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Introduction

1 Introduction

1.1 Histone deacetylases

1.1.1 Epigenetic machineries

The definition of Epigenetics is changes in gene function that do not involve alterations in the
primary sequence of nucleic acids. Such modification can be meiotically inherited to the next
generation. Factors such as diet and lifestyle leave epigenetic footprints across the human genome
and influence susceptibilities to diseases. Epigenetic changes are crucial for many cellular processes
and organism functions like metabolic processes. The most important epigenetic modifications are
the methylation of cytosine-phosphate guanine (CpG) islands within the DNA and an array of
different posttranslational modifications of the histone proteins including the acetylation of amino

acids in the N-terminal histone tails.” 2

Chromatin remodelling is a central mechanism in the epigenetic regulation of gene transcription and
expression. The human genome is packaged into chromatin, a dynamic macromolecular complex
that consists of DNA, histones, and non-histone proteins and can assume different levels of
condensation. In general, condensed chromatin, called heterochromatin, mediates transcriptional
repression, whereas transcriptionally active genes are in areas of open euchromatin. DNA-binding
transcription factors (TFs) recruit chromatin-modifying complexes and have better access to

. . . 3,4
euchromatin compared with a condensed conformation.

DNA methylation is an epigenetic modification used for long-term silencing of gene expression.5 The
so-called CpG islands are regions in the DNA where the bases cytosine and guanine repetitively
alternate. Methylation takes place only at CpG dinucleotides, at the 5-position of the cytosine ring,
almost exclusively within CpG islands.® The alterations in chromatin structure caused by methylation
change the interactions between proteins and DNA and leads typically to a decrease in the rate of
transcription, however hypermethylation also occurs in regions of active genes.7 Most CpG islands
are found in the proximal promoter regions and are generally unmethylated in normal cells. Their
methylation is often associated with the inappropriate transcriptional silencing of genes and
hypermethylation within the promoter region of tumor-suppressor genes are hallmarks of

. 8
malignancy.

Jenuwein and Allis proposed in 2001 that different combinations of chromatin modifications
constitute a so-called histone code and thereby extend the amount of information stored in the
genetic sequence.9 The histone code is defined by the modifications that regulate the transcriptional
activity of specific genes and the activity of transcription regulating multiprotein complexes.10 The
combinatorial nature of post-translational modifications seems to reveal that the histone code

considerably extends the information potential of the DNA code.
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Histones are formed by a globular domain and a more flexible NH, terminus protruding from the
nucleosome (so-called histone tails). The N-terminal tail regions of histones undergo a wide variety

of modifications and are the most important sites for histone modifications (Figure 1).

Phosphorylation

Isomerization

(3 Acetylation

(M) Methylation
Ubiguitination

Figure 1. Schematic presentation of specific sites of histone modifications in the amino termini of core histones and the
nucleosome as the fundamental repeating units of chromatin. The nucleosome consists of a double-stranded DNA wrapped
around a histone octamer. Different possible histone modifications at core histones and DNA methylation at CpG di-

nucleotides are shown. Picture from: **

Several post-translational modifications take place on the tail domains of histones, including
acetylation, phosphorylation, methylation, ubiquitination, and isomerization (Figure 1). The basic
unit of packaging is called nucleosome, consisting of two copies of each core histone H4, H3, H2B,
H2A and 147 bp of DNA wrapped around this core. The binding between the DNA and histones is
achieved by ionic interactions between basic amino acid residues in the histones and the acidic sugar
phosphate backbone of the DNA." Histone post-translational modifications provide an important

regulatory framework for DNA repair, gene expression, mitosis, meiosis and other mechanisms.
1.1.2 Antagonistic actions of histone acetyltransferases and histone deacetylases

Lysine acetylation occurs on residues in the N-terminal tails of histones and is controlled by the
antagonistic actions of two families of enzymes, histone acetyltransferases (HATs) and histone
deacetylases (HDACs). HATs use acetyl-CoA to transfer an acetyl group to the e-amino group of the
lysine moieties. Acetyl groups neutralize the positive charges on the basic histone tails, thereby
weakening electrostatic interactions between the histones and the negatively charged phosphate
backbone of the DNA. HDACs promote the removal of the acetyl group from the acetylated residue,

resulting in the release of an acetate molecule. Based on their function, HDACs can be described as
2
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epigenetic erasers, as well as phosphatases and demethylases. The antagonists of erasers are the
epigenetic writers like HATs and DNA methyltransferases. Epigenetic readers identify specific histone
recognition sequences and recruit other chromatin remodelling proteins. The reading protein
modules are classified into several subgroups, among them the bromodomain-containing histone

acetylation readers.

(0] 0 0
HDA
Ho e J ¢ H

N N““cH, =——= Hy NH,

A N HAT J

o e 5 2
éé/\/\(ég../ fg g.._

Figure 2. Acetylation and deacetylation of lysine residues in histone tails by histone acetyltransferases (HATs) and histone

deacetylases (HDACs) alter the structure of the chromatin. Picture: modified from®

Within the nucleosome, positively charged hypoacetylated histones are tightly bound to the
phosphate backbone of DNA, maintaining chromatin in a transcriptionally silent state. Acetylation
neutralizes the positive charge, disrupting tertiary structures in chromatin and thereby enhancing
access of TFs, transcriptional regulatory complexes, and RNA polymerases to promoter regions of

. . . .. . .. . . 14
DNA. However, in some cases histone acetylation is involved in transcriptional activation.

HDACs are part of a high number of complex regulatory mechanisms. By removing acetyl groups
from €-amino lysines of proteins, HDACs not only alter transcription, but also influence alternative
posttranslational lysine modifications such as ubiquitination. Ubiquitination is an enzymatic process
that involves the bonding of an ubiquitin protein to a substrate protein, followed by inactivation and
degradation by the proteasome. There is a direct link between acetylation and ubiquitination and
both often occur on the lysines. The balance between acetylation and ubiquitylation influences the
stability of the substrate protein. As a result, HDACs are able to decrease the half-life of several

substrates by exposing the lysine residue for ubiquitylation.ls’ 1

1.1.3 HDAC classification

An extensive phylogenetic analysis of HDACs'” shows that HDACs are members of an ancient enzyme
family found in animals, plants, fungi and bacteria. 18 human HDACs have been grouped in two
families and four classes on the basis of their homology to yeast proteins and their co-factor
dependence. The three HDAC classes I/11/IV contain 11 "classical" Zn2+-dependent enzymes whereas

class Ill comprises seven nicotinamide adenine dinucleotide (NAD') dependent enzymes (Figure 3)."®

3
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The class I/1I/IV HDACs consists of an 8-stranded parallel B sheet placed between a number of
o helices. These HDACs differ in size and structural organization but share a similar catalytic core that

uses Zn”* as co-factor, located at the bottom of the binding pocket.

Class! HDACIH 482
HDAC24 488
HDACZH 428
woacs ST 7
Class lla MEF2 14-3-3 14-3-3  14-3-3
HDAC4 — | g g— 1,084
HDACS —{ 5} 5) I 7
HDAC7 _—Se—S S )
HDAC9 I G 1,069

Class b HDACs —{ {12

HDACI04  Hleucinerich - 669

class v HoAcn (I 7

Figure 3. Mammalian classes of HDACs. Green rectangles indicate the conserved HDAC domain; numbers following the
HDAC domain indicate the number of amino acids. Myocyte enhancer factor 2 (MEF2)-binding sites are marked by a blue
square; 14-3-3, binding sites for the 14-3-3 chaperone protein; S, serine phosphorylation sites; ZnF, zinc finger. Picture

9
from: *

Structurally unrelated to the other classes, class Ill is characterized by NAD" dependency. Class Il
HDACs, called sirtuins, are widely expressed and have a broad range of biological functions. Among
others, sirtuins participate in the regulation of oxidative stress, DNA repair and metabolism. The two
HDAC families, the sirtuins and the classical HDACs, are evolutionarily conserved amongst
prokaryotes and humans. However, sirtuins are not affected by the conventional HDAC inhibitors

(HDACI) and will not be discussed any further.

Class | HDACs, consisting of HDAC1, 2, 3 and 8, are considered as nuclear proteins, however, HDAC3
navigates between the nucleus and the cytoplasm. Phylogenetic analysis suggests that HDAC1, 2, 3
and 8 can be further subdivided into class la (HDAC1 and 2), class Ib (HDAC3) and class Ic (HDACS)."
With the exception of HDAC8,” a specific characteristic of class | HDACs is their inclusion in large
macro-protein complexes. These complexes often involve more than one HDAC subunit and are

frequently in association with co-repressor proteins. Especially HDAC1 and HDAC2 interact with each

other, forming the catalytic core of several multi-protein complexes.
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HDAC4, 5, 6, 7, 9 and 10 are members of the HDAC class Il and are relatively large proteins which can
shuttle between cytoplasm and nucleus but are mainly localized in the cytoplasm. While class |
HDACs are ubiquitously expressed in humans, class Il HDACs show tissue specific expression. This
class can be further divided into class Ila (HDAC4, 5, 7 and 9) and class Ilb (HDAC6 and 10). The
presence of a double deacetylase domain is a characteristic for class llb HDACs. Class lla is defined by
a bipartite structure with a C-terminal HDAC domain and a large N-terminal adaptor domain,
characterized by the binding sites for the transcription factor myocyte enhancer factor 2 (MEF2) and
for the chaperone protein 14-3-3.°" The N-terminal adaptor domain mediates the HDAC class Il
interactions with tissue-specific transcription factors and co-repressors. Class lla HDACs navigates
between the nucleus and the cytoplasm and have non-histone proteins as primary targets. The class
Ilb subfamily has two members, HDAC6 and HDAC10. HDAC6 is the only enzyme containing two
non-identical catalytic domains and a C-terminal zinc finger domain. HDACG is localized exclusively in

22,23

the cytoplasm, where its main target is a-tubulin. HDAC10 is found in the nucleus and cytoplasm.

22,24,25

It also contains a partial® second catalytic domain. The specific substrates of HDAC10 remain

unknown and HDAC 10 might function as a recruiter rather than as a deacetylase.25

Class IV is composed by HDAC11 alone. This is the most recently identified isoform. HDAC11 shares
conserved residues with both class | and Il. Its expression patterns and function are only partially

26,27
understood.

1.1.4 Histone deacetylase multi-protein complexes

HDACs (with the exception of HDAC8) belong to multiprotein complexes, which catalyse the cleavage
of acetyl residues from histones and other proteins. These multiprotein complexes include

L. . . . 28-30
transcriptional activators, proteins, other isoforms and/or cofactors.

Although HDACs are unable
to bind directly to DNA, the multi-protein complexes are recruited to promoters by interaction with
specific transcription factors. These protein clusters are one of the difficulties in designing new
HDACI, leading to the problem that inhibition on isolated enzymes isoforms does not always match
the in vivo findings. The enzymatic or physical effect of HDACs on the activity of other HDAC family

members and HDAC multi-protein complexes requires further investigation in the future.

A particularly high number of HDAC containing complexes have been described for class | HDACs,
which are targeted to specific genomic regions by interactions with DNA binding factors such as
nuclear receptors and transcription factors.” HDAC1 and HDAC2 are mainly found in Mi2/NURD

3235 IDACs of different classes can co-exist in

complex, the Sin3 complex and the CoREST complex.
the same macromolecular complex. The catalytic domain of HDAC4 interacts with HDAC3 within the

large NCoR/SMRT nuclear co-receptor complex. HDAC4 contains minimal intrinsic deacetylase

® The second catalytic domain is vestigial and is thought to be dysfunctional in HDAC10.
5
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activity, however, the enzyme is essential for HDAC activity and for transcriptional repression of

target genes by this complex.36

1.1.5 HDAC substrates

Deacetylation of histones in promoters is generally associated with the formation of
heterochromatin and transcriptional inactivation, however exceptions are known and some genes
were found to be activated by HDACs.”’ Apart from histones, other proteins in the cytoplasm and
nucleus can be deacetylated by HDACs. As for histones, acetylation is considered as part of a
complex set of post-translational modifications often working cooperatively to regulate the function
of the modified protein. A growing list of acetylated proteins is currently available and it is supposed
that in human cells more than 1750 proteins can be acetylated at lysine residues.’® The dynamic
acetylation and deacetylation of non-histone proteins is critical for many cellular processes. While a
large number of non-histone HDAC substrates have been identified, the molecular and biological
activity of non-histone protein deacetylation have yet to be characterized for the majority of these

targets.

Inhibition of HDACs has been shown to significantly affect the acetylation of various tissue-specific or
ubiquitous non-histone proteins. HDAC substrates are for example transcription factors (p53, c-Myb
and FOXP3),>*' nuclear receptors (glucocorticoid receptor),”” and cytoplasmic proteins (e.g. Hsp90
and OL-tubuIin).22 Further examples are cell-cycle regulating proteins, e.g. retinoblastoma protein,43
which are involved in many physiological and pathological processes. There is an intense connectivity

between post-translational modifications of cell-cycle proteins and the epigenetic regulation of gene

expression, where HDACs has an important role at both levels.

HDACG plays a central role in cytoskeleton regulation, cell-cell interaction and in angiogenesis44’ 1t
is the only HDAC isoform which is able to deacetylate a-tubulin, a protein subunit of microtubules.
The polypeptide a-tubulin is involved in cytoskeletal structural integrity and cellular motility.46
Inhibition of HDAC6 leads to hyperacetylation of the chaperone protein Hsp90 and reduces the
chaperone association with its client proteins.47 In cells HDAC6 does not catalyse the removal of
acetyl groups from histones. HDAC6 deacetylates histones in vitro, but there is no evidence for its

L. . 48,49
activity in vivo.

The activity of HDACs on non-histone proteins is a key aspect of HDAC function and the search for
additional substrates is ongoing. However, it should not be ignored that histones are by far the most
abundant HDAC substrates and histone acetylation surely represents a key target for the action of

most HDACs.
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1.1.6 Pharmacophore model of HDAC inhibitors

The eleven classical HDACs are characterized by a highly conserved catalytic domain from bacteria to
humans and the study of its crystal structures assisted in the development of potent HDACi. The
catalytic domain is formed by approximately 300-400 amino acids® and HDAC6 contains two such
domains. The HDAC isoforms share the same folding pattern as well as similarity in the binding
pocket. The chain conformation within the catalytic domain is similar among all known HDAC
structures. Three residues coordinate the Zn’' ion (His, Asp, Asp) and two histidine residues
coordinate the zinc binding group of the ligand. A significant difference between the isoforms is a
catalytic tyrosine, which is conserved in all HDACs except in vertebrate class lla HDACs. This tyrosine

is replaced by histidine in class Ila HDACs and is considered to act as a transition-state stabilizer.”

Many HDACi structurally mimic acetyl-lysine and are characterized by a widely accepted
pharmacophore model. The morphology of the HDACi pharmacophore, exemplified by vorinostat
(suberoyl anilide hydroxamic acid) in Figure 4, consists of three substructures. A metal-binding
moiety that binds the catalytic metal atom within the HDAC active site (Zn2+-binding group, ZBG), a
hydrophobic linker or spacer to fit in the catalytic tunnel and a cap-group, which binds to the rim of
the substrate channel.” A connecting unit is often present between the cap-group and the linker

region.

Zinc
binding
group

Cap Connecting

group unit Linker

H O
\H/\/\/\)J\H/OH
O

vorinostat

Figure 4. General HDACi pharmacophore model exemplified by vorinostat.

The metal binding moiety of these compounds bind the Zn*" ion, which blocks the active site and
keeps the HDAC in its inactive form. HDACi can be classified as members of at least four classes,
based on their structure. One common classification is to HDACi containing a hydroxamic acids, e.g.
trichostatin A and vorinostat. A second group contains a short-chain fatty acid, e.g. sodium butyrate.
Third group contains a cyclic tetrapeptides, e.g. romidepsin. The forth group contains benzamides,
e.g. MS-275.>% In addition several other possible classifications have been suggested after the
discovery of a large number of highly diverse HDACi over the last decades. Today, the most frequent
used ZBGs remains to be hydroxamic acid (e.g. vorinostat) and benzamide (e.g. MS-275). The most

commonly used linkers are aliphatic chains (e.g. six carbon chain in vorinostat), aromatic rings (e.g.
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phenylene in MS-275) or vinyl-aromatic structures (e.g. styryl in PXD-101). Recent studies have
shown that all pharmacophore units have an impact on the isoform profile of HDACi.>* However,
many exceptions from the pharmacophore model have been described. For example, lacking the cap
or the linker unit.”® For a deeper understanding of HDACi properties see part 1.2.4 of the

introduction.
1.2 Effects of HDAC inhibition on tumor cells, cancer onset, progression and treatment

1.2.1 Key effects of HDAC inhibition

HDACi are primarily known as anticancer agents and are therefore investigated for their mode of
action and clinical efficacy. For a long time cancer was considered to result from a wide variety of
genetic and genomic alterations, such as amplifications, translocations, deletions, insertions, and
point mutations. However, it became increasingly evident that the development of cancer and
persistence may not only be caused by genetic mutations but also by epigenetic modifications. The
global pattern of histone acetylation is dysregulated in cancer, which results in chromosomal
abnormalities and may result in hyperactivation of oncogenes and the deactivation of tumor

suppressor genes.

Acetylation of histones and non-histone proteins play a key role in carcinogenesis. The genes
induced by the presence of a HDACi are mainly involved in cell growth, differentiation, changes in
gene expression, induction of apoptosis, cell cycle arrest and inhibition of angiogenesis and
metastasis.>® Interestingly, HDACi induce accumulation of hyperacetylated histones in most regions
of chromatin, but only a small number of expressed genes (around 10% according to analyses using

DNA microarrays) show a change in transcription patterns.57

Tumor growth arrest caused by HDACi can not only be explained on the basis of gene expressionss,
but also by alternative mechanisms. HDACi can cause accumulation of acetylated proteins that are
regulators of cell-cycle progression, for example the retinoblastoma protein pRb, TFs such as p53 or
glucocorticoid and thyroid hormone receptors. In Table 1, key effects of HDACi on tumor cells are

summarized.

Table 1. Key anti-tumor activities of HDACi.

Biological effect Key effects of HDACi
Cell death -Induction of apoptosis through the intrinsic and extrinsic apoptosis
pathways

-Enhanced ROS (reactive oxygen species) production and decreased
production of free radical scavengers

-Accumulation of DNA damage through transcriptional downregulation
of DNA repair proteins
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Cell cycle arrest -Induction of cell cycle arrest, often in combination with other effects,
such as cell death and differentiation

-Cells that are resistant to apoptosis undergo cell cycle arrest, where
G1/S phase-induced arrest is dominant over G2/M phase-induced
arrest.

Differentiation -Induction of tumor cell differentiation

Inhibition of angiogenesis | -Suppression of pro-angiogenic gene expression

Tumor  immunogenicity | -Enhancement of immunogenicity

and regulation of immune
-Enhancement of antigen-presenting capacity

cell subsets
-Inhibition of dendritic cell differentiation and function
-Increase of tumor killing by natural killer cells and cytotoxic T cells

-Increase of differentiation and function of CD8+ T cells

-Suppression of inflammatory cytokine production

The result of HDACi treatment is most often an induction of tumor cell apoptosis.59 Using preclinical
models, a direct link between HDACi-induced tumor cell apoptosis and therapeutic efficacy has been

>% % HUDACI induce apoptosis using at least two different mechanisms.®* The first

described.
mechanism is also called the extrinsic pathway. This mechanism is activated through apoptotic signal
transduction cascades mediated by members of the TNF (tumor necrosis factor) death-receptor
family (e.g. DR4, DR5 and FAS) and their ligands (e.g. TRAIL or FASL).** The second important
mechanism is the intrinsic cell-death pathway, also known as ROS (reactive oxygen species) pathway
or the mitochondrial apoptotic pathway.63 The intrinsic pathway has a substantial role in

chemotherapy and radiation induced cell death and is controlled by the Bcl2 family proteins in the

mitochondria.

HDACi cause increased production of reactive oxygen species (ROS), which has been described as a
significant factor in the pro-apoptotic character of HDACi. Tumor cells treated with HDACi showed
higher concentration of ROS compared to HDACi treated non-proliferative cells. In addition, the
thioredoxin concentration in tumor cells is reduced. The activity of redox proteins (thioredoxins
and/or peroxiredoxins) plays an important role in protection of cells from ROS. It is assumed that
reduced thioredoxin concentration in tumor cells is one of the reasons for tumor cells sensitivity to

HDACi-induced apoptosis.“’ 6

HDACI cause an inhibition of cell proliferation by inducing cell-cycle arrest in G1 and/or G2 phase,
thereby inhibiting cell growth and/or inducing apoptosis of transformed cells.”® HDAC induced

activation of the intrinsic apoptotic pathway is not yet fully understood. It is assumed that HDACi

9
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cause global changes in gene expression, which increases expression of pro-apoptotic proteins.
Several mechanisms are involved in the induction of cell cycle arrest caused by HDACi. The most
relevant is an increased expression of genes that participate in the regulation of the cell cycle such as
CDKN1A (p21), which encodes the cyclin-dependent kinase inhibitor WAF1 (p21).%® This tumor
suppressor protein prevents the dimerization of cyclin dependent kinases and cyclins. This leads for
example to hypophosphorylation of the key tumor suppressor protein pRb and its two relatives p107

and p130 and results in suppression of cell proliferation and a cell-cycle arrest in the G1 phase. 66,67

HDACi were historically identified on the basis of their ability to induce tumor cell differentiation.®®
The differentiation is associated with the ability to cause cell cycle arrest in G1 and/or G2 phase and
leads to inhibition of cell growth.59 The HDACIi concentrations necessary to cause growth inhibition

correlate with those needed to induce hyperacetylation of histones.*

Angiogenesis is a pivotal component of the progression and metastasis of solid tumors and
haematological malignancies. The anti-angiogenic properties of HDACi have been associated with
decreased expression of pro-angiogenic genes. The vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), hypoxia-inducible factor-1a (HIF1la), angiopoietin, and endothelial

70-72
These effects decrease

nitric oxide synthase (eNOS) are downregulated after HDACi treatment.
the nutrient supply, thus leading to an inhibition of the metastatic spread of the tumor.>
Upregulation of gene expression of metastatic suppressors and down regulation of genes that

promote metastasis are also responsible for the anti-metastatic character of HDACi.”> "

Growing evidences indicate that HDACi lead to an augmentation of the host immune response by an
increased cytokine secretion.” Immunomodulatory effects can result in an increased recognition of
malignant cells by the immune system due to an increased expression of tumor-associated antigens.

These immunomodulatory effects may contribute to the anti-tumor activity of HDACi.
1.2.2 Known mutations in HDAC/HAT genes and expression abnormalities

The interest for HDACs as therapeutic targets results from the observation that HDACs are
overexpressed or deregulated in various human tumor types. Various studies in cancer cell lines and
tumor tissue revealed changes in protein acetylation, particularly on histones, while an abnormal
expression of HDACs enzymes has been found in a broad range of cancer types.59 However, it could

not be shown that aberrant expression of HDACs can be a primary oncogenic effect.

In several cancer types overexpression of individual HDACs correlated with significant decreases in
disease-free survival rate and overall survival.”® Expression of HDAC1, 5, and 7 can be used as a
molecular biomarker for tumor tissue versus normal tissue and is even able to predict poor patient
prognosis independent of other variables such as tumor type and disease progression.76
Furthermore, knockdown of HDACs can induce a range of anti-tumor effects such as cell cycle arrest

and inhibition of proliferation and induction of apoptosis. In general, expression of class | HDACs
10
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tends to be higher in tumor samples compared to the corresponding normal tissue. In other studies
key events of tumor genesis, like the epigenetic repression of the tumor suppressor gene CDKN1A
(encoding the cyclin-dependent kinase inhibitor WAF1 (p21)) has been linked to an overexpression of
HDACs.” In contrast, class Il HDACs are downregulated in some tumor samples and high expression
correlated with a better prognosis.78 Examples are known that HDAC6 overexpression correlates
with better prognosis.79 Summarized, the level of HDAC expression and/or histone acetylation is not

necessarily a suitable indication of clinical sensitivity to oncologic drugs.

Recently, mutations in the HAT genes CREBBP and EP300 were linked to several tumor types. As
expected, the inactivating mutations decreased tumor acetylation, and HDACi would be a possible

. . . 80, 81
complementary treatment to regain an epigenetic balance.

1.2.3 Therapeutic implications and sensitivity of tumor cells

HDACs are regarded as promising therapeutic targets for cancer treatment due to their critical role in
the regulation of transcription of key genes, controlling cellular functions such as cell proliferation,
cell cycle regulation and apoptosis.82 The treatment of normal and tumor cells with HDACi result in
an accumulation of hyperacetylated histones. Nevertheless, tumor cells appear to be more sensitive

to the growth inhibition and apoptotic effects of these agents than normal cells.®

It was suggested, that tumor cells rely on specific epigenetic pathways and are unable to adapt to an
‘epigenetic error’ caused by HDACi treatment, whereas normal cells utilize alternative compensatory
pathways.84 Furthermore, the induction of death receptors and ligands was also demonstrated to be

%% pue to increased levels of the protective thioredoxin in

a tumor-cell-selective response to HDACi.
normal but not in tumor cells by HDACi treatment, reactive oxygen species (ROS) accumulate only in
tumor cells but not in healthy cells.®” Interestingly, HDACi also kill nonproliferating tumor cell,
whereas normal cells remain unaffected.® However, the exact anticancer mechanisms of HDACi still

need further investigation.
1.2.4 HDACi approved for cancer treatment

HDACs are among the most promising therapeutic targets for hematological malignancies and solid
tumors. Several HDACi are approved by the FDA (Food and Drug Administration), the China FDA and
the EMA (European Medicines Agency) and more than 18 HDACi are in clinical development (phase
I/11). Lymphomas are the most common blood cancer type, occurring when lymphocytes mature and
multiply uncontrollably. Nowadays, therapeutic efficacy of HDACi have been demonstrated for the
treatment of non-Hodgkin lymphoma of the type cutaneous T-cell lymphoma (CTCL), peripheral

T-cell ymphoma (PTCL), acute myeloid leukaemia as well as for Hodgkin’s lymphoma.

11
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Table 1. Characteristics of approved HDACi.

Structure and name

Clinical application

Classification

(0]

H OH
WN/
Ly .

o

vorinostat (SAHA)

Zolinza® Merck

- FDA approved in 2006 for
cutaneous T-cell lymphoma
(CTCL) and peripheral T-cell
lymphoma (PTCL)

- Approved alone or in
combination

-pan-HDACI, hydroxamate

0]

0 |HN

NHO

O

romidepsin (FK228)

Istodax® Gloucester

-FDA approved in 2009 for
cutaneous T-cell lymphoma
(CTCL) and peripheral T-cell
lymphoma (PTCL)

-Class | HDACI,

cyclic peptide

prodrug,

O
©\ \\S//O ™ OH
N~ N~
N \©/\)J\H

belinostat (PXD101)

Beleodaq® Topo Target

-FDA approved in 2014 for
peripheral T-cell lymphoma
(PTCL)

-pan-HDACI, hydroxamate

0]
WN/\Q\H/H
H
N N

N
0]

chidamide (HBI-8000)

Epidaza®

NH,

- chinese FDA approved in
2015 for peripheral T-cell
lymphoma (PTCL)

- pan-HDACI, benzamide

0
] Ny OH
H H
|
HN

panobinostat (LBH-589)

Farydak® Novartis

- FDA and EMA approved in
2015 for multiple myeloma
(combination therapy)

-pan-HDACI, hydroxamate
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Cutaneous T-cell lymphoma (CTCL) and peripheral T-cell lymphoma (PTCL) are rare forms of

non-Hodgkin’s Iymphoma.87’ 8

Vorinostat, romidepsin and belinostat have been clinically approved
for CTCL and/or PTCL by the US FDA. Vorinostat (SAHA, Zolinza®) and belinostat (PXD101, Beleodaq®)
are hydroxamate-based pan-HDACib. Romidepsin (FK-228; Istodax®) is a pro-drug and is the only
approved cyclic tetrapeptide.89 Chidamide (HBI-8000) was developed and approved for relapsed or

%0, 91 Additionally, panobinostat (LBH-589,

refractory peripheral T-cell lymphoma (PTCL) in China.
Farydak®) has recently been approved by the FDA and the EMA for a combination therapy for certain
patients with multiple myeloma, one of the most common blood cancers. Panobinostat is currently

also investigated for the treatment of acute lymphocytic leukaemia and prostate cancers.”
1.2.5 Drug combinations with HDACi for cancer treatment

Chemoresistance is the major problem limiting anticancer drug-based therapeutic approaches. Novel
strategies to prevent the development and to overcome chemoresistance are urgently needed. Drug
resistances occur against classical cytostatic agents and targeted therapies as e.g. kinase inhibitors.
For this reason multi-drug therapies with combined anticancer agents operating in different
mechanisms became a standard treatment to prevent drug resistance and to produce synergistic or
at least additive effects in various tumors. Chemoresistance may be due to epigenetic alterations
leading to defects in the apoptotic pathway. HDACi have been investigated for the combined
treatment in several types of cancer therapies, resulting in different degrees of success and various

. . . . . .. . 93,56
combinations have also been investigated in clinical trials.

DNA hypermethylation is associated with certain cancer genes and DNA methyltransferases

94-96
Several

inhibitors are effective anticancer agents that cause increased apoptosis in tumor cells.
preclinical studies combining HDACi with inhibitors of DNA methyl transferases revealed synergistic

antitumor activity.97

Promising initial results have been described after combining HDACi with ROS-generating agents
such as the tyrosine kinase inhibitors adaphostin.98 Cancer cells are known to have higher levels of
ROS compared to normal cells and HDACi have been shown to induce oxidative stress in different

types of cancer cells.

A further successful strategy is the combination therapy involving HDACi and proteasome inhibition.
After treatment of multiple myeloma cells with the proteasome inhibitior bortezomib, the cells
became more sensitive to vorinostat and increasing apoptosis was observed.” Early phase clinical

trials demonstrated an increase in anti-tumor effects of vorinostat in combination with bortezomib

103-106

in patients suffering from multiple myeloma. In 2015 the HDACi panobinostat (Farydak®) was

approved for combination therapy with bortezomib (Velcade®) for patients who no longer respond

to one of the most effective treatments for multiple myeloma, the proteasome inhibition."”’

® pan-HDACi inhibit all types and isoforms of HDACs.
13
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An important approach for cancer therapy is the combination of HDACi with DNA damaging
chemotherapeutics.108 Numerous studies showed synergism or additive effects by combining HDACi
and DNA-damaging agents such as topoisomerase inhibitors, inhibitors of DNA synthesis, DNA-
intercalators and agents covalently modifying DNA (i.e. doxorubicin, epirubicin, cisplatin, 5-

. . e e . . 109-114
fluorouracil, etoposid, mephalan, ellipticine, and temozolomide).

The use of HDACi permits the
utilization of lower amounts of therapeutics and could lead to less undesirable side effects due to
the DNA-damaging drugs. The HDACi induced sensitization of cells to DNA-damaging drugs is
explained by the influence of HDACi on the chromatin structure. The decondensation of chromatin
after HDACi treatment induces the relaxed condition, which makes the chromatin more susceptible
to DNA damaging drugs. Exposing several human cancer cells to the HDACi trichostatin A or
vorinostat prior to etoposide, ellipticine, doxorubicin or cisplatin increased the cytotoxicity of these
drugs. After such an exposure the expression of p53, WAF1 (p21), and Gadd45 proteins was
significantly increased.™ One of the observed effects after treatment with HDACi in combination
with DNA-damaging agents was an increased level of proapoptotic proteins like Bim and Bmf."™® Two

more possible effects of the cotreatment are impaired DNA repair and interference with genes

important for survival after treatment with DNA damaging agents.117

1.2.6. Isoform-selective HDACi - the next step in therapy?

The contribution of HDACs to tumor development can be due to complex mechanisms other than
HDAC overexpression, making a deeper investigation of HDAC isoforms necessary. Common pan-
HDAC inhibitors have massive side effects and poor anti-cancer activity against solid
tumors. Non isoform-selective HDACi could increase the risk of toxic side effects and definitely limit
their use as research tools. Most of the first generation HDACi are not selective towards specific
isozymes. In the last years, HDACi with proposed selectivity for several HDAC isoforms have been
developed and several of these second-generation HDACi are currently in clinical trials. However, the
questions remain whether agents that selectively target a specific HDAC are beneficial. It still has to
be demonstrated in clinic if isoform selectivity provides substantial advantages over pan-HDAC

. el egs 118,119
inhibition.

1.2.6.1 Possible applications of selective HDAC1 inhibition

The members of the HDAC class | family are deregulated in many cancers. Overexpression of HDAC1

has been found in gastric, breast, pancreatic, hepatocellular, lung, and prostate carcinomas and in

120,121

most of these cases HDAC1 up-regulation is associated with a poor outcome. High expression

of HDAC1, HDAC2 and HDAC3 was shown in renal cell cancer, colorectal and gastric cancer as well as

. . . 122, 123
in classical Hodgkin’s lymphoma.™™”

In a different study analysing breast tumors, HDAC1 and
HDAC3 expression correlate with estrogen and progesterone receptor expression suggesting HDAC1

and HDAC3 as an independent prognostic marker.™* Taken together, these studies point towards the

14
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overexpression of class | HDACs, in particular HDAC1, as a cancer marker associated with poor

prognosis and all these could be examples for future application of HDAC1 selective HDACi.
1.2.6.2 Possible applications of selective HDAC6 inhibition

Since HDACS6 inhibition has no impact on the DNA state it could be a better drug target than other
isoforms. HDAC6 knockout mice are the only HDAC mutant mice with no obvious phenotype except
for increased a-tubulin acetylation.125 Among the Zn2+-dependent HDACs, HDACE is functionally and
structurally unique. This isoform is primarily present in the cytosol and thus cannot be considered
strictly as an epigenetic enzyme. HDAC6 is the only HDAC isoform able to deacetylate a-tubulin

. . . . . . . . 46
in vitro and in vivo and does not catalyze histone deacetylation in vivo.

Due to its unique mode of action HDAC6 has been suggested to be a particularly suitable target for

cancer therapy. In addition to its two catalytical domains HDAC6 has a C-terminal ubiquitin-binding

126

zinc finger domain.”™ HDAC6 counteracts the toxic effects of misfolded protein accumulations by

being involved in the two important protein degradation pathways, the aggresome-autophagy

127128 4pAC6 function can be seen as a

pathway and the ubiquitin and proteasome system (UPS).
bridge between UPS and the authophagy pathway. HDAC6 binds polyubiquinated proteins through
its ubiquitin-binding domain and delivering to the dynein motor. Polyubiquinated proteins are then
directed to the aggresome for the subsequent lysosome degradation.129 Due to the rapid protein
tumor rate cancer cells rely heavily on the protein degradation pathways and are more sensitive to

127,130, 131

proteasome inhibition than non-transformed cells. As mentioned in part 1.2.4 in 2015 the

pan-HDAC-inhibitor panobinostat (Farydak®) was approved together with the proteasom inhibitor

®).100'102 Combination of proteasome inhibitors with an HDAC inhibitor case

bortezomib (Velcade
cytotoxicity by inhibiting the UPS and the aggresome pathway. Dual targeting of protein degradation
pathways with the selective HDAC6 and bortezomib have been shown to be synergistic in lymphoma.
The use of a HDAC6 selective HDAC inhibitor could be beneficial in comparison to pan-HDACi and

. .. 105, 132-134
several trials showed promising results.

47,135
The reduced

HDACG regulates the formation of chaperone complexes of Hsp90 client proteins.
chaperone activity results in polyubiquitination and proteasomal degradation of a number of cancer-
related proteins, for example the epidermal growth factor receptor (EGFR).m' 135 By deacetylation of
cortactin, an actin remodeling protein, HDAC6 plays a central role in cytoskeleton mediated
processes.45 HDAC6 modulates cell motility by altering the acetylation level of cortactin and
7

overexpression of HDAC6 has been connected to invasive metastatic behavior of tumor cells.”

HDACS inhibition could act protective and has been shown to result in impaired cell motility.*

Taken together, HDACEG is involved in regulation of several critical cellular functions linked to cancer.

138,139

Generally, high levels of HDAC6 expression have been associated with tumor-genesis. Elevated

levels of HDAC6 were documented in myeloblastic cell lines, in acute myeloid leukemia blasts and in
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138, 140-142
some breast cancers.

However, in a different study HDAC6 expression in breast cancer was
also associated with better survival and was higher in small tumors, low histologic grade, and in
estrogen and progesterone receptor-positive tumors.”® In oral squamous cell carcinoma significantly
higher HDAC6 expression was found in carcinoma versus non-transformed cells. Additionally, in the
sama study HDAC6 expression was increased in advanced stage cancers compared with early
stage.140 HDAC6 has been shown to be required for oncogenetic tumor formation and potential
regulatory role of HDAC6 in the malignant transformation process was suggested.138 Interestingly,
after inactivation of HDACS6, resistance to oncogenic transformation and reduction of tumor cell

138

growth was observed.”™ The deacetylase activity was required for HDAC6 to support malignant

tumorigenic growth, pointing to a possible pharmacologic inhibition of HDAC6 enzymatic activity for

antitumor effects.”*®

1.3 HDACs in non-cancer human disorders

Due to the important role of HDAC enzymes in transcriptional regulation and beyond, an aberrant
HDAC activity can lead to the development of several pathologies. A wide variety of conditions have

been related to HDAC dysfunctions.

A large number of brain disorders are associated with imbalances in protein acetylation. Epigenetic

143

phenomena and HDACs are involved in nervous system and psychiatric disorders.”~ HDACi have

been investigated in several animal models of neurodegenerative diseases, including Huntington’s

. . . . . . 144, 145
disease, Alzheimer’s disease, Parkinson’s disease and spinal muscular atrophy.

For example,
inhibition of HDAC3 was able to reduce the expression of Huntington’s disease-associated genes and
prevented Huntington’s disease-associated eye neurodegeneration in a Drosophila melanogaster
model.**® In this study, HDAC1 and a pan-HDAC inhibition showed positive results in the
Huntington’s disease model. Isoform-specific inhibitors could be more efficacious, with less

toxicity.146 Especially selective inhibition of HDAC3 could be beneficial in neurodegenerative

diseases.

Several studies revealed that HDACs are implicated in various aspects of the immune response,
including the innate and adaptive system.147 The adaptive immune response is subject to epigenetic

regulation and HDACi have demonstrated preclinical efficacy in several rodent models of

. - . - . . . . 148,
inflammatory conditions and in clinical samples taken from patients with an autoimmune disease.

149

150

A link from HDAC activity to human cardiovascular disease is also emerging. HDACs are

fundamentally important in cardiac development and have the potential to regulate many aspects of

cardiovascular diseases. HDACs regulate hypertrophy, fibrosis and inflammation.”* "

Additionally, a
role for HDACs in cardiomyopathy associated with metabolic diseases such as uncontrolled diabetes

. . 154
mellitus is also proposed.
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Activation of latent hepatitis B virus and Epstein-Barr virus has been observed in patients with cancer
following treatment with romidepsin."> According to these observations, HDACi recently have been
suggested as an antiviral therapeutic strategy. Cells infected with integrated latent proviruses are
able to evade the immune system and escape from a pharmacological attack. HIV production could
be enhanced in vitro by either class I-selective or pan-HDACi, which could help to overcome the
challenge of latent virus reservoirs. The reactivation of latent virus could be induced in infected cell
lines and in resting CD4'T cells from patients receiving antiretroviral therapy.156 Preclinical results

were already reproduced in a clinical study in patients with latent HIV infection.™’

1.4 Parasitic approaches of HDACi

The need for new anti-parasitic drugs drives drug discovery research globally. HDACi are a promising

158

class of new potential anti-parasitic agents.”" The potential of HDACi as anti-parasitic agents was

first observed when the cyclic tetrapeptide apicidin was found to have anti-parasitic activity.159
Interestingly, some human parasites share characteristics with malignant tumors. Parasites are
considered to be similar to tumors in the intense metabolic activity and a dependence on lactate

160, 161

fermentation as an energy source within the human host. Moreover, parasites exhibit a high

162, 163 . ..
and are almost invisible to the host’s

rate of cell division without the control of the host
immune responses. Parasites like schistosomes achieve this by adsorbing host determinants onto
their surface.”® In case of Plasmodium parasites allelic variability in different clones is thought to

.. . 165, 166
enable an effective immune evasion.

The discovery of suitable candidates for the therapy of tropical diseases can be based on several
approaches. The de novo drug discovery and rational structure based design, phenotypic screening
of chemical libraries or the so-called piggybacking of established drugs are common strategies.m'169
The piggyback approach is based on reusing chemical scaffolds, previously validated for other
diseases.'® Targeting protein acetylation is a starting point for identifying new anti-parasitic drugs.

The potential to use HDACi as new anti-parasitic agents was reported several times."’> '

Addressing
epigenetic enzymes and especially the inhibition of HDACs have been shown to be a promising
strategy for many parasites. HDACs are recognized as an anti-parasitic target in several major human

parasitic pathogens; Plasmodium, Toxoplasma, Trypanosoma, Schistosoma, and Lieshmania."> "

1.5 HDACs as novel target in malaria treatment
1.5.1 Plasmodium species and life cycle

Malaria is caused by protozoan parasites of the genus Plasmodium. The six malaria parasites species
infecting humans are Plasmodium falciparum, P. vivax, P. ovale (two species),”’* P. malariae and
P. knowlesi."’”® P. falciparum and P. vivax are mainly responsible for the burden of the malaria
disease. P. falciparum is most prevalent on the African continent, it is the species most commonly
associated with severe and complicated disease and causes the most deaths from malaria. P. vivax
has a wide geographic distribution in Africa, Asia and South America. It can develop in the Anopheles
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mosquito vector at lower temperatures and form the dormant liver stage known as hypnozoite.
However, the risk of infection with P. vivax is low as P. vivax needs a certain protein to invade red
blood cells. This protein is encoded by the Duffy gene, which is missing in most of the African

population.176

The main species that infect humans (P. falciparum, P. vivax, P. malariae, and P. ovale) and the
rodent species used in various model systems, such as P. berghei and P. yoelii have comparable life

cycles (Figure 5).
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Figure 5. Life cycle of Plasmodium parasite. (1) Infection is precipitated by the bite of an Anopheles spp. mosquito. (2)
Sporozoites enter the bloodstream. (3) In the liver, parasites undergo a replicative round within hepatic cells. The parasites
then egress from the liver as merozoites and invade red blood cells. (4) Blood-stage parasites proceed through asexual

replication. (5) Merozoites differentiate into male and female gametocytes. Picture from: "’

The life cycle of P. falciparum is extremely complex with multiple intracellular and extracellular
stages of development in both the Anopheline mosquito vector and the human host. The infection of
humans begins with the bite of an infected female Anopheles mosquito (1, Figure 5), causing the
transfer of sporozoite-stage parasites. Sporozoites migrate to the liver (2, Figure 5), where they
invade hepatocytes and mature to hepatic schizonts. This is followed by asexual replication of the
parasite inside hepatocytes, forming thousands of merozoites per hepatocyte over a period of

approximately two weeks. For malaria species P. vivax and P. ovale parasites can remain dormant in
18
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the liver as hypnozoites (3, Figure 5) and cause relapses weeks to years after the primary infection.
When merozoites are released into the circulation, each merozoite can infect an erythrocyte (4,
Figure 5). The infection and subsequently following destruction of red blood cells leads to fever,
anaemia, and cerebral malaria and even to death if not treated adequately. During the erythrocytic
phase, the parasite metabolizes the host’s hemoglobin to hemozoin, which is also called malaria

178

pigment.””” Within this stage the parasite replicates in erythrocytes by cell division (schizogony).

During thise asexual cycle, the parasite can commit to sexual development, differentiating into a

179
male or female gametocyte.

The distinct morphology of gametocytes compared to the asexual
blood stages is reflected in their unique pattern of gene expression.180 Male and female gametocytes
are the components of the malaria parasite life cycle which are taken up from an infected host
bloodstream by mosquitoes and thus mediate disease transmission (5, Figure 5). The uptake of
mature gametocytes by a feeding mosquito followed by the further development of the parasite in

the mosquito midgut completes the P. falciparum life cycle.

1.5.2 Malaria as a public health challenge - disease and pathology

Malaria still represents one of the major health challenges mankind is facing today. The vector-borne
tropical disease primarily affects the poorest and most vulnerable communities. Statistically, Africa
suffered 92% of all malaria caused deaths in 2015, followed by South-East Asia with 6%."" According
to the World Health Organization Malaria Report 2016, there were approximately 212 million cases
of malaria and 429 000 estimated deaths worldwide in 2015. The tropical disease is one of the
reasons of poverty. African children under the age of 5 and pregnant woman carry the heaviest
burden. Despite its high morbidity and mortality, as well as its social and economic impacts in
malaria-endemic countries, for many years malaria was not of commercial priority for the
pharmaceutical industry. However, the research efforts are growing. The decade-long scale up of
vector control interventions, the introduction of rapid diagnostic tests and the availability of highly
efficacious artemisinin-based combination therapy (ACT) led to a globally significant reduction of

. 182
malaria cases.

The course of disease is determined by a combination of parasite-specific virulence factors like host

. . X - 183, 184
inflammatory responses, age, and genetic disposition.

In areas with stable endemicity, year-
round malaria transmission continually exposes and re-exposes the community to the bites of
infected mosquitoes, resulting in a persisting low-level parasitemia and established immunity. Only
the asexual replication cycle is responsible for symptomatic disease, the exoerythrocytic liver stages
and sexual blood stages are not known to cause organ dysfunction.185 Severe manifestations of
malaria mainly affect infants and young children in highly endemic areas. Possible complications
which are associated with the manifestation of malaria are severe anaemia caused by the
destruction of red blood cells and cerebral malaria caused by obstruction of small vessels of the

brain. The clinical outcome of the malaria disease ranges from nearly asymptomatic infection to

death 184,186
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1.5.3 Malaria prevention and treatment
1.5.3.1 Prevention

One of the most common and most affordable methods of malaria prevention are vector control
strategies, for example the use of insecticide-treated mosquito nets.” Indoor residual spraying
utilizing the insecticide dichlorodiphenyltrichloroethane (DDT) and improved sanitation eradicated
malaria from many parts of the world. However, DDT is considered to be a human carcinogen and
due to its massive side effects on environment and human health the use of this insecticide has

almost been stopped.188

Today malaria remains to be endemic in tropical Africa and many parts of Asia. Some of the reasons
are that eradication programs are often still difficult to implement, insufficient funding, inadequate
health infrastructure as well as poverty and lack of education. In addition to that, development of
insecticide resistance by the mosquito and drug resistance by the parasite have been

189

documented.”™ Mosquitoes resistant to pesticides enhance the global health burden massively as

personal protection measures and vector control strategies like indoor house spraying, personal

189-191

repellents and other remain the most practical method for wide-scale malaria control. In Africa,

intermittent preventive therapy is advocated in some high-risk populations.lgz’ 93

The objective of
preventive chemotherapies is to prevent malarial illness by maintaining therapeutic drug levels in

the blood throughout the period of greatest malarial risk.

Numerous eradication programs and intensive research efforts focused on the development of a
malaria vaccine.”™* A practical and effective vaccine that is suitable for immunization of people living

. . . . . 177, 189, 194, 195
in endemic areas is still not available.

The development of an effective prophylactic
vaccine is highly challenging as the parasite has various sophisticated mechanisms to avoid the host
immune system. During the various life-cycle stages, the parasite synthesizes an assortment of
possible targets, which have been used for the development of vaccines. The recently developed
vaccine RTS,S (Mosquirix™) showed disappointing preliminary results in Phase Il trials. The efficacy

of this vaccine was reported to be lower than 16.8% declining to 0% over 4 years.l%' 7

However,
efforts to develop other vaccines with increased efficacy are ongoing.198 Since no malaria vaccine is
yet available, antimalarial drug treatments and prophylaxis remain the most efficient strategies to

control infections.

1.5.3.2 Antimalarial drugs

Antimalarial drugs remain to be fundamental for malaria prevention and treatment. However, no
new antimalarial drug has reached the market in the past decades. The approved drugs are based on
the following compound families: aryl amino alcohols (e.g. quinine, lumefantrine, mefloquine),
antifolates (e.g. sulphadoxine and pyrimethamine), 4-aminoquinolines (e.g. chloroquine), 8-

aminoquinolines (e.g primaquine), and peroxides (artemisinin and its derivatives).
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Table 2. Examples of main families of antimalarial drugs.

Drug family and example

Mechanism of action

Note

aryl aminoalcohols: e.g. quinine

HsC

- Interfere with the haem

digestion199

- Massive side effects

- Clinical resistance to
quinine occurs at low level

- Mainly for treating
severe malaria, often with
antibiotics

quinoline derivatives:

4-aminoquinolines

e.g. chloroquine
HNJ\/\/N\/
X

©f5
Cl N

8-aminoquinolines

e.g. primaquine

HNJ\/\/NHQ

- Block the polymerization of
the toxic byproduct of
haemoglobin degradation,
haem, into insoluble and non-

. . 200
toxic pigment granules.

- Primaquine eliminates liver-
stage parasites, including

. 199
dormant forms of P. vivax.
- Mechanism is not exactly
known

- Former first-line
treatment for
uncomplicated malaria

. . 201-203
- Massive resistances

- Primaquine causes
haemolysis in glucose-6-
phosphate-dehydrogenase

. . 204
-deficient humans.

ntifolates: e.g. sulfadoxine

0/
A H
\é/N 7 0\
\ |
H,N o NVN

- Antifolates target two
enzymes of the biosynthesis of
tetrahydrofolate, the
dihydropteroate synthase
(DHPS) and dihydrofolate
reductase (DHFR).**

B B 206
- Massive resistances

artemisinin derivatives:

e.g. artesunate

-The peroxide lactone group of
the sesquiterpene lactone
endoperoxidases releases
reactive oxygen species.207

- Resistance in South East

. . 208,
Asia and other regions
209
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- The resulting free radical - Fast-acting drug of
selectively binds to membrane Artemisinin-based
proteins ultimately resulting in Combination Therapies

lysis of the parasite.””’ (ACTs), combined with a
long-acting partner drug.

The cinchona alkaloids, like quinine, are natural products extracted from the bark of Cinchona plants.
Quinine was already used during the early 17th century to treat malaria and it was the first widely
used antimalarial drug.192 In the late nineteenth century, synthetic derivatives of 8-aminoquinoline
(e.g. primaquine, Table 3) and 4-aminoquinoline (e.g. chloroquine) have been developed. The mode
of action of chloroquine is to block the polymerization of the toxic by-product of haemoglobin
degradation, haem, into insoluble and non-toxic pigment granules.200 Chloroquine is a safe, and in
absence of resistant parasites, highly effective in treatment of blood stages, and was the most
important anti-malarial drug for decades. However, the way of treatment and prophylaxis has been
changed by the worldwide spread of parasite drug-resistance, especially to chloroquine.m’ 203
Nowadays almost all P. falciparum parasites are resistant to chloroquine. Primaquine's mechanism of
action is not completely understood. It is known that primaquine severely disrupts the metabolic
processes of plasmodial mitochondria.”* Primaquine is the only drug effective against liver stages,

including the dormant hypnozoite stages of P. vivax and P. ovale.”™"

Antifolates interfere with enzymes in the folate metabolism.”® This pathway is essential to malaria
parasite survival and antifolates enable an effective causal prophylactic and therapeutic use. Some
antifolates act synergistically when used in combination since they affect different steps of the
pathway. The most common antifolate combinations consist of an inhibitor of dihydrofolate
reductase (DHFR) combined with a dihydropteroate synthase (DHPS) inhibitor. The two components
of combination (pyrimethamine, proguanil or dapsone as a DHFR and sulfalene or sulfadoxine as a
DHPS inhibitor) act as synergists with each other, enhancing their activity and reducing the
propensity for resistance development. However, resistances against this drugs have been

212-214
reported.

The development of antifolate agents for malaria therapy derived from attempts to
treat leukaemia. Interestingly, antifolate drugs, also known as folate antagonists, restrain the
production of folic acid. The folic acid deficiency hinders a rapid division of cells, making antifolates

. . 215, 216
commonly used anti-cancer agents to treat various forms of cancer.

The sesquiterpene lactone and endoperoxide artemisinin was isolated first in 1972 by chinese
scientists from the leaves of the sweet wormwood Artemisia annua. In 2015 this discovery was
awarded with the Nobel Prize in Medicine. The peroxide within the 1,2,4-trioxane system of
artemisinins is essential for antimalarial activity. It is assumed that peroxides, generally reactive

entities, act as prodrugs and generate reactive oxygen species (ROS). It was suggested that the
22
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peroxide group of Artemisinin becomes unstable inside the parasite due to high iron concentrations
and releases ROS. However, the mechanism of radical generation and of parasite death are still

217

matters of debate.””" High iron concentrations are also common in cancerous cells and artemisinin is

undergoing early testing for the treatment of cancer.”*®

Nowadays, an artemisinin combination therapy (ACT) is recommended by the World Health
Organization (WHO) as the first-line treatment for P. falciparum malaria in all endemic regions. The
excellent effectiveness and tolerability of ACTs brought new optimism into efforts to eliminate
malaria. Artemisinin and its derivatives are potent, fast and act on all asexual blood stages (rings,
trophozoites, and schizonts). The combination of an artemisinin derivate with a second antimalarial
drug, usually with drugs with longer elimination half-lives and a different mode of action, has

become the standard treatment.”

Globally, the number of ACT treatment courses procured from
manufacturers increased from 11 million in 2005 to 337 million in 2014.% However, the use of ACTs
in poorer regions is limited by their high costs of ACTs and cases of artemisinin resistance have been

209, 220-223
reported for many years.

1.5.4 Drug resistances and the search for new generation drugs

Current drugs are often limited by low efficacy, side effect issues, and high costs. Growing insecticide
resistances and spread of parasite resistances to the available drugs are two reasons for growing
concern. Malaria caused by P.vivax is generally still treatable with chloroquine. However,
chloroquine-resistance is now widely disseminated throughout malaria-endemic regions.m’ 222, 224
The emergence and spread of chloroquine-resistant P. falciparum, the most lethal form of human
malaria, are major obstacles in the control of the disease. Similar concerns have been raised about

- . 209, 220
artemisinin resistance.

The combination of drugs with different mechanisms of action is one
way to address the problem of drug resistances.'® Monotherapies have been replaced with a

combination of two drugs employing different modes of action.

Desirable properties for the next generation of anti-parasitic and especially anti-malaria drugs have

201,225,226 Tpg target product profile (TPP) of the new anti-malarial drugs

been discussed extensively.
should include high potency and selectivity for the parasite, suitability for mass administration, a
high barrier for resistances, and appropriate pharmacokinetic properties. In addition, new
drugs/drug combinations also need to be affordable, as they are mainly needed in the poorest
countries. A high efficacy against drug resistant parasites and an excellent safety profile are required

. . . 225-229
as the two groups at most risk of malaria are children and pregnant women.

In the past, the focus of malaria research has been set on the P. falciparum species and drugs against
the blood stages of the parasite, which is justified by the need of treatment and prevention of the
disease.””® To achieve eradication of malaria, drugs active against all Plasmodium stages would be

225, 230

preferable. Only one drug (primaquine, Table 3) completely eliminates P. vivax and P. ovale
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1

hypnozoites and thus provides a radical cure.® However, primaquine requires repeated dosing23 and

is toxic to individuals with glucose-6-phosphate dehydrogenase deficiency, which is a common
condition in malaria-endemic regions.204

226,232

To stop relapse, Plasmodium liver stages need to be targeted. If infection can be blocked at this

stage, there will be no pathology. Moreover, the low number of dormant hypnozoites substantially

233,234

reduces the likelihood of the selection of drug-resistant parasites. The development of drugs

with liver stage activity suffers from the highly complex biology of Plasmodium species. Recent

studies revealed a high number of genes and proteins that are expressed only during the liver

235-237 . 238
stage. There are several challenges on the way to true causal prophylactic drugs,”" among

them the eminent technical difficulties in studying Plasmodium species liver stages.

In order to limit parasite transmissions to the mosquito, it is necessary to target the gametocytes of

239, 240

the malaria parasite. The number and infectivity of P. falciparum gametocytes depend on the

drug and its efficacy.241 Some anti-malarial drugs act not only against symptomatic asexual

erythrocytic parasites but also indirectly on gametocytes by inducing an increase in

240, 241

gametocytogenesis, which leads to a potential increase in transmission. Therefore, drug

performances also need to be evaluated for the ability to limit transmission.”**>*

The global aim of the research community must become the eradication of malaria. This will
ultimately require an integrated strategy that includes new and old drugs, vaccines, vector control

strategies and public health measures.

1.5.5 Anti-malarial activity of HDACi - PfHDACs as novel target

The development of Plasmodium parasites through the different stages of its life cycle is driven by

242, 243

the epigenetic control of the gene expression. The protection from the host’s immune

response by means of genetic variation is of central importance for the pathogenesis of the

165, 166 . . . . . .
Switching gene expression, controlled by dynamic chromatin changes, is an example

parasite.
of the excellent adaptation of parasites to survive in the human host and its dependency on
epigenetic mechanisms. Multiple drug resistance has necessitated new efforts in the search for new
drugs, which operate by novel mechanisms of action. The epigenetic regulation is therefore an

interesting target for anti-parasitic agents.m’m'246

HDACs are important regulators of transcription in P. falciparum and the inhibition of P/AHDACs is a

171, 247251 pan-inhibitors of human HDACs, such as

possible mechanism to target the parasite.
vorinostat (SAHA) and trichostatin A (TSA) cause hyperacetylation of P. falciparum histones and have
potent antimalarial activity in vitro. Five HDAC encoding genes have been annotated in the genome

of P. falciparum. Three of these genes encode proteins with homology to human class | and Il HDACs,

“ Radical cure: complete elimination of all forms of the Plasmodium parasite from the human host,
including hypnozoites.
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two further genes encode NAD" dependent class Ill homologues. The class | homologue PfHDACI is
localized in the parasite nucleus and transcribed across the P. falciparum life cycle. It is involved in
the post-translational modification of histone and non-histone Plasmodium proteins.m’ 228, 252
PfHDAC1 is the only available recombinant PfHDAC enzyme.252 This isoform has the most similarity to
HDACs of other species, with 61% sequence identity compared to the human orthologue human

HDAC1 and 62% to human HDAC2. Unfortunately the high sequence identity of PAHDAC1 hinders the

development of parasite-selective HDACi.

Less is known about the class Il PFHDAC homologues P/HDAC2 and Pj’I-IDAC3.243

Contrary to PfHDAC1,
the structures of PfHDAC2 and PfHDAC3 are unknown. The class Il HDAC enzymes have less
sequence conservation with their human orthologues than PfHDAC1. Both are predicted to be high
molecular weight proteins and a knock-down of PfHDAC3 inhibits asexual-stage growth and
development.243 PfHDAC2 and 3 lack any homology outside the HDAC core”” and share less than
14% amino acid identity to each other. Interestingly, they also have limited homology to HDACs
class Il of other species.243 The lack of recombinant PfHDAC2 and 3 as well as the lack of all P/AHDACs

crystal structures significantly complicates the rational design of anti-malarial HDACi targeting this

isoforms.

42,253,234 Therefore HDACI with low

The inhibition of human HDAC1 is highly correlated with toxicity.
activity against human class | enzymes and in particular against human HDAC1 and 2 are suitable
starting points for the development of anti-Plasmodial HDACi. Homology models of PfHDAC1 have
predicted that the active site of PfHDAC1 is highly conserved with that of human HDACs. However,
the predicted structures also display differences at the entrance of the active site and foot pocket.255
The problem of strong structure similarities between PfHDAC1, as predicted, and human HDACs is a

difficulty, which is pronounced for many parasitic epigenetic targets.256

The activity of several anti-tumor HDACi has been profiled against Plasmodium parasites and most of
the compounds do not exhibit selectivity for the parasite versus human cells.”® However, some
HDACi compounds, such as WR301801 and SB939, showed significantly higher in vitro selectivity for

asexual intraerythrocytic stage parasites than for mammalian cells (Figure 6).170’ e
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Figure 6. Chemical structures of HDACiI, their in vitro activity against asexual blood stages of P. falciparum and cytotoxicity
against mammalian cells. P& 70171

170,171 .
Undesired

Most anti-plasmodial HDACi show significant cytotoxicity against mammalian cells.
toxicity of HDACi in the human host remains to be a challenge using this new mechanism of action.
In terms of in vivo efficacy promising results have been described already in mouse malaria models.
SB939 and WR301801 (Figure 6) are two of the most promising anti-plasmodial HDACi. In a murine
model of cerebral malaria SB939 was able to prevent the development of cerebral malaria-like
symptoms when administered orally to P. berghei ANKA-infected mice."’® In case of WR301801 the
study outcome was dependent on the routes of delivery of the compound. When administered by
intraperitoneal injection WR301801 was able to cure mice.”’ However, this compound failed to

effect a cure in P. berghei infected mice when given in oral administration.””*

1.6 HDAC as novel target in schistosomiasis treatment
1.6.1 Schistosomiasis as a public health challenge

Bilharzia, or schistosomiasis, is caused by the trematode flatworm species Schistosoma. It is one of

258, 259

the major neglected human tropical diseases. The main human disease-causing species are

Schistosoma mansoni, Schistosoma haematobium, and Schistosoma japonicum, each with different

259, 260 According to WHO statistics schistosomes cause at

intermediate snail host and distribution.
least 300,000 deaths yearly and infect around 230 million people worldwide.”®" Under risk are
individuals having contact with contaminated freshwater sources and specially children under the

22 The number of deaths due to schistosomiasis is difficult to estimate because of hidden

age of 14.
pathologies such as liver, kidney failure and bladder cancer. The disease is prevalent in at least 78
countries and the health impact has been estimated to be near to that of malaria, HIV/AIDS and
tuberculosis.”®* A majority of its burden occurs in Africa, where S. haematobium and S. mansoni are
endemic, especially in poor communities without access to safe drinking water and adequate

. . 263
sanitation.
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Larvae of the endoparasite Schistosoma penetrate the skin and develop into male and female worms
which pair up and live together in the blood vessels for years. Female worms mated with males
produce hundreds of eggs which are passed out of the body in the urine or faeces. Others remain

trapped in the body and cause damage to internal organs. Although mortality attributable to
schistosomiasis is relatively low, morbidity can be severe and long Iasting.m‘265

266

The complexity of the Schistosoma species is reflected in a large genome and transcriptome.”” The

life-cycle includes radical morphological modifications and exhibits diverse phenotypes. There are

263, 267

two major forms of schistosomiasis - intestinal and urogenital. In intestinal schistosomiasis,

there is a progressive enlargement of the liver and spleen, intestinal damage, and hypertension of

. 264 . . .. .. . .
the abdominal blood vessels.”" In urinary schistosomiasis, the clinical picture shows progressive

267

damage to the bladder, urethra and kidneys.””" Chronic disease contribute to major organ damage,

so reducing the severity of symptoms is critical to the management of schistosomiasis.

1.6.2 The need for new drugs for schistosomiasis

Schistosomiasis is among the neglected parasitic diseases with a very limited number of drugs

264, 268

available for treatment. No effective vaccines have yet been developed and there is currently

. . . . .. . . 269
no indication that a vaccine is likely to become available any time soon.

Since praziquantel (PZQ) was introduced for treatment of schistosomiasis it has been widely used in

schistosome-endemic areas for more than 30 years and remains to be the drug of choice till now.”%®

PZQ has replaced other anti-schistosomal drugs becoming the only drug of choice, which makes the
search for alternative chemotherapeutic urgent. PZQ is considered to be safe, effective and relatively

cheap. Given one single oral dose of 40 mg/kg it has an overall cure rate of 60-90% in individuals

living in areas endemic for infection (defined by clearance of eggs from urine or stools).258 The

application of PZQ is limited to adult worms, which has been shown in in vitro tests and has been

270, 271

confirmed by clinical data. While the global use of PZQ is scaling up, PZQ does not prevent re-

infection and its mechanism of action is not identified.””*

The WHO strategy for schistosomiasis control focuses on periodic, large-scale treatment with PZQ
(peventive chemotherapy) of affected populations. There is also a growing concern about reports

271,273,274 . . .
Mass treatment with a single drug increase the

from patients not cured by multiple doses.
likelihood of the development of drug-resistant parasite strains. The development of resistance and
the selection of resistant isolates that are stably resistant in the absence of drug pressure have been

272,275-277 . . . .
Besides these observations, resistant populations have already

confirmed in the laboratory.
been characterized in endemic areas”’® and the selection of field strains of schistosome that are

resistant to PZQ is more and more likely.
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1.6.3 Anti-schistosomal activity of HDACi - SmHDACs as novel target

Schistosomes are endoparasites which possess a large genome and utilize epigenetic tools and

278

mechanisms to control their complex lifestyle.””” The parasite has a dynamic epigenetic machinery

that is necessary for the extensive phenotypic changes during the life cycle. In the S. mansoni

279, 280

genome several HDACs are encoded. Treatment of schistosomes with HDACi caused an overall

increase of protein acetylation and dose-dependent mortality of schistosomula and adult worms.”*%

%82 HDACi caused accumulation of acetylated cellular proteins, more particularly of histone H4 and,

280

to a lesser extent, H3 and induced a programed cell death pathway in schistosomes.”™ While the

exact mechanisms are not understood yet, the effector caspases 3/7 seem to play an essential

280, 282

role. There is also evidence that HDACi treatment affects metamorphosis of Schistosoma

parasites and blocks transformation of S. mansoni larvae from the free-swimming miracidia into the
intramolluskal sporocyst.279 Taken together, HDACi treatment of schistosomes can lead to chromatin
remodeling, modified regulation of gene expression and induced programmed cell death, which

could explain the susceptibility of the parasite.

Recent studies highlighted SmMHDAC8 as a promising therapeutic target for the treatment of

256, 283, 284

schistosomiasis. Interestingly, in contrast to the nuclear localization of the human HDACS8

282

orthologue, the predicted subcellular localization of SmHDAC8 is cytosolic. The HDACI

trichostatin A, vorinostat and valproic acid inhibited SmMHDACS8 activity at all life cycle stages.zgo’ 281

Bioinformatic genome analyses revealed six Zn2+-utilizing HDACs in S. mansoni,zgl’ % three of them

are orthologues of class | HDACs, namely SmHDAC], 3, and 8. As the human HDAC2 is the outcome

6, no human HDAC2 orthologue was

of a vertebrate-specific duplication of the HDACI gene28
identified in schistosoma genomes. SMHDAC1 and SmHDAC3 are highly conserved compared with
the human orthologues, while SmMHDAC8 contains several insertions in the protein sequence.
SmHDAC4, 5, and 6 have not been functionally characterized yet and represent class Il HDACs.>’® 2%
Homologous genes for the remaining human class Il isoforms HDACs 7, 9, and 10 and the single class
IV member HDAC11 are not present in schistosomes. In addition to the Zn2+-dependent HDACs, five
NAD’-dependent sirtuins have been identified in the S. mansoni genome. According to phylogenetic

analysis they can be described as orthologues of mammalian Sirt1,2, 5, 6, and 7.%¥

Only S. mansoni class | HDACs (SmHDAC1, SmHDAC3, and SmHDAC8) have been cloned and

281

characterized so far.”™" All three class | SMHDACs are expressed at all life-cycle stages, with SMHDAC8

transcripts always being observed as the most abundant isoform.”® In contrast, human HDACS

288 Compared to the

shows the lowest level of expression of the four class | HDACs in human.
orthologue HDAC8 enzymes of other organisms, SmMHDAC8 contains a significant number of
alterations. Sequence alignment showed that the essential residues for HDAC activity are conserved,
but the whole protein sequence contains six extensions of between 4 and 17 amino acids. These

insertions are located outside the active site, probably not influencing the catalytic mechanism and
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are not present in any other known HDAC8 family member.”*" ?*

S. mansoni HDACS8 has only one
single active site amino acid substitution compared with human HDAC8. A methionine (Met 274) in
human HDACS is substituted to a histidine (His 292) in SmMHDACS8 pocket, that accommodates the
aliphatic part of the substrate or inhibitor. The presence of a polar residue replacing a hydrophobic
one reduces the hydrophobic character of the active site of SMHDACS. This exchange could be a key

283,284,290 £\ rthermore, X-Ray analysis revealed that

feature to design SmMHDACS8-specific inhibitors.
the SMHDACS8 contains amino acid substitutions around the catalytic pocket which allow a change in
the configuration of the side chain of a phenylalanine (Phe 151). In the schistosomal enzyme the
Phe 151 side chain is free to adopt a flipped-out configuration, allowing the pocket to accommodate
bigger substrates or inhibitors.”®* All these make SmHDACS a promising target for the development

of new, schistosome-specific drugs.

29



Aims of the thesis

2 Aims of the thesis

The objective of this work was the development and synthesis of anti-cancer and anti-parasitic

HDACI.

The goal of the first project was the synthesis of alkoxyurea-based HDACi with antiproliferative and
chemosensitising properties. Currently it is under discussion if isoform-selective HDACi could be
beneficial for a more effective chemotherapy compared to pan-inhibitors, enabling a more precise
therapeutic use and fewer side effects.””* The model that HDACi act only by influencing gene
transcription is oversimplified and non-genomic functions regulated by HDACs are important in

. 137, 138
oncogenesis as well.

Starting from the prototype-compound LMK214 we reasoned that the
modification of the cap should lead to a novel type of HDACi with HDAC6 preference (Figure 7). We
planned to synthesize an alkoxyurea-based HDACi library and to evaluate the antiproliferative and
chemosensitising properties of the compounds in the working group of Prof. Dr. Kassack. Further
biological characterization of the novel compounds and docking studies were intended to be

performed by additional cooperation partners.
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N
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Figure 7. Alkoxyurea-based HDACi: strategy and target compounds.

The aim of the second part of the thesis was the development of anti-parasitic HDACi using the
168

piggyback approach.

In cooperation with the working group of Prof. Dr. Katherine Andrews we planned to screen our
diversity orientated Kurz-group HDACi-library to find suitable anti-plasmodial lead structures. The
design of the anti-plasmodial HDACi was guided by several aimed properties of the target

42,254,292, 293

compounds. The inhibition of human HDAC1 is highly correlated with toxicity. Toxic side

effects of class | HDACi and other broad spectrum HDACi hinder the application of class I-selective
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Aims of the thesis

HDACi in areas outside of oncology.””’

We hypothesized that HDACi with low activity against human
class | enzymes and in particular against HDAC1 are more likely to be suitable starting points for the
development of anti-plasmodial HDACi with high parasite-selectivity. To evaluate the anti-plasmodial
activity, the compounds were intended to be assessed against the asexual blood stages of the
P. falciparum 3D7 strain and the multidrug-resistant Dd2 strain. This work was planned to be done
by me in the Tropical Parasitology Lab of the Griffith Institute for Drug Discovery, in cooperation with
Prof. Dr. Kathy Andrews. To determine the parasite selectivity, the cytotoxicity of the compounds
against human cell lines was planned to be evaluated. Additionally we planned to verify the mode of

action and the in vitro activity against early-stage and late stage P. falciparum gametocytes and

P. berghei exo-erythrocytic stages.

In initial studies a dose- and time dependent mortality of schistosomula could be induced by

HDACi 256, 280, 284

It was suggested that the structural divergence of SMHDAC8 and the abundance of
its transcript make it a promising target for drug development.281 SmHDACS is phylogenetically
distant from its orthologues. Interestingly, SMHDAC8 mRNAs are expressed at all schistosome life-
cycle stages at higher levels than SMHDAC1 and 3, while human HDAC8 shows the lowest level of

expression of the human class | HDACs.?®" 2%

One goal of this thesis was the development of
anti-schistosomal HDACI, targeting SmMHDACS. In cooperation with Prof. Dr. Jung we intended to start
our work with a screening of our Kurz-group HDACi-library to identify suitable SmMHDACS8 inhibiting

lead structures.
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Alkoxyurea-based Histone Deacetylase Inhibitors Increase Cisplatin Potency in

Chemoresistant Cancer Cell Lines

K. Stenzel (40%)#, A. Hamacher#, F. K. Hansen, C. G. W. Gertzen, J. Senger, V. Marquardt, L. Marek,
M. Marek, C. Romier, M. Remke, M. Jung, H. Gohlke, M.U. KassackA, T. Kurz®

J. Med. Chem. 2017, 60, 5334 - 5348 (DOI: 10.1021/acs.jmedchem.6b01538)

Contributions to this project:

- Synthesis of all precursors and target compounds (but not the prototype compounds 1a and 1b,
Figure 8), analysis of all novel chemical structures and target compounds

- Collection of data, analysis and interpretation of data, participation in writing of the manuscript,
review and revision of the manuscript

3.1 Project background

Today HDACG is widely discussed as a therapeutic target for epigenetic drug discovery. HDAC6 does

48, 49

not catalyze histone deacetylation in vivo and stands out from other members of the HDAC

family in almost exclusively deacetylating cytoplasmic proteins. HDAC6 is involved in the regulation

of several critical cellular functions linked to cancer, the best-studied is the role in the removal of

127,128

misfolded proteins. Additionally, functions in oncogenic tumorigenesis and correlation

138,294

between HDAC6 expression and tumor aggressiveness have been described. These studies are

pointing to HDACG6 as a possible target in cancer treatment. Therefore HDAC6 provides a strategy in
treating disease without affecting DNA modification. However, highly selective HDAC6 compounds

293, 295
and

generated only weak cytotoxic and antiproliferative activity in several tumor cells
additional HDAC class | activity could be beneficial. Ricolinostat has been examined as monotherapy
and in combination® in a phase Il study in multiple myeloma and lymphoma. This HDAC6 preferential
inhibitor has 10 to 20-fold lower potency for class | HDACs 1, 2, and 3. This compound showed
promising study results and it is expected that ricolinostat can be dosed more frequently with better

tolerability than the approved pan-HDAC inhibitor panobinostat 133,296,292

Clinical application of standard chemotherapy drugs is often associated with resistance and toxicity,

posing urgent demand for combination therapy. A promising strategy to increase the efficacy of

297

chemotherapy drugs is the combination treatment with low doses of HDACi.”™" It is increasingly

¢ Combination with bortezomib (proteasome inhibitor, Velcade®) and dexamethasone (used to treat
many inflammatory and autoimmune conditions, often given to counteract certain side effects of
their antitumor treatments)
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recognized that the combination of HDACi with drugs such as platinum compounds (e.g. cisplatin)
provides synergistic effects in the treatment of haematological and solid tumors, probably through

HDACi-generated increased accessibility of DNA, 108111, 2%8

3.2 Project overview and results

HDACG selective inhibitors often contain bulky or branched cap groups due to the fact that HDAC6
possesses a significantly wider channel rim compared to other HDAC isoforms.”** *° The lead
structure LMK214 (Figure 7) of the novel compound library showed potent inhibition of HDAC6
(ICs0 52 nM) and HDAC1 (ICsq 189 nM), low activity against HDAC8 (ICso>10 M) and no inhibition of
HDAC4 up to a concentration of 10 uM. Due to these preliminary results we performed a docking
study in order to understand the selectivity profile of compound LMK214. Based on the results a
series of analogues as potential HDAC6 inhibitors were designed and synthesized, focusing our

structural modifications on the cap group.

Sy
)LN _ O._f_____.[.-J\N/OH

(JH
H H 5 |

1a
LT v By fy o[
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Figure 8. Target compounds of this study. Ar = 3-(trifluoromethyl)benzyl

The synthesized novel alkoxyurea-based HDACi are characterized by a substituted quinoline or
naphthyl cap group and an alkoxyurea connecting unit linker region. The intended HDACi 2-4e
(Figure 8) were prepared according to a novel and straightforward microwave-assisted synthetic

protocol allowing the systematic variation of the cap moiety (Scheme 1).
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Scheme 1. Synthesis of alkoxyurea-based HDACi 2-4e. R: defined in Figure 8. Reagents and conditions: (a) Isobutyl
chloroformate, NMM, benzyloxyamine, THF, 3 h; (b) EtsN, hydroxyphthalimide, CHsCN, reflux, 5 h; (c) Methylhydrazine,
CH,Cl,, -10 °C, 3 h; (d) Pyridine, CICO,C¢HsNO,, CH,Cl, RT, THF, 3 h; (e) R-NH,, EtzN, THF, MW, 100 W, 70 °C, 0.5 h; (f) Pd/C, H,
(1 bar), MeOH, RT, 3 h.

The activation of the aminoxy group of compound Il was performed using 4-nitrophenyl
chloroformate to obtain the 4-nitrophenyl carbamate 5. Attempts to introduce the alkoxyurea
moiety using 1,1'-carbonyldiimidazole (CDI)- or 1,1'- carbonylditriazole (CDT)-mediated coupling
protocols did not provide the targeted asymmetrical alkoxyureas 6a-h at all or only in a low yield. In
an optimized protocol we utilized microwave heating in order to improve reaction times and yields
(Scheme 1, yields 83-91%). In the last step a catalytic hydrogenation provided the alkoxyurea-based
HDACI 2-4e in 54-72% yield (Scheme 1).

The biological evaluation of the target compounds included MTT cytotoxicity assaysm and cellular
HDAC assays using the cell-permeable substrate Boc-Lys(ge-Ac)-AMC. Upon deacetylation by cellular
HDACs (all but class Ila) the substrate is cleavable by trypsin, releasing the fluorescent coumarin

01, 302

derivative.? For assessment of the antiproliferative activity the tumor cell lines Cal27 (human

tongue squamous carcinoma cell line) and A2780 (human ovarian carcinoma cell line) as well as their

. . . . 303, 304
cisplatin resistant sublines were used.

Some of the compounds showed similar or improved
effects compared to vorinostat in the whole-cell HDAC assay but significantly enhanced cytotoxic

effects against the human cell line Cal27 and its cisplatin resistant subline Cal27 CisR.

The HDACG6 inhibitory activity of compounds 4b-d was further validated by investigation of the
acetylation status of a-tubulin and H3 histone. Incubation of Cal27 and Cal27 CisR cells with 4b-d
resulted in a hyperacetylation of H3 histone and a-tubulin, confirming the inhibition of HDAC6 in a
more complex cellular environment.”” Based on their antiproliferative effects and HDAC inhibition,
the three most potent compounds were selected for isoform profiling against human HDACI,
HDAC4, HDAC6, and HDACS. In particular compound 4d demonstrated strong inhibition of HDAC6
(IC502.8 nM), selectivity over HDACS8 (SI: 550) and HDAC4 (SI >3500), and moderate preference over
HDAC1 (SI: 15).
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The HDAC isoform profiling confirmed the results of our docking study. HDAC6 inhibitory activity of
4d was 2-9-fold higher than of 4b and 4c and even 19-fold higher in comparison to the lead structure
LMK214. In HDAC4 no docking configuration of our compounds could be identified. Thus, decoration
of the quinoline moiety with small hydrophobic groups did result in improved binding affinities as

hypothesized from the initial docking studies.

In the next step we studied the effect of pretreatment with the three most active compounds 4b-d
48 h prior to cisplatin in the cell lines Cal27 and Cal27 CisR. The drug combination studies with
cisplatin showed for all three selected compounds a markedly enhancement of cisplatin-induced
cytotoxicity and a synergistic anti-tumor effect with combination indices (CI) below 0.9. In particular
compound 4d showed a 11.2 fold enhancement of cisplatin sensitivity in the cisplatin resistant

subline Cal27 CisR.
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Design and Synthesis of Terephthalic acid-based Histone Deacetylase Inhibitors with

Dual Stage anti-Plasmodial Activity

K. Stenzel (70%), M. J. Chua, S. Duffy, J. Antonova, S. Meister, A. Hamacher, M. U. Kassack,

E. Winzeler, V. M. Avery, T. Kurz, K. T. AndrewsA, F. K. Hansen®

ChemMedChem 2017, 12, 1627 — 1636 (DOI: 10.1002/cmdc.201700360)

Contributions to this project:

- Synthesis of all precursors and target compounds, analysis of all novel chemical structures and
target compounds

- P. falciparum in vitro growth inhibition assays (3H-hypoxanthine based assay against 3D7 and Dd2
P. falciparum parasite strains), initial mode of action studies and initial mammalian cell toxicity
assays

- In vitro human HDAC assay

- Collection of data, analysis and interpretation of data, participation in writing of the manuscript

4.1 Project background

The global agenda is striving for elimination and ultimately eradication of malaria disease.”® ?7 3%

Generally anti-malarial compounds with a new mechanism of action are preferable.225 HDACs have
been shown to be important regulators of transcription in P. falciparum and the inhibition of

171, 247:250 However, undesired toxicity of HDACi

PfHDACs is a possible mechanism to kill the parasite.
in the human host remains to be a major challenge on the way to safe anti-malarial drugs using this
new mechanism of action. Development of new drug candidates that are not only active against
asexual intra-erythrocytic stage malaria parasites is necessary. Drugs with activity against liver and
sexual gametocyte stage parasites are needed to enable prophylaxis and interruption of
transmission.””® ?*” Previous results suggest that it may be possible to develop HDACi that target
multiple malaria parasite life cycle stages.249 High cytotoxicity can be considered as a general
problem for the first generation of anti-malarial HDACi. Thus, next generation anti-malarial HDACi

should possess lower cytotoxicity against mammalian cells while at least retaining or improving the

anti-plasmodial activity.

In our previous study a mini-library of HDACi was constructed using a straightforward solid-phase
supported synthesis. Several compounds from this set displayed potent in vitro activity against
asexual stages and in addition some of the HDACi showed nanomolar activity against all three life

cycle stages tested (asexual blood stages, exo-erythrocytic stages and gametocyte stages). Compared
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to the reference compound vorinostat the parasite selectivity was increased, but unfortunately,
most compounds from this series showed significant cytotoxicity against mammalian cells resulting

in only moderate parasite selectivity.249

Recent publications implies that highly selective human HDAC6 are weak in antiproliferative

42,254,293
We

activity.293 Generally, the inhibition of human HDAC1 is highly correlated with toxicity.
hypothesized that HDACi with low activity against human class | HDAC enzymes and in particular
against human HDAC1 are more likely to be suitable starting points for the development of anti-

plasmodial HDACi with high parasite-selectivity.

4.2 Project overview and results

HDAC6-preferential and selective HDACi often contain a spz-hybridized carbon atom in a-position

306, 307 .
In this

related to the ZBG, bulky or branched cap groups and a hydroxamic acid group as ZBG.
work we investigated the anti-plasmodial activity of a series of hydroxamate-based HDACi containing
an terephthalic acid alkoxyamide-based connecting unit linker region. The compounds 9a-k were
synthesized using a simple two-step protocol starting from the O-substituted hydroxylamine
derivatives and mono-methyl terephthalate IV (Scheme 2). The N-alkylated intermediates 8a and 8b
were prepared by a reaction of IV with N,O-disubstituted hydroxylamines furnishing the desired
alkoxyamides. Finally, a hydroxylaminolysis provided the target compounds 9a-k and 10a,b. To

investigate whether the hydroxamic acid can be replaced by a carboxylic acid, the methyl ester 7a

was hydrolyzed to yield the desired free carboxylic acid 11.

o)
R H,OH
o b) R2_N
— 2. ™o
0 -
R (o] o
oA, re | 9 a-k (R? = H)
HO o — 10 a,b (R = alkyl)
v
0 o}
© 7 a-k )
= C 1
8ab L, R OH
RN

79a R'=H R?=Bn o

7/9b R'=H R2 =Trityl 7/9 g R' = H R? = 1-NaphthyICH, 11

7/9c R'=H R?=4-CH;-PhCH, 7/9 hR'=H R?=2,4-CI-Ph CH,

7/9d R'=H R?=PhCH,CH, 7/9i R'=HR?=4,3-CI-Ph CH, g/10 aR"=C4Hy R2 = Bn

7/9e R'=H R2=PhCH,CH,CH, 7/9j R'=HR?=2,3-CI-PhCH, g/10pR'= C,Hs5 R2=Bn

7/9f R'=H R?=3,5-CH;-PhCH, 7/9kR'=HR?=3,4-FI-PhCH, 14 R'=HR2=Bn
Scheme 2. Synthesis of terephthalic-based HDACi (9a-k, 10a and 10b, 11). Reagents and conditions: a)isobutyl
chloroformate, NMM, R°ONH,, THF, 3 h, 67-93%; or R°ONHR", CDI, RT, 77-79%; b) H,NOH-HCI, Na, MeOH dry, 70 °C, 3 h, 41-
83%; c) (i) KOH, MeOH, H,0, 90 °C, 5-6 h; (ii) HC, H,0, 92%.

The HDACi 9a-k, 10a,b and 11 were first tested against the 3D7 strain of P. falciparum using a
3H-hypoxanthine incorporation assay. The screening revealed that 11 of 14 compounds tested (9a-k)

showed IC5ovalues <1 pM, 10b had less potent activity with ICsq values <5 uM while 10a and 11 were
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not active (ICsq >5 uM). Notably, compound 9f, bearing a 3,5-dimethylbenzyl group was the most
active compound in this series (ICso 0.090 uM). Subsequently, we assessed the anti-plasmodial
activity against the multidrug-resistant P. falciparum Dd2 strain and observed similar IC5, values and
structure-activity relationships. This indicates that resistance mechanisms developed in the Dd2 line

do not affect the in vitro activity of this series of anti-Plasmodial HDACi.

To investigate the selectivity for asexual blood stage P. falciparum parasites cytotoxicity of all
compounds was evaluated against human embryonic kidney 293 cell line HEK293. All compounds,
except 9g, exhibited ICsq values in the double-digit micromolar range which can be seen as relatively
low cytotoxicity against human cells. The five most active asexual intraerythrocytic stage inhibitors
(9a, 9c, 9e, 9f, and 9g) showed human cell ICsyvaluesfrom 8.3 to 29.7 uM and calculated selectivity
indices (SI; human cell I1Cso/P. falciparum |Cs,) of greater than 100. Additionally the five most active
asexual intraerythrocytic stage inhibitors (9a, 9c, 9e, 9f, and 9g) were tested against the human liver
carcinoma cell line HepG2. The compounds showed ICs; values higher than 50 uM and 37 uM in case
of 9g. Compound 9f, the most active compounds from this series (3D7 ICso 0.090 uM), was >100-fold
more cytotoxic towards the P. falciparum 3D7 and Dd2 cell lines versus normal mammalian cell line

HEK293 and >450-fold in comparison with HepG2 cells.

To proof the mode of action of the compounds protein hyperacetylation assays were carried out.
Consistent with the expected outcome representative compounds were shown to hyperacetylate
P. falciparum histone H4. When a sub-set of compounds were also screened in vitro for their activity
against early-stage and late stage P. falciparum gametocytes only moderate activity was observed
(ICso >2 uM). Additionally the pre-selected compounds were tested against exoerythrocytic liver
stages. Interestingly, compound 9f, bearing a 3,5-dimethylbenzyl group, showed potent activity
against P. berghei exo-erythrocytic stages (ICsp 0.180 uM) and >270-fold selectivity for

exo-erythrocytic forms over HepG2 cells.
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Isophthalic acid-based HDAC Inhibitors as Potent Inhibitors of HDAC8 from

Schistosoma mansoni

K. Stenzel (60%), A. Chakrabarti, J. Melesina, F. K. Hansen, J. Lancelot, S. Herkenhdhner, B. Lungerich,
M. Marek, C. Romier, R. J. Pierce, W. Sippl, Manfred Jung, T. Kurz

Arch. Pharm. Chem. 2017, 350, e1700096

Contributions to this project:
- Synthesis or supervision of the synthesis of all precursors and target compounds, analysis of all
novel chemical structures and target compounds

- Collection of data, analysis and interpretation of data, participation in writing of the manuscript

5.1 Project background

For prevention of schistosomiasis no vaccine will be available in near future and for treatment mass
administration of communities with a single administration of the anti-helminthic drug PzZQ is

308
recommended.

While the global use of PZQ is scaling up, it does not prevent reinfections and its
mechanism of action is not known. PZQ is rapidly becoming the only available drug, which increase
the likelihood of the development of drug-resistant parasite strains. There is growing concern

271, 273, 274 .
Observations of

regarding reports from patients not cured by multiple doses of PZQ.
resistant isolates have already been documented in endemic areas”’® and the selection of field

strains of schistosome that are resistant to PZQ is more and more likely.

SmHDACS has been identified as a potential target for anti-parasitic therapy. Transcripts of SMHDACS8
are expressed at higher levels than SMHDAC3 and SmHDAC1 during all life cycle stages,281 pointing at
specific and vital functions in the parasite life cycle. The situation is different with human HDAC8. The
enzyme shows relatively low level of expression and human HDACS inhibitors have the most limited
effect on the human acetylome among all isoforms. Studies of human HDAC8 compounds showed
that they exhibit a low effect on cell proliferation, indicating that the inhibition does not result in
intrinsic toxicity. Limited toxicity of human HDACS inhibitors has been reported in several cell types.“’
309, 310

All these make SmMHDACS8 a promising target for the development of new species-selective

drugs.
5.2 Project overview and results

In this project we combined the meta-substituted benzohydroxamate with an alkoxyamide

connecting unit and various cap groups. The alkoxyamide group was used as a connecting unit which
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presumably can enable charge-assisted hydrogen bonds due to the additional polarization of the
N-H bond."®**° In order to probe whether this groups can serve as an alternative connecting unit in

addition compounds with hydrazide-based connecting units have been synthesized.

Using a straightforward two-step protocol the target compounds were synthesized from the mono-
methyl isophthalate and the O-substituted hydroxylamines and hydrazine derivatives. The
alkoxyamide intermediates 12a-i and hydrazides 14a,b were treated with an excess of
hydroxylamine hydrochloride in the presence of methanolic sodium methoxide and afforded the

desired target compounds 13a-i and 15a,b.
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Scheme 3. Synthesis of alkoxyamide-based and the hydrazide-based HDACi 13a-i, 15a and 15b. Reagents and conditions:
a) CDI, CH,Cl,, R™-ONH; or R'R>NNH;, RT, 0.5 h, 12 h; b) 1) NaOMe, MeOH, NH,OH'HCI, 70° C, 3-5 h. 2) NaOH, NH,0H, MeOH,
CH,Cl,, 0° C, RT, 12 h.

In a primary screen for inhibition of SMHDAC8 and representative human HDAC isoforms (HDAC1,
HDAC6 and HDACS8) all compounds showed significant inhibition of SMHDAC8 deacetylase activity,
moderate inhibition of human HDAC6 and only very low inhibition of human HDAC1. Most
compounds inhibited human HDACS8 in similar fashion as SmMHDACS8, however compounds 13d and
15a revealed a stronger inhibition of SMHDAC8 in comparison to human HDACS. Based on this
primary screening, HDACi 13d and 15a and the unsubstituted prototype compound 13c have been
investigated further. All three tested compounds demonstrated high selectivity for SMHDAC8 over
the major human HDAC isoforms HDAC1 and HDAC6. The three compounds showed ICs, values in
the range of 0.33—-0.75 uM against SmMHDAC8 and 13d and 15a showed a preference for SmMHDACS8

over its human orthologue.
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Structural analyses at high resolution are useful tools in the development of novel potent and
selective anti-schistosomal HDACi. Docking studies using the available human HDAC1, human HDACS8
and SmMHDACS structures were carried out allowing rationalization of the observed biochemical data.
It has been shown that two important hydrogen bonds of the alkoxyamide connecting unit to Lys20

and His292 contribute to the high activity of 13d against SmMHDACS.

Additionally, a cell cytotoxicity assay in the human cell line HeK293 and in the human cell line Hela
was performed. In agreement with the finding that all of the tested inhibitors exhibited only low
activity against human HDAC isoforms HDAC1 and HDACS, the cytotoxicity of compounds 13d and

15a in the human cell system was very low.

We next analyzed the phenotypic activity of the most promising derivatives 13d and 15a on parasites
in culture by examining their effects on the viability of the larvae (schistosomula) and the stability of
adult worm pairs in culture. Our compound 13d showed only very moderate and not dose-
dependent toxicity toward schistosomula at 10 uM and 15a showed only slight activity. Both

compounds couldnt significantly affect adult worm pairing during 5 days of culture in vitro.
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6.1 Summary

This work deals with the design, synthesis and biological evaluation of anti-cancer and anti-parasitic
HDACi. Three HDACi-sets were synthesized and analyzed. The biological evaluation was performed in
cooperation with a high number of international collaborators. Additional to the compound
synthesis, the author of this thesis was involved in the biological characterization of the anti-parasitic

properties of the compounds and in the performance of the in vitro human HDAC isoform assay.

Depending on the target in each project, we hypothesized a certain HDACi isoform-profile as
beneficial or disadvantageous. Experience from previous projects in our group and from other
groups, compound screenings and in vitro experiment results contributed to an improved
understanding of structure-activity relationships. The design of the compounds was primarily guided
by the aimed isoform profile properties. Docking studies and mode of action investigations helped to
expand our knowledge within the research projects. The collection and analysis of all these
information enabled an optimisation of the lead structures toward the targeted anti-cancer or anti-

parasitic properties.
Project 1: Alkoxyurea-based HDACi increase cisplatin potency in chemoresistant cancer cell lines

In the first project we present the synthesis and biological evaluation of novel and potent
alkoxyurea-based HDACi with quinoline- or naphthyl cap group, an alkoxyurea connecting unit linker
region and a hydroxamic acid Zn2+-binding group. Compound 4d displays slightly higher HDAC
inhibition in the cellular HDAC assay compared to vorinostat and significantly enhanced cytotoxic
effects against the tumor cell line Cal27 and A2780 as well as their cisplatin resistant sublines. The
HDAC isoform profiling was in line with the results of the docking study and revealed that
compounds 4b-d are inhibitors with HDAC6 preference and nanomolar activity (Figure 9). Compound
4d demonstrates strong inhibition of HDAC6 (ICso 2.8 nM), moderate preference over HDAC1 (SlI:
15.4) and selectivity over HDACS8 (SI: 550) and HDAC4 (S| >3500).

Figure 9. Compound structure of 4d and docking pose for 4d, identified in a homology model of HDAC6. Roman numerals

indicate hydrophobic subpockets in the crevice of HDAC6.

The combination of cisplatin and compounds 4b-d enhanced the sensitivity of the cisplatin-resistant

cell line Cal27 CisR. Notably, 4d was able to revert the cisplatin resistance in the Cal27 CisR cell line
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with a shift factor of 11.2. The high acetylated H3 histone levels and acetylated a-tubulin levels
found, revealed that the inhibition of HDAC1 and HDAC6 may both contribute to the enhancement

of cisplatin chemosensitivity.

Project 2: Design and synthesis of terephthalic acid-based histone deacetylase inhibitors with dual

stage anti-Plasmodium activity

Currently Zn2+-dependent HDACs are pharmaceutically highly investigated targets for epigenetic
therapy. Chemical control of epigenetic pathways could represent a suitable possibility to attack
eukaryotic parasites. Some of the terephthalic acid-based derivatives in this study are not cytotoxic
at the highest concentration tested in HepG2 cells (ICso > 50 uM). Compound 9f was the most active
compound in this series and was >450-fold more cytotoxic towards asexual blood stage parasites of
P. falciparum 3D7 strain (ICsq 0.090 uM) versus mammalian cell line HepG2. While most work to date
has focused on asexual stage parasites228 we could show that 9f has potent activity (ICso 0.180 uM)
against exo-erythrocytic stage P. berghei parasites and >270-fold selectivity for exo-erythrocytic
forms than versus HepG2 cells. It was possible to develop HDACI that selectively target two malaria
parasite life cycle stages and 9f may be a valuable starting point for the development of novel anti-
malarial drug leads with low host cell toxicity. This generation compounds retain potent anti-
plasmodial asexual blood stage activity and decreases the host cell toxicity in comparison to our last

. 249 248
projects.

Project 3: Isophthalic acid-based HDAC inhibitors as potent inhibitors of HDAC8 from Schistosoma

mansoni

A series of newly designed and synthesized alkoxyamide-based and hydrazide-based HDACi including
an isophthalic linker were tested for inhibitory activity against SMHDAC8 and human HDACs 1, 6,
and 8. Based on the primary results, HDACi 13d, 15a and the unsubstituted prototype compound 13c
were further investigated. These compounds demonstrate high selectivity for SMHDACS8 over the
major human HDAC isoforms HDAC1 and 6. The three compounds show ICs, values in the range of
0.33-0.75 uM against SMHDAC8 and 13d and 15a show a preference for SMHDACS8 over its human
orthologue. Selectivity over human HDACS8 still requires optimization, but there are strong
indications that the high selectivity over human HDAC1 and 6, that we have already obtained, is of
higher importance for a potential therapeutic setting. Docking studies provided insights into the
putative binding modes and allowed rationalization of the observed selectivity profile. In cytotoxicity
studies both tested compounds 13d and 15a were shown to have only very moderate effect on the
viability of HEK293 and Hela cells up to double-digit UM range concentrations. However, the most
potent derivatives 13d and 15a only showed moderate or no influence on the viability of S. mansoni

schistosomula.
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6.2 Zusammenfassung

Die vorliegende wissenschaftliche Arbeit beschaftigt sich mit dem Design, Synthese sowie der
biologischen Evaluierung von anti-tumoralen und anti-parasitdren HDACi. Die Verbindungen wurden
in Zusammenarbeit mit einer groRen Zahl von internationalen Kooperationspartnern biologisch
evaluiert. Neben der Synthese der Verbindungen, flihrte die Autorin dieser Arbeit Teile der
Charakterisierung der anti-parasitdren Eigenschaften der Verbindungen durch, sowie den in vitro

Assay an humanen HDAC.

In Abhangigkeit von dem Target postulierten wir ein bestimmtes HDAC-Isoformprofil als vorteilhaft
oder unvorteilhaft fir die Zielsetzung des jeweiligen Projektes. Durch Erfahrung aus
vorangegangenen Projekten, von uns und von anderen Gruppen, durch Screenings von
Verbindungen und basierend auf Resultaten aus den in vitro Studien, konnten wir Erkenntnisse zu
Struktur-Aktivitdtsbeziehungen gewinnen. Das Design der HDACi wurde durch die angestrebten
Eigenschaften im HDAC-Isoformprofil malgeblich geleitet. Dockingstudien und tiefergehende
biologische Experimente zu den Wirkmechanismen halfen dabei unseren Wissensstand in den
jeweiligen Projekten zu vergroRern. Das systematische Sammeln und die Analyse von allen diesen
Informationen ermoglichte uns eine Optimierung der Leitstrukturen hin zu den angestrebten

Eigenschaften als anti-tumorale oder anti-parasitare HDACi.

Projekt 1: Alkoxyurea-basierte HDACi steigern die Cisplatin Aktivitat in chemoresistenten Tumor-

Zelllinien

Im ersten Projekt kénnen wir die Synthese und die biologische Evaluierung von neuen und potenten
Alkoxyurea-basierten HDACi mit Chinolin- oder Naphthyl Cap-Gruppe, einer Alkoxyurea
Verbindungseinheit-Linker-Region und einer Hydroxamsdure-Funktion als Zink-bindende Gruppe
prasentieren. Verbindung 4d zeigte eine leicht hohere HDAC Inhibition im zellularen HDAC-Assay im
Vergleich zu Vorinostat und eine signifikant gesteigerte Zytotoxizitat gegen die Tumor-Zelllinie Cal27

und A2780, wie auch gegen deren Cisplatin resistenten Sub-Zelllinien.

Bild 9. Struktur und Dockingergebnis der Verbindung 4d, identifiziert im Homologiemodell der Isoform HDAC6. Die

romischen Ziffern zeigen die hydrophoben Seitentaschen am Eingangsbereich zum katalytischen Zentrum.
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Das ermittelte HDAC Isoform-Profil war in Ubereinstimmung mit den Resultaten der Dockingstudie
und zeigte, dass die Inhibitoren 4b-d eine HDAC6-Praferenz und Aktivitdt im nanomolaren Bereich
aufweisen (Bild 9). Verbindug 4d zeigte eine starke Inhibierung von HDAC6 (ICsy 2.8 nM), eine
moderate Praferenz fiir HDAC1 (SI: 15.4) und Seketivitat iiber HDACS (SI: 550) und HDAC4 (SI >3500).

Die Kombination von Cisplatin und den Verbindungen 4b-d verbesserte deutlich die Sensitivitdt der
Cisplatin-resistenten Zelllinie Cal27 CisR. Die Verbindunge 4d konnte eine Aufhebung der Cisplatin
Resistenz in der Cal27 CisR Zelllinie mit einem Verschiebungsfaktor von 11.2 hervorrufen. Die im
Experiment gezeigte Hyperacetylierung der H3-Histone und die Acetylierung des a-Tubulins wiesen
darauf hin, dass die Inhibition von HDAC1 und HDAC6 beide potentiell zur Steigerung der Cisplatin

Chemosensitivitat beitragen.

Projekt 2: Design und Synthese von Terephthalsaure-basierten HDACi mit Aktivitit gegen zwei

plasmodiale Stadien

Zur Zeit werden Zn”*-abhingige HDACs pharmazeutisch in zahlreichen Studien untersucht und als
mogliche Angriffs-Ziele fir Epigenetik-basierte Therapien wissenschaftlich diskutiert. Die chemische
Kontrolle von epigenetischen Mechanismen konnte eine geeignete Moglichkeit sein um
eukaryotische Parasiten zu bekdmpfen. Gemessen in der humanen HepG2 Zelllinie zeigten mehrere
Terephthalsdure-basierten HDACi dieser Studie nur geringe Toxizitdt mit ICso>50 puM. Die Verbindung
9f dieser Serie zeigte die hochste anti-plasmodiale Aktivitdt mit einem 1Cso Wert von 0.090 uM
gegeniiber asexuellen Blutstadien des P. falciparum 3D7 Stammes. Gleichzeitig war 9f >450-fach
mehr cytotoxisch gegeniiber den asexuellen Blutstadien des P. falciparum 3D7 Stammes im Vergleich
zu der humanen Zelllinie HepG2. Wahrend die meisten wissenschaftlichen Arbeiten sich auf die
asexuellen Stadien des Parasiten konzentrieren, 228 | onnten wir mit 9f eine Verbindung entwickeln,
die zudem potent ist (IC5o 0.180 uM) gegentiiber exo-erythrocytische Stadien von P. berghei. Dabei
wies 9f eine >270-fache Selektivitat fur die exo-erythrocytische Stadien im Vergleich zu HepG2 Zellen
auf. Damit war es moglich, einen HDAC Inhibitor zu entwickeln, der selektiv gegen zwei plasmodiale
Stadien wirkt. Die in vitro Aktivitdaten und die Selektivitat zeigen, dass 9f ein interessanter Startpunkt
ist fir die Entwicklung von weiteren, anti-plasmodialen Verbindungen mit geringer Zytotoxizitat
gegen den menschlichen Wirt. Im Vergleich zu dem Vorgdngerprojekt konnten wir bei den anti-
plasmodialen HDACi dieser Generation die Aktivitdit gegen die asexuellen Blutstadien der

Leitstrukturen beibehalten und gleichzeitig die Zytotoxizitdt gegen humane Zelllinien senken.*? 2%

Projekt 3: Isophthalsdure-basierte HDAC-Inhibitoren als potente Inhibitoren der HDAC8 von

Schistosoma mansoni

Eine Serie von Alkoxyamid- und Hydrazid-basierten HDACi wurde synthetisiert, deren Verbindungen
einen Isophthalsaure-Linker als gemeinsames Strukturelement beinhalten. Die neuen HDACi wurden

auf ihre Aktivitat gegen SMHDACS8 und die humanen HDACs 1, 6 und 8 getestet und 13d, 15a und die
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unsubstituierte Prototyp-Verbindung 13c fir weitere Untersuchungen ausgewdhlt. Alle drei
Verbindungen zeigten eine hohe Selektivitat fir die SmMHDAC8 im Vergleich zu den getesteten
humanen HDAC-Isoformen HDAC1 und HDACG6. Die Aktivitat lag bei ICs, Werten zwischen 0,33 und
0,75 pM gegen das SmHDAC8 Enzym. Verbindungen 13d und 15a zeigten zudem eine leichte
Praferenz fiir die SMHDACS8 im Vergleich zu der humanen HDACS. Diese Pradferenz sollte in Zukunft
weiter verbessert werden. Es ist jedoch anzunehmen, dass fiir einen potentiellen therapeutischen
Einsatz, die bereits erreichte Selektivitdt Gber die humanen Isoformen HDAC6 und HDAC1, wichtiger
ist als die Selektivitdt Gber die humane HDAC8. Dockingstudien zeigten die wahrscheinlichen
Bindungseigenschaften der ausgewahlten HDACi in SmHDAC8 und humanen HDAC-Enzymen und
ermoglichten eine Rationalisierung des beobachteten Isoformprofils. Verbindungen 13d und 15a
wurden anschlieRend an humanen Zelllinien in Zytotoxizitats-Untersuchungen getestet. Dabei
konnte bei den verwendeten Hela- und HEK293-Zelllinien bis zu einem doppelstelligen uM-Wert
kaum oder keine Effekte auf die Zellviabilitit gesehen werden. Die beiden interessantesten
Verbindungen 13d und 15a, mit der hdchsten Aktivitdt an SMHDAC8 und der leichten Praferenz fir
SmHDAC8 im Vergleich zur humanen HDACS, zeigten jedoch kaum oder keine Wirkung auf die

Uberlebensfihigkeit von S. mansoni Schistosomula.
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ABSTRACT: The synthesis and biological evaluation of potent hydroxamate-based dual HDAC1/6 inhibitors with modest
HDACG6 preference and a novel alkoxyurea connecting unit linker region are described. The biological studies included the
evaluation of antiproliferative effects and HDAC inhibitory activity in the human ovarian cancer cell line A2780, the human
squamous carcinoma cell line Cal27, and their cisplatin resistant sublines A2780CisR and Cal27CisR. The three most potent
compounds 1g—i showed ICy; values in the low M and sub-uM range. 1g—i revealed low nM ICy; values for HDAC6 with up
to 15-fold preference over HDACI, >3500-fold selectivity over HDAC4, and >100-fold selectivity over HDACS. Furthermore,
their ability to enhance cisplatin sensitivity was analyzed in Cal27 and Cal27CisR cells. Notably, a 48 h preincubation of 1g—i
significantly enhanced the antiproliferative effects of cisplatin in Cal27 and Cal27CisR. 1g—i interacted synergistically with
cisplatin. These effects were more pronounced for the cisplatin resistant subline Cal27CisR.

H INTRODUCTION Zn* dependent enzymes. Class Il HDACs (sirtuins) are NAD*
dependent deacetylases.”

HDAC inhibition can abrogate aberrant epigenetic changes
associated with cancer.” Currently, four histone deacetylase
inhibitors (HDACi), vorinostat (cutaneous T-cell lymphoma;
CTCL), romidepsin (CTCL and peripheral T-cell lymphoma;
PTCL), belinostat (relapsed or refractory PTCL), and
pancbinostat (multiple myeloma; MM) have been approved

The dynamic histone acetylation/deacetylation state is regulated
by histone acetyltransferases (HATs) and histone deacetylases
(HDACs). HDACs are clinically validated cancer targets and
represent a group of 18 enzymes catalyzing the removal of acetyl
groups from N-acetyl-lysine residues of histones and various
non-histone proteins during post-translational protein modifi-
cation.' Deacetylation causes chromatin condensation leading
mainly to transcriptional suppression, whereas acetylation leads
to gene activation. HDACs of classes I (HDACs 1-3, 8), Ila Received: December 8, 2016
(HDACs 4, 5,7,9),1Tb (HDACs 6, 10), and IV (HDAC 11) are Published: June 5, 2017

V ACS Publications  ©2017 Ametican Chemical Society 5334 DOL 10.102 1/acsjmedchem,6b01 538
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for cancer treatment by the EDA (Figure 1).” Moreover, the class
Iselective benzamide-based HDACi chidamide has recently been
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Figure 1. General pharmacophore model of HDAC.

approved in China for the treatment of relapsed or refractory
PTCL. Furthermore, HDACi are under investigation for
potential application as therapeutic drugs for treating a variety
of diseases beyond cancer including inflammation, HIV,
neurodegenerative diseases, and parasitic diseases such as malaria
and schistosomiasis.® Structurally, most HDACi are charac-
terized by a widely accepted pharmacophore model (see Figure
1) and contain (i) a cap group (CAP) that interacts with residues
at the entry point of the active site tunnel, (ii) a linker region plus
a connecting unit (CU), interacting mainly with hydrophobic
residues of the tunnel, and (iii) a zinc binding group (ZBG) that
coordinates the catalytically essential Zn>* ion at the active site.
Recent results have shown that all units have an impact on the
isoform profile of HDACi.

Most of the first generation HDACi are pan inhibitors. To
date, it is still under debate whether pan HDAC inhibitors or
class-selective HDAC inhibitors will be more effective in clinical
trials regarding both safety and efficacy.” To address the question
if pan- or class/subtype selective HDAC inhibitors show superior
clinical benefit, the development of isoform and class-selective
HDAC: has attracted the attention of academia and 1'1'11:lustr),r.9
Experimental preclinical and clinical data suggest that the
combination of HDACi with established DNA-modifying
anticancer drugs (e.g, cisplatin, carboplatin, temozolomide)
provides synergistic effects in the treatment of hematological and
solid tumors, possibly through HDACi-mediated increased
accessibility of DNA or inhibition of antiapoptotic gene
expression. 0

Recently, ricolinostat (ACY-1215, Figure 1), an HDAC6
preferential inhibitor with additionally potent inhibitory activity
toward class | HDACs, has entered phase I clinical trials for the
treatment of multiple myeloma and lymphoid malignancies.''
HDAC6 is structurally unique and acts primarily via
deacetylation of non-histone proteins such as a-tubulin and
Hsp90. HDAC6 contains two catalytic domains and a C-terminal
zinc finger region responsible for binding of ubiquitinated
proteins. In addition, HDAC6 possesses a significantly wider
channel rim compared to other HDACs. Therefore, HDAC6
selective inhibitors often contain bulky or branched cap groups.
Moreover, an sp>-hybridized carbon atom in a-position related to
the ZBG is often present in HDAC6-preferential and -selective
HDACL"* The hydroxamic acid group and the a-mercaptoace-
tamide moiety are typical ZBGs of HDAC6-selective HDACi.'”
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Dual inhibitors, inhibiting HDAC6 and to a lesser extent
HDAC class I, would help to decrease unwanted (cytotoxic) side
effects of class I and still make use of beneficial effects associated
with HDACS6 inhibition. We now discovered that alkoxyurea-
based HDACi with quinoline cap groups can serve as potent dual
HDAC1/6 inhibitors, with moderate HDAC6 preference.
Herein, we report the structure-based design, straightforward
synthesis, and biological evaluation of this class of HDACi with
potent anticancer activity and remarkable chemosensitizing
properties. Compounds were evaluated in the human ovarian
cancer cell line A2780 and the adenosquamous carcinoma cell
line Cal27 and their cisplatin resistant sublines A2780CisR and
Cal27CisR for antiproliferative effects and inhibition of cellular
HDAC activity. Compounds 1g—i were further tested for
inhibition of selected HDAC isoforms (1, 4, 6, and 8,
respectively). Molecular modeling and docking studies were
performed to rationalize the observed selectivity profile. The
acetylation of a-tubulin and histone H3 was analyzed in Cal27
and Cal27CisR to show HDACG inhibition in a complex cellular
environment. Eventually, 1g—i were shown to enhance cisplatin
sensitivity in Cal27 and Cal27CisR in a synergistic manner.

B RESULTS AND DISCUSSION

Design of HDAC6-Preferential HDACi with an Alkox-
yurea Connecting Unit Linker Region. Recently, we studied
the effects of a small library of HDACi containing alkoxyamide
and alkoxyurea connecting-unit linker regions in cellular MTT
and pan-HDAC assays on sensitive and chemoresistant cancer
cell lines."" Initial studies on alkoxyurea la revealed only
moderate cytotoxicity assessed in MTT assay against the human
ovarian cancer cell lines A2780 ([Cs‘J =10.8 uM) and A2780CisR
(ICg = 11.6 #M) but significant HDAC inhibition in a cellular
HDAC assay targeting class I and class IIb HDACs in A2780
(ICs = 1.07 M) and A2780CisR (ICy, = 0.85 uM)."" Due to
the presence of a bulky cap group and structural similarities with
ricolinostat (Figure 1), we hypothesized that 1a might show a
comparable isoform profile with preferred HDACS6 inhibition.
Subsequent isoform profiling confirmed our hypothesis and
revealed potent activity against HDACG6 and preference over
HDACs 1, and 8 (Table 1). la did not show any inhibition of
HDACH4. The pan inhibitor vorinostat and the class ITa selective
trifluormethyloxadiazole (TFMO)-HDACi TMP269 were used
as reference HDACi." On the basis of these preliminary results,

Table 1. Inhibition Activities of Compound 1a and Vorinostat
against HDAC Isoforms 1, 4, 6, and 8

Carnpound SLuclule ICen [nM] ol HDAC isolorms

MAC nACd 1IDAC 6 1IDACE
1a 180 =204 =100M0 FT+4] 11IT02220
vorinostat 4% K nal. e 1 126001 210
Ll adl. 147=0 nd. nd.

“Values of HDAC1, -6, and -8 are the mean + SD of three
independent experiments. Values for HDAC4 were determined in
duplicate by Reaction Biology Corp. (Malvern, PA, USA). n.d. = not
determined.
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we performed a docking study in order to understand the
selectivity profile of compound la and to design improved
analogues.

Figure 2. Docking poses for 1a identified in HDAC1 (A) and HDAC6
(B). Hydrogen bonds are shown with dashed lines; the zincion is shown
as a sphere, Black arrows and roman numerals indicate hydrophobic
subpockets in the crevice of HDACE.
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Figure 3. Lead compound 1a and target compounds.

Docking of 1a and Design of 1a Derivatives. In order to
understand the selectivity profile of compound 1a, the
compound was docked into the crystal structures of HDACL
and -4, and homology models of the second catalytic domain of
HDACG6 with Y301 flipped in and out. Templates for the
homology modeling of HDAC6 encompass structures resulting
in Y301 (numbering based on the homology model) flipped in
and out. The homology models of HDACG6 had been generated
and then subjected to 1 us of molecular dynamics simulations for
identification of conformationally preferred states previously."®
X-ray crystal structures of human and zebrafish HDAC6 (PDB
codes SEDU'" and SEF8'") have been released prior to
submission of this manuscript.'”"® Our homology model is
very similar to the crystal structures, as shown by a C_ atom rmsd
of 1.39 A (1.56 A) and a binding pocket (residues within 5 A of
the cocrystallized ligand) heavy atom rmsd of 1.75 A (1.62 A)
toward the human (zebrafish) HDAC6 structure. This
demonstrates the quality of our comparative modeling,w
although docking into HDACG6 crystal structures may further
improve the accuracy of predicting binding modes of HDACi in
HDACG in the future, HDACi were docked into both possible
conformers of I—[DACG For docking, AutoDock3 in combmaucm
with Drug&cure was used, as successfully applied prevmusly
No valid binding mode in which the zinc ion was complexed by
the hydroxamic acid moiety was identified when docking 1a to

HDAC4, in line with the experimental results (Table 1).
Furthermure, the docking energies of la in HDAC1 (—1161
keal mol™) are higher than those in HDAC6 (—13.48 kcal
mol ™) with Y301 flipped in ( Table 5), which agrees qualitatively
with the trend in IC,; values (Table 1). In both HDAC isoforms,
the zinc ion is complexed by the hydroxamic acid moiety of 1a,
and this moiety forms a hydrogen bond with Y303 and Y301 in
HDAC1 and HDACS, respectively. In contrast, the aromatic
rings bind to different locations in both isoforms (Figure 2). In
HDAC], the quinoline ring binds to a small recess on the surface,
which is partially lined by acidic residues on one side (Figure 2A).
Asto (de)solvation effects, this is energetically less favorable than
if the recess was lined with hydrophobic residues, In HDACS, the
quinoline ring binds to a deeper crevice at the side of HDACG6
(Figure 2B), which is lined with hydrophobic residues. Together,
this can explain the differences in the docking energies and ICg,
values of 1a toward HDACI1 and -6. Notably, the crevice displays
small hydrophobic subpockets I and IT adjacent to the quinoline
moiety (Figure 2B, black arrows). We thus hypothesized that
derivatives of 1a with a quinolyl moiety substituted with small
hydrophobic groups will fill these subpockets, which will yield
higher affinities toward HDACS.

On the basis of the results of the docking study, we designed
and synthesized a series of 1a analogues as potential HDACG6i
(Figure 3) and focused our structural modifications on the cap.
Notably, we aimed at the replacement of the unsubstituted 3-
quinolyl cap by (substituted) 4-quinolyl, 8-quinolyl, 1-naphthyl,
and 2-naphthyl caps. In order to address the above-mentioned
subpockets in the crevice of HDACGE, we intended to decorate
selected compounds in positions 2, 4, and 6 of the quinoline
moiety.

Chemistry. The synthesis of the alkoxyurea-based HDACi 1a
and 1b has been reported previously. The synthetic protocols for
the preparation ofall novel HDACi are summarizedin Schemes 1
and 2. The HDACi 1¢—j were prepared according to a novel and

Scheme 2. Synthesis of the Ta.rget Compound 2
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“Reagents and conditions: (a) CH.I, NaH (60%), THF, rt, 16 h; (b)
methylhydrazine, CH,Cly, —10 °C, 3 h; (¢) I-naphthyl isocyanate,
CH,Cl,, t; (d) Pd/C, H, (1 bar), MeOH, rt, 3 h.

Scheme 1. Synthesis of the Target Compounds 1c—j”
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“Reagents and conditions: (a) methylhydrazine, CH,Cl,, —10 °C, 3 h; (b) pyridine, CH,Cl,, CICO,CHNO,, tt, 3 h; (c) R'NH,, Et,N, THF,

microwave, 70 °C, 0.5 h; (d) Pd/C, H, (1 bar), MeOH, rt, 3 h.
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straightforward synthetic protocol. The key intermediate 4 was
obtained by deprotection of the readily available starting material

Table 2. Antiproliferative Effects of 1a—j, 2, Cisplatin,
Tubastatin A, and Vorinostat in A2780, Cal27, and Their
Cisplatin Resistant Sublines A2780CisR and Cal27CisR”

Cytotoxicity TCsy [nM]

Compeumd R¥ AZTHO AZTROC 51 Call? Cal27Cisk
la I08=1.0 I1.6+08 A0=03 54=05
ih Th+06 T9+ 06 [REE | i9-04
e 14+0.1 L+l 1.7=01 23i=02
1d I5£0% SE=03 Te=08
le L3 10009 1101 2217
i A3£03 13£01 22=02 137=03
1y 12£0.1 0 = 0.03 08 =04 13=A0
1h 1.1 L L 03 0oz 6 04 1.3 L b
1i 08 £0.07 04 =003 16=008 13008
1j L7004 REES ) 3400 28=02
2 A68=2.8 442 3T 43T+38 B5B£59

cisplatin .88 + 004G [37+1.1 227402 19.8+ 1.1
vorinostat 2.42-02° 12+03° 198+ 011 175401
tuhastatin A n.d n.d 46-04 10L&+ 1.0

“Data taken from ref 14. "Values are the mean + SD of three
independent experiments, n.d. = not determined.

3 (see Supporting Information for details). Initial attempts to
introduce the alkoxyurea moiety using 1,1"-carbonyldiimidazole
(CDI) mediated or 1,1'-carbonylditriazole (CDT) mediated
coupling protocels™ did not provide the targeted asymmetrical
alkoxyureas 6 at all, or only in a low yield, especially in the case of
the aminoquinoline-based cap groups. Thus, we decided to
develop an optimized protocol. The aminoxy group of
compound 4 was activated using 4-nitrophenyl chloroformate
to obtain the 4-nitrophenyl carbamate 5.

The treatment of 5 with aminoquinolines or 2-naphthylamine
under conventional reaction condition provided the desired
alkoxyureas only in moderate yields (33—69%) and required
relatively long reaction times. We therefore considered micro-
wave heating in order to improve reaction times and yields. Best
results were obtained at 70 °C and 100 W for 0.5 h. This
microwave-assisted protocol allowed the synthesis of the
alkoxyureas 6c—j in good to excellent yield (83—91%). The

50

Table 3. Antiproliferative Effects of 1g—i, Cisplatin, and
Vorinostat in Med8a and ONS76“

Cytotoxicity 1Cs [pM]

Compound R MedRa ONST6

1g 1.21L 0,09 2671021
1h (IR VRSN (.59 =0.04
L (.59 £0.06 0,65 =10.03
cisplatin 281 +10.31 12062
vorinosiat 134+ 0018 2.04 =008

“Values are the mean =+ SD of three to four independent experiments.

Table 4. HDAC Inhibition of 1a—j, 2, Cisplatin, and
Vorinostat in A2780, A2780CisR, Cal27, and Cal27CisR”

HDAC inhibition TCsy [nM]

Componnd IS AZTE0 A2TE) CisR Cul27 Cal27 CisR
1a 1.1 =01 0.9 = 0.06 1.3 =0.08 13+007
1 11 =03 09 L 005 11— 1AL (LDG
le 51£04 IREIUSE L.O=0ur 1O£0.09
14 24402 2002 144100 1.1 ikl
Le 2101 o =006 0.7 = 004 08+ 0,06
1f 33402 1.7+10.1 34+03 2R=02
1g 1.0= 10K 0.5 =002 0.9 =006 0.7+ 007
1h 1.9=005 04 =0.02 1.6=005 D3+0.05
1i L7E007 050,03 0.5 =0.0 05004
1 149111 ne 107 L 10 6132
2 190+ 16 204 - 201
vorinpsiat 1.6k 1 4 el el R MK DS W75 s
tubastatin A n.d md. 16.1£0.9 121 =04

“Values are the mean + SD of three independent experiments. n.d. =
not determined.
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Table 5. Inhibitory Activities of 1a, 1g, 1h, and 1i against Human HDACI, HDAC4, HDAC6, and HDACS"

ICsy [nM| of HDAC isoforms

‘ompoun Structure AL B AC AC
Compound g HDAC HDACY HDACH HDACH
.
1a 189 =204 =10000 51.7=4.1 111702220
B O |
1g T 31962 =10000 61013 1086 L 120
L,
Ih e 773262 10000 24.8=52 12200 = 290
y
1i Ea‘ sansnlliy, 432=32 =10000 2.80=08 1540 = 140
&
YOFnGeiat 45§ n.d. 1082 11 12604 210
TMrzey sl 447230 i s,

“Values of HDAC1, -6, and -8 are the mean + SD of three independent experiments. Values for HDAC#4 were determined in duplicate by Reaction

Biology Corp. (Malvern, PA, USA). n.d. = not determined.

subsequent catalytic hydrogenation followed by purification by
flash column chromatography afforded the novel alkoxyurea-
based HDACi 1c—j in 54—72% yield (Scheme 1).

A Cal27 Cal27 CisR
A Ac-u-tub

— e — — — — — —— — — — (1] 1)

— LR | —— e — AcH3

¢ lh 1g i E V C 1h 1g i E V
B 25 O =
z I g o1 7
| LI
87 o / f
2 k. i 0.5- gg
) é

mo1g I 'S

"=

¥ Ih 1g 1§

Figure 4. Compound-induced a-tubulin and histone H3 acetylation in
Cal27 and Cal27CisR. (A) Representative immunoblot analysis of a-
tubulin (a-tub), acetylated a-tubulin (Ac-a-tub), and acetylated histone
H3 (Ac-H3) in Cal27 and Cal27CisR after compound incubation. Cal27
and Cal27CisR cells were incubated for 24 h with vehicle (C) or 1 uM
entinostat (E), vorinostat (V), lh, 1g, or 1li, respectively. (B, C)
Quantification of the immunoblots confirmed a significant increase in
acetylated ar-tubulin for 1h and 1i. Densitometric analysis of the protein
bands of Cal27 (B) and Cal27CisR (C) were performed using Image]
software (NIH). Data are the mean + SD, n = 3. All values have been
normalized to control. Statistical analysis was performed using one-way
ANOVA test ((#) p < 0.05 and () p < 0.01).

The N-methyl-substituted hydroxamic acid 2 was synthesized
from the starting material 3 (Scheme 2). First, 3 was methylated
with methyl iodide in the presence of sodium hydride as a base to
obtain the O-protected N-methylated hydroxamic acid 7. The
deprotection of the phthaloyl group afforded the aminoxy
derivate 8, which was converted into the alkoxyurea derivate 9.
Finally, the target compound 2 was obtained by catalytic
hydrogenation (54% yield, Scheme 2).
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Biological Evaluation. Determination of Antiprolifer-
ative Effects. Compounds lc—j and 2 were first tested by MTT
assay for antiproliferative effects in A2780 and Cal27, and their
cisplatin resistant sublines A2780CisR and Cal27CisR. Results
are presented in Table 2 together with vorinostat, tubastatin A,
and cisplatin as controls. The compounds with the highest
antiproliferative activity against all four cell lines are the 8-
quinolyl-substituted analogues 1g—i showing IC;, values in the
range of 0.4—1.3 yM. Notably, 1g—i are more active against
A2780CisR compared to the native cell line A2780. In
comparison to the lead structure 1a, the pan-HDACI vorinostat
and 1g—i displayed higher antiproliferative effects whereas the
HDAC6-selective HDAC tubastatin A was clearly less potent.
The MTT assay revealed that the antiproliferative potential of
the unsubstituted 2-naphthyl analogue Ic is almost comparable
to the unsubstituted 8-quinolyl derivative le. In contrast, the 6-
quinolyl derivative 1d and the 1-naphthyl derivative 1b are
significantly less cytotoxic than 1c and 1le.

For further evaluation of the antiproliferative potential of this
novel class of HDAC], the three most potent compounds (1g—i)
were additionally tested for their efficacy in the two
medulloblastoma cell lines Med8a and ONS76. The cell viability
was determined after a 72 h incubation by Celltiter-Glo assay
(Promega). The results presented in Table 3 underine the
higher cytotoxicity of the compounds 1h,i compared to cisplatin
and the pan-HDAC inhibitor vorinostat.

Cellular HDAC Inhibition. Cellular HDAC assays were
performed as previously published.' The results are summarized
in Table 4. 1g—i displayed the most potent HDAC inhibitory
activity with ICs, values in the range of 0.4—1.7 uM against all
four cell lines. These results were in good agreement with the
antiproliferative effects obtained with the MTT assay in the same
cell lines, whereas the lead structure la displayed increased
HDAC inhibition in comparison to its antiproliferative effects.
Cellular HDAC inhibition was similar in native and resistant cell
lines, whereas 1c and le—i showed a 2- to 3.4-fold higher activity
in the cisplatin resistant subline A2780CisR compared to the
native A2780.

DOL 10.1021/acs jmedche m:6b01 538
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Figure 5. Docking poses for 1g (A), 1h (B), and 1i (C) identified in
HDACS6. Hydrogen bonds are shown as dashed lines; the zinc ion is
shown as a sphere. The hydrophobic subpockets are numbered with

roman numerals,

Table 6. Docking Energies for HDACi Binding to HDAC
Isoforms

compd HDAC1* HDAC4" HDACE" HDACS*
1a —1151 n/a” —1348
ig —12.67 n/a” —15.67 n/a”
1h -13.36 n/a” —14.52 n/a”
1i —14.02 n/a” —1561 nfa’

“Docking energy of the energetically most favorable configuration in
the largest cluster; in kecal-mol™. bNo docking configuration fulfilling
the criteria given in the methods section could be identified.

Inhibition of HDAC1, HDAC4, HDAC6, and HDACS.
MTT and cellular HDAC assays identified 1g—i as the most
potent compounds. 1g—i were therefore subjected to isoform
profiling against human HDACI, HDAC4, HDAC6, and
HDACS. Results are shown in Table 5. 1g—i are nanomolar
potency HDAC6 inhibitors (ICy, in the range of 2.8—24.8 nM)
and 2- to 18-fold more potent than the lead structure la. 1i
demonstrated excellent selectivity over HDACS (SI=550) and a
preference over HDAC1 (SI=15). HDAC6 inhibitory activity of
1i was 2- to 9-fold higher than for 1g and 1h and even 18-fold
higher in comparison to the lead structure 1a.

To confirm HDACG inhibition in a more complex cellular
environment, a-tubulin acetylation was analyzed after a 24 h
incubation of 1 pM 1g—i in Cal27 and Cal27CisR cells.
Furthermore, the ability of the potential HDAC inhibitors 1g—i
to enhance the acetylation of histone H3 was analyzed. The
results of a representative Western blot analysis are shown in
Figure 4.

1g—i, and vorinostat induced an accumulation of acetylated a-
tubulin in comparison to the untreated control in both cell lines.
This indicates that all three compounds and the reference pan-
HDAC: vorinostat inhibit HDACS6, whereas the HDACI and
HDACS3 isoform-specific HDACi entinostat did not influence
the amount of acetylated a-tubulin after a 24 h incubation. The
a-tubulin acetylation of 1h and 1i was significant in comparison
to the untreated control in Cal27 and Cal27CisR cells.

Furthermore, 1g—i and vorinostat induced histone H3
acetylation indicating that they act not only as HDAC6
inhibitors. This is further supported by the fact that highly
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Table 7. IC,, Values (M) after Treatment of Cal27 and
Cal27CisR with Cisplatin or in Combination with 1 M lg,
0.5 pM 1h, or 0.5 uM 1i, Respectively”

cell line
Cal27 Cal27CisR

compd ICy SE 1Cqy SE
cisplatin 9.13 £ 0.5 464 + 3.1
cisplatin + 1g 1.0 uM 128 + 0.1 7.1 547 £ 04 85
cisplatin + 1h 0.5 gM 149 + 0.1 6.1 5.68 £ 03 82
cisplatin + 1i 0.5 M LO5 £ 0.1 8.7 416 + 04 11.2
cisplatin + SAHA 1 gM 680+ 02 6.8
cisplatin + tub A 10 gM 830+ 02 1.1 320+ 03 L5

“SF means shift factor and was calculated as the ratio of the ICg, of
cisplatin alone and the IC,, of the corresponding drug combination.
Data shown are the mean + SEM of pooled data from at least three
independent experiments each carried out in triplicates. All shift
factors are significant (t test, p < 0.05) except for dsplatin plus
tubastatin A. The used concentrations of 1g—i were chosen on the

basis of their HDAC inhibitory activity (Table 2).

120
100
P
= 2 804
Z =
=
E 5 609 Shilt lactor
- -
=3 4 ) 11.2
8 E‘. o Cal2?
201 e caRicisR
04 ® Cal27CisR + 1i
A1 10 % 8 T 6 5 4 3

log [cisplatin], M

Figure 6. Treatment with 1i restores dsplatin sensitivity of Cal27CisR
cells. Cal27 (O) or Cal27CisR (®) were treated with increasing
concentrations of cisplatin for 72 h. The ICg, values for each cell line
were determined by MTT assay. Treatment of Cal27CisR with 500 nM
of 1i 48 h prior cisplatin administration (blue dot) was able to reduce the
ICy; value even below the ICs; of the parental cell line Cal27. The shift
factor was calculated as the ratio of the ICy of cisplatin alone and the
IC,; of the corresponding combination with 1i (Table 7). Data shown
are the mean + SEM of four independent experiments each performed
in triplicates.

selective HDACG inhibitors show only weak growth inhibition of
cancer cells.” H3 acetylation was more pronounced for 1h and
1i, whereas 1ginduced only a moderate acetylation of the histone
core. 1g—i showed the same or higher H3 acetylation than
vorinostat. Histone acetylation induced by 1g—i and vorinostat
was more pronounced in Cal27CisR cell line than in the native
cell line Cal27. Thus, acetylated H3 and acetylated tubulin levels
found for 1g—i in Figure 4 revealed that inhibition of both
HDAC1 and HDACG6 may contribute to the enhancement of
cisplatin chemosensitivity. Additionally, Asgar et al. reported
about synergistic anticancer effects of cisplatin and vorinostat on
cholangiocarcinoma cell lines.”” Interestingly, the 24 h
incubation with the class I selective HDACi entinostat resulted
only in a very weak histone H3 acetylation. This unexpected
effect could be attributed to the incubation time used because
entinostat showed an increase of histone H3 acetylation only
after a longer incubation period of 36 h.*"*

Docking Studies. We docked compounds lg—i into
HDACs 1, 4, 6 (with Y301 in the flipped-in conformation),

DOk 10,102 1/acs jmedchem. 6001538
J. Med. Chem. 2017, 60, 53345348



Manuscript |

Journal of Medicinal Chemistry

Table 8. Synergism Studies between Cisplatin and 1g—i”

Cal27 Cal27CisR.
cisplatin [M] cisplatin [pM]
compd [nM] 0316 0.5 1 2 5 1 316 5 10 20
lg
500 0.86 0.87 067 049 035 * * 0.96 0.36 035
600 0.79 077 0.57 0.37 0.34 * * 0.60 036 037
700 * 097 0.63 043 0.32 * 0.56 0.41 033 0.37
800 * 093 0.56 043 0.36 0.81 051 037 035 0.37
900 0.77 0.60 0.54 040 037 * 079 0.52 043 049
1000 077 0.67 0.50 041 0.40 0.85 0.63 043 049 048
1500 0.82 0.74 0.64 0.60 0.55 1.00 0.52 047 051 0.62
2000 0.92 0.86 075 0.70 0.66 0.82 0.60 0.59 0.65 0.68
1h
100 * * * * 0.50 * * * * 0.73
200 * * 0.76 039 029 * * * 0.48 033
300 #* * 0.44 031 028 * * #* 043 0.34
400 * 091 039 027 029 * * 0.56 026 028
500 * 049 037 027 029 * 0.71 0.28 025 0.26
600 0.93 0.58 037 026 033 * 051 025 020 021
700 0.68 0.57 043 0.36 041 * 028 021 021 025
800 0.56 051 041 0.38 0.38 109 026 023 023 0.28
Li
100 * * * 0.31 026 * 0.89 0.66 041 0.34
200 * 0.96 0.82 033 022 * 0.87 038 021 0.19
300 * * 064 038 0.32 * 046 025 0.18 0.17
400 0.97 075 0.51 0.38 0.36 * 0.30 0.19 0.16 0.16
500 0.79 0.66 0.50 042 043 0.56 026 0.19 0.16 0.20
600 071 0.66 053 049 049 0.56 024 020 0.17 0.19
700 0.82 0.70 061 0.60 0.64 * 0.28 023 020 021
800 0.84 079 069 0.66 069 0.65 029 026 023 021

“Data shown are combination indices. Cal27 and Cal27CisR were treated with combinations of cisplatin and 1g, 1h, or 1i. CI (combination index)
was calculated using Calcusyn 2.1 based on the Chou—Talalay method. CI > 1 indicates antagonism, CI = 1 indicates an additive effect, and CI < 0.9
indicates synergism. * means fraction affected is less than 0.20. Values are the mean of three experiments. SD is <10% of the mean.

and 8 in order to understand and explain their selectivity profile.
Compounds Ig—i are the most potent inhibitors of HDAC6
evaluated in this study. All three inhibitors did not produce valid
docking poses in HDAC4 and HDACS reflecting their high IC,
values toward these isoforms. In contrast, in HDACI1 and -6,
binding poses were identified for all three inhibitors similar to the
ones found for la (Figure 5). Again, the relative change of the
1C; values of the inhibitors is reflected in the relative change in
docking energies (Table 6), with the compounds showing a
preference for HDAC6 (Table 5). Moreover, compounds 1g—i
showmore favorable docking energies than 1ain HDACG6 (Table
6), in agreement with the lower ICy; values toward HDAC6 for
1g—i compared to la (Table 5). The docking results are even
sensitive enough to correctly display that 1g and 1i exhibit a
similar activity toward HDACG, while 1his correctly predicted to
be less effective (Table 5, Table 6). The docking poses (Figure 5)
suggest that this difference occurs because of the quinoline
moiety of 1g being quite buried in subpocket II, and 1i filling
both subpockets I and II with its methoxy groups; in contrast, the
urea oxygen of 1h is in unfavorably close contact to the protein.
Compounds 1g and 1i could also form weak hydrogen bonds
with C137 at the lower backside of subpocket I, which 1h cannot
form due to the orientation of its quinoline moiety. In all, the
results of the docking are in remarkably close agreement with
those of the biological evaluation. Furthermore, decoration of the
quinoline moiety with small hydrophobic groups resulted in
improved binding affinities as hypothesized from the initial
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docking studies above. Together with previous successful
applications of the combination AutoDock3/DrugScore for
ligand docking to HDACs," " this corroborates the suitability of
these methods for such predictive in silico studies.

Enhancement of Cisplatin-Induced Cytotoxicity. As
HDACi are promising new therapeutic agents successfulgy
combined with DNA-damaging compounds such as cisplatin,“"
the ability of 1g—i to influence the cytotoxic activity (MTT
assay) of cisplatin was analyzed. Cal27 and Cal27CisR were
preincubated with 1 uM 1g, 0.5 uM 1h, or 0.5 #uM 1i 48 hprior to
cisplatin administration for another 72 h. IC;, values for cisplatin
alone and in combination with 1g—i are shown in Table 7.

A 48 h preincubation with 1g—i resulted in a significantly
increased cisplatin sensitivity. In the native cell line Cal27, a
hypersensitization with shift factors of 6.1 up to 8.7 for cisplatin
was observed. This sensitizing effect was also obtained in the
cisplatin resistant subline Cal27CisR. With shift factors in the
range of 8.2—11.2, the enhancement of cisplatin-induced
cytotoxicity was more pronounced in Cal27CisR. ICs, values
for cisplatin in Cal27CisR after preincubation with 1g—i were
below the IC;, value of the native cell line Cal27 indicating that
1g—i are able to overcome cisplatin resistance in the HNSCC cell
line Cal27. The HDAC6-selective compound tubastatin A was
included as control and only slightly increased cisplatin
sensitivity in Cal27CisR (1.5fold) with no effect in native
Cal27. This indicates that HDAC6 inhibition may be a minor
factor in the in vitro chemosensitizing process and additional
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Figure 7. 1g—i enhance cisplatin-induced apoptosis in Cal27 and Cal27CisR cells. Cal27 (A) and Cal27CisR (B) cells were preincubated with 1 uM 1g,
0.5 uM 1h, or 0.5 pM 1i for 48 h. Cisplatin was added in an ICy, concentration for each cell line (Cal27 3 uM (A), Cal27CisR 25 pM (B) ) and washed
out after 6 h. After a further incubation period of 24 h, apoptosis was analyzed by determining the sub-G1 cell fractions by flow cytometry analysis.
DMSO 10% was added for 24 h to serve asa positive control for apoptosis induction. Vehicle was added as a control for untreated cells. Gray bars depict
the incubation of cells with 1g—i only, whereas black bars show the effects of the combination of 1g—i with cisplatin. All experimental conditions were
incubated for same time periods. Data are the mean + SD, n = 3. Statistical analysis to compare the apoptosis induction by cisplatin alone and the
combination of cisplatin and 1g—i was performed using one-way ANOVA test () p < 0.05 and (#x) p < 0.001).

class T HDAC inhibition is required to increase cisplatin
sensitivity as seen for vorinostat and 1g—1Ii

Figure 6 shows the effect of the most potent compound li on
the inhibitory activity of cisplatin at Cal27CisR cells.

To determine the type of interaction between cisplatin and
1g—i, we performed synergism studies by using MTT assays.
Cal27 and Cal27CisR cells were preincubated with eight
different concentrations of 1g—i After 48 h, cisplatin was
added in five different concentrations and incubated for 72 h
similar to the combination experiments shown above. The used
concentrations were chosen to achieve a fraction affected (fa =
level of cellular growth inhibition) of <0.9 in the isobologram
analysis. Results are shown in Table 8.

With combination indices below 0.9, the isobologram analysis
revealed a synergistic effect of 1g—i with cisplatin. As seen in the
combination experiments to analyze an enhancement of
cisplatin-induced cytotoxicity, the effects of 1g—i were more
pronounced for the cisplatin-resistant subline. In Cal27CisR, CI
values were more than 2-fold lower in comparison to Cal27.
These results underline once more the higher efficacy of 1g—i
concerning synergistic cytotoxic effects in the cisplatin resistant
subline Cal27CisR.

Enhancement of Cisplatin-Induced Apoptosis. Above,
we found a synergistic enhancement of cisplatin-induced
cytotoxicity upon a 48 h preincubation with 1g—i. Here, we
evaliated if these results could be due to effects of 1g—i on
cisplatin-induced apoptosis. Cal27 and Cal27CisR cells were
treated with 1 uM 1g or 0.5 M 1h and 1i for 48 h. Then,
cisplatin was added in a concentration corresponding to the
actual IC;, for each cell line (Cal27, 3 uM; Cal27CisR, 25 uM)
and washed out after 6 h. Cells were cultured for another 24 h and
analyzed using propidium iodide staining, Results are shown in
Figure 7.

1g—i induced no significant changes in the amount of
apoptotic nuclei in comparison to the untreated control for
both cell lines. This indicates that the concentrations of 1g—i
used for the apoptosis assay and for the combination experiments
had no apopotic effects as single agents. However, in
combination with cisplatin 1g—iinduced an increase in apoptosis
in comparison to cisplatin alone. The combined treatment in
Cal27 showed a significant increase in the amount of apoptotic
nuclei for 1i (33.3% in contrast to 21.8% for cisplatin alone),
whereas 1g and 1h induced only a small increase which was not
significant. In the cell line Cal27CisR, a significant increase in
apoptosis induction was observed for all three compounds
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(cisplatin, 20.3%; +1g, 56.3%; +lh, $9.7%; +Li, $9.7%)
underlining again the higher activity of 1g—i in the cisplatin-
resistant subline.

B CONCLUSIONS

In summary, we have developed an improved synthetic protocol
for the preparation of HDACi with an alkoxyurea connecting-
unit linker region. In particular, compounds Ig—i showed
remarkable inhibition of cellular HDAC activity and cytotoxicity
in the human ovarian cancer cell line A2780, the human
squamous carcinoma cell line Cal27, and their cisplatin resistant
sublines A2780CisR and Cal27CisR. On the basis of their potent
anticancer activity, 1g—i were selected for a comprehensive
biological evaluation. Isoform profiling against HDACI, -4, -6,
and -8 resulted in low nanomolar ICg values for HDAC6 with up
to 15-fold preference over HDACI, >3500-fold over HDAC4,
and > 100-fold selectivity over HDACS. Molecular modeling and
docking studies were performed to rationalize the observed
selectivity profile. Moreover, our data show that 1g—i enhanced
the cisplatin-induced cytotoxicity in Cal27 and Cal27CisR cells.
Notably, 1g—i interacted synergistically with cisplatin. The
enhancement of cisplatin-induced cytotoxicity could be due to an
increase in cisplatininduced apoptosis. These effects are more
pronounced in the cisplatin-resistant subline Cal27CisR. These
new dual HDACI1/HDACS inhibitors may thus be promising
modulators to overcome cisplatin resistance in HNSCC.

B EXPERIMENTAL SECTION

Chemistry. General. All solvents and chemicals were used as
purchased without further purification. The progress of all reactions was
monitored on Merck precoated silica gel plates (with fluorescence
indicator UVys) using ethyl acetate/m-hexane as solvent system.
Column chromatography was performed with Fluka silica gel 60
(230-400 mesh ASTM) with the solvent mixtures specified in the
corresponding experiment. Spots were visualized by irradiation with
ultraviolet light (254 nm) or staining in potassium permanganate
solution following heating. Flash column chromatography was
performed using prepacked silica cartridge with the solvent mixtures
specified in the corresponding experiment. Melting points (mp) were
taken in open capillaries on a Mettler FP 5 melting-point apparatus and
are uncorrected. Proton (‘H) and carbon (*C) NMR spectra were
recorded on a Bruker Avance 500 (500 MHz for 'H and 125 MHz for
*C) or Bruker Avance 600 (600 MHz for 'H and 150 MHz for C)
using chloroform-d or DMSO-d; as solvent. Chemical shifts are given in
parts per million (ppm), relative to residual solvent peak for 'Hand Be
Elemental analysis was performed on a PerkinElmer PE 2400 CHN
elemental analyzer. Analytical HPLC analysis were carried out on a
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Varian Prostar system equipped with a Prostar 410 (autosampler), 210
(pumps) and 330 (UV detector) using a Phenomenex Luna 5u C18(2)
1.8 pm particle (250 mm X 4.6 mm) column, supported by Phenomenex
Security Guard cartridge kit C18 (4.0 mm X 3.0 mm). UV absorption
was detected at 254 nm with a linear gradient. The purity of all final
compounds was 95% or higher.

Experimental Data. General procedures for the synthesis of HDAC
inhibitors 1¢—j, 2, and the O-benzyl-protected precursors 6¢c—j as well as
characterization data for compounds 1i and 6i are given below. The
synthesis of all other compounds is reported in the Supporting
[nformation.

General Procedure for the Synthesis of Compounds 1c¢—j, 2. A
solution of the respective O-benzyl-protected hydroxamic acid (6¢—j, 9)
in methanol (50 mL) was hydrogenated (1 bar) at room temperature in
the presence of a catalytic amount of Pd—C (10 wt %). Upon
completion of the reaction, the crude mixture was filtered through Celite
to remove the catalyst and the filtrate was concentrated under reduced
pressure, The residue was purified by column chromatography using
CH,C1,/30% methanol (9:1) as eluent (yield, 54—72%).

N-Hydroxy-6-((3-(naphthalen-2-yl)ureido)oxy)hexanamide
(1c). Colotless solid; yield 65%; mp 195 °C. 'H NMR (600 MHe,
DMSO-d,) § = 10.35 (s, 1H), 9.54 (s, 1H), 8.88 (s, 1H), 8.67 (s, 1H),
8.15 (s, 1H), 7.96—7.64 (m, 4H), 7.50—7.33 (m, 2H), 3.80 (t, ] = 6.8 Hz,
2H), 1.98 (t, ] = 7.6 Hz, 2H), 1.81—1.59 (m, 2H), 1.61—1.48 (m, 2H),
142-128 (m, 2H) ppm. *C NMR (151 MHz, DMSO-d,) & = 169.0,
157.1, 136.7, 1334, 1293, 127.9, 127.3, 1269, 126.2, 124.1, 120.6, 1149,
75.7,32.1, 272, 249 ppm. HPLC analysis: retention time = 8.13 min;
peak area, 96.48%. Method: eluent A, HPLC-grade water + 0.1% TFA;
eluent B, HPLC-grade CH,CN +0.1% TFA; linear gradient of 30% B to
100% B over 20 min at a flow rate of 1.0 mL min™".

N-Hydroxy-6-((3-(quinolin-6-yl)ureido)oxy)hexanamide (1d).
Colorless solid; yield 629; mp 153 °C. '"HNMR (600 MHz, DMSO-d,)
5=1036 (5, 1H), 9.63 (s, 1H),9.04 (s, 1H), 8.77—8.74 (m, 1H), 8.68 (s,
1H), 8.24 (m, 8.26—8.21,2H), 7.93 (s, 2H), 7.54—7.36 (m, 1H), 3.80 (t,
J=6.6 Hz, 2H), 1.97 (t, ] = 7.4 Hz, 2H), 1.72—1.60 (m, 2H), 1.60—147
(m, 2H), 1.40—1.28 (m, 2H) ppm. *C NMR (151 MHz, DMSO-d;) & =
169.0, 157.0, 148.5, 144.3, 137.1, 135.1, 1290, 128.2, 124.0, 121.5, 114.5,
75.7, 32.1, 272, 249 ppm. HPLC analysis: retention time = 7.09 min;
peak area, 96.33%. Method: eluent A, HPLC-grade water + 0.1% TEA;
eluent B, HPLC-grade CH,CN +0.1% TFA; linear gradient of 10% B to
100% B over 20 min at a flow rate of 1.0 mL min™".

N-Hydroxy-6-((3-(quinolin-8-yljureido)oxy)hexanamide (1e).
Colorless solid; yield 57%; mp 123 °C. '"HNMR (600 MHz, DMSO-d,)
8=1036 (s, 1H),9.96 (s, 1H),9.91 (s, 1H), 8.92—8.87 (m, 1H), 8.67 (s,
1H), 848 (d,1H), 841 (d,]=8.2, 1.7 Hz, 1H), 7.68—7.51 (m, 3H), 3.89
(t, ] = 63 Hz, 2H), 198 (t, ] = 7.3 Hz, 2H), 1.76—1.64 (m, 2H), 1.61—
1.52 (m, 2H), 1.51-1.42 (m, 2H) ppm. *C NMR (151 MHz, DMSO-
d,) 8 = 1690, 156.3, 148.8, 137.6, 136.6, 134.4, 127.7, 127.0, 122.1,
120.5, 114.1, 76.0, 32.1, 27.5, 25.1, 249 ppm. HPLC analysis: retention
time = 9.76 min; peak area, 95.44%. Method: eluent A, HPLC-grade
water + 0.19% TFA; eluent B, HPLC-grade CH;CN + 0.1% TEA; linear
gradient of 10% B to 100% B over 20 min at a flow rate of 1.0 mL min ™",

N-Hydroxy-6-((3-(2-methylquinolin-8-yl)ureido)oxy)-
hexanamide (1f). Colorless solid; yield 72%; mp 153 °C. 'H NMR
(600 MHz, DMSO-d,) 5= 1036 (s, 1H),9.97 (s, 1H), 9.94 (s, 1H), 8.68
(s, I1H), 8.49—8.42 (m, 1H), 827 (s, 1H), 7.61—=740 (m, 3H), 3.91 (t,]
= 6.4 Hz, 2H), 2.71 (s, 3H), 2.04—1.93 (m, 2H), 1.85—1.69 (m, 2H),
1.69-152 (m, 2H), 1.54—141 (m, 2H) ppm. *C NMR (151 MHe,
DMSO-d,) & = 1684, 156.7, 155.9, 1364, 136.1, 133.3, 125.5, 1254,
1222, 1197, 1135, 756, 315, 27.1, 245, 244, 243 ppm. HPLC
analysis: retention time = 14.17 min; peak area, 96.99%. Method: eluent
A, HPLC-grade water + 0.1% TFA; eluent B, HPLC-grade CH,CN +
0.1% TFA,; linear gradient of 10% B to 100% B over 20 min at a flow rate
of 1.0 mL min~".

N-Hydroxy-6-((3-(6-methoxyquinolin-8-yl)ureido)oxy)-
hexanamide (1g). Colotless solid; yield $9%; mp 176 °C. '"H NMR
(600 MHz, DMSO-d,) 6 = 10.35 (s, 1H), 10.01 (s, 1H), 9.85 (s, 1H),
870 (dd, ] =4.2, 1.6 Hz, 1H), 866 (s, 1H), 827 (d, | = 8.2 Hz, 1H), 8.14
(d,J=2.5Hz, 1H), 7.61—7.52 (m, 1H), 7.01 (d, J= 2.5 Hz, 1H), 3.97—
3.82 (m, SH), 198 (t, ] = 72 Hz, 2H), 1.74—1.64 (m, 2H), 1.61—1.53
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(m,2H), 1.51—1.41 (m, 2H) ppm. *CNMR (151 MHz, DMSOQ-d;) § =
168.9, 157.6, 1562, 146.0, 1354, 135.3, 134.2, 1289, 122.5, 106.5, 98.5,
76.0, 55.4, 32.1, 27.5, 25.1, 24.9 ppm. HPLC analysis: retention time =
6.88 min; peak area, 95.42%. Method: eluent A, HPLC-grade water +
0.1% TFA; eluent B, HPLC-grade CH,CN + 0.1% TFA,; linear gradient
of 30% B to 100% B over 20 min at a flow rate of 1.0 mL min™".
N-Hydroxy-6-((3-(6-methoxy-4-methylquinolin-8-yl)ureido)-
oxy)hexanamide (1h). Colorless solid; yield 61%; mp 142 °C. 'H
NMR (600 MHz, DMSO-ds) & = 10.36 (s, 1H), 9.99 (s, 1H), 9.95 (s,
1H), 8.67 (s, 1H), 856 (dd, ] = 4.3, 1.7 Hz, 1H), 8.19—8.11 (m, 1H),
742 (d, ] = 4.1 Hz, 1H), 6.95 (s, 1H), 3.92 (s, 3H), 3.87 (t, = 6.4, 1.8
Hez, 2H), 2.65 (s,3H), 1.98 (t, ] = 7.5, 1.7 He, 2H), 1.74—1.64 (m, 2H),
161-1.53 (m, 2H), 1.50—142 (m, 2H) ppm. *C NMR (125 MHz,
DMSO-d,) 8 = 1690, 157.5, 1562, 145.5, 143.4, 135.9, 133.9, 128.5,
123.0, 1060, 953, 76.0, $5.4, 32.1, 27.5, 25.1, 24.9, 184 ppm. HPLC
analysis: retention time = 9.62 min; peak area, 98.50%. Method: eluent
A, HPLC-grade water + 0.1% TFA; eluent B, HPLC-grade CH,CN +
0.1% TFA; linear gradient of 10% B to 100% B over 20 min at a flow rate
of 1.0 mL min™",
6-((3-(2,6-Dimethoxy-4-methylquinolin-8-yl)ureido)oxy)-N-
hydroxyhexanamide (1i). Colorless solid; yield 55%; mp 162 °C. 'H
NMR (600 MHz, DMSQ-d,) 6 = 10.34 (s, 1H), 9.94 (s, 1H), 9.59 (s,
1H), 8.66 (s, 1H), 8.13 (d, 1H), 6.96 (s, 1H), 6.92 (d, ] = 2.7 Hz, 1H),
398 (s, 3H), 3.95—3.83 (m, 3H), 2.59 (s, 3H), 1.94 (t, ] = 7.4 Hz, 2H),
1.70—1.60 (m, 2H), 1.56—1.47 (m, 2H), 1.38—1.29 (m, 2H) ppm. *C
NMR (151 MHz, DMSO-d,) & = 168.4, 158.7, 1558, 155.1, 14656,
133.6,130.2, 124.5,112.5,105.7, 96,0, 75.3, 54.7, 52.1, 31.6, 27.0, 24.39,
24.32, 1792 ppm. HPLC analysis: retention time = 14.17 min; peak
area, 96.99%. Method: eluent A, HPLC-grade water + 0.1% TFA; eluent
B, HPLC-grade CH;CN + 0.1% TFA; linear gradient of 10% B to 100%
B over 20 min at a flow rate of 1.0 mL min™".
N-Hydroxy-6-((3-(2-isopropoxy-6-methoxy-4-methyl-5-(3-
(trifluoromethyl)phenoxy)quinolin-8-yljureido)oxy)-
hexanamide (1j). Colotless solid; yield 54%; mp 137 °C. 'H NMR
(600 MHz, DMSO-d;) 6 = 10.37 (s, 1H), 10.02 (s, 1H), 9.68 (s, 1H),
8.69 (s, 1H), 8.57 (s, 1H),7.53 (t, ] =8.1, 1H),7.37 (d,] = 7.8, 1H), 7.12
(s, 1H), 7.03 (d, ] = 7.8, 1H), 6.84 (s, 1H), 5.45 (sept, ] = 6.2, 1H), 391
(t,J=71,2H),3.75 (s, 3H), 2.52 (5, 3H), 1.98 (t, ] =74, 2H), 1.85—
163 (m, 2H), 1.63—148 (m, 2H), 1.48—1.27(m, 8H) ppm. *C NMR
(151 MHz, DMSO-d;) 6 = 1689, 1587, 158.6, 156.4, 147.4, 1462,
131.9, 131.1, 1304 (q, J = 32.0 Hz), 1304, 130.3, 123.8 (q, ] = 272.9
Hz),119.4,118.6,118.2,1182, 1163, 111.3, 103.7, 75.8, 67.8, 56.3, 32.1,
27.5,24.9,24.8, 22.2, 21.6 ppm. HPLC analysis: retention time = 18.61
min; peak area, 96.49%. Method: eluent A, HPLC-grade water + 0.1%
TFA; eluent B, HPLC-grade CH,CN + 0.1% TFA; linear gradient of
30% B to 100% B over 20 min at a flow rate of 1.0 mL min ",
N-(Benzyloxy)-N-methyl-6-((3-(naphthalen-1-yl)ureido)oxy)-
hexanamide (2). Oil; yield 54%. "H NMR (500 MHz, DMSO-d;) & =
9,76 (s, 1H), 9.55 (s, 1H), 8.83 (s, 1H), 8.07—7.87 (m, 2H),7.75 (d,] =
820,1H),7.63 (d, ] = 7.34, 1H), 7.60—7.46 (m, 3H), 3.88 (t,] = 6.7 Hz,
2H), 307 (s, 3H) 237 (t, ] = 7.7 Hz, 2H), 1.77—1.66 (m, 2H), 1.61—
149 (m, 2H), 1.47—1.34 (m, 2H) ppm. C NMR (125 MHz, DMSO-
dg) & = 172.8, 157.9, 1336, 128.3, 128.3, 128.0, 1258, 125.7, 125.5,
124.8,122.4, 121.6, 75.8, 35.6, 314, 27.4, 25.1,24.0 ppm. Anal. Caled for
Ci5Hs3N3: C 60.51, H 8,07, N 12.45. Found: C 60.58, H 7.93, N 12.15.
N-(Benzyloxy)-6-((1,3-dioxoisoindolin-2-yl)oxy)hexanamide
(3). (1) 6-Bromohexanoic acid (1.951 g, 10 mmol) was dissolved in
anhydrous THF (25 mL) and cooled to —15 °C. This was treated with
N-methylmorpholine (1.012 g, 11 mmol) followed by isobutyl
chloroformate (1.502 g, 11 mmol) to form the mixed anhydride. After
15 min O-benzylhydroxylamine (1232 g 10 mmol) was added
dropwise. The reaction was warmed to room temperature over 3 h
and subsequently filtered. After removing the solvent in vacuo the
residue was diluted in ethyl acetate/H,O and extracted with ethyl
acetate (3 X 60 mL). The combined extracts were washed with
NaHCO, (50 mL) and the organic layer was dried over Na,SQ,, filtered
and the solvent removed in vacuo to give the intermediate N-
(benzyloxy)-6-bromohexanamide (2.49 g, 8.30 mmol, 83%).
(2) N-Hydroxyphthalimide (1.35 g, 8.30 mmol) and N-(benzyloxy)-

6-bromohexanamide (2.49 g, 8.30 mmol) were dissolved in acetonitrile

DO 10.1021/acs jmedche mSb01 538
. Med. Chem. 2017, 60, 5334~5348



Manuscript |

Journal of Medicinal Chemistry

(25 mL). Triethylamine (1.26 g, 12.45 mmol) was added, and the
reaction mixture was refluxed for 7 h. Upon completion (TLC analysis,
eluent ethyl acetate /n-hexane 1:1), the reaction mixture was poured into
ice—water (70 g) and extracted with ethyl acetate (3 % 75 mL). The
combined organic layers were washed with a saturated solution of
NaHCO, (3 X 75 mL), dried over Na,50,, and evaporated under
reduced pressure to provide 3 in 79% yield. All spectroscopic data were
in agreement with the literature." "

6-(Aminooxy)-N-(benzyloxy)hexanamide (4). Methylhydrazine
(0.503 mL, 9.6 mmol) was added dropwise at —10 °C to a solution of
compound 3 (2.29 g, 6 mmol) in dry CH,Cl, (15 mL). The reaction
mixture was stirred for 2.5 h, and the precipitate was removed by
filtration. The filtrate was evaporated under reduced pressure and
treated with diethyl ether (5 mL). The precipitate was removed by
filtration, and a saturated solution of HCl in diethyl ether was added to
the filtrate to obtain the hydrochloride of the product. The solid was
collected by filtration and subsequently dissolved in water (40 mL). A
saturated Na,CO, solution was added until pH > 8, and the aqueous
layer was extracted with ethyl acetate (3 X 50 mL). The combined
organic layers were dried over Na,SO, and evaporated under reduced
pressure to provide 4. All spectroscopic data were in agreement with the
literature."*

4-Nitrophenyl ((6-((Benzyloxy)amino)-6-oxohexyl)oxy)-
carbamate (5). The 6-(aminooxy)-N-(benzyloxy)hexanamide 4
(0.252 g 1.0 mmol) was dissolved in dry CH,Cl, (30 mL), and dry
pyridine (0.110 mL, 1.4 mmol) was added. The reaction was cooled
down to 0 °C, and 4-nitrophenyl chloroformate (0.202 g, 1 mmol) was
added under stirring in one portion. After stirring at room temperature
for 3 h, the homogeneous solution was diluted with CH,CI, (100 mL)
and washed with citric acid solution (10% w/w, 2 X 50 mL) and water (2
% 50 mL). The organic layer was dried over Na,SO, and concentrated to
afford 5 in 72% yield. Compound § was used directly in the next step
without further purification.

General Procedure for the Microwave-Assisted Synthesis of
Compounds 6c—j. 4-Nitrophenyl-((6-((benzyloxy)amino)-6-
oxohexyl) oxy) carbamate 5 (0.209 g, 0.5 mmol) in dry THF (1.5 mL)
was placed into a 10 mL glass pressure microwave tube equipped with a
magnetic stirrer bar. Triethylamine (69 uL, 0.5 mmol) was added before
the tube was closed with a silicon septum, and the reaction mixture was
subjected to microwave irradiation for 0.5 h at 70 °C and 100 W. The
reaction mixture was cooled to room temperature and transferred to a
round bottomed flask. The solvent was evaporated, CH,Cl, (100 mL)
was added, and the mixture was washed subsequently with a saturated,
aqueous solution of sodium hydrogen carbonate (30 mL), and water (30
mL). The organic layer was dried over Na,SO,, filtered, and the solvent
was evaporated. The remaining residues were purified by crystallization
from appropriate solvents or the crude products were purified by flash
column chromatography (prepacked silica cartridge, n-hexane/ethyl
acetate, gradient 90:10 — 0:100 in 0.5 h) to yield the desired
intermediates (yield, 83—91%).

N-(Benzyloxy)-6-((3-(naphthalen-2-yl)ureido)oxy)-
hexanamide (6c). Colorless solid; yield 85%; mp 132 °C. 'H NMR
(600 MEHz, DMSO-d) 5 = 1096 (s, 1H), 9.54 (s, 111), 887 (s, 1L1), 8.15
(d,J=1.6 Hz, 1H), 7.82 (s, 1H), 7.80 (s, 1H), 7.77 (d, J = 8.2 Hz, 1H),
7.69 (dd, J = 2.0, 8.9 Hz, 1H), 744 (t, ] = 7.5 Hz, 1H), 7.41—7.30 (m,
6H), 4.78 (s, 2H), 3.79 (1, ) = 6.7 Hz, 2H), 1.98 (t, ] = 7.2 Hz, 2H), 1.69—
1.59 (m, 2H), 1.57—1.48 (m, 2H), 137—126 (m, 2H) ppm. °C NMR
(150 MHz, DMSO-d,) § = 1692, 157.1, 136.6, 136.0, 133.3, 1293,
1287, 1282, 1281, 127.9, 1273, 1269, 126.1, 124.1, 120.6, 1149, 76.7,
75.6,32.1,272, 247, 24.7 ppm. Anal. Caled for C,H,.N,: C 68.39, H
646, N 9.97. Found: C 6821, H 637, N 9.83.

N-(Benzyloxy)-6-((3-(quinolin-6-yl)ureido)oxy)hexanamide
(6d). Colorless solid; yield 79%; mp 103 °C. 'H NMR (600 MHz,
DMSO-d,) 8 = 10.95 (s, 1H), 9.62 (s, 1H), 9.03 (s, 1H), 8.75 (dd, ] =
40, 1.7 Hz, 1H), 8.26—8.16 (m, 2H), 792 (5, 2H), 7.50—7.42 (m, 1H),
7.51—7.27 (m, SH), 4.78 (s, 2H), 3.80 (t, ] =6.7 Hz, 2H), 198 (t, J=7.2
Hz, 2H), 1.72—1.60 (m, 2H), 1.59—149 (m, 2H), 139—1.27 (m, 2H)
ppm. C NMR (151 MHz, DMSQ-dy) § = 1692, 157.0, 148.5, 144.3,
137.1, 136.0, 135.1, 129.0, 1287, 128.2, 128.1, 1239, 121.5, 114.5, 76.7,
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75.7,32.1,27.1, 24.7, 24.7 ppm. Anal. Caled for Cy3HasNy: C 65.39, H
620, N 13.26. Found: C 65.11, H6.11, N 13.01.
N-(Benzyloxy)-6-((3-(quinolin-8-yl)ureido)oxy)hexanamide
(6e). Colotless solid; yield 77%; mp 94 °C. 'H NMR (600 MHz,
DMSO-d,) & = 10.97 (s, 1H),9.97 (s, 1H), 9.92 (s, 1H), 8.90 (d,] = 2.9
Hz, 1H), 8.49 (d, ] = 7.5 Hz, 1H), 840 (d, [ = 7.1 Hz, 1H), 7.66—7.52
(m, 3H), 7.43—7.30 {m, 5H), 4.77 (s, 2H), 3.89 (t, ] = 6.3 Hz, 2H), 2.00
(t, J = 7.2 Hz, 2H), 1.74—1.64 (m, 2H), 1.62—1.51 (m, 2H), 1.51—142
(m, 2H) ppm. *C NMR (151 MHz, DMSO-d,) & = 169.2, 156.3, 1487,
137.6, 136.5,136.0, 134.4, 128.7, 128.2, 128.1, 127.7, 127.0, 122.1, 120 4,
114.1,76.7,76.0, 32.0, 27.4,24.9, 24.7 ppm. Anal. Caled for C,;H, (N, C
65.39, H 6.20, N 13.26. Found: C 65.34, H 6.05, N 13.23.
N-(Benzyloxy)-6-((3-(2-methylquinolin-8-yl)ureido)oxy)-
hexanamide (6f). Colotless solid; yield 89%; mp 110 °C. 'H NMR
(600 MHz, DMSO-dg) 6= 1093 (s, 1H),9.96 (s, 1H),9.93 (5, 1H), 8 44
(dd, J = 7.7, 1.4 Hz, 1H), 8.27 (d, ] = 8.4 Hz, 1H), 7.56—7.44 (m, 3H),
7.39—7.29 (m, 5H), 4.75 (s, 2H), 3.89 (t, ] = 6.5 Hz, 2H), .70 (s, 3H),
1.96 (t, J= 7.3 Hz, 2H), 1.78—1.70 (m, 2H), 1.60—1.52 (m, 2H), 1.47—
1.39 (m, 2H) ppm, *C NMR (151 MHz, DMSO-d) 6 = 168.7, 1567,
155.9,136.4,136.1,135.5,133.3, 1282, 127.7, 127.6, 125.5,125.4, 1222,
119.7, 113.5, 76.1, 75.5, 31.5, 27.0, 24.4, 24.3, 24.2 ppm. Anal. Caled for
CyHaeN: € 66.04, H 6.47, N 12.84. Found: C 66.07, H 6.33, N 12.77.
N-(Benzyloxy)-6-((3-(6-methoxyquinolin-8-yl)ureido)oxy)-
hexanamide (6g). Colorless solid; yield 91%; mp 102 °C. '"H NMR
(600 MHz, DMSO-d,) & = 10.96 (s, LH), 10.02 (s, 1H), 9.86 (s, 1H),
8.75—8.66 (m, 1H), 827 (dd, J = 8.3, 1.7 Hz, 1H), 8.15 (d, ] = 2.8 Hz,
1H), 7.59=7.52 (m, 1H), 741-7.31 (m, SH), 701 (d, ] = 2.8 Hz, IH),
4.78 (5, 2H), 3.96—3.81 (m, SH), 2.00 (t, ] = 7.5 Hz, 2H), 1.76—1.64 (m,
2H), 1.64—1.52 (m, 2H), 1.53—141 (m, 2H) ppm. *C NMR (151
MHz, DMSO-d;) 6 = 169.2, 157.6, 156.2, 146.0, 136.0, 1354, 135.3,
134.2, 1289, 1287, 128.2, 128.1, 122.5, 106.5, 98.5, 76.7, 76.0, 554,
32.0,27.4,24.9, 24.7 ppm. Anal. Calcd for C,,H,N,: C 63.70, H 6.24, N
12.38. Found: C 63.41, H 6.09, N 12.23.
N-(Benzyloxy)-6-((3-(6-methoxy-4-methylquinolin-8-yl)-
ureido)oxy}hexanamide (6h). Colorless solid; yield 78%; mp 110 °C.
'H NMR (600 MHz, DMSO-ds) 8 = 10.95 (s, 1H),9.99 (s, 1H), 995 (s,
1H), 856 (d, ] = 4.2 Hz, 1H), 8.15 (d, ] = 2.6 Hz, 1H), 7.50=726 (m,
6H), 695 (d,] = 2.6 Hz, 1H), 4.76 (s, 2H), 3.91 (s, 3H), 386 (t, ] = 6.3
Hz, 2H), 2.65 (s, 3H), 198 (4, J = 6.2 Hz, 2H), 1.75—1.62 (m, 2H),
1.61-1.51 (m, 2H), 1.51—140 (m, 2H) ppm. “C NMR (151 MHz,
DMSO-d,) 6 = 1692, 157.5, 156.2, 145.5, 143.4, 136.0, 135.8, 133.8,
128.7,128.5, 128.2, 128.1, 12310, 106.0, 952, 76.6, 76.0, 55.4, 32.0, 27.4,
24.9,24.7, 18.4 ppm. Anal. Caled for CysHypN,: 64.36, H 648, N 12.01.
Found: C 64.13, H6.43, N 12.15.
N-(Benzyloxy)-6-((3-(2,6-dimethoxy-4-methylquinolin-8-yl)-
ureido)oxy)hexanamide (6i). Colorless solid; yield 84%; mp 132 °C.
'H NMR (600 MHz, DMSO-d,) 8 = 10.95 (s, 1H), 9.94 (s, 1H),9.58 (s,
1H), 8.13 (d, J=2.7Hz, 1H), 7.42—7.30 (m, SH), 6.93 (s, 1H), 6.90 (d, |
=28 Hz, 1H), 4.77 (s, 2H), 3.98 (s, 3H), 3.88 (m, 3.91—3.85, 5H), 2.57
(s, 3H), 1.96 (t, ] = 7.3 Hz, 2H), 1.69—1.61 (m, 2H), 1.56—1.48 (m,
2H), 1.37—1.28 (m, 2H) ppm. °C NMR (151 MHz, DMSO-d;) & =
169.1,159.2,156.3,155.7, 147.2, 136.0, 134.1, 130.7, 128.7,128.2, 128.1,
125.0, 113.0, 1062, 96.5, 76.7, 75.8, 552, 52.6, 32.0, 27.5, 24.7, 18.4
ppm. Anal. Caled for C,5H,,N,: C 62.89, H 6.50, N 11.28. Found: C
62.67, H 6.44, N 11.03.
N-(Benzyloxy)-6-((3-(2-isopropoxy-6-methoxy-4-methyl-5-
(3-(trifluoromethyl)phenoxy)quinolin-8-yljureido)oxy)-
hexanamide (6j). Colorless solid; yield 83%; mp 109 °C. 'H NMR
(600 MHz, DMSO-d;) & = 10.95 (s, LH), 1001 (s, 1H), 9.67 (s, 1H),
8.56 (s, 1H), 7.52 (t, ] = 8.1 Hz, 1H), 7.45—7.25 (m, 6H), 7.11 (s, 1H),
703 (dd, ] =8.5,2.6 Hz, 1H), 6.84 (s, 1H), 5.44 (sept, ] = 6.2 Hz, TH),
4.78 (5,2H), 3.90 (t, ] = 6.9 Hz, 2H), 3.74 (s, 3H), 2.52 (s, 3H), 198 (¢, ]
=7.2Hg, 2H), 1.73—1.64 (m, 2H), 1.62—1.47 (m, 2H), 1.39 (d,] = 9.5
Hz, 6H), 1.37- 1.30 (m, 2H) ppm. *C NMR (151 MHz, DMSO-d;) 6=
169.2,158.7,158.6, 1564, 147.4, 1462, 136.1, 132.0, 131.1, 131.1, 130.4
(q,] = 31.93 Hz), 1304, 128.7, 1282, 128.1, 123.8 (q, ] = 272.79 Hz),
119.4, 1186, 118.2,116.3, 1113, 103.7, 76.7, 75.8, 67.8, 56.3,32.1,27.5,
24.7,24.7,22.2, 21.6 ppm. Anal. Caled for C3sH3oNy: C 61.40, H 5.74, N
8.18. Found: C 61.21, H 5.68, N 8.03.
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N-(Benzyloxy)-6-((1,3-dioxoisoindolin-2-yljoxy)-N-methyl-
hexanamide (7). Sodium hydride (0.52 g, 13.4 mmol, 60% dispersion
in mineral oil) was added in portions to 4.59 g (12 mmol) of N-
(benzyloxy)-6-((1,3-dioxoisoindolin-2-yl) oxy) hexanamide (3) in 115
mL of THF followed by dropwise addition of methyl iodide (0.84 mL,
13.4 mmol). The reaction was stirred overnight at room temperature
before it was quenched with a saturated solution of NH,Cl (100 mL)
and extracted with ethyl acetate (3 X 100 mL). The organic layer was
dried over Na,SO,, filtered, and the solvent was removed in vacuo. The
crude products were purified by flash column chromatography
(prepacked silica cartridge, n-hexane/ethyl acetate, gradient 90:10 —
50:50 in 0.5 h) to give the intermediate N-(benzyloxy)-6-((1,3-
dioxoisoindolin-2-yl)oxy)-N-methylhexanamide 7 in 92% yield.”*

N-(Benzyloxy)-6-((1,3-dioxoisoindolin-2-yljoxy)-N-methyl-
hexanamide (7). Oil; yield 59%. "H NMR (500 MHz, DMSO-d;) & =
7.86 (s, 4H), 7.52—7.30 (m, 5H), 4.89 (s, 2H), 4.11 (¢, ] = 6.5 Hz, 2H),
3.14 (s, 3H),2.34 (t, ] =7.3 Hz, 2H), 1.71-1.58 (m, 2H), 1.57—1.44 (m,
2H), 144—1.34 (m, 2H) ppm. *C NMR (125 MHz, DMSO-d,) & =
163.2, 134.6, 129.4, 128.6, 128.5, 1284, 123.1, 77.5, 75.1, 31.1, 311,
274, 24.8, 23.6 ppm. HPLC analysis: retention time = 3.1 min; peak
area, 95.34%. Method: eluent A, § mM/L (385 mg/L) ammonium
acetate; eluent B, HPLC-grade CH;CN; linear gradient of 5% B to 95%
B over 20 min at a flow rate of 1.0 mL min ™",

6-(Aminooxy)-N-(benzyloxy)-N-methylhexanamide (8). Syn-
thesized from 7 according to the procedure for 4." ' ol yield 62%. 'H
NMR (500 MHz, DMSO-d;) § = 7.54—7.30 (m, SH), 5.86 (s, 2H), 4.87
(s, 2H), 3.47 (t, ] = 6.5 Hz, 2H), 3.13 (s, 3H), 2.30 (t, | = 7.5 Hz, 2H),
1.60—1.36 (m, 4H), 1.31—1.13 (m, 2H). *C NMR (151 MHz, DMSO-
dg) 5=173.7, 134.8, 129.4, 128.6, 1284, 75.1, 74.7, 32.7, 31.2,27.7,25.3,
239 ppm. Anal. Caled for C, H»N,: C 63.13, H 8.33, N 10.52. Found:
C 63.11, H 8,60, N 10.39.

N—(Benzyloxy)-N—methyl-&-(3-naphthalen-1-ylureidoox¥)-
hexanamide (9). Synthesized from 8 according to the literature.'” A
solution of 1-naphthylisocyanate (2.7 mmol) in dry CH,Cl, (5 mL) was
added dropwise to a solution of the aminoxy derivative 8 (3 mmol) in
dry CH,Cl, (15 mL). The reaction mixture was stirred overnight at
room temperature and subsequently treated with petroleum ether to
precipitate the product. The resulting solid was collected, washed with
petroleum ether (5 mL), and dried in vacuo.

N-(Benzyloxy)-N-methyl-6-(3-naphthalen-1-ylureidooxy)-
hexanamide (9). Oil; yield 59%. 'H NMR (500 MHz, DMSO-d;) & =
9.55 (s, 1H), 882 (s, 1H), 7.95—7.91 (m, 2H), 7.75 (d, ] = 8.18, IH),
763 (d, ] = 7.20 Hz, 1H), 7.57—7.34 (m, 8H), 487 (s, 2H), 3.86 (t,] =
6.69, 2H), 3.12 (s, 3H), 2.35 (t, ] = 7.37 Hz, 2H), 1.71-1.61 (m, 2H),
1.78—1.70 (m, 2H), 1.56—1.44 (m, 2H), 1.34—1.25 (m, 2H) ppm. "*C
NMR (151 MHz, DMSO-d;) § = 170.2, 1579, 134.8, 133.6, 133.6,
129.4,128.6,1284, 128 3, 128.0, 125.8, 125.7, 125.5, 124.7, 122.3, 121,6,
75.7,75.0,31.2,27.4,25.0, 23.8 ppm. Anal. Caled for C,sH,,N,: C68.95,
H 671, N 9.65. Found: C 6875, H 6.89, N 9.20.

Amine Precursors. The amine intermediates and their precursors
were synthesized according to established literature methods or were
obtained from commercial suppliers. 2-Naphthylamine, 6-aminoquino-
line, 8-aminoquinoline, and 2-methyl-8-nitroquinoline were obtained
from commercial suppliers (Sigma-Aldrich, TCI, Alfa Aesar) and used as
purchased without further purification. 8-Amino-2-methylquinoline was
synthesized from Z-methyl-s-nitroquino]ine.m The known intermedi-
ates 6-methoxy-4-methylquinolin-8-amine, 6-methoxyquinolin-8-
amine, and 2,6-dimethoxy-4-methylquinolin-8-amine and their pre-
cursors were synthesized according to established literature methods.™
The novel 2-isopropoxy-6-methoxy-4-methyl-5-(3-(trifluoromethyl)-
phenoxy)quinolin-8-amine was synthesized according to known
procedures.™

2-lsopropoxy-6-methoxy-4-methyl-8-nitro-5-(3-
{trifluoromethyl)phenoxy)quinoline. A solution of the respective
phenol (16.3 mmol) in DMSO (15 mL) and potassium hydroxide (0.92
g, 16.3 mmol) was heated to 100 °C for 0.5 h. The respective 2-alkoxy-5-
chloro-6-methoxy-4-methyl-8-nitroquinoline (14.2 mmol) was addedin
one portion. The resulting dark solution was stirred at 100 °C for 2.5 h.
Water (30 mL) was added slowly while keeping the temperature above
60 °C, The resulting suspension was cooled to 10 °C. The crude product
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was separated by suction filtration, washed with water, and dried. The
residue was then suspended in toluene (125 mL), heated to reflux in the
presence of activated charcoal, and filtered through kieselgur. Toluene
(100 mL) was removed by destillation at ambient pressure. The solution
was cooled to 70 °C, and n-hexane was added (100 mL). The resulting
suspension was cooled to S °C. The product was separated by suction
filtration and washed with n-hexane.

2-lsopropoxy-6-methoxy-4-methyl-8-nitro-5-(3-
(trifluoromethyl)phenoxy)quinoline. Yellow solid; yield 64%; mp
155 °C. 'HNMR (500 MHz, CDCl;) =775 (s, 1 H), 740 (dd, J, = |
=8.0Hz, 1H),7.32(d, J=7.7Hz,1H),7.09(s, 1H), 693 (d, J= 8.2 Hz,
1H), 672 (s, 1H), 541 (sept, [= 6.2 Hz, 1 H), 3.80 (5,3 H),2.61 (5, 3
H), 1.39 (d, ] = 6.2 Hz, 6 H) ppm. *C NMR (125 MHz, CDCl,) 6 =
161.7, 157.9, 146.2, 145.8, 144.4, 140.8, 135.2, 132.3 (q, J = 32.7 Hz),
130.4,123.7 (q, J=273.2Hz), 1217, 119.2 (q, / = 3.6 Hz), 118 2, 118.0,
1122 (g, J = 3.5 Hz), 1112, 694, §7.0, 23.1, 21.8. Anal. Calcd for
Gy HoF3N,0,: C 57.80, H 4.39, N 6.42. Found: C 57.65, H 4.66, N
6.45.

2-Isopropoxy-6-methoxy-4-methyl-5-(3-(trifluoromethyl)-
phenoxy)quinoline-8-amine. The respective 8-nitroquinoline (3.7
mmol) and Pd—C (10%) were suspended in dry ethanol (50 mL). The
reaction mixture was heated to 60 °C, and then hydrazine hydrate (0.93
g, 18.5 mmol) was added dropwise over 15 min. The reaction mixture
was stirred at 60 °C for 4 h, then heated under reflux for 0.5 h. After
cooling to 50 °C, Pd—C was removed by filtration through kieselgur and
washed with ethanol (20 mL). After cooling to room temperature, water
(50 mL) was added slowly under vigorous stirring over 0.5 h. The
resulting slurry was cooled to § °C, filtered, and the residue was washed
with a mixture of ethanol/H,0 (1:1).

2-Isopropoxy-6-methoxy-4-methyl-5-(3-(trifluoromethyl)-
phenoxy)quinoline-8-amine. Colorless solid; yield 44%; mp 91 °C.
'H NMR (500 MHz, CDCL) 6=733 (dd, J, = J, =8.0 Hz, 1 H),7.21 (d,
J=7.7Hz,1H),7.05(s, 1 H), 6.94 (dd, ] =82,20Hz, 1 H),6.77 (s, 1
H),6.61 (s, 1H), 5.46 (sept, J= 6.2 Hz, 1 H),4.69 (s, 2 H), 3.75 (5, 3H),
254 (s, 3 H), 141 (d, J = 62 Hz, 6 H) ppm. °C NMR (126 MHz,
CDCl,) 6 = 159.6, 1589, 148.2, 146.0, 141.1, 131.9 (q, ] = 32.6 Hz),
131.3, 1300, 128.6, 123.9 (q, ] = 272.3 Hz), 1206, 118.2, 118.0 (q, ] =
3.8 Hz), 1164, 112.0 (q, ] = 3.7 Hz), 99.3, 67.8, 56.7, 23.0, 22.0 ppm.
Anal. Caled for C, H, F;N,0;: C 62.06, H 521, N 6.89. Found: C
62.01, H 5.60, N 6.80.

Molecular Modeling. Docking Studies. For the molecular
dock'mg, compounds 1a, 1g, 1h, and 1i were drawn with ChemDraw
Ultra,”” converted into a 3D structure, and energy minimized with
Moloc using the MAB force field.”™ The HDACi were then docked into
crystal structures of HDAC1 (PDB code 4BKX*”), HDAC4 (PDB code
4CBT*), and HDACS (PDB code 4RNO0’') and into a homology
model of HDACS, which was already successfully used by us to predict
HDACI binding mode models,'® utilizing AutoDock3™ as a docking
engine and the DrugScore” distance-dependent pair-potentials as an
objective function, as described in ref 20. In the docking, default
parameters were used with the exception of the clustering rmsd cutoff,
which was set to 2.0 A, to consider the flexibly connected saturated and
unsaturated carbon cycles. Docking solutions with more than 20% of all
configurations in the largest cluster were considered sufficiently
converged. The configuration in the largest cluster with the lowest
docking energy and with a distance of <3 A between the hydroxamic acid
oxygen and the zinc ion in the binding pocket was used for further
evaluation

Biological Evaluation. Reagents. Cisplatin was purchased from
Sigma (Germany), propidium iodide (PI) was purchased from Santa
Cruz Biotechnology (Germany), and tubastatin A and entinostat were
purchased from Selleckchem (Germany). Vorinostat was synthesized
according to known 1:>t'c><:ed|_1res.'H All other reagents were supplied by
PAN Biotech (Germany) unless otherwise stated.

Cell Lines and Cell Culture. The human ovarian carcinoma cell line
A2780 was obtained from European Collection of Cell Cultures
(ECACC, Salisbury, U.K.). The human tongue cell line Cal27 was
obtained from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Germany). The corresponding cisplatin resistant
CisR cell lines were generated by exposing the parental cell lines to
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weekly cycles of cisplatin in an 1Cy, concentration over a period of 24—
30 weeks as described in Gosepath et al.”® and Eckstein et al.* The
human medulloblastoma cell lines ONS76 and Med8a were akind gift of
the KMT laboratory (Department of Pediatric Oncology, Hematology
and Clinical Immunology, Heinrich Heine University Diisseldorf,
Germany).

All cell lines were grown at 37 °C under humidified air supplemented
with 5% CO, in RPMI 1640 (A2780) or DMEM (Cal27, ONS76,
Med8a) containing 10% fetal calf serum, 120 IU/mL penicillin, and 120
ug/mL streptomycin. The cells were grown to 80% confluency before
using them for the appropriate assays.

In Vitro Testing of HDAC1, -6, and -8.”7 OptiPlate-96 black
microplates (PerkinElmer) were used with an assay volume of 60 pL.
Human recombinant HDAC1 (BPS Bioscience, catalog no. 50051) or
human recombinant HDAC6 (BPS Bioscience, catalog no. S0006) was
diluted in incubation buffer (50 mM Tris-HCl, pH 8.0, 137 mM NaCl,
2.7 mM KCl, 1 mM MgCL, and 1 mg/mL BSA). An amount of 52 L of
this dilution was incubated with 3 L of different concentrations of
inhibitors in DMSO and 5 pL of the fluorogenic substrate ZMAL (Z-
(Ac)Lys-AMC)™ (126 M) at 37 °C. After a 90 min incubation time 60
uL of the stop solution (33 pM trichostatin A (TSA) and 6 mg/mL
trypsin in trypsin buffer (Tris-HC1 50 mM, pH 8.0, NaCl 100 mM))
were added. After a following incubation at 37 °C for 30 min, the
fluorescence was measured on a BMG LabTech POLARstar OPTIMA
plate reader (BMG LabTech, Germany) with an excitation wavelength
of 390 nm and an emission wavelength of 460 nm. For the inhibition of
human HDACS 1/2-AREAPLATE-96 F microplates (PerkinElmer)
with an assay volume of 30 yL were used. Human HDACS enzyme was
obtained as described before.” An amount of 22.5 uL of enzyme diluted
in incubation buffer (50 mM KH,PQ,, 15 mM Tris, pH 7.5, 3 mM
MgSO,7 H,0, 10 mM KCI) was mixed with 2.5 uL of inhibitor in
DMSO and 5 pL of Z-1-Lys(e-trifluoroacetyl}-AMC (150 pM). The
plate was incubated at 37 °C for 90 min. An amount of 30 uL of the stop
solution (see HDACI and HDAC6) was added, and the plate was
incubated again at 37 °C for 30 min. Measurement was performed as
described for HDAC1/6.

In Vitro Testing of HDAC4. The in vitro inhibitory activity of
compounds la and 1g—i against HDAC4 isoform was performed at
Reaction Biology Corp. (Malvern, PA) with a fluorescent based assay
according to the company’s standard operating procedure. The IC,,
values were determined using 10 different concentrations with 3-fold
serial dilution. TMP269 was used as reference compound.

MTT Cell Viability Assay. The rate of cell survival under the action
of test substances was evaluated by an improved MTT assay as
previously described.' ™ The assay is based on the ability of viable cells
to metabolize yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT, Serva, Germany) to violet formazan that
can be detected spectrophotometrically. In brief, A2780 and Cal27 cell
lines were seeded at a density of 5000 and 2500 cells/well in 96-well
plates (Corning, Germany). After 24 h, cells were exposed to increased
concentrations of the test compounds. Incubation was ended after 72 h,
and cell survival was determined by addition of MTT solution (§ mg/
mL in phosphate buffered saline). The formazan precipitate was
dissolved in DMSO (VWR, Germany). Absorbance was measured at
544 and 690 nm in a FLUOstar microplate reader (BMG LabTech,
Offenburg, Germany).

CellTiter-Glo Luminescent Cell Viability Assay. ONS76 and
Med8a were seeded at a density of 1000 and 2000 cells/well in 384-well
plates (Cotning) and incubated with increasing concentrations of the
test compounds. After 72 h the Celltiter Glo reagent was added, and
after shaking the plates for 2 min and a subsequent incubation time of 10
min the luminescent signals were read on a Spark 10M microplate reader
(Tecan).

Combination Experiments. For the investigation of the effect of
1g—i on cisplatin induced cytotoxicity, the compounds were added 48 h
before cisplatin administration. After 72 h, the cytotoxic effect was
determined with a MTT cell viability assay. Calcusyn software 2.1
(Biosoft, U.K.) was used to calculate the combination index (CI) as a
quantitative measure of the degree of drug interactions.
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Whole-Cell HDAC Inhibition Assay. The cellular HDAC assay
was based on an assay published by Ciossek et al*' and Bonfls et al.*
with minor modifications as described in ref 14. Briefly, human cancer
cell lines Cal27/Cal27CisR and A2780/A2780CisR were seeded in 96-
well tissue culture plates (Corning, Germany) at a density of 1.5 x 10*
cells/well in a total volume of 90 uL of culture medium. After 24 h, cells
were incubated for 18 h with increasing concentrations of test
compounds. The reaction was started by adding 10 uL of 3 mM Boc-
Lys(g-Ac)-AMC (Bachem, Germany) to reach a final concentration of
0.3 mM." The cells were incubated with the Boc-Lys(e-Ac)-AMC for 3
h under cell culture conditions. After this incubation, 100 uL/well stop
solution (25 mM Tris-HCI (pH 8), 137 mM NaCl, 2.7 mM KCl, 1 mM
MgCl,, 1% NP40, 2.0 mg/mL trypsin, 10 #M vorinostat) was added and
the reaction was developed for 3 h under cell culture conditions.
Fluorescence intensity was measured at excitation of 320 nm and
emission of 520 nm in a NOVOstar microplate reader (BMG LabTech,
Offenburg, Germany).

Measurement of Apoptotic Cells. Cal27 and Cal27CisR cells
were seeded at a density of 3 % 10" cells/well in 24-well plates (Sarstedt,
Germany). Cells were treated with lg—i and cDDP alone or in
combination for the indicated time points. Supernatant was removed
after a centrifugation step, and the cells were lysed in 500 uL of
hypotonic lysis buffer (0.1% sodium citrate, 0.1% Triton X-100, 100 g/
mL PI) at 4 °C in the dark overnight. The percentage of apoptotic nuclei
with DNA content in sub-G 1 was analyzed by flow cytometry using the
CyFlow instrument (Partec, Germany).

Immunoblotting. Cells were treated with 1 uM 1g—i or vehicle for
24 h. The pan-HDACi vorinostat and the HDACI and -3 selective
inhibitor entinostat were used as controls. Cell pellets were dissolved
with lysis buffer 6 (Bio-Techne, Germany) and clarified by
centrifugation. Equal amounts of total protein (20 yg) were resolved
by SDS—PAGE and transferred to polyvinylidene fluoride membranes.
Blots were incubated with primary antibodies against acetylated a-
tubulin, a-tubulin, and acetyl histone H3 (Lys24) (Santa Cruz
Biotechnology, Germany). Immunoreactive proteins were visualized
using luminol reagent (Santa Cruz Biotechnology, Heidelberg,
Germany) with an Intas imager (Intas, Germany). Densitometric
analysis was performed on scanned images using the Image] software
(National Institutes of Health).""

Data Analysis. Concentration—effect curves were constructed with
Prism 4.0 (GraphPad, San Diego, CA) by fitting the pooled data of at
least three experiments performed in triplicates to the four-parameter
logistic equation. Statistical analysis was performed using t test or one-
way ANOVA.
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General

All solvents and chemicals were used as purchased without further purification. The progress
of all reactions was monitored on Merck precoated silica gel plates (with fluorescence
indicator UV s4) using ethyl acetate/n-hexane as solvent system. Column chromatography was
performed with Fluka silica gel 60 (230-400 mesh ASTM) with the solvent mixtures specified
in the corresponding experiment. Spots were visualized by irradiation with ultraviolet light
(254 nm) or staining in potassium permanganate solution following heating. Flash column
chromatography was performed using prepacked silica caitridge with the solvent mixtures
specified in the comresponding experiment. Melting points (mp) were taken in open capillaries
on a Mettler FP 5 melting-point apparatus and are uncorrected. Proton (*H) and carbon (**C)
NMR spectra were recorded on a Bruker Avance 500 (500 MHz for 'H and 125 MHz for 13"C)
or Bruker Avance 600 (600 MHz for 'H and 150 MHz for '*C) using chloroform-d or
DM SO-d; as solvent. Chemical shifts are given in paits per million (ppm), relative to residual
solvent peak for 'H and Bc. Elemental analysis was performed on a Perkin Elmer PE 2400
CHN elemental analyzer. Analytical HPLC analysis were carried out on a Varian Prostar
system equipped with a Prostar 410 (autosampler), 210 (pumps) and 330 (UV-detector) using
a Phenomenex Luna 5u C18(2) 1.8 um paiticle (250 mm x 4.6 mm) column, suppoited by
Phenomenex Security Guard Caitridge Kit C18 (4.0 mm x 3.0 mm). UV absoiption was
detected at 254 nm with a linear gradient. The purity of all final compounds was 95% or

higher.
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Synthesis of N-(Benzyloxy)-6-((1,3-dioxoisoindolin-2-yl)oxy)hexanamide 3).
1) 6-Bromohexanoic acid (1.951 g, 10 mmol) was dissolved in anhydrous THF (25 mL) and
cooled to -15 °C. This was treated with N-Methylmorpholine (1.012 g, 11 mmol) followed by
isobutyl chloroformate (1.502 g, 11 mmol) to form the mixed anhydride. After 15 min
O-benzylhydroxylamine (1.232 g, 10 mmol) was added dropwise. The reaction was warmed
to RT over 3 h and subsequently filtrated. After removing the solvent in vacuo the residue was
diluted in ethyl acetate/H-O and extracted with ethyl acetate (3 x 60 mL). The combined
extracts were washed with NaHCOj; (50 mL) and the organic layer was dried over Na;SOy,
filtered, and the solvent removed in vacuo to give the intermediate N-(benzyloxy)-6-
bromohexanamide (2.49 g, 8.30 mimol, 83%). 2) N-Hydroxyphthalimide (1.35 g, 8.30 minol)
and N-(benzyloxy)-6-bromohexanamide (2.49 g, 8.30 mmol) were dissolved in acetonitrile
(25 mL). Triethylamine (1.26 g, 12.45 mmol) was added and the reaction mixture was
refluxed for 7 h. Upon completion (TLC analysis, eluent: ethyl acetate/n-hexane 1:1), the
reaction mixture was poured into ice water (70 g) and extracted with ethyl acetate
(3 x 75mL). The combined organic layers were washed with a saturated solution of NaHCO;
(3 x75 mL), dried over Na,SO, and evaporated under reduced pressure to provide 3 in 79%

yield. All spectroscopic data were in agreement with the literature.[1]

Synthesis of 6-(Aminooxy)-N-(benzyloxy)hexanamide (4). Methylhydrazine (0.503 mL,
9.6 mmol) was added dropwise at -10 °C to a solution of compound 3 (2.29 g, 6 mmol) in dry
CH,C1; (15 mL). The reaction mixture was stirred for 2.5 h and the precipitate was removed
by filtration. The filtrate was evaporated under reduced pressure and treated with diethyl ether
(5 mL). The precipitate was removed by filtration and a saturated solution of HCI in diethyl
ether was added to the filtrate to obtain the hydrochloride of the product. The solid was
collected by filtration and subsequently dissolved in water (40 mL). A saturated Na,COs-
solution was added until pH > 8 and the aqueous layer was extracted with ethyl acetate
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(3x 50 mL). The combined organic layers were dried over Na,SO,4 and evaporated under

reduced pressure to provide 4. All spectroscopic data were in agreement with the literature.[1]

Synthesis of 4-Nitrophenyl ((6-((benzyloxy)amino)-6-oxohexyl)oxy)carbamate (5). The
6-(aminooxy)-N-(benzyloxy)hexanamide 4 (0.252 g, 1.0 mmol) was dissolved in dry CH,CL,
(30 mL) and dry pyridine (0.110 mL, 1,4 mmol) was added. The reaction was cooled down to
0 °C and 4-nitrophenyl chloroformate (0.202 g, 1 mmol) was added under stirring in one
portion. After stirring at RT for 3 h, the homogeneous solution was diluted with CH,Cl,
(100 mL) and washed with citric acid solution (10% w/w, 2 x 50 mL) and water (2 x 50 mL).
The organic layer was dried over Na,SO4 and concentrated to afford 5 in 72% yield.

Compound 5 was used directly in the next step without further purification.
Synthesis of the amine precursors

The amine intermediates and their precursors were synthesized according to established
literature methods or were obtained from comimercial suppliers. 2-Naphthylamine,
6-aminoquinoline, 8-aminoquinoline and 2-methyl-8-nitroquinoline were obtained from
commercial suppliers (Sigma-Aldrich, TCI, Alfa Aesar) and used as purchased without
finther purification. 8-Amino-2-methylquinoline was synthesized from 2-methyl-8-
nitroqu:inoline.m The Iknown intermediates  6-methoxy-4-methylquinolin-8-amine,
6-methoxyquinolin-8-amine and 2,6-dimethoxy-4-methylquinolin-8-amine and their
precursors were synthesized according to established literature methods.[2] The mnovel
2-isopropoxy-6-methoxy-4-methyl-5-(3-(trifluoro-methyl)phenoxy)quinolin-8-amine was

synthesized according to known procedures.[2]

Synthesis of 2-Isopropoxy-6-methoxy-4-methyl-8-nitro-5-(3-(trifluoromethyl)phenoxy)
quinoline. A solution of the respective phenol (16.3 mmol) in DM SO (15 mL) and potassium
hydroxide (0.92 g, 16.3 mmol) were heated to 100 °C for 0.5 h. The respective 2-alkoxy-5-
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chloro-6-methoxy-4-methyl-8-nitroquinoline (14.2 mmol) was added in one portion. The
resulting dark solution was stirred at 100 °C for 2.5 h. Water (30 mL) was added slowly while
keeping the temperature above 60 °C. The resulting suspension was cooled to 10 °C. The
crude product was separated by suction filtration, washed with water, and dried. The residue
was then suspended in toluene (125 mL), heated to reflux in presence of activated charcoal,
and filtered through kieselgur. Toluene (100 mL) was removed by destillation at ambient
pressure. The solution was cooled to 70 °C and n-hexane was added (100 mL). The resulting
suspension was cooled to 5 °C. The product was separated by suction filtration and washed

with n-hexane.

2-Isopropoxy-6-methoxy-4-methyl-8-nitro-5-(3-(trifluoromethyl)phenoxy)quinoline.

Yellow solid; yield 64%; mp 155 °C."H NMR (500 MHz, CDCl3) & =7.75 (s, 1 H), 7.40 (dd,
Ji=Jy=80Hz, 1H), 732 (d, J=7.7Hz, 1 H), 7.09 (5, 1 H), 6.93 (d, /= 8.2Hz, 1 H), 6.72
(s, 1H), 5.41 (sept, J=6.2Hz, 1 H), 3.80 (s, 3H), 2.61 (s, 3H), 1.39 (d, J=6.2Hz, 6 H)
ppm. Bc NMR (125 MHz, CDCl3) & = 161.70, 157.94, 146.23, 145.81, 144.36, 140.84,
13520, 132.32 (q.J = 32.7Hz); 130.35; 12368 {4,J = 273.2Hz), 121.74; 119.19 (q. J'=
3.6Hz), 118.18, 118.04, 112.23 (q, J = 3.5 Hz), 111.22, 69.42, 57.03, 23.10, 21.82. Anal.

Calcd for Cy1H19F3N20s: C 57.80, H 4.39, N 6.42. Found: C 57.65, H 4.66, N 6 45.

Synthesis of 2-Isopropoxy-6-methoxy-4-methyl-5-(3-(trifluoromethyl)phenoxy)
quinoline-8-amine. The respective 8-nitroquinoline (3.7 mmol) and Pd-C (10%) were
suspended in dry ethanol (50 mL). The reaction mixture was heated to 60 °C, then hydrazine
hydrate (0.93 g, 18.5 mmol) was added dropwise over 15 min. The reaction mixture was
stirred at 60 °C for 4 h, then heated under reflux for 0.5 h. After cooling to 50 °C, Pd—C was
removed by filtration through kieselgur, and washed with ethanol (20 mL). After cooling to
RT, water (50 mL) was added slowly under vigorous stirting over 0.5 h. The resulting slury

was cooled to 5 °C, filtrated, and the residue was washed with a mixture of ethanol/H,O (1:1).

S5
66



Manuscript |

2-Isopropoxy-6-methoxy-4-methyl-5-(3-(trifluoromethyl)phenoxy)quinoline-8-amine.

Colowurless solid; yield 44%; mp 91 °C. 'H NMR (500 MHz, CDCl3) 6=7.33 (dd, J; =J>=
8.0Hz 1.H), 7221 {d J=177Hz, 1H), 7.05(s; LH), 694 (dd. J =82 2.0Hz; LH), 677 (s,
1 H), 6.61 (s, 1 H), 5.46 (sept, J=6.2Hz, 1 H), 4.69 (s, 2 H), 3.75 (s, 3 H), 2.54 (s, 3H), 1.41
(d, J=6.2Hz, 6 H) ppm. B¢ NMR (126 MHz, CDCl3) & = 159.56, 158.87, 148.18, 146.00,
141.08, 131.89 (q, J = 32.6 Hz), 131.33, 129.98, 128.59, 123.93 (q, J= 272.3 Hz), 120.61,
118.20, 117.99 (q, J = 3.8 Hz), 116.36, 111.95 (q, J = 3.7 Hz), 99.25, 67.75, 56.68, 23.02,
22.00 ppm. Anal. Calcd for Co1HynF3N,0;3: C 62.06, H 5.21, N 6.89. Found: C 62.01, H 5.60,

N 6.80.

General procedure for the microwave-assisted synthesis of compounds 6 cj.
4 -Nitrophenyl-((6-((benzyloxy)amino)-6-oxohexyl)oxy)carbamate 5 (0.209 g, 0.5 mmol) in
dry THF (1.5 mL) was placed into a 10 mL glass pressure microwave-tube equipped with a
magnetic stirrer bar. Triethylamine (69 pL, 0.5 mmol) was added, before the tube was closed
with a silicon septum and the reaction mixture was subjected to microwave irradiation for
0.5h at 70 °C and 100 W. The reaction mixture was cooled to RT and transferred to a round
bottomed flask. The solvent was evaporated, CH,Cl, (100 mL) was added and the mixture
was washed subsequently with a saturated, aqueous solution of sodium hydrogen carbonate
(30 mL) and water (30 mL). The organic layer was dried over Na,SO,, filtered and the solvent
was evaporated. The remaining residues were purified by crystallization from appropriate
solvents or the crude products were purified by flash column chromatography (prepacked
silica cartridge, n-hexane/ethyl acetate, gradient: 90:10 — 0:100 in 0.5 h) to yield the desired

intermediates (yield: 83-91%).

N-(Benzyloxy)-6-((3-(naphthalen-2-yl)ureido)oxy)hexanamide (6¢c). Colourless solid; yield
85%; mp 132°C. "H NMR (600 MHz, DMSO-ds) 8 = 10.96 (s, 1H), 9.54 (s, 1H), 8.87 (s, 1H),
8.15(d, J=1.6 Hz, 1H), 7.82 (s, 1H), 7.80 (s, 1H), 7.77 (d, J=8.2 Hz, 1H), 7.69 (dd, J=2.0,
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8.9 Hz, 1H), 7.44 (t, J = 7.5 Hz, 1H), 7.41-7.30 (m, 6H), 4.78 (s, 2H), 3.79 (t, J=6.7 Hz, 2H),
1.98 (t, J = 7.2 Hz, 2H), 1.69-1.59 (m, 2H), 1.57-1.48 (m, 2H), 1.37-1.26 (m, 2H) ppm.
3C NMR (150 MHz, DMSO-de) 8 = 169.22, 157.08, 136.64, 135.99, 133.34, 129.29, 128.66,
128.18, 128.09, 127.89, 127.29, 126.94, 126.14, 124.10, 120.63, 114.93, 76.66, 75.64, 32.08,
27.15, 24.73, 24.66 ppm. Anal. Calcd. for CoH,N3: C 68.39, H 6.46, N 9.97. Found:

C68.21,H 6.37, N 9.83.

N-(Benzyloxy)-6-((3-(quinolin-6-yl)ureido)oxy)hexanamide (6d). Colourless solid, yield
79%; mp 103 °C. '"H NMR (600 MHz, DMSO-ds) & = 10.95 (s, 1H), 9.62 (s, 1H), 9.03
(s, 1H), 8.75 (dd, J = 4.0, 1.7 Hz, 1H), 8.26-8.16 (m, 2H), 7.92 (s, 2H), 7.50-7.42 (m, 1H),
7.51-7.27 (m, 5H), 4.78 (s, 2H), 3.80 (t, J = 6.7 Hz, 2H), 1.98 (t, J= 7.2 Hz, 2H), 1.72-1.60
(m, 2H), 1.59-1.49 (m, 2H), 1.39-1.27 (m, 2H) ppm. °C NMR (151 MHz, DMSO-ds) § =
169.21, 157.00, 148.52, 144.32, 137.07, 136.00, 135.11, 129.01, 128.66, 128.18, 128.09,
123.94, 121.51, 114.53, 76.66, 75.69, 32.08, 27.14, 24.73, 24.65 ppm. Anal. Calcd. for

CaHo6N4: C 65.39, H 6.20, N 13.26. Found: C 65.11, H 6.11, N 13.01.

N-(Benzyloxy)-6-((3-(quinolin-8-yl)ureido)oxy)hexanamide (6€). Colourless solid; yield
77%; mp 94 °C. "H NMR (600 MHz, DM SO-ds) 5 = 10.97 (s, 1H), 9.97 (s, 1H), 9.92 (s, 1H),
8.90 (d, J=2.9Hz, 1H), 849 (d,J=7.5Hz, 1H), 8.40 (d, J=7.1 Hz, 1H), 7.66-7.52 (m, 3H),
7.43-7.30 (m, SH), 4.77 (s, 2H), 3.89 (t, J = 6.3 Hz, 2H), 2.00 (t, J = 7.2 Hz, 2H), 1.74-1.64
(m, 2H), 1.62-1.51 (m, 2H), 1.51-1.42 (m, 2H) ppm. C NMR (151 MHz, DMSO-ds)
6=169.21, 156.29, 148.74, 137.55, 136.54, 136.00, 134.43, 128.66, 128.17, 128.08, 127.73,
127.02, 122.10, 120.44, 114.05, 76.65, 75.96, 32.04, 27.42, 24 91, 24.73 ppm. Anal. Calcd.

for Co3HpeNy4: € 65.39, H 6.20, N 13.26. Found: C 65.34, H 6.05, N 13.23.

N-(Benzyloxy)-6-((3-(2-methylquinolin-8-yl)ureido)oxy)hexanamide  (6f). Colourless
solid; yield 89%; mp 110 °C. "H NMR (600 MHz, DMSO-ds) 5 = 10.93 (s, 1H), 9.96 (s, 1H),

9.93 (s, 1H), 8.44 (dd, J = 7.7, 1.4 Hz, 1H), 8.27 (d, J = 8.4 Hz, 1H), 7.56-7.44 (m, 3H),
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7.39-7.29 (m, 5H), 4.75 (s, 2H), 3.89 (t, J= 6.5 Hz, 2H), 2.70 (s, 3H), 1.96 (t, J= 7.3 Hz, 2H),
1.78-1.70 (m, 2H), 1.60-1.52 (m, 2H), 1.47-1.39 (m, 2H) ppm. *C NMR (151 MHz,
DMSO-ds) & = 168.67, 156.67, 155.89, 136.43, 136.13, 135.51, 133.26, 128.16, 127.67,
127.59, 125.50, 125.41, 122.24, 119.71, 113.50, 76.14, 75.53, 31.47, 27.04, 24.37, 2434,
24.22 ppm. Anal. Calcd. for Co4HsN4 C 66.04, H 6.47, N 12.84. Found: C 66.07, H 6.33,

N 12.77.

N-(Benzyloxy)-6-((3-(6-methoxyquinolin-8-yl)ureido)oxy)hexanamide (6g). Colourless
solid, yield 91%; mp 102 °C. 'H NMR (600 MHz, DMSO-ds) 6 = 10.96 (s, 1H), 10.02
(s, 1H), 9.86 (s, 1H), 8.75-8.66 (m, 1H), 8.27 (dd, J = 8.3, 1.7 Hz, 1H), 8.15 (d, /= 2.8 Hz,
1H), 7.59-7.52 (m, 1H), 7.41-7.31 (m, 5H), 7.01 (d, J = 2.8 Hz, 1H), 4.78 (s, 2H), 3.96-3.81
(m, 5H), 2.00 (t, J= 7.5 Hz, 2H), 1.76-1.64 (m, 2H), 1.64-1.52 (m, 2H), 1.53-1.41 (m, 2H)
ppm. B¢ NMR (151 MHz, DMSO-ds) & = 169.19, 157.63, 156.18, 146.02, 136.02, 135,37,
135.30, 134.24, 128.86, 128.67, 128.18, 128.09, 122.53, 106.51, 98.46, 76.65, 75.99, 55.39,
32.04, 27.41, 2491, 24.74 ppm. C24H2¢N4: C 63.70, H 6.24, N 12.38. Found: C 63.41, H 6.09,

N 12.23.

N-(Benzyloxy)-6-((3-(6-methoxy-4-methylquinolin-8-yl)ureido)oxy)hexanamide (6h).

Colourless solid; yield 78%; mp 110 °C. 'H NMR (600 MHz, DM SO-dg) & = 10.95 (s, 1H),
9.99 (s, 1H), 9.95 (s, 1H), 8.56 (d, J =4.2 Hz, 1H), 8.15 (d, J = 2.6 Hz, 1H), 7.50-7.26 (i,
6H), 6.95(d, J=2.6 Hz, 1H), 4.76 (s, 2H), 3.91 (s, 3H), 3.86 (t, J =6.3 Hz, 2H), 2.65 (s, 3H),
1.98 (t, J=6.2 Hz, 2H), 1.75-1.62 (m, 2H), 1.61-1.51 (m, 2H), 1.51-1.40 (m, 2H) ppm.
e NMR (151 MHz, DMSO-dg) 8 = 169.18, 157.47, 156.19, 145.46, 143.43, 135.99, 135.81,
13381, 12865, 12850, 12816, 128.07, 123.01; 105.98, 95.19, 76.63; 75.95, 55.35, 32.01,
27.38, 24.87, 24.71, 18.44 ppm. Anal Calcd. for C,sH3oN4: 64.36, H 6.48, N 12.01. Found:

C64.13, H 6.43, N 12.15.
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N-(Benzyloxy)-6-((3-(2,6-dimethoxy-4-methylquinolin-8-yl)ureido)oxy)hexanamide (6i).
Colourless solid; yield 84%; mp 132 °C. '"H NMR (600 MHz, DMSO-ds) 6 = 10.95 (s, 1H),
9.94 (s, 1H), 9.58 (s, 1H), 8.13 (d, J = 2.7 Hz, 1H), 7.42-7.30 (m, 5H), 6.93 (s, 1H), 6.90 (d,
J= 2.8 Hz, 1H), 4.77 (s, 2H), 3.98 (s, 3H), 3.88 (m, 3.91-3.85, 5H), 2.57 (s, 3H), 1.96 (t,
J=73 Hz, 2H), 1.69-1.61 (m, 2H), 1.56-1.48 (m, 2H), 1.37-1.28 (m, 2H) ppm.
BC NMR (151 MHz, DMSO-ds) 3 = 169.14, 159.24, 156.29, 155.65, 147.15, 136.01, 134.09,
130.73, 128.67, 128.17, 128.08, 124.97, 113.02, 106.18, 96.48, 76.65, 75.80, 55.24, 52.57,
32.04, 27.48, 24.69, 18.42 ppm. Anal. Calcd. for C,6H33N4: C 62.89, H 6.50, N 11.28. Found:

C62.67,H 6.44, N 11.03.

N-(Benzyloxy)-6-((3-(2-isopropoxy-6-methoxy-4-methyl-5-3-(trifluoromethyl)phenoxy)

quinolin-8-yl)ureido)oxy)hexanamide (6j). Colourless solid; yield 83%; mp 109 °C.
"H NMR (600 MHz, DMSO-ds) & = 10.95 (s, 1H), 10.01 (s, 1H), 9.67 (s, 1H), 8.56 (s, 1H),
7.52 (t, J=8.1 Hz, 1H), 7.45-7.25 (m, 6H), 7.11 (s, 1H), 7.03 (dd, J = 8.5, 2.6 Hz, 1H), 6.84
(s, 1H), 5.44 (sept, J = 6.2 Hz, 1H), 4.78 (s, 2H), 3.90 (t, J = 6.9 Hz, 2H), 3.74 (s, 3H),
2.52 (s, 3H), 1.98 (t, J = 7.2 Hz, 2H), 1.73-1.64 (m, 2H), 1.62-1.47 (m, 2H), 1.39 (d, J=9.5
Hz, 6H), 1.37- 1.30 (m, 2H) ppm. Bc NMR (151 MHz, DMSO-ds) & = 169.16, 158.67,
158.61, 156.38, 147.36, 146.17, 136.05, 131.96, 131.10, 131.07, 130.43 (q, J = 31.93 Hz),
130.39, 128.69, 128.20, 128.11, 123.79 (q, J = 272.79 Hz), 119.42, 118.59, 118.18, 116.32,
111.29, 103.70, 76.69, 75.80, 67.78, 56.34, 32.10, 27.47, 24.72, 24.69, 22.23, 21.64 ppm.

Anal. Calcd. for C3sH3oN4: C 61.40, H 5.74, N 8.18. Found: C 61.21, H 5.68, N 8.03.

Synthesis of N-(Benzyloxy)-6-((1,3-dioxoisoindolin-2-yl)oxy)-N-methylhexanamide (7).
Sodium hydride 0,52 g (13.4 mmol, 60% dispersion in mineral oil) was added in portions to
4.59 g (12 mmol) N-(benzyloxy)-6-((1,3-dioxoisoindolin-2-yl)oxy)hexanamide (3) in 115 ml
THF followed by dropwise addition of methyl iodide (0.84 mL, 13.4 mmol). The reaction

was stirred over night at RT before it was quenched with a saturated solution of NH4Cl1 (100
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mL) and extracted with ethyl acetate (3 x 100 mL). The organic layer was dried over Na;SO4,
filtered and the solvent was removed in vacuo. The crude products were purified by flash
column chromatography (prepacked silica cartridge, n-hexane/ethyl acetate, gradient: 90:10
— 50:50 in 0.5 h) to give the intermediate N-(benzyloxy)-6-((1,3-dioxoisoindolin-2-yl)oxy)-

N-methylhexanamide 7 in 92% yield.[3]

N-(Benzyloxy)-6-((1,3-dioxoisoindolin-2-yl)oxy)-N-methylhexanamide (7). Oil; yield 59%.
"H NMR (500 MHz, DM SO-ds) 8 = 7.86 (s, 4H), 7.52-7.30 (m, 5H), 4.89 (s, 2H), 4.11 (t, J =
6.5 Hz, 2H), 3.14 (s, 3H), 2.34 (t, J = 7.3 Hz, 2H), 1.71-1.58 (m, 2H), 1.57-1.44 (m, 2H),
1.44-1.34 (m, 2H) ppm. *C NMR (125 MHz, DMSO-ds) § = 163.19, 134.64, 129.42, 128.58,
128.52, 128.38, 123.10, 77.47, 75.06, 31.11, 31.09, 27.41, 24.76, 23.60 ppm. HPLC analysis:
retention time = 3.1 min; peak area: 95.34%. Method: Eluent A: 5mM/L (385 mg/l)
Ammonium acetate; Eluent B: HPLC-grade CH3CN, linear gradient 5% B to 95% B over 20

min at a flow rate of 1.0 mL min™.

6-(Aminooxy)-N-(benzyloxy)-N-methylhexanamide (8). Synthetisized from 7 according to
@).[1] Oil; yield 62%. '"H NMR (500 MHz, DM SO-ds) & = 7.54-7.30 (m, 5H), 5.86 (s, 2H),
4.87 (s, 2H), 3.47 (t, J=6.5 Hz, 2H), 3.13 (s, 3H), 2.30 (t, /= 7.5 Hz, 2H), 1.60-1.36 (m, 4H),

1.31-1.13 (m, 2H). Bc NMR (151 MHz, DMSO-dg) & = 173.70, 134.80, 129.41, 128.58,

C63.13,H 8.33, N 10.52Found: C 63.11, H 8.60, N 10.39.

Synthesis of N-(Benzyloxy)-NV-methyl-6-(3-naphthalen-1-ylureidooxy)hexanamide (9).
Synthesized from 8 according to literature.[1] A solution of 1-naphthylisocyanate (2.7 mmol)
in dry CH,Cl, (5 mL) was added dropwise to a solution of the aminoxyderivative 8 (3 mmol)
in dry CH,ClL, (15 mL). The reaction mixture was stirred over night at RT and subsequently
treated with petroleuin ether to precipitate the product. The resulting solid was collected,

washed with petroleum ether (5 mL) and dried in vacuo.
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N-(Benzyloxy)-N-methyl-6-(3-naphthalen-1-ylureidooxy)hexanamide (9). Oil; yield 59%.
'H NMR (500 MHz, DMSO-ds) 8 =9.55 (s, 1H), 8.82 (s, 1H), 7.95-7.91 (m, 2H), 7.75 (d, J =
8.18, 1H), 7.63 (d, J = 7.20 Hz, 1H), 7.57-7.34 (m, 8H), 4,87 (s, 2H), 3.86 (t, J = 6.69, 2H),
3.12 (s, 3H), 2.35 (t, J = 7.37 Hz, 2H), 1.71-161 (m, 2H), 1.78-1.70 (m, 2H), 1.56-1.44 (m,
2H), 1.34-1.25 (m, 2H) ppm. *C NMR (151 MHz, DMSO-ds) & = 170.24, 157.86, 134.79,
133.58, 133.55, 129.40, 128.57, 128.37, 128.26, 128.00, 125.80, 125.65, 125,49, 124.73,
122.33, 121,57, 75.72, 75.04, 31.16, 27.40, 25.03, 23.81 ppm. Anal. Calcd. for C2sHaoN3 C

68.95,H 6.71, N 9.65. Found: C 68.75, H 6.89, N 9.20.

General procedure for the synthesis of compound 1c-j, 2. A solution of the respective
O-benzyl-protected hydroxamic acid (6c-j, 9) in methanol (50 mL) was hydrogenated (1 bar)
at RT in the presence of a catalytic amount of Pd-C (10 wt%). Upon completion of the
reaction, the crude mixture was filtered through Celite to remove the catalyst and the filtrate
was concentrated under reduced pressure. The residue was purified by column

chromatography using CH,CL,: CH,CL »/30% methanol (9:1) as Eluent (yield: 54-72%).

N-Hydroxy-6-((3-(naphthalen-2-yl)ureido)oxy)hexanamide (1c). Colourless solid; yield
65%; mp 195 °C. 'H NMR (600 MHz, DM SO-ds) & = 10.35 (s, 1H), 9.54 (s, 1H), 8.88
(s, IH), 8.67 (s, 1H), 8.15 (s, 1H), 7.96-7.64 (m, 4H), 7.50-7.33 (m, 2H), 3.80 (t, J = 6.8 Hz,
2H), 1.98 (t, J= 7.6 Hz, 2H), 1.81-1.59 (m, 2H), 1.61-1.48 (m, 2H), 1.42-1.28 (m, 2H) ppm.
C NMR (151 MHz, DMSO-dg) & = 168.98, 157.08, 136.67, 133.35, 129.28, 127.90, 127.30,
126.94, 126.15, 124.09, 120.61, 114.89, 75.67, 32.11, 27.18, 24.85 ppm. HPLC analysis:
retention time = 8.13 min; peak area: 96.48%. Method: Eluent A: HPLC-grade water +0.1%
TFA; Eluent B: HPLC-grade CH3CN +0,1% TFA, linear gradient 30% B to 100% B over 20

min at a flow rate of 1.0 mL min™.

N-Hydroxy-6-((3-(quinolin-6-yl)ureido)oxy)hexanamide (1d). Colourless solid; yield 62%;

mp 153 °C. 'H NMR (600 MHz, DMSO-dg) 5 = 10.36 (s, 1H), 9.63 (s, 1H), 9.04 (s, 1H),
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8.77-8.74 (m, 1H), 8.68 (s, 1H), 8.24 (m, 8.26-8.21, 2H), 7.93 (s, 2H), 7.54-7.36 (m, 1H),
3.80 (t, J = 6.6 Hz, 2H), 1.97 (t, J = 7.4 Hz, 2H), 1.72-1.60 (m, 2H), 1.60-1.47 (m, 2H),
1.40-1.28 (m, 2H) ppm. B3c NMR (151 MHz, DM SO-d;) 6 = 168.96, 156.99, 148.52, 144.32,
137.07, 135.12, 129.01, 128.19, 123.95, 121.51, 114.54, 75.72, 32.12, 27.17, 24.85 ppm.
HPLC analysis: retention time = 7.09 min, peak area: 96.33% Method: Eluent A:
HPLC-grade water +0.1% TFA; Eluent B: HPLC-grade CH3CN +0,1% TFA, linear gradient

10% B to 100% B over 20 min at a flow rate of 1.0 mL min™.

N-Hydroxy-6-((3-(quinolin-8-yl)ureido)oxy)hexanamide (1e). Colourless solid; yield 57%;
mp 123 °C. 'H NMR (600 MHz, DMSO-ds) 6 = 10.36 (s, 1H), 9.96 (s, 1H), 9.91 (s, 1H),
8.92-8.87 (m, 1H), 8.67 (s, 1H), 8.48 (d, 1H), 8.41 (d, J=8.2, 1.7 Hz, 1H), 7.68-7.51 (m, 3H),
3.89 (t, J = 6.3 Hz, 2H), 1.98 (t, J = 7.3 Hz, 2H), 1.76-1.64 (m, 2H), 1.61-1.52 (m, 2H),
1.51-1.42 (m, 2H) ppm. BC NMR (151 MHz, DM SO-ds) 6 = 169.02, 156.30, 148.78, 137.55,
136.55, 134.40, 127.74, 127.03, 122.14, 120.48, 114.06, 76.01, 32.10, 27.46, 25.05, 24.94
ppm. HPLC analysis: retention time = 9.76 min; peak area: 95.44%. Method: Eluent A:
HPLC-grade water +0.1% TFA; Eluent B: HPLC-grade CH3CN +0,1% TFA, linear gradient

10% B to 100% B over 20 min at a flow rate of 1.0 mL min™.

N-Hydroxy-6-((3-(2-methylquinolin-8-yl)ureido)oxy)hexanamide (1f). Colourless solid,
yield 72%; mp 153 °C. 'H NMR (600 MHz, DM SO-ds) & = 10.36 (s, 1H), 9.97 (s, 1H), 9.94
(s, 1H), 8.68 (s, 1H), 8.49-8.42 (m, 1H), 8.27 (s, 1H), 7.61-7.40 (m, 3H), 3.91 (t, J = 6.4 Hz,
2H), 2.71 (s, 3H), 2.04-1.93 (m, 2H), 1.85-1.69 (m, 2H), 1.69-1.52 (m, 2H), 1.54-1.41
(m, 2H) ppm. C NMR (151 MHz, DMSO-ds) 5 = 168.42, 156.68, 155.88, 136.42, 136.13,
133.25, 125.50, 125.41, 122.24, 119.71, 113.49, 75.56, 31.51, 27.08, 24.50, 24.43, 24.34 ppm.
HPLC analysis: retention time = 14.17 min; peak area: 96.99%. Method: Eluent A:
HPLC-grade water +0.1% TFA; Eluent B: HPLC-grade CH3CN +0,1% TFA, linear gradient

10% B to 100% B over 20 min at a flow rate of 1.0 mL min™".

S12
73



Manuscript |

N-Hydroxy-6-((3-(6-methoxyquinolin-8-yl)ureido)oxy)hexanamide (1g). Colourless solid;
yield 59%; mp 176 °C. 'H NMR (600 MHz, DM SO-ds) & = 10.35 (s, 1H), 10.01 (s, 1H), 9.85
(s, 1H), 8.70 (dd, J=4.2, 1.6 Hz, 1H), 8.66 (s, 1H), 8.27 (d, J=8.2 Hz, 1H), 8.14 (d, J=2.5
Hz, 1H), 7.61-7.52 (m, 1H), 7.01 (d, J = 2.5 Hz, 1H), 3.97-3.82 (m, 5H), 1.98 (t, J= 7.2 Hz,
2H), 1.74-1.64 (m, 2H), 1.61-1.53 (m, 2H), 1.51-1.41 (m, 2H) ppm. B¢ NMR (151 MHz,
DMSO-ds) & = 168.94, 157.62, 156.17, 146.03, 135.36, 135.30, 134.22, 128,85, 122.54,
106.50, 98.46, 76.01, 55.38, 32.10, 27.45, 25.05, 24.94 ppm. HPLC analysis: retention time =
6.88 min; peak area: 95.42%. Method: Eluent A: HPL C-grade water +0.1% TFA; Eluent B:
HPLC-grade CH3CN +0,1% TFA, linear gradient 30% B to 100% B over 20 min at a flow

rate of 1.0 mL min™.

N-Hydroxy-6-((3-(6-methoxy-4-methylquinolin-8-yl)ureido)oxy)hexanamide (1h).
Colourless solid; yield 61%; mp 142°C. 'H NMR (600 MHz, DM SO-ds) & = 10.36 (s, 1H),
9.99 (s, 1H), 9.95 (s, 1H), 8.67 (s, 1H), 8.56 (dd, J=4.3, 1.7 Hz, 1H), 8.19-8.11 (m, 1H), 7.42
(d, J=4.1Hz, 1H), 6.95 (s, 1H), 3.92 (s, 3H), 3.87 (t, /= 6.4, 1.8 Hz, 2H), 2.65 (s, 3H), 1.98
(t, J =17.5, 1.7 Hz, 2H), 1.74-1.64 (m, 2H), 1.61-1.53 (m, 2H), 1.50-1.42 (m, 2H) ppm.
BC NMR (125 MHz, DM SO-ds) 6 = 168.95, 157.54, 156.19, 145.46, 143.41, 135.90, 133.90,
128.53, 123.00, 106.02, 9531, 76.01, 55.39, 32.11, 27.45, 2505, 24.92, 18.41 ppm. HPLC
analysis: retention time = 9.62 min; peak area: 98.50%. Method: Eluent A: HPL. C-grade water
+0.1% TFA; Eluent B: HPLC-grade CH3CN +0,1% TFA, linear gradient 10% B to 100% B

over 20 min at a flow rate of 1.0 mL min™.

6-((3-(2,6-Dimethoxy-4-methylquinolin-8-yl)ureido)oxy)-N-hydroxyhexanamide (11).
Colourless solid; yield 55%; mp 162 °C. 'H NMR (600 MHz, DM SO-ds) & = 10.34 (s, 1H),
9.94 (s, 1H), 9.59 (s, 1H), 8.66 (s, 1H), 8.13 (d, 1H), 6.96 (s, 1H), 6.92 (d, J = 2.7 Hz, 1H),
3.98 (s, 3H), 3.95-3.83 (m, 3H), 2.59 (s, 3H), 1.94 (t, J = 7.4 Hz, 2H), 1.70-1.60 (m, 2H),
1.56-1.47 (m, 2H), 1.38-1.29 (m, 2H) ppm. Bc NMR (151 MHz, DMSO-ds) & = 168.39,

S13
74



Manuscript |

158.73, 155.78, 155.14, 146.63, 133.58, 130.22, 124.45, 112.51, 105.68, 95.96, 75.34, 54.73,
52.06, 31.58, 27.02, 24.39, 24.32, 17.92 ppm. HPLC analysis: retention time = 14.17 min;
peak area: 96.99%. Method: Eluent A: HPLC-grade water +0.1% TFA; Eluent B:
HPLC-grade CH3CN +0,1% TFA, linear gradient 10% B to 100% B over 20 min at a flow

rate of 1.0 mL min™.

N-Hydroxy-6-((3-(2-isopropoxy-6-methoxy-4-methyl-5-(3 (trifluor omethyl)phenoxy)

quinolin-8-yl)ureido)oxy)hexanamide (1j). Colourless solid, yield 54%; mp 137°C.
'H NMR (600 MHz, DMSO-ds) & = 10.37 (s, 1H), 10.02 (s, 1H), 9.68 (s, 1H), 8.69 (s, 1H),
8.57 (s, 1H), 7.53 (L.J=8.1; 1H), 737 (d, =78, 1H), 7.12 (s, 1H), 7.03 (d, =78, 1H),
6.84 (s, 1H), 5.45 (sept, J=6.2, 1H), 3.91 (t, J=7.1, 2H), 3.75 (s, 3H), 2.52 (s, 3H), 1.98 (t,
J =174, 2H), 1.85-1.63 (m, 2H), 1.63-1.48 (m, 2H), 1.48-1.27(m, 8H) ppm. *C NMR (151
MHz, DM SO-ds) 6 = 168.89, 158.66, 158.61, 156.36, 147.36, 146.18, 131.94, 131.08, 130.42
(q,J = 32.0 Hz), 130.38, 130.31, 123.78 (q, J = 272.9 Hz), 119.42, 118.59, 118.21, 118.19,
116.32, 111.28, 103.70, 75.83, 67.78, 56.34, 32.13, 27.49, 24.91, 24.79, 22.23, 21.64 ppm.
HPLC analysis: retention time = 18.61 min; peak area: 96.49%. Method: Eluent A: HPLC-
grade water +0.1% TFA; Eluent B: HPLC-grade CH3CN +0,1% TFA, linear gradient 30% B

to 100% B over 20 min at a flow rate of 1.0 mL min™".

N-(Benzyloxy)-N-methyl-6-((3-(naphthalen-1-yl)ureido)oxy)hexanamide (2). Oil; yield
54%. 'H NMR (500 MHz, DM SO-dg) 8 =9.,76 (s, 1H), 9.55 (s, 1H), 8.83 (s, 1H), 8.07-7.87
(m, 2H), 7.75 (d, J=8.20, 1H), 7.63 (d, J = 7.34, 1H), 7.60-7.46 (m, 3H), 3.88 (t, J=6.7 Hz,
2H), 3.07 (s, 3H) 2.37 (t, J = 7.7 Hz, 2H), 1.77-1.66 (m, 2H), 1.61-1.49 (m, 2H), 1.47-1.34
(m, 2H) ppm. *C NMR (125 MHz, DMSO-d;) & = 172.77, 157.88, 133.55, 128.26, 128.29,
128.00, 125.81, 125.67, 12549, 124.75, 122.36, 121.62, 75.76, 35.58, 31.35, 27.40, 25.12,
24.01 ppm. Anal. Caled. for Ci;gH»3N3: C 60.51, H 8.07, N 12.45. Found: C 60.58, H 7.93,
N 12.15.
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In this work we aimed to develop parasite-selective histone de-
acetylase inhibitors (HDAC) inhibitors with activity against the
disease-causing asexual blood stages of Plasmodium as well as
causal prophylactic and/or transmission blocking properties.
We report the design, synthesis, and biological testing of a
series of 13 terephthalic acid-based HDAC inhibitors. All com-
pounds showed low cytotoxicity against human embryonic
kidney (HEK293) cells (IC;,: 8->51 pm), with 11 also having
sub-micromolar in vitro activity against drug-sensitive (3D7)
and multidrug-resistant (Dd2) asexual blood-stage P. falciparum
parasites (IC.,~0.1-0.5 um). A subset of compounds were ex-
amined for activity against early- and late-stage P. falciparum

Introduction

Malaria remains one of the world's most significant infectious
diseases. In 2015 the World Health Organization (WHO) esti-
mated that there were >200 million cases of malaria and
429000 malaria related deaths, with most mortality due to
P. falciparum parasitic infection.” A widely effective malaria
vaccine is still unavailable, with the most advanced candidate
vaccine (RTS,5/AS01) being less efficacious than hoped in clini-
cal trials in children in Africa.”’ Despite the possible introduc-
tion of the RTS,5/AS01 vaccine into some regions in the future
and on-going efforts to develop other vaccines with increased
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gametocytes and P berghei exo-erythrocytic-stage parasites.
While only moderate activity was observed against gameto-
cytes (IC;,>2 pm), the most active compound (N'-((3,5-dime-
thylbenzyl)oxy)-N*-hydroxyterephthalamide, 1f) showed sub-
micromolar activity against P. berghei exo-erythrocytic stages
(ICs, 0.18 pm) and > 270-fold better activity for exo-erythrocytic
forms than for HepG2 cells. This, together with asexual-stage in
vitro potency (IC;,=20.1 um) and selectivity of this compound
versus human cells (51> 450), suggests that 1 f may be a valua-
ble starting point for the development of novel antimalarial
drug leads with low host cell toxicity and multi-stage anti-plas-
modial activity.

efficacy” it is likely that malaria eradication will ultimately re-

quire an integrated strategy that includes vaccines, public
health measures and effective drugs for prevention and treat-
ment.”! Unfortunately, malaria parasite resistance or decreased
clinical efficacy is now reported for all current antimalarial
drugs, including the gold standard artemisinin-based combina-
tion therapies (ACTs). ACT failure has been reported in several
countries in Asia'™* and the threat of more widespread ACT re-
sistance means that new antimalarial chemotypes, with novel
mechanisms of action to limit impacts of cross-resistance, are
required.

Over the past decades malaria drug development efforts
have focused on a limited number of known chemical scaffolds
and drug targets, mainly those targeting asexual blood-stage
parasites. As the malaria research community strives toward
elimination and ultimately eradication of malaria the focus has
shifted to include discovery and development of drugs that
can target liver-stage parasites (exo-erythrocytic forms) to pre-
vent infection from being established and sexual blood-stage
gametocytes to block parasite transmission to the mosquito
vector.® Here we address this issue by investigating histone
deacetylase inhibitor (HDAC) type small molecules for anti-
plasmodial activity.

HDACs are an essential part of eukaryotic epigenetic machi-
nery, playing an important role in gene regulation and control
of cell proliferation and differentiation.””” HDACs can be de-
scribed as “eraser” enzymes as they cleave acetate from acety-
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lated e-amino groups of lysine residues of both histone and
non-histone proteins, thereby regulating chromatin remodel-
ing and other cell processes.® Mutations in HDAC genes and/
or alterations in the expression of HDACs are associated with
cancers and HDAGi are validated and approved drugs for the
treatment of some cancers (e.g., vorinostat (SAHA; Zolinza®;
Figure 1), romidepsin (Istodax®), belinostat (Beleodaq®), pano-
binostat (LBH-589; Farydak® Figure 1) and chidamide (Epida-
za®."”" Furthermore, HDACi are under investigation for use
against a wide range of diseases, including neurodegenerative
diseases, HIV, cardiac diseases, inflammatory diseases, and par-
asitic diseases, illustrating their significant potential.”* "

o]

& OH
it fl\ : H/J\ﬁ
£ ,N\(\\/\\/\/ H,DH HN):;:;[/\/)N

o Q =

vorinostat {SAHAY panchinostat

0
P falciparuim 1Ggy: 0.01-0.03 pM
Mammalian cell [Cgy: 0.07-0.18 pM
Sl 218

P faloipaium Qo 012-0.19 uM
Mammalian cell IGg;: 5.17-5.50 pM
Sl 2748

Figure 1. Structures and properties of two approved anticancer hydroxa-
mate-based HDACH with anti-plasmodial activity. Selectivity index (S): [mam-
malian cell IC J/[P. falciparum 1C;]; larger values indicate greater malaria par-
asite selectivity. . falciparum and mammalian cell data from Ref. [10a].

HDACs have been shown to be important regulators of tran-
scription in P falciparum and the inhibition of P.falciparum
HDACs (PfHDACs) a possible mechanism to kill the parasi-
te_['IDD,‘I'H

Five HDAC encoding genes have been annotated in the
genome of P falciparum. Three have homology to human
class| and Il HDACs and two are class lll (Sir2) homologues.
PFHDAC1 is transcribed across all life cycle stages in P falcipa-
rum and has the highest similarity to HDACs of other spedies,
with >50% amino acid identity to human HDAC1 and HDAC2.
In contrast, PFHDAC2 and PfHDAC3 have limited homology to
other dass || HDAC proteins in other species.'? While PfSir2A
and PfSir2B are not essential to asexual blood-stage P. falcipa-
rum,"¥ knockdown of PFHDAC3 (also called PfHDA2) has been
shown to inhibit asexual blood-stage P, falciparum growth and
to affect gametocytogenesis.''?’ A number of HDACi have been
shown to have potent activity against asexual blood-stage par-
asites and to cause hyperacetylation of parasite histones, in-
cluding clinically used anticancer HDACi drugs. However these
compounds have varying selectivity for the parasite versus
human cells (Figure 1)."%" Of the three P falciparum class 1/l
HDAC homologues, recombinant protein is only available for
PFHDAC1."™ Although this enzyme is inhibited by different
anti-plasmodial HDACi type compounds, its quality has been
questioned."” While the specificity of anti-plasmodial HDAC in-
hibitors for PFHDAC1 versus the other P falciparum HDACs is
not yet known, we hypothesized that HDACi with potent activ-
ity against P. falciparum asexual blood stages and low activity
against human class! enzymes and in particular against
hHDACI, are likely to be suitable starting points for the devel-
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opment of anti-plasmodial HDACi with improved parasite-se-
lectivity. This hypothesis was supported by a recent report
from De Vreese et al., who showed that selective hHDACS6 in-
hibitors (with low activity against human class | HDACs) can
possess potent and selective anti-plasmodial activity."®
Previously we reported the synthesis and anti-plasmodial
properties of the alkoxyamide-based HDACi of typel (see
Figure 2). Several compounds from that series revealed potent

hybridization

o} ™
R_\ N,O\/\/\\J)L N/OH o
| s H | H By

17
la: R = 3 6-CHy . R e H
e “OH

o]
- o]
R! ﬁ H target compoLnds
N\OH 1a—k: R"=arakyl, R2=H
L} fo]

_+ 2ab:R'=aralkyl, R = alkyl

Figure 2. Design of terephthalic acid-based HDACi 1a-k, 2a and 2b featur-
ing an alkoxyamide connecting unit linker region."" ™

anti-plasmodial activity against asexual blood-stage P falcipa-
rum parasites (IC; 0.09-1.12 um) as well as nanomolar to mi-
cromolar activity against late-stage (IV-V) P. falciparum gameto-
cytes (PFLSG IC,, 0.25- > 120 pm) and P berghei exo-erythrocyt-
ic forms (PbEEF |C,, 0.16-7.91 um). While these results suggest
that it may be possible to develop HDACI that target multiple
malaria parasite life cycle stages, a limitation was that the al-
koxyamide-based compounds with multi-stage targeting activi-
ty had only moderate selectivity for parasites versus mammali-
an cells (51 13-27).""" With the aim of developing HDACi with
improved selectivity for the parasites as well as increased po-
tency against different Plasmodium parasite life cycle forms,
herein we report the rational design, synthesis and bioactivity
of a new type of anti-plasmodial HDACi with potent activity
against asexual blood-stage parasites and exo-erythrocytic
forms.

Results and Discussion
Design and synthesis of target compounds

Because the cytotoxicity of HDACi against mammalian cells is
mainly attributed to the inhibition of human class | HDAC iso-
forms"™ we hypothesized that HDACi with low activity against
human class| enzymes and in particular against hHDAC1 are
more likely to be suitable starting points for the development
of anti-plasmodial HDACi with high parasite-selectivity. Inter-
estingly, the N-hydroxy-benzamides Il are known to show de-
creased inhibition of human class | isoforms (Figure 2)." Thus,
to identify potent anti-plasmodial HDACi with lower cytotoxici-
ty, we designed the target compounds 1a-k and 2a,b by hy-
bridizing our previously reported alkoxyamide connecting unit
realized in | with a terephthalic acid-based linker (Figure 2).144
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Scheme 1. Synthesis of terephthalic acid-based HDACI A) 1a-k and B) 2a and 2b. Reagents and conditions: a) isobutyl chloroformate, NMM, R'ONH,, THF, RT,
3 h, 67-93%; b) H,MOH-HCI, Na, MeOH dry, 70°C, 3 h, 41-83%; ¢) BAONHR?, CDI, RT, 77-79%.

The preparation of the target compounds is summarized in
Scheme 1. Compounds 1a-k were synthesized using a simple
two-step protocol starting from readily available O-substituted
hydroxylamine derivatives and mono-methyl terephthalate 3.
First, mono-methyl terephthalate 3 was converted into a
mixed anhydride and subsequently reacted with the respective
O-substituted hydroxylamine to afford the key intermediates
4a-k (67-93% yield, Scheme 1A). Secondly, 4a-k were treated
with a freshly prepared solution of hydroxylamine in a sealed
tube at 70°C for 3 h (Scheme 1A). The crude products were
purified by flash column chromatography to afford the desired
HDACi 1a-k in 41-83% yield. Initial attempts to prepare the
N-alkylated intermediates 5a and 5b using the mixed anhy-
dride method provided both compounds only in relatively low
yields (< 30%). Thus, the N-alkylated intermediates 5a and 5b
were prepared by a slightly modified procedure using 1,1-car-
bonyldiimidazole (CDI) as coupling reagent.”” The CDI-mediat-
ed amide coupling reaction of mono-methyl terephthalate 3
with N,O-disubstituted hydroxylamines afforded the N-alkylat-
ed alkoxyamides 5a and 5b in 77% and 79% vyield, respective-
ly (Scheme 1B). The subsequent hydroxylaminolysis furnished
the target compounds 2a and 2b (5cheme 1B).

In vitro activity against P. falciparum asexual blood-stage
parasites

All synthesized compounds (1a-k, 2a and 2b) were tested for
in vitro growth inhibition activity against the 3D7 line of P. fal-
ciparum. As summarized in Table 1 compounds 1a-k, 2a and
2b showed anti-plasmodial activity ranging from 0.09 to
24.67 um. The IC, value of the prototype compound 1a (R'=
Bn, R*=H; Pf3D7 IC,, 0.14 um) was similar to the activity of ref-
erence HDACi SAHA (Pf3D7 ICs, 0.21 pm). Alkylation of the al-
koxyamide connecting unit with an ethyl group resulted in de-
creased activity (2a, R'=Bn, R2:C2Hs; Pf3D7 1C, 276 um),
and further elongation of the alkyl substitution to a butyl
group resulted in a loss of anti-plasmodial activity (2b, R' =Bn,
R*=C,Hs; PF3D7 ICs, 24.67 um). Thus, we focused our structural
modification on compounds with a hydroxamic acid as ZBG
and an unsubstituted alkoxyamide connecting unit. The phe-
nylethyl homologue 1d (Pf3D7 ICs, 0.50 um) displayed lower
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Table 1. In vitro activity of 1a-k and 2ab against asexual blood stages

of P. faldparum.

Compd R R? IC g [pama]™ RI€!

PF3D7™ PfDd2'
1a Bn H 0.14+0.02 3.16+001 1.1
1b trityl H 028+012 0.26+0.07 09
1c 4-CH,-PhCH, H 0.11+£002 0.13+003 1.2
1d PhCH,CH, H 050023 0.82+0.25 1.6
1e PhCH,CH.CH, H 0.13+£006 0.18+006 14
1f 3,5-CH;-PhCH,; H 0091003 011002 1.2
1g 1-naphthyl-CH, H 0.17+004 0174002 10
1h 24-Cl-PhCH; H 0.23+0.02 022001 1.0
1i 34-CI-PhCH, H .21 +£0.05 0294002 14
1j 2,3-CI-PhCH, H 0.20+£0.04 0.23+003 1.2
1k 3 4-FI-PhCH, H 020003 0324007 16
2a Bn GH: 2761053 343+1.2 12
2b Bn CH, 2467+6.19 nd. nd.
la 010+002¢  nd. nd.
SAHA 0.21+0.06 0.18+0.05 09
Q" 0.006+0003 006003

[a] In vitro 50% growth inhibition values; n.d.: not determined. [b] P, falci-

parum 3D7: data are the mean=+5SD of three independent assays, each

carried out in triplicate. [c] P. faldparum Dd2: data are the mean £ 5D of

at least two independent assays, each carried out in triplicate. [d] Resist-

ance index (IC:, PFDA2)(IC,, PF3D7). [e] Data from Ref. [17]. [f] Chioro-

quine.

1629

anti-plasmodial activity than 1a (Pf3D7 IC;, 0.14 um). Further
elongation of the linker to propyl (1e, Pf3D7 I1C,, 0.13 um) re-
sulted in a similar activity as in the benzyl-substituted proto-
type compound 1a. Introducing a trityl group, as in 1b, de-
creased activity (Pf3D7 1C;, 028 um). Further modifications on
the aromatic cap group in 1a were therefore investigated in-
cluding chloro substituents and methyl groups as well as the
replacement of the phenyl ring by a naphthyl group. The intro-
duction of methyl groups to the cap group resulted in an im-
proved activity, whereas chloro substituents as well a naph-
thyl-based cap groups provided compounds with decreased
activity relative to the prototype compound 1a. The best activ-
ity against the 3D7 line of P falciparum was observed for com-
pound 1f (R'=35-CHs-PhCH,, R’=H; Pf3D7 ICs, 0.09 pum;
Table 1). Interestingly, 1f showed a similar activity as com-
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pound la (Pf3D7 IC;, 0.10 pm, Table 1), a hit compound from
our previous study also bearing a 3,5-dimethylphenyl-based
cap (Figure 2).1"

Subsequently, all compounds with activity against the 3D7
line (IC5, <5 um) were screened for activity against the multi-
drug resistant Dd2 line of P falciparum (Table 1). A comparison
of the resistance indices (Rl) revealed that the compounds pos-
sess similar activity against both strains (Rl: 0.9-1.6). In general,
similar structure activity relationships were observed for P falci-
parum Dd2 as observed against 3D7. For instance, the intro-
duction of an ethyl group to the alkoxyamide moiety resulted
in more than 20-fold decreased activity (see 1a versus 2a;
Table 1). As for line 3D7, compound 1 f (R1=3,5-CH,-PhCH,,
R*=H) showed the highest activity of all synthesized com-
pounds (PfDd2 IC,, 0.11 um; Table 1).

In vitro cytotoxicity against human cells and P. falciparum
selectivity indices

To investigate the selectivity of our terephthalic acid-based
HDACI for the parasites versus human cells, cytotoxicity of all
compounds was evaluated against human embryonic kidney
293 (HEK293) cells (Table 2). The screening revealed |C,, values
in the range of 83 to 51.3 uMm. One compound displayed
single-digit micromolar cytotoxicity (1g, HEK293 IC;, 8.3 um),
eight compounds (1¢, 1e, 1f, 1h, 1i, 1j, 1k and 2a) had mod-
erate toxicity with IC,, values ranging from 10 to 20 pm, while
four compounds (1a, 1b, 1d and 2b) showed low cytotoxicity
with 1C,,s between 20.1 and 51.3 pm.

Notably, the five most active asexual blood-stage inhibitors
(1a, 1¢ 1e, 1, and 1g) showed calculated selectivity indices
(Sl; human cell IC/P falciparum 1C.,) of greater than 100
(Table 2). In comparison, the reference anticancer HDACi SAHA
showed high cytotoxicity against HEK293 cells {IC;; 1.49 um) re-
sulting in low parasite selectivity (5I"™2%3P7; 7 and §H293/Ddz,

Table 2. Cytotoxicity and selectivity indices of 1a-k and 2a,b.®!
Compd HEK293 Sl HepG2 Sl
1Cso [m] Pf3D7/PfDd2 ICsy [ta] PF3D7/PDd2
l1a 297167 212/186 =50 >357/313
1b 513+188 183/197 nd. nd.
1c 176£51 160/135 >50 =>455/384
1d 20656 41/25 nd. nd.
1e 184 £4.1 142/102 >50 =385/278
1f 11:9+19 132/108 =50 = 556/455
1g 83122 40/49 37.25 219/219
1h 156+£5.1 67/71 nd. nd.
1i 112418 53/39 nd. nd.
1j 11.8+£31 59/51 nd. nd.
1k 164+7.2 82/51 nd. nd.
2a 166£7.2 6/5 nd. nd.
2b 20170 1/- nd. nd.
la nd. nd. 1.26" 13/nd™
SAHA 149+02 7/8 1.49! 7/8
[a] P, faleiparum 3D7 (Pf3D7), P falciparum Dd2 (PfDd2); Sl=selectivity
index (mammalian cell 1C)/(P. falciparum ICx): larger values indicate
greater malaria parasite selectivity; n.d.: not determined. [b] Data from
Ref. [17].
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8). As cytotoxicity is cell-line dependent, compounds 1a, 1c,
1e, 1f and 1g were further tested for cytotoxicity against the
HepG2 human liver cancer cell line (Table 2), which is frequent-
ly used as a marker of in vitro liver toxicity.?"! All compounds
showed low cytotoxicity against HepG2 cells and four (1a, 1c,
1e, and 1f) of the five compounds tested showed no cytotox-
icity at the highest concentration examined (50 um). The best
parasite-selectivity was observed for compound 1 f (S/"307
556 and SI"¢P<¥P9 - 455) Of note, the hit compound from our
previous study (la) showed a remarkably higher cytotoxicity
against the human HepG2 cell line (IC;, 1.26 um) resulting in a
relatively low selectivity index (S1"P¥3P7: 13)"71 Keeping in
mind that 1f and la both feature a 3,5-dimethylphenyl-based
cap group, these data demonstrate that the parasite selectivity
of HDACi can be improved by using a terephthalic acid linker
instead of an alkyl linker.

As mentioned above, the high cytotoxicity of HDACi against
mammalian cells is mainly attributed to the inhibition of
human class | HDAC isoforms. To assess whether the lower cy-
totoxicity of our compounds compared to SAHA correlates
with decreased activity against human class| HDACs, we
tested the activity of 1a, 1¢, 1e, 1f, and 1g and the reference
compound SAHA against recombinant hHDAC1. When we
compared activity against recombinant hHDAC1, we found
that 1a, 1¢, 1e, 1f, and 1g (IC, 0.51 to 0.88 pm) showed 9- to
16-fold lower activity against hHDAC1 than SAHA (IC,
0.056 um, Table S1). Because our target compounds were de-
signed based on the preferential hRHDAC6 inhibitors of type II,
compounds 1a, 1¢, 1e, 1f, and 1g were further tested for in-
hibition of recombinant hHDAC6. The screening revealed |C,,
values ranging from 0.09 to 0.38 um (Table 51). These results
indicate a moderate preference for hHDAC6 over hHDAC1.
While the preferential inhibition of hHDAC6 may contribute to
the reduced cytotoxicity and improved selectivity indices ob-
served for these compounds over SAHA in comparison with
the activity against P.falciparum infected erythrocytes, we
cannot confirm this. Furthermore, it cannot be ruled out that
the parasite-specific activity arises from differences in cell per-
meability or efflux between the parasites and mammalian cells.

To elucidate whether the asexual blood-stage activity of our
compounds is related to inhibition of class| or class |l
PfHDACs, screening the compounds against all three zinc-de-
pendent PfHDACs would be required. However, of the three
P falciparum class I/ll HDAC homologues, recombinant protein
is only available for PFHDAC1. Furthermore, in a recent study,
the quality of recombinant PFHDAC1 has been questioned,”
both in terms of the low purity of this commercially available
enzyme and validity of its catalytic activity in the absence of
endogenous cofactors. Thus, we decided to study the effect of
selected compounds on parasitic deacetylase activity by
means of P. falciparum hyperacetylation assays.

Asexual blood-stage P. falciparum hyperacetylation assays
with terephthalic acid-based HDACi

The in situ hyperacetylation of histones in P. falciparum tropho-
zoite-stage parasites by ten terephthalic acid-based HDACI

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(Ta—c and 1e-k) was assessed in two independent experi-
ments by western blot (Figure 3). The anti-(tetra)j-acetyl histone
H4 antibody detected an ~11 kDa band that corresponds to
the expected size of H4, as well as a doublet of ~13-14 kDa
and a band of ~ 16 kDa band which likely correspond to hyper-
acetylated forms of H2B/H2Bv and H2A.Z, respectively (see Ex-
perimental Section, Histone hyperacetylation assays), as previ-
ously reported.”® Using this antibody, all compounds, except
1b with a trityl in the R' position, caused a mean 1.5 to 3.4-
fold increased signal relative to the vehicle control, irrespective
of whether density of all bands (Figure 3; grey bars) or only
the ~11 kDa band corresponding to H4 (Figure 3; white bars)
were analyzed. As expected the control HDAC inhibitor SAHA,
but not the negative control drug chloroquine, also caused hy-
peracetylation with mean 2 3-fold increased signal relative to
vehicle control (Figure 3). While this suggests that all com-
pounds, except 1b, can hyperacetylate P.falciparum histone
H4 to some extent, it is important to note that these data only
present single time-point snapshots of acetylation levels.
Direct comparison of acetylation levels between compounds
cannot be made as factors such as compound exposure dy-
namics (such as stability, cell permeability and efflux mecha-
nisms), presence of differing isoforms and/or expression levels
of potential target proteins within the parasite must be taken
into account. Further analysis will be required to determine if
the differences observed here, in particular for compound 1b,
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Figure 3. Hyperacetylation of P, falciparum histones by terephthalic acid-
based HDACI. A) Western blot analysis of protein lysates prepared from
trophozoite-stage R falciparum 3D7-infected blood cells treated with SAHA,
1a-c, or 1e-k for 3 h. Parasite-infected blood cells treated for 3 h with

5% IC., chloroquine (CQ} or vehicle only (0.1% DMSO; C-3h) are shown as a
negative controls. Following western blot using anti-(tetra)-acetyl histone H4
(the =11 kDa band corresponds to the correct size of histone H4, with the
doublet likely due to cross-reactivity with acetylated forms of H2B/H2Bv

(= 13-14 kDa) and the =16 kDa band due to cross-reactivity with H2AZ;
see Experimental Section), the same membrane was re-probed with anti-
PfGAPDH as loading control (representative blot shown). B) Densitometry
analysis of two independent western blot results. Data are the mean (+5D)
relative density of all bands (grey bars) or the = 11 kDa band only (white
bars) obtained using anti-(tetral-acetyl histone H4 and compared with the
band detected using anti-PFGAPDH on the same membrane and normalized
to the C-3h control (set as 1.0; dotted line).
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are related to target preferences, however as discussed above,
this is currently limited by a lack of recombinant PFHDAC pro-
teins.

Activity of terephthalic acid-based HDACi against Plasmodi-
um exo-erythrocytic and gametocyte stages

Current antimalarial drug discovery efforts have moved toward
elimination/eradication of malaria and aim to target exo-eryth-
rocytic liver stages (prevention) and gametocyte-stage (trans-
mission) parasites in addition to asexual blood stages.” Thus,
in addition to asexual blood-stage activity, it would be benefi-
cial for new antimalarial agents to have activity against at least
one of the non-dividing stages in order to provide additional
prophylactic and/or transmission blocking potential. The five
most potent asexual blood-stage inhibitors were therefore
screened for activity against murine malaria (P. berghei) exo-er-
ythrocytic forms and early-stage (stage |-lll) and late-stage
(stage IV-V) P. falciparum gametocytes. There are homologues
for each of the three P falciparum class I/l HDACs in P. berghei,
with amino acid identities ranging from =35-95%, and high-
est identity seen for PfHDAC1 (see Supporting Information
Table S2).

Plasmodium liver stages are clinically silent pre-erythrocytic
life cycle stages and inhibition of this stage has the potential
to lead to causal prophylaxis. When the activity of a subset of
the terephthalic acid-based HDACi was evaluated against
P berghei exo-erythrocytic forms (PbEEF), three of the five com-
pounds were found to have IC, values >1pm (1c, 1e and
1g; Table 3), however, 1a and 1f showed nanomolar activity
with 1C;, values of 0.53 um and 0.18 um, respectively (Table 3).
Notably, the Plasmodium liver stages activity of 1 f is similar to
the activity of compound la from our former study (IC,,
0.16 pm, Table 3).

A comparison of the PbEEF IC;, of 1f with the HepG2 cell
cytotoxicity indicates that 1f has >270-fold higher activity
against P. berghei exo-erythrocytic stages versus human HepG2
cells. It is interesting to note that 1f was also the most para-
site-selective P falciparum asexual blood-stage inhibitor
(Table 2). While some other hydroxamate HDACi (including
SAHA (SI"PEEF. 11) and la (SI"*®™™F; 8))'"" have been

shown to have sub-micromolar activity against exo-erythrocyt-

Table 3. Activity of terephthalic acid-based HDACI against P. berghei exo-
erythrocytic forms.

Compd R R? PbEEF 959 C[!
ICsy [l-“"‘]‘é]

1a Bn H 053 034-084
1c 4-CH -PhCH, H 9.51 7.28-12.39
1e PhCH,CH,CH, H 8.08 631-10.36
1f 3,5-CHs-PhCH, H 018 0.10-0.34
1g 1-naphthyl CH, H 3.73 297-4.69
la 016" 0.12-021¢

[a] PBEEF, P. berghei exo-erythrocytic forms; atovaquone was used as ref-
erence compound (ICs: 0.0565 nm). [b] 95% confidence interval for

PbEEF IC., [um]. [c] Data from Ref, [17].
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ic-stage P, berghei parasites, to the best of our knowledge com-
pound 1 f is the first anti-plasmodial HDACi with both nano-
molar activity against P berghei exo-erythrocytic forms in addi-
tion to high parasite-specific selectivity (SI"*S*EEF; — 370),
Because four HDACi from our previous study including la
(IC;, 0.33 um, Table 4) revealed sub-micromolar activity against
late-stage P. falciparum gametocytes,"” we examined the activ-
ity of 1a, 1¢, 1e, 1f, and 1g against early-stage (stage I-11)
and late-stage (stage IV-V) P. falciparum gametocytes using an
imaging-based viability assay. In contrast to the activity ob-
served against exo-erythrocytic forms, all five compounds were
found to have only moderate activity (IC;, > 2 um; Table 4).

Table 4. Activity of terephthalic acid-based HDACI against early-stage (-
I} and late-stage (V-V} R falciparum gametocytes.

Compd R’ R? 1Cg [pama]
PFESGH PFLSG"!

1a Bn H 427141079 93944
1c 4-CH,-PhCH, H 541+1.88% 577 +3.01™
1e PhCHCH,CH, H 48541459 3.07 £0.788!
1f 35CHsPhCH, H 26241209 2291021
1g 1-naphthylCH, H 23040209 2,06 £ 0.68"!
la n.d. 033+£001%
artesunate 0.003 +0.001%! 0.008 -+ 0.0008"!
pyronaridine 0.029+0.0010%  1.710+£033"
chloroquine 0.062 +0.016%  68%
[a] P. falciparum NF54 early-stage gametocytes (stage |-lll): data are the

mean + 5D of three independent assays, 16-point dose-response in dupli-
cate wells. [b] R falcparum NF54 late-stage gametocytes (IV-V): data are
the mean= 5D of two independent assays, 16-point dose-response in du-
plicate wells. [c] Percent inhibition at 40 pm is provided when E,., plateau
was not obtained to determine the IC, value (see the Experimental Sec-
tion for full description of analysis). [d] ESG data from two independent
experiments. [e] Data from Ref. [17].

Conclusions

In summary, we have synthesized a mini-library of a novel type
of anti-plasmodial compounds based on the HDACi pharmaco-
phore. Several compounds have activity similar to that of the
reference HDACi SAHA against drug-sensitive (3D7) and multi-
drug resistant (Dd2) asexual blood-stage P.falciparum para-
sites, with five (1a, 1¢, 1e, 11, and 1g) having selectivity indi-
ces of =100 for P falciparum versus human cells. The most
active compound (1 f; Pf3D7 IC;, 0.09 um, PfDd2 IC,, 0.11 um)
was >455-fold more toxic against the asexual blood stages
than toward mammalian HepG2 cells. Selected compounds
were shown to cause hyperacetylation of P. falciparum histones
in asexual blood-stage parasites, consistent with a mode of
action targeting parasite deacetylase activity. Compounds 13,
1c, 1e, 1f, and 1g were further tested for activity against
P. berghei exo-erythrocytic stages and early- and late-stage
P. falciparum gametocytes. While this subset of terephthalic
acid-based HDACi showed only moderate activity against ga-
metocytes, compound 1 f showed potent and selective activity
against P berghei exo-erythrocytic stages. Notably, 1f has
>270-fold higher activity against P berghei exo-erythrocytic
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stages than against mammalian HepG2 cells. Thus, compound
1f may be a useful starting point for further optimization
toward anti-plasmodial HDACi with dual- or multi-stage activity
and high parasite-specific activity.

Experimental Section

Chemistry

General: All chemicals and solvents were obtained from commer-
cial suppliers (Sigma-Aldrich, Acros Organics, Carbolution Chemi-
cals) and used as purchased without further purification. The syn-
thesis of the required O-substituted and N,O-disubstituted hydrox-
ylamine derivatives was performed according to literature proce-
dures.”™?¥ The progress of all reactions was monitored by thin
layer chromatography (TLC) using Merck pre-coated silica gel
plates (with fluorescence indicator UV,s.). Components were visual-
ized by irradiation with ultraviolet light (254 nm) or staining in po-
tassium permanganate solution followed by heating. Flash column
chromatography was performed using prepacked silica cartridge
with the solvent mixtures specified in the corresponding experi-
ment. Melting points (mp) were taken in open capillaries on a Met-
tler FP 5 melting-point apparatus and are uncorrected. Proton ('H)
and carbon (“C) NMR spectra were recorded on a Bruker Avance
300, 500 or 600 using [D,JDMSO or CDCl, as solvents. Chemical
shifts are given in parts per million (ppm), relative to residual sol-
vent peak for 'H and "“C. Elemental analysis was performed on a
PerkinElmer PE 2400 CHN elemental analyzer. High resolution mass
spectra (HRMS) analysis was performed on a UHR-TOF maXis 4G,
Bruker Daltonics, Bremen by electrospray ionization (ESI). Analytical
HPLC analysis were carfied out on a Varian Prostar system
equipped with a Prostar 410 (autosampler), 210 (pumps) and 330
(UV-detector) using a Phenomenex Luna 5u C18(2) 1.8 um particle
(250 mmx4.6 mm) column, supported by Phenomenex Security
Guard Cartridge Kit C18 (4.0 mmx 3.0 mm). UV absorption was de-
tected at 254 nm with a linear gradient of 10% B to 100% B in
20 min using HPLC-grade water +0.1% TFA (solvent A) and HPLC-
grade acetonitrile +0.1% TFA (solvent B) for elution at a flow rate
of 1 mLmin~'". The purity of all final compounds was 95% or
higher. General procedures for the synthesis and compound char-
acterization data for HDACi 1a-k and 2ab are given below. The
synthesis of all other compounds is reported in the Supporting In-
formation.

General procedure for the synthesis of 1a—k and 2a,b: Hydroxyl-
amine hydrochloride (348 mg, 5.0 mmol, 10 equiv) was added to a
sodium methanolate solution freshly prepared from dry methanol
(8 mL) and sodium (175 mg, 7.5 mmal, 15 equiv). The mixture was
stirred for 10 min before the respective ester 4a-k and 5ab
(0.5 mmol, 1.0 equiv) was added. The reaction mixture was stirred
in a sealed tube for 3 h and 70°C. The solvent was removed under
reduced pressure, water (15 mL) was added, and the pH was ad-
justed to pH 7-8 using 4m HClL. The mixture was extracted with
ethyl acetate (3x50 mL), the combined organic layers were dried
over anhydrous sodium sulfate, filtered, and concentrated in
vacuum. The crude products were purified by flash column chro-
matography (prepacked silica cartridge, dichloromethane-dichloro-
methane/methanol (70:30), gradient: 90:10-—70:30 in 20 min) to
yield the desired hydroxamic acids 1a-k and 2a,b.

N'-(Benzyloxy)-N*-hydroxyterephthalamide 1a: Colorless solid;
yield: 69%, mp: 189°C; 'H NMR (500 MHz, [D,JDMSO): 6= 11.89 (s,
1H), 1135 (s, 1H), 9.15 (s, 1H), 7.85-7.76 (m, 4H), 7.56-7.30 (m,
5H), 4.94 ppm (s, 2H); "C NMR (151 MHz, [DJDMSO): 6 = 163.72,
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136.38, 135.91, 135.00, 129.40, 128.81, 127.62, 127.46, 77.45 ppm;
ty: 6.01 min, purity: 98.8%; HRMS (ESI) Anal. calcd for G H,N.O.
287.1026 [M+H] ™", found 287.1027.

N'-Hydroxy-N*-(trityloxy)terephthalamide 1b: Colorless solid;
yield 59%; mp: 199°C; 'H NMR (500 MHz, [D,DMSQ): 6 =1126 (s,
1H), 11.05 (s, 1H), 909 (s, 1H), 7.69 (d, J=8.0Hz, 2H), 757-
715 ppm (m, 17H); “CNMR (151 MHz, [DJ]DMS0): d=163.28,
16321, 14231, 13719, 13488, 13406, 13481, 12900, 12738,
126.56, 92.44 ppm; t;: 16.08 min, purity: 99.5%; HRMS (ESI) Anal.
caled for C,;H;,N;Na0, 461.1472 [M+Nal*, found 461.1471.

N'-Hydroxy-N*-((4-methylbenzyl)oxy)terephthalamide 1c: Color-
less solid; yield: 68%; mp: 193°C; 'H NMR (600 MHz, [D,]DMSO):
0 =11.84 (s, 1H), 11.34 (s, 1H), 9.15 (s, 1H), 7.85-7.76 (m, 4H), 7.35
(d, J=75Hz, 2H), 7.21 (d, J=7.6 Hz, 2H), 4.89 (s, 2H), 2.32 ppm (s,
3H); "CNMR (151 MHz, [DJDMSO): 6=164.10, 163.85 138.13,
13591, 135.08, 133.28, 12955, 12936, 127.65 12746, 7735,
21.30 ppm; t;: 8.52 min, purity: 100.0%; HRMS (ESI) Anal. calcd for
C,oHyN;0, 301.1183 [M+H]*, found 301.1185.

N'-Hydroxy-N*-phenethoxyterephthalamide 1d: Colorless solid;
yield 59%; mp: 173°C; 'H NMR (500 MHz, [DJDMSQ): 6=11.80 (s,
1H), 11.37 (s, TH), 9.15 (s, 1H), 7.81 (s, 3H), 7.37-7.27 (m, 5H),
725-7.18 (m, 1H), 413 (t, J=6.8 Hz, 2H), 2.96 ppm (t, J=6.7 Hz,
2H); "CNMR (151 MHz, [DJDMSO): 6=163.79, 138.83, 13586,
13509, 129.35, 12877, 127.64, 127.44, 126.67, 76.21, 34.52 ppm; t;:
8.82 min, purity: 99.8%; Anal. calcd for C;H,,;N,0, 301.1183 [M+
HI*, found 301.1181.

N'-Hydroxy-N*-(3-phenylpropoxy)terephthalamide 1e: Colorless
solid; yield 86%; mp: 159°C; '"HNMR (500 MHz, [D,JDMSQ): d=
11.73 (s, 1H), 11.40 (s, 1H), 9.16 (s, 1H), 7.85-7.77 (m, 4H), 7.33—
723 (m, 4H), 7.18 (t, J=7.2 Hz, 1H), 391 (m, 2H), 2.72 (t, J=7.9 Hz,
2H), 1.94-1.86 ppm (m, 2H); "CNMR (151 MHz, [D,JDMSQO): 6=
163.37, 163.17, 14150, 13531, 13451, 12828, 12822, 127.03,
12687, 125.70, 74.49, 31.34, 29.55 ppm; f: 10.16 min, purity:
99.6%; HRMS (ESI) Anal. caled for C;H,N,0, 315.1339 [M+H]",
found 315.1341.

N'-((3,5-Dimethylbenzyl)oxy)-N*-hydroxyterephthalamide e
Colorless solid; yield 65%; mp: 149°C; 'HNMR (500 MHz,
[D,IDMSQ): 6=11.86 (s, TH), 11.34 (s, 1H), 9.14 (s, 1H), 7.86-7.76
(m, 4H), 705 (s, 2H), 6.99 (s, 1H), 4.85 (s, 2H), 2.28 ppm (s, 6H);
BCNMR (151 MHz, [D,JDMSO): 6 =163.56, 163.25, 137.20, 135.52,
13534, 134.51, 12958, 127.09, 126.89, 126.57, 77.01, 20.74 ppm; t;:
11.50 min, purity: 99.6%; HRMS (ESI) Anal. caled for C,;H,;N,O.
315.1339 [M+H]", found 315.1344.

N'-Hydroxy-N*-(naphthalen-1-yimethoxy)terephthalamide  1g:
Colorless solid; vyield 75%; mp: 140°C; 'HNMR (500 MHz,
[D;IDMSQ): 8 =12.03 (s, 1H), 11.33 (s, TH), 9.16 (s, 1H), 8.62 (s, 1H),
798 (d, J/=8.1 Hz, 2H), 7.85 (s, 4 H), 7.70-7.44 (m, 4H), 539 ppm (s,
2H); “CNMR (151 MHz, [DJDMSO): 6=163.70, 163.21, 13541,
13440, 13321, 13193, 13126, 12933, 12849, 128.16, 12713,
12692, 12635, 125.94, 125.20, 124.83, 75.27 ppm; ty: 10.85 min,
purity: 97.1%; HRMS (ESI) Anal. caled for C,oH;N,0, 337.1183 [M+
HI', found 337.1182.

N'-((2,4-Dichlorobenzyl)oxy)-N*-hydroxyterephthalamide 1h:
Colorless solid; yield: 71%; mp: 175°C; 'HNMR (500 MHz,
[DsJDMSQ): 6=11.89 (s, TH), 11.36 (s, TH), 9.16 (s, 1H), 827-7.30
(m, 7H), 5.04ppm (s, 2H); "CNMR (151 MHz, [D,IDMSQ): d=
163.69, 163.18, 135.38, 134.21, 133.78, 13266, 129.11, 128.71,
12734, 12708, 126,87, 72.97 ppm; t;: 11.93 min, purity: 95.3%;
HRMS (ESI) Anal. caled for C;sH;sN,O, 355.0247 [M-+H]", found
355.0245.
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N'-((3,4-Dichlorobenzyl)oxy)-N'*-hydroxyterephthalamide 1i: Col-
orless solid; yield 73%; mp: 188°C; 'H NMR (600 MHz, [D,]DMSO):
0=1188 (s, 1H), 11.35 (s, 1H), 9.14 (s, 1H), 8.02-7.72 (m, 5H), 7.67
(d, J/=81Hz, 1H), 746 (d, /=74Hz, 1H), 495ppm (s, 2H);
“C NMR (151 MHz, [DJDMSO): 6 =163.79, 163.24, 137.17, 135.44,
134.26, 130.85, 130.73, 130.56, 130.44, 128.92, 127.09, 126.92,
75.32 ppm; tz: 12,12 min, purity: 99.2%; HRMS (ESI) Anal. calcd for
CysH,aN,0, 3550247 [M+HI*, found 355.0248.

N'-((2,3-Dichlorobenzyljoxy)-N*-hydroxyterephthalamide 1j: Col-
orless solid; yield: 64%; mp: 155°C; '"H NMR (600 MHz, [D,]DMSO):
0=1191 (s, 1H), 11.35 (s, 1H}, 9.13 (s, TH), 7.98-7.73 (m, 4H), 7.66
(d, /=7.7Hz, 1H), 7.58 (d, J=7.2Hz, 1H), 742 (t, J=7.8Hz, 1H),
509ppm (s, 2H); “CNMR (151 MHz, [DJDMSOQ): &=163.78,
163.24, 136.03, 135.44, 134.25, 131.76, 131.18, 13045, 129.76,
128.10, 127.12, 126.89, 74.12 ppm; t;: 11.42 min, purity: 98.7 %;
HRMS (ESI) Anal. caled for C;H;sN,O, 355.0247 [M+H]', found
355.0247.

N'-((3,4-Difluorobenzyl)oxy)-N*-hydroxyterephthalamide 1 k: Col-
orless solid; yield 87%; mp: 192°C; 'H NMR (500 MHz, [D,]DMSO):
0=1194 (s, 1H), 11.37 (s, 1H), 9.15 (s, 1H), 7.81 (g, /=83 Hz, 4H),
7.61-7.51 (m, 1H), 750-7.42 (m, 1H), 7.33 (s, 1H), 493 ppm (s, 2H);
"C NMR (126 MHz, [D,JDMSQ): 6 = 163.81, 163.32, 15021 (ddd, J—
2450, 126 Hz), 14826 (ddd, J=2450, 12.4 Hz), 13550, 134.39,
133.83, 127.13, 126.95, 12564 (dd, /=64, 3.2Hz), 11768 (d, J=
17.1Hz), 117.24 (d, J=17.1Hz), 7562 ppm; t,: 7.79 min, purity:
99.6%; HRMS (ESI) Anal. caled for CicHyFN.O. 323.0838 [M+H]*,
found 323.0839.

N'-(Benzyloxy)-N'-ethyl-N*-hydroxyterephthalamide 2 a: Colorless
solid; yield 54%; mp: 118°C; "HNMR (600 MHz, [DJDMSO): &
1134 (s, 1H), 9.12 (s, 1H), 7.80 (d, J/=8.0Hz 2H), 7.57 (d, /=8.1 Hz,
2H), 7.37-7.25 (m, 3H), 7.10 (s, 2H), 4.75 (s, 2H), 3.75 (s, 2H),
1.20 ppm (t, J=7.0Hz, 3H); "CNMR (151 MHz, [DJDMSO): &=
168.43, 163.42, 137.40, 134.30, 133.97, 129.16, 12850, 128.23,
127.35, 12650, 75.44, 12.15ppm; t;: 1157 min, purity: 96.6%;
HRMS (ESI) Anal. caled for C;H,N,0, 315.1339 [M+H]", found
315.1343.

N'-(Benzyloxy)-N'-butyl-N*-hydroxyterephthalamide 2b: Color-
less solid; yield 51%; mp: 128°C; 'HNMR (600 MHz, [D;]JDMSO):
0=1135 (s, TH), 9.13 (s, 1H), 7.81 (d, /=83 Hz, 2H), 7.57 (d, J=
8.3 Hz, 2H), 7.35-7.23 (m, 3H), 7.07 (s, 2H), 4.72 (s, 2H), 3,75 (s,
2H), 1.67-1.59 (m, 2H), 1.38-1.28 (m, 2H), 0.89 ppm (t, J=74 Hz,
3H); “CNMR (151 MHz, [D,IDMSO): 6=168.40, 16343, 137.39,
134.21, 133.94, 129.18, 12852, 12823, 12743, 126.49, 75.31, 28.56,
19.21, 1349 ppm; t;: 13.58 min, purity: 976%; HRMS (ESI) Anal.
caled for C,oHyN,0, 343.1652 M+ H]*, found 343.1655.

Biological evaluation

In vitro growth inhibition assays against asexual blood-stage
P. falciparum parasites: Activity against asexual-stage P falciparum
parasites was determined using ['Hlhypoxanthine incorporation,
essentially as previously described."*** Briefly, serial dilutions of
compound or controls were prepared in parasite culture media
(RPMI 1640 supplemented with 10% heat inactivated human
serum) with no added hypoxanthine, followed by addition of syn-
chronous ring-stage P. falciparum infected erythrocytes (0.25% par-
asitemia; 2.5% hematocrit). Following incubation for 48 h at 37°C
under standard parasite culture conditions, [*Hlhypoxanthine
(0.5 uCi per well) was added to each well, and the cultures incubat-
ed for a further 24 h. Assays were stopped by freezing at —20°C
and, after thawing, [3H]hypoxanthine incorporation measured by
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13638, 135.91, 135.00, 129.40, 128.81, 127.62, 127.46, 7745 ppm;
ty: 6.01 min, purity: 98.8%; HRMS (ESI) Anal. calcd for CsH;sN;O,
287.1026 [M+H]*, found 287.1027.

N'-Hydroxy-N*-(trityloxy)terephthalamide 1b: Colorless solid;
yield 59%; mp: 199°C; 'HNMR (500 MHz, [D,JDMSO); 8 =1126 (s,
1H), 11.05 (s, 1H), 909 (s, 1H), 7.69 (d, J=8.0Hz, 2H), 7.57-
7.15ppm (m, 17H); "CNMR (151 MHz, [D,DMSO): &=163.28,
163.21, 14231, 137.19, 13488, 13406, 13481, 12900, 12738,
126,56, 92.44 ppm; t,: 16.08 min, purity: 99.5%; HRMS (ESI) Anal.
caled for C,;H,,N,NaO, 461.1472 [M+Na]™, found 461.1471.

N'-Hydroxy-N°-({4-methylbenzyl)oxy)terephthalamide 1c: Color-
less solid; yield: 68%; mp: 193°C; '"HNMR (600 MHz, [D,JDMSO):
0=11.84 (s, 1H), 11.34 (s, 1H), 9.15 (s, 1H), 7.85-7.76 (m, 4H), 7.35
(d, J=7.5Hz, 2H), 7.21 (d, J=7.6 Hz, 2H), 4.89 (s, 2H), 2.32 ppm (s,
3H); "CNMR (151 MHz, [D,JDMSO): 6=164.10, 163.85, 138.13,
13591, 135.08, 133.28, 129.55, 129.36, 127.65, 12746, 77.35,
21.30 ppm; t;: 8.52 min, purity: 100.0 %; HRMS (ESI) Anal. caled for
CysHzN,0, 301.1183 [M+HI*, found 301.1185.

N'-Hydroxy-N°-phenethoxyterephthalamide 1d: Colorless solid;
yield 59%; mp: 173°C; 'H NMR (500 MHz, [DJDMSO): =11.80 (s,
1H), 11.37 (s, TH), 9.15 (s, 1H), 7.81 (s, 3H), 7.37-7.27 (m, 5H),
725-7.18 (m, 1H), 4.13 (t, J=6.8 Hz, 2H), 2.96 ppm (t, J=6.7 Hz,
2H); “"CNMR (151 MHz, [DJDMSO): 6=163.79, 138.83, 13586,
135.09, 129.35, 128.77, 127.64, 127.44, 126.67, 76.21, 34.52 ppm; ty:
8.82 min, purity: 99.8%; Anal. calcd for C,;H,;N,0, 301.1183 [M+
HI*, found 301.1181.

N'-Hydroxy-N°*-(3-phenylpropoxy)terephthalamide 1e: Colorless
solid; yield 86%; mp: 159°C; '"H NMR (500 MHz, [D,JDMSO): 6 =
11.73 (s, 1H), 11.40 (s, 1H), 9.16 (s, 1H), 785-7.77 (m, 4H), 733-
7.23 (m, 4H), 7.18 (t, J=7.2Hz, 1H), 391 (m, 2H), 2.72 (t, /=79 Hz,
2H), 1.94-1.86 ppm (m, 2H); *CNMR (151 MHz, [D,]JDMSOQ): d—
16337, 163.17, 14150, 13531, 13451, 12828, 12822, 12703,
12687, 125.70, 74.49, 31.34, 29.55 ppm; &: 10.16 min, purity:
996%; HRMS (ESI) Anal. calcd for C,;H,(N,O, 315.1339 [M-+HI",
found 315.1341.

N'-((3,5-Dimethylbenzyljoxy)-N*-hydroxyterephthalamide 1
Colorless solid; vyield 65%; mp: 149°C; 'HNMR (500 MHz,
[D,IDMSO): 6=11.86 (s, 1H), 1134 (s, 1H), 9.14 (s, 1H), 7.86-7.76
(m, 4H), 705 (s, 2H), 6.99 (s, 1H), 4.85 (s, 2H), 2.28 ppm (s, 6H);
“CNMR (151 MHz, [D,IDMSO): 6=163.56, 163.25, 137.20, 135.52,
13534, 134.51, 12958, 127.09, 12689, 126.57, 7701, 20.74 ppm; t,:
11.50 min, purity: 99.6%; HRMS (ESI) Anal. caled for C;H,;N.O,
3151339 [M+H]", found 315.1344.

N'-Hydroxy-N"-(naphthalen-1-ylmethoxy)terephthalamide  1g:
Colorless solid; vyield 75%; mp: 140°C; 'HNMR (500 MHz,
[DsIDMSO): 6 =12.03 (s, 1H), 11.33 (s, 1H), 9.16 (s, T1H), 8.62 (s, 1H),
798 (d, J=8.1 Hz, 2H), 7.85 (s, 4H), 7.70-7.44 (m, 4H), 539 ppm (s,
2H); “"CNMR (151 MHz, [DJDMSO): 6=163.70, 163.21, 13541,
13440, 133.21, 13193, 131.26, 12933, 12849, 12816, 127.13,
12692, 12635, 12594, 125.20, 124.83, 75.27 ppm; t;: 10.85 min,
purity: 97.1%; HRMS (ESI) Anal. caled for C,oH;;N,0O, 337.1183 [M+
HI*, found 337.1182.

N'-((2,4-Dichlorobenzyl)oxy)-N*-hydroxytere phthalamide 1h:
Colorless solid; vield: 71%; mp: 175°C; 'HNMR (500 MHz,
[D;IDMSO): 6=11.89 (s, TH), 11.36 (s, 1H), 9.16 (s, 1H), 827-7.30
(m, 7H), 5.04 ppm (s, 2H}; “CNMR (151 MHz, [D;JDMSO): d=
16369, 163.18, 135.38, 134.21, 133.78, 13266, 129.11, 128.71,
12734, 127.08, 126.87, 72.97 ppm; t: 11.93 min, purity: 95.3%;
HRMS (ESI) Anal. caled for C,sH;sN,O, 355.0247 [M+H]*, found
355.0245.
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N'-((3,4-Dichlorobenzyl)oxy)-N"-hydroxyterephthalamide 1i: Col-
orless solid; yield 73%; mp: 188°C; 'H NMR (600 MHz, [D,IDMSO):
Ad—=11.88 (s, 1H), 11.35 (s, 1H), 9.14 (s, TH), 8.02-7.72 (m, 5H), 7.67
(d, J=81Hz, 1H), 746 (d, J=74Hz, 1H), 495ppm (s, 2H);
“CNMR (151 MHz, [D,DMSQ): 6=163.79, 163.24, 137.17, 135.44,
134.26, 130.85, 130.73, 130.56, 130.44, 12892, 127.09, 126.92,
75.32 ppm; ty: 12,12 min, purity: 99.2%; HRMS (ESI) Anal. calcd for
C,sHyN,0, 3550247 [M+H]*, found 355.0248.

N'-((2,3-Dichlorobenzyl) oxy)-N*-hydroxyterephthalamide 1j: Col-
orless solid; yield: 64%; mp: 155°C; "H NMR (600 MHz, [D,IDMSQ):
d=1191 (s, 1H), 11.35 (s, 1H), 9.13 (s, 1H), 7.98-7.73 (m, 4H), 7.66
(d, J=7.7Hz, 1H), 7.58 (d, J=7.2Hz, 1H), 7.42 (t, J=7.8Hz, 1H),
5.09ppm (s, 2H); “CNMR (151 MHz, [DJDMSO): o= 163.78,
163.24, 136.03, 135.44, 134.25, 131.76, 131.18, 130.45, 129.76,
128.10, 127.12, 126.89, 74.12 ppm; ty: 11.42 min, purity: 98.7%;
HRMS (ESI) Anal. caled for CisHiN,O, 355.0247 [M-+H]", found
355.0247.

N'-{(3,4-Difluorobenzyl)oxy)-N*-hydroxyterephthalamide 1k: Col-
orless solid; yield 87%; mp: 192°C; '"H NMR (500 MHz, [D,IDMSQ):
d=11.94 (s, 1H), 11.37 (s, 1H), 9.15 (s, 1H), 7.81 (g, /=83 Hz, 4H),
7.61-751 (m, 1H), 750-742 (m, TH), 7.33 (s, 1H), 493 ppm (s, 2H);
“C NMR (126 MHz, [D;]IDMS0): 6 =163.81, 163.32, 150.21 (ddd, J=
2450, 126 Hz), 14826 (ddd, J=245.0, 12.4 Hz), 13550, 134.39,
133.83, 127.13, 126.95, 12564 (dd, /—6.4, 32 Hz), 117.68 (d, J=
17.1Hz), 117.24 (d, J=17.1Hz), 7562 ppm; t;: 7.79 min, purity:
99.6%; HRMS (ESI) Anal. caled for C,sH,sFaN,0. 323.0838 [M+H]',
found 323.0839.

N'-(Benzyloxy)-N'-ethyl-N*-hydroxyterephthalamide 2a: Colorless
solid; yield 54%; mp: 118°C; 'HNMR (600 MHz, [DJDMSO): 6=
1134 (s, TH), 9.12 (s, 1H), 780 (d, J=8.0Hz, 2H), 757 (d, J=8.1 Hz,
2H), 7.37-7.25 (m, 3H), 7.10 (s, 2H), 475 (s, 2H), 3.75 (5, 2H),
1.20ppm (t, J=7.0Hz, 3H); "CNMR (151 MHz, [D;JDMSQ): 6=
168.43, 163.42, 137.40, 134.30, 133.97, 129.16, 128.50, 128.23,
127.35, 126,50, 7544, 12.15ppm; t: 1157 min, purity: 96.6%;
HRMS (ESI) Anal. caled for C;;H,,N,O, 315.1339 [M+H]*, found
315.1343.

N'-(Benzyloxy)-N'-butyl-N*-hydroxyterephthalamide 2b: Color-
less solid; yield 51%; mp: 128°C; '"H NMR (600 MHz, [D,JDMSOQ):
d=1135 (s, TH), 9.13 (s, 1H), 7.81 (d, /=83 Hz, 2H), 7.57 (d, J=
8.3 Hz, 2H), 7.35-7.23 (m, 3H), 7.07 (s, 2H), 4.72 (s, 2H), 3,75 (s,
2H), 1.67-1.59 (m, 2H), 1.38-1.28 (m, 2H), 0.89 ppm (t, J=7.4 Hz,
3H); "CNMR (151 MHz, [D,JDMSO): 6—168.40, 16343, 137.39,
134.21, 133.94, 129.18, 12852, 12823, 12743, 126.49, 75.31, 28.56,
19.21, 1349 ppm; f;: 13.58 min, purity: 97.6%; HRMS (ESI) Anal.
caled for €, ,H,,N.0, 343.1652 [M+HI", found 343.1655.

Biological evaluation

In vitro growth inhibition assays against asexual blood-stage
P. falciparum parasites: Activity against asexual-stage P. falciparum
parasites was determined using [Hlhypoxanthine incorporation,
essentially as previously described."**" Briefly, serial dilutions of
compound or controls were prepared in parasite culture media
(RPMI 1640 supplemented with 10% heat inactivated human
serum) with no added hypoxanthine, followed by addition of syn-
chronous ring-stage P. falciparum infected erythrocytes (0.25% par-
asitemia; 2.5 % hematocrit). Following incubation for 48 h at 37°C
under standard parasite culture conditions, [Hlhypoxanthine
(0.5 pCi per well) was added to each well, and the cultures incubat-
ed for a further 24 h. Assays were stopped by freezing at —20"C
and, after thawing, [3H]hypoxan‘thine incorporation measured by
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harvesting onto 1450 MicroBeta filter mats (Wallac) and counting
using a 1450 MicroBeta liquid scintillation counter. Percentage in-
hibition of growth was determined relative to matched DMSO ve-
hicle controls included in each assay (< 0.5% DMSO; nontoxic). At
least three (P. falciparum line 3D7) or two (P falciparum line Dd2)
independent experiments were carried out, each in triplicate wells.
Chloroguine and SAHA (vorinostat) were included in each assay as
positive controls. IC;, values were determined using log-linear in-
terpolation of inhibition curves”®® and are presented as mean (£
SD) of the independent assays.

MTT cell viability assay: To assess cytotoxicity, the rate of cell-sur-
vival under the action of test substances was evaluated by an im-
proved  3-(45-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT, Applichem, Germany) assay as previously described.””
In brief, HEK293 cells were seeded at a density of 5000 cells per
well in 96well plates (Coming, Germany). After 24 h, cells were ex-
posed to increased concentrations of the test compounds. Incuba-
tion was ended after 72 h and cell survival was determined by ad-
dition of MTT solution (5mgmL ' in phosphate-buffered saline).
The formazan precipitate was dissolved in DMSQ (VWR, Germany).
Absorbance was measured at 544 nm and 690 nm in a FLUOstar
microplate reader (BMG LabTech, Offenburg, Germany). Concentra-
tion—effect curves were constructed with Prism 4.0 (GraphPad Inc.,
San Diego, CA, USA) by fitting the pooled data of at least three ex-
periments performed in triplicates to the four parameter logistic
equation.

Histone hyperacetylation assays: The effect of compounds on his-
tone hyperacetylation was determined essentially as previously de-
scribed.™™ Briefly, trophozoite-stage P falciparum 3D7 parasites
were incubated for 3 h under standard in vitro culture conditions
with 5xIC,, of test compounds, the antimalarial drug chloroquine
(CQ) or the positive control SAHA. Vehicle (0.1% DMSQ) served as
a negative control, with samples taken at the start and end
(termed C-3h) of the treatments. Protein lysates were prepared by
lysis with 0.15% saponin (Sigma, USA) in phosphate-buffered
saline (PBS; Invitrogen, USA) followed by extensively washing with
PBS to remove hemoglobin. The resulting pellet was then resus-
pended in 1xSDS-PAGE loading dye and samples heat denatured
(94°C; 3 min) and sheared through a 27 gauge needle prior to
analysis by 15% SDS-PAGE and western blotting using PVDF mem-
brane (Roche, Switzerland). Membranes were blocked with Odys-
sey™ blocking buffer (LICOR Biosciences) for 1 h in RT prior to the
addition of primary and secondary antibodies. The following anti-
bodies were used: anti-(tetra)-acetyl histone H4 (Millipore; 1:2000
dilution) with IRDye 680RD goat anti-rabbit as secondary antibody
(LICOR Biosciences; 1:10000 dilution); anti-glyceraldehyde 3-phos-
phate dehydrogenase (PfGAPDH; a gift from Dr. Matt Dixon, The
University of Melbourne, Australia; 1:5000 dilution) with IRDye
800CW donkey anti-rabbit as secondary (LICOR Biosciences;
1:10000 dilution). Anti-(tetra)-acetyl histone H4 antibody recogniz-
es acetylated histone H4 forms and may also cross-react with ace-
tylated histone H2B and other acetylated histones, as reported by
the manufacturer. Membranes were incubated with primary anti-
bodies overnight at 4°C, followed by washing and addition of sec-
ondary antibodies for 45min at room temperature. Membranes
were imaged using an Odyssey Classic (LI-COR biosciences) and
densitometry analysis was carried out using Image Studio Lite ver-
sion 5.2 (LI-COR biosciences).

P. berghei-Luciferase liver-stage assay and HepG2 Cytotoxicity
assay: HepG2-A16-CD81EGFP, human hepatocarcinoma HepG2
cells stably transformed to express the tetraspanin CD81 recep-
tor*® and thus susceptible to P. berghei infection, were cultured at
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37°Cin 5% CO, in DMEM (Life Technologies, CA, USA) supplement-
ed with 10% FBS, 0.29 mgmL~' glutamine, 100 unit penicillin and
100 ugmL~" streptomycin. For the P. berghei-Luciferase and HepG2
cytotoxicity assays, 3x10° of the HepG2-A16-CD81EGFP cells in
5 pL of assay medium (DMEM without Phenol Red (Life Technolo-
gies, CA), 5% FBS, and 5xPen Strep Glutamine (Life Technologies,
CA)) at concentration 6x10° cellsmL ' were seeded in 1536-well
plates (Greiner BioOne white solid bottom custom GNF mold) 20—
26 h prior to the actual infection. 18 h prior to infection, 50 nL of
compound in DMSO (05% final DMSO concentration per well)
were transferred with Acoustic Transfer System (ATS) (Biosero) into
the assay plates. Atovaguone and Puromycin (12-point serial dilu-
tion starting at 10 pm) were used as positive controls for P. berghei
Liver-stage assay and HepG2 Cytotoxicity, respectively. 0.5% DMSO
was used as negative control for the both assays. A. stephensi mos-
quitoes, infected with P. berghei-Luciferase (PbLuc), were provided
by the New York University Insectary. PbLuc sporozoites were
freshly dissected from the infected A. stephensi salivary glands, fil-
tered twice through a 20 um nylon net filter (Steriflip, Millipore),
counted in a hemocytometer, and then adjusted to final concentra-
tion 200 sporozoites per uL in the assay media. For the P, berghei
Liver-stage Assay, the HepG2-A16-CD81EGFP cells were then infect-
ed with 1x10° sporozoites per well (5 ul) with a single tip Bottle
Valve liquid handler (GNF), and the plates were spun down at 37°C
for 3 min at a centrifugal force of 3309 on normal acceleration
and brake setting. The HepG2-A16-CD81EGFP cell designated for
toxicity studies were left uninfected, with 5 pL of additional assay
media added to each well to maintain equal concentrations of
compounds with PbLuc infected plates. After incubation at 37°C
for 48 h the EEF growth and HepG2-A16-CD81EGFP cell viability
were quantified by a bioluminescence measurement as follows:
Media were removed by spinning the inverted plates at 150 g for
30s; 2 uL per well of BrightGlo (Promega) or CellTiterGlo (Prome-
ga) reagent (diluted 1:2 with deionized water) for quantification of
EEFs or HepG2-A16-CDB1EGFP cell viability, respectively were dis-
pensed with the MicroFlo (BioTek) liquid handler. Immediately after
addition of the luminescence reagent, the plates were read by the
Envision Multilabel Reader (PerkinElmer). For both assays 1C;,
values were obtained using the normalized bioluminescence inten-
sity and a non-linear variable slope four-parameter regression
curve-fitting model in Prism 6 (GraphPad Software Inc.).

In vitro early- and late-stage gametocyte high content imaging
assays: Early- and late-stage gametocyte production and the de-
termination of compound gametocytocidal activity were per-
formed as described in extensive detail elsewhere” In brief,
NF54-pfs16-LUC-GFP transgenic parasites were cultured in RPMI
1640 medium, supplemented with glutamine, hypoxanthine,
HEPES, 0.25% AlbuMAX® Il and 5% Human serum, plus 2 p.gmL'i
Blasticidin (to maintain the expression plasmid). After one week in
culture, a stress trigger was employed to induce gametocytogene-
sis.” For the early-stage gametocyte assay, stage |-ll gametocytes
were isolated by magnetic column and added to non-infected red
blood cells to a final parasite percentage of 10% in 0.1% hematoc-
rit in culture media supplemented with 50 mm N-acetylglucosa-
mine (NAG). For the late-stage gametocyte assay stage [V gameto-
cytes were isolated with the use of magnetic columns. Percent par-
asitemia was adjusted to 10% by the addition of non-infected
RBCs and the hematocrit adjusted to 0.1%. All compounds were
solubilized to 10 mm in DMSO and serial dilutions in log dose-re-
sponse were performed in 384-well polypropylene plates. 1 uL of
compound concentrate was then diluted into 25 pL of sterile water
in sterile 384-well polystyrene plates. Diluted compound (5 pL), in-
cluding in plate controls (50 pum puromycin positive and 4% DMSO
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negative control) was then transferred into empty 384-well imag-
ing plates. 45 L of early or late-stage gametocyte culture was
then added to the compound containing imaging plates. The
plates were sealed with a gas-permeable membrane and the
plates incubated for 72 h in standard conditions. After incubation
5 pL of MitoTracker® Red CM-H2Xros dispensed into all wells. The
plates were then incubated for a further 12-16 h before imaging
on the Opera® High Content Screening System. The number of
classified viable gametocytes for each compound treated well was
identified and the data normalized to percent inhibition in relation
to the in plate negative and positive control values. Percent inhibi-
tion data were subsequently plotted versus log concentration of
each test or reference compound using GraphPad Prism 4, using
nonlinear regression, sigmoidal dose response with no maximum
and minimum constraints. 1C, values were obtained for com-
pounds for which an E,,, plateau of at least two doses was ach-
ieved. Compounds which did not achieve an E,,, plateau of at
least two compound doses were presented as percent inhibition of
replication at the top screening dose.
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1. Supplemental Tables

Table S1. Inhibition activities of selected compounds and the reference HDACI vorinostat (SAHA)

against human HDAC1 (hHDAC1) and human HDAC6 (hHDACS).

Comp. R R? hHDAC1 hHDAC6

ICs0 [NM]? ICso [NMP?
1a Bn H 0.736 £ 0.092 0.124 £ 0.002
1c 4-CHyPhCH, H 0.880 + 0.008 0.182+0.015
1e PhCH.CH,CH, H 0.515 + 0.067 0.167 + 0.042
1f 3,5-CH3-Ph CH; H 0.690 +0.004 0.379 +0.086
1g 1-NaphthylCH, b 0.508 + 0.066 0.091 +0.020
SAHA H 0.056 + 0.008 0.045 £ 0.001

?Values are the mean of two independent experiments, each in duplicate.

Table S2. P. falciparum and P. berghei HDACamino acid identity and similarity

P. falciparum HDAC® P. berghei ANKA HDAC % amino acid % amino acid

homologue® it:ientityb si milarityh
PHHDAC1[PF3D7_0925700] PBANKA_0826500 94.6 98.9
PHHDAC2[PF3D7_1472200] PBANKA_1335400 352 46 4
PHDAC3[PF3D7_1008000] PBANKA_1206200 39.2 50.8

?PlasmoDB gene |D numbers are shown; [1] Pairwise sequence alignments carried out using
EMBOSS Water (http:/fwww_.ebi.ac.ukiTools/psa/emboss_water/)

2. Chemistry

2.1. General information

All chemicals and solvents were obtained from commercial suppliers (Sigma-Aldrich, Acros Organics,
Carbolution Chemicals) and used as purchased without further purification. The synthesis of the
required O-substituted and N,O-disubstituted hydroxylamine derivatives was performed according to
literature procedures.[2-4] The progress of all reactions was monitored by thin layer chromatography
(TLC) using Merck precoated silica gel plates (with fluorescence indicator UV4g4). Components were
visualized by irradiation with ultraviolet light (254 nm) or staining in potassium permanganate solution

followed by heating. Flash column chromatography was performed using prepacked silica cartridge
S2
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with the solvent mixtures specified in the corresponding experiment. Melting points (mp) were taken in
open capillaries on a Mettler FP 5 melting-point apparatus and are uncorrected. Proton (1H) and
carbon (**C) NMR spectra were recorded on a Bruker Avance 300, 500 or 600 using DMSO-d; or
CDCl; as solvents. Chemical shifts are given in parts per million (ppm), relative to residual solvent
peak for 'H and '°C. Elemental analysis was performed on a Perkin Elmer PE 2400 CHN elemental
analyzer. High resolution mass spectra (HRMS) analysis was performed on a UHR-TOF maxXis 4G,
Bruker Daltonics, Bremen by electrospray ionization (ESI). Analytical HPLC analysis were carried out
on a Varian Prostar system equipped with a Prostar 410 (autosampler), 210 (pumps) and 330
(UV-detector) using a Phenomenex Luna 5u C18(2) 1.8 um particle (250 mm x 4.6 mm) column,
supported by Phenomenex Security Guard Cartridge Kit C18 (4.0 mm x 3.0 mm). UV absorption was
detected at 254 nm with a linear gradient of 10% B to 100% B in 20 min using HPLC-grade water
+0.1% TFA (solvent A) and HPLC-grade acetonitrile +0.1% TFA (solvent B) for elution at a flow rate of

1 mL/min. The purity of all final compounds was 95% or higher.

2.2. General procedure for the synthesis of 4a-k

4-(Methoxycarbonyl)benzoic acid (1.802 g, 10 mmol, 1 eq) was dissolved in anhydrous THF (25 mL)
and cooled to -15 °C. The solution was treated with A-methylmorpholine (1.012 g, 11 mmol, 1.1 eq)
followed by isobutyl chloroformate (1.502 g, 11 mmol, 1.1 eq) to form the mixed anhydride. After
15 min the respective O-benzylhydroxylamine derivative (10 mmol, 1 eq) dissolved in anhydrous THF
was added dropwise. The reaction was warmed to room temperature over 3 h and subsequently
filtrated. After removing the solvent in vacuo the residue was diluted with in ethyl acetate/H-O
(40 mL/10 mL) and extracted with ethyl acetate (3 x 60 mL). The combined extracts were washed with
NaHCO; (50 mL) and the organic layer was dried over Na,SOy, filtered, and the solvent removed in
vacuo. The crude products were purified by flash column chromatography (prepacked silica cartridge,
hexane/ethyl acetate, gradient: 90:10 - 50:50 in 20 min) to yield the desired intermediates 4a-k in 67

- 93% yield.

2.3. General procedure for the synthesis of 5a,b
A solution of 4-(Methoxycarbonyl)benzoic acid (1.08 g, 6 mmol, 1 eq) in dry CH,Cl> (3 mL) was added
dropwise to a suspension of 1,1'-carbonyldiimidazole (CDI) (1.07 g, 6.6 mmol, 1.1 eq) in dry CH.Cl;

(5 mL). The reaction mixture was stirred for 0.5 h at room temperature. Afterwards, the respective

S3
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N,O-disubstituted hydroxylamine derivative was added and the reaction mixture was stirred over night
and subsequently evaporated under reduced pressure. The residue was dissolved in ethyl acetate (20
mL) and the solution extracted with a saturated solution of NaHCO; (3 x 5 mL), water (5 mL), 1 M HCI
(5 mL), dried over Na,SO,4 and evaporated under reduced pressure. The crude product was purified

by column chromatography using ethyl acetate as eluent (77 — 79% yield).

2.4. Experimental data

Methyl 4-((benzyloxy)carbamoyl)benzoate 4a: Colorless solid; yield 81%; mp: 157 °C; 'H NMR (600
MHz, DMSO-dg) & 11.98 (s, 1H), 8.04 (d, J = 7.8 Hz, 2H), 7.87 (d, J = 8.7 Hz, 2H), 7.50 (m, 5H), 4.95
(s, 2H), 3.87 (s, 3H). °C NMR (151 MHz, DMSO-ds) 5 165.53, 163.39, 136.35, 135.69, 132.04,
129.16, 128.84, 128.25, 127.44, 76.98, 52.31. Anal. calcd. for C4H4sNOy4: C 67.36, H 5.30, N 4.91,

found: C 67.10, H 5.24, N 4.81.

Methyl 4-((trityloxy)carbamoyl)benzoate 4b: Colorless solid; yield 46%; mp: 153 °C; 'H NMR (600
MHz, DMSO-ds) 8 11.16 (s, 1H), 7.92 (d, J = 7.7 Hz, 2H), 7.52 (d, J= 6.1 Hz, 2H), 7.43 (d, J = 6.8 Hz,
6H), 7.39 — 7.19 (m, SH), 3.84 (s, 3H). °C NMR (151 MHz, DMSO-ds) & 165.56, 142.24, 136.80,
131.72, 129.03, 128.85, 127.72, 127.42, 92.58, 52.24. Anal. calcd. for Co3H»xNO,: C 76.87, H 5.30, N

3.20, found: C 76.59, H 5.25, N 3.18.

Methyl 4-(((4-methylbenzyl)oxy)carbamoyl)benzoate 4c: Colorless solid; yield 54%; mp: 173 °C; H
NMR (500 MHz, DMSO-ds) & 11.93 (s, 1H), 8.09 — 8.01 (m, 2H), 7.86 (d, J = 8.1 Hz, 2H), 7.34 (d, J =
7.7 Hz, 2H), 7.21 (d, J = 7.7 Hz, 2H), 4.89 (s, 2H), 3.88 (s, 3H), 2.32 (s, 3H). *C NMR (151 MHz,
DMSO-dg) & 165.54, 163.33, 137.59, 136.40, 132.67, 132.02, 129.16, 128.98, 128.80, 127.45. 76.82,

52.31. Anal. calcd. for C1;H4;NO4: C 68.22, H 5.72, N 4.68, found: C 67.97, H 5.73, N 4.57.

Methyl 4-(phenethoxycarbamoyl)benzoate 4d: Colorless solid; yield 69%; mp: 141 °C; 'H NMR
(500 MHz, DMSO-ds) 6 11.92 (s, 1H), 8.04 (d, J = 8.1 Hz, 2H), 7.88 (d, J = 8.0 Hz, 2H), 7.36 — 7.18
(m, 5H), 4.14 (t, J= 6.8 Hz, 2H), 3.88 (s, 3H), 2.96 (t, J= 6.9 Hz, 2H). ¢ NMR (126 MHz, DMSO-dj)
5 165.53, 163.31, 138.23, 136.39, 132.00, 129.13, 128.78, 128.20, 127.48, 126.09, 75.69, 52.32,

33.91. Anal. caled. for C47H17NOy4: C 68.22, H 5.72, N 4.68, found: C 68.18, H 5.82, N 4.92.
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Methyl 4-((3-phenylpropoxy)carbamoyl)benzoate 4e: Colorless solid; yield 60%; mp: 126 °C;
'H NMR (500 MHz, DMSO-ds) 5 11.87 (s, 1H), 8.04 (d, J = 8.0 Hz, 2H), 7.88 (d, J = 8.1 Hz, 2H), 7.33
—7.23(m, 4H), 7.22 —7.15 (m, 1H), 3.95 — 3.86 (m, 5H), 2.73 (t, J = 7.9 Hz, 2H), 1.96 — 1.86 (m, 2H).
3C NMR (126 MHz, DMSO-d,) 5 165.53, 163.24, 141.47, 136.44, 131.98, 129.16, 128.28, 128.21,
127.44, 12570, 74.56, 52.31, 40.01, 28.52. Anal. calcd. for CigHgNO,: C 69.00, H 6.11, N 4.47,

found: C 68.86, H 6.03, N 4.45.

Methyl 4-(((3,5-dimethylbenzyl)oxy)carbamoyl)benzoate 4f: Colorless solid; yield 71%; mp: 121
°C; "H NMR (500 MHz, DMSO-de) 5 11.95 (s, 1H), 8.04 (d, J = 7.9 Hz, 2H), 7.87 (d, J = 7.9 Hz, 2H),
7.06 (s, 2H), 6.99 (s, 1H), 4.86 (s, 2H), 3.88 (s, 3H), 2.28 (s, 6H). ’C NMR (126 MHz, DMSO-de) &
165.53, 163.32, 137.21, 136.39, 135.47, 132.03, 129.61, 129.16, 127.46, 126.58, 77.03, 52.32, 20.74.

Anal. caled. for C4gH1gNO,4: C 69.00,H 6.11, N 4.47, found: C 68.90, H 6.07, N 4.47.

Methyl 4-((naphthalen-1-yimethoxy)carbamoyl)benzoate 4q: Colorless solid; yield 78%; mp: 128
°C; 'H NMR (500 MHz, DMSO-ds) & 12.13 (s, 1H), 8.61 (d, J = 8.5 Hz, 1H), 8.06 (d, J = 8.0 Hz, 2H),
7.98 (d, J = 8.2 Hz, 2H), 7.93 (d, J = 8.0 Hz, 2H), 7.72 — 7.47 (m, 4H), 5.40 (s, 2H), 3.89 (s, 3H). "*C
NMR (126 MHz, DMSO-ds) & 165.53, 163.51, 136.31, 133.21, 132.09, 131.93, 131.19, 129.38,
129.19, 128.53, 128.17, 127.52, 126.37, 125.95, 125.21, 124.81, 75.31, 52.33. Anal. caled. for

CoxH17NO4 C 71.63, H5.11, N 4.18, found: C 71.78, H 5.13, N 4.28.

Methyl 4-(((2,4-dichlorobenzyl)oxy)carbamoyl)benzoate 4h: Colorless solid; yield 78%; mp: 150
°C; "H NMR (500 MHz, DMSO-de) 5 11.98 (s, 1H), 8.03 (d, J = 8.1 Hz, 2H), 7.85 (d, J = 8.2 Hz, 2H),
7.68 (s, 1H), 7.63 (d, J = 8.2 Hz, 1H), 7.49 (dd, J = 8.2, 1.9 Hz, 1H), 5.05 (s, 2H), 3.88 (s, 3H). "*C
NMR (126 MHz, DMSO-ds) & 165.51, 163.57, 136.16, 134.28, 133.84, 132.71, 132.56, 132.09,
129.15, 128.74, 127.50, 127.36, 73.06, 52.32. Anal. calcd. for C4gH13CI.NOy4: C 54.26, H 3.70, N 3.95,

found: C 53.97, H 3.77, N 3.82.

Methyl 4-(((3.4-dichlorobenzyl)oxy)carbamoyl)benzoate 4i: Colorless solid; yield 89%; mp: 174 °C;
'H NMR (500 MHz, DMSO-d¢) 5 12.00 (s, 1H), 8.04 (d, J = 8.1 Hz, 2H), 7.85 (d, J = 8.2 Hz, 2H), 7.76
(s, 1H), 7.67 (d, J = 8.2 Hz, 1H), 7.47 (d, J = 8.1 Hz, 1H), 4.96 (s, 2H), 3.88 (s, 3H). '°C NMR (151

MHz, DMSO-ds) & 165.01, 163.05, 136.65, 135.62, 131.61, 130.40, 130.27, 130.03, 129.94, 128.68,
S5
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128.38, 126.95, 74.88, 51.80. Anal. calcd. for C4gH3CI-NO,: C 54.26, H 3.70, N 3.95, found: C 54.22,

H 3.66, N 3.90.

Methyl 4-(((2,3-dichlorobenzyl)oxy)carbamoyl)benzoate 4j: Colorless solid; yield 93%; mp: 158 °C;
'H NMR (600 MHz, DMSO-ds) & 12.03 (s, 1H), 8.04 (d, J = 8.0 Hz, 2H), 7.87 (d, J = 8.0 Hz, 2H), 7.66
(d, J = 7.8 Hz, 1H), 7.60 (d, J = 7.4 Hz, 1H), 7.42 (t, J = 7.8 Hz, 1H), 5.13 (s, 2H), 3.89 (s, 3H). "°C
NMR (151 MHz, DMSO-d;) & 165.05, 163.14, 135.66, 131.64, 131.35, 130.70, 129.97, 129.22,
128.69, 127.62, 127.02, 73.71, 51.83. Anal. Calcd. for C1¢H13sCIoNO3: C 54.26, H 3.70, N 3.95 found: C

54.25,H 3.68, N 3.92.

Methyl 4-(((3.4-difluorobenzyl)oxy)carbamoyl)benzoate 4k: Colorless solid; yield 80%; mp: 172 °C;
'H NMR (600 MHz, DMSO-ds) & 12.00 (s, 1H), 8.05 (d, J = 8.1 Hz, 2H), 7.88 (d, J = 8.2 Hz, 2H), 7.60
— 7.54 (m, 1H), 7.49 —7.42 (m, 1H), 7.34 (s, 1H), 4.96 (s, 2H), 3.89 (s, 3H). "°C NMR (151 MHz,
DMSO-dg) 8 165.09, 163.12, 149.61 (ddd, J = 244.9, 18.9, 12.4 Hz), 147.98 (ddd, J = 2449, 17.8,
12.4 Hz), 135.76, 133.30, 131.69, 128.74, 127.03, 125.24,117.27 (d, J=17.2 Hz), 116.83 (d, J = 17.2
Hz), 75.18, 51.85. Anal. calcd. for C1H13FaNO4: C 59.82, H 4.08, N 4.36, found: C 59.88, H 4.08, N

4.38.

Methyl 4-((benzyloxy)(ethyl)carbamoyl)benzoate 5a: Colorless solid; yield 77%; mp: 61 °C; 'H
NMR (600 MHz, DMSO-ds) & 8.00 (d, J = 8.2 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 7.36 — 7.24 (m, 3H),
7.09 (s, 2H), 4.75 (s, 2H), 3.89 (s, 3H), 3.77 (s, 2H), 1.21 (t, J = 7.0 Hz, 3H). C NMR (151 MHz,
DMSO-dg) & 168.24, 165.68, 139.41, 134.26, 130.69, 129.23, 128.80, 128.57, 128.28, 75.51, 52.32,

12.17. Anal. calcd. for C4sH1gNO4: C 69.00, H 6.11, N 4.47, found: C 69.17, H 6.00, N 4.49.

Methyl 4-((benzyloxy)(butyl)carbamoyl)benzoate 5b: Colorless solid; yield 79%; mp: 79 °C; H
NMR (600 MHz, DMSO-ds) & 8.00 (d, 2H), 7.61 (d, 2H), 7.36 — 7.22 (m, 3H), 7.04 (s, 2H), 4.72 (s, 2H),
3.89 (s, 3H), 3.77 (s, 2H), 1.75 — 151 (m, 2H), 1.44 — 1,23 (m,2H), 0.89 (t, J = 7.4 Hz, 3H). °C NMR
(151 MHz, DMSO-d;) & 167.68, 165.14, 138.85, 133.65, 130.10, 128.70, 128.24, 128.04, 127.73,
127.23, 74.82, 51.77, 28.04, 18.71, 12.99. Anal. caled. for C,oH,3NO,: C 70.36, H 6.79, N 4.10, found:

C70.34,H 7.03, N 4.05.
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3. Biological evaluation

3.1. In-vitro human HDAC1 and human HDACG6 assay

OptiPlate-96 black microplates (Perkin Elmer) were used with an assay volume of 50 pL. Human
recombinant HDAC1 (10 ng/well; BPS Bioscience, Catalog # 50051) or HDAC6 (35 ngfwell; BPS
Bioscience, Catalog #: 50006) were diluted in assay buffer (50 mM Tris—HCI, pH 8.0, 137 mM NaCl,
2.7 mM KCI, 1 mM MgCl; 0.1 mg/mL BSA), followed by addition of different concentrations of test
compounds or controls diluted in assay buffer and 5 pL of the fluorogenic substrate ZMAL (Z-(Ac)Lys-
AMC)[5] (150 pM) at 37 °C. After 90 min incubation at 37 °C, 50 yL of 0.4 mg/mL trypsin in trypsin
buffer (Tris—HCI 50 mM, pH 8.0, NaCl 100 mM)) was added, followed by further incubation at 37 °C for
30 min. Fluorescence was measured with an excitation wavelength of 390 nm and an emission

wavelength of 460 nm using a Spark 10 M microplate reader (Tecan).
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Schistosoma mansoni histone deacetylase 8 (SmMHDACS8) has been recently identified as a new
potential target for the treatment of schistosomiasis. A series of newly designed and synthesized
alkoxyamide-based and hydrazide-based HDAC inhibitors were tested for inhibitory activity against
SmHDACS8 and human HDACs 1, 6, and 8. The front runner compounds showed submicromolar
activity against SmHDAC8 and modest preference for SmHDACS8 over its human orthologue hHDACS.
Docking studies provided insights into the putative binding mode in SmMHDACS8 and allowed

rationalization of the observed selectivity profile.
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The neglected parasitic disease schistosomiasis is endemic in
74 developing countries. The disease continues to spread to
new geographic areas despite comprehensive anthelmintic
drug therapy programs. There are two major forms of
schistosomiasis — intestinal and urogenital — caused by
Schistosoma mansoni and four further parasites of the genus
Schistosoma that infect humans. Chronic disease contributes
to major organ damage, and reducing the severity of
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symptoms is critical to the management of schistosomiasis.
Under risk are individuals having contact with freshwater
sources and in particular children under age 14. According to
World Health Organization (WHO) statistics at least 258
million people worldwide required preventive treatment and
62 million received treatment in 2014 [1, 2].

The life cycle of S. mansoni indudes radical morphological
modifications and exhibits diverse phenotypes [3, 4]. The
complexity of the human endoparasite is reflected in a large
genome, variable transcriptome profiles, and a dynamic
epigenetic machinery in dependency of each life cyde stage
[5, 6]. There is currently no vaccine available for the treatment
of human schistosomiasis and no indication that a vaccine is
likely to become available soon [7].

Since the anthelminthic drug praziquantel (PZQ) was
approved for treatment of schistosomiasis it has been widely
used for more than 30 years and remains to be the drug of
choice till now [8]. The WHO strategy for schistosomiasis

wiwww.archpharm.com (1 of 10) 1700096
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control focuses on periodic large scale treatment with PZQ
(preventive chemotherapy) of affected populations.
However, the drug does not prevent reinfections and its
mechanism of action is not exactly known. The application of
PZQ is limited to adult worms, which has been shown in
in vitro tests and confirmed by clinical data [9, 10]. PZQ is safe,
effective and relatively cheap, but there is also a growing
concern regarding reports from patients not cured by
multiple doses [11, 12]. The development of resistance and
stable resistance after removal of drug pressure has been
demonstrated in the laboratory [13-15]. Moreover resistant
isolates have already been characterized in endemic areas and
the selection of field strains of schistosome that are resistant
to PZQ is more and more likely [9].

Like other human parasites schistosomes share some
properties with malignant tumors including intense meta-
bolic activity and uncontrolled cell division [16-18]. Histone
deacetylases (HDAGs) are Zn’"- or NAD"-dependent lysine
deacetylases that can modulate cell chromatin structure,
transcription, and gene expression. Consequently, histone
deacetylase inhibitors (HDACi) have emerged as a new class of
anticancer drugs. Currently, three HDACI are approved by the
US Food and Drug Administration (FDA) for the treatment of
T-cell lymphoma (vorinostat, romidepsin, and belinostat)
while panobinostat has been approved for combination
therapy use in certain cases of multiple myeloma. Further-
more, the potential therapeutic use of HDAG in other
diseases including inflammatory, immune, neurodegenera-
tive, cardiac, viral, and parasitic diseases is currently under
discussion [19-27].

Using the “piggyback” strategy it has been shown that the
HDAUCi trichostatin A (TSA), vorinostat (SAHA), and valproic
acid (VPA) inhibited S. mansoni histone deacetylase 8
(SmHDACS8) activity at all life cycle stages and TSA and
VPA caused mortality of schistosomula and adult worms
[25, 28, 29]. Till now only dass | 5. mansoni HDAC1, -3, and -8
and class Il S. mansoni Sirt1, -2, -5, -6, -7 HDACs have been
cloned and characterized [29, 30). 5. mansoni HDAC1, 3, and 8
mRNAs are expressed at all schistosome life cycle stages. In
particular, SmHDACS has been identified as a potential target
for antiparasitic therapy [31]. Transcripts of SmHDACS8 are
expressed at higher levels than SmHDAC1 and SmHDAC
during all life cycle stages, pointing at specific and vital
functions in the parasite life cycle. At the same time human
HDAC8 shows the lowest level of expression of the four class |
HDACs in human and it has been reported that inhibition of
hHDACS shows only limited effects in many cell types [32].
Different HDACi have already been shown to inhibit
SmHDAC8 and to induce histone hyperacetylation and
apoptosis in S. mansoni [29, 31, 33].

Treatment of schistosomes with HDACi caused an accumu-
lation of acetylated cellular proteins and dose-dependent
mortality of schistosomula and adult worms [6, 28, 29]. Thus,
the development of small-molecule SmMHDAC8 inhibitors
represents a promising approach for the treatment of
schistosomiasis and several HDACI with confirmed activity
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against SMHDACB have been identified in recent years (see
Fig. 1 for selected examples) [32, 34]. Unfortunately, most
known SmHDAC8 inhibitors possess a higher activity against
human HDACS. Thus, there is a strong need for new types of
HDACi with preferential activity for SmHDAC8. We herein
present the design, synthesis, and biological evaluation of a
novel series of SMHDACS inhibitors.

ussion

Design and synthesis of target compounds

We used the 3-acylaminobenzohydraxamates of type | and Il
(Fig. 1), a series of potent and in some cases preferential
SmHDACS inhibitors, as starting point for this project [34].1n a
previous study [21, 35] we identified an alkoxyamide group as
anovel connecting unit which presumably can enable charge-
assisted hydrogen bonds due to the additional polarization of
the N-H bond. We therefore decided to retain the meta-
substituted benzohydroxamate realized in | and to combine
this motif with an alkoxyamide connecting unit and various
cap groups. In addition, we designed compounds with
hydrazide-based connecting units in order to probe whether
these groups can serve as an alternative connecting unit.

The isophthalic add-based target compounds 3a-i and 5a,b
were synthesized using a straightforward two-step protocol
as illustrated in Scheme 1. First, the 1,1'-carbonyldiimidazole
(CDl)-mediated amide coupling reaction of mono-methyl
isophthalate with O-substituted hydroxylamines and hydra-
zine derivatives provided the alkoxyamide intermediates 2a-i
and hydrazides 4a,b (Scheme 1), respectively.

The subsequent treatment of 2a-i and 4a,b with an excess
of hydroxylamine hydrochloride in the presence of meth-
anolic sodium methoxide afforded the desired target com-
pounds 3a-i and 5a,b. Using these synthetic methods allowed
us to efficiently modify the cap region of our target
compounds in order to potentially address the hydrophobic
side pocket of SmMHDACS.

Primary screening

All synthesized compounds were first tested in a primary
screen for inhibition of SmMHDACS and representative human
HDAC isoforms (hHDAC1, hHDAC6, and hHDACS) at a
concentration of 1pM (Table 1). The in vitro assays rely on
the use of fluorogenic substrates containing an z-acetyl lysine
linked to a fluorescent moiety at the C-terminus. Only upon
deacetylation the resulting peptide is a substrate for a
protease which upon cdeavage of the fluorogenic moiety
releases the fluorophore for quantitation. For HDAC1 and 6
we used ZMAL (Z-Lys(Ac)-AMC) and trypsin as the protease.
The commercially available Fluor de Lys-HDACS8 substrate has
Arg-His-Lys(Ac)-Lys(Ac) as the substrate sequence. The exact
identity of fluorophore and developer are not revealed
[36, 37]. All compounds showed significant inhibition of
SmHDAC8 deacetylase activity, moderate inhibition of
hHDAC6 and only very low inhibition of hHDAC1. However,
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most compounds inhibited hHDAC8 in similar fashion as
SmHDACS. Interestingly, compounds 3d and 5a revealed a
somewhat stronger inhibition of SmHDACS in comparison to
hHDACS8 (Table 1). Based on this primary screening, we
decided to investigate the HDACI 3d, 5a and the unsubsti-
tuted prototype compound 3¢ in more detail.

Inhibition of hHDAC1, hHDAC6, hHDACS, and
SmHDACS

In order to study whether 3¢, 3d, and 5a can be considered as
preferential SmHDACS inhibitors, we determined ICs, values
against hHDAC1, hHDAC6K, hHDACS, and SmHDACS8. SAHA
(vorinostat, suberoylanilide hydroxamic acid) was used as a
reference pan-HDACI. The results are summarized in Table 2.
Compounds 3¢, 3d, and 5a showed nanomolar activity against
SmHDAC8 with ICsq values in the range of 0.33-0.75 pM and
very good selectivity over hHDAC1. Furthermore, the
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Figure 1. Chemical structures of selected HDAC
inhibitors and 1Cs; values of SmHDACS and
hHDACS [22, 24].

ICso SMHDACS 2400-3100 niv
ICso hHDACS 43.1 nV]
el

H
(o] ,,N. P /\N,OH
LI
- i

ICs SMHDACS 1480 nM
IC50 hHDACS 23.6 nM

ICsy SMHDACS 121 nM
ICso hHDACS 548 nM

compounds possess approximately 10-fold preference over
hHDAC6. The compound 3c exhibited a stronger inhibition of
hHDAC8 (ICsp: 0.09 pM) compared with SmHDAC8 (ICss:
0.33 pM) whereas 3d (hHDAC8 1C54: 0.63 pM vs. SmHDACS
ICso: 0.40 pM) and 5a (hHDACSICs: 1.31 uM vs. SMHDACS ICsp:
0.75 M) showed a very modest preference for SmHDACS.

Docking study

To rationalize the obtained biochemical data, notably to
understand the change of specificity between the schisto-
somal and human enzymes, the synthesized inhibitors were
docked to the available crystal structures of SmHDACS,
hHDACS8, and hHDAC1. The applied docking method was
first successfully validated on the X-ray structures of hHDAC8
and SmHDAC8 (for details see the Experimental section).
Using this docking setup consistent binding models were
derived for both human and SmHDACS8. Comparison of the
available X-ray structures of hHHDAC8 and SmHDACS showed a

o o
b 1
RiB s JLN,OH
Hol H
L
3a—i
R? 9 o]
RgN N e JKN,OH
Ho |l J H
=

5a,b MeOH, CH,Cly, 0°C, r.t., 12 h.

Scheme 1. Synthesis of alkoxyamide-based and
the hydrazide-based HDACI. Reagents and
conditions: a) CDI, CH»Cl,, R'-ONH,, or R'R*-
NNHs, r.t., 0.5h, 12h; b) 1) NaOMe, MeOH,
NH,OHHCI, 70°C, 3-5h, 2) NaOH, NH;OH,
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Table 1. % Inhibition of hHDAC1, hHDAC6, hHDACS, and SmHDACS at 1 M.

% Inhibition at 1 nM: Primary screen
R hHDAC1 hHDAC6 hHDAC8 SmHDACS
.9 o 3a Ph-CH,-CH, <10 65 81 87
RL0 NJ\[%‘ Lo 3b Ph-CH, <10 a3 63 84
L 3¢ Ph <10 31 79 89
sa-i 3d 2,4-Cl-Ph <10 20 56 86
Y ® 2 3e 2,3-Cl-Ph <10 52 76 90
o A e A oH
NN 3f 3,5-Me-Ph <10 M 73 78
/ 3g 4-Me-Ph <10 50 88 90
" ke - 3h 1-naphthyl <10 51 78 84
IO N 3i 3,4-F-Ph <10 4 72 82
(W yH 5a <10 26 38 64
a e 5b <10 49 70 87

high similarity especially within the binding pocket. The main
differences are the subsitution of Met274 in hHDACS to
His292 in SmHDAC8 and a flipped out conformation of
Phe151 in SmHDACS (for details see Fig. 51a and b in the
Supporting Information). Docking of inhibitors 3¢, 3d, and 5a
to SmMHDAC8 and hHDAC8 showed that the hydroxamate is
perfectly coordinating the zinc ion as observed in Sm/
hHDAGC8-inhibitor crystal structures. In addition the hydrox-
amate group is making hydrogen bonds to conserved Tyr and
His residues nearby the catalytic zinc ion (see Fig. 2A-C for
details). Docking of 3c and 3d, having an alkoxyamide linker
between the two aromatic rings, showed in case of SmHDACS
two additional hydrogen bonds to Lys20 and His292 (Fig. 2A,
B). These interactions are also observed in the crystal structure
of SmMHDACS in complex with an amide containing inhibitor
(PDB ID 5FUE) [34]. Only compounds 3c and 3d are showing
these two hydrogen bonds, whereas the weaker SmMHDAC8
inhibitor 5a is not able to form these hydrogen bonds but
interacts with Asp100. Additionally, the calculated binding
energies of 3¢ and 3d are more favourable compared to 5a

Table 2. 1Csq profiling against human hHDAC1, hHDACS,

(see Supporting Information Table 51). The terminal aromatic
group of 3c and 3d is interacting with the residues of the so-
called side-pocket (His292, Pro293, Tyr306). The docking of 5a
showed that the piperazine ring is located nearby the acidic
residue Asp100 (hydrogen bond in case of SmHDAC8) whereas
no interaction with the residues of the side-pocket was
observed, which might explain the lower inhibitory activity.

In the hHDACS structure a methionine (Met274) is located
atthe same position as His292 in SmHDACS. The methionine is
not able to form hydrogen bonds with the docked inhibitors.
However, in the available crystal structures of hHDACS a
conserved water molecule bound to the zinc coordinating
histidine (His180 in hHDACS) is observed which was found as a
hydrogen bonding partner with 3¢ and 3d (Fig. 2D,E). The
terminal aromatic ring of 3¢ makes favorable van der Waals
interaction with the side-pocket in hRHDAC8 (Phe152, Pro273,
Met274, Tyr341, Fig. 2) and shows a perfect fit to this
hydrophobic subpocket (Fig. 3). This is reflected by
favourable docking score and binding energy calculated for
3¢ (Supporting Information Table 51). The docking of the

hHDACS, and SmHDACS.

1Cso (M)
hHDAC1 hHDAC6 hHDAC8 SmHDACS
@ 0 JCE 3c 136.1 295 0.09+0.12 0.33+0.04
sk s ol me e o
N
3c
cl ;\J\,\Cl 0 0 3d 47.5% @200 pM 5.12 0.63+0.14 0.40+40.078
P S OH
"ol J H
3d
TR B o 5a 15.3% @200 .M 711 1.314+0.13 0.75+0.22
Lot A AL o
H \ﬂ j H
Sa
SAHA 0.32 0.11 0.91+0.26 1.38+0.70
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Figure 2. Docking poses calculated for inhibitor 3c (colored cyan), 3d (colored orange), and 5a (colored green) at SmHDACS (purple
ribbon) and at hHDACS (turquoise ribbon). Only surrounding amino acid residues are shown for clarity. Hydrogen bonds are shown

as orange dashed lines.

inhibitors to hHDAC1 showed that the hydroxamate is not
able to coordinate in a favorable manner to the catalytic zinc
ion due to a narrower binding pocket (Fig. 4).

Cytotoxicity and phenotypic activity
Parasite-specific HDACi should possess low toxidty to

mammalian cells. We therefore tested 3d and 5a for
cytotoxicity against HeK293T and Hela cells. Vorinostat

© 2017 Deutsche Pharmazeutische Gesellschaft
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was used as reference compound. The results are summa-
rized in Fig. 5. As expected, vorinostat exhibited strong
cytotoxicity against both HeK293T and Hela cells. In
contrast, compounds 3d and 5a showed only relatively low
cytotoxicity (Fig. 5).

We next studied the phenotypic activity of 3d and 5a by
testing their effects on the viability of the larvae (schistosomula)
and the stability of adult worm pairs in culture exactly as
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Figure 3. Molecular surface of the hHDAC8 binding pocket
colored according to the hydrophobicity (green = hydrophobic,
magenta = hydrophilic). The docking pose of inhibitor 3c is
shown in cyan, 3d is shown in orange, and 5a is shown in green.

previously described [34]. Using a fluorescence-based assay
3d showed moderate toxicity toward schistosomula at
10 1M, but this was not dose-dependent. 5a showed only
slight activity. Moreover, neither compound significantly
affected adult worm pairing during 5 days of culture in vitro
(Table 3). Of note, vorinostat is only moderately effective in
the same assays (not shown), whereas other hydroxamate-
based inhibitors are very active [29, 34]. The different
abilities of the compounds to pass through the parasite
tegument may provide a possible explanation for these
differences.

Conclusion

In summary, we have designed and synthesized two new
types of isophthalic acid-based SmHDACS inhibitors. The
alkoxyamide-based HDACi 3d and the hydrazide-based
HDACi 5a were identified as potent inhibitors of SmHDACS8
with a high preference over hHDAC1 and good preference
over hHDAC6. Cytotoxicity studies revealed that
the compounds showed relatively low effects on the
proliferation of human cells. Molecular modeling and
docking studies allowed rationalization of the observed
biochemical data and suggestthat two important hydrogen
bonds of the alkoxyamide connecting unit to Lys20 and
His292 contribute to the high activity of 3d against
SmHDACS. Even though the preference over hHDACS and
the phenotypic activity need to be improved in the
future, we believe that 3d and 5a are valuable starting
points for the development of novel preferential SmHDACS
inhibitors.
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Experimental

Chemistry
General procedure for the synthesis of 3a—i and 5a,b
Method A: Hydroxylamine hydrochloride (348 mg, 5.0mmol,
10 eq) was added to a freshly prepared sodium methanolate
solution (175 mg, 7.5mmol, 15 eq) indry methanol (8 mL). The
mixture was stirred for 10min before the respective ester 2a-i
or 4a (0.5 mmol, 1.0 eq) was added. The reaction mixture was
stirred in a high-pressure flask for 3-5h at 70°C. The solvent
was removed under reduced pressure, water (15mL) was
added, and the pH was adjusted to pH 7-8 using 4 M HCl. The
mixture was extracted with ethyl acetate (3 x20mL), the
combined organic layers were dried over anhydrous sodium
sulfate, filtered, and concentrated in vacuum. The crude
products were purified by flash column chromatography
using a linear dichloromethane/methanol gradient (pre-
packed silica cartridge, gradient: 97:3 to 91:9 in 20 min) to
yield the desired hydroxamic acids 3a-i and 5a-b (yield:
60-91%). Method B: The respective ester 4b (1 mmol, 1.0 eqg)
was dissolved in dry dichlormethane/methanol (1:3) and
cooled down to 0°C. Hydroxylamine (50 wt% in water,
30mmol, 30 eq) and NaOH (0.4 g, 10 mmol, 10 eq) were added
and stirred for 12h at room temperature. The solvent was
removed under reduced pressure, water (15mL) was added,
and the pH was adjusted to pH 7-8 using 4 M HCI. The mixture
was extracted with ethyl acetate (3 x 20 mL), the combined
organic layers were dried over anhydrous sodium sulfate,
filtered, and concentrated in vacuum (yield: 86%).

The InChl codes of the investigated compounds together
with some biological activity data are provided as Supporting
Information.

N'-Hydroxy-N>-(3-phenylpropoxyisophthalamide (3a)
Colorless solid; yield: 84%; mp: 130°C; "H NMR (600 MHz,
DMSO-d) 5 10.69 (s, 2H), 8.18 (s, 1H), 7.84-7.94 (m, 2H), 7.55
(t, J=7.1Hz, 1H), 7.42-7.22 (m, 4H), 7.22-7.07 (m, 1H), 3.92
(s, 2H), 2.73 (s, 2H), 1.92 (s, 2H). *C NMR (151 MHz, DM50) &
162.95, 162.90, 141.01, 132.53, 132.07, 129.04, 128.96, 128.01,
127.79, 127.72, 12532, 12520, 73.96, 30.85, 29.05. ftg:
11.68 min, purity: 97.2%; HRMS (ESI) Anal. caled. for
Cy7H19N204 315.1345 [M+-H]", Found 315.1342.

N'-Hydroxy-NP-phenethoxyisophthalamide (3b)

Colorless solid; yield: 78%; mp: 128°C; 'H NMR (500 MHz,
DMSO-ds) & 11.55 (s, 2H), 9.18 (s, 1H), 8.16 (s, 1H), 7.88
(t, J=8.1Hz, 2H), 7.55 (t, J=7.7Hz, 1H), 7.42-7.27 (m, 4H),
7.27-7.11 (m, 1H), 4.13 (t, /=6.9Hz, 2H), 2.97 (t, /=—6.9Hz,
2H). *C NMR (126 MHz, DMSO) & 163.43, 138.27, 133.00,
132.49, 129.58, 129.48, 128.78, 128.51, 128.20, 126.09, 125.86,
75.64, 33.93. tg: 10.65 min, purity: 97.5%; HRMS (ESI) Anal.
caled. for CygHy7N20,4 301.1188 [M+H] ', Found 301.1182.

N'-(Benzyloxy)-N°-hydroxyisophthalamide (3c)
Colorless solid; yield: 60%; mp: 159°C; 'H NMR (500 MHz,
DMSO-d;) 8 11.92(s, 1H), 11.34 (s, TH), 9.14 (s, 1H), 8.16 (s, 1H),
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Figure 4. Docking poses calculated for inhibitor 3c (colored cyan), 3d (colored orange), and 5a (colored green) at hHDACT. Only
surrounding amino acid residues are shown for clarity. Hydrogen bonds are shown as orange dashed lines.

8.05-7.75 (m, 2H), 7.62-7.26 (m, 6H), 4.94 (s, 2H). 3C NMR
(126 MHz, DMSOQ) 5 163.72, 163.46, 135.76, 132.98, 132.45,
129.62, 129.51, 128.82, 128.52, 128.23, 12591, 76.93. tg:
9.62min, purity: 97.2%; HRMS (ESI) Anal. caled. for
C1sH1sN,0, 287.1032 [M £ H]', Found 287.1024.

F1mmsa 33d  casas
100+
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=5 = 504
g % B
£
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0.01 25 50 100
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N'-((2,4-Dichlorobenzyl)oxy)-N°-hydroxyisophthalamide (3d)
Colorless solid; yield 82%; mp: 130°C; 'H NMR (600 MHz,
DMSO-dg) & 11.51 (s, 2H), 9.43 (s, 1H), 8.14 (s, 1H), 7.88
(d, J=7.7Hz, 1H), 7.84 (d, J=7.6Hz, 1H), 7.67 (s, 1H), 7.64
(d, J=82Hz, 1H), 7.53 (t, J=7.7Hz, 1H), 749 (dd, /=823,

O SAHA

Figure 5. Comparisonofcellviability of 3dand 5a
in human cell lines. HeK293(A) and Hela(B) cell
lines were treated with the indicated concen-

measured using the 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfo-phenyl)-

T T
25 50

2H-tetrazolium/phenazine methosulfate (MTS/
PMS) reagent. Data represent S.E. of the mean

" trations of inhibitors for 72 h. Cell viability was
IU
100

concentration (UM) (duplicates).
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lable 3. Toxicity studies on 5. mansoni adult worms and
schistosomula.

Compound | % Pairing+SEM | % Viability + SD 7,
. | —
10 uM 9545 7646
20 uM 8545 7544
S5a
10 uM 9545 9049
20 1M |_ 9545 7943

1 | |
L | | |

Experimental conditions: Single dose at D=0, duration:
3 days data represent the means of three independent
experiments. Adult worm pairing assay: Number of
worms: 10/wells n=2 Alamar viability assay: Number of
schistosomula: 100/well n=2.

2.2Hz, 1H), 5.04 (s, 2H). *C NMR (151 MHz, DMSO) 5 163.12,
162.91, 133.63, 133.24, 132.47, 132.28, 132.03, 131.86, 129.11,
129.03, 128.20, 128.01, 126.83, 125.40, 72.46. tg: 12.40 min,
purity: 99.1%; HRMS (ESI) Anal. caled. for CysHy3CIN,0,
355.0252 [M+H]", Found 355.0244.

N'-((2,3-Dichlorobenzyl)oxy)-N>-hydroxyisophthalamide
(3e)

Colorless solid; yield 91%; mp: 116°C; "H NMR (600 MHz,
DMSO-dg) & 11.75 (s, 1H), 11.47 (s, 1H), 9.13 (s, 1H), 8.13
(s, 1H), 7.89 (d, /=7.6Hz, 1H), 7.84 (d, J=7.7 Hz, 1H), 7.67
(d, J=7.9Hz, 1H), 7.60(d, / =7.5Hz, 1H), 7.55 (t, J=7.7 Hz,
1H), 7.42 (t, J = 7.8 Hz, 1H), 5.11 (s, 2H). 3C NMR (151 MHz,
DMSO) & 163.52, 162.93, 135.68, 135.63, 132.50, 131.76,
131.28, 130.60, 129.91, 129.15, 129.05, 128.03, 127.60,
125.42, 73.62. tg: 12.10min, purity: 96.3%; HRMS (ESI)
Anal. caled. for CysH,3CIsN,04 355.0252 [M+H]", Found
355.0247.

N'-((3,5-Dimethylbenzyl)oxy)-N>-hydroxyisophthalamide
(31)

Colorless solid; yield 84%; mp: 105°C; 'H NMR (500 MHz,
DMSO-d,) & 11.86 (s, 1H), 11.33 (s, 1H), 9.14 (s, 1H), 8.16
(s, 1H), 7.94-7.83 (m, 2H), 7.56 (t, /= 7.7 Hz, 1H), 7.07 (s, 2H),
7.00 (s, 1H), 4.86 (s, 2H), 2.29 (s, 6H). *C NMR (126 MHz,
DMSO-dg) '3C NMR (151 MHz, DMSO) & 164.30, 164.06,
137.78, 136.13, 133.57, 133.12, 130.15, 129.10, 127.15,
126.51, 77.59, 21.32. tg: 12.03min, purity: 97.5%; HRMS
(ESI) Anal. caled. for Cy7H19N;04 315.1345 [M+-H]', Found
315.1343.

N'-Hydroxy-N>-((4-methylbenzyl)oxy)isophthalamide (3g)
Colorless solid; yield 78%; mp: 169°C; '"H NMR (600 MHz,
DMSO-dg) & 11.56 (s, 2H), 9.15 (s, 1H), 8.15 (s, 1H), 7.89 (d,
J=7.7Hz, 1H), 7.86 (d, J=7.8Hz, 1H), 7.55 (t, J=7.7 Hz, TH),
7.35(d, J=7.6Hz, 2H), 7.21 (d, /= 7.6 Hz, 2H), 4.89 (s, 2H), 2.32
(s, 3H). *C NMR (151 MHz, DMSO) & 163.16, 162.95, 137.02,
132.49, 132.28, 131.98, 129.04, 128.95, 128.43, 128.28, 128.01,
125.36, 76.24, 20.22. ty: 10.85 min, purity: 97.1%; HRMS (ESI)
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Anal. calcd. for CygHi7N04 301.1188 Found

301.1184.

[M-+H]",

N'-Hydroxy-N°-(naphthalen-1-yImethoxy)isophthalamide
(3h)

Colorless solid; yield: 81%; mp: 137°C; '"H NMR (600 MHz,
DMSO-dg) & 11.97 (s, 1H), 11.09 (s, TH), 9.17 (s, 1H), 8.62
(d, /=8.0Hz, 1H), 8.22 (s, 1H), 7.98 (d, J=8.1Hz, 2H), 7.91
{t, /= 6.5Hz, 2H), 7.68-7.55 (m, 4H), 7.49-7.54 (m, 1H), 5.39
(s, 2H). *C NMR (126 MHz, DMSO) 5 164.78, 164.37, 134.21,
134.09, 133.47, 132.91, 132.33, 130.59, 130.45, 130.24, 129.47,
129.36, 129.12, 127.29, 126.87, 126.15, 125.75, 76.23. ty:
12.28 min, purity: 97.4%; HRMS (ESI) Anal. caled. for
CioH17N20,4 337.1188 [M+H] ', Found 337.1185.

N -{(3,4-Diﬂuorobenzy!)oxy)—NB-hydroxyisophthaJ’am."de
(3i)

Colorless solid; yield 73%; mp: 120°C; 'TH NMR (600 MHz,
DMSO-dg) & 11.57 (s, 2H), 9.28 (s, 1H), 8.18 (s, 1H), 7.88
(d, /=7.5Hz, 1H), 7.91 (d, J=7.6 Hz, 1H), 7.64-7.50 (m, 2H),
7.49-7.42 (m, TH), 7.33 (s, 1H), 4.95 (s, 2H). 3C NMR (151 MHz,
DMSO) 8 163.02, 162.89, 148.71 (dd, J = 245.4, 10.5Hz), 148.61
(dd, /=245.2, 11.9Hz), 133.46, 132.45, 131.82, 129.14, 129.02,
128.03, 125.37, 125.07 (dd, /=6.2, 3.0Hz), 117.11 (d, /=17.3
Hz), 116.74 (d, /= 17.1 Hz), 74.96. t;: 10.83 min, purity: 98.9%;
HRMS (ESI) Anal. calcd. for CygHqsF,N,0, 323.0843 [MLH],
Found 323.0835.

N'-Hydroxy-N-(4-methylpiperazin-1-yl)isophthalamide
(5a)

Colorless solid; yield: 65%; mp: 155°C; 'H NMR (600 MHz,
DMSO-dg) § 1140 (s, TH), 9.72 (s, TH), 9.15 (s, 1H), 8.24 (s, 1H),
7.94-7.86 (m, 2H), 7.53 (t, J/=7.5Hz, 1H), 2.97 (s, 4H), 2.66
(s, 4H), 2.33 (s, 3H). *C NMR (151 MHz, DMSO) & 163.05,
162.98, 133.43, 132.21, 129.35, 128.88, 127.81, 125.47, 53.20,
52.32, 43.97. tg: 4.79min, purity: 98.1%; HRMS (ESI) Anal.
calcd. for Cy3H9N;O5 279.1457 [M+H]', Found 279.1453.

N-Hydroxy-3-(2-phenylhydrazine-1-carbonyl)benzamide
(5b)

Colorless solid; yield 86%; mp: 182°C; 'TH NMR (600 MHz,
DMSO-dg) 8 11.34 (s, 1H), 10.44 (s, 1H), 9.14 (s, 1H), 8.29 (s, 1H),
8.04 (d, J=7.7Hz, 1H), 7.99-7.89 (m, 2H), 7.59 (t, J=7.7 Hz,
1H), 7.16 (t, J=7.9Hz, 2H), 681 (d, J=7.8Hz, 2H), 6.73
(t, J=7.3Hz, 1H). "*C NMR (151 MHz, DMSO) 5 165.33, 163.07,
148.78, 132.73, 132.56, 129.21, 129.15, 128.14, 128.06, 125.61,
118.08, 111.74. tx: 9.59 min, purity: 98.4% HRMS (ESI) Anal.
caled. for CysHasN20,4 417.1804 [M +H]', Found 417.1809.
HRMS (ESI) Anal. calcd. for CqqHi4N3O5 272.1035 [M+H]',
Found 272.1032.

Biological evaluation

Phenotypic screening of schistosomes

The viability of 5. mansoni schistosomula in the presence of
SmHDAC8 inhibitors was measured with a fluorescence-based
assay using Alamar blue as previously described [24], as was
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the effect of the compounds on the stability of adult worm
pairing [24].

Computational methods

Crystal structures of SmMHDAC8 (PDB ID 5FUE), hHDACS
(PDB ID 2V5X) and hHDAC1 (PDB ID 4BKX) were down-
loaded from the Protein Data Bank PDB [38]. Protein
preparation was done using Schrédinger’s Protein Prepa-
ration Wizard [39] by adding hydrogen atoms, assigning
protonation states, and minimising the protein. Ligands
were prepared in MOE [40] from smiles in neutral form.
Multiple low energy starting conformations were gener-
ated with MOE within an energy window of 5kcal/mol.
Molecular docking was performed using program Glide
software [39]. The same protocol was used as in a previous
study [34]. Two conserved water molecules were included
in the protein models, the best docking pose was selected
based on the Glide SP score. All compounds were docked
in neutral form.

In our previous study we found that rescoring the
docking poses by using a MM-GB/SA protocol resulted in
a significant correlation between calculated interaction
energies and in vitro inhibition data. Therefore, the same
protocol was applied to the compounds under study. To
calculate binding free energy, we used the AMBER12EHT
force field implemented in the MOE program together with
the continuum solvation model GB/SA. The experimentally
observed geometries of the zinc complexes were best
reproduced using this setup. Partial charges were fixed
using the MOE Protonate3D tool according to the used
force-field followed by a short minimisation. An in-house
script for minimising the protein-ligand complex and
calculating the binding free energy was applied for all
docking poses of ligands. During complex minimisation
heavy atoms of protein were tethered with a deviation of
05A (force constant (3/2) kT/(0.5)%).
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