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ABSTRACT

HipHop program was used to generate a common chemical feature hypothesis for pan Peroxisome
Proliferator-Activated Receptor (PPAR) agonists. The top scoring hypothesis (hypo-1) was found to
differentiate the pan agonists (actives) from subtype-specific and dual PPAR agonists (inactives). The
importance of individual features in hypo-1 was assessed by deleting a particular feature to generate
a new hypothesis and observing its discriminating ability between ‘actives’ and ‘inactives’. Deletion of
aromatic features AR-1 (hypo-1b), AR-2 (hypo-1e) and a Hydrophobic feature HYD-1 (hypo-1c) individ-
ually did not affect the discriminating power of the hypo-1 significantly. However, deletion of a Hydrogen
Bond Acceptor (HBA) feature (hypo-1f) in the hydrophobic tail group was found to be highly detrimental
for the specificity of hypo-1 leading to high hit rate of ‘inactives’. Since hypo-1 did not produce any useful
hits from the database search, hypo-1b, hypo-1c and hypo-1e were used for virtual screening leading to
the identification of new potential pan PPAR ligands. The docking studies were used to predict the
binding pose of the proposed molecules in PPARY active site.

© 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

Pan Peroxisome Proliferator-Activated Receptor (PPAR) agonists
are emerging as effective agents for the treatment of metabolic
disorders including type 2 diabetes and obesity [1-5]. These agents
act on all the three subtypes (PPARa, PPARY and PPARJ) of PPARs in
contrast to the subtype-specific or dual PPAR agonist which acts on
one or two subtypes, respectively [6,7]. Ligand-based computa-
tional methods such as 3D-QSAR and pharmacophore mapping
techniques have been used to understand the important chemical
features of subtype-specific and dual PPAR ligands [8-14]. On the
other hand, similar studies have not been reported in the case of
pan PPAR agonists, except for our recent attempt to develop
a CoMFA model using ‘sum of activities’ as a dependent parameter
[15]. This may be attributed to the fact that only a few reports
describe the design and synthesis of pan PPAR agonists possessing
potent activity at all the three subtypes.

Pharmacophore models are important tools for virtual screening
[16] for quickly searching large databases of molecules for desired
compounds with therapeutic activity. In the case of PPAR, virtual
screening has been utilized successfully to predict new active
compounds [17-19], e.g. Scarsi et al. employed docking based
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virtual screening which predicted that sulfonyl ureas and glinides
can act as PPARy ligands [17]. Interestingly, these classes of mole-
cules were already known for antidiabetic activity due to the
binding to the sulfonylurea receptor. The in silico results were
further confirmed by experimental studies.

The comparison of structures of some of the potent pan agonists
suggests the existence of high degree of structural similarity in
these molecules. For example, molecules 1-5 (Fig. 1) are composed
of an acidic head group (AHG) that is further attached to hydro-
phobic tail group (HTG) through a linker with varying length and
high flexibility. A molecule interacts with the receptor through
various chemical features such as Hydrophobic (HYD), Aromatic
Rings (ARs) Hydrogen Bond Acceptor-donors (HBA/D), etc. A
number of such features are present within the AHG and HTG of the
pan agonists (Fig. 1). It is highly probable that particular number of
each feature and its 3D arrangement with respect to other features
are important in determining the activity of these molecules on all
the PPAR subtypes. Although, some features may be important only
for acting on a particular subtype, together all the features are
expected to help pan agonists to access and interact with the active
sites of all the three PPAR subtypes. It would be interesting to find
out which feature might be important in differentiating pan
agonists from subtype-specific and dual PPAR agonists. Establishing
the significance of each feature in the pan agonists would further
aid in designing new such agents. However, in order to understand
the importance of these features it is essential to first find out all
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Fig. 1. Structures of various PPAR pan agonists used as training set and visualization of their general pharmacophoric features in 2D.

the commonly occurring important features in the pan agonists. It
was recognized that HipHop algorithm can be used for this
problem, which can identify a common 3D configuration of the
chemical features shared among a set of input compounds in an
automated manner [20].

2. Computational methods

The HipHop module of CATALYST 4.10 software [21] installed on
a Silicon Graphics Octane2 workstation with IRIX 6.5 operating
system was employed to develop the common chemical features
hypothesis using a set of 5 pan PPAR agonists (1-5; Fig. 1; most
active on all the three PPAR subtypes). The conformation models for
all the molecules were generated using ‘Best’ option in CATALYST
that used poling algorithm for conformer selection and CHARMm
force fields for minimizations [22-25]. A maximum of 250
conformations within the energy range of 20 kcal/mol of estimated
global minima was demanded. The molecule 4 having potent ECsg
values at all the three subtypes was assigned a principal value of 2
and MaxOmitFeat (MOF) value of 0 to ensure that all features of this
molecule are considered for generation of the hypothesis. For other
molecules of the training set, principal and MOF values were set as
1. All the default settings were maintained in the ‘advanced job
options’ of the program. The thiazolidinedione (TZD) ring was
included in the definition of Negatively Ionizable (NI) feature using
‘Exclude/OR’ quick tool of CATALYST. In addition, Hydrogen Bond
Acceptor (HBA) feature definition was also modified to include the
‘F’ atom using the same procedure. Thus, the modified NI and HBA
features were selected in addition to hydrophobic (HYD) and
Aromatic Ring (AR) features for generation of the hypothesis. Since
the acidic group makes three important H-bonds with His323,
Tyr473 and His449 in the PPARY active site [26], the minimum of
one NI feature was demanded in the final hypothesis.

Final model was validated by demonstrating its ability to pick
maximum number of pan agonists (actives) and rejecting
maximum number of subtype-specific or dual PPAR ligands (inac-
tives) from the respective databases. In the present work, a pan
agonist was defined as the one possessing ECsq less than 1000 nM
at all the subtypes in a standard transactivation assay. These were
further sub-classified into ‘highly active’, ‘active’ and ‘moderately
active’ based on ECsq values at the three subtypes. A ‘highly active’
molecule should have the EC59 <200 nM at all the three subtypes.
In case the ECsg against any subtype was greater than 200 nM but

<500 nM, the molecule was defined as ‘active’. Similarly, if EC5q
against any subtype exceeded 500 nM but <1000 nM, the molecule
was called as ‘moderately active’. Therefore, within the training set,
3-5 could be classified as ‘highly active’ as they exhibited
EC50 <200 nM at all the three subtypes. Similarly, 1 and 2 were
found to belong to ‘active’ class since the ECsq of these molecules
exceeded 200 nM (but <500 nM) for PPARY and PPARS subtypes,
respectively.

For a clear cut distinction, inactive molecule was defined as the
one having less than 20% efficacy at a concentration of 10,000 nM at
any subtype compared to the standard molecule. This definition is
generally accepted in various literature reports describing the
evaluation of PPAR ligands. Thus, a number of selective and dual
ligands are included in this class. Finally, a number of literature
reports were studied in order to identify ‘actives’ and ‘inactives’
classes of molecules according to the aforementioned definitions.
The following selection criteria were followed in order to make
databases of molecules:

(i) Only those molecules were selected for which PPAR trans-

activation data (ECsg) is reported using cell based reporter

gene efficacy assay [1-5]. Thus, the molecules for which only
binding affinity (in the form ICsg and K; values) has been
reported were not added to any database.

Only full agonists were used since the partial agonists might

not share the similar interactions and binding modes as

compared to the full agonists. This is evident from some of the
reported crystal structures of partial agonists with PPAR

[19,27-29].

(iii) The molecules tested as racemates were not used for the
present study since it was not clear which enantiomer should
be taken as active.

(iv) The molecules were selected from the various recent research
publications (see Supplementary information for the sources).
The data from the patents was not included.

(ii

—

The conformation models of all the molecules were generated
using the same criteria as mentioned for the training set molecules
and stored as spreadsheets. A total of 66 molecules were found to
meet the aforementioned definition of a pan PPAR agonist which
were further divided into ‘highly active’, ‘active’, and ‘moderately
active’ categories as defined earlier. On the other hand, a large
number of subtype-specific and dual ligands (inactives) have been
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reported in literature, out of which a total of 122 were found to
meet the aforementioned criteria. Although, efforts were made to
cover all the important literature reports, possibility of missing
a few cannot be discarded and thus, databases are not supposed to
be exhaustive in nature. Nonetheless, these databases represent the
corresponding classes of the pan agonists (actives) and subtype-
specific or dual ligands (inactives) within the followed criteria.

Docking studies were carried out using the FlexX program [30]
interfaced with SYBYL6.9 [31] installed on a Silicon Graphics
Octane2 workstation with IRIX 6.5 operating system. In this auto-
mated docking program, the flexibility of the ligands is considered
while the protein or biomolecule is considered as a rigid structure.
The 3D coordinates of the active sites were taken from the X-ray
crystal structures of the PPARy (PDB code 2F4B) reported as
a complex with agonist 1 [3]. The active site was defined as the area
within 8.0 A around the co-crystallized ligand, and customization
was done for the His423, Tyr473 and His449 so as to represent the
reported H-bonding interactions. Formal charges were assigned to
all the molecules and FlexX run was submitted. The hypotheses
were used to search the NCI2000 database interfaced with CATA-
LYST and the hit molecules were transferred as a spreadsheet to the
SYBYL environment in SD file format and docked using ‘multiple
ligand docking’ protocol.

3. Results and discussion
3.1. Hypothesis generation

In general, most active and diverse set of compounds are used to
generate a pharmacophore model. In the current study, these
conditions were found to be satisfied by compounds 1-5 (Fig. 1).
The HipHop program was used to find out common features among
these five potent pan PPAR agonists [1-5]. Though the bioactive
conformation of molecules 1 and 2 is available as X-ray complex
with the PPARY (PDB codes 2ATH and 2F4B respectively) [2,3], it
was not used for the hypothesis generation because the pharma-
cophore model being sought is not only for the PPARYy but for all the
three subtypes. Thus, the conformational models were generated
for all the training set molecules.

The HipHop evaluates active molecules based on their chemical
features together with their ability to adopt a conformation that
allows those features to be superimposed on a common configu-
ration. The principal value and MOF are the user defined parame-
ters that allow complete or partial mapping of a training set
molecule on to the generated hypothesis. Various hypotheses are
built and ranked based on how well the training set molecules
superimpose on them. The most active compound 4 (having least
sum of ECsp values on all subtypes) was given principal =2 and
MOF =0 to ensure that it had strongest influence on the model
building phase. The HipHop with these settings produced top ten
hypotheses (hypo-1 to hypo-10) details of which have been speci-
fied in Table 1. The top ranked hypothesis (hypo-1) scored 103.46
and consisted of one each of NI and HBA features in addition to two
AR and three HYD features. The next three hypotheses (hypo-2 to
hypo-4) also had identical types and numbers of chemical features
with slightly different relative positions in space and lesser score as
compared to hypo-1. The hypo-1 was selected for further studies as
it possessed the highest score among all the hypotheses. The
mapping of training set molecule 1 to the hypo-1 is shown in Fig. 2
as an example. The carboxyl group in indole moiety mapped to the
NI feature while the 5-membered ring of indole mapped to the AR-
1 feature lying near to NI. The HYD-1 feature mapped to the linker
chain between AHG and HTG. The HYD-2 and HYD-3 features
mapped to the n-Pr group and -CF3 group in HTG, respectively. The
benzisoxazole ring in the HTG mapped to the AR-2 (benzene ring)

Table 1
Details of the top ten hypotheses generated using HipHop.

Hypothesis Features?® Ranking score® Direct hit (DH) and
Partial hit (PH)"
hypo-1 NI, HBA, 2 x AR, 3 x HYD 103.460 DH: 11111
PH: 00000
hypo-2 NI, HBA, 2 x AR, 3 x HYD 100.167 DH: 01111
PH: 10000
hypo-3 NI, HBA, 2 x AR, 3 x HYD 100.167 DH: 01111
PH: 10000
hypo-4 NI, HBA, 2 x AR 3 x HYD 99.818 DH: 01111
PH: 10000
hypo-5 NI, HBA, AR, 4 x HYD 99.418 DH: 11111
PH: 00000
hypo-6 NI, AR, HBA, 4 x HYD 99.112 DH: 11111
PH: 00000
hypo-7 NI, HBA, 3 x HYD, 2 x AR 98.750 DH: 01111
PH: 10000
hypo-8 NI, HBA, 5 x HYD 98.708 DH: 11111
PH: 00000
hypo-9 NI, AR, HBA, 4 x HYD 98.431 DH: 11111
PH: 00000
hypo-10 NI, HBA, 2 x AR 3 x HYD 97.697 DH: 01111
PH: 10000

¢ AR = Aromatic Ring; NI= Negatively lonizable; HYD = Hydrophobic; HBA = Hy-
drogen Bond Acceptor.

b Higher the ranking score, lesser the probability of chance correlation. The best
hypothesis shows the highest value.

¢ DH indicates whether (1) or not (0) a training set molecule mapped every
feature of the hypothesis. Similarly, PH indicates whether (1) or not (0) a molecule
mapped to all but one feature in the hypothesis. The numbers (from right to left)
correspond to the compounds (from top to bottom) as given in Table 2.

and HBA (N-atom) features. The ‘Best Fit’ values of the mappings
were obtained by either forcing the training set molecules to map
all the features (BestFit-0) or by allowing them to miss one feature
(BestFit-1). Expectedly, highest fit value of 7.00 was obtained with
the reference molecule 4 having the lowest sum of ECsg for all the
PPAR subtypes (Table 2). All molecules of the training set mapped
all the features of hypo-1 when forced to map all the features
(BestFit-0). However, when allowed to miss one feature (BestFit-1)
molecules 2 and 5 missed the HYD-2 and HBA features with
improved fit value compared to BestFit-0.

3.2. Hypothesis validation

In the present work the final hypothesis model was said to be
valid if it could pick maximum number of pan agonists (actives) and

Fig. 2. The mapping of 1 to various chemical features of the hypo-1. The blue, orange,
cyan and pink spheres represent the Negatively Ionizable (NI), Aromatic Ring (AR),
Hydrophobic (HYD) and Hydrogen Bond Acceptor (HBA) features, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Table 2

Biological activities and Best Fit values of training set molecules.

Compound ECso® (nM) BestFit-0P BestFit-1¢ Omitted feature®
PPARa, PPARY PPARD Fit value AE® (kcal/mol) Fit value AE€ (kcal/mol)

1 14 230 10 6.12 17.0 6.12 17.0 -

2 8 70 500 5.22 6.8 5.58 21 HYD-2

3 43 12 1.9 5.47 75 547 75 -

4 5 6 20 7.00 154 7.00 154 -

5 200 145 10 3.46 17.0 4.40 171 HBA

@ Effective concentration to produce 50% of functional activity in a standard functional assay.
b Best Fit value obtained using MOF = 0, i.e. molecules must map all the features of the hypothesis. The ‘fit’ values (with no units) show how well a molecule maps to the
given hypothesis, higher the fit value better the molecule maps to the hypothesis. Fit values against the pharmacophore, calculated as in the following: Fit = ¥mapped

hypothesis features x W[1 — X(

disp/tol)?], where ‘Emapped hypothesis features’ is the number of pharmacophore features that successfully superimpose corresponding

chemical moieties within the fitted compound, ‘W’ is the weight of the corresponding hypothesis feature spheres. This value is fixed to 1.0 in HipHop-generated models. ‘disp’ is
the distance between the center of a particular pharmacophoric sphere and the center of the corresponding superimposed chemical moiety of the fitted compound; ‘tol’ is the
radius of the pharmacophoric feature sphere (known as Tolerance, equals 1.6 A by default).

€ Value given here is the energy difference (kcal/mol) between the Best Fit conformer and the estimated global minima for the same molecule.

d Best Fit value obtained using MOF = 1, i.e. molecule is allowed to miss one feature. The molecules 2 and 5 show improved ‘fit’ values after missing a feature, with these

settings.
€ Feature not mapped to the molecule in the case of BestFit-1.

reject maximum number of subtype-specific or dual PPAR ligands
(inactives) from the respective databases. However, standard defi-
nitions for selective, dual or pan PPAR agonists do not exist in terms
of their activity on the different subtypes. Consequently, it is not
surprising that the same molecule is sometimes referred as a dual
agonist or pan agonist in literature by two different research
groups. Thus, for the present work a pan PPAR agonist and subtype-
specific (and dual) PPAR agonists were distinguished clearly by
specifying their range of activities on all the three subtypes in
a standard assay (see computational methods).

Firstly, model hypo-1 was used to screen the databases of ‘actives’
(66) and ‘inactives’ (122). Out of the 23 ‘highly active’ molecules, 21
(91.3%) were picked by hypo-1 (Table 3). However, the hit percentage
decreased significantly for ‘active’ and ‘moderately active’ classes of
agonists with percentage hit of 64.7% and 42.3%, respectively. This
showed that the model hypo-1 is capable of selecting more number
of ‘highly active’ class of pan agonists compared to ‘active’ and
‘moderately active’ classes. Interestingly, hypo-1 picked only 7.4% of
‘inactive’ molecules showing its ability to differentiate between
‘actives’ and ‘inactives’. The overall hit rate for the actives was found
to be 65.2%, which is about 9 times more than that of inactives. Thus,
the model hypo-1 was found to discriminate not only actives and
inactives but also the various subclasses of actives.

3.3. Comparison of hypo-1 with PPAR active sites

Various chemical features in the hypo-1 (Fig. 2) were also
correlated with the active site of the PPARs. The X-ray co-crystallized

Table 3
Database screening results with different hypotheses.

Hypotheses Number of hits
(deleted features) Highly Active Moderately Inactive
active (total = 17) active (total = 122)
(total =23) (total = 26)
hypo-1 (none) 21 (91.3%) 11 (64.7%) 11 (42.3%) 9 (7.4%)
hypo-1a (NI) 22 (95.6%) 13 (76.5%) 21 (80.8%) 20 (16.4%)
hypo-1b (AR-1) 22 (95.6%) 13 (76.5%) 16 (61.5%) 12 (9.8%)
hypo-1c (HYD-1) 21 (91.3%) 12 (70.6%) 13 (50.0%) ]] (9.0%)
hypo-1d (HYD-2) 22 (95.6%) 14(82.4%) 14 (53.8%) 22 (18.0%)
hypo-1e (AR-2) 21(91.3%) 11 (64.7%) 13 (50.0%) 11 (9.0%)
hypo-1f (HBA) 22 (95.6%) 13 (76.5%) 19 (73.1%) 33 (27.0%)
hypo-1g (HYD-3) 22 (95.6%) 12(70.6%) 14 (53.8%) 19 (15.6%)
hypo-1h (HYD-1 22 (95.6%) 12(70.6%) 15 (57.7%) 16 (13.1%)
and AR-2)
hypo-1i (AR-1 22 (95.6%) 14 (82.4%) 17 (65.4%) 18 (14.7%)
and AR-2)
hypo-1j (HYD-1 and AR-1) 22 (95.6%) 16 (94.1%) 19 (73.1%) 22 (18.0%)

complexes of only two pan agonists 1 and 2 are available in literature
with PDB codes 2ATH and 2F4B, respectively [2,3]. However, both of
these ligands are reported only in the PPARY active site and their
precise interactions in PPARa and PPARS active sites are not known.
Nonetheless, the high number of HYD and AR features in the hypo-1
is in agreement with the overall hydrophobic nature of the active
site of the PPARs [2,3,26,32-34]. Also, an acidic group is present in
many potent PPARS [32,33] and PPARa [34] specific agonists and is
known to display important H-bonds within the active sites, as is the
case with PPARY ligands [2,3,26]. The presence of an NI feature in all
the potent pan agonists (represented by hypo-1) ensures that
important H-bonding interactions are maintained in all the three
subtypes of PPARs. Finally, all chemical features of hypo-1 were
found to correspond to the reported interactions of pan agonists 1
and 2 in the PPARY active site. For example in the case of 1 (PDB code
2F4B), the -COOH group mapped to the NI feature, displayed H-
bonds with His323, His449, Tyr473 and Ser289. The indole ring
mapped to the AR-1 feature, formed strong hydrophobic interac-
tions with His449, Cys285 and Phe282. The linker part (mapped to
the HYD-1) was found to be close to the hydrophobic pocket of PPAR
consisting of Leu300, Met334, Phe368, Val339, and Met364. The
aromatic moiety in the HTG part mapped to AR-2 and also displayed
the hydrophobic interactions with Cys285 and Ile341. The n-propyl
group of the HTG part that mapped to HYD-2, provided an additional
interaction with Arg288, while the -CF3 group of HTG portion
(mapped by HYD-3) exhibited close hydrophobic contacts with
[le281, [le341 and Met348. However, specific role of the HBA feature,
mapped by the N-atom (in the case of 1) and carbonyl O-atom (in the
case of 2) in the HTG was not clear in these complex structures. No
H-bond was observed with these atoms in the PPARy crystal
structures, yet in the case of 1 the N-atom is at a distance of 4.606 A
from the water molecule (residue 64). However, the X-ray crystal
structure is just a snapshot of a more dynamic and complex ligand-
receptor interaction phenomenon. Some features of a ligand may be
unimportant for binding to the active site but may be essential for
the initial interactions with the receptor that bring both the partners
close to each other. Alternatively, some features may just assist the
ligand to bind at the site of entry and help the ligand to access the
active site of the macromolecular target. Notably, some PPARYy
selective agonists such as rosiglitazone or pioglitazone also contain
an HBA feature in the HTG but they do not possess all the features of
the hypo-1 [35]. Most likely, HBA and particular 3D arrangement of
other features in the HTG of pan agonists might be helping these
ligands to enter active sites of all the three PPAR subtypes. However,
only speculation can be made at this stage that warrants further
experimental proof.
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Fig. 3. Virtual screening strategy using hypo-1b, hypo-1c and hypo-1e. The numbers in
ovals represent the hit molecules obtained after each step of virtual screening.

3.4. Assessment of individual features of hypo-1

Objective of the present work was to identify the important
pharmacophoric features of pan PPAR agonists. The model hypo-1
was found to represent the common features among pan PPAR
agonists and was able to differentiate between the ‘actives’ and
‘inactives’ (as defined earlier). Nevertheless, it is possible that all
the features may not be contributing significantly towards the pan
agonistic activity. In the similar manner, some of the features might
be more important for the activity as compared to others. It was
reasoned that the importance of a chemical feature in the hypo-1
can be obtained by deleting it from the hypo-1 and then observing
the hit rates for ‘actives’ and ‘inactives’ with the modified
hypothesis. Thus, modified versions of the hypo-1 were generated
by deleting various chemical features from it one at a time while
retaining the relative positions of others. For example, NI feature
was deleted from hypo-1 to give hypo-1a and AR-1 feature was
deleted from hypo-1 to give hypo-1b and so on (Table 3). These
modifications of the hypo-1 resulted in seven new hypotheses
(hypo-1a to hypo-1g), which were used to screen the databases of
actives and inactives and the results were compared with the hypo-
1 (Table 3).

As evident from Table 3, none of the modified hypotheses was
better than the hypo-1 in discriminating the actives and inactives.
However, models hypo-1b, hypo-1c and hypo-1e were found to be
comparable to the hypo-1 for the overall hit rate of actives and
inactives. This showed that the AR-1, HYD-1 and AR-2 may not be
important features for discriminating the pan agonists from the
subtype-specific or dual PPAR agonists. When two of the AR-1,
HYD-1 or AR-2 features were deleted at a time (hypo-1h to hypo-1j),
the discriminating ability of the corresponding hypotheses
decreased significantly compared to hypo-1. This demonstrates that

Fig. 4. Docked conformation of 6 (orange colored) together with the co-crystallized
ligand (2, green colored) (PDB entry 2F4B) and important amino acid residues of the
PPARY active site. The ligands (6 and 2) are shown in capped stick model while amino
acids are shown in sticks. The H-bonds are displayed using dashed yellow lines. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

although these features are not important individually, at least 2 of
them should be present to maintain the specificity of hypo-1 for the
pan agonists. On the other hand, deletion of other features such as
NI, HYD-2, HBA and HYD-3 considerably reduced the discrimi-
nating ability of the hypo-1. Most notably, deletion of the HBA
feature led to the highest hit rate (27.0%) of inactive compounds.
This was even higher than hypo-1h, hypo-1i and hypo-1j where two
of the features were deleted simultaneously. Thus, it is clear that
presence of an HBA feature in the HTG of these ligands is important
for the highest discriminating ability of the hypo-1. However, as

Fig. 5. Docked conformation of 7 (orange colored) together with the co-crystallized
ligand (2, green colored) (PDB entry 2F4B) and important amino acid residues of the
PPARY active site. The ligands (7 and 2) are shown in capped stick model while amino
acids are shown in sticks. The H-bonds are displayed using dashed yellow lines. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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described earlier, the exact interaction of this feature in the PPARY
active site could not be ascertained with the available structural
information.

3.5. Virtual screening and docking

Another objective of the present work was to identify novel
scaffolds for the design of new pan PPAR ligands. Hence, hypo-1 was
employed as a query for searching NCI2000 (238,819 molecules)
and Maybridge2004 (59,652 molecules) databases containing
known small organic compounds. However, only 9 hits were
obtained which were found to be of high molecular weight and
were thus, discarded. This showed that although hypo-1 is highly
efficient in distinguishing highly active PPAR pan agonists and
inactives, it is too restrictive to find novel hits through virtual
screening. Probably, the restrictive nature of hypo-1 was due to the
large number of chemical features representing it. Thus, the models
hypo-1b, hypo-1c and hypo-1e were used as queries for the virtual
screening since these are comparable to the hypo-1 in picking
actives and inactives. Also, these hypotheses contain one feature
less than the hypo-1 and are likely to produce more number of hits.
Indeed queries hypo-1b, hypo-1c and hypo-1e produced a total of
39, 20 and 21 hits, respectively, from NCI2000 and Maybridge2004
databases (Fig. 3). However, a few of the hits were found to be of

NCI 0696259
(-27.3)

10
NCI 0315836
(-22.9)

high molecular weight and were discarded from the list. The cut off
value of 650 g/mol was chosen based on the highest molecular
weight reported for the PPAR agonists with good pharmacokinetic
profiles [36]. Furthermore, a few hits were found to be common for
the three hypotheses and thus were included only once.

Finally, a total of 27 molecules (see Supporting information for
structures) were docked in the PPARY active site (PDB code 2F4B)
[3] for the prediction of their binding strength and pose. Out of the
27 molecules, 5 were (6-10, Fig. 6) found to have similar binding
pose and better (or comparable) docking score as compared to the
reference molecule 2 (co-crystallized ligand). The mapping of 6-10
to various features of hypo-1 is depicted in Fig. 6. The predicted
binding conformation of the two of the hits (6 and 7) is given in
Figs. 4 and 5. The total FlexX score for the co-crystallized ligand 2
was found to be —23.3 kcal/mol with root mean square (RMS)
deviation of 1.48 A between the docked and the bioactive confor-
mations. Similarly, the FlexX score for 6 and 7 was found to be
—20.0 kcal/mol and —33.9 kcal/mol, respectively. The molecule 6
possessed a long aliphatic carbon chain and resembles the fatty
acids which are the known natural ligands of PPARY [7]. The free
-COOH group of 6 displayed the H-bonding interactions with
His323, Tyr473, Ser289 and His449 while the other structural
features of the molecule exhibited hydrophobic interactions with
the active site residues similar to the co-crystallized ligand (Fig. 4).

NCI 0196560
(-33.9)

NCI 0688817
(-36.0)

Fig. 6. Structures of the final hits obtained through virtual screening (Using Fast Flexible Search) using hypo-1b, hypo-1c and hypo-1e. Substructures of hit molecules mapping to the
various features of hypo-1 are encircled (except HBA, indicated with the arrow) and labeled. The docking scores (in kcal/mol) in the PPARY active site are given in the parentheses.

Refer to Supporting information for structures of the remaining hits.
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The hit molecules 7-10 belonged to the N-benzoylated glutamic
acids with two acidic functions in the AHG part of the molecule that
displayed conserved H-bonds with the His323, Tyr473, Ser289 and
His449 residues. Additionally, molecule 7 was found to exhibit
H-bonds with the backbone ‘NH’ of Ser342, carbonyls of 1le281 and
Cys285 (Fig. 5) which might be responsible for the higher score. The
scaffold of the hit molecules is different from the previously known
PPAR pan agonists and can be further optimized to design novel
series of compounds belonging to this class.

The next step was to predict the binding strength and pose of hit
molecules 6 and 7 in the active site of PPARa and PPARS. For this
purpose, the crystal structures of these subtypes in complex with
a potent ligand were sought in the protein data bank. For PPARa,
the structure 1K7L (resolution = 2.50 A) [34] was selected for the
docking studies. Unfortunately, when the co-crystallized
(GW409544) ligand was docked in the active site, FlexX program
could not reproduce its binding pose. When the active site size was
selected as 6.5 A around the bound ligand, the RMS value for the
docked and the bioactive pose was found to be more than 12.0 A.
The RMS deviation was not affected much by changing the active
site size to 7.0 A and 8.0 A. Thus, docking of hit molecules 6 and 7
was not performed due to the absence of suitable docking score for
the reference ligand for comparison. For PPARS, the structures 1Y0S
(resolution =2.65 A) [33] and 1GWX (resolution=2.50A) [32]
were selected from the protein data bank. However, in this case also
FlexX was unable to predict the binding pose of the co-crystallized
ligands. The RMS values were found to be high ranging from 6.0 to
10.0A for the different sizes of active site in both the cases.
Consequently, docking of the hit molecules 6 and 7 could not be
performed in PPARSY, either.

Thus, FlexX performed poorly in the cases of PPARa and PPARS
in comparison to PPARY, in reproducing the bound conformation of
the respective co-crystallized structures. Hence, binding pose of 6
and 7 could not be evaluated in PPARa and PPARS subtypes.

4. Conclusions and future prospects

We have attempted to generate a common chemical feature
pharmacophore for pan PPAR agonists using HipHop program. The
chemical features in the top scoring hypothesis (hypo-1) were
found to match with the known interactions of the pan agonists in
the PPARy active site. In addition, hypo-1 was also found to
discriminate among the pan (actives) and subtype-specific or dual
PPAR agonists (inactives) with reasonably good accuracy. The
modified versions (hypo-1a to hypo-1g) of hypo-1 were developed
by deleting all the features of hypo-1 one at a time. The ability of the
hypo-1a to hypo-1g to differentiate ‘actives’ from ‘inactives’ was
measured and compared with the hypo-1. The presence of an HBA
feature in the HTG portion of pan agonists was found to be most
vital in discriminating actives from inactives. On the other hand,
hypo-1b, hypo-1c and hypo-1e generated by deleting AR-1, HYD-1
and AR-2 features of hypo-1, respectively, were found to be
comparable to the parent hypothesis in discriminating ‘actives’ and
‘inactives’. The hypo-1 was found to be highly restrictive in picking
up the novel hits from the NCI and Maybridge databases and thus,
hypotheses hypo-1b, hypo-1c and hypo-le were used for the
purpose of virtual screening. The virtual screening results finally
provided a total of 27 new hits which were docked in the active site
of PPARY. The 5 molecules were found to have comparable or better
score than the reference molecule. The hit molecules exhibited
important H-bonding interactions with His323, Tyr473, Ser289 and
His449, which are conserved in the case of various PPARY agonists.

The above pharmacophore mapping approach helped in
understanding the importance of various chemical features present
in the pan PPAR agonists. The different hypotheses such as hypo-1,

hypo-1b, hypo-1c and hypo-1e can be used for virtual screening
depending on the specificity required in the final results. The
validation of these hypotheses can further be tested in future when
a large number of potent PPAR pan agonists become available. It
would be interesting to design experiments to understand the
importance of HBA in the HTG part of these ligands. Additionally,
the methodology adopted in this work will be useful in under-
standing the structural requirements and design of other ligands
acting on multiple targets.
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