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NAM = nicotinamide 

HDACi = histone deacetylase inhibitor 

CDCA = chenodeoxycholic acid 

EMSA = electrophoretic mobility shift assay 

DBD = DNA binding domain  
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ABSTRACT: 

Base amino acid lysine residues play an important role in regulation of nuclear receptors (e.g. FXR) 

leading to enhanced or suppressed biological activity.  To understand the molecular mechanisms and the 

subsequent effects in modulating FXR functions in diverse biological processes, we individually 

replaced eight highly conserved lysine residues of hFXR with arginine.  The effects of each mutated 

FXR on target gene activation, subcellular localization, protein-protein association, and protein-DNA 

interaction were investigated.  Results demonstrated that K122R, K210R, K339R, and K460R mutants 

of hFXR, significantly impaired target gene (OSTalpha/beta and BSEP) promoter reporter activity in a 

ligand-dependent fashion. All of the four mutants did not affect the nuclear localization of FXR.  Protein 

interaction studies show that K210R slightly but significantly decreased FXR/RXR binding affinity, but 

enhanced the interaction of FXR with lysine methyltransferase Set7/9 by ~21%.  K460R decreased the 

FXR interaction with Set7/9 by ~45%, but has no significant effects on interaction with RXR.  

Electrophoretic mobility shift assays demonstrated that hFXR-K210R and –K339R reduced the protein-

DNA (IR1 element at hBSEP promoter) binding affinity by ~80% and ~90%, respectively. 

Computational-based protein modeling studies were consistent with these results and provided further 

insights into the potential underlying mechanisms responsible for these results.  In conclusion, four 

highly conserved lysine residues, K122, K210, K339, and K460 of hFXR have been identified that play 

a critical role in FXR target gene regulation and molecular interaction (protein-protein and protein-

DNA).   

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on March 5, 2013 as DOI: 10.1124/mol.113.084772

 at A
SPE

T
 Journals on A

pril 10, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #84772 

 

5

INTRODUCTION. 

The nuclear receptor (NR) farnesoid X receptor (FXR, NR1H4) plays a crucial role in cholesterol and 

bile acid homeostasis in liver. Recently, the functions of FXR have been extended to glucose and fatty 

acid metabolism, prevention of gallstone formation, liver regeneration, inhibition of intestinal bacterial 

growth, and inhibition of inflammation (Hollman et al., 2012; Modica et al., 2010; Zhang and Edwards, 

2008).  Although such important biological roles of FXR have now been established, the molecular 

mechanisms of regulating FXR activation are poorly understood.   

Previous studies demonstrated that the basic lysine residues of proteins play a crucial role in protein-

protein and protein-DNA association (Lu and Hansen, 2003; Sumimoto et al., 2007).  The ε-amino 

group of lysine residues often participates in hydrogen bonding and in catalysis of ligand interactions 

that may be critical for transporter protein function and substrate specificity (Sun et al., 2006).  

Moreover, many studies show that lysine residues are particularly critical for the posttranslational 

modifications, such as methylation, acetylation, ubiquitination, and sumoylation (Hollman et al., 2012; 

Suchy and Ananthanarayanan, 2006).  Previous studies have demonstrated that the posttranslational 

modification at lysine residues are responsible for affecting NR function at multiple levels, e.g. target 

gene activation, protein association and stability, and protein-DNA interaction (Kemper, 2011; Suchy 

and Ananthanarayanan, 2006).   

 

Recently, Fang et al. (Fang et al., 2008) showed that the acetylation is critical for ligand-activated FXR 

induction of small heterodimer partner (SHP/NR0B2).  Moreover, Li et al (Li et al., 2007) and Kemper 

et al (Kemper et al., 2009) reported that SIRT1 [a highly conserved NAD+-dependent protein 

deacetylases] is a positive regulator of liver X receptor (LXR) and FXR.  The data from our laboratory 

also demonstrated that direct methylation of FXR by lysine methyltransferase Set7/9 regulates the 

expression of FXR target genes (Balasubramaniyan et al., 2012).  Posttranslational modifications at 
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specific lysine residues of NRs provide additional mechanisms for gene specific regulation.  Protein 

sequence prediction analysis suggests that FXR possesses multiple lysine residues within motifs that 

follow rules for potential posttranslational modification by CBP/p300, SIRT1, Set7/9 and sumoylation 

etc., and these residues are highly conserved in mammalian and non-mammalian species.  However, it is 

unclear whether these lysine residues are functionally relevant for FXR.   

 

To further understand the molecular mechanisms of lysine modification and the subsequent effects in 

modulating FXR functions in diverse biological processes, in this study eight highly conserved lysine 

residues of hFXR have been selected and replaced individually with arginine.  The effects of the 

mutated FXR on target gene activation, protein-protein association, and protein-DNA interaction were 

assessed.  Computational-based protein modeling offered additional mechanistic insights into the 

functional importance of these residues that may provide possible strategies to selectively control FXR 

function for therapeutic applications. 
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MATERIALS AND METHODS: 

Plasmid constructs and Site-directed mutagenesis 

The full-length coding regions of hFXRα (NR1H4) were amplified by PCR and cloned into KpnI-

BamHI sites of pcDNA3.1 (+) Vector (Invitrogen, San Diego, CA), or into PstI-KpnI sites of pEGFP N2 

vector (Clontech, Mountain View, CA), respectively, to produce expression construct (pcDNA-hFXR) 

and green fluorescent protein (GFP) fusion FXRα (hFXR-GFP).   The full-length cDNAs of retinoid X 

receptor (RXR) α and Set7/9, and SHP promoter were generated as described previously 

(Balasubramaniyan et al., 2012).  The luciferase reporter plasmid of human bile salt export pump 

(hBSEP) was created by inserting its 5’-UTRupstream (from bases -1250 to +65) at NheI-XhoI sites of 

pGL4.17 [Luc2/neo] vector (Promega, Madison, Wi).   hOSTα and OSTβ promoters were kindly 

provided by Dr Edwards (UCLA, Los Angeles, CA), and inserted at NheI-XhoI sites of pGL4.17 

[Luc2/neo] vector (Promega).  Selected conserved lysine (Lys, K) residues of hFXRα were mutated to 

arginine (Arg, R) by site-specific mutagenesis. 

 

Cell culture and Histone deacetylase inhibitors (HDACi) treatment 

HepG2 cells (human hepatoblastoma cell line, ATCC, Manassas, VA), CaCo2 cells (human epithelial 

colorectal adenocarcinoma cells, ATCC, Manassas, VA), and CV-1 (African Green Monkey kidney cell, 

ATCC, Manassas, VA) were grown in Dulbecco’s modified Eagle’s medium (DMEM), supplemented 

with 100 units/ml penicillin/G-streptomycin sulfate and 10% heat-inactivated fetal bovine serum.  

HepG2 cells were treated with 1 mM sodium butyrate (NaB), 1 µM trichostatin A (TSA), or 10 mM 

nicotinamide (NAM), respectively for 6 hr at 37 ˚C.   The mRNA of hBSEP and hSHP in HepG2 cells 

was quantified by qRT-PCR as described previously (Balasubramaniyan et al., 2005).  Fold change 

values were calculated as the relative expression level compared with that of the cells in the absence of 

HDACi.  
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Transient transfections and reporter gene assays 

CV-1 cells were co-transfected with hBSEP promoter reporters, hRXRα and hFXRα constructs.  The 

cotransfected cells were treated with 100 µM chenodeoxycholic acid (CDCA) for 20 hours at 37 ˚C.  

Transfection efficiencies were normalized using ß-galactosidase.  After treated with HDACi for 6 hr at 

37 ˚C, the cells were collected for the luciferase activity assay.  Similarly, in HepG2 and CaCo2 cells, 

transient transfections were performed on 48-well. 24 hours after transfection, medium was refreshed 

and supplemented with 50 µM CDCA. Cells were harvested after 24 hours for determination of 

luciferase activity. Transfection efficiencies were normalized using ß-galactosidase.  Each transfection 

was performed in triplicate, and experiments were repeated at least three times.  The EC50 values were 

determined and calculated as described by Grienke et al (Grienke et al., 2011). 

 

Confocal microscopy 

The GFP fused hFXRα plasmid (hFXR-GFP) and mutants were transiently co-transfected with hRXRα 

to HepG2 cells.  Cell culture and DNA transfection of cells were performed as described previously 

(Sun et al., 2004). Fluorescence was examined with a Leica TCS-SP (UV) four-channel confocal laser 

scanning microscope.  

 

Mammalian two-hybrid (M2H) analysis 

The mammalian two-hybrid assay was performed by the modified Checkmate mammalian two hybrid 

system (Promega), as used previously (Balasubramaniyan et al., 2012; Sun et al., 2007).  Briefly, 

transient transfections were performed on 48-well.  HepG2 cells were cotransfected with the 

pBIND/FXR (containing WT or mutants), pACT/Set7/9 or pACT/RXRα, pG5/luc and pCMV-β 

galactosidase plasmids by using TransIT-LT (Mirus Bio, Madison, WI).  24 hours after transfection, 
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medium was refreshed and supplemented with 50  µM CDCA.  After additional 24 h incubation, cells 

were harvested for determination of luciferase activity by luminometer (Promega).  The transfection 

efficiency was normalized using β-galactosidase activity.  

 

Electrophoretic mobility shift assays (EMSA)  

EMSA analysis was performed as described previously (Balasubramaniyan et al., 2012).  Briefly, 

cDNAs encoding human RXRα, hFXRα and mutated FXRα were transcribed and translated by the 

TNT-coupled reticulocyte lysate system (Promega).  EMSA assays were conducted by aliquots of the 

transcribed/translated extracts.  Oligonucleotide probes for the EMSAs were end-labeled with [γ-

32P]ATP (3000 or 6000 mCi/mmol) by T4 polynucleotide kinase.  In competition assays, unlabeled wild 

type or mutant oligonucleotides were added to the reaction mix for 15 min before the addition of the 

probe. DNA-protein complexes were resolved on 4% native polyacrylamide gel electrophoresis 

containing 0.5x TBE.  The gel was dried and exposed to x-ray film.  Quantitation of the retarded 

complex was done by scanning the X-ray films and using ImageJ software (http://rsb.info.nih.gov/ij/).  

Competitor oligonucleotides used for EMSA including the wild type or mutated hBSEP FXRE (IR1) 

sequences, wild type GGACTTTAGGCCATTGACCTATAAGCAA, Mutant 

GGACTTTAaaCCATTGAttTATAAGCAA.  

 

Computational-based molecular modeling of hFXR 

All molecular modeling studies were conducted using Accelrys Discovery Studio 3.1 (Accelrys 

Software, Inc., San Diego, CA; http://accelrys.com).  Crystal structure coordinates were obtained from 

the protein data bank (http://www.pdb.org).  The protein homology model of the hFXR was constructed 

using the MODELLER protocol (Eswar et al., 2006) using crystal structures of the hFXR ligand binding 

domain (PDB ID: 1OSH, 3BEJ; 100% sequence identity) (Downes et al., 2003; Soisson et al., 2008) and 
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the crystal structure of the DNA binding domain (DBD) from the retinoid-x-receptor (PDB ID: 3DZY; 

37% identity, 55% similarity vs. the hFXR DBD) (Chandra et al., 2008).  Structural coordinates of the 

bound DNA from the RXR crystal structure were transferred into the homology model during model 

construction.  No suitable templates for residues 1-124 of hFXR were identified and these residues have 

therefore been omitted from the model.  The structure was then subjected to loop refinement with the 

DOPE energy function (Shen and Sali, 2006) prior to a final energy minimization using the conjugate 

gradient minimization protocol (10,000 iterations to a gradient tolerance of 0.001 kcal/mol) with a 

CHARMm forcefield and the Generalized Born implicit solvent model with simple switching (Feig et 

al., 2004).  Hypothetical models of possible protein-protein interactions between FXR and the Set7/9 

methyltransferase were constructed by aligning the relevant 4 amino acid residues of FXR (Lys204-

Arg207, Asp458-Phe461, or Thr462-His459) over the residues in the -2 through +1 positions (with the 

methylated Lys residue occupying the 0 position) of the histone H3 peptide fragment (Arg2-Gln5) from 

the crystal structure of the Set7/9-histone H3 ternary complex (PDB ID: 1O9S) (Xiao et al., 2003)(PDB 

ID: 1O9S).  The resulting complexes were then subjected to energy minimization as described above.  

The predicted alterations in response to the K210R mutation were examined by changing this residue in 

the hypothetical FXR(206)-Set7/9 complex to the mutant form and subjecting both the WT and mutant 

complexes to a further round of minimization as described above. 

 

Statistical analysis 

Data are presented as the mean +/- the standard deviation (SD) determined by the analysis of multiple 

independent samples, each assayed in duplicate or triplicate, as indicated in the figure legends. A two-

tailed Student’s t-test was used to calculate p values. 
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RESULTS: 

Histone deacetylase inhibitors (HDACi) enhance endogenous expression of hFXR targeted genes.  

Previous studies demonstrated that FXR acetylation is regulated by the class III deacetylase SIRT1 at 

K213 (Kemper et al., 2009).   To determine whether modification of hFXR by class I and II deacetylases 

are functionally relevant to its target gene (hBSEP and SHP) expression, we first tested the effects of 

sodium butyrate (NaB), trichostatin A (TSA), and nicotinamide (NAM) on expression of FXR target 

genes.   NaB and TSA (both are class I and II HDACi) and NAM (a class III HDACi) disrupt normal 

chromatin structure and protein deacetylation by different mechanisms, and cause alterations in gene 

expression and regulation.  HepG2 cells were treated with HDACi for 6 hr at 37 ˚C.  qRT-PCR was used 

to determine the mRNA expression of the target genes.  The results (Figure 1) demonstrated that after 6 

hr treatment of HepG2 cells with NaB or NAM, endogenous BSEP mRNA level increased ~2.5-fold and 

~1.5-fold respectively, compared with untreated cells.  Similarly, after 6 hr treatment with NaB or 

NAM, endogenous SHP mRNA level increased ~1.5-fold and ~1.8-fold respectively.  The TSA 

treatment has no significant effect.  These results suggest that not only class III (SIRT1), but also class I 

and II deacetylases may be involved in bile acid-activated FXR signaling in vivo. 

 

The importance of several conserved lysine mutations of hFXRα on ligand-dependent 

transactivation of hBSEP, hOSTα, and hOSTβ promoters. 

Previous studies have demonstrated that K206 and K213 of hFXRα may be methylated and acetylated, 

respectively (Balasubramaniyan et al., 2012; Kemper et al., 2009).  In hFXRα several lysine residues, 

including K122, K210, and K237, have been identified as potential substrates for acetylation that may 

lead to activation of the target genes (Fu et al., 2004; Kimura et al., 2005).  Recent evidence also 

indicates that a single lysine is conserved among nuclear receptors (K460 in humans, K432 in mice), and 

is subject to deacetylation by the NAD+-dependent deacetylase SIRT1 leading to activation of the 
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nuclear receptor LXR (Li et al., 2007).  The structure prediction and modeling studies indicate that eight 

lysine residues of hFXR (K122, K157, K206, K210, K213, K237, K339, and K460) are highly 

conserved, located on the ligand or DNA binding domain, and may be involved in protein-protein and/or 

protein-DNA interactions.  Some of the eight lysine-residues may also potential sumoylation sites and 

exhibit some overlap with the acetylation sites.  Therefore, the eight lysine residues of hFXR were 

selected, and individually replaced with arginine (Figure 2).   The subsequent effects on the 

transactivation of target gene expression were examined in transfected HepG2 and CaCo2 cells for 

hOSTα and β, and in HepG2 cells for BSEP.   

 

Transfection of wild type hFXRα markedly increased the transactivation of the target gene promoters 

(Figure 3).  After treatment with 50 µM of CDCA (a primary bile acid), the transactivations of hBSEP, 

hOSTα and β promoters were further enhanced about 3-fold compared with untreated cells.  

Replacement of the conserved residues K122, K210 and K339 of hFXR with arginine significantly 

reduced the CDCA ligand-induced activation of the hOSTα promoter activity by ~19%, ~26% and 

~48%, respectively, in transfected HepG2 cells, and by ~30%, ~34% and ~60%, respectively, in 

transfected CaCo2 cells compared with the cells transfected with wild type FXR (Figure 3A).  The 

K460R mutant slightly decreased the hOSTα promoter activity by ~10% in HepG2 cells, but had no 

effect in CaCo2 cells (Figure 3A).  The K122R, K210R, K339R, and K460R mutants exhibited 

decreased ligand-induced activation of the hOSTβ promoter activity by ~31%, ~11%, ~65%, and ~26%, 

respectively, in transfected HepG2 cells, and by ~31%, ~21%, 54% and ~20%, respectively, in 

transfected CaCo2 cells compared with the cells transfected with wild type FXR (Figure 3B).  In 

contrast, K157R and K206R mutants enhanced the CDCA ligand-induced activation of the hOSTβ 

promoter activity by ~38% and ~41%, respectively, in transfected HepG2 and CaCo2 cells (Figure 3B).  

It is notable that the ligand untreated basal reporter activity of some of the mutants were changed, in 
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particular the K157R and K213R in OSTβ-HepG2, compared with the wild type FXR.  This suggests 

that these mutations of FXR may induce a functional change that is ligand independent for interacting 

with hOSTβ promoter.   For hBSEP promoter, K122R, K210R, K339R, and K460R mutants decreased 

the CDCA ligand-induced activation by ~59%, ~54%, 66% and ~40%, respectively, in transfected 

HepG2 cells (Figure 3C).  These data suggest that the conserved lysines, K122, K210, K339, and K460 

are critically important for optimal ligand-activated FXR signaling and we chose to focus on these four 

lysine residues in the following studies.  

 

The nuclear trafficking of GFP-tagged hFXR is not affected by mutation of selected conserved 

lysine residues. 

The posttranslational modification of a protein could determine its transcriptional activity through 

effects on subcellular localization, binding to DNA, and/or interaction with transcriptional coactivators.  

To understand the mechanism of the CDCA-mediated FXR signaling in HepG2 cells, we first examined 

whether the site directed mutagenesis alters the subcellular distribution of GFP-FXR.  In transfected 

HepG2 cells, all of the wild type and mutant GFP-FXR proteins translocated into the nucleus, indicating 

that the mutation of hFXR at either K122, K210, K339, or K460 did not interrupt hFXR nuclear 

trafficking (Supplemental Figure 1). 

 

The effects of selected conserved lysine mutants of hFXR on protein-protein interaction with RXR 

and the methyltransferase Set7/9. 

Several proteins interact with hFXR, including RXR and Set7/9, to form a transcriptional complex that 

regulates the target gene expression (Balasubramaniyan et al., 2012; Vaz and de Lera, 2012).  Recently, 

evidence indicated that K206 and K213 residues of hFXR are a target of the lysine methyltransferase 

Set7/9 and the NAD+-dependent deacetylase SIRT1, respectively (Balasubramaniyan et al., 2012; 
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Kemper et al., 2009).  However, whether these lysine residues are involved in the interaction with other 

cofactors are unknown.  To further understand the mechanisms of the ligand-activated FXR signaling, 

the effects of the lysine mutants on FXR/RXR and FXR/Set7/9 protein interaction were analyzed by 

mammalian two-hybrid analysis.  The K206R and K210R mutants modestly but significantly decreased 

the ligand induced interaction between FXR and RXR by ~28% and ~10%, respectively (Figure 4A).  

The K206R and K460R mutants each decreased the ligand induced FXR/Set7/9 interaction by ~45% 

(Figure 4B).  In contrast, the K210R mutant enhanced the ligand induced FXR/Set7/9 binding affinity 

by ~21%.  This is consistent with our previous results for K206 (Balasubramaniyan et al., 2012), and 

further suggests that K210 and K460 may also be targets for Set7/9-mediated FXR methylation. 

 

Conserved lysine mutants of hFXR decrease the binding affinity with target gene promoter 

binding element, BSEP-FXRE (IR-1). 

Since the lysine modification of FXR may determine its transcriptional activity through effects on the 

binding affinity for the IR1 element in hBSEP promoter, an electrophoretic mobility shift assay (EMSA) 

was performed.  EMSA analysis carried out using in vitro translated wild type and mutated FXR.  Figure 

5 demonstrated that the hFXR-K210R and -K339R mutants reduced the protein-DNA (IR1 element at 

hBSEP promoter) interaction by ~80%, and ~90%, respectively, while the hFXR-K122R, K237R, and 

K460R mutants had equivalent binding to IR1 element compared with wild type FXR.  These data 

suggested that K210 and K339 may be directly or indirectly involved in the protein-DNA binding 

processes.  

 

Computational-based modeling of FXR. 

In order to examine possible mechanisms by which these mutations alter FXR function, we performed a 

series of computational-based molecular modeling studies.  As the crystal structure of the hFXR 
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containing an intact DNA-binding domain has not yet been determined, we began by constructing a 

homology model of the overall structure (residues 125-472) using crystal structures of the hFXR ligand 

binding domain and the DNA binding domain from human RXR, as described in the methods.  The 

model revealed that K206 and K210 are located in positions with the potential to directly interact with 

the DNA strand (Figure 6A).  Interestingly, K210 is predicted to be involved in hydrogen bond 

interactions with two phosphate groups on the DNA backbone (Figure 6B).  The K339 residue is 

situated in the ligand binding domain at the entrance to the ligand binding pocket, while the K460 

resides at the interaction interface where the FXR may associate with other co-factors (Figure 6A).  

Although our model does not include K122, the model N-terminus (Glu125) is identified and its location 

suggests K122 also has the potential to directly interact with the DNA strand (Figure 6B). 
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DISCUSSION:  

FXR acts as a bile acid sensor inducing the transcription of multiple genes involved in the bile acid 

homeostasis within the hepatocyte.  FXR contains a number of domains, including a DNA binding 

domain (DBD), a hinge region, a dimerization interface, and a ligand-binding domain (LBD)(Lee et al., 

2006).   Amino acid sequence prediction analysis suggests that FXR possesses multiple potential lysine 

modification sites for acetylation, methylation and/or sumoylation.  This study suggested that similar to 

the type III deacetylase SIRT1, the type I and II deacetylases may also be involved in FXR 

acetylation/deacetylation processes.  However, whether these potential lysine modification sites of FXR 

are functionally relevant, and the mechanisms underlying the lysine modification-induced alterations in 

activity are still not fully understood. 

 

The results of current study demonstrated that individual replacement of K122, K210, K339, and K460 

of hFXR with arginine significantly reduced target gene promoter reporter activity in a ligand-dependent 

fashion, but did not affect the nuclear localization of FXR.  This suggests that reduction of the target 

gene activation by these mutants is not due to the interruption of subcellular trafficking.  Functional 

changes of NRs by lysine mutation may be induced by an apparent conformational change that 

modulates the protein association with cellular co-factors to alter the nuclear localization, the binding 

and recruitment of coactivators and corepressors to target gene promoters, and the DNA binding activity 

of various transcription factors. (Soutoglou et al., 2000).   

 

FXR-K210 is located in the hinge region between a methylation site at K206 and an acetylation site at 

K213.  Our results demonstrated that mutation of K210 to arginine results in a significant reduction of 

the activity in the target gene expression, particularly to BSEP promoter.  The K210R mutation results in 

a slight but significant decrease in FXR/RXR binding affinity, but enhanced FXR/Set7/9 interaction.  
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This mutation also dramatically decreases the interaction between FXR and the BSEP-promoter 

(FXRE).  Our computational-based modeling suggests that K210 may participate in direct hydrogen-

bond interactions with the DNA backbone by the ε-amino group.  This flexible hinge region of FXR 

may also be involved in heterodimer formation with RXR, and/or interaction with the methyltransferase 

Set7/9.  A coiled-coil type structure is important for protein association, and many coiled-coil type 

proteins are involved in important biological functions such as the regulation of gene expression, e.g. 

transcription factors.  Prediction of coiled-coil regions in hFXR shows that the hinge region (amino acid 

175 to 225) of hFXR has high potential to form a coiled-coil structure (Supplemental Figure 2) 

[http://www.ch.embnet.org/software/COILS_form.html].  Replacement of the K206 with Arg could 

decrease the coiled-coil structure by ~16%.  In contrast, replacement of the K210 with Arg could 

enhance the coiled-coil structure by ~6.3%.  These data are consistent with our results, and suggest that 

K210 is important for both the protein-protein and protein-DNA interaction.    

 

FXR-K339 is located in the LBD, and is a potential modification site for both acetylation and 

sumoylation.  Our results demonstrate that arginine replacement of K339 resulted in a decrease in the 

activation of the promoters of three target genes (OSTα, OSTβ and BSEP) in HepG2 (liver) and CaCo2 

(intestine) cell lines.  This mutation almost completely abolished the FXR interaction with the BSEP-

promoter, but did not cause significant effects on the protein-protein interaction with either RXR or 

Set7/9.  Our modeling indicates that K339 is located at the entrance of the ligand-binding site of FXR, 

suggesting that substitution of the Lys with the bulkier side chain of an Arg residue may impede access 

to the ligand-binding site.  Therefore, the observed inhibition of activity may be due, at least in part, to 

impaired ligand binding to FXR.  This is consistent with the results of EC50 (data not show) that suggest 

the K339R mutant significantly reduced the ligand binding affinity. 
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The K460R mutation significantly decreased the transactivation of OSTα, OSTβ and BSEP promoters, 

in HepG2 cells.  The mutation decreased the transactivation of OSTβ but not OSTα promoter in CaCo2 

cells.  K460R also dramatically decreased the FXR interaction with Set7/9, but had no significant effect 

on the interaction with RXR.  In contrast with the K210R and K339R mutants, EMSA study shows that 

the K460R mutant did not effect FXR-DNA interaction.  Previous studies reported the similar 

observation that acetylation of mouse GATA-1 or EKLF is important for transcriptional activation 

without affecting their DNA binding activities (Hung et al., 1999; Zhang and Bieker, 1998).  Taken 

together, these data suggest that K460 may be critical for the FXR specificity in modulating different 

target gene activities and biological processes.  

 

K122 is a potential acetylation site and a strong sumoylation candidate.  Although our model does not 

include K122, it is in close proximity to the N-terminus of our model (Glu125) and therefore may also 

be involved in DNA binding. 

 

Set7/9 is known to methylate a number of cellular protein targets, including histone H3, p53 , and NF-

kB (Del Rizzo and Trievel, 2011) and we have previously shown that FXR is a target of Set7/9-mediated 

methylation at K206 (Balasubramaniyan et al., 2012).  Our in vitro data demonstrates the K210R and 

K460R mutations alter the interaction of FXR with Set7/9, which support our finding regard methylation 

of K210 and suggests that K460 may be involved in FXR methylation.  It was therefore of interest to 

examine whether the interaction between Set7/9 and FXR was feasible, specifically the two regions of 

FXR containing K206 and K460, and whether this interaction was sufficient to result in the methylation 

of these residues.  Most Set7/9 methylation sites conform to a conserved recognition sequence motif of 

(K/R)-(S/T/A)-K-X, where the underlined Lys residue is the methylated species and X is a polar residue 

(Couture et al., 2006; Del Rizzo and Trievel, 2011).  The protein sequence in the region containing 
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K206 (204-KSKR-207) matches this recognition sequence.  The flexible nature of the FXR hinge 

domain which contains K206 also allows this residue to be well positioned in the binding site of Set7/9 

for its methylation and results in favorable electrostatic interactions between the two proteins (Figure 7).  

The sequence around K460 (458-DHKF-461) is not similar to the Set7/9 recognition sequence in the N-

terminal to C-terminal orientation but does exhibit similarity at the +1 position in the opposite C-

terminal to N-terminal orientation (462-TFKH-459).  The role of K460 in this process is unclear. 

 

Interestingly, the K210R mutant induced a small but significant increase in the interaction between FXR 

and Set7/9 in our two hybrid screen.  We examined the effect of this mutation in silico by mutating the 

residue to an Arg in our hypothetical model of the FXR(206)-Set7/9 protein complex and subjecting 

both the wild-type and K210R mutant to a further round of energy minimization.  Although the side 

chain of the residue at this position does not appear to be involved in direct interactions with Set7/9, the 

Arg substitution is predicted to result in the introduction of additional hydrogen bond interactions with 

the side chain carbonyl of Asn211 (Figure 8).  In our model, the side chain amine of Asn211 is also 

predicted to be involved in hydrogen bond interactions with Asp338 of Set7/9.  These additional 

predicted interactions may introduce additional stability to this flexible region of FXR that may help to 

explain the mildly enhanced interaction between FXR and Set7/9 we observed in vitro in response to the 

K210R mutation.  However, the physiological relevance of such a modest increase in activity is unclear 

and may not play a significant role in Set7/9-mediated methylation of FXR within the cellular milieu. 

 

In summary, we have identified four highly conserved lysine residues, K122, K210, K339, and K460 

that play a critical role in FXR target gene regulation and molecular interaction (protein-protein and 

protein-DNA) in a ligand-dependent manner.  Our data further demonstrates that class I, II, III HDAC 
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inhibitors have variable effects on in vivo BSEP mRNA expression.  Thus, FXR contains multiple 

potental acetylation sites that may be differentlly important depending on the gene and cellular content.  
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Figure Legends:  

Figure 1:  Effects of histone deacetylase inhibitors (HDACi) on the endogenous expression of 

hBESP and hSHP mRNA: 

HepG2 (human hepatoblastoma) cells were treated with 1 mM Na-butyrate (NaB), 1 µM trichostatin A 

(TSA), and 10 mM nicotinamide (NAM), respectively for 6 hr at 37 ˚C.   The mRNA expressions of 

human BSEP (Top) and SHP (Lower) were determined by Quantitative Real-Time PCR, and optical 

density of the PCR products was normalized to the expression of glyceraldehydes-3-phosphate 

dehydrogenase (GAPDH).  Fold change values were calculated as the relative expression level 

compared with that of the cells in the absence of HDAC inhibitors. (*p < 0.05, compared with HDAI 

non-treated cells) 

 

Figure 2. Sequence alignment of FXR from different species.  

The star (*) indicated selected potential posttranslational modification lysine residues. 

 

Figure 3.  The importance of several conserved lysine mutations of hFXRα on ligand-dependent 

transactivation of hBSEP, hOSTα, and hOSTβ promoters.    

Human OSTα (-1489 to +112 bp)(A), OSTβ (-529 to +17 bp)(B), and BSEP (–1250 to +65 bp)(C) 

promoters fused with luciferase reporter were cotransfected with hRXRα and wild type or mutated 

hFXRα constructs in HepG2 or CaCo2 cells.  24 hr later, cells were incubated with vehicle (DMSO) or 

with 50 µM CDCA for an additional 16 hr and analyzed for luciferase activity.  Transfection efficiencies 

were normalized using ß-gal. (*p < 0.05, compared with WT FXR) 
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Figure 4.  Effects of site directed mutagenesis at conserved lysine residues of human FXR on 

protein-protein interaction. 

Mammalian two-hybrid analysis was performed in co-transfected HepG2 cells (see Method section), and 

used to evaluate the effects of the mutations on the association of hFXRα with (A) hRXRα and (B) 

Set7/9.  (*p < 0.05, compared with WT FXR) 

 

Figure 5. Effects of site directed mutagenesis at conserved lysine residues of human FXR on 

Binding to FXRE of hBSEP promoter.   

(A) Electrophoretic mobility shift assay (EMSA) analysis using in vitro translated wild type and mutated 

FXR and wild type RXR using 32P-labeled FXRE (IR-1) as a probe. Note the absence of specific DNA-

protein complex in the lanes (indicated by asterisk) when K210R or K339R mutants were used in the 

reaction. (-Sp = Specific complexes, and -NSp = non-specific complexes).  (B) Quantification of the 

density of Protein-DNA complexes from (A).  (*p < 0.05, compared with WT FXR) 

 

Figure 6.  Identifying the locations of four critical lysine residues in the structure of human FXR.  

(A) Protein homology model of ligand, hinge, and DNA binding domains of human FXR (cyan ribbons) 

bound to DNA (multi-colored sticks) with the locations of the relevant Lys residues (yellow sticks) and 

the interaction interface with protein co-factors indicated.  The asterisk (*) denotes the location of the 

FXR ligand binding pocket.  (B) Close up view of the DNA-binding domain from A depicting the 

locations of the homology model N-terminus (Glu125) and two Lys residues that may be involved in 

DNA binding.  Green lines represent predicted hydrogen bond interactions with the phosphate backbone 

of DNA. 
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Figure 7.  Hypothetical structures of the FXR-Set7/9 protein complexes.   

Energy minimized structures of Set7/9 bound to FXR at Lys206.  Set7/9 protein surfaces are colored by 

interpolated surface charge in a range from positive (blue) to neutral (white) to negative (red).  FXR 

protein surfaces are colored similarly excepting that neutral areas are colored green to distinguish the 

surface from that of Set7/9.  The potential methylated Lys residues are indicated in the respective insets. 

 

Figure 8. Predicted effects of the K210R mutation on the interaction between FXR and Set7/9.  

Predicted interactions between FXR (green) and Set7/9 (white) in the hypothetical model of the FXR-

Set7/9 complex containing either (A) wild-type FXR or (B) K210R FXR. Green lines denote predicted 

hydrogen bond interactions and orange lines denote predicted pi bond interactions.  Labels in italics 

indicate Set7/9 residues. 
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