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Chapter 1

INTRODUCTION AND OUTLINE OF THE THESIS

Medicinal chemists endeavor to create and produce a pharmaceutical compound
that elicits a desired effect on the human body or another living system. Those small mol-
ecules that influence biological systems causing a specific biological response are what we
call “drugs.” But why should chemicals, some of which have unusually simple structures,
significantly affect such a complicated construct as a human being? The explanation lies in
the intricate workings of the human body, where a remarkable series of chemical reactions
occur at the molecular level to maintain the body's health and functionality. If we could ob-
serve these reactions within our bodies, we would witness a splendid interplay of chemical
cascades!!. The malfunctioning of this machinery causes pathological responses, a hallmark
of many common human diseases. Driven by curiosity, scientists have strived to unravel
the mechanisms underlying these pathological cell responses, discovering new drug targets
and, subsequently, drugs. In order to address questions in the field, this thesis integrates
chemical biology and medicinal chemistry to provide a multidisciplinary approach to drug
discovery.

To translate our medicinal chemistry interest into chemical biology language, we
should look inside a cell. A cell signaling pathway is commonly initiated by a crucial event - a
signaling molecule, also known as a ligand, binding to a receptor?. The signaling molecule
can possess various functions that can either be exploited as target for therapeutic modula-
tion or as starting point for drug discovery®. An important example of multifunctional pro-
teins are cytokines, which have multiple roles such as: intercellular communication during
immune responses,* stimulation of cell movement toward inflammation, infection, and
trauma sites, and controlling other physiological and pathological processes®. Even though
the interaction of cytokines can be complex, requiring a thorough understanding of their
underlying biology and overlapping functions!®, targeting cytokines presents opportunities
for precision medicine and new therapies for a range of immune-mediated and inflamma-
tory illnesses.

Cytokines can exhibit unique and distinct functions, allowing for the development
of therapies tailored to certain diseases or conditions based on modulation of a particular
pathway or signaling cascade, while minimizing off-target effects!”. By exploring the diver-
sity of cytokines, we discovered one which became the focus of interest in our research
group for several years. Macrophage migration inhibitory factor (MIF) is a key regulatory
pleiotropic cytokine with a broad spectrum of biological functions®. It occupies a central
role in signaling pathways involved in inflammation and has been linked to cancer pathogen-
esis’.. To date, there are three members of the MIF family found in humans, among them

D-dopachrome tautomerase (D-DT), D-dopachrome tautomerase-like protein (DDTL), and
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MIF itself*?, As the most studied family member, MIF was discovered in 1966 by Bloom and
Bennett as a soluble factor that inhibited the random migration of macrophages. However,
its cytokine-like properties and broader functions were recognized later*Y, Also, its analogy
to D-dopachrome tautomerase (D-DT), and its homolog, D-dopachrome tautomerase-like
protein (DDTL), was described much later. D-DT was discovered in 1993 as an enzyme that
converts D-dopachrome to 5,6-dihydroxyindol and expressed in the cytoplasm of human
melanoma, human liver and rat organs!*?. DDTL, which shares approximately 80% sequence
homology with D-DT, was described in 2004 but nothing is known about its biological func-
tion!%, In our attempt to broaden the knowledge about the MIF family, in keeping with the
current literature, we investigated the medicinal chemistry toolbox targeting MIF and D-DT.

The MIF family of proteins share structural and genetic similarities and, presumably,
functional characteristics. In addition to their cytokine-like properties, MIF family members
can interact with other proteins and molecules to regulate cellular processes, including cell
migration, cell survival, apoptosis, angiogenesis, and metabolism{*3l. The MIF family is evo-
lutionarily conserved across species, including certain microbial species, suggesting their
importance in biological processes. Also, MIF family members exert their effects by binding
to specific cell surface receptors, such as CD74* and CXCR2!*%. Through receptor-medi-
ated signaling pathways, they activate intracellular signaling cascades that modulate gene
expression, cellular responses, and immune cell functions. The MIF family belongs to the
tautomerase superfamily of enzymes, which share a common structural beta-alpha-beta
fold and catalytic tautomerase activity*®. They use an amino-terminal proline (Prol) with
an unusually low pK(a) located within a hydrophobic pocket. The evolutionary preservation
of this region suggests that MIF might exert its biological effects via enzymatic activity”,
although physiologically relevant substrates for MIF have not been identified yet. Moreover,
MIF was reported to possess Cys-Ala-Leu-Cys (CALC) cysteine-based thiol-protein oxidore-
ductase activity. Previous studies have addressed the roles of the catalytic site residues and
the C-terminus!*®, while these two activities have not been directly compared. The most
recent discovery that remains enigmatic for many scientists® was made on MIF nuclease
activity®??, While biological functions of MIF and its family members are still being elucidat-
ed, its association with the tautomerase superfamily provides insights into its evolutionary
origins and potential functional relationships with other tautomerase-like enzymes. It offers
the potential to target the enzymatic activity of MIF in the context of signaling pathways and
cellular processes associated with the pathogenesis of MIF-related diseases.

The first small-molecule inhibitor of MIF, ISO-1, was discovered in 200524, It con-
tains an isoxazoline ring bearing a 4-hydroxyphenyl fragment and has been shown to inhib-
it the tautomerase activity of MIF competitively. Nowadays, it is the most studied ligand,
which has become a prototype for the future design of MIF inhibitors. 4-CPPC is the first
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selective and reversible competitive inhibitor reported for D-DT, introducing carboxylic acid
substitution as an important pharmacophore??. The study demonstrated that 4-CPPC binds
to the active site (which is not clearly identified yet) of D-DT and induces a major conforma-
tional change of the C-terminal region, a behavior that principally differs from that of MIF
inhibitors and could potentially impact cellular function?®. The idea of creating inhibitors
that bind in a unique region on MIF?¥ inducing its conformational changes®®” revealed a
new way to study protein activity through alterations in its overall shape, flexibility, and
dynamics. These changes can impact the binding affinity of MIF for its ligands, substrates, or
interacting proteins regulating their biological interactions and downstream signaling path-
ways. Allosteric inhibitors of MIF are underrepresented, while for D-DT such inhibitors are
not known until now. In this thesis, we will fill the gap broadening the knowledge about MIF
family modulators. The overall aim of the thesis is to address several aspects of the design
and synthesis of ligands targeting MIF family enzymes and their application in medicinal
chemistry.

In Chapter 2 we discuss one of the approaches to indirectly modulate protein ex-
pression and activity. Here we refer to epigenetics, which concerns heritable variations in
gene expression without altering the DNA sequencel®®. We summarize the current litera-
ture on epigenetic regulation in MIF gene expression and MIF-induced signaling in associ-
ation with inflammatory diseases and cancer. The current literature indicates that histone
deacetylase inhibitors (HDACis) impair transcription of the MIF gene and have a strong im-
pact on in vivo and in vitro MIF protein expression. Non-coding RNAs, such as long non-cod-
ing RNAs (IncRNAs) and microRNAs (miRNAs) can also contribute to the regulation of MIF
expression. Gaining a more advanced understanding of the specific epigenetic mechanisms
involved in the regulation of MIF gene expression and MIF-induced signaling can open new
insights into the diagnosis and treatment of human cancers.

The versatile functions of MIF proteins gained another dimension upon the identi-
fication of MIF as a protein that harbours nuclease enzyme activity by Wang et al.?® These
authors described that this activity causes DNA fragmentation in parthanatos, which is a
type of a caspase independent cell death. In our attempt to capitalize on these findings we
failed to unambiguously confirm MIF nuclease activity along the lines described by Wang
et al.?® Nevertheless, we were able to identify small molecule modulators of MIF function
in parthanatos in Chapter 3. Intriguingly, we were able to discover new MIF tautomerase
inhibitors from a triazole-based compound collection that bind to an allosteric MIF binding
site. These allosteric MIF inhibitors prevented binding of MIF to AIF in the model of part-
hanatic cell death in contrast to orthosteric MIF tautomerase inhibitors. This discovery pro-
vides perspectives for the discovery of novel therapeutic strategies targeting MIF in various

pathological conditions.
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New modalities to target protein function are gaining importance in medicinal
chemistry. The discovery of Proteolysis Targeting Chimera (PROTAC) strategy in 20012 pro-
vides unique opportunities to exploit natural proteosomal degradation of “undruggable”
targets. Although their development and optimization can present some challenges??®, the
advantages of this method are discussed in Chapter 4. Here we describe the development of
a first in class D-DT directed PROTAC, which might have a potential to study diseases caused
by overexpression of D-DT. To construct these complex bifunctional molecules, we found a
facile way to synthesize a carboxylate labelled pomalidomide building blocks, which proved
to be low yielding using traditional synthetic methods/?®. This method became a core of the
synthetic pathway toward final PROTACs, which, combined with 'click' chemistry®® provided
the final molecule within three synthetic steps. The initial experiments on A549 cell line in-
dicate that optimized PROTAC has the potential to degrade D-DT in cancer cells, eliminating
both enzymatic and non-enzymatic functions of the protein, which makes it a powerful tool
for chemical biology studies.

In the drug discovery process, production time and synthetic feasibility have always
been key factors. Multicomponent reaction (MCR) chemistry can significantly accelerate the
synthesis of new molecules and allows a convenient coverage of a larger chemical space, thus
alleviating some of the challenges associated with traditional synthetic methods. In Chapter
5 we describe the miniaturization and acceleration of an unprecedented Ugi-3-component
reaction, giving access to the iminopyrrolidine-2-carboxylic acid derivatives. The described
moiety shares key pharmacophoric and structural features of several biologically relevant
compounds such as ectoine® and linarinic acid®? which are traditionally synthesized using
multistep synthetic protocols. This new reaction creates opportunities to access this type of
compounds, and it proceeds generally stereoselectively, in good yields, and tolerates var-
ious functional groups. The created pipeline enables efficient access to complex scaffolds
and rapid exploration of chemical space, which is in high demand in synthetic and medicinal
chemistry. Finally, in Chapter 6, there is a summary of the main thesis findings and an out-
look towards discussed areas and inspiration for future scientists in the field.
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