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ABSTRACT 

Peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) has been 

shown to play an important role in energy metabolism by coordinating transcriptional 

programs involved in mitochondrial biogenesis, adaptive thermogenesis, 

gluconeogenesis, and fatty-acid oxidation. PGC-1α also plays a crucial role in cholesterol 

metabolism by serving as a coactivator of the liver X receptor-α (LXRα) and inducing 

the expression of cholesterol 7-α-hydroxylase (CYP7A1). Here we demonstrate that 

PGC-1α also functions as an effective coactivator of FXR, the bile acid receptor. 

Transient cotransfection assays demonstrate that PGC-1α enhances ligand-mediated FXR 

transcription when either full-length FXR or Gal4 DNA binding domain–FXR-ligand 

binding domain chimeras were analyzed. Mammalian two-hybrid analyses, GST affinity 

chromatography and biochemical coactivator recruitment assays demonstrate ligand-

dependent interaction between the two proteins both in vivo and in vitro. PGC-1α-

mediated coactivation of FXR was highly ligand-dependent and absolutely required an 

intact AF-2 domain of FXR and the LXXLL motif in PGC-1α.  The integrity of the 

charge clamp was required further illustrating the role of the LBD of FXR in PGC-1α 

recognition. Taken together, these results indicate that PGC-1α functions as a potent 

coactivator for FXR and further implicates its role in the regulation of genes that are 

involved in bile acid and lipid metabolism.  
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INTRODUCTION 

The enterohepatic conversion of cholesterol to bile acids is a highly regulated 

process.  The rate-limiting step in this process is the conversion of cholesterol into 7-α-

hydroxy-cholesterol, which is catalyzed by the enzyme cholesterol 7-α-hydroxylase 

(CYP7A1) (Russell, 2003). In rodents, the expression of the gene encoding CYP7A1 is 

activated by oxysterols and inhibited by bile acids.  Positive regulation of CYP7A1 is 

mediated by the nuclear receptor (NR), liver X receptor (LXRα; NR1H3), which binds 

to, and is activated by oxysterols (Janowski et al., 1996; Lehmann et al., 1997; Peet et al., 

1998). LXRα is predominantly expressed in the liver, adipose tissue, and macrophages 

and is involved in the transcriptional control of a number of genes involved in cholesterol 

and fatty acid metabolism including CYP7A1 (Lehmann et al., 1997; Peet et al., 1998), 

the sterol response element binding protein-1c (SREBP-1c) (Repa et al., 2000a; Schultz et 

al., 2000), a number of ATP-binding cassette transporters (ABCA1, ABCG5, ABCG8) 

(Repa et al., 2000b; Repa et al., 2002), and the phospholipid transfer protein (PLTP) (Cao 

et al., 2002; Mak et al., 2002). 

Conversely, bile acids exhibit their inhibitory effect on CYP7A1 expression by 

activating another NR, the farnesoid X receptor (FXR; NR1H4) (Goodwin et al., 2000), 

16). Several studies have demonstrated that FXR is the sensor of physiological levels of 

enterohepatic bile acids (Makishima et al., 1999; Parks et al., 1999) and a major regulator 

of bile acid homeostasis. The role of FXR as a bile acid receptor is supported by its 

selective pattern of expression in the tissues that are exposed to high concentrations of 

bile acids — the liver, kidney, and ileum (Forman et al., 1995; Seol et al., 1995). Recent 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 25, 2004 as DOI: 10.1124/jpet.104.072124

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72124 

 5

in vivo studies also suggest that FXR ligands could be potentially useful in the treatment 

of cholestatic liver disease (Goodwin et al., 2000) and dyslipidemia (Urizar et al., 2002).  

Like other members of the NR superfamily, FXR is comprised of a conserved 

functional domain structure (Burris, 2001). The central region contains the highly 

conserved DNA-binding domain (DBD) harboring two zinc finger while the C-terminal 

ligand-binding domain (LBD) contains a ligand-dependent activation function (AF-2) 

and a receptor dimerization interface (Burris, 2001). Binding of ligands to the receptor 

induces a conformational change within the LBD, resulting in the release of existing 

corepressor proteins and permitting the association of coactivator proteins that mediate a 

series of events leading to transcriptional activation of the target genes. FXR functions as 

a heterodimer with the retinoid X receptor (RXR) and augments transcription of its target 

genes upon binding to an FXR response element (FXRE) located in the promoters of its 

target genes (Grober et al., 1999).  The role of FXR in bile acid, cholesterol, and lipid 

homeostasis is mediated by transcriptional regulation of a diverse subset of target genes 

including the intestinal bile acid-binding protein (I-BABP) (Makishima et al., 1999; Parks 

et al., 1999), PLTP (Urizar et al., 2000), small heterodimer partner (SHP) (Goodwin et 

al., 2000; Lu et al., 2000), bile salt export pump (BSEP) (Ananthanarayanan et al., 2001; 

Yu et al., 2002), apolipoprotein C-II (Kast et al., 2001) and apolipoprotein E (Mak et al., 

2002).  

Recently, it has been demonstrated that PGC-1α plays a crucial role in cholesterol 

metabolism and bile acid biosynthesis, where it serves as a coactivator of LXRα 

(Oberkofler et al., 2003) and activates CYP7A1 expression (Shin et al., 2003). Although 

PGC-1α was initially identified as a transcriptional coactivator for peroxisome 
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proliferator-activator receptor γ (PPARγ), the tissue expression profile and its induction 

during exposure to lower temperatures implicates a broader role for this coactivator in 

energy metabolism and adaptive thermogenesis (Puigserver et al., 1998; Wu et al., 1999). 

PGC-1α is preferentially expressed in brown adipose tissue and skeletal muscle, and 

enhances transcriptional activation of the uncoupling protein-1 (UCP-1) by the thyroid 

receptor (TR) and PPARγ. Based on the overlapping tissue expression pattern of PGC-

1α, LXRα, CYP7A1, and FXR (Russell, 2003), and with FXR being a major regulator of 

cholesterol and bile acid homeostasis (Makishima et al., 1999; Parks et al., 1999), we 

reasoned that PGC-1α could also serve as a potential coactivator for FXR to play an 

additional role in the metabolism of bile acids.   

In this study, we demonstrate that PGC-1α enhances ligand-mediated FXR 

transcription indicating that PGC-1α functions as a potent coactivator for FXR and 

demonstrates its role in the regulation of genes that are involved in cholesterol and bile 

acid metabolism. 
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 METHODS 

Plasmid Construction—Full-length untagged FXR and FXR∆AF2 were 

constructed by cloning PCR-amplified DNA fragments into the BamHI and EcoRV sites 

of pcDNA3.1D/V5-His-TOPO (Invitrogen). Gal4–FXR-LBD∆AF2 was constructed from 

Gal4–FXR-LBD (pM–FXRLBD; encompassing amino acids 226–476 of FXR) (Bramlett 

et al., 2000) by PCR amplification, and cloned into the BamHI and XbaI sites of the pM 

vector (Clontech). Full-length FXR and FXR∆AF2 fused to the Gal4-DBD were 

constructed by PCR amplification, and cloned into the pM vector between the BamHI and 

XbaI sites. The K307A and E471A mutants in full-length FXR and Gal4–FXR-LBD were 

generated using the QuikChange site-directed mutagenesis kit (Stratagene). The 

expression plasmid for PGC-1α has been previously described (Delerive et al., 2002).  

The plasmid expressing polyhistidine-tagged FXR-LBD was constructed by subcloning 

the region encompassing amino acids 226–476 of FXR into a modified pET expression 

vector (Novagen). Plasmids expressing the GST–PGC-1α and VP16–PGC-1α fusion 

constructs (encoding PGC-1α amino acids 100–411) have been previously described (Wu 

et al., 2003). The PLTP-tk-Luc reporter plasmid was generated by inserting two copies of 

an IR1 response element derived from the human PLTP gene (Urizar et al., 2000) 

upstream of the minimal thymidine kinase (TK) promoter linked to a luciferase gene 

(pTA-Luc, Clontech). The pG5-Luc reporter plasmid, containing five copies of the DNA-

binding site of the yeast Gal4 transcription factor cloned upstream of the minimal TK 

promoter linked to a luciferase gene, was purchased from Promega. The sequence of all 

plasmids was verified by DNA sequencing.   
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 Cell Culture and Transient Cotransfection assays—HEK293 cells were 

maintained in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine 

serum and 1% penicillin/streptomycin at 37 °C under 5% CO2. Prior to transfection, cells 

were plated into 96-well plates at a density of 1 × 104 cells/well. Each transfection 

contained 25 ng of the appropriate luciferase reporter plasmid and various combinations 

of other expression plasmids as described in the figure legend using FuGENE 6 (Roche 

Molecular Biochemicals). 16 h post-transfection, fresh media containing either 0.1% 

DMSO or CDCA (50 µM in 0.1% DMSO) was added as indicated. 20 h post-treatment, 

the luciferase activity was measured using the standard luciferase substrate reagents (BD 

PharMingen). Chenodeoxycholic acid (CDCA) was purchased from Sigma.  Expression 

of mutant receptors and coactivators (full-length and chimeric) were compared to wild 

type by western blots and showed no significant deviation in expression (data not shown).  

Hormone binding capacity of mutant receptors (FXR∆AF-2, FXR(E471→A), and 

FXR(K307→A)) was assessed by limited protease digestion and the three mutants and 

determined to be within ~35% of wild type FXR (data not shown). 

Adenovirus infections and gene expression—Full-length murine PGC1α and GFP 

adenovirus constructs were generated as described (Lehman et al., 2000).  Huh7 human 

hepatoma cells were plated into 96-well plates at a density of 2 × 105 cells/well.  Cells 

were infected with at an approximate MOI of 10 to achieve 100% infection.  Sixteen h 

post-infection, virus-containing media were removed, and cells were stimulated with 

various concentrations of CDCA, as indicated, for 24 hours. RNA and cDNA were 

prepared using ABI 6100 reagents and methodologies and ABI high capacity cDNA 
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synthesis kit (Applied Biosystems, Foster City, CA).  BSEP mRNA was quantitated 

using standard Q-PCR techniques as previously described (Bramlett et al., 2003). 

  GST Affinity Chromatography Analysis—In vitro protein–protein interactions 

were assessed by performing GST affinity chromatography assays as previously 

described (Wu et al., 2003) using in vitro transcribed/translated 35S-labeled FXR or 

FXR∆AF-2, in the absence or presence of ligand. Beads were extensively washed with 

the binding buffer and the bound proteins were analyzed by SDS-PAGE and visualized 

by autoradiography.  

 Immunoprecipitation (IP) assay—In vivo interaction of PCG-1α and FXR was 

assessed using an IP assay as previously described for PGC-1α and RXR (Delerive et al., 

2002) with the following modifications.  HEK293 cells were transfected with amino-

terminal myc-his tagged PGC-1α and full-length FXR.  Controls were performed that 

lacked cotransfection with the myc-his tagged PGC-1α.  After 24 h of treatment in the 

presence or absence of ligand (50 µM CDCA or 0.1% DMSO) cells were lysed followed 

by immunoprecipitation with a monoclonal myc antibody (9E10; Santa Cruz 

Biotechnology, Santa Cruz, CA).  The samples were then subjected to Western analysis 

using a polyclonal FXR antibody (H130; Santa Cruz Biotechnology). 

Coactivator Recruitment Assay—Biochemical interaction between FXR-LBD and 

the coactivator PGC-1α was assayed using AlphaScreenTM (amplified luminescent 

proximity homogenous assay) technology (Perkin-Elmer Life Sciences). The assay was 

performed in white, low volume, 384-well plates utilizing a final volume of 15 µl 

containing final concentrations of 20 nM of Escherichia coli expressed polyhistidine-

tagged FXR-LBD protein (encompassing amino acids 226–476 of FXR), 5 nM of GST–
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PGC-1α fusion protein (encoding amino acids 100–411 of PGC-1α), and 10 µg/ml of 

both Ni+2 chelate donor beads and anti-GST acceptor beads (Perkin-Elmer Life Sciences). 

The assay buffer contained 25 mM HEPES (pH 7.0), 100 mM NaCl, 0.1 % bovine serum 

albumin, and 2 mM dithiothreitol. CDCA dissolved in DMSO and added as indicated. 

The concentration of DMSO in each well was maintained at a final concentration of 1%. 

All manipulations involving assay beads were done in ambient light. Assay plates were 

covered with a clear seal and incubated in the dark for 2 h after which the plates were 

read for 1 sec/well in a Perkin-Elmer Fusion microplate analyzer using the manufacturers 

standard AlphaScreenTM detection protocol. Dose response curves were analyzed in 

GraphPad Prism (GraphPad Software Inc.) permitting the calculation of EC50. 
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RESULTS 

PGC-1α activates FXR-mediated transcription in a ligand-dependent manner—

We analyzed the relative effectiveness of several classes of coactivators in terms of their 

ability to augment the transcriptional activity the LBD of FXR utilizing a Gal4 DBD – 

FXR LBD chimera.  As shown in Figure 1, neither pCAF nor SRC-1 displayed much 

coactivator activity in the context of this chimeric receptor; however, both p300 and 

PGC-1α exhibited particularly strong activity.  Particularly apparent was the activity of 

PGC-1α relative to the other coactivators examined leading us to investigate the nature of 

this potential interaction.  In order to confirm this observation, a transient transfection 

assay was performed with plasmids expressing full-length FXR and a luciferase reporter 

gene driven by the minimal TK promoter preceded by two repeats of an IR1 FXRE 

derived from the human PLTP gene (Urizar et al., 2000). Luciferase activity was 

measured in the absence or presence of the FXR ligand, CDCA (Fig. 2A). Cotransfection 

of a plasmid expressing PGC-1α in the absence of ligand resulted in a 3–4-fold activation 

of the reporter gene at the highest concentration of the transfected plasmid (50 ng). 

Addition of CDCA resulted in an approximate 5-fold activation of the reporter gene in 

the absence of PGC-1α. Increasing amounts of the PGC-1α expression plasmid resulted 

in ~60-fold activation of the reporter in the presence of CDCA. Thus, although subtle 

effects of PGC-1α-mediated coactivation are observed in the absence of ligand, 

efficacious coactivation of FXR by PGC-1α is highly dependent on the presence of the 

ligand.   

Since the interaction between PGC-1α and other NRs has been mapped to the 

LBD of the NRs in many cases, we again utilized the chimeric Gal4 DBD – FXR LBD 
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chimera.  As in Figure 1, this Gal4-DBD/FXR-LBD fusion protein (Gal4–FXR-LBD) 

was coexpressed with a cognate Gal4 responsive reporter gene in the absence or presence 

ligand.  Overexpression of PGC-1α had no effect on the basal activity of the reporter 

gene, even at the highest concentration of the expressed PGC-1α. However, in the 

absence of transfected PGC-1α, activation of the reporter gene was increased 10-fold in 

the presence of CDCA. Maximal overexpression of PGC-1α resulted in a further increase 

in reporter expression to 400-fold in the presence of ligand (Fig. 2B). Thus, the dose-

responsive induction of the chimeric Gal4–FXR-LBD mediated transcription by PGC-1α 

confirms that PGC-1α serves as a coactivator for FXR-mediated transcription in a ligand-

dependent manner. Furthermore, our results also demonstrate that the LBD of FXR 

(encompassing amino acids 226–476) is sufficient for the coactivation to occur. 

In order to determine if increasing PGC-1α levels would affect the expression of a 

FXR target gene in a cell line expressing endogenous FXR, an adenoviral vector directing 

the expression of either PGC-1α or green fluorescent protein (GFP) was used to infect 

HuhH7 cells.  Following infection, cells were treated with increasing doses of CDCA for 

16 h followed by assessment of expression of BSEP mRNA.  As shown in Fig. 2C, 

CDCA treatment results in a dose-dependent increase in BSEP mRNA expression 

ranging from 8-fold (1 µM CDCA) to 31-fold (50 µM CDCA) in control cells (GFP-

adenovirus infected cells).  In cells where PGC-1α was overexpressed, the levels of 

BSEP mRNA were enhanced at every dose of CDCA examined (2-4 fold) consistent with 

our observation that PGC-1α functions as a coactivator of FXR. PGC-1α overexpression 

alone, without ligand, did not result in enhancement of BSEP mRNA expression 

confirming the ligand dependence of the coactivation.   
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The AF-2 domain of FXR and the LXXLL motif of PGC-1α are essential for 

coactivation of FXR by PGC-1α—Previous studies demonstrated that the C-terminal 

LBD of FXR that contains the activation function-2 (AF-2) is required for its response to 

ligands (Zavacki et al., 1997).  To determine whether the AF-2 domain was necessary for 

the coactivation of FXR by PGC-1α, co-transfection assays were performed using either 

a full-length FXR expression plasmid lacking the AF-2 or a Gal4–FXR-LBD plasmid 

lacking the AF-2 in combination with their cognate luciferase reporter plasmid. Wild-

type FXR-LBD mediated transcriptional activity was increased by CDCA, and activation 

was further enhanced by overexpression of PGC-1α (Fig. 3A). However, deletion of 

helix 12 of FXR abolished transcriptional activity in response to ligand and to 

overexpression of PGC-1α. These results were reiterated when Gal4-FXR-LBD and the 

corresponding helix 12 deletion constructs were assessed with ligand and overexpression 

of PGC-1α (Fig. 3B). Hence, an intact AF-2 domain is necessary for FXR-mediated 

transcription in response either to ligand or to PGC-1α coactivation.  

Binding of a ligand to the LBD of NRs induces a conformational change that 

permits the recognition of specific motifs contained within coactivator proteins. This 

motif, commonly referred to as the NR box or LXXLL motif, is necessary and sufficient 

to permit most NR–coactivator interactions. Previous studies have demonstrated that an 

intact LXXLL motif in PGC-1α is required for its coactivation of several NRs 

(Tcherepanova et al., 2000; Vega et al., 2000; Knutti et al., 2001; Delerive et al., 2002; 

Wu et al., 2002; Oberkofler et al., 2003; Schreiber et al., 2003; Wu et al., 2003). To 

ascertain whether the NR box of PGC-1α mediates a ligand-dependent interaction with 

FXR, cotransfection assays were performed with the wild type, full-length FXR and 
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plasmids expressing either wild-type PGC-1α or LXXLL→AXXAA mutated PGC-1α. 

Coexpression of wild-type PGC-1α resulted in enhancement of transcriptional activity in 

the presence of CDCA (Fig. 4A). However, mutation of the central LXXLL (L2) motif of 

PGC-1α resulted in the inability of the protein to coactivate FXR as indicated by the 

levels of activity reverting to the levels comparable to FXR alone. To determine whether 

the LXXLL motif of PGC-1α mediated ligand-dependent interaction with the Gal4-FXR-

LBD protein, cotransfection assays were performed as described above. Indeed, the PGC-

1αAXXAA mutant was also unable to coactivate the chimeric FXR (Fig. 4B). The 

observation that the L2 LXXLL domain of PGC-1α is the critical determinant in receptor 

recognition is consistent with our previous studies with TRβ, RXR, and PPARγ (Delerive 

et al., 2002; Wu et al., 2002; Wu et al., 2003).  Thus, the AF-2 region of FXR and the NR 

box of PGC-1α were required for coactivation of FXR by PGC-1α.  

FXR and PGC-1α directly interact both in vivo and in vitro—To determine 

whether the coactivation of FXR by PGC-1α is a result of a direct interaction between the 

two proteins in vivo, a mammalian two-hybrid assay was performed using plasmids 

expressing a Gal4-DBD–full-length FXR chimera (Gal4–FXR) and a VP16–PGC-1α 

chimera (spanning amino acids 100–411 of PGC-1α) along with the luciferase reporter 

plasmid (Fig. 5A). Wild-type Gal4–FXR mediated transcriptional activity was increased 

upon addition of CDCA. This activation was further enhanced by expression of VP16–

PGC-1α, indicating that the region of PGC-1α encompassing amino acids 100–411, 

spanning the LXXLL motif, was sufficient to mediate the ligand-dependent interaction 

with FXR. However, deletion of helix 12 of FXR abolished the interaction with PGC-1α 

demonstrating that the AF-2 domain of FXR was required for the interaction. To examine 
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whether this interaction also occurs in vitro, a GST affinity chromatography assay was 

performed using in vitro transcribed/translated 35S-labeled full-length FXR and a 

fragment of PGC-1α containing the LXXLL motif (amino acids 100–411) expressed as a 

GST fusion protein immobilized on glutathione-sepharose 4B beads. The immobilized 

GST–PGC-1α interacts strongly with the in vitro translated FXR in a ligand-dependent 

manner (Fig. 5B). Consistent with our previous observations (Fig. 4), mutation of the 

leucines in the LXXLL motif of PGC-1α to alanines (AXXAA) resulted in a substantial 

reduction in this interaction. Furthermore, deletion of the AF-2 domain of FXR abolished 

the interaction with PGC-1α, confirming that the AF-2 domain of FXR and the NR box 

of PGC-1α are required for the interaction.  The interaction between PGC-1α and FXR 

was also assessed by coimmunoprecipitation.  Amino-terminal myc-tagged PCG-1α was 

cotrasfected into HEK293 cells along with full-length FXR.   Following 24 h treatment 

either in the presence or absence of 50 µM CDCA, the cells were lysed and 

immunoprecipitated with a myc antibody and the presence of FXR in the 

immunoprecipitate was revealed by Western blotting with a polyclonal FXR antibody.  

The results shown in Fig. 5C indicate that FXR and PCG-1α interact in vivo; however, in 

contrast to other results the interaction is ligand-independent.  It is unclear why the 

results of the immunoprecipitation assay conflict with the ligand dependency of the 

interaction detected with the two-hybrid assay, GST-pull down assay, and the 

AlphaScreenTM assay (described below).  Nonetheless, the functional assays using full-

length and Gal4-FXR LBD cotransfections as well as overexpression of PGC-1α in Huh7 

cells expressing endogenous FXR suggest the coactivation is ligand-dependent. 
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To confirm the in vitro interaction between the two proteins, a biochemical 

coactivator recruitment assay using the AlphaScreenTM technology was performed using 

a GST–PGC-1α fusion protein and the LBD of FXR that was expressed as a 

polyhistidine-tagged fusion protein in E. coli. We have utilized this methodology 

previously to examine the coactivator binding activity of LXRα, LXRβ, VDR and RXRα 

(Bettoun et al., 2003; Bramlett et al., 2003).  As illustrated in Figure 5D, CDCA induced 

interaction between the FXR LBD and PGC-1α. The half-maximal effective 

concentration (EC50) of 16±11 µM for CDCA is consistent with the activity observed in 

cell based assays (Parks et al., 1999; Bramlett et al., 2000). Results from the coactivator 

recruitment assay and the cotransfection experiments utilizing the Gal4–FXR-LBD 

chimera also demonstrate that the LBD of FXR is sufficient for PGC-1α-mediated 

coactivation of FXR both in vitro and in vivo. Thus, coactivation of FXR by PGC-1α is 

mediated via direct interaction that requires an intact AF-2 domain of FXR and the 

LXXLL motif in PGC-1α. 

Requirement of the charge clamp residues of FXR for PGC-1α mediated 

coactivation— Recognition of the LXXLL motif by NRs is mediated by a “charge 

clamp” that is comprised of two highly conserved residues in the NR LBD. A lysine 

residue (present in helix 3) and a glutamic acid residue (in helix 12) have been shown to 

clamp the NR box α-helix in place by forming hydrogen bonds with the peptide 

backbone of the LXXLL motif. We would expect, based on the requirement of the LBD 

and helix 12 of FXR as well as the NR box of PGC-1α, that the charge clamp residues of 

FXR would be critical for coactivation of this receptor by PGC-1α.  In order to 

investigate this we mutated each amino acid component of the charge clamp individually 
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and examined the effect on the ability of PGC-1α to coactivate the charge clamp mutants.  

This was performed both in the context of full-length FXR as well as with a Gal4 DBD – 

FXR LBD chimera.  

Mutation of the glutamic acid 471 to alanine (FXR(E471→A)) virtually eliminated 

the basal transcriptional activity of full-length FXR as well as ligand-activated activity.  

PGC-1α was ineffective in coactivation of this mutant (Fig 6A).  A similar pattern was 

observed in the context of the Gal4 DBD – FXR LBD chimera (Fig 6B).  Mutation of the 

basic portion of the charge clamp, lysine 307 within helix 3 (FXR(K307→A)) also 

resulted in near elimination of the transcriptional activity of either the full-length or 

chimeric receptor (Fig 6).  As observed with mutation of the glutamic acid component of 

the charge clamp, mutation of the lysine component also resulted in the inability of PGC-

1α to coactivate the receptor.  Thus, the charge clamp residues are required for PGC-1α 

mediated coactivation of FXR, which is consistent with our observations that the 

interaction is a ligand-dependent interaction requiring helix 12 of FXR and the NR box of 

PGC-1α.  
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DISCUSSION 

PGC-1α has been shown to play an important role in energy metabolism by 

coordinating transcriptional programs involved in mitochondrial biogenesis, adaptive 

thermogenesis, gluconeogenesis, and fatty-acid oxidation. Recent studies suggesting 

additional roles for PGC-1α in cholesterol and bile acid metabolism via coactivation of 

LXRα and regulation of CYP7A1 (Oberkofler et al., 2003; Shin et al., 2003), led us to 

investigate the potential coregulatory role of this coactivator on the activity of the bile 

acid receptor, FXR. In this study, we demonstrate that PGC-1α functions as an efficient 

ligand-dependent coactivator of FXR. Our results indicate that PGC-1α plays an 

additional role in cholesterol and bile acid metabolism by directly modulating the activity 

of the bile acid receptor. Thus, the array of FXR target genes that regulate bile acid and 

lipid metabolism are likely under the influence of PGC-1α, whose expression is regulated 

in an environmental- and metabolic state-dependent manner. 

The interaction of PGC-1α with PPARγ is primarily a ligand-independent 

interaction (Puigserver et al., 1998); however, in certain circumstances a significant 

ligand-dependent component can be dissected (Wu et al., 2003).  Other receptors such as 

ERRα also display a strong ligand-independent mode of interaction with PGC-1α 

(Schreiber et al., 2003), but the majority of receptors that have now been examined 

appear to display a significant ligand-dependent component.  For example, TRα, TRβ, 

ERα, RXR, and PPARα all exhibit ligand-dependent interaction with PGC-1α with some 

of these receptors still retaining a limited element of context dependent ligand-

independency (Tcherepanova et al., 2000; Vega et al., 2000; Delerive et al., 2002; Wu et 

al., 2002). Our results demonstrate that PGC-1α functions primarily as a ligand-

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 25, 2004 as DOI: 10.1124/jpet.104.072124

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72124 

 19

dependent coactivator of FXR.  PGC-1α coactivation of FXR activity in either a full-

length or Gal4–FXR-LBD chimeric protein context is dependent on the presence of the 

ligand. Both systems demonstrate that coactivation absolutely requires the AF-2 domain 

and the charge clamp residues of FXR as well as the NR box of PGC-1α, and occurs via 

a direct interaction between the two proteins. It is interesting to note the requirement of 

the E471 charge clamp residue of FXR for PGC-1α mediated coactivation given our 

initial observations with TR and PPARγ that the class III NR box of PGC-1α does not 

require this component of the charge clamp (Wu et al., 2002; Wu et al., 2003).  However, 

we have observed, at least in the case of PPARγ, that the identity of the ligand determines 

whether the glutamic acid component of the charge clamp is required for recognition of 

PGC-1α (Wu et al., 2003).  It is possible that CDCA liganded FXR requires the E471 

residue whereas another FXR ligand may induce a conformation that recognizes PGC-1α 

independent of this residue. Thus, our data are consistent with the observations that 

binding of a ligand to the LBD of the receptor stabilizes the AF-2 domain in an active 

conformation that permits the LBD to recruit coactivator proteins and activate target 

genes.  

Most recently, Zhang et al. published a study describing a role for PGC-1α in 

regulation triglyceride metabolism by regulating FXR expression as well as coactivating 

this receptor (Zhang et al., 2004). This study clearly illustrates the  in vivo significance of 

the interaction between PGC-1α and FXR.  However, these investigators describe an 

unusual mode of interaction responsible for coactivation. In contrast to our results, the 

LBD of murine FXR is not involved in the interaction with PGC-1α, rather the 

interaction occurs via the DNA binding domain of FXR and does not require the LXXLL 
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motif of PCG-1α leading to a complete ligand-independent mode of interaction.  

However, our results clearly demonstrate that the LBD of FXR is necessary and sufficient 

for PGC-1α interaction and that coactivation is strictly ligand-dependent. We 

demonstrate this with a variety of assays including cotransfection assays utilizing either 

the full-length FXR or the Gal4–FXR LBD chimera, the two-hybrid system, GST-pull 

down assays, and a direct interaction between recombinant FXR-LBD and PGC-1α in an 

AlphaScreenTM format. Consistent with our observations that the coactivation is ligand-

dependent, the interaction and coactivation requires an intact FXR AF-2 domain and the 

NR box of PGC-1α.  In addition, mutation of either amino acid component of the charge 

clamp of FXR responsible for coactivator NR box recognition results in the inability of 

PGC-1α to coactivate FXR transcriptional activity. It is unusual that such discrepancies 

are observed in the mode of interaction between FXR and PGC-1α, but these differences 

may be due to the fact that Zhang et al. used the mouse receptor whereas we studied the 

human receptor (Zhang et al., 2004). 

These investigators show a clear role for FXR in mediation of fasting induced effects on 

triglyceride metabolism.  FXR null mice were unresponsive in terms of fasting induced 

decreases in triglycerides and ectopic expression of PGC-1α resulted in decreased 

triglyceride synthesis from hepatocytes derived from wild type mice, but not from 

hepatocytes derived from FXR null mice (Zhang et al., 2004).  However, as described 

above, in this model the pathway would not be expected to be regulated by bile acid 

ligands.   In contrast, our data describes a more classical mode of coactivation of FXR by 

PGC-1α that displays an absolute requirement for bile acid ligands.  Thus, PGC-1α 

modulation of FXR dependent regulation of triglyceride metabolism is likely sensitive to 
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bile acid levels providing a link between bile acid signaling and PGC-1α dependent 

effects on triglyceride metabolism. 

 In summary, these results indicate that PGC-1α functions as a potent ligand-

dependent coactivator for FXR and further defines its role in the regulation of genes that 

are involved in bile acid and lipid metabolism.  Furthermore, these observations provide 

evidence for linkage between bile acid signaling and the numerous metabolic pathways 

regulated by PGC-1α.  

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 25, 2004 as DOI: 10.1124/jpet.104.072124

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72124 

 22

 
REFERENCES 

Ananthanarayanan M, Balasubramanian N, Makishima M, Mangelsdorf DJ and 

Suchy FJ (2001) Human bile salt export pump promoter is transactivated by the 

farnesoid X receptor/bile acid receptor. J Biol Chem 276:28857-28865. 

 

Bettoun DJ, Burris TP, Houck KA, Buck DW, Stayrook KR, Khalifa B, Lu J, 

Chin WW and Nagpal S (2003) Retinoid X receptor is a nonsilent major 

contributor to vitamin D receptor-mediated transcriptional activation. Mol 

Endocrinol 17:2320-2328. 

 

Bramlett KS, Houck KA, Borchert KM, Dowless MS, Kulanthaivel P, Zhang Y, 

Beyer TP, Schmidt R, Thomas JS, Michael LF, Barr R, Montrose C, Eacho PI, 

Cao G and Burris TP (2003) A natural product ligand of the oxysterol receptor, 

liver X receptor. J Pharmacol Exp Ther 307:291-296. 

 

Bramlett KS, Yao SF and Burris TP (2000) Correlation of farnesoid X receptor 

coactivator recruitment and cholesterol 7 alpha-hydroxylase gene repression by 

bile acids. Mol. Genet. Metab. 71:609-615. 

 

Burris TP (2001) The Nuclear Receptor Superfamily, in Nuclear Receptors and 

Genetic Disease (Burris TP and McCabe ERB eds) pp 1-57, Academic Press, San 

Diego. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 25, 2004 as DOI: 10.1124/jpet.104.072124

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72124 

 23

Cao GQ, Beyer TP, Yang XP, Schmidt RJ, Zhang YY, Bensch WR, Kauffman 

RF, Gao H, Ryan TP, Liang Y, Eacho PI and Jiang XC (2002) Phospholipid 

transfer protein is regulated by liver X receptors in vivo. J. Biol. Chem. 

277:39561-39565. 

 

Delerive P, Wu YF, Burris TP, Chin WW and Suen CS (2002) PGC-1 functions 

as a transcriptional coactivator for the retinoid X receptors. J. Biol. Chem. 

277:3913-3917. 

 

Forman BM, Goode E, Chen J, Oro AE, Bradley DJ, Perlmann T, Noonan DJ, 

Burka LT, McMorris T and Lamph WW (1995) Identification of a nuclear 

receptor that is activated by farnesol metabolites. Cell 81:687-693. 

 

Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, Moore LB, Galardi C, 

Wilson JG, Lewis MC, Roth ME, Maloney PR, Willson TM and Kliewer SA 

(2000) A regulatory cascade of the nuclear receptors FXR, SHP-1, and LRH-1 

represses bile acid biosynthesis. Mol. Cell. 6:517-526. 

 

Grober J, Zaghini I, Fujii H, Jones SA, Kliewer SA, Willson TM, Ono T and 

Besnard P (1999) Identification of a bile acid-responsive element in the human 

ileal bile acid-binding protein gene - Involvement of the farnesoid X receptor/9-

cis-retinoic acid receptor heterodimer. J. Biol. Chem. 274:29749-29754. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 25, 2004 as DOI: 10.1124/jpet.104.072124

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72124 

 24

Janowski BA, Willy PJ, Devi TR, Falck JR and Mangelsdorf DJ (1996) An 

oxysterol signalling pathway mediated by the nuclear receptor LXR alpha. Nature 

383:728-731. 

 

Kast HR, Nguyen CM, Sinal CJ, Jones SA, Laffitte BA, Reue K, Gonzalez FJ, 

Willson TM and Edwards PA (2001) Farnesoid X-activated receptor induces 

apolipoprotein C-II transcription: a molecular mechanism linking plasma 

triglyceride levels to bile acids. Mol. Endocrinol. 15:1720-1728. 

 

Knutti D, Kressler D and Kralli A (2001) Regulation of the transcriptional 

coactivator PGC-1 via MAPK-sensitive interaction with a repressor. Proc. Natl. 

Acad. Sci. U. S. A. 98:9713-9718. 

 

Lehmann JM, Kliewer SA, Moore LB, SmithOliver TA, Oliver BB, Su JL, 

Sundseth SS, Winegar DA, Blanchard DE, Spencer TA and Willson TM (1997) 

Activation of the nuclear receptor LXR by oxysterols defines a new hormone 

response pathway. J. Biol. Chem. 272:3137-3140. 

 

Lehman JJ, Barger PM, Kovacs A, Saffitz JE, Medeiros DM, and Kelly DP 

(2000) Peroxisome proliferator-activated receptor gamma coactivator-1 promotes 

cardiac mitochondrial biogenesis.  J Clin Invest 106, 847-856. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 25, 2004 as DOI: 10.1124/jpet.104.072124

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72124 

 25

Lu TT, Makishima M, Repa JJ, Schoonjans K, Kerr TA, Auwerx J and 

Mangelsdorf DJ (2000) Molecular basis for feedback regulation of bile acid 

synthesis by nuclear receptors. Mol. Cell. 6:507-515. 

 

Mak PA, Kast-Woelbern HR, Anisfeld AM and Edwards PA (2002) Identification 

of PLTP as an LXR target gene and apoE as an FXR target gene reveals 

overlapping targets for the two nuclear receptors. J. Lipid Res. 43:2037-2041. 

 

Makishima M, Okamoto AY, Repa JJ, Tu H, Learned RM, Luk A, Hull MV, 

Lustig KD, Mangelsdorf DJ and Shan B (1999) Identification of a nuclear 

receptor for bile acids. Science 284:1362-1365. 

 

Oberkofler H, Schraml E, Krempler F and Patsch W (2003) Potentiation of liver 

X receptor transcriptional activity by peroxisome-proliferator-activated receptor 

gamma co-activator 1 alpha. Biochemical Journal 371:89-96. 

 

Parks DJ, Blanchard SG, Bledsoe RK, Chandra G, Consler TG, Kliewer SA, 

Stimmel JB, Willson TM, Zavacki AM, Moore DD and Lehmann JM (1999) Bile 

acids: Natural ligands for an orphan nuclear receptor. Science 284:1365-1368. 

 

Peet DJ, Turley SD, Ma WZ, Janowski BA, Lobaccaro JMA, Hammer RE and 

Mangelsdorf DJ (1998) Cholesterol and bile acid metabolism are impaired in 

mice lacking the nuclear oxysterol receptor LXR alpha. Cell 93:693-704. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 25, 2004 as DOI: 10.1124/jpet.104.072124

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72124 

 26

 

Puigserver P, Wu Z, Park CW, Graves R, Wright M and Spiegelman BM (1998) 

A cold-inducible coactivator of nuclear receptors linked to adaptive 

thermogenesis. Cell 92:829-839. 

 

Repa JJ, Berge KE, Pomajzl C, Richardson JA, Hobbs H and Mangelsdorf DJ 

(2002) Regulation of ATP-binding cassette sterol transporters ABCG5 and 

ABCG8 by the liver X receptors alpha and beta. J. Biol. Chem. 277:18793-18800. 

 

Repa JJ, Liang G, Ou J, Bashmakov Y, Lobaccaro JM, Shimomura I, Shan B, 

Brown MS, Goldstein JL and Mangelsdorf DJ (2000a) Regulation of mouse sterol 

regulatory element-binding protein-1c gene (SREBP-1c) by oxysterol receptors, 

LXRalpha and LXRbeta. Genes Dev. 14:2819-2830. 

 

Repa JJ, Turley SD, Lobaccaro JMA, Medina J, Li L, Lustig K, Shan B, Heyman 

RA, Dietschy JM and Mangelsdorf DJ (2000b) Regulation of absorption and 

ABC1-mediated efflux of cholesterol by RXR heterodimers. Science 289:1524-

1529. 

 

Russell DW (2003) The enzymes, regulation, and genetics of bile acid synthesis. 

Annu Rev Biochem 72:137-174. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 25, 2004 as DOI: 10.1124/jpet.104.072124

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72124 

 27

Schreiber SN, Knutti D, Brogli K, Uhlmann T and Kralli A (2003) The 

transcriptional coactivator PGC-1 regulates the expression and activity of the 

orphan nuclear receptor estrogen-related receptor alpha (ERRalpha). J Biol Chem 

278:9013-9018. 

 

Schultz JR, Tu H, Luk A, Repa JJ, Medina JC, Li LP, Schwendner S, Wang S, 

Thoolen M, Mangelsdorf DJ, Lustig KD and Shan B (2000) Role of LXRs in 

control of lipogenesis. Genes Dev. 14:2831-2838. 

 

Seol WG, Choi HS and Moore DD (1995) Isolation of Proteins That Interact 

Specifically with the Retinoid-X Receptor - 2 Novel Orphan Receptors. Mol. 

Endocrinol. 9:72-85. 

 

Shin DJ, Campos JA, Gil G and Osborne TF (2003) PGC-1alpha activates 

CYP7A1 and bile acid biosynthesis. J Biol Chem 278:50047-50052. 

 

Tcherepanova I, Puigserver P, Norris JD, Spiegelman BM and McDonnell DP 

(2000) Modulation of estrogen receptor-alpha transcriptional activity by the 

coactivator PGC-1. J. Biol. Chem. 275:16302-16308. 

 

Urizar NL, Dowhan DH and Moore DD (2000) The farnesoid X-activated 

receptor mediates bile acid activation of phospholipid transfer protein gene 

expression. J Biol Chem 275:39313-39317. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 25, 2004 as DOI: 10.1124/jpet.104.072124

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72124 

 28

 

Urizar NL, Liverman AB, Dodds DT, Silva FV, Ordentlich P, Yan YZ, Gonzalez 

FJ, Heyman RA, Mangelsdorf DJ and Moore DD (2002) A natural product that 

lowers cholesterol as an antagonist ligand for FXR. Science 296:1703-1706. 

 

Vega RB, Huss JM and Kelly DP (2000) The coactivator PGC-1 cooperates with 

peroxisome proliferator- activated receptor alpha in transcriptional control of 

nuclear genes encoding mitochondrial fatty acid oxidation enzymes. Mol. Cell. 

Biol. 20:1868-1876. 

 

Wu Y, Chin WW, Wang Y and Burris TP (2003) Ligand and coactivator identity 

determines the requirement of the charge clamp for coactivation of the 

peroxisome proliferator-activated receptor gamma. J Biol Chem 278:8637-8644. 

 

Wu YF, Delerive P, Chin WW and Burris TP (2002) Requirement of helix 1 and 

the AF-2 domain of the thyroid hormone receptor for coactivation by PGC-1. J. 

Biol. Chem. 277:8898-8905. 

 

Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, Troy A, 

Cinti S, Lowell B, Scarpulla RC and Spiegelman BM (1999) Mechanisms 

controlling mitochondrial biogenesis and respiration through the thermogenic 

coactivator PGC-1. Cell 98:115-124. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 25, 2004 as DOI: 10.1124/jpet.104.072124

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72124 

 29

Yu J, Lo JL, Huang L, Zhao A, Metzger E, Adams A, Meinke PT, Wright SD and 

Cui J (2002) Lithocholic acid decreases expression of bile salt export pump 

through farnesoid X receptor antagonist activity. J Biol Chem 277:31441-31447. 

 

Zavacki AM, Lehmann JM, Seol W, Willson TM, Kliewer SA and Moore DD 

(1997) Activation of the orphan receptor RIP14 by retinoids. Proc. Natl. Acad. 

Sci. U. S. A. 94:7909-7914. 

 

Zhang Y, Castellani LW, Sinal CJ, Gonzalez FJ and Edwards PA (2004) 

Peroxisome proliferator-activated receptor-{gamma} coactivator 1{alpha} (PGC-

1{alpha}) regulates triglyceride metabolism by activation of the nuclear receptor 

FXR. Genes Dev. 18:157-169. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 25, 2004 as DOI: 10.1124/jpet.104.072124

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72124 

 30

FOOTNOTES 

RSS and JST contributed equally to this manuscript. 
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 FIGURE LEGENDS 

FIG.   1.   PGC-1α acts as a coactivator of Gal4-FXR.  HEK293 cells were 

cotransfected with 25 ng of a plasmid expressing Gal4–FXR-LBD, 25 ng of the pG5-Luc 

reporter plasmid, and 25 ng of plasmids expressing either pCAF, SRC-1, p300, or PGC-

1α. Sixteen h post-transfection, fresh media containing either 0.1% DMSO or CDCA (50 

µM in 0.1% DMSO; ligand) was added as indicated. Twenty h post-treatment, the 

luciferase activity was measured using the standard luciferase substrate reagents. All 

experiments were completed in triplicate, and the data are displayed as the mean ± S.D. 

of a single experiment, representative of at least three independent experiments.   

 

FIG. 2. PGC-1α activates FXR-mediated transcription in a ligand-dependent 

manner. HEK293 cells were cotransfected with 25 ng of a plasmid expressing full-length 

FXR, 25 ng of a luciferase reporter gene driven by the minimal TK promoter preceded by 

two repeats of an IR1 response element derived from the human PLTP gene (PLTP-tk-

Luc), and increasing amounts of a plasmid expressing PGC-1α (2.5, 10, 25 and 50 ng). 

16 h post-transfection, fresh media containing either 0.1% DMSO or CDCA (ligand; 50 

µM in 0.1% DMSO) was added as indicated. 20 h post-treatment, the luciferase activity 

was measured using the standard luciferase substrate reagents. B, HEK293 cells were 

cotransfected with 25 ng of a plasmid expressing Gal4–FXR-LBD. 25 ng of the pG5-Luc 

reporter plasmid, and increasing amounts of a plasmid expressing PGC-1α (2.5, 10, 25 

and 50 ng). Sixteen h post-transfection, fresh media containing either 0.1% DMSO or 

CDCA (ligand; 50 µM in 0.1% DMSO) was added as indicated. Twenty h post-treatment, 

the luciferase activity was measured using the standard luciferase substrate reagents. C, 
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Following infection with an adenoviral vector directing the expression of PGC-1α or 

GFP (control), Huh7 cells were treated with CDCA (1, 10, 30 and 50 µM in 0.1% 

DMSO).  After 16h of treatment expression of a natural FXR target gene, BSEP, was 

assessed by quantitative RT-PCR and normalized to 18S rRNA levels.  All experiments 

were completed in triplicate, and the data are displayed as the mean ± S.D. of a single 

experiment, representative of at least three independent experiments.   

 

FIG. 3. The AF-2 domain of FXR is required for ligand-dependent coactivation by 

PGC-1α. A, HEK293 cells were cotransfected with 25 ng of plasmids expressing full-

length FXR or the AF-2 deletion (FXR∆AF2), 25 ng of the PLTP-tk-Luc reporter 

plasmid, and 25 ng of the plasmid expressing PGC-1α in the absence or presence of 

ligand as described in Fig. 2. The luciferase activity was measured 20 h post-treatment. 

All experiments were completed in triplicate, and the data are displayed as the mean ± 

S.D. of a single experiment, representative of at least three independent experiments.  

CDCA was utilized as the ligand as in Fig 1. B, HEK293 cells were cotransfected with 25 

ng of plasmids expressing wild-type Gal4–FXR-LBD or the AF-2 deletion (Gal4–FXR-

LBD∆AF2), 25 ng of the pG5-Luc reporter plasmid, and 25 ng of the plasmid expressing 

PGC-1α in the absence or presence of ligand as described in Fig. 2. The luciferase 

activity was measured 20 h post-treatment. Expression of mutant receptors were 

compared to wild type by western blots and showed no significant deviation in 

expression. 
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FIG. 4. The NR box of PGC-1α is essential for the coactivation of FXR. A, HEK293 

cells were cotransfected with 25 ng of the plasmid expressing full-length FXR, 25 ng of 

the PLTP-tk-Luc reporter plasmid, and 25 ng of plasmids expressing either the wild-type 

PGC-1α or the mutated PGC-1α harboring the AXXAA substitution of the LXXLL motif 

in the absence or presence of ligand. The luciferase activity was measured 20 h post-

treatment as described in Fig. 2. All experiments were completed in triplicate, and the 

data are displayed as the mean ± S.D. of a single experiment, representative of at least 

three independent experiments.  CDCA was utilized as the ligand as in Fig. 1. B, 

HEK293 cells were cotransfected with 25 ng of the plasmid expressing wild-type Gal4–

FXR-LBD, 25 ng of the pG5-Luc reporter plasmid, and 25 ng of plasmids expressing 

either the wild-type PGC-1α or the mutated PGC-1α harboring an AXXAA substitution 

of the LXXLL motif in the absence or presence of ligand as described in Fig. 2. The 

luciferase activity was measured 20 h post-treatment. Expression of mutant PGC-1α was 

compared to wild type by western blots and showed no significant deviation in 

expression. 

 

 

FIG. 5. FXR and PGC-1α directly interact both in vivo and in vitro. A, Cotransfection 

and measurement of luciferase activity was performed as described in Fig. 2 but with 25 

ng of plasmids expressing either the Gal4–FXR or Gal4–FXR∆AF2 mutant, 50 ng of a 

VP16–PGC-1α (amino acids 100–411) expressing plasmid, and 25 ng of the pG5-Luc 

reporter plasmid in the absence or presence of ligand (CDCA; 50 µM). All experiments 

were completed in triplicate, and the data are displayed as the mean ± S.D. of a single 
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experiment, representative of at least three independent experiments. B, E. coli expressed 

GST, GST–PGC-1α (amino acids 100–411) or its mutant GST–PGC-1αAXXAA 

immobilized on glutathione-sepharose 4B beads was incubated with in vitro translated 

35S-labeled full length FXR or the FXR∆AF2 mutant for 1 h at room temperature.  After 

washing extensively, the proteins bound on the beads were analyzed by SDS-PAGE and 

visualized by autoradiography. C, HEK293 cells were transfected with amino-terminal 

myc-his tagged PGC-1α and full-length FXR.  A control was performed that lacked 

cotransfection with the myc-his tagged PGC-1α.  After 24 h of treatment in the presence 

or absence of ligand (50 µM CDCA or 0.1% DMSO) cells were lysed followed by 

immunoprecipitation with a monoclonal myc antibody.  The samples were then subjected 

to Western analysis using a polyclonal FXR antibody.  D, E. coli expressed GST–PGC-

1α (amino acids 100–411) was incubated with E. coli expressed polyhistidine-tagged 

FXR-LBD (amino acids 226–476) protein in 384-well plates utilizing a final volume of 

15 µl in the presence of increasing concentration of CDCA. Assay plates were covered 

with a clear seal and incubated in the dark for 2 h after which the plates were read for 1 

sec/well in a Perkin-Elmer Fusion microplate analyzer using the manufacturers standard 

AlphaScreenTM detection protocol. All experiments were completed in triplicate, and the 

data are displayed as the mean ± S.E. of a single experiment, representative of at least 

three independent experiments. 

 

FIG. 6. The charge clamp residues within the LBD of FXR are required for 

coactivation by PGC-1α. A, Cotransfection and measurement of luciferase activity were 

performed as described in Fig. 2 using 25 ng of the plasmid expressing full-length FXR 
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or FXR(E471A) or FXR(K307A), 25 ng of the PLTP-tk-Luc reporter plasmid, and 25 ng 

a plasmid expressing PGC-1α or in the absence or presence of CDCA (ligand; 50 µM). 

B, Cotransfection and measurement of luciferase activity were performed as described in 

Fig. 2 using 25 ng of a plasmid expressing Gal4–FXR-LBD or Gal4-FXR-LBD(E471A) 

or Gal4-FXR-LBD (K307A), 25 ng of the pG5-Luc plasmid, and 25 ng of a plasmid 

expressing PGC-1α. All experiments were completed in triplicate, and the data are 

displayed as the mean ± S.D. of a single experiment, representative of at least three 

independent experiments. Expression of mutant receptors were compared to wild type by 

western blots and showed no significant deviation in expression. 
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