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a b s t r a c t

The peroxisome proliferator-activated receptor (PPAR) g regulates the expression of genes involved in
adipogenesis, lipid homeostasis, and glucose metabolism, making it a valuable drug target. However, full
activation of the nuclear receptor is associated with unwanted side effects. Research therefore focuses on
the discovery of novel partial agonists, which show a distinct protein-ligand interaction pattern
compared to full agonists. Within this study, we employed pharmacophore- and shape-based virtual
screening and docking independently and in parallel for the identification of novel PPARg ligands. The
ten top-ranked hits retrieved with every method were further investigated with external in silico
bioactivity profiling tools. Subsequent biological testing not only confirmed the binding of nine out of the
29 selected test compounds, but enabled the direct comparison of the method performances in a pro-
spective manner. Although all three methods successfully identified novel ligands, they varied in the
numbers of active compounds ranked among the top-ten in the virtual hit list. In addition, these com-
pounds were in most cases exclusively predicted as active by the method which initially identified them.
This suggests, that the applied programs and methods are highly complementary and cover a distinct
chemical space of PPARg ligands. Further analyses revealed that eight out of the nine active molecules
represent novel chemical scaffolds for PPARg, which can serve as promising starting points for further
chemical optimization. In addition, two novel compounds, identified with docking, proved to be partial
agonists in the experimental testing.
© 2016 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The peroxisome proliferator-activated receptors (PPARs) belong
to the class of nuclear receptors. Upon activation, the receptor
forms heterodimers with the retinoid X receptor (RXR) to control
the expression of its targets genes [1]. PPARg is highly expressed in
adipose tissue [2], where it is involved in adipogenesis [3], lipid
homeostasis, and glucose metabolism (reviewed in Ref. [4]). It gets
activated by a variety of endogenous compounds such as eicosanoid
15-deoxy-D12,14-prostaglandin J2 or the fatty acid arachidonic acid
[5], and by a number of synthetic [6e11] and natural compounds
[12]. Most prominently, PPARg was identified as the molecular
target of the thiazolidinedione (TZD) class of antidiabetic drugs
[7,8], including the blockbuster drugs rosiglitazone and pioglita-
zone. TZDs, of which most are full agonists, promote increased in-
sulin sensitivity. However, their administration has also been
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associated with severe side effects such as gain of body weight and
congestive heart disease [13]. These deleterious effects were found
to be diminished whereas beneficial effects on insulin sensitivity
were maintained, when PPARg was only partially activated [6,14].
The design of several partial agonists of PPARg with improved side
effect profiles have been reported [11,15,16], including the selective
angiotensin receptor blocker telmisartan [9] and its analogues [17].
Partial agonists were shown to display a different interaction mode
in the ligand-binding domain compared to full agonists. Most
prominently, other than full agonists, partial agonists do not sta-
bilize helix H12 via hydrogen bonding with Tyr473 [18].

Virtual screening tools are nowadays well integrated in the drug
development process to complement and support experimental
high-throughput screenings in the selection of the most promising
drug candidates [19]. Several different virtual screening methods
are available for this purpose [20] (please refer to www.click2drug.
org for a comprehensive list of virtual screening tools), and many of
them have already been successfully applied for the identification
of novel PPARg ligands [21e28]. However, whether there are dif-
ferences in their performances, and if so, which one is the most
suitable for addressing nuclear receptor-related issues, and PPAR-
related in particular, is still unclear. Several method comparisons
have been published throughout the last years [29e38], which
points out the raising interest in this topic. Unfortunately, the
different methodical set-ups of these studies hamper their com-
parison on a larger scale. Therefore, a comprehensive and pro-
spective evaluation of the same methods employing identical
datasets still remains to be accomplished.

We have already investigated the performances of selected
common virtual screening tools for the identification of novel
bioactive molecules for cyclooxygenases-1 and -2 as representa-
tives of classical enzymes [39], and for members of the cytochrome
P450 (CYP) superfamily involved in metabolic turnover [40].
Intriguingly, we could observe quite distinct performances of the
tools, suggesting that different tools might be better suited to meet
the requirements of the various target classes. Nuclear receptors
display different properties concerning the structure of the proteins
and the ligands compared to the two examples investigated so far,
which might be attributed to their different biological functions.
Therefore we assumed that our findings so far may not be extrap-
olated to nuclear receptors. To investigate the advantages and
limits of selected common virtual screening tools also for this target
class, we selected PPARg as a case study representing nuclear re-
ceptors and applied the same study design in linewith our previous
investigations [39]. As mentioned above, research efforts con-
cerning PPARg shifted towards the identification of partial agonists
rather than full agonists. Besides the identification of the most
suitable virtual screening method for the identification of novel
PPARg ligands, we therefore additionally aimed to investigate the
ability of the applied methods to reflect this specific binding mode
that results in the partial activation of the receptor.

2. Methods

2.1. Study design

Analogous to our previous study [39], we generated PPARg
partial agonist pharmacophore- and shape-based models, and
established a docking protocol that could discriminate between
PPARg partial agonists, PPARg full agonists, and inactive com-
pounds. All optimized models and the docking workflowwere used
for virtual screening of the commercial Maybridge database (www.
maybridge.com). The ten top-ranked hits from each of the three
methods were selected for further investigations andmerged to the
“overall hit list”. In the next step, we analyzed whether these

compounds were also predicted by the other two virtual screening
methods above the activity cut-off defined during the model gen-
eration and theoretical validation. In addition, all compounds were
independently and in parallel investigated with external 2D- and
3D bioactivity profiling tools. All generated in silico predictions
were summarized in a prediction matrix. After biological testing,
the performances of all the applied tools were evaluated and
compared. The workflow is depicted in Fig. 1.

2.2. Hardware specification

All processes and predictions were performed on a multi-core
workstation with 2.4 þ GHz, 8 GB of RAM, a 1 þ TB fast mass
storage, and a NVIDIA graphical processing unit. All programs run
on the Windows 7 platform.

2.3. Datasets

Known active partial agonists of PPARg were manually assem-
bled from the literature. Only compounds that activated the re-
ceptor from 15% up to a maximum of 80% compared to the full
agonist control in a transactivation assay, and where direct binding
was either shown by scintillation proximity assay or crystallo-
graphic datawere included. In total, 51 knownpartial agonists were
included in the “partial agonist” dataset (a detailed list is provided
in Table S1 of the supporting information).

To investigate whether the generated models and the docking
workflow can discriminate between full and partial agonists, also a
“full agonist” dataset was included. This dataset contained 14
known full agonists from the literature for which direct binding
was shown either via X-ray crystallography or a scintillation
proximity assay and that activated the receptor >80% in a trans-
activation assay (for a detailed list of compounds please refer to
Table S2 of the supporting information). Some of these compounds
originated from the same chemical series as known partial agonists
and were therefore especially useful for investigating the structural
characteristics determining the biological activity.

PPARg was included as target in the ToxCast dataset and eval-
uated in a fluorescence polarization assay [41]. The CAS-numbers of
all compounds that were inactive in this dataset against PPARg
were extracted and converted to a sd-file using Pipeline Pilot
version 9.1 [42] script “Search PubChem for CAS Number”. Thereby,
a database of 799 unique structures (Table S3 in the supporting
information) was generated. A detailed description of this protocol
is provided in Fig. S1 of the supporting information. In addition, 13
compounds which proved to be inactive in in vitro binding assays
were manually assembled from the literature (a detailed list is
provided in Table S4 of the supporting information). In total, this
led to an “inactives” dataset containing 812 known inactive
compounds.

A cdx-file was created for all literature-derived compounds us-
ing ChemBioDraw Ultra 11.0 [43]. These cdx-files were then con-
verted to sd-files using the ChemDraw Reader and SD Writer
components in Pipeline Pilot 8.5 [44].

For the prospective screening, the Maybridge_HitDiscover
database was downloaded from the Maybridge homepage (www.
maybridge.com, access date 27 February 2014). This compound
collection contained about 52,000 diverse molecules that are
commercially available. According to the information on the
homepage of the provider, the majority of compounds does fulfill
generally acknowledged criteria of drug-likeness (http://www.
maybridge.com/portal/alias__Rainbow/lang__en/tabID__146/
DesktopDefault.aspx). As a consequence, we did not apply addi-
tional pre-screening filters, which would have introduced addi-
tional bias to this study: The application of an additional filter
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