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Abstract

Sirtuins (SIRTs) are NAD*-dependent lysine deacetylating enzymes targeting histones
and a multitude of non-histone proteins. The SIRTs have been related to important cellular
processes such as gene expression, cell proliferation, apoptosis and metabolism. They are
proposed to be involved in the pathogenesis of e.g. cancer, neurodegeneration, diabetes and
cardiovascular disorders. Thus, development of SIRT modulators has attracted an increased
interest in recent years.

This thesis describes the design and synthesis of tri- and tetrasubstituted chroman-4-
one and chromone derivatives as novel SIRT inhibitors. The chroman-4-ones have been
synthesized via a one-pot procedure previously developed by our group. Further
modifications of the chroman-4-ones using different synthetic strategies have increased the
diversity of the substitution pattern. Chromones have been synthesized from the
corresponding chroman-4-one precursors. Biological evaluation of these compounds has
identified highly selective and potent SIRT2 inhibitors with ICso values in the low pM range.
Evaluation of selected compounds in cancer cell lines has shown an antiproliferative effect in
breast cancer and lung carcinoma cells and an effect on the viability and morphology of brain
tumor cells. A binding site for the SIRT2 inhibitors, i.e. the C-pocket of the NAD™ binding
site, has been proposed using molecular modeling that showed to be consistent with the
structure-activity relationship data.

The proposed binding site has been further investigated using a photoaffinity labeling
approach. For this, two photoactivatable chroman-4-ones containing either an azide or a
diazirine moiety have been synthesized. The diazirine analog was a potent SIRT2 inhibitor.
The light-induced incorporation of this photoprobe into SIRT2 followed by mass spectral
analysis of the adducts has indicated that a stretch of eight amino acids has been labelled. The
amino acids are located around the active site of SIRT2. One of the amino acids is a
conserved histidine residue that is positioned at the part of the C-pocket to which the
chroman-4-ones presumably bind. However, the low cross-linking yield has complicated the
identification of the specific amino acid(s) modified by the probe.

The chroman-4-one scaffold has also been replaced with different analogous bicyclic
frameworks, e.g. quinolones, saccharins and benzothiadiazine-1,1-dioxides. Most of the new
compounds were less active than the chroman-4-one based inhibitors, but some were
moderately potent. Interestingly, the new compounds also possessed moderate SIRT3
inhibitory activity. Thus, cyclic sulfonamides show potential as SIRT2 inhibitors and might
also be valuable for the development of SIRT3 selective inhibitors

Keywords: Sirtuin, SIRT2, Inhibitors, Chroman-4-ones, Chromones, Benzothiadiazine-1,1-
dioxides, Saccharin, Scaffold, Structure-activity relationship, Antiproliferative properties,
Binding site, Homology modeling, Photoaffinity labeling, Diazirine, Mass spectrometry.
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1 INTRODUCTION

1.1 SIRTUINS

The sirtuin family of enzymes is conserved from bacteria to mammals.! The gene of the
founding member of the family, silent information regulator type 2 (sir2), was discovered in
Saccharomyces  cerevisiae about three decades ago.>? It was found to be involved in

transcriptional repression. Later, it was discovered that the transcriptional silencing was

mediated via nicotinamide adenine dinucleotide (NAD*) dependent deacetylation of N*-
acetylated lysine residues of histones. Histones are polar proteins in the cell nucleus that pack
and order DNA by acting as a kind of spool around which the DNA winds. The
acetylation/deacetylation state of lysine residues within the protruding amino-termini from
the histones regulates the affinity of histones for DNA. Deacetylation provides positively
charged lysine residues producing a tight DNA-histone complex leading to gene silencing.
The reverse reaction, lysine acetylation catalyzed by histone acetyltransterases (HAT) loosens
the tight DNA/histone complex via charge neutralization on the lysines making histones
more accessible for transcription.* The acetylation and deacetylation are two of several
important posttranslational modifications; other examples are phosphorylation or
methylation which can occur on histones and non-histone proteins.*+’

The sir2-like enzymes (sirtuins) constitute the class III of histone deacetylases
(HDACG:). They are distinct from the other classical HDAC classes (I, II and IV) by their
unique requirement of NAD™ as co-substrate.??

Extensive studies of the sirtuins were initiated in the beginning of 2000 when Guarente
and co-workers discovered that sir2 extends the lifespan of yeast and lower organisms like
worms.!0! It was also suggested that sir2-like enzymes could be potential mediators of the
life prolonging effects observed on calorie restriction (CR), a dietary regime of reduced
calorie intake.!213 Thus, it was suggested that also the mammalian homologs of sir2 are
associated with aging and might act as mediators for a prolonged lifespan and health
beneficial effect in higher organism kept on CR.1#1 This resulted in extensive research
efforts on sirtuins aiming to understand the underlying mechanism of the observed SIRT-
mediated effects and subsequently also to the development of modulators of the sirtuins.
Since then, other studies have been questioning the life prolonging effect of sir2-like enzymes
It is still a controversial question whether sirtuins are mediating the longevity related to CR

ot not.20.21



1.2 THE HUMAN SIRTUINS

The human family of sirtuins comprises seven different members (SIRT1-7)T with
different cellular locations.’?> SIRT1, 6 and 7 are mainly nuclear, SIRT2 is predominantly
found in the cytoplasm and SIRT3-5 are localized in the mitochondria.??

1.2.1 Enzymatic activities of the SIRT's

The enzyme reactions that are catalyzed by SIRTSs are depicted in Figure 1. The main
physiologically relevant reaction is the deacetylation of N-acetylated lysine residues (A).2425
SIRT1-3 are efficient deacetylases; however, this activity is less pronounced for SIRT5-7 and
remained undiscovered for a long time for SIRT4. Recently however, Rauh ¢ a/ screened
6800 human lysine acetylation sites for deacetylation by sirtuins and identified several new
substrates for SIRT including substrates for SIRT4.2¢ Other post-translational deacylation
reactions have been reported for SIRT5 including demalonylation, desuccinylation and
deglutarylation (B);?7?8 whereas SIRTG catalyzes the removal of long fatty acid acyl groups
(C).» Also mono-ADP ribosyl (ADPr) transfer is reported to be catalyzed by SIRT4 and
SIRTG6 (D).3031
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Figure 1. Enzymatic reactions catalyzed by SIRTs. In addition to the deacetylation of
lysine residues (A), lysine demalonylation, desuccinylation and deglutarylation (B), the
removal of fatty acyl groups (C) and mono-ADP-ribosylation (D) have been reported.
The members of the sirtuin family catalyzing the various reactions are given on the
arrows.

The primary function of the sirtuins is the deacetylation of lysine residues. Preliminary
studies of the other SIRT-catalyzed reactions indicate that they also might be physiologically
relevant. Protein targets have been identified and will be described briefly in section 1.2.4.

T The human sirtuins will be abbreviated SIRT in capital letters, the number indicates the isoform. The yeast
sirtuin sir2 is written in small letters.



1.2.2 Mechanism of the lysine deacetylation reaction

The first step of the SIRT catalyzed deacetylation is a bond forming reaction between
the carbonyl oxygen of the acetyl group and the anomeric Cl-carbon of the ribose unit in
NAD* under release of nicotinamide (NAM). This affords the ADPr-peptidyl imidate
intermediate I (Scheme 1).3234 The precise mechanism of this step is still under discussion;
however a highly dissociative asynchronous Sn2 type mechanism has been proposed to be
most likely.3%35-37 The reaction sequence continues with a nucleophilic attack of the ribose
2-OH group activated by a conserved histidine residue onto the imidate (I) generating a
bicyclic intermediate.’> The subsequent elimination of the deacetylated protein forms a
cyclic oxonium species which is captured by an approaching water molecule. A tetrahedral
intermediate is formed which affords the final product, 2’-O-acetyl-ADP-ribose. The 2’-O-
acetyl-ADP-ribose is in equilibrium with its 3’-O-acetyl isomer via a transesterfication

reaction.?>

Scheme 1. Proposed reactions steps of the deacetylation reaction catalyzed by SIRT's.32

o o
o AN
NN, @)LNHZ
X ‘ N N7

‘ NH, _
ADP. N/ ADP. . ’\;‘ ADP.
:O: * :O\: i :O:
o
OH OH OH OH 0. .0}
0 o o /gNH
)L /‘J\+ /
NH “NH His N\
/\E >
NH
1 protein
protein protein

ADP ADP

L N

o /
OH 07( OH © OH OQK . OH O~
NH
0 HO) J NHs
e
H0 His \\>
ADP NH
o .
protein protein
OH
WO OH

After formation of the ADPr-peptidyl-imidate (I), there are two possibilities for the
reaction to proceed; the above mentioned attack of the 2’-OH group eventually leading to
deacetylation of the peptide substrate, or a nucleophilic attack of the released NAM on the
anomeric carbon of the ribose. This latter reaction, known as base exchange leads to the
reversal of the first step and reformation of NAD® and the acetylated lysine substrate;
considering NAM as a physiological inhibitor of the sirtuins.32%

1.2.3 Structure of the sirtuins

The seven human sirtuins vary in length and in amino acid sequence from SIRT1 being
the largest isoform with 747 amino acids to the other considerably shorter sirtuins with 310
to 400 amino acids (Figure 2).4 The enzymes share a common catalytic core of

3



approximately 260 amino acids which is highly conserved throughout the family.! This core is
flanked by IN- and C-terminal extensions with varying lengths as illustrated in Figure 2. The
function of these extensions is not yet fully understood. However, they are proposed to be
targets for post-translational modifications e.g. phosphorylation, methylation and
ubiquitination, which presumably regulate the function and localization of the SIRTs.#1:42

N-terminal catalytic C-terminal

extention core extension
SIRT1 [ I | | 747 aa
SIRT2 CE——— | 389 aa
SIRT3 T 399 aa
SIRT4 r— 314 aa
SIRT5 e— 310 aa
SIRT6 [l B 355 aa
SIRT7 CE— 1 400 aa

Figure 2. The sirtuins consist of a conserved catalytic core of about 260 amino acids
which is flanked by more diverse N- and C-terminal domains.

The conserved enzymatic core consists of a small and a large domain (Figure 3, A).4344

The small domain contains a zinc binding module with strictly conserved cysteine residues

for zinc binding and, an o-helical module. The bound Zn?* ion has no direct catalytic
function in the sirtuins, however it is required to maintain sirtuin activity; as replacement of
the conserved cysteines with alanines in sir2 abolish the deacetylation activity.** The small
domain has most variation in the amino acid sequence and the structurally most diverse part
of the catalytic core region.*

The large domain has a classical Rossmann fold motif typical for NAD* binding

proteins.* A central B-sheet formed by six parallel B-strands is surrounded by a variable

number of o-helices depending on the isoform.*>* Both domains are connected by four
loops forming a cleft between the domains which is considered as the active site.#4*> The
acetylated protein binds to the outside of the enzyme inserting the acetylated lysine side chain
via a conserved hydrophobic tunnel in the cleft towards the active site.” NAD* enters from
the opposite side with the nicotinamide-ribose moiety pointing towards the center of the
active site.*+* The NAD™* binding site within the Rossmann fold can be divided into three
sub-pockets; the A-site which accommodates the adenine moiety and the attached ribose
group, the B-pocket which is binding the second ribose moiety and the C-pocket, which
forms the NAM binding site (Figure 3, B).4449

Binding of the two substrates induces conformational changes within the enzyme. The
peptide binding induces a shift of the small domain bringing both domains closer together.
This shift positions conserved amino acid residues within the active site in an optimal
arrangement to allow interactions with the substrates.>»*” Upon NAD™* binding the flexible
co-factor binding loop containing several conserved amino acids gets ordered and
approaches NAD*, forming hydrogen bonding interactions with the ribose moiety.#" As
observed in several x-ray structures NAD* binds in the presence of the acetylated peptide in



a constrained, “productive” conformation placing the NAM moiety in the C-pocket.#’
Binding of the positively charged pyridine ring in the hydrophobic environment of the C-
pocket is believed to facilitate the release of NAM. This extended conformation of NAD*
also positions the ribose in an optimal position for the nucleophilic attack of the acetyl
group. Without a peptide substrate, NAD* binds in other so called “nonproductive”
conformations that are not compatible with an enzymatic reaction.*#

Small domain

\

Co-factor
binding loop

Figure 3. (A) Crystal structure of apo-SIRT2 for the illustration of the overall structure of
the SIRTs.#3 (B) Illustration of the sub-pockets of the NAD™ binding site with NAD*
bound in a productive conformation in sir2.4?

1.2.4 Aspects on the biological function of the sirtuins

SIRTSs have a broad spectrum of deacetylation targets ranging from histones to various
transcription factors and other proteins like o-tubulin relating the enzymes to different
cellular processes. These finding have proposed sirtuins as attractive targets for drug
development efforts.?>>1-3

The focus of this thesis is the development of SIRT2 modulators. Below the various
human sirtuins except SIRT2 will be discussed, as SIRT2 will be covered in more detail in
section 1.2.4.2.

1.24.1 SIRTT and SIRT3—-7

SIRT1 is the best-studied member of the sirtuins due to the striking discovery that
activation of sir2, its yeast homolog, leads to life extension in yeast. A multitude of protein
substrates have been identified for SIRT1-mediated deacetylation including histones (H1, H3,
H4) and transcription factors (p53, FOXO, NF-kB) relating the enzyme to transcriptional
silencing, metabolism, cell proliferation, apoptosis, insulin signaling, oxidative stress



responses, and neurodegeneration.?>>! The involvement in these different cellular processes
has linked SIRT1 to various diseases such as type 2 diabetes, cancer, neurodegeneration,
inflammation, and cardiovascular diseases.>35*

The mitochondrial sirtuins, SIRT3—5 are mainly related to regulation of metabolism
and oxidative stress responses.®> SIRT3 is the best characterized enzyme of the three
isoforms and was found to have impact on the acetylation state of e.g. acetyl CoA synthetase
and regulation of the ATP levels in the cell.>* In addition, SIRT3 has a function in the
protection from oxidative stress-induced damage.>3>> Less is known regarding the SIRT4 and
SIRTS5 activity. It was found that SIRT4-mediated ADP ribosyl transfer activity is involved in
insulin secretion and triggers also cell cycle arrest and DNA repair upon DNA damage.30:51,5
The latter study suggests that SIRT4 might act as tumor suppressor. SIRT5 activity is
associated with ammonia disposal during fasting by activation of carbamoyl phosphate
synthetase (CPS) 1 via desuccinylation.?”>’

SIRTOG is associated with genome stability through DNA repair and SIRT6 deficiency in
mouse models leads to genomic instability, defective DNA repair, age-related phenotypes
and premature deaths.”® In addition, a frequent loss of SIRT6 was observed in tumors which
points towards a role of SIRTG in tumor suppression.’® The deacetylation of histones
H3K9Ac/H3K56Ac and mono-ADP-ribosylation of poly-ADPr polymerase (PARP) 1 might
both contribute to this function.® In addition, the unique SIRT6-mediated removal of fatty

acyl groups from lysines occurring on tumor necrosis factor o (TNFa), modulates its
secretion.?”

SIRT7, is the least studied isoform and its biological function is poorly understood. It
was found to deacetylate H3K18Ac and promote transcriptional silencing of genes of tumor
suppressors and of proteins mis-regulated in cancer.5%0!

Although the post-translational modifications other than deacetylation catalyzed by
SIRT4—6 might have a physiological relevance in living organisms, and potential protein
targets have been identified, still more detailed studies are needed to fully understand their

significance.

1.24.2 SIRTZ2

SIRT2 is predominantly located in the cytoplasm® but is shuttled into the nucleus
during mitosis.*203 Increased SIRT2 levels are observed in the Gz/M phase and
overexpression of SIRT?2 results in a prolonged mitotic phase. These findings point towards a
role of SIRT2 in a mitotic checkpoint®® which ensures that cells exposed to any stress signal
or containing damaged DNA will not be processed through mitosis.®*

SIRT2 has been reported to deacetylate histone H4 and other non-histone substrates
such as o-tubulin, FOXO1, and p65.926%60 These substrates implicates that SIRT2 is involved
in the regulation of the cell cycle, cell proliferation, apoptosis and metabolism.®* SIRT2 has
evolved as a potential therapeutic target for age-related diseases such as cancer and
neurodegeneration.66:67



SIRT2 in cancer

Regarding the role of SIRT2 in oncogenesis contradictory reports are found in the
literature, it seems to act both as a tumor suppressor and a promoter.> For example, studies
by Hiratsuka e a/. showed that SIRT2 expression is suppressed in glioma cells.®8 SIRT2 as a
tumor suppressor is also corroborated by the finding that SIRT2 knockout mice develop
tumors in several organs (e.g. breast, liver, lung, pancreas) showing genetic instability and
abnormal mitosis.®” In addition, Kim e# a/ also found decreased SIRT2 expression levels in
several human cancers such as glioma, breast, liver, and prostate cancers. The tumor
suppressor function of SIRT2 might be associated with its regulation of mitosis proteins

which ensure chromosomal stability®® as well as deacetylation of H4K16 and o-tubulin.

On the other hand, Ying and co-workers discovered that SIRT2 is required for survival
of C6 glioma cells’’ and overexpression contributed to tumor cell growth in liver tissue;
suggesting oncogenic properties of SIRT2.7! Lui ef al. reported a SIRT2-stabilizing effect of
the Myc-oncoprotein.”> This oncoprotein is frequently overexpressed in several cancers (e.g.
pancreatic tumors and neuroblastoma) promoting cancer cell proliferation, whereas
inhibition/knockdown of SIRT2 counteract the proliferation.’? In line with these results,
down-regulation of SIRT2 has shown to reduce the proliferation in HelLa cells,”® as well as in
liver’! and pancreatic carcinomas.” Furthermore, inhibition of SIRT2 by the selective
inhibitor AGK-2 (6, Figure 4) has been shown to induce apoptosis in C6 glioma cells.”0.74
AEM2, (7, Figure 4) another small-molecule SIRT2 inhibitor has been shown to reduce
cancer proliferation via the a decrease in p53 deacetylation in non-small-cell lung cancer cells

(A549 and H1299).7

SIRTZ2 and neurodegeneration

In general, a neurotoxic effect is associated with the enzymatic activity of SIRT?2.66:67 It
has been shown that SIRT2 is abundant in the brain and it accumulates in the central nervous
system with aging.”® A study showed that inhibition by AGK-2 (6, Figure 4) and SIRT2
knockouts rescued neuronal cells from o-synuclein-mediated toxicity in a Parkinson’s disease

(PD) model.””7® The neuroprotective effect is caused by formation of fewer and larger o-
synuclein inclusions. The molecular mechanism underlying a SIRT2-mediated inhibitory
effect on a-synuclein aggregation is not yet fully understood. However, the inhibition of a-
tubulin deacetylation has been proposed as a link.67.7%

In another study, AGK-2 (6) and its structural analog AK-7 (10, Figure 4) have been
shown to counteract progression of Huntington’s disease (HD) by a decrease in cholesterol
levels in neuronal cells via regulation of sterol biosynthesis.®?8! Recently, it was reported that
treatment with 10 leads to reduced aggregation of mutant huntingtin and improved neuronal
health in HD mouse models.2 However, the involvement of SIRT2 in HD is still under

discussion.?®3



1.2.5 Sirtuin modulators

The implication of the SIRTs in numerous cellular processes and their putative
involvement in disease states such as cancer, neurodegeneration, inflammation,
cardiovascular diseases or diabetes>? has led to a grown interest in the development of SIRT
modulators. As mentioned above the involvement in biological processes is complex and

either inhibition or activation of a specific isoform is required.

1.2.5.1 Inbibitors

A series of SIRT inhibitors is shown in Figure 4. NAM (1) is an endogenous inhibitor
of all members of the sirtuin enzyme family, and it is released during the enzymatic reaction.
The first synthetic SIRT inhibitor, sirtinol (2), was discovered in 2001 in a high-throughput
screening (HTS) campaign which aimed for potential sir2 inhibitors. It was found to inhibit
sir2 and SIRT2.84 Numerous other screening campaigns were initiated mainly focusing on
SIRT1 and SIRT2 leading to the discovery of a variety of different compounds;® e.g. a
thiobarbiturate-substituted 2-hydroxynaphthyl based SIRT1/2 inhibitor called cambinol (3).86
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Figure 4. Small-molecular SIRT1/2/3 inhibitors.

SAR studies of cambinol were conducted and increased potency and selectivity for
SIRT2 was obtained by IN1-substitution with hydrophobic substituents (#-butyl, Bn).87.88
Recently, replacement of the thiobarbiturate-like heterocycle with a five-membered ring
systems (4) yielded potent SIRT1—3 selective inhibitors. The isoform selectivity can be
controlled by variation of the heteroatom X (=N or O) and R3- and Ré-substituents; this led



to one of the most potent and selective SIRT3 inhibitors (4) (IC50=6 uM).8? Suzuki et al.
reported the highly potent SIRT?2 inhibitor 5.9 The 2-anilinobenzamide core originates from
a screen to identify SIRT1 inhibitors using a library including nicotinamide- and benzamide-
like structures.”! Other potent SIRT2 inhibitors are the previously mentioned AGK-2 (6),””
AEM2 (7),7> and AK-7 (10).8" Other inhibitors identified in HTS are the kinase inhibitor 8,2
the indole based SIRT1 inhibitor Ex-527 (9),” the tenovins (11)°* and splitomicin-analogs like
12.95

The suggested binding site for the small-molecular inhibitors are the B- and C-pockets
of the NAD™ binding site and/or the acetyl lysine binding channel located between the two
domains.””8587.95 However, for most of the inhibitors the binding sites remain elusive.

Scientist have also taken advantage of the unique catalytic mechanism of the SIRTs and
developed mechanism- and substrate-based inhibitors. Peptide analogs with a thioacetylated
g-amino group as mimic for the acetylated lysine residue of natural substrates such as of a-
tubulin or p53 (13) have revealed highly potent inhibitors.?® In addition, small peptide-
mimicking derivatives resulted in highly potent pan-inhibitors of SIRT1-3 (14).%7

H—Lys— Lys(e-thioAc)— Ala—Met—OH
13 SIRT1 ICsg = 0.24 uM
SIRT1 ICs = 0.18 uM SIRT2 ICsg = 1.8 UM

s
HNJK
o} y O
SIRT2 ICs0 = 3.8 UM ¥ SIRT3 ICs0 = 3.9 UM
HO! - N
N, o]
Cbz

Figure 5. Example of mechanism-based inhibitors containing a thioacetylated lysine
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residue.

In the past, the development of SIRT inhibitors was limited to SIRT1—3. This was
mainly due to the limited possibilities to determine the inhibitory activity against SIRT4—7 in
the enzyme assays. Because they only show weak or no deacetylation activity to known
protein substrates. However, the discovery of enzymatic activities other than deacetylation
for SIRT5 and SIRTG6 (see section 1.2.1) and the expanding scope of protein targets for
SIRT4—7-mediated deacetylation enables now the development of inhibitors for these
isoforms.

Maurer ¢# al. identified the first small-molecular SIRTS5 inhibitor after establishment of
an i vitro assay using a Cbz-protected N*-succinylated lysine substrate carrying a C-terminal
coumarin moiety allowing determination of the inhibitory activity through a fluorescent read-
out.”® Screening of an in-house library including thiobarbiturate-based compounds like 3
identified a panel of potent analogs with 1Csp values between 2.3 and 39 uM for SIRTS.
Analog 15 showed the best selectivity for SIRT5 and forms a potential lead compound for
further optimization.”® A virtual database screen using a SIRTG crystal structure as template,
identified several compounds which significantly decreased SIRTG deacetylation activity with
16 being the most potent and selective SIRTG6 inhibitor.”” Substrate-based approaches
utilizing the characteristic enzymatic activities of SIRT5 and SIRTG6 in desuccinylation and

9



fatty acyl group removal, respectively, furnished potent selective mechanism-based SIRT5
(17) and non-selective SIRT6 (18) inhibitors.100.101

S S

0 M
2 Bn HN)W HN 11
N Q H Q o}
HNT NF N
Py | ~r N OH
SN So \ o " o)
H OH
15 KQTARKSTGGKA PKKTG
SIRT1 IC50 = 28 uM SIRT1 ICso = 1.6 mM 17 18_
SIRT2 ICs > 50 uM SIRT2 ICs0 = 0.76 mM SIRT1 ICs >100 UM SIRT1 ICs0 = 5.3 UM
SIRT3 IC5) > 116 uM SIRT6 IC5o = 89 UM SIRT2 ICso >100 uM SIRT2 1G5 = 2.3 M
SIRT5 IC5p = 17 uM SIRT3 IC5o >100 uM SIRT3 ICs = 4.5 uM

SIRT5 ICsp = 5 pM SIRT6 ICso = 2.8 UM
Figure 6. Small-molecular and peptide-based inhibitors of SIRT5 and SIRTG.

1.2.5.2  Actvators

As mentioned in previous sections, activation of sirtuins might provide beneficial health
effects. Resveratrol (19, Figure 7), a natural occurring stilbenoid produced in several plants,
was identified as a SIRT1 activator in a screening study.!’? Also the naturally occurring
flavonoids quercetin (20) and fisetin (21) and the chalcone butein (22) have been attributed to
have a similar effect on SIRT1.192 Later, substituted 6-azaindoles, e.g. 23, have been reported
as more potent SIRT1 activators.!> However, there is an ongoing debate whether or not the
observed effect on SIRT1 activity is an artifact of the screening assay. It was shown that the
enzyme activation is dependent on the fluorophore that is attached to the peptide substrate

used in the test assay 104

H FiC
N N
/
OH OH
HO NH
HO HO OH Néks
20: R=OH ( quercetm 22 (butein) \—/
21: R = H (fisetin)
19 (Resveratrol 23
(STAC-5)

Figure 7. Putative SIRT1 activators.

Quercetin and fisetin are representatives of a class of oxygen-containing bicyclic ring-
systems, called chromones. The chromone structure is highlighted in blue in the structure of
20 and 21 in Figure 7. For a long time our group has been interested in chromones and
chroman-4-ones, as building blocks for the development of biologically active compounds,
e.g. as scaffold for peptidomimetics and as kinase inhibitors.105-19%8 Therefore, we were also
interested to investigate if functionalized chromones and chroman-4-ones could serve as
SIRT modulators.

10



2 AIMS OF THE THESIS

The overall aim of the work presented in this thesis was the design, synthesis and biological
evaluation of scaffold based sirtuin inhibitors.

The specific objectives of the thesis were:

e Synthesis of chroman-4-one and chromone derivatives as SIRT2 inhibitors and
identification of features essential for activity in a structure-activity relationship study

(Paper I).

e Improvement of physicochemical properties of the chroman-4-one and chromone-
based SIRT?2 inhibitors (Paper II).

e Identification of the binding site of the SIRT2 selective chroman-4-one based
inhibitors using a photoaffinity labeling approach. (Paper I1II).

e Replacing the chroman-4-one/chromone scaffold with other heterofunctional bicyclic
frameworks (Paper IV).
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3 CHROMAN-4-ONES AND CHROMONES AS SIRT?2
INHIBITORS (PAPER I AND II)

3.1 CHROMAN-4-ONES AND CHROMONES

Chromones and chroman-4-ones are oxygen-containing bicyclic frameworks (scaffolds)
(Figure 8) found in numerous naturally occurring compounds.1%110 The most frequently
found natural representatives are poly-hydroxylated and/or methyoxylated 2-arylchromones
(flavonoids) which are found in leaves, tea, fruits, berries and olives.!'! The scaffolds have
been classified as privileged structures!!2!13 since chroman-4-ones and chromones show
different pharmacological effects depended on their substitution pattern, e.g. anti-
inflammatory, antibacterial, antiviral, or anticancer properties.!10.114-118

o O
5
Selee
7 g8a O 2 O
8
chromone chroman-4-one

Figure 8. Chemical structure of the chromone and chroman-4-one scaffold.

A summary of common retrosynthetic routes to obtain substituted chromones and
chroman-4-ones is illustrated in Figure 9. The most common approach towards 2-aryl
chromones (route 1) involves the acid-catalyzed cyclization of 1,3-diketones afforded from a
Baker-Venkataraman rearrangement of O-acylated 2’-hydroxyacetophenones.!9:119120 An
alternative route consists of a transition-metal or organo catalyzed ring-closure reaction of
O-alkynoylphenols (route 2).121-125  2-Alkyl chromones can be obtained from the
corresponding chroman-4-ones via oxidation or 2,3-elimination reactions (route 3).10%124 2-
Substituted chroman-4-ones can be synthesized via oxa-Michael cyclization of an o,f3-
unsaturated intermediate formed from aldol condensations of 2-hydroxyacetophenones and
aldehydes (route 4).19%12> Asymmetric oxa-Michael cyclization has also been reported.!26:127
Chroman-4-ones can also be formed via a 1,4-conjugate addition onto chromones (R=H)
(route 5).128 Asymmetric methods for this approach has been developed to yield the 2-alkyl
chroman-4-ones in good yields and high ¢e.?

0 / 0 ) o] R
o o routel ' route 2 X
‘ ! —_— AN
0 e—— | — % * R
R — @\)k R — R ©\)i ! R OH

(o 1 0 R OH

)\ OH
OH o R

”””””””” COR
I

R=
route 3 MW route 5 R=

+ o
o) .
(0] _ route4 ! (0]
)’L \ —— —— R — '
R™ R o :
Py OH ;
o~ R :

Figure 9. Retrosynthetic outline of common synthetic methods to obtain substituted
chromone and chroman-4-one derivatives.
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3.2 CHROMAN-4-ONES AND CHROMONES AS SIRT2 SELECTIVE
INHIBITORS (PAPER I)

3.2.1 8-Bromo-6-chloro-2-pentylchroman-4-one, a selective SIRT2 inhibitor

In an initial study, a small set of chromone and chroman-4-one based compounds were
tested against human SIRT1-3 to see if the scaffolds could serve as frameworks for sirtuin
modulators (data not shown). Interestingly, 8-bromo-6-chloro-2-pentylchroman-4-one 24
gave excellent inhibition (88%) of SIRT2 at 200 uM concentration using a fluorescence-based
assay (see Scheme 4). The compound also showed high selectivity for SIRT2 over SIRT1 and
SIRT3. The ICs0 value of 24 was 4.3 uM, thus 24 exhibited similar potency as previously
reported SIRT inhibitors (Figure 4)

(0]

cl SIRT1=62%
SIRT2 = 88%
o SIRT3=26%

Br 2

Figure 10. Structure of 8-bromo-6-chloro-2-pentylchroman-4-one, the first chroman-4-
one based inhibitor.

The inhibitory activity of 24 was verified by two additional assays. First, analysis of the
SIRT2-mediated deacetylation of acetylated «-tubulin was carried out. Decreased
deacetylation of the substrate was observed as a result of SIRT2 inhibition (Figure 11, A).
Secondly, a SIRT2 activity assay based on the release of radioactive *C-nicotinamide was
performed in the presence of an acetylated peptidic substrate (RSTGGK(Ac)APRKQ)
lacking a fluorophore (Figure 1, B). In this assay 24 showed 66% inhibition. Taken together,
24 was able to inhibit the deacetylation of three different substrates and is therefore
considered as a true inhibitor of SIRT2.

A B

Blank
(DMSO)

Compound 24
at 200 pM

Blank (1a)

DMSO
Acetylated ————— e T el e et T

o-tubulin — E - - ——— =50 H(-Nicotin-
* amide

s

Pixelsx 10¢
- n

°
kS
Pixels 10°

-

0 30 30 60 60 min
Compound 24 - - + - +
DMSO 24

Figure 11. Inhibition of SIRT2 mediated deacetylation reactions by compound 24. (A)
Western blot analysis of the inhibition of SIRT2 mediated a-tubulin deacetylation by 24.
The concentration of 24 was 200 uM, measurements were done at 30 min and 1 h. (B)
Inhibition by 24 of the SIRT2 mediated deacetylation of the acetylated peptide
RSTGGK(Ac)APRKQ. The reaction was detected by formation of the reaction product
14C-nicotinamide.

14



Based on these encouraging results we wanted to explore the structure-activity
relationship (SAR) around the lead compound. Thus, a series of analogs with alterations of
the carbonyl group, replacement of the pentyl side chain with other substituents, as well as
modifications of the substitution pattern of the aromatic ring was synthesized.

3.2.2 Synthesis of chroman-4-one and chromone derivatives based on lead
compound 24

A series of chroman-4-one derivatives were synthesized according to a methodology
reported previously by our group; a base-promoted aldol condensation of substituted 2’-
hydroxyacetophenones and appropriate aldehydes followed by an intramolecular oxa-Michael
addition (Scheme 2).19 The alkyl substituent in the 2-position is defined by the nature of the
applied aldehyde. The substituents on the aromatic part of the scaffold are determined by the
substitution pattern of the 2’-hydroxyacetophenone. Different commercially available 3-,
and/or 5-substituted 2’-hydroxyacetophenones were used in the synthesis. The reactions
were conducted by heating ethanolic mixtures to 160-170 °C using microwave (MW)
irradiation for 1 h in the presence of diisopropyl amine (DIPA) as base. The outcome of the
reaction was strongly dependent on the substitution pattern of the wused 2’-
hydroxyacetophenones, with yields varying between 17% and 88%. In general, electron
deficient 2-alkyl-chroman-4-ones can be synthesized in high yields, whereas use of electron-
rich acetophenones as starting material resulted in an increased formation of by-products
originating from the competing self-condensation reaction of the aldehyde causing
purification problems that lowered the obtained yields (28 and 31).

Scheme 2. General synthetic procedures towards the 2-alkylsubstituted chroman-4-ones

24-38.¢
o) 0
RS o a RS
© e T
OH H™ "R2 17-88% 0" “R?
R R®
24-38

24: R? = (CH,)4CHg, R® = CI, R® = Br (80%) 32: R? = (CH,)4CH3, R® = H, R® = Br (42)%
25: R2 = (CH,)4CH3, R® = R® = H (55%) 33: R% = (CH,),CH3, R® = CI, R® = Br (71%)
26: R? = (CH,),CH3, R® = R® = F (23%) 34: R? = (CH,)6CH3, R® = CI, R® = Br (56%)
27: R2 = (CH,)4CHg, R® = R® = Br (56%) 35: R2 = CH(CHjg),, R® = CI, R® = Br (43%)
28: R? = (CH,),CH3, R® = R® = CH; (17%) 36: R2 = CH,CH,Ph, R® = CI, R® = Br (88%)
29: R? = (CH,),CH3, R = CI, R® = H (51%) 37: R2 = CH,CH,(3-Indolyl), R® = CI, R® = Br (86%)
30: R? = (CH,)4CHj, R® = NO,, R® = H (58%) 38: R2 = CH,CH,(3-(N-Ts)-Indolyl), R® = CI, R® = Br (74%)
31: R? = (CH,)4CHj;, R® = OCH3, R® = H (17%) 39:R2=H,R®=Br, RE=H?

“Reagents and conditions: (a) Appropriate aldehyde, DIPA, EtOH, MW, 160-170 °C, 1 h.

*Commercially available.

Chromone analogs of 24 and derivatives with alterations of the carbonyl group were
synthesized according to the methods outlined in Scheme 3. Flavone 41 was prepared via
esterification of 3’-bromo-5’-chloro-2’-hydroxyacetophenone (40) with benzoyl chloride in
pyridine, followed by the base-promoted Baker-Venkataraman rearrangement yielding a
diketo intermediate that formed 41 upon acid-catalyzed cyclization.!0¢
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Scheme 3. Synthesis of chromone analogs 41 and 43 and the manipulation of the
carbonyl functionality of 24 towards 44—46.

@ G G G

o% 42 (81%) 43 (93%)

Cl
\Q\/Oj\/\/\
cl Br
45 (44%)
(0]
Br
4 <89%>" " a4 (08%) \Q\/j\/\/\

46 (63%)
“Reagents and conditions: (a) 1. Benzoyl chloride, py, rt, 2 h; ii. KOH, py, 50 °C, 4 h; iii. HCI,
AcOH, reflux, 14 h; (b) Hexanal, DIPA, EtOH, MW, 170 °C, 1 h, (c) Py'Brs;, CHxCl, rt,
2.5 h, ds/trans ratio 80:20; (d) CaCOs, DMF, MW, 100 °C, 20 min; (¢) NaBHy,
MeOH/THEF, 0 °C—1t, 15 min, 95:5 d.t.; (f) Et:SiH, BF3-Et,O, CH2Cl,, -78 °C—1t, 19 h;
(2) p-TSA, MgSOy, toluene, 90 °C, 1.5 h. “Isolated yield over three steps.

The 2-pentylchromone 43 was obtained via a-monobromination of 24 with Py*Brs
followed by a dehydrobromination of 42 with CaCO3 in DMF in an overall yield of 75%.
Reduction of the carbonyl group in 24 using NaBH4 was performed to yield chroman-4-ol 44
in a diastereomeric ratio (d.r.) of 95:5 according to 'H NMR spectroscopy. Treatment of 44
with Et:SiH and BF5'Et2O furnished 8-bromo-6-chloro-2-pentylchromane 45 in 44% yield.
Exposure of 44 to catalytic amounts of para-toluenesulfonic acid (p-TSA) yielded the
dehydration product 46.

To investigate the inhibitory activity of the individual enantiomers of 24, the
enantiomers were separated by preparative high-performance liquid column chromatography
(HPLC) using a chiral stationary phase. To determine the absolute stereochemistry of the
separated enantiomers, x-ray crystallography was intended to be used. Unfortunately, all
attempts to obtain suitable crystals failed. Alternatively, the absolute configuration of small
chiral molecules can be determined by the comparison of experimental vibrational circular
dichroism (VCD) spectra with predicted VCD spectra of the enantiomers. The VCD
spectrum of a chiral molecule is the difference spectrum obtained by the absorption of left-
and right circular polarized light in the infrared (IR) range. VCD spectra of low-energy
conformations of the target structure can be predicted by density functional theory (DFT)
calculations.!® Highly flexible groups like the pentyl group in the 2-position of 24 result in
many conformers which have to be considered in the DFT calculations. Therefore, the
truncated ethyl-substituted analog was used for the DFT calculations as this change is not
expected to alter the calculated VCD spectra.!3! The predicted VCD spectra of the R- and S-
enantiomer were compared with the observed spectra from (+)-24 and (-)-24 (Figure 12).
Comparison of the measured VCD spectrum of (-)-24 and the calculated spectrum of the S-
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enantiomer shows a good alignment of the bands in the frequency region between 1500 to
1100 cm. Also the experimental data obtained for (+)-24 fitted equally well with the
calculated spectrum of the R-enantiomer. On the basis of this, (-)-24 is likely to be the S-

enantiomer and (+)-24 the R-enantiomer, respectively.

4.0 TExperimental (3 - 1a
sCalculated_S_enantiomer_B3LYP_631GS

3.5+
Calculated_R_enantiomer_B3LYP_631GS
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Figure 12. Comparison of the experimental VCD spectra of (-)-24 (blue) and (+)-24
(green) with the calculated spectra of the S-enantiomer (purple) and the R-enantiomer

(red) of 24, respectively.

3.2.3 Biological evaluation and structure-activity relationship study

The synthesized derivatives were evaluated for their inhibitory activity for SIRT1-3

using an z vitro fluorescence-based assay (Scheme 4).132133 The assay applies an acetylated

fluorogenic peptide substrate resembling a short amino acid sequence of the natural SIRT-

substrate p53. The assay consists of two steps; (i) deacetylation of the N*-acetylated lysine

residue followed by (ii) addition of trypsin as a developer to release the fluorophore. The

enzymatic activity is detected as a function of the measured fluorescence.

Scheme 4. Schematic illustration of the the fluorescence-based assay used to determine

the inhibitor activity of test compounds.
o
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The results from the 7z vitro assay are summarized in Table 1. Several trisubstituted
chroman-4-ones/chromones were potent inhibitors of the SIRT2 isoform (>70% inhibition
at 200 uM). They also showed high isoform selectivity over SIRT1 and SIRT3; in these tests
the highest observed inhibition was 16% of SIRT3 by 36.

The evaluation of the individual enantiomers of 24 revealed, that the S-stereoisomer
was the more potent inhibitor with an ICso value of 1.5 uM. The R-enantiomer had an ICsg
value of 4.5 uM being equally potent as the racemic mixture (ICs0=4.3 uM) and the oxidized
chromone analog 43 (ICs50=5.5 uM). The expected chair-like conformation of the tetrahydro-
4H-pyran-4-one with the pentyl substituent in an equatorial position allows the two
enantiomers to position the alkyl group in a similar way (Figure 13). Therefore, only minor
variations in activity for the individual enantiomers and the chromone analog are observed.

- |
Figure 13. The enantiomers of 24 with an equatorial positioned R2-subsitutuent can adopt

a similar binding mode which results in the minor difference observed in inhibitory
activity

Removal of the chloride and bromide (25) from the lead structure resulted in an
inactive compound revealing the importance of the substituents in the aromatic ring to
achieve inhibition. Introduction of the electron-withdrawing fluorine groups (26) in the 6-
and 8-position increased the activity slightly to 30%. However, the 6,8-dimethyl substituted
28 had a significant increase in activity compared to the difluorinated compound. Altogether
these results revealed that the size of the 6- and 8-substituents is important and that electron-
withdrawing properties can further improve the inhibitory activity. Removal of either
substituent in the 6- or 8-position (29 and 32) decreased the inhibitory effect towards SIRT2.
The 6-chloro substituted 29 was slightly more active with 55% inhibition compared the 8-
bromo analog 32 (28% inh.). This indicates a stronger contribution of the substituent in the
6-position to the inhibitory activity. Replacement of the Cl-group with an electron
withdrawing nitro group (30) resulted in an equally active compound whereas an analog with
an electron donating methoxy group (31) was less active exhibiting only 20% inhibition.

6-Bromochroman-4-one (39), which lacks a substituent in the 2-position did not inhibit
SIRT2 at a 200 uM concentration and revealed the important contribution of the 2-alkyl
group to the inhibitory effect observed for the chroman-4-ones.
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Table 1 Results from evaluation of compounds 24-39, 41, and 43-46 in a SIRT1-3
activity assay.”

R® RS R® R R N
R R R R
24-39 41,43 44 45 46

e L
24 N Cl Br 62+14 88+09 26%13 4.3 (3.5-5.4)
R-24 ) N Cl Br 53+31  70£08 39+12 4.5 (3.5-5.9)
5-24 3 NN Cl Br 34+54 91+08 39%24 1.5 (1.3-1.7)
25 NN H H 85+1.0 49+48 08%26 n.d.

26 F NN F F 04+01 30+13 9.6%25 n.d.

27 3 NN Br Br 0.6+01 92+12 65%3.1 1.5 (1.3-1.7)
28 ) N CH; CH; 32+32  83+07 24%31 6.2 (4.7-8.1)
29 NN Cl H 27+23  55+24  60%24 n.d.

30 NN NO, H 47+56 58+0.7 16 + 2.4 n.d.

31 NN OCH; H 103+£1.8 20+4.1 9.5+ 3.0 n.d.

32 RN H Br 71116 28F11  67%36 n.d.

33 2 N Cl Br 64197 76118 70+46  10.6 (9.0-12.5)
34 N S S| Br 75+28 57125 83%15 n.d.

35 31/ Cl Br 28+14 52110 4404 n.d.

36 §/\© Cl Br 69+34 81+£07 16+09 6.8 (5.8-8.0)
37 5%@ cl Br 19417 53+17 20%1.0 n.d.

NH
38 5/\(;@7 Cl Br 23+56 27+1.6  13%26 n.d.
Ts

39 H Br H n.d. -1.5+£3.6 n.d. n.d.

41 §© Cl Br 31+30 20+14  12%26 n.d.

43 ) N Cl Br 98+28 82+04 45%16 5.5 (4.8-6.2)
44 R NN Cl Br 55+24 31%£30 3.6%+57 n.d.

45 ) NN Cl Br 52+23  38+13  12%05 n.d.

46 F NN Cl Br 71+01  38+12 20%73 n.d.

“Compounds exhibiting over 70% inhibition for SIRT2 shaded in grey. /SD, standard deviation, (n=3). 1Cs
(95% confidence interval). 1Csp-values were determined using the Fluor de Lys assay for compounds that
showed over 70% inhibition of SIRT?2 at 200 pM cocentration. ‘n.d.=not determined.
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Incorporation of either a #-propyl (33, 76% inh., IC50=10.6 uM) or #-heptyl side chain
(34, 57% inh.) in the 2-position furnished less active inhibitors. Thus, the pentyl side chain
had an optimal length among the explored #-alkyl groups. The observation that the
zso-propyl-substituted chroman-4-one 35 and 2-phenylchromone 41 exhibited a decreased
inhibitory effect with 52% and 20% inhibition, respectively; indicating that branched groups
are not tolerated in the vicinity of the scaffold. However, introduction of an ethylene spacer
between the ring systems as in 36 furnished a potent inhibitor with an 1Csp value of 6.8 uM.
Replacement of the phenyl ring with the larger indole moiety (37 and 38) strongly affected
the inhibitory activity negatively, indicating a space limitation in the binding site where the
R2-substituent binds.

In general, reduction or removal of the carbonyl group (44—46) resulted in a significant
decrease in SIRT2 inhibition. The chroman-4-ol 44 as well as unsubstituted analogs inhibited
SIRT2 to less than 40%.

In summary, the SAR study surrounding lead compound 24 has identified key elements
crucial to achieve inhibition of SIRT2 (Figure 14). The study revealed that an exceptionally
limited variation is allowed. Modifications or removal of the carbonyl group or any of the
substituents influence the inhibitory effect of the chroman-4-ones negatively.

R

Reduction or removal of carbonyl
group greatly reduces activity

* a 5-carbon chain is optimal
R? * branched groups in vicinity of
scaffold not tolerated
* Monocyclic aromatic rings tolerated

if not directly bound to the scaffold

* Both substituents in the 6- and 8-position
are favourable for potency

* Significant lower potency without R® -substituent
* EDGs in general lower potency

* EWGs in general enhancing potency

* Br-, Cl-, or Me substituents beneficial

Figure 14. Summary of the SAR study carried out in Paper I focusing on the evaluation
of the pentyl side chain, carbonyl group and the substituents on the aromatic ring.

3.3 SECOND GENERATION CHROMAN-4-ONE BASED SIRT2 INHIBITORS
(PAPERII)

A major drawback with the first series of chroman-4-one based SIRT2 inhibitors was
associated with their high lipophilicity. They showed poor water solubility which limited their
application in zz vitro tests on cancer cells due to precipitation at relevant test concentration.
Therefore, 2-substituted chroman-4-one derivatives with increased hydrophilicity compared
to the previously evaluated compounds were envisioned to be synthesized.

The lipophilicity of the chroman-4-ones was intended to be reduced via the
introduction of heterofunctional groups in the 2-position of the scaffold (Figure 15). The Cl-
and Br-substituents were kept as these groups were found to have beneficial effects on the
inhibitory activity. Acetophenones with this substitution pattern gave the corresponding
chroman-4-ones in high vyields and the Cl- and Br-groups allow regioselective
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functionalization of these positions via Pd-catalyzed coupling reactions at a later stage. We
also planned to evaluate small heterofunctional groups in the 3-position by the synthesis of a
small series of tetrasubstituted chromones in order to study this yet unexplored position.

For the synthesis of the compounds we intended to use the previously successfully
applied method of reacting 2’-hydroxyacetophenones with the appropriate aldehydes.
Commercially available alcohols were considered as useful precursors for the desired
aldehydes. The tetrasubstituted chromone derivatives were planned to be obtained via
functionalization of the 3-position of the corresponding chroman-4-ones followed by
introduction of the double bond.

N
Small hydrogen-bonding

functional groups
J

* beneficial substitution pattern to
obtain inhibitory activity
* versatile handles for functionali-

zation

Figure 15. Condensed overview of the heterofunctional groups intended to be introduced
in the 2-position.

3.3.1 Synthesis of chroman-4-ones carrying heterofunctionalized alkyl groups in the
2-position

3.3.1.1  Chroman-4-ones with hydroxyalkyl groups and polyethylene glycol side chains in the 2-position

The synthesis towards these functionalized derivatives is illustrated in Scheme 5. The
desired aldehydes (50—52) were synthesized from the corresponding mono-protected diols
(47—49) (Scheme 5). Compounds 48 and 49 were obtained via a mono-protection protocol
reported by McDougal ¢t al. employing TBDMSCI and NaH as base.!3* The free alcohol
groups were oxidized by Swern or Dess-Martin oxidations to give aldehydes 50—52135 which
were further reacted with 40 in the base-promoted aldol reaction described eatlier. The
chroman-4-ones (53—55) were obtained in good yields and sufficient purity to be directly
used in the deprotection step. Using tetrabutylammonium fluoride (TBAF) in the subsequent
deprotection resulted in an unexpected ring-opening reaction yielding 56 and 57 (Scheme 5).
A ring-opening of the chroman-4-ones leading to an o,B—unsaturated intermediate which is
attacked by the nucleophilic terminal OH-group could give rise to these compounds. Instead,
a microwave-assisted deprotection using Selectfluor® reported by Shah ez /. gave 58—60 in
varying yield (16-78%) over three steps.136

21



Scheme 6. Swern oxidation of the alcohols yielded the corresponding aldehydes 61 and 62.
The ordinary work-up procedure of the oxidation involving addition of water and EtOAc
had to be changed to a non-aqueous work-up due to the high water solubility of the
compounds. The chroman-4-one reaction using the standard conditions yielded 63 and 64 in

Scheme 5. Synthesis of chroman-4-one detivatives 58—60 catrying a terminal hydroxyl
group with varying length of the alkyl spacer.# ¢

o o
cl
°, n
o OH
0 cl
a b Br  56:n=1(76%)
OTBDMS ' .
Ho (T — H)LM;VOTBDMS — \Q\)C;\WOTBDMS 57: n=2 (72%)
n 0

47:n=1° 50: n=1 Br o al
48: n=2 51 ne2 53: n=1
49: n=3 52:n=3 54: n=2 OH
: : 55: n=3 d 0
n

Br

58: n=1(78%)

59: n=2 (56%)

60: n=3 (16%)
«Reagents and conditions: () i. (COCl)2, DMSO, THF, —-78 °C, 30 min; ii. 47—48, —78 °C, 30
min; iii. EgN, —78 °C—rt, 15 min; or 49, Dess-Martin periodinane, CH>Cl, tt; (b) 40,
DIPA, EtOH, MW, 170 °C, 1-2 h; (¢) TBAF, THF, tt, overnight; (d) Selectfluor®,
MeOH, MW, 150 °C, 30 min. “Isolated yields over three steps. ‘Commercially available.

The synthesis towards polyethylene glycol substituted chroman-4-ones is illustrated in

20% and 18% yield at its best, respectively.

of

addition, several uncharacterized by-products were formed which complicated the
purification process. The by-products could originate from polymerization under the basic
conditions employed.!3” Derivative 64 could not be isolated in sufficient purity for biological

Scheme 6. General procedure for the synthesis of polyethylene glycol substituted
chroman-4-ones 63 and 64.4*

a 0} b Cl
HO O/\/>O\ - HMO\/\}O/ -
n n (o) O\/>\o/
=1,2 n
" 61: n=1 Br
62: n=2 63: n=1, (20%)
64: n=2, (18%)

“Reagents and conditions: (a) i. (COCl), DMSO, THF, —78 °C, 30 min; ii. 61-62, —78 °C, 30
min; iii. EtsN, 78 °C—rt, 15 min; (b) 40, DIPA, EtOH, MW, 150 °C, 1 h. “Isolated yield
over two steps.

Attempts to optimize the reaction with larger amounts of base (1.1-2 equiv), variation
reaction time (0.5-3 h) and temperatures (100—170 °C) did not increase the yields. In

testing.
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3.3.1.2  Chroman-4-ones carrying an terminal ester and amide groups in the R?- side chain

Beside a terminal hydroxyl group, an ester moiety was desired in the R?-position. The
synthetic procedure is outlined in Scheme 7 and was commenced by the synthesis of the
aldehydes 65 and 66. They were obtained from p-butyrolacton and d-valerolacton via a ring-
opening reaction with MeOH and subsequently oxidized to yield 65 and 66. These were
reacted with 40 in the microwave reactor at 170 °C using piperidine or DIPA as base to
furnish 67 and 68 in moderate yields (40—64%).

Scheme 7. Synthesis of ester derivatives of 2,6,8- trisubstituted chroman-4-ones.

0]
a,b e
0 e H)Lwo\ _°,
n
n (0]
n=1, 2

65: n=1 (43 %)
66: n=2 (63 %) 67: n=1(40%)
68: n=2 (64%)

“Reagents and conditions: (a) EN, MeOH, rt, 18 h; (b) SOs-py, Et:N, DMSO, rt, 14 h; or 1.
(COCl)2, DMSO, THF, —78 °C, 30 min; ii. Appropriate alcohol, -78 °C, 30 min; iii. EtN,
—78 °C—tt, 15 min; (c) 40, piperidine or DIPA, EtOH, MW, 170 °C, 0.5-1 h.

As esters are prone to hydrolysis at physiological pH an inevitable next step was to
synthesize the corresponding carboxylic acid analogs. Simple hydrolysis of the ester moiety of
68 under basic conditions using LiOH or Me3SnOH, was unsuccessful and resulted instead in
the ring opened retro-Michael reaction product with partial ester hydrolysis. Instead, two
consecutive oxidation steps of the hydroxyl group of 58 and 59 (Scheme 8) provided the
carboxylic acids 69 and 70 in good vyields. The carboxylic acid gave then access to
hydrolytically more stable amide analogs. The amides were acquired in good to excellent
yields via reaction of the CDI-activated carboxylic acids 69 and 70 with various amines
(Scheme 8). Reaction of the acids with acetamide oxime gave the corresponding bioisosteric
oxadiazoles (76—77) upon heating.

Scheme 8. Synthesis chroman-4-one based carboxylic acids 69-70, amide 71-75, and
oxadiazoles 7677 .

69: n=1 (73%) cl
59 2 70: n=2 (74%)

76: n=1 (68%)
77:n= 2(50%)

“Reagents and conditions: (a) Dess-Martin periodinane, CH>Cl,, rt, 0.75-1 h; (b) NaClOa,
NaH,PO4 2H,0, amylene, H,O, THF, 0 °C—tt; (c) i. 69—70, CDI, CH.Cl,/DMF, 0 °C,
30 min; ii. appropriate amine, 0 °C—rt, 2-14 h; (d) i. 69—70, CDI, MeCN/DMF, tt,
30 min; ii. Acetamide oxime, 85 °C, 14—19 h.

71: n=1, R=H, R'=CH, (68%)
72: n=2, R=H, R'=CH3 (93%)
73: n=2, R=H, R'=CH(CH3), (84%)
74: n=2, R=H, R'=CH,Ph (75%)
75: n=2, R=R'=CH, (76%)
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3.3.1.3  Introduction of heteroaromatic aryl groups and saturated heterocycles in the 2-position

In order to decrease the lipophilicity and to further explore the influence of the phenyl
ring in 36, pyridine rings and morpholine, piperidine and piperazine moieties were planned to
be incorporated. Commercially available 3-pyridyl-1-propanols were oxidized via a Swern
oxidation and the obtained aldehydes were reacted with 40 to yield the pyridyl-substituted
78—80 in moderate yields over two steps as outlined in Scheme 9. However, efforts to obtain

substituted phenethyl derivatives were however unsuccessful.

Scheme 9. General synthetic procedures towards the pyridyl-substituted chroman-4-ones

78—80.2 ¢
0]
ab Cl 78: 2-pyridyl (54%)
Ho > I 79: 3-pyridyl (49%)
‘\\ Y o~ SR2 80:4-pyridyl (55%)
N

Br
78-80

aReagents and conditions: (a) 1. (COCl)2, DMSO, THF, -78 °C, 30 min; ii. Appropriate
alcohol, —78 °C, 30 min; iil. EtsN, =78 °C—-rt, 15 min; (b) 40, DIPA, EtOH, MW, 170 °C,
1 h. “Isolated yields over two steps.

The initially applied strategy (Scheme 9) was also attempted for the introduction of the
saturated heterofunctional groups. However, Swern oxidation of 3-morpholinopropan-1-ol
or the use of other protocols (Dess-Martin periodinane, TPAP, TEMPO, CrO3)!3>138 did not
afford the desired aldehyde 81 (Scheme 10) in significant amounts. The aldehyde could be
instead prepared by a 1,4-conjugate addition of morpholine to acrolein (Scheme 10). Stirring
morpholine with an excess of acrolein at room temperature overnight yielded 81 after co-
evaporation of unreacted acrolein. With 81 in hand, the aldehyde was reacted with 40 using
the standard protocol which however only gave small amounts of 82 according to NMR
analysis. Attempts to optimize the yield did not improve the outcome of the reaction.

Scheme 10. Synthetic attempts towards chroman-4-ones 82.

o
Cl b 0 c
== N~ ~— HO” >""0TBDMS
o OTBDMS H OTBDMS
83 (97%)
Br 84
11, deprotection
. y.: mesylation
Oxida- y substitution

Ho/\/\ N /\ tion

Lo o cl i
EESRR

(0]
\)'LH " Hl\(\) a 8

“Reagents and conditions: (a) MeCN, MgSQOy, tt, overnight, 90% crude yield; (b) 40, DIPA,
EtOH, 170 °C, 1 h; (¢) i. (COCl)2, DMSO, THF, —78 °C, 30 min; ii. alcohol, —78 °C, 30
min; iii. EtsN, =78 °C—rt, 15 min.
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In a third approach, 82 was intended to be synthesized via a displacement of a terminal
mesyl group using 84 as an intermediate (Scheme 10). Swern oxidation of 3-(zerr-
butyldimethylsilyl)-1-propanol afforded 83. However, again the chroman-4-one formation
was problematic yielding 84 in only trace amounts together with several uncharacterized

byproducts.

Instead, the previously synthesized analog of 84 comprising one additional methylene
group (58) (Scheme 5) was used. Mesylation of 58 (Scheme 11) using mesyl chloride and
EtN in CH2Cl yielded 85 which was directly reacted with morpholine using microwave
heating to produce 86 in 51% yield. Also piperidine and mono-Boc-protected piperazine
were successfully applied in the synthesis. However, it was not possible to separate the Boc-
protected piperazine derivative (88) from by-products using flash column chromatography,
ion-exchange chromatography or acid-base-extraction, neither removal of the Boc-group
facilitated the purification process. Therefore, only compounds 86 and 87 were evaluated for
their biological activity.

Scheme 11. Synthesis of chroman-4-ones 86—89 with aliphatic heterocyclic rings in the 2-

position.«
(0] (0] [¢]
Cl a Cl b Cl (\X
o OH o OMs o NS
Br Br Br
58 85

86: X=0 (51%)°
87: X=CHj (39%)°

La
aReagents and conditions: (a) MsCl, EN, CHzCl,, 0 °C—tt; (b) amine, THF, MW, 120-150
°C, 1 h. (¢) 3 M HCI, MeOH, rt, overnight. “Isolated yields over two steps. No pure
product was obtained.

In addition to the above described monocyclic heterofunctionalities, also two different
bicyclic ring systems were chosen to be investigated, i.e. quinolin-6-yl and 3,4-dihydro-2(1H)-
quinolinone-6-yl (Scheme 12). 6-Bromo-3,4-dihydro-2(1H)-quinolinone (90) was prepared
via an amide-forming reaction of 4-bromoaniline with B-ethoxyactyloyl chloride followed by
acid-catalyzed intramolecular ring closure.!3%-141 Reaction of 90 or commercially available 91
with acetal-protected acrolein in a ligand-free Heck reaction yielded 92a—b (Scheme 12).142
Catalytic hydrogenation with 10% Pd/C and removal of the acetal group under acidic
conditions produced 93a in 34% over three steps (Scheme 12). Surprisingly, under the mild
conditions (Ha-balloon, 10% Pd/C, room temperature) chosen for reduction of the double
bond, in 92b also the quinoline moiety was reduced to yield the corresponding 1,2,3,4-
tetrahydroquinoline. When 1,4-cyclohexadiene and 10% Pd/C!#4 were used instead no
quinolone reduction occurred and after treatment with acid the desired aldehyde (93b) was
obtained. The aldehydes were then reacted with 40 under standard conditions to yield 94a—b.
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Scheme 12. Synthesis of chroman-4-ones containing bicyclic heterofunctional groups in
the side chain in the R2-position.«

Br
L i
NH, ab Br\@\/i c OEt d e o f Cl
+ —_— —_— —_—
—_— o EtO)\/\R H)K/\R o R
H

o)
92a 93a (34%)? B
/ '
C,)K/\o/\ 90 (77%) 92b 93b (56%)° 94a (54%)
or 94b (15%)

Br: <
N NN «
> a:R= b: R=
N N~ o Pz
H N

91
“Reagents and conditions: (a) Acrolein diethyl acetal, Pd(OAc),, KCI, K2COs3, TBAA, DMF,
90 °C, overnight; (b) Hz, 10% Pd/C, MeOH, tt, 3 h or 1,4-cyclohexadiene, 10% Pd/C,
EtOH, reflux, 4.5 h; (c) HCI (conc.), acetone, reflux, 2—4 h; (d) 40, DIPA, EtOH, MW,
160-170 °C, 1.5-2 h. “Isolated yields over three steps.

3.3.1.4  Tetrasubstituted chromone derivatives with heterofunctionalities in the 3-position

The tetrasubstituted chromones 96—99 were synthesized as illustrated in Scheme 13. The
mono-brominated chroman-4-one 95 was obtained by reaction of 36 with CuBr.1%
Treatment of 95 with NaN3 in DMSO resulted in the formation of amine 96,!9 which was
acetylated with acetyl chloride in pyridine to form 97. For the preparation of 98, a Smls-
mediated Reformatsky type reaction using tosyl cyanide as described eatlier by Ankner e al.
was used to introduce the nitrile moiety.!?* Subsequent oxidation with DDQ in dioxane
furnished the desired target compound. Further, reduction of the nitrile group by means of
DIBAL-H furnished enaminone 99 in 66% yield.

Scheme 13. Synthesis towatds tetrasubstituted chromone detivatives.

98 (59%)° 99 (66%)

“Reagents and conditions: (2) CuBra, CHCl3:EtOAc, 2 h, reflux; (b) NaNs, DMSO, 70 min, rt;
(c) AcCl, pyridine, rt, overnight; (d) Sml,, KHMDS, TsCN, THF, -78 °C—rt, dis:trans
29:71; () DDQ, dioxane, rt, 12 h; (f) DIBAL-H, CH2Cl,, —78 °C, 3 h. Isolated over two
steps.
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3.3.2 Evaluation of the SIRT?2 inhibitory effect of trisubstituted chroman-4 ones and
tetrasubstituted chromones

The synthesized chroman-4-ones and chromones were evaluated for their inhibitory
effect on the SIRT2 enzyme activity. The results are summarized in Table 2 and Table 3. The
new series of 2-alkylsubsituted chroman-4-ones comprised highly potent SIRT2 inhibitors
with retained selectivity over SIRT1 and SIRT?3.

Table 2. Results from evaluation of the less lipophilic 2-substituted 8-bromo-6-chloro-
chroman-4-ones in a SIRT?2 inhibition assay.

Inhib ICso Inhib ICso
2 2
N R @) quyes | N i, (0 (uMyes
(@]
58  “3_~_OH 18+ 1.1 nd. 74 e 39109 n.d.
H
(0]
59 jo~~on 52409 nd. 75 o~ 53+ 14 nd.
|
o~ OH N ~% _N N 12.2
60 69 £ 0.5 nd. 76 /\OV‘N/}’ TTEO8 05147
o-N
63 4O 33120 n.d. 77 \E/\/‘QN% 49+ 1.2 n.d.
y SN + 9.6 % X N
67 Y 8044 (o1sg | 78 > 7405 n.d.
o 2.0 K X 3.7
+ +
68 s~ ELS a5 | P . 80219 5145
69 ‘E/NOTOH 68+15  nd 80 5/\© 73+ 1.8 nd.
O (e}
0 4 N, 7616 nd 86 A 17+107°  nd.
H
73 N~ 02+48  nd 87 O 40 + 2.8 n.d.
o \E\/\/N
(0] \E N
2 4~ 39%09  nd 94a N 9L n.d.
H H
(0]
73 EM”J\ 23+18  ad 94b EA@(j 56 + 1.1 nd.
N

aSD, standard deviation (n=3). “Inhibition at 200 puM inhibitor concentration. ICso (95% confidence
interval). I1Cso values were determined for compounds exhibiting >80% inhibition of SIRT2 at 200 pM
concentration or compounds evaluated in the cell proliferation assay. “n.d.=not determined. The SIRTAinty
assay was used for the determination.

The evaluated tetrasubstituted chromone-based derivatives comprised also selective
SIRT2 inhibitors (Table 3). The acetamide 97 was the most potent chromone with 81%
inhibition and an ICso value of 28.7 uM.
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Table 3. Results from evaluation of the tetrasubstituted chromones 96—99 in a SIRT2
inhibition assay.

Inhibition ICso
No. Structure (Yo)ot (M)
(0]
Cl NH,
9 \ 79+ 15 n.d.
O 0 O
Br
o O
N N 28.7
J’_
97 ® N B1E09 14385
Br O
(o]
ol CN
08 O | 50 1.9 n.d.
O
Br O
O NH;
Cl =
99 O 76 1.9 n.d.
O

aSD, standard deviation (n=3). ‘Inhibition at 200 pM inhibitor
concentration. ACsy (95% confidence interval). ICsy value was
determined for compounds exhibiting >80% inhibition. ‘n.d.=not
determined.

The selectivity of the most potent inhibitors was further investigated by testing their
inhibitory effect on members of other classes of HDACs. The test confirmed that the
compounds exclusively inhibit the class III of lysine deacetylases (HDAC inhibition <10% at
200 uM, data not shown).

In order to evaluate whether the introduction of the heterofunctional groups improved
the physicochemical properties of the compounds like, properties like logP, logD and PSA
were calculated for the new compounds. The results in Table 4, exemplified by the most
potent inhibitors of the new series, cleatly show more attractive physicochemical properties

such as decreased clogP and clogD-values as well as a larger PSA.

Table 4. Data of calculated physicochemical properties of lead compounds 24 and 36 and
the potent inhibitors 67—68, 76 and 79 from the new series.

ICso ACDlogD PSA B
No. (UM)¢ MW  ACDlogP pH 7.4 (A2) HBD=» HBA?
24 4.3 331.6 5.60 5.60 274 0 2
36 6.8 365.7 5.57 5.57 274 0 2
67 9.6 347.6 3.36 3.36 54.4 0 4
68 2.0 361.6 3.77 3.77 54.4 0 4
76 12.2 371.6 3.69 3.69 61.0 0 5
79 3.7 360.6 4.19 4.18 37.6 0 3

“Number of hydrogen bond donors. “Number of hydrogen bond acceptors.
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3.3.3 Putative binding site of the chroman-4-one based SIRT2 inhibitors

Molecular modeling is a powerful tool to visualize and understand the interaction of a
bioactive compound with its biological target. Also within the SIRT field molecular modeling
and docking studies have been widely used.

As mentioned in section 1.2.5.1 the binding site of many SIRT inhibitors remains
unknown and only few substrate-based and small molecular inhibitors have been crystalized
with the enzyme.!#4145 However, molecular modeling has established the C-pocket and the
nearby area as the presumable binding site for many potent small-molecular SIRT1/2
inhibitors such as AGK-2 (6),”7 cambinol (3)%7 and splitomicin analogs (12),% and Ex-527
(9)14+ (Figure 4). We therefore wanted to investigate whether this pocket could be a feasible
binding site also for our compounds. Although there were crystal structures published of
SIRT243:50.146 we decided to build a homology model.t The reasons for this was that two of
the available SIRT2 x-ray structures represent the apo-enzyme*>? and their structures differ
considerably compared to enzyme complexes with peptide substrate and/or NAD*present.
Another SIRT2 structure in complex with ADP-ribose (ADPr) which binds to the NAD*
binding cleft was recently solved (PDB code 3ZGV), but it lacks an inhibitor.’Y The fourth
structure (4L.30) is a complex of SIRT2 with a macrocyclic inhibitor (S2iL.5) mimicking
peptide substrate binding. This inhibitor differs considerably from the small molecular
chroman-4-ones. Therefore, a homology model was constructed based on SIRT1 co-
crystallized with NAD™* and an analog of Ex-527 (9, Figure 4) bound in the C-pocket
(4151).14 This structure has a high resolution and the inhibitor has a similar size and shape as
the chroman-4-ones. A lysine residue from a Sir2-p53 peptide-NAD*-complex (2H4F)* was
also included in the model as preliminary studies had shown that the chroman-4-ones do not
act as peptide substrate competitive inhibitors (data not shown). The homology modeling
was performed using the MOE software (v. 2012.10, Chemical Computing Group Inc.:
Montreal). The 3-pyridylsubstituted inhibitor 79 was positioned in the C-pocket close to the
location of the Ex-527 analog in the SIRT1 structure during the construction of the
homology model.

In the final homology model, 79 fits nicely into the C-pocket of SIRT2 (Figure 16). The
carbonyl oxygen of 79 interacts with a structural water molecule, which in turn interacts with
a glutamine residue (GIn167) and NAD™*. The chloride in the 6-position can form a halogen
bonding interaction to the backbone carbonyl of the conserved His187 and the bromide in
the 8-position is buried in a hydrophobic environment (Leul03, Phel19, Leul38, Phel90).
The R2-substituent is located in a hydrophobic tunnel surrounded by 1le93, Pro94, Leul03,
Leul38 accommodating NAM in the productive NAD* binding mode. The pyridyl nitrogen
interacts with GIn142 via hydrogen bonding,.

A proposed mechanism for the chroman-4-one based inhibitors based on the results
obtained from the molecular modeling could be, that they prevent NAD* from binding in a

productive or active conformation necessary for the deacetylation reaction to occur.

#'The molecular modeling was done by Dr. Marcus Malo.
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a)

Peptide

Figure 16. (a) A schematic view of the interactions between the chroman-4-one-based
inhibitor 79 and the human SIRT2 homology model. (b) The SIRT2 homology model
with inhibitor 79 (magenta) present in the C-pocket indicating the same interaction points

as in (a).

3.3.4 Structure-activity relationships

In this study we introduced 2-alkyl side chains substituted with heterofunctional groups
and investigated the 3-position of the chromones containing different hydrogen bonding
groups.

Replacement of the pentyl side chain in 24 (88% inh. IC5=4.3 uM) with a more polar
ethylene glycol side chain (63) resulted in a significant decrease in activity (33% inhibition,
Table 2). Introduction of a terminal hydroxyl group with C3—C5-carbon spacers (58—60)
gave 18—69% inhibition; the activity increased with increasing linker length. However, 60
(C5-linker, 67% inhibition) is still less potent then the lead compound 24 (88% inhibition).
This indicates that polar side chains and hydrogen bond donating groups are not favorable
with a chain length up to five atoms. This is consistent with the molecular modeling results
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(Figure 16) which indicate that the side chain in the 2-position is located in a rather
hydrophobic channel.

Introduction of an hydrogen-bond accepting ester functionality (67 and 68) furnished
potent inhibitors with 68 being one of the most potent inhibitors of the series with an I1Cso
value of 2.0 uM. Docking studies of 68 in our homology model revealed an hydrogen
bonding interaction between the carbonyl oxygen and a glutamine residue (GIn142) (Figure
17). This hydrogen bond was also observed in the building process of the homology model
with 79 (Figure 16). The methyl group of the ester is located in a small hydrophobic pocket.
The corresponding carboxylic acids 69 and 70 were completely inactive presumable due to
carboxylate formation at physiological pH. Negatively charged groups might be unfavorable
in the lipophilic environment and narrow channel accommodating the R2-substituent. The
replacement of the ester moiety in 67 (80% inh.) and 68 (90% inh.) with different amide
functionalities including methyl, benzyl and Zso-propyl amides (71—75) dramatically lowered
the activity to less than 40%. Docking studies!#4?147 of 68 and 72 revealed positioning of the
O- and N-methyl groups in a small hydrophobic pocket, rather than towards the aqueous
solution (Figure 17). This orientates the single-bonded oxygen in the ester and the NH-
moiety in the amide towards a hydrophobic site and makes the more polar amide unfavorable
compared to the ester. This might explain the slightly increased activity of the more lipophilic
dimethyl amide 75 with 53% inhibition. However, the narrowness of the tunnel turns the
more sterically demanding dimethyl derivative into a less potent inhibitor compared to
methyl ester 68.

. Phel43
GInl42

Figure 17. The docked chroman-4-one analogs 68 (red) and 72 (green) in the SIRT2
homology model. The surface shows hydrophobic areas in green and hydrophilic regions
in purple. The carbonyl oxygens are forming hydrogen bonds with GIn142 and the methyl
groups are positioned in a small hydrophobic pocket. The polar NH-group on the amide
is pointing towards a hydrophobic region. Only the water molecule interacting with the
carbonyl group in the chroman-4-ones (W17) is shown.
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The oxadiazole derivative with an ethylene linker (76, IC50=12.2 pM) was equipotent to
the corresponding methyl ester. Surprisingly, the bioisosteric replacement of the methyl ester
moiety of 68 with an oxadiazole group (77) resulted in lower potency. Docking studies
showed that 76 can adopt a similar binding pose as the ester whereas the methyl group of the
longer oxadiazole 77 did not fit in the binding channel.

Replacement of the phenyl ring in 36 (81% inh., IC50=6.8 uM) with a pyridyl moiety
(78-80) resulted in compounds with similar activity (73—86% inh.) and improved
hydrophilicity. The 3-pyridyl substituted chroman-4-one (79) was the most potent inhibitor
of the series with an ICso value of 3.7 pM (86% inh.). In accordance with the modeling
results, the pyridyl moiety of 79 has an optimal geometry to form a hydrogen bond with
GlIn142 which is located at the end of the hydrophobic channel. (Figure 16, b). The
morpholine- and piperidine-substituted derivatives 86 and 87 exhibit only 17% and 40%
inhibition, respectively. The heterocyclic moieties are basic and charged at pH 7.4 which
seems unfavorable in the hydrophobic binding pocket.

Molecular modeling indicated that bicyclic substituents in the 2-position containing
hydrogen bonding groups could potentially increase the potency. The chroman-4-one
derivatives with the quinolinone and quinoline moieties (94a and 94b) were however, only
moderate inhibitors with 59% and 56% inhibition, respectively. These results are consistent
with the indolyl-substituted derivatives (37 and 38, Table 1) which had 53% inhibitory
activity. The decreased activity indicates that there is limited space in the tunnel.

The tetrasubstituted chromones (Table 3) with an additional substituent in the 3-
position (96—99), showed inhibitory activities between 50—81%. The acetamide 97 was the
most potent inhibitor with 81% inhibition and an ICso value of 29 uM. The introduction of a
small heterofunctional side chain on the flat ring system did not result in the desired increase

in potency via additional hydrogen bonding interactions.

Regarding the halogen bond interaction, we found that substitution of the chloride in
the 6-position (24 and 29) with the stronger halogen bonding bromide (27, 100, 109) generally
enhanced the potency (Figure 17).148 This strengthens the hypothesis of a halogen bonding
interaction between the halide in the 6-position and the backbone carbonyl of His187 (Figure
106).

(0] O
" R6\©\)ﬁ\/\/\
(6] (©)
RS
24: Rg = Cl, Rg = Br; ICsp = 4.3 uM 29: R® = CI; 55% inh.
27: Ry = Br, Rg = Br; ICgo = 1.5 uM 109: R® = Br; 69% inh.

100: Rg = Br, Rg = Cl; ICg = 1.8 pM?
Figure 18. The replacement of the Cl-group in the 6-position with stronger halogen-
bonding bromide increased inhibitory activity. “Synthesis described in Paper 11, page 4.
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A short summary of the SAR observed for the compounds synthesized in this chapter
1s given in Figure 19.

¢ Introduction of amine and acetamide tolerated
* Nitrile group diminishes activity )
* putative halogen bond interaction ™~
of halogen in G6-position and * Monocyclic aromatic rings tolerated
backbone carbonyl group * hetero-bicyclic ring systems decrease activity
e Cl-replacement with  stronger * HBA groups tolerated e.g. ester, pyridyl, oxadiazole
halogen-bonding Br increased * HBD groups and functional groups chatrged at physiological
activity pH decrease activity )

Figure 19. Illustrative summary of the SAR for the chroman-4-ones and chromone
containing heterofunctional substituents.

3.3.5 Evaluation of antiproliferative properties of chroman-4-one based SIRT2
inhibitors

As described in section 1.2.4.2 is the enzymatic activity of SIRT2 associated with cancer
and SIRT2 inhibitors have shown to possess antiproliferative effects in MCF-7 breast’* and
A549 lung cancer cells.”> We therefore wanted to investigate whether our compounds could
achieve similar effects. The pyridyl- and oxadiazole substituted chroman-4-ones 76 and 79,
two potent SIRT2 inhibitors with good physicochemical profiles were chosen for testing.
The potent methyl ester-substituted derivatives were consciously omitted from testing due
the risk for hydrolysis to the inactive carboxylic acid analogs. The human cancer cell lines
A549 and MCF-7 were treated with increasing concentrations of 76 and 79 and the cell
proliferation was measured using a sulforhodamine B assay determining the total protein

mass which correlates to the number of cells.14

AS49 MCF-7

-+ 79
= 76

Cell proliferation

Cell proliferation
[% of control + SEM]
[% of control + SEM]

Figure 20. SIRT2 inhibitors reduce A549 and MCF-7 cancer cell proliferation. The cells
were treated with 0 to 100 uM of 76 and 79. Cell proliferation was determined by a
sulforhodamine B assay. The results are shown as mean = SEM of two to three
independent experiments. The asterisks indicate significant differences (* P<0.05,
*% P<0.001 when compared to controls).
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Both compounds showed a significant and dose-dependent inhibition of the cell
proliferation in the two different cancer cell lines (Figure 20) which also correlated with their
SIRT?2 inhibitor activity. Carboxylic acid 70 was not able to achieve similar effects on the cell
proliferation in the tested cancer cell lines.

We also wanted to examine the capability of 76 and 79 to achieve SIRT2 inhibition in a
cell assay. Therefore, MCF-7 cells were treated with different concentrations of inhibitors
and the acetylation state of lysine-40 of a-tubulin was assessed by western blot. As shown in
Figure 21, 76 and 79 were able to inhibit the deacetylation of acetylated o-tubulin in a dose-
dependent manner. These results reveal that the compounds can enter cells and decrease the

deacetylation of a SIRT2 target protein.
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Figure 21. The effects of SIRT2 inhibitors on a-tubulin acetylation. MCF-7 cells were
treated for 6 h (left panel) or 18 h (right panel) with 40 nM trichostatin A plus indicated
concentrations of 76 or 79. The results are shown as mean £ SEM of three independent
experiments. The asterisks indicate significant differences (* P<0.05, *** P<0.001 when

compared to controls). The representative Western blots are shown below.

Flow cytometric cell cycle analysis was performed in order to examine the basis of the
antiproliferative effects of 76 and 79. This analysis showed that treatment of the cells with
100 uM 76 resulted in cell cycle arrest in the G1/Go phase and a significant decrease in the
fraction of cells in the S-phase (Figure 22). Treatment with 50 uM 79 resulted in similar cell
cycle arrest in A549 cells (significant) and MCF-7 cells (trend) (Figure 22). No apoptosis was
observed in any of the samples (data not shown). The G1/Go atrest is not necessarily
resulting from increased acetylation of o -tubulin. It is likely that the studied compounds also

have other effects than altering the o-tubulin acetylation status. However, G1/Go artest upon
treatment with SIRT2 inhibitors has also been reported by others.”50.757
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Figure 22. Effects of SIRT2 inhibitors on A549 and MCF-7 cell cycles. The cells were
subjected to control treatment (0.5% DMSO) or treatment with 76 (50 uM) or 79 (100
uM) for 18 h. Flow cytometric analysis of DNA content was done after propidium iodide
staining. Percentage of cells in each phase of the cell cycle (Gi1/Go, S, and G2/M) is
indicated. The results are shown as mean = SEM of two to four independent experiments.
The asterisks indicate significant differences (* P<0.05, ** P<0.01, *** P<0.001 when

compared to controls).

3.3.6 Studies of the effect of SIRT2 inhibition on brain tumor cells

In collaboration with Helena Carén and co-workers from the Sahlgrenska Academy
(University of Gothenburg), the effects of our SIRT2 inhibitors on brain tumor cells were
investigated. Of these compounds, chromone 99 showed the most promising results in

preliminary test. Treatment of pediatric and adult brain tumor stem cells with 99 induced a
decrease in cell viability (Figure 23). The number of cells was reduced by 37—63% after 48 h
of treatment. A higher reduction in brain tumor stem cells compared to neural stem cell
(NSC) lines was observed.
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Figure 23. The effect of 99 on the viability of brain tumor lines. Cells were cultured in NS
media according to previous work and seeded in 96 wells plates. The pediatric (left panel)
and adult (right panel) brain tumors were treated with 5 uM of 99 for 48 h. The cells were
stained with DAPI after fixation with PFA 4%. The plates were scanned by a High
Throughput Screening System (Operetta, Perkin Elmer). Data analysis was done by
Harmony software, Image ] and Sigmaplot 11.0.
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Furthermore, the morphology of the cells was investigated. The morphological image
of brain tumor cells after treatment with 99 (Figure 24) showed a change in cell shape
compared to untreated cells. Chromone 99 could reduce the number of elongated cells at a
concentration of 5 uM.

Media DMSO 99 (5 pM)

us

NS C lines
CB11130

BT-7

Pediatric Brain Tumor lines
BT-10

G-26

Adult GBM lines
C-28

G-19

Figure 24. Cell morphology of NCS and brain tumor cells before (left) and after the
treatment with 99 (right). Cells were cultured in NS media according to previous work and
seed in 96 wells plates and treated with 5 uM solution of 99. FITC-Phalloidin staining was
performed according to manufacturer’s protocol (SIGMA). Data analysis was done by
Harmony software, Image ] and Sigmaplot 11.0.

36



Moreover, SIRT2 gene expression was detected in all samples analyzed as illustrated in
Figure 25.

Expression Levels SIRT2
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Figure 25. SIRT?2 expression levels by qPCR in NSC and brain tumor lines. To assess the
expression of SIRT?2 gene, total RNA was obtained using Zymo kit, cDNA was generated
by Superscript kit and amplified by using primers for human gene by Quantitative real-
time PCR was performed in a BioRad CFX.

Further studies are needed, to clarify if the observed effect on the viability of the glioma
cells is related to the SIRT2 inhibitory activity of 99. In addition, the change in morphology
needs to be investigated in more detail. Interestingly, the inactive carboxylic acid 70 had no
effect on the viability or morphology of the control and glioma cells.

3.4 SUMMARY OF PAPER I AND II

In summary, we have shown that chroman-4-ones and chromones can serve as
scaffolds for SIRT inhibitors with high potency and selectivity. The tested chroman-4-ones
were synthesized using a base-promoted aldol condensation in varying yields. The method
has been shown to be compatible with a variety of aldehydes carrying functional groups.
Modification of chroman-4-ones carrying a terminal hydroxyl group enabled the introduction
of e.g. carboxylic acid, amide or aliphatic heterocyclic groups. A small series of chromones
derivatives substituted with an amine, nitrile or acetamide group in the 3-position were also
synthesized. The initial SAR study in Paper I revealed a close relationship between the
substituent in the 2-, 6-, and 8-position and the carbonyl group; Cl, Br and Me-groups on the
aromatic ring as well as a pentyl or phenethyl group in the 2-position being most
advantageous. However, the high lipophilicity of the compounds precluded evaluation in cell-
based assays. Introduction of heterofunctional substituents in the 2-position (Paper II)
turnished compounds with improved physicochemical properties with retained activity. Two
compounds showed antiproliferative effects in a lung and a breast cancer cell line and a
chromone-based inhibitor affected the viability and morphology in brain tumor cells. A
homology model of SIRT2 based on a SIRT1 x-ray structure was built and docking studies
proposed a binding mode of the chroman-4-one based inhibitors. The modeling studies
contributed to gain a deeper understanding of the SAR data.
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4 IDENTIFICATION OF THE BINDING SITE OF THE
CHROMAN-4-ONE BASED SIRT?2 INHIBITORS
(PAPER III)

4.1 PHOTOAFFINITY LABELING

The principle of photoaffinity labeling (PAL) involves a photoactivatable but
chemically stable ligand (probe) that upon radiation with light of a certain wavelength can
form a highly reactive intermediate which irreversibly binds the ligand to the target.
Photoaffinity labeling was first described in the 1960°s by Westheimer and coworkers!>? since
then efforts have been put into the development of new photoreactive groups as well as into
the analysis of the covalently joined complexes comprising biomacromolecules and the
probes.

The technique can be a helpful tool to study biomolecular interactions like of protein-
protein/ligand interactions, identification of biomolecular targets and binding sites of

bioactive compounds.!>3154

4.1.1 Photoreactive groups

The photoreactive group has to meet certain criteria to be useful for labeling studies of

biological systems:154

e It has to be chemically stable under the conditions where the biological system is
stable.

¢ It should form reactive species only upon radiation.

* The generated reactive species should have a shorter half-life than the complex of the
studied ligand and the biological target to avoid non-specific labeling.

* Photoactivation at wavelengths longer than 300 nm is beneficial in order to avoid
damage of the biological system.

e The photoreactive group should not influence the biological activity of the ligand
negatively.

The generation of the reactive species is usually accompanied with the release of a
stable counterpart which is preferably a gaseous compound. So, the majority of the
photoreactive groups release nitrogen gas as a result of irradiation. The azide, diazo, and
diazirine groups (Figure 26) fall into this category. On the other hand, derivatives forming
radicals upon irradiation can also be used as PAL probes; benzophenones are representative
examples of this group (Figure 26).
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Figure 26. Commonly used photoactivatable groups. Arylazides (left), trifluoromethylaryl-
diazirines (middle), and benzophenones (right).

4.1.1.1  Aryl azide

Aryl azides form singlet nitrenes upon radiation with wavelengths below 300 nm with a
concomitant loss of N2 gas. The singlet nitrene (101, Scheme 14) can either react with C-H
and N-H bonds via insertion reactions, undergo a rearrangement by ring expansion to
didehydroazepines (102) or form triplet nitrenes (103) via intersystem crossing (ISC). The
didehydroazepine can be captured by nearby nucleophiles, or in the absence of nucleophiles
polymerization will occur. Triplet nitrene will react as a diradical under hydrogen atom
abstraction leading to radical like reactions.!®™ The dominant reaction occurring upon
photoactivation in solution at room temperature is the ring expansion leading to 102 which
then is trapped by nucleophiles.’ Thus, a reaction with the ketenimines relies on the
presence of nucleophilic amino acids at the interaction site of the probe and the molecular
target. This leads to a risk of irrelevant labeling because the long-lived ketenimines may exit
the binding site if no nucleophilic capturing partner is present. However, ortho-fluorinated
aryl azides are promising photolabeling probes as these have been shown to undergo ring
expansion more slowly at room temperature.!>” This leaves enough time for the
photogenerated singlet nitrene to participate in insertion reactions with amino acids located
at the binding site.

Scheme 14. Formed reactive species upon photoactivation of aryl azides formed and their
reaction pathways.
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The main advantages of the aryl azides are their relatively small size and the easy
preparation. This makes them attractive even though the activation occurs at wavelengths
below 300 nm and the crosslinking efficacy might be low due to many reaction pathways

after activation when non-fluorinated probes are used.!>>

4.1.1.2  Diazirines

Diazirines were first proposed as reagents for photolabeling by Smith and Knowles in
1973.158 The diazirines can be photoactivated using light with wavelengths typically between
350 and 365 nm. Upon irradiation the light sensitive group either undergoes photolysis to
form a highly reactive carbene (104, Scheme 15) with loss of Np, or it can photoisomerize to
the diazo isomer (105).1551 The diazo isomer can be converted to the carbene intermediate
104 under prolonged radiation at 350-365 nm. The highly reactive singlet carbene
intermediate is responsible for efficient insertion into C-H, N-H, and O-H bonds. The
singlet carbene can also form triplet carbene (106) which instead acts as a diradical.!>>

Scheme 15. Formed reactive species upon photoactivation of diazirines formed and their

reaction pathways.
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The main advantages of diazirines are their small size, their activation at longer
wavelengths (350-365 nm) minimizing the risk of damage of the biological target, their
chemical stability, the short lifetime upon radiation and the high reactivity.'® The high
reactivity of the carbene species leads to quenching by surrounding water which minimizes
non-specific labeling because only ligands in close vicinity to the binding site will covalently
bind to the target molecule. However, the quenching leads to low crosslinking yields.
Another drawback of the diazirines is the formation of the diazo intermediate. This long
lived species could cause undesired labeling even in the dark due to side reactions via
nucleophilic substitution.’®® However, introduction of a trifluoromethyl group reduces the
amount of diazo isomer and increases the stability of the diazo compound towards
nucleophilic side reactions.!® This potentially minimizes the occurrence of non-specific
labeling.
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4.1.2 Identification of the photolabeled amino acid residues

A schematic overview of the photoaffinity labeling workflow is illustrated in Scheme
16. A ligand is incubated with the target protein and subsequent photoactivation by light of
appropriate wavelength results in covalent binding of the probe to its biological target.
Proteolytic digestion of the labeled protein forms small peptides which can by analyzed liquid
chromatography—tandem mass spectrometry (LC-MS/MS) to identify the labeled amino acid
(Scheme 16, A).1> A reporter-free method needs highly efficient cross-linking to enable
determination of the modified peptidic fragments.

Scheme 16. Schematic overview of a PAL approaches. (A) Tag-free approach. (B)
Reporter-tag functionalized photo probe applied in PAL experiment. (C) Bioorthogonal
strategy with post-introduction of the tag.
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If the labeling efficiency is low, introduction of a reporter group can facilitate the
detection of the labeled protein and also allow enrichment of the cross-linked fractionations
of the biomolecule (B). Reporter tags that are commonly used include radioactive isotopes
(1%°1, 3H), fluorophores or biotin, the latter combines visualization and purification of the
photo-cross-linked product.160.161 Under circumstances when the tag negatively alters the
biological activity of the probe, a bioorthogonal approach (C) can be used. This method
comprises of a post-introduction of the reporter group into the PAL probe via a ligation
handle.'%2 The most frequently used methods for incorporation of the tags after cross-linking
are the Staudinger-Bertozzi ligation'93 and the copper-catalyzed azide-alkyne cycloaddition.!%4
An alkyl azide or terminal alkyne moiety in the PAL probe usually acts as handle for the
attachment of the reporter tags.!6

To identify the labeled amino acid as mentioned above, the sample is subjected to mass
spectrometric analysis (MS).154165> Edman degradation for peptide sequencing is rarely used
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nowadays. Peptide sequencing performed by LC-MS/MS has become the tool of choice for
identification of ligand-protein interaction sites.

PAL has been successfully applied to study biological targets,!>? e.g. a diazirine-based
PAL probes have been used to identify the receptor-binding site of propofol, a commonly
used anesthetic,!® and to map active site amino acids of a tyrosine phosphatase B.197 By
applying a cross-linkable version of a HDACS inhibitor, an unknown binding pose of this
compound could be discovered.'® Recently, Kalesh ¢ a/ reported a SIRT5-specific
benzophenone containing PAL probe based on a succinylated peptide to enable studies of
SIRT5-function and the post-translational succinylation.!%?

4.2 IDENTIFICATION OF THE BINDING SITE OF THE CHROMAN-4-ONE
BASED SIRT?2 INHIBITORS USING PHOTOAFFINITY LABELING

In order to investigate the binding site of the chroman-4-one-based SIRT2 inhibitors a
photoaffinity labeling approach was chosen. As only one crystal structure of SIRT2 was
solved® at the start of this project we anticipated that crystallizing SIRT2 with our inhibitor
might be too challenging.

4.2.1 Design and Synthesis of PAL Probes for SIRT2 based on chroman-4-one
Scaffold

The incorporation of the photoreactive group into the rigid scaffold rather than
incorporation in the flexible side chain in the 2-position was believed to most precisely mark
the inhibitor-enzyme interaction site. The SAR study carried out on the chroman-4-ones
(section 3.2.3) disclosed a small tolerance for large substituents on the aromatic part of the
scaffold and that the 6-position contributes more to the activity than the group in the 8-
position. Therefore, the photoreactive group was intended to be introduced in the 6-position

and an azide and diazirine moieties were chosen prior to the bulkier benzophenone

tunctionality (Figure 27).
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Figure 27. Photoactivatable probes based on SIRT2 inhibitor 24.

Compound 107 was synthesized as outlined in Scheme 17 in analogy to previously
reported procedures.!>>170 5°-Bromo-2"-hydroxyacetophenone was reacted with hexanal to
yield 6-bromo-2-pentyl-chroman-4-one (109). Reduction of the carbonyl group in 109 with
NaBHj4 yielded 110. Subsequent protection of the hydroxyl group as a silyl ether using
TBDMSCI and imidazole afforded 111. Chroman-4-ol 111 was reacted with #-Buli at -78 °C
tollowed by the addition of ethyl trifluoroacetate to introduce the trifluoroacetyl group (112).
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Heating of 112 with hydroxylamine hydrochloride in pyridine at 70 °C produced oxime 113 in
90% yield. The oxime was directly tosylated with tosyl chloride in the presence of
triethylamine and DMAP in CH2Cl, to produce 114. For the formation of the diaziridine, a
solution of 114 in CH2Cl> was added to liquid ammonia at -78 °C.

Scheme 17. Synthesis towards the diazirine- substituted 2-pentylchroman-4-one 107.4
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“Reagents and conditions: (a) Hexanal, DIPA, EtOH, MW, 170 °C, 1 h; (b) NaBH,,
MeOH/THF, rt, 15 min.; (c) TBDMSCI, imidazole, CHxCly, tt, 18 h; (d) #-Buli, ethyl
trifluoroacetate, THF, —78 °C—-rt, 18 h; (¢) NH.OH-HCI, pyridine, 70 °C, 16 h; (f) TsCl,
Et;N, DMAP, CHzClz, 0 OC—>I‘t, 5 h; (g) NH3(]), CHzClz, —78 °C—>rt, overnight; (h) Lo,
EtN, CHxCl, tt, 2 h; () TBAF, THF, tt, 3 h; (j) (COCl),, DMSO, EtN, THF, —78
°C—1rt./Isolated yield over three steps.

The formed diaziridine 115 was oxidized to the diazirine (116) using iodine and
triethylamine in CH:Clz. Finally, deprotection of 116 with TBAF in THF at room
temperature and a subsequent Swern oxidation of the hydrolxyl group provided the
photoaffinity probe 107 in 80% yield.

The synthesis of the arylazide probe 108 is shown in Scheme 18. The reaction sequence
starts with the reduction of the nitro group of 30 by catalytic hydrogenation in the presence
of 10% Pd/C at room temperatutre to furnish 118. The amine was converted to the desired
azide 108 using ~#BuONO and TMSN3 as reported by Barral ef a/17!

Scheme 18. Synthesis of the azide-substituted 2-pentylchroman4-one 108.
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O,N a HoN b N3
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30 118 (81%) 108 (77%)

“Reagents and conditions: (a) Ha, 10% Pd/C, EtOH, rt, overnight; (b) #BuONO, TMSN3,
MeCN, 0 °C—-rt, 1 h.
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4.2.2 Investigation of the SIRT2 inhibition of the PAL probes

Photoprobes 107 and 108 were evaluated for their inhibitory effect on the activity of
SIRT?2 using the fluorescence based assay (Figure 28). Arylazide 108 showed only a modest
51% inhibition at 200 uM concentration (Figure 28, A). However, diazirine-substituted
chroman-4-none 107 inhibited the SIRT2 activity with 78% at the same concentration. The
1Cs0 value of 107 was determined to 8.2 uM (Figure 28, B). Probe 107 displayed a similar
potency as our previously reported inhibitors (Table 1 and Table 2) and it was therefore
chosen for the PAL studies.
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Figure 28. (A) Inhibition of SIRT2 at 200 uM concentration of chroman-4-ones 107 and 108.
(B) ICso determination of diazirine 107 (ICso=8.2 uM).

4.2.3 Investigation of the photochemical properties of diazirine 107

Before the PAL experiments were performed, the photochemical properties of 107
were investigated using UV/VIS and 'H and F NMR spectroscopy. A methanolic solution
of 107 was irradiated with a high-power UV-LED (A = 365 nm, light flux: 23 mW/cm?)
during which UV-VIS absorption spectra were recorded at fixed time points. The results are
shown in Figure 29. Consistent with spectral data reported for other aryl diazirines,!>172 107
showed the characteristic diazirine absorption around 360 nm (Figure 29). Upon UV-
irradiation of the sample, a clear decay of the diazirine absorbance band was observed which
is attributed to the photodecomposition of 107. The disappearance of the absorption at
360 nm proceeded concurrently with an absorption change at 275 nm, where a rapid increase
(for # = 0-20 s) was followed by a decrease. This change in absorption can be ascribed to the
partial rearrangement of the diazirine to the diazo isomer (119) which upon further irradiation
undergoes photolysis resulting in a subsequent decay of the absorption at 275 nm.!>172 No
further change in absorption was observed after a radiation time of 9 min (dashed line).

45



=] -N

5 |1
Sk .. 9 +N o
c

FsC
o 3
2 e P8
o]
] / (o]
[72]
o 19
< N2
‘ CH40H

== =N o~ o
DO T T T T T T N 1
250 300 350 400 450 FsC
Wavelength (nm) o)
120

Figure 29. Absorption spectra of 107 in MeOH following irradiation with 365 nm light. A
0.2 mM solution of 107 in MeOH (bold line) was irradiated for # = 5, 10, 20, 30, 45, 60,

90, 120, 150, 180, 240, 360, 540 s (dashed line). The spectra clearly show the photolysis of
the diazirine moiety at 360 nm.

The course of the photolysis was further examined using reversed-phase HPLC.
Aliquots were taken at different time points and subjected to HPLC analysis (Figure 30). The
results are in agreement with the observations from the UV-VIS experiment.
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Figure 30. HPLC analysis of diazirine 107 in MeOH upon irradiation with 365 nm light.
Samples taken after # = 0, 10, 30, 60, 120, 150, 360, 540 s UV-irradiation. Integration of
the absorption peaks from the eluting compounds (UV-detection at 254 nm) shows the
rapid photo-conversion of 107 (squares) into the insertion product 120 (triangles) via
formation of 119 (circles). The consumption of 107 (solid line) and production of 120
(dotted line) can be fitted to first-order exponentials (z = 5.1 s and 19 s respectively), while
a biexponential fit gives 7 = 12 s and 50 s for the rise and decay of 119 (dashed line).
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In addition to the UV-VIS and HPLC analyses, the photolysis of 107 was also
investigated by 'H and 1F NMR spectroscopy in CD3OD which is shown in Figure 31. The
light-dependent decomposition and insertion of 107 into the O—D bond of the solvent are
clearly shown by the disappearance and build-up of proton signals in the aromatic region
(Figure 31, A). The F NMR spectra show the appearance of three new signals together with
the fast decay of the starting material (Figure 31, B). The light-dependent decay of the higher
shift signal was ascribed to diazo isomer. As a result of the formation of an additional
stereocenter through insertion into CD3;OD two signals corresponding to the product
appeared in the 1F spectrum. The light-induced reaction of 107 with deuterated cyclohexane
showed similar results as those with CD3OD.

insertion diazo insertion ‘ . .
A product isomer product B .d\azo . insertion
isomer diazirine product

"‘ ‘/dlazwrir>,| d\azir\ne‘[ || - l l
A _ . |

t=30s t=30s

DR W W WU T ) W | 1) URS
i 1 .

t=20s ’ t=20s

| t=10s ‘ t=10s

t=0 ‘ t=0

Figure 31. Photolysis of a 2 mM solution of 107 in CD3;OD was followed by 'H and F
NMR spectroscopy at time points t=0, 10, 20, 30 and 60s. (A) Expanded view on the
aromatic proton signals and (B) the fluorine signals.

4.2.4 Photoaffinity labeling of SIRT2

The binding of the probe to SIRT2 was intended to be studied with the tag-free
method illustrated in A of Scheme 16 with LC-MS/MS analysis after tryptic digestion to
determine the site of modification. As mentioned in section 1.2.3 does the enzyme undergo
conformational changes upon NAD™ and peptide substrate binding. However, we have no
knowledge if the chroman-4-one binds to the apo-enzyme or if the binding pocket is
generated upon co-substrate binding. Therefore, recombinant SIRT2 was incubated with
varying concentrations of 107 in the presence or absence of NAD* and/or the peptide
substrate. The experimental set-up for the experiment is shown in Figure 32. After
incubation for 5 min at 37 °C, the samples were irradiated with a high-power UV-LED (4 =
365 nm) for 3X10 s with a 30 s resting periods. The samples were subjected to tryptic
digestion followed by LC-MS/MS analysis. SIRT2 was observed with a sequence coverage of
90% (Paper 111, Supporting Information, Figure S2).
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Figure 32. Experimental set-up of the PAL experiment. The sample of SIRT2 and

photoprobe 107 was placed in a Eppendorf vial placed 2 cm from the UV-Led and
covered with a box during the irradiation.

In an experiment at an inhibitor concentration of 400 uM without NAD™ and peptide-
substrate the tryptic peptide with the amino acid sequence
IAGLEQEDLVEAHGTFYTSHCVSASCRHEYPLSWMK (72/z 733.00989¢*, Figure 33)
was detected with an mass of 298.11807 Da greater than the parental peak. This difference
corresponds to the molecular weight of 107 with loss of Na. The data acquired for this mass
ion could not be matched other proteins in a SwissProt database search. Data analysis of the
MS2 fragmentation of this peptide showed that the modification was located at one of the
amino acids between Q180 to H187 (underscored in peptide sequence in Figure 33, A).
Fragment ions of the peptide precursor, with inhibitor cross-linking at H187, are shown in
the MS/MS spectra in Figure 33 (B). For the peptide sequences Q175 to E179 as well as for
G181 to K210 multiple +1 to +4 charged b- and y-ions were observed and clearly exclude
inhibitor binding to these amino acids. However, due to the quality of the MS2 data obtained
from the 'QEDLVEAH! section, no distinct cross-linked amino acid could be identified.

An alternative explanation for the identification of the 'QEDLVEAH' sequence as
the potential cross-linking site could be that 107 is attached to several of these amino acids.
Single modifications of the amino acids from Q180 to H187 will result in the same precursor
ion mass. The b and y-ions from each of these modified peptides will however be very weak
and might be difficult to detect. Analysis using chymotrypsin for protein digestion to obtain
smaller tryptic peptides of this region and trials with MS3 detection was performed without
any additional improvement of the results.

The observed cross linking yield in the experiment was extremely low which
complicated the mass analysis. Low-abundant cross-linked peptides co-eluted with other
dominant unmodified peptides and therefore became discriminated in the data-dependent
LC-MS analysis (Paper III, Supporting Information, Figure S4). This also most likely explains
the observed lack of modified tryptic peptides and product ions in MS2 in some experiments.
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Figure 33. (A) Amino acids observed as single and double charged mass ions. Sequence
of A to Y is covered by multiple charged b and y fragments. (B) NanoL.C-MS/MS spectra
of the protonated precursor m/z 733.00989, and chatrge equal to six, eluting at 47.9 min.
Peptide sequence IAGLEQEDLVEAHGTFYTSHCVSASCRHEYPLSWMK with a
298.11807 Da modification at H187 was identified using a mass error tolerance of 5 ppm.
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Using our SIRT2 homology model and the x-ray structure of the apo-enzyme, the
IBIQEDLVEAH! region was visualized (Figure 34). Docking studies showed that 4 can
bind to the C-pocket of SIRT2 in a similar way as observed for other chroman-4-one-based
SIRT?2 inhibitors (Figure 34). The diazirine moiety is directed towards H187 and could form
an insertion product with this amino acid. The amino acids on the N-terminal site of H187
are located in a helix pointing towards the surface. Photo-cross linking of the probe to Q180
to D182 is likely as these amino acids are located on the surface of the enzyme. However, the
IBLVEAIS stretch is not accessible for the probe as these amino acids are buried in the

interior of the enzyme.

Figure 34. (A) Positioning of the eight amino acids (QEDLVEAH) that are labelled by
the photoprobe in the SIRT2 homology model. The van der Waals or solvent accessible
surfaces of the amino acids are shown. The red highlighted regions are exposed to the
solvent and the amino acids GIn180, Glul81 and His187 positioned in these areas would
therefore be most accessible for binding of the photoprobe. (B) Inhibitor 107 bound in
the C-pocket of SIRT2. The diazirine function is pointing towards His187. The van der
Waals or solvent accessible surface of the C-pocket is shown.
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As mentioned eatlier both NAD* and the peptide substrate can induce conformational
changes of the enzyme upon binding. The experiment in which the modified peptide
sequence was identified was however performed without NAD* and peptide substrate
present. Therefore, the SIRT2 structure in the PAL experiment might differ from the one
observed in the homology model. However, recently Moniot ef a/. reported an x-ray structure
of SIRT2 in complex with ADP-ribose.>® The bound ligand mimicked NAD™* binding and
SIRT2 adopted a similar conformation as observed in SIRT/NAD* crystals. Interestingly, it
was observed that the C-pocket, which we proposed as potential binding site for our
chroman-4-one based SRTI2 inhibitors, appeared to be pre-formed in the apo-structure of
the enzyme>? Therefore, it can be assumed that the probe is able to interact with SIRT2 in
the C-pocket also in the apo-enzyme.

4.2.5 Summary of Paper III

Two potential PAL probes based on the chroman-4-one scaffold with a diazirine and
an azide moiety have been synthesized. Evaluation of their SIRT2 inhibitory activity revealed
107 to be the more potent inhibitor with an ICso value of 8.2 uM. The photochemical
properties of 107 were investigated using UV-VIS and NMR spectroscopy. PAL experiments
with SIRT2 followed by tryptic digestion and LC-MS/MS analysis located the site of
attachment to the amino acid sequence "YQEDLVEAH!8 present in the tryptic peptide
IAGLEQEDLVEAHGTFYTSHCVSASCRHEYPLSWMK. This stretch is located close to
the active site of SIRT2. Unfortunately, a low cross-linking yield complicated the
identification of the specific amino acid(s) modified by the probe.
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5 A SCAFFOLD REPLACEMENT APPROACH TOWARDS
NEW SIRT INHIBITORS (PAPER IV)

5.1 SCAFFOLD

For a long time our research group has focused on the use of chromone and chroman-
4-ones as scaffolds for the development of biologically active compounds. The term scaffold
is used to describe the core structure of a molecule.'”® This central element is substituted with
groups representing the key features to achieve a desired biological activity (Figure 35).172
The core structure is mainly represented by rigid and cyclic frameworks which are decorated
with substituents allowing an optimal interaction with biological targets.

core
structure

Figure 35. Illustration of ligand binding with a target. Extruding side chains from the core

structure allow an optimal interaction with the target.

The replacement of the scaffold in a bioactive compound with another core structure
can be desirable for several reasons e.g. decrease in lipophilicity to increase solubility, increase
of metabolic stability or decrease of flexibility to facilitate improved binding.'”# The new
scaffold should show space similarities with the parent scaffold and be able to arrange the
substituents in such way that key interactions with the biological target remain to ensure

retained activity.!74

5.1.1 Quinolones and cyclic sulfonamides

Quinolin-4(1H)-ones and bicyclic secondary sulfonamides like saccharins or
benzothiadiazine-1,1-dioxides are versatile scaffolds found in bioactive compounds.
Quinolin-4(1H)-one (Scheme 20) is structurally similar to the chromone and is a common
scaffold in broad spectrum antibacterial agents such as fluoroquinolones.!”> Bicyclic
sulfonamides like saccharins or benzothiadiazine-1,1-dioxides (Figure 306) are versatile
scaffolds found in bioactive compounds. Benzothiadiazine-1,1-dioxides have been used as
diuretic drugs since the 1950s, e.g. in the treatment of hypertension.!'’® In recent years,
nootropic and neuroprotective effects of substituted benzothiadiazine-1,1-dioxides have
implicated a potential use as drugs in memory and learning disorders.!””-178 Derivatives with
this scaffold also possess antiviral properties.!” Saccharin (Figure 306), widely used as an

artificial sweetener, has been successfully used as a core structure for e.g. inhibitors of
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carbonic anhydrase IX'8 and is a key element of repinotan, a highly selective 5-HT1A-
receptor agonist. 8!

% 5% e
Crro Crr G
N R N R
H H (0]
3,4-dihydro-2H-[1,2,4]benzo- 3H-[1,2,4]benzothia saccharin
thiadiazine-1,1-dioxide diazine-1,1-dioxide

Figure 36. Chemical structure of benzothiadiazine 1,1-dioxides and saccharin.

The most commonly used synthetic procedures for the synthesis of saturated
benzothiadiazines involves an acid-catalyzed reaction of a 2-aminobenzenesulfonamide and
an aldehyde via an imine intermediate which upon an intramolecular cyclization forms the
saturated scaffold (Scheme 19, A).177.182 Unsaturated benzothiadiazines are commonly
obtained by amide coupling of 2-aminobenzenesulfonamide with an activated carboxylic acid
followed by a subsequent cyclization/dehydration step (B).!8> The sacchatin scaffold
(Scheme 19, C) can be prepared via oxidation of ortho-methyl-benzsulfonamides (route
1).184185 Alternatively, the scaffold can be formed via a Diels-Alder-reaction (route 2),180 or
via ortho-lithiation of benzsulfonamides followed by ring closing (Scheme 19route 3).187.188

Scheme 19. Retrosynthetic outline of the synthetic methods towards 3,4-dihydro-2H-
[1,2,4]benzothiadiazine-1,1-dioxide (A), 3H-[1,2,4]|benzothiadiazine-1,1-dioxide (B) and
saccharin (C) frameworks.
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The majority of the most potent SIRT?2 inhibitors based on the chroman-4-one scatfold
are rather lipophilic and showed unsatisfactory water solubility. The SAR studies revealed
that non-polar substituents are mandatory to achieve potent compounds. Although we were
able to improve hydrophilicity by incorporation of more polar substituents, we were
interested to study whether more hydrophilic scaffolds could serve for the development of
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SIRT2 inhibitors. Therefore, we wanted to replace the chroman-4-one scaffold with other

heterofunctional core structures shown in Scheme 20.

Scheme 20. The chroman-4-one scaffold was planned to be replaced with the following

bicyclic frameworks.
o)
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From the SAR around the chroman-4-ones it was known that halogens on the aromatic
ring had beneficial effects on the SIRT2 inhibitory activity. If the novel scaffolds have a
similar binding mode a bromide in the corresponding position would be desirable. We also
envisioned to introduce substituents corresponding to those used in the 2-position of potent

chroman-4-ones.

5.2 SYNTHESIS OF SCAFFOLD ANALOGS OF THE CHROMAN-4-ONES

5.2.1 Synthesis of trisubstituted quinolin-4-(1H)-one analogs

The quinolin-4-(1H)-ones (123a—c) were synthesized from B-ketoesters (121a—c) and an
aniline employing the Conrad-Limpach reaction (Scheme 21). Compounds 121a—c were
obtained in good yields by reacting monomethyl potassium malonate and carboxylic acids
with CDI in anhydrous THF at room temperature according to a reported method.'®
2-Bromo-4-chloroaniline was then reacted with 121a—c under argon at 50 °C for 48 h to

afford the intermediate enaminoesters 122a—c.

Scheme 21. Synthesis of quinolin-4-(1H)-one derivative 123a—c and 124a—c.”

NP eS 2, 0 0
° ° a 0o o b |C ﬁ\\ c ¢ ‘ d ci ‘
+ —_— —_— D —— —_—
\OMRZ , N R? ,
N” R N N” R
0 Br M Br \
)k Br
HO™ “R2? 121a: R?=(CH,),CH3 (74%) 122a-c 123a: R2=(CH,)4CH3 (25%)° 124a: R?=(CH,)4CH3 (82%)
121b: R?=CH,Ph (88%) 123b: R2=CH,Ph (25%)° 124b: R?=CH,Ph (76%)
121¢: R?=(CHy)4CO,CH3 (77%) 123c: R?=(CH,)4,CO,CH3 (30%)?  124c: R2=(CH,),CO,CH; (76%)

“Reagents and conditions: (a) CDI, MgClo, THF, rt, 16 h; (b) 2-Bromo-4-chloroaniline, p-TSA,
neat, 50 °C, 48 h; (¢) i. Cyclohexane, reflux, 30 min; ii. Ph,O, 250 °C, 45 min, MW, (d)
K>COs, Mel, DMF, rt, 4-6 h./Isolated yield over two steps.
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After removal of excess aniline and p-TSA the cyclization was achieved by heating the
enaminoesters in diphenyl ether to 250 °C for 45 min using microwave heating. The
quinolin-4-(7H)-ones (123a—c) were finally isolated by crystallization from hexane.S To
investigate the importance of the NH-group for activity, 123a—c were methylated using Mel
in DMF providing 124a—c in good yields.”*”

5.2.2 Synthesis of derivatives based on the benzothiadiazine-1,1-dioxide scaffold

The benzothiadiazine-1,1-dioxide scaffolds (Scheme 22) were formed by the reaction of
125 with aldehydes or carboxylic acids which defined both the substituent in the 3-position
and the degree of saturation of the scaffold. The dibrominated 125 was obtained by reacting
2-amino-benzenesulfonamide with Brz in DMF at room temperature. Benzothiadiazine-1,1-
dioxide 127a—d were prepared in 34-53% yield via an acid catalyzed reaction of 125 with
aldehydes 93b and 126a—c under microwave heating at 120 °C in dioxane. Aldehydes 126a—b
were commercially available whereas aldehydes 93a and 126¢ were synthesized. The synthesis
of 93a is described in Scheme 12. 3-(3-Bromophenyl)propanal 126¢c was synthesized via a
reduction of 3-(3-bromophenyl)propionic acid with BH3-SMe; in THF at room temperature
followed by a Swern oxidation in 73% overall yield.

Scheme 22. Synthesis of the saturated and unsaturated benzothiadiazine 1,1-dioxide
127a—d and 129a—c.~

o, 0 B QP B QP 127a: R®=(CHy),CH3 (51%)
s’ a NH, b NH 127b: R3=CH,CH,Ph (53%)
NH, o _— )\ 2¥T2
NH, o N~ RS 127c: R’=CH,CHa(m-Br)Ph (34%)
NH, Br HARB g H 127d: R3=CH,CH,(6-quinolin-2(1H)-one-yl) (37%)
127a-d
125 126a-c, 93b
o, 0 QL0
c Br S\NH2 d Br Sy 129a: R3=CH,CH,Ph (21%)P
L > — )R 129b: R3=CH,CH,(m-Br)Ph (24%)?
N"TSo N~ R :R= - %)P
129c¢: R3=CH,CH,(p-Br)Ph (37%)
H R3 H
Br Br
128a-c 129a-c

“Reagents and conditions: (a) Br, DMF, 10 °C—rt, 22 h; (b) Appropriate aldehyde, 4 M HCI
in dioxane, 120 °C, MW, 1-2.5 h; (c) i. Appropriate carboxylic acid, CDI, CH>Cb, rt, 1.5
h; ii. 125, CH»Cl,, DMF, reflux, 21 h; (d) Cs2COs, EtOH, 120 °C, 1.5 h, MW. “Isolated
yield over two steps.

The synthesis of 129a—c (Scheme 22) was accomplished via a reaction of CDI-activated
carboxylic acids with 125 leading to amide intermediates 128a—c. Cyclization of 128a—c in a
microwave heated reaction with Cs2COj; in EtOH at 120 °C. Precipitation of the final
products acidification yielded 129a—c in 20-37% yield. As these derivatives however showed
poor solubility in most solvents, the synthesis of other derivatives was not continued.

SCompounds 123a—c were provided by Dr. Kristian Meinander, University of Helsinki, Finland.
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5.2.3 Synthesis of saccharine derivatives

As earlier mentioned the SAR study of the chroman-4-ones showed that halogen atoms
in the 6- and 8-position of this scaffold are essential for activity. Therefore, it was believed
that 4,6-dihalogenated saccharins would have the ability to show SIRT?2 inhibitory activity.

The saccharins were planned to be synthesized via oxidative cyclization of 2-
toluenesulfonamides. The attempt to obtain a dihalogenated precursor for saccharin synthesis
via chlorosulfonation of 4-bromo-2-chlorotoluene yielded only the non-desired regioisomer
(131) which had eatlier been observed by others.!” Also the attempt to dibrominate 2-
methylbenzenesulfonamide by the previously used method (Br2 in DMF) was unsuccessful.
As the substituent in the 6-position is most crucial for activity, the mono-brominated
derivative 130 was instead synthesized by chlorosulfonation of 4-bromotoluene. The desired
regioisomer was obtained as the major product together with small amounts of the other
regioisomer (14-21% according to 'H NMR analysis.) The isomeric mixture was taken
further and 130 was converted to the corresponding sulfonamide 132a with aqueous
ammonia. For the synthesis of the saccharin scaffold the method reported by Xu e a/. using
the CrO3 /HelOs oxidation system was used.!84

Scheme 23. Synthesis of 6-bromo-saccharin 135.4

o]
\\ N Br %
e R T
N /C| (0]

Br Y — 132b (83%) 133

d
130 (94%)

Br.
a (0]
— (0] 6 \\//O
7/: > cl Br Yy NH2 d R s
R2 0=8=0 — \@\b —_— NH
b
RZ=H,CI Br

I O
132a (98%) 134: R®=H
135: R®=Br, (46% from 132a,

c 62% from 132b)
131

aReagents and conditions: (a) CISOsH, CH2Cl,, 0 °C— tt, overnight; (b) NH4OH, EtO, 0
°C—oreflux— rt, 48 h; (c) fer~-BuNH,, EsN, Et,O, 0 °C— rt, 33 h, 83% (d) 135 from
132a: HI504, CrOs3, MeCN, reflux, 20 h, 46%; 135 from 132b: HI;Os, CrO;3;, AcO,
MeCN, 0 °C— rt, 20 h; (¢) TFA, reflux—rtt, 4 d, 62% over two steps.

6-Bromosaccharin (135) was obtained in only 46% yield. Xu e a/. reported higher yields
for the synthesis of N-zer-butyl substituted saccharins (133), hence this approach was tested.
Oxidation of the N-zert-butyl-substituted sulfonamide 132b gave under similar reaction
conditions 135 in an overall yield of 62% after removal of the N-zer#-butyl group via heating
of 133 to reflux in TFA. Thus, the second pathway gave 135 in higher yield, however the final
deprotection of 133 proceeds very slowly on a gram scale.

Commercially available saccharin 134 and 6-bromosaccharin 135 were transformed to
their corresponding sodium salts using NaOMe in MeOH and were further subjected to
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microwave-heated substitution reactions with a variety of alkyl halides to yield the N-
substituted derivatives 138a—d and 139a—e in good yields.

Scheme 24. Synthetic procedures for the synthesis of N-alkylated saccharins 138a—d and
139a—e.”

138a: R%=H, R?=(CH,)4CH3 (77%)
138b: R®=H, R?=CH,CH,Ph (67%)

0 0 0
RS \é,,o a RO %/,0 Na® b RS ‘é’/o 138c: R®=H, R?=(CH,)3C0O,CH,CH3 (73%)
\CEK{NH . \CE‘{NO - . @NRZ 138d: RO=H, R2=(CH,)3(3-pyridyl) (12%)
0 o) o) 139a: R®=Br, R?=CH,CH,Ph (77%)
134: R®=H 136: R°=H 138a-d 139b: R®=Br, R?=CH,CH,(m-Br)Ph (76%)
135: R6=Br 137: R®=Br 139a-e 139c¢: R8=Br, R%=CH,CH,(p-OH)Ph (66%)

139d: R%=Br, R2=CH,CHy(m-NO,)Ph (76%)
139e: R®=Br, R2=CH,CH,(1-succinimidyl) (xx%)

aReagents and conditions: (a) NaOMe, MeOH, 6 h, room tem., >99%; (b) Alkyl halide, DMF,
MW, 145 °C, 15 min. or 1 h.

5.3 BIOLOGICAL EVALUATION AND STRUCTURE-ACTIVITY RELATIONSHIP
STUDY OF THE NEW SCAFFOLD ANALOGS

5.3.1 Evaluation of the inhibitory activity towards SIRT1-3

The synthesized compounds were evaluated for their SIRT2 inhibitory potency with
the standard fluorescent based assay. Several representatives from each scaffold series were
tested also for their inhibitory activity towards the SIRT1 and SIRT3 isoform. The results are
summarized in Table 5.

5.3.2 Structure-activity relationship study

In general, the quinolone, benzothiadiazine-1,1-dioxide and the saccharin based
compounds were less potent and selective inhibitors of SIRT2 than inhibitors based on
chromone or chroman-4-one scaffolds.

Replacement of the chroman-4-one/chromone core with the nitrogen-containing
quinolone equivalent significantly reduced the activity. The pentyl-substituted quinolone
analog 123a showed only 26% inhibition at 200 uM concentration, compared to chromone
43 with 82% inhibition. Two slightly modified analogs (123b and c) of the phenethyl- and
methyl ester-substituted chroman-4-ones, 68 (90% inh.) and 36 (81% inh.) were moderately
active with 58% and 53% inhibition, respectively. N-Methylation resulted in pootly active
compounds (124a—c) ranging from 31% to 11% inhibition.

The 3,4-dihydrobenzothiadiazine derivatives 127a—d showed the most active series of
SIRT?2 inhibitors with 48—74% inhibition. The most potent compound with 74% inhibition
was 127c¢ carrying a terminal quinolone moiety in the R? side chain; being also more active
than its chroman-4-one analog (94a, 51% inh.). The pentyl- and phenethyl derivatives (127a
and b) showed roughly 50% inhibition.
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Table 5. SIRT?2 inhibitory activities of all as well as SIRT1 and SIRT3 inhibitory activities
of selected scaffold analogs 12a—d and 15a—c.

(0] (o}
Cl Cl
| |
N~ R2 N~ "R?
Br N Br |
123a-c 124a-c
Tnhibition (Vo) Tnhibition (Vo)
No. R No. R?
© SIRT1 SIRT2 SIRT3 | SIRT1 SIRT2 SIRT3
123a E N n.d. 26+1.4 124a A SN n.d. 2620.9 n.d.
123b §© 76422 5821 4130 |124b §© 18432 31412 7.242.1
O O
.d. + .d. + .d.
23 . A nd 53l 24c o A__ nd 11416 nd
0.0 O 0
Br \S:NH Br S‘N
\
f;ENxRB QNAF@
gr M Br
127a-e 129a-c
Inhibition (%0)»4* Inhibition (%0)*¢
No. R3 No. R3
° SIRT1 SIRT2 SIRT3 © SIRT1 SIRT2 SIRT3
127a S NN 44428 59446 58434 | 129a é“\© nd 15431  nd.
~ ~ Br
127b 5/\© 4642 48417 5492 | 129b EJ\Q 0437 24408 32420
s Br §/\©\
127¢ 07439 59404 9.9+15 | 129¢ nd. 10415  nd
¢\©/ Br
e ot
127d NSO 2516 7413 28+15
(o} (0]
‘é//o Br- ‘é//o
(0} (0]
138a-d 139a-e
Tnhibition (76)# Tnhibition (76)«
. R . R
Mo SIRT1 SIRT2 SIRT3 | ~° SIRT1 SIRT2  SIRT3
1382 b~ nd 3425 nd | 13%a 5/\© 38443 4735 16422
~ ~ Br
138b 5“\© 14463 34428 14428 | 139b 5“\©/ nd. 15419  nd
o 4
+ + + + + +
B8 M 87#34 13450 72¢19 | 13% /\QOH 52440 12448 1556
N 4 NO,
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o

«SD, standard deviation (n=3). “Inhibition at 200 uM inhibitor concentration. ‘n.d.=not determined
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Introduction of a bromide in the meta-position (127b) had no effect on the activity,
however it increased the selectivity for SIRT2 over SIRT3 The unsaturated analogs 129a—c
had no significant inhibiting activity against SIRT2.

To use the substitution pattern for the chroman-4-ones in the saccharin series was not
tolerated and provided derivatives showing less than 35% inhibition of SIRT2 (Table 5, lower
section). The most active of the tested compounds were the N-pentyl- and phenethyl
substituted saccharins 138a and 138b with 34% inhibition. Interestingly, in contrast to the
chroman-4-one-based inhibitors, a bromide group on the saccharin had no positive effect on
the inhibitory activity.

Interestingly, 123b and 127b showed increased SIRT3 inhibitory activity not observed
for the chroman-4-ones.

Docking studies were conducted to get an understanding of the reasons behind the
different activity and selectivity profiles of the new scaffolds. A docking study of 127b into
the SIRT2 homology model (Figure 37) reveals the same key ligand-enzyme interactions as
observed for the chroman-4-ones. However, docking studies indicate an unfavourable
interaction of one oxygen atom of the sulfonyl group with an aspartic acid residue in the
enzyme. Repulsion of these two groups could give rise to the decreased inhibitor activity
(Figure 37). However, there might also be a possibility that the scaffold analogs have a
different binding mode compared to the chroman-4-ones.

Leul03

Figure 37. Two orthogonal views of 127b bound in the C-pocket of SIRT2. The vdW or
solvent accessible molecular surface of the C-pocket shows hydrophobic (green),

hydrogen bonding (purple) and mild polar areas (blue). Sulfonamide 127b can adopt a
similar binding mode as the chroman-4-ones with key interactions present such as the
halogen bond between the bromide in the 7-position and the backbone carbonyl of
His187 and the hydrogen bond with the conserved structural water molecule (W17). The
pentyl chain is buried in the hydrophobic channel (left). However, one of the oxygen
atoms of the sulfonyl is positioned in a hydrophobic environment close to Asp170 which
presumably can repel the ligand (side view, right). The NH-group in 127b is located in a
hydrophobic region (Leul03 and 138) where polar substituents are highly unfavorable
(left). Increasing the lipophilicity via IN-methylation is not desirable as the pocket is rather
narrow.
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5.3.3 Summary of Paper IV

The studies of different scaffold analogs have shown that it is challenging to replace the
chroman-4-one scaffold with other more hydrophilic bicyclic frameworks to furnish potent
SIRT2 inhibitors. The 3,4-dihydrobenzothiadiazine is the most promising of the studied
novel scaffolds. Only five compounds were studied in this series and all of them showed at
least ca. 50% SIRT?2 inhibition. When considering the fact that even small changes in the
chroman-4-one scaffold drastically changed the activity, it seems likely that more thorough
studies on this scaffold could result in compounds with improved activity. Another
interesting observation of the new series of compounds is the increased SIRT3 inhibitory
activity with 127b being the most active compound. This could open up for development of
SIRT3 inhibitors based on the 3,4-dihydrobenzothiadiazine scaffold. A thorough
investigation using molecular modeling is needed to get a deeper understanding of the
structural requirements for the SIRT3 inhibition.
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6 CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The thesis describes the synthesis of substituted chroman-4-ones and chromones using
different efficient synthetic strategies. Biological evaluation of their SIRT inhibitory activity
revealed a series of potent and selective SIRT2 inhibitors with low micromolar I1Csp values. A
binding site was proposed using a homology model of SIRT2 which is consistent with
acquired SAR. Efforts were directed to further evaluate the putative binding site using
photoaffinity labeling. This approach identified eight amino acids including a conserved
histidine residue positioned in the NAD™ binding site. Scaffold analogs of the chroman-4-
ones/chromones were also successfully synthesized. The biological evaluation showed a
decreased SIRT2 inhibitory effect. In addition, an increase in inhibitory activity against
SIRT3 was observed for some derivatives.

For the future, the following issues would be of interest to investigate:

e The order of binding and potential competition between the binding of the chroman-
4-ones and peptide substrate and/or NAD* needs to be determined. It could be done
using e.g. isothermal titration calorimetry (ITC). The obtained results would be
helpful to refine the homology model and are also important for the design of new
PAL experiments. Moreovet, the SIRT2-selectivity of the inhibitors over SIRT1/3
should be investigated in detail to enable to development of also SIRT1 and SIRT3-
selective inhibitors. The compounds should also be tested for their effect on other
NAD* dependent enzymes, e.g. PARP1. Lastly, follow-up studies are needed to
elucidate the underlying mechanism for the antiproliferative effect and the impact on
the viability/morphology on cancer cells. It would also be of interest to study the

effect of the chroman-4-ones in models of neurodegeneration.

e In the work regarding the PAL study, introduction of a ligation handle in the 2-
position and the application of a bioorthogonal strategy should be investigated to
facilitate the LC/MS-MS analysis. Studies to verify the incorporation of the probe into
SIRT2 should also be addressed.

e Future work concerning the new cyclic sulfonamide scaffolds could include a series of
derivatives lacking the polar NH- and carbonyl groups in the new scaffolds. Modelling
studies for investigation of the increased SIRT3 activity of some of the new scaffold
analogs could be starting point for a larger series of diverse derivatives as potential
small-molecule SIRT?3 inhibitors.
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