In memory of a pharmacy student in 1972
whose discernment of the indispensable nature of the human social condition
veered her path towards the practice and science of child welfare.
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Abstract

The peroxisome proliferator-activated receptors (PPAR«a, PPARS/6 and PPAR~y) are nu-
clear receptors whose target genes have fundamental roles in human health and disease. The
PPAR-regulated expression of these genes influences a range of physiological processes, in-
cluding cell differentiation and proliferation, inflammation and lipid metabolism. Thus, the
ligand-dependent modulation of PPAR activity is a potential point of pharmacological inter-
vention in e.g. metabolic-, neurodegenerative- and dermatologic diseases. Recent reports on
the involvement of PPARS/§ in the pathophysiologies of breast cancer and psoriasis, high-
light this PPAR subtype as a target of particular interest.

The effects of agonistic ligands on PPAR target gene expression have been studied for nearly
two decades and a structurally diverse collection of agonists has been reported. In contrast,
fewer PPAR antagonists have been reported and the knowlegde about their various modes
of action is less developed than that of agonists. In this thesis, the development of new
members of a class of covalent PPARS/6 antagonists is presented. Our studies demonstrate
that the selectivity of the new antagonists for PPARS/§ could be increased through subtle
modifications of the structure of a previously reported antagonist, without affecting its mode
of action.

In extension of these studies, an investigation into the modes of action of the reported
antagonistic ligands of PPARS/d was undertaken. In this study, an emphasis was put on
the possible involvement of covalent bond formation between PPARS/d and the antagonistic
ligands. Through a series of chemical and biological assays, it could be demonstrated that
the reported antagonistic ligands differ markedly in their modes of action. Our results thus

contribute to a more nuanced classification of the studied PPARS/¢ ligands.

Finally, the recent dicovery of a novel post-translational modification of PPAR~, has im-
pacted on the understanding of the beneficial effects of PPAR~y agonists as drugs to treat
metabolic diseases. The nature of the ligand-dependent inhibition of this undesired regu-
latory event, has shifted the focus of PPAR#y ligand development away from full agonists,
towards the development of partial- and non-agonists. The large body of structural data
from x-ray crystallography on PPAR~y in complex with ligands displaying a diverse set of
binding modes, permitted a collective analysis of these data, aiming to identify structural
trends in the influences of the ligands on PPAR~y. Our study employed principal component
analyses of the atomic coordinates and dihedral angles of PPAR~y. The results of this investi-
gation demonstrate a separation of the PPAR~y structures, corresponding to a varying degree
of stabilization of a region of the protein, known to be important for the undesired biological
effects of full agonists. Thus, our analysis provides a mapping of the PPAR~ structures with

potential utility in the development of new partial- and non-agonistic PPAR~ ligands.
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1 General Introduction

The modulation of genetic expression frequency by ligand-binding transcription factors, also
called nuclear receptors, constitutes a decisive element in the ability of an organism to re-
spond adaptively to its environment.! As nuclear receptors influence transcription at multiple
gene loci and in turn, the expression levels of multiple proteins, a pharmacological interven-
tion in their function, e.g. by the provision of a synthetic ligand, may be expected to have
significant, and possibly negative, physiological ramifications for the organism under study.
Nonetheless, such an intervention would allow for an influence over a complex and finely tuned
system of protein expression - one that is used and controlled by the organism itself. Given
the demonstrated involvement of a dysregulation of the expression of multiple genes in the
pathophysiologies of several human diseases,? a reequilibration of the upstream signalling in
control of the aberrant gene expression patterns, by the administration of nuclear receptor
ligands, could prove instrumental in the treatment of such diseases.

The potentially pleiotropic functional impact of the modulation of the activity of nuclear
receptors also highlights a distinctive feature of this intervention strategy, setting it apart
from strategies in which proteins or enzymes with more peripheral functions, are targeted.
As pharmaceutical targets, nuclear receptors represent fundamental and powerful points of
intervention in the homeostasis, and consequently, the discovery of compounds with the ability
to modulate their activity has been amply pursued in the history of pharmaceutical research.
Guided by the discoveries of endogenously produced ligands and natural products to which the
nuclear receptors respond, this pursuit has yielded ligands displaying an astonishing diversity
of physiological effects - from anabolic steroids, through anti-inflammatory glucocorticoids to
contraceptive estradiols.?

The path towards safe and efficient pharmacotherapeutics targeting nuclear receptors, is
however rid with obstacles, as nuclear receptors and their function are themselves tightly reg-
ulated in terms of chromatin morphology, receptor expression patterns and post-translational
modifications.* Furthermore, as the theoretical framework of nuclear receptor signalling has
transformed away from an understanding of the nuclear receptors as simple on-off switches
for transcription, the effects produced by exogenous nuclear receptor ligands are now under-
stood to be inextricably entwined with those of an organism’s endogenous ligands. In the case
of nuclear receptors with large ligand-binding pockets, such as the peroxisome proliferator-
activated receptors, this challenge comprises not only the effects of a competition between
ligands for the receptor, but the composite effects of multiple ligands binding to the receptor

simultanously.



1.1. Aim of Study

1.1 Aim of Study

o A primary aim of this work was the development of new antagonists of the peroxisome
proliferator-activated receptor 5/§ (PPARS/0).

o Furthermore, we sought to study the role of a reactive cysteine residue in the binding

modes of the PPAR//d antagonists and inverse agonists reported to date.

« Finally, the recent discovery of a novel post-translational modification (PTM) of PPAR~y
has provided an opportunity to classify PPAR~y ligands with more nuance, as some
ligands inhibit this PTM without causing a classical activation of transcription. We
thus sought to analyze PPAR~ structural data from x-ray crystallography in order to
shed light on ligand-dependent changes in the PPAR~y structure.

A more in-depth description of the motivations and applications of the studies performed in
the context of this thesis, can be found in Section 5.6 at the end of Part I.



2 PPAR Structure

The following chapter introduces the PPARs from a structural perspective and serves to give
the reader an overview of the PPAR structure, along with a current consensus regarding the
function of some key regions. The examples given in this chapter are mainly based on the
available structural data from x-ray crystallographic studies, which are referenced by their ID
codes in the RCSB Protein Data Bank.? Additional insights from in-solution dynamics studies
of the PPARs, from techniques such as nuclear magnetic resonance (NMR) spectroscopy are

presented where applicable.

2.1 The Modular Structure of the PPARs

The structure of the three known subtypes of the PPAR family, PPARa, PPARS/§ and
PPAR~y (NR1C1-3), consists of four major domains: the A/B-, C-, D- and E/F-domains. Re-
spectively, these comprise an N-terminal activation function (AF-1), a DNA-binding domain
(DBD), a linker region and a C-terminal ligand-binding domain (LBD) (see Figure 2.1). This
modular suprastructure is analogous to that of many transcription factors. Furthermore, the
PPAR structure closely corresponds to those of the other non-steroidal nuclear receptors, such
as the thyroid hormone receptors (TRs, NR1A1 - 2), retinoic acid receptors (RARs, NR1B1 -
3), Reverse Erbs (REV-ERBs, NR1D1 - 2), retinoid-related orphan receptors (RORs, NR1F1
- 3), liver X receptors (LXRs, NR1H2 - 3), farnesoid X receptors (FXRs, NR1H4 - 5), the
vitamin D receptor (VDR, NR1I1), the pregnane X receptor (PXR, NR1I2) and the consti-
tutive androstane receptor (CAR, NR1I3). These NRs bind to DNA as heterodimers with
the retinoic X receptors (RXRa, RXR3 and RXR~),5® whereas NRs such as the estrogen
receptors (ERs, NR3A1 - 2), the glucocorticoid receptor (GR, NR3C1), mineralocorticoid
receptor (MR, NR3C2), progesterone receptor (PR, NR3C3) and the androgen receptor (AR,
NR3C4) usually bind as homodimers.

N+ AF-1 X DBD )M( LBD (with AF-2) )-C

Domain:| A/B | C | b | E/F |

Figure 2.1. A schematic overview of the structure of the PPARs.

The N-terminal A/B-domain is a poorly structured region, the sequence of which is highly
variable between the PPAR subtypes. The A/B domain houses the AF-1, which influences
aspects of PPAR function such as their ligand-independent (constitutive) transcriptional ac-
tivities and interactions with coregulator proteins. Given its intrinsically mobile nature, a lack
of available data on its three-dimensional structure(s) has made the elucidation of structure-

function relationships of the AF-1 challenging. However, the region has been shown to be
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2.2. The PPAR Ligand Binding Domain

subject to a number of post-translational modifications (PTMs) e.g. phosphorylation.?! The
AF-1 is also a site of sequence variation between the different known isoforms of each PPAR
subtype, produced by alternative splicing of their respective transcripts (see Section 3.1).
While the lengths and sequences of the A/B- and D-domains (the linker region) are vari-
able, the C- and E/F-domains display higher degrees of homology between the PPARs, both
in terms of sequence and structure. Thus, while the sequence identity of the DNA-binding
C-domains of the three PPARs is 77%, that of the E/F-domains (hereafter referred to as their

LBDs) is 55% (see pairwise comparisons in Figure 2.2).1°

DBD Res # LBD Res #
—— PPARa 99 - 173 <1777~ 200 - 468 ~17 "7,
187% *, 1 70%
—— PPARP/d  71-145- r84%  172-441 ' 62%
183% ' 163% '
PPARy  108-182-:__. 180 - 477 -2 ..~

Figure 2.2. A phylogenetic tree showing the sequence relationship of the PPAR DBDs and LBDs,
with residue intervals and pairwise homologies indicated.

2.2 The PPAR Ligand Binding Domain
2.2.1 Helix Numbering and Graphical Representations

The numbering of the PPAR LBD helices, used throughout this text, is shown in Figure 2.3.1
This numbering scheme may be applied to similar nuclear receptors and is based on that of
RXRa (see Figure 2.3a).'2

The graphical representations of the structure of the PPAR LBDs shown in this thesis
employ three viewing angles that are used as consistently as possible throughout the text.
These generally locate the N-terminal downwards or deepest into the page plane. Viewing
angle 1 displays the protein with helix 3 parallel to the plane, the S-sheets to the left and
helix 12 to the right (see Figure 2.3b or Figure 2.4, top row). Viewing angle 2 is reached by
a 90° forward rotation of viewing angle 1, placing helix 3 orthogonally to the plane, while
maintaining the opposite lateral positions of the [-sheets and helix 12 (see Figure 2.3¢ or
Figure 2.4, bottom row). Viewing angle 3 represents an approximately 45° forward rotation
from viewing angle 1, combined with an expansion of the LBP region. In this viewing angle,
helix 2, the 2-loop and the N-terminal half of helix 3 are hidden to improve the visibility
of the LBP and bound ligands (see Figure 5.9 in Chapter 5). While these viewing angles
are reversed (by a 180° in-plane rotation) in relation to the ones commonly shown in the
literature, it is the opinion of this author that the presented viewing angles more efficiently

present the most dynamic regions of the LBD and provide a more detailed view of the LBP.

"Phosphorylation of the AF-1 has, however, not been demonstrated in PPAR3/4.
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2.2. The PPAR Ligand Binding Domain

Figure 2.3. Helix numbering for the PPARs, displayed schematically (a) and on the structure of
apo-PPAR~, seen from viewing angle 1 (b) and viewing angle 2 (¢) (PDB ID: 2ZKO0, chain A). The
schematic representation was adapted from Uppenberg et al. (1998).!! The structures were visualized
with PyMOL.!3

2.2.2 Overview of the LBD Structures and the PPAR Ligand Binding Pockets

The similarity of the overall folds of the PPAR LBDs renders the subtypes practically indis-
tinguishable, in a representation of their secondary and tertiary structures (see Figure 2.4).
Each LBD comprises a non-parallel, multihelical sandwich that forms a large ligand binding
pocket (LBP) around a central helix (helix 3). The PPAR LBPs are roughly Y-shaped, with
two arms stretching upwards and downwards along helix 3. The third arm reaches past helix
3, towards helices 11 and 12. The two first arms comprise a large pocket between helix 3 and
the S-sheets, which in this thesis will be referred to as the Q-pocket,!* in reference to the
Q-loop covering its entrance. On the far side of helix 3, the third arm leads to a subpocket
between helices 3, 11 and 12, which will be referred to as the AF-2-pocket.!4



2.2. The PPAR Ligand Binding Domain

Figure 2.4. The structures of the LBDs and shapes of the binding pockets of PPAR« (a),
PPARS/6 (b) and PPAR~ (c) in complex with the pan-PPAR agonist indeglitazar (1), shown with
gray carbons (see chemical structure in Figure 5.3 in Chapter 5). The [-sheets are shown in yellow
and helix 12 in orange. The sulfur atom of the conserved nucleophilic cysteine residue is shown as a
sphere (see Section 5.5 in Chapter 5). The Q-pocket and the AF-2-pocket are circled in the frontal
view of the LBPs. In order to display the LBPs in greater detail, their surfaces are shown at larger
scale than the LBD structures. The PPAR«, PPARS/§ and PPAR~y structures were taken from
PDB IDs: 3ET1, 3ET2 and 3ET3,'® respectively. The structures were visualized with PyMOL.!3
and the LBP surfaces were generated with HOLLOW.!6



2.2. The PPAR Ligand Binding Domain

In general, the residues lining the PPAR LBPs are mostly hydrophobic in nature. The AF-
2 pocket, however, houses more polar residues. These include a near completely conserved
cluster of histidines and tyrosines on helices 5, 11 and 12, that are capable of forming a
hydrogen bonding network with e.g. the carboxylate head groups of fatty acid ligands. These
interactions, in particular those with the conserved tyrosine residue, provides a functionally
important stabilization of the position of helix 12 (vide infra). Despite these similar traits, the
clearly different shapes of the PPAR LBPs are indicative of their distinct substrate specificities
(see Figure 2.4 and details about their endogenous ligands in Section 3.3).

The LBP of each PPAR also houses a nucleophilic cysteine residue, located on helix 3
(Cys276, Cys249 and Cys285, in PPAR«, PPARS/0 and PPAR~, respectively) (see Fig-
ure 2.4). The reactions of these cysteine residues with ligands will be treated in Section 5.5
in Chapter 5.

2.2.3 Structural Aspects of PPAR Activation - the Role of Helix 12

Since the first determinations of the structures of nuclear receptors (NRs) in their apo-forms
and bound to agonists, the folding state and position of helix 12 has been recognized as
central for their ligand-induced activation. In the human apo-RXRa (PDB ID: 1LBD), helix
12 was observed to extend away from the core of the LBD as a continuation of helix 11, while
in human RAR~y (PDB ID: 2LBD) and rat TRa,'™ bound to their respective endogenous
agonists, helix 12 was positioned orthogonally to helices 3 and 11. The same repositioning of
helix 12 was later observed in RXRa bound to its endogenous (agonistic), ligand 9-cis-retinoic
acid (2, see Figure 2.5) (PDB ID: 1FBY).

9-cis-retinoic acid (2)

Figure 2.5. The structure of the endogenous RXR ligand 9-cis-retinoic acid (2E,4E,6Z,8 E-retinoic
acid).

Taken together, these observations supported the formulation of a “mouse trap” model, in
which the binding of a ligand (an agonist) would “spring the mouse trap”, inducing a confor-
mational change in the LBD, leading to the repositioning of helix 12.18% While the necessity
of helix 12 for transcriptional activation was known from studies with recombinant recep-
tors missing helix 12,%° further evidence for the role of its conformation relative to the LBD,
in the mechanism of transcriptional activation by NRs, came from structural data of e.g.
PPARy cocrystallized with an agonist and an oligopeptide derived from the NR-interaction

moieties of the steroid receptor coactivator 1 (SRC-1).2! These findings reinforced the previ-

iThe residue position on helix 5 of His287 in PPARS/d and His323 in PPAR~, holds Tyr314 in PPAR«. The second
histidine on helix 11 and the tyrosine on helix 12 are fully conserved.
liThese structural data do not appear to have been deposited in the RCSB Protein Data Bank.®
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ously proposed hypothesis from studies of the ER,???3 that the agonist-induced conformation
of helix 12 was important for the binding of NRs to coactivator proteins, which play a critical
role in the events taking place prior to the initiation of transcription (see Section 4.1 for more

details on the mechanism of transcription and 4.2 for the role of coregulator proteins).

On the other hand, a crystallographic elucidation of the position(s) of helix 12 in the
PPARs in the absence of ligands, has been complicated by the demonstration that recombi-
nant PPAR LBDs, produced in bacterial expression systems, are often occupied by bacterial
fatty acids.?#2%1V Nevertheless, structures of apo-PPAR~ have been published that, judging
by their electron density maps,?® do not contain ligands in their LBPs.21? In these homod-
imeric structures, helix 12 is observed in two distinct positions. One of the monomers display
helix 12 in the canonical active position (type A chain), while in the other monomer, helix 12

assumes an alternative position (type B chain) (see Figure 2.6a and Figure 2.6¢, respectively).

In the large body of x-ray crystallographic data on PPAR~, the observation of two types of
chains, differing mainly in their position of helix 12, are common and has provided insight into
the dynamics of this helix. The position assumed by helix 12 in the type A chains, is in overall
correspondence with its position in PPAR~y complexes that include coactivator proteins (see
e.g. Figure 2.7). Consequently, this position is referred to as the “active” position. In the type
B chains, on the other hand, helix 12 is found in a retracted position, which has tentatively
been referred to as “inactive”. The alternative position of helix 12 observed in the PPAR~ type
B chains, has not been observed in structures of PPARa or PPARS/§ determined by x-ray
crystallography.Y On the other hand, in-solution NMR-studies of apo-PPAR~y have demon-
strated that the observed ensemble of LBD conformations populate several minima, attesting
to the high mobility of the PPAR~ LBD in the absence of a ligand. As noted by Johnson et
al., this may indicate that the two distinct positions of helix 12, observed in crystallographic
studies, stem from conformations that are selectively stabilized by the crystal packing.? Fur-
thermore, a representative model'! of an ensemble of PPAR~y structures from another NMR-
study (PDB ID: 2QMV),3%33 shows helix 12 in a position that is approximately intermediate
between the positions observed with x-ray crystallography (see Figure 2.6b).

In the crystallographic data on the structure of the PPARs in general, there are other
notable examples of alternative positions of helix 12. In one of these, PPARS/d was cocrys-
tallized with a partial agonist, the binding mode of which appeared to destabilize helix 12.34
The resulting structure showed a partially resolved helix 12, in an extended conformation (see
Figure 2.6d) reminiscent its conformation in a PPAR« complex with an antagonist (see Fig-
ure 2.6e). The latter complex also included an oligopeptide derived from the transcriptional
corepressor protein silencing mediator for retinoid and thyroid hormone receptors (SMRT).
The affinity of the PPAR« structure with an extended helix 12 for this peptide supported a

general hypothesis, based on findings from other NRs, that helix 12 would need to assume

VA revision of the electron density maps from a reported apo-PPARS/§ structure (PDB ID: 2GWX)?® revealed the

presence of a molecule of cis-vaccenic acid (11Z-octadecenoic acid, see chemical structure in Appendix A) in the LBP.?"
VBased on a survey of the PPARa and PPARS/§ structures available in the RCSB Protein Data Bank,® January 2016
ViDetermined by the online service OLDERADO.3!
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2.2. The PPAR Ligand Binding Domain

Figure 2.6. Observed positions of helix 12 in the crystal phase and by NMR. (a and ¢) Apo-
PPAR/ as seen by crystallography (PDB ID: 2ZKO0, chains A and B)?” and (b) by NMR spectroscopy
(PDB ID: 2QMV, state 1).33 (d) PPARS/6 in complex with a partial agonist (PDB ID: 2Q5G).3
(e) PPAR« in complex with an antagonist and an SMRT-derived peptide (shown in blue) (PDB
ID:1KKQ).35 The S-sheets are coloured yellow and helix 12 is coloured orange. In the PPARS/§ and
PPAR« structures helix 12 is disordered and thus shown in a tube representation for increased
visibility. The structures were visualized with PyMOL.!?
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2.3. Heterodimerization with RXR - Formation of Permissive Heterodimers

an alternative conformation from the one observed in the type A chains (or in complexes
with agonists in general), in order to accomodate the NR-binding moiety of the corepressor
protein®® (see further details in Section 4.2). Whether the change in the conformation of helix
12, required for binding to corepressor proteins, must correspond to a nearly unfolded state as
observed in PPAR« (Figure 2.6e) or PPARS/d (Figure 2.6d), or simply to a repositioning of
helix 12, as observed in the PPAR~ type B chains (Figure 2.6c), is not entirely clear. On the
other hand, a ligand-induced destabilization of helix 12, which possibly results in structures
of the type seen in Figure 2.6¢, d and e, has been employed as a strategy to design PPAR

antagonistic ligands (see Section 5.4.1).

2.3 Heterodimerization with RXR - Formation of Permissive Heterodimers

The PPARs form obligate heterodimers with the RXRs, through an interface predominantly
made up of helices 7, 10 and 11 (see Figure 2.3¢).*63” The RXRs are prone to multimerization
and are found as dimers and tetramers when not engaged in the binding of their nuclear
receptor partners. The heterodimerization with the RXRs is important for the binding of the
PPAR:RXR heterodimer to peroxisome proliferator response elements (PPREs) in DNA and
contributes to the selectivity of the PPAR subtypes for different promoter structures.® The
heterodimer formed between PPAR and RXR is characterized as permissive, which is meant
to indicate that ligands for both nuclear receptors affect the transcriptional regulation by the
heterodimer. In the case of PPAR:RXR, however, PPAR ligands seem to exert a dominant
offect 36:39,40
The crystallization and structure determination of the near full-length PPAR~y:RXRa
heterodimer (missing the A/B-domains), bound to a partial PPRE, was achieved by Chandra
et al. in 2008. The structure in Figure 2.7 shows the heterodimer in complex with the
agonists 9-cis-retinoic acid (2) rosiglitazone (3, see Section 5.2.2) in the RXRa- and PPAR~y
LBPs, respectively. This structure provided important insights regarding the interaction
surfaces of the heterodimer, and those of the heterodimer and the DNA strand. Figure 2.7
(top right) shows the highly symmetrical heterodimer interface, attesting to the structural
auto-complimentarity of the conserved nuclear receptor fold. Also evident in Figure 2.7, is
the proximity of the PPAR~y P-loop (see Figure 2.3) to the RXRa DBD. The proximity of
these structural elements has been implicated in the modulatory effects a post-translational
modification (PTM) in this region has on PPAR:RXR transcriptional regulation (discussed
in the context of PPAR ligands in Sections 5.3.2 and 5.3.5). However, more recent in-solution
structure determinations of the full-length PPAR:RXR heterodimer and DNA, have shown
the complex to be extended, with the LBDs at a distance from the DBDs. While both
the observed structures may be functionally relevant, these results underline the difficulty in

observing the dynamic nature of multidomain protein complexes by x-ray crystallography.?3
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2.8. Heterodimerization with RXR - Formation of Permissive Heterodimers

Figure 2.7. PPARy:RXRa (in grey and teal, respectively) bound to a direct repeat 1 (DR1) ele-
ment - a partial peroxisome proliferator response element (PPRE) (see Section 4.2). The structure in-
cludes domains C, D and E/F, but not the N-terminal A/B domain. The PPAR~ and RXRa ligands
rosiglitazone (see Section 5.2.2) and 9-cis-retinoic acid are shown with green carbons. Oligopeptides
derived from the nuclear receptor binding motifs of coactivator protein SRC-1 are coloured red (see
Section 4.2). [-sheets are coloured yellow and helix 12 of PPARs~y is coloured orange. The four
zinc atoms are coloured light brown. The structural data were taken from PDB ID: 3DZY*' and
visualized with PyMOL.'3
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3 PPAR Physiology

The PPARs are widely expressed in the human body and their activity impacts on several
processes including lipid and glucose metabolism, cellular differentiation and inflammation.
In the first part of this chapter, a brief introduction to the expression patterns and known
roles of the PPARs in human physiology will be given, followed by an overview of the known
endogenous PPAR ligands. The second part of the chapter looks at the roles of the PPARs
in the regulation of transcription, through their interaction with DNA and transcriptional

coregulator proteins.

3.1 Regulation of PPAR Expression by Alternative Splicing

As introduced in the previous chapter, three PPAR subtypes are known. However, each
PPAR subtype also presents several sequence variants, which in this thesis are referred
to as PPAR isoforms. According to the UNIPROT database, two PPAR« isoforms, four
PPAR3/d isoforms and three PPARy isoforms have been identified thus far in humans.'® The
distinct transcripts produced by alternative splicing show varying translational efficiency,**43
which in turn affects the resulting expression level of each PPAR subtype. Some of the
transcripts also code for non-functional** or dominantly repressive receptors.*>#3 A study of
PPAR~ that identified three additional isoforms in macrophages (PPAR~4, -5 and -7), also
demonstrated that the expression of the individual isoforms may be modulable through the
treatment of PPAR~y with different ligands® (PPARG is a target gene of PPARy).* This
further supports the notion of a regulatory role for the alternative splicing observed in the

PPARs.

Notwithstanding this diversity of isoforms, the treatment of PPAR« and PPAR/6 in this
thesis will refer to their primary isoforms, PPAR«a1 and PPARS/61. For human PPAR~, two
isoforms, PPAR~1 and PPAR~2, are well-studied and differ by PPAR~2 having 28 residues
added to the N-terminal A /B domain. In this chapter, PPAR~1 and PPAR~2 will be described
separately to highlight their tissue-specific distribution patterns. In the rest of this thesis, in
which their identical LBDs are discussed, they will be described collectively as PPAR~y.

3.2 Tissue Distribution Patterns and Key Physiological Roles

PPARa« is highly expressed in tissues involved in fatty acid catabolism, such as the heart, the
liver and skeletal muscle.*” In the liver, PPAR« activation by fasting or by administration of
synthetic agonists, increases mitochondrial and peroxisomal $-oxidation. PPAR« also upreg-
ulates the hepatic glucose production during fasting.?® In relation to inflammation, activation
of PPARa inhibits the expression of proinflammatory cytokines such as IL-6.%

PPAR//0 is expressed throughout the body, with relatively higher levels found in the
brain, the gastrointestinal tract, in skeletal muscle and in skin.*™%" In the context of metabolism,

PPAR// is a key regulator of energy expenditure in skeletal muscle, in response to fasting
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3.3. Endogenous Ligands of the PPARs

and physical exercise. In this tissue, PPARS/J activation leads to a preferential utilization
of lipids, while limiting the carbohydrate metabolism. It is also involved in the remodeling of
muscle fibers towards type I oxidative fibers and treatment with synthetic PPARS/4 agonists
is capable of mimicking responses to endurance exercise.”® PPARS3/d activation is also linked
to an anti-inflammatory effect. In the absence of a ligand, PPAR//§ has been shown to
interact with the transcriptional repressor protein B-cell lymphoma 6 (BCL6). Ligand acti-
vation of PPARS/6 releases BCL6, enabling it to repress pro-inflammatory target genes in
macrophages.5?

PPAR~ displays a somewhat more selective distribution pattern than the other PPARs.
The isoform PPAR~2 is exclusively expressed in adipose tissue, where it is the most abundant
of the PPARs. PPAR~1, on the other hand, is found in high levels in the gastrointestinal
tract, the lungs and the heart.*” PPAR~ is a master regulator of adipogenesis and is necessary
for the formation of adipose tissue. PPAR~ is also involved in the regulation of the glucose

homeostasis and its target genes influence insulin sensitivity.3

3.3 Endogenous Ligands of the PPARs

The identification of bona fide endogenous PPAR ligands in humans has presented certain
challenges. The PPARs may be construed to function as lipid sensors, as they promiscuously
bind to a host of endogenously occurring fatty acids, fatty acid conjugates and metabolites
(summarized in Table 3.1, see chemical structures in Appendix A). However, most of the
lipid-derived ligands shown to bind to the PPARs display affinities in the micromolar range?®
and many fail to meet the criterium of displaying affinities for the their respective PPAR
LBPs that match their observed concentrations in a given cell type or tissue.’*®> While
serum concentrations of long-chain fatty acids do reach the micromolar range,®® less is known
about their intracellullar concentrations, which in turn may depend on the presence and the
substrate selectivity of fatty acid transporters.®® In the case of PPAR~, the hypothesis that
the receptor functions as lipid sensor is both supported and complicated by the observation
that the PPAR~ LBP is capable of housing more than one ligand simultaneously, suggesting
that the transcriptional regulation by PPAR~y may be a function of the composite effects of
multiple bound ligands.?*%” This phenomenon has been observed in x-ray crystallographic
studies of PPAR~ in complex with 2 - 3 molecules of nonanoic acid (PDB ID: 3SZ1, 4EMA),
2 molecules of 9S-HODE (PDB ID: 2VSR), or with 15-oxo-ETE and 5-methoxyindole acetate
(PDB ID: 3ADW). Thus far, the binding of multiple molecules of endogenous origin has not
been observed crystallographically in PPAR«a and PPARS/4§.1

Based on a survey of the PPAR« and PPAR3/§ structures available in the RCSB Protein Data Bank,® January 2016
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Table 3.1. Summary of selected endogenously occurring fatty acids and fatty acid-derived molecules

binding to the PPARs. The table summarizes several entries from the literature.

24,26,29,58-68 A @ ip-

dicates a reported high affinity for a PPAR, while a vacant position indicates that a compound does
not bind or binds with very low affinity. The symbols O, OO and OOO indicate IC5¢ > 30, > 5 and
< 51M, respectively, for the displacement of *H-labelled synthetic agonists, measured in scintillation
proximity assays.?® The table is not meant to represent a comprehensive list of endogenous PPAR
ligands. The chemical structures of the compounds in the table can be found in Figure 9.1 and
Figure 9.2 in Appendix A.

Group Name PPAR« PPARS/S PPAR~y
FAs Nonanoic acid (C9:0)* [
Decanoic acid (C10:0) °
Lauric acid (C12:0) °
Myristic acid (C14:0) (o]} ¢} ¢}
Palmitic acid (C16:0) 000 00
Stearic acid (C18:0) 000 00
MUFAs cis-Vaccenic acid (C18:1,.7) °
Oleic acid (C18:1,.9) 000 00 000
PUFAs® Linoleic acid (C18:2n-¢) 000 00 00
~-Linolenic acid (C18:3,.6) [ ) ® )
a-linolenic acid (C18:3,-3) (e]ele} (oJe) 00
Dihomo-v-linolenic acid (C20:3n-¢) 000 000 000
Arachidonic acid (C20:4y-6) 000 000 000
EPA (C20:5,-3) 000 000 000
DHA (C22:64-3) ° °
OH-PUFAs”  8(S)-HETE °
15(R)-HETE/15(S)-HETE °
9(5)-HODE °
13(5)-HODE ° °
4-HDHA [
FA-CoAs® Pristanoyl-CoA
Phytanoyl-CoA
Arachidonoyl-CoA
DHA-CoA
Nitro-FAs" 9- and 10-NO2-OA
10- and 12-NO»-LA
Oxo-PUFAs® 6-ox0-OTE
5-oxo-ETE
8-oxo-ETE
15-ox0-ETE
5-oxo-EPA
4-oxo-DHA
6-oxo-THA
Eicosanoids Leukotriene By Prostacyclin 15d-PGJ2
(PGIL)

Prostaglandin A;
Prostaglandin A,

¢ By x-ray crystallography, 2 - 3 molecules have been observed in the LBP simultaneously (PDB ID: 4EM9, 3SZ1).

Y EPA; eicosapentaenoic acid, DHA; docosahexaenoic acid, HETE; hydroxyeicosatetraenoic acid, HODE;
hydroxyoctadecadienoic acid, HDHA; hydroxydocosahexaenoic acid, CoA; Coenzyme A, OTE; octadecatrienoic
acid, ETE; eicosatetraenoic acid, THA; tetracosahexaenoic acid, OA; oleic acid, LA; linoleic acid
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4 PPAR Transcriptional Regulation

In order to regulate the expression of proteins, nuclear receptors influence the process of gene
transcription. Transcription involves the complimentary duplication of stretches of polynu-
cleotides from one strand of DNA to produce a single strand of RNA. Following RNA pro-
cessing, the product mRNA may in turn be translated by ribosomes into a polypeptide.
Subsequent folding of the polypeptide chain, assembly with other protein subunits and even-
tual post-translational modifications (PTMs) yield a functional protein. PTMs can also occur
at a later stage in the lifetime of a protein and may cause a change in its function or localiza-
tion. Thus, by affecting the frequency with which genes are transcribed, nuclear receptors can
change the constitution of the RNA pool available for ribosomal translation and consequently

the constitution of the cell’s proteome.

4.1 General Mechanism of Transcription of Eukaryotic Genes

The molecular events involved in the initiation of transcription are both structurally and
functionally complex. In short, the transcription of eukaryotic genes coding for proteins is
dependent on the assembly of a multiprotein complex of general transcription factors, in-
cluding the RNA polymerase II (RNAP II), immediately upstream of the transcription start
site. Since DNA is highly compacted within the condensed chromatin structure, it must be
uncoiled from its nucleosome scaffold to expose the transcription start site of the gene to be
transcribed.% The opening of the chromatin structure is part of a dynamic behaviour, known
as chromatin remodelling, that can be brought about by covalent modification of histone
N-terminal tails by nuclear enzymes. An essential modification is the N-acetylation of lysine
residues by histone acetyltransferases (HATS). Lysine N-acetylation contributes to a weaken-
ing of the interactions between the DNA strand and the histone, in part caused by a change in
the net charge of the histone upon acetylation. Histone deacetylases (HDACs), on the other
hand, cleave N-acetylated lysine residues, lowering the accessibility of DNA. Other known hi-
stone modifications include mono- and poly- N-methylation of lysine and arginine residues,™
O-phosphorylation of serine, threonine and tyrosine residues,” and N-ubiquitylation of lysine
residues and N-terminal amino acids.”™

Together referred to as the “histone code”, these modifications constitute a signalling
language that is integral to the regulation of transcription. Moreover, they serve purposes
beyond altering the physical accessibility of the polynucleotide chain, as epigenetic markers
linked to normal cell development, pathogenesis, DNA maintenance and inheritance.™

Being intrinsically structural in nature, the “histone code” is recognized, read and edited
by complexes of auxiliary proteins including the nuclear enzymes that carry out the mod-
ifications. These coregulator protein complexes also interact with ligand-modulated tran-
scription factors, such as the PPARs, in order to integrate their regulatory input (either
ligand-dependent or -independent). These interactions thus create a bridge between extra-

or intracellullar signals, e.g. in the form of nuclear receptor ligands, and the regulation of
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4.2. Mechanisms of Transcriptional Regulation by the PPARs

transcription. Additional layers of complexity are added to the ongoing elucidation of these
regulatory circuits by the more recent realization that both nuclear receptors and coregulator
complexes themselves are subject to covalent modifications and PTMs, such as phosphoryla-

tion, sumoylation, methylation, acetylation and ubiquitylation.*™

4.2 Mechanisms of Transcriptional Regulation by the PPARs

The PPARs affect transcription, mainly through the binding of the PPAR:RXR heterodimer
(see also Section 2.3) to DNA sequences, known as peroxisome proliferator response elements
(PPRESs), located in the promoter regions of target genes. In the absence of ligands, the bind-
ing of the apo-PPAR:RXR heterodimer to PPREs commonly represses the transcription of tar-
get genes. Transcriptional repression involves the recruitment of coregulator proteins known
as corepressor proteins, such as nuclear receptor corepressor (NCoR), silencing mediator for
retinoid and thyroid hormone receptors (SMRT) or SMRT and histone deacetylase-associated
repressor protein (SHARP). These proteins associate with HDACs and their recruitment thus
contributes to the repression of transcription (see Figure 4.1a).7 77

In the presence of agonistic ligands, the PPARs loose their affinity for corepressor proteins
and instead recruit coactivator proteins, including the PGC-1a, the SRC family, CBP and
the mediator complex (TRAP220/DRIP205). The coactivator proteins may in turn recruit
HATS, which facilitate transcription (see Figure 4.1b)."™ A major structural determinant of
this change in the affinity of the PPAR LBD for the different coreregulator protein classes,
is the position of helix 12 relative to the LBD (see Section 2.2.3). The PPAR-binding motif
of corepressor proteins is a leucine-rich, three turn a-helix with consensus sequence: L/I-XX-
[/ V-IL-XXX-I/L-XXX-L," while that of coactivator proteins, is a shorter two turn a-helix with
consensus sequence: L-XX-LL.2! Based on the observed position of helix 12 in agonist-bound
PPARs in complex with oligopeptides derived from the PPAR-binding motif of coactivator
proteins (see Figure 2.7), it is hypothesized that an unfolding- or retraction of helix 12 in the
apo-PPAR LBD is necessary to accomodate the longer binding motif of corepressor proteins.>

In contrast to this simplified view, interactions between agonists-bound PPARs and core-
pressor proteins such as ligand-dependent nuclear receptor corepressor (LCoR)®! receptor-
interacting protein-140 (RIP-140)%%8% and TNFa-induced protein 3-interacting protein 1
(TNIP1),% have been demonstrated. In analogy to the binding mode of coactivator pro-
teins, the interactions of these atypical corepressor proteins with the PPARs are mediated
by L-XX-LL motifs. However, in similarity to other corepressor proteins, they repress tran-
scription either through the recruitment of other coregulator proteins with HDAC-activity or
HDAC-independent transcriptional repressors, such as C-terminal binding protein (CtBP) 1
or 2.86 This indicates that the transcriptional effects of PPAR agonists may involve a con-
comitant induction and repression of PPAR target genes that is dependent on the expression
level and availability of coregulator proteins in a given cellular context.

Another characterized mechanism of transcriptional regulation in the presence of agonists,

'L = leucine, I = isoleucine, V = valine and X = any amino acid.
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Chromatin

+;~>, PPAR:RXR-binding
' ' Corepressor
*=*  Protein Complex
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*=7  Protein Complex
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Transcription
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Figure 4.1. Above: The coiling of DNA around the nucleosomes and their packing into the
condensed chromatin structure (with the scale increasing progressively from right to left). Be-
low: Schematic representations of three important mechanisms of transcriptional regulation by
the PPARs: (A) ligand-independent repression through interaction with corepressor proteins, (B)
ligand-dependent (trans)activation through interaction with coactivator proteins, and (C) ligand-
dependent transrepression by interactions of a monomeric PPAR with other transcription fac-
tors and/or coregulator proteins. GTF; General transcription factor TBP; TATA-binding protein.
RNAPIL; RNA polymerase II. The figure was adapted from Kornberg (2007),% and Ricote and Glass
(2007).80
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is transrepression. This mechanism does not involve the PPAR:RXR heterodimer, but rather
the monomeric PPARs, which are capable of repressing other signalling pathways through
interactions with their respective transcription factors and coregulator proteins. This type
of mechanism has been demonstrated to be central to e.g. the anti-inflammatory effects of
PPAR activation (see Figure 4.1c).8087

In contrast to the above mentioned repression of target gene transcription by the apo-
PPARs, the presence of antagonistic ligands may also cause repression of transcription. An-
tagonists may prevent the dissociation of corepressor proteins by blocking the access of ago-
nists to the LBP, inducing an apo-like state, or by interacting with the LBP in a way that
prevents helix 12 from assuming its active position (see Section 5.4.1).

In summary, the above described mechanisms of transcriptional regulation indicate that
the binding of PPAR:RXR to PPREs may entail both repressive and inductive transcriptional

consequences, depending on the presence of ligands and coregulator proteins.
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5 The PPARs as Biological Targets

In the following, accounts of historically important developments in the field of PPAR research
will be given. The chapter is organized to primarily focus on the different ligand classes and
their roles in the elucidation of structure-function relationships in the PPARs, rather than on
the actual chronology of the events.

The chemical structures of the ligands presented in this thesis are prepared two-dimensionally
to resemble the three-dimensional poses in which they are observed in their respective PPAR
LBPs (where structural data are available). The structure of each ligand thus corresponds to

its pose as observed from viewing angle 1 of the PPAR LBDs, described in Section 2.2.1.

5.1 Ligand Classification and Terminology

To date, PPAR ligands of several functional classes have been described. Historically, the
description of these ligands has based itself on the relationship of their effects to those of
agonists - inducers of transcription. Thus, the effects of ligands that compete with the bind-
ing of agonists and consequently diminish their effect, have generally been characterized as
antagonistic. Among these ligands, two subclasses may be distinguished, based on the tran-
scriptional effects of the ligand in question, in the absence of a competing agonist. Ligands
that, on their own, induce a level of transcription that is lower than that of reference ago-
nists, have been described as partial agonists. On the other hand, ligands that on their own
are transcriptionally silent, have been described as antagonists. Naturally, the use of these
terminologies has varied depending on the assay systems and the cellular contexts in which a
ligand has been evaluated.

The last decade has seen discoveries of divergent modes of ligand-dependent modulation
of PPAR activity, which in turn are linked to the binding modes of the different ligand classes.
These findings have left the typically employed ligand classifications in need of more precise
definitions, in order to describe these binding modes and their effects on PPAR activity.
Firstly, ligands that bind to regions of the PPAR LBPs, distant from the AF-2-pocket, may
induce transcription through allosteric stabilization of helix 12. Secondly, in PPAR~, it has
been elucidated that the inhibition of a post-translational modification (PTM) of the LBD,
is both ligand-dependent and selectively affects the transcription of a subset of the known
PPAR/y target genes. More importantly, the ability of a ligand to inhibit this PTM did not
correlate with its ability to induce transcription of classical PPAR~y target genes.®® Thirdly,
ligands have been introduced, that display inverse agonistic effects on the expression of PPAR
target genes or induce a phenotypic reversal in cells, along PPAR-regulated morphogenetic
axes.’?% Finally, and with relevance to the effects of PPAR ligands in an n vivo context,
the demonstrated simultaneous binding of multiple ligands to the PPAR LBPs suggests that
certain ligand combinations may yield synergistic effects. These effects may stem from the
binding of multiple equivalents of the same ligand or from heterogeneous ligand combinations.

This property is, however, challenging to incorporate in the description of a ligand.
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5.1. Ligand Classification and Terminology

Thus, in the interest of conveying an association between the name of a ligand class and
the binding modes and functional effects of its members, new definitions of the ligand classes
referred to in this thesis, are given below. Since the examples of ligand functional diversity
described above do not (yet) apply to all three PPARs;, their binding modes, as observed by
x-ray crystallography, NMR or hydrogen deuterium exchange coupled to mass spectrometry
(HDX-MS), are taken as primary characteristics for their classification. Conversely, if the
binding mode of a ligand is unknown, its classification is based on its observed effects on
PPAR target gene expression. To compliment the structural and transcriptional data, a
ligand may also be classified based on its effects on the affinity of the ligand:PPAR complex
for peptides derived from coactivator- or corepressor proteins, as measured in time-resolved
fluorescence resonance energy transfer (TR-FRET) experiments.

Finally, it should be noted that the ligand class definitions given here may prove insuffi-
cient to completely describe the functional effects of PPAR ligands, as data on the complete

transcriptional profiles of their complexes with the PPARs become available.

(Classical) agonists are defined as ligands that bind to the AF-2 pocket and directly sta-
bilize helix 12. These ligands often strongly induce the transcription of PPAR target genes,
but there are also examples of weak (classical) agonists. This class also includes covalently

binding (classical) agonists.

Partial agonists are defined as ligands that primarily bind to regions of the LBPs distant
from helix 12 (often in the vicinity of helix 3 and in the Q-pocket), but that do induce a
measurable level of AF-2-mediated transcription, likely through an allosteric stabilization of
helix 12. This class also includes covalently binding partial agonists. Finally, the few recently
introduced ligands of this class, that do not induce a measurable level of AF-2 mediated

transcription, are referred to as non-agonists.

Antagonists are defined as ligands that compete with classical agonists and to some degree
partial agonists, but that by themselves do not induce a significant level of transcription.
Certain members of this class interact with helix 12, but are transcriptionally silent. These
ligands thus form a bridge between weak classical agonists and helix 12-interacting inverse
agonists (defined below). A (silent) antagonist may also be classified as such based on the lack
of recruitment of either coactivator- or corepressor proteins by the antagonist:PPAR complex
in TR-FRET experiments. Furthermore, this class contains multiple examples of covalent

antagonists.

Inverse agonists are defined as ligands that suppress the transcription of PPAR target
genes below their basal expression levels and/or increase the interactions of the ligand:PPAR
complex with corepressor proteins. Inclusion of the latter type of data causes this class to
comprise both ligands for which an involvement of a direct destabilization of helix 12 is highly
likely (as in PPAR« or PPARry) and ligands for which no data on their binding modes exist
(as in PPARSB/0).
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5.2 PPAR Classical Agonists as Drugs to Treat Metabolic Diseases

The three known PPAR subtypes «, §/6 and v (NR1C1 - 3) display both wide and tissue-
specific distribution patterns in the human body. While new physiological roles of the PPARs
are in the process of being elucidated, their key regulatory roles in metabolically active tissues
are well established (see Section 3.2). As such, the ligand-dependent modulation of PPAR
activity has been explored for its impacts on lipid and glucose metabolism in the development
of pharmacotherapeutics to treat human metabolic disorders, such as type Il diabetes mellitus
(T2DM) and metabolic syndrome. Over the course of the last two decades, intense efforts by
PPAR researchers have resulted in an array of small-molecular compounds capable of binding
to each of the three PPAR subtypes with high affinity.

Following their discoveries, a number of small-molecular compounds targeting the PPARs
have been subjected to clinical trials for indications related to metabolic disorders, some of
which are presently active.! Several of these clinical candidates have, in turn, been approved
by the United States Food and Drug Administration (FDA)® and the European Medicines
Agency (EMA)! for the treatment of human metabolic disorders.

5.2.1 PPARa Agonists - the Fibrates

A notable group of PPAR-targeting pharmacotherapeutics include formulations containing
PPAR« agonists of the fibrate family such as clofibrate (4), gemfibrozil (5), fenofibrate
(6), bezafibrate (7), ciprofibrate (8) or the more recently introduced, GFT505 (9) (see Fig-
ure 5.1)." While the fibrates display beneficial effects in humans, such as decreases in serum
triglycerides and increases in high density lipoprotein cholesterol (HDL-C),”! clofibrate (4)

9293 and an observed in-

was withdrawn from the U.S. market in 2002 due to hepatotoxicity
crease in the incidence of death by cancers in the treatment group, in a trial conducted by the
World Health Organization (WHO).* Nonetheless, fibrates 5 - 8 are still considered first-line
treatments in patients with severe hypertriglyceridaemia, or for cases in which statins are con-
traindicated.”>% GFT505 (9), on the other hand, which targets both PPARa and PPARS/S,
is being investigated as a possible treatment for non-alcoholic fatty liver disease (NAFLD), a

hepatic inflammatory condition related to insulin resistance and metabolic syndrome.”

5.2.2 PPAR~y Agonists - the Glitazones

In clinical trials, PPAR~y agonists of the thiazolidinedione (TZD) class, such as troglitazone
(10, CS-045), rosiglitazone (3, BRL 49653) and pioglitazone (11, AD-4833) (see Figure 5.2),"

were all efficacious in increasing insulin sensitivity and improving glycemic control in adults

"Public records pertaining to a number of the clinical trials referred to herein may be accessed through http://
clinicaltrials.gov/ or http://www.clinicaltrialsregister.eu/, by searching for the drug/compound in question.

Uhttp://wuw.fda.gov/

Hipttp: //www.ema. europa.eu/

Sold under trade names Atromid-S (clofibrate); Gemcor, Lopid, Jezil, Gen-Fibro (gemfibrozil); Lipanthyl, Antara,
Tricor, Lofibra, Fenoglide (fenofibrate); Bezalip, Cedur, Eulitop and Befizal (bezafibrate); Lipanor, Modalim (ciprofi-
brate).

VSold under trade names Rezulin (troglitazone); Avandia, Avandamet, Avaglim, Avandaryl (rosiglitazone); Actos (pi-
oglitazone)
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Figure 5.1. PPAR« agonists previously and currently in use in clinical settings. Clofibrate (4)
and fenofibrate (6) serve as prodrugs for their respective fibric acid derivatives, requiring enzymatic
ester hydrolysis.

with type II diabetes.”™ Troglitazone (10, CS-045), was nevertheless withdrawn after a

100,101 and cases of pul-

mere three years on the U.S. market, due to acute hepatotoxicity
monary edema.'%? While rosiglitazone (3), reported by GlaxoSmithKline (GSK, then SmithK-
line Beecham Pharmaceuticals) in 1994193104 and approved by the FDA in 1999,'% remains on
the US market, its prescription and use were restricted by the FDA in 2011.1% In contrast, in
Europe and in India, its marketing authorization was suspended by the EMA in 20107 and
its sale prohibited by the Drug Controller General of India (DCGI) the same year.!%® These
regulatory actions reflected studies linking rosiglitazone treatment to an increased risk of
myocardial infarction (heart attack).!% 1! Nevertheless, in 2013, the FDA lifted their restric-
tions on the utilization of 3 in response to a reevaluation of the data from the Rosiglitazone
Evaluated for Cardiovascular Outcomes and Regulation of Glycemia in Diabetes (RECORD)
trial.1*? The design of this GSK-funded trial and the conclusions drawn from it have been

questioned by others.''314 A response from GSK to the latter of these critiques has also been
published.!1?

Moreover, having seen widespread clinical use since its introduction, the awareness of
the toxicological findings related to 3 resulted in civil and federal lawsuits against GSK in
the United States of America. While most of these lawsuits were resolved prior to trial by
settlements, totalling in excess of US$ 500 million, GSK agreed to plead guilty to having
failed to include results from their own studies demonstrating an increased risk of congestive
heart failure and myocardial infarction in their reports to the FDA, resulting in a US$ 240

million criminal fine.!16
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Figure 5.2. PPAR~ agonists previously and currently in use in clinical settings. Rosiglitazone (3) is
depicted as its S-enantiomer, as this is the enantiomer observed in the LBP in x-ray crystallographic
studies of PPAR~ treated with racemic 3 (PDB ID: 2PRG, 4EMA). Similarly, pioglitazone (11) is
shown as its R-enantiomer, for the same reason (PDB ID: 2XKW). Both 3 and 11 are used as
racemic mixtures in drug formulations.

The TZD pioglitazone (11), which also displays significant affinity for PPAR«, is associ-
ated with a lower risk of heart failure than rosiglitazone (3).17 However, the use of 11 has
been linked to the development of cancers in the bladder, the pancreas and the prostate.!!8119
While the FDA| pending an ongoing long-term safety review, has approved the continued use
of pioglitazone-containing formulations with labels stating the increased risk of bladder can-
cer,'? the EMA recently withdrew the marketing authorizations for pioglitazone.!?!122

In parallel, a body of evidence has grown demonstrating additional class-wide side effects
of TZDs including weight gain (through fluid retention and increased adipose tissue mass)
and decreased bone density (with concomitant increased fracture risk).'?* Consequently, on
account of their side effects, the use of TZDs is decreasing worldwide.'?* 126 In conlusion, the
story of the glitazones has spurred debates, in academia and in the general community, on the
need for stricter requirements regarding the safety endpoints of clinical trials and the moral

operating principles of the pharmaceutical industry.!0%-127:128

5.2.3 PPARa/y Dual Agonists and pan-PPAR Agonists

The sligthly less severe side effects associated with pioglitazone (11), combined with its
effects on PPAR«, led to the hypothesis that the undesirable effects of the TZD class of
PPAR agonists on serum lipids, and consequently on the risk of adverse ischemic events,
could be overcome by concurrent activation of PPAR«. In a more general perspective, it was
envisioned that the simultaneous activation of all three PPARs by pan-PPAR agonists would
result in a “balanced” overall effect.'?% 13! To this end, efforts by several pharmaceutical com-
panies were directed at the development and evaluation of a family of dual PPAR«a/~ agonists
called the glitazars. Notable compounds from this family include naveglitazar (13, LY519818)
by Eli Lilly, ragaglitazar (14, NN622) by Dr. Reddy’s Laboratories/Novo Nordisk, tesagli-
tazar (15) by AstraZeneca, muraglitazar (16) by Bristol-Myers Squibb, aleglitazar (17) by
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GSK and saroglitazar (18) by Zydus Cadila (see Figure 5.3).
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Figure 5.3. Dual PPAR«/~ agonists 13 - 17 used in clinical trials, saroglitazar (18) which is
available on the Indian market and the pan-PPAR agonist indeglitazar (1).

While most of these compounds displayed beneficial effects in laboratory experiments and
early-stage clinical trials, only saroglitazar (18) reached the market. It was approved by the
DCGI in 2013 for use in India in the treatment of T2DM and dyslipidemia.'®? In contrast,
muraglitazar treatment was associated with an increased risk of death by adverse cardiovas-
cular events such as congestive heart failure or myocardial infarction.!*® Among the major
contributing reasons for the discontinuation of the developments of the other mentioned clin-
ical candidates, were findings of sarcomas and urinary- and gall bladder cancers in rodents
treated with the compounds.’* 137 Finally, the pan-PPAR agonist indeglitazar (1, PPM-204)
displayed plasma glucose-lowering effects in mice and rats, as well as weight reductions in
hamsters and bonnet macaques.'® Indeglitazar was also submitted to clinical trials in human
patients with type II diabetes mellitus,"' however the results of these trials do not appear to

have been reported.

ViSee EudraCT Numbers 2005-004227-19 and 2006-003897-87 at http://www.clinicaltrialsregister.eu/ and iden-
tifier NCT00425919 at http://clinicaltrials.gov/.
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5.2.4 PPARf/¢6 agonists

To date, no PPAR/4 agonist has reached the market. Both the recently introduced MBX-8025
(19) and the well-known PPARS3/§ agonist GW501516 (20)'3® (see Figure 5.4) apparently
fared well in phase II trials in patients with dyslipidemia.'®* 14?2 However, Cymabay Thera-
peutics has announced that they will redirect the development of 19 towards rare and orphan
diseases, or conditions for which there are few treatment options, such as homozygous familial
hypercholesterolemia (HoFH), severe hypertriglyceridemia (SHTG), primary biliary cirrho-
sis/cholangitis (PBC) and non-alcoholic steatohepatitis (NASH).!*3 In the case of GW501516
(20), its further development by GSK was suspended, likely based on evidence from studies in
rodents, demonstrating carcinogenic effects of 20 in multiple tissues.'**14% Although the roles
of PPARS/4 in the pathophysiologies of human cancers are not fully understood,!4¢147 other

reports have also supported the involvement of PPARS3/d agonism in carcinogenesis.!48151

(o] (@]
Ly JSn
S S S

MBX-8025 (19) GW501516 (20)

Figure 5.4. PPARS3/6 agonists used in clinical trials.

While GW501516 (20) was never approved for use in humans, there has been a significant
interest in PPAR/6 agonists from the athletic community, particularly on the part of en-
durance athletes and bodybuilders. The extent of this interest, likely sparked by publications

0,152,153

describing the increased running endurance of laboratory animals treated with 2 is re-

flected in a somewhat unusual warning issued by the World Anti-Doping Agency (WADA), in
which they urge athletes seeking performance enhancement to abstain from using GW501516

154 Only in 2013, however, several

(20), due to its demonstrated toxicity (carcinogenesis).
professional cyclists tested positive for use of 20.1% On the other hand, the enthusiasm con-
cerning 20, also known as “Endurobol” or “Cardarine” in the bodybuilding community, may
be gleaned from online resources such as Youtube' and forums dedicated to the topic of
bodybuilding.V# What the long term physiological effects of these "anectdotal trials” will be

for the individuals involved, remains to be seen.

ViiGearch for “GW501516” on YouTube, http://www.youtube.com/results?search_query=GW501516
Vi vamples include: http://www.elitefitness.com/forum/, http://www.worldclassbodybuilding.com/forums/
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5.3 Emerging Therapeutic Potential for PPAR Modulators

In the following, some emerging areas of research into the ligand-dependent modulation of the
PPARs are discussed. Several of the accounts draw heavily on data from PPAR~, being the
most amply studied member of the PPARs. As such, it should be noted that the regulatory
mechanisms demonstrated in one of the PPARs, may not be applicable to the other members.
Nonetheless, given the high degree of homology and conservation of the fold between the
PPARs, in addition to the concrete examples of coinciding modes of ligand-dependent mod-
ulation and PTMs presented, the implication that similar mechanisms may exist in the other
PPARs, is generally justified. In the least, such an approach will serve to highlight aspects of
the structure and function of a particular PPAR subtype that appear to be understudied to
date.

5.3.1 Alternative Binding Modes of PPAR~y Partial Agonists

In the previously described developments of PPAR classical agonists as drugs to treat metabolic
diseases (see Section 5.2), the clinical candidates spanned a narrow spectrum of molecular
structures. The apparent lack of therapeutic potential attributed to ligands of other chemical
classes, as judged by their absence in the clinical trials described thus far, may reflect the
development of the theoretical framework of ligand-dependent PPAR modulation (vide infra).
Since the disclosures of the first x-ray crystallographical determinations of PPAR~y (1998),'1:2!
PPARS/6 (1999)?¢ and PPAR« (2001)'5¢ in complex with ligands, structure-activity relation-
ships (SARs) have been explored, guided by the observed interactions between key residues in
the PPAR LBPs and the ligands. Notably, the binding modes observed with early PPAR~y agonists
were similar to those of agonists in other nuclear receptors.?!1571% These findings reinforced
the view that a stabilization of helix 12 in the C-terminal AF-2 (see Chapter 2 for struc-
tural details) was a critical feature of the mechanism through which a ligand:PPAR complex

activates transcription.

Over the course of nearly two decades of PPAR research, however, several PPAR~ ligands
with alternative binding modes have been discovered. These ligands include specific endoge-

29,64,66,67

nous fatty acids and their metabolites, serotonin metabolites (see Figure 5.5),'* and a

)19 and synthetic ligands (see Figure 5.7).1° Many of

range of natural products (see Figure 5.6
these ligands display only a moderate activation of reporter gene assays and may, as such, have
been disregarded as viable clinical candidates. However, their importance as lead structures
for the development of new modulators of PPAR~y has become clear in light of the develop-
ments of the last five years. This shift in focus may reflect the relative failure of PPAR classical
agonists (many of them full agonists) to provide therapeutical benefits that outweigh their
various toxicities, but also the establishment of a new mode of ligand-dependent modulation
of PPARy activity (vide infra).

Studies on the structure and dynamics of PPAR~ in complex with partial- and non-
agonistic ligands have accumulated data that demonstrate both the structurally wide range of

ligands hosted by the PPAR~y LBP, as well as the distinct patterns of stabilization caused by
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Figure 5.6. Selected natural product PPAR~y partial agonists.

the binding of these ligands. Among the techniques used in these studies, x-ray crystallogra-
phy, NMR spectroscopy and HDX-MS have proven instrumental in demonstrating that several
of these ligands bind to a region of the LBP distant from the AF-2-pocket, and as such, do not
directly stabilize helix 12 (see Figure 5.8 and Figure 5.9). More precisely, the ligands interact
with helix 3, the (2-pocket and the (2-loop. The distinct stabilization of these regions has
been observed e.g. in the B-factors from x-ray crystallographic data, in chemical shift values
from NMR spectroscopy and in a differential protection against hydrogen-deuterium exchange
in HDX-MS studies.'61"165 Interestingly, ligands of this type also display beneficial effects in
animal models of metabolic disease and in humans, and thus show promise as ligands that
may achieve the long-sought goal of separating the ligand-dependent PPAR~ regulation of
glucose metabolism from that of adipogenesis. Ligands displaying this ability have somewhat

generally been coined selective PPARy modulators (SPPARyMs).!60.166,167

In this context, seminal work by Itoh et al., Waku et al. and more recently by Hughes et al.,
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Figure 5.7. Selected synthetic PPAR~ partial agonists (SPPAR~yMs).
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(b)

Figure 5.8. The general binding modes of PPARy classical agonists and partial agonists. Top: The
agonists are colored red to visualize their general position in the PPAR~y LBP. Their head groups
extend into the AF-2-pocket and stabilize helix 12 (orange) through the formation of a network
of hydrogen bonds commonly involving the residues His323, His449 and Tyr473, shown as sticks
to the right. The tails of larger agonists also extend into the 2-pocket where they may interact
with the S-sheets (yellow sheets and grey sticks). Bottom: The partial agonists are colored red to
visualize their general position in the PPAR~y LBP. The partial agonists occupy the Q-pocket and
do not interact with helix 12 (orange) in the AF-2 pocket. Rather, they stabilize helix 3 and the
p-sheet region (yellow sheets and grey sticks), commonly through interactions with the residues
Ile341 and/or Ser342. The residues 340 - 343 of the lower [-sheet are drawn as grey sticks, with
the sidechains of Ile341 and Ser342 facing the pocket. The first and last residues of the Q-loop, the
central portion of which is not resolved in the structure, are shown in green. The PPARy structures
shown were taken from PDB ID: 2PRG?! (top) and PDB ID: 2Q5S'%* (bottom) and visualized with
PyMOL.!3
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(b)

Figure 5.9. An expanded view of the binding modes of PPAR~ classical agonists and partial
agonists. The AF-2 residues His323, His449 and Tyrd73 are shown as sticks to the right. The
residues 340 - 343 of the lower [3-sheet are drawn as sticks, with the sidechains of Ile341 and Ser342
facing the pocket. Top: The shown agonists are: rosiglitazone (3, magenta, PDB ID: 2PRG),
pioglitazone (11, cyan, PDB ID: 2XKW), the dual PPAR«/~ agonist aleglitazar (17, purple, PDB
ID: 3G9E) and the pan-PPAR agonist indeglitazar (1, green, PDB ID: 3ET0). The pose shown for
pioglitazone (11) is one of two alternative conformations observed, the second of which had the TZD
head group directed towards the opening of the pocket between the S-sheets and helix 3. Bottom:
The PPAR/y partial agonists nTZDpa (39, magenta, PDB ID: 2Q5S), MRL24 (42, cyan, PDB ID:
2Q5P), INT131 (38, green, PDB ID: 3FUR) and 15-oxo-ETE (23, PDB ID: 2ZK4). The Helix 2’,
the -loop and helix 3 (residues 276 - 287) are hidden to improve the visibility of the LBP. The
PPARy structures shown were taken from PDB ID: 2PRG?! (top) and PDB ID: 2Q5S'6* (bottom)
and visualized with PyMOL.'3
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suggest that the 2-pocket represents a functionally distinct binding site from the AF-2 pocket.
These and other studies have demonstrated that the Q2-pocket binding site is functional even
when the AF-2 pocket is occupied by a ligand.?41%7170 Importantly, discrete binding curves
for the -pocket-binding ligands could also be obtained, after covalent modification of the
reactive, central cysteine residue on helix 3 (Cys285), by the electrophilic antagonists GW9662
(47), T0070907 (48) (see chemical structures in Figure 5.16 in section 5.5), as well as by
endogenous oxo-fatty acids 5-oxo-ETE and 15-oxo-ETE (23). These results contribute to a
view of the PPAR~y Q-pocket as an independent ligand binding site.!*57

In a more general perspective, solvent probes have shown clustering in 10 hot spots of

1 Tndeed, in

the PPAR~ LBP, attesting to the many possible points of ligand interactions.
addition to the studies mentioned above, the available PPAR~y crystallographic data show yet
other complexes with multiple ligands.?*!7*!™ From an evolutionary perspective, the apparent
indiscriminateness of the PPAR~ LBP may rather be an adaptive trait, that not only serves
to maintain sensitivity towards a broad spectrum of endogenous structures (even larger ones),
but that also retains the possibility for smaller ligands to collectively activate the receptor

through simultaneous binding.

5.3.2 Ligand-regulated Phosphorylation of PPAR~y

The above described studies on PPAR~y partial agonists were recontextualized by the discovery
of the regulation of a new PTM site in the PPAR~y LBD. In 2010, Choi et al. demonstrated the
cyclin dependent kinase 5 (Cdk5)-mediated phosphorylation of PPAR~y Ser273 (Ser245)™ and
a connection between a high level of phosphorylated Ser273 (pSer273) and obesity, in both
mice and humans.®* Importantly, they also demonstrated a correlation between the ligand-
dependent inhibition of this phosphorylation and the regulation of a distinct set of genes,
including genes that are commonly dysregulated in obesity (e.g. adipsin and adiponectin).
Notably, in their studies, these effects were brought about by MRL24 (42, Figure 5.7), a
compound that displayed only a partial activation of transcription in a PPAR~ reporter gene
assay and that does not directly stabilize helix 12 in the AF-2 (see Figure 5.9, bottom).'%* By
HDX-MS, Choi et al. could also show that the binding of 42 protected helix 3, the 3-sheets and
the P-loop against deuterium incorporation. Conversely, although the potent PPAR~y classical
agonist rosiglitazone (3) (see Figure 5.2), also inhibited Ser273 phosphorylation, its binding
to PPAR7 induced a broader set of genes. This set included genes linked to fluid retention
and hallmark genes of adipogenesis, linked to an increase in adipose tissue mass, both of
which are side effects observed with the TZD class of PPAR~y agonists.®®

Several PPAR~y partial- and non-agonists have been shown to inhibit phosphorylation of

174 175

Ser273, among them, the natural products amorfrutin 1 (27),'™ ionomycin (31),'" chelery-

trine (32)'7 (see Figure 5.6) and the ginseng saponins pseudoginsenoside F11'"" and pro-

xGQer273, used by the Choi et al., corresponds to PPAR~2 numbering,'® which is coherent with the discovery of this PTM
in adipocytes. The larger part of the PPARy literature, however, uses PPAR~1 numbering. Thus, while this particular
residue will consequently be referred to as Ser273, other references to residue numbers in PPARy, will correspond to
those of the UNIPROT sequence of PPAR~1.

*This is an example of a regulatory PTM occurring on an NR, as briefly mentioned in Section 4.1.
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topanaxatriol.!™ Also among them are the synthetic partial agonists BVT.13 (36), nTZDpa
(39),%8 GQ-16 (35),'%! (see Figure 5.7) telmisartan,'™ Mbx-102 ( R-metaglidasen)®® and F12016.%
The similar binding modes of several of these PPARy ligands (see Figure 5.8 and Figure 5.9),
further support that binding to the Q-pocket and/or the f-sheet region is conducive to inhi-
bition of Ser273 phoshorylation.

In recent studies, the origin of the regulation of a distinct subset of genes by the phospho-
rylation of Ser273, has been linked to the interaction of PPAR~y pSer273 with the coregulator
protein thyroid hormone receptor associated protein 3 (Thrap3/TRAP150). Choi et al. could
show that the interaction of phosphorylated PPAR~y with Thrap3 was both sensitive to lig-
and treatment with MRL24 (42), SR1664 (44) (see Figure 5.7) and rosiglitazone (3), as well
as to a mutation of Ser273 to alanine. In addition, they demonstrated that knockdown of
Thrap3 expression, in both cultured adipocytes and in mice, resulted in increased expression

181 While the region of Thrap3 that was necessary for its inter-

181

of adipsin and adiponectin.
action with phosphorylated PPAR7y could be narrowed down,'®" it is uncertain whether this
coregulator binds to the canonical coregulator binding site. Interestingly, it has been demon-
strated that the expression of both the pSer273-inhibited genes adipsin and adiponectin,®®
as well as classical adipogenic genes such as Ap2/Fabpj and Sreb-1c, is dependent upon a
functional helix 12. This is based on the observation that a PPAR~y Glu471GIln mutant, which

is believed to be incapable of binding coactivator proteins,'8?

83

was also incapable of inducing

the transcription of all of these genes in mice.!

In sum, these results delineate a separation of the mechanisms through which ligands
can affect the transcriptional regulation by PPAR~. They also offer an explanation as to
how ligands displaying weak classical agonism can potently improve metabolic parameters in

obese humans, with greatly diminished side effects, compared to TZDs.

5.3.3 Allosteric Stabilization of the AF-2 by PPAR~ Partial Agonists

In studies on PPAR#y partial agonists that bind exclusively to the 2-pocket, it has been
observed that several of these induce a certain degree of transcriptional activation (transac-
tivation). A likely hypothesis holds that this reflects an allosteric stabilization of the AF-2
region and thus of the canonical coactivator binding site. As was shown with PA-082 (45, Fig-
ure 5.7), partial agonists may influence the affinity profile of PPAR~y for coactivator proteins,
allowing it to retain binding to PGC-1a, while not recruiting the SRC and CPB families

184 The origin of the AF-2 stabilization caused by §2-pocket-binding partial

of coactivators.
agonists and its effects on coregulator recruitment is not entirely clear. Nonetheless, the sta-
bilization of helix 12 may correlate with the ability of a ligand to stabilize LBP residues on
helix 3 and in the Q-loop.

The residues Arg288 and Phe363 have been suggested to mediate such a stabilization.?%18

Through the backbone of helix 3, the dynamics of the residues in the LBP are connected to
those of the residues on the opposite (solvent-exposed) side of the helix. The residue Lys301 is

involved a coactivator binding charge-dipole interaction referred to as the “charge clamp”.2:186
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Additionally, residues such as Phe282, Phe287 and GIn286 may interact in a stabilizing or
destabilizing manner with the loop between helix 11 and helix 12.2966:9 Finally, the reactive
cysteine residue, Cys285, holds a particular position, as the formation of a covalent bond
between this residue and an electrophilic ligand may be envisioned to have a profound effect
on the dynamics of helix 3.

Furthermore, the Q-loop is often stabilized significantly by PPAR~y partial agonists.!61716
Interestingly, MD-simulations indicate that a change in the dynamic patterns of the Q2-loop,
caused by the binding of a partial agonist, may explain both the previously proposed function
of the Q-loop as a gatekeeper to the 2-pocket, as well as its role in the stabilization of the
loop between helix 11 and helix 12.%7

Taken together, these observations may indicate that the development of {2-pocket-binding
PPAR~ ligands, with negligible potential for AF-2-mediated transcriptional activation of adi-
pogenic genes, will require a more detailed understanding of the mechanisms of the networks

of allosteric stabilization in the PPAR~y LBD.

5.3.4 Clinical Trials with a PPAR~ Partial Agonist

The compound INT131 (38, T0903131, T131, AMG131) (see Figure 5.7) was introduced in
2004 as a high-affinity PPAR~y ligand, designed to minimize the side effects observed with
TZDs' 190 (see Section 5.2.2). For instance, treatment of rats with 38 had been shown
to increase circulating adiponectin levels.!88191:192 INT131 was submitted to clinical trials in
T2DM patients in 2009,% in which it improved glycemic control in the treatment groups.
While its usage was associated with a mild weight gain, compared to the placebo groups, this
was the only reported side effect of statistical significance. The weight gain was also lower
than that caused by pioglitazone (11). In terms of its effects on bone density, a parameter on
which the TZDs produce a negative impact, the described clinical trials were not statistically
powered to conclude on the effects of INT131 (38).19319 A study in mice, however, indicates
that 38 is able to normalize bone parameters offset by diet-induced obesity.!%

Even though INT131 (38) appeared to be a promising clinical candidate for improving
glycemic control in patients with T2DM, InteKrin Therapeutics Inc. filed a drug repurposing
patent for INT131 in August 2014,'% redirecting it towards the treatment of multiple sclerosis
(MS).197 Thus, a clinical trial with INT131 in patients suffering from Recurring Remitting MS
(RRMS) was commenced in 2015.%% This potential indication for the use of PPAR~y ligands
is linked to the finding of high levels of PPAR~ in the cerebrospinal fluid of MS patients,*®
combined with the roles of PPAR activation in neuroprotection and remyelination.'%%:2% In
light of the demonstrated separate induction of classical agonism and/or inhibition of Ser273
phosphorylation by PPAR~ ligands, the neuroprotective effects of PPAR~y modulation will
require further study to determine the involvement of each of these mechanisms. In this

context, as noted by Choi et al., it is intriguing that the non-phosphorylatable Ser273Ala
PPAR~y mutant induced an upregulation of the Ahnak protein and of proteolipid protein 1

*See identifiers NCT00631007 and NCT00952445 at http://clinicaltrials.gov/
*See identifier NCT02638038 at http://clinicaltrials.gov/
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(Plp1), both of which are involved in myelination.®8
5.3.5 Phosphorylation of the PPARa and PPARS/§ LBDs and Ligands with Alterna-
tive Binding Modes

The observation that a PTM (LBD phosphorylation) modulates PPAR~y target gene expres-
sion is paralleled by observations from the context of PPARa-regulated transcription. In a
human hepatoma cell line, it was demonstrated that the protein kinase C (PKC)-mediated
phosphorylation of Ser179 in the linker region and/or®" Ser230 in the LBD (see Figure 5.12)
markedly affected the transcription of PPAR« target genes such as CPT1a and PPARA. Thus,
inhibition of PKC reduced both basal expression and that induced by the PPAR«a agonists
pirinixic acid (WY14643,2°! 49) and GW7647 (50) (see Figure 5.10), suggesting that phos-

phorylation of PPAR« is important for its ability to induce transcription of these genes.??

O O
S ORI T, O
@H N/)\S/\Oﬁf H \F/\/H

WY14643 (49) GW7647 (50) GW9578 (51)

Simvastatin (52) Simvastatin S-hydroxy acid (53)

Figure 5.10. PPAR« ligands shown to modulate the phosphorylation of the PPAR« Ser179 and/or
Ser230 by PKC.

In another study, the ability of PPAR« ligands to inhibit the lipopolysaccharide (LPS)-
induced expression of pro-inflammatory NFx/ target genes iNOS, IL-6 and TNFa was in-
vestigated. The inflammatory response to LPS also involves activation of PKC which phos-
phorylates PPAR«. However, upon treatment of PPAR« with the agonist GW9578 (51) or

203,204 (the actual ligand may be its hydrolysis product 53, see Figure 5.10),

simvastatin (52)
a ligand- and PPARa-dependent decrease in the transcription of iNOS was observed. A
similar effect was also observed upon pharmacological inhibition of PKC.?% The observed
effect was thus likely caused by a stronger tendency towards transrepression of the NFx/3-p65

transcription factor complex by ligand-bound PPARq.8%:295:206 [ line with these results, the

i According to the cited works, both Serl79 and Ser230 are sites of PKC phosphorylation. Therefore, the non-
phosphorylatable Ser—Ala double mutant was used in these studies. The effects of phosphorylation at exclusively
one of these serines are thus unknown.

38



5.8. Emerging Therapeutic Potential for PPAR Modulators

authors demonstrated that the non-phosphorylatable double mutant (Ser179Ala, Ser230Ala)
could also repress the transcription of a GAL4-p65 chimeric reporter, even in the presence
of a constitutively active form of PKC. This indicates that PKC-mediated phosphorylation
of PPARa was inhibited by ligand binding.?’> Together, these results indicate that some
PPAR« target genes are regulated by both ligand binding and PTMs (serine phosphoryla-
tion), and that the binding of the described ligands has an inhibitory effect on the PKC-
mediated phosphorylation of PPAR«a Ser179, Ser230 or both.

Recently, a new region of ligand binding in the PPAR« LBP was described for pirinixic
acid (WY14643, 49). X-ray crystallographic data of PPAR« in complex with 49, revealed
that while 49 did bind to the AF2-pocket and stabilized helix 12 as a classical PPAR agonist, a
second molecule of 49 bound to a site between helix 3, the (2-loop and the [3-sheet region (see
Figure 5.11). Subsequent molecular dynamics (MD) simulations demonstrated a stabilizing
effect on the Q-loop and the P-loop, in response to the presence of the second molecule of
49 207

With the Q-loop and the (-sheet region as common denominators, these findings thus
indicate a mechanism of stabilization of the P-loop in PPAR«, that appears to be analogous
to the demonstrated mechanism of ligand-induced stabilization of the P-loop in PPAR~.%8
Taken together with the observation that stabilization of the §-sheet region correlates to the
ability of PPAR~y ligands to inhibit the phosphorylation of Ser273 (see Figure 5.12),%® further
studies should seek to determine whether stabilization of the [-sheet region in PPARa« is
indeed instrumental to the modulation of PPAR«a phosphorylation, as described above.

In PPARS/6, on the other hand, a regulatory site of phosphorylation in the P-loop has

yet to be demonstrated.” 2% Nonetheless, the presence of several solvent-exposed, phospho-

Figure 5.11. Two molecules of WY-14643 (49) bound to the PPARa LBP. The molecule occupying
the classical agonist pose, in which it stabilizes helix 12 in the AF-2 pocket is colored red. The

second molecule occupying the alternative binding site under the -loop is colored green. The
PPARa« structure shown was taken from PDB ID: 4BCR?*7 and visualized with PyMOL.'3

39



5.8. Emerging Therapeutic Potential for PPAR Modulators

(a)

PPARQO 21N KV KAR
PPARB/d 193 T K K K AR
PPARy 257 T KA KAR
Secondary structure  |r——Helix 2

Figure 5.12. Top: The P-loops of PPAR« (a), PPARS/§ (b) and PPAR~y (c) are shown, flanked
by helix 2 and the first $-sheet (in yellow) on either side. The solvent-exposed, phosphorylat-
able residues shown in grey and the known sites of phosphorylation in PPAR« (Ser230) and
PPARy (Ser273) are shown in orange, both in ball and stick representation. Bottom: The sequences
of PPAR«a, PPARS/6 and PPAR~y of the structures shown above, with their residue numbering
(UNIPROT canonical sequences for PPAR« and PPAR3/d, and PPAR~2 numbering for PPAR~)!?
and secondary structure indicated. Phosphorylatable residues towards the end of helix 2 and the in
P-loop (serines and threonines) are shown in green. Known sites of phosphorylation (PPAR« Ser230
and PPAR~y Ser273) are shown in orange.

rylatable residues in the P-loop of PPARS/¢ (see Figure 5.12), suggests that the occurrence
and roles of PTMs in this region merit further study.

In the context of PPARS/d agonistic ligands with alternative binding modes, high-affinity
PPARS/§ ligands that do not bind to the AF-2 pocket have also been reported.?%%2!9 These
ligands display binding to helix 3 and the Q-pocket of PPARS/§ (see Figure 5.13). The in-
triguing differential transcriptional outcomes of treatment of PPAR~y with 2-pocket-binding
ligands compared to ligands that bind to the AF-2 pocket, warrant genomewide transcrip-
tional analyses of PPAR//6 in complex with ligands of this understudied class. In the con-
text of the classical PPARS/§ agonist GW501516 (20), such studies have previously provided
exquisite insight into the complex transcriptional regulation by PPARS/6 in WPMY-1 my-
ofibroblasts.?!!
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Figure 5.13. Top: PPARS/S partial agonists binding to the Q-pocket.  Bottom: The
PPARS/§ structure shown was taken from PDB ID: 2XYX?% and visualized with PyMOL.!?
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5.4 PPAR Antagonistic Ligands
5.4.1 Inverse Agonists - the AF-2-pocket Revisited

The development of ligands for PPAR~ that are capable of inhibiting the phosphorylation of
Ser273, have in recent years focused on ligands binding to the 2-pocket, and in particular, to
the [-sheet region. In the realm of PPAR antagonism on the other hand, the view of helix
12 as a crucial region of stabilization in the mode of action of classical agonists, spawned the
hypothesis that a ligand-induced destabilization of helix 12 could confer antagonism.?'? Based
on this strategy, antagonists of all three PPAR subtypes have been successfully developed (see
Figure 5.14).3%90:213217 Thege antagonists have typically been structurally akin to their agonist
counterparts, except for the incorporation of larger, more sterically bulky head groups. While
their antagonism of agonist-induced activity in PPAR reporter assays has been demonstrated,
x-ray structural data to evaluate the actual binding poses of these antagonists in the respective
PPAR LBPs, as well as their effects on helix 12, are scarce. As the only structural data of its
kind, the GW6471:PPARa:SMRT complex (PDB ID: 1IKKQ)*" demonstrates the disruptive
nature of the head group of GW6471 (58) on the position of helix 12. Furthermore, treatment
of the PPARs with these ligands has been shown to confer upon their respective targets, a
greater affinity for corepressors (such as SMRT or NCoR), attesting to the functional character
of their inhibition of AF-2-mediated agonism.3>99:213

In cellular systems, it has been observed that treatment of PPAR«a or PPAR~y with certain
members of this class of ligands decreases the expression of genes induced by classical agonists
to subbasal levels, thus earning the ligands a status as inverse agonists.?0:214215:217 Ty PPAR~,
the mechanisms behind the observed basal or constitutive expression of its target genes may
involve a ligand-independent recruitment of coactivators by apo-PPAR~, such as that of PGC-
1ov.218:219 The constitutive recruitment of other coactivators, including p300, may be involved
in the basal expression of the aP2/FABP/ gene in adipocytes.?® Both PGC-1a interaction
and aP2/FABP/ expression are dependent on helix 12183186 A destabilization of helix 12 by
PPAR~ inverse agonists, with concurrent recruitment of corepressor proteins, is thus a likely

mechanism of repression of both these types of basal expression.

5.4.2 Clinical Outlooks for PPAR~y Inverse Agonists

The currently available data on the ligand-dependent PPAR~y modulation, suggests that the
antidiabetic effects of PPAR~y ligands owe to their ability to inhibit phosphorylation of Ser273
and is likely not linked to their abilities as classical, AF-2 mediated agonists. At a time before
these data were available, the development of PPAR~y inverse agonists as pharmacotherapeu-
tics may naturally have been avoided, based on a concern that such ligands would cause severe
metabolic side effects. While today, these concerns may be less relevant with respect to the
regulation of glucose metabolism by PPAR~y, systemic AF-2 mediated inverse agonism would
likely have negative consequences on lipid storage and metabolism.

In some aspects however, inverse agonistic properties are indeed beneficial. As men-

*IVSee Figure 2.6 in chapter 2 for the effects on the position of helix 12.
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Figure 5.14. Antagonists against PPAR« (a), PPARS/0 (b and PPAR~y (c), designed to perturb
the folding of helix 12 and thus inhibit the formation of a coactivator binding site.
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tioned in Section 5.2.2, a detrimental side effect of the use of members of the TZD fam-
ily of PPAR~y classical agonists as antidiabetic drugs, was their negative impact on bone
density, seen particularly in women.'?® In contrast, the promotion of osteogenesis by the
PPARy inverse agonist SR2595 (70) (see Figure 5.14) has been demonstrated. Consistent
with an inhibition of PPAR~y classical agonism, the authors could also show that the SR2595-
induced upregulation of bone morphogenetic proteins BMP2 and BMP6 was similar to that
induced by siRNA-mediated PPAR~ knockdown.” These results may thus hold promise for
the future utility of 70 and other reported PPAR~y inverse agonists such as GSK5737 (67),
GSK5775 (68)%'7 and compound 9p (69)?'3 (see Figure 5.14).

5.5 Covalent Reactivity of the PPARs

Another important embodiment of the ligand-dependent modulation of the PPARs, involves
the nucleophilic reactivity of a cysteine residue, conserved throughout the PPARs, which
is located on helix 3, centrally in the binding pocket (see Chapter 2). The ability of the
thiol moiety of this cysteine residue to react with electrophilic substrates of both endogenous
and exogenous origin, has been demonstrated. However, while numerous examples of ligands
that bind covalently to PPAR~y can be found in the literature, reports of such events from
PPAR« and PPAR/§ are more scarce. In this section a brief survey of the known covalent
ligands of the PPARs will be given.

5.5.1 Covalent Ligands of PPAR«

In the case of PPAR«, the only reported example of covalent modification by a ligand involves
the PPARy selective antagonist GW9662 (47) (see Figure 5.16). Interestingly, in PPARq,
the covalent binding of 47 conferred partial agonism in a GAL4-PPAR« reporter gene assay.
However, this effect was not observed with full-length PPAR«a on an LFABP promoter in
HEK?293-cells.??!

5.5.2 Covalent Ligands of PPAR~y

The transcriptional outcome of covalent modification of PPAR~ have ranged from agonism

29,64,65 66,67 of

to antagonism. Covalent PPAR~y agonists include oxo- and nitro-metabolites

fatty acids, the 15-deoxy-A!?-prostaglandin J2 (72)??%?% (see Figure 5.15 and the chemical

224,235 (gee Figure 5.16). The covalent

structures in Appendix A) and some synthetic ligands
modification of PPAR~ by the oxo- and nitro-fatty acids induce partial agonism, with tran-
scriptional acitivies ranging from approximately 10 - 60% of those induced by PPAR~y full
agonists. These differences in transcriptional activity may be connected to the ability of the
carboxylate head group in each fatty acid to stabilize helix 12. Such a stabilization may
depend on the distance from the site of covalent attachment to the carboxylate head group,
as well as on the flexibility of the carbon chain leading to the head group. The said dis-
tance is dictated by the location of the nucleophilic attack by Cys285 on each fatty acid,

i.e. the - or d-carbons of the dienones present in the oxo-fatty acids, or the [-carbon in
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the «,f-unsaturated nitro-fatty acids.*” Combinations of these factors likely produce the
range of effects observed with covalently binding fatty acids, from the more strongly agonistic
6-0x0-OTE (73) and 6-oxo-THA (74), to the near antagonistic 8-oxo-ETE (75)2%6477 (see
Figure 5.15). An extreme example of a distance mismatch may be represented by 15-oxo-ETE
(23) (see Figure 5.15), the carboxylate head group of which does not engage in interactions
with helix 12, plausibly due to the length and rigidity of the carbon chain between the car-
boxylate and the site of nucleophilic attack by Cys285. The rather strong partial agonism
seen upon treament of PPAR~y with 15-oxo-ETE,? may thus owe to an allosterically induced
stabilization of helix 12, caused by its multiple interactions with residues on helix 3 and in the
Q-pocket (see also Section 5.3.3). In summary, the covalent binding of fatty acid metabolites
may be of physiological importance, as several of the oxo-fatty acids display inductions of

transcription that exceed those of their hydroxy-analogues by up to an order magnitude.*
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15-deoxy-A1214_prostaglandin J2 (72) 6-oxo-OTE (73) 6-oxo-THA (74)

S
) o
Cys285

8-oxo-ETE (75) 15-oxo-ETE (23)

Figure 5.15. Covalent binding of selected endogenous oxo-fatty acids by PPAR~y. The structures
and poses of 72-75 were taken from PDB IDs: 2ZK1, 2VV4, 3X11I, 2ZK3 and 2ZK4, respectively.

Among the covalently binding PPAR~ ligands of synthetic origin, the compound L-764406
(76) (see Figure 5.16) was shown to be partial agonist in a GAL4-PPAR~y reporter assay
and in measurements of Ap2/Fubpj mRNA levels in 3T3-L1 preadipocytes.??* Recently, a
PPAR/y covalent partial agonist, that is a structural hybrid between the antagonist GW9662
(47) and a naturally sourced ethyl cinnamate, has been developed. The cinnamic ester tail of
Compound 5 (77) (see Figure 5.16) was designed to bind to the {2-pocket and its relatively

225 may be indicative of a ligand

higher induction of adiponectin compared to Ap2/Fabp4,
profile that is similar to other Q-pocket-binding PPAR~ partial agonists (see also Section
5.3.1).

Covalent antagonists (see Figure 5.16) of PPAR~y have held a prominent position in stud-

ies of the function of PPAR~y. As the covalent attachment of a ligand centrally in the LBP

*VCorresponding to either 1,4- or 1,6 conjugate additions for the oxo-fatty acids and 1,4-conjugate additions for the
nitro-fatty acids.
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may block the access to the AF-2 pocket, the effect of treatment of PPAR~y with antagonists
such as GW9662 (47),%2! and T0070907 (48),%2° has been observed as an unresponsiveness
to classical agonists. The inhibition of classical agonism naturally encouraged the conclu-
sion that PPAR~y-regulated transcription was completely silenced upon treatment with these
antagonists. However, as introduced in section 5.3.1, it has recently become clear that the
Q2-pocket remains receptive to ligands, even in the presence of such covalent ligands. As
demonstrated by Hughes et al.,>” this finding may indicate that the conclusions reached in
studies, in which covalent antagonists such as GW9662 (47) or T0070907 (48) have been
employed to rule out the involvement of PPAR~y or ligand binding to PPAR~y, may need to

be reconsidered in light of the new data.

©\ o HCl
% 0 T e

L-764406 ( Compound 5 (77)
GW9662 (47) T0070907 (48)

Figure 5.16. Covalent PPAR~y partial agonists and antagonists.

5.5.3 Covalent Ligands of PPARS/§

Covalent agonists of PPAR/3/d have not been described thus far. On the other hand, as noted
for PPAR«, treatment of PPAR/6 with the PPAR~-selective antagonist GW9662 (47) was
also observed to covalently modify the PPARS/é LBD. In contrast to its partially agonistic
effect in PPARq, treatment of PPARS/§ with 47 did not elicit transcriptional activation of
a GAL4-PPARS/d reporter.??!

GSK3787 (78) was identified in a high-throughput screen of a GlaxoSmithKline in-house
compound collection and displayed an ICsq = 0.20 pM (pICso = 6.7) in a *H-GW2433%27 dis-
placement assay. Compound 78 failed to induce transcription in a GAL4-PPARS/§ reporter
assay, but completely inhibited transcriptional induction by the agonist GW501516 with an
IC50 = 0.13 M (pICs9 = 6.9). In a subsequent structure-activity relationship (SAR) study,
two analogues of GSK3787, Compound 9 (79) and Compound 16 (80), were found to be
slightly more potent binders of PPARS/J (see Figure 5.17).

Interestingly, the sulfide analogue of 78, namely compound 81, as well as analogues Com-
pound 19 (82) and Compound 20 (83), respectively bearing either a 5-methyl group or a
hydrogen in place of the 5-trifluoromethyl group on the pyridine ring, were inactive in the

same assay. The requirement of an electron-poor pyridine ring poised Shearer et al. to investi-

46



5.6. Motivations and Backgrounds of Study

,/o 2 QL T9 RV
N NSNer e Ns"Ser,
GSK3787 (78) Compound 9 (79) Compound 16 (80)
Q O\ //O Q N4
JQ)L T, JoR R 0
H H

N ol NS ol Ns

81 Compound 19 (82) Compound 20 (83)

Figure 5.17. GSK3787 (78) and analogues.

gate the possibility of covalent binding to PPARS/4. Indeed they found that both GSK3787
(78) and Compound 9 (79), augmented the mass of PPARS/§ as seen by LC-MS analy-
sis. Subsequent LC-MS/MS analysis of PPARS/§ treated with GSK3787 (78) identified the
residue bearing the added mass as Cys249.228 However, despite its apparent selectivity to-
wards PPARS/d in a ligand displacement assay (>50 times versus PPAR«a and PPAR~),?28
another study found that treatment of PPAR~y with 78, at pharmacologically relevant concen-
trations, did antagonize agonist-induced effects on transcription and coactivator recruitment.
Interestingly, on its own, GSK3787 (78) profiled as a PPAR~ partial agonist, based on its

effects in a reporter assay and on coregulator recruitment.??

5.6 Motivations and Backgrounds of Study

In the context of the developments of PPAR ligands described in the preceding sections, a
more detailed background for the studies presented in this thesis is given below.

PPARS/4 is highly expressed in psoriatic lesions®®?3° and PPAR3/§ antagonism has re-
cently been shown to have a beneficial effect in models of psoriasis.?*! Notably, GSK3787 (78)
was among the PPARS/§ antagonists used in this study and required less frequent dosing,
likely due to its covalent binding to PPARS/S.

GSK3787 (78) represents a chemical entity of interest with regards to its reported covalent
mode of action.?® However, 78 displayed less than desirable selectivity for PPARS/d.2%
Thus, in order to be able to employ covalent modification of Cys249 in the PPARS/§ LBP as
a means to pharmacological antagonism of PPARS/4 in cells that also express PPAR~, the
development of new analogues of 78 is warranted. Papers I and II, presented in Chapter 6,
widen the scope of the SAR around this class of PPAR//0 antagonists, aiming to increase
their selectivity for PPARS/J.

In a broader context, PPARf/§ inverse agonists®™ have been demonstrated to inhibit in-

vasion by human breast cancer cells in model systems® and normalize abberrant PPAR3/6-

*VIThe terminology is used based on corepressor recruitment. No structural data regarding the interactions of these
ligands (see Chapter 7) with helix 12 are available.
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dependent gene expression patterns in ovarian carcinomas.?*? While the roles of PPARS/§ in
the pathophysiologies of cancers are incompletely understood,!#®147 these results furnish in-
teresting endpoints for the further development of PPAR/S/J antagonistic ligands. The
PPARG/§ antagonistic ligands reported to date, span a wide range of chemical structures.
Little is known about their binding modes and interactions with the PPAR//§ LBP. Paper
ITI, presented in Chapter 7, aims to on shed light on the mode of action of a selection of the
reported antagonistic ligands, with a particular focus on their possible electrophilic reactivity
towards the reactive cysteine residue, Cys249.

Returning to the context of PPAR~y, the many x-ray crystallographic studies of PPAR7y in
complex with ligands, accumulated through nearly two decades of PPAR~ research, furnish
structural data that may reflect the distinct patterns of stabilization of PPAR~y observed upon
treatment with classical agonists or partial- and non-agonists with dynamic techniques such as
NMR and HDX-MS. A collective analysis of these structural data may thus elucidate general
trends in the structural consequences of the binding of ligands from the different classes. While
these trends may be obscured by the apparent small variation observed between the crystal
structures and by the crystal environment, a dimensionality-reducing statistical treatment

233235 Paper IV, presented in Chapter 8, evaluates

of the data, could reveal such trends.
the utility of principal component analysis of the atomic coordinates and dihedral angles of
PPAR~ contained within the x-ray crystallographic data in the public domain.

The motivations for the studies delineated above are connected through the ongoing elu-
cidation of the structure and function of the ligand-binding pockets of each PPAR subtype.
Covalent ligands of the PPARs can attach relatively small molecular fragments to reactive
cysteines in their ligand binding pockets. This likely inhibits the access of other ligands to the
AF-2 pocket, a region responsible for one type of agonistic PPAR modulation - the classical
agonism. However, as described in Section 5.3.1, the newly demonstrated modes of modula-
tion of PPAR~ involve other parts of the ligand-binding pocket and this type of modulation
is apparently not inhibited by the presence of such covalently attached ligands. Thus, a
translation of these findings to PPAR//4 presents an opportunity to use PPARS/d covalent
antagonists as research tools to study similar alternative modes of ligand-dependent modula-

tion of PPARS/S.
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6 Papers I and II: Synthesis and Biological Evaluations
of PPAR3/) Antagonists

Antagonism of PPARS/§ by covalent modification of Cys249 in the LBP represents a pow-
erful strategy to oppose the effects of classical PPARS/d agonists. However, due to the
irreversible nature of the mode of action of GSK3787 (78)??® (see also Section 7.3), its affinity
for PPAR~,2?Y albeit weak, hampers its usefulness as a pharmacological tool to selectively
study the effects of PPARS/d antagonism in cells expressing all three PPARs.

This section describes the synthesis and biological evaluation of new analogues of 78, in an
effort to produce a more selective member of the 5-trifluoromethyl-2-sulfonylpyridine class of
PPAR//d antagonists. The new antagonists were thus prepared by modifying the arylamide

moiety of 78, while maintaining its electrophilic 5-trifluoromethyl-2-sulfonyl group intact.

6.1 Syntheses of Key Intermediates

The ammonium salt intermediates employed in the syntheses of the amides presented in this
chapter (see Scheme 6.1) were prepared essentially as reported for the preparation of GSK3787
(78).228 Thus, in DMF, and in the presence of triethylamine (Et3N), 5-trifluoromethyl-2-
mercaptopyridine (84) or 2-mercaptopyridine (85) was alkylated with tert-butyl (2-bromoethyl)-
carbamate (86). The resulting sulfides 87 and 88 were then oxidized to their corresponding
sulfones, 89 and 90, using potassium peroxymonosulfate triple salt (Oxone®) in aqueous
acetone, in the presence of sodium hydrogen carbonate (NaHCO3) (see Scheme 6.1).

For the syntheses of CC618 (95) and 5-H-CC618 (96) (vide infra), deprotection of the
N-Boc groups of sulfones 89 and 90 was carried out with trifluoroacetic acid (TFA) in ace-
tonitrile, affording key ammonium intermediates 91 and 92 as TFA-salts (see Scheme 6.1).

For the syntheses of the other amides presented in Section 6.5, the N-Boc group of sulfone
89 was cleaved with hydrochloric acid in dioxane, affording the key ammonium intermediate
93 as an HCl-salt. A sulfide analogue of 93, sulfide 94, for use in the synthesis of the N-
alkylated amides, presented in Section 6.5, was also prepared. Sulfide 94 was obtained by
direct deprotection of the N-Boc-group in sulfide 87 with hydrochloric acid in dioxane.

6.2 Design and Synthesis of CC618 and 5-H-CC618

CC618 (95, ClogP = 4.85') was designed as a structural hybrid between the potent PPARS/§
agonist GW501516 (20, ClogP = 6.01") and the antagonist GSK3787 (78, ClogP = 3.51%).1
It was envisioned that a combination of the phenylthiazole tail of 20 in combination with
the linker moiety and electrophilic head group of 78 could harvest some of the affinity of 20
for the PPARS/§ LBP, while maintaining the antagonism displayed by GSK3787.237 We also
prepared an analogue of CC618 (95), 5-H-CC618 (96), lacking the 5-trifluoromethyl group

iThe ClogP-values were calculated with ChemBioDraw® Ultra 13.2%¢
iThis compound was first prepared by Dr. Calin Ciocoiu Steindal.?3”
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Scheme 6.1. Synthesis of key intermediates.

on the pyridine ring. As treated in Section 5.5.3, Shearer et al. observed that Compound
20 (83), an analogue of GSK3787 (78) lacking the 5-trifluoromethyl group on the pyridine
ring, was inactive as an antagonist.??® 5-H-CC618 (96) was therefore prepared to investigate
whether this result owed exclusively to the higher electron density on the pyridine ring of 83,
or to specific interactions of 83 with the PPARS/§ LBP.

Thus, a phenylthiazole ester was prepared by a Hantzsch-type cyclization of thicamide
97 and ethyl 2-chloroacetoacetate (98) in refluxing ethanol. The resulting ester 99 was
hydrolyzed to acid 100, with aqueous sodium hydroxide in ethanol. The acid 100 and ei-
ther TFA-salt 91 or 92 were then assembled under peptide coupling conditions using N,N’-
dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole (HOBt) (see Scheme 6.2).

6.3 Biological Evaluations of CC618
We pursued the characterization of CC618 (95) as a PPARS/¢ antagonist in three different

in vitro biological assays (see Figure 6.1, Figure 6.2 and Figure 6.3). Firstly, to determine
whether 95 was a competent antagonist of PPARS/§, we evaluated its ability to inhibit
transcription induced by the agonist GW501516 (20) in a GAL4-PPAR//§ luciferase reporter
gene assay in Cos-1 cells.?33239i To our delight, CC618 (95) antagonized the effect of 4 nM of
GW501516 with an IC59 = 10.0 um (pICs¢ = 5.0) - a comparable potency to that of GSK3787

HiThese results were provided by Prof. Hilde Nebb, Department of Nutrition, Institute of Basic Medical Sciences,
University of Oslo, and Steinar M. Paulsen, University of Tromsg.
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O
S 98 S o ™
NH, EtOH, reflux, 40h N

58%

97 99
NaOH (aq)
EtOH reflux, 2h
86%
\ / O o\ /O
/\/\ : EtsN S /\/\S/
N \O\ DCC, HOBt . C©_<\ [ OH  CFiC00™ “HaN @
- N
CHaCly, tt, 16h N Na g
CC618 (95); R = CF3 (72% from 89, ClogP = 4.85) 100 91;R=CF;
5-H-CC618 (96); R = H (25% from 90, ClogP = 3.88) 92;R=H

Scheme 6.2. Synthesis of CC618 (95) and 5-H-CC618 (96). The ClogP-values were calculated
with ChemBioDraw® Ultra 13.236

(78), which displayed an IC59 = 5.0 pM (pICsg = 5.3) (see Figure 6.1a). 5-H-CC618 (96), on
the other hand, was inactive as an antagonist, supporting the notion that an electron-poor
pyridine ring is required for antagonist activity (see Figure 6.1b). Neither 95 nor 78 displayed
agonistic effects in the same assay, when administered on their own (see Figure 6.1c). In
an analogous assay with PPARq, high concentrations (10 —100 pMm) of CC618 (95) displayed
weak to moderate inhibition of transcription induced by 200 uM of bezafibrate (7). In PPAR~,
GSK3787 (78) and CC618 (95) displayed similar properties and at higher concentrations (20 —
150 pM), both compounds weakly inhibited transcription induced by 10um of rosiglitazone
(3) (see Supplementary Data of Paper I in Appendix B).

Secondly, we sought to support our hypothesis that CC618 (95) antagonized PPARS/¢
through the mechanism proposed for GSK3787 (78). To this end, we treated human re-
combinant PPARS/§ with 10 pM of either 95 or 78 for a period of 15 minutes. The re-
sulting mixtures were trypsinized and subsequently analyzed with high-performance liquid
chromatography (HPLC) coupled to tandem mass spectrometry (MS/MS). Upon MS/MS
of the tryptic peptides containing Cys249, obtained from either treatment, an increase in
the mass of Cys249 corresponding to the formation of an S-(5-(trifluoromethyl)pyridin-2-
yl)cysteine was observed (see Figure 6.2 and Section 7.2 for more details about the assay).
This result demonstrated that CC618 (95) and GSK3787 (78) share a similar mode of action,
with respect to their covalent modification of Cys249 in the PPARS/6 LBP.

Finally, although not presented in Paper I, we also investigated the effects of CC618
(95) and GSK3787 (78) in an assay that quantifies the *C-oleic acid oxidation induced
by the PPAR3/§ agonist GW501516 (20) in primary human skeletal myotubes.?4%:"v A high
expression level of PPAR/4 relative to the other PPARs has been observed in skeletal muscle

YThis assay was performed by Prof. G. Hege Thoresen, Department of Pharmaceutical Biosciences, School of Pharmacy,
University of Oslo, as part of the MURES collaboration.
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Figure 6.1. The antagonistic effects of (a) CC618 (95) or GSK3787 (78), or (b) CC618 (95) or
5H-CC618 (96) on Luc protein expression in Cos-1 cells, induced by 4nM GW501516 (20). (c) The
agonistic effects of CC618 (95) or GSK3787 (78) administered alone in the same assay.
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6.4. New 5-trifluoromethyl-2-sulfonylpyridine PPARB /S Antagonists

241,242 and the agonistic effects of 20 on oleic acid oxidation are well established.?3%:243-245

cells
Thus, after treatment with 10nM of 20, the cells were exposed to 100nM or 1000nM of
either CC618 (95) or GSK3787 (78) for 96 hours. Subsequent trapping of the released *CO,
and quantification by scintillation, demonstrated that both antagonists reduced the agonist-
induced oxidation of oleic acid by approximately 20%. However, of these moderate effects,

only the reduction observed with CC618 (95) reached statistical significance (see Figure 6.3).

12014 @B CCo618 (95)

100- CJ GSK3787 (78)

80+
60+

404

Oleic Acid Oxidation
(% of control)

20+

0 100 1000

[compound], nM

Figure 6.3. The effects of CC618 (95) and GSK3787 (78) on the *C-oleic acid oxidation induced
by 10nM of the PPAR3/J agonist GW501516 (20) in primary human skeletal myotubes (n = 3,
*p > 0.05 versus control by Student’s paired t-test)

6.4 New 5-trifluoromethyl-2-sulfonylpyridine PPARS /6 Antagonists

In order to pursue our goal of increasing the PPARS/d-selectivity of 5-trifluoromethyl-2-
sulfonylpyridine antagonists, we expanded the scope of the structure-activity relationship
(SAR) study performed by Shearer et al. in connection with their report on GSK3787 (78).
Thus, a series of alkyl- and arylamides,” N-alkylated arylamides*' and arylketones were syn-
thesized and evaluated in TR-FRET-based ligand displacement assays in the three PPARs. In
this section, an overview of the syntheses of the putative PPARS/§ ligands will be presented,
followed by a brief introduction to the TR-FRET methodology. Finally, the results from the
TR-FRET assays will be described.

6.5 Synthesis of New PPARS/6 Antagonists

The syntheses of alkyl- and arylamide analogues of GSK3787 (78) were carried out by acy-
lation of the common ammonium intermediate 93 with commercially available acyl chlorides
and carboxylic acids. Thus, in an initial batch of compounds, alkyl- and arylamides 101 -
109 were prepared by acylation of 93 with acyl chlorides in tetrahydrofuran (THF), in the
presence of EtsN (see Scheme 6.3).

VCompounds 101 —109 were first prepared by Cecilie Xuan Trang Vo?® and later resynthesized.

ViCompounds 111, 112 and 113 were first prepared by Marthe Amundsen?*” and later resynthesized.
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Q.0 EtgN P

CI'+H3N/\/S\‘®\ R-COCI | R H/\/S N
THF
NFNeRs oecemt 2 NPk,

93 101-109
# R = Yield (%)* ClogP
101 iso-propyl 42 1.73
102 tert-butyl 53 2.13
103 adamantyl 94 3.55
104 phenoxymethyl 73 2.79
105 phenyl 60 2.60
106 4-methoxyphenyl 82 2.80
107 4-fluorophenyl 67 2.94
108 pyridin-3-yl 69 1.84
109 naphth-2-yl 63 3.77

“Isolated material.

Scheme 6.3. Synthesis of alkyl- and arylamides 101 -109. The ClogP-values were calculated with
ChemBioDraw® Ultra 13.236

In the subsequent batches of compounds, we focused our efforts on synthesizing ana-
logues of naphth-2-yl amide 109, as this compound displayed reasonably high affinity for
PPARS/§ (see details in Section 6.7). To explore the chemical space around 109, we investi-
gated four modifications to the naphth-2-yl amide motif. These included N-alkylation of the
naphth-2-yl amide 109, exchange of the amide N—H group for CHj, saturation of the distal
naphthalene ring and exchange of the naphthalene ring carbons for nitrogen. The scopes
of the latter three groups were expanded to include a naphth-1-yl series, in addition to the
napht-2-yl series.

Firstly, we sought to prepare N-alkylated analogues of 109. These were prepared by
alkylation of the sulfide analogue of naphth-2-yl amide 109, sulfide 110, obtained by acylation
of ammonium intermediate 94 (see Scheme 6.1) with 2-naphthoyl chloride, since direct N-
alkylation of naphth-2-yl amide 109 was not successful (see Scheme 6.4). Given the strong
base used to deprotonate the amide nitrogen in the attempted alkylations of either 109 and
110, the encountered difficulties with 109 could have been caused by a levelling effect on the
part of
the more acidic protons in the a-methylene group of sulfone 109, compared to those of sulfide
110. Such an effect could thus have limited the available concentration of the amide nucle-
ophile. In continuation, by directly submitting the crude N-alkylated sulfides to persulfate
oxidation in aqueous acetone, the N-methyl, -ethyl and -benzyl naphth-2-yl amides 111 -113
could be isolated (see Scheme 6.4).

Secondly, in order to increase the flexibility of the chain between the naphthalene ring
system and the 5-trifluoromethyl-2-sulfonylpyridine group, we wanted to prepare a ketone
analogue of naphth-2-yl amide 109. We also prepared its naphth-1-yl congener. Thus,
starting from 2- and 1-bromonaphthalenes 114 and 115, lithium-halogen exchange with n-
butyllithium in THF at -78 °C formed lithium naphthalenides 116 and 117. Nucleophilic
ring-opening of y-butyrolactone (118) by 116 or 117, afforded the 4-hydroxyketones 119 and
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0 0
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g oo,
N~ CFs N~
94 109
EtsN
2-Naphthoyl chloride NaHMDS or KOtBu, Mel
THF,0°C -rt, 2h THF, rt, 24h
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O
s 1. NaH, Mel or Etl or BnBr/TBAI \\S’/
SOE RS it taa oV
N~ CFs 2. KHSOs, Acetone/H,0, rt, 18h
110 111; R = methyl (54%, 2 steps, ClogP = 3.78)

112; R = ethyl  (49%, 2 steps, ClogP = 4.31)
113; R = benzyl (26%, 2 steps, ClogP = 5.81)

Scheme 6.4. Synthesis of the N-alkylated naphth-2-yl amides 111-113. The ClogP-values were
calculated with ChemBioDraw® Ultra 13.236

120 (see Scheme 6.5). By thin layer chromatographic (TLC) analysis, the reaction with 118
appeared to take place cleanly. However, the alcohols 119 and 120 decomposed to complex
mixtures upon evaporation to dryness under reduced pressure at ambient temperature. The
observed decomposition may owe to the formation of furanoid compounds, by an intramolec-

ular cyclization/dehydration mechanism, as observed in the cases of 5-hydroxypentan-2-one

(y-acetopropyl alcohol) and its a-chloro analogue.?*®:249
o
Br o: 7 (118) o}
G n-Buli
| Ao O Ao
7 THF THF
-78 °C, 25min -78 °C, 2h
Ar = naphth-2-yl: 114 116 119
Ar = naphth-1-yl: 115 117 120
PBr3, E120
0°C -, 19h
RN
N
~NeFs  (84)
(0] 00 (6]
N EtN, DMF, tt, 24h
ArMS X ArM Br |

| 2. m-CPBA, CH,Cly, rt, 24h

N e,
ClogP = 4.64
Ar = naphth-2-yl: 123 (29%, 2 steps) 121 (43%, from 114)
Ar = naphth-1-yl: 124 (35%, 2 steps) 122 (25%, from115)

Scheme 6.5. Synthesis of ketones 123 and 124. The ClogP-values were calculated with
ChemBioDraw® Ultra 13.236

Thus, the combined diethylether (Et20) extracts of each alcohol were concentrated and sub-
sequently treated with phosphorous tribromide (PBrs). This protocol allowed the isolation

of 4-bromoketones 121 and 122 in moderate to low yields, comparable to those obtained in
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alternative preparations.?®:¥l Alkylation of 5-trifluoromethyl-2-mercaptopyridine (84) with
bromide 121 or 122, followed by direct oxidation of the resulting crude sulfides with 3-
chloroperbenzoic acid (m-CPBA) in dichloromethane (CHyCly), afforded the sulfones 123
and 124 (see Scheme 6.5).

Finally, we prepared two series of compounds that included semi-saturated 5,6,7,8-tetra-
hydronaphthyl-, quinolinyl- and isoquinolinyl amides. The bulk of these amides were pre-
pared by treating their corresponding carboxylic acids in CHyCly, with the peptide coupling
reagent O-(benzotriazol-1-yl1)-N,N, N’ N’-tetramethyluronium hexafluorophosphate (HBTU),
in the presence of 2 equivalents of N,N’-diisopropylethylamine, and subsequently adding in
the ammonium intermediate 93 (Route A, Scheme 6.6). The naphth-2-yl series included
the 5,6,7,8-tetrahydronaphth-2-yl amide 125, as well as quinolinyl- and isoquinolinyl amides
126-132. Of these, the quinolin-2-yl amide 126 was prepared by acylation of ammonium
intermediate 93 with quinaldoyl chloride in CH5Cls, in the presence of tribasic potassium
phosphate (K3PO,) (Route B, Scheme 6.6). In the naphth-1-yl series, the parent napht-1-yl
amide 133 was also prepared from its corresponding acyl chloride using this protocol. The
remainder of the series, prepared under the above described peptide coupling conditions, con-
sisted of the 5,6,7,8-tetrahydronaphth-1-yl amide 134, as well as quinolinyl- and isoquinolinyl
amides 135141 (see Scheme 6.6).

6.6 Introduction to TR-FRET

In short, FRET-based assays make use of the ability of an excited fluorophore (the donor)
to non-radiatively relax by transferring energy to a nearby fluorophore (the acceptor), which
subsequently may relax by emission. The resonance energy transfer (RET) between the fluo-
rophores is held to be a long-range dipolar interaction and it is affected by the quantum yield
of the donor, the overlap of the emission spectrum of the donor and the absorbtion spectrum
of the acceptor, the relative orientations of the transient donor/acceptor dipoles and the dis-
tance between them. Given a suitable selection of the donor/acceptor pair, the phenomenon
is indeed highly sensitive to the distance between the fluorophores, with the magnitude of the
RET being proportional to 7%, in which r is distance between the fluorophores. Thus, the
measured FRET between a single donor and a single acceptor may be used to determine the
distances between macromolecules or between domains within a macromolecule.?®!

In a parallel application, using a donor-labelled protein and a fluorescent ligand of the
protein as the acceptor, a high FRET is observed when the fluorescent ligand (herafter referred
to as the tracer ligand) is bound to the LBP of the protein. While the magnitude of the
observed FRET is a function of several factors, the details of which are beyond the scope of
this text, an important contributor to the observed FRET is the greater average proximity
of the bound tracer ligand to the donor, compared to the tracer ligands freely diffusing in

the solution outside the LBP. In these multiple acceptor assays, the use of a time-resolved

ViilFrom a report by Tada, Hiratsuka, and Goto (1990):*°® In THF, 2- or 1-lithium naphthalenide, obtained by
lithium-halogen exchange, was added copper(I) iodide. The resulting Gilman-type reagent was then treated with
4-bromobutanoyl chloride.
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HBTU
i-ProNEt KsPOy
o] 93 o 0.0 93 0
o CH.Cl AVAH/\/S P CHCl, e
rt, 48h N~ 0°C-rt, 2h
CF3
A 125 - 141 B

# Ar = naphth-X-yl series, X = Procedure Yield (%)* ClogP
125 5,6,7,8-tetrahydronapht-2-yl 2 A 80 4.17
126 quinolin-2-yl 2 B 62 3.58
127 quinoline-7-yl 2 A 42 3.04
128 isoquinolin-7-yl 2 A 41 2.83
129 isoquinolin-6-yl 2 A 29 2.83
130 quinolin-6-yl 2 A 21 3.04
131 quinolin-3-yl 2 A 67 3.23
132 isoquinolin-3-yl 2 A 35 3.37
133 naphth-1-yl 1 B 37 3.77
134 5,6,7,8-tetrahydronaphth-1-yl 1 A 80 4.17
135 quinolin-8-yl 1 A s 3.04
136 isoquinolin-8-yl 1 A 31 2.83
137 isoquinolin-5-yl1 1 A 42 2.83
138 quinolin-5-yl1 1 A 69 3.04
139 quinolin-4-yl 1 A 73 3.23
140 isoquinolin-4-yl 1 A 55 3.02
141 isoquinolin-1-yl 1 A 59 3.37

“Isolated material.

Scheme 6.6. Synthesis of 5,6,7,8-tetrahydronaphthyl-, quinolinyl- and isoquinolinyl amides 125 —
141. The ClogP-values were calculated with ChemBioDraw® Ultra 13.236

format (TR-FRET) is necessary to distinguish the FRET-induced emission of the bound
tracer ligand from the background emission. Thus, in this system, the effect of introducing
a ligand that competes with the tracer ligand for binding to the LBP, is a reduction in the
FRET-induced emission of the tracer ligand. Furthermore, since not all the energy used to
excite the donor is transferred by FRET to the tracer ligand, some is emitted by the donor
itself. In TR-FRET-based ligand displacement assays, the quantification of the tracer ligand
displacement can favourably be determined as the ratio of the tracer ligand emission to the
donor emission. This serves to correct for differences in the volume of each assay well (and
thus the absolute number of donors and acceptors, given a homogenous solution), as well as

for fluoroscence quenching effects caused by the competitor ligands.252253

A statistical parameter commonly used to assess the quality of TR-FRET screening data,
the Z’-factor,?>* was calculated for all the assays presented, and its values and a discussion of
the quality of the obtained TR-FRET data can be found in the Supplementary Material of
Paper II (see Appendix B).

6.7 Results from the TR-FRET-based Ligand Displacement Assays

As introduced in the previous section, the TR-FRET-based assays employed here quantify
the ability of a competitor ligand to displace a tracer ligand from the LBPs of the PPARs. In

the case of the 5-trifluoromethyl-2-sulfonylpyridine antagonists, their covalent mode of action
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leads to non-equilibrium binding kinetics. Generally, barring situations in which ligand bind-
ing and tracer ligand displacement do not correlate with a covalent mode of action, a ligand
possessing even a low affinity for the PPAR LBPs will thus, given enough time, completely
displace the tracer ligand by covalent modification of the available protein. The mode of ac-
tion of the 5-trifluoromethyl-2-sulfonylpyridine antagonists thus made the observation of our
assays through time of interest, in order to collect data that were suggestive of the kinetics of
the event of covalent modification of the central cysteines in the PPAR LBPs. Consequently,
the ligand displacement assays presented here, were measured at four time points (30 minutes,
1 hour, 2 hours and 24 hours).

6.7.1 TR-FRET Assays with PPARS/0

For the TR-FRET assays with PPARS/4, we selected the following reference compounds: the
agonist GW501516 (20), the antagonists GSK3787 (78) and CC618 (95), and the recently
introduced inverse agonist DG172 (143). In an initial screening, we evaluated the alkyl- and
arylamides 101 —-109 (see Figure 6.4). The alkylamides displayed markedly lower affinities
for the PPARS/§ LBP compared to the arylamides, the best of which were the 4-substituted
benzamides 106 and 107 and more interestingly the naphth-2-yl amide 109. It is notable
that although all of the reference compounds displayed a more rapid displacement of the
tracer ligand from the PPAR/d LBP, the naphth-2-yl amide 109 displayed a similar (and

likely complete) displacement of the tracer ligand after 2 hours.

Based on the result with naphth-2-yl amide 109, we synthesized a variety of analogues
(vide supra). The effect of N-substitution on the affinity of analogues of GSK3787 (78)
for PPAR//0 has not been reported. Thus, we submitted the N-methyl-, N-ethyl- and N-
benzyl naphth-2-yl amides 111, 112 and 113 to the TR-FRET assay. Unfortunately, none
of these compounds were more potent than their parent, the N-H naphth-2-yl amide 109. In
continuation, neither the naphth-2-yl ketone 123, nor the naphth-1-yl ketone 124 presented
improved affinities over that of 109 (see Figure 6.4). The decrease in the affinity of compounds
111-113, 123 and 124 for PPARS/H, upon N-alkylation or exchange of the N—H group for
CHas, respectively, may owe to changes in the conformational spaces of the ligands, but may
also indicate that the amide N—H group is of importance in the binding mode of naphth-2-yl
amide 109.

Consequently, the focus was turned towards making changes to the naphthalene ring
system. We evaluated two series of analogues, 125132 and 134 - 141, of the naphth-2-yl
amide 109 or its naphth-1-yl regioisomer 133, respectively (see Figure 6.5). In general, the
TR-FRET assays with the 5,6,7,8-tetrahydronaphthyl-, quinolinyl- and isoquinolinyl amides,
demonstrated that the series derived from naphth-1-yl amide 133 contained fewer ligands with
significant affinity for PPAR/3/d than the series derived from naphth-2-yl amide 109. In the
naphth-1-yl series, only the parent naphth-1-yl amide 133 caused a significant displacement
of the tracer ligand after 1 hour. Among the analogues of naphth-2-yl amide 109, the 5,6,7,8-
tetrahydronaphth-2-yl amide 125, the quinolin-2-yl amide 126, the quinolin-6-yl amide 130
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Figure 6.4. Displacement of 20nM of the fluorescent tracer ligand Fluormone Pan PPAR Green
from the LBP of PPARS/é by 1 pM of GW501516 (20), GSK3787 (78), CC618 (95), DG172 (143)
or each of the alkyl- and arylamides 101 —109, the N-substituted naphth-2-yl amides 111-113 or
the ketones 123 and 124. The results are expressed as the ratio of the acceptor emission at 520 nm
to the donor emission at 495 nm, normalized by dividing this ratio on the corresponding ratio of
the control wells (2% v/v DMSO, rw = 20) at each given time point. The values represent means
+SD obtained with the positive control GW501516 (20) (rw = 16), GSK3787 (78), CC618 (95) and
DG172 (143) (rw = 8), and with the test compounds 101-109, 111113, 123 and 124 (rw =
4), in which rw equals the number of replicate wells from a single independent experiment (n = 1).
Values that were significantly lower than negative control wells, by t-test, are marked (*P < 0.05),
(**P < 0.01), (***P < 0.001), (****P < 0.0001).
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and the quinolin-3-yl amide 131 all caused significant tracer ligand displacements after 1 hour
of incubation. After 24 hours, the displacements caused by 125 and 131 were near complete

(see Figure 6.5), by comparison with those caused by the reference ligands (see Figure 6.4).

6.7.2 Determination of ICsg-values

We thus proceeded to determine ICsp-values for the new compounds 109, 125 and 131, as
well as for the reference antagonistic ligands GSK3787 (78), CC618 (95) and DG172 (143).
This analysis demonstrated potencies for tracer ligand displacement in the micromolar range
for 109, 125 and 131 (see Table 6.1). It is notable that the ICjzp-values obtained with the
5-trifluoromethyl-2-sulfonylpyridine antagonists decrease with time. This is an expression of
the decreasing relative concentration of free receptor, caused by the covalent modification
of PPARS/6 by the antagonists (see Figure 6.6). A similar time-dependent increase in the
apparent potency of the ligands was observed by Schopfer et al. for the ECsy-values obtained
upon treatment of PPAR~y with a,8-unsaturated nitro-fatty acid agonists, that bind cova-
lently to Cys285.57 The similarly decreasing ICso-values observed with compounds 109, 125
and 131 support the assumption that they share the covalent mode of action of GSK3787
(78) and CC618 (95).

Table 6.1. IC5p-values (nM) determined by nonlinear regression analyses of the observed displace-
ment of the tracer ligand from PPAR/S/§ LBP at time points from 20 minutes to 24 hours.

IC50 (HM)

Compound 20 min 40 min 1 hour 2 hours 3 hours 24 hours
109 1931 930 751 448 320 -¢
125 4221 1961 1528 907 598 271°
131 -¢ 17611 6815 2322 1431 241
GSK3787 (78) 1329 825 648 284 233 1.21°
CC618 (95) 949° 581 423 301° 2840 ¢
DG172 (143) 29.0 30.4 32.7¢ 37.0 40.1 48.0

“ Previously determined after 1 hour by Lieber et al. as 26.9 nM.?*®
b Curve fit was ambiguous.
¢ Curve fit did not converge.

6.7.3 TR-FRET Assays with PPARa and PPARy

Having demonstrated that the naphth-2-yl amide 109, the 5,6,7,8-tetrahydronaphth-2-yl
amide 125 and the quinolin-3-yl amide 131 displayed reasonable affinities for PPARS/S,
we submitted these ligands, as well as GSK3787 (78) and CC618 (95) to TR-FRET assays
with PPAR«a and PPAR~y. None of the ligands displayed significant ability to displace the
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Figure 6.5. Displacement of 20nM of the fluorescent tracer ligand Fluormone Pan PPAR Green
from the LBP of PPARS/4 by 1 nM of the 5,6,7,8-tetrahydronaphthyl amides 125 or 134, the naphth-
1-yl amide 133 or the quinolinyl- and isoquinolinyl amides 126 —141. Detailed information regarding
the assay and the figure are found in the legend of Figure 6.4.
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Figure 6.6. Effects on the displacement of the tracer ligand from the PPARS/§ LBP, by covalently
modifying antagonists. Left: The time-dependent displacements of the tracer ligand caused by
GSK3787 (78), CC618 (95) and quinolin-3-yl amide 131. Right: 1Csp-measurements of the same
ligands at different time points, showing their apparent increasing potency.
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tracer ligand from the LBP of PPAR« (see Figure 6.7a). On the other hand, our TR-FRET
assay results with GSK3787 (78) corroborates its previously reported effects on PPARry, and
indicates that our hybrid antagonist CC618 (95) represents a marginal improvement in se-
lectivity (see Figure 6.7b). Among the new ligands, the naphth-2-yl amide 109 and the
5,6,7,8-tetrahydronaphth-2-yl amide 125 both displayed comparable or greater affinities for
PPAR# than GSK3787 (78). On the other hand, quinolin-3-yl amide 131 did not significantly
displace the tracer ligand from the LBP of PPAR~.

In the TR-FRET assays with PPAR« and PPAR~, we did not observe clear indications of a
time-dependent consumption of the free proteins (see the Supplementary Material of Paper 1T
in Appendix B), as was demonstrated with PPARS/§ (see Figure 6.4 and Figure 6.5). Thus,
the observed effects on PPARa and PPAR~y after 1 hour were largely unchanged after 24
hours. However, a time-dependent consumption of the free proteins, by covalent modification,
may be obscured by the relatively low affinity of the new antagonists for PPAR« and PPAR~.
In the case of PPAR~, its instability in the TR-FRET assay after more than six hours of

observation, as noted in the assay manual,?%

may also have influenced the results.

Nonetheless, although it is uncertain whether the 5-trifluoromethyl-2-sulfonylpyridine class
of PPAR/6 antagonists display a covalent mode of action in PPAR~, this hypothesis is sup-
ported by the relatively high sequence similarity of the PPAR LBDs (see Section 2.1) and
the demonstrated reactivity of the homologous cysteine in PPAR~y (Cys285) towards similar
ligands (e.g. the PPAR~y-selective antagonist GW9662 (47, see Section 5.5). Assuming a co-
valent mode of action, the reported partial agonism observed upon treatment of PPAR~y with
GSK3787 (78),%*° may be interpreted on the background of the partial agonism induced by
the reported covalent PPAR~y ligand L-764406 (76).2** Both GW9662 (47) and 76 attach rel-
atively small molecular fragments centrally in the PPAR~y LBP. The different functional out-
comes observed upon treatment PPAR~ with these ligands (antagonism vs. partial agonism)
indicate that the structure of the S-aryl cysteinyl sulfides resulting from covalent modification
with either ligand, influences the transcriptional activity of their complexes with PPAR~y. This
influence appears to be subtype specific, as treatment of PPAR«a with the PPAR~ antagonist
GWO9662 (47) resulted in partial agonism, as observed in a GAL4-PPAR« reporter gene assay.
This effect was not observed with either PPARS/d or PPAR~y.??!

6.8 Conclusions

Our efforts to synthesize and characterize new members of the 5-trifluoromethyl-2-sulfonyl-
pyridine class of PPARS/§ antagonists resulted in the demonstration that subtle changes
in the structure of the ligands can greatly affect their affinity for the three PPARs. The
quinolin-3-yl amide 131 represents a new and more PPARS/§-selective member of this class
of antagonists. While 131 displays a higher 1C5p-value for tracer ligand displacement from
PPARS/0 after 1 hour (IC50 = 6.8 uM/plCsq = 5.2) than its previously reported analogues
GSK3787 (78, IC5y = 0.65 uM/plCsyp = 6.2) and CC618 (95, IC50 = 0.421M/plCsg = 6.4),

the irreversible mode of action of this class of ligands requires selectivity to be preferred over
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Figure 6.7. Evaluation of the affinity of 1M or 10 pM of the compounds GSK3787 (78), CC618
(95), 109, 125 or 131 for PPAR« (a) or PPARy (b) after 1 hour. The highest concentration data
points for CC618 (95) could not be determined due to solubility issues. The results are expressed
as the ratio of the acceptor emission at 520nm to the donor emission at 495 nm, normalized by
dividing this ratio on the corresponding ratio of the negative control wells (2% v/v DMSO, rw =
16 in PPARa, rw = 12 in PPAR#y). The mean £SD of the negative control wells are indicated
in grey, as solid and dotted lines. The values represent means +=SD obtained with the positive
controls GW7647 (50, rw = 8) in PPAR« and GW1929 (142, rw = 8) in PPAR~, and with the test
compounds GSK3787 (78), CC618 (95), 109, 125 and 131 (rw = 4), in which rw equals the number
of replicate wells from a single independent experiment (n = 1). Values that were significantly lower
than negative control wells, by ¢-test, are marked (*P < 0.05), (**P < 0.01), (***P < 0.001), (****P
< 0.0001).
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6.8. Conclusions

rapid binding kinetics. In this context, 131 may prove itself as a valuable pharmacological
tool, or a starting point for further development of PPARS/d-selective 5-trifluoromethyl-2-
sulfonylpyridine antagonists. On the other hand, the 5,6,7,8-tetrahydronaphth-2-yl amide 125
may represent a possible starting point for the development of dual PPARJ /v 5-trifluoromethyl-

2-sulfonylpyridine antagonists.
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7 Paper III: Investigations on the Mode of Action of
PPARS /6 Antagonistic Ligands

In the realm of PPARS/é antagonistic ligands, assays based on TR-FRET have become pop-
ular in the determination of the affinity of a ligand for the receptor relative to a fluorescent
tracer ligand, but also in the characterization of the affinity of the resulting PPAR5/d:ligand
complex for oligopeptides derived from the nuclear receptor-binding motifs of coregulator pro-
teins. The latter format of these assays has the ability to shed light on the molecular events
occurring after ligand binding, but prior to a modulation of transcription. Particularly, TR-
FRET data from studies of PPAR//4 antagonistic ligands have made possible a distinction
between inverse agonists and silent antagonists. These observations form a background for
further studies into the mode of action of PPARJ/§ antagonistic ligands, seeking to elucidate
the structural components involved in these differences. To date, no x-ray crystallographic
determination of the structure of PPARS/4 in complex with its reported antagonists has been
published. Thus, other methodologies must be employed to further our understanding of the
interactions between the PPARS/J LBP and the antagonistic ligands.

7.1 Structural Evaluation of PPARS/§ Antagonistic Ligands

Encouraged by the wide range of electrophiles observed to react with Cys285 in PPAR~, in
combination with the report by Shearer et al. on the covalent modification of PPARS/éd by
GSK3787 (78) (see Section 5.5.3),22% it was desirable to investigate the mode of action of a
selection of the reported PPARS/§ antagonists, with a focus on the possible involvement of
covalent interactions with Cys249 in PPARS/§. This selection was based on an evaluation of
possible sites of electrophilic reactivity in the ligands, guided by their respective accounts and
the chemical literature. Thus, in the following, the PPAR/4 antagonists reported to date are
briefly reviewed and their structures are evaluated focusing on potential sites of electrophilic

reactivity.

7.1.1 Sulindac sulfide, Indomethacin and FH535

Apparently, the first report of PPARS/0 antagonism appeared in 1999, six years after the
discovery of the PPARS/d receptor in Xenopus and in humans.?"?°® He et al. reported that
sulindac sulfide (144) and indomethacin (145) (see Figure 7.1) antagonized the effect of car-
baprostacyclin (¢cPGI), a stabilized synthetic analogue of the short-lived, endogenous PPAR
agonist prostacyclin (PGIy),?® on PPARS/§.? Later work by Jarvis, Gray, and Palmer
supported the PPAR//0 antagonism of the former, by showing that 144 could suppress the
GW501516-induced transcription of a liver-type fatty acid-binding protein (L-FABP) reporter
construct.?! Both antagonistic ligands also display significant affinity for PPAR~y.25%261 The
structures of these NSAIDs, however, do not suggest that they contain electrophilic sites,

capable of reacting with a thiolate.
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7.1. Structural Evaluation of PPARB /S Antagonistic Ligands

Handeli and Simon reported that the (N-phenyl)phenylsulfonamide FH535 (146) (see Fig-
ure 7.1) antagonized agonist-induced responses in PPARS/d- and PPAR~y-driven GAL4 re-
porter gene assays.?®? The structure of 146 bears similarity to that of GW9662 (47) (see
Figure 5.16), a covalent antagonist of PPAR-~, which also covalently modifies PPAR«a and
PPARS/4.22! FH535 (146) contains an electron-poor 2,5-dichlorobenzenesulfonamide moiety.
In a chemical context, 2-halosulfonamides have been used to prepare 2-alkylthiobenzenesulfon-

amides through nucleophilic aromatic substitution of the halide by alkylthiolates.?3-265
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Figure 7.1. Overview of the PPARS/J antagonists reported to date.
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Interestingly however, the antagonistic effect of FH535 (146) on transcription, induced by the
agonist ¢PGI, was not diminished in a PPAR3/§ Cys249Ala mutant.?%? This result indicates
that covalent bond formation to Cys249 is not involved in the mode of action of FH535 (146).

7.1.2 GSKO0660 and its Recent Analogues

A report of a highly PPAR/d-selective antagonist was first published in 2008 by Shearer et
al., in which a high-throughput screening hit named GSK0660 (147) (see Figure 7.1) displayed
high affinity and selectivity for PPARS/§ in ligand displacement assays, but did not induce
transcription in a GAL4-PPARB/d reporter assay.?® More recent reports by Naruhn et al.
and Toth et al., describe SAR studies, in which GSK0660 was used as a lead compound. These
studies resulted in the discovery that a replacement of GSK0660’s N-phenyl tail for N-alkyl-
or N-alkylaryl chains, produced a series of compounds with significantly greater affinities for
PPARS3/d (see Figure 7.1).257268 Of these, ST247 (148), was shown to be an inverse agonist,
with respect to a repression of PPARS/J target gene expression to subbasal levels® and
an enhanced corepressor recruitment to PPARS3/5.2°7 Interestingly, the tert-butyl analogue
PT-S58 (149), although a potent competitor in a ligand displacement assay, inhibited both
agonist-induced coactivator recruitment and inverse agonist-induced corepressor recruitment.
This ligand thus profiled as a silent antagonist of PPARS/§.%7 An improved analogue of
ST247 in terms of plasma stability, PT-S264, has been announced, but its structure has yet
to be published.?32:269

In a chemical context, it has been shown that 3-halothiophene-2-carboxylates may un-

dergo nucleophilic aromatic substitutions with thiolates,?™

although these reactions proceed
in higher yields with added copper metal or with the corresponding benzothiophenes as sub-
strates (see Figure 7.2).272™ Furthermore, the reactivity of electron-poor arylsulfonamides,
such as nitrobenzenesulfonamides, towards thiolates, has been studied and exploited in the

synthetic preparation of the corresponding amines - a reaction that also produces 2- or 4-
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Figure 7.2. Nucleophilic aromatic substitution reactions of electron-poor 3-halo(benzo)thiophenes
and nitrophenylsulfonamides. The carbon atom in GSK0660 (147) hypothesized to be reactive
towards thiolates is marked with a red bullet.
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7.1. Structural Evaluation of PPARB /S Antagonistic Ligands

nitrophenylsulfides, through a nucleophilic aromatic substitution mechanism (see Figure 7.2).273277

With both the mentioned reactivity patterns in mind, it seemed prudent to consider
the possibility that the methyl 3-sulfamoylthiophene-2-carboxylate head group of GSK0660
(147) may be reactive towards a nucleophilic cysteine residue. Although analogues of 147
with higher affinity for PPARS/§ exist, the structures of these analogues differ from 147,
only in the terminal aniline N-substituent (see Figure 7.1). These structural differences are
not likely to cause significant changes in the chemical reactivity of their common methyl 3-
sulfamoylthiophene-2-carboxylate head-groups. A ligand with higher affinity for the PPARS/¢
LBP may, however, achieve poses that are more suited for a reaction with Cys249 to occur.
Nevertheless, 147 was deemed representative of its class of PPARS/d antagonists, and was

thus included in the study presented in Paper III.

7.1.3 A Virtual Screening Hit and Carboxylic Acids

Also in 2008, following a virtual screening campaign, Markt et al. synthesized and evaluated
a series of putative PPAR modulators in ligand displacement and GAL4-PPAR reporter
assays, among them Compound 9 (153) (see Figure 7.1). This compound was shown to be
an antagonist of PPARS/J, as well as a partial agonist of PPAR~.2™ The following year,
Zaveri et al. reported that the carboxylic acid SR13904 (154) (see Figure 7.1) antagonized
agonist-induced PPARS/6- and PPAR~-driven transcription and that the ligand displayed
an anti-proliferative effect on cell lines from various carcinomas.?™ However, the structures of
neither Compound 9 (153) nor SR13904 (154) suggest that they should be reactive towards
thiolates.

The design of PPAR antagonists based on a destabilizing interaction with helix 12 was
introduced in Section 5.4.1. Using this strategy, Kasuga et al. designed the carboxylic acids
named 3a, 3g, 3h and 3i (63 - 66) (see Figure 7.1), analogues of the potent PPAR//d agonist
TIPP-204.2%° These biphenylcarboxylic acids displayed high affinities for PPARS/4§, but weak
transcriptional induction in a GAL4-PPARS/0 reporter assay. They were also shown to
be functional antagonists of PPARS3/d target gene expression.?! Chemically, the 2-fluoro-4-
(trifluoromethyl)benzamide moiety, common to the tails of these ligands, could plausibly be
reactive towards thiolates. This is based on the findings that 2-fluoro-4-(trifluoromethyl)benz-

282,283 311 undergo nucleophilic aromatic substitu-

aldehydes?®! and 2-fluoro-4-halobenzamides
tion with thiolates, to furnish the corresponding 2-sulfides. However, a published x-ray crystal
structure determination of PPAR//0 in complex with the agonist TIPP-204, which carries
the same 2-fluoro-4-(trifluoromethyl)benzamide moiety, did not indicate a covalent interac-
tion with Cys249, although in its observed binding pose, the putatively electrophilic carbon
of TIPP-204 is located within 4 A of the Cys249 sulfur atom.?** Thus, although the binding
poses of the carboxylic acids 3a, 3g, 3h and 3i (63 - 66) in the PPAR//d LBP, and con-
sequently the reactivities of their 2-fluoro-4-(trifluoromethyl)benzamide moieties, may differ

from those of TIPP-204, these antagonists were not included in our study.
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7.2.  Chemical and Biological Assays

7.1.4 GSK3787, CC618 and DG172

As introduced in Section 5.5.3, Shearer et al. reported the discovery and characterization
of GSK3787 (78) (see Figure 7.1) — an antagonistic ligand that was found to covalently
modify PPARS/4.22® Our group recently disclosed CC618 (95) (see Figure 7.1), a PPARS/4-
selective antagonist with similar in vitro effects to those of GSK3787 (see Section 6.3).2%
On the basis of their reported reactivities towards Cys249 in PPARS/d, these ligands were
included in the study. The reactivity of 78 and 95 can be rationalized in the context of
similar 2-sulfonylpyridines, which undergo nucleophilic aromatic substitutions with thiolates

(see Figure 7.3).286,287
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Figure 7.3. Nucleophilic aromatic substitution reactions between 2-sulfonylpyridines and thiolates.
The carbon atoms shown to be reactive towards thiolates are marked with red bullets.

The cyanostilbene DG172 (143) (see Figure 7.1) is a potent antagonist and inverse agonist of

255 and the induction of subbasal levels

PPAR//d, in terms of its competition with agonists
of PPARS/§ target gene expression, respectively.?? In analogy to the inverse agonists derived
from GSKO0660 (147), TR-FRET analysis demonstrated that 143 is also able to enhance the
affinity of PPAR/¢ for a peptide derived from the corepressor SMRT.?5

The report on DG172 (143) also describes the evaluation a series of compounds with
stilbene skeletons that lacked the electron-withdrawing nitrile group on the central alkene
moiety. These stilbene analogues were significantly less potent binders of PPARS/6, indi-
cating that the acrylonitrile moiety in DG172 is an important contributor to its affinity for
PPARf/§.?55 Taken together with the well-established reactivity of activated acrylonitriles
towards 1,4-conjugate addition of thiolates (see Figure 7.4),28%293 the possible involvement of

covalent interactions in the binding mode of DG172 merited further study.

7.2 Chemical and Biological Assays

Based on the presented evaluation of electrophilic motifs present in the PPAR/ /0 antagonists
reported to date, the four ligands GSK0660 (147), GSK3787 (78), CC618 (95) and DG172
(143) were selected for the study presented in Paper I11. In order to shed light on the reactivity
of these ligands towards Cys249 in the PPARS/§ LBP, both chemical and biological assays

were employed (vide infra).
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Figure 7.4. Reversible 1,4-conjugate additions of thiolates to activated acrylonitriles. The carbon
atom in DG172 (143) hypothesized to be reactive towards thiolates is marked with a red bullet.

Initially, LC-MS/MS experiments were performed on trypsinized PPAR3/§ after treatment
with each of the ligands. This assay sought to detect the tryptic peptide containing Cys249
and more importantly, determine the mass of the residue at the position of Cys249 by frag-
mentation of the tryptic peptide. The latter of these pieces of data would demonstrate an
increase in mass upon covalent modification of Cys249. When integrated with the data from
the chemical assays (vide infra), this mass difference could corroborate a mechanistic hypoth-

esis for the reactivity of the ligand under study.

The PPAR//§ protein used in these assays, was a commercially available, human recom-
binant PPARS/d, at a final protein concentration of 5ugmL™" in each assay. The assays
employed overnight trypsination, although recent studies indicate that shorter trypsination
periods may increase coverage and detection.??* Using the protocol described in the Electronic
Supplementary Information (ESI) of Paper III (see Appendix B), LBD sequence coverages of
approximately 50 — 80% were observed. Cys249 is preceded by Arg248 and the tryptic peptide
observed with highest confidence in these assays was CQCTTVETVRELTEFAK (residues 249
— 265, see MS/MS spectrum of this peptide from apo-PPAR/3/§ in Figure 7.5). This peptide
misses one tryptic cleavage after Arg258. The fully tryptic peptide CQCTTVETVR (residues

249 — 258) was also observed, but with a lower intensity.

In continuation, the chemical reactivities of the ligands were evaluated by subjecting
them to a model thiol, 2-mercaptoethanol (2-ME), in phosphate-buffered aqueous methanol

at physiologically relevant pH (7.2 - 7.8),2%

and subsequently analyzing these mixtures with
electrospray ionization mass spectrometry (ESI-MS). This assay provided a low threshold of
detection of eventual products and allowed us to reverse the thiol/thiolate to ligand stoi-
chiometry compared to the assay with the PPARS/§ protein. While high thiol/thiolate to
ligand stoichiometries amount to forcing and rather unnatural conditions, they were used as
a tool to elicit detectable reaction products. This strategy based itself on a hypothesis that
the chemical microenvironment of the PPARS/d LBP may present interactions with a ligand
that serve to increase its reactivity - interactions that are not reproducible under chemical
conditions. Therefore, the use of forcing conditions may identify relevant reaction products,
although these may be formed by different reaction pathways (see tables of the obtained

m/z-values in the Electronic Supplementary Information of Paper III in Appendix B).

The collective MS data provided findings regarding the reactivity of the ligands, as well

as the masses of eventual reaction products. In order to expand our mechanistic understand-

74



7.2.  Chemical and Biological Assays

‘soure)sAd 130q U0

poje[ATjewAxoq e o107 ¢/ gy dd-ode woy VAT LTAYALIALLODD oprded Surureynos ¢pgsAp o3 jo umigoads SIN/SIN daryejussordoy *g*L oandig

0002

z/w
008l 0091 oovl 00zl 0001 008 009 ooy
L ! ! g_ ! ! _ 7 7 7 ! . 7 I 0
€€°9091T cCLetl -
8T'99/1 OeH-7 4 +01q Ize0l EHIN-4 £ .
OtH-+s14 Lok 8UI6F
+8q
96'199
For€9GT - scgrel . Y S
€LIN-.£1q areLvl O%H-+11q 10eoz w5k 8€°69¢
La1q * 6876 S by
€HN-+ 914 ‘Oz, 914 *
€9TSL 2/ 981 F oy
OFH~+#19 orr z1q
Ppe ——
. 0Sv0¢ctT 099/11 =
66061 . OtH-+ 114 £ @
OtH-191q 89'1C¥1 EHN-+0T 2
Lk &
€7'e6TT 8
L0k r oo W
889481
+S1q
£8786
+8q
skp =
m w/\ 0=9 - o8
HO™ ™0
29°Teel
Lk LK Zk €A 17 SK 9K LK 8K 6K OLK WA 2L Sk VLK SLK 9K
N N N N N N N N N N N N N N N N L ool
' ' ' ' ' [ ' [ [ [ ' ' ' ' [ '
000-W 4V -3 H1HT T SUEASLET LA LS L0 D 4 0
09'60L1
q \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
* QFQ mvﬂ vrﬂ mrﬂ NFQ :Q ovﬂ QQ wﬂ hﬂ wﬂ mﬂ vﬂ MQ NQ FQ

©Q 9'0="10L Y2IBIN ‘BQ 95.¥6'€L0Z=+HI 'BQ Z¥.LY"LE0L=Z/W OUON ‘Z+=Z ‘00°'5€@alO ‘SWLI
YGEY 1d G989% MVH'6EY ¥10ZHSLO\WL0Z3UN-gUNE\SINOT\-3 Lo} pajoesXy

75



7.8. Results and Ligand Classification

ing of the formation of these products, we employed "H-NMR to monitor eventual reactions
of the ligands with 2-ME in phosphate-buffered aqueous perdeuterated dimethyl sulfoxide
(DMSO-dg). Although precise kinetic studies were not feasible using the NMR protocol de-
scribed in the ESI of Paper III (see Appendix B), due to the time lost to tuning/matching
and shimming, they provided a qualitative insight into the progress of the reactions between
2-ME and the ligands.

7.3 Results and Ligand Classification
7.3.1 Irreversibly Binding Antagonists

In the protein LC-MS/MS assays we observed covalent modification of Cys249 in PPARS/d
only in the cases of GSK3787 (78) and CC618 (95). This result was reported in connec-
tion with Paper I (see Section 6.3). The reactivity of their common 5-trifluoromethyl-2-
sulfonylpyridine moiety towards thiolates, is coherent with the previously demonstrated reac-
tivity of similar eletron-poor 2-sulfonylpyridines (see Figure 7.3).286287 A mechanistic proposal
for the reaction of a cysteine thiolate with a 5-trifluoromethyl-2-sulfonylpyridine antagonist

can be seen in Figure 7.6.

\\ // — _ CF3
R/\/S O\\(//é N
/N) R/\/E/@—CF o | _N
N 3 R/\/S\O_ s

H H H

Figure 7.6. A mechanistic proposal for the reaction of a cysteine thiolate and a member of the
5-trifluoromethyl-2-sulfonylpyridine class of PPARS/§ antagonists.

The mechanistic hypothesis presented in Figure 7.6 was supported by data from the MS/MS of
the tryptic peptide containing Cys249 from PPARS/¢ treated with GSK3787 (78) or CC618
(95). This demonstrated an increased mass of Cys249 corresponding to the formation of
a S-(5-(trifluoromethyl)pyridin-2-yl)cysteine. However, little is known about the structural
consequences of this modification of PPARS/J, as no x-ray crystallographic determination of
PPAR/0 in complex with a member of the 5-trifluoromethyl-2-sulfonylpyridine class of an-
tagonists, has been reported.! Thus, we employed the covalent docking protocol CovDock,2%
implemented in the Schrodinger Suite,?” to shed light on this question (see Figure 7.7a).
Cys249 is located on helix 3 in a narrow region of the PPAR//J LBP between the 2-pocket and
the AF-2 pocket (see Figure 7.7b-c). A structural consequence of covalent modification of
Cys249 as a (5-trifluoromethyl)pyridin-2-yl thioether is the positioning of the aryl fragment
in the channel leading from the -pocket into the AF-2 pocket (see Figure 7.7).

{Cocrystallization of 5-trifluoromethyl-2-sulfonylpyridine antagonists with PPARS/§ has been arduously pursued by
our collaborator Dr. Jademilson Celestino dos Santos, a former member of the The Molecular Biotechnology Group
(headed by Prof. Igor Polikarpov), Institute of Physics in Sdo Carlos (IFSC), Sdo Paulo, Brasil. Although crystals of
PPARS/J treated with the antagonists were obtained, they did not refract well enough for a structure determination.
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7.8. Results and Ligand Classification

Figure 7.7. Top: (a) The three lowest energy poses from the covalent docking of a 2-fluoro-5-
trifluoromethylpyridine probe to PPAR3/§ with CovDock,?% (see further details in the Supplemen-
tary Data of Paper I in Appendix B). Bottom: The PPARS/ LBP seen from a 90° left rotation of
viewing angle 1 (b) and from viewing angle 2 (c) (see 2.2.1 for details on the viewing angles). Cys249
and the key AF-2 pocket residues His287, His413 and Tyr437 are shown as spheres. The pocket
surface, seen in pale green, was created with HOLLOW.'6 The PPARS/4 structure was taken from
PDB ID: 3GZ9.

As a functional consequence of treatment of PPAR/3/0 with the members of the 5-trifluoro-
methyl-2-sulfonylpyridine class is the inhibition of transcriptional induction by classical ago-
nists such as GW501516 (20), a blockade of the access of agonists to the AF-2 pocket may be
the structural basis of the observed antagonism. If seen in context with the demonstrations
from PPAR~ that covalent modification of the homologous Cys285, by covalent antagonists
such as GW9662 (47), will inhibit AF-2-mediated agonism, but not Q-pocket-mediated ligand
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7.8. Results and Ligand Classification

binding, it is tempting to speculate that treatment of PPARS/§ with a 5-trifluoromethyl-2-
sulfonylpyridine antagonist will lead to a similar outcome. To date, however, an investigation
into whether PPARS/¢ treated with a 5-trifluoromethyl-2-sulfonylpyridine antagonist is still
able to bind ligands that predominantly bind to the Q-pocket of apo-PPARS/§ (see Section
5.3.5) has not been conducted.

Another way of demonstrating the functional consequences of ligand binding is through
differential scanning fluorimetry (DSF). In this assay, the fluorescence of a dye with affinity
for the inner, hydrophobic regions of the protein, increases as the protein is denatured by
increasing external temperature. The key measurement is referred to as the protein melting
temperature, T},, and is defined as the inflection point on a sigmoidal curve, fitted to the
observed fluorescence. While T}, is related to the stabilization of the protein by the ligand,
its magnitude is more sensitive to entropically driven binding modes (such as those involving
hydrophobic interactions) than to those driven by enthalpy. Thus, the T, is not directly
comparable between different ligands. However, between ligands with similar structures and
thus similar physico-chemical properties, such a comparison is justified.??

As seen in Figure 7.8, treatment of the PPAR3/d LBD with the alkylamides 101 and
102, that appeared inactive in the TR-FRET assay, does not increase the T,, from that
observed upon treatment with vechicle (DMSO). Furthermore, the effect of treatment with
the arylamides 105 and 107, GSK3787 (78) or CC618 (95), lead to increases in the T}, that
correspond to their increasing affinity for PPARS/4, as observed in the TR-FRET assays (see
Figure 6.4). Interestingly, the inverse agonist GSK0660 (147) induces a markedly larger

Compound T, (°C)

DMSO 44.4
101 435
102 43.8
105 45.8
107 47.3

GSK3787 (78)  47.6
CC618 (95)  48.3
GSKO0660 (147)  52.0
GW501516 (20)  59.2

Normalized Fluorescence

T 1
30 40 50 60 70 80 90 100
Temperature (°C)

Figure 7.8. Determination of T,-values for PPAR3/0 treated with the listed compounds by dif-
ferential scanning fluorimetry (DSF).

These data are shown with the written permission of Dr. Jademilson Celestino dos Santos, who performed the assay.
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increase in the T,,, attesting to either a greater stabilization of PPARS/§ or a more entrop-
ically driven binding mode. Finally, the potent PPARS/§ agonist GW501516 (20) strongly
protects the PPARS/d LBD from thermal denaturation. Taken together, these data suggest
that the T,, observed by DSF correlates to the observed kinetics of binding, as seen in the
TR-FRET assays. They also suggest that the covalent modification of Cys249 in PPARS/J,
stabilizes the LBD towards thermal denaturation, relative to apo-PPAR//J.

7.3.2 Reversibly Binding Inverse Agonists

While treatment with neither GSK0660 (147) nor DG172 (143), appeared to covalently
modify Cys249 in PPARS/0, 143 was reactive towards 2-ME in both the ESI-MS assay and
the NMR assay. In the NMR assay, the extent of the 1,4-conjugate addition to 143 was
pH-dependent and we could demonstrate that the reaction proceeds with > 50% conversion
of 143 between pH 7.5 and pH 7.8 (see Figure 7.9) While the addition of DMSO to water is

299 it seems unlikely that this phenomenon has

known to increase the basicity of the mixture,
significantly skewed the results, given the capacity of the added phosphate buffer (1 M) and

the qualitatively similar result obtained in buffered aqueous methanol.

The diverging results obtained with DG172 (143) led us to investigate whether the acry-
lonitrile motif present in 143 is sufficiently activated by its substituents to display a rapidly
reversible 1,4-conjugate addition, as has been reported for other highly activated acryloni-
triles.?®® 293 Thus, to determine whether the addition of 2-ME to DG172 (143) is reversible, we
took cues from a previous study by Serafimova et al., in which the disappearance/reappearance
of the acrylonitrile UV-absorption was monitored during the addition reaction and after dil-
lution of this reaction mixture in phosphate buffer.??® Under these conditions, the addition
of 2-ME to 143 appeared to be slowly reversible (see ESI of Paper III in Appendix B). The
reaction did not, however, reverse as quickly as those with more highly activated acryloni-
triles.??® Nevertheless, in the context of PPARS/J, interactions between LBP residues and
DG172 (143) could influence both the rate of addition and elimination of Cys249. Thus, to
investigate the possible involvement of a reversible conjugate addition of Cys249 to 143, we
turned to a TR-FRET assay, configured to demonstrate the off-rate of a ligand binding to

300-302 T this assay, the rising FRET-induced emission from a fluorescent tracer

a receptor.
ligand is monitored as it replaces a ligand in the LBP of the receptor. This curve may then
be compared to those of relevant reference compounds for high- or low off-rates i.e. a bona
fide reversibly binding ligand and an irreversibly binding ligand. When the rate of displace-
ment of DG172 (143) from the PPAR//d LBP by the fluorescent tracer ligand “Pan-PPAR
Green” was compared to those of the reversible agonist GW501516 (20) and the covalent, ir-
reversible antagonist GSK3787 (78), there was no indication of a decreased off-rate for DG172
(143). Furthermore, 143 was similarly displaced when present in a higher concentration (see

Figure 7.10).
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Figure 7.9. 'H-NMR monitoring (split, partial spectrum) of DG172-HCI1 (143-HCI) alone (A),
treated with 2-ME (10 eq) in DMSO-dg/1.0 M potassium phosphate buffer, at increasing pH (7.2 —
8.1, B—-E) and DG172 (143) treated with 2-ME (10 eq) in DMSO-dg/0.050 M potassium phosphate
buffer (pH 7.2) (F), shown for comparison.

7.4 Conclusions

In summary, the studied antagonistic ligands differ in their interactions with Cys249 in
the PPARS/0 LBP. GSK3787 (78) and CC618 (95) are covalent, irreversible antagonists
of PPARS/§. Additionally, the demonstrations of their reactivity towards thiolates in the
ESI-MS- and NMR assays, substantiate the hypothesis that their reactions with Cys249
in PPARS/§ are nucleophilic aromatic substitution reactions. GSK0660 (147) and DG172
(143), on the other hand, appear to be reversibly binding inverse agonists of PPARS/J. Our
observations contribute to a mechanistic understanding of the background for the different
functional effects observed upon treatment of PPARS/é with these antagonistic ligands - from

antagonism to inverse agonism.
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Figure 7.10. Displacement of GW501516 (20), DG172 (143) and GSK3787 (78) from the LBP of
PPAR//0 by the fluorescent tracer ligand Fluormone Pan PPAR Green (100nM) as a function of
time. The normalized FRET ratio represents values from single wells, normalized based on control
wells (DMSO, rw = 2). The concentrations in parentheses refer to the final concentrations of the
ligands after dilution.

81



82



8 Paper IV: Principal Component Analyses of PPARYy

Structural Data

A considerable number of x-ray crystallographic studies of PPAR~y have been reported over
the past two decades. The structural data from these studies include PPAR~y in complex with
a functionally diverse set of ligands, as well as in their absence (apo-PPAR). In light of the
recently demonstrated ligand-dependent inhibition of the Cdk5-mediated phosphorylation of
Ser273 (see Section 5.3.2) and the observed allosterically induced agonism by PPAR~ ligands
that do not directly stabilize helix 12 (see Section 5.3.3), a collective review of these structural
data could potentially provide insight into the relative differences of the PPAR~y complexes
with these ligands and the complexes with classical agonists. A classification of this kind,
could serve as a reference for future computational chemistry investigations that aim to dis-
cover new ligands of a particular class by molecular docking in PPARy structures, or that aim
to describe the differential dynamics of PPAR~y in complex distinct ligands in MD simulations.
We thus sought to investigate the feasibility of observing ligand-dependent structural changes
in PPAR~y by principal component analysis (PCA) of the atomic positions (Cartesian coordi-
nates) (cPCA) and dihedral angles of the protein backbone (dPCA) of the PPAR~y structures

available in the public domain.

8.1 Principal Component Analysis of Biological Structural Data

The study of protein structures in the crystal phase observes a more static picture of protein
dynamics than in-solution studies. While crystal packing must be assumed to limit larger
conformational changes such as inter-domain motions, a crystallized protein is often heavily
hydrated3"® and retains varying degrees of conformational freedom.3%43% Indeed, loop regions
are often mobile in crystals, in some cases to the point where the positions of their constituent
atoms are not resolvable. It has been demonstrated that protein structures in the crystal phase

233235 On the other hand, transitions

may sample functionally relevant conformational spaces.
between conformational states of proteins may involve changes in the structure that are too
complex in their orientations and magnitudes to be perceived by visual inspection of a set
of superimposed structures. To a dataset with high-dimensional variance such as this, the
application of PCA can identify the directions of largest variance and recast the data in a
coordinate system whose axes are defined by these directions. This way, a description of
most of the variance in the dataset can be captured by the first few such axes, called the
principal components (PCs).3% PCA has a history of application in the analysis of protein
structure and examples of previously analyzed datasets include the trajectories of atomic
positions (as Cartesian coordinates) or backbone dihedral angles from molecular dynamics

(MD) simulations!'®7:3073% and the atomic positions obtained from x-ray crystallography.?3323

An expressed strength of dPCA versus ¢cPCA is rooted in the difficulty of comparing

protein positional data. A comparison of atomic positions aims to identify only differences
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that can be ascribed to internal motion and not to translations or rotations of the entire
protein. To minimize the influence of the latter two, a superimposition of the structures to be
analyzed is necessary. This is routinely performed by iteratively aligning the superimposition
until a convergence criterion, corresponding to a set maximum RMSD for all the atoms in a
structure or an ensemble, relative to each other or to a reference structure, is met. However,
it is not certain that the functional differences between protein structures are at their most
visible when an ensemble of structures is aligned to minimize the RMSD of all the atoms. To
the contrary, this may obscure important functional motion. Furthermore, in cases where the
magnitude of the differences between the structures are small, compared to the magnitude
of e.g. compression of the structure due to crystal packing, the two sources of positional
differences may skew a cPCA analysis. dPCA on the other hand is much less sensitive to such
confounding effects, as its source of data is defined by the internal coordinates of the protein.

Dihedral angles are, as such, an attractive source data for PCA analyses.3%

8.2 Structural Aspects of PTM Inhibition and Allosteric Stabilization of Helix
12

A common feature of the binding mode of ligands that inhibit the PPAR~y PTM involving
phosphorylation of Ser273, is their stabilization of the -sheet region in the (2-pocket of the
PPAR~ LBP (see Figure 5.9). This contrasts a principal feature of the binding mode of classi-
cal PPAR~ agonists, which involves the stabilization of helix 12 in the AF-2 pocket.'®* While
several of the partial or non-agonistic PPAR~ ligands bind exclusively to the {2-pocket, several
classical agonists of PPAR~, such as rosiglitazone (3), partially occupy the Q-pocket with their
tail moieties. Thus, it is possible that the inhibition of Ser273 phosphorylation can be related
to a stabilization of the [-sheet region through interactions with the tail moieties of larger
ligands, whose head groups bind to the AF-2 pocket. A stabilization of the [-sheet region
was indeed observed with HDX-MS of PPAR~ treated with rosiglitazone (3).%

On the other hand, in the case of pioglitazone (11), two overlapping molecules of 11
were observed in the crystal structure (PDB ID: 2XKW, chain A). The first of these poses
corresponds to the only pose observed with its structural analogue rosiglitazone (3) (see
Figure 5.2 and PDB ID: 2PRG, 1FM6, 3DZY or 4EMA). In the second pose, 11 is bound
parallel to helix 3 in the 2-pocket, where it interacts with the S-sheet region. This observation
suggests that for a given ligand, its stabilization of the S-sheet region, which may be conducive
to an inhibition of Ser273 phosphorylation, can be dependent on an equilibrium of multiple

binding poses.

As is the case in more than half of the reported crystal structures of PPARy, the structure
with pioglitazone (11) contains a PPAR~y homodimer, composed of type A and B chains (see
Section 2.2.3). Interestingly, 11 is also found in its second pose described above in the type
B chain. The observation of multiple binding poses in the type A and -B chains of the crystal
structures in which PPAR~ is found as a homodimer, is not unique to the case of pioglitazone

(11). In addition to this phenomenon, there are numerous examples of ligands that are
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observed to bind simultaneously in higher stoichiometries. Examples displaying both these
phenomena include the structures of PPAR~y in complex with the synthetic partial agonist
T2384 (37, PDB ID:3K8S), the NSAID indomethacin (145, PDB ID: 4XUM, 3ADS), the
serotonin metabolite 5-methoxyindole acetate (PDB ID: 3ADU) and the fatty acids nonanoic
acid (21, PDB ID: 4EM9, 35Z1), 9-(5)-HODE (PDB ID: 2VSR) and 5-(R)-HEPA (PDB
ID: 2VV2). These findings suggest that the stabilization of the PPAR~ LBP by ligands
depends on the concentration of a ligand and, in a physiological context, those of other
ligands. The effects of simultaneous binding of multiple ligands to the PPAR~y LBP are
not well understood. LBP saturation by multiple ligands, particularly the combination of
Cys285-modifying covalent ligands with ligands binding to the (2-pocket, has been linked
to a strong activation of PPAR~y.1%5" LBP saturation may also play a role in the degree of
activation observed with multiply binding fatty acids.?#®* On the other hand, in the case
of T2384 (37), treatment of PPAR~ with low concentrations of 37 led to partial activation,
while treatment with high concentrations led to antagonism and an increased recruitment
of the transcriptional corepressor NCoR.!™ It is unknown whether the observed allosteric
stabilization of helix 12 by 2-pocket-binding partial agonists, in some cases, is connected to
the binding of additional equivalents of these ligands in poses that are not observed by x-ray
crystallography. It is, however, tempting to speculate that a connection exists between the
activation observed by treatment with Cys285-modifying ligands in combination with ligands
binding to the (2-pocket, and the partial agonism displayed by Q-pocket-binding ligands that
display extensive interactions with helix 3 (see also Section 5.3.3). In summary, given the
existence of equilibria between multiple poses and the possibility for different degrees of LBP
saturation, the data from x-ray crystallography of PPAR~ in complex with ligands may not

be straightforwardly connected to the observed biological effects of these ligands.

8.3 Data Selection and Analysis Software

The PPAR~y structures available in the public domain are heterogenous in terms of the protein
chains that make up the crystals. Based on our initial analyses of the whole dataset (see Paper
IV in Appendix B), a subset of the structures were selected for closer comparison. The selected
dataset contained 78 structures of PPAR~ homodimers, nearly all of which crystallized in the
C 1 2 1 space group. Their data were collected from the respective crystals at 100 & 10 K
and spanned resolutions 1.8-2.9 A (average 2.3 A). The PCA analyses restricted themselves
to the type A chains. The atomic positions (in Cartesian coordinates) of the backbone heavy
atoms (N, C,, C, O) or their dihedral angles (¢, ¥, w) were used as input for the cPCA
and dPCA, respectively. As the P-loop, the Q-loop and the three C-terminal residues (see
Section 2.2.1) are highly mobile and infrequently resolved in the PPAR~ crystal structures,
these regions were excluded. This ensured a high occupancy (98.7%) of the residue selection
(210 — 238, 245 — 260 and 276 — 474, PPAR~y1 numbering) throughout the final dataset.

We obtained the PPAR~y structural data from the PDB__REDO databank 393! which

contains optimized and consistently refined data from entries in the RCSB Protein Data
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Bank.> The PDB-files were parsed with the functions implemented in the Python software

312 which was also used for the cPCA analyses and to produce

package ProDy (ver. 1.6.1),
plots of these. Additionally, ProDy was used to produce a PDB-file of the reference structure
(apo-PPAR~, PDB ID: 2ZK0) and an ordered pseudo-trajectory of the structures of the
ensemble in DCD-format. The Visual Molecular Dynamics (VMD) software (ver. 1.9.1)3!3
was used to parametrize the protein topology (CHARMMS36 version, July 2012)3 of the
PDB-file and output the reference structure in PSF-format. The PSF- and DCD-files were
then used as input for the software Carma (ver. 1.4),'® which performed the dPCA analyses.
The numerical results were read back into Python and plotted using the plotting functions
in ProDy or the standard Python equivalents (matplotlib). An in-house program, written in
Python, was used to coordinate the efforts of the above mentioned softwares (Python, ver.

2.7.6).316

8.4 Results from the PCA Analyses

Upon completion of the calculations, the structures were plotted along their principal compo-
nents (PCs) in order to observe whether the transformation of the dataset along the axes of
its largest variances could yield a separation of the structures. Subsequently, the data points
corresponding to each structure in these plots were colored according to external parameters,
such as the ability of a ligand to inhibit phosphorylation of Ser273, or internal structural pa-
rameters, such as the presence of contacts (cutoff distance 3.0 A) of their ligands with specific
regions of the LBP, the B-factors of these regions or the distances between heavy atoms in

the structure envisioned to capture ligand-induced structural differences.

In general, the cPCA analyses yielded a poor separation of the structures, when plotting
them along the first two principal components (PC1 and PC2). However, within this distribu-
tion, a moderate correlation with the presence of ligand contacts with Tyr473 in helix 12 (see
Paper IV in Appendix B), as well as with the B-factors of Tyr473 was observed (see Figure 8.1,
top). A similar trend was not observed when focusing on ligand contacts with a selection of
residues from the [-sheet region or the B-factors of these residues (see the Supporting Infor-
mation of Paper IV in Appendix B). The residues Arg357 and Glu460 form an ionic network,
which also involves Glu276 on helix 3. The interaction of Phe360 with Arg357 was shown to
be a critical component in the stabilization of helix 12, observed as a marked change in the
crystallized conformation of helix 12 in a Phe360Leu mutant. This PPAR~y mutant displayed
an impaired ability to activate transcription.?!” Interestingly, a correlation could be found be-
tween the distributions along cPC1 and ¢PC2, and the distance between the residues Arg357
and Glu460 (see Paper IV in Appendix B). This correlation corresponded to the stabilization
of helix 12, observed in the B-factors of Tyr473, as described above (see Figure 8.1, top).

In the dPCA analysis of the final dataset, a separation of the structures into three rough
clusters was observed from the plot of the structures along the three first principal compo-
nents, dPC1 — dPC3. In Figure 8.1 (bottom), the structures are colored according to the

reported ability of the ligands to inhibit phosphorylation of Ser273,24:88161,175,176,179,318,319 N,
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8.4. Results from the PCA Analyses

[B-factors of residue Tyr473n
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64

156

{48

140

132

24

16

O TZD ligand that inhibits Ser273-P @ No data available
O Non-TZD ligand that inhibits Ser273-P @ Apo-PPARyY

PC1

Figure 8.1. cPCA and dPCA analyses of the final dataset of PPAR~y structures shown as plots of
the structures along the three first principal components, PC1 — 3. Top: cPCA. The structures are
colored according to the B-factors of Tyrd73. Bottom: dPCA. The structures are colored according
to their reported ability to inhibit pSer273.24:88:161,175,176,179,318,319
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8.5. Conclusions

particular trend in the coloring of the structures was observed with this or any of the other
coloring schemes described above. Nevertheless, the observed clustering in the distribution
of the structures is of interest. Firstly, the distributions along dPC1 and dPC2 are non-
normal, indicating that it is unlikely that they were calculated based on random or normally
distributed data. This, in turn, indicates that they contain structural information. Further-
more, in an NMR-study with PPAR~y, Johnson et al. showed that the apo-PPAR~y structure
likely populates multiple minima in solution and that the populations of much fewer of these
minima rose upon the addition of ligand.? In another study, using cPCA of MD-trajectories
from a > 400ns of simulation of the PPAR~y:RXRa heterodimer, Lemkul et al. found that
holo-PPAR~ could be shown to populate three major minima, separated by < 3.5kJmol ™.
dPCA has previously been shown to capture energy minima separated by small barriers,3%
thus it seems possible that the clustering observed here may be a manifestation of subtly
different structures with similar energies. The observation that none of our attempts to find
a correlation between a membership in one of the clusters and a specific biological effect or
structural stability parameter, may be linked to the small energy differences between the
clusters. In such a scenario, other forces such as crystal packing may dictate the minimum in
which PPAR~ crystallizes.

8.5 Conclusions

In summary, PCA analyses of structures of PPAR~y from x-ray crystallography have been
presented. Our analyses show that trends linked to the stabilization of helix 12 are correlated
to the distributions of the structures along cPC1 and, to some degree, cPC2. The analysis thus
provides a coarse mapping of the stability of helix 12 in the structural ensemble. This mapping
can be of interest to others, in studies aiming to use PPAR~ crystal structures as starting
points for virtual screening campaigns or molecular dynamics simulations. Furthermore,
although the dPCA analysis provided a separation of the structures, no correlating parameter
could be found to explain the observed clusters. In future work, it would be of interest to apply
dPCA to molecular dynamics simulations of PPAR~, in order to further investigate whether
a physically relevant conformational space is in fact sampled by the x-ray crystallographic
data.
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9 Conclusions and Future Work

Nuclear receptor signaling has been an area of research for more than two decades and will
continue to provide the scientific community with challenges for decades to come. With the
growing parallel capabilities of biochemical- and bioinformatics tools, genomewide analyses of
the transcriptional networks under the influence of each nuclear receptor, in a specific cellular
environment, are now becoming available. The combination of these data with knowledge
gained from the study of the structures of the nuclear receptors and their ligands, will pro-
mote an improved understanding of the influence of small-molecular ligands on the dynamics
of the receptors and on the interactions of the receptors with other biochemical components

in the transcriptional machinery.

In this work, new members of the 5-trifluoromethyl-2-sulfonylpyridine class of PPARS/¢
antagonists have been synthesized and biologically evaluated. Among them, a new, more
PPAR//d-selective antagonist, the quinolin-3-yl amide 131, was discovered. Furthermore, a
combination of chemical and biological insights into the mode of action of this class of an-
tagonists have distinguished it as unique among the reported PPAR/6 antagonistic ligands,
in that its members covalently modify a reactive cysteine (Cys249) in the PPARS/¢ ligand-
binding pocket. In addition, the evaluations of the structural and functional consequences
of covalent modification of Cys249 in PPAR//d have spawned collaborations with research
groups in Brasil and Finland.

Future work may involve evaluations of the utility of the developed PPAR//§ antagonists
as pharmacological tools, in in vitro cultured cells expressing all three PPARs and in vivo.
In this context, experimental determinations of logP /logD-values should be conducted. Fur-
thermore, the utility of the 5-trifluoromethyl-2-sulfonylpyridine PPARS/§ antagonists in the
development of new PPAR/0 ligands with alternative binding modes may be investigated.

The last part of this work ventured to apply a well-known and powerful statistical treat-
ment to a body of structural data of PPAR~ in complex with a diverse set of ligands. These
analyses entailed, as far as this author is aware, the first applications of Cartesian- and dihe-
dral principal component analyses to PPAR~y x-ray crystallographic data. While challenges
such as heterogeneity in the crystal compositions and small variances within the structural
ensemble were imposed by the dataset, some general trends were found. The results provide
insight into the structural consequences of PPAR~y ligand binding, as well as a promising
starting point for future investigations, aiming to apply similar statistical treatments to data

from in-solution studies.

In conclusion, the recent discovery of the role of a novel post-translational modification
of the PPAR~ ligand-binding domain and its implications for the use of PPAR~y ligands as

treatments for both metabolic- and neurodegenerative diseases, symbolize a new dawn in
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the field of PPAR research. Hopefully, the resources spent on the failed developments of
PPAR classical agonists as drugs to treat type II diabetes mellitus and its related metabolic
complications, will not impede further investments in the development of PPAR ligands.
The outcomes of the ongoing clinical trial with the PPAR~y partial agonist INT131 (38),
as treatment for relapsing-remitting multiple sclerosis (RRMS), will likely be decisive for
the future of this class of PPAR~y ligands. In the contexts of PPAR« and PPAR/S3/J, the
notion that the ligand-dependent modulation of their acitivities may display similar points
of divergence, as shown in PPAR~, requires a reevaluation of the transcriptional outcomes
of treatment with existing PPAR«a- and PPAR3/4 ligands that display alternative binding

modes, with other endpoints in mind than classical agonism.
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