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A new series of PPARY partial agonists, 1,3-diphenyl-1H-pyrazole derivatives, were identified using an
improved virtual screening scheme combining ligand-centric and receptor-centric methods. An in vitro
assay confirmed the nanomolar binding affinity of 1,3-diphenyl-1H-pyrazole derivatives such as SP3415.
We also characterized the competitive antagonism of SP3415 against rosiglitazone at micromolar

concentrations. They showed a PPARY partial agonistic activity similar to that of a known PPARYy drug,
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pioglitazone, in a cell-based transactivation assay. Furthermore, the structure-activity relationships of
the pyrazole derivatives were investigated through comparative molecular field analysis and binding mode
analysis, which provided new insight concerning their partial agonistic effect on PPARY.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The peroxisome proliferators-activated receptors (PPARs) com-
prise one of the most important subfamilies of nuclear receptor
superfamilies, which functions as ligand-activated transcription
factors regulating the expression of target genes.! To date, three sub-
types of PPAR (o, v, and §) have been identified, and PPARY is the
most intensively studied subtype for drug discovery purposes.
PPARY is highly expressed in adipose tissue? and in blood cells and
is induced during macrophage differentiation.> PPARy was identi-
fied initially as a key regulator of adipogenesis, but it also plays an
important role in type 2 diabetes, cellular differentiation, insulin
sensitization, atherosclerosis, and cancer. Rosiglitazone and piog-
litazone are marketed PPARYy agonists that have been used in the
treatment of type 2 diabetes.> However, it was recently suggested
thatrosiglitazone is associated with increased risk of cardiovascular
events® and may cause adverse effects such as weight gain, fluid
retention, and edema.”® Judging from the several clinical studies,
it is clear that rosiglitazone promotes a high risk for developing
edema.® The adverse effects of PPARY activators can be mitigated
through use of partial PPARY agonists, which can maintain the effi-
cacy of full PPARY agonists while lacking their typical side effects,
such as edema and weight gain.!®!! Therefore, it has been proposed
that partial PPARy agonists have improved safety margins
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compared to full PPARy agonists and might represent the next
generation of insulin sensitizers. Recently, telmisartan,'?> 1% metagl-
idasen,'” balaglitazone,'®!” and PA-082'8 were characterized as a
new class of partial PPARY agonists,'® and several companies are
trying to develop a novel PPARY partial agonist that has potential
effect without causing any increase in weight gain or edema.

The goal of the present study was to identify PPARYy partial ago-
nists with novel scaffold and biological characteristics. Our previous
study showed that ligand-centric and receptor-centric virtual
screening methods are complementary to each other, and thus, a
well-tuned combination of these methods can maximize virtual
screening effectiveness.?’ An application of this advanced virtual
screening procedure enabled us to efficiently identify (p-carboxy-
ethyl)-rodanine derivatives as a novel series of PPARY full agonists.!
In this study, we combined the advantages of ligand-centric shape
matching and receptor-centric docking methods to identify new
PPARY partial agonists with minimal experimental assays. As a
result, we identified a new series of PPARYy partial agonists, 1,3-di-
phenyl-1H-pyrazole derivatives.

Pyrazole-based compounds have been widely explored as small
molecular inhibitors of various targets such as p38 MAP kinase,??
cathepsin S,> catechol-O-methyltransferase,®* b-raf kinase,
co-activator associated arginine methyltransferase 1,6 aurora
kinase A?’ and CDK.?® It has been reported that pyrazole-based
molecules have excellent drug-like properties and high oral bio-
availability.?® More recently, pyrazole-5-ylbenzenesulfonamide
has been also reported as a PPAR partial agonist.?? In the present
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study, we identified 1,3-diphenyl-1H-pyrazole derivatives as a
series of PPARy partial agonists and characterized their struc-
ture-activity relationship through comparative molecular field
analysis (CoMFA). CoMFA is a widely used tool for 3D-QSAR
studies.>'*> CoMFA calculates steric and electrostatic properties
according to Lennard-Jones and Coulomb potentials. Although
several CoMFA studies have been performed on PPARy ago-
nists, 3438 the SARs of pyrozole derivatives have not yet been
investigated. We also characterized the binding mode of a pyrazole
compound in the ligand-binding pocket of PPARy in comparison
with that of a known partial agonist. Our generated 3D-QSAR
models and predicted binding mode provide useful insights into
the influence of various interactive fields on the activity of the
receptor and, thus, can help in designing improved partial PPARY
agonist molecules.

2. Results
2.1. Virtual screening of PPARY partial agonists

Two different virtual screening strategies were employed to
efficiently select a minimal set of potent PPARY binders for the
experimental assay. A ligand-centric 3D shape comparison method
was used for the first step. Four known PPARY partial agonists were
used as the 3D queries for screening a chemical library (Fig. 1). A
total of 1000 compounds with high 3D similarity to one of the
query ligands were selected based on the ROCS combo score
(=0.95, see Methods for details). In the second step, structure-
based virtual screening was carried out by using the shape-based
distributed docking method which compromised the accuracy of
multiple conformation docking and the speed of single conforma-
tion docking.?®3° In our previous study, this method showed
similar hit enrichment to multiple conformation docking by intro-
ducing a ligand-centric classification step, while it still maintained
the speed of single conformation docking. Each of the selected
compounds from the first step was assigned to the ligand class
for which the compound showed the highest 3D shape similarity.
Then, the compound was docked to the cognate PPARYy crystal

SPO (2G0G)

ROO (2FVJ)

structure of the class-representing ligand. The chemical structures
of four class-representing crystal ligands are displayed in Figure 1.
As a result of this shape-based distributed docking, we selected a
set of 100 compounds with the highest docking scores to PPARY.
Then, redundant compounds sharing similar 2D topologies (chem-
ical structures) within the selected set were eliminated by using a
Daylight descriptor (Tanimoto cutoff was 0.8). Finally, a total of 50
compounds were selected as the minimal set (Supplementary
data) for use in an experimental FP assay that measured the direct
binding affinity to PPARY.

2.2. Biological assays of virtual hits

In the FP assay, the dissociation of the fluorescent PPARY probe
by competition with a test compound resulted in a low polariza-
tion value. Therefore, low FP signal indicates the high binding
affinity of the compound with the PPARY ligand binding domain
(LBD). In the screening of 50 virtually selected compounds, we
identified two compounds that showed significant affinity to
PPARY (Supplementary data). These two compounds have a com-
mon core structure, 1,3-diphenyl-1H-pyrazole, and were named
as SP3300 and SP3400, respectively (Fig. 2A and B). The pyrazole
structure also exists in a known PPARY ligand, SPO (3-fluoro-
N-[1-(4-fluorophenyl)-3-(2-thienyl)-1H-pyrazol-5yl]benzenesul-
fonamide) (Fig. 1). Consequently, it was noted that SP3300 and
SP3400 had high 3D shape similarity to SPO in the preceding virtual
screening step. The overlay of SP3300 and SP3400 on SPO shows a
significant shape similarity (ROCS comboscores were 1.35 and
1.37, respectively), although their 2D chemical similarities to SPO
were not significant (Daylight Tanimotos were 0.35 and 0.29,
respectively) (Fig. 2).

To investigate the structure-activity relationship of these com-
pounds, we retrieved a total of 36 1,3-diphenyl-1H-pyrazole deriv-
atives from commercial libraries and determined their binding
affinity against PPARY (Table 1). As a result, we found that seven
compounds showed relatively high binding affinity to PPARYy, and
thus, we further analysed their effect on PPARY activation using a
cell-based assay (Fig. 3). In comparison with well-known PPARY

NSI (2HFP)
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Thiazolidinone (4PRG) *

Figure 1. The structure of known PPARY partial agonists used for the initial ligand-centric virtual screening. The 3D conformation of a ligand was taken from the crystal
structure in complex with PPARY. The PDB ID for each crystal structure is indicated in the bracket. “The long aliphatic chain was removed before the shape comparison.
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Figure 2. Two initial hits discovered by the virtual screening and consecutive in vitro binding assay. (A and B) The chemical structure of two hits named as SP3300 and
SP3400, respectively. They have a common core structure, 1,3-diphenyl-1H-pyrazole. 3D shape similarity of identified hits to PDB ligand, SPO is shown in (C) and (D). ROCS
overlay of SP3300 and SP3400 (in green) was made on the crystal conformation of SPO (in gray).

agonists, that is, rosiglitazone and pioglitazone, 1,3-diphenyl-
1H-pyrazole derivatives showed relatively weak effects on the acti-
vation PPARy. SP3415 induced the highest activation of PPARy
among the tested compounds. Initial hits, SP3300 and SP3400, did
not show any significant effect on the activation of PPARY, although
they showed higher binding affinity to PPARy than SP3415 and
SP3416 in the in vitro binding assay.

SPO, a selective partial agonist of human PPARY (Fig. 1) is known
to have a strong binding affinity to PPARY (ICso 0f 512 nM), but it had
a relatively weak effect on the transactivation of PPARY in compar-
ison to rosiglitazone, a classic PPARY full agonist.*® Another PPARy
partial agonist, pioglitazone was shown to have over four-times
weaker binding affinity to PPARYy than rosiglitazone (Fig. 4), which
implies that high potency in terms of binding affinity does not
necessarily represent high biological efficacy. SP3415 is similar to
pioglitazone in terms of its levels of fold activation (Fig. 3) and bind-
ing affinity (Fig. 4). To confirm the partial agonism of SP3415 on
PPARY, we also carried out competitive activation assays between
SP3415 and a strong agonist, rosiglitazone. Figure 5 shows in vitro
transactivation of human PPARY by SP3415 alone as well as by the
combination of 1 puM rosiglitazone with gradual increases in
SP3415 concentration. This competition assay demonstrated that
the increase of SP3415 concentration reduced the activation effect
of rosiglitazone down to the level of SP3415 alone at the concentra-
tion of 10 uM SP3415. Rosiglitazone was observed to be approxi-
mately five times more potent in terms of binding affinity to
PPARYy than SP3415 (Fig. 4). Thus, the competitive antagonism of
SP3415 against the effect of rosiglitazone at our given concentration
confirms the partial agonism of SP3415 on PPARY.

2.3. CoMFA and binding mode studies

To better understand the structure-activity relationship of
SP3415 to PPARYy, CoMFA analysis was performed using all of the
36 1,3-diphenyl-1H-pyrazole derivatives. The docking pose of the
most potent molecule, SP3415, was used as the alignment template,
and the remaining molecules were superimposed to it. The analysis

was performed by correlating variations in the binding affinity of the
molecules with variations in their COMFA fields using the partial
least squares (PLS) method. Four molecules were removed as outli-
ers that did not fit well into the COMFA models. The statistical result
of the best COMFA model is summarized in Figure 6. The cross-val-
idated g>-value was 0.65, and the non-cross-validated r* was 0.99
with six components. The statistical error in this model was reason-
ably low (the standard error estimate was 0.027). The conventional
correlation coefficient represents the goodness of the fit of this
model. The plot in Figure 6 shows the relationship between the
predicted binding affinity and the experimental binding affinity
values of the non-cross-validated analyses for the 32 1,3-diphe-
nyl-1H-pyrazole compounds. Consistent with experimental data,
SP3415 together with SP3300 and SP3400 showed higher binding
affinities than other compounds in the CoMFA model.

The results of the CoMFA modeling are presented as contour
maps that correlate the change in binding affinity with the molec-
ular field values (Fig. 7A and B). Contour maps are useful in identi-
fying possible interaction sites and important regions where any
change in the steric or electrostatic field may affect the biological
activity. From the PLS statistics in Figure 6, we found that the steric
and electrostatic fields contributed almost equally to the CoMFA
model. Sterically favored and unfavored regions (green and yellow
in Fig. 7A) are scattered over the R1 and R2 regions. However, the
favored green regions were only distributed in the R1 group,
whereas the unfavored yellow regions were found in both R1
and R2 groups. The two big green contours observed in the R1 sub-
stitution indicate that any bulky group substitution at this position
is favored for activity. This observation may be the reason why
molecules with bulky substituents at this position, for example,
SP3300, SP3400-3403, SP3405, SP3411, and SP3415, were more
potent than compounds such as SP3408-3410 (Table 1). In the
R2 and R3 regions, the presence of the two yellow contours sug-
gests that bulky groups are disfavored for activity in this area. This
model is consistent with the observation that compounds with no
substituents in this area are generally more potent than those with
any substituents. Figure 7B shows that the major electrostatic
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The structure and binding affinity data of 1,3-diphenyl-1H-pyrazole derivatives against PPARy LBD
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Compound id R1 R2 R3 Log (%binding) CoMFA prediction
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(continued on next page)
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Table 1 (continued)

Compound id R1 R2 R3 Log (%binding) CoMFA prediction
o
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The FP-based binding affinity was measured at 10 uM concentration of each compound. We converted the polarization values into logarithm unit binding affinity values.
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Figure 3. Activation of PPARy by 1,3-diphenyl-1H-pyrazole derivatives. Com-
pounds were treated on human embryonic kidney 293T cells with 10 pM
concentration, and the PPARY activity was measured by luciferase reporter assay.
For the positive control, 1 UM rosiglitazone and pioglitazone were used.

interactions with the receptor also exist in the R1 region. The neg-
ative charge (red) was mainly distributed in the sterically favored
green side of the R1 region, while the distribution of positive
charge (blue) was not correlated to the steric fields. Thus, com-
pounds SP3300, SP3400-3401, SP3405, and SP3414-15, which
generally showed good binding affinities to the receptor, had bulky
negative modifications in the favorable R1 position, whereas com-
pounds SP3305, SP3413, SP3418, SP3420, SP3500, and SP3800,
which showed relatively poor binding affinities, had positive or
negative charges at the unfavorable position (Table 1). This model
implies that further introduction of a negatively charged branches
into the carbonyl group in R1 may be promising in terms of both
steric and electrostatic interactions. We will synthesize various
branched derivatives with increased negative charge in the future
to further validate this QSAR model.

To better understand the activity of 1,3-diphenyl-1H-pyrazole
derivatives at the molecular level, we carried out molecular dock-
ing of SP3415 at the PPARY ligand-binding site. We used the crystal
structures of PPARy published as a complex with partial agonist
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Figure 4. Relative affinity of SP3415, pioglitazone, and rosiglitazone to PPARY-LBD.
Error bar displays standard deviation from the mean of triplicate reactions in the
assay. ICsg of test compounds equal half-maximal shift in the polarization value.

ligand SPO (PDB ID: 2GOG). For comparison, the crystal ligand
SPO was also re-docked, and the root mean-square deviation
(RMSD) between the crystal pose and the docked pose was
0.21 A. Figure 8A shows the similarity of the binding pose of
SP3415 in comparison with the cognate crystal ligand, SPO. How-
ever, it was found that the -NO, substituent on the phenyl ring
of SP3415 uniquely formed hydrogen-bond interactions with the
side-chain NH of arginine 288 of PPARY (Fig. 8B). This may provide
the structural basis for the partial agonism of SP3415 many full
agonists including rosiglitazone and pioglitazone have strong
H-bonding interactions with Tyr473 in the binding pocket. In addi-
tion, the phenyl ring of SP3415, which corresponds to the sterically
favorable R1 area in the CoMFA model, has strong hydrophobic
interactions with the receptor, particularly with Ile341 and
Tyr327 and also makes close contacts with Leu330. The spatial dis-
tribution of the backbone amino group of those three amino acids
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Figure 5. Dose-response curves on PPARy for SP3415 alone and ‘SP3415 plus
Rosiglitazone’. SP3415 retains weak agonist activity while it demonstrates com-
petitive antagonism against rosiglitazone at p{M concentrations.

implies that the further introduction of negatively charged groups
at the interacting side of the SP3415 would increase the binding
affinity between them. This charge distribution is consistent with
the observations made from the CoMFA electrostatic contour
map. Consistent with the cognate ligand SPO, SP3415 also forms
pi-stacking interactions with the aliphatic side chains of L353,
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F363, L356, and F360 that cover the hydrophobic ligand-binding
pocket.

3. Conclusions

In this study, we identified novel partial PPARy agonists, 1,3-
diphenyl-1H-pyrazole derivatives, using an improved virtual
screening method combining ligand-centric and receptor-centric
methods. In the following experimental screening, two pyrazole-
based compounds, SP3300 and SP3400, showed relatively strong
binding activities against PPARy among the virtual candidates. Upon
further screening of 36 pyrazole derivatives, we found that SP3415
partially activated PPARy with an ICsg value of 973 nM, which was
comparable to a known partial agonist, pioglitazone. In the compet-
itive trans-activation assay with a full agonist, rosiglitazone, SP3415
showed antagonism against rosiglitazone at micromolar concentra-
tions. Analysis of the CoMFA model and docking pose provided
structural insights into the partial agonism of this compound and
suggested a promising modification for further improvement of
the agonist’s binding affinity.

4. Methods
4.1. Preparation of screening libraries
A collection of commercially available chemical libraries

including approximately 300,000 non-redundant compounds in
SDF format was used for the preparation of the virtual screening.
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Figure 6. Scatter graph of the actual versus the predicted binding affinity of 1,3-diphenyl-1H-pyrazole derivatives by the best COMFA model. A total of 32 molecules fit the
model and four outliers were removed for the statistical analysis. The PLS statistics of COMFA are summarized in the table.

A

Figure 7. Alignment of pyrozole derivatives and contour maps for COMFA model. The docked pose of SP3415 on PPARy (PDB ID: 2GOG) was used as a template for the
alignment. The aligned pyrazole derivatives, excluding outliers, were represented with a steric map (A) and an electrostatic map (B). The green color represents the sterically
favored regions while the yellow represents the unfavored regions. Blue represents the electropositive group while red represents the electronegative group.
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Figure 8. The binding pose of PPARY ligand. (A) Comparison of SP3415 docking pose (green) with the binding mode of crystal ligand, SPO (orange). (B) Major interaction of
SP3415 with PPARY binding pocket. Red dotted lines indicate hydrogen bonding interactions. The ligand is shown in green which forms hydrogen bonding interactions with

NH group of Arg288 of PPARY.

Compounds containing any atoms other than H, C, N, O, F, S, Cl, and
Br were first removed using FILTER.3® For ligand-centric shape com-
parison between PPARYy crystal ligands and library compounds,
multiple conformers of each library compound were generated
using the OMEGA program (version 2.1.0).%° The maximum number
of rotatable bonds was set to be large enough to accept all
compounds. A maximum of 200 conformers were allowed for each
compound based on a default RMSD cutoff (0.8 A) and an energy
window (25 kcal/mol).

4.2. Ligand-centric virtual screening (shape comparison)

In the case of the crystal ligands, their crystal structures were
used for the shape comparison without further conformation gen-
eration. Pairwise 3D shape similarities of the generated conformers
against the crystal ligands were quantitatively calculated using the
ROCS program (version 2.2).4' ROCS (Rapid Overlay of Chemical
Structures) is a program designed to perform large-scale structural
comparisons through use of a superposition method. ROCS com-
pares Gaussian-based overlaps parameterized to reproduce hard-
sphere volumes between two molecules. As both the shape and
electrostatic components of a molecule are critical for the observed
biological activity, an overlap of functional groups was employed
using properties such as hydrogen-bond donors and hydrophobic
groups as well as shape-based matching. The degree of structural
similarity between the two structures was calculated using the
sum of the shape Tanimoto value and the scaled color value that
ranged from O to 2, where 2.0 represents an exact match of both
shape and functional groups between two molecules. To measure
the chemical complementarity, we used the ImplicitMillsDean col-
or force field, which is a simple pK, model that defines cations, an-
ions, donors, and acceptors.

4.3. Receptor-centric virtual screening (molecular docking)

For molecular docking and scoring, PDB structures of PPARy
were prepared using the Schrodinger software package. All water
molecules were removed and multimeric complexes were simpli-
fied from the PDB structure. If a PDB structure had missing side-
chain atoms, Prime*? was used to predict their location. Prior to
the molecular docking, receptor structures were preprocessed

using protein preparation and refinement components from the
Glide docking package.*® Hydrogen atoms were added before the
energy minimization. Side chains that were not close to the li-
gand-binding site and did not participate in salt bridges were neu-
tralized. A restrained minimization using the OPLS-AA force field
was performed for the refinement of the complex structure. This
procedure reoriented side-chain hydroxyl groups and alleviated
potential steric clashes. This minimization continued until the
average RMS deviation of the non-hydrogen atoms reached the
specified limit of 0.3 A. The Glide docking algorithm performed a
series of hierarchical searches for possible locations of the ligand
in the binding site region of the receptor. The details of Glide dock-
ing and scoring methods are described elsewhere.***> All com-
pounds were energy-minimized using LigPrep and then docked
to receptor structures using the standard mode of Glide docking
(Glide SP 4.0).

To better understand the binding pose of SP3415, docking
experiments were performed using the docking program GLDE.
The extra-precision (XP) modes of cLipE were used for the accurate
pose prediction.

4.4. CoMFA modeling

Data set compounds were energy-minimized using standard
Tripos force field after Gasteiger Huckel charges were assigned to
all the structures. The alignment of dataset compounds is a critical
factor in COMFA modeling. Thus, we applied molecular alignment
to align all the molecules used in the present study. The molecular
alignment was achieved by a SYBYL (version 6.5, Tripos Inc.) rou-
tine database align. The most active compound (SP3415) was used
as an alignment template, and the rest of the molecules were
aligned to it using the common substructure. The aligned mole-
cules are shown in Figure 7.

Steric and electrostatic interactions were calculated using the
Tripos force field with a distance-dependent dielectric constant
at all interactions in a regularly spaced (2 A) grid using an sp> car-
bon atom as the steric probe and a +1.0 charge as the electrostatic
probe (the default probe atom in the syByL program). Steric and
electrostatic fields were selected at 30.0 kcal/mol, which is the de-
fault energy cutoff value in sysy.. With standard options for scaling
of variables, the regression analysis was carried out using the fully
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cross-validated partial least squares (PLS) method (leave one out).
The optimal number of components used to derive the non-vali-
dated model was defined as the number of components leading
to the highest cross-validated r? and ¢

4.5. In vitro binding assay—fluorescence polarization (FP) assay

The PolarScreen™ PPAR Competitor Assay, Green kit (Invitro-
gen) was used for the evaluation of PPARy binding activity of the
virtually selected compounds. In this kit, the human PPARy
ligand-binding domain (PPAR-LBD) was tagged with an N-terminal
His-tag and tight-binding, selective fluorescent PPARYy ligand,
Fluormone PPAR Green. All test compounds was added into the
wells of a 384-well microtiter plate and incubated with PPAR-
LBD and Fluormone PPAR Green complex at room temperature
for at least 2 h. The FP values were measured at the same concen-
tration on a multi-detection microplate reader (SpectraMax M5¢;
Molecular Devices, Sunnyvale, CA) using 485-nm excitation and
535-nm emission interference filters. The maximum and minimum
observable FP signals were used to obtain the %-fold activation va-
lue from the sample signal as follow,

max signal — sample signal

%-fold activation = 100 x . —
max signal — min signal

Thus the possible range should be from 0% to 100%-fold change.
When the log is applied to this, the range is from 0 to 2. The value
of ICso was calculated by non-linear least squares curve fitting
using GraphPad Prism 3.0 software (San Diego, CA, USA).

4.6. Cell-based PPARY activation assay—luciferase assay

The ligand binding domains (LBDs) of human PPARs (amino
acids 167-468) and hPPARY (amino acids 163-477) were gener-
ated by PCR amplification using Pfu polymerase and gene-specific
primers flanked with restriction enzymes BamHI and Xbal. The
LBDs were subcloned in frame into the pFA-CMV vector (Strata-
gene) to prepare pFA-Gal4-PPARY-LBD. pFR-Luc and pRL-CMV
plasmids were purchased from Stratagene and Promega, respec-
tively. Human embryonic kidney 293T cells were plated in 12-well
plates one day before the experiment, and transient transfection of
the indicated genes was conducted using the calcium phosphate
method. The next day, the cells were treated with test compounds
and control compounds rosiglitazone and pioglitazone for a period
of 24 h. The constitutively active pCMV-Renilla plasmid, which ex-
presses Renilla luciferase, was used to normalize for transfection
efficiency. The cells were washed twice with PBS and lysed in
300 pl of reporter lysis buffer (Promega). The two luciferase activ-
ities were measured using a dual luciferase assay kit (Promega) on
a microplate luminometer (Tuner Designs).
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