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The Farnesoid X Receptor (FXR) is a member of the nuclear receptor superfamily of
transcription factors that plays a key role in the regulation of bile acids, lipid and glucose
metabolisms. The regulative function of FXR is governed by conformational changes of the
ligand binding domain (LBD) upon ligand binding. Although FXR is a highly researched
potential therapeutic target, only a limited number of FXR-agonist complexes have been
successfully crystallized and subsequently yielded high resolution structures. There is currently
no structural information of any FXR-antagonist complexes publically available. This
dissertation focuses on the development and application of hydrogen-deuterium exchange mass
spectrometry (HDX-MS) to characterize the impact of various ligands on the structural dynamics
of the FXR-LBD. Additionally, fluorescence spectroscopy is used to complement the HDX

studies.

Firstly, we explored the use of amide HDX coupled with mass spectrometry for
characterizing conformational changes in the FXR-LBD upon binding of three well known

ligands: GW4064, a synthetic non-steroidal high affinity agonist; the bile acid chenodeoxycholic



acid (CDCA), the endogenous low affinity agonist of FXR; and Z-guggulsterone (GG), an in
vitro antagonist of the steroid chemotype. Ligand-specific deuterium incorporation profiles were
obtained for the FXR LBD upon interaction with the diverse ligand chemotypes. Comparison of
the HDX profiles of the ligand-bound FXR-LBD complexes revealed a unique mode of
interaction for GG. The conformational features of the FXR-LBD-antagonist interaction are

discussed.

Secondly, several functional studies focusing on the health promoting effects of
prenylflavonoids have suggested that prenylflavonoids, including xanthohumol (XN),
isoxanthohumol (IX), and 8-prenylnaringenin (8-PN), are capable of modulating lipid
metabolism possibly via modulating expression of FXR target genes. Therefore, we hypothesize
that prenylflavonoid-type molecules might be FXR ligands that exert their regulatory effects by
binding to the FXR-LBD thereby inducing changes in structural dynamics in a ligand-specific
manner. Under identical experimental solution-phase conditions, we determined the effects of
binding of prenylflavonoid-type compounds on the structural dynamics of FXR-LBD. Deuterium
incorporation profiles were obtained for the four prenylflavonoids: XN, 1X, 8-PN, and one
derivative of XN, tetrahydroxanthohumol (TX). The HDX protection profiles of the FXR-LBD
in presence of the diverse prenylflavonoids indicated partial conformational stabilization of the
LBD in particular in regions that would be consistent with a model in which the prenylflavonoids
interact with the canonical ligand binding cavitiy. In silico molecular docking studies predicted
that the series of prenylflavonoids tested can act indeed as ligands of the FXR-LBD, in
agreement with our HDX data. We discuss the prenylflavonoid-induced conformational changes
in the context of the conformational changes that were observed with the known agonist

(GW4064, CDCA) and in vitro antagonist (Z-GG).



iii
Finally, to complement our HDX studies, intrinsic fluorescence titration experiments
were conducted to investigate the interactions between the FXR-LBD and the seven ligands

studied. The analysis of the quenching data suggested that GG and the prenylflavonoids have a

strong ability to quench fluorescence of the tryptophan residues in the hFXR-LBD through a
static quenching mechanism. The apparent dissociate constants K, of the three prenylflavonoids

with hFXR-LBD were 2.7+0.1 pM for XN, 5.9£0.3 uM for IX, and 2.2£0.0 uM for 8-PN,
indicating genereally low affinity interactions between the prenylflavonoids and FXR. The
analysis of the Scatchard plots and Hill plots suggested that hFXR-LBD seems to have more than
one ligand binding site for IX and 8-PN. The comparison of the molecular volume between the
small molecule compounds studied and eight well known typical FXR agonists suggested that
hFXR-LBD has a tendency to offering more than one ligand binding cavity for compounds with
smaller volume (<350 A3).

Taken together, this is the first systematic HDX-MS study of the interaction of
prenylflavonoids with the FXR LBD. The ligand-dependent HDX protection profiles provided
insights in ligand-specific molecular recognition modes of structurally diverse ligand
chemotypes. The current comparative HDX data are consistent with an interpretation in which
the apo LBD exhibits rather conformationally flexible properties and that binding of ligand with
high affinity exert strongly stabilizing effects. We further may speculate that the partial exchange
protections and conformational stabilization observed for the prenylflavonoids may provide a
glimpse into the mechanisms of partial agonism. The disparate ligand-specific conformational
modulation of the FXR LBD may provide a possible framework for understanding the

pleiotropic functions of FXR.
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Chapter 1

Introduction



Hydrogen-deuterium exchange mass spectrometry (HDX-MS) is an analytical technology
that allows studying protein higher order structures, protein conformational dynamics and
interactions under physiologically relevant conditions. This dissertation focuses on the
development and application of HDX-MS for investigating the structural dynamics of the ligand
binding domain (LBD) of the Farnesoid X Receptor (FXR), a ligand activated transcription
factor that regulates bile acid, lipid and glucose homeostasis. FXR has emerged as a highly
researched pharmacological receptor for intervention strategies that target metabolic diseases.
However, structure activity relationship efforts are hampered by the limited structural

information that is at present available for this potentially drugable receptor.

In this study, the HDX-MS technique was used for studying seven protein-ligand
systems: FXR-LBD with GW4064 - a well-established high affinity agonist; FXR-LBD with
chenodeoxycholic acid (CDCA) — its low affinity endogenous agonist; FXR-LBD with Z-
guggulsterone (GG) — there is currently no co-crystal structure available for this low affinity in
vitro antagonist; and FXR-LBD modulation by four prenylflavonoid-type compounds which are
xanthohumol (XN), isoxanthohumol (1X), 8-prenylneringenin (8PN), and tetrahydroxanthohumol
(TX). Prenylflavonoids are emerging new modulators of FXR of which currently no protein
structural information is available. This dissertation describes for the first time the
conformational structures of prenylflavonoid interactions with FXR LBD. Fluorescence
spectroscopy was used to complement the small molecule ligand interaction studies.
Computational models, developed in collaboration with Dr. Bisson, provided a first attempt to
rationalize the ligand-induced differences in conformational dynamics of FXR LBD. In

conclusion, HDX-MS derived conformational structures of small molecule FXR-LBD



interactions deepened our understanding of the mechanisms of action of nuclear receptor ligand
interactions.
1.1 FXR ligands: from physiological ligands to natural and synthetic ligands

FXR is one member of the nuclear receptor superfamily and also is a ligand-activated
transcription factor. It plays a key role for regulating bile acids, lipoprotein, and glucose
metabolisms [1, 2]. FXR has been also identified as a metabolic bile acid receptor which is
expressed mainly in the liver, intestine, and kidney. In a proposed model (Figure 1.1) increased
levels of bile acids in the liver activates FXR, resulting in an induction of small heterodimer
partner (SHP), which in turn represses cytochrome P450 7A1 (CYP7A1) and CYP8BL1 - the rate
limiting enzymes in the conversion of cholesterol to bile acid [3-5]. Along with FXR activation,
FXR up-regulates the bile salt export pump (BSEP) and indirectly down-regulates a transport
protein-sodium taurocholate cotransporting polypeptide (NTCP), which is involved in bile acid
uptake in the liver. Thus, activation of FXR in the liver inhibits bile acid synthesis and results in
a net flux of bile acid from the liver to the intestine [6]. In addition, FXR decreased bile acid
toxicity in the liver by increasing bile acid-modifying enzymes, such as sulphotransferase 2A1
(SULT2A1), UDP-glucuronosyltransferase 2B4 (UGT2B4) and CYP3A4 [5]. Similarly,
activation of FXR in the intestine increases expression of the intestinal bile acid binding protein
(IBABP) - a protein implicated in cellular uptake of bile acids, while decreases expression of
intestinal bile acid transport (IBAT) [7]. Within the intestine, FXR downregulates the apical
sodium-dependent bile acid transporter (ASBT) to reduce bile acid absorption and promotes
recycling of bile acids to the liver via organic solute transporter-a. (OSTa) and OSTp [5]. In the
liver, FXR also down-regulates phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-

phosphatase (G6Pase), two key enzymes in the glucose synthesis pathway to reduce



gluconeogenesis [5]. Furthermore, FXR reduces lipogenesis via inhibition of sterol-regulatory
element-binding protein 1C (SREBP1C) and fatty acid synthase (FAS) [5].

Like other nuclear receptors, FXR shares the classical modular architecture (Figure 1.2):
a ligand-binding domain (LBD) in the C-terminal, a DNA-binding domain in the N-terminal, and
a connection hinge region [5, 8]. The LBD (amino acid 241-272), by binding with diverse
ligands, controls the release of corepressor proteins and the subsequent recruitment of
coactivator proteins. The FXR is a permissive binding partner of the retinoid X receptor (RXR)
and the FXR/RXRa heterodimer can be activated by agonists for both RXR and FXR
independently or together [9]. FXR/RXRa binds with the FXR elements or bile acid response
elements, e.g. the BSEP response element, and further regulates bile acid metabolism [5]. It is
required that agonists bind with FXR-LBD and form a coactivator complex, and then activate
transcription genes of the FXR (Figure 1.2C). Kassam et al. found that the RXR agonist
antagonized induction of BSEP expression mediated by the FXR agonist, which suggested that
the FXR/RXR heterodimer functions as conditionally permissive heterodimer [10]. FXR ligands
under preclinical investigation strongly suggests that they play a therapeutic role in the treatment
of cholestasis, dyslipidemic disorders, and show a potential utility in the treatment of insulin
resistance in patients with metabolic syndrome, type 2 diabetes and non-alcoholic steatohepatitis
[4, 11]. Several reviews have discussed the physiologically relevant roles of FXR regulation and
the potential of FXR as a target for synthetic ligands to prevent, manage or treat metabolic

diseases.[4, 11-15].

Three research groups independently reported in 1999 CDCA as the most potent
endogenous FXR agonist [16-18]. FXR activation rapidly became the objective of intense

research efforts. Synthetic FXR agonists have been developed with the potential to treat



cholestatic liver diseases, including primary biliary cirrhosis, and metabolic disorders [19]. For
instance, FXR agonists have been identified that improve myocardial fatty acid metabolism in
obese (fa/fa) Zucker rats, and to counteract pro-atherogenic lipoprotein profiles and thereby
confer protection against aortic plaque formation in (ApoE™) mice, a model of accelerated
atherosclerosis [20-23]. Hence, the design and development of small molecules targeting FXR is
a very promising approach to treat various metabolic diseases[15].
1.1.1 The physiological ligands of FXR

As described previously, FXR is a bile acid nuclear receptor and bile acids are the most
important physiological ligands of FXR. The bile acid skeleton is not flat because the C5
hydrogen at the juncture of rings A and B is oriented in the B-configuration forcing the A/B
juncture into a cis configuration, which then enables bile acids to fit well into the FXR-LBD.
Among bile acids (Figure 1.3), CDCA was identified as the most potent endogenous agonist
(EC50 ~ 8 uM) of FXR, while deoxycholic acid (DCA) and lithocholic acid (LCA) showed
weaker affinity with EC50 ~ 50 uM [16-18]. Ursodeoxycholic acid (UDCA) is inactive for FXR,
however, it is to date the only approved medication by the FDA to treat primary biliary cirrhosis
(PBC) [15]. Structure activity relationship research between FXR and bile acids with various
chemical structures indicated that the configuration around position 7 is a key determinant of
FXR activity, and then yielded a high affinity agonist of FXR, 6a-ethyl-chenodeoxycholic acid
(6ECDCA) [16, 24]. Another study suggested that polyunsaturated fatty acids, including
arachidonic acid (AA), docosahexaenoic acid (DA), and linolenic acid (LA), are endogenous and

selective FXR modulators that specifically regulate certain target genes of FXR [25].



1.1.2 Natural products that act as ligands of FXR

GG (Figure 1.4) has been identified as the key active ingredient in the gum resin of the
tree Commiphora mukul and is used to treat hypolipidemia in India since 1987 [26]. Subsequent
studies proved GG is an in vitro antagonist of FXR and that FXR antagonism by GG has been
proposed as a mechanism for its hypolipidemic effect and cholesterol-lowering activity [27-29].
A number of studies relating to the biological activity of GG, both in animal models and human
clinical trials, have focused primarily on the effects on lipid metabolism [28, 30, 31]. Also, the
combination of GG and XN is more potent in exerting anti-obesity effects than additive effects
of the individual compounds [32]. Internationally, GG has received considerable attention, and
as a result several other biological activities have been uncovered [33, 34].

A recent study suggested that the hop chalcone XN is a ligand for FXR. XN activated
FXR in a transient transfection assay. XN also modulated the expression of genes involved in
lipid and glucose metabolism regulated by FXR in a diabetic rodent model [35]. However,
whether XN can be truely classified as an in vivo agonist or a modulator of FXR awaitens further
investigations.

In recent years, a number of the natural compounds from marine species have been
identified as ligands of the FXR to regulate its signaling (Table 1.1). Ten steroidal compounds
bearing a 4-methylene group isolated from sponges of the genus Theonella antagonized FXR
transactivation induced by CDCA in HepG2 cells[36]. The majority of the FXR antagonists
contains a steroid skeleton [29, 37] and they might also regulate other steroid receptors.
Nonsteroidal FXR antagonists are more suitable for investigating FXR physiology and help us to
better understand the regulatory functions of the FXR. Six nonsteroidal compounds from the

Korean tunicate Botryllus tuberatus are identyfied as antagonists of FXR [38].



1.1.3 Synthetic ligands of the FXR

Extensive research has been focused on steroidal ligand synthesis by modifying the
chemical structure of bile acids, and resulted in the discovery of two potent FXR agonists,
6ECDCA and MFA-1 with an EC50 of 99 nM and 17 nM, respectively [24, 39]. Until now,
6ECDCA is the first synthsized FXR agonist used in the clinical phase Il trials among patients
with PBC or non-alcoholic fatty liver [40]. Because of the high toxicity of bile acids in
pharmacology, the synthesis of non-steroidal ligands of FXR began right after the discovery of
FXR. In 2000, distinct stilbene-derivatives, as moderately potent FXR agonists, were discoveried
by screening a stilbene-based compound library [41]. Subsequently, GW4064 was identified as a
highly potent and efficacious FXR agonist with an EC50 of 70 nM [42]. GW4064 has emerged
as the standard non-steroid high affinity agonist for FXR to investigate the role of FXR in
regulating diverse signaling pathways. Three other classes of potent synthetic FXR agonists are
azepino [4,5-b] indole compounds [43], benzopyran-based compounds [44], and benzimidazole-
based compounds [45, 46]. Their chemical structures are shown in Table 1.2.

1.1.4 Co-crystal structures of FXR-LBD-ligand complexes

The X-ray structures of agonist-bound FXR complexes show the classical nuclear
receptor (NR) fold, consisting of 12 helices that form a three-layer sandwich harboring the LBD
(Figure 1.5.). FXR agonists can bind with the LBD in FXR and induce conformational changes
that cause the recruitment of the coactivator proteins and keep the helix 12 in an active
conformation [24, 42, 44, 47]. Ligand binding is primarily facilitated by interactions with
residues located in helices 3 (L287, T288, M290, A291, and H294), 5 (M328, F329, R331, 1335,
and S342), 6 (L348, and 1352), 7 (Y369), and 11 (H447, and W454) (Figure 1.5). Despite FXR’s

importance as a potentially therapeutically relevant receptor, only a limited number of X-ray



structures of the FXR-LBD bound to high affinity synthetic ligands are available that may guide
structure-activity relationship (SAR) studies. The published X-ray crystal structures of FXR-
ligand complexes illustrate binding modes of five different ligand chemotypes: three steroid-like
agonists [24, 39], ten stilben-based agonists (GW4064 and derivatives) [42, 48-52], seven
benzimidazole-based agonists [45, 46], two azepino [4,5-b] indole agonists (XL335 and FXR
450) [53, 54], and one fexaramide y-shaped ligand [44]. A summary of the various X-ray crystal
structures of the FXR-LBD-ligand complex is compiled in table 1.2. To date, there are no
published crystal structures available for antagonist-bound FXR-LBD complexes or the apo-
protein. The conformational plasticity of FXR’s LBD has been discussed as one of the possible
reasons for the limited success of X-ray structural analyses of FXR-LBD ligand complexes [39].
1.2 Prenylflavonoids — bioactive polyphenols from hops

Prenylflavonoids have been identified as one of the main classes of chemical compounds
from the cones of the hop plant (Humulus Lupulus L.). The hop cones are widely used in the
brewing industry to add bitterness and flavor to beer. Therefore, beer is the most significant
dietary source of prenylflavonoids [55]. As a medicinal remedy, hop cones have been widely
used over centuries: by Native American tribes as a sedative to treat insomnia and a poultice to
treat pneumonia [56, 57]; to treat restlessness as recommended by the Ayurvedic Pharmacopoeia
in India [58]; and to treat insomnia, dyspepsia, and acute bacterial dysentery in China [59].
Research has shown that the four major prenylflavonoids, XN, isoxanthohumol (1X), 6-
prenylnaringenin (6PN) and 8-prenylnaringenin (8PN), contribute to the use of hop cones as
medicinal. Today, XN is the biologically active component in two dietary supplements,
MeridumXN™ and MeridiumXH™, which have been marketed in the United States to promote

general health and relieve metabolic stress (www.bionovex.com).



1.2.1 Bioactivities of prenylflavonoids

An overview of in vitro biological activities of prenylflavonoids is given in Table 1.3.
Over the past two decades, several studies have suggested that prenylflavonoids function as
potential cancer chemopreventive agents. XN has received a great deal of attention as a broad-
spectrum chemopreventive agent and is the best studied cancer chemopreventive phytochemical
isolated from hops [60-66]. A recent study reported that the consumption of XN by diabetic
animals consistently inhibits angiogenesis, inflammation and oxidative stress, allowing control of
neovascularization and improving diabetic wound healing [67]. XN also induced apoptosis of
human T98G glioblastoma cells with a high degree of malignancy [68, 69]. Besides the very
potent anticancer bioactivity of XN, the other three prenylflavonoid compounds (1X, 6-PN, and
8-PN) demonstrated similar potency of inhibiting the angiogenesis and growth of several kinds
of human tumor cells, including breast cancer cells, colon cancer cells, ovarian cancer cells, and
prostate cancer cells [60, 65, 66].

Besides its anti-cancer activity, estrogenic activity of prenylflavonoids has been
demonstrated by several research groups. Among the prenylflavonoids, 8-PN has been identified
as one of the most potent phytoestrogens isolated to date based on the following findings: (a)
8PN has a high affinity to bind with the estrogen receptors (ER), and its EC50 is 4 nM and 40
nM in the Ishikawa cell assay and yeast screen cell assay, respectively [70], and 8PN showed
about 100 times more potency than genistein [71]; (b) 8PN is able to improve some menopausal
symptoms relating to estrogen deficiency, such as hot flashes, sweating, insomnia, heart
palpitations, and irritability [72-74]. Among the other major prenylflavonoids, 6PN showed very

weak estrogenic activity, while XN and IX were inactive [70].
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XN showed high antioxidant activity in inhibiting human low-density lipoprotein
oxidation [75]. As a broad spectrum anti-infective agent, the anti-infective properties of XN are
described in detail in a recent review [76]. Additionally, Lee et al reported that XN exhibited
potent activity in inhibiting platelet aggregation stimulated by collagen, and this novel role of
XN might point to a therapeutic potential of XN in prevention and treatment of cardiovascular
diseases [77].

1.2.2 Are Prenylflavonoids a novel class of emerging FXR ligands?

Prenylflavonoids in hops have been researched by Dr. Fred Stevens’ group at Oregon
State University since the 1990’s. Their work significantly contributed to the emergence of
prenylflavonoids as highly potent bio-active natural products [78-80]. To date, only a few studies
have reported that XN has potential in modulating hyperlipidemia based on the following
experimental results: XN inhibits the expression or activity of diacylglycerol acyltansferase [81]
and triglyceride synthesis and secretion in HepG2 cells [82]; XN functions as an FXR agonist in
a transient transfection assay, and the determination of hepatic gene expression in XN-fed mice
suggested that XN acts as an selective bile acid receptor modulator [35]. XN and
isoxanthohumol (IX) inhibit lipid accumulation in maturing preadipocytes, possibly partly by
modulating FXR target genes [83]. These initial studies implied that XN has a role in modulating

lipid metabolism and led to the hypothesis that XN possibly interacts with FXR.

Recently, a study completed by Dr. Adrian Gombart’s [84] group at Oregon State
University showed that XN did induce BSEP promoter activity in HEK293 cell lines — one of
FXR target genes (manuscript in preparation). This induction occurred at a similar level as
observed for CDCA and GG in biliary carcinoma cells that express FXR. Also, XN is capable of

inducing the expression of FXR target genes in biliary carcinoma cells as well as or better than
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current known agonists, which suggests that XN functions as a bona-fide ligand for FXR. These
findings prompted us to study FXR—prenylflavonoid interactions by HDX-MS, to obtain the
molecular descriptions of these interactions.

1.3 The methods used to study FXR-LBD-ligand interactions

In this dissertation, HDX-MS and fluorescence titration methods were explored for
performing FXR-LBD-ligand interaction studies. Motivation for the application of HDX-MS
was grounded in the repeatedly reported difficulties of obtaining X-ray crystal structures of the
FXR-ligand complexes due to the plasticity of the FXR-LBD [39, 85].).

1.3.1 Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS)

Over the last twenty years, hydrogen/deuterium exchange in combination with mass
spectrometry (HDX-MS) has emerged as a powerful method to study conformational changes in
proteins induced by (un)folding [86-88] and interactions with other proteins, peptides,
oligonucleotides, small molecule ligands, post-translational modifications, membrane bilayers
and surfaces [89, 90]. The rate of exchange of backbone amide hydrogens is highly sensitive to
changes in conformational flexibility, hydrogen bonding strength and solvent accessibility [90].
HDX-MS has been used successfully for studying the conformational properties of diverse
nuclear receptors and their conformational changes upon binding to diverse ligands [91-94].

The physiological functions of a nuclear receptor depend on their conformations and
dynamics, which can be changed by ligand or a drug binding at specific binding sites. HDX-MS
has emerged as a powerful technology to study receptor-ligand (drugs) interaction and to assist in
the development of small/large molecule drugs in pharmaceutical industries. Differential HDX-
MS studies enable the comparison of apo protein and holo protein and provide distinct deuterium

uptake profile, a “HDX fingerprint”, for each protein ligand system studied. “HDX fingerprints”
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permit scientists to classify ligands into different clusters. In each cluster, ligands often share a
similar binding mode in the ligand binding pocket of proteins and induce similar conformational
changes. From a pharmacology point of view, ligands in the same cluster will regulate target
genes of a protein in a similar way. Ligand cluster analysis has been applied to the vitamin D
receptor (VDR) [95], the estrogen receptor (ER) [93, 96], and the peroxisome proliferator-

activated receptor (PPAR) [95].

Chapter 4 describes a comparative HDX-MS study of prenylflavonoid-type ligands on
the structural dynamics of the FXR-LBD. We determined the mode of binding of
prenylflavonoid-type ligands and how these novel FXR ligands affect the structural dynamics of
the FXR-LBD. We also discuss the differences in the mode of conformational modulation of the
FXR LBD by the different classes of ligand studied.

1.3.2 Intrinsic Fluorescence Titration

Chapter 5 is devoted to intrinsic fluorescence titration studies to determine the mode of
ligand binding to FXR LBD and to complement the HDX-MS-based conformational analyses.
This was possible because our FXR-LBD construct contains two tryptophan residues, tryptophan
454 and tryptophan 469, located in helix 11 and helix 12, respectively. We used intrinsic
fluorescence quenching methodology to investigate interactions between seven ligands
(GW4064, CDCA, GG, XN, IX, 8-PN, and TX) and FXR-LBD. We attempt to clarify quenching
mechanisms for the ligands, to determine their apparent dissociation constants, and to identify
how the exposure and environment of tryptophan residues in FXR-LBD are impacted by the
presence of ligands.

Intrinsic protein fluorescence is a common phenomenon in proteins because of the

existence of three aromatic amino acids: phenylalanine (Phe), tyrosine (Tyr), and tryptophan
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(Trp). Tyr and Trp are used experimentally as the main intrinsic fluorescence sources in proteins
because the quantum yield of Phe is so low that it cannot produce a strong enough fluorescence
signal. In order to measure the fluorescence of Trp, the excitation wavelength 295 nm is often
selected because no absorption for Tyr at this wavelength is observed. Trp fluorescence is highly
sensitive to its local environment in solution and its emission spectrum is often changed because
of protein conformational transitions, subunit association, substrate binding, or denaturation [97].
The intrinsic fluorescence quenching method has been used for studying the structures and
dynamics of proteins [98] for investigating ligand/receptor interactions [99-102] and determining

the dissociation constant and/or the binding affinity of ligands to proteins [103].
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Figure 1.1 Schematic representation of FXR action.

Upwards arrow indicates upregulation and downwards arrow indicates downregulation. Copied
from [5].

Farnesoid X receptor (FXR); cytochrome P450 7Al1 (CYP7Al) and CYP8B1; bile acid-
modifying enzymes sulphotransferase 2A1 (SULT2A1), UDP-glucuronosyltransferase 2B4
(UGT2B4) and CYP3A4; bile acid CoA synthase (BACS) and bile acid CoA—amino acid N-
acetyltransferase (BAAT); bile salt export pump (BSEP); multidrug resistance protein 2 (MDR2)
and MDR3; the apical sodium-dependent bile acid transporter (ASBT); ileal bile acid binding-
protein (IBABP); organic solute transporter-a. (OSTa) and OSTp; organic anion transporting
polypeptide (OATP); sodium taurocholate cotransporting polypeptide (NTCP); fibroblast growth
factor 15 (FGF15) in mice or FGF19 in humans; FGF4 receptor (FGF4R); phosphoenolpyruvate
carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase); sterol-regulatory element-binding
protein 1C (SREBP1C) and fatty acid synthase (FAS).
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Figure 1.2 The amino acid sequence and classical modular architecture of the FXR

(A) The full length amino acid sequence of human FXT (hFXR). The highlighted sequence
corresponds to the amino acid sequence of the FXR-LBD construct used in this dissertation.

(B) The basic structure of a ligand-activated nuclear receptor. The five functional domains are
highlighted. The AF2 domain encompasses the ligand binding domain. This thesis focuses on the
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partial sequence 241 — 472 of the AF2 domain of human FXR. (C) The farnesoid X receptor
(FXR) forms a heterodimer with RXR and binds to the FXR response element (FXRE), which is
typically an inverse repeat spaced by one nucleotide (IR1), in its target genes to induce gene
expression. AF domain, activation function domain; C-terminal, carboxy-terminal; N-terminal,
amino-terminal. Adapted from [5].
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Figure 1.5 Crystal structure of FXR-LBD with GW4064 (PDB ID 3DCT)

The crystal structure exemplifies the classical ligand activated nuclear receptor fold: Twelve (12)
helices that are arranged in an alpha helical sandwich fold formed by three anti-parallel alpha
helices that are flanked by two alpha helices on one side and three on the other side. The ligand
binding cavity is within the interior of the LBD. The contact residues between the FXR-LBD and
GW4064 are shown in magenta



Table 1.1 List of marine natural compounds that act as in vitro antagonists of FXR

(adapted from [104])

Compounds

Origin

Reference

Tuberatolide A
tuberatolide B
2’-epi-tuberatolide B
yezoquinolide
sagachromenol
Compounds 1-5
4-methylenesterols
Suvanine
Sulfated sterol
theonellasterol

Compound 1

Korean marine tunicate Botryllus tuberatus
Korean marine tunicate Botryllus tuberatus
Korean marine tunicate Botryllus tuberatus
Korean marine tunicate Botryllus tuberatus
Korean marine tunicate Botryllus tuberatus
marine sponge Sponfia Sp.
marine sponge Theonellaswinhoei
marine sponege
marine invertebrates
marine sponge Theonellaswinhoei

soft coral Dendronephthya gigantea

[38]
[38]
[38]
[38]
[38]
[105]
[36]
[106]
[37]
[107]

[108]




Table 1.2 Published crystal structures of FXR-ligand complexes

(as of 12/2013)
Chemotypes Ligand - Chemical Structures PDBID | Reference
cHy (He o
o]
steroid type CH; 1077 [24]
oH
cHy  GMe o
o}
CH,
108V [24]
HO OH
3BEJ (39]
GW4064 and 3DCT [42]
derivatives
3DCU [49]
3FXV [48]
3P89 [49]
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Cl
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Benzimidazole

3P88 [49]
3HC6 [51]
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cl
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30MM [46]

23



300K

[46]

300F

[46]

30MK

[46]

30LF

[46]

30KH

[45]

30KI

[45]

Azepino Indole

3FLI

[53]
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Table 1.3 In vitro biological activities of prenylflavonoids

(Adapted from [109])
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Prenylflavonoids Chemical Structures Biological Activities Reference
Antiproliferative activity [60] [65, 66]
\[/ Induction of QR activity [110, 111]
OH Antioxidant and antiperoxidant [75, 112]
Inhibit procarcinogens activation [110]
HO
xanthohumol (XN) CH Inhibit cyclooxygenase enzymes [110]
| Inhibit nitric oxide synthase [110]
| Inhibit angiogensesis [113]
/O Q Induction of apoptosis [63, 114, 115]
Inhibit platelet aggregation [77]
‘ Antiproliferative activity (60, 65, 66]
COH Induction of QR activity [110]
. HO o} hibi . —
isoxanthohumol (1X) Inhibit procarcinogens activation [110]
O Inhibit nitric oxide synthase [110]
[l
/O o] Inhibit angiogensesis [116]
Antiproliferative activity [65, 66]
{ OH Induction of QR activity [111]
- i i Inhibit procarcinogens activation [110]
8-prenylnaringenin HO o
(8PN) Inhibit cyclooxygenase enzymes [110]
Inhibit angiogensesis [117]
HO é) Estrogenic activity [70, 71]
OH Antiproliferative activity [65, 66]
. . o i ivi
6-prenylnaringenin Induction of QR activity [111]
(6PN) HsC Inhibit procarcinogens activation [110]
|
CHy HO o] Estrogenic activity [70, 71]
r Antiproliferative activity [65, 66]
OH
Desmethylxanthohumol
Y HO OH Antioxidant and antiperoxidant [75, 112]
(DX) |
|
OH O

QR, quinone reductase
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2.1 HDX-MS method
2.1.1 The theory and mechanisms of HDX

The solution-phase HDX method in conjunction with mass spectrometry is based on
subjecting a protein to deuterium oxide (D,0) for different times. During incubation solvent-
accessible amide hydrogens will exchange for deuterium. For subsequent mass spectrometric
analysis, the protein samples are quenched at specific time points and subjected to peptidolysis
under conditions that retard exchange and maintain the deuterium labeling information, The level
of deuterium uptake is quantitatively determined for each peptides. The number of amide
deuterons serves as readout for solvent accessibility and conformational dynamics. In this thesis
HDX perturbation experiments were designed that allow the differential evaluation of deuterium
levels in FXR LBD in presence of diverse small molecule ligands making this assay sensitive for
evaluating perturbation of solvent accessibility and conformational dynamics due to ligand
interactions.

The fundamental concept of HDX is that backbone amide hydrogens in proteins will
show slower exchange kinetics due to hydrogen bonding networks and limited solvent
accessibilities. Reduced solvent accessibilities are of particular relevance if amide hydrogens are
located in interaction interfaces, where they are often involved in hydrogen bonding and/or
electrostatic contact networks or buried in the protein core [1-3]. In the regions without hydrogen
bonding or on the protein surface, backbone amide hydrogen exchange with deuterium will be
less retarded [1-3]. Generally, the deuterium uptake level of backbone amide hydrogen will
provide valuable information relating to the conformational dynamics of the protein, because
their exchange rates are critically dependent on protein structure and stability. For other

hydrogens in the protein, they either exchange too fast to be determined (such as in S-H and O-H
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functional groups) or are unable to be exchanged with deuterium due to their strong chemical
bonding (like alkyl hydrogens).

The amide hydrogen exchange rate is both pH and temperature dependent. When the pH
during exchange decreases from 7 to ~2.5, the exchange rate will lessen 10° - 10* fold [4].
Additionally, the exchange rate will decrease by a factor of approximately ten following
temperature reductions from 25 °C to 0 °C [5]. Under pH 2.5 and temperature 0 °C (i.e. quench
conditions), the half-life of amide HDX is about 30-90 min which allows the sample to be
analyzed by LC-MS [5]. Therefore, HDX reactions are often initiated under the physiological pH
(pH 7-8), and room temperature 25 °C i.e. conditions that promote the native structure of the
protein and then exchange is retarded under quench conditions at different exchange time points.

Labeled protein samples are analyzed either intact or peptides produced by pepsin digestion.

To evaluate HDX data and determine which exchange behavior is observed, a dual
pathway kinetic model [6, 7] is most often considered where F and U are the folded and unfolded
state, respectively (Equation 2.1 and Equation 2.2). In this model, the first pathway (Equation
2.1) characterizes exchange directly from the folding state of a protein, where k; is the exchange
rate constant. Amide hydrogens located at or near the protein surface or within close proximity to
solvent channels most likely undergo this pathway. In the second pathway (Equation 2.2), the
breakage of hydrogen bonding is followed by isotopic exchange under transient reversible
unfolding reactions. The exchange rate constant (k,) depends on the exchange rate constant in an
unfolding state (k;) and the unfolding and refolding rate constant of the transient opening
reaction (k; and k.1).

D,0
Fg s=——F)p

kg 2.1)
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ki D,0 k,
Fy ~——=Uy —» U, ==——>=F,
k. ks ki (2.2)

The overall exchange rate constant (kex) for a specific amide hydrogen can be stated as a
sum of the contribution of exchange from both pathways (Equation 2.3) [8]. Under the second
pathway, if k, >> k4 (EX1 kinetics mechanism), then k; is directly related to k;, which is the
protein unfolding rate constant (Equation 2.4). A natural protein rarely undergoes the EX1
mechanism, however, addition of a denaturant [9] and pH increase [10] can induce a protein to
demonstrate EX1 kinetics. On the other hand, if k.; >> k, (EX2 kinetics mechanism), k, is given
by equation 2.5. The EX2 mechanism is observed for nearly all protein under physiological

conditions or neutral pH in the absence of denaturants.

Kex = ki + Ky (2.3)
ku= k1 (2.4)
ku = kzkllk-l (25)

EX1 and EX2 exchange behaviors can be distinguished by mass spectrometry [11].
Under the EX1 behavior, the mass spectrum of a labeled protein will exhibit two populations.
The fully exchanged form will express a high mass peak, and the fully protected form will
express a low mass peak. The area under the two peaks instead of their mass will change as the
exchange time increases. The unfolding rate constant, k;, can be determined from the rate of the
increase of area for the high mass peak [12]. Under the EX2 behavior, only one population is
observed in the mass spectrum, and the mass of protein will increase over exchange time. For
EX2, the rate constant can be calculated from the increase in deuterium as a function of time

[13].
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2.1.2 Mass spectrometry (MS)

MS is a powerful and useful analytical technique used to determine the molecular mass of
an analyte. Depending on the resolving power on the instrument the molecular mass can be used
for deriving the element composition of an analyte. Tandem mass spectrometry can be used for
elucidating the chemical structure of an unknown compound by producing and detecting
fragments. In proteomics, MS is applied to identify proteins and quantitatively determine protein
concentrations in various biological samples including cells, tissues, and organisms. One main
characteristic of all ions is that their Kinetic energy and location in space can be regulated by
using electric and magnetic fields. MS takes full advantage of this characteristic to separate and
detect ions according to their mass-to-charge ratio (m/z). The separation of ions must be
performed under a high vacuum environment to avoid analyte ions from colliding with any other
forms of matter, e.g., all ions must be in a gaseous phase.

Generally, a mass spectrometer contains three devices: ion source, m/z analyzer, and
detector. A sample is ionized in an ion source to produce charged ions. The m/z analyzer
operates under a very low pressure to help all ions efficiently move from the ion source to the
detector. During the development of ion sources, two pioneering breakthroughs for large
molecule ionization techniques occurred in the 1980s that rapidly expanded the application of
MS for protein analysis. Electrospray ionization (ESI), as a soft ionization technique, is applied
to ionize large biomolecules [14] and biopolymers [15]; and Matrix-Assisted Laser
Desorption/lonization (MALDI) is a desorption technique which is suitable for the analysis of
protein molecules [16] and large organic molecules [17]. In ESI, a liquid sample is dispersed in a
strong electric field (normally 3-6 kV) by electrospray to accumulate charged ions at the liquid

surface that induce the formation of highly charged droplets. The droplets will be compressed
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due to solvent evaporation until they break and generate desolvated ions (gas state ions). In
MALDI ionization, proteins/peptides to be analyzed are dissolved in a solution containing small
organic molecules with very strong absorption for the laser wavelength. Before MS analysis, all
liquid solvent must be removed to produce cocrystallized analytes/matrix samples. Analyte ions
will be released from the surface of the matrix by a laser pulse into the MS.

The most important device of a mass spectrometer is its analyzer, which includes
Quadrupole (Q), Quadruple ion trap (QIT), Time-of-Flight (ToF), lon-mobility (IM) Orbitrap,
and Fourier-transform ion cyclotron resonance (FTICR) analyzers. A combination of the above
analyzers is realized in modern hybrid mass spectrometers. In this research, the ESI technique
was applied to all protein/peptide ionizations, and a hybrid instrument was used that combines
three analyzers, Q, IM, and TOF analyzers.

The Q analyzer separates ions of different m/z ratios in the radio frequency (RF) field by
regulating the stability of their trajectories [18]. A typical Q analyzer consists of four
hyperbolically shaped rod electrodes, and a RF voltage is utilized on the pairs of opposite rods
with a direct voltage (DC) imposed on it. Like a mass filter, Q analyzer can let the selected m/z
ions transmit by adjusting RF and DC but keep their ratio unchanged. This operation mode, i.e.
RF/DC mode, often is applied to select precursor ion with specific m/z in a tandem mass
spectrometer. Q also can be operated in a RF-only mode as an ion guide where ions within a
broad m/z range will be transmitted.

The TOF analyzer separates ions with different m/z according to their flight time in a
free-field region called the flight tube [19]. The flight time of an ion is proportional to the square
root of the mass-to-charge ratio (m) and is described as: t = [L (m/z)Y?]/(2eUs)"? where L is the

length of the flight tube, Us is the potential of the accelerating electric field. The broadening of
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ion signal is caused by the kinetic energy distribution of the same m/z ions and can be reduced
by applying an electrostatic reflectron [20] where the ions with higher kinetic energy will
penetrate deeper in the reflectron than ions with low kinetic energy, resulting in a correction of
flight time for all ions and ensuring that ions with the same m/z value reach the detector at the
same time.

The IM analyzer separates ions on the basis of their size, shape (collision cross section
area) and charge. In a traditional IM analyzer, the drift tube includes an electric field with
constant electric strength and drift gas which has opposite direction compared with the ion’s
pathway. IM coupled with MS has great promise for gas-phase separations of complex peptide
mixtures [21, 22]. Moreover, IM-MS separations are achieved after ionization, therefore they can
be conveniently combined with other separation technologies such as liquid chromatography to
provide additional separation space and/or data information (i.e. collisional cross sections). In
2004 [23], a new IM spectrometry (IMS) technique, traveling wave ion mobility (TWIM), was
implemented in a quadrupole ToF hybrid instrument and commercialized in 2006 by Waters
Corp. as Synapt High Definition Mass Spectrometry (HDMS) system [24]. Unlike the traditional
IM analyzer in which a constant electric field is applied, in TWIM spectrometry a traveling
electric field moves ions through the gas-filled stacked-ring RF ion guide which allows applying
a repeating sequence of transient voltages to the ring electrodes. lons with high mobility travel
with the traveling waves and transverse the device more quickly compared to ions with low
mobility that frequently crest over the waves and therefore need more time to pass through the
device. In the context of the described HDX-MS studies, TWIM was used as an gas phase ion
separation technology providing an additional dimension of separation for ions (besides the mass

to charge ratio) and which is nested within the chromatographic timescale [25].
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For the current HDX-MS experiments, a hybrid Q-TWIM-TOF mass spectrometer
(Waters Synapt G1 HDMS instrument, depicted in Figure 2.1) was used for analyzing all
samples [26]. The ions are produced in the ESI source and transmitted to the MS by regulating
two cone voltages, sampling cone and extraction cone. Following a Z-shape travel pathway, the
ions are guided into the first travelling wave ion guide and then reach a quadrupole device. The
quadrupole device is operated in the RF-only mode to eliminate the effect of ion loss due to ion
diffusion and to increase the efficiency of ion transmission. The ions then enter a tri-wave device
consisting of a trap T-wave cell, a T-wave IM separation cell, and a transfer T-wave cell. In the
MS mode the Triwave region is operated as ion guide to ensure efficient transmission of the ions
into the ToF analyzer. In the MS/MS mode fragment ions can be generated in the trap or transfer
T-wave cell by operating these devices in the higher energy regime to induce collision induced
dissociation (CID). Under our experimental conditions, CID occurs in the transfer T-wave device
in which precursor ions collide with Ar atoms resulting in some conversion of kinetic energy into
internal energy which leads to formation of fragments [27, 28]. Finally, the precursor ions and
product ions are analyzed by an orthogonal acceleration (oa) TOF analyzer before they reach the
microchannel plate detector (MCD).

The traditional data acquisition mode for acquiring MS/MS data is the data dependent
mode (DDA) in which survey scans and MS/MS scans are used sequentially. The selection of the
precursor ion will determine from which precursor ion MS/MS data will be acquired. DDA
acquisitions typically suffer from the irreproducibility of precursor ion selection and under-
sampling if sample complexity increases. In addition, under conditions of constant instrument
duty cycle times if the number of selected parent ions will need to be increased with the increase

of sample complexity then the MS/MS acquisition time will need to be decreased, resulting in
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decrease of quality of MS/MS data and consequently sequence coverage in the protein
identification process [29]. Data-independent acquisition (DIA) techniques attempt to overcome
at least some of these drawbacks. The DIA mode (also referred as MSF mode) is supported by
the Synapt HDMS instrument. In the MSF mode alternating collision energy is applied to the
transfer T-wave device (Figure 2.1.), i.e. alternating between low and elevated energy.
Therefore, the information of precursor and product ions is collected in one cycle providing
accurate mass information for the precursor ions as well as for the associated product ions. In this
work, the MSF mode was used for MS/MS data generation.
2.1.3 HDX-MS analysis
2.1.3.1 Protein expression and purification

The pET 15B vector containing hFXR-LBD, residues 193-472 was transformed into
Escherichia coli BL21 (DE3) pLysS and grown on LB agar plates. A single colony was used to
inoculate 100 mL of 2XYT medium with antibiotics (Carbenicillin 100 ug/mL and
Chloramphenicol 35 pg/mL) and grown overnight at 37°C. The overnight culture was
centrifuged for 10 min at room temperature and then the pellet was resuspended in 6 mL of fresh
2XYT medium. Each liter of fresh 2XYT medium with antibiotics (ampicillin 150 pg/mL and
Chloramphenicol 35 pg/mL) was inoculated with 1 mL of the resuspended cells (total six liter)
and grown at 37°C to Agy=0.6. Protein expression was induced with 0.8 mM IPTG (isopropyl-p-
D-thiogalactopyranoside) and the cells were allowed to continue growing for 4 hours at 20°C.
The cell pellets were harvested by centrifugation (4000 RPM, 25 min, 4°C), resuspended in cell
wash solution (150 mM NaCl, 50 mM Tris and 10% w/v sucrose), centrifuged again and frozen

at -80°C.
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The frozen cell pellets were resuspended in buffer solution (50 mM sodium phosphate,
0.5 M NaCl, 0.5 mM CHAPS, 15 mM imidazole, 0.5 M sucrose, pH 7.3) and centrifuged. The
Hiss-tagged FXR-LBD was mixed with Clonetech Talon Co?* polyhistidine affinity resin
(equilibrated with the above buffer) at 4°C for 45 min. The proteins were eluted into a solution
containing 50 mM sodium phosphate, 0.5 M NaCl, 0.5 mM CHAPS, 200 mM imidazole, 0.5 M
sucrose, pH 7.3. The His tag was removed by thrombin digestion at 4°C (48 hours) followed by
purification on a column packed with Co?" resin to yield purified human FXR-LBD monomer
which was used for all experiments. The protein concentration was determined
spectrophotometrically at 280 nm, and the purity (over 95%) was judged by sodium dodecyl
sulfate —acrylamide gel electrophoresis (SDS-PAGE) and MS.
2.1.3.2 HDX MS workflow

The HDX workflow is shown in Figure 2.2. The purified FXR-LBD protein (15 pL, 98
MM, in 50 mM sodium phosphate, 0.5 M NaCl, 0.5 mM CHAPS, 1 mM TCEP, 0.5 M sucrose
and 10% glycerol, pH=7.4) was equilibrated for 30 min in the presence of the respective DMSO
solution (0.5 pL, £10 mM ligand). The ligand/monomeric protein molar ratio was 3.2:1. The
small amount of DMSO (3.3% v/v) did not affect protein binding as indicated by fluorescence
titration data as well as by intact protein HDX data. The D,0O buffer (50 mM sodium phosphate,
0.5 M NaCl, 0.5 mM CHAPS, 1 mM TCEP, 0.5 M sucrose and 10% glycerol, pH 7.3) was
equilibrated for 30 min in the presence of the same percentage of DMSO. The exchange reaction
was initiated by adding 10-times D,O buffer (150 pL). At different reaction time points, 0.5, 1,
2, 5, 10, 30 and 60 min, aliquots (15 pL) were added to pre-chilled vials containing the same

volume of quenching solution (15 pL, 0.42% phosphoric acid, pH 2.5). The quenched sample
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was immediately frozen in liquid nitrogen for subsequent LC-ESI-MS analysis. Experiments
were performed in triplicate.

The experimental conditions for the ligand binding studies in combination with the HDX
approach were chosen to ascertain that both the FXR-LBD protein and the respective low affinity
ligand retained solubility throughout the period of labeling. Even in presence of structure
promoting and stabilizing additives (CHAPS, sucrose, glycerol), the FXR-LBD protein showed a
high tendency to precipitation in presence of low affinity ligands. This limited our flexibility in
using large excess of low affinity ligands. We believe that the absence of X-ray structures of
FXR-LBD in complex with low affinity ligands is at least in part caused by this shortcoming. For
the three well known ligands described in the chapter 3, the reported dissociation
constant/binding affinity values are are 0.06 uM [30], 10 uM [31] for GW4064 and CDCA,
respectively and for GG > 5 uM [32]. The bound fraction of FXR-LBD in each ligand binding
study before initiation of the HDX reaction is ~100% as estimated by applying equation 2.1

[33]:

_ (LT +PT +Kd)_\/(LT +PT +Kd)2_4LTPT

F
p Zpr

(2.1)

where F, is fraction of protein bound, Ly and Py are the total ligand concentration and
protein concentration used, respectively, and Ky is dissociation constant. In the present
experimental protocol we kept the mole ratio between protein and ligand constant (being 3.2:1)
during the time course of labeling. We also estimated the bound fraction of the FXR-LBD in
prenylflavonoid-ligand bound system (~100%) based on their Ky values determined by
fluorescence titration quenching technique in chapter 5. Moreover, for all FXR-LBD-ligand
binding systems studied in this dissertation, the mass spectrums of each peptide at different

exchange time points are checked manually. The evaluation of the mass isotope distributions and
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elution time features of all peptides indicated that no mixed populations were detected in
accordance with that the fraction of ‘protein bound’ is the predominant population present in
solution.
2.1.3.3 Mass spectrometry setup used for intact protein analysis

For intact protein HDX-MS, the protein was eluted through a Micro Trap™ C4 column
(1x8 mm) with a steep 10-90% (v/v) B gradient within 10 min (mobile phase A: 0.1% HCOOH
in H,O, mobile phase B: 0.1% HCOOH in CH3CN, flow rate 40 puL/min) and eluted into a
Waters LCT ESI-ToF mass spectrometer.
2.1.3.4 HDX-MS data generation

HDX information at the peptide level was obtained by employing a nanoUPLC system
equipped with a Waters “chilled” LC module, and coupled to a Waters Synapt HDMS
instrument. Protein was digested by an online Poroszyme® immobilized pepsin column (2.1x30
mm) with a 100 pL/min solvent (0.05% HCOOH in H;0). The proteolytic products were
captured on a Acquity BEH C18 VanGuard Pre-column (1.7 um, 2.1 x 5 mm), eluted and
separated on an Acquity UPLC® BEH C18 column (1.7 pm, 1.0x100 mm) using the following
eluti on program: B from 8 to 40% during 6 minutes, hold at 40% for 1 minute, then from 40 to
85% in 0.5 minute, hold at 85% for 1 minute, finally from 85% to 8% in 0.5 minute, hold B at
8% for 3 minutes, total 12 minutes (same LC solvents as described above for the intact protein
analysis). In order to minimize contamination of the mass spectrometer with detergents a
Rheodyne MX Series Il 6-port valve was installed between the nanoAcquity UPLC and the ESI
source. All solvents were immersed in an ice bath.

A Waters Synapt G1 mass spectrometer equipped with a Z-spray ESI source was used to

acquire all mass spectral data sets in the positive-ion mode. The voltages of capillary, sampling
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cone, and extraction cone are 3000 V, 35 V, and 4.0 V respectively. The source and desolvation
temperatures are 90 °C and 180 °C. The desolvation gas flow is 100 L/hour. For determining
deuterium incorporation levels in peptides LC-MS analysis was performed using the following
conditions: trap and transfer collision energy was set to 6.0 eV and 4.0 eV, respectively; gas flow
(Ny) in the trap and IMS device was set to 1.5 mL/min and 24 mL/min respectively.

For peptide identifications, LC-MS/MS data was collected in an alternating low energy
and elevated energy mode of acquisition which is defined as DIA mode, namely MSF mode. The
mass range was set to m/z 50 to 1900. For each scan, the low collision energy (10 eV) mode
surveys all precursor ions almost without fragmentation and the high collision energy (a ramp
from 10 eV to 25 eV) mode surveys both parent and product ions. Lockmass correction scans of
Glu-fibrinopeptide (GFP) (m/z = 785.8421) were collected every 30 sec during each dataset
acquisition (12 min).

2.1.4 HDX data processing and analysis
2.1.4.1 Peptide identification

HDX data analysis pipeline is showed in Figure 2.3. The first step is the identification of

pepsin-generated peptides. Mass spectral datasets were acquired on a Synapt HDMS system
equipped with a ESI source and operated in the MSF mode [34], an approach which can collect
both precursor and fragment ion information in one analytical run. The MSF dataset is input to
the ProteinLynx Global Server (PLGS) 2.4 software program (Waters) for searching against an
“in house” protein database to which the human FXR-LBD sequence was added. Specifically,
three RAW data files corresponding to the three runs of the control sample are processed in
PLGS by two algorithms: apex 3D peak detection and ion accounting identification. The

databank search query settings were as followed: minimum fragment ion matches per peptide,
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3; minimum fragment ion matches per protein, 7; minimum peptide matches per protein, 3;
maximum protein mass, 250,000; primary digest reagent, non specific; missed cleavages, 1. The
PLGS processing parameters were set as followed: lock mass window, 0.25 Da; low energy
threshold, 200 counts; elevated energy threshold, 75 counts; intensity threshold, 1500 counts.
An ion accounting (1A) file containing an identified peptides list is generated by PLGS in CSV
format. The IA file provides valuable information relating to protein and peptides, such as the
number of matched product ions and peptides for protein, protein sequence coverage, each
peptide sequence, the number of matched product ions for a specific peptide, the charge number
and m/z value of every precursor ion.

2.1.4.2 The determination of deuterium uptake levels

The deuterium incorporation levels for protein or peptic peptides are directly derived
from the observed mass difference between the deuterated and nondeuterated proteins/peptides
without back exchange correction. The back-exchange correction is omitted due to the
comparative nature of the present study [7, 35-38]. The intact protein molecular mass at each
exchange time point was obtained by MaxEntl algorithm in MassLynx 4.0 and the deuterium
uptake level at each time point was manually calculated by subtracting the molecular mass of the
nondeuterated protein from that of the deuterated protein.

The centroid mass of each peptide at each time point was obtained using Waters’ HDX
Browser software in combination with the HX express program described by Weis et al [39]. In
detail, the 1A file with all identified peptides generated by PLGS was loaded into the HDX
Browser and then all RAW files for each exchange time point (0, 0.5, 1, 2, 5, 15, 30, 60 min)
were also loaded as the sequence of time increased. The HDX Browser generates a peptide list as

well as the mass spectra for each peptide under different time point. The peptic peptides with
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poor quality were filtered by setting the thresholds for the following parameters: precursor ion
intensity, matched products, consecutive matched products, sequence length, and peptide score.
In addition, for a set of data (8 RAW files from O min to 60 min), some peptides were excluded
under three situations: any peptides that did not appear in at least the given number; any peptides
where the relative standard error of intensity exceeded a threshold; any peptides where the
absolute distribution of retention times exceeded the threshold. All peptides complying with
filtering rules were kept in the list. Subsequently, the mass spectra of each peptide under every
time point were checked manually to ensure peptides with high quality to be analyzed as well as
to get maximum amino acid sequence coverage. The HDX Browser imports the overlaid mass
spectra (all labeled time points) for each peptide as a CSV file with m/z versus intensity list for
HX express processing. All CSV files were processed by HX express software to calculate
centroid mass and peak width values for all mass spectra and further provided a summary of the
absolute deuterium uptake level at each exchange time point.
2.1.4.3 The determination of HDX rate constants

Under our experimental condition, the deuterium volume percentage is over 90% and the
pH and temperature is kept constant at 7.3 and 25 °C, respectively. The total D content in a
specific peptide can be described by the equation 2.2 because HDX will follow a first-order
kinetics [40].

D=N —Zr_]:exp(—kit) 2

Where D is the deuterium content in a peptide containing N amide hydrogens, k; is the rate
constant for each exchangeable amide hydrogen, t is the exchange reaction time. The rate

constant can be calculated by statistical software until the best curve fit is obtained [41, 42].
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A fixed-rate-constant binning model was chosen to fit all peptide HDX data by
minimizing the sum of square error in R statistical software. In this model, deuterium uptake can
be plotted according to equation 2.3 derived by equation 2.2, where A; is the amplitude which
means the number of amide hydrogen in a specific bin and k; is the rate constant in the i-th

kinetic phase which is fixed to six different bins ( 10, 1, 0.1, 0.01, 0.001, 0.0001 min™).

D=3 AlL-exp(-k)] -~

The HDX data of three replicates for each sample was fitted together and the best fitted curve
was presented with average value of three trials and + standard deviation as error bar for each

exchange time point.

2.1.4.4 The normalization of deuterium up-take level
Peptides produced by pepsin digestion usually have different amino acid numbers. To
compare the flexibility and dynamics among different regions in protein, the deuterium number

in each peptide need to be normalized by the following equation:

m-—m,

D% :( jxlOO% (2.4)

Where D% is the percentage of deuterium in a peptide; m is the deuterated peptide mass; mg is
the undeuterated peptide mass; N is the total number of exchangeable amide hydrogen in a
peptide. No back exchange correction was made for all HDX data because only a relative

comparison in specific peptides was considered in the present study.
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2.2 Fluorescence method
2.2.1 The theory of fluorescence

The fluorescence is a phenomenon that the molecules absorb light energy at an
appropriate wavelength and subsequently emit light at longer wavelength. The basic concept of
fluorescence is described in the Figure 2.4. The electrons of molecules are excited by a light
source and elevated to a higher energy state (S1) from a ground state (S0). The energy loss
happens within a few nanoseconds resulting in the fluorescent light at longer wavelength when
the electrons fall back to the ground energy state (SO) undergoing a radiation transition. The
average period of time electrons stay in the excited state is typically around 10® second which is
termed as the fluorescence lifetime.

Any process that decreases the fluorescence intensity of a sample is called fluorescence
quenching which is extensively applied to obtain the information in biochemical system. The
quenching can result from various molecular interactions including excited-state reactions,
molecular rearrangements, energy transfer, ground-state complex formation (static quenching),
and collisional quenching (dynamic quenching) [43]. In this thesis, we focus on the quenching
resulting from static quenching where a complex without fluorescence (often protein-ligand
complexes) is produced and dynamic quenching where the quencher collides with the
fluorophore (often tryptophan in proteins). The contact between quencher and protein is a
requirement for both static and dynamic quenching. The tryptophan often is considered as the
main source to contribute to protein fluorescence which is very sensitive to the environment
polarity [44]. The protein conformational dynamics, subunit dissociation/association, ligand
binding, and denaturation can affect the environmental surrounding of the tryptophan residue in

solution and further change its the emission spectrum.
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2.2.2 Fluorescence analysis

A LS 50 luminescence spectrometer (Perkin Elmer) was used to measure steady state
fluorescence. The spectral bandwidths for excitation and emission were both set to 3.5 nm. The
protein sample was excited at 295 nm to minimize the fluorescence contribution of tyrosine
residues and the emission spectra were acquired from 305 nm to 480 nm after each time
increasing ligand concentration was added to protein and were incubated for 3 minutes. The
ligand-hFXR-LBD interactions were studied by an intrinsic fluorescence titration method where
10 uM proteins (50 mM sodium phosphate, 0.5 M NaCl, 0.5 mM CHAPS, 1 mM TCEP, 0.5 M
sucrose and 10% glycerol, pH=7.4, 400 pL) was titrated with 1000 uM ligands until the
ligand/protein ratio reached 5 to 1 (Figure 2.5). Before analysis of the binding and quenching
data, fluorescence spectra were corrected (Fcor) for background fluorescence of the specific
ligand Fg, instrument-dependent monochromator and photomultiplier response emission
correction factor Fs and dilution factor A: Fcor = (Fo-Fg) x 100xA/Fs where Fy is the measured
fluorescence intensity. All measurements were performed at 25°C and repeated three times.

2.2.3 Fluorescence data analysis

For ligand binding studies, quenching data were analyzed according to the Stern-VVolmer
equation [43] which described the quenching process between protein and quenchers:

F
FO =1+Kq [Q] (2.5)

where F, and F are the fluorescence intensities in the absence and presence of quenchers
(ligands), respectively; [Q] is the concentration of quencher. K, is the Stern-Volmer constant,

which is related to the bimolecular quenching constant k,and 7, the lifetime of the fluorophore

in the absence of quencher. Ky, is given by:
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Koy =Kq70 (2.6)

. F - . .
A linear Stern-Volmer plot of FO versus [Q] usually indicates that all the tryptophan residues in
the protein are equally accessible to the quencher.

The Stern-Volmer plots with downward curvature and concave towards the x-axis indicate that
the fraction of the tryptophan residues is accessible to the quencher, were analyzed by using the

Lehrer model [45], i.e. the modified Stern-Volmer equation:

R 1 1 2.7)
F,-F f[QlK, f

a

where f, is the fraction of the initial tryptophan residues accessible to the quencher.

The Stern-Volmer plots with upward curvature and concave towards the y-axis, indicating a

combination of static and dynamic quenching, were analyzed by the following equation [43]:
I:O
- 1+ Kp[QD A+ Ks[QD) (2.8)

where K, is the dynamic quenching constant; Kj is the static quenching constant.

For binding equilibrium analyses, binding data were analyzed by fitting a curve to the Hill
equation [46] and the Scatchard plot (Annals of the New York Academy of Sciences Volume 51,

Molecular Interaction pages 660-672, May 1949).

I:0 -F — [L]n (2 9)
P Kg+[LT '



http://onlinelibrary.wiley.com/doi/10.1111/nyas.1949.51.issue-4/issuetoc
http://onlinelibrary.wiley.com/doi/10.1111/nyas.1949.51.issue-4/issuetoc
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K, is the apparent dissociation constant, a parameter describing affinity between protein and

ligand; n, called the Hill coefficient n,, is used to explain the cooperativity of ligands binding

independently of multiple equivalent binding sites in a protein.

All data fittings, linear regression and non-linear regression, were performed with the

GraphPad Prism software program and gave correlation coefficient (R) values exceeding 0.99.
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Figures
Figure 2.1 Schematic of a Synapt G1 HDMS mass spectrometry instrument

Figure 2.2 The experimental workflow used for the HDX-MS analyses of FXR LBD in presence
of diverse ligands.

Figure 2.3 Pipeline of HDX data analysis
Figure 2.4 Basic theory of fluorescence

Figure 2.5 Workflow of fluorescence quenching experiment
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Figure 2.1 Schematic of a Synapt G1 HDMS mass spectrometry instrument

This type of accurate mass high resolution ToF instrument was predominately used for the HDX-
MS analyses of FXR LBD in presence of different ligands.
Copied from: http://www.waters.com



59

hFXR * Ligand

Exchange-in D,O Buffer

r
Labeled hFXR % Ligand

Quenching (pH 2.5, 0°C)

/

LC-MS o
/ eptic proteolysis (pH 2.5, 0°C)

Total Protein Backbone

; . LC-IM-MS
Amide Deuterium Levels

Deuterium levels of peptic

J peptides
Global exchange profiles

, |

Ligand-dependent global Ligand-dependent spatial conformational
conformational dynamics dynamics with medium resolution

Figure 2.2 Experimental workflow used for the HDX-MS analyses of FXR LBD in presence of
diverse ligands



60

format containing
generated —
oy Viace ) the exchange
pec peptides time points
T
<
o
X
©
®
a
Deutert Determine the
HDX profile which is a euterium centroid mass of
function of structure uptake Ieve'l for | HX-express isotope cluster for
and dynamics of a each peptu;le each peptide
protein underea?ch time under each time
point point

Figure 2.3 Pipeline of HDX data analysis



61

Theory of Fluorescence

w

1) Electronsexcited by light
source

#

<IIIIIIIIIIIIII

2) Electronsreachahigh
energy state

=

c
m
>

hugy 3) Energylossoccurs within
a few nano seconds

4) Energylossobservedas
fluorescentlightofa
longer wavelength

IIIIIIIIIIIIIIII’M

Figure 2.4 Basic theory of fluorescence

http://www.icms.gmul.ac.uk/flowcytometry/flowcytometry/principles/index.html



http://www.icms.qmul.ac.uk/flowcytometry/flowcytometry/principles/index.html

62

hFXR, 400 L, 10 uM

350

0 &
05 405

3

Fluorescence

—_—
Measurement

Fluorescence intensity
o oNoN oW
wmewnoao

S e o oo o

w
o
(=]

A(nm)
l l 2 250
) c
hFXR: ligand = 10:1 2 200
. 350 £
.2 300 8 150
< 250 c
Fluorescence £ Overlayall spectra g
—_— 20 > $ 100
Measurement & 5
E 3 50
0 b
305 405 =

[=]

A(nm)
305 355 405 455

A(nm)

hFXR: ligand = 1:5

giﬂﬂ

8 250

Fluorescence :i;,

_— 5 %100

Measurement 2 7,
05 405

3
A(nm)

Figure 2.5 Workflow of fluorescence quenching experiment



63

2.3 Reference

[1] S.W. Englander, T.R. Sosnick, J.J. Englander, L. Mayne, Mechanisms and uses of hydrogen
exchange, Curr Opin Struct Biol, 6 (1996) 18-23.

[2] C.A. Hughes, J.G. Mandell, G.S. Anand, A.M. Stock, E.A. Komives, Phosphorylation causes
subtle changes in solvent accessibility at the interdomain interface of methylesterase CheB, J
Mol Biol, 307 (2001) 967-976.

[3] J.G. Mandell, A. Baerga-Ortiz, S. Akashi, K. Takio, E.A. Komives, Solvent accessibility of
the thrombin-thrombomodulin interface, J Mol Biol, 306 (2001) 575-589.

[4] M.A. Eriksson, T. Hard, L. Nilsson, On the pH dependence of amide proton exchange rates
in proteins, Biophys J, 69 (1995) 329-339.

[5] Y. Bai, J.S. Milne, L. Mayne, S.W. Englander, Primary structure effects on peptide group
hydrogen exchange, Proteins, 17 (1993) 75-86.

[6] X. Yan, C.S. Maier, Hydrogen/deuterium exchange mass spectrometry, Methods Mol Biol,
492 (2009) 255-271.

[7] T.E. Wales, J.R. Engen, Hydrogen exchange mass spectrometry for the analysis of protein
dynamics, Mass Spectrom Rev, 25 (2006) 158-170.

[8] K.S. Kim, C. Woodward, Protein internal flexibility and global stability: effect of urea on
hydrogen exchange rates of bovine pancreatic trypsin inhibitor, Biochemistry, 32 (1993) 9609-
9613.

[9] Y. Deng, D.L. Smith, Identification of unfolding domains in large proteins by their unfolding
rates, Biochemistry, 37 (1998) 6256-6262.

[10] L. Swint-Kruse, A.D. Robertson, Temperature and pH dependences of hydrogen exchange
and global stability for ovomucoid third domain, Biochemistry, 35 (1996) 171-180.

[11] A. Miranker, C.V. Robinson, S.E. Radford, R.T. Aplin, C.M. Dobson, Detection of transient
protein folding populations by mass spectrometry, Science, 262 (1993) 896-900.

[12] C.S. Maier, M.I. Schimerlik, M.L. Deinzer, Thermal denaturation of Escherichia coli
thioredoxin studied by hydrogen/deuterium exchange and electrospray ionization mass
spectrometry: monitoring a two-state protein unfolding transition, Biochemistry, 38 (1999) 1136-
1143.

[13] Z. Zhang, D.L. Smith, Thermal-induced unfolding domains in aldolase identified by amide
hydrogen exchange and mass spectrometry, Protein Sci, 5 (1996) 1282-1289.

[14] M. Yamashita, Fenn, J.B., Electrospray ion source. Another variation on the freejet theme.,
J Phys Chem, 88 (1984) 4451-4459.



64

[15] J.B. Fenn, M. Mann, C.K. Meng, S.F. Wong, C.M. Whitehouse, Electrospray ionization for
mass spectrometry of large biomolecules, Science, 246 (1989) 64-71.

[16] K. Tanaka, Waki, H., Ido, Y., Akita, s., Yoshida, Y., Yoshida, T., , Protein and polymer
analyses up to m/z 100 000 by laser ionization time-of-flight mass spectrometry., Rapid
Commun Mass Spectrom, 2 (1988) 151-153.

[17] M. Karas, Bachmann, D., Hillenkamp, F., Influence of the wavelength in high irradiance
ultraviolet laster desorption mass spectrometry of organic molecules, Anal Chem, 57 (1985)
2935-29309.

[18] P.H. Dawson, Quadrupole Mass Spectrometry ant Its Applications., in, Springer, New York,
1995.

[19] C. Weickhardt, Moritz, F., Grotemeyer, J. , Time-of-flight mass spectrometry: State-of-the-
art in chemical analysis and molecular science, Mass Spectrom Rev, 15 (1996) 139-162.

[20] B.A. Mamyrin, Karataev, V. I., Shmikk, D. V., Zagulin, V. A., The mass reflectron, a new
nonmagnetic time-of-flight mass spectrometer with high resolution, Soviet Phy JETP, 37 (1973)
45-48.

[21] A.B. Kanu, P. Dwivedi, M. Tam, L. Matz, H.H. Hill, Jr., lon mobility-mass spectrometry, J
Mass Spectrom, 43 (2008) 1-22.

[22] L.S. Fenn, J.A. MclLean, Biomolecular structural separations by ion mobility-mass
spectrometry, Anal Bioanal Chem, 391 (2008) 905-909.

[23] M. Giles, C. McClenahan, E. Cairns, J. Mallet, An application of the Theory of Planned
Behaviour to blood donation: the importance of self-efficacy, Health Educ Res, 19 (2004) 380-
391.

[24] S.D.G. Pringle, K.; Wildgoose, J. L.; Williams, J. P.; Slade, S. E.; Thalassinos, K; Bateman,
R. H.; Bowers, M. T.; Scrivens,, An investigation of the mobility separation of some peptide and
protein ions using a new hybrid gadrupole/travelling wave IMS/oa-ToF instrument, International
journal of mass spectrometry, 261 (2007).

[25] K.G. Steven D. Pringle, Jason L. Wildgoose, Jonathan P. Williams, Susan E. Slade,
Konstantinos Thalassions, Rober H. Bateman, Michael T. Bowers, James H. Scrivens, An
inverstigation of the mobility separation of some peptide and protein ions using a new hybrid
quadrupole/travelling wave IMS/oa-TOF instrument, International journal of mass spectrometry,
261 (2006) 1-12.

[26] C. Eckers, A.M. Laures, K. Giles, H. Major, S. Pringle, Evaluating the utility of ion
mobility separation in combination with high-pressure liquid chromatography/mass spectrometry
to facilitate detection of trace impurities in formulated drug products, Rapid Commun Mass
Spectrom, 21 (2007) 1255-1263.



65

[27] A.K. Shukla, J.H. Futrell, Tandem mass spectrometry: dissociation of ions by collisional
activation, J Mass Spectrom, 35 (2000) 1069-1090.

[28] R.N. Hayes, M.L. Gross, Collision-induced dissociation, Methods Enzymol, 193 (1990)
237-263.

[29] S.J. Geromanos, J.P. Vissers, J.C. Silva, C.A. Dorschel, G.Z. Li, M.V. Gorenstein, R.H.
Bateman, J.I. Langridge, The detection, correlation, and comparison of peptide precursor and
product ions from data independent LC-MS with data dependant LC-MS/MS, Proteomics, 9
(2009) 1683-1695.

[30] R. Pellicciari, S. Fiorucci, E. Camaioni, C. Clerici, G. Costantino, P.R. Maloney, A. Morelli,
D.J. Parks, T.M. Willson, 6alpha-ethyl-chenodeoxycholic acid (6-ECDCA), a potent and
selective FXR agonist endowed with anticholestatic activity, J Med Chem, 45 (2002) 3569-3572.

[31] J.L. Lew, A. Zhao, J. Yu, L. Huang, N. De Pedro, F. Pelaez, S.D. Wright, J. Cui, The
farnesoid X receptor controls gene expression in a ligand- and promoter-selective fashion, J Biol
Chem, 279 (2004) 8856-886.1.

[32] T.P. Burris, C. Montrose, K.A. Houck, H.E. Osborne, W.P. Bocchinfuso, B.C. Yaden, C.C.
Cheng, R.W. Zink, R.J. Barr, C.D. Hepler, V. Krishnan, H.A. Bullock, L.L. Burris, R.J. Galvin,
K. Bramlett, K.R. Stayrook, The hypolipidemic natural product guggulsterone is a promiscuous
steroid receptor ligand, Molecular Pharmacology, 67 (2005) 948-954.

[33] S. Titolo, E. Welchner, P.W. White, J. Archambault, Characterization of the DNA-binding
properties of the origin-binding domain of simian virus 40 large T antigen by fluorescence
anisotropy, J Virol, 77 (2003) 5512-5518.

[34] R.S. Plumb, K.A. Johnson, P. Rainville, B.W. Smith, I.D. Wilson, J.M. Castro-Perez, J.K.
Nicholson, UPLC/MSE; a new approach for generating molecular fragment information for
biomarker structure elucidation (vol 20, pg 1989, 2006), Rapid Commun Mass Sp, 20 (2006)
2234-2234.

[35] J.B. Sperry, R.Y. Huang, M.M. Zhu, D.L. Rempel, M.L. Gross, Hydrophobic Peptides
Affect Binding of Calmodulin and Ca as Explored by H/D Amide Exchange and Mass
Spectrometry, Int J Mass Spectrom, 302 (2011) 85-92.

[36] R.Y. Huang, D.L. Rempel, M.L. Gross, HD exchange and PLIMSTEX determine the
affinities and order of binding of Ca2+ with troponin C, Biochemistry, 50 (2011) 5426-5435.

[37] R.Y. Huang, J. Wen, R.E. Blankenship, M.L. Gross, Hydrogen-deuterium exchange mass
spectrometry reveals the interaction of Fenna-Matthews-Olson protein and chlorosome CsmA
protein, Biochemistry, 51 (2012) 187-193.

[38] C.H. Parker, C.R. Morgan, K.D. Rand, J.R. Engen, J.W. Jorgenson, D.W. Stafford, A
Conformational Investigation of Propeptide Binding to the Integral Membrane Protein gamma-
Glutamyl Carboxylase Using Nanodisc Hydrogen Exchange Mass Spectrometry, Biochemistry,
53 (2014) 1511-1520.



66

[39] D.D. Weis, J.R. Engen, 1.J. Kass, Semi-automated data processing of hydrogen exchange
mass spectra using HX-Express, J Am Soc Mass Spectrom, 17 (2006) 1700-1703.

[40] S.W. Englander, N.R. Kallenbach, Hydrogen exchange and structural dynamics of proteins
and nucleic acids, Q Rev Biophys, 16 (1983) 521-655.

[41] X. Yan, H. Zhang, J. Watson, M.l. Schimerlik, M.L. Deinzer, Hydrogen/deuterium
exchange and mass spectrometric analysis of a protein containing multiple disulfide bonds:
Solution structure of recombinant macrophage colony stimulating factor-beta (rhM-CSFbeta),
Protein Sci, 11 (2002) 2113-2124.

[42] Z. Zhang, C.B. Post, D.L. Smith, Amide hydrogen exchange determined by mass
spectrometry: application to rabbit muscle aldolase, Biochemistry, 35 (1996) 779-791.

[43] J.R. Lakowicz, SpringerLink (Online service), Principles of Fluorescence Spectroscopy, in,
Springer Science+Business Media, LLC, Boston, MA, 2006.

[44] M. Moller, A. Denicola, Protein tryptophan accessibility studied by fluorescence quenching,
Biochem Mol Biol Edu, 30 (2002) 175-178.

[45] S.S. Lehrer, Solute perturbation of protein fluorescence. The quenching of the tryptophyl
fluorescence of model compounds and of lysozyme by iodide ion, Biochemistry, 10 (1971)
3254-3263.

[46] A.V. Hill, The Combinations of Haemoglobin with Oxygen and with Carbon Monoxide. I,
Biochem J, 7 (1913) 471-480.



67

Chapter 3

Conformational dynamics of human FXR-LBD ligand interactions studied by
hydrogen/deuterium exchange mass spectrometry: Insights into the antagonism of the
hypolipidemic agent Z-guggulsterone

Liping Yang®, David Broderick®, Yuan Jiang®, Victor Hsu® and Claudia S. Maier*

Departments of Chemistry*, Department of Statistics?, and Biochemistry and Biophysics®,
Oregon State University, Corvallis, Oregon 97331

Running Title: Ligand-dependent HDX-MS analysis of FXR LBD

Corresponding author: Dr. Claudia S. Maier

Email: claudia.maier@oregonstate.edu

Phone: +1-541-737-9533

Fax: +1-541-737-2062


mailto:claudia.maier@oregonstate.edu

68

Key Words

Farnesoid X receptor, hydrogen/deuterium exchange, mass spectrometry, conformation,

dynamics, ligand interaction, guggulsterone

Abbreviations

HDX, hydrogen/deuterium exchange; LC-ESI-MS, liquid chromatography electrospray
ionization mass spectrometry; FXR-LBD, farnesoid X receptor ligand binding domain; ligand
binding cavity, LBC; CDCA, chenodeoxycholic acid; GG, Z-guggulsterone; 6ECDCA, 6-
ethylchenodeoxycholic acid; UDCA, ursodeoxycholic acid; DMSO, dimethylsulfoxide; TCEP,
Tris (2-carboxyethyl) phosphine hydrochloride; TOF, time of flight; PPARy, peroxisome
proliferator-activated receptor; RXR, retinoid X receptor, THR, thyroid hormone receptor; ER,

estrogen receptor; VDR, vitamin D receptor; GR, glucocorticoid receptor.



69

3.1 Abstract

Farnesoid X Receptor (FXR) is a member of the nuclear receptor superfamily of transcription
factors that plays a key role in the regulation of bile acids, lipid and glucose metabolisms. The
regulative function of FXR is governed by conformational changes of the ligand binding domain
(LBD) upon ligand binding. Although FXR is a highly researched potential therapeutic target,
only a limited number of FXR-agonist complexes have been successfully crystallized and
subsequently yielded high resolution structures. There is currently no structural information of
any FXR-antagonist complexes publically available. We therefore explored the use of amide
hydrogen/deuterium exchange (HDX) coupled with mass spectrometry for characterizing
conformational changes in the FXR-LBD upon ligand binding. Ligand-specific deuterium
incorporation profiles were obtained for three FXR ligand chemotypes: GW4064, a synthetic
non-steroidal high affinity agonist; the bile acid chenodeoxycholic acid (CDCA), the endogenous
low affinity agonist of FXR; and Z-guggulsterone (GG), an in vitro antagonist of the steroid
chemotype. Comparison of the HDX profiles of their ligand-bound FXR-LBD complexes
revealed a unique mode of interaction for GG. The conformational features of the FXR-LBD-

antagonist interaction are discussed.
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3.2 Introduction

The farnesoid X receptor (FXR) is a therapeutic target with the potential to modulate
metabolic pathways associated with diverse liver and metabolic disorders. FXR’s prominence
stems from its role as a key regulator of bile acid homeostasis, and glucose and lipoprotein
metabolisms [1, 2]. FXR has been identified as a bile acid sensor and is expressed mainly in the
liver, intestine, and kidney. Many reviews have discussed the physiologically relevant role of
FXR regulation and the potential of FXR as a target for synthetic ligands to prevent, manage or
treat metabolic diseases, such as hyperlipidemia and type 2 diabetes [3-5].

FXR is a member of the nuclear receptor (NR) superfamily and a ligand-activated
transcription factor. Since chenodeoxycholic acid (CDCA) was identified as the endogenous
agonist of FXR that modulates the expression of target genes related to bile acid metabolism,
FXR activation rapidly became the objective of intense research efforts. Synthetic FXR agonists
have been developed with the potential to treat cholestatic liver diseases, including primary
biliary cirrhosis, and metabolic disorders [6]. For instance, FXR agonists have been identified
that improve myocardial fatty acid metabolism in obese (fa/fa) Zucker rats, and to counteract
pro-atherogenic lipoprotein profiles and thereby confer protection against aortic plaque
formation in (ApoE™) mice, a model of accelerated atherosclerosis [7-10]. Ursodeoxycholic acid
(UDCA), an isomer of CDCA, was the first FXR-targeting drug approved by the FDA to treat
primary biliary cirrhosis [11].

The X-ray structures of agonist-bound FXR complexes show the classical NR fold,
consisting of 12 helices that form a three-layer sandwich harboring the LBC. Ligand binding is
primarily facilitated by interactions with residues located in helices 3, 5, 6, 7, and 11. Ligand

binding changes the position of the AF-12 helix and facilitates recruitment of co-activator
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proteins. Despite FXR’s importance as a potentially therapeutically relevant receptor, only a
limited number of X-ray structures of the FXR-LBD bound to high affinity synthetic ligands are
available that may guide structure-activity relationship (SAR) studies. The published X-ray
crystal structures of FXR-ligand complexes illustrate binding modes of five different ligand
chemotypes: three steroid-like agonists [12, 13], ten stilben-based agonists (GW4064 and
derivatives) [14-18], seven benzimidazole-based agonists [19, 20], two azepino [4,5-b] indole
agonists (XL335 and FXR 450) [21, 22], and one fexaramide y-shaped ligand [23]. To date,
there are no published crystal structures available for antagonist-bound FXR-LBD complexes or
the apo-protein. The conformational plasticity of FXR’s LBD has been discussed as one of the
possible reasons for the limited success of X-ray structural analyses of FXR-LBD ligand
complexes [12].

HDX-MS has been previously used successfully for studying the conformational
properties of diverse nuclear receptors and their conformational changes upon binding to diverse
ligands [24-27]. In the current study, we used HDX-MS for studying conformational changes of
the FXR-LBD upon binding to different classes of ligands: (1) CDCA, a primary bile acid ligand
and a low affinity agonist; (2) GW4064, a synthetic non-steroidal stilben-based high affinity
agonist; and (3) Z-guggulsterone (GG), a natural steroidal FXR ligand and one of the few ligands
described as an in vitro FXR antagonist (Kq > 5uM) [28]. Comparison of the deuterium
incorporation profiles obtained in absence and presence of the chemically diverse ligands
enabled the identification of distinct regions of the FXR-LBD that exhibit ligand-specific
exchange behaviors. Insights into the ligand-dependent modulation of the conformational

properties within the LBD may aid the development of selective bile acid receptor modulators
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(SBARMs) which show promise to manipulate FXR’s pleiotropic regulation of metabolic
networks.
3.3 Materials and Methods
3.3.1. Materials

Deuterium oxide (D0, 99.9% deuterium) was from Sigma-Aldrich Chemical Co. (St.
Louis, MO). GG was purchased from ChromaDex™ Corporate (Irvine, CA). GW4064 and
CDCA were obtained from Tocris (Ellisville, MO). All ligands were prepared as 10 mM stock
solution in dimethylsulfoxide (DMSOQO). All other materials were obtained from standard
commercial sources.
3.3.2. Protein expression and purification

The pET 15B vector containing hFXR-LBD, residues 193-472 was transformed into
Escherichia coli BL21 (DE3) pLysS and grown on LB agar plates. A single colony was used to
inoculate 100 mL of 2XYT medium with antibiotics (Carbenicillin 100 ug/mL and
Chloramphenicol 35 pg/mL) and grown overnight at 37°C. The overnight culture was
centrifuged for 10 min at room temperature and then the pellet was resuspended in 6 mL of fresh
2XYT medium. Each liter of fresh 2XYT medium with antibiotics (ampicillin 150 pg/mL and
Chloramphenicol 35 pg/mL) was inoculated with 1 mL of the resuspended cells (total six liter)
and grown at 37°C to Agy=0.6. Protein expression was induced with 0.8 mM IPTG (isopropyl-p-
D-thiogalactopyranoside) and the cells were allowed to continue growing for 4 hours at 20°C.
The cell pellets were harvested by centrifugation (4000 RPM, 25 min, 4°C), resuspended in cell
wash solution (150 mM NaCl, 50 mM Tris and 10% w/v sucrose), centrifuged again and frozen

at -80°C.
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The frozen cell pellets were resuspended in buffer solution (50 mM sodium phosphate,
0.5 M NaCl, 0.5 mM CHAPS, 15 mM imidazole, 0.5 M sucrose, pH 7.3) and centrifuged. The
Hise-tagged FXR-LBD was mixed with Clonetech Talon Co?* polyhistidine affinity resin
(equilibrated with the above buffer) at 4°C for 45 min. The proteins were eluted into a solution
containing 50 mM sodium phosphate, 0.5 M NaCl, 0.5 mM CHAPS, 200 mM imidazole, 0.5 M
sucrose, pH 7.3. The His tag was removed by thrombin digestion at 4°C (48 hours) followed by
purification on a column packed with Co?" resin to yield purified human FXR-LBD monomer
which was used for all experiments. The protein concentration was determined
spectrophotometrically at 280 nm, and the purity (over 95%) was judged by sodium dodecyl
sulfate —acrylamide gel electrophoresis (SDS-PAGE) and mass spectrometry (Fig. S3.1).
3.3.3 Fluorescence titration experiment
Steady state fluorescence measurements were performed with a Perkin Elmer LS 50
luminescence spectrophotometer. The protein sample was excited at 295 nm, and the sample
temperature was maintained at 25°C. The ligand solutions (1x10 M) were titrated into a fixed
volume (400 pl) of FXR-LBD (1x10™ M) until the ligand/protein ratio reached 5 to 1. The
fluorescence intensity was measured over a wavelength range of 305-480 nm. The fluorescence
spectra were corrected (Fer) for background fluorescence, instrument-dependent
monochromator and photomultiplier response emission and dilution factor effects: Feor = (Fo-
Fg) x 100xA/Fs, where Fy is the measured fluorescence intensity, Fg is the background
fluorescence of the specific ligand, A is the dilution factor of the protein sample, and Fs is the
emission correction factor. Based on the FXR-LBD-GG binding data, the dissociation constant
(Kd) of GG was derived by fitting a curve to the Hill equation [29] using the GraphPad Prism

software program.
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3.3.4 HDX-MS analysis

The purified FXR-LBD protein (15 pL, 98 puM, in 50 mM sodium phosphate, 0.5 M
NaCl, 0.5 mM CHAPS, 1 mM TCEP, 0.5 M sucrose and 10% glycerol, pH=7.4) was
equilibrated for 30 min in the presence of the respective DMSO solution (0.5 pL, 10 mM
ligand). The ligand/monomeric protein molar ratio was 3.2:1. The small amount of DMSO (3.3%
v/v) did not affect protein binding as indicated by fluorescence titration data as well as by intact
protein HDX data. The D,O buffer (50 mM sodium phosphate, 0.5 M NaCl, 0.5 mM CHAPS, 1
mM TCEP, 0.5 M sucrose and 10% glycerol, pH 7.3) was equilibrated for 30 min in the presence
of the same percentage of DMSO. The exchange reaction was initiated by adding 10-times D,0O
buffer (150 pL). At different reaction time points, 0.5, 1, 2, 5, 10, 30 and 60 min, aliquots (15
pL) were added to pre-chilled vials containing the same volume of quenching solution (15 pL,
0.42% phosphoric acid, pH 2.5). The quenched sample was immediately frozen in liquid
nitrogen for subsequent LC-ESI-MS analysis. Experiments were performed in triplicate.

The experimental conditions for the ligand binding studies in combination with the HDX
approach were chosen to ascertain that both the FXR-LBD protein and the respective low affinity
ligand retained solubility throughout the period of labeling. Even in presence of structure
promoting and stabilizing additives (CHAPS, sucrose, glycerol, DMSO) the FXR-LBD protein
showed a high tendency to precipitation in presence of low affinity ligands. This limited our
flexibility in using large excess of low affinity ligands. We believe that the absence of X-ray
structures of FXR-LBD in complex with low affinity ligands is at least in part caused by this
shortcoming. The reported dissociation constant/binding affinity values for GW4064, CDCA,

and GG are 0.06 uM [30], 10 uM [31], and GG> 5 uM [28], respectively. The bound fraction of
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FXR-LBD in each ligand binding study before initiation of the HDX reaction is ~100% as

estimated by applying equation 3.1 [32]:

(L +R +Kd)_\/(LT +P +K,)’ —4L R,
- 2P,

3 (3.1)

where Fp is fraction of protein bound, Lt and Py are the total ligand concentration and protein
concentration used, respectively, and Ky is the dissociation constant. In the present experimental
protocol we kept the mole ratio between protein and ligand constant (being 3.2:1) during the time
course of labeling. The evaluation of the mass isotope distributions and elution time features of
all peptides evaluated indicated that no mixed populations were detected in accordance with that
the fraction of ‘protein bound’ was the predominant population present in solution (Fig. S3.5).
For intact protein HDX-MS, the protein was eluted through a Micro Trap™ C4 column
(1x8 mm) with a steep 10-90% (v/v) B gradient within 10 min (mobile phase A: 0.1% HCOOH
in H,0, mobile phase B: 0.1% HCOOH in CH3CN, flow rate 40 pL/min) and eluted into a
Waters LCT ESI-ToF mass spectrometer. HDX information at the peptide level was obtained by
employing a nanoUPLC system equipped with a Waters “chilled” LC module, and coupled to a
Waters Synapt HDMS instrument. Protein was digested by an online Poroszyme immobilized
pepsin column (2.1x30 mm) with a 100 pL/min solvent (0.05% HCOOH in H,0). The
proteolytic products were captured on a Acquity BEH C18 VanGuard Pre-column (1.7 um, 2.1 X
5 mm), eluted and separated on an Acquity UPLC BEH C18 column (1.7 pum, 1.0x100 mm)
using the following elution program: solvent B, increase from 8 to 40% within 6 minutes, hold at
40% for 1 minute, then increase from 40 to 85% in 0.5 minute, hold at 85% for 1 minute, then
decrease from 85% to 8% in 0.5 minute, hold solvent B at 8% for 3 minutes. The elution
protocol was completed in 12 minutes. In order to minimize contamination of the mass

spectrometer with additives and detergents a Rheodyne MX Series Il 6-port valve was installed
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between the nanoAcquity UPLC and the ESI source. The details of the UPLC setup used in this
study are provided in the supplementary materials (Fig. S3.3). All solvents were immersed in an
ice bath.
3.3.5 Mass spectral data analysis

The deuterium incorporation levels for protein or peptic peptides were directly derived
from the observed mass difference between the deuterated and nondeuterated proteins/peptides
without back exchange correction. The back-exchange correction was omitted due to the
comparative nature of the present study [33-38]. The intact protein molecular mass and the
centroid mass of each peptide, respectively, were obtained using Waters” MassLynx 4.0 and
HDX Browser software in combination with the HX express program described by Weis et al
[39].

To identify pepsin-generated peptides, mass spectral data were acquired on a Synapt
HDMS system equipped with a ESI source and operated in the MS® mode [40]. The MSE
dataset was input to the ProteinLynx Global Server 2.4 software program (Waters) for searching
against an “in house” protein database to which the human FXR-LBD sequence was added. The
sequence of the current construct and the peptic map of FXR-LBD are depicted in Fig. S3.4.

3.3.6 HDX Kinetics

Under our experimental conditions, the deuterium volume percentage is over 90%. In
the applied protocol pH and temperature were kept constant at 7.3 and 25 °C, respectively. The
total D content in a specific peptide can be described by the equation 3.2 because HDX will
follow a first-order kinetics [41].

D=N —iexp(—kit) 2
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where D is the deuterium content in a peptide containing N amide hydrogens, k; is the rate
constant for each exchangeable amide hydrogen, and t is the exchange reaction time. The rate
constant k; can be determined by applying a curve fitting software [42, 43]. In the present study,
we applied a fixed-rate-constant binning model for fitting the deuterium incorporation curves of
all peptides by minimizing the sum of square error in R statistical software. In this model,
deuterium uptake can be plotted according to equation 3.3 derived by equation 3.2, where A is
the amplitude which means the number of amide hydrogen located in a specific bin and k; is the
rate constant in the i-th kinetic phase which is fixed to six different bins (10, 1, 0.1, 0.01, 0.001,
0.0001 min™).

D=3 AlL-exp(-k )] -

The HDX data of three replicates for each sample was fitted together. The best fitted
curve was plotted using as data points the average D value of the three trials including + standard
deviation as error bar for each exchange time point (Fig. S3.6).

3.4 Results
3.4.1. Ligand binding studies by intrinsic protein fluorescence measurements

The X-ray crystal structure of the FXR-LBD-GW4064 complex (PBD: 3DCT) showed
that the two tryptophan residues in FXR-LBD, W454 and W469, located in helix 11 and helix
12, respectively, are in proximity to GW4064. Therefore, we chose intrinsic fluorescence
titration experiments to test if the ligands interact and bind to our FXR-LBD construct under the
current experimental conditions used. We monitored intensity changes in protein fluorescence
emission (Fig. 3.1) using an excitation wavelength of Aexc = 295 nm to minimize fluorescence

contributions of the six tyrosine residues present in the FXR-LBD construct. The fluorescence
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spectra of apo FXR-LBD showed a strong fluorescence emission with a maximum at 343 nm.
Binding of the GW4064 to FXR-LBD caused a red-shift in the emission spectrum confirming
that under the solution conditions used the mode of binding of GW4064 is consistent with the
binding interactions that were observed in the crystal structure of the FXR-LBD-GW4064
complex [18]. Only a slight change (x 3%) of the FXR-LBD fluorescence intensity in presence
of CDCA was observed, suggesting that CDCA binding induces rather subtle changes within the
microenvironment of the two tryptophan residues. These results were consistent with recent
studies by Han et al [44], who reported that the fluorescence spectra of FXR-LBD showed little
increase of intensity at a molar ratio of CDCA to FXR-LBD of 100:1. The in vitro antagonist GG
[45] caused a concentration-dependent quenching of FXR-LBD fluorescence with no changes in
either the maximum emission wavelength or shape of the spectra. The ligand-specific differences
observed in the fluorescence titration experiment suggested that each ligand, GG, CDCA and
GW4064, adopted distinct modes of binding. From the titration curve of GG (Fig. S3.2) a
dissociation constant of 5.9 + 0.3 puM was determined implying that GG is a low affinity ligand
in accord with previous reports by Burris et al [28].

3.4.2. Global HDX profiles of FXR-LBD.

To investigate to what extent interaction of the different ligands affect the global
conformational plasticity of the FXR-LBD, we compared the deuterium incorporation profile of
apo FXR-LBD with the exchange profiles of the FXR-LBD in the presence of the diverse
ligands. Fig. 3.2 shows the overall deuterium levels of intact FXR-LBD in absence and presence
of the ligands at different exchange-in periods ranging from 0.5, 1, 2, 5, 10, 30 to 60 min.
Comparison of the global exchange profiles observed for the ligand-bound FXR-LBD revealed

that exchange was significantly more retarded for the complex with the high affinity agonist
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GW4064 compared to the protein complexes formed with the two low affinity binders, CDCA
and GG. The FXR-LBD contains a total of 274 exchangeable backbone amide hydrogens. The
reduced deuterium incorporation levels observed for the protein-ligand complexes suggested that
ligand binding resulted in increased structural compactness, loss of conformational flexibility
and/or decreased overall solvent accessibility. HDX-MS analysis of the apo FXR-LBD after 60
min incubation indicated that 144 backbone amide hydrogens were exchanged with deuterium.
In contrast, exchange-in deuterium incorporation levels for the ligand-bound FXR-LBD were
108, 132 and 136 (= <10% RSD) in presence of the respective ligand, GW4064, CDCA and GG
(323 pM ligand and ligand/protein ratio > 3). Overall conformational stabilization upon ligand
binding was also reported for other nuclear receptor LBDs [25, 26].

3.4.3 Peptide-level HDX-MS analysis.

Forty peptides covering 91% of the FXR-LBD sequence were generated under the current
experimental conditions (Fig. S3.4). A subset of 20 peptides was selected for which mass
spectral data was consistently of high enough quality to allow determining the time-dependent
isotopic compositions and deuterium incorporation levels for the different protein systems (Fig.
S3.5). For all deuterium—labeled peptides evaluated, the observed mass spectral isotope patterns
at all time points were consisted with EX2 kinetics (Fig. S3.5).
3.4.3.1 HDX-MS of the apo FXR-LBD.

Fig. S3.7 summarizes the HDX-MS data for apo-FXR-LBD. Both, the composite plot of
the deuterium levels determined for peptide after different incubation times (Fig. S3.7A) and the
derived heat map presentation (Fig. S3.7B), let us to postulate that large parts of the apo-FXR-
LBD show exchange behaviors commonly associated with solvent exposed, disordered and/or

conformationally flexible regions. For instance, the N-terminal regions, 201-241 (peptides 201-
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222 and 229-241) and 256-278 (peptides 256-269 and 269-278), and the C-terminal peptide
covering residues 454-465, showed high deuterium levels with little time dependency. This type
of exchange behaviors is usually observed for highly solvent exposed and/or disordered regions
which render little protection against exchange. The peptides encompassing the partial
sequences 288-298, 320-328, 328-336, 348-360, 361-367, 368-375 showed exchange profiles
that are were indicative of gradual exchange over time in concurrence with exchange properties
associated with conformationally flexible regions that undergo multiple partial folding and
unfolding reactions and variable solvent exposure which collectively result in some level of
exchange retardation. A similar time dependency of the deuterium levels was observed for the
peptides encompassing the residues 386-396, 406-412, 419-433 and 434-440. The peptide
covering the partial sequence 440-451 was detected with the lowest deuterium levels and little
variation of time; after 30 min exposure to D20 deuterium levels barely reached 20%. Overall,
these HDX-MS results led us to speculate that apo FXR LBD adopts a state of considerable
conformational flexibility and openness. FXR’s plasticity was discussed by Soisson et al. and
put forward as possible reason that allows the FXR-LBD to bind structurally diverse ligands but
also severely hampers attempts to obtain crystal structural information of the apo protein and
FXR-LBD complexes with low affinity ligands [12].
3.4.3.2 Peptide-level HDX profiles of FXR-LBD in presence of different ligands

To dissect the impact of the different ligands on the conformational dynamics of FXR-
LBD, we performed HDX-MS studies of the ligand-bound FXR-LBD complexes. HDX-MS
analysis at the peptide level provides an approach to determine the regions in the FXR-LBD that
experience conformational changes induced by ligand binding. Fig. 3.3 compiles heat map

presentations of the deuterium uptake for each of three ligand-bound forms of the FXR-LBD. In
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the heatmaps, regions that show high levels of deuterium incorporation are colored red and
regions that showed low levels of deuterium incorporation are colored blue. The comparative
presentations of the heatmaps of the deuterium incorporation levels observed for the FXR-LBD
in presence of the different ligands allowed us to visualize regions that show disparate deuterium
level characteristics dependent on the ligand present. The most pronounced ligand-dependent
differences in deuterium uptake were observed for the following peptides: 288-298, 320-328,
328-336, 348-360, 361-367, and 368-375.

To further evaluate how the interactions of the ligands affect the conformational
properties of the FXR LBD we evaluated the deuterium incorporation dynamics at the peptide
level by applying a six-fixed-rate-constant binning model as described in the method section.
The results of the fits for each peptide exchange-in curve are compiled in Table S3.2. The curve
fitting plots for the peptide that displayed disparate exchange-in levels dependent on the ligand
present are depicted in Figure 4A. In Figure 4B we used the X-ray structure of GW4064-bound
FXR LBD to visualize that the peptide that showed the ligand-dependent exchange-in
characteristics, i.e. peptides encompassing the partial sequences 288-298, 320-328, 328-326,
348-360, 361-367, and 368-375, are partaking in forming the LBC in the FXR LBD. For
instance, the peptide 288-298 with 10 exchangeable amide hydrogens displayed the highest
retardation against exchange-in in each protein-ligand system studied. The applied binning
model revealed that this peptide has 4, 2, and 4 exchangeable sites in the apo FXR-LBD
conforming to category | (fast exchanging sites, k = 10 or 1 min™), category Il (medium
exchanging sites, k = 0.1 or 0.01 min™), and category I1I (slow exchanging sites, k = 0.001 or
0.0001 min™), respectively. In presence of the ligand the distribution of the amide hydrogens

conforming to the category Il and category IIl increased. For GW4064 the deuterium
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incorporation profiles showed that the exchanging sites in category | were reduced to 1, whereas
3 and 6 sites conformed to category Il and Ill, respectively. For the low affinity ligand CDCA
the distribution of exchanging sites conforming to category I, 1l and Il was 3, 2, and 5,
respectively. For GG, the binning modeling resulted in 3, 1 and 6 sites that met the requirements
for the exchange characteristics grouped under category I, Il and Ill, respectively. Similar
changes in the distribution of sites within each category dependent on the ligand present were
observed for the other LBC peptides as well: the number of sites that conform to category |
decreased while the number of sites in category Il and 1l increased upon ligand interaction. The
retardation of the exchange-in dynamics of these six peptides is consistent with that ligand
interactions stabilize the LBC and reduces the dynamical flexibility of the regions that are
involved in forming the LBC compared to the respective regions in the apo FXR-LBD. The
disparate exchange-in behavior observed for these six peptides also suggests that despite that the
ligands studied have different chemotypes all seem to interact and stabilize the same region of
the FXR-LBD but each ligand interaction causes a ligand-specific modulation of the
conformational properties of the regions forming the cavity.

Differential HDX-MS analysis was used to spatially resolve the impact of the diverse
chemotypes on the conformational dynamics of the FXR-LBD. The average differences in
percentage of deuterium exchange-in for the three ligand-bound FXR complexes relative to the
apo-protein were computed. Peptides showing statistically significant differential deuterium level
(p < 0.001) were colored and overlaid on the X-ray crystal structure of the FXR-LBD bound to
GW4064 and 6-ECDCA, respectively (Fig. 3.5, data compiled in Table S3.1). Comparison of the
HDX-MS results for the GW4064-bound protein with the crystallographic data of the FXR-

LBD-GW4064 complex (PDB ID 3DCT) revealed that regions containing the contact residues
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and forming the LBC displayed reduced HDX rates, which included the peptides representing the
helices H3 (288-298), H4-H5 (320-328), H5 (328-326), H6 (348-360), and H7 (361-367 and
368-375). As observed in the active conformation of the FXR-LBD GW4064 complex, the
carboxylic acid group of GW4064 forms a hydrogen bond with Arg-331 (helix 5), while the
stilbenoid moiety interacts with Leu-287 (helix 3), Met-290 (helix 3), Met-328 (helix 5), 1le-335
(helix 5), and Leu-348 (helix 6), and the dichlorophenyl group occupies a hydrophobic core
formed by residues Phe-329 (helix 5), lle-352 (helix 6), lle-357 (helix 6), Met-365 (helix 7), and
Tyr-369 (helix 7) [18]. The hydrogen bonding and hydrophobic interaction network between
GW4064 and the LBC of the FXR-LBD resulted in significant exchange protection in these
regions. Remarkably, the peptides 299-316 (helix 3-loop-helix 4), 388-405 (helix 9), 406-412
(helix 9) and 434-440 (helix 10), which all encompass regions not involved in GW4064 binding,
exhibited reduced exchange-in rates as well. No changes in exchange-in kinetics upon GW4064
binding were observed for the peptides 256-268 (helix 1-helix 2), 269-278 (helix 2), 337-347
(helix 5-helix 6) and 454-465 (helix 11-helix 12).

To rationalize our current HDX MS data on CDCA binding to FXR in solution we used
the crystal structure of FXR-LBD bound to a close synthetic high affinity analog of CDCA, 6-
ethylchenodeoxycholic acid (6ECDCA) (PDB ID 10SV) [13]. We hypothesized that both
steroidal ligands may share similar binding sites within the FXR-LBD, except for those
hydrophobic interactions between the 6ECDCA 6a-ethyl group and residues lle-362 (helix 7),
Phe-366 (helix 7) and Tyr-369 (helix 7), which collectively contribute to the much higher
affinity of 6ECDCA (ECso 99 nM) [46] compared to CDCA (ECsp 10 uM) [30]. Peptides
encompassing the contact residues, including partial sequences 288-298 (helix 3), 320-328 (helix

4-helix 5), 328-336 (helix 5), 348-360 (helix 6) and 361-367 (helix 7), showed reduced levels of
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exchange-in compared to the corresponding peptides derived from the apo-protein (Fig. 5).
Regions remote from the LBC, such as residues 256-268 (helix 1-helix 2), 406-412 (helix 9), and
434-440 (helix 10), exhibited only slight protection against deuterium exchange-in (Fig. 3.5).

GG is a low affinity in vitro antagonist of FXR [47] and the co-incubation of GG and
FXR-LBD resulted in HDX data that indicated exchange-in protection in regions encompassing
the LBC (Fig. 3.4) suggesting that the interaction sites of GG coincide with the recognition sites
of typical FXR agonists. The most intriguing feature of this HDX dataset is however one region
that exhibited slightly higher extent of protection in presence of GG compared to the other two
agonists probed. This region is the most N-terminal region of FXR-LBD, corresponding to the
partial sequence 201-278 encompassing helix 1 - loop - helix 2 (256-268). In addition, the region
388-396 was also found as being protected against exchange-in in presence of GG. Interestingly,
these two protected regions coincide with a noncanonical binding site that was predicted by
docking studies by Meyer et al [48]. In their model, GG’s noncanonical interaction involves Tyr-
260 (helix 1), the partial sequence Lys-262 to Met-265 (helix 1 - helix 2 loop), Thr-386 (helix 8)
and Ile-390 (helix 8) [48].

3.5 Discussion

We conducted a comparative HDX-MS study of the FXR-LBD in presence of structurally
diverse ligands to advance our understanding of the conformational requirements that are
potentially relevant to the molecular mechanisms that culminate in the regulation of the FXR
activity. We initially conducted HDX-MS studies of the FXR-LBD in presence of the known
high affinity non-steroid agonist GW4064. We evaluated our HDX-MS peptide level data using
the B-factors associated with the crystal structure of the GW4064-bound FXR LBD (PDB ID

3DCT) (Fig. S3.10). Structurally flexible regions with high B-factors showed high average
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deuterium levels. Regions that showed low average deuterium levels aligned well with regions
that have low B-factors (< 40), and these regions coincided with ligand binding recognition sites.
For four FXR-LBD peptides, namely 299-316 (helix 3 — loop - helix 4), 397-405 (helix 9), 406-
412 (helix 9) and 434-440 (helix 10), deuterium levels were observed that were much lower in
GW4064-bound protein compared to the apo protein (Figures S3.9 and S3.10) and, interestingly,
these regions did not contain ligand interaction sites in the crystal structure of GW4064-bound
FXR LBD. The extent of protection observed for these regions suggested that ligand binding
resulted in reduced solvent accessibility of the backbone amide hydrogens and/or had a
stabilizing effect on the conformational dynamics of these regions distant from the GW4064-
binding cavity (purple colored regions in Figure 3.5D).

A comparison of the HDX-MS datasets obtained for the FXR-LBD in the presence of
GW4064 and CDCA, respectively, highlights differences in the impact of the chemotype on the
conformational dynamics between the synthetic stilben-like agonist GW4064 and the bile acid
CDCA (Fig. 3.6C). The most striking differences in protection between these two ligands were
detected for the regions encompassing the helices 3 and 5, both of which are part of the LBC. In
addition, disparate response to ligand binding was detected for regions distant to the LBC,
namely for regions encompassing helix 9 and helix 10; both showed more extensive exchange-in
protection for the GW4064-bound state. We may further speculate that the observed differences
in HDX kinetics for the FXR-LBD in presence of a stilben- and a steroid-based agonist,
respectively, may reflect distinct conformational states that may translate to the ligand-specific
recruitment of coregulator proteins and expression of FXR-target genes. Distinct gene expression

profiles have been reported for GW4064 and CDCA [23].
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Next, we evaluated the HDX profile obtained for the interaction of FXR-LBD with
CDCA. Initially, we used the crystal structure of 6ECDCA-bound FXR-LBD as a template (Fig.
3.5). This allowed us to study the impact of a low affinity ligand interaction on the
conformational properties of the FXR-LBD. Compared to the high affinity interaction with
GW4064, the amide hydrogen exchange protection was generally less pronounced. The
interaction of CDCA with the LBD was evident by the reduced deuterium incorporation levels
that were observed for the peptides 288-298, 320-336, 348-375 indicating stabilization of these
regions. Mapping onto the 6ECDCA-bound FXR-LBD structure these stabilized regions marked
the cognate binding cavity and included helix 3, the small transition segment helix 4-helix 5 and
the regions encompassing the helices 5, 6 and 7.

GG was originally identified as a FXR antagonist in vitro [47], but later was classified as
a selective bile acid receptor modulator (SBARM) based on the following findings: (1) GG
inhibited activation of FXR-LBD in vitro, but only in presence of CDCA in a dose-dependent
manner [45]; and (2) GG acted to enhance transcription of the bile salt export pump (BSEP) in a
dose-dependent manner in vivo [47]. Although GG has a steroidal scaffold, it has an all trans and
quasi planar ABCD ring system in contrast to bile acids in which ring A and B are conjugated in
a cis configuration [48]. In the absence of a co-crystal structure of FXR-LBD in complex with
GG, the current HDX-MS results advance our understanding of the molecular determinants that
govern the interaction of GG with the FXR-LBD. The differential HDX-MS profiles presented in
Fig. 3.6A and B reveal that the N-terminal regions of the FXR-LBD (residues 201-278) showed
slightly higher protection against exchange-in in the GG-bound state compared to
conformational states induced by the two agonists studied. Interestingly, recent molecular

modeling studies have predicted a novel noncanonical binding site for GG near the loop region



87

located between helix 1 and helix 2 [48] with GIn267 playing a key role in binding of the
unusual second coactivator peptide which is visible in the 6ECDCA-bound FXR-LBD crystal
structure (PDB ID 10SV). The observed protection against exchange-in in the N-terminal region
in presence of GG is consistent with the prediction of a non-canonical ligand binding site in that
region of the LBD [48]. The C-terminal fraction of helix 8 and part of the helix 8 - helix 9 loop,
corresponding to the partial sequence 388-396, exhibited protection upon binding of GG (Fig.
3.5). As such, the HDX-MS data is in accord to the docking study of GG with the FXR-LBD that
predicted that helix 8 is involved in the stabilization of GG and flanks the non-canonical GG
binding site.

Helix 12 is a highly conserved feature in ligand-activated nuclear receptors and acts as a
molecular switch to activate or repress receptor functions upon binding of appropriate ligands
[49]. Therefore we expected to observe difference in HDX kinetics between the apoprotein and
the agonist-bound LBD. However, the HDX-MS data obtained for the C-terminal fraction of the
LBD (peptides 440-451 and 454-465) showed only minimal differences in deuterium
incorporation levels for the apo protein and the holo systems studied. The lack of disparity in the
HDX-MS data for the sequence encompassing the C-terminal fraction of the FXR-LBD upon
ligand binding was surprising because a molecular dynamics simulation predicted that the C-
terminal region of the protein should experience a gain in conformational motility upon removal
of 6ECDCA [50]. The current observation is however consistent with previous HDX-MS studies
of some nuclear receptor LBDs. For instance, a lack of change in HDX kinetics of helix 12 upon
ligand binding was also observed for the human apo RXRa LBD [25, 51] and for both isoforms
of the ER LBD, the ERa and ERp protein [26]. For other nuclear receptor, including PPARY,

THR, and GR, higher solvent protections was observed for the helices helix 11 and helix 12 with
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agonists relative to antagonists [24, 52, 53]. Griffin et al. observed that the helices 11 and 12 of
the VDR LBD showed less solvent exposure with agonists compared to the apo VDR-LBD [27].
In view of these diverse observations we propose that binding of a coactivator peptide may
govern the exchange properties of helix 12. This hypothesis is based on previous findings that
showed that inclusion of a coactivator peptide resulted in a decrease of deuterium uptake for the
RXRa helix 12 and GR helix 12 in the presence or absence of different ligands [53, 54].
3.6 Conclusion

The current work demonstrates that HDX experiments in conjunction with mass
spectrometry are capable of providing structural dynamics information for studying FXR ligand
interactions. The observed differences in HDX Kkinetics reflect on the disparate modes of
conformational modulation elicited by ligands endowed with structurally distinct scaffolds. The
protection against deuterium uptake observed for the partial sequences 201-278 and 388-396,
which cover the H1-H2 loop and parts of helix H8 including the H8-H9 loop, respectively,
supports a model in which in vitro antagonism and modulation of FXR by GG may indeed

involve a noncanonical binding site as predicted previously by Meyer et al [48].
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Figure Legends

Figure 3.1 Fluorescence spectra of FXR-LBD with structures of the ligands used in the current
study: GW4064, CDCA, and GG (2)

Figure 3.2 Deuterium levels observed for the FXR-LBD with and without ligands after the
following incubation periods: 0.5, 1, 2, 5, 10, 30, 60min.

Figure 3.3 Comparative presentation of the HDX heat maps of FXR-LBD in the presence of
ligands. Each horizontal color block represents an analyzed peptic peptide, and each block
contains seven time points (from top: 0.5, 1, 2, 5, 10, 30, 60 min).

Figure 3.4 Exchange-in plots of peptides that showed disparate exchange-in characteristics. (A)
Exchange-in Kinetics: apo-FXR-LBD, red line; GW4064, blue line; CDCA, green line; GG,
yellow line. (B) X-ray structure of FXR-LBD (green) bound to GW4064 (orange) (PDB ID
3DCT); peptides that showed disparate exchange-in characteristics in presence of the diverse
ligands are colored blue.

Figure 3.5 Average differences in deuterium levels (in %) of FXR-LBD with or without ligand
overlaid onto crystallographic structures. The N-terminal region which is covered by the peptides
201-222 and 229-241 is not visible in the crystal structures.

Top row: Co-crystal structure of FXR-LBD ligand complex, PDB 1D 3DCT for (A) and PDB ID
10SV for (B) and (C). Contact residues between ligand and protein are colored in pink. The
ligand itself is colored in orange.

Bottom row: Average differences in deuterium levels (D%) of seven time points (0.5, 1, 2, 5, 10,
30, and 60 min) are mapped onto the crystal structure of FXR-LBD-ligand complex, PDB 1D
3DCT for (D) and PDB ID 10SV for (E) and (F). Regions that were not covered by the current
experiments are depicted in grey. NS, “not significant”.

Figure 3.6 Differential HDX data of FXR-LBD-agonist and FXR-LBD-antagonist.

Left: Deuterium level differences in percentage (D %) from one complex to another are shown at
different time points (0.5, 1, 2, 5, 10, 30, and 60 min, from left to right) for each peptide.

Right: Average differences in deuterium percentage (D %) of seven time points (0.5, 1, 2, 5, 10,
30, and 60 min) were overlaid onto the crystallographic structure, PDB ID 3DCT for (A) and
(B), PDB ID 10SV for (C). Positive numbers indicate higher deuterium levels and thus less
protection in the FXR-LBD-GG relative to the FXR-LBD-GW4064. Negative numbers indicate
lower deuterium levels and thus more protection in the FXR-LBD-GG relative to the FXR-LBD-
GW4064.
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Figure 3.1
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Figure 3.2 Deuterium levels observed for the FXR-LBD with and without ligands after the
following incubation periods: 0.5, 1, 2, 5, 10, 30, 60min
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Figure 3.3
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Figure 3.3 Comparative presentation of the HDX heat maps of FXR-LBD in the presence of
ligands

Each horizontal color block represents an analyzed peptic peptide, and each block contains seven
time points (from top: 0.5, 1, 2, 5, 10, 30, 60 min).
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Figure 3.4 Exchange-in plots of peptides that showed disparate exchange characteristics

(A) Kinetic plots: apo-FXR-LBD, red line; GW4064, blue line; CDCA, green line; GG, yellow
line. (B) X-ray structure of FXR-LBD (green) bound to GW4064 (orange) (PDB ID 3DCT);
peptides that showed disparate exchange characteristics in presence of the diverse ligands are
colored blue.
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Figure 3.5
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Figure 3.5 Average differences in deuterium uptake (in %) of FXR-LBD with or without ligand
overlaid onto crystallographic structures

The N-terminal region which is covered by the peptides 201-222 and 229-241 is not visible in
the crystal structures.

Top row: Co-crystal structure of FXR-LBD ligand complex, PDB ID 3DCT for (A) and PDB 1D
108V for (B) and (C). Contact residues between ligand and protein are colored in pink. The
ligand itself is colored in orange.

Bottom row: Average differences in deuterium levels expressed as percentage (D%) of the seven
incubation periods used in this study (0.5, 1, 2, 5, 10, 30, and 60 min) are mapped onto the
crystal structure of FXR-LBD-ligand complex, PDB ID 3DCT for (D) and PDB ID 10SV for (E)
and (F). Regions that were not covered by the current experiments are depicted in grey. NS, not
significant.
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Figure 3.6
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Figure 3.6 Differential HDX data of FXR-LBD-agonist and FXR-LBD-antagonist

Left: Deuterium differences in percentage (D%) from one complex to another are shown at
different time points (0.5, 1, 2, 5, 10, 30, and 60 min, from left to right) for each peptide.

Right: Average differences in deuterium levels expressed as percentage (D%) of the seven time
points (0.5, 1, 2, 5, 10, 30, and 60 min) were overlaid onto the crystallographic structure, PDB
ID 3DCT for (A) and (B), PDB ID 10SV for (C). Positive numbers indicate higher deuterium
exchange levels and thus less protection in the FXR-LBD-GG relative to the FXR-LBD-
GW4064. Negative numbers indicate lower deuterium exchange levels and thus more protection
in the FXR-LBD-GG relative to the FXR-LBD-GW4064.
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Highlights

Solution-phase conformational dynamics of FXR-LBD by HDX-MS
HDX dynamics of FXR-LBD interactions with low affinity ligands
Differential HDX-MS analysis reveals ligand-specific exchange-in kinetics

HDX-MS analysis confirms noncanonical interaction site for (Z) guggelsterone
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3.8 Supplementary data

Conformational dynamics of human FXR-LBD ligand interactions studied by
hydrogen/deuterium exchange mass spectrometry: Insights into the

antagonism of the hypolipidemic agent Z-guggulsterone
Liping Yang®, David Broderick®, Yuan Jiang®, Victor Hsu® and Claudia S. Maier*

Departments of Chemistry", Department of Statistics?, and Biochemistry and Biophysics®,
Oregon State University, Corvallis, Oregon 97331

Corresponding author: Dr. Claudia S. Maier

Email: claudia.maier@oregonstate.edu

Phone: +1-541-737-9533

Fax: +1-541-737-2062
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Figure S3.2 Binding of GG to FXR-LBD studied by intrinsic fluorescence titration
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Figure S3.3 Design and schematic flow path diagrams of the UPLC system used in this study
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Figure S3.4 Peptide coverage map of FXR-LBD
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Figure S3.5  Mass spectra for peptides demonstrating evolution of deuterium incorporation

into peptic peptides

The partial sequence of each peptide is depicted at the top of each panel. Deuteration times (0,
0.5, 1, 2,5, 15, 30, 60 min) are denoted in each panel.
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Peptide: 269- Peptide: 288-298
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Pentide: 337-347
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Peptide: 368- Pentide: 388-396
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Figure S3.6  Deuterium incorporation levels for each peptide at seven exchange-in time points.
(05,1, 2,5, 10, 30, 60 min). The curves were fit with a six fixed exchange rate constants kinetic

model (10, 1, 0.1, 0.01, 0.001, 0.0001 min™). The error bar for each data point is based on the
three experimental replicates. Color code: apo-FXR-LBD, red line; GW4064, blue line; CDCA,
green line; GG, yellow line.
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Figure S3.7 Deuterium exchange data for apo FXR-LBD

(A) Peptic peptides HDX profiles of apo FXR-LBD. Deuterium exchange levels for each peptide
(in % based on the number of backbone amides present in the peptide) are shown at different
reaction time points (0.5, 1, 2, 5, 10, 30, and 60 min, from left to right). (B) HDX heat map for
apo FXR-LBD. Each horizontal color block represents an analyzed peptic peptide, and each
block contains seven time points (from top: 0.5, 1, 2, 5, 10, 30, 60min). The secondary structure
of holo-FXR with GW4064 is based on a three-dimensional crystallographic structure (PBD ID:
3DCT) and was added for reference purposes only.
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Figure S3.9  Ligand-dependent deuterium exchange protection plots at the peptide level.
Ligand-specific deuterium exchange-in differences between ligand-free FXR-LBD and ligand-
bound FXR-LBD is shown at different time points (0.5, 1, 2, 5, 10, 30, and 60 min, from left to
right) for each peptide. Negative percentages indicate the increase of protection against
deuterium exchange-in in a particular region of the FXR-LBD ligand complex relative to apo
FXR.
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Figure S3.10 Overlay of the peptide deuterium levels of GW4064-bound hFXR-LBD and the
B-factors of the backbone N atoms extracted from the crystal structure, PDB ID
3DCT.

Asterisks mark the following: * regions containing direct interaction sites; ** regions that
showed changes in exchange kinetics but showed no interacting residues in the crystal structure.
For comparison the peptide deuterium levels of the apo protein are shown illustrating disparate
retardation of exchange (reduced deuterium levels) in different region of the protein upon
binding of the high affinity agonist GW4064.
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Table S3.1 Averaged differences in deuterium incorporation levels for each of the 20 peptides used in the current HDX-MS study

The values were obtained by averaging the differences in deuterium levels across the seven reaction time points (0.5, 1, 2, 5, 10, 30 to
60 min) used in the current time course study. A negative percentage indicates the increase of protection against deuterium exchange-

in upon ligand binding and a positive number indicates less protection in a particular region of the FXR-LBD ligand complex.

Deuterium level differences of regions with p<0.001, calculated by two-way ANOVA, are statistically significant.

122

GW4064- GG- GW4064-

Structure * Residue®  Charge® apo® apo’ P-valve CDCA-apo’ P-valve GG-apo® P-valve GW4064" P-valve GG-CDCA' P-valve cDcA P-valve
H1(-) 201-222 3 34% 0% 0.789 -1% 0.178 -4% <0.001 -4% <0.001 -3% 0.014 2% 0.080
H1(-) 229-241 2 38% 0% 0.627 -2% 0.022 -6% <0.001 -5% <0.001 -3% <0.001 2% 0.003

H1 242-255 2 42% -4% <0.001 -3% <0.001 -5% <0.001 -1% 0.002 -1% 0.007 0% 0.755
H1-H2 256-268 2 51% -2% 0.040 -3% <0.001 -5% <0.001 -4% <0.001 -3% <0.001 1% 0.362
H2 269-278 2 51% -1% 0.258 -2% <0.001 -5% <0.001 -4% <0.001 -3% <0.001 2% 0.280
H3 288-298 2 40% -20% <0.001 -6% <0.001 -9% <0.001 11% <0.001 -3% <0.001 -14% <0.001
H3-H4 299-316 3 31% -6% <0.001 -3% <0.001 -4% <0.001 1% 0.086 -1% 0.017 -1% 0.002
H4-H5 320-328 1 38% -12% <0.001 -7% <0.001 -8% <0.001 4% <0.001 -1% 0.012 -5% <0.001
H5 328-336 2 44% -16% <0.001 -6% <0.001 -9% <0.001 7% <0.001 -2% 0.012 -9% <0.001
H5-H6 337-347 2 29% 0% 0.834 -2% 0.008 -3% <0.001 -3% <0.001 -2% 0.002 2% <0.001
H6 348-360 2 44% -10% <0.001 -5% <0.001 -8% <0.001 2% 0.003 -2% <0.001 -4% <0.001
H7 361-367 1 49% -10% <0.001 -6% <0.001 -6% <0.001 4% <0.001 0% 0.603 -5% <0.001
H7 368-375 2 35% -10% <0.001 -4% <0.001 -6% <0.001 4% <0.001 -2% <0.001 -7% <0.001
H8 388-396 2 29% -5% <0.001 -3% <0.001 -5% <0.001 0% 0.997 -1% 0.009 -1% 0.13
H9 397-405 2 32% -5% <0.001 -4% <0.001 -5% <0.001 0% 0.924 -1% 0.010 -1% 0.073
H9 406-412 1 19% -10% <0.001 -4% <0.001 -5% <0.001 4% <0.001 -1% 0.129 -5% <0.001
H10 419-433 3 32% -2% <0.001 -3% <0.001 -3% <0.001 0% 0.860 0% 0.916 0% 0.663
H10 434-440 1 33% -7% <0.001 -4% <0.001 -3% <0.001 4% <0.001 0% 0.415 -3% <0.001
H11 440-451 2 21% -3% <0.001 -2% <0.001 -2% <0.001 1% 0.043 0% 0.503 -1% 0.010
H11-H12 454-465 2 40% -1% 0.009 -1% 0.023 -2% <0.001 -2% <0.001 -1% 0.009 1% 0.067
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The structure segment of each peptide based on the FXR-LBD-GW4064 X ray structure (PDB:3DCT) without contain the first two peptides
(201-222, 229-241).

Residue numbers for the full-length FXR-LBD (UniRef100_B6ZGS9)
Charge state of each peptide observed in the LC-MS experiment.

Deuterium level of each peptide in apo FXR-LBD.

Deuterium level difference percentage between GW4064 and apo FXR-LBD.
Deuterium level difference percentage between CDCA and apo FXR-LBD.
Deuterium level difference percentage between GG and apo FXR-LBD.
Deuterium level difference percentage between GG and GW4064.

Deuterium level difference percentage between GG and CDCA.

Deuterium level difference percentage between GW4064 and CDCA.


http://www.uniprot.org/uniref/UniRef100_B6ZGS9

Table S3.2 The amide hydrogen distribution of each peptide in the six-fixed-rate-constant binning model
(10, 1, 0.1, 0.01, 0.001, and 0.0001 min™). Although the six-bin model provided the best fits to the deuterium uptake plots (Figure

S3.6) we reduced the model to three categories to simply the discussion of the HDX data in terms of distributions of exchanging sites:
category | (fast exchanging sites, k = 10 or 1 min™), category Il (medium exchanging sites, k = 0.1 or 0.01 min™), and category Il (slow

exchanging sites, k = 0.001 or 0.0001 min™).

peptides apo-FXR-LBD GW4064 CDCA GG
Categoryl Categoryll Categorylll | Categoryl Categoryll Categorylll | Categoryl Categoryll Categorylll | Categoryl Categoryll Categorylil
from to 10 1 0.1 0.01 0.0010.0001 10 1 0.1 0.01 0.0010.0001 10 1 0.1 0.01 0.0010.0001 10 1 0.1 0.01 0.001 0.0001
201 222 7 0 0 1 0 13 7 0 0 1 2 11 7 0 0 0 0 14 6 0 0 1 0 14
229 241 4 1 0 0 0 7 3 2 0 0 0 7 4 0 0 0 6 2 4 0 0 0 0 8
242 255 3 1 2 1 0 5 2 2 2 0 0 6 2 2 1 3 0 4 3 0 3 0 0 6
256 268 5 1 0 0 0 5 5 0 1 0 0 5 5 0 0 1 5 0 5 0 0 0 4 2
269 278 4 1 0 0 0 4 4 1 0 0 0 4 4 0 0 1 3 1 4 0 0 0 5 0
288 298 2 2 0 2 4 0 1 0 2 1 0 6 2 1 1 1 4 1 1 2 1 0 4 2
299 316 2 3 0 2 8 1 2 2 1 0 2 9 2 2 1 1 6 4 2 2 1 0 6 5
320 328 1 2 0 4 0 1 2 0 0 1 5 0 1 1 1 1 (1] 4 2 0 1 0 0 5
328 336 2 1 1 2 0 2 1 1 1 0 0 5 2 (1] 2 (1] 3 1 2 0 1 3 0 2
337 347 2 1 0 0 0 6 2 1 0 0 0 6 2 0 1 0 0 6 2 0 0 1 1 5
348 360 5 0 1 0 0 6 2 2 1 0 3 4 4 0 1 1 1 5 3 1 1 0 3 4
361 367 2 0 1 0 0 2 1 1 0 1 0 2 1 1 0 2 0 1 1 1 0 2 0 1
368 375 1 1 1 1 1 2 1 0 1 2 1 2 1 1 0 3 0 2 1 0 2 0 0 4
388 396 1 1 0 1 0 4 1 1 0 0 0 5 1 1 0 0 1 4 1 1 0 0 0 5
397 405 2 0 1 0 5 0 1 1 0 2 2 2 1 1 1 0 0 5 1 1 0 2 0 4
406 412 0 1 0 1 0 3 0 0 1 0 0 4 0 1 0 0 0 4 0 1 0 0 0 4
419 433 2 1 2 0 6 1 2 1 1 2 3 3 2 1 1 2 4 2 2 1 1 2 1 5
434 440 1 1 0 1 3 0 1 0 1 0 0 4 1 0 1 1 0 3 1 0 1 1 0 3
440 451 2 0 0 1 1 7 1 1 0 1 1 7 2 0 0 0 7 2 2 0 0 0 3 6
454 465 4 0 0 0 3 3 3 1 0 0 2 4 4 0 0 0 0 6 4 0 0 0 0 6
H H H oot —

exchanging amide hydrogens/peptide

exchanging amide hydrogens/peptide

exchanging amide hydrogens/peptide

exchanging amide hydrogens/peptide
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4.1 Abstract

Several recent studies revealed that prenylflavonoids, including xanthohumol (XN),
isoxanthohumol (IX), and 8-prenylnaringenin (8-PN), are capable of modulating lipid
metabolism possibly via modulating the farnesoid X receptor (FXR) activity. This finding
enhanced our interest in studying the interaction between FXR-ligand binding domain (FXR-
LBD) and prenylflavonoids by Hydrogen Deuterium Exchange (HDX) Mass Spectrometry (MS).
Deuterium incorporation profiles were obtained for four prenylflavonoids: XN, IX, 8-PN, and
one derivative of XN, tetrahydroxanthohumol (TX). Comparison of the HDX protection profiles
of FXR-LBD in presence of the diverse prenylflavonoids indicated that modulation of the
conformational dynamics of FXR LBD by prenylflavonoids. In silico molecular docking studies
predicted that the series of prenylflavonoids tested are ligands of the FXR-LBD, in agreement
with the HDX data. We reported the first systematic study of FXR LBD interactions by
prenylflavonoids providing direct support to our hypothesis, that XN and related
prenylflavonoids (IX, 8-PN, and TX) represent a new class of small molecule ligands that bind to

FXR-LBD and affect its structural dynamics in ligand-specific manners.
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4.2 Introduction

FXR has been considered as a highly promising therapeutic target [1] to manipulate
diverse metabolic disorders because of its vital role in regulating expression of genes involved in
bile acid, cholesterol and glucose homeostasis [2, 3]. Like other nuclear receptors, FXR shares
the classical modular architecture of other nuclear receptors: a ligand-binding domain (LBD), a
DNA-binding domain (DBD), and a connecting hinge region [4]. The LBD harbors the canonical
ligand binding cavity. Ligand binding results in conformational changes that control release of
the corepressor proteins and subsequent recruitment of the coactivator proteins. Since
chenodeoxycholic acid (CDCA) was reported as the endogenous FXR agonist in 1999 [5-7],
much research went into the discovery and synthesis of ligands that target FXR [8].

XN, the principal prenylflavonoid in hops (Humulus lupulus L.), has gained attention due
to its “health promoting effects” [9] and research is ongoing in Dr. J. Fred Stevens’ group at
Oregon State University since the 1990°s. Their work significantly contributed to the emergence
of the prenylflavonoids as highly potent bio-active natural products [9]. Other research groups
have reported that XN exhibits anti-inflammatory, anti-oxidant and anti-platelet activity [10-12].
Recent studies have reported that XN shows potential in modulating hyperlipidemia based on the
following experimental observations: XN inhibits expression or activity of the diacylglycerol
acyltansferase [13]; XN inhibits triglyceride synthesis and secretion in HepG2 cells [14]; XN
functions as an FXR agonist in a transient transfection assay, and also determination of the
hepatic gene expression in XN-fed mice suggests that XN acts as an selective bile acid receptor
modulator [15]; XN and IX inhibit lipid accumulation in maturing preadipocytes, possibly partly

by modulating FXR target genes [16].
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A study recently completed by Dr. Adrian Gombart’s group at Oregon State University
showed that XN induced BSEP promoter activity, one of FXR target genes in transfected
HEK293 cells (manuscript in preparation). This induction occurred at a similar level as observed
for chenodeoxycholic acid (CDCA) and guggelsterone (GG) in the transfected cells. These
findings prompted us to study FXR LBD — prenylflavonoid interactions at the molecular level by
utilizing HDX-MS. Over the past two decades, HDX coupled with LC-ESI-MS has emerged as a
powerful technology to probe conformational changes in proteins induced by interactions with
other proteins and small molecule ligands. HDX-MS reports on changes of backbone amide
hydrogen exchange rates which are highly sensitive to the protein structural changes relating to
conformational flexibility, hydrogen bonding strength, and solvent accessibility of protein
surfaces. [17]. In this study, HDX-MS and molecular docking methods were used to test the
hypothesis that XN and related prenylflavonoids, 1X, 8-PN, and TX bind to the FXR-LBD. Our
studies provide for the first time structural information with respect to the molecular recognition
of prenylflavonoids by the FXR-LBD and describe the modulation of the conformational
dynamics of FXR LBD by prenylflavonoids. Our findings indicate that prenylflavonoids
represent an emerging class of potential selective bile acid receptor modulators (SBAMs) that
may provide a scientific basis for utility of XN and related prenylflavonoids as dietary
supplements in prevention and treatment of metabolic disorders.

4.3 Materials and Methods
4.3.1 Materials

Deuterium oxide (D20, 99.9% deuterium) was obtained from Sigma-Aldrich Chemical

Co. (St. Louis, MO). GW4064 and Z-guggulsterone were purchased from Tocris Bioscience

(Bristol, UK). CDCA was purchased from Sigma-Aldrich (St. Louis, MO). The extractions
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and/or syntheses of XN and its derivatives were completed by Dr. Fred J. Stevens research group
(College of Pharmacy in Oregon State University, Corvallis, OR). Briefly, XN crystals were
obtained by recrystallizing HPLC-purified material from an aqueous acetonitrile solution. X-ray
crystal diffraction intensity data were collected by a Bruker Smart Apex CCD diffractometer at
173K using Moka—radiation (0.71073 A). XN-derived compounds were synthesized from 99%
pure XN. Chemical structures of all compounds are shown in Fig. 1. Each compound has over
99% HPLC purity and was prepared as 10 mM stock solution in dimethylsulfoxide (DMSO).
4.3.2 Protein expression and purification

Protein was expressed in Escherichia coli BL 21 (DE23) pLysS with a pET 15B vector
encompassing residues L193 to Q472 which were grown in 2XYT medium with antibiotics
(Ampicillin 150 pg/mL, Chloremphenicol 35 pg/mL) at 37°C to Aggo reached 0.6-0.8. The cells
were allowed to grow for another four hours at 20°C with 0.8 mM IPTG (isopropyl-beta-D-
thiogalactopyranoside) induction to produce an N-terminal Histidine (His6) tagged hFXR LBD
and then harvested by centrifugation, washed and frozen at -80°C.

Isolated protein was purified by affinity chromatography on Clonetech Talon Co?*
polyhistidine affinity resins which was equilibrated with pH 7.3 buffer containing 50 mM
sodium phosphate, 0.5 M NaCl, 0.5 mM CHAPS, 15 mM imidazole, and 0.5 M sucrose. The
His6-tagged protein was eluted with imidazole from the Co®" resin until Asg was less than 0.03,
The protein fractions were analyzed by sodium dodecyl sulfate—acrylamide gel electrophoresis
(SDS-PAGE). The purest fractions were pooled and incubated with thrombin for 48 hours at 4°C
to remove the His6-tag. Subsequently, the protein was additionally purified by a Co®* resin

column with and without imidazole to remove uncut His-tagged protein and the free His6Tag.
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Purified hFXR LBD was collected and concentrated, aliquoted, snap-frozen in liquid nitrogen
and stored at -80°C.
4.3.4 Hydrogen/deuterium exchange mass spectrometry

The recombinant human FXR-LBD (15 pL, 98 uM) was equilibrated for 30 min in H,O
buffer (in 50 mM sodium phosphate, 0.5 M NaCl, 0.5 mM CHAPS, 1 mM TCEP, 0.5 M sucrose,
and 10% glycerol, pH 7.4) at room temperature in absence and presence of each ligand (0.5 pL,
+10 mM ligand). The ratio of ligand to protein was kept at 3.2 as previously described (Chapter
3). The mass spectra of each peptide at different exchange time points were checked manually,
and then their mass isotope distributions and elution time features were evaluated. There was no
evidence that indicated existence of mixed exchange population in our HDX binding studies
(Figure S4.1). To initiate the exchange-in reaction, 10-fold D,O buffer with the same
composition as the above described H,O buffer was added to equilibrate apo protein and holo
protein solutions. Exchange was quenched (pH 2.5, 0 C°) by adding 15 pL 0.42% chilled
phosphoric acid at different reaction time points. Liquid nitrogen was used to flash freeze all
quenched samples for subsequent MS analysis. Experiments were performed in triplicate.

The quenched intact protein were loaded onto a Micro Trap'™ C4 column (1 mm x 8
mm) and eluted with a fast 10-90% (v/v) B gradient in 12 min (solvent A: 0.1% HCOOH in H,0,
solvent B: 0.1% HCOOH in CH3CN, flow rate 40 puL/min). Deuterium level for global protein
was measured by using an LCT ESI-ToF mass spectrometer. HDX information of peptic
peptides was obtained by using a Synapt HDMS instrument equipped with a Waters HDX
module enabling online peptic digestion and “cold” LC separation. Briefly, a Poroszyme®
immobilized pepsin column (2.1x30 mm) was connected with LC system to digest intact protein

with a 100 pL/min solvent (0.05% HCOOH in H,0). The peptides were loaded onto an Acquity
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BEH C18 VanGuard Pre-column (1.7 um, 2.1 x 5 mm) and separated via an Acquity UPLC®
BEH C18 column (1.7 pum, 1.0x100 mm) using the following LC gradient: 8% B to 40% in 6
minutes, held at 40% B for 1 minute, 40% B to 85% B in 0.5 minute, held at 85% B for 1
minute, 85% to 8% in 0.5 minute, and held at 8% B for 3 minutes, resulting in a 12 minutes total
run time (using the same LC solvents as described above for intact protein analysis).
4.3.5 HDX data analysis

The deuterium numbers of the intact protein were directly obtained from the mass
difference between deuterated and nondeuterated protein. Protein mass spectra were analyzed
using MassLynx 4.0 program (Waters Corporation). For obtaining peptide identifications, the
raw data of the undeuterated samples were analyzed in the MS® mode. ProteinLynx Global
Server (PLGS) 2.4 software (Waters) was used for searching against an “in house” protein
database to which the human FXR-LBD sequence was added. After database searching, a
peptide list covering specific protein regions was produced. Peptides that resulted in mass spectra
of high spectral quality and protein sequence coverage were chosen for the subsequently
conducted HDX-MS studies. The deuterium uptake for each peptide and time point was derived
by calculating the differences between the centroid of the deuterated peptide isotope distribution
and the centroid of the undeuterated peptide isotope distribution. This data analysis step was
supported by HDX Browser software (Waters) in conjunction with HX-Express software [18].

The deuterium number of each peptide was normalized to account for differences in

peptide length by applying the following equation 4.1:

m-—m,

D% :( jxlOO% (4.1)
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Where D% is percentage of the deuterium in a peptide; m is deuterated peptide mass; myg is
undeuterated peptide mass; N is total number of the exchangeable amide hydrogens in a peptide.
Because of the high reproducibility of the online pepsin UPLC setup and the comparative nature
of this study we omitted to apply back exchange corrections in accord to other HDX-MS studies

[19-21].

4.3.6 Kinetic Modeling
A six-bin-fixed-rate-constant kinetic model was built by using R software where the sum
of the square error was minimized. The relationship between deuterium uptake and exchange

time can be described by equation 4.2 because the HDX reaction follows first-order kinetics [22].

D= AlL-exp(~k)] -

where D is deuterium uptake; k; is rate constant of deuterium exchange which is fixed to six
values (six bins) ( 10, 1, 0.1, 0.01, 0.001, and 0.0001 min™); A; is amide hydrogen number in a
specific bin; t is incubation time. All peptide deuterium uptake plots were fit with the above
model to obtain local HDX Kinetic profiles for the FXR LBD in presence of different ligands

(Figure S1).

4.3.7 The Hierarchical clustering analysis

The main principle of hierarchical clustering is to iteratively identify two ligands (or
ligand groups) with a highest similarity for their local HDX profile by comparing their deuterium
exchange-in level on each peptide, and cluster them into a ligand group, until all ligands are
clustered into a single group. Initially, each ligand is assigned to its own cluster and then the

algorithm proceeds iteratively, at each stage joining the two most similar clusters, continuing



133

until there is just a single cluster. At each stage distances between clusters are recomputed using
the complete linkage, i.e., the distance between those two elements (one in each cluster) that are
farthest away from each other. A combination of a heat map with a dendrogram is used to

illustrate the arrangement of the clusters produced by the hierarchical clustering.

4.3.8 Molecular docking study

The 3D-coordinates of the FXR-LBD in complex with 3-deoxy-CDCA were retrieved
from PDB ID 10T7 [23] and energetically minimized in the internal coordinate space with
Molsoft [24]. For clarity, the numbers of the relevant amino acids in PDB ID 10T7 file, Arg328,
Ser329, and Tyr366, have been adjusted as Arg331, Ser332, and Tyr369 (UniRef100_B6ZGS9).
Molecular docking was run against the ligand binding pocket of the FXR-LBD as previously
reported [24-27]. In the ICM-VLS (Molsoft ICM) screening procedure, the ligand scoring is
optimized to obtain maximal separation between binders and non-binders. Each compound is
assigned a score according to its fit within the receptor, and this score accounts for continuum
and discreet electrostatics, hydrophobicity, and entropy parameters [28]. The docking protocol
was initially validated by docking 3-deoxy-CDCA into the FXR-LBD. The agonist docked with
a score of -26.63 reproducing the crystallographic binding pose involving interactions with
residues Arg331, Ser332, and Tyr369 [23].
4.4 Results
4.4.1 HDX-MS analysis of intact protein provides indication of molecular recognition of
prenylflavonoids by FXR LBD

To determine the effects of bindings of the four prenylflavonoid compounds on the global

structural dynamics of FXR-LBD, we performed HDX-MS studies of the FXR-LBD. The sum of


http://www.uniprot.org/uniref/UniRef100_B6ZGS9
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the exchangeable amide hydrogens in FXR-LBD construct used in this study is 274. Figure 4.2
depicts the global deuterium uptake plots for the apo protein and the FXR-LBD in presence of
the prenylflavonoid ligands. Comparison of the global deuterium uptake between the apo protein
and the protein in presence of the ligand indicated retardation of exchange of approximately 10
amide hydrogen. The observed exchange protection pointed to an increase in structural
compactness, loss of conformational flexibility, and/or decrease of global solvent accessibility
upon ligand interaction. This let us to speculate that the prenylflavonoids indeed directly interact
with the FXR LBD, and thereby induce conformational stabilization.
4.4.2 Peptide-level HDX protection profiles of FXR-LBD in presence of prenylflavonoid
ligands

Twenty peptides with high quality covering over 85% of the amino acid sequence were
chosen for determining deuterium uptake levels in the different protein systems tested. Peptic
peptides HDX profiles of holo FXR-LBD are presented in Figure 3. The peptides encompassing
the amino acid residues 201-222, 229-241, 256-268, 269-278, 337-347, and 454-465 reached
maximum deuterium uptake level of observable exchange in 30 seconds and deuterium uptake
became relatively constant for the following time points. Regions that are highly solvent
exposed, disordered and/or conformationally highly flexible without stabilizing hydrogen
bonding networks commonly exhibit this type of deuterium exchange pattern. It is noteworthy
that in the FXR-LBD-3-deoxy-CDCA complex crystal structure (PDB ID 10T7) no secondary
structure was assigned to the regions encompassing residues 264-266, 277-278, 339-341, 454-
456, and 459-462. Our observations that the deuterium uptake level of these regions exhibited no
differences in deuterium uptake levels when compared to that of the apo protein is in accord with

the absence of these regions in the cocrystal structure of FXR-LBD-3-deoxy-CDCA complex
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likely due to their conformational flexibilities (Figure 4.4). These results are consistent with the
limitation of X-ray structural analysis technique that regions with high mobility in proteins often
result in large errors during data collections so that it is not feasible to give an accuracy
interpretation [29].

Comparison of peptide-level HDX protection profiles revealed that each tested
prenylflavonoid induced statistically significant protection in the following regions: 288-298,
320-336 , and 361-375 (Figure 4) which is consistent with that these peptides are involved in
forming the typical canonical ligand binding cavity in FXR-LBD. In presence of ligands,
exchanges in those regions were retarded indicating stabilization of the conformational
properties and/or reduced solvent accessibility caused by ligand interaction. The exchange
protection upon ligand interaction was observed for peptide 288-298, which is part of helix 3 and
involved in the coordination of ligands as shown in two crystal structures of FXR-LBD-ligand
complexes (PDB ID 10SH and 10SV). Exchange protection was also observed for the region
348-360 in presence of 8-PN and TX (Figure 4.4). For the regions that displayed retarded
exchange in presence of ligand, kinetic modeling results (Table S4.2) revealed that the
distribution of the amide hydrogens in the six bins was rearranged in presence of the ligands.
Compared to the apo protein, ligand binding decreased the number of the amide hydrogens in the
‘fast exchange rate’ bins (k = 10 and 1 min™) while the number of amide hydrogen that were
grouped into the ‘medium’ (k = 0.1 and 0.01 min™) and the ‘low exchange rate’ bins (k = 0.001
and 0.0001 min™) increased (Table S4.2).

4.5 Discussion
Comparison of the HDX protection profile of XN and TX was used to decipher the

possible effect caused by covalent modification of XN, an electrophile with the potential to
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alkylate nucleophilic groups in FXR LBD (Figure 4.4). MS data analysis showed that multiple
XN molecules can covalently bind with FXR-LBD (Figure S4.3), possibly by a Michael addition
reaction involving the a, B unsaturated carbonyl group (C=0) of XN and SH functional groups
cysteine residue. A comparison of the HDX protection profile (Figure 4.4) showed that the
binding of XN and TX resulted in exchange protection in the following regions: 288-298 (helix
3), 320-328 (helix 6), 328-336 (helix 6), 348-360 (helix 7), 361-367 (helix 8), and 368-375 (helix
8); all are part of the ligand binding pocket in FXR-LBD.

Our molecular docking study demonstrated that XN and TX were able to dock into the
ligand binding pocket of the FXR-LBD with similar scores (Table 4.1), and that both compounds
revealed the same pattern of non-covalent interactions established by the agonist 3-deoxy-CDCA
[23]. Both ligands, similar to 3-deoxy-CDCA, interact with the side chain of residues Arg331,
Ser332, and Tyr369 involving their 4-hydroxyphenyl and 2-OH groups, respectively (Figure
4.6). Overall our data suggested that the covalent binding of XN with FXR-LBD has no effect on
XN binding in FXR-LBD. Notably, this type of irreversible binding between nuclear receptor
and ligand has been considered as an indispensable requirement for Peroxisome Proliferator-
Activated Receptor y (PPARY) activation by natural ligands [30, 31]. Further experiments should
be completed to test whether covalent binding between XN and FXR-LBD plays a role in

directly or indirectly regulating expression of FXR target genes.

To further evaluate how the interactions of the ligands affect the conformational
properties of the FXR LBD, we attempted to find specific binding sites between prenylflavonoid
molecules and the FXR-LBD by molecular docking studies. Data integration of HDX and
docking is demonstrated in Figure 4.6. The average differences in percentage of deuterium level

for the four ligand-bound FXR complexes relative to the apo-protein were overlaid on the X-ray
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crystal structure of the FXR-LBD bound to 3-D-CDCA (PDB ID 10T7) (Fig. 4.6F, G, H, and I,
data compiled in Table S4.1). The HDX profiles of all prenylflavonoids indicated decreased
deuterium incorporation in the following regions: 288-298 (helix 3), 320-336 (helix 6), and 361-
375 (helix 8), which are all involved in forming of the FXR ligand binding cavity (Figure 4.4 and
4.6). The docking data suggested, similar to 3-D-CDCA, the 4-hydroxyphenyl and 2-OH groups
in XN and TX could interact with the side chain of residues Arg331, Ser332, and Tyr369 via the
hydrogen bonds (Figure 4.6B and C), and two amino acids Arg332 and Tyr369 also could form
hydrogen bonding interactions with the carbonyl group (C=0) in I1X and 8PN (Figure 4.6D and
E). Additionally, each prenylflavonoid molecule docked with a favorable energy (negative scores
in Table 4.1). These results suggested that prenylflavonoid-type compounds, like other FXR
ligands, shared similar binding sites and were able to occupy the canonical ligand binding pocket
of the FXR-LBD. XN has been described as a potential ligand of the FXR in 2005 [15], after
that, no further experimental evidence was reported to further promote the role of XN as a
natural ligand acting on FXR. The results reported here provided direct evidence that

prenylflavonoid-type compounds could function as FXR ligands.

Interestingly, our cluster analysis showed that GG and CDCA induced very similar
conformational changes for the FXR-LBD (Figure 4.5) with a major difference that only GG
showed slightly but statistically significant protection for two regions: 201-222 and 229-241.
While amino acid sequence 197-241 [32] in the FXR located in the hinge region between the
DNA binding domain and the LBD has been claimed to involve heterodimer formation with
retinoid X receptor (RXR), and/or interaction between FXR and its target genes [4, 33]. The

regulative role of the hinge region in FXR’s physiological function might be a reasonable
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explanation why GG, as an in vitro antagonist of the FXR, has no antagonistic effects for FXR

target genes in vivo [34].

4.6 Conclusion

This study provides the first direct evidence that XN and related prenylflavonoids are
FXR ligands and are endowed with a structural scaffold that allows targeting the classical FXR
LBD. We reported the binding of four prenylflavonoid-type compounds (XN, IX, 8-PN, and TX)
to the FXR-LBD by means of HDX-MS and molecular docking. In addition, the data suggest
that it is possible, starting from the metabolically unstable compound (XN), to obtain a more
stable derivative (TX) with the same binding properties. Cluster analysis based on ligand-
induced HDX fingerprints was successfully applied to classify ligands into different groups and
extended the list of HDX-enabled nuclear receptor ligand binding studies in which this approach
was successfully applied [35, 36]. The current findings promote further research to explore the
potential of prenylflavonoids as ligands of FXR. We foresee that prenylflavonoids and other
dietary polyphenols [37, 38] may serve as future leads in the development of new synthetic FXR

ligands for prevention and treatment of lipid disorders and metabolic syndrome.
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Tables

Table 4.1. ICM Docking score data into the ligand binding pocket of the human FXR-LBD.
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Figure Legend
Figure 4.1. Chemical structures of the prenylflavonoids used in the present study.

Figure 4.2 Global HDX uptake plots for the apo FXR-LBD in comparison to the FXR-LBD in
presence of ligands. For each ligand tested HDX-MS analysis was conducted in triplicate, and
the error bars represent the standard deviation.

Figure 4.3. Peptic peptides HDX profiles of the holo FXR-LBD. Deuterium exchange-in
percentage is shown at different reaction time points (0.5, 1, 2, 5, 10, 30, and 60 min, from left to
right) for each peptide.

Figure 4.4. Comparison of the HDX protection profiles at the peptide level.

Deuterium exchange-in percentage difference between apo and holo FXR-LBD is shown at
different reaction time points (0.5, 1, 2, 5, 10, 30, and 60 min, from left to right) for each peptide.

Figure 4.5. Cluster analysis of the HDX data for seven FXR-LBD-bound complexes.
The deuterium exchange-in level is from low to high and color-coded from red to green.

Figure 4.6. Top row: Detailed view of the hydrogen bonds formed between ligands and protein.
Docking of (A) TX, (B) XN, (C) IX, and (D) 8PN in human FXR-LBD (PDB 10T7, Molsoft
ICM). Docked ligands are displayed as sticks and colored by atom type, with carbon atoms in
magenta (XN), orange (TX), cyan (IX) and white (8PN); protein residues are displayed as stick
with the carbon atoms colored in green. Secondary structure is displayed as ribbon. Protein-
ligand hydrogen binding interactions are displayed as dashed black lines.

Bottom row: Average differences in deuterium percentage (D%) of seven time points (0.5, 1, 2,
5, 10, 30, and 60 min) are mapped onto the crystal structure of FXR-LBD-ligand complex, PDB
ID 10T7. Regions uncovered by the current experiments are depicted in grey. NS, “not
significant”.



Table 4.1

Ligand

Docking Score

3-D-CDCA

XN

X

8-PN

-26.63

-22.38

-22.03

-11.73

-10.83

Table 4.1 ICM Docking score data into ligand binding pocket of the human FXR-LBD.
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Figure 4.1

Xanthohumol (XN) 8-Prenylnaringenin (8-PN)

HO OH O

OH

Isoxanthohumol (1X) Tetrahydroxanthohumol (TX)

Figure 4.1 Chemical structures of the prenylflavonoids used in the present study



144

Figure 4.2
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Figure 4.2 Global HDX uptake plots for the apo FXR-LBD in comparison to the FXR-LBD in
presence of ligands.
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Figure 4.3
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Figure 4.4
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Figure 4.5
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Figure 4.6
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Figure S4.1 Mass spectra for peptides demonstrating evolution of deuterium

incorporation into peptic peptides.
The partial sequence of each peptide is depicted at the top of each panel. Deuteration
times (0, 0.5, 1, 2, 5, 10, 30, 60 mins) are denoted in each panel.
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Figure S4.2 Deuterium incorporation level for each peptide at seven exchange-in time

points

(0.5, 1, 2, 5, 10, 30, 60 min). Each data point shows the error bar based on the three
experimental replicates. Color code: apo-FXR-LBD, red; XN, blue; IX, green; 8-PN,

black; TX, yellow.

201-222

e}

[
1
B il
bt
-

s
o
e
T T T T T T T
0 10 20 30 40 50 60
Time Points (min)
229-241
T -
(PR (B0 o i R e R S e -
=2

o
~ -
o
T T T T T T T
0 10 20 30 40 50 60
Time Points (min)
242-255
P
o
. o
o =

T T T T T T
20 30 40 50

=
=

Time Points (min)

60

Deuterium Uptake

Deuterium Uptake

Deuterium Uptake

256-268

T T T T
30 40 50 60

o
=
)
=1

Time Points (min}

269-278
_W@ i "('_,;_'4—-4";‘—'—'—'7"*)—‘__‘“' g A—Aﬂ—
FxE = :
I * *
-
T T T T T T T
0 10 20 30 40 50 60

Time Points (min)

288-298

2
e
B
:
ar
¥
+
T T T T T T T
0 10 20 30 40 50 60

Time Points (min)




Deuterium Uptake

Deuterium Uptake

Deuterium Uptake

Deuterium Uptake

25

20

05 10

0.0

299-316

o -

Time Points (min)

320-328

40

50

60

=

30

Time Points (min)

328-336

40

50

60

0 10 20 30 40 50 60
Time Points (min)
337-347
o e R S B L LS i SN L T SUTEE S L S B S P LS
O
T T T T T T T
a 10 20 30 40 50 60

Time Points (min)

Deuterium Uptake

Deuterium Uptake

Deuterium Uptake

Deuterium Uptake

05 10 15 20 25 a0

0.0

20 25 30 35

15

10

05

0.0

25

2.0

1.0

05

0.0

162

348-360

Time Points (min)

361-367

el

T T T T T T T
30 40 50 60

=)
o
=]
r
=)

Time Paoints (min)

368-375

T T T T T T
20 30 40 50 60

=
=)

Time Points (min)

388-396

T T T T
20 30 40 50 60

=
=)

Time Points (min)



163

434-440

397-405

i

i

T

aEldr Wnysnag

§T 0Z g ol g0 0o
ayeydn wnuanag
T T T T T T T
e GZ 0T &L 0L &0 00

60

50

40

30

20

10

60

50

40

30

20

Time Points (min)

Time Points (min)

440-451

406-412

oe =4 oz Gl oL 50 oo
sEpdn Wnusnag
T T T T
Sl ol S0 oo

ayeydn wnyainag

60

50

40

30

20

10

60

50

40

30

20

10

Time Points (min}

Time Points (min)

454-465

419-433

e Wnusnag

60

50

40

30

20

10

i
i
%

rhﬁl
i
f_w..._xm_wx

T T T
¥ £ 4

ayeydn Wwnusneq

Time Points (min)

20 30 40 50 60

10

Time Points (min)



164

Figure S4.3 The covalent modification of XN with the FXR-LBD.
(A) The proposed Michael addition reaction between a a, B unsaturated ketone group in XN and

a SH functional group of a cysteine residue in the FXR-LBD.
(B) The mass spectra demonstrating multiple XN molecules covalently bind with FXR-LBD

following the increase of reaction time.
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Table S4.1 Average differences in deuterium incorporation levels for each of the peptide used in the current HDX-MS study
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The values were obtained by averaging the differences in deuterium levels across the seven reaction time points (0.5, 1, 2, 5, 10, 30 to
60 min) used in the current time course study. A negative percentage indicates the increase of protection against deuterium exchange-
in upon ligand binding and a positive number indicates less protection in a particular region of the FXR-LBD ligand complex.

Deuterium level differences of regions with p<0.001, calculated by two-way ANOVA, are statistically significant.

Structure® Residue® Charge® apo? XN-apo® P-valve IX-apo' P-valve 8PN-apo® P-valve TX-apo" P-valve
H1(-) 201-222 3 34% -1% 0.707 2% 0.028 0% 0.845 2% 0.012
H1(-) 229-241 2 38% 0% 0.945 2% 0.017 1% 0.523 3% 0.025

H1 242-255 2 42% -1% 0.210 -1% 0.048 -1% 0.058 0% 0.208
H1-H2 256-268 2 51% -1% 0.263 1% 0.078 -1% 0.075 1% 0.233
H2-H3 269-278 2 51% -1% 0.459 1% 0.037 -1% 0.045 0% 0.397

H3 288-298 2 40% -8% <0.001 -3% <0.001 -9% <0.001 -10% <0.001
H3-H6 299-316 3 31% -1% 0.108 0% 0.306 0% 0.467 -1% 0.003

H6 320-328 1 38% -7% <0.001 -5% <0.001 -7% <0.001 -9% <0.001

H6 328-336 2 44% -9% <0.001 -6% <0.001 -7% <0.001 -9% <0.001
H6-H7 337-347 2 29% 0% 0.768 2% 0.002 0% 0.833 2% 0.013

H7 348-360 2 44% -1% 0.017 0% 0.452 -4% <0.001 -3% <0.001

H8 361-367 1 49% -3% <0.001 -2% <0.001 -5% <0.001 -6% <0.001

H8 368-375 2 35% -3% <0.001 -3% <0.001 -5% <0.001 -5% <0.001

H9 388-396 2 29% -2% <0.001 -1% 0.005 -3% <0.001 -3% <0.001

H10 397-405 2 32% -1% 0.005 -2% <0.001 -2% <0.001 -3% <0.001

H10 406-412 1 19% -3% <0.001 -5% <0.001 -4% <0.001 -6% <0.001

H11 419-433 3 32% 0% 0.711 0% 0.326 -1% 0.028 1% 0.014

H11 434-440 1 33% -1% 0.083 -1% 0.021 -2% 0.011 -1% 0.028

H11 440-451 2 21% 0% 0.111 1% 0.004 -1% 0.004 1% 0.002

H11-H12 454-465 2 40% 0% 0.909 1% 0.030 -1% 0.033 1% 0.004
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a) The structure segment of each peptide based on the FXR-LBD-3-D-CDCA X ray structure (PDB:10T7) without contain the first
two peptides (201-222, 229-241).

®) " Residue numbers for the full-length FXR-LBD (UniRef100_B6ZGS9)

9 Charge state of each peptide observed in the LC-MS experiment.

9" Deuterium level of each peptide in apo FXR-LBD.

©  Deuterium level difference percentage between XN and apo FXR-LBD.

" Deuterium level difference percentage between IX and apo FXR-LBD.

9 Deuterium level difference percentage between 8-PN and apo FXR-LBD.

" Deuterium level difference percentage between TX and apo FXR-LBD.


http://www.uniprot.org/uniref/UniRef100_B6ZGS9
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Table S4.3 Average deuterium exchange-in levels of each peptide for the FXR-LBD with presence and absence of ligands
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The values were obtained by averaging deuterium exchange-in levels across seven reaction time points (0.5, 1, 2, 5, 10, 30 to 60 min)
used in current time course study.

Peptide

apo-FXR-LBD

GW4064

CDCA

GG(Z)

XN

X

201-222
229-241
242-255
256-268
269-278
288-298
299-316
320-328
328-336
337-347
348-360
361-367
368-375
388-396
397-405
406-412
419-433
434-440
440-451

454-465

34%
38%
42%
51%
51%
40%
31%
38%
44%
29%
44%
49%
35%
29%
32%
19%
32%
33%
21%
40%

35%
37%
38%
49%
50%
20%
25%
26%
28%
30%
34%
39%
25%
24%
27%
9%
30%
26%
18%

40%

33%
35%
38%
48%
49%
34%
27%
31%
38%
28%
39%
44%
31%
26%
28%
14%
30%
29%
19%

39%

30%
32%
37%
45%
46%
31%
26%
30%
36%
26%
37%
44%
29%
24%
27%
13%
30%
30%
19%

38%

34%
37%
41%
50%
50%
32%
30%
31%
36%
30%
42%
46%
32%
27%
31%
16%
32%
32%
21%

40%

36%
40%
41%
52%
52%
37%
30%
33%
38%
31%
45%
48%
32%
27%
31%
14%
32%
32%
21%

41%

35%
38%
41%
50%
50%
31%
31%
31%
37%
29%
41%
44%
30%
26%
30%
15%
31%
31%
20%
40%

37%
40%
41%
51%
51%
30%
30%
29%
36%
31%
41%
43%
30%
26%
30%
12%
34%
32%
22%
42%
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5.1 Abstract
Xanthohumol (XN), one of the principal prenylflavonoids of the hop plant, has been
reported to be a ligand of human farnesoid X receptor (hFXR) and to be involved in lipid
metabolism. Therefore we hypothesized that the related prenylflavonoids, including
isoxanthohumo (1X), 8-prenylnaringenin (8-PN), and tetrahydroxanthohumol (TX), are also
ligands of hFXR. The interactions between these compounds and the hFXR ligand binding
domain (LBD) have been studied by the intrinsic fluorescence quenching method that occurs
upon complex formation. The analysis of quenching data showed that each compound strongly

quenches the tryptophan fluorescence in the hFXR-LBD primarily through a static quenching
mechanism. The apparent dissociate constants K, for three prenylflavonoids XN, X, and 8-PN

with hFXR-LBD were 2.7+£0.1 uM, 5.9+0.3 uM, and 2.2+0.0 uM, respectively, demonstrating
low affinity interactions between these prenylflavonoids and the receptor protein. Scatchard plots
and Hill plots analysis revealed that hFXR-LBD has more than one ligand binding site for X and
8-PN. A comparison of the molecular volume between the currently studied compounds and
eight well known typical FXR agonists suggested that hFXR-LBD has a tendency to exceed one-
to-one ligand binding stoichiometry for compounds with a smaller volume (<350 A%). Our
results show that all of the tested prenylflavonoids are low affinity ligands of FXR. The findings
obtained here may help us not only to explain some of the peculiar biological activities of
prenylflavonoids, but also to design and develop new hFXR ligands which have already showed

a potential ability to manipulate FXR’s regulation of metabolic networks.
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5.2 Introduction
FXR is a bile acid activated receptor and plays a vital role in the regulation of bile acid
biosynthesis and transport, in cholesterol, lipid and glucose metabolism [1]. As a potential drug
target, FXR ligands currently under preclinical investigation strongly suggests that they play a
therapeutic role in the treatment of cholestasis, dyslipidemic disorders, and show a potential
utility in the treatment of insulin resistance in patients with metabolic syndrome, type 2 diabetes
and non-alcoholic steatohepatitis [2, 3]. Hence, the design and development of small molecules

targeting FXR is a very promising approach to treat various metabolic diseases [4].

Xanthohumol (XN) (Figure 5.1) is the principal prenylflavonoid found in the hops
(Humulus lupulus L.) which are added in beer for bitterness and flavor. XN is mostly converted
into its isomer, isoxanthohumol (1X) (Figure 5.1) during wort boiling, which has distinctly better
solubility [5], and is the primary reason why X is the most abundant prenylflavonoid found in
beer [6]. 8-prenylnaringenin (8-PN) (Figure 5.1), another prenylflavonoid found in the hops, has
been identified as one of the most potent phytoestrogens to date [7]. The chemistry, biological
activity and biotechnological aspects of these prenylflavonoids have been reviewed [8-10].
Interesting, studies suggest XN is a natural ligand for FXR and ameliorates lipid and glucose
metabolism in mice [11]. Yang et al reported that both XN and IX inhibit lipid accumulation in
maturing preadipocytes, and they proposed regulation of adipogenesis by XN might be at least
partly mediated by modulating FXR target genes [12]. Another investigation showed that XN
can inhibit triglyceride synthesis and secretion in HepG2 cells [13]. All these researches imply

that XN is involved in lipid metabolism, possibly by interacting with FXR.

Guggulsterone (GG) (Figure 5.1) has been identified as the key active ingredient in the

gum resin of the tree Commiphora mukul which has been used to treat hypolipidemia in India
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since 1987 [14]. Subsequent studies have shown that GG is an in vitro antagonist of FXR and the
FXR antagonism by GG has been proposed as a mechanism for its hypolipidemic effect and
cholesterol-lowering activity [15-17]. A number of studies relating to the biological activity of
GG, both in animal models and human clinical tries, have focused primarily on its effects on
lipid metabolism [16, 18, 19]. In addition, the combination of GG and XN is more potent in
exerting anti-obesity effects than the additive effects of the individual compounds [20].
Internationally, GG has received considerable attention, and as a result several other biological

activities have been uncovered [21, 22].

Based on previous studies and the ability of FXR to bind various compounds not
structurally related to bile acids because of the very high flexibility of hFXR-LBD, we
hypothesized that the three prenylflavonoids (XN, 1X and 8-PN) and a XN derivative (TX)
(Figure 5.1) are all potential ligands of FXR. The hFXR-LBD contained two tryptophan residues,
tryptophan 454 and tryptophan 469, located in the helix 11 and helix 12, respectively.
Tryptophan fluorescence is highly sensitive to its local environment in solution and its emission
spectra are often altered due to protein conformational transitions, subunit association, substrate
binding, or denaturation [23]. Intrinsic fluorescence titration has been used for studying protein
structure and dynamics, and is regularly used for investigating ligand/receptor interactions [24-
26]. In this work, we used intrinsic fluorescence quenching methodology to investigate the
interaction between these compounds and FXR, and we attempt to clarify the quenching
mechanism, to determine their apparent dissociate constants, and to find out how the exposure
and environment of tryptophan residues in FXR are impacted by their presences. We also used
two well studied ligands of FXR - the in vitro antagonist GG and the endogenous agonist

chenodeoxycholic acid (CDCA) - as comparative ligands.
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5.3 Materials and methods

5.3.1 Materials
Deuterium oxide (D,0, 99.9% deuterium), CDCA and GG were purchased from Sigma-

Aldrich Chemical Co. (St. Louis, MO, USA), Tocris (Ellisville, MO, USA), and ChromaDex™
Corporate (Irvine, CA, USA), respectively. XN and related prenylfalvonoids were kindly
provided by Dr. F.J. Stevens (College of Pharmacy in Oregon State University, Corvallis, OR).
Each compound has over 99% pure (as determined by HPLC) and was dissolved in
dimethylsulfoxide (DMSO) and prepared as 10 mM stock solution. All other materials were
available from standard commercial sources.
5.3.2 Cell growth and purification of hFXR LBD

Escherichia coli BL 21 (DE23) pLysS with a pET 15B vector containing hFXR LBD
(residues from L193 to Q472) were grown in 2XYT medium with antibiotics (Ampicillin 150
pg/ml, Chloremphenicol 35 pg/ml) at 37°C untill Agy reached 0.6-0.8 and were then induced at
20°C with 0.8 mM IPTG (isopropyl-beta-D-thiogalactopyranoside) for four hours to produce a
N-terminal Histidine (His6) tagged hFXR LBD. The centrifuged pellets were resuspended in cell
wash buffer (50 mM Tris pH 7.0, 150 mM NaCl, 10% sucrose), recentrifuged, and frozen at -
80°C. The frozen pellet was resuspended in 50 mM sodium phosphate, pH 7.3, 0.5 M NaCl, 0.5
mM CHAPS, 15 mM imidazole, and 0.5 M sucrose (buffer A) and then was sonicated,
centrifuged and the supernatant saved. Clonetech Talon Co®* polyhistidine affinity resin was
equilibrated with buffer A (1.5 mL resin/liter of culture medium). After samples for gel
electrophoresis analysis were removed, the remaining supernatant was mixed with the affinity
resin and shaken at 4°C for 45 minutes to bind the His6 tagged proteins. A column was packed
with the protein-bound resin and washed with 10-15 column volumes of buffer A until Axgo IS

less than 0.03. The proteins were eluted with buffer A with 200 mM imidazole and the fractions
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were run on the sodium dodecyl sulfate—acrylamide gel electrophoresis (SDS-PAGE) and the

purest fractions were pooled.

The hFXR-LBD His6-Tag was removed slowly and incompletely (85-90%) by
incubation for 48 hours at 4°C in the presence of thrombin. The uncut His6-Tagged hFXR LBD
and the free His6-Tag were removed by diluting the sample 10 fold with buffer A without
imidazole and binding to the reequilibrated Histidine Co++ resin again. The flow-through was
collected, concentrated to 3.23 mg/mL (98uM) with an Amicon Ultra centrifugal filter, made to
10% with glycerol and 1 mM TCEP, aliquotted, frozen with liquid nitrogen and stored at -80°C.
The protein purity (over 95%) was judged by SDS-PAGE.

5.3.3 Fluorescence quenching experiments

A LS 50 luminescence spectrometer (Perkin Elmer) was used to measure steady state
fluorescence. The monochromator slitwidths for excitation and emission were both set to 3.5 nm.
For the fluorescence titrations, the protein sample was allowed to equilibrate for three minutes
after each addition of ligand, and was excited at 295 nm to minimize the fluorescence
contribution of tyrosine residues and the emission spectra were acquired from 305 nm to 480 nm.
The ligand-hFXR-LBD interactions were studied by an intrinsic fluorescence titration method
where 10 uM proteins (50 mM sodium phosphate, 0.5 M NaCl, 0.5 mM CHAPS, 1 mM TCEP,
0.5 M sucrose and 10% glycerol, pH=7.4, 400 pL) was titrated with 1000 uM ligands until the
ligand/protein ratio reached 5 to 1. Before analysis of the binding and quenching data,
fluorescence spectra were corrected (Fcor) for the background fluorescence of the specific ligand
Fg, the instrument-dependent monochromator and photomultiplier response emission correction
factor Fs, and dilution factor A: Feor = (Fo-Fg) X 100xA/Fs where Fy is the measured fluorescence

intensity. All measurements were performed at 25°C and repeated three times.
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5.3.4 Data analysis
For binding property studies, quenching data were analyzed according to the well-known
Stern-Volmer equation [23] which described quenching process between protein and quenchers:

Fo

E =1+ Ky [Q] (5.1)

where F, and F are the fluorescence intensities in the absence and presence of quenchers
(ligands), respectively; [Q] is the concentration of quencher. K, is the Stern-Volmer constant,
which is related to the bimolecular quenching constant k,, and 7,is the lifetime of the

fluorophore in the absence of quencher. K, is given by:

Kev =K, 70 (5.2)

A linear Stern-Volmer plot of % versus [Q] usually indicates that all the tryptophan residues in
the protein are equally accessible to the quencher.

The Stern-Volmer plots with downward curvature and concave towards the x-axis is an
indicative that only the fraction of the tryptophan residues are accessible to the quencher, and can

be analyzed by using the Lehrer model [27], i.e. the modified Stern-Volmer equation:

FO — 1 +i (53)
F—-F f[QIK,, f

a

where f, is the fraction of the total tryptophan residues accessible to quencher.
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Non-linear Stern-Volmer plots with upward curvature and concave towards the y-axis are
characteristic of a combination of static and dynamic quenching, and can be analyzed by the

following equation [23]:
T~ (14 Ko QDA+ K [QD (5.4)

where K is the dynamic quenching constant and Kg is the static quenching constant.

For binding equilibrium analysis, binding data were analyzed by fitting the curve to the Hill

equation [28]

I:0 -F — [L]n (5 5)
o Kg+[LT '

where K, is the apparent dissociation constant, a parameter describing affinity between protein

and ligand; n, the Hill coefficient, describes the cooperativity of independent ligands binding to

multiple equivalent binding sites on protein.

All data fits, linear regression and non-linear regression, were performed with the GraphPad
Prism software program and gave correlation coefficient (R) values exceeding 0.99.
5.4 Results
5.4.1 Intrinsic Fluorescence of apo hFXR-LBD and holo hFXR-LBD

To investigate whether our hFXR-LBD construct would bind and interact with ligands
under the desired experimental conditions, we firstly added GG and CDCA, two well known
ligands of hFXR, individually to the protein sample and measured the changes of tryptophan
fluorescence intensities under the emission Amax. When excited at 295 nm, apo hFXR-LBD

exhibited significant intrinsic fluorescence in the range 305-480 nm with maximum emission
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wavelength at 343 nm (Figure 5.2). GG titration of hFXR-LBD showed a concentration-
dependent quenching without any changes in the emission Anax and spectra’s shape (Figure 5.2),
which suggests a direct hFXR-LBD-GG interaction with the tryptophan residues involved the
binding. On the other hand, only subtle fluorescence intensity changes (+3%) were observed
during CDCA titration of hFXR-LBD, suggesting the microenvironment of tryptophan residues
in the hFXR-LBD was either unchanged or only slightly changed, as consistant with a recently

study [29].

Under the same experimental conditions, there was a distinct decrease in the fluorescence
intensity at 343 nm when hFXR-LBD was titrated with XN and its derivatives (Figure 5.2).
When the molar ratio of compound and hFXR-LBD was 1:1, hFXR-LBD fluorescence was
quenched by 78%, 51%, 68%, and 72% in the presence of XN, 1X, 8-PN, and TX respectively,
suggesting the quenching ability of these compounds is XN > TX > 8-PN > IX. Blue shifting of
the emission Amax, 343 nm — 330 nm for XN and 343 nm — 338 nm for TX, were observed with
the presence of XN and TX (Figure 5.2) suggesting that upon ligand binding the tryptophan
residues were placed in a more hydrophobic microenvironment possibly caused by exclusion of
solvent at the binding sites of XN and TX. In addition, the addition of IX and 8-PN caused
obvious red shifts from 343 nm to 364 nm and from 343 nm to 368 nm repectively (Figure 5.2),
even exceeding the emission Amax (350 nm) of the free tryptophan residue [30], suggesting one or
more tryptophan residues in hFXR-LBD were exposed to solvent to a higher degree. Moreover,
the existence of an isosbestic point in the spectra from the IX titration at 405 nm might suggest

that 1X was present at equilibrium in both the bound and unbound form.
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5.4.2 Binding mechanism of ligand to the hFXR-LBD

In fluorescence titration experiments probing ligand/receptor interaction, any observed
fluorescence quenching might be due to dynamic quenching (diffusive collisions) and/or static
quenching (the formation of a ground-state complex). To determine the quenching mechanism in
the process of the ligand binding in the hFXR-LBD, the equation (5.1) was used to analyze the
quenching data (Figure 5.3). Of the four ligand-hFXR-LBD complexes under study, the
fluorescence quenching plots of IX and 8-PN were linear, indicating that the two tryptophan
residues in hFXR-LBD were accessible to these two ligands equally [23] and just a single type of
quenching occurred, either dynamic or static [24]. For XN, the Stern-Volmer plot exhibited a
slightly upward curvature (Figure 5.3) which is a characteristic of a combination of both
dynamic and static quenching [23]. The downward curving plot (Figure 5.3) obtained for GG
titration suggested that a fraction of tryptophan residues (in this case one tryptophan residue) was

shielded from GG [27]. By fitting the experimental quenching data from the GG titration to
equation (5.3) (Figure 5.4), the f, value 0.53 was obtained, indicating that just half of

tryptophan residues in hFXR-LBD was accessible to GG, i.e. only one tryptophan residue was

involved in the interaction between protein and ligand.

The magnitude of K, often can be used to differentiate between dynamic and static
quenching [31-36] based on the fact that if the bimolecular quenching constant k, is larger than
the maximal diffusion-controlled quenching constant of 1 x 10'° M*S™ [23], a decrease in the
fluorescence intensity is caused mainly by the formation of a non-fluorescence complex and/or
the existence of a specific kind of binding interaction [23]. The k,values (Table 5.1) were
calculated by the equation (5.2), where the average lifetime 7, of the native tryptophan

fluorescence of protein was taken to be three nanoseconds [37]. The bimolecular quenching
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constants k, (Table 5.1) of IX, 8-PN, and GG fluorescence titration experiments were three
orders of magnitude larger than the maximal expected value of k_, suggesting that dynamic

quenching was not responsible for the reduction of fluorescence intensity. Interestingly, based on

the dynamic quenching constant K, derived by fitting the quenching data from the XN titration
to the equation 5.4, calculated k, was 2x10** M, 20 times bigger than 1x10'° M™*S™ (Table 5.1)

which suggests the presence of another specific binding site located near the tryptophans.
5.4.3 Analysis of hFXR-LBD-ligand equilibrium binding data

The Scatchard plots of the hFXR-LBD-ligand equilibrium binding data were shown in
Figure 5.5 and the equilibrium binding parameters were determined by the best fit to the Hill
equation (5.5) (Figure 5.6, Table 5.2). For the titration of the hFXR-LBD-XN complex the
Scatchard plot was linear and the Hill coefficient was determined to be 1.02, suggesting that
there is just one independent type of binding sites or that no binding cooperativity in the case of
multiple binding sites. However, for 1X, 8-PN, and GG, the hFXR-LBD titrations exhibited
concave-upward Scatchard plots and Hill coefficients of 0.86, 0.78, and 0.50, respectively,
indicating the presence of multiple binding sites with different dissociate constant and negative
cooperativity in terms of ligand binding [38].

K, is a parameter describing how tightly the ligand binds to its receptor. The magnitude

of the apparent dissociation constant for each of these prenylflavonoid compounds is micromole,

implying that they are low affinity binders of the hFXR-LBD, which is consistant with our
hydrogen/deuterium exchange data (chapter 3). Additionally, the K, of the GG-hFXR-LBD
complex was determined to be 5.4 pM, similar to the previously reported K, that was

determined by radioligand binding assays method [40].
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5.5 Discussion

From the fluorescence spectra of each of the four ligand-protein studied, fluorescence
quenching of hFXR-LBD was observed from the first addition of the compounds, indicating that
a high affinity binding site in hFXR-LBD is located close to the two tryptophan residues in the
receptor protein. These results are consistent with the hFXR-LBD-GW4064 crystal structure
(PDB ID 3DCT) in which both tryptophans are involved in the formation of a hydrophobic
binding cavity. As discussed above, the interaction between hFXR-LBD and compounds under

study exhibited the characteristics of a static quenching mechanism. In this case, the Stern-

Volmer constant K, could be represented by the binding constant, which is the reciprocal of

the dissociate constant K, [23]. K, values for each compound were determined from the Stern-

Volmer equation (5.1) and the Hill equation (5.5), and listed in Table 5.2 for comparison. From

these results, we found the apparent dissociation constants calculated by above two equations
agreed well with each other, suggesting the K, values determined here to be reliable.

The Stern-Volmer plot of hFXR-LBD interaction with XN revealed the existence of both
dynamic and static quenching at high ligand concentrations, which were also previously
observed in the interaction of flavonoid compounds with bovine serum albumin and bovine milk
xanthine oxidase as well [35, 36]. In addition, Kaldas et al reported that the flavonoid quercetin

can covalently bind with human serum albumin (HSA) [41]. The k, value determined for XN in

table 5.1 implied the presence of a specific binding site in close proximity to the tryptophan
residues and a ground-state complex formation. The chemical structure of XN contains a a,p3-
unsaturated ketone moiety which can potentially modify nucleophile sites — such as the sulfide
group of cysteine residues in the hFXR-LBD. Importantly, the covalent binding of XN to

cysteine residues in hFXR-LBD was confirmed by mass spectrometry (Figure 5.7). Therefore,
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we propose that XN binds to Cys466, which is located in close proximity to Try469, and that this
covalent interaction is responsible for the dynamic quenching observed in the XN- hFXR-LBD
complex. Interesting, similar covalent interaction also were found in nuclear receptor peroxisome

proliferator-activated receptor-y (PPARY)-ligand interaction [42, 43].

Scatchard plots are used extensively to study the binding data of ligand-receptor
interactions [44-46]. The results reported in this study suggested, in addition to the canonical
liand binding cavity in FXR, that there might be additional ligand binding sites in hFXR-LBD. It
is worth noting that Meyer et al. identified a novel and potential binding pocket for GG in FXR
in their molecular modeling study, and that this pocket encompassed part of Helix1, the loop
region between Helix 1 and Helix 2, Helix 3, Helix 5 and Helix 8 [47], which is in good
agreement with our mass spectrometry hydrogen/deuterium data (chapter 3). When our binding

data of hFXR-LBD complex with IX, 8-PN, and GG were fit to a two binding sites model

system, the values of K, were found to be K,;=1.4 uM and K,, = 18.3 uM for IX, K, =1.7

UM and K,, = 40.3 uM for 8-PN, K,;;=2.2 pM and K,, = 24.5 uM for GG (correlation

coefficients R in excess of 0.99). Evidences implying that GG can compete with CDCA for
binding the FXR ligand binding domain and inhibit FXR activation in vitro has been
reported[17], and the similar dissociation constant of GG (2.2 uM) and CDCA (3.57 uM) [39]
gave a reasonable explanation for their competitive binding in solution. In addition, although
exhibiting relatively weak affinity, the existence of a second binding site may explain some of
the biological activities of prenylflavoniods on lipid metabolism as well as some of the

distinctive characteristics of GG observed when acting on the FXR [48, 49].
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The intrinsic volume of FXR ligands was determined via online calculation
(www.chemicalize.com). The volumes of known FXR agonists are at least larger 40 A® than that
of each prenylflavoniod in current study (Table 5.3). At the level of molecular interaction, the
volume of a molecule is considered as an important feature of the natural nuclear receptor
ligands that has been conserved through evolution [50]. Mi et al. proposed a physical-shape
discrimination mechanism employed by FXR, that the recognization of the FXR ligand binding
pocket by bile acids depended on both their nonplanar shapes and amphipathic physiochemical
properties [51]. The x-ray crystal structures of the FXR-LBD-high affinity synthetic ligands
(Group B in Table 5.3) complexes demonstrate, despite the chemical structure diversity of the
FXR ligands, that ligands are only tightly bound in the canonical ligand binding site in FXR. On
the other hand, despite the lack of a published X-ray structure available for an endogenous
agonist CDCA-bound FXR complex, the interaction between FXR and CDCA as investigated by
the mass spectrometry hydrogen/deuterium exchange method suggested CDCA only binds in the
canonical binding cavity in hFXR-LBD as well (chapter 3). In contrast to the classical concept
for nuclear receptor antagonism requiring antagonists larger than the endogenous agonists [52,
53], the FXR antagonist GG has much smaller volume (312.8 A®) compared with CDCA (404.6
A®) (Table 5.3). As mentioned earlier, there is now evidence that there might be two ligand
binding sites in hFXR-LBD, and their volumes are 1075 A2 for the canonical binding site and
650 A3 for the noncanonical binding site, respectively [47]. These results suggest that a
compound with the smaller volume, possibly < 350 A3, has the potential to occupy both ligand
binding sites in hFXR-LBD. Taken together, we proposed that the actual physical volume of a
ligand is an important aspect to take into consideration during the design and development of the

FXR modulators which show promise to therapy or to prevent metabolic disorders and diseases.
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Our results imply that the existence of the noncanonical binding site in the hFXR-LBD could

explain the especial characteristics attributed to GG acting on gene selective modulation.

5.6 Conclusion
This work represents the first reports the interactions of the FXR-LBD with

prenylflavonoids studied by intrinsic fluorescence quenching techniques. The fluorescence
intensity changes in the tryptophan residues of the hFXR-LBD in the presence of XN, IX, 8-PN,
TX, and GG, indicate one high affinity ligand binding site in close proximity to the tryptophan
residues in the receptor protein. In addition, we determined that the quenching mechanism of
XN, IX, 8-PN, and GG bound to the hFXR-LBD is mainly through static quenching and thus is
evidence for the formation of ground state protein-ligand complexes. The quenching data
analysis of XN binding with hFXR-LBD suggests the combination both static and dynamic
quenching, and that the later is caused by covalent binding between XN and hFXR-LBD. The
values of apparently dissociation constant K, suggest that XN, I)X, and 8-PN are the low affinity
ligands for hFXR-LBD. Our equilibrium binding data analysis also reveals the actual ligand size
is an important factor that affects the interaction between ligand and protein. The studies
presented here provide novel insights into the molecular mechanism that occurs when ligands

bind to FXR and may help in the design and development of new FXR modulators.
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Figures

Figure 5.1 Chemical structure of the four ligands

Figure 5.2 Fluorescence emission spectra of hFXR-LBD in the presence of different ligands

Figure 5.3 The Stern-Volmer plots of hFXR-LBD quenching by the different ligands

Figure 5.4 Modified Stern-Volmer plots for GG and XN quenching of hFXR-LBD

Figure 5.5 Scatchard plots of the hFXR-LBD-molecule binding data

Figure 5.6 Hill plots of the hFXR-LBD-molecule binding data

Figure 5.7 Mass spectra of XN exhibiting covalently binding to hFXR-LBD
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Table 5.1 The Stern-Volmer constant (K, ), the fraction of fluorophore accessible to the
quencher ( f,), the bimolecular quenching constants (k, ), the dynamic quenching constant (K, )

and the static quenching constant (Kg) of the hFXR-LBD-ligand systems. These values were

obtained by Equation 5.1 for IX and 8-PN, Equation 5.3 for GG (marked with *), Equation 5.4
for XN (marked with **) and Equation 5.2 for all ligands.

Table 5.2 Hill coefficient n, and the apparent dissociation constant K, (uM) for different

ligands with hFXR-LBD. K,* was calculated from K, or K which are the binding constants
under the static quenching mechanism.

Table 5.3 Comparison of different ligand volumes. Volume values calculated from
www.chemicalize.org (ChemAxon). The x-ray crystal structures of the FXR-LBD-ligand in
group A are unavailable, whereas the x-ray crystal structures of the FXR-LBD-ligand complexes
in group B are available.
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Figure 5.1

Xanthohumol (XN) 8-Prenylnaringenin (8-PN)

OH

Isoxanthohumol (1X) Tetrahydroxanthohumol (TX)

Figure 5.1 Chemical structure of the four ligands
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Figure 5.2 Fluorescence emission spectra of hFXR-LBD in the presence of different ligands
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Figure 5.3
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Figure 5.6
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Figure 5.7
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Figure 5.7 Mass spectra of XN exhibiting covalently binding to hFXR-LBD
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Table 5.1
Kgy x 10° (M) f, Ksx10°(M") K x10" (M7s™) R?
GG* 2.53£0.13 0.53:0.02 8.43:0.43 0.9983
XN** 0.006:0.003 (K ) 3.25£0.32 0.02+0.01 0.9931
IX 1.15£0.02 3.83£0.07 0.9922
8-PN 1.94£0.05 6.4710.17 0.9952

Table 5.1 The Stern-Volmer constant (K, ), the fraction of fluorophore accessible to the

quencher ( f,), the bimolecular quenching constants (k,), the dynamic quenching

constant (K, ) and the static quenching constant ( K ) of the hFXR-LBD-ligand



Table 5.2

r‘lH
GG 0.50+0.02
XN 1.02+0.02
IX 0.86+0.02
8-PN 0.78+0.01

Kd (LM)
5.4+0.3
2.7+0.1
5.9+0.3

2.2+0.0

Kd * (uM)

4.0+0.2

3.1+0.3

8.7+0.2

5.24#0.1

R

0.9832

0.9967

0.9964

0.9987

Table 5.2 Hill coefficient n,, and the apparent dissociation constant K, (uM) for different

ligands with hFXR-LBD
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Table 5.3
Ligands GG CDCA XN IX 8-PN X
Group A
volume (A%) 312.8 404.6 326.8 326.9 303.9 342.8
Ligands 6-ECDCA 3-deoxyCDCA GW4064 MFA-1 fexaramine XL335  benzimidazolyl acetamide
Group B
volume (A%) 4383 395.9 443.7 401.6 482.8 383.5 441.7

Table 5.3 Comparison of different ligand volumes
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This dissertation is centered on the development and application of Hydrogen Deuterium
Exchange Mass Spectrometry (HDX-MS) for deciphering the effects of small molecule
interactions on the conformational dynamics of the ligand binding domain (LBD) of the
farnesoid X receptor (FXR) a nuclear receptor that regulates bile acid, lipid and glucose
homeostasis. FXR has emerged as a highly researched and exciting pharmacological target. The
pharmacological modulation of FXR by natural and/or synthetic ligands has great potential in the
prevention and therapy of metabolic diseases, including metabolic syndromes and diabetes. This
thesis research addressed the need of developing analytical strategies that allow obtaining
structural description of FXR ligand complexes that provide molecular determinants for assisting
structure-activity relationship (SAR) studies of FXR-targeting small molecule modulators with
clinical potential.

Initial work demonstrates that HDX experiments in conjunction with mass spectrometry
are capable of providing structural dynamics information for studying FXR ligand interactions.
The HDX protection profiles for each FXR-LBD-ligand system revealed that the three regions
encompassing the canonical binding pocket, 288-298 (Helix 3), 320-336 (Helix 5), and 361-375
(Helix 7), are protected by the molecular recognition of each ligand but the extent of exchange
protection various, suggesting that the FXR-LBD can harbor ligands of diverse chemotypes.
Specifically, the synthetic high affinity agonist GW4064 presents distinct higher protection for
regions containing contact residues and forming the ligand binding cavity in the FXR-LBD when
compared to the low affinity agonist, CDCA, and the prenylflavonoid-type ligands, XN, IX,
8PN, and TX. The finding that exchange protection profiles reflect on the mode of ligand
binding let us to speculate that the extent of exchange protection may hint towards binding

modes that typify partial agonists.
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Moreover, HDX experiments involving Z-guggulsterone, a recognized in vitro antagonist
of FXR, resulted in protection profiles encompassing the partial sequences 201-278 and 388-396,
which cover the H1-H2 loop and parts of helix H8 including the H8-H9 loop. The protection of
these regions supports a model in which in vitro antagonism and modulation of FXR by GG may
indeed involve a secondary noncanonical binding site as predicted previously.

Molecular docking studies resulted in models that predict that the prenylflavonoids tested
can form hydrogen bonding interactions with residues Arg331 (Helix 5), Ser332 (Helix5), and
Tyr369 (Helix 7), in accord with our HDX protection data that localized the molecular
interaction of the diverse prenylflavonoids within the classical ligand binding cavity.
Additionally, our research suggests that it is possible, starting from the metabolically unstable
compound (XN), to obtain a more stable derivative (TX) with the same binding properties.

The fluorescence quenching titration data complemented our HDX and molecular
docking studies. The fluorescence intensity changes in the tryptophan residues in FXR-LBD in
the presence of the seven ligands suggest one high affinity ligand binding site in proximity to the
tryptophan residues in the protein. The quenching mechanism of XN, 1X, 8-PN, and GG binding
to FXR-LBD was mainly caused by static quenching and, thus, indicating the formation of state-
ground protein-ligand complexes. The quenching data analysis of XN binding with the FXR-
LBD implied a combination of static and dynamic quenching, and the later might be caused by

the covalent binding of XN, a weak electrophile, and FXR-LBD. The magnitude of the apparent

dissociation constant Ky is in the micromolar range, suggesting that XN, IX, and 8-PN are low
affinity ligands of the FXR-LBD. These results suggest that molecular size of the ligand and/or
hydrophobicity could be contributing factors that affect the interaction between ligand and FXR

LBD.



204

In conclusion, the current HDX-MS studies enabled obtaining unique insights into
mechanisms of molecular recognition of diverse ligands by FXR. The exchange protection
profiles reflected on the disparate mode of conformational stabilization of FXR LBD upon
binding. Ligand-dependent modulation of the conformational dynamics of the LBD upon ligand
binding has been reported for other nuclear receptors as well.

We foresee that HDX-MS as an analytical technique for profiling the modulation of
conformational dynamics of FXR LBD by small molecule ligands will make important
contributions to ongoing medicinal chemistry and SAR studies that aim to develop synthetic

FXR ligands with acceptable pharmacological profiles.



Abbreviation

6ECDCA

6PN

8-PN

AA

ASBT

BAAT

BACS

BSEP

CDCA

CYP7A1

DA

DC

DCA

DDA

DIA

DMSO

ER

ESI

FAS

FGF15
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6a-ethyl-chenodeoxycholic acid
6-prenylnaringenin

8-prenylneringenin

arachidonic acid

the apical sodium-dependent bile acid transporter
bile acid CoA—amino acid N-acetyltransferase
bile acid CoA synthase

bile salt export pump

chenodeoxycholic acid

cytochrome P450 7A1

docosahexaenoic acid

direct voltage

deoxycholic acid

data dependent mode

data-independent acquisition
Dimethylsulfoxide

estrogen receptors

electrospray ionization

fatty acid synthase

fibroblast growth factor 15



FGF4R

FTICR

FXR

G6Pase

GFP

GG

GR

HDMS

HDX

LA

LBC

LBD

LCA

MALDI

MDR?2
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FGF4 receptor

fourier-transform ion cyclotron resonance
farnesoic X receptor
glucose-6-phosphatase

glu-fibrinopeptide

Z-guggulsterone

glucocorticoid receptor

high definition mass spectrometry
hydrogen deuterium exchange

ion accounting

ileal bile acid binding-protein
ion-mobility

IM spectrometry
isopropyl-p-D-thiogalactopyranoside
Isoxanthohumol

and linolenic acid

ligand binding cavity

ligand binding domain

lithocholic acid

matrix-assisted laser desorption/ionization

multidrug resistance protein 2



MS

NR
NTCP
OATP
OSTa
PBC
PEPCK
PLGS

PPAR

QIT

RF
RXR

SAR
SDS-PAGE
SHP
SREBP1C
SULT2A1
TCEP
THR

ToF
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mass spectrometry

nuclear receptor

sodium taurocholate cotransporting polypeptide
organic anion transporting polypeptide
organic solute transporter-a

primary biliary cirrhosis
phosphoenolpyruvate carboxykinase
proteinLynx Global Server

peroxisome proliferator-activated receptor
quadrupole

quadruple ion trap

radio frequency

retinoid X receptor

structure-activity relationship

sodium dodecyl sulfate —acrylamide gel
electrophoresis

small heterodimer partner

sterol-regulatory element-binding protein 1C

bile acid-modifying enzymes sulphotransferase 2A1l
Tris (2-carboxyethyl) phosphine hydrochloride
thyroid hormone receptor

time-of-flight



TWIM

X

UDCA

uGT2B4

VDR

VDR

XN
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traveling wave ion mobility
Tetrahydroxanthohumol
ursodeoxycholic acid
UDP-glucuronosyltransferase 2B4
vitamin D receptor

vitamin D receptor

Xanthohumol
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