOPINHALO7 .

Domain (134-483) DBD+LBD

DNA and Ligand Binding Hise-GST-3C- 66
B2 pOPINJ .

Domain (134-483) DBD+LBD

Ligand Binding Domain . 29
Cc2 pOPINE LBD-KHise

(240-483)

Ligand Binding Domain . 29
D2 pOPINF Hiss-3C-LBD

(240-483)

Ligand Binding Domain . 40
E2 pOPINS3C Hiss-SUMO-3C-LBD

(240-483)

Ligand Binding Domain . 54
F2 pOPINJ Hise-GST-3C-LBD

(240-483)
G2 pOPINE N-terminal region (1-136) | N region-KHises 16

N -terminal region (1- . . 16
H2 pOPINF Hise-3C-N region

136)

N -terminal region (1- Hise-SUMO-3C-N 27
A3 pOPINS3C .

136) region

N -terminal region (1- Hise-GST-3C-N 41
B3 pOPINJ ;

136) region

N -terminal and DNA N region+DBD- | 29
C3 pOPINE Lo . .

binding domain (1-239) KHise

N -terminal and DNA Hise-3C-N 29
D3 pOPINF - . .

binding domain (1-239) region+DBD

N -terminal and DNA Hise-SUMO-3C-N 40
E3 pOPINS3C Lo . .

binding domain (1-239) region+DBD

N -terminal and DNA Hise-HALO7-3C-N 61
F3 pOPINHALO7 o . .

binding domain (1-239) region+DBD

N -terminal and DNA Hise-GST-3C-N 54
G3 pOPINJ o . .

binding domain (1-239) region+DBD
H3 pOPINE-3C-eGFP - GFP (+ve control) 27

* Where Hiss is 6 histidine residue tag (1kDa), 3C is a 3C protease cleavage site, SUMO is a solubility tag
(12kDa), HALO7 is a fluorophore labelling and purification tag (33kDa) and GST is a glutathione tag
(26kDa).

4.4.1.2 Cloning
For each construct, insert DNA corresponding to the respective domain, was amplified from the

full length NR1H4 gene that had been synthesised by Genscript (Piscataway, NJ, USA). The

primers used (Appendix 1), were not only complementary to the insert gene, but also contained
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a 15 bp overlap complementary to their respective vector, in order to facilitate cloning by the
In-Fusion® method. Successfully amplified PCR products were purified from both template DNA
and reaction reagents, followed by their insertion into their appropriate, linearized vectors. The
In-Fusion reaction mixtures were subsequently used for transformations into a cloning-grade E.
coli strain, OmniMaxll (Invitrogen) and tested for successful target gene insertion by blue/white
screening. The a-complementation mechanism underlying blue/white screening, results in the
presence of white colonies that contain a successfully rejoined vector and insert, due to the
prevention of a functional B-galactosidase enzyme being formed; blue colonies contain a vector
that was not efficiently linearised and therefore not recombinant. Around 90-100% of colonies
were expected to be white (Berrow et al., 2009), and due to the highly efficient In-Fusion

method, white clones were indeed predominant for each construct.

Colonies for each construct were then used to inoculate LB and small scale (1 mL) cultures were
grown in a 96-well format. After sufficient growth overnight, cultures were harvested, and the
recombinant construct plasmids extracted from their host E. coli cells by plasmid mini
preparation. Final constructs were re-verified by PCR screening, utilizing a vector specific and
insert specific primer. Visualisation of the amplicons on an agarose gel revealed the presence
of a single, dominant product in every lane except for those corresponding to constructs A2 and
D2, which had multiple bands (Figure 4. 2). Colonies were re-picked for the A2 and D2 constructs
and the verification process was repeated. All amplicon sizes were as expected, suggesting the
successful insertion of the target DNA into the appropriate vector.

Figure 4. 2 High throughput PCR verification

1 1 F 1 G 1 H 1 of cloned constructs. PCR products run on a
1 R — 1.5% agarose, 1xTAE gel. Lane 1 of each row
is the molecular weight marker, Hyperladder
(1kb) and 1kb position indicated. Rest of

_ 2 BZ C2 D2 E2 F2 GZ H2 lanes labelled with their construct number.

L= T - T -
A3 B3 C3 D3 E3 F3 G3H3

4.4.1.3 Protein Expression and Purification
The highly specialised and robotic technology at OPPF-UK (Research Complex at Harwell)

allowed these constructs to be quickly and conveniently transformed into two different

engineered E. coli strains, Lemo 21(DE3) and Rosetta 2(DE3) placl, and expression was tested
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using two different regimes, either growth on Power Broth with induction by the addition of
IPTG, or growth on auto-induction medium. Following expression, proteins were purified by Ni-
NTA column purification, and analysis of which constructs and conditions favoured expression
was facilitated by SDS-PAGE (Figure 4. 3). The results indicated that Rosetta (DE3) appeared to
be the more successful strain at expressing the desired proteins (Figure 4. 3B and D). However,
constructs A2 and C2-H2, appeared not to have expressed any proteins in Lemo cells for either
induction regime, suggesting that there was an error in the original transformations of these
constructs into the expression host, rather than reflecting failure of the expression conditions.
Regardless of expression strain and induction conditions, the full length FXR, N-terminal region,
and N-terminal domain linked to the DBD did not appear to express easily, as only non-specific
and low molecular weight bands, suggesting proteolysis and cleaved fusion tags, are seen in
these lanes (A1-E1, G2-G3, Figure 4. 3). It is possible that these protein constructs are expressed,
but insoluble and further work would need to be carried out to determine this and to optimise
expression. Meanwhile, the LBD appears to have been successfully expressed in Rosetta 2 (DE3)
cells under both induction conditions, as designated by the red arrows, with the N- and C-
terminally Hise-tagged variants (constructs D2 and C2) displaying highest levels of expression
(Figure 4. 3B and D, lanes C2 and D2). The screen also suggested that the DBD, when linked to
the LBD, may also be expressed, albeit at low levels. In both Lemo 21 (DE3) and Rosetta 2 (DE3)
cells, various constructs containing the DNA-LBD insert, display a detectable band at the size
expected for this construct, also designated by red arrows; these bands do not correspond to
the sizes of those suspected to be degraded proteins or cleaved fusion tags (Figure 4. 3B, C and

D, lanes F1-H1 and B2).
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Figure 4. 3 SDS-PAGE Analysis of Ni2+-NTA purified proteins from constructs expressed in A) Lemo 21 (DE3), grown in Power broth and induced with IPTG, B) Rosetta (DE3),
grown in power broth and induced with IPTG, C) Lemo 21 (DE3), grown and induced in Autoinduction medium, D) Rosetta 2 (DE3), grown and induced in Autoinduction
medium. Lane labels refer to construct number. Expected band sizes (kDa) for constructs: A1, B1- 56; C1- 67; D1- 88; E1- 81; F1, G1- 41; H1- 52; A2- 73; B2- 66, C2, D2- 29, E2-
40; F2- 54; G2, H2- 16; A3- 27; B3- 41; C3, D3- 29; E3- 40; F3- 61; G3- 54, H3- 27. Constructs A1-E1 express full length FXR, F1-B2 express the FXR DBD+LBD, C2-F2 express the
FXR LBD, G2-B3 express the FXR N-terminal and €3-G3 express the FXR N-terminal + DBD. Construct H3 was the positive control, expressing a 27kDa protein. Small red arrows
indicate potential target protein expression. Proteins separated on a 4-12% NuPAGE Bis-Tris gel (Invitrogen) and stained with Quick Coomassie (Generon).
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4.4.2 Scale-up and Yield Optimization
With the aim of solving the structure of the FXR LBD in complex with lead compounds, Jed441

and Jed561, work was directed towards obtaining a highly concentrated, soluble, homogenous
sample of FXR LBD sufficient for crystallization. Due to the highly flexible nature of the C-
terminal helix 12, and its importance in determining receptor activation, the N-terminally Hise-
tagged variant, construct D2 (pOPINF-FXRLBD), was used henceforth. Using the D2 construct
that had been transformed into the Rosetta (DE3), cultures were initially scaled up to 500 mL
volumes, and target protein expression was induced by the manual addition of 0.5 mM IPTG.
Cells were harvested following ~16 hours incubation at 25°C post-induction. Rosetta cells were
lysed by sonification and purified on a Ni-NTA column (as described in Chapter 2, section 2.4.2).
During purification of the Hise-FXR LBD target, it was quickly identified that the amount of
protein generated from this scale culture, would not be adequate (less than 1 mg of protein/L
culture). The chromatogram produced during this purification did not contain a peak, as
expected, for the elution of proteins from the column; instead plateaued at around 350 milli-
absorbance units (mAU), which likely represented the presence of high concentrations of
imidazole. Furthermore, although there was a band at the appropriate size (29kDa) on the SDS-
PAGE gel, this protein was not significantly more distinct than the other non-specific bands

(Figure 4. 4).
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Figure 4. 4 Scale up and purification of FXR-LBD. Expression in 500mL Rosetta (DE3) cultures, induction
by 0.5mM IPTG, lysis by sonication and purification by Ni-NTA column. (A) IMAC purification
chromatogram displaying UV (280nm) absorbance (blue trace) in mAU. (B) SDS-PAGE of purification
fractions separated on a 4-12% Bis-Tris NuPAGE gel (Invitrogen) and stained with Quick Coomassie
(Generon). Target protein indicated by red arrow.
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In addition to the simple scale up of the E. coli cultures, other factors affecting the yield of
purified protein obtained also were investigated. These included the concentration of IPTG, the
temperature and incubation time post-induction, and the lysis procedure. Following
optimization, a final protocol was established whereby 4 L cultures were induced with 0.7 mM
IPTG and then incubated at ~18°C for 20 hours. Cells were harvested and stored at -80°C for at
least 2 hours. Cells were then thawed, initially lysed in buffers containing 0.5 mg lysozyme per
mL lysate, and subsequently lysed using a cell homogenizer (Stanstead Fluid Power). This
protocol generated significantly increased amounts of target protein, which was observed by
the 2000 mAU peak on the IMAC purification chromatogram, and by the corresponding thick
~29 kDa band on the SDS PAGE gel (Figure 4. 5). The use of the nanodrop spectrometer to
measure the concentration of this purified protein fraction (also accounting for the extinction
coefficient estimated by the ProParam tool), determined that an approximate total of 56 mg of
purified protein had been produced from 4 L of cell culture. This concentration should be
sufficient for the setup of crystallization screens, however, the presence of non-specific
proteins, imidazole and high salts in this fraction, meant that additional purification steps were

required.
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Figure 4. 5 Further scale up and purification of FXR-LBD. Expression in 4L Rosetta (DE3) cultures, induction
by 0.7mM IPTG, lysis by cell disruption and purification by Ni-NTA column. (A) IMAC purification
chromatogram displaying UV (280nm) absorbance (blue trace) in mAU. (B) SDS-PAGE of purification
fractions separated on a 4-12% Bis-Tris NuPAGE gel (Invitrogen) and stained with Quick Coomassie
(Generon). Target protein indicated by red arrow.
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4.4.3 Removal of Contaminants
For the preparation of crystallization-grade protein samples, purification by size exclusion

chromatography (SEC) was applied, following IMAC purification. The cross-linked agarose resin
facilitates the separation of proteins according to their size. Pre-equilibration of the column,
using standards of known molecular weights (Sigma), indicated that carbonic anhydrase, which
is a 29kDa protein, eluted off the column at a retention volume of 235 mL. The application of
the IMAC purified Hiss-FXR LBD sample to the SEC column resulted in one wide, symmetrical
peak between 210 and 230 mLs, and one shouldered peak at 320 mL. Whilst the shouldered
peak likely corresponded to imidazole and other salts being eluted after one total column
volume of buffer, verification of the fractions collected between 210 and 230 mLs by SDS PAGE,
confirmed that this peak corresponded to the 29kDa Hise-FXR LBD (Figure 4. 6). However, it also
showed that, due to their similar sizes, purification by SEC was unable to separate contaminant
proteins from the target; although at a lower intensity, these bands appeared in every lane with
the Hisg-FXR LBD, indicating that the peak seen on the chromatogram was actually a
conglomerate of multiple single peaks. Even when the flow rate was decreased, complete

resolution of a single band was not achieved.

In a further endeavour to separate the co-purified bands from the suspected Hisg-FXR LBD,
purification by ion exchange chromatography was attempted. The isoelectric point (pl) of Hise-
FXR LBD was estimated to be 5.9, and so at the working pH of 7.8, the protein was expected to
have an overall net negative net charge, allowing it to bind to the positively charged anion
column matrix, whilst other, less negative proteins were expected to flow through the column
unbound. The addition of increasing concentrations of salt to the column causes the
competitive binding of the negative salt ions present in the buffer, to the electrically charged
exchangers covalently bound to the resin, displacing any bound proteins. However, separation
of the non-specific proteins by anion exchange was unsuccessful. Dialysis of the Hise-FXR LBD
into an appropriate starting buffer with a low salt concentration often resulted in the
precipitation of the protein, and losses to the overall protein yield. However, when higher salt
concentrations were used, although precipitation was prevented, the increased salt ions in the
buffer interfered with the electrostatic interactions between the target protein and the column,
resulting in insufficient binding of the protein and the subsequent presence of Hisg-FXR LBD in
the flow through (Figure 4. 7B), again resulting in losses to the overall protein yield. The salt-
gradient elution of proteins from the column produced 4 merged peaks (Figure 4. 7A). SDS-
PAGE analysis of these peaks revealed that all contained the target protein, but all fractions also

contained the contaminant proteins.
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It was initially thought that the non-specific bands seen in purified Hise-FXR LBD samples were
products of the degradation or cleavage of the target protein. In order to determine this, the
elution fraction following an IMAC purification of Hise-FXR LBD, was incubated at room
temperature over a 4 day period, with samples taken at regular intervals. Analysis of these
samples on a SDS-PAGE gel showed that, whilst some of the higher molecular weight
polypeptide bands ‘disappear’ over time, indicative of degradation, the presence of the target
protein was detected across the entire time course measured (Figure 4. 8). Moreover, the
staining intensity of the band remained unchanged, suggesting that the protein was relatively
stable. The low molecular weight doublets were observed in the very first sample, and no
unique bands were introduced at later time points, suggesting that these non-specific bands in

fact were not degradation products.
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Figure 4. 6 Size Exclusion Chromatography of Hiss -FXR LBD. Purifications were carried out on a HiLOAD
26/600 Superdex 200 prep grade column. Sample was loaded using a 5mL injection loop and flow rate set
to 1mL/min for 1.5CV with 2ml fractions collected. (A) SEC purification chromatogram displaying UV
(280nm) absorbance (blue trace) in mAU. (B) SDS-PAGE of SEC purification fractions (210-228mL)
separated on a 4-12% Bis-Tris NuPAGE gel (Invitrogen) and stained with Quick Coomassie (Generon).
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Figure 4. 7 Anion exchange chromatography of Hise-
FXR LBD. Following dialysis into a low salt start
buffer, Hiss—FXR LBD was filtered and loaded on to a
ImL HIiTRAPQ column. Unbound proteins were
washed off with low salt buffer and bound proteins
were eluted with increasing concentrations of NadCl,
up to 1IM. (A) AEC purification chromatogram
displaying UV (280nm) absorbance (blue trace) in
mAU, programed salt gradient (green) and the actual
changes in conductivity (brown). (B) SDS-PAGE of AEC
purification fractions separated on a 4-12% Bis-Tris
NuPAGE gel (Invitrogen) and stained with Quick
Coomassie (Generon).
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Figure 4. 8 SDS PAGE analysis of protein degradation. 1 day post-purification, an IMAC elution fraction
was incubated at room temperature and samples taken at regular time intervals to observe any changes
in protein profiles. Proteins were separated on a 4-12% Bis-Tris NuPAGE gel (Invitrogen) and stained with
Quick Coomassie (Generon). Target protein indicated by red arrow.

4.4.4 Challenges with Protein Precipitation
A reoccurring challenge with the Hise-FXR LBD protein, was its tendency to precipitate. Time-

dependent precipitation occurred when the protein was stored at room temperature or 4°C for
more than 15 hours, despite the fact that all buffers used were at pH values deemed to be
sufficiently different from the pl. The FXR LBD contained 2 surface exposed free cysteines,
however, this precipitation phenomenon was not corrected even in the presence of 10%
glycerol and 1 mM dithiothreitol (DTT), which acts to reduce free monothiols, preventing non-
native disulphide bond formation. Procedures, such as dialysis into low salt concentration (less
than 150 mM sodium chloride) buffers, exacerbated the precipitation. Likewise, when trying to
concentrate the protein by itself in a centrifugal spin column, it was prone to precipitation, even
in after small reductions in solvent volume, and in concentrations as low as 2.5 mg/mL protein.
Several different centrifugal devices with different membranes and surface areas were tested,
and the temperature at which the concentration was carried out was also varied. Although
precipitation was still observed in all procedures, the percentage of total protein lost, was less

when using the Amicon Ultra devices (Merck), and when the concentration procedure was
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employed at 4°C. Furthermore, it was observed that the most effective way to stabilise the

protein and prevent precipitation, was to add a ligand prior to its concentration.

4.4.5 Design of a New Construct
Although expression of the His6-FXR LBD was initially easy and straightforward, a significant

bottleneck occurred in the large scale production and purification of the protein, with several
challenges being presented. At best, 5 mg/mL of Hiss-FXR LBD complexed with OCA was
achieved, and despite showing promising results in initial pre-crystallization trials, designed to
indicate optimal protein concentrations for crystallization screening, screens with the Nuclear
Receptor LBD (Billas et al., 2001) and the PACT premier screen (Newman et al., 2005), but did

not yield any crystals.

The initial D2 construct was designed to express several residues of the flexible hinge region in
addition to the defined LBD of FXR. It was later thought that the inclusion of these flexible
residues in the recombinant protein may be inhibiting the formation of ordered protein
molecules required for crystal formation. As such, a new construct was designed to only include
the more rigid LBD, starting at residues directly before the first alpha helix. Similarly to the group
at Roche Pharmaceutical Research Centre, who were able to publish 36 high-resolution
structures of the FXR LBD (Gaieb et al., 2018), the new construct was designed to also include
two surface mutations, E291A and E364A to reduce surface entropy of the protein. The
sequence encoding the doubly mutated FXR LBD (258-486aa) was synthesized and subcloned
by GenScript (Piscataway, NJ, USA), and inserted into the pET15b vector between the Ndel and
Xhol restriction sites, as to lie directly downstream of the Hisgtag. In addition to the production
of an N-terminally Hise tagged fusion protein, the pET15b vector was chosen due to the
presence of a thrombin recognition sequence between the tag and the cloning site, which also

provided the additional possibility of Hiss tag removal.

4.4.6 Protein Expression and Purification of the New Hisg-FXR LBD Mutant
As with the previous construct, expression and purification of the new mutant protein (Hiss-FXR

LBDmut1), needed optimization. Again, large scale cultures (>4L) were required for high protein
yields, and the optimal conditions established previously, were utilized for the expression of
this new protein mutant. In addition to these variables, one of the biggest factors contributing
to the amount of protein produced was the E. coli host strain being used for the expression.
Comparisons between IMAC purifications of Hise-FXR LBDmut1, from either Rosetta (DE3) pLysS
cells or the parental strain BL21 (DE3) pLysS, revealed that despite identical culture conditions,
significantly more target protein was expressed in the Rosetta cells (Figure 4. 9). Chromatogram

traces of the IMAC purification of Hise-FXR LBDmutl from these strains revealed that, although
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the peak intensities of the unbound proteins (flow through) were very similar (~3000 mAU),
purification from Rosetta cells produced an elution peak of approximately 1000 mAU, whereas
the elution peak from purifications of BL21 was only 500 mAU (Figure 4. 9A and B). These
differences were confirmed spectrophotometrically, where absorbance measurements on a
Nanodrop and subsequent concentration determination indicated that 4 L of Rosetta cells
produced an approximate total of 2.5 g of total proteins, whilst 4 L of BL21 cells produced 2.48
g of total proteins. However, measurements of the purified target protein showed that
overexpression in Rosetta cells produced approximately 78 mg, whereas BL21 cells only yielded
28 mg. Comparison of the purification fractions on a SDS-PAGE gel showed a dense, thick
~29 kDa band in all of the fractions from the Rosetta cells (Figure 4. 9C). And although it
indicates that some of the protein was not sufficiently released during the lysis step, and that
some of the target protein may have been lost in in the flow through, the Hiss-FXR LBDmut1 is
being overexpressed in this strain, and is the predominant species in the eluted purified
fraction. BL21 cells on the other hand, did not significantly overexpress the target protein and
the band in the elution fraction was less intense. Furthermore, although both gels revealed the
presence of non-specific bands in the purified product, proteins eluted from lysed BL21 cells
contain certain 20 kDa and 25 kDa non-specific proteins (green and purple arrows), which

appear to be more dominant than the target Hise-FXR LBDmut1 (Figure 4. 9C).

Even with the new construct, the problems of non-specific protein aggregation persisted.
Despite the higher yields of target protein, IMAC purification was not able to separate the target
protein from other non-specific binding proteins, even when a cobalt-based TALON column was
used (results not shown). Once again, SEC was used in an attempt to separate the associated
proteins. Even when setting the flow rate to 0.5 mL/min (a 5-fold reduction in the flow rate
recommended by the manufacturer (GE Healthcare)), resolution was not improved. The
chromatogram from the SEC purification displayed a peak near the void volume of the column
(100 mL) (Figure 4. 10). Analysis of this peak on an SDS-PAGE gel identified the presence of some
target protein in addition to some other protein bands, suggesting that some of the protein had
likely aggregated and, having no access to the resin, caused it to flow straight through the
column. Analysis of the second peak eluted showed that, in addition to the target protein, co-
purified, contaminant proteins were present on the in each fraction, with the unknown 20 kDA

and 25 kDa species being most prevalent.
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Figure 4. 9 Comparisons between expression and purification of His -FXR LBDmut1 in Rosetta (DE3)
pLysS and BL21 (DE3) pLysS. IMAC purification chromatogram of cells purified from (A) Rosetta (DE3)
pLysS cells and (B) BL21 (DE3) pLysS cells, displaying UV (280nm) absorbance (blue trace) in mAU,
conductivity (orange trace) and programmed 30-100% imidazole gradient (green trace). (C) SDS-PAGE of
purification fractions separated on a 4-12% Bis-Tris NuPAGE gel (Invitrogen) and stained with Quick
Coomassie (Generon). Target protein indicated by red arrow, and predominant non-specific proteins
indicated by green and purple arrows.
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Figure 4. 10 Size Exclusion Chromatography of His6 -FXR LBDmut1. Purifications were carried out on a
HIiLOAD 26/600 Superdex 200 prep grade column. Sample was loaded using a 5mL injection loop and flow
rate set to 0.5mL/min for 1.5CV with 2mL fractions collected. (A) SEC purification chromatogram
displaying UV (280nm) absorbance (blue trace) in mAU, and conductivity (orange trace) (B) SDS-PAGE of
SEC purification fractions separated on a 4-12% Bis-Tris NuPAGE gel (Invitrogen) and stained with Quick
Coomassie (Generon).

Due to the consistent presence of these unknown proteins, and the difficulty in removing them,
it was imperative that these proteins be identified. The polypeptide bands were extracted from

the polyacrylamide gel and sent for sequence analysis by nano-scale liquid chromatographic
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tandem and matrix-assisted laser desorption/ionization mass spectrometry (Mass
Spectrometry and Proteomics Facility, St. Andrews University, UK). Results identified peaks in
the 20 kDa protein that matched with the native E.coli protein, FKBP-type peptidyl-prolyl cis-
trans isomerase, SlyD, whilst the 25kDa band was determined to be an E.coli variant of cAMP

regulatory protein, CRP.

SlyD and CRP are both common contaminants in IMAC purifications of recombinant proteins
heterologously expressed in E. coli, and both have been reported to interact with metal ion
affinity columns (Bolanos-Garcia and Davies, 2006). Consequently, an extra thrombin cleavage
step was added subsequent to initial IMAC purification, with the hopes that a secondary IMAC
purification with the cleaved FXR LBDmut1, would result in the unbound target protein flowing

through the column, leaving the contaminant proteins attached.

To test the conditions that were most optimal for thrombin cleavage and complete Hise-tag
removal, a sample of IMAC purified Hise-FXR LBDmutl was used to set up reactions with high
grade purity, human thrombin at approximately 10 units per mg protein, and incubated at either
room temperature or 4°C. Aliquots were taken at various time intervals and proteins were
immediately mixed with 4xLaemmli sample buffer and denatured at 95°C, to stop the cleavage
reaction. After 22 hours, thrombin was inactivated by the addition of 100 mM PMSF. SDS-PAGE
analysis of the time point aliquots demonstrated a small, band shift in the target protein, from
just above, to just below the 30 kDa marker, indicating cleavage of the ~1 kDa Hise tag. Results
showed that cleavage had occurred by 2 hours into the reaction, although the sample at this
time point contained a mixture of both Hisg tag-bound and unbound FXR LBDmut1 (Figure 4.
11). The most efficient cleavage was observed after 22 hours, however, the sample was not
completely homogeneous, and 2 low molecular weight proteins between 15 and 20 kDa had
been introduced. Nonetheless, results suggested that the cleavage reaction was slightly more

successful when carried out at room temperature as opposed to 4°C.

A final purification protocol was established, whereby following lysis by cell pressure
homogenization, Hise-FXR LBDmut1 was purified from the total protein content of the lysate by
an initial IMAC. The purified Hise-FXR LBDmut1 was then incubated with thrombin for 22 hours
at 4°C, and then subjected to an additional purification by IMAC. When this procedure was
applied, and the secondary IMAC fractions run on an SDS-PAGE gel, the flow through fractions,
which were now expected to contain the purified, cleaved FXR LBDmutl, showed that multiple
proteins were still being co-eluted with the target protein (Figure 4. 12B). The fourth fraction of

the flow through contained the least contaminating bands, however, the amount of FXR
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LBDmutl was also reduced in this fraction. Meanwhile, fractions containing the proteins that
had bound to the IMAC column, and were eluted by the addition of imidazole, displayed a
modest amount of target protein that had not been cleaved and had adhered to the column, in
addition to some FXR LBDmut1, which appeared to have had its Hisg tag successfully removed.
Nonetheless, the prevalent bands in these IMAC elution fractions corresponded to the non-
specific proteins, suggesting that a significant proportion had been purified from the cleaved

FXR LBDmut1.

A final SEC purification was employed to separate the FXR LBDmutl from high salt
concentrations, residual thrombin, and remaining contaminant proteins. The size exclusion
chromatogram again identified a peak shortly after the void volume at ~115 mL (Figure 4. 13A).
Again, this peak contained a small amount of target protein, and because its retention volume
was exactly half that of the monomeric target protein (~230 mL), this again suggested that some
of the protein was perhaps dimerizing and flowing through the column much easier and at a
faster rate. The second peak, containing the target protein, showed that the FXR LBDmut1 was
not completely free of contamination (Figure 4. 13B). However, densitometry analysis, using
Image J software, identified that the ratio of target protein to contaminants was slightly better
subsequent to thrombin cleavage (Figure 4. 13B), compared to when the procedure was not
included (Figure 4. 10B). Consequently, as the target protein was indeed the major component,

these samples were progressed to concentration and crystallization screening procedures.
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Figure 4. 12 Thrombin cleavage and secondary purification of FXR LBDmutl. IMAC purified Hiss -FXR was incubated with thrombin (10U/mg protein) for 22 hours at 4°C.
Cleaved FXR LBDmutl was separated from contaminants by an additional IMAC purification. (A) IMAC purification chromatogram displaying UV (280nm) absorbance (blue
trace) in mAU, conductivity (orange trace) and programmed salt concentration gradient for elution (green) (B) SDS-PAGE of initial IMAC purified protein sample (not cleaved),
thrombin cleavage reaction, and purification fractions separated on a 4-12% Bis-Tris NuPAGE gel (Invitrogen) and stained with Quick Coomassie (Generon). Cleaved target
protein was expected in the flow through (FT) fractions. Tagged and cleaved FXR LBDmut1 indicated by red arrows.
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Figure 4. 13 Final SEC purification of cleaved FXR LBDmut1. Following the second IMAC purification to
remove the majority of non-specific proteins, SEC was applied as a final step before concentration. (A)
SEC purification chromatogram displaying UV (280nm) absorbance (blue trace) in mAU, and conductivity
(orange trace). (B) SDS-PAGE of purification fractions separated on a 4-12% Bis-Tris NuPAGE gel
(Invitrogen) and stained with Quick Coomassie (Generon).

4.4.7 Concentration and Crystallization of FXR LBDmut1
Following the optimized purification of FXR LBDmutl, SEC fractions were pooled and the

concentration of pooled protein determined to be approximately 0.22 mg/mL (4.4 mg in 20 mL
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total). In order to stabilise the protein, ligand was added to the dilute protein. Initially, lead
compound, Jed441 was added alone, but after trials with this complex did not yield any crystals,
further protein was mixed with Jed561, as well as the coactivator peptide SRC2-2. In order to
fully saturate the protein, ligand compounds dissolved in 100% DMSO were added at a 12x
molar concentration to the FXR LBD, and the SRC2-2 peptide, which had been dissolved in
water, also was added at a 12x molar concentration. The protein-ligand-coactivator mixture
was incubated at 4°C overnight to allow complex formation. Following incubation, the 20 mL
protein sample was split between two 15 mL centrifugal concentration devices with a 10 kDa
MWCO point. As a precautionary measure, concentration was carried out by centrifugation for
5 minutes at a time, with intermittent pipetting of the retentate, to prevent an extreme
concentration gradient, which could lead to precipitation. When the volume of the solution had
reduced to ~1500 uL, the protein was removed from the filter and the concentration checked
by nanodrop. The concentration was approximately 2.5 mg/mL, which with a 13-fold reduction
in solvent volume, indicating that very little protein had been lost. The protein solution was
transferred to two 500 pL centrifugal devices, again with a 10 kDa MWCO. The solution was
added 250 pL at a time to each column and spun with intermittent pipetting. Concentration was
halted when the volume in each device was approximately 75 plL and the retentate had started
to turn a yellowish colour. The solutions were pooled and total concentration measured to be

approximately 24 mg/mL (in 150 puL).

Following concentration, crystallization trials were set up for the FXR LBDmut1-Jed561-SRC2-2
complex using a sitting drop format in Crystal Quick X2 plates. The NR LBD, JCSG+, PACT premier
and Proplex screens were used to maximise the chances of identifying optimal crystallization
conditions. Drops were also set up using two different protein:buffer ratios, 1:1 and 1:3, and
plates incubated at 20°C. Objects started to appear in crystallization screens by 8 days post set
up. One condition (0.1 M Bis-Tris propane pH 8.5, 0.2 M sodium acetate, 20% PEG3350)
produced a slightly birefringent object seen in Figure 4. 14A, which appeared by day 5 and grew
larger in appearance by day 13. Another condition (0.1 M PIPES pH 7, 0. 2M sodium thiocyanate,
1.6 M ammonium sulphate) produced several little spherulite-like droplets (Figure 4. 14B).
Whereas several other conditions produced a non-amorphous precipitate, which eventually
grew into small clusters of microcrystalline precipitate like that seen in Figure 4. 14C and D.
Overall, conditions that were most promising or favoured microcrystals included a buffer
between pH 6 and 8, a sodium or magnesium salt, and a mid-high molecular weight

polyethylene glycol (PEG, 3350-8000).
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Data was collected at the variable, microfocus VMXi beamline (Diamond Light Source) which is
dedicated to the automatic, in situ screening of plates and was designed for the rapid
assessment of potential microcrystalline hits. Grid scanning of regions of interest, however, did
not identify any diffraction quality crystals in any of the wells, and no discernible protein

diffraction spots were seen (Figure 4. 15).
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Figure 4. 14 Objects produced in crystallization screens of FXR LBD complexed with Jed561 and SRC2-2.
(A) Birefringent globular object seen in well conditions 0.1 M Bis-Tris propane pH8.5, 0.2 M sodium acetate
and 20% PEG3350. (B) Spherulite-like objects (indicated by red arrows) seen in well conditions 0.1M PIPES
pH7, 0.2M sodium thiocynate, 1.6M ammonium sulphate. (C) Precipitate clusters seen in well condition
0.1M PIPES pH7, 0.2M magnesium chloride and 12% PEG8000. (D) Crystalline precipitate clusters seen in
well conditions 0.1M MOPs pH7.5, 0.1M magnesium acetate, 12% PEG8000.
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Figure 4. 15 Example of diffraction image observed from in situ plate screening on VMXi beamline. Any
spots seen are present in all images and are likely to be background noise.

4.5 Discussion

4.5.1 High Throughput Expression Screening of FXR Domains

A high throughput screening approach was employed to find out the likelihood of recombinant
FXR expression in E. coli cells. Large amounts of purified protein are required for crystallization,
and due to its fast growth kinetics, high cell density, and well established transformation and
culturing conditions, E. coli is the preferential host organism for the simple and easy production
of target protein (Rosano and Ceccarelli, 2014). In all previous NR domain structural studies,
including the FXR LBD, the heterologous expression of recombinant protein was carried out
using E. coli systems (Mi et al. 2003; Bass et al. 2011; Xu et al. 2013), suggesting that it is an
appropriate starting platform to use for current work. Nevertheless, a contingency strategy was
employed by using the pOPIN vector suite, which allows for parallel screening in multiple

expression hosts (Rada, 2017), in the event that expression was not achieved in bacterial cells.
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Presently, there is nothing in the literature to suggest that the full-length FXR protein has been
expressed or its 3D structure determined. However, to further the understanding of the full-
length receptor, including its DNA binding function, the DBD also needed to be cloned and
expressed in addition to the LBD. As such, multiple constructs were designed encoding different
domain combinations fused to different affinity tags, and the high throughput expression
screens allowed the quick and easy identification of which domains could be readily expressed
in E. coli, in a soluble form, and without the need for alternative expression hosts or significant

optimization.

Results identified that the full-length FXR protein could not be easily expressed in this host,
although the possibility that it forms inclusion bodies was not explored. This aligns with the
traditional view of full length NRs, that they are hard to express in the soluble form, and require
truncation for improved yields (Mossakowska, 1998). Previous attempts to express full length
VDR and androgen receptor (AR), resulted in low yields, and most of the protein was identified
in the insoluble fraction (Rennie et al., 1993; Hsieh et al., 1995). Although Chandra and
colleagues did not report their ability to express full length PPARy and HNF4aq, attempts to
crystallize these full length proteins were futile (Chandra et al., 2008, 2013). Inclusion bodies
are often formed due to the extreme workload and simplistic machinery in E. coli cells, which,
as a result of the lack of eukaryotic chaperones or post-translational modifications, lead to
unfolded or partially folded proteins. It is possible that to produce soluble forms of this full
length eukaryotic FXR protein, much ‘gentler’ induction regimes, or expression in a eukaryotic

host is needed.

Nonetheless, screening identified that the DBD-LBD could be expressed in E. coli, when fused
to a SUMO or GST tag. Although not carried out here, optimization of the induction conditions,
may help to produce improved vyields of this protein. Currently, there are no published
structures of the FXR DBD-LBD, and by determining the structure of these linked domains, it will
not only help to elucidate ligand binding mechanisms, but it will also help to determine
important DNA binding interactions too. Structural studies of the FXR DBD-LBD may even help
to uncover inter-domain cross talk and allosteric signalling, where observations can be made
regarding any changes in DNA binding interactions in response to different ligands occupying
the binding pocket or coactivators interacting with the LBD surface, as previously proposed

(Meijer et al., 2019).

High throughput expression screens identified that the FXR LBD could be expressed, with the

best yields arising from constructs that encoded the domain fused to a simple 6xHistidine
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residue tag, at either the N- or C-terminus (construct C2 and D2). The Hise tag is ideal because
it can facilitate the purification of the protein, yet its small size is unlikely to significantly
interfere with the tertiary structure of the protein and, in most cases, it does not prohibit crystal
formation. Construct D2, encoding the N-terminally tagged variant was chosen for future work
due to the fact that the C-terminus of the domain comprises the AF2, whose conformation
determines ligand specific transactivation by changing the accessibility of coactivator binding
sites. Although for X-ray crystallography, dynamic changes of the AF2 will not be seen, the
conformation of helix 12 will be important for the structure determined, particularly when the
receptor is co-crystallized with a ligand and coregulator. Therefore, it was postulated that the

C-terminal His-tag may interfere or block the coactivator binding site.

4.5.2 Yield Optimization

A major bottleneck in obtaining the 10 mg/mL concentrations of FXRLBD required for
crystallization was in gaining a sufficient amount of target protein from E. coli cells, right from
the start. Visual inspection of the SDS-PAGE gels of proteins purified during the initial high
throughput expression screens, indicated that Rosetta (DE3) cells produced a slightly higher
yield of overall proteins (Figure 4. 3). Later studies, comparing expression of the new construct,
FXR LBDmutl, in Rosetta (DE3) and the parent BL21(DE3) strain, indicated that significantly
higher yields of the target protein could be achieved in Rosetta cells (Figure 4. 9). Rosetta cells
are derived from BL21 (DE3) but contain an additional plasmid that can express rare codons,
which are not normally used in E. coli, although may be important for the translation of
eukaryotic proteins. The original gene sequences were codon optimized before synthesis to
minimize codon usage bias, but expression in the Rosetta strain may help to supplement the
tRNA pool, allowing complete synthesis of the target sequence, and the availability of rare
codons has been described as a major determinant of protein yields (Rosano and Ceccarelli,

2014).

Initial 500 mL Rosetta (DE3) cultures did not yield a large amount of protein, resulting in the
lack of a chromatogram peak following the elution of Hise-FXR LBD during the Ni-NTA
purification (Figure 4. 4). Although analysis by SDS-PAGE identified a 29 kDa band in the purified
fraction, indicative of the Hise-FXR LBD, this band was not significantly thicker or more dense
than the non-specific proteins, suggesting that the culture conditions did not favour its
overexpression compared to other proteins. In addition, the presence of multiple, smudged

bands in the insoluble cell pellet suggested the potential insufficient lysis of the cells.
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Hise-FXR LBD yields were improved by changing several factors. One of the main changes that
lead to improved yields was the simple scale up of culture volumes. By merely increasing the
size of the cultures, there is an increase in biomass, which ultimately means that there are
proportionally more cells producing the Hise-FXR LBD, and previous groups working on the FXR
LBD have reported using large scale cultures in batches in excess of 3-6 L (Akwabi-Ameyaw et

al., 2011; Lu et al., 2018).

Other parameters that were optimized were the concentration of IPTG and the conditions
following induction of protein expression. IPTG is a lactose-mimic that triggers the downstream
expression of T7 RNA polymerase, which ultimately is responsible for the overexpression of
recombinant proteins (Rosano and Ceccarelli, 2014). By fine-tuning the IPTG concentration, it is
possible to maximise the transcription of the target protein, whilst minimising the extreme
burden on the cells, which could lead to inclusion body formation. Likewise, by lowering the
temperature after induction with IPTG, protein production is slowed, allowing time for the

proteins to be properly folded, increasing the likelihood of soluble expression.

Although important factors, changes to IPTG concentration and culture conditions did not
significantly influence Hise-FXR LBD yield. However, the lysis method employed was observed
to have a notable effect on the amount of protein obtained in the soluble fraction, and thus,
the amount of target protein that was purified. Optimal conditions aim to maximise cell lysis
and the amount of recombinant protein that is obtained, whilst minimizing the oxidation and
degradation of that protein. The most common methods include lysis by freeze-thawing cycles
and the addition of lysozyme, or mechanical lysis by high-pressure homogenization or
sonication. Purification methods from cells lysed by sonication, lead to suboptimal yields of
protein. Sonication itself isn’t detrimental to proteins, but the heat generated by sonication can
denature proteins. Although all samples were sonicated on ice, it is possible that the proteins
nearest the probe may have been subject to overheating and degradation, therefore, resulting
in losses. Furthermore, for large cell cultures (>4 L), the difficulty in maintaining temperatures
and the lengthy time period required for sonication to achieve adequate lysis, made other
methods such as cell disruption far more favourable. The final method of freeze-thawing the
cell pellet, adding lysozyme to the lysis buffers, and passing the protein through high pressure

cell homogenizer lead to significantly increased target protein yields (Figure 4. 5).

Although improved yields of soluble FXR LBD were achieved here, NRs have been associated
with solubility issues (Mossakowska, 1998). A key requirement in obtaining enough protein for

the structural studies of the androgen receptor, progesterone receptor, and glucocorticoid
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receptor, was the co-expression of these proteins with their cognate ligands (Hassell et al.,

2006).

4.5.3 Purity Optimization
In addition to a high concentration, a high purity (>90%) and homogeneity of target proteins is

also required for crystallization (McPherson, 1991). Another challenge faced, was in
substantially purifying the Hise-FXR LBD, so that contaminant proteins were efficiently removed.
The 20-25 kDa proteins that were consistently seen to co-elute with Hise-FXR LBD in purification
fractions, were not due to the degradation of this protein, as SDS-PAGE gels showed that there
were no changes to the Hiss-FXR LBD band size or intensity, and there were no proteins that
were ‘introduced’ at any later time point. Thus, the Hisg-FXR LBD appeared to be stable over 4

days at room temperature (Figure 4. 8).

The non-specific proteins were later identified as E. coli contaminants, SlyD (20 kDa) and CRP
(25 kDa). IMAC purification columns utilize a chelator to bind and immobilize divalent metal
ions to the column resin. These metal ions, in turn, form coordination bonds with histidine
residues, allowing target proteins with multiple histidines to be easily separated from the rest.
However, proteins such as SlyD are frequently found to contaminate IMAC purified samples due
to their short clusters of histidine and cysteine residues, which have been observed to have a
high affinities for nickel and cobalt ions in particular (Parsy et al., 2007). Whilst the CRP protein
is not significantly histidine rich, nor a known metal binding protein, it contains 3 surface
exposed histidine residues, which may also act to sequester metal ions; CRP is another common
recurring contaminant identified in previous IMAC purification studies (Bolanos-Garcia and
Davies, 2006). The His- tag like nature of these proteins explain why these particular proteins
could not be completely separated from the Hisg-FXR LBD on neither a nickel nor cobalt based
column. Furthermore, it explains why the addition of high salt concentrations and glycerol
(which should prevent the electrostatic and hydrophobic interactions between non specific
proteins and the column) was not sufficient to prevent these proteins from binding. To
circumvent this contamination with native E. coli proteins, it is possible to use a fusion protein
with a longer polyhistidine tag. The addition of Hisg or Hisip to the FXR LBD may increase the
binding efficiency of the target protein to a Ni?*-NTA column, but longer histidine tags have
been associated with solubility issues in some classes of proteins (Woestenenk et al., 2004).
Another solution is to use an E. coli expression host that has been engineered to express
background proteins at a lower level or that expresses histidine-null forms of common

contaminants (Andersen et al., 2013). Hise-FXR LBD expression initiated in the low background
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strain E. coli (LOBSTR), but this host produced low yields of Hise-FXR LBD (not shown), and the

specific requirements for culturing this strain were harder to produce on a large scale.

Instead, an approach was taken to try to remove the contaminant proteins by other forms of
chromatography. Size exclusion chromatography was carried out, using a HiLoad 16/600
Superdex 200 prep grade column. Equilibration of the column, using the gel filtration protein
standards (Sigma), determined that a 29 kDa protein would have a retention volume of
approximately 235 mL. Application of the Hiss-FXR LBD to the SEC column was consistently
recovered as a wide, ~20 mL peak with an apex between 220 and 230 mLs. Despite the
symmetrical peak acquired on the chromatogram, which usually indicates a homogenous
sample, analysis by SDS-PAGE showed that SEC was unable to fully separate the target from
contaminant proteins, as non-specific bands were present in every fraction at an extent
proportional to that of Hise-FXR LBD. Size exclusion separates proteins and molecules according
to their molecular weight, by passing them through a packed bed column, where a porous
matrix allows smaller molecules to diffuse into the pores, delaying their travel through the
column, whereas bigger molecules, which cannot enter the pores, instead flow straight through.
The isocratic elution procedure separates molecules in one column volume of buffer. Even after
attempts to improve the resolution of the target protein, by using an appropriate sample
volume less than 2% of the total column volume, and by significantly reducing the flow rate to
allow complete partitioning between the stationary and mobile phases, complete separation of
the proteins could not be achieved. The HiLOAD column used, contains a Superdex agarose-
dextran medium, which is deemed suitable for the fractionation of proteins between 10 kDa
and 600 kDa (O’Fagain et al., 2017). Although this particle size can separate monomers from
aggregated proteins at a high resolution, it is possible that the 29 kDa Hise-FXR LBD and 20-25
kDa contaminant proteins are too similar in size to be separated by this medium. As such, a
column packed with the Superdex 75 prep grade medium, which can fractionate small proteins

between 3 kDa and 70 kDa, may be more appropriate.

Removal of the contaminant proteins also was attempted by separation on an anion exchange
column, which has a higher resolving power than SEC (Graslund et al., 2008). lon exchange
chromatography is capable of separating proteins that have very minor differences in their
overall surface charge. Despite their molecular weights, the Hiss-FXR LBD and contaminant
proteins, would have different amino acid compositions, which result in different pl values. By
exploiting their differences in affinity to a charged resin column, ion exchange chromatography
should be able to separate different proteins. Hisg-FXR LBD has a pl of 5.9, hence an anion

exchange column was used, at a buffer pH of 7.8, which allows the negatively charged Hise-FXR
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LBD molecules to interact with the positively charged, ammonium ion HiTrapQ resin. However,
a pre-requisite of the method is that the start buffer contains a very low concentration of salt,
which sees to maximise the chances of protein-column interactions. When the IMAC purified
Hise-FXR LBD was exchanged to a low salt concentration, the protein began to precipitate.
Precipitation in low salt concentrations has been well observed, and, although poorly
rationalised, high ionic strengths are recognised to maintain the solubility and stability of
recombinant proteins (Graslund et al., 2008). A challenge arose in trying to determine a salt
concentration low enough to prevent interactions with the anion exchange column, but high
enough to maintain soluble forms of the Hisg-FXR LBD protein. Eventually, when AEC was
applied, it produced poorly resolved, overlapping peaks. When the fractionated peaks were
separated on an SDS-PAGE gel, it was seen that a substantial amount of protein was lost in the
flow through, likely due to insufficient initial binding to the column, due to interferences from
the numerous CI" ions present in the start buffer. Furthermore, each peak again contained a

mixture of both the target protein and non-specific proteins (Figure 4.7).

After the discovery that the contaminating bands were due to the co-elution of target protein
with histidine rich E.coli proteins, it was anticipated that Hiss tag cleavage and subsequent
additional IMAC purification would facilitate the separation of these associated proteins. The
initial thrombin cleavage tests (Figure 4. 11) sought to identify the most optimal conditions for
maximum cleavage conditions, while minimising the non-specific cleavage and degradation of
the protein. The thrombin used was from human plasma and was the highest purity grade
available from Sigma. Although less abundant, and therefore more expensive than thrombin
from bovine plasma, the human variant was used as it is deemed to be the most site-specific
and free from secondary proteases. As recommended, 10 units of the endoprotease were used
per mg protein, and although the optimum incubation temperature for thrombin cleavage has
been determined as 45°C (Waugh, 2011), reactions were compared at room temperature (22°C)
and 4°C, to identify which conditions could result in efficient cleavage, whilst maintaining a
stable target protein. Results showed that complete cleavage could not be obtained in any of
the reaction conditions tested. This may have resulted from suboptimal salt concentrations, (1
M is recommended (Waugh, 2011)), the inclusion of the reducing agent, DTT, in the buffer (it
has been shown to inhibit thrombin activity (Waugh, 2011)), or due to the reaction not being
given sufficient time to complete (some methods suggest a 2-4 day incubation (Hefti et al.,
2001). However, cleavage was most efficient after incubation for 22 hours at room
temperature, as this lane displayed the slight band shift taken to indicate Hisg tag removal. This

fraction also contained the faintest band representing the higher molecular weight tagged FXR
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LBD. However, separated proteins from the reaction incubated for 22 hours at room
temperature, also contained 2 bands between 15 and 20kDa. These bands were more
prominent than those seen in the other conditions, and with the possibility that these might
represent non-specific cleavage, future methods were carried out at 4°C. Furthermore,
although not completely efficient, cleavage reactions were not extended beyond 22 hours due

to concerns of non-specific cleavage and FXR LBD stability.

Despite the measures taken with Hiss tag removal, a secondary IMAC purification subsequent
to thrombin incubation, was still not able to fully separate contaminant proteins from the FXR
LBD (Figure 4. 12). Although cleavage was incomplete, very little target protein remained bound
to the Ni*-NTA column and the majority of FXR LBD was recovered in the flow through.
Nonetheless, subsequent purification by SEC and analysis by SDS-PAGE, suggested that some of
the FXR-LBD could be dimerizing (Figure 4. 13). An initial peak was seen at approximately 115 mL
on the chromatogram, exactly half the retention volume for the monomeric FXR LBD. When run
on a gel, this fraction certainly contained small amounts of target protein. Furthermore, when
fractions pertaining to the target protein peak were analysed by SDS-PAGE, again it was seen
that contamination by the low molecular weight non-specific proteins persisted. In a natural
cellular context FXR has been shown to homodimerize, or heterodimerize with partner receptor
RXR (Forman et al., 1995), and recent structural data have shown that heterodimerization is
achieved through interaction interfaces on helices 7,9 and 11 of the RXR and FXR LBD (Wang et
al., 2018). The RXR LBD was predicted to be 26 kDa by the ProtParam tool (Expasy server). It is
possible that in the absence of RXR, the FXR-LBD is dimerizing with small, non-specific proteins
as a substitute. While this sample of FXR LBD was used to see if crystals would form, regardless
of its heterogenous nature, future studies may need to consider the approach of co-expressing
the FXR LBD along with the RXR LBD, as achieved by Wang et al. (2018). Although the majority
of groups have successfully expressed and purified the FXR LBD by itself, the cistronic co-
expression of the RXR and other NR LBDs, under a single promoter, has reportedly improved
the solubility of certain NR LBDs, and RXR has been proposed to act similarly to a chaperone
protein, assisting the correct folding of the target receptor (Mossakowska, 1998). Furthermore,
an added benefit of determining the FXR LBD/ RXR LBD dimeric structure, would be in furthering
the understanding of the structural basis for interactions between the two receptors, and

identifying any potential structural changes as a result of ligand binding.

4.5.4 Preventing Protein Precipitation
Another important proviso for crystallization of proteins is being able to achieve a high

concentration of macromolecules, without the formation of aggregates or precipitate
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(McPherson and Gavira, 2014). Unfortunately, initial constructs of the Hise-FXR LBD, were
particularly associated with time-dependant precipitation, which, as previously discussed, was
accelerated in buffers with low salt concentrations. This time-dependant precipitation was
noted in previous work with the FXR LBD (Soisson et al., 2008), and the propensity of NRs to
aggregate has been attributed to their largely hydrophobic surfaces (Mossakowska, 1998). It is
possible that in this case, the FXR LBD may be slightly unfolded, exposing their interior
hydrophobic pockets which then promote aggregation with exposed hydrophobic regions on
other molecules. However, the addition of 10% (v/v) glycerol, a stabilizing osmolyte, which is
thought to act as an amphiphilic interface between the hydrophobic surface and polar solvent
molecules (Vagenende et al., 2009), was not able to ameliorate the aggregation. Although other
methods, such as the addition of polar amino acids, like arginine, to the solution have been

suggested to inhibit precipitation (Graslund et al., 2008), these were not investigated.

Another potential cause of protein precipitation was the oxidation of thiol containing residues.
The initial Hise-FXR LBD construct contained two free, surface exposed cysteine residues in the
C-terminal of LBD and an additional cysteine in the extra N-terminal hinge region residues. It is
possible that the oxidation of cysteine’s sulfhydryl group, and the subsequent formation of
disulphide bonds with other cysteine molecules, is causing the proteins to aggregate. The
reducing agent DTT can interact with disulphide bonds and forms a stable oxidise product. To
prevent precipitation by thiol interactions, DTT was added to the protein solution shortly after
purification from the Ni-NTA column. Initial studies included DTT in the gel filtration buffers, but
due to the short half-life of DTT, later purification procedures added a freshly made aliquot
directly to the protein solution, to a final 1 mM concentration. Although, the addition of
reducing agents greatly minimized precipitation in work described here, a previous group used
an additional alkylation step with iodoacetamide to covalently bind to the free thiol groups of
the FXR LBD, preventing the reformation of disulphide bonds (Soisson et al., 2008). Similarly,
other groups chose to mitigate the problem entirely, by using a variant of the FXR LBD that had
its free cysteine residues mutated to glutamate, glutamine or lysine residues (Wang et al.,

2018).

Although the new FXR LBD mutant used in later studies, did not include mutations of the free
cysteine residues, removal of the hinge region residues, was sufficient to create a noticeably
more stable protein, which was less prone to precipitation. It is possible that the flexible or
partly folded hinge region residues promoted the amorphous aggregation of proteins. Together
with the addition of DTT, the addition of the ligand, with or without the addition of the

coactivator, significantly increased the stability and solubility of the FXR LBD. Occupancy of the
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hydrophobic pocket may have prevented hydrophobic interactions with other proteins. And, by
addressing the possibility of aggregation due to surface exposed cysteine residues, the FXR
LBDmutl-ligand complexes were concentrated to levels not achieved with the initial FXR LBD.
Furthermore, the method adopted for concentrating the complex by centrifuging for just 5
minutes at a time, with protein resuspension between each spin, allowed the protein to be
concentrated gradually. Previous attempts at concentrating the FXR-LBD, using long
centrifugation times, often resulted in precipitate building up in the crevice of the filter, on the
surface of the membrane. It is thought that large reductions in the solvent volume relatively
quickly, could create a concentration polarization gradient, whereby the protein molecules
accumulate towards the bottom of the retentate and at the surface of the filter membrane,
where they can interact with each other and aggregate. This occurrence was minimised by
separating the sample between two devices, increasing the surface area of the filter membrane
and reducing the likelihood of concentration gradient formation. Concentration in this manner

typically led to an 80-90% recovery of protein.

4.5.5 Crystallization
Protein crystallization involves numerous combinations of variables, but can often result in a

low yield of crystals with sufficient quality to solve structures (McPherson et al., 1995). A single
condition can include a combination of a precipitant, pH-dependent buffer and an additive; to
date, there are hundreds of different crystallization reagents, making up millions of unique
combinations. Several commercially available screens, using random or methodical
combinations of predefined reagents have been developed to aid the identification of optimal
conditions. For early crystallization trials, using the initial variant of the Hise-FXR LBD, the NR
LBD screen, tailored specifically towards the crystallization of flexible LBDs, and the PACT
premier screen, one of the most effective systematic screens available, were used (Billas et al.,
2001; Newman et al., 2005). Despite screening these 192 different reagent combinations, no
crystals were obtained. It is very likely that the formation of crystals was restricted due to the

low protein concentration (~5 mg/mL) derived from the early purifications.

Whilst purification conditions were being optimized, a group at Roche Pharmaceutical Research
centre, were able to publish a series high-resolution structures of the FXR LBD (Gaieb et al.,
2018). Inspection of these structures highlighted two mutations of surface glutamate residues
to alanine residues. These mutations were reported to make the proteins more crystallisable
(Gaieb et al., 2018). By the principles of surface entropy reduction, it is thought that certain
residues with high intrinsic conformational entropy, such as glutamate, can impede the

nucleation and crystallization of proteins, by increasing the energy required to stabilise or order
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their side chains at the point of crystal contacts (Cooper et al., 2007). Accordingly, it is suggested
that by engineering proteins to remove or reduce these surface residues, it may be possible to
promote crystallization (Cooper et al., 2007). The FXR LBD contains two regions of glutamate
clusters, and due to the previous success of the Roche group’s glutamate-alanine mutations, a
new construct was designed to incorporate these mutations also. Furthermore, as discussed
earlier, the addition of the flexible hinge region residues in the former Hise-FXR LBD, also may

have contributed to the recalcitrant nature of this protein and its resistance to crystallization.

Following purification of the new FXR LBDmutl, a completely homogenous sample of target
protein was not acquired. However, densitometry analysis identified a higher proportion of
target protein compared to contaminant proteins, than previous purification runs, and although
unlikely, it is still possibly that a moderately heterogeneous sample can form crystals, when the
protein of interest is the major component. Crystallization trials were set up from ~10 mg/mL
FXR-LBDmutl complexed with Jed441, using the aforementioned screens, and additionally the
JCSG+ screen, which uses a more ‘shotgun’, random approach to its component matrix, and the
Proplex screen, which has been formulated for crystallization of protein complexes.
Crystallization drops were set up at two different ratios of protein:buffer condition for
optimization purposes. However, screens with this FXR LBD-Jed441 complex did not produce
any crystals and most of the drops remained clear, indicating a suboptimal protein
concentration. Moreover, although many NR LBDs have been crystallised without a coactivator
peptide, fluorescence anisotropy analysis has revealed that, in some cases, crystallization is
negatively correlated with helix 12 flexibility, and it’s thought that the addition of a coactivator

peptide can help to stabilize this helix, thus promoting crystallization (Nahoum et al., 2008).

A second round of crystallization screens was attempted, again using the FXR LBDmut1, this
time complexed with lead compound, Jed561, and coactivator peptide SRC2-2, which was
identified to have the highest affinity for the FXR LBD (shown in Chapter 5). Concentrations of
24 mg/mL were achieved with this complex, and again each condition was set up in two
different ratios. Subsequent drops contained birefringent objects, microcrystals, and non-
amorphous precipitates. A birefringent globular object was seen in a well with conditions 0.1 M
Bis-Tris propane pH 8.5, 0.2 M sodium acetate and 20% PEG3350. Although crystals don’t
usually feature curved edges, several previous studies have documented crystallization of the
FXR LBD using 20-25% PEG3350 as a precipitant (Soisson et al., 2008; Akwabi-Ameyaw et al.,
2011; Bass et al., 2011; Gaieb et al., 2018). On the other hand, crystallization with PEG3350 may
be coincidental as PEG3350 is one of the most commonly used reagents in crystallization

studies, and the same protein displays very different reagent preferences based on the ligand
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that it is complexed with (McPherson and Cudney, 2014; Kirkwood et al., 2015). Some of the
drops contained precipitated protein, suggesting that the concentration of the protein was
potentially too high and would not favour nucleation. However, many of the drops contained
non-amorphous precipitate, with random patterns and localized clusters, which are often
precursors to spherulites or crystals (Bergfors, 2009). The appearance of spherulites in some of
the drops, suggested that these conditions could be optimized, or the spherulites used as seeds

in new trials.

A ‘large’ crystal is no longer a necessity to obtain high resolution diffraction data, and the
development of microfocus beamlines, such as the VMXi at Diamond Light Source, allow for
diffraction data to be collected in situ from microcrystals (Sanchez-Weatherby et al., 2019).
Regions of interest were screened at the VMXi beamline for diffraction. Unfortunately, none of
the drops screened produced any reflection spots, suggesting that these protein molecules
were not in a uniform, periodic arrangement, as indicative of the reinforced diffraction from

multiple parallel planes of atoms in crystals.

4.5.6 Conclusion
Due to its superior ability to consistently produce high resolution structures, MX was the

method of choice for determining the structure of FXR. The atomic level detail provided by
crystallographic structures is sufficient for identifying specific residues involved in either DNA
or ligand binding and, as such, the method provides an excellent means for the validation of
proposed ligand binding mechanisms, identified by in silico molecular docking. In addition, the
structures obtained could provide scope for further engagement of the ligand binding pocket,
or insight into selective modulation of the receptor, ultimately leading to the expansion of the

compound library.

The results presented herein highlighted that heterologous expression of the full length FXR
protein would not be easily achieved using an E. coli host, and other methods may be needed
to acquire enough protein for structure determination by crystallography. The results did raise
the possibility of expression of the DBD in conjunction with the LBD in bacterial cells, although
it is possible that these protein domains may also be associated with problems surrounding the
procurement of a highly pure and soluble product, and co-expression with the respective RXR

domains may be required, as seen with other NRs (Chandra et al., 2013; Lou et al., 2014).

Unfortunately, in this work, structure determination of the FXR LBD in complex with top
candidate, novel ligands could not be achieved by MX. Work, however, identified and

highlighted several challenges associated with the expression, purification and crystallization of
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this protein, which were not documented in previous publications of the FXR LBD. Whilst the
majority of FXR LBD — ligand complex structures have been produced by industrial, or
pharmaceutical labs, the work presented here offers solutions for the large scale expression and
purification of the protein in an academic lab setting, without the capacity for large batch
fermentations, or automated purification processes. Whilst the FXR LBD is relatively easily
expressed in E. coli, yields can be increased by careful consideration of the strain used to
synthesize this eukaryotic protein, by significantly increasing the overall biomass of the host
cells, and by using lysis procedures that can facilitate the complete and rapid disintegration of
large scale cultures. The problem of contaminant proteins can be minimized or even removed
by more stringent wash processes during IMAC purifications, by thrombin cleavage of His-tags
and a second IMAC purification, or even by co-expression and purification with the partner
receptor, RXR. Unfortunately, contaminant E. coli proteins in this work, were of a similar size to
the target FXR LBD and the use of more sensitive SEC column resins may help to fully separate
these in the future. It was realised that time-dependent precipitation could be minimized by
the addition of reducing agents to the protein, and by stabilisation of the protein with the
addition of a ligand and cofactors, however, this problem can only be completely mitigated by
mutagenesis of surface-exposed cysteine residues. Together, these steps can help to achieve
sufficient homogenous protein for crystallization, but screens are still needed to determine the

unique conditions required for nucleation and crystal growth.

Although diffraction quality crystals were not obtained here, refinement of some of the
conditions that yielded microcrystals, may be able to produce higher quality crystals, and should
be investigated further. In the absence of a clear indication of which parameters are more
important for the crystallization of this complex, a systematic, incremental exploration of a
range of conditions may help. The limitation to this approach, is the substantial amount of
protein this would require, however, such a trial and error process can be overcome by the use
of some of the microcrystals and spherulites as ‘seeds’, which may help to accelerate the
formation and growth of new crystals. Microseeding takes advantage of the fact that
crystallization is a two-step process, involving nucleation and subsequent crystal growth. By
separating these two processes, the introduction of a submicroscopic crystal seed into a new
drop can bypass the kinetic energy barrier needed for spontaneous nucleation, and can allow
new crystals to form in a more dilute sample (Bergfors, 2003). The presence of microcrystalline

precipitate certainly allows for seed streaking to potentially be applied.

In the event that crystals of this complex are never obtained, other methods provide the

potential for ligand binding to the FXR LBD to be investigated, although to a different level of
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atomic detail. As mentioned previously, NMR provides the potential for dynamic movement of
the LBD helices to be studied. Historically, NR LBDs in complex with partial agonists, and
selective modulators, have been hard to crystallize, and NMR was the first method to provide a
glimpse into the dynamic mechanisms of partial agonism (Kojetin and Burris, 2013). The
conformational changes induced by Jed441 or Jed561, binding to the ligand binding pocket,
may be observed by NMR and may help to provide information about how these ligands
promote transactivation of the receptor. Furthermore, the use of hydrogen/deuterium
exchange (HDX) also has been used to complement other structural studies in the observations
of conformational changes upon ligand binding in the LBD (Kojetin and Burris, 2013). The
exchange of amide hydrogens to deuterium in proteins can be used to indicate changes in
hydrogen bonding capacities and can measure changes in solvent accessibility and
conformational dynamics. The experiment has been extensively used to compare the apo and
holo forms of several NRs (Kojetin and Burris, 2013), and it has been used in conjunction with
mass spectrometry to confirm the binding of novel prenylflavenoid ligands of FXR and to study
the mode of interaction of guggulsterone with the FXR LBD (Liping Yang et al., 2014; Yang et al.,
2016). Furthermore, HDX analyses can discriminate between differently graded agonists, and
HDX profiles have been used to predict tissue specificity in a number of selective oestrogen

receptor modulators (Dai et al., 2008).

MX can play a central role in understanding structure-function relationships, as well as the
minutiae of ligand, DNA and protein binding mechanisms. However, the technique can be
supplemented with additional information from other structural and biochemical techniques,
which provide relevant insight into the conformational features of a dynamic receptor such as
FXR. Whilst structure determination of the FXR LBD with top candidate ligands, Jed441 and
Jed561, can help to validate docking predictions, it’s important to remember that the accuracy
of the pose predictions does not determine the overall rank of the ligand. Ultimately, structural
biology must be used synergistically with a combination of other cellular and molecular
approaches to provide a complete picture of the complex mechanisms that arise from ligand

binding and subsequently lead to FXR activation and regulation of its target genes.
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Chapter 5.
Activity and Specificity of Lead
Compounds
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5.1 Introduction

FXR is a typical NR in both its structure and activation. NRs constitute a large family of ligand-
activated transcription factors that share a similar modular structure and are known to regulate
a plethora of vital processes involved in growth and development, cell differentiation and
proliferation, and the maintenance of homeostasis (Renaud and Moras, 2000). Their underlying
roles in the development of certain cancers and metabolic disorders, in addition to their ligand-
dependent activation, has lauded NRs as obvious, attractive drug targets; and it is estimated

that NRs represent 10-20% of global pharmaceutical targets (Ottow and Weinmann, 2008).

5.1.1 Nuclear Receptor Interactions with Coregulators
As established previously in Chapter 3, NRs have a highly modular architecture. The variable,

disordered N-terminal region is followed by a conserved DBD, responsible for the recognition
and binding of specific response elements on its target genes. The DBD is connected, via a
variable hinge region, to the LBD, which is also highly conserved. The LBD has been described
as the most functionally important domain, not only due to its ability to bind structurally diverse
small molecule ligands, but also due to the fact that it contains the ligand-dependant AF2, as
well as interaction surfaces for partner receptors and accessory coregulator proteins, which

tightly regulate the initiation or repression of gene expression (Meyer et al., 1989).

As described previously (Chapter 3), the LBD of NRs is made up of a 12 a-helix bundle whereby
ligand binding in the hydrophobic binding pocket triggers a mousetrap-like mechanism. It is
thought that the AF2, found on helix 12, is relatively mobile and flexible when the receptor is in
an unliganded state. Agonist binding inadvertently repositions the AF2 in a compact position
that precludes corepressor protein complexes and exposes interaction surfaces that have a high
affinity for coactivator proteins, facilitating their recruitment. Previous studies have
determined that this conserved AF2 helix is essential for the ligand-dependent transactivation
of the receptor; mutations along this helix do not alter ligand binding or receptor dimerization,
but hinder coactivator recruitment and the consequential transcriptional activation of target
genes (Durand et al., 1994). In addition to the AF2, a highly conserved lysine residue on helix 3
also was shown to be important in coactivator recruitment, and mutagenesis of this residue
ablates receptor activation (Feng et al., 1998). Together, helix 3 and helix 12, make the
hydrophobic binding groove that interacts with leucine rich pentapeptide LXXLL motifs (where
‘L’ denotes a leucine residue, and ‘X’ is used to represent any amino acid), christened ‘NR boxes’,

residing in distinct stretches of conserved sequences on the coactivator protein (Heery et al.,
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1997). Whilst these leucine residues arrange themselves to face inwards into the cleft, making
VdW interactions with hydrophobic sub pockets in the cleft of the NR, the lysine on helix 3 and
a conserved glutamate residue on helix 12, both form a charge clamp by making hydrogen
bonds with residues on the N’ and C’' termini of the coactivator main chain, anchoring it to the
surface of the LBD and stabilizing the interaction (Renaud and Moras, 2000). Figure 5. 1 depicts
the position of a steroid receptor coactivator (SRC2) peptide in the groove formed by helix 12

and helix 3 in the structure of FXR LBD (PDB:4QES6).

In the absence of an agonist, helix 12 is mobile and the extended position it adopts distorts the
AF2 moieties and does not promote the formation of the surface exposed LXXLL binding groove.
Likewise, antagonist binding does not support the structural reorganisation of helix 12 that is
required for coactivator recruitment. Instead, apo- and inhibitor-bound receptors repress gene
transcription by binding to corepressor protein complexes via interactions between a

hydrophobic binding site on the LBD surface, which overlaps the binding site responsible for

lII

coactivator recruitment, and an extended signature motif, LXX(I/H)IXXX(I/L) (where
represents isoleucine residues, and ‘H’ histidine residues), on the corepressor protein
(Rosenfeld et al., 2006). This extended binding motif, however, fits poorly into the hydrophobic
cleft created by agonist binding, and the inability of a charge clamp to form, forces the
corepressor protein to dissociate. The association between NRs, such as FXR, with coactivator
or corepressor proteins determines whether the epigenetic changes required for gene

transcription takes place or not.

Figure 5. 1 Coactivator
binding site on FXR LBD
(PDB:4QE6). A peptide of
motif 3 of the SRC2
coactivator (magenta) is
recruited to the binding
groove between helix 12
(vellow) and H3 (orange)
and the Leucine residues
(shown as sticks) interact
with hydrophobic residues
along this binding surface
(magenta). Meanwhile
Glutamate 467 on helix 12
and Lysine 303 on H3 form
a charge clamp between
the two ends of the
coactivator chain.
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5.1.2 Epigenetic Actions of Coregulators
Activation of gene transcription is dependent on the accessibility of target DNA, and the

assembly of the preinitiation complex (RNA polymerase and general transcription factors).
Under transcriptional silencing mechanisms, the highly ordered, condensed chromatin
structure presents a physical obstacle to this core transcriptional machinery. However,
coactivators induce the post-translational modifications responsible for chromatin remodelling
and thus the binding of RNA polymerase to the promoter region of target DNA, and by
mediating interactions with corepressor or coactivator complexes, NRs can act as a molecular

switch to regulate the transcription of target genes.

Coactivators can cause the post-translational modification of target proteins or undergo
modification themselves, acting as either molecular chaperones, histone modification enzymes,
chromatin remodellers or recruiters of other complexes that interact with basal transcriptional
machinery (Wolf et al., 2008). One of the main classes of coactivator families is the p160 family,
which includes Steroid Receptor Coactivator (SRC) 1, SRC2 and SRC3 (also known as Nuclear
receptor coactivator, NCOA1, NCOA2, NCOAS3, respectively). These possess intrinsic histone
acetyl transferase activity, whereby the lysine-specific acetylation of histone tails causes a
disruption to interactions between positively charged lysine side chains, and negatively charged
DNA bases. This in turn disrupts nucleosome packing, leading to the relaxation of chromatin,
thus making DNA more accessible to the preinitiation complex, resulting in more efficient gene
expression. The CREB Binding Protein (CBP) and its homolog, p300, have also been shown to
harbour histone acetyl transferase activity, however, it has been reported that it binds very
weakly to certain nuclear receptors and requires other coactivators, such as SRC1, in order for
recruitment to nuclear receptor-regulated promoters (Sheppard et al., 2001). Although it does
not possess intrinsic histone modifying enzymatic activity, and is thought to have minimal
transcriptional activity by itself, coactivators, such as peroxisome proliferator-activated
receptor-y coactivator alpha (PGCla), increase the affinity of certain transcription factors to
additional acetyl transferase-displaying coactivators, such as SRC1 and CBP, increasing their
transcriptional potential (Liang and Ward, 2006). As such, coactivators and other histone acetyl
transferases have been shown to work in large, metastable, multi-protein complexes, whose
composition is determined by the specific target DNA-binding sites and response elements
within a genomic region, the particular composition of coregulators produced in a given cell

type, and the physiological status of that cell type (Darimont et al., 1998).
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Conversely, the repression of gene transcription, is generally mediated by chromatin
condensation and the action of histone deacetyl transferases. It is the current view that
corepressors, such as nuclear corepressor 1 (NCOR1) and silencing mediator of retinoic acid and
thyroid hormone receptor (SMRT), act as both a platform to recruit multiple deacetyl
transferases, and as a core component for the catalytic activity needed to modify both histone
targets and other transcriptional regulators, such as p53 (Guenther et al., 2002). Furthermore,
it’s thought that nuclear corepressors can directly bind to transcriptional activators and inhibit

the assembly of transcriptionally active complexes (Aranda and Pascual, 2017).

In addition to the covalent modification of histones, other coactivators, such as thyroid
hormone activating protein (TRAP) or vitamin D receptor interacting proteins (DRIP), by virtue
of their LXXLL motifs, act to facilitate and enhance the function of other regulators, and are
thought to be essential for the activation of NR mediated gene expression. Specific subunits of
the TRAP complex, such as TRAP220, act as a bridge between ligand-activated NRs and their
coactivators, and RNA polymerase Il and other general members of the basal transcription

machinery (Pandey et al., 2005).

Similarly, nuclear receptor interacting protein (RIP140), has also been described to primarily act
as a scaffold between NRs and chromatin remodelling enzymes. However, RIP140’s regulatory
function is thought to alternate between activating and repressing mechanisms dependent on
the relative level of RIP140 in comparison with other coregulators, post translational
modifications, and interactions with other transcriptions factors (Chung, 2013). RIP140 is
thought to act as a corepressor in tissues involved in metabolism and energy expenditure, and
as a coactivator in cells involved in innate inflammation, highlighting the shifting roles

coregulators play in the tight epigenetic control of gene expression.
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Figure 5. 2 General model of ligand activated NR regulation of target gene transcription. Nuclear
receptors bind to response elements in the promoter of their target gene. Agonist mediated
conformational changes facilitate the parallel or sequential recruitment of coactivator proteins (orange)
which form large multi subunit complexes and cause the post translational modifications (red) of histone
tails, other coactivators and other transcription factors (purple). This leads to chromatin remodelling and
the assembly of the preinitiation complex at the promoter, ultimately leading to gene transcription. Apo
receptor structures do not adopt a conformation which is able to displace the corepressor complex, and
so histone deacetyltransferase enzymes covalently modify histone tails and recruit other transcriptional
repressors to prevent target gene transcription.

5.1.3 Specificity of Nuclear Receptor-Coregulator Interactions
The assembly of coactivator proteins into large complexes, with the multi-functionary ability to

affect various stages of the transcriptional process is, by definition, rate limiting in the activation
of NRs. The assembly of these multi-subunit complexes is subject to the cellular concentration,
localization, stability and protein-protein interactions of coactivators. These can often be
regulated by post translational modifications of the coactivator proteins as a result of
exogenous stimuli-derived signalling cascades (Aranda and Pascual, 2017). This strategy affords

a degree of specificity to NRs, whereby their specific molecular actions are determined by the
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cellular context and distributions of coactivator proteins; for example, a reduction in DRIP205
coactivator expression in HepG2 cells (by 50%) led to significant decreases in FXR-mediated
regulation of the kininogen gene (Torra et al., 2004). In addition, the physiological function of
progesterone receptor has been shown to be differentially mediated by SRC1 in the uterus, and
SRC3 in the breast, dependent on the protein stability of the coactivators (Han et al., 2006); and
the repressive actions of neuronal interacting factor X1 on NRs were limited to the brain by the
highly restricted, spatiotemporally-regulated expression patterns of the protein (Greiner et al.,

2000).

Furthermore, despite the fact that coactivators have the potential to interact with several
different NRs, it has been well documented that certain coactivators have relatively selective
preferences for specific groups of NRS; for example, Androgen Receptor associated protein 70
(ARA70), which displays specificity for the Androgen receptor (Yeh and Chang, 1996). This
specificity is thought to arise from differences in affinity of NRs for the residues immediately
flanking the ‘LXLL" motifs (Darimont et al., 1998). Moreover, the affinity for particular
coregulators may in part be defined by the structural conformation the receptor adopts as a
result of binding to different classes of ligand (Ozers et al., 2005; Han et al., 2006). Vitamin D
receptor was shown to differentially recruit either SRC1 or SRC2 depending of the ligand that
was bound (Takeyama et al., 1999). Similarly, different synthetic agonists of LXR were able to
recruit coactivators distinctly from one another and were associated with differential gene

expression (N. Li et al., 2017).

This promiscuous mechanism of NRs, whereby different ligands can differentially recruit specific
coactivators to exert its effects on particular groups of target genes does not exclude FXR. It has
been described previously that FXR can activate target genes in a tissue-specific manner,
thought to be mediated by tissue-specific patterns of coactivators or chromatin modifications
(Thomas et al., 2010). Moreover, a synthetic retinoid-derived compound was shown to exhibit
FXR antagonist properties in in vitro reporter assays, but displayed differential responses
dependent on the FXR-target gene in vivo (Dussault et al., 2003). By harnessing this interplay
between the receptor, ligand and coactivators, it may be possible to activate FXR in a gene-
specific fashion, enhancing desired effects without promoting the negative effects associated

with receptor activation.

5.1.4 Selective Modulation of Nuclear Receptors
Given the pleiotropic roles of NRs in a vast array of different tissues and organs, the clinical use

of synthetic ligands for these proteins are usually associated with unwanted side effects. There
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are countless examples where the clinical use of NR agonists is in decline due to their adverse
effects. The use of Peroxisome Proliferator-Activated Receptor-gamma (PPARy) agonists, such
as thiazolidinediones for the treatment for diabetes, has been reassessed due to their effects
promoting weight gain, congestive heart failure and bladder cancer, and ligands have been
developed for PPARy that exert post translational modifications of the receptor, independent
of classic transcriptional agonism (Choi et al., 2010; Cariou et al., 2012). Accordingly, recent
emphasis has shifted towards approaches based on selective receptor-coregulator interactions
to target the specific transcriptional responses that are different to those seen by prototypical

agonists.

5.2 Aims and Objectives

Whilst the use of in silico molecular docking and crystallographic structural studies provide
essential insight into potential mechanisms of ligand binding, these do not provide conclusive
information regarding the functional activation of the receptor. Published structures of the FXR
LBD represent discrete conformations of the domain, and as such, do not identify subtle
structural differences induced by different ligands, which may be sufficient to distinguish the
full and partial agonists. Likewise, other methods are required to fully establish whether these
novel ligands can induce the dynamic changes required for coactivator recruitment and thus

receptor activation.

The aim of this work was to identify whether the lead compounds, Jed441 and Jed561, were
bona fide ligands for FXR, in their ability to recruit LXXLL-containing coactivators. Perhaps more
so than agonising FXR, it is imperative that these compounds act as selective modulators of the
receptor and, as such, are able to mitigate some of the problems associated with global FXR
activation. With the ability of these compounds to occupy the allosteric binding pocket, in
addition to the canonical binding site (Chapter 3), a secondary aim was to determine whether
Jed441 and Jed561 were sufficiently structurally distinct, enabling them to orchestrate the
selective recruitment of coactivators to FXR, that they may potentially be able to propagate

responses specific to a certain clusters of target genes.
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5.3 Materials and Methods

5.3.1 LanthaScreen™ Assay (principle)
The LanthaScreen Time Resolved Fluorescence Resonance Energy Transfer (TR-FRET) FXR

Coactivator assay kit (Invitrogen) was used with slight modifications to the manufacturer’s
protocol. The assay involves the energy transfer from a donor fluorophore to an acceptor
fluorophore (Figure 5. 3). In this case, the fluorescent donor was the terbium-labelled anti GST
antibody (which indirectly labels a recombinant, GST-tagged FXR LBD protein), and the acceptor,
a fluorescein label on the coactivator peptide. When agonist bound FXR LBD changes
conformation, the increase in affinity for a coactivator peptide in the helix 12 binding groove,
and its subsequent recruitment, results in the close proximity between terbium and fluorescein.
When terbium is excited at 340 nm, it is capable of transferring energy to the fluorescein
acceptor, which in turn emits light at 520 nm, causing an emission shift from donor (495 nm) to
acceptor (520 nm) emission. This energy transfer can be detected by the increase in
fluorescence of the acceptor, fluorescein, and the decrease in fluorescence of the donor,
terbium, and can be expressed as a ratio of intensities between the two fluorophores (Figure 5.
3). The use of a ratiometric measurement minimises interference and signal quenching by test
samples. Furthermore, the use of time-resolved fluorescence utilizing the lanthanide element,
terbium, which has a delayed decay in signal, ensures a prolonged emission of fluorescence
beyond that of any autofluorescence, allowing the signal to be measured throughout a longer

interval and without the interference of background signals.

Agonist

Tb Anti GST Ab l

GST tagged FXR N
Fluorescin
labelled
peptide
Low FRET signal High FRET signal

Figure 5. 3 Principle of the FXR agonist coactivator peptide recruitment assay. Terbium (tb)-anti GST
antibody indirectly labels the FXR LBD by binding to the GST tag. Addition of an agonist causes the
conformational change that results in the increased affinity for the fluorescein labelled coactivator
peptide. Recruitment of the coactivator peptide to FXR LBD causes an increase in FRET signal due to the
close proximity of the fluorescent donor (Terbium) and acceptor (fluorescein).

5.3.2 Compound Affinity Assays

The assay was performed in 384-well, black, round bottom plates (Corning) using 20 ul reaction

mixtures per well. Initial assays used reaction mixture components to the final concentrations
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recommended in the manufacturer’s protocol; varying concentrations of ligand in DMSO (1%
(v/v) final concentration), 500 nM coregulatory peptide, 5 nM Terbium anti-GST antibody, 10
nM FXR LBD-GST. As recommended by the manufacturer, serial dilutions of each ligand were
prepared in DMSO at 4x the final concentration needed for the assay. Initial assays used a 12-
point, 3-fold serial dilution as per the example given in the manufacturer’s instructions, whereas
later assays utilized 5-point 10-fold dilutions to maximise the number of assays that could be
carried out with each kit. Serially diluted ligands were then mixed with an equal volume of
coregulator buffer G provided in the kit. A 10 pl aliquot of ligand was added to each well first,
however the coactivator/antibody/FXR LBD-GST solutions were premixed, also in coregulator
buffer G, before a single 10 ul aliquot was dispensed in each well. This was to minimise the time
taken to set up each reaction and to minimise the number of additions needed for each well.
Reactions were also carried out using DMSO alone (1% (v/v), without a ligand compound) to
identify any ligand-independent coactivator recruitment, and also without FXR LBD-GST to
provide an indication of autofluorescence and to provide an absolute bottom baseline for the
assay. Each reaction was replicated in 4 wells to account for technical variation, and the average
fluorescence readings were used. Each assay plate was run in triplicate with different batches
of FXR LBD protein, to account for any biological variation between different purifications of the

protein.

Plates were mixed briefly on a plate shaker and incubated at room temperature for 3 hours,
protected from light. After incubation, TR-FRET fluorescence was measured, as an endpoint
assay, using a FlexStation®3 Microplate reader (Molecular Devices) and an excitation
wavelength of 332 nm and, detection of terbium and fluorescein emission signals at 488 nm
and 518 nm, respectively. A 50 us delay time and 400 us integration was used, as recommended

in the LanthaScreen module by the FlexStation®3 manufacturers.

5.3.3 Coactivator Affinity Assays
For assays assessing the affinity of the coactivator peptide for ligand-bound FXR LBD, a total of

28 different coregulator peptides was used. These peptides were derived from known
coactivators and corepressors, and from similar sequences identified by random phage display
(Invitrogen). Peptides were purchased from Invitrogen and a list of their sequences can be
found in Table 5. 1. For these assays, a supersaturating final concentration, 10 uM, of ligand
was used. The FXR LBD-GST and anti-GST antibody concentrations remained the same as
previous assays, 10 nM and 5 nM, respectively. A 10-point, 2-fold serial dilution of coactivator
peptides was created by diluting the fluorescently labelled peptides in coregulator buffer G to

concentrations 4x that of the final assay. Again, reagents were premixed to minimise the
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number of additions to each well, and assays consisted of 4 replicate reactions, and 3

independent assays were used to determine average fluorescence. A 10 ul aliquot of ligand was

added to each well, and a 10 pl aliquot of premixed coactivator/antibody/FXR LBD-GST was

added. Plates were mixed by shaking and incubated at room temperature for 3 hours, protected

from light and fluorescence measured as described above.

Table 5. 1 Sequences of fluorescein-labelled coregulator peptides

Peptide ‘ Description ‘ Fluorescein-labelled Sequence
Members of the p160 steroid coactivator family
SRC1-1 Motif of SRC1 NR box 1 KYSQTSHKLVQLLTTTAEQQL
SRC1-2 Motif of SRC1 NR box 2 LTARHKILHRLLQEGSPSD
SRC1-3 Motif of SRC1 NR box 3 ESKDHQLLRYLLDKDEKDL
SRC1-4 Motif of SRC1 NR box 4 GPQTPQAQQKSLLQQLLTE
SRC2-1 Motif of SRC2 NR box 1 DSKGQTKLLQLLTTKSDOM
SRC2-2 Motif of SRC2 NR box 2 LKEKHKILHRLLQDSSSPV
SRC2-3 Motif of SRC2 NR box 3 KKKENALLRYLLDKDDTKD
SRC3-1 Motif of SRC3 NR box 1 ESKGHKKLLQLLTCSSDDR
SRC3-2 Motif of SRC3 NR box 2 LQEKHRILHKLLQNGNSPA
SRC3-3 Motif of SRC3 NR box 2 KKENNALLRYLLDRDDPSD
Other known coactivators
CBP-1 Motif 1 of CREB-binding protein AASKHKQLSELLRGGSGSS

TRAP220/DRIP-1

Motif 1 of Vitamin D Receptor
interacting proteins

KVSQNPILTSLLQITGNGG

Motif 2 of Vitamin D Receptor

TRAP220/DRIP-2 . ) . NTKNHPMLMNLLKDNPAQD

interacting proteins

RIP140 L6 Motif 6 of nuclear receptor SHQKVTLLQLLLGHKNEEN
interacting protein

RIP140 L8 Motif 8 of nuclear receptor SFSKNGLLSRLLRQNQDSY
interacting protein

PPAR y-specific coactivators
PGC1la PPAR gamma coactivator protein 1a | EAEEPSLLKKLLLAPANTQ

PRIP/RAP250

Motif of PPAR interacting protein

VTLTSPLLVNLLQSDISAG

Androgen Receptor preferring coactivators

Sequence from the N terminal of
Androgen receptor involved in a

(interactions with ER)

AR-N . . . . SKTYRGAFQNLFQSVREVI
ligand induced intradomain
interaction with LBD
ARA70 Motif of Androgen specific SRETSEKFKLLFQSYNVND
coactivator
Coactivator-like peptides from random phage display
Random phage display sequences
D22 (resembling RIP140, PGC1, DAX1, LPYEGSLLLKLLRAPVEEV
SHP)
33 Random phage display sequences HVEMHPLLMGLLMESQWGA
(resembling TRAP220, RIP140)
EABL Random phage display sequences SSNHQSSRLIELLSR
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Random phage display sequences

EA2 (interactions with ER)

SSKGVLWRMLAEPVSR

TB3 Random phage display sequences SSVASREWWVRELSR

Corepressor peptides

Motif 1 of the Silencing Mediator for

SMRT ID1 Retinoid and Thyroid Hormone GHQRVVTLAQHISEVITQDYTRH
Receptors (SMRT) corepressor

SMRT ID2 Motif 2 of the SMRT corepressor HASTNMGLEAIIRKALMGKYDQW

NCOR1 ID1 Motif 1 of Nuclear corepressor 1 RTHRLITLADHICQIITQDFARN

NCOR1 ID2 Motif 2 of Nuclear corepressor 1 NLGLEDIIRKALMG

* LXXLL motif shown in bold

5.3.4 TR-FRET Data Analysis

Data are shown as a TR-FRET ratio calculated by the signal at 518(520) nm/488(495) nm and
graphs were plotted by subtracting background fluorescence (signal detected with no ligand,
only DMSO in reaction mixture) from data. The data were fitted by non-linear regression, using
the four-parameter log-logistic model equation for sigmoidal dose response (variable slope) in
GraphPad Prism and ECso values also calculated automatically by GraphPad Prism (GraphPad
Software Inc., San Diego, CA, USA). The screening window coefficient, ‘the Z-factor’, used to
assess the precision and reliability of the assay performance, was calculated using data from
assays with the highest agonist concentration and assays without any agonist present,
according to Zhang et al (Zhang et al., 1999). The Z-factor was above the 0.5 threshold for all

assays and was taken to indicate that the assay was robust.
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5.4 Results

5.4.1 The Affinity of Lead Compounds for FXR
Coactivator recruitment assays were used to examine and quantitate the agonist-dependent

interactions between the GST-tagged FXR LBD and fluorescein-labelled coactivator peptides.
Seven ligands were tested in coactivator assays. Natural ligand, CDCA, semisynthetic ligand
OCA, non-steroidal competitor Tropifexor, and the compounds of interest, Jed441 and Jed561,
were tested for their ability to recruit different coactivator peptides. The non-fluorinated
derivative of Jed561, Jed692, also was included by way of comparing the compounds and the
ability of the fluorine group at the 4f position of the BA backbone to influence activity. The
natural antagonist, guggulsterone also was used as a negative control and to test its ability to
disrupt agonist-induced coactivator peptide recruitment. Initial assays were set up using the
Lanthascreen FXR coactivator kit as recommended by the manufacturers; using the SRC2-2
peptide provided with the kit, carrying out a 12 point, 3-fold dilution series of each ligand. This
was to obtain preliminary results regarding the affinity of each ligand and to determine a
suitable range of ligand concentrations to use in subsequent assays. The results showed that all
compounds were able to recruit the peptide SRC2-2, although the magnitude of the response
was varied (Figure 5. 4). The sigmoidal dose-response equation was automatically used by the
GraphPad software to determine the effective concentration (half the maximal response, ECs)
when the bottom of the curve was constrained to zero (Table 5. 2). The slope for Jed441
however, was an ambiguous fit, due to the absence of a sigmoidal response and improper curve,

resulting in a very high confidence interval for the ECsp value determined.

Disregarding Jed441 (due to the ambiguous response curve and dubious ECsovalue), Tropifexor
was both the most potent compound, with an ECso value of 1.6 nM, and the most efficacious
compound, with the highest maximal response at an emission ratio of approximately 0.4. This
was followed by Jed692 and Jed561, which exhibited ECso values of 3.0 and 4.4 nM, respectively.
OCA had a ten-fold higher ECsp value at 36 nM, whereas CDCA had the lowest affinity for FXR
LBD with an ECsp value in the 10 uM range. Interestingly, the steroidal BA-derived compounds,
OCA, Jed441, Jed561 and Jed692, had similar maximal responses, with emission ratios
approximately 0.2, and although lower than the maximum emission seen with Tropifexor, these

compounds are more efficacious than CDCA.

Assays using the antagonist guggulsterone did not produce the effect expected for an

antagonist. Guggulsterone was unable to displace the 50 uM CDCA from the ligand binding
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pocket, as suggested by its inability to quench the fluorescent signal with an increasing
concentration of compound. Instead, fluorescence emission ratio was observed to even rise

slightly, although no sigmoidal response was seen.

e 0.61

E — CDCA

Lo — OCA

X 0.4

§ i — Tropifexor

2 oo — Jed561

E Jed692

S oo i — Jed441

é’ bol o |+ 20 100 1000 Guggulsterone + 50uM
iy [ligand] uM ~ CDCA

Figure 5. 4 TR-FRET FXR Coactivator recruitment assay. Serial dilutions of various compounds (1% final
DMSO concentration) were assayed for their ability to recruit SRC2-2 peptide to the FXR LBD. Curves were
fitted using a sigmoidal dose-response equation (variable slope) in GraphPad Prism. (n=4 technical
replicates, from one independent experiment, represented as mean + SEM).

Table 5. 2 ECso values of compounds tested in FXR coactivator recruitment assays

Compound ECs0£SEM (nM,)
CDCA 9,394 + 4,595
OCA 36+8.3

Tropifexor 1.6+0.15

Jed561 4.4+1.04
Jed692 3.0+£0.53
Jed441 1.43+1,233

The ligands were then assayed for their ability to induce an association between FXR LBD and
different fluorescein-labelled coregulator peptides in a dose dependent manner. Six different
LXXLL-containing coactivators and one LXX(I/H)IXXX(l/L)-containing corepressor were used for
these assays, all at a final concentration of 500 nM. Increasing agonist concentrations are
expected to increase the TR-FRET ratio seen with coactivator peptides, and decrease the ratio
seen with corepressor peptides. As guggulsterone was unable to competitively inhibit FXR
recruitment of SRC2-2 when 50 uM CDCA was included in the reaction, assays here used
guggulsterone alone to determine whether it behaved as an agonist or antagonist. Moreover,
to further elucidate the effect of the fluorine atom, another compound, Jed678, a derivative of
OCA with the single substitution of a fluorine at the 1B position, also was assayed for its ability

to activate FXR.
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The maximum fluorescence ratios seen for each coactivator with each ligand are shown in
Figure 5. 5. The results showed that none of the ligands were able to induce significant changes
in fluorescence compared to DMSO-induced fluorescence, when using SRC1-1 and SRC3-1.
Likewise, the addition of ligands to the reaction induced greater increases in maximal response
in certain coactivator peptides, such as SRC2-2, compared to others, such as CBP-1, which
displayed only mild increases. The maximum emission ratio in reactions containing DMSO only,
was slightly higher when NCOR1 ID1 is used as the coregulator, and when the FXR agonists are
included in the reaction, a very slight decrease in emission ratio was seen. The addition of
guggulsterone to reactions was unable to significantly induce increases in fluorescence emission
ratios with coactivator peptides, or significantly decrease the emission ratio seen with

corepressor peptides.

E 15-
c Bm DMSO
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S mm CDCA
§ 1.0- B OCA
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: i El Jed441
g 0.54
5 | - - B Jed561
£ ' = Jed692
oo B Jed678
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Figure 5. 5 Max response values determined by ligand-activated coactivator recruitment. Ligands were
tested for their ability to recruit SRC1-1, SRC2-2, SRC3-1, CBP-1, PGCla and D22 coactivator peptides to
FXR LBD resulting in an increase in fluorescence emission. Ligands also were tested for their ability to
promote the dissociation of NcoR1 resulting in the decrease in fluorescence emission ratio (n=3
independent assays, represented as mean + SEM).

Dose-response curves were plotted without background fluorescence, and only depicting
agonist-induced fluorescence changes (Figure 5. 6). Results of these dose-response curves again
depicted that neither SRC1-1 nor SRC3-1 could be recruited to the FXR LBD in any of the assays
with any ligand concentration. Again, the results reflect the max response data, whereby assays
with NCOR1 ID1 do not display any increases in fluorescence and instead showed a slight decline
in emission ratios with the increasing addition of agonists such as OCA and Tropifexor (Figure 5.

6B and C). Assays with CDCA confirmed the initial assays, showing that this natural agonist has
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both a low efficacy and low potency, and was only able to considerably recruit SRC2-2 at the
highest concentration tested 10 uM (Figure 5. 6A). Interestingly, Jed678 displayed poor
coactivator recruitment in comparison to its non-fluorinated original compound, OCA (Figure 5.
6G and B, respectively). Concentrations of Jed678, were needed at 1 uM or more, to recruit
SRC2-2 and D22 peptides, and the max emission ratios achieved were also fairly low in
comparison to assays with OCA. As with the other ligands, Tropifexor was able to induce higher
emission ratios when SRC2-2 was being recruited (Figure 5. 6C). For SRC2-2 recruitment, there
was a very sharp increase in fluorescence ratio between 1 and 10 nM concentrations of
Tropifexor. However, the increase in fluorescence emission, pertaining to D22 recruitment, is
much more gradual between these concentrations of Tropifexor. Compounds Jed441, Jed561
and Jed692 displayed very similar recruitment profiles to one another (Figure 5. 6D, E and F,
respectively). All compounds recruited SRC2-2 to produce the highest response in fluorescence,
but whilst Jed441 and Jed692 displayed a gradual recruitment and steadily increasing sigmoidal
response, Jed561 induced a sharper increase in SRC2-2 recruitment between 1 and 100 nM

concentrations.

Further examination of the ECso values, extrapolated from these dose-response curves (Table
5. 3), suggested that all compounds able to induce measurable increases in fluorescence
emission, had relatively similar ECso, regardless of which coactivator was being used in the assay.
Whilst Tropifexor had the lowest values across all the assays, Jed441 and Jed561 appear to have
a higher affinity for FXR than OCA, as seen by the 2-10-fold lower ECso values for these
compounds. Moreover, these assays suggested that Jed561 had an even higher affinity for FXR
than non-fluorinated derivative, Jed692. The general rank order of ECso values is Tropifexor>
Jed561> Jed441> Jed692> OCA> CDCA> Jed678. With the exception of Jed678, novel BA-

analogues were seen to perform better than classic and semi-synthetic BA agonists.
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Table 5. 3 ECso values of compounds tested in FXR coactivator recruitment assays with different

coactivator peptides
EC50 +SEM (nM)
Compound Recruitment of | Recruitment of | Recruitment of | Recruitment of
SRC2-2 CBP-1 PGCla D22
CDCA 1824 + 127 1019 +336037 | 1360+ 12522 1087 + 257
OCA 92 +0.02 86+ 0.03 123 +0.05 88 +0.02
Tropifexor 9+5.4 8+0.01 9+4.1 7+0.01
Jed441 19 +0.01 23+0.01 27 +0.01 35+0.02
Jed561 12+5.7 12 +0.77 12+14.9 11 +3.06
Jed692 22+0.01 23+0.01 33+0.01 22 +0.00
Jed678 2603 + 1.38 934 + 417 1052 + 45 1702 +319
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Figure 5. 6 Ligand-induced recruitment of
different coregulators to FXR LBD. The
ability of A) CDCA, B) OCA, C) Tropifexor,
D) Jed441, E) Jed561, F) Jed692, G) Jed678
and H) Guggulsterone to recruit 7
different, fluorescently  labelled-
coregulators to FXR LBD observed by an
increase in TR-FRET emission. (n=3
independent assays, represented as mean
+SEM)
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5.4.2 Jed561-Induced Interactions Between FXR LBD and Coregulators
To further elucidate the interactions made by FXR LBD with different coregulators when bound

with the lead compound, Jed561, similar assays were used with variable ligand concentrations,
but constant amounts FXR LBD, terbium labelled antibody, and with the addition of
supersaturating concentrations of different fluorescently labelled coregulator peptides. The
assays utilized twenty-eight different peptides containing the relevant coactivator or
corepressor motifs, derived from naturally occurring coregulator proteins or from the random
phage display of peptide sequences that resemble the LXXLL motif and flanking regions
(Invitrogen). The results showed that Jed561 was able to promote a conformational change in
FXR that allowed the recruitment of most of the coactivators (Figure 5.7). As expected, Jed561-
bound FXR did not recruit any of the corepressor peptides, confirming that the compound is an
agonist. Furthermore, it did not recruit any of the peptides thought to be specific for other

nuclear receptors (Figure 5.7C).

Again using the non-linear fit function in GraphPad to determine ECso values, it was seen that
regardless of which coactivator was used, the majority of ECso values were in the low nanomolar
range, between 9 and 12 nM (Table 5.4). Comparing the agonist-specific fluorescence emission
to DMSO control autofluorescence, it also was observed that the magnitude of fluorescence
emission ratios was coactivator-dependent (Figure 5. 8). In the presence of Jed561, assays with
the peptide SRC2-2, as seen previously, displayed the highest change in emission ratios, with an
increase of 0.45, whereas the other coactivators had agonist-specific emission ratios of less than
0.3. Other coactivator peptides recruited to high levels were SRC1-2, TRAP220/DRIP-1, RIP140
L8 and C33. For subsequent assays only SRC2-2, TRAP220/DRIP-1 and RIP140 L8 were used as
these each represent a different class of coactivators and are all derived from naturally

occurring coactivator proteins.
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Figure 5. 7 The effect of different NR coregulator peptides on Jed561 induced TR-FRET. Jed561 was
tested for its ability to stabilise FXR LBD in a conformation that could recruit A) coactivator peptides from
the p160 family, B) coactivator peptides from other coactivator subclasses or random phage display, or
C) coactivator peptides known to specifically bind to other NRs or known corepressor peptides. (n=3
independent assays, represented as mean + SEM).

183



Table 5. 4 ECso values for Jed561 in FXR coactivator recruitment assays with different LXLL-containing
peptides

Coactivator Peptide ECso +SEM (nM)
SRC1-2 10.7+5.1
SRC1-4 10.55.6
SRC2-2 11.5+5.7
SRC2-3 11.2+35
SRC3-1 9.5+0.0
SRC3-2 9.9+6.3
SRC3-3 9.6+12.9
CBP-1 12.0+0.0

TRAP220/DRIP-1 9.9+36
TRAP220/DRIP-2 10.1+18
RIP140 L6 174+12.1
RIP140 L8 10.0+3.7
PGCla 12.1+15.0
PRIP/RAP250 9.0+11.0
D22 11.0+3.1

C33 10.8+4.7
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Figure 5. 8 Maximal fluorescence emission ratios in assays with different NR coregulator peptides in
the presence or absence of Jed561. Comparisons of emission ratios seen in FXR LBD recruitment assays
with unliganded (DMSO) or Jed561-bound receptor. Increases in fluorescence emission ratios beyond
background DMSO levels indicate the recruitment and close proximity of fluorescently labelled coactivator
peptides. (n=3 independent assays, represented as mean * SEM).
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5.4.3 The Affinity of Different Coactivators for FXR LBD
In order to assess the affinity of different coactivators for the FXR LBD, and to determine

whether there are any differences dependent on the ligand that occupies the binding pocket,
assays were set up, differing in the use of a titration of coactivator peptides and a saturating
concentration of ligand. The emission ratios measured were plotted against the coactivator
peptide concentration (Figure 5. 9). Unfortunately, the point of maximal activation, where the
FXR LBD would be completely saturated with coactivator peptide and the fluorescent signal
would be expected to plateau, was not achieved at the concentrations used. Furthermore, this
meant that ECso values could not be accurately extrapolated from the data, and a quantitative
descriptor of coactivator affinity could not be determined. The assays did, however, display
slight differences in the concentration-response profiles dependent on the compound used in

the assay.

When OCA occupied the LBD, coactivator recruitment emission ratio slopes for SRC2-2, RIP140
L8 and TRAP220/DRIP-1 almost appear to be parallel, suggesting that they may plateau at
similar concentrations, which could suggest that, the affinities for FXR will be similar for all 3
peptides (Figure 5. 9A). Tropifexor on the other hand, shows, initially, very similar recruitment
of the 3 coactivator peptides at most of the concentrations tested. However, at 2560nM, the
emission ratios for RIP140 L8 and TRAP220/DRIP-1 begin to plateau, whereas SRC2-2 continues
to rise. This suggests when complexed with Tropifexor, FXR LBD may have a slightly higher
affinity for these two compounds, despite them being recruited to lower levels than that of
SRC2-2 (Figure 5. 9B). Likewise, lead compounds, Jed441 and Jed561, also display their own
unique coactivator recruitment profiles. Jed441-bound FXR was able to recruit SRC2-2 and
RIP140 L8 to higher levels than TRAP220/DRIP-1 at the concentrations tested, and although the
response for SRC2-2 was below than that seen for RIP140 L8 at lower concentrations, by
2560nM, the fluorescence emission for SRC2-2 starts to rise more dramatically (Figure 5.9C). In
assays with Jed561, SRC2-2 recruitment began to reach a saturating level at 2560nM, whereas
RIP140 L8 and TRAP220/DRIP-1 did not, again suggesting that FXR-Jed561 complexes may have
a higher affinity for SRC2-2 than other coactivators (Figure 5.9D).
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Figure 5. 9 The effect of ligands on the affinity of FXR LBD for different LXLL-containing coactivator
peptides. The affinity of FXR LBD for SRC2-2, RIP140 L8 and TRAP220/DRIP-1 was tested when A) OCA, B)
Tropifexor, C) Jed441 and D) Jed561 occupied its binding site. (n=3 independent assays, represented as
mean * SEM).
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5.5 Discussion

5.5.1 Lead Compounds are Bona Fide Agonists for FXR
TR-FRET based coactivator assays were used to determine the ability of the proposed FXR

agonists to activate the receptor by promoting the recruitment of coactivator peptides. The
method, which could be used in a high throughput format, provided a sensitive and robust
means to easily quantify the affinity of different compounds for FXR. Results from initial assays,
which intended to simply determine ECso values, and gain an indication of an optimal range of
ligand concentrations, supported data originally described in the literature, whilst also providing
further insight about the novel compounds. Initial assays were based on the recruitment of a
peptide that resembled the NR box 2 of the SRC2 coactivator protein (SRC2-2). The ECsovalue
of 9.5 uM determined for CDCA was comparable to the 11.7 uM value previously reported by
Bramlett and colleagues in similar assays recruiting SRC1 and using increasing concentrations of
CDCA (Bramlett et al., 2000). On the other hand, the ECso value for OCA at 36 nM was lower
than the previously described value of 100 nM (Pellicciari et al., 2002). However, these
differences may have arisen from the use of alternative coactivator peptides, or from the use
of different fluorescence labels. Moreover, the ECso values determined in this assay, are a
composite value and are influenced by multiple equilibria, involving the ligand binding to the
receptor as well as the peptide binding to the receptor-ligand complex. Therefore, values

determined here may be different to ECso values determined by other means.

Nevertheless, the assays here determined that both Jed441 and Jed561 had 10-fold higher
affinities for FXR than OCA. The initial ECso results, suggested that Jed441’s affinity for FXR was
akin to the non-steroidal agonist, Tropifexor, which previously has been determined to have
ECsovalues in the sub-nanomolar range (Tully et al., 2017); however as the basal plateau of the
response curve was out of range, the ECso values estimated herein are not as accurate.
Tropifexor, however, was indeed shown to induce a higher magnitude of response in
comparison to the steroidal compounds, suggesting that BA-derived compounds may only
display partial agonism of the receptor, unlike Tropifexor which may be a full agonist for the

recruitment of SRC2-2.

Assays with different coregulator peptides, further confirmed the role of lead compounds
Jed441 and Jed561 as agonists of FXR. Both compounds were able to stabilise FXR in a
conformation whereby SRC2-2, CBP-1, PGCla and D22 were recruited, resulting in an increase

in fluorescence beyond the levels of DMSO control-induced background fluorescence. Neither
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SRC1-1 nor SRC3-1 could be substantially recruited by Jed441, Jed561 or any of the other
agonists currently available, implying that the FXR LBD does not have any affinity for these
particular peptide sequences, regardless of the conformation it adopts. Coactivator NR box
sequences have a sequence identity of around 50%, and the affinity of NRs for specific
coactivator motifs is dependent on the recognition of sequences flanking the LXLL residues
(Darimont et al., 1998). Both peptides have several positively charged residues immediately
preceding the LXXLL motif, and several polar residues immediately after this region, and it is

possible that FXR has a low affinity for these neighbouring residues.

The fact that neither Jed441 nor Jed561 were able to promote increases in fluorescence when
the corepressor NCOR1 was used, further confirms the idea that the conformation adopted by
FXR when bound to these compounds, is one of an activated receptor. Moreover, there is a very
slight decline in fluorescence in NCOR1 assays, with an increase in both Jed441 and Jed561
concentrations, suggesting that these compounds also are promoting the dissociation of

corepressors from the LBD surface.

5.5.2 Effect of Fluorination on Activity of the Novel Compounds
The addition of fluorine atoms to the BA-scaffold was proposed to affect the activity and/or the

stability of the novel compounds. Furthermore, the addition of a fluorine moiety to these
compounds adds a unique chemical signature which can be patent protected. Despite showing
slight disparities in docking results (Chapter 3, section 3.4.2.2.4), in which the binding pose and
orientation of the ligand was dependent on the addition and position of fluorine atoms on the
BA backbone, in silico studies could not discern whether fluorination had any effect on the
activity of these compounds. As such, Jed678, an OCA derivative with a fluorine at the 1B

position, and Jed692, an analogue of Jed561, were both used in these assays for comparison.

Results from these assays suggested that the addition of a fluorine at the 4 position may not
be significantly advantageous for the activity of the compounds. Initial assays suggested that
Jed561 and its non-fluorinated version, shared very similar affinities for FXR, and very similar
efficacies in the recruitment of SRC2-2. Moreover, Jed692 even appeared to have a slightly
higher maximal response and lower ECso values (Table 5. 2). Interestingly, subsequent assays
recruiting different coactivator peptides, suggesting that Jed561 had a slightly higher affinity for
FXR (Table 5. 3). However, as fewer ligand concentrations were used in these secondary assays,
resulting in fewer data points, especially in the 10 to 100 nM range, may mean that the non-
linear regression curves, and therefore the ECso values generated, are slightly less accurate than

those values determined in the early assays.
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The specific positioning of the fluorine along the BA backbone may have significant effects on
the activity of the compounds. Comparisons between OCA and its 1BF derivative, showed that
whilst OCA was able to promote the recruitment of various coactivator peptides with ECso values
between 86 and 128 nM, Jed678 was only able to recruit the peptides at much higher
concentrations, and consequently had ECso values between 1 and 2.5 uM (Figure 5. 6, Table 5.
3). The substantially decreased affinity of Jed678, suggests that fluorination at the 1B position
may in fact be inhibiting the binding of these compounds to the FXR ligand binding pocket. While
results are inconclusive about the effect of fluorination on the A ring of the BA, it is still possible
that the superior affinity of Jed441 and Jed561 may be a result of chemical groups in their

modified carboxyl ‘tails’.

5.5.3 Different Compounds Display Varying Degrees of Efficacy

Initial assays with different coregulator peptides identified Jed561 as the most consistently
potent novel compound in the recruitment of different coactivators. To assess the full extent of
the ability of Jed561 to induce an active conformation of FXR, allowing the recruitment of
different coactivators, 28 different coregulator peptides were used. The results further
established the role of Jed561 as an agonist of FXR, with the ability to promote the interaction
with several coactivators from different coactivator subclasses, and the ability to dislocate
corepressor associations with the FXR LBD. Again, all of the ECsp values, determined with each
of the coactivators, were in the low nanomolar concentrations, ranging from 9 to 17.5nM (Table
5. 4). With the format of this assay, whereby the ligand is titrated, ECs values are indicative of
the affinity of the FXR LBD for the ligand. Hence, the affinity of FXR for Jed561 is relatively

consistent, regardless of the coactivator being recruited.

Nevertheless, it was observed that the magnitude of fluorescence was dependent on the
coactivator being recruited. Results in Figure 5. 8, comparing the maximum fluorescence
emission ratios arising from the apo receptor with the Jed561-bound LBD, shows innate
differences in fluorescence depending on the coactivator used. The emission ratios seen with
DMSO-control across all assays, show varying magnitudes with different coregulator peptides.
These values describe the ligand-independent background fluorescence of these assays, and
the differences seen may be, in part, due to slight differences in intensity of the fluorescence
labels on the peptides themselves. On the other hand, previously reported structural and
computational studies have implied an auxiliary coactivator binding groove directly adjacent to
the canonical site (Nettles and Greene, 2003; Costantino et al., 2005). Although in the normal
cellular context, the role of this second binding site remains unknown, it has been proposed

that coactivator motifs may be able to bind into this site prior to receptor activation. As such,

189



some of the background fluorescence observed may be attributed to the recruitment of the

coactivators in the absence of a ligand.

The deduction of this autofluorescence from the graphs plotted in Figure 5. 7, indicate that
there are differences in the ligand-specific response of each coactivator. Jed561 produces the
highest response for the recruitment of SRC2-2, whereas its recruitment of the other
coactivators only produced a partial response. It is possible that Jed561 is inducing a
conformation of FXR LBD in which the coactivator binding groove formed is most
complementary to the size, shape and electrostatic composition of the SRC2-2 peptide.
However, as the other compounds also recruited SRC2-2 to a higher extent than the other
peptides in previous assays (Figure 5. 6), it also is feasible that the FXR LBD itself has a higher
affinity for the flanking regions of the SRC2-2 NR box. The SRC2-2 peptide is capped by
hydrophobic residues at both ends, and there is a hydrophobic residue immediately preceding
the NR box, which may enhance the affinity of the peptide for the hydrophobic binding groove.
SRC2-2 previously has been reported to bind to other NRs with an affinity comparable to the
full length SRC2 protein (Huang et al., 2010), and it is possible that the higher magnitude of

response seen with SRC2-2, is due to this intrinsic superior affinity of SRC2-2 for NRs in general.

In light of this, more assays were required to try to fully establish if there is any ligand

dependency in the interactions between the FXR LBD and different coactivator peptides.

5.5.4 Coactivator Affinity for FXR may be Dependent on the Ligand Occupying

the Binding Pocket
Titrations of coactivator peptides in assays with a saturating concentration of ligand, were used

to determine the affinity of FXR LBD for each coactivator, when different ligands occupied its
binding pocket. SRC2-2, RIP140 L8 and TRAP220/DRIP 1 were used as representatives of
different coactivator subclasses. Although a quantitative measure of affinity could not be
determined in these assays, the diverse recruitment profiles observed with the different
compounds, suggests that the varying degrees of affinity of FXR for the coactivators, may be
dependent on the compound used to activate the receptor. Interestingly, each compound
displayed a unique recruitment profile, and there were no obvious distinctions between the
responses of the steroidal or non-steroidal nuclei of the ligand scaffolds. Likewise, the 3 BA-
derived ligands had diverse coactivator recruitment profiles, suggesting that the conformations
adopted by the FXR LBD, and thus the coactivators being recruited, after binding to Jed441 or
Jed561, may be significantly different from the conformation induced by OCA. Although
recruitment levels between the three coactivator peptides were very similar, again, it was seen

that SRC2-2 generated a higher emission ratio, even at the same concentrations of RIP140 L8
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and TRAP220/DRIP 1 peptides. This echoed the results seen in the previous assays where SRC2-
2 peptides also produced the maximal fluorescent emissions, again supporting the idea that the
SRC2-2 peptide is the most complementary coactivator peptide in terms of physical shape,

stereochemistry, and biochemical affinity.

Although initially displaying a very gradual increase in fluorescence, the response of SRC2-2 in
Jed441-occupied FXR assays, increases rapidly by the highest concentrations of the peptide,
where it overtakes the response seen with RIP140 L8. This highly sensitive response may be
consistent with a cooperative mechanism whereby coactivators are recruited in a synergistic,
cumulative manner, and where the binding of one coactivator may enhance the affinity of a
second. The presence of a second coactivator binding site may help to explain this observation.
It has been previously observed that BAs can potentially interact with the second coactivator
binding cleft through their carboxylic side chains (Pellicciari et al., 2006), and with the extended
side chains of our novel compounds such as Jed441, it is feasible that there is some impact on
this ancillary coactivator site. The relationship and cooperativity between these two sites is yet
to be determined, as some molecular dynamics simulations have suggested that the helix 12
agonist position obstructs the second site and causes the coactivator bound there to dissociate
(Costantino et al., 2005). Nonetheless, synergistic recruitment of SRC and other coactivators has
been established previously, through the use of cell-free transcription systems (Liu et al., 2001),
and although the cooperative mechanism is thought to occur via interactions between protein
interfaces on the coactivators themselves, the secondary recruitment of coactivators to the LBD

surface may still be possible.

The assays showed that FXR bound with Tropifexor may have a higher affinity for RIP 140 L8
and TRAP220/DRIP-1, whereas Jed561 appeared to have a preference for SRC2-2 (Figure 5. 9).
SRC2-2 has intrinsic histone acetylase activity, whereas RIP140 and TRAP220/DRIP are
responsible for the recruitment of RNA polymerase, other chromatin remodelling enzymes and
additional transcription factors. As such, these results suggest that there may be differences in
the post-translational modifications of target gene promoters, and therefore the genes being
transcribed, determined by the differential activation of FXR by Tropifexor, Jed441 or Jed561.
Moreover, comparisons of mMRNA expression in the Expression Atlas database (EMBL-EBI),
indicate that there are higher levels of mMRNA for SRC2 than the others in the liver (Appendix 4).
This in turn, suggests that it may be possible to specify the actions of Jed561 to preferentially

target FXR-mediated genes in the liver, as opposed to other tissues.

191



Further assays are required to fully clarify the extent to which lead compounds can
preferentially recruit different coactivators and orchestrate specific actions of FXR signalling.
Supplementary to the TR-FRET based assays used here, other techniques may help to overcome
some of the experimental challenges involved in measuring NR-coactivator interplay. In
addition to the static modelling of receptor-ligand interactions, computational approaches may
be useful in accurate modelling simulations and analyses of dynamic conformational changes
and subsequent interactions with coactivators. Nanosecond timescale molecular dynamics
previously have been utilized to study different conformational states of the FXR LBD,
unliganded, or in complex with OCA and different coactivator peptides (Costantino et al., 2005),
and although computationally expensive, may be a way to identify the exact mechanisms by
which the FXR LBD under different conformations, recruits different coactivators. Alternatively,
other in vitro biochemical experiments such as pull-down assays, or the previously mentioned,
cell-free transcription assays, may help to identify the interactions between ligand-bound FXR

and other coactivator proteins or transcription factors.

5.5.5 Conclusion
The results in this chapter confirm that lead compounds, Jed441 and Jed561, can activate FXR

at concentrations lower than OCA. Whilst fluorination at the A ring may or may not be directly
responsible for this enhanced potency, fluorine groups and other chemical moieties at the distal
end may afford these compounds an improved selectivity for different coactivators compared
to OCA. Whilst the compounds could recruit different coactivators to varying degrees,
additional data is required to fully elucidate whether these compounds can preferentially
promote the recruitment of certain coactivators over others, and to further determine whether
this coactivator selectivity can proffer any tissue, cell or promoter specific activity to the novel
compounds. Whilst these FRET-based assays were robust and simple to perform, their simplistic
nature does not take into consideration several other factors affecting receptor activation and

integration.

Firstly, these assays use a single LXLL-containing peptide, and do not consider the full-length
protein of the coactivators, in which several pentapeptide motifs may exist. As such, full length
coactivators may display a higher affinity for FXR than a single NR box, and the recruitment of
one motif region, may affect the affinity of other motifs within the same coactivator protein
(Wong et al., 2001). Furthermore, as discussed briefly earlier, the full length coactivators have
been shown to cooperatively interact with other coactivators to enhance binding and signal
propagation (Liu et al., 2001). Likewise, some coactivators are thought to utilise one of their NR

box motifs for binding FXR, whilst using another motif further along the protein, for interactions
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with RXR, which also has a high-affinity binding site for LXXLL sequences (Nettles and Greene,
2003; de Vera et al., 2017)..

Although FXR interactions with its partner receptor, RXR, have not been considered here, RXR
is thought to be an additional component in the regulation of FXR’s transcriptional activity. FXR
is considered a ‘permissive’ receptor, whose transcriptional activity can be stimulated by the
binding of 9-cis retinoic acid to its cognate receptor, RXR, which can have an additive or
synergistic effect. It is also thought that dimerization with RXR itself, can allosterically alter the
FXR LBD, by stabilizing it in an active conformation and altering the coactivator binding site to
promote coactivator binding (Zheng et al., 2018). Accordingly, characterizing interactions and

signal integration between FXR and RXR, may help to further fine tune FXR-mediated signalling.

Similarly, contributions from both the N-terminal domain and DBD have been excluded here.
Although still poorly understood, members of the p160 coactivator family, have been shown to
interact with the AF1 domain in the N-terminal region of several NRs. Coactivators have been
shown to interact with the AF1 domain through glutamine-rich residues rather than their LXXLL
motifs; and modifications by phosphorylation pathways have been shown to enhance the
recruitment of coactivators to this site (Bevan et al.,, 1999; Tremblay et al., 1999). The AF1
domain is responsible for the ligand-independent, constitutive activity of the receptor, but it is
thought that coactivators are involved in the cooperativity between both AF domains by
forming a functional link between them (Aranda and Pascual, 2017). It has also been observed
that phosphorylation of specific residues in the hinge region of FXR by AMPK signalling
pathways, can inhibit the activation of the receptor (Lien et al., 2014). Furthermore, several
studies utilising NMR and hydrogen/deuterium exchange with mass spectrometry (HDX-MS),
have shown that NR DBDs, in addition to the DNA response element sequences that these are
bound to, can remotely impact the LBD, by altering the conformation of binding surfaces to a
more energetically favourable configuration (Zhang et al., 2011; de Vera et al., 2017). This alters
the interactions with both RXR and coactivator proteins, and consequently, can affect the
affinity of the LBD for the coactivator, and the potency of the ligand (de Vera et al., 2017). With
regard to the selective modulation of NRs, the attention of pharmaceutical scientists is now
being turned away from the LBD and towards other sites of receptor modulation. As an attempt
to overcome problems such as limited selectivity and the emergence of resistance due to the
blockage of signal transduction, especially in the treatment of NR-based cancers, some groups
have focussed on the DBD-DNA interaction surfaces (Veras et al., 2019). However, the
relationship between different DNA motifs and FXR target gene selectivity is yet to be

elucidated, and so it is unclear whether targeting FXR-DNA interactions will be a useful
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therapeutic strategy (Massafra et al., 2018). Nevertheless, other sites along the receptor, in

addition to the LBD, may hold the potential for strategically targeting the transactivation of FXR.

In conclusion, the entire FXR receptor has a complex modular nature, whereby cross talk
between the individual domains, signalling derived from exogenous stimuli and the binding of
DNA can affect the interactions between the receptor, coactivators and other transcriptions
factors. This means that several other factors, in addition to ligand binding, can affect the
transcriptional potential of FXR. Thus, it may be naive to conclude that these novel compounds
are superior agonists for FXR based on the data from these cell-free coactivator recruitment

assays alone.
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Chapter 6.
Function of Lead Compounds
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6.1 Introduction

6.1.1 FXR Signalling in Health and Disease

Since its de-orphanisation in 1999, the role of FXR as a transcriptional regulator in several
entero-hepatic metabolic pathways slowly has been unravelled. As such, with its involvement
in the development of several pathophysiologies, FXR has emerged as an attractive
pharmacotherapeutic target for the treatment of diseases including, but not limited to, fatty
liver disease, primary biliary cholangitis and inflammatory bowel disease; providing the impetus

for the discovery of novel agonists.

As with other nuclear receptors, FXR binds to its associated target genes through its DBD. The
FXR DBD recognises and binds to a response element (FXRE), a consensus repeat hexanucleotide
sequence, found on its target DNA. The most common FXRE with which FXR interacts, is an
inverted, palindromic repeat of the six nucleotides ‘AGGTCA’, arranged as two copies separated
by a single nucleotide. However, FXR has been shown to bind to a variety of response elements
with diverse geometry, including negative FXREs, which have been associated with the
transcriptional repression of genes upon FXR activation (Fiorucci et al., 2007). Chromatin
immunoprecipitation followed by deep sequencing (ChIP-seq), in addition to gene ontology
analysis, identified a large number of FXRE sites adjacent to numerous genes involved in
cholesterol, lipid and fatty acid metabolism, in addition to those associated with BA
homeostasis, implicating FXR in roles much more diverse than previously appreciated (Kemper,
2011). Significantly, several of these pathways modulated by FXR (summarized in Table 6. 1),
are important for the pathophysiological processes that lead to liver steatosis and eventually

NASH.

6.1.1.1 FXR and Bile Acid Homeostasis
As the cognate ligands of FXR are BAs, it is inevitable that its primary role is in maintaining

enterohepatic BA pool, according to metabolic needs, by exerting transcriptional control over
genes responsible for BA synthesis, transport and the refilling of the gallbladder. A key target of
FXR is small heterodimer partner (SHP), which acts as an atypical nuclear receptor devoid of its
own DBD. Instead, SHP, similarly to coregulators (discussed in Chapter 5), dimerizes with other
nuclear receptors via their LXXLL amino acid recognition sites, inhibiting their transcriptional
activity. In this way, FXR-activated SHP ultimately inhibits the expression of the BA biosynthetic
enzyme CYP7A1, by binding to its activators, Liver Receptor Homolog-1 (LRH-1) and Hepatocyte
Nuclear Factor 4 alpha (HNF4a), and causing subsequent histone deacetylation (Hoeke et al.,

2014, Boulias et al., 2005). Equally, another key target of FXR activation is the Fibroblast Growth
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Factor 19 (FGF19) and its mouse ortholog (FGF15), which are expressed in response to intestinal
FXR activation. Hormone-like FGF19 links the gut and the liver axis, to also downregulate cyp7al
via c-Jun Kinase-dependant phosphorylation pathways (Holt et al., 2003; Inagaki et al., 2005).
Mice lacking these two independent FXR activated genes, SHP and FGF19, both show an
upregulation in CYP7A1 mRNA expression, and an altered BA pool (Boulias et al., 2005; Inagaki
et al., 2005). In addition to their actions in BA synthesis, both SHP and FGF19 modulate other
important effects. SHP plays a major regulatory role in the negative regulation of several diverse
pathways, whereas FGF19(15) has been shown to improve insulin sensitivity and reduce body

weight in animal models (Strack and Myers, 2004).

In addition toits role in the negative regulation of de novo BA synthesis, FXR, maintains BA levels
by also regulating transport into and out of the liver. By directly binding to FXREs on the DNA
encoding BSEP, and by SHP-mediated repression of NTCP, FXR can regulate these genes,
resulting in both the efflux of BAs into the bile duct, and prevention of BA uptake into the liver,
respectively (Ananthanarayanan, et al., 2001). Furthermore, FXR also has been shown to bind
to the promoters and upregulate the expression of osta and ost6, which encode transporters
responsible for the facilitative diffusion of BA across the basolateral membrane of hepatocytes
and cholangiocytes in the liver, as well as epithelial cells in the ileum (Ballatori et al., 2009). By
detecting and responding to elevated levels of BAs, FXR in both the intestines and liver can
directly interact with target genes, or can mediate the response of other nuclear receptors, to
orchestrate a complex network of signalling pathways to protect the liver from the toxic effects

arising from BA accumulation.

6.1.1.2 FXR and Lipid Metabolism
Over the last decade, the mechanisms underlying the intimate crosstalk between BA and lipid

metabolism have been uncovered. De novo BA synthesis is driven by the catabolism of
cholesterol. Accordingly, FXR-mediated regulation of BA production has subsidiary effects on
cholesterol metabolism. CYP7A1 activation leads to a decreased cholesterol content in hepatic
microsomes, which in turn causes the upregulation of LDL receptor (LDLR) and the subsequent
LDL harvesting and reductions in plasma-LDL content. In this respect, FXR antagonism has been
proposed as a potential treatment for hypercholesterolaemic patients, however, studies using
the supposed FXR antagonist, natural extract, guggulsterone, produced conflicting results
(Lefebvre et al., 2009). Conversely, treatment of hepatic cells in vitro, have suggested that FXR
activation increases VLDLR mRNA and expression, and may indeed be beneficial for lowering
circulating VLDLs (Nakahara et al., 2002). In addition, FXR has the ability to independently

impact the composition of HDLs, which are responsible for the transport of cholesterol from the
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periphery to the liver where it can be excreted. FXR is thought to repress Apolipoprotein Al
(apoal) gene expression and negatively regulate HDL cholesterol levels, but can alter their

composition by direct induction of the phospholipid transfer protein (PLTP) (Urizar et al., 2000).

Similarly, FXR has been implicated in triglyceride metabolism by transcriptionally regulating
various genes. FXREs have been identified on the promoter of Apolipoprotein C2 (apoc2), and
MRNA levels were upregulated when hepatoma cells, HepG2, were incubated with CDCA (Kast
et al., 2001). Activation of APOC2 results in the hydrolysis and clearance of triglycerides in
chylomicrons and VLDLs, and previous studies reported a decrease in plasma and hepatic
triglyceride content upon treatment with FXR agonists (Kast et al., 2001). Several other
mechanisms of triglyceride lowering have been attributed to FXR signalling, including the
induction of fatty acid oxidation by PPARa and pyruvate dehydrogenase kinase 4 (PDK4), and
the repression of VLDL-producing microsomal triglyceride transfer protein (MTP)(Xie et al.,

2016).

In addition to promoting triglyceride clearance, FXR has been shown to ameliorate triglyceride
levels, by also potentiating their production. FXR is thought to participate in de novo lipogenesis
pathways, affecting free fatty acid content, and their ability to form VLDLs. Acting via SHP, FXR
activation leads to the downregulation of sterol regulatory element binding transcription factor
(SREBF1) and its lipogenic target genes, leading to concomitant decreases in triglyceride levels

(Watanabe et al., 2004).

Taken together, these studies support the role of FXR in lipid metabolism and further suggest
that appropriate and selective FXR agonism, could have a beneficial effect on pathophysiologies

involving dyslipidaemia, and in particular, those constituting the first ‘hit’” of NASH.

6.1.1.3 FXR and Glucose Metabolism
Several studies have shown that FXR signalling can also affect hepatic glucose production,

intestinal glucose absorption, as well as insulin sensitivity in the peripheral organs. Whilst the
cross talk between BA metabolism and glucose metabolism is yet to be fully delineated, some
of the advantageous effects of BAs may be in part due to the FXR-independent activation of the
other BA receptor, TGR5, which is also known to be a key player in normal glucose homeostasis
(Watanabe et al., 2011). However, although the exact mechanism is still controversial, FXR has
been shown to induce glycogen synthase kinase 3B (GSK3) derived glycogen storage in db/db
diabetic mice (Zhang et al., 2006). Furthermore, FXR appears to be partly responsible for the
regulation of gluconeogenic genes, phosphoenolpyruvate carboxykinase (PEPCK), fructose 1,6-

biphosphatase 1 (FBP-1) and glucose-6-phosphatase (G6Pase) (Cariou and Staels, 2007). It is

198



thought that FXR induced SHP can negatively regulate these genes by preventing the
recruitment of coactivator proteins PGCla and CBP1 to HNF4a, which in turn lies upstream of
both pepck and fbp1 and is responsible for their expression. Similarly, G6Pase also appears to
be repressed by the SHP-mediated inhibition of a transcription factor in its promoter region

(Yamagata et al., 2004).

The effect of FXR and its agonists on genes involved in gluconeogenesis appear to be dependent
on the source of the cells used, the species being tested, or even the nutritional or diabetic
status of the subjects, highlighting that FXR is only one part of a complex network of interacting
metabolic and hormone-sensing receptors. Nevertheless, the consensus is that there is an
intimate link between FXR and insulin sensitivity. FXR deficiency has been associated with
insulin resistance, impaired insulin signalling and glucose tolerance in affected tissues such as
skeletal muscle; the FXR agonist, GW4064, has been shown to improve insulin sensitivity in both
obese and diabetic mice (Cariou et al., 2006). Although the exact underlying mechanism, linking
FXR to insulin sensitivity, is yet to be determined it is thought that FXR’s role in regulating free
fatty acids and triglycerides in circulation and, ultimately, in insulin sensitive tissues, plays an
important part. More recently, FXR has been described to play a role in the differentiation and
lipid storage in adipocytes, and also has been shown to directly induce the insulin-sensitive
glucose transporter GLUT4 (Cariou et al., 2006; Shen et al., 2008). Insulin desensitization,
particularly in adipocytes, is a significant contributory factor in the release and circulation of
free fatty acids and accumulation of triglycerides in the liver, which leads to the hepatic lipotoxic

phenomenon of NASH.

6.1.1.4 FXR and NASH
The FXR-induced alterations in lipid and glucose metabolism have highlighted FXR as a

prospective therapeutic target in the treatment of NASH, which arises due to physiological
abnormalities in several of these metabolic pathways. FXR null mice, are one of the only mouse
models to give rise to the entire spectrum of NAFLD, including hepatocellular carcinoma, further
confirming the association between FXR and fatty liver disease. Recent evidence again supports

the underlying role of FXR in the progression and potential treatment of the disease.

Inflammation is a parallel process contributing toward the progression of NASH and leads to
hepatitis and the initiation of fibrosis. FXR is thought to increase the transcriptional activity of
intercellular adhesion molecule 1 (ICAM-1) promoter, whilst also being implicated in a
sophisticated pathway antagonizing nuclear factor kappa B (NFkB) activity, by suppressing its
proinflammatory effects (Wang et al., 2008). Moreover, FXR null mice displayed more severe

necrosis and inflammation following liposaccharide treatment compared to wild type mice;
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with significant increases in Tumour necrosis factor alpha (TNFa), Interleukin 1a (IL1a),
Interleukin 6 (IL6) and Cyclo-oxygenase 2 (COX2) expression (Wang et al., 2008). Furthermore,
recent studies have identified a FXRE in the promoter of monocyte chemoattractant protein
(also known as chemokine (c-c motif) ligand 2 (CCL2)). CCL2 promotes the infiltration of
monocytes and memory T-cells to the site of inflammation, and it is thought to be essential in
the development of NASH (Armstrong and Guo, 2017). Likewise, FXR-specific decreases in CCL2
expression and inflammatory cell infiltration were seen in methionine/choline deficient, dietary

induced ‘NASH’ mice, treated with an FXR agonist (Zhang et al., 2009).

In addition, the discovery of FXR expression in hepatic stellate cells, suggested a role for the
nuclear receptor in the promotion and regulation of fibrosis. HSCs undergo differentiation from
their resting, fat storage-type phenotype, to an activated fibroblast-promoting phenotype,
whereby the deposition and accumulation of extra-cellular matrix is initiated. Treatment of
hepatic cells in vitro with OCA augmented HSC transdifferentiation, and supports the idea of
using FXR agonists for the reduction or prevention of fibrosis in the latter stages of NASH
(Fiorucci et al., 2005). Moreover, FXR/SHP cascades driven by OCA treatment, was able to
prevent carbon tetrachloride (CCls)-induced upregulation of fibrotic markers, Tissue Inhibitor of
Metalloproteinase 1 (TIMP1), Type 1 Collagen (COL1A1) and a-Actin Smooth Muscle (ACTA2),

in rats (Fiorucci et al., 2005).

The association between FXR, lipotoxicity and NASH also was observed in double knockout
mutant mice fed a high fat diet, lacking both LDLR and FXR (Kong et al., 2009). FXR deficiency
was associated with macrosteatosis, hepatocyte ballooning and the additional infiltration of
inflammatory cells. Mice livers also displayed the initiation of fibrosis and displayed increased
expression of COL1A1, TIMP1 and ACTA2 when FXR was knocked out. Furthermore,
transforming growth factor B1 (TGFB1), which is considered to be the most potent fibrogenic
cytokine produced in several cell types in the liver, and regulates several phosphorylation
pathways, leading to the activation and migration of hepatic stellate cells, also was increased
with the ablation of FXR, consistent with the conclusion that FXR deficiency may contribute

towards the pathologic manifestation of NASH (Kong et al., 2009).

In addition to its effects on metabolic pathways, FXR is thought to play a role in
enteroprotection and in maintaining gut microbiota composition. Furthermore, dysbiosis has
been observed in NAFLD, implicating the microbiome in the development of NAFLD in mice and
humans (Gonzalez et al., 2016). Studies also paradoxically demonstrated that intestinal FXR

antagonists led to changes in ceramide metabolism and a decrease in fatty acid synthesis in the
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liver, arising from modulated gut bacterial compositions, with an additive effect of altered bile
acid pools, ultimately preventing NAFLD (Gonzalez et al., 2016). Likewise, the use of bile acid
sequestrants and the subsequent inhibition of FXR signalling in the terminal ileum, resulted in
the improvement of NAFLD mice (Mcgettigan et al., 2016). Accordingly, the evidence presented,
suggests that FXR antagonism in the small intestine, may prove beneficial for the treatment of

NAFLD.

As such, whilst the evidence suggests a clear link between FXR signalling and the progression of
NASH, exact pathways are yet to be realised, and responses seen may be dependent on the
tissue type in which FXR is expressed. While theoretically, it may be beneficial to globally target
FXR in order to treat all aspects of metabolic syndromes, the possible concomitant activation of
undesirable side effects reiterates the fact that selective modulation of FXR, in independent

tissues, may be the most appropriate therapeutic strategy in the treatment of NASH.
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Table 6. 1 Summary of FXR regulatory effects either by direct transcriptional regulation or downstream effects.

Gene
Upregulated Effect Downregulated Effect
Function
Inhibition of BA synthesis and other
SHP CYP7A1 Decreased BA synthesis
pathways
Inhibition of BA synthesis and increased
BA synthesis, FGF15/19 CYP8B1 Decreased BA synthesis
insulin sensitivity
transport and
Decreased BA synthesis, decreased gluconeogenesis,
metabolism BSEP Increased BA efflux out the cell LRH-1
decreased de novo lipogenesis
OSTa/B Increased BA efflux out the cell NTCP Decreased uptake of BAs into the liver
IBABP Increased BA transport across the cell
APOC1 Increased cholesterol transport APOA1 Decreased HDL synthesis
Increased lipoprotein lipase activity and Increased lipoprotein lipase activity and increased
APOC2 APOC3
increased triglyceride clearance triglyceride clearance
Lipid PLTP Transfer of lipoproteins from LDLs to HDLs SREBF1 Reduced fatty acid/ triglyceride synthesis
metabolism PDK4 Increased B-oxidation HNF4A Decreased plasma cholesterol and gluconeogenesis
PPARA Increased B-oxidation
Increased VLDL uptake and triglyceride MTP Decreased VLDL assembly
VLDLR
clearance
GSK3 Increased glycogen storage FBP-1 Decreased gluconeogenesis
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Glucose

metabolism

GLUT4

Increased insulin sensitivity

G6Pase

PEPCK

Inflammation

ICAM

Increased recruitment of macrophages to

endothelium

NFkB

Decreased inflammation pathways

iNOS

Decreased vascular smooth muscle cell inflammation

COX-2

Decreased vascular smooth muscle cell inflammation

IL1A/B

IL16

TNFa

CCL2

CCR2

Decreased inflammation pathways

Fibrosis

COL1A1

ACTA2

TIMP1

TGFR1

Decreased fibrogenesis
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6.1.2 Experimental Models of NASH
The rapidly changing NASH drug discovery field has targeted several mechanisms of the disease

alone or in combination. Novel drugs either target the metabolic pathways leading to the
development of NASH, or the fibrotic processes exacerbating NASH and associated
cardiovascular co-morbidities, but FXR presents an attractive target with the potential to affect
both strategies. A major obstacle to the pipeline in the discovery of potential NASH
therapeutics, is the paucity of appropriate and relevant disease models, on both a cellular and

whole organism level, which can replicate the metabolic and histological features of the disease.

Currently in vitro models are very simplistic, and do not mimic the complexity and multifaceted
systems occurring in whole organs with multiple different cell types; their use in studying the
progression of NASH is in its infancy. Nonetheless, these models are often used to primarily
identify molecular mechanisms involved in the disease. Human hepatocytes are considered the
most appropriate representation of clinical models. However, hepatocytes have a limited role
in the fibrotic process, and due to ethical considerations and the ease of reproducibly extracting
and preparing primary cultures, hepatic immortalised cell lines are chosen as an alternative
(Chavez-Tapiaetal., 2011). Cell lines, due to their steady growth, stable phenotype, in an almost
unlimited life span, and the ease of reproducibly culturing, make their use more advantageous.
Hepatic carcinoma-derived cell lines, Huh7 and HepG2, are well established and the most
extensively used cell lines for the study of a wide variety of liver-related pathologies. Despite
being shown to resemble foetal hepatocytes, both cell lines are currently being assessed for
their changes in cell morphology, function and metabolism under different cell culture
conditions designed to mimic NASH (Green et al., 2015). Moreover, due to their expression of
FXR-related genes, both cell lines present an accessible medium in which to study the direct

effects of FXR agonism.

As with hepatic cell lines, the use of in vivo animal models to elucidate the mechanisms involved
in the progression of steatosis and fibrosis, as well as to study the potential therapeutic
treatment of the disease, is very complex. An ideal model should encompass the histological
and pathological hallmarks of human-related lipid metabolism and fibrosis, but currently, there

is no single animal model that reflects all aspects of this multifactorial disease.

Only a small percentage of people develop NAFLD due to genetic reasons and, as such, animal
models based on hepatic triglyceride accumulation due to dietary factors, are considered a
more clinically relevant approach. To induce steatosis, a variety of high energy, high fat (45-60%

total energy as fat), high sucrose (65% of body weight), and high fructose diets, with and without
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trans fat, have been used (as reviewed in Green et al., 2015). Whilst most regimens were able
to induce some form of altered triglyceride metabolism and fat accumulation, the species, strain
and sex of the animals, can have pronounced differences on the extent of the effects seen. In
addition, despite altered lipid metabolism, most mice do not develop fibrosis, even after long
term feeding. Moreover, the commonly used method of feeding mice a methionine and choline
-deficient diet, which induces NASH-like symptoms including hepatocyte ballooning, steatosis
and inflammation, did not induce weight gain or insulin resistance, and clinical relevance was
dependent on the metabolic background of the strain, suggesting that it may only be applicable
with use in a diabetic mouse model (Rinella et al., 2008). Furthermore, since most human diets

are not deficient in methyl groups, its translatability to human disease has been debated.

A new model for the simple, rapid and reproducible production of NASH in mice has been
recently described (Hoshida et al., 2018). The model involves the combinatorial use of a western
diet (high fat (21% by weight), high fructose (41% by weight) and high cholesterol (1.25% by
weight)), with the chronic administration of liver injury-inducing carbon tetrachloride (CCl,),
over a 12-week period. Mice under this schedule displayed increased body and liver weights,
increased serum levels of liver injury markers, histologically defined fibrosis, steatosis, lobular
inflammation and ballooning, as well as the prototypical transcriptomic changes in fatty acid
metabolism, bile acid metabolism and oxidative phosphorylation, all concordant with changes
seen in human NASH (Hoshida et al., 2018). As such, the simplicity and translatability of this
model proves it a suitable choice for the study of different compounds in ameliorating NASH

pathology.
6.2 Aims and Objectives

FXR has been shown to have pleiotropic roles in the regulation of several diverse signalling
cascades and pathways. Accordingly, significant attention has been directed at ways to
modulate this receptor and its target genes, in an attempt to mediate the pathways contributing
to NASH. Two novel BA-derived compounds, Jed441 and Jed561, have been shown to activate
FXR by promoting the recruitment of its coactivators (Chapter 5). Whilst the results of these
assays are promising, the artificiality of the cell-free environment means that these compounds
require further validation. Assessment of these compounds in a cellular setting, interacting with
the full length FXR protein, with the additional regulation of various partner receptors,
transcription factors and post translational modifications, is required to determine whether

these compounds can promote the physiological response expected.
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Thus, the aim of the research presented in this chapter, is to identify whether lead compounds
Jed441 and Jed561, can functionally activate FXR, observed by the regulation of its target genes.
In addition, a secondary aim is to determine whether the observed responses are specific to
FXR activation and, whether the specific fluorination at the 4B position on Jed561 confers this
compound with any favourable effects over the non-fluorinated derivative. Furthermore, work
here aims to evaluate the effects of these compounds in vivo; firstly, in mice under normal
physiology, to determine whether results seen in vitro are translatable to a whole organism
setting, and secondly in a mouse model of NASH. The results obtained from this research are
anticipated to help delineate the mechanisms of action of these compounds, as well as
confirming their potential use as pharmacological therapeutics for the treatment of NASH or

other metabolic or hepatic-related diseases.
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6.3 Methods

6.3.1 Cell Culture and Treatment with Compounds
Huh7 cells were purchased from the Japanese Collection of Research Bioresources (JCRB) and

HepG2 cells were a kind gift from Dr Francesca Greco, School of Pharmacy, University of
Reading. Huh7 cells were cultured in low glucose containing Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% Foetal Bovine Serum (FBS) and 2 mM L-glutamine (all Sigma
Aldrich). HepG2 cells were grown in Eagle’s Essential Minimal Medium (EMEM) supplemented
with 10% FBS, 2 mM L-glutamine and 1% non-essential amino acids (all Sigma Aldrich). Cells
were grown and maintained at a confluency of 70-80% in an incubator (Autoflow IR direct heat
incubator, Nuaire, UK) set to 37°C and a carbon dioxide concentration of 5%. When an
appropriate estimated number of cells had been obtained (as determined by visual inspection),
the cell culture medium was removed from the flasks and cells washed with Dulbecco’s
phosphate buffered saline (PBS, Sigma Aldrich). For a 75 cm? flask, 2 mL trypsin (Sigma Aldrich)
was added to the flask, and flasks incubated for 2-3 minutes at 37°C to facilitate detachment.
An 8 mL aliquot of complete medium was added to the flask to stop the trypsinization reaction,
and the entire contents transferred to a 15 mL falcon tube. A 100 pL aliquot of cell suspension
was withdrawn and diluted 1:1 with trypan blue solution and analysed in under a light
microscope (Nikon) in a haemocytometer chamber, to determine the cell density. The
remainder of the cell suspension was spun down by centrifugation at 100 — 125 x g for 5
minutes. The supernatant was removed, and the cells were resuspended in a volume of fresh
medium to give a concentration of 1x10° cells/ml. Aliquots of 1 mL were seeded in 6 well plates
so that each well contained approximately 1x108 cells, and cells were left to adhere overnight.
The following day, the medium was removed from each well and replaced with medium
containing either DMSO (1% final concentration), OCA, Jed441 or Jed561 at their respective ECso
and ECq concentrations. Plates were duplicated, and one plate was incubated for 6 hours, and
the other plate for 24 hours, after compound addition. A schedule of treatment can be found

in Table 6. 2.
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Table 6. 2 Treatment of Huh7 and HepG2 cells with different compounds for gene expression analysis

Incubation time Compound Compound
(hours) Concentration (nM)
Vehicle (control) -
(ECso) 300
OCA
(ECs0) 1000
6 (ECso) 27
Jed441
(ECs0)180
(ECso) 92
Jed561
(ECs0) 400
Vehicle (control) -
(ECso) 300
OCA
(ECs0) 1000
24 (ECs0) 27
Jed441
(EC90)180
(ECso) 92
Jed561
(ECe0) 400

* ECso and ECsovalues used for cell culture experiments were determined by cell-based FXR reporter gene
assays conducted by Irene Boz, School of Pharmacy, University of Reading.

In guggulsterone inhibition experiments, cells were incubated with either 10 or 100 uM final
concentrations of guggulsterone, in the presence or absence of Jed441 and Jed561 at their
respective ECsp concentrations. In experiments comparing the effect of the fluorination of the

compound, Jed692 was cultured at identical final concentrations as Jed561, 92 nM.

After incubation for the respective amount of time, cells were washed with ice-cold PBS prior

to RNA extraction.

6.3.2 Maintenance and Treatment of Mice
All procedures involving the animal husbandry, housing and treatment of mice were carried out

by Saretius Ltd but are described here for context. All procedures were performed under license
from the Home Office and in accordance with The Animals (Scientific Procedures) Act 1986.
C57BL/6J mice (hereafter referred to as wild type (WT) mice) were obtained from Charles River
Laboratories (UK) and housed under standard conditions. Age and weight matched groups of

10-12-week-old male mice were used for all experiments.
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6.3.2.1 Single Dose Administration of Compounds in Wild Type Mice
Weight matched male WT mice were given a solution of OCA or Jed compounds diluted in DMSO

equating to 2mg compound per kg body weight (2mg/kg) by oral gavage (n=3 per treatment
group). Control mice were given a vehicle solution of 5% DMSO in 0.5% methylcellulose in
water. Mice were housed in standard cages and given free access to food and water. At terminal
sampling points 0.5, 2 and 8 hours after administration, mice were sacrificed by a CO;
euthanasia method (UK Home office guidelines). Mice administered with vehicle were sacrificed
0.5 hours post treatment. In experiments comparing Jed compounds with competitor
compounds, mice were treated equally with a final compound concentration of 2mg/kg and
were sacrificed 6 hours post administration. Livers were saline-perfused, harvested, and a 0.5g
slice, stored at room temperature in RNAlater (Invitrogen) was provided for the RNA extraction

(Chapter 6, section 6.3.4) and qPCR work as described (Chapter 6, section 6.4.2.2).

6.3.2.2 Daily Administration of Compounds in Wild Type Mice
Sixty WT mice (n=10 per treatment group) were treated for 5 days with either vehicle (5% v/v

DMSO in 0.5% w/v methyl cellulose in water), OCA (30 mg/kg body weight), Jed561 (2 mg/kg,
10 mg/kg or 30 mg/kg body weight) or Jed441 (10 mg/kg body weight). Compounds were
administered by oral gavage, once daily, and animals were given free access to food and water.
On the 5™ day, food was removed 30 minutes before the final treatment, and mice were starved
for a further 6 hours before being sacrificed. Strips of specifically the left lobe of the liver, in

RNAlater were provided for the RNA extractions and qPCR work.

6.3.2.3 Production of NASH Mouse Model and Treatment with Compounds
Sixty WT mice were fed either a low-fat diet (LFD, 10% fat, n=10) or a high fat diet (HFD, 60%

fat, n=50). After 30 days, in order to induce liver fibrosis, mice were subjected to additional
intraperitoneal injections of carbon tetrachloride (CCls) at doses equivalent to 25% at 0.5 ml/kg,
for mice on the HFD, or olive oil sham for mice on the LFD. Treatment with CCl, or olive oil was
administered every 4 days. After 21 days of CCl, treatment, HFD mice were allocated to groups
of 10 according to body weight. For the next 29 days, mice were treated orally with either
Jed561 (at 2, 10 and 30 mg/kg), OCA 30 mg/kg, or vehicle (5% DMSO in 0.5% w/v methyl
cellulose in water). LFD mice were dosed with vehicle. At the end of the study, mice were
euthanised by CO; (as per home office guidelines) and strips of the left lobe of the liver, stored

in RNAlater were provided for the RNA extractions and gPCR work.

6.3.3 RNA Extraction from Adherent Cells

RNAse-free plasticware and RNAse-free water were used in the preparation of total RNA from

sources. All surfaces were decontaminated using RNAseZap™ (Invitrogen). For total RNA
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extraction a solid phase extraction method was used whereby silica’s nucleic acid binding
properties are used to facilitate the purification of RNA, as first described by Boom et al., (1990).
The RNAqueous™ Total RNA Isolation kit (Ambion) was used, according to manufacturer’s
instructions. For cultured cells, the medium was removed, and cells were washed with 1xPBS
to remove cellular debris and residual medium. Total RNA was extracted from fresh cells. For
1x10° cells, 350 pL lysis buffer was added directly to the well and cells were harvested by
scraping with a pipette tip. Lysed cells were combined with an equal volume of 64% ethanol and
mixed thoroughly by pipetting. The ethanol-lysate mix was transferred to a column and spun at
12,000 x g for 1 minute and flow through discarded. The membrane was washed to remove
residual DNA, proteins and salt, by adding wash buffer 1 to the column and centrifuging at
12,000 x g for 1 minute, before discarding the flow through and repeating this step twice with
wash buffer 2. An additional spin with the empty cartridge was included to completely dry the
membrane of ethanol. Finally, the total RNA was eluted in 2 sequential aliquots of 50 pL
preheated elution buffer (nuclease-free water containing trace amounts of EDTA). Total RNA
samples were checked for integrity and quality, and immediately used for cDNA synthesis,

before being stored at -80°C.

6.3.4 RNA Extraction from Mouse Livers
A ~150 mg slice of liver was removed from RNA/ater™ and blotted on tissue paper to remove

excess buffer. The slice was added to 1800 pL of guanidium-based lysis buffer in a glass, round-
bottom homogenizer, and lysed on ice by manually grinding the tissue. Once sufficiently
liguefied, the homogenate was transferred to an Eppendorf and centrifuged at top speed for 5
minutes to clarify the sample and remove debris. Once clarified, 300 pL of lysate, equivalent to
approximately 30 mg of liver tissue, was combined with an equal volume of 50-64% ethanol and
mixed gently by inversion or pipetting (50% ethanol was used in cases where the sample was
particularly viscous, to prevent the filter from clogging in subsequent steps). The lysate-ethanol
mix was transferred to a column from the RNAqueous™ kit, and the rest of the extraction
protocol was followed, according the manufacturer’s instructions as detailed previously

(Chapter 6, section 6.3.3).

6.3.5 Analysis of RNA Quantity, Purity and Integrity

RNA concentration was quantified by measuring the absorbance at 260 nm, using a Nanodrop
Lite spectrophotometer (Thermo Scientific). The Nanodrop also measures the absorbance of
light at 280 nm and the purity of RNA was estimated by analysing the Azso:280 ratio, where a
value of between 1.8 and 2.2 was deemed to be free from residual protein contamination and

acceptable for downstream applications. The integrity of the RNA was determined by running a
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sample on a denaturing formaldehyde agarose gel. A 1% agarose, 1xMOPS, 6.6% formaldehyde
gel was made with the addition of 1x SYBR® Safe DNA stain to visualize the nucleic acids. Prior
to loading, equal volumes of formaldehyde loading dye (Ambion) was added to 1 ug RNA or 3uL
RiboRuler High Range RNA ladder (ThermoScientific) and samples were heated at 70°C for 10
minutes before being immediately snap cooled on ice for 2-3 minutes to denature any intrinsic
secondary structure of the RNA. The gel was run at 90V for 1 hour 30 minutes and visualised
under UV light, using the NuGenius gel doc system (Syngene). Pure RNA was demonstrated by
the presence of 2 sharp, intense bands at approximately 5 kb and 1.9 kb, indicating the
ribosomal RNA subunits, 28S and 18S, respectively. The 28S upper band was expected to be
twice the intensity of the 18S lower band for intact RNA. Smearing below the 18S rRNA band
was taken to indicate degraded RNA, whilst smearing and/or bands above the 28S rRNA was

indicative of DNA contamination.

6.3.6 DNase Treatment of RNA

Before reverse transcription, RNA samples were treated with amplification grade DNase |
(Invitrogen) to remove any residual contaminating genomic DNA which could interfere with
downstream cDNA synthesis and RT-gPCR applications. To 1 ug RNA, 1 pL 10x DNase | reaction
buffer and 1 puL DNase | (1 U/uL) was added. DPEC-treated water was added to a final volume
of 10ulL. Reactions were incubated at room temperature for 15 minutes, followed by
inactivation of DNase | by the addition of 1 pL of 25mM EDTA and incubation at 65°C for 10

minutes. The whole of the DNase | reaction was used for cDNA synthesis.

6.3.7 Complementary DNA (cDNA) synthesis

Reverse transcription from RNA to cDNA was carried out using the iScript Advanced cDNA
Synthesis Kit for RT-qPCR (Biorad) according to manufacturer’s instructions. The iScript reaction
mix contains buffer, MgCl,, enhancers and stabilisers and both random and oligo(dT) primers to
allow for the efficient synthesis of long, full length cDNAs from eukaryotic mRNA. The reverse
transcriptase used, as part of this kit, is a recombinant Moloney murine leukaemia virus enzyme
and RNase inhibitors are included in the reaction mixture. A typical reaction would contain 4 plL
5x iScript advanced reaction buffer, 1 pL iScript advanced reverse transcriptase, 10 uL DNase |
treated RNA and nuclease-free water to a final volume 20 pL. The reaction was incubated at
46°C for 20 minutes, before inactivation at 95°C for 1 minute. Newly synthesised cDNA was
diluted in TE buffer (10 mM Tris pH 8, 1 mM EDTA), aliquoted and stored at -20°C until use in

qPCR experiments.
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6.3.8 Quantitative Real-time Polymerase Chain Reaction (qPCR) (Principle)
Gene expression analysis of FXR and its downstream targets was conducted using quantitative

real-time PCR, a method which is used to precisely and efficiently monitor real-time increases
in amplicon concentration. For all reactions, a StepOnePlus™ Real-time PCR system (Applied
Biosystems) was used, which, in brief, comprises a 96-well thermal cycler for the amplification
of DNA, a light source for the excitation of fluorescent probes and a charge coupled device
camera to detect and record changes in fluorescence. The method used here utilized the
fluorescent intercalating dye SYBR® Green, which, in its free, unbound form has undetectable
fluorescence. SYBR® Green, however, can bind to double stranded DNA in a sequence
independent manner, by intercalating between DNA bases and subsequently emits a
fluorescent signal. Assuch, as the reaction progresses, and the number of cycles increase, there
is an increase in fluorescence emission, which is a direct consequence of the increase in target
DNA being produced. This increase in fluorescence intensity is measured by the camera and the
change in fluorescence intensity (ARn) is automatically plotted versus the cycle number in
amplification plots by computer software. The reaction can be considered to have 3 separate
stages; an initial baseline stage, where there is little change in fluorescence detected; the
exponential phase, where the number of amplicons double with each cycle; and the plateau
stage, where reagents become depleted and DNA replication starts to slow. The baseline is
determined by the ARn values from the initial cycles of the PCR reaction (cycles 3-15). An
arbitrary threshold is then set based on the variability of the baseline, usually a value at 10 times
the standard deviation of the baseline. The baseline and threshold are set automatically by the
software, but when necessary were adjusted or set manually between experiments. The
threshold cycle (C:) values are then calculated by determining the point, or cycle number, at
which the fluorescence, due to amplification, exceeds the threshold limit. This means that
samples with higher starting concentrations of template DNA will cross the threshold at earlier
cycles than samples with lower starting DNA, therefor resulting in lower C; values (Giulietti et

al., 2001).

6.3.9 Primer Selection

6.3.9.1 Selection of Reference Genes
Candidate reference genes were selected based on data from existing literature (Bruce et al.,

2012; Hashemi et al., 2012; Kouadjo et al., 2007; Li et al., 2017; Suzuki et al., 2000) and tested

for stability across different experimental conditions.
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6.3.9.2 Optimization of Primers for Reference and Target Genes
KiCqStart™ SYBR® green predesigned primers for target genes were purchased from Sigma Life

Science. Where possible, primers chosen were those that span an exon splice site to minimise
the possibility of co-amplification of gDNA. All primers amplified an 80-150 bp product.
Nuclease-free water was added to the lyophilized primers for a stock concentration of 100 uM.
Primers were diluted with nuclease-free water for a working concentration of 10 uM. A list of
all primers used can be found in Table 6. 3. To test the efficiency, reproducibility and dynamic
range of the assay, a ten-fold serial dilution was made; consisting of 5 concentrations of cDNA
generated (as outlined above) from either human reference RNA (Agilent) or pooled cDNA from
Huh7 cells, HepG2 cells or mouse liver samples. Following gPCR of these samples, using both
reference gene primers and target gene primers, a standard curve was constructed using the
threshold cycle (Ct) value (y-axis) versus log cDNA concentration (x-axis). The primer
amplification efficiency € of one cycle in the exponential phase was determined by the equation
E = 10¢Y/5lope)_1 (Ginzinger, 2002). The accuracy of these qPCR reactions was determined by the
correlation coefficient, R? value of the standard curve, with values higher than 0.98 being
suitable. The specificity of each primer was determined by melt curve analysis, which was
performed at the end of each run, where the production of one peak at one melting
temperature indicated the amplification of a single product and, therefore, primers that were
highly specific. Amplified products were confirmed by agarose gel electrophoresis (2% Agarose,
1xTAE, run at 100V for 30 minutes) to check amplicon sizes were as expected, and that only one
product was seen.

Table 6. 3 KicQStart® SYBR® Green Primers purchased from Sigma Aldrich tested for use in gPCR
reactions

Gene Gene Name Species Catalogue number

GAPDH glyceraldehyde-3-phosphate dehydrogenase Human H_GAPDH_1

B-Actin B-Actin Human H_ACTB_1

FXR Nuclear receptor subfamily 1, group H, member | Human H_NR1H4_1
4/ FXR

SHP Nuclear receptor subfamily 0, group B, member | Human H_NROB2_1
2/ Short heterodimer partner

BSEP ATP-binding cassette, sub-family B (MDR/TAP), | Human H_ABCB11_1
member 11/ Bile salt export pump

FGF19 Fibroblast growth factor 19 Human H_FGF19_1

CYP7A1 Cytochrome P450, family 7, subfamily a, | Human H_CYP7A1_1
polypeptide 1
TGFB1 Transforming growth factor beta 1 Human H_TGFB1_1

SREBF1 Sterol regulatory element binding transcription | Human H_SREBF1_1
factor 1
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OSTa Solute carrier family 51 alpha subunit/ Organic | Human H_OSTALPHA_1
solute transporter alpha subunit
OSTB Solute carrier family 51 beta subunit/ Organic | Human H_OSTBETA_1
solute transporter beta subunit
APOC2 Apolipoprotein C-II Human H_APOC2_1
NTCP Solute carrier family 10 member 1/ Sodium | Human H_SLC10A1_1
Taurocholate co-transporting polypeptide
TIMP1 Tissue inhibitor of metalloproteinase 1 Human H_TIMP1_1
CCR5 C-C motif chemokine receptor 5 Human H_CCR5_1
CYP8B1 Cytochrome P450 family 8 subfamily B member 1 | Human H_CYP8B1_1
IL1B Interleukin 1 beta Human H_IL1B_1
ARF1 ADP-ribosylation factor 1 Mouse M_ARF1_1
COX7A2L | Cytochrome c oxidase subunit Vlla polypeptide 2- | Mouse M_COX7A2L_1
like
YWHAZ Tyrosine 3-monooxygenase/tryptophan 5- | Mouse M_YWHAZ_1
monooxygenase activation protein
FXR Nuclear receptor subfamily 1, group H, member | Mouse M_NR1H4_1
4/ FXR
SHP Nuclear receptor subfamily 0, group B, member | Mouse M_NROB2_1
2/ Short heterodimer partner
BSEP ATP-binding cassette, sub-family B (MDR/TAP), | Mouse M_ABCB11_1
member 11/ Bile salt export pump
CYP7A1 Cytochrome P450, family 7, subfamily a, | Mouse M_CYP7A1_1
polypeptide 1
FGF15 Fibroblast growth factor 15 Mouse M_FGF15_1
TGFB1 Transforming growth factor beta 1 Mouse M_TGFB1_1
SREBF1 Sterol regulatory element binding transcription | Mouse M_SREBF1_1
factor 1
CYP27A1 | Cytochrome P450, family 27, subfamily a, | Mouse M_CYP27A1_1
polypeptide 1
APOC2 Apolipoprotein C-II Mouse M_APOC2_1
PLTP Phospholipid transfer protein Mouse M_PLTP_1
FASN Fatty acid synthase Mouse M_FASN_1
ACACA Acetyl-Coenzyme A carboxylase alpha Mouse M_ACACA_1
CPT2 Carnitine palmitoyltransferase 2 Mouse M_CPT2_1
TIMP1 Tissue inhibitor of metalloproteinase 1 Mouse M_TIMP1_1
COL1A1 Collagen, type |, alpha 1 Mouse M_COL1A1_1
COL3A1 Collagen, type 3, alpha 1 Mouse M_COL3A1
ACTA2 Actin, alpha 2, smooth muscle, aorta Mouse M_ACTA2_1
CCL2 Chemokine (C-C motif) ligand 2 Mouse M_CCL2_1
CCR2 Chemokine (C-C motif) receptor 2 Mouse M_CCR2_1
CRP C-reactive protein, pentraxin-related Mouse M_CRP_1
IL6RA Interleukin 6 receptor, alpha Mouse M_IL6RA 1
GYS2 Glycogen synthase 2 Mouse M_GYS2_1
PCK1 Phosphoenolpyruvate carboxykinase 1, cytosolic Mouse M_PCK1_ 1
CASP8 Caspase 8 Mouse M_CASP8_1
NRF2 Nuclear factor, erythroid derived 2, like 2 Mouse M_NFE2L2_1
BCL2 B cell leukemia/lymphoma Mouse M_BCL2_1
SOD2 superoxide dismutase 2, mitochondrial Mouse M_SOD2_1
GPX1 glutathione peroxidase 1 Mouse M_GPX1_1

* primers used for final reactions chosen due to efficient amplification of single product -bold
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6.3.10 Quantitative PCR
The ready-to-use reaction mastermix, iTaq Universal SYBR Green Supermix (Biorad), containing

hot-start iTaqg DNA Polymerase, dNTPs, MgCl,, SYBR Green | dye, enhancers, stabilisers and a
blend of ROX and Fluorescein passive reference dyes, was used for all qPCR reactions. A typical
reaction for each gene contained 5 uL 2x iTag Universal SYBR Green Supermix, 500 nM forward
and 500 nM reverse primers, approximately 5 ng cDNA and nuclease-free water to a final
volume of 10 pL. Each target gene, reference gene and negative controls (without template
cDNA) were run in duplicate on an Optical MicroAmp 96 well plate (Applied Biosystems). Plates
were sealed with an optical adhesive seal (Applied biosystems), briefly placed on a plate shaker
to mix the components and centrifuged. Reactions were run using the Applied Biosystem Step
One Plus real-time PCR system, using the following cycling conditions; an initial denaturation
step at 95°C for 15 minutes, 40 cycles of amplification, consisting of denaturation step at 94°C
for 15 seconds, combined annealing and extension step at 60°C for 1 minute, with a single
fluorescent measurement. Melting curve analysis was performed straight after each run by
increasing the temperature from 60°C to 95°C in 0.3°C increments and measuring fluorescence

dissociation.

6.3.10.1 Relative Quantification
Relative changes in gene expression were determined by the AAC: method, as described by Livak

and Schmittgen, whereby the fluorescent signal of the target transcript of a treatment group is
compared to the same target in another untreated group (Livak and Schmittgen, 2001). From
duplicate or triplicate reactions, a mean C; value was calculated for each biological sample. The
C: values of target genes were normalised to the C;value of the reference gene, for both the
samples of cells or mice treated with vehicle and the samples from cells/mice treated with

compound calculated as:

ACt= mean C learget — mean Ctreference

The AC: values for the treated samples were then normalised against the AC;: values of the

control samples.
AACt = ACtureated — ACtcontrol

Finally, the expression ratio of the target gene in the treated group, relative to the target gene
in the control group, was calculated, converting the results to the logarithmic scale using the

equation:

Fold change = 2-2AC,
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6.3.11 Statistical Analysis
Fold change data are reported as mean * Standard Error of Mean (SEM). Standard deviation,

standard error and all statistical analyses were performed using the ACt values rather than the
transformed fold change ratios so that the distribution of the data could be normalised to a
linear scale. ACt values were compared between groups using a One-Way ANOVA test, with
Tukey’s Post hoc analyses to make all possible pairwise comparisons. In cases where data had
extreme outliers or was not normally distributed as assessed by visual inspection of boxplots
and a Shapiro-Wilk’s test, a non-parametric Kruskal-Wallis H test, or a robust Welch’s ANOVA
test was performed with a Games-Howell post hoc test. For all analyses, a P value less than 0.05

was considered to be statistically significant.
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6.4 Results

6.4.1 Effect of Lead Compounds in vitro

6.4.1.1 Selection of Appropriate Reference and Target Genes
In order to assess the effect and influence of lead compounds, Jed441 and Jed561, on

endogenous FXR-mediated gene regulation, the robust and sensitive method of real-time qPCR
was used. Two hepatocyte-derived, phenotypically stable cell lines, Huh7 and HepG2, were
treated with the compounds and the consequential up- or downregulation of specific genes
observed. FXR impacts a considerable number of genes, and the mRNA and protein expression
distribution of several of these have been described previously (Fiorucci et al., 2007, Dash et al.,
2017). However, the Expression Atlas repository (Papatheodorou et al., 2018) was queried for
data and information from microarray and RNAseq studies, carried out in these cell lines, in
order to determine which genes would be expressed to detectable levels under baseline
standard culture conditions. The results from these queries, shown in Appendix 5, collating raw
data from RNAseq experiments carried out by Genentech and the Cancer Cell Line Encyclopedia,
identified genes that were expressed in only Huh7 cells, HepG2 or both. Genes that displayed
detectable transcripts in either or both cell lines, and that had primers that were readily
available to purchase from the Kicqstart® SYBR® green primer catalogue (Sigma- Aldrich), were
selected for use in real-time gPCR assays. Where possible, primers that overlapped an exon-

exon boundary of a gene were chosen.

Prior to experimental work, these predesigned, commercial primers were verified for their
specificity and efficiency. Primers were initially checked using the Primer-BLAST tool (Ye et al.,
2012) to test for any self-complementarity and possible non-specific targets (results not shown).
Once it was satisfied that these primers were unlikely to form primer dimers, or amplify off-
target products, they were tested further by performing a gPCR standard curve.
Complementary DNA transcribed from either human reference RNA (Agilent), or RNA isolated
from untreated, classically cultured Huh7 or HepG2 cells, was serially diluted 10-fold to form a
series of standards, whereby the starting standard concentration was comprised of
approximately 10 ng cDNA. These standards were used as template DNA in qPCR reactions with
each primer, and assays were run under constant automated PCR conditions, consisting of a
95°C denaturation step, followed by a single combined 60°C annealing and elongation step. The
C: values generated from qPCR experiments were used for analysis of gene expression. C; values
are the point at which the fluorescence, due to amplification, exceeds any background

fluorescence and crosses the threshold, correlating to initial transcript levels. The human
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reference RNA is prepared by pooling RNA from several different whole human tissues (Agilent)
and expression of many of the liver-specific genes was very low, especially at the lowest
concentrations. This resulted in very high (>35 cycles) and wide-ranging Ctvalues, making the
generation of accurate standard curves for each primer difficult (data not shown). Instead,
cDNA from untreated (control samples) Huh7 or HepG2 cells were used in subsequent tests. At
the highest cDNA concentration used, approximately 10 ng cDNA template, C: values ranged
from 15 to 31 cycles. A higher C; value corresponds to a low abundance of starting cDNA, and

so primers for genes that produced C; values above 25 cycles were excluded from final assays.

A standard curve was constructed from the mean C; values (y-axis) versus the log cDNA dilutions
(x-axis). The slope value was calculated from each curve and used to determine the primer

amplification efficiency as per the equation described by Ginzinger (2002):

1

Efficiency = 10" 5lope’

-1
or alternatively,

1

% Efficiency = (1059 — 1) x 100

In an ideal reaction whereby amplification is completely efficient, the template doubles with
each cycle during the exponential stages of amplification, meaning that the efficiency value is 2
(100%), and the slope of the standard curve, approximately -3.2. The primers tested achieved
amplification efficiencies of between 70% and 160% (Appendix 7). Primer efficiencies between
80 and 100% are deemed acceptable to produce robust, reproducible and reliable data. In some
cases, where the primer efficiencies did not achieve the 80% cut-off threshold, it is possible that
the low primer efficiency is as a result of the standard primer concentrations (500 nM) and
annealing temperatures (60°C) applied to all assays. An annealing temperature that is 5°C lower
than the primers’ melting temperature is usually recommended and, in some cases, the
estimated melting temperature (as quoted by the manufacturers) was as low as 55.5°C, as with
GAPDH, and may account for lower efficiencies than expected. In reality, the actual primer
melting temperature will be slightly different due to SYBR® green master mix buffers, salts and
reagents, and due to the automated nature of data collection, a 60°C annealing temperature
was retained. In other cases, e.g. FXR, a low efficiency value can indicate that the limit of

detection was reached during the assays, where in the lowest standards of cDNA, the target
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transcripts were negligible and not amplified. In these cases, the correlation coefficient (R?
value) of the curve, and the amplification plot was observed and were often indicated by plots
which had uniformly spaced, sigmoidal amplification traces in the initial standards, but not in
the lower concentrations where fluorescence trails off or is not detected, as seen in Figure 6. 1,
where fluorescence signal is not increased above baseline, and FXR was not amplified in the

later cycles corresponding to lowest concentrations of starting cDNA.

To verify the specificity of the primers, melt curve analysis was included at the end of each gPCR
run. The intercalating SYBR® green dye only fluoresces when bound to double-stranded DNA.
By incrementally increasing the temperature and continually measuring the fluorescence, as
the double stranded DNA begins to denature, the dye dissociates, reducing the fluorescent
signal. When fluorescence is plotted as a function of temperature, it is possible to see the
homogeneity of the sample being measured. A single peak indicates the presence of a single
product, whereas multiple or shouldering peaks indicates the presence of multiple amplicons
or non-specific annealing. Products were further confirmed by DNA agarose gel electrophoresis.
Data from melt curves, standard curves and amplification plots of primers tested can be found
in Appendix 7. Primers that were determined to be sensitive, efficient and specific for genes

modulated by FXR were selected for experimental assays.

For the accurate relative quantification of mRNA in qPCR reactions, a suitable endogenous
standard or reference gene is essential in order to normalise the target gene expression and
exclude any cell to cell variability in transcription levels. An inherent assumption of this method
is that reference genes show stable and unregulated expression in the tissue of interest, and
importantly, across tissues that may have undergone different treatments. For this reason,
housekeeping genes, which are found constitutively expressed in every nucleated cell to
maintain basic cellular function, are usually chosen for this purpose. For the selection of a
reference gene, in addition to the analyses described here, candidate genes (GAPDH and
B-actin) were measured for their stability across treated and untreated cells. RNA from Huh7
cells treated with vehicle (DMSO), or OCA at its ECsp or ECyo concentrations were transcribed to
c¢DNA and used to create dilution standards. The same cDNA samples were used as templates
in assays with either GAPDH or B-actin primers. The C; values displayed in Table 6. 3, show that
whilst both primers were able to amplify products to within 1 C; value across different samples
at the same concentration of starting cDNA, the standard deviation for GAPDH values were
overall, slightly smaller, suggesting less variation between differentially treated samples.
Furthermore, although B-actin had a higher amplification efficiency (87%) compared to GAPDH,

(73%), the biggest determinant in choosing GAPDH as a reference gene was due to the fact that
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a single melt curve was produced, whereas B-actin appeared to amplify several, non-specific

products (Figure 6. 2).

Table 6. 4 Comparison of GAPDH and B-actin C: values across different human hepatic cell line

samples
GAPDH C; Values B-actin C; Values
cDNA . OCA OCA . OCA OCA
. Vehicle- St. | Vehicle- St.
dilution (300nM)- | (1uM)- (300nM)- | (1uM)-
treated dev | treated dev
treated | treated treated | treated
10° 16.38 16.20 15.33 0.57 | 15.50 14.74 14.32 0.60
101 20.46 20.03 19.97 0.27 | 18.81 18.49 17.90 0.46
102 24.97 24.65 24.49 0.24 | 22.88 22.81 22.74 0.07
103 28.78 29.75 29.03 0.51 | 26.84 27.20 26.45 0.37
10* 33.36 33.70 33.00 0.35 | 29.82 30.52 30.90 0.55
mean 0.39 0.41

Amplification | 73 67 67 87 77 74
efficiency (%)
Accuracy of | 0.999 0.998 0.9992 0.997 0.998 0.998
standard

curve

(coefficient
R?)

10

0.1

0.01

ARN

0.001

0.0001

0.00001

0.000001

Cycle

Figure 6. 1 Limit of detection of qPCR assays using primers for FXR. Amplification plot of FXR amplified

from 5 cDNA standards. Lowest 2 dilutions did not have detectable levels of FXR gene transcripts and

amplification traces were not produced. N=3 per dilution
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Figure 6. 2 Specificity of qPCR assays using reference gene primers. Melt curve plots showing
dissociation peaks for (A) GAPDH primers and (B) 8-actin primers. N=15

6.4.1.2 Effect of Jed441 in Huh7 cells
In order to observe the effect of novel ligand Jed441 on FXR target genes, Huh7 cells were

cultured under the treatment conditions outlined in Table 6. 1. This regime was employed to
determine the most effective dose for treatment, as well as to identify any differences in gene
expression in response to induction time. Cells were also cultured with OCA at equivalent ECso
and ECq values, to act as a positive control and representative archetypal steroidal FXR agonist,

with which to compare efficacy of the novel compounds.

Results displayed in Figure 6. 3, showed that following 6 hours incubation with OCA or Jed441,
FXR expression remained relatively stable with no significant up- or downregulation in mRNA
levels (Figure 6. 3A)). However, direct FXR target genes, nrOb2 (SHP), sic51a (OSTa), and fgf19
(FGF19), involved in BA synthesis and homeostasis, displayed increases in mRNA levels, as
expected, following agonist induced FXR activation. Moreover, Jed441 appeared to be effective
at upregulating said target genes, more so than OCA at its corresponding ECso and ECqo
concentrations. Even at its ECso concentration, Jed441 induced a significant 4-fold rise in SHP
MRNA levels, a rise which is similar to the level seen in cells incubated with OCA at its ECq

concentration. This fold change in SHP expression for Jed441 ECso treatment, doubled when the
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ECso concentration is used (Figure 6. 3B). OSTa mRNA expression levels displayed considerable
upregulation upon Huh7 incubation with Jed441. Likewise, at its ECso concentration, Jed441
induced highly significant changes in OSTa, increasing mRNA expression by 5-fold, compared to
levels detected in untreated control samples. This even outperforms OCA at its ECq
concentration, which induced 4.5-fold rise in OSTa expression (Figure 6. 3C). In FGF19
expression, again a dose-response-like effect was observed, where increasing concentrations of
both OCA and Jed441 induced increasing changes in mRNA levels. Although this trend was
observed, it is not statistically significant, as indicated by the large error bars (Figure 6. 3D).
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Figure 6. 3 FXR and FXR-target gene expression in Huh7 cells following 6 hours incubation with OCA or
Jed441 at their respective ECso and ECs0 concentrations. Huh7 cells were treated with the vehicle DMSO,
OCA at jts EC50(300 nM) or ECso (1 uM), or Jed441 at its ECso (27 nM) or ECs0 (180 nM) for 6 hours. Relative
MRNA expression levels of (A) FXR, (B) SHP, (C) OSTa and (D) FGF19 were quantified by real-time qPCR.
For each experiment, target gene expression is normalised to GAPDH expression, and the level of target
gene mRNA for DMSO-treated cells (control) set to 1, and expression levels in other test conditions shown
relative to this. Error bars represent +SEM (n=3), statistical significance analysed by one way ANOVA with
Tukey’s post hoc test. * p<0.05, ** p<0.01, *** p<0.001 versus vehicle control.
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Following 24 hours incubation of Huh7 cells with either OCA or Jed441, slight differences in gene
expression were observed (Figure 6. 4). FXR mRNA levels in treated cells was not significantly
different compared to the untreated control cells (Figure 6. 4A). SHP and FGF19, which are both
directly involved in regulating BA synthesis, did not display significant changes in expression
after 24 hours. Only Jed441 at its ECy concentration is able to double the expression levels or
both SHP and FGF19, though again, results are not statistically significant (Figure 6. 4B and D).
Conversely, FXR agonists were able to induce considerable increases in OSTa expression, even
after 24 hours of incubation. While OCA was able to upregulate OSTa by between 11 and 18-
fold, Jed441 was able to increase levels by between 19 and 38-fold, at its ECsp and ECy,
respectively (Figure 6. 4C). These results are comparable to GW4064, which, when used at a
concentration of 200nM to treat Huh7 cells for 24h, displayed a 30-fold increase in OSTa
expression (Landrier et al., 2006). In addition to having a very highly statistically significant
difference in OSTa expression between treated and untreated cells; at their respective ECqo
concentrations, Jed441 induced OSTa expression is significantly higher than OCA induced
expression. Furthermore, expression seen in Jed441 ECso treated cells, is also slightly higher

than that seen in cells treated with OCA ECqo.
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Figure 6. 4 FXR and FXR-target gene expression in Huh7 cells following 24 hours incubation with OCA
or Jed441 at their respective ECso and ECoo concentrations. Huh7 cells were treated with the vehicle
DMSO, OCA at its EC50(300 nM) or ECso (1 uM), or Jed441 at its ECso (27 nM) or ECs0 (180 nM) for 24 hours.
Relative mRNA expression levels of (A) FXR, (B) SHP, (C) OSTa and (D) FGF19 were quantified by real-time
gPCR. For each experiment, target gene expression is normalised to GAPDH expression, and the level of
target gene mRNA for DMSO-treated cells (control) set to 1, and expression levels in other test conditions
shown relative to this. Error bars represent *SEM (n=3), statistical significance analysed by one way
ANOVA with Tukey’s post hoc test. * p<0.05, ** p<0.01, *** p<0.001 versus vehicle control.

Experiments also observed two genes involved in FXR-mediated regulation of lipid metabolism,
Apoc2 (APOC2), which is directly targeted and upregulated by FXR, and Srebf1 (SREBF1), which
is inhibited by SHP. Results in Figure 6. 5A and B showed that, after 6 hours incubation with FXR
agonists, no significant changes were seen in either APOC2 or SREBF1 mRNA. Although APOC2
is regulated by FXR, it requires the long-range interaction between the APOC2 promoter and
upstream FXR-bound hepatic control regions. APOC2 is also under the complex regulation of
other receptors such as the thyroid receptor, which may be one reason as to why no significant

changes were seen. Likewise, although FXR indirectly regulates SREBF1, by upregulating SHP, it
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is thought that SREBF1 is under the additional regulation of non FXR-dependent pathways
(Watanabe et al., 2004), which may be a potential reason as to why these agonists are not able
to affect change in downstream SREBF1 levels. On the other hand, after 24 hours, Jed441 was
able to significantly upregulate APOC2 1.4-fold, although only at its ECoo concentration (Figure
6. 5C). SREBF1 levels appeared to be reduced in cells treated with Jed441 or the highest
concentration of OCA, however error bars were fairly high, and these changes were not

statistically significant (Figure 6. 5D).
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Figure 6. 5 Expression of genes involved in FXR-mediated lipid metabolism pathways in Huh7 cells
following 24 hours incubation with OCA or Jed441 at their respective ECso and ECs concentrations. Huh7
cells were treated with the vehicle DMSO, OCA at its ECso (300 nM) or ECoo (1 uM), or Jed441 at its ECso
(27 nM) or ECs0 (180 nM) for (A and B) 6, or (C and D) 24 hours. Relative mRNA expression levels of (A, C)
APOC2, (B, D) SREBF1 were quantified by real-time qPCR. For each experiment, target gene expression is
normalised to GAPDH expression, and the level of target gene mRNA for DMSO-treated cells (control) set
to 1, and expression levels in other test conditions shown relative to this. Error bars represent +SEM (n=3),
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statistical significance analysed by one way ANOVA with Tukey’s post hoc test. * p<0.05, ** p<0.01, ***
p<0.001 versus vehicle control.

Although not directly regulated by FXR, TGFB1, is involved in fibrogenesis, and contributes to
the development of NASH. Several in vivo models of NASH have demonstrated an increase in
TGFB1 mRNA expression and protein levels (Kong et al., 2009; Han, 2018). Moreover, it has also
been demonstrated that there is a decrease in TGFB1 and other inflammatory marker genes in
response to activation of FXR by synthetic or semi-synthetic agonists (Goto et al., 2018; Hye
Khan et al., 2019). TGFB1 was tested in vitro here, in order to determine whether FXR activation,
via Jed compounds may be able affect fibrosis and other pathways involved in the aetiology of
NASH. In vitro results however, displayed no significant changes in TGFB1 mRNA expression in

response to treatment with FXR agonist for neither 6 hours nor 24 hours (Figure 6. 6).

A B

< TG F’l c TG F’l

2 51 2 31

g Q

a a

= x

L L

< 2- < 21

Pz Pz

[ad [

£ S

A= £

o 19 o 19

o o)

c c

a S

G G

o 0- o 0-

o > ® BN RS K ? S S S Y S

S A S A

@) ¥ o OQV o> @) OQ‘? o OQ‘? W

& & & &
N N > N

Figure 6. 6 TGF81 mRNA expression in Huh7 cells following (A) 6, and (B) 24 hours incubation with OCA
or Jed441 at their respective ECso and ECso concentrations. Huh7 cells were treated with the vehicle
DMSO, OCA at its ECs0(300 nM) or ECs0 (1 uM), or Jed441 at its ECso (27 nM) or ECs0 (180 nM) for (A) 6, or
(B) 24 hours. Relative mRNA expression levels of TGFB1 were quantified by real-time gPCR. For each
experiment, target gene expression is normalised to GAPDH expression, and the level of target gene mRNA
for DMSO-treated cells (control) set to 1, and expression levels in other test conditions shown relative to
this. Error bars represent +SEM (n=3), statistical significance analysed by one way ANOVA with Tukey’s
post hoc test. * p<0.05, ** p<0.01, *** p<0.001 versus vehicle control.

6.4.1.3 Effect of Jed441 in HepG2 cells
The effects of Jed441 in HepG2 cells further support the hypothesis that it is a potent FXR

agonist. After 6 hours, incubation of HepG2 with OCA or Jed441 displayed relatively stable

expression of FXR mRNA, which did not significantly differ from baseline levels (Figure 6. 7A).
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Conversely, FXR-target genes displayed deviations in expression, although somewhat modest
changes, when cells were treated with Jed441. Only in the Jed441 ECqo treatment group were
statistically significant increases in SHP seen. Although Jed441 ECqy induced 1.8-fold increases
in SHP mRNA, this response appears to be dampened compared to the 8-fold increase in
response seen in Huh7 cells. Nonetheless Jed441 produces significantly higher levels of SHP
than that observed with OCA, both at their respective ECqo concentrations (Figure 6. 7B). The
modest increases in SHP mRNA expression, following treatment with FXR agonists, accompanies
a downregulation in cyp7al expression. Whilst OCA treatment halves CYP7A1 mRNA levels at
both its ECsp and ECyo concentrations, Jed441 reduces expression to 0.3 and 0.2- fold of that
seen under control conditions (Figure 6. 7C). As in Huh7 cells, OCA and Jed441 treatment both
increased OSTa mRNA production in a dose dependent manner. Again, at its ECso concentration,
Jed441 was able to achieve increases in OSTa mRNA to levels comparable to those induced by

treatment with OCA at its ECq (Figure 6. 7D).
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Figure 6. 7 FXR and FXR-target gene expression in HepG2 cells following 6 hours incubation with OCA
or Jed441 at their respective EC50 and EC90 concentrations. HepG2 cells were treated with the vehicle
DMSO, OCA at its ECs0(300 nM) or ECso (1 uM), or Jed441 at its ECso (27 nM) or ECs0 (180 nM) for 6 hours.
Relative mRNA expression levels of (A) FXR, (B) SHP, (C) CYP7A1 and (D) OSTa were quantified by real-
time qPCR. For each experiment, target gene expression is normalised to GAPDH expression, and the level
of target gene mRNA for DMSO-treated cells (control) set to 1, and expression levels in other test
conditions shown relative to this. Error bars represent +SEM (n=3), statistical significance analysed by one
way ANOVA with Tukey’s post hoc test. * p<0.05, ** p<0.01, *** p<0.001 versus vehicle control.

After 24 hours incubation with the compounds, FXR mRNA expression started to decrease, in
cells treated with Jed441 or OCA at its ECq (Figure 6. 8A). These decreases were only statistically
significant in the Jed441 ECsp treatment group, which displayed 0.6-fold changes in FXR mRNA
levels. Factors contributing to the regulation of FXR expression are not well known. It has been
reported that various transcriptional coregulators could potentially affect its expression, as well

as the occurrence of posttranslational modifications (Kemper, 2011), but it is also possible that
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this downregulation arises due to a negative feedback mechanism, which is compensating for
the prolonged activation of FXR. After 24 hours incubation in HepG2, none of the compounds
were able to sustain prolonged increases in SHP mRNA expression and levels had returned to
basal amounts where there were no differences seen compared to the control group (Figure 6.
8B). This apparent lack of induction of SHP expression may in part be due to a more transient
response whereby increases in SHP mRNA are seen shortly after incubation with the FXR
agonist, but not sustained after 24 hours. In a previous study with HepG2 cells, SHP mRNA levels
were shown to rapidly increase after 6 hours incubation with CDCA, but then gradually decline,
almost returning to basal levels by 24 hours (Barbier et al., 2003). Furthermore, SHP protein
has been shown to be rapidly degraded, with a half-life of 20-30 minutes in HepG2 cells and its
stability is thought to be increased by FGF19 (Miao et al., 2009). RNAseq data from the
Expression Atlas database (EMBL_EBI) shows that FGF19 is not intrinsically expressed at very
high levels in HepG2 under standard culture conditions, offering another possible suggestion as
to why increases in SHP are not seen in this cell line after 24 hours. Nonetheless, although the
response in SHP mRNA expression may be short-lived, its effects were observed. The decrease
in the downstream SHP target, CYP7A1, persisted at 24 hours in cells treated with Jed441 ECso,
where CYP7A1 mRNA is still statistically, significantly lower compared to control cells (Figure 6.

8C).

Both OCA and Jed441 were able to induce prolonged upregulation in OSTa expression levels by
up to 6- and 9-fold respectively, whereby highly significant increases in OSTa were induced in a
dose-dependent manner even after 24 hours incubation with compounds (Figure 6. 8D). This,
again, is comparable to GW4064 which induced a 5-fold increase in expression in HepG2 cells

following 24 hours incubation with a concentration of 200nM (Landrier et al., 2006).
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Figure 6. 8 FXR and FXR-target gene expression in HepG2 cells following 24 hours incubation with OCA
or Jed441 at their respective EC50 and EC90 concentrations. HepG2 cells were treated with the vehicle
DMSO, OCA at its EC50(300 nM) or ECso (1 uM), or Jed441 at its ECso (27 nM) or ECs0 (180 nM) for 24 hours.
Relative mRNA expression levels of (A) FXR, (B) SHP, (C) CYP7A1 and (D) OSTa were quantified by real-
time qPCR. For each experiment, target gene expression is normalised to GAPDH expression, and the level
of target gene mRNA for DMSO-treated cells (control) set to 1, and expression levels in other test
conditions shown relative to this. Error bars represent +SEM (n=3), statistical significance analysed by one
way ANOVA with Tukey’s post hoc test. * p<0.05, ** p<0.01, *** p<0.001 versus vehicle control.

As with Huh7 cells, HepG2 cells did not show any significant changes in TGFB1 mRNA expression
following incubation with FXR agonist compounds. Incubation for neither 6 nor 24 hours was
enough to induce any changes to TGFB1 expression by OCA or Jed441 at their ECso or ECoo

concentrations (Figure 6. 9).
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Figure 6. 9 TGFB1 mRNA expression in HepG2 cells following (A) 6, and (B) 24 hours incubation with
OCA or Jed441 at their respective ECso and ECso concentrations. HepG2 cells were treated with the vehicle
DMSO, OCA at its ECs0(300 nM) or ECs0 (1 uM), or Jed441 at its ECso (27 nM) or ECs0 (180 nM) for (A) 6, or
(B) 24 hours. Relative mRNA expression levels of TGFB1 were quantified by real-time gPCR. For each
experiment, target gene expression is normalised to GAPDH expression, and the level of target gene mRNA
for DMSO-treated cells (control) set to 1, and expression levels in other test conditions shown relative to
this. Error bars represent +SEM (n=3), statistical significance analysed by one way ANOVA with Tukey’s
post hoc test. * p<0.05, ** p<0.01, *** p<0.001 versus vehicle control.

6.4.1.4 Effect of Jed561 in Huh7 cells
Jed561 also was tested in vitro to observe if and how it affects FXR-mediated gene expression.

As before, OCA was used in experiments, at corresponding ECso and ECy concentrations, to act
as a standard of FXR agonism. Once more, human hepatoma cells were incubated for either 6

or 24 hours with the respective compound or DMSO vehicle (control).

Again, after 6 hours incubation in Huh7 cells, FXR expression was stable across all treatment
groups, and there were no significant changes in mRNA levels between untreated cells, or those
treated with OCA or Jed561 (Figure 6. 10A). Figure 6. 10B-D, also shows that Jed561 was able
to induce statistically significant increases in FXR targets, SHP, OSTa and FGF19 in Huh7 cells;
and in said genes, Jed561-induced upregulation, was higher than that produced by OCA, at their
equivalent concentrations. While Jed561 increased SHP by 3- to 4- fold, OCA-induced increases
were only 2 to 3.5-fold; likewise, Jed561- treated cells displayed rises from 4.5-fold to 7-fold in
both OSTa and FGF19 expression, whereas OCA- treated cells did not achieve these levels of

upregulation.

231



A B
FXR

2.59

2.04

Fold Change in mRNA Expression
Fold Change in mRNA Expression

@]
O

Fold Change in mRNA Expression
2

Fold Change in mRNA Expression
2

o o P

Figure 6. 10 FXR and FXR-target gene expression in Huh?7 cells following 6 hours incubation with OCA
or Jed561 at their respective ECso and ECso concentrations. Huh7 cells were treated with the vehicle
DMSO, OCA at its ECs0(300 nM) or ECso (1 uM), or Jed561 at its ECso (92 nM) or ECs0 (400 nM) for 6 hours.
Relative mRNA expression levels of (A) FXR, (B) SHP, (C) OSTa and (D) FGF19 were quantified by real-time
gPCR. For each experiment, target gene expression is normalised to GAPDH expression, and the level of
target gene mRNA for DMSO-treated cells (control) set to 1, and expression levels in other test conditions
shown relative to this. Error bars represent *SEM (n=3), statistical significance analysed by one way
ANOVA with Tukey’s post hoc test. * p<0.05, ** p<0.01, *** p<0.001 versus vehicle control.

Following 24 hours incubation, FXR agonist treated cells displayed FXR mRNA expression levels
that weren’t statistically different from baseline FXR levels (Figure 6. 11A). SHP continued to be
upregulated with FXR agonist treatment, although to a lower extent than seen at 6 hours
incubation (Figure 6. 11B, Figure 6. 10B). Again, Jed561 performed slightly better than OCA,
inducing increases in SHP expression by 1.7- and 2.6-fold, compared to 1.5 and 2.2-fold changes,

at each of their respective ECsp and ECoo concentrations. As seen in Figure 6. 11C, Jed561

232



treatment caused considerable upregulation in OSTa, again to levels surpassing those induced
by OCA. These increases also are greater than those seen after 6 hours incubation, where, for
example, Jed561 ECq increases OSTa by 7- fold after 6 hours treatment (Figure 6. 10C), but 18-
fold after 24 hours treatment (Figure 6. 11C). After 24 hours, FGF19 expression in FXR agonist-

treated cells weren’t statistically different from FGF19 levels in vehicle treated cells (Figure 6.

11D).
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Figure 6. 11 FXR and FXR-target gene expression in Huh7 cells following 24 hours incubation with OCA
or Jed561 at their respective ECso and ECso concentrations. Huh7 cells were treated with the vehicle
DMSO, OCA at its EC50(300 nM) or ECso (1 uM), or Jed561 at its ECso (92 nM) or ECa0 (400 nM) for 24 hours.
Relative mRNA expression levels of (A) FXR, (B) SHP, (C) OSTa and (D) FGF19 were quantified by real-time
gPCR. For each experiment, target gene expression is normalised to GAPDH expression, and the level of
target gene mRNA for DMSO-treated cells (control) set to 1, and expression levels in other test conditions
shown relative to this. Error bars represent +SEM (n=3), statistical significance analysed by one way
ANOVA with Tukey’s post hoc test. * p<0.05, ** p<0.01, *** p<0.001 versus vehicle control.
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FXR-mediated genes involved in lipid metabolism remained unaffected by treatment with the
FXR agonist compounds, and unlike Jed441, Jed561 did not induce any significant changes to
APOC2 or SREBF1, neither at 6 nor 24 hours (Figure 6. 12). Similarly, treatment with neither OCA
nor Jed561, for 6 or 24 hours, was able to prompt any changes to TGFB1 expression in Huh7

cells (Figure 6. 13).
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Figure 6. 12 Expression of genes involved in FXR-mediated lipid metabolism pathways in Huh7 cells
following 24 hours incubation with OCA or Jed561 at their respective ECso and ECs0 concentrations. Huh7
cells were treated with the vehicle DMSO, OCA at its ECso (300 nM) or ECoo (1 uM), or Jed561 at its ECso
(92 nM) or ECs0 (400 nM) for (A and B) 6, or (C and D) 24 hours. Relative mRNA expression levels of (A, C)
APOC2, (B, D) SREBF1 were quantified by real-time qPCR. For each experiment, target gene expression is
normalised to GAPDH expression, and the level of target gene mRNA for DMSO-treated cells (control) set
to 1, and expression levels in other test conditions shown relative to this. Error bars represent +SEM (n=3),
statistical significance analysed by one way ANOVA with Tukey’s post hoc test. * p<0.05, ** p<0.01, ***
p<0.001 versus vehicle control.
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Figure 6. 13 TGFB1 mRNA expression in Huh7 cells following (A) 6, and (B) 24 hours incubation with OCA
or Jed561 at their respective ECso and ECs0 concentrations. Huh7 cells were treated with the vehicle
DMSO, OCA at its ECs0(300 nM) or ECs0 (1 uM), or Jed561 at its ECso (92 nM) or ECeo (400 nM) for (A) 6, or
(B) 24 hours. Relative mRNA expression levels of TGF81 were quantified by real-time qPCR. For each
experiment, target gene expression is normalised to GAPDH expression, and the level of target gene mRNA
for DMSO-treated cells (control) set to 1, and expression levels in other test conditions shown relative to
this. Error bars represent +SEM (n=3), statistical significance analysed by one way ANOVA with Tukey’s
post hoc test. * p<0.05, ** p<0.01, *** p<0.001 versus vehicle control.

6.4.1.5 Effect of Jed561 in HepG2 cells
In HepG2, the effects of Jed561 on FXR-mediated gene expression were reduced, compared to

effects in Huh7. Once again, following 6 hours incubation in HepG2 cells with agonist
compounds, FXR gene expression was relatively stable (Figure 6. 14A). Surprisingly, in HepG2
cells, neither OCA nor Jed561 were able to induce significant changes in SHP expression above
1.3-fold (Figure 6. 14B). Nonetheless, despite this relatively benign response in SHP to these FXR
agonists, OCA lowered CYP7A1 expression to 0.5- and 0.6-fold, and Jed561 treatment reduced
mRNA to 0.6 and 0.4-fold, respective to its ECsop and ECq concentrations (Figure 6. 14C). As
shown in Figure 6. 14, OSTa is the only direct FXR target gene to show any significant changes
in response to culturing HepG2 cells for 6 hours in Jed561. ECso concentrations of both OCA and
Jed561 are sufficient to significantly increase OSTa expression 3-fold, with very little difference

in fold change achieved.
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Figure 6. 14 FXR and FXR-target gene expression in HepG2 cells following 6 hours incubation with OCA
or Jed561 at their respective ECso and ECso concentrations. HepG?2 cells were treated with the vehicle
DMSO, OCA at its ECs0(300 nM) or ECso (1 uM), or Jed561 at its ECso (92 nM) or ECs0 (400 nM) for 6 hours.
Relative mRNA expression levels of (A) FXR, (B) SHP, (C) CYP7A1 and (D) OSTa were quantified by real-
time qPCR. For each experiment, target gene expression is normalised to GAPDH expression, and the level
of target gene mRNA for DMSO-treated cells (control) set to 1, and expression levels in other test
conditions shown relative to this. Error bars represent +SEM (n=3), statistical significance analysed by one
way ANOVA with Tukey’s post hoc test. * p<0.05, ** p<0.01, *** p<0.001 versus vehicle control.

Following 24 hours incubation, HepG2 levels of FXR mRNA remained the same regardless of
whether cells were untreated, or treated with OCA/ Jed561 (Figure 6. 15A). Similarly, SHP mRNA
expression levels again, appeared to stay close to basal levels in all treatment groups (Figure 6.
15B). CYP7A1 expression, however, appeared to be downregulated with increasing
concentrations of either OCA or Jed561, with Jed561 being able to induce a slightly larger
response, but as previously, there is no statistical difference between treatment groups (Figure

6. 15C). Once again, OSTa is the only gene to significantly increase with treatment by the
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compounds. However, this time, OSTa appears to be upregulated to a higher extent in OCA-
treated cells compared to Jed561, with OCA achieving 4- fold expression and Jed 561 achieving
3.2- fold expression at their ECso concentrations, and OCA and Jed561 inducing 6- fold and 5.4-

fold increases in OSTa expression respectively at their ECso concentrations (Figure 6. 15D).
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Figure 6. 15 FXR and FXR-target gene expression in HepG2 cells following 24 hours incubation with OCA
or Jed561 at their respective ECso and ECso concentrations. HepG2 cells were treated with the vehicle
DMSO, OCA at its EC50(300 nM) or ECoo (1 uM), or Jed561 at its ECso (92 nM) or ECoo (400 nM) for 24 hours.
Relative mRNA expression levels of (A) FXR, (B) SHP, (C) CYP7A1 and (D) OSTa were quantified by real-
time qPCR. For each experiment, target gene expression is normalised to GAPDH expression, and the level
of target gene mRNA for DMSO-treated cells (control) set to 1, and expression levels in other test
conditions shown relative to this. Error bars represent +SEM (n=3), statistical significance analysed by one
way ANOVA with Tukey’s post hoc test. * p<0.05, ** p<0.01, *** p<0.001 versus vehicle control.

Interestingly, although Jed561 did not induce any changes in TGFB1 expression in Huh7 cells,
nor in HepG2 cells with only 6 hour incubation time (Figure 6. 16A), after 24 hours treatment of

HepG2 cells, there is downregulation of TGFB1 in a dose-response manner (Figure 6. 16B). With

237



Jed561 treatment at its ECsodose, TGFB1 mRNA levels are significantly reduced to 0.6-fold, and
although not statistically significant, treatment with Jed561 at its ECq reduces expression to

just 0.3-fold. Again, Jed561 appears to induce a larger effect than OCA in this response also.
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Figure 6. 16 TGFB1 mRNA expression in HepG2 cells following (A) 6, and (B) 24 hours incubation with
OCA orJed561 at their respective ECso and ECs concentrations. HepG2 cells were treated with the vehicle
DMSO, OCA at its ECs0(300 nM) or ECso (1 uM), or Jed561 at its ECso (92 nM) or ECoo (400 nM) for (A) 6, or
(B) 24 hours. Relative mRNA expression levels of TGFB1 were quantified by real-time gPCR. For each
experiment, target gene expression is normalised to GAPDH expression, and the level of target gene mRNA
for DMSO-treated cells (control) set to 1, and expression levels in other test conditions shown relative to
this. Error bars represent +SEM (n=3), statistical significance analysed by one way ANOVA with Tukey’s
post hoc test. * p<0.05, ** p<0.01, *** p<0.001 versus vehicle control.

6.4.1.6 Evaluation of Ligand Specificity in HepG2 Cells
The results from Chapter 6, sections 6.3.1.2 to 6.3.1.5, indicate that novel ligands, Jed441 and

Jed561 are indeed able to effect downstream target genes regulated by FXR. However, in order
to determine if these responses arise specifically from the binding and activation of FXR,
another set of experiments were carried out using z-guggulsterone (herein denoted as
guggulsterone). Guggulsterone is a key active compound in the natural exudate of the
Commiphora mukul tree, and had been classically described as a FXR antagonist, with little
activity on other nuclear receptors (Wu et al., 2002). Guggulsterone has been shown to repress
CDCA and GW4064-induced FXR activity in a luciferase reporter assay, and to displace an LXXLL-
containing coactivator peptide from GW4064-bound FXR (Urizar et al., 2002; Wu et al., 2002).
Furthermore, in coactivator recruitment assays shown in Chapter 5, section 5.4.2,
guggulsterone was unable to activate FXR. As such, z-guggulsterone was used in HepG2 cells to
determine whether it could diminish Jed compound-induced changes in FXR-target gene

expression. If agonist induced changes in FXR-mediated gene expression persists in the
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presence of guggulsterone, the Jed compounds may be acting via non-FXR specific mechanisms

or pathways.

Results in Figure 6. 17, show some intriguing, and varied responses for the effect of
guggulsterone in Jed441-induced gene expression. Expression of FXR in HepG2 did not
significantly change with treatment of guggulsterone at 10 or 100 uM, or Jed441, on their own
(Figure 6. 17A). Conversely, Jed441 and guggulsterone appear to have a cumulative effect in the
downregulation of FXR, and when HepG2 cells were treated with Jed441 and 10 uM
guggulsterone, mRNA levels were reduced to 0.59- fold. Likewise, incubation of cells with
Jed441 and 100 uM guggulsterone decreased FXR expression to 0.62- fold, however, unlike with

the 10 uM concentration, this was not statistically significant.

SHP, on the other hand, was halved in cells treated with only 10 uM guggulsterone (Figure 6.
17B). Similarly, when treated with 100 uM guggulsterone alone, SHP levels were also
significantly reduced to 0.6-fold. Whilst Jed441 wasn’t able to induce any upregulation in SHP,
following 6 hours incubation at its ECsg concentration as seen previously (Figure 6. 7B),
incubation with both Jed441 and guggulsterone returns SHP more towards basal levels

compared to Guggulsterone alone.

When looking at OSTa mRNA expression, no significant changes were observed when HepG2
cells were cultured with guggulsterone, at 10 uM or 100 uM (Figure 6. 17C). However, as
previously, Jed441 was able to induce a highly significant increase in OSTa levels at its ECso
concentration. This increase is diminished by culturing HepG2 cells with guggulsterone, and a
dose-response inhibition is seen, with 100 uM guggulsterone reducing OSTa mRNA expression

more so than 10 uM.

CYP7A1 expression levels display no statistically significant changes upon culturing HepG2 cells
with guggulsterone or Jed441 alone (Figure 6. 17D). Surprisingly, as with FXR expression,
treatment of HepG2 cells with both Jed441 and 10 uM guggulsterone appears to have an added
effect, whereby levels are significantly lower compared to baseline mRNA expression. Again,
treatment with Jed441 and 100 uM guggulsterone downregulates CYP7A1 by half, but results

are not statistically significant.

Guggulsterone’s effect on Jed561-induced changes in gene expression, were akin to those seen
for Jed441. No significant changes were seen in FXR expression when HepG2 was cultured with

Jed561 or guggulsterone, concurrently or individually (Figure 6. 18A). Similarly to Jed441, cells
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treated with Jed561 with 10 uM guggulsterone had the lowest levels of FXR at 0.4- fold the basal

levels, but this downregulation in expression was not statistically significant.

On the other hand, SHP, again showed no significant increases with Jed561 treatment of HepG2
cells for 6 hours (Figure 6. 18B). SHP levels were further decreased by incubation with Jed561
together with 10 uM guggulsterone, and with 100 uM, levels were significantly lower than

baseline and cells treated with Jed561 on its own.

As with Jed441, Jed561-induced increases in OSTa expression were inhibited by co-culturing
cells with guggulsterone at 10 and 100 uM (Figure 6. 18C). Although expression levels did not

fully return to baseline levels, a dose-response inhibition was observed.

There were no significant changes to CYP7A1 expression levels following treatment with Jed561

or guggulsterone alone or together (Figure 6. 18D).
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Figure 6. 17 In vitro effect of z-Guggulsterone and Jed441 on FXR target genes. HepG2 cells were treated for 6 hours with either DMSO (control), Jed441 at its ECso
concentration, 10 uM or 100 uM guggulsterone alone, or 10 uM or 100 uM guggulsterone with Jed441 (ECso). Relative mRNA expression levels were assayed by quantitative
real-time PCR (qPCR). Fold changes are shown relative to (DMSO-treated) control. Error bars represent +SEM, n=3, statistical significance analysed by one way ANOVA with
Tukey’s post hoc test, * p<0.05, ***p<0.001 compared to control, T p<0.05, 111 p<0.001 compared to Jed441 ECso treatment.
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Figure 6. 18 In vitro effect of z-Guggulsterone and Jed561 on FXR target genes. HepG2 cells were treated for 6 hours with either DMSO (control), Jed561 at its ECso
concentration, 10 uM or 100 uM guggulsterone alone, or 10 uM or 100 uM guggulsterone with Jed561 (ECso). Relative mRNA expression levels were assayed by quantitative
real-time PCR (qPCR). Fold changes are shown relative to (DMSO-treated) control. Error bars represent +SEM, n=3, statistical significance analysed by one way ANOVA with
Tukey’s post hoc test. * p<0.05, ***p<0.001 compared to control, T p<0.05, 111 p<0.001 compared to Jed561 ECs, treatment.

242



6.4.1.7 Effect of Fluorination of Steroid Backbone on FXR-mediated Activity
Lead compound Jed561 contains a fluorine group at the 4B position on the steroid nucleus

(Chapter 2, Table 2.9). Compound Jed692, an analogue of Jed561, is identical but does not
contain the fluorine group at this position. Whilst coactivator recruitment assays suggest that
the ECsp values for both compounds are relatively similar, with Jed561 having a slightly higher
affinity for the FXR LBD, both compounds were tested in vitro and compared, in order to
determine whether the addition of this fluorine is advantageous in mediating the endogenous
biological effects of FXR. In order to be completely comparable, both compounds were tested

at the ECsp concentration of Jed561, 92 nM.

Results in Huh7 cells showed very similar responses in FXR target gene expression for both
compounds, and whilst Jed692 appeared to induce slightly bigger changes in the up or
downregulation of genes, there were no statistically significant differences between the
responses of Jed692 cells compared to cells treated with Jed561 (Figure 6. 19). Following 6 hours
incubation, Huh7 cells displayed significant upregulation in SHP, OSTa and FGF19 under
treatment with both Jed561 and Jed692 (Figure 6. 19A). FXR, APOC2, SREBF1 and TGFjB1

expression levels remain unchanged following incubation for 6 hours with either compound.

Likewise, following 24 hours treatment with either Jed561 or Jed692, there is an upregulation
in FGF19, SHP and OSTa, with the latter two displaying statistically significant increases (Figure
6. 19B). Again, Jed692 appears to induce slightly larger increases in upregulation of SHP and
FGF19, however there is no significant difference between gene expression in the two
treatment groups. After 24 hours, there are no significant changes from basal levels in FXR,

APOC2, SREBF1 or TGFB1 in cells treated with either Jed561 or Jed692.

Meanwhile, in HepG2 cells treated with either Jed561 or Jed692 for 6 hours, SHP mRNA levels
remain relatively equal to that of vehicle treated cells (Figure 6. 20A). Regardless of no observed
increase in SHP expression, both Jed561 and Jed692 were able to downregulate CYP7A1, but
only cells treated with Jed692 display significantly lower levels compared to the control.
Expression of OSTa and TGFB1 display no statistically significant changes in cells treated with

either compound.

Following 24 hours incubation with these compounds, HepG2 cells yet again show unchanged
levels of SHP (Figure 6. 20B). Despite this, both Jed561 and Jed692 significantly downregulate
CYP7A1 levels to 0.7-fold and 0.5-fold basal levels, respectively. Furthermore, not only is
CYP7A1 expression in Jed692-treated cells highly significantly decreased, compared to control

levels, it is also statistically significantly lower than levels found in cells treated with Jed561; the
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first indication of any significant difference between the actions of the two analogous
compounds. OSTa mRNA expression is significantly upregulated by Jed561, and even more so
by Jed692, achieving 3.5- and 4.5- fold increases in expression, respectively. TGFB1 expression
is reduced following 24 hours treatment with both Jed561 and Jed692, although this reduction

is only statistically significant in Jed561 treatment.
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Figure 6. 19 Comparison of In vitro effect of Jed561 and Jed692 on FXR target genes. Huh7 cells were
treated for (A) 6 or (B) 24 hours with DMSO (control), or 92 nM Jed561 or 92 nM Jed692. Relative mRNA
expression levels were assayed by quantitative real-time PCR (qPCR). Fold changes are shown relative to
(DMSO-treated) control. Error bars represent +SEM, n=3, statistical significance analysed by one way
ANOVA with Tukey’s post hoc test. * p<0.05, ** p<0.01, *** p<0.001 compared to control.
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Figure 6. 20 Comparison of In vitro effect of Jed561 and Jed692 on FXR target genes. HepG2 cells were
treated for 6 (A) or 24 (B) hours with DMSO (control), or 92 nM Jed561 or 92 nM Jed692. Relative mRNA
expression levels were assayed by quantitative real-time PCR (qPCR). Fold changes are shown relative to
(DMSO-treated) control. Error bars represent +SEM, n=3, statistical significance analysed by one way
ANOVA with Tukey’s post hoc test. * p<0.05, ** p<0.01, *** p<0.001 compared to control, T p<0.05
compared to Jed561.
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6.4.2 Effect of Lead Compounds in vivo
Having demonstrated that Jed441 and Jed561 are indeed active and can produce the desired

effect of FXR target gene regulation in vitro, the two lead compounds were tested in vivo to
ultimately ensure that they have suitable pharmacological properties; and that they are also
able to affect change in genes involved in the metabolic pathways being targeted. Compounds
were tested in C57BL/6J mice under normal physiological conditions and under conditions
designed to mimic the NASH disease, denoted henceforth as ‘wild type’ (WT) mice or ‘NASH’

mice, respectively.

6.4.2.1 Selection of Appropriate Reference and Target Genes for Mouse Liver RNA
As discussed previously, for gPCR to fulfil its maximum potential as an analytically sensitive and

robust method, it is imperative that analysis includes appropriate normalization and validation.
In order to do this, an appropriate reference gene, with which to normalize against variances
arising from different mRNA extraction methods and reverse transcription efficacies, is needed.
Furthermore, these reference genes, usually housekeeping genes, are required to be stably
expressed under varying circumstances and treatment conditions, as not to introduce artificial
changes or obscure any real differences in expression levels. Unfortunately, no single
housekeeping gene manifests stable expression in all tissues or cells and expression levels may
vary under different circumstances, emphasizing the need to characterize the expression levels
of different transcripts in multiple species or tissues (Kouadjo et al., 2007). To date, several
studies have been conducted to extensively characterize transcript levels of numerous genes
across different tissues and organs of C57BL/6J mice, to identify ubiquitously expressed genes
(Kouadjo et al., 2007; Bruce et al., 2012; B. Li et al., 2017). Results found that traditionally used
reference genes, GAPDH, B-actin and B-2 microglobulin, were not suitable for reference
purposes in this standard mouse strain (B. Li et al., 2017). Whilst several thousand genes were
recognised as being ubiquitously expressed across different sexes, organs and developmental
stages (Kouadjo et al., 2007; B. Li et al., 2017), and several genes were identified as being stable
across different severities of NASH (Bruce et al., 2012), only 3 were compared for suitability in

this study.

ARF1, encoding ADP-ribosylation factor 1; COX7A2L, encoding Cytochrome C Oxidase Subunit
7A2 Like; and YWHAZ, Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation
Protein Zeta, were tested for their suitability as an endogenous reference for gPCR experiments.
Predesigned, mouse-specific primers for these genes were purchased from Sigma Aldrich.
Complementary DNA, derived from the livers of untreated mice, was serially diluted and used

to make cDNA template standards. As previously, standards were run under automated gPCR
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conditions using the primers for each candidate reference gene. The C; values generated were
used to derive a standard curve and were used for the analysis of the primer’s sensitivity and
efficiency. Results shown in Figure 6. 21, show that the ARF1 assay had the least sensitivity, with
the highest starting C; values, and concentrations of cDNA lower than 102 were beyond the limit
of detection with these primers (Figure 6. 21A). On the other hand, YWHAZ displayed detectable
amplification, and therefore Ct values for the highest 4 concentrations (Figure 6. 21C), and

COX7A2L displayed evenly spaced amplification across the entire dilution series tested (Figure

6. 21B).
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Figure 6. 21 Comparisons of primer sensitivity and efficiencies. 5-fold serial dilutions of target DNA were
subject to amplification by (A) ARF1 primers, (B) COX7A2L primers, and (C) YWHAZ primers.
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When calculating primer efficiency, the results displayed in Table 6. 5 show that, although not
100%, COX7A2L had the highest primer efficiency for these reagent concentrations and reaction
conditions. COX7A2L also produced an R? value of 1, meaning that the standard curve is very
accurate, and there is high confidence in the correlation between Ct value and target copy
number (Bustin and Huggett, 2017). Furthermore, when comparing cDNA from the livers of
mice treated with either OCA or Jed compounds, results showed that COX7A2L had the lowest
standard error of mean between the three reference gene primers tested, suggesting that it is
robust and ubiquitously expressed even under different treatment conditions in C57BL/6J mice.
For these reasons COX7A2L was chosen as the endogenous reference gene for relative
quantification in C57BL/6J WT mice. In addition, COX7A2L produced only one product as
observed by the melt curve plot (not shown) and it was one of the genes described to be stably
expressed in different organs (B. Li et al., 2017), meaning that it can potentially be used in future
studies looking at different tissue types.

Table 6. 5 Comparison of efficiency, sensitivity and reproducibility of primers for reference genes in
C57BL/6J mice samples

Standard deviation
pe o Accuracy of between C; values
Amplification . .
Reference Gene Efficiency % standard curve of mice treated with
(coefficient R?) different
compounds

ARF1 83 1 0.28
COX7A2L 89 1 0.14
YWHAZ 79 0.995 0.35

Whilst COX7A2L appeared to be the most appropriate reference gene in mice under normal,
physiological conditions, it is known that different dietary interventions and treatment can alter
expression levels of several housekeeping genes, particularly in models of NAFLD (Bruce et al.,
2012). In order to test for stable expression under different conditions, test assays were run
using 5 mice from each treatment group of the NASH mice study. COX7A2L and YWHAZ, as the
two primers with the superior sensitivity were tested. Messenger RNA levels, characterised by
C: values, were compared across mice on a low fat diet treated with a sham compound (SHAM),
NASH model mice treated with vehicle (NASH vehicle), and NASH mice treated with either OCA
or Jed561 (NASH OCA 30, NASH Jed561 2, etc.; where the number denotes the concentration in
mg/kg of compound used). The results in Figure 6. 22, show that COX7A2L expression was fairly
stable and had very little variation within replicates of the same treatment group. A one-way
ANOVA was used to test for any differences between the groups, and it was observed that NASH

mice treated with OCA (30mg/kg) had significantly higher levels of COX7A2L mRNA compared
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to the other groups. This may have arisen due to the larger variation in C; values in this group
compared to the others, and possibly is a consequence of variation in RNA yield from different
extractions. C; values derived from YWHAZ primers, on the other hand, displayed slightly more
variation between samples of the same condition; however, when compared statistically across
the different groups, showed no significant difference in transcript levels between mice that
had undergone different treatments. For this reason, YWHAZ was used as a reference gene in

the NASH mice study.
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Figure 6. 22 Stability of candidate reference genes across differentially treated mice. mRNA from the
left lobe of the liver of C57BL/6J mice fed a low fat diet (sham), fed a high fat diet, induced with CCls and
treated with vehicle (NASH Vehicle) or fed a high fat diet, induced with CCls and treated with OCA or
Jed561 (NASH OCA 30, NASH Jed561 2, NASH Jed561 10, NASH Jed561 30). (A) COX7A2L and (B) YWHAZ
were tested for stable expression across all groups. (n=5), statistical significance analysed by one way
ANOVA with Tukey’s post hoc test. * p<0.05 compared to ‘sham’ control.

Target genes were selected based on information from current literature and, as previously
(Chapter 6, section 6.3.1.1), were checked for detectable transcript levels in the Expression Atlas
(EMBL-EBI), and based on the availability and suitability of predesigned KiCqStart® SYBR® green
primers (Sigma Aldrich). The sensitivity, efficiency and specificity of primers were tested as

described previously, and data summarized in Appendix 8.
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6.4.2.2 Short Term Effect of Jed Compounds on FXR Target Genes in Wild Type Mice
In order to ascertain whether lead compounds would be absorbed in the intestine, and would

be transported to the liver (their anticipated site of action), pharmacokinetic analyses were
performed on wild type mice by Saretius Ltd., but described here briefly for context. To
determine blood/plasma ratios and bioavailability mice were treated by oral gavage with
led441 or Jed561 at 2 mg/kg body weight and blood samples taken from the tail vein at various
time points post administration (0.5, 2, and 8 hours). After euthanasia, terminal blood plasma
and organ samples were immediately harvested and prepared for analysis. Compound
concentrations were measured by liquid chromatography-mass spectrometry. Results from
these analyses (third party data not shown) were taken as indicators for predicting of whole
body pharmacokinetics. Liver sections from the mice used by Saretius, were also kindly
provided for use in this work presented here. RNA extracted from these livers were used in
gPCR assays to examine short term, transient changes arising from treatment with the

compound.

Results in Figure 6. 23A, showing changes in expression following administration of Jed441,
indicate that after treatment, and presumably activation of FXR, there is a downregulation in its
expression. This reduction continues even more dramatically 2 hours after treatment, and by 8
hours, it starts to increase, although only reaching 0.4-fold levels by this time point. SHP, on the
other hand, displays an immediate increase in mRNA expression levels, up to 2.5 times more
than basal levels (Figure 6. 23B). This upregulation, however, is short lived and by 2 hours after
treatment, levels have returned to normal. Moreover, 8 hours post treatment, SHP levels have
drastically reduced by more than 10 times the amount seen without treatment. Remarkably,
despite being positively regulated by FXR, BSEP expression is downregulated following Jed441
administration. Levels appear to decrease as low as 0.2-fold by 2 hours post treatment (Figure
6. 23C). Notably, the results from these experiments display considerable variation, as seen by
the relatively large error bars. In some cases, such as BSEP, the lower limit of expression in
control mice overlaps the upper limit seen in treated mice, indicating that the mean expression
levels displayed here, may artificially present the data as being downregulated, whereas in
reality, there are no real changes in the levels. Accordingly, the results in Figure 6. 23A, B and
C, do not show any statistically significant differences before and after treatment with Jed441.
CYP7A1 is the only gene to display any significant changes in mRNA levels, whereby following
treatment, levels are reduced significantly to 0.03-fold, 2 hours after treatment (Figure 6. 23D).
By 8 hours post treatment, CYP7A1 levels start to return to baseline, possibly somewhat due to

the parallel reduction in SHP levels.
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Jed561 administration induces similar changes in FXR target gene expression as Jed441. Once
again, FXR expression shows a decline immediately after administration, however, by 8 hours
levels have returned to that of control mice (Figure 6. 24A). Unlike Jed441, Jed561 induces an
increase in SHP levels of 2-fold, by 0.5 hours post treatment; and these changes are sustained,
with levels continuing to rise, achieving 8-fold increases in expression by 8 hours post treatment
(Figure 6. 24B). However, again due to the large error bars and variation between individual
mice, the upregulation seen is not statistically significant. Again there are no significant
increases in BSEP expression following Jed561 treatment, as would be expected for FXR
activation (Figure 6. 24C). Although the mRNA levels would appear to decrease slightly, due to
the large error bars between groups, arguably, there are no real changes in BSEP expression.
There is, however, significant downregulation in CYP7A1 mRNA expression levels after Jed561
treatment, again with the most significant decreases occurring 2 hours post administration
(Figure 6. 24D). Unlike treatment with Jed441, these decreases in CYP7A1 are sustained even at
8 hours after treatment, with expression remaining significantly low, at 0.1-fold lower than

basal levels.
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Figure 6. 23 Expression of FXR target genes following single oral dose of Jed441 in C57BL/6J mice. Mice
were treated with Jed441 at 2 mg/kg body weight by oral gavage and mice sacrificed 0.5-, 2- and 8- hours
post administration. (A) FXR, (B), SHP, (C) BSEP and (D) CYP7A1 mRNA levels assayed by quantitative real-
time PCR (qPCR). Fold changes are shown relative to (un-treated mice) control. Error bars represent +SEM,
n=3, statistical significance analysed by one way ANOVA with Bonferroni’s post hoc test. * p<0.05, **
p<0.01, *** p<0.001 compared to control.
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Figure 6. 24 Expression of FXR target genes following single oral dose of Jed561 in C57BL/6J mice. Mice
were treated with Jed561 at 2 mg/kg body weight by oral gavage and mice sacrificed 0.5-, 2- and 8- hours
post administration. (A) FXR, (B), SHP, (C) BSEP and (D) CYP7A1 mRNA levels assayed by quantitative real-
time PCR (qPCR). Fold changes are shown relative to (un-treated mice) control. Error bars represent +SEM,
n=3, statistical significance analysed by one way ANOVA with Bonferroni’s post hoc test. * p<0.05, **
p<0.01, *** p<0.001 compared to control.
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In a separate study, mice were treated with lead compound Jed 561, along with the non-
fluorinated equivalent, and competitor compounds; steroidal FXR agonist, OCA, and non-
steroidal agonist, Tropifexor. Again, each compound was tested in triplicate, with a single oral
dose of compound, all at 2 mg/kg. Mice were sacrificed 6 hours post administration and livers

immediately harvested.

Despite the previous study, after a single treatment with these compounds, results showed that
only Tropifexor was able to induce significant changes in FXR target gene expression (Figure 6.
25). Jed561 was unable to sustain increases in SHP 6h after treatment in mice (Figure 6. 25A).
Meanwhile Jed692, and similarly, OCA, displayed double the levels of SHP mRNA compared to
un-treated mice. However, OCA treated mice in particular, showed a lot of variation between
individual replicates, and increases were not statistically significant. Tropifexor at 2mg/kg,
however, was able to quadruple SHP mRNA levels. In contrast to the previous study, Jed561 was
able to upregulate BSEP 3-fold, 6 hours post administration (Figure 6. 25B). As before, Jed692
appeared to perform better than Jed561, upregulating BSEP expression 4-fold. OCA on the other
hand, performed worse than Jed561. Again, the variation between samples negated any
statistical significance in these increases, and the only treatment that displayed significant
upregulation in BSEP levels, was Tropifexor, which induced 9-fold increases in its mRNA.
Remarkably, contrary to expected results, the steroidal compounds all appeared to upregulate
CYP7A1 levels, whereas only Tropifexor significantly decreased levels. The increases in CYP7A1
seen with Jed561, Jed692 and OCA treatment could be indicative of the activation of off-target,
counteracting mechanisms, however, results were not statistically significant, and could even

arise due to differences in individual mice, discussed further in Chapter 6, section 6.5.3.
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Figure 6. 25 Expression of FXR target genes following single oral dose of Jed and competitor compounds
in C57BL/6J mice. Mice were treated with each compound at 2 mg/kg body weight by oral gavage and
mice sacrificed 6 hours post administration. (A)SHP, (B) BSEP and (C) CYP7A1 mRNA levels assayed by
quantitative real-time PCR (qPCR). Fold changes are shown relative to (un-treated mice) control. Error
bars represent +SEM, n=3, statistical significance analysed by one way ANOVA with Tukey’s post hoc test.
* p<0.05, ** p<0.01, *** p<0.001 compared to control.
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6.4.2.3 Effect of Continual Treatment with Jed561 on FXR Target Genes in Wild Type
Mice
Whilst, lead compounds displayed variable results in mice following a single oral dose, the

subsequent study aimed to determine any prolonged changes in genes associated with FXR,
following recurrent treatment with steroidal agonists. As the appropriate treatment dose of
Jed561 was still unresolved, Jed561 was administered at 3 different concentrations, 2, 10 and
30 mg/kg bodyweight of the mice. OCA was again used for comparative purposes, and used at
its purported effective dose (Tglbgl et al., 2018). Results from initial pharmacokinetic studies
suggested that Jed441 was not properly absorbed in the intestine and displayed relatively short
half-life (third party data not shown). Respective of this, Jed441 was only tested at 10mg/kg in
order to observe if intestinal FXR activation, or limited hepatic activation was still sufficient to
affect change in hepatic target genes. Ten wild type C57BL/6J mice per group, were treated by
oral gavage for 5 continuous days with a single daily dose of either vehicle, Jed561, Jed441 or
OCA. Mice were fasted for 30 minutes prior to treatment on the 5" day, and then sacrificed 6
hours later. Again, livers were immediately harvested, and specifically the left lobe used for RNA

extraction.

Results showed that although both OCA and the Jed compounds are derived from the BA
backbone, they displayed differential effects on FXR expression. Mice treated with OCA did not
show any differences in FXR expression, whereas Jed compound treated mice had slightly
downregulated levels (Figure 6. 26A). Only mice treated with Jed561 at 10mg/kg displayed
significantly lower levels of FXR, compared to the untreated mice. However, expression levels
of FXR in Jed treated mice were highly significantly decreased compared to levels in OCA treated
mice. Interestingly, although Jed561 treated mice appear to have slight reductions in FXR
expression levels, direct FXR target genes, SHP and BSEP, are upregulated, as expected from

FXR activation.

Both OCA and Jed561 were able to upregulate SHP expression. OCA at 30 mg/kg was able to
induce a 7-fold increase in SHP levels, an effect that was highly statistically significant compared
to the control mice; whereas doses of Jed561 induced significant increases in SHP mRNA, by as
much as 4.5-fold (Figure 6. 26B). Although SHP levels of Jed561 treated mice were significantly
lower than those seen in mice treated with OCA, Jed 561 appeared to be effective in
upregulating this FXR target gene by concentrations as little as 2 mg/kg. Notably, Jed441 was

unable to upregulate SHP expression beyond basal levels.

All compounds were able to upregulate the expression of BSEP, with all treatment groups,

except Jed561 (10 mg/kg), showing statistically significant increases compared to vehicle-
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treated mice (Figure 6. 26C). This time, Jed561 at 30 mg/kg showed the greatest changes in
BSEP expression levels, with a 5.4-fold increase. This was followed closely by OCA treatment,
which induced 4.8-fold increases in BSEP. Statistical analyses did not identify significant
differences in BSEP expression levels between different concentrations of Jed561 and OCA
(30mg/kg), suggesting that administration of just 2 mg/kg may be enough for the upregulation
of BSEP to levels comparable to OCA at 30mg/kg. Interestingly, Jed441 produced a highly

significant increase in BSEP along with the other compounds.

Results in Figure 6. 26D, showed that 6 hours after administration, mice treated with Jed561 at
30 mg/kg was the only group to display significant decreases in CYP7A1 expression. CYP7A1
levels were decreased by 60%, whereas mice treated with OCA and lower concentrations of
Jed561 displayed similar levels of CYP7A1 expression to the control group. Treatment with
Jed441 did not significantly change CYP7A1 expression, possibly correlating with the previous

results whereby SHP levels were also not upregulated.

When looking at genes involved in the lipid metabolism-regulated mechanisms of FXR, in Figure
6. 27, it was observed that at higher concentrations of Jed561, and with Jed441 at 10 mg/kg,
Jed compounds were able to significantly upregulate the direct target gene APOC2, whilst OCA
was not. This upregulation was highly significant in comparison to APOC2 levels in control mice
and OCA-treated mice, when analysed statistically. Unexpectedly, there was a significant, 7-fold
increase in SREBF1 mRNA expression levels following continual treatment with OCA (30 mg/kg).
Whilst mice treated with 2 mg/kg doses of Jed561 also showed significant increases in SREBF1
mMRNA, Jed561 significantly downregulated this gene and showed no changes at 10 and 30

mg/kg doses, respectively.
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Figure 6. 26 Expression of FXR target genes following continual treatment with Jed compounds in
C57BL/6J mice. Mice were treated with OCA at 30 mg/kg, Jed561 at 2, 10 and 30 mg/kg, and Jed441 at
10 mg/kg body weight by oral gavage once daily for 5 continuous days. Mice were sacrificed 6 hours post
administration on the final day. (A)FXR, (B), SHP, (C) BSEP and (D) CYP7A1 mRNA levels assayed by
quantitative real-time PCR (qPCR). Fold changes are shown relative to (un-treated mice) control. Error
bars represent +SEM, n=10, statistical significance analysed by one way ANOVA with Tukey’s post hoc
test. * p<0.05, ** p<0.01, *** p<0.001 compared to control. ¥ p<0.05, % p<0.01, ¥+% p<0.001 compared
to OCA 30mg/kg treatment.
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Figure 6. 27 Expression of genes involved in FXR-mediated lipid metabolism following continual
treatment with Jed compounds in C57BL/6J mice. Mice were treated with OCA at 30 mg/kg, Jed561 at 2,
10 and 30 mg/kg, and Jed441 at 10 mg/kg body weight by oral gavage once daily for 5 continuous days.
Mice were sacrificed 6 hours post administration on the final day. (A)JAPOC2 and (B) SREBF1 mRNA levels
assayed by quantitative real-time PCR (qPCR). Fold changes are shown relative to (un-treated mice)
control. Error bars represent +SEM, n=10, statistical significance analysed by one way ANOVA with Tukey’s
post hoc test. * p<0.05, ** p<0.01, *** p<0.001 compared to control. ¥ p<0.05, ¥ p<0.01, #¥# p<0.001
compared to OCA 30mg/kg treatment.
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6.4.2.4 Effect of Jed561 in a mouse model of NASH
The pathogenesis of NASH is very complex and involves several interconnecting mechanisms.

Currently, there is no single best NASH murine model which recapitulates and simulates all of
the stages contributing to the development of the disease as seen in humans. The model used
in this study, was based on a recently described model of NASH and HCC, (Hoshida et al., 2018),
and aimed to imitate the progression of the diseases, using a western style dietary aspect in
combination with chemically-induced fibrosis. C57BL/6J mice were treated for 30 days with
either a low fat (10% fat) diet, or a high fat (60% fat) diet. After 30 days, mice were also dosed
intraperitoneally with either olive oil (for mice on the LFD), or carbon tetrachloride (CCly) (for
mice on the HFD). Carbon tetrachloride treatment, which is a well-established method for
inducing liver injury and fibrosis, was executed every 4 days for a total of 21 days. It was
forecasted that by this point in the schedule, mice would have developed histological and
genetic features of NASH, and for the next 29 days, mice were given a daily oral dose of OCA
(30mg/kg), Jed561 (2,10 and 30mg/kg) or vehicle (5% v/v DMSO in 0.5% w/v methyl cellulose in
water). Upon completion of the study, blood samples and liver samples were taken for analysis
of liver injury markers, triglyceride content quantification, histological determination of NASH
(all by third party companies), and the gPCR analyses completed by the author and presented

here.

Unfortunately, the treatment prescribed was unable to induce the hallmarks of NASH, as
anticipated. Whilst the high fat diet was able to promote changes in body weight and genes
associated with lipid metabolism, there were no significant changes in fibrotic and inflammation
genes. The failure of the high fat diet and CCl, treatment to produce a model of NASH also was
reflected in the blind assessed histopathology analysis, which failed to observe any differences
between the low fat diet control livers, and those from high fat diet/CCl, vehicle-treated mice

(Appendix 9).

Interestingly, treatment with OCA 30 mg/kg had markedly different effects on the ‘NASH’ mice
compared to Jed561. When looking at genes involved in fibrogenesis, although the vehicle-
treated NASH mice did not show any significant changes in transcript levels compared to the
LFD control mice, treatment with OCA at 30 mg/kg, appeared to increase the levels of several
genes analysed (Figure 6. 28). Treatment with OCA doubled the expression levels of TGFB1, a
response that was significantly higher than both the LFD control and NASH vehicle control, as
tested by statistical analysis. However, TGFB1 levels with 10 and 30mg/kg Jed561 treatment,
although significantly increased compared to LFD controls, were not significantly higher than

levels seen in NASH mice treated with vehicle. In fact, TGFB1 levels were significantly lower than
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levels seen in OCA-treated NASH mice (Figure 6. 28A). Likewise, whilst TIMP1 levels remained
equal in LFD control mice and NASH-induced mice treated with vehicle, OCA significantly
upregulated mRNA expression in NASH mice to 8-fold the levels seen in the LFD control mice.
Treatment with Jed561 did not alter TIMP1 expression considerably, but levels in these mice
were statistically significantly lower than those seen in mice treated with 30 mg/kg doses of
OCA (Figure 6. 28C). Similarly, OCA treatment appeared to upregulate the collagen encoding
gene, COL3A1, 2-fold. Although this increase with OCA, was not significantly higher than the
controls, levels seen in Jed561 treated mice were actually significantly lower (Figure 6. 28B).
ACTA2 expression did not significantly change with the induction of NASH, but levels were
upregulated 1.2-fold in NASH vehicle treated mice (Figure 6. 28D). Treatment with OCA
appeared to normalise these levels slightly, and treatment with Jed561 appeared to even
downregulate ACTA2, with NASH mice treated with Jed561 at 2 mg/kg, displaying significant

decreases in mRNA, to half the level seen in LFD control mice.
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Figure 6. 28 Effect of Jed561 on fibrosis genes in ‘NASH’ mice. C57BL/6J] mice were treated with either
low fat diet (LFD) or high fat diet for 30 days before CCls induction every 4 days for a further 21 days. Mice
were then treated with the respective compound or vehicle for once a day for 29 days. (A)TGFB1, (B)
COL3A1, (C) TIMP1 and (D) ACTA2 mRNA levels assayed by quantitative real-time PCR (qPCR). Fold
changes are shown relative to (un-treated LFD mice) control. Error bars represent +SEM, n=10, * p<0.05,
** p<0.01, *** p<0.001 compared to low fat diet control. T p<0.05, Tt p<0.01, 111 p<0.001 compared to
vehicle control. ¥ p<0.05, 1 p<0.01, + p<0.001 compared to OCA 30 mg/kg treatment.

As with the fibrosis genes, OCA also appeared to exacerbate the expression of genes associated
with inflammation, in NASH mice (Figure 6. 29). Treatment with 30 mg/kg doses of OCA was
responsible for a 4.5-fold increase in CCR2 mRNA expression (Figure 6. 29A). Meanwhile, there
were no significant changes when mice were fed a high fat diet and underwent CCl, treatment

alone. Similarly, there were no substantial increases in CCR2 expression in NASH mice treated
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with Jed561; although Jed561 at 30 mg/kg displayed 1.6-fold changes in mRNA expression, this
increase was not significantly different from LFD controls or NASH vehicle controls. CCR2 levels
seen in OCA-treated NASH mice, again were significantly higher than those seen in mice treated
with Jed561. Interestingly, treating the mice with a high fat diet and CCl, with daily
administration of vehicle, actually downregulated CCL2 mRNA by 0.5-fold, as seen in Figure
6.29B. Treatment with OCA, however, upregulated CCL2 by 3.7-fold; an increase that was
significantly higher than both the LFD control and the NASH vehicle control mice. Treatment
with Jed561 at 2 mg/kg and 10 mg/kg also induced increases in CCL2, by 1.2-fold and 2-fold,
respectively. Although only somewhat marginally higher than basal levels seen in LFD control

mice, these increases were significantly higher than the NASH mice treated with vehicle.
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Figure 6. 29 Effect of Jed561 on inflammation genes in ‘NASH’ mice. C57BL/6J] mice were treated with
either low fat diet (LFD) or high fat diet for 30 days before CCls induction every 4 days for a further 21
days. Mice were then treated with the respective compound or vehicle for once a day for 29 days. (A)CCR2
and (B) CCL2 mRNA levels assayed by quantitative real-time PCR (qPCR). Fold changes are shown relative
to (un-treated LFD mice) control. Error bars represent *SEM, n=10, * p<0.05, ** p<0.01, *** p<0.001
compared to low fat diet control. T p<0.05, 1 p<0.01, T11 p<0.001 compared to vehicle control. ¥ p<0.05,
11 p<0.01, $1# p<0.001 compared to OCA 30 mg/kg treatment.

Observing genes involved in lipid and cholesterol metabolism, as expected, high fat diet mice
treated with CCl,s and vehicle, displayed highly significant increases in the fatty acid synthesis
gene, SREBF1 (Figure 6. 30A). SREBF1 expression levels in vehicle treated NASH mice were 2.5-
fold higher than expression levels in LFD control mice. These levels are reduced to 2-fold with
OCA treatment; and significantly reduced further to 1.6-, 1.2- and 1.3-fold, with Jed561
treatment at 2 mg/kg, 10 mg/kg and 30 mg/kg, respectively. The lipid uptake gene, PLTP, is
halved in NASH mice with vehicle treatment (Figure 6. 30B). Although in OCA treated NASH
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mice, mMRNA expression levels display similar levels to LFD control mice, PLTP mRNA is
significantly higher than in NASH vehicle control mice. Equally, NASH mice treated with Jed561
at 30 mg/kg, also display PLTP mRNA levels that are significantly higher than NASH mice treated

with vehicle. At lower concentrations, however, Jed561 treatment is without effect on PLTP

expression.

A B

SREBF1 PLTP

Fold Change in mRNA Expression
Fold Change in mRNA Expression

Figure 6. 30 Effect of Jed561 on lipid homeostasis genes in ‘NASH’ mice. C57BL/6] mice were treated
with either low fat diet (LFD) or high fat diet for 30 days before CCls induction every 4 days for a further
21 days. Mice were then treated with the respective compound or vehicle for once a day for 29 days.
(A)SREBF1 and (B) PLTP mRNA levels assayed by quantitative real-time PCR (qPCR). Fold changes are
shown relative to (un-treated LFD mice) control. Error bars represent +SEM, n=10, * p<0.05, ** p<0.01,
*** p<0.001 compared to low fat diet control. T p<0.05, 1 p<0.01, 1T p<0.001 compared to vehicle
control. ¥ p<0.05, 1 p<0.01, ¥11 p<0.001 compared to OCA 30 mg/kg treatment.

An investigation into CASP8 expression, and the cell death pathway showed that, although the
NASH model mice treated with vehicle did not show altered expression of CASP8, both OCA and
Jed561 treatment at all doses, were able to downregulate mRNA to levels significantly lower

than both the LFD control and NASH vehicle control (Figure 6. 31).
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Figure 6. 31 Effect of Jed561 on CASP8 apoptosis gene in ‘NASH’ mice. C57BL/6J) mice were treated with
either low fat diet (LFD) or high fat diet for 30 days before CCls induction every 4 days for a further 21
days. Mice were then treated with the respective compound or vehicle for once a day for 29 days. CASP8
mRNA levels assayed by quantitative real-time PCR (qPCR). Fold changes are shown relative to (un-
treated LFD mice) control. Error bars represent +SEM, n=10, * p<0.05, ** p<0.01, *** p<0.001 compared
to low fat diet control. T p<0.05, 11 p<0.01, Tt p<0.001 compared to vehicle control. ¥ p<0.05, ¥ p<0.01,
$1# p<0.001 compared to OCA 30 mg/kg treatment.
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6.5 Discussion

6.5.1 Effect of Jed441 in vitro
Having displayed a high potency for FXR and the potential to selectively recruit coactivators, as

determined by the cell free coactivator recruitment assays, Jed441 was examined in hepatic cell
lines, for its ability to functionally activate FXR. Assays by qPCR observing in vitro transcriptomic
changes in FXR-target genes in response to Jed441, showed that this novel compound has the
ability to regulate genes involved in bile acid homeostasis, demonstrated by its actions in
significantly upregulating SHP, FGF19 and OSTa, and downregulating CYP7A1 mRNA expression
(Figure 6. 3, 6. 4, 6. 7 and 6. 8). Jed441 was effective at both its ECso and ECso concentrations;
and the dose-response, as seen in the increasing fold changes in gene expression, as a result of
increasing compound concentrations, suggests that Jed441 has full agonist capabilities of FXR-
mediated BA metabolism. Moreover, Jed441 appeared to be more efficacious than OCA at its
corresponding ECso and ECgo concentrations; supporting data initially seen in Chapter 5, which

suggested that Jed441 had a higher affinity for FXR than OCA.

In addition, prolonged exposure to Jed441, can affect other FXR-mediated genes involved in
lipid metabolism and fibrogenesis. In Huh7 cells, after 24 hours incubation, Jed441 at its ECq,
induced significant upregulation in APOC2, whilst also appearing to reduce SREBF1 levels.
Likewise, following 24 hours incubation in HEPG2 cells, Jed441 was seen to induce decreases in
TGFB1. As discussed previously in Chapter 6, section 6.1.1.2, both APOC2 and SREBF1
contribute to the levels of hepatic and circulating triglycerides, by maintaining their clearance
and synthesis, respectively. Furthermore, with evidence of TGFB cytokine signalling being
associated with lipid accumulation, in addition to promoting fibrosis in hepatic stellate cells and
hepatocytes (Ling Yang et al., 2014); data shown here suggests that Jed441 is a potential

mediator of BA-and lipid related pathways.

The upregulation of SHP, FGF19 and the other genes assessed, certainly indicate FXR-mediated
activity. However, to ensure that effects were FXR-specific and not due to the activation of TGR5
or hormone receptors, a competition-type assay with guggulsterone was employed. Whilst
guggulsterone treatment dampened the Jed441-driven upregulation seen in OSTa, as expected,
it also had an unanticipated, additive effect on the downregulation of CYP7A1 when used in
conjunction with Jed441. The failure of guggulsterone to effectively inhibit the actions of Jed441
on every gene studied, does not necessarily imply that Jed441 is acting via non FXR-specific

pathways, but is likely to reflect the inconclusive role of guggulsterone as an antagonist of FXR.
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Although guggulsterone was initially described as an antagonist of FXR, in both its failure to
recruit certain FXR-associated coactivators, and its failure to induce changes in the expression
of certain FXR-target genes (Urizar et al., 2002), guggulsterone is perhaps more accurately
described as a selective modulator of FXR. guggulsterone was shown to upregulate FXR-target,
BSEP, in both cells and animals, with the provided plausible explanation that it can recruit a
different subset of FXR coactivators to the BSEP promoter that are not recruited under classical
conditions seen with an FXR agonist (Cui et al., 2003). Furthermore, it is now thought that
guggulsterone acts as a promiscuous ligand, binding to other nuclear receptors to exert its
response, like that seen by Owsley and Chiang, (2003), who reported a PXR-mediated
downregulation of CYP7A1 in HepG2 cells (Owsley and Chiang, 2003).

In order to fully elucidate the FXR-specificity of Jed441, gPCR analysis could be carried out in
hepatocellular cell lines whereby FXR has been knocked down or knocked out by RNA
interference mechanisms, or by the increasingly popular method of gene editing, CRISPR. Both
mechanisms, even with additional microarray analysis, would allow us to fully understand the
actions of Jed441, which are either FXR-mediated or arise due to the off-target activation of
other receptors. Nonetheless, Jed441 was tested, by external third party companies, and in
TGRS assays it was unable to promote secondary cAMP signalling, at any of the concentrations

tested (up to 100 uM, third party data not shown), indicative of minimal TGR5 activation.

6.5.2 Effect of Jed561 in vitro
The coactivator recruitment assays displayed Jed561 as having very low ECso values in the

recruitment of coactivators to FXR. While this data is generally acceptable as an indicator of FXR
agonism, Jed561 also needed to be tested for its ability to activate FXR in a genuine cellular
environment and for its impact on biological molecular functions. As with Jed441, Jed561 was
tested in hepatoma cell lines for a simple, initial indication as to whether it was able to regulate
known FXR-target genes. Jed561 was shown to indeed regulate genes involved in BA
homeostasis and metabolism. Jed561 significantly upregulated SHP, FGF19 and OSTa, and down
regulated CYP7A1, in changes that were sustained for up to 24 hours (Figure 6. 10, 6. 11, 6. 14
and 6. 15). Again, Jed561 appeared to be more potent than OCA at regulating these genes, at
their respective ECso and ECqo concentrations, also predicted by the coactivator recruitment
data in Chapter 5. Unlike Jed441, however, Jed561 did not appear to be able to regulate genes
involved in lipid metabolism; neither APOC2 nor SREBF1 mRNA expression changed significantly
from basal levels upon incubation of cells with both concentrations of Jed561 (Figure 6. 12).

Meanwhile, Jed561 did induce a downward trend in TGFB1 expression in HepG2 cells (Figure 6.
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16). This suggests that Jed561 may not be as potent as Jed441 in the regulation of all FXR target

genes, or that Jed561 is in fact a more selective regulator of FXR.

Again, while guggulsterone was unable to completely ablate Jed561-mediated gene expression
in competition assays, instead causing an additive effect in certain genes (Figure 6. 18), Jed561
was tested externally in TGR5 activation assays, where it was shown to be incapable of inducing
TGRS signalling at concentrations up to 100 uM (third party data not shown), indicating some

specificity towards FXR.

Comparisons between Jed561 and its non-fluorinated derivative, Jed692, show that both
compounds are able to activate FXR and significantly regulate direct target genes involved in BA
homeostasis (Figure 6. 19 and 6. 20). Jed692 appeared to induce an even bigger response in
target gene expression than Jed561, which may suggest that the addition of the fluorine atom
to the 4B carbon position on the steroid nucleus, may even be having a detrimental effect on
the compound. The addition of the highly electronegative fluorine to organic compounds has
been associated with both increases and reductions of hydrogen bond donor capacity of
neighbouring alcohol groups (Gillis et al., 2015), and in this respect, may be inhibiting the
interaction potential of the C3 hydroxyl group. However, as there is no statistical significance
between the responses seen for the two analogues, the data refute the notion that the 4

fluorine group is solely responsible for improved efficacy of Jed561.

6.5.3 Short Term Effects of Compounds in vivo
Despite showing promising results, by effectively regulating FXR-target genes in vitro, the simple

and isolated nature of cancer cell lines may mean that effects of Jed441 and Jed561 are not
directly translatable to a multicellular, complex organ. An inherent limitation of using
immortalized cell lines, is that due to their repeated subculture, they may undergo some genetic
drift. Despite being used at relatively low passage numbers, both Huh7 and HepG2 cells have
been described to resemble foetal hepatocytes (Green et al., 2015), and may not be
representative of an adult liver. In vitro experiments do not represent the multicellular context
of the liver, nor do they take into consideration the effects of hormonal and nutritional status
in a whole organism. In addition, the in vitro studies do not uncover the bio-kinetic properties
of these compounds. The absorption of the compounds in the intestines, the circulation of the
compounds in the blood, and the bioavailability and metabolism of the compounds in the liver,
is of paramount consideration when targeting a receptor expressed at multiple loci, such as FXR.

As discussed previously, the desired effects of FXR-agonists are dependent on whether the
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receptor is being activated in the ileum or liver, and this may even determine the clinical

applications of these compounds.

Following a single, 2mg/kg bodyweight, oral dose of Jed441 and Jed561 in WT C57BL/6J mice,
similar responses were seen to that in vitro. Jed441 was able to upregulate SHP immediately
after administration (Figure 6. 23). However, with increasing time, SHP levels returned to basal
levels and even appeared to be downregulated. This is consistent with previous studies, which
have described this transient effect in both SHP mRNA and protein levels (Barbier et al., 2003).
A concomitant decrease in CYP7A1 mRNA was also seen, confirming the activity of Jed441 in
FXR-mediated BA metabolism. Jed561 also was confirmed to be an agonist of FXR, with the
ability to regulate BA metabolism genes; but instead displayed a continually increasing SHP
mMRNA level post treatment, in addition to an immediate and sustained decrease in CYP7A1. This
prolonged response may reflect the bioavailability and half-lives of these compounds. Results
from externally conducted caco2-intestinal absorption models and in vivo assessment of liver
concentrations, suggest that Jed441 isn’t absorbed as efficiently as Jed561, and that the half-
life of the latter is longer (third party data not shown). Consequently, Jed441 was no longer

considered as a lead candidate for the treatment of NASH.

In another study, following the single 2 mg/kg, oral dose of Jed561 in comparison with its non-
fluorinated derivative, and competitor compounds, OCA and, non-steroidal, Tropifexor;
changes in gene expression in mice livers were assessed 6 hours post administration (Figure 6.
25). Alterations in FXR-target gene expression in response to Jed561 treatment were
contradictory to the results seen in the previous study. Whilst SHP expression was not affected
by Jed561, BSEP was upregulated, consistent with FXR agonism. Furthermore, the potency of
Jed561 compared to OCA differed with each gene. As seen in vitro, Jed692 appeared to be
slightly more effective at upregulating both SHP and BSEP, but as there was no significant
difference between the responses seen in the two treatment groups, again, it is not possible to
attribute the enhanced potency of these compounds to the 4B fluorine. Intriguingly, the
steroidal FXR agonists displayed increases in CYP7Al expression, whereas Tropifexor
downregulated this enzyme as expected. In mice, CYP7A1 is upregulated in response to high
cholesterol diets via a LXR-mediated pathway (Goodwin et al., 2003), however, it’s unlikely that
a single dose of these BA-like compounds would increase cholesterol levels to levels sufficient
enough to induce this pathway. It is possible that these steroidal compounds are directly
activating LXR, whose cognate ligands are oxysterols. Even so, it has been shown that CYP7A1

regulation in humans, does not work via this same LXR mechanism (Goodwin et al., 2003),
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stressing the importance of considering interspecies differences when analysing the

effectiveness of novel compounds.

A significant limitation seen in these initial in vivo studies, was the considerable variation in gene
expression between subjects, especially in control, untreated animals to which expression in
treated animals was normalised. This highlighted the limitations of the study design. Firstly, the
animals were given free access to food, and whilst mice normally only feed during dark cycles,
there were no measures put in place to control different feeding patterns of individual mice,
which would stimulate the post-prandial release of endogenous BAs, likely activating FXR.
Future studies in mice included a short fasting period prior to euthanasia, in accordance with
protocols approved by the Animal Care and Use Committee. Furthermore, the liver sections
provided for these initial studies were random. Transcriptomic differences in different lobes of
the liver, are well documented in rodents (Corton et al., 2012), and could be a source of
variation seen here. The succeeding studies utilized liver sections from the left lobe in order to
minimize any inconsistency. Additionally, the use of only three mice per treatment group in
these studies, means that any outliers in the data can have a powerful effect on the averages
calculated, the distribution of the data, and the variation observed, often masking genuine
patterns in gene expression. As such, for later studies, the number of mice per treatment group

was increased to ten, to increase the statistical sensitivity of the assessments.

6.5.4 Long Term Effects of Compounds in vivo
Despite all compounds being derived from the same BA backbone, continual administration of

OCA, Jed561 and Jed441 produced different responses in FXR target genes. This may be in part
due to the differential recruitment of different coactivators, as seen in Chapter 5, or in part due

to the activation and interference of other pathways.

Comparisons between mice treated with 30 mg/kg doses, of either OCA or Jed561, show that
OCA causes a slight upregulation in FXR mRNA expression, whereas repeated administration of
Jed561 at the same concentration causes a slight downregulation in FXR mRNA expression.
Again, the downregulation of FXR may arise as a result of negative feedback regulation due to
continued activation of the receptor, however, if the FXR mRNA levels directly correlate to

protein levels, this could have a consequential effect on FXR-target genes.

OCA appears to be more potent at upregulating SHP in vivo, as seen previously (Figure 6. 25),
however, this increase does not appear to have a subsequent effect on the expression of the
downstream SHP target, CYP7AL. Jed561, however, although not as potent as OCA in SHP

regulation, downregulates CYP7A1 with 30 mg/kg doses, and upregulates BSEP to higher levels
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than OCA. Recent studies by Hoeke et al., (2014), have described a previously unidentified mode
of FXR-mediated transcriptional regulation of SHP, which occurs by binding at a LRH-1 site,
unlike BSEP, which is regulated through an inverted repeat FXRE. It may be that OCA can more
effectively promote this type of regulation to upregulate SHP, compared to Jed561, which may
be more efficient at activating the typical FXRE binding consensus. This mechanism, however,
does not explain the discrepancy between increased SHP levels in OCA-treated mice, and the

failure to downregulate CYP7A1.

Moreover, OCA-related increases in SHP fail to inhibit the expression of SREBF1, and quite
significantly, treatment with OCA appears to exacerbate mRNA levels, compared to vehicle
treated mice (Figure 6. 27). While at a 2 mg/kg dose, Jed561 treated mice also display significant
increases in SREBF1, treatment with 10 and 30 mg/kg Jed561 appears to downregulate or not
significantly alter this gene. Like CYP7A1, the stimulation of SREBF1 is due to oxysterol and
cholesterol activation of LXR (Watanabe et al., 2004). It’s possible that, due to FXR activation
and the suppression of CYP7AL, the increase in cholesterol and oxysterol levels induced a
counter response by LXR and subsequently upregulated SREBF1, however, OCA treated mice do
not display any significant changes in CYP7A1 expression. Again, it’s possible that these steroidal
compounds are activating LXR directly or activating LXR/SHP-independent pathways to
upregulate SREBF1. However, it is unclear why different doses of Jed561 produce conflicting
responses. The determination of whether these responses are due to activation of FXR, or due
to the specific class of drug, requires further investigation, and long term treatment of the mice
with a non-steroidal agonist, such as Tropifexor, is needed. Nevertheless, these results could
have serious implications for the utilization of these compounds as treatments for metabolic
disorders. Long term treatment with OCA was associated with an increase in total serum
cholesterol and LDL, with an additional decrease in HDL in NASH patients (Neuschwander-Tetri
et al., 2015), and although the interspecies differences in cholesterol metabolism have been
well documented, the effect on cholesterogenic and lipogenic genes is an important

consideration when evaluating the potential therapeutic capabilities of these compounds.

Nevertheless, at 10 and 30 mg/kg, Jed561 is able to significantly upregulate APOC2, unlike OCA,
suggesting that this novel compound may be beneficial in the regulation of lipid metabolism at

its highest concentrations, and may indeed pose advantages over OCA.

Treatment with Jed561 at 30 mg/kg, appeared to be the most effective at modulating the
entirety of FXR effects. Doses as little as 2 mg/kg were adequate to affect changes in BA

metabolism associated genes. However, this concentration was not able to effectively regulate
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genes involved in lipid metabolism. Nevertheless, fine tuning studies to find an appropriate
dose, may mean that Jed561 can be used at concentrations significantly less than those for
which OCA is currently being used in clinical trials, further minimising the potential of adverse

side effects.

The actions of Jed441 on FXR target genes in mice were conflicting. Whilst upregulating BSEP
and APOC2, indicative of FXR activation, Jed441 was not able to significantly upregulate SHP. It
also upregulated CYP7A1 and to an extent, SREBF1, which is not expected for an FXR agonist.
This differential response in FXR target genes, may be as a result of differential transcriptional

regulation by this compound, or arise due to problematic absorption.

6.5.5 Effects of Jed561 in a NASH Mouse Model
In the final study reported here, which aimed to identify any beneficial effects in the

amelioration of NASH arising from Jed561 treatment, conclusive results were hindered by the
misfortune that the histological and transcriptomic hallmarks of NASH were not achieved.
Initially, the mice did not tolerate the CCl, treatment well, resulting in the culling of 2 subjects
and the revision of the treatment schedule to adopt a 4-day interval between fibrosis
treatments instead of 3 as described in (Hoshida et al., 2018). Furthermore, it is possible that
the scheduled 3 week CCl; treatment was long enough to induce a substantial or sustained
fibrotic phenotype; previous studies using this NASH mouse model reported CCl, treatment for
4 to 12 weeks (Xiao et al., 2017; Hoshida et al., 2018). Vehicle treated NASH mice in this study
displayed increases in total body weight, but not liver weight, and did not have significantly
increased levels of triglycerides in the liver. Furthermore, they did not show altered levels of
liver injury markers and only displayed mild “NASH” scores and fibrosis scores, as determined

by an independent assessor (third party data not shown).

The data from the liver marker assays and histological analyses, were corroborated by the data
from the gPCR experiments reported here, which also displayed no significant changes to genes
involved in fibrosis and inflammation in NASH mice treated with vehicle. The only changes seen
in the untreated NASH mice were in SREBF1 expression levels, which were significantly
upregulated, and in PLTP which showed a slight reduction. This suggests that the mice used in
this model may have only developed the steatosis component of the disease, and not the

advanced inflammation and fibrotic aspects.

Despite the failure of these mice to develop substantial features of NASH, treatment with OCA
remarkably appeared to exacerbate NASH, by significantly upregulating genes involved in

fibrosis and inflammation (Figure 6. 28 and 6. 29). TGFB1, COL3A1 and TIMP1 are all markers of
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extracellular matrix deposition and were all upregulated by 30 mg/kg doses of OCA. Data
reported here contradict previous studies, whereby 3 mg/kg OCA was able to prevent CCls-
induced fibrosis and led to decreases in the expression of TGFB1, TIMP1 and ACTA2 in rats
(Fiorucci et al., 2005). The treatment of NASH mice with Jed561, however, did not significantly
upregulate any fibrosis genes, and instead was associated with a decrease in ACTA2 expression
levels compared to untreated NASH mice. Likewise, OCA, but not Jed561, was associated with
increases in the expression of CCL2 and its receptor CCR2. Again, this contradicts previous
studies, which reported that OCA treatment at 5 mg/kg was able to downregulate the
expression of CCL2 in mice subjected to CCl, liver injury (Zhang et al., 2017). The upregulation
of these fibrogenesis and inflammation genes also translated into the increase in fibrosis and
lobular inflammation, and OCA treated mice had the most severe NASH and fibrosis scores

determined by histological staining (third party data not shown).

While treatment with Jed561 did not significantly affect fibrosis or inflammation at a genetic or
histological level, it did have substantial effects on the expression of genes involved in lipid
metabolism. SREBF1, a regulator of de novo lipogenesis, was significantly upregulated in
untreated NASH mice. This upregulation was improved with treatment by OCA, and more so by
treatment with Jed561. In addition, the downregulation in PLTP, caused by the high fat diet and
CCl, treatment, was normalised by both OCA and Jed561. The regulation of lipid metabolism
genes by Jed561 does not appear to be substantially dependent on the concentration used, as
responses seen for treatment with 2 mg/kg do not significantly differ from responses seen for

treatment with 30 mg/kg.

Hepatocyte cell death is thought to contribute to the progression of fibrosis and inflammation
in both murine and human models of NASH. Hatting et al., (2013), recently showed that the
cysteine protease, CASPS, is responsible for the apoptosis driven increase in inflammation and
fibrosis in NASH mouse models. Moreover, they described the potential role of CASP8 in hepatic
fat metabolism. Data reported here shows that both OCA and Jed561 can significantly reduce
CASP8 expression compared to NASH mouse controls and LFD mouse controls. This suggests

that Jed561 is still a contender for the treatment of NASH by attenuating CASP8 signalling.

While the results shown here do not overtly indicate the beneficial use of Jed561 for the
treatment of NASH phenomena such as fibrosis and inflammation, Jed561 could be a potential
therapeutic treatment for lipid dysregulation. While the most effective dose of Jed561 is yet to
be determined, at 30 mg/kg, it shows distinct differences to the semi-synthetic BA, OCA. Unlike

OCA, Jed561 was not associated with significantly increased fibrosis genes or markers, and
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Jed561 treatment did not increase liver injury markers, ALT or AST (third party data not shown).
These data suggest that Jed561 and OCA are working via independent mechanisms to produce

the responses in NASH mice described here.

6.5.6 Conclusions
Over the last two decades, the sensitive and precise technique of real-time qPCR, has proved

invaluable to the validation and assessment of transcriptional gene expression changes. As with
other techniques, gPCR has its associated limitations, arising from the need to appropriately
normalise the data to account for differences in RNA extraction methods, the need to choose
abundant and stably expressed reference genes, the requirement of efficient and specific
primers, and of course, in recognising the fact that altered levels of mRNA do not always directly
correspond with altered levels of functional protein activity. Nonetheless, the use of gPCR for
this work here, has helped to identify the transcriptional changes associated with novel

compounds, Jed441 and Jed561.

The data presented here confirm the roles of both Jed441 and Jed561 as agonists of FXR. The
improved potency of these novel compounds in the regulation of FXR-target genes compared
to OCA, at equivalent concentrations in vitro, suggest that the addition of chemical groups to
the steroid backbone, confers enhanced FXR affinity and activation. Although the results do not
conclude that the 4BF group is responsible for this improved affinity, the chemical substituents
on the C24 end of the compound may prove beneficial, and the added fluorine groups may be

advantageous in altering the stability or solubility of these compounds.

The different responses in FXR target gene regulation in vivo, suggest that OCA and the Jed
compounds are working via alternative pathways. In addition, Jed compounds may be capable
of regulating specific target genes in a selective manner. The distinct regulation of genes by
Jed561 compared to OCA, may prove beneficial to Jed561, which may be able to ameliorate the
metabolic components of NASH pathogenesis, without exacerbating fibrosis. The results do not
rule out the activation of other nuclear receptors such as LXR, which also play an extensive role
in the pathways underlying NASH progression. However, the results suggest that Jed561 is still
a contender for pharmacological NASH treatment, if not alone, in conjunction with other

therapies.
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General Discussion and
Recommendations for Future Work
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7. General Discussion and Recommendations for Future Work

BAs are important molecules that have well-established roles in aiding absorption and digestion
in the intestines. More recently, BAs have been identified as potent, hormone-like signalling
molecules, with systemic endocrine and cardio-metabolic effects. Through activation of G-
protein coupled receptor, TGR5, and nuclear transcription factors, such as FXR, BAs can
effectuate diverse signalling networks, many of which contribute to the aetiology of certain
diseases. BAs have been shown to regulate their own homeostasis and circulation, as well as
controlling energy maintenance, lipid metabolism, and mechanisms mediating inflammation
and microbial gut populations. FXR, in particular, has been lauded as an attractive therapeutic
target due to its ligand-dependent regulation of several genes and downstream signalling
cascades that are pertinent to these functions. Dysregulation of these pathways can lead to the
progression of hepatic complications and metabolic disorders, and extensive research has
identified a pivotal role of FXR in NASH. The increasing prevalence of NASH and the paucity of
effective treatment emphasized the urgency in developing a pharmacological agent. As such,
significant efforts have been directed at identifying an FXR agonist with the desired genetic
effects and pharmacokinetic properties to treat this disease. Despite the development of BA-
derived FXR agonist, the ‘first in class’, OCA,; clinical studies with this drug identified the need
for compounds that could activate FXR independently of TGR5 (Neuschwander-Tetri et al.,
2015). Furthermore, due to the complexity of FXR signalling and the far-reaching effects of its
activation, gene-selective modulation, or methods to limit the systemic effects of FXR are
required. The aim of this work was to develop a highly potent FXR agonist, which could activate
FXR and mediate its downstream target genes in a manner that would be advantageous in the
treatment of NASH. By developing a highly potent agonist, it was thought that the reduced
effective dose of the compound, may still be able to have the intended effect on key FXR
mediated metabolic pathways, whilst having limited systemic circulation and minimising

undesirable off-target effects.

Detailed analysis of FXR-ligand complexes defines important structure-function
features that guide design of novel BA compounds

In order to design novel FXR agonists, a preliminary understanding of FXR architecture, ligand
binding mechanisms and structural dynamics was required. To date, there have been no
published structures of FXR in its entirety, but secondary structure prediction and homology
modelling applied in this work, projected an overall FXR structure characteristic of a typical NR;

a highly disordered N- terminal region, a zinc-finger fold DBD, and a 12 alpha helix bundle LBD

277



possessing a hydrophobic binding pocket (Rastinejad et al., 2013). The compilation and
evaluation of the numerous, previously published, crystal structures of the FXR LBD highlighted
the structural plasticity of the domain, whereby individual loops and helices can move to
accommodate diverse ligand scaffolds and to facilitate receptor activation. Comparisons of the
FXR LBD structures showed that helix 12 is remarkably flexible, and its assumed conformation
is dependent on whether an agonist or antagonist occupied the ligand binding pocket. These
results support existing dogma surrounding NR dynamics, whereby the current understanding
is that helix 12 conformation determines the availability of coactivator protein interaction
surfaces, which ultimately promote the transcription of associated target genes (Rastinejad et
al., 2013). In its apo form, the LBD assumes a ‘molten’-like state where helix 12 lacks structural
order and is not fixed in a single conformation, but rather exists in a mobile, dynamic state.
Binding of an agonist, and ligand filling of the interior pocket, stabilizes the global LBD
conformation and helix 12 position against the LBD core surface, forcing corepressor proteins
to dissociate, whilst securing the hydrophobic binding groove required for coactivator binding
(Rastinejad et al., 2013). On the other hand, the binding of a bulky antagonist compound, acts
to prevent the stabilisation of the LBD by an agonist, or to induce a conformation where helix
12 is displaced, suspending coactivator interaction surfaces. This dynamic stabilization

mechanism underlies work presented in Chapter 5.

In addition to emphasizing the structural dynamics of receptor activation, evaluation of the
ligand binding mechanisms in published FXR co-crystal structures, along with computational
analyses, clarified the unique chemical environment of FXR's ligand binding pocket. The top side
of the pocket along helix 3 is predominantly lined by hydrophobic residues, whereas the bottom
region of the cavity is well suited to polar interactions, allowing the receptor to easily
discriminate the amphiphilic properties of cognate BA ligands. Certain residues, such as H447,
Y361 and W469 have been described as the ‘activation trigger’ for FXR, however, interactions
with these residues were not crucial for receptor activation, and ultimately, any ligand binding
mechanism that stabilizes helix 12, either directly or indirectly, can be considered to have

agonist properties.

The most potent, naturally occurring BA, CDCA was exploited for the design of novel ligands and
extensions of the steroidal backbone were anticipated to engage in previously unoccupied sub-
pockets of the LBD. Removal of the carboxylic acid and extensions of the side chain, with the
inclusion of different functional groups, was expected to limit the promiscuity of BA ligands and
enhance specificity toward FXR. As carboxylic acids are thought to be susceptible to conversion

to liver toxic metabolites (Flesch et al., 2017), altering the classic BA scaffold was believed to be

278



advantageous for numerous reasons. Designs included the addition of various functional groups
and moieties, including fluorine atoms and trifluoromethyl groups. Fluorine functional groups,
are routinely added to compounds in medicinal chemistry as they have an influence on
numerous pharmacodynamic and pharmacokinetic properties; their electron withdrawing
capacity can influence interactions in ligand-protein binding resulting in increased affinities,
their lipophilic properties afford the compounds a lower pKa and improved bioavailability, and
carbon-fluorine covalent bonds are more stable than hydrocarbon bonds, meaning that fluorine
containing compounds tend to be more metabolically stable in liver microsomes (Shah and
Westwell, 2007). The addition of functional fluorine groups has been observed in FXR agonists,
such as the highly potent Tropifexor (Tully et al., 2017), and the effect of their addition to the
BA scaffold of novel ligands described in this work was the subject of investigations at a

structural, biochemical and molecular level (Chapters 3, 5 and 6).

Identification of key FXR-ligand interactions important for specificity and
activation, using in silico docking

In order to elucidate ligand binding details of prospective new compounds and to discern the
effects of added functional groups, compounds were grouped according to structural similarity
and ‘placed’ into the FXR LBD by in silico molecular docking. Docking solutions identified that
novel compounds in this library could all potentially make polar interactions with ‘classic’
residues H447,Y361, Y369, S332 and R331, whilst the addition of electronegative atoms or bulky
functional groups could contribute to additional halogen bonds or VAW interactions. In
addition, the extended structures of many of the novel compounds, occupied the entire ligand
binding pocket, and many compounds, mainly those with distal trifluoromethyl side chains,
were observed to protrude into a sub-pocket between loop 1/2 and helix 3. Previous studies
have posited that this sub-pocket is an alternative binding site for small molecule modulators
of FXR (Meyer et al., 2005), and it is possible that many of the novel compounds could display
partial, but selective activation of the receptor. Whilst docking into a semi-rigid FXR structure
was not able to discriminate the degree of agonism, between full, partial or selective agonists,
docking studies did identify that the extended structure of the lead compounds were unlikely
to support an antagonist conformation of FXR, and compounds were unable to bind in the
proposed binding site for TGR5, implying that these compounds were indeed FXR-specific

agonists.

Due to the flexible nature of the receptor and the mechanisms surrounding its activation,
software-calculated binding affinities do not necessarily correlate with receptor activation, and

so top-ranking compounds, identified by the SYBYL software scoring function, may not have
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genuinely been the most active. Whilst providing important molecular detail of ligand binding
mechanisms, when used on its own, molecular docking methods utilized here, were unable to
accurately determine which interactions were responsible for increased activation, and
conclusively, which ligands would be the most potent. Activity data of many of these
compounds, obtained from third party sources, helped to postulate potential ligand
interactions and binding orientations, which may account for the improved efficacy of these
compounds over both CDCA and OCA. By correlating the activity data with the structural
features of the compounds, it was observed that in general, ligands with a fluorine atom
addition at the C4p position on the ‘A ring’ of the BA backbone, outperformed other compounds
without this substituent. Docking studies identified that these compounds could make
additional halogen bonds with H447 and Y361, in addition to the canonical hydrogen bonds
from the C3 hydroxyl, possibly increasing the ligands specificity and affinity for the receptor and
enhancing the levering mechanism to constrain helix 12 in its active position. However, this
addition was not enough to completely account for the increased potency of these compounds,
and the side chains were proposed to have an equally important effect on potency. Side chains
of the most potent compounds were positioned towards to the top of the pocket where many,
such as Jed441 and Jed561, were observed to make polar interactions with residues along helix
3. Data from docking solutions, collectively with supplementary data from FXR-activation
assays, implied that lead compounds identified herein, may have enhanced activity due to their
interaction mechanisms with helix 3, which is known to form part of the coactivator binding

groove with helix 12.

Attempts to quantify the structure-activity profile proved challenging

In order to rationalise which specific functional groups were responsible for the increased
potency of these compounds, a 3D-QSAR was attempted to statistically correlate the structural
features of novel ligands with their associated activity. The complex structure of these
compounds, in which the addition of different functional groups alters the torsion angles and
puckering of the ligand scaffold, and its position within the ligand binding pocket, in addition to
the limited range of activity, rendered the QSAR attempts unsuccessful. The QSAR model
generated yielded little further insight to what was already established by molecular docking.
However, although molecular docking proved to be quick and computationally inexpensive,
concerns were raised surrounding its accuracy. The FXR LBD is intrinsically highly flexible, and
the limitations of a semi-rigid docking procedure emphasize the need for validation of proposed
binding mechanisms and characterization of ligand binding in its native state. Whilst other

computational methods, such as molecular dynamics, can simulate ligand binding and the
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conformational changes involved in helix 12 stabilization, experimental methods such as X-ray
crystallography or NMR were postulated to provide atomic level detail, whereby the overall
structure of the LBD helices and side chains could be determined, in addition to the positioning
of the ligand and its proximity to proposed binding residues and helices. Furthermore, it was
anticipated that the LBD structure obtained with these novel ligands, would be more

appropriate for future rounds of in silico docking.

A structure determination approach to validate FXR-ligand binding

Although there are currently no published structures of the full length FXR protein or the DBD,
several publications have documented the recombinant expression, purification and
crystallisation of the FXR LBD in complex with a ligand. Small scale expression screens identified
that Hisg-tagged FXR LBD could be expressed in a soluble form, using E.coli as a host, and with
some optimization, expression of the FXR DBD-LBD also may be achieved. With the priority of
investigating novel ligand binding mechanisms, work in this thesis focussed on solely the FXR
LBD. However, the highly flexible, hydrophobic nature of the FXR LBD presented several

challenges in the large-scale overexpression, purification and crystallisation of this protein.

The problem of low target protein yield was fundamentally addressed by the use large scale
cultures, in excess of 4L, similarly to what had been reported in literature (Akwabi-Ameyaw et
al., 2008). Together with a more efficient and scale-appropriate lysis method of cell disruption,
FXR LBD vyields were considerably improved. Despite this success, purification attempts were
thwarted by the protein’s propensity to aggregate and co-elute with similar sized, histidine-rich
E. coli proteins. Attempts were made at separating the contaminant proteins by various
chromatography methods, however, the similar molecular weights of the proteins, and the
need to minimize the loss of target protein, proved these measures ineffective. Final protocols
included a thrombin cleavage step to remove the Hise-tag, followed by an additional purification
by IMAC, to separate resin-bound proteins from the now cleaved FXR LBD. Although this
method resulted in a ‘cleaner’ target protein, the sample was not 100% homogenous and future
studies may need to include more stringent wash steps and alternative SEC column resins to
address the heterogeneity. It may even be required for the FXR LBD to be co-expressed with
obligate partner receptor domain, RXR LBD, to prevent the FXR LBD from dimerizing with non-
specific proteins. Time-dependent precipitation has been previously documented by other
groups working with this protein (Soisson et al., 2008) but the measures taken to counter this
problem, such as site directed mutagenesis of surface exposed cysteines or expression of the
coactivator peptide grafted on to helix 12 (unpublished; private communication with Stephen

M. Soisson, MERCK), suggest that the challenges are not trivial and not well documented.
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Although supplementation of the protein with DTT and addition of the ligand and coactivator
peptides shortly after purification, was observed to stabilize the domain, future studies should
consider mutagenesis or alkylation of surface cysteines to completely mitigate the formation of

disulphide bonds, thus limiting potential aggregation.

The expression construct later used in this work encoded the FXR LBD with 2 mutations of
surface glutamate residues. Mutating these residues to alanines, was thought to overcome the
energy requirements essential for stabilizing glutamate’s highly dynamic side chain in the
creation of crystal contacts, increasing the crystallisability of the protein (Cooper et al., 2007).
Although diffraction quality crystals were not obtained, the formation of microcrystals and
crystalline precipitate clusters, suggests that with comprehensive refinement and optimisation
of the buffer reagent conditions, and possibly with the help of microseeding, superior quality

crystals may be acquired.

Regardless of not being able to validate the hypothesized ligand-binding mechanisms via X-ray
structure determination, the optimised methods established here (Chapter 4) may help future
lab members to express and purify the FXR LBD, and knowledge acquired may be transferable
to other NR LBDs or other highly flexible, hydrophobic eukaryotic proteins. Furthermore, other
structural techniques can be applied to the FXR LBD to provide further insight regarding
receptor activation and dynamics. NMR may be able to help discriminate between different
mechanisms of receptor activation, and may be able to provide information about whether the
novel ligands are promoting a canonical active conformation, or one which resembles partial
agonism (Kojetin and Burris, 2013). Likewise, the use of other biochemical techniques such as
steady-state fluorescence anisotropy, may allow helix 12 mobility to be monitored upon ligand
binding, providing additional evidence of genuinely active compounds, regardless of whether

the exact mechanism has been elucidated or not.

Jed compounds selectively recruit FXR coactivators

FRET-based recruitment assays are a biochemical technique that can be employed to monitor
coactivator associations with the LBD, by way of measuring receptor activation and dynamics.
Recruitment of a coactivator protein essentially determines whether FXR’s transcriptional role
is executed or not. Coactivators are responsible for the recruitment of other transcription
factors, chromatin remodelling processes, post translational modifications, and overall
epigenetic changes, that govern the assembly of transcriptional machinery required for the
initiation of target gene expression (McKenna and O’Malley, 2002). The mechanism of ligand-

induced helix 12 stabilization, and subsequent coactivator recruitment provides the basis for
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this assay whereby potential ligands can be experimentally assessed. Titrations of ligands or
coactivator peptides can be used to quantitatively determine the affinity of the FXR LBD for that
binding partner. Results presented in this thesis demonstrate that both Jed441 and Jed561 are
genuine agonists for FXR (Chapter 5). The compounds were able to recruit fluorescein-labelled
coactivator peptides to a tagged FXR LBD, resulting in an increase in the measured fluorescence
signal. The novel compounds are significantly more efficacious than CDCA, and even had up to
10-fold higher affinities for FXR than OCA. Furthermore, both compounds were able to recruit
a number of different coactivators, whilst also causing the slight dissociation with corepressor
peptides, further supporting the idea that the conformation adopted by the FXR LBD upon
compound binding, is one of an active receptor. Moreover, the narrow range of ECs values,
determined by the recruitment of several different coactivators, upon Jed561 binding, indicate
that FXR’s affinity for Jed561 remains unchanged regardless of the coactivator used. Contrary
to results obtained by cell-based FXR reporter gene assays, conducted by a third party company,
initial coactivator recruitment assays here, placed Jed561 as a more potent agonist than Jed441,
with ECso values between 11-12 nM, as opposed to 19-35 nM. These differences may have been
due to the cell-free nature of the assay, or due to the lack of integrated signalling from receptor
partner RXR, which has been shown to increase the affinity of FXR for ligands, when used as a
dimer in coactivator assays (Zheng et al., 2018); and later gene expression studies, showed that
Jed441-induced FXR activation resulted in greater responses in target gene regulation than that

seen with Jed561 (Chapter 6).

A noteworthy concern in the design of FXR agonists, is the need to not just mimic cognate
agonist activity, but to develop selective modulators that can activate target genes
independently of one another. In the body, FXR is subject to several different mechanisms,
which all serve to limit the receptor’s promiscuous actions to a few intended target genes or
tissues. One such way in which FXR’s actions are restricted, is due to the cooperation between
the receptor and different cofactors, to generate specific gene expression activation (Massafra
et al., 2018). Structurally distinct ligands have been proposed to differentially modulate the
interaction with different coactivators, which in turn, due to their different post-translational
modifications, can orchestrate the sub-cellular localization of FXR, its protein-protein and
protein-DNA interactions, as well as its protein stability and transcriptional activity (Massafra et
al., 2018). Furthermore, the expression and availability of coactivator proteins are often tissue-
specific, allowing ligands to initiate distinct effects dependent on the composition and stability

of multi-subunit coactivator complexes (Torra et al., 2004; N. Li et al., 2017).
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One of the aims of the research presented here, was to identify if top candidate ligands, Jed441
and Jed561, were sufficiently structurally distinct from OCA, that they could specifically recruit
different coactivator proteins. By titrating different coactivator peptides, representative of
different coactivator family subclasses, recruitment assays were indicative of the FXR receptor
affinity for coactivators, when each ligand occupied its binding site. OCA displayed no notable
differences in recruitment profiles of the three coactivator peptides tested, SRC2-2, RIP140 L8
and TRAP220/DRIP 1, suggesting that the affinity for all three were similar and that OCA could
not selectively recruit (or differentiate between) these coactivators. However, both Jed441 and
Jed561 displayed slightly different recruitment profiles. Results suggested that Jed561 had a
higher affinity for SRC2-2 than the other coactivators, and Jed441 also displayed dramatically
increased associations with SRC2-2, particularly at higher concentrations of the peptide.
Although further work is needed to fully support this hypothesis, results shown here provide an
early indication that novel compounds, Jed441 and Jed561, may be able to selectively recruit
coactivator complexes, thus, achieving regulation of specific genes. Recommendations into
gaining further evidence for this, include using co-immunoprecipitation and pull down assays,
which may be able to identify differences in OCA bound- and Jed441/led561 bound- FXR

interactions with different regulatory proteins.

Another mechanism thought to achieve selective gene modulation, is through the occupancy of
the auxiliary binding site between loop 1/2 and helix 3 (Pellicciari et al., 2006). This site was
identified as the binding site for the small molecule guggulsterone, which was originally thought
to be an FXR antagonist, but later redefined as a selective modulator of FXR (Urizar et al., 2002).
Although the exact mechanisms linking ligand binding mode, receptor conformation and gene-
specific regulation still need to be delineated, it is postulated that extended, carboxylic acid side
chains of BA-derived compounds may be able to induce a broad range of functional FXR profiles
due to perturbations of this secondary pocket (Pellicciari et al., 2006), paving the way for the
development of steroidal selective agonists of FXR. Docking results presented in Chapter 3,
highlighted that both Jed441 and Jed561 are closely associated with helix 3, with side chain
extensions partially occupying the secondary sub-pocket. However, their bona fide structural
conformations are yet to be determined, and their putative transcriptomic effects still need to

be assessed in order to determine their ability to regulate specific genes and pathways.

Jed compounds activate and modulate target genes in vitro

To identify the transcriptomic changes induced by Jed441 and Jed561, gene expression analysis
was conducted by the use of gPCR with focus on FXR regulated genes. Hepatocyte-derived cell

lines, Huh7 and HepG2, were used as a simple platform to initially identify if direct FXR target
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genes could be up- or down-regulated as a consequence of compound treatment. Cells were
treated with either compound, at their ECso and ECso concentrations, in parallel to OCA at its
respective concentrations, which, as the ‘gold standard’, was used for comparison. Results
showed that both Jed441 and Jed561 are genuine agonists for FXR, in that, they can functionally
activate it and modulate its target genes. Both lead compounds were shown to control FXR
target genes involved in BA homeostasis, upregulating SHP, FGF19, and OSTa, and
downregulating CYP7A1, in dose-dependent responses. Furthermore, both compounds were
shown to be more effective than OCA at exerting these FXR-mediated changes, and target genes
displayed an increased fold changes in expression when cells were treated with Jed compounds
compared to OCA, at their corresponding ECso concentrations. Results initially observed
(presented in Chapter 5) suggested that Jed441 and Jed561 both had higher affinities for FXR
than OCA. Additionally, evidence presented in Chapter 6 showed that both Jed compounds had

a higher efficacy compared to OCA also.

In addition to genes underlying BA metabolism and transport, prolonged exposure to Jed441
was able to affect FXR-mediated genes involved in lipid metabolism and fibrogenesis in vitro. At
180nm, Jed441 was associated with the upregulation of APOC2, as well as decreases in SREBF1
and TGFB1 mRNA. However, this response was not seen with Jed561, which only showed
downregulation of TGFB1 in vitro. The results suggest that Jed561 may not be as potent as
Jed441, in line with data initially obtained by a third party derived from cell-based FXR reporter
assays. Equally, these results may have arisen from the differential activation of target genes by
the two lead candidates. Nevertheless, in vitro results suggest that the lead candidate

compounds, Jed441 and Jed561, could both functionally regulate FXR target genes.

Following an exhaustive analysis of the structure-function relationships of known ligand-FXR
complexes (Chapter 3), a number of novel compounds were designed to include extended side
chains, which could potentially occupy the entire FXR binding pocket, in an attempt to tailor the
compounds towards FXR specificity. To determine if compound-induced transcriptomic changes
were due to the specific activation of FXR, competitive inhibition-type assays were performed
with guggulsterone. Although guggulsterone was unable to activate FXR in coactivator
recruitment assays, its ability to selectively modulate FXR, meant that results regarding the
specificity of Jed441 and Jed561, were inconclusive. For a more definitive confirmation that
responses to the Jed compounds are FXR-specific, future studies could utilize gene silencing or
editing methods to create FXR-null cell lines, and to test gene expression in response to
compound treatment of these cells. Nevertheless, assessment of Jed441 and Jed561 in cAMP-

response assays by external third parties, confirmed that these compounds were not able to
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activate TGRS5, as suggested by the docking studies. Accordingly, the primary aim of this work
was achieved, in that novel compounds, Jed441 and Jed561, had both been discovered and
identified as highly potent, specific agonists of FXR, with higher efficacies than the steroidal

competitor, OCA.

Without a 3D structure of the novel ligands in the receptor pocket, the exact mechanisms
underlying the molecular recognition and enhanced potency of Jed441 and Jed561 remain
unknown. It is postulated that the addition of a fluorine atom to the BA backbone may be
positively influencing the compounds affinity for FXR. In addition to fluorine’s unique properties
in altering the pKa, solubility and hydrogen bond-donating capacity of potential drug
candidates, the inclusion of distinct chemical signatures, such as fluorine atoms, in the naturally
occurring BA backbone, provides the potential advantage of these candidates being protected
under appropriate intellectual property regulations. Initial in silico docking solutions of potential
compounds with a fluorine atom added to the ‘A’ ring of the OCA, identified that these additions
were not expected to alter the overall binding modes of these compounds in the ligand binding
pocket. However, compounds with the addition of fluorine atom at the C4pB position, could
benefit from additional halogen interactions with Y369, whereas fluorines added to other
positions along the ‘A’ ring, could not. Although a comprehensive study into the addition of a
fluorine atom at different loci along the BA backbone, and the subsequent effect on compound
activity, was not carried out in this thesis, coactivator recruitment assays with the 1BF analogue,
Jed678, identified that this compound had a significantly worse ECso value than OCA. This
suggested that the position of the fluorine atom on the steroid nucleus, could have important
effects for ligand binding. Nevertheless, comparisons of docking results between Jed561 and its
non-fluorinated equivalent, Jed692, identified differences in the sub-locations of the
compounds within the binding pocket, where Jed692 was positioned further out of the cavity
and Jed561 was seen to occupy the entire pocket, including slight extensions into the allosteric
sub-pocket. These differences are supported by evidence from the coactivator recruitment
assays, which suggest that Jed561 has a slightly better affinity for the FXR LBD, than Jed692.
However, this enhanced potency of Jed561 does not appear to be translated to cellular
responses, as the qPCR data suggest that Jed692 has similar or improved gene regulation
responses compared to Jed561. The evidence points to the extended side chain tails as the
moieties responsible for improved FXR activity, however, the potential advantages of 4BF

additions on the physico-chemical properties of the compound cannot be dismissed.
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Jed compounds activate and modulate target genes in vivo

Confirmed as legitimate FXR agonists, Jed441 and Jed561 were tested in mice, for their
characterization in a multi-organ, complex organism, and evaluation for their potential use as
therapeutic agents for diseases such as NASH. Supplementary data from third party sources,
identified that, while Jed561 displayed favourable pharmacokinetic properties, Jed441 was
poorly absorbed in the intestines and displayed a relatively short half-life. Accordingly, Jed561
was progressed as the lead compound, whereas Jed441 was used for investigational purposes
only. Changes to hepatic mRNA following a single oral dose of Jed561 in C57BL/6J mice
supported the results shown in vitro, which identified that Jed561 can regulate FXR-specific
genes. Jed561 treated mice displayed a sustained upregulation in SHP and concomitant
downregulation in CYP7A1 levels. Whilst Jed441 was able to induce changes in SHP and CYP7A1
MRNA, responses were only transient, reflecting the compound’s limited bioavailability. Gene
expression changes in response to a single oral 2 mg/kg dose of Jed561, compared to a single
treatment of OCA at the same concentration, identified potential differences in their gene-
regulating mechanisms. Jed561 displays modest changes to SHP mRNA, whereas OCA is more
effective at upregulating this gene. On the other hand, Jed561 can increase BSEP levels, but OCA
cannot. These disparities between Jed compounds and OCA, were noted in later studies that
compared the effects of longer-term compound administration in mice. Specifically, after 5 days
of treatment with compounds (administration once daily), SHP mRNA expression was
significantly increased in mice treated with 30 mg/kg OCA, more so than mice treated with the
same concentration of Jed561. Conversely, 30 mg/kg of Jed561 was able to induce greater
increases in BSEP, and greater reductions in CYP7A1, compared to OCA. Both BSEP and CYP7A1
are directly involved in regulating the size of the BA pool. SHP, on the other hand, is an atypical
NR, with downstream signalling effects on numerous target proteins. As such, Jed561-mediated
FXR activation may be an appropriate selective approach for targeting diseases associated with

intrahepatic accumulation of BAs, such as cholestasis, without off-target side effects.

Paradoxically, in the research described here, OCA was associated with effects not previously
reported with its use (Dash et al., 2017). Administration of OCA for 5 days at 30 mg/kg resulted
in significant upregulation of SREBF1. This lipogenesis-regulating receptor controls the
expression of genes involved in fatty acid and triglyceride biosynthesis, and FXR-mediated SHP
signalling previously has been associated with its inhibition (Watanabe et al., 2004). However,
although OCA displayed significantly increased SHP levels, this response was not accompanied
by the downregulation of SREBF1. On the other hand, Jed561 at 30 mg/kg doses, displayed more

favourable profiles in lipogenesis genes, with increases in APOC2, responsible for lowering
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serum triglyceride levels, and no significant increases in SREBF1. Nevertheless, at 2 mg/kg
doses, Jed561 did display increased levels of SREBF1 mRNA, like OCA. The differential responses
of Jed561 at different concentrations, highlights the need to extensively investigate the full
range of transcriptomic changes in response to this compound, to identify any unanticipated
genomic changes associated with its use, and to fine tune an appropriate dose, which can have
the desired therapeutic effects whilst minimising adverse reactions. Methods such as RNA-seq,
or microarrays allow global transcriptomic changes to be easily profiled. RNA-seq analysis on
OCA-treated primary hepatocytes revealed a number of on-target FXR-mediated effects, as well
as several novel changes to genes associated with other metabolic pathways (Dash et al., 2017).
In addition to identifying transcriptomic changes relevant to liver-specific FXR activation, the
analysis also revealed changes to cholesterol synthesis genes, which reinforced the paradigm of
abnormal cholesterol levels seen in previous clinical trials with OCA (Neuschwander-Tetri et al.,
2015; Dash et al., 2017). By analysing global gene expression or lipidomic profiles in response
to Jed561, it may be possible to predict, prior to clinical studies, if this compound, like OCA, will

have unfavourable effects on cholesterol synthesis and lipoprotein metabolism.

Jed compounds show efficacy in a NASH model

To further evaluate the therapeutic potential of Jed561, specifically for the amelioration of
genes involved in NASH, the compound was tested in a mouse model of the disease. There are
over 40 rodent models of NASH that serve as surrogates for the induction of disease-specific
physiological changes. Yet, none completely mimic all aspects of the multifactorial disease, and
translatability between rodent metabolism and human metabolism are often debated. A model
based on feeding mice a high fat ‘western’ diet, followed by chemically inducing fibrosis with
CCly, first described by Hoshida and colleagues (Hoshida et al., 2018), was expected to deliver
the prototypical histological, biochemical and transcriptomic changes associated with human
NASH. Unfortunately, in the work described here, the hallmarks of NASH were not achieved,
limiting the applicability of the results. However, evidence from the gPCR data identified unique
gene expression profiles of OCA, compared to Jed561. QPCR results were corroborated by
results from liver marker assays and histological analyses conducted by independent parties
that suggested that OCA exacerbated NASH progression. Contrary to previous rodent studies
(Fiorucci et al., 2005; Zhang et al., 2017), OCA was associated with the increased expression of
fibrogenesis and inflammation genes, TGFB1, COL3A1, TIMP1, CCL2 and CCR2 in ‘NASH’ model
mice. However, this profile was not observed in ‘NASH’ mice treated with Jed561, which did not
significantly upregulate any fibrosis gene at any concentration used, and instead, displayed

downregulation in the fibrosis marker gene ACTA2. The differential transcriptomic effects
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between the two compounds also were translated to a cellular and tissue level, whereby results
from independent blinded histological analyses of these mice liver sections, confirmed
worsening of the steatosis, inflammatory cell infiltration, vacuolation and fibrosis. The extent
of fibrosis is considered to be a major determinant of cardiovascular co-morbidity and mortality
in NASH (Angulo et al., 2015), and so the exacerbation of fibrosis markers seen with OCA can
have significant impacts on its application as a NASH treatment. Jed561, on the other hand, with

its ability to decrease ACTAZ2 levels, still presents the potential for use as a NASH drug.

Despite the inadequate induction of fibrosis, the NASH mice in this study displayed signs of
altered lipid metabolism, with vehicle-treated mice displaying significantly upregulated SREBF1
and decreased PLTP expression. ‘NASH’ mice treated with OCA displayed slightly normalised

expression of these genes and profiles were even more improved upon treatment with Jed561.

These results further substantiate the notion that, despite being derived from the same CDCA
scaffold, Jed561 and OCA operate by different mechanisms of action. Jed561 is proposed to
interact with many of the canonical residues in the FXR LBD, similarly to OCA. However, docking
solutions suggest that it can make several novel interactions, and its bulky side chain may
partially occupy the secondary binding pocket, which may have specific modulatory effects on
FXR activation. Jed561-occupied FXR also was seen to have a higher affinity for SRC2-2 than
other coactivator peptides tested. By inducing a novel FXR LBD conformation and exerting
specific post-translational effects through its preferential binding of certain coactivators, it is
indeed possible that Jed561 may be able to regulate different FXR-target genes distinctively to
OCA. Transcriptomic analysis of a perfused organotypic hepatocyte system, or even organ
specific FXR knock out mice, will help to build a complete picture of Jed561-mediated actions,
allowing profiles to be compared with OCA-driven changes. This will help clarify the possibility
of differential gene regulation, due to compartmentalisation and differential bioavailability of

these two compounds.

Jed561 as a therapeutic compound

Jed561 holds the capacity for use as a therapeutic agent. An ideal NASH drug should reduce
steatosis, hepatic inflammation and liver cell injury, and have antifibrotic effects, whilst
improving underlying metabolic dysfunctions (Hansen et al., 2017). Although insufficiently
validated for treatment of fibrosis and inflammation in this work, Jed561 shows promising
results in correcting lipid metabolism pathways. The NASH field is continuously, rapidly
changing, and due to the lack of agents that can target the multiple aspects of NASH injury and

disease progression, pharmaceutical considerations now include the use of combinatorial
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therapies. FXR agonists, such as Tropifexor, are presently being trialled in combination with
apoptosis signalling kinase inhibitors and inflammatory cytokine inhibitors, but FXR agonists are
still considered core components of therapy (Carter and Khan, 2019). The use of amphiphilic,
non-toxic, BA-based FXR agonists, provides the added advantage of aiding drug delivery and
absorption of concomitantly administered drugs. Therefore, while the anti-fibrotic and anti-
inflammatory effects of Jed561 still need to be evaluated in another NASH model, in the
meantime, its anti-steatotic effects could be assessed in a combinatorial strategy with other
prominent drug candidates targeted towards additional NASH pathophysiologies. In addition,
results shown in this thesis have identified a potential use for Jed561 in cholestatic diseases
such as PBC. OCA was approved by the FDA, in 2016, for use in the treatment of chronic PBC,
and it is currently undergoing evaluation for its long term safety and effects in a phase 3 double
blind study with PBC patients (Trauner et al., 2019). Jed561, however, may be a more
appropriate drug candidate, due to its improved responses in genes regulating the BA pool, and
potential limited off-target effects. Furthermore, if selective modulation of FXR can be achieved
with Jed561, it poses the capacity for use in treatment targeting metabolic syndromes or

cardiometabolic diseases.

Jed441 as a therapeutic compound

Despite being restricted to the intestines, Jed441 may still be able to affect lipid metabolism,
insulin sensitivity and weight management, via intestine-specific FXR signalling cascades and
actions of the FGF19 hormone. While the therapeutic benefits of intestinal FXR agonism and
antagonism are poorly understood and remain controversial (Albert et al., 2014; Fang et al.,
2015), further studies into Jed441-mediated transcriptomic changes, may help evaluate the
therapeutic potential of this compound, and could lead to its progression in the search for drugs
targeting other FXR-related pathologies, such as inflammatory bowel disease (Wildenberg and

van den Brink, 2011), or intestinal ischaemia reperfusion injury (Wang et al., 2018).

Conclusion

The field of FXR-mediated biology is extremely complex, and the extent of FXR-mediated
signalling is still being uncovered. By acting as a ligand-activated transcription factor, FXR can
regulate a plethora of target genes in diverse networks of signalling pathways. Furthermore,
the discovery of DNA-independent mechanisms of FXR signalling, emphasizes the vast scope of
its regulation. Its role in multiple important physiological pathways, is both a blessing and a
curse when considering the therapeutic potential of this receptor, and an ideal strategy targets

specific subsets of FXR-responsive genes, without systemic FXR activation. To achieve this,
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efforts are now shifting towards allosteric modulation of the FXR receptor and the multiple loci
in which its actions can be regulated, for example, interactions with its partner receptor RXR,
interactions with different coactivators, and interactions with different DNA response elements
(Rastinejad et al., 2013). This is thought to limit NR desensitization (Veras et al., 2019), however,
this approach is challenging due to insufficient data regarding FXR DBD and its full length, native
structure, and the ability to selectively target specific DNA response elements still poses

potential problems.

Although inter-domain modulatory effects are appreciated, efforts herein focused on the
interactions between FXR and its ligand, and potential selective recruitment of coactivators. The
combination of computational, structural and molecular biology techniques applied in this
thesis, allowed a deeper understanding of the FXR activation and dynamics to be attained and
made significant contributions toward the development of novel, BA-derived agonists of FXR.
Candidates, Jed441 and Jed561, may both selectively regulate FXR, albeit due to different
underlying mechanisms, whether limited bioavailability and compartmentalisation of the
compound, or due to ligand specific recruitment of coactivators. The selective modulation and
increased potency of these novel BA compounds make them equally, if not more, attractive

than the ‘gold standard’ FXR agonist OCA for use as a new pharmaceutical agent.
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Appendix 1. Primers used for In Fusion cloning FXR domain

constructs

Construct | Forward primer sequence (5’ - 3’) Reverse primer sequence (5’ - 3’)

Al AGGAGATATACCATGGTGATGCAATTTCAAGG | GTGATGGTGATGTTTCTGAACATCCCAAATC
TCTG TCGC

B1 AAGTTCTGTTTCAGGGCCCGGTGATGCAATTTC | ATGGTCTAGAAAGCTTTACTGAACATCCCAA
AAGGTCTG ATCTCGC

C1 AAGTTCTGTTTCAGGGCCCGGTGATGCAATTTC | ATGGTCTAGAAAGCTTTACTGAACATCCCAA
AAGGTCTG ATCTCGC

D1 AAGTTCTGTTTCAGGGCCCGGTGATGCAATTTC | ATGGTCTAGAAAGCTTTACTGAACATCCCAA
AAGGTCTG ATCTCGC

El AAGTTCTGTTTCAGGGCCCGGTGATGCAATTTC | ATGGTCTAGAAAGCTTTACTGAACATCCCAA
AAGGTCTG ATCTCGC

F1 AGGAGATATACCATGGACGAACTGTGCGTGGT | GTGATGGTGATGTTTCCAAATCTCGCACAGC
TG AGC

G1 AAGTTCTGTTTCAGGGCCCGGACGAACTGTGC | ATGGTCTAGAAAGCTTTACCAAATCTCGCAC
GTGGTTTG AGCAGC

H1 AAGTTCTGTTTCAGGGCCCGGACGAACTGTGC ATGGTCTAGAAAGCTTTACCAAATCTCGCAC
GTGGTTTG AGCAGC

A2 AAGTTCTGTTTCAGGGCCCGGACGAACTGTGC | ATGGTCTAGAAAGCTTTACCAAATCTCGCAC
GTGGTTTG AGCAGC

B2 AAGTTCTGTTTCAGGGCCCGGACGAACTGTGC | ATGGTCTAGAAAGCTTTACCAAATCTCGCAC
GTGGTTTG AGCAGC

C2 AGGAGATATACCATGGGTCGTGATCTGCGTCA | GTGATGGTGATGTTTCCAAATCTCGCACAGC
AG AGC

D2 AAGTTCTGTTTCAGGGCCCGGGTCGTGATCTGC | ATGGTCTAGAAAGCTTTACCAAATCTCGCAC
GTCAAG AGCAGC

E2 AAGTTCTGTTTCAGGGCCCGGGTCGTGATCTGC | ATGGTCTAGAAAGCTTTACCAAATCTCGCAC
GTCAAG AGCAGC

F2 AAGTTCTGTTTCAGGGCCCGGGTCGTGATCTGC | ATGGTCTAGAAAGCTTTACCAAATCTCGCAC
GTCAAG AGCAGC

G2 AGGAGATATACCATGGTGATGCAATTTCAAGG | GTGATGGTGATGTTTCAGTTCGTCACCCTTA
TCTG ATACG

H2 AAGTTCTGTTTCAGGGCCCGGTGATGCAATTTC | ATGGTCTAGAAAGCTTTACAGTTCGTCACCC
AAGGTCTG TTAATACG

A3 AAGTTCTGTTTCAGGGCCCGGTGATGCAATTTC | ATGGTCTAGAAAGCTTTACAGTTCGTCACCC
AAGGTCTG TTAATACG

B3 AAGTTCTGTTTCAGGGCCCGGTGATGCAATTTC | ATGGTCTAGAAAGCTTTACAGTTCGTCACCC
AAGGTCTG TTAATACG

Cc3 AGGAGATATACCATGGTGATGCAATTTCAAGG | GTGATGGTGATGTTTTTCGCTGTCCTCGTTC
TCTG ACG

D3 AAGTTCTGTTTCAGGGCCCGGTGATGCAATTTC | ATGGTCTAGAAAGCTTTATTCGCTGTCCTCG
AAGGTCTG TTCACG

E3 AAGTTCTGTTTCAGGGCCCGGTGATGCAATTTC | ATGGTCTAGAAAGCTTTATTCGCTGTCCTCG
AAGGTCTG TTCACG

F3 AAGTTCTGTTTCAGGGCCCGGTGATGCAATTTC | ATGGTCTAGAAAGCTTTATTCGCTGTCCTCG
AAGGTCTG TTCACG

G3 AAGTTCTGTTTCAGGGCCCGGTGATGCAATTTC | ATGGTCTAGAAAGCTTTATTCGCTGTCCTCG
AAGGTCTG TTCACG
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Appendix 2. Amino Acid Sequence of FXR Isoform 1(+)

MVMQFQGLENPIQISPHCSCTPSGFFMEMMSMKPAKGVLTEQVAGPLGQNLEVEPYSQY

e R 2 <2 R

SNVQFPQVQPQISSSSYYSNLGFYPQQPEEWYSPGIYELRRMPAETLYQGETEVAEMPYV

62 7 € 52 e M
DBD start

v
TKKPRMGASAGRIKGDELCVVCGDRASGYHYNALTCEGCKGFFRRSITKNAVYKCKNGG

122 132 142 1R 62 17

NCVMDMYMRRKCQECRLRKCKEMGMLAECMYTGLLTEIQCKSKRLRKNVKQHADQTVNE

182 192 222 212 220 23
pOPIN LBD start FXRmutl LBD start

v
DSEéRDLRQVTSTTKSCREKTELTPDQQTLLHF IMDSYNKQRMPQEITNKILKEEFSAE

242 250 262/246 272 /256 282/266 292/276

ENFLILTEMATNHVQVLVEFTKKLPGFQTLDHEDQIALLKGSAVEAMFLRSAEIFNKKL

302/286 312/296 322/306 332/316 342/326 352/336

PSGHSDLLEERIRNSGISDEYITPMFSFYKSIGELKMTQEEYALLTAIVILSPDRQYIK

360/346 379/356 382/366 392 /376 422/386 412/39

DREAVEKLQEPLLDVLQKLCKIHQPENPQHFACLLGRLTELRTFNHHHAEMLMSWRVND
420 /406 432/416 432/426 452/436 462 /446 472 /456

pOPIN LBD end
FXRmutl LBD end

HKFTPLLCEIWDV

<82

N.B. LBD binding residues in Chapter 3 uses alternative aa numbering sequence. Alternative
residue numbers are shown here after the /’
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Appendix 3. Vector Maps of Constructs used in this Thesis
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Figure A3. 1 Plasmid map of pOPINE-FXR as used for constructs A1,F1,C2,G2,C3. Created in Snap Gene

333



A,

T\V‘\’) -

e e
pe-9 ua":;é\-‘g\»i-

pOPINF-FXR
6989 bp

[
U
? p'ho"hote,— Ja3owold Ul

U
-‘.-\_ ',..

" lac operatar]

" (BRHis

3C Operator]

Figure A3. 2 Plasmid map of pOPINF-FXR as used for constructs B1,G1,D2,H2,D3. Created in Snap
Gene.
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Figure A3. 3 Plasmid map of pOPINS3C-FXR as used for constructs C1,H1,E2,A3,E3. Created in Snap

Gene.
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Figure A3. 4 Plasmid map of pOPINHALO7-FXR as used for constructs D1,A2,F2,D3,F3. Created in Snap

Gene.

336



snapgene_pOPINI-FXR
7676 bp

6791440
12000

" [lac operatar

T BaHis

[Ezz)

ac operator] [
|lac promoter|

Figure A3. 5 Plasmid map of pOPINJ-FXR as used for constructs E1,B2,F2,B3,G3. Created in Snap Gene.
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Figure A3. 6 Plasmid map of pET15b-FXR LBDmutl1. Created in Snap Gene.
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Appendix 4. RNAseq data of coactivator mRNA expression from Expression Atlas data base, as provided by
Genotype Tissue Expression (Gtex) Project

Expression level

in TPM

Figure A4. 1 Expression levels of
coregulator proteins in different
tissues. Data from Genotype
Tissue Expression (Gtex) project,
accessed on Gene expression atlas
website (www.ebi.ac.uk/qgxa).

Data displayed as transcripts per
kilobase million (TPM). Where
PPARGCI1A is PGCla; NCOA4 is
ARA70; NCOR2 is SMRT; NCOA1 is
SRC1; NCOAS3 is SRC3; CREBBP is
CBP1; NCOA2 is SRC2; MED1 is
TRAP220; and NRIP1 is RIP140.
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Appendix 5. RNAseq data from HepG2 and Huh7 cells under basal
conditions

1000.1 - 3000.0
200.1 - 1000.0
100.1 - 200.0
20.1-100.0

3.1-20.0

0.5-3.0

FGF19
Carbonic anhydrase
iNOS

0

HepG2 Huh?7

Figure A5. 1 Transcript levels of FXR target genes found in HepG2 and Huh7 cell lines under basal
conditions. Data collated from Expression Atlas database provided by Genentech and Cancer Cell Line
Encyclopaedia projects. Data shown as transcripts per million.Data shown as transcripts per million.
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Appendix 6. RNAseq data from C57BL) adult Mice Livers under
normal physiological conditions
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Figure A6. 1 Transcript levels of FXR target genes found in C57BL/6J adult mice under normal

physiological conditions. Data collated from Expression Atlas database provided by (Bonthuis et al.,
2015). Data shown as transcripts per million.
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Appendix 7. Validation of primers for use on cDNA from Huh7
and HepG2 cells

Table A7. 1 Primers validated for use on cDNA from Human cancer cell lines

cDNA from Huh?7 cDNA from HepG2
Primer Pathway AmPllflca ' Amplificati single Melt
R2 tion Single Melt R2 on Curve
Value | Efficienc | Curve Peak? | Value Efficiency
o o Peak?
y % %

FXR FXR Signalling 0.995 72 Y 0.988 77 Y
H_NR1H4 1
SHP FXR Signalling, 0.999 83 Y 0.998 | 66 Y
H_NROB2_1 BA secretion
BSEP BA secretion 0.959 163 N 0.962 | 270 N
H_ABCB11_1
CYP7A1 BA synthesis 0.722 436 N 0.98 84 N
H_CYP7A1_ 1
CYP8B1 BA synthesis 0.965 125 N 0.71 272 N
H_CYP8B1_1
FGF19 FXR Signalling, 0.996 97 Y 0.008 -100 N
H_FGF19_1 BA synthesis
IL1B Inflammation 0.645 715 N 0.055 -99 N
H_IL1B_1
CCR5 Inflammation 0.959 158 N 0.187 3396 N
H_CCR5_1
TGFB1 Fibrosis, tissue 0.985 97 Y 0.98 80 Y
H_TGFB1_1 remodelling,

Monocyte

signalling
TIMP1 Fibrosis, 0.982 109 N 0.996 86 N
H_TIMP1_1 Monocyte

activation
APOC2 Lipoprotein 0.999 80 Y 0.998 64 Y
H_APOC2_1 Metabolism
SREBF1 Lipid 0.999 89 Y 0.594 1182 N
H_SREBF1_1 metabolism,

cholesterol

synthesis
NTCP BA transport 0.834 165 N 0.810 1877 N
H_SLC10A1_
1
OSTA BA transport 0.999 92 Y 0.995 87 Y
H_OSTALPHA
1
OSTB BA transport 0.940 82 Y 0.870 130 N
H_OSTBETA_
1
GAPDH Housekeeping, 1.000 73 Y 0.999 68 Y
H_GAPDH_1
B-actin Housekeeping 0.998 | 87 N 0.994 | 76 N
H_ACTB_1
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Figure A7. 1 Example of melt curve and amplification plots generated from primer validation tests using
qPCR. cDNA was serially diluted and used in reactions with each primer. A fluorescence dissociation melt
curve was performed at the end of each run. Primers were expected to produce a single melt curve as seen
in (A) for the SHP primer, and amplification plots that were evenly spaced indicating each dilution of the
series. Some primers did not achieve this, as seen in (B) for FGF19.
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Appendix 8. Validation of Primers for Use on Mouse Liver cDNA

Table A8. 1 Table A7. 1 Primers validated for use on cDNA from C57BL/6J mouse livers

Primer Efficienc Single Melt
Primer Pathway R2 Value (%) v curve Peak
’ Y/N
FXR FXR Signalling 0.998 84 (Y)
FGF15 FXR Signalling - -91 N
SHP FXR Signalling 1 83 (Y)
BSEP FXR Signalling 0.998 89 (Y)
CYP7A1 BA synthesis 0.992 91 ()
CYP27A1 BA synthesis 1 83 (Y)
PLTP Lipid/ Cholesterol 0.996 102 (Y)
Metabolism
APOC2 Lipoprotein/Cholesterol 0.999 99 (Y)
metabolism
SREBF1 Lipid/Cholesterol 1 77 (Y)
Metabolism
ACACA Triglyceride synthesis 1 89 (Y)
FASN Triglyceride synthesis 1 81 (Y)
CPT2 Fatty Acid B oxidation 0.992 101 N
TGFB1 Fibrosis, tissue - - Y
remodelling, Monocyte
signalling
TIMP1 Fibrosis, tissue - - Y
remodelling, Monocyte
signalling
ACTA2 Fibrosis, tissue - - Y
remodelling, Monocyte
signalling
COL1A1 Fibrosis, tissue - - N
remodelling,
COL3A1 Fibrosis, tissue - - Y
remodelling,
BCL2 Apoptosis 0.743 523 N
CASP8 Apoptosis 0.935 101 (Y)
SOD2 Oxidative Stress 1 75 Y
GPX1 Oxidative Stress 1 94 (Y)
NFE2L2 (Nrf2) Oxidative Stress 0.990 100 (Y)
GYS2 Glycogen Synthesis 1 88 Y
PCK1 Gluconeogenesis 1 78 (Y)
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IL6Ra Inflammation 0.985 79 (Y)
CRP Inflammation 1 86 Y
CcCL2 Inflammation Y
CCR2 Inflammation Y
ARF1 Housekeeping, 1 83 (Y)
COX7A2L Housekeeping 1 89 Y
YWHAZ Housekeeping 0.995 79 Y
A
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Figure A8. 1 Example of melt curve and amplification plots generated from primer validation tests using
qPCR. cDNA was serially diluted and used in reactions with each primer. A fluorescence dissociation melt
curve was performed at the end of each run. Primers were expected to produce a single melt curve as seen
in (A) for the COL3A1 primer, and amplification plots that were evenly spaced indicating each dilution of
the series. Some primers did not achieve this, as seen in (B) for COL1A1.
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Appendix 9. Analysis of ‘NASH’ mice: body weights and histology
scores — data provided by Saretius Ltd.
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Figure A9. 2 The effects of JED561 (2, 10 and
30 mg/kg) and INT-747 (OCA, 30 mg/kg)on
high  fat diet and  CCl4-induced
steatohepatitis in male C57BL/6] mice-
Daily weights. Data are mean * sem, n=9-
10. ** p<0.01 and *** p<0.001 significantly
different from HFD/vehicle treatment by
Dunnett’s post hoc test following significant
one-way ANOVA
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Figure A9. 2 The effects of JED561 (2, 10 and 30
mg/kg) and INT-747 (OCA, 30 mg/kg)on high fat

diet and

CCl4-induced steatohepatitis in male

C57BL/6J mice- Liver biomarkers circulating in
blood. (A) AST, aspartate aminotransferase, (B)
bilirubin,
mean * sem, n=9-10. ** p<0.01 and *** p<0.001
significantly different from HFD/vehicle treatment
by Dunnett’s post hoc test following significant one-
way ANOVA

(C) alanine aminotransferase. Data are
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Figure A9. 3 The effects of JED561 (2, 10 and 30
mg/kg) and INT-747 (OCA, 30 mg/kg)on high fat
diet and CCl4-induced steatohepatitis in male
C57BL/6J mice- Histology scores. (A) Oil red O
staining scores (B) NASH scores (C) Fibrosis stage,
where scores mean 0 = within normal limits, 1 =
minimal, 2 = slight, 3 = moderate, 4 = marked
changes. Data are mean + sem, n=9-10. ** p<0.01
and *** p<0.001 significantly different from
HFD/vehicle treatment by Dunnett’s post hoc test
following significant one-way ANOVA.
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