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ABSTRACT The peroxisome proliferator-activated recep-
tors (PPARs) are nuclear hormone receptors that regulate
glucose and lipid homeostasis. The PPARg subtype plays a
central role in the regulation of adipogenesis and is the
molecular target for the 2,4-thiazolidinedione class of antidi-
abetic drugs. Structural studies have revealed that agonist
ligands activate the PPARs through direct interactions with
the C-terminal region of the ligand-binding domain, which
includes the activation function 2 helix. GW0072 was identi-
fied as a high-affinity PPARg ligand that was a weak partial
agonist of PPARg transactivation. X-ray crystallography re-
vealed that GW0072 occupied the ligand-binding pocket by
using different epitopes than the known PPAR agonists and
did not interact with the activation function 2 helix. In cell
culture, GW0072 was a potent antagonist of adipocyte differ-
entiation. These results establish an approach to the design of
PPAR ligands with modified biological activities.

The nuclear hormone receptors are ligand-activated transcrip-
tion factors that regulate target genes essential for mammalian
physiology and development (1). The peroxisome proliferator-
activated receptors (PPARs) are nuclear receptors activated by
fatty acids and their eicosanoids metabolites, which regulate
genes involved in the biosynthesis, storage, and metabolism of
these ligands (2). The pharmacology of synthetic PPAR li-
gands demonstrated the role of these receptors in regulating
glucose and lipid homeostasis and established their utility as
molecular targets for the development of drugs for the treat-
ment of diabetes and cardiovascular disease (3).

Biochemical and structural studies with several nuclear
receptors revealed that hormone binding induces allosteric
changes in the conformation of the ligand-binding domain,
which promote recruitment of transcriptional coactivator pro-
teins such as steroid receptor coactivator 1 (SRC1) (4) and
CREB binding protein (CBP) (5). We recently reported x-ray
crystallographic analysis of the ternary complex of PPARg
with the 2,4-thiazolidinedione (TZD) rosiglitazone (Fig. 1A)
and the coactivator SRC1 (6), as well as the complexes of
PPARd with either the fibrate GW2433 or the essential fatty
acid eicosapentaenoic acid (7). Despite differences in their
gross chemical structure, all of these small molecule PPAR
agonists share a common binding mode, in which the acidic
head groups form a network of hydrogen bonds with Y473,
H449, and H323 within the ligand-binding pocket. These
interactions stabilize a charge clamp (6) between the C-
terminal activation function 2 (AF-2) helix and a conserved
lysine residue on the surface of the receptor, through which
coactivator proteins are recruited to the receptor.

Synthetic antagonists of several nuclear receptors have been
identified that counter the activity of their cognate hormones.
The cocrystal structures of estrogen receptor a with raloxifene
and tamoxifen revealed that these antagonists force the AF-2
helix into a conformation that physically blocks the binding of
coactivator proteins (8, 9). Antagonist-bound receptors also
promote the recruitment of corepressor proteins, such as
nuclear receptor corepressor (NCoR) (10) and silencing me-
diator of retinoid and thyroid hormone receptors (SMRT)
(11), which inhibit basal transcriptional activity (10–13). The
PPAR crystal structures uncovered a large ligand binding
pocket of .1,300 Å3 (6, 7), 2–3 times larger than the corre-
sponding pockets in the steroid hormone, thyroid hormone, or
retinoic acid receptors (14). The bulk of this pocket lay distal
to the Tyr and His residues involved in allosteric receptor
activation (6), but proximal to the proposed ligand entry
pocket (7). Given these observations, we postulated that
PPAR ligands might be identified that occupied the binding
pocket without activating the receptor. In this report we
describe the identification of GW0072 (Fig. 1B), a PPARg
ligand that is a partial agonist of receptor transactivation and
inhibitor of adipocyte differentiation. Crystallographic and
functional analysis suggest that the biological profile of
GW0072 is the result of a binding mode that differs from the
known agonist ligands.

MATERIALS AND METHODS

Compound Synthesis. (6)-(2S,5S)-4-(4-(4-Carboxyphenyl)
butyl)-2-heptyl-4-oxo-5-thiazolidine N,N-dibenzylacetamide
(GW0072, Fig. 1A) was synthesized in the Glaxo Wellcome
Medicinal Chemistry Department as a white solid: m.p. 94–
97°C; 1H NMR (CDCl3, 400 MHz) 7.96 (d, 2H, J 5 8.2 Hz),
7.40–7.20 (m, 10H), 7.14 (d, 2H, J 5 7.2 Hz), 4.74 (d, 1H, J 5
14.7 Hz), 4.54–4.28 (m, 5H), 3.72–3.62 (m, 1H), 3.47 (dd, 1H,
J 5 3.0, 13.8 Hz), 3.04–2.95 (m, 1H), 2.78–2.60 (m, 3H),
1.90–1.80 (m, 1H), 1.70–1.50 (m, 8H), 1.44–1.30 m, 8H), 0.88
(t, 3H, J 5 6.8 Hz); Anal. (C37H46N2SO4) C, 72.31; H, 7.49; N,
4.56; S, 5.21 Found C, 72.24; H, 7.54; N, 4.56; S, 5.16. Full
experimental details will be available elsewhere (J.L.C., un-
published work).
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Crystallography. Crystals of GW0072 complexed to the
ligand binding domain of hPPARg (6) were grown by the vapor
phase diffusion method, adding equal volumes of concentrated
protein (10 mgyml, 25 mM Tris, pH 8.0, 5 mM DTT, 200 mM
NaCl, 1.5 mM EDTA) and a crystallization buffer (15%
polyethylene glycol 4000, 100 mM Hepes, pH 7.5) at a 10:1
molar ratio of GW0072 to protein. Crystals formed in the
space group P2 with unit cell dimensions of 92.7 Å, 61.5 Å,
118.8 Å, 90.0°, 102.6°, and 90.0° and were solved by using
molecular replacement with the 1PRG coordinates (6). The
GW0072 cocrystal structure was refined to 2.7-Å resolution
and an R factor of 24.3% with a free R factor (6% omitted) of
29.4% by using X-PLOR (15). This structure was nearly identical
to a cocrystal structure of the di-3-iodobenzyl derivative of
GW0072, which was readily interpreted because of the strong
iodine electron density peaks (M.V.M. and A.B.M., unpub-
lished results).

Binding Assay. Binding affinity to the hPPARg ligand-
binding domain was measured by scintillation proximity assay
(16) using [3H]rosiglitazone as the competitive radioligand.

Transfections and Cell Culture. Reporter gene assays were
run as described in CV-1 cells by using either the ligand binding
domain of hPPARg as a GAL4 chimera and a (UAS)5-tk-
SPAP reporter plasmid (17, 18), or full-length hPPARg2 and
an aP2-tk-CAT reporter plasmid (17). Mammalian two-hybrid
transfection mixes included 100 ng (UAS)5-tk-CAT reporter

plasmid, 50 ng VP16-hPPARg2 expression plasmid, 25 ng
GAL4 expression plasmid, 200 ng b-galactosidase expression
plasmid as internal control, and 25 ng carrier plasmid. Trans-
fections were performed with Lipofectamine (Life Technolo-
gies, Grand Island, NY) according to the manufacturer’s
instructions. Cell extracts were prepared and assayed for
secreted placental alkaline phosphatase, chloramphenicol
acetyltransferase, and b-galactosidase activities as described
(17, 18).

Plasmids. VP16-hPPARg2 expression vector was generated
by insertion of the cDNA encoding hPPARg2 fused to amino
acids 410–490 of the VP16 viral activation domain, into the
expression vector pSG5 (Stratagene). GAL4-SRC1, GAL4-
CBP, GAL4-NCoR, and GAL4-SMRT were generated by
insertion of cDNAs encoding amino acids 592–782 (4), 1–115
(5), 2239–2300 (10), and 1281–1344 (11), respectively, fused to
amino acids 1–147 of the yeast transcription factor GAL4,
including the DNA-binding domain, into the pSG5 expression
vector.

Adipocyte Differentiation Assay. C3H10T1y2 cells were
grown on gelatin-coated 24-well plates in DMEM supple-
mented with 10% FBS as described (17). Medium and com-
pound were changed daily. Cells were stained at day 6 with
Oil-red O and photographed. For Northern analyses, cells
were harvested on days 3 and 6, and total RNA was prepared
by using Trizol Reagent (CLONTECH).

FIG. 1. GW0072 is a PPARg ligand with a unique binding mode. (A) Chemical structures of the TZD rosiglitazone and the thiazolidine
acetamide GW0072. (B) Cocrystal structure of the PPARg ligand-binding domain with GW0072. The polypeptide backbone is illustrated as a yellow
worm schematic, and GW0072 is shown as a Van der Waals space-filling representation with each atom type colored: carbon, green; oxygen, red;
nitrogen, blue; and sulfur, yellow. (C) The PPARg polypeptide backbone atoms from the cocrystal structure with GW0072 superimposed on the
cocrystal structure with rosiglitazone (6). The polypeptide backbone of the GW0072 cocrystal structure is shown as a thin yellow ribbon; GW0072
as well as H323, H449, and Y473 of the protein complex are shown as carbon, green; oxygen, red; nitrogen, blue; and sulfur, yellow. Rosiglitazone
and the same three amino acids for its respective protein complex are colored red. Differences between the rosiglitazone and GW0072 cocrystal
structures exist in the side-chain amino acid positions and not in the overall polypeptide conformation except for the loop between helix 29 and
helix 3, which is the result of crystal packing. GW0072 occupies an epitope of the ligand-binding pocket of PPARg that precludes it from interactions
with Y473, H323, and H449.
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RESULTS

Identification of a Thiazolidine Acetamide PPARg Ligand.
A weak PPARg ligand was identified through the synthesis and
screening of a combinatorial library of thiazolidine acetamides
(19–21). Optimization of this hit by using focused chemical
libraries yielded GW0072 (Fig. 1A), which bound to PPARg
with a Ki 5 70 nM. Although GW0072 was a high-affinity
PPARg ligand, it showed only 15–20% induction of reporter
activity in a standard PPARg-GAL4 functional assay (Fig. 2A)
(17, 18). These data, combined with the chemical structure of
GW0072, suggested that it might have a novel biological
profile.

Structural Analysis of the GW0072-PPARg Cocrystal
Complex. The initial docking studies of GW0072 in the

PPARg crystal structure (6) identified several potential
binding orientations that were different to those of known
PPAR agonists. To explore this issue, the cocrystal structure
of GW0072 with the PPARg ligand-binding domain was
solved to a resolution of 2.7 Å (Fig. 1B). Remarkably, the
structure revealed a binding mode in which GW0072 occu-
pied the region of the receptor pocket bounded by helices 3,
6, and 7 (Fig. 1B). Unlike the known PPAR agonists (3, 7),
the carboxylic acid of GW0072 was orientated toward the
loop region between H29 and H3 and did not contact the
AF-2 helix or the adjacent His residues (Fig. 1C). The
dibenzylamide and heptyl side chains occupied the pocket
between H3 and H7, which was lined with hydrophobic
residues (Fig. 1B) and accounted for the high affinity binding
of this ligand. Notably, the residues Y473, H449, and H323
adopted conformations shifted from their agonist-bound
positions, but similar to the apo-PPARg crystal structure (6)
(Fig. 1C). This structural information suggested that the
binding mode of GW0072 resulted in a receptor conforma-
tion in which the charge clamp was not stabilized through
direct interactions with the ligand.

Functional Analysis of GW0072. Full dose-response anal-
ysis in the PPARg-GAL4 functional assay showed that
GW0072 was a weak partial agonist with a relative efficacy 5
15–20% of rosiglitazone (Fig. 2 A). When assayed in the
presence of 100 nM rosiglitazone, GW0072 was a competi-
tive antagonist with an IC50 5 110 nM (Fig. 2 A), inhibiting
reporter activity to the level of its own partial agonism.
Similar results were obtained by using a reporter gene assay
using the full-length PPARg2 (17, 22) (Fig. 2B). Thus, the
interaction of GW0072 with the ligand-binding domain of
PPARg was primarily responsible for its functional profile on
the full-length receptor.

A mammalian two-hybrid assay was used to examine the
ability of GW0072 to recruit the coactivators CBP and SRC1
or the corepressors NCoR and SMRT to PPARg (Fig. 2 C-F).
The assay used full-length PPARg2 fused to the activation
domain of VP16, and the previously identified nuclear recep-
tor interaction domains of CBP, SRC1, NCoR, and SMRT (10,
11, 23, 24) fused to the DNA-binding domain of GAL4. CBP
was efficiently recruited to PPARg2 by 1 mM rosiglitazone,
leading to a 6.5-fold increase in reporter activity (Fig. 2C). By
contrast, 10 mM GW0072 caused only a 2-fold increase and was
able to antagonize the recruitment of CBP induced by rosigli-
tazone (Fig. 2C). Similar effects were seen with SRC1 (Fig.
2D), where GW0072 antagonized the 3.5-fold increase in
reporter activity induced by rosiglitazone. Thus, the low effi-
cacy of GW0072 in PPARg transactivation assays was paral-
leled by its limited capacity to recruit the coactivator proteins
CBP and SRC1. The corepressor NCoR showed constitutive
interaction with PPARg2 in the absence of ligand (Fig. 2E),
which was dissociated by both rosiglitazone and GW0072.
SMRT did not interact with PPARg2 (Fig. 2F) in the presence
or absence of either rosiglitazone or GW0072. Thus, GW0072
did not promote the recruitment of the corepressor proteins
NCoR or SMRT to the receptor.

GW0072 Is an Adipogenic Antagonist. To further characterize
the profile of GW0072, we examined its effects on adipocyte
differentiation (Fig. 3). PPARg agonists are known to promote
the conversion of a variety of preadipocyte and stem cell lines into
mature adipocytes (25). Incubation of 10T1y2 cells with 1 mM
rosiglitazone for 6 days resulted in their efficient conversion to
adipocytes, as indicated by the increase in Oil-red O staining (Fig.
3B) and the induction of adipocyte fatty acid binding protein,
PPARg, and adipsin gene expression (Fig. 3E). By contrast, when
10T1y2 cells were incubated with 10 mM GW0072 very little
conversion to the adipocyte phenotype was observed, as indicated
by the virtual absence of Oil-red O staining (Fig. 3C) and the lack
of induction of adipocyte-specific genes (Fig. 3E). Notably,
GW0072 was able to inhibit the conversion of 10T1y2 cells to

FIG. 2. GW0072 is a PPARg ligand with a unique functional
profile. (A) Dose response on the PPARg-GAL4 chimera for GW0072
(E) and GW0072 plus 100 nM rosiglitazone (F). Reporter activity was
expressed as the % of the maximal activation by 1 mM rosiglitazone.
GW0072 demonstrates competitive antagonism of rosiglitazone but
retains weak agonist activity at mM concentrations. (B) Activity on
full-length PPARg2 for 100 nM rosiglitazone (TZD), 10 mM GW0072
(GW), and 100 nM rosiglitazone plus 10 mM GW0072 (TZD 1 GW).
Vehicle was 0.1% DMSO. Reporter activity was expressed as the % of
the maximal activation by 1 mM rosiglitazone. (C–F) The functional
activity of GW0072 is paralleled by its effects on coactivator recruit-
ment to PPARg2 in a mammalian two-hybrid assay. GW0072 (GW)
(10 mM) antagonizes recruitment of the coactivators CBP and SRC1
promoted by 1 mM rosiglitazone (TZD). GW0072 (GW) (10 mM) does
not recruit the corepressors NCoR or SMRT.
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adipocytes induced by 1 mM rosiglitazone as measured by Oil-red
O staining (Fig. 3D) as well as adipocyte fatty acid binding
protein, adipsin, and PPARg mRNA levels (Fig. 3E). Thus, in cell
culture, GW0072 is unable to effect conversion of multipotential
stem cells into adipocytes and is a potent antagonist of adipocyte
differentiation. The use of GW0072 as a chemical tool in these
and other cells promises to be powerful approach for dissecting
PPARg biology.

DISCUSSION
Our molecular understanding of nuclear receptor signal trans-
duction has been greatly enhanced by the analysis of their
cocrystal structures with agonist and antagonist ligands (6–9,
14). These structures, combined with biochemical data, led to
important insights into how agonists and antagonists differ-
entially modulate transcriptional activity through the recruit-
ment of coactivator and corepressor proteins (Fig. 4). From a

FIG. 3. GW0072 is a potent antagonist of adipocyte differentiation. (A–D) Oil-red O staining of 10T1y2 cells incubated for 6 days with 0.1%
DMSO (vehicle), 1 mM rosiglitazone (TZD), 10 mM GW0072 (GW), or 1 mM rosiglitazone plus 10 mM GW0072 (TZD 1 GW). (E) Northern
blot analysis of 10T1y2 cells for adipocyte-specific genes after treatment of cells for 3 and 6 days. aP2, adipocyte fatty acid binding protein.
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chemical perspective, although agonist and antagonist ligands
often are structurally related, the antagonists generally contain
an additional chemical appendage that is critical for their
inhibitory activity (26). As a result, these agonist and antag-
onist ligands use the same binding epitopes within the receptor
pocket, but the larger total volume of the antagonist (28) leads
to repositioning of the AF-2 helix and displacement of coac-
tivator proteins (Fig. 4). Although less well understood, the
antagonist-bound receptor complex is also permissive to core-
pressor binding (10–13).

With GW0072, we have identified a PPAR ligand that
occupies epitopes within the receptor pocket distinct from the
known agonist ligands (Fig. 4). GW0072 does not directly
affect the positioning of AF-2 or residues involved in coacti-
vator recruitment. Instead, the GW0072-bound receptor
adopts a conformation similar to the unliganded apo-receptor.
The dissociation of the corepressor NCoR and weak recruit-
ment of coactivator proteins that was effected by GW0072 may
be the consequence of either subtle changes in the conforma-
tion of the ligand-binding domain or allosteric effects on the
heterodimeric partner RXR (28). Thus, GW0072 is an example
of a nuclear receptor ligand that does not interact with AF-2
and is mechanistically distinct from conventional agonists and
antagonists. The biological profile of this class of ligands is
likely to be complex, dependent on both the promoter context
of their target genes as well as the cellular concentration of
coactivators and corepressors (29). In the case of the GW0072,
it is a PPARg partial agonist that is unable to effect conversion
of multipotential stem cells into adipocytes and is a potent
antagonist of TZD-induced adipocyte differentiation. Because
the PPARs are important molecular targets for the develop-
ment of diabetes, obesity, and cardiovascular drugs (3), the
identification of partial agonists with modified pharmacolog-
ical profiles may offer benefit for the treatment of human
metabolic diseases (30).
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FIG. 4. GW0072 defines an additional class of nuclear receptor
ligands. Agonist ligands (gray) shift the AF-2 helix (yellow) into a
position that stabilizes recruitment of coactivator (green) to the
receptor ligand-binding domain (white). Antagonist ligands (gray)
bind to the receptor by using the same epitopes, but their larger size
shifts the AF-2 helix into a position that displaces the coactivator.
Antagonist ligands also recruit corepressor (red) to the receptor
ligand-binding domain. The partial agonist GW0072 (gray) binds to its
receptor by using different epitopes, such that it does not directly
interact with the AF-2 helix.
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