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Structure-Based Drug Design of a Novel Family
of PPAR Partial Agonists: Virtual Screening, 
X-ray Crystallography and In Vitro/In Vivo
Biological Activities

Peroxisome proliferator-activated receptor γ(PPARγ) is well
known as the receptor of thiazolidinedione anti-diabetic drugs. In
this report, we present a successful example of employing structure-
based virtual screening, a method that combines shape-based
database search with a docking study and analogue search, to dis-
cover a novel family of PPARγ agonists based upon pyrazol-5-
ylbenzenesulfonamide. Two analogues in the family show high
affinity for, and specificity to, PPARγ and act as partial agonists.
They also demonstrate glucose-lowering efficacy in vivo. A struc-
tural biology study reveals that they both adopt a distinct binding
mode and have no H-bonding interactions with PPARγ. The ab-
sence of H-bonding interaction with the protein provides an expla-
nation why both function as partial agonists since most full ago-
nists form conserved H-bonds with the activation function helix (AF-2
helix) which, in turn, enhances the recruitment of co-activators. More-
over, the structural biology and computer docking studies reveal 
the specificity of the compounds for PPARγ could be due to the
restricted access to the binding pocket of other PPAR subtypes, i.e.
PPARα and PPARδ, and steric hindrance upon the ligand binding.

Peroxisome proliferator-activated receptors (PPARs) are ligand-acti-
vated transcription factors belonging to the nuclear hormone receptor
(NHR) superfamily. Three PPAR subtypes, encoded by distinct genes, are
designated as PPARα, PPARδ, and PPARγ. PPARα is expressed mainly
in the liver and its biological role is closely related to fatty acid metabo-
lism and peroxisome proliferation. PPARδ is expressed in most cell
types; several studies indicate that PPARδ agonists play important roles
in dyslipidemia, cancer treatment, and differentiation of cells within the
central nervous system. PPARγ is abundant in adipose tissue and plays
an important role in adipocyte differentiation. Studies also show that
PPARγ is the receptor for a well known class of antidiabetic drugs, thia-
zolidinedione (TZD).

The advent of the TZD antidiabetic drugs, e.g. rosiglitazone (Fig. 1)
and pioglitazone, has led to extensive research in the area of anti-diabe-
tic drug discovery and development. However, despite their effective-
ness in treating diabetes, TZD drugs possess undesirable side effects,
such as increased adiposity, edema, significant cardiac hypertrophy and
the risk of heart failure. Thus, there is an urgent need to discover PPARγ
agonists with improved therapeutic profiles.

A recent study shows PPARγ partial agonists exhibit fewer side
effects as compared to full agonists. One non-TZD PPARγ agonist,
nTZDpa and another partial agonist, LSN862 ((S)-2-methoxy-3-{4-[5-(4-
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phenoxy)pent-1-ynyl]phenyl}propionic acid),
demonstrated better antidiabetic activity and fewer
side effects in animal studies. All of these studies give
partial agonists a distinct clinical profile as compared
to full agonists and suggest the exploration of 
PPARγ partial agonists is a promising approach to
develop antidiabetic drugs with more desirable
therapeutic properties.

In this study, pyrazol-5-ylbenzenesulfonamides
were identified through the structure-based virtual
screening as a novel class of PPARγ ligands. Biologi-
cal data from binding and transactivation assays
characterized compound 1 (N-[1-(4-fluorophenyl)-3-
(2-thienyl)-1H-pyrazol-5-yl]-3,5-bis(trifluoromethyl)-
benzenesulfonamide) and compound 2 (3-fluoro-N-
[1-(4-fluorophenyl)-3-(2-thienyl)-1H-pyrazol-5-yl]-
benzenesulfonamide) (Fig. 1) as selective and partial
agonists of human PPARγ. They were further sub-
jected to extensive characterization, including crystal
structure determinations, functional assays and in
vivo studies. The two compounds functioned as par-
tial agonists and the key determinants for their selec-
tivity among the three PPAR subtypes are also dis-
cussed in this paper.

The conformation of 6 (GW409544)(Fig. 2) bound

in the active site of PPARγ ( PDB code:1K74 ) was
used as the pharmacophore. The bound conforma-
tion of 6, which adopted a ∩-shape (an inverted U
shape) to bind to the protein, was used to screen the
Maybridge database, a database of commercially
available small molecules. Out of ca.62000 com-
pounds, 163 with minimized conformations similar
to the ∩-shape were selected and screened by the
scintillation proximity assay (SPA) for PPARγ binding.
One of the selected compounds, 7 (N-[1-(4-fluo-
rophenyl)-3-(2-thienyl)-1H-pyrazol-5-yl]-5-[5-(trifluo-
romethyl)isoxazol-3-yl]thiophene-2-sulfonamide 
(Fig. 2), showed significant binding affinity with an
IC50 of 175 nM and was subjected to a second round
of virtual screening. In the second round, compound 7
was first docked into the active site of the protein
using the PPARγ/6 complex structure as a template
to define the core structure. As revealed in the dock-
ing model, all the aromatic rings of compound 7, with
the exception of the isoxazole group, made major
interactions with the protein. Therefore, the four aro-
matic rings, with the isoxazole ring excluded, togeth-
er with the sulfonamide moiety were identified as
the scaffold for a further analogue search. Several
criteria were applied in the analogue search (Fig. 2).
Thirty-seven compounds that fulfilled the above
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Fig. 1:  PPAR agonists.



criteria were selected from the Maybridge database
and their binding affinities were evaluated by SPA
assay. Out of 37 compounds, compound 1 showed
the strongest binding affinity with an IC50 of 22.7 nM,
displaying a seven-fold increased potency over its
parent compound 7. Moreover, compound 1 is small-
er and has a lower molecular mass, which made it as
an attractive lead for further optimization in search
for a drug candidate. Therefore, compound 1 was
subjected to further characterization by various func-
tional assays and structural studies. In addition, com-
pound 2 with a highly similar structure to compound 1
was also included in this study.

Compound 1 is a high affinity PPARγ ligand as
revealed by SPA assay. In the SPA assay, when a test
compound binds to the protein binding pocket it
displaces the bound radio-ligand, [3H]rosiglitazone,
lowering the bound radioactivity. Compound 1 dis-
placed PPARγ–bound [3H]rosiglitazone with an IC50

value of 22.7 nM. In contrast, compound 1, in con-
centrations up to 10 μM, did not show any apparent
binding affinity toward PPARα and PPARδ in char-
coal and SPA binding assays, respectively (Fig. 3(a)).
These results showed that compound 1 is a potent
and specific PPARγ ligand. In similar experiments,

the analogous compound 2 bound to PPARγwith an
IC50 of 512 nM and showed no binding affinity toward
PPARα or PPARδ, suggesting compound 2 is also a
selective PPARγ ligand but less potent than com-
pound 1.

The GAL4-PPARγ transactivation assay was
employed to evaluate the biological function of com-
pounds 1 and 2. Huh-7 cells were transfected with
mixes of GAL4/PPARγ-LBD expression plasmid,
(UAS)5-TK-luc reporter plasmid, and pSV40-Ren plas-
mid as internal control. When transfected cells were
treated with compound 1, dose-dependent PPARγ
transcriptional activity was evident as indicated by
the reporter luciferase gene (Fig. 3(b)). Compound 1
was specific for the transcriptional activation of
GAL4/PPARγ-LBD, since it did not induce any tran-
scriptional activity mediated by either GAL4/PPAR
α-LBD or GAL4/PPARδ-LBD. The EC50 of compound
1 for transcriptional activation of GAL4/PPARγ-LBD
cells was 0.78±0.09 μM. Interestingly, the maxi-
mum transcriptional activity achieved by compound
1 was only 50% of the maximal effect achieved by
the PPARγ full agonist, rosiglitazone at 2 μM, indi-
cating that compound 1 is a partial agonist. In a simi-
lar experiment, compound 2 induced transcriptional
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Fig. 2:  Discovery of High-affinity PPARγ Agonists by Structure-based Virtual Screening. The conformation of 6 bound in the
active site of PPARγwas used as the pharmacophore to perform shape-based database search. Compound 7 with minimized
conformations similar to GW409544 and IC50 of 175 nM was identified as the hit compound. A molecular docking study
reveals the aromatic rings of compound 7 made hydrophobic interactions with the surrounding residues, Cys285, Gln286,
Ser289, Leu330, Phe363 and Met364. A H-bonding interaction was formed between the fluorine atom and Ser289, indicated
by the dotted line. The knowledge obtained from the molecular docking study was applied as the criteria to define the core
structure. By analogues search, compound 1 with an IC50 of 22.7 nM, a seven-fold increased potency over its parent com-
pound, was identified as a potent PPARγ agonist.



activity of PPARγ with an EC50 of 1.75±0.19 μM but
to a lesser extent, the maximum transactivaiton being
only to 31% of levels produced by rosiglitazone at 
2 μM. Like compound 1, compound 2 also did not
show any activity in the GAL4/PPARα-LBD or GAL4/
PPARδ-LBD transactivation assay.

The two PPARγ-LBD-ligand complex structures,
PPARγ/ compound 1 and PPARγ/compound 2 are
solved by molecular replacement. The electron den-
sity maps of compound 1 and compound 2 bound in
the binding site are very clear and the model of the
compounds fit well into the density maps. The com-
plex structures reveal these two ligands bind to PPARγ
in a large hydrophobic pocket close to the AF-2 helix
and formed by helices 3, 7 and 10 (Fig. 4). This pocket
is sometimes referred as the “benzophenone” pocket
as seen in the PPARγ/farglitazar complex structure.

The chemical structure of compound 1 can be
subdivided into five groups for discussion of its inter-
actions with the protein (Fig. 4). The first group is the
thiophene group that inserts deep into the hydropho-
bic pocket making hydrophobic contacts with
Phe282, Phe360 and Phe363. The second group is
the pyrazole group, which forms strong π- π inter-
action with Phe363. The hydrophobic interactions
with Phe363 are seen in the tyrosine-based ligand
but not in the TZD compounds and contribute the
major interactions with the protein. The third moiety,
a para-fluorophenyl group, binds to PPARγ at the
top of the hydrophobic pocket and next to the AF-2
helix. The region consists of Phe282, Leu453, Leu465,
Leu469, and Gln286, all of which interact strongly
with the phenyl moiety. Notably, the phenyl group is
the closest moiety to the AF-2 helix, but it makes
neither strong hydrophobic nor H-bonding interac-
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Fig. 3:  The Binding Affinity and Transcriptional Activation of Compound 1. (a) The binding affinity of compound 1
to PPARγ was determined by SPA assay. Compound 1 at various concentrations was added into the SPA binding
buffer containing PPARγ and a radio-labeled ligand, [3H]rosiglitazone. Compound 1 replaced [3H]rosiglitazone
upon its binding to PPARγ, leading to the decreased scintillant activation as revealed by counts per minute (CPM).
IC50 of Compound 1, obtained from a linear least-square fit from the plot, was 22.7 nM. In contrast, CPM numbers
remained unchanged with the addition of increased concentration of compound 1 to PPARα and PPARδ ,
suggesting that compound 1 was not able to bind to both proteins. (b) The transcriptional activity of compound 1
on PPARα (triangle), PPARδ (open circle), and PPARγ (circles) were determined in Huh-7 cells. The luciferase
activities in the cell extracts were measured after incubation with increasing concentrations of compound 1.
Compound 1 showed a dose-dependent transcriptional activity on PPARγ whereas it has no transcriptional
activity on transactivation of PPARα and PPARδ. Results are expressed as percent of maximum, where maximum
binding activity was determined by treatment with 2 μM rosiglitazone in PPARγ transcription assay.

(a)

(b)



tions with this functional helix. Only the fluorine
atom attached to the phenyl ring has a weak van der
Waals interaction with Tyr473. In contrast, all pub-
lished full agonists, including TZD and the tyrosine-
based ligands, have strong H-bonding interactions
with Tyr473 in the AF-2 helix. The absence of interac-
tions with the AF-2 could provide the structural basis
for the partial agonist functionality of compound 1.
The fourth group is the sulfonamide group that serves
as a linker between two of the aromatic groups in
compound 1. Interestingly, the sulfonamide group
does not make any interactions with PPARγ, sug-
gesting that the linker could be replaced by other
groups of similar length without losing any of the
binding affinity. The fifth group is the phenyl ring
with two meta-substituted CF3 groups. This phenyl
ring forms strong hydrophobic interactions with
PPARγ, particularly with Leu330 and Met364 but
they also make close contact with Arg288, Ile326, Val
339 and Ile341.

As can be seen from the above discussion, all
interactions of compound 1 with PPARγ are hydropho-
bic and there is no H-bonding interaction involved in
the ligand binding. The sulfonamide group, does
provide H-bonding interactions in compound 1, is
unable to make H-bonding interactions although it is
only 4 Å away from the conserved H bond network

formed by His449, His323, Tyr473 and Ser289. The
lack of H-bonding interactions is a unique feature for
compound 1 since all previously reported PPARγ
ligands form at least one H-bond with the protein.

Compound 2 is an analogue of compound 1 and
its complex structure with PPARγ has been solved by
the same procedure as for compound 1. Despite
their high similarity, they do exhibit different biologi-
cal activity. As shown in the PPARγ SPA assay, the
binding affinity of compound 1 is 10-fold stronger
than that of compound 2. Superimposition of the
ligand complex structures reveals the structural basis
for the difference in binding affinity (Fig. 4). The posi-
tion of compound 2 superimposes well with that of
compound 1 except for the movement of the phenyl
ring. In compound 2, there is no interaction between
the phenyl ring with the surrounding protein re-
sidues. However, in compound 1, the phenyl ring
slightly shifts to improve the fit with the protein. The
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Fig. 4:  The Structures of PPARγ Ligand Binding
Domain in Complex with Compound 1 (green) and
Compound 2 (purple). Compound 1 and compound 2
bind to PPARγ in a large hydrophobic pocket formed
by helices 3, 7 and 10. All aromatic rings of compound
1 and compound 2, except the phenyl ring connected
to the sulfonamide, have extensive π-π stacking and
hydrophobic interactions with the surrounding protein
residues, particularly with Phe363. Key interacting
residues are labeled.

Fig. 5:  Superposition of the Structures of Compound 1
(green) and rosiglitazone 3 (magenta) in the Binding
Pocket of PPARγ. Rosiglitazone makes H-bonding in-
teractions with His323, His449, Tyr473 and Ser289
whereas compound 1 has no H-bonding interactions
with the protein. Moreover, the tail of rosiglitazone
binds to an area near the entrance of the binding pock-
et whereas the interactions of compounds 1 with this
entrance area are completely absent. However, com-
pounds 1 form additional interactions with PPARγ in
the hydrophobic pocket consisting of Phe282, Phe363,
Leu453, Leu465, Leu469, and Gln286. AF-2 helix is
shown as a ribbon drawing in orange. Lys301 and
Glu471, the two residues forming the charge clamp, are
colored as blue and red, respectively. The LxxLL motif of
the co-activator is shown in yellow.



phenyl ring and two CF3 groups of compound 1 form
strong interactions with Arg288, Ile326, Leu330,
Val339 and Met364. The additional interactions of
compound 1 with the protein, particularly those with
Leu330 and Met364, account for its increased bind-
ing affinity compared to compound 2. Moreover,
based on our comparison of the compounds 1 and 2
complex structures, we suggest other ring substitu-
tions with hydrophobic groups, such as methyl or
ethyl, may increase the binding affinity since most of
the protein residues near the phenyl ring are hydro-
phobic in character, namely Ile326, Leu330, Val339
and Ile341.

The binding and transactivation assays show
that both compound 1 and compound 2 are specific
PPARγ agonists with no activity to PPARα or PPARδ.
Structural alignment of these two complex  struc-
tures with PPARα and PPARδ reveal that the side
chains of Thr279 of PPARα and Thr288, the corre-
sponding residue in PPARδ, would cause a steric
clash with a CF3 group in compound 1 or the fluorine
atom of compound 2 (Fig. 6(a)). Thr279 of PPARα
and Thr288 of PPARδ are located at the entrance of
the binding pocket and the steric effect with com-
pounds 1 and 2 might restrict their access to the
binding pocket. In PPARγ, the corresponding residue
Arg288 could shift away to allow the ligands access
because of the highly flexible nature of the side
chain. Secondly, a computer docking study shows
that the interactions of compounds 1 and 2 with
PPARγ are more favorable than with the other two
PPAR subtype. In the docking study it was assumed
that Thr279 of PPARα and Thr288 of PPARδ could
undergo conformational change to allow access of
the ligands to the binding site in the similar position
as PPARγ. However, the key residue Phe363 in PPARγ,
that contributes π- π stacking and important hy-
drophobic interactions with the aromatic rings of our
compound, is replaced by Ile in PPARα and PPARδ
(Fig. 6(b)). The substitution of Phe by Ile would weak-
en the protein-ligand interaction and consequently
decrease the binding affinity. Taking compound 2 as
an example, the protein-ligand interaction energy
calculated by DOCK is –15.00 (kcal/mol), –32.39
(kcal/mol) and - 50.19 (kcal/mol) for PPARα, PPARδ
and PPARγ, respectively, suggesting the interactions
of the compounds with PPARγ are more energetical-
ly favorable.

The antidiabetic effect of compound 1 was fur-

ther evaluated in vivo. In this study, KKAy mice, which
exhibit obesity, insulin resistance and relative type2
diabetes-like symptoms, were used. Compound 1
was administrated daily at a dose of 30 mg/kg for five
days. Plasma glucose levels was measured before the
treatment (day 1), and four days after the treatment
was initiated (day 4). Compound 1 decreased the
blood glucose level by 35.7%, demonstrating its glu-
cose-lowering efficacy in vivo.
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Fig. 6:  Proposed Molecular Determinants for
Compound 1‘s Selectivity to PPARγ. (a)Overlay
of PPARγ/compound 1 complex structure with
PPARα and PPARδ .  Thr279 of PPARα and
Thr288 of PPARδ would cause a steric clash with
a CF3 group in compound 1, shown as the yellow
line. (b)The key residue Phe363 in PPARγ, that
contributes π-π stacking and important
hydrophobic interactions with the aromatic
rings of compound 1, is replaced by Ile in PPARα
and PPARδ.

(a)

(b)



In conclusion, structure-based virtual screening
in which a combination of shape-based database
search, docking study and analogue search is proven
to be an efficient method to discover a novel class of
PPARγ agonists. This technique enables the identifi-
cation of compound 1, a compound exhibiting high
potency and specificity in vitro and showing efficacy
in vivo. The structural biology studies revealed com-
pound 1 and its analogue, compound 2, adopt a dis-
tinct binding mode and have no H-bonding interac-
tions with PPARγ. The lack of H-bonding interaction
with the protein provides the structural basis for
their partial agonism since most full agonists form
conserved H-bonding interactions with His323,
His449 and Tyr473. This conserved H-bonding net-
work stabilizes the AF-2 helix in a conformation to
form a charge clamp between Arg301 and Glu471,
which, consequently, positions the conserved LxxLL
motif of co-activators to a hydrophobic site on the
surface of PPARγ, resulting in the recruitment of co-
activators. In contrast, the absence of the H-bonding
interactions of compound 1 and 2 with the receptor
might affect the recruitment of co-activators thus
decreasing their transcriptional activity. PPARγ par-
tial agonists have gained more attention recently as
they could reduce the side effects caused by full ago-
nists. The unique biological profiles of compound 1
make it as an attractive candidate for further deve-
lopment. The structure of PPARγ in complex with
compound 1 and its analogue, compound 2, could
provide a rationale for the next generation of ligand
design. Compound 1 is currently undergoing addi-
tional evaluation to further assess the potential for
development for the treatment of type 2 diabetes.
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