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Chapter 1

Introduction and scope of the thesis

Protein-protein interactions (PPIs) underlie a great number of biological
processes found in signal transduction cascades, and play crucial roles in disease
progression [1]. PPIs have the potential to provide a vast number of both
intracellular and extracellular therapeutic targets. The potential of modulation of
PPIs for drug discovery triggered great interest in development of inhibitors over
the past decade [2]. However, there is a number of challenges inherent in
developing PPI inhibitors that prevented this effort from reaching its full fruits.
Expression of the interacting proteins for in vitro experiments proves often to be
difficult, in particular when the interaction partners include membrane bound
receptors. Another challenge is the development of convenient assay formats to
screen for novel hit and lead compounds. Finally, it is challenging to translate PPI
inhibition to cell-based studies, animal models and ultimately clinical applications.
In this thesis, we focus on the PPI interactions of macrophage migration inhibitory
factor (MIF) and its binding partners such as the Cluster of Differentiation 74
(CD74) receptor. We aim to improve the production of the purified CD74 protein
in bacteria in order to provide a suitable MIF-CD74 binding assay. Furthermore,
we aim to identify novel MIF binders. Ultimately, this will contribute to drug
discovery that employs MIF as a molecular target.

Initially, MIF was described as a T cell-derived mediator that prevents
random movement of macrophages. Its activity was associated with delayed-type
hypersensitivity reactions, which is a feature of some human chronic diseases [3].
Moreover, it is released at infection sites, causing macrophages to localize and
perform antigen processing and phagocytosis [4]. Currently, MIF is identified as a
cytokine with a key role in innate and adaptive immune responses that is associated
with the progression of multiple diseases [5][6]. Consequently, an increasing
number of roles in the pathogenesis of various inflammatory diseases and cancer
have been described for MIF [7].

MIF is produced in many organs and tissues by various cells [8]. In vivo,
MIF exerts its action by binding to membrane receptors, such as the CD74
receptor. Although MIF-CD74 binding is the best-characterized interaction, also
binding to other receptors has been reported. It has been elucidated that MIF
binding to the chemokine receptors CXCR2, CXCR4 and CXCR?7 also plays an
important role in MIF actions [9]. Apart from its cytokine activity, MIF possesses



tautomerase enzyme activity and is a member of the tautomerase superfamily [10].
The tautomerase enzyme activity is a property that is extensively employed in the
screening for small molecule MIF binders (see Chapter 2). MIF has also a close
relative as identified from the human genome. D-dopachrome tautomerase (D-DT)
has been identified as a gene with marked homology to MIF. Because of its
similarity, D-DT is also called as MIF2. An overlapping functional spectrum of
MIF and D-DT has been suggested [6][11][12]. Therefore, the close homology of
MIF with D-DT should be taken into account in the evaluation of MIF cytokine
activities and the development of small molecule MIF modulators.

The CD74 receptor is also referred to as HLA class II histocompatibility
antigen gamma chain or HLA-DR antigen-associated invariant chain Ii. This is a
non-polymorphic type Il transmembrane glycoprotein that has been described to be
involved in many biological processes in the cell, such as antigen loading and
transport of MHC class II molecules from the endoplasmic reticulum to the Golgi
complex [13]. This receptor is also recognized as part of a complex to which MIF
binds and that enables initiation of MIF induced signaling in inflammation [9].
Thus this receptor complex participates in the progression of MIF cytokine-related
diseases. The extracellular domain of CD74 is involved in direct interaction with
MIF. It has been reported that CD74 undergoes progressive proteolytic degradation
in the endosomal/lysosomal system, eventually leaving the small class-II-
associated invariant chain peptide (CLIP) as a fragment that binds MIF [14].

Production of relatively large amounts of the functional extracellular
moiety of CD74 is indispensable for further exploration of MIF-CD74 interaction
and discovery of novel inhibitors to disrupt this interaction. Our previous findings
showed that the production of extracellular moiety of CD74 in bacterial cells gave
very low yields. To overcome this problem, we aim for the production of the
extracellular domain of CD74 as fusion protein for enhancing the solubility and
stability (see Chapter 3). Towards this aim we applied two different fusion
partners: MBP (maltose-binding protein) and Fh8 (a small protein secreted by the
parasite Fasciola hepatica). Both fusion partners are also intended to facilitate
purification of the fusion proteins: MBP fusion proteins bind to immobilized
amylose resins and can be eluted using maltose, and Fh8 fusion proteins make
calcium-dependent interaction with hydrophobic resins and can be eluted using a
calcium chelating agent, such as EDTA [15]. We put factor Xa and 3C cleavage
sites on MBP-CD74 and Fh8-CD74 proteins, respectively. Following the
production and purification of the fusion proteins, the MBP and Fh8 can be
removed by cleaving them with factor Xa and 3C protease, respectively. All the
fusion proteins and the cleaved products are characterized by SDS-PAGE and mass
spectrometry, and their functionality in PPI are evaluated by ELISA and ITC.
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Numerous studies describe the involvement of the MIF-CD74 interaction
in the progression of inflammatory diseases and cancer. In this perspective, it is not
surprising that over the past few years many efforts have been taken to develop
small-molecule inhibitors targeting the MIF-CD74 interaction as potential
therapeutics. Small-molecule inhibitors offer certain advantages compared to
biologicals, such as antibodies. Advantages of small-molecule inhibitors are their
low manufacturing cost, their low immunogenicity on repeated administration and
their flexible delivery options, including oral administration. Development of MIF
binding inhibitors often starts from screening for inhibition of the MIF tautomerase
activity, which does not necessarily imply interference with the MIF-CD74
interaction. Nevertheless, MIF tautomerase inhibitors have potential to interfere
with the MIF-CD74 interaction. For instance, allosteric inhibitors of MIF
tautomerase activity may be capable to induce conformational changes that result
in disruption of the MIF-CD74 interaction. While purposeful design of this type of
compounds could be tricky, due to not-easy-to predict induced conformational
modifications, targeting MIF tautomerase activity remains a convenient and
efficient approach to develop MIF inhibitors [16]. Moreover, recent findings
indicating that the interaction of MIF-CD74 take places in the area surrounding
MIF tautomerase enzyme active site [17], support the idea that structure-based
designed MIF tautomerase inhibitors holds promises to interfere with the MIF-
CD74 interaction.

Several methods can be applied to develop small inhibitors in drug
discovery. These methods range from random screening of large libraries of
compounds to screening of focused compound collections and structure-based
design methods. Random screening of large libraries usually covers a broad
chemical space and enables the identification of unique hit and lead compounds.
[1]. MIF inhibitors identified by Orita [19] and Cournia [20] are examples of this.
Screening of focused compound collections enables a more comprehensive
exploration of a predefined chemical space in which MIF binding has been
identified or is to be expected. Several selection methods for screening of focused
compound collections have been described. A method defined in our groups is the
substitution-oriented screening (SOS) [1][18] in which scaffolds of inhibitors with
known interactions with the target are employed for library design. This enables
the screening of a large variety in substitution around scaffolds with known
activity. Thus, SOS covers a smaller chemical space but enables a more profound
exploration of the chemical space around a known scaffold [18]. The disadvantage
of this method is it does not enable the identification of inhibitors with unique
scaffolds. MIF inhibitors identified by Alam et al. with the isoxazoline scaffold
[21], Jorgensen et al. with the triazole scaffold [22] are examples of MIF inhibitors
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developed using this method. We apply this method to identify chromene-based
MIF inhibitors in Chapter 4.

In contrast to screening methods, structure-based design provides the
possibility for a directed exploration of the structure-activity relationship.
Structure-based design requires a known inhibitor scaffold that has been
crystallized with the target to provide an experimental structural basis for inhibitor
design. Using systematic variations at specific positions in the inhibitor, the
binding space in relation to the structure of the target can be explored
systematically. The aim is to optimize the inhibitor potency and selectivity [18].
This method is often applied in combination with screening methods for generation
of hit compounds that are subsequently optimized using structure-based design.
This methods has been used to explore and optimize the binding properties of MIF
inhibitor with the isoxazoline scaffold [21][23], the triazole scaffold [22], or the
biaryltriazole scaffold [24]. In this thesis we employ the structure-based design to
explore structure-activity relationship for inhibitors of the triazole-phenol type in
Chapter 5.

In Chapter 2, we provide a review of the role of MIF in the pathogenesis
of inflammatory diseases and cancer. In addition, we provide an overview of small-
molecule inhibitors of MIF tautomerase activity and we give future perspective on
the development of such inhibitors [7].

In Chapter 3, we report the production and purification of the extracellular
part of the CD74 receptor. This protein was expressed as fusion protein to
solubility enhancing domains such as MBP and Fh8. We characterized the purified
MBP-CD74 and Fh8-CD74 fusion proteins, as well as the CD74 cleavage products.
Binding of the CD74 domain to MIF was identified using an ELISA assay. The
successful production of functional CD74 in high quantities is the first important
step for further characterization of its structural features and for identification of its
binding characteristics to MIF. Hence, it will foster further development of the
relevant small-molecule inhibitors for MIF-CD74 interaction [15].

In Chapter 4, we describe the development of chromenes as MIF
inhibitors. Inspired by the known MIF inhibitor Orita-13, a SOS for MIF inhibitors
was done with a diversely-substituted collection of compounds with a chromene
scaffold. The chromene compounds were synthesized using versatile
cyanoacetamide chemistry. The SOS provided several hit compounds for which the
ICso’s were determined. In addition, we evaluated the reversibility of binding and
also analysed the enzyme kinetic of the most potent inhibitor. The newly identified
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inhibitors will support further development of novel inhibitors as potential
therapeutic agents against immune diseases in which MIF is involved [25].

In Chapter 5, we report structure-based design of compounds with
isoxazole, benzoxazole and triazole-phenol scaffolds. Compounds with various
substitutions were synthesized and their inhibition of MIF tautomerase activity was
evaluated to explore the structure-activity relationship. This provided several
substituted triazole-phenol compounds as MIF tautomerase inhibitors. It is
expected that by making use of MIF enzymatic pocket to anchor small-molecule
inhibitors, we can assemble substituents on the triazole ring that protrude the
solvent interface of the pocket (“caps™) to target the inhibition on MIF-CD74
interaction.

In Chapter 6, we provide a summary of our work and we describe the
challenges. Finally we give suggestions and perspectives for future work.
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Chapter 2

Small-molecule inhibitors of MIF

as a potential class of therapeutics for inflammatory diseases and cancer

small-molecules
inhibitors

Publication in:

Inflammatory diseases:

-lung inflammation

-Pseudomonas aeruginosa infection
-diabetes mellitus type 1

-multiple sclerosis

-rheumatoid arthritis

Cancer:
-prostate cancer
-bladder cancer
-colon cancer
-lung cancer
-skin cancer
-thyroid cancer

Kok T, Wasiel AA, Cool RH, Melgert BN, Poelarends GJ, Dekker FJ. Small-
molecule inhibitors of macrophage migration inhibitory factor (MIF) as an
emerging class of therapeutics for immune disorders. Drug Discov Today 2018.

doi:10.1016/j.drudis.2018.06.017.
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Abstract

Macrophage migration inhibitory factor (MIF) is an important cytokine for
which an increasing number of functions is being described in the pathogenesis of
inflammation and cancer. Nevertheless, the availability of potent and druglike MIF
inhibitors that are well-characterized in relevant disease models remains limited.
Highly potent and selective small molecule MIF inhibitors and validation of their
use in relevant disease models will advance drug discovery. In this review we
provide an overview of recent advances in the identification of MIF as a
pharmacological target in the pathogenesis of inflammatory diseases and cancer.
Based on that we give an overview of the current developments in the discovery
and design of small molecule MIF inhibitors and define future aims in this field.

Keywords: macrophage migration inhibitory factor (MIF), inflammatory diseases,
cancer, inhibitors
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Introduction

Despite its discovery over 50 years ago in 1966 [1][2], the functions of the
cytokine macrophage migration inhibitory factor (MIF) are still not fully
elucidated. Initially, MIF was identified as a T cell-derived mediator that inhibits
random movement of macrophages. Its activity was found to correlate with
delayed-type hypersensitivity reactions, a prominent feature of several chronic
diseases in humans [2]. In addition, MIF is released at sites of infection, causing
macrophages to concentrate and carry out antigen processing and phagocytosis [3].
Today, MIF is recognized as a critical player in innate and adaptive immune
responses that play a role in multiple diseases [4][5]. Therefore, the development of
small molecule MIF inhibitors that inferfere with its functions is quickly gaining
importance.

The human MIF gene has been cloned and expressed for the first time in
1989 [6]. MIF is a relatively small protein that consists of 114 amino acids and has
a molecular mass of 12,345 Da. Structural analysis of MIF revealed its striking
similarities to bacterial enzymes from the tautomerase superfamily. Searching the
human genome indicated that D-dopachrome tautomerase (D-DT) is the other gene
with marked homology to MIF. Due to this similarity, D-DT is also referred to as
MIF2 and an overlapping functional spectrum for MIF and D-DT has been
suggested [7]. This should be taken into account in evaluation of MIF cytokine
activities and in the development of small molecule MIF modulators.

MIF, a member of the tautomerase superfamily [8], is found across various
organisms including bacteria, mice, plants, protozoa, helminths, molluscs,
arthropods, and fish [9-11]. These tautomerase family members have similar
enzyme activity involving an amino acid-terminal proline that acts as general base
in keto-enol tautomerisation reactions of a-keto-carboxylates. In addition to its
cytokine activity, MIF harbours keto-enol tautomerase and low-level dehalogenase
activity, providing a functional link to other members of the tautomerase family
[10]. MIF is a homotrimeric protein in which three monomers associate to form a
symmetrical trimer (Figure 1A). Each MIF trimer has three tautomerase active
sites at the interfaces of the monomer subunits. Characteristic for this family, MIF
has a N-terminal proline (Pro-1), which is located within a hydrophobic pocket
[12]. The residue Pro-1 was shown to be conserved between MIF and its bacterial
homologues. Moreover, other invariant residues were identified as being clustered
around the N-terminal proline. The evolutionary preservation of this region
suggests its importance in the biological function of MIF [13]. Despite the lack of a
known physiological substrate, it was shown that D-dopachrome (a stereoisomer of
naturally occurring L-dopachrome), phenylpyruvate and p-hydroxyphenylpyruvate
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are accepted as substrates by MIF (Figure 1B) [14][15]. A crystal structure of MIF
in complex with p-hydroxyphenylpyruvate demonstrated that Pro-1 functions as a
catalytic base in the tautomerase reaction [16]. It is well recognized that MIF’s
currently defined substrates either do not exist naturally in vivo, or do not exist at
significant concentrations required for biological activity [17]. Nevertheless, small
molecule modulators of MIF tautomerase activity may have an impact on MIF
cytokine activity due to modulation of its conformation and/or ability to interact
with other proteins.

Although MIF tautomerase activity may not be directly linked to its
cytokine activity, it provides an opportunity for efficient screening of compound
collections that could provide molecules that interfere with MIF cytokine activity.
One of the best known targets to mediate MIF cytokine activity upon binding is the
cluster of differentiation 74 (CD74) receptor [18]. Interestingly, recent findings
demonstrate that MIF binding to CD74 occurs in the vicinity of the MIF
tautomerase active site, which supports the idea that MIF tautomerase inhibitors
may have potential to interfere with MIF cytokine function [19]. In this
perspective, robust assays to test the ability of MIF tautomerase inhibitors to
interfere with MIF cytokine functions in vitro and in vivo are highly important.

Functional cytokine roles of MIF and D-DT have been described in innate
and adaptive immune responses [7][13]. It has been shown that MIF stimulates the
production of pro-inflammatory mediators such as tumor necrosis factor (TNFa),
interferon-y (IFNy), interleukins 1B, 2, 6 and 8 (IL-1pB, IL-2, IL-6 and IL-8) and
other effector cytokines [13]. The MIF-CD74 interaction is well known to initiate
subsequent signaling cascades leading to cellular responses [18]. The biological
functions of the CD74 receptor in immune diseases has recently been reviewed by
Su et al. [20]. With respect to CD74 binding it is interesting to note that a
difference has been reported between MIF and D-DT in a study by Merk et al.
[21]. The same study indicates that MIF has a steeper dose-response ratio for
macrophage migration inhibition and glucocorticoid overriding. This suggests an
immune downregulatory role for D-DT in the presence of MIF. On the contrary, a
recent study demonstrated that both MIF and D-DT are connected to disease
progression of multiple sclerosis subjects [22]. This study and other studies as
reviewed by Merk et al. [7] and O’Reilly et al. [5] indicate an overlapping activity
spectrum for both cytokines.

Apart from the CD74 receptor MIF can also bind to chemokine receptors
such as CXCR2, CXCR4 and CXCR7 to induce inflammatory and immune cell
chemotaxis [23][24]. Given the pro-inflammatory activities, MIF is implicated in
acute and chronic inflammatory diseases such as asthma, chronic obstructive
pulmonary disease (COPD), rheumatoid arthritis, sepsis, diabetes, atherosclerosis
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and cardiovascular diseases [13]. Many studies have investigated MIF as a
biomarker for various diseases that have an inflammatory component, including
systemic infections and sepsis, cancer, autoimmune diseases and different
metabolic disorders, suggesting its important role in these diseases [25].

It should also be noted that MIF has been demonstrated to be post-
translationally modified and that these modifications affect its biological functions
[26]. MIF, but not D-DT, has a CXXC motif that can be oxidized to an
intramolecular disulfide-bond. Oxidised MIF has also been proposed as a
biomarker for different diseases [27]. Other studies indicate that oxidized MIF is
the disease-related conformational isoform that could be employed for diagnosis
and therapy [28][29]. It is to be expected that MIF redox behavior interferes with
binding of small-molecule inhibitors. However, little is known about the structural
consequences of these modifications in relation to inhibitor binding. Therefore, this
represents an interesting and novel line of investigation.

Despite extensive studies on the functional role of MIF in multiple disease
models, the identification and validation of the functional consequences of small
molecule MIF tautomerase inhibitors is still in an early stage. The effects of such
inhibitors have been investigated using the long-known standard MIF antagonist
ISO-1 (Table 1) in in vitro assays and animal models [30]. Research on MIF
antagonists is still in the preclinical stage and data on human disease are still
observational [31], which indicates a need for further validation of MIF as a drug
target.

In this review we aim to provide an overview of recent advances in the
identification of MIF as a pharmacological target in the pathogenesis of
inflammatory diseases and cancer (Figure 1C). Based on that we will provide an
overview of the current developments in the discovery and design of small
molecule MIF inhibitors and define future goals in this field.
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Figure 1. A. Crystal structure of MIF, showing that three monomers associate to form a symmetrical homotrimer
(PDB 1CA7), B. MIF catalyses the tautomerisation of a-keto-carboxylates, C. Diseases for which a role of MIF
has been described.

The role of MIF in pathogenesis of inflammatory diseases

Acute inflammation is a protective, beneficial, and self-limiting process
during innate immune responses, but chronic inflammation is maladaptive and may
result in tissue injury and dysfunction. For instance, some studies have shown that
MIF plays an important role in the pathology of bladder inflammation. In bladder
tissue substance P, an important inflammatory mediator, increases the levels of
MIF. The important role of MIF was subsequently shown by administration of an
anti-MIF antibody that could decrease substance P-induced inflammatory changes
in bladder [32]. MIF was also shown to play a role in worsening of lung
inflammation. High levels of MIF were reported to be detrimental for survival in a
mouse model of pneumococcal pneumonia. Treatment of mice with a small-
molecule inhibitor of MIF, designated MIF098 (Alissa-5) (Table 2), improved
survival by reducing inflammatory responses [33]. In addition, higher MIF levels
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were produced by alveolar macrophages in a mouse model for COPD as compared
to those from healthy mice, and inhibition of MIF function by ISO-1 could block
the corticosteroid-insensitive lung inflammation [34].

MIF also acts as an essential mediator of host immunity against various
bacterial infections, however, its persistent or recurrent expression during chronic
inflammatory disease stages can lead to loss of function and mortality. The
involvement of MIF in the enhancement of biofilm formation by Pseudomonas
aeruginosa was shown by the use of SCD-19, a small molecule inhibitor targeting
MIF tautomerase activity. Application of this inhibitor resulted in lower bacterial
burden in a mouse model of this infection as compared to untreated mice [35]. As
another example, MIF promotor polymorphisms resulting in high MIF levels in
cerebrospinal fluid of patients with streptococcal meningitis correlated with
systemic complications and death [36]. Moreover, the authors of this study showed
a reduction in bacterial load in a mouse model of pneumococcal pneumonia and
sepsis after treatment with an anti-MIF antibody. From these studies it becomes
clear that MIF plays a role in biofilm formation and mortality during bacterial
infections, and it provides initial evidence that targeting MIF with small-molecule
inhibitors has potential to interfere with such pathological conditions.

A relationship of MIF with autoimmune inflammatory disease has been
observed in experimental autoimmune myocarditis. Early treatment of this disease
with an anti-MIF antibody markedly delayed the onset of, and significantly reduced
the severity of, this disease in rats [37]. The importance of MIF in the autoimmune
inflammatory process has also been demonstrated for rheumatoid arthritis. It was
observed that treatment with an anti-MIF antibody before immunization with type
II collagen leads to delayed onset of arthritis in a mouse model of collagen-induced
arthritis [38]. Altogether, these studies indicated that MIF correlates with disease
severity in autoimmune inflammatory diseases and that treatment with anti-MIF
antibodies has beneficial effects.

The role of MIF in pathogenesis of cancer

Inflammation and immunity play key roles in the onset and progression of
cancer. Persistent or recurrent inflammation is related to development of cancer. In
contrast, anti-cancer immune responses counteract the development and
progression of cancer. From this perspective, the functional output of MIF as a key
cytokine of the immune system can be connected to various aspects of oncology
[39].
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High serum levels of MIF are seen in cancer patients and tissues and MIF
has consequently been proposed as a biomarker. In addition, high MIF levels
correlate with poor prognosis in various carcinomas. Besides being involved in
angiogenesis and thus indirectly in promoting tumour growth, the interaction of
MIF with its receptors has been shown to initiate cancer promoting signal
transduction pathways. For example, binding of MIF to CD74 can lead to
stimulation of the ERK1/2 but also PI3K/AKT pathways and binding of MIF to the
CXCR4 receptor was suggested to induce metastases [40].

Involvement of MIF in the development of prostate cancer was shown by
studies with an androgen-independent prostate cancer cell line. In these studies,
inhibition of MIF by ISO-1, anti-MIF antibody, or MIF siRNA resulted in
decreased cell proliferation. ISO-1 significantly decreased tumor volume and tumor
angiogenesis [41]. In another study with a prostate cancer cell line, treatment with
anti-MIF antibodies was reported to reduce cell growth and in a xenograft mouse
model of prostate cancer, anti-MIF antibodies were shown to limit tumor growth
[42].

The involvement of MIF in the development of bladder cancer has also
been described. MIF was reported to promote in vitro and in vivo bladder cancer
progression via increasing cell proliferation and angiogenesis. The orally available
MIF inhibitors, CPSI-2705 and -1306 (Table 2), have been shown to effectively
decrease the growth and progression of bladder cancer in vivo [43].

A study on the role of MIF in the development of colon cancer in patients
reported a positive correlation between MIF serum concentrations and colorectal
cancer severity [44], thus indicating a potential use of MIF as biomarker. The same
study demonstrated in a mouse model with colon carcinoma cell transplants that
treatment with MIFinhibitor ISO-1 or anti-MIF antibodies resulted in significant
reduction in the tumor burden, thus indicating a potential use of MIF directed
therapeutics in cancer.

Furthermore, MIF has been indicated to be involved in the progression of
lung cancer. Blocking the hydrophobic pocket that harbours MIF tautomerase
activity, by a small molecule inhibitor of the isocoumarin class, SCD-19 (Table 2),
significantly attenuated lung cancer growth [45].

Taken together, these studies demonstrate a positive correlation between
MIF and the progression of cancer. Application of small molecule MIF inhibitors
or anti-MIF antibodies attenuated cancer growth, thus indicating the potential of
anti-MIF therapeutics in cancer [46][47][48].
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Small-molecule inhibitors of MIF

Because of the essential involvement of MIF in the progression of
numerous disorders with an inflammatory component, it is not surprising that
attempts were made to find MIF directed therapeutics. One line of development is
the application of biologicals, such as anti-MIF antibodies, as novel therapeutics.
This approach has been used in many proof of concept studies [37] [38] [32] [41]
[42] [44]. One clinical trial with an anti-MIF antibody has been reported, however
no results have been revealed yet [49]. The other line of development is to generate
MIF-binding small molecules with the aim to interfere with MIF functions. To
develop MIF inhibitors, many studies resort to evaluating interference with MIF
tautomerase activity. In this perspective, the evaluation of MIF tautomerase
inhibitors for their interference with MIF cytokine functions in relevant disease
models is highly important. Compared with biologicals, small molecule MIF
inhibitors offer advantages such as lower manufacturing costs, non-immunogenic
reaction and the possibility of oral administration. Therefore, this route of
exploration gained tremendous interest. Here, we summarize the currently
identified MIF tautomerase inhibitors and discuss the structure-activity
relationship.

Inhibitors containing a chromen-4-one scaffold were identified in 2001 and
their K; values range between 0.04 and 7.4 uM. The most potent compound of this
class is Orita-13 with a K; of 0.04 uM [50]. However, a later investigation reported
K values in the range of 13-22 uM for Orita-13 [51]. The phenol functionality in
Orita-13 is also found in the MIF tautomerase substrates D-dopachrome and p-
hydroxyphenylpyruvate and proved to be a succesfull design motif for MIF
inhibitors (Table 1).

Isoxazolines as MIF inhibitors

The most frequently used reference inhibitor for MIF tautomerase activity
is ISO-1, which was discovered in 2002. This inhibitor of the isoxazoline class was
reported to inhibit MIF tautomerase activity in a dose-dependent manner. It binds
at the same position as the substrate p-hydroxyphenylpyruvate with an ICso of
about 7 pM [52]. A later study described a K; of 24 uM for inhibition of MIF
tautomerase activity [51]. A MIF-CD74 binding study reported a maximum of 40%
inhibition at 10 uM (Table 1) [53]. Further studies showed that inhibition of MIF
by ISO-1 in a mouse model significantly reduced prostate cancer [41], colon cancer
[44], and blocked melanoma cell growth [54]. Another study in a mouse model
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showed that this MIF inhibitor blocks corticosteroid-insensitive lung inflammation
[34]. In addition, ISO-1 was also reported to inhibit MIF activity in a mouse model
of type 1 diabetes and to result in the delayed onset of this disease [55]. Altogether,
ISO-1 is a valuable compound that is widely used as a reference inhibitor in the
initial validation of small molecule MIF tautomerase inhibitors as potential
therapeutics in diseases with an inflammatory component.

Another small molecule MIF tautomerase inhibitor with an isoxazoline
scaffold is CPSI-1306 (Table 2). This inhibitor lacks the characteristic phenol
functionality, which is advantageous for applications in vivo. Phenol functionalities
are generally considered to be non-druglike because they are prone to phase Il
bioconjugation reactions thus resulting in quick inactivation and excretion in in
vivo experiments. Oral administration of this inhibitor resulted in less severe
symptoms in a mouse model for multiple sclerosis as compared to untreated mice
[56]. Further small molecules with the same scaffold were synthesized and
evaluated for MIF-inhibitory activity. The ICso of the most active compound,
Alam-4b (Table 1), was 7.3 uM in a MIF tautomerase assay and this compound
was shown to be nontoxic in a cell viability assay [57]. Subsequently, in 2014,
another small molecule inhibitor of isoxazoline class, ISO-66 (Table 1), was
reported. Its ICso in the MIF tautomerase assay was 1.5 pM and long-term
administration of ISO-66 in a mouse model of colon cancer or melanoma was
shown to be nontoxic and to decrease tumor burden significantly [58]. Thus,
studies on MIF inhibitors with an isoxazoline scaffold demonstrate that the
development and application of small molecule MIF inhibitors has potential to
provide novel therapeutics.

1,2,3-triazoles as MIF inhibitors

In 2010, 1,2,3-triazole derivatives were reported as inhibitors of MIF. The
most potent compounds, Jorgensen-3g and Jorgensen-3h (Table 1), showed ICso
values of about 1 pM for MIF tautomerase activity and MIF-CD74 binding [59].
Subsequently, in 2015, improvements were made by synthesis of several optimized
biaryltriazoles. This provided potent compounds with a phenolic hydroxyl group
that bind to the MIF tautomerase active site. Neverthless, some compounds had
limited water solubility. The activity of this class of compounds was further
improved by the addition of a fluorine atom adjacent to the phenolic hydroxyl
group to enhance the hydrogen bond interaction with residue Asn-97 of MIF. This
yielded the most potent compound, Dziedzic-3bb (Table 1), having a K; value of
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0.057 uM and a solubility that is in the normal range for orally avialable drugs
[60].

The synthesis of fluorescently-labeled MIF inhibitors with a biaryltriazole
scaffold was described in 2016. These inhibitors were used in a fluorescence
polarization assay to assess the direct binding of inhibitors to the active site of
MIF. The two most potent inhibitors, denoted Cisneros-3i and Cisneros-3j, were
reported to have Ki’s of 0.057 and 0.034 uM in the tautomerase assay and Kq’s of
0.071 and 0.063 puM in the fluorescence polarization-based binding assay,
respectively (Table 1) [61].

Covalent MIF inhibitors

The specific reactivity of the proline in the MIF active site provides
opportunities to develop covalent inhibitors. In 2008, a compound of the phenyl-
pyrimidine class, 4-IPP (Table 2), was reported to inactivate the MIF catalytic
function by dehalogenation and formation of a covalent bond between C-4 of
pyrimidine and the N-terminal nitrogen of Pro-1 in the MIF tautomerase active site.
This compound also inferferes with the biological functions of MIF as it was
reported to irreversibly inhibit lung adenocarcinoma cell migration and anchorage-
independent growth [62]. Later on, it was described that 4-IPP inhibits the growth
of thyroid cancer cells by inducing apoptosis and mitotic cell death [63]. In 2009,
isothiocyanates were discovered as irreversible MIF tautomerase inhibitors. The
isothiocyanate BITC (Table 2) was shown to covalently modify the Pro-1 residue
in the MIF active site. This drastically alters the MIF tertiary structure and results
in loss of its tautomerase activity and in inhibition of MIF binding to CD74 [64].

The Woodward’s reagent K is a classical heterocyclic electrophile with a
specific reactivity [65][66]. Taking advantage of the specific reactivity of
Woodward's Reagent K, covalent MIF inhibitors were developed. These inhibitors
were shown to react with the active site Pro-1 of MIF and were applied for
covalent labeling of MIF that proved to be selective. The covalent inhibitors were
used as probes for labeling and imaging of MIF activities in living cells [67]. These
examples demonstrate that it is possible to develop covalent active site-directed
inhibitors of MIF that bind with a reasonable level of selectivity. Such inhibitors
have great potential for labeling and imaging of enzyme activity in vitro and in
vivo. In contrast to their application in imaging, covalent inhibitors are not
preferred in pharmacotherapy due to concerns about their off-target effects.
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Other type of MIF inhibitors

Apart from the isoxazolines and 1,2,3-triazoles, other types of reversible
MIF inhibitors were also developed. In 2006, MIF inhibitors with a benzoxazinone
scaffold were described and patented. The most potent compound, NVS-2, was
reported to have an ICso of 0.020 uM (Table 2) [68]. A later assay by Cisneros et
al. reported a similar value for the K; of 0.027 uM in the tautomerase assay and a
Kg of 0.055 uM in the fluorescence polarization-based binding assay [61].
Subsequently, in 2010, substituted benzoxazol-2-ones were discovered as MIF
antagonists (Table 2). One potent inhibitor from this class, MIF098 (Alissa-5),
showed noncovalent inhibition in the MIF tautomerase assay, with an ICso of
around 0.010 uM. This inhibitor was further reported to attenuate MIF-dependent
ERK phosphorylation in human synovial fibroblasts, which demonstrates possible
use of MIF inhibition as therapy in rheumatoid arthritis [69].

In 2012, an allosteric MIF tautomerase inhibitor p425 was identified in a
high-throughput screening of a library consisting of 230,000 small molecules.
However, this compound is a sulfonated azo compound (also known as pontamine
sky blue), which has poor druglike properties [70]. Another study, in 2016,
reported inhibitor K664-1 (Table 2) with a pyrimidazole scaffold as a novel MIF
inhibitor with an ICso of 0.16 uM in the MIF tautomerase assay [71]. This inhibitor
provided protection to B-cells from cytokine-triggered apoptosis in a mouse model,
which demonstrates its potential for the prevention of diabetes progression [72].

In 2016, compound T-614 (also known as iguratimod) was found to
selectively inhibit MIF in vitro and in vivo. The compound has synergic effects
with glucocorticoids to slow disease progression in a mouse model of multiple
sclerosis. The ICso of that compound in the MIF tautomerase assay was 6.81 uM
(Table 2) [71]. Recently, novel types of MIF inhibitors were discovered using
substitution-oriented screening (SOS). Inspired by the known chromen-4-one
inhibitor Orita-13, a focused collection of compounds with a chromene scaffold
was screened for MIF binding. In this study, inhibitors 10 and 17 (denoted Kok-10
and Kok-17, Table 2) provided ICso values in the low micromolar range (18 and
6.2 uM, respectively) in the MIF tautomerase assay. The binding proved to be
reversible and the enzyme kinetics suggested no direct interaction of these
compounds with the substrate binding pocket [73].
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Table 1. MIF inhibitors with a phenol functionality as the key structural element that presumably binds to the
active site residue Asn-97 of MIF. TA = tautomerase assay, BA = binding assay MIF-CD74.

Class Compound Structure

Activity, ptM
Reference(s)

chromen-4-one Orita-13

K; = 0.04 [50] (TA),
K; = 17 [60] (TA),
K; = 13-22 [51] (TA)

1SO-1 m_@OH
isoxazoline
O
Alam-4b OCHj;
TR

1S0-66 H3Cm®OH
/

1Cs0="7[52] (TA),
ICs0=24[51] (TA);

Max. 40% inhibition [53]
(BA)

ICso= 7.3 [57] (TA)

ICsp= 1.5 [58] (TA)

N
E J)@i oH
Jorgensen-3g

H;CO
.N
No—)-on
Jorgensen-3h H,;CO
F
N:N
1,2,3-triazole N N OH
Dziedzic-3bb =
(Cisneros-3i) 7
COOH
F
_N
N= ‘N/< /}OH
Cisneros-3j N =
VY
HOOC(CHa)30

ICso=0.75 [59] (TA);

ICso=1 [59] (BA)

Dziedzic-3bb: K; = 0.057
[60] (TA)

Cisneros-3i: K; = 0.057
[61] (TA); Kq=0.071
[61] (BA)

K =0.034 [61] (TA);
Kq=0.063 [61] (BA)
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Table 2. Covalent MIF inhibitors and MIF inhibitors with other structures

assay MIF-CD74.

. TA = tautomerase assay, BA = binding

Activity, pM
Class Compound Structure Reference(s)
phenyl- 4-PP Q\/\(' ICso=0.2-0.5 [62] (TA)
pyrimidine N N
isothiocyanate BITC @NCS 1Cs5o=10.79 [64] (TA)
% 6 ICso = 0.020 [68] (TA); K; =
benzoxazinone NVS-2 Hsco{i%@¥ 0.027 [61] (TA); Kd = 0.055
‘{ )-OH [61] (BA)
Lo
MIF098 N OH
2 H,;C =
benzoxazol-2-one (Alissa-5) 3 \\Q ICs5o=10.01 [69] (TA)
o N ICs=0.11 [72] (TA); K; =
pyrimidazole K664-1 j@/[N ) 45 [51](TA), K;=0.16[71]
HO =~ (TA)
0y
o N
SReaR! S
HyC-$=0
8
(@]
N-C12Has
chromene Kok-10 o ICso= 18 [73] (TA)
0" “NH,
o) NH
N%
Kok-17 o ICso= 6.2 [73] (TA)
|
HsC 0" >NH,
o 2-10-fold h
N -10-fold more potent than
CPSI-2705 U m@ﬂ 1SO-1 [43] (TA)
isoxazoline
0 F
(_UN 100-fold more potent than
CPSI-1306 m_@F ISO-1 [43] (TA)
0 100% inhibiti
' ' O CH, ( 11'1 ibition at
isocoumarin SCD-19 O _ concentration of 100 uM
@ [45] (TA)

28



Future perspective of inhibitor development

Altogether it can be concluded that a diverse array of structures can be employed to
develop MIF inhibitors that interact with MIF tautomerase activity via direct
competition, via allosteric modulation of substrate binding, or via covalent binding.
This provides a valuable starting points to design novel structural motifs that can
be employed to interfere with MIF cytokine functions. Then, inhibitors of the
enzymatic activity of MIF should also be evaluated in assays for binding to its
cellular receptors such as CD74, CXCR2, CXCR4 and CXCR?7 and/or in disease
models.Within this context it is important to note that a study by Cisneros ef al. in
2016 demonstrated that the reported ICsyp’s of MIF tautomerase inhibitors were
often not reproducible [S1]. Most inhibitors were shown to be less potent than
previously reported. As pointed out, for covalent or slow-tight binding inhibitors
the ICsq’s are time dependent. Therefore, it is important to evaluate the reversibility
of binding by recovery of enzyme activity in, for example, dilution experiments
[74], which is too often neglected. Another complicating factor is the enzyme
kinetics of the MIF tautomerase activity for its substrate p-hydroxyphenylpyruvate
(4-HPP) that provides a sigmoidal curve, which cannot be fitted to a simple one-to-
one binding model. Thus, the Michaelis-menten constant K., cannot be derived
easily and one needs to resort to Knairapp [73] or [S]o.s [16]. This issue complicates
the calculation of the equilibrium constant for inhibition (K;) from ICsy values.
Therefore, we argue to include enzyme dilution experiments and enzyme kinetic
studies, or direct binding assays, if ICso values are reported in order to provide a
more complete analysis of MIF binding.

Conclusive remarks

MIF has been described to play a key role in the pathogenesis of
inflammatory diseases and cancer. Small-molecule inhibitors of MIF have been
developed and used in studies to investigate the biological role of MIF. Inhibitor
ISO-1 is widely used as a reference compound for MIF inhibition in mouse models
of lung inflammation, prostate cancer, colon cancer, melanoma and diabetes. Other
small-molecule inhibitors also provided positive effects in various disease models.
Altogether this indicates the potential of MIF inhibitors for development of novel
therapeutics for diseases with an inflammatory component.

It is commonly presumed that MIF inhibitors identified in a MIF
tautomerase assay have potential to interfere with MIF cytokine functions.
Following this line of argumentation several classes of MIF tautomerase inhibitors
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have been identified. The isoxazolines and the 1,2,3-triazoles are important classes
of inhibitors from which potent MIF inhibitors were identified. Also covalent
inhibitors that react with the active site Pro-1 of MIF have been identified and in
one case used for activity-based labeling of MIF in living cells. Over time an
increasing number of MIF inhibitors has been described, thus providing more
insight in structure-activity relationship for MIF binding. A complicating factor in
the analysis of MIF inhibitors proved to be covalent or slow-tight binding behavior
that results in overestimation of the inhibitors potency. Also the sigmoidal enzyme
kinetics for MIF tautomerase activity complicates analysis of MIF binding. We
argue that anticipation of these issues is needed for successful further development
of the field.

Ultimately, the identification of potent MIF inhibitors with favorable
properties for drug discovery programs will enable the identification of novel
therapeutics that target MIF functions in diseases with an inflammatory
component. Furthermore, attention should be given toward the MIF structural
homolog D-DT, which has been demonstrated to have an overlapping functional
spectrum of action. This suggests that the combined or separate therapeutic
targeting of D-DT and MIF could have additional advantages.
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Chapter 3

High yield production of human CD74 as fusion proteins
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Abstract

The HLA class II histocompatibility antigen gamma chain, also known as
HLA-DR antigen-associated invariant chain or CD74, has been shown to be
involved in many biological processes amongst which antigen loading and
transport of MHC class Il molecules from the endoplasmic reticulum to the Golgi
complex. It is also part of a receptor complex for Macrophage Migration Inhibitory
Factor (MIF), and participates in inflammatory signaling. The inhibition of MIF-
CD74 complex formation is regarded as a potentially attractive therapeutic target in
inflammation, cancer and immune diseases. In order to be able to produce large
quantities of the extracellular moiety of human CD74, which has been reported to
be unstable and protease-sensitive, different constructs were made as fusions with
two solubility enhancers: the well-known maltose-binding domain and Fh8, a small
protein secreted by the parasite Fasciola hepatica. The fusion proteins could be
purified with high yields from Escherichia coli and were demonstrated to be active
in binding to MIF. Moreover, our results strongly suggest that the MIF binding site
is located in the sequence between the transmembrane and the membrane-distal
trimerisation domain of CD74, and comprises at least amino acids 113-125 of
CD74.

Key words: CD74, MIF, fusion proteins, solubility enhancers
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Abbreviations

BSA
CD74
CLIP
ELISA
Fh8

Ii

MBP
MHCII
MIF
PBS
PCR
SDS PAGE
ITC

bovine serum albumin

cluster of differentiation 74

class II-associated Ii peptide

enzyme-linked immunosorbent assay

Fasciola hepatica 8-kDa antigen

invariant chain

maltose binding protein

major histocompatibility complex class II molecules
macrophage migration inhibitory factor
phosphate-buffered saline

polymerase chain reaction

sodium dodecyl sulphate polyacrylamide gel electrophoresis
isothermal titration calorimetry
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Introduction

CD74 (Cluster of Differentiation 74), also referred to as HLA class II
histocompatibility antigen gamma chain or HLA-DR antigen-associated invariant
chain i, is a non-polymorphic type Il transmembrane glycoprotein that has been
demonstrated to perform a variety of cellular functions. It was initially identified in
complex with major histocompatibility complex class II (MHCII) molecules and
soon recognized for its role in antigen presentation via its involvement in assembly
and subcellular trafficking of the MHCII complex [1]. The four isoforms of human
CD74 differ in activity and cellular expression [2][3]. Due to an arginine motif in
their N-terminal extension, isoforms p35 and p43 are retained in the endoplasmic
reticulum (ER) except when they form a complex with MHCII molecules, in which
this retention motif is masked so that the complex can traffic to post-ER
compartments. Typically, the luminal domain of CD74 undergoes progressive
proteolytic degradation in the endosomal/lysosomal system, finally leaving a
fragment, the small class-II-associated invariant chain peptide (CLIP), attached to
the MHC class II molecule. In contrast to p35 and p45, isoforms p33 and p41 do
not have the ER retention signal allowing these isoforms to traffic in non-MHCII
expressing cells [3].

In addition to its role in subcellular trafficking, a small portion of CD74
functions as a cellular receptor for the immune regulatory cytokine macrophage
migration inhibitory factor (MIF). Although MIF can also bind to G-protein
coupled receptors CXCR2, CXCR4 and CXCR?7, the CD74-mediated signaling is
recognized to play an important role in many diseases connected to inflammation,
as well as cell proliferation and differentiation [4][5][6]. Recently, serum levels of
not only MIF but also the soluble, circulating version of CD74 were reported to be
related to liver and respiratory diseases [7][8]. Taken together, the MIF-CD74
interaction and the related signaling pathway have become attractive targets for
novel therapies, as also illustrated by the humanized monoclonal anti-CD74
antibody milatuzumab that recently received orphan drug designation from the
Food and Drug Administration in the USA for the treatment of multiple myeloma
and chronic lymphocytic leukemia [9]. Excellent descriptions of the biological and
structural aspects of CD74 can be found in two recent reviews [2] [10].

In the light of CD74’s fate in the endosomal/lysosomal system, it may not
be surprising that the study of the binding of MIF to CD74 is hampered by the
partially unstable structure of CD74; only the trimerisation domain within the
extracellular moiety appears to have a stable structure [11]. In addition, the
production yield of the extracellular moiety of CD74 in bacterial cells is not very
high [12]. The application of fusion technology via the use of affinity fusion tags,
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in particular solubility enhancing peptides, is frequently used to improve the yield
of active, pure protein [13][14][15]. We have tested two affinity tags: the well-
documented maltose-binding protein (MBP) and the recently reported small EF-
hand protein Fh8 from the parasitic trematode Fasciola hepatica. MBP is a large
(43 kDa), highly soluble protein of E. coli that acts as a solubility enhancer tag
[16]. For purification, MBP fusion proteins can bind to immobilized amylose resins
and be eluted using maltose [17]. Similar to MBP, the small (8 kDa) protein Fh§
combines solubility enhancing properties to the possibility of affinity
chromatography [18][19][20].

In this study we made use of the MBP and Fh8 fusion partners to obtain a
high yield of soluble CD74 and characterized the purified fusion proteins for
binding to MIF. In addition to the fused proteins, we also tested the cleaved
products for their binding activity. The results allowed us to conclude that the
extracellular moiety of CD74 between the transmembrane region and the
membrane-distal trimerisation domain, in particular amino acids 113-125, is
involved in binding of MIF.

Materials and methods

Procedures for restriction enzyme digestions, ligation, transformation, and
other standard molecular biology manipulations were performed as described by
Sambrook et al. [21]. The PCR was carried out in a DNA thermal cycler model
GS-1 (Biolegio, The Netherlands). DNA sequencing was performed by Macrogen,
Korea. Proteins were analyzed by gel electrophoresis using 10% sodium dodecyl
sulphate polyacrylamide gels (SDS-PAGE; Invitrogen, The Netherlands). The gels
were stained with InstantBlue protein stain (Expedeon, UK). Protein markers used
for SDS-PAGE were PageRuler Prestained Protein Ladder marker (Thermo
Scientific, The Netherlands) or SeeBlue Plus2 Prestained marker (Invitrogen, The
Netherlands).

Protein concentrations were determined by the Pierce™ Coomassie Protein
Assay (Thermo Fischer Scientific, The Netherlands) using bovine serum albumin
as a reference. Molar concentrations of MIF and CD74 proteins refer to the
concentrations of their subunits.

Molecular weight analysis of purified proteins or proteins extracted from
SDS-PAGE gels were performed by electrospray ionization-mass spectrometry
using a Sciex API 3000 triple quadrupole mass spectrometer (AB Sciex, Canada),
housed in the Mass Spectrometry Facility at the University of Groningen.
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Plasmids and bacterial strains

The plasmid and bacterial strain used for MIF production in this study was
pET20b(+) (Addgene, UK) and E.coli BL21 (DE3), respectively [22]. The plasmid
and bacterial strains used for CD74 production were pET20b(+) and Rosetta-gami
2(DE3) (Novagen, Germany) for MBP the fusion proteins; and pET14b (Addgene,
UK) and E. coli BL21 star (DE3) pRARE2 (Thermo Fisher Scientific, The
Netherlands) for the Fh8 fusion proteins.

DNA manipulations

(i) Construction of pET20b-MBP-sCD74 expression vector. Plasmid pCR T7/CT
TOPO encoding the extracellular domain of human CD74 with a C-terminal His-
tag was a kind gift from Prof. Richard Bucala [4].

The MBP-sCD74 fusion construct was generated by the overlap extension
PCR method. The first DNA fragment, containing the MBP gene and the sequence
encoding the factor Xa cleavage site, was amplified by PCR using pMAL-c2X
vector as a template and a pair of primers: MBP-EXT-Fw (5’-CAG CGA CAT
ATG AAA ATC GAA GAA GGT AAA CTG GTA ATC-3’; Ndel site in bold)
and MBP-FUS-Rv (5’-ACG ACC TTC GAT GAA TTC TGA AAT CCT TCC
CTC GAT CCC GAG GTT-3’; nucleotide sequence encoding the factor Xa
cleavage site is underlined). The second fragment, containing the sCD74 gene was
amplified using pET20b (sCD74) as a template. Plasmid pET20b-sCD74 was made
as follows: the CD74 gene was amplified (primers: CD74-Fw: 5’-CAG CGA CAT
ATG CAG GGC CGG CTG GAC AAA CTG ACA GTC ACC-3’, Ndel site in
bold; and CD74-Rv: 5°-CTG ATG GAT CTC GAG CAT GGG GAC TGG GCC
CAG ATC CTG CTT-3’, Xhol site in bold) and, after Ndel/Xhol-digestion, ligated
into the pET20b vector. The sCD74 gene fragment was amplified from this
plasmid using the following primers: MBP-FUS-Fw (5’-AAC CTC GGG ATC
GAG GGA AGG ATT TCA GAA TTC ATC GAA GGT CGT CAG GGC CGG
CTG GAC AAA CTG ACA GTC ACC TC-3’; nucleotide sequences for factor Xa
cleavage site underlined) and CD74-Rv. The two fragments generated in the first
round of PCR were fused in the second round using MBP-EXT-Fw and CD74-Rv
primers. After digestion with Ndel and Xhol and purification, this fragment was
ligated into the pET20b vector cleaved with the same restriction enzymes. The
newly constructed expression vector was denoted pET20b-MBP-sCD74 and its
fidelity was confirmed by DNA sequencing.
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(ii) Construction of pCoBo-Fh8-sCD74 and pCoBo-Fh8-ssCD74 expression
vectors. For production of Fh8-fused proteins, a modified pET15b vector was
created that contains two multiple cloning sites separated by a 3C cleavage
sequence in the following manner: (1) The Hindlll site in pET15b was removed by
mutagenesis; (2) oligonucleotides were designed with restriction sites 4gel and
Kpnl followed by a DNA stretch encoding the rhinovirus 3C proteolytic site
(LEVLFQ/GP) and with a Ncol sequence on each end of the oligonucleotides,
allowing cloning into the Ncol site of pET15b. The oligos were designed in such a
manner that the “upstream” Ncol site closest to the T7 promotor would be lost. The
proper orientation of this insert in the modified plasmid was checked by restriction
analysis and sequencing; (3) The DNA encoding Fh8 was amplified from plasmid
pD454-Fh8 (DNA2.0 Inc., USA) using the following primers carrying Agel and
Kpnl restriction sites (in bold), respectively: FnSAQUAFwd (5-TTA AGA AGG
AGA TAT ACC ATG CAA ACC GGT ATG CCG AGC GTT CAA GAA G-3")
and Fh8AQUARev (5-TTG AAA AAG CAC TTC AAG ACC TCC GGT
ACC AGA TGT GCC GCT GCT CAG-3"). The DNA fragment was cloned into
the modified pET15b vector cleaved with Agel and Kpnl using AQUA cloning
[23]; (4) Oligonucleotides were designed to insert a new multiple cloning site
comprising restriction sites BamHI, Hindlll, Ndel, SmLI1, Xhol, Smal, Xmal, with
an upstream Ncol site and a dysfunctional BamHI site downstream. The hybridised
oligos were ligated in the plasmid cleaved with Ncol and BamHI. This plasmid was
named pCoBo-FhS.

The CD74 gene on the pET20b-MBP-sCD74 plasmid was amplified using
the following primers: CD74-Fwd (5’-GCA TCA GGA TCC ATT GGA GCA
AAT AAG CTT CGG CTG GAC AAA CTG AC-3’) and CD74-Rev (5’-TTG
TTA GCA GCC GGA TCG TCA TTA CCC GGG GG ATC TCA GTG GTG
GTG-3") for Fh8-sCD74; and CD74-Fwd (5’-GCA TCA GGA TCC ATT GGA
GCA AAT AAG CTT CTG CTG ATG CAG GCG-3’) and CD74-Rev (5’-TTG
TTA GCA GCC GGA TCG TCA TTA CCC GGG GG ATC TCA GTG GTG
GTG-3’) for Fh8-ssCD74, carrying Hindlll and Smal restriction sites (bold). After
digestion, the DNA fragment was ligated into the pCoBo-FhS8 vector cleaved with
Hindlll and Smal, resulting in pCoBo-Fh8-sCD74 and pCoBo-Fh8-ssCD74,
respectively. The inserts of all constructs were checked by DNA sequencing.

Protein production and purification

(i) Production and purification of CD74 fusion proteins. The pET20b-MBP-
sCD74 and pCoBo-Fh8-sCD74 were transformed into Rossetta-gami 2 (DE3) and
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BL21 Star (DE3) +pRARE?2 strain, respectively. For protein production, overnight
pre-cultures were used to inoculate 1 L 2YT medium in a 5 L Erlenmeyer flask.
Cultures were then grown until ODgoo ~ 0.5. Isopropyl B-thiogalactopyranoside
was added to a final concentration of 50 uM and the cultures were incubated
overnight at 20°C. Cells were harvested by centrifugation (3500 x g, 15 min, 4°C),
washed with 0.9% NaCl and the cell pellet stored at -20°C until further use. In a
typical purification experiment, 10 g cell pellets from a 1 L culture were thawed
and suspended in 15 mL of lysis buffer (50 mM Tris-HCI, 10% glycerol, pH 7.4)
supplemented with 1 tablet protease inhibitor (Roche, The Netherlands), 19 mg
EDTA and 19 mg EGTA. Cells were disrupted by sonication for 6 x 30 s while
cooled in ice-water (with 90 s rest in between each cycle) at a 50% duty cycle and
240 W output using a Branson sonifier model 450 (Branson Ultrasonics
Corporation, USA), after which cell debris was removed by centrifugation (34,000
x g 60 min, 4°C). The cell free extract (supernatant) was incubated overnight at
4°C with 5 mL cOmplete HisTrap purification resin (Roche Life Science, The
Netherlands), pre-equilibrated with lysis buffer. The non-bound proteins were
removed as flow through by gravity flow. The column was then washed with 50
mL lysis buffer followed by 12 mL HT elution buffer (50 mM Tris-HCl, 500 mM
imidazole, 10% glycerol, pH 7.4). Fractions were analyzed by SDS PAGE and
those containing CD74 fusion proteins pooled.

HisTrap-purified MBP-fused CD74 proteins was applied to a gravity
column containing 5 mL MBPTrap resin, pre-equilibrated with MT buffer (50 mM
Tris-HCl, 10% glycerol, pH 7.4). After an overnight incubation at 4°C while
mixing on a rotor, the non-bound proteins were removed from the column with 50
mL of MT buffer. Bound protein was eluted with 3.5 mL MT elution buffer (50
mM Tris-HCI, 10 mM maltose, 10% glycerol, pH 7.4). Fractions were analyzed by
SDS PAGE, those containing CD74 fusion proteins were pooled, aliquoted,
snapfrozen and stored in aliquots at -80°C.

Fh8-fused CD74 proteins could be further purified by a 5 mL octyl
sepharose column (GE Healthcare, The Netherlands) at 10°C as described [12]. In
short, the protein was dialysed against OS buffer (50 mM Tris-HCI, 150 mM NaCl,
5 mM CaCl,, 10% glycerol, pH 7.6) and loaded on a 5-mL octyl sepharose column
(GE Healthcare, The Netherlands), pre-equilibrated with OS buffer. After washing
with low CaCl-buffer (25 mM Tris-HCI, 75 mM NaCl, 2.5 mM CaCl,, 10%
glycerol, pH 7.6), the protein was eluted with 50 mM Tris, 5 mM EDTA, 10%
glycerol, pH 7.6. Fractions were analyzed by SDS PAGE, those containing Fh8-
fusion proteins were pooled, aliquoted, snapfrozen and stored in aliquots at -80°C.
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(ii) Factor Xa cleavage of MBP-sCD74. The cleavage of the MBP-sCD74 fusion
protein was performed in 50 mM Tris-HCI, 10% glycerol supplemented with 50
mM NaCl and 2 mM CaCl, at pH 7.4 by factor Xa protease (NEB, The
Netherlands) with a mass/volume (ug/ul) ratio MBP-sCD74:factor Xa of 25:1, 3
hours incubation period at 4°C. The cleaved product was purified using cOmplete
His-Trap purification resin. Fractions were analyzed by SDS PAGE, those
containing sCD74 were pooled, aliquoted, snapfrozen and stored in aliquots at
-80°C.

(iii) 3C cleavage of Fh8-ssCD74. The cleavage of the Fh8-ssCD74 fusion protein
was performed in 50 mM Tris-HCI, 10% glycerol supplemented with 150 mM
NaCl at pH 7.4 by 3C PreScission protease (GE Healthcare, The Netherlands) with
a mass/volume (png/pL) ratio Fh8-ssCD74:3C of 100:1, 1 hour at 4°C. The cleaved
product was purified using octyl sepharose resin (GE Healthcare, The Netherlands)
followed by cOmplete His-Trap purification resin, as described above. Fractions
were analyzed by SDS PAGE, those containing ssCD74 were pooled, aliquoted,
snapfrozen and stored in aliquots at -80°C. Protein sssCD74, produced by overnight
incubation of Fh8-ssCD74 with 3C Precission protease at 4°C, was purified using
cOmplete HisTrap resin.

(iv) Peptides MBP and Fh8. Proteins MBP was purchased from ProSpec-Tany
TechnoGene Ltd (Germany). Fh8 was produced with pCoBo-Fh8 and purified
using octyl sepharose resin.

(v) Production and purification of MIF. MIF was produced in BL21(DE3) in a
similar manner as MBP-sCD74. After harvesting, cells were resuspended in lysis
buffer supplemented with 1 tablet protease inhibitor (Roche, The Netherlands).
Cell free extract was obtained as described earlier for MBP-sCD74 and incubated
overnight at 4°C with 5 mL cOmplete His-Trap purification resin (Roche, The
Netherlands), which had previously been equilibrated with the lysis buffer. The
non-bound proteins were removed as flow through by gravity flow. The column
was washed with 50 mL lysis buffer followed by 12 mL elution buffer (50 mM
Tris-HCl, 500 mM imidazole, 10% glycerol, pH 7.4). Fractions were analyzed by
SDS PAGE and those containing MIF were pooled, aliquoted, snap-frozen and
stored at -80°C.
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Analysis of proteins using size exclusion chromatography

MIF and CD74 proteins were analysed separately on an analytical size
exclusion column. 20 pL of a 1 mg/mL protein solution was injected and run at 0.2
mL/min on a 3 ml Superdex200 5/150 column (GE Healthcare), equilibrated with
PBS, pH 7.4, at 10 °C. To calibrate the column, the elution volumes of five marker
proteins (GE Healthcare) were determined under identical conditions:
thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75
kDa), and ovalbumin (43 kDa).

Binding assays
Enzyme-linked immunosorbent assay (ELISA)

The sCD74 proteins were characterised for MIF binding in an ELISA test.
Wells in 96-well plates were coated with 100 uL of 300 nM MIF in phosphate-
buffered saline (PBS) [400 ng/well]. After washing with 200 upL buffer
PBS+Tween 0.05% and blocking with commercial blocker (Rockland, The
Netherlands), 100 pL of 500 nM sCD74 was added, and the system was incubated
for 30 min at room temperature. After the wells were washed and blocked, mouse
anti-MBP mAb (Sigma-Aldrich, The Netherlands) or rabbit anti-CD74 pAb
(Sinobiological, The Netherlands) was added. The bound complexes were detected
after washing by the addition of goat anti-mouse horseradish peroxidase conjugate
(Thermo Fisher Scientific, The Netherlands) or goat anti-rabbit horseradish
peroxidase conjugate (Life Technologies, The Netherlands), and tetra
methylbenzydine (Thermo Fisher Scientific, The Netherlands) as its substrate.
After ~10 min the reaction was stopped by the addition of 1M H,SOs4 and the
absorbance at 450 nm measured. The specificity of binding was confirmed by
using 100 pL of 500 nM MBP in PBS, and 100 pL of 500 nM FhS8 in PBS as
controls. Each experiment was done in triplicate and repeated at least two times.

A dose-dependent ELISA was performed with sCD74 concentration
ranging from 3 to 3200 nM (for MBP-sCD74) and 12 to 3200 nM (for Fh8-
ssCD74). The corrected absorbance at 450 nm was then plotted against logarithm
of concentration to find the dissociation constant of the binding.
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Isothermal Titration Calorimetry (ITC)

Binding of MIF to CD74 was measured by ITC model ITC200 (Malvern,
UK) at 25°C, 1000 rpm stirring speed, 120 seconds spacing between each injection.
The cell was filled with 200 pL of 40-85 uM MBP-sCD74 in PBS and titrated with
20 consecutive injections of 2 uL. 70-220 uM MIF in PBS. A cell filled with PBS
only titrated with MIF and a cell filled with fusion protein titrated with PBS only
were used as control.

Results and Discussion

Even though MIF was one of the first cytokines to have been described,
many details of its signaling activities still have to be elucidated. Nevertheless, the
involvement of receptor CD74 has been proven in many MIF-related diseases and
this receptor has been recognised as a major pharmaceutical target. The interaction
between MIF and CD74 was in vitro demonstrated to be located in the extracellular
moiety of CD74 [4][24]. However, the unstable and protease-prone character of the
extracellular moiety of CD74 has hampered further characterisation. Several
attempts to obtain a good production of the extracellular moiety of CD74 with a C-
terminal His-tag in bacteria resulted in low yields of soluble protein [12]. As a
consequence, we have tried to tackle this problem by fusing CD74 to solubility-
enhancing peptides. Two different solubility enhancing peptides were used: the
large, but well characterised MBP protein [14] and the recently reported small
protein Fh8 [16][17][18]. Figure 1 presents a schematic overview of the fusion
proteins encoded by the constructs that were made, and their corresponding amino
acid sequences.

Production and purification of CD74 proteins

The fragments of the human CD74 gene as cloned into the expression
vectors were not codon-optimized for bacterial expression. Therefore, we used
E.coli strains that were transformed with the plasmid pRARE2 supplying tRNAs
for 7 rare codons (AGA, AGG, AUA, CUA, GGA, CCC, and CGQG), e.g. the
strains Rossetta-gami 2 (DE3) and BL21 Star (DE3) + pRARE2. This allowed high
production yields of soluble MBP-sCD74, Fh8-sCD74 and Fh8-ssCD74 (Figure
2).

Fusion protein MBP-sCD74 was successfully purified by affinity
chromatography using a HisTrap column followed by a MBP-Trap column. Mass

45



spectrometric analysis of the major band running just below the 62 kDa marker
protein (Figure 3, lane 3) gave a mass of 62.326 kDa which corresponds to the
calculated MW of 62.319 kDa. MS analysis of the tryptic digestion of the protein
confirmed the identity of MBP-sCD74 by >90 % coverage. About ~60 mg of
purified MBP-sCD74 was obtained from one liter of culture. Mass analysis of a
contaminating protein running above the 14 kDa marker protein (Figure 3, lane 3)
showed this to be a 14.711 kDa peptide, corresponding to a degradation product
with a proteolytic cleavage between residues Prol12 and Leull3 of CD74. This
deviates from previously observed cleavage sites in this region [25][26], a
difference that is likely to be related to differences in E. coli strains and growth
conditions that were used, and /or to the N- or C-terminally located His-tag leading
to purification of different fragments. The proteolytic sensitivity is supported by
the NMR study of fragment 133-208 of CD74, which showed that amino acids
directly flanking the trimerisation domain are disordered [27]. In line with this, the
CLIP region (residues 97-119) appears as a linear peptide without secondary
structure in complex with MHCII molecules [28][29][30][31].

The large size of MBP (42 kDa) made us decide to also construct a fusion
of sCD74 with the much smaller Fh8 protein, an EF-hand protein of 8 kDa that
shows calcium-dependent binding to hydrophobic resins. The Fh8-sCD74 fusion
protein was first purified by affinity chromatography on a HisTrap column. Similar
to MBP-sCD74, purification of Fh8-sCD74 on the cOmplete HisTrap column
resulted in a approximately 90% pure protein with an experimentally determined
mass of 29.604 kDa, corresponding to the calculated mass of 29.605 kDa. The
yield of Fh8-sCD74 was 30 mg per liter culture. Mass analysis of the contaminant
protein running above the 14 kDa marker protein in the SDS-PAGE gel (Figure 3,
lane 2) demonstrated this protein to have a mass of 14.711 kDa, similar to the
contamination found in the MBP-sCD74 protein batch. Unfortunately, the octyl
sepharose column did not improve the purity of the fusion protein. The difficulty to
remove degradation products from fusion products are most likely due to the
multimeric character of CD74: cleavage in loop regions does not necessarily affect
trimer formation of CD74-derived proteins nor their chromatographic behaviour.

In an attempt to create a more protease-stable fragment of sCD74, a
plasmid encoding fusion protein Fh8-ssCD74 (CD74 residues 113-232) was
constructed (Figure 1). Production of this protein and purification on a cOmplete
HisTrap column (Figure 3, lane 1) resulted in the high yield of 75 mg of ~95%
pure protein per liter of culture with an experimentally determined mass of 25.461
kDa, corresponding to the calculated mass of 25.462 kDa. As anticipated, the
previously observed contaminant of 14.711 kDa was not found in this protein
batch.
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In order to obtain the non-fused sCD74, fusion protein MBP-sCD74 was
cleaved with factor Xa, followed by purification on a HisTrap column. This
resulted in a mixture of sCD74 and lower molecular weight products (Figure 3,
lane 5). Apparently, the MBP-sCD74 fusion protein is prone to cleavage with
factor Xa at additional sites. Attempts to improve the purity of sCD74 by size
exclusion and ion exchange chromatography were unsuccessful.

Similarly, 3C-mediated cleavage of Fh8-ssCD74 and subsequent
purification of ssCD74 also resulted in a mixture of proteins of slightly smaller
mass (results not shown). Also here, chromatography attempts to recover ssCD74
using HisTrap as a highly purified protein were not successful. Further
experimentation indicated that a stable cleavage product of ssCD74, denoted as
sssCD74, was obtained after overnight incubation at 4°C with 3C protease. Mass
spectrometry analysis demonstrated that the molecular weight of this product was
13.343 kDa, corresponding to residues 126-232 with C-terminal His-tag, thus
lacking almost the whole region up to the membrane-distal trimerisation domain of
CD74 (Figure 1). This fragment could be highly purified with a cOmplete HisTrap
column (Figure 3, lane 6). Noteworthy, fragment sssCD74 is comparable to the 18
kDa proteolytic fragment K3, that retains the ability to bind to MHCII molecules,
and, like sssCD74, starts at residue Gly126 but has a C-terminal truncation [32].

When analyzed on an analytical size exclusion column, the fusion proteins
MBP-sCD74, Fh8-sCD74 and Fh8-ssCD74 eluted earlier than expected (Figure 4).
Although expected to run as trimers with molecular weights 186.9, 88.8, and 77.5
kDa, respectively, they eluted between the reference proteins ferritin (MW 440
kDa) and aldolase (158 kDa). At first impression, this seems to indicate that the
fusion proteins form hexameric instead of trimeric structures. However, since
fusion partners MBP and Fh8 are considered to be stable monomers, and since the
elution volumes of cleaved products sCD74 and sssCD74 correspond to the
expected elution volumes of their trimeric versions (60.9 and 39.9 kDa,
respectively), this behaviour is more likely to be a consequence of increased
hydrodynamic shapes of the trimeric fusion proteins. Such behaviour is not
unexpected for fusion proteins that consist of two well-defined domains separated
by an intrinsically disordered moiety. Our results suggest that all CD74 proteins
used in this study are mostly present in a homotrimeric form. However, the
chromatograms of the three fusion proteins show more than one peak indicating
some heterogeneity. Fh8-sCD74 shows two major peaks which are not easily
explained. MBP-sCD74 and Fh8-sCD74 show a small peak at c. 40 kDa, which can
be interpreted as the trimer of the 14.711 kDa contamination. As expected, the
elution volume of MIF fits to its trimeric form (40.3 kDa; Figure 4).
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MIF binding capacities of CD74 proteins

The MIF binding capacities of the different CD74 proteins were assessed
by ELISA. As depicted in Figure 5A and B, all fusion proteins of CD74 were able
to bind to this cytokine. The lack of MIF binding to the MBP and Fh8 polypeptides
demonstrated that the interactions of the CD74 fusion proteins with MIF are a
consequence of the presence of CD74 and not of the fusion partners. Interestingly,
at a concentration of 500 nM, fusion protein Fh8-ssCD74 gave a lower MIF-
binding response than Fh8-sCD74 (Figure 5B) indicating that deletion of residues
77-112 of CD74 only partially affects the binding to MIF. The binding capacity of
500 nM non-fused sCD74 itself is also shown in Figure 5C. Deletion of residues
77-125 in the luminal moiety up to the membrane-distal trimerisation domain
resulted in a complete loss of MIF binding capacity as is demonstrated by the lack
of binding of 500 nM purified protein sssCD74 (Figure 5C). This is not due to a
loss of structural stability since both sCD74 and sssCD74 behave as trimeric
proteins during size exclusion chromatography (Figure 4). These results thus
strongly suggest that the MIF-binding region lies N-terminal to the membrane-
distal trimerisation domain of CD74.

These biochemical results differ from the results of a docking experiment
in which amino acid sequences YGNMT and RHSLE within the trimerisation
domain were predicted to be involved in the binding to MIF [33]. The docking
experiment — as it is depending on three-dimensional structures - was performed
with the crystal structures of MIF (PDB ID: 1MIF) and the membrane-distal
trimerisation domain of CD74 (PDB ID: 11IE), hence excluding the disordered
region N-terminal to the trimerisation domain. Our results, especially the lack of
interaction of sssCD74 with MIF in our ELISA assay (Figure 5C), indicate that the
membrane-distal CD74 trimerisation domain is not or only weakly involved in the
interaction with MIF, and is not sufficient for a high affinity interaction.

In order to get further insight in the formation of a complex between MIF
and CD74, we performed a dose-dependent ELISA with MBP-sCD74 and Fh8§-
ssCD74 (Figure 6). Whereas the binding isotherm of MBP-sCD74 leads to an
ECso-value of approximately 110 nM, Fh8-ssCD74 leads to a 2.5-fold higher value
of approximately 280 nM, suggesting that removal of residues 77-112 of CD74 is
affecting but not destructing the interaction with MIF. Together with the lack of
MIF-binding by sssCD74 (i.e. amino acids 126-232), these results indicate that
CD74 amino acids 113-125 are of primary importance for the interaction with MIF,
and that the amino acids N-terminal to this region add to the binding ability. ITC
binding kinetics measurements confirmed that MIF binds to MBP-sCD74 (Figure
7). Complex formation is an exothermic reaction with a reaction enthalpy (AH) of
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-(2.5£0.5)'10° cal/mol. This low enthalpy value made obtaining solid data of ITC
experimentation rather difficult. The apparent dissociation constant (Kp) was
1.3+£0.1 uM. This affinity is lower than the ECso-value obtained with ELISA.

Earlier SPR measurements of the interaction between MIF and sCD74 have
resulted in significantly higher reported affinities of 0.23 or 9 nM, depending on
the experimental configuration [4]. We note, however, that the lack of details in
this SPR study does not allow a direct comparison. Interestingly, the same study
also shows a sandwich ELISA that seems to point at an ECsy value in the
submicromolar range of sCD74, which is comparable to our ELISA results. The
affinity measurements thus show considerable variety, which may be caused by
different complex formation between these multimeric proteins under different
experimental conditions. As Leng et al. [4] pointed out: based on the serum
concentration of MIF, one would expect a nanomolar range affinity for its receptor.
In that light it should be noted that the in vitro results have been obtained with
bacterially produced proteins. The native proteins, with possible post-translational
modifications on MIF and CD74 (e.g. oxidation and glycosylation [34]) may have
different affinities. In addition, the transmembrane domain of CD74 is also able to
trimerize [35][36] and thus may bring extra stability and raise the affinity for MIF.

Interestingly, the molar binding ratio in our ITC experiment was found to
be 0.29+£0.03. Assuming all MBP-sCD74 and MIF molecules to be active, this
molar ratio indicates that a complex of a trimeric MIF with 3 trimers of MBP-
sCD74 is formed. This suggests that MIF initiates signaling by clustering the
trimeric CD74 receptor into a larger network that is needed to overcome the
threshold for initiation of the signaling cascade.

Conclusions

Our research demonstrated that the luminal portion of CD74 can be
produced at high yields in a bacterial expression system when fused to the
solubility enhancing proteins MBP and Fh8. The purified fusion proteins were
demonstrated to bind to MIF. The extracellular region from the transmembrane
domain up to the membrane-distal trimerisation domain of CD74 appears to be
essential for this interaction, with amino acids 113-125 being an important region,
as demonstrated by the binding assays with different constructs.

The successful production of functional CD74 in high quantities, whether
as a fusion protein or as cleaved product, is the first step in further characterisation
of its structural features and of the elucidation of the binding mechanism of
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mammalian MIF and MIF homologues to this receptor. Moreover, it will stimulate
our search for clinically relevant inhibitors of the MIF-CD74 interaction.
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Figure 1. A. Schematic presentation of human CD74 isoform p35 and CD74-derived proteins used in this study.
IC = intracellular (residues 1-46), TM = transmembrane (residues 47-73), EC = extracellular (residues 74-232), the
inverted triangles indicate where isoforms p33, p35, p41 and p43 differ. Xa = factor Xa cleavage site, 3C = 3C
protease cleavage site, Hiss = (His)s-tag. B. Amino acid sequences of CD74-derived proteins used in this study.
The sequences of the solubility enhancing peptides MBP and Fh8 are in italics, the proteolytic sites are underlined,
and the CD74 sequences are presented in bold. Sequences of CD74 that are dotted or dashed underlined represent
the CLIP region and the membrane-distal trimerisation domain, respectively.
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Figure 2. Overproduction of CD74 fusion proteins. Lane 1: marker proteins with the indicated molecular weights.
Lanes 2 and 3: cell lysate before and after overproduction of Fh8-ssCD74 (MW 25.0 kDa), respectively. Lanes 4
and 5: cell lysate before and after overproduction of Fh8-sCD74 (MW 29.6 kDa), respectively. Lanes 6 and 7: cell
lysate before and after overproduction of MBP-sCD74 (MW 62.3 kDa), respectively.
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Figure 3. SDS gel of different purified CD74 proteins. Fh8-ssCD74 (lane 1), Fh8-sCD74 (lane 2), MBP-sCD74
(lane 3), sCD74 (lane 5), and sssCD74 (lane 6). Lane 4 contains the protein markers with indication of the
molecular weights.
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Figure 4. Size exclusion chromatography of MIF and CD74-derived proteins. Purified proteins were separately
analyzed on a 3 mL gel filtration column (Superdex200 5/150) by injecting 20 pL of a 1 mg/mL protein solution
onto the column equilibrated with PBS, pH 7.4, at 10 °C. Each chromatogram was normalised to its absorbance at
280 nm. The column was also calibrated with 20 pL of 1 mg/mL solutions of five marker proteins: thyroglobulin
(669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), and ovalbumin (43 kDa). The elution
volumes of these marker proteins (1.19; 1.34; 1.61; 1.78; and 1.89 ml, respectively) are indicated with arrows.
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Figure 5. ELISA binding observation between MIF and sCD74 fusion proteins. A. MIF with 500 nM MBP-
sCD74 and controls using mouse anti-MBP mAb for detection. B. MIF with 500 nM MBP-sCD74, Fh8-sCD74 or
Fh8-ssCD74 and controls using rabbit anti-CD74 pAb for detection. C. MIF with 500 nM sCD74 or sssCD74 and

controls using rabbit anti-CD74 pAb for detection.
c: protein used for coating (300 nM MIF or 500 nM of other proteins);
+: protein tested for binding to MIF
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Figure 6. Dose-dependent ELISA of MIF binding to CD74 fusion proteins. The interaction was determined
between 300 nM coated MIF and different concentrations of MBP-sCD74 or Fh8-ssCD74, and revealed with
aMBP or aCD74 antibodies, respectively.
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Chapter 4

Development of chromenes as MIF inhibitors
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Abstract

Macrophage migration inhibitory factor (MIF) is an essential signaling
cytokine with a key role in the immune system. Binding of MIF to its molecular
targets such as, among others, the cluster of differentiation 74 (CD74) receptor
plays a key role in inflammatory diseases and cancer. Therefore, the identification
of MIF binding compounds gained importance in drug discovery. In this study, we
aim to discover novel MIF binding compounds by screening of a focused
compound collection for inhibition of its tautomerase enzyme activity. Inspired by
the known chromen-4-one inhibitor Orita-13, a focused collection of compounds
with a chromene scaffold was screened for MIF binding. The library was
synthesized using versatile cyanoacetamide chemistry to provide diversely
substituted chromenes. The screening provided inhibitors with ICso‘s in the low
micromolar range. Kinetic evaluation suggested that the inhibitors were reversible
and did not bind in the binding pocket of the substrate. Thus, we discovered novel
inhibitors of the MIF tautomerase activity, which may ultimately support the
development of novel therapeutic agents against diseases in which MIF is involved.

Keywords: Macrophage migration inhibitory factor, chromenes, inhibitor, enzyme
kinetics
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Introduction

Macrophage migration inhibitory factor (MIF) is a central cytokine of the
immune system. It is expressed in immune cells such as T-cells, macrophages,
basophiles, eosinophils and B-cells [1]. Unlike other cytokines, MIF is
constitutively expressed and stored in cytoplasmic pools and rapidly released in
response to stimuli [2]. Upon release, MIF interacts with surface receptors on B-
cells, T-cells, macrophages and some epithelial cells, which induce pro-
inflammatory signal transduction. MIF has been shown to interact with the type II
cluster of differentiation 74 (CD74) receptor, which is the invariant chain of the
major histocompatibility complex II (MHCII). CD74 does not seem to have an
intracellular signaling domain and is, therefore, expected to initiate intracellular
signaling by recruiting other membrane receptors such as CD44, CXCR2 and
CXCR4 [3-5]. These interactions are important for the role of MIF in inflammatory
signaling. In addition, MIF has also been suggested as a target in cancer due to its
downregulation of p53 and its overexpression in several cancer cell types [6-10]. It
was shown that neutralization of MIF through antibodies or genetic deletion was
beneficial in several inflammatory disease models and a small-molecule inhibitor
of MIF was able to reduce tumor growth in mouse models [11-15]. Taken together
these data indicate that development of MIF binding molecules has potential for
drug discovery for inflammatory diseases and cancer.

MIF is a small protein of 115 amino acids, weighing approximately 12.4
kDa and exists predominantly in a homotrimeric form. One human homologue has
been described, D-Dopachrome Tautomerase (D-DT or MIF2), which shows a
similar function to MIF [16]. MIF has structural similarity to two bacterial
enzymes: 4-oxalocrotonate tautomerase (4-OT) and 5-carboxymethyl-2-
hydroxymuconate isomerase [17]. Inspired by these similarities, it was discovered
that MIF not only functions as a cytokine, but has enzymatic activity as well. It has
been shown to catalyze the interconversion of enol and keto isomers of D-
Dopachrome and phenylpyruvate [18]. One residue particularly important for this
activity is the N-terminal proline which acts as a catalytic base in the tautomerase
reaction [19]. Screening for inhibitors of MIF tautomerase activity has been
recognized as an efficient way to identify MIF binding compounds that can be
further investigated in more advanced disease models where MIF has been shown
to play a role. A well-known inhibitor of the MIF tautomerase activity is the
isoxazoline (S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl
ester (ISO-1, Figure 1). ISO-1 is a competitive inhibitor of the MIF tautomerase
activity and has beneficial effects in several disease models such as sepsis, chronic
obstructive pulmonary disease (COPD) and cancer [15, 20-23]. Based on ISO-1,
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several other MIF inhibitors have been developed, among which are the
biaryltriazoles [24-28]. Using a structure-based virtual screening method, Orita-13
containing a chromen-4-one scaffold was identified as a MIF inhibitor [26, 29].
Additionally, covalent MIF inhibitors have been described, such as TP, as probes
suitable for activity-based protein profiling [30]. Taken together, several small-
molecule binders of MIF have been developed (Figure 1), but the identification of
novel structural classes remains needed for a better understanding of the structural
requirements for binding and to provide a broader basis for drug discovery.

A
m\ﬁ:‘ 0,0H

OH

Biaryltriazole o Q
H / 0~N/\
N\

Orita-13 TP

(@)

Figure 1. Known MIF tautomerase activity inhibitors “ISO-1”, a “biaryltriazole” from [26], “Orita-13” and
activity-based probe “TP”.

Here, we describe the identification of novel MIF binders inspired by the
chromen-4-one scaffold of Orita-13. A focused compound collection of 57
compounds was synthesized using cyanoacetamide-based chemistry. Screening of
this library for inhibition of MIF tautomerase activity provided 6 inhibitors with
potencies in the low micromolar range. The structural motif that was identified
expands the number of scaffold available for further development of MIF inhibitors
towards applications in disease models.

Materials and methods
Chemistry general

All the reagents and solvents were purchased from Sigma-Aldrich, AK
Scientific, Fluorochem, Abcr GmbH, or Acros and were used without further
purification. All microwave irradiation reactions were carried out in a Biotage
Initiator™ Microwave Synthesizer. Thin layer chromatography was performed on
Millipore precoated silica gel plates (0.20 mm thick, particle size 25 pm). Nuclear
magnetic resonance spectra were recorded on Bruker Avance 500 or 600
spectrometers '"H NMR (500 MHz; 600 MHz), *C NMR (126 MHz; 151 MHz).
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Chemical shifts for '"H NMR were reported as J values and coupling constants were
in hertz (Hz). The following abbreviations were used for spin multiplicity: s =
singlet, br s = broad singlet, d = doublet, t = triplet, q = quartet, quin = quintet, dd =
doublet of doublets, ddd = doublet of doublet of doublets, m = multiplet. Chemical
shifts for ®C NMR were reported in ppm relative to the solvent peak. Flash
chromatography was performed on a Reveleris® X2 Flash Chromatography system,
using Grace® Reveleris Silica flash cartridges (12 grams). Mass spectra were
measured on a Waters Investigator Supercritical Fluid Chromatograph with a 3100
MS Detector (ESI) using a solvent system of methanol and CO- on a Viridis silica
gel column (4.6 x 250 mm, 5 um particle size) or Viridis 2-ethyl pyridine column
(4.6 x 250 mm, 5 pm particle size). High resolution mass spectra were recorded
using a LTQ-Orbitrap-XL (Thermo Scientific, The Netherlands) at a resolution of
60000@m/z400.

General procedure for the synthesis of 1-57

To a stirred solution of 2H-chromen-2-one (1.0 mmol) in dry ethanol (5
mL), the corresponding cyanoacetamide (1.0 mmol) and sodium ethoxide (0.2
mmol) were added. The reaction mixture was stirred at room temperature for 24
hours. The precipitate was filtered off and washed with cold ethanol (2 x 5 mL),
yielding the final compounds without further purification in yield ranging from 35
to 81 %. The characterization of all compounds can be found in the supporting
information.

Single crystal x-ray structure determination

X-ray diffraction data for a single crystal of compound 7 was collected
using a SuperNova (Rigaku-Oxford Diffraction) four circle diffractometer with a
mirror monochromator and a microfocus MoK radiation source (L =0.71073 A).
Additionally, the diffractometer was equipped with a CryoJet HT cryostat system
(Oxford Instruments) allowing low temperature experiments, performed at 130 (2)
K. The obtained data was processed with CrysAlisPro software.5! The phase
problem was solved by direct methods using SIR2004.52 Parameters of models
were refined by full-matrix least-squares on F?> using SHELXL-2014/6.5°
Calculations were performed using WinGX integrated system (ver. 2014.1).%%
Figure was prepared with Mercury 3.7 software.>
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All non-hydrogen atoms were refined anisotropically. All hydrogen atoms
attached to carbon atoms were positioned with the idealised geometry and refined
using the riding model with the isotropic displacement parameter Ujs,[H] = 1.2 (or
1.5 (methyl groups only)) Ue[C]. Positions of hydrogen atoms linked to N2 were
defined on the difference Fourier map and refined with no additional restraints. The
molecular geometry (asymmetric unit) observed in the crystal structure is shown in
Figure S1. Crystal data and structure refinement results for presented crystal
structure are shown in Table S1. Crystallographic data have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC 1575884.

MIF tautomerase activity assay

Tautomerase activity inhibition of MIF by the synthesized chromene
compounds was measured using recombinantly expressed His-tagged MIF, which
was purified with cOmplete His-Trap purification resin (Roche, The Netherlands).
The assay was done following the procedure of Dziedzic et al. [26]. 4-
hydroxyphenyl pyruvate (4-HPP) was used as substrate to quantify tautomerase
activity. Stock solutions of 10 mM 4-4-HPP were made in 50 mM ammonium
acetate buffer pH 6.0, and incubated overnight at room temperature to allow
equilibration between keto and enol form. Further dilutions of the substrate were
made in the same acetate buffer. Inhibitor stock solutions had a concentration of 10
mM in DMSO. The inhibitor stock solutions were diluted in 0.4 M boric acid pH
6.2 to give final concentration in the screening assay of 25 and 50 pM. For the ICs
assay final concentrations of 250 — 0 uM or 100 — 0 uM or 25 — 0 uM in 5%
DMSO, with 2 or 1.6 fold dilution series were applied. The control contained 5%
DMSO as a vehicle control. This amount did not influence the MIF tautomerase
activity. In the assays 50 pL of mixtures of MIF (dilution in 0.2 M boric acid pH
6.2, to give a final concentration of 340 nM) and the synthesized compounds were
put in a UV-star F bottom 96-well plate. The enzymatic reaction was started by
addition of 50 puL 4-HPP (to give a final concentration of 0.5 mM), and the
increase of absorbance at 306 nm was followed over time using a Spectrostar
Omega BMG Labtech plate reader. The positive control contained all the
components excluding inhibitor (but including 5% DMSO), and the negative
control was as the positive control without MIF. The data obtained were analyzed
by firstly taking the slopes of the linear part of the increased absorbance over the
time (that is the velocity of the enzymatic reaction), then normalizing them to the
positive and negative control to give percentage of inhibition.
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Enzyme kinetic evaluation

To evaluate the reversibility of MIF tautomerase inhibition by the
discovered chromene inhibitors, preincubation experiments were conducted using
inhibitor 10 and 17. The inhibitors (125 — 0 uM, 1.6 fold dilution series in 5%
DMSO) were preincubated with the enzyme (340 nM) for 2 minutes (the time of
preincubation in the regular ICsy assays) and 40 minutes prior to adding the
substrate and starting the enzymatic reaction. Then the ICso curves were made as
described above.

Dilution experiments were performed using inhibitor 10. To do this, an
initial mixture with a relatively high concentration of MIF (34 uM) and the
inhibitor (125 puM in 5% DMSO) was made. Subsequently, this mixture was
diluted 100 times in a solution containing the substrate 4-HPP (0.5 mM) and boric
acid. A control assay was done following the same procedure without inhibitor, but
containing 5 % DMSO. The enzyme activity was measured as described before.
The absorbance was plotted against time.

To further investigate the mechanism of inhibition, kinetic experiments
were conducted using inhibitor 10. The velocity of the enzymatic reaction was
measured at increasing concentrations of 4-HPP (0 - 2.56 mM, 1.25 x dilution) in
the presence of MIF (340 nM) and inhibitor (0, 6.25 or 12.5 uM). The velocity of
the reaction was plotted against the concentration of 4-HPP using GraphPad Prism
5.0. The curve was plotted using enzyme kinetics-allosteric sigmoidal, yielding the
Vimax app., Hill slope and Kprime app.. The concentration of 4-HPP that gives half of
Vmax (Knair) was calculated from the Kyrime using the following equation:

Hill slope
Khalf = p\/ Kprime

Results and discussion
Chemistry

A library of approximately 60 fused amino-2H-chromenopyridine-diones
was synthesized using methods as initially described by Rosati et al. (Figure 2A)
[31, 32]. The alignment of Orita-13 with the amino-2H-chromenopyridine-dione
scaffold can be detected by checking the sterecoscopic view of Orita-13, which
indicates the potential of this library for MIF binding (Figure 2B). These scaffolds
combine a series of interesting features besides the chromene core, such as the
amino group in S5-position and a fused piperidinodione ring. Moreover, the
possibility to increase the diversity with two points of diversification and the rigid
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core structure attributed to the selection of this scaffold. It was possible to get the
crystal structure of compound 7 revealing an intramolecular hydrogen bond
between the exocyclic amine and the carbonyl group. This led to coplanarity
between the fused rings, which provides interesting possibilities for the type of
interactions under investigation (Figure 2C, Figure S1, Scheme S1).

Starting from our broad experience with cyanoacetamide chemistry in
heterocycle synthesis [33-36], we elaborated on the synthesis of Rosati ef al. [31],
using a number of different cyanoacetamides and suitably substituted 2H-
chromenes. Thus, we designed and synthesized a highly diverse medium sized
library in a medicinal chemistry frame utilizing aliphatic and aromatic substituents,
heterocycles, hydrogen bond donors and acceptors. In addition, we enhanced the
solubility of specific compounds with the introduction of morpholino substituents.
The reactions proceeded under mild conditions with a plethora of different
cyanoacetamides in good to very good yields in a parallel manner.
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Figure 2. A. Synthesis of fused amino-2H-chromenopyridine-diones. B. Stereoscopic view of the 3D-alignment of
Orita-13 (green) with the amino-2H-chromenopyridine-dione scaffold (cyan). C. Structure of compound 7,
Molecular geometry observed in the crystal structures of compound 7, showing the atom labelling scheme and an
intramolecular hydrogen bond between the exocyclic amine and the carbonyl group is formed.

Biological evaluation

The compounds were tested for inhibition of the MIF tautomerase activity
using a spectrophotometric assay based on the absorbance detection of the
enzymatic enol product of 4-hydroxy phenylpyruvate (4-HPP) after reaction with
boric acid [26]. First, a single point screening was done at a concentration of 25
uM and 50 uM and the compounds showing more than 50% inhibition of enzyme
activity at 25 uM were tested for ICso values (Figure S2, Figure S3).
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The investigation started with 4-chlorobenzyloxy chromene derivatives,
bearing various aliphatic or aromatic substituents on the R! position (compounds 1-
8, Table 2). Short aliphatic substituents (1 - 3) showed less than 50% inhibition at
25 uM, whereas compound 4 carrying a longer aliphatic substituent provided an
ICsp of 7.1 = 0.4 uM. The compounds with aromatic substituent (5 - 8) also showed
inhibition, of which a 4-chlorophenethyl substituent (7, ICso = 13 = 1.0 uM) and an
indole with ethyl spacer (8, ICso = 8.0 £ 0.5 pM) gave the best results. This
suggests that lipophilic interactions are important for the inhibition of MIF. Next,
these active derivatives (4, 7 and 8) were further investigated. To investigate
whether the bulky 4-chlorobenzyloxy was necessary, it was removed (R? = H) or
replaced with several smaller substituents such as 3-Me, 4-Me or 3-OEt on the R?
position (Table 1). In case of the long dodecane substituent (9 - 11), when smaller
substitutions on position R? were introduced, activity did not improve. In contrast,
introducing smaller substitutions on R? in case of compounds with a 4-
chlorophenethyl on position R! (12 - 13) caused a loss of activity. Concerning the
indole substituted compounds (14 - 17), a methyl substituent improved slightly the
activity, but others were not active. Several other compounds were synthesized
combining different types of R' position, such as morpholines, naphthalenes,
furans, thiophenes or aliphatic chains with different heteroatoms (Table 2), but
these did not lead to an improved inhibition. The ICso value of reference MIF
inhibitor ISO-1 was determined under the conditions used for the chromene
compounds. The ICsy value of ISO-1 was within the range reported in literature
[37]. The activity of Orita-13 has been reported to be similar to ISO-1 [27]. The
most potent chromene compounds were active at lower concentrations compared to
the reference compound ISO-1. Therefore, compounds 10 and 17 were taken for
further investigation.
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Table 1. Inhibition of MIF tautomerase activity by synthesized compounds of a chromene scaffold and reference
compound ISO-1. ICs, values were given as mean + standard deviation of at least 2 independent experiments.

ND = not determined.

o
R1
N- L
0
cl 18 9-17
Compound R! % inhibition ICs (uM) | Compound R! R? % inhibition  ICso (uM)
at 25 pM at 25 pM
1 /Y 40% ND 9 N 3-OFt 60% 21+2.1
2 NF 10% ND 10 AV H 60% 18£3.5
3 e S 10% ND 11 Aoy 4-Me 50% ND
4 N 80% 7.1£1.0 12 V\©\c| H 15% ND
\\ \ 0'
5 /\O 15% ND 13 \/\©\m 3-Me 5% ND
=
NH
[ )
6 45% ND 14 < \ 3-0Et 10% ND
NH, SS
/ NH
’ l >
7 cl 80% 13 +1.1 15 % \ H 15% ND
NH NH
8 N /\/[Q 70% 8.0£1.0 16 /\iQ 4-Me 25% ND
NH
N-o O {
/ N .
1SO-1 HOWO/ 79437 17 < 3-Me 55% 62+0.6
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Table 2. Additional chromene compounds tested for inhibition of MIF. Percent inhibition at 25 uM is given as

mean of at least 2 independent experiments.

Compound R! R? % inhibition Compound R! R? % inhibition
at 25 pM at 25 pM
18 , ¢l 3-OFEt 30% 38 Y °/ 3-OMe 0%
.
19 3 ¢l 4-Me 20% 39 Y °/ H 0%
\/\©\CI
20 , ¢l 3-Me 20% 40 Y °/ 4-Me 15%
\/\@\CI
N e s
21 /\( 3-OFt 10% 41 ’ ()  3OMe 15%
N e s
22 /W/ 3-OMe 15% 42 V\@ 4-Me 10%
23 /\( 4-Me 0% 43 O 3-OFt 0%
24 N 3-OMe 0% 44 & 3-OMe 0%
25 RN 3-Me 0% 45 ) 4-Me 0%
/\/\N/\J)
26 - 3-OFt 0% 46 S 3-Me 0%
\_/\/\N/j) “~
27 °  3.0Me 0% 47 C 3-OFt 10%
\/\/\N/\(g -~
28 L 4-Me 0% 48 C 3-OMe 0%
OH SN
29 N 3-OMe 0% 49 @ 4-Me 0%
30 N H 0% 50 /\©\~H2 3-OFt 0%
31 N 4-Me 0% 51 /\Q\NH, 3-OMe 0%
. o Ke
) T 308 0% 52 /\©\~H, H 0%
SN0 /\©\
33 ~ 3-OMe 0% 53 NH,  4-Me 10%
NN \\/\©\
34 < %7 3Me 0% 54 NH,  3-Me 0%
NSNS ‘
35 | 3-OMe 0% 55 O 3-OEt 50%
NSNS ‘
36 | 3-Me 0% 56 0 3-OMe 25%
NENINN 0
37 § 4-Me 0% 57 ~‘ 3-Me 35%
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Kinetic evaluation

To investigate the reversibility of the inhibition of MIF by the discovered
inhibitors, a preincubation assay was performed with 10 and 17. The inhibitors
were preincubated with MIF for 2 or 40 minutes before initiating the enzymatic
reaction. Then, the ICso curve was made as described before. No difference in ICs
was observed between incubation times, suggesting that the inhibition was not
time-dependent on the investigated time scale (Figure 3A, Figure S4). To further
investigate reversibility we performed dilution experiments with compound 10 in
which the inhibitor and enzyme were preincubated at a high concentration (10 x
ICs0) before dilution in a substrate solution to 10 x below the ICso of the inhibitor.
In combination with an irreversible inhibitor, the enzyme will show no activity
after dilution. With a reversible inhibitor, however, the activity of the enzyme can
be recovered [38]. The dilution assay with compound 10 showed that the activity of
MIF could be recovered after dilution (Figure 3B), which is consistent with
reversible inhibition as observed in the preincubation assay.

To further investigate the mechanism of inhibition of the inhibitors, a
kinetic evaluation of compound 10 was done (Figure 3C). The velocity of the
enzyme reaction was measured at increasing concentrations of the substrate (HPP)
in the presence of different concentrations of inhibitor 10. From this curve, the
apparent maximum velocity (Vmax app.), the hill slope and the concentration of HPP
that gave half of Vimax app. (Khair app.) Were determined. The experiment showed a
sigmoidal curve with a Hill slope larger than 1, not following Michaelis-Menten
kinetics, which is in line with observations from Lubetsky et al. [39]. The Kpar
values were consistent with the values reported by Lubetsky et al. (denoted as
[S]os). An increasing concentration of compound 10 gave a decrease in Vmax app.
The change in Kypair app. 1S less pronounced. This indicates that there is no direct
competition between the substrate HPP and the inhibitor 10. This observation is in
contrast to the binding mode described for Orita-13 that has been shown to bind the
MIF active site [29].
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Figure 3. A. MIF (340 nM) was preincubated with compounds 10 (125 — 0 pM) for 2 or 40 minutes prior to
starting the enzyme reaction by adding the substrate. No significant change in ICs, value was observed. B. MIF
(34 uM) was incubated with a concentration of 125 uM of compound 10. Subsequently, this mixture was diluted
100x with the substrate and the enzyme activity was monitored. Diluting the inhibitor recovered the enzyme
activity. C. The velocity of the enzyme reaction was measured at increasing concentrations of the substrate (HPP)
in the presence of different concentrations of inhibitor 10. The Vay app., Hill slope and Kyairapp. Wwere determined for
each inhibitor concentration.

Conclusions and future perspectives

MIF binding to its molecular targets plays a key role in inflammatory
processes and cancer. Therefore, MIF binders are considered to be potential
therapeutics. In this study, we employed the MIF tautomerase enzymatic activity to
identify MIF binding compounds that could potentially interfere with MIF
functions. Using cyanoacetamide chemistry a focused compound collection with a
chromene scaffold was synthesized and subsequently screened for inhibition of
MIF tautomerase activity. This enabled identification of several novel MIF
inhibitors with ICs¢’s in the low micromolar range. Kinetic evaluation suggested
that compound 10 and 17 were reversible inhibitors and that inhibitor 10 does not
bind in direct competition with the substrate HPP. Taken together, a novel
structural class of MIF inhibitors has been identified that could be used to further
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investigate the tautomerase activity of MIF and may ultimately lead to the
development of novel therapeutic agents.
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Supplementary Figures

Crystal structure of compound 7

Copies of the data can be obtained, free of charge, on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK. (fax: +44-(0)1223-336033 or e-mail:
deposit@ccdc.cam.ac.uk)

Figure S1. Molecular geometry observed in the crystal structures of compound 7, showing the atom labelling
scheme. This compound crystallise as a solvate in the ration 1:1 (compound 7:DMSO). The positional disorder of
C15 and C16 atoms were defined, with site occupancy 76% and 24% for alternative conformers A and B,
respectively (here only the most abundant conformation is presented). Displacement ellipsoids of non-hydrogen
atoms are drawn at the 30% probability level. H atoms are presented as small spheres with an arbitrary radius.
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Table S1. Crystal data and structure refinement results for compound 7.
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Compound 7

Empirical moiety formula

C27 H22 CIZ NZ 047 CZ H(y O S

Formula weight [g/mol]

587.49

Crystal system

Triclinic

Space group

P1

Unite cell dimensions

a=9.8209(5) A
b=122263(8) A
¢ =12.4634(13) A
0=70.821(8)°
B=78.730(6)°
v=78.721(5)°

Volume [A?] 1372.2(2)

Y4 2

D [Mg/m’] 1.422

u [mm'] 0.356

F(000) 612

Crystal size [mm°] 0.6x0.5x0.2

©® range 2.95° to 28.66°
-12<h<13,

Index ranges -15<k <14,
-15<1<14

Refl. Collected 9636
6167

Independent reflections

[R(int) = 0.0288]

Completeness [%] to ©

99.8 (© 25.2%)

Absorption correction Multi-scan
Tmin and Tmax 0.713 and 1.000
Data/ restraints/parameters 6167/0/381
GooF on F2 1.040

. o . R1=0.0453,
Final R indices [[>2sigma(I)] WR2= 0.0957

- R1=0.0719,

R indices (all data) WR2=0.1141
Apmaxa Apmin [C'A-3] 0.31 and -0.32




Plausible mechanism of the formation of derivatives 1-57

The process takes place through the initial formation of coumaric
derivative II and the subsequent Michael-type addition under basic conditions of
the cyanoacetamide carbanion to II to give the intermediate III. In the final step,
the intermediate III is converted into the iminochromene derivative I'V through an
intramolecular attack of the anion on the phenolic oxygen atom to the carbon of the
nitrile bond. Finally, the adducts 1-57 were formed via cyclization between the
amide and the carboxy ester side chain (Scheme S1).

;
HN—R o

o T
ok -

<—i

OEt

Scheme S1. Plausible mechanism of the formation of derivatives 1-57
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Biological evaluation
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Figure S2. Single point screening of chromene compounds at 50 and 25 uM in the presence of 0.5 mM 4-HPP,
340 nM MIF and 0.2 M boric acid.
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Figure S3. ICs curves of the hits from the screening and ISO-1. The compounds were tested for inhibition of MIF
tautomerase activity (MIF 340 nM, 4-HPP 0.5 mM) at 125 - 0 uM or 100 — 0 uM.
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Figure S4. MIF (340 nM) was preincubated with compounds 17 (125 — 0 uM) for 2 or 40 minutes prior to starting
the enzyme reaction by adding the substrate. No significant change in ICsy value was observed.
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Characterization of compounds 1-57

5-Amino-8-(4-chlorobenzyloxy)-3-isobutyl-1 H-chromeno[3,4-c|pyridine-
2,4(3H,10bH)-dione (1)

cl o]
N/Y

| 0

0 0" >NH,

Light brown solid; '"H NMR (500 MHz, DMSO-d6) é [ppm] 7.46 (d, J = 10.0 Hz,
2H), 7.43 (d, J = 10.0 Hz, 2H), 7.30 (d, J = 10.0 Hz, 1H), 6.78 (dd, J = 10.0, 5.0
Hz, 1H), 6.58 (d, J = 10.0 Hz, 1H), 5.10 (s, 2H), 3.87 (dd, J = 10.0, 5.0 Hz, 1H),
3.60 (dd, J=10.0, 5.0 Hz, 1H), 3.46 (dd, J=10.0, 5.0 Hz, 1H), 3.18 (dd, J = 15.0,
5.0 Hz, 1H), 0.78 (d, J= 5.0 Hz, 3H), 0.77 (d, J= 5.0 Hz, 3H). MS (ESI): Calcd for
C23H23CIN2O4 (m/z): 426.1346, found: 426.8927.

3-Allyl-5-amino-8-(4-chlorobenzyloxy)-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (2)

Brown solid; '"H NMR (600 MHz, DMSO-d6) J [ppm] 8.20 (brs, 2H), 7.46 (s, 4H),
7.35 (d, J = 8.4 Hz, 1H), 6.84 (dd, J = 8.4, 2.4 Hz, 1H), 6.62 (d, J = 2.4 Hz, 1H),
5.76-5.83 (m, 1H), 5.15 (s, 2H), 5.00-5.05 (m, 2H), 4.83 (dd, J = 15.0, 5.4 Hz, 1H),
4.24 (dd, J=15.0, 4.8 Hz, 1H), 3.94 (dd, J = 13.8, 4.2 Hz, 1H), 3.23 (dd, J = 15.6,
4.2 Hz, 1H), 2.55 (t, J = 15.0 Hz, 1H). MS (ESI): Calcd for C2,H19CIN,O4 (m/z):
410.1033, found: 410.1029.
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5-Amino-8-(4-chlorobenzyloxy)-3-(2-ethoxyethyl)-1H-chromeno|3,4-
c]pyridine-2,4(3H,10bH)-dione (3)

o]
N/\/o\/
| 0
/©/\o 0~ >NH,
cl

Brown solid; '"H NMR (600 MHz, DMSO-d6) J [ppm] 8.20 (brs, 2H), 7.32 (d, J =
8.4 Hz, 1H), 6.82 (dd, J = 8.4, 2.4 Hz, 1H), 6.26 (d, J = 2.4 Hz, 1H), 5.13 (s, 2H),
3.92-3.97 (m, 1H), 3.87 (dd, J = 13.8, 3.6 Hz, 1H), 3.75-3.80 (m, 1H), 3.30 (m,
4H), 3.19 (dd, J=15.6, 4.2 Hz, 1H), 1.07 (t, J = 6.6 Hz, 3H). MS (ESI): Calcd for
C23H23CIN2Os (m/z): 442.1295, found: 442.1288.

5-Amino-8-(4-chlorobenzyloxy)-3-dodecyl-1H-chromeno[3,4-c|pyridine-
2,4(3H,10bH)-dione (4)

@)

Brown solid; 'H NMR (DMSO-d6, 500 MHz) & [ppm] 8.20 (brs, 2H), 7.46 (s, 4H),
7.35 (d, J = 8.4 Hz, 1H), 6.84 (dd, J = 8.4, 2.4 Hz, 1H), 6.62 (d, J = 2.4 Hz, 1H),
55.15 (s, 2H), 3.87 (dd, J = 13.8, 4.2 Hz, 1H), 3.70-3.77 (m, 1H), 3.57-3.63 (m,
1H), 3.19 (dd, J = 15.6, 4.2 Hz, 1H), 2.55 (t,J = 15.0 Hz, 1H), 1.42-1.46 (m, 2H),
1.15-1.25 (m, 18H), 0.85 (t, J = 6.6 Hz, 3H); *C NMR (126 MHz, DMSO-d6) ¢
[ppm] 170.5, 167.1, 160.1, 157.9, 149.0, 135.9, 135.3, 132.5, 129.7, 129.4, 128.5,
128.0, 115.3,112.7,112.6, 111.8, 111.8, 102.0, 101.9, 101.7, 73.0, 69.0, 68.6, 31.3,
29.1, 28.8, 28.8, 27.9, 26.5, 22.1, 14.0. HRMS: Calcd for C3H39CIN2Os (m/z):
[M+1]" 539.25984, found: 539.26727.
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5-Amino-8-(4-chlorobenzyloxy)-3-(pyridin-4-ylmethyl)-1H-chromeno|3,4-
c]pyridine-2,4(3H,10bH)-dione (5)

Brown solid; "H NMR (600 MHz, DMSO-d6) J [ppm] 8.47 (d, J = 6.0 Hz, 2H),
7.48 (s, 4H), 7.38 (d, J = 6.0 Hz, 1H), 7.20 (d, J = 6.0 Hz, 2H), 6.85 (dd, J = 8.4,
2.4 Hz, 1H), 6.64 (d, J = 2.4 Hz, 1H), 5.15 (s, 2H), 4.99 (d, J = 15.6 Hz, 1H), 4.86
(d, J = 15.6 Hz, 1H), 4.05 (dd, J = 13.8, 4.2 Hz, 1H), 3.23 (dd, J = 15.6, 4.2 Hz,
1H), 2.68 (t,J=15.0 Hz, 1H). MS (ESI): Calcd for C2sH20CIN3O4 (m/z): 461.1142,
found: 461.1138.

5-Amino-3-(4-aminobenzyl)-8-(4-chlorobenzyloxy)-1H-chromeno|3,4-
c]pyridine-2,4(3H,10bH)-dione (6)

Brown solid; 'H NMR (600 MHz, DMSO-d6) 6 [ppm] 8.20 (brs, 2H), 7.47 (s, 4H),
7.34 (d, J = 9.0 Hz, 1H), 6.94 (d, J = 7.8 Hz, 2H), 6.93 (dd, J = 9.0, 3.0 Hz, 1H),
6.61 (d, J=2.4 Hz, 1H), 6.46 (d, J = 8.4 Hz, 2H), 5.14 (s, 2H), 4.93 (s, 2H), 4.76
(d, J=17.8 Hz, 1H), 4.69 (d, J = 7.8 Hz, 1H), 3,89 (dd, /= 13.8, 4.2 Hz, 1H), 3.22
(dd, J = 15.6, 4.8 Hz, 1H), 2.54 (t, J = 15.0 Hz, 1H). MS (ESI): Calcd for
C26H»CIN3O4 (m/z): 475.1299, found: 475.1291.
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5-Amino-8-(4-chlorobenzyloxy)-3-(4-chlorophenethyl)-1H-chromeno|3,4-
c]pyridine-2,4(3H,10bH)-dione (7)

N

Light brown solid; '"H NMR (DMSO-d6, 500 MHz) & [ppm] 7.46 (s, 4H), 7.34 (s,
1H), 7.33 (d, J = 8.4 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 6.83 (dd, J = 8.4, 3.0 Hz,
1H), 6.62 (d, J = 2.4 Hz, 1H), 5.14 (s, 2H), 3.92-3.95 (m, 1H), 3.77-3.85 (m, 2H),
3.19 (dd, J = 15.6, 4.2 Hz, 1H), 2.72-2.80 (m, 2H), 2.73 (t,J = 15.0 Hz, 1H) ppm;
BC NMR (126 MHz, DMSO-d6) J [ppm] 170.4, 167.0, 160.2, 149.0, 138.1, 135.9,
135.3, 132.7, 132.5, 130.8, 130.5, 130.4, 129.8, 129.4, 128.5, 128.4, 128.3, 128.2,
128.1, 115.2, 113.0, 112.7, 112.6, 73.0, 69.0, 68.6, 68.2. HRMS: Calcd for
C27H»CLNO4 (m/z): [M+1]"509.09566, found: 509.10278.

3-(2-(1H-Indol-3-yl)ethyl)-5-amino-8-(4-chlorobenzyloxy)-1H-chromeno|3,4-
c]pyridine-2,4(3H,10bH)-dione (8)

Brown solid; '"H NMR (DMSO-d6, 500 MHz) é [ppm] 10.83 (s, 1H), 7.67 (d, J =
8.4 Hz, 1H), 7.49 (s, 4H), 7.35 (d, J = 8.4 Hz, 1H), 7.34 (d, /= 7.8 Hz, 1H), 7.17
(s, 1H), 7.07 (t, J= 7.8 Hz, 1H), 7.00 (t, J = 7.8 Hz, 1H), 6.84 (dd, /= 9.0, 2.4 Hz,
1H), 6.63 (d, J = 2.4 Hz, 1H), 5.15 (s, 2H), 3.98-4.08 (m, 1H), 3.86-3.93 (m, 2H),
3.22 (dd, J = 15.6, 4.2 Hz, 1H), 2.80-2.92 (m, 2H), 2.56 (t, J = 7.8 Hz, 1H). °C
NMR (126 MHz, DMSO-d6) ¢ [ppm] 170.4, 162.0, 161.3, 160.3, 155.3, 144.4,
1443, 136.3, 135.4, 132.7, 129.8, 129.5, 128.6, 127.2, 122.8, 122.8, 121.0, 118.3,
116.3, 113.0, 112.7, 112.6, 111.5, 111.4, 101.7, 101.7, 69.0, 25.3, 24.9. HRMS:
Calcd for CooH24CIN3O4 (m/z): [M+1]" 514.14553, found: 514.15259.
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5-Amino-3-dodecyl-8-ethoxy-1H-chromeno|3,4-c|pyridine-2,4(3H,10bH)-dione
®

o]
NEa e N N

| 0

~0 O~ ™NH,

Brown solid; 'H NMR (DMSO-d6, 500 MHz) & [ppm] 8.23 (brs, 2H), 7.31 (d, J =
8.4 Hz, 1H), 6.74 (dd, J = 8.4, 2.4 Hz, 1H), 6.53 (d, J = 2.4 Hz, 1H), 4.03 (q, J =
6.6 Hz, 2H), 3.87 (dd, J = 13.8, 4.2 Hz, 1H), 3.70-3.77 (m, 1H), 3.58-3.63 (m, 1H),
3.18 (dd, J = 15.6, 4.2 Hz, 1H), 2.49 (t, J = 15.0 Hz, 1H), 1.40-1.50 (m, 2H), 1.33
(t, J = 6.6 Hz, 3H), 1.18-1.29 (m, 18H), 0.85 (t, J = 6.6 Hz, 3H); *C NMR (126
MHz, DMSO-d6) & [ppm] 170.5, 167.2, 160.1, 148.0, 144.4, 129.5, 128.0, 114.7,
112.7, 112.4, 111.33, 73.1, 64.0, 63.4, 31.3, 29.2, 29.1, 29.0, 28.80, 28.76, 27.9,
26.5,26.3,25.6,25.3,22.1, 14.5, 14.4, 14.0. HRMS: Calcd for CaeH3sN,04 (m/z):
[M+1]"443.28316, found: 443.29013.

5-Amino-3-dodecyl-1H-chromeno|3,4-c]pyridine-2,4(3H,10b H)-dione (10)

O
[N N N P N

0
|

0~ >NH,

Brown solid; '"H NMR (500 MHz, DMSO-d6) 6 [ppm] 8.12 ( br s, 2H), 7.41 (d, J =
7.8 Hz, 1H), 7.28 (t, J= 7.8 Hz, 1H), 7.15 (t, J= 7.8 Hz, 1H), 7.02 (d, /= 7.8 Hz,
1H), 3.98 (dd, J = 13.8, 3.6 Hz, 1H), 3.71-3.75 (m, 1H), 3.59-3.63 (m, 1H), 3.23
(dd, J=15.6, 4.8 Hz, 1H), 2.56 (t, J = 14.4 Hz, 1H), 1.40-1.50 (m, 2H), 1.18-1.30
(m, 18H), 0.85 (t, J = 6.6 Hz, 3H) ppm; *C NMR (126 MHz, DMSO-d6) J [ppm]
170.4,167.1, 160.2, 148.4, 128.4, 127.2, 124.7, 123.1, 115.7, 72.8, 31.3, 29.1, 29.0,
28.8, 27.9, 26.5, 26.0, 22.1, 14.0. HRMS: Calcd for CysHN>O3 (m/z): [M+1]
399.25694, found: 399.26407.
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5-Amino-3-dodecyl-9-methyl-1H-chromeno|3,4-c|pyridine-2,4(3H,10bH)-
dione (11)

0
NEN N P P VN

0
|

0~ >NH,

Yellow solid; 'H NMR (600 MHz, DMSO-d6) & [ppm] 8.10 (brs, 1H), 7.23 (s, 1H),
7.08 (d, J = 8.4 Hz, 1H), 6.92 (d, J = 7.8 Hz, 1H), 3.93 (dd, J = 14.4, 4.2 Hz, 1H),
3.71-3.78 (m, 1H), 3.58-3.63 (m, 1H), 3.21 (dd, J = 15.6, 4.2 Hz, 1H), 2.54 (t, J =
14.4 Hz, 1H), 2.28 (s, 3H), 1.40-1.50 (m, 2H), 1.18-1.30 (m, 18H), 0.85 (t, /= 6.6
Hz, 3H). MS (ESI): Calcd for CosH3eN>Os (m/z): 412.2726, found: 412.2733.

5-Amino-3-(4-chlorophenethyl)-1H-chromeno|3,4-c]pyridine-2,4(3H,10bH)-
dione (12)

N
O

O~ “NH,

Brown solid; '"H NMR (600 MHz, DMSO-d6) J [ppm] 8.20 (brs, 2H), 7.42 (d, J =
7.8 Hz, 1H), 7.34 (d, J = 8.4 Hz, 2H), 7.28 (t, /= 7.8 Hz, 1H), 7.22 (d, /= 8.4 Hz,
2H), 7.16 (t, J = 7.8 Hz, 1H), 7.02 (d, J = 7.8 Hz, 1H), 7.00 (d, J = 8.4 Hz, 2H),
6.69 (d, J = 8.4 Hz, 2H), 3.90-3.98 (m, 2H), 3.78-3.84 (m, 1H), 3.22 (dd, J = 15.6,
4.8 Hz, 1H), 2.70-2.80 (m, 2H), 2.55 (t, J = 14.4 Hz, 1H). MS (ESI): Calcd for
C20H17CIN2O3 (m/z): 368.0928, found: 368.0921.
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5-Amino-3-(4-chlorophenethyl)-8-methyl-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (13)

Cl
/\/©/
N
O

0~ >NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) ¢ [ppm] 8.10 (s, 2H), 7.35 (d, J = 8.4
Hz, 2H), 7.31 (d, J = 7.8 Hz, 1H), 7.27 (d, J = 8.4 Hz, 2H), 6.99 (d, J = 7.8 Hz,
1H), 6.85 (s, 1H), 3.81-3.97 (m, 3H), 3.20 (dd, /= 15.6, 4.2 Hz, 1H), 2.74-2.78 (m,
2H), 2.63 (t, J = 15.0 Hz, 1H), 2.28 (s, 3H). MS (ESI): Calcd for C;Hi9CIN2O;
(m/z): 382.1084, found: 382.8395.

3-(2-(1H-Indol-3-yl)ethyl)-5-amino-8-ethoxy-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (14)

o NH
|
N
| 0
-0 0~ ™NH,

Light brown solid; '"H NMR (600 MHz, DMSO-d6) ¢ [ppm] 10.83 (s, 1H), 7.68 (d,
J=17.8 Hz, 1H), 7.33 (d, J = 8.4 Hz, 2H), 7.17 (s, 1H), 7.07 (t, J = 7.2 Hz, 1H),
7.00 (t, J = 8.4 Hz, 1H), 6.75 (dd, J = 8.4, 2.4 Hz, 1H), 6.54 (d, J = 2.4 Hz, 1H),
4.01 (q, J = 7.2 Hz, 2H), 4.00-4.03 (m, 1H), 3.85-3.92 (m, 2H), 3.22 (dd, J = 15.6,
4.2 Hz, 1H), 2.82-2.92 (m, 2H), 2.55 (t, /= 14.4 Hz, 1H), 1.33 (t, J = 7.2 Hz, 3H).
MS (ESI): Calcd for C24H23N304 (m/z): 417.1689, found: 417.1682.
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3-(2-(1H-Indol-3-yl)ethyl)-5-amino-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (15)

Brown solid; '"H NMR (600 MHz, DMSO-d6)  [ppm] 10.82 (s, 1H), 8.20 (brs,
1H), 7.68 (d, J = 7.8 Hz, 1H), 7.44 (d, J = 7.8 Hz, 1H), 7.35 (d, J = 7.8 Hz, 1H),
7.30 (t, J= 7.2 Hz, 1H), 7.18 (s, 1H), 7.17 (t, J = 8.4 Hz, 1H), 7.08 (t, J = 7.2 Hz,
1H), 7.05 (d, J= 7.8 Hz, 1H), 7.01 (t,J = 7.2 Hz, 1H), 4.01-4.06 (m, 1H), 3.99 (dd,
J=14.4,4.2 Hz, 1H), 3.86-3.92 (m, 1H), 3.26 (dd, J = 15.6, 4.2 Hz, 1H), 2.82-2.94
(m, 2H), 2.61 (t, J = 15.6 Hz, 1H). MS (ESI): Calcd for C»Hi9N3O3 (m/z):
373.1426, found: 373.1429.

3-(2-(1H-indol-3-yl)ethyl)-5-amino-9-methyl-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (16)

o NH
|
N
| 0
0~ NH,

Brown solid; '"H NMR (600 MHz, DMSO-d6) 6 [ppm] 10.83 (s, 1H), 7.68 (d, J =
7.8 Hz, 1H), 7.34 (d, J= 7.8 Hz, 1H), 7.25 (s, 1H), 7.18 (s, 1H), 7.09 (t, /= 7.2 Hz,
1H), 7.08 (t, J = 8.4 Hz, 1H), 7.01 (t, J = 7.2 Hz, 1H), 6.93 (d, J = 8.4 Hz, 1H),
4.00-4.03 (m, 1H), 3.95 (dd, /= 13.8, 4.2 Hz, 1h), 3.86-3.91 (m, 1H), 3.25 (dd, J =
15.0, 4.2 Hz, 1H), 2.82-2.92 (m, 2H), 2.60 (t, J = 14.4 Hz, 1H), 2.29 (s, 3H). MS
(ESI): Calcd for C23H21N303 (m/z): 387.1583, found: 387.1583.
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3-(2-(1H-Indol-3-yl)ethyl)-5-amino-8-methyl-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (17)

Yellow solid; 'H NMR (500 MHz, DMSO-d6) J [ppm] 10.85 (s, 1H), 8.20 (brs,
2H), 7.68 (d, J = 7.8 Hz, 1H), 7.34 (d, J = 7.8 Hz, 1H), 7.29 (d, J = 7.8 Hz, 1H),
7.17 (s, 1H), 7.07 (t, J = 7.2 Hz, 1H), 7.00 (d, /= 7.2 Hz, 1H), 6.99 (d, /= 7.2 Hz,
1H), 6.86 (s, 1H), 4.02 (td, J=11.4, 5.4 Hz, 1H), 3.93 (dd, J = 13.8, 5.4 Hz, 1H),
3.89 (td, J=11.4, 5.4 Hz, 1H), 3.24 (dd, J = 15.6, 4.2 Hz, 1H), 2.81-2.92 (m, 2H),
2.57 (t, J = 15.0 Hz, 1H), 2.29 (s, 3H); *C NMR (126 MHz, DMSO-d6) J [ppm]
170.5, 167.2, 160.4, 148.3, 138.2, 136.3, 127.3, 127.0, 125.5, 122.7, 121.0, 120.0,
118.3, 116.0, 111.5, 111.4, 73.0, 25.8, 24.1, 20.5. HRMS: Calcd for C3H21N303
(m/z): [M+1]" 388.15829, found: 388.16513.

5-Amino-3-(2,4-dichlorophenethyl)-8-ethoxy-1H-chromeno[3,4-c|pyridine-
2,4(3H,10bH)-dione (18)

N

~S0 0~ >NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) 6 [ppm] 7.56 (d, J = 2.4 Hz, 1H),
7.36 (dd, J = 8.4, 1.8 Hz, 1H), 7.32 (d, J = 8.4 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H),
6.74 (dd, J = 9.0, 3.0 Hz, 1H), 6.53 (d, J = 2.4 Hz, 1H), 4.00-4.09 (m, 3H), 3.89
(dd, J=13.8, 7.2 Hz, 1H), 3.85 (dd, J = 13.8, 4.2 Hz, 1H), 3.17 (dd, J = 15.6, 4.2
Hz, 1H), 2.87-2.94 (m, 2H), 2.47 (t, J = 15.6 Hz, 1H). MS (ESI): Calcd for
C2H20ClLN>04 (m/z): 446.0801, found: 446.0807.
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5-Amino-3-(2,4-dichlorophenethyl)-9-methyl-1H-chromeno[3,4-c|pyridine-
2,4(3H,10bH)-dione (19)

N

0
|

0~ >NH,

Yellow solid; "H NMR (600 MHz, DMSO-d6) & [ppm] 8.20 (brs, 2H), 7.56 (d, J =
2.4 Hz, 1H), 7.36 (dd, J = 7.8, 1.8 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H), 7.24 (s, 1H),
7.09 (d, J = 7.8 Hz, 1H), 6.92 (d, J = 8.4 Hz, 1H), 4.00-4.08 (m, 1H), 3.87-3.94 (m,
2H), 3.19 (dd, J = 15.6, 4.2 Hz, 1H), 2.88-2.94 (m, 2H), 2.52 (t, J = 15.0 Hz, 1H),
2.28 (s, 3H). MS (ESI): Caled for CoHisChN2Os (m/z): 416.0694, found:
416.0688.

5-Amino-3-(2,4-dichlorophenethyl)-8-methyl-1H-chromeno[3,4-c|pyridine-
2,4(3H,10bH)-dione (20)

o cl
N
o !
|

O~ >NH,

Brown solid; '"H NMR (600 MHz, DMSO-d6) é [ppm] 8.15 (s, 2H), 7.56 (s, 1H),
7.36 (d, J=8.4 Hz, 1H), 7.30 (d, /= 8.4 Hz, 2H), 6.98 (d, J= 7.2 Hz, 1H), 6.85 (s,
1H), 3.98-4.05 (m, 1H), 3.85-3.92 (m, 2H), 3.18 (d, J = 15.6 Hz, 1H), 2.87-2.93
(m, 2H), 2.30 (s, 3H). MS (ESI): Calcd for C21Hi13CuN>O3 (m/z): 416.0694, found:
416.0698.
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5-Amino-8-ethoxy-3-isobutyl-1H-chromeno|3,4-c|pyridine-2,4(3H,10bH)-
dione (21)

o)
N/Y

| 0

-0 0~ >NH,

Light brown solid; '"H NMR (600 MHz, DMSO-d6) é [ppm] 7.32 (d, J = 9.0 Hz,
1H), 6.73 (dd, J = 9.0, 2.4 Hz, 1H), 6.53 (d, J = 2.4 Hz, 1H), 4.03 (q, J = 7.2 Hz,
2H), 3.90 (dd, J = 13.8, 4.2 Hz, 1H), 3.64 (dd, /= 13.2, 7.8 Hz, 1H), 3.50 (dd, J =
13.2, 7.8 Hz, 1H), 3.21 (dd, J = 15.6, 4.2 Hz, 1H), 2.52 (t, J = 15.0 Hz, 1H), 1.88-
1.94 (m, 1H), 1.31 (t,J= 7.2 Hz, 3H), 0.86 (d, /= 7.2 Hz, 3H), 0.82 (d, /= 7.2 Hz,
3H). MS (ESI): Caled for CisH2»N>04 (m/z): 330.158, found: 330.1571.

5-Amino-3-isobutyl-8-methoxy-1H-chromeno[3,4-c|pyridine-2,4(3H,10bH)-
dione (22)

MeO O~ >NH,

Light brown solid; '"H NMR (500 MHz, DMSO-d6)  [ppm] 7.35 (d, J = 9.0 Hz,
1H), 6.80 (dd, J=9.0, 2.4 Hz, 1H), 6.56 (d, /= 2.4 Hz, 1H), 3.97 (dd, /= 13.8, 4.2
Hz, 1H), 3.83 (s, 3H), 3.75 (dd, J = 13.2, 7.8 Hz, 1H), 3.59 (dd, J = 13.2, 7.8 Hz,
1H), 3.22 (dd, J = 15.6, 4.2 Hz, 1H), 2.53 (t, J = 15.0 Hz, 1H), 1.98-2.06 (m, 1H),
0.90 (d, J=17.2 Hz, 3H), 0.86 (d, J = 7.2 Hz, 3H). MS (ESI): Calcd for Ci17H20N>O4
(m/z): 316.1423, found: 316.1418.
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5-Amino-3-isobutyl-9-methyl-1H-chromeno|3.,4-c|pyridine-2,4(3H,10bH)-
dione (23)

o)
N/Y

| o)

0~ >NH,

Brown solid; '"H NMR (600 MHz, DMSO-d6) 6 [ppm] 8.20 (brs, 1H), 7.24 (s, 1H),
7.08 (d, J=8.4 Hz, 1H), 6.92 (d, J = 8.4 Hz, 1H), 3.96 (dd, J = 13.8, 4.2 Hz, 1H),
3.65 (dd, J=12.6, 7.2 Hz, 1H), 3.50 (dd, /= 13.2, 7.8 Hz, 1H), 3.23 (dd, J = 15.6,
4.2 Hz, 1H), 2.58 (t, J = 14.4 Hz, 1H), 2.28 (s, 3H), 1.88-1.94 (m, 1H), 0.83 (t, J =
7.2 Hz, 3H), 0.80 (t, J = 7.2 Hz, 3H). MS (ESI): Calcd for Ci7H20N203 (m/z):
300.1474, found: 300.1469.

5-Amino-8-methoxy-3-(prop-2-ynyl)-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (24)

(0]
N/\\\
| (0]
MeO O~ “NH,

Brown solid; '"H NMR (500 MHz, DMSO-d6) J [ppm] 7.29 (d, J = 5.0 Hz, 1H),
6.73 (dd, J = 10.0, 5.0 Hz, 1H), 6.52 (d, J = 0.5 Hz, 1H), 4.40 (ddd, J = 15.0, 10.0,
5.0 Hz, 2H), 3.87 (dd, J = 10.0, 5.0 Hz, 1H), 3.72 (s, 3H), 3.22 (dd, J = 10.0, 5.0
Hz, 1H), 3.60 (s, 1H). MS (ESI): Calcd for CigH 4N20s (m/z): 298.0954, found:
298.0949.
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5-Amino-8-methyl-3-(prop-2-ynyl)-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (25)

o}
N/\
| O
0~ “NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) J [ppm] 8.20 (brs, 2H), 7.30 (d, J =
7.8 Hz, 1H), 6.99 (d, J=7.8 Hz, 1H), 6.85 (s, 1H), 4.47 (dd, J = 14.4, 2.4 Hz, 1H),
4.37 (dd, J=14.4,2.4 Hz, 1H), 3.95 (dd, J = 14.4, 4.8 Hz, 1H), 3.27 (dd, J = 15.6,
4.2 Hz, 1H), 3.01 (t,J=2.4 Hz, 1H), 2.55 (dd, /= 15.0, 13.8 Hz, 1H), 2.30 (s, 3H).
MS (ESI): Caled for Ci6H14N2O3 (m/z): 282.1004, found: 282.1011.

5-Amino-8-ethoxy-3-(3-morpholinopropyl)-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (26)

0

N/\/\N/j)

[ ° ~
-0 O~ >NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) & [ppm] 8.20 (s, 2H), 7.31 (d, J = 9.0
Hz, 1H), 6.74 (dd, J = 8.4, 2.4 Hz, 1H), 6.53 (d, J = 2.4 Hz, 1H), 4.03 (q, J = 6.6
Hz, 2H), 3.88 (dd, J = 13.8, 4.2 Hz, 1h), 3.75-3.82 (m, 1H), 3.62-3.68 (m, 1H),
3.51-3.58 (m, 4H), 3.18 (dd, J = 15.6, 4.2 Hz, 1H), 2.32 (s, 4H), 2.27 (t, J= 7.2 Hz,
4H), 1.58-1.64 (m, 2H), 1.32 (t, J = 7.2 Hz, 3H). MS (ESI): Calcd for CoHN30s
(m/z): 401.1951, found: 401.1944.
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5-Amino-8-methoxy-3-(3-morpholinopropyl)-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (27)

o]
N/\/\N/\(5
[ ° ~
~O O~ >NH,

Light brown solid; '"H NMR (600 MHz, DMSO-d6) é [ppm] 7.34 (d, J = 9.0 Hz,
1H), 6.79 (dd, J=9.0, 3.0 Hz, 1H), 6.56 (d, /= 8.4 Hz, 1H), 3.96 (dd, /= 14.4,4.2
Hz, 1H), 3.92 (ddd, J = 15.0, 8.4, 6.6 Hz, 1H), 3.83 (s, 3H), 3.78 (ddd, J = 15.0,
8.4, 6.6 Hz, 1H), 3.61 (t, J= 4.8 Hz, 4H), 3.21 (dd, J = 15.6, 4.2 Hz, 1H), 2.84 (m,
4H), 2.52 (t, J = 8.4 Hz, 1H), 2.38 (s, 4H), 2.35 (t, J = 6.6 Hz, 2H), 1.68-1.78 (m,
2H). MS (ESI): Calcd for C20H25sN305 (m/z): 387.1794, found: 387.1799.

5-Amino-9-methyl-3-(2-morpholinoethyl)-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (28)

o} (\o
N/\/N\)
| 0
0~ >NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) J [ppm] 8.20 (brs, 1H), 7.24 (s, 1H),
7.08 (d, J=7.2 Hz, 1H), 691 (d, /= 7.8 Hz, 1H), 3.93 (dd, J = 13.8, 4.2 Hz, 1H),
3.88-3.92 (m, 1H), 3.72-3.78 (m, 1H), 3.50-3.60 (m, 4H), 2.55 (t, /= 13.8 Hz, 1H),
2.35-2.45 (m, 5H), 2.32 (s, 3H). MS (ESI): Calcd for Ci9H23N304 (m/z): 357.1689,
found: 357.1697.
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5-Amino-3-(2-hydroxyethyl)-8-methoxy-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (29)

o)

N-~_OH
P
~o 0~ >NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) 6 [ppm] 7.33 (d, J = 8.4 Hz, 1H),
6.76 (dd, J = 8.4, 2.4 Hz, 1H), 6.56 (d, J= 2.4 Hz, 1H), 4.70 (s, 1H), 3.84-3.92 (m,
3H), 3.77 (s, 3H), 3.65-3.73 (m, 2H), 3.19 (dd, J = 15.6, 4.2 Hz, 1H), 2.50 (t, J =
15.6 Hz, 1H). MS (ESI): Calcd for Ci5sH1sN2Os (m/z): 304.1059, found: 304.1051.

5-Amino-3-(2-hydroxyethyl)-1H-chromeno|3,4-c|pyridine-2,4(3H,10bH)-dione
(30)

(e}
N/\/OH
| O
O~ >NH,
Yellow solid; 'H NMR (600 MHz, DMSO-d6) & [ppm] 8.20 (s, 2H), 7.44 (d, J =
7.8 Hz, 1H), 7.31 (t, J = 7.8 Hz, 1H), 7.21 (t, J = 7.8 Hz, 1H), 7.03 (d, J = 7.8 Hz,
1H), 4.04-4.10 (m, 2H), 3.82-3.90 (m, 2H), 3.60-3.65 (m,2 H), 3.26 (dd, J = 15.6,

4.8 Hz, 1H), 2.60 (t, J = 14.4 Hz, 1H). MS (ESI): Calcd for C14H14N204 (m/z):
274.0954, found: 274.0955.
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5-Amino-3-(2-hydroxyethyl)-9-methyl-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (31)

(@)
N/\/OH
| (6]
O~ >NH,
Brown solid; '"H NMR (600 MHz, DMSO-d6) J [ppm] 8.10 (brs, 1H), 7.23 (s, 1H),
7.08 (d, J= 8.4 Hz, 1H), 6.92 (d, J= 7.8 Hz, 1H), 4.70 (s, 1H), 3.95 (dd, J = 144,
4.2 Hz, 1H), 3.85-3.91 (m, 1H), 3.67-3.73 (m, 1H), 3.33-3.49 (m, 2H), 3.22 (dd, J

= 15.6, 4.2 Hz, 1H), 2.55 (t, J = 14.4 Hz, 1H), 2.28 (s, 3H). MS (ESI): Calcd for
C15H16N204 (m/z): 288.11 10, found: 288.1117.

5-Amino-8-ethoxy-3-(2-ethoxyethyl)-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (32)

0
N~ O

| 0

~0 O~ >NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) J [ppm] 8.20 (brs, 1H), 7.32 (d, J =
8.4 Hz, 1H), 6.75 (dd, J = 8.4, 2.4 Hz, 1H), 6.53 (d, /= 2.4 Hz, 1H), 4.03 (q, J =
6.6 Hz, 2H), 3.94-3.98 (m, 1H), 3.87 (dd, /= 13.8, 4.2 Hz, 1H), 3.76-3.81 (m, 1H),
3.42 (q,J=17.2 Hz, 2H), 3.21 (dd, J = 15.6, 4.2 Hz, 1H), 1.32 (t, /= 6.6 Hz, 3H),
1.08 (t, J = 7.2 Hz, 3H). MS (ESI): Calcd for CisH2N>0s (m/z): 346.1529, found:
346.1521.
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5-Amino-8-methoxy-3-(3-methoxypropyl)-1H-chromeno|[3,4-c|pyridine-
2,4(3H,10bH)-dione (33)

o)
N“>">07
| 0
~O O~ >NH,

Light brown solid; '"H NMR (600 MHz, DMSO-d6) é [ppm] 7.33 (d, J = 9.0 Hz,
1H), 6.80 (dd, J = 9.0, 2.4 Hz, 1H), 6.56 (d, J = 2.4 Hz, 1H), 3.92-3.98 (m, 2H),
3.83 (s, 3H), 3.79 (dd, J = 12.6, 6.6 Hz, 1H), 3.39 (t, J = 6.6 Hz, 2H), 3.27 (s, 3H),
3.20 (dd, J = 15.6, 4.2 Hz, 1H), 2.52 (t, J = 15.0 Hz, 1H), 1.78-1.84 (m, 2H). MS
(ESI): Calcd for C17H20N20s (m/z): 332.1372, found: 332.1368.

5-Amino-3-(2-methoxyethyl)-8-methyl-1H-chromeno|[3,4-c]pyridine-
2,4(3H,10bH)-dione (34)

(0]
N /\/O\

0
|

O~ “NH,

Yellow solid; 'H NMR (600 MHz, DMSO-d6) é [ppm] 6.94 (d, J = 7.8 Hz, 1H),
6.55 (s, 1H), 6.48 (d, J= 7.8 Hz, 1H), 3.83 (dt, J = 12.6, 7.2 Hz, 1H), 3.68 (dd, /=
6.6, 3.0 Hz, 1H), 3.61 (dt, J = 12.0, 7.2 Hz, 1H), 3.19-3.24 (m, 2H), 3.21 (s, 3H),
2.64 (dd, J=15.0, 7.2 Hz, 1H), 2.37 (dd, J = 15.0, 2.4 Hz, 1H), 2.16 (s, 3H). MS
(ESI): Calcd for Ci6HisN2O4 (m/z): 302.1267, found: 302.1261.
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5-Amino-3-(3-(dimethylamino)propyl)-8-methoxy-1H-chromeno|3,4-
c]pyridine-2,4(3H,10bH)-dione (35)

o)
N“>">N"
[ ° |
~o O~ “NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) J [ppm] 8.10 (brs, 2H), 7.33 (d, J =
8.4 Hz, 1H), 6.76 (dd, J = 8.4, 1.8 Hz, 1H), 6.55 (d, /= 1.8 Hz, 1H), 3.89 (dd, J =
13.8, 4.2 Hz, 1H), 3.76 (s, 3H), 3.62-3.68 (m, 2H), 3.19 (dd, J = 15.6, 4.2 Hz, 1H),
2.51 (t,J=15.6 Hz, 1H), 2.16 (t, J = 7.2 Hz, 2H), 2.10 (s, 6H), 1.55-1.60 (m, 2H).
MS (ESI): Caled for CisH23N304 (m/z): 345.1689, found: 345.3929.

5-Amino-3-(3-(dimethylamino)propyl)-8-methyl-1H-chromeno|[3,4-c|pyridine-
2,4(3H,10bH)-dione (36)

0
N">">N"
[ ° |
O~ >NH,

Yellow solid; "TH NMR (600 MHz, DMSO-d6) ¢ [ppm] 8.20 (brs, 2H), 7.29 (d, J =
7.8 Hz, 1H), 6.98 (d, /= 7.8 Hz, 1H), 6.84 (s, 1H), 3.92 (dd, /= 13.8, 4.2 Hz, 1H),
3.74-3.80 (m, 1H), 3.60-3.65 (m, 1H), 3.20 (dd, J = 15.6, 4.2 Hz, 1H), 2.29 (s, 3H),
2.20 (t, J = 7.2 Hz, 2H), 2.11 (s, 6H), 1.56-1.62 (m, 2H). MS (ESI): Calcd for
CigH23N30 (m/z): 329.1739, found: 329.1732.
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5-Amino-3-(3-(diethylamino)propyl)-9-methyl-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (37)

O
N >SN
[ ° -
O~ >NH,

Yellow solid; "H NMR (600 MHz, DMSO-d6) 6 [ppm] 8.10 (brs, 2H), 7.23 (s, 1H),
7.08 (d, J=17.8 Hz, 1H), 6.91 (d, /= 7.8 Hz, 1H), 3.93 (dd, /= 13.8, 4.2 Hz, 1H),
3.73-3.79 (m, 1H), 3.59-3.65 (m, 1H), 3.20 (dd, J = 15.6, 4.2 Hz, 1H), 2.57 (t, J =
15.6 Hz, 1H), 2.45 (q, J = 7.2 Hz, 4H), 2.37 (t, J= 7.2 Hz, 2H), 2.28 (s, 3H), 1.50-
1.65 (m, 2H), 0.93 (t, J = 7.2 Hz, 6H). MS (ESI): Calcd for CyH»7N303; (m/z):
357.2052, found: 357.2059.

5-Amino-3-(furan-2-ylmethyl)-8-methoxy-1H-chromeno[3,4-c|pyridine-
2,4(3H,10bH)-dione (38)

o)
N =
/
| o)
~0 O~ >NH,

Yellow solid; 'H NMR (600 MHz, DMSO-d6) é [ppm] 8.20 (brs, 2H), 7.52 (s, 1H),
7.35 (d, J = 8.4 Hz, 1H), 6.77 (dd, J = 9.0, 2.4 Hz, 1H), 6.56 (d, J = 2.4 Hz, 1H),
6.36 (s, 1H), 6.19 (d, J = 3.0 Hz, 1H), 4.96 (d, J = 15.0 Hz, 1H), 4.84 (d, J=15.0
Hz, 1H), 3.92 (dd, J = 13.8, 4.2 Hz, 1H), 3.77 (s, 3H), 3.26 (dd, J = 15.6, 4.2 Hz,
1H), 2.57 (t, J = 15.0 Hz, 1H). MS (ESI): Calcd for CisH6N2Os (m/z): 340.1059,
found: 340.1050.
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5-Amino-3-(furan-2-ylmethyl)-1H-chromeno|[3,4-c|pyridine-2,4(3H,10bH)-
dione (39)

(0]
N =
/
| (0]
O~ “NH,

Brown solid; '"H NMR (600 MHz, DMSO-d6) é [ppm] 8.20 (s, 2H), 7.52 (s, 1H),
7.44 (d, J="7.8 Hz, 1H), 7.30 (t, J= 7.2 Hz, 1H), 7.18 (t,J = 7.8 Hz, 1H), 7.04 (d,
J=28.4 Hz, 1H), 6.36 (s, 1H), 6.20 (d, J = 4.2 Hz, 1H), 4.97 (d, J = 15.0 Hz, 1H),
4.83 (d, J=15.0 Hz, 1H), 4.02 (dd, J = 13.8, 4.2 Hz, 1H), 3.30 (dd, J = 15.6, 4.8
Hz, 1H), 2.64 (t, J = 14.4 Hz). MS (ESI): Calcd for Ci7H14N>O4 (m/z): 310.0954,
found: 310.0950.

5-Amino-9-methyl-3-(pyridin-3-ylmethyl)-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (40)

(0]
N =
/
| (0]
O~ “NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) J [ppm] 8.20 (brs, 1H), 7.52 (s, 1H),
7.25 (s, 1H), 7.09 (d, J = 8.4 Hz, 1H), 6.92 (d, J = 8.4 Hz, 1H), 6.36 (s, 1H), 6.20
(d, J=2.4 Hz, 1H), 4.96 (d, J=15.6 Hz, 1H), 4.83 (d, /= 15.6 Hz, 1H), 3.98 (dd, J
=15.6,4.2 Hz, 1H), 3.28 (dd, /= 15.6, 4.2 Hz, 1H), 2.61 (t,J = 14.4 Hz, 1H), 2.29
(s, 3H). MS (ESI): Calcd for CisH16N204 (m/z): 324.1110, found: 324.1118.
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5-Amino-8-methoxy-3-(2-(thiophen-2-yl)ethyl)-1H-chromeno|[3,4-c]pyridine-
2,4(3H,10bH)-dione (41)

0
|

~0 O~ >NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) 6 [ppm] 7.24 (d, J = 9.0 Hz, 1H),
7.21 (d, J=5.4 Hz, 1H), 6.94 (t, J = 3.0 Hz, 1H), 6.89 (s, 1H), 6.78 (dd, J = 8.4,
2.4 Hz, 1H), 6.62 (d, J = 2.4 Hz, 1H), 4.14 (ddd, J = 15.6. 9.0, 6.6 Hz, 1H), 4.00
(ddd, J=15.6, 9.0, 6.6 Hz, 1H), 3.91 (dd, /= 13.8, 4.2 Hz, 1H), 3.80 (s, 3H), 3.24
(dd, J=15.6, 3.6 Hz, 1H), 3.07-3.14 (m, 2H), 2.52 (t, J = 15.6 Hz, 1H). MS (ESI):
Calcd for Ci9HisN204S (m/z): 370.0987, found: 370.0980.

5-Amino-9-methyl-3-(2-(thiophen-2-yl)ethyl)-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (42)

Brown solid; '"H NMR (600 MHz, DMSO-d6) ¢ [ppm] 8.20 (brs, 2H), 7.35 (d, J =
7.2 Hz, 1H), 7.25 (d, 1H), 7.09 (d, J = 8.4 Hz, 1H), 6.96 (dd, J = 4.8, 3.0 Hz, 1H),
6.92 (d, J= 7.8 Hz, 1h), 6.89 (d, J= 3.0 Hz, 1H), 3.99 (ddd, J = 15.0, 9.0, 6.0 Hz,
1H), 3.84 (dd, J = 14.4, 4.2 Hz, 1H), 3.86 (ddd, J = 15.6, 9.0, 6.0 Hz, 1H), 3.23
(dd, J = 15.6, 4.2 Hz, 1H), 2.94-3.04 (m, 2H), 2.57 (t, J = 14.4 Hz, 1H), 2.28 (s,
3H). MS (ESI): Calcd for Ci9HisN2O3S (m/z): 354.1038, found: 354.1044.
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5-Amino-8-ethoxy-3-(pyridin-4-ylmethyl)-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (43)

0
N I\
o~
|
-0 O~ >NH,

Light brown solid; '"H NMR (600 MHz, DMSO-d6) J [ppm] 8.47 (d, J = 6.0 Hz,
2H), 8.20 (br s, 2H), 7.35 (d, J = 9.0 Hz, 1H), 7.21 (d, J = 5.4 Hz, 2H), 6.77 (dd, J
=8.4, 2.4 Hz, 1H), 6.55 (d, J=2.4 Hz, 1H), 4.99 (d, /= 15.6 Hz, 1H), 4.87 (d, J =
15.6 Hz, 1H), 4.00-4.10 (m, 2H), 3.29 (dd, J = 15.6, 4.2 Hz, 1H), 2.69 (t, /= 15.6
Hz, 1H), 1.33 (t, J = 7.2 Hz, 3H). MS (ESI): Caled for CyHioN3O4 (m/z):
365.1376, found: 365.1371.

5-Amino-8-methoxy-3-(pyridin-4-ylmethyl)-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (44)

~o O~ >NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) 6 [ppm] 8.47 (d, J = 4.8 Hz, 2H),
8.20 (brs, 2H), 7.37 (d, J = 8.4 Hz, 1H), 7.21 (d, J = 10.8 Hz, 1H), 6.78 (dd, J =
8.4,2.4 Hz, 1H), 6.57 (d, J = 2.4 Hz, 1H), 4.99 (d, J = 14.4 Hz, 1H), 4.86 (d, J =
14.4 Hz, 1H), 4.05 (dd, J = 13.8, 4.2 Hz, 1H), 3.76 (s, 3H), 3.29 (dd, J = 15.6, 4.2
Hz, 1H), 2.69 (t, J = 14.4 Hz, 1H). MS (ESI): Calcd for CioHi7N304 (m/z):
351.1219, found: 351.1211.
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5-Amino-9-methyl-3-(pyridin-4-ylmethyl)-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (45)

Brown solid; 'H NMR (600 MHz, DMSO-d6) 6 [ppm] 8.47 (d, J = 5.4 Hz, 2H),
7.27 (s, 1H), 7.21 (d, J= 5.4 Hz, 2H), 7.10 (d, /= 7.8 Hz, 1H), 6.94 (d, J= 7.8 Hz,
1H), 4.98 (d, J = 15.6 Hz, 1H), 4.86 (d, J = 15.6 Hz, 1H), 4.11 (dd, J = 13.8, 4.2
Hz, 1H), 2.74 (t, J = 14.4 Hz, 1H), 2.29 (s, 3H). MS (ESI): Calcd for Ci9Hi7N303
(m/z): 335.127, found: 335.1278.

5-Amino-8-methyl-3-(pyridin-4-ylmethyl)-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (46)

Yellow solid; '"H NMR (600 MHz, DMSO-d6) J [ppm] 8.53 (d, J = 6.0 Hz, 2H),
8.20 (brs, 2H), 7.39 (d, J = 7.8 Hz, 1H), 7.27 (d, J = 8.4 Hz, 2H), 7.07 (d, J= 7.8
Hz, 1H), 6.93 (s, 1H), 5.04 (d, J = 15.0 Hz, 1H), 4.93 (d, J = 15.0 Hz, 1H), 4.13
(dd, J = 15.0, 4.2 Hz, 1H), 3.26 (dd, J = 15.6, 4.2 Hz, 1H), 2.78 (t, J = 15.0 Hz,
1H), 2.28 (s, 3H ). MS (ESI): Caled for CioH7N3O3 (m/z): 335.1272, found:
335.1267.
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5-Amino-8-ethoxy-3-(pyridin-3-ylmethyl)-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (47)

0
Nm
| 0 SN

-0 O~ >NH,

Brown solid; "TH NMR (600 MHz, DMSO-d6) J [ppm] 8.50 (s, 1H), 8.43 (d, J=4.8
Hz, 1H), 8.20 (brs, 2H), 7.64 (d, J = 6.0 Hz, 1H), 7.30-7.35 (m, 2H), 6.76 (dd, J =
8.4, 2.4 Hz, 1h), 6.54 (d, J = 2.4 Hz, 1H), 498 (d, J = 14.4 Hz, 1H), 4.88 (d, J =
14.4 Hz, 1H), 4.03 (q, J = 7.2 Hz, 2H), 3.98 (dd, J = 13.8, 4.2 Hz, 1H), 3.26 (dd, J
=15.6,4.2 Hz, 1H), 2.64 (t, J = 14.4 Hz, 1H), 1.32 (t, J = 6.6 Hz, 3H). MS (ESI):
Calcd for C20H19N304 (m/z): 365.1376, found: 365.1377.

5-Amino-8-methoxy-3-(pyridin-3-ylmethyl)-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (48)

~O O~ >NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) J [ppm] 8.50 (s, 1H), 8.43 (d,J=4.8
Hz, 1H), 8.20 (brs, 2H), 7.65 (d, J = 7.8 Hz, 1H), 7.35 (d, J = 8.4 Hz, 1H), 7.32
(dd, J=17.8, 4.8 Hz, 1H), 6.77 (d, J = 9.0 Hz, 1H), 6.56 (s, 1H), 4.98 (d, /= 14.4
Hz, 1H), 4.88 (d, J = 14.4 Hz, 1H), 4.00 (dd, J = 13.8, 4.2 Hz, 1H), 3.76 (s, 3H),
3.27 (dd, J = 15.6, 4.2 Hz, 1H), 2.64 (t, J = 14.4 Hz, 1H). MS (ESI): Calcd for
C19H17N304 (m/z): 351.1219, found: 351.1210.
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5-Amino-9-methyl-3-(pyridin-3-ylmethyl)-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (49)

Brown solid; 'H NMR (600 MHz, DMSO-d6) J [ppm] 8.50 (s, 1H), 8.43 (d,J=4.8
Hz, 1H), 7.65 (d, J =7.8 Hz, 1H), 7.32 (dd, /= 7.8, 4.8 Hz, 1H), 7.25 (s, 1H), 7.09
(d, /=7.8 Hz, 1H), 6.93 (d, /= 8.4 Hz, 1H), 4.98 (d, /= 14.4 Hz, 1H), 4.88 (d, /=
14.4 Hz, 1H), 4.04 (dd, J=13.8, 4.2 Hz, 1H), 3.28 (dd, J = 15.6, 4.2 Hz, 1H), 2.68
(t,J= 8.4 Hz, 1H), 2.28 (s, 3H). MS (ESI): Calcd for Ci9H7N303 (m/z): 335.1270,
found: 335.1262.

5-Amino-3-(4-aminobenzyl)-8-ethoxy-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (50)

o)
N/\©\
| o) NH,
~0 O~ >NH,

Brown solid; "TH NMR (600 MHz, DMSO-d6) J [ppm] 8.20 (s, 1H), 7.32 (d, J=7.8
Hz, 1H), 6.94 (d, J = 8.4 Hz, 2H), 6.74 (s, 1H), 6.46 (d, J = 8.4 Hz, 2H), 4.93 (s,
2H), 4.77 (d, J = 13.8 Hz, 1H), 4.69 (d, J = 13.8 Hz, 1H), 4.03 (q, /= 7.2 Hz, 2H),
3.93 (dd, J=13.8, 3.6 Hz, 1H), 3.23 (dd, J = 15.6, 4.2 Hz, 1H), 2.56 (t, J = 14.4
Hz, 1H), 1.32 (t, J = 7.2 Hz, 3H). MS (ESI): Caled for C,H21N3O4 (m/z):
379.1532, found: 379.4084.
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5-Amino-3-(4-aminobenzyl)-8-methoxy-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (51)

~o O~ >NH,

Brown solid; '"H NMR (600 MHz, DMSO-d6) 6 [ppm] 7.34 (d, J = 8.4 Hz, 1H),
6.94 (d, J = 8.4 Hz, 2H), 6.76 (dd, J = 8.4, 2.4 Hz, 1H), 6.55 (d, J = 2.4 Hz, 1H),
6.46 (d, J= 8.4 Hz, 2H), 4.93 (s, 2H), 4.77 (d, J = 13.8 Hz, 1H), 4.70 (d, J = 13.8
Hz, 1H), 3.90 (dd, J = 13.8, 4.2 Hz, 1H), 3.78 (s, 3H), 3.23 (dd, J = 15.6, 4.2 Hz,
1H), 2.54 (t, J = 13.8 Hz, 1H). MS (ESI): Calcd for C20H19N304 (m/z): 365.1376,
found: 365.1382.

5-Amino-3-(4-aminobenzyl)-1H-chromeno|3,4-c|pyridine-2,4(3H,10bH)-dione
(52)

)

N/\©\
(0] NH

| 2

O~ >NH,

Yellow solid; 'H NMR (600 MHz, DMSO-d6) & [ppm] 8.20 (brs, 2H), 7.43 (d, J =
7.8 Hz, 1H), 7.29 (t, J = 7.8 Hz, 1H), 7.17 (t, J = 7.2 Hz, 1H), 7.03 (d, J = 8.4 Hz,
1H), 6.95 (d, J = 7.8 Hz, 2H), 6.46 (d, J = 8.4 Hz, 2H), 4.93 (s, 2H), 4.77 (d, J =
14.4 Hz, 1H), 4.70 (d, J = 14.4 Hz, 1H), 3.99 (dd, J = 13.8, 2,8 Hz, 1H), 3.26 (dd, J
= 16.8, 4.8 Hz, 1H), 2.61 (t, J = 15.0 Hz, 1H). MS (ESI): Calcd for CioH;7N305
(m/z): 335.1270, found: 335.1277.
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5-Amino-3-(4-aminobenzyl)-9-methyl-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (53)

(0]

N/\@\
O NH

| 2

O~ >NH,

Yellow solid; 'H NMR (600 MHz, DMSO-d6) J [ppm] 8.20 (brs, 2H), 7.24 (s, 1H),
7.08 (t,J= 7.8 Hz, 1H), 6.95 (d, J = 7.8 Hz, 2H), 6.91 (d, J = 8.4 Hz, 1H), 6.46 (d,
J=28.4 Hz, 2H), 4.93 (s, 2H), 4.77 (d, /= 14.4 Hz, 1H), 4.70 (d, /= 14.4 Hz, 1H),
3.99 (dd, J = 13.8, 2,8 Hz, 1H), 3.26 (dd, J = 16.8, 4.8 Hz, 1H), 2.61 (t, J = 15.0
Hz, 1H), 2.28 (s, 3H). MS (ESI): Calcd for CyH9N303 (m/z): 349.1426, found:
349.1434.

5-Amino-3-(4-aminobenzyl)-8-methyl-1H-chromeno|3,4-c]pyridine-
2,4(3H,10bH)-dione (54)

Brown solid; 'H NMR (600 MHz, DMSO-d6) ¢ [ppm] 8.20 (s, 1H), 7.29 (d,J= 7.8
Hz, 1H), 6.98 (d, J= 7.8 Hz, 1H), 6.94 (d, J = 8.4 Hz, 2H), 6.84 (s, 1H), 6.46 (d, J
= 8.4 Hz, 2H), 4.93 (s, 2H), 4.77 (d, J = 13.8 Hz, 1H), 4.69 (d, J = 13.8 Hz, 1H),
3.93 (dd, J=13.8, 3.6 Hz, 1H), 3.23 (dd, J = 15.6, 4.2 Hz, 1H), 2.56 (t, J = 14.4
Hz, 1H), 2.29 (s, 3H). MS (ESI): Calcd for Cy0H19N3O3; (m/z): 349.1426, found:
349.14109.
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5-Amino-8-ethoxy-3-(naphthalen-1-ylmethyl)-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (55)

L L
”
| 0
~0 O~ >NH,

Brown solid; "H NMR (600 MHz, DMSO-d6) J [ppm] 'H NMR (DMSO-d6, 600
MHz): 8.30 (brs, 2H), 8.20 (d, J = 8.4 Hz, 1H), 7.98 (d, /= 7.8 Hz, 1H), 7.80 (d, J
= 8.4 Hz, 1H), 7.61 (t,J=7.2 Hz, 1H), 7.57 (t, J= 7.2 Hz, 1H), 7.42 (t, J= 7.2 Hz,
1H), 7.38 (d, J = 7.2 Hz, 1H), 7.12 (d, J = 7.2 Hz, 1H), 6.77 (d, J = 7.2 Hz, 1H),
6.56 (s, 1H), 5.47 (d, J = 16.2 Hz, 1H), 5.32 (d, J = 16.2 Hz, 1H), 4.12 (dd, J =
13.8, 4.2 Hz, 1H), 4.05 (q, J = 7.2 Hz, 2H), 3.46 (dd, J= 13.8, 4.2 Hz, 1H), 2.76 (t,
J=13.8 Hz, 1H), 1.33 (t, J = 7.8 Hz, 3H). MS (ESI): Calcd for C2sH2N>04 (m/z):
414.158, found: 414.1584.

5-Amino-8-methoxy-3-(naphthalen-1-ylmethyl)-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (56)

L L
L
0
|

~0 0~ >NH,

Brown solid; 'H NMR (600 MHz, DMSO-d6) 6 [ppm] 8.18 (d, J = 8.4 Hz, 1H),
7.96 (d, J= 8.4 Hz, 1H), 7.81 (d, J= 7.8 Hz, 1H), 7.61 (t, J= 8.4 Hz, 1H), 7.56 (t,
J=8.4Hz, 1H), 7.41 (t,J = 8.4 Hz, 2H), 7.13 (d, /= 7.2 Hz, 1H), 6.80 (dd, J= 8.4,
2.4 Hz, 1H), 6.59 (d, J = 2.4 Hz, 1H), 5.48 (d, J = 15.6 Hz, 1H), 5.33 (d, J = 15.6
Hz, 1H), 4.12 (dd, J = 13.8, 3.6 Hz, 1H), 3.77 (s, 3H), 2.76 (t, J = 14.4 Hz, 1H).
MS (ESI): Calcd for C24H20N>O4 (m/z): 400.1423, found: 400.1429.
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5-Amino-8-methyl-3-(naphthalen-1-ylmethyl)-1H-chromeno|3,4-c|pyridine-
2,4(3H,10bH)-dione (57)

L L
LU
0
|

0~ “NH,

Brown solid; '"H NMR (600 MHz, DMSO-d6) & [ppm] 8.30 (brs, 2H), 8.18 (d, J =
8.4 Hz, 1H), 7.96 (d, J = 7.8 Hz, 1H), 7.80 (d, J = 8.4 Hz, 1H), 7.61 (t,J = 7.2 Hz,
1H), 7.57 (t, J = 7.2 Hz, 1H), 7.41 (t, J = 7.2 Hz, 1H), 7.36 (d, J = 7.2 Hz, 1H),
7.12 (d, J = 7.2 Hz, 1H), 7.02 (d, J = 7.2 Hz, 1H), 6.88 (s, 1H), 5.47 (d, J = 16.2
Hz, 1H), 5.32 (d, J = 16.2 Hz, 1H), 4.14 (dd, J = 13.8, 4.2 Hz, 1H), 3.46 (dd, J =
13.8, 4.2 Hz, 1H), 2.78 (1, J = 13.8 Hz, 1H), 2.32 (s, 3H). MS (ESI): Calcd for
CasHaoN2Os (m/z): 384.1474, found: 384.1481.
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Exemplary copies of NMR and MS data of final compounds
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Chapter 5

Synthesis of a focused compound collection of isoxazole, benzoxazole and
triazole-phenol scaffolds to explore the structure-activity relationship
for MIF tautomerase activity inhibition

—— f\,n—Qfm
N

structure-based design

Kok T, Xiao ZP, Fokkens M, Wapenaar H, Proietti G, Poelarends GJ, Dekker FJ.
Synthesis of a focused compound collection of isoxazole, benzoxazole and
triazole-phenol scaffolds to explore the structure-activity relationship for MIF
tautomerase activity inhibition — ongoing work.
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Abstract

Macrophage migration inhibitory factor (MIF) is a cytokine that plays a
key role in immune responses as well as in the progression of inflammatory
diseases and cancer. MIF exerts its activity through the binding to its molecular
receptors such as the CD74 receptor. Due to its important role, significant efforts
have been taken to discover small-molecules having potential to inhibit the
cytokine activity of MIF. To this end, MIF tautomerase activity has been used in
high-throughput screening to identify small-molecule MIF binders. Based on the
previously identified class of biaryl-triazole MIF tautomerase inhibitors, we
designed and synthesized a focused collection of compounds with isoxazole,
benzoxazole and triazole scaffolds and evaluated their inhibition of MIF
tautomerase activity. Thus, we were able to derive structure-activity relationship
for inhibition of MIF tautomerase activity. This sets the stage for further
exploration of the structure-activity relationship for this class of compounds in
order to identify more potent binders that have the potential to be developed further
into therapeutic agents against diseases in which MIF is involved.

Keywords: MIF, isoxazole, benzoxazole, triazole-phenol scaffold, tautomerase
activity
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Introduction

MIF is a well known cytokine that plays a key role in the regulation of the
immune system and is therefore connected to the progression of multiple diseases
with an immunological component [1]. MIF is known to bind to several receptors
such as the CD74 receptor [2], and the hemokine receptors CXCR2, CXCR4 and
CXCRT7 [3][4]. Due to its key role in the immune system MIF binding molecules
have been recognized as potential therapeutics in various inflammatory diseases
and cancer [5].

A crystal structure of MIF in complex with 4-hydroxyphenylpyruvate
(PDB 1CA7) demonstrated that three MIF monomers associate to form a
symmetrical trimer [6]. MIF belongs to the tautomerase superfamily of enzymes
[7]. It catalyses the interconversion of keto substrates, such as D-dopachrome,
phenylpyruvate and 4-hydroxyphenylpyruvate, into their corresponding enol forms
[8][9]. The tautomerase activity can be used for efficient screening of a compound
collection for MIF binding. Interference with MIF cytokine activities should be
evaluated in cell-based assay and eventually animal models [10].

Recent findings show that binding of CD74 to MIF occurs in the vicinity of
the MIF enzymatic pocket [11]. This supports the idea that rationally designed MIF
tautomerase inhibitors with substituents protruding to the solvent interface of MIF
enzymatic pocket (“caps”) may have potential to interfere with MIF cytokine
activity.

The effects of MIF inhibitors in various cell-based or animal models have
been explored with ISO-1 as a common reference inhibitor [10]. A crystal
structureof ISO-1 bound to MIF showed that the inhibitor binds to the MIF
enzymatic pocket, which is positioned at the interface between two MIF
monomers. The phenol group of ISO-1 makes a hydrogen-bonding interaction with
residue Asp-97 and the isoxazoline ring interact with residues Lys-32, Ile-64 and
Pro-1 of MIF [12]. Based on the ISO-1 structure, several other MIF inhibitors have
been developed, among which are Alam-4b, ISO-66, CPSI-2705, CPSI-1306 and
inhibitors with a triazole scaffold [10]. These triazole inhibitors contain the same
phenol group as ISO-1 that interacts with residue Asp-97 and the triazole ring that
interacts with residues Lys-32, Ile-64 and Pro-1 in the MIF enzymatic pocket [10].

Furthermore, using a structure-based virtual screening method, Orita-13
containing a chromen-4-one scaffold was identified as a MIF tautomerase activity
inhibitor, and inspired by its structure, T-614 [13] and substituted-chromene
compounds including Kok-10 and Kok-17 [14], were developed as MIF inhibitors.
Taken together, rational design to provide a compound collection of small-
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molecule inhibitors of MIF tautomerase activity is required to discover potent
compounds that are targeted to interfere with MIF cytokine activity.

Here, we describe the synthesis of a focused compound collection of
isoxazole, benzoxazole and triazole-phenol scaffolds and the evaluation of their
inhibition on MIF tautomerase activity. Our effort yielded MIF inhibitors with a
triazole-phenol scaffold with ICso‘s in the micromolar range. These inhibitors
expand the number of compounds with triazole-phenol scaffold available for
further development of therapeutic agents against MIF cytokine-related diseases.

Materials and methods
Chemistry general

Chemicals were purchased from commercial suppliers. Reactions in the
microwave were carried out in a Biotage Initiator™ Microwave Synthesizer. The
reactions were monitored by thin layer chromatography (TLC) using Silica Gel 60
F254 aluminium sheets. TLC’s were visualized using UV light or KMnOj solution.
The stationary phase used in column chromatography was MP Ecochrom Silica
Gel 32-63, 60 A. Products were analyzed by proton ('H) and carbon ('*C) nuclear
magnetic resonance (NMR), recorded on the Bruker Advance 500 MHz. Chemical
shifts were reported as part per million (ppm) relative to residual solvent peaks
(CDCls, 'H 8 = 7.26, 3C & = 77.16; CD;OD, 'H & = 3.31, *C & = 49.00).
Intermediate products were analysed by electrospray ionization mass spectra (ESI-
MS) using an Applied Biosystems/SCIEX API3000-triple quadrupole mass
spectrometer. Final products were analysed by high resolution mass spectrometry
(HRMS) on a LTQ-Orbitrap XL mass spectrometer with a resolution of 60,000 at
m/z 400 at a scan rate of 1Hz.

Isoxazole compound 1 was synthesized using a one-pot three-step reaction
as described by Koufaki et al. [15]. In this reaction, anisaldehyde was firstly
converted to the corresponding oxime, which was subsequently reacted with
chloramine-T to produce nitrile oxide. The nitrile oxide was then rapidly coupled
with phenylacetylene to produce compound 1. Demethylation of compound 1 with
boron trichloride in the presence of tetra-N-butylammonium resulted in compound
2 [16]. Compounds 1 and 2 were then purified by column chromatography.

Benzoxazole compounds 3 and 4 were prepared from the corresponding 2-
aminophenols and p-toluenesulphonic acid in dimethylmalonate [17], and selective
demethylation of compound 4 under the same condition as the synthesis of
compound 2 produced compound 5 [16]. Compound 6 was synthesized similarly to
compound 3 and 4 through reaction of 2-aminophenol and 4-hydroxybenzoic acid
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in the presence of boric acid [17]. Compound 7 was prepared from 2-aminophenol,
3-methylbenzoic acid and Lawessons’s reagent (Ci14Hi40,P2S4) as described by
Seijas et al. [18]. Compounds 3-7 were purified using column chromatography.

Triazole compounds 8-12 were synthesized through a conversion of 4-
aminophenol by concentrated hydrochloric acid and NaNO> to the diazonium ion
that was substitued with sodium azide to provide the corresponding azide [19]. The
azide was then reacted with substituted alkynes using the copper-catalyzed alkyne
to azide cycloaddition (CuAAC) method to produce diversely substituted triazole-
phenol compounds [20].

MIF tautomerase activity assay

MIF used in this assay was recombinantly expressed and purified as His-
tagged MIF [21]. The assay was conducted based on the previous procedure of Kok
et al. [14]. 4-hydroxyphenyl pyruvate (4-HPP) was used as a substrate. A stock
solution of 4-HPP 10 mM was provided in ammonium acetate 50 mM pH 6.0 and
incubated overnight at room temperature to allow equilibration between the keto
and enol form. The same ammonium acetate buffer was used for further dilutions
of this substrate. Stock solutions of inhibitors with a concentration of 50 mM were
made in DMSO. For screening, inhibitor solutions with a final concentration of 250
uM were made by further dilution of the mixture with MIF in boric acid 0.4 M pH
6.2. And for ICsp determinations, inhibitors with a final concentrations of 125 — 0
uM in DMSO 5% (1.6 fold dilution series) were prepared. This DMSO dilution
with a final concentration of 5% was used as a vehicle control. At this
concentration, DMSO has already been known to give no significant influence on
MIF tautomerase activity.

In the assays, mixtures of 45 pL MIF (solution in boric acid 0.4 M pH 6.2,
to give a final concentration of 340 nM) and 5 uL of the synthesized compounds
were put in a UV-star F bottom 96-well plate. The reaction was started by the
introduction of 50 pL 4-HPP in ammonium acetate buffer (to give a final
concentration of 0.5 mM), and the increase of absorbance at 306 nm over the time
was monitored by Spectrostar Omega BMG Labtech plate reader. Mixtures of all
the components in DMSO 5% (final concentration) excluding the inhibitor were
used as positive control. The negative control was the positive control excluding
MIF. The analysis of data was done by initially taking the slopes of the linear part
of the increase in absorbance over the time (i.e. the rate of reaction), then
normalizing them to the slope of the positive and negative controls to obtain the
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percentage of residual enzyme activity. This percentage of residual enzyme activity
was plotted against the logarithm of the inhibitor concentration.

Results and discussion

2.1 Chemistry

Based on the known inhibitor ISO-1, we synthesized a focus collection of
compounds with isoxazole or benzoxazole scaffolds. For compounds 1 and 2, we
replaced the isoxazoline ring by an isoxazole ring and for compounds 3-7, we
combined the isoxazoline ring and phenyl ring to a benzoxazole ring. Based on the
known biaryltriazole compounds, we synthesized diversely-substituted triazole-
phenol compounds 8-12.

We successfully synthesized the isoxazole compound 1 using a one-pot
three-step reaction as described by Koufaki et al. [15] with a yield of 30-50%
(Scheme 1). Interestingly, the oxime is stable up to 48 hours in this reaction
system. This property would allow for making a parallel set up in preparing other
compounds with isoxazole scaffold. Subsequently, we demethylated the methoxy
group on the phenyl ring of compound 1 with boron trichloride in the presence of
tetra-N-butylammonium iodide to produce compound 2. The yield was 46%
(Scheme 1).

OH
o N~ o
| —_— | —_— N~
NH,OH.HCI, NaOH Chloramine-T.HCI, I
o~ 1N, t-BuOH/H,0 o RT, 3 min
(1:1), RT o~
Phenylacetylene,
pH=6, microwave
90°C, 45 min
L -
- O OH Bu,NI, BCly, dry
. DCM, -78°C to RT,
2 on 1
yield 46% yield 30-50%

Scheme 1. Synthesis routes of isoxazoles 1 and 2.
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We prepared benzoxazole compounds 3 and 4 from the corresponding 2-
aminophenols and p-toluenesulphonic acid in dimethylmalonate, giving a yield of
26% and 54%, respectively (Scheme 2A and 2B). Subsequently, we selectively
demethylated the methoxy group on the benzoxazole ring of compound 4 under the
same condition as the synthesis of isoxazole compound 2 to obtain compound 5,
with a yield of 43% (Scheme 2B). Compound 6 was synthesized similarly to
compound 3 and 4 through a reaction of 2-aminophenol and 4-hydroxybenzoic acid
in 1,2-dichlorobenzene in the presence of boric acid; its yield was only 5%
(Scheme 2C). And compound 7 was prepared by a reaction of 2-aminophenol with
3-methylbenzoic acid and Lawessons’s reagent, with a yield of 52% (Scheme 2D).
We found that the solvent-free reaction using Lawessons’s reagent as described by
Seijas et al. that was used for synthesis of compound 7 is more efficient method
than the method used for the synthesis of compound 6.

A OH (o} J
L., .. O
NH, a. dimethylmalonate,
160°C, 5h 3
b. p-toluenesulphonic yield 26%

acid, 160°C, 15h

o
IO Sl Qﬁ — 3
X
/
~o NH, a. d|methy|ma|onate

BuyNI, BCly, dry HO
160° C, 5h DCM, -78°C to RT,
b. p-toluenesulphonic yield 54% 5h

1 0,
acid, 160°C, 15h yield 43%

c OH o
o —— O
NH, 4-hydroxybenzoic acid,

1,2-dichlorobenzene, 6
boric acid, reflux 24h yield 5%

D o
.
Ly
H, 3-methylbenzoic acid,

Lawesson's reagent,
190°C, 10 min 7
yield 52%

Scheme 2. Synthesis routes of benzoxazoles 3-7.

123



Finally, we prepared triazole-phenol compounds 8-12 from 4-aminophenol
through a conversion of the amine to azide (Scheme 3A). The azide was
subsequently reacted with diversely substituted alkynes using the copper-catalyzed
alkyne to azide cycloaddition (CuAAC) method (via 1,3-dipolar cycloaddition
mechanism) to produce compounds 8, 9, 10, 11 and 12 with a yield of 8.5%, 57%,
95%, 27% and 69%, respectively (Scheme 3B and 3C). We found that dry
tetrahydrofuran (used for the synthesis of compound 9-12) is a better solvent than
t-butyl alcohol/H>O (1:1) (used for the synthesis of compounds 8), because of the
limited solubility of the alkynes in water. Therefore, the yield of compounds 9-12
was much greater than that of compound 8.
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Scheme 3. Synthesis routes of triazole-phenol compounds 8-12.
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2.2 Structure-activity relationship of MIF tautomerase inhibitors

We used the previous assay as described by Kok et al. [14] to evaluate the
inhibition on MIF tautomerase activity by the synthesized compounds (Table 1). In
this assay, the measurement was based on the absorbance detection of the enol
form of 4-HPP, as the product of the tautomerase reaction, in complex with boric
acid.

We screened compounds 1-7 at a concentration of 250 uM and the
compound(s) giving inhibition greater than 50% would be tested further for ICso
determination. Compounds 8-12 were not screened at a single point concentration
of 250 uM, but directly tested for ICso determination.

In the screening at a concentration of 250 uM, compounds 1-7 gave no
inhibition. No inhibition on MIF tautomerase activity by the isoxazole compounds
1 and 2 could be due to the more rigidity of the isoxazole ring (planar shape — sp>
hybridisation) compared to the isoxazoline ring (tetrahedral shape — sp’
hybridisation), influencing the binding orientation of these compounds in MIF
enzymatic pocket. No inhibition given by the benzoxazole compounds 3-7 might
be due to no interaction between the benzoxazole ring of these compounds with
amino acid residues in MIF enzymatic pocket. These findings indicate that the
isoxazoline ring posses a property needed for the binding of such compounds with
amino acid residues in MIF enzymatic pocket.

All the triazole-phenol compounds, except compound 9, showed inhibition
with similar ICso (Table 1 and Figure 1), suggesting that the phenol group binds in
a similar way as was demonstrated in the crystal structure of MIF-biaryltriazole
(making a hydrogen-bonding interaction with residue Asp-97) [22], but the
substituents on the triazole ring positioned almost outside of MIF enzymatic pocket
give no big difference in the inhibition of the compounds on MIF tautomerase
activity. In compound 9 the naphthalene ring substituent on its triazole ring might
be too bulky and rigid, resulting in the loss of interaction between the triazole ring
and amino acid residues in the MIF enzymatic pocket. In comparison, a similar
compound from literature with a quinoline ring instead of a naphthalene ring
inhibits MIF tautomerase activity presumably due to hydrogen-bonding of the
quinoline ring with residue Lys-32 of MIF (PDB 5HVS) [22]. Taken together, the
triazole-phenol group is a promising scaffold for MIF binding compounds that can
be employed as an anchor to identify structure-activity-relationships of MIF
binding compounds. Ultimately, this will provide a comprehensive insight in the
structural requirments for MIF binding and the development of potent and drug-
like inhibitors.
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Table 1. ICs, values of compounds 1-12 and ISO-1 as the inhibitor of reference. ICs, values were given as mean
and standard error of mean from at least 3 independent experiments. ND = not determined due to no inhibition in
the single point screening at 250 pM.

Scaffold Compound Structure 1Cs

ND

Isoxazole

ND

7~
Isoxazoline 1SO-1 m—OOH 794 1.0

9]

(0}
Benzoxazole /©[0>—>—(/ ND

52+4.0

7
7

Triazole-phenol

10 - N’Q'OH 34223
=N
HO _
11 —@—OH 37+2.1
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Figure 1. ICs, curves at 125 — 0 uM (with 1.6 fold dilution series) of triazole-phenol compounds and of ISO-1 as
the inhibitor of reference; final concentration of MIF and 4-HPP were 340 nM and 0.5 mM, respectively.
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Conclusions and future perspectives

Because binding of MIF to its cellular receptors such as the CD74 receptor,
plays a key role in inflammatory processes and cancer, MIF inhibitors are
considered to be potential therapeutics for diseases related to MIF cytokine
activity. In this study, we employed the MIF tautomerase activity assay to discover
small-molecule inhibitors that could potentially interfere with MIF cytokine
activity. Using known synthesis routes, we synthesized a focus compound
collection of isoxazole and benzoxazole scaffolds; and we used copper-catalyzed
alkyne to azide cycloaddition (CuAAC) for the synthesis of compounds with a
triazole-phenol scaffold. We subsequently evaluated the inhibition by the
synthesized compounds on MIF tautomerase activity. This successfully provided
diversely-substituted triazole-phenol compounds as MIF tautomerase inhibitors
with ICso’s in the micromolar range. In addition, we suggest that the triazole-
phenol scaffold is one of the promising cores for further development of potent
inhibitors targeting MIF-CD74 interaction. The reversibility and kinetics of binding
of the inhibitors need to be evaluated to gain insight on the mode of inhibition.
Once the inhibition is confirmed to be reversible and competitive, we expect that
MIF enzymatic pocket can be employed to anchor small-molecule inhibitors with
substituents that protrude into the solvent interface of the pocket (“caps”). This
would enable interfering with the MIF-CD74 interaction in order to develop
therapeutic agents against MIF cytokine-related diseases.
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Supplementary information
Synthesis and characterization of compounds 1-12

3-(4-methoxyphenyl)-5-phenylisoxazole (1)

Hydroxylamine hydrochloride (1.5 mmol) was added to a solution of p-methoxy
benzaldehyde (1.5 mmol) in water:t-BuOH (1:1 ratio, 7 mL) in a MW tube.
Subsequently, NaOH (1.5 mmol, 1 M solution in water) was added. The reaction
mixture was left stirring at RT until the p-methoxy benzaldehyde was consumed.
Then Chloramine-T hydrochloride (1.5 mmol) was added. After 3 minutes, phenyl
acetylene (1.5 mmol) was added and the pH of the reaction was adjusted to 6. The
reaction was then MW irradiated for 45 minutes at 90°C. The product was
extracted with ethyl acetate (3 x 25 mL), was with water (3 x 25 mL), dried over
MgSOs,, filtered and concentrated under reduced pressure. The crude product was
purified using column chromatography (20:1 petroleum ether:ethyl acetate),
affording the product as a colorless solid. Yield: 31 %, Ry = 0.77 (2:1 petroleum
ether:ethyl acetate). 'H NMR (500 MHz, CDCls) 8 7.85- 7.80 (m, 4H), 7.50-7.45
(m, 3H), 7.00 (d, J = 8.8 Hz, 2H), 6.78 (s, 1H), 3.87 (s, 3H). *C NMR (126 MHz,
CDCl) 6 170.04, 162.47, 160.91, 130.02, 128.87 (2x), 128.09 (2x), 127.46, 125.71
(2x), 121.55, 114.22 (2x), 97.15, 55.26. Spectroscopic data are in line with
literature [15].

4-(5-phenylisoxazol-3-yl)phenol (2)

Tetra-N-butylammonium iodide (0.25 mmol) was added to a solution of 3-(4-
methoxyphenyl)-5-phenylisoxazole (0.19 mmol) in dry CH>Cl, (10 ml) under
nitrogen atmosphere. Subsequently the reaction was cooled down to -78°C using a
mixture of acetone and liquid N Then boron trichloride (0.3 mmol, 1M solution in
DCM) was added dropwise and stirred for 5 minutes. The reaction was allowed to
heat to RT and stirred for 5 hours. The mixture was quenched in ice-water, the
product was extracted with DCM (3 x 20 ml), dried over MgSO,, filtered and
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concentrated under reduced pressure. The crude product was purified on column
chromatography (5:1 petroleum ether:ethyl acetate), to yield a white powder.
Yield: 46 %, Ry = 0.16 (2:1 petroleum ether:ethyl acetate). '"H NMR (500 MHz,
Methanol-ds) & 7.92 (d, J = 7.5 Hz, 2H), 7.78 (d, J = 8.6 Hz, 2H), 7.54 (m, 3H),
7.19 (s, 1H), 6.93 (d, J = 8.6 Hz, 2H). C NMR (126 MHz, Methanol-d4) &
171.44, 164.44, 160.76, 136.96, 131.40, 130.18 (2x), 129.36, 128.81, 126.79 (2x),
121.30, 116.80 (2x), 98.63. Spectroscopic data are in line with literature [23].

Methyl 2-(benzo[d]oxazol-2-yl)acetate (3)

C”
2-aminophenol (2 mmol) was added to dimethylmalonate (10 mmol, 1.1 mL) under
nitrogen. The mixture was heated to 160 °C for 5 hours until 2-aminophenol was
consumed. Then p-toluenesulphonic acid (0.2 mmol) was added and the mixture
was stirred at 160 °C for 15 hours. The mixture was directly purified by column
chromatography (1:20 ethyl acetate:petroleum ether) to yield the product as a
yellow solid. Yield 26 %, R¢ = 0.6 (1:1 ethyl acetate:petroleum ether). '"H NMR
(500 MHz, CDCl3) & 7.79 — 7.69 (m, 1H), 7.58 — 7.48 (m, 1H), 7.35 (dd, J = 6.5,
2.8 Hz, 2H), 4.05 (s, 2H), 3.79 (s, 3H). *C NMR (126 MHz, CDCl;) 8 167.50,
159.49, 151.20, 141.20, 125.29, 124.55, 120.17, 110.72, 52.90, 35.17. MS (ESI):
m/z [M+H], calculated C1oH10O3N 191.1, found 192.1.

2-amino-4-methoxyphenol

NH,

f OH
o

To a solution of 4-methoxy-2-nitrophenol (5 mmol) in MeOH (10 mL) was added
palladium on carbon (10% w/w, 10% Pd on carbon) under hydrogen atmosphere.
The mixture was stirred for 3 hours at RT, filtered over celite and concentrated
under reduced pressure. The product was used in the following reaction without
further purification. '"H NMR (500 MHz, CDCls) & 6.47 (dd, J = 8.5, 2.9 Hz, 1H),
6.18 (d, J = 2.9 Hz, 1H), 6.02 (dd, J = 8.5, 3.0 Hz, 1H), 3.53 (s, 3H). 3C NMR
(126 MHz, CDCl3) 6 153.75, 139.10, 135.79, 115.43, 103.60, 103.04, 55.69.
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Methyl 2-(5-methoxybenzo[d]oxazol-2-yl)acetate (4)

L

2-amino-4-methoxyphenol (3.6 mmol) was added to dimethylmalonate (18 mmol,
2.4 mL) under nitrogen atmosphere. The mixture was heated to 160 °C for 2 hours
until 2-aminophenol was consumed. Then p-toluenesulphonic acid (0.4 mmol) was
added and the mixture was stirred at 160 °C for 15 hours. The mixture was directly
purified by column chromatography (1:10 ethyl acetate:petroleum ether) to yield
the product as a yellow solid. Yield 54 %, Ry = 0.63 (1:2 ethyl acetate:petroleum
ether). "H NMR (500 MHz, CDCl3) 8 7.39 (d, /= 8.9 Hz, 1H), 7.18 (d, J= 2.5 Hz,
1H), 6.93 (dd, J = 8.9, 2.5 Hz, 1H), 3.99 (s, 2H), 3.84 (s, 3H), 3.77 (s, 3H). 1*C
NMR (126 MHz, CDCl;) & 167.46, 160.13, 157.27, 145.77, 141.95, 113.79,

110.79, 103.00, 55.96, 52.82, 35.17. MS (ESI): m/z [M+H], calculated C;1H1204N
221.1, found 222.1.

Methyl 2-(5-hydroxybenzo|d]oxazol-2-yl)acetate (5)
o

SO

To a solution of Methyl 2-(5-methoxybenzo[d]oxazol-2-yl)acetate (4, 0.5 mmol) in
dry DCM was added t-butylammonium iodide (0.65 mmol) under nitrogen
atmosphere. The mixture was cooled down to -78 °C and boron trichloride (2.5
mL, 1M in DCM) was added dropwise. The mixture was allowed to warm to room
temperature and stirred for 1 hour turning bright orange. The reaction was
quenched with ice-water and saturated NaHCOs. The product was extracted with
DCM and purified by column chromatography (1:2 ethyl acetate:petroleum ether)
yielding the product as a light yellow solid. Yield 43 %, Ry = 0.3 (1:1 ethyl
acetate:petroleum ether). '"H NMR (500 MHz, MeOD) 6 7.39 (d, J = 8.8 Hz, 1H),
7.02 (d, J=2.3 Hz, 1H), 6.86 (dd, J = 8.8, 2.4 Hz, 1H), 4.06 (s, 2H), 3.76 (s, 3H).
BC NMR (126 MHz, DMSO) & 168.27, 160.93, 155.18, 144.63, 142.05, 113.90,
111.13, 105.05, 52.90, 35.01. MS (ESI): m/z [M+H], calculated CioH10O4N 207.1,
found 208.1.
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4-(benzo[d]oxazol-2-yl)phenol (6)

sty

4-hydroxybenzoic acid (1.8 mmol) was added to a solution of 2-aminophenol (1.8
mmol) in 1,2-dichlorobenzene (10 mL) under nitrogen atmosphere. The flask was
equipped with a condenser and boric acid (0.2 mmol) was added. The suspension
was refluxed for 24 hours, after which it was cooled down. The product was
precipitated using petroleum ether, filtered and directly purified by column
chromatography (4:1 petroleum ether:ethyl acetate) to yield the product as a red
solid. Yield: 5.2 %. Ry = 0.43 (2:1 petroleum ether:ethyl acetate). '"H NMR (500
MHz, chloroform/MeOH) & 7.87 (d, J = 8.7 Hz, 2H), 7.49-7.45 (m, 1H), 7.38-7.34
(m, 1H), 7.15-7.10 (m, 2H), 6.75 (d, J = 8.7 Hz, 2H). *C NMR (126 MHz,
Methanol-ds) 6 163.81, 161.32, 150.41, 141.46, 129.22 (2x), 124.64, 124.45,
118.55, 117.45, 115.62 (2x), 110.12. MS (ESI): m/z [M+H], calculated C;1H1402N3
211.06, found 212.07.

2-(m-tolyl)benzo[d]oxazole (7)

o

O

3-methylbenzoic acid (4.6 mmol) was added to a mixture of 2-aminophenol (4.6
mmol) and Lawesson’s reagent (1.6 mmol). The solid mixture was heated at 190°C
for 10 minutes, turning into a thick dark solution. The mixture was directly purified
by column chromatography (60:1 petroleum ether:ethyl acetate), to yield the
product as a light pink solid. Yield: 52 %, R¢ = 0.85 (2:1 petroleum ether:ethyl
acetate). '"H NMR (500 MHz, CDCls) & 8.11(s, 1H), 8.05 (s, 1H), 7.79- 7.76 (m,
1H), 7.61-7.57 (m, 1H), 7.44-7.39 (m, 1H), 7.37- 7.34 (m, 3H), 2.46 (s, 3H). 1*C
NMR (126 MHz, CDCls) 6 163.22, 150.74, 142.11, 138.76, 132.38, 128.83,
128.20, 127.02, 125.04, 124.77, 124.55, 119.97, 110.57, 77.48, 21.37.
Spectroscopic data are in line with the literature [24].
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4-azidophenol

To a suspension of p-aminophenol (14 mmol) in water (20 mL), concentrated
hydrochloric acid (3.5 mL) was added dropwise over a period of 5 min. The
resulting solution was cooled down to 0°C and then NaNO; (27 mmol) was added
portion wise. The reaction was then left stirring for 1h, after which a freshly made
solution of NaNj; (16 mmol) in water, was added dropwise. The reaction was left
stirring for another hour at room temperature. The product was then extracted with
ethyl acetate (3x50ml), dried over MgSOsy, filtered and concentrated under reduced
pressure to yield the product as a dark red oil. The product was used in other
reactions without further purification. Yield: 96 %, Ry = 0.63 (2:1 petroleum
ether:ethyl acetate). 'H NMR (500 MHz, CDCls) & 6.83-6.81 (m, 2H), 6.77- 6.75
(m, 2H). *C NMR (126 MHz, CDCls) § 154.18, 131.12, 119.93 (2x), 116.41 (2x).
Spectroscopic data are in line with the literature [19].

4-(4-phenyl-1H-1,2,3-triazol-1-yl)phenol (8)

2O
N

Phenylacetylene (1.5 mmol) was added to a solution of 4-azidophenol (1.5 mmol)
in water:t-BuOH (1:1 ratio, 7 mL). To the vigorously stirred solution, were added
in sequence, a freshly made solution of CuSO4-5H,0 (0.015 mmol) in water (100
uL) and a freshly made solution of L-ascorbate (0.15 mmol) water (100 pL). The
reaction was refluxed for 15 hours. The resulting mixture was then extracted with
ethyl acetate (3 x 20ml), washed with water (5 x 20 mL) dried over MgSQsu,
filtered and concentrate. The product was recrystallized in DCM, which yielded a
brown solid. Yield: 8.5 %, R¢= 0.23 (2:1 petroleum ether:ethyl acetate). 'H NMR
(500 MHz, Methanol-ds) & 8.74 (s, 1H), 7.91 (d, J = 7.2 Hz, 2H), 7.67 (d, J= 6.2
Hz, 2H), 7.46 (t,J = 7.2 Hz, 2H), 7.38 (t, J = 6.2 Hz, 1H), 6.96 (m, 2H). '*C NMR
(126 MHz, Methanol-ds) 6 158.25, 147.90, 130.14, 129.31, 128.61 (2x), 128.09,
125.35 (2x), 121.94 (2x), 119.02, 115.75 (2x). Spectroscopic data are in line with
the literature [25].
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General procedure for the synthesis of compounds 9-12

The appropriate alkyne (0.5 mmol) was added to a solution of 4-
azidophenol (0.5 mmol) in dry THF (2 mL). To the vigorously stirred solution
were added in sequence a freshly made solution of CuSO4-5H,O (0.01 mmol) in
water (50 pL) and a freshly made solution of L-ascorbate (0.05 mmol) in water (50
uL). The reaction was stirred for 15 hours and quenched by pouring into ice-water.
The product was extracted with ethyl acetate (2 x 20 mL), washed with water (5 x
20 mL), dried over MgSQOs, filtered and concentrated under reduced pressure to
afford the products as a brown solid.

4-(4-(6-methoxynaphthalen-2-yl)-1H-1,2,3-triazol-1-yl)phenol (9)

o o)

Yield: 57 %, Re = 0.68 (2:1 ethyl acetate:petroleum ether). 'H NMR (500 MHz,
DMSO) & 10.02 (s, broad, 1H), 9.20 (s, 1H), 8.41 (s, 1H), 8.02 (d, J = 8.5 Hz, 1H),
7.96-7.88 (m, 2H), 7.75 (d, J = 8.8 Hz, 2H), 7.37 (s, 1H), 7.22 (d, /= 8.9 Hz, 1H),
6.99 (d, J = 8.8 Hz, 2H). '*C NMR (126 MHz, DMSO) & 158.24, 157.99, 147.66,
134.47, 130.06-129.98 (1x), 129.31, 128.98, 127.94-127.89 (1x), 126.14, 124.62,
124.07-124.02 (1x), 122.37, 122.27, 119.89, 119.69, 116.55 (2x), 106.52-106.50
(1x), 55.67. MS (ESI): m/z [M+H], calculated C19H160.N3 317.35, found 318.12.

4-(4-benzyl-1H-1,2,3-triazol-1-yl)phenol (10)

Yield: 95 %, Rs = 0.66 (2:1 ethyl acetate:petroleum ether). '"H NMR (500 MHz,
DMSO) 6 9.92 (s, 1H), 8.42 (s, 1H), 7.64 (d, J = 8.9 Hz, 2H), 7.35-7.29 (m, 4H),
7.26-7.15 (m, 1H), 6.92 (d, J = 8.9 Hz, 2H), 4.07 (s, 2H). 3C NMR (126 MHz,
DMSO) & 157.98, 147.21, 139.89, 129.37, 128.99 (2x), 128.91 (2x), 126.67,
122.19, 121.13, 121.09, 116.42 (2x), 31.69. MS (ESI): m/z [M+H], calculated
Ci11H140,N3 251.11, found 252.11.
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4-(4-(3-hydroxypropyl)-1H-1,2,3-triazol-1-yl)phenol (11)

HO/\/Y\N _@__OH

N:N'

Yield: 27 %, Ry = 0.7 (2:1 ethyl acetate:petroleum ether). 'H NMR (500 MHz,
Methanol-ds) 6 8.18 (s, 1H), 7.62 (d, J = 6.0 Hz, 2H), 6.96 (d, J = 5.9 Hz, 2H),
3.67(t,J = 5.8 Hz, 2H), 2.87 (d, J = 5.8 Hz, 2H), 1.97 (t, J = 5.8 Hz, 2H)."*C NMR
(126 MHz, Methanol-ds) 6 158.06, 147.99, 129.43, 121.89, 120.24, 115.71, 60.61,
31.86, 21.35. MS (ESI): m/z [M+H], calculated C1;Hi40>N3 219.24, found 220.10.

4-(4-((benzyl(methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)phenol (12)

O e

Yield: 69 %, Rs = 0.26 (2:1 ethyl acetate:petroleum ether). 'H NMR (500 MHz,
MeOD) & 8.28(s, 1H), 7.61 (d, J = 8.5 Hz, 2H), 7.32 (m, 6H), 6.94 (d, J = 8.5 Hz,
2H), 3.77 (s, 2H), 3.61 (s, 2H), 2.25 (s, 3H). 3C NMR (126 MHz, DMSO) &
158.02, 144.97, 139.24, 129.40 (2x), 129.25 (2x), 128.62, 127.37, 122.23 (2x),
122.19, 116.43 (2x), 60.86, 51.84, 41.91. MS (ESI): m/z [M+H], calculated
C17H19ON4 294.36, found 295.15.
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Chapter 6

Summary and future perspectives

Summary

MIF is a cytokine that plays a key role in innate and adaptive immune
responses. Its activity has been associated with the development of multiple
inflammatory diseases and cancer. MIF exerts its biological functions through the
interaction with its cellular receptors such as CD74. Hence, MIF-CD74 binding is
considered to be a promising target in the development of therapeutics for MIF
cytokine-related diseases. We aim to improve the production of the purified CD74
protein in bacteria in order to provide a suitable MIF-CD74 binding assay.
Furthermore, we aim to develop novel MIF inhibitors.

Chapter 1 provides the introduction and scope of the thesis. In Chapter 2,
we provide an overview on the described role of MIF in the pathogenesis of
inflammatory diseases and cancer, and on the emerging classes and types of small-
molecule inhibitors targeting MIF activity as potential therapeutics for immune
disorders. MIF was reported to be associated with acute and chronic inflammatory
diseases such as asthma, chronic obstructive pulmonary disease (COPD),
rheumatoid arthritis, sepsis, diabetes, atherosclerosis and cardiovascular diseases.
In addition, many studies described MIF as a biomarker for multiple diseases with
an inflammatory component, such as systemic infections and sepsis, cancer,
autoimmune diseases and different metabolic disorders. Taken together, these
studies demonstrate the essential role of MIF in immune-related diseases.
Consequently, many efforts have been taken over the past few years to discover
MIF-directed therapeutics. One line of the efforts is the development of
biologicals, for instance anti-MIF antibodies. The other line is the development of
small-molecule MIF inhibitors aiming at interfering with MIF cytokine activity.
This interference can be due to the binding-induced conformational changes of
MIF and/or disruption of MIF-CD74 interaction. Compared with biologicals,
small-molecule MIF inhibitors offer advantages such as lower manufacturing costs,
non-immunogenicity and the possibility of oral administration. Hence, this route of
exploration gained tremendous interest.

Targeting MIF tautomerase activity remains a convenient and efficient
approach to develop small-molecule MIF inhibitors. In this chapter, we present the
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currently identified classes and types of MIF small-molecule inhibitors in two
tables. In Table 1 on page 27, the inhibitors with a phenol functionality as the key
structural group that presumably interacts with the active site residue Asn-97 of
MIF are shown. In Table 2 on page 28, the covalent inhibitors and inhibitors with
other structures are presented. We also discuss their structure-activity relationships
and new lines of development. In this perspective, we note that the evaluation of
the functional consequences on MIF cytokine activity upon treatment with MIF
inhibitors is highly important.

This chapter also describes D-DT (MIF2) as a protein that is suggested to
have an overlapping functional spectrum with MIF due to its marked homology.
Therefore, D-DT should be taken into consideration in the evaluation of MIF
cytokine activities and in the development of small molecule MIF inhibitors.
Moreover, post-translational modification of MIF that can affect its biological
functions has also been reported. MIF has a CXXC motif that can be oxidized to an
intramolecular disulfide-bond. Although this redox behavior could interfere with
the binding of small molecules, the structural and functional implications for MIF
binding remain to be elucidated.

Taken together, Chapter 2 provides an overview on the pivotal role of MIF
in inflammatory diseases and cancer, and on the increasing efforts to develop MIF-
directed therapeutics from small-molecule inhibitors.

Chapter 3 reports high-yield production and purification of the functional
extracellular CD74 proteins using two solubility enhancing peptides. The MIF-
CD74 binding was shown in vitro to be located in the extracellular moiety of
CD74, but the unstable and protease-prone character of this moiety has hampered
further characterisation. Attempts to produce the moiety in bacteria provided low
yields of soluble protein. We tackled this problem by fusing it to MBP and Fh8
peptides. We put a factor Xa cleavage site on the MBP-CD74 fusion protein and a
3C cleavage site on the Fh8-CD74 fusion protein. After expression, the MBP and
Fh8 peptides were removed from the fusion proteins by cleavage with factor Xa
and 3C proteases. Following the cleavage, we purified the CD74 cleavage
products. However, this effort did not give its full fruits, because the expected
CD74 cleavage products were accompanied by further degradation products and
the subsequent purification was problematic.

MIF-binding assays showed that all the CD74 fusion proteins and CD74
cleavage products, except sssCD74 that lacks amino acids 77-125, are functional.
Due to the purity issue of the functional CD74 cleavage products, the MBP-sCD74
and Fh8-ssCD74 fusion proteins were used in further binding assays for the
determination of ECsy and/or Kp. The dose-dependent ELISA showed an ECso-
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value of around 110 nM for MBP-sCD74 and 280 nM for Fh8-ssCD74. The ITC
binding assay demonstrated a Kp-value of around 1.3 pM for MBP-sCD74. We did
not measure the Kp-value of Fh8-ssCD74, because the reaction enthalpy in ITC
experimentation was low. This made obtaining solid binding data via ITC difficult.
Size exclusion chromatography indicated that all the purified CD74 proteins are
mostly present in their homotrimeric form, which is the native form of CD74
proteins.

Furthermore, the ELISA binding experimentation with different CD74
constructs showed that removal of amino acids 77-112 from CD74 (in Fh8-ssCD74
construct) is influencing but not destructing the MIF-binding. This suggests that the
amino acids 113-125 of CD74 are involved in the interaction with MIF. In
addition, the deletion of amino acids 77-125 (in sssCD74 construct) resulted in the
lack of MIF-binding. This implies that the extracellular CD74 trimerisation domain
is not or only slightly involved in the binding to MIF, and hence it does not give
sufficient response in the binding assays.

In Chapter 4, we investigate a diversely-substituted collection of
compounds with a chromene scaffold that was synthesized using versatile
cyanoacetamide chemistry. The substitution-oriented screening (SOS) for
inhibition on MIF tautomerase activity resulted in several hit compounds with
ICso’s in the low micromolar range. Preincubation and dilution assays indicated
that the inhibitors bind to MIF reversibly. Enzyme kinetic analysis of the most
potent inhibitor showed that the inhibitor does not bind in direct competition with
the substrate 4-HPP.

Chapter 5 describes the synthesis of a structure-based-designed
compounds with isoxazole, benzoxazole and triazole-phenol scaffolds using known
synthesis routes. Various substituents were put at specific positions on the
scaffolds. The compounds were then assessed for their inhibition on MIF
tautomerase activity and their structure-activity relationships was evaluated. This
effort has successfully provided several MIF inhibitors with triazole-phenol
scaffold with ICso’s in the micromolar range. In addition, we suggest that the
triazole-phenol is a promising scaffold for systematic cycles of design and
synthesis to elucidate the structure-activity relationship in MIF binding and,
ultimately, for the development of potent inhibitors targeting MIF-CD74 binding.
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Future perspectives

MIF has been reported as a cytokine that plays a key role in the
progression of inflammatory diseases and cancer. Small-molecule inhibitors have
been developed and applied to study the role of MIF in immune-related diseases. In
addition to ISO-1, that is widely used as a reference compound, other small-
molecule inhibitors that were identified in a MIF tautomerase assay also showed
positive effects in various disease models. The isoxazolines and 1,2,3-triazoles are
two important classes of compounds from which potent MIF inhibitors have been
developed. Taken together, these signify the potential of MIF inhibitors in the
development of novel therapeutics for inflammatory diseases and cancer.

Concerning the development of MIF inhibitors, it should be noted that the
sigmoidal enzyme kinetics and covalent or slow-tight binding behavior can result
in overestimation of the inhibitor potency in the MIF tautomerase assay. These
issues complicate the analysis of MIF binding. In this perspective, we propose to
anticipate on these issues by conducting preincubation and dilution experiments as
well as enzyme kinetic studies. The identification of potent MIF inhibitors with
favorable properties will enable the development of novel therapeutics for MIF
cytokine-related diseases.

Attention should be given toward the MIF homolog D-DT, which has been
suggested to have an overlapping functional spectrum with MIF. This implies that
a combined therapeutic targeting of MIF and D-DT could bring a synergistic effect.
However, further details need to be elucidated.

Also, MIF post-translational modifications including modifications related
to redox behavior could interfere with binding of small-molecule inhibitors. This
represents an interesting novel line of investigation.

The MIF-CD74 binding assays showed that the CD74 region comprising at
least amino acids 113-125 appears to be essential for the interaction with MIF (as
described in Chapter 3). This provides useful insight for future work on the
construction of functional and stable extracellular CD74 proteins and on the further
investigation of a MIF-CD74 binding map.

The identified chromene MIF inhibitors (in Chapter 4) need to be evaluated
for their interference with MIF-CD74 interaction in PPI binding assays.
Furthermore, their functional consequences to interfere with MIF cytokine-activity
need to be investigated in cell-based assays and in relevant disease models.

The identified triazole-phenol MIF inhibitors (Chapter 5) need to be
evaluated for their reversibility and kinetic of binding to gain insight in the mode of
inhibition. Once the inhibition is confirmed to be reversible and competitive, we
can employ the MIF enzymatic pocket to anchor small-molecule inhibitors with
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assembled substituents on the triazole ring protruding out of the active site. We
anticipate that this construction will interfere with the MIF-CD74 interaction that is
described to occur close to the active site. Thus, structure-based design would
enable the discovery of inhibitors that can disrupt the MIF-CD74 interaction and
potentially provide therapeutics with favorable properties. Further work continuing
from Chapter 5 aims at exploring this possibility.
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Nederlandse samenvatting

Het eiwit Macrophage Inhibitory Factor (MIF) is een cytokine dat een
sleutelrol speelt in signalen van zowel het aangeboren als het verworven
immuunsysteem. Zijn activiteit is geassocieerd met tal van ontstekingsziekten en
kanker. MIF oefent zijn biologische functie uit door interacties met cellulaire
receptoren zoals CD74. Daarom is de binding tussen MIF en CD74 een
veelbelovend doelwit voor het ontwikkelen van geneesmiddelen voor MIF-
gerelateerde ziekten. Het is ons doel om de productie van gezuiverd CD74 eiwit te
verbeteren voor het gebruik in een geschikte bindingstest met MIF. Daarnaast
proberen we nieuwe MIF-remmers te ontwikkelen.

Hoofdstuk 1 beschrijft het doel en de reikwijdte van dit proefschrift. In
Hoofdstuk 2 geven we een overzicht van de reeds beschreven rol van MIF in de
pathogenese van ontstekingsziekten en kanker, en van het gebruik van de
verschillende opkomende klassen van kleine remmers van MIF als medicijn voor
immuunziekten. In eerdere studies is reeds gerapporteerd dat MIF geassocieerd is
met acute en chronische ontstekingsziekten zoals astma, chronische obstructieve
longziekte (COPD), reumatoide artritis, bloedvergiftiging, kanker, auto-
immuunziekten en verschillende stofwisselingsziekten. Samenvattend laten deze
studies de essenti€le rol zien van MIF in immuun gerelateerde ziekten. Daarom zijn
er de laatste jaren veel inspanningen geleverd in het ontdekken van MIF-gerichte
medicijnen. Een van de onderzoekslijnen is gericht op het ontwikkelen van
biologicals, zoals anti-MIF antilichamen. Een andere onderzoekslijn is gericht op
het ontwikkelen van kleine moleculen als remmers die de cytokine activiteit van
MIF remmen. Deze remming van cytokine activiteit kan veroorzaakt worden
doordat binding van de remmer aan MIF leidt tot een conformationele verandering
van MIF en/of doordat de interactic van MIF met CD74 wordt verstoord. In
vergelijking met biologicals hebben kleine remmers een aantal voordelen zoals
lagere productiekosten, niet-immunogeniciteit en de mogelijkheid van orale
toediening. Daarom heeft het ontdekken van kleine remmers grote belangstelling
gekregen.

Het richten op de tautomerase activiteit van MIF is nog steeds een
gemakkelijke en efficiénte strategie voor het ontwikkelen van kleine MIF remmers.
In dit hoofdstuk beschrijven we de bekende klassen en typen van kleine MIF
remmers in twee tabellen. In tabel 1, op pagina 27, worden de remmers met een
fenol-groep als belangrijkste structurele groep weergegeven, waarvan wordt
aangenomen dat deze groep een interactie aangaat met asparagine-97 van MIF. In
tabel 2, op pagina 28, worden de covalente remmers en remmers met andere
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structurele groepen weergegeven. We Dbediscussiéren ook de structuur-
activiteitsrelatie en nieuwe ontwikkelingen. In dit kader, merken we op dat het erg
belangrijk is om het effect van MIF remmers op de cytokine activiteit van MIF te
bepalen.

Dit hoofdstuk beschrijft ook D-DT (MIF2) als een eiwit waarvan
gesuggereerd is dat het een overlappende functie met MIF heeft vanwege de
opvallende homologie met MIF. Daarom zou, bij het bepalen van de cytokine
activiteit van MIF en bij het ontwikkelen van kleine remmers van MIF, ook de
activiteit van D-DT in overweging moeten worden genomen. Verder zijn er post-
translationele modificaties van MIF beschreven die ook een effect kunnen hebben
op de biologische functie. MIF heeft een CXXC-motief, dat geoxideerd kan
worden tot een intramoleculaire zwavelbrug. Hoewel dit redox gedrag zou kunnen
interfereren met de binding van een klein molecuul, moeten de structurele en
functionele implicaties daarvan nog worden opgehelderd.

Samenvattend, geeft hoofdstuk 2 een overzicht van de centrale rol van
MIF in ontstekingsziekten en kanker, en de toenemende pogingen om MIF-gerichte
medicijnen te ontwikkelen.

Hoofdstuk 3 beschrijft de productie met hoge opbrengst en de zuivering
van functioneel extracellulair CD74 eiwit door gebruik te maken van twee
oplosbaarheid-verhogende peptiden. In een in vitro experiment werd aangetoond
dat de binding van MIF met CD74 plaatsvindt op een extracellulair deel van CD74,
maar het onstabiele karakter en de vatbaarheid voor proteasen van CD74 heeft
verdere karakterisering verhinderd. Pogingen om het extracellulaire deel in
bacterién te produceren resulteerde in lage opbrengsten van oplosbaar eiwit. We
losten dit probleem op door CD74 te fuseren met MBP en Fh8 peptiden. We
introduceerden een factor Xa knipsequentie op het MBP-CD74 fusie eiwit en een
3C knipsequentie op het Fh8-CD74 fusie eiwit. Na expressie werd het MBP en de
Fh8 peptide verwijderd van het fusie-eiwit door te knippen met factor Xa en 3C
proteasen. Na het knippen zuiverden we het CD74 knipproduct. Dit gaf echter niet
helemaal het gewenste resultaat omdat het gewenste CD74 knipproduct vergezeld
werd door andere CD74 degradatie producten en verdere zuivering erg
problematisch bleek.

MIF-bindingsstudies lieten zien dat alle CD74 fusie-eiwitten en
knipproducten, behalve sssCD74 die de aminozuren 77-125 mist, functioneel
waren. Vanwege de zuiveringsproblemen van de functionele CD74 knipproducten
werden de MBP-sCD74 en de Fh8-ssCD74 fusie-eiwitten gebruikt in verdere
bindingsstudies voor het bepalen van de ECsy en/of de Kp. De dosis-athankelijke
ELISA liet een ECso-waarde van ongeveer 110 nM voor MBP-sCD74 en 280 nM
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voor Fh8-ssCD74 zien. De ITC bindingsstudie liet een Kp-waarde van ongeveer
1.3 uM zien voor MBP-sCD74. We hebben niet de Kp-waarde van Fh8-ssCD74
gemeten omdat de reactie enthalpie in het ITC experiment laag was. Hierdoor was
het lastig om solide bindingsdata via ITC te verkrijgen. Gelchromatographie
experimenten lieten zien dat al de gezuiverde CD74 eiwitten zich voornamelijk in
hun trimere vorm bevonden, hetgeen de natuurlijke vorm is van CD74 eiwitten.

Verder lieten de ELISA-bindingsexperimenten met verschillende CD74
constructen zien dat het verwijderen van de aminozuren 77-112 van CD74 (in het
Fh8-ssCD74 construct) de binding met MIF beinvloed, maar niet volledig
verwoest. Dit suggereert dat de aminozuren 113-125 van CD74 betrokken zijn bij
de interactie met MIF. Verder leidde de deletie van de aminozuren 77-125 (in het
sssCD74 construct) tot een totaal gebrek aan binding met MIF. Dit impliceert dat
het extracellulaire trimerisatic domein van CD74 niet of slechts beperkt betrokken
is in het binden van MIF, waardoor het niet genoeg respons geeft in de
bindingsstudies.

In hoofdstuk 4 onderzoeken we een divers-gesubstitueerde collectie van
stoffen met een chromeen-groep die gesynthetiseerd is door middel van veelzijdige
cyano-acetamide chemie. De SOS voor de remming op MIF tautomerase activiteit
resulteerde in een aantal hits met een ICso in de lage micromolair range.
Preincubatie en verdunningsexperimenten lieten zien dat de remmers reversibel aan
MIF binden. Enzym kinetiek analyse van de meest potente remmer liet zien dat
deze remmer niet direct competitief met het substraat 4-HPP bindt.

Hoofdstuk 5 beschrijft de synthese van structuur-gebaseerde-ontwerp
stoffen van stoffen met een isoxazool, benzoxazool of triazool-fenolgroep door
gebruik te maken van bekende synthese routes. Verschillende substituenten werden
op specifieke plekken in de stoffen aangebracht. De stoffen werden vervolgens
getest voor hun effect op de remming van MIF tautomerase activiteit en de
structuur-functie relatie werd geanalyseerd. Dit resulteerde in een aantal MIF
remmers met een triazool-fenolgroep met ICso’s in de micromolair range. Verder
suggereren we dat triazool-fenol een veelbelovende klasse van stoffen is voor
systematische rondes van ontwerp en synthese om de structuur-activiteit relatie van
MIF binding op te helderen en, uiteindelijk, voor het ontwikkelen van krachtige
remmers van de MIF-CD74 binding.
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Toekomstperspectieven

MIF is een cytokine die een sleutelrol speelt in de progressie van
ontstekingsziekten en kanker. Kleine remmers zijn ontwikkeld en toegepast om de
rol van MIF in immuun gerelateerde ziekten te onderzoeken. Naast ISO-1, een
remmer die veelvuldig wordt gebruikt als referentiestof, lieten ook andere kleine
remmers die ontdekt waren in MIF tautomerase activiteitstesten een positief effect
zien op tal van ziektemodellen. De isoxazolen en de 1,2,3-triazolen zijn twee
belangrijke klassen van stoffen waarvan krachtige MIF remmers zijn ontwikkeld.
Samenvattend laat dit de potentie van MIF remmers zien op de ontwikkeling van
nieuwe medicijnen voor ontstekingsziekten en kanker.

Als het gaat om de ontwikkeling van MIF remmers, moet opgemerkt
worden dat sigmoidale enzym kinetiek, covalent- of slow-tight bindingsgedrag
ertoe kan leiden dat het remmingspotenticel wordt overschat in een MIF
tautomerase activieitstest. Deze problemen maken de analyse van MIF binding
complex. Vanwege deze problemen stellen we voor om naast de enzym kinetiek
experimenten ook preincubatie en verdunningsexperimenten uit te voeren. Het
vinden van krachtige MIF remmers met de gewenste eigenschappen zal de
ontwikkeling van nieuwe medicijnen voor ontstekingsziekten en kanker mogelijk
te maken.

Er zou ook aandacht gegeven moeten worden aan de MIF homoloog D-DT,
waarvan gesuggereerd is dat het een overlappend functioneel spectrum heeft met
MIF. Dit impliceert dat een medicijn dat zowel gericht is op MIF als op D-DT
synergistische effecten teweeg kan brengen. Verdere details moeten echter nog
worden opgehelderd.

Post-translationele modificaties van MIF, zoals modificaties gerelateerd
aan redox gedrag, zouden de binding van kleine remmers kunnen verstoren. Dit is
een interessante en nieuwe onderzoekslijn.

De bindingstesten van MIF aan CD74 laten zien dat de CD74 regio
bestaande uit, op zijn minst, de aminozuren 113-125 essentieel lijken te zijn voor
de interactie met MIF (zoals beschreven in hoofdstuk 3). Dit levert bruikbare
inzichten op voor toekomstige onderzoeken aangaande de constructic van
functionele en stabiele extracellulaire CD74 eiwitten en voor verder onderzoek van
de MIF-CD74 bindingskaart.

De gevonden chromeen MIF remmers (in hoofdstuk 4) moeten verder
onderzocht worden met betrekking tot de interferentie van de MIF-CD74 interactie
in PPI bindingsstudies. Verder moeten de functionele consequenties van de
verstoring van de MIF cytokine activiteit in kaart worden gebracht in cel-studies en
in relevante ziektemodellen.
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De gevonden triazool-fenol MIF remmers (hoofdstuk 5) moet verder
worden onderzocht voor hun reversibiliteit en hun kinetische eigenschappen, om
verder inzicht te krijgen in hun type van inhibitie. Wanneer wordt bepaald dat de
inhibitie reversibel en competitief is, kunnen we de MIF enzymatische active site
gebruiken om de kleine remmers in te verankeren, terwijl we andere substituenten
op de triazoolring plaatsen die uit de active site steken. We verwachten dat een
dergelijk construct de interactie tussen MIF en CD74 verstoord, aangezien bekend
is dat de interactie tussen MIF en CD74 dicht bij de active site plaats vindt.
Structuur-gebaseerd ontwerp zou het daarom mogelijk moeten maken om nieuwe
remmers te vinden die de MIF-CD74 interactie kunnen verstoren en mogelijk
kunnen leiden tot nieuwe medicijnen met betere eigenschappen. Vervolgonderzoek
van hoofdstuk 5 richt zich op deze mogelijkheid.
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