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ABSTRACT: Natural ligands for nuclear receptors are believed to activate gene transcription by causing
dissociation of corepressors and promoting the association of coactivator proteins. Using multiple
biophysical techniques, we find that peptides derived from one of the nuclear receptor interacting motifs
of the corepressors nuclear receptor corepressor (NCoR) and silencing mediator of retinoid and thyroid
receptors (SMRT) are able to bind the ligand binding domains (LBD) of all three PPAR (peroxisome
proliferator activated receptor) subtypes. Using these peptides as tools, we find that ligands designed as
selective agonists for PPARγ promote the association of coactivator peptides and dissociation of corepressor
peptides as expected on PPARγ but surprisingly have varied effects on the binding of corepressor peptides
to the other PPAR subtypes. In particular, some members of a class ofL-tyrosine-based compounds designed
as selective agonists for PPARγ reduce the affinity for corepressor peptides on PPARγ but increase the
affinity for the same peptides on PPARδ and in one case on PPARR. We provide structural data that
suggests that the molecular basis for these observations are variations in the ligand binding pockets of the
three PPAR subtypes that are perturbed differentially by individual ligands and result in altered presentations
of the overlapping coactivator/corepressor binding surfaces.

Peroxisome proliferator activated receptors (PPARs)1 are
transcription factors of the nuclear receptor family that are
believed to be involved in the regulation of glucose, lipid,
and cholesterol levels (for recent review, see ref1). The
natural ligands for PPARs are thought to be fatty acids and
their derivatives. There are three subtypes of PPARs:
PPARR (NR1C1), PPARδ (NR1C2), and PPARγ (NR1C3).
All three subtypes share a domain organization common of
other nuclear receptors with a highly conserved N-terminal
DNA binding domain and a moderately conserved C-terminal
ligand binding domain (LBD). The PPARs are important
regulators in multiple metabolic pathways that include fatty
acid and carbohydrate metabolism. PPARR is the target for
lipid lowering fibrate drugs (2), while PPARγ is the target
for antidiabetic agents of the thiazolidinedione (TZD) class
that includes troglitazone, pioglitazone, and rosiglitazone (3).

In addition, novel tyrosine-based PPARγ ligands have been
described that are potent insulin sensitizers and in some cases
are highly selective for PPARγ in binding and functional
cell-based assays (4-7). Recent evidence suggests that
PPARδ-selective ligands may promote reverse cholesterol
transport and thereby decrease cardiovascular disease as-
sociated with metabolic syndrome X (8).

Ligands exert their effects on gene transcription primarily
through ligand-mediated binding of coactivator or corepressor
proteins to nuclear receptors. An increasing number of
coactivator proteins have been identified for nuclear recep-
tors, of which a number have been implicated in the
regulation of PPARs. These include SRC/p160 family (9,
10) CBP/p300 (11) that have inherent histone acetylase
activity and remodel chromatin structure as well as coacti-
vators such as TRAP220/DRIP205 (12, 13), which interact
with the basal transcriptional machinery. Most of these
coactivators possess one or more nuclear receptor interaction
domains composed of a conserved LXXLL motif that
mediate the interaction of the coactivator with the LBD of
the nuclear receptor (14, 15). In the unliganded state, or in
some cases, the presence of antagonists, many nuclear
receptors are complexed with corepressor proteins that
repress transcription, apparently via an associated histone-
deacetylase activity (16-18). The addition of a classical
agonist ligand promotes the dissociation of the corepressor
and the binding of coactivator proteins resulting in an
enhancement in the basal level of transcription of specific
genes (19-22). Altered interactions of nuclear receptors with
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corepressor proteins have been implicated in a number of
disease states and pathologies such as thyroid hormone
resistance syndromes, promyelocytic leukemia, and perhaps
tamoxifen resistant breast cancer (23-26).

Two of the better characterized corepressors are: nuclear
receptor corepressor (NCoR) and silencing mediator for
retinoid and thyroid receptors (SMRT). The binding sites
for nuclear receptors have been localized to homologous
domains within the C-termini of both NCoR and SMRT (27-
29). Nuclear receptor binding motifs analogous to the
LXXLL found for coactivators have been identified for
corepressors. Several labs have identified multiple (I/L)XX-
(I/V)I motifs in the C-terminal region of both NCoR and
SMRT that mediate the interactions with nuclear receptors
(27, 29-31). Others have suggested that the corepressor
motif is extended and includes an additional hydrophobic
residue to give a LXXXIXXX(L/I) motif (28). We have
recently presented both biochemical and structural data that
indicate the corepressor motif is an extended LXXXIXXX-
(L/I) motif when bound to PPARR (32). Correct positioning
of the AF2 helix at the C-terminal end of the PPAR LBDs
by agonist ligands is essential for nuclear receptor activation
by enhancing the affinity for the LXXLL motif of coactivator
proteins. The extended corepressor motif occupies the same
space as both the coactivator and the active position of the
AF2 helix. Therefore, a ligand that displaces the AF2 helix
from its active position would be expected to facilitate the
interaction with corepressor proteins and is one potential
mechanism for repression of nuclear receptor activity (32).

The structures of the LBDs of all three PPAR receptor
subtypes have been solved (15, 33, 34-36) and indicate that
key residues in the ligand binding pockets are responsible
for ligand selectivity among subtypes and may be responsible
for the specific pharmacologies of the different receptor
subtypes (37). These studies have shown that PPARs have
substantially larger ligand binding pockets than other nuclear
receptors, which allow PPARs to bind a wide variety of
ligands. Agonist structures of PPARγ with the thiazo-
lidinedione, rosiglitazone (15), the tyrosine-based ligand
farglitazar (GI262570) (33), as well as the dual PPARR/
PPARγ tyrosine-based GW9544 (36), have been described.
These structures reveal that the molecular switch for activat-
ing the PPAR receptors is a hydrogen bond between a Tyr
in the AF2 helix and the carboxyl headgroups of both
rosiglitazone and the tyrosine-based compounds that orients
the AF2 helix in the active conformation.

Nuclear receptor/cofactor interactions may play important
roles in the pathology of disease. Therefore, an understanding
of the molecular mechanism of these interactions is essential
for understanding nuclear receptor biology and the design
of nuclear receptor targeted therapies. Previous studies have
used peptides and fragments of coactivators to profile the
effects of ligands on coactivator recruitment to the estrogen
receptors (38-40). We have extended this concept by
including corepressor peptides to obtain a more complete
profile of a ligand by assessing not only their effect on
coactivator affinity but corepressor affinity as well. To this
end, we have used peptides derived from natural coactivator
and corepressor sequences containing the characteristic
LXXLL or LXXXIXXX(L/I) motif as models to measure
the effect of ligands on the interaction of these peptides with
the three PPAR subtypes. Using multiple biophysical tech-

niques, we find that PPAR agonists increase the binding to
peptides derived from coactivators but have varied effects
on corepressor peptide association to the three PPAR
subtypes. Results from a mammalian 2-hybrid cell-based
interaction assay using full-length PPAR subtypes and
fragments derived from coactivator and corepressor proteins
were consistent with results obtained using peptides. The
molecular mechanisms for these effects are differences in
how diverse ligands occupy the ligand binding pockets of
the PPAR subtypes, resulting in altered presentation of the
coactivator/corepressor binding surface. These results suggest
that different compound classes may have different PPAR
subtype specificities and biological effects depending on the
coactivator/corepressor context of the target tissue.

MATERIALS AND METHODS

Reagents. The following compounds were synthesized by
the Medicinal Chemistry Department at GlaxoSmithKline:
GW7845 (6), GW1929 (4), GW1516 (8), and GW9544 (36).
Rosiglitazone and pioglitazone were synthesized according
to published procedures. The following peptides were ordered
from SynPep (Dublin, CA). NCoR ID-C (residues 2251-
2275; Genbank accession NP_006302): (biotin-GHSFAD-
PASNLGLEDIIRKALMGSF-CONH2, fluoroscein-GHS-
FADPASNLGLEDIIRKALMGSF) and SMRT ID-C (residues
2338-2361; Genbank accession XP_045602): (fluoroscein-
TNMGLEAIIRKALMGKYDQWEE).

Protein Expression.CREB binding protein (CBP, residues
57-454; GenBank accession S39162), the LBDs of PPARR
(residues 192-468; Genbank accession S74349), human
PPARδ (residues 139-441; Genbank accession L07592),
human PPARγ (residues 206-477; Genbank accession
L40904), and TRâ (residues 202-456; Genbank accession
P10828) containing a MKKGHHHHHHG were expressed
in bacterial (BL21-DE3) cells using the plasmid vector
pRSETA and purified as described previously (41). Protein
and peptide concentrations were determined by quantitative
amino acid analysis by subjecting peptides to gas-phase
hydrolysis with 6 N HCl for 1 h at 15°C, followed by amino
acid analysis using a Waters AccQ-Tag amino acid analysis
system as described previously (42).

Binding of Nuclear Receptor LBDs to Corepressor Pep-
tides by Fluorescence Polarization.All experiments were
conducted with buffer containing 10 mM HEPES pH 7.4,
0.15 M NaCl, 3 mM EDTA, 0.005% polysorbate-20 5 mM
DTT, and 2% DMSO. Varied concentrations of receptor were
incubated at room temperature with 10 nM of fluorescein-
labeled NCoR ID-C or SMRT ID-C peptide. The fluores-
cence polarization values for each concentration of receptor
were determined using a Packard FusionR fluorescence plate
reader with 485 nm excitation and 520 nm emission filters.
Binding isotherms were constructed, and apparentKD values
were determined by nonlinear least-squares fit of the data
to an equation for a simple 1:1 interaction. ReportedKD

values are the average of at least two independent experi-
ments.

Fluorescence Energy Transfer Assay.Fluorescently labeled
PPARs and coactivator and corepressor reagents were
prepared as described previously (41). Europium-labeled
PPAR receptor (10 nM), APC-labeled NCoR or CBP, and
ligand were mixed in individual wells of 96-well plates. The
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concentration of CBP ranged from 25 to 150 nM, and the
concentration of NCoR ranged from 100 to 250 nM. The
plates were incubated for at least 3 h atroom temperature.
Time-resolved fluorescence intensities were determined in
a Victor 1420 Multilabel Counter. Plots of fluorescence
intensity ratio (intensity at 665 nm/intensity at 610 nm)
versus ligand concentration were constructed. Dose response
curves were done in duplicate at each cofactor concentration.

Experimental data were fit to a model based in Scheme 1
using the equations below (derivations in the Supporting
Information) by a nonlinear least squares algorithm (typically
using Microsoft Excel or SigmaPlot).

where

Ligand and cofactor concentrations (L0 and X0, respec-
tively) served as independent variables and observed fluo-
rescence,F, was the dependent variable. The total receptor
concentration,R0, was held constant, and nonlinear least
squares estimates were determined for the affinity of receptor
for cofactor in the absence of ligand (Kd), the affinity of the
ligand for receptor in the absence of cofactor (KL), and the
ratio of cofactor affinities in the absence and presence of
ligand (R).

Transfections and Cell Culture/Plasmid Constructs.Ex-
pression plasmids for the VP16-human PPAR constructs
were prepared by inserting amplified cDNAs encoding full-
length PPARR, PPARγ2, and PPARδ fused to amino acids
410-490 of the VP16 viral activation domain into the
expression vector pVP16 (Clonetech). GAL4DBD-CBP (1-
115), GAL4DBD-NCoR (2012-2103), and GAL4DBD-
NCoR (2239-2300) were generated by insertion of PCR
amplified cDNAs encoding the indicated amino acids fused
into a modified GAL4 DNA-binding domain (amino acids
1-147). The reporter plasmid was (UAS)5-tk-SPAP (secreted
placental alkaline phosphatase), and the internal control
plasmid for all transfections wasâ-galactosidase expression
vector (pCH110, Amersham).

Mammalian Two-Hybrid Assay.CV-1 cells were cultured
in DME high glucose media supplemented with 10% FBS
and 2 mM glutamine in a humidified incubator (5% CO2 in
air) at 37°C. Three days prior to plating for transfection,
cells were harvested with 0.25% trypsin/2 mM EDTA in
phenol red-free Dulbecco’s phosphate buffered saline (with-
out calcium or magnesium) and collected in phenol red-free
DMEM-F12/15 mM HEPES medium supplemented with
10% charcoal/dextran treated fetal bovine serum and 2 mM

L-glutamine (experimental medium). Following 3 days in
culture, cells were again harvested and suspended in experi-
mental medium. The cells were seeded at 2.0× 104 cells
per well in a 96-well plate and returned to the incubator for
24 h. Cells were then transfected using Lipofectamine (Life
Technologies, Inc.) according to the manufacturer’s instruc-
tions. The total amount of DNA transfected into each well
was 80 ng. Transfection mixtures contained 8 ng of VP16-
PPAR plasmid, 8 ng of SPAP reporter, 25 ng of pCH110-
â-gal control plasmid, 35 ng of pBluescript II KS+
(Clonetech), and 4 ng of either coactivator or corepressor
plasmid. Transfection quantities for full-length PPAR and
cofactor plasmids were optimized to generate a signal that
was half of the total activation. These conditions would allow
for dissociation or association to be experimentally deter-
mined for each ligand evaluated. Cells were transfected for
16 h, the medium was aspirated, and 100µL of ligand was
added. Appropriate ligand concentrations were prepared from
DMSO stock solutions using phenol red-free DMEM/F-12
supplemented with 10% heat-inactivated, delipidated, charcoal-
stripped FBS. The final concentration of DMSO was 0.1%.
Cells were incubated for 24 h in the presence of drug, after
which the media was sampled and assayed for alkaline
phosphatase activity, and the cells were assayed forâ-ga-
lactosidase activity to normalize for transfection efficiency.
Plates were read on a Thermomax platereader (Molecular
Devices) at 405 nM.

All determinations were performed at a minimum in
triplicate, and the statistical significance of interaction in the
presence of ligand with respect to vehicle was assessed with
Dunnett’s multiple comparisons test using Version 4.04 of
JMP Statistical Discovery Software (SAS Institute, Cary,
NC).

Structural Determination of PPARa/SMRT/GW7845 Struc-
ture.The crystallization conditions, data collection, structure
determination, and refinement were as described previously
(32). The structure was solved to a 3.2 Å resolution.

Molecular Modeling.X-ray structures of GW6471 and
GW7845 bound to repressed conformations of PPARR and
of GI262570, GW9544, and GW2433 bound to active
conformations of PPARγ, PPARR, and PPARδ, respectively
(33, 35, 36) were rotated to a common orientation with the
MVP program (43). The GW7845 molecule from the PPARR
X-ray structure was then docked into the active conforma-
tions of PPARγ, PPARR, and PPARδ by rigid superimposi-
tion onto corresponding atoms of the rotated GI262570,
GW9544, and GI262570, respectively. The pocket depiction
in Figure 8 was obtained by flooding the ligand binding
pocket with closely spaced water-sized spheres using the
MVP program and then generating a translucent Connolly
surface to cover the spheres.

RESULTS

Measurement of TRâ LBD/Cofactor Peptide Interactions
by Fluorescence Polarization.We have developed a fluo-
rescence polarization assay to quantitatively measure the
binding affinities of corepressor motifs for various nuclear
receptor LBDs. This is done using fluorescently labeled
corepressor peptides derived from the C-terminal nuclear
receptor binding site(s) of NCoR and SMRT, which contain
the LXXXIXXX(L/I) motif essential for nuclear receptor

Scheme 1

F ) q0 + q1(ν - xν2 - 4R0X0

2 )
ν ) (X0 + R0 + Kd[ KL + L0

KL + RL0
])
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binding. In addition, a linked equilibrium between nuclear
receptor/cofactor interaction and the binding of ligand is well-
established, such that the binding of ligand can alter the
binding affinity for nuclear receptor/coregulator (44). There-
fore, we also wanted to test whether the cofactor peptides
could be used to replicate the ligand-induced effects observed
for the nuclear receptor/coregulator interactions in cellular
and in vitro assays. This is done by measuring the effect of
ligand on the binding of the corepressor peptide. Corepressor
binding is well-characterized in the literature for the thyroid
receptor, in which the natural ligand causes displacement of
the corepressor and recruitment of the coactivator. As seen
in Figure 1, increasing concentrations of the TRâ LBD
increase the polarization of the fluorescent LXXLL-contain-
ing peptides from the coactivator SRC-1 and corepressor
NCoR, indicative of binding of the peptides to the receptor.
In the absence of ligand, the TRâ LBD has a higher apparent
affinity for the NCoR corepressor peptide (0.72( 0.08µM)
than with the SRC-1 coactivator peptide (7.1( 4.0 µM).
Addition of the agonist ligand T3 increases the apparent
affinity of the receptor SRC-1 interaction 50-fold to 130 nM
but weakens the affinity of the receptor-NCoR ID-C interac-
tion 9-fold to 6.2µM. In the absence of ligand, the TRâ
LBD had a 10-fold greater affinity for the corepressor peptide
than coactivator peptide. Yet in the presence of the agonist
ligand T3, this preference is reversed with the TRâ LBD
having a 48-fold greater affinity for coactivator peptide than
corepressor peptide. These results quantitatively demonstrate
how ligand-induced changes in affinity for the coactivator
and corepressor motifs can result in exchange of corepressors
for coactivators as is seen in a biological context. Therefore,

although other regions of nuclear receptor, cofactor, or other
ancillary factors may be involved in their in vivo interaction,
cofactor peptides can be used to quantitatively study the
specific interaction between the corepressor motif and the
coregulator binding surface of the nuclear receptor LBD.

Effect of Ligands on PPAR LBDs Binding to NCoR and
SMRT Corepressor Peptides.We applied the fluorescence
polarization assay described above to evaluate the effects of
PPAR ligands on the binding of the three PPAR subtype
LBDs to corepressor motifs from NCoR and SMRT. As seen
in Figure 2, the highest affinity in the absence of ligand for
the NCoR peptide is observed with the PPARγ LBD (1.7
µM), while both PPARR (5.0 µM) and PPARδ (6.0 µM)
have somewhat weaker affinities. Little or no differences
(within the error) are observed for the corresponding SMRT
ID-C peptide.

We next examined the effects on corepressor peptide
affinities of ligands (Figure 3), which selectively activate
PPARγ in cell-based assays. The TZD rosiglitazone and
L-tyrosine-based GW1929 and GW7845 have been consid-
ered PPARγ specific compounds since they have much
weaker affinities for PPARR or PPARδ in cell-based
functional assays (1). As is expected with classical agonists,
all three of these ligands reduce the apparent affinity of
PPARγ for both the NCoR and the SMRT corepressor
peptides (Figure 2C,D).

With PPARR and PPARδ, the TZD rosiglitazone had little
or no effect on the interactions with the corepressor peptides
(Figure 2). Surprisingly, with PPARδ, the L-tyrosine com-
pounds GW1929 and GW7845 increase the apparent affinity
of PPARδ for the corepressor peptides (Figure 2E,F). With
PPARR, only GW7845 appears to enhance the affinity for
the corepressor peptides (Figure 2A,B). Therefore, we have
identified ligands that weaken the affinity of corepressor
peptides for PPARγ but have the opposite effect and enhance
the affinity on PPARδ (GW7845 and GW1929) and in one
case enhance the affinity of both PPARR and PPARδ
(GW7845).

Effect of Compound Classes on Coregulator Peptide
Affinity for PPAR Subtype LBDs.Differences in subtype
compound affinities and different cofactor affinities com-
plicate quantitative comparisons of the effect of ligands on
PPAR subtypes. Therefore, we have developed a method of
analysis that allows us to determine the quantitative effects
of ligands on cofactor affinity regardless of the ligand and
cofactor concentrations used in a particular experiment. The
quantitative effects of compounds on coactivator/corepressor
affinity were profiled via a fluorescence resonance energy
transfer (FRET) assay. Biotinylated coactivator fragments
derived from CBP (amino acids 57-454) and a corepressor
peptide (NCoR ID-C) were labeled with europium-conju-
gated steptavidin. Biotinylated PPAR LBDs were labeled
with allophycocyanin-conjugated steptavidin. The effect of
compounds on the binding of each PPAR subtype LBD to a
fragment of CBP or the NCoR ID-C peptide were determined
by varying the ligand concentration in the presence of 10
nM PPAR LBD and four different concentrations of CBP
and NCoR. The data for the effect of the tyrosine-based
ligand GW1929 on PPARγ binding to the CBP and the
NCoR peptide are shown in Figure 4. The data were
simultaneously fit to an interaction model described in the
Materials and Methods and the Supporting Information. The

FIGURE 1: Fluorescence polarization assay for ligand modulation
of TRâ LBD/cofactor peptide affinities. The effects of no compound
(b) or 20µM T3 (9) on the binding of the thyroid receptor-â LBD
to a SRC-1 or NCoR peptide are shown. Complex formation was
monitored by fluorescence polarization as described in the Materials
and Methods. Each data point is the average of at least two
independent experiments. Apparent affinities for the SRC-1 and
NCoR peptides in the absence of ligand are 7.1( 4.0 and 0.72(
0.1 µM, respectively. In the presence of T3, the affinities are
0.13 ( 0.02 µM for SRC-1 and 6.2( 1.0 µM for NCoR.
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experimentally determinedR value is the ratio of cofactor
affinities in the absence and presence of a saturating
concentration of ligand. This analysis permits a direct
comparison of the effects of compounds, independent of
cofactor concentration and differences in coregulator affinity
for the individual receptors. Fitted parameters for PPARγ/
CBP/GW1929 interaction were calculated to be 7.9 nM for
the affinity of the ligand in the absence of cofactor (KL) and
an R value of 23, indicating that the apparent affinity of
GW1929 for PPARγ in the presence of saturating CBP (KL/
R) would be 0.34 nM. For the PPARγ/NCoR/GW1929
complex, theR value is calculated to be 0.05, yielding a
value for the apparent affinity of GW1929 for PPARγ in
the presence of saturating NCoR to be 158 nM. Therefore,

GW1929 behaves as a classical agonist with PPARγ by
enhancing the affinity for a coactivator and reducing the
affinity for corepressor.

A diverse set of PPAR ligands was analyzed as above
using the FRET assay, and theR values for each compound
on each receptor subtype were determined. TheR values are
plotted in Figure 5 as log(R) such that a ligand that increases
the affinity for cofactor is greater than zero, and a decrease
in affinity is less than zero, which facilitates the comparison
of the ligand responses. As seen in Figure 5, the TZDs
(rosiglitazone and pioglitazone) as well as tyrosine-based
PPARγ activators (GW1929 and GW7845) and the PPARδ
ligand (GW1516) (8) increase the apparent affinity of all
three PPAR subtypes for the coactivator fragment from CBP.

FIGURE 2: Fluorescence polarization assay for ligand modulation of PPAR/corepressor peptide binding. The effects of no compound (b),
40µM GW1929 (2), 40µM GW7845 (9), or 40µM rosiglitazone ([) on the binding of the three PPAR subtype LBDs to 10 nM fluorescein-
NCoR ID-C peptide or 10 nM fluorescein-SMRT ID-C peptide are shown. Complex formation was monitored by fluorescence polarization
as described in the Materials and Methods. Each data point is the average of at least two independent determinations with error bars
corresponding to the standard deviation. ApparentKD values (( standard deviation) of PPARR for fluorescein-NCoR ID-C peptide are
4.9 ( 0.8 µM (no ligand), 3.8( 0.9 µM (GW1929), 1.4( 0.4 µM (GW7845), and 4.8( 0.6 µM (rosiglitazone). ApparentKD values
(( standard deviation) of PPARγ for fluorescein-NCoR ID-C peptide are 1.7( 0.3 µM (no ligand), 12( 1.1 µM (GW1929), 13( 1.5
µM (GW7845), and 10.3( 0.5 µM (rosiglitazone). ApparentKD values (( standard deviation) of PPARδ for fluorescein-NCoR ID-C
peptide are 6.0( 0.9 µM (no ligand), 0.62( 0.06µM (GW1929), 0.8( 0.06µM (GW7845), and 5.5( 1.9 µM (rosiglitazone). Apparent
KD values (( standard deviation) of PPARR for fluorescein-SMRT ID-C peptide are 7.0( 2.1 µM (no ligand), 5.1( 0.1 µM (GW1929),
1.1 ( 0.05 µM (GW7845), and 6.9( 1.4 µM (rosiglitazone). ApparentKD values of PPARγ for fluorescein-SMRT ID-C peptide are
2.1 ( 0.3 µM (no ligand), 12( 0.6 µM (GW1929), 9.5( 3.4 µM (GW7845), and 12( 2 µM (rosiglitazone). ApparentKD values
(( standard deviation) of PPARδ for fluorescein-SMRT ID-C peptide are 5.2( 0.4 µM (no ligand), 0.69( 0.03µM (GW1929), 0.85(
0.1 µM (GW7845), and 4.8( 0.5 µM (rosiglitazone).

FIGURE 3: Structures of PPAR compounds.

9282 Biochemistry, Vol. 42, No. 31, 2003 Stanley et al.



Although quantitative differences in the enhancement of
binding are observed, particularly for the PPARδ compound
GW1516, the diverse PPAR agonists each appear to exert
increases in affinity for the coactivator regardless of receptor
subtype. In contrast, the ligands exert varied PPAR subtype-
dependent effects on the affinities for the corepressor peptide.
For example, TZD compounds and the PPARδ ligand,
GW1516, decrease the affinity of all three subtypes for the
corepressor peptide as expected of classical agonists. In
contrast, the tyrosine-based ligands decrease the affinity for
PPARγ for the corepressor peptide but have little effect, or
modestly enhance the affinity of PPARδ for the corepressor
peptide. GW1929 shows the greatest enhancement of core-
pressor binding to PPARδ. For PPARR, only GW7845 shows

a modest but detectable enhancement in binding of the
corepressor peptide. Taken together, these experiments
demonstrate overall profiles where different compounds have
varied effects on both the direction and the magnitude of
corepressor binding among the three PPAR subtypes.

Effect of Tyrosine Class of PPAR Ligands on CoactiVator
and Corepressor Binding to Full-Length Receptor in a
Mammalian Two-Hybrid Assay.A mammalian two-hybrid
assay was used to examine the ability of the tyrosine-based
class of PPAR ligands to promote association or dissociation
of the coactivator CBP and the corepressor NCoR in the
context of a cellular environment. The assay uses full-length
human PPARR, PPARγ2, and PPARδ fused to the activation
domain of VP16 and previously identified interaction
domains of CBP and NCoR fused to the DNA binding
domain of GAL4. This assay was optimized with the intent
to demonstrate ligand-dependent association or dissociation
to full-length PPARs by coregulators. Thus, the total fold
activation was not as high as described in other assays. Using
full-length PPAR subtypes, three reference agonists (GW9820,
pioglitazone, and GW1514 for PPARR, PPARγ, and PPARδ,
respectively) exhibited a classical agonist profile in which
they promote the association of a fragment of CBP (Figure
6) and reduce the association with corepressor interaction
domain (2239-2300) containing NCoR ID-C (Figure 6).
None of the PPAR subtypes interacted with a NCoR
fragment (2012-2103) that contained NCoR ID-N (data not
shown). The tyrosine-based ligand, GW1929, reduces as-
sociation of NCoR with PPARγ and enhances its association
with PPARδ while having little or no effect on PPARR.
These results are consistent with the FRET assays (Figure
5). The ligand GW7845 inhibited binding of NCoR to
PPARγ but appears to modestly reduce binding of NCoR to
PPARR and PPARδ, unlike the cell-free assays where
modest increases in NCoR binding are observed (Figure 5).
Nevertheless, we observe similar qualitative effects of ligands

FIGURE 4: GW1929 modulation of PPARγ cofactor complexes.
The effect of GW1929 on 10 nM PPARγ LBD binding to CBP
(57-454) or NCoR ID-C peptide was determined by time-resolved
fluorimetry as described in the Materials and Methods. The relative
fluorescence is the ratio of the fluorescence intensity at 665 and
610 nm. Concentrations of CBP were 25 nM ([), 50 nM (9), 100
nM (2), and 150 nM (b). Concentrations of NCoR ID-C are 100
nM ([), 150 nM (9), 200 nM (2), and 250 nM (b).

FIGURE 5: Effect of ligands on coactivator and corepressor binding
to PPAR subtypes determined by FRET. The fold increases in
affinity (R) of various ligands on PPAR subtype binding to a
fragment of CBP (57-454) or the NCoR ID-C peptide were
determined by fluorescence energy transfer (FRET) as described
in the Materials and Methods.

FIGURE 6: Characterization of ligand effects on PPAR/cofactor
interactions in a cell-based assay. Complex formation was evaluated
using a mammalian two-hybrid interaction assay with full-length
PPAR receptors and cofactor fragments as described in the Materials
and Methods. The effect of 10µM of the indicated compound on
VP16 full-length PPARR, PPARγ, or PPARδ binding to GAL4DBD-
CBP or GAL4DBD-NCoR 2239-2300 is shown. Reference ago-
nists were GW9820x for PPARR, pioglitazone for PPARγ, and
GW1514 for PPARδ. Values determined for each ligand were
significantly different from vehicle as determined by with Dunnett’s
multiple comparisons test atp < 0.01.
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on corepressor binding to those observed in the more
quantitative cell-free assays such that the peptides derived
from defined coactivator and corepressor interaction domains
are tools that can be used to model ligand-dependent
coregulator modulation of PPAR interaction in a cellular
context.

Structural Basis of GW7845 and GW1929 Effects on
Corepressor Affinity with PPARR and PPARδ. A potential
explanation for the subtype-dependent effects of the tyrosine-
based ligands on PPAR/corepresor affinity is revealed by
the crystal structure of the PPARR/GW7845/SMRT complex
(Figure 7A). This structure was solved by molecular replace-
ment using the PPARR/GW6471/SMRT structure as a model
(36). It is remarkably similar to the previously described
PPARR/corepressor structure, with the corepressor peptide
forming a three-turnR-helix that fits into the same groove
as the coactivator motif, thereby preventing the carboxy-
terminal activation helix (AF2) from adopting its active
conformation.

Figure 7B depicts the active PPARR/SRC-1/GW9544
structure (36) overlaid onto the repressed PPARR/SMRT/
GW7845 structure. This overlay shows that the acidic
headgroup of GW7845 is oriented toward the active position
of the AF2 helix, as occurs with GW9544, where it could
make the hydrogen bonding interaction with Tyr464 that
normally stabilizes the AF2 helix, thereby promoting coac-
tivator binding. However, the overlay also shows that if
PPARR adopted the active conformation of the GW9544
complex, then the bulky benzene group of GW7845 would
bump Leu456 and Phe273, pushing the latter residue against
Ala454. As is observed in Figure 7B, these steric clashes
appear to shift the AF2 linker into conformations that disturb
the active position of the AF2 helix and therefore enhance
corepressor binding. However, there is no steric clash with
the AF2 helix itself, and the linker is free to assume other
conformations that could place the AF2 helix in the active
position in the presence of coactivator. Thus, GW7845 makes
interactions with PPARR that promote binding of coactivator

as well as corepressor. By contrast, the conventional
antagonist GW6471 clashes directly with the AF2 helix,
thereby preventing coactivator binding and promoting core-
pressor binding (36).

The PPARR/SMRT/GW7845 structure suggests that the
subtype-dependent effects of ligands on coactivator and
corepressor affinity can be rationalized in terms of the
differential ligand fit into the ligand binding pockets of the
three PPAR subtypes. The GW7845 methyl ester group
necessarily fits into the benzophenone pocket formed by
helices 3, 6, and 10 and the AF2 linker (33). The benzophe-
none pocket is largest and widest in PPARγ, somewhat
smaller in PPARR, and substantially smaller in PPARδ (36).
As discussed previously (36), PPARγ can easily accom-
modate the bulk of a benzophenone group or the similar
benzene methyl ester, whereas PPARR cannot. Other com-
pounds with narrower substituents at this position, such as
GW9544 (Figure 3), can bind with high affinity to both
PPARγ and PPARR (36). Figure 8A depicts the situation
for PPARγ, showing that the GW7845 ligand is easily
accommodated within the white surface representing the
volume available to ligand in PPARγ. In contrast, the

FIGURE 7: X-ray crystal structure of PPARR LBD/GW7845/SMRT
peptide complex. (A) An overview of the PPARR/SMRT/GW7845
complex. The PPARR LBD and SMRT peptide are epicted as blue
and white worms, respectively, while GW7845 and key protein
residues are shown in a ball-and-stick representation. (B) Super-
position of the GW7845-bound PPARR/SMRT structure (blue and
white worms) onto the previously described GW9544-PPARR/
SRC-1 complex (magenta worm) (32). Key side chains in the
GW7845 and GW9544 structures are shown in yellow and pink,
respectively. The benzene ring of GW7845 would bump against
L456 and F273, pushing the latter side chain against A454, as
denoted by white stars, if the protein retained the fully active
conformation of the GW9544 structure.

FIGURE 8: Models of GW7845 bound to each of the three PPAR
subtypes in their active conformations. The ligand GW7845 was
modeled into X-ray structures for the active conformations of (A)
PPARγ, (B) PPARR, and (C) PPARδ. In each case, the ligand is
shown in a space-filling representation, with atoms colored green,
blue, and red for carbon, nitrogen, and oxygen, respectively. The
protein is depicted in a worm representation, colored red for the
AF2 helix, yellow for the AF2 linker, and cyan elsewhere. The
solvent-accessible ligand binding pocket is represented by a
translucent white surface.
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benzene methyl ester group of GW7845 protrudes through
the PPARR benzophenone pocket (Figure 8B), consistent
with the structural results in Figure 7. The benzophenone
pocket is further narrowed in PPARδ, partly because of
substitution of Met355 in PPARR with an isoleucine.
Therefore, GW7845 protrudes even more dramatically
through the PPARδ benzophenone pocket surface, as is
observed in Figure 8C. Consistent with the smaller pocket
shape of PPARδ, GW1929, GW7845, and even the narrower
ligand GW9544 appear to enhance binding of corepressor
to PPARδ (Figures 2 and 5). Interestingly, GW1929 does
not appear to enhance corepressor affinity on PPARR
(Figures 2 and 5), even though it has a bulky benzophenone
group at the N-substituent position similar to the benzene
methyl ester in GW7845 (Figure 3). This may be due to the
shorter amino-pyridine tail in GW1929, which leaves room
for the PPARR protein to better accommodate the extra bulk
of the benzophenone group without destabilizing the AF2
helix. These observations suggest that for PPARR and
PPARδ to accommodate the large substituents of some of
the tyrosine-based ligands, rearrangements of the ligand
binding pocket are required that result in altered presentations
of the overlapping coactivator/corepressor binding surface.

DISCUSSION

Current models of nuclear receptor mediated gene activa-
tion suggest that ligands can activate a nuclear receptor by
promoting the dissociation of a corepressor complex and
enhancing the formation of a coactivator complex. The
structural basis for this is revealed by numerous coactivator
structures (for review, see ref45 and the recently solved
PPARR/antagonist/corepressor structure (32)). These studies
indicate that for PPARs, the position of the AF2 helix is the
primary determinant of whether a nuclear receptor is in the
active or inactive conformation. Ligands that stabilize the
AF2 helix in an active conformation enhance the affinity
for LXXLL-containing coactivator sequences, thereby lead-
ing to receptor activation. Since the active position of the
AF2 helix and the extended helix of the corepressor motif
overlap, their binding is mutually exclusive such that ligands
that stabilize the AF2 helix in the active position would be
expected to reduce the affinity for corepressor. Conversely,
ligands that favor the AF2 helix in a position other than the
active conformation may enhance the affinity for corepressor
motifs and reduce the affinity for coactivator motifs, thereby
diminishing the basal activity of the receptor. This analysis
indicates that ligands could be identified that redistribute the
equilibrium of the AF2 helix among multiple conformations,
therefore altering the affinities and preferences for coregu-
lators over a wide range and resulting in differential receptor
activation or repression. This concept is supported by recent
work that identified specific phage peptides that only
recognize ER in the presence of specific ligands (46). These
phage peptides are likely detecting ligand-induced changes
in receptor conformation that could potentially be recognized
by different coregulator proteins. These observations suggest
that novel ligands can be identified that stabilize a continuum
of conformational states in nuclear receptors resulting in
varied degrees of receptor activation or repression.

To identify and characterize ligands with diverse effects
on receptor conformation, we have developed biophysical
techniques that measure the effects of ligands on the affinities

of coactivator and corepressor peptides to PPAR subtypes.
These techniques allow us to specifically and quantitatively
assess the effect of a ligand on the coregulator binding
surface of the LBD of the receptor in the absence of other
endogenous receptors or cofactors that can complicate the
interpretation of many cellular assays. We have applied these
techniques to a panel of diverse PPAR ligands and find that
the PPARγ-directed thiazolidinediones (rosiglitazone and
pioglitazone) and tyrosine-based ligands (GW1929 and
GW7845) enhance the affinity for coactivators and decrease
the affinity for corepressor on PPARγ. Τhis is the expected
profile of a classical agonist. We previously described a
PPARR ligand that enhanced corepressor binding and
diminished coactivator binding that is the profile expected
of a classical antagonist. (32) In contrast, we identified a
novel ligand profile in which the tyrosine ligand (GW1929)
promotes the binding of coactivator, but unlike a classical
agonist has little effect or modestly enhances the affinity of
corepressor peptides for PPARδ. In addition, another tyro-
sine-based ligand GW7845 promotes the binding of coac-
tivator and corepressor peptides to both PPARR and PPARδ.
These two tyrosine-based ligands exert unusual PPAR-
subtype dependent, mixed agonist/antagonist properties in
which they inhibit the binding of corepressor to one subtype
but enhance the affinity for another. In addition, these ligands
have the ability to enhance the binding of both coactivator
or corepressor, such that these ligands would be expected to
activate PPARδ when the coactivator/corepressor ratio is
high and repress the receptor when the ratio is low.
Therefore, we have identified ligands that exert a range of
effects on corepressor binding that could lead to a variety
of biological activities.

The two tyrosine-based PPAR ligands that exhibited
subtype-dependent effects on corepressor affinity are closely
related structurally and both contain a bulky group at the
N-substituent position not found in the TZDs (Figure 3). The
structural studies presented here suggest that the PPAR
subtype differences in the size of the benzophenone pocket
formed by helices 3, 7, and 10 and the AF2 loop (33, 36)
are the molecular basis for the differential effects of these
ligands on the binding of corepressors. This pocket in
PPARR is somewhat smaller than in PPARγ and significantly
smaller in PPARδ. We find that GW7845 and GW1929,
which have a bulky group on the tyrosine nitrogen, can
occupy the ligand pocket of PPARR and PPARδ but only
with significant alteration of the pocket. These ligands push
against the side chains of the helix AF2 linker region that in
turn promote the displacement of the AF2 helix from its
active position. This mechanism of enhanced corepressor
binding is different from previously described receptor
antagonists in which a bulky ligand substituent protrudes out
of the binding pocket and sterically prevents the AF2 helix
from attaining its active conformation (45). We recently
described the cocrystal structure of PPARR with an antago-
nist, GW6471, which contains a bulky headgroup that
prevents the ligand from forming an activating hydrogen
bond with the AF2 helix, resulting in reduced affinity for
coactivator and enhanced affinity for corepressors (32). The
structure of PPARR complexed with GW7845 shows that
the ligand would not sterically prevent the AF2 helix from
orienting in its active conformation, such that GW7845 could
also enhance the binding of coactivators as was observed in
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the peptide binding assays.
These studies demonstrate the dynamic nature of the ligand

binding pockets of the PPARs, which allow them to
accommodate a number of ligands. The binding of these
ligands and the resulting modulation of receptor conformation
can have differential effects on the coactivator/corepressor
binding surface and therefore can influence the biological
activity of these ligands. The biological effects of a ligand
on a specific nuclear receptor depend not only on the intrinsic
affinity of the ligand for the receptor but also on the
coregulator context of the target cell. This coregulator context
involves both the types of coactivators and corepressors as
well as the relative levels/concentrations of these coregula-
tors, which likely varies significantly among cell and tissue
types. Therefore, ligands with differential effects on core-
pressor binding could have tissue-dependent effects depend-
ing on the coregulator environment of the host cell. One
example of this is the search for selective estrogen receptor
modulators (SERMs) that have the desired positive bone/
cardiovascular effects, without the unwanted proliferative
effects in breast and uterine tissues (47). It has recently been
suggested that tissue differences in the levels of coregulators
are responsible for the tissue selectivity of SERMs such as
tamoxifen (48) and partial agonist activity of RU486 with
the progesterone receptor (49). Therefore, ligand profiling
with both coactivator and corepressor that we have described
is an important step in identifying and characterizing novel
ligands with desired biological activities. We believe the
challenge now is to design ligands with multiple profiles and
identify which ligand profiles correlate with the desired
physiological/biological outcome.

In summary, we have developed biophysical techniques
to characterize the interaction of both coactivators and
corepressors with nuclear receptors that allows us to quan-
titatively profile the effects of ligands on this interaction.
We have used these assays to identify ligands that have an
unexpected and previously unseen profile in which a ligand
can promote the binding of both coactivator and corepressor
proteins. In addition, we have identified structural differences
in the ligand binding pockets of the three PPAR subtypes
that appear to be responsible for this novel coactivator/
corepressor profile. These observations provide new insight
into the mechanism of corepressor binding, differential
effects on coregulator binding by various ligands, and
structural variations that can lead to altered presentation of
the coregulator binding surface.
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