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Abstract

In recent years, histone deacetylases (HDACs) have gained substantial interest as key
epigenetic modulators involved in several physiological processes by regulating chromatin
structure and subsequently controlling gene expression in cells. Aberrant expression of
HDACs has been associated with various pathological disorders, including cancer. As a
result, pharmacological inhibition of HDACs has emerged as a promising therapeutic
strategy, especially in the field of oncology. The work presented in this thesis focuses on
developing novel modulators of class I HDACs and evaluating their biological role in

different types of cancer.

First, a series of thirty novel 2-aminobenzamide derivatives were designed and synthesized as
class I selective HDAC inhibitors. Several compounds exhibited improved potency and
selectivity for HDACI, 2, and 3 compared to reported class | HDAC inhibitors. Some of the
developed compounds exhibited potent cellular activity against different acute myeloid
leukemia (AML) and pancreatic cancer cell lines. The most promising compound in this
series strongly induced apoptosis in different AML cell lines, and it was found to be superior

to the clinically evaluated HDAC inhibitor entinostat.

The developed inhibitors were further used as a training set to generate binding free-energy
calculation models that could help to predict the activity of future planned derivatives and to
reduce the time required to prioritize compounds for further studies. A good correlation was
found between the in vitro activity and calculated binding free energy values for HDAC 1, 2,
and 3 isoforms. Additionally, the reliability and predictive accuracy of the best-performing

models were evaluated on an external test set of newly synthesized inhibitors.

Furthermore, a prodrug concept was applied in an attempt to obtain candidates with improved
therapeutic indices. A novel series of bioreducible prodrugs were designed by masking the 2-
aminobenzamide part of several class I HDAC inhibitors using different nitroarylmethyl
motifs so that they could be reduced by the nitroreductase (NTR) enzyme. Cellular assays
showed that two prodrugs were activated by the NTR system and exhibited potent activity

against AML cells with moderate selectivity windows.

Targeted protein degradation is a novel medicinal chemistry tool that was applied in the
current work to design degraders for class I HDACs. Several heterobifunctional molecules

were synthesized by combining different HDAC inhibitors and E3 ligase ligands. The
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PROTACSs were characterized in vitro as well as for their degradation effects in pancreatic

cancer cell lines.

The current work discussed also the recent advances in developing inhibitors for schistosome

HDAC:S, with particular focus on smHDACS as a novel therapeutic target for schistosomiasis.

The results obtained in the present work could serve as promising starting points for further

optimization to obtain novel candidates with potential anticancer activity.

Keywords: Epigenetics, class | HDAC, HDAC inhibitors, Anticancer, Zinc-binding group, 2-
Aminobenzamide, Targeted protein degradation, PROTACSs, Hydrophobic tagging, Hypoxia,
Prodrugs, Nitroreductase, Acute myeloid leukemia, Binding free-energy calculations,

Schistosomiasis, smHDACS.
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Kurzfassung

Histondeacetylasen (HDACs) haben in den letzten Jahren als wichtige epigenetische
Modulatoren stark an Bedeutung gewonnen. Sie sind an mehreren physiologischen Prozessen
beteiligt indem sie die Chromatinstruktur regulieren und anschlieend die Genexpression in
den Zellen steuern. FEine gestorte Expression von HDACs wird mit verschiedenen
pathologischen Storungen, einschlieBlich Krebs, in Verbindung gebracht. Infolgedessen hat
sich die pharmakologische Hemmung von HDACs als vielversprechende therapeutische
Strategie erwiesen, insbesondere im Bereich der Onkologie. Die in dieser Arbeit vorgestellten
Arbeiten konzentrieren sich auf die Entwicklung neuartiger Modulatoren von HDACs der

Klasse I und die Bewertung ihres Potenzials als Krebsmedikamente.

Zunichst wurde eine Reihe von dreilig neuen 2-Aminobenzamid-Derivaten als selektive
HDAC-Inhibitoren der Klasse I entwickelt und synthetisiert. Mehrere Verbindungen zeigten
eine verbesserte Wirksamkeit und Selektivitit fir HDACI, 2 und 3 im Vergleich zu bereits
bekannten Klasse-I-HDAC-Inhibitoren. Einige der entwickelten Verbindungen zeigten eine
starke zelluldre Aktivitit gegen verschiedene Zelllinien von akuter myeloischer Leukdmie
(AML) und Bauchspeicheldriisenkrebs. Die vielversprechendste Verbindung dieser Reihe
loste bei verschiedenen AML-Zelllinien eine starke Apoptose aus und erwies sich dem

klinisch untersuchten HDAC-Inhibitor Entinostat als iiberlegen.

Die entwickelten Inhibitoren wurden auflerdem als Datensatz verwendet, um
Berechnungsmodelle fiir die freie Bindungsenergie zu erstellen, die zur Vorhersage der
Aktivitét kiinftig geplanter Derivate beitragen und den Zeitaufwand fiir die Priorisierung von
Verbindungen fiir weitere Studien verringern konnten. Es wurde eine gute Korrelation
zwischen der in-vitro-Aktivitit und den berechneten Werten der freien Bindungsenergie fiir
die Isoformen von HDAC 1, 2 und 3 festgestellt. Dariiber hinaus wurden die Zuverldssigkeit
und die Vorhersagegenauigkeit der besten Modelle anhand einer externen Testgruppe von neu

synthetisierten Inhibitoren bewertet.

AuBerdem wurde das Prodrug-Konzept angewandt, um Kandidaten mit verbesserten
therapeutischen Indizes zu finden. Durch Maskierung des 2-Aminobenzamid-Teils mehrerer
HDAC-Inhibitoren der Klasse I mit verschiedenen Nitroarylmethyl-Motiven wurde eine neue
Reihe bioreduzierbarer Prodrugs entwickelt, die durch das Enzym Nitroreductase (NTR)

reduziert werden konnen. Zelluldre Assays zeigten, dass zwei Prodrugs durch das NTR-
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Prodrug-System aktiviert wurden und eine starke Aktivitdt gegen AML-Zellen mit moderaten

Selektivitiatsfenstern aufwiesen.

Der gezielte Proteinabbau ist ein neuartiges Instrument der medizinischen Chemie, das in der
aktuellen Arbeit zur Entwicklung von Degradatoren fiir HDACs der Klasse I eingesetzt
wurde. Mehrere heterobifunktionelle Molekiile wurden durch die Kombination verschiedener
HDAC-Inhibitoren und E3-Ligase-Liganden synthetisiert. Die PROTACs wurden in vitro an

HDAC:s als auch auf ihre Degradation in Pankreas Krebszelllinien getestet.

In der aktuellen Arbeit wurden auch die jiingsten Fortschritte bei der Entwicklung von
Inhibitoren fiir Schistosomen-HDACs, mit besonderem Augenmerk auf smHDACS als

neuartiges therapeutisches Ziel fiir Schistosomiasis.

Die in der vorliegenden Arbeit erzielten Ergebnisse konnten als vielversprechende
Ausgangspunkte fiir weitere Optimierungen dienen, um neue Kandidaten mit potenzieller

krebsbekdmpfender und antiparasitarer Wirkung zu erhalten.

Schlagworter: Epigenetik, Klasse I HDAC, HDAC-Inhibitoren, Krebsbekdmpfung,
Zinkbindende Gruppe, 2-Aminobenzamid, Gezielter Proteinabbau, PROTACs, Hydrophobes
Tagging, Hypoxie, Prodrugs, Nitroreduktase, Akute myeloische Leukdmie, Berechnungen der

freien Energie der Bindung, Schistosomiasis, smHDACS.
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1. Introduction



1.1. Epigenetic modifications and regulation of gene expression

Generally, epigenetics is defined as the study of heritable alterations in gene expression that
do not involve changes in the underlying DNA sequence and accordingly determine whether
genes are turned on (expressed) or off (silenced) [1, 2]. DNA methylation and histone post-
translational modifications (PTMs) are among the most extensively studied epigenetic control
mechanisms that are crucially involved in the regulation of cellular differentiation as well as
other physiological processes [1, 3]. DNA methylation is one of the first identified epigenetic
mechanisms and is associated with gene repression [4]. This process involves the covalent
addition of a methyl group to the C-5 position of cytosine residues, specifically in cytosine-
phosphate guanine (CpG) dinucleotides, to form 5-methylcytosine (SmC). DNA methylation
is mediated through a family of enzymes called DNA methyltransferases (DNMTs) and
controls gene expression by inhibiting the binding of different transcription factors to DNA or
by recruiting proteins involved in gene silencing [4]. Histone post-translational modifications
are the second major epigenetic regulatory mechanism which play a crucial role in regulating
the accessibility of chromatin to RNA polymerase and transcription factors, hence controlling
gene expression [5]. While epigenetic alterations are required for normal physiological
processes, they can also be associated with some diseases [6]. Aberrations in any of the
systems that regulate epigenetic modifications can result in abnormal gene activation or
silencing. Such alterations have been well documented in many pathological diseases,
especially cancer. Unlike other genetic alterations, most epigenetic modifications are
reversible, a property that makes them an attractive target for the development of therapeutics
that can combat diseases associated with epigenetic disorders [5, 7]. As histone PTMs are the

main focus of the present work, they will be discussed in more detail.
1.2. Modulation of chromatin structure via post-translational modifications

In eukaryotes, the genetic materials are tightly packed into chromosomes, which are made up
of a nucleoprotein complex called chromatin (Figure 1). The fundamental building unit of
chromatin is the nucleosome, which consists of 147 base pairs of DNA wrapped around four
pairs of highly conserved core histone proteins, namely H2A, H2B, H3, and H4 [8]. Another
subtype of histone proteins is the linker histone protein H1, which binds to nucleosomal cores
around DNA entry and exit sites to stabilize both nucleosome and chromatin architectures [8,
9]. Adjacent nucleosomes are connected by the linker DNA, forming a structure that looks

like “beads on a string” [9]. Histone proteins contain a flexible N-terminal region called the



“histone tail” protruding from the DNA-wrapped core. These histone tails contain a high
portion of positively charged lysine residues that interact with the acidic phosphate-sugar
backbone of the DNA, leading to a compact chromatin structure [8, 10]. Therefore, as long as
the chromatin is condensed into the primary nucleosome structure, DNA becomes less
accessible for transcription factors. On the other hand, the loss of this chromatin structure
enables the transcription machinery to access the genomic DNA, and transcription is thus
promoted [11]. The N-terminal tails of histones are decorated by a myriad of covalent post-
translational modifications, including but not limited to methylation, acetylation,
phosphorylation, and ubiquitination [12, 13]. These modifications have a regulatory
mechanism that can control many aspects of cellular functions, including chromosome
dynamics, chromatin packaging, gene expression, and DNA replication [13]. In general, most
of the PTMs are reversible processes and are dynamically regulated by three groups of
specific proteins as follows: epigenetic writers such as lysine methyltransferase (KMT) and
lysine acetyltransferases (KATs, also known as histone acetyltransferases or HATs), which
place specific marks on histone tails; epigenetic readers like bromodomains that can recognize
these marks and interact with them; and finally erasers such as lysine-specific demethylase
(LSD) and lysine deacetylases (KDACs, also known as histone deacetylases or HDACs),
which catalyze the removal of acetyl as well as other acyl groups including long fatty acid
chains [14, 15]. KDAC/HDACs are also acting on numerous non-histone proteins, e.g.
HDACS6 acts on alpha-tubulin [16] or HDACS8 acts on the transcription factor (p53) and the
structural maintenance of chromosomes 3 (SMC3) [17]. Since histone and protein acetylation

is the primary focus of this work, it will be discussed in more detail.



Figure 1: Chromatin structure and histone post-translational modifications (PTMs). The
nucleosome is the fundamental building unit of chromatin and consists of DNA wrapped
around core histone proteins, creating a compact structure essential for packing and stability
of chromosomes. PTMs occur on the histone tails and are carried out by writers (adding),
erasers (removing) covalent modifications and recognized by readers. Reproduced with

permission from [18].

1.3. Histone acetylation

Reversible histone acylation is one of the well-studied PTMs and is linked to diverse
processes such as control of gene expression and transcription, cell cycle progression, and
DNA repair [19]. This particular modification is regulated by two enzyme families with
opposing activities, namely histone acetyltransferases (KATs or HATSs) and histone
deacetylases (KDACs or HDACs) (Figure 2) [19]. It is worth mentioning that KATs and
KDACs can acetylate and deacetylate lysine residues in histone and other non-histone
proteins; therefore, these terms are more scientifically accurate [20]. However, as the

abbreviations HATs and HDACs become more common, they will be used from now on to



refer to these enzymes. HATs catalyze the transfer of an acyl (mainly acetyl) group from the
acetyl coenzyme A (Ac-CoA) to the e-amino group of lysine residues in histone tails (Figure
2) [21]. Such modification results in decreasing the electrostatic affinity between these
histones and DNA, and consequently leads to chromatin relaxation that enables the activation
of gene transcription. Besides the acetylation of histones, HATs can acetylate other non-
histone proteins such as the transcription factors p53, c-MYC, and the cytoskeletal protein o-
tubulin [21]. Conversely, histone deacetylases (HDACSs) are responsible for the removal of
acyl (mainly acetyl) groups from acetylated lysine residues of histones, counteracting the
effects of HATs by returning the histones to their initial state with the subsequent suppression
of gene expression (Figure 2) [22]. HDACs can also remove acetyl marks from non-histone
proteins such as p53 and o-tubulin [23]. Of particular interest for this work are HDACsS;

therefore, they will be discussed in more detail.
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Figure 2: Regulation of histone acetylation dynamics. Histone acetyltransferases (HATS)
transfer the acetyl group from acetyl Co-enzyme A to the lysine residue of the histone
proteins. In contrast, histone deacetylases (HDACSs) remove acetyl groups from the acetylated

lysine.
1.4. Histone deacetylases

To date, eighteen different human HDACs have been identified and divided into two main
families based on their cofactor dependency: the classical HDACs family and the non-
classical HDAC:Ss, or sirtuins. The classical HDACSs have a zinc ion in their active site, which
is responsible for their catalytic activity (Figure 3), and they are subdivided based on their
sequence similarity to yeast deacetylases into three classes. Class I HDACs (HDACI1-3 and
HDACS) are similar to yeast protein Rpd3, class II HDACs (HDAC4-7, HDACY, and
HDACI10) have sequence similarity to yeast protein Hdal, and class IV (HDACI11) shares
sequence similarity to Rpd3 and Hdal [22, 24]. The non-classical HDACs, or sirtuins
(SIRT1-7), belong to class IIl HDACs and obtained the sirtuins nomenclature as they are
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homologous to the yeast silent information regulator 2 (Sir2). Unlike classical HDAC:sS,
sirtuins require the cofactor nicotinamide adenine dinucleotide (NAD") instead of the zinc ion
for their deacetylase activity [22, 24]. Recently, HDACs have gained great interest as
promising epigenetic targets due to their essential role in regulating various biological
processes, including metabolism, DNA damage response, cell cycle, apoptosis, angiogenesis,
and several other physiological functions [25]. Moreover, their overexpression has been
associated with many pathological disorders, which are extensively discussed in many papers
and reviews [26-29]. Class I HDACs will be discussed in the next part as they are the main

focus of this work.
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Figure 3: The catalytic mechanism of hydrolysis of acetyllysine by classical HDACs. (A)
Interactions between the acetyllysine of the protein substrate with the zinc ion and tyrosine
residue in the HDAC active site. (B) Formation of tetrahedral intermediate through the
nucleophilic attack by the zinc-bound water molecule on the carbonyl group. (C) Dissociation

of the tetrahedral intermediate yields the deacetylated lysine residue and acetate ion [30].

1.5. Class I HDAC:s structural features and their catalytic activity

Class I HDACs are ubiquitously expressed and share a highly conserved deacetylase domain
[31]. HDACI and 2 are nuclear enzymes, whereas HDAC3 and 8 can be found in both the
cytoplasm and nucleus [32, 33]. Generally, class | HDACs are recruited in large multiprotein
complexes with each other or with their co-repressors for maximal catalytic activity, except
for HDACS, which is fully active in isolation and does not require the formation of a
multiprotein complex for its deacetylase activity [34]. HDACI and 2 are activated through
recruitment into several corepressor complexes [35]. For example, both isoforms combine
with the LSDI1 protein and the corepressor of REST1-3 proteins to generate the CoREST

complex [36, 37]. In addition, the nucleosome remodeling and deacetylase nuclear receptor
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co-repressor (NuRD) and the SWI-independent-3A (Sin3A) are other known HDACI1/2
corepressor complexes [38]. On the other hand, HDAC3 is exclusively associated with
silencing mediators for retinoid and thyroid hormone receptors (SMRT) and nuclear receptor
corepressor (NCoR) to form the SMRT/NCoR co-repressor complex [39]. It has been
reported that the interaction between the SMRT/NCoR complex and HDAC3 is essential for
the stimulation of HDAC3 deacetylase activity [36, 39]. In addition to histones, class | HDAC
can deacetylate other non-histone proteins (e.g., p5S3, STAT3, E2F1, ERa) leading to the
regulation of several cellular processes [20]. For example, the tumor suppressor proteins p53
and E2F1 are known substrates of HDAC1 owing to their predominant nuclear localization
[40, 41]. HDAC3 was also proposed to deacetylate nuclear factor kappa B (NF-xB) p65,

resulting in repression of its transcriptional activity [42].

The active site of class | HDACs is highly conserved with high sequence similarities (Figure
4). For instance, HDAC1 and 2 share more than 80% sequence homology, while HDAC3
shares around 50% sequence homology with HDACI and 2 [43]. Despite being a member of
class | HDACs, HDACS shows lower sequence similarity with HDAC1-3 [43]. Generally, the
catalytic core of class I HDACs shows the classical HDAC structure, comprising a large
catalytic domain, which consists of a central 8-stranded B-sheet surrounded by several o-
helices and interconnecting loops. HDACI1-3 additionally show an unstructured C-terminal
tail (35—-160 residues), which is not found in HDACS [43-45]. This C-terminal domain is used
to recruit the enzymes to protein complexes that modulate their enzymatic activities.
Additionally, the activity of HDACI1-3 is regulated by posttranslational modifications to such
a C-terminal tail [44]. A second structural difference distinguishing HDACS8 from other class
I HDAC: is that HDACS has a wider substrate binding pocket and a larger surface opening
compared with HDACI1-3 [44]. The active site entrance of class I HDACs is found on the
surface of these enzymes, with the catalytic zinc ion deeply buried in a narrow cavity at the
bottom of a tube-like channel (also called an acetyllysine binding tunnel) [43]. A 14 A long
internal cavity called the ‘foot pocket’ (Figure 4) lies perpendicular to the end of the former
tube-like channel and has been proposed to form an exit route for the acetate by-product after
the hydrolysis reaction. This foot pocket is found mainly in class  HDACs. Some studies also
reported the presence of a large hydrophobic pocket in HDACI11, which can accommodate
long-chain fatty acyl groups [46, 47]. The foot pocket is larger in HDACI1-3 compared with
HDACS, mainly due to the replacement of leucine residue with tryptophan (Trp141) in case
of HDACS [43, 48]. Moreover, it was reported that HDACS has a specific side pocket formed



by the L1, L6 loops and the catalytic tyrosine allowing the binding of L-shaped inhibitors
which are not able to bind to the active site of other HDAC isoforms due to the L1-L6 lock
[49]. Additionally, Ser113/Ser118 of HDAC1/2 are replaced by a tyrosine residue in HDAC3
hindering inhibitors with bulky groups from accessing the foot pocket [43]. All the above-
mentioned specific features can be exploited for the development of selective class I HDAC

inhibitors, as will be discussed later.

Figure 4: Structural comparison of the binding site and foot pocket of HDAC1-3 and 8.
(A) HDACI in complex with a peptide inhibitor (PDB ID: 4BKX), (B) HDAC2 in complex
with a 2-aminobenzamide derivative (PDB ID: 4LY1), (C) HDAC3 (PDB ID: 4A69) in
complex with SAHA (taken from HDAC?2 crystal structure; PDB ID: 4L.XZ), (D) HDACS in
complex with an amino acid derivative (PDB ID: 3SFF)



1.6. Class I HDAC: as potential therapeutic targets

As previously mentioned, HDACs can induce several molecular effects through the
deacetylation of histone and non-histone substrates. Hence, the dysregulation of HDACs
could increase the acetylation level and alter the expression of certain genes which are
associated with the initiation and progression of cancers and other diseases [24, 26, 50, 51].
The aberrant expression of class I HDACs is most notably linked with various solid and
hematological malignancies and is highly attributed to advanced disease as well as poor
patient outcomes [52]. For instance, elevated levels of HDAC1 was reported in several
cancers, including colon adenocarcinoma [53], gastric, prostate, and breast cancers [54].
HDAC 2 and 3 overexpression was reported in Hodgkin’s lymphoma [55] and colorectal
cancers [54]. Furthermore, overexpression of HDAC8 was found to be correlated with
neuroblastoma [56]. The aberrant activity of HDACs has also been associated with
neurodegenerative diseases [57, 58], inflammatory diseases [59], HIV latency [60], and
metabolic disorders [61]. Moreover, several human parasites depend on HDACs for
maturation and survival [62, 63]. As a result of the aforementioned findings, HDACs have
emerged as promising therapeutic targets for the treatment of cancer and other diseases.
Within the primary focus of the current work are HDAC inhibitors as anticancer agents;
therefore, they will be discussed in more detail. Additionally, another part of this thesis
includes a review article summarizing the recent advances in the design of antischistosomal

HDAC inhibitors.

1.6.1 HDAC inhibitors as anticancer agents

Over the last three decades, HDAC inhibitors (HDAC1) have gained great interest as potential
therapeutic candidates for the treatment of several subtypes of blood malignancies. HDACi
can induce cancer cell death via several pathways. Among these pathways is the induction of
cell cycle arrest through the increased transcription of genes such as the cyclin-dependent
kinase inhibitor p21 (CDKNIA) [64]. HDACI can also induce apoptosis via transcriptional
induction of pro-apoptotic genes and repression of anti-apoptotic ones, including several
members of the BCL2 family [65]. Other pathways include angiogenesis inhibition [66],
autophagy induction [67, 68], and reactive oxygen species accumulation, which results in
oxidative stress and cell death [69]. Most HDACi share a common pharmacophore
comprising a capping group, a zinc-binding group (ZBG), and a hydrophobic linker

connecting both groups (Figure 5) [45]. The capping group occupies the entrance region to



the active site of the enzyme. This part of the enzyme is less conserved and consists of
variable amino acid residues among different HDAC isozymes. The presence of aromatic
substituents in the capping group can induce additional hydrophobic interactions with the rim
of the enzyme [70]. The ZBG coordinates the zinc ion in the catalytic active site either in a
monodentate or bidentate fashion [71]. HDAC inhibitors are traditionally classified according
to the chemical structures of their ZBG into hydroxamic acids [72], 2-aminobenzamides [73],
cyclic peptides [74], short-chain fatty acids [75], thiols [76], and ketones [77]. Moreover,
other zinc binders have been recently reported such as alkylated acid hydrazides [78, 79] and
trifluoromethyloxadiazoles [80]. To date, four HDACi have been granted US Food and Drug
Administration (FDA) approval for the treatment of different hematological malignancies
(Figure 5). The approved inhibitors include vorinostat (SAHA, I) [81], panobinostat
(LBH589, II) [82], and belinostat (PXD101, III) [83], which are hydroxamic acid-based pan-
HDAC inhibitors and are used for the treatment of patients with cutaneous T-cell lymphoma
(CTCL), peripheral T-cell lymphoma (PTCL), and multiple myeloma, respectively.
Romidepsin (IV, thiol-prodrug/depsipeptide) is a class I selective HDACi and is approved for
the treatment of PTCL and CTCL [84]. Finally, the 2-aminobenzamide-based HDACi
(tucidinostat, formerly known as chidamide, V) was approved by the China Food and Drug

Administration (CFDA) to treat patients with PTCL [85].
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Figure 5: General pharmacophore model of HDAC inhibitors and chemical structures
of the approved HDAC inhibitors.
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Moreover, many other HDACi are currently in different phases of clinical trials, either as
single agents or in combination with other chemotherapeutic agents [86]. However, the
majority of HDACi suffer from some limitations, including poor pharmacokinetic properties,
low therapeutic indices, and severe adverse effects such as thrombocytopenia, cardiotoxicity,
and gastrointestinal disorders [86, 87]. This may be due to the non-selective inhibition of
different HDAC isoforms since most of the currently available HDACi are pan-inhibitors or
are at best class selective inhibitors. In addition, it was reported that the hydroxamic acid
(ZBG) in many HDACi can undergo a Lossen rearrangement to yield the corresponding
isocyanate derivative, which is associated with mutagenicity [88]. Furthermore, acquired
resistance to HDACi was clinically reported, thus limiting their efficacy [86]. Such problems
may be the main reasons to exclude several potent candidates from further drug development
processes. Therefore, several strategies have been reported to overcome such drawbacks.
These strategies include the design of selective HDAC inhibitors and applying the prodrug
concept to the currently available HDAC inhibitors to enhance the tissue selectivity.
Moreover, the flexibility in the general pharmacophoric model of HDACi makes them tunable
to be merged with other pharmacophore cores for the design of multi-targeted hybrids. The
targeted chemical degradation of specific HDAC isoforms is another tool that has been
recently applied to specifically degrade different HDAC isoforms, which might provide many
advantages over conventional HDAC inhibitors. These different strategies will be discussed in

the following part.

1.6.2. Selective class I HDAC inhibitors

The design of isoform-selective HDAC inhibitors has gained increasing attention in recent
years as a promising approach to avoid the undesirable side effects associated with pan-
HDACi. Among class I HDACs, the HDACS isozyme has distinct structural and functional
features that can be utilized to design selective HDACS inhibitors [49]. On the other hand,
other members of class I HDACs have minor structural differences, which render the design
of HDACI, 2, and 3 selective inhibitors challenging [43]. Despite the few structural
differences, it is still possible to achieve the required isoform selectivity through the
modification of different pharmacophoric elements of classical HDAC inhibitors. The 2-
aminobenzamide scaffold is widely used as ZBG for the design of selective class I HDACi
(Figure 6). Entinostat (MS-275, VI) is an example of the 2-aminobenzamide-based HDAC;,
which is currently in different phases of clinical trials for the treatment of hormone receptor-

positive advanced breast cancer and Hodgkin lymphoma [89, 90]. Entinostat showed more
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than 55-fold selectivity for HDAC1 over HDACS8. Moreover, within class I, entinostat
showed a 12-fold preference for HDAC1 compared to HDAC3. Mocetinostat (MGCDO0103,
VII) [91] and tacedinaline (CI-994, VIII) [92] are other aminobenzamide analogs that

showed not only class I, but also some isoform selectivity (Figure 6).

The foot pocket is a characteristic structural feature that can be exploited to enhance the
selectivity among different class I HDAC isoforms. This pocket is close to the catalytic active
site and is lined with hydrophobic residues; therefore, the substitution of the 2-
aminobenzamide ZBG with bulky aryl groups could favorably enhance isoform selectivity. In
this regard, several HDAC inhibitors bearing different aromatic substituents at the C-5
position of the benzamide part showed improved selectivity profiles. For example, analogs of
entinostat (IX and X) with 2-thienyl or phenyl moieties showed a very high preference for
HDACI1 over HDAC3 (Figure 6) [93]. Interestingly, the presence of the 2-thienyl moiety on
the benzamide part of tacedinaline, as in the case of compound (XI), resulted in more than
100-fold selectivity for HDAC1 and 2 over HDAC3 [92]. One possible reason for the
improved selectivity of substituted benzamides is the presence of serine residues in the foot
pocket of both HDAC 1 and 2 isoforms, whereas there is a bulkier tyrosine residue in HDAC3
causing steric hindrance, thus limiting the access of bulky substituents. It was also reported
that small substituents, such as the fluoro atom at the C-4 position of the benzamide scaffold,
can be well tolerated in the foot pocket of HDAC3, and these derivatives showed improved
selectivity over HDACI1 and 2. For example, BRD3308 (XII), a derivative of tacedinaline
with a fluoro atom, displayed more than 18-fold selectivity for HDAC3 over HDACI and 2
(Figure 6) [94]. Additionally, RGFP996 (XIII) showed higher selectivity for HDAC3 over
other isoforms [95]. Therefore, modifications of the substitution pattern on the benzamide
scaffold can be utilized as a promising tool to achieve the required individual HDACI, 2, and

3 isoform selectivity.
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Figure 6: Examples of reported 2-aminobenzamide selective HDA C1/2/3 inhibitors.

1.6.3. Targeted degradation of class I HDACs

Recently, targeted protein degradation (TPD) has attracted substantial interest as an
innovative therapeutic modality [96, 97]. The concept of TPD is to induce the degradation of
the protein of interest (POI) through hijacking the endogenous protein degradation machinery.
The proteolysis targeting chimeras (PROTACs) tool has emerged as one of the most
promising TPD technologies that have recently moved from academia to the pharmaceutical
and biotechnology industries [96]. In addition to PROTACS, several TPD strategies, including
hydrophobic tags (HyT) [98], molecular glues [99], lysosome-targeting chimeras (LYTACS)
[100], autophagy-targeting chimeras (AUTOTACsS) [101], and chaperone-mediated protein
degradation (CHAMP) [102] have been recently developed. In the following part, PROTACs

and HyT technologies will be discussed in more detail.

1.6.3.1. Mechanism of action of PROTACs

A classical PROTAC molecule comprises a POI-targeting warhead, an E3 ubiquitin ligase
ligand, and an appropriate linker connecting the two ligands (Figure 7). PROTACS induce
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proximity between the POI and an E3 ligase through the formation of a ternary complex
which facilitates the transfer of ubiquitin from the E2 ubiquitin-conjugating enzyme to lysine
residues on the surface of the POI, hence marking the protein for its degradation through the
26S proteasome (Figure 7) [97]. Compared with conventional inhibitors, PROTACs have
potential advantages: (1) PROTACs work in a sub-stoichiometric and catalytic way (i.e. the
PROTAC molecule can be recycled to induce target protein degradation at lower doses
compared to traditional inhibitors, thereby reducing possible side effects). (2) TPD via
PROTACs could minimize drug resistance through suppression of mutations and/or
overexpression of POL (3) In many cases, selective degradation among closely related targets
or mutants was successfully achieved through PROTACs [97]. Several PROTACs are
currently in different phases of clinical trials for the treatment of different types of cancer [96,

103].

Figure 7: Schematic illustration of the mechanism of action of PROTACs. Typical
PROTAC molecule consists of ligand that bind to a protein of interest (POI), an E3 ubiquitin
ligase ligand, and a linker connecting both units. The formation of POI-PROTAC-E3 ligase
ligand ternary complex leads to the transfer of the ubiquitin to the POI. The proteasome
recognizes the polyubiquitinated protein and mediates the degradation of the POIL The

PROTAC molecule can be regenerated to repeat the degradation cycle.

1.6.3.2. Selective class I HDAC-PROTACs

During the last five years, many HDAC-PROTACSs have been reported to selectively degrade
individual HDAC isoforms such as HDAC4, 6, and 8 [104-108]. Additionally, several class I
HDAC degraders have been recently reported. PROTACs XIV-XVI (Figure 8) are examples
of class | HDAC-degraders, which were designed by tethering the Von Hippel-Lindau (VHL)
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E3 ligase ligand with the class I HDACi (tacedinaline) using different linkers [109, 110].
PROTAC XIV induced 50% degradation of HDAC 1, 2, and 3 at a 1 uM concentration in
human colorectal carcinoma (HCT116) cells [109]. Modification of the linker composition of
PROTAC XIV resulted in enhanced degradation potency as in the case of PROTACs XV and
XVI, which induced degradation of HDACI1-3 in HCT116 cells at submicromolar
concentrations [110]. PROTACs XVII and XVIII are another class I HDAC degraders that
were also designed based on tacedinaline while replacing the VHL ligand with the cereblon
(CRBN) E3 ligase ligand pomalidomide (Figure 8) [111]. PROTAC XVII induced the
degradation of HDAC3 in RAW 264.7 macrophages at a 10 uM concentration. However,
degradation of HDACI1 and 2 was observed only at higher concentrations. Substitution of the
benzamide scaffold of tacedinaline with a fluoro atom at the C-4 position resulted in enhanced
potency and selectivity against HDAC3, as in the case of PROTAC XVIII which exhibited
selective HDAC3 degradation (DCsj of 0.32 uM) [111]. In 2020, Xiao et al. reported the first-
in-class selective HDAC3 degrader (PROTAC XIX) (Figure 8) using the class I HDAC
inhibitor (SR-3558) as the POI warhead [112]. They have previously identified SR-3558 as a
potent class I HDACi with benzoyl alkylated hydrazide as a novel ZBG [78]. PROTAC XIX
potently and selectively induced degradation of HDAC3 in MDA-MB-468 cells in a time- and

and dose-dependent manner [112].
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Figure 8: Examples of reported selective HDAC1/2/3 degraders.
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1.6.3.3. Mechanism of action of hydrophobic tags (HyT)

Like PROTACsSs, hydrophobic tags are bifunctional molecules consisting of a POI-targeting
ligand connected to a bulky hydrophobic fragment (such as an adamantyl group or fert-butyl
carbamate-protected arginine (Boc3-Arg) moiety) through an appropriate linker [113-116].
Although the exact mechanism of proteasomal degradation induced by Hyt is still unclear,
two proposed mechanisms were reported based on the hydrophobic fragment used for the
design of Hyt degraders. The first mechanism of action is associated with the adamantyl-
based Hyt, in which the adamantyl group may either induce destabilization of the POI leading
to the recruitment of molecular chaperones like the heat shock protein Hsp70 to the misfolded
protein, followed by degradation through the proteasome S26 or such adamantyl moiety can
be directly recognized by chaperones without prior POI destabilization (Figure 9) [117]. In
the case of Boc3-Arg-mediated degradation, it is postulated that such hydrophobic mark can
bind directly to the proteasome S20 to promote the degradation of POI [115, 117].

Figure 9: Proposed molecular mechanisms of adamantyl-based HyT. In model 1, the
adamantyl moiety induces destabilization of POI, which leads to recruitment of chaperones,
followed by proteasomal degradation. In model 2, the adamantyl moiety is directly recognized
by chaperones, followed by proteasomal degradation. Reproduced with permission from

[117].

To date, no hydrophobic tag-based degrader has been reported to induce the degradation of
HDAC isoforms. However, this technique has been successfully applied to degrade other
targets. Among the recently developed Hyt-based degraders is TX2-121-1 (XX) (Figure 10),
which was designed as an epidermal growth factor receptor-3 (HER3) degrader by connecting
a HER3 ligand to the adamantyl moiety via a short linker [118]. Another example is MS1943
(XXI), the first-in-class enhancer of zeste homolog 2 (EZH2) selective degrader [119].
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Figure 10: Representative examples of reported adamantyl-based HyT degraders.

1.6.4. HDAC inhibitors-based prodrugs

Prodrugs are inactive forms of drugs that undergo chemical or enzymatic transformations to
release the bioactive form of their parent drugs. The prodrug strategy has been widely used in
the drug development process for more than 100 years to improve both the pharmacokinetic
and pharmacodynamic properties of drugs. In addition, this approach can be utilized in the
field of targeted cancer therapy to enhance targeted-tissue specificity and improve drug
delivery to selected cell types, thus minimizing off-target side effects. The prodrug concept
has already been applied to several reported HDACi to obtain candidates with improved
therapeutic properties. Liao et al. developed the SAHA-based prodrug XXII by masking the
hydroxamate ZBG with an aryl boronic acid scaffold (Figure 11) [120]. This aryl boronic
acid moiety is sensitive to reactive oxygen species (ROS) and reactive nitrogen species (RNS)
and undergoes self-immolation resulting in the intracellular release of the free hydroxamic
acid [120]. Compound XXII was tested against MV4-11, a type of acute myeloid leukemia
cells characterized by high levels of ROS and RNS. In vitro studies showed that the prodrug
was successfully activated by the elevated level of such reactive species and exhibited potent
anti-leukemic activity [120]. Bhagat et al. designed another SAHA-based prodrug XXIII to
improve the specificity of SAHA against cancer cells [121]. They used the ROS-sensitive
group, 4-hydroxymethylphenylboronic acid pinacol ester, as a masking group which can be
specifically activated in the presence of a high level of hydrogen peroxide to release the parent
drug (Figure 11) [121]. Compound XXIII demonstrated selective cytotoxicity against

multiple cancer cells over healthy cells.

Hypoxia, a state of deficiency in oxygen supply reaching the cell, is another characteristic
feature in malignant cells that can be exploited to design prodrugs that specifically release
their parent drugs in tumor cells [122]. This approach was applied to some known HDAC],

where a bioreductive masking group was connected to the ZBG thereby producing an inactive
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compound that undergoes a chemical reduction in hypoxic tumor cells to release the active
drug. Several bioreductive protecting groups were reported including quinones, N-oxides, and
nitroaryl groups [122]. Recently, different hypoxia-activated prodrugs (XXIV-XXVI) have
been designed using 4-nitrobenzyl or 1-methyl-2-nitroimidazole as masking groups for the
hydroxamic acid functionality in different HDACi such as SAHA and panobinostat (Figure
11) [123, 124]. In vitro studies showed that these prodrugs underwent reduction under

hypoxic conditions followed by fragmentation and release of active drugs.
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Figure 11: Examples of HDAC inhibitors-based prodrugs.

1.6.5. HDAC inhibitors in anticancer combination therapies

Although HDACi showed great promise in treating various types of blood malignancies,
resistance to HDACi remains a major problem that usually results in the maintenance and
regeneration of tumor cells [125-127]. Several mechanisms of HDACi-based resistance have
been identified, such as drug efflux, epigenetic alterations, autophagy, and anti-apoptotic
pathway alterations [126-128]. One strategy that could overcome such a problem is the use of
a combination of HDACi with other anticancer agents such as tyrosine kinase inhibitors [129-
131], proteasome inhibitors [132-134], immune checkpoint inhibitors [135-137], and
topoisomerase inhibitors [138, 139]. Such combination regimens can synergistically increase
the sensitivity and efficacy of HDACi and reduce the possibility of resistance development.
Acute myeloid leukemia (AML) is a representative example, where combination therapy of
HDAC and kinase inhibitors could be utilized to achieve a synergetic effect [140, 141]. AML
is an aggressive hematological malignancy characterized by increased proliferation and

differentiation of hematopoietic stem cells resulting in bone marrow failure and organs
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infiltration [142]. Aberrant expressions of class I HDAC isoforms are linked to AML.
Additionally, HDACs are aberrantly recruited to oncogenic fusion proteins which play
essential roles in the progress of leukemogenesis [27, 143]. FMS-like tyrosine kinase-3
(FLT3) is a transmembrane receptor protein that plays an essential role in the survival,
proliferation, and differentiation of hematopoietic cells [144]. FLT3-ITD mutations (internal
tandem duplications) are the most commonly identified genetic mutations of the FLT3 gene
that are found in around 25% of AML patients [144]. In recent years, it has been shown that
combined pharmacological inhibition of HDACs and FLT3-ITD can synergistically induce
apoptotic cell death in AML cells [145, 146]. HDAC inhibitors induce proteasomal
degradation of FLT3-ITD through the transcriptional induction of the E2 ubiquitin conjugase
(UBCHS), in addition to the phosphorylation-dependent binding of FLT3-ITD by the
UBCHS-associated (SIAH1, SIAH2) E3 ubiquitin ligases [145, 147]. It has been reported that
entinostat (MS-275) induced the degradation of FLT3-ITD through suppressing the activity of
HSP90 in AML cells [148]. Moreover, a phase I trial of vorinostat (SAHA) in combination
with sorafenib (FLT3 inhibitor) showed a clinical response in poor-risk AML patients [140],
suggesting that the combination of HDAC and FLT3 inhibitors may be useful for the

treatment of AML patients with FLT3 mutations.

1.6.6. HDAC inhibitors as antiparasitic agents

Neglected parasitic diseases are serious health conditions associated with high mortality
and/or morbidity rates and affecting more than one billion people, mainly in poor and less
developed countries [62]. Despite the incremental progress in pharmaceutical research and
industry for targeting global diseases, there are only a few drugs that are used for the
treatment of neglected infections. Additionally, the main problem with current antiparasitic
therapeutics is drug resistance and consequent treatment failure [62]. Therefore, the discovery
of new antiparasitic agents with novel modes of action is crucial to overcome the problem of
drug resistance. In this regard, repurposing the drugs that have already been approved for the
treatment of other human diseases represents a promising approach to identify new
antiparasitic candidates. This approach could accelerate the drug development process due to
the reduced time, cost, and risk compared with traditional drug discovery [63]. Owing to the
numerous similarities between cancer cells and parasites in terms of metabolic and
reproductive properties, anticancer agents are currently under investigation as potential
therapeutics for different parasitic infections [63]. Since parasitic epigenetic modulators such

as histone deacetylases play essential roles in the regulation of parasite gene expression and
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some of them are crucial for the survival and growth of major human parasites, HDACs are
currently emerging as potential novel therapeutic targets for various parasitic infections such
as schistosomiasis [149], malaria [150-156], trypanosomiasis [157, 158], toxoplasmosis [159,

160], and leishmaniasis [161].

1.6.6.1. HDAC inhibitors as antischistosomal agents

Schistosomiasis is one of the most devastating neglected tropical parasitic diseases that affects
more than 200 million people worldwide mostly in Africa, Asia, and South America [162].
The infection is caused by blood flukes (trematode worms) from the genus Schistosoma,
mainly S. mansoni, S. haematobium, and S. japonicum [163]. Schistosomiasis control and
treatment depend mainly on the periodic, large-scale drug administration of praziquantel as
preventive and curative chemotherapy [163]. Although praziquantel is active against parasitic
flatworms, some studies have demonstrated that reliance on this drug could result in the
emergence of drug resistance [164-166]. As a result, identifying new antischistosomal agents
with novel mechanisms of action is of high interest. Studies revealed that several orthologs of
human histone deacetylases, including smHDACI, 3, and 8, are expressed in different stages
of the parasite life cycle with smHDACS being the most abundant isoform [167]. Therefore,
several studies have focused on the smHDACS isoform as an attractive target for the
treatment of schistosomiasis. Some approved HDACi in addition to other smHDACS
inhibitors were reported to display in vitro inhibition of parasitic enzymatic activity
accompanied with phenotypic effects. These studies are thoroughly reviewed in [149], a part

of this thesis.
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2. Objectives of the work
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As previously discussed in the introductory part, histone deacetylases regulate several cellular
processes by maintaining the dynamics of lysine acetylation level of histone and non-histone
proteins. Consequently, dysregulation of HDACs expression is associated with many
pathological disorders. Therefore, pharmacological inhibition of HDACs emerged as a
promising approach in medicinal chemistry research, especially in the field of oncology, with
five approved HDAC inhibitors for the treatment of various subtypes of blood malignancies
in addition to many other inhibitors in clinical trials. However, several HDAC inhibitors
suffer from some limitations, including poor pharmacokinetic properties, off-target side
effects, mutagenicity, and the emergence of resistance. Following that, the main aim of the
present work is to develop novel modulators for class I HDACs with improved therapeutic
efficacy and better safety profiles through the application of different drug design approaches.

In this regard, the following specific objectives will be applied:
2.1. Development of novel class I HDAC inhibitors

Since aberrant expression of class | HDACsS is highly linked to the incidence and progression
of many blood and solid tumors, we will focus in the first project on the development of
selective class I HDAC inhibitors. The developed compounds will be evaluated for their in
vitro activity against different HDAC isoforms to determine their potency and selectivity
profiles. Additionally, the most promising compounds will be evaluated for their biological

activity against acute myeloid leukemia and pancreatic cancer cell lines.

It 1s worth mentioning that the high sequence similarity between individual HDAC isoforms
renders the design of selective class I HDAC isoforms challenging. Therefore, different
computational approaches such as docking studies, molecular dynamics simulations, and
binding free energy calculations will also be utilized to predict the selectivity of the developed
inhibitors and minimize the time required to prioritize compounds for further biological

studies.
2.2. Design of class I HDAC inhibitors-based prodrugs

Hypoxia is one of the characteristic tumor-intrinsic factors that can be utilized to design
prodrugs that specifically release their parent drugs in tumor cells. The second project focuses
on the development of novel bioreducible prodrugs for class I HDAC inhibitors by exploiting
tumor hypoxic conditions to enhance targeted-tissue specificity and overcome the off-target

side effects associated with many HDACi. The design of planned prodrugs is based on
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masking the zinc-binding group of different HDAC inhibitors using different nitroaryl
alcohols. The resulted masked prodrugs should have lower activity on class I HDACs while
regaining the inhibitory action of the parent compounds after activation by nitroreductases in
hypoxic cells. The synthesized prodrugs as well as their parent HDAC inhibitors will be
tested for their in vitro activity against class I HDACs. Additionally, the cytotoxic activity of
the developed prodrugs will be evaluated against wild-type and nitroreductase (NTR)
transfected-THP1 leukemic cells.

2.3. Development of class I HDAC degraders

As previously mentioned, the targeted protein degradation (TPD) concept serves as a
powerful and innovative tool for drug discovery and has potential advantages compared to
conventional inhibitors. Following that, the main focus of the third project will be the
application of different TPD techniques, including PROTACs and hydrophobic tags to
develop selective degraders for class I HDACs. Different reported HDAC inhibitors will be
used as protein of interest warheads and will be connected to either different E3 ligase ligands
for the design of PROTACs or to the hydrophobic adamantyl scaffold for the design of
hydrophobic tag-based degraders. Additionally, various linkers of different lengths and
compositions will be used for the design of the planned degraders. The synthesized
compounds will be screened for their in vitro activity against different HDAC isoforms.
Moreover, the developed compounds will be screened against different cancer lines to

determine their cytotoxicity and their ability to degrade the target enzymes.

2.4. HDAC inhibitors as antischistosomal agents

There is growing evidence that therapeutic applications of HDAC inhibitors are not limited to
the field of oncology since there are several studies indicating that different HDAC isozymes
are dysregulated in several pathological disorders. Human parasitic diseases are representative
examples that are currently considered valid drug targets for the application of HDAC
inhibitors. Several orthologs of human HDACs are expressed at different stages of the life
cycle of Schistosoma species. Additionally, repurposing the approved HDAC inhibitors as
well as other inhibitors in clinical trials represents a promising approach for identifying new
antiparasitic candidates. In this regard, there will be a brief review discussing the recent
advances in developing inhibitors for schistosomal histone deacetylases, with a particular

focus on SmHDACS as a novel therapeutic target.

23



3. Results

The results of the work in this dissertation are reported in the following scientific

manuscripts. In addition, other unpublished results are presented in chapter 4.
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Abstract

Class I histone deacetylases (HDACs) are key regulators of cell proliferation and they are
frequently dysregulated in cancer cells. We report here the synthesis of a novel series of class-
I selective HDAC inhibitors (HDACi) containing a 2-aminobenzamide moiety as a zinc-
binding group connected with a central (piperazin-1-yl)pyrazine or (piperazin-1-yl)pyrimidine
moiety. Some of the compounds were additionally substituted with an aromatic capping
group. Compounds were tested in vitro against human HDACI, 2, 3, and 8 enzymes and
compared to reference class I HDACi (Entinostat (MS-275), Mocetinostat, C1994 and RGFP-
966). The most promising compounds were found to be highly selective against HDACI, 2
and 3 over the remaining HDAC subtypes from other classes. Molecular docking studies and
MD simulations were performed to rationalize the in vitro data and to deduce a complete
structure activity relationship (SAR) analysis of this novel series of class-I HDACi. The most
potent compounds, including 19f, which blocks HDAC1, HDAC2, and HDAC3, as well as
the selective HDACI1/HDAC?2 inhibitors 21a and 29b, were selected for further cellular
testing against human acute myeloid leukemia (AML) and erythroleukemic cancer (HEL)
cells, taking into consideration their low toxicity against human embryonic HEK293 cells. We
found that 19f is superior to the clinically tested class-I HDACi Entinostat (MS-275). Thus,
191 1s a new and specific HDACi with the potential to eliminate blood cancer cells of various

origins.
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Abstract: Class I histone deacetylases (HDACs) are key regulators of cell proliferation and they
are frequently dysregulated in cancer cells. We report here the synthesis of a novel series of class-I
selective HDAC inhibitors (HDAC;i) containing a 2-aminobenzamide moiety as a zinc-binding group
connected with a central (piperazin-1-yl)pyrazine or (piperazin-1-yl)pyrimidine moiety. Some of
the compounds were additionally substituted with an aromatic capping group. Compounds were
tested in vitro against human HDAC1, 2, 3, and 8 enzymes and compared to reference class I HDACi
(Entinostat (MS-275), Mocetinostat, CI994 and RGFP-966). The most promising compounds were
found to be highly selective against HDACI, 2 and 3 over the remaining HDAC subtypes from
other classes. Molecular docking studies and MD simulations were performed to rationalize the
in vitro data and to deduce a complete structure activity relationship (SAR) analysis of this novel
series of class-I HDACi. The most potent compounds, including 19f, which blocks HDAC1, HDAC2,
and HDACS3, as well as the selective HDAC1/HDAC?2 inhibitors 21a and 29b, were selected for
further cellular testing against human acute myeloid leukemia (AML) and erythroleukemic cancer
(HEL) cells, taking into consideration their low toxicity against human embryonic HEK293 cells. We
found that 19f is superior to the clinically tested class-I HDACi Entinostat (MS-275). Thus, 19f is
anew and specific HDACi with the potential to eliminate blood cancer cells of various origins.
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1. Introduction

Epigenetic regulation refers to heritable or long-term changes in gene expression that
do not rely on an alteration of the DNA sequence [1]. Histone modification is a widely
studied epigenetic modification, which involves the covalent alteration of histone tails
through acetylation, methylation, phosphorylation, sumoylation, and ubiquitination [2].
Histone acetylation is one of the most well studied post-translational modifications. This
process is controlled by the action of two opposing enzyme families. Histone acetyl
transferases (HATs) catalyze the addition of the acetyl group on the protonated ¢-amino
group of lysine residues of histone proteins. This modification results in a loss of the
positive charge and reduces the interactions between histone proteins and DNA [3]. The
histone deacetylases (HDACsS) catalyze the removal of acetyl groups and this can result
in the formation of the condensed chromatin (heterochromatin) and a repression of gene
transcription [3]. Human HDACs are classified according to their sequence homology and
domain organization into four groups. These are the zinc-dependent deacetylases of class I
(HDACI, 2, 3, and 8), class I (HDAC4, 5, 6,7, 9, and 10), and class IV (HDAC11), and the
NAD+-dependent class III (sirtuins SIRT1-7) [4].

Class I (HDACs 1, 2, 3, and 8) are located mainly in the nucleus and have an es-
sential role in cell proliferation, cell cycle progression and the establishment and main-
tenance of the aberrant phenotype of cancer cells [5]. Hypoacetylation of histone H4 is
a common distinctive feature in early stages of human cancer [6]. Given that HDACs
are important for tumor development and progression, HDAC inhibitors (HDACi) have
been developed and studied as potential anticancer therapeutics over recent years [7].
HDAC: have been tested against solid tumors and blood malignancies. Four class I/11/IV
HDAC i (pan-HDACi) were approved by authorities for the treatment of patients with
cutaneous/peripheral T-cell lymphoma and multiple myeloma [8]. HDACi can be classi-
fied according to their zinc binding groups (ZBG) into five main groups: hydroxamates,
2-aminobenzamides, cyclic peptides, thiols, short-chain fatty acids, ketones and others [9].
The hydroxamate-based HDACi Vorinostat (SAHA) [10], Belinostat (PXD101), Panobinostat
(LBH589), as well as the thiol-prodrug/depsipeptide Romidepsin (FK228) have been ap-
proved by the US Food and Drug Administration (FDA) for the treatment of different types
of cancer and hematological malignancies [11-13]. Promising clinical results in phase I/1I
clinical trials were also obtained the pan-HDACi Givinostat in patients with the blood
disorder polycythemia vera [14].

Remarkably, the modulation of HDAC1, HDAC2, and HDACS3 presents a specific
possibility to interfere with signaling pathways that are hijacked by tumor cells, and class-I
HDACSs are highly expressed in different cancers, including leukemia [15-19]. Class-I
selective inhibitors have already reached clinical studies like MS-275 (I), phase II Hodgkin’s
lymphoma, or Mocetinostat (II), and phase II in relapsed lymphoma (Figure 1) [20-22].
Notably, normal cells are largely unaffected by HDACi which verifies that HDACs are key
for the development and maintenance of the tumor cell phenotype [23]. To fully exploit
and achieve clinical expectations on these drugs, more potent and specific HDACi are
required [24,25].

Most HDACi have a common pharmacophore consisting of three different fragments
as follows: a ZBG, a capping group, and a linker connecting both groups [26]. The ZBG is
responsible for chelating Zn?* in the active site of HDACs. Modification of the ZBG often
changes the potency of inhibitors significantly [27]. The capping group usually includes
hydrophobic/bulky moieties, such as aromatic or heteroaromatic groups, mediating inter-
actions at the rim of the HDAC enzyme. The interactions with the residues at the entrance
of the binding pocket were also shown to contribute to HDAC subtype selectivity [28].
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Figure 1. Examples of previously reported 2-aminobenzamides and their inhibitory activity towards
different HDAC subtypes. The different pharmacophoric groups of the inhibitors are marked in color
(ZBG in red, substitutions interacting with the HDAC1/HDAC2 foot pocket in green, linker colored
in blue, capping group colored in pink).

Although the hydroxamic acid is an often used and potent ZBG, it was observed
that hydroxamic acid-based HDAC inhibitors often lack cellular potency and often show
off-target effects [29,30]. Additionally, the progress of cell mutagenicity and genotoxicity
by such compounds is still a main factor to exclude many potent candidates from further
drug development steps [31].

It has been shown that 2-Aminobenzamides improve HDAC class I selectivity and
strongly inhibit the class-I HDACsl, -2, and -3. The 2-aminobenzamide group acts as ZBG
instead of the hydroxamate group in other HDACi. This replacement allows them to have
selectivity towards the HDAC subtypes HDAC1, HDAC2, and HDAC3. According to
the general skeleton of 2-aminobenzamides, such as HDACI, Entinostat (MS-275, I) and
Mocetinostat (II) have an unsubstituted 2-aminobenzamide scaffold as ZBG connected
through a linker to a pyridine ring acting as a capping group (Figure 1) [32,33]. Chi-
damide (CS005, III) shows the same general skeleton with an additional fluoro substitution
on the 2-aminobenzamide moiety [34,35]. It has been found that 2-Aminobenzamides
Tacedinaline (CI-994, IV), BRD3308 (V) and BG45 (VI) are examples of inhibitors without
a capping group (Figure 1) [36-38]. The crystal structure of HDAC2 revealed that the
2-aminobenzamide part could access the foot pocket next to the catalytic region [39]. In
this regard, another strategy to increase the selectivity towards HDAC1 and HDAC2 sub-
types is the addition of an aromatic moiety, like thienyl or phenyl, to the position-5 of
the 2-aminobenzamide group. This fills the internal cavity of the foot pocket near to the
catalytic region, as in the case of compound VII-IX. These inhibitors are more active and
selective against HDAC1/HDAC2 over HDAC3 (Figure 1) [40,41].
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The aim of the current study was to develop novel class-I selective HDAC inhibitors
with improved in vitro activity as well as stronger anti-leukemic effects compared to known
reference inhibitors. Due to the above mentioned problems with hydroxamic acids and the
good class-I selectivity of 2-aminobenzamides shown by, e.g., MS-275 [42], we focused on
this chemotype. A first idea was to substitute the middle phenyl ring of MS-275 with more
polar pyrazine or pyrimidine rings to result in better solubility of the final compounds.
At the beginning of the study, we first docked the reference inhibitors shown in Figure 1
to the available crystal structures of HDAC1, HDAC2 and HDACS3 to obtain ideas for
structural optimization. For example, attachment of a basic piperazine to a pyrimidine or
pyrazine ring mimicking the middle ring of MS-275 showed ionic hydrogen bonding with
an aspartate residue conserved in HDAC1, HDAC2 and HDAC3 (D99 in HDAC1, D104 in
HDAC?2, D93 in HDAC3). The capping groups of reported HDAC inhibitors interact with
amino acids at the rim of the binding channel; in the case of MS-275, these are aromatic
and hydrophobic interactions with H27/33/22 and P29/34/23 in HDAC1, HDAC2 and
HDACS, respectively (Supplementary Figure S1). Accordingly, we designed compounds
with different aromatic rings as capping groups and different linker lengths to analyze
the effect of capping groups on class-I HDAC activity. In addition, the 2-aminobenzamide
scaffold was substituted at different positions to investigate the effect of increased subtype
selectivity toward HDAC1/HDAC2 on the anti-leukemic activity. Mono- or di-substitutions
with different small groups at position 4 and/or position 5 were performed to complete the
SAR studies. The realized structural changes are summarized in Figure 2.

Figure 2. Structural modifications of Entinostat (MS-275) based on its interaction with the active site
of HDAC 1 (red amino acid labels), HDAC 2 (blue amino acid labels) and HDAC 3 (green amino acid
labels) subtypes to design novel compounds with different substitutions to obtain full SAR studjies.

2. Results and Discussion
2.1. Chemistry

To obtain the designed compounds, we planned a three-step synthesis. The first
step was the synthesis of carboxylic acid derivatives 4a—c and 7a—j, as illustrated in
Scheme 1, (Supplementary Table Sla,b). The second step was the synthesis of different
o-phenylenediamine derivatives (9a—c, 12a—e and 17a-d) as shown in Scheme 2. Finally,
coupling of obtained acid derivatives and o-phenylenediamines was carried out, using
Boc protection and de-protection, to obtain the final compounds 19a-o0, 21a—c, 23a—c, 25a,b,
27a—c and 29a—d.
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Scheme 1. Synthesis of carboxylic acid intermediates 4a—c and 7a—j. Reagents and conditions:
(i) Toluene, 130 °C, 1 h. (ii) Compounds 3a—c, 2.5 eq 1IN NaOH, MeOH, 70 °C, 3 h. (iii) Compounds
3d,e, Ar'-CHO, Na(OAc);BH, AcOH, DCM, RT, 5 h. (iv) Compound 3d, BrCH,CH,Ar?, K,CO3,
CH3CN, M.W, 120 °C, 90 min.

Scheme 2. Synthesis of 1,2-phenylenediamine derivatives 9a—c, 12a—e and 17a-d. Reagents and
conditions: (i) HCOONHy, Pd/C 10%, MeOH. (ii) Boc,O, TEA, DMAP, DCM (iii) Tetrakis P(Ph)3Pd,
Deg. DME, Na,COs5.

As shown in Scheme 1, esters 3a—e were obtained by direct alkylation of piperazine
derivatives 2a—c using methyl 5-chloropyrazine-2-carboxylate (1a) or ethyl 2-chloropyrimidine-
5-carboxylate (1b) in refluxing toluene. Esters 3d,e with a free piperazinyl moiety were
further extended to the capping groups either by reductive amination or microwave-
assisted alkylation, to yield the corresponding N-alkylated derivatives 5a—f and 6a-d. All
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synthesized esters in this scheme were converted into acids through alkaline hydrolysis by
heating in 2.5 eq. 1N aq. NaOH.

Scheme 2, (Supplementary Table S2) illustrates the synthesis of three different types of
1,2-phenylenediamine derivatives. The first type includes free 1,2-phenylenediamine derivatives
(9a—), which were prepared by catalytic reduction of the corresponding nitro compounds (8a—c)
using ammonium formate and Pd/C 10%. The second type (12a—e), which are Boc protected
with simple substituents, were synthesized in two steps by protection of the amino group
in the corresponding nitroaniline derivatives (10a-e) using Boc,O in presence of Et;N and
DMAP (N,N-Dimethylpyridin-4-amin) followed by catalytic hydrogenation as previously
described to produce the corresponding aniline derivative (12a—e). The third type represents
mono Boc protected-1,2-phenylenediamines with aryl substituents (R7). These compounds
were prepared through Suzuki coupling between the Boc protected-4-bromo-2-nitroaniline
and the appropriate aromatic boronic acid by refluxing in 1,2-dimethoxyethane using
tetrakis (triphenylphosphine)palladium(0) as a catalyst, followed by reduction of the nitro
group to the corresponding aniline derivative (17a-d).

The third main step in the synthetic pathway to prepare the 2-aminoanilide compounds
was an amide coupling between the carboxylic acid derivatives and 1,2-phenylenediamines
using the coupling reagent HATU (O-N, N, N/, N'-tetramethyluronium-hexafluorphosphate)
in the presence of DIPEA (N,N-Diisopropylethylamine) as the base. The time of this reaction
depends on the reactivity of the amino group of the 1,2-phenylenediamine derivative. The
coupling reaction to yield 19a—o, as shown in Scheme 3, (Supplementary Table S3) takes
from1hto2h.

Scheme 3. Synthesis of the final compounds 19a-o0. Reagents and conditions: HATU, DIPEA, DME,
1-2 h, RT.

Coupling of the o-phenylene-diamines in which one of the amino groups is protected
by Boc proceeded as previously described using HATU and DIPEA as a catalyst. However,
this reaction needed overnight stirring at room temperature due to the low reactivity of the
free amino group in compounds 20a—c. This reaction was followed by a deprotection step
using trifluoroacetic acid (TFA) to obtain compounds 21a—c (Scheme 4). The deprotection
step had an effect on compounds having a Mannich base in the capping group, as in
compound 22a. In this case it was removed from the compound due to the acidic effect
of TFA to yield compound 23a (Scheme 4). In another trial to make Boc deprotection for
compound 22b using 4M HCl in dioxane, the capping group was also unstable. Therefore,
we could only obtain the target compound 23b (with capping group) in a very low yield
(5%) by preparative HPLC. On the other hand, to avoid the problem of the instability of
the Mannich bases toward acidic condition required for Boc deprotection, the methylene
carbon connecting the indole capping group and piperazine scaffold was replaced by an
ethylene linker. We obtained the target compound 23c after Boc deprotection using TFA
without any hydrolysis of the capping group (Scheme 5).
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Scheme 4. Synthesis of the final compounds 21a—c and 23a-c. Reagents and conditions: (i) HATU,
DIPEA, Dry DMF, RT, Overnight. (ii) TFA, DCM, 0 °C, 30 min. (iii) 22b, 4M HCI, Dioxane,
0 °C, 30 min.

Scheme 5. Synthesis of the final compounds 25a,b, 27a-c and 29a-d. Reagents and conditions:
(i) HATU, DIPEA, Dry DMF, RT. (ii) TFA, DCM, 0 °C, 30 min.
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The cleavage of the capping group in compound 23a and its promising inhibitory
activity against HDACI, 2 and 3 motivated us to synthesize a series of compounds lacking
the capping group as in case of 25a,b, 27a—c and 29b,c. This was achieved using Boc-
protected piperazine intermediates 24a,b, 26a—c and 28b,c followed by deprotection using
TFA (Scheme 5), (Supplementary Table S4). To extend our SAR studies, we synthesized
further N-methyl piperazine derivatives (29a,d) using the previously established procedure,
as illustrated in Scheme 5 (Supplementary Table S4).

2.2. Biological Evaluation
In Vitro Testing of HDAC Inhibitory Activity

The synthesized compounds were tested for inhibitory activity against human class
I HDACs (HDACI, -2, -3, and -8) using a fluorogenic peptide derived from p53 (Ac-
RHKK(Acetyl)-AMC), as shown in Table 1 [43]. We included several reported inhibitors of
HDAC1, HDAC2, and HDAC3 (CI994, MS-275, Mocetinostat and RGFP966) as reference
compounds. The most promising inhibitors were also tested against a panel of HDAC sub-
types (including HDAC4, -5, -6, -7, -9 and -11) and, as expected, none of these compounds
showed strong inhibition of the other HDACs, as shown in Table 2.

Table 1. Inhibitory activity of the synthesized compounds against class I HDACs.

HDAC1 HDAC2 HDAC3 HDACS

1 2 3

Cpd-No. X Y R R R (ICsp uM) (ICsp uM) (ICsp uM) (% Inhib.)
19a CH N H H 0.51 £+ 0.05 0.80 £+ 0.07 1.12 + 0.07 0% @1 uM
19b CH N H H 25.8% @ 2 uM 30.3% @2 uM 65.2% @2 uM 34% @1 uM
19¢ N CH H H 33.9% @ 2 uM 20.1% @2 uM 26.8% @2 uM 0% @1 uM
19d CH N H H 0.52 +0.07 1.43 +0.08 1.06 + 0.04 0% @1 uM
19e CH N H H 0.21 £+ 0.07 0.71 £ 0.04 0.84 4+ 0.03 0% @1 uM
19f CH N H H 0.13 £ 0.01 0.28 £+ 0.01 0.31 +0.01 0% @1 uM
19g CH N H H 0.31 +0.03 0.96 £+ 0.05 0.49 £+ 0.06 0% @1 uM
19h CH N F F 0.81 + 0.07 0.74 + 0.03 0.57 +0.02 n.d.
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Table 1. Cont.
HDAC1 HDAC2 HDAC3 HDACS8
. No. X Y 1 2 3 .
Cpd. No R R R (ICso uM) (ICsp uM) (ICso uM) (% Inhib.)

191 CH N Cl H 3.0+£02 27402 19+0.1 n.d.
19 N CH H H 0.45 £ 0.06 0.93 £ 0.04 1.75 £ 0.06 0% @1 uM
19k CH N H H 0.14 £ 0.02 0.56 + 0.04 0.59 £ 0.03 0% @1 uM
191 CH N F F 0.29 £+ 0.03 0.56 + 0.02 0.81 £ 0.05 n.d.
19m CH N F H 0.40 £ 0.06 1.48 +0.19 0.40 £ 0.02 n.d.
19n N CH CHj H H 5% @1 uM 7% @1 uM 13% @1 uM n.d.
190 CH N CH; H H 27% @1 uM 15% @ 1 uM 30% @1 uM nd.
2la CH N H o 0.26 £ 0.01 247 £0.22 0% @1 uM n.d.

=

o

=1

=
21b CH N H N 0.70 £ 0.08 0.77 £ 0.06 0% @1 uM 0% @1 uM

7

e

jast

IS
21c CH N H o 0.76 £ 0.07 0.76 + 0.04 15+1 0% @1 uM

b

0

k=)

=
23a CH N H F H 3.30 £0.18 2.20 £ 0.20 0.40 £ 0.01 0% @1 uM
23b CH N H F 0.27 £ 0.03 0.50 + 0.03 0.50 £ 0.02 38% @1 uM
23c CH N H F 0.33 4+ 0.02 1.37 £ 0.08 0.59 + 0.04 n.d.
25a CH N H Cl H 0% @1 uM 0% @1 uM 8.7+ 04 n.d.
25b CH N H F F 43+03 4.2 +0.10 1.6 +0.1 n.d.
27a CH N H H A 0% @1 uM 0% @1 uM 0% @1 uM n.d.

o]
27h CH N H H 0% @1 pM 0% @1 uM 0% @1 pM nd.
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Table 1. Cont.

HDAC1 HDAC2 HDAC3 HDACS
1 2 3
Cpd.-No. X R R R (ICsp uM) (ICsp uM) (ICsp M) (% Inhib.)
27¢ CH H o H 20.0+ 1.0 14.0 £ 2.0 140+1.0 n.d.
e
T
w
29a CH CHj H w 0.11 £ 0.01 0.18 £+ 0.06 4.4 4+ 0.1 n.d.
e
=
(]
=)
2
20b CH H H o 0.07 + 0.01 0.26 + 0.01 6.1 407 nd.
=
[0}
=}
=
29¢ CH H H - 0.16 + 0.03 0.34 +0.01 6.7 £ 05 n.d.
T
Q)
T
Je
294 CH CHj; H N 0.18 +0.01 0.26 £+ 0.07 12.0+1.0 n.d.
o
@)
[}
T
Je
- - - - 37% @1 uM 36% @1 uM 32% @1 uM n.d.
@)
g
hS
- - - - - 16 +£2 11+1 1.3+0.1 n.d.
9}
lgs]
=
z
%
z - - - - 093 +0.1 0.95 £+ 0.03 1.8+0.1 n.d.
@
N
o
= - - - - 0.33 +0.04 0.34 £+ 0.01 0.93 £+ 0.05 n.d.
o]
)
5
2
g

n.d. not determined, — no substituents.

Table 2. Inhibitory activity of compounds 19f and 21a against class II and class IV HDACs.

HDAC4 HDACS5 HDAC6 HDAC?7 HDAC9 HDAC11

. No.
Cpd-No- qeouM)  (CsuM)  (CsypM)  (ICsouM)  (Cso M)  (ICso M)
19f >20 >20 >20 >20 >20 >20
21a >20 >20 >20 >20 >20 754+ 1

The synthesized compounds can be categorized into four main groups based on the
substitution pattern of the 2-aminobenzamide scaffold and presence or absence of capping
groups. The first group comprises compounds with capping groups and unsubstituted
2-aminobenzamide scaffolds. The second group includes compounds with capping groups
and substituted 2-aminobenzamide scaffolds. The third group contains compounds with
unsubstituted 2-aminobenzamide groups without any capping group. The final group
contains compounds with substituted 2-aminobenzamide functionalities and that lack
a capping group.

Generally, the first group of compounds inhibit HDAC1, HDAC2, and HDACS3 in the
low to submicromolar range. For instance, compound 19f, which has the 3-indolyl ring as
a capping group, showed very good inhibitory activity against HDAC1, -2, and -3 with ICsg
values (0.13 uM, 0.28 uM, 0.31 uM, respectively). It was found that 19f was more potent
than the reference inhibitors MS-275, Mocetinostat, CI1994 and RGFP-966. Modification in
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the capping group has different effects on the HDAC activity. For example, compound
19k with an N-methyl-3-indolyl ring has similar inhibitory profile with ICsy values of
0.14 uM, 0.56 uM, and 0.59 uM for HDAC1, HDAC2, and HDACS, respectively). Simi-
larly, 19e, which has a benzothiophene capping group, showed ICs values of 0.21 uM,
0.71 uM, and 0.84 uM against HDAC1, HDAC2, and HDACS, respectively. On the other
hand, other capping groups, like phenethyl, 4-chlorophenethyl or 2-pyridyl, resulted in
a reduced inhibitory activity, as in the case of compound 19b or slightly decreased activities,
as in the case of compound 19a and 19d (Table 1).

Interestingly, the replacement of the pyrazine linker with pyrimidine resulted in
a significant decrease of inhibitory activity, as in the case of compound 19¢ compared to
compound 19d, or a slight decrease of HDAC1, HDAC2, and HDACS3 inhibitory activities,
as in the case of compound 19j compared to compound 19k. It was also noticed that
replacing the methylene connecting the indole capping group and piperazine with an
ethylene resulted in a slight decrease in the HDAC inhibitory activity, as in the case of
compound 19g compared with 19f (Table 1).

In the second group of the designed compounds, we investigated the effect of different
substitution patterns of the 2-aminobenzamide on HDAC selectivity in the presence of
3-indolyl or (N-methyl)-3-indolyl capping groups. In line with reported studies, it was
observed that the substitution of 2-aminobenzamides with aromatic or heterocyclic rings at
position-5 improved HDAC subtype selectivity. For instance, compound 21a, which has
a 2-thienyl ring at the position-5, has high selectivity for HDAC1 and HDAC2 (0.26 pM,
2.47 uM, respectively) over HDAC3. In addition, 21a is more potent than the refer-
ence inhibitors MS-275, Mocetinostat, CI994 and RGFP-966. In a similar manner, com-
pounds 21b,c with 4- or 2-fluorophenyl substituents have a significant selectivity toward
HDAC1/HDAC2 over HDAC3 compared to the parent unsubstituted derivative 19g.
Compound 21b and 21c displayed submicromolar ICsy values in the case of HDACI,
and HDAC2 and only weak or no inhibition of HDAC3 (Table 1).

On the contrary, substitution of the 2-aminobenzamide with halogens did not result
in marked improvement on HDAC subtype selectivity. For example, compound 191 and
19m, having mono- or disubstituted fluorophenyl, have almost similar subtype selectivity
compared to their unsubstituted parent derivative 19k. In the case of compound 19i having
a mono chloro substituent, it showed a decrease in HDAC inhibition compared to the
unsubstituted parent derivative 19g.

The third group of synthesized compounds lacks the capping group and any substitu-
tion on the 2-aminobenzamide group. Compounds 19n and 190 showed only very weak
enzymatic activity against HDAC1, HDAC2, and HDACS3.

The last group of inhibitors contains different substitution patterns on the phenyl
ring of the ZBG and no capping group. Generally, the compounds possessing aromatic
substituents at position-5, like 2-thienyl, 3-thienyl, 4-flourophenyl, and 2-fluorophenyl,
showed good HDAC subtype selectivity and potency. Compound 29b showed strong
inhibitory activity against HDAC1 and HDAC2 (ICsp; 0.07 uM, 0.26 uM, respectively),
with little activity against HDAC3 (ICs; 6.1 uM). Replacing the aromatic ring with trifluo-
romethyl group, as in compound 27a, diminished the HDAC inhibitory activity (Table 1).
On the other hand, substitution of the phenyl group with a fluorine atom at position-4,
resulted in a slight increase of HDACS3 selectivity over HDAC1 and HDAC?2, as in case of
compound 23a with ICsq values for HDAC1, HDAC2, and HDAC3 being 3.30 uM, 2.17 uM,
and 0.40 uM, respectively. Similarly, replacing the fluorine atom with a chlorine atom, as in
compound 25a, resulted in complete loss of inhibitory activity against HDAC1/HDAC2 and
decreased activity against HDAC3 (ICsg 8.7 uM). Furthermore, replacing the fluorine atom
with electron donating groups, like the methyl or methoxy group, resulted in a dramatic
loss of HDAC inhibitory activity, as in the case of compound 27b,c (Table 1).
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2.3. Molecular Docking Studies

To rationalize the binding mode of the synthesized compounds, we performed molec-
ular docking studies using crystal structures of HDAC1 (PDB ID: 4BKX, apo-form), HDAC2
(PDB ID: 4LY1, co-crystallized with a 2-aminobenzamide), and HDAC3 (PDB ID: 4A69,
apo-form) (Supplementary Figure S1).

The first group of the designed compounds (19a-19g), bearing different capping
groups and an unsubstituted 2-aminobenzamide moiety, showed similar binding modes
in HDAC1-3, as exemplified by the obtained docking results of compound of 19f in
HDAC1/HDAC?2 (Figure 3A,C). As observed in the resolved crystal structures of HDAC2 in
a complex with 2-aminobenzamide derivatives (e.g., PDB 4LYI for HDAC?2), the novel
derivatives were able to chelate the catalytic zinc ion in a similar bidentate fashion through
their carbonyl oxygen and the free amino group of the 2-aminobenzamide moiety (a cut off
distance of 2.7 A was determined for bidentate chelation in this study). In addition, the ZBG
showed hydrogen bonds with the conserved H140/145/134, H141/146/135, G149/154 /143,
and Y303/308/298 in HDAC1, HDAC2, and HDACS, respectively (Figure 3). The central
pyrazine group of compound 19f was placed in the acetyl-lysine tunnel, consisting of
G149/154/143, F150/155/144, H178/183 /172, F205/210/200, L271/276 /266 in HDAC1,
HDAC2, and HDACS, respectively. The attached basic piperazine group shows a salt
bridge with the conserved aspartate residue located at the rim of the binding pocket (D99 in
HDACI, D104 in HDAC2, D93 in HDACS3). Meanwhile, the aromatic capping group was
found to undergo aromatic interactions with the conserved H28 in HDAC1, H33 in HDAC2,
and H22 in HDACS3, respectively.

Figure 3. Docking poses of 19f (A, salmon colored sticks), 21a (B, light green colored sticks),
in HDACT (PDB ID 4BKX), 19f (C, yellow colored sticks), 21a (D, dark green colored sticks), in HDAC2
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(PDB ID 4LY1). Hydrogen bonds (green dashed lines), metal coordination (orange dashed lines),
ionic interactions (cyan dashed lines) and aromatic interactions (magenta dashed lines) between
inhibitors and the protein are shown. Relevant residues are shown in stick representation with dark
grey carbon atoms in HDACland white carbon atoms in HDAC2. The zinc ion is shown as a cyan
colored sphere. The conserved water molecule is shown as a red sphere. The zinc-carbonyl oxygen
and zinc-amino distances, respectively, are: 2.54 A and 2.45 A for 19f/HDAC1, 2.51 A and 2.44 A for
21a/HDACI, 2.17 and 2.27 A for 19f/HDAC2, 2.22 A and 2.29 A for 21a/HDAC2.

The second group of compounds, bearing different substituents at the 2-aminobenzamide
scaffold in the presence of the 3-indolyl or (N-methyl)-3-indolyl capping group, shows
a different binding mode in the class I HDAC subtypes. As previously observed, sub-
stitution of the 2-aminobenzamide moiety by a 5-thienyl ring leads to a selectivity for
HDAC1/2 over HDACS3 [44]. Docking results of 21a in HDAC1 and 2 (Figure 3) show
that the thienyl moiety is embedded in the foot pocket of HDAC2, where it undergoes
hydrophobic interactions with M35, L144, C156 in HDAC2. Meanwhile, HDACS3 has
a narrower foot pocket created by pushing the L133 by Y107 in HDACS3 (replaced by
5113/118 in HDAC1/2) [45], which does not allow the accommodation of bulky sub-
stituents (e.g., thiophene rings) as also substantiated by the docking results in HDAC3
(Supplementary Figure S2).

Compounds bearing no or small substituents, like fluoro substituents, at the 4- and
5- position of the benzamide moiety (191, 19m, 19i and 19h) regain the inhibitory activity
on HDACS3. Docking results show a similar binding mode in class I HDAC subtypes,
where the 2-aminobenzamide moiety is placed in the foot pocket while showing a bidentate
chelation of the zinc ion, as exemplified by compound 191 in Supplementary Figure S3.

A similar finding was observed with the last group of designed compounds containing
different substitution on ZBG and no capping group. Aromatic substituents, like a thienyl
or fluorophenyl moieties, at position-5 could not fit into the foot pocket of HDAC3 while
showing a similar binding mode in HDAC1/HDAC?2 (Figure 4). Hence, compounds having
aromatic substituents on ZBG show good HDAC1/HDAC2 selectivity over HDACS as
observed, for example, in compounds 21a and 29b (Figure 3B,D and Figure 4A,C).

While a small fluoro substituent at position 4 is well tolerated in the foot pocket as
observed in compound 23a (Figure 4), larger or bulkier groups, like chloro (25a), and methyl
(27b) methoxy (27c), and trifluoromethyl groups (27a) resulted in a significant loss in the
inhibitory activity toward the HDAC1/-2/-3 subtypes. Docking poses of these derivatives,
as exemplified by compound 25a in HDAC2 (Supplementary Figure 54), reveal that these
substituents do not fit well in the foot pocket and result in clashes with surrounding
residues (G143 and G305).

In addition to the docking study, we performed molecular dynamics (MD) simulations
for the most promising inhibitors 19f, 21a, 23a, 29b and HDAC1, 2 and 3 crystal structures
using Amber18 (University of California, San Francisco) to investigate the stability of the
predicted binding modes. In all cases the bidentate zinc-chelation of the compounds was
preserved during the MD for the studied four potent inhibitors.

The analysis of the MD simulations for the capless compounds 23a and 29b indicated
a stable binding mode in HDAC1/HDAC2 and HDACS3 in terms of root-mean-square-
deviation (RMSD) (Supplementary Figures S5 and S6) and the interaction of the basic
piperazine and the conserved aspartate residue (D106 in HDAC1, D104 in HDAC2, D93 in
HDACS3). The obtained docking poses for 23a and 29b (Figure 4) were preserved during the
MD in all three HDAC subtypes. In the case of compounds 19f and 21a the solvent-exposed
capping groups can adopt several energetically favorable conformations interacting with
different parts of the rim region (Supplementary Figures S7 and S8). This is in accordance
with the observed X-ray structures of cocrystallized flexible HDAC inhibitors (such as
SAHA) where the capping group was found to bind to different regions of the rim. Hence,
the RMSD of the 19f and 21a showed higher deviation throughout the MD simulation
(Supplementary Figures S7 and S8). The observed flexibility of the capping group might
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also explain the similar inhibitory activities of the corresponding capless inhibitors. Further
in silico studies are needed to find more suitable capping groups that have higher potency
and selectivity. Further opportunities for chemical optimization arise via the search for
bioisosteric groups for the aminopyrazine structure.

Figure 4. Docking poses of 29b (A, pink colored sticks), 23a (B, yellow colored sticks), in HDAC1
(PDB ID 4BKX) and 29b (C, salmon colored sticks), 23a (D, creme colored sticks) in HDAC2, (PDB
ID 4LY1). Hydrogen bonds (green dashed lines), metal coordination (orange dashed lines), ionic
interactions (cyan dashed lines) and aromatic interactions (magenta dashed lines) between inhibitors
and the protein are shown. Relevant residues are shown in stick representation with dark grey carbon
atoms in HDAC1 and white carbon atoms in HDAC2. The zinc ion is shown as a cyan colored sphere.
The conserved water molecule is shown as a red sphere. The zinc-carbonyl oxygen and zinc-amino
distances, respectively, are 2.43 A and 2.41 A for 29b/HDAC1, 2.39 A and 2.58 A for 23a/HDACI,
222 and 2.28 A for 29b/HDAC2, 2.23 A and 2.41 A for 23a/HDAC2.

2.4. Cellular Assays to Analyze Our New Inhibitors
2.4.1. Tests with Non-Transformed Cells

HDACi should have low toxicity to normal mammalian cells [23]. Therefore, we tested
the potential cytotoxicity of the most promising inhibitors in a human epithelial kidney
cell line (HEK293) that was derived from normal tissue. The cells were incubated for 48 h
with the HDACI at a concentration of 50 uM, and cell viability was determined by the
Alamar Blue assay. Most of the tested inhibitors caused only relatively low cytotoxicity in
the human cell system and only 50 uM of 29b and 29c produced a significant reduction of
cell viability (Table 3).
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Table 3. Cytotoxicity studies in human HEK293 Cells.
Name % Viability SD Name % Viability SD
19a 73.1 3.4 19m 52.5 0.5
19b 78.6 6.8 2la 94.4 5.5
19¢ 78.7 7.5 21b 71.0 4.1
19d 67.7 7.3 21c 723 5.8
19e 50.9 4.0 23a 67.0 3.4
19f 76.1 8.0 23b 58.7 6.5
19g 71.8 3.0 23c 55.7 15
15h 54.5 2.8 25b 83.7 44
19i 47.5 15 29a 65.8 6.8
19j 62.5 5.8 29b 2.4 0.0
19k 714 3.0 29¢ 2.2 0.1
191 20.1 0.4 29d 54.0 22

2.4.2. Biological Tests with Leukemic Cells

Based on the invitro activities and the low cellular toxicity for HEK293 cells,
we selected the potent HDAC1/-2/-3 inhibitor 19f as well as the HDAC1/HDAC2 se-
lective inhibitors 29b and 21a for further biological characterization in acute myeloid
leukemia (AML) cells. The inhibitors were tested on FLT3-ITD positive MV4-11 cells
(2 FLT3-ITD alleles). We chose such cells because FLT3-ITD positive AML is a clinically
unresolved issue [46-51].

We measured the induction of early (increased exposure of phosphatidylserine on
the cell surface and therefore positive staining for annexin-V-FITC) and late apoptosis
(positivity for annexin-V and accumulation of propidium iodide, PI) by flow cytometry.
Incubation of MV4-11 cells with the inhibitors showed that 0.5 uM 19f caused early and
late apoptosis in nearly the whole MV4-11 cell population. We found that 0.5 tM 29b led
to apoptosis in about half of the MV4-11 cell population and 21a slightly increased the
number of MV4-11 cells in late apoptosis (Figure 5). Due to these data, we focused further
analyses on 19f.

To extend these analyses, we incubated MV4-11 cells and MOLM-13 cells (1 FLT3 wild-
type allele and 1 FLT3-ITD allele) with 19f. To compare the potency of 19f with an estab-
lished class I HDACi, we chose the 2-aminobenzamide MS-275. This agent, which specifi-
cally inhibits HDACI, -2, and -3, is tested in clinical trials [51] (https://www.cancer.gov/
about-cancer/treatment/clinical-trials /intervention/entinostat, accessed date 10 Novem-
ber 2021). We used 1 uM of 19f and 1 uM MS-275, because this is the maximal clinically
achievable concentration of MS-275 in patients [52]. We found that 19f was more effective
than MS-275 and those cytotoxic effects of these compounds that occurred were time- and
dose-dependently (Figures 6A and 7D). We found that 19f (ICsy for apoptosis induction
255 nM) was at least 4-fold more effective than the HDACi MS-275 (ICs for apoptosis in-
duction 1307 nM) in MV4-11 (Figure 6E). In MOLM-13 cells, 19f displayed a higher potency
4-fold (ICsq for apoptosis induction 397 nM) than the HDACi MS-275 (ICs for apoptosis
induction 1127 nM). The ICs values for growth inhibition of MV4-11 and MOLM-13 cells
after 48 h were around 0.3 uM (Figure 6E).
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Figure 5. Impact of 19f, 21a and 29b on the survival of MV4-11 cells. The cells were treated with
0.5 uM of 19f, 21a, and 29b for 48 h or solvent (Ctrl). The left panel shows the original flow cytometry
scans (x-axis, annexin-V-FITC; y-axis, propidium iodide, PI). The right panel shows the percent-
age distributions of intact, early apoptotic, and late apoptotic cells. Experiments were performed
three times independently.

Figure 6. Pro-apoptotic effects of 19f and MS-275 in MV4-11 and MOLM-13 cells. A, B MV4-11 cells
were treated with 0.25, 0.5, 1 uM 19f or MS-275 for 24 h (A) or 48 h (B) and analyzed for annexin-V/PI
by flow cytometry. (C,D) The same experiments were conducted with MOLM-13 cells. (E) ICsq
values were determined for 19f. (F) Immunoblot was done with the stated antibodies and lysates of
MV4-11 and MOLM-13 cells that were incubated with the HDAC: for 24 h. Cells were incubated with
0.25,0.5,1 uM 19f, or 1 uM MS-275. Graphs show representatives of three independent experiments.
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Figure 7. Cytotoxicity of MS-275 and 19f in leukemic HEL cells expressing JAK2V617F. (A,B) HEL cells
were treated with 0.5 uM of MS-275 or 19f for 48 h. (B) Cells were stained with annexin V-FITC/PI
and analyzed via flow cytometry. Graphs show mean + SD of three independent experiments
(one-way ANOVA; two-way ANOVA; Bonferroni correction; **** p < 0.0001). (C) HEL cells were
treated with increasing concentrations of MS-275 or 19f from 0.25 uM to 5 uM for 24 h. ICs( values
were determined for 19f. Results represent three independent experiments.

Immunoblot analyses of MV4-11 and MOLM-13 cells illustrated that 19f triggered the
expected accumulation of acetylated histone H3 dose-dependently and more potently than
MS-275 did. This was associated with the processing of the ultimate death executioner
enzyme caspase-3 to its cleaved active form (Figure 6F).

Compound 19f was also superior to MS-275 in human erythroleukemia (HEL) cells.
This erythroleukemia cell model carries a mutation in Janus kinase-2 (JAK2V617F) and
HDAC;] are considered as therapeutic options to control the transformation of this dis-
ease into AML [53]. While 0.5 uM MS-275 did not cause apoptosis in HEL cell cultures,
0.5 uM 19f significantly induced apoptosis to 26% (Figure 7A). Dose escalation studies
revealed an ICsg of 4441 nM for MS-275 and ICs( of 925 nM for 19f for toxic effects on HEL
cells (Figure 7B).

2.4.3. In Silico Prediction of Pharmacokinetic and Tox Data

To analyze the further in vivo potential of the most promising candidates, 19f and
21a, we calculated several physicochemical properties and predicted pharmacokinetic
parameters (Table 4). For predicting the properties the PreADMET (https:/ /preadmet.
bmdrc.kr/admetox/, accessed on 10 Novermber 2021) web service was used. The in
silico pharmacokinetic data (e.g., human intestinal absorption (HIA%), plasma protein
binding) as well as physicochemical data (e.g., water solubility, AlogP) showed that 19f has
high predicted oral bioavailability, reduced plasma protein binding and better solubility
compared to the reference Entinostat (MS-275). The toxicity prediction using ProTox-II
(https:/ /tox-new.charite.de/protox_II/, accessed on 10 November 2021) showed a very
low toxicity of 19f (LDsp 1500 mg/kg compared to 22 mg/kg for MS-275). ProTox-II uses
molecular similarity, fragment propensities, the most frequent features and (fragment
similarity based cross-validation) machine-learning, based on a total of 33 models for the
prediction of various toxicity endpoints, such as acute toxicity, hepatotoxicity, cytotoxicity,
carcinogenicity, mutagenicity, immunotoxicity, adverse outcomes pathways and toxicity
targets. None of the toxicity targets included in ProTox-II were predicted for 19f.
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Table 4. In silico ADME and Tox prediction for the most promising candidates 19f and 21a as well as
the reference inhibitor MS-275. For predicting the properties PreADMET (https://preadmet.bmdrc.
kr/admetox/ accessed date 10 Novermber 2021) and ProTox-II (https://tox-new.charite.de/protox_
11/ accessed date 10 Novermber 2021) web applications were used.

MS-275 19f 21a
H‘;?:‘;;fg;t}“al 92.54 93.53 96.14
AlogP98 value 2.07 0.78 3.11
Plasma Protein Binding% 91.07 34.78 77.36
Pure water solubility mg/L 19.92 434.20 3.69
CYP_2C19_inhibition None None None
CYP_2C9_inhibition Inhibitor Inhibitor Inhibitor
CYP_2D6_inhibition None None Non
CYP_2D6_substrate None Substrate Substrate
CYP_3A4_inhibition Inhibitor None None
CYP_3A4_substrate Substrate Substrate Substrate
hERG_inhibition high risk moderate risk high risk
Pgp inhibition None None None
Predicted LDs 22 mg/kg 1500 mg/kg 600 mg/kg
Toxicity prediction ProTox-II 0/17 0/17 1/17

3. Conclusions

A new series of 2-aminobenzamides was synthesized based on different lead structures
and biologically tested for their inhibition against HDAC1, HDAC2, and HDAC3. Docking
studies were carried out to guide the design of linker and capping groups, as well as the
2-aminobenzamide substitution. Of the various capping groups, indole and N-methylindole
were found to be the best choices. Docking studies showed that the indole capping
group, e.g., in the potent inhibitor 19f, interacts with the conserved F150/H28 in HDAC1,
F150/H33 in HDAC?2, and F150/H22 in HDACS, respectively. In the case of 21a and
29b, the 2-thienyl group on the 2-aminobenzamide fits perfectly to the foot pocket in
HDAC1/HDAC2, whereas in the case of HDAC3 the narrow footpocket does not al-
low such bulky substituents. In the case of HDACS, the docking solutions showed that
inhibitors with bulky substitutions on the 2-aminobenzamide ring could not bind to
the zinc ion due to the smaller foot pocket. The most potent compounds, 19f and 29b,
were subjected to a cellular biological assay against the cancer cell lines MV4-11, MOLM-13,
and HEL. The inhibitors showed strong hyperacetylation of the HDAC1-3 substrate histone
H3 in agreement with the in vitro HDAC inhibitory data. The best inhibitor 19f strongly
induced apoptosis in these leukemic cells and was found to be superior to the clinically
evaluated HDACi MS-275. This work demonstrates that we successfully synthesized and
evaluated novel class- HDACi. Of these, 19f turned out as a specific inhibitor of HDAC1,
HDAC2, and HDAC3 with superior activity and promising physicochemical properties.

4. Materials and Methods
4.1. Chemistry
4.1.1. General

All of the specifications regarding the standard materials, equipment and devices
used in the experimental methods are included in the Supplementary Materials. In
addition, the experimental procedures for synthesis of intermediates are included in the
Supplementary Materials.
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4.1.2. General Procedure for Amide Coupling

A mixture of the appropriate carboxylic acid (1.0 eq.) and HATU (1.2 eq.) was
dissolved in dry DMF (5 mL) and stirred at RT for 30 min. The corresponding amine
(0.9 eq.) and DIPEA (5.0 eq.) in THF (3 mL) were added and the reaction mixture was
stirred for 18 h at RT. The reaction mixture was diluted with EtOAc (15 mL) and the reaction
mixture was washed with 1 N NH4ClI and saturated NaHCO3, respectively. The organic
extracts were washed with brine, dried over anhydrous Na,SOy, filtered and concentrated
under vacuum. The residue was purified by using MPLC (CHCl3:MeOH) to provide the
corresponding amide. Reaction yields, and chromatographic and spectrometric data of the
final compounds are reported below.

4.1.3. General Procedure for the Preparation of Final Target Compounds X through
N-Boc Cleavage

The N-Boc-protected aniline derivative (1 mmol) was solubilized at 0 °C in dry DCM
(5 mL), and then TFA (5 mL) was added. The reaction mixture was stirred at RT for
30 min. The solvent was evaporated to dryness, the residue was dissolved in 1 mL MeOH,
1 N NaOH (10 mL) was added, and the mixture was stirred for 1 h, before being ex-
tracted with EtOAc. The organic extracts were washed with brine, dried over anhydrous
NayS0Oy, filtered and concentrated under vacuum. The residue was purified by using MPLC
(CHCI3:MeOH) to provide the corresponding amide. Reaction yields, chromatographic
and spectrometric data of the final compounds are reported below.

4.1.4. Spectral Analysis of Final Compounds
N-(2-Aminophenyl)-5-(4-phenethylpiperazin-1-yl)pyrazine-2-carboxamide (19a).

1 H NMR (400 MHz, DMSO-dg) 5 9.58 (s, 1H, -CO-NH-Ar), 8.70 (d, ] = 1.3 Hz, 1H,
Ar-H of Pyrazine), 8.34 (d, ] = 1.4 Hz, 1H, Ar-H of Pyrazine), 7.46 (dd, ] = 7.9, 1.5 Hz,
1H, Ar-H), 7.30-7.21 (m, 4H, Ar-H), 7.20-7.14 (m, 1H, Ar-H), 6.92 (td, ] = 7.6, 1.6 Hz, 1H,
Ar-H), 6.80 (dd, ] = 8.0, 1.5 Hz, 1H, Ar-H), 6.62 (td, ] = 7.5, 1.5 Hz, 1H, Ar-H), 4.82 (s, 2H,
-NHy), 3.72 (t, ] = 5.0 Hz, 4H, Piperazine Hs), 2.77 (dd, ] = 9.5, 6.1 Hz, 2H, -N-CH,CH,-Ar),
2.57-2.54 (m, 6H, -N-CH,CH,-Ar + Piperazine Hs). 3C NMR (101 MHz, DMSO) § 162.32,
155.54, 142.41, 141.98, 140.76, 133.14, 129.19, 129.09, 128.68, 126.30, 125.99, 124.79, 117.50,
117.23,59.98, 52.65, 44.41, 33.10. HRMS m/z: 403.2239 [M + H]*; calculated Cy3H,7NzO™:
403.2246. HPLC: rt 5.68 min (purity 97.6%), yield: 73%.

N-(2-Aminophenyl)-5-(4-(4-chlorophenethyl)piperazin-1-yl)pyrazine-2-carboxamide (19b).

1 H NMR (400 MHz, DMSO-dg) 6 9.59 (s, 1H, -CO-NH-Ar), 8.70 (d, ] = 1.3 Hz, 1H, Ar-H of
Pyrazine), 8.35 (d, ] = 1.4 Hz, 1H, Ar-H of Pyrazine), 7.46 (dd, ] =7.9, 1.5 Hz, 1H, Ar-H),
7.35-7.25 (m, 4H, Ar-H), 6.92 (td, J = 7.6, 1.6 Hz, 1H, Ar-H), 6.80 (dd, J = 7.9, 1.5 Hz, 1H,
Ar-H), 6.63 (td, J = 7.6, 1.5 Hz, 1H, Ar-H), 4.83 (s, 2H, -NH,), 3.71 (t, J = 5.0 Hz, 4H,
Piperazine Hs), 2.77 (t, ] = 7.6 Hz, 2H, -N-CH,CH,-Ar), 2.56 (q, ] = 6.8, 4.8 Hz, 6H, -N-
CH,CH,-Ar + Piperazine Hs). 13C NMR (101 MHz, DMSO) § 162.32, 155.53, 142.41, 141.98,
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139.86, 133.15, 130.99, 130.92, 129.19, 128.56, 125.99, 124.79, 117.51, 117.23, 59.55, 52.60,

44.39,32.25. MS m/z: 435.26 [M — H], 437.61 [M + H]*, HRMS m/z: 459.1680 [M+Na]*;

calculated CpsHpsN;O*: 459.1676. HPLC: rt 6.57 min (purity 97%), yield: 70%.
N-(2-aminophenyl)-2-(4-(pyridin-2-yl-methyl)piperazin-1-yl)pyrimidine-5-carboxamide (19¢).

1 H NMR (400 MHz, DMSO-dg) & 9.48 (s, 1H, -CO-NH-Ar), 8.89 (s, 2H, Ar-H of
Pyrimidine), 8.58-8.51 (m, 1H, Ar-H), 7.81 (td, ] = 7.7, 1.8 Hz, 1H, Ar-H), 7.49 (dt,] = 7.8,
1.1Hz, 1H, Ar-H), 7.32 (t,] = 6.3 Hz, 1H, Ar-H),7.12 (dd, ] = 7.8, 1.5 Hz, 1H, Ar-H), 6.95 (ddd,
J=80,7.2,1.6 Hz, 1H, Ar-H), 6.75 (dd, ] = 8.0, 1.4 Hz, 1H, Ar-H), 6.56 (td, ] = 7.5, 1.4 Hz, 1H,
Ar-H), 5.05 (s, 2H, -NH3), 4.00-3.76 (m, 6H, N-CH;-pyridine + Piperazine Hs), 2.78-2.61
(m, 4H, Piperazine Hs). 1*C NMR (101 MHz, DMSO) & 161.81, 158.53, 149.30, 143.75, 137.02,
127.31, 126.98, 123.32, 123.20, 122.71, 116.80, 116.48, 116.30, 64.01, 52.94, 43.93.MS m/z:
388.40 [M — H]~, 390.20 [M + H]*, HRMS m/z: 390.2034 [M + H]*; calculated Cp;HpyN;O*:
390.2042. HPLC: rt 5.78 min (purity 99.8%), yield: 73%.

N-(2-Aminophenyl)-5-(4-(pyridin-2-ylmethyl)piperazin-1-yl)pyrazine-2-carboxamide (19d).

1'H NMR (400 MHz, DMSO-dg) 5 9.58 (s, 1H, -CO-NH-Ar), 8.69 (d, ] = 1.3 Hz, 1H,
Ar-H of Pyrazine), 8.49 (ddd, ] =4.9, 1.8, 0.9 Hz, 1H, Ar-H), 8.33 (d,] = 1.4 Hz, 1H, Ar-H of
Pyrazine), 7.77 (td, ] = 7.7, 1.9 Hz, 1H, Ar-H), 7.51-7.42 (m, 2H, Ar-H), 7.26 (ddd, ] = 7.5,
4.8,1.2 Hz, 1H, Ar-H), 6.96-6.87 (m, 1H, Ar-H), 6.79 (dd, ] = 8.0, 1.5 Hz, 1H, Ar-H), 6.62
(td, ] =7.6,1.5 Hz, 1H, Ar-H), 4.83 (s, 2H, -NH>), 3.76-3.73 (m, 4H, Piperazine Hs), 3.66
(s, 2H, N-CH,-pyridine), 2.57-2.54 (m, 4H, Piperazine Hs). 13C NMR (101 MHz, DMSO)
5162.31, 158.44, 155.51, 149.30, 142.39, 142.00, 136.99, 133.16, 129.17, 126.00, 124.80, 124.78,
123.32,122.69,117.50, 117.22, 64.01, 52.72, 44.42. MS m/z: 440.38 [M — H]~, 388.84 [M + H]*,
HRMS m/z: 390.2037 [M + HJ*; calculated Co1HpsN7;O*: 390.2042. HPLC: rt 11.33 min
(purity 95%), yield: 74%.

N-(2-Aminophenyl)-5-(4-(benzo[b]thiophen-3-ylmethyl)piperazin-1-yl)pyrazine-2-
carboxamide (19e).

1 H NMR (400 MHz, DMSO-dg) 6 9.58 (s, 1H, -CO-NH-Ar), 8.69 (d, ] = 1.3 Hz, 1H,
Ar-H of Pyrazine), 8.33 (d, ] = 1.4 Hz, 1H, Ar-H of Pyrazine), 8.09-7.84 (m, 2H, Ar-H),
7.63 (s, 1H, Ar-H), 7.53-7.29 (m, 3H, Ar-H), 6.98-6.87 (m, 1H, Ar-H), 6.80 (dd, J = 8.0, 1.5 Hz,
1H, Ar-H), 6.62 (td, ] = 7.6, 1.5 Hz, 1H, Ar-H), 4.84 (s, 2H, -NH>), 3.90-3.61 (m, 6H, N-CH,-
benzothiophene + Piperazine Hs), 2.57-2.55 (m, 4H, Piperazine Hs). MSm/z: 443.41[M — H] ",
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445.02 [M + H]*, HRMS m/z: 445.1810 [M + H]*; calculated C4Hy5NOS*: 445.1810. HPLC:
rt 7.19 min (purity 97.4%), yield: 75%.

5-(4-((1H-indol-3-yl)methyl)piperazin-1-yl)-N-(2-aminophenyl)pyrazine-2-carboxamide
(191).

1 H NMR (400 MHz, DMSO-dg) 5 10.93 (s, 1H,-NH indole), 9.56 (s, 1H, -CO-NH-Ar),
8.67 (d,] =1.3 Hz, 1H, Ar-H of Pyrazine), 8.31 (d, ] = 1.4 Hz, 1H, Ar-H of Pyrazine), 7.65
(d,] =79 Hz, 1H, Ar-H), 745 (d, ] = 7.9, 1H, Ar-H), 7.34 (d, ] = 8.1 Hz, 1H, Ar-H), 7.24
(d, ] =2.3 Hz, 1H, Ar-H), 7.10-7.02 (m, 1H, Ar-H), 7.02-6.93 (m, 1H, Ar-H), 6.91 (td, ] = 7.9,
1.5 Hz, 1H, Ar-H), 6.79 (dd, ] =7.9, 1.4 Hz, 1H, Ar-H), 6.62 (td, ] = 7.6, 1.5 Hz, 1H, Ar-H),
4.81 (s, 2H, -NH)), 3.70-3.67 (m, 6H, -N-CHjy-Indole + Piperazine Hs), 2.60-2.50 (m, 4H,
Piperazine Hs). '3C NMR (101 MHz, DMSO) § 162.32, 155.48, 142.39, 141.98, 136.76, 133.07,
129.17,128.04, 125.99, 124.79, 121.44, 119.46, 118.95, 117.50, 117.21, 111.83, 53.32, 52.38, 44.47.
MS m/z: 426.41 [M — H]~, 428.26 [M + H]*, HRMS m/z: 428.2198 [M + HJ*; calculated
CpsHysN7;O*: 428.2198. HPLC: rt 7.89 min (97.6%), yield: 25%.

5-(4-(2-(1.H-indol-3-yl)ethyl)piperazin-1-yl)-N-(2-aminophenyl)pyrazine-2-carboxamide
(19g).

1 HNMR (400 MHz, DMSO-dg) & 10.76 (s, 1H, -NH of indole), 9.59 (s, 1H, -CO-NH-Ar),
8.71(d,J =1.3 Hz, 1H, Ar-H of Pyrazine), 8.36 (d, ] = 1.4 Hz, 1H, Ar-H of Pyrazine), 7.52
(dd,J=7.8,1.1Hz, 1H, Ar-H),7.46 (dd, ] =7.9, 1.5 Hz, 1H, Ar-H), 7.32 (dt, ] = 8.1, 1.0 Hz,
1H, Ar-H), 7.16 (d,] =2.4 Hz, 1H, Ar-H), 7.04 (ddd, ] = 8.1, 7.0, 1.2 Hz, 1H, Ar-H), 6.99-6.88
(m, 2H, Ar-H), 6.80 (dd, J = 8.0, 1.5 Hz, 1H, Ar-H), 6.62 (td, ] = 7.5, 1.5 Hz, 1H, Ar-H), 4.83
(s, 2H, -NHy), 3.75 (s, 4H, Piperazine Hs), 2.95-2.81 (m, 2H, -N-CH,CHj-indole), 2.66-2.60
(m, 6H, -N-CH,CHj-indole + Piperazine Hs). 13C NMR (101 MHz, DMSO) 5 162.33, 155.56,
142.43,141.99, 136.63, 133.12, 129.19, 127.67, 125.99, 124.80, 122.95, 121.27, 118.72, 118.58,
117.51,117.23,112.89, 111.77, 59.14, 52.75, 44.48, 22.85. MS m/z: 440.38 [M — H]~, 442.19
[M + H]*, HRMS m/z: 464.2173 [M+Na]*; calculated Cp5H,7;N7ONa™: 464.2174. HPLC:
rt 6.54 min (purity 98.3%), yield: 76%.

5-(4-(2-(1H-indol-2-yl)ethyl)piperazin-1-yl)-N-(2-amino-4,5-difluorophenyl)pyrazine-
2-carboxamide (19h).

1 H NMR (400 MHz, DMSO-d) 6 10.76 (s, 1H, NH of indole), 9.64 (s, 1H, CO-NH-Ar),
8.70 (d, ] = 1.3 Hz, 1H, Ar-H of Pyrazine), 8.34 (d, ] = 1.2 Hz, 1H, Ar-H of Pyrazine),
7.63-7.47 (m, 2H, Ar-H), 7.32 (d, ] = 8.0 Hz, 1H, Ar-H), 7.16 (s, 1H, Ar-H), 7.12-6.86 (m, 2H,
Ar-H), 6.77 (dd, ] = 12.8, 8.2 Hz, 1H, Ar-H), 5.02 (s, 2H, NH,), 3.82-3.69 (m, 4H, Piperazine
Hs), 2.91-2.87 (m, 2H, -N-CH,CH;-Ar), 2.69-2.62 (m, 6H, -N-CH,CHj-Ar + Piperazine
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Hs). ¥C NMR (101 MHz, DMSO) 8 162.56, 155.59, 142.62, 136.63, 132.65, 129.20, 127.67,
122.95,121.27,118.72,118.58, 113.34, 113.14, 112.89, 111.77, 104.61, 104.41, 59.22, 52.75, 44.47,
22.91. MS m/z: 478.43 [M + H]. HRMS m/z: 478.2163 [M + H]"; calculated Cy5HyFoN;O*:
478.2166. HPLC: rt 7.18 min (purity 98.3%), yield: 32%.

5-(4-(2-(1H-indol-3-yl)ethyl)piperazin-1-yl)-N-(2-amino-4-chlorophenyl)pyrazine-2-
carboxamide (19i).

1 H NMR (400 MHz, DMSO-dg) 5 10.76 (s, 1H, -NH of indole), 9.59 (s, 1H, -CO-NH-Ar),
8.69 (d, ] = 1.3 Hz, 1H, Ar-H of Pyrazine), 8.35 (d, ] = 1.3 Hz, 1H, Ar-H of Pyrazine), 7.52
(d,J=78Hz, 1H, Ar-H), 7.41 (d, ] = 8.5 Hz, 1H, Ar-H), 7.32 (d, ] = 8.1 Hz, 1H, Ar-H), 7.16
(s, 1H, Ar-H), 7.00 (dt, J = 34.2, 7.5 Hz, 2H, Ar-H), 6.83 (s, 1H, Ar-H), 6.66-6.57 (m, 1H, Ar-
H), 5.16 (s, 2H, -NH,), 3.84-3.67 (m, 4H, Piperazine Hs), 2.97-2.81 (m, 2H, -N-CH,CH,-Ar),
2.72-2.52 (m, 6H, -N-CH,CH,-Ar + Piperazine Hs). '3C NMR (101 MHz, DMSO) &
162.60, 155.56, 144.03, 142.54, 136.63, 132.97, 129.98, 129.17, 127.67, 126.63, 123.32, 122.96,
121.27, 118.72, 118.58, 116.55, 115.90, 112.87, 111.77, 59.11, 52.73, 44.45, 22.83. MS m/z:
476.26 [M + H]*. HRMS m/z: 498.1782 [M+Nal*; calculated C,5H,4CIN;ONa™*: 498.1785.
HPLC: rt 11.32 min (purity 96.9%), yield: 32%.

N-(2-aminophenyl)-2-(4-((1-methyl-1H-indol-3-yl)methyl)piperazin-1-yl)pyrimidine-
5-carboxamide (19j).

1 H NMR (400 MHz, DMSO-dg) 5 9.44 (s, 1H, -CO-NH-Ar), 8.85 (s, 2H, Ar-H of
Pyrimidine), 7.66 (dt, ] = 7.9, 1.0 Hz, 1H, Ar-H), 7.39-7.35 (m, 1H, Ar-H), 7.23 (s, 1H, Ar-H),
7.15-7.09 (m, 2H, Ar-H), 7.02 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H, Ar-H), 6.94 (td, ] = 7.6, 1.6 Hz,
1H, Ar-H), 6.74 (dd, ] = 8.0, 1.5 Hz, 1H, Ar-H), 6.55 (td, ] = 7.5, 1.5 Hz, 1H, Ar-H), 4.90
(s, 2H, -NH,), 3.82 (t, ] = 5.3 Hz, 4H, Piperazine Hs), 3.74 (s, 3H, N-CH3), 3.66 (s, 2H,
N-CH;-Indole), 2.45 (t, ] = 5.3 Hz, 4H, Piperazine Hs). MS m/z: 440.42 [M — H]~. HRMS
m/z: 442.2349 [M + H]*; calculated CpsHpgN;O": 442.2355. HPLC: rt 7.96 min (purity
97.7%), yield: 60%.

N-(2-aminophenyl)-5-(4-((1-methyl-1H-indol-3-yl)methyl)piperazin-1-yl)pyrazine-2-
carboxamide (19k).

1 H NMR (400 MHz, DMSO-dg) 6 9.56 (s, 1H, -CO-NH-Ar), 8.67 (d, ] = 1.3 Hz, 1H,
Ar-H of Pyrazine), 8.31 (d, ] = 1.4 Hz, 1H, Ar-H of Pyrazine), 7.66 (d, ] =7.9 Hz, 1H, Ar-H),
745(dd,J=7.9,1.5Hz, 1H, Ar-H), 7.38 (d,] = 8.2 Hz, 1H, Ar-H), 7.24 (s, 1H, Ar-H), 7.13
(ddd,J=8.2,7.0,1.2 Hz, 1H, Ar-H), 7.02 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H, Ar-H), 6.95-6.86
(m, 1H, Ar-H), 6.79 (dd, ] = 8.0, 1.5 Hz, 1H, Ar-H), 6.62 (td, ] = 7.6, 1.5 Hz, 1H, Ar-H), 4.81
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(s, 2H, -NHy), 3.74 (s, 3H, -NCH3), 3.71-3.68 (m, 6H, N-CH;-Indole + Piperazine Hs),
2.51-2.48 (m, 4H, Piperazine Hs). 3C NMR (101 MHz, DMSO) 6§ 162.31, 155.49, 142.40,
141.97,137.18, 133.04, 129.53, 129.15, 128.38, 125.98, 124.79, 124.77, 121.54, 119.67, 119.04,
117.50,117.22,110.02, 53.21, 52.42, 44.51, 32.74. MS m/z: 440.38 [M — H]~, 442.04 [M + H]*,
HRMS m/z: 442.2350 [M + H]*; calculated CpysHygN;O": 442.2355, HPLC: rt 14.22 min
(purity 95.4%), yield: 56%.

N-(2-amino-4,5-difluorophenyl)-2-(4-((1-methyl-1H-indol-3-yl)methyl)piperazin-1-yl)
pyrimidine-5-carboxamide (191).

1 H NMR (400 MHz, DMSO-dg) § 9.60 (s, 1H, CO-NH-Ar), 8.66 (d, ] = 1.3 Hz, 1H,
Ar-H of Pyrazine), 8.30 (d, ] = 1.3 Hz, 1H, Ar-H of Pyrazine), 7.66 (d, ] = 7.8 Hz, 1H, Ar-H),
7.54 (dd, J = 12.4, 8.7 Hz, 1H, Ar-H), 7.37 (d, ] = 8.2 Hz, 1H, Ar-H), 7.23 (s, 1H, Ar-H),
7.17-7.08 (m, 1H, Ar-H), 7.06-6.96 (m, 1H, Ar-H), 6.76 (dd, ] = 12.8, 8.2 Hz, 1H, Ar-H), 5.01
(s, 2H, NHy), 3.77-3.59 (m, 9H, N-CHj,-Indole +-N-CHj + Piperazine Hs), 2.58-2.45 (m, 4H,
Piperazine Hs). 13C NMR (101 MHz, DMSO) b 162.54, 155.52, 142.59, 139.40, 137.18, 132.56,
129.52,129.17,128.38, 121.53, 120.61, 120.56, 119.67, 119.04, 113.31, 113.11, 110.02, 104.60,
104.40, 53.20, 52.42, 44.51, 32.74. MS m/z: 476.30 [M — H]. HRMS m/z: 500.1979 [M+Na]*;
calculated CpsHy5F,N7ONa*: 500.1986. HPLC: rt 7.94 min (purity 98.8%), yield: 30%.

N-(2-Amino-4-fluorophenyl)-5-(4-(2-(1-methyl-1H-indol-3-yl)ethyl)piperazin-1-yl)
pyrazine-2-carboxamide (19m).

1 H NMR (400 MHz, DMSO-dg) 5 9.53 (s, 1H, -CO-NH-Ar), 8.69 (d, ] = 1.3 Hz, 1H, Ar-H
of Pyrazine), 8.35 (d, ] = 1.4 Hz, 1H, Ar-H of Pyrazine), 7.53 (dt, ] =7.9, 1.0 Hz, 1H, Ar-H),
7.36 (d,] =82 Hz, 1H, Ar-H), 7.30 (dd, ] = 8.7, 6.3 Hz, 1H, Ar-H), 7.16-7.08 (m, 2H, Ar-H),
7.00 (ddd,J=79, 6.9, 1.0 Hz, 1H, Ar-H), 6.56 (dd, J = 11.1, 2.9 Hz, 1H, Ar-H), 6.38 (td,
] =8.6,2.9 Hz, 1H, Ar-H), 5.16 (s, 2H, -NH,), 3.79-3.73 (m, 4H, Piperazine Hs), 2.88 (dd,
] =9.8,5.8 Hz, 2H, -N-CH,CHj-Ar), 2.70-2.55 (m, 6H, -N-CH,CH;-Ar + Piperazine Hs).
13C NMR (101 MHz, DMSO) 6 162.73, 159.76, 155.55, 144.96, 144.84, 142.46, 137.02, 133.11,
129.15, 127.99, 127.42, 127.37, 127.26, 121.42, 120.30, 118.97, 118.68, 112.28, 109.94, 103.06,
102.84, 102.63, 102.39, 59.16, 52.75, 44.47, 32.66, 22.67. HRMS m/z: 474.2420 [M + H]*;
calculated CpygHpgN7FO™: 474.2417. HPLC: rt 8.05 min (purity 93.7%), yield: 66%.
N-(2-aminophenyl)-2-(4-methylpiperazin-1-yl)pyrimidine-5-carboxamide (19n).

1 H NMR (400 MHz, DMSO-dg) 6 9.47 (s, 1H, -CO-NH-Ar), 8.87 (s, 2H, Ar-H of
Pyrimidne), 7.15-7.08 (m, 1H, Ar-H), 6.99-6.90 (m, 1H, Ar-H), 6.74 (dd, ] = 8.0, 1.4 Hz, 1H,
Ar-H), 6.56 (td, ] =7.6, 1.4 Hz, 1H, Ar-H), 4.91 (s, 2H, -NH,), 3.88-3.78 (m, 4H, Piperazine
Hs), 2.43-2.33 (m, 4H, Piperazine Hs), 2.22 (s, 3H, -N-CH3). 13C NMR (101 MHz, DMSO) &
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163.06, 161.84, 158.55, 143.74, 127.31, 126.96, 123.23, 116.81, 116.48, 116.32, 54.66, 46.00, 43.72.

MS m/z: 313.36 [M + H]. HRMS m/z: 313.1770 [M + HJ*; C14Hp0NgO*: 313.1776. HPLC:

rt 5.58 min (purity 100%), yield: 55%.
N-(2-aminophenyl)-5-(4-methylpiperazin-1-yl)pyrazine-2-carboxamide (190).

1 H NMR (400 MHz, DMSO-dg) & 9.58 (s, 1H, -CO-NH-Ar), 8.69 (d, ] = 1.3 Hz, 1H,
Ar-H of Pyrazine), 8.34 (d, ] = 1.4 Hz, 1H, Ar-H of Pyrazine), 7.45 (dd, ] = 7.9, 1.4 Hz,
1H, Ar-H), 6.96-6.87 (m, 1H, Ar-H), 6.80 (dd, ] = 8.0, 1.4 Hz, 1H, Ar-H), 6.62 (td, ] = 7.7,
1.4 Hz, 1H, Ar-H), 4.82 (s, 2H, -NH,), 3.76-3.68 (m, 4H, Piperazine Hs), 2.45-2.37 (m,
4H, Piperazine Hs), 2.22 (s, 3H, -NCH3). *C NMR (101 MHz, DMSO) 6 162.32, 155.54,
142.40, 142.00, 133.13, 129.19, 125.99, 124.81, 117.49, 117.22, 54.57, 46.15, 44.29. MS m/z:
313.36[M + H]. HRMS m/z: 313.1770 [M + H]*; C14HoNO™: 313.1776. HPLC: rt 5.91 min
(purity 99.7%), yield: 66%.

N-(2-Amino-5-(thiophen-2-yl)phenyl)-5-(4-(2-(1-methyl-1H-indol-3-yl)ethyl)piperazin-
1-yl)pyrazine-2-carboxamide (21a).

1 HNMR (400 MHz, DMSO-dg) 6 9.67 (s, 1H, -CO-NH-Ar), 8.73 (d,] = 1.3 Hz, 1H, Ar-H
of Pyrazine), 8.37 (d, ] = 1.4 Hz, 1H, Ar-H of Pyrazine), 7.78 (d, ] = 2.2 Hz, 1H, Ar-H), 7.54
(dt,]=7.9,1.0 Hz, 1H, Ar-H), 7.39-7.31 (m, 2H, Ar-H), 7.25-7.22 (m, 2H, Ar-H), 7.16-7.09
(m, 2H, Ar-H), 7.04 (dd, J = 5.1, 3.6 Hz, 1H, Ar-H), 7.00 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H, Ar-H),
6.83 (d, ] = 8.3 Hz, 1H, Ar-H), 5.08 (s, 2H, -NH3), 3.77 (t, ] = 5.1 Hz, 4H, Piperazine Hs),
3.72 (s, 3H, -NCH3), 2.93-2.83 (m, 2H, -N-CH,CH,-Ar), 2.70-2.56 (m, 6H, -N-CH,CH,-Ar +
Piperazine Hs). 13C NMR (101 MHz, dmso) & 162.59, 155.57, 144.77, 142.55, 142.03, 137.02,
133.02, 129.20, 128.63, 127.99, 127.42, 124.81, 123.82, 123.40, 122.27, 121.61, 121.42, 118.98,
118.68, 117.39, 112.28, 109.94, 59.16, 52.75, 44.47, 32.66, 22.67. MS m/z: 536.52 [M — H]~,
538.48 [M + H]*, HRMS m/z: 538.2386 [M + H]*; calculated C3yH3>N7;OS *: 538.2389.
HPLC: rt 9.64 min (95%), yield: 65%.

5-(4-(2-(1H-indol-3-yl)ethyl)piperazin-1-yl)-N-(4-amino-4’-fluoro-[1,1’-biphenyl]-3-
yl)pyrazine-2-carboxamide (21b).

1 H NMR (400 MHz, DMSO-d;) 6 10.76 (s, 1H, -NH of indole), 9.67 (s, 1H, CO-NH-Ar),
8.72(d, ] =1.3 Hz, 1H, Ar-H of Pyrazine), 8.37 (d, ] = 1.3 Hz, 1H, Ar-H of Pyrazine), 7.77
(s, 1H, Ar-H), 7.60-7.48 (m, 3H, Ar-H), 7.32 (d, ] = 8.0 Hz, 1H, Ar-H), 7.28-7.13 (m,
4H, Ar-H), 7.06-6.94 (m, 2H, Ar-H), 6.88 (d, ] = 8.3 Hz, 1H, Ar-H), 5.02 (s, 2H, -NH,),
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3.84-3.68 (m, 4H, Piperazine Hs), 2.97-2.80 (m, 2H, -N-CH,CH,-Ar), 2.67-2.59 (m, 6H,
-N-CH,CHj,-Ar + Piperazine Hs). 1*C NMR (101 MHz, DMSO) § 162.54, 160.29, 155.58,
142.52,141.79, 137.28, 136.63, 133.05, 129.20, 128.34, 127.83, 124.93, 124.29, 123.19, 122.96,
121.27,118.72,118.58, 117.53, 116.04, 115.83, 112.90, 111.77, 59.14, 52.76, 44.49, 22.85.MS m/ z:
536.16 [M + H]. HRMS m/z: 536.2573 [M + H]*; calculated C31H31FN;O *: 536.2574. HPLC:
rt 9.01 min (purity 96.3%), yield: 88%.

5-(4-(2-(1H-indol-3-yl)ethyl)piperazin-1-yl)-N-(4-amino-2’-fluoro-[1,1’-biphenyl]-3-
yl)pyrazine-2-carboxamide (21c).

1 H NMR (400 MHz, DMSO-dg) & 10.76 (s, 1H, -NH of indole), 9.68 (s, 1H, CO-NH-Ar),
8.72 (s, 1H, Ar-H of Pyrazine), 8.37 (s, 1H, Ar-H of Pyrazine), 7.69 (s, 1H, Ar-H), 7.53-7.15
(m, 8H, Ar-H), 7.05 (t,] =8 Hz, 1H, Ar-H), 6.96 (t, ] = 8 Hz, 1H, Ar-H), 6.89 (d, ] = 8.0 Hz, 1H,
Ar-H), 5.09 (s, 2H, -NHy), 3.77-3.73 (m, 4H, Piperazine Hs), 3.02-2.76 (m, 2H, -N-CH,CHo,-
Ar), 2.76-2.49 (m, 6H, -N-CH,CHj-Ar + Piperazine Hs). 13C NMR (101 MHz, DMSO) 6
162.57,158.27, 155.57, 142.52, 142.17, 136.63, 133.06, 130.55, 130.51, 129.19, 127.67, 125.49,
125.22,125.19, 124.45, 123.86, 122.95, 121.31, 118.72, 118.58, 116.99, 116.56, 116.33, 112.90,
111.77,59.14, 52.76, 44.49, 22.85. MS m/z: 536.36 [M + H]. HRMS m /z: 558.2393 [M+Na]*;
calculated C31H30FN;ONa*: 558.2393. HPLC: rt 10.75 min (purity 96.4%), yield: 85%.

N-(2-Amino-4-fluorophenyl)-5-(piperazin-1-yl)pyrazine-2-carboxamide (23a).

1'H NMR (400 MHz, DMSO-dg) 5 9.51 (s, 1H, -CO-NH-Ar), 8.66 (d, ] = 1.3 Hz, 1H,
Ar-H of Pyrazine), 8.29 (d, ] = 1.4 Hz, 1H, Ar-H of Pyrazine), 7.29 (dd, ] =8.7, 6.3 Hz, 1H,
Ar-H), 6.56 (dd, ] =11.1,2.9 Hz, 1H, Ar-H), 6.37 (td, ] = 8.6, 2.9 Hz, 1H, Ar-H), 5.15 (s, 2H,
-NHy;), 3.72-3.58 (m, 4H, Piperazine Hs), 3.29 (s, 1H, NH), 2.92-2.68 (m, 4H, Piperazine
Hs). MS m/z: 315.46 [M — H]~. 13C NMR (101 MHz, DMSO) 6 162.75, 162.12, 159.74,
155.61, 144.93, 144.82, 142.46, 129.03, 127.33, 127.23, 120.33, 103.06, 102.84, 102.64, 102.39,
45.68,45.53. HRMS m/z: 317.1525 [M + H]*; calculated C15H;gFNgO*: 317.1526. HPLC:
rt 3.72 min (purity 97.9%), yield: 30%.

4-(5-((2-Amino-5-fluorophenyl)carbamoyl)pyrazin-2-yl)-1-((1-methyl-1H-indol-3-
yl)methyl)piperazin-1-ium chloride (23b).

1 H NMR (400 MHz, DMSO-dg) § 11.22 (s, 1H, Piperazinium H), 10.27 (s, 1H, -CO-NH-
Ar), 8.76 (d,] = 1.3 Hz, 1H, Ar-H of Pyrazine), 8.43 (d, ] = 1.5 Hz, 1H, Ar-H of Pyrazine),
7.84 (dt,]=79,1.0 Hz, 1H, Ar-H), 7.63 (s, 1H, Ar-H), 7.55 (dd, ] = 10.3, 2.9 Hz, 1H, Ar-H),
7.51-7.46 (m, 1H, Ar-H), 7.39-7.32 (m, 1H, Ar-H), 7.22 (ddd, ] = 8.2, 7.0, 1.2 Hz, 1H, Ar-H),
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7.14 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H, Ar-H), 7.08 (td, J = 8.4, 3.0 Hz, 1H, Ar-H), 4.67 (d,
] =14.2 Hz, 2H, -N-CH,-Indole), 4.50 (s, 2H, -NH>), 3.82 (s, 3H, -N-CH3), 3.49 (t,] = 12.3 Hz,
4H, Piperazine Hs), 3.36-2.93 (m, 4H, Piperazine Hs). HRMS m/z: 460.2260 [M + HJ*;
calculated CpsHy,FN;O*: 460.2261. HPLC: rt 7.47 min (purity 96.7%), yield: 56%.

N-(2-Amino-5-fluorophenyl)-5-(4-(2-(1-methyl-1H-indol-3-yl)ethyl)piperazin-1-
yl)pyrazine-2-carboxamide (23c).

1 H NMR (400 MHz, DMSO-dg) § 9.72 (s, 1H, -CO-NH-Ar), 8.72 (d, ] = 1.3 Hz, 1H,
Ar-H of Pyrazine), 8.38 (d, ] = 1.4 Hz, 1H, Ar-H of Pyrazine), 7.59 (dd, ] = 10.8, 3.0 Hz,
1H, Ar-H), 7.53 (dt,] = 7.9, 1.0 Hz, 1H, Ar-H), 7.38-7.32 (m, 1H, Ar-H), 7.17-7.08 (m, 2H,
Ar-H), 7.00 (ddd, ] =7.9,7.0,1.0 Hz, 1H, Ar-H), 6.83 (dd, ] = 8.8, 5.9 Hz, 1H, Ar-H), 6.76 (td,
J =8.5,3.0 Hz, 1H, Ar-H), 4.73 (s, 2H, -NH2), 3.79-3.74 (m, 4H, Piperazine Hs), 3.72 (s, 3H,
-NCH3), 2.88 (dd, ] = 9.0, 6.6 Hz, 2H, -N-CH,CH,-Ar), 2.67-2.58 (m, 6H, -N-CH,CHj,-Ar +
Piperazine Hs). '3C NMR (101 MHz, DMSO) § 162.26, 142.59, 129.28, 127.42, 121.42, 120.29,
118.97, 118.68, 117.04, 109.94, 59.14, 52.74, 44.45, 32.66, 22.67. MS m/z: 472.56 [M — H]~,
474.50 [M + H]*, HRMS m/z: 474.2414 [M + HJ*; calculated CpgHygFN;O": 474.2417 HPLC:
rt 7.44 min (purity 96.6%), yield: 68%.

N-(2-amino-4-chlorophenyl)-5-(piperazin-1-yl)pyrazine-2-carboxamide (25a).

1'H NMR (400 MHz, DMSO-dg) 5 9.57 (s, 1H, -CO-NH-Ar), 8.67 (d, ] = 1.3 Hz, 1H,
Ar-H of Pyrazine), 8.30 (d, ] = 1.3 Hz, 1H, Ar-H of Pyrazine), 7.41 (d, ] = 8.5 Hz, 1H,
Ar-H), 6.83 (d, ] = 2.4 Hz, 1H, Ar-H), 6.62 (dd, ] = 8.5, 2.4 Hz, 1H, Ar-H), 5.15 (s, 2H,
-NH,), 3.65-3.60 (m, 4H, Piperazine Hs), 3.29 (s, 1H, Piperazine NH), 2.84-2.74 (m, 4H,
Piperazine Hs). 13C NMR (101 MHz, DMSO) & 162.63, 155.63, 143.99, 142.55, 129.94, 129.04,
126.58, 123.36, 118.29, 116.55, 115.90, 45.75, 45.63. MS m /z: 333.34 [M + H] *. HRMS m/ z:
333.1230 [M + H]*; calculated C15H13CINgO*: 333.1230. HPLC: rt 4.77 min (purity 96.6%),
yield: 90%.

N-(2-amino-4,5-difluorophenyl)-5-(piperazin-1-yl)pyrazine-2-carboxamide (25b).

1 H NMR (400 MHz, DMSO-dg) 6 9.62 (s, 1H, CO-NH-Ar), 8.67 (d,] = 1.3 Hz, 1H, Ar-H
of Pyrazine), 8.30 (d, ] = 1.3 Hz, 1H, Ar-H of Pyrazine), 7.55 (dd, ] = 12.4, 8.7 Hz, 1H, Ar-H),
6.77 (dd, ] = 12.8, 8.2 Hz, 1H, Ar-H), 5.02 (s, 2H, NH3), 3.70-3.60 (m, 4H, Piperazine Hs),
3.30 (s, 1H, NH), 2.85-2.75 (m, 4H, Piperazine Hs). 13C NMR (101 MHz, DMSO) § 162.58,
155.66, 142.63, 139.28, 132.36, 129.09, 120.61, 113.28, 113.08, 104.62, 104.42, 45.68, 45.53. MS
m/z: 335.60 [M + H]. HRMS m/z: 335.1430 [M + H]"; calculated C;5H;7F,NgO *: 335.1431.
HPLC: rt 3.57 min (purity 95.6%), yield: 50%.

N-(2-amino-5-(trifluoromethyl)phenyl)-5-(piperazin-1-yl)pyrazine-2-carboxamide (27a).
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1 H NMR (400 MHz, DMSO-dg) 6 9.65 (s, 1H, CO-NH-Ar), 8.68 (d,] = 1.2 Hz, 1H, Ar-H
of Pyrazine), 8.31 (d, ] = 1.0 Hz, 1H, Ar-H of Pyrazine), 7.73 (d, ] = 1.9 Hz, 1H, Ar-H), 7.23
(d,] =84Hz, 1H, Ar-H), 6.89 (d, ] = 8.2 Hz, 1H, Ar-H), 5.57 (s, 2H, NH2), 3.72-3.57 (m, 4H,
Piperazine Hs), 3.35 (s, 1H, NH), 2.86-2.71 (m, 4H, Piperazine Hs). I3C NMR (101 MHz,
DMSO) & 162.98, 155.64, 146.18, 142.66, 132.53, 129.05, 126.77, 124.08, 123.56, 123.20, 122.44,
116.18, 45.70, 45.57.MS m/z: 367.46 [M + H]. HRMS m/z: 367.1493 [M + H]"; calculated
Ci6H18F3NgO *: 367.1494. HPLC: rt 7.16 min (purity 95.7%), yield: 80%.

N-(2-amino-4-methylphenyl)-5-(piperazin-1-yl)pyrazine-2-carboxamide (27b).

1 H NMR (400 MHz, DMSO-dg) 6 9.48 (s, 1H, CO-NH-Ar), 8.66 (d,] = 1.3 Hz, 1H, Ar-H
of Pyrazine), 8.29 (d, ] = 1.2 Hz, 1H, Ar-H of Pyrazine), 7.29 (d, ] = 8.0 Hz, 1H, Ar-H), 6.60
(s, 1H, Ar-H), 6.43 (d, ] = 8.2 Hz, 1H, Ar-H), 4.74 (s, 2H, NH}), 3.69-3.57 (m, 4H, Piperazine
Hs), 3.22 (s, 1H, NH), 2.79-2.76 (m, 4H, Piperazine Hs), 2.16 (s, 3H, CH3). 13C NMR
(101 MHz, DMSO) 6 162.32, 155.62, 142.36, 141.92, 135.04, 132.91, 129.03, 124.87, 122.24,
118.19, 117.60, 45.74, 45.61, 21.23.HRMS m/z: 313.1771 [M + H]*; calculated C15H1 NgO*:
313.1776. HPLC: rt 3.01 min (purity 98.2%), yield: 85%.

N-(2-amino-4-methoxyphenyl)-5-(piperazin-1-yl)pyrazine-2-carboxamide (27c).

1 H NMR (400 MHz, DMSO-dg) & 9.41 (s, 1H, CO-NH-Ar), 8.65 (d, ] = 1.2 Hz, 1H,
Ar-H of Pyrazine), 8.28 (d, ] = 1.2 Hz, 1H, Ar-H of Pyrazine), 7.20 (d, ] = 8.7 Hz, 1H,
Ar-H), 6.36 (d,] =2.8 Hz, 1H, Ar-H), 6.19 (dd, ] = 8.7, 2.8 Hz, 1H, Ar-H), 4.86 (s, 2H, NH,),
3.68-3.55 (m, 7H, Piperazine Hs + OCH3), 3.32 (s, 1H, NH), 2.87-2.68 (m, 4H, Piperazine
Hs). 3C NMR (101 MHz, DMSO) § 162.51, 158.10, 155.59, 143.98, 142.31, 133.02, 129.01,
126.67,117.62,102.75, 101.90, 55.31, 45.70, 45.56. MS m/z: 329.38 [M + H]*. HRMS m/z:
329.1725 [M + HJ*; calculated C14H21NgO,*: 329.1725. HPLC: rt 3.14 min (purity 100%),
yield: 82%.

N-(2-amino-5-(thiophen-3-yl)phenyl)-5-(4-methylpiperazin-1-yl)pyrazine-2-carboxamide
(29a).



Int. J. Mol. Sci. 2022, 23, 369

28 of 34

1 H NMR (400 MHz, DMSO-dg) 4 9.65 (s, 1H, CO-NH-Ar), 8.71 (d, ] = 1.3 Hz, 1H,
Ar-H of Pyrazine), 8.35 (d, ] = 1.3 Hz, 1H, Ar-H of Pyrazine), 7.77 (d, ] = 2.1 Hz, 1H, Ar-H),
7.57-7.51 (m, 2H, Ar-H), 7.39 (dd, ] =4.2, 2.3 Hz, 1H, Ar-H), 7.30 (dd, J = 8.3, 2.1 Hz, 1H,
Ar-H), 6.83 (d, ] = 8.3 Hz, 1H, Ar-H), 4.96 (s, 2H, NH2), 3.77-3.66 (m, 4H, Piperazine Hs),
2.46-2.36 (m, 4H, Piperazine Hs), 2.22 (s, 3H, CH3). >*C NMR (101 MHz, DMSO) § 162.52,
155.56, 142.47, 142.25, 141.65, 133.10, 129.21, 127.00, 126.25, 124.99, 124.70, 124.17, 123.04,
118.31, 117.34, 54.57, 46.16, 44.30. MS m/z: 395.20 [M + H]. HRMS m/z: 395.1652 [M + H]*;
calculated CyoHp3NgOS *: 395.1654. HPLC: rt 6.88 min (purity 100%), yield: 80%.

N-(2-Amino-5-(thiophen-2-yl)phenyl)-5-(piperazin-1-yl)pyrazine-2-carboxamide (29b).

1 H NMR (400 MHz, DMSO-dg) 6 9.65 (s, 1H, -CO-NH-Ar), 8.70 (d, ] = 1.3 Hz, 1H,
Ar-H of Pyrazine), 8.32 (d, ] = 1.4 Hz, 1H, Ar-H of Pyrazine), 7.78 (d, ] = 2.2 Hz, 1H, Ar-H),
7.35(dd, ] =5.1, 1.1 Hz, 1H, Ar-H), 7.27-7.21 (m, 2H, Ar-H), 7.04 (dd, J = 5.1, 3.6 Hz, 1H,
Ar-H), 6.83 (d, ] = 8.3 Hz, 1H, Ar-H), 5.07 (s, 2H, -NHy), 3.72-3.60 (m, 4H, Piperazine Hs),
2.82-2.71 (m, 4H, Piperazine Hs). 13C NMR (101 MHz, dmso) § 162.60, 155.62, 144.77,
142.55, 141.99, 132.76, 129.10, 128.63, 124.84, 123.82, 123.41, 122.23, 121.61, 117.40, 45.61,
45.42. MS m/z: 379.36 [M — H]~, 381.39 [M + H]*, HRMS m/z: 381.1494 [M + H]*;
calculated C19H1NgOS*: 381.1497. HPLC: rt 7.20 min (purity 98.5%), yield: 76%.

N-(4-amino-4’-fluoro-[1,1-biphenyl]-3-yl)-5-(piperazin-1-yl)pyrazine-2-carbox- amide (29c).

1 H NMR (400 MHz, DMSO-dg) 5 9.65 (s, 1H, CO-NH-Ar), 8.70 (d, J = 1.3 Hz, 1H,
Ar-H of Pyrazine), 8.32 (d, ] = 1.2 Hz, 1H, Ar-H of Pyrazine), 7.77 (s, 1H, Ar-H), 7.58-7.53
(m, 2H, Ar-H), 7.25-7.17 (m, 3H, Ar-H), 6.87 (d, ] = 8.3 Hz, 1H, Ar-H), 5.02 (s, 2H, NHy),
3.71-3.59 (m, 4H, Piperazine Hs), 3.27 (s, 1H, NH), 2.86-2.74 (m, 4H, Piperazine Hs). 13C
NMR (101 MHz, DMSO) & 162.56, 160.29, 155.64, 142.52, 141.75, 137.29, 132.76, 129.08,
128.35, 127.90, 124.96, 124.25, 123.13, 117.54, 116.07, 45.69, 45.54. MS m/z: 393.47 [M + H]*.
HRMS m/z: 393.1837 [M + H]*; calculated C>1HyFNgO™: 393.1839. HPLC: rt 7.07 min
(purity 99.6%), yield: 88%.

N-(4-amino-2’-fluoro-[1,1’-biphenyl]-3-yl)-5-(4-methylpiperazin-1-yl)pyrazine-2-
carboxamide (29d).
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1 H NMR (400 MHz, DMSO-dg) 6§ 9.67 (s, 1H, CO-NH-Ar), 8.70 (s, 1H, Ar-H of
Pyrazine), 8.35 (s, 1H, Ar-H of Pyrazine), 7.68 (s, 1H, Ar-H), 7.44 (td, ] =7.9, 1.7 Hz, 1H,
Ar-H), 7.34-7.11 (m, 4H, Ar-H), 6.88 (d, ] = 8.3 Hz, 1H, Ar-H), 5.09 (s, 2H, NH,), 3.77-3.65
(m, 4H, Piperazine Hs), 2.64-2.35 (m, 4H, Piperazine Hs), 2.21 (s, 3H, CH3). 13C NMR
(101 MHz, DMSO) 6 162.55, 160.70, 158.27, 155.56, 142.49, 142.18, 133.08, 130.55, 129.19,
126.63,125.50, 125.19, 124.44, 123.85, 116.99, 116.56, 116.33, 54.57, 46.15, 44.30. HRMS m/ z:
407.1992 [M + H]*; calculated CppHp4FNgO*: 407.1995. HPLC: rt 7.44 min (purity 97.9%),
yield: 85%.

4.2. Biological Evaluation
4.2.1. In Vitro HDAC Inhibition Assay

Recombinant human HDAC1, HDAC2, and HDAC3/NCOR1 were purchased from
ENZO Life Sciences AG (Lausen, CH). Recombinant human HDAC 4, HDAC5, HDAC?,
HDAC9 and HDAC11 were produced by Barinka lab in Prague, as described before [43,54].
Recombinant human HDACS8 was produced by Romier et al. (IGBMC, Univ. Strasbourg),
as described in [55].

The in vitro testing on recombinant HDACs 1-3 were performed with a fluorogenic
peptide derived from p53 (Ac-RHKK(Acetyl)-AMC). The measurements were performed in
an assay buffer (50 mM Hepes, 150 mM NaCl, 5 mM MgCl,, 1 mM TCEP and 0.2 mg/mL
BSA, pH 7.4 adjusted with NaOH) at 37 °C. Inhibitors at different concentrations were
incubated with 10 nM HDAC1, 3 n M HDAC2 or 3 nM HDACS3 (final concentration) for
at least 5 min. The reaction was started with the addition of the fluorogenic substrate
(20 uM final concentration) and incubated for 30 min for HDAC2 and HDAC3 and 90 min
for HDAC1. The reaction was stopped with a solution of 1 mg/mL trypsin and 20 uM
SAHA in 1 mM HCI and incubated for 1 h at 37 °C. The fluorescence intensity was recorded
with an Envision 2104 Multilabel Plate Reader (PerkinElmer, Waltham, MA, USA) with
an excitation wavelength of 380 &= 8 nm and an emission wavelength of 430 £ 8 nm. The
received fluorescence intensities were normalized with uninhibited reaction as 100% and
the reaction without enzyme as 0%. A nonlinear regression analysis was done to determine
the IC50 value.

The determination of dose response curves for HDAC4, 5, 7 and 9 was performed
as previously described [43] with compound 4 as substrate (Abz-SRGGK(thio-TFA)FFRR-
NH2). The substrate concentration was 50 pM and the enzyme concentration was 10 nM for
HDAC4 and HDACS5, 5 nM for HDAC? and 20 nM for HDAC9. HDACI1 inhibition assay
was performed as described before [56]. The fluorescence intensity was recorded with
an Envision 2104 Multilabel Plate Reader (PerkinElmer, Waltham, MA) with an excitation
wavelength of 330 £ 75 nm and an emission wavelength of 430 &= 8 nm.

The enzyme inhibition of HDACS8 was determined by using a reported homogenous
fluorescence assay 2 [57], The enzymes were incubated for 90 min at 37 °C, with the
fluorogenic substrate ZMAL (Z (Ac)Lys-AMC) in a concentration of 10.5 pM and increas-
ing concentrations of inhibitors. Fluorescence intensity was measured at an excitation
wavelength of 390 nm and an emission wavelength of 460 nm in a microtiter plate reader
(BMG Polarstar).

4.2.2. Cellular Assay

To determine the cytotoxicity of the developed compounds on the human epithelial
kidney, cell line HEK293 was used. HEK293 cells (DSMZ Braunschweig, ACC305) were
incubated at 37 °C in a humidified incubator with 5% CO; in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FCS and 5 mM glutamine. Cells were seeded
out at 1.5 x 103 cells per well in a 96-well cell culture plate (TPP, Switzerland). The com-
pounds to be tested were added immediately to the medium at 50 uM. After 24 h, Alamar
Blue reagent (Invitrogen, CA) was added according to the manufacturer’s instructions and
incubated again for 21 h before samples were analyzed. Detection of viable cells which
convert the resazurine reagent into the highly fluorescent resorufin was performed by
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using a FLUOstarOPTIMA microplate reader (BMG Labtec) with the following filter set:
Ex 530 nm/Em 590 nm. Measurements were performed in triplicate and data are means
with standard deviation <12%. Daunorubicin was used as a positive control and
an IC50 value of 12.55 + 0.07 uM was measured.

All leukemic cells were kept in RPMI-1640 medium supplemented with 10% FBS and
1%penicillin/streptomycin (Sigma-Aldrich, Taufkirchen, Germany) under standard culture
conditions at 37 °C and a 5% CO; humidified atmosphere. Cells were authenticated as
mentioned by us [51].

4.3. Computational Studies

Protein structures were retrieved from the Protein Data bank (PDB) (PDB ID: 4BKX,
4LY1. 4A69) [58]. The HDAC1 (PDB ID: 4BKX) in apo-form and HDAC3 (PDB ID:
4A69) in apo-form were minimized with the ligand of HDAC2 (PDB ID: 4LY1) and BG-
45 molecules [59], respectively. All protein structures were prepared using the Protein
Preparation Wizard module in Schrédinger Suite [60]. Hydrogen atoms and missing side
chains were added. With the exception of a conserved water molecule bound to a conserved
histidine in HDAC1, 2 and 3, all water molecules were removed from the X-ray structures.
The protonation states and tautomeric forms of the amino acids were optimized using
PROPKA tool at pH 7.0. The potential energy of the three optimized structures was mini-
mized using OPLS3e force-field [61]. Ligands were prepared using the LigPrep module in
Schrodinger Suite using OPLS3e force-field. Conformations of prepared ligands were gener-
ated using the Confgen tool in Schrédinger Suite by applying 64 conformers per each ligand
and minimizing the conformers. Molecular docking studies were conducted by applying
the Glide program in Schrodinger Suite. The grid box was generated with 10*10*10 A size
using the Receptor Grid Generation module in Schédinger19. Standard Precision (SP) mode
with flexible ligand sampling was utilized for docking. To validate the docking protocol,
re-docking studies were done. The RMSD values of the re-docking studies corresponding
to the binding mode in HDAC1, HDAC2 and HDACS3 are observed as 0.17, 0.29, 0.28 A,
respectively. Docking poses were visualized in the MOE2018.01 program [62].

Molecular dynamics (MD) simulations were carried out using Amber18 [63]. MD
systems were generated using the obtained docking poses of 191, 21a, 23a, and 29b. First,
the antechamber module was used to prepare the topologies and force field parameters of
the ligands using the general Amber Force Field (GAFF) [63] and AM1-BCC as the atomic
charges method semi empirical (AM1), and bond charge correction (BCC) [64,65]. Then,
MD systems were generated using the TLeaP package and the ff03 force field for protein
and GAFF for the ligands. The systems were solvated with the TIP3P solvation model.
The octahedral box was generated with 10 A. The prepared systems were used to run MD
simulation. The simulation protocol includes different steps. Initially, two minimization
steps were carried out. In each step, 4000 iterations, including the first 3000 steepest
descent and 1000 conjugate gradient, were subjected to the MD systems. First, only solvent
atoms were minimized in the first minimization step, while protein and ligand atoms were
kept in their initial coordinates with a force constant of 10 kcal mol -1A -1. Then, in the
second minimization, the whole system, including the protein and ligand, were minimized.
Subsequently, the system was heated from 0 K to 300 K through 100 ps MD. The complex
atoms were again restrained with a force constant of 10 kcal mol -1A -1 to prevent the
large structural deviation. Next, the density was evaluated during 100ps MD. Afterwards,
the systems were equilibrated through 200 ps MD before the MD step. The SHAKE
algorithm was used to restrain all bonds involving hydrogens [66]. Temperature was
controlled by Langevin Dynamics using a collision frequency of 2 ps-1 and pressure of 1 bar.
In the MD step, 100 ns MD simulation were performed for each system. The trajectories
were analyzed using the CPPTRA]J module and VMD [67].
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4.4. PAINS Filter

All the herein described compounds were filtered for pan-assay interference com-
pounds (PAINS) [68]. For this purpose, PAINS1, PAINS2 and PAINSS3 filters, as imple-
mented in Schrédinger’s Canvas program, were employed. None of the compounds were
flagged as a PAIN.

4.5. In Silico Prediction of Pharmacokinetic and Tox Data

For the in silico prediction the PreADMET web application was used (https:/ /preadmet.
bmdrc.kr/admetox/ accessed date 10 November 2021). The Pre ADMET approach is
based on different classes of molecular descriptors that are considered for generating
the quantitative structure property relationship or binary classification models. The fol-
lowing properties were calculated: human intestinal absorption (% HIA) [69], plasma
protein binding, water solubility, AlogP classification models which were used to predict
the inhibition of several cytochromes, hERG and para-glycoprotein (p-gp). To predict
the human toxicity the ProTox-II approach [70] which is available as web service (https:
/ /tox-new.charite.de/protox_II/ accessed date 10 November 2021) was used. ProTox-II
uses molecular similarity, fragment propensities, most frequent features and (fragment
similarity based cross-validation) machine-learning, based on a total of 33 models for the
prediction of various toxicity endpoints, such as acute toxicity, hepatotoxicity, cytotoxicity,
carcinogenicity, mutagenicity, immunotoxicity, adverse outcomes (Tox21) pathways and
toxicity targets.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ijms23010369/s1.
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Abstract

Class I histone deacetylase (HDAC) enzymes are key regulators of cell proliferation and
are frequently dysregulated in cancer cells. Here we describe the synthesis of a novel
series of class-I selective HDAC inhibitors containing anilinobenzamide moieties as ZBG
connected with a central (piperazin-1-yl)pyrazine moiety. Compounds were tested in vitro
against class-1 HDACI, 2, and 3 isoforms. Some highly potent HDAC inhibitors were
obtained and were tested in pancreatic cancer cells and showed promising activity.
Moreover, we summarize how the growth-inhibitory effects of these compounds can be

determined in murine pancreatic cancer cell lines.
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Abstract

Class I histone deacetylase (HDAC) enzymes are key regulators of cell proliferation and are frequently
dysregulated in cancer cells. Here we describe the synthesis of a novel series of class-I selective HDAC
inhibitors containing anilinobenzamide moieties as ZBG connected with a central (piperazin-1-yl)pyrazine
moiety. Compounds were tested in vitro against class-I HDACI, 2, and 3 isoforms. Some highly potent
HDAC inhibitors were obtained and were tested in pancreatic cancer cells and showed promising activity.
Moreover, we summarize how the growth-inhibitory effects of these compounds can be determined in
murine pancreatic cancer cell lines.

Key words Class-1 histone deacetylases inhibitors, HDAC, Anilinobenzamides, Capping group,
Pancreas cancer

1 Introduction

Classical zinc-dependent HDAC inhibitors (HDAC:s) can be clas-
sified into four major groups based on their structures. These are
hydroxamates, benzamides, cyclic peptides, and short-chain fatty
acids [1, 2]. To date, four HDACis have been approved for the
treatment of haematological malignancies [3]. Many other HDA-
Cis are currently in clinical trials [4]. Recently, anilinobenzamides
have received extensive attention as selective class-I HDACis. Ani-
linobenzamides have improved class-I HDAC isoform selectivity
and strongly inhibit HDACI, 2 and 3 while they are poorly active
or inactive against HDACS [5]. The ortho-aminoanilide group acts
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Fig. 1 Representative examples of selective HDAC1, 2, and 3 inhibitors containing 2-aminobenzamide moiety
as Zinc binding group, connected to different linkers and capping groups

as ZBG instead of the hydroxamate group in other inhibitors. This
replacement allows them to afford selectivity towards HDAC1-3
isoforms [5]. Tacedinaline (CI-994, 1), entinostat (MS-275, 1I),
and mocetinostat (MGCDO0103, I1I) are among the first identified
members of the anilinobenzamide class (Fig. 1) [6-8]. Entinostat
and mocetinostat are currently in phase II trials for treatment of
different haematological malignancies including AML or CML as
monotherapy or in combination therapy [9, 10].

There is more than 80% sequence homology between
HDAC1 /2 isoforms. Therefore, it is challenging to design an
inhibitor that could preferentially discriminate between both iso-
forms. HDAC3 shares around 50% sequence homology with both
HDAC1 /2 isoforms [11]. In crystal structures of HDACI, 2, and
3, it was shown that there is an internal cavity (so-called foot
pocket) near to the catalytic region that could be occupied by
bulky aromatic groups, while in the case of HDAC3, this region is
occupied by a bulkier tyrosine residue, limiting access to this foot
pocket [11]. In this concern another strategy to improve the iso-
form selectivity towards HDACI1 /2 is the addition of aromatic
moiety like phenyl or thienyl ring in the position-5 of anilinoben-
zamide part to fill the foot pocket. For instance, compounds
(IV-VI) showed potent activity and high selectivity against
HDACI1 /2 isoforms over HDAC3 (Fig. 1) [12-14].

Here, we describe the synthetic approaches to develop isoform
selective HDACI1-3 inhibitors based on the general pharmacopho-
ric elements of the highly potent pan-HDACi quisinostat
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Fig. 2 Scheme showing the synthesis of novel selective HDAC1,2,3 inhibitors (8—11) through the modification
of general scaffold of Quisinostat (VII) by replacing the hydroxamic acid moiety with 2-aminobenzamide group

(JNJ-26481585, VII) (Fig. 2) [15]. The design of the novel com-
pounds is achieved through the replacement of hydroxamic acid
functionality with an anilinobenzamide core as ZBG (Fig. 2). Fur-
thermore, 2- or 3-thienyl substituents were introduced on the
anilinobenzamide scaffold to improve the selectivity toward
HDACI1 /2 isoforms (Fig. 2). In addition, the piperazinyl-pyrazine
group was used as a linker connecting the anilinobenzamide core
and indole capping groups. Also, it was interesting to study the
effect of the absence of the capping group on the HDAC isoform
selectivity. Therefore, several compounds were prepared lacking
such capping group (Fig. 2).

The general synthesis of planned compounds involves three-
step synthesis (Fig. 2). Firstly, different piperazinylpyrazine linkers
were synthesized via a direct alkylation reaction between the methyl
5-chloropyrazine-2-carboxylate and the appropriate substituted
piperazine derivative. The 3-indolyl capping group can be
connected to the piperazine linker through a reductive amination
reaction using indole-3-carboxaldehyde. The resultant esters were
subjected to alkaline hydrolysis to afford the corresponding carbox-
ylic acids. Finally, the carboxylic acids were coupled with the appro-
priate  substituted = mono-Boc-protected-o-phenylenediamine
derivatives, followed by Boc-deprotection, to afford the
2-anilinobenzamides.

All synthesized compounds were tested for their inhibitory
activity against human HDACI, 2, and 3 using a recently devel-
oped continuous enzymatic assay. In addition, several reported
HDACI-3 inhibitors (CI-994 and MS-275) were included as ref-
erence compounds (Table 1). The unsubstituted anilinobenzamide
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Table 1

Inhibitory activity of the synthesized compounds against class | HDACs

HDAC1 HDAG2 HDAC3
Cpd. No. R R? (ICso pM) (ICso pM) (IC5o M)
8 H 0.13 £ 0.01 0.28 £ 0.01 0.31 £ 0.01
N\
N
H
9 H / \ 0.07 £ 0.01 0.26 £ 0.01 6.1 0.7
S
10 CH; / \ 0.04 £ 0.01 0.79 £ 0.02 6% @1 pM
S
11 CH; %‘n 0.11 £ 0.01 0.18 £ 0.06 44 +0.1
| AN
S
CI994 - -~ 37% @ 1 yM 36% @ 1 yM 32% @1 pM
MS-275 - - 093 +0.1 0.95 +0.03 1.8 £ 0.1

n.d. not determined

(8) bearing the 3-indolyl ring as a capping group showed good
inhibitory activity against HDACI1, 2 and 3 with ICs( values
(0.13 pM, 0.28 pM, 0.31 pM, respectively). Interestingly, removal
of the capping group and modification of the anilinobenzamide
scaffold resulted in significant improvement in the HDAC activity
and selectivity. For instance, compound 9 having a 2-thienyl ring at
position-5 of the phenyl ring of the ZBG showed potent ICs
values against HDACI1 and HDAC2 (ICsp; 0.07 pM, 0.26 pM,
respectively) with little activity against HDAC3 (ICs¢; 6.1 pM).
Compound 10 was the most potent and selective inhibitor among
the synthesized compounds with ICs( values against HDACI and
2 (ICs50; 0.04 pM, 0.79 uM respectively). The most potent inhibi-
tors 8—10 were further tested in selected murine pancreatic ductal
adenocarcinoma (PDAC) cell lines F2612 and F5061 using the
Cell-Titer-Glo luminescent cell viability assay. When indicated,
HDAC2 or HDAC3 was genetically knocked out as described
previously [16], before seeding them for compound testing. ICsg
values were calculated from the measured dose-response curves.
The IC5q values of 8 and 9 were found in the low micromolar to
submicromolar range (Fig. 3) whereas the in vitro highly potent
HDACI inhibitor 10 gave an 1Csq value above 5 pM (data not
shown). The reference inhibitor MS-275 (entinostat) also resulted
in a weaker inhibition compared to 8 and 9. Only small changes in
the IC5 values were observed when comparing HDAC2-proficient
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Fig. 3 Dose-response curves of HDAG2-proficient/deficient F2612 and HDAC3-proficient/deficient F5061
murine pancreatic ductal adenocarcinoma cell lines treated with the novel synthesized HDAC1,2,3 inhibitors

8and 9

and deficient F2612 cells, but when comparing the ICs( values of
HDACS3-proficient and deficient F5061 cells, a shift towards a
higher ICs5y value was observed in the HDAC3-deficient cells,
suggesting that sensitivity towards these compounds in the tested
cell lines might be driven by HDAC3. After determining an effec-
tive dose-range, further experiments to validate the potency and
activity of HDACi compounds can be conducted such as measuring
differences in the histone H3 acetylation marks (e.g., Western blot
of H3K9ac, H3K27ac in treated and untreated cells) [17].

2 Materials

Materials and reagents were purchased from Sigma-Aldrich Co.,
Ltd. and abcr GmbH. All solvents were analytically pure and dried
before use.
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2.1 Component for
Alkylation

2.2 Components for
Reductive Amination

2.3 Components for
Synthesis of Different
Carboxylic Acids
Through Ester
Hydrolysis

2.4 Components for
Amide Coupling

2.5 Components for
Cleavage of Boc Group

2.6 Chromatography
Equipment

2.7 Enzymatic
Testing of HDAC
Inhibitors

. Reaction mixture: Methyl 5-chloropyrazine-2-carboxylate (1)

(10.0 mmol), toluene, piperazine derivative (2) (30.0 mmol).

. Chloroform, anhydrous sodium sulfate.

. Reaction mixture: piperazine derivative (3) (5.0 mmol),

dichloromethane, indole-3-carboxaldehyde (5.0 mmol), gla-
cial acetic acid, sodium triacetoxy borohydride (15 mmol).

. 1 M aqueous sodium hydroxide.

. Reaction mixture: Ester (3 or 4) (1.0 mmol), methanol, 1 M

aqueous sodium hydroxide (2.5 mmol).

. 1 M Aqueous hydrochloric acid.

. Reaction mixture: carboxylic acid (5 or 6) (1.0 mmol), N,

N-dimethylformamide, O-(7-azabenzotriazol-1-yl)-N,N,N']
N’-tetramethyluronium hexafluorophosphate HATU
(1.2 mmol), DIPEA (5.0 mmol), the appropriate amine
(0.9 mmol).

2. Ethyl acetate.

. 2 M aqueous ammonium chloride, 1 M aqueous sodium bicar-

bonate, brine.

. Reaction mixture: N-Boc-protected amine (7) (1 mmol),

dichloromethane, trifluoroacetic acid.

. 1 M aqueous sodium hydroxide.

. Thin layer chromatography was carried out on aluminum

sheets coated with silica gel 60 F254 (Merck, Darmstadt,
Germany).

. For medium pressure chromatography (MPLC), silica gel Bio-

tage®™ SNAP ultra HP-sphere 25 pm was used.

. Eluents for chromatography: Chloroform: Methanol (9:1) and

(8:2).

. Recombinant human HDACI1, HDAC2, and HDAC3/

NCORI were purchased from ENZO Life Sciences AG (Lau-
sen, CH).

. Substrate Ac-RHKK(Ac)-AMC was synthesized via solid phase

peptide synthesis in house. Prepare a 5 mM stock solution
in DMSO.

. HDAC-assay buffer: 50 mM 2-[4-(2-hydroxyethyl)piperazin-

1-yl]ethane-1-sulfonic acid (HEPES), 140 mM NaCl and
10 mM KCI, pH 7.4 adjusted with NaOH, supplemented



2.8 Cell Gulture

2.9 Viability Assay
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with 1 mM Tris(2-carboxyethyl)phosphine (TCEP) and
0.2 mg/mL bovine serum albumin (BSA).

. Stop solution: Trypsin from bovine pancreas 40 U/mg

(MERCK, Darmstadt, Germany), suberoylanilide hydroxamic
acid (SAHA). Prepare the stop solution with a concentration of
1 mg/mL Trypsin with 40 pM SAHA in 1 mM HCI directly
before use.

. Black 384 fluorescence well plate and plate sealer.

. Cells were generated from genetically engineered mouse mod-

els (GEMM) as described (16).

. Cell media: Dulbecco’s Eagle medium (high glucose) (Sigma-

Aldrich, Munich, Germany) supplemented with 10% FBS, 1%
penicillin /streptomycin (PenStrep).

. 4-Hydroxytamoxifen (Sigma-Aldrich, Munich, Germany).
4. Genotype of F2612: ESF-KrasGl12D/+, FESF-Trp53del/+,

Pdx1-Flp, R26CAG-FSF-CreERT2/FSE-CreERT2, Hda-
c2loxP/loxP, Genotype of F5061: FSF-KrasGl12D/+,
ESE-Trp53del/+, Pdx1-Flp, R26CAG-FSE-CreERT2 /FSE-
CreERT2, Hdac3loxP /loxP.

. Cell-Titer-Glo Luminescent Cell Viability Assay (Promega,

Walldorf, Germany).

2. White 96-well plates (Corning, Costar, Corning, NY, USA).
. FLUOstar OPTIMA microplate reader (BMG LABTECH,

Ortenberg, Germany).

3 Methods

3.1 Alkylation

3.2 Reductive
Amination

. Stir the reaction mixture containing the alkylation components

at 130 °C for 2 h.

. After completion of the reaction as indicated by TLC, pour the

mixture into ice cold water and extract the product with
chloroform.

. Wash the organic layer with brine then dry it over anhydrous

sodium sulphate.

. Finally, concentrate the organic layer under reduced pressure to

obtain the targeted products (3).

. Stir the reaction mixture at room temperature for 5 h.

. Quench the mixture by adding 1 M aqueous sodium hydroxide

and stir it for another 30 min.
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3.3 Synthesis of
Different Garboxylic
Acids Through Ester
Hydrolysis

3.4 Preparation of
Aminobenzamides by
Amide Coupling of the
Appropriate Garboxylic
Acids and
Corresponding
Amines, Followed by
Boc-Deprotection

3.5 Enzymatic
Testing of HDAC
Inhibitors

. Extract the formed suspension with dichloromethane and wash

the combined organic layer with brine.

. Concentrate the organic layer under reduced pressure and

purify the obtained solid by MPLC using (CHCl3: MeOH)
(9:1).

. Stir the reaction mixture at 70 °C for 3 h.

. Let the reaction mixture to cool to room temperature then

acidify the mixture by the dropwise addition of 1 M aqueous
hydrochloric acid.

. Filter the formed precipitate and dry it under vacuum to get

the corresponding carboxylic acid as HCI salts (5 and 6) (see
Note 1).

. Stir the reaction mixture at room temperature for 18 h (see

Note 2).

2. Dilute the reaction mixture with ethyl acetate.

. Wash the organic layer with 2 M aqueous ammonium chloride,

1 M sodium bicarbonate and brine.

. Dry the combined organic extracts over anhydrous sodium

sulfate and concentrate the solvent under reduced pressure.

. Purity the obtained residue by MPLC using (chloroform:

methanol) (9:1) to get the corresponding amide.

. For the preparation of free aminobenzamide derivatives (8-11),

dissolve the purified product (N-Boc-protected amide deriva-
tive) in dichloromethane, then add trifluoroacetic acid at 0 °C.

. Stir the reaction mixture at room temperature for 30 min, then

evaporate the reaction mixture under a vacuum.

. To remove the excess trifluoroacetic acid, add 1 M aqueous

solution of sodium hydroxide to the obtained residue and then
extract with ethyl acetate (see Note 3).

. Clean the obtained product by using MPLC (CHCl3: MeOH)

(8:2) to obtain the corresponding amide (8-11).

. The enzyme inhibition was determined by using a reported

homogenous fluorescence assay (17).

. Prepare a serial dilution of the compound for 8 concentrations

in HDAC assay buffer with a factor of threefold of the final
assay concentration. Possible final compound concentrations
are 0.006, 0.02, 0.06, 0.2, 0.6, 2, 6, 20 pM. Keep the DMSO
concentration constant and not above 5% final concentration.

. Add 7 pL of every compound concentration in quadruplicates

to the 384 fluorescence well plate. Add also 7 pL of a bufter/
DMSO mixture according to the DMSO concentration in your
dilution series in quadruplicates to the plate for negative and
positive control.



3.6 Biological
Assessment with a
Proliferation Assay
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. Prepare threefold enzyme in HDAC assay buffer and add 7 pL

to each compound containing well and to the wells designated
for the positive controls. Add 7 pLL HDAC assay bufter to the
wells designated for the negative control. Possible final HDAC
concentrations are 3 nM for HDAC2 and HDAC3 and 10 nM
for HDACI.

. Incubate the plate for 5 min at room temperature while

shaking.

. Prepare threefold substrate in HDAC assay buffer and add 7 pL.

to each well designated for the inhibitor assay to start the
enzymatic reaction. Using a multichannel pipette for step
4 and 6 is highly recommended.

. Cover the plate with a plate sealer and incubate the plate at

37 °C for 30 min for HDAC2 and 3 and 90 min HDACI.

. Add 21 pL stop solution to all wells used for the inhibitor

measurement, seal the plate with the plate sealer and incubate
it for 60 min at 37 °C.

. Measure the fluorescence intensity at wavelengths that belong

to AMC fluorescence, e.g., at an excitation wavelength of
390 nm and an emission wavelength of 460 nm in a microtiter
plate reader (Envision 2104 Multilabel Plate Reader).

. Murine cell lines grow in Dulbecco’s Eagle medium supple-

mented with 10% FBS, 1% penicillin/streptomycin (PenStrep)
at 37 °C and 5% CO,. Every third or fourth day (depending on
the cell confluence), the cells have to be splitin a 1:10 ratio into
new cell culture flask.

. Seed cells in a white 96-well plate at a density of 2 x 10 cells

per well in 100 pL growth medium (see above).

. 24 h after seeding, dilute compounds in a dilution series (1:3

ratio) in cell culture media with sixfold the final test concentra-
tions: e.g.: 60uM - > 20 pM - > 6,66 pM - > 222 pM -
> 0,74 pM - > 0,25 pM - > 0.08 pM.

. Treat cells with the prepared dilution series by adding 20 pL of

the dilutions to their designated wells and incubate the cells at
37 °C and 5% CO, for 72 h (see Note 4).

. Measure cell growth using the Cell-Titer-Glo Luminescent

Cell Viability Assay (see Note 5) according to manufacturer’s
instructions (see Note 6).

. Normalize measured values to control cell measurements and

calculate the desired ICs( -values (see Note 7) by using, e.g.,
GraphPadPrism (see Note 8).

. Compare the different calculated ICs values, as in our example

(Fig. 3).
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4 Notes

. In the event that no precipitate is formed, try to reduce the

amount of solvent by concentration under reduced pressure
and leave the mixture to cool. The product will start to
precipitate.

. For monitoring the progress of reaction by TLC, before spot-

ting try first to dilute 1 drop of the reaction mixture with ethyl
acetate (1.0 mL), followed by drying TLC sheet for 2 min at
50 °C. Otherwise the DMF may overlap with the product.

. It is better to make the aminobenzamide derivative as a free

base instead of TFA salt before purification by MPLC.

. Control cells were treated with 0.1% DMSO diluted in growth

media. In the HDAC: vehicle, 0.1% DMSO is equivalent to the
highest HDAC: dilution.

. Cell-Titer-Glo Luminescent Cell Viability Assay lyses cells and

measures the present ATP levels in the cell lysate which is
proportional to the total number of cells in each well. The
assay contains luciferin and luciferase, which converts luciferin
to oxyluciferin using ATP. The conversion of luciferin to oxy-
luciferin generates a luminescent signal which can be measured
using adequate detection devices (e.g., FLUOstar OPTIMA
microplate reader).

. In the described setting, 25 pL of Cell-Titer-Glo assay per well

is sufficient to induce a linear signal. Alternatively, other assays
to measure cell viability can be used instead such as the MTT
assay. MTT assay can be performed according to the manufac-
turer’s instructions, but if the media contains a pH indicator, it
should be caretully removed before adding twice (2 x 100 pL)
the solubilization solution (alternative to solubilization solu-
tion: 1:1 EtOH/DMSO solution). For MTT assay, cells can be
seeded in transparent 96-well plates.

. The measurement of the DMSO treated cells was set at 100%.

To obtain ICs values you have to repeat the experiment thrice
and calculate the mean of the measured values.

. Normalized measurements can be copied into GraphPadPrism

in triplicates, and concentration values should be log
transformed.
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Abstract

Class I histone deacetylases, HDAC1, HDAC2, and HDACS3, represent potential targets for
cancer treatment. However, the development of isoform-selective drugs for these enzymes
remains challenging due to their high sequence and structural similarity. In the current study,
we applied a computational approach to predict the selectivity profile of developed inhibitors.
Molecular docking followed by MD simulation and calculation of binding free energy was
performed for a dataset of 2-aminobenzamides comprising 30 previously developed
inhibitors. For each HDAC isoform, a significant correlation was found between the binding
free energy values and in vitro inhibitory activities. The predictive accuracy and reliability of
the best preforming models were assessed on an external test set of newly designed and
synthesized inhibitors. The developed binding free-energy models are cost-effective methods

and help to reduce the time required to prioritize compounds for further studies.
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Abstract: Class I histone deacetylases, HDAC1, HDAC2, and HDACS, represent potential targets for
cancer treatment. However, the development of isoform-selective drugs for these enzymes remains
challenging due to their high sequence and structural similarity. In the current study, we applied a
computational approach to predict the selectivity profile of developed inhibitors. Molecular docking
followed by MD simulation and calculation of binding free energy was performed for a dataset
of 2-aminobenzamides comprising 30 previously developed inhibitors. For each HDAC isoform,
a significant correlation was found between the binding free energy values and in vitro inhibitory
activities. The predictive accuracy and reliability of the best preforming models were assessed on an
external test set of newly designed and synthesized inhibitors. The developed binding free-energy
models are cost-effective methods and help to reduce the time required to prioritize compounds for
further studies.

Keywords: docking; binding free energy; 2-aminobenzamide; HDAC1; HDAC2; HDACS3 inhibitors

1. Introduction

Epigenetic mechanisms are controlled by chemical transformations on DNA or histone
proteins [1,2], which are driven by post-translational modifications (PTM) such as methy-
lation, sumoylation, ubiquitinylation, acetylation and others [3]. Histone deacetylases
(HDACSs) and histone acetyltransferases (HATs) are enzymes that are strongly involved
in post-translational modifications of lysine residues of histone proteins. HDACs remove
acetyl or rather acyl moieties from the N-terminal lysine residues of histones and non-
histone proteins. Hence, they play a pivotal role in multiple biological processes. Due to
their important role, HDACs have become promising targets for various diseases such as
cancer, inflammation, parasitic infections, and neurodegenerative diseases [4,5].

So far, 18 human HDACSs have been identified and subdivided into 4 classes: class
I (HDAC1-3, HDACS), class Ila (HDACs 4, 5, 7 and 9), class IIb (HDACSs 6 and 10), class
III (Sirtuins) and class IV (HDAC11). Class I, Il and IV are called zinc-dependent HDACs,
while class III is mostly called sirtuins, and they require NAD™ for their catalytic activity.
Sirtuins are structurally different from the zinc-dependent HDACs [6].

Molecules 2022, 27, 2526. https:/ /doi.org/10.3390 /molecules27082526

https:/ /www.mdpi.com/journal/molecules



Molecules 2022, 27, 2526

20f21

To date, five HDAC inhibitors have been approved for the treatment of cutaneous
and peripheral T-cell lymphoma and multiple myeloma. Several others are in clinical
trials [7-11]. Most HDAC inhibitors have a common structural pharmacophore. Mostly,
they contain a zinc binding group (ZBG), a linker group and a cap group [6]. The aminoben-
zamide scaffold is one of the most studied ZBGs. According to the released HDAC2 X-ray
structure in complex with a 2-aminobenzamide derivative, this ZBG chelates the zinc ion in
a bidentate manner, whereas hydrogen bonds with the neighboring histidine and catalytic
tyrosine residues further stabilize the zinc coordination [12-14]. These inhibitors also often
have a foot pocket targeting group that occupies an internal cavity characteristic to class I
HDACs [15].

Since it is challenging and expensive to solve X-ray structures for all ligands of interest,
molecular modelling tools are regularly applied to predict their binding modes. Reliable
estimation of the protein-ligand interactions has become a promising structure-based
drug design strategy. Different approaches have been developed to increase the accuracy
of predicting the biological activity of small molecules [16-21]. Molecular docking and
molecular dynamics studies are used to predict the binding mode of the ligands as well
as the binding affinity of protein-ligand complexes. Although docking methods often
correctly estimate the binding poses of ligands, their binding affinity prediction still remains
a big challenge [20,22]. Thus, rescoring using binding free-energy calculations is a more
popular method to rank the compounds according to their binding affinity [23]. Molecular
mechanics (MM) energies combined with the Poisson-Boltzman (PB) or Generalized Born
(GB) and surface area continuum solvation (SA) methods are frequently used to predict the
binding free energy of the ligand. MMPBSA and MMGBSA methods are based on molecular
dynamics simulations. Hence, they increase the accuracy as well as the computational time
and cost [24].

In the current study, we tested whether binding free energy calculations can be used
to find predictive models for a series of 2-aminobenzamide inhibitors recently reported by
us [25]. We expected that the binding free energy calculations would be able to provide
successful predictive models using a single frame or a small number of snapshots taken
from the MD simulations. Such models repeatedly proved to be useful for the development
of inhibitors of diverse epigenetic targets [26-28]. Thus, they can be useful for the design of
novel HDAC inhibitors having 2-aminobenzamide scaffold. Additionally, such models can
be used as a post-docking filter for screening large databases.

2. Results
2.1. Diversity Analysis of Studied Dataset

In this study, we focused on a particular series of inhibitors covering a reasonable
biological activity range to develop a robust prediction model. The compounds chosen
as a training set in this study are shown in Table 1 [25]. These compounds have a 2-
aminobenzamide moiety as zinc binding group (ZBG). Either a pyrimidine or pyrazine
scaffold was used as a linker group. The linker group is connected via a piperazine moiety
to the cap group that includes various substituents.

We first analyzed the diversity of the selected compounds. Principal component analy-
sis (PCA) defines the chemical space of the compound data set describing the applicability
domain (AD) of the established QSAR model [22,29,30]. The applicability domain can be
utilized to determine the limitation of the model. In this study, PCA (PCA1, PCA2 and
PCAB3) calculated from the descriptors (a_acc, b_1rotN, b_ar, PEOE_VSA_POL, logP(o/w))
was used to define the AD of the training set compounds for which ICsy values were. The
two-dimensional (2D) plots of the variations of the training set are shown in Figure 1.
The PCA analysis indicated that the studied inhibitors were homogeneously distributed
within the chemical space. The 3D graphical representation of the training set is shown in
Figure 1B to visualize the position of the molecules.
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Table 1. Inhibitory activity of synthesized compounds of the training set against HDAC1-3 [25].

fog
2Y
K\N X/
R1 N\)
Substituents ICsp (.pM) or % Inhlbl.tlon at
Cpd. No. Given Concentration
X Y R1 R2 R3 HDACI1 HDAC2 HDAC3
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Table 1. Cont.

Substituents ICs5p (uM) or % Inhibition at

Cpd. No. Given Concentration
X Y R1 R2 R3 HDAC1 HDAC2 HDAC3
191 CH N CE@ F F 0294003 0564002  0.81+005
N
\
M,
19m CH N @C F H 0.40 £+ 0.06 1.48 +0.19 0.40 £ 0.02
N
\
19n N CH CH; H H 5% @1 uM 7% @1 uM 13% @1 uM
190 CH N CHj; H H 27% @1 uM 15% @1 uM 30% @1 uM
M,
21a CH N QC H 2-Thienyl 0.26 £ 0.01 247 £0.22 0% @1 uM
N
\
21b CH N & H 4-F-C¢Hy 0.70 £ 0.08 0.77 £ 0.06 0% @1 uM
N
H
21c CH N C[g H 2-F-C¢Hy 0.76 £ 0.07 0.76 £ 0.04 15+1
N
H
23a CH N H F H 3.30 £0.18 217 £0.18 0.40 £+ 0.01
23b CH N CE@ H F 0.27 £0.03 0.50 +0.03 0.50 £+ 0.02
N
\
23c CH N C[\gjz‘ H F 0.33 +0.02 1.37 £ 0.08 0.59 £+ 0.04
N
\
25a CH N H Cl H 0% @1 uM 0% @1 uM 8.7+04
25b CH N H F F 43+03 42 +0.15 1.6 +0.1
27a CH N H H CF3 0% @1 uM 0% @1 uM 0% @1 uM
27b CH N H CHj3 H 0% @1 uM 0% @1 uM 0% @1 uM
27¢ CH N H OCH; H 20.0+1.0 14.0 £ 2.0 14.0 + 1.0
29a CH N CH; H 3-Thienyl 0.11 £0.01 0.18 £0.06 44+01
29b CH N H H 2-Thienyl 0.07 £ 0.01 0.26 £ 0.01 6.1+0.7
29¢ CH N H H 4-F-C¢Hy 0.16 = 0.03 0.34 +0.01 6.7 + 0.5
29d CH N CH; H 2-F-C¢Hy 0.18 £ 0.01 0.26 £ 0.07 120+ 1.0
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Table 1. Cont.
Substituents ICsp (.uM) or % Inhlbl'tlon at
Cpd. No. Given Concentration
X Y R1 R2 R3 HDAC1 HDAC2 HDAC3
CI994 - - - - - 37% @1 uM 36% @1 uM 32% @1 uM
RGFP-966 - - - - - 16 +2 11+1 1.34+0.1
MS-275 - - - - - 093 +0.1 0.95 £+ 0.03 1.84+0.1
Mocetinostat - - - - - 0.33 £ 0.04 0.34 +£0.01 0.93 £ 0.05

n.d. not determined, — no substituents.

Figure 1. (A) 2D plots for visualization of the variation of three most important PCA in test set. Black
color represents PCA1, red color PCA2 and green color PCA3. (B) 3D plot of the chemical space
occupied by the training set (blue).

2.2. Analysis of Protein-Inhibitor Complexes

To understand the binding mode of 2-aminobenzamide derivatives, the X-ray struc-
tures of HDAC?2 in complex with similar inhibitors (PDB ID: 3MAX, 4LY1, 5IX0, 5IWG)
were first analyzed. Analysis revealed that the inhibitors occupy the 11 A long acetyl
lysine substrate channel as well as the 14 A internal cavity called the foot pocket [15]. At
the bottom of the acetyl lysine substrate channel, the ligand binds in a bidentate manner
to the Zn*? ion through its carbonyl and free amino group. In addition, the free amino
group interacts with neighboring histidine (H145 and H146) as well as tyrosine (Y308)
residues. The interaction of amide-NH with glycine (G154) was observed in all HDAC2
X-ray structures in complex with 2-aminobenzamides. The aromatic linker attached to the
benzamide moiety connecting the zinc binding group to the cap group is placed between
two phenylalanine residues (F155 and F210) (Figure 2). The water-mediated hydrogen
bond interaction with histidine (H183) was observed in HDAC2 (PDB ID 4LY1, 5IWG and
5IX0) inhibitor complexes.
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Figure 2. Comparison of the binding pocket of HDAC2 (white carbon atoms) with HDAC1 (yellow
carbon atoms) and HDAC3 (salmon carbon atoms). Only the part of the foot pocket that differs in
HDAC3 compared to HDAC1 and HDAC?2 is shown for all three isoforms, and residues are labeled
in the same colors as the carbon atoms. The protein backbone is shown as white ribbon. The zinc ion
is shown as cyan sphere and the water molecule as red sphere. The ligand is shown as sticks with
cyan carbon atoms. Protein-ligand interactions are shown as dashed lines: zinc coordination in red,
hydrogen bonds in yellow, and aromatic interactions in orange.

The binding pocket of HDACT is very similar to HDAC2, whereas in HDACS3 the
bulky Y107 amino acid residue situated in the foot pocket replaces the serine residues
observed in HDAC1/2 (S113 and S118 in HDAC1 and HDAC2, respectively). Hence, in
HDACS the side chain of Y107 pushes the L133 residue, causing a smaller size of the foot
pocket compared to HDAC1/2. This conformational change of the L133 residue (L144 in
HDAC?2) may block the entry of bulky substituents into the foot pocket (Figure 2).

After careful analysis of the HDAC2 crystal structures in complex with 2-aminobenzamide,
we conducted redocking (the ability to reproduce the binding mode of co-crystallized
ligand) and cross-docking (the ability to correctly predict the binding mode of the other
crystallized ligands) studies to find an appropriate docking protocol (Figure S1 and Table S1,
Supplementary Materials). The structure PDB ID 4LY1 was chosen to dock the training
set since it showed the best re- and cross-docking results, i.e., the lowest RMSD (root
mean square deviation) values (Table S1). The co-crystallized ligand of HDAC2 (PDB
ID 4LY1) exhibits high inhibitory activity against HDAC1 and HDAC?2 [13]. Thus, the
ligand from PDB ID 4LY1 was docked in HDAC1 (PDB ID: 4BKX [31]) and the complex
was used for further analysis. Since this ligand does not show any inhibitory activity
against HDACS3, the selective HDAC3 compound BG45 [32] was docked to HDAC3 (PDB
ID: 4A69 [33]) and used for further analysis. Subsequently, the generated protein-ligand
complexes were subjected to 100 ns MD simulation to check the stability of the ligands and
protein-ligand interactions.

Analysis of the MD simulation of HDAC1, HDAC2 and HDAC3-inhibitor complexes
revealed that protein and ligand remained mostly stable throughout the MD simulation
(Figures S2-54, Supplementary Materials). In addition, most protein-ligand interactions
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were maintained throughout the 100 ns simulation time (Figure 3). The active site residues
did not show significant fluctuations during the 100 ns simulations (Figure 3), with the
exception of the catalytic tyrosine residue (Y303, Y308 and Y298 in HDACI, 2 and 3,
respectively) for which some flexibility was observed. More detailed analysis showed that
the zinc binding group of the inhibitors maintained its bidentate chelation with the zinc ion
through its free amino group and carbonyl oxygen as well as the hydrogen bond interactions
with H140/145/134, H141/146/135 and G149/G154/143 in HDAC1/2/3, respectively,
during the simulation. Due to the flexibility of the catalytic tyrosine residue, the observed
hydrogen bond interaction with the carbonyl group was not always maintained, especially
in case of HDAC1 and -2. In addition, the phenyl linker group mostly kept the aromatic
interactions with the phenylalanine residues in HDAC1/2 (F150/155 and F205/210 in
HDAC1/2, respectively). In HDACS, it could be observed that the -7 interactions became
less stable after 60 ns, which can be attributed to the fluctuation of F200. The thiophene ring
located at the foot pocket of HDAC1 and HDAC?2 stayed stable by making hydrophobic
interaction with the neighboring residues in both subtypes. Meanwhile, the solvent-
exposed amide cap group of the HDAC1,2 ligand underwent some small fluctuations in
HDAC1 and HDAC2.

Figure 3. Results of the MD simulations of HDAC1, 2, 3 in complex with inhibitors. Shown are the
frames of the MD simulations at 0 ns (white carbon atoms), 50 ns (yellow carbon atoms), and 100 ns
(orange carbon atoms) on the left side. In the middle, distance analysis of specified hydrogen bonds
between inhibitor and HDAC are shown. On the right side, the distance analysis of aromatic -7t
interactions between inhibitor and HDAC are shown. HDAC1 (A), HDAC2 (B), HDAC3 (C). Zinc
ions are shown as cyan spheres. Ligands are shown in stick representation and their carbon atoms
are colored green in HDAC1, HDAC2 and HDACS3. For clarity, only relevant amino acid residues
are shown.
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2.3. Docking Results of the Training Set

The docking results of the 30 compounds from the training set (published previously
in [25]) demonstrated that they show a similar binding mode in the binding pocket of
HDAC1, HDAC2 and HDACS3 (Figure 4). The compounds chelate the zinc ion and form
hydrogen bonds with H140/145/134, H141/146/135, Y303/308/298, and G149/154/143
in HDAC1/2/3, respectively. Their pyrazine and pyrimidine linker groups are accom-
modated into the hydrophobic tunnel making 7—m interactions with F150/155/144 and
F205/210/200 in HDAC1/2/3, respectively. The piperazine unit shows ionic interaction
with the conserved D99/104/93 in HDAC1/2/3, respectively. The cap group is surface-
exposed and occupies the hydrophobic cavity, which consists of F150/155/144, P29/34/23
and H28/33/22 in HDAC1/2/3, respectively. A significant difference was observed for
compounds having bulky substituents such as thiophene or phenyl groups attached to the
2-aminobenzamide moiety in the foot pocket region. These bulky substituents cannot enter
into the foot pocket of HDAC3 because of the aforementioned steric hindrance.

Figure 4. Docking poses of studied inhibitors having ICsy values obtained for HDAC1 (A), HDAC2
(B), HDACS3 (C). The carbon atoms of the shown residues are colored as following: yellow in HDACI,
white in HDAC2 and salmon in HDAC3. Zinc ions are shown as cyan spheres, water molecules as
red spheres. Inhibitors are shown in stick representation and their carbon atoms are colored pink,
cyan and green in HDAC1, HDAC2 and HDACS, correspondingly. Zinc coordination is shown as red
dashed lines, hydrogen bonds as yellow, and aromatic interactions as orange.
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Although the docking poses of the studied inhibitors were reasonable, a correlation
between the docking scores and pICsy was poor (R? = 0.13 for HDACI, R? = 0.11 for
HDAC2, R? = 0.35 for HDAC3). The correlation between the docking scores and pICsy was
computed using the QSAR tool in MOE program [34]. Due to the low correlation observed
between docking scores and pICsp, we decided to rescore the docking poses by means of
binding free energy (BFE) calculations.

2.4. Rescoring of Docking Poses Using MM-GB/SA and MM-PB/SA

The total energy was calculated using six different parameter settings and six different
frame settings (see Methods part for details). In total, 108 models (36 models for each
protein) were established and evaluated by computing the correlation coefficient (R?)
between biological data and energy values (Figure 5). Only compounds that have measured
ICs5¢ values were considered (22 compounds for HDAC1, 23 compounds for HDAC2 and
22 compounds for HDAC3). Further details for established models are shown in Table S2.

Figure 5. The R? values of established predictive models for HDACI1 (dark yellow bars), HDAC2
(black bars) and HDACS3 (salmon bars). Green lines represent the thresholds for model selection.

To evaluate the obtained models, first, the energy terms showing R? value less than
0.5 were skipped for HDAC1 and HDAC?2. This threshold was increased to 0.6 for HDAC3
due to numerous good correlations for this isoform. In the next step, the leave-one-out
cross-validation method was applied. The selected models were judged according to their
R?, RMSE (root mean square error), Q%00 (leave-one-out cross-validation), and QMSE
(crossed-root mean square error). The statistical parameters of the best models selected for
each protein are viewed in Table 2. More details are given in Tables S3-55.

Table 2. Best performing models of HDAC1, HDAC2 and HDACS3.

Model Solvation

Protein N Numbor Mosdal Frame R2 RMSE Q2LOO QMSE
HDAC1 22 3 GBIl MD1-50 0.59 0.29 0.51 0.32
HDAC?2 23 21 GBS MD1-50 0.66 0.24 0.60 0.26
HDAC3 2 7 GB2 Eminl 0.71 0.29 0.65 0.32

R? (correlation coefficient), RMSE (root mean square error), Q2100 (leave-one-out cross-validation), QMSE
(crossed-root mean square error), Emin1 (single frame after the first energy minimization step), MD1-50 (average
energy of every fifth frame between frame 1-50 during the MD simulation).
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In the case of HDAC1, model 3 outperformed the other models by means of the R?
value (Figure 5). This model was established using the total calculated energy from the
GB1 model considering only frames 1-50 of the MD step. This model showed a correlation
coefficient R? of 0.59 and an RMSE of 0.29. The cross-validation values calculated by using
the leave-one-out method were calculated as Q%1 oo 0.51 and QMSE 0.32 (Table 2). Among
the established HDAC2 models, model 21 exhibited the highest R? value of 0.66 (Figure 5).
Model 21 was established with the combination of the GB8 model and different intervals
(frames 1-50) of the MD simulation. This model showed R? of 0.66, RMSE of 0.24, Q%00
of 0.60 and QMSE of 0.26 (Table 2). During the analysis of the HDAC3 models, five models
showing R? of more than 0.6 emerged (Figure 5). Based on the analysis of the R? and
cross-validation results, we selected Model 7 with the lowest RMSE and QMSE values
and highest R? and Q* oo values (Table 2). Thus, out of the 108 developed models, three
best-performing models (one best model per HDAC subtype) were selected based on their
R2, RMSE, Q% 00, QMSE parameters. Their correlation plots are shown in Figure 6.

Figure 6. The correlation plots of the best binding free-energy models showing correlation between
the predicted data and experimental data for each HDAC subtype.

In addition to the good correlation coefficients observed in the regression models,
we noticed that the best models could discriminate the compounds in the training set
(30 compounds) according to their activity. With ICsgcut off values of 1 uM, 1 uM and
2 uM for HDAC1, 2, and 3, respectively, models could separate highly active compounds
from less active ones. For HDAC1, the BFE values of all the compounds showing ICsg
less than 1 uM were calculated lower than —68.4 kcal/mol, and only one compound with
non-determined ICsy value (19¢) crossed this threshold with a BFE value of —68.9 kcal/mol
(Table S3). For HDAC2 all compounds showing ICs, less than 1 pM had calculated BFE
values less than —110.2 kcal/mol and only two slightly less potent compounds 19m and
21a crossed this threshold (Table 54). For HDACS, all compounds having ICsg less than
2 uM except 19i, 191 and 25b had calculated BFE values less than —55.4 kcal/mol, and only
three compounds with non-determined ICs values 19b, 19c and 19n crossed the threshold
(Table S5). The discriminating power of the models is visualized in the box plots shown in
Figure 7.
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Figure 7. Box plots showing binding free-energy distributions (values given in kcal /mol) obtained
for studied compounds.

2.5. Evaluation of Novel Designed HDAC1-2-3 Inhibitors

Novel derivatives of scaffold A, pyrimidine/pyrazine-piperazine scaffold, (30a, 30b,
30c and 30d) (Figure 8A, Table 3) were designed starting from the lead compound 29b
in the training set in an attempt to improve selectivity for HDAC1 over HDAC2 and 3.
Instead of the attachment of the long or bulky groups, a small methyl and acetyl group was
added to increase the interaction with the residues at the rim of the pocket. In addition, the
hydrophobicity of the secondary amine 29b was increased by the tertiary amine formation
or conversion to an acetamido group.

Figure 8. General structure of the test set molecules.

On the other hand, in an attempt to test the impact of an inverse amide combination
with hydrophobic cap group on HDAC1, 2 and 3 inhibitory activity, compounds of scaffold
B (31a, 31b, 31c, Figure 8B) were designed by combining structural features of 23a, the
cocrystallized ligand in HDAC2 (PDB ID: 4LY1) and entinostat. Here, a fluoro-substituted 2-
aminobenzamide moiety was chosen as a foot-pocket targeting scaffold, since it previously
showed a favorable effect on HDAC3 selectivity. Additionally, a substituted inverse amide
scaffold was chosen as a capping group.

The established best three models for HDAC1-3 were evaluated using this test set
of novel derivatives in order to assess their reliability and predictive accuracy. The test
set involved seven compounds having two scaffolds (Scaffold A and Scaffold B, Figure 8,
Table 3).
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Table 3. Structures of the novel inhibitors (test set).

Cod. N Substituents
. No. ffol
P Scaffold Y R1 R2 R3
30a A N CH —CH; H 2-Thienyl
30b A CH N —CHj3 H 2-Thienyl
0
30c A CH N )%/ H 2-Thienyl
0
30d A CH N /|wa H H
31a B CH CH ©/\/ F H
=
31b B CH CH “ \ F H
N~
31c B CH CH g | F H

The chemical space of the test set was analyzed in a similar way as for the training set.
The 2D and 3D distribution of the test set were shown in Figure 9. The designed compounds
occupy the similar PCA space with the training set and homogeneously distributed within
the PCA space.

Figure 9. (A) 2D plots for visualization of the variation of three most important PCA in test set. Black
color represents PCA1, red color PCA2 and green color PCA3. (B) 3D plot of the chemical space
occupied by the training set (blue) and test set (orange).
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First, the test set was docked to HDAC1-3 using the same protocol as for the training
set. The expected binding modes, previously observed for reference compounds and
compounds of the training set, were obtained for all compounds in HDAC1 and HDAC2,
as well as for compounds 30d, 31a, 31b and 31c in HDAC3. Compounds having the 2-
thienyl substituent at the foot pocket targeting group (30a, 30b, 30c) did not fit well into
the pocket of HDAC3 due to the steric hindrance that is mentioned in Section 2.2. As
an example, the docking pose of 30c in HDAC2 is shown in Figure 10. This compound
chelated the zinc ion and established hydrogen bonds with H145, H146, Y308 and G154.
The pyrimidine linker formed pi-pi interactions with F155 and F210 at the hydrophobic
tunnel. Interestingly, the amide at scaffold B (31a, 31b and 31c), which is exemplified by the
docking poses of 31a in Figure S5, lost the interaction with D99/104/93 in HDAC1/2/3,
respectively, resulting in significantly reduced activity, although the aromatic cap group
that was accommodated into hydrophobic tunnel consisted of F150/155/144, P29/34/23
and H28/33/22 in HDAC1/2/3, respectively.

Figure 10. Docking pose of 30c inHDAC?2. The carbons of shown protein amino acid residues are
white. Zinc ion is shown as cyan sphere, water molecule as red sphere, the ligand is shown in stick
representation with magenta-colored carbon atoms. Zinc coordination is shown as red dashed lines,
hydrogen bonds as yellow dashed lines and aromatic interactions as orange dashed lines.

The obtained docking poses were submitted to BFE calculations and the activities of
the compounds were predicted using the three best models for HDAC1-3. The prediction
results (Table 4, Tables S6-S8) demonstrated that the compounds in all HDAC isoforms
can be correctly classified as active or weakly active/inactive taking into consideration the
cutoff values established for the training set (see Section 2.4). The difference of experimental
and predicted pICsy was also less than <1.3 log units. Only compound 30b and 30c in
HDAC1 and compound 30d in HDAC2 exhibited a bigger difference (>1 log unit) between
predicted and experimentally observed pICsy values, but still the compounds were correctly
grouped into the activity class.
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Table 4. Experimental and predicted activities (pICsg or inhibition percent at a given concentration)
of the test set compounds against HDAC1-3s.

Experimental Predicted E leferencel Experimental Predicted E leferencel Experimental  Predicted
Cpd. N Scaffold HDACI1 HDACI xperimental— HDAC2 HDAC2 xperimental— HDAC3 HDAC3
pd. No. catto Predicted Predicted
PICs pICs0) HDACI pICsq PICs PICs HDAC2 pICso PICso PIGso
8% @1 uM
30a A 6.49 6.55 0.06 621 6.00 0.21 38% @10 WM 5.06
6% @1 uM
30b A 7.40 6.31 1.09 6.10 624 0.14 % G10 uM 5.01
4% @1 uM
30c A 7.72 6.50 1.22 596 595 0.01 0% @10 M 498
15% @1 M
30d A 572 5.70 0.02 462 5.89 127 7% @10 M 5.98
4% @1 uM 10% @1 uM 21% @1 uM
3la B 31% @10 uM 558 37% @10 uM 552 65% @10 LM 581
0% @1 UM 13% @1 uM 19% @1 uM
31b B 27% @10 uM 5.77 30% @10 UM 529 59% @10 uM 5.80
6% @1 uM 14% @1 uM 25% @1 pM
3lc B 36% @10 uM 5.68 51% @10 uM 552 66% @10 uM 579

The compounds are correctly classed based on the BFE predicted activity group. Since
only % inhibition was measured for the weakly active compounds from scaffold B, one can
only constitute that it rightly predicts that the compounds are rather weakly active. It is
not possible to deduce an ICsy range based solely on the % inhibition data.

3. Discussion

In this study, we demonstrated that the binding free energy (BFE) calculations can be used
as a post-docking filter for the docking poses derived from a dataset of 2-aminobenzamide
derivatives tested against HDAC1-2-3. The different setups were used to estimate the
binding free energies of the protein-ligand complexes.

Redocking and cross-docking studies were performed to find the most accurate dock-
ing setup. To test the ligand flexibility and stability of the protein-inhibitor complexes we
ran in addition 100 ns MD simulations. The predicted ligand-binding mode was stable
and the initial ligand—protein interactions were retained throughout the whole simulation
time, except for one hydrogen bond interaction with the catalytic tyrosine (Y303, Y308,
Y298 in HDAC1/2/3, respectively). The increased flexibility of the catalytic tyrosine was
observed in all cases. Interestingly, the conformational flexibility of the catalytic tyrosine
was also reported in other HDAC2 X-ray structures in complex with a 2-substituted benza-
mide (PDB ID: 7KBH [35]). It might be possible that this conformational flexibility of the
catalytic tyrosine can be utilized to design 6-substituted 2-aminobenzamide derivatives
with pronounced selectivity in future studies.

In the second part of the study, the docking protocols for each enzyme were defined
by applying the redocking and crossdocking studies. The determined docking protocols
were used to understand the binding mode of the studied inhibitors. Although the docking
poses correspond to the experimentally observed binding modes of similar inhibitors,
the obtained docking scores unfortunately did not give a significant correlation with the
experimental activities.

In the last step, the selected docking poses were rescored by performing the GPU-
based binding free-energy calculations with different setups. The MM-GB/SA and MM-
PB/SA values were analyzed to test whether BFE results correctly rank the compounds
according to their experimental activities. Leave-one-out cross-validation studies were
performed to find the best model that can explain the activity in terms of energy. We found
that different energy terms gave good correlation with the biological activity in different
isoforms. GB1 model and 50 frames derived from short MD for HDAC1, GB8 model and
50 frames derived from short MD for HDAC2 and GB2 model after the first minimization
for HDAC3 were chosen as the best models based on the computed R?, RMSE, Q% 00 and
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QMSE values. Additionally, the chosen models discriminated the compounds according
to their activity. The rescoring of the docking poses using the GPU-based binding free
energy calculations demonstrated better agreement with the experimental activity than the
docking scores. The chosen models were evaluated by utilizing the test set. The selected
models discriminated the inhibitors well into more active and less active, and predicted
their experimentally observed activity values with high accuracy for the compounds with
scaffold A. In the case of compounds with scaffold B, the model predicted them to be less
active with pICsg values below 6.0. Since we did not determine the exact ICsy value for these
less-active inhibitors, a quantitative analysis of the prediction accuracy was not possible.
The determined percentage of inhibition at 1 and 10 uM suggests that the compounds are
active in the single-digit micromolar range and therefore less interesting. In general, the
developed rescoring models can be used as primary filters to identify the most promising
compounds for synthesis and in vitro testing.

4. Materials and Methods
4.1. Training Set and Diversity Analysis

The ligand data include 30 compounds recently synthesized in our group and tested
against human HDACI1-3 [25]. Their chemical structures are listed in Table 1. The same
numbering system was used to name the compounds as shown in the original publication
by Ibrahim et al. [25]. The dataset was prepared using the Ligprep tool in Schrodinger
suite with default settings [36]. Subsequently, the output of the ligand preparation step
was subjected to the confgen tool [36] for the conformational enrichment by generating
64 conformers per each ligand where the output conformers were finally minimized using
the OPLS3e force field [37]. Conformational enrichment is crucial to enhance the possibility
to find the most likely docking poses.

The diversity of the compounds determines the limitations of the quantitative structure—
activity relationship (QSAR) model. To understand the applicability domain of the stud-
ied molecules, we analyzed the most important three principal components using the
principal component analysis (PCA) [38] implemented in MOE [34]. The various 2D de-
scriptors, including number of H-bond acceptor atoms (a_acc), number of rotatable single
bonds (b_1rotN), number of aromatic bonds (b_ar), total polar van der Waals surface area
(PEOE_VSA_POL), logarithmic octanol /water partition coefficient (logP (o/w)), were cal-
culated in MOE. The important descriptors that show no correlation between descriptors
were selected using the Contingency module in MOE. The selected descriptors (a_acc,
b_1rotN, b_ar, PEOE_VSA_POL, logP(o/w)) were applied for linear transformation by
PCA. The first three principal components can explain about 100 % variation of the original
space. Then, the selected first three components were used to establish a plot showing the
distribution of the studied molecules.

4.2. Preparation of Protein-Inhibitor Complexes

X-ray crystal structures of HDAC1 (PDB ID: 4BKX [31]), HDAC2 (PDB ID: 3MAX,
41.Y1, 5IX0, 5IWG [12-14]) and HDACS3 (PDB ID: 4A69 [33]) were downloaded from the
Protein Data Bank (PDB, rcsb.org, [39]) and analyzed in MOE. The complex of HDAC2
with an inhibitor having 2-aminobenzamide scaffold (PDB ID: 4LY1, [13]) was chosen
for further investigations due to the ligand’s similarity to studied compounds and good
cross-docking results (Table S1). Since no crystal structure is available for the complex
of HDAC1 with a 2-aminobenzamide derivative, the available crystal structure of this
isoform was minimized with the ligand taken from HDAC?2 to imitate induced fit effect.
On the other hand, the same ligand shows no activity on HDAC3 [13]. Hence, the selective
HDACS3 inhibitor BG45 was chosen and minimized with HDAC3 due to its similarity to
the synthesized compounds [32]. Subsequently, protein structures were prepared using the
protein preparation wizard of Schrodinger suite [36]. Hydrogen bonds and missing side
chains were automatically added, and bond orders were assigned. The solvent molecules
(except one conserved water molecule W617) and ions (except the catalytic Zn*? ion) were
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removed. The protonation states at pH 7.4 and residue tautomers were optimized. Then,
protein-ligand complexes were minimized using the OPLS3e force-field to remove steric
clashes [37].

To check the stability of the generated complexes, 100 ns MD simulations were per-
formed. It revealed that the protein, ligand and zinc ion were stable during the whole 100 ns
simulation. Although the amide cap group of the ligand in HDAC1 and HDAC2 caused
small fluctuation more than 2 A, the other components of the ligand (ZBG, foot pocket
group, linker group) were stable. In addition, the bidentate zinc coordination between zinc
and ligand were conserved during 100 ns simulation (Figures 52-54).

4.3. Molecular Docking

Docking studies were performed using Glide in Schrodinger Suite [36]. The active site
of the proteins was defined with 10 A radius grid box around the ligand. Standard precision
(SP) mode was applied for docking. Ten docking poses were subjected for further post-
docking minimization. The other settings were used as default. The docking results were
visually analyzed in MOE program [34]. Before docking the novel inhibitors, we evaluated
the accuracy of the docking setup by performing redocking and cross-docking of ligands
from HDAC2 crystal structures (PDB IDs 3MAX, 4LY1, 5IWG and 5IX0). The docking
protocol showed low RMSD values in the range between 0.2 and 1.1 A, demonstrating that
the protocol is appropriate for these proteins and ligands. In addition, molecular docking
studies of the synthesized compounds were also performed for HDAC1 and HDACS3.

4.4. Molecular Dynamics (MD) Simulations

GPU-based MD simulations were performed using AMBER16 [40]. Each ligand
was prepared in Antechamber module utilizing the semi-empirical Austin Modell with
bond charge correction (AM1-BCC) [41,42]. In addition, atom types and bond types were
assigned, and residue topology files were generated. Then, protein-ligand complexes
were prepared using the tLEaP module of AMBER. General amber force field (GAFF)
and the Duan force field (ff03.r1) were used for ligand and protein, respectively [43-45].
The prepared protein-ligand complexes were solvated by TIP3P solvation model, and
a margin of 10 A. Moreover, the 12-6-4L] ionic model was applied for the zinc ion [46].
Two minimization steps including the two substeps in each minimization were done. In
the first step, 4000 iterations (2000 cycles of steepest descent and then 2000 conjugate
gradient) were performed by restraining the protein residues, ligand and water molecules
to their initial geometries (force constant of 10 kcal x mol~! x A~2) to relieve the bad
contacts. In the second step, 4000 iterations (2000 cycles of steepest descent and then
2000 conjugate gradient) without restraints were applied to remove the steric clashes in
the entire complex. Then, the system was heated at 300 K through 100 ps of MD while
restraining the protein-ligand complex (force constant of 10 kcal x mol~' x A~2). The
system was equilibrated with a period of 200 ps. Afterwards, a 1 ns (or 100 ns for initial
complexes) MD simulation was run with a time step of 2 fs. Through the equilibration
and MD step, the entire complex was kept at 300 K by the Langevin thermostat dynamics
using the collision frequency of 2 ps [47]. The pressure of the system was maintained at
1 bar using isotropic pressure scaling with a relaxation time of 2 ps. A nonbonded cut-off
distance was 10 A. The particle mesh Ewald (PME) method was applied to calculate the full
electrostatic energy of the system [48,49]. The SHAKE algorithm was utilized to constrain
all bonds involving hydrogens [50]. Finally, after the MD job, the third energy minimization
with 4000 iterations (2000 cycles of steepest descent and then 2000 conjugate gradient) was
performed. The CPPTRA] module of AMBER was used to analyze the MD snapshots.

4.5. Binding Free Energy (BFE) Calculations

The protein-ligand complexes were prepared as described in Section 4.2. Binding
free energy (BFE) calculations were done for the docked inhibitors against HDAC1/2/3 in
AMBER16 program [40]. The MMPBSA..py script was used for BFE calculations. Different
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radii sets (GB HCT (igb = 1), GB 9BC (igb = 2), GB ©B¢? (igb = 5), and GBn (igh = 8)
as well as PB_mbondi (mbondi) and PB_parse (parse) were tested [51-55]. The MM-
GB(PB)/SA methods combine molecular mechanics and solvent models. In addition, six
different methods listed were considered to analyze the results: (1) single frame at the
first minimization step (Emin1), (2) single frame at the second minimization step (Emin2),
(3) single frame at the third minimization after MD (Emin3), (4) frames 1-50 during MD
(MD-1) with an interval of 5, (5) frames 51-100 during MD with an interval of 5 (MD-2), (6)
frames 101-500 with an interval of 5 during MD (MD-3).

The binding free energies of protein-ligand complexes can be obtained from the
difference between complex energy and the sum of the protein and ligand components
(Equation (1)) [22].

AGping = Gcomplex - (Gprotein + Gligand) 1)

The binding free energies in Equation (1) can be obtained as the sum of the gas phase
energy (Ennv), free solvation enegies (AGg,)) and entropy (—TAS) (Equation (2)) [56].

Gmolecule = Emm + AGgq1 — TAS )

The molecular mechanics energy (Eynv) is calculated as the sum of Eiy (internal),
Ele (electrostatic), Eyq,, (van der Waals). The internal energies (Ein) calculate the bond,
angle and dihedral energies, while the electrostatic energies (Ej) take into account the
interactions between atoms occurring as a result of positive and negative atomic charges.
Van der Waals (E,4y) interactions were calculated taking into account the interactions
among atoms. Solvation energies are the sum of polar solvent contributions (Gpg,gp) and
nonpolar solvent contributions (Gga) (Equation (3)).

AGping = (Eint + Eele + Evaw) + (AGpp,/cp + AGsa) — TAS (3)

The conformational entropy change (—TAS) is often considered to determine the total
binding free energies. The absolute temperature is expressed as T and entropy of the
molecule as S. However, including the entropy changes to the BFE calculation increases the
computational cost, and does not always improve the accuracy of the calculation [22,57].
Hence, the conformational entropy change was not included to the calculation. Only
enthalpy values (AH) were considered to find the correlation between binding enthalpies
and biological data (Equation (4)).

AH = (Exm) + (AGso1) (4)

To evaluate models, the R? values of the each energy terms against biological data
were computed by the Contingency tool in MOE [34].

4.6. Test Set

The external test data included seven newly designed and synthesized compounds
that were tested against human HDAC1-3. They were used to explore the reliability and
predictive power of the selected QSAR models for HDAC1-3. Their chemical structures
are listed in Figure 8 and Table 3. The test dataset was prepared using the same settings as
mentioned in Section 4.1.

4.7. Experimental Data of the Synthesized Compounds

All the experimental methods and analytical data for the newly synthesized inhibitors
are provided in the Supplementary Materials (p. 524, Scheme SI and SII, [25]).

4.8. Biological Assay of the Synthesized Compounds

HDACTI, 2, 3 inhibitory activity for the novel inhibitors was performed as previously
reported [25]. To keep the test number small, we applied a two-step screening. In a first
screening, the % inhibition values for two concentrations (1 and 10 uM) were determined for
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all compounds. We then generated the exact ICsy value only for the most potent inhibitors
in the training and test set with % of inhibition at 1uM above 50%.

A fluorogenic peptide derived from p53 (Ac-RHKK(Acetyl)-AMC) was used as sub-
strate. The measurements were performed in an assay buffer (50 mM Hepes, 150 mM NaCl,
5 mM MgCl,, 1 mM TCEP and 0.2 mg/mL BSA, pH 7.4 adjusted with NaOH) at 37 °C.
Inhibitors at different concentrations were incubated with 10 nM HDAC1, 3 nM HDAC2
or 3 nM HDACS (final concentration) for at least 5 min. The reaction was started with the
addition of the fluorogenic substrate (20 uM final concentration) and incubated for 30 min
for HDAC2 and HDAC3 and 90 min for HDAC1. The reaction was stopped with a solution
of 1 mg/mL trypsin in 1 mM HCl and incubated for 1 h at 37 °C. The fluorescence intensity
was recorded with an Envision 2104 Multilabel Plate Reader (PerkinElmer, Waltham, MA)
with an excitation wavelength of 380 & 8 nm and an emission wavelength of 430 & 8 nm.
The received fluorescence intensities were normalized with uninhibited reaction as 100%
and the reaction without enzyme as 0%. A nonlinear regression analysis was done to
determine the ICg value.
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/ /www.mdpi.com/article/10.3390/molecules27082526 /51, Figure S1: Comparison of the redocking
results for HDAC2 X-rays in complex with inhibitors, Figure S2: 100 ns MD results for the HDAC1-
inhibitor complex, Figure S3: 100 ns MD results for the HDAC2-inhibitor complex, Figure S4: 100 ns
MD results for the HDAC3-inhibitor complex, Figure S5: Docking poses of 31a in HDAC2, Table S1:
RMSD results taken from the cross-docking, Table S2: R? values of all models generated for HDAC1,
HDAC2 and HDACS3, Table S3: The docking scores, binding free energy results of the best model
and in vitro data in HDAC1, MODEL 3, Table S4: The docking scores, binding free energy results of
the best model and in vitro data in HDAC2, MODEL21, Table S5: The docking scores, binding free
energy results of the best model and in vitro data in HDAC3, MODEL?, Table S6: The docking scores,
binding free energy results, and prediction results of the test set in HDAC1, Table S7: The docking
scores, binding free energy results, and prediction results of the test set in HDAC?2, Table S8: The
docking scores, binding free energy results, and prediction results of the test set in HDAC3, p. S14:
Synthetic methods [25]
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Abstract

Although histone deacetylase (HDAC) inhibitors show promise in treating various types of
hematologic malignancies, they have some limitations, including poor pharmacokinetics and
off-target side effects, which may be a reason to exclude many of them from further drug
development. Prodrug design has shown promise as an approach to improve pharmacokinetic
properties and also to improve target tissue specificity. In the present work, several
bioreducible prodrugs for class I HDACs were designed and synthesized based on known
selective HDAC inhibitors. The zinc-binding group of the HDAC inhibitors was masked with
various nitroarylmethyl residues to make them substrates of nitroreductase (NTR). The
developed prodrugs showed very weak HDAC inhibitory activity compared to their parent
inhibitors. The prodrugs were also tested against wild-type and NTR-transfected THP1 cells.
Cellular assays showed that both 2-nitroimidazole-based prodrugs 5 and 6 were best activated
by the NTR prodrug system and exhibited potent activity against NTR-THP1 cells.
Compound 6 showed the highest cellular activity (Glsp = 77 nM) and also exhibited a
moderate selectivity window. Moreover, activation of the prodrug by NTR was confirmed by
LC-MS analysis, which showed the release of the parent inhibitor after incubation of prodrug
6 with E. coli NTR. Thus, compound 6 can be considered as a novel prodrug selective for
class I HDACs with good bioreductive properties, which could be used as a good starting

point for increasing selectivity and for further optimization.
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Abstract

Although histone deacetylase (HDAC) inhibitors show promise in treating various types of
hematologic malignancies, they have some limitations, including poor pharmacokinetics and
off-target side effects, which may be a reason to exclude many of them from further drug
development. Prodrug design has shown promise as an approach to improve pharmacokinetic
properties and also to improve target tissue specificity. In the present work, several
bioreductive prodrugs for class I HDACs were designed and synthesized based on known
selective HDAC inhibitors. The zinc-binding group of the HDAC inhibitors was masked with
various nitroarylmethyl residues to make them substrates of nitroreductase (NTR). The
developed prodrugs showed very weak HDAC inhibitory activity compared to their parent
inhibitors. The prodrugs were also tested against wild-type and NTR-transfected THP1 cells.
Cellular assays showed that both 2-nitroimidazole-based prodrugs 5 and 6 were best activated
by the NTR prodrug system and exhibited potent activity against NTR-THP1 cells.
Compound 6 showed the highest cellular activity (GIso = 77 nM) and also exhibited a
moderate selectivity window. Moreover, activation of the prodrug by NTR was confirmed by
LC-MS analysis, which showed the release of the parent inhibitor after incubation of prodrug
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6 with E. coli NTR. Thus, compound 6 can be considered as a novel prodrug selective for
class I HDACs with good bioreductive properties, which could be used as a good starting
point for increasing selectivity and for further optimization.

1. Introduction

Reversible histone acetylation is a key post-translational modification that regulates gene
expression by modifying chromatin architecture [1, 2]. This process is controlled by two
opposing enzyme families. Histone acetyltransferases (HATs) catalyze the addition of an
acetyl or acyl group on the e-amino group of lysine residues of histone proteins [3]. These
modifications result in neutralizing the positive charge on lysine residues, reducing the
interactions between histone proteins and DNA, and finally leading to gene-transcription
activation [2, 3]. The histone deacetylases (HDACs) remove the acetyl or acyl groups from
the modified lysine residues, resulting in the formation of condensed chromatin and
transcriptional gene silencing [2, 4]. In humans, eighteen different HDACs have been
identified and classified according to their sequence homology to yeast into four classes.
Class I (HDACI, 2, 3, and 8), class Il (HDAC4, 5, 6, 7, 9, and 10), and class IV (HDACI11),
which are zinc-dependent deacetylases, and class III (sirtuins SIRT1-7), which are NAD"-
dependent deacetylases [4, 5]. Besides acting on modified lysine residues of histones, HDACs
have numerous non-histone substrates [2, 5, 6]. Recently, HDACs have gained growing
interest as potential therapeutic targets as these enzymes can modify the aberrant epigenetic
conditions associated with cancer development [6, 7]. Several HDAC inhibitors (HDACi)
have been developed and tested as potential therapies for solid tumors and blood malignancies
[8-10]. Most HDACi share a common pharmacophoric feature consisting of three distinct
groups as follows: a zinc binding group (ZBG), a capping group, and a linker [11]. The ZBG
is responsible for chelating Zn>" ion in the active site of HDACs. Different ZBGs have been
used for the development of HDACI, e.g. hydroxamic acids, 2-aminobenzamides, short-chain
fatty acids, thiols, alkylhydrazides, and others [12, 13]. In addition, cyclic peptides without a
ZBG have been reported as HDACi [14]. To date, four HDACi have been approved by the US
Food and Drug Administration (FDA) for the treatment of different types of hematological
malignancies. These include the hydroxamate-based inhibitors vorinostat, belinostat, and
panobinostat, as well as the thiol-prodrug/depsipeptide (romidepsin) [11]. Although
hydroxamic acid is a potent and widely used ZBG, it was observed that hydroxamate-based
HDAC inhibitors often lack HDAC-isoform selectivity and show off-target side effects [15,
16]. In addition, they are associated with cellular mutagenicity and genotoxicity [17].
Compared with hydroxamate-based HDACI, the 2-aminobenzamide HDACi exhibit improved
class | HDAC selectivity and lower toxicity (Fig. 1) [18, 19]. Several clinical studies revealed
that hematological toxicities associated with HDACi may limit their therapeutic window, and
this is a main reason to exclude several potent candidates from further drug development [20-
22]. Therefore, cell-specific inhibition of such epigenetic targets could be a promising
strategy to overcome off-target side effects.
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Fig. 1: Examples of 2-aminobenzamide-HDAC inhibitors and their inhibitory activity
towards different HDAC isoforms [18, 19].

One of the approaches that can be applied to enhance targeted-tissue specificity and to
improve drug delivery to selected cell types is the design of prodrugs [23]. Prodrugs are
themselves inactive, but through chemical or enzymatic cleavage, the bioactive form of drugs
can be released. Also, by exploiting tumor-intrinsic factors, a cancer-specific release might be
obtained [23, 24]. One of these factors is hypoxia, which is a deficiency in oxygen supply
reaching the tissues and contributes to the chemotherapeutic resistance of tumors [25].
Hypoxia induces high expression of reductase enzymes; therefore, hypoxia has evolved as a
promising approach in the design of anticancer agents [26, 27]. Additionally, several hypoxia-
activated chemotherapeutic agents are currently in clinical development [26]. The directed
enzyme prodrug therapy (DEPT) principle is one of the strategies that can be applied for the
selective targeting of exogenous enzymes to cancer cells. This approach allows site-specific
release of the active drug by an exogenous enzyme that is either linked to an antibody
(ADEPT) or encoded by a gene that is targeted to the tumor site (GDEPT) [28].
Nitroreductase (NTR) is one of the enzymes that can be used for the DEPT approach [28].
NTR is a bacterial oxygen-insensitive homodimeric flavoenzyme encoded by the nfsB gene
[29, 30]. The NTR catalyzes the reduction of the nitro group of various nitroaromatic
substrates such as 4-nitrobenzyl and 1-methyl-2-nitroimidazolyl carbamates of cytotoxic
amines to the corresponding nitroso intermediate, which is further reduced to the
hydroxylamine derivative, followed by self-immolation and fragmentation to release the
active inhibitor, in addition to a Michael acceptor and CO; as side products (Fig. 2) [31-33].

There is ample evidence for the presence of reducing enzymes in hypoxic tumors, including
but not limited to enzymes able to reduce nitroaromatic compounds [27]. For example a
nitroreductase enzyme has been isolated from Walker 256 rat carcinoma cells, which can
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convert CB 1954 to a cytotoxic DNA interstrand crosslinking agent by reduction of its 4-nitro
group to the corresponding hydroxylamino species [34]. Interestingly, inhibition of drug
reduction by oxygen through redox cycling mechanism was first demonstrated for nitro
compounds and was subsequently shown to be responsible for the hypoxia-selective
cytotoxicity of nitroimidazole. In the current study we have worked with a bacterial enzyme
(NTR from E. coli), since it is well-known mimic of hypoxic conditions.

1-Methyl-2-nitroimidazole has been identified as a good masking group for NTR substrates,
which is characterized by fast unmasking, and it has been further used as a prodrug moiety for
the cell-specific delivery of several chemotherapeutic agents [25, 35]. Recently, the NTR-
activated prodrug approach has been successfully applied for the design of different
epigenetic inhibitors, such as the hydroxamate-based HDAC!i vorinostat (SAHA) [36] and the
lysine-specific histone demethylase 1 (LSD1) tranylcypromine [37]. In the present study we
used this system to develop a research tool to study the effects of class I selective HDAC
inhibitors in targeted cells which, as non-cytotoxic agents, also allow the study of the effect of
the Michael acceptor that is formed upon enzymatic uncaging. We developed different
nitroaryl-based NTR prodrugs for class I HDAC inhibitors using previously developed
aminobenzamide based HDAC inhibitors. Furthermore, the biological activity of the newly
synthesized prodrugs is evaluated against acute myeloid leukemia (AML) cells using an NTR
enzyme-prodrug system.

s o o
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Fig. 2: The rationale for the design of novel class | HDAC prodrugs based on different 2-
aminobenzamides and the postulated schematic pathway of HDAC inhibitor release.
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2. Results and discussion
2.1.  Chemistry

For the design of the prodrugs, different reported HDAC1-3 inhibitors (I-II and IV-VI; Fig.
1) were selected, and their aminobenzamide group was masked with different nitroaryl
alcohols, such as 4-nitrobenzyl or 1-methyl-2-nitroimidazolyl alcohols (Fig. 2), through a
carbamate linker. This attachment should result in reducing the binding to the targeted protein
(since such sterically demanding groups are not accepted by the narrow HDACI1-3 binding
tunnel), and accordingly, the HDAC inhibitory activity of these prodrugs is expected to
decrease. In addition, the carbamate linker was chosen as it is in vivo more stable compared to
corresponding carbonates or ester groups [38]. Additionally, the carbamic acid formed after
the elimination of the nitroaromatic prodrug moiety can undergo fast and irreversible self-
immolation, which finally results in the formation of the free aminobenzamide and CO», as
shown in Fig. 2 [39].

To obtain the 2-nitroimidazole-based prodrugs, we planned a three-step synthetic scheme.
The first step involved the synthesis of different reported 2-aminobenzamides I-II and IV-
VI, which were synthesized according to previously reported procedures [18, 19, 40]. The
second step was the synthesis of 1-methyl-2-nitro-1H-imidazole-5-methanol (1), which was
prepared according to our previously reported method [37]. Then, the alcohol intermediate 1
was activated using 4-nitrophenyl chloroformate (2) in the presence of pyridine to obtain the
corresponding 4-nitrophenyl carbonate derivative 3. Finally, condensation of the activated
nitroimidazole intermediate 3 with the appropriate amine in the presence of
hydroxybenzotriazole (HOBt) afforded the corresponding prodrugs 4-8 (Scheme 1).
Regarding the synthesis of the 4-nitrobenzyl-based prodrugs 10-12, the commercially
available 4-nitrobenzyl chloroformate (9) was reacted with the appropriate amine in the
presence of potassium carbonate to get the corresponding prodrug 10-12 as shown in Scheme
2.
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overnight.
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Scheme 2: Synthesis of 4-nitrobenzyl-based prodrugs 10-12. Reagents and conditions: (a)
K>COs, THF, 4 h.

2.2.  Biological evaluation
2.2.1. Invitro testing of HDAC inhibitory activity

The synthesized prodrugs, in addition to the parent HDAC inhibitors, were tested for their
inhibitory activity against human class I HDACs (HDACI, 2, and 3) using a fluorogenic
peptide derived from p53 (Ac-RHKK(Acetyl)-AMC) [41] (Table 1). The prodrugs were

6
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tested against HDACI, 2, and 3 at three different concentrations (10, 1, and 0.1 uM) (Table 1,
Supp. Information Tables S1-S3). As previously described [18, 42], compounds IV-VI
were designed as a novel series of class I HDAC inhibitors based on different structural
modifications of the general scaffold of the reported HDAC 1-3 inhibitors tacedinaline (I) and
entinostat (IIT). For the previously developed HDAC inhibitors [18, 42] we showed target
engagement by measuring the hyperacetylation on H3K9 (HDACI1 substrate). For the
developed inhibitors the phenyl ring in the middle of tacedinaline was replaced with the more
polar pyrazine ring as in the case of compound VI, which showed improved inhibitory
activity against HDAC1-3 compared to tacedinaline (Table 1). On the other hand, the
replacement of the phenyl ring with a pyrimidine ring, as in the case of compound V, resulted
only in a slight decrease in the inhibitory activity against HDAC1 compared to compound VI.
The second modification involved the replacement of the middle phenyl ring of entinostat
with a pyrazine ring, in addition to the replacement of the pyridine ring (capping group) with
the bulkier 3-indolyl scaffold as in the case of compound IV, which resulted in higher
inhibitory activity against HDAC 1-3 compared to the reference inhibitors (Table 1). The
preliminary testing of the developed prodrugs showed that they exhibited very weak HDAC
inhibitory activity compared to the corresponding parent inhibitors.

Table 1: In vitro evaluation of HDAC 1, 2, and 3 inhibition by HDAC inhibitors I-VI and the
corresponding prodrugs, in addition to % inhibition against NTR-THP1 at 10 uM

https://doi.org/10.26434/chemrxiv-2023-hrxsl ORCID: https://orcid.org/0000-0002-5985-9261 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

HDAC1 HDAC2 HDAC3 %
C Inhibition
pd. Chemical structure ICso uMor | ICso uMor | ICso uM NTR-
1d Yo %o or% | THPI at
inhibition inhibition | inhibition 10 pM
N
NH
@ ’ Hﬁf@ T 88+12 | 75+08 | 4205 84
o)
JOL H 21 % at 1 7% at 1 10 % at 1
4 N0 Ny g uM uM uM
SN ©/N o) 14
OaN o 8%at0.1 | 2%at0.1 | 12%at
uM uM 0.1 uM
j\ H 17 % at 1 14 % at 1 12 % at 1
10 @” O NH g uM uM uM
O,N N © 19
0 10 % at 0.1 8% at 0.1 7% at 0.1
uM uM uM
§
NH2 Y
11 " ° 0.04 & 0.26 +0.01 16.4+3.6 88
(n 0 0.006 ’ ' ’ ’
SN
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31 %at 1
uM

17 % at 0.1
uM

8% at 1
uM

2%at0.1
uM

11 % at 1
uM

8% at0.1
uM

98

11

14 % at 1
uM

9% at0.1
uM

7% at 1
uM

8% at 0.1
uM

9% at 1
uM

3%at0.1
uM

35

(I1D)

0.93+£0.11

0.95 £0.03

1.8+£0.1

n.d.

av)

0.13+0.01

0.28 £0.01

031+
0.01

93

38%at 1
uM

16 % at 0.1
uM

13 % at 1
uM

3%at0.1
uM

15%at 1
uM

11 % at
0.1 uM

98

12

20% at 1
uM

12 % at 0.1
uM

5%at 1
uM

1%at0.1
uM

12%at 1
uM

5%0.1
uM

80

V)

4.6+0.6

6.6+14

4.0=£0.9

73

19 % at 1
uM

17 % at 0.1
uM

8%at1
uM

5%at0.1
uM

15%at1
uM

7 % at 0.1
uM

17

(VD)

1.1£0.3

62+0.8

52+1.1
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o N7 25%at 1 10 % at 1 16 % at 1
N uM uM uM

>\/N\ N\IH:\N 0 0 0
o 1 20%at0.1 | 1%at0.1 | 9%at0.l
uM uM uM

n.d. not determined, () the codes for parent inhibitors are written in Latin numbers between brackets.
2.2.2. Cellular testing
2.2.2.1. Cytotoxic activity against wild-type and NTR-THP1 cells

The prodrugs and their parent inhibitors were then tested in a cell viability assay via a
tetrazolium salt-based assay on wild-type THP1 acute myeloid leukemia (AML) cells and
THP1 cells that had been lentivirally transfected with the E. coli nitroreductase NfsB. We had
used this system successfully before to activate bioreductive prodrugs of inhibitors of the
lysine-specific demethylase 1 (LSD1) ]37[. We pre-screened all compounds at 1, 10, and 50
UM concentrations in the wild-type and transfected cell lines (% inhibition against NTR-
THP1 at 10 pM is presented in Table 1). When sub-uM inhibition of HDACs in vitro and
more than 50% inhibition of cell viability were achieved by the prodrugs in the NTR-THP1
cells, a Glso value was determined. For inhibitors II and IV, the more potent prodrugs 5 and
6, respectively, were selected.

The two potent prodrugs 5 and 6 were both 2-nitroimidazole rather than nitrobenzyl
compounds, which is in line with previous findings on the better activation of the heterocyclic
prodrugs. Interestingly, compound 4 and compound 10 show little effect on NTR-THP1 cells
at 10 uM (14 and 19% inhibition, Table 1), even so compound 4 is a nitroimidazole
derivative. Potentially, the core structure (from compound I) is binding weakly to NTR and
subsequently prodrug activation is hindered. However, regarding compound 5 and 6, the
cellular effects are in the range of the parent HDAC inhibitor, implying almost full conversion
(Table 2). Whereas the parent HDAC inhibitors have essentially the same activity on both
cell lines, we find a selectivity window of 6-12 fold for the prodrugs (Table 2). The inhibition
in wild-type THP1 cells resulted either from the intrinsic toxicity of the carbamates or from
some background reductive activation in the non-transfected cells. Thus, while the selectivity
could still be improved, compound 6 is a prodrug with very good bioreductive properties,
which leads to highly potent activity against a leukemic cell line and is a great starting point
for further optimization.

Table 2: Glso values of the most active prodrugs and the corresponding inhibitors against
wild-type and transfected NTR-THP1 cells and their selectivity window

Inhibition of Inhibition of Selectivity
Cpd. Chemical structure viability in viability in NTR- | window
Id THP1 cells ICso | THP1 cells ICso
(uM) = SEM (uM) + SEM
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2.2.2.2. Cytotoxic activity against J774A.1 cells

To analyze the therapeutic window of the developed prodrugs, the cytotoxic properties of the
prodrugs and the parent inhibitors were determined using a MTT assay protocol against the
murine macrophage cell line (J774A.1) after incubation for 72 hours. To quantify cytotoxic
activity, the half-maximal inhibitory concentration (ICso) was determined. The results,
summarized in Fig. 3 and Table 3, consistently showed that the synthesized prodrugs
exhibited significantly higher ICso values compared to the corresponding parent HDAC
inhibitors.

The ratio of prodrug ICso to parent compound ICso was calculated, revealing a 4- to 78—fold
improvement in reducing cellular cytotoxicity when using the prodrug approach instead of the
parent HDAC inhibitors. Compounds 4 and 10 were found to be the least toxic prodrugs
against J774A.1 cells. It was not possible to calculate accurate ICso values for both
compounds as they demonstrated minimal or no cellular toxicity even at tested concentrations
up to 100 uM. At the same time, compound 5 and 6 show moderate toxicity in J77A.1 cells,
pointing towards potential off-target effects in this cell line.

Table 3: ICso values for HDAC inhibitors and corresponding prodrugs against J774A.1 cells
for a 72-h incubation period determined in the MTT assay.

Cpd. Id ICso (uM) £ SEM Prodrug to Parent ICso Ratio
1)) 0.9+0.7 NA
4 NA NA
10
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10 NA NA
(D) 0.2 +0.02 NA
5 155+ 0.6 775
(V) 0.1+0.05 NA
6 2.5£0.6 25
12 0.4+0.04 4
v) 51+02 NA
7 61.9+0.5 12.1
(VI) 0.8+023 NA
8 233+3.7 29.1
11
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Fig. 3: Dose-response curves against J774A.1 cell line showing cytotoxic activities of HDAC
inhibitors and corresponding prodrugs.

2.2.3. In vitro prodrug activation by NTR

An LC-MS analysis was performed to determine the interaction profile of the most promising
prodrug 6 with E. coli NTR. After 30 minutes of incubation, the prodrug 6 (retention time: 5.6
min, m/z: 611.2473) reacted with NTR, resulting in the formation of the parent inhibitor (IV;
retention time: 4.16 min, m/z: 428.2193), in addition to other metabolites (Fig. 4, Table 4).

12
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Table 4: LC-MS of prodrug 6 activated by NTR

Retention time (min) m/z
Prodrug 6 5.58 611.2473
Parent HDAC inhibitor IV 4.16 428.2193
Prodrug 6 with NTR 2.95 466.1944
4.16 428.2193
5.55 611.2471
13
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z A (Prodrug 6)
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Fig. 4: HPLC chromatogram of the reduction reaction for prodrug 6 catalyzed by NTR at a 30 min reaction time. (A) Chromatogram of 6 without
NTR; (B) Chromatogram of the parent inhibitor IV; (C) Chromatogram of 6 with NTR showing the release of the inhibitor IV; (D) Overlay of the
three chromatograms.
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3. Conclusion

Over recent years, histone deacetylases (HDACSs) have gained great interest as key epigenetic
modulators involved in the regulation of several cellular processes, and their overexpression
has been associated with the initiation and progression of different types of cancer. Several
HDAC inhibitors have been approved for the treatment of different subtypes of blood
malignancies; however, the majority of them show some limitations, including genotoxicity,
mutagenicity, and undesirable adverse effects. One strategy that could be used to overcome
such problems and improve drug delivery to selected cell types is the design of prodrugs. In
the current study, a novel series of bioreductive nitroaromatic prodrugs for class | HDACs has
been designed and synthesized based on different reported HDACI, 2, and 3 inhibitors. The
aminobenzamide part (ZBG) of the selected HDAC inhibitors was masked with different
nitroarylmethyl alcohols through a carbamate linker. Such attachment should reduce the
binding to the targeted HDACSs, which could be explained by the weaker HDAC inhibitory
activity of the newly synthesized prodrugs compared to the parent inhibitors. Furthermore, the
biological activity of the newly synthesized prodrugs was evaluated against THP1 acute
myeloid leukemia cells using a nitroreductase (NTR) prodrug system. This prodrug system
catalyzes the reduction of the nitro group of different nitroaromatic substrates of cytotoxic
amines to release the active inhibitor selectively in NTR-expressing cells. Cellular testing
revealed that two 2-nitroimidazole-based prodrugs (5 and 6) were activated by the NTR
prodrug system. Both compounds showed cellular effects almost in the range of the
corresponding parent inhibitors. Compound 6 showed potent activity against the NTR-THP1
cell in the nanomolar range. In addition, it exhibited a moderate selectivity window. The in
vitro prodrug activation by NTR was confirmed by LC-MS analysis, which showed the
release of the parent inhibitor after incubation of the prodrug 6 with E. coli NTR. This work
demonstrates that we successfully synthesized and evaluated a novel class | HDAC prodrug
with good bioreductive properties, which can be used as a good starting point to enhance the
selectivity and for further optimization. In addition, our model shows the potential to
genetically engineer tumor cells with a bacterial nitroreductase for specific activation.

4. Materials and Methods
4.1. General Experimental Information

Materials and reagents were purchased from Sigma-Aldrich Co., Ltd. (Darmstadt, Germany)
and abcr GmbH (Karlsruhe, Germany). All solvents were analytically pure and dried before
use. Thin-layer chromatography was carried out on aluminum sheets coated with silica gel 60
F254 (Merck, Darmstadt, Germany). For medium-pressure chromatography (MPLC), silica
gel 60 (0.036-0.200 mm) was used. Purity was measured by UV absorbance at 254 nm. The
elution system used for HPLC consists of MeOH, H>O, and 0.05% trifluoroacetic acid. The
HPLC consisted of a LiChrosorb® RP-18 (5 pm) 100-4.6 Merck column (Merck, Darmstadt,
Germany), two LC-10AD pumps, a SPD-M10A VP PDA detector, and a SIL-HT
autosampler, all from the manufacturer Shimadzu (Kyoto, Japan). The absorption spectra
were recorded with a Shimadzu SPD-M10A diode array detector spectrophotometer (Kyoto,
Japan). For the preparative HPLC, a LiChrosorb® RP-18 (7 pum) 250-25 Merck (Merck,
Darmstadt, Germany) column was used. The applied mobile phase was a gradient with
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increasing polarity composed of acetonitrile/water and formic acid. Mass spectrometry
analyses were performed with a Finnigan MAT710C (Thermo Separation Products, San Jose,
CA, USA) for the ESI MS spectra and with a LTQ (linear ion trap) Orbitrap XL hybrid mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) for the HRMS-ESI (high-
resolution mass spectrometry) spectra. For the HRMS analyses, the signal for the isotopes
with the highest prevalence was given and calculated. 'H NMR spectra were taken on a
Varian Inova 400 using deuterated DMSO as solvent. Chemical shifts were referenced to the
residual solvent signals. The following abbreviations and formulas for solvents and reagents
were used: ethyl acetate (EtOAc), N, N-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), methanol (MeOH), tetrahydrofuran (THF), water (H20), sodium sulphate (Na>SOs4),
dichloromethane (DCM), potassium carbonate (K>CO3), and hydroxybenzotriazole (HOBt).

4.2. Experimental Procedures and Characterization of Synthesized Compounds

Intermediate 1 and the aniline derivatives I-II and I'V-VI were synthesized according to the
previously reported methods [37] and [18, 19, 40], respectively.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (4-nitrophenyl) carbonate (3)

4-Nitrophenyl chloroformate (2) (492 mg, 2.44 mmol, 1.2 eq.) in dry THF (5 mL) was added
slowly to an ice-cold solution of intermediate 1 (320 mg, 2.37 mmol, 1 eq.) in dry THF (15
mL) and pyridine (0.2 mL, 2.44 mmol, 1.2 eq.). The reaction was allowed to warm to room
temperature and stirred overnight. The reaction mixture was evaporated to dryness, EtOAc
was added, and the solution was washed with HCI (1 M, 15 mL) and brine (15 mL). The
combined organic layers were dried over Na;SO4, filtered, and concentrated under reduced
pressure. The crude product was purified by MPLC (EtOAc : hexane) to give the product as
white solid (yield: 220 mg, 0.68 mmol, 33.8%); '"H NMR (400 MHz, DMSO-d®) § 8.32 (d, J =
9.1 Hz, 2H), 7.57 (d, J=9.1 Hz, 2H), 7.35 (s, 1H), 5.45 (s, 2H), 3.97 (s, 3H).

General procedure for the preparation of final compounds 4-8.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (4-nitrophenyl) carbonate (3) (100 mg, 0.31
mmol, 1 eq.) was added to a mixture of HOBt-H>O (60 mg, 0.39 mmol, 1.3 eq.) and the
appropriate aniline derivative (I, II, IV-VI) (0.31 mmol, 1 eq.) in dry DMF (5 mL), and the
resulting reaction mixture was stirred at RT for 18 h. The solvent was removed under reduced
pressure. The crude product was purified by MPLC using (DCM: MeOH) to give the
corresponding final product.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (2-(4-acetamidobenzamido)phenyl)carbamate

4)
Q H
NMOJ\NH H\H/©/N\[(
>\/N\ N (o]

'"H NMR (400 MHz, DMSO-d®) § 10.20 (s, 1H), 9.72 (s, 1H), 9.00 (s, 1H), 7.89 (d, J = 8.8
Hz, 2H), 7.69 (d, J = 8.8 Hz, 2H), 7.56 (d, J = 7.6 Hz, 1H), 7.50 (dd, J = 7.8, 1.6 Hz, 1H),
7.27 (s, 1H), 7.23 — 7.14 (m, 2H), 5.25 (s, 2H), 3.90 (s, 3H), 2.06 (s, 3H); *C NMR (101
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MHz, DMSO-d®) § 169.2, 165.4, 153.8, 142.9, 133.7, 131.8, 130.73, 130.71, 129.19, 129.13,
128.8, 126.6, 126.0, 125.0, 118.5, 55.9, 34.6, 24.6; HRMS m/z: 475.1336 [M + Na]’;
calculated C21H20N6OsNa™: 475.1342; HPLC: rt 9.82 min (98.83%); white solid; yield: 90 mg,
0.2 mmol, 64.3%.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (2-(4-acetamidobenzamido)-4-(thiophen-2-

yDphenyl)carbamate (5)
)OL H
N
NSO T
>\/N\ N o]
O,N o
73

"H NMR (400 MHz, DMSO-d®) § 10.21 (s, 1H), 9.81 (s, 1H), 9.10 (s, 1H), 7.92 (d, J = 8.8
Hz, 2H), 7.80 (d, J = 2.2 Hz, 1H), 7.71 (d, J = 8.8 Hz, 2H), 7.63 (d, J = 8.5 Hz, 1H), 7.56 —
7.50 (m, 2H), 7.45 (dt, J = 3.6, 1.9 Hz, 1H), 7.28 (s, 1H), 7.11 (dt, J = 7.9, 4.0 Hz, 1H), 5.26
(s, 2H), 3.92 (s, 3H), 2.07 (s, 3H); *C NMR (101 MHz, DMSO-d®) & 169.2, 165.6, 153.8,
146.5, 143.0, 142.9, 133.6, 131.3, 131.0, 130.98, 130.54, 129.2, 129.0, 128.7, 126.0, 124.0,
123.3, 123.1, 118.5, 56.0, 34.7, 24.6; HRMS m/z: 557.1215 [M + Na]’; calculated
C2sH2oN6O6¢SNa': 557.1219; HPLC: rt 12.60 min (97.29%); white solid; yield: 75 mg, 0.14
mmol, 45.2%.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (2-(5-(4-((1H-indol-3-yl)methyl)piperazin-1-
yl)pyrazine-2-carboxamido)phenyl)carbamate (6)

0
=N
QH»\QN(\\\/N
o NH
X 0
o N
H
by
=L

N"“No,

"H NMR (400 MHz, DMSO0-d®) § 10.93 (s, 1H), 9.83 (s, 1H), 9.40 (s, 1H), 8.67 (s, 1H), 8.24
(s, 1H), 7.95 (d, J = 15.2 Hz, 1H), 7.66 (d, J = 7.8 Hz, 1H), 7.50 — 7.20 (m, 5H), 7.14 (t, J =
7.6 Hz, 1H), 7.06 (t, J=7.3 Hz, 1H), 6.98 (t, J= 7.4 Hz, 1H), 5.28 (s, 2H), 3.90 (s, 3H), 3.79
— 3.60 (m, 6H), 2.62 — 2.50 (m, 4H); HRMS m/z: 611.2476 [M + H]"; calculated
C30H31N1005": 611.2479; HPLC: rt 11.16 min (99.75%); beige solid; yield: 50 mg, 0.08
mmol, 26.3%.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl 2-(2-(4-methylpiperazin-1-yl)pyrimidine-5-
carboxamido)phenylcarbamate (7)
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0 S

'"H NMR (400 MHz, DMSO-d®) & 9.68 (s, 1H), 9.04 (s, 1H), 8.84 (s, 2H), 7.60 (d, J = 16.6
Hz, 1H), 7.48 (dd, J=17.9, 1.5 Hz, 1H), 7.26 (s, 1H), 7.21 (td, J= 7.7, 1.6 Hz, 1H), 7.15 (td, J
=17.6, 1.5 Hz, 1H), 5.25 (s, 2H), 3.91 (s, 3H), 3.84 (t, /= 5.0 Hz, 4H), 2.40 (t, /= 5.0 Hz, 4H),
2.24 (s, 3H); HRMS m/z: 496.205 [M + H]"; calculated C22H26N9Os": 496.205; HPLC: rt
8.58 min (92.05%); colourless oil; Yield: 35 mg, 0.07 mmol, 22.9%.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (2-(5-(4-methylpiperazin-1-yl)pyrazine-2-
carboxamido)phenyl)carbamate formate (8)

B, KT
N N
X0 ONH z
AN N .HCOOH
O,N 8

'H NMR (400 MHz, DMSO-d®) § 9.86 (s, 1H), 9.42 (s, 1H), 8.69 (d, J = 1.1 Hz, 1H), 8.27 (s,
1H), 7.97 (s, 1H), 7.89 (d, J= 8.4 Hz, 1H), 7.60 (d, /= 8.3 Hz, 1H), 7.46 — 7.38 (m, 1H), 7.35
—7.29 (m, 1H), 7.27 = 7.21 (m, 1H), 7.15 (td, J= 7.7, 1.3 Hz, 1H), 5.29 (s, 2H), 3.90 (s, 3H),
3.79 — 3.62 (m, 4H), 2.55 — 2.49 (m, 4H), 2.30 (s, 3H); HRMS m/z: 496.205 [M + H]" ;
calculated C22H26NoOs™: 496.205; The compound exist as formic acid salt as it was purified
using preparative HPLC; HPLC: rt 9.17 min (97.95%); colourless oil; yield: 20 mg.

General procedure for preparation of final compounds 10-12.

A solution of 4-nitrobenzyl chloroformate (9) (100 mg, 0.46 mmol, 1 eq.) in 3 mL of THF
was added dropwise to a mixture of the appropriate aniline derivative (I-III) (0.46 mmol, 1
eq.) and K>CO3 (83 mg, 0.6 mmol, 1.3 eq.) in dry THF (10 mL) at 0° C. The reaction mixture
was stirred at RT for 4 h. The reaction mixture was filtered, and the solvent was evaporated
under reduced pressure. The obtained residue was purified using MPLC (DCM: MeOH) to
give the corresponding product.

4-Nitrobenzyl (2-(4-acetamidobenzamido)phenyl)carbamate (10)

NO,

'H NMR (400 MHz, DMSO-d®) § 10.20 (s, 1H), 9.73 (s, 1H), 9.13 (s, 1H), 8.20 — 8.14 (m,
2H), 7.92 — 7.86 (m, 2H), 7.68 (d, J = 8.8 Hz, 2H), 7.62 (d, J = 8.8 Hz, 2H), 7.56 (dd, J = 7.8,
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1.5 Hz, 1H), 7.51 (dd, J = 7.7, 1.7 Hz, 1H), 7.24 — 7.13 (m, 2H), 5.27 (s, 2H), 2.06 (s, 3H);
3C NMR (101 MHz, DMSO-d®) & 169.2, 165.4, 154.2, 147.4, 145.0, 142.9, 131.9, 130.8,
129.1, 128.8, 128.7, 127.5, 126.6, 126.0, 125.0, 124.0, 118.5, 65.2, 24.6; HRMS m/z:
471.1274 [M + Na]’; calculated C23H20N4OgNa': 471.1280; HPLC: rt 11.66 min (95.69%);
white solid; yield: 65 mg, 0.14 mmol, 32.5%.

4-Nitrobenzyl (2-(4-acetamidobenzamido)-4-(thiophen-2-yl)phenyl)carbamate (11)

NO,

"H NMR (400 MHz, DMSO-d®) § 10.21 (s, 1H), 9.81 (s, 1H), 9.20 (s, 1H), 8.18 (d, J = 8.8
Hz, 2H), 7.92 (d, J = 8.7 Hz, 2H), 7.79 (d, J = 2.1 Hz, 1H), 7.69 (d, J = 8.7 Hz, 2H), 7.66 —
7.60 (m, 3H), 7.55 — 7.49 (m, 2H), 7.45 (dd, J = 3.6, 1.0 Hz, 1H), 7.11 (dd, J = 5.1, 3.6 Hz,
1H), 5.29 (s, 2H), 2.07 (s, 3H); *C NMR (101 MHz, DMSO-d®) § 169.2, 165.6, 154.2, 147.5,
144.9, 143.0, 142.96, 131.4, 131.0, 130.5, 129.2, 129.0, 128.8, 128.6, 127.5, 126.0, 124.0,
123.7, 123.4, 123.1, 118.5, 65.3, 24.6; HRMS m/z: 553.1153 [M + Na]"; calculated
C27H22N406SNa™: 553.1158; HPLC: rt 13.78 min (95.31%); white solid; yield: 72 mg, 0.14
mmol, 28.8%.

4-Nitrobenzyl (2-(5-(4-((1H-indol-3-yl)methyl)piperazin-1-yl)pyrazine-2-
carboxamido)phenyl)carbamate (12)

0O
A
S

NH
b E
N
H

"H NMR (400 MHz, DMSO-d®) § 10.93 (s, 1H), 9.88 (s, 1H), 9.48 (s, 1H), 8.68 (d, J = 1.3
Hz, 1H), 8.19 — 8.09 (m, 3H), 7.94 (s, 1H), 7.68 — 7.57 (m, 3H), 7.34 (d, J = 8.0 Hz, 2H), 7.26
—7.21 (m, 2H), 7.15 (td, J= 7.7, 1.5 Hz, 1H), 7.09 — 7.03 (m, 1H), 7.00 — 6.95 (m, 1H), 5.29
(s, 2H), 3.69 (s, 6H), 2.56 — 2.50 (m, 4H); '*C NMR (101 MHz, DMSO-d°) § 162.2, 156.3,
155.5, 154.8, 150.4, 147.4, 145.0, 142.7, 136.8, 132.2, 129.2, 128.7, 128.0, 126.4, 126.3,
125.2, 125.1, 125.06, 123.9, 121.4, 119.5, 118.9, 111.8, 110.8, 65.3, 53.5, 52.5, 44.5; HRMS
m/z: 607.2412 [M + H]"; calculated C3,H31NgOs": 607.2417; HPLC: rt 11.87 min (97.29%);
beige solid; yield: 55 mg, 0.09 mmol, 19.57%.

NO,

4.3. Biological Evaluation
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4.3.1. In Vitro HDAC Inhibition Assay

Recombinant human proteins HDAC1, HDAC2, and HDAC3/NCOR1 were purchased from
ENZO Life Sciences AG (Lausen, CH). Recombinant human HDACS8 was produced by
Romier et al. (IGBMC, Univ. Strasbourg), as described in [43]. The in vitro testing on
recombinant HDACs 1-3 was performed with a fluorogenic peptide derived from p53 (Ac-
RHKK(Acetyl)-AMC) as reported [18,39]. The measurements were performed in assay buffer
(50 mM Hepes, 150 mM NaCl, 5 mM MgCl,, 1 mM TCEP, and 0.2 mg/mL BSA, pH 7.4
adjusted with NaOH) at 37 °C. All compounds at different concentrations were incubated with
10 nM HDACI1, 3 nM HDAC?2, or 3 nM HDACS3 (final concentration) for at least 5 min. The
reaction was first started with the addition of a fluorogenic peptide substrate (20 pM final
concentration) and incubated for 30 min for HDAC2 and HDAC3 and 90 min for HDACI.
The reaction was then stopped with a solution of 1 mg/mL trypsin and 20 pM SAHA in 1 mM
HCI and incubated for 1 h at 37 °C. The fluorescence intensity was measured with an
Envision 2104 Multilabel Plate Reader (PerkinElmer, Waltham, MA, USA) with an excitation
wavelength of 380 £ 8 nm and an emission wavelength of 430 £ 8 nm. The measured
fluorescence intensities were normalized with uninhibited reaction as 100% and the reaction
without enzyme as 0%. A nonlinear regression analysis was done to determine the ICso value.
The enzyme inhibition of HDACS was determined by using a reported homogenous
fluorescence assay 2 [44]. The enzyme was incubated for 90 min at 37 °C, with the
fluorogenic substrate ZMAL (Z (Ac)Lys-AMC) in a concentration of 10.5 uM and increasing
concentrations of tested compounds. Fluorescence intensity was reported at an excitation
wavelength of 390 nm and an emission wavelength of 460 nm in a microtiter plate reader
(BMG Polarstar).

4.3.2. Cellular testing
4.3.2.1. Cytotoxic activity against wild type THP1 and NTR-THP1 cells

The NTR-expressing cell line THP1-NTR was generated in the group of Prof. Miething from
the University of Freiburg Medical Center, by lentiviral transfection of wild-type THP1 cells
(RRID:CVCL_0006), which was a kind gift of Prof. Liibbert from the University Hospital,
Freiburg, with an nfsb gene construct. Both cell lines were cultivated in RPMI1640 medium
supplemented with 10% (v/v) FCS, 2 mM L-glutamine and 1% Penicillin/Streptomycin at 37
°C in a humidified atmosphere with 5% CO,. Cells were diluted to 5 x 10"4 cells'mL", and
mixed with compounds to a final DMSO concentration of 0.5% and seeded at 100 pL in 96-
well plates in triplicates. After 72 h incubation, the CellTiter 96® AQueous Non-Radioactive
Cell Proliferation Assay from Promega was performed according to the manufacturer’s
instructions. Assay plates were measured at 492 nm on a POLARstar Optima microplate
reader (BMG Labtech, Germany). Data was plotted as absorbance units against logarithm of
compound concentration using OriginPro 9G (OriginLab, USA). 50% inhibition of viability
(Glso) was determined as compound concentration required to reduce the number of metabolic
active cells by 50% compared to DMSO control. The assay had already been described [37].

4.3.2.2. Cytotoxic activity against J774A.1 cell line
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Murine macrophage cell line J774A.1 was maintained under standard conditions at 37°C and
5% COz in DMEM (High glucose) supplemented with 10% fetal bovine serum.

4.3.2.2.1. Cytotoxic properties of active drugs

Cytotoxic properties of active drugs were determined in MTT assay against J774A.1 cells.
2000 cells/well were plated in 96 well plates. Cells were incubated overnight and the medium
was removed from assay wells. Subsequently, 100 pL. of compounds I, II, V, and VI were
applied to cells at concentrations of 12 uM, 6 uM, 3 uM, 1.5 uM, 0.75 uM, 0.375 uM, 0.187
uM, 0.094 puM, 0.047 uM, while compound IV was applied at concentrations of 1 uM, 0.5
uM, 0.25 uM, 0.125 uM, 0.0625 uM, 0.0313 uM, 0.0156 puM, 0.0078 puM, 0.0039 puM.
DMSO at concentration 0.2% (v/v) was used as vehicle control. After 72 h incubation MTT
assay was performed. All experiments were conducted in triplicate and repeated at least twice.

4.3.2.2.2. Cytotoxic properties of prodrugs

Cytotoxic properties of prodrugs determined in MTT assay against J774A.1 cells. 2000
cells/well were plated in 96 well plates. Cells were incubated overnight and the medium was
removed from assay wells. Subsequently, 100 uL of prodrugs 4, 5, 7, 8, and 10 were applied
to cells at concentrations of 100 uM, 50 uM, 25 uM, 12.5 uM, 6.3 uM, 3.1 uM, 1.6 uM, 0.8
uM, 0.4 uM and 100 pL of prodrugs 6 and 12 at concentrations of 100 uM, 50 uM, 25 uM,
12.5 uM, 6.25 uM, 3.125 uM, 1.563 uM, 0.781 uM, 0.391 uM, 0.195 uM, 0.098 uM, 0.049
uM, 0.024 pM, 0.012 uM, 0.006 pM, 0.003 uM, 0.002 pM, 0.0001 uM. DMSO at
concentration 0.5% (v/v) was used as vehicle control. After 72 h incubation MTT assay was
performed. All experiments were conducted in triplicate and repeated at least twice.

4.3.2.2.3. MTT Assay

At designated time point medium in assay wells of 96-well cell culture plates was replaced
with equal volume (100 pL) of the 0.5 mg/mL MTT solution in phenol free complete culture
medium. The plates were incubated for 3 hours at 37°C, 5% CO;. Upon incubation the
medium was carefully removed and formazan crystals were solubilized with 100 uL. DMSO
for 10 minutes on orbital shaker at 300 rpm. Absorbance was measured with Tecan Spark
10M microplate reader (Tecan Trading AG, Switzerland) at 500 nm and a reference
wavelength of 650 nm. The percentage of cell viability was determined using following
formula: (OD 500 sample/OD500 control)*100.

4.3.3. In vitro prodrug activation by NTR

In vitro prodrug activation by NTR was performed with an assay mixture containing final
concentrations: 200 uM of 6, 1.5 mM NADH, 1.5 uM FMN and 250 nM NTR. Reactions
were carried out in HEPES buffer (50 mM, pH 7.4) containing 2.5% DMSO as co-solvent at
37°C for 30 min at 300 rpm. At designated time aliquots from control and reaction samples
were collected and the reaction was stopped by mixing 1:1 with cold acetonitrile (ACN).

Chromatographic separation was achieved using an ACQUITY UPLC BEH C18 Column

(130A, 1.7 pm, 2.1 mm x 100 mm, Dublin, Ireland). Mobile phase A consisted of water

supplemented with 0.1% formic acid (FA) and mobile phase B consisted of ACN

supplemented with 0.1% FA. Analysis was performed with a flow rate of 0.5 mL/min using
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the following program: 0-12 min gradient of 10-80% mobile phase B, 12-14 min at 100%
mobile phase B. Column temperature was maintained at 50 °C. The mass spectrophotometry
study was performed with Agilent 6546 LC/Q-TOF operating in the positive ion mode.
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Abstract

The design of proteolysis targeting chimeras (PROTACSs) has become a promising technology
for modifying a protein of interest (POI) through protein degradation. Herein, we describe the
synthetic pathway to develop N4—(2—amino—4—ﬂuor0phenyl)—Nl—(3—{2—[2—(3—{[2—(2,6—di0x0—3—
piperidyl)-1,3-dioxoisoindolin-4-ylJamino } propoxy)ethoxy]ethoxy } propyl)terephthalamide,
which was designed to work as a selective degrader of histone deacetylase-3 (HDAC3). The
newly synthesized compounds were characterized by 'H-NMR, “C-NMR, IR and HRMS.
The title compound was tested in vitro against human class-I HDACs isoforms and showed
ICso = 3.4 uM against HDAC3; however, it did not show degradation for the targeted
HDAC:S.
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Abstract: The design of proteolysis targeting chimeras (PROTACs) has become a promising technol-
ogy for modifying a protein of interest (POI) through protein degradation. Herein, we describe the
synthetic pathway to develop N*-(2-amino-4-fluorophenyl)-N1-(3-{2-[2-(3-{[2-(2,6-dioxo-3-piperidyl)-
1,3-dioxoisoindolin-4-ylJamino}propoxy)ethoxy]ethoxy}propyl)terephthalamide, which was designed
to work as a selective degrader of histone deacetylase-3 (HDAC3). The newly synthesized compounds
were characterized by TH-NMR, 13C-NMR, IR and HRMS. The title compound was tested in vitro
against human class-I HDACs isoforms and showed ICs = 3.4 uM against HDAC3; however, it did
not show degradation for the targeted HDACs.

Keywords: PROTACs; HDAC isoforms; HDAC inhibitors; 2-aminobenzamides

1. Introduction

Class-I histone deacetylases (including HDAC1, 2, 3, and 8 isoforms) are among eleven
zinc-dependent histone deacetylases that catalyze the hydrolysis of acetyl groups from
histone lysine residues [1]. They play an important role in the regulation of gene expression
and cell proliferation [2]. Dysregulation of their epigenetic activity has been involved in a
wide range of diseases [3-5], including cancer [2]. Several HDAC inhibitors (HDACis) have
been developed and identified as potential anticancer therapeutics [6]. Most HDACis share
a common pharmacophoric scaffold consisting of three different parts as follows: a zinc
binding group (ZBG) that is responsible for chelating of zinc ion in the active site of HDACs,
a capping group that usually induce hydrophobic interactions at the rim of the HDAC
enzyme, in addition to a linker connecting both groups [7]. HDACis can be classified
based on their zinc binding groups (ZBG) into different groups, mainly hydroxamates,
2-aminobenzamides, thiols, cyclic peptides, and others [8]. To date, four HDACis have
been approved by US Food and Drug Administration (FDA) for treatment of different
hematological malignancies including the hydroxamate-based vorinostat, belinostat and
panobinostat, in addition to the cyclic peptide romidepsin [9]. Although the hydroxamic
acids exhibit potent ZBG activity, it was observed that hydroxamate-based HDACis lack
isoform selectivity, and this might contribute to the off-target side effect associated with
such drugs [10,11]. It has been reported that 2-aminobenzamides can enhance class-I HDAC
selectivity and strongly inhibit HDAC subtypes HDACs], -2, and -3 [12]. Tacedinaline
(Figure 1) is the first reported 2-aminobenzamide-based HDAC inhibitor, which is currently
in a clinical trial (phase II) for treatment of patients with multiple myeloma [13]. BRD3308
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is an analog of tacedinaline with higher selectivity against HDAC3 (IC59 HDAC3 = 64 nM)
(Figure 1) [14].

(B)
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(C)

0]
. N/\/\O/\/O\/\O/\/\NH o
axy
N 0
F NHZO %
0

(0]
Compound 5

Figure 1. Design of HDACs-PROTACsS. (A) Examples of 2-aminobenzamide-based HDAC inhibitors.
(B) Example of CRBN-based E3 ligase ligand. (C) Our designed HDAC-PROTACs.

PROTAC S are hybrid bifunctional molecules connecting a protein of interest (POI)
ligand to an E3 ubiquitin ligase (E3) recruiting ligand using a certain linker [15]. The von
Hippel-Lindau (VHL) and cereblon (CRBN) ligands are the most frequently used E3 ligands
for PROTACsS design [16]. Binding of a PROTACs molecule to both a protein of interest
and E3 ligase induce the formation of ternary complex. Formation of such a complex
hijacks subsequent ubiquitination of the target protein and degradation via the ubiquitin-
proteasome system (UPS) [16]. Due to this characteristic mechanism of action, the PROTACs
approach has several advantages compared to conventional inhibitors. Firstly, PROTACs
technology has been demonstrated to overcome the problem of resistance encountered in
most current therapeutics through elimination of the entire target, which results in deletion
of both enzymatic and non-enzymatic activity of the target protein [15]. In addition, the
degradation of a POI through PROTAC s is a catalytic process which means that only low
doses of PROTACs are required; therefore, PROTACsS are less prone to target overexpression
and mutations [15]. In the past few years, targeting different HDAC isoforms using the
PROTAC approach has attracted great interest. In 2018, we reported the development of
the first Sirtuin-2 deacetylase degrader [17]. Very recently we have also reported the design
of novel HDACS degraders [18].

In the present study, we planned to design a selective degrader for class-I HDACs
isoforms. For the PROTAC design, the 2-aminobenzamide selective HDAC-3 inhibitor
(BRD3308) was chosen and connected to the (CRBN) E3 ligase ligand (pomalidomide)
through a polyethylene glycol linker (Figure 1).

2. Results and Discussion
2.1. Chemistry

To obtain the desired compound, a synthetic strategy was used that involved three
main steps, as shown in Scheme 1. The first step involved synthesis of the HDAC3 inhibitor
part functionalized with carboxylic acid group 3. This intermediate was synthesized via the
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OH
+
_O

amide coupling reaction between 4-methoxycarbonylbenzoic acid (1) and 4-fluorobenzene-
1,2-diamine (2) using hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU)
as a carboxylic acid activating agent and DIPEA, followed by the alkaline hydrolysis of the
methyl ester using lithium hydroxide to afford the desired carboxylic acid 3. The second
step included the preparation of the pomalidomide connected to the polyethylene glycol
linker functionalized with terminal primary amine intermediate 4. This intermediate was
synthesized according to the previously reported method [19]. Finally, amide coupling
between the obtained carboxylic acid (3) and the pomalidomide-linker-amine 4 was carried
out using the method mentioned above to afford compound 5.

Y@)j\ HzN/\/\O/\/O\/\O/\/\NH o
Q O Q @N%O
NH2

o O
4
J (iii)

\'(©)\N/\/\o/\/0\/\o/\/\NH o
Jo e v~ o
NH NH

o O

Scheme 1. The synthetic pathway toward the synthesis of compound 5 involved the synthesis of
intermediates 3 and 4 followed by amide coupling to obtain the final compound. Reagents and
conditions: (i) HATU, DIPEA, DMF, RT, 3 h; (i) LiOH.H,O, THF, H,O, RT, 5 h; (iii); HATU, DIPEA,
DME, RT, 3 h.

2.2. Biological Evaluation
2.2.1. In Vitro HDAC Inhibition Assay

Compound 5 was subjected to in vitro HDAC inhibition activity against human
class-I HDACs (HDACI, 2, and 3) using a fluorogenic peptide derived from p53 (Ac-
RHKK(Acetyl)-AMC) HDAC1-3 isoforms as demonstrated in Table 1 [20]. Compound 5
showed moderate inhibitory activity against HDAC1 and 2, while it showed an IC5p = 3.4 uM
for HDACS3.

Table 1. Inhibitory activity of compound (5) against HDAC 1, 2, and 3.

Cpd. No Structure HDAC1 HDAC2 HDAC3
e (IC50 uM) (ICs59 uM) (ICsp M)
C
o F’\/\/\C/\/C\/\C/\/\"} -
5 N 180+ 1 140+ 1 34401
ESS Lol

2.2.2. Cellular Testing

In addition, compound 5 was tested against a pancreatic cancer cell line (PSN1). In
order to evaluate the degradation capability of synthesized PROTAC for HDAC1-3, the
cellular levels of HDAC1-3 in PSN1 cell line were analyzed by Western blot. When tested
in human HCT116 cells, compound 5 unfortunately showed no degradation of HDAC1-
3 (data not shown). Further structural modifications might be tested for compound 5
(e.g., using different linkers with different lengths, further ubiquitin E3 ligase ligands)
to obtain the desired degradation activity. In summary, we established a synthetic route
for class I HDAC degraders with good yields that can be used for the development of
further analogs.
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3. Materials and Methods
3.1. General Experimental Information

Materials and reagents were purchased from Sigma-Aldrich Co., Ltd. (Darmstadt,
Germany) and abcr GmbH (Karlsruhe, Germany). All solvents were analytically pure
and dried before use. Thin layer chromatography was carried out on aluminum sheets
coated with silica gel 60 F254 (Merck, Darmstadt, Germany). For medium pressure chro-
matography (MPLC), silica gel 60 (0.036e0.200 mm) was used. The melting points (mp)
were determined on Boétius hot stage apparatus (VEB Kombinat, NAGEMA, Dresden,
GDR). Purity was measured by UV absorbance at 254 nm. The HPLC consisted of a
LiChrosorb®® RP-18 (5 um) 100-4.6 Merck column (Merck, Darmstadt, Germany), two
LC-10AD pumps, a SPD-M10A VP PDA detector, and a SIL-HT autosampler, all from
the manufacturer Shimadzu (Kyoto, Japan). The absorption spectra were recorded with
a SPD-M10A diode array detector Shimadzu spectrophotometer (Kyoto, Japan). Mass
spectrometry analyses were performed with a Finnigan MAT710C (Thermo Separation
Products, SanJose, CA, USA) for the ESI MS spectra and with a LTQ (linear ion trap)
Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) for
the HRMS-ESI (high-resolution mass spectrometry) spectra. IR spectra were taken using
an FTIR, using potassium bromide (KBr) as a supporting material (ATR method). For
the HRMS analyses, the signal for the isotopes with the highest prevalence was given
and calculated. 'H NMR spectra were taken on a Varian Inova 400 using deuterated
DMSO as solvent. Chemical shifts were referenced to the residual solvent signals. The
following abbreviations and formulas for solvents and reagents were used: ethyl acetate
(EtOACc), N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), methanol (MeOH),
tetrahydrofuran (THF), water (H,O), dichloromethane (DCM), N,N-diisopropylethylamine
(DIPEA), O-(7-azabenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium-hexafluorphosphate
(HATU) and hydrochloric acid (HCl), trifluoroacetic acid (TFA).

3.2. Experimental Procedures and Characterization of Synthesized Compounds

4-[(2-Amino-4-fluorophenyl)carbamoyl]benzoic acid (3)

A mixture of the 4-methoxycarbonylbenzoic acid (1) (0.145 g, 0.8 mmol, 1 eq.), HATU
(0.35 g, 0.92 mmol, 1.15 eq.) was dissolved in dry DMF (5 mL) and stirred at RT for 30 min.
4-Fluorobenzene-1,2-diamine (2) (0.11 g, 0.87 mmol, 1.1 eq.) and DIPEA (0.7 mL, 4.02 mmol,
5 eq.) were added and the reaction mixture was stirred at RT for 3 h. The reaction mixture
was diluted with EtOAc (15 mL) and the reaction mixture was washed with 1 N NH4Cl
and 1 N NaHCOs3, respectively. The organic extracts were washed with brine, dried over
anhydrous NaySQy, filtered and concentrated under vacuum. The residue was purified
using MPLC using (DCM—MeOH) to provide the corresponding amide, which was further
dissolved in a mixture of 10 mLTHF: H,O (1:1); then, lithium hydroxide monohydrate
(87 mg) was added to the solution and the reaction mixture was stirred at RT for 5 h. The
TLC showed that there were no starting materials. Then, the mixture was neutralized
using 1IN HCl. The precipitated solid was filtered and dried under vacuum to obtain the
corresponding carboxylic acid 3 as beige amorphous powder; mp. 275-277 °C; yield (0.11
g, 0.4 mmol, 50% over 2 steps); 'H NMR (400 MHz, DMSO-dé) 5 13.20 (s, 1H), 9.71 (s,
1H), 8.04 (q, ] = 8.2 Hz, 4H), 7.15-7.05 (m, 1H), 6.52 (d, ] =11.2 Hz, 1H), 6.34 (t, ] = 8.4 Hz,
1H), 5.24 (s, 2H); '*C NMR (101 MHz, DMSO-d®) § 167.2, 165.4, 162.8, 160.4, 145.9, 138.8,
133.5,129.6,129.1, 128.5, 119.3, 102.3, 1020, 101.7; IR (KBr, v, cm?'): 3321, 3234, 3072, 2849,
2675, 2558, 1683, 1639, 1622, 1612; MS-ESI m/z: 273.18 [M-H]~; HPLC: rt 9.30 min using
MeOH/H;0/0.05%TFA (purity 96.52%); UV-Vis spectra (MeOH/H,O/TFA 50: 50: 0.05),
Amax: 212 nm (e = 974 M~ em™1, log & = 2.99), 226 nm (¢ = 1003 M~! cm ™!, log & = 3.00),
256 nm (e =411 M1 em ™1, log e =2.61), 287 nm (e = 300 M tem™1, log & = 2.48).

4-(3-{2-[2-(3-Aminopropoxy)ethoxylethoxy}propylamino)-2-(2,6-dioxo-3-piperidyl)-
isoindoline-1,3-dione (4) was synthesized according to the previously reported method
(Supplementary Materials) [19].
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N*-(2-Amino-4-fluorophenyl)-N'-(3-{2-[2-(3-{[2-(2,6-diox0-3-piperidyl)-1,3-dioxois-
oindolin-4-yl]lamino}propoxy)ethoxylethoxy}propyl)terephthalamide (5)

A mixture of compound 3 (0.11, 0.4 mmol, 1.0 eq.) and HATU (0.167 g, 0.44 mmol,
1.1 eq.) was dissolved in dry DMF (5 mL) and stirred at RT for 30 min. Intermediate 4 (0.21 g,
0.44 mmol, 1.1 eq.) and DIPEA (0.35 mL, 2 mmol, 5.0 eq.) were added and the reaction
mixture was stirred at RT for 3 h. The reaction mixture was diluted with ethyl acetate
(30 mL) and the reaction mixture was washed with 1 N NH4Cl and saturated NaHCO3,
respectively. The combined organic extracts were washed with brine, dried over anhydrous
NaySOy, filtered, and concentrated under vacuum. The residue was purified using MPLC
(Chloroform—MeOH) to provide the targeted compound as yellow amorphous powder;
mp. 96-98 °C; yield (0.12 g, 0.16 mmol, 40.9%); 'H NMR (400 MHz, DMSO-d®) & 11.06 (s,
1H), 9.66 (s, 1H), 8.54 (t, ] = 5.5 Hz, 1H), 8.02 (d, ] = 8.4 Hz, 2H), 7.92 (d, ] = 8.4 Hz, 2H), 7.55
(dd, ] =8.5,7.2 Hz, 1H), 7.14-7.05 (m, 2H), 7.00 (d, ] = 6.9 Hz, 1H), 6.64 (t, ] = 5.9 Hz, 1H),
6.53 (dd, ] =11.2,29 Hz, 1H), 6.34 (td, ] = 8.5, 2.9 Hz, 1H), 5.23 (s, 2H), 5.03 (dd, ] = 12.8,
5.4 Hz, 1H), 3.57-3.42 (m, 12H), 3.39-3.30 (m, 4H), 2.86 (ddd, ] = 17.6, 14.1, 5.5 Hz, 1H),
2.62-2.51 (m, 2H), 2.00 (ddd, ] = 10.6, 7.2, 4.8 Hz, 1H), 1.83-1.71 (m, 4H); '3C NMR (101 MHz,
DMSO-d®) 5 173.2, 170.5, 169.3, 167.8, 165.9, 165.4, 146.9, 146.1, 146.0, 137.4, 137.1, 136.7,
132.6,129.1,128.2,127.4,117.5, 110.8, 109.5, 102.6, 102.3, 102.0, 101.7, 70.3, 70.2, 70.1, 70.0,
68.7,68.7,49.0, 37.2, 31.4,29.8, 29.3, 22.6; IR (KBr, v, cm~1): 3360, 2870, 1693., 1624, 1511;
HRMS m/z: 733.299 [M + HJ*; calculated C37H4pFNgOg*: 733.299; HPLC: rt 12.26 min using
MeOH/H;0/0.05%TFA (purity 96.59%); UV-Vis spectra (MeOH/H,O/TFA 50: 50: 0.05),
Amax: 229 nm (¢ = 2839 M~ cm !, log & = 3.45), 260 nm (¢ = 1109 M~ ! cm ™!, log € = 3.04),
420 nm (e =569 M1 em 1, log e =2.76).

3.3. Biological Testing
In Vitro HDAC Inhibition Assay

Recombinant human HDAC1, HDAC2, and HDAC3/NCOR1 were purchased from
ENZO Life Sciences AG (Lausen, CH). The in vitro testing on recombinant HDACs 1-3 was
performed as described in (Supplementary Materials) [12].

Supplementary Materials: The following supporting information can be downloaded online. Syn-
thesis of intermediate 4, in vitro HDAC inhibitory assay and copies of TH-NMR, 13C-NMR, HPLC,
IR, MS, and UV spectra.
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Abstract

Schistosomiasis is a major neglected parasitic disease that affects more than 240 million
people worldwide and for which the control strategy consists of mass treatment with the only
available drug, praziquantel. Schistosomes display morphologically distinct stages during
their life cycle and the transformations between stages are controlled by epigenetic
mechanisms. The targeting of epigenetic actors might therefore represent the parasites’
Achilles’ heel. Specifically, histone deacetylases have been recently characterized as drug
targets for the treatment of schistosomiasis. This review focuses on the recent development of
inhibitors for schistosome histone deacetylases. In particular, advances in the development of
inhibitors of Schistosoma mansoni histone deacetylase 8 have indicated that targeting this

enzyme is a promising approach for the treatment of this infection.
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Abstract: Schistosomiasis is a major neglected parasitic disease that affects more than 240 million peo-
ple worldwide and for which the control strategy consists of mass treatment with the only available
drug, praziquantel. Schistosomes display morphologically distinct stages during their life cycle and
the transformations between stages are controlled by epigenetic mechanisms. The targeting of epige-
netic actors might therefore represent the parasites” Achilles” heel. Specifically, histone deacetylases
have been recently characterized as drug targets for the treatment of schistosomiasis. This review
focuses on the recent development of inhibitors for schistosome histone deacetylases. In particular,
advances in the development of inhibitors of Schistosoma mansoni histone deacetylase 8 have indicated
that targeting this enzyme is a promising approach for the treatment of this infection.

Keywords: schistosomiasis; epigenetic; smHDACS; hydroxamic acids; HDAC inhibitors; sirtuins

1. Introduction
1.1. HDACs: Functions, Classes, and Therapeutic Potential

Histone acetylation is one of the most studied post-translational modifications. The
state of histone acetylation is controlled through the “writers”, histone acetyltransferases
(HATs) and the “erasers”, histone deacetylases (HDACs). HDACsS are responsible for
the removal of acyl (mostly acetyl) groups from lysine residues. Their substrates include
histones and numerous non-histone proteins, such as p53, cytoskeleton proteins, RNA
processing enzymes, and proteins involved in cell signaling and apoptosis [1]. So far, 18
different human HDACs isoforms have been identified, differing in size, cellular distri-
bution, substrate, acyl group removed, and mechanism of catalytic activity. HDACs are
classified into two major categories; the classical Zn**-dependent HDACs and sirtuins [1].
Classical histone deacetylases, for which the abbreviation HDACs will refer from now on,
comprise 11 enzymes that have a zinc ion in the active site responsible for their catalytic
activity. These metalloenzymes have a conserved deacetylase domain but differ in size,
cellular localization, and substrates [2]. They are further classified in classes I (HDACs 1-3,
8), Ila (HDACs 4, 5,7, 9), IIb (HDACSs 6, 10), and IV (HDAC11) [3-5]. Non-classical HDACs
(class IIT) are named sirtuins due to their homology to the yeast silent information regulator
2 (SIR2). Unlike HDAC S, the seven sirtuin isoforms exert their deacetylase activity by utiliz-
ing nicotinamide adenine dinucleotide (NAD") as a cofactor; the catalytic reaction involves
the cleavage of the nicotinamide moiety and the transfer of the acyl group from the lysine
residue to ADP-ribose [6,7]. HDACs and sirtuins are involved in the regulation of different
physiological functions, and their uncontrolled activity is linked to many pathological
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conditions. As a result, their structure, substrates, biological roles, and relation to disease
have been extensively studied, and many informative reviews on HDACs (such as [1,8-13])
and sirtuins (such as [6,7,14-16]) are available. Moreover, HDAC inhibitors (HDACi) were
investigated as potential therapeutic agents for several diseases [17-24], with oncology
being the most successful field as six HDACi have received regulatory approval for the
treatment of different hematological malignancies [1,25].

1.2. Repurposing Anticancer HDACi as Antiparasitic Agents

Neglected parasitic diseases affect millions of people with high morbidity and mor-
tality. Lack of vaccines and a limited number of available drugs have resulted in their
extensive use, raising the concern of resistance and consequent treatment failure. Addi-
tionally, current therapies sometimes involve long regimes, are usually active against only
specific life-cycle forms of the parasites, and occasionally can have severe side effects [26].
As a result, new antiparasitic agents with novel mechanisms of action are urgently needed.
One attractive strategy in this regard is the “piggyback” approach aiming to repurpose
some drugs, already approved for other human diseases, as potential antiparasitic agents,
which could decrease the time and costs to develop novel therapies [27]. Anticancer agents
are especially attractive for this approach as tumors and parasites are similar in some
aspects such as high metabolic and reproductive activity and the ability to survive within
the host immune system [28]. Parasites are characterized by a complex life cycle with
several morphologically distinct forms indicating the epigenetic control of gene expression.
Indeed, major human parasites depend on HDACs and other epigenetic modulators for
their survival and growth; therefore, HDACs were suggested as potential novel targets
for antiparasitic therapy [26,29]. While the current work focuses on HDAC inhibitors
as potential treatments for schistosomiases, HDACi for other parasitic infections such as
malaria [30-35], trypanosomiasis [27,36-38], toxoplasmosis [39,40], leishmaniasis [41-43],
and cestode infections [44] have also been reported and reviewed [26,29].

1.3. Schistosomiasis—Key Facts

Schistosomiasis is a parasitic infection that affects around 240 million people world-
wide and is prevalent in poor tropical and subtropical regions, mostly in Africa [45]. The
infection is caused by blood flukes from the genus Schistosoma, mainly S. mansoni, S. haema-
tobium, and S. japonicum [45]. The parasite life cycle involves a specific snail intermediate
host where the infective cercariae develop and then infect the human host to become the
schistosomula (larvae) which later migrate to the liver and mature into adult male and
female worms. Upon pairing, the eggs are then released in the feces to repeat the life
cycle [46]. Current treatment and control of schistosomiasis exclusively depends on the
antiparasitic agent praziquantel. Although this agent is active against parasitic flatworms,
some reports suggested lack of efficacy during mass drug administration programs raising
the concern of the development of drug resistance [46]. Therefore, new antischistosomal
therapies with novel targets and mechanisms of action are of high interest. Repurposing
of HDAC inhibitors against schistosomiasis appears a promising strategy given their pre-
viously mentioned success in the oncology field and also the identification of essential
histone deacetylases in S. mansoni [47].

1.4. SmHDACS, a Potential Drug Target in Schistosomes

Several orthologs of the human HDACs have been identified and characterized in
schistosomes, belonging to classes I (smHDACI, 3, and 8), II (smHDAC4, 5, and 6), and
III (smSirtl, 2, 5, 6, and 7) [48,49]. Members of class I are expressed in all life cycles of
the parasite, with the smHDACS isoform having the most abundant transcripts [50,51].
Interestingly, the human counterpart (hHDACS) usually shows a lower level of expression
in human cells compared to HDACI and 3 [51]. Therefore, it was suggested that this
isoform may have a specific function for the parasite and could be an attractive target
for novel antischistosomal therapy [50,51]. This was further supported by smHDACS8
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knockdown studies demonstrating a significantly reduced viability and fertility of the
parasites [52]. Crystal structures of smHDACS show that this enzyme adopts the canonical
o/ HDAC fold, with specific solvent exposed loops corresponding to insertions in the
schistosome HDACS sequence. These extensions do not affect the binding site and hence
have no direct effect on the catalytic mechanism or ligand binding. SmHDACS shares the
highest structural similarity with human HDACS, and both enzymes show a characteristic
subpocket in the binding site, dubbed the HDACS-specific side pocket. This pocket is
formed by the catalytic tyrosine residue, the L6 and L1-loop, where the latter loop is
significantly shorter than in the other human HDAC isoforms. The HDAC8-specific pocket
can hence be exploited for the development of selective inhibitors. When comparing the
active sites of sm- and hHDACS, few differences can be observed, with only one amino acid
substitution in the binding site (Met274 in hHDACS is replaced by His292 in smHDACS).
Interestingly, crystal structures of smHDACS with several inhibitors showed that Phel51,
which is located in the lysine binding channel, can adopt two different conformations,
namely a flipped-in and a flipped-out conformation. The flipped-out conformation is
characterized by Phel51 side chain turned away from the catalytic pocket and Lys20
instead pointing into the active site. This conformation is not found in resolved crystal
structures of hHDAC isoforms and is considered to be unlikely also in hRHDACS [52,53]. It is
noteworthy that HDACS8 from other schistosome species (e.g., S. haematobium, S. japonicum),
share a very similar catalytic site architecture, meaning that inhibitors of smHDACS will be
likely to affect these species in the same way [48]. In Table 1, an overview of the interactions
observed for reported smHDACS inhibitors in the catalytic pocket of the enzyme is given.

Table 1. Observed interactions of the herein mentioned inhibitors in the binding site of smHDACS
(vdW = van-der-Waals interaction).

. F216 F151 K20 K20 Y341 P291
2+_ s * _] *%
Cpd PDBID  Zn**-chelation H-bond triad (o) (D) (cation-)  (H-bond) H292 e (vdW)
X
1 (J1038) 4BZ8 X X X (H-bond)
2 (J1075) 4BZ9 X X X
X
3 6GXW X X X (vdW) X
4 6GXU X X X X
(re-m)
X
5 (TH31) 5FUE X X X X (H-bond) X
X
6 (TH65) 6HTH X X X X (H-bond) X X
8 7P3S X X X X X
(7e-11)
X
12 6TLD X X (H-bond)
X
13 6HU3 X X (vdW) X X

* Bidetate chelation of catalytic zinc ion. ** Three hydrogen bonds with H141, H142, Y341.

2. Antischistosomal Effect of HDAC Inhibitors
2.1. Pan HDAC Inhibitors

The availability of HDAC inhibitors either as experimental probes or approved drugs
was utilized to study phenotypic and molecular effects of HDAC inhibition in schistosomes.
The HDAC inhibitor Trichostatin A (TSA) was shown to block the transformation of the
free-swimming miracidia into the sporocyst in a concentration dependent manner [54].
From a therapeutic point of view, it is, however, more interesting to target the parasitic
stages that live in the human host. Therefore, some HDAC inhibitors were also tested
on both larvae and adult worms [55]. Again, treatment with TSA caused an increase in
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general levels of protein acetylation in schistosomes and induced mortality and apoptosis in
schistosomula maintained in culture. Interestingly, the pan HDACi suberanilohydroxamic
acid (SAHA, vorinostat) was not effective in that assay, while TSA was effective only after
2 days of treatment and at higher doses than those routinely used for cancer cell lines [55].
Moreover, another study revealed that some cellular functions, such as DNA replication
and control of reactive oxygen species, were affected upon treatment of schistosomula
with TSA which might explain the antischistosomal effect of this HDACi [47]. The FDA
approved HDAC inhibitors, vorinostat (SAHA), belinostat, panobinostat, and romidepsin,
were the major focus of another study as these anticancer agents were tested against several
human parasites including Schistosoma mansoni [56]. The four compounds were not
active against the schistosomula while panobinostat showed modest inhibition of adult
worm pairing and egg production. In contrast, the cyclic tetrapeptide romidepsin showed
complete inhibition of pairing and egg production at 10 pM concentration [56].

2.2. Selective smHDACS Inhibitors
2.2.1. Hydroxamic Acid Based Inhibitors

A campaign was initiated based on a structure-based virtual screening approach where
different commercially available derivatives bearing zinc binding groups were first docked
to a homology model of smHDACS (later validated through solving the crystal structure)
and the selected hits were tested in vitro for their inhibitory activity against schistosomal
and human HDACs (smHDACS8, hHDAC1, hHDAC6, and hHDACS isoforms) [57]. Among
the identified compounds, two hits showed good inhibitory activity against smHDACS
in the low micromolar range (1 and 2, Figure 1). These two hits were then successfully
cocrystallized with smHDACS and the crystal structure of the complex was solved [52,57]. It
was also interesting that the 3-chlorobenzothiophene-2-hydroxamic acid 2 (J1075, Figure 1)
exhibited dose-dependent killing of the schistosomula and adult worms as it induced 100%
killing of schistosomula at 50 pM within 3 days and was also active at 10 uM. In addition,
it was able to induce separation of the male and female worm pairs within 3 days at 50 pM
and 5 days at 20 uM [52]. These two hits were then selected to serve as lead compounds
for further structure-guided optimization to obtain more potent and selective smHDACS8
inhibitors.

To build on the previous results, a series of hydroxamic acid derivatives were designed
and synthesized based on the general scaffold of the micromolar hit (2, J1075 [57]) [58].
To achieve better smHDACS activity and selectivity, different structural modifications
were performed. For instance, the benzothiophene scaffold was changed into different
bicyclic systems. Moreover, ring open analogues containing different substituted cinnamic-
hydroxamic acid derivatives were synthesized. The newly synthesized compounds were
evaluated for their inhibitory activity against schistosomal and major human HDACs
isoforms. Several compounds showed potent activity against smHDACS ranging from
the low micromolar to the nanomolar range. In addition, the most active compounds
were further screened for lethality against the schistosomal larval stage. Interestingly,
compounds 3 and 4 (Figure 1) showed significant and dose-dependent killing of the larvae
with ECsg values of 6.5 and 11.8 uM, respectively, and markedly impaired egg laying of
adult worm pairs maintained in culture [58].
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Figure 1. Examples of hydroxamic acid-based smHDACS inhibitors. ICsq values are cited for
inhibition of the recombinant enzyme, ECsy values refer to viability testing on schistosomula.

In a further study, several benzhydroxamic acid derivatives were designed as open
ring analogues of the previously reported hit (1, J1038 [57]) [59]. Structure-based design
and chemical synthesis were combined to improve the activity against smHDACS and selec-
tivity over major human HDAC isoforms. The developed inhibitors were tested in vitro for
their inhibitory activity against schistosomal and human HDACs (smHDACS, hHDAC1,
hHDACS6, and hHDACS isoforms). Twenty-seven compounds demonstrated an inhibitory
activity in the nanomolar range in the in vitro assays. Most of the designed compounds ex-
hibited notable selectivity for smHDACS over the human HDAC isoforms tested (HDAC1



Pharmaceuticals 2022, 15, 80

60f 15

and HDACS). Interestingly, some of these inhibitors also exhibited a preference for smH-
DACS over human HDACS. In addition, phenotypic screening showed that compounds 6
and 7 caused a significant dose dependent killing of the schistosome larvae compared to
praziquantel, which is known to be less active against larval developmental stages of the
parasite [60]. Furthermore, at a concentration of 20 M, compound 6 caused 90% separation
of adult male and female worm pairs after 5 days. Moreover, compound 6 resulted in 80%
reduction of egg laying of adult worm pairs at the same concentration [59]. It is worth
mentioning that the cytotoxicity studies of the tested compounds against HEK293 (human
embryonic kidney) cells showed that the compounds exhibit a relatively low effect on cell
proliferation, which indicates that the inhibition of hHDACS8 does not induce intrinsic
toxicity [59].

The crystal structure of compound 6 in complex with smHDACS8 showed a simi-
lar binding mode as that classically adopted by meta-substituted benzhydroxamic acid
derivatives (Figure 2A) [53]. The hydroxamic acid moiety chelates the catalytic zinc ion
in a bidendate fashion while undergoing a triad of hydrogen bonds with the catalytic
tyrosine and two histidine residues. Phel51 shows a flipped-out conformation and the
flipped in Lys20 displays a cation-7t interaction with the central phenyl moiety. Meanwhile,
the biphenyl capping group is positioned in the HDACS8-specific pocket, displaying 7-7t
interactions with Tyr341 as well as hydrophobic interactions with Pro291.

In a following study, compound 6 was used as a scaffold to get more cellular active
compounds against the parasite. The optimization process was guided by docking studies,
and the new derivatives were designed through modifying the capping group by replacing
the biphenyl ring system with polycyclic rings to target the hydrophobic HDACS specific
pocket [61]. Several compounds showed potent smHDAC8 and hHDACS activity in the
nanomolar range with decreased activity against hHDAC1 and 6. The most promising
inhibitor, 8, caused significant dose-dependent killing of the schistosome larvae with ECsg
value of 3.5 tM and is thus the most potent antischistosomal HDAC inhibitor against this
life stage reported so far. In addition, it caused noticeable impairment of egg laying of adult
worm pairs. Finally, the developed compounds showed an acceptable safety profile on
human HEK239 cells [61]. Inhibitor 8 was also cocrystallized with smHDACS confirming
the conserved binding mode of benzhydroxamic acid derived inhibitors (Figure 2B). In
parallel, the developed inhibitors were analyzed by docking and molecular dynamics
simulation in order to rationalize the determined in vitro data [62].

A further study [63] was initiated based on the general scaffold of the previously
reported benzhydroxamic acids such as compound 6 [59]. Briefly, a series of isophthalic
acid-based HDAC inhibitors were designed as potential selective smHDACS inhibitors
where a 3-acylbenzohydroxamic acid moiety was connected to different capping groups
using an alkoxyamide group as a connecting unit [63]. The alkoxyamide group was
previously identified [30,64] as a novel connecting unit which can probably enable charge
assisted hydrogen bonds due to the additional polarization of the N-H bond. The work
was then extended to include a hydrazide group as another connecting unit. Compounds
9 and 10 showed submicromolar activity against smHDACS with ICsg values 0.4 and
0.75 uM, respectively, and good selectivity over hHDAC1. Moreover, both compounds
showed almost 10-fold selectivity over hHDAC6 and modest preference for smHDACS over
hHDACS. Unfortunately, the compounds were found to be inactive against the parasite in
the cellular assay.
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Figure 2. Crystal structures of some smHACS inhibitors. (A) Crystal structure of smHDACS8 with com-
pound 6 shown as yellow sticks (PDB ID 5HTH); (B) crystal structure of smHDACS8 with compound
8 shown as green sticks (PDB ID 7P3S); (C) crystal structure of smHDACS8 with compound 12 shown
as teal sticks (PDB ID 6TLD). The catalytic zinc ion is shown as purple sphere and water molecules
as red spheres. Cyan-dashed lines indicate metal coordination, yellow-dashed line hydrogen bond
interactions, green-dashed lines -7t interactions, and blue-dashed line cation-m interactions.

Another series of smHDACS inhibitors was designed based on structure-based virtual
screening using High Throughput Docking (HTD) and phenotypical characterization of
the selected hits [65]. The identified compounds had a hydroxamic acid group coupled to
different capping groups such as (spiro)indoline or a tricyclic thieno[3,2-bJindole core [65].
Since the main goal of the study was to obtain compounds with drug like properties
and strong activity against the parasite, these hits were then tested against the S. mansoni
larval stage using an ATP-based viability assay. Seven compounds were found to reduce
schistosomula viability in a dose dependant manner with ECsg values ranging from 13
to 50 uM under assay conditions. Moreover, further investigations were performed on
other parasite developmental stages. Some of the compounds from both classes caused
impaired viability of juvenile and adult worms, with compound 11 decreasing the viability
of the treated adult S. mansoni worm pairs by more than 40% at 50 uM. In addition, some
compounds were shown to impact egg production in vitro and induce morphological
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alterations of the adult schistosome reproductive systems. Some of the compounds showed
activity against smHDACS in the low micromolar range [65].

Recently, novel triazole-based hydroxamic acids were identified as smHDACS in-
hibitors with improved selectivity for the smHDACS over the human orthologues (HDACS,
HDAC1, and HDACS®) [66]. Crystallographic studies of smHDACS complexed with 12
showed that the triazole ring of 12 makes a weak hydrogen bond with the smHDACS8
specific residue His292, an aromatic interaction with its imidazole ring as well as a 7-cation
interaction with Lys20 of smHDACS (Figure 2C). Interestingly, these previous interactions
were not observed between 12 and the corresponding amino acids of the human orthologue
HDACS as, in the case of hHDACS, the His292 is replaced by Met274. Furthermore, the
preferred orientation of the triazole moiety in smHDACS allows a n-stacking interaction
between the phenyl ring of 12 and Phe216, whereas in the case of hRHDACS this interaction
with the corresponding Phe208 is not observed. To enhance the affinity of the triazole-
hydroxamic acid hit 12 toward smHDACS and improve its selectivity, some structural
modifications were performed on the phenyl ring of 12 by introducing a chlorine atom and
an aromatic substituent at positions 5 and 2, respectively, which resulted in compound 13.
Interestingly, compound 13 was found to exhibit a superior smHDACS inhibitory activity
(IC5p = 0.50 M) compared to the lead compound 12 (ICsg = 4.44 uM). Comparison of
the crystal structures of smHDAC8/12 and smHDACS8/13 revealed that compound 13
is slightly tilted within the active pocket of smHDACS8 compared to compound 12, in
which the triazole ring of 13 is closer to the smHDACS specific residue His292. Another
observation is that the fluoro-phenyl capping group of 13 is stacked onto the Tyr341 side
chain, which is considered as an essential interaction for improving the affinity toward
smHDACS. However, the promising in vitro smHDACS activity of the triazole compounds
was not translated into schistosomicidal activity as they only showed low activity against
the schistosomula, probably due to poor transport of the compounds across the parasite
tegument [66].

2.2.2. Non-Hydroxamic Acid Based Inhibitors

The quest for selective inhibitors of smHDACS started with a study in which a small-
focused library of HDAC inhibitors was screened against the parasitic recombinant enzyme.
Besides many active hydroxamic acids, an interesting mercaptoacetamide analogue of
SAHA (14) was identified as a micromolar smHDACS inhibitor. Despite being less ac-
tive on smHDACS than the other hydroxamic acid-based inhibitors, this thiol derivative
showed a better selectivity towards hHDACS8 compared to SAHA [67]. To gain more
insights, the cocrystallized structure of compound 14 bound to smHDACS8 was solved,
representing the first example of a co-complex of histone deacetylases of any origin with
a mercaptoacetamide. The crystal structure of smHDACS and 14 revealed that this thiol
inhibitor is accommodated in the catalytic pocket, where it binds to both the catalytic zinc
ion and the catalytic tyrosine Tyr341 via its mercaptoacetamide group. Interestingly, it
was also shown that changing the zinc binding warhead results in a different positioning
of the hydrophobic alkyl linker and the aromatic capping group common to compound
(14) and SAHA, which might explain the differences in the activity and the selectivity of
14 toward smHDACS8 over hHDACS8 compared to SAHA. Taking into consideration the
inapplicability of free thiol groups for cellular testing, an ester prodrug of the thiol was
prepared (compound 15, Figure 3) and tested against schistosomula. This prodrug induced
dose- and time-dependent killing of cultured schistosomula in the range 10-50 uM, as well
as induction of apoptosis at concentrations of 20 and 50 uM [67].
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Figure 3. Examples of non-hydroxamic acid smHDACS inhibitors.

A virtual screening approach was reported [68] as the authors used the available
smHDACS8-inhibitor complexes to develop a structure-based per-residue 3D QSAR (COM-
BINETr 2.0) model able to rationalize the crucial smHDACS-ligand interactions. This model
was used to screen the NCI Diversity Set V and identified a benzothiadiazine dioxide
derivative (16, NSC163639). This compound showed a moderate in vitro smHDACS ac-
tivity (37% inhibition at 30 pM) and some selectivity against human HDACs. To get a
primary idea about the structure—-activity relationship of this hit, two close analogues were
synthesized and their smHDACS activity was tested and explained by means of docking
studies. The authors suggested, as future work, that attachment of strong zinc binding
groups such as a hydroxamic acid moiety through a linker instead of the ester groups in (16,
NSC163639) could lead to a favorable placement and interactions of the benzothiadiazine
moiety in the smHDACS active site [68].

Based on another docking-based virtual screening approach, another class of smH-
DACS inhibitors was identified [69]. Eight compounds having the general scaffold of
N-(2,5-dioxopyrrolidin-3-yl)-n-alkylhydroxamic acid were identified and tested in vitro
for their inhibitory activity against schistosomal and major human HDACs (smHDACS,
hHDAC1, hHDACS6, and hHDACS isoforms) [69]. The newly identified hits exerted a
smHDACS inhibitory activity with ICsy values ranging from 4.4 to 20.3 uM. In addition,
they showed activity against hHDAC]1, 6, and 8. Among the identified compounds, (17,
J1036) induced dose-dependent apoptosis in the S. mansoni larvae, affecting around 67%
of the larvae after 3 days of incubation at a concentration of 100 uM, compared to the
effect induced by SAHA (43% apoptosis at a dose of 100 uM). In addition, (17, J1036) was
successfully cocrystallized with smHDACS, which confirmed the in silico prediction of
this compound. Analysis of the crystal structure of the smHDACS8/J1036 complex showed
that the internal hydroxamic acid group was able to chelate the catalytic zinc ion in a
bidentate manner, showing an inverted binding mode compared to all the so far reported
smHDACS/hydroxamic acid crystal structures. Besides the chelation of the zinc ion, the
n-pentyl chain of J1036 is positioned in the foot pocket, which has not been observed
before in the previously reported unsubstituted hydroxamic acids. Such occupancy of
the foot pocket by n-alkylhydroxamic acids may offer the chance to develop selective
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HDAC inhibitors through further structural optimization. In addition, the newly identified
hits are expected to have a lower toxicity compared to classical hydroxamic acids, as the
toxicity-induced mechanism of the latter is usually caused by formation of the isocyanate
via Lossen rearrangement which might be absent for n-alkyl hydroxamic acids due to
substitution on the nitrogen atom [69].

In another approach, Guidi et al. performed a high-throughput assay based on the
measurement of ATP in the larval stage of S. mansoni and screened a small library of class I
HDAC: inhibitors at a single concentration of 10 uM [70]. Four compounds were selected
for further testing in dose response assays where they showed potency against the schisto-
somula in the range of 10-20 uM. Interestingly, the compounds showed variable activities
against class I hHDACSs in both in vitro and cell-based assays, which was not surprising
taking into consideration the weak zinc binding moieties in the compounds and suggesting
a potential selectivity for smHDACSs. Upon testing in survival assays on adult worms,
three out of the four hits (18-20) induced a significant decrease in viability of adult male
worms within seven days of compound incubation at concentrations of 10 and 20 uM [70].
Since the three compounds showed a lethal action at 10 pM concentration, a sub-lethal
concentration of 5 uM of compounds 19 and 20 was shown to induce a strong reduction in
the number of eggs laid by worm pairs after three days of treatment. Compounds 19 and
20 were also found to induce morphological alterations in the female reproductive organs
which is consistent with their effect on egg production. Finally, worm lysates treated with
compound 18 and 19 showed high level of histone hyperacetylation comparable to the
levels observed in case of worms treated with the pan-HDAC inhibitor TSA [70].

2.3. Molecular Pathways Affected by smHDACS Inhibitors

Both knockdown studies and the use of selective inhibitors provided a solid proof
of evidence that targeting smHDACS is a promising antischistosomal therapy. However,
the exact molecular mechanisms underlying these anthelmintic effects are yet to be re-
vealed. This necessitated further research to identify smnHDACS partners and substrates
affected upon its inhibition and knockdown. Therefore, the interactome of smHDACS8
was analyzed using two different, but complementary, molecular biology techniques [71].
The combination of yeast two-hybrid (Y2H) screening of an S. mansoni cDNA library and
co-immunoprecipitation (Co-IP) experiments on adult worm protein extracts identified
potential smHDACS partner proteins involved in cytosolic and nuclear process such as
DNA repair, control of metabolism, protein dephosphorylation, cell cycle regulation, and
cytoskeleton organization [71]. Recently, it was suggested that smHDACS interaction with
SmRhol.1, a schistosomal orthologue of human Ras homolog family member A (RhoA)
GTPase, could represent a potential molecular mechanism by which smHDACS regulates
the cytoskeleton. Indeed, smHDACS selective inhibition or knockdown were demonstrated
to cause disruption of the parasite actin cytoskeleton organization, more evidently in
schistosomula [72].

3. Schistosomal Sirtuins Are Potential Targets for Antischistosomal Therapy

As previously mentioned, the S. mansoni genome encodes five sirtuins expressed
throughout the life cycle, with some variations in the pattern of expression [49]. To deter-
mine whether sirtuins are essential for the parasite survival, different inhibitors of human
sirtuins were tested against the parasite larvae and adult worms. Indeed, all tested in-
hibitors induced a time and dose-dependent mortality of schistosomula. However, three
Sirtl/2 inhibitors, namely, salermide, sirtinol, and MS3 caused the most significant decrease
in schistosomula viability at 10 uM and killed all the larvae at 20 uM. Moreover, salermide
and sirtinol were also shown to cause separation of adult worms in vitro and decrease egg
production. Furthermore, salermide caused dose-dependent phenotypic changes in the
gonads of adult worms demonstrated by reduction in numbers of germinal cells in the
testes of males and disorganization in the ovaries of females. Interestingly, transcriptional
knockdown of smSirtl produced similar phenotypic effects in the ovaries, but not in the
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testis, suggesting that the phenotype observed after Salermide treatment may have resulted
from inhibition of other sirtuin isoforms [49].

The above data provided a solid proof of evidence of the significance of Sirt1/2
inhibition against different life stages of the parasites. This was followed by another
effort to identify novel and selective inhibitors of smSirt2 [73] based on the previous
development of an in vitro assay for the determination of smSirt2 deacetylase activity [74].
Here, the GSK Kinetobox library was screened against smSirt2, and some potential hits
were identified showing micromolar activity against the parasitic enzyme. One of these
hits (TCMDC143295, 21, Figure 4) was then subjected to an extensive structure—activity
relationship study that resulted in compounds 22-24 with better enzymatic activity while
also showing selectivity over human Sirt2 (hSirt2) and no general toxicity to human cells.
The compounds were also demonstrated to decrease the viability of the parasite larva at 10
and 20 pM and reduce adult worm pairing and egg production [73].
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Figure 4. Reported inhibitors of Schistosoma mansoni sirtuins.

4. Summary

Significant progress in semi-automation of phenotypic screening and drug discovery
methodologies for schistosomiasis has been achieved over the last decade. Based on
published data, smHDACS inhibitors appear to have the most promise as schistosomicidal
drugs. Unfortunately, numerous compounds with good enzymatic inhibition data show
no effect on the parasite, which may be due to poor bioavailability. In addition, so far
little is still known about bioavailability and stability of HDAC] in animal models of
schistosomiasis. Most of the studies investigating the possibility of the use of HDACi for the
treatment of schistosomiasis worked entirely with cultured schistosomes. Testing of HDACi
in animal models of infection should bring new insights into the killing of schistosomes
via HDAC] and will in fact be required before considering HDACi] for further preclinical
trials. On the other hand, it must be mentioned that several compounds reviewed in this
work should be regarded as “hits” that still need extensive optimization to be described as
“leads” that could then be considered for further preclinical development. Furthermore,
numerous HDAC inhibitors are currently being tested in preclinical and clinical trials for
the treatment of cancer in combination with other anticancer agents. Likewise, combination
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therapies of smHDACS inhibitors and other anthelmintic agents could provide promising
results. Additionally, the potential of HDACsS as therapeutic targets in parasitic diseases
is being actively confirmed, such as the very recent identification of Trypanosoma cruzi
histone deacetylases 2 (tcDAC2) [75] and the development of species selective inhibitors.
Therefore, the authors are confident that further HDAC inhibitors will be reported as novel
antiparasitic agents in the future.
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4.1. Synthesis and in vitro testing of bifunctional HDAC degraders

As previously reported in study 3.5, compound 5 was designed and synthesized as a class |
HDAC degrader. However, it did not show any notable degradation of HDACI, 2, or 3.
Several factors can affect the design and accordingly the degradation ability of PROTACsSs
such as the protein of interest warheads, the length and composition of the linker [168, 169],
the recruited E3 ligase [170], and the attachment point of the linker to both warheads [171,
172]. The previously mentioned factors contribute to the formation of the ternary complex,
which is essential for the polyubiquitination and subsequent degradation of the POIL.
Therefore, it was interesting to try different HDAC warheads such as the unsubstituted or
substituted 2-aminobenzamides in addition to the hydroxamate-based (SAHA) HDAC
inhibitors (Figure 12). Another modification was to use different E3 ligase ligands such as
the Von Hippel-Lindau (VHL) ligand, which is among the most utilized E3 recruiting ligands
in PROTAC’s development (Figure 12) [173]. Furthermore, we planned to replace the E3
ligase ligands with the adamantly moiety to design hydrophobic tag-based degraders (Figure
12). Additionally, variable linkers were used for the design of the planned degraders.
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Figure 12: Different planned strategies for the design of different HDAC degraders.

In total, 13 novel heterobifunctional molecules were synthesized using different HDAC
inhibitor parts as well as different E3 ligase ligands or hydrophobic adamantly scaffold. The
developed compounds can be divided, according to the utilized HDAC warheads, into two
main groups. The first group of degraders was designed based on different substituted 2-
aminobenzamide scaffolds as in the case of compounds MA26-28, MA61, and MA64-MA66
(Figures 13, 14). The second group contains the hydroxamic acid derivative (SAHA) as the
HDAC inhibitor part as in the case of compounds MAS54-MAS9 (Figures 16-19).
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In order to obtain the first group of the planned degraders, different synthetic strategies were
applied that involved three main steps as demonstrated in Figures 13 and 14. The first step
included the synthesis of the 2-aminobenzamide-containing HDAC warheads functionalized
with either a free carboxylic acid group as in the case of intermediates 3, 8, and 12 (Figure

13) or with a free amino group as in the case of intermediates 16 and 18a,b (Figure 14).

In most cases, these 2-aminobenzamide scaffolds were used for amide coupling with the
counterpart linkers without prior protection of the aromatic amino group as in the case of
intermediates 6 and 16. This could be explained by the reduced reactivity of such aromatic
amines compared with the aliphatic amines used in the coupling reactions, especially in the
presence of an electron-withdrawing group in the meta-position such as the fluoro atom, as in
the case of intermediates 6 and 8, which usually results in decreasing the electron density and
hence the reactivity. The second step involved the synthesis of the pomalidomide connected
to a polyethylene glycol linker (intermediate 13) (Figure 13), which was prepared as
previously described in study 3.5 [174], or the VHL ligand connected to dicarboxylic acid
alkyl linkers (intermediates 22a,b) as shown in Figure 14. The VHL ligand 20 was
synthesized as previously described [175]. The third step involved the amide coupling
reaction between the appropriate HDAC inhibitor part and the corresponding E3 ligase ligand
or the hydrophobic adamantly scaffold to get the final compounds (MA26-28, MA61, and
MA64-MA66). In general, two different amide coupling reactions were utilized to obtain the
desired intermediates and final compounds. The first method was the activation of the
carboxylic acid to the corresponding acid chloride using thionyl chloride followed by reaction
with the appropriate amine as in the case of intermediates 3 and 10. The second and most
common method used herein involved the reaction between the appropriate carboxylic acid
and the amine derivative in the presence of the coupling reagent HATU
(Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium) and DIPEA (N, N-

Diisopropylethylamine) as a base to get the corresponding amide.

33



g Lo

NHBoc NH,

o] H
HOJ\/\/\’NBOC +H2N\©\ c,d HZN/\/\/\[f \©\ w
—>
F

4 5

NH,

*@*“M @
7 4 HO\(BI/\/\/\NHZ e J\Q)L O/G[ﬁ?f c,d w %HQ/CS

o HNMO/\/O\/\OMNJKQY
3
3, oQNiZ@ MA26 O/E)
HN

0 O
H 2
o HN/\/\O/\/O\/\O/\/\NH2 o HN/\/\O/\/O\/\O/\/\N NMN
0 N L . . © F
HN OQN
0 O HN > d MA27
3 o o H NHy
o HN/\/\O/\/O\/\O/\/\N N/\/\/\n/N
H H o
i,OQN
HN
7S
00 MA28 _

Figure 13: Synthetic scheme for preparation of compounds MA26-MA28.

Reagents and conditions: (a) (i) SOClz, 90 'C, 1 h, (ii) DIPEA, dry THF, 0 'C, 10 h; (b)
LiOH-H:O, THF, H,O, RT, 6 h; (c) HATU, DIPEA, DMF, RT, 5 h; (d) TFA, DCM, RT, 30
min; (e) (i) 7, SOClz, 90 °C, 1 h, (ii) 9, IM aq. NaOH, dry THF, RT, 10 h, 1 M HCI till pH 2.
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Figure 14: Synthetic scheme for preparation of compounds MA61, MA64-MAGG6.

Reagents and conditions: (a) HATU, DIPEA, DMF, RT, 1 h; (b) TFA, DCM, RT, 30 min; (¢)
LiOH-H,O, THF, H>O, RT, 3 h.

The SAHA-based HDAC PROTACs were synthesized using almost the same strategy
as shown in Figures 15-19. Firstly, different E3 ligase ligands such as the VHL ligand and
pomalidomide, as well as the adamantly scaffold as a hydrophobic tag, were connected to the
appropriate alkyl linker functionalized with either free amino or carboxylic acid groups
(Figure 15). The second main step involved the synthesis of the protected hydroxamic acid
HDAC inhibitor part functionalized with either a free amino or carboxylic acid group for
coupling with the E3 ligase ligand counterpart at the final step. Two different protecting
groups for the hydroxamic acid functionality were used, namely the benzyl group in the case
of intermediate 40 (Figures 16, 17) and the 2-tetrahydropyran (THP) group in the case of
intermediate 49 (Figure 18, 19). The third step included the amide coupling between the two
counterparts followed by the removal of the protecting groups through -catalytic
hydrogenation in the presence of palladium, as in the case of benzyl-protected hydroxamic
acids (compounds MA54-MAS57; Figures 16 and 17) or using diluted hydrochloric acid in the
case of THP-protected hydroxamates (compounds MA58 and MA59; Figures 18 and 19).
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The detailed procedures for the synthesis of intermediates and final compounds are described

in Section 4.3 (Materials and methods).
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Figure 15: Synthetic scheme for preparation of linkers connected to different E3 ligase

ligands or adamantly hydrophobic tag part.

Reagents and conditions: (a) DIPEA, NMP, MW, 110 ‘C, 2 h; (b) TFA, DCM, RT, 1-3 h; (c)
HATU, DIPEA, DMF, RT, 2-3 h; (d) LiOH-H,O, THF, H,O, RT, 3 h.
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Figure 16: Synthetic scheme for preparation of compounds MAS5S4 and MAS7.

Reagents and conditions: (a) 1,3-dibromopropane, K,CO3;, DMF, 50 ‘C, 16 h; (b) K,COs,
acetonitrile, 80 'C, 16 h; (c) LiOH-H,O, THF, H,0, RT, 3 h; (d) HATU, DIPEA, DMF, RT, 5
h; (e) TFA, DCM, RT, 30 min; (f) Pd/C (10%), H,, ethyl acetate, THF, RT, 3 h.
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Figure 17: Synthetic scheme for preparation of compounds MASS and MAS6.

Reagents and conditions: (a) K,COs, acetonitrile, 80 ‘C, 16 h; (b) 2-methyl-2-butene,
NaH,PO,-4H,0, NaClO,, tert-butanol, H,O, RT; 4 h, 1 M HCI; (c) HATU, DIPEA, DMF,
RT, 5 h; (d) LiOH-H,O, THF, H,O, RT, 5 h; (e) Pd/C (10%), H,, ethyl acetate, THF, RT, 3 h.
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Figure 18: Synthetic scheme for preparation of compound MASS.

Reagents and conditions: (a) HATU, DIPEA, DMF, RT, 5 h; (b) piperidine, DCM, RT, 1 h;
(c) K»CO:s, acetonitrile, 80 'C, 16 h; (d) LiOH-H,O, THF, H,0, RT, 5 h; (e) Pd/C (10%), H,,
ethyl acetate, MeOH, RT, 6 h; (f) 1 M HCIl, THF, MeOH, RT, 2 h.
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Figure 19: Synthetic scheme for preparation of compound MAS9.

Reagents and conditions: (a) K,COs, acetonitrile, 80 ‘C, 16 h; (b) 2-methyl-2-butene,
NaH,PO4-4H,0, NaClO,, tert-butanol, H,O, RT; 4 h, 1 M HCI; (c) HATU, DIPEA, DMF,
RT, 5 h; (d) Pd/C (10%), H,, ethyl acetate, MeOH, RT, 4 h; (e) 1 M HCI, THF, MeOH, RT,
2h.
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4.2. Biological Evaluation

4.2.1. In Vitro HDAC Inhibition Assay

The in vitro inhibitory activity of the 2-aminobenzamide-based PROTACs (MA26-MA28,
MAG61, and MA64-MA66) were assessed on human HDACI-3 using a fluorogenic peptide
derived from p53 (Ac-RHKK(Acetyl)-AMC) (Table 1) [176]. Compounds MA26 and MA28
bearing a thienyl substituent at the benzamide scaffold showed good inhibitory activity and
high selectivity for HDACI and 2 over HDAC3. On the other hand, the fluoro-derivative
MAZ27 displayed, as expected, higher in vitro selectivity for HDAC3 over HDACI and 2.
Meanwhile, compounds MA61 and MA64-MA66 displayed moderate inhibitory activity
against HDACI1-3. Additionally, the SAHA-based HDAC PROTACs MAS4-MAS9 were
tested against HDAC1-3, 6, and 8 (Table 2). Generally, the SAHA-based PROTACs showed
broad inhibitory activity against class I HDACs in the low submicromolar range. In addition,

they exhibited very potent inhibition against HDAC6 in the nanomolar range (Table 2).

Table 1: In vitro activity ICs9 (uM) or (% inhibition) of the 2-aminobenzamide-based
PROTAC:s against human HDAC1-3

Cpd. Id Structure HDAC1 HDAC2 HDAC3

(6]
MA26 ? I CQN%O 0.17£0.03 | 0.32+0.01 520
N O O
\ S

NH, [e) [e)
LIRS P T
o
MA27 | °© “&.}:0 >20 >20 2.7+0.1
[eJe]
NHz (o] o
N\[(\/\/\H)KQ/‘LH/\/\O/\/O\/\O/\/\NH o
o
MA2 C[i“ ©/ 0.17+0.03 | 0.51+£0.03 | 65.0+7.0
s Y o ﬁ
° 41% at 1 63% at 1 19% at 1
H
N
uM uM uM
©/ 60% at 10 | 89% at 10 | 45% at 10
o)
uM uM uM

48% at 1 62% at 22% at 1

(0]
H
N
uM 1uM uM
MAG64 1 HMe m
@ 71% at 10 | 94% at 10 | 70% at 10
(e}

uM uM uM
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OH 59% at 1 58% at 1 16% at 1
o o0
uM uM uM
MAG65 NH |, NJ\H”LLN\/E{Q
©/N "oe o N“Q\(LN 72% at | 95%at 10 | 58% at 10
H _y
0 s 10 uM uM uM
OH 51% at 1 57% at 1 18% at 1
o o0
uM uM uM
MAG66 NH; |, NWN\/E{Q
©/N H "7 H g 5 N/\Q\/LN 71% at 10 | 94% at 10 | 65% at 10
H _
o S uM uM uM

Table 2: In vitro activity 1Csy (uM) or (% inhibition) of the SAHA-based PROTACs
against human HDAC1-3, 6 and 8
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4.2.2. Cellular testing

The developed compounds were tested against human pancreatic adenocarcinoma (PSN1) and
colorectal carcinoma (HCT116) cell lines (Table 3). Compounds MA61 and MA64 showed
moderate anti-proliferative activity against HCT116 cell line (Table 3). In order to evaluate
the degradation capability of the synthesized PROTACS, the cellular levels of HDACI1-3 in
PSN1 and HCT116 cell lines were analyzed by Western blots (Figures 20). In addition, the
acetylation level of histone 3 Lys 9 (H3k9ac), known HDACI1/2 substrate, was determined.
There was a slight increase in histone acetylation level in HCT116 cells after 6h treatment
with 1uM concentration of PROTACs MA61 and MA64 compared to the DMSO control
(Figures 20). Unfortunately, no degradation of HDAC1-3 isoforms was observed so far in the
tested cell lines. Further phenotypic screenings of the developed PROTACs against other

cancer cell lines as well as degradation assays are currently in progress.

Table 3: ICs values of developed degraders against PSN1 and HCT116 cell lines

Cpd. Id PSN1 (IC59 pM) HCT116 (ICsp pM)
MASS 7.1 10.1
MAG61 5.6 2.2
MA64 3.8 29
MAG65 n.d* n.d
MA66 n.d 5.7

* n.d: not determined
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Figure 20: Western blots of HDACI1, 2, and 3 levels in different cell lines. PSN1(A) and
HCT116 (B) cells were treated with 1uM of PROTACs (MAS5S5, MA65, MA66) and
hydrophobic tags (MA61 and MA64) after 6h incubation, DMSO was used as a vehicle, -
actin was used as loading control, the level of H3K9ac as a marker for the acetylation of
Histone 3 was measured.

4.3. Materials and methods

4.3.1. General experimental information

Materials and reagents were purchased from Sigma-Aldrich Co., Ltd. (Darmstadt, Germany)
and abcr GmbH (Karlsruhe, Germany). All solvents were analytically pure and dried before
use. Thin-layer chromatography was carried out on aluminum sheets coated with silica gel 60
F254 (Merck, Darmstadt, Germany). For medium-pressure chromatography (MPLC), silica
gel 60 (0.036-0.200 mm) was used. Purity was measured by UV absorbance at 254 nm. The
elution system used for HPLC consists of MeOH, H,O, and 0.05% trifluoroacetic acid. The
HPLC consisted of a LiChrosorb® RP-18 (5 um) 100-4.6 Merck column (Merck, Darmstadt,
Germany), two LC-10AD pumps, a SPD-MI10A VP PDA detector, and a SIL-HT
autosampler, all from the manufacturer Shimadzu (Kyoto, Japan). The absorption spectra
were recorded with a Shimadzu SPD-M10A diode array detector spectrophotometer (Kyoto,
Japan). For the preparative HPLC, a LiChrosorb® RP-18 (7 pm) 250-25 Merck (Merck,
Darmstadt, Germany) column was used. The applied mobile phase was a gradient with
increasing polarity composed of acetonitrile/water and 0.1% formic acid. Mass spectrometry
analyses were performed with a Finnigan MAT710C (Thermo Separation Products, San Jose,
CA, USA) for the ESI MS spectra and with a LTQ (linear ion trap) Orbitrap XL hybrid mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) for the HRMS-ESI (high-
resolution mass spectrometry) spectra. For the HRMS analyses, the signal for the isotopes

with the highest prevalence was given and calculated. '"H NMR spectra were taken on a
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Varian Inova 400 using deuterated DMSO as solvent. Chemical shifts were referenced to the
residual solvent signals. The following abbreviations and formulas for solvents and reagents
were used: thionyl chloride (SOCl,), tetrahydrofuran (THF), N, N-diisopropylethylamine
(DIPEA), hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU), ethyl acetate
(EtOAc), N, N-dimethylformamide (DMF), trifluoroacetic acid (TFA), lithium hydroxide
monohydrate (LiOH.H,O) dimethyl sulfoxide (DMSO), methanol (MeOH), water (H,O),
sodium sulphate (Na,SO,), dichloromethane (DCM), potassium carbonate (K,CO3), sodium
dihydrogen phosphate tetrahydrate (NaH,PO4-4H,0), sodium chlorite (NaClO,),
hydrochloric acid (HCI), fluorenylmethoxycarbonyl (Fmoc), benzyloxycarbonyl (Cbz), fert-
butyloxycarbonyl (Boc) and tetrahydropyranyl (THP).

4.3.2. General Synthetic Methods
Method I: Amide coupling.

Method IA:

Thionyl chloride (SOCl,) (3 mL) was added to the appropriate carboxylic acid (1 eq.), and the
reaction mixture was heated at 90 'C for 1 h. The mixture was evaporated under reduced
pressure. The obtained residue was diluted with dry tetrahydrofuran (THF) (10 mL) and
added at 0 'C to a solution of the appropriate amine (1.1 eq.) and DIPEA (5 eq.) in dry THF
(10 mL). The mixture was stirred at RT for 10 h. After completion of the reaction, water was
added, and the mixture was extracted using ethyl acetate. The combined organic layer was
washed with an aqueous 1 M ammonium chloride solution, followed by an aqueous 1 M
sodium bicarbonate solution and brine. The combined organic extract was dried over
anhydrous Na,;SOy, and the organic layer was filtered and evaporated in vacuo to yield the
crude amide, which was purified by medium pressure liquid chromatography (MPLC) using

DCM: MeOH (0-1% MeOH).
Method IB:

A solution of the appropriate carboxylic acid (1 eq.), HATU (1 eq.), and DIPEA (5 eq.) in
DMF (5 mL) was stirred for 10 min at RT, then the corresponding amine (1.2 eq.) was added.
The reaction mixture was stirred at RT for 5 h. After completion of the reaction as indicated
by TLC, water was added, and the mixture was extracted using ethyl acetate as described in
the previous method. The crude amide was purified by MPLC using DCM: MeOH (1-10%
MeOH).
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Method I1: Hydrolysis of methyl or benzyl ester. To a stirred suspension of the appropriate
ester (1 eq.) in THF:H>O (1:1) (10 mL), LiOH-H>O (5 eq.) was added, and the mixture was
stirred at RT for 3-6 h. After completion of the reaction, the pH value of the mixture was
adjusted to 5. The resulting solid was filtered, washed with water to provide the

corresponding carboxylic acid, which was used for the next step without further purification.

Method I11: Hydrolysis of tert-butyl ester. The appropriate tert-butyl ester was dissolved at 0
‘C in dry DCM (5 mL), then TFA (5 mL) was added. The reaction mixture was stirred at RT
for 2-3 h. The solvent was evaporated to dryness to provide the corresponding carboxylic

acid.

Method 1V: N-Boc-deprotection. The appropriate N-Boc-protected amine derivative was
dissolved at 0 °C in dry DCM (5 mL), then TFA (5 mL) was added. The reaction mixture was
stirred at RT for 30-60 min. The solvent was evaporated to dryness to provide the

corresponding amine derivative as a TFA salt.
Method V: Synthesis of pomalidomide-based linkers

DIPEA (3 eq.) was added to a solution of 2-(2,6-dioxo-3-piperidinyl)-4-fluoro-1H-isoindole-
1,3(2H)-dione (23) (1 eq.) and the appropriate amine linker (24, 25) (1.1 eq.) in N-methyl-2-
pyrrolidone (3 mL). The reaction mixture was heated at 110 °C for 2 h in the microwave. The
mixture was cooled to RT, then water (10 mL) was added, and the mixture was extracted with
EtOAc (30 mL), washed with brine (20 mL), and dried over anhydrous Na;SOs4. The
combined organic layers were evaporated under reduced pressure and purified by MPLC
using EtOAc and hexane. The obtained protected linkers were dissolved at 0 °C in dry DCM
(5 mL), and then TFA (2.5 mL) was added. The reaction mixture was stirred at RT for 1 h.
Volatile substances were removed under reduced pressure. The obtained residue was purified
by MPLC using DCM and MeOH (1-4% MeOH) to obtain the corresponding pomalidomide-
based linkers (26, 27).

Method VI: Alkylation reaction

To a suspension of the appropriate phenolic derivative (1 eq.) and K;COs (3 eq.) in
acetonitrile (30 mL), the appropriate alkyl halide (1-3 eq.) was added, and the mixture was
heated at 80 "C for 16 h. The mixture was cooled to RT, filtered, and washed with acetonitrile.
The filtrate was evaporated under reduced pressure, then water (10 mL) was added, and the

mixture was extracted with EtOAc (30 mL), washed with brine (20 mL), and dried over

44



anhydrous Na,SO,4. The combined organic layers were evaporated under reduced pressure and

purified by MPLC using EtOAc and hexane.
Method VII: Deprotection of tetrahydropyranyl (THP)-protected hydroxamic acids

To a solution of the THP-protected product (1 eq.) in THF (5 mL) with a few drops of MeOH
and 15 drops of 1 M hydrochloric acid were added, and the reaction mixture was stirred at RT
until the TLC showed completion of the reaction. The solvent was then evaporated under

vacuum, and the crude product was purified by preparative HPLC.

Method VIII: Deprotection of benzyl (Bn)-protected hydroxamic acids, benzyl ester and

Cbz-protected amines

To a stirred solution of the appropriate Bn or Cbz protected intermediate (1 eq.) in a mixture
of ethyl acetate and THF mixture (1:1), a catalytic amount of Pd/C (10%) was added. The
reaction mixture was put under vacuum, followed by a hydrogen atmosphere. The mixture
was stirred at RT until the completion of the reaction. The mixture was then filtered through
celite, and the solvent was evaporated to give the crude residue, which was purified by MPLC

using DCM and MeOH (3-10% MeOH).
Method IX: Oxidation of aldehyde to the corresponding carboxylic acid

To a solution of the appropriate aldehyde derivative (1 eq.) in a mixture of tert-butanol:water
(4:1), successively 2-methyl-2-butene (4.4 eq.), sodium dihydrogen phosphate tetrahydrate
(NaH,PO,-4H,0) (1 eq.), and sodium chlorite (NaClO,) (3.3 eq.) were added at 0 ‘'C, then the
reaction was allowed to warm to RT and stirred for 4 h. The tert-butanol was evaporated, then
water (10 mL) was added, and the pH was adjusted to 4 using 1 M HCI. The obtained solid
was filtered, washed with water, and dried under vacuum to give the corresponding

carboxylic acid.
Method X: Deprotection of Fmoc-protected amine

The Fmoc-protected amine was dissolved in 20% piperidine in DCM (30 mL), and the
reaction was stirred for 1 h. The reaction was evaporated under reduced pressure, redissolved
in DCM, and evaporated three times. The obtained residue was purified by MPLC using
DCM and MeOH to get the corresponding free amine.
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4.3.3. Characterization data of key intermediates and final compounds.

Intermediates 2, 5, 11 [177], 13 [174], 20 [175], 23 [178], and 40 [179] were synthesized
according to the previously reported procedures. The compounds were confirmed with

'HNMR and mass spectroscopy.

4-((2-((tert-Butoxycarbonyl)amino)-5-(thiophen-3-yl)phenyl)carbamoyl)benzoic acid (3)

Intermediate 3 was synthesized by the coupling 4-(methoxycarbonyl)benzoic acid (1) and
tert-butyl (2-amino-4-(thiophen-3-yl)phenyl)carbamate (2) using SOCI, according to method
IA, followed by methyl ester hydrolysis according to method I1. Yield: 45% over 2 steps. 'H
NMR (400 MHz, DMSO-de) 6 10.04 (s, 1H), 8.73 (s, 1H), 8.10 — 8.01 (m, 4H), 7.84 (d, J =
1.8 Hz, 1H), 7.80 (dd, J = 2.9, 1.3 Hz, 1H), 7.65 — 7.60 (m, 2H), 7.58 — 7.53 (m, 1H), 7.50
(dd, J=5.1, 1.3 Hz, 1H), 1.44 (s, 9H). MS m/z: 461.17 [M+Na]".

6-Amino-N-(2-amino-4-fluorophenyl)hexanamide (6)

Intermediate 6 was prepared through the amide coupling of the commercially available 6-
(Boc-amino)hexanoic acid (4) and the boc-protected aniline derivative 5 according to method
IB, followed by boc-deprotection according to method IV. Yield: 41% over 2 steps.lH NMR
(400 MHz, DMSO-de) 6 8.99 (s, 1H), 7.07 (dd, J = 8.7, 6.4 Hz, 1H), 6.46 (dd, J = 11.2, 2.9
Hz, 1H), 6.28 (td, J = 8.5, 2.9 Hz, 1H), 5.10 (s, 2H), 2.55 (t, J/ = 6.8 Hz, 2H), 2.27 (t, J=7.4
Hz, 2H), 1.61 — 1.50 (m, 2H), 1.44 — 1.24 (m, 4H). MS m/z: 240.26 [M+H]".

3-((6-((2-Amino-4-fluorophenyl)amino)-6-oxohexyl)carbamoyl)benzoic acid (8)
o) o) H  NH;
N

T,

Intermediate 8 was prepared through the amide coupling of intermediate 6 and 3-

(methoxycarbonyl)benzoic acid (7) according to method IB, followed by methyl ester

46



hydrolysis according to method I1. Yield: 38% over 2 steps. 'H NMR (400 MHz, DMSO-dy)
§ 12.31 (s, br, 3H), 9.35 (s, 1H), 8.72 (t, J = 5.5 Hz, 1H), 8.40 (t, J = 1.5 Hz, 1H), 8.12 — 7.98
(m, 2H), 7.55 (t, J = 7.8 Hz, 1H), 7.13 (dd, J = 8.7, 6.4 Hz, 1H), 6.52 (dd, J = 11.1, 2.9 Hz,
1H), 6.29 (td, J = 8.5, 2.9 Hz, 1H), 3.27 — 3.21 (m, 2H), 2.33 (t, J = 7.4 Hz, 2H), 1.66 — 1.47
(m, 4H), 1.40 — 1.27 (m, 2H). MS m/z: 386.37 [M-HJ".

6-(3-(Methoxycarbonyl)benzamido)hexanoic acid (10)

O (0]
HOWH O/
(0]

The acid chloride derivative of intermediate 7 was prepared according to method IA, then it
was diluted in dry THF, and added at 0 "C to a solution of 6-aminohexanoic acid (9) in 1 M
aq. solution of NaOH. The reaction mixture was stirred at RT for 10 h. The pH was adjusted
to 2 using 1 M HCI. The product was purified by MPLC using DCM: MeOH to obtain
intermediate 10. Yield: 50%. '"H NMR (400 MHz, DMSO-de) & 12.06 (s, 1H), 8.64 (t, J=5.3
Hz, 1H), 8.41 (s, 1H), 8.08 (t, J = 7.3 Hz, 2H), 7.64 — 7.54 (m, 1H), 3.87 (s, 3H), 3.24 (dd, J =
12.9, 6.8 Hz, 2H), 2.19 (t, J = 7.3 Hz, 2H), 1.59 — 1.43 (m, 4H), 1.37 — 1.24 (m, 2H). MS m/z:
292.28 [M-HJ".

3-((6-((2-Amino-5-(thiophen-2-yl)phenyl)amino)-6-oxohexyl)carbamoyl)benzoic acid(12)

o) 0 H =\
HOJ\©)J\ /\/\/\H/N]@/Q
BN

Intermediate 12 was prepared through the amide coupling reaction between intermediate 10

Iz

and 11 according to method 1B, followed by boc-deprotection according to method 1V and
finally ester hydrolysis following method Il. Yield: 35% over 3 steps. 'H NMR (400 MHz,
DMSO-ds) 6 9.25 (s, 1H), 8.65 (t, J = 5.5 Hz, 1H), 8.43 — 8.37 (m, 1H), 8.08 — 8.01 (m, 2H),
7.62 —7.52 (m, 1H), 7.50 (d, J = 1.9 Hz, 1H), 7.34 (dd, J= 5.1, 0.9 Hz, 1H), 7.26 — 7.15 (m,
2H), 7.02 (dd, J = 5.0, 3.6 Hz, 1H), 6.79 (d, J = 8.3 Hz, 1H), 3.31 — 3.22 (m, 2H), 2.35 (t, J =
7.5 Hz, 2H), 1.70 — 1.51 (m, 4H), 1.42 — 1.32 (m, 2H). MS m/z: 450.26 [M-HJ-.

N-(2-Amino-5-(thiophen-3-yl)phenyl)-N*-(3-(2-(2-(3-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)propoxy)ethoxy)ethoxy)propyl)terephthalamide (MA26)
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Intermediate 3 and 13 underwent an amide coupling reaction according to method IB,
followed by Boc deprotection according to method IV to obtain the final compound MA26 as
yellow solid (yield: 35% over 2 steps). '"H NMR (400 MHz, DMSO-dg) 6 11.06 (s, 1H), 9.82
(s, 1H), 8.55 (t, J =5.5 Hz, 1H), 8.06 (d, J = 8.2 Hz, 2H), 7.94 (d, J = 8.4 Hz, 2H), 7.60 — 7.48
(m, 4H), 7.40 (dt, J = 9.4, 4.7 Hz, 1H), 7.36 (dd, J = 8.3, 2.1 Hz, 1H), 7.08 (d, J = 8.6 Hz,
1H), 7.00 (d, J = 7.0 Hz, 1H), 6.81 (d, J = 8.3 Hz, 1H), 6.64 (t, / = 5.9 Hz, 1H), 5.03 (dd, J =
12.7, 5.5 Hz, 3H), 3.59 — 3.40 (m, 12H), 3.40 — 3.30 (m, 4H), 2.86 (ddd, J = 17.4, 14.1, 5.4
Hz, 1H), 2.62 — 2.50 (m, 2H), 2.07 — 1.96 (m, 1H), 1.85 — 1.70 (m, 4H). HRMS m/z: 819.279
[M + Na]"; calculated C4;H44NgOoSNa™: 819.2788; HPLC: rt 10.23 min (purity 97.81%).

N 1-(6-((2-Amino-4-ﬂu0r0phenyl)amino)-6-0xohexyl)-N3-(3-(2-(2-(3-((2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)propoxy)ethoxy)ethoxy)propyl)iso-
phthalamide (MA27)

0 o by NH,
o HN/\/\O/\/O\/\O/\/\”)J\Q)L”/\WN\@\
(0]
(e N F
HN

O O

Intermediate 8 and 13 underwent an amide coupling reaction according to method IB to
obtain the final compound MA27 as yellow solid (yield: 50%)."H NMR (400 MHz, DMSO-
de) 0 11.05 (s, 1H), 8.98 (s, 1H), 8.51 (dt, J = 11.1, 5.6 Hz, 2H), 8.26 (s, 1H), 7.96 — 7.88 (m,
2H), 7.62 —7.45 (m, 2H), 7.11 — 6.95 (m, 3H), 6.64 (t, / = 5.9 Hz, 1H), 6.46 (dd, J=11.2,2.9
Hz, 1H), 6.26 (td, J = 8.5, 2.9 Hz, 1H), 5.09 (s, 2H), 5.02 (dd, J = 12.8, 5.4 Hz, 1H), 3.60 —
3.40 (m, 11H), 3.39 — 3.29 (m, 4H), 3.27 — 3.20 (m, 2H), 2.86 (ddd, J = 17.4, 14.1, 5.5 Hz,
1H), 2.62 — 2.49 (m, 3H), 2.29 (t, J = 7.4 Hz, 2H), 2.07 — 1.92 (m, 1H), 1.85 — 1.69 (m, 4H),
1.58 (dq, J = 21.6, 7.4 Hz, 4H), 1.34 (dt, J = 9.7, 7.0 Hz, 2H). HRMS m/z: 884.3395 [M +
K]"; calculated Cy43Hs,N701oFK™: 884.3397; HPLC: rt 9.81 min (purity 96.01%).

N 1-(6-((2-Amino-5-(thiophen-2-yl)phenyl)amino)-6-0Xohexyl)-N3-(3-(2-(2-(3-((2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)propoxy)ethoxy)ethoxy)propyl)-
isophthalamide (MA28)
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Intermediate 12 and 13 underwent an amide coupling reaction according to method IB to
obtain the final compound MA28 as yellow solid (yield: 30% after purification with
preparative HPLC).'"H NMR (400 MHz, DMSO-dg) & 11.05 (s, 1H), 8.56 — 8.45 (m, 2H), 8.28
—8.22 (m, 1H), 7.92 (t, J = 7.3 Hz, 2H), 7.60 — 7.37 (m, SH), 7.22 —7.13 (m, 1H), 7.14 — 6.91
(m, 4H), 6.72 (d, J = 8.3 Hz, 1H), 6.63 (t, J = 5.7 Hz, 1H), 5.14 — 4.90 (m, 3H), 3.58 — 3.38
(m, 12H), 3.38 — 3.32 (m, 4H), 2.92 — 2.77 (m, 2H), 2.62 — 2.49 (m, 2H), 2.41 — 2.27 (m, 2H),
2.10 — 1.93 (m, 2H), 1.88 — 1.68 (m, 4H), 1.68 — 1.44 (m, 4H), 1.45 — 1.29 (m, 2H). HRMS
m/z: 932.363 [M + Na]"; calculated C47HssN;O1oSNa™: 932.3629; HPLC: rt 10.38 min (purity
98.91%).

4-(Aminomethyl)-N-(2-aminophenyl)benzamide (16)

NH |, NH,
<h

0]

Intermediate 16 was synthesized by reacting the carboxylic acid intermediate 14 and o-
phenylenediamine (15) according to method IB, followed by boc-deprotection according to
method IV. '"H NMR (400 MHz, DMSO-de) & 9.59 (s, 1H), 7.91 (d, J = 8.2 Hz, 2H), 7.44 (d,
J =8.3 Hz, 2H), 7.16 (dd, J = 7.8, 1.0 Hz, 1H), 6.95 (td, J = 8.0, 1.5 Hz, 1H), 6.77 (dd, J =
8.0, 1.4 Hz, 1H), 6.59 (td, J =7.7, 1.4 Hz, 1H), 4.86 (s, 2H), 3.77 (s, 2H), 1.81 (s, 2H).

General procedure for the synthesis of intermediate 18a,b

The appropriate N-Boc-protected amino acid derivative 17a or 17b was reacted with
intermediate 16 through an amide coupling according to method IB, followed by boc-

deprotection according to method IV (Yield: 35 - 39% over 2 steps).

4-((7-Aminoheptanamido)methyl)-N-(2-aminophenyl)benzamide (18a)

NH, Hj((j/\uj\/\/\/\’\“_iz

0
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'H NMR (400 MHz, DMSO-dg) & 9.59 (s, 1H), 8.35 (t, J = 5.9 Hz, 1H), 7.91 (d, J = 8.2 Hz,
2H), 7.34 (d, J = 8.2 Hz, 2H), 7.15 (d, J = 6.9 Hz, 1H), 7.00 — 6.91 (m, 1H), 6.76 (dd, J = 8.0,
1.3 Hz, 1H), 6.58 (td, J = 7.7, 1.4 Hz, 1H), 4.86 (s, 2H), 4.31 (d, J = 6.0 Hz, 2H), 2.54 — 2.50
(m, 2H, overlapped with DMSO), 2.14 (t, J = 7.4 Hz, 2H), 1.51 (dd, J = 14.0, 7.3 Hz, 2H),
1.37 — 1.17 (m, 8H). MS m/z: 369.42 [M+H]".

4-((8-Aminooctanamido)methyl)-N-(2-aminophenyl)benzamide (18b)
(0]

2
H
@NYQ/\H

0]

'"H NMR (400 MHz, DMSO-d) 8 9.59 (s, 1H), 8.36 (t, J = 5.6 Hz, 1H), 7.91 (d, J = 7.8 Hz,
2H), 7.34 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 7.8 Hz, 1H), 6.95 (1, J = 7.1 Hz, 1H), 6.77 (d, J =
7.9 Hz, 1H), 6.58 (t, J = 7.4 Hz, 1H), 4.86 (s, 2H), 4.31 (d, J = 5.8 Hz, 2H), 2.91 — 2.80 (m,
2H), 2.14 (t, J = 7.3 Hz, 2H), 1.52 (s, 2H), 1.38 — 1.07 (m, 10H).

General procedure for the synthesis of compounds MA61 and MA64

The appropriate inhibitor-containing amine linker 18a or 18b was reacted with 1-
adamantaneacetic acid (19) through the amide coupling according to method IB to afford the

final compounds MA64 and MAG61, respectively as white solid (Yield: 37 - 40%).

4-((7-(2-(Adamantan-1-yl)acetamido)heptanamido)methyl)-N-(2-

I f‘\/@
H H

aminophenyl)benzamide (MA64)

5

o)

'"H NMR (400 MHz, DMSO-dg) § 9.59 (s, 1H), 8.35 (t, J = 5.9 Hz, 1H), 7.91 (d, J = 8.2 Hz,
2H), 7.60 (t, J = 5.5 Hz, 1H), 7.34 (d, J = 8.3 Hz, 2H), 7.15 (d, J = 7.4 Hz, 1H), 6.99 — 6.91
(m, 1H), 6.77 (dd, J = 8.0, 1.3 Hz, 1H), 6.58 (td, / = 7.7, 1.3 Hz, 1H), 4.86 (s, 2H), 4.31 (d, J
= 5.9 Hz, 2H), 2.99 (dd, J = 12.6, 6.7 Hz, 2H), 2.14 (dd, J = 9.6, 5.2 Hz, 2H), 1.88 (s, 3H),
1.78 (s, 2H), 1.68 — 1.44 (m, 14H), 1.41 — 1.31 (m, 2H), 1.25 (s, 4H). HRMS m/z: 567.330 [M
+ Na]™; calculated C33H44N4O3Na": 567.3311; HPLC: rt 10.42 min (purity 98.02%).
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4-((8-(2-(Adamantan-1-yl)acetamido)octanamido)methyl)-N-(2-aminophenyl)benzamide
(MAe61)

0]

IIN o anang 872

0]

'H NMR (400 MHz, DMSO-d) & 9.69 (s, 1H), 8.35 (t, J = 6.0 Hz, 1H), 7.92 (d, J = 8.1 Hz,
2H), 7.60 (t, J = 5.5 Hz, 1H), 7.34 (d, J = 8.1 Hz, 2H), 7.18 (d, J = 7.4 Hz, 1H), 7.04 — 6.96
(m, 1H), 6.84 (d, J = 8.1 Hz, 1H), 6.68 (t, J = 7.3 Hz, 1H), 4.31 (d, J = 5.8 Hz, 2H), 2.99 (dd,
J=12.7,6.5 Hz, 2H), 2.13 (t, J = 7.4 Hz, 2H), 1.88 (s, 2H), 1.81 — 1.71 (m, 3H), 1.68 — 1.42
(m, 14H), 1.41 — 1.30 (m, 2H), 1.24 (s, 6H). HRMS m/z: 559.365 [M + H]"; calculated
C34H47N,05™: 559.3648; HPLC: rt 14.04 min (purity 99.02%).

General procedure for the synthesis of intermediate 22a,b

The VHL ligand amine 20 was reacted with the mono-benzyl ester protected dicarboxylic acid
21a or 21b according to method IB, followed by ester hydrolysis according to method II to
afford intermediates 22a and 22b, respectively (Yield: 37 - 40% over 2 steps).

8-(((S)-1-((25,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-
1-yl)-3,3-dimethyl-1-oxobutan-2-yl)amino)-8-oxooctanoic acid (22a)

OH
0]
HO\”/\/\/\/“\” ,\9\
H s__//

'H NMR (400 MHz, DMSO-d) & 8.97 (s, 1H), 8.52 (t, J = 6.0 Hz, 1H), 7.81 (d, J = 9.4 Hz,
1H), 7.44 —7.26 (m, 4H), 4.52 (d, J =9.4 Hz, 1H), 4.49 — 4.45 (m, 1H), 4.42 (dd, J=14.7,7.0
Hz, 2H), 4.31 (d, J = 21.7 Hz, 1H), 4.20 (dd, J = 15.9, 5.5 Hz, 1H), 3.65 (dt, J = 16.6, 8.2 Hz,
2H, overlapped with DMSO H,0), 2.43 (s, 3H), 2.29 — 1.83 (m, 6H), 1.53 — 1.36 (m, 4H),
1.28 — 1.20 (m, 4H), 0.91 (s, 9H). MS m/z: 585.39 [M-H]".

9-(((S)-1-((25,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-
1-yl)-3,3-dimethyl-1-oxobutan-2-yl)amino)-9-oxononanoic acid (22b)
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'"H NMR (400 MHz, DMSO-dg) § 11.92 (s, 1H), 8.96 (s, 1H), 8.52 (t, J = 6.0 Hz, 1H), 7.80
(d, J = 9.3 Hz, 1H), 7.38 (dt, J = 6.3, 5.3 Hz, 2H), 7.32 — 7.27 (m, 2H), 5.16 — 5.06 (m, 2H),
4.55 — 4.37 (m, 2H), 4.34 (s, 1H), 4.25 — 4.16 (m, 1H), 3.68 — 3.58 (m, 2H), 2.43 (s, 3H), 2.29
— 1.98 (m, 4H), 1.89 (ddd, J = 14.8, 8.5, 4.7 Hz, 1H), 1.48 (t, J = 16.0 Hz, 4H), 1.25 (d, J =
16.4 Hz, TH), 0.91 (s, 9H). MS m/z: 599.44 [M-H]".

General procedure for synthesis of compounds MA65 and MA66

The appropriate inhibitor-containing carboxylic acid linker 22a or 22b was reacted with
intermediate 16 through according to method IB to obtain the final compounds MA6S and
MAG66, respectively as white solid (Yield: 35 - 38%).

N 1-(4-((2-Aminophenyl)carbamoyl)benzyl)-Ns-((S )-1-((2S,4R)-4-hydroxy-2-((4-(4-methyl
-thiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)octane-
diamide (MA65)

NH,
L2 o
2TV
H H
N
o 0 o N Z "N
H S__//

'H NMR (400 MHz, DMSO-dg) 8 9.59 (s, 1H), 8.96 (s, 1H), 8.53 (t, J = 6.0 Hz, 1H), 8.34 (t, J
=6.0 Hz, 1H), 7.91 (d, J = 8.2 Hz, 2H), 7.81 (d, / = 9.4 Hz, 1H), 7.44 —7.29 (m, 6H), 7.15 (d,
J=69 Hz, 1H), 6.99 — 6.91 (m, 1H), 6.77 (dd, J = 8.0, 1.3 Hz, 1H), 6.63 — 6.54 (m, 1H), 5.10
(d, J =3.6 Hz, 1H), 4.86 (s, 2H), 4.53 (d, J/ = 9.4 Hz, 1H), 4.45 — 4.37 (m, 2H), 4.31 (d, J =
6.0 Hz, 2H), 4.20 (dd, J = 15.8, 5.5 Hz, 1H), 3.68 — 3.57 (m, 2H), 2.43 (s, 3H), 2.28 — 2.19
(m, 1H), 2.16 — 2.10 (m, 2H), 2.04 — 1.95 (m, 1H), 1.89 (ddd, J = 12.9, 8.6, 4.6 Hz, 1H), 1.56
— 1.41 (m, 4H), 1.24 (t, J = 6.0 Hz, 6H), 0.91 (s, 9H). HRMS m/z: 810.4014 [M + H]";
calculated Cy4Hs¢N706S™: 810.4013; HPLC: rt 12.71 min (purity 96.27%).
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N 1-(4-((2-Amin0phenyl)carbamoyl)benzyl)-N9 -((5)-1-((2S,4R)-4-hydroxy-2-((4-(4-methyl
-thiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)nonane-
diamide (MA66)

OH
o) o}
o~ AN
N
H H H
NT(©/\ o 4 NWN
o) s/
NH;

'H NMR (400 MHz, DMSO-dg) § 9.59 (s, 1H), 8.96 (s, 1H), 8.53 (t, J = 6.0 Hz, 1H), 8.35 (t, J
=5.9 Hz, 1H), 791 (d, J = 8.0 Hz, 2H), 7.81 (d, J = 9.3 Hz, 1H), 7.49 — 7.30 (m, 6H), 7.15
(d,J=7.6 Hz, 1H), 6.95 (t, J = 7.6 Hz, 1H), 6.77 (d, J = 8.0 Hz, 1H), 6.58 (t, /= 7.5 Hz, 1H),
5.09 (d, J =3.5 Hz, 1H), 4.86 (s, 2H), 4.52 (t, J/ = 8.7 Hz, 1H), 4.45 — 4.36 (m, 2H), 4.31 (d, J
= 5.9 Hz, 2H), 4.20 (dd, J = 15.9, 5.4 Hz, 1H), 3.67 — 3.60 (m, 2H), 2.43 (s, 3H), 2.29 - 2.19
(m, 1H), 2.16 — 2.08 (m, 2H), 2.07 — 2.03 (m, 1H), 1.89 (ddd, J = 12.8, 8.5, 4.5 Hz, 1H), 1.53
— 1.40 (m, 4H), 1.24 (s, br, 8H), 0.91 (s, 9H). HRMS m/z: 846.3984 [M + Na]™; calculated
C45H57N704SNa*: 846.3989; HPLC: rt 12.62 min (purity 95.04%).

6-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)hexanoic acid (26)

0 0
NH
N 0
0
0
oA~ NH

Intermediate 26 was synthesized by reacting the 4-fluorothalidomide (23) with zert-butyl 6-
aminohexanoate (24) according to method V, followed by ester hydrolysis following method
II1. (Yellow solid yield: 40% over 2 steps). 'H NMR (400 MHz, DMSO-dg) 6 11.99 (s, br,
1H), 11.06 (s, 1H), 7.56 (dd, J = 8.6, 7.1 Hz, 1H), 7.07 (d, J = 8.6 Hz, 1H), 7.00 (d, J = 6.9
Hz, 1H), 6.51 (s, 1H), 5.03 (dd, J = 12.8, 5.4 Hz, 1H), 3.27 (t, J = 6.7 Hz, 2H), 2.91 — 2.79 (m,
1H), 2.53 (ddd, J =9.9, 6.1, 1.7 Hz, 2H), 2.20 (t, J/ = 7.3 Hz, 2H), 2.07 — 1.95 (m, 1H), 1.61 —
1.48 (m, 4H), 1.39 — 1.28 (m, 2H).

6-(((S)-1-((25,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-
1-yl)-3,3-dimethyl-1-oxobutan-2-yl)amino)-6-oxohexan-1-aminium 2,2,2-trifluoroacetate

(30)
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Intermediate 30 was synthesized by reacting the VHL ligand amine 20 with the N-Boc
protected 6-aminohexanoic acid (28) according to method IB, followed by boc-deprotection
according to method IV. (Yield: 55% over 2 steps). "H NMR (400 MHz, DMSO-d¢) & 8.98
(s, 1H), 8.53 (t, / = 6.0 Hz, 1H), 7.84 (d, J = 9.3 Hz, 1H), 7.63 (s, 3H), 7.44 — 7.33 (m, 4H),
4.53 (d, J = 9.4 Hz, 1H), 4.47 — 4.37 (m, 2H), 4.34 (s, 1H), 4.20 (dd, J = 15.9, 5.4 Hz, 2H),
3.69 — 3.57 (m, 2H), 2.80 — 2.69 (m, 2H), 2.44 (s, 3H), 2.29 — 2.20 (m, 1H), 2.17 — 2.07 (m,
1H), 2.07 — 1.97 (m, 1H), 1.89 (ddd, J = 13.0, 8.7, 4.6 Hz, 1H), 1.56 — 1.41 (m, 4H), 1.32 —
1.19 (m, 2H), 0.91 (s, 9H). MS m/z: 544.31 [M+H]".

7-(((S)-1-((2S,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-
1-yl)-3,3-dimethyl-1-oxobutan-2-yl)amino)-7-oxoheptanoic acid (31)

/OH
(0] (0]
M~ N
HO H
ooN Z "N
H S_/J

Intermediate 31 was prepared using the same protocol as described for intermediate 22a,b. 'H
NMR (400 MHz, DMSO-d¢) 6 11.99 (s, 1H), 8.98 (s, 1H), 8.57 (t, J = 6.0 Hz, 1H), 7.82 (d, J
=9.3 Hz, 1H), 7.43 —7.33 (m, 4H), 4.52 (d, J = 9.4 Hz, 1H), 4.41 (dd, J = 14.8, 7.0 Hz, 2H),
4.33 (s, 1H), 4.20 (dd, J = 15.9, 5.5 Hz, 1H), 3.67 — 3.62 (m, 2H), 2.43 (s, 3H), 2.28 — 2.19
(m, 1H), 2.18 — 2.12 (m, 2H), 2.10 (dd, J = 10.2, 3.9 Hz, 1H), 2.06 — 1.98 (m, 1H), 1.91 —
1.83 (m, 1H), 1.76 — 1.71 (m, 1H), 1.53 — 1.39 (m, 4H), 1.27 — 1.18 (m, 2H), 0.96 — 0.86 (m,
OH). MS m/z: 571.81 [M-HJ".

6-(2-(Adamantan-1-yl)acetamido)hexanoic acid (34)
i1
N wo H
H 0o

Intermediate 34 was prepared through the amide coupling reaction between 1-

adamantaneacetic acid (19) and intermediate 32 according to method IB, followed by ester
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hydrolysis using method VIII (Yield: 66%). "H NMR (400 MHz, CDCl3) § 5.91 (s, 1H), 3.32
—3.21 (m, 2H), 2.42 — 2.32 (m, 2H), 1.99 —1.90 (m, 5H), 1.76 — 1.58 (m, 14H), 1.54 (dd, J =
14.6, 7.4 Hz, 2H), 1.45 — 1.35 (m, 2H). MS m/z: 330.78 [M+Na]".

5-(2-(Adamantan-1-yl)acetamido)pentan-1-aminium 2,2,2-trifluoroacetate (35)

H 4
CF,C00

Intermediate 35 was prepared through the amide coupling reaction between 1-
adamantaneacetic acid (19) and N-boc-1,5-diamino-pentane (33) according to method IB,
followed by boc-deprotection using method IV (Yield: 60% over 2 steps). 'H NMR (400
MHz, CDCls) & 7.94 (s, 1H), 6.56 — 6.62 (m, 3H), 3.21 (t, J = 10.7 Hz, 2H), 2.88 — 3.03 (m,
2H), 2.84 (s, 1H), 1.89 — 2.03 (m, 5H), 1.32 — 1.80 (m, 17H). MS m/z: 279.26 [M+H]".

Methyl 3-(3-bromopropoxy)benzoate (37)

Br” "0

Intermediate 37 was prepared through the alkylation of intermediate 36 using 1,3-
dibromopropane following method VI. "H NMR (400 MHz, DMSO-dg) & 7.56 — 7.51 (m,
1H), 7.46 —7.39 (m, 2H), 7.23 (ddd, J = 8.2, 2.7, 1.0 Hz, 1H), 4.12 (t, J/ = 6.0 Hz, 2H), 3.83
(s, 3H), 3.66 (t, J = 6.6 Hz, 2H), 2.24 (p, J = 6.3 Hz, 2H).

3-(3-(4-(((tert-Butoxycarbonyl)amino)methyl)phenoxy)propoxy)benzoic acid (39)

HO___O
SO

Intermediate 39 was synthesized through the alkylation reacting between intermediate 37 and
38 following method VI. (Yield: 40%). '"H NMR (400 MHz, DMSO-d¢) 6 7.49 — 7.40 (m,
2H), 7.27 (t, J = 5.9 Hz, 1H), 7.23 — 7.06 (m, 3H), 6.91 — 6.83 (m, 3H), 4.13 — 4.05 (m, 4H),
4.02 (d, J = 6.1 Hz, 2H), 2.14 (p, J = 6.3 Hz, 1H), 1.36 (s, 9H). MS m/z: 424.22 [M+Na]".
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3-(3-(4-(Aminomethyl)phenoxy)propoxy)-N-(7-((benzyloxy)amino)-7-oxoheptyl)-
benzamide (41)

H
N

N
BnO~ M

O
o "0

Intermediate 41 was prepared through the amide coupling reaction between intermediates 39
and 40 according to method IB, followed by boc-deprotection using method IV (Yield: 51%
over 2 steps). 'H NMR (500 MHz, DMSO-ds) & 10.92 (s, 1H), 8.40 (t, J = 5.5 Hz, 1H), 8.04
(s, 3H), 7.46 — 7.26 (m, 9H), 7.08 (dd, J = 8.1, 1.7 Hz, 1H), 7.00 (d, J = 8.7 Hz, 2H), 4.76 (s,
2H), 4.16 (dd, J = 13.3, 6.3 Hz, 4H), 3.98 — 3.92 (m, 2H), 3.22 (dd, J = 12.9, 6.8 Hz, 2H),
2.18 (p, J = 6.2 Hz, 2H), 1.94 (t, J = 7.2 Hz, 2H), 1.56 — 1.40 (m, 4H), 1.34 — 1.18 (m, 4H).
MS m/z: 534.67 [M+H]".

General procedure for the synthesis of compounds MAS54 and MAS7

The benzyl protected hydroxamic acid derivative 41 was reacted with the appropriate linker
26 or 34 through amide coupling according to method IB, followed by benzyl deprotection
using method VIII to afford the final compounds MAS4 and MAS7, respectively (Yield: 40 -
45%).

3-(3-(4-((6-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)Jamino)hexanamido)-
methyl)phenoxy)propoxy)-N-(7-(hydroxyamino)-7-oxoheptyl)benzamide (MAS54)

H

N

O O
bg
H N (e}
N
HO~ \[(\/\/\/ o 0
(o]
O gNMNH
H
0 >0

Yellow solid, '"H NMR (400 MHz, DMSO-dg) & 11.06 (s, 1H), 10.30 (s, 1H), 8.70 — 8.54 (m,
1H), 8.44 — 8.34 (m, 1H), 8.18 (t, / = 5.7 Hz, 1H), 7.56 (dd, J = 8.4, 7.2 Hz, 1H), 7.41 —7.29
(m, 3H), 7.13 (d, J = 8.7 Hz, 2H), 7.07 (d, J = 8.6 Hz, 2H), 7.00 (d, / = 6.9 Hz, 1H), 6.87 (d, J
= 8.7 Hz, 2H), 6.50 (t, /= 5.9 Hz, 1H), 5.03 (dd, J = 12.9, 5.5 Hz, 1H), 4.22 — 4.03 (m, , 6H),
3.23 — 3.15 (m, 3H), 2.92 — 2.79 (m, 1H), 2.60 — 2.52 (m, 2H), 2.15 — 2.05 (m, 4H), 2.06 —
1.95 (m, 2H), 1.92 (t, J = 7.4 Hz, 2H), 1.63 — 1.51 (m, 4H), 1.51 — 1.39 (m, 4H), 1.35 - 1.19
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(m, 6H). HRMS m/z: 835.3648 [M + Na]*; calculated C43Hs5,NgO1oNa*: 835.3643; HPLC: rt
10.17 min (purity 100.0%).

3-(3-(4-((6-(2-(Adamantan-1-yl)acetamido)hexanamido)methyl)phenoxy)propoxy)-N-(7-
(hydroxyamino)-7-oxoheptyl)benzamide (MAS57)

i e PP
N
o g

White solid, 'H NMR (400 MHz, DMSO-ds) & 10.30 (s, 1H), 8.64 (s, 1H), 8.38 (dd, J = 9.5,
3.8 Hz, 1H), 8.17 (t, J = 5.8 Hz, 1H), 7.59 (t, / = 5.4 Hz, 1H), 7.39 (d, J = 7.5 Hz, 2H), 7.33
(t, J=7.8 Hz, 1H), 7.13 (d, J = 8.6 Hz, 2H), 7.08 — 7.03 (m, 1H), 6.88 (d, J = 8.7 Hz, 2H),
4.21 —4.04 (m, 6H), 3.21 (dd, J = 13.1, 6.7 Hz, 2H), 2.97 (dd, J = 12.7, 6.8 Hz, 2H), 2.19 —
2.12 (m, 2H), 2.07 (t, J = 7.4 Hz, 2H), 1.99 —1.90 (m, 5SH), 1.78 (s, 2H), 1.67 — 1.59 (m, 3H),
1.57 — 1.41 (m, 14H), 1.40 — 1.11 (m, 9H). HRMS m/z: 755.435 [M + Na]*; calculated
C4oHgoN4O7Na*: 755.4359; HPLC: rt 11.40 min (purity 96.29%).

3-(2-Methoxy-2-oxoethoxy)benzoic acid (45)

@) 0]

HoJ\C(OQkO/

Intermediate 45 was prepared through the oxidation reaction of the benzaldehyde derivative
44 following method IX. Yield: 65%. '"H NMR (400 MHz, DMSO-dg) 6 7.57 —7.52 (m, 1H),
7.43 —7.35 (m, 2H), 7.18 (ddd, J = 8.3, 2.8, 1.0 Hz, 1H), 4.86 (s, 2H).

Methyl 2-(3-((7-((benzyloxy)amino)-7-oxoheptyl)carbamoyl)phenoxy)acetate (46)
Bno~ M N_ O
o)
o
(0]

Intermediate 46 was prepared through the amide coupling reaction between intermediates 40
and 45 following method IB. '"H NMR (400 MHz, DMSO-dg) ¢ 10.90 (s, 1H), 8.39 (t, J = 5.5
Hz, 1H), 7.46 — 7.41 (m, 1H), 7.38 — 7.28 (m, 7H), 7.11 — 7.02 (m, 1H), 4.83 (s, 2H), 4.76 (s,
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2H), 3.69 (s, 3H), 3.21 (dd, J = 13.0, 6.8 Hz, 2H), 1.93 (t, / = 7.3 Hz, 2H), 1.56 — 1.38 (m,
4H), 1.32 - 1.17 (m, 4H).

General procedure for the synthesis of compounds MASS and MAS6

The methyl ester 46 was hydrolyzed to the corresponding carboxylic acid according to
method II, and the obtained acid was further reacted with the appropriate linker 27 or 35
through amide coupling according to method IB, followed by benzyl deprotection using
method VIII to afford the final compounds MASS and MAS6, respectively (Yield: 29-32%

over 3 steps).

3-(2-((7-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)heptyl)amino)-2-
oxoethoxy)-N-(7-(hydroxyamino)-7-oxoheptyl)benzamide (MASS)

N N__o P

HO~ M NH

o N (0]
H

I ©
o)

Yellow solid, '"H NMR (400 MHz, DMSO-de) ¢ 11.06 (s, 1H), 10.30 (s, 1H), 8.62 (s, 1H),
8.38 (t, J =5.5Hz, 1H), 8.05 (t, J = 5.8 Hz, 1H), 7.56 (dd, J = 8.4, 7.2 Hz, 1H), 7.42 (dd, J =
8.3, 1.7 Hz, 2H), 7.34 (t, J = 7.9 Hz, 1H), 7.10 — 7.03 (m, 2H), 7.00 (d, J = 6.9 Hz, 1H), 6.50
(t, J =5.9 Hz, 1H), 5.03 (dd, J = 12.8, 5.4 Hz, 1H), 4.49 (s, 2H), 3.28 — 3.17 (m, 4H), 3.10
(dd, J = 13.0, 6.7 Hz, 2H), 2.95 — 2.78 (m, 1H), 2.63 — 2.49 (m, 2H), 2.07 — 1.96 (m, 1H),
1.92 (t, J=7.3 Hz, 2H), 1.58 — 1.36 (m, 8H), 1.33 — 1.13 (m, 10H). HRMS m/z: 729.322 [M +
Na]"; calculated C3sH4sNsOoNa™: 729.32224; HPLC: rt 9.62 min (purity 99.85%).

3-(2-((5-(2-(Adamantan-1-yl)acetamido)pentyl)amino)-2-oxoethoxy)-N-(7-
(hydroxyamino)-7-oxoheptyl)benzamide (MA56)

H

H
HO/NMN o
o

H H

O/ﬁ]/N\/\/\/N
(0] (0]

'"H NMR (400 MHz, DMSO-de) § 10.30 (s, 1H), 8.62 (s, 1H), 8.39 (t, J = 5.5 Hz, 1H), 8.05 (t,
J=5.7Hz, 1H), 7.59 (t, J = 5.4 Hz, 1H), 7.42 (d, J = 7.7 Hz, 2H), 7.35 (t, J = 7.9 Hz, 1H),
7.10 — 7.04 (m, 1H), 4.48 (s, 2H), 3.21 (dd, J = 13.1, 6.7 Hz, 2H), 3.09 (dd, J = 13.1, 6.7 Hz,
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2H), 2.97 (dd, J = 12.7, 6.8 Hz, 2H), 1.97 — 1.84 (m, 5H), 1.77 (s, 2H), 1.62 (d, J/ = 11.8 Hz,
3H), 1.58 — 1.15 (m, 23H). HRMS m/z: 621.362 [M + Na]"; calculated C33HsoN4O¢Na':
621.3628; HPLC: rt 9.91 min (purity 100.0%).

7-Amino-N-((tetrahydro-2H-pyran-2-yl)oxy)heptanamide (49)

0]

/\/\/\)j\ -0 o
H,N U

N
H

The fmoc-protected amino heptanoic acid (47) was reacted with the tetrahydropyran (THP)
protected hydroxyl amine (48) according to method IB, followed by fmoc deprotection using
method X to obtain intermediate 49. (Yield: 31% over 2 steps).lH NMR (400 MHz, CDCl5) 6
7.02 (s, 1H), 4.93 (s, 2H), 4.02 — 3.82 (m, 2H), 2.12 (s, 2H), 1.89 — 1.73 (m, 4H), 1.71 — 1.61
(m, 4H), 1.60 — 1.52 (m, 3H), 1.49 — 1.41 (m, 2H), 1.39 — 1.28 (m, 5H). MS: 245.00 [M+H]".

3-(3-(4-((((Benzyloxy)carbonyl)amino)methyl)phenoxy)propoxy)benzoic acid (51)

HO._O o
ST
070
Intermediate 51 was synthesized through the alkylation reacting between intermediates 37 and
50 following method VI, followed by the hydrolysis of the methyl ester according to method
II. (Yield: 45 over 2 steps %). "H NMR (400 MHz, DMSO-dg) 6 7.71 (t, J = 5.9 Hz, 1H), 7.52

—7.47 (m, 1H), 7.45 -7.43 (m, 1H), 7.38 — 7.23 (m, 6H), 7.18 — 7.08 (m, 3H), 6.88 (d, / = 8.6
Hz, 2H), 5.01 (s, 2H), 4.15 (t, / = 6.2 Hz, 2H), 4.12 — 4.03 (m, 4H), 2.19 — 2.09 (m, 2H).

3-(3-(4-(Aminomethyl)phenoxy)propoxy)-N-(7-oxo-7-(((tetrahydro-2H-pyran-2-
yhoxy)amino)heptyl)benzamide (52)

C s :
N O
o) O/N\ﬂ/\/\/\/
(0] /@/\NHZ
o >0

Intermediate 52 was synthesized through the amide coupling reaction between intermediates
49 and 51 according to method IB followed by Cbz-deprotection according to method VIII.
'H NMR (400 MHz, DMSO-d¢) & 10.87 (s, 1H), 8.40 (t, J = 5.6 Hz, 1H), 7.74 (s, 2H), 7.45 —
7.29 (m, SH), 7.14 —7.04 (m, 1H), 6.97 (d, J = 8.7 Hz, 2H), 4.78 (s, 1H), 4.18 — 4.10 (m, 4H),
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3.95 - 3.79 (m, 3H), 3.51 — 3.41 (m, 1H), 3.21 (dd, J = 13.1, 6.7 Hz, 2H), 2.23 — 2.11 (m,
2H), 1.96 (t, J = 7.3 Hz, 2H), 1.70 — 1.56 (m, 3H), 1.54 — 1.42 (m, 7H), 1.33 — 1.17 (m, 4H).
MS: 528.61 [M+H]".

N1-((S)-1-((25,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-
1-yl)-3,3-dimethyl-l-oxobutan-z-yl)-N7-(4-(3-(3-((7-(hydroxyamino)-7 -oxoheptyl)-
carbamoyl)phenoxy)propoxy)benzyl)heptanediamide (MASS)

H H pH
N O
HO,N\H/\/\/\/ o) 0]
N
O/\/\O 5 le} \ Z N
H S__/j

The THP-protected hydroxamic acid 52 was reacted with the VHL-carboxylic acid
intermediate 31 according to method IB, followed by THP-deprotection according to method
VII to afford the final compound MA58 as a white solid yield: 30% over 2 steps. '"H NMR
(400 MHz, DMSO-de) 6 10.30 (s, 1H), 8.96 (s, 1H), 8.61 (s, 1H), 8.53 (t, J = 6.0 Hz, 1H),
8.38 (t, J = 5.5 Hz, 1H), 8.16 (t, J = 5.8 Hz, 1H), 7.81 (d, J = 9.3 Hz, 1H), 7.49 — 7.26 (m,
7H), 7.13 (d, J = 8.7 Hz, 2H), 7.09 — 7.03 (m, 1H), 6.92 — 6.83 (m, 2H), 5.10 (s, 1H), 4.51 (t,J
= 9.5 Hz, 1H), 4.48 — 4.36 (m, 2H), 4.33 (s, 1H), 4.24 — 4.17 (m, 1H), 4.16 — 4.12 (m, 3H),
4.10 (t, J = 6.2 Hz, 2H), 3.71 — 3.57 (m, 2H), 3.20 (dt, J = 14.9, 7.5 Hz, 2H), 2.43 (s, 3H),
2.29 - 1.96 (m, 8H), 1.94 — 1.83 (m, 3H), 1.59 — 1.35 (m, 8H), 1.32 — 1.12 (m, 6H), 0.92 (s,
OH). HRMS m/z: 1020.4875 [M + Na]™; calculated Cs3H7;N70;0SNa™: 621.4881; HPLC: rt
10.60 min (purity 98.0%).

3-(2-(Benzyloxy)-2-oxoethoxy)benzoic acid (55)
0] (0]
H OJ\©/O O/\©

Intermediate S5 was prepared through the oxidation reaction of the benzaldehyde derivative
54 following method IX. (Yield: 62%). '"H NMR (400 MHz, DMSO-ds) & 7.57 — 7.53 (m,
1H), 7.44 — 7.41 (m, 1H), 7.37 — 7.31 (m, 6H), 7.17 (ddd, J = 8.2, 2.7, 0.9 Hz, 1H), 5.20 (s,
2H), 4.93 (s, 2H). MS m/z: 285.14 [M-H] .

2-(3-((7-Ox0-7-(((tetrahydro-2H-pyran-2-yl)oxy)amino)heptyl)carbamoyl)-phenoxy)-
acetic acid (56)
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Intermediate 56 was synthesized through the amide coupling reaction between intermediates
49 and 55 according to method IB, followed by benzyl ester hydrolysis according to method
VIII. (Yield: 50% over 2 steps). '"H NMR (400 MHz, DMSO-de) & 12.99 (s, 1H), 10.86 (s,
1H), 8.39 (t, J = 5.5 Hz, 1H), 7.42 (d, J = 7.8 Hz, 1H), 7.37 — 7.28 (m, 2H), 7.06 — 7.01 (m,
1H), 4.78 (s, 1H), 4.71 (s, 2H), 3.88 (dd, J = 18.9, 7.4 Hz, 1H), 3.51 — 3.42 (m, 1H), 3.26 —
3.17 (m, 2H), 2.02 — 1.90 (m, 2H), 1.69 — 1.54 (m, 3H), 1.47 — 1.40 (m, 7H), 1.27 — 1.20 (m,
4H). MS m/z: 421.19 [M-H].

(2S,4R)-4-Hydroxy-1-((S)-2-(6-(2-(3-((7-(hydroxyamino)-7-
oxoheptyl)carbamoyl)phenoxy)acetamido)hexanamido)-3,3-dimethylbutanoyl)-V-(4-(4-
methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (MAS9)

QH
HO~ M o) N
(0] (6] /\g/ H 0]
g N Z N
H s/

The THP-protected hydroxamic acid 56 was reacted with the VHL-linker 30 according to
method IB, followed by THP-deprotection according to method VII to afford the final
compound MAS59 as a white solid yield: 30% over 2 steps. 'H NMR (400 MHz, DMSO-ds) &
10.30 (s, 1H), 8.96 (s, 1H), 8.62 (s, 1H), 8.53 (t, / =5.9 Hz, 1H), 8.39 (t, / = 5.5 Hz, 1H), 8.05
(t,J=5.7Hz, 1H), 7.81 (d, J = 9.3 Hz, 1H), 7.49 — 7.28 (m, 7H), 7.10 — 7.04 (m, 1H), 5.10 (s,
1H), 4.52 (d, J = 9.4 Hz, 1H), 4.50 — 4.36 (m, 4H), 4.33 (s, 1H), 4.20 (dd, J = 16.0, 5.5 Hz,
1H), 3.69 — 3.58 (m, 2H), 3.21 (dd, J = 13.1, 6.6 Hz, 2H), 3.09 (dd, J = 13.1, 6.6 Hz, 2H),
243 (s, 3H), 2.28 — 2.17 (m, 1H), 2.14 — 2.05 (m, 1H), 2.05 — 1.97 (m, 1H), 1.96 — 1.84 (m,
3H), 1.57 — 1.35 (m, 8H), 1.32 — 1.16 (m, 6H), 0.91 (s, 9H). HRMS m/z: 886.414 [M + Na]";
calculated Cy4Hg;N7OoSNa': 886.4149; HPLC: rt 9.12 min (purity 95.47%).

4.3.4. Experimental part of biological testing
4.3.4.1. In vitro HDAC Inhibition Assay

Recombinant human proteins HDAC1, HDAC?2, and HDAC3/NCOR1 were purchased from
ENZO Life Sciences AG (Lausen, CH). Recombinant human HDACS8 was produced by
Romier et al. IGBMC, Univ. Strasbourg), as described in [49]. The in vitro testing on
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HDACI-3, 6, and 8 was performed out by Matthes Zessin and Patrik Zeyen, Institute of
Pharmacy, Martin-Luther-University Halle-Wittenberg, Halle, Germany as described in [177,
180]. The measurements were performed in assay buffer (50 mM Hepes, 150 mM NaCl, 5
mM MgCl,, 1 mM TCEP, and 0.2 mg/mL BSA, pH 7.4 adjusted with NaOH) at 37 °C. All
compounds at different concentrations were incubated with 10 nM HDAC1, 3 nM HDAC?2, or
3 nM HDACS3 (final concentration) for at least 5 min. The reaction was first started with the
addition of a fluorogenic peptide substrate (20 uM final concentration) and incubated for 30
min for HDAC?2 and HDAC3 and 90 min for HDACI1. The reaction was then stopped with a
solution of 1 mg/mL trypsin and 20 uM SAHA in 1 mM HCI and incubated for 1 h at 37 °C.
The fluorescence intensity was measured with an Envision 2104 Multilabel Plate Reader
(PerkinElmer, Waltham, MA, USA) with an excitation wavelength of 380 £ 8 nm and an
emission wavelength of 430 + 8 nm. The measured fluorescence intensities were normalized
with uninhibited reaction as 100% and the reaction without enzyme as 0%. A nonlinear
regression analysis was done to determine the ICsy value. The enzyme inhibition of HDAC8
was determined by using a reported homogenous fluorescence assay 2 [180]. The enzyme was
incubated for 90 min at 37 °C, with the fluorogenic substrate ZMAL (Z(Ac)Lys-AMC) in a
concentration of 10.5 pM and increasing concentrations of tested compounds. Fluorescence
intensity was reported at an excitation wavelength of 390 nm and an emission wavelength of

460 nm in a microtiter plate reader (BMG Polarstar).

4.3.4.2. Cellular testing

In order to determine the HDAC degradation activity of the designed degraders in PSN1 and
HCT116 cancer cell lines, the following procedure was performed. PSN1 and HCT116 cell
lines were seeded on cell culture dishes, which were subsequently treated by different 1 p
concentration of the degraders for a 6 h (Figure 21). The treated cells were harvested to get
their proteins in the IP buffer, and the corresponding protein level was determined by Western
blot. The data was provided by the group of Prof. Giinter Schneider, Technical University of

Munich, Munich, Germany.
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Figure 21: Cellular screening to determine the HDAC degradation potency of the
synthesized degraders. The figure was provided by Prof. Giinter Schneider, Technical

University of Munich, Munich, Germany.
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5. Discussion of the results
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5.1. Identification of novel class I HDAC inhibitors and their biological

evaluation against different cancer cell lines

The results obtained in studies 3.1 - 3.3 will be briefly discussed in this part.

The main objective of these studies was the design and synthesis of selective class I HDAC
inhibitors and the evaluation of their biological activity against different acute myeloid

leukemia and pancreatic cancer cell lines.

5.1.1. Identification of novel class I HDAC inhibitors with potential anti-leukemic
activity

Due to the good class I HDAC selectivity profile of the 2-aminobenzamides exemplified by
entinostat (MS-275), we selected this chemotype for further structural optimization to develop
novel selective HDAC inhibitors with enhanced in vitro activity and stronger anti-leukemic
effects. First, the middle phenyl ring (the linker part) of entinostat was replaced by more polar
pyrimidine or pyrazine rings to improve the solubility properties of the final compounds
(Figure 22). The capping groups are known to interact with amino acid residues at the rim of
the binding channel; therefore, different aromatic and heterocyclic scaffolds were used as
capping groups instead of the pyridine ring of entionstat (Figure 22). The carbamate
connecting unit of entinostat was also replaced by a piperazine scaffold. In addition, another
idea was to target the foot pocket of class I HDACs through the substitution of the 2-
aminobenzamide scaffold at position 5 with bulky aromatic substituents and at position 4 with

small atoms or groups to investigate the effect on individual isoform selectivity (Figure 22).
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Figure 22: Design strategy and structural modifications of entinostat (MS-275) to
develop novel class I HDAC inhibitors.

The newly synthesized compounds as well as some reported HDAC1-3 inhibitors were tested
for their inhibitory activity against human class I HDACs (HDACI, 2, 3, and 8). In general,
the inhibitors containing pyrazine linker showed good HDAC1-3 inhibitory activity, while the
replacement of the pyrazine ring with the pyrimidine moiety resulted in a significant decrease
in the inhibitory activity. Moreover, it was observed that the compounds containing the 3-
indolyl or N-methyl-3-indolyl capping groups exhibited better HDACI1-3 inhibitory activity
compared with other aromatic capping groups. For instance, compound 19f (Figure 23)
exhibited potent inhibitory activity against HDACI, 2, and 3 in the submicromolar range and
was more potent than the reference inhibitors entinostat, mocetinostat, and tacedinaline. As
expected, compounds bearing a 2-thienyl substituent at position 5 of the 2-aminobenzamide
scaffold exhibited high selectivity for HDAC1 and 2 over HDAC3 as exemplified by 21a
(Figure 23). Interestingly, removal of the 3-indolyl capping group of compound 21a resulted
in a significant increase in the inhibitory activity for HDACI, 2 while maintaining the
selectivity over HDAC3 as exemplified by compound 29b which showed an ICs value of 70
nM against HDACI1. Docking studies were in line with the in vitro testing and could explain
why the inhibitors with bulky aromatic substituents on the ZBG were not tolerated in the foot
pocket of HDAC3.0n the other hand, substitution of the 2-aminobenzamide at position 4 with
a fluorine atom resulted in a slight increase in the HDAC3 selectivity over HDACI and 2, as

in the case of compound 23a.

Based on the aforementioned in vitro activity and low cellular toxicity against human

embryonic kidney cells (HEK293), compounds 19f, 21a, and 29b were selected for further
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biological characterization against MV4-11, MOLM-13, and HEL leukemic cell lines. The
cellular results demonstrated that compound 19f was the most potent inhibitor among the
tested compounds. Compound 19f was at least 4-fold more potent than entinostat (MS-275)
for apoptosis induction in MV4-11 and MOLM-13 cell lines (Figure 24). Moreover, it
showed potent growth inhibitory activity against both cell lines with ICsy values in the
submicromolar range (Figure 24). In addition, immunoblot analyses illustrated that
compound 19f triggered the accumulation of acetylated histone H3 in both MV4-11 and
MOLM-13 cells in a dose-dependent manner and more potently than MS-275 did (Figure
24).

HN I NK/N%\N NH, K\J\‘\((H L
NWH\@ 5
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19f

ICso (HDAC1) 0.13 £0.01 uM

ICso (HDAC2) 0.28 £0.01 uM

ICso (HDAC3) 0.31 £0.01 uM
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ICso (HDAC8) 0% at 1 uM
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N
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ICso (HDAC1) 0.07 0.01 uM
ICso (HDAC2) 0.26 +0.01 uM
ICso (HDAC3) 6.1+ 0.01 uM
ICso (HDAC8)  n.d

towards different HDA C isoforms.

67

~ s

21a

ICso (HDAC1) 0.26 £0.01 uM
ICso (HDAC2) 2.47 +0.01 uM
ICso (HDAC3) 0% at 1 uM
ICso (HDAC8) 0% at 1 uM

HU%N

! g NH2
°© F

23a

ICso (HDAC1) 3.3£0.2 pM
ICso (HDAC2) 2.2+0.2 uM
ICso (HDAC3) 0.4 £0.01uM
ICso (HDAC8) 0% at 1 uM

Figure 23: The most promising class I HDAC inhibitors and their inhibitory activity



Figure 24: Pro-apoptotic effects of 19f and MS-275 in MV4-11 and MOLM-13 cells. (A,
B) MV4-11 cells were treated with 0.25, 0.5, 1 uM 19f or MS-275 for 24 h (A) or 48 h (B)
and analyzed for annexin-V/PI by flow cytometry. (C, D) The same experiments were
conducted with MOLM-13 cells. (E) ICsy values were determined for 19f. (F) Immunoblot
was done with the stated antibodies and lysates of MV4-11 and MOLM-13 cells that were
incubated with the HDAC: for 24 h. Cells were incubated with 0.25, 0.5, 1 uM 19f, or 1 uM
MS-275.

5.1.2. Identification of novel class I HDAC inhibitors and their biological evaluation

against pancreatic cancer

Based on the promising results of the HDAC inhibitors developed in the previous study, we
aimed in this study to develop new analogs with an improved selectivity profile and to further
explore the biological activity of the synthesized HDAC inhibitors against pancreatic cancer
cell lines. Since the previously described derivatives 19f and 29b (Figure 23) displayed the
most promising in vitro results, we decided to pursue further studies on these compounds.
First, the N-methylated piperazine derivative of 29b, compound 10 (Figure 25), was
additionally synthesized to assess the effect of this substitution on the inhibitory potency and

selectivity profile. Interestingly, this compound showed the highest inhibitory activity against
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HDACI1 (ICso HDACI = 40 nM) among all herein synthesized benzamide derivatives with
improved selectivity for HDAC1 over HDAC2. As expected, it also showed no significant
inhibition of HDAC3.

Compound 10 together with compounds 19f and 29b were additionally tested against murine
pancreatic ductal adenocarcinoma (PDAC) cell lines F2612 and F5061. In this study, HDAC?2
or HDAC3 were genetically knocked out from the tested cell lines, as indicated in Figure 26.
Compounds 19f and 29b showed good activity with ICsy values in the low micromolar to
submicromolar range, while the reference inhibitor entinostat (MS-275) displayed
comparatively weak inhibition. On the other hand, the highly potent HDACI inhibitor 10 was

less active with an ICsg value above 5 pM.

Only small changes in the ICs, values were observed when comparing HDAC2-proficient and
deficient F2612 cells. However, when comparing the 1Csy values of HDAC3-proficient and
deficient F5061 cells, a shift towards a higher ICsy value was observed in the HDAC3-
deficient cells suggesting that the sensitivity of the tested cell lines towards these derivatives
might be driven by HDAC3.
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ICso (HDAC1) 0.04 £ 0.01 yM
IC5o (HDAC2) 0.79 + 0.02 uM
ICso (HDAC3) 6% at 1 uM

Figure 25: The chemical structure of compound 10 and its inhibitory activity against
HDAC 1, 2, and 3.
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Dose-response of 19f

Dose-response of 29b

Figure 26: Dose-response curves of HDAC2-proficient/deficient F2612 and HDAC3-
proficient/deficient F5061 (PDAC) cell lines treated with compounds 19f and 29b.

5.1.3. Using computational approaches to predict the selectivity profile of the developed
class I HDAC inhibitors

The main focus of study 3.3 was to test whether binding free energy (BFE) calculations can
be utilized to provide predictive models that can be used for the development of novel HDAC
inhibitors bearing 2-aminobenzamide scaffolds. In this regard, the thirty 2-aminobenzamide
derivatives that were developed in studies 3.1 and 3.2 were chosen as a training set in this
study. For HDAC?2, the crystal structure PDB ID: 4L.Y1 was selected to dock the training set
as it showed the best re- and cross-docking results. In the case of HDACI, the crystal
structure (PDB ID: 4BKX) in complex with the docked original ligand from the crystal
structure of HDAC2 (PDB ID: 4LY1) was used, while for HDAC3, the crystal structure PDB
ID: 4A69 in complex with the docked ligand BG45 was used. The docking studies for each
isoform revealed that the docking poses correspond to the observed binding modes of similar

inhibitors. However, the docking scores showed a low correlation with the experimental
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activities. Therefore, the selected docking poses were rescored by performing binding free-
energy calculations using different setups. Several models were built, and three models (one
best model per HDAC subtype, Figure 27) were selected based on the highest observed R?
values. In addition, these models showed good results in terms of leave-one-out cross-
validation and root-mean-square error (RMSE). The three selected models were further
validated against an external test set of newly synthesized compounds, and the models were
indeed capable of correctly classifying them into actives and inactives. Thus, the developed
BFE models are cost-effective methods that can help to reduce the time required to prioritize

compounds for further studies.
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Figure 27: The correlation plots of the best binding free-energy models showing

correlation between the predicted data and experimental data for each HDAC subtype.

5.2. Development of bioreductive prodrugs of class I HDAC inhibitors and

their biological evaluation against acute myeloid leukemia
The results obtained in study 3.4 will be briefly discussed in this part.

The promising in vitro and cellular results of the HDAC inhibitors developed in studies 3.1
and 3.2 encouraged us to apply the prodrug concept to the developed inhibitors to enhance
their targeted-tissue specificity and to develop novel candidates with improved therapeutic
indices and lower toxicity profiles. In this study, a series of novel bioreducible prodrugs for
class I HDAC inhibitors were designed and synthesized by masking the aminobenzamide
moiety (ZBG) of different HDAC inhibitors using nitroarylmethyl moieties (Figure 28). As
expected, the developed prodrugs showed very weak HDAC in vitro inhibitory activity
compared to their parent inhibitors. The activation of the bioreducible prodrugs depends
mainly on the presence of high levels of nitroreductase enzymes in hypoxic tumor cells,

which catalyze the reduction of the nitro group of various nitroaromatic substrates to the
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corresponding nitroso intermediate which is further reduced to the hydroxylamine derivative,
followed by self-immolation and fragmentation to release the active inhibitor, as shown in
Figure 28. Therefore, the prodrugs and the corresponding parent inhibitors were further tested
against wild-type and nitroreductase (NTR) transfected-THP1 leukemic cells. The cellular
testing revealed that compounds 5 and 6 (Figure 29) were activated by the NTR prodrug
system and exhibited potent activity against NTR-THP1 leukemic cells. Interestingly, both
prodrugs contain 2-nitroimidazoles as the masking group, which is in agreement with
previous findings on the better activation of prodrugs containing nitro-heterocyclic masking
groups [181]. Moreover, both prodrugs showed cellular effects in the range of their parent
HDAC inhibitor, indicating almost full conversion. Compound 6 showed the highest cellular
activity in leukemic cells (Glsp = 77 nM) and exhibited a moderate selectivity for NTR-THP1
cells over wild-type THP1-cells. The activation of the prodrug by NTR was also confirmed by
LC-MS analysis which showed the release of the parent inhibitor after incubation of prodrug
6 with E. coli NTR. Compound 6, hence, represents a promising lead structure which can be
further optimized to achieve prodrugs with higher cellular potency and improved selectivity

window.
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Figure 28: The rationale for the design of novel class I HDAC prodrugs based on
different 2-aminobenzamides and the postulated schematic pathway of HDAC inhibitor

release.
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Figure 29: GIsy values of the most active prodrugs against wild-type and transfected

NTR-THP1 leukemic cells and their selectivity windows.

5.3. Design and synthesis of novel HDACs degraders

The results obtained in study 3.5, as well as the unpublished results in Chapter 4 will be
briefly discussed in this part.

The main focus of study 3.5 was to design and synthesize selective class | HDAC degraders.
In this regard, the selective HDAC3 inhibitor (BRD3308) was used as the POI warhead and
was connected to the CRBN E3 ligase ligand (pomalidomide) using a polyethylene glycol
(PEQG) linker, as shown in Figure 30. Compound S was developed and tested against class I
HDAC isoforms. It displayed weak inhibitory activity against HDACT1 and 2, while it showed
moderate activity against HDAC3 (ICsp = 3.4 uM) (Figure 30). Compound 5 was further
tested against the pancreatic cancer cell line (PSN1) and the human colorectal carcinoma cell
line (HCT116). The cellular levels of HDAC1-3 in the tested cells were analyzed by Western
blot. Unfortunately, compound 5 did not show degradation for the targeted HDACs. Since the
E3 ligase recognition motif as well as the linker composition and length can influence the
formation of the ternary complex and hence, the activity of PROTACS, further structural
modifications were performed as described in the unpublished results (Chapter 4, Figure 12)
in an attempt to achieve the desired degradation activity. These modifications included using
different HDAC inhibitors belonging to different classes (2-aminobenzamides, hydroxamic
acid-based scaffolds). Moreover, the VHL ligand was used instead of pomalidomide. The
concept of hydrophobic tag-based degradation was also applied by replacing the E3 ligase
ligands with the adamantly moiety which has been frequently used for the design of
hydrophobic tag-based degraders. Additionally, different linkers were used for the design of
the planned degraders. The newly synthesized compounds were subjected to in vitro testing

against different HDAC isoforms in addition to different cancer cell lines. Although most of
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them showed good in vitro inhibitory activity against different HDAC isoforms, they showed
weak to moderate cellular activity against PSN1 and HCT116 cell lines. In addition, no
degradation was observed for HDACI1-3 in the tested cancer cell lines. It is worth mentioning
that most of the developed SAHA-based bifunctional molecules showed potent inhibitory
activity against HDAC6 in the low nanomolar range. Therefore, it is planned to perform

further phenotypic screenings of the SAHA-based PROTACSs against other cancer cell lines.
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Figure 30: Design of HDAC-PROTACs. (A) Example of HDAC3 inhibitor. (B)
Pomalidomide as an example of CRBN E3 ligase ligand. (C) Designed HDAC-PROTAC.

ICs( values obtained in the in vitro assay against HDACI1-3 are listed.

5.4. HDAC inhibitors as antischistosomal agents

Study 3.6 will be briefly discussed in this part.

The main objective of the review article in study 3.6 was to collect and discuss the latest
advances in the development of inhibitors for Schistosoma mansoni histone deacetylases, with
a particular focus on smHDACS which has been recently identified as a potential therapeutic
target for schistosomiasis. As previously mentioned, cancer cells and parasites are quite
similar in some aspects, such as reproductive activity, high metabolic rates, and their ability to
survive within the host immune system. Following that, the “piggyback” approach as an

attractive strategy to repurpose the approved anticancer HDAC inhibitors as potential
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antischistosomal agents has been discussed. Then, we discussed the structural similarities and
differences between the crystal structures of smHDACS and the human orthologue and
accordingly, the possibility of designing HDACS inhibitors with improved selectivity for the
parasitic HDACS to reduce the potential for toxicity. Several smHDACS inhibitors have been
reviewed in this study, and some of them exhibited a preference for smHDACS8 over human
HDACS. The majority of the reported smHDACS inhibitors are hydroxamates which showed
potent HDACS inhibitory activity and some of them demonstrated phenotypic effects against
different stages of the Schistosoma’s life cycle (compounds 1-13, Figure 31). Other
smHDACS inhibitors containing different ZBGs have been reported; however, they showed

reduced smHDACS inhibitory activity compared to the hydroxamic acid-based inhibitors.
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Figure 31: Examples of reported hydroxamic acid-based smHDACS inhibitors. ICs
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testing on schistosomula.
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6. General Conclusion and Perspectives
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Histone deacetylases (HDACSs) constitute promising therapeutic targets for cancer and other
diseases, including neurodegenerative disorders, inflammatory diseases, and human parasitic
infections. This work focused mainly on HDAC1-3, members of class I HDACs which have
been associated with various solid and hematological malignancies. In the present work,
different medicinal chemistry approaches were applied to develop and optimize novel

HDAC1-3 modulators and assess their potential as anticancer agents.

Although the active sites of HDACI, 2, and 3 isoforms share high structural similarity,
rendering the design of selective class I HDAC isoform challenging, we tried in the present
work to exploit the small structural differences especially in the foot pocket region of HDAC3
compared to HDACI and 2 to achieve the desired HDAC isoform selectivity. In this regards,
novel class I HDAC inhibitors were designed and synthesized based on different structural
modifications of the general pharmacophore of previously reported HDAC inhibitors. Several
compounds showed potent in vitro inhibitory activity against HDACI, 2, and 3. Additionally,
some of the developed compounds were found to have higher potencies and better HDAC-
isoform selectivity profiles than the known class I HDAC inhibitors entinostat, mocetinostat,
and tacedinaline. It was observed that the substitution of the 2-aminobenzamide scaffold
(ZBG) with small substituents such as the fluoro atom resulted in a slight increase of HDAC3
selectivity over HDACI1 and 2. Furthermore, substitution of the 2-aminobenzamide scaffold
with bulkier aryl substituents such as 2-thienyl or phenyl moieties resulted in improved
selectivity for HDACI1 and 2 over HDAC3. Although some compounds showed a slight
preference for HDAC1 over HDAC2, no significant selectivity between both isoforms was
obtained due to their high sequence homology. An alternative approach that could be utilized
to achieve the desired selectivity is the application of targeted protein degradation (TPD)
concept to the most promising inhibitors in this study. Compared to conventional inhibition,
TPD has a unique mechanism of action that can result in enhancing the selectivity among
closely related protein [182]. Additionally, the HDAC inhibitory activity of the newly
synthesized inhibitors could be measured using a cell-based assay to have an idea about the

cellular HDAC inhibitory potency and selectivity of the developed compounds.

Our computational modeling studies could explain the enhanced in vitro HDAC selectivity of
the developed inhibitors for HDACI, 2 over HDAC3. Additionally, generated binding free-
energy (BFE) QSAR models were found to show a good correlation with the experimentally
determined inhibitory activity as well as good predictive power. The reliability and predictive

accuracy of these models have already been evaluated on an external test set of newly
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synthesized inhibitors. Hence, further structural optimization studies can be guided by the

developed models in order to reduce the time required to prioritize compounds.

Some of the newly synthesized compounds were tested against the pancreatic ductal
adenocarcinoma (PDAC) cell line, and two compounds showed good cellular activity in the
submicromolar range and were more potent than the reference inhibitor entinostat. Moreover,
we identified one compound that was more potent than entinostat in inducing apoptosis in a
variety of acute myeloid leukemia cell lines (AML), including MV4-11 cells which also
express FLT3-ITD. Since the combined pharmacological inhibition of HDACs and FLT3-ITD
was shown to synergistically induce apoptosis in AML, we are planning in future work to
develop novel FLT3 inhibitors and PROTACSs. These will be analyzed in addition to the
herein described HDAC inhibitors for their individual and combined cellular and molecular
effects against AML cells. These studies might pave the way for the development of

innovative and rationally designed combination therapies for the treatment of AML.

In this work we also designed and synthesized novel class I HDAC bioreductive prodrugs by
masking the 2-aminobenzamide group of the developed HDAC inhibitors as well as other
reported inhibitors using 4-nitrobenzyl and 2-nitroimidazolyl carbamates. As expected, the
developed prodrugs showed a very weak HDAC inhibitory activity compared to their parent
inhibitors. Among the synthesized compounds, two nitroimidazole-based prodrugs were best
activated in the nitroreductase (NTR) transfected-THP1 leukemic cells, where they showed
potent cellular activity. The activation of the prodrugs by NTR was also confirmed by LC-MS
analysis which showed the release of the parent inhibitor after incubating the most active
prodrug with E. coli NTR. The most active prodrugs showed cellular effects in the range of
their parent HDAC inhibitor, indicating almost full conversion. The most promising
compound in this series showed potent cellular activity against leukemic cells in the
submicromolar range and exhibited a moderate selectivity for the NTR-transfected THP1
cells over the wild-type THP1 cells. In general, this study can be considered as a proof of
concept that the masked-aminobenzamide derivatives could be used to design class | HDAC
inhibitors-based prodrugs. However, further biological investigations are necessary to better
understand why the prodrugs are still showing some cytotoxic activity against the wild-type
THP1 cell line. The developed prodrugs in this study might be additionally tested against
solid tumors which exhibit hypoxic conditions. The most promising prodrug in this study

could be used as a good starting point for further optimization to increase potency and
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enhance the selectivity profile. In this regards, other nitro-heterocyclic masking groups could

be tried in future work.

Targeted protein degradation technique was applied in the current work to design degraders
for class I HDAC:s. In total, 14 different heterobifunctional molecules were synthesized by
combining several reported HDAC inhibitors with different E3 ligase ligands or the
hydrophobic adamantyl moiety using different linkers. Some compounds exhibited good in
vitro HDAC inhibitory activity, but with no notable degradation of the targeted HDAC
isoforms in the tested cancer cells. In the current work, only the pomalidomide and the VHL
ligand were utilized for the design of PROTACS. In future work, other CRBN-E3 ligands
could be used instead of pomalidomide. For example, the pomalidomide moiety could be
replaced by the more stable lenalidomide analogue, phenyl glutarimide derivatives, or the
achiral phenyl dihydrouracil. The latter has been very recently reported to avoid the problem
of racemization associated with traditional CRBN-E3 ligase ligands, which usually results in
low E3-ligase binding activity and consequently the reduced potency of several PROTACSs
[183]. The linker design is also another important element that should be taken into
consideration for future work. In the current work, only flexible alkyl linkers were used for
the design of PROTACSs. Recent studies have shown that flexible alkyl linkers might have
undesirable physicochemical properties and poor aqueous solubility [184]. The use of more
rigid linkers and incorporation of cyclic scaffolds in the design of PROTACS are alternative
strategies that could be applied to improve the aqueous solubility and physicochemical
properties of our PROTACs and possibly optimize their degradation potency. Triazole,
piperidine, and piperazine motifs are representative examples of cyclic scaffolds that could be
used in future work. Several studies have recently reported the significance of replacing the
amide functionality in the alkyl linkers with the triazole motif in the design of HDAC
PROTAC:s [105, 185, 186]. Another important aspect is the proper choice of exit vector in the
E3 ligase ligand for the attachment of linkers. For example, the VHL ligand has several exit
vectors other than the acetyl amide position that was used in this study [173]. Changing the
attachment point of the linker might help to achieve target degradation by better enabling the
ternary complex formation. Finally, the most promising HDACI1-3 inhibitors developed in the
current work could be used as HDAC warheads for the development of novel class I HDAC
PROTACS. Since all the previously-mentioned factors contribute to the formation of the
ternary complex; they should all be systematically explored to assess their effects on the

degradation of the targeted HDAC:s.
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In the current work, we have discussed the recent advances in the design and development of
inhibitors for smHDACS which has been recently identified as a potential therapeutic target
for schistosomiasis. Several hydroxamic acid-based inhibitors have exhibited a preference for
smHDACS over human HDACS, in addition to phenotypic effects against different stages of
the schistosome’s life cycle. Unfortunately, several compounds with good enzymatic
inhibition and selectivity profiles showed no effect on the parasite, which might be due to
poor bioavailability. Additionally, little is known about the stability of HDAC inhibitors in
animal models of schistosomiasis. The majority of the studies assessing the potential of
HDAC inhibitors for the treatment of schistosomiasis worked with cultured schistosomes.
Testing of HDAC inhibitors in animal models of schistosomiasis could provide new insights

concerning the activity of HDAC inhibitors against schistosomes.

The reduced efficacy and the emergence of resistance against the conventional antimalarial
treatments (artemisinin-based combination therapies) indicate the importance of providing
new antimalarial agents with novel mechanisms of action that could potentially avoid or delay
the rapid emergence of resistance [187]. Since several antimalarial therapies involve a
combination of drugs with different mechanisms of action to enhance their therapeutic
efficacy and overcome resistance, another future starting point could be the design of novel
dual-targeting molecules by fusing different HDAC inhibitor motifs with Plasmodium
falciparum dihydrofolate reductase (PfDHFR) inhibitor scaffolds. Both PfDHFR and
PfHDAC:s are considered key enzymes essential for the survival of different stages of the
protozoan lifecycle and the regeneration of folic acid which is essential for DNA synthesis
[188, 189]. The designed compounds will be tested against wild and mutant strains of
different Plasmodium species. In addition, these compounds will be tested against human
embryonic kidney cells (HEK293) to determine their cytotoxicity against human cells. We
believe that dual inhibition of both targets in P. falciparum will be a novel strategy that would
maximize the chance of finding new lead compounds for developing the next generation of
antimalarial drugs. In addition, this strategy could provide new compounds to serve as novel

leads for other parasitic diseases.
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