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Abstract

Abstract
Name: Daniel Kieran Nevin (07149417)

Thesis title: Novel Peroxisome Proliferating Activated Receptor (PPAR) Modulator Drug Discovery:
Consensus Virtual Screening and Characterisation of Biochemical and Pharmacological Activities

Peroxisome proliferator-activated receptors (PPARs) are ligand activated transcription factors that form a 
subfamily of the nuclear receptor superfamily. PPARs form heterodimers with the 9-cA-retinoic acid receptor 
(RXR) and activate transcription events by binding to a specific DNA element called the PPAR response 
element (PPRE). Their transcription factor activity accounts for a wide range of effects on metabolism, 
cellular proliferation, cellular differentiation, and immune responses. From a pathological perspective, 
PPARs are implicated in a diverse range of disease states including type II diabetes, obesity, dyslipidemia, 
atherosclerosis, inflammation, and neurodegeneration.

Peroxisome Proliferating Activated Receptor (PPAR) science has seen steady development over the last four 
decades. From initial elucidation of their roles in metabolic control, PPAR members have become clinically 
validated targets for treatment of type II diabetes and dyslipidemia. However, in spite of significant research 
efforts, only a handful of clinically approved PPAR targeting treatments exist. The thiazolidinedione (TZD) 
PPARy agonists, rosiglitazone and pioglitazone, are the only drugs to make market for treatment of type II 
diabetes. Bezafibrate and fenofibrate, the fibrate class of PPARa agonists, are the only compounds presently 
used for hypercholesterolemia management.

With a view to identifying novel modulators of PPARy activity, a fully customizable and integrated target- 
specific “tiered” virtual screening approach tailored to identifying and characterizing previously unidentified 
chemical scaffolds was developed. Built on structure- and ligand-based computational techniques, a 
consensus protocol was developed for use in the virtual screening of chemical databases, focused toward 
retrieval of novel bioactive chemical scaffolds for PPARy. Consequent from application, three novel PPAR 
scaffolds displaying distinct chemotypes have been identified (MDG548, 559 and 582). Fluorescence 
polarization (FP) and time resolved fluorescence resonance energy transfer (TR-FRET) show that these 
compounds display high affinity competitive binding to the PPARy-LBD (EC50 of 215 nM to 5.45 pM). 
Consequent characterization by a TR-FRET activation reporter assay demonstrated agonism of PPARy by all 
three compounds (EC50 of 467-594nM). Additionally, differential PPAR isotype specificity was 
demonstrated through assay against PPARa and PPAR5 subtypes and PPARy co-regulator assays were 
conducted to examine the functional activity of MDG548, 559 and 582 in receptor/co-regulator interaction 
dynamics.

Following on from initial biochemical characterisation, the pharmacological utility of hit compounds as 
neuroprotective and anti-inflammatory agents was assessed. Using in vitro models based on primary neonate 
rat cortical neurones, MDG548 afforded dose-dependent neuroprotection against H202-induced cellular 
oxidative stress. This effect was shown to be dependent on compound treatment prior to exposure to H2O2 
and MDG548’s protective capacity was abrogated by pre-treatment of neurones with the specific PPARy 
antagonist GW9662.

The potential of MDG548 to mediate anti-inflammatory effects was also examined by measurement ofNFxB 
activation levels in HEK Blue™ TLR4/Quanti Blue’’'’^ assay. Dose-dependent treatment with MDG548 
successfully led to significant decreases in EPS-stimulated NFkB activation. Also, this effect was inhibited 
by pre-administration of GW9662 to cultures, indicating a ligand-dependent, PPARy-mediated decrease in 
observed NFkB activation. Alongside this work, the mechanisms of compound cytotoxicity displayed by 
MDG559 and 582 in prior experiments were investigated using cell viability/integrity assays and cell cycle 
analysis. Finally, insights into the PPAR subtype specificity displayed by MDG548, 559 and 582 in FP and 
TR-FRET assays was computational assessed using MOE docking simulations. Following on from method 
validation, a rationale for these observations was modeled and also provided putative receptor-ligand 
interaction profiles for these novel compounds against PPARa, p/6 and y.

In summary, this thesis has presented a thorough account of a successful early stage drug discovery campaign 
against a well characterised and clinically important nuclear receptor target. Importantly, this work has 
showcased the strength of a rationalised consensus-based virtual screening approach against PP ARy. This 
claim is substantiated by the identification of three previously unknown, chemodiverse compounds that 
modulate the receptors activity in on target and cell-based biochemical assay. Overall, it is believed that this 
work has made significant contributions within the field of PPAR drug development. It is hoped that the 
discoveries made by this research effort will ultimately aid the creation of novel PPAR-directed treatments 
that show greater efficacy and improved safety profiles than those currently available.



----------------------------------------------------  Summary -------------------------------------------------

Summary
Peroxisome proliferator-activated receptors (PPARs) are ligand activated transcription 

factors that form a subfamily of the nuclear receptor superfamily. PPARs form 

heterodimers with the 9-c/5-retinoic acid receptor (RXR) and activate transcription events 

by binding to a specific DNA element called the PPAR response element (PPRE). Their 

transcription factor activity accounts for a wide range of effects on metabolism, cellular 

proliferation, cellular differentiation, and immune responses. From a pathological 

perspective, PPARs are implicated in a diverse range of disease states including type 11 

diabetes, obesity, dyslipidemia, atherosclerosis, inflammation, and neuro- degeneration.

Peroxisome Proliferating Activated Receptor (PPAR) science has seen steady development 

over the last four decades. From initial elucidation of their roles in metabolic control, 

PPAR members have become clinically validated targets for treatment of type 11 diabetes 

and dyslipidemia. However, in spite of significant research efforts, only a handful of 

clinically approved PPAR targeting treatments exist. The thiazolidinedione (TZD) PPARy 

agonists, rosiglitazone and pioglitazone, are the only drugs to make market for treatment of 

type 11 diabetes. Bezafibrate and fenofibrate, the fibrate class of PPARa agonists, are the 

only compounds presently used for hypercholesterolemia management.

With a view to identifying novel modulators of PPARy activity, a fully customizable and 

integrated target- specific “tiered” virtual screening approach tailored to identifying and 

characterizing previously unidentified chemical scaffolds was developed. Built on 

structure- and ligand-based computational techniques, a consensus protocol was developed 

for use in the virtual screening of chemical databases, focused toward retrieval of novel 

bioactive chemical scaffolds for PPARy. Consequent from application, three novel PPAR 

scaffolds displaying distinct chemotypes have been identified (MDG548, 559 and 582). 

Fluorescence polarization (FP) and time resolved fluorescence resonance energy transfer 

(TR-FRET) show that these compounds display high affinity competitive binding to the 

PPARy-LBD (EC50 of 215 nM to 5.45 pM). Consequent characterization by a TR-FRET 

activation reporter assay demonstrated agonism of PPARy by all three compounds (EC50 of 

467-594nM). Additionally, differential PPAR isotype specificity was demonstrated 

through assay against PPARa and PPAR5 subtypes and PPARy co-regulator assays were 

conducted to examine the functional activity of MDG548, 559 and 582 in receptor/co

regulator interaction dynamics.



-------------------------------------------------------  Summary -----------------------------------------------------

Following on from initial biochemical characterisation, the pharmacologieal utility of hit 

compounds as neuroprotective and anti-inflammatory agents was assessed. Using in vitro 

models based on primary neonate rat cortical neurones, MDG548 afforded dose-dependent 

neuroprotection against H202-induced cellular oxidative stress. This effeet was shown to 

be dependent on compound treatment prior to exposure to H2O2 and MDG548’s protective 

capacity was abrogated by pre-treatment of neurones with the specific PPARy antagonist 

GW9662. Contrastingly, in kainic acid-induced models of neuronal excitoxicity, 1VIDG548 

did not afford signifieant protection against this chemical insult. 1VIDG559 and 582 did not 

show neuroprotective properties in either model.

The potential of MDG548 to mediate anti-inflammatory effeets was also examined by 

measurement of NFkB activation levels in HEK Blue™ TLR4/Quanti Blue™ assay. Dose- 

dependent treatment with MDG548 successfully led to significant decreases in EPS- 

stimulated NFkB activation. Also, this effect was inhibited by pre-administration of 

GW9662 to cultures, indicating a ligand-dependent, PPARy-mediated decrease in observed 

NFkB activation. Alongside this work, the mechanisms of compound cytotoxicity 

displayed by MDG559 and 582 in prior experiments were investigated using cell 

viability/integrity assays and cell cycle analysis. Finally, insights into the PPAR subtype 

speeificity displayed by MDG548, 559 and 582 in FP and TR-FRET assays was 

computational assessed using MOE docking simulations. Following on from method 

validation, a rationale for these observations was modeled and also provided putative 

receptor-ligand interaction profiles for these novel compounds against PPARa, p/8 and y.

In summary, this thesis has presented a thorough account of a successful early stage drug 

discovery eampaign against a well characterised and elinically important nuclear receptor 

target. Importantly, this work has showeased the strength of a rationalised consensus-based 

virtual screening approach against PPARy. This claim is substantiated by the identification 

of three previously unknown, ehemodiverse compounds that modulate the receptors 

activity in on target and cell-based biochemical assay. Overall, it is believed that this work 

has made significant contributions within the field of PPAR drug development. It is hoped 

that the discoveries made by this research effort will ultimately aid the creation of novel 

PPAR-directed treatments that show greater efficaey and improved safety profiles than 

those currently available.
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General Introduction

l.i Introduction
Peroxisome Proliferating Activated Receptor (PPAR) science has seen steady development 

over the last four decades. From initial elucidation of their roles in metabolic control, 

PPAR members have become clinically validated targets for treatment of type II diabetes 

and dyslipidemia. Recent research has also implicated roles for PPAR subtypes in obesity, 

cancer, cardiovascular disease and those with marked inflammatory components. However, 

in spite of significant research efforts, only a handful of clinically approved PPAR 

targeting treatments exist. The thiazolidinedione (TZD) PPARy agonists, rosiglitazone and 

pioglitazone, are the only drugs to make market for treatment of type II diabetes. 

Fiezafibrate and fenofibrate, the fibrate class of PPARu agonists, are the only compounds 

presently used for hypercholesterolemia management.

Although treatments have shown positive clinical benefits, they have also demonstrated 

important side effects. The link between TZD use and weight gain via adipogenesis has 

been documented, whilst edema is listed as a serious side effect concern due to its high 

correlation with congestive heart failure'. Other less common but severe side effects 

include macular edema, pulmonary edema and osteoporosis. In .luly 2010, the European 

Committee on Medicinal Products for Human Use (Cl IMP) recommended suspension of 

rosiglitazone marketing authorizations, citing cardio toxicity issues. Shortly after, the 

safety profile of pioglitazone led to withdrawal from market in France and suspension of 

use in Germany '. Reports have also documented side effect consequences of fibrate usage 

(e.g. dermatological/haematological reactions), but most cases are lesser in nature than 

those presented with TZD use. Evident issues with current treatments have directed 

research toward design of safer PPAR modulators. Various strategies are being employed 

in PPAR drug discovery to achieve modulation of activity whilst abrogating potential side 

effects. Partial, specific and poly-subtype PPAR modulation are all routes which show 

promise.

This introductory chapter covers several areas relevant to the ever expanding area of PPAR 

drug discovery. Firstly, the nuclear receptor superfamily will be introduced preceding a 

more detailed look at the physiological and pathophysiological roles of PPARs in human 

health and disease. Important structural biology considerations will be examined before an 

in-depth look at current developments within PPAR modulator drug design.



General introduction

1.1.1 Nuclear Receptors
Nuclear receptors, a class of cellular proteins, are one of the most abundant groups of 

transcriptional regulators found in metazoans. Nuclear receptors have the ability to directly 

bind to DNA and regulate the expression of adjacent genes, hence classing these receptors 

as transcription factors^'This superfamily is typically subdivided into three families, or 

classes; the steroid receptor family (class 1) includes the progesterone receptor (PR), 

estrogen receptor (ER) and glucocorticoid receptor (GR), androgen receptor (AR) and 

mineralocorticoid receptor. I'he thyroid/retinoid family (class II) includes the thyroid 

receptor (I'R), vitamin D receptor (VDR), retinoic acid receptor (RAR) and peroxisome 

proliferator- activated receptor (PPAR). The third class of receptors has long been termed 

the orphan receptor family: it denotes a set of proteins, identified by comparative sequence 

analysis, that belong to the nuclear receptor superfamily but for which their cognate 

ligand(s) are unknown. Generally, gene expression regulation by nuclear receptors only 

happens when a ligand is bound to that receptor - Ligand binding induces a conformational 

change in the receptor structure which consequently activates the receptor, resulting in up- 

or down- regulation of gene expression. They regulate diverse physiological functions, 

such as homeostasis, reproduction, development and metabolic processes. As nuclear 

receptors bind small molecules and control functions associated with major diseases (e.g. 

diabetes, cancer, arthrosclerosis), they present as amenable pharmacological targets^.

1.1.2 Nuclear Receptor Structure
Early studies of nuclear receptors showed that they contained two structural subunits: a 

moderately conserved C-terminal ligand-binding domain (LBD) and a highly conserved 

and centrally located DNA-binding domain (DBD)^ The LBD contains an interior 

binding pocket that infers ligand/hormone-type binding specificity across the nuclear 

receptor members. The domain also contains a ligand-regulated transcriptional activation 

function (AF-2), which is necessary for the recruitment of various co-activating proteins. 

Co-activators are then capable of interacting with chromatin-remodelling protein and 

transcriptional activation machinery**. Finally, the LBD is the primary mediator of nuclear 

receptor self-assembly reactions (e.g. dimerisation) necessary for DNA response element 

binding*^.

The second subunit, the DBD, is involved in nuclear receptor docking to hexanucleotide 

response elements located within nuclear receptor-regulated promoter regions. The DBD 

also serves in allosteric transmission of information to other regions of the receptor
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molecule. The DBD and LBD are connected via a short amino acid setjiience termed the 

hinge region. The functional properties of this region have not fully been elucidated; 

however, it can undergo phosphorylation, which is coupled to increased transcriptional 

activation"*’ ".

The majority of nuclear receptors contain amino acid sequences N-terminal to the DBD. 

These residue groups contain a transcriptional activation function termed AF-I. In 

comparison to the moderately conserved AF-2 sequence embedded within the LBD, AF-I 

sequences show contrastingly weak conservation (<I5%) across the nuclear receptor 

superfamily. This lack of sequence homology has been postulated as being critical in 

explaining how closely related receptors can bind to similar response elements in vitro yet 

differentially regulate gene promoters containing those same binding sequences in vm/'. 

I'he structure-function properties of residues located between the far N terminus and AF-I 

are the most poorly understood of any of the nuclear receptor regions. For several 

receptors, these residues play a role in modulation of transcriptional activation properties'^' 

'■*. Also, serine and threonine residues located within this sequence are phosphorylated in 

response to ligand binding and cell cycle events, thus functioning as signal transduction 

sensors'^' It is unclear if phosphorylation or other posttranslational modifications are 

linked to changes in nuclear receptor structure'^.

1.1.3 Peroxisome Proliferating Activated Receptors (PPARs)
PPARs are ligand activated transcription factors which form a subfamily of the nuclear 

receptor superfamily. The term "peroxisome proliferators" was denoted to class 

compounds sharing the common feature of inducing peroxisome proliferation, which was 

first reported in rats treated with clofibrate in the 1960's"'. PPARs form heterodimers with 

the 9-67s-retinoic acid receptor (RXR) [NR2B] and activate transcription events by binding 

to a specific DNA elements called the PPAR response element (PPRB) '**. Their 

transcription factor activity underpins their wide range of effects on metabolism, cellular 

proliferation, cellular differentiation and immune responses”'*. At present, three PPAR 

isotypes have been identified: PPARu (NRICI), (3/5 (NRIC2) and y (NRIC3). Each 

isoform exhibits different tissue distribution relative to their physiological function.

PPARa is expressed in tissues exhibiting high rates of fatty acid catabolism, with high 

levels found in brown adipose, liver, kidney, heart and skeletal muscle tissues”'. The 

PPARa subtype is involved in the regulation of genes that control retrograde cholesterol 

transport as well as the movement and breakdown of free fatty acids through peroxisomal
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and (3-oxidation pathways. The PPAR (3/8 isotbrm has been cloned from multiple species 

and was initially given several names. The receptor was first reported as PPARp in 

Xenopus Laevis and as NUCI in humans ‘ . Subsequent cloning experiments in mice 

identified the receptor as PPAR5, NUCI and FAAR“‘'’“^. PPAR p/8’s broad expression 

profile coupled to its lack of potent and selective modulators led to its dismissal as a 

“molecular housekeeper” by some quarters of the research community"''. In contrast to this, 

more recent evidence has begun to highlight the important roles PPAR p/8 play in the 

regulation of fatty acid catabolism, energy metabolism and reverse cholesterol transport, 

d'he role of PPAR p/8 in cancer has also received much attention of late, with conflicting 

evidence arising for its role in both the promotion and inhibition of colon cancer 

Reports have also suggested roles for PPAR p/8 in macrophage biology and atherosclerosis

To date. PPARy has been at the forefront of health-related PPAR research. PPARy is 

primarily expressed in adipose tissue, with lower expression observed in a wide range of 

differing tissues (i.e. heart, colon, kidney, skeletal muscle and macrophages)In humans, 

three mRNA isoforrns of PPARy have been detected to date (PPARy 1. PPARy2 and 

PPARy3)^'’"'‘. PPARy mRNA isoforms arise from alternative promoter usage and whilst 

PPARy I and PPARy3 mRNAs code for the same protein, PPARy2 codes for a receptor 

containing 28 additional amino acids at the N-terminus All PPARy isoforms exhibit 

indiv idual tissue distribution profiles, with PPARy 1 showing the broadest of the three'"' 

PPARy has been unanimously recognised as an important regulator of adipocyte gene 

expression and differentiation. In conjunction with C/EBP transcription factors (C/EBPa 

and C/EBP8) and glucocorticoids. PPARy is part of the concerted adipocyte differentiation 

program that induces the maturation of pre-adipocytes into fat cells'*'. Research has shown 

that PPARy target genes in adipose tissue are implicated in lipogenic pathways, including 

fatty acid transport protein (FATP), acyl-CoA synthase, lipoprotein lipase (LPL.) and 

adipocyte fatty acid binding protein (aP2) ". Aside from its involvement in metabolism 

and cellular differentiation, a large body of evidence highlights its integral role in immune 

system regulation and intlammation resultant from a broad spectrum of pathological 

states ’ . Recently it has been shown that PPARy's role in anti-inflammatory activity is 

regulated by ligand mediated SUMO (Small Ubiquitin related Modifier) post-translational 

modification'''. SUMOlyated PPARy appears to affect its anti-inflammatory activity by 

preventing clearance of co-repressors from inflammatory gene promoters. Interestingly, the 

full agonist rosiglitazone and partial agonist GW0072 have experimentally both shown
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similar anti-inllammatory effects, demonstrating that this activity is not dependent on full 

transcriptional activation. Whilst some work details the direct involvement of PPARy in 

the regulation of intlammatory process, other bodies of work suggests that the anti

inflammatory activities of PPARy modulators are a consequence of non-PPAR mediated 

mechanisms

1.1.4 Gene Transcription Mechanism of PPARs
The mechanism by which PPARs elicit gene transcription is similar to that observed for all 

NRs"*' (Figure l.l). In general terms, the C-terminal A/F domain of the receptor hetero- 

dimerises with RXRa and subsequently the PPAR/RXRa complex binds to the PPRE 

sequence of target gene promoters'^“''’‘^. The PPRE motif contains a distinct I3bp long 

nucleotide sequence (AGGTCANAGGTCA, where N is any nucleotide) that is composed 

of two hexanucleotides separated by one nucleotide (DR-I). I he direct repeat I (DR-I) 

sites are specifically and almost exclusively recognised by the PP.ARy/RXRa hetero-dimer. 

Each component of the hetero-dimer complex binds to one hexamer of the DR-I motif. In 

its inactivated state, PPARy is associated with a co-repressor complex that mutes its 

transcriptional activity through recruitment of histone dc-acetylases. NR Co-repressor 

(NCoR), Silencing Mediator or Retinoid and Thyroid receptors (SMRT) are co-repressor 

complexes known to interact with PPARy. [finding of an endogenous or exogenous ligand 

to the receptor stimulates the release of the co-repressor complex and in turn facilitates the 

recruitment of a co-activator, which contains a protein with histone acetyl transferase 

(MAT) activity. Examples of co-activators with this functionality include CREB, 

CBP/p300 or SRCI. The action of acetyltransferases leads to chromatin de-condensation. 

In the following step, the HAT complex dissociates and either transcription factors or the 

RNA polymerase II initiation complex are recruited to the accessible promoter, resulting in 

transcription of the target gene. An interaction of PPARy with a co-activator or co

repressor complex thus regulates its transcriptional activity by affecting the chromatin 

structure through the acetylation or de-acetylation of histones, respectively. Of important 

note is the faet that eo-activators and co-repressors are highly versatile and do not exhibit 

selectivity for particular PPAR subtypes. Observations have shown that all three PPAR 

types are subjeeted to transcriptional co-activation by PPARy Coactivator-1 a (PGC-la)'*^. 

PGC-la binds to the hinge domain of PPARy in a ligand dependent manner, whereas most 

co-activators utilise the LXXLL helical motifs to interact with the LBD of PPARs‘'^ In
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addition, PGC-la does not possess intrinsic HAT activity and it therefore recruits other 

protein (e.g. SRC I and CBP/p300) to carry out HAT functioning.
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Figure I.IPPAR structure and function - Similar to other nuclear hormone receptors, the peroxisome 
proliferator-activated receptors (PPARs) contain five distinct regions. The two most conserved regions are C 
and E, which consist of a highly conserved DNA-binding domain (DBD) and a moderately conserved ligand
binding domain (LBD), respectively. The amino-terminal A/B domain contains the AFI ligand-independent 
activation domain, and an AF2 ligand-dependent activation domain is located in the F region, whereas the D 
domain consists of a variable hinge region. The numbers shown in the LBD and DBD are the percentage 
amino-acid identity of human PP.ARp/6 and PPARyl with respect to human PPARa. Receptor activation 
generally occurs after agonist binding to the LBD, although receptor phosphorylation by certain kinases or a 
direct physical association with ETSI or GADD45-family proteins has also been reported to influence the 
state of receptor activation. After ligand binding, the PPARs can shed the co-repressor complex (nuclear 
receptor co-repressor/silencing mediator for retinoid and thyroid hormone receptors, NCoR/SMRT), which, 
through its association with histone de-acetylases (LIDACs), represses gene transcription. Unlike the PPAR 
p/5 isoform, the PPARa and PPARy isoforms cannot bind to DNA while they are associated with the co
repressor complex. After dissociation from the co-repressor complex, the PPARa and PPARy isoforms bind 
to DNA through a peroxisome proliferator response element (PPRE). The PPARs can then bind certain co
activator complexes, such as steroid receptor co-activator I (SRCI) and cAMP response element binding 
(CREB)-binding protein (C'BP)/p300. These co-activator complexes, through their histone-acetyltransferase 
activity, reorganize the chromatin packaging to allow the transcriptional machinery to gain access to the 
promoter region. The genes that are under transcriptional control of the PPARs have an important role in a 
wide range of physiological processes. RXR, 9-(./.s-retinoic acid receptor. Taken from Klieweret al^''.
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1.1.5 PPAR Structural Biology

Like all nuclear receptors, PPARs share a similar modular structure with functionally 

distinct domains called A/B (ligand-independent activation domain), C (DNA-binding 

domain), D (hinge domain), and an E/F (Ligand-Binding Domain -LBD). The N-terminal 

domain A/B has been relatively well conserved throughout evolution*^'. The principle 

fragment of this domain is a a-helix fragment possessing a ligand-independent activating 

function (AF-I)*^*. Interestingly, it has been shown that the hPPAR-y2 isoform exhibits 

approximately tenfold higher activity than hPPAR-yl in the presence of insulin in ligand- 

independent transcriptional activation'^**. It has been suggested that this data may imply 

different physiological functions for the two isoforms of PPARy. However, at present, the 

role of the additional 30 amino acid residues at the N-terminus of the hPPAR-y2 protein 

has not been elucidated. Some hypotheses suggest the extra fragments effect in increasing 

PPARy receptor activity'**^ Furthermore, the A/B domain contains Ser-I 12 which is subject 

to phosphorylation^*’. As intramolecular communication between the A/B and I.BD 

domains is required for ligand binding, the phosphorylation at Ser-I 12 by Mitogen- 

Activated Protein Kinase (MAPK) disrupts interdomain interaction, resulting in a 

diminishing of ligand-binding affinity*’*’. Also, evidence has shown that MAPK-dependent 

phosphorylation of this residue in the hPPAR-y2 protein inhibits its ability to promote 

specific gene expression and the process of adipogenesis”'.

1 he C domain is the most conserved of all the PPAR functional domains'”. It contains two 

zinc Unger-like motifs that are responsible for binding of the receptor to the DNA promoter 

of target genes. Each of the zinc-f1ngers is encoded by a separate exon (2 and 3). Besides 

the zinc fingers there are amino-acid motives determining the recognition of an appropriate 

DNA sequence, which binds the receptor. Additionally, a large part of the domain takes 

part in dimerisation with another NR, RXR. The less conserved domain D is treated rather 

as a flexible hinge between the C and E/F domains'”. This site also acts as a docking 

domain for associated cofactors. Additionally, it contains the nuclear localisation signal, a 

sequence recognised by transport proteins, which determines relocation of the synthesised 

protein from the cytoplasm to the cell nucleus. Moreover, some of the amino acids are 

involved in the activities of both neighbouring domains, leading to the dimerisation and 

reeognition of the target DNA sequence. Within the global domain structure of PPARy, the 

largest functional domain is the LBD (E/F domain) located at the C-terminus of the 

protein^". PPARy-LBD region is responsible for ligand binding and activation of PPAR

8
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binding to the PPREs in the target gene promoter. The LE3D contains a fragment called 

ligand-dependent activation function 2 (AF-2) which engages in the recruitment of PPAR 

co-factors to assist associated gene transcription processes^^.

PPARs act as ligand dependent receptors that undergo hetero-dimerisation with RXR to 

adopt an active conformation in the presence of endogenous or exogenous ligands. In 

addition, various co-regulator proteins are recruited to the PPAR-RXR hetero-dimer to 

form a complex that binds to PPRE's within target genes and stimulates their expression. A 

high degree of structural homology exists between the three PPAR isotype LBD's. The 

tertiary structure of PPARs consists of a single domain comprised of 13 a-helices and a 

small four stranded P-sheet. In comparison to other nuclear receptors, the ligand binding 

domain across the subtypes is relatively large (approximately 1300-1400A^). It is enclosed 

by helices 112’, H3, H4. H5, 117, HI0/1 I, H12 and p-strands S3/ S4 (Figure 1.2). A critical 

step during PPAR activation involves a ligand-induced change in the conformation of H12 

to an active or "on” position. This acts as a molecular switch and creates a binding cleft on 

the receptor for the co-activator. A cleft for co-repressor complexes is formed in the same 

region when HI2 is in the inactive or “oft" position. The PPARy-LBD cavity is Y-shaped 

and can be separated into three arms; Arm 1, extending toward the activation function-2 

(AF2) of helix 12, consists of mainly polar residues. Arm II, situated between helix H3 and 

the P-sheet, is mainly composed of hydrophobic residues. Arm 111, the entrance to the 

FBD, is primarily composed of polar residues and displays structural differences to Arm I 

and II. Subtype specificity of PPAR modulators is accounted for, in part, by differences in 

Arm structure. For example, arm 1 of PPARS is narrower in the area next to the AF2 helix 

than the corresponding regions in PPARa and PPARy^'*.

Typical PPAR agonists share several common chemistries: an acidic head group connected 

to an aromatic through a short linker, and a second linker region that connects the aromatic 

ring to a cyclic tail. This cyclic tail is generally represented by either an aromatic or an 

aliphatic ring system and typically contains hydrogen bond acceptor functionality. The 

acidic head group (as seen in carboxylic acids or 2, 4 thiazolidinediones) is involved in up 

to four hydrogen bonds with EBD amino acids. This head group interaction profile 

facilitates anchoring of the AF2 helix and is deemed crucial for full agonist PPAR 

activation^^.
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Kigurel.2S<ructure of the PPARy-I.BD/SRCM Peptide Secpience Complex (PDB ID: IFM6).
Polypeptide backbone is shown as a ribbon diagram, indicating the I2u helices that comprise the PPAR l.BD 
domain. Created in MOE (V 2010.10)

Key insights have been gained in the area of PPAR ligand binding seleetivity through 

comparison of co-crystallised PPAR/modulator complexes. These structures have proven 

invaluable in ascertaining the rationale behind specific PPAR binders and modulators 

which show activity across multiple PPAR subtypes. Comparison of crystal binding poses 

has guided efforts in deciphering the chemical features needed of a PPAR modulator to 

elicit a specific or broad target effect. Also. PPAR X-ray structures provide detailed 

information on the structural biology of these important targets, particularly with regards to 

the identification of key amino acid residues that facilitate PPAR modulator binding. 

Reasons behind PPAR modulator specificity will be dealt with in more detail in Chapter V.

10
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1.2 Peroxisome Proliferating Activated Receptors (PPARs) - Human 

Health & Disease
In 1990, the discovery of the first PPAR was crucial to the elucidation of the mechanisms 

behind peroxisome proliferation. Originally identified in Xenopus frogs, the identification 

of PPARa as the leading regulator of the peroxisomal P-oxidation pathway paved the way 

for subsequent research efforts into the intriguing and diverse world of this nuclear 

receptor subtype. Initially, the medical significance of PPARs in human health was 

unclear. However, this viewpoint changed with the disambiguation of PPARy's 

involvement in adipogenesis^^. This observation led to increased research interest in 

PPARs role, both in normal biological processes and those implicated in pathological 

conditions (Table l.l). PPARs are intrinsically linked with metabolic conditions and 

growing evidence is suggesting a more novel role for the receptor family in diseases with 

inflammatory or neurodegenerative traits.

1.2.1 Metabolic Disease
PPARa. p/5 and y function as lipid sensors that coordinate to regulate the expression of 

large gene arrays directly involved in modulation of metabolic events (Figure 1.3). As 

such. PPARs have been the focus of intensive study for treatment of a wide range of 

metabolic disorders. PPARy agonists (e.g. TZD's) have been shown to have insulin- 

sensitising activities, concerted mainly by pleiotropic effects in adipose tissue. PPARa 

agonists (Fibrates) display an anti-atherosclerotic and hypolipidemic effect, consequent 

from induction hepatic lipid uptake and catabolism. The role of PPARp/5 function in 

metabolic control has been elucidated through preclinical studies, in which PPARp/6 

agonism subdues metabolic abnormalities and obesity, apparently by up-regulating lipid 

catabolism in skeletal muscle.

1.2.1.1 PPARy
Anti-diabetic PPARy agonist TZD's suppress insulin resistance primarily in adipose tissue, 

with lesser effects seen in skeletal muscle and liver. In support of the idea that PPARy 

ligands main mode of action is through adipose tissue, it has been demonstrated that they 

alter the expression of genes that are involved in lipid uptake, lipid metabolism and insulin 

action in adipocytes^^. Resultant from this is enhancement of adipocyte insulin signalling, 

lipid uptake and anabolic lipid metabolism alongside attenuation of lipolysis and free fatty 

acid (FFA)

11
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Figurel.3The beneficial metabolic effects of PPAR ligands. PPAR-y agonists are effective in treating 
T2DIV1. They modulate the expression of numerous genes in adipocytes, which results in improved insulin 
sensitivity, increased fatty acid uptake and decreased lipolysis. As a result, circulating FTA levels are 
diminished. Activation of PPAR-y also results in changes in adipokine production, remodelling of adipose 
tissue, and the concurrent repartioning of lipids from lipolytic visceral fat into subcutaneous fat that contains 
newly generated, small insulin-sensitive adipocytes. PPAR-y agonists also decrease the inflammation of 
adipose tissue that is induced by obesity and contributes to increased insulin resistance. As a result of these 
multiple adipocentric actions (pale orange); PPAR-y activation improves insulin sensitivity in skeletal muscle 
and liver, and reduces hyperglycemia. In dyslipidemic subjects, PP.AR-a agonists induce lipid uptake and 
catabolism and the production of apolipoproteins A-l and A-ll, thereby diminishing circulating TG and 
increasing HDL-C levels (cream). In addition to their anti-dyslipidemic activities, recent in vitro and 
preclinical data indicate that PPAR-a agonists also have direct vasoproteetive effects (brown). Activation of 
PPAR-5 increases fatty acid oxidation and uncouples energy metabolism in skeletal muscle. Thus, PPAR-5 
agonists lower triglycerides, increase HDL-C and protect against obesity in preclinical species (dark red). 
Dotted lines represent activities observed only in preclinical experiments and in vitro. Taken from Rangwala 
et. al'**

release. It has been proposed that PPARy agonists ameliorate hyperglycaemia by reversing 

lipotoxicity-induced insulin resistance'^*^. Also, clinical data trom patients with type 2 

diabetes mellitus (T2DM) demonstrates that PPARy agonist's function as “adipose 

remodelling factors" that redistribute lipids from insulin-resistant, lipolytic visceral-fat 

depots into subcutaneous fat that contains newly differentiated, insulin-responsive 

adipocytes. Concurrent with alteration of fat deposition. PPAR agonists have been shown

12
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to modulate the endocrine activity of adipose tissue by regulating the synthesis of 

adipokines that affect insulin signalling in hepatic and peripheral tissue^*^.

Recent studies have also indicated that PPARy activation may have beneficial anti- 

atherosclerotic effects. Administration of PPARy agonists decreases the size of 

atherosclerotic lesions in low-density lipoprotein receptor knockout (LDLR ") and 

apolipoprotein E knockout (ApoE' ') mice, which serve as murine models of the disease^^’ 

It has been noted that this anti-atherogenic effect occurs independently of improvements 

in dyslipidemia, insulin resistance and hypertension, which would indicate direct vascular 

effects*’'. Activation of PPARy induces lipid efflux from macrophages, inhibiting their 

transformation into foam cells and directly augmenting peripheral cholesterol transport, 

fhis activity is apparently a result of up-regulation of the ABCAI cholesterol transporter 

via a transcriptional cascade with LXR-a. but this theory remains controversial*’\ Final 

proof of the anti-atherosclerotic application of PPARy agonists awaits definitive evidence, 

although early results provide reason for tentative optimism. Treatment of T2DM patients 

with PPARy agonists reduces plasma levels of inflammatory biomarkers that are predictive 

of cardiovascular disease. As these changes are observed before pathological fluctuations 

in metabolic parameters, they support direct and beneficial vascular actions of PPARy 

agonists.

1.2.1.2 PPARa
During prolonged periods of hypoglycaemia, fatty acids are released from fat depots and 

are transported to the liver where they are taken up, oxidized and metabolized into ketone 

bodies, providing fuel for peripheral tissues. The central role of PPARa in controlling this 

energy homeostasis is demonstrated by the phenotype of PPARa null mice. On fasting, this 

murine model is characterised by hypoglycaemia, hypoketonemia, hyperlipidemia and 

hepatic steatosis*’"*.

Dyslipidemia, characterised by elevated circulating levels of triglycerides (TGs) in tandem 

with decreased levels of high-density lipoprotein cholesterol (HDL-C) is frequently a 

precursor to cardiovascular disease*’^. PPARa agonists have been shown to decrease 

plasma TG levels and increase HDL-C levels*’*’. Decreased TG levels are mediated by an 

increase in lipid uptake, aetivation and eatabolism through the transeriptional regulation of 

multiple genes that that control these processes^*. Increased HDE-C production is partly 

regulated by augmenting hepatie production of apolipoprotein A-l (apoA-l) and apoA-ll. 

Both forms are major components of HDL-C*’^.
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In parallel with improving dyslipidemic lipid proHles, data has indicated that PPARo. 

agonists may also have direct vasoprotective effects at atheroma sites. This hypothesis has 

gained plausibility because vascular cells contain significant amounts of PPARa and have 

wide ranging roles in the atherogenic process^^. Endothelial function in the dyslipiderriic 

state is associated with the development of atherosclerosis. In vitro studies with endothelial 

cells have shown that PPARa agonists block cytokine-mediated induction of vascular cell- 

adhesion molecule I (VCAMI) by inhibiting the NF-kB pathway^*^. Further evidence has 

also shown a PPARa agonist dependent increase in nitric oxide production, which 

indicates they might have a protective vasodilatory effectSeveral other studies have 

shown beneficial effects of PPARa agonists, with anti-inflammatory, cholesterol transport 

and atheroma stabilising cited as positive occurrences in vascular function and 

artherogenesis^'.

I.2.I.3 PPARp/8
In comparison to PPARa and y, PPAR(3/8 displays a ubiquitous expression profile and 

relative lack of selective ligands. As such. PPARfVS still remains the least understood 

PPAR subtype. However, in vitro and in vivo studies using specific PPARp/8 agonists, 

tissue-specific over expression or knockout mouse models have demonstrated a diverse 

array of PPARfVS functions in adipose tissue, muscle, skin and also in inflammation and
72cancer .

Over-expression of constitutively active PPAR(V6 in mouse adipose tissue protects against 

genetic or high-fat-diet induced hyperlipidemia, steatosis and obesity. Increases in the 

expression of genes that are responsible for sequestering energy from fatty acids were also 

noted^'l Another study showed that over-expression of PPAR(3/5 in mouse skeletal muscle 

was found to induce differentiation of mitochondria-rich, oxidative type I muscle fibres^"*. 

Resultant from this was a resistance to diet-induced obesity and an increase in exercise 

endurance.

In terms of PPAR(3/5 mediated treatment of metabolic disease, activation of this subtype 

may become an important pharmacological point of intervention for these disorders. 

PPARp/6 agonism has been shown to improve atherogenic dyslipidemia by reducing TG 

levels. In skeletal muscle. PPAR(3/5 agonists may also up-regulate fatty acid transport and 

oxidation, which leads to a reduction in fatty acid-induced inflammation and insulin 

resistance. In adipose tissue, PPARp/5 ligands have prevented the activation of NF-kB by 

reducing the production of inflammatory cytokines and abrogating IL-6-induced insulin

14



General Introduction

resistance. Recent research has also shown beneficial effects of PPARp/5 activation in 

cardiac muscle, preventing cardiac hypertrophy, lipid-induced inflammation and improving 

cardiomyopathy^^.

Despise a wealth of preclinical data supporting the theory that PPARp/6 mediated 

treatment can be beneficial in metabolic disease, a gap has developed between preclinical 

data and clinical trials. For example, the ability of PPAR(3/5 activators to raise HDL-C 

levels in rodents has been demonstrated in primate models, but the anti-obesity effects seen 

in rodents has not been observed in primates. Issues have also arisen about potential 

negative sequelae (i.e. carcinogenesis) from long term treatment with PPARp/8 

modulators^'. In line with other PPAR mediated experimental treatments, additional 

studies will need to be performed in order to fully ascertain the efficacy and safety profiles 

of novel PPARp/5 compounds.

1.2.2 Inflammation
Concurrent with the well-studied effects of PPARs on metabolism, an ever-growing body 

of evidence is suggesting that PPARs are also important immune system regulators. Of 

great interest is the therapeutic activity of PPARy and PPARa ligands in several rodent 

models of inflammatory and autoimmune disease, suggesting a plausible similar activity in 

human disease as welT'^. Ligands for PPARp/5 have received less attention compared to 

the other subtypes, but reports have shown therapeutic activity in experimental 

autoimmune encephalomyelitis (EAE)^^. PPARs are ubiquitously expressed in dendritic 

cells, macrophages, and B & T lymphocytes. In addition, they show expression in 

epithelial cells, which play an essential role in the mucosal immune response. PPARa is 

also expressed in endothelial cells, where it regulates the expression of leukocyte adhesion 

molecules. Thus, several cell types are potential targets for the anti-inflammatory effects of 

PPAR ligands.

In addition to studies performed with PPAR ligands in mice with normal protein 

expression, mice with mutations disrupting one of the PPAR genes have provided evidence 

for the anti-inflammatory effects of PPARs in vivo. For example, mice with a mutation 

knocking out one copy of the PPARy gene (PPARy heterozygote's), mice with a targeted 

disruption of the PPARy gene in macrophages (PPARy'^'^'*’), and mice that have a targeted 

disruption of the PPARy gene in the intestinal epithelium (PPARy^" '’'^) all have increased 

susceptibility to chemically induced colitis^^'™. Similarly, mice that have both copies of the 

PPARa gene knocked out (PPARa ' homozygote’s) have a worsened course of disease in
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several models for inflammatory and autoimmune disease, including chemically inducted 

edema and pleurisy, cerulein-induced pancreatitis, and EAE^^. Importantly, all studies 

showed a difference between control and PPAR-deflcient mice in disease severity in the 

absence of exogenously administered PPAR ligand. This evidence suggests an anti

inflammatory role for either un-liganded PPAR or PPAR bound to exogenous ligand(s). 

1.2.2.1 Ligand-Dependent Trans-repression: Anti-Inflammatory Mode of 

Action of PPARy
Eigand-bound nuclear receptors, including the PPARs, repress the expression of 

inflammatory-response genes via a mechanism termed Ligand-Dependent Transrepression 

(LDT) . Transrepression is distinguished from active repression of target genes in that it 

does not involve sequence-specific binding by the nuclear receptor DNA-binding domain, 

and that it operates to antagonize signal-dependent activation of target genes by other 

classes of transcription factors, including NE-kB and AP-I proteins.

Repression of lipopolysaccharide (l.PS)-induced iNOS (NOS2) gene expression in 

macrophages has been characterised in detaif^*^. Activation of the transcription of iNOS and 

a subset of other inflammatory-response genes occurs in two steps (Figure 1.4). In the 

inactivated state, the iNOS gene is actively repressed by a multi-subunit complex 

containing NCoR, histone deacetylase 3 (HDAC3), FBIJ, and f I3LRI. When EPS binds 

to TLR4, the NF-kB signaling pathway is activated, I kB is degraded and NF-kB p65-p60 

heterodimers enter the nucleus. Parallel with these events, the co-repressor complex is 

ubiquitinated and degraded by the 19 S proteasome. NF-kT3 p65-p60 heterodimers bind to 

the kB element located in the iNOS promoter, facilitating the recruitment of co-activator 

complexes and activation of iNOS gene transcription. Work by Pascual et al. has shown 

that when cells are treated with PPARy agonists (Rosiglitazone or GW0072) plus EPS, 

ligand binding triggers conjugation of a fraction of cellular PPARy with SUMO I (Small 

Ubiquitin-like Modifier) on lysine 365. This process is mediated by the SUMOylation 

pathway E2 ligase Ubc9 and E3 ligase PIASE SUMOylated PPARy binds to NCoR and 

blocks clearance of the co-repressor complex, therefore maintaining the inflammatory 

promoter in the repressed state. SUMOylation of PPARy is predicted to prevent its hetero- 

dimerisation with RXR. thereby dedicating the PPAR monomer to a repressor function. 

SUMOylation of PPARy provides a molecular theory of how ligand-bound PPARy is 

converted from an activator of PPRE-containing targeted genes to a repressor of 

inflammatory-response genes that are occupied under basal conditions by NCoR
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complexes. Of specific interest in this process is the allosteric change in K365 that enables 

ligand-dependent SUMOylation.
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Figurel.4IVlodel for mechanisms of LPS activation and PPARy-dependent repression of the iNOS gene. 
Explanation provided in Section 1.1.8.1. taken from Pascual et at’’.
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General Introduction

I he allosteric confirmation adopted is distinct from and apparently independent of 

structural changes that mediate co-activator recruitment, suggesting that it might be 

possible to chemically intervene and subsequently separate trans-activation from trans

repression activities.

1.2.3 Alzheimer’s Disease (AD)
Recent research has advocated a role for PPARy as a therapeutic target for treatment of 

Alzheimer's disease. The suggestion that PPARy may be of utility in treatment of AD 

arose from consideration of its effects on insulin action, energy metabolism, lipid 

metabolism and infiammation. Multiple studies using murine models of AD have been 

carried out to determine the therapeutic utility of PPARy modulators in disease 

progression. Heneka et al. conducted a study using a dosing regimen of a PPARy agonist 

(pioglitazone) in murine AD models. Ibuprofen-treated animals comprised the controls for 

this study'”. Treatment with pioglitazone (40mg/kg/day) resulted in an approximate 20- 

25% reduction in Af3 plaque burden and in Ap42 levels in the brain. Additionally, 

significant reduction in microglial activation was noted. This study provided the first 

conclusive evidence that PPARy agonists could suppress AD related pathology. Another 

study examined the effect of PPARy agonist rosiglitazone in Tg2576 mice'^'^. These mouse 

phenotypes display a metabolic abnormality, including increased fasting serum 

glucocorticoid levels and insulin resistance. A 6-week treatment of rosiglitazone restored 

insulin responsiveness in the models and lowered glucocorticoid levels. Importantly, the 

PPARy agonist rescued behavioural deficits displayed by the mice.

AD is a complex neurodegenerative disorder with a diverse etiological basis. Contributions 

from genetics, environment and natural aging processes have all been implicated as 

causative factors. Ample evidence shows that multiple physiological functions are altered 

in AD'^^. PPARy exhibits pleiotropic physiological functions in multiple systems; therefore 

PPARy agonists could exert their beneficial effects in treating AD by regulating multiple 

aspects involved in AD. Ap homeostasis, insulin sensitivity, inflammation, energy 

metabolism and lipid metabolism are all areas in which attenuation of PPARy activity 

could prove beneficial in AD. Of late, specific attention has been focused on the role of 

infiammation in Alzheimer's disease. The AD brain is characterised by a significant 

microglial-mediated inllammatory response. Afl plaque deposition results in the 

accumulation of microglia that becomes physically associated with deposited amyloid. 

Persistent activation of abundant plaque-associated microglial typifies the human disease
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and its murine models. Activation of Ap-stimu!ated signaling pathways mediated the 

acquisition of a reactive, pro-inflammatory phenotype accompanied by the elaboration of a 

wide range of pro-inflammatory cytokines, chemokines, acute phase proteins, as well as 

reactive nitrogen and oxygen species. Chronic activation of microglial and their production 

of pro-inflammatory molecules are postulated to accelerate the disease progress, 

culminating in neuronal death. Inflammation has been proposed to exacerbate amyloid 

deposition and disease progression, whereas anti-inflammatory therapies inhibit Ap 

generation and slow disease progress.

The role of PPARy in regulating the microglial inflammatory response has attracted 

substantial attention in the literature^^. The anti-inflammatory activity of PPARy agonists 

has been proposed to account for their positive effects in a number of animal models of 

various CNS disorders, including AD. A body of extensive and compelling evidence shows 

that PPARy agonists suppress pro-inflammatory gene expression. PPARy agonists have 

been shown to inhibit the expression of inflammatory cytokines, chemokines, matrix 

metallopeptidases (MMPs), cyclooxygenase 2 (COX-2) and inducible nitric oxide synthase 

(iNOS), each of which is reliant upon NF^B-dependent transcriptional effects'^^. fleneka et 

al. have shown that pioglitazone acts to suppress iNOS and COX-2 expression in the brain 

of murine models of AD*^^. Another study in aged mice have provided solid evidence that 

rosiglitazone treatment is associated with elevated levels of the anti-inflammatory cytokine 

IL-4 in the brain ,which the authors suggest may underlie the anti-inflammatory actions of 

PPARy agonists*^^.

1.2.4 Parkinson’s Disease (PD)

Parkinson's disease is a progressive and chronic neurodegenerative disorder, characterised 

by progressive loss of dopaminergic neurons in the substantia nigra. Like AD, the etiology 

of PD is still largely elusive; however, a large body of evidence suggests the prominent 

roles of oxidative stress, inflammation and apoptosis in the pathogenesis of PD (Figure 

1.5). A multitude of evidence has directed a role for PPARs as possible points of 

intervention in PD. Several PPAR agonists have been experimentally shown to exert 

neuroprotective aetivity in PD. One such study showed that the PPARy agonist 

pioglitazone exerted protective effects in a mouse model of PD. In this study, oral 

administration of pioglitazone prior to MPTP (I5mg/kg i.p) treatment attenuated the MP'FP 

intoxication-induced glial activation and prevented dopaminergic cell loss in the SN pars 

compacta*^*^. These findings were further supported by another study in which pioglitazone
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was shown to protect against chronic MPl’P-induced neurotoxicity"’*^. Pioglitazone 

protects against IVIPI'P induced toxicity by blockade of the conversion of MPTP to its 

active metabolite MPP^, via inhibition of monoamine oxidase-B. Pioglitazone treatment 

also resulted in significantly reduced activation of microglia, iNOS levels, expression of 

nitrotyrosine in dopaminergic neurons and markedly reduced numbers of glial fibrillary 

acidic protein (GFAP) positive cells in the striatum as well as in the SN. An increased 

expression of the inhibitory of the inhibitory protein-k-Bx, and decreased nuclear 

translocation of the NF-kB subunit p65 in dopaminergic neurons, glial cells and astrocytes 

was observed following MPTP, which suggests an anti-inflammatory and anti-apoptotic 

activity of pioglitazone'*’*’. PPAR y agonist rosiglitazone was also found to act in a 

neuroprotective capacity in models of PD. It was shown to protect human neuroblastoma 

cells (SH-SYSY) against acetaldehyde and MPP+ induced mitochondrial dysfunction and 

oxidative damage. These studies provide evidence that in addition to their anti

inflammatory actions, PPAR-agonists also provide neuroprotection by regulation of 

expression of antioxidant enzymes and by keeping a balance between pro-apoptotic and 

anti-apoptotic gene expression.
PPAR-y agonist. 

NSAIDs

Wealthy

Target gene 
expression

PPAR*(x,y, 6
•Expressionf 
•GNA binding^

PPAR<i,y, 6 
agonists

Figurel.SMechanisin of neuroprotective action of PPAR in Parkinson’s disease (PD). O.xidative stress, 
apoptosis, inflammation, mitochondrial dysfunction, proteosomal dysfunction are all common factors for PD 
pathogenesis. (Taken from Chaturvedi et al.'°')
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Certain non-steroidal anti-inHammatory drugs (NSAIDs) such as indomethacin, ibuprnfen, 

naproxen and fenoprofen have all been shown to specifically bind to and activate PPARa 

and/or PPARy'^'. Ibuprofen and indomethacin were recently tested for their efficacy to 

exert neuroprotection in neurodegenerative disorders including PD'^'. Ibuprofen treatment 

in mesencephalic cultures significantly attenuated dopaminergic toxicity caused by 

glutamate, 6-hydroxydopamine or MPP, whilst indomethacin protected against MPTP 

induced neurotoxicity, decreased microglial activation and lymphocyte infiltration in the 

MPTP mouse model. However, several other NSAID's which do not activate PPAR also 

exert neuroprotective effects in PD models through PPAR independent mechanisms by 

decreasing ROS, COX-2 and NF-kB expression. Nonetheless, several epidemiological 

studies suggested an association between regular intake of PPAR activating NSAIDs and

reduced prevalence of PD 102

1.2.5 Multiple Sclerosis (MS)

Multiple sclerosis (MS) is an inflammatory de-myelinating disease of the CNS that affects 

more than one million people worldwide. The disease usually begins in young adults and 

affects women more frequently than men. In 80-‘)()% of cases. MS starts with a relapse- 

remitting course (RR-MS), with acute CNS lesions often characterised by a disturbance in 

the blood-brain barrier, local edema and de-myelination. By contrast, 10-20% of patients 

begin with a primary progressive course (PP-MS) without much inflammatory activity but 

where brain atrophy correlates with disability. Destruction of oligodendrocyte myelin 

sheath is the pathological hallmark of RR-MS, whereas axonal degeneration contributes to 

irreversible long-term disability in patients with chronic progressive MS.

Although the definitive etiology of MS remains elusive, it is generally viewed as an 

autoimmune inflammatory disease, resulting from activation, expansion and homing of 

myelin-antigen-sensitized T cells in the CNS, in which B cells, macrophages and microglia 

play significant roles'^^. Activation of immune cells, secretion of inflammatory cytokines 

and differentiation of encephalitogenic T helper (Th) I and Thl7 cells are processes 

associated with the pathogenesis of MS. Earlier studies have identified the human 

leukocyte antigens (HLA) as susceptibility genes for MS and recent studies have identified 

the IL-7 receptor alpha chain (CD127) as another susceptibility gene for MS. Other factors 

such as the environment and history of certain microbial infection have been linked to MS 

etiology.
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Ihe anti-inflammatory effects of PPAR agonists have been studied to understand the 

mechanism of action in EAE and Whilst pro-inflammatory cytokines IL-ip, lL-6,

TNF-u, lL-12, IL-23, IFN-y and IE-17 mediate the pathogenesis of CNS demyelination, 

the anti-inflammatory cytokines IL-4, IFN-P, FGF-P and IL-IO confer recovery in MS and 

EAE. I5d-PGJ2 has been shown to inhibit EAE in association with inhibition of neural- 

antigen-specific T cell proliferation, decrease IE-12 and IFN-y production and increased 

IFN-p. IE-10 and IL-4 in immune cells. While the activation of resident glial cells and 

infiltration of leukocytes is associated with CNS inflammation and demyelination, 

chemokines promote the trafficking and entry of immune cells across the blood - brain 

barrier into the CNS in EAE and MS. The PPARy agonists troglitazone and pioglitazone 

reduce the expression of monocyte chemoattractant protein-1 (MCPI), interferon-inducible 

cytokine protein 10 (IP-10; CXCL.3), monokine induced by gamma interferon (MIG), 

Interferon-inducible T-ce!l alpha chemoattractant (l-TAC), mitogen-activated protein 

kinase interacting protein I (MIPIa) and regulated upon activation, normally T-expressed, 

and presumably secreted (RANTES) in EAE, thereby limiting the infiltration of immune 

cells into the CNS. The modulation of adhesion molecules, MHC class II, CD40, CD28, 

intercellular adhesion molecule (ICAM) and cytotoxic f-lymphocyte-associated antigen 4 

(CTEA4), may also account for reduced infiltration of immune cells following treatment 

with PPARy agonists in EAE*^^.

Recent findings regarding the role of PPARy agonists in inhibition of macrophage activity 

and subsequent cytokine secretion has highlighted the potential role of PPAF^y in 

attenuating the disease state of MS. Several groups have demonstrated the use of PPARy 

agonists for the treatment of MS in the Experimental Allergic Encephalomyelitis (EAE) 

model. Niino et al showed that in vivo treatment with the PPARy agonist troglitazone 

ameliorates MOGp35-55-induced EAE in C57BL/6 mice''*'’. Diab et al. showed that the 

administration of 15d-PG.I2 significantly reduced the severity of EAE in MBP-speciflc 

TCR-transgenic mice'”^. Also, Feinstein et al showed that oral administration with 

pioglitazone reduced the incidence and severity of MOGp35-55-induced chronic EAE in 

C57BL/6 mice and MBP-induced relapsing EAE in BIO.PIDespite many promising 

reports on the beneficial effects of PPARy agonists in EAE, no information is available at 

present in other de-myelination models. Only one study exists where a patient was treated 

with l5-45mg oral pioglitazone per day, where clinical benefit was shown by 4 weeks and 

vast condition improvement was gained within 3 years. However, this study remains

anecdotal in nature and lacks verification against suitable control studies. Clinical trials
23



General Introduction

with large number of MS patients are essential to determine whether the protective effects 

of PPARy agonists observed in the EAE model can be translated to human patients.

1.2.6 Summary
Overall, the PPARs regulate expression/transrepression of a diverse set of target genes 

involved in the control of the above outlined processes. Imbalances in the mediation of the 

PPAR associated biological processes can lead to a plethora of clinically significant 

pathological states. Type II diabetes, obesity and atherosclerosis have been highlighted as 

diseases where therapeutic intervention via PPAR-mediated processes may be beneficial. 

More recently, the role of PPARs in conditions ranging from inflammation and 

neurodegeneration to cancer and infertility has shown a broader scope for their implication 

in various abnormal conditions in man. As a result, the PPARs have naturally evolved into 

attractive therapeutic targets within the pharmaceutical industry Current pre-clinical and 

clinical trial studies are working toward judging the efllcacy and validity of PPAR 

treatments in these disorders.

1.3 PPAR Modulator Design
First generation PPAR modulators were discovered and optimised through screening in 

rodent disease models without any prior know ledge of their mode of action. Several years 

on from these initial investigations, researchers discovered that the PPARa agonist ethyl-a- 

4-chlorophenoxyisobutyrate (cloflbrate) evoked a decrease of lipid levels in animal models 

Further studies demonstrated that cloflbrate decreased lipids in hypercholesterolemic 

patients through regulation of Very-Low-Density fdpoprotein (VLDL) and Eow-Density 

Lipoprotein (LDL) levels However, with evidence in hand, investigators were still 

perplexed by the mode of action of cloflbrate. Subsequently, years of research were 

required in order to elucidate the mechanisms by which the drug exhibited its lipid 

lowering effects.

The next evolution of PPAR modulation was that of the thiazolidinedione class of drugs. 

Fhiazolidinediones (TZDs or glitazones) were the first agonists to display high affinity for 

a subtype member of the PPAR family TZDs are generally selective for PPARy over 

other subtypes, although exceptions are known in the literature regarding their activities on 

PPARa and PPARp/8 Researchers initially described their hypolipidemie and 

hypoglycaemic effects in the early I980's as a result of studies involving synthesised 

analogues of eloflbrate Following on from this, investigations into the Structure- 

Activity Relationships (SAR) of analogues led to the discovery of ciglitazone
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Although never used clinically, ciglitazone sparked considerable interest in the TZD group 

of PPARy agonists. In 1988, troglitazone was shown to decrease insulin resistance by both 

increasing insulin-stimulated glucose utilisation and reducing hepatic gluconeogenesis"^. 

T his TZD was approved in the US in 1997 as an anti-diabetic agent but was subsequently 

withdrawn worldwide in 2000 due to associated liver toxicity Clinical trials showed 

that 1.9% of patients on this therapy had elevated serum transaminases and zonal necrosis 

of the liver During this period, TZD drug discovery efforts also lead to the discovery of 

BRL-49653 (rosiglitazone). Rosiglitazone was shown to normalise blood glucose levels, 

display oral availability and compared to ciglitazone, showed greater selectivity and 

potency"^' In tandem to this, Japanese researchers developed another TZD compound, 

pioglitazone (AD-4833), which also showed positive effects on the glucose and lipid 

profiles in patients with type 11 diabetes

fhe significant off-target side effect profiles demonstrated by TZDs and other PPAR 

modulators necessitate further comment. The exact underlying mechanistic interactions 

leading to a particular pathology is far from clear but some “red fiag" interactions are 

becoming apparent. Rosiglitazone has been shown to inhibit the activity of long-chain 

acyl-CoA synthetase 4 (ACSL4) and fatty acid partitioning in smooth muscle cells and 

macrophages'*^. Nozama et al .demonstrated that the sulphate conjugated metabolite of 

troglitazone is well transported by organic anion transporting polypeptide C (OA'fP-C) and 

also acts as a strong transport inhibitor. This could be a possible contributing factor to the 

reported hepatotoxicty of troglitazone by disrupting hepatic infiux and efflux transport'*'. 

Converse to negative off target effects, several potentially beneficial side effects have also 

been documented. Fryer et al. showed that the activation by TZDs of 5'-AMP protein 

kinase (AMPK) can increase insulin sensitivity '**. Also, troglitazone has recently been 

shown to increase cardiomyocyte contractility in a p-arrestins 2 (parr2)-dependent manner 

via recruitment to angiotensin type I a receptor (ATIaR) -- This may have potential 

beneficial effects for the treatment of cardiovascular problems. In a hind limb ischemia 

murine model, pioglitazone has been shown to restore blood flow recovery and capillary 

density in ischemic muscle and that this process is mediated by the Akt-VEGF pathway'*”*. 

TZDs have also been shown to activate p38 mitogen-activated protein kinase which affects 

cell growth and differentiation'*'^. The interplay between the non-PPAR mediated 

pharmacological effects of TZD related compounds is highly complex and an overall 

picture of the beneficial versus detrimental mechanistic issues is still to emerge.
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Aside from the established therapies currently available, many alternatives to the Hbrate 

and thiazolidinedione chemical classes of PPAR modulator are being developed. As 

detailed later on, recent research has shown that a shift from the traditional PPAR 

modulator scaffold is becoming common place - the range of small molecules that show 

activity against PPARs suggests a decreased reliance on a small number of chemical 

classes as potential modulators. Aside from chemical classification, PPAR modulators can 

also be grouped based on their target activities. PPAR subtype agonists, dual, pan and 

specific PPAR modulators have all been discovered (Appendix I).

1.3.1 PPARa Agonists

Work by Reddy et al. in the mid-1980s showed that Gbrates increase the transcription of 

peroxisomal fatty acid P-oxidation genes'*^. Since then, the hypolipidemic fibrate drugs 

have been established as an important class of PPARa modulators. Clofibrate, fenofibrate, 

bezafibrate and Wy-14643 were amongst the t1rst hypolipidemic agents developed, even 

though their mode of action was not deciphered until the discovery of PPARu in the 1990s. 

Therapeutic indications for tibrates arose from their ability to decrease TGs and raise 

levels HDLc. However, fibrates were limited by their weak potency as PPARa agonists. 

High doses were required for clinical activity (300-l200mg/day) and all compounds had 

EC50 values in the high micromolar range. The inherent problems assoeiated with the 

fibrate elass of PPARa agonist led to efforts to identify more potent and subtype-selective 

PPARa modulators. A series of ureidofibrates were shown to have improved activity in 

rodent models of hyperlipidemia than that of the traditional fibrate therapies. GW 2331 

was shown to bind to PPARa with nanomolar affinity'^^. Following on from this, further 

work enabled the ureidotibrate chemical class to be optimised for activity on PPARa " . 

Related to the fibrate to ureidotibrate shift, GW 9578, a ureidothioisobutyric acid, was 

reported as a potent (hPPARa EC50 = 50nM) and PPARa selective agonist'"'^. Studies also 

showed that it exhibited an improved lipid-lowering activity compared to fenofibrate ‘ .

In recent times, investigations towards the discovery of novel PPARa agonists has led to 

compounds with chemical and structural diversity from those of the flbrate/ureidoflbrate 

group. In 2003, Xu et al. synthesised and tested a new series of hPPARa agonists 

containing a 2,4-dihydo-3H-l.2,4 triazole-3-one (triazolone) core From the series, 

LY5I8674 (EC50 = 42nlVl) was brought forward for clinical studies. Results ultimately 

proved disappointing as the compound was shown to only lower TG levels and raise HDLc 

levels comparable to the weak PPARa agonist fenofibrate. Safety concerns were also
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flagged when elevations in creatinine levels were observed in test subjects'^'. Further work 

in the area of rational PF’ARu modulator design lead to the discovery of a novel series of 

substituted 2-[(4-aminomethyl)phenoxy]-2-methylpropionic acids. Through modification 

of the selective PPARp/8 agonist GW5015I6 and optimisation of the subsequent series, 

GW590735 (EC50 = 4nM) was discovered as a potent and selective PPARa agonist'^". 

Clinical trials recorded reduced I'G and apoBlOO levels in participants'^^ In 2010, Li et al. 

published on the discovery of an oxybenzylglycine based PPARa selective agonist'^'*. 

BIVIS-687453 (hPPARa EC50 = lOnM), a 1, 3-oxybenzylglycine based compound, was 

shown to have favourable potency and selectivity against PPARa. Studies showed that its 

functional binding to PPARa (a/y EC50 ratio = 410) and negligible cross reactivity against 

a panel of human nuclear receptors presented the oxybenzylglycine as a PPARa specific 

agonist. Investigations into its preclinical safety profile also proved positive. Evidence 

suggests that BIVIS-687453 should have minimal drug-drug interaction due to its negligible 

inhibition of tested CYP isozymes or induction in a human PXR transactivation assay'^"*. 

No cardiovascular safety concerns were raised as a result of in vitro or animal model
i.'ijscreens .

Over the past decade, a selection of low nanomolar PPARa specific agonists have been 

progressed into various stages of clinical development and investigation, flowever, it 

seems that the advancement of these promising PPARa specific modulators has been 

suspended primarily due to clinically observed safety issues caused by numerous side 

effects - thought to be ’off target'. As a result, a market still remains for the rational 

development of safe novel PPARa agonists. A new generation of PPARa targeting 

treatments may result in an acceptable alternative to the monopoly held by the clinically 

significant, but weakly binding fibrates.

1.3.2 PPARp/8 Agonists
Whilst PPAR (3/5 remains the lea.st understood subtype, evidence based recognition of its 

role as a regulator of genes involved in fatty acid oxidation and retrograde cholesterol 

transport has emerged Further investigations have linked PPAR p/5 to important roles 

in lipid homeostasis and glucose disposalHowever, there are currently no marketed 

drugs that target PPAR (3/8.

fhe discovery of the first PPAR (3/5 modulators eame about from research carried out in 

Merck From this series of non-TZD compounds, L-165041 was tested in a leptin 

receptor deficient cih/cih mouse to investigate its effects on glucose and lipid profiles.
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Although no changes were observed in glucose or TG levels, the PPAR [3/8 agonist 

increased HDL-c levels without changes in Vld)L-c or LDL-c levels. However. L-165041 

only showed a 10-fold selectivity for PPAR (3/8 over PPARy and its affinity for the murine 

PPAR p/8 was weak compared to that of the human receptor"'. Further rational design of 

PPAR p/8 agonists led to the potent and selective agonist GW50I5I6. Studies have shown 

that GW50I5I6 improves insulin resistance, lowers plasma glucose and corrects metabolic 

syndrome in primate models of obesity'^^. Complimentary to this, GW50I5I6 was shown 

to reduce serum triglycerides and prevent the reduction of FIDL-c and apo-AI levels in 

sedentary human volunteer's .These results further implicated a role tor PPAR p/8 

modulators in the treatment of metabolic disorders. GW50I5I6 development was initially 

halted in 2007 by GlaxoSmithKline whilst in Phase II clinical trials, but trials were later 

resumed with subsequent safety/efficacy studies completed in early 2011 

Aside from GW50I5I6, other novel PPAR (3/8 agonists have been entering various stages 

of clinical trials. M[3X-8025 has completed Phase I safety and tolerability studies and 

Phase lb studies have shown that the drug candidate demonstrated a reduction in TGs. 

l.DL-c and blood glucose levels in healthy adult test subjects Subsequently, MBX- 

8025 recently completed Phase II clinical trials Another 2"*' generation PPAR (3/8 

targeting compound recently receiving attention is KD30I0. Studies have shown that the 

molecule increased HDL-c levels whilst reducing glucose, insulin, intra-hepatic lipids and 

circulating TGs in standard models'^^. KD30I0 is currently undergoing Phase I clinical 

trials as a potential metabolic disorder treatment

In 2006, Sauersberg et al. identified a novel partial PPAR (3/8 agonist that displayed 

beneficial effects on lipid metabolism in vitro and in vivo. [4-[3,3-bis-(4-bromo-phenyl)- 

allylthio]-2-chloro-phenoxy]-acetic acid was rationally designed from the structural 

starting point provided by a previously published pan-PPAR agonist'"*". Testing via the 

hPPARS (LBD)-GAL4 transactivation assay displayed an EC50 = 53nM. According to the 

group, the PPAR p/8 partial agonist corrected the plasma lipid and glucose profile of the 

double transgenic mouse model (apoBIOO/CETP-Tgn) on a par with that of the full agonist 

GW50I5I6'‘*^. These results highlighted a possible area of development for rational design 

of partial PPAR p/8 agonists. In 2010, Epple et al. published work detailing novel bisaryl 

substituted thiazoles and oxazoles as highly potent and selective PPAR (3/8 agonists 

Advancing from a pan-PPAR hit obtained through a HTS campaign, the group concluded 

that the thiazole derivatives tended to be more selective for PPAR p/5 over the other PPAR 

subtypes. Oxazole analogues were generally more potent but showed less selectivity for
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PPAR p/6 activation. One compound, 38c (hPPAR[3/6 EC50 = l7nIVl) showed good 

pharmacokinetic properties and demonstrated in vivo regulation of genes involved in 

energy homeostasis in relevant metabolic tissues when acutely dosed in C57BI/6 mice 

As a result of a growing interest in the area of PPAR p/5 modulator design, it is now 

evident that p/5 agonists have the potential to treat disorders such as dyslipidemia and type 

II diabetes. Other suggested applications could be their use in the treatment of diseases 

with intlammatory or oxidative stress components. However, obstacles do stand in the way 

of development of such agents. Long term safety considerations about PPAR p/6 

treatments for dyslipidemia and type II diabetes exist. Also, in view of the controversial 

role PPAR p/5 may play in carcinogenesis, the potential effects of PPAR p/5 agonists 

(likely to be taken over long periods of time) in cancer dictates serious consideration in 

compound safety profiling. With existing fibrate and statin treatment options available, any 

potential drug candidate must normally exhibit a therapeutic advantage beyond that which 

currently exists. As research allows for the gradual elucidation of its involvement in 

normal vs. pathophysiological processes, intervention through modulation of PPAR p/5 

activity may become a reality within the clinic.

1.3.3 PPARy Agonists
In the mid I990's, the first agonists with high affinity for PPARy were a class of anti

diabetic agents known as thiazolidinediones (TZDs or glitazones) Over a 15 year 

period, the TZDs had been developed through empirical compound screening in animal 

models of insulin resistance. Initially, the molecular mechanism of TZD action remained 

unknown until a series of reports suggested a link between the chemotype and PPARs“'. 

Experimentally, TZDs had been shown to induce gene expression in adipocytes (e.g. fatty 

acid transport protein, acyl-CoA synthase and lipoprotein lipase) and to promote 

adipogenesis'”*^ Investigations involving binding and transactivation assays resulted in 

the identification of the novel anti-diabetic agent BRL49653 (rosiglitazone). Rosiglitazone 

was shown to have high affinity and selectivity for the PPARy receptor (EC5o= 325nM). 

Additional studies with TZDs showed that their potency was correlated to their ability to 

induce glucose lowering in rodent models. Resulting TZD related work provided strong 

evidence to implicate PPARy as the major receptor mediating the anti-diabetic activity of 

the TZDs-'.

Isoglitazone, a structural homolog of rosiglitazone, binds to PPARy with approximately 

10% affinity compared to levels shown by rosiglitazone. Despite this, isoglitazone was
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shown to be a more potent anti-diabetic agent in animal experiments than rosiglitazone and 

several other TZDs Studies have suggested that isoglitazone activity on PPARy is 

dependent on its tissue distribution, with full to partial agonism display dependent on its 

localised effects. NC-2100, a structurally similar TZD to isoglitazone, also displays 

specific activity on PPARy dependent on its tissue localisation. Although NC-2100 

displays EC50 values 30-50 fold higher than other comparable TZDs, it had the same 

capability to reduce plasma levels of glucose in mice. 1 he authors of the study concluded 

that full agonist TZD-induced activation of PPARy does not directly correlate with anti

diabetic action. Rivoglitazone has been shown to have superior bioavailability, efficacy 

and longer half life in rats when compared to rosiglitazone and pioglitazone. Rivoglitazone 

was also shown to have limited action on other PPAR subtypes and, by 2010, had entered 

advanced clinical trials'”**.

TZDs contain a stereogenic centre at C-5 of the heterocyclic head group but they have 

been typically developed as a racemate since they undergo racemisation under 

physiological conditions. Studies have shown that only (A)-enantiomers of the TZD class 

bind to the receptor with high affinities''*^. Resultant from this is the suggestion that only 

50% of current fZD drugs bind to the target receptor, with the remaining 50% functionally 

inactive at the target of study. To overcome this problem, Buckle et al. synthesised acyclic 

head group compounds that were less prone to racemisation. SB-213068 and its (S)- 

isomer, SB-236636 are representatives of a senes of u-alkoxy-(Tphenylpropanoic acids 

These dihydro-cinnamate derivatives showed activity against PPARy and PPARu, with the 

(S)-enantiomer showing higher binding affinity for PPARy over SB-213068. AZ-242, 

another dihydro-cinnamate derivative, also demonstrated activity against PPARy and a. It 

showed enantiomeric stability which would prove beneficial over that displayed by the 

Traditional" TZDs. AZ-242 dose-dependently reduced the hypertriglyceridemia, 

hyperinsulinemia, and hyperglycemia of oh/oh diabetic mice''*'*.

Tyrosine-derived PPARy modulators gained considerable attention with the discovery of 

G1 262570, GW 1929 and GW 7845 by researchers at GSK. PPARy agonists based around 

a tyrosine scaffold afforded an opportunity to chemically shift from the traditional TZD 

modulator. The tyrosine series contained some of the most potent PPARy agonists known 

at the time, with many analogues having sub-nanomolar activity against hPPARy. In 

general, compounds also showed greater than 1000 fold selectivity for PPARy over PPARa 

or PPAR(3/5. GW 1929 demonstrated anti-hyperglycemic activity equal to troglitazone at 

> 100-fold lower plasma concentrations in ZDF rats '^**. Farglitazar. the N-(2-
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benzoylphenyl)-L-tyrosine derivative, was implicated as an anti-fibrotic agent in tandem 

with its insulin sensitising activity'"^'. However, clinical trials did not bare out this activity 

and with its suspension in Phase III clinical trials in 2001 due to peripheral edema and 

limited efficacy it is unclear as to where its future development lays'^'.

Alongside the typical chemical classes of PPARy modulator, other structurally diverse 

PPARy agonists have been described in the literature. This could be. in part, due to the 

receptors “promiscuous" binding pocket (~I300A^) which is seen to accommodate a large 

collection of modulator types and could provide interesting directions for future drug 

discovery programs. A group of indenone derivatives synthesised by Ahn et al. showed 

potent activity against PPARy, with EC50 values in the mid to low nanomolar range 

Utilising HTS, the group discovered the unique indenone PPARy modulator chemotype, 

which did not contain either the TZD or carboxylic acid moieties associated with other 

agonists. X-ray crystallographic studies also showed that compound 14c, the most 

efficacious indenone agonist (EC50 = SOnlVl), displayed a different binding pose at the 

PPARy-l.BD when compared to rosiglitazone. The indenone moiety occupied the base part 

of the region and the phenylpropyl group stretched deep into the upper part of the cavity.

1 he authors postulated that this different binding pose may bring about different 

pharmacological and biochemical properties to those of the TZD or carboxylated PPARy 

full agonists, but as of yet, this remains unproven, fhe potential of this chemical class for 

PPAR modulation will need to be explored furtber but the high affinity binding afforded by 

the indenone moiety highlights the potential to move away from the traditional agonist 

scaffold.

A variety of nonsteroidal anti-inflammatory drugs (NSAIDS) are known to activate PPARs 

at micromolar concentrations''^'^ '^^. Felts et al, demonstrated the ability of derivatives of 

the NSAID sulindac sulfide to agonise the activity of PPARy whilst lacking 

cyclooxygenase (COX) inhibition Inhibition of COX has been implieated in observed 

gastrointestinal and cardiovascular side effects of NSAID treatments. Experimental results 

showed that sulindac sulfide and its 2’-r/c.v-methyl derivatives are potent inducers of 

PPARy. Compound 24 was shown to have an EC50 of lOOnM in a PPRE-luciferase 

aetivation assay. Moreover, compound 24 induced PPARy target genes, L-FABP and aP2, 

and indueed adipogenesis in 3T3-L1 cells. Although the authors acknowledge the need for 

further studies, such sulindac sulfide derivatives could offer a basis for the discovery of 

novel NSAID based PPARy drug candidates.
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Recent reports in the literature have shown the identification of ((3-carboxyethyl)-rhodaninc 

derivatives showing PPARy activity. Using virtual screening techniques, researchers 

identified compounds containing the thiazolidin-based core structure, 2-thioxo- 

thiazolidine-4-one, which showed variable affinities against PPARy . SPI8I8 showed a 

binding affinity more than 6-fold higher than that of rosiglitazone and comparable to that 

of the marketed drug pioglitazone'^^. In a cell-based transactivation assay, SPI8I8 showed 

only partial activity against PPAR(3/8 and none for PPARa. tagging it as a relatively 

specific PPARy agonist. The group also suggested that the rhodanine heterocyclic played a 

different role in binding compared to that of the TZD group of rosiglitazone. The putative 

docked binding pose of SBI8I8 was similar to that of rosiglitazone but displayed different 

hydrogen bonding properties. The study suggests that ((3-carboxyethyl)-rhodanine 

derivatives could emerge as a potential chemical class of PPAR modulators, although more 

work involving quantitative determination of their binding pose and further compound 

testing are required.

1.3.4 PPAR a/y Dual Agonists
Dual agonist modulation of PPAR a/y has been suggested as a feasible strategy to achieve 

a broader or more balanced spectrum of subtype-mediated beneficial effects. PPARy 

activation associated weight gain may be offset by the ability of PPARa activation to 

induce lipid catabolism and thereby attenuate the side effects observed in current PPARy 

drug treatments In recent times, a number of diverse PPARa/y dual agonists have been 

reported. However, after progression into clinical trials, the vast majority of these dual 

modulators have proved unsuccessful. Farglitazar, ragaglitazar, muraglitazar. tesaglitazar, 

MK-767 and TAK-559 have all seen development cease due to adverse effects and toxicity 

problems. Ironically, many of these agents" exhibited side effects (weight gain, edema, etc) 

which the PPARa/y dual agonist strategy was supposed to address.

Recent research efforts have continued to focus on the PPARa/y dual agonist approach. 

With an aim to developing more efficacious PPARa/y dual activators, Suh et al. designed 

and synthesised a series of diaryl a-ethoxy propanoic acid compounds'^’^. Comprised of 

two aryl groups, compounds were linked by rigid oxime ether or isoxazoline rings. 

Compound 18, an oxime ether linker derivative, was shown to have preferential 

transactivation for PPARy over PPARa (PPARy EC50= 0.028pM vs. PPARa EC50 = 7.22 

pM). This PPARy/a activity ratio was in line with the belief that compounds displaying 

slight PPARa modulation but selective PPARy agonist activity could provide a solution to
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managing blood glucose levels and weight gain simultaneously In dh/dh mice, 

compound 18 reduced blood glucose levels by 76% at a 3mg/kg dosing regimen over an I I 

day period'^”. Although proving more effeetive at indueing hypoglycaemic effects than 

muraglitazar, compound 18 still elicited weight gain seen with PPARy agonists.

Matin et al. discovered a series of 7-hydroxy-benzopyran-4-one derivatives as novel and 

potent dual PPARa/y agonists The 7-hydroxy-benzopyran-4-one moiety was shown to 

be the core pharmacophoric feature of these molecules, sharing similarity to the core 

structure of both the fibrates and TZDs. From a collection of “natraceuticals" and synthetic 

ligands, they identified four compounds with potent activities against PPARa and y 

(compounds 68, 70, 72, and 76). According to the authors, comparison to \VY-I4643 and 

rosiglitazone shows that the active 7-hydroxy-benzopyran-4-one derivatives as some of the 

most potent PPARa/y compounds known at present. Cytotoxicity studies also showed that 

active compounds were considerably less toxic than data reported for WY-14643 or 

rosiglitazone Research is currently underway around the in vivo pharmacology of lead 

eompounds.

Further developments in the area of PPARa/y dual agonist ereation have lead to the 

discovery of a series of 2-aryloxy-3-phenyl-propanoic aeids displaying full and partial 

activity on PPARa and y, respectively'^\ Following on from previous work, Fraechiolla et 

al. developed the series from a compound showing structural similarity to the aetive 

metabolite of the PPAR partial agonist, Metaglidasen. Phase II clinical trials have shown 

that the pro-drug ester form of Metaglidasen is rapidly and eompletely modified in vivo 

into its free acid form. Improvement in measured metabolic parameters was observed 

without the side effeets of edema or weight gain associated with full agonism of PPARy 

The authors discovered that inclusion of a linker into the diphenyl system of compound 

I resulted in the identification of a new ligand set showing improved poteney on 

PPARa and equipotent on PPARy. X-ray crystal and docking studies on the most 

interesting compounds, stereoisomers S-2 and S-4, provided insight for their different 

agonist profiles on each individual receptor. Researehers also showed that selected 

compounds I, S-2 and .V-d did not have appreciable inhibitory effects on skeletal muscle 

chloride conductance, which can account for cardiomyopathies associated with lipid 

lowering drugs. These promising results may pave the way for a new generation of 

PPARa/y dual agonists although further investigations will have to account for their in vivo 

model effects.
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As illustrated by past and present research, preclinical data in rodent models of type II 

diabetes show that the PF’ARa/y dual-targeting approach is feasible as an anti-diabetic and 

anti-hyperlipidemic treatment strategy. Dual agonists have shown the pharmacological 

effects associated with both PPAR subtype-specific agents. In view of this, it would be 

reasonable to suggest that PPARa/y dual targeting would prove to be an advantageous 

approach to glucose and lipid control, flowever, several problems have emerged during 

rational development of this treatment approach. According to Henke et al. one of the 

major challenges facing the design of PPARa/y dual targeting agents is the identification of 

the optimal PPARa and PPARy activity ratio Ideally, a scenario is envisaged where 

glucose and lipid control is obtained without the associated side effects shown in PPAR 

receptor overstimulation. Ligand exploration has lead to modulators with relative 

selectivity bias for PPARa or PP.ARy. whereas other compounds have shown almost 

equipotent affinity for both receptors. Ultimately, the most effective therapeutic balance 

will be shown by success within the framework of the clinical trials process. Other 

considerations, such as the differences in rodent and human metabolism, remain prominent 

in evaluating the efficacy of PPARa/y modulators in preclinical studies. At present, the 

development of PPARa/y dual agonists is an active area of research, affording the potential 

to offer a novel therapeutic strategy in several disease states, including type II diabetes and 

atherosclerosis. Nevertheless, in the path of progress lie many obstacles which are 

highlighted by the numerous dual agonists that unsuccessfully cleared various stages of 

clinical trials. Problems relating to efficacy, compound toxicity and lack of translation 

from rodent preclinical studies to human trials are amongst the reasons as to why this is so. 

1.3.5 PPAR7/p(8) Dual Agonists

Based on their intricate involvement in lipid metabolism. PPARy/fl (5) dual agonists have 

been propositioned as a potentially beneficial approach towards treatment of 

hyperlipidemia, insulin resistance and attenuation of atherogenesis. Research into the 

development of such agents is still in its infancy and is highlighted as such by infrequent 

reports in the area of PPARy/fl (6) dual agonist design. However, researchers at 

GlaxoSmithKline identified a collection of PPARy/p (6) dual agonists using solid-phase 

parallel synthesis'^’. Compound 23 showed low nanomolar affinity at the PPARy and (V8 

receptors (EC50 = 4 and l9nM, respectively) and testing in male ZDf' rats resulted in a 

substantial decrease in plasma glucose levels and serum triglycerides. However, as pointed 

out by Shearer et al. no data detailing effects on body weight or infiammatory markers was
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reported. Another study detailed the etTects of the dual PPARy/(3 (8) agonist (R)-3- 

propionic acid. In ZDF rat models, the compound successfully produced less weight gain 

relative to levels observed with rosiglitazone treatment whilst commanding an equal level 

of glucose homeostasis'^*^. Evidence shows that PPARy/p (8) dual agonists could form the 

basis for management of type II diabetes without the associated side effects seen with other 

treatments. Further research in the area is needed before the rationale of a PPARy/p (8) 

dual targeting strategy gains momentum.

1.3.6 PPAR-Pan Agonists
Current research has been looking to combine the potential effects of PPARa, p/8 and y 

agonists into one PPAR pan agonist. The effects seen from dual targeting has led to the 

postulation that an agonist targeting all three PPAR subtypes could have benefit in a broad 

spectrum of metabolic disease states by improving insulin sensitisation, obesity, 

dyslipidemia and hypertension BeneHcial effects may also be obtained in disorders 

with major inflammatory components. At present, some pan PPAR agonist treatments do 

exist and a number of compounds have been progressed into clinical trials. BezaEbrate is a 

well established PPAR agonist with over 25 years of therapeutic use. BezaEbrate activates 

human PPARa, PPARp/8 and PPARy with EC50 values of 50, 20, and 60 pM, 

respectively*'. Clinically it has shown beneficial effects in improving insulin sensitivity, 

inhibiting atherosclerosis and in the prevention of ischemic heart injury'^'^. Still in 

experimental stages are a number of novel pan PPARa/p/y agonists. At last report, GSK's 

PPAR pan agonist sodelglitazar was under investigation in Phase III trials for participants 

with recent acute coronary syndrome and type 2 diabetes mellitus Positive preclinical 

results highlighted its efEcacy in reducing glucose, insulin and triglyceride levels in 

primates, with elevation in HDLc levels without weight gain or edema '™. LY465608 was 

initially elassed as a PPARa/y agonist but further researeh showed that the eompound also 

exhibited signiEcant activity on the PPARp/8 subtype, effeetively elassing it as a PPAR 

pan agonist'^'. Preclinical rodent studies have demonstrated its ability to lower plasma 

glucose levels, improve insulin sensitivity and effect positive changes on lipid and 

cholesterol homeostasis. Weight gain side effects were noted as a consequence of long 

term treatment in ZDF rats, but were classed as signiEcantly lower than that observed in 

models treated with the PPARy full agonist rosiglitazone. At present, it is unclear as to 

what progress EY465608 has made in clinical trials. More recently, researchers have 

developed a novel 2-chloro-5-ethylpyrimidine based compound, GW693085, which is
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17"^claimed to have PPAR pan agonist activity However, initial reports have detailed data 

on aspects of its synthesis only and no related in vitro or in vivo work has been made 

available as of yet.

Research into the area of rational PPAR pan agonist development has driven forward high 

expectations for this approach in ameliorating the side effects observed with both current 

and dismissed or discontinued PPAR modulator interventions. According to literature, the 

main point determining the efficacy of PPAR pan treatments is whether they can deliver an 

improved therapeutic index relative to current PPAR selective agonists As with all 

prospective drugs, a clear advantage must be presented when contrasted to agents already 

marketed. Development of PPAR-pan agonists is still ongoing and results from clinical 

trials are awaited in order to gauge their efficacy as successful treatments.

1.3.7 Selective PPAR Modulators (SPPARMs)
To eoLinteract the clinical issues associated with multiple subtype targeting PPAR agonists, 

many researchers have turned to the quest for rationally designed selective PPAR 

modulators that could potentially deliver improved therapeutic indexes. The design of 

SPPARMs requires an intimate knowledge of the intrinsic biological factors that control 

the actions of a ligand. SPPARMs bind to their target receptor in different regions than 

that of a full agonist and as a result induce a different receptor conformationfhe 

SPPARM induced conformation then facilitates a specific co-factor recruitment profile 

which ultimately results in a different cellular or transcriptional response (Figure 1.6). 

Rational design of SPPARMs aims to exploit these alternate physiologieal responses in the 

hope of eradicating or attenuating the side effects observed with other PPAR targeting 

approaches. The use of selective modulation has been exemplified by the selective 

estrogen receptor modulators (SERMs), tamoxifen and raloxifen'^'*, both of which display 

tissue-specific gene regulation and overall improved safety profiles.

Out of all PPAR subtypes, recent reports have shown a predominant interest in selective 

PPARy modulators. It is believed that a SPPARyM-based treatment could activate target 

genes that mediate processes of particular interest (glucose homeostasis, inflammatory 

responses, etc) without the subsequent promotion of genetic elements that account for 

weight gain, edema and other noted side effects. One theory regarding SPPARyM mode of 

action was put forward by Choi et al. in 2010'^^. In this study, the authors suggested a 

potential mechanism of action for SPPARyMs via inhibition of CDK5 mediated 

phosphorylation of PPARy. Phosphorylation of PPARy does not alter its adipogenic
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capacity but leads to the dysregulation of a large number of genes that show altered 

expression in obesity, including reduction in adiponectin expression. Based on the results 

obtained, the authors suggest that lesser degrees of agonism, as typically displayed by 

SPPARMs, could enhance the beneficial effects of blocking CDK5 mediated 

phosphorylation of PPARy whilst avoiding typical side effeets shown by elassieal agonists. 

GW0072, a non-TZD thiazolidine acetamide, is perhaps the first example of a SPPARyM 

in the literatureShowing only 15-20% eftlcaey relative to rosiglitazone, the high 

affinity partial agonist has been shown to bind to the PPARy-LBD with a distinct 

conformation when compared to traditional PPARy agonists. GW0072 is not seen to 

interaet with the AF-2 helix region and in co-repressor/activator recruitment studies it 

induced a reduced ability to recruit CBP and SRCI. Balaglitazone is a novel SPPARyM 

thiazolidinedione which is showing promising results in pre-elinieal and clinical trial 

testing. Balaglitazone displayed partial agonism in vitro (EC50 = l.3jiM) and improved 

potency compared to that the full PPARy agonist rosiglitazone. The relative efficacy of 

balaglitazone to rosiglitazone was measured at ~52% in transactivation assay'^^. 

Glycaernic control by balaglitazone (3mg/kg) in dh/dh mice was more potent and 

efficacious than that of rosiglitazone (6mg/kg). At time of publieation, balaglitazone is 

currently in active Phase III elinieal development to determine its eftleacy as a type II 

diabetes treatment
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Figurel.6Hypothetical model showing mechanisms of action of selective PPARy modulators 
(SPPARyMs). In the iinliganded state (top), the PPARy receptor constitiitively exists as a heterodimer with 
the RXR nuclear receptor and the heterodimer binds to PPAR response element (PPRE) of the target gene. A 
multi-component co-repressor complex is associated with the unliganded receptor heterodimer. The co
repressor complex contains histone deacetylase activity causing deacetylation of histone, which inhibits 
transcription. A. TZD binds to the receptor through AF-2 helix leading to change in the conformation of the 
receptor and stabilization for co-activator recruitment, whereas SPPARyM bind to the receptor by using 
different epitopes, resulting in conformational change in the receptor with diminished stabilization for co
activator recruitment. B. The conformational change by TZD leads to dissociation of co-repressors complex 
and recruitment of coactivator complex. In contrast, SPPARyM dissociate co-repressor complex and 
selectively recruit co-activator complex. C. Subsequently, TZD's trigger transcription of genes involved in 
insulin sensitization and side effect(s), while SPPARyMs cause transcription of genes involved in insulin 
sensitization with fewer or no transcription of genes associated with side effect(s), D. Graph showing 
activity/side effects versus concentration of TZDs and SPPARyMs. Taken from Doshi et al.'^’

38



-------------------------------------------------- General Introduction -----------------------------------------------

The rational design of INTI 31, a novel nonthiazolidinedione SPPARM, has reeently been 

reported by InteKren riierapeulics'™. From X-ray crystallography, INTI31 has been 

shown to interact with the PPARy binding pocket in a manner different to that typically 

displayed by the TZDs, showing no evidence of hydrogen bond formation at helix 12. 

INT13I has shown an SPPARM profile in rodent models of type II diabetes in which it 

showed similar or better efficacy and potency when compared to rosiglitazone. Preclinical 

studies showed that the compound did not induce fluid retention, weight gain or cardiac 

hypertrophy side effects in animal models'^'^' At present. Phase lib clinical trials 

involving INTI31 have proved positive; glycaemic control was observed at a dosing 

regimen of I mg comparable to that of a maximal dose of thiazolidinedione. Glucose 

control was achieved without weight gain and fluid retention. Results from a 24-week 

study also showed the above results, revealing the potential of INTI 31 to be a forerunner 

in new SPPARM-based treatments for type II diabetes.

I he progression of SPPARMs into clinical trials is encouraging and adds substance to the 

theory that selective manipulation of PPAR targets for the treatment of related disease 

slates is a feasible approach. SPPARMs offer the potential to separate the desirable and the 

unwanted side effects seen from modulation of PPARs. Whilst the SPPARyM field of 

research has commanded dominance in this area, the potential for selective control of other 

PPAR members remains a possibility. As with all approaches to PPAR modulation, results 

from pre-clinical to late phase clinical trials will be important in determining the feasibility 

of SPPARMs in the treatment of type II diabetes and other related disorders.
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1.4 Summary
As discussed, drug discovery aimed at targeting PPAR members for the attenuation of 

various disease states represents a significant amount of all current pharmaceutical 

research. Their importance as vectors for bio-modulation of aberrant physiological 

processes is exemplified by the sheer volume of PPAR material published over the past 

two decades. Although PPAR directed treatments do exist at present, a distinct need for 

alternatives has arisen due to the unwanted side-effect profiles of current drugs. The search 

for novel PPAR modulators has seen some failures, but reports from recent clinical trials 

have fortunately provided early stage success stories. One should view such progress with 

an air of caution; however it is encouraging to see prospective treatments clearing various 

stages of clinical trials. Most recent developments have arisen from rational approaches to 

PPAR modulation. In contrast to the traditional approach of developing full agonist PPAR 

compounds, researchers have directed a more targeted, action specific regimen towards the 

development of novel modulators. Dual, pan, partial and specific agonist drug creation 

have all been lauded as feasible approaches of targeting PPAR activity without the side 

effects associated with full agonism of the associated receptors. Of particular note is the 

evolution of the SPPARyM concept which aims to elicit a set of specific responses from 

activation of the PPARy subtype. In the treatment of type II diabetes, SPPARyMs could 

form the next generation of therapeutics, as many have shown in vivo confirmation of their 

ability to effect insulin sensitisation without typical treatment-associated side effects. In the 

area of inflammation, the potential for creation of PPAR modulators that possess a specific 

anti-inflammatory activity is promising. This approach could open up the PPAR drug 

discovery field to include disorders in which inflammation is a major component. In both 

cases however, the ultimate success of prospective treatments will lie with the results from 

safety and efficacy profiling via established testing routes
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Chapter II

Consensus Virtual 

Screening for Novel 

PPAR Modulators

Excerpts taken from Nevin, D. K.; Peters, M. B.; Carta, G.; Fayne, D.; Lloyd, D. G. Integrated Virtual Screening for the Identification 

of Novel and Selective Peroxisome Proliferator-Activated Receptor (PPAR) Scaffolds. J Med Chem 2012, 55, 4978-89.



Consensus Virtual Screening for Novel PPAR Modulators

2.1 Introduction
Discovery of novel lead chemical scaffolds that display potential interaction to specific 

targets is of paramount importance to early-stage drug discovery. Conventionally, this 

exploration was achieved by wet-lab high-throughput screening (HTS), an established 

technology used by the pharmaceutical industry. However, the high costs and low hit 

retrieval rates observed with HTS stimulated the development of computational or in silica 

alternatives to traditional screening methods.

Virtual Screening (VS), a term coined in the late I990's, essentially describes the use of 

computational algorithms and models for the identification of novel bioactive molecules. 

Virtual screening is becoming an increasingly popular method used to aid in the 

identification of novel hits from large chemical libraries. In general, VS can be divided into 

two broad categories, namely ligand-based and structure-based. Ligand-based methods 

include diverse screening approaches such as similarity and substructure searching, 

quantitative structure-activity relationships (QSAR) and pharmacophore/three-dimensional 

(3D) shape matching. In contrast, structure-based methods utilise the 3D structure of the 

biological target to dock candidate molecules at the binding site of interest. Docked poses 

are then ranked based on their predicted binding affinity or complementarity to the binding 

site. With the completion of the Human Genome Project, a wealth of potential druggable 

targets have been elucidated'. Advances in structural and biophysical techniques (i.e. X-ray 

crystallography and Nuclear Magnetic Resonance (NMR) spectroscopy) have further 

advanced structure-based screening by providing in-depth structural details and ligand 

binding characteristics of these targets"’ .

Alongside single method application, a union of ligand- and structure-based approaches 

can be used to computationally screen large databases and rationally direct which 

compounds should be advanced for further testing. Although traditionally used separately, 

many parties support the use of both methods for a successful virtual screening protocol, 

since allowing biased weighting of one technique over the other is typically not the best 

strategy to apply to a drug discovery project . This integrated screening concept involves 

the application of multiple computational techniques in parallel, with the aim of producing 

an enriched compound subset that satisfies all tiers of a virtual screening workflow. 

Assessment of the pharmacological potential of a compound via virtual screening 

methodologies may be best served through the application of computational tools for 

which sufficient information exists to derive a model. To this end, it seems logical to
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progress consensus/tiered screening models to any discovery project that can support its 

application^. Many case-studies have highlighted the applicability and successes of virtual 

screening methods in early stage drug discovery^''^. However, virtual screening approaches 

and methods are not without limitation, and have been subject to intensive critical 

evaluation'^' Further discussion surrounding problematic issues with virtual screening, 

in the context of this work, will be discussed later on.

2.1.1 Virtual Screening in PPAR Drug Discovery
A number of prominent studies have been discussed in the literature showcasing virtual 

screening approaches for PPAR drug discovery. Alongside traditional HTS campaigns, in 

silica screening has become an important technique in identification of novel chemotypes 

that display activity against the nuclear receptor subfamily.

Work by Scarsi et al. highlights the complementarity that can exist in the successful 

application of an in silica / in vitra drug discovery framework for PPAR'“. in this study, 

researchers docked a merged in-house (-8000 compounds) and commercial (-6000 

compounds) virtual screening database into a 3D structure of PPARy-LBD (PDB Code: 

1 FM9) using the program AutoDock (v3.0.5). Validation was carried out using a set of 121 

carboxylic acid-based PPARy agonists Virtual screening hit poses were ranked in order 

of the highest predicted pK, value along with the stipulation that the predicted ligand 

binding mode formed a hydrogen bond to Tyr473 along with at least two more at His323, 

His449 or Ser289. Several database compounds showed putative binding poses similar to 

farglitazar and these VS hits were carried forward for in vitra analysis where they 

displayed pICso values ranging from 2.8 to 6.6.

Another example application of virtual screening techniques for PPAR modulator rational 

design is highlighted by work carried out by Markt et al. In this body of research, 

investigators carried out a broad study covering all PPAR subtypes and created validated 

pharmacophore models from known modulators of each specific PPAR. Using a collection 

of computational tools, the researchers created a set of separate structure- and ligand-based 

models to screen for putative PPAR targeting compounds. Structure-based models were 

preferred due to the fact that information about key ligand-protein interactions are better 

described by a structure-based rather than a ligand-based model As a result, only ligand- 

based models which possessed considerable advantages over structure-based design were 

kept. In order to find the best models for PPAR agonists of the three subtypes, a test set of 

357 PPAR ligands was screened against all 48 models. Following a thorough and complex
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analysis, the group devised a highly restrictive set of pharmacophore filters for use in 

database virtual screening for novel PPAR targeting compounds. Subsequently, Markt et 

al. published work utilising this virtual screening workflow which resulted in in vitro 

confirmation of the validity of created pharmacophore models and their virtual screening 

hits'^’. fhroLigh implementation of physicochemical property filtering and 3D shape and 

electrostatic similarity screening of a focused compound library, the PPAR hit list size was 

reduced from -106,000 molecules to 10 compounds. Of this group, five tested positive in 

an hPPAR-LBD trans-activation assays and showed affinity for PPAR in a competitive 

binding assay. Compounds 5, 7 and 8 were identified as PPARa agonists whilst 

compounds 2 and 9 showed activity against PPARy (See Appendix I). Compound 9 also 

displayed PPARfl/S antagonist modulator characteristics. The combination of multiple 

virtual screening tools in this study shows a fully characterised and proven method for 

enrichment of novel scaffolds for PPAR ligands.

Another study that used a virtual screening protocol for discovery of novel PPAR ligands 

was undertaken by Sundriyal et al. Collation of pharmacophoric data on PPAR agonists 

reveals that these agents typically consist of three parts, namely an acidic head group, 

central aromatic region and a lipophilic side chain On this basis, the study involved 

exploration of alternative acidic head groups (compared to the TZD ring or free carboxylic 

acid) for the design of novel PPARy ligands. As a starting point, the crystal structure of 

rosiglitazone was extracted from the co-crystallised complex (PDB Code: 2PRG) and a 

query was generated using Catalyst (v 4.10) . Pharmacophore creation was guided by

analysis of protein-ligand interactions of rosiglitazone with PPARy and merging of this 

information with a shape and query hypothesis from the same molecule. This combination 

query was then screened against two commercially available compound databases (NCI 

and Maybridge) where a total of 16 hits were retrieved. Analysis of the virtual hits revealed 

that these barbituric acid derivatives mapped perfectly onto the pharmacophore. In order to 

further support this claim, FlexX docking was performed on a subset of barbituric acid 

derivatives into the active site of PPARy. Predicted poses showed that the hydrogen bond 

donor and hydrogen bond acceptor features of barbituric acid overlaid with the TZD ring 

and maintained essential hydrogen bonding interactions with His323, His449, Tyr473 and 

Gln286. A standard radioligand binding assay confirmed the in vitro activity of 6 of the 14 

barbituric acid derivatives, with all compounds showing low-micromolar activities against 

PPARy.
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Work by Tanrikulu et al. focused on structure-based screening for natural product derived 

PPARy agonists" . Using an aligned pharmacophore query generated from four 

superimposed X-ray structures, the group used the software LIQUID for pharmacophore 

point assignment. Resultant from LIQUID matching and scoring, a screening library was 

sorted so that the best matching compounds appear at the top of the ranked list. From the 

screen, two compounds exhibited PPAR activation in a cell-based reporter gene assay. 

Compound I (EC50 PPARy = ISgiVI) displayed PPARy agonist activity and only slightly 

activated PPARa. Compound 2, stemming from the same series, was a weak PPARy 

agonist and did not activate PPARa due to the additional piperidine linker (See Appendix 

I). To gain an understanding of the ligand-receptor interaction, the group performed 

automated docking of compound 1 into the binding site of PPARy using GOLD. The 

putative pose of compound I displayed conserved hydrogen bonding patterns between the 

carboxylic head group as shown with classical full agonists of PPARy. In synopsis, the 

authors suggest that application of “fuzzy pharmacophore” queries is a straightforward 

route to finding novel bioactive substances against PPARy.

Salam et al. described in their publication a structure-based virtual screening method used
O')tor the identification ot novel, natural product PPARy agonists Ligands from a small in- 

house natural product library were docked using Glide (v 4.0) into two structurally distinct 

PPARy templates (PDB Code IFM9 and 1F1V16). It was suggested that the diversity 

between the structures would facilitate a broader spectrum of chemodiversity in 

prospective hit lists. The 20 best scoring compounds from each docking study were 

combined and a final hit list of 29 unique candidates was selected for PPARy functional 

assay. Six out of 29 hits tested possessed biological activity (EC50 PPARy = 2.9-I6.7pM) 

and of these only two, chrysin and hesperidin, represented actives that scored in the top 20 

in each docking protocol. The authors also carried out an induced fit docking study to 

explain differences between the two docking hit lists.

An alternative approach to a PPAR virtual screening approach was carried out by Derksen 

et al. " . Aside from the typical application of structure and/or ligand-based design, the 

group carried out screening through application of a Probabilistic Neural Network (PNN). 

In short, the application of PNNs in drug discovery is to use classes of training data (e.g. 

compounds with reported pharmacological data) as reference points and to determine the 

probability of each new data point (i.e. test compound) belonging to one of the training 

data categories. Categories could be classed as "active” or “inactive” or represent

compounds that bind to a specific receptor type. Resultant from a PNN calculation is a
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probability assigned to each test compound with which it falls into its related test category. 

Although still in initial stages of development, the application provided meaningful 

separation of PPAR modulators and other drugs and successfully identified known 

compounds with PPARy and/or PPARa activity via screening of a compound database.

In 2011, Vidovic et al. published work which documented a combined ligand- and 

structure-based virtual screening protocol specifically tailored for discovery of novel 

PPARy partial agonists'"*. Working on the knowledge that the majority of PPARy partial 

agonists display different binding patterns to that observed with full agonists, the group 

focused a virtual screening workflow based on volume and shape requirements of partial 

agonists rather than molecular similarity to known PPARy partial agonists. Primarily, a 

ROCS shape-based overlay was used to identify ligands of desirable size and conformation 

to fit into the region where partial agonists typically bind. After shape-based screening, a 

docking protocol was used to identify compounds that best fit into the partial agonist 

region of the LBD pocket (i.e. avoidance of interaction with Tyr473 and conservation of 

interaction with the backbone Nil of Ser342). Best scoring compounds were then 

structurally analysed and filtered by Lipinski criteria to select a set suitable for biological 

testing. Using a combination of in vitro techniques (PPARy I'ransactivation and 

Fluorescence Polarization assay), the group identified seven potent partial PPARy agonists. 

Compounds 3-9 contained dissimilar chemotypes and displayed IC50 values ranging from 

l52nM to 30pIVI. From a virtual screening perspective, it is interesting to note that 

identified actives did not achieve the best scores within the individual methods employed - 

the use of a combined approach in this instance achieved a discernibly improved hit list. 

Continuing this trend, Guasch et al. recently published an interesting approach towards 

designing compounds with a partial agonistic activity against PPARy'^. Distinct sets of 

3D-QSAR models were generated in order to elucidate the molecular structural 

requirements for full versus partial PPARy agonism. The ultimate goal of which was to 

disentangle the chemical features required for potent ligand binding from those which 

propagate the trans-activation activity of PPARy. In order to optimise compounds towards 

displaying PPARy partial agonist activity their models highlighted the importance of 

binding to Ser342 and hydrophobic contacts within the surrounding region (arm 3) in 

addition to appropriate hydrophobic interactions and a hydrogen bond acceptor within the 

arm 2 site. Polar contacts within arm I should be avoided due to the concurrent 

stabilisation of the AF2 co-activator binding surface.
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From the case-studies presented, it is clear that virtual screening technologies can be used 

to guide a successful PPAR modulator rational design project down a developmental 

pipeline. Although virtual screening techniques are currently not used as standalone 

techniques for drug discovery, their real power of application is highlighted through their 

concomitant use with in vitro and in vivo confirmation experiments. Computational 

screening tools have the potential to guide the discovery of novel PPAR therapeutics and 

further development in this area will hopefully aid in focused screening from the offset. 

2.1.2 Chemical Structure Representation
In order to illicit a biological effect, a ligand needs to adopt to the shape of protein binding 

site termed its bioactive conformation. Since including the bioactive conformation in 

docking studies is of the utmost importance to ensure reliable results, conformational 

searching of virtual compound databases needs to be carried out. Several different 

conformer generator programs are available at present. Those used within the confines of 

this study will be discussed below.

2.1.2.1 CORINA
CORINA (COoRdINAtes) generates one low-energy conformation for each input 

molecular structure'^. The conformer generator program was developed to handle and 

process organic compounds, including macrocyclic and organometallic compounds in an 

efficient and automatic way. CORINA combines monocentric fragments with standard 

bond lengths and angles to build a 3D model of a structure from 2D. As bond lengths and 

angles possess only one rigid minimum, they can be taken from a table of standardised 

values. Torsion angles are handled differently in ring and chain systems. Rings with up to 

nine terms are taken from a table as they have a limited set of torsion angles to ensure ring 

closure. Fused rings are searched separately under geometric and energy restrictions. The 

ring conformation is then translated into 3D coordinates and refined using a simplified 

pseudo-force field. Large rings are investigated following the ‘principle of superstructure’, 

fhe ring system is reduced to its superstructure and then a 3D model is built for each small 

ring. The last step restores the large ring to obtain a complete 3D model. Alkyl chains are 

searched in anti or irons configurations unless differently specified to minimise non 

bonding interactions. After reassembling chains and rings, the structure is checked for 

potential steric clashes.
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2.1.2.2 OMEGA
OMEGA is a conformer generating program widely used in virtual screening protocols for 

exploration of molecular conformational space"^. OMEGA generates conformational 

ensembles using predefined rules that are applied to two independent components; model 

building and torsion driving. The program disassembles molecules into small fragments at 

rotatable bond points and rings. Subsequently, fragment conformations are then generated 

from pre-existing libraries. Re-assembly of the fragments then occurs along sigma bonds in 

order to build an initial molecular 3D model. Additional models are then built by 

enumeration of ring conformations from the same library used to build the initial model. 

Dihedral angles from different conformers are checked for geometric similarity. An 

exhaustive torsional search is then performed on rotatable bonds and the output conformers 

are sorted via a calculated energy metric. Parameters within OMEGA are user definable. 

For example, a user may limit the final conformational assortment by using the 

"e M'indow" parameter, which defines the energy range within which conformers are 

considered for inclusion in a final collection. Also, the max number of conformers 

generated for any molecule may be adjusted. 1 his can be an important consideration as 

some molecules (especially those with high numbers of rotatable bonds) may not sample 

enough conformational space within the default parameters of the program, d his can have 

deleterious effects further down the virtual screening pipeline. Overall, it can be said the 

parameters used within OMEGA will be highly dependent on the ligand(s) from which 

conformational space will be explored. Whilst default settings will be sufficient in most 

cases, attention should be paid to the effects, if any, of deviation from standard 

parameterisation in OMEGA.

2.1.3 Pharmacophore Models
Although several definitions exist, Ehrlich initially defined the term pharmacophore as ‘a 

collection of essential features (phoros) in a molecular framework that are responsible for a 

drug's biological activity (pharmacon)' '. Following on from this a more evolved, 

theoretically sound definition was coined -'The ensemble of slerie and electronic features 

that are necessary to enable the optimal supramolecular interactions with a specific 

biological target structure in order to enable (or disable) its biological response'^ 

Practically, one may consider a pharmacophore to be the highest common denominator of 

a collection of molecules exhibiting a similar pharmacological profile, which are

recognised by the same site of the biological target^*’.
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l.BVS approaches to drug discovery attempt to model a set of active ligand-based 

pharmacophoric descriptors for the target of interest. Pharmacophore models typically 

highlight the functional groups involved in interaction with the target. Also, such a model 

will define the nature of the chemical bonds involved and the associated charge distances. 

Overall, a pharmacophore will be used in the prediction and design of new compounds 

with activity at the target of interest. Although pharmacophore based chemotype searching 

will typically yield compounds with similar substructures, sometimes this screening will 

find molecules possessing novel scaffolds with iso-functional structures that also display 

activity for the target. This process of ‘scaffold hopping' is useful in that it identifies 

structures whose core structure differs but biological activity remains. Commercially, the 

ability to scaffold hop in pharmaceutical research and development is highly sought after 

as it offers the ability to potentially deviate from an already patented chemical class of 

drug.

2.1.3.1 Pharmacophore Annotation
A pharmacophore annotation scheme, or more simply a scheme, is an automatic procedure 

to assign pharmacophore annotation points (such as H-bond donor, H-bond acceptor, 

hydrophobe, etc.) to a 3D conformation of a molecule^'. The pharmacophore annotation 

points are not part of the molecule proper, even though some of the annotation points may 

be located directly on top of a particular atom of the molecule. The annotation points are 

what are examined by the MOE pharmacophore search; in other words, the annotation 

points are what the pharmacophore search "sees" when considering a particular molecular 

conformation. In contrast, a pharmacophore query is a collection o\ query features forming 

a (possibly complex) pattern that may or may not match a particular set of annotation 

points of a conformation. MOE has a variety of built-in schemes which provide different 

types of annotations and use different policies to locate the annotations about a particular 

conformation (Table 2.1).
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Table 2.1 Pharmacophore annotation schemes within IVIOE- l.isted is the annotation types included in the 

different pharmacophore annotation schemes available in MOE. Custom schemes can also be created by user 

specification

Annotation

Type

Unified PCHD CHD PCH PCHAII PPCH PPCH All

H-bond Donor Y Y Y Y Y Y

H-bond Donor Y Y Y Y Y

Projection

H-bond Acceptor Y Y Y Y Y Y

H-bond Acceptor Y Y Y Y Y

Projection

7t v5, non-7t H- Y Y Y

bond

Donor/Acceptor

General x v.v. Y Y Y

non-TT

Distinctions

Metal Ligator Y Y Y Y Y Y

Metal Ligator Y Y Y Y Y

Projection

Cation Y Y Y Y Y Y Y

Anion Y Y Y Y Y Y Y

NCN+ Y

Bioisostere

COO- Bioisostere Y

Aromatic Y Y Y Y Y

Centroid

Aromatic Y Y

Centroid Normal

n-Ring Centroid Y Y

a-Ring Centroid Y

Normal

Hydrophobe Y Y Y

Hydrophobic Y Y Y Y Y

Centroid

R-Group Link Y
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Annotation points divide into three broad categories:

1. Atom annotations are located directly on an atom of a molecule, such as "H-bond 

donor" or "cation" and typically indicate a function related to protein-ligand 

binding.

2. Centroid Annotations are located at the geometric center of a subset of the atoms of 

a molecule. For example, an aromatic ring annotation will typically be located at 

the centroid of the atoms of the ring. Centroid annotations can also be used to 

indicate hydrophobic regions.

3. Projected Annotations are (typically) located along implicit lone pair directions or 

implicit hydrogen directions and are used to annotate the location of possible 

hydrogen bond partners, metal ligation partners, or possible R-group atom 

locations.

The pharmacophore annotation schemes have many annotation points in common; 

however, there are some differences related to geometry calculations and the precise 

algorithmic and/or chemical typing details.

2.1.3.2 Pharmacophore Generation
Through-out this study, the Molecular Operating Environment (MOE) software package 

was used for pharmacophore generation. In MOE, the computerized representation of a 

hypothesized pharmacophore is called a pharmacophore query^'. A MOE pharmacophore 

query is a set o\' query features that are typically created from ligand annotation points. 

Annotation points (automatically detected in MOE) are markers in space that show the 

location and type of biologically important atoms and groups, such as hydrogen donors and 

acceptors, aromatic centres, projected positions of possible interaction partners or R-groups 

and charged groups. The annotation points on a ligand are the potential locations of the 

features that will constitute the pharmacophore query. Annotation points relevant to the 

pharmacophore are converted into query features with the addition of an extra parameter: a 

non-zero radius that encodes the permissible variation in the pharmacophore query's 

geometry. Once generated, a pharmacophore query can be used to screen virtual compound 

libraries for hit retrieval. Pharmacophore queries can also be used to filter conformer 

databases, e.g. output from molecular docking runs, for biologically active conformations.
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2.1.4 Docking
Within the field of SBVS, a variety of molecular docking programs are used in order to 

predict the binding affinity of a collection of potential lead candidates. In general, docking 

software performs an extensive search of the possible conformations, orientations and 

position of a molecule within the binding site (putative or empirically determined) of a 

receptor. From this, the combination that minimizes a given function is selected. Normally, 

the efficacy of a docking program is established by the efficiency of the sampling method 

and by the accuracy with which the generated poses are ranked.

Docking algorithms can be divided into three groups; stochastic, flexible and rigid. 

Stochastic algorithms perform the conformational and orientation search of the molecule 

within the binding site simultaneously. As stochastic docking is computationally 

expensive, it is not commonly used within virtual screening. Also, the method employs a 

random process in both the production of the conformers and their placement within the 

binding site. As a result of this, calculations should be performed multiple times. This re

iteration is needed in order to ensure adequate sampling of conformational space and 

ensure final docking results are consistent.

Flexible docking is implemented by several commercially available programs, such as 

Surtlex^^. Flexible method of docking exploits the fact that molecules carrying small rigid 

fragments are able to form specific interactions within the binding site. An incremental 

construction process provides the final docking solutions by building the whole molecule 

within the binding site while exploring the torsional conformational space of the later 

added fragments. Rigid docking, as employed by FRED, relies on dedicated software for 

generating 3D conformers of compounds libraries and then docks them into the binding 

site of the target of interest^^. FRED employs both rotational and translational steps when 

placing the conformers in the binding site. As FRED was used as the docking software 

throughout this study, it will be discussed in greater detail below.

2.1.4.1 FRED (Fast Rigid Exhaustive Docking)
FRED (Fast Rigid Exhaustive Docking) performs exhaustive docking by enumerating rigid 

rotations and translations of each given screening database conformer with the target active 

site (Figure 2.2). Shape based filters are used to rapidly filter compounds in the database 

that are not complimentary to the binding site^*^. Application of FRED is in two main parts. 

Firstly, an algorithm that searches for the conformational, rotational and translational space 

available to the candidate molecule within the binding site. Secondly, an objective function
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(scoring function) that calculates the measure of the receptor-ligand complementarity is 

applied. In the first stage of FRED docking is a shape fitting proeess which takes a set of 

ligand conformations as input and tests them against a ‘bump map’ ( a Boolean grid with 

true values where ligand atoms can potentially be placed)^^. Molecular orientations that 

clash with the protein or are distant from the active site are rejected. Poses that pass the 

shape fitting process ean then piped through scoring function filters in the screening 

process.

Diverse options are available for optimisation with respect to the built-in scoring functions: 

optimisation of hydroxyl group rotamers, rigid body optimisation, torsion optimisation and 

reduction of the number of poses that are passes on to the next seoring function. Available 

scoring functions in FRED are Shapegauss, PEP, Chemgauss, Chemgauss2, Chemgauss3, 

Chemscore and Screenseore. Eaeh pose is assigned a eonsensus structure score equal to the 

sum of that pose’s rank in each list. The pose with the top consensus structure score is 

retained and all other poses are disearded unless retained by the user. For the consensus 

score, weights for a single seoring function can also be user speeifled.
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Figure 2.1 Overview of FRED docking process — FRED docks molecules using an exhaustive search 

algorithm that systematically searches rotations and translations of each conformer of the ligand within the 

active site. During this search, unrealistic poses are filtered and retained poses are scored. Following 

exhaustive searching, the 100 top scoring poses are subject to systematic solid body optimisation. The best 

scoring pose is used to rank the ligand against other ligands in the database. Protein structure is held rigid 

during docking as are the ligand conformers. However, ligand flexibility is implicitly included by docking of 

conformer collections of each screening ligand. Taken from McCann et. al^'’

2.1.5 Scoring Functions
After a ligand pose has been generated within the target binding site, a scoring method 

must be applied in order to i) rank the quality of the pose in comparison to other poses for 

the compound and ii) rank the pose against other molecules in the screening database. To 

satisfy both criteria, scoring functions are used as metrics of quantifying the above. 

Scoring functions are implicit in guiding the docking of candidate compounds at receptor 

binding sites, selection of putative binding modes and in the discrimination of binders from 

non-binding molecules. Scoring functions calculate interaction energies between small 

ligands and proteins and rank docking results according to the relative binding affinities of 

different ligands. Studies have shown that some docking programs are capable of 

predicting an experimental pose up to 70% of the time, although algorithms have shown

varying pose reproducibility dependent on the binding pocket type 37
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Scoring functions are based on the assumption that binding affinity can be determined by 

summation of a series of independent terms. For this reason, all scoring functions suffer 

from a significant size dependence i.e. the larger a molecule, the higher the probability that 

It IS scored tavourably . Another inherent problem with using scoring functions is that 

they largely disregard entropic effects by evaluating interactions between a rigid receptor 

and ligand. As multiple structure poses are generally not taken into consideration, an 

assessment of receptor-ligand complementarity is measured rather than a calculation of 

binding free energy. However, due to the sheer scale of modelling complex receptor-ligand 

dynamics, the complementarity method remains the most viable alternative to expensive 

and time consuming experimentation. Different classes of scoring functions exist, and 

generally speaking they can be divided into three groups; empirical, knowledge-based or 

force field scoring functions. The theory behind those used in this study will be discussed 

below.

2.1.5.1 Empirical Scoring Functions
Empirical scoring functions assume that ligand-receptor free energy (binding affinity) can 

be partitioned into separate and distinct terms (e.g. lipophilic contacts, hydrogen bonding, 

etc). The use of experimental data, multiple linear regression or partial-least squares 

regression results in derivation of the single term contributions to the total free energy. The 

final equation form is then used to predict the binding affinity of the ligand-receptor 

complex in the form of a free energy. This calculation is in the form of a weighted sum of 

the individual contributions.

2.1.5.2 Force Field-Based Scoring Functions
Force-field based scoring functions are based on the assumption that the free enthalpy of a 

ligand-receptor complex can be divided into individual, non-correlated terms^'^. Molecular 

Mechanics (MM) force fields, such as AMBER or CHARMm are frequently used to 

calculate all atom-atom interactions in a given molecular system. DOCK and GOLD are 

both packages that utilise force-field scoring functions in calculation of receptor-ligand 

binding affinities. DOCK sums bond angle, dihedral, electrostatic and van der Waals 

(vdW) terms, which are then parameterised against ah initio calculations or structural 

dynamic and thermodynamic properties of small molecules or peptides"**^*. Coulomb and 

vdW terms are calculated in a vacuum such that only the purely enthalpic contributions to 

the total free enthalpy are taken into consideration. Internal ligand energies and entropic 

contributions are not taken into account, thus the final score is given in the form of energy
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or enthalpy rather than free energy. GOLD uses a fitness function force-field based 

approach that includes a directional hydrogen bond term, van der Waals term and internal 

energy term"". Solvation effects are approximated with a donor-water and acceptor-water 

energy term. Generally, scoring functions of this class ignore solvation contributions to the 

system. Although such calculations are accurate in many cases, they tend to be 

computationally expensive and preclude the possibility of screening large virtual screening 

databases in the majority of cases.

2.1.6 Chemical Similarity Searching
The application of chemical similarity analysis in drug design is a commonly used 

technique"*^. Numerous topological (2D) and superposition (3D) methods exist for the 

measurement of chemical similarity. Methods that work in three dimensions have 

traditionally been much slower than 2D methods. This is due in large part to the fact that 

3D methods must have some notion of the energetically accessible conformational 

ensembles available to a molecule, while 2D methods only work with a single structure. 

3D methods, however, have the advantage of being able to find chemically structures that 

have approximately the same shape to that of the template ligand(s).

2.1.6.1 ROCS (Rapid Overlay of Chemical Structures)
ROCS is a shape-based superposition method. Molecules are aligned by a solid-body 

optimization process that maximizes the overlap volume between them. Volume overlap in 

this context is not the hard-sphere overlap volume, but rather a Gaussian-based overlap 

parameterized to reproduce hard-sphere volumes (Figure 2.3). ROCS uses only the heavy 

atoms of a ligand (hydrogen's are ignored). Since shape and volume in this context are so 

closely related, a volume overlap maximization procedure is an excellent method for 

gaining insights into similar shapes. Although ROCS is primarily a shape-based method, 

user defined chemistry can be included into the superposition and similarity analysis 

process which facilitates the identification of compounds that are similar both in shape and 

chemistry.
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Figure 2.2 Principle of ROCS - ROCS is a shape-based superposition method. Molecules are aligned by a 

solid-body optimization process that maximizes the overlap volume between them. Volume overlap in this 

context is not the hard-sphere overlap volume, but rather a Gaussian-based overlap parameterized to 

reproduce hard-sphere volumes. ROCS uses only the heavy atoms of a ligand, hydrogens are ignored. Taken 

from ROCS software literature"'^

2.1.7 Virtual Screening Evaluation Metrics
In order to validate the methods and protocols within a virtual screening run, one must 

apply a group of evaluation metrics in order to have confidence in the screening results 

obtained. Many evaluation metrics can be derived and used to assess the performance of a 

method used in a VS protocol. Fundamentally, the aim of many metrics is to describe a 

models ability to retrieve known active compounds from a database containing both active 

and inactive compounds (decoys). Assessment of a model may also take into account the 

number of False Positives (FPs) found, as this can provide an indication of the level of 

random molecules needed to search through in order to retrieve a certain percentage of 

True Positives (TPs).

2.1.7.1 Enrichment Factor
Enrichment Factor (EF) is a common evaluation metric used to validate virtual screening 

protocols. EF indicates the ratio of the yield of actives in the hit list (post-virtual screen 

ranked database) relative to the random yield of actives as distributed throughout the 

unranked database. Enrichment is given by ;
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Ha

A Ht A 
D

where Ht is the total number of compounds in the hit list, Ha is the number of known 

actives in the hit list, A is the number of active compounds in the database, and D is the 

number of inactive compounds in the database.

Whilst frequently used, enrichment factor does not take into account where retrieved 

actives are ranked within the VS output. Although this can be overcome by specifying the 

enrichment factor in terms of the percentage of database screened, various other metrics 

have been derived which offer more comprehensive evaluation of a model.

2.1.7.2 ROC Curve
I’he Receiver Operating Characteristic (ROC) curve is used to assess the ability of a m^odel 

to distinguish actives from inactives within a virtual screening protocol. A ROC curve is 

formulated on the relationship between several categories. From calculation interplay, a 

models Sensitivity (Se) and Specificity (Sp) can be evaluated. Se measures the ability of a 

model to correctly select active models whilst Sp measures the ability of a model to 
correctly identify decoys^^.

In a ROC curve, Se is plotted as a function so I-Sp, with each point on the graph 

representing a Se/Sp pair. Ideally, the results would show a ‘perfect’ graph in which 

absolute discrimination between actives and decoys is obtained by the model under 

evaluation (Figure 2.3). The closer the ROC curve is to the upper left hand comer of the 

graph the higher the overall accuracy of the test. This ideal distribution, where no overlap 

between the scores of active molecules and decoys exists, is represented from the origin 

along the ordinate to the upper-left corner until all the actives are retrieved and Se reaches 

the value of 1. From then on, only decoy molecules remain to be found. It is commonplace 

in VS protocols to find overlapping distributions within ROC curve analysis. If ROC 

curves do not cross each other, the curve that is located closer to the upper-left comer 

represents the VS protocol with the better performance in discriminating active from 

inactives. If lines do cross, the validity of a model approach may not be immediately 

obvious. In this case, the ROC score or area under the curve (AUC) allows for quick 

determination as to which method is the best .
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Figure 2.3 ROC curves, (a) Theoretical distributions of scores are obtained for both actives (red) and 

inactives (blue) after processing the sample by a suitable computer test. For intelligibility of the figure, it was 

hypothesized that the scores for both active and inactive compounds had normal (i.e., Gaussian) distributions, 

although they are unlikely to be so in a usual case. Generally, these distributions overlap, leading to false 

predictions (coloured area). Upon threshold modification (dashed line), proportions of such erroneous 

classifications (reported in a confusion matrix (b)) change dramatically, (c) For all possible score thresholds, 

the evolution of the deduced sensitivity (Se) and specificity (Sp) is reported on a ROC graph, Se as a function 

of I - Sp. Calculating the area under the ROC curve is a practical way to quantify the overall performance of 

the evaluation protocol. Taken from Triballeau et. aP'*

2.1.7.3 RMSD (Root Mean Square Deviation)
Root Mean Square Deviation (RMSD) is a metric applied to compare the difference 

between two conformations of the same molecule. The RMSD is calculated between atoms 

of matched residue atoms after 3D superposition of the query to the target structures. The 

RMSD can be determined either in Cartesian space, RMSxyz, or for internal coordinates. 

RMSD is given by;
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rmsd =
kidf

n

Where n is the number of non-hydrogen atoms over which the rmsd is calculated and df is 

the distance between the Cartesian coordinates of the corresponding atom pair in the 

two conformations, when they are superimposed. RMSD is widely used as a metric in the 

evaluation of protocols that attempt to reproduce bioactive molecular conformations'*^ 

Conformer generation, pharmacophore searching and protein-ligand docking are all areas 

that utilise RMSD in quantifying their use in a particular virtual screening protocol. 

Ideally, the use of RMSD should be accompanied by visual inspection of alignments. 

RMSD calculations are sometimes limited by the fact that poses can be fundamentally 

correct, but deviation in one part of the molecule can result in calculation of a mismatched 

RMSD value. Predictions are normally defined as successful if the RMSD value of the best 

scored conformation is < 2.0A from the experimentally deteimined value'*^. However, this 

cut off value is variable depending on which protocol is being validated.

2.1.7.4 DUD (Database of Useful Decoys)
.A, key metric of molecular docking is ligand enrichment amongst top-ranking hits. In order 

to avoid bias in model validation, decoys contained in a database should resemble ligands 

physically, so that enrichment is not simply a separation of gross features, yet be chemical 

distinct from them, so that they are unlikely binders. Huang et al. have assembled a 

Directory of Useful Decoys (DUD) with 2950 ligands for 40 different targets'*^. On average 

each ligand has 36 decoy molecules that are physiochemically similar but topologically 

distinct. A potential issue regarding the DUD data set is that many actives are close 

analogs with very similar physical properties and topologies. However, DUD remains the 

largest publicly available virtual screening data set. and it is difficult to obtain statistically 

significant results in smaller data sets . Throughout the course of this study, the PPARy 

DUD set was used is order to judge a screening models efficacy at distinguishing known 

actives from putative inactive compounds.
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2.1.8 PyPe (Parallel Python Pipeline)
Since mid-2009, the Molecular Design Group (MDG) within Trinity College Dublin has 

undertaken the task of developing a platform aimed at taking full advantage of the 

computational resources available at TCD”’**. Resultant from this objective has been the 

development of a heterogeneous parallel dataflow system which dramatically increases the 

run around time of computationally expensive tasks with minimum setup. Parallel Python 

Pipeline (PyPe) is a parallel dataflow system developed from the ground up to harness the 

computational power currently available at the Trinity Centre for High Performance 

Computing (TCHPC). PyPe provides a single parallel interface to all computational 

chemistry resources currently available to the MDG (Figure 2.4). The main features and 

benefits of using the parallel interface established in PyPe are highlighted below;

• Proprietary- All implemented code was developed at TCD

• Modular- Program was developed in a logical manner

• Parallel- Computationally intensive calculations are run in parallel, dramatically 

increasing data turnover rates

• Schema- Users can build customised protocols

• Reporting- Calculation results can be outputted in standard PDF format

• Visualisation- Graphical representation of protocols
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Figure 2.4 PyPe technology platform design schematic. PyPe technology platform was designed to unify 

the interfaces between application and end user. Python/Open MPI is used to wfrap the various computational 

tools shown above into a pipeline based process.

PyPe calculations are described using an xml (Extensible Markup Language) schema. This 

schema describes a protocol (graph) that is made up of components (vertices) and 

connections (edges). Components are graphically represented as icons and workflow 

connections as arrows. Along with the obvious advantages of computationally processing 

individual virtual screening components through PyPe, the program’s ability to implement 

tiered screening protocols is one of its greatest strengths. As earlier discussed, the ability to 

apply SBVS and LBVS methodologies in a concerted tiered screening protocol is often 

advantageous in drug discovery. Developing a consensus of results by application of both 

approaches can result in drawing bias away from one methodology over the other. PyPe 

can be used to input the results from various LBVS and SBVS techniques and return an 

output that is an equally weighted consensus from each screening methodology. From the 

perspective of screening for novel modulators of PPARy, the PyPe platform is being 

applied as the means of virtual screening for that target. Knowledge about design of 

modulators for PPARy is abundant and diverse. With this in mind, it seems sensible to 

apply known data from SBVS and LBVS screens into a tiered screening model.
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2.1.9 Chapter Overview
The introductory section of Chapter 11 has served to give a brief overview of virtual 

screening for early stage drug discovery and has highlighted the differences between 

ligand-centric and structure-based approaches adopted by the scientific community. 

Particular focus on virtual screening for PPAR drug discovery was discussed, with 

emphasis placed on representation of a wide field of techniques from the area. In most 

instances, the case studies presented showcased the use of virtual screening against 

PPAR's in a positive light, with successful retrieval of novel binders shown in most of the 

work discussed. Following on from these overviews, some of the core concepts, techniques 

and programs used within in this virtual screening campaign are described. Issues ranging 

from chemical structure representation and scoring functions to pharmacophore feature 

representation and molecular docking are comprehensively detailed. Practical theory 

behind screening tools used within this study (e.g. OMEGA. FRED, ROCS, etc) is 

discussed alongside ways of critically evaluating the screening performance of these tools 

before commencement of a virtual screening campaign. Finally, development of a purpose 

built tiered screening model (PyPe) and its benefits for this work is also discussed.

In terms of the experimental goals of Chapter II, the primary objective is to successfully 

identify novel compounds that display characterisable in vitro activity against PPARy 

through implementation of an integrated virtual screening protocol. Prior to database 

screening, all components of the virtual workflow were parameterised, validated and 

optimised for the target of interest using standardised evaluation metrics. The union of 

individual screening methods (i.e. Pharmacophore, Docking and Shape-based) into the 

tiered screening model was assessed in its performance of hit retrieval compared to stand 

alone techniques. Alongside virtual screening protocol development and implementation, 

the novelty of retrieved virtual hits was also assessed and critically evaluated.
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2.2 Protocol
Unless otherwise stated, all computational protocols carried out in this work were done so 

with program default settings implemented. Desktop calculations, visualisation and data 

processing was carried out using a Dell Optiplex 790 (Intel Pentium CPU G850 at 

2.90GHz, 3.23 GB of RAM) or Dell Optiplex GX620 (Intel Pentium 4 CPU 660 at 

3.60GHz, 2.0GB of RAM) running Windows XP. Cluster calculations were run on 

Parsons at Trinity Centre for High Performance Computing (TCHPC) (Dual-Quad Intel 

Xeon at 2.5 GHz, 16CPUs). All virtual screening software and programs used were latest 

versions at time of study.

2.2.1 PPARy receptor selection, pre-processing and PLIF analysis
Using the search term “PPAR gamma” on the RCSB Protein Data Bank website search 

engine, PPAR x-ray structures were located and listed. In order to reduce the data load and 

implement a rationalised structure template selection, several exclusion criteria were 

applied to the list;

• Only structures with co-crystaHised druf’ like compounds were selected: 

Structures with natural ligands complexed were not included due to their non drug

like properties and differences in binding mode compared to synthetic ligands.

• Apo structures excluded: Apo structures of PPARy were excluded as they do not 

provide the ligand-protein interaction data that is presented with co-crystal I ised 

complexes.

• No mutant structures included: No PPARy structures with mutations in amino 

acid sequence were included for the purposes of this study

• Repeated complexes were excluded: In several cases, multiple structures of 

PPARy in complex with the same ligand were retrieved. When this case arose, the 

structure with the highest resolution was chosen.

Following implementation of the above criteria, the remaining structures were downloaded 

in .pdb format from the PDB. Protein-ligand complexes were imported and visualised 

using MOE (CCG, V 2010.10). PPARy-LBD repeats, co-crystallised complexes (co

activators, DNA, etc), structurally unimportant water molecules and repeat ligands were 

removed and the clean-up data saved in .pdb format in MOE. In order to prepare the 

dataset for PLIF analysis, all structures were imported in MOE and subsequently aligned 

using the Protein Align function. For visual clarity, proteins and ligands were coloured in 

accordance with their chain ID.
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Protein complexes were superimposed using MOEs Protein Align function (default) in 

order to carry out Protein Ligand Interaction Fingerprint (PLIF) analysis. In brief, PLIF is a 

method for analysing the interactions between ligands and proteins using a fingerprint 

scheme that allows for convenient structural differentiation between complexes. Protein 

ligand interaction profiles were analysed and PPARy complexes were segmented into two 

groups (Group A and Group B) dependent on the ligand-protein interaction profiles 

observed.

2.2.2 Conformer Generation - Method Comparison and Validation
As inclusion of a bioactive conformation in ligand datasets is of paramount importance 

in virtual screening, molecular conformational searching is routinely carried out as often 

compounds are stored as a 1D string or Hat 2D descriptions. For the purposes of this study, 

three methods of conformer generation were used and directly compared to assess their 

suitability in this screening campaign. Firstly, group A & B ligands were input to CORINA 

(v 3.46, Erlangen, Germany) to generate single I D to 3D structures (default settings)^^. In 

MCE, Stochastic and LowModeMD conformer generation techniques were studied. In 

short, the Stochastic Search method generates conformations by randomly rotating all 

bonds (including ring bonds) and randomly inverting tetrahedral centres followed by an 

all-atom energy minimization. LowModeMD Search method generates conformations 

using a short (~1 ps) run of Molecular Dynamics (MD) at constant temperature followed 

by an all-atom energy minimization. For simplification, default settings were implemented 

in both methods (Iteration limit 10,000). Conformer exploration was also carried out using 

OMEGA (v2.3.2 OpenEye, Sante Fe, NM) OMEGA generates conformational 

ensembles using predefined rules that are applied to two independent components; model 

building and torsion driving. As with MOE methods, default settings were retained for 

OMEGA, with the exception of the max confgen and max confs settings (set at 50,000 and 

10,000, respectively). In order to compare generated conformers to the validation ligand 

bioactive pose for each group ligand, a custom SVL (Scientific Vector Language) script 

(mol_rmsd.svl. Chemical Computing Group Exchange)'^'^ was used to superimpose each 

conformer to the ligand crystal pose, fhe degree of superimposition was calculated by root 

mean square deviation (rmsd) comparison.

2.2.2.1 OMEGA Parameterisation and Setting Validation
fo ascertain if deviation from default settings in OMEGA was important for conformer 

generation, the effect of select parameter variation was investigated. Previous ligand
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analysis showed that on average PPARy modulators are relatively flexible molecules 

containing 9.7 rotatable bonds. In view of this information, the max confs parameter was 

designated as holding potential importance in the exploration of conformer space for this 

virtual screening campaign.

Group A ligands were extracted from their co-complexed structures and saved in SDF 

(Structure-Data-Format) tile. The mux confs setting was incrementally varied from default 

(100-10,000). The max confgen and rms settings were fixed at 50,000 and 0.5 respectively 

to aid in initial model simplicity. Jobs were run on the Parsons cluster (details described 

earlier). Output files were saved in SDF tile. Subsequently, files were converted to .mdb 

and calculation of conformer RMSD to bioactive conformation was carried out using the 

custom SVL script previously discussed.

2.2.3 Pharmacophore Model Creation
Pharmacophore models for identification of novel PPARy modulators were created and 

adjusted using the pharmacophore query editor function in MOE (CCG, V 2009.10). Two 

methods for pharmacophore generation were applied; 1) A consensus pharmacophore 

model was built using the group B ligand data set and 2) A manually created 

pharmacophore was built using the 1 FM6 ligand (rosiglitazone) as the query template. The 

two pharmacophore generation methods are described separately below. Pharmacophore 

hypothesis performance was assessed by comparing the retrieval rate of actives vs. decoys 

in the PPARy DUD ligand data set. In tandem with this, ROC curve analysis for 

pharmacophore models was carried out on the same ligand set.

2.2.3.1 Consensus Modelling
All members of the Group B ligand data set were imported into MOE in .pdb format. All 

pdb files had been pre-processed to remove repeat structures, co-factors, waters and ions. 

Subsequently, the 12 complexes within Group B were aligned and structurally 

superimposed in MOE. Superimposed structures were visually scrutinised for 3-D 

alignment and ligand overlap at the pocket was also inspected. Using the pharmacophore 

query editor in MOE, a consensus pharmacophore query was built from the 12 ligand 

structures. The PCU pharmacophore scheme was used and all other settings were kept as 

default (Tolerance=l .2, Threshold=50%, Consensus score= weighted conformations). All 

consensus suggested features were imported into the main MOE window and the query 

saved in .ph4 format.
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2.23.2 Manual Modelling
A manually defined pharmacophore query was created on the 1FM6 ligand (rosiglitazone) 

for comparative use against the consensus query generated. In a similar manner to the 

above, a pre-processed PDB file of IFM6 was imported into MOE and a pharmacophore 

query generated using the Pharmacophore Query editor function in MOE. PCFl was used 

as the pharmacophore model scheme. Under PCH, hydrophobic features coincide with 

centroids of hydrophobic rings, chains and groups. Also, donors and acceptors do not 

include tautomeric states and cations and anions include resonance cases. Features were 

manually created in the pharmacophore query editor and the model saved in .ph4 format. 

Adjustment and tuning of the initial query (Flypo 1) was also carried out using MOE 

pharmacophore query editor. Altered settings were as follows:

• Adjustment of pharmacophore sphere radii.

• Addition of exclusion volumes around ligand binding area

• Defining of features as essential or non-essential

• Inclusion of a “partial match “ stipulation to the query

Variations were individually saved in .ph4 format and notated as “Hypo n".

2.2.4 FRED: Receptor Preparation and Method Validation
To ascertain the usability of FRED in the virtual screening protocol, its ability to 

successfully re-dock the bioactive conformation of a co-crystallised PPAR agonist 

(Rosiglitazone, PDB code: I FM6'^°) was studied. Using FRED receptor (v 2.2.5, OpenEye, 

Sante Fe, NM), the protein/ligand moieties of the complex were defined and mutable 

residue states were left at default. Constraints were placed on residues Ser 289 and Tyr 

473 (Hydrogen bond acceptor and donor features, respectively).

2.2.4.1 Bioactive Conformer Ranking
Fo assess the performance of different scoring functions used in FRED, a molecular 

database of rosiglitazone conformers (n=IOOO) created by OMEGA was seeded with the 

bioactive conformation of the compound. The complete database was then docked into the 

pre-prepared PPARy LBD receptor and the ranked output lists for each scoring function 

visualised using VIDA (v4.0.3, OpenEye, Sante Fe, NM). Comparison of the RMSD of 

output poses to the bioactive conformation was carried out using the previously discussed 

custom SVL script in MOE.
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2.2A.2 FRED DUD Validation
Subsequent to the initial component validation, the ability of FRED to discriminate 

between PPARy actives and decoys was determined using the DUD set of compounds for 

the PPARy receptor. Protocol performance was assessed using standard Receiver 

Operating Characteristic (ROC) curve analysis.

2.2.5 ROCS: Query Creation and Validation
Rapid Overlay of Chemical Structures (v 2.4.1, OpenEye, Sante Fe, NM) is used to 

perform large scale 3D database searches by using a superposition method that finds 

compounds similar to known actives'*^. Molecules are aligned by a solid-body optimization 

process that maximises the overlap volume between them. With a view to avoiding a 

thiazolidinedione bias in the virtual screening protocol, a query for ROCS was created 

using the tyrosine based PPARy agonist G1262570 (PDB code: 1FM9^*’). Based on a 

chemically distinct scaffold from TZDs, this variation was introduced to further test the 

performance of the virtual screening protocol used. 01262570 also possesses a larger 

volume than typical TZD scaffolds, allowing for accommodation of larger potential actives 

to pass this stage of the screen. The native ligand pose was extracted from source .pdb file 

and ROCS validation (v 2.4.1, OpenEye, Sante Fe, NM) was carried out using the PPAR 

DUD set previously discussed (Default). Scoring function performance was assessed by 

ROC curve analysis.
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2.2.6 Tiered Screening: Validation and Application
Following on from parameterisation and validation of individual virtual screening 

components, the performance of the protocols combined within the tiered screening model 

was analysed. A PyPe protocol implementing tiered screening was employed in a custom 

built pipeline with multiple components run in parallel in order to decrease the 

computational turnaround time and facilitate the spread of individual software calculations 

over multiple CPUs. Building on individual component analysis, the DUD PPARy ligand 

dataset was used to validate the protocol and to examine the computational performance of 

the tiered screen. All components were run using validated parameters previously detailed. 

A consensus score amongst the individual virtual screening components (C Score) was 

calculated as follows;

Consensus Score {C_Score) =

ROC curve analysis was used as a metric of quantifying performance of the tiered screen 

platform. 'Die components used within the PyPe tiered screen protocol are listed and 

discussed (Figure 2.5)

2.2.7 Database Screening
Virtual .screening for novel PPARy scaffolds was performed on the SPECS (approximately 

200,000 compounds) vendor database In order to reduce the initial dataset size, a series 

of physiochemical descriptors were applied to the database as inclusion criteria using 

MOE. Typical descriptor values were calculated from a series of 22 known PPAR ligands 

and upper/lower cut off limits applied to the filter process (Table 2.2).
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Fable 2.2 Calculated physiochemical descriptors of a set of known PPARy ligands- In order to construct 

a pre-screening database of molecules, a series of physiochemical descriptor filters were applied to the data 

set. Min/Max settings were determined from a set of 22 PPARy agonists documented in the literature (See 

Appendix). Descriptors were calculated in MOE. M. H eigh/: Molecular Weight, B_rotN: Number of rotatable 

bonds, a acc/don: No of hydrogen bond acceptor/donator atoms, hgP (o/w): log partition coefficient 

(octanol/water).

MOE Descriptor Min Max Mean Standard

Deviation

Range

M.Weight 317.40 590.74 469.65 76.09 300-550

BrotN 4.0 14 9.77 2.71 4-12

a_acc 0 5 2.77 1.23 0-5

ad on 0 2 0.36 0.66 0-2

logP (o/w) 2.62 9.36 6.64 1.76 2-8

2.2.8 Molecular Clustering
After application of the virtual screening protocol on the reduced SPECS database, the 

top 900 hit molecules were further subjected to a molecular clustering protocol in order to 

prioritise compounds for biological testing. Using a custom built Pipeline Pilot protocol (v 

8.5, Accelrys, San Diego, CA), (Figure 2.6) hit molecules were grouped into clusters using 

the FCFP_4 fingerprint (Average number per cluster: 20, Number of clusters: 45). FCFP_4 

fingerprints encode six general atom types with the numeral value denoting the diameter of 

the circular substructure. The highest consensus scoring (C Score) molecules from each 

molecular cluster were advanced to on-target biochemical testing.
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Figure 2.6 Molecular Clustering Protocol - Pipeline Pilot protocol used to cluster output database 

screening molecules from Tiered Screening. Number of clusters was set at 45, with an average of 20 

structures per cluster. FCFP 4 fingerprint was used to deduce molecular similarity. Highest scoring 

molecules from each cluster (C Score) were advanced for biochemical determination of binding activity 

against PPARy-LBD.

2.2.9 Chemical Similarity
I'o deduce the similarity between hit and training set compounds, a custom structural 

similarity protocol was created in Pipeline Pilot (v 8.5, Accelrys, San Diego, CA) (Figure 

2.7). Similarity coefficient used was Tanimoto and pre-detlned settings were FCFP4, 

FCFP6, FICFP4 and ECFP6. All molecular structures were checked for correct 

representation prior to similarity calculations.

L j
m- !►. i L j.. I- L -ii If.r ) I li-:-i.

SD Reader Molecular 
Similarity 
(Tanimoto etc)

Remove
Hydrogens

2D Coords HTML Molecular 
Table Viewer

Figure 2.7 Molecular Similarity Protocol - Pipeline Pilot protocol used to assess similarity of hit 

compound between training set ligands. Tanimoto was chosen as the similarity coefficient and FCFP4/6, 

ECFP4/6 fingerprints were used.
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2.2.10 Compound Novelty
To access hit compound novelty, actives were compared to three compound databases that 

have know associations (Integrity, World Drug Index (WDl) and WOMBAT) using a 

Pipeline Pilot similarity search protocol (Tanimoto Score, default settings) (Figure 2.7). 

Alongside comparison to the above databases, hits were screened against the NCBl 

(National Centre for Biotechnology Information) online Pubchem database in order to 

determine if compounds (or similar structures) were previously referenced as having 

activity against PPAR isotypes or other biological targets.
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2.3 Results and Discussion

2.3.1 Protein-Receptor Complex Analysis and Selection
At the time of study, approximately 98 PPAR related entries were in existence within the 

PDfi. Of this total number, 73 structures were of PPARy, of which 69 were co-crystallised 

with a ligand (4 apo-structures). After application of the selection criteria discussed 

previously discussed, the initial hit list was reduced to 22 structures. In order to further 

group and classify this data set, PLIF analysis was used to decipher what protein-ligand 

interactions were made from selected PDBs. PLIF analysis of the 22 structures showed a 

relatively diverse binding pattern throughout (Figure 2.8). All 22 structures were included 

in a conformational analysis and validation study (Group A). 1 he inclusion of a broad 

spectrum of co-crystallised chemotypes provided a sufficient span for PPAR ligand 

conformational space and ligand interaction exploration. A twelve member subset of 

Group A ligands was used for consensus pharmacophore query generation (Group B). 

Fhese compounds showed conservation of the hydrogen bond interaction profile exhibited 

by the PPARy agonist rosiglitazone (Hydrogen bonding at Ser289, His323, His449 and 

Tyr473).

104



Consensus Virtual Screening for Novel PPAR Modulators

K M (i \:
:b' 28'^ 2Si<

W 'i \. ] S I K H V
.LU mo .Ml W-' .«):i «»7 +40 47;i

II ’ o I. I 
MO Ml

F M 
.«),1 iM

K
«>7

Figure 2.8 PLIF analysis of PPARy protein-ligand complexes in IMOF - Top table shows the binding 

interaction profiles of Group A compounds, whereas bottom table highlights the interactions made by group 

B compounds. Important PPARy agonist amino acid ligand interactions are highlighted in red.
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2.3.2 Conforiner Generation: Method Comparison and Validation
In this section, a comparison between several different conformation generation methods 

was carried out (Table 2.3). With reference to the maximum amount of conformer poses 

generated for each method a general consensus across the PPARy PDB ligands is observed. 

At several points, however, it is noted that a degree of variation exists. This is particularly 

evident when contrasting the conformer generator programs in OMEGA and MOE. For 

example, OMEGA generated 9742 conformers of the I K74 ligand GW409544 whereas 

MOE Stochastic and LowModeMD generated I I conformers for each method. Also, the 

co-crystal I ised ligand in 2F4B saw Stochastic and LowModeMD methods generate 412 

and 203 conformers, respectively, compared to 8132 poses generated by OMEGA. Both 

examples highlight the clear differences in conformational space explored when comparing 

OMEGA and MOE-based methodologies. Although alternative parameterisation of each 

method could theoretically result in different conformational samplings by each of the 

methods used, the use of default settings (bar mux confs or ileralions settings in OMEGA 

or MOE) shows that OMEGA samples more PPARy ligand conformer.
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In order to compare the ability of OMEGA and MOE-based conformer generation methods 

to re-create ligand bioactive conformations, a comparison of the lowest RMSD to crystal 

pose was studied across the different programs. As represented in Figure 2.9, a plot of 

each conformer creation method used shows variance in the lowest RMSD to the bioactive 

conformation obtained. The ability of OMEGA to reproduce the bioactive conformation 

across the PBD ligand set was rated the best (average RMSD: 0.921). MOE LowModeMD 

was rated second out of the methods (Average RMSD: 0.965) whereas MOE Stochastic 

ranked third (Average RMSD: 1.028). As the differences between all three methods was 

relatively close, the practicalities of running each method came into play in deciding which 

conformer generating program to use. From a computational processing and turn over 

perspective, OMEGA outperformed both MOE-based methods dramatically As the 

difference between generation methods was marginal, the computational calculation time 

for our systems was also accounted for each method. OMEGA completed its conformer 

generation steps on the ligand set in a relatively short period of time, whereas both MOE 

methods were significantly longer. As all programs were run under the same computing 

conditions, OMEGA was chosen for use within this study due to its performance in 

bioactive pose reproduction and its lower CPU elock time. As a result of this study, 

OMEGA was selected as the conformer generation program for use in virtual screening for 

PPARy modulators.
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-Omega —“MOE Siochasttc —MOELowModcMD ------- Linear (Omega)

Figure 2.10 Performance of conformer generator programs to reproduce PDB ligand bioactive pose - 
Plotted is the lowest RMSD to bioactive pose for each PDB ligand generated by the three listed programs. 

Dashed trend line (purple) is plotted relative to OMEGA performance.
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2.3.2.1 OMEGA Parameterisation and Setting Validation
The effect of varying the max confs setting on the lowest obtained conformer RMSD to 

bioactive conformation was investigated. For 8 out of 22 ligands, no improvement in 

RMSD relative to the change in max confs settings was observed (Figure 2.1 I). For this 

ligand subset, the data suggests that the conformer with the lowest obtainable RMSD was 

found within the first 100 conformers generated. For the other 14 pdb ligands, a reduction 

in RMSD to the ligand crystal pose was observed, therefore suggesting a plausible 

reasoning behind increasing conformer space past the default setting. The maximum 

amount of conformers enumerated by OMEGA for each ligand was reached within the max 

confs of n= 10,000 setting (i.e. No ligand generated >10,000 conformers).
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Figure 2.11 Effects of varying wrtv confs in OMEGA- RMSD comparison of OMEGA created 

conformations to ligand bioactive pose. Degree of superimposition was determined by RMSD and max confs 

setting was varied from 100 to 10,000.
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In order to Judge as which maximum conformer generation setting to use, the average 

lowest RMSD generated by each ligand at varying max confs settings was listed. From the 

data presented, convergence of the lowest average RMSD obtainable appears between the 

max confs of n= 1000, 2000 setting. Increasing the amount of conformers retained to 5,000 

and 10,000 does not have an appreciable effect on the lowest average RMSD obtained. At 

the 1,000 setting, the average lowest RMSD amongst the Group A ligands is 0.938. 1FM6 

ligand (rosiglitazone) attained the highest degree of superimposition to the bioactive ligand 

conformation (lowest RMSD=0.487), whilst the 2G0FI ligand displayed the lowest degree 

of superimposition (lowest RMSD=1.853). Whilst variation of other OMEGA parameters 

may affect the lowest RMSD obtained in conformer/bioactive pose comparison, it can be 

slated from these results that parameterisation of the max confs setting n= 1,000 tends to 

sample a large degree of PPARy ligand conformational space. At this setting, the average 

lowest RMSD obtained is below 1.0 which is a good indicator of a conformer generators 

ability to create high quality, in silico poses of potential PPARy modulators.

2.3.3 Pharmacophore Modelling

Creation of a consensus pharmacophore model on group B ligands resulted in generation 

of a four feature pharmacophore query. On initial inspection of the automated query, a 

degree of ambiguity existed in the features defined by the consensus pharmacophore 

creator (Figure 2.12 and 2.13). For example, F2 was defined as a ML|Hyd|Aro|Acc|Don 

feature with a radius of 3.28A^. Although the range of consensus features within this point 

is relatively broad, the radius by which the features are positioned in space is large. By 

default, a point is given a radius of 1.5 in which a chemical entity that shares the stated 

pharmacophore must lie. The 218% increase above the default radius allocation would lead 

belief towards an ambiguous query. With regards to the other three features defined, a 

tighter consensus is obtained. FI is well defined in the query, with a consensus score of 

100% and an expression set containing only two notations (Acc&ML). Also, the feature is 

defined within a 1.25 A^ radius which indicates a good ligand overlap in this 

pharmacophoric region. F3 and F4 were received consensus scores of 92% and 58% 

respectively, but both were expressed by 4 pharmacophore features (ML|AnijAcc|Don and 

ML|Flyd|Aro|Acc respectively). Overall, this automatically generated was classed as 

unspecific for use in PPARy modulator virtual screening. As for explanation of this 

unspecific consensus model, reasoning could be sought within the chemical diversity of the 

ligand set used, fhiazolidinediones, tyrosine-based, dihydrocinnamates and indole-based
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compounds were examples of chemical families contained within the consensus modelling 

group. Although alignment and pharmacophore overall is observed at some points, 

chemodiversity in other areas results in a generally ambiguous query. Another point of 

eonsideration is the empirieally determined activities of the ligand set. As eompounds have 

different PPAR activity (i.e. Full y agonist, dual a/y, partial y and SPPARMy) their 

alternate binding modes would not favour tight mapping of a consensus pharmaeophore 

network. With a view to simplifying the pharmacophore model, a manual query with one 

PPARy agonist was created and the initial model variations validated against a validation 

set.
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Figure 2.12 PPARy multi-alignment of group B PDB ligands. Individual PDB ligands are coloured 

according to their associated chain. Alignment was created using MOE (V 2010.10)
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3 MllAmlAcrJOor.

Figure 2.13 Croup B ligand alignment - Close up of aligned PDB ligands and generated pharmacophore 

consensus features generated in MOE (PCH scheme, default settings).

Based on results from the consensus pharmacophore model, it was decided to create a 

simplified query on one known PPARy full agonist. Rosiglitazone. the co-crystallised 

ligand in the IFM6 complex was chosen as the pharmacophore model template ligand. 

Several reasons behind this decision were rationalised. Firstly, rosiglitazone has a high 

binding affinity toward the PPARy receptor (EC5o=50nM) and is well characterised in 

various in vitro and in vivo experimentation. Indeed, rosiglitazone is one of only two 

current marketed drugs that act through PPARy. Secondly, as discussed earlier, 

rosiglitazone has been directly implicated in the anti-intlammatory action of PPARy 

activation. This makes it a good starting point for the rational design of compounds with 

specific anti-inflammatory activity via agonism of PPARy. Thirdly, rosiglitazone has been 

used a virtual screening model template by other groups, and several accounts of such are

reported in the literature2, 17
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Figure 2.14 Pharmacophore points available on rosiglitazone as defined by MOE (PCM scheme)

Use of the pharmacophore query editor program in MOE revealed (PCH scheme) I I 

pharmacophoric features on rosiglitazone (Figure 2.14). In order to reduce the feature list 

down, pharmacophoric points that were implicit in interaction with the receptor were 

selected. From protein-ligand contact analysis of the 1FM6 complex, three pharmacophore 

points were shown to be involved in hydrogen bonding within the PPARy binding cavity 

(Figure 2.15). All features were contained within the TZD region of the ligand. FI was 

notated as an H-bond acceptor. In rosiglitazone, the carbonyl oxygen mapped onto the FI 

feature participates in hydrogen bonding with His499. F2 was defined as a hydrogen bond 

donor and is shown to engage in hydrogen bonding with Tyr473 in the template ligand. F3 

was also defined as an acceptor group and in rosiglitazone the carbonyl oxygen is shown to 

make two hydrogen bond interactions with Ser289 and Flis323. F4/5 was annotated as 

aromatic ring centres. This pharmacophore model is in agreement with various other 

models proposed and biologically validated by other groups. This initial query was notated 

as Hypo I and multiple variants of the initial model were tested in order to see if 

refinement of Hypo I lead to a better model.
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Fl:Acc

:Don

F3:Acc

Figure 2.15 Hypo I Pharmacophore query - 5 point pharmacophore query modelled on the bioactive 

conformation of rosiglitazone within the PPARy-LBD. Three features are located on the TZD head group, 

with two aromatic features mapped onto core and tail aromatic regions of the molecule (Acc: Acceptor. Don: 

Donor, Aro: Aromatic). Generated using MOE (v 2010.10)

In total, 24 models were created (Table 2.4). Each condition looked at the effects of 

changing pharmacophore model parameters and the effect of doing so was looked at in 

terms of the percentage of actives and decoys retrieved from the DUD set. 10 conditions 

looked at inclusion of a sixth feature (F6) into the model, but this inclusion did not 

improve on the initial query created. Variations on the lead model did not result in an 

improvement in the % difference between actives and decoy retrieved (% difference = 

%actives-%decoys). Hypo 1 successfully retrieved 83% of the actives group whilst it 

retrieved only 21% of the decoy set. With a percent differential of 62%, initial results show 

that this model is largely selective for PPARy actives over decoys. Also, as the DUD 

database is based on physicochemical similarity between actives and decoys, this shows 

that the model has the ability to separate the two groups based on their topological 

differences. Hypo 23 also retained a percentage difference of 62% but this model included 

volume restrictions on where ligands could map within the pharmacophore model. Also, 

Hypo 23 only allowed 66% of actives through versus the 83% of Hypo I. As the simplified 

version of the condition scored equally as well, it was chosen over Hypo23.

118



c^

o

©

i:xc

-oo

<
Q-a.
"S
>
o

a>
u
©

o.
©
«
E
u
«

a
15
3

GD j:

C c
a ■oa;a; (Au 3u c/5CZ5 01

E153 4/
— (/i
> 3_©

%r. 'u
y: >
C0;'s/5 i/i
o ■oU

a>
-o
©
E
©

a
©
«
E

a.

15
e
c«

< ^

-Z ^ *

cc ^

^ ^ ^
sD ^0 (N

0» vO^ ^ O— mori <> —

so soO^ ©N
— m

''s
*n
©.

z z z

5?
sO

so sO
m O' 
m —

vO

P sOo' ^
r- —

gr*“

<N NO sD

Om ri m m fs m Cl

o

o _L 
Z u.

z z z

z z z

z z z

o o oz z z

oz z z z oz o cz z

nP ; nP

I

o o o 
Z Z Z

c c 
o o 
Z Z

o o 
Z Z

c c c c o o o o 
Z Z Z Z

o
Z

'O Jo
W w
O 00
ri —

u.
<N
UU

C O o
Z Z m z

u.

sO s° nO^ ^ ^
On vO Ori nc 00

>

o o 
Z Z

oz

»n IT) m in m m «n in m

■o 'O S5 S’ SIS s> SD s>
k si. k •i. k k si. k si. k

fn 'n fo 'n jn •n :n jn *n jn •n k k k k k k k 'k k k k k kk. k -i. k k k si. k •i. k •i. k k k si. k k si. k
,V ,V •> k >■ V k V > k > k k k k k k k >■ k > k k k
k. -i. k k k k ‘sL. k si. k k k k k •i. k k si. k k

fn fn fn r^' k fn k k "k k k k k k k k k k* k kk. k k k k k k si. k -i. k k si. k -t. k U. k si. k si. k si. k
fN r j N N r-j" fN n; N r-j r^" r , N <N N k r< r* r-i ps rsj k rsj kk. k k ■i. k <- k -i. k si. k k k k k -i. k k k si. k
■k k k k k k
k k k k k k k k k k k si. k si. k k k k k si. k si. k -is k

U

O

fS



Consensus Virtual Screening for Novel PPAR Modulators

From the results obtained, it seems that basing a pharmacophore model solely on one PPAFiy 

ligand is a logical, simplified approach to take in the initial stages of a virtual screening 

protocol. As the DUD database active set shows chemodiversity, it is encouraging that the 

model can retrieve a high proportion of active ligands. Comparison of percentage differential 

was used as an initial validation metric as MOE pharmacophore search only outputs a hit list 

number. In order to counteract this shortcoming, the pharmacophore models were also 

subjected to rigorous validation testing by ROC curve analysis on the models performance 

against the PPARy DUD database. Also the Hypo I pharmacophore model scored highly in its 

ability to distinguish actives from putative decoy molecules (AUC= 0.921).

2.3.4 Docking Validation
In order to validate the use of FRED within a PPARy modulator virtual screening protocol, the 

ability of the program to reproduce a bioactive PPARy ligand docking pose was investigated. 

Preceding the docking step carried out by FRED, the PPARy-EBD/ligand complex (1FM6) 

was pre-processed in FRED receptor. By default, the program defined a box around the active 

site of the PPARy-LBD to approximately 5800A^. A manually specified query based around 

the bound ligand and surrounding amino acid residues reduced the box volume to 

approximately 3200 A^. This manual parameter adjustment was made in order to create a 

specified query that would increase the selectivity of successfully docked poses. Further 

tailoring of the receptor query was employed by inclusion of a site shape potential around the 

bound ligand structure. The creation of an inner contour volume defined a site that at least one 

atom from a docked pose should inhabit, whereas the outer contour volume constricted the 

query to have all docked pose atoms within that volume. Initial docking with FRED receptor 

resulted in 29/200 poses being docked and subsequently scored and ranked. Analysis of the 

docking output revealed that scoring ranged from -90 kJ mol ' to -14 kJ mol ' for docked 

poses. Visual inspection of the results also showed a high degree of superimposition between 

bound structure and docked pose (Figure 2.16). From these initial results, this receptor was 

merited for use in the FRED validation study.
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Figure 2.16 FRED docking validation- Supcrimposition of the native (purple) and re-docked pose (yellow) of 

rosiglitazone within the I’PARy-I.HD. RMSI) of docked bioaclive confornier to the receptor bound ligand was 

calculated at ().()5A. Oeneraled using M()F-i (v 2010.10)

To validate use of FRED^^ within a tiered PPARy virtual screening protocol, the ability of 

the program to reproduce bioactive ligand poses was examined. An evaluation of scoring 

functions applied to the comparative ranking of the bioactive conformation of rosiglitazone 

(PDB: 1FM6) to that of multiple conformations (n=IOOO) showed that of those functions 

implemented in FRED, Chemgauss3 ranked the bioactive conformation out of the 

conformational data set docked (Table 2.5). FRED/Chemgauss3 was selected for use in the 

docking aspects of the virtual screening protocol. The PPARy DUD dataset was docked into 

the PPARy receptor and output compound poses ranked. ROC curve analysis, which assesses 

the ability of a model to distinguish actives from inactives, was used to assess the performance 

of the FRED protocol. The analysis shows the model is able to successfully distinguish 

between known PPARy actives and decoy molecules for the PPARy DUD dataset (AUC:
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0.83). In a study carried out by Jain et al, the performance of another docking program 

(Surfle.x-Dock) on the PPARy DUD dataset was comprehensively evaluated and yielded 

similar figures to that displayed by FRED (AUC: 0.88)^
Table 2.5 Scoring function rankings in FRED.

\52

Scoring Function Native pose placement /lOOO Rank

Chemgauss3 ,st jst

Oechemscore

Chemscore/Consensus 4th 3r<i

Chemgauss2 Qlh 5"’

Shapegauss 17th 6"’

Screenscore 27th 7,h

2.3.5 ROCS: Query Creation and Validation
To assess the utility of ROCS, a shape-based comparison virtual screening program, in a 

tiered PP.AR protocol, the PPARy-EBD co-crystal Used ligand, G1262570, (PDB Code: IFIVI9) 

was used as a shape template for a quantitative analysis. GI262570 was chosen due to its 

larger volume compared to rosiglitazone, thus potentially allowing larger molecules through a 

shape matching query. As the PPARy-LBD is comprised of a large binding cavity (ca. 
I300A^), allowing for size diversity amongst screening molecules was seen as potentially 

advantageous. Comparison of ROCS scoring functions was performed analogously to that 

used for the FRED evaluation (Table 2.6). The total set of ROCS scoring functions were 

analysed and performance ranked (AUC). Results demonstrate that ColorTanimoto seoring 

function was best able to distinguish PPARy actives over deeoys (AUC: 0.95). Analysis 

revealed that 10 out of 13 ROCS scoring functions returned an AUC score of > 0.92. 

RefTversky received an AUC of 0.808 whilst ShapeTanimolo and FilTversky received 0.77 and 

0.72, respectively. ROCS/ColorTaniniolo was accordingly selected for use within the protocol. 

Ligand-based virtual screening comparison work using the DUD PPARy set returned similar 

results for the performance of ROCS^^ The data additionally suggests that use of a simple 

shape-based comparison method in PPARy virtual screening is appropriate in either single or 

tiered virtual screen approaches.
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Table 2.6 Ranking of scoring functions in ROCS

Scoring Function AUC

ColorScore “■ 0.943

ColorTanimoto 0.952

ComboScore 0.927

FitColorl'versky 0.949

F itT versky Combo 0.928
FitTversky 0.717

RefColorT versky 0.944

Refr verskyCombo 0.924

RefTversky 0.808
ScaledColor 0.943

ShapeTanimoto 0.774

SubTan 0.920

TanimotoCombo 0.920
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2.3.6 Tiered Screening: Validation and Database Screening

Conformer Enumeration (Omega/MO0 OMEGA (max confs = 1000)

Riarmacophore (MOE)

73 PPARgamma

I 69 Co-crystals j | 22 aruclures j

Tiered Screen (PyFte)

9iape M^lc^lng (ROCS)
I ColorTanimolo j

Figure 2.17 V'alidation worknow for TieredScreen model - Conl'ortTicr generation. MOP pharmacophore. 

I'RIZD docking and ROCS shape matching were parameterized and validated against the PI'ARy [31JD set hetbre 

incorporation into a l ieredScreen model. Rosiglitazone in complex with IM'ARy-LliD (I I'Mb/nRI,) was used for 

manual pharmacophore generation and docking, whilst 01262570 in complex with RRARy-LBI) (1 ^M9/57()) was 

used for shape matching quer> generation. Colour coding- Pink; Databases. Black; PDB's, Oray; l.igand-PPARy 

complexes. Cyan; Programs used. Purple; Validation results

Figure 2.17 illustrates the component comparative studies of this investigation and their 

integration to a single tiered platform. To facilitate integration of the components, a bespoke, 

customizable parallel dataflow environment was developed. Scripted in Python, PyPe (Parallel 

Python Pipeline) functions analogously to environments such as Pipeline PiloP'^ and Kninie^^. 

The aim here was to ascertain the beneflt(s) of methodology integration over application of the 

individual methodologies for target-specific screening performance.

Analysis of the output showed that merging of the individual models into a tiered screening 

consensus model resulted in a selective and accurate virtual screening pipeline for PPAR 

(AUC: 0.80). Although the consensus score is derived from the average scores of each 

component of the tiered screen protocol (MOE Ph4, FRED and ROCS), the AUC score 

obtained from this run is not simply an average of the AUCs obtained from the three
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validation steps carried out in earlier work. This arises from the fact that the pharmacophore 

search acts as a ‘master filter', where passed molecules are subsequently sent to FRED and 

ROCS for further interrogation. As validation of individual screening tools was carried out by 

the full (unflltered) DUD set (82 actives/3112 decoys), this explains the differences arising in 

the ROC analysis.

200,000 Molecules (SPECS)

PyPe Tiered 
Screening

Physiochemical
Filtering

Molecular
Clustering

3 Hits
(MDG 548, 559, 582)

Figure 2.18 Virtual screening workflow - SPECS database was reduced from approx. 200.000 compounds to 

approx. 100. 000 using a set of PPARy-like physiochemical descriptor filters. Through PyPe tiered screening. 900 

top ranked molecules (C Score) were then subjected to molecular clustering. The best C score compound from 

each cluster were brought forward for biological assay and subsequently three compounds showed activity in FP 

and/or TR-FRET

Figure 2.18 above describes a simplified overview of the virtual screening workflow

utilised. SPECS chemical vendor database was initially redueed to ea. 100,000 compounds

through application of a set of PPARy agonist physioehemical descriptors. The reduced

compound list was then sereened through the PyPe tiered screen, and a prioritised eonsensus

scored {C score) hit list of 900 compounds was retained. These eompounds were clustered

based on molecular similarity, to furnish 45 clusters - affording chemotype diversity across

the consensus seored subset. The highest ranked compound in each of the clusters was

purchased for biological assay. Subsequent to bioehemical evaluation of top ranked cluster
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molecules, three compounds (MDG 548, 559 and 582) displayed single point (lOOpM) and 

dose-dependent competitive binding ot'PPARy-LBD (See Chapter III).

Table 2.7 Individual and C score ranking of active compounds - l.istcd above is the rank ol'hil compounds 

in individual screening techniques (MOP Pharmacophore. PRPD and ROCS) versus the rank designated by 

consensus score {C Score).

Compound

name

SPECS code MOE Ph4

rank

FRED

rank

ROCS

rank

C_Score C_Score rank

MDG 548 AN-

698/15136006

223/900 111/900 134/900 156.0 12/900

MDG 559 AK-

968/41923327

146/900 68/900 334/900 182.7 21/900

MDG 582 AF-

399/40992009

810/900 185/900 631/900 542.0 641/900

To judge the benefits of tiered screen applicability, the output ranks of MDG548, IV1DG559 

and IV1DG582 were analysed for individual screening techniques and compared to that of the 

tiered screening C score (Table 2.7). In the case of 1V1DG548 and MDG559, the C score rank 

outperforms those rankings obtained from MOE pharmacophore, FRED or ROCS alone. The 

Cjicore performance of MDG 582 outperforms only the pharmacophore; however, the high 

consensus ranking of the compound does bestow a measure of greater confidence to its 

selection for evaluation in assay. Through C score ranking, both MDG548 and MDG559 were 

placed in enriched areas of the PyPe tiered screen output list (top 1.3% and 2.3%, 

respectively.) This compared favourably to placement seen by individual screening methods. 

The C score of MDG582 performed poorly compared to other hit compounds and individual 

method ranks. Aside from its C score, the prioritisation of MDG582 for biological testing 

arises from the application of the clustering applied to the tiered screened dataset. As a highest
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ranked diverse structure (by molecular similarity) MDG582 was advanced not only due to 

consensus scoring, but also due to scaffold diversity - essential in this instance where scaffold 

hopping away from the TZD warhead is paramount.

Analysis of PPARy DUD active/decoy hit lists from individual methods versus tiered screen 

results revealed several points of note. Analysis of Negative Predictive Value (NPV) across 

screening methods revealed a high rate of negative prediction in all cases, with the tiered 

screen protocol marginally outperforming stand alone methods (NPV values; Tiered screen - 

0.97, MOE Ph4 - 0.91, FRED - 0.95, ROCS - 0.92). Regarding False Positive Rate (FPR) 

values obtained for the PPARy DUD dataset. ROCS retained the lowest rate (0.008) followed 

by tiered screen and FRED (both 0.021) and MOE Ph4 (0.024). A.Ithough ROCS performed 

better than tiered screen or FRED/MOE Ph4 with relation to FPR, the structural similarities 

between the PPARy DUD set and model ligand used may account for this. Overall, it is 

believed that application of three screening methods simultaneously places more stringent 

niters on database virtual screening. Using a consensus method instills a higher level of 

confidence in the results as all methods point in the same discovery direction. As initial hit list 

sizes can reach several thousand in a typical run, the application of rigorous filtering in the 

virtual screen can potentially reduce subsequent work load and facilitate chemotype scaffold 

hopping.
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2.3.7 Compound Chemodiversity
To quantify novelty of newly identified compounds, the structural similarity of MDG548, 

MDG559 and MDG582 was contrasted to that of the 22 PPAR actives used in the ligand 

training set (see Appendix 2). As documented in Table 2.8, all compounds showed 

diversification from the established chemical scaffolds contained within the ligand set. As 

determined by Tanimoto coefficient (varying settings), none of the new compounds exhibit a 

similarity >0.322 to those known ligands eontained in the data set.

Table 2.8 Tanimoto co-efficient scores for IVIDG 548, 559 and 582 against group A PPAR ligands. Reported 

is the highest degree of similarity shown between a training set ligand and novel screening hits for each of four 

fingerprint schemes used (i.e. fCFPd. I'CFI’b. FX'FIM. FXFP6).

Compound FCFP 4 FCFP 6 FX'FP 4 IX'I 'P 6

MDG 548 0.258 0.180 0.192 0.195

MDG 559 0.322 0.143 0.227 0.169

MDG 582 0.209 0.139 0.202 0.128
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Furthermore, structural similarity was calculated for each novel compound against the DUD 

PPARy active set. Across the different fingerprint schemes used in Pipeline Pilot (FCFP4/6 & 

ECFP4/6), the average calculated Tanimoto co-efficient for MDG548, 559 and 582 was 0.198, 

0.245 and 0.188, respectively. To further quantify novelty, all hit compounds were screened 

(similarity searching) against established drug databases to compare chemotype originality to 

known PPAR modulators. Listed in Table 2.9 are highest scores obtained for each compound 

against the three databases screened. Experimental controls were also included. From the 

results presented, all three compounds retain a high degree of dissimilarity to compounds 

contained in screened databases (0.27 to 0.52 Tanimoto score) again confirming chemotype 

novelty.

t able 2.9 Mighesi Tanimoto scores obtained for MDG 548, 559 and 582 against compounds contained in 

the three listed drug databases.! * 'Pl’AR' used as search term in Integrity database (605 hits), -61.516 

compounds in total. $ 145,788 compounds in total)

MIX!
548

MIX!
559

MIX!
582

Rosiglilazone GW 1929 GW7647 GW0742

lntegrity^(Nov

2011)*

0.481 0.479 0.267 0.612 0.603 0.595 0.889

World Drug

Index^(WDI)'

0.525 0.487 0.419 0.687 0.603 0.592 0.869

WOMBAT^

(2006.01)*
0.513 0.447 0.412 0.687 0.765 0.667 0.889

Alongside comparison to the above databases, MDG 548, 559 and 582 were also screened 

against the NCBl (National Center for Biotechnology Information) Pubchem database in order 

to ascertain if compounds (or similar structures) were previously referenced as having activity 

against PPAR isotypes or other biological targets (Table 2.10). From the Pubchem results 

obtained, MDG 548, 559 and 582 were shown not to have previously documented activity 

against any PPAR isotype members. In tandem with these findings, none of the novel actives 

were listed as having activity against other biological targets. It can be concluded that the use 

of such a tiered screening protocol for identification of novel PPAR scaffolds has delivered a 

scheme capable of discovering structurally dissimilar active chemotypes.
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Table 2.10 Pubchem search results for MDG 548,559 and 582 - M1)G548. 559 and 582 were searched against 

the Pubchem database in order to exclude their previous identilication as PPAR isotvpe (or other bio-target) 

actives. All search settings were implemented as default (Pubchem Idenlily/Similarily search option). Similar 

compounds are delined as those retrieved by the compound Idenlily'Similarily search engine. Similarity is 

measured using the fanimoto equation and the PubChem dictionary-based binary fingerprint (default). CID; 

llnique Pubchem compound ID. n.r; No reported bioactive assay data listed on Pubchem as of May 2012

Compound CID PPAR
isotype

(u,p/8,y)
Activity

Other
BioAssay
Activity

#Similar Compounds/Tested 
in BioAssay/Active

MDG 548 1020637 n.r n.r 63/21/0
MDG 559 4388708 n.r n.r 2/1/1
MDG 582 4455427 n.r n.r 79/6/4
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2.4 Conclusion
In synopsis, this chapter has documented the successful application of a consensus virtual 

screening approach in retrieval of novel scaffolds that display empirically shown activity 

against PPAR subtypes. Prior to experimental account, a brief overview of virtual screening 

within drug discovery was discussed, with particular emphasis placed on PPAR drug 

discovery. As evident from the case studies presented, a wide range of screening techniques 

have resulted in the discovery of novel chemotypes that target the nuclear receptor subfamily. 

I he applicability of virtual screening in this domain holds strength as an isolated or tandem 

approach in elucidating compound activity against PPAR subtypes.

Alongside the PPAR focused virtual screening approach review, a detailed explanation of the 

theory and application of screening tools used in this study was presented. Rather than treating 

screening components at a ‘black box’ level, it is hoped that this section provides insight into 

the methodology used by virtual screening software. Understanding of the core concepts 

behind the screening tools used allows the user to more effectively guide a customised, target- 

based screening campaign.

Subsequent to the above, a detailed account of protocols used in this work has been presented. 

Methods behind protein and ligand data collation were outlined and rationalisation of suitable 

model selection (i.e. receptor and template ligand(s)) presented. In each instance, virtual 

screening tools were subjected to validation prior to their application to hit retrieval from 

vendor databases. This crucial step in any virtual screening project instils a degree of 

confidence in the predictive power of the methods used. More importantly, this phase can also 

highlight issues with the virtual screen that may lead to problems with the output screening hit 

lists obtained. The success of methods used tends to be target-specific, and therefore 

validation and optimisation of techniques should be attuned dependent on the model(s) used.

In account of the results obtained, several striking findings showcase the strength of virtual 

screening for identification of novel PPAR modulators, particularly the application of a tiered 

screening approach. Collectively, all ligand- and structure-based tools used within this study 

displayed a high degree of fidelity in their associated applications. In comparison of several 

conformer generation techniques, OMEGA proved most practical for use in a PPAR virtual 

screening campaign. Although the performance of MOE techniques resulted in the production
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of high quality 3D conformers of the Group A ligand data set (as per RMSD), OMEGA 

achieved the same, but with a noticeable difference in computational turnaround time.

In relation to validation of screening techniques using the previously discussed evaluation 

metrics, all programs performed with a suitably high degree of accuracy. Although the 

consensus pharmacophore model created from group B ligands resulted in a complicated and 

ambiguous query, the manual rosiglitazone-based model effectively discriminated between 

DUD actives and decoys as per ROC analysis. This perhaps also highlights the need for 

recognition of the limitations of automation in virtual screening programs and the concurrent 

call for manual intervention when needed. Evaluation of FRED revealed its ability to 

successfully re-dock, with accuracy, a seeded bioactive pose of rosiglitazone within a large 

conformer ensemble. Also, assessment of scoring functions via DUD resulted in identification 

of the optimum one to use for database screening in this project. Although docking protocol 

limitations perhaps receive the most critical attention within the literature, FRED's application 

within this study was Justified through its positive validation performance. Evaluation of 

ROCS also proved encouraging in this study, with a high proportion of its scoring functions 

able to separate DUD actives/decoys. Indeed, ROCS displayed highest evaluation AUC when 

compared to pharmacophore and docking validations. The data obtained suggests that the use 

ofa simple shape-based comparison method in PPAR virtual screening is merited.

In discussion of the studies and analysis detailed within this chapter, possibly the most 

interesting discovery was the utility of a purpose built tiered screening protocol for 

identification of new PPAR modulators. Although individual screening tools held high merit 

in potential retrieval of novel compounds, in most cases, tiered screening outperformed 

isolated screening protocols. In terms of the computational strategies employed and evident 

from the chemical diversity of compounds discovered, the tiered PPAR protocol is able to 

explore vast regions of chemical space in a manner that is unbiased by any individual 

computational screening technique. Retrieved actives typically displayed higher ranks in tiered 

screening hit lists versus that of MOE pharmacophore, FRED, or ROCS alone. Importantly, 

structural similarity studies have shown the ability of the protocol to identify novel PPAR 

chemotypes.

Overall, this chapter has provided a background on project relevant aspects of virtual 

screening and has highlighted previous work done in PPAR drug discovery using
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computational methods. The utility of individual screening methods in database screening was 

assessed alongside their application in same within a tiered screening protocol. As a result of 

database tiered screening three novel PPAR modulators, eaeh displaying diverse and novel 

chemotypes, were discovered that show appreciable binding affinity towards the PPARy-LBD. 

Chapter III will fully diseuss the bioehemical testing carried out on in silica hits and will also 

document that characterisation of MDG 548, 559 and 582 in advaneed bioehemical and 

pharmacological experiments.
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2.6 Appendix II

Table I Ligand training set

Number PDB Resolution(A) Ligand 

Code Code

Ligand Structure Activity

Type

PPARy Activity 

(ICso' ECso')

1FM6 2.10

1K74 2.30

IKNU 2.50

INYX 2.65

12EO 2.50

li7i 2.35

2ATH 2.28

8 2F4B 2.07

BRL

544

YPA

DRF

COl

AZ2

3EA

EHA

a/v

a/v

a/v

a/v

a/v

50.0nM

0.280nM

0.170nM‘

0.092 hM"

0.210 llM

0.200 nM

0.152

Pan 0.050

137



Consensus Virtual Screening for Novel PPAR Modulators

10 2G0H 2.30

11 2GTK 2.10

12 2HFP 2.00

SP3

208

NSI

Partial V 512nM'

a/v 0.251 hM‘

SO.OnM^

13 2HWQ 1.97 DRY

14 2HWR 2.34 DRD

15 2I4J 2.10

16 20M9 2.80

DRJ

AJA

2.210 uM"

0.210 nM
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17 2POB 2.30 GW4

18 2Q59 2.20

19 3B3K 2.60

20 3GBK 2.55

21 3KMG 2.30

22 2P4Y 2.25

240

LRG

2PQ

538

C03

SPPARyM

0.780 uM

Partial y 0.480 jiM*

SPPARyM 0.050 nM

SPPARyM 0.008 piM*

SPPARyM 0.003 uM
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Table 2 IV1DG540-589 - * denotes analogues of IVIDG548

541 AG-690/33089017

542 AG-690/34440010

543 AK-968/41170853

544 AG-205/07901056

545 AF-399/41945535

546 AG-690/12351086
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547 AK-918/41675459

548 AN-698/15136006

549 AH-487/40686378

550 AG-690/40721347

551 AG-690/40755667

552 AN-648/40682508

553 AG-670/15096073

554 AM-879/40861484
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556 AO-081/41965279

557 AF-399/42100085

558 AQ-088/42181736

559 AK-968/41923327

560* AG-690/36983018

561* AN-698/15136002
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563* AH-487/41660565

564* AH-487/41655844

565* AN-648/14910009

566* AH-487/34807010

567 AN-988/14609010
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569 AK-968/12687146

570 AF-399/14663005

571 AG-690/15441628

572 AF-399/15284569

573 AF-399/15285006

574 AP-048/15172007

575 AN-648/15596278

144



Consensus Virtual Screening for Novel PPAR Modulators

577 AO-476/43421101

578 AG-670/40735467

579 AO-476/43362684

580 AR-422/11765382

581 AO-476/43380301
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583 AH-487/41184013

584 AM-807/41626190

585 AN-698/42006940

586 AM-807/41628259

587 AN-652/43162815

588 AK-778/43114810
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3.1 Introduction
Following on from virtual screening work discussed in Chapter II, this section will deal 

with the bioehemieal investigations into consensus screening hit list compounds. In order 

to judge if virtual hits displayed in vitro binding to PPARy, competitive binding assays 

were carried out using two established techniques, namely Fluorescent Polarisation (FP) 

and Time Resolved - Fluorescence Resonance Energy Transfer (TR-FRET). Initially this 

was investigated at single point compound concentration and eompounds which displayed 

eompetitive binding activity at this cut-off level were further explored for dose response 

activity. Prior to confirmation of activity, compound aggregation and inherent fluoreseence 

control experiments were conducted to aid in negation of possible compound false positive 

behaviour(s). This was with a view to minimising any artifaetual issues that may have 

arisen from test compounds or the methods employed to judge in vitro activity.

Following on from initial PPARy binding characterisation, hit compounds were further 

examined for activity against other PPAR subtypes, namely PPARa and PPARp/5. Where 

applicable, compound binding profiles across the PPAR member set was assessed. 

Alongside this work, functional characterisation of novel compound activity was assessed 

against PPARy. This was achieved using a panel of TR-FRET PPARy co-regulator 

interaetion assays and formed the basis for deciphering the potential Selective PPAR 

Modulator (SPPARM) behaviour of hit compounds. The functional activity and efficacy of 

compounds within a cellular reporter system was also investigated using a cell-based 

reporter assay.

Overall, this chapter serves to provide a brief introduction to the principles and techniques 

used within this section. Pit falls and limitations of in vitro screening will also be 

discussed, with a focused view on avoidanee of experimental artefacts that can become 

detrimental for sereening technique integrity. After discussing these topics, a detailed 

aceount will examine initial compound hit list validation experiments and discuss 

compound advancement past this stage. Suitable eompounds were subjected to more 

detailed and functional testing, and this will be presented in a logical, progressive manner. 

This section hopes to advance the argument that virtual screening campaigns can result in 

retrieval of novel compounds that hold empirical in vitro activity against their intended 

target of interest.
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3.1.1 High - throughput Screening (HTS)
Since its inception, the science of high-throughput screening has undergone a series of 

notable periods of evolution. Throughout the 1990’s, increasing the capacity of HTS was 

identified as an important challenge. This drive was fuelled by an expanded number of 

druggable targets, arising from advances in molecular biology, and an increased number of 

screening compounds resultant from improvements in combinatorial chemistry. A series of 

technological advances in the areas of automation and miniaturisation have largely resulted 
in the development of ultraHTS (i.e. approx 100,000 compounds screened per day)'. 

Inconsequent from improvements in screening rates and efficiency of assay 

implementation, the basic goal of small molecule screening is in the identification of 

chemically sound hits. In turn, interesting compounds should lend themselves as starting 

points for medicinal chemistry guided development into drugs.

The most feasible approach to compound screening depends heavily on the institute or 

organisation involved and the targets involved. This is most evident within academia or 

smaller companies, which may not have the resources for large scale or diverse HTS 

campaigns. For example, enzyme screening efforts might be limited by time scale efficacy 

of protein expression and purification steps. Chemistry resources are also a paramount 

consideration, where an organisation with strong chemistry input may focus on weaker- 

binding, structurally novel hits, sound in the confidence that the starting point can be 

optimised. Oppositely, institutions stronger in biology may choose to exhaustively profile 

hit compounds before commitment of chemistry resources to a project.

A number of factors decide the components of a screening assay. The primary 

consideration should be the relevant target biology and the goal of the screen. Functional 

cell-based approaches can offer advantages for receptor screening. Typically, receptor 

binding assays cannot differentiate between agonist or antagonist effects of a compound. 

Also, it has been reported that receptor ligands need not compete with an endogenous 

ligand to induce receptor mediated activity^. In light of this, a cell-based approach can be 

more efficacious in identification of receptor agonists, as receptor function can be directly 

assessed.

However, biochemical screening can prove advantageous over cell-based approaches. A 

well optimised biochemical screen will, generally, have less data scatter than a comparable 

cell-based assay. Also, strengths lie in the fact that the presence of a single target in the 

assay simplifies follow up after the screen. Biochemical screens can also provide a larger
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set of chemical starting points for intracellular based targets, as retrieved hits are not 

initially required to have significant potency or cell permeability. Also, biochemical 

screens can be performed at higher compound concentrations compared to cell based 

assays where toxicity issues may arise. This may lead to identification of novel chemical 

classes that could be amenable to suitable toxicity-reducing modifications.

3.1.2 HTS Screening Metrics
Several commonly used metrics exist to quantify the performance of screening assays with 

respect to reproducibility and data scatter. These metrics aid in defining a point at which a 

screening result becomes significant and are also used for maintaining the same standard 

for assay data over multiple, independent screens. The goal of screens is typically to 

identify activators or inhibitors of the chosen target. At this point, it is unquestionably 

important to be able to distinguish true hits from false positives within the assay. This 

criterion is largely related to the quality of the assay used. Traditionally, assay quality has 

been assessed using factors like signal/noise or signal/background ratio. Limitations with 

these metrics include definition of assay quality based on assay window (i.e. the different 

between assay background and the maximal signal)'. The size of the signal window and 

the precision of the data from the screening assay are two key factors in assigning 

statistical significance to an observed response. Z-Factor (Z') is the most commonly used 

metric by which to define HTS assay quality and is given by;

Z' = 1 — (3apos + 3aneg)/(ixpos — pneg)

Where 3apos is the standard deviation of the positive control for the assay, 3aneg is the 

standard deviation for the negative control and ppos — pneg defines the mean value for
•5

the positive and negative control .

The advantage of using this metric is that the numerator accounts for the scatter in positive 

and negative data, so a smaller change in the signal for a precise assay is afforded more 

significance. Typically, screening assays with values Z'>0.5 have acceptable 

characteristics for use in HTS.

Multiple factors can be applied in how HTS ‘hits’ are designated. Firstly, a simple activity 

cut off can be applied (e.g. IC50, EC50 or percentage activation/inhibition) at which a 

compound is deemed a tangible hit. Another approach is to examine the distribution of 

compound responses obtained from the screen, and then define a hit on the basis of the 

point at which this response holds statistical significance. Although more statistically 

rigorous, this approach does not select hits on the basis of potency. A third approach is to
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pre-defme the number of hits that will be put through follow up. This has the advantage of 

tailoring the output to suit that of the processing organisation and is also helpful for target 

screens with very high hit rates.

3.1.3 HTS Assay Methods
The choice of screening assay needs to be guided by the goals of the screen and the 

practical constraints of the target of interest. Considerations include amount of protein 

available through expression and purification systems and the capacity for follow-up 

chemistry and biology after the screen is completed. Generally, biochemical screens can be 

divided into two methods - Separation-based assays and homogenous assays. Separation- 

based assays are those in which the reaction product is detected after its separation from 

the starting material. Homogenous assays do not require a separation step in detection of 

the product. As Fluorescence Polarisation (FP) and Time Resolved Fluorescence 

Resonance Energy Transfer (TR-FRET) are used extensively throughout this study, they 

will be discussed in further detail below.
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3.1.4 Fluorescence Polarisation
As described by Perrin (1926), the theory of FP is based on the observation that when a 

small fluorescent molecule is excited with plane-polarised light, the emitted light is largely 

depolarised because molecules tumble rapidly in solution during their fluorescence lifetime 

(time difference between excitation and emission). If a tracer is bound by a larger 

molecule, its effective molecular volume is increased. The tracer’s rotation is slowed so 

that the emitted light is in the same plane as the excitation energy. Both bound and free 

states of the tracer each have an intrinsic polarisation value, viz, a high value for the bound 

state and a low value for the free state. Measured polarisation is a weighted average of the 

two values, providing a direct measure of the fraction of tracer bound to receptor. 

Polarisation is given by;

3t]V
Polarisation value oc Rotational relaxation time = RT

Where p is viscosity, V is molecular volume, T is absolute temperature and R is gas 

constant, the polarisation value of a molecule is proportional to the molecules rotational 

relaxation time.

Therefore, if viscosity and temperature are held constant, polarisation is directly related to 

the molecule volume (molecular size). Change in molecular volume can result from 

binding of two or more molecules, degradation or conformation changes.

In detection of Fluorescence Polarisation, monochromatic light passes through a vertical 

polarising filter and excites fluorescent molecules in the sample tube or micro well plate. 

Only those molecules that are oriented properly in the vertically polarised plane absorb 

light, become excited, and subsequently emit light. Emitted light is measured in both 

horizontal and vertical planes.

Polarisation is calculated as;

„ , . Inf^^nsity^erticai ^ Intensitynorizontai

Intensity^g^ficdi 1 Intensity fiQfizontai
Polarisation is a measure of the extent of molecular rotation during the period between 

excitation and emission. The polarisation value (P) is a ratio of light intensities and as such 

is a dimensionless number. P is often expressed in millipolarisation (mP) units (1 

Polarisation Unit = lOOOmP Units).
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Small Molecule

Polarized
Excitation

Light

Polarized
Excitation

Light

Rapid Rotation

Large Complex Slower Rotation

Emitted Light Is 
Depolarized

Emitted Light Remains 
Polarized

Figure 3.1 - Contrast of small and large complex polarisation values. During the excited state, small 

molecules rapidly rotate in solution, resulting in emission of depolarised light. Larger complexes undergo 

slower rotation and emitted light remains polarised, resulting in high polarisation values. Differences in 

polarisation values between small and large complexes can be used to measure binding events between small 

and large complexes (e.g. binding or displacement of fluorescently labelled molecules against a biomolecular 

target). Taken from Invitrogen technical literature'*

Examples of complexes with high and low polarisation values are shown in Figure 3.1. 

Small molecules rotate quickly during the excited state, and upon emission, have low 

polarisation values. Conversely, large molecules (e.g. protein-tracer complexes) rotate little 

during the excited state, resulting in high polarisation values.

Due to its ratiometric nature, FP is resistant to absorbance or colour quenching from library 

compounds^. However, inherently fluorescence screening compounds can cause artefacts, 

leading to false positive hit retrieval and misinterpretation of experimental data. This can 

be dealt with directly by pre-reading the fluorescence in a well before addition of 

fluorescent reagent. Problematic compounds can then be excluded or the background can 

be subtracted out before the FP value is calculated. This tends not to be routinely carried 

out during a primary screen, but is usually performed in follow up screening of flagged 

compounds that demonstrate significant, sometimes dose dependent, change in 

fluorescence intensity.

Fluorescence Polarisation (FP) is a powerful tool used in studying molecular interactions 

by monitoring changes in the apparent size of fluorescently-labelled or inherently 

fluorescent molecules (tracer/ligand). FP has the analytical advantage of giving a direct, 

almost instantaneous measure of a tracer’s bound/free ratio. FP enables experimentation of
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binding events in solution, allowing true equilibrium analysis into the low picomolar range. 

FP measurements do not alter samples, so they can be treated and reanalysed in order to 

judge the effect on binding by extrinsic factors (e.g. pH, temperature and salt 

concentration). In addition, FP experiments are conducted in real-time, and as such are not 

limited to equilibrium binding studies. Kinetic analyses of association and dissociation 

reactions are routine with fluorescence polarisation protocols.

As FP is a homogenous technique, it does not require separation of bound and free species. 

Cons of using separation techniques include disturbing reaction equilibrium and therefore 

preventing accurate quantification of binding. In contrast to FRET and TR-FRET, FP is 

advantageous in that multiple labelling reactions are needed in both assays, whereas only 

one is needed for FP.

3.1.4.1 PolarScreen Fluorescence Polarisation Competitor Assay
Throughout this work, the PolarScreen PPARy Competitor Assay (Green) was used for 

fluorescence polarisation studies. The assay uses the human-derived recombinant PPARy 

ligand-binding domain (PPARy-LBD) tagged with an N-terminal His-tag and a tight- 

binding, selective fluorescent PPARy ligand (Fluormone PPAR Green) in a homogenous, 

mix-and-read assay format. PPARy-LBD/Fluormone PPAR Green complex produces high 

polarization. This complex is then added to individual test compounds in microwell plates. 

Competitors displace the fluorescent Fluormone PPARy Green Ligand from the PPARy- 

LBD/ Fluormone PPARy Green complex, causing the fluorescent ligand to tumble rapidly 

during its fluorescence lifetime, resulting in a low polarization value. Non-competitors will 

not displace the fluorescent ligand from the complex, so the polarisation value remains 

high. The shift in polarisation value in the presence of the test compounds is used to 

determine relative affinity of test compounds for the PPARy-LBD. Polarisation values are 

plotted against the concentration of test compound. The concentration of the test 

compound that results in a half-maximal shift in polarisation value equals the IC50 of the 

test compound, which is a measure of the relative affinity of the test compound for the 

PPARy ligand binding domain.
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3.1.5 Time Resolved - Fluorescence Resonance Energy Transfer (TR- 

FRET)
Fluorescence Resonance Energy Transfer (FRET) is a distance-dependent interaction 

between the electronic excitation states of two chromophores, in which excitation is 

transferred from a donor molecule to an acceptor molecule without emission of a photon. 

The FRET efficiency is the quantum yield of the energy transfer transition, i.e. the fraction 

of energy transfer event occurring per donor excitation event. FRET efficiency is 

dependent on the inverse sixth power of the intermolecular separation, which makes it 

useful over distances comparable to the dimensions of biological macromolecules. As 

such, FRET is an important technique for investigating a variety of biological processes 

and phenomena that produce changes in molecular proximity. Conditions for FRET to 

occur include;

• Donor and acceptor molecules must be in close proximity, i.e. 10-1OOA

• The absorption spectrum of the acceptor must overlap the fluorescence emission 

spectrum of the donor

• Donor and acceptor transition dipole orientations must be approximately parallel

For screening libraries of compounds, TR-FRET is a recognized method for overcoming 

interference from compound autofluorescence or light scatter from precipitated 

compounds^. The premise of a TR-FRET assay is the same as that of a standard FRET 

assay: when a suitable pair of fluorophores is brought within close proximity of one 

another, excitation of the first fluorophore (the donor) can result in energy transfer to the 

second fluorophore (the acceptor). This energy transfer is detected by an increase in the 

fluorescence emission of the acceptor and a decrease in the fluorescence emission of the 

donor. In HTS assays, FRET is often expressed as a ratio of the intensities of the acceptor 

and donor fluorophores. The ratiometric nature of such a value corrects for differences in 

assay volumes between wells and corrects for quenching effects due to coloured 

compounds^.

In contrast to standard FRET assays, TR-FRET assays use a long-lifetime lanthanide 

chelate as the donor species. Lanthanide chelates are unique in that their excited-state 

lifetime (the average time that the molecule spends in the excited state after accepting a 

photon) can be on the order of a millisecond or longer. This is in sharp contrast to the 

lifetime of common fluorophores used in standard FRET assays, which are typically in the
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nanosecond range. Because interference from auto fluorescent compounds or scattered light 

is also on the nanosecond timescale, these factors can negatively impact standard FRET 

assays. To overcome these interferences, TR-FRET assays are performed by measuring 

FRET after a suitable delay, typically 50 to 100 microseconds after excitation by a 

flashlamp excitation source in a microwell plate reader. This delay not only overcomes 

interference from background fluorescence or light scatter, but also avoids interference 

from direct excitation due to the non-instantaneous nature of the flashlamp excitation 

source.

Through this study, multiple versions of TR-FRET based screening assays were utilised, 

namely LanthaScreen TR-FRET Competitive Binding Assay, LanthaScreen TR-FRET Co- 

Regulator Assay and GeneBLAzer PPARy 293H DA cell-based assay. Each individual 

method will be discussed briefly below.

3.1.5.1 LanthaScreen TR-FRET Competitive Binding Assay
TR-FRET competitive binding assay works on the basis that a terbium-labelled anti

glutathione S-transferase (GST) antibody is used to indirectly label the protein target (e.g. 

nuclear receptor) by binding to its GSl tag. When a fluorescence ligand (tracer) is bound 

to the receptor, energy transfer from the antibody to the tracer occurs, and a high TR-FRET 

ratio is observed (Figure 3.2). Competitive ligand binding to the receptor is detected by a 

test compounds ability to displace the tracer from the target, which results in loss of FRET 

signal between the antibody and the tracer. Although analogous to radioligand-based 

assays, this protocol allows for a non-radioactive, homogenous format.

Competitor

Tracer Bound 
High TR-FRET ratio

Tracer Displaced 
Low TR-FRET ratio

Figure 3.2 Principle of the LanthaScreen TR-FRET NR Competitive Binding Assay. Proximal binding 

of tracer to the nuclear receptor LBD results in a high TR-FRET ratio. In contrast, displacement of tracer 

from complex results in a low TR-FRET ratio. The difference between the two states can be used measure 

the displacement of tracer from the nuclear receptor LBD by competitive binders. NR, nuclear receptor; GST, 

gluthathione-s-transferase; Tb, terbium. Taken from Invitrogen assay protocol literature''.
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3.1.5.2 LanthaScreen TR-FRET Co-Regulator Assay
The LanthaScreen TR-FRET co-regulator assay provides a sensitive and robust method for 

high-throughput screening of potential nuclear receptor ligands as recruiters or disruptors 

of co-activator and co-repressor complexes, respectively. With a co-activator protocol, the 

assay can typically be run in two modes, namely agonist and antagonist mode.

Agonist-bound NR Antagonist-bound NR

340 nm

Figure 3.3 Principle of the LanthaScreen TR-FRET Co-Regulator Assay. The Tb labelled GST-tagged 

protein is excited at 340nm, which in turn transfers energy to the fluorescein labelled co-activator peptide 

(FI-LXXLL). When an antagonist is bound, the co-activator is not recruited as the usual agonist induced 

conformational change of helix 12 (red) is prevented. When run with a co-repressor complex, a loss in TR- 

FRET signal indicates a ligand dependent facilitation of co-repressor complex detachment from the NR- 

LBD. Tb, terbium; Ag, agonist; Ant, antagonist; NR-LBD, nuclear receptor ligand binding domain. Adapted 

from Ozers et aF

In agonist mode, binding of an agonist to the nuclear receptor (Figure 3.3) eauses a 

conformational change around helix 12 in the ligand binding domain, resulting in higher 

affinity for the eo-activator peptide. When the terbium label on the anti-GST antibody is 

exeited at 340 nm, energy is transferred to the fluorescein label on the co-aetivator peptide 

and deteeted as emission at 520 nm. When an antagonist is bound to these nuclear 

receptors, helix 12 adopts a eonformation that preeludes co-activator peptide binding, and a 

decrease in TR-FRET is observed. When running the assay in agonist mode (to identify 

agonist compounds), NR-LBD is added to ligand test compounds followed by addition of a 

mixture of the fluorescein/eo-aetivator peptide and terbium anti-GST antibody. After an 

incubation period at room temperature, the TR-FRET ratio of 520/495 is calculated and 

can be used to determine the EC50 from a dose response curve of the compound. Based on 

the biology of the NR/eo-activator peptide interaetion, this ligand EC50 is a composite 

value representing the amount of ligand required to bind to the receptor, effect a 

conformational change, and recruit a co-activator peptide. When the assay is run in
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antagonist mode, NR-LBD is added to ligand test compounds followed by addition of a 

mixture of agonist, fluorescein/co-activator peptide, and terbium anti-GST antibody. The 

concentration of agonist used in this mode is the ECgo concentration as determined by first 

running the assay in agonist mode. In co-repressor mode, the assay is run using the same 

protocol adopted in the co-activator (agonist mode) set up. However, a NR co-repressor 

peptide is substituted for a co-activator. Ligand dependent displacement of the co-repressor 

results in a decrease in TR-FRET and can be used to ascertain the ability of screening 

compound to elicit conformational changes that result in detachment of the bound co

repressor peptide.

3.1.5.3 GeneBLAzer^''* PPARy HEK293H DA cell-based assay
GeneBLAzer™ PPARy HEK293H DA (Division-arrested) cells contain a PPARy 

LBD/Gal4 DNA-binding domain (DBD) chimera, stably integrated into the CeilSensor 

UAS-bla HEK293H cell line. CeilSensor UAS-bla 293H contains a p-iactamase reporter 

gene (bla) under control of a Upstream Activator Sequence (UAS) response element which 

is stably integrated into HEK293H cells. When an agonist binds to the LBD of the GAIA 

(DBD) - PPARy (LBD) fusion protein, the protein binds to the UAS, resulting in 

expression of p-lactamase (Figure 3.5). In antagonist mode, the protocol requires inclusion 

of a known PPARy agonist (e.g. Rosiglitazone, ECso-ECgo concentration) in each test 

compound well. In this format, test compounds acting as PPARy antagonists will reduce 

expression of p-lactamase.

The basis of the GeneBLAzer technology is a FRET substrate (CCF2/4-AM) that generates 

a ratiometric reporter response with minimal experimental noise. This method reduces 

absolute and relative errors that can misrepresent the underlying biological response of 

interest. Such errors include variations in cell number, transfection efficiency, substrate 

concentration and volume changes.
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Figure 3.4 Theory behind GeneBLAzer'’’'’ TR-FRET signal emission. The lipophilic, esterified form of 

CCF2 (or CCF4) readily enters the cell. Cleavage by endogenous cytoplasmic esterases rapidly converts this 

molecule into the negatively charged substrate, which is retained in the cytosol. In the absence of p-lactamase 

activity, excitation of the coumarin (at 409 nm) in the intact molecule, results in FRET to the fluorescein, 

which emits a green fluorescence signal (at 520 nm). In the presence of P-lactamase, enzymatic cleavage of 

CCF2 or CCF4 spatially separates the two dyes and disrupts FRET, so that excitation of the coumarin (at 409 

nm) now produces a blue fluorescence signal (450 nm). Adapted from Invitrogen technical literature^

The use of the FRET-based fluorescent substrate CCF2/4-AM, which consists of a 

cephalosporin core linking a 7-hydroxycoumarin to a fluorescein, permits the use of P- 

lactamase as a sensitive reporter of mammalian gene expression (Figure 3.5). The 

lipophilic, esterified form of this substrate readily enters the cell. Cleavage by endogenous 

cytoplasmic esterases rapidly converts CCFlVI-2/4 into its negatively charged form (CCF2 

or 4), which is retained in the cytosol. Cleavage of the p-lactam ring of a cephalosporin 

results in the spontaneous elimination of any leaving group attached to the 3’-position. 

Labelling this position and a second site in the cephalosporin molecule with two 

fluorophores that exhibit FRET, the substrate was developed to disrupt FRET upon 

cleavage (Figure 3.4).
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Agonist

Figure 3.5 Theory of GeneBLAzer’’''’ reporter assay. The PPAR-GAL4 GeneBLAzer cell-based assays 

use HEK293 cells engineered with p-lactamase (bla) cDNA under transcriptional control of an Upstream 

Activator Sequence (UAS). These cells are then either transduced with baculovirus containing the GAL4- 

DNA binding domain fused to the PPAR ligand-binding domain for PPARa or are stably integrated with a 

similar construct for PPAR5 and PPARy. p-lactamase expression is detected using a cell permeable FRET 

based substrate (LiveBLAzer™- FRET B/G substrate).

3.1.6 HTS - Limitations and Experimental Artefacts
HTS campaigns can be dominated by hit compounds that ultimately turn out to be non

drug like in nature. Such compounds can often behave strangely within a HTS experiment, 

with steep dose-response curves, lack of structure-activity relationships and displaying a 

high degree of sensitivity to assay conditions. Several mechanisms have been detailed 

which can account for observation of these phenomena e.g. chemically reactive molecules, 

those that have inherently fluorescent properties and those that affect redox conditions. A 

common mechanism behind artifactual inhibition is the ability of molecules at micromolar 

concentrations to form particles in aqueous buffer. These aggregates can then sequester 

and consequently inhibit protein targets. However, promiscuous inhibitors can be rapidly 

detected and controlled for in the initial stages of a HTS campaign. Moreover, initial 

compound database filtering has provided a convenient and efficient means for identifying 

compounds that would tend to be avoided due to medicinal chemistry concerns or 

limitations. In parallel to this approach, filtering of large collections of compounds to
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remove moieties that may be toxic, reactive or cause interference in biological assays is 

being commonly applied. An example of such a filter approach is the REOS (Rapid 

Elimination of Swill) program developed at Vertex^. The main function of the program is 

to analyse potential screening compounds and filter out molecules which may be 

problematic. Throughout this work, suitable counter screens for identification of artifactual 

responses from test compounds have been carried out. A primary concern was the 

assessment of potential compound fluorescence and aggregation. As both phenomena can 

contribute to compound false positive behaviour, both qualities were rigorously 

investigated prior to designating a compound as a tractable hit. The theory behind 

compound aggregation will be briefly discussed, followed on by the methods employed to 

identify this negative effect in early stage compound screens.

3.1.6.1 Compound Aggregation
Work by Shoichet et al., presents a thorough account of the mechanism behind compound 

aggregation and the means by which to counter screen against this phenomenon^. In the 

course of their study, the group identified a list of apparent P-lactamase inhibitors that all 

displayed strange properties (i.e. non-competitive binders, displayed steep dose-response 

curves and activity across multiple targets). Through extensive experimentation, the group 

identified the problematic compounds as promiscuous inhibitors. The apparent inhibition 

observed was mediated by sequestering of target protein by colloid-like aggregates. Further 

studies suggested that compound types that had a tendency to aggregate were conjugated 

dye-like molecules. Although the exact mechanisms behind compound-induced 

aggregation inhibition are unknown, studies have indicated that effects such as local 

denaturation of protein and freezing out of conformational modes necessary for catalysis. 

A list of experiments used in evaluating candidate hits for aggregation-based inhibition is 

given in table 3.1
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Table 3.1 List of criteria used in evaluation of candidate hits for aggregation-based inhibition

Criteria Results

Is inhibition significantly 

attenuated by small 

amounts of non-ionic 

detergent?

Is inhibition significantly 

attenuated by increasing 

enzyme concentration?

Is inhibition competitive? 

Does the compound retain 

activity after spinning for 

several minutes in a 

microfuge?

Is the dose-response curve 

unusually steep?

Yes : Compound is likely acting through aggregation

Yes : Compound likely an aggregator (Except when 

enzyme concentration to Ki ratio is high, an increase in 

concentration should not affect percent inhibition)

Yes : Compound is unlikely to be an aggregator 

Yes: Compound is unlikely to be an aggregator. (If not. 

particle formation is likely)

Yes: Compound could be displaying aggregation-based 

actiyity. (Hill slope analysis can aid in differentiating 

between true and aggregation-based inhibitors)
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3.2 Methods 

3.2.1 Materials
All materials used within PolarScreen Fluorescent Polarisation, LanthaScreen TR-FRET 

Competitive Binding/Co-Regulator and GeneBLAzer PPARy FIEK293FI DA cell-based 

assays were sourced from Invitrogen (Carlsbad, CA). Kit numbers are provided for within 

the specific protocol descriptions. Storage conditions and component composition for kit 

reagents are summarised below;

Table 3.2 - PolarScreen Fluorescent Polarisation Competitor Assay (Green) assay reagents

Component Composition Storage

Fluormone PPARy Green, 500nM SOOnM in 90%

methanol/water

-20°c

PPARy-LBD Buffer (pH 8.0) containing

protein stabilising agents and

glycerol

-80°c (Repeat freeze-thaw cycles

are avoided)

PPARy Green Screening Buffer Proprietary Buffer, pH 7.4 Room temperature

DTT, 1M In water -20°c

Table 3.3 LanthaScreen TR-FRET PPARa,y or 5 Competitive Binding assay reagents

Component Composition Storage

Fluormone Pan-PPAR Green 2pM in 95% ethanoFwater -80°c

PPARa-LBD(GST), PPARy- Human PPAR LBD in buffer (pH -80°c (Repeat freeze-thaw cycles

LBD(GST), PPAR6-LBD(GST) 8.0) containing protein stabilising

agents and glycerol

are avoided)

LanthaScreen Tb-anti-GST

antibody

Terbium-labeled anti-GST

antibody in HEPES buffered

saline (137 mM NaCl, 2.7 mM

KCl, 10 mM HEPES

pH 7.5).

-80°c

TR-FRET PPAR Assay Buffer Proprietary buffer (pH7.5) Room temperature

DTT, IM In water -20°c

164



Biochemical Characterisation of Novel PPAR Modulators

Table 3.4 - LanthaScreen TR-FRET PPARy co-regulator assay reagents

Component Composition Storage

Fluorescein-labelled peptide*

PPARy LBD (GST)

LanthaScreen Tb-anti-GST 

antibody

Nuclear Receptor Buffer F

DTT, IM 

Peptide*

TRAP-220/DR1P-2 

CBP-1 

PCGla 

SRC 3-1 

SRC 1-4

SMRT 1D2 

SMRTIDl 

NCoRIDI 

NCoR ID2

-80°c (Repeat freeze-thaw cycles 

are avoided)

-20°c

1 OOpM in 50mM HEPES buffer, -20°c

pH 7.5

Human PPARy LBD in buffer 

(pH 8.0) containing protein 

stabilising agents and glycerol 

Terbium-labeled anti-GST 

antibody in HEPES buffered 

saline (137 mM NaCl, 2.7 mM 

KCl, 10 mM HEPES 

pH 7.5).

Proprietary buffer (pH 7.5) 

including 10% glycerol 

In water

Peptide Sequence

Co-Activators

KI 'SQNPIl. TSU.On'GNGG 

AASKHKQLSELLRGGSGSS 

EA EEPSLI.KKLLIA PA STQ 

ESKGHKKLLQLLTCSSDDR 

GPQTPQA QOKSLLQQl.L TE 

Co-Repressors
HASTNMGLEAURKALMGKYDQn 

GHQR VVTLAQHISEVITQDYTRH 

RTHLPrLADHICQIlQDFARN 

DPASNLGLEDIIRKALMGSFDDK

Room temperature

20°c
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Table 3.5 GeneBLAzer PPARy 293H DA Cell assay reagents

Component Composition Storage

PPARy 293H DA cells >14,000,000 cells in I ml of

Recovery Cell Culture Freezing

Media

Liquid Nitrogen

Phenol red-free DM EM As detailed in supplier

documentation

4°C

Fetal bovine serum (FBS), As detailed in supplier -20°C

charcoal-stripped documentation

Penicillin/Streptomycin lOOOOU/lOOOOpg per ml -20°C

All compounds used in virtual screening and subsequent biochemical testing were 

commercially available from SPECS"’. Positive controls (Rosiglitazone, GW 1929, 

GW0742 and GW7647) and DMSO (Cell-culture grade) were sourced from Sigma Aldrich 

(St. Louis, MO). Purities of hit compounds were assessed by a combination of 'H NMR 

and LCMS and were found to be >95%.

3.2.2 Experimental controls for non-specific or artificial inhibition
To exclude artificial inhibition by aggregation methods, screening compounds were 

analysed for solvent solubility, solution aggregation and inherent fluorescence properties. 

In brief, compound solubility was assessed under several conditions;

• lOmM solution (100% DMSO)

• Pre-centrifugation (lOOpM solution (PPAR green screening buffer, 1%DMS0))

• Post-centrifugation (lOOpM solution (PPAR green screening buffer, 1%DMS0)) 

Samples were centrifuged at 5,000 rpm for 10 mins for post centrifuge analysis. 

Insolubility was assessed using a soluble or +/++/+ + + system (+ = slight insolubility, + + 

= high degree of insolubility + + + = total insolubility).

Pre- and post- centrifugation samples were assessed for inherent fluorescence by reading 

on a BMG PheraStar plate reader (Ex. 495nm, Em. 530nm). Readings were compared to 

vehicle (PPAR green screening buffer, l%DMSO) and expressed as a percentage of the 

control. All values were recorded in triplicate.

Further still, lead compounds were subjected to full competitive binding assay (FP /TR- 

FRET) in pre and post centrifugation models. As documented by shoichet et ai, 

centrifugation of aggregate compound solutions should result in loss of apparent activity in

166



Biochemical Characterisation of Novel PPAR Modulators

subsequent assays^. To further rule out potential aggregation based methods of artificial 

inhibition, both FP and TR-FRET assays were adapted to include 0.01% of a non-ionic 

detergent (Triton X-100). All compounds were tested at the highest concentration assayed 

in on target assays (lOOpM).

3,2.3 PolarScreen PPARy Competitor Assay
The PolarScreen PPARy Competitor Assay, Green (PV3355- Invitrogen, Carlsbad, CA) 

was used to assess the initial competitive binding capabilities of virtual hit compounds 

against PPARy-LBD. Experiments were carried out in line with guidelines specified by the 

supplier. In short, PPARy-LBD (Buffer pH 8.0 with protein stabilizing agents and 

glycerol) and PPARy Fluormone green (500nM in 90% methanol/water) were removed 

from -80°C storage and thawed on ice for 1 hr prior to use. The PPAR Green screening 

buffer (Proprietary Buffer, pH 7.4) was removed from 4°C storage and allowed to 

acclimate to room temperature for Ihr. The PPAR Green screening buffer was prepared for 

assay use by adding DTT (IM) at a concentration of Spl DTT/lOOOpl of screening buffer 

for a final concentration of 5mM. Complete buffer solutions were made fresh on each 

assay day as prolonged storage may result in oxidation of DTT.

A 2x final assay concentration of PPAR LBD/Fluormone complex was made up in 

complete buffer (5nlVI PPAR Fluormone and 2x concentration of PPARy-LBD as stated on 

the certifcate of analysis provided). The PPARy LBD/Fluormone complex was stored in 

the dark at 4°C until required. Control and test compounds were serial diluted in DMSO 

and further diluted to a 2x assay concentration in complete screening buffer. 20pl of each 

2x control/test compound was added into a 384-microwell plate along with 20pl of 2x 

PPAR-LBD/Fluormone complex. The final concentration of DMSO in each assay well was 

1%. On each plate a vehicle control (1% DMSO in buffer). Maximum mP control (20|il of 

PPAR LBD/Fluormone complex + 20pl of complete assay buffer, 1% DMSO) and 

minimum mP control (20|il of PPAR Fluormone + 20pl of complete assay buffer, 1% 

DMSO) was included. Microwell plates were stored in the dark at room temperature for 

2hrs prior to reading on a PHERAstar plus HTS Microplate reader (BMG LabTech). 

Positive controls were also included in each experimental run. Raw data mP values were 

analysed using GraphPad Prism (v 5.01. San Diego, CA). Experiments determining EC50 

values of control/test compounds were carried out using sigmoidal-dose response curve 

(varying slope) analysis. Data points represent triplicate averages over at least two
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independent experiments. Error bars show Standard Error of the Mean (SEM) of replicate 

wells.

3.2.4 LanthaScreen TR-FRET PPAR Competitive Binding Assay
The LanthaScreen TR-FRET PPAR Competitive Binding assay kit (PPARy-PV4894, 

PPARa-PV4892, PPAR5 -PV4893, Invitrogen, Carlsbad, CA) was used as specified by the 

supplier documentation. In brief, 2x test compound/control solutions were made up TR- 

FRET PPAR assay buffer (2% DMSO) and 20pl added to a 384-microwell plate (Corning, 

NY, USA). After compound addition, lOpl of 4X Fluormone Pan-PPAR green and lOpl of 

4X PPAR-LBD/Tb-anti-GST Ab was added to each test well. Plates were stored in the 

dark at room temperature for 2hrs prior to reading on a PHERAstar plus FITS Microplate 

reader (BMG LabTech). On each plate a negative control, representing minimum 

fluormone displacement, was included (20pl 2x test compound solvent (TR-FRET PPAR 

assay buffer, 2% DMSO)) f lOpI 4x Fluormone Pan-PPAR green + lOpl 4x PPARy- 

LBD/Tb-anti-GST Ab). Positive controls were included in each experimental run 

(Rosiglitazone and/or GW 1929 for PPARy, GW7647 and GW0742 for PPARa and 

PPAR5, respectively). The TR-FRET ratio was calculated by dividing the emission signal 

at 520nm by the emission signal at 495nm. Data values were analysed using GraphPad 

Prism (v 5.01. San Diego, CA) and curves fit using sigmoidal dose-response equation 

(varying slope) to determine EC50 values. Data points represent triplicate averages over at 

least two independent experiments. Error bars show SEM of replicate wells.

3.2.5 LanthaScreen TR-FRET PPARy Co-activator assay - Agonist 

mode
The Lanthascreen TR-FRET PPARy co-activator assay was run as indicated by the 

supplier documentation (PV4548, Invitrogen, Carlsbad, CA). PPARy LBD, GST (Buffer 

pH8.0 with protein stabilizing agents and glycerol) was removed from -80°C storage and 

kept on ice for Ihr prior to assay. The Fluorescein TRAP-220/DR1P-2 peptide (lOOpM in 

50mM HEPES buffer, pH 7.5 sequence: NTKNHPMLMNLLKDNPAQD) and 

Lanthascreen Tb-anti-GST antibody (Terbium labeled anti-GST antibody in HEPES 

buffered saline (137nM NaCl, 2.7mM KCl, lOmM HEPES pH7.5) were removed from - 

20°C storage and stored at 4°C for 1 hr prior to assay. The TR-FRET co-regulator buffer F 

was removed from 4°C storage and kept at room temperature prior to assay. The Complete 

TR-FRET co-regulator buffer F was prepared by addition of IM DTT to a final 

concentration of 5mM DTT. 4x PPARy LBD solution (lx concentration as stated in
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certificate of analysis) and 4x fIuorescein-TRAP220/DRIP-2/Tb anti-GST antibody 

solution was made up in complete assay buffer. The final assay concentrations of 

Fiuorescein-TRAP220/DRlP-2 and Tb anti-GST antibody were 125nM and 5nM, 

respectively. Serial dilutions of control/test compounds were carried out in DMSO and a 

2x concentration was prepared in complete screening buffer. The final concentration of 

DMSO in each well was 1%. lOpl of each 2x control/test compound was added to the 

microwell plate along with 5pl of the 4x PPARy LBD and 5pl of the 4x Fluorescein- 

TRAP220/DRIP-2 Fluorescein-TRAP220/DRlP-2/Tb anti-GST ab solution. On each plate, 

a vehicle control (1% DMSO in buffer), a positive control (lOpl of 2x agonist control + 

5pl of the 4x PPARy LBD + 5pl of the 4x Fluorescein-TRAP220/DRlP-2/Tb anti-GST ab 

solution), negative control (lOpl 2x compound solvent + 5pl of the 4x PPARy LBD + 5pl 

of the 4x Fluorescein-TRAP220/DRIP-2/Tb anti-GST ab solution) and a no PPARy LBD 

control (lOpl 2x compound solvent + 5pl of complete buffer + 5pl of the 4x Fluorescein- 

TRAP220/DRlP-2/Tb anti-GST ab solution) was added. Microplates were incubated, in the 

dark for 4hrs and subsequently read on a PFIERAstar plus HTS Microplate reader at 

excitation k 340nm and emission )^'s at 490 and 520nm. Raw data was analysed using 

GraphPad Prism (v 5.01. San Diego, CA) and Emission ratio (520/490nm) was plotted 

against log concentration. Experiments determining EC50 values of control/test compounds 

were carried out using Sigmoidal-dose response curve (varying slope) generation in Prism. 

Data points represent triplicate averages over at least two independent experiments. Error 

bars show SEM of replicate wells.
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3.2.6 LanthaScreen TR-FRET PPARy Co-activator assay - Antagonist 

mode
The Lanthascreen TR-FRET PPARy Co-activator assay was run as indicated by the 

supplier documentation (PV4548, Invitrogen, Carlsbad, CA). The assay was run in the 

same way as the agonist mode except for the inclusion of PPARy agonist (GW 1929) at the 

experimentally determined ECgo value of the compound (30nM). GW 1929 was included in 

the 4x Fluorescein-TRAP220/DRlP-2/Tb anti-GST ab solution and 5pl of this solution was 

added in place of that outlined in the agonist mode assay. Experimental controls were the 

same as those carried out in the agonist mode with the exception of the positive control, 

where lOpl of 2x antagonist (GW9662) was used in place of agonist. Microplates were 

incubated in the dark for and subsequently read on a PHERAstar plus HTS Microplate 

reader at excitation X of 340nm and emission X's at 490 and 520nm. Raw data was 

analysed using GraphPad Prism (v 5.01. San Diego, CA) and the emission ratio 

(520/490nm) was plotted against log concentration. Experiments determining EC50 values 

of control/test compounds were carried out using Sigmoidal-dose response curve (varying 

slope) generation in Prism. Data points represent triplicate averages over at least two 

independent experiments. Error bars show SEM of replicate wells.

3.2.7 LanthaScreen TR-FRET PPARy Co-regulator profiling
To judge potential differences in ligand-dependent co-regulator recruitment or dissociation 

from PPARy-LBD, the LanthaScreen TR-FRET Co-activator - Agonist mode assay was 

run with as previously described. Differences in the assay set up include substitution of the 

provided fluorescein-labelled peptide (i.e. TRAP220/DR1P-2) with the panel of co

regulators detailed in table 3.2.1.3. The final peptide concentration used was 500nM (as 

referred to by Invitrogen Technical Support, Carlsbad, CA.)
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3.2.8 Nuclear Receptor Selectivity Profiling

3.2.8.1 LanthaScreen TR-FRET LXRa/p co-activator assay
The LanthaScreen TR-FRET LXRa/p co-activator assays were used as specified by the 

supplied documentation (LXRa: PV4655, LXRP:4658, Invitrogen, Carlsbad, CA). LXRa/p 

LBD, GST (Buffer pH8.0 with protein stabilizing agents and glycerol) was removed from - 

80°C storage and kept on ice for Ihr prior to assay. For the LXRa assay, the Fluorescein- 

TRAP220/DRIP-2 peptide (lOOpM in 50mM HEPES buffer, pH 7.5 sequence: 

NTKNHPMLMNLLKDNPAQD) and LanthaScreen Tb-anti-GST antibody (Terbium 

labelled anti-GST antibody in HEPES buffered saline (l37nM NaCI, 2.7mM KCl, lOmM 

HEPES pH7.5) was removed from -20°C storage and stored at 4°C for 1 hr prior to assay. 

In the LXRp assay, FIuorescein-D22 peptide (lOOpM in lOmM Na2C03. pH I 1.0) was 

used in place of Fluorescein-TRAP220/DRIP-2 peptide. The TR-FRET co-regulator buffer 

H (or co-regulator buffer I in case of LXRP) was removed from 4°c storage and kept at 

room temperature prior to assay. The Complete TR-FRET co-regulator buffer H/1 were 

prepared by addition of 1M DTT to a final concentration of 5mM DTT. 4x LXRa or LXRp 

LBD solution (lx concentration as stated in certificate of analysis) and 4x fluorescein- 

peptide/Tb anti-GST antibody solution was made up in complete assay buffer. Final assay 

concentrations of Fluorescein-TRAP220/DRIP-2 and D-22 were 250nM and lOOnM, 

respectively. Final concentration of Tb anti-GST antibody was lOnM for each assay. Serial 

dilutions of control/test compounds were carried out in DMSO and a 2x concentration was 

prepared in complete screening buffer. The final concentration of DMSO in each well was 

]%. lOpI of each 2x control/test compound was added to the microwell plate along with 

5|il of the 4x LXRa or LXRp LBD and 5pl of the 4x Fluorescein-peptide/Tb anti-GST ab 

solution. On each plate, a vehicle control (2% DMSO in buffer), a positive control (lOpl of 

2x agonist control + 5|il of the 4x LXRa or LXRp LBD + 5pl of the 4x Fluorescein- 

peptide/Tb anti-GST ab solution), negative control (lOpl 2x compound solvent + 5pl of the 

4x LXRa or LXRp LBD + 5pl of the 4x Fluorescein-peptide/Tb anti-GST ab solution) and 

a LXRa or LXRp LBD control (lOpI 2x compound solvent + 5pl of complete buffer + 5pl 

of the 4x Fluorescein-peptide/Tb anti-GST ab solution) was added. Positive controls were 

included in each experimental run (T09013I7). Microplates were incubated, in the dark for 

2-4hrs and subsequently read on a BMG PHERAstar plus HTS Microplate reader at 

excitation X of 340nm and emission ^’s at 490 and 520nm. Raw data was analysed using 

GraphPad Prism (Version 5.01) and the emission ratio (520/490nm) was plotted against
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log concentration. Data points represent triplicate averages over at least two independent 

experiments. Error bars show SEM of replicate wells.

3.2.8.2 PolarScreen ERa/p Competitor Assay, Green
The Polarscreen ERa/pCompetitor Assay, Green (ERa: PV2614, ERp: PV2700, 

Invitrogen, Carlsbad, CA) was used to assess the competitive binding characteristics of 

virtual hit compounds against ERa/p-LBD. Experiments were carried out in line with 

guidelines specified by the supplier. In short, ERa-LBD (Buffer: 50mM Tris-HCl(pH 8.0), 

500mM KCl, 2mM DTT, ImM EDTA, ImM Na3V04, 10% glycerol) or ERp-LBD 

(Buffer: 50mM Bis-Tris Propane (pH 9.0), 400mM KCl, 2mM DTT, ImM EDTA, and 

10% glycerol) and Fluormone ES2 (l800nM in 80% methanol/20water) were removed 

from -80°C storage and thawed on ice for Ihr prior to use. The ES2 screening buffer 

(lOOmM potassium phosphate (pH 7.4), lOOpg/ml BGG, 0.02% NaNs) was removed from 

4°C storage and allowed to acclimatise to room temperature for Ihr. The ES2 screening 

buffer was prepared for assay use by adding DTT (1M) at a concentration of 5pl/1000p,l of 

screening buffer for a final concentration of 5mM. Complete buffer solutions were made 

fresh on each assay day as prolonged storage could result in oxidation of DTT.

A 2x final assay concentration of ERa or p LBD/Fluormone complex was made up in 

complete buffer (4.5nM ES2 Fluormone and 2x concentration of ERa or P-LBD, as stated 

on the Certificate of Analysis provided). The ERa or p LBD/Fluormone complex was 

stored in the dark at 4°C until required. Control and test compounds were serial diluted in 

DMSO and further diluted to a 2x assay concentration in complete screening buffer. 20pl 

of each 2x control/test compound was added into a microwell plate along with 20)li1 of 2 x 

ERa or p -LBD/Fluormone complex. The final concentration of DMSO in each assay well 

was 1%. On each plate a vehicle control (1% DMSO in buffer). Maximum mP control 

(20pl of ERa or p LBD/Fluormone complex + 20pl of complete assay buffer, 1% DMSO) 

and minimum mP control (20|il of ES2 Fluormone + 20pl of complete assay buffer, 1% 

DMSO) was included. Microwell plates were stored in the dark at room temperature for 

2hrs prior to reading on a PHERAstar plus HTS Microplate reader (BMG LabTech). 

Positive controls were included in each experimental run (Estradiol).Raw data mP values 

were analysed using GraphPad Prism (v 5.01. San Diego, CA). Data points represent 

triplicate averages over at least two independent experiments. Error bars show SEM of 

replicate wells.
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3.2.9 GeneBLAzer^''* PPARy HEK293H DA cell-based assay
The GeneBLAzer® PPARy 293H DA Cell-based Assay (K1419 - Invitrogen, Carlsbad, 

CA) and cell media reagents were used as specified by the supplier documentation. Cells 

were rapidly thawed by placing at 37°C in a water bath with gentle agitation for 1-2 mins. 

The vial was decontaminated by wiping with 70% ethanol before opening in a Class 11 

biological safety cabinet. Vial contents were added drop-wise to 10ml of assay medium in 

a sterile 15ml conical tube. Cells were then centrifuged at 200 x g for 5 minutes. The 

supernatant was aspirated off and the cell pellet was re-suspended in I ml of fresh assay 

medium. Cells were then counted in a haemocytometer and cell density adjusted to that 

specified in the assay literature (9.4 x 10^ cells/ml). Agonist/Antagonist protocols are 

detailed in Table 3.6 and 3.7. In brief, PPARy 293H DA cells were plated at a density of 

30,000 cells/well in a 384-well plate and stimulated with test compounds and suitable 

controls at varying concentrations for approximately 16hrs (0.1% DMSO final 

concentration). Cells were then loaded with LiveBLAzer™ -FRET B/G Substrate for 2 

hours. Fluorescence values at 460nm and 530nm were obtained using a SpectraMax M2e 

fluorescence plate reader (Molecular Dimensions, Bath, UK). Data values were analysed 

using GraphPad Prism (v 5.01. San Diego, CA) and curves tit using sigmoidal dose- 

response equation (varying slope) to determine EC50 values. Data points represent triplicate 

averages over at least two independent experiments. Error bars show SEM of replicate 

wells.
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3.3 Results and Discussion

3.3.1 Experimental Controls for non-specific or Artificial Inhibition
In order to assess the potential of test compounds to interfere with biochemical assay 

readouts, all test compounds were subjected to several rounds of pre-screening 

experiments. It was hoped that early stage identification of problematic compounds 

would result in a marked decrease in any compound ‘false positive’ behaviour. Initial 

investigations noted the inherent compound colour and solubility in solution (100% 

DMSO). Most compounds displayed full solubility in DMSO (See table 3.3.1.1), 

although several compounds (MDG542, 555,557,579 and 583) were insoluble in this 

organic solvent. In these instances, solutions were vortexed and heated to 37°C for 

sustained periods to see if solubility would improve. However, in all cases, all 

compounds remained as suspensions or emulsions in solution.

Following up on solubility in DMSO, compound solubility in assay buffer (Complete 

assay buffer, 1% DMSO) was inspected. As per the results obtained in the first test, the 

majority of compounds displayed solubility in the buffer solvent. Although initially 

insoluble in 100% DMSO, MDG555, 557 and 579 reverted to soluble forms in assay 

buffer. MDG542, 557 and 583 still displayed insolubility in buffer solution. After initial 

assessment of solubility, the same compound solutions (Complete assay buffer, 1% 

DMSO) were subjected to centrifugation at high rpm for several minutes. The 

hypothesis put forward was that centrifugation of insoluble sample would lead to 

precipitation of compound, allowing for visual examination of any particulate matter 

formation. As per prior observations, the vast majority of compounds retained solubility 

even after centrifugation. MDG542, 557 and 583 displayed insolubility and aggregate 

formation at all stages of solubility assessment. Several compounds showed slight 

insolubility post-centrifugation, whilst several more displayed higher degrees of 

insolubility (See Table 3.8). Although these compounds initially appeared soluble in 

DMSO and buffer solutions, centrifugation led to formation of observable insoluble 

aggregates. Results from these collective observations were used to critically assess the 

apparent read out from biochemical experiments and further scrutinise the apparent 

biological activity of insoluble/ aggregative compounds.
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Table 3.8 Semi-quantitative analysis of compound colour, solubility and potential aggregation of 

IV1DG540-589. Listed are the solution colours of compounds (lOmM, 100% DMSO). Compound 

solubility was assessed at three stages; solvated in 100% DMSO, solvated in assay buffer (PPAR green 

screening buffer (1%DMS0 final)) and solubility post-centrifugation (S.OOOrpm for 10 mins.) in assay 

buffer. Solubility was visually assessed and designated soluble or insoluble. Degree of insolubility was 

judged via a graded system. + = slight insolubility, ++ = high degree of insolubility and +++ = total 

insolubility.

MDG# Colour (100%
DMSO)

Solubility (ioo%
DMSO)

Pre-centrifuge

Solubility
(C omplete Assay

Buffer + 1%

DMSO)

Post-centrifuge

Solubility
(Complete .Assay

Buffer+1% DMSO)

540 Clear Soluble Soluble -I-

541 Dark Red Soluble Soluble Soluble

542 Orange -H-l- ++-1- +++

543 Orange Soluble Soluble -H-

544 Yellow Soluble Soluble +

545 Clear Soluble Soluble Soluble

546 Yellow Soluble Soluble ++

547 Clear Soluble Soluble Soluble

548 Yellow Soluble Soluble Soluble

549 Yellow Soluble Soluble +

550 Clear Soluble Soluble Soluble

551 Faint Yellow Soluble Soluble Soluble

552 Faint Yellow Soluble Soluble Soluble

553 Clear Soluble Soluble Soluble

554 Clear Soluble Soluble Soluble

555 Yellow +++ Soluble Soluble

556 Clear Soluble Soluble Soluble

557 Clear +++ +++ +++

558 Clear Soluble Soluble Soluble

559 Faint Yellow Soluble Soluble Soluble

560 Yellow Soluble Soluble Soluble

561 Yellow Soluble Soluble Soluble

562 Yellow Soluble Soluble Soluble

563 Yellow Soluble Soluble Soluble
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564 rellovv' "' 'SotuBTe ' Soluble Sdriible
565 Yellow Soluble Soluble Soluble

566 Red Soluble Soluble Soluble

567 Yellow Soluble Soluble Soluble

568 Clear Soluble Soluble Soluble

569 Clear Soluble Soluble +

570 Brown Soluble Soluble +

571 Clear Soluble Soluble +

572 Clear Soluble Soluble +

573 Clear Soluble Soluble Soluble

574 Orange Soluble Soluble ++

575 Clear Soluble Soluble

576 Clear Soluble Soluble +

577 Clear Soluble Soluble Soluble

578 Clear Soluble Soluble ++

579 Clear +++ Soluble Soluble

580 Clear Soluble Soluble Soluble

581 Clear Soluble Soluble Soluble

582 Yellow Soluble Soluble Soluble

583 Yellow +++ +++ +++

584 Yellow Soluble Soluble Soluble

585 Orange Soluble Soluble +

586 Red/Orange Soluble Soluble ++

587 Clear Soluble Soluble +

588 Clear Soluble Soluble Soluble

589 Clear Soluble Soluble Soluble

PPAR Green

Screening Buffer

(0.5mM DTT)

Soluble

Vehicle (Buffer

+ l%DMSO)

■ ■ • Soluble
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As a follow up to compound solubility studies, the fluorescence intensity of test 

compounds was assessed at the highest experimental compound concentration (lOOgM). 

For simplicity, excitation and emission wavelengths were kept constant and at values 

used in measuring FP-based compound competitive binding. Fluorescence intensity was 

assessed to measure any inherent compound fluorescence or light scatter effects, which 

in turn, could affect biochemical assay data. As per solubility testing, two conditions 

(pre- and post- centrifugation) for compound fluorescence intensity were measured. 

Results from pre-centrifugation measurements showed that a proportion of compounds 

displayed fluorescence intensities higher than the vehicle control (Figure 3.6 and 3.7). 

However, the majority of compounds were shown not to display statistically significant 

differences in fluorescence intensity when compared to control, and therefore believed 

not to have inherent fluorescence or light scatter effects at the measured concentration or 

wavelengths. Measurements post-centrifugation ‘resolved’ the high values displayed by 

some samples (MDG545, 550, 554, 569 and 584) suggesting light scatter by suspension 

aggregates from these compounds (Figure 3.7). In several other cases, a statistically 

significant fluorescence intensity measurement was shown by compound in both pre- 

and post centrifugation samples. This would suggest that these compounds may display 

autofluorescence at measured wavelengths which is not dependent on compound 

insolubility.

In conjunction with the solubility experiments, pre screening of compound fluorescence 

intensity was used to assess the potential of screening compounds to present issues in 

biochemical testing. From the results obtained, compounds were flagged has having 

solubility or fluorescence issues, which could result in retrieval of false positives or 

negatives from target binding studies. This data was used in prioritisation of hits for 

further testing (i.e. competitive binding dose response curves) and screening compound 

triage.
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3.3.2.1 Experimental Controls for MDG548, 559 and 582
Alongside pre-screening of test compounds, retrieved hit compounds were subjected to 

further analysis with a view to ruling out false positives or unspecific target competitive 

binding. MDG 548, 559 and 582 were tested in FP and TR-FRET competitive binding 

(lOOpM) under several conditions; no centrifugation, centrifuged compound solution, no 

detergent and addition of detergent (Triton X-100, 0.01%). In both biochemical methods, 

no statistically significant difference was shown in values obtained in each of the 

conditions laid out (P>0.05). In the comparative centrifugation model, FP and TR-FRET 

competitive binding of MDG 548, 559 and 582 at lOOpM was not differential in pre- and 

post centrifuged compound samples. This evidence would suggest that none of the hit 

compounds were forming soluble aggregates in solution or in the final assay mixture. Also, 

comparison of detergent/non-detergent conditions showed no statistical significance in 

assay for MDG 548, 559 or 582 (P>0.05). This would further support the view that 

compounds were not forming aggregates in solution or indeed were compound aggregates 

artificially binding to or sequestering the PPARy-LBD. In each experiment, suitable 

positive controls were included (Rosiglitazone or GW 1929) and no statistical significance 

was observed between differing conditions (P>0.05).

In conclusion of experimental controls presented for test compounds, several compounds 

showed insolubility or autofluorescence issues which may have presented as sources of 

experimental interference. Initial screening and characterisation of these issues lead to 

further scrutinisation of FP and TR-FRET competitive binding data where applicable. 

Encouragingly, identified PPARy binders (MDG 548, 559 and 582) were not flagged at 

any stage of the control process. Also, their binding activity was retained under several 

comparative assay conditions, supporting the hypothesis of true competitive binding to 

their intended target. As earlier stated, these results were also used to guide prioritisation 

and filtering of compounds for further testing. Importantly, the data obtained highlights the 

importance of compound characterisation and identification of issues that can potentially 

interfere with subsequent biochemical testing of screening compounds.
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B

Figure 3.8 Competitive binding of 1V1DG548, 559 and 582 against PPARy-LBD is not attenuated by 

pre-centrifugation or addition of detergent - MDG548, 559 and 582 were assayed in (A) PolarScreen FP 

and (B) LanthaScreen TR-FRET competitive binding assays (See section 3.2 for details). Four independent 

assay conditions were studied; No centrifugation, centrifugation (5,000rpm for 10 mins), no detergent, 

addition of detergent (Triton X-lOO, 0.01%). All compounds were assayed at a pre-determined highest 

concentration cut-off (lOOpM). Statistical significance was determined using two-way ANOVA (with 

Bonferroni post-test). Data points represent average of at least three independent experiments. Error bars 

represent Standard Error of the Mean (SEM).
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3.3.3 PolarScreen Fluorescence Polarisation Competitive Binding 

3.3.3.1 Assay controls
In order to assess the functional performance of the PolarScreen Fluorescence Polarisation 

Competitive Binding assay, a dose-response curve was constructed using the PPARy 

agonist Rosiglitazone as a positive control. From the data obtained (See Figure 3.9), 

Rosiglitazone displayed dose-dependent competitive binding of PPARy-LBD, with a 

calculated EC50 of 190±1 InM. Z’ factor was calculated at 0.82, indicating a high degree of 

assay sensitivity in distinguishing between baseline and compound dependent response. 

The results obtained supported the suitability of the assay for use in biochemical 

compound screening against PPARy-LBD.

Rosiglitazone

Figure 3.9 PP.4Ry agonist Rosiglitazone shows dose-responsiveness in PolarScreen Fluorescence 

Polarisation Competitive Binding assay - Experiment was carried out as detailed in Section 3.2.3. Controls 

(max mP and min mP ) were included. Curve plotting (log (Compound) vs, response - variable slope) and 

statistical analysis was carried out using Prism (V5.01). Data points represent triplicate data from at least 

two independent experiments. Error bars represent Standard Error of the Mean (SEM)
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3.3.3.2 PolarScreen Fluorescence Polarisation Competitive Binding 

(Single Point)
Resultant from virtual screening results obtained in Chapter II, a selection of compounds 

were selected for initial biochemical screening against PPARy-LBD. A cut-off 

concentration was set at lOOpM for single point testing, as values outside this range would 

not be amenable for further dose-response investigations. In all cases, compound 

competitive binding was directly compared to values obtained for Rosiglitazone (lOOpM). 

Although rosiglitazone binds PPARy with an EC50 value in the low to mid nanomolar 

range, assay at this micromolar concentration represents maximal displacement of 

Fluormone Pan PPAR green from the receptor within the assay. Test compound mP values 

were assessed for statistical significance by direct comparison to the value obtained for 

rosiglitazone. Compounds that displayed competitive binding directly comparable to 

rosiglitazone were advanced for dose response curve analysis (i.e. comparable mP values 

to 100 pM rosiglitazone).

From the results obtained, seven compounds (MDG547,548,557,559,566,568,582) 

displayed apparent binding of PPARy-LBD at lOOpM comparable to that observed with 

rosiglitazone. (Figure 3.10 and 3.12). Expansion of initial screening results also lead to 

testing of a small selection of MDG548 analogues (MDG560-564) (Figure 3.11). 

Interestingly, three analogues displayed activities comparable to the positive control at 

lOOpM. From the designated criteria discussed, all compounds were selected for dose- 

responsive analysis. A proportion of screening compounds also showed varying 

displacement of Fluormone Pan PPAR green from complex. However, these weak binders 

were not prioritised for further testing due applied screening criteria. A further subset of 

compounds displayed increased mP values above the max mP experimental control. In 

some cases, these values were substantially higher than the experimental maximum. As 

previously discussed (Figure 3.6 and 3.7), these effects could be explained by compound 

autofluorescence, light scattering or aggregation mechanisms, which would in turn affect 

apparent assay read out. As such, these problematic compounds were excluded from 

further testing
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Figure 3.10 IV1DG548, 559 and 582 display comparable PPARy-CBD competitive binding to that of 

Rosiglitazone at lOOpIM - Experiment was carried out as detailed in Section 3.2.3. Controls (max mP, min 

mP and Rosiglitazone (lOOpM) were included. Statistical analysis was carried out using two-way ANOVA 

(with Bonferroni post-test) using Prism (V5.01). mP values were compared to max mP. Data points represent 

at least three independent experiments. Error bars represent Standard Error of the Mean (SEM). 

.*P<0.05,**P<0.01 ,***P<0.001.

186



Biochemical Characterisation of Novel PPAR Modulators

Figure 3.11 IV1DG560, 563 and 564 display comparable PPARy-LBD competitive binding to that of 

Rosiglitazone at lOOpM - Experiment was carried out as detailed in Section 3.2.3. Controls (max mP, min 

mP and Rosiglitazone (lOOpM) were included. Statistical analysis was carried out using two-way ANOVA 

(with Bonferroni post-test) using Prism (V5.01). mP values were compared to max mP. Data points represent 

at least three independent experiments. Error bars represent Standard Error of the Mean (SEM). 

.*P<0.05,*=^P<0.01 ,***P<0.001
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Figure 3.12 IVIDG566, 568, 573 and 582 display comparable PPARy-LBD competitive binding to that of 

Rosiglitazone at lOOplVI - Experiment was carried out as detailed in Section 3.2. Controls (max mP, min mP 

and Rosiglitazone (lOOpM) were included. Statistical analysis was carried out using two-way ANOVA (with 

Bonferroni post-test) using Prism (V5.01). mP values were compared to max mP. Data points represent at 

least three independent experiments. Error bars represent Standard Error of the Mean (SEM). 

.*P<0.05,**P<0.01 ,***P<0.001
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3.3.3.3 PolarScreen Fluorescence Polarisation Competitive Binding 

(Dose-Response Curve)
Building on data obtained in Section 3.3.1.2, seven compounds

(1VIDG547,548,557,559,566,568,582) were subjected to 8 point dose response curves to 

determine EC50 values for these putative hits. From FP dose response curves, MDG548 

was shown to bind PPARy-LBD with an EC50 of 325nM ± 80nM. MDG559 and 582 

displayed EC50 values of 5.45±1.2pM and 2.4±0.8pM, respectively (Figure 3.13). Control 

PPARy agonist (Rosiglitazone) displayed activity in line with that previously reported in 

the literature'*. IV1DG548, 559 and 582 displayed competitive binding activities in the mid 

nanomolar to low micromolar range, with MDG548 displaying the strongest affinity for 

PPARy-EBD. On further investigation, MDG547, 557,566 and 568 did not show

appreciable dose dependent competitive binding of PPARy-LBD. Although initial results 

from one-point concentration screening identified these compounds as potential binders, 

they lack of dose dependent responsiveness would suggest potential artifactual readings at 

tested concentrations. In each case, analysis of log (agonist) vs. response (variable slope) 

lead to ambiguous model interpretation. The data model was unable to fit data points to a 

typical sigmoidal curve, and in all cases constructed curves were unusually steep (as 

determined by Hill slope). Taking these observations into account, it was decided not to 

advance MDG 547, 557, 566 or 568 through to further biochemical investigations.
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Figure 3.13 1VIDG548, 559 and 582 show dose-responsive competitive binding of PPARy-LBD - 

Experiment was carried out as detailed in Section 3.2.3. Controls (max mP, min mP and Rosiglitazone 

(varying concentrations) were included. Curve plotting (log (Compound) vs, response - variable slope) and 

statistical analysis was carried out using Prism (V5.01). Data points represent triplicate data from at least 

two independent experiments. Error bars represent Standard Error of the Mean (SEM).

Table 3.9 Curve fitting data of MDG548, 559 and 582 in PolarScreen FP binding assay

Compound ECso (pIM) Hill Slope

MDG 548 0.325± 0.08 0.2469 0.8658

VIDG 559 5.45±1.2 0.2778 0.9402

MDG 582 2.40±0.8 0.1254 0.9698

Rosiglitazone 0.190±0.11 0.3774 0.9332
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3.3.4 LanthaScreen TR-FRET Competitive Binding 

3.3.4.1 Assay controls
To assess correct assay plate reader (BMG Pherastar) set-up, the LanthaScreen Terbium 

instrument control kit was utilised. An experiment was carried out as per manufacturers 

specifications. Readings obtained showed a high fold change between minimum and 

maximum concentrations of fluorescein used. An assay window of approximately 11.25 

was determined for the assay. As per the manufacturers documentation, an assay window 

of >2-4 is required for Tb-based TR-FRET measurements. Based on these results, the 

instrumentation settings were optimised for use with LanthaScreen TR-FRET assays.

Ecoa
o<N
lO
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'7)
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Fluorescein

log conc(M)

Figure 3.14 BMG Pherastar instrumentation displays acceptable capability of detecting TR-FRET 

signal in LanthaScreen assays. Plot of fluorescein concentration (log cone (M)) versus emission ratio shows 

a dose-dependent increase in measured TR-FRET ratio. Results demonstrate that BMG labtech microwell 

plate reader has a high degree of sensitivity in measuring signal output. As such, its use in TR-FRET 

competitive binding and co-regulator assays was validated. Assay window: 11.25
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3.3.4.2 LanthaScreen TR-FRET Competitive Binding (Dose response 

curves)
Following on from initial FP investigations, the competitive binding characteristics of the 

three hit compounds were determined using an alternative complementary technique. As 

previously stated, TR-FRET is a recognised method for overcoming interference from 

compound auto-fluorescence or light scatter from precipitated compounds'^. In order to 

further and better qualify results obtained from FP, and to rule out any possible false 

positive data from compound auto fluorescence or insolubility, MDG 548, 559 and 582 

were assayed using TR-FRET. All three compounds definitively demonstrated the 

competitive binding characteristics displayed in FP (Figure 3.13). Known PPARy agonists 

(GW 1929 and Rosiglitazone) were included for experimental controls and calculated 

ECso’s were in agreement with values referenced in the kit literature**. In conjunction with 

the data presented with the FP experiments, it can be shown that MDG 548, 559 and 582 

display quantifiable, high fidelity competitive binding to the PPARy-LBD.
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Figure 3.15 IV1DG548, 559 and 582 show dose-dependent competitive binding of PPARy-LBD -

Experiment was carried out as detailed in Section 3.2. Positive controls GW 1929 and Rosiglitazone (varying 

concentrations) were included. Curve plotting (log (Compound) vs response (variable slope)) and statistical 

analysis was carried out using Prism (V5.0I). Data points represent triplicate data from at least two 

independent experiments. Error bars represent Standard Error of the Mean (SEM).
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Table 3.10 Curve fitting data for 1VIDG548, 559 and 582 in TR-FRET Competitive Binding assay

Compound ECso (pM) Hill Slope R^

MDG 548 0.215±0.02 0.2083 0.9242

MDG 559 5.45±2.56 4.392 0.9212

MDG 582 2.40±1.5 0.1682 0.9747

Rosiglitazone 0.I20±0.06 0.7217 0.9248

GW1929 0.0037±0.0012 0.2165 0.9675

3.3.4.3 PPAR Isotype Selectivity Profiling
In order to determine the PPAR isotype seleetivity of virtual sereening hit compounds, 

MDG548, 559 and 582 were also tested in TR-FRET eompetitive binding assays against 

PPARa and PPAR5-LBD’s. Compounds were initially assessed at two concentrations (50 

and lOOpM) to ascertain potential competitive binding to the PPARa or 5 LBD (Figure 

3.16) In the case of MDG548, the compound did not display statistically significant 

binding to either the PPARa or PPAR5 isotypes when compared to vehicle controls 

(P>0.05). These results suggest that MDG548 displays a specific high affinity for the y 

isotype of the PPAR family. MDG 559 demonstrated appreciable binding to PPARa and 5 

at 50 and lOOpM as determined by the TR-FRET competitive binding assay. As such, 

MDG559 was further tested for dose-responsiveness against PPARa/6 isotypes and 

displayed competitive binding to both, indicating a pan-PPAR activity profile (y/a/5 ratio= 

1:2:4). MDG582 displayed competitive binding to both the y and 5 PPAR isoforms at 50 

and lOOpM and subsequently displayed dose-responsiveness against both receptors (y/5 

ratio= 1:10.8). Additionally, MDG582 did not show effective displacement of pan-PPAR 

fluormone from PPARa-LBD at concentrations <100pM, positioning it as a dual PPARy/5 

binding scaffold.
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Figure 3.16 MDG 559 displays two-point (50 and lOOpM) binding to all PPAR isotypes whilst MDG 

582 preferentially binds to PPAR6 and y isoforms. Experiment was carried out as detailed in Section 3.2. 

Positive controls (GW7647 or GW0742, IpM) were included. Statistical analysis was carried out using two- 

way ANOVA (with Bonferroni post-test) using Prism (V5.0I). mP values were compared to that of vehicle 

control (1.0% DMSO). Data points represent at least three independent experiments. Error bars represent 

Standard Error of the Mean (SEM). *** P<0.00l
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Figure 3.17 IVIDG559 shows dose-responsive competitive binding of PPARa and 8-LBD whilst 
IVIDG582 shows dose-responsive competitive binding against PPARy and 6 isoforms only. Experiment 

was carried out as detailed in Section 3.2. Positive controls (GW7647 or GW0742, varying concentrations) 

were included. Curve plotting (log (Compound) vs response (variable slope)) and statistical analysis was 

carried out using Prism (V5.01). Data points represent triplicate data from at least two independent 

experiments. Error bars represent Standard Error of the Mean (SEM).
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3.3.5 GeneBLAzer^’'* PPARy HEK293H DA cell-based assay
Consequent from on-target biochemical validation of MDG548, 559 and 582 competitive 

binding to PPARy-LBD, activity was assessed in a cell based TR-FRET activation reporter 

assay. Over the compound concentrations assayed (lOnM to lOpM), all compounds 

displayed dose-dependent agonism of PPARy-LBD within the cellular reporter assay. In 

contrast to FP and TR-FRET assays, a lower concentration window was used in this assay 

due to compound cytotoxicity observed at concentrations higher than lOpM. MDG548 

retained the highest affinity towards the receptor (EC50 = 0.467±0.139|a.M), whilst 

MDG559 and 582 demonstrated higher affinities within the activation reporter assay 

compared to that shown in the on target competitive binding studies (EC50 = 0.682±0.357 

pM and 0.594±0.059pM, respectively). Interestingly, in comparison to rosiglitazone, both 

MDG559 and 582 did not induce full receptor activation at the maximal concentrations 

assayed (Figure 3.18). MDG548 showed comparable activation to rosiglitazone within the 

concentration window assayed. All experimental compounds were also assayed for activity 

as PPARy antagonists and failed to abrogate rosiglitazone induced PPARy activation at 

concentrations > lOpM. In view of these findings, it is suggested that MDG548, MDG559 

and MDG582 show varying degrees of receptor agonism against PPARy-LBD within this 

TR-FRET cell-based activation reporter assay.
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Figure 3.18 MDC 548, 559 and 582 shows intra-cellular dose dependent activation of PPARy - TR-

FRET based activation reporter assay for IVIDG548, 559 582 and rosiglitazone. Concentrations ranged from 

0.1 nM to lO.OOOnM. Response ratio is calculated as percentage of maximum emission ratio observed at 

lOpM rosiglitazone. Each point represents triplicate data from at least two independent experiments. Error 

bars represent the Standard Error of the Mean (SEM). Assay Z’ Factor: 0.91

3.3.6 LanthaScreen TR-FRET PPARy Co-activator Assay
In order to test the performance of the LanthaScreen TR-FRET PPARy co-activator assay, 

dose response curves were constructed using known PPARy modulators. The high affinity 

PPARy agonist GW 1929 was used in the agonist mode of the assay, whilst the PPARy 

antagonist GW9662 was used in antagonist mode. In both agonist and antagonist mode, 

both compounds displayed the ligand dependent responses typically associated with their 

pharmacological modes of action. In agonist mode, GW 1929 promoted recruitment of the 

TRAP/DRIP complex to the PPARy-LBD in a dose dependent manner, with a calculated 

ECso of 10.05±2.4nM. In antagonist mode, GW9662 antagonised the GW 1929-dependent 

recruitment of the peptide complex in a dose-dependent manner (Figure 3.19). 

Interestingly, in comparison to agonist mode, this inhibition was strongly time dependent. 

This dependency was observed in the calculated ICso's for GW9662, for which substantial 

differences are shown between various reading time points. At t=lhr, an IC50 of 

2.05±0.14pM was calculated, whereas at t=2hr an IC50 of 374.4±43.7nM was inferred from
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the data. Readings at t=3hr showed stabilization of inhibition by GW9662, with an IC50 

value of 294.7 ±50.1nM. The differences in experimental IC50 can be accounted for by the 

irreversible binding of GW9662 to the PPARy-LBD. At longer incubation times, a higher 

proportion of PPARy-LBD is irreversibly bound to GW9662. In turn, GW 1929 cannot 

compete for the LBD pocket and hence facilitate recruitment of TRAP220/DRIP-2 peptide. 

In view of these findings, incubation times for assay antagonist mode were set at 3hrs to 

ensure constant results in further experiments. Overall, it was concluded that both assay 

modes in the TR-FRET co-activator assay were deemed suitable for functional 

characterisation of hit compound effects.
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Figure 3.20 PPARy partial agonist nTZDpa competitively binds PPARy-LBD does not facilitate ligand- 

dependent binding of TRAP-220/DRIP-2 co-activator peptide in LanthaScreen TR-FRET co-activator 

assay. Experiments for TR-FRET co-activator and competitive binding assays were carried out as detailed in 

section 3.2. Positive control (GW 1929, varying concentration) was included in co-activator assay Curve 

plotting (log (Compound) vs response (variable slope)) and statistical analysis was carried out using Prism 

(V5.0I). Data points represent triplicate data from at least two independent experiments. Error bars represent 

the Standard Error of the Mean (SEM).

200



Biochemical Characterisation of Novel PPAR Modulators

To further characterise the functional capabilities of hit compounds MDG548, 559 and 582 

against PPARy. all compounds were assayed in LanthaScreen TR-FRET PPARy co

activator assay (agonist and antagonist modes). As standard, the kit provides the 

TRAP/DRIP co-activator peptide. As such, the potential ligand dependent binding or 

dissociation of this complex to the PPARy-LBD was studied. As seen in Figure 3.21, 

MDG548 was the only compound to initiate a ligand dependent recruitment of the 

TRAP220/DRIP-2 complex to the LBD in the assay agonist mode run. Statistically 

significant recruitment effects were exerted at relatively high concentrations (10, 50 and 

lOOpM) but are marginal in comparison to the PPARy agonist GW 1929 (approximately 

40% that of maximal recruitment from GW 1929 (lOOpM)). From these observations, it can 

be shown that MDG548 does not induce full recruitment of TRAP220/DRIP-2, but instead 

facilitates a reduced attachment compared to the full agonist GW 1929. Although FP and 

TR-FRET competitive binding studies showed that MDG548 bound the receptor LBD with 

mid-range nanomolar affinity, recruitment effects are only shown in the micromolar range 

within this assay. As ligand dependent co-activator attachment is guided by PPARy-LBD 

H12 positioning, this data could support the hypothesis that MDG548 binding is inducing a 

conformational change in the receptor that is non-comparable to that facilitated by 

GW 1929 binding. MDG548 was also assayed in antagonist mode, and it did not display 

concentration dependent inhibition of TRAP220/DR1P-2 coactivator recruitment. As such, 

it can be concluded that MDG548 binds the PPARy-LBD with high affinity and 

subsequently promotes a low level, agonist recruitment of co-activator (TRAP220/DRIP- 

2).

In contrast to the effects shown by MDG548, both MDG 559 and 582 did not promote 

statistically significant recruitment of the peptide under the concentration range studied 

(P>0.05). As such, it can be deduced that these PPARy binders (as evidenced by FP and 

TR-FRET competitive binding studies) do not effect recruitment of TRAP220/DRIP-2 to 

the receptor. Consequent from these results, the potential antagonist effects of MDG559 

and 582 were investigated. From the data presented, neither compound induced a dose 

dependent inhibition of TRAP220/DR1P-2 recruitment in assay antagonist mode. Taken in 

concert, the results from competitive and co-activator experiments interestingly reveals 

several points of note. Although MDG559 and 582 competitively bind to the PPARy-LBD, 

they do not induce receptor conformations that either leads to association or dissociation of 

the TRAP220/DRIP-2 peptide with PPARy. As previously stated, co-activator attachment

is facilitated by ligand-dependent changes in PPARy-LBD structure. It is clear that binding
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events by both MDG559 and 582 do not induce a conformation change that is conducive to 

TRAP220/DR1P-2 binding. Also, both compounds do not adopt a binding pose that inhibits 

the peptides binding activity. Overall, the data suggests that MDG559 and 582 do not 

affect a functional response in the PPARy-LBD/TRAP220/DRlP-2 complex.

Consequent from the data shown in the LanthaScreen TR-FRET co-activator 

(TRAP220/DRIP-2) agonist and antagonist mode, it was decided to further characterise the 

compounds potential functional activities in different systems. A select panel of co

regulators (co-activators and co-suppressors) were screened to see if hit compounds could 

illicit ligand-dependent effects in other PPARy-LBD/co-regulator complexes. Justification 

of this approach is merited by results obtained using the positive control partial PPARy 

agonist nTZDpa (Figure 3.20). nTZDpa shows high affinity binding of PPARy-LBD in the 

TR-FRET competitive binding assay but did not induce recruitment of the TRAP/DRIP 

peptide in the TR-FRET coactivator assay (agonist mode). Specific/Partial PPARy agonists 

have been shown to bind different regions of the LBD in contrast to the traditional, H-12 

stabilising binding motifs displayed by full PPAR agonists. As stabilisation of H-12 is 

crucial in recruitment of co-activator complexes, partial or negligible ligand-dependent 

recruitment could be explained by novel compound binding poses at the PPARy-LBD. 

Also, SPPARMs have been shown to display preferential co-activator recruitment and co

repressor dissociation profiles. In order to try and fully characterise the effects of MDG 

548, 559 and 582 in PPARy-LBD/co-regulator binding dynamics, further studies using 

different peptides was merited.
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3.3.7 LanthaScreen TR-FRET Co-Activator Profiling
Consequent from data obtained in seetion 3.3.6, the functional characterisation of 

MDG548, 559 and 582 effects on different PPARy-LBD/co-activator complexes was 

assessed. Initial experiments had investigated the effects of ligand-dependent 

recruitment/recruitment inhibition of TRAP220/DRIP-2 peptide and this study was 

expanded to include profiling of several other co-activator peptides; SRC 1-4, SRC 3-1, 

CBP-1 and PCGla. All peptides contain the LXXLL motif which is implicit in protein- 

protein interaction between the AF-2 region of PPARy-LBD and co-activator.

Data analysis of the different co-activator experimental conditions revealed some 

interesting insight into the functionality of hit compounds (Figure 3.23). In each case, 

MDG548, 559 and 582 did not promote statistically significant attachment of co-activator 

(SRC 1-4, SRC 3-1, CBP-1 or PGCla) at test concentrations when compared to vehicle 

controls (P>0.05). In each case, GW 1929 was included as a positive control. GW 1929 

displayed varying degrees of co-activator recruitment according to the data obtained. In the 

SRC 1-4 experiment. GW 1929 facilitated statistically significant, ligand-dependent 

attachment at concentrations between lOnM-IOOpM (P<0.00r). This effect was also 

demonstrated for SRC 3-1 and PGCla in the concentration range 1 .OnM-1 OOpM. CBP-1 

attachment was also promoted by GW 1929, with varying significance of effect observed at 

lOOnM and l.O-lOOpM, respectively (P<0.05, P<0.00l). Curiously, MDG548 displayed 

statistically significant inhibition of PGCla at lOOpM (P<0.00l). This result would 

suggest that this compound leads to ligand-dependent inhibition of PGCla attachment. 

However, the result was not shown to be dose dependent, with no effects shown at other 

test concentrations.
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3.3.8 LanthaScreen TR-FRET Co-Repressor Profiling
Following on from profiling of ligand-dependent effects of MDG548, 559 and 582 on co

activator recruitment, a panel of co-repressor complexes (SMRT ID I, SMRT ID2, NCoR 

ID I and NCoR ID2) where examined in the same instance. From a physiological 

perspective, co-repressors hold nuclear receptors in an inactivated state, and their 

dissociation is a crucial step in subsequent co-activator attachment and receptor activation. 

Opposite to co-activator recruitment, it is hypothesised that binding of ligand to the 

PPARy-LBD/co-repressor complex results in a conformational change that results in 

dissociation of the co-repressor from the complex. As such, a reduction in measured TR- 

FRET ratio is characteristic of dissociation of fluorescein-labelled co-repressor from the 

PPARy-LBD.

From the data presented, different levels of ligand-dependent co-repressor detachment was 

shown for the positive control (GW 1929) and MDG 548, 559 and 582 (Figure 3.23). Over 

the concentration ranges examined, all test compounds induced an apparently statistically 

significant reduction in emission ratio in the SMRT IDl experiment. When compared to 

vehicle control, both MDG 548 and 559 facilitated co-repressor detachment at ail 

compound concentrations (P<0.001). However,the effects were not shown to occur in a 

dose-dependent manner and maximal co-repressor displacement was marginal compared to 

the no-ligand vehicle control. The same phenomenon was displayed by MDG582 with 

varying levels of statistical significance dependent on compound concentration. 

Interestingly, GW 1929 only induced a statistically significant level of co-repressor 

detachment at high micromolar concentration (lOOpM). This concentration is several 

orders of magnitude greater than the compounds receptor affinity (EC50) which is 

calculated in the low nanomolar range. It can be hypothesised that the PPARy-LBD/SMRT 

ID I complex formed is not prone to high levels of complex detachment compared to its 

basal level attachment in the no ligand control.

In comparison to SMRT IDl, SMRT ID2 was displaced in a dose-dependent manner by 

GW 1929. Statistically significant displacement was shown at low nanomoiar ligand 

concentration (InM, P<0.05) and more marked detachment was displayed at higher 

concentrations when compared to no ligand control (lOnM-lOOpM, P<0.00l). In contrast 

to SMRT IDl, MDG 548, 559 or 582 did not induce displacement of the co-repressor at 

assay compound concentrations (P>0.05). This would imply that these compounds do not 

induce a ligand-dependent conformational change in the PPARy-LBD that results in
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SMRT ID2 dissociation. As displacement was shown in the SMRT IDl model, it can be 

hypothesised that the compounds facilitate a specific detachment of 1D2 within the SMRT 

peptides studied.

Results from the PPARy-LBD/NCoR complex studies revealed some interesting insight 

into the activity of test compounds on these co-repressor complexes. MDG 548, 559 and 

582 all showed statistically significant displacement of NCoR IDl when compared to the 

no ligand control at lOOpM (MDG559 - P<0.05, MDG548 and MDG 582 - P<0.001). 

However, this effect was not shown to be dose dependent and occurred only at high 

micromolar concentration. Similarly, the same effect was shown for GW 1929 at lOOpM, 

with no dose-responsive effects shown. The effects shown are comparable with those 

displayed with the SMRT IDl peptide, suggesting that NCoR IDl is not susceptible to 

complex detachment by the compound set tested in these experiments. Contrasting results 

were obtained with the NCoR ID 2 assay. GW 1929 showed dose dependent effects 

between lOOnM to lOOpM concentrations (P<0.001) on dissociation of the PPARy/NCoR 

ID 2 complex. Both MDG548 and 582 did not display statistically significant effects on 

peptide displacement (P>0.05), indicating their functional inability to facilitate NCoR 1D2 

displacement. Contrastingly, MDG 559 induced significant promotion of NCoR 

attachment when compared to no ligand control basal levels. At 10 pM and lOOpM 

concentration a rise in co-repressor attachment was observed above control levels, 

suggesting a ligand dependent effect. This effect was only observed at high micromolar 

concentrations, and was negligible at other compound concentrations studied.

Overall, the co-repressor profiling presented highlights some original insight into the 

ligand promoted effects of receptor/peptide complex dissociation and attachment. 

Typically, statistically significant effects were only observed at in the micromolar 

concentration ranges tested. This was in contrast to the mid nanomolar to low micromolar 

binding affinities shown by MDG548, 559 and 582 in competitive binding experiments 

carried out previously. Also, co-repressor dissociation was typically weak in comparison to 

no ligand controls, or, where applicable, the effects shown by GW 1929. Significant dose- 

response effects were shown by all test compounds in SMRT IDl assay, whilst none were 

shown against SMRT 1D2 dissociation. This would imply specific, ligand induced effects 

on complex detachment between the two co-repressor complexes. Dissociation effects 

were shown in the NCoR ID 1 assay, but were only observed at single compound 

concentrations (lOOpM) and their dose dependent responses were not statistically

significant. Also GW1929 induced dose responsive detachment of NCoR 1D2 complex,
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similar effects were not shown by MDG548, 559 or 582. Indeed, MDG559 facilitated an 

apparent increase in recruitment of NCoR ID2, suggesting a possible ligand dependent 

promotion of complex formation by this compound. Importantly, the results highlight the 

specific compound activities between the select panel of co-repressors examined. Partial 

dissociation of co-repressors from complex in a ligand dependent manner shows the ability 

of compounds to elicit a receptor conformational change. From a pharmacological 

perspective, this effect could initiate a partial or SPPARM response in a cellular system in 

contrast to that displayed from full PPARy agonists. Full activation of the receptor has 

been implicated in the adverse side-effect sequelae observed with full agonist treatments, 

and as such, partial promotion of co-repressor dissociation could be beneficial in novel 

treatments that target PPARy mediated biological responses
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3.3.9 Nuclear Receptor Cross Reactivity
To investigate potential cross-reactivity of MDG548, 559 and 582 with other nuclear 

receptor family members, compounds were tested for binding activity against several 

targets, namely LXRa/p and ERa/p. LXRa and p are both members of the same nuclear 

receptor subfamily as the PPAR’s (thyroid hormone receptor-like). As such, they were 

examined to see if identified hits would exhibit activity against nuclear receptors that share 

similar homologies to their intended target. Conversely, ER a and P are both members of 

the Estrogen hormone receptor-like subfamily, a group distinct from that shared by both 

PPAR’s and LXR’s. In order to extend compound selectivity studies past that of the same 

subfamily membership, ERa and P were selected for testing.

In the case of LXRa and p, the results obtained showed that MDG548, 559 or 582 did not 

display functional binding to the LXRa or p-LBD at test concentrations when compared to 

vehicle control (P>0.05). As expected, the control LXR agonist T090I3I7 dose 

dependently induced promotion of co-activator attachment in both LXRa and p assays 

(P<0.00l). Similarly, test compounds did not show statistically significant competitive 

binding to either ERa or p in the PolarScreen FP assay. When compared to the vehicle 

control, MDG548, 559 and 582 did not appreciably displace ES2 tluormone from the ERa 

or P-LBD at compound concentrations assayed (P>0.05). Estradiol, a high affinity agonist 

against for both ER receptors, effectively displaced ES2 fluormone, which resulted in a 

large decrease in observed mP value when compared to the max mP control (P<0.00l). 

Whilst a broader study would be needed to conclusively determine test eompound nuelear 

receptor selectivity (48 human members discovered to date), this data quantifiably shows 

negligible cross reactivity against LXR and ER receptors within the assay methods utilised. 

Both sets of results indicate preliminary seleetivity of test compounds against targeted 

PPAR members only.
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Figure 3.25 IVIDG548, 559 and 582 do not facilitate ligand-dependent binding of co-activator LXRa or

P LBD - Experiments for TR-FRET co-activator assay were carried out as detailed in section 3.2. Positive 

control agonist (T090I317, varying concentration) was included in the assay. Statistical analysis was carried 

out using Prism (V5.0I). Data points represent triplicate data from at least two independent experiments. 

Error bars represent the Standard Error of the Mean (SEM). Emission ratio values were compared to the no 

ligand control (Vehicle, 1.0% DMSO) by two-way ANOVA.*, P<0.05;**,P<0.0I;***P<0.00I
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Figure 3.26 IVIDG548, 559 and 582 do not competitively binding to ERa or p LBD - Experiments for FP 

binding assay were carried out as detailed in section 3.2. Positive control agonist (Estradiol, varying 

concentration) was included in the assay. Statistical analysis was carried out using Prism (V5.01). Data points 

represent triplicate data from at least two independent experiments. Error bars represent the Standard Error of 

the Mean (SEM). mP values were compared to the no ligand control (Vehicle, 1.0% DMSO) by two-way 

ANOVA.*, P<0.05;**,P<0.01 ;***P<0.001
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3.4 Conclusion
Chapter III has served to investigate the potential of virtual screening hits to elicit 

biochemically quantifiable effects against PPARy. Through a combination of on-target FP 

and TR-FRET competitive binding assays, initial experiments showed, conclusively, 

binding activity of three novel chemotypes against the PPARy-LBD. Importantly, the work 

documents that none of the three identified compounds were previously shown to display 

competitive binding or biological activity against any member of the PPAR nuclear 

receptor subfamily. As such, the biochemical work presented here highlights the strength 

of the virtual screening techniques used to rationalise the compound identification process. 

The utility of FP and TR-FRET technologies has been positively presented, with both 

biochemical techniques providing high fidelity experimental results throughout the 

compound screening process. Work involved in characterising potential experimental 

artefacts revealed some interesting insight into several important issues that can arise with 

screening compounds. In many instances, solubility, auto-fluorescence and potential 

aggregation problems were identified with the compound screening list. These issues were 

identified by thorough screening of compounds prior to binding studies and problematic 

compounds were excluded from further studies. Hit compounds were subjected to further 

scrutinisation to exclude false positive behaviours and no issues were observed in these 

studies.

Following on from confirmation of the binding activities of MDG548, 559 and 582 against 

PPARy-LBD, the study was extended to the other PPAR subtypes (PPARa and PPAR5) in 

order to gauge compound binding selectivity across the receptors. MDG548 displayed 

specific binding within tested concentrations against PPARy; with an affinity 

approximately double that of rosiglitazone (EC50 of 215 nM vs 120 nM). In contrast, 

MDG559 showed differing levels of affinity for three PPAR receptor subtypes. 

Interestingly, MDG559 displayed preferential binding to PPARy but retained potency 

(decreasing) against PPARa and PPAR5, respectively. It has been postulated that agonism 

of all three PPAR subtypes could have benefits in a broad spectrum of metabolic diseases 

". Previous work on PPAR pan-agonist development has revealed compounds with both 

similar and differing ratios of PPAR isotype preferential binding. MDG582 was shown to 

have dual affinity for both PPARy and PPAR5. On the basis of the intricate involvement of 

PPARy/5 on lipid metabolism, dual target modulation has been suggested as a potentially 

beneficial approach toward treatment of hyperlipidemia, insulin resistance, and attenuation
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of atherogenesis. Indeed, several studies have shown positive preclinical data emanating 

from dual PPARy/ 6 targeting treatments'^' In further support of compound activity, 

MDG548, 559 and 582 were shown to display varying degrees of agonism within a PPARy 

TR-FRET activation reporter assay. This result shows the ability of all compounds to 

induce PPARy activation within a cellular reporter system. Alongside diminishing the 

potential for reporting on screening artifacts in on target assays, compounds were able to 

activate the receptor intra-cellularly, suggesting cell membrane permeability and stability 

within the cellular environment.

Further selectivity profiling examined the binding activity of test compounds against 

several other nuclear receptor members, namely LXRa/p and ERa/p. Despite displaying 

close relatedness to the PPARs (Both thyroid receptor-like members), all compounds were 

shown to have negligible binding activities against EXRa and p in TR-FRET assay. Lack 

of activity was also shown against ERa and P receptors (Estrogen receptor-like members), 

strengthening a PPAR subfamily specific activity of MDG548, 559 and 582. Ideally a full 

panel of nuclear receptors would be screened in order to fully deduce compound 

specificity, but initial studies have highlighted nuclear receptor subfamily compound 

specificity.

Finally, further characterisation of the functional effects of compounds on co-regulator 

recruitment and dissociation were examined. Subsequent from the observation that MDG 

559 and 582 did not induce appreciable agonist or antagonist effects on TRAP/DRIP 

recruitment in the standard TR-FRET co-activator assay, the study was expanded to 

include a select panel of relevant co-regulators. It has been shown that different PPARy 

modulators can facilitate preferential binding or dissociation of co-regulator complexes in 

vitro and in vivo, leading to a SPPARM behavior. Consequent from the results obtained, all 

compounds were shown to have negligible or differing degrees of functional activity 

related to the co-regulator included in the assay. Importantly, these results demonstrate the 

ability of MDG548, 559 and 582 to induce specific ligand-dependent effects on co

regulator recruitment or dissociation to the PPARy-LBD. Although a finite number of co

activator and co-repressor complexes were investigated, these results pave the way for 

more in-depth characterisation of compound functional activity on this biologically 

important control of nuclear receptor mediated transcription events.

In conclusion, this chapter has dealt with a comprehensive biochemical analysis of virtual 

screening hits and their translational ability to bind and induce compound mediated effects

against the primary target, PPARy. Selectivity studies have deciphered compound
215



Biochemical Characterisation of Novel PPAR Modulators

specificity across the PPAR subfamily members and other nuclear receptor family 

members. Cellular reporter assays have further strengthened the ability of compounds to 

induce functional, ligand-dependent activation of PPARy and showcased the drug-potential 

of novel compounds in a cellular system. Co-regulator profiling studies have initiated the 

functional characterisation of compounds and provided support to the SPPARM effects of 

these newly discovered chemotypes. Following on from this biochemical validation and 

delineation of compound activity, the next chapter will deal with investigation into 

IV1DG548, 559 and 582 effects in in vitro models of PPAR related disorders (Inflammation 

and neurodegenerative). Consequent from observations in the TR-FRET cell-based 

activation assay, analysis of mechanisms behind compound induced cytotoxicity in 

HEK293 cells will be examined.
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4.1 Introduction
Investigations carried out in Chapter III formed the basis of initial biochemical validation 

and characterisation of virtual hit compound activity against PPARy. From this series of 

experimental data, MDG548, 559 and 582 displayed high affinity for PPARy in two 

independent competitive binding assays. Alongside on-target binding data, all three 

compounds were shown to act as functional PPARy agonists in a cellular reporter assay. 

Importantly, the cellular data supported the hypothesis that all newly identified compounds 

could exert their PPARy agonist activities in a biochemically complex, in vitro primary cell 

cultures. With a view to extending the characterisation of hit compound functional 

activities, MDG548, 559 and 582 were brought forward through several in vitro models for 

investigation into their potential PPAR-mediated pharmacological activity 

PPAR’s have long been implicated in many human disease disorders. Small molecule 

modulation of PPAR activity has been identified as a means by which to augment aberrant 

processes associated witht these diseases. Research into PPAR isotype mode of action in 

various metabolic diseases' has been well documented . Alongside their role in metabolic 

disorder, a wealth of literature has reported on more novel aspects of PPAR biology and 

the implication that drug-targeting of these receptors may have in various inflammatory 

and neurodegenerative disorders (See Chapter I). Recently, it has been supposed that 

PPAR activation also helps regulate neuronal death in ischemic, neurodegenerative, and 

inflammatory cerebral diseases. Firstly, PPARs have been described in brain and in spinal 

cord ’ . In addition to expression in cerebral and spinal blood vessels, PPARs are also 

expressed in neurones and astrocytes; oligodendrocytes exclusively show PPARp/5 

expression. The extent of this expression depends on the PPAR isoform. PPARp/5 has 

been found in numerous brain regions while PPARa and PPARy have been localised to 

more restricted brains areas . Secondly, whatever the etiology, neuronal death is induced 

by inflammatory and oxidative processes with a demonstrable link between the two 

phenomena\

The theories behind anti-inflammatory and neuroprotective effects of PPAR modulation 

were introduced in Chapter I. Within this chapter, exploratory work concerning the 

potential neuroprotective effects of novel PPARy agonists IV1DG548, 559 and 582 will be 

documented. In this work, the in vitro models applied were chemical insult by H2O2 and 

kainic acid against primary rat neonate cortical neurones. Both compounds have been
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previously used to induce neurotoxicity associated with cellular oxidative stress and 

excitotoxicity/oxidative stress, respectively. Both processes are intrinsically implicated in 

necrotic and apoptotic neuronal death. Therapeutic modulation of PPAR activity therefore 

presents itself as a novel approach for treatment of diseases that fall within these two 

important domains. Following on from these initial investigations, the activity of potential 

neuroprotective compounds on NFkB activation will be addressed. As an important 

regulator of cellular inflammatory responses, PPARy-mediated inhibition of NFkB 

activation has been cited as an important means by which these receptor agonists can exert 

anti-inflammatory and neuroprotective effects'^’

Finally, Chapter IV will deal with some interesting observations that were consequent from 

cellular PPARy activation reporter assays carried out in Chapter 111. It was noted that at 

high micromolar dosage, MDG559 and 582 both affected an apparent decrease in initial 

agonist activity observed within the assay. It was hypothesised that MDG559 and 582 

could be inducing concentration-dependent cytotoxic effects on the cell line utilised for the 

assay (HEK293). If so, non-viable cells would not report on the PPARy activation 

activities of the compounds at such cytotoxic dosages. As such, this theory was questioned 

via analysis of HEK293 cell viability under treatment with both compounds. Consequent 

from this, the possible mechanisms of compound cytotoxicity were explored using 

techniques complementary to the primary cell viability assay used. As the background 

theory behind cytotoxicity, oxidative stress and excitotoxicity were not previously 

introduced in the thesis, they will be briefly dealt with in the subsections below.

4.1.1 Cytotoxicity
Cytotoxicity is defined as the effect of chemical agents on cells as evidenced by altered 

cellular morphology, by failure of the cell to attach to surfaces, and by the changes in the 

rate of cell growth, cell death and cell disintegration^. As such, cytotoxicity testing is a 

quick, standardised and sensitive means to determine whether a compound contains 

significant activity as a biologically harmful chemical. If toxic effects are presented by a 

compound, the concentration at which appreciable cytotoxicity occurs can be deduced (e.g. 

LD50 calculation) Cytotoxicity test methods are useful for screening because they serve to 

separate toxic from nontoxic materials, providing evidence of compound safety^.
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4.1.1.1 Necrosis and Apoptosis
Cells that are exposed to a cytotoxic agent can react in several different ways. An agent 

can be modified by cellular metabolism and consequently no effects are observable against 

the cell line utilised. However, most cells that are challenged with a cytotoxic compound
o

undergo one of two forms of cell death; necrosis or apoptosis . Necrosis occurs when cells 

are exposed to conditions that differ extremely from normal physiological homeostasis 

(e.g. hypothermia) or to compounds that damage the integrity of the cell membrane. 

Necrosis begins with an impairment of the cells ability to maintain homeostasis, leading to 

an influx of water and extracellular ions. This process eventually leads to cell swelling and 

rupture (cell lysis). Due to the breakdown of the plasma membrane, the eytoplasmic 

contents, including lysosomal enzymes, are released into the extracellular fluid. Activity of 

such enzymes in extracellular fluid (e.g. Adenylate kinase, lactate dehydrogenase or ‘dead

cell’ protease levels) can be used to determine the degree of necrosis in a sample^.

In contrast, apoptosis is a mode of cell death that occurs under normal physiological 

conditions, and the cell is an active participant of its own demise'*^' ". Apoptosis is induced 

by physiological signals (such as lack of growth factors and/or changes in hormonal 

environment) or by apoptotic compounds (e.g. staurosporine or camptothecine). Cells 

undergoing apoptosis show characteristic biochemical and morphological features. These 

features include caspase activation, chromatic aggregation, partition of the cytoplasm and 

nucleus into membrane-bound vesicles (apoptotic bodies) that contain ribosomes,
Q

morphologically intact mitochondria, and nuclear material . In vivo, these apoptotic bodies 

are rapidly recognised and phagocytosed by macrophages. In vitro, the apoptotic bodies, as 

well as the remaining cell fragments, ultimately swell and finally lyse". This terminal 

phase of in vitro apoptosis is termed secondary necrosis. Cellular apoptosis can be 

quantified by measurement of specific pro-apoptotic caspases (e.g. Caspase 3/7) or by 

observation of cell cycle stage by FACS (Fluorescence Assisted Cell Sorting) with 

propidium iodide staining.

4.1.1.2 Excitotoxicity
Excitotoxicity has been implicated in a number of chronic neurodegenerative diseases,

including Alzheimer's disease, Huntington’s disease, Parkinson’s disease and

amylotrophic lateral sclerosis'^. Excitotic cell death involves prolonged depolarisation of

neurones, changes in intracellular calcium concentrations and the activation of enzymatic
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and nuclear mechanisms of cell death. In classical excitotoxicity, elevated levels of 

extracellular glutamate cause persistent depolarisation of the neuron, triggering a cascade 

of cellular events, including sodium and calcium influx and the exocytosis of glutamate 

that eventually leads to eell death'^. Glutamate toxicity acts via two distinct pathways: an 

excitotoxic one, in which glutamate receptors are hyper-activated and an oxidative one, 

resulting in glutathione depletion, oxidative stress and cell degeneration.

Kainic acid (KA), an analog of excitotoxic glutamate, can elicit selective neuronal death in 

the brain of rodents, of which the pathologieal changes partially mimic neurodegeneration 

in the CNS'"^. Thus, KA-induced neurodegeneration in rodents has been used as a model 

for exploring the pathogenesis of excitotoxicity in neurodegenerative disorders'^. KA 

exerts its neuroexcitotoxic and epileptogenic properties by acting on kainate receptors 

(KARs). Upon binding to KARs, KA induees a number of cellular events, including the 

influx of cellular Ca^^, production of reactive oxygen species (ROS), and mitochondrial 

dysfunction leading to neuronal apoptosis and necrosis'^. KA has been extensively utilized 

as a specific agonist for ionotropic glutamate receptors (iGluRs); that is, KARs to mimic 

the effect of glutamate in neurodegenerative models, as well as to distinguish other 

ionotropic receptors for glutamate. KARs mediate most of kainate-induced seizures and 

excitotoxic neuronal death, whereby serving as a promising therapeutic target for 

neurodegeneration'

4.1.1.3 Oxidative Stress
Altered redox homeostasis is associated with many diseases including, diabetes, metabolic 

syndrome, Alzheimer’s, and Parkinson’s disease'^. Also, redox homeostasis has also been 

implicated as an important factor regulating cell growth, senescence and ageing'^. In 

humans altered redox is associated with age-related changes at the cellular, tissue and 

organ level, and with age-related disease states. In addition to age-related changes in 

cellular redox, cells of aerobic organisms are continually exposed to reactive oxygen 

species (ROS) as part of normal metabolism. These ROS are toxic, affect redox balance, 

and have been implicated in many diseases including cancer, cardiovascular disease, 

arthritis and ageing'^"'^. Organisms have evolved a complex array of defenses comprised 

of low-molecular weight (non-enzymatic) and enzymatic antioxidants. An example 

includes redox buffers sueh as the tri-peptide GSH (y-glutamylcysteinylglycine) that are 

responsible for maintaining redox homeostasis. Oxidative stress results from redox
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imbalance i.e. when cellular defense mechanisms are unable to adequately adapt to an 

oxidant challenge leading to oxidative damage to cellular constituents. In several central 

nervous system disorders activated inflammatory cells produce large quantities of ROS and 

nitrogen species (RNS) sueh as superoxide, hydrogen peroxide and nitric oxide CNO) that 

can oxidise and damage proteins, nucleic acids and lipid leading to mitoehondrial damage 

with associated neuronal injury and axonal degeneration .

The detoxification of ROS through the action of antioxidant enzymes such as superoxide 

dismutase and catalase is a major intrinsic defense mechanism. Catalase is predominately 

located in peroxisomes, where it catalyses the conversion of hydrogen peroxide into water 

and molecular oxygen^'. As well as performing an important role in the detoxification of 

ROS, peroxisomes are also responsible for the synthesis of plasmalogens and P-oxidation 

of very long chain fatty acids (VLCFAs) .

As earlier stated, PPARy-agonists have received considerable attention as potential 

therapeutic agents for a wide range of neurological disease, including neurodegenerative 

diseases, traumatic injuries, stroke and de-myelinating diseases. Indeed, several studies 

have highlighted that PPARy activators can prevent or attenuate neurodegeneration . 

PPARy can activate genes with a peroxisome proliferator response element (PPRE) in their 

promoter regions. Indeed, the catalase promoter is known to contain functional PPARy 

response elements^'*'Recent work has shown that treatment of cortical neurones with the 

PPARy agonist pioglitazone produced a significant increase in the specific activity of 

catalase and a concomitant increase in PPARy gene expression. This treatment-dependent 

increase in neuronal anti-oxidant capability was then able to attenuate severe H2O2- 

mediated neurotoxicity. Interestingly the PPARy antagonist GW9662 abrogated the

neuroprotection afforded by pioglitazone20
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4.2 Methods

4.2.1 Source of cell lines
Human Embryonic Kidney 293-T (HEK293T) cells were obtained from Dr. Sinead 

Keating (School of Biochemistry and Immunology, Trinity College Dublin, Ireland). HEK- 

Blue-hTLR4 cell were commercially obtained from Invivogen (San Diego, CA, USA).

4.2.2 Cell Culture

4.2.2.1 General cell maintenance and experimental setup
Cell cultures (primary and cell line) were maintained, seeded and treated under stringent 

aseptic conditions. All necessary manipulations were performed in a Class II tissue culture 

hood using sterilised instrumentation and reagents. For detachment of adherent cell lines 

from tissue culture flasks, TrypLE express (IX) was used as per the manufacturers 

guidelines (Invitrogen - Carlsbad, CA, USA). In brief, media was removed from the flask 

and approx. 5mls of heated (37°C) TrypLE express (lx) was added. After incubation at a 

temperature of 37°C in a 5%C02/95%02 humidified atmosphere for 5 mins, 5ml of heated 

cell line media (37°C) was added to the flask. Cells were centrifuged at 300 x g for 5 min 

using a Sorvall T 436 centrifuge. Cell pellets were re-suspended in culture media and cells 

were counted using standard haemocytometer and light microscope apparatus. Cell 

densities were adjusted and seeded in tissue culture plates as per required experimental 

conditions. Where applicable, cells were allowed to adhere to plates for 12-24hrs prior to 

treatment. Before cell treatments, all controls, reagents and test compounds were healed to 

37°C.
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4.2.2.2 Cell line cryo-preservation
Low passage number cell lines were stored in liquid nitrogen (-180°C) to ensure a 

consistent stock for experimentation. Cryo-stock were made for each cell type used by 

taking 5x10^ cells and resuspending them in 1.5ml of freezing media (60% culture media 

(v/v), 30% FBS (v/v) and 10% DMSO (v/v)). Cells were placed in cyrovials and incubated 

in a polycarbonate container containing 100% (v/v) iso-propanol at -80°C overnight. 

Freezing apparatus used ensured cell integrity while freezing with a eooling rate of 

approximately l°C/min. Subsequent from initial storage, cyrovials were transferred into 

liquid nitrogen for long term preservation.

4.2.2.3 HEK293T cells
HEK293 cells were generated in the early 1970’s by transformation of normal human 

embroyonic kidney cells with sheared adenovirus 5 DNA. HEK293T cells were cultured in 

Dulbecco’s Modified Essential Medium (DMEM) containing stable 2 mM L-glutamine, 

10% (v/v) foetal calf serum (FCS) and 100 pg/ml Pen/Strep. Cells were maintained at 

37°C in a humidified atmosphere of 95% O2/ 5% CO2. For use in cytotoxicity assays, 

HEK293T cells were typically seeded at 2 x 10^/ml 24 hr prior to treatment. For continuing 

cell culture, cells were seeded at 1 x 10^/ml and sub-cultured two to three times a week. 

Cells were removed from the surface of the flask by incubation with 5 ml Tryp-LE (lx) for 

5 min at 37°C. 10 ml of complete medium was then added and the cells were centrifuged at 

1000 g for 5 min at RT. Cell counting and seeding viability was determined using the dye 

Trypan blue, which is excluded from healthy cells but is taken up by non-viable cells. Cells 

were counted using a hemocytometer and a bright light microscope.

4.2.2.4 HEK-BlueT^*-hTLR4 cells
HEK-Blue™-hTLR4 cells are a commercially available cell line (Invivogen - San Diego, 

CA, USA) that are used in the study of Toll-Like Receptor-4 (TLR4) signalling and NFkB 

activation or repression. These cells are a transformed form of HEK cells, transfected with 

reporter genes for hTLR4 and co-receptor proteins MD-2/CD-14. They express no other 

TLR members. HEK-Blue’’'''^ cells were cultured in DMEM + Glutamax medium 

containing 10% (v/v) Foetal Bovine Serum (FBS), lOOpg/ml normocin and lOOpg/ml 

penicillin/streptomycin. Cells were also supplemented with lx HEK-Blue’’''^ selection
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antibiotic (Invivogen - San Diego, CA, USA). Cells were maintained in 75cm^ tissue 

culture flasks, containing 18ml supplemented media, at a temperature of 37°C in a 

5%C02/95%02 humidified atmosphere. Cells were split at a ratio of 1:5 approximately 3 

times per week.

4.2.3 Primary culture of cerebral cortical neurones
The culture of primary cortical neurones is an in vitro technique, which requires dissection 

of the brain, removal of the cerebral cortex and dissociation of the cortical tissue to obtain 

a population of cerebral cortical neurones. Typically, primary neuronal cell cultures are 

regarded as superior to cell line models as they represent a non-transformed unaltered 

genotype and hence have a more faithful phenotype.

4.2.3.1 Reagents and medium formulation
All supplements (Glutamax, Invitrogen, Paisley, UK) were sterile filtered into plain, 

unsupplemented media, using 0.2 pm cellulose acetate syringe filters (Pall Corporation, 

Michigan, USA) attached to a sterile syringe (B.Braun Medical Ltd., Melsungen, 

Germany). Neurobasal medium (NBM; Invitrogen, Paisley, UK) supplemented with heat 

inactivated horse serum (10%), penicillin (100 U/ml), streptomycin (100 U/ml) and 

glutamine (2 mM) was only used in the laminar flow hood, to ensure sterility. Complete 

supplemented NBM was used to extinction or was disposed of after 2 weeks sterile storage 

at 4°C.

4.2.3.2 Preparation of sterile coverslips
To ensure sterility, 13 mm diameter glass coverslips (VWR International, Leuven,

o

Belgium) were soaked in 70% ethanol, with constant rotation at 4 C, for 24 hours, 

followed by an overnight exposure to UV light in the laminar flow hood. On the day of 

neuronal preparation, the sterilized coverslips were coated with poly-L-lysine (60 pg/ml in 

sterile ddH20; Sigma-Aldrich, Dorset UK) in a final volume of 25 ml, for 1 hour at 37”C to 

provide a suitable surface to which dissociated neurones would adhere. Coated coverslips 

were then air-dried in the laminar flow hood and placed in sterile 24-well plates (Sarstedt, 

Leister, UK) until required for use.

4.2.3.3 Animals
Postnatal 1-day old Wistar rats (specified-pathogen free) were born at the BioResources 

Unit (Trinity College, Dublin 2, Ireland). Parent animals were maintained under a 12 hour
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light/dark cycle at an ambient temperature of 22 - 23“C. On day of parturition, pups were 

removed from the litter cage, and placed in a ventilated box containing suitable clean 

bedding. The animals were then taken to the Trinity College Institute of Neuroscience, and 

kept in the culture room suite until dissection.

4.2.3.4 Dissection
All dissection procedures were carried out by Dr. Aoife Gowran, Department of 

Physiology, Trinity Biosciences Institute, Trinity College Dublin. Primary cerebral cortical 

neurones were established from postnatal 1-day old Wistar rats. Dissection of one rat brain 

yielded a preparation of a single 24-well plate. Rats were decapitated using a large sterile 

scissors, and the skull exposed by cutting the skin in a straight line from the neck to the tip 

of the nose with a smaller sterile scissors. The skull was removed by cutting on either side 

of it with a small sterile scissors, ensuring that the inside point of the scissors remained 

against the skull at all times. A sterile forceps was used to lift back the skull and expose the 

brain. The cerebral cortices were removed with a curved forceps and placed in a sterile 

Petri dish (Sarstedt, Leister, UK) containing sterile Phosphate Buffered Saline (PBS; 100 

mM NaCl, 80 mM Na2HP04, 20 mM NaH2P04, pH 7.4). Any meninges were carefully 

removed using a fine forceps, and cortices were chopped into 3-4 mm pieces with a sterile 

disposable scalpel (Schwann-Mann, Sheffield, UK).

4.2.3.5 Dissociation procedure
Cortical tissue was incubated with 2 ml sterile PBS containing trypsin (0.3% (w/v); Sigma- 

Aldrich, Dorset, UK) in a humidified chamber (5% CO2; 95% air) for 25 minutes at 37°C. 

Trypsin digestion of connective tissue was followed by trituration (x5) of the dissociated 

neurones in sterile PBS containing soyabean trypsin inhibitor (0.1% (w/v); Sigma-Aldrich, 

Dorset, UK), DNAse (0.2 mg/ml; Sigma-Aldrich, Dorset, UK) and MgS04 (0.1 M; Sigma- 

Aldrich, Dorset, UK). The cell suspension was gently filtered through a sterile 40 pm 

nylon mesh filter (Becton Dickonson Labware Europe, France) to remove tissue clumps, 

and centrifuged (Model 2-16K, Sigma-Aldrich, Dorset, UK) at 2000 x g for 3 minutes at 

20°C. The pellet was resuspended in NBM (Invitrogen, Paisley, UK), supplemented with 

heat inactivated horse serum (10%; Gibco BRL, Maryland, USA) penicillin (100 U/ml; 

Gibco BRL, Maryland, USA), streptomycin (100 U/ml; Gibco BRL, Maryland, USA) and 

glutamine (2 mM; Glutamax, Gibco BRL, Maryland, USA). B27 (1% (v/v); Gibco BRL, 

Maryland, USA) w'as also added to NBM for its neuroprotective antioxidant properties.
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4.2.3.6 Plating of re-suspended neurones
Resuspended neurones in supplemented NBM+B27 were placed on the centre of each 

coverslip, at a density of 0.25 x 10^, and allowed to adhere for 2 hours in a humidified 

incubator containing 5% CO2; 95% air at 37°C (Binder CO2 incubator, series CB, Binder 

GmbH, Tuttlingen, Germany). Cells were then flooded with 400 pi of pre-warmed 

supplemented NBM+B27. Cells were incubated for 3 days in vitro. Media was replaced 

with supplemented NBM containing 5 ng/ml cytosine-arabino-furanoside (ARA-C; Sigma- 

Aldrich, Dorset, UK) to prevent proliferation of non-neuronal cells and maintain the purity 

of the cortical neuronal culture. This ensured that microglia and astrocyte contamination 

was less than 5% in culture preparations. Media containing ARA-C was removed after 24 

hours and replaced with supplemented NBM (400 pl/well). Cells were grown in culture for 

up to 5 days post ARA-C treatment, with media replaced every 3 days depending on 

treatment conditions. Cultured neurones were monitored daily by light microscopy (Nikon 

TMS, Nikon Instech Co., Ltd., Kanagawa, Japan) to ensure cultures looked healthy, and 

lacked bacterial or fungal infection
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4.2.4 CalceinAM cell viability assay
Viable cells have intracellular esterases that convert nonfluorescent, cell permeable calcein 

acetoxymethyl (calcein-AM) to the fluorescent calcein. Cleaved calcein is retained within 

viable cells and produces intense green fluorescence in live cells (Figure 4.1). As such, the 

degree of fluorescence intensity (Ex: 495nm, Em: 515nm) is proportional to the amount of 

viable cells in a total cell population.

Calcein AM

Endogenous
Intracellular
Esterases

Hydrophobic (readily absorbed by cells) Hydrophilic (remains in the cytosol 
of cells with intact membranes)

Figure4.1 Cellular hydrolysis of Calcein AM - Calcein AM is a non-fluorescent, hydrophobic compound 

that easily permeates intact, live cells. Hydrolysis of Calcein AM by intracellular esterases produces calcein, 

a hydrophilic, strongly fluorescent compound that is well retained with the cytoplasm. Taken from R&D 

systems (Abingdon, UK) experimental literature.
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For cell viability assay, a 2|j.M solution of calcein was made up in sterile PBS. 2X solution 

was added to test wells in a 50:50 final volume ratio. Plates were incubated for 30 mins at 

a temperature of 37°C in a 5%C02/95%02 humidified atmosphere. After incubation, 

Fluorescence intensity (Ex: 495nm, Em: 515nm) was read on a Spectramax Gemini 

fluorometric plate reader using SOFTmax Pro (V4.0, Molecular Devices) software 

package. Data was presented in relative fluorescence units (RFU). All stock reagents were 

sealed, protected from light and frozen at -20°C. All working solutions were used within 

one day.

4.2.5 CytoTox-Glo^'^ cytotoxicity assay
The CytoTox-Glo''"'^ cytotoxicity assay (Promega - Madison, WI, USA) is a single-reagent- 

addition, homogenous, luminescent assay that allows measurement of the number of dead 

cells in a cell population. CytoTox-Glo assay measures a distinct protease activity 

associated with cytotoxicity'^. The assay uses a luminogenic peptide substrate (alanyl- 

alanyl-phenylalanyl-aminoluciferin; AAF-Glo™ Substrate) to measure “dead-cell protease 

activity”, which is released from cells that have lost membrane integrity. The AAF-Glo^'^ 

Substate cannot cross intact membranes of live cells and does not generate any appreciable 

signal from the live-cell population. As a result, the assay specifically detects dead, 

membrane compromised cells. CytoTox-Glo^''^ assay relies on the properties of a 

proprietary, thermostable luciferase (Ultra-Glo™ Recombinant Luciferase), which uses 

aminoluciferin as a substrate to generate a “glow-type” luminescent signal (Figure 4.2). On 

addition of lysis reagent, the assay can also report the luminescent signal associated with 

the total number of cells in each assay well (live and dead numbers). Cellular viability can 

be calculated by subtracting the luminescent signal resulting from experimental cell death 

from total luminescent values.
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Dead-Cell
AAF

ATP
Ultra-Glo'*'

rLurili>r.'ts»'
Glo

Figure4.2 Cleavage of AAF-Glo''''' substrate by dead-cell protease activity - After cleavage by dead-cell 

protease, a substrate for luciferase (aminoluciferin) is released, resulting in luciferase-mediated production of 

light. Adopted from Promega (Madison, Wl, USA) experimental literature.

All experiments carried out using the CytoTox-Glo^'^ cytotoxicity assay (G9290 - 

Promega. Madison, WI, USA) were in line with supplied documentation. In brief, assay 

reagents were removed from -20°C storage and thawed in a 37°C water bath. Components 

were mixed to ensure homogeneity and assay reagent was prepared by transferring the 

contents of one bottle of assay buffer to the AAF-Glo™ Substrate bottle. Lysis buffer was 

prepared by transferring Digitonin (33pl of solution provided) to assay buffer (5mis). 

Solutions were mixed thoroughly to ensure homogeneity and used within 12hrs of 

reconstitution.

96-well, white-walled tissue culture plates (VWR - Dublin, Ireland) were seeded with 

fixed densities of HEK-293 cells (2 x 10^/ml) and allowed to acclimatise for 24hrs prior to 

treatments. Test compounds and appropriate controls were added to test wells so that the 

final volume was lOOpl in each well. Cells were cultured at a temperature of 37°C in a 

5%C02/95%02 humidified atmosphere for desired test exposure period. At the 

experimental endpoint, SOpl of reconstituted CytoTox-Glo™ Cytotoxicity Assay reagent 

was added to all wells. Plates was mixed briefly by orbital shaking and incubated in the 

dark at room temperature for 15 mins. After incubation, luminescence was measured on a 

luminometer (Read 1) and recorded as Relative Luminescence Units (RLU). After initial 

reading, 50pl of Lysis reagent was added to all wells. Plate was mixed and incubated at 

room temperature for a further 15 mins. Luminescence was again read post-incubation 

(Read 2). The proportion of viable cells was calculated by subtracting the luminescent 

signal from experimental cell death (Read 1) from luminescent single of total cell death 

(Read 2).
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4.2.6 PrestoBlue’^''* cell viability assay
When cells are viable, they maintain a reducing environment within their cytosol. 

PrestoBlue^'^ cell viability reagent uses that reducing ability to quantitatively measure cell 

proliferation, and therefore can be used to establish the relative viability of various 

reagents across many different cell types. PrestoBlue’'^'^^ reagent is a resazurin-based 

solution that functions as a cell viability indicator by using the reducing power of living 

cells to quantitatively measure the proliferation of cells. The PrestoBlue^''^ reagent contains 

a cell-permeable compound that is blue in color and virtually non-fluorescent. When added 

to cells, the PrestoBlue''"''^ reagent is modified by the reducing environment of the viable 

cell and turns red in color and becomes highly fluorescent (Figure 4.3). This change can be 

detected using fluorescence or absorbance measurements. Fluorescence intensity of 

reduced PrestoBlue is directly proportional to the amount of viable cells present.

Viable Cell

Na* '0

♦
O

Resazurin Resorufin
Emils fhjores(;»iiK;e al 590tim

Figure4.3 Conversion of resazurin to resorufin - Conversion of resazurin to resorufin by reduction 

reactions in viable cells results in production of a fluorescent product. Fluorescence produced is proportional 

to the number of viable cells within a population. Adopted from Promega (Madison, Wl, USA) experimental 

literature.

PrestoBlue cell viability assay was carried out as per manufacturer’s specification

(Invitrogen - Carlsbad, CA, USA). In brief, a solution of lOX PrestoBlue™ cell viability

reagent was added to 24- or 96-well plates at a volume of 10% final well volume. After

experimental endpoint, PrestoBlue™ reagent was added to each test well and left in the

dark at 37°C in a 5%C02/95%02 humidified atmosphere for 2hrs. Fluorescence intensity
232



Pharmacological Investigations into the Activities of Novel PPAR Modulators

(Ex:560nm, Em:590nm) was read on a Spectramax Gemini fluorornetric plate reader using 

SOFTmax Pro (V4.0, Molecular Devices) software package. Data was presented in 

Relative Fluorescence Units (RFU).

4.2.7 HEK-Blue^'^ NFkB reporter assay
HEK-Blue''^'^ reporter assay was performed using FIEK-Blue™-hTLR4 cells (Invivogen- 

Carlsbad, CA). HEK-Blue''''^-hTLR4 cells are a commercially available cell line 

transfected with expression plasmid containing hTLR4, its co-receptors MD2/CDI4 and a 

Secreted Embryonic Alkaline Phosphatase (SEAP) reporter gene containing five NFkB 

response elements in its promoter region. Stimulation of TLR4 with its native ligand, 

lipopolysaccharide (EPS), induces rapid activation of NFkB and consequent expression of 

SEAP. Levels of SEAP are correlated to the level of EPS-dependent NFkB activity and can 

be quantified by incubating HEK-blue'*''^ supernatant with Quanti-Blue™ reagent. Quanti- 

Blue^'^ contains an alkaline phosphatase substrate which changes colour (pink to blue) in 

the presence of SEAP.

HEK-Blue™ cells were seeded at a density of 0.25 x 10^ cells/well (200pl) on a 96-well 

tissue culture plate and incubated for I8hrs prior to experimentation. Cells were pre-treated 

for 24hr with vehicle (0.1% DMSO) or indicated concentrations of test compounds. Post

incubation, cells were treated with EPS (lOOng/ml) and further incubated at 37°C in a 

5%C02/95%02 humidified atmosphere for 6hrs. Experimental controls included; 

Untreated cells, vehicle treated (O.I%DMSO), treatment with proteasome inhibitor 

(MG 132) and test compound treatments without EPS.

Quanti-Blue™ analysis was performed by taking 20pl of HEK-Blue™ supernatant and 

incubating it with I80pl of sterilised assay media. Supernatants were incubated in the dark 

at 37°C in a 5%C02/95%02 humidified atmosphere for 2 -4hrs. In the presence of SEAP, 

Quanti-Blue media changes from a pink to blue colour and colour change was monitored 

by reading absorbance (650nm) on a Versamax™ absorbance plate reader.

4.2.8 FACS cell cycle analysis
Propidium iodide (PI) is a fluorescent. DNA intercalating agent which binds

stoichiometrically to nucleic acids. When bound to DNA, Pi’s fluorescence increases 20-

30 flow (Ex: 488nm, Em: 600nm). Using flow cytometry, a technique by which cells can

be analysed as they pass singularly through a beam of light, PI staining can be used for cell

cycle analysis of a population of ethanol-fixed cells. The fluorescence intensity of DNA/Pl
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bound complex directly correlates to the DNA content of a cell. Consequent from this, 

cells from a population present in G1 phase (diploid - 2n), G2/M phases (4n) or S phase 

(2n-4n) can be differentiated by a histogram plot of PI fluorescence intensity versus cell 

count (Figure 4.4). G1 and G2/M cell populations are observed as distinct peaks, which S 

phase cells occupying the area between the two. Apoptotic cells occupy the hypo-diploid 

or pre-Gl population that are indicative or cells and apoptotic bodies with low PI 

fluorescence. This is due to the occurrence of DNA fragmentation, cell permeabilisation 

and low overall DNA content in apoptotic bodies.

HEK293 cells were seeded at indicated cell densities in 6-well tissue culture plates and left 

to adhere for 24hrs. Cells were treated with appropriate controls and test compounds at 

indicated time points. At experimental endpoints, cells were harvested using Tryp-LE 

(IX), centrifuged at 300 x g for 5 min and washed once in ice cold PBS. Cell pellets were 

resuspended in 300pl of PBS and fixed with 2ml of 70% ice cold ethanol. After gentle 

vortexing, samples were left overnight to incubate at 4°C. After fixing, cells were 

centrifuged at 500 x g for 5 min and supernatant was decanted from the pellet. Cell pellets 

were resuspended in 300pl PBS and placed in 5ml polystyrene round-botton FACS tubes 

(BD falcon). 30pl of RNAase A (lOmg/ml in PBS) and 75pl of propidium iodide (1 mg/ml 

in PBS) were added to each sample. Tubes were left to incubate in the dark at 37°C for 30 

min. Flow cytometry analysis was performed on a FACScaliber (Beetin Dickson) 

Fluorescence Associated Cell Sorter (FACS) using Cell Quest and Quanti-Quest software. 

Appropriate gating procedures were applied and data analysed for each sample was 

representative of 10,000 gated events.
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Figure4.3 FACS Cell cycle analysis histogram - Above diagram represents a typical histogram output from 

FACS cell cycle analysis using propidium iodide staining. Cell populations are divided into pre-Gl or 

apopototic, GcyOi, S and Gi/M phase.
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4.3 Results and Discussion

4.3.1 Determination of MDG548, 559 and 582 cytotoxicity against 

neonate rat cortical neurones
In order to determine a suitable concentration range in which to assay the potential 

neuroprotective effects of MDG548, 559 and 582 against H2O2 and kainic acid chemical 

insult the cell viability of neuronal cultures post-treatment with experimental compounds 

was assessed. Two methods of measuring cell viability were employed; namely 

CalceinAM and PrestoBlue™ techniques. Time dependence of possible compound 

cytotoxicity was also examined, with measurements taken at 24 and 48hrs post-compound 

exposure.

From results obtained in the CalceinAM cell viability experiments, all test and control 

compounds exhibited varying degrees of cytotoxicity against cortical neurones at assayed 

concentration range. In all assays, staurosporine, a protein kinase inhibitor and inducer of 

cellular apoptosis, was included to represent minimum experimental cell viability of 

cortical neurones. When compared to the vehicle control (0.1% DMSO), which represented 

100% experimental cell viability, MDG548 induced a statistically significant reduction in 

viability at 50p.M (P<0.05) 24hrs post-treatment. Following 48hrs treatment, viability was 

further reduced when compared to control (P<0.001). However, MDG548 only exhibited 

effects on cell viability at 50pM only, with other concentrations displaying no statistically 

significant effects on viability (P>0.05) (Figure 4.5). In comparison to results obtained 

with the calcein-AM assay, data from PrestoBlue’’''^ viability indicated a higher level of 

cytotoxicity by MDG548 at 24hrs and 48hrs post-treatment (Figure 4.6). When compared 

to control samples, MDG548 induced significant cytotoxicity at 50p.M after 24hrs 

incubation of neurones with the compound (P<0.001). The effects on cytotoxicity were 

appreciably increased after 48hrs incubation, with significant effects noted at concentration 

range 25-50|j.M (P<0.001).

On analysis of the effects of MDG559 on cortical neurone cell viability by calceinAM 

assay, appreciable levels of cytotoxicity were also noted (Figure 4.5). In contrast with 

control, MDG559 demonstrated significant decreases in cell viability at 25 and 50pM 

concentrations (P<0.01) post 24hr incubation. These effects were also seen at 48hrs 

incubation, although significance of effects were not increased when compared to control
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(P<0.0l). Results from PrestoBIue™ viability assay again displayed more pronounced 

reductions in viability that than shown by calceinAM experiments (Figure 4.6). After 24hrs 

incubation, MDG559 induced a significantly large reduction in cell viability compared to 

control at 25 and 50pM (P<0.001) and the same significance was displayed post 48hr 

treatment. Analysis of effects of MDG582 treatment were also similar to those shown with 

MDG548 and 559, with significant decreases in viability shown at 50pM post 24hrs 

incubation (P<0.001) and marked decreases shown after 48hr incubation at 25 and 50pM 

compound concentrations (P<0.01 and 0.001, respectively) in CalceinAM assay (Figure 

4.5). PrestoBlue assay results for MDG582 revealed that the compound displayed 

significant decreases in cell viability at 24 and 48hrs incubation times at both 25 and 50pM 

concentrations (P<0.001) (Figure 4.6).

Interestingly, Rosiglitazone, a marketed drug that acts as a high affinity PPARy agonist, 

also displayed notable concentration-dependent reductions in cell viability against cortical 

neuronal preparations (Figure 4.5 and 3.6). Rosiglitazone showed statistically significant 

toxicity at 50p,M concentrations after 24hr and 48hr incubation compared to control in 

CalceinAM assay (P<0.01). In contrast. PrestoBlue viability studies demonstrated that 

rosiglitazone induced notable decreases in cell viability at 25 and 50pM, with more 

pronounced significance displayed after 48hrs (P<0.001) compared to the 24hr time point 

(25pM;P<0.05, 50pM;P<0.001).

Overall, the results from the cell viability studies highlight several points of interest 

regarding the cytotoxicity of experimental and control compounds. Importantly, all assayed 

test and control compounds exerted effects which diminished neonate rat cortical neurone 

cell viability in vitro. In light of this information, it was decided to lower the compound 

concentration range for testing in neuroprotective models as cell viability measurements in 

these assays could be compromised by inherent compound cytotoxic effects. In view of the 

findings, it was decided to assay compounds at a maximum concentration of lOpM. 

MDG548, 559 or 582 did not show any appreciable decrease in cell viability at 

concentrations <10pM in either CalceinAM or PrestoBlue assay at 24 or 48hr time points. 

As such, it can be inferred that dosage within this concentration window would not exert 

confounding effects in further experimental assays against cortical neurones. Another point 

of note is the cytotoxic effects of rosiglitazone at similar concentrations used for 

experimental compounds. Rosiglitazone displayed marked decreases in cell viability at
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50|iM in calcein-AM assay and exerted appreciable effects at 25 and 50p.M in 

PrestoBlue'*''^ experiments. Although certain side effect issues have been reported with the 

use of the drug, its therapeutic window in this experimental model was in line with the 

experimental compounds being investigated. Although the exact mechanism of 

cytotoxicity displayed by MDG548, 559 and 582 against neonate rat cortical neurones was 

not elucidated, it can be concluded that an assay concentration window was reasoned on 

for several reasons. In previous studies (see Chapter Ill), MDG548, 559 and 582 were 

shown to bind their target receptor(s) with low micromolar affinities (as given by EC50 

data). Also, all three compounds were previously shown to exert cellular effects against 

PPARy at high nanomolar to low micromolar concentrations. These values reside outside 

the concentrations which induced appreciable toxicity in this model. As such, it was 

concluded that experimental compounds could be investigated for neuroprotective effects 

at a lower concentration range.

A final point of interest from these experiments was the differences shown in cell viability 

dependent on the assay method used. In general, the degree of decrease in cell viability 

was higher in the PrestoBlue™ assay than that reported with calceinAM. These differences 

could be explained for by the mechanisms employed by each assay to report cellular 

viability. As earlier discussed, calcein-AM is dependent on the action of endogenous 

cellular esterases, which in turn is used as an indicator of cellular viability. PrestoBlue™ 

reagent is modified by the reducing environment of the cell, and the degree of modification 

is correlated to cell viability. As such, the cytotoxic effects exerted by experimental and 

control compounds in this assay could be dependent on adverse compound-induced effects 

on the redox state of the cell versus any malignant effects on endogenous esterase activity. 

However, this statement would have to be further substantiated, but for the confines of this 

experiment, the exact mechanisms remain to be discovered.
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Figure3.4 Cytotoxic effects of IVIDG548, 559 and 582 on rat cortical neurones as assessed by calceinAM 

cell viability assay - Experimental protocol was carried out as outlined in Section 4.2.4. In brief, re

suspended neurones in were plated at a density of 0.25 x lO'^/ml and were grown in culture for up to 5 days 

post ARA-C treatment. Test wells were then treated with experimental or control compounds (final DMSO 

0.1%) and allowed to incubate for 24 (A) or 48hrs (B) prior to addition of calceinAM (2pM) at experimental 

endpoint. Plates were incubated for a further 30mins prior to reading. Test well fluorescence intensity (Ex: 

495nm, Em: 515nm) was read on a Spectramax Gemini fluorometric plate reader using SOFTmax Pro (V4.0, 

Molecular Devices) software. Data is presented in relative fluorescence units (RFU). Test wells were 

compared to vehicle treated cells (0.1%DMSO) using two-way ANOVA with Bonferroni post-test. *:P<0.05, 

**:P<0.OI, ***:P<0.00l. Error bars represent the Standard Error of the Mean (SEM). Data represents the 

mean of at least three independent experiments.
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Figure3.5 Cytotoxicity of IVIDG548, 559 and 582 on neonate rat cortical neurones as assessed by 

PrestoBlue'*''’ cell viability assay - Experimental protocol was carried out as outlined in Section’s 4.2.4 and 

4.2.6 In brief, re-suspended neurones in were plated at a density of 0.25 x l0*/ml and were grown in culture 

for up to 5 days post ARA-C treatment. Test wells were then treated with experimental or control compounds 

(final DMSO 0.l%) and allowed to incubate for 24 (A) or 48hrs (B) prior to addition of PrestoBlue’^'^ reagent 

(lOx) at experimental endpoint. Plates were incubated for up to 2hrs prior to reading. Test well fluorescence 

intensity (Ex:560nm, Em:590nm) was read on a Spectramax Gemini fluorometric plate reader using 

SOFTmax Pro (V4.0, Molecular Devices) software. Data is presented in relative fluorescence units (RFU). 

Test wells were compared to vehicle treated cells (0.1%DMSO) using two-way ANOVA with Bonferroni 

post-test. *: P<005, **: P<0.01, ***: P<0.00l. Error bars represent the Standard Error of the Mean (SEM). 

Data represents the mean of at least three independent experiments.
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4.3.2 MDG 548 exposure protects rat cortical neurones from H2O2- 

mediated injury
To determine whether MDG548, 559 or 582 exerted protective effects against the 

deleterious effects of H2O2 on neurones, two experimental conditions were studied; A) Pre

treatment with compounds for 24hrs prior to exposure to H2O2 and B) Co-treatment of 

neurones with compound/H202 at the same time point. In both instances, cortical neurones 

were incubated for a further 24hrs prior to measurement of cellular viability via 

PrestoBlue™ assay. Cortical neurones were treated with increasing concentrations of 

experimental and control compounds (lOOnM to lOpM) within the non-cytotoxic 

concentration windows determined in Section 4.3.1. In both experimental conditions, 

neuronal viability was significantly reduced when compared to control (0.1% DMSO) after 

exposure to H2O2 (50pM, P<0.001). As per earlier cell viability experiments, staurosporine 

was included as a positive control for non-H202-mediated cell death. Significant reductions 

in cell viability compared to control were also noted after exposure to staurosporine (2pM, 

P<0.001).
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Figure 4.6 Determination of concentrations needed by H2O2 and Kainic acid to evoke appreciable cell 

death in neonate rat cortical neurones - Experimental protocol was carried out as outlined in Section’s 

4.2.4 and 4.2.6 In brief, re-suspended neurones were plated at a density of 0.25 x lOVml and were grown in 

culture for up to 5 days post ARA-C treatment. Test wells were then treated with varying concentrations of 

hydrogen peroxide {H2O2) or kainic acid or control compounds (final DMSO 0.1%). Cultures were allowed 

to incubate for 48hrs prior to addition of PrestoBlue^'^ reagent (lOx) at experimental endpoint. Plates were 

incubated for up to 2hrs prior to reading. Test well fluorescence intensity (Ex: 560nm, Em: 590nm) was read 

on a Spectramax Gemini fluorometric plate reader using SOFTmax Pro (V4.0, Molecular Devices) software. 

Data is presented in relative fluorescence units (RFU). Test wells were compared to vehicle treated cells 

(0.1%DMSO) using two-way ANOVA with Bonferroni post-test. *:P<005, **:P<0.01, ***:P<0.001. Error 

bars represent the Standard Error of the Mean (SEM). Data represents the mean of at least two independent 

experiments.
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Pre-treatment (24hrs) of cortical neurones with varying concentrations of MDG548 

resulted in significant increases in cell viability compared to H2O2 control (Figure 4.8). 

Nominal increases in viability were observed at 500nM (P<0.05), with more pronounced, 

dose-dependent effects shown at concentration range 1.0 to lOpM (P<0.00l). 

Rosiglitazone also displayed significant neuroprotective effects against H2O2 chemical 

insult at I.OpM (P<0.05) and 5.0 to lOpM (P<0.00l) doses. Pre-incubation of cortical 

neurones with varying concentrations of MDG559 and 582 prior to addition of FI2O2 did 

not result in significant increases in viability compared to controls (P>0.05).

In assessment of the effects of compound/H202 co-treatments, MDG548 afforded increases 

in cortical neurone viability at 5 and lOpM concentrations (P<0.01 and P<0.001, 

respectively) when compared to H2O2 only treatment (Figure 4.8). In line with pre

treatment experiments, co-treatment with both MDG559 and 582 did not facilitate 

increases in cell viability compared to control (P>0.05). Rosiglitazone again afforded 

increases in cell viability in the co-treatment model, but only did so at highest assay 

concentration (iOpM; P<0.05).
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Figure 4.7 IVIDG548 protects neonate rat cortical neurones from H202-induced oxidative stress in a 

concentration and pre/co-treatment dependent manner - Experimental protocol was carried out as 

outlined in Section’s 4.2.4 and 4.2.6 In brief, resuspended neurones were plated at a density of 0.25 x IO*/ml 

and were grown in culture for up to 5 days post ARA-C treatment. (A) Test wells were then treated with 

experimental or control compounds (final DMSO 0.1%) and allowed to incubate for 24hrs prior to addition 

of H2O2 (50pM, dH20 solution) or (B) wells were treated with experimental compounds I hr pior to addition 

of H2O2 (50pM, dHiO solution). Cultures were allowed to incubated for a further 24hrs post-H202 treatment. 

After final incubations, PrestoBlue'"''^ reagent (lOX) was added to wells at experimental endpoint. Plates were 

incubated for up to 2hrs prior to reading. Test well fluorescence intensity (Ex: 560nm, Em:590nm) was read
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on a Spectramax Gemini fluorometric plate reader using SOFTmax Pro (V4.0, Molecular Devices) software. 

Data is presented in relative fluorescence units (RFU). Test wells were compared to FI2O2 treated cells 

(O.I%DMSO) using two-way ANOVA with Bonferroni post-test. *:P<005, ’''*:P<0.01, ***:P<0.00l. Error 

bars represent the Standard Error of the Mean (SEM). Data represents the mean of at least three independent 

experiments.

Since MDG548 displayed the most promise as a neuroprotective agent in the H;02 

oxidative stress experiments (Figure 4.8) it was decided to examine whether the 

neuroprotection afforded by MDG548 was a receptor-dependent effect, neurones were 

exposed to the specific PPARy antagonist GW9662 (IpM) for I hour, prior to incubation 

with varying concentrations of MDG548. As expected, neuronal viability was significantly 

increased following exposure to MDG548 but this effect was abrogated in the presence of 

GW9662 (Figure 4.9). Neuronal viability was not significantly different following 

exposure to the antagonist alone.
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Figure 4.8 PPARy antagonist GW9662 abrogates the neuroprotective effects of IV1DG548 against H2O2- 

induced oxidative stress in neonate rat cortical neurones - Experimental protocol was carried out as 

outlined in Section's 4,2.4 and 4.2.6 In brief, resuspended neurones in were plated at a density of 0.25 x 

lO^/ml and were grown in culture for up to 5 days post ARA-C treatment. Test wells were then treated with 

GW9662 (IpM) for I hour prior to treatment with MDG548 (final DMSO 0.1%) and allowed to incubate for 

24hrs prior to addition of (50pM, dHiO solution). Control wells for MDG548 effects (varying

concentrations) were included under same conditions minus addition of GW9662. Cultures were allowed to 

incubate for a further 24hrs post-H^O: treatment. After final incubations, PrestoBlue’"'^ reagent (lOx) was 

added to wells at experimental endpoint. Plates were incubated for up to 2hrs prior to reading. Test well 

fluorescence intensity (Ex:560nm, Em:590nm) was read on a Spectramax Gemini fluorometric plate reader 

using SOFTmax Pro (V4.0, Molecular Devices) software. Data is presented in relative fluorescence units 

(RFU). Test wells were compared to H2O2 treated cells (0.1%DMSO) using two-way ANOVA with 

Bonferroni post-test, *:P<005, **:P<0.01, ***:P<0.001. Error bars represent the Standard Error of the Mean 

(SEM). Data represents the mean of at least two independent experiments.
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4.3.3 Pre-treatment with MDG548, 559 or 582 does not infer anti

neurotoxic effects for cortical neurones against kainic acid insult
To further examine other avenues of neuroprotection, the potential for IV1DG548, 559 and 

582 to ameliorate kainic acid-induced excitotoxicity and oxidative stress in cortical 

neurones was assessed. Neuronal cultures were pre-treated (24hrs) with varying 

concentrations of experimental and control PPARy agonist rosiglitazone and then exposed 

to a fixed concentration of kainic acid (50pM). Kainic acid is a specific agonist for the 

kainite receptor and has been shown to induce neurotoxic effects via excitotoxicity and 

oxidative stress. Cultures were then incubated for a further 24hrs and cell viability was 

measured using the PrestoBlue^'^ method. Inclusion of kainic acid (50p.M) in test wells 

resulted in significant decrease in cellular viability when compared to vehicle control 

(0.1%DIV1SO, P<0.00l). Staurosporine (2p.M), an inducer of cellular apoptosis, also 

demonstrated significant decrease in viability in contrast to control (P<0.001). From the 

results obtained, IV1DG548, 559 and 582 did not confer statistically significant 

neuroprotection when compared to kainic acid baseline at assayed concentrations (P>0.05). 

Rosiglitazone treatment (lOpM) did exert a significant increase on cell viability when 

compared to same (P<0.001). Overall, it can be concluded that MDG548, 559 or 582 do 

not protect cortical neurones against kainic acid-induced neurotoxic effects in the pre

treatment model (Figure 4.10). In light of these findings, it was concluded that co

treatment experiments (as in FI2O2 model) would not yield positive results and as such 

were not conducted.
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Figure 4.9 Pre-treatment with IV1DG548, 559 or 582 does not protect neonate rat cortical neurones 

against kainic acid induced excitotoxicity - Experimental protocol was carried out as outlined in Section’s 

4.2.4 and 4.2.6 In brief, re-suspended neurones in were plated at a density of 0.25 x lOVml and were grown 

in culture for up to 5 days post ARA-C treatment. Test wells were then treated with experimental or control 

compounds (final DMSO 0.l%) and allowed to incubate for 24hrs prior to addition of kainic acid (50pM, 

dH20 solution). Cultures were allowed to incubate for a further 24hrs post-H202 treatment. After final 

incubations, PrestoBlueT^* reagent (IOx) was added to wells at experimental endpoint. Plates were incubated 

for up to 2hrs prior to reading. Test well fluorescence intensity (Ex: 560nm, Em: 590nm) was read on a 

Spectramax Gemini fluorometric plate reader using SOFTmax Pro (V4.0, Molecular Devices) software. Data 

is presented in relative fluorescence units (RFU). Test wells were compared to H2O2 treated cells 

(0.1%DMSO) using two-way ANOVA with Bonferroni post-test. *: P<005, **: P<0.0l, ***: P<0.00l. Error 

bars represent the Standard Error of the Mean (SEM). Data represents the mean of at least two independent 

experiments.
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4.3.4 Effects of MDG548, 559 and 582 on HEK293 Cell Viability
Prior to investigation of the potential NFkB activation repression activities of MDG548, 

559 and 582 within the HEK Blue^'^ NFkB activation assay, the effects of dose-dependent 

treatment with compounds on cellular viability was assessed. This study was carried out 

with a view to negating possible false reporting within the NFkB activation assay, as loss 

of cell viability/cell death from compound dosage could result in compromisation and 

falsification of NFkB activity data. Varying concentrations of test compounds (lOOnM to 

lOOpM) were incubated with cultured HEK293T cells for 24hrs prior to quantification of 

cell viability with PrestoBlue^'^ reagent. As per previous experiments, staurosporine (2pM) 

was included to represent cell death via apoptotic pathways.

From the data obtained, decreases in cellular viability compared to vehicle control (0.1% 

DMSO) were noted for all experimental and control (rosiglitazone) compounds (Figure 

4.11). MDG548 only displayed significant toxicity against HEK293T cells at lOOpM 

(P<0.001) and did not have any adverse effects at lower assay concentrations. MDG559 

displayed significant reductions in viability at concentrations ranging from 10 to lOOpM 

and similar effects were shown for MDG582 within the same concentration window 

(P<0.001). Rosiglitazone also induced decreases in cellular viability when compared to 

control, with significant effects demonstrated at lOOpM concentration (P<0.001).

In light of the data presented in by these studies, it was decided to only assay IV1DG548 

within the NFkB activation assay for two reasons; MDG548 was the only experimental 

compound to exhibit a pre-treatment neuroprotective effect against H202-induced oxidative 

stress in cortical neurones and 2) MDG559 and 582 displayed appreciable cytotoxicity 

against the HEK293T cell line at concentrations between lO-lOOpM. As such, it was 

predicted that use of MDG559 and 582 within the NFkB activation assay could result in 

cell death and ultimate data misrepresentation at these concentrations. Consequent from 

these results, further investigations into the cytotoxic effects of all three experimental 

compounds were explored in seetion 4.3.6 and 4.3.7.
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Figure 4.10 1VIDG548, 559 and 582 display dose dependent effects on HEK293T cells in PrestoBlue^^ 

viability assay - Experimental protocol was carried out as outlined in Sections 4.2.3 and 4.2.7. In brief, 

HEK293T cells were cultured in Dulbecco’s Modified Essential Medium (DMEM) containing stable 2 mM 

L-glutamine, 10% (v/v) foetal calf serum (PCS) and 100 pg/ml Pen/Strep. Cells were maintained at 37°C in a 

humidified atmosphere of 95% O2/ 5% CO2. For cytotoxicity analysis, wells were seeded at 2 x lOVml 24 hr 

prior to treatment. Test wells were then treated with experimental or control compounds (final DMSO 0.1%) 

and allowed to incubate for 24hrs prior to addition of PrestoBlue™ reagent (lOx) at experimental endpoint. 

Plates were incubated for up to 2hrs prior to reading. Test well fluorescence intensity (Ex: 560nm, 

Em:590nm) was read on a Spectramax Gemini fluorometric plate reader using SOFTmax Pro (V4.0, 

Molecular Devices) software. Data is presented in relative fluorescence units (RFU). Test wells were 

compared to vehicle treated cells (0.1%DMSO) using two-way ANOVA with Bonferroni post-test. *:P<005, 

**:P<0.01, ***:P<0.001. Error bars represent the Standard Error of the Mean (SEM). Data represents the 

mean of at least three independent experiments.
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4.3.5 MDG548 inhibits NFkB activation in a dose-dependent manner
In order to investigate the potential inhibitory effects of MDG548 on NF^B activation, 

HEK Blue’''''^ cells were treated with varying concentrations of the compound (250nM to 

lOOpM) for 24hrs prior to stimulation with EPS (lOOng/ml) for a further 6hrs. MG 132, a 

known inhibitor of NFrB activation was also included alongside EPS stimulated/un

stimulated controls. Rosiglitazone activity on NFkB activation was also examined as 

literature sources cite the PPARy agonist’s inhibitory activity against NFkB'*' As 

anticipated, stimulation of HEK Blue™ cells with EPS resulted in activation of NFkB as 

reported by change in absorbance (650nm). Also, co-treatment of cells with EPS and 

MG 132 resulted in no significant increase in NFkB activation when compared to control 

(P>0.05). On pre-treatment with MDG548, a significant decrease in EPS-stimulated NFkB 

activation was observed at varying concentrations of the compound (1.0 to 50pM) (Figure 

4.11). Also, MDG548 did not induce activation of NFkB in non-EPS stimulated treatments 

(P>0.05). As expected, Rosiglitazone also showed a reduction in NFkB activation, but only 

at 25 and 50pM (P<0.001). Interestingly, inclusion of the PPARy antagonist GW9662 at 

three point concentrations of MDG548 (1, 10 and 50pM) nullified the EPS-stimulated 

NFkB activation decreases observed with MDG548 (P<0.001). This observation would 

support the hypothesis that MDG548 dependent decreases in NFkB activation are receptor 

mediated effects (Figure4.l2)

251



If) kf)o o0 Q 2 2
t t

(N
<N

UO

■ao
2
a:<a.a.
"oj>oz

•cu<
0^
o
c
c.2
s?•SP■M(/5OJ>c
03U

‘5b-2oufO
Eu03x:a

s I
♦ +

M OO CO «0
2 s s ISI 8 880 2 2 2

1’%

E‘ “fcfE-4?

E-C'“
♦A-

JC

(UJU0S9] dDueqjosqv

^4

v• iT^^>^v
cf huy

VO ’b

.'1
t
I

(UJU099) asueqjosqv

^ c ^

\''o.



Pharmacological Investigations into the Activities of Novel PPAR Modulators

Figure 4.11 MDG548 inhibits NFkB activation in HEK-Blue'’''* NFkB Reporter cell line in a PPARy- 

dependent dose-responsive manner - Experimental protocol was carried out as outlined in Section 4.2.8. In 

brief, HEK-BlueTi^ cells were seeded at a density of 0.25 x 10^ cells/well (200pl) in a 96-well tissue culture 

plate and incubated for I8hrs prior to experimentation. (.4) Cells were pre-treated for 24hr with controls or 

varying concentrations of MDG548 (final DMSO 0.1%). Where indicated, cells were treated with GW9662 

(I pM) for I hr prior to treatment for 24hr with varying concentrations of MDG548. (B) Cells were pre-treated 

for 24hr with controls or varying concentrations of rosiglitazone (final DMSO 0.1%). Where indicated, cells 

were treated with GW9662 (IpM) for Ihr prior to treatment for 24hr with varying concentrations of 

rosiglitazone. Post-incubation, cells were treated with EPS (lOOng/ml) and further incubated at 37°C in a 

5%C02/95%02 humidified atmosphere for 6hrs. Quanti-Blue™ analysis was performed by taking 20nl of 

HEK-Blue''''^ supernatant and incubating it with 180pl of sterilised assay media. Supernatants were incubated 

in the dark at 37°C in a 5%C02/95%02 humidified atmosphere for 2 - 4hrs. Test well absorbance (650nm) 

was read on a Versamax Absorbance plate reader using SOETmax Pro (V4.0, Molecular Devices) software. 

Data is presented in arbitrary absorbance units. Test wells were compared to vehicle treated cells 

(O.I%DMSO + EPS) using two-way ANOVA with Bonferroni post-test. *: P<005, **: P<0.01, ***: 

P<0.00E Error bars represent the Standard Error of the Mean (SEM). Data represents the mean of at least 

two independent experiments. C depicts an XY plot of absorbance vi log concentration (M) of MDG548 and 

is representative of decrease in NFkB activation under MDG548 ^ EPS and MDG548 only treatments.
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4.3.6 MDG559 and 582 treatments cause losses in cell membrane 

integrity of HEK293T cells
Consequent from data obtained in PrestoBlue™ cell viability assays, the effects of 

MDG548, 559 and 582 dosage on HEK293T cells was evaluated using a complementary, 

but different measure of cytotoxicity. The CytoTox-Glo’’’'^ cytotoxicity assay was 

employed to try and elucidate the mechanisms of cytotoxicity presented in the PrestoBlue 

assay data. CytoTox-Glo™ assay provides a quantification of cell membrane integrity 

post-compound treatment and as such can be used to identify primary or post-apoptotic 

secondary necrosis. The results presented indicate that at 25 and 50pM concentration, both 

MDG559 and 582 induce significant necrotic effects in HEK293T cells post-24hr 

incubation compared to vehicle (0.1%DMSO) control. As displayed with PrestoBlue assay, 

1V1DG548 did not exhibit significant cytotoxic effects on the cell line at concentrations 

<50p.M. Also, rosiglitazone did not show a significant decrease in live cell population at 

concentrations <50|iM when compared to vehicle control. When compared to cell viability 

data obtained in section 4.3.4, both MDG559 and 582 treatments induced decreases in cell 

viability at concentrations between 10 to lOOpM. In contrast, cell membrane integrity was 

only compromised at concentrations of 25 to lOOpM in HEK293T cells. Although this 

assay was unable to distinguish between primary and secondary necrotic effects, the results 

show that membrane integrity is compromised post-24hr incubation with high micromolar 

concentrations of both compounds.
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Figure 4.13 MDG 559 and 582 display dose dependent effects on HEK293T cells in CytoTox Glo’’’^ 

cytotoxicity assay - Experimental protocol was carried out as outlined in Sections 4.2.3 and 4.2.6. In brief, 

HEK293T cells were cultured in Dulbecco's Modified Essential Medium (DMEM) containing stable 2 inM 

L-glutamine, 10% (v/v) foetal calf serum (ECS) and 100 pg/ml Pen/Strep. Cells were maintained at 37°C in a 

humidified atmosphere of 95% O2/ 5% CO2. For cytotoxicity analysis, wells were seeded at 2 x 10^/ml in 

white-walled 96 well plates 24 hr prior to treatment. Test wells were then treated with experimental or 

control compounds (final DMSO 0.1%) and allowed to incubate for 24hrs prior to treatment with 50pl of 

reconstituted CytoTox-Glo™ Cytotoxicity Assay reagent. Plates were mixed briefly by orbital shaking and 

incubated in the dark at room temperature for 15 mins. After incubation, luminescence was measured on a 

luminometer (Read 1) and recorded as relative luminescence units (RLU). After initial reading, 50pl of Lysis 

reagent was added to all wells. Plate was mixed and incubated at room temperature for a further 15 mins. 

Luminescence was again read post-incubation (Read 2). The proportion of viable cells was calculated by 

subtracting the luminescent signal from experimental cell death (Read 1) from luminescent single of total cell 

death (Read 2). Data is presented in relative luminescence units (RLU). Test wells were compared to vehicle 

treated cells (O.I%DMSO) using two-way ANOVA with Bonferroni post-test. *:P<005, **:P<0.01, 

***:P<0 001. Error bars represent the Standard Error of the Mean (SEM). Data represents the mean of at 

least two independent experiments.
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4.3.7 MDG559 and 582 induce apoptosis in HEK293T cells.
To investigate if 1V1DG559 and 582 induced apoptosis in HEK293T cells, cell cycle 

analysis using FACS (Propidium Iodide staining) was used to quantify the percentage of 

the treated cell population in pre-Gl (apoptotic) state. Etoposide (2p.M) was included as a 

control apoptotic inducer whereas staurosporine (2p,M) was used as a cell cycle arrest 

control (S-phase). As per previous experiments, cells were incubated with treatments for 

24hrs prior to experimental endpoint and analysis. Due to compound insolubility presented 

by MDG559 and 582 at lOOpM concentration, these results were excluded from analysis. 

The data obtained shows that both MDG559 and 582 treatments have significant effects on 

the percentage of HEK293T cells in pre-Gl phase when compared to the vehicle control 

(Figure 4.14). At 25 and 50|j.M concentrations, MDG559 treated cells had approximately 

40% of the total cell population in pre-Gl phase (P<0.001). MDG582 treatment resulted in 

significant increases in pre-Gl cell populations at concentrations between 10-50p.M when 

compared to vehicle control (P<0.001). In line with other measures of cell viability and 

compound cytotoxicity, MDG548 treatment did not induce significant increases in 

apoptotic cell population in comparison to vehicle control (P>0.05). As anticipated, 

etoposide (2pM) pre-incubated induced a significant increase in pre-Gl populations 

(P<0.001). Also, staurosporine (2pM) did not significantly increase pre-Gl cell 

percentages when compared to vehicle control, but significant increases in cycle arrested 

S-phase cell proportions were noted (Table 4.1).
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Figure 4.14 1VIDG559 and 582 induce apoptosis in HEK293T cells in a dose-dependent manner as 

measured by FACS (Propidium iodide) cell cycle analysis - Experimental protocol was carried out as 

outlined in Sections 4.2.3 and 4.2.9. In brief, HEK293T cells were cultured in Dulbecco's Modified Essential 

Medium (DMEM) containing stable 2 mM L-glutamine, 10% (v/v) foetal calf serum (ECS) and 100 pg/ml 

Pen/Strep. Cells were maintained at 37°C in a humidified atmosphere of 95% O2/ 5% CO2. For cytotoxicity 

analysis, wells were seeded at 2 x lOVml 6-well plates 24 hr prior to treatment. Test wells were then treated 

with experimental or control compounds (final DMSO 0.1%) and allowed to incubate for a further 24hrs. At 

experimental endpoints, cells were harvested using Tryp-LE (IX). centrifuged at 300 x g for 5 min and 

washed once in ice cold PBS. Cell pellets were re-suspended in 300pl of PBS and fixed with 2ml of 70% ice 

cold ethanol. After gentle vortexing, samples were left overnight to incubate at 4°C. After fixing, cells were 

centrifuged at 500 x g for 5 min and supernatant was decanted from the pellet. Cell pellets were re-suspended 

in 300pl PBS and placed in 5ml polystyrene round-bottom FACS tubes (BD falcon). 30pl of RNAase A 

(lOmg/ml in PBS) and 75pl of propidium iodide (I mg/ml in PBS) were added to each sample. Tubes were 

left to incubate in the dark at 37°C for 30 min. Flow cytometry analysis was performed on a FACS caliber 

(Bectin Dickson) Fluorescence Associated Cell Sorter (FACS) using Cell Quest and Quanti-Quest software. 

Appropriate gating procedures were applied and data analysed for each sample was representative of 10,000 

gated events. Data is presented as % of pre-Gl cell population. Test wells were compared to vehicle treated 

cells (0.1%DMSO) using two-way ANOVA with Bonferroni post-test. *:P<005, **:P<0.0l, ***:P<0.001. 

Error bars represent the Standard Error of the Mean (SEM). Data represents the mean of at least three 

independent experiments.
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Table4.1 FACS (PI) Cell cycle analysis of HEK293 cells post-treatment (24hrs) with IV1DG548, 559 and 

582 (various concentrations) - Data is expressed as % of total cell population (10,000 counts/sample) for 

pre-GI, Gl, S and G2/M cell cycle phases. Data is presented as mean of at least three independent 

experiments.

IV1DG548 IV1DG559 1V1DG582

Cell Cycle 1.0 10 25 50 1.0 10 25 50 1.0 10 25 50

Phase (%) pM pM pM pM pM pM pM pM pM pM pM pM

Pre-Gl 8.4 9.1 10.5 12.9 10.5 10.6 39.8 42.0 6.5 16.5 20.9 33.7

Gl 40.1 39.6 39.0 36.1 39.7 36.6 24.1 24.0 42.3 34.7 30.9 20.9

S 19.0 18.6 16.3 24.4 19.1 20.1 14.2 14.2 19.1 18.6 17.4 17.4

G2/1VI 25.0 24.7 19.2 7.5 24.4 22.7 12.2 12.2 23.8 21.0 22.5 22.5

Controls

Cell Cycle Phase (%) 

Pre-Gl 

Gl 

S

G2/1V1

Vehicle (0.1%DMSO)

6.2

42.5

17.9

25.4

Staurosporine (2pM)

8.7 

15.4

21.7 

40.9

Etoposide (2p.M)

38.6

16.3

13.4

16.7
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4.4 Conclusion
Chapter IV has served to elucidate the potential pharmacological effects of newly 

discovered PPARy agonists MDG548, 559 and 582 in various in vitro models of 

neurodegeneration. Alongside investigation into neuroprotective capabilities, compound 

cytotoxicities were examined. This was with a view to explaining the cellular toxicity 

shown by these experimental compounds in previous cell-based experiments and also to 

account for any adverse cell death that may occur in investigative models.

Initially, compound-induced cytoxicity against primary neonate rat cortical neurones was 

assessed. The results presented compared two methods of cell viability determination and 

both techniques conclusively showed decreases in cell viability consequent from high- 

micromolar doses of MDG548, 559 and 582. Levels of cytotoxicity were dependent on the 

compound assayed, with MDG548 showing the least toxicity amongst the three. This data 

helped define a suitable concentration range in which to assay compound activity and 

bestowed a confidence in data obtained in subsequent neuroprotective models.

The potential neuroprotective effects of MDG548, 559 and 582 were examined in a H2O2- 

induced model of oxidative stress in cortical neurones. Experimental data showed that 

significant increases in cell viability were observed under pre-treatment conditions with 

MDG548, whereas MDG559 and 582 afforded no significant protection in this model. 

MDG548 effects were shown to be concentration-dependent and therapeutic benefits were 

outside the neurotoxic range of the compound. Most importantly, protective effects against 

H2O2 were abrogated by the specific PPARy antagonist GW9662. This data would suggest 

that the proteetive effects of MDG548 were receptor mediated. As for the direct 

mechanism of MDG548-mediated neuroprotective action against H202-induced oxidative 

stress, several theories exists which may provide explanation for its mode of action. As 

earlier outlined, previous work has demonstrated the pioglitazone-dependent up-regulation 

of PPARy in cortical neurones. The same work also showed a significant increase in 

activity of catalase post-treatment with pioglitazone. As MDG548 has been shown to exert 

high affinity agonist effects against PPARy, similar activation of the receptor by this novel 

eompound may induce similar effects on PPARy expression levels and subsequent activity 

of catalase. H2O2 rapidly penetrates into cells and induces oxidation of a variety of 

molecules. The need for pre-treatment of cortical neurones with MDG548 to afford
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protection against H2O2 could be inextricably linked with compound-induced up-regulation 

of PPARy and subsequent increases in catalase activity.

Alongside H2O2 models, compound-mediated neuroprotection against excitotoxicity in 

cortical neurones was studied using kainic acid. Interestingly, the results obtained in this 

set of experiments were not comparable to those shown in the H2O2 model, with MDG548, 

559 or 582 not conferring any neuroprotection against kainic acid-mediated excitotoxicity 

in pre- or co-treatment models. As such, the pre-treatment neuroprotective effects of 

MDG548 were solely against H2O2 insult. Although both chemical insults can induce an 

oxidative stress ‘scenario’ within cortical neurones, the difference in neuroprotection 

afforded by 1V1DG548 insinuates a mechanism specific to H202-mediated oxidative stress. 

As neuroinflammation plays a significant role in the pathology of various 

neurodegenerative disorders, the possibility that MDG548, 559 or 582 could attenuate 

inflammatory signalling through inactivation of NFkB activity was examined. As outlined 

in Chapter 1, the known PPARy agonist rosiglitazone has been experimentally shown to 

attenuate LPS stimulated activation of NFkB by an agonist-dependent, PPARy mediated 

transrepression of NFkB activity. As such, the ability of MDG548, 559 or 582 to evoke 

similar ligand-dependent, transrepressive effects on NFkB activity were investigated. As 

per neuroprotective studies, the potential cytotoxicity of compounds against the cell line 

used to study potential mediation of NFkB activity was first examined.
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Data presented showed that MDG559 and 582 exhibited significant cytotoxicity against 

HEK293 cell at mid to high micromolar concentrations. As such, both compounds were 

not tested in the HEK Blue NFkB activity assay as compound cytotoxicity could falsely 

infer reductions in NFkB activation. Flowever, MDG548 encouragingly retained its low 

cytotoxicity against HEK293 and was further examined in HEK Blue'*''^ NFkB activity 

assay. Results showed that pre-treatment of cells with 1VIDG548 prior to administration of 

EPS lead to significant decreases in NFkB activity. The observed effect was dose- 

dependent and was also abrogated by GW9662. Although the process behind TLR-4/LPS 

signalling of NFkB is inherently complex, it can be deduced that the NFkB repressive 

mode of action of MDG548 was receptor mediated.

Aside from investigations into the neuroprotective and anti-inflammatory activity of test 

compounds, mechanisms of compound cytotoxicity were examined. Appreciable 

compound cytotoxicity was displayed by MDG559 and 582 against HEK293 cells (both 

utilised in HEK293 PPARy activation and HEK Blue™ NFkB activation assays) within the 

mid to high micromolar concentration range. Although not the primary focus of the work, 

several reports have indicated anti-neoplastic effects of PPARy agonists through inhibition 

of cell proliferation, induction of apoptosis, cell cycle arrest and terminal differentiation^^' 

Reports have also shown that PPARy agonist monotherapy or combination treatment 

with other chemotherapeutic drugs was beneficial against carcinogenesis^''^^. In light of 

this evidence, it was decided to carry out examination of the cytotoxic mode of MDG548, 

559 and 582 against HEK293 to gauge potential efficacy against more relevant in vitro 

models of cancer.

Results obtained showed that MDG548 did not display significant toxicity against 

HEK293 cells at the concentration ranges in which PPARy activation or NFkB repression 

effects were observed. Cell viability, cell membrane integrity and cell cycle analysis data 

all correlated to indicate tolerance of cells to MDG548 treatments within therapeutic 

concentration range. Unfortunately, MDG559 and 582 did exert cytoxic effects in same. 

Both compounds showed decreases in cell viability and cell membrane integrity. Alongside 

this data, increases in pre-Gl cell populations, indicative of apoptosis, were noted at mid to 

high micromolar concentrations. Although these effects have consequence in functional 

assessment of compound activity in cell-based assay, the application of these compounds 

as chemopreventative agents against carcinogenesis was questioned. It was concluded that
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the effects exerted were outside a therapeutically useful concentration range, and as such, 

their utility in in vitro cancer models was not assessed.

In conclusion, this chapter has discussed characterisation of the pharmacological actions of 

newly identified PPARy agonists. Although MDG559 and 582 did not show 

neuroprotective effects in models studied, the work highlights the importance of prudent 

pre-testing of drug candidates (i.e. in cytotoxicity assays) before commencement of 

functional compound characterisation. Most promisingly, MDG548 has shown 

neuroprotective qualities against H202-induced oxidative stress in cortical neurones and 

such therapy has wide spread application in a melee of neurological disorders. In tandem 

with this, MDG548 has also been demonstrated to suppress activation of NFkB, a primary 

mediator of inflammatory response. Inflammation is also correlated to the pathology of 

various central nervous system disorders, and a multi-mode of action could prove 

beneficial in treatment of same. Although the exact mechanisms of neuroprotective or anti

inflammatory effects have not been deciphered, the results presented support a receptor- 

dependent mode of action. As shown by several other bodies of work, previously known 

PPARy modulators have shown similar effects as those displayed by MDG548. Crucially, 

this work adds support to the fact that the activities shown by MDG548 in an in silico and 

biochemical context are translatable to in vitro models studied here. Although further 

characterisation of compound mode of action and testing in suitable in vivo models is 

necessary, this encouraging work has provided a solid foundation for development of 

MDG548 towards a therapeutic commodity.
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5.1 Introduction
PPARs act as ligand dependent reeeptors that undergo heterodimerisation with RXR to 

adopt an active conformation in the presence of endogenous or exogenous ligands. In 

addition, various co-regulator proteins are recruited to the PPAR-RXR heterodimer to form 

a complex that binds to PPRE’s within target genes and stimulates their expression. A high 

degree of structural homology exists between the three PPAR isotype LBD’s. The tertiary 

structure of PPARs consists of a single domain comprised of 13 a-helices and a small four 

stranded P-sheet. In comparison to other nuclear receptors, the ligand binding domain 

across the subtypes is relatively large (approximately 1300-1400A^). It is enclosed by 

helices H2’. H3, H4, H5, H7, HlO/11, H12 and p-strands S3/ S4. The cavity is Y-shaped 

and can be separated into three arms; Arm 1, extending toward the activation function-2 

(AF2) of helix 12, consists of mainly polar residues. Arm 2, situated between helix H3 and 

the p-sheet, is mainly composed of hydrophobic residues. Arm 3, the entrance to the LBD, 

is primarily composed of polar residues and displays structural differences to Arm 1 and 2. 

The spatial distribution of the arms is shown in Figure 5.3. Subtype specificity of PP.AR 

modulators is accounted for, in part, by differences in Arm structure. For example. Arm 1 

of PPAR5 is narrower in the area next to the AF2 helix than the corresponding regions in 

PPARa and PPARy'. Typical PPAR agonists share several common chemistries: an acidic 

head group connected to an aromatic ring through a short linker, and a second linker region 

that connects the aromatic ring to a cyclic tail. This cyclic tail is generally represented by 

either an aromatic or an aliphatic ring system and typically contains hydrogen bond 

acceptor functionality. The acidic head group (as seen in carboxylic acids or 2, 4 

thiazolidinediones) is involved in up to four hydrogen bonds with LBD amino aeids. This 

head group interaction profile facilitates anchoring of the AF2 helix and is deemed crucial 

for full agonist PPAR activation .

Key insights have been gained in the area of PPAR ligand binding selectivity through 

comparison of co-crystal Used PPAR-modulator complexes (Figures 5.1 and 5.2). These 

structures have proven invaluable in ascertaining the rationale behind specific PPAR 

binders and modulators which show activity across multiple PPAR subtypes. Comparison 

of crystal binding poses has guided efforts in deciphering the chemical features needed of a 

PPAR modulator to elicit a specific or broad target effect. Also, PPAR X-ray structures 

provide detailed information on the structural biology of these important targets,
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particularly with regards to the identification of key amino acid residues that facilitate 

PPAR modulator binding. Structural determination of PPAR ligand binding selectivity was 

first investigated by Xu et al. In order to understand the structural basis of the PPAR 

subtype selectivity of farglitazar contrasted to that of GW409544, the group co-crystallised 

the latter compound with the LBDs of both PPARa and PPARy. Farglitazar shows 1000 

times less potency in PPARa compared to that of the PPARy subtype (PPARa 

EC5o=250nM V5. PPARy EC5o=0.20nM). GW409544 displayed EC50 values for PPARa 

and PPARy of 2.3nM and 0.28nM respectively. It demonstrated no discernable activity 

against the PPARp/8 subtype, functionally classing it as a dual a/y agonist ’. The solved 

crystal structure of the PPARa LBD (PDB code: lk71) showed that the ligand adopted a 

conformation within the receptor that allowed the acidic head group to participate in 

hydrogen bonding with Tyr-314 on helix-5 and Tyr-464 on the AF-2 helix. These ligand 

interactions stabilise the AF-2 helix in a conformation that generates a charge clamp 

between Glu-462 and Lys-292, directing the binding of the LxxLL coactivator peptide 

motif to a hydrophobic cleft on the surface'. These observations lead to the postulation 

that hydrogen bonding between GW409544 and the PPARa LBD acted as a molecular 

switch, guiding the transcriptional activity of the nuclear receptor. In contrast, the structure 

of PPARy LBD complexed with GW409544 (PDB code: lk74) revealed hydrogen bonding 

between the acidic head group and His-323 on helix-5 and Tyr-473 on the AF-2 helix, 

which in turn stabilises the C-terminal helix in an active conformation.
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Figure 5.1 Ligand interaction profiles of GW409544 and Tesaglitazar. Displayed is the hydrogen 

bonding and arene-hydrogen atom interactions of ligands with ligand binding domain amino acid residues. A: 

GW409544 in complex with PPARa; B: GW409544 in complex with PPARy; C: Tesaglitazar in complex 

with PPARa; D: Tesaglitazar in complex with PPARy. Created in MOE (Chemical Computing Group ,V 

2010.10).

268



Insights into Novel PPAR Modulator Subtype Specificity

In consideration of the differing structure-function relationships observed for farglitazar 

and GW409544, the group showed that GW409544 occupied a position 1 .SA deeper in the 

PPARa pocket compared to the pose observed of farglitazar in the PPARy LBD. This was 

accounted for by the larger steric size of Tyr-314 in PPARa compared with His-323 in 

PPARy. Also, single point mutations in each receptor imparted subtype selectivity for both 

TZD and non-TZD PPAR ligands. Y314H mutation in PPARa leads to a dramatic increase 

in the activity of farglitazar (EC5o=3.8nM), showing that the ligand selectivity was largely 

dependent on the presence of histidine rather than tyrosine at the carboxylate-binding 

residue in helix-5'. Mutation H323Y in PPARy displayed a reduced affinity for farglitazar 

at the receptor (EC50 of 6.2nM), further highlighting the importance of the aforementioned 

key amino acid residues. The lack of affinity of farglitazar or GW409544 for the PPARp/5 

subtype was explained by its comparatively narrower pocket, prohibiting access to the AF- 

2 helix region by either ligand. Following work by Cronet el al. further alluded to the 

molecular explanation for the subtype specificity observed across the PPAR receptor 

group^. Tesaglitazar, a dihydrocinnamate derivative displaying activity against PPARa and 

PPARy (EC50 of 1.2 |iM and 1.3pM respectively), was co-crystallised with both ligand 

binding domains of PPARa (PDB code: 1I7G) and PPARy (PDB code: 1171). Analysis of 

the structures in comparison to that of the PPARy LBD /Rosiglitazone complex revealed 

that differences in activity between ligands is related to differences in the hydrogen 

bonding head group. In direct correlation to observations made by Xu el al. the difference 

in the bulkier PPARa LBD Tyr-314 group versus the smaller PPARy His- 321 accounted 

for PPARy TZD selectivity versus that of tesaglitazar dual activity.

Dual PPARa/y agonists based on the a-alkoxy-P-arylpropionic acids have also 

demonstrated the reasons behind observed subtype selectivity amongst PPARs. Bernardeau 

et al. have reported on the a-alkoxy-(3-arylpropionic acid derivative, aleglitazar, in 

complex with PPARa (PDB Code: 3G81) and PPARy (PDB Code: 3G9E) In conjunction 

with observations on the differing binding pose of aleglitazar in the PPARa and PPARy 

subtypes, the group discussed structure-activity relationships (SAR) based on the activity 

of tested group compounds on both receptors. Ligand-receptor interactions were observed 

as previously reported, with conserved hydrogen bonding observed at the PPARa and 

PPARy LBDs. The group pointed out that the two X-ray structures allowed for 

rationalisation of the SAR trend observed with respect to R'-extensions on the a-alkoxy-P-
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arylpropionic acid series. Studies show that whilst the pre-fomied PPARy pocket can 

accommodate longer R' extensions on a series compound, the cavity in PPARa is smaller 

due to a sequence difference (Phe-363 in PPARy vs. Ile-354 in PPARa). Bulkier branched 

isoleucine clashes with the larger R' residues are hypothesised as the cause for differences 

seen in reeeptor affinity.

More recently, studies involving PPAR pan agonists have brought forward an additional 

rationale for ligand specificity and affinity at the PPAR receptors. Discovery of the PPAR 

pan-active agent indeglitazar and its subsequent co-crystallisation with PPARa, PPARp/5 

and PPARy has demonstrated the alternative binding poses and interactions observed for 

the same ligand at the subtypes^. As a result of a targeted scaffold screening process, the 

group originally identified a pan agonist (5-methoxyindole-3-propionic acid). However, 

the compound displayed barely detectable activity against any member of the PPARs (EC50 

PPARa, P, y of 100, 150 and >200 pM). Subsequent chemical modifications to this group 

were computationally assessed and the N-phenylsulfonamide derivative show'ed improved 

affinity for the PPAR receptors, validating the 5-methoxyindole-3-propionic aeid scaffold 

(ECsoa. p/5, y of 1.3, 1.3 and 10 pM). Developments leading on from these investigations 

led to the diseovery of indeglitazar (EC50 PPARa, p/8, y of 0.99, 0.85 and 1.3 pM), which 

gave the most balanced pan-agonist activity of compounds assessed in transactivation 

assay to date (Figure 5.2). Of particular note was the partial responses observed for PPARy 

and PPARp/8 compared to the effect observed against PPARa, giving the compound a 

SPPARM profile of activity. Analysis of indeglitazar in crystal complex with each of the 

PPAR subtypes revealed the reason behind its differing receptor affinities. Structures show 

that the propionie acid side chain adapts to the specific microenvironment of each 

individual PPAR as defined by four aromatic residues (His-323, Tyr-327, His-449 and Tyr- 

473). Resultant from this are subtle differences in the binding interactions made by the 

carboxylate group at each receptor pocket
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Figure 5.2 Ligand protein interaction maps of indeglitazar with PPAR a, p/6 and y LBD’s. Binding 

mode of indeglitazar with PPARa, p/6, y (left to right) is shown above alongside sequence alignment of 

receptor pocket amino acid residues. Residues coloured red form hydrogen bonds with indeglitazar whilst 

those in blue participate in arene-H interactions. Created in MOE (Chemical Computing Group ,V 2010.10

Further work in the area of PPAR pan agonist development has also been recently 

published by Oyama e/ ai In this work, a series of published co-crystallised structures of 

PPAR subtypes afford greater insight into the molecular mechanisms of modulator binding 

selectivity. SAR studies on a series of 3-(4-alkoxyphenyl) propanoic acid derivatives lead 

to the discovery of a group of TIPP compounds- TIPP-204 (a/8/Y=250, 1100, 0.9nM), 

TIPP-401 (a/5/Y=10, 1900, 12nM) and TIPP-703 (a/5/Y=61, 43, 120nM). Structurally, the 

compounds all share a head part containing the carboxyl group, a central and a tail benzene 

ring with a linker between the two TIPP-703 has an adamantyl group at the para position 

of the tail benzene and a propoxy group on the central ring. TIPP-204 and TIPP-401 have a 

trifluoromethyl (CF3) group at the para position of the tail benzene instead of the
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adamantane in TIPP-703 along with an additional fluorine group at the ortho position. 

Structural differences between TIPP-204 and TIPP-401 are observed in the length of the 

carbon sidechain on the central benzene ring- TIPP-401 has a methyl group compared to 

the «-butoxy chain of TIPP-204. From the co-crystal structures obtained, an overall 

conservation of TIPP ligand binding mode was observed, with subtle differences 

accounting for the differences in subtype affinity. In PPARa (PDB Code: 2ZNN) and 

PPARy (PDB Code: 2ZNO) structures, binding mode similarity was shown but appreciable 

differences in protein-ligand interactions were noted. The PPARa/TIPP-703 complex 

showed the adamantly group engaging in hydrophobic interactions with residues from H2’ 

helix (He 241, Leu247, Ala250 and Val255) and P3 (Val332 and Ala333) at the entrance of 

the ligand-binding pocket (arm 3). PPARy LBD/TIPP-703 complex shows that the same 

group predominately interacts with Arg280 and Ile281 on the H3 helix. Further structural 

analysis also concluded that the length of the alkoxy group on the central benzene ring in 

the TIPP series did not appreciably affect the affinity towards the PPARy. This observation 

indicated a lower contribution of this group in TIPP-703 PPAR binding.

Although the group could not successfully co-crystallise the PPAR(3/S LBD/TlPP-703 

complex, comparison of the PPARp/8 TIPP-401 and TIPP-204 structures afford a rationale 

behind dual or specific binding of these two TIPP members. In contrast to the PPAR pan 

modulator TIPP-703, the dual activity of TIPP-401 and PPARp/8 selective binding of 

TIPP-204 is attributed to the chain lengths of the alkoxy groups at the centre of each 

ligand. The PPARp/5 LBD/TIPP-40I structure shows that the methoxy group is orientated 

toward the second small cavity in the pocket (Arm 2), but participates in fewer surrounding 

amino acid residue interactions. Replacement of the methoxy group with the «-butoxy 

chain confers the PPARp/5 specific activities of TIPP-204. This extension forms a 

hydrophobic interaction with the Val334 side chain using the distal methyl group, 

improving TIPP-204 activity on PPARp/5 versus that of TIPP-401. A contrasting scenario 

is observed in the PPARa structure in which Arm II of PPARa LBD preferentially 

accommodates the methoxy group of TIPP-401 over the longer «-butoxy group of TIPP- 

204. This observation explains the difference in binding affinity for PPARa between 

TIPP-204 and TIPP-401. Additionally, examination of the linker region of the TIPP 

compound series yields insight into possible hydrogen bonding patterns which are 

important for ligand binding and selectivity considerations. Although not explicitly
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mentioned by Oyama et al, the reverse amide bond linker of TIPP-401, in the PPARp/5 

complex, is close enough to hydrogen bond with Thr288 (2.34 A) and Cys285 (2.37 A), 
thereby adding to ligand binding potency and directing the phenyl tail group towards the 

entrance to the ligand binding pocket (Figure 5.3). An earlier paper by this research group 

detailed an analogous compound with one structural difference - it contained the amide 

carbonyl group adjacent to the central ring and was 30 times less potent against PPARp/5 

as the interaction with Thr288 was no longer possible A 7-fold decrease in potency was 

observed for PPARa which also contains a threonine at this position but, interestingly, 

binding potency against PPARy increased 2.5 fold. PPARy contains an arginine at this 

position which, upon examination of the corresponding X-ray data, does not appear to 

interact with the bound ligands.

273



Insights into Novel PPAR Modulator Subtype Specificity

Figure 5.3 Rendering of the key protein-ligand interactions of the TIPP-401 — PPARp/5 cocrystallised 

X-ray structure (PDB code: 2znq). The electrostatic surface of the receptor is coloured by lipophilicity - 

lipophilic: green; hydrophilic: pink. The Thr288 and Cys285 hydrogen bonds are displayed in green and the 

four head-group hydrogen bonds are displayed in arm I. Created in MOE (Chemical Computing Group, 

Version 2010.10)
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Structural analysis of co-crystallised PPAR/modulator complexes forms the basis for 

deeper understanding of the chemical characteristics and molecular mechanisms that 

impart ligand binding selectivity in PPAR subtypes. Observed similarities and differences 

in the binding mechanism of a modulator across multiple PPAR receptors constructs a 

solid basis for any rationale applied to the explanation of varying subtype affinity. Even 

though a high degree of structural similarity is observed between PPAR subtype LBDs, 

significant sequence variation in the region reflects on the observed differences in ligand 

specificity. As stated, single amino acid variations have been shown to act as determinants 

of PPAR subtype selectivity. Differences in binding pocket cavity volumes also have 

implications in defining the activity of modulators at the PPAR-LBD interface.

Consequent from virtual screening for discovery of novel PPAR modulators (Chapter II). 

biochemical characterisation of virtual hits lead to the identification of MDG548, 559 and 

582 as targeted binders of PPARy-LBD. Subsequent from this discovery was 

characterisation of these hits against the other PPAR isotypes, namely PPARa and 

PPARp/5. As previously discussed (Chapter 111), MDG548 displayed specific binding to 

PPARy, IV1DG559 showed a pan-PPAR activity and MDG582 only competitively bound to 

PPARp/5 and y isotypes. With a view to providing a rationale behind these observations, 

this chapter has set out to decipher the putative binding modes of these compounds against 

all three receptor subtypes. Using validated docking simulations, it was believed that use of 

these in silico methodologies could provide a tractable binding mode hypothesis for the 

isotype selectively shown from newly identified compounds across the different PPAR 

isotypes.
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5.2 Methods

5.2.1 Receptor selection and preparation
X-ray crystalographic structures for PPARa, p/8 and y were downloaded from the Protein 

Data Bank (PDB) in .pdb format. As multiple structures were available for each PPAR 

subtype, several criteria were applied for rationalisation of the selection process;

Only structures with co-crystallised drug like compounds were selected: 

Structures with natural ligands complexed were not included due to their non drug

like properties and differences in binding mode compared to synthetic ligands.

Apo structures excluded: Apo structures of PPARs were excluded as they do not 

provide the ligand-protein interaction data that is presented with co-crystallised 

complexes.

No mutant structures included: No PPAR structures with mutations in amino acid 

sequence were included for the purposes of this study

Repeated complexes were excluded: In several cases, multiple struetures of PPAR 

in eomplex with the same ligand were retrieved. When this case arose, the structure 

with the highest resolution was chosen.

Table 5.1 PPAR receptor-ligand complexes used for docking simulations - Information listed below was 

obtained from the Protein Data Bank (PBD). Co-cr>'stallised ligand binding affinities were obtained from 

BindingDB. LBD; Ligand Binding Domain

PDB

Code

PPAR

Subtype

Resolution

(A)
Length

(AA)

Ligand Binding Affinity

(ECso)

2P54 a 1.79 267 GW735 4-20nM

3TKM |3/8 1.95 275 GW0742 InM

1FM6 Y 2.10 272 Rosiglitazone 4-2880nM
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Protein-ligand complexes were imported and visualised using MOE (Chemical Computing 

Group, V. 2011.10). Where applicable, PPAR-LBD repeats, co-crystal Used complexes (co

activators, DNA, etc), structurally unimportant water molecules and repeat ligands were 

removed and the cleaned-up data saved in .pdb format in MOE.

Prior to docking simulations, protein X-ray structures were prepared using the Structure 

Preparation application in MOE. On running. Structure Preparation application defines all 

items as belonging to one of three classes: Issues, Protonation and Warnings.

Issues - Potential structural problems that need to be addressed before proceeding 

with a simulation

Protonation - Residues where it is possible to have multiple protomeric and/or 

tautomeric states

Warnings - Items that are not corrected with the Structure Preparation application 

but of which are identified

After examination of structural issues, default settings were applied using the Structure 

Preparation correct function. Subsequent to this, the PPAR receptor was pre-prepared for 

docking using the Protonate 3D application in MOE. The purpose of the Protonate 3D 

application is to assign ionisation states and position hydrogens in a macromolecular 

structure given its 3D coordinates. Most macromolecular crystal structures contain little or 

no hydrogen coordinate data due to limited resolution, yet the hydrogen bond network and 

ionization state of titratable groups can have dramatic effects on simulation results. 

Protonate 3D was run using default values and prepared receptor-ligand complexes were 

saved in .moe format.

5.2.2 Conformer Generation
Before commencement of docking simulations, conformer databases were generated for 

individual experimental ligands using the Conformational Search application in MOE. 

Individual ligands were imported (SMILES) into the main MOE window using the Builder 

function and ligand atom and bond stereochemistry was checked. MMFF94x was selected 

as the conformer generation force field. Conformational Search application was run in 

default mode, with the exception of Method in which Systematic was selected. Systematic 

Search method generates molecular conformations by rotating non-ring bonds in a 

molecule by discrete dihedral increments. All possible combinations of dihedral 

increments are produced. Each dihedral angle combination is subjected to dihedral angle
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energy minimisation to relieve gross strain due to atom overlap, followed by an all-atom 

energy minimisation. Where applicable, amide bond rotation was allowed in 

conformational searching. Output conformers were saved to .mdb databases for use in 

docking simulations.

5.2.3 Docking
Docking is a computer simulation that models the interaction between a ligand and a 

receptor active site. Docking positions the ligand in different orientations and conformation 

within a pre-defined binding site to calculate optimal binding geometries and energies. 

MOE’s Dock application searches for favourable binding configurations between small to 

medium sized ligands and a macromolecular target, typically a protein. For each docked 

ligand, a number of poses are generated and scored. The score can be calculated as either a 

free energy of binding, the enthalpic term of the free energy of binding or a qualitative 

shaped-based numerical measure.

Previously prepared PPAR receptor-ligand complexes were imported into MOE and tbe 

Dock application was run. In brief, the Rigid Receptor (Default settings) protocol was used 

and docked ligands were supplied as a pre-generated database of single molecule 

conformers. Ligand placement was carried out using the Triangle Matcher method with 

London dG implemented as the Rescoring 1 methodology. A maximum of 100 top poses 

were retained post rescoring. Poses were relaxed using the Forcefield-based refinement 

with Rescoring 2 utilising the GBVI/WSA dG methodology for post rescoring ranking. 

Again, a maximum of 100 top poses were retained after this step. Prior to docking of 

experimental ligands into the PPAR active site, the receptor co-crystallised ligand was re

docked into the receptor active site and examined. This was carried out to validate the 

docking protocols ability to successfully re-insert the co-crystallised ligand with accuracy. 

After docking, top scoring poses were saved to a database and binding poses were visually 

examined in MOE using the Ligand Interactions application. Poses were ranked by tbe 

final pose refinement score, S.
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5.3 Results

5.3.1 PPARy ligand re-insertion
In order to ascertain the suitability of MOE docking simulations in modelling of receptor- 

ligand interactions, co-crystal Used ligands were re-inserted into their respective binding 

pockets. Degree of superimposition of native pose vs re-docked pose was gauged by pose 

RMSD. Also investigated was a potential correlation between final pose refinement score 

(5) and RMSD. It was envisaged that correlation between the two metrics would build 

confidence towards a rationalised selection process for experimental compound docking 

poses i.e. correlation between lowest binding energy (kcal/mol) and lowest pose RMSD. In 

the case of 1FM6 (PPARy-LBD), MOE successfully re-docked the thiazolidinedione 

agonist rosiglitazone in the same orientation as observed in the crystal structure pose 

(RMSD=0.231). In the prepared structure (i.e. post structure check and Protonate 3D), 

rosiglitazone was shown to participate in a conserved hydrogen bond acceptor network 

with Ser289, His323 and His449. The re-docked structure of rosiglitazone also oriented the 

thiazolidinedione (TZD) head group in proximal location to the same interacting amino 

acids, with accurate overlay of central and tail regions of the ligand (Figure 5.4). Re

docked structure of rosiglitazone was also shown to participate in a stabilising pi-H bond 

with Cys285, but this interaction was not observed in the native crystal structure pose. In 

relation to docked pose ranking, encouragingly the lowest RMSD re-docked pose 

correlated directly to the lowest S score pose. Taken together, it can be inferred that the 

settings and scoring functions used in docking simulations for 1FM6 receptor-ligand 

interaction profiling were sufficient to produce a highly super imposable re-insertion as 

ranked by system energy
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Figure 5.4 Docked pose and ligand interaction map of rosiglitazone in PPARy-LBD. L.igand 

notation: Red, crystal pose; Green, docked pose. Created using MOE (Chemical Computing Group, 

V.2010.10)
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5.3.2 PPARy Docking simulations

5.3.2.1 MDG548

Analysis of the docked pose of MDG548 in PPARy-LBD revealed some insight into a 

hypothetical receptor-ligand binding mode. Hydrogen bond acceptor interactions were 

observed between the sulphur (SI) and oxygen (OlO) moieties of the thiobarbituric acid 

head group of MDG548 and His323/449 (Figure 5.5). This interaction profile was similar 

to that displayed by rosiglitazone, but MDG548 lacked any hydrogen bonding to Ser289. 

In analysis of hydrogen bonding to ligand binding energy contribution, rosiglitazone 

interacted with His449/323 with energy values (E) of-1.4 and -5.8 kcal/mol, respectively. 

In contrast, MDG548 interacted with the same amino acids with values of -1.5 and -0.9 

kcal/mol. For both ligands, no hydrophobic, pi-H, etc interactions were displayed 

following docking simulation.

5.3.2.2 MDG559

Analysis of the docked pose of MDG559 revealed a hypothethical mode of binding at the 

PPARy-LBD. Hydrogen bond acceptor interactions were observed between Ser289/His323 

and nitro group moeity (029) of MDG559 (Figure 5.6). MDG559 shared a similar 

interaction profile to rosiglitazone, with the exception of hydrogen bonding to His449. 

Orientation of the nitro head group of MDG559 in this docking pose did not allow for 

interaction with His449. In relation to ligand binding energy contributions, MDG559 

bound to Ser289 and His323 with energy values of -0.9 and -2.4 kcal/mol, respectively.

5.3.2.3 MDG582

Analysis of the docked pose of MDG582 listed interesting insight into the putative ligand 

binding mode of the compound within the PPARy-LBD. In contrast to rosiglitazone, 

MDG582 displayed a novel mode of binding, distinct from that typically shown by the 

TZD agonist. Binding interactions were away from the Arm 1/AF2 region of the LBD 

pocket, with oxygen-based hydrogen bond donor and acceptor interactions shown between 

Glu291 and Pro269, respectively (Figure 5.7). No H-bonding was shown against Ser289, 

His323 or His449. This docked pose was also significantly different when compared to 

models shown by MDG548 and 559 against the receptor. Ligand binding energies
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contributed by H-bond donor and acceptor interactions were calculated at -6.8 and -0.7 

kcal/mol, respectively.
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Figure 5.5 Docked pose and ligand interaction map of rosiglitazone and IVfDG548 in PPARy-

LBD. Ligand notation: Red, rosiglitazone; Green, MDG548. Created using MOE (Chemical 

Computing Group, V.2010.10)
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Figure 5.6 Docked pose and ligand interaction map of rosiglitazone and IV1DG559 in PPARy-

LBD. Ligand notation: Red, rosiglitazone; Green, MDG559. Created using MOE (Chemical 

Computing Group, V.2010.10)
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Pro269

Figure 5.7 Docked pose and ligand interaction map of rosiglitazone and 1V1DG582 in PPARy-
LBD. Ligand notation: Red, rosiglitazone; Green, MDG582. Created using MOE (Chemical 

Computing Group, V.2010.10)

285



Insights into Novel PPAR Modulator Subtype Specificity

5.3.3 PPARa Docking simulations 

5.3.3.1 PPARa ligand re-insertion

In the case of 2P54 (PPARa-LBD), MOE successfully re-docked the substituted 2-[(4- 

aminomethyl)phenoxy]-2-methylpropionic acid agonist GW590735 in a similar orientation 

to that observed in the crystal structure pose (RMSD=0.324). In the prepared structure, 

GW590735 was shown to participate in a conserved hydrogen bond acceptor network with 

Ser280, Tyr314, His440 and Tyr464 (Figure 5.8). Re-docked structure of GW590735 also 

oriented the carboxylate head group in proximal location to the same interacting amino 

acids, with accurate overlay of central and tail regions of the ligand (Appendix III). In 

relation to docked pose ranking, encouragingly the lowest RMSD re-docked pose 

correlated directly to the lowest S score pose. Taken together, it can be concluded that the 

settings and scoring functions used in docking simulations for PPARa receptor-ligand 

interaction profiling were sufficient to produce a highly super imposable re-insertion as 

ranked by system

286



Insights into Novel PPAR Modulator Subtype Specificity

©

Figure 5.8 Docked pose and ligand interaction map of GW590735 in PPARa-LBD. Ligand 

notation: Red,crystal pose; Green, docked pose. Created using MOE (Chemical Computing Group, 

V.2010.10)
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5.3.3.2 MDG548

Analysis of the highest ranked docked pose of MDG548 against the PPARa-LBD revealed 

potential insight into the lack of receptor-ligand binding of the compound against PPARa 

as demonstrated in on-target biochemical assay (Chapter III). As per the lowest binding 

energy rank, the docked pose of MDG548 was placed in a rotated orientation compared to 

that shown by receptor-ligand interactions in the PPARy-LBD. The thiobarbituric acid 

(TBA) head group of IVIDG548 was not positioned proximal to ArmI residues (e.g. Ser280, 

Tyr314, etc) and indeed was placed towards the LBD pocket opening located within 

Armlll (Figure 5.9). As such, functional group moieties on the TBA head did not 

participate in hydrogen bonding with these residues. Interestingly, ligand interaction 

mapping revealed that MDG548 did not contribute any appreciable ligand-receptor 

interactions in the docked pose. These results may suggest that the physiochemical 

properties of MDG548 facilitate binding within the PPARy pocket do not lead to 

favourable binding of this compound within the PPARa-LBD.

5.3.3.3 MDG559

Analysis of the docked pose of MDG559 revealed a novel ligand binding pose when 

compared to GW50735. Although the nitro head group of MDG559 participated in a 

hydrogen bond acceptor interaction with His440, interactions were not observed against 

other residues (i.e. Ser280, Tyr314 and Tyr464) seen with GW50735 ligand binding profile 

(Figure 5.10). Interestingly, MDG559 displayed central hydrogen bond donor interactions 

with Met355 (Cl7 and N21) and also showed hydrogen bond donor interactions between 

the tail-end electronegative bromine and carbonyl oxygen of Ala250 within Arm 3 of the 

PPARa-LBD.
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5.3.3.4 MDG582

Similar to the interaction profile produced by the binding pose of MDG548 into PPARa- 

LBD, the docking results obtained for MDG582/PPARa-LBD interaction revealed some 

potential insight into the lack of on-target binding shown by the ligand against the receptor. 

As per the lowest energy binding pose, MDG582 was shown to approximately occupy the 

Arm 3 region of the PPARa-LBD, with minimal ligand overlap shown between it and 

GW50735 (RMSD = 0.421). Ligand interactions calculated for the ligand-receptor pose 

were negligible for MDG582, indicating an unfavourable facilitation of ligand-binding 

interaction (Figure 5.11).
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Figure 5.9 Docked pose and ligand interaction map of GW590735 and IVIDG548 in 

PPARa-LBD. Ligand notation: Red,GW590735; Green, MDG548. Created using MOE 

(Chemical Computing Group, V.2010.10)
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Figure 5.10 Docked pose and ligand interaction map of GW590735 and MDG559 in 

PPARa-LBD. Ligand notation: Red,GW590735; Green, MDG559. Created using MOE 

(Chemical Computing Group, V.2010.10)
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Figure 5.11 Docked pose and ligand interaction map of GW590735 and IV1DG582 in 

PPARa-LBD. Ligand notation: Red,GW590735; Green, MDG582. Created using MOE 

(Chemical Computing Group, V.2010.10)
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5.3.4 PPARp/8 docking simulations 

5.3.4.1 PPAR P/6 ligand re-insertion

In the case of 3TKM (PPAR p/5-LBD), MOE successfully re-docked the PPAR p/5 agonist 

GW0742 in a similar orientation to that observed in the crystal structure pose. In the 

prepared structure, GW0742 was shown to participate in a conserved hydrogen bond 

acceptor network with His287, His413, and Tyr437 (Figure 5.12). Re-docked structure of 

GW0742 also oriented the carboxylate in proximal location to the same interacting amino 

acids, with accurate overlay of central thiophenol and thiazole constituents and tail phenyl 

group (Table 5.1). Differences between crystal and docked poses of GW0742 were noted, 

with the co-crystallised ligand displaying a pi-H interaction between the 5 ring thiazole and 

Cys249 whereas the re-inserted pose displayed a pi-\\ bond between the 6-ring thiophenol 

and His413. In relation to docked pose ranking, as per previous observations, the lowest 

RMSD re-docked pose correlated directly to the lowest S score pose. In lights of these 

observations, it can be concluded that the settings and scoring functions used in docking 

simulations for 3TKM receptor-ligand interaction profiling were sufficient to produce a 

highly super imposable re-insertion as ranked by system energy.
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Figure 5.12 Docked pose and ligand interaction map of GW0742 in PPARp/8-LBD. Ligand 

notation: Red,crystal pose; Green, docked pose. Created using MOE (Chemical Computing Group, 

V.2010.10)
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5.3.4.2 MDG548

Analysis of the highest ranked docked pose of MDG548 against the PPARp/5-LBD 

revealed potential insight into the lack of receptor-ligand binding against PPARp/5 as 

demonstrated in on-target biochemical assay (Chapter III). As per the lowest binding 

energy rank, the docked pose of MDG548 was shown in a rotated orientation compared to 

that shown by receptor-ligand interactions in the PPARy-LBD. The TBA head group of 

MDG548 was not positioned proximal to Arm 1 residues (i.e. His287, His413 and Tyr437) 

and indeed was placed towards the LBD pocket opening located near Arm 3 (Figure 5.13). 

As such, functional group moeities on the TBA head did not participate in hydrogen 

bonding with these residues. Indeed, ligand interaction mapping revealed that MDG548 

did not contribute any appreciable ligand-receptor interactions in the docked pose. These 

results may suggest that the physiochemical properties of MDG548 do not lead to 

favourable binding of this compound within the PPAR p/8 -LBD.

5.3.4.3 MDG559

Analysis of the docked pose of MDG559 revealed a novel ligand binding pose compared to 

that of GW0742. Although the nitro head group of MDG559 participated in a hydrogen 

bond acceptor/donor interactions with His287 and Cys249, respectively, interactions were 

not observed against other residues (i.e.His413 and Tyr437) as seen with GW0742 (Figure 

5.14).MDG559 displayed 5 membered ring pi-W interactions with His413. In comparison 

to MDG559 ligand interactions with PPARa, the tail end halogen did not facilitate 

interaction with nearby residues.
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5.3.4.4 MDG582

Insight into the putative binding pose of MDGS82 against the PPAR (3/6-LBD revealed a 

different profile compared to that of GW0742 and of that shown against PPARy. GW0742 

retained its conserved hydrogen bonding profile against aforementioned residues but in 

contrast MDG582 did not show interaction with His287, His413 or Tyr437 (Figure 5.15). 

Indeed, MDG582 only showed a 5-ring mediated pi-W bond interaction with Leu303, with 

a binding energy contribution of -0.6 kcal/mol. This is also in direct contrast to MDG582 

interaction with PPARy, in which hydrogen bond donor and acceptor interactions were 

shown against Glu291 and Pro269, respectively
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©

©

©

Figure 5.13 Docked pose and ligand interaction map of GW0742 and IVIDG548 in PPARp/6-LBD.
Ligand notation: Red,GW0742; Green, MDG548. Created using MOE (Chemical Computing Group, 

V.20I0.I0)
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©

©

©

Figure 5.14 Docked pose and ligand interaction map of GW0742 and IVIDG559 in PPARp/8-LBD.
Ligand notation: Red,GW0742; Green, MDG559. Created using MOE (Chemical Computing Group, 

V.2010.10)
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Figure 5.15 Docked pose and ligand interaction map of GW0742 and IVIDG582 in PPARp/8-LBD.

Ligand notation: Red,GW0742; Green, MDG582. Created using MOE (Chemical Computing Group, 

V.20I0.I0)
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5.4 Conclusion
Chapter V has documented a computational approach to guide understanding of the PPAR 

isotype selectivity profiles displayed by MDG548, 559 and 582 in prior biochemical 

assays. Determination of putative receptor-ligand poses has revealed some interesting 

insights into the reasons behind their receptor selectivity and has provided a hypothetical 

rationale for their differing pharmacological activities against PPARy.

In the first instance, the robustness of docking simulation to provide accurate models of 

unknown receptor-ligand interactions across the PPAR isotypes was examined. Using a 

ligand re-insertion validation method, three PPAR co-crystallised receptor-ligand 

complexes were chosen (using previously detailed selection criteria) and the MOE docking 

application was critiqued for its ability to successfully re-dock crystallised ligands into the 

PPAR-LBD’s. From this study, MOE dock was able to place co-crystallised ligands in 

highly accurate orientations when compared to the ligand erystal poses. Over all three 

isotype complexes, ligand re-insertion resulted in low ligand RMSD when compared to the 

crystal ligand pose. Also, key residue ligand interactions were observed between the 

receptor-ligand complex post-docking, highlighting the ability of the program to orient 

ligand functional groups implicit in ligand-receptor binding. As a rationalised approach 

was sought to rank output docked poses, it was decided to sort poses via lowest post

refinement energy score. Encouragingly, for all three PPAR isotypes, the lowest RMSD of 

crystal-to-docked ligand pose correlated directly to the lowest energy value (S) obtained 

after pose refinement with GBVI/WSA dG methodology. For equal comparison, docked 

poses for MDG548, 559 and 582 were chosen using the same method applied for known 

PPAR agonist pose selection.

In view of data obtained from PPARy docking simulations, some interesting hypothesis 

behind compound activity against the receptor were presented. Previous FP/TR-FRET 

competitive binding experiments showed that MDG548, 559 and 582 all bound PPARy- 

EBD with varying degrees of affinity (mid nanomolar to low micromolar range). As 

expected, the docked poses of all three compound against PPARy presented plausible 

binding modes within the LBD. MDG548, which displayed highest affinity for the receptor 

in competitive binding experiments, was shown to bind residues crucial in AF2 

stabilisation and facilitation of agonist modulation of the receptor. Indeed, MDG548 

participated in hydrogen bonding comparable to rosiglitazone. a well characterised PPARy
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agonist. However, co-regulator studies conducted in Chapter III revealed that MDG548 did 

not significantly promote strong recruitment of several co-activators typically associated 

with full PPAR agonist activity. The disparity in MDG548 and rosiglitazone binding 

modes shown in docking simulations may account for the differences in ligand-dependent 

receptor activation seen between the two compounds.

In comparison, the pan-PPAR agonist MDG559 displayed a differential binding profde 

against PPARy-LBD. MDG559 was putatively shown to interact with Ser289 and His323 

at the AF2 region of PPARy, which contrasts with that shown by MDG548 (His323/449) 

and rosiglitazone (Ser289 and His323/449). As stated, competitive binding experiments 

showed that MDG559 bound PPARy-LBD with low micromolar affinity. The docking 

model presented here could account for the differences seen in affinity between MDG548 

and 559 against PPARy. However, characterisation of the functional activity of MDG559 

revealed that the compound activated intracellular PPARy (EC50: 594 ± 0.059nM) at higher 

affinity than that displayed in on-target competitive binding experiments, and similar to 

that shown by MDG548 (0.467 ± 0.139nM). Although the experiments are not directly 

comparable, these results present interesting questions as to why the activity is increased in 

cellular vs on-target settings for MDG559.

Results obtained from docking of MDG582 into PPARy-LBD revealed a putative binding 

pose not normally associated with traditional PPARy agonist interaction motifs. Hydrogen 

bond receptor-ligand interactions were modeled away from the Arm 1/AF2 region of the 

LBD, with hydrogen bond interactions displayed between Pro269 and Glu291. As with 

1VIDG559, MDG582 displayed a lowered affinity for the receptor in competitive binding 

experiments, but retained similar receptor-activation activity in cell-based assay (EC50: 

0.594 ± 0.059nM). Although not displaying the interaction profile associated with typical 

PPARy agonists, MDG582 activated the receptor with relatively high affinity, suggesting a 

ligand-receptor binding mode that facilitates ligand-mediated activation.

Constructed docking simulations against PPARa provided insight into the potential 

binding mode of pan PPAR agonist MDG559 against the receptor. MDG559 was shown to 

weakly interact with the LBD, with hydrogen bonding only observed at His440 within the 

Arm I region of the binding pocket. This is contrasted to GW590735, which forms 

hydrogen bond interactions with Ser280, Tyr3l4, His440 and Tyr464 at the same interface. 

This difference may account for the affinities shown by each compound for the receptor, in
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that MDG559 binds with micromolar affinity, whereas GW590735 is in the low nanomolar 

range. Interestingly, competitive binding experiments showed that MDG548 and 582 did 

not display appreciable affinity for PPARa-LBD. Highest ranked docked poses for each of 

these compounds against PPARa provided plausibility as to their distinct lack of 

appreciable affinity for the receptor. Compared to its binding pose in PPARy-LBD, 

MDG548 was positioned in a twisted orientation within PPARa, in which the TBA head 

group was situated towards the solvent exposed region of the binding pocket. Also, no 

appreciable receptor-ligand interactions were modeled for the compound. A similar 

phenomenon was observed for MDG582, in which the ligand was positioned towards the 

exposed entrance of the PPAR LBD. Again, no ligand interactions were described between 

MDG582 and PPARa-LBD. In terms of explanation of these observations, PPARa-LBD 

differs to that of PPARp/8 and y in that its binding pocket is more lipophilic and less 

solvent exposed. It is reasonable to suggest that the physiochemical properties of MDG548 

are complementary to this pocket environment, whereas the chemo diverse properties of 

MDG559 and 582 are not.

Finally, docking simulation against the PPARp/5 subtype revealed potential explanation 

for the compound selectivity shown against this receptor. As earlier stated, MDG548 only 

displayed affinity for PPARy-LBD. In analysis of the docked structure of the ligand against 

PPARp/5, a similar pose orientation to that in PPARa was modeled. Again, the interacting 

TBA head group of the compound was positioned towards the solvent exposed pocket 

opening, with the hydrophobic tail end positioned within the AF2/Arm I region of the 

LBD. Analysis of MDG559 ligand-receptor interactions showed hydrogen bond 

interactions between the nitro head group and His287. Also modeled was a pi-\\ bond 

between the 5-membered pyrazole ring and Cys249, which could aid in orientation and 

stabilization of the nitro group towards AF2 region residues. In contrast with GW0742, the 

interaction profile of MDG559 was relatively weak, and this may account for the 

differences in affinity between compounds for PPARa. MDG582 docked pose in PPARp/5 

showed weak reeeptor interaction, only facilitating a 5-membered ring pi-\\ bond 

interaction with Leu303. Compared to GW0742, no interactions were shown at the AF2 

region of the binding pocket. However, in vitro experiments have shown that the ligand 

binds the PPARa-LBD with micromolar affinity. As per other ligand-receptor interactions 

shown by experimental compounds, the differences seen in binding could be explained by
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the weak binding profile of MDG582 vs that of the strong hydrogen bonding profiles by 

the high affinity agonist GW0742.

In conclusions, this chapter has provided some hypothetical insight into the putative 

binding poses of MDG548, 559 and 582 against the PPAR subtypes. The methodology 

used here was shown to produce accurate re-inserted poses of co-crystallised ligands 

within the PPAR-LBD’s. As such, it can be assumed that the models presented for 

experimental compounds could be representative of actual receptor-ligand binding motifs. 

The docking simulations carried out have also provided an informative rationale behind the 

subtype selectivity displayed by the compound set and could further be used to guide lead 

optimization of receptor-ligand interactions, with a view to increasing either compound 

affinity or subtype specificity.
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û
oo
C

a>v::OCU

u

w

’TS
C Pcd 5&0 oX <

-o
« I
.SrX <

l>-
ri

o<

oo<

00
(N

O< o<

r-'o

00
<N

r-;

or-'

(ju< u<

m
—* <r-j

00
VO

co

vq
<N

<
X

00
(N

om

o

tr>

X, I

cn r- r<*>ro 00 OO OO .~a
rj* <N (N fNc/5 w. c/5 c/5 c/5 C/)i H X if if if

o o
o Ov — Ov — oaU u u Q .£
< < < < < 'C
o O c o O VO

Ov
(N

OO
<N

O

rj-

Co

r-' rn r-
OO 00 — OO 00
r4 <N (Nc/5 Vi c/5 hM c/5 c/5if if if H if if

e o o o
Ov Ov MB
u o a a u o
< < < < <O o o o O o

XI

Ov
(Nc/5>>u

OiDS

oa
■o44XOo-o
-oc
IX

■oc
X
I9£

Q.44U
44
cc
rn
44
X«
H



General Discussion



General Discussion

General Discussion
Undoubtedly, the key role played by PPAR’s in various aspects of human health and 

disease is underlined by prolonged and sustained efforts across the scientific community to 

decipher their various functions in numerous pathological conditions of global importance. 

Since the elucidation of their regulatory effects in metabolic homeostasis, guided research 

has transformed these nuclear receptor subfamily members into clinically validated targets 

for treatment of type II diabetes and dyslipidemia. More recently, studies have also 

implicated PPARs as tangible pharmacotherapeutic targets in obesity, cardiovascular 

disease, cancer, neurodegenerative disorders and inflammation. The fascinatingly diverse 

and complex physiological processes that PPAR’s regulate have garnered a justified body 

of interest from a global biomedical research audience.

However, in spite of the considerable scientific focus these pharmacological targets have 

received, only a handful of PPAR-targeting treatments have successfully traversed the 

hurdles presented by the rigorous clinical trials process. The thiazolidinedione (TZD) 

PPARy agonists, rosiglitazone (Avandia®) and pioglitazone (Actos®) are the only drugs to 

make market for PPAR-mediated treatment of type II diabetes. Bezafibrate (Bezalip®) and 

fenofibrate (Tricor®), belonging to the flbrate class of PPARa agonists, are the only 

compounds presently used for PPAR-targeted management of hypercholesterolemia. At 

present, no approved treatments exist that specifically modulate the activity of PPAR(3/5.

Although these established treatments have shown positive clinical benefits, conversely, 

they have presented with severe side effect profiles. A causal link between TZD use and 

weight gain via adipogenesis has been thoroughly documented. Alongside increased 

adipogenesis, TZD -based treatments have lead to oedema, which is listed as a serious 

concern due to its high correlation to congestive heart failure. In view of these findings, the 

European Committee on Medicinal Products for Human Use (CHMP) recommended 

suspension of rosiglitazone marketing authorisations, citing cardiotoxicity issues 

consequent from drug treatment. Shortly after this ruling, the dubious safety profile of 

pioglitazone led to withdrawal from market in France and suspension of use in Germany. 

Various reports have also shone light on side effects presented with fibrate 

pharmacotherapy (e.g. adverse dermatological and haematological effects), but most side 

effects are less detrimental in nature than those presented with TZD use. The
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superabundance of sequelae presented with current treatments has directed research toward 

design of novel and safer PPAR modulators.

Firstly, this body of work has sought to charter the intricate body of knowledge that 

encompasses PPAR biology, pharmacology, drug discovery and development. Alongside a 

practical overview of the biological functions of PPAR’s in physiological regulation and 

their applicability as intervention points in various disease states, a comprehensive 

overview of the current state of drug discovery and development against these targets was 

addressed. The presented literature review has documented the different strategies 

undertaken by groups for small molecule modulation of PPAR activity. As evidenced by 

numerous bodies of work, these efforts have spanned across a large subset of approaches. 

Alongside mono-targeting of PPAR subtypes, dual and pan modulation of PPAR activity 

by novel chemotherapeutics have all been cited as feasible approaches for augmentation of 

their activities. More recent research has highlighted the potential role of specific PPAR 

modulation for attenuation of the side effects presented by modulators that exhibit full 

agonist behaviour against PPAR’s. It has been postulated that non-traditional PPAR LBD 

ligand binding is implicit in this specific modulation, and indeed this hypothesis has been 

substantiated by elucidation of the mode of action of several specific PPARy modulators 

(e.g. GW0072, balaglitazone and INTI 31). Although these SPPARM’s are still in various 

stages of development, it is hoped that this innovative approach will foster the 

development of novel therapeutics directed towards beneficial manipulation of PPAR 

activity in various diseases.

Another point of note is the chemodiversity displayed by PPAR modulators across the 

literature. Although certain chemical functionalities are persistent, a wide range of 

compounds have been shown to bind the PPAR LBD, evoking varying degrees of ligand- 

mediated receptor activation and subsequent downstream response. This is particularly 

evident within the domain of PPARy drug discovery, in which relatively disparate regions 

of medicinal chemistry space contain molecular ensembles that effectively modulate its 

activity. In view of these facts, it can be inferred with confidence that modulation of 

PPAR’s by yet-to-be discovered small molecules is a plausible approach in identification 

of improved therapeutics against these receptors.
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Following on from a thorough analysis of the PPAR literature, it was decided to mount a 

computational drug discovery campaign against PPARy. Arguably, this PPAR subtype has 

received the most research attention across the three member subfamily. As such, it was 

envisaged that the use of this prior knowledge base would aid in the development, 

validation and application of a virtual screening platform against the receptor for 

identification of novel PPARy targeting modulators. Consequent from development and 

method validation, a tiered screen approach was selected in order to achieve this goal. 

Using a combination of ligand- and structure-based virtual screening techniques, this 

approach was used for virtual screening of vendor chemical databases. Prior to this, the 

individual components of the protocol were assessed for their ability to retrieve know 

PPARy modulators from compound sets that shared similar physiochemical properties, but 

presumed inactivity against the receptor. In all cases, the structure-based approach (i.e. 

FRED) and ligand-based approaches (MOE Pharmacophore and ROCS) were able to 

differentiate between known PPARy actives and presumed inactives. When used as a tiered 

screening protocol, the same results were shown throughout. Leading on from this, a 

simple, equally weighted consensus score was created to rank database virtual screening 

hit lists and molecular clustering was used to prioritise compounds for biological assay. 

Through application of the above and biochemical validation of receptor competitive 

binding, three novel PPARy modulators were identified. MDG548, 559 and 582 all showed 

comparatively diverse chemical scaffolds and bound to PPARy-LBD with ECso s ranging 

from mid nanomolar to low micromolar ranges. Further analysis of the hits revealed that 

utilisation of tiered screening was crucial in their prioritisation for biological assay. 

Importantly, the compound C_Score resulted in a higher rank for both MDG548 and 559 

when compared to ranking by individual screening methods only. In the third case, 

application of the subsequent molecular clustering protocol resulted in selection of 

MDG582 for biological assay. When challenged for novelty, all three compounds were 

shown to have minimal molecular similarity to compound screening validation sets and 

previously known PPAR actives. Analysis in PubChem showed that all three compounds 

(and closely related analogues) had not been tested in biological assays focused on 

measurement of PPAR modulation. Although successful in retrieval of new PPARy 

modulators, the tiered screen model was not flawless in its application. From a starting 

point of 200,000 compounds, 45 molecules were selected for biochemical investigation of 

their activity against PPARy. Although the retrieval of three actives from this set is
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encouraging, the attrition rate poses questions as to why 43 compounds did not possess 

concentration dependent competitive binding against PPARy. Amongst several 

suggestions, one is that these virtual actives could not elicit their intended activity within 

the in vitro screening methods used. Compound behaviour within an in vitro experiment is 

not accounted for within the in silico screening process. As such, it is reasonable to suggest 

that virtual screening is can be limited in its identification of true target binders. Although 

several models exist that claim to identify and exclude problematic compounds from 

biochemical screening, their fidelity can be called into question. Improvements in this area 

will undoubtedly lead to a greater transference between in silico hits and those quantified 

by in vitro Un vivo techniques. Although virtual screening techniques hold great utility in 

retrieval of novel actives, their limitations are centred on the sheer complexity and 

consequent difficulty in modelling the ‘real life’ situation. For example, protein-ligand 

interactions are dynamic processes and are governed by countless system variables. As 

such, representing this situation in silico presents an enormous conceptual and 

computational challenge. However, vast improvements have been made in improving the 

accuracy of virtual screening methods since its inception and continued research in this 

area will only aid in accurate representation of compound activity in vivo.

Whilst Chapter II presented the work surrounding virtual screening for novel PPARy 

modulators. Chapter III dealt with biochemical investigations into validation of screening 

hits and subsequent characterisation of the activities of confirmed hits. During this work, 

several important considerations in high throughput screening (HTS) were encountered. Of 

paramount importance was the experiments carried out to distinguish true from false 

positives. Analysis of factors that could influence compound false positive behaviours (e.g. 

autofluorescence, aggregation, etc) was crucial in separating these from true PPARy 

competitive binders. As evidenced by the data obtained, multiple instances occurred 

wherein dismissal of these experimental controls could have resulted in advancement of 

false positives within the early stage drug discovery process. As such, it is believed these 

counter screens should be routinely carried out if or when applicable.

Following on from FP and TR-FRET based confirmation of MDG548, 559 and 582 

competitive binding against PPARy-LBD, the PPAR subtype specificity of the compounds 

was examined. Interestingly, the results showed that MDG548 retained specific activity 

against PPARy (<IOOpM). MDG559 displayed a pan-modulator activity against all three
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receptor subtypes whilst MDG582 was shown to exhibit dual-modulator characteristics 

against PPARp/5 and PPARy. As shown by the literature, this phenomenon is not 

uncharacteristic of known PPAR modulators and indeed this poly-receptor activity is 

viewed as potentially advantageous in various disorders. Initial nuclear receptor specificity 

experiments also demonstrated that MDG548, 559 or 582 did not appreciably bind to 

ERa/p or LXRa/p. Although limited in their scope, these results indicated that the 

compounds hold potential as PPAR subfamily specific modulators. Expansion of this study 

to include other nuclear receptor family members would merit a more thorough 

justification of this statement. In tandem with on-target assay’s, encouraging results were 

provided for in GeneBLAzer’’'^ PPARy activity reporter experiments. MDG548, 559 and 

582 were shown to activate PPARy within the cell-based system with mid-nanomolar 

affinities. However, compound cytotoxicity issues were noted at concentrations >10f.iM, 

but this fell outside the effective range of all three compounds.

Following on from PPAR competitive binding and PPARy activation assays, the functional 

activity of MDG548, 559 and 582 in PPARy co-regulator assays was investigated. Various 

reports have indicated that ligand-mediated regulation of PPAR/co-regulator interactions 

can determine the downstream transcriptional effect(s) of the receptor. As earlier stated, 

other reports have indicated that specific PPAR modulation can attenuate the side effects 

shown by traditional full PPAR agonists. As such, it was undertaken to investigate the 

potential of MDG548, 559 and 582 to mediate specific co-regulator interaction profiles 

when compared to known full PPARy agonists. Data obtained from these experiments 

revealed that none of the three compounds induced the comparable PPARy-l.BD/co- 

activator recruitment seen by full agonists (e.g. GW1929). Also, the degree of PPARy/co- 

repressor dissociation shown by GW 1929 was not displayed by IV1DG548, 559 or 582. 

Although these compounds have been shown to competitively bind to and activate PPARy. 

they possess (where applicable) a typically weaker level of co-activator attachment or co

repressor detachment when compared to GW 1929. Although this data is limited by the 

number of ligand-dependent PPARy/co-regulator studied, it could provide a supporting 

basis for a SPPARyM activity of MDG548, 559 and 582. Future work in this area would 

entail characterisation of the compounds effects against all available PPAR co-regulators.
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Following on from work in Chapter 111, Chapter IV dealt with investigation into the 

therapeutic use of MDG548, 559 and 582 in several in vitro disease state models. Diseases 

with a neurodegenerative component were specifically examined, with neuronal oxidative 

stress and excitotoxicity the specific focus of the study. In the H202-induced model of 

neuronal oxidative stress, MDG548 was shown to afford neuroprotection to cultured 

neonate rat cortical neurones. This protection was dependent on pre-treatment of cultures 

with MDG548 and the degree of neuroprotection afforded was shown to be compound 

dose-dependent. Encouragingly, pre-treatment with the specific, high affinity PPARy 

antagonist GW9662 abolished the protective effects of the compound, suggesting a 

PPARy-dependent mechanism of action. Interestingly, both 1V1DG559 and 582 did not 

confer neuroprotection in this model. With this in mind, it can be suggested that a possible 

difference in mode of action of MDG548 against PPARy compared to that of MDG559 and 

582 may account for observed neuroprotection against H202-induced oxidative stress. 

Results from kainic-acid induced neuronal excitotoxicity experiments revealed that 

MDG548, 559 or 582 did not infer neuroprotection against this cellular insult. Studies have 

shown that kainic acid-induced excitotoxicity causes an increase in reactive oxygen 

species, mitochondrial dysfunction and apoptosis. Differences in the processes by which 

H202and kainic acid facilitate a neurodegenerative state may account for neuroprotection 

shown by MDG548 in one model versus the other. Although the exact mechanism by 

which MDG548-dependent activation of PPARy affords protection against H2O2 in cortical 

neurons has yet to be elucidated, a plausible hypothesis is via up regulation of catalase 

activity. As discussed, catalase breaks down hydrogen peroxide into water and molecular 

oxygen, exerting an anti-oxidant activity in cells. It has been shown that up regulation of 

catalase levels can be initiated by ligand-mediated PPARy transcriptional events. To 

support this hypothesis, future work is planned around quantification of catalase activity 

under normal versus MDG548 treatments. Also, the inclusion of a catalase inhibitor would 

substantiate the presumption that the neuroprotective effects of MDG548 against H2O2 are 

mediated through catalase dependent mechanisms. In conjunction with compound 

neuroprotective effects against oxidative stress and excitotoxicity, the potential of 

MDG548 to mediate inflammatory responses via repression of NFkB activity was 

examined. Unfortunately, cytotoxicity issues against F1EK293 cells with MDG559 and 582 

led to their exclusion from this investigation. Interestingly, MDG548 found utility in this 

model, wherein it induced a dose-dependent decrease in EPS-stimulated NFkB activation.
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General Discussion

Again, GW9662 abrogated this activity, supporting a PPARy-mediated mode of anti

inflammatory action. Taken together, the results show that MDG548 could prove 

beneficial in treatment of neurodegenerative disorders with an oxidative stress of 

inflammatory component. These encouraging results have paved the way for in vivo 

investigations of compound activity, with data pending on the potential neuroprotective 

qualities of MDG548 in mice models of neurodegeneration.

Finally, Chapter V set out to provide a rationale as to the PPAR selectivity profiles shown 

by MGD548, 559 and 582. During this work, MOE was used for docking studies and co

crystallised ligand re-insertion into each individual PPAR-LBD resulted in accurate 

overlay between native and docked pose. Interestingly, the highest ranked docked pose for 

each subtype correlated to the lowest energy score calculated post-refinement. In all cases, 

the RMSD between crystal and ligand pose was <1.0A, supporting an accurate ligand re

insertion. In tandem with this, important receptor-ligand interactions were conserved 

between the two ligand poses, indicating the ability of the program to guide docked 

molecules in orientations crucial for receptor-ligand interaction. Based on validated 

docking simulation protocols, the putative receptor-ligand binding modes of all three 

compounds in each PPAR subtype suggested model-based insights into the subtype 

selectivity shown in biochemical assays. MDG548 only displayed a plausible binding 

mode against PPARy, whereas the pan-agonist MDG559 had placement with all three 

PPAR-LBD’s. Interestingly, MDG582 bound PPARp/5 and y at a region distinct from the 

typical AF2 site of the LBD. Noted differences in ligand interaction profiles between high 

affinity co-crystallised ligands and experimental compounds also provided possible insight 

into differences observed in binding affinity. More importantly, this work could be used 

for hit optimisation of MDG548, 559 and 582. Improvements in receptor affinity or 

subtype specificity could be achieved by analysis of structure-activity relationships for all 

three compounds.
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General Discussion

In summary, this thesis has presented a thorough account of a successful early stage drug 

discovery campaign against a well characterised and clinically important nuclear receptor 

target. Importantly, this work has showcased the strength of a rationalised consensus-based 

virtual screening approach against PPARy. This claim is substantiated by the identification 

of three previously unknown, chemodiverse compounds that modulate the receptors 

activity in on target and cell-based biochemical assay. The in silico to in vitro translational 

elements of the project have highlighted the power of computational drug discovery to aid 

in the retrieval of novel actives against PPARy. Initial characterisation of the biochemical 

and pharmacological activities of MDG548, 559 and 582 has provided a strong 

foundational on which their exact mechanisms of actions can further be mapped out. Also, 

results based on the neuroprotective and anti-inflammatory effects of MDG548 have paved 

the way for its further testing in vivo whilst cytotoxicity issues presented by MDG559 and 

582 in certain in vitro models could be addressed through medicinal chemistry 

optimisation of these tractable leads into less toxic compounds. Overall, it is believed that 

this work has made significant contributions within the field of PPAR drug development. It 

is hoped that the discoveries made by this research effort will ultimately aid the creation of 

novel PPAR-directed treatments that show greater efficacy and improved safety profiles 

than those currently available.
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