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Abstract

We report on the molecular interactions of the Farnesoid X Receptor (FXR) with prenylflavonoids, 

an emerging class of FXR modulators. FXR is an attractive therapeutic target for mitigating 

metabolic syndromes (MetS) because FXR activates the inhibitory nuclear receptor, small 

heterodimer partner (SHP), thereby inhibiting both gluconeogenesis and de novo lipogenesis. We 

and others have shown that xanthohumol (XN), the principal prenylflavonoid of the hop plant 

(Humulus lupulus L.), is a FXR agonist based on its ability to affect lipid and glucose metabolism 

in vivo and to induces FXR target genes in biliary carcinoma cells and HEK293 cells. However, 

studies are currently lacking to rationalize the molecular mechanisms of FXR modulation by 

prenylflavonoids. We addressed this deficiency and report the first systematic study of FXR 

prenylflavonoid interactions. We combined Hydrogen Deuterium Exchange Mass Spectrometry 

(HDX-MS) with computational studies for dissecting molecular recognition and conformational 

impact of prenylflavonoid interactions on the ligand binding domain (LBD) of human FXR. Four 

prenylflavonoids were tested: xanthohumol, a prenylated chalcone, two prenylated flavonones, 

namely isoxanthohumol (IX) and 8-prenylnaringenin (8PN), and a semisynthetic prenylflavonoid 

derivative, tetrahydroxanthohumol (TX). Enhancement of the HDX protection profile data by in 
silico predicted models of FXR prenylflavonoid complexes resulted in mapping of the 

prenylflavonoid interactions within the canonical ligand binding pocket. Our findings provide a 

foundation for the exploration of the chemical scaffolds of prenylated chalcones and flavanones as 
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leads for future structure activity studies of this important nuclear receptor with potential relevance 

for ameliorating lipid metabolic disorders associated with obesity and MetS.
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1. Introduction

FXR is a highly promising therapeutic target [1] for ameliorating 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. Multiple synthetic and semi-synthetic FXR ligands are currently under preclinical 

investigations. The initial results strongly suggest that FXR-targeting drugs may play future 

therapeutic roles in the treatment of cholestasis, dyslipidemic disorders and non-alcoholic 

steatohepatitis [5–8].

Bile acids function as FXR ligands [9, 10]. Natural FXR ligands have been isolated from 

plants and marine organisms and show promise in in vitro and preclinical studies as 

pharmaceutical agents for the management of metabolic diseases [11–16]. Several plant 

polyphenols, including dietary procyanidins and the tea catechin, epigallocatechin-3-gallate 

(EGCG), have been identified as FXR modulators [17–19]. Flavonoids are an emerging class 

of dietary modulators of nuclear receptors that show potential utilities in the management of 

metabolic syndrome and insulin resistance in patients with type 2 diabetes [5, 6]. As an 

emerging class of natural FXR modulators we chose for the current structure-function study 

prenylflavonoids from hops. Our panel of prenylflavonoids contained xanthohumol, a 

prenylated chalcone and a recognized agonist of FXR [20, 21], two prenylated flavonones, 

namely isoxanthohumol (IX) and 8-prenylnaringenin (8PN), and a semisynthetic 

prenylflavonoid derivative, tetrahydroxanthohumol (TX) (. 1).
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We have shown that XN induced BSEP promoter activity, one of FXR target genes in 

transfected HEK293 cells. This induction occurred at a similar level as observed for 

chenodeoxycholic acid (CDCA) in the transfected cells [21]. Other studies also indicate that 

prenylflavonoids function as pharmacologically relevant modulators of FXR [22–25]: XN 

modulates hyperlipidemia by inhibiting expression or activity of the diacylglycerol 

acyltansferase [22]; XN inhibits triglyceride synthesis and secretion in HepG2 cells [23]; 

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 FXR modulator [24]; 

XN and the related prenylated flavanone isoxanthohumol (IX) inhibit lipid accumulation in 

maturing preadipocytes, possibly partly by modulating FXR target genes [25].

HDX-MS has been successfully used to probe small molecule binding to nuclear receptors 

[26–28]. HDX-MS reports on changes of backbone amide hydrogen exchange rates which 

are highly sensitive to the structural changes, conformational flexibility, hydrogen bonding 

strength, and solvent accessibility of protein surfaces [29]. In this study we conducted HDX-

MS for dissecting molecular recognition and conformational impact of prenylflavonoid 

interactions on the ligand binding domain (LBD) of human FXR. We complemented the 

HDX-MS studies with fluorescence quenching titration, a well-established technique for 

investigating protein structure and dynamics and ligand/receptor interactions [30–32]. 

Tryptophan fluorescence in proteins is highly sensitive to the local environment in solution 

and fluorescence emission spectra reflect on protein conformational transitions, subunit 

association, substrate binding, or denaturation [33].

The present studies provide information on the molecular recognition of prenylflavonoids by 

FXR-LBD and describe how prenylflavonoids modulate the conformational dynamics of 

FXR-LBD. Our findings provide a scientific basis for the use of XN and related 

prenylflavonoids as novel leads for the development of FXR–targeting therapeutics with 

possible application for the treatment and management of metabolic disorders.

2. Materials and Methods

2.1. Materials

Deuterium oxide (D2O, 99.9% deuterium), chenodeoxycholic acid (CDCA), and 

guggulsterone (GG) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, 

USA), Tocris (Ellisville, MO, USA) and ChromaDexTM Corporate (Irvine, CA, USA), 

respectively. All prenylflavonoids compounds were kindly provided by Dr. Fred Stevens’s 

group at Oregon State University and were >99% pure by HPLC. For the described 

experiments 10 mM stock solutions of the compounds were prepared in dimethylsulfoxide 

(DMSO).

2.2. Protein Expression and Purification

Protein expression and purification was performed as described previously [34]. Briefly, the 

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 μg/mL, Chloramphenicol 35 μg/mL) at 37°C until absorption measurements 
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at 600nm (A600) reached 0.6–0.8. The cells were allowed to grow for another four hours at 

20°C with 0.8 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) induction to produce an 

N-terminal Histidine (His6)-tagged FXR LBD. Cells were harvested by centrifugation, 

washed and frozen at −80°C.

The frozen pellets were resuspended in 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 cells were then 

sonicated, centrifuged and the supernatant saved. Isolated protein was purified by affinity 

chromatography on Clonetech Talon Co2+ polyhistidine affinity resins which was 

equilibrated with the above described buffer. The supernatant was mixed with Co2+ affinity 

resin and rotated at 4°C for 45 minutes to bind the His6-tagged proteins. The affinity-bound 

His6-tagged protein was eluted from the Co2+ resin-packed column with the above described 

buffer but containing 200 mM imidazole until A280 was less than 0.03. The protein fractions 

were analyzed by sodium dodecyl sulfate polyacrylamide 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 Co2+ resin column 

with and without imidazole to remove uncut His6-tagged protein and the free His6-tag. The 

concentration of purified FXR-LBD was determined spectrophotometrically at 280 nm, and 

the purity (over 95%) was judged by SDS-PAGE and mass spectrometry. The purified 

protein was collected and concentrated, aliquoted, snap-frozen in liquid nitrogen and stored 

at −80°C.

2.3. Hydrogen Deuterium Exchange Mass Spectrometry (HDX-MS)

The recombinant human FXR-LBD (15 μL, 98 μM) was equilibrated for 30 min in H2O 

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 μL, ±10 mM ligand in DMSO). The small amount of DMSO (3.3% v/v) did not 

affect the conformational properties of FXR-LBD as indicated by intact protein HDX data as 

well as by fluorescence titration data (Fig. S1). Under these conditions the bound fractions 

of FXR-LBD before HDX initiation is about 100% for the prenylflavonoids tested in this 

study [34]. To initiate the exchange-in reaction, 10-fold D2O buffer with the same 

composition as the above described H2O buffer was added to equilibrate the apoprotein and 

holo-protein solutions. The ratio of ligand to protein was kept at 3:1 as previously described 

[34]. The FXR LBD concentration was ~10 μM and prenylflavonoid concentration was ~30 

μM in the labeling experiments. Exchange was quenched (pH 2.5, 0 C°) by adding 15 μL 

0.42% chilled phosphoric acid at different reaction time points. Liquid nitrogen was used to 

flash-freeze all quenched samples prior to MS analysis. Experiments were performed in 

triplicate.

The quenched intact protein were loaded onto a Micro TrapTM C4 column (1 mm × 8 mm) 

and eluted with a fast 10–90% (v/v) B gradient in 12 min (solvent A: 0.1% formic acid in 

H2O, solvent B: 0.1% formic acid in acetonitrile, flow rate 40 μL/min). Deuterium level for 

the intact protein was measured 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. 
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Briefly, a Poroszyme® immobilized pepsin column (2.1×30 mm) in conjunction with 0.05% 

aqueous formic acid at a flow rate of 100 μL/min was used for online digestion. The 

peptides were loaded onto an Acquity BEH C18 VanGuard Pre-column (1.7 μm, 2.1 x 5 

mm) and separated using an Acquity UPLC® BEH C18 column (1.7 μm, 1.0×100 mm). The 

following LC gradient was applied: 8% B to 40% in 6 minutes, hold 40% B 1 minute, 40% 

B to 85% B in 0.5 minute, hold 85% B 1 minute, 85% to 8% in 0.5 minute, hold B at 8% for 

3 minutes, total 12 minutes (using the same LC solvents as described above for intact protein 

analysis).

2.4. 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 MSE 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. 

Data analysis was supported by HDX Browser software (Waters) in conjunction with HX-

Express software [35].

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

length by applying the following equation 1:

(1)

Where D% is percentage of the deuterium in a peptide; m is deuterated peptide mass; m0 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 [36–38].

Using the measured Kd values for the prenylflavonoids compiled in Table 1 and the 

concentrations of FXR-LBD (10 μM) and ligand (30 μM) we estimated the fraction of bound 

FXR-LBD according to Shortridge et al [39] as follows: 88% for XN, 80% for IX, 81% for 

GG and 91% for 8-PN. The presence of a mixed population of bound and free FXR-LBD 

may complicate the interpretation of the HDX results. Therefore, the mass isotope pattern of 

each peptide at the different exchange time points were checked manually and their mass 

isotope distributions were evaluated (Fig. S2). We concluded that the absence of bimodal 

isotope distributions suggested that under the conditions used for the FXR-LBD exchange 

experiments in the presence of the diverse ligands HDX the fraction of ‘protein bound 
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(holoprotein)’ was indeed the predominant population probed allowing a comparative 

qualitative assessment of the interaction characteristics of the prenylflavonoid-type ligands 

on FXR-LBD. The average relative standard deviation for deuterium content of the peptides 

examined was less than 5% for 542 out of 560 (97 % of all time points) and 18 out of 560 

(3 % of all time points) had average relative standard deviations between 5 and 7 %. An 

average relative standard deviation for the deuterium content of each peptide at each labeling 

time point of less than 5% is consider as demonstrating high reproducibility of the peptide-

level HDX-MS methodology [40].

2.5. Kinetic Modeling of Deuterium Uptake Profiles

All peptide deuterium uptake plots were fitted with a six-bin-fixed-rate-constant kinetic 

model, built in R software, where the sum of the square error was minimized [36]. The 

relationship between deuterium uptake and exchange time can be described by equation 2 

because the HDX reaction follows first-order kinetics [41].

(2)

where D is deuterium uptake; ki is the rate constant for the exchange reaction which is fixed 

to six values (six bins) (10, 1, 0.1, 0.01, 0.001, and 0.0001 min−1); Ai is the amide hydrogen 

number in a specific bin; t is incubation time.

2.6. Fluorescence Titration Experiments

A LS 50 luminescence spectrometer (Perkin Elmer) was used to measure steady state 

fluorescence. The monochromator slit widths for excitation and emission were both set to 

3.5 nm. For the fluorescence titrations, after each addition of ligand, 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. The ligand-FXR-LBD interactions 

were studied by using an intrinsic fluorescence titration method in which 400 μL of 10 μM 

protein (dissolved in 50 mM sodium phosphate buffer containing 0.5 M NaCl, 0.5 mM 

CHAPS, 1 mM TCEP, 0.5 M sucrose and 10% glycerol, pH 7.4) was titrated with 1000 μM 

ligand (dissolved in DMSO) 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 FB, the instrument-dependent 

monochromator and photomultiplier response emission correction factor FS, and the dilution 

factor A: Fcor = (F0 − FB) × 100×A/FS where F0 is the measured fluorescence intensity. All 

measurements were performed at 25°C and repeated three times. Fluorescence quenching 

data analysis procedure was described in Text S1.

2.7. Molecular Docking Study

The 3D-coordinates of the FXR-LBD in complex with 3-deoxy-CDCA were retrieved from 

PDB ID 1OT7 [42] and energetically minimized in the internal coordinate space with 

Molsoft [43]. For clarity, the numbers of the relevant amino acids in PDB ID 1OT7 file, 
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Arg328, Ser329, and Tyr366, have been adjusted as Arg331, Ser332, and Tyr369 

(UniRef100_B6ZGS9). Molecular docking was run against the binding pocket of the FXR-

LBD as previously reported [44]. 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 [42].

3. Results

3.1. HDX-MS analysis of the intact human FXR LBD indicates molecular recognition of 
prenylflavonoids

We performed HDX-MS studies of the intact FXR-LBD construct to determine to what 

extent each of the four prenylflavonoids tested in this study would affect the global structural 

dynamics of the protein. The sum of the exchangeable amide hydrogens in the FXR-LBD 

construct is 274. In presence of prenylflavonoids the observed HDX protection pointed to an 

increase in structural compactness, loss of conformational flexibility, and/or decrease of 

global solvent accessibility upon ligand interaction (Fig. S3). For instance, comparison of 

the observed global deuterium levels between the apoprotein and the protein in presence of 

each of the prenylflavonoids indicated retardation of exchange of approximately 11±2, 13±2, 

15±1, 14±2 amide hydrogens for XN, IX, 8-PN and TX, respectively, at the 60-min time 

point of the co-incubation experiment in the 90% D2O-solvent system (Fig. S3). The 

observed exchange protection let support to that the prenylflavonoids indeed directly interact 

with the FXR LBD and function as FXR ligands.

3.2. Peptide-level HDX protection profiles of FXR-LBD identifies the canonical ligand 
binding cavity as the site of prenylflavonoid interaction

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. 

Visual inspection of the exchange-in evolution of the peptide ion isotope distributions 

indicated that there was no indication of mixed exchange populations in the HDX-MS ligand 

binding studies (Fig. S2); exchange-in under the current conditions proceeded according to 

EX2 regime [45]. Fig. 2 summarizes the modulation of conformational dynamics for the 

FXR LBD for each the prenylflavonoids tested. The graphical presentations of the time 

course of deuterium uptake for each of the systems studied visualizes that interaction of the 

ligand causes retardation in deuterium uptake signifying reduced conformational mobility 

compared to the apoprotein. The protection against exchange-in was observed in regions that 

form the classical ligand binding cavity, namely regions of helices H3 (288–298), H6 (320–

336) and H8 (361–375), and regions of helices H9 (388–396) and H10 (406–412).

Whereas, peptides encompassing the amino acid residues 201–222, 229–241, 256–268, 269–

278, 337–347, and 454–465 reached maximum deuterium uptake levels of observable 

exchange in 30 seconds (Fig. S5). This type of deuterium exchange behavior is commonly 

observed for regions that are highly solvent exposed, disordered and/or conformationally 

highly flexible without stabilizing hydrogen bonding networks. In this context it is 

noteworthy that in the FXR-LBD-3-deoxy-CDCA complex crystal structure (PDB ID 1OT7) 

Yang et al. Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



no secondary structure was assigned to the regions encompassing residues 264–266, 277–

278, 339–341, 454–456, and 459–462 reflecting on the limitation of the X-ray structural 

analysis technique that regions with high mobility in proteins often result in large errors 

during data collections making any structural interpretations impossible [46].

Table S1 compiles peptide-level average differences in deuterium incorporation levels for the 

comparison FXR-XN vs. apoprotein, FXR-IX vs. apoprotein, FXR-8PN vs. apoprotein, 

FXR-TX vs. apoprotein and p-values for each comparison. Deuterium level differences of 

regions with p <0.001, calculated by two-way ANOVA, were considered as statistically 

significant [47–49]. A graphical presentation of these peptide-level average differences in 

deuterium incorporation levels is provided in Fig. 3. The average differences in percentage 

of deuterium level for the four ligand-bound FXR complexes relative to the apoprotein were 

overlaid onto the X-ray crystal structure of the FXR-LBD bound to 3-deoxy-CDCA (PDB 

1OT7) (Fig. 3, Table S1). The comparative analysis of the peptide-level HDX protection 

profiles revealed that each of the prenylflavonoids induced statistically significant protection 

in the following regions: 288–298, 320–336, 361–375 and 406–412 (Fig. 3, Table S1). In 

presence of each of the prenylflavonoids, exchange in those regions was retarded indicating 

stabilization of the conformation and/or reduced solvent accessibility caused by ligand 

interaction. Three of these peptides, 288–298 (helix 3), 320–336 (helix 4–helix 5), and 361–

375 (helix 7) are involved in forming the canonical ligand binding cavity in the LBD of 

FXR. Peptide 406–412 encompasses parts of helix 9 and is not part of the canonical ligand 

binding cavity. Allosteric stabilization of helix 9 upon ligand binding was also detected in 

our previous HDX-MS study of FXR-LBD ligand binding interactions [34]. Importantly, for 

all four prenylflavonoids exchange protection was observed for peptide 288–298, which is 

involved in the coordination of ligands as shown in two crystal structures of FXR-LBD-

ligand complexes (PDB ID 1OT7 and 1OSV)[42]. Interestingly, for 8-PN and TX exchange 

protection was also observed for the region 348–360 (helix 6) (Fig. 3). Overall, the 

comparative analysis of the HDX protection profiles at the peptide level for FXR-LBD in 

presence of XN, IX, 8-PN and TX vs. apoprotein strongly supports the notion that 

prenylflavonoids are bona fide ligands of human FXR targeting the canonical ligand binding 

site.

For the regions that displayed retarded exchange in the presence of each of the 

prenylflavonoids, kinetic modeling results (Table S2) revealed that the distribution of the 

amide hydrogens in the bins was rearranged in presence of the prenylflavonoid. Compared to 

the apoprotein prenylflavonoid binding decreased the number of the amide hydrogens in the 

‘fast exchange rate’ bins (k = 10 and 1 min−1) while the number of amide hydrogen that 

were grouped into the ‘medium’ (k = 0.1 and 0.01 min−1) and the ‘low exchange rate’ bins 

(k = 0.001 and 0.0001 min−1) increased (Table S2).

In contrast, regions 201–222, 229–241, 256–268, 269–278, 337–347, and 454–465 exhibited 

no differences in deuterium levels when the peptides derived from the holo protein systems 

were compared to that of the peptides derived from apoprotein (Fig. 3, Table S1). These 

findings are consistent with that these regions display high conformational mobility even in 

presence of ligand binding and, as noted above, which is in accord to that no structural 

Yang et al. Page 8

Biochim Biophys Acta. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



information is available for the regions 264–266, 277–278, 339–341, 454–456, and 459–462 

in the co-crystal structure of FXR-LBD-3-deoxy-CDCA complex (PDB ID 1OT7).

3.3. Intrinsic fluorescence studies of apo FXR-LBD and holo FXR-LBD

The FXR-LBD contains two tryptophan residues, Trp454 and Trp469, which are located in 

the C-terminal region of the protein (Figure 6A). In order to evaluate molecular recognition 

and ligand interaction of the prenylflavonoids we performed first fluorescence titration with 

two established ligands, CDCA, a low affinity agonist and endogenous ligand of FXR, and 

GG, an in vitro antagonist of FXR. We added CDCA to the protein sample and measured the 

changes in fluorescence intensities of the tryptophan residues (emission λmax). When 

excited at 295 nm, apo FXR-LBD exhibited significant intrinsic fluorescence in the range 

305–480 nm with maximum emission at 343 nm (Fig. 4). Only subtle fluorescence intensity 

changes (±3%) were observed during the CDCA titration of FXR-LBD, suggesting the 

microenvironment of the tryptophan residues in FXR-LBD was either unchanged or only 

slightly changed consistent with a recent study [50] . In contrast, GG titration of FXR-LBD 

showed a concentration-dependent quenching without any changes in the emission λmax and 

spectral shape (Fig. 4), which suggests a direct interaction of GG with the FXR-LBD and 

that the tryptophan residues are involved in the binding mechanism. Under the same 

experimental conditions, there was a distinct decrease in the fluorescence intensity when 

FXR-LBD was titrated with XN and its derivatives (Fig. 4). Blue shifting of the emission 

were observed in the presence of XN and TX (Fig. 4), 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. Whereas, the additions of 

IX and 8-PN caused red shifting, suggesting that one or more tryptophan residues in FXR-

LBD were exposed to solvent to a higher degree. In addition, the isosbestic point in the 

spectra from the IX titration at 405 nm suggests that the presence of both bound and free IX 

in equilibrium [51, 52].

3.4. Mechanism of prenylflavonoid binding to FXR-LBD and determination of dissociation 
constant, Kd

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 FXR-LBD, the Stern-Volmer equation 

(3) was used to analyze the quenching data (Fig. 5A). Of the four ligand-FXR-LBD 

complexes under study, the fluorescence quenching plots of IX and 8-PN were linear, 

indicating that the two tryptophan residues in FXR-LBD were accessible to these two 

ligands equally [33] and just a single type of quenching occurred, either dynamic or static 

[30]. For XN, the Stern-Volmer plot exhibited a slightly upward curvature (Fig. 5A) which is 

characteristic of a combination of both dynamic and static quenching [33]. As noted above 

due to the low affinity of CDCA to FXR LBD, no or minimal Trp fluorescence quenching 

was observed and therefore no Stern-Volmer plot can be provided. The downward curving 

plot (Fig. 5A) obtained for the GG titration suggested that a fraction of tryptophan residues 

(in this case one tryptophan residue) was shielded from GG [53]. By fitting the experimental 

quenching data from the GG titration to equation 5 (Fig. 5B), the fa value 0.53 was obtained, 
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indicating that half of the tryptophan residues in FXR-LBD was accessible to GG, i.e. only 

one tryptophan residue was involved in the interaction between protein and ligand.

The magnitude of KSV often can be used to differentiate between dynamic and static 

quenching [54–59] based on the fact that if the bimolecular quenching constant kq is larger 

than the maximal diffusion-controlled quenching constant of 1 × 1010 M−1S−1 [33], 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 [33]. The 

kq values (Table 1) were calculated by applying Eq. S2 (Text S1), where the average lifetime 

τ0 of the native tryptophan fluorescence of protein was taken to be three nanoseconds [60]. 

The bimolecular quenching constants kq (Table 1) determined from the IX, 8-PN, and GG 

fluorescence titration experiments were three orders of magnitude larger than the maximal 

expected value of kq, suggesting that dynamic quenching was not responsible for the 

reduction of fluorescence intensity. Interestingly, the kq derived by KD of XN (Eq. S4) was 

2×1011 M−1, 20 times larger than 1×1010 M−1S−1 (Table 1) which suggests the presence of 

another specific binding site located near the tryptophan residues.

The apparent dissociation constant Kd is a parameter describing how tightly the ligand binds 

to its receptor. The magnitude of the apparent dissociation constant for each of the 

prenylflavonoids was in the micromole range, implying that they are low affinity binders of 

the FXR-LBD, which is consistent with our mass spectrometry-based HDX data. The Kd of 

the GG FXR-LBD interaction was determined to be 5.4 μM, similar to the previously 

reported Kd value that was determined by radioligand binding assays [61].

4. Discussion

We predicted and evaluated the binding sites between prenylflavonoid molecules and the 

FXR-LBD by molecular docking studies (Fig. 6). The HDX profiles of the prenylflavonoid-

bound FXR LBD indicated decreased deuterium incorporation in the following regions: 

288–298, 320–336, and 361–375, which are all involved in forming of the FXR ligand 

binding cavity (Fig. 3). The docking data suggested, similar to 3-deoxy-CDCA, that the 4-

hydroxyphenyl and 2-OH groups in XN and TX could interact with the side chain of 

residues Arg331, Ser332, and Tyr369 via hydrogen bonds (Fig. 6B and C), and the two 

residues Ser332 and Tyr369 could also form hydrogen bonding interactions with the 

carbonyl group (C=O) in IX and 8PN (Fig. 6D and E). Additionally, each prenylflavonoid 

molecule docked into the FXR-LBD and the scores are displayed in Table S3. Usually lower 

scores predict better binding. Considering the low potency exerted by agonist 3-deoxy-

CDCA [62], the docking scores generated with the prenylflavonoid-type compounds (Table 

S3) predicted weak binding. These results also suggested that these compounds, like other 

FXR ligands, shared similar binding sites and were able to occupy the canonical ligand 

binding pocket of the FXR-LBD.

In this study, TX was used to decipher the possible effect caused by covalent modification of 

XN, an electrophile with the potential to alkylate nucleophilic groups in FXR LBD. The 

Stern-Volmer plot of FXR-LBD interaction with XN revealed the existence of both dynamic 

and static quenching at high ligand concentrations (Fig. 5A), which were also previously 
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observed in the interaction of flavonoid compounds with bovine serum albumin and bovine 

milk xanthine oxidase [57, 58]. In addition, Kaldas et al reported that the flavonoid quercetin 

can covalently bind with human serum albumin (HSA) [63]. The kq value determined for 

XN in Table 1 implied the presence of a specific binding site in close proximity to the 

tryptophan residues and the formation of a ground-state complex. Importantly, MS data 

analysis showed that multiple XN molecules can covalently bind with FXR-LBD (Fig. S6), 

possibly via a Michael-type addition reaction involving the α,β-unsaturated ketone 

functionality of XN and the thiol(SH) functional group of a cysteine residue. Therefore, we 

propose that XN binds to Cys466, which is located in close proximity to Trp469, and this 

covalent interaction is responsible for the dynamic quenching observed in the XN-FXR-

LBD complex. A comparison of the HDX protection profile (Fig. 3) showed that the binding 

of XN and TX resulted in exchange protection in the following regions: 288–298, 320–328, 

328–336, 348–360, 361–367, and 368–375, all are part of the ligand binding pocket in FXR-

LBD. Furthermore, 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 S3), and that 

both compounds revealed the same pattern of non-covalent interactions established by the 

weak agonist 3-deoxy-CDCA [42]. 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 (Fig. 6). Overall, our data suggested that covalent binding of XN 

to FXR-LBD has no effect on XN binding in the LBD cavity.

While X-ray crystal structures of the FXR with agonists exist, structural information for the 

interaction of FXR LBD with low affinity ligands is scarce. However, knowledge of the 

distinct modes of interaction of agonists, partial agonists and antagonists with FXR is 

needed for the development of new drugs that are based on the modulation of FXR as 

strategy for the management and treatment of metabolic disorders. In our previously HDX-

MS data, we showed that apo FXR-LBD displays conformational features commonly 

associated with highly solvent exposed and/or disordered proteins. One may speculate that 

this conformational flexibility may contribute to the promiscuity of FXR [64].

In our previous work we reported the conformational dynamics of FXR-LBD induced by 

three well known FXR ligands that represented a diverse spectrum of chemical scaffolds, 

namely the high affinity agonist GW4064, the low affinity agonist CDCA, and the in vitro 
antagonist GG(Z) [34]. The most pronounced ligand-dependent differences in deuterium 

uptake for the three typical ligands were observed for the following peptides: 288–298, 320–

328, 328–336, 348–360, 361–367, and 368–375 [34]. To determine to what extent the 

chemical scaffolds possibly govern the deuterium exchange-in profiles a hierarchical 

clustering analysis of the HDX profiles was performed based on the peptide-level deuterium 

incorporations observed for the seven ligands tested, i.e. three classical ligands and four 

prenylflavonoids (methodological details are provided in Text S2). Fig. 7 shows a heatmap 

visualizing the peptide-level deuterium incorporations observed for the seven FXR ligand 

systems tested. The cluster analysis revealed that the HDX profiles obtained for the four 

FXR-prenylflavonoid systems were more similar to each other compared to the HDX 

profiles obtained for the natural FXR ligand CDCA and GG(Z), both featuring a steroidal 

tetracyclic scaffold. The FXR-GW4064 system displayed a disparate deuterium 
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incorporation profile in accord to that the stilbene/isoxazole scaffold of GW4064 displays a 

HDX profile distinct from the other two scaffolds.

To summarize, the current HDX-MS study demonstrates that the FXR LBD is capable of 

binding of prenylflavonoid-type compounds. Furthermore, our molecular docking suggest 

that three key functional groups in the prenylflavonoids, namely the 4-hydroxyphenyl, the 2-

OH, and the carbonyl group, are important in forming hydrogen bonding interactions with 

the FXR-LBD and contributing to ligand binding affinity. This study hints that the chemical 

scaffold of the ligand will determine to a large extent the mode of interactions and in turn the 

conformational dynamics of FXR. The current findings provide support to the notion that the 

chemical scaffolds of prenylated chalcones and flavanones provide hitherto underexplored 

scaffolds for the development of novel bile acid receptor modulators. Future studies will 

need to explore the fitness of HDX-MS profiling for classifying FXR ligands according to 

bioactivity, i.e. agonist, partial agonist and antagonists.

5. Conclusion

In this report we describe the modulation of the conformational dynamics of the human FXR 

LBD by four prenylflavonoids (XN, IX, 8-PN, and TX). We provide binding and molecular 

recognition motifs for these prenylflavonoids based on combining findings from HDX-MS, 

fluorescence titration and molecular docking studies. On the basis of these findings, we 

conclude that prenylflavonoids are bona fide ligands of human FXR. We foresee that 

prenylflavonoids and possibly other dietary polyphenols [65, 66] may serve as future leads 

in the development of new synthetic FXR ligands for prevention and treatment of lipid and 

metabolic disorders. The combination of HDX-MS with computational approaches provides 

a promising strategy for future structure-function research of small molecule modulators of 

this important nuclear receptor.
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Abbreviations

FXR farnesoid X receptor

HDX-MS hydrogen deuterium exchange mass spectrometry

MetS metabolic syndromes

SHP small heterodimer partner

BSEP bile salt export pump
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LBD ligand binding domain

XN xanthohumol

IX isoxanthohumol

8-PN 8-prenylnarigenin

TX tetrahydroxanthohumol

DBD DNA-binding domain

CDCA chenodeoxycholic acid

GG guggulsterone

IPTG isopropyl-β-D-thiogalactopyranoside

DMSO dimethylsulfoxide

HSA human serum albumin

PLGS Protein Lynx Global Server
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Highlights

• Solution-phase HDX dynamics of FXR LBD interactions with 

prenylflavonoids

• Fluorescence spectroscopy support interaction of prenylflavonoids with 

FXR LBD

• Molecular docking reveals site of interactions of prenylflavonoids with 

FXR LBD

• Prenylflavonoids interacts with the canonical site of the FXR LBD

• Prenylflavonoids are bona fide ligands of FXR
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Fig. 1. 
Chemical structures of the prenylflavonoids used in the present study.
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Fig. 2. Modulation of conformational dynamics of FXR LBD by prenylflavonoids
Time course of percent deuterium incorporation observed for apo FXR LBD in comparison 

to the time courses of deuterium uptake observed for co-incubation and labelling experiment 

of FXR LBD in presence of each of the prenylflavonoids, XN, IX, 8PN, and TX. Deuterium 

uptake is color-coded as indicated and mapped onto PDB 1OT7. Prenylflavonoid 

interactions result in gain in conformational stability in FXR-LBD reflected in lower 

deuterium uptake over time. Deuterium exchange data (%D) for all peptides monitored for 

all labeling times for FXR-LBD in presence of the different prenylflavonoids are compiled 

in Fig. S5. Because the N-terminal region (201–241) is not visible in the crystal structure 

PDB 1OT7 no color-coded HDX-MS map could be provided for this region.
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Fig. 3. Comparison of the HDX protection profiles at the peptide level for FXR-LBD in presence 
of XN, IX, 8-PN and TX vs. apoprotein
Left: 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. Graphical presentations were derived from data compiled in Table S1. 

Deuterium level differences of regions with p = <0.001, calculated by two-way ANOVA, 

were considered as statistically significant and these regions are marked with an asterisk. 

The error bars represent the average relative standard deviation of three independently 

conducted labeling experiments. Right: Average differences in deuterium percentage (D%) 

of seven time points (0.5, 1, 2, 5, 10, 30, and 60 min) mapped onto the cartoon 

representation of FXR-LBD-ligand complex, PDB 1OT7. NS, “not significant” and ND, 

“not detected”. Due to the absence of the N-terminal region (201–241) in this crystal 

structure no color-coding for the HDX data could be provided for this region.
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Fig. 4. 
Fluorescence emission spectra of FXR-LBD in the presence of different concentrations of 

ligands. CDCA, the endogenous ligand of FXR, and GG, an in vitro FXR antagonist, were 

included in the fluorescence titration studies for comparison.
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Fig. 5. 
A, Stern-Volmer plots of FXR-LBD quenching by the different ligands; B, Modified Stern-

Volmer plots for GG and XN quenching of FXR-LBD.
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Fig. 6. Visualization of human FXR-LBD prenylflavonoid interactions
A, Ribbon representation of the co-crystal structure of FXR-LBD bound to 3-deoxy-CDCA 

complex, PDB 1OT7, with the Trp residues at positions 454 and 469 displayed as sticks and 

colored in blue. Arrows mark the approximate positions of the residues, R331, S332, and Y 

369, for which interactions were predicted with the prenylflavonoid ligands. The N-terminal 

region (201–241) is not visible in PDB 1OT7. Docking models of B, XN, C, TX, D, IX, and 

E, 8PN into human FXR-LBD (Molsoft ICM). Computational molecular docking predicts 

and identifies non-covalent interactions established between ligands and protein. 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. The docking 

models do not encompass the N-terminal region 201–241.
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Fig. 7. Hierarchical clustering analysis of the HDX data for seven FXR-LBD-bound complexes
The peptide-level deuterium exchange-in level is color-coded from red to green indicating 

low (exchange-in protection) to high levels of exchange-in. “Counts” represents the pixels 

number (squares) of each color in the histogram based on the frequency of the pixels 

(squares) of each color in the heatmap. The heat map allows visualizing that the exchange-in 

dynamics observed for the prenylflavonoids is different from the exchange-in dynamics 

observed for FXR ligands with tetracyclic core skeletons. GW4064, a synthetic non-steroidal 

stilbene-based high affinity agonist, displays a unique FXR-LBD exchange-in dynamics 

different from that observed for the ligands with tetracyclic core and the prenylflavonoids.
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