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Abstract
Sirtuins are promising therapeutic targets which have been linked to the pathogenesis of several
diseases including metabolic disorders, viral and parasitic diseases, neurodegeneration and
cancer. During the last decade much effort has been devoted to discover novel sirtuin modulators
with drug like properties. However, most of these compounds showed limited potency and
subtype selectivity. Moreover, structural information is not available for most of them.
In the current work, as a first step, we addressed the issue of structure-based optimization of
sirtuin inhibitors. We demonstrated that protein-inhibitor complexes of sirtuin isoforms can be
obtained by means of ligand docking and applying a short molecular dynamics (MD) simulation.
This method is faster and less complex than such applications and can be also applied to other
protein targets beside sirtuins. We determined a significant correlation between the binding free
energy of the compounds estimated by MM-GBSA calculations and in vitro data. The developed
MM-GBSA protocol is computationally inexpensive and can be applied as a post-docking filter
in virtual screening campaigns to identify novel sirtuin inhibitors.
Next, we established the structural basis of Sirt2-selective inhibition with the identification of a
new potent drug-like inhibitor; SirReal2. X-ray crystal structures of Sirt2 in complex with
SirReal2 revealed a ligand-induced rearrangement of the active site and formation of a yetunexploited allosteric binding pocket. In order to rationalize the SirReal2-mediated high-isotype
selectivity, sequence and structural alignments were performed within the members of sirtuin
family. Assuming that SirReal2 binds into the other sirtuin subtypes in a similar fashion, we
generated homology models and carried out docking studies of SirReal2. The obtained results
demonstrate that the residues that form the SirReal2 binding pocket differ significantly within
the sirtuin family and minor sequence variations hamper the correct orientation of SirReal2.
Moreover, we developed photoswitchable sirtuin inhibitors by merging the structure of
photochromic diarylmaleimides with the pharmacophore of a known sirtuin inhibitor. The new
compounds exhibited potent Sirt2-selective inhibition with regard to the Sirt1 and Sirt3 isoforms.
Docking studies could explain the structure activity/selectivity relationship observed for these
compounds.
Addditionally, human Sirt2 inhibitors has been shown to posses strong effects on both the life
span and reproduction of Schistosoma mansoni, the main pathogen of schistomiasis. Thus, we

expanded our interests into smSirt2 as a new antiparasite target. Upon screening of an in-house
library, we identified a number of potent novel smSirt2 inhibitors. Due to the absence of the
smSirt2 crystal structure, we first generated a homology model (HM) for this enzyme. We could
rationalize the binding interactions of the detected inhibitors with smSirt2-HM by means of
docking.
In order to decipher the complex nature of sirtuins in cancer, potent and isoform selective sirtuin
inhibitors are highly in need. In this context, we established docking- and pharmacophore-based
virtual screening methods. The potential of these methods were verified using the newly
developed African natural product anticancer database (AfroCancer) and already known
anticancer drug targets.

Keywords: epigenetics, sirtuin, Schistosoma mansoni, cancer, docking, homology modeling,
MM-GBSA, virtual screening.

Kurzfassung
Sirtuine sind vielversprechende therapeutische Targets, die mit der Pathogenese von
verschiedenen Erkrankungen, einschließlich Stoffwechselstörungen, virale und parasitäre
Erkrankungen, Neurodegeneration und Krebs verbunden sind. Während des letzten Jahrzehnts
wurde viel Aufwand gewidmet, um neue Sirtuin-Modulatoren mit wirkstoffähnlichen
Eigenschaften zu entdecken. Jedoch zeigten die meisten dieser Verbindungen begrenzte Affinität
und Subtypselektivität. Darüber hinaus sind für die meisten dieser Verbindungen keine
strukturellen Informationen verfügbar.
In der vorgelegten Arbeit haben wir uns mit der strukturbasierten Optimierung von SirtuinInhibitoren beschäftigt. Wir zeigten, dass Inhibitoren von den verschiedenen Sirtiun-Isoformen
mittels Ligandendocking und Anwendung einer kurzen Moleküldynamik (MD) Simulation
erhalten werden können. Dieses Verfahren ist schnell und wenig aufwendig und kann auch auf
andere Protein-targets neben Sirtuine angewendet werden. Eine signifikante Korrelation
zwischen den mittels MM-GBSA geschätzten freien Bindungsenergien und den in vitro Daten
der Verbindungen wurde festgestellt. Das entwickelte MM-GBSA Protokoll kann effizient
durchgeführt und als Postdocking-Filter im virtuellen Screening zur Identifikation neuer SirtuinInhibitoren angewendet werden.
Als nächstes haben wir die strukturelle Basis für die selektive Hemmung von Sirt2 durch die
Identifizierung eines neuen potenten wirkstoffähnlichen Inhibitor, nämlich SirReal2, aufgeklärt.
Die Röntgenkristallstrukturen von Sirt2 im Komplex mit SirReal2 zeigten eine ligandeninduzierte Umlagerung der aktiven Bindungstasche und die Bildung einer allosterischen
Bindungstasche. Um die SirReal2 Isotypselektivität zu erklären, wurden Sequenz- und
Strukturalinierung von allen Mitgliedern der Sirtuin-Familie durchgeführt. Unter der Annahme,
dass SirReal2 in die anderen Sirtuin-Subtypen in einer ähnlichen Weise bindet, entwickelten wir
Homologiemodelle und führten Docking-Studien für SirReal2 in diesen Modellen durch. Die
erhaltenen Ergebnisse zeigten, dass die Aminosäurereste, die die Bindungstasche von SirReal2
bilden, sich unter den verschiedenen Sirtuine deutlich unterscheiden und dass geringfügige
Unterschiede in der Sequenz die korrekte Orientierung von SirReal2 in der Bindungstasche
behindern.
Außerdem entwickelten wir photo-schaltbare Sirtuin-Inhibitoren durch die Zusammenlegung der
Struktur der photochromen Diarylmaleimide mit dem Pharmakophor eines bekannten Sirtuin-

Inhibitors. Die neuen Verbindungen zeigten eine hohe Sirt2 Hemmung und eine Selektivität über
Sirt1 und Sirt3 Isoformen. Docking-Studien könnten die für diese Verbindungen beobachten
Struktur Aktivität bzw. Selektivität Beziehung erklären.
Des Weitern wurde gezeigt, dass Inhibitoren der humanen Sirt2 eine starke Auswirkungen auf
sowohl die Lebensdauer als auch die Reproduktion von Schistosoma mansoni, der wichtigste
Erreger von Schistosomiasis, besitzen. So haben wir unsere Interessen auf smSirt2 als neues
antiparasitäre Target erweitert. Beim Screening von einer hauseigenen Datenbank identifizierten
wir einige potent;e neue smSirt2 Inhibitoren. Aufgrund der Abwesenheit der smSirt2
Krystallstruktur, wurde zuerst ein Homologiemodell (HM) für dieses Enzym generiert. Wir
könnten die Bindungsinteraktionen der ermittelten Inhibitoren mit smSirt2 -HM durch Docking
rationalisieren.
Um die komplexe Rolle von Sirtuine in Krebserkrankungen zu entschlüsseln, sind potente und
isoformselektive Sirtuin-Inhibitoren stark benötigt. In diesem Zusammenhang haben wir
Docking- und Pharmakophor-basierte virtuelles Screening-Methoden etabliert. Das Potenzial
dieser Methoden wurde mit dem neu entwickelten „African natural product anticancer database
(AfroCancer)“ und bereits bekannten Targets für die Krebstherapie überprüft.

Schlagwörter: Epigenetik, Sirtuine, Schistosoma mansoni, Krebs, Docking,
Homologiemodellierung, MM-GBSA, virtuelles Screening.
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1. Introduction
1.1. Epigenetics: Re-programing Genetics
The term epigenetics can be defined literally as “around the genetics” which involves the
heritable alterations in gene expression that are not encoded in the underlying DNA sequence
itself [1]. Considering the fact that human cells contain the same exact human genome sequence
but they do not evolve in the same manner in the process of cell differentiation and formation of
neurons, muscles, and organs implies that there is a control mechanism which operates ‘around
the genome’, hence the term granted for describing this process, epigenome.
To date, three different mechanisms have been shown to be involved in epigenetic regulation
including 1) DNA methylation, 2) post-translational modifications of histones and 3) non-coding
RNA-mediated gene silencing [2]. Misregulation of these epigenetic processes can lead to
aberrant activation or silencing of genes. In 1983, Feinberg and Vogelstein presented for the first
time the connection between epigenetic alterations and cancer [3]. In their study, the authors
showed that patients with colon and lung cancers had significant DNA hypomethylation in the
affected tissues in comparison to the adjacent normal tissues. Furthermore, many enzymes have
been discovered to be involved in epigenetic regulation through chemical modifications of
histones and non-histone proteins. Today, the regulation of such epigenetic targets with small
molecules has found implications in a wide range of diseases including cancer, metabolic and
neurological disorders, inflammation, and parasitic and viral diseases. However, such attempts to
make this connection are most often hampered by the lack of potency or selectivity of the
compounds of interest or by the complexity of the mechanisms involved.
It is apparent that understanding the relationship between epigenetic processes, deciphering
potential epigenetic targets and their roles in physiological pathways, and mapping the
translation of genotype to phenotype via the epigenome, have great potential for drug discovery
and development for human diseases.

1.2. Histones and DNA Organization in Nucleus
Nucleosomes are the fundamental repeating units of chromatin, which consist of two
superhelical turns of DNA wrapped around a histone octamer core (Figure 1.1.). The histone
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octamer core is formed by two copies of histone proteins H3, H4, H2A and H2B. These
nucleosome particles hold in place by the linker histone H1 and form the chromatin subunit
known as chromatosome. Chromatosomes are connected to each other with linker DNA and
packed by non-histone proteins into a more condensed structure called chromatin [4].
Nucleosome core
particle

Linker DNA

Histone H1

DNA

Nonhistone protein

Figure 1.1. Chromatin structure. The DNA is wrapped around nucleosome core particles, namely the
histones, and packed by linker histone H1. Linker DNA and nonhistone proteins complement the
packaging of human genome in chromatin. Adapted from [4].

This formation allows the approximately two meter long DNA to fit into the cell nucleus. The
core histones, which contain high proportion of basic amino acids: arginine and lysine, facilitate
binding to the negatively charged DNA. Histones are mainly comprised of a globular histone
fold domains, which interacts with other histones and with the DNA in the nucleosome through
charged N-terminal tails that extend outside the nucleosome. Histones are modified by covalent
post translational modifications of the histone tail such as acetylation, phosphorylation,
methylation, and ubiquitinilation and reverse reactions of those modifications. Combination of
such modifications, described in literature most often as histone code, allows the regulation of
the interactions between the DNA sequence and the histones in an indirect way without changing
the genetic information [5]. Thus, the histone code provides an external control mechanism for
re-programming the genetic information passed onto the cells.
1.3 Histone Deacetylases (HDACs)
Among the histone modifications, acetylation status of the core histone tails is dependent on the
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opposing activities of histone acetyl transferases (HATs) and histone deacetylases (HDACs).
HATs acetylate ε-groups of specific lysine residues of histone tails as well as non-histone
proteins. On the other hand, HDACs are responsible for the removal of the acetyl group from
these residues [6]. While acetylated histones are often associated with transcriptional activation
and the increase in gene expression, deacetylated histones are linked to transcriptional repression
and gene silencing [7]. Numerous studies have shown that regulation of HDACs activity bears a
significant therapeutic value in the treatment of cancer, neurological disorders, and inflammatory
diseases (reviewed in [8-12])
To date, 18 HDACs have been identified in humans that can be classified into four groups based
on their homology to yeast histone deacetylases: Class I HDACs (HDACs 1, 2, 3 and 8), Class II
HDACs (HDACs 4, 5, 6, 7, 9 and 10), Class III HDACs (Sirtuins): Sirtuin -1, -2, -3, -4, -5, -6
and -7) and the recently identified Class IV HDACs (HDACs 11). Class I, II and IV HDACs are
more commonly referred to as classical HDACs and depend upon Zn+2 ion for the catalytic
reactions [6,7]. Class III HDACs are named after their yeast homologue silent information
regulator two proteins (Sir2) as sirtuins. Unlike classical HDACs, sirtuins are NAD+ dependent
for their catalytic mechanisms [13].
1.4. Class III HDACs: Sirtuins
1.4.1. Overall Structure of Sirtuins
Sirtuins have been found in a wide variety of life forms ranging from prokaryotes to eukaryotes.
All sirtuins share a conserved catalytic core of ~ 275 amino acids and N- and C- terminal
extensions that are variable in length, sequence and secondary structure [14]. The core domain
consists of a large Rossman fold domain and a smaller structurally more diverse zinc-binding
domain that are connected through four loops in order to form the active cleft (Figure 1.2.).
The cofactor binding loop constitutes the most dynamic region in sirtuins which under goes
distinct conformational changes dependent on the presence, identity, and binding region of
molecules [15,16]. X-ray structures of sirtuins confirmed that the acetyllysine containing peptide
substrate and the cofactor NAD+ bind to the active cleft from opposite sides of the enzyme.
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Figure 1.2. Overall structure of sirtuins. a) Sirt2 (PDB ID; 1J8F) as an example. The structure of Sirt2 is
shown as a cartoon model. The zinc-binding domain and Rossman-fold domain are colored in orange and
green, respectively. The four loops (including the cofactor binding loop) that connect the subdomains are
colored in yellow. Substrate and cofactor binding pockets are indicated with red circle dashed lines. The
zinc ion is shown as a cyan sphere. b) Sirt3 (PDB ID; 4FVT) as an example. The structure of Sirt3 is
shown as white cartoon model. Sirt3 is bound to the acetylated substrate, ACS2 (acetylCoA synthetase 2)
peptide (orange sticks), and carba-NAD (green sticks). The NAD+ binding region is divided into sites AC. The A, B, and C sites are indicated by red circles.

Comprehensive kinetic studies and emerging structural data on sirtuins suggested that the
acetyllysine binds prior to NAD+ and induces a significant reorientation of the zinc binding
domain relative to the Rossmann fold domain [17,18]. A subsequent rearrangement of conserved
residues in the acetyllysine channel results in the correct positioning of the acetylated substrate
and binding of NAD+ in the ‘productive conformation’ [19]. The NAD+ binding pocket can be
divided into three regions: site A, the adenine binding site; site B, the nicotinamide-ribose
binding site and site C, nicotinamide moiety or the free nicotinamide binding site [15]. Site B
and C are involved in the catalytic mechanisms regulated by sirtuins.
1.4.2. NAD+ Dependent Catalytic Mechanism of Sirtuins
Although, NAD+ dependent deacetylation is the most well-known reaction catalysed by sirtuins,
ADP-ribosyl transfer to proteins, NAD+ hydrolysis, and reformation of NAD+ through
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nicotinamide base-exchange reaction, have also been reported [13]. Furthermore, recent studies
have shown that sirtuins can efficiently remove butyryl, crotonyl, octanoyl, malonyl, succinyl,
myristoyl, palmitoyl, and other groups from the lysine residue [20-23]. In 2013, Feldman et al.
[24] demonstrated that all human sirtuins except Sirt7 (no quantifiable product was observed
with Sirt7) are capable of long-chain deacylation activity; however, catalytic efficiencies and
substrate preferences were different among the sirtuin isoforms. A recent study showed that
NAD+ levels may affect the catalytic activity of sirtuins and their substrate preferences [25].
Moreover, kinetic analysis revealed that sirtuins display varying degrees of sensitivity to
nicotinamide inhibition depending on the acyl substrate.
The catalytic mechanism of sirtuins involves: 1) hydrolysis of NAD+ to acyl-ADP-ribose and
nicotinamide which is followed by 2) acyl group transfer from the peptide substrate to ADPR
and 3) formation of deacetylated peptide and a mixture of 2’- and 3’-O-acetyl-ADP-ribose
(Figure 1.3.).

Figure 1.3. Sirtuin-catalyzed protein deacylation and reaction products.

1.4.3. Sirtuins: Subcellular Localization
The identification of Sir2 gene as a regulator of life span has spurred great interest in the studies
of mammalian sirtuins since the late 1990s. Until today seven sirtuin isoforms have been
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identified in humans; Sirt1-7. Sirtuins are located in different subcellular compartments,
including the nucleus (Sirt1, Sirt6 and Sirt7), the cytosol (Sirt2), and mitochondria (Sirt3-5). In
addition, recent studies showed that Sirt1 and Sirt2 can shuttle between the nucleus and the
cytoplasm and Sirt3 may translocate from the mitochondria to the nucleus as well. Sirt1
possesses both nuclear localization and nuclear export signal regions which were suggested to
govern its ability to shuttle between the nucleus and the cytosol. Although, Sirt2 is
predominantly localized in the cytoplasm, it also obtains nuclear export signal sequences and
shuttles to the nucleus during mitosis. Meanwhile, Sirt3 contains an N-terminal mitochondrial
localization sequence which is attributed to its localization in mitochondria [26]. However, Scher
et al. [27] demonstrated that full-length Sirt3 localizes in the nucleus under normal cell growth
conditions and translocates from the mitochondria to the nucleus under cellular stress. The
distinct and dynamic subcellular localization of sirtuin isoforms contributes to their highly
divergent substrate preferences and interacting partners. Thus, they have diverse biological
functions in cellular processes.
1.4.4. Sirtuins: Disease Relevance
AGING
Among all seven human sirtuins, Sirt1 has been the most extensively studied mammalian sirtuin.
Sirt1 deacetylates numerous lysine residues residing at different regions of histones including H1
(K26), H3 (K9, K14) and H4 (16) [28]. The early discovery that Sir2 gene regulates the cell
survival and longevity in calorie restriction (CR) [29] coupled with the fact that there is a link
between the age-correlated hyperacetylation of H4K16 and accompanying Sirt1 reduction [30],
has intensified the investigations of elucidating the role of sirtuins in aging. Recently, Li et al.
[31] showed that compared to the wild-type mice, Sirt1-null mice have a shorter life span on
both normal and CR diets. Moreover, Sirt1-activating compounds, including resveratrol and
other natural polyphenols, and small molecule activators of Sirt1 that are structurally unrelated to
resveratrol such as SRT1460, SRT1720, and SRT2183 (Figure 1.4.), have been shown to exert
similar effects to those of CR, thereby extending life-span and improving metabolic homeostasis
[32-35]. These findings have spurred great interest in sirtuins and their regulatory roles in agerelated diseases such as metabolic disorders, neurodegenerative diseases and cancer.
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Figure 1.4. Molecular structures of Sirt1-activating compounds.

METABOLIC DISEASES
Sirt1 regulates the metabolic homeostasis via deacetylating a number of non-histone proteins
such as peroxisome proliferator-activated receptor gamma (PPARγ), PPARγ coactivator 1 alpha
(PGC-1α), sterol regulatory element-binding protein 1c (SREBP1c), and the forkhead box O1
(FOXO1), which results in induction of gluconeogenesis [36], enhancement of insulin sensitivity,
fatty acid oxidation [35-37], and repression of lipid synthesis [38].
In addition to Sirt1, Sirt2 is also involved in metabolism. Sirt2 deacetylates and stabilizes one of
the key regulator of gluconeogenesis; phosphoenolpyruvate carboxykinase (PEPCK1). Indeed,
knocking down Sirt2 resulted in lower blood glucose levels in mice models [39].
Not surprisingly, mitochondrial sirtuins, Sirt3-5, are the main pioneers of energetic adaptation.
Sirt3 deacetylates and activates several metabolic substrates associated with fatty acid oxidation,
amino acid catabolism, and urea cycle [40-42]. These results indicate that Sirt3 promotes energy
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production from alternative energy sources, ketone bodies, and amino acids, under low energy
conditions. Unlike Sirt3, Sirt4 represses GDH activity by ADP-ribosylation and reverses the
effects of CR [43]. Moreover, Sirt4 was shown to regulate fatty acid oxidation and insulin
secretion via the regulation of Sirt1 expression [44] and interacting with insulin degrading
enzyme and the ADP/ATP carrier proteins, ANT2 and ANT3 [45], respectively. On the other
hand, Sirt5 helps the clearing of ammonia by deacetylating and hence stimulates the carbamoyl
phosphate synthetase 1 (CPS1) activity [46].
In sum, these findings suggest that Sirt1-5 work in harmony to mediate the metabolic responses
during fasting and cellular stress, regulate glucose, and play a role in lipid homeostasis.
Therefore, sirtuins are promising therapeutic targets for metabolic disorders such as diabetes,
obesity, and hypercholesterolemia.
CANCER
Since the identification of tumor suppressor p53 as a substrate of Sirt1, there has been a growing
interest in elucidating the role of sirtuins in carcinogenesis. Initially, Sirt1 was considered as an
oncogene because of its role in repressing the expression and activity of several tumor suppressor
and DNA-repair genes (reviewed in reference [47] and [48]). Moreover, Sirt1 expression is
upregulated in many cancer types, including colon, prostate and breast cancers and leukemia,
supporting that Sirt1 might be oncogenic [49-52].
Recently, it was reported that combination of a novel Sirt1 inhibitor, Ex-527 (Figure 1.5.), with
an HDAC inhibitor, valproic acid or butyrate, induces apoptosis in human leukemia cells [53]. In
addition, Sirt1 promotes apoptosis [54] and suppresses tumor formation [55-57]. Wang et al. [58]
demonstrated that Sirt1 plays an important role in genomic stability via regulating histone
modifications and DNA repair. Sirt1-null embryo models exhibited altered chromosome
morphology, impaired DNA damage response, and reduced DNA damage repair. Furthermore,
authors showed reduced Sirt1 levels in various cancer tissues, including bladder, prostate and
ovarian cancers, implying that Sirt1 might be a tumor suppressor.
Besides Sirt1, the role of Sirt2 in cancer cell proliferation has also been hotly debated. Increased
tumor formation in Sirt2 deficient mice models and down regulation of Sirt2 in glioma, gastric
carcinoma, and non-small lung cancer types, suggest a tumor suppressor role for this enzyme
[59-61]. On the other hand, pharmacological inhibition of Sirt2 with small molecules has been
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useful in treating a wide variety of cancer cell lines (reviewed in [48]), therefore a few examples
will be discussed.
Sirtinol (Figure 1.5.) was one of the first small molecules discovered as a dual inhibitor of
Sirt1/2 with IC50 value of 131 µM and 38 µM for Sirt1 and Sirt2, respectively [62]. Sirtinol was
reported to inhibit tumor growth in oral, breast, lung, and prostate cancers [63-66]. Another dual
inhibitor of Sirt1 (IC50 = 56 µM) and Sirt2 (IC50 = 59 µM), cambinol (Figure 1.5.), inhibited
tumor growth in Burkitt lymphoma xenografts [67]. Moreover, Zhang et al. [68] discovered a
sirtuin inhibitor, AC-93253 (Figure 1.5.), with selective inhibitory activity against Sirt2 (IC50 =
6.0 µM) over Sirt1 (IC50 = 45.3 µM) and Sirt3 (IC50 = 24.6 µM), respectively. Ac-93253 showed
cytotoxic effect in prostate, pancreas, and lung cancer cell lines. Collectively, these data
retrieved from small molecule inhibitors of Sirt1/2 strengthen the idea that they should be
classified as an oncogene.
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Cl
O

+
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Figure 1.5. Molecular structures of Sirt1and Sirt2 inhibitors.

As for other sirtuins, Sirt3-7, less information is available for their role in cancer biology.
Existing data suggests that Sirt3 acts as a tumor suppressor. Kim et al. [69] demonstrated that
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Sirt3 knockout mouse embryonic fibroblasts (MEFs) exhibit enhanced superoxide levels,
mitochondrial damage and genomic instability. Moreover, Sirt3 deficient MEFs when infected
with an oncogene, RAS or MYC, became immortalized. The authors also showed a decreased
level of Sirt3 expression in many cancer types including breast, testicular, prostate, head and
neck cancers.
Recently, it has been discovered that mammalian target of rapamycin complex 1 (mTORC1)
induces cell proliferation via repressing Sirt4 expression and inhibiting GDH activity [70]. It is
also shown that Sirt4 is downregulated in several cancer types and appears to modulate tumor
cell metabolism. Meanwhile, Sirt6 is suggested to regulate cancer metabolism through repressing
aerobic glycolysis and is thus postulated as a tumor suppressor [71]. Indeed, Sirt6 deficient
MEFs displayed elevated glucose uptake and tumor formation.
Sirt7 is the least studied human sirtuin whose biochemical mechanism, substrate proteins and
physiological functions have not been clarified. Available evidence suggests that inhibition or
downregulation of Sirt7 can be beneficial for treating cancer. Ford et al. [72] demonstrated that
Sirt7 activates RNA polymerase I (Pol I) transcription and regulates cellular rRNA synthesis.
Knockdown of Sirt7 in a human osteosarcoma cell line (U2OS) blocks cell proliferation and
triggers apoptosis, suggesting that Sirt7 is crucial for cell viability. Recently, Barber et al. [73]
also demonstrated that Sirt7 acts as a tumor promoter through deacetylation of H3K18 and that
Sirt7-depletion impairs tumor formation in cancer cell lines including HT1080 (a fibrosarcoma
cell line), U2OS and U251 (a glioma cell line).
Taken together, these data illustrate the complex regulatory role of sirtuins in cell proliferation
and viability. It is still unclear how sirtuins can display both tumor promoting and tumor
suppressing effects and how these play out under different circumstances. Sirtuin tissue-specific
knockout mouse models and isoform specific sirtuin modulators would increase our
understanding of the mechanism behind carcinogenesis and how sirtuins are involved with this
mechanism.
NEURODEGENERATION
Sirtuin functions are also involved in neurodegenerative diseases such as Wallerian degeneration
(WD), Alzheimer’s disease (AD) and Parkinson’s disease (PD). The neuroprotective role of Sirt1
was first shown by Araki et al. in 2004 [74]. In their study, the authors proposed that enhanced
NAD+ levels due to the increased activity of nicotinamide mononucleotide adenylyltransferase1
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(Nmnat1) and the subsequent Sirt1 activation was neuroprotective against WD, which occurs
upon a nerve cut/crush and results in degeneration of axons. The same year, Brunet et al. [75]
demonstrated that Sirt1 can protect cerebellar granule neurons from FOXO-3 mediated cell
death. Moreover, Sirt1 was protective against neurodegeneration in transgenic mouse models
with p25/Cyclin-dependent kinase 5 (CDK-5) [76], which is associated with neuronal death and
pathology of AD [77]. Sirt1 was also required for neuroprotection in transgenic mice with a
mutant form of superoxide dismutase 1 (SOD1G37R), which has been linked to human
amyotrophic lateral sclerosis [76].
On the contrary, Outerio et al. [78] demonstrated that inhibition or knockdown of Sirt2 reduces
α-synuclein dependent toxicity in neurons. Consistent with these findings, Sirt2 inhibition by
AGK-2 (Figure 1.5.), which inhibits Sirt2 with an IC50 of 3.5 µM, was neuroprotective in animal
models of PD. Similarly, Sirt2 inhibition reduced sterol biosynthesis via the negative regulation
of SREBP-2 which resulted in decreased level of mutant huntingtin inclusions that are
responsible for neuronal loss and associated with HD [79].
Little is known about the regulatory roles of other sirtuin isoforms, Sirt3-7, in neurons. Pfister et
al. [80] studied for the very first time the effects of all human sirtuin isoforms on neuronal
viability. The authors showed that Sirt1 has neuroprotective effects on neurons, which is
consistent with the previous published data. In addition, overexpression of Sirt2 in cerebellar
granule neurons (CGNs) had an apoptotic effects on healthy neurons, which is in line with the
studies showing that neuroprotective response is retrieved upon Sirt2 inhibition. Interestingly,
while overexpression of Sirt3 and Sirt6 promoted low potassium (LK) and high potassium (HK)
induced neuronal death, Sirt4 and Sirt7 showed no effect. On the contrary, increased expression
of Sirt5 localized in both the nucleus and cytoplasm protected CGNs from LK-induced
apoptosis. However, in HT-22 neuroblastoma cells Sirt5 was localized in mitochondria and
promoted cell death. Together, these data suggests that Sirt5 exerts adverse effects on neuron
survival depending upon its subcellular localization.
Although the existing data on how sirtuins function in neurodegeneration is still incomplete, the
initial evidence suggests opposing effects of sirtuin isoforms on neuronal viability under similar
conditions. Furthermore, it is important to identify the counterparts of sirtuins and account for all
posttranslational modifications that can directly or indirectly regulate sirtuins’ role in
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neurophysiology. Unfortunately, we have still very little information on sirtuin neurobiology to
draw meaningful conclusions.
In this chapter, a short introduction was provided on Class III HDACs, sirtuins, and their
prominence in epigenetics. For more detailed information on sirtuins, the reader should refer to
the first publication, entitled “Structure-based design and computational studies of sirtuin
inhibitors”. This book chapter provides an extensive overview of the already solved sirtuin
crystal structure isoform complexes with substrates and modulators. Moreover, a summary of in
silico studies that resulted from the development of novel sirtuin inhibitors and activators is also
provided.
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2. Materials and Methods
Designing small molecules with desired biological activity has been a long-time major goal of
the drug discovery process. Today, mainly two interdependent approaches exist, which are used
for the identification of new lead compounds: 1) high-throughput screening (HTS) and 2)
computer-aided drug discovery and development. High-throughput screening is an experimental
screening where large compound libraries of diverse synthetic and natural compounds are tested
against disease targets to identify small molecule probes that modulate a specific biological
pathway. Although HTS has been successful in providing starting points for drug design, this
method suffers from low hit rates, poor time and cost efficiency, and lack of information of the
biological target. On the contrary, in silico drug design approaches start with a known or
suggested binding mode of a molecule to its macromolecular target. Lead structures that mimic
similar interactions are either designed or retrieved from large compound libraries and the new
information is included iteratively in the drug design process until all desired properties are met.
Such methods can highly reduce the number of compounds that need to be experimentally tested
and thus, maximize the time and cost efficiency in drug development. The following paragraphs
describe the in silico drug design techniques applied in this work.
2.1. Homology Modeling
Computer-aided drug design consists of two major approaches; structure-based drug design and
ligand-based drug design. Structure-based drug design relies on the three dimensional (3D)
structural information of the biomolecular target. Numerous structural genomics projects have
widened the determination of the 3D protein structures which are stored in a worldwide archive,
the Protein Data Bank (PDB) [81]. By June 2015, the PDB contained approximately 100,000
experimental protein structures [82]. Considering the fact that the Universal Protein Resource
(UniProt) Database [83] contains 548,586 manually annotated and non-redundant protein
sequence entries in the release 2015_06 of 27-May-15 of UniProtKB/Swiss-Prot [84], there
remains a huge gap between known protein sequences and available 3D structures.
Homology modeling also known as “Comparative Protein Structure Modeling” aims to fill this
gap by predicting a 3D model for a protein of unknown structure (the target) from proteins that
share sequence similarity with known structures (templates) [85,86]. In the literature, many
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examples for successful homology models that were used for docking and virtual screening
studies have already been reported [87]. Current methods consist of the following steps [86]:
a) Fold assignment and template selection: identification of templates can be done by
comparing the target sequence with the sequences in large protein databases either by a
pairwise sequence-sequence comparison or using a position-specific scoring matrix
(implemented in FASTA [88] and basic local alignment search tool (BLAST) [89]), or
using 3D template matching methods that rely on comparison of a protein sequence and a
protein of known structure.
b) Target-Template Alignment: the correct alignment of the sequences is highly dependent
on the sequence identity and it is more beneficial to use multiple templates where
sequence identity drops below (30-40 %) (implemented in Clustal X [90]). Superposing
these multiple templates before the alignment helps to obtain more accurate alignment by
using information from secondary structure elements in proteins where the sequence
similarity is low.
c) Model Building: once the target-template is prepared then the model can be built with
different methods. One method is to compile rigid bodies for the conserved core region,
loops, and side chains from templates to build the model for the target and then apply a
subsequent optimization and minimization process, while putting these rigid bodies
together [91] (implemented in COMPOSER [92]). Another method is based on
calculating the probable positions of the conserved atoms in the target by using the
information from the template. A third method which is implemented in MODELLER
[93], depends on spatial restraints to assume the corresponding distances and angles of
residues using the knowledge obtained from the template structure.
d) Refinement / Validation / Evaluation of the Models: After a model is built, loops and side
chains of the residues should be further studied. For estimating the accuracy of the
features in 3D models, programs such as PROCHECK [94] can be used to check the bond
lengths, bond angles, side-chain ring planarities, chirality and clashes between
nonbonded pair atoms.
The following paragraph describes the homology modelling procedure used in this work (Figure
2.1.). The sequence for the protein of unknown structure was taken from UniProt database [83]
and saved as a FASTA file. A subsequent protein BLAST search [95] was performed to identify
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the proteins that share sequence similarity with known structures (templates). Target-template
alignment was done by Molecular Operating Environment 2012.10 (MOE) [96] protein
alignment tool MOE-Align. Homology models were then generated using the MODELLER
program 9v8 [93]. 10 protein conformations were generated. The model showing the most
favourable DOPE (Discrete Optimized Protein Energy) assessment score [97] was selected. The
stereochemical quality of the models was validated with PROCHECK [94]. Assignment of the
correct protonation state and energy minimization of the homology models were carried out in
MOE [96].

Figure 2.1. Homology modeling workflow used in this work. Adapted from [98] and [99].

2.2. Molecular Docking
Molecular docking can be defined as conformational and orientational sampling of the ligand
using the putative binding site of the receptor as a constraint. Once the candidate conformations
for the ligand is predicted, their binding affinity must be evaluated, and this is done by means of
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a scoring function [100]. Today, molecular docking is the most extensively used and heavily
applied structure-based method in drug discovery.
Although docking tools of today are able to model the interactions in the putative binding site
and can easily screen large number of molecules, the accurate-assessment of the protein-ligand
affinity is still challenging [101]. Considering the balance between the accuracy of calculations
and the computational cost, scoring functions were developed on the basis of simplified
empirical force fields or potentials of mean force using certain approximations. For example,
they usually do not take solvation effects or protein flexibility into account [100,102,103]. Thus,
accurate prediction of the binding affinity using docking methodologies remains an elusive goal
and there is a need of more precise methods for its evaluation.
As the accuracy of docking / scoring is highly dependent on the ligand and protein preparation,
one should address issues such as possible isomers, protonation states of the ligands, and side
chain conformations of the protein in the ligand binding site [102]. Ligand preparation could be
done manually or by using programs like LigPrep [104] implemented in Schrödinger software.
In addition, the flexibility of proteins is still a big challenge in molecular docking approaches
[105]. The most popular methods to overcome this issue are
a) Soft Docking which reduce the van der Waals optimal distances to form more space for
the ligand in binding site,
b) The Rotamer-Library Method that use libraries of side chain rotamers,
c) Ensemble Docking where multiple crystal structures are used for the target receptor, or
d) Generating different conformations of the protein via molecular dynamics (MD)
simulation [102].
Furthermore, the presence of water molecules can be critical to the binding of the ligand [106].
Unfortunately, while today’s docking tools can present or predict the water molecules in the
binding site to direct docking, optimization of the water locations upon binding, or presenting the
binding free energy contributions of water molecules to the scoring, remains to be dealt with.
In the current work, protein structures were prepared by using the Structure Preparation module
in MOE [96]. Protonation states of the structures were determined using the Protonate 3D [107]
module in MOE. Protein structures were energy minimized using the AMBER99 force field
[108] using a tethering force constant of (3/2) kT/σ2 (σ = 0.5 Å) for all atoms during the
minimization. All molecules except the zinc ion were removed from the structures before
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docking. Structural bridging of water molecules was included in the binding site of the protein
structures before docking whenever it is mentioned.
Docking studies were carried out using the scoring functions within the GOLD 5.2 (Goldscore,
Chemscore, ASP and PLP Score) [109-113] and GLIDE (Schrödinger Suite 2012-5.8) (Glide SP
and Glide XP scores) [114-117]. The position of the ligands in the crystal structures and
homology models was used to define the binding site. Bound water molecules at the binding
pocket of the protein structures were considered for docking in the toggle water mode [118]
within GOLD docking and were treated as rigid within GLIDE docking. The 20 docking poses
were calculated for each ligand. All other options were left at their default values.

2.3. Virtual Screening
2.3.1. Preparation of Compound Libraries
In order to balance the time-cost efficiency, often the chemical space of the search library is
decreased with a filter before screening. A simple but straightforward pre-screen approach is to
remove the molecules with reactive or undesired functional groups. In the current study, we
assessed the toxicological profiles of the virtual libraries by Lhasa’s expert knowledge-based
predictive tool; Derek software [119]. The Derek system first identifies the chemical
substructures within the molecules and then describes the relationship between a particular
structural feature and its associated toxic effect [120-123]
In addition, filters that predict the in vitro properties of molecules such as ADMET (absorption,
distribution, metabolism, excretion and toxicity) properties (reviewed in [124]) are often used to
prepare focused libraries. The main aim of ADMET analysis is to eliminate the compounds with
undesirable pharmacokinetics in the early stage of drug design and focus exclusively on potential
drug candidates with good bioavailability. In order to identify the weak drug candidates in virtual
datasets, we calculated a total of 46 ADMET-related properties via the QikProp program [125].
The computed parameters were used to assess the oral absorption, cell permeability, central
nervous system penetration abilities, etc. of the compounds.
Moreover, the drug-likeness of the compounds within the search libraries was estimated by
Lipinski’s rule of five [126]. According to the “rule of five”, compounds having more than 5 Hbond donors, 10 H-bond acceptors, a MW greater than 500 Da, and a calculated logP (clogP)
greater than 5 are considered to have a poor absorption and permeability. This criterion
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contributes to the elimination of compounds with undesirable pharmacokinetic properties and
thus, it accelerates the identification of drug-like candidates.

2.3.2. Classification of Virtual Screening Approaches
Virtual screening (VS) is an essential complement of HTS drug discovery process [127]. To
identify chemical probes with desired biological activity and to select a limited number of small
molecules for experimental testing, various VS methods have been developed in order to screen
large compound libraries in silico. VS methods of today can be classified into two main groups:
ligand-based and structure-based approaches depending on the availability of structural and
biological activity data (Figure 2.2.).

Figure 2.2. Classification of virtual screening methods.

2.3.2.1. Structure-based VS
Structure-based VS (SBVS) methods depend heavily on the availability of a 3D structure of the
protein of interest [128,129]. Protein-ligand docking is the most traditional SBVS method, where
compounds are docked, scored, and ranked according to the docking algorithm used [130,131].
In docking-based VS approach, often the top-ranked compounds are considered to be strong
binders of the relevant macromolecular target and selected for further biological screening.
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Successful application of docking-based VS campaigns depends on multiple factors including
the quality of screening libraries, the conformation of the protein and the performance of scoring
functions (see section 2.2.).
In the current work, 3D molecular structures of the ligands were generated by Builder Module
within the MOE. Next, ligands were energy-minimized using the MMFF94 force field [132-136]
implemented in MOE. Protonation and tautomeric states at pH 7.4 were assigned by LigPrep
[104] within the MAESTRO software package [137] of Schrodinger Suite 2012. Finally, the
quality of screening libraries was assessed using different approaches discussed in section 2.3.1.
Next, structure-based virtual screening of large compound libraries was executed using docking
programs/software packages MOE, GOLD and GLIDE. The three scoring functions
implemented in MOE; London dG, Affinity dG, and Alpha HB, the extra precision mode
(GLIDE-XP) in GLIDE and the GoldScore algorithm in GOLD were used for ligand docking.
The top-scored docking pose was kept for each ligand for further analysis. The predicted binding
affinities of the molecules were then compared with the native (co-crystallized) inhibitors for
each of the studied drug targets.
2.3.2.2. Pharmacophore-based VS
In the course of this work, we also assessed the similarity of two molecules by 3D fingerprints
which are often referred to as pharmacophores. A pharmacophore is “the ensemble of steric and
electronic features that is necessary to ensure the optimal molecular interactions with a specific
biological target structure and to trigger (or to block) its biological response” [138].
The pharmacophore-based VS approaches can be classified into two;


Ligand-based pharmacophore models are commonly used when the 3D structure of the
target receptor is unknown [139]. It is based on the assumption that structurally similar
molecules tend to have similar properties. In ligand-based approaches, the main goal is to
rank a database of compounds according to their calculated similarity to the active
reference compound. Ligand-based pharmacophores are used to determine
-

the overlap between the volume and surface matching,

-

the distance between the pharmacophoric features such as H-bond donors and
acceptors, positive, negative charges, and aromatic moieties of two molecules [140].
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On the other hand, structure-based pharmacophore models are generally used when the
3D structure of the target receptor is known. 3D search queries reflect both the
information about protein-ligand interactions (chemical features such as H-bond
donors/acceptors, ionisable groups, and hydrophobic moieties are included) and the shape
of the binding pocket (e.g. exclusion volumes were generated).

In the current work, structure-based pharmacophore model was the second method of choice for
VS studies due to its outstanding advantages;
1. It is computationally inexpensive (thousands of molecules can be scored in a day),
2. It provides user defined protein flexibility (exclusion volumes can be tuned),
3. It is valid not only for the currently bound compound, but also unknown molecules,
4. It is easy to optimize (structural features can be added or removed).
In order to identify molecules similar to the co-crystallized ligands within the drug targets of
interest, various structure-based pharmacophore models were generated using LigandScout
software [141]. The performance of a pharmacophore model is often evaluated by its ability to
discriminate between known actives from inactive compounds. Due to the absence of inactive
datasets at the start of this project, we first generated decoy (supposed to be inactive) libraries
using commercially available database; DUD-E (Directory of Useful Decoys) [142]. DUD-E
decoy generation tool provides decoys with 1D physicochemical properties to those of the
known actives but dissimilar 2D topology similar [143,144]. The motivation behind it was to
avoid the artificial enrichment in validation/evaluation process of the pharmacophores. In the
next step, Ligandscout software was used for pharmacophore generation and VS. Finally, the
performance of each model was assessed by computing parameters such as enrichment factor,
receiver operating characteristic–area under the curve (ROC-AUC), etc.
2.4. Molecular Dynamics Simulation
Molecular recognition and ligand binding are dynamic processes where atomic motions need to
be taken into account. Using a single protein conformation obtained from NMR, X-ray
crystallography or homology models provides only one state of motion of the structure rather
than exploiting the ranges of flexibility of the macro/micro-molecule. In order to investigate the
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behaviours of real molecules in motion, atomic forces that act on each atom in the system can be
calculated and then the position of atoms can be moved following Newton’s laws of motion to
simulate the response of the system when using the Molecular Dynamics (MD) simulation
approach.
MD simulations can be used in many applications:
a) Refining loop and side-chain conformations of derived homology models to get
energetically favoured structures,
b) Elucidating all possible conformational states of proteins and identifying binding sites
that cannot be attained from one rigid X-ray crystal structure,
c) Evaluating the stability of the ligands inside the putative binding site,
d) Extracting ensemble of multiple protein conformations as a virtual screening tool,
e) Calculating free-energies of bound and unbound ligand-protein complexes to understand
the binding affinities of the corresponding small molecules [145].
In the current work, MD simulations were carried out using the program AMBER 12 [146] and
the AMBER 2003 force field [147]. Atom types and AM1-BCC atomic charges [148] were
generated for the ligand using the Antechamber module. Ligand parameters were obtained from
the general AMBER force field GAFF [149]. Preparation of the ligand-protein complex, addition
of counter ions, solvation, and preparation of parameter/topology and coordinate files were
carried out using the LEaP module in AMBER. Parameters and libraries for zinc binding
residues were defined as previously described [150]. The system was solvated using the water
model TIP3BOX [151] and a margin of 10 Å. Two consecutive steps of minimization were
carried out. In the first step 3,000 iterations (first 1,000 steepest descent and then 2,000 conjugate
gradient) and in the second step 4,000 iterations (first 2,000 steepest descent and then 2,000
conjugate gradient) were applied to the system. In the first step, atom coordinates for the amino
acid residues and ligand atoms were restrained to their initial coordinates with a force constant of
500 kcal mol-1Å-2 to relieve the unfavorable van-der-Waals contacts in the surrounding solvent.
This step minimized the number of positions of the water molecules and ions. In the second step,
restraints on atoms were removed and the whole system was minimized freely to relieve bad
contacts in the entire system.
The temperature of the system was then equilibrated at 300 K through 100 ps of MD with a time
step of 2 fs per step. A constant volume periodic boundary was set to equilibrate the temperature
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of the system according to the Langevin dynamics [152] using a collision frequency of 1 ps-1
during the temperature equilibration routine. The protein and ligand atoms were restrained to the
initial coordinates with a weak force constant of 10 kcal mol-1Å-2. The final coordinates obtained
after temperature equilibration step were then used for a 20 ns MD routine during which the
temperature was kept at 300 K by the Langevin dynamics using a collision frequency of 1 ps-1.
Constant pressure periodic boundary was used to maintain the pressure of the system at 1 bar
using isotropic pressure scaling with a relaxation time of 2 ps. During the temperature
equilibration and MD routines a non-bonded cut-off distance of 10 Å was used by applying the
Particle Mesh Ewald (PME) method [153] to calculate the full electrostatic energy of the
periodic system and the SHAKE algorithm [154] was used to adjust the constraints of all bonds
involving hydrogen.
2.5. Binding Free Energy Calculations
Correct ranking of compounds according to their computed binding affinities remains an elusive
goal in drug discovery. In contrast to molecular docking methods, free energy calculations take
into account conformational changes upon binding and handle long-range electrostatics,
desolvation of binding molecules, and entropic contributions better [155].
Binding free energy (BFE) methods can be broadly categorized into two classes; end-point
methods and free energy pathway methods [155]. End-point methods only evaluate the initial
and final states of the system whereas in pathway methods these two states are linked by a
pathway that is broken into small steps. Pathway methods such as Free Energy Perturbation
(FEP) and Thermodynamic Integration (TI) methods [156,157] are more computationally
expensive than the end-point methods including the Linear Interaction Energy (LIE) [158], the
Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) and the Molecular
Mechanics-Generalized Born Surface Area (MM-GBSA) methods [159].
Promising results have been obtained using the FEP and TI methods in the lead optimization
phase. However, these methods are still rarely utilized in the stages of drug discovery, and this is
mainly due to the demanding computational cost. On the other hand, several studies have
reported the successful application of MM-PBSA and MM-GBSA methods for the estimation of
protein-ligand binding affinities, and automated procedures have increased the applicability of
these methods for a large compound selection [160-165]. Often, satisfactory correlations have
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been acquired between the predicted binding affinities and the biological data, especially for
ligand series with high structural similarity [162,166].
2.5.1. MM-PB(GB)SA Methods
In order to estimate the binding affinities of the inhibitors under study, we performed BFE
calculations using the MM-PB(GB)SA method. The MM-PB(GB)SA approach combines
molecular mechanics and continuum solvent models to predict the protein-ligand binding free
energy. The binding strength of a ligand can be calculated as the difference between the free
energy of the complex and the sum of the free energies of its components, the receptor and
ligand (eq1).
(eq1) ΔGbind = Gcomplex – (Greceptor + Gligand)
The total free energy of each component in eq1 can be computed as the sum of the gas-phase
energy (EMM), the solvation free energy (ΔGsol) and the configurational entropy contributions (TΔS) (eq2).
(eq2) Gmolecule = (EMM ) + ( ΔGsol ) – (TΔS)
EMM energy is the molecular mechanics energy of the molecule that includes Eint (internal), Eele
(electrostatic), Evdw (van der Waals) energies. The first EMM energy term Eint treats bond, angle
and dihedral energies, whereas the second EMM energy term Eele accounts for the Coulombic
interactions between atoms occurring as a result of positive and negative partial atomic charges.
The Evdw term takes into account short and long ranged interactions among atoms. The
component energy terms of EMM energy were calculated using the sander module of AMBER.
Gsol is the solvation energy term expressed as the sum of electrostatic solvation energy (polar
contribution), GPB/GB, and the non-electrostatic solvation energy (nonpolar contribution), and GSA
(eq3). The polar solvation energy contribution was calculated by solving either PoissonBoltzmann (PB) equation (MM-PBSA calculation) with the PBSA module or its variant
Generalized Born (GB) equation (MM-GBSA calculation) with the MM-GBSA module in
AMBER. Different GB models have been developed and implemented in AMBER such as
GBHCT (igb=1), GBOC1 (igb=2), GBOC2 (igb=5), and the more recently derived GBn models
(igb=7, 8) [146,167-171]. In the current work we compared different MM-GBSA solvation
models as well as the MM-PBSA method. The value of the implicit solvent dielectric constant
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and the solute dielectric constant for GB calculations were set to 80 and 1, respectively. The
solvent probe radius was set to 1.4 Å as default.
(eq3) ΔGbind = (Eint + Eele + Evdw ) + ( ΔGPB/GB + ΔGSA ) – TΔS
The nonpolar solvation contribution is determined on the basis of a solvent-accessible surface
area SASA solving equation 4 (eq4) where γ is a surface tension parameter and b, a
parameterized value. Default values were used for γ and b terms.
(eq4) ΔGSA = γ SASA + b
The final binding energy is often determined by considering the conformational entropy change
expressed as (– TΔS) where T is the absolute temperature and S the entropy of the molecule.
Entropy of the molecule accounts for the loss of translational, rotational and conformational
degrees of freedom of the ligand upon binding and it is critical for determining the absolute
binding free energies when the ligand binding is driven by large favourable entropy changes
[98,155,172]. However, it has already been reported that inclusion of entropy in calculations
highly increases the computational cost, but did not always improve the accuracy [173]. It has
also been shown that better correlations can be achieved upon omission of the entropy term from
binding free energy calculations in case of congeneric series [166,173]. As we compared the
relative binding free energies of a series of similar compounds, we did not include the entropic
contribution in our calculations and only enthalpy values (ΔH) were computed to see whether a
correlation could be achieved between binding enthalpies and biological data (IC50 values were
converted into pIC50 values; pIC50 = -logIC50) (eq5).
(eq5) ΔH = (EMM ) + ( ΔGsol )
In addition, the estimation of conformational entropy change via the number of rotatable bonds
in the ligand has been tested in docking and binding free energy calculations [164,174-179].
Promising results have been obtained implying that this measure may enhance the correlation
with biological data [164,176]. The conformational entropy component was approximated from
the number of rotatable bonds (NRot) of ligands (eq6) and combined with the enthalpy derived
from MM-GBSA method and therefore this sum will be referred to as MM-GBSA values.
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(eq6) TΔSNRot = number of rotatable bonds x 1.0 kcal/mol
In the current work, top-ranked docking poses were used for BFE calculations. Structurally
conserved water molecules included for the docking studies were maintained during the
geometry optimization of the complexes, but were removed for the binding free energy
calculations. The protein-inhibitor complexes were first energy minimized and then equilibrated
using a 100 ps MD run using the same parameters as described before. Three different systems
were considered for the BFE calculations:
a) the protein-inhibitor complex which was energy minimized in explicit water,
b) 10 snapshots for each complex extracted evenly from the MD simulation and,
c) the final complex from the MD equilibration phase.
The binding free energy was then estimated using either the MM-PBSA or MM-GBSA module
implemented in AMBER.
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3. Aim of the Work
Sirtuins constitute a unique class of epigenetic enzymes that exist in a wide array of organisms
ranging from bacteria to humans. Although sirtuins were first recognized as protein deacetylases,
recent studies have shown that these enzymes can catalyze different post-translational
modifications such as crotonylation, malonylation, succinylation, myristoylation, and ADPribosylation. Several studies have shown the complex regulatory role of sirtuins on various
histones and non-histone proteins. Accordingly, sirtuin activity has been linked to the
pathogenesis of viral and parasitic diseases, metabolic disorders, neurodegeneration, and cancer.
Therefore, sirtuins are considered as attractive targets for drug discovery. The main goal of this
work is to establish computer-based approaches to guide the development of potent and isoform
selective modulators for these promising drug targets including sirtuins.
3.1. Development of a Time-efficient Post-docking Filter for Sirtuins
Due to the highly conserved amino acid sequence and the high structural similarity of the
catalytic core between the members of the sirtuin family, it is challenging to identify selective
drug-like inhibitors. In addition, sirtuins possess highly flexible substrate and cofactor binding
sites. Thus, structure-based optimization of sirtuin modulators remains problematic.
In the first part of the work (Manuscript 1, [180]), we aimed to develop an in silico protocol that
accurately predicts the binding affinities of sirtuin inhibitors before experimental testing. The
protocol should derive significant correlations between the calculated scores and experimental
data and thus, would reduce the time, cost and intricacy of hit identification and lead
optimizations. In order to achieve this goal, it is important to validate the binding mode of
compounds among sirtuin isoforms. Since the protein crystallization process is highly timeconsuming and expensive, only a limited number of compounds can be solved with the relevant
enzyme. Thus, as a first step, we focused on constructing a method to generate 3D structures for
the overall inhibited conformation of sirtuins in a fast and accurate way. Second, we investigated
the performance of different approaches ranging from simple scoring methods such as docking to
more computationally demanding methods like binding free energy calculations.
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3.2. Identification of Sirt2-selective Inhibitors
Up until now, several sirtuin modulators have been reported; however, most of these compounds
lack potency, isoform-selectivity and/or drug-like physiochemical properties. Moreover, little is
known about how these inhibitors bind to sirtuins. In the present work (Manuscript 2, [181]),
we provide the first X-ray structures of Sirt2 in a complex with an isoform-selective drug-like
inhibitor called SirReal2. We aimed to establish the structural basis of Sirt2-selective inhibition
using computational methods and available sirtuin structures. To gain insights into the inhibition
mechanism, Sirt2-SirReal2 complexes are compared with the available sirtuin structures in apo
and ligand-bound conformations. To investigate the basis of SirReal2-mediated high-isotype
selectivity, sequence and structural alignment should be performed within the members of sirtuin
family. Assuming that SirReal2 binds to the other sirtuin subtypes in a similar fashion, the
question whether minor sequence variations in the binding site have an impact on SirReal2
binding is explored using homology modeling and MD simulations.

3.3. Design of the First Photochromic Epigenetic Inhibitors
Despite its great potential, pharmacotherapy often suffers from a number of limitations such as:
poor target selectivity and related side effects, and environmental toxicity and drug resistance. In
this respect, photochromic compounds have recently gained much interest as they provide the
possibility of a light-controlled reversibility to turn on and off enzymes [182]. Being a
multivalent regulator of several physiological pathways, controlling the biological functions of
sirtuins with small-molecules has great biomedical value. Therefore, the goal of this part of the
work (Manuscript 3, [183]) was to prepare photochromic sirtuin inhibitors that are structurally
related to an already known potent sirtuin inhibitor; Ro31-8220 (hSirt2; IC50 = 0.8 µM, [184]).
We aimed to rationalize the observed in vitro activities and explain the isotype selective
inhibition by carrying out docking studies on available Sirt1-3 structures and performing MMGBSA calculations on single protein-inhibitor complexes.
3.4. Identification of Novel Inhibitors for smSirt2 of Schistosoma mansoni
According to the World Health Organization (WHO), 261 million people needed preventive
treatment for schistosomiasis [185]. One of the main pathogens of schistosomiasis is the blood
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fluke Schistosoma mansoni which encodes 5 sirtuins that are orthologs of human Sirt1, Sirt2,
Sirt5, Sirt6 and Sirt7 [186]. Recently, human Sirt2 inhibitors were shown to be effective on both
worm life span and reproduction [186]. In order to determine smSirt2 activity, we developed
biochemical in vitro assays (Manuscript 4, [187]). These assays should enable us to screen large
compound libraries and subsequent hit identifications. Considering the close sequence homology
between schistosomal and human Sirt2, it was attractive to generate a homology model of the
smSirt2 protein and to rationalize the interactions of the identified inhibitors.

3.5. Development and Evaluation of Virtual Screening Methods
Over the past decade, sirtuins have been shown to operate as both tumor promoters and tumor
suppressors. To sort out biological functions of sirtuins in cancer and to gain in-depth
understanding of the underlying mechanisms that result in contradictory activities, potent and
isoform selective modulators of sirtuins are highly in need. Moreover, natural or natural productrelated synthetic compounds constitute nearly half of the anticancer drugs that have reached the
market from 1940s to 2010 [188]. Hence, we aimed to develop structure and ligand-based virtual
screening methods that would enable the identification of potential anticancer agents from
natural sources (Manuscript 5 [189] and Manuscript 6). The potential of such methods was to
be verified using the newly developed African natural product anticancer database (AfroCancer)
and already known anticancer drug targets.
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Abstract
Histone deacetylases (HDACs) are enzymes that cleave acetyl groups from acetyl-lysine residues
in histones and various non-histone proteins. Unlike the other three of the four classes of HDACs
that have been identified in humans, which are zinc-dependent amidohydrolases, class III
HDACs depend on nicotinamide adenine dinucleotide (NAD+) for their catalytic activity. The
seven members of the class III HDACs are also named sirtuins for their homology to Sir2p, a
yeast histone deacetylase. Some sirtuin isoforms were found to be specific for other acyl
modifications on the lysine side chain. Besides acetylation, modifications like propionylation,
butyrylation,

crotonylation,

malonylation,

succinylation,

myristoylation,

and

3-

phosphoglycerylation have been recently detected. Sirtuin inhibitors have been critical for the
linkage of sirtuin activity to many physiological and pathological processes, and sirtuin activity
has been associated with the pathogenesis of cancer, HIV, and metabolic and neurological
diseases. Presented here is an overview of the solved crystal structures of sirtuin subtpyes in
complex with inhibitors, substrates and activators. The chapter also covers computer-based
studies that resulted in the design and screening of novel sirtuin inhibitors representing useful
chemical probes for studying the biological role of sirtuin isoforms.

Keywords: Histone deacetylase, sirtuins, docking, virtual screening, QSAR.
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Abstract
Sirtuins form a unique and highly conserved class of NAD+-dependent lysine deacylases. Among
these the human subtypes Sirt1-3 has been implicated in the pathogenesis of numerous diseases
such as cancer, metabolic syndromes, viral diseases and neurological disorders. Most of the
sirtuin inhibitors that have been identified so far show limited potency and/or isoform selectivity.
Here, we introduce a promising method to generate protein-inhibitor complexes of human Sirt1,
Sirt2 and Sirt3 by means of ligand docking and molecular dynamics simulations. This method
highly reduces the complexity of such applications and can be applied to other protein targets
beside sirtuins. To the best of our knowledge, we present the first binding free energy method
developed by using a validated data set of sirtuin inhibitors, where both a fair number of
compounds (33 thieno[3,2-d]pyrimidine-6-carboxamide derivatives) was developed and tested in
the same laboratory and also crystal structures in complex with the enzyme have been reported.
A significant correlation between binding free energies derived from MM-GBSA calculations
and in vitro data was found for all three sirtuin subtypes. The developed MM-GBSA protocol is
computationally inexpensive and can be applied as a post-docking filter in virtual screening to
find novel Sirt1-3 inhibitors as well as to prioritize compounds with similar chemical structures
for further biological characterization.
Keywords: Sirtuin, MM-GBSA, MM-PBSA, virtual screening.
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Abstract
Sirtuins are a highly conserved class of NAD+-dependent lysine deacylases. The human isotype
Sirt2 has been implicated in the pathogenesis of cancer, inflammation and neurodegeneration,
which makes the modulation of Sirt2 activity a promising strategy for pharmaceutical
intervention. A rational basis for the development of optimized Sirt2 inhibitors is lacking so far.
Here we present high-resolution structures of human Sirt2 in complex with highly selective druglike inhibitors that show a unique inhibitory mechanism. Potency and the unprecedented Sirt2
selectivity are based on a ligand-induced structural rearrangement of the active site unveiling a
yet-unexploited binding pocket. Application of the most potent Sirtuin-rearranging ligand,
termed SirReal2, leads to tubulin hyperacetylation in HeLa cells and induces destabilization of
the checkpoint protein BubR1, consistent with Sirt2 inhibition in vivo. Our structural insights
into this unique mechanism of selective sirtuin inhibition provide the basis for further inhibitor
development and selective tools for sirtuin biology.
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Chromo-pharmacophores: photochromic diarylmaleimide
inhibitors for sirtuins
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Natascha Kuzmanovic, Morten Grøtli, Wolfgang Sippl, Manfred Jung,
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Chemical Science - Royal Society of Chemistry, 5, 4794-4799, 2014
online available: doi: 10.1039/c4sc01346h
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Abstract
Controlling the activity of sirtuins is of high biomedical relevance as the enzymes are involved in
cancer, neurodegeneration and other diseases. Therefore structural elements of 3,4bisindoylmaleimides (BIMs), which are known NAD+-dependent histone deacetylase (sirtuin)
inhibitors, were merged with photochromic diarylmaleimides to yield photoswitchable enzyme
inhibitors. The new inhibitors show excellent photophysical properties, are switchable even in
polar solvents, and subtype selective against hSirt2. The inhibitory activity changes up to a factor
of 22 for the two photoisomers and physiological properties can therefore be effectively toggled
by irradiation with light of different wavelengths. Docking experiments using the enzyme crystal
structure explain the observed activity changes based on the steric demand of the thiophene
substitution and the rigidity of the molecular structure.
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Fluorescence-based screening assays for the NAD+dependent histone deacetylase smSirt2 from
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Pierce, Christophe Romier, and Manfred Jung
Journal of Biomolecular Screening, 20(1), 112-121, 2015
online available: doi: 10.1177/1087057114555307
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Abstract
Sirtuins are NAD(+)-dependent histone deacetylases (HDACs) that cleave off acetyl but also
other acyl groups from the ϵ-amino group of lysines in histones and other substrate proteins. Five
sirtuin isoforms are encoded in the genome of the parasitic pathogen Schistosoma mansoni.
During its life cycle, S. mansoni undergoes drastic changes in phenotype that are associated with
epigenetic modifications. Previous work showed strong effects of hSirt2 inhibitors on both worm
life span and reproduction. Thus, we postulate smSirt2 as a new antiparasite target. We report
both the optimization of a homogeneous fluorescence-based assay and the development of a new
heterogeneous fluorescence-based assay to determine smSirt2 activity. The homogeneous assay
uses a coumarin-labeled acetyl lysine derivative, and the heterogeneous version is using a
biotinylated and fluorescence-labeled oligopeptide. Magnetic streptavidin-coated beads allow
higher substrate loading per well than streptavidin-coated microtiter plates and make it possible
to screen for inhibitors of either smSirt2 or its human isoform (hSirt2) for selectivity studies. We
also present hits from a pilot screen with inhibitors showing an IC50 lower than 50 µM. Binding
of the hits to their targets is rationalized by docking studies using a homology model of smSirt2.

Keywords: Schistosoma mansoni; epigenetics; histone modifications; in vitro assay; sirtuin.
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Abstract
Naturally occurring anticancer compounds represent about half of the chemotherapeutic drugs
which have been put in the market against cancer until date. Computer-based or in silico virtual
screening methods are often used in lead/hit discovery protocols. In this study, the “druglikeness” of ∼400 compounds from African medicinal plants that have shown in vitro and/or in
vivo anticancer, cytotoxic, and antiproliferative activities has been explored. To verify potential
binding to anticancer drug targets, the interactions between the compounds and 14 selected
targets have been analyzed by in silico modeling. Docking and binding affinity calculations were
carried out, in comparison with known anticancer agents comprising ∼1 500 published naturally
occurring plant-based compounds from around the world. The results reveal that African
medicinal plants could represent a good starting point for the discovery of anticancer drugs. The
small data set generated (named AfroCancer) has been made available for research groups
working on virtual screening.
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Abstract
Molecular modeling has been employed in the search for lead compounds for cancer
chemotherapy. In this study, pharmacophore models have been generated and validated for use
in virtual screening protocols for eight (8) known anticancer drug targets, including tyrosine
kinase, protein kinase B (PKB β), cyclin-dependednt kinase (CDK), protein farnesyltransferase,
human protein kinase, glycogen synthase kinase and indoleamine 2,3-dioxygenase 1.
Pharmacophore models were validated through receiver operating characteristic (ROC) and
Güner-Henry (GH) scoring methods, indicating that several of the models generated could be
useful for the identification of potential anticancer agents from natural product databases. The
validated pharmacophore models were used as 3D search queries for virtual screening of the
newly developed AfroCancer database (~400 compounds from African medicinal plants), along
with the NPACT dataset (comprising ~1,500 published naturally occurring plant-based
compounds from around the world). Additionally, an in silico assessment of toxicity of the two
datasets was carried out by use of eighty eight (88) toxicity end points predicted by Lhasa’s
expert knowledge-based system (Derek), showing that only an insignificant proportion of the
promising anticancer agents would be likely to show high toxicity profiles. A diversity study of
the two datasets, carried out using the analysis of principal components from the most important
physicochemical properties often used to access drug-likeness of compound data sets, showed
that the two data sets do not occupy the same chemical space.

Keywords: anticancer; natural products; medicinal plants; pharmacophore; toxicity; virtual
screening.
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5. Conclusion and Outlook
Sirtuins are potential therapeutic targets which have been linked to the pathogenesis of metabolic
disorders, viral and parasitic diseases, neurodegeneration and cancer. Hence, there is a growing
interest in the regulation of sirtuin activity via small molecules with drug like properties. In the
current work, we described in silico studies that would lead the development of novel sirtuin
inhibitors. For this purpose, we applied various approaches including homology modeling,
docking, molecular dynamic simulations, binding free energy calculations, and virtual screening.
5.1. Development of a Post-docking Filter: MM-GBSA Method
During the past two decades several series of sirtuin inhibitors have been identified, however,
most of these compounds showed limited potency and isoform selectivity. Therefore, we
addressed the issue of structure-based optimization of sirtuin inhibitors using a validated dataset
of compounds, which showed potent Sirt1-3 inhibition.
Due to the absence of Sirt1 and Sirt2 crystal structures in complex with the inhibitors under
study, we first generated protein-inhibitor complexes for each enzyme. We demonstrated that the
correct bound conformation of the Sirt isoforms could be employed in a fast and accurate way by
means of ligand docking and applying a short MD simulation. This method:


can be applied to other protein targets beside sirtuins,



reduces the complexity of applications such as homology modeling which requires
expertise,



and is limited to the availability of a 3D structure with close conformation to the homolog
protein of interest.

We observed that the applied docking protocol was able to correctly reproduce the binding mode
of the inhibitors, however, no correlation could be attained between the docking scores and
biological data (R2 = 0.26 for Sirt1, R2 = 0.18 for Sirt2 and R2 = 0.16 for Sirt3). Since docking
algorithms of today do not take solvation effects and protein flexibility into account, they often
fail to predict the binding affinity of compounds accurately. Thus, in the next step, we explored
the performance of more sophisticated methods such as binding free energy (BFE) calculations.
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Based on the obtained results from MM-PB(GB)SA calculations, the following conclusions can
be made:


A small number of frames retrieved from MD simulations provide a significant
correlation with the experimental data.
We observed a better performance of the BFE methods when we used a small collection
of protein-ligand complexes instead of one single conformation retrieved after energy
minimization or MD simulation. The possible reasons behind this observation could be:
-

the enlarged conformational space covered during MD resulted in complexes where
ligands show a better fit to the protein,

-

averaging the binding energies retrieved from a small collection of protein-inhibitor
complexes alleviated the error that comes from the energy terms which are sensitive
to the exact position of the ligand in the binding (e.g. the vdW term).



Among all different implicit solvation models tested, the best overall performance was
observed using the GB-1 solvation model (R2 = 0.79 for Sirt1, R2 = 0.76 for Sirt2 and R2
= 0.60 for Sirt3). We also found that the MM-GBSA method pursued with a fairly new
and not well studied GB-8 solvation model, gives promising results (R2 = 0.69 for Sirt1,
R2 = 0.72 for Sirt2 and R2 = 0.57 for Sirt3).



We determined a general improvement in the accuracy of binding poses when all the
docking poses were considered and ranked by enthalpy values in comparison to the topranked docking pose. However, the lowest binding energy pose was not always the
closest match to the crystal structure.



We tested whether we could get better correlation between biological data and enthalpy
values upon using the lowest binding free energy pose instead of the top-ranked docking
pose. We observed only a slight increase of R2 from 0.60 to 0.62 and q2LOO from 0.54 to
0.56.



Addition of entropy term with a simplified approach where the number of rotatable bonds
is taken into account did not improve the overall performance of the MM-GBSA
approach. Being computationally demanding and time consuming, normal mode analysis
was not tested to assess the entropic contribution in this work. Therefore, whether
including such methods into the MM-GBSA workflow will increase the overall
performance has yet to be explored in the future.
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Since the CPU time required for calculation of one inhibitor takes around 10 min, the
MM-GBSA approach would not be feasible to screen large compound libraries and
instead can only be used as a post-docking filter.

Figure 5.1. Workflow used in the development of post-docking filter for sirtuins. Adapted from [180].

In summary, the established MM-GBSA protocol (Figure 5.1.) is computationally inexpensive
and can be applied as a post-docking filter in virtual screening campaigns to identify novel
sirtuin inhibitors. Given the fact that this method is designed and validated for structure-based
optimization of inhibitors with similar chemical structures, one should be cautious if it could be
applied for datasets that cover a large chemical space. We recommend utilizing ensemble
docking methodologies as a docking protocol which would enhance the conformational space
covered and thus, enable a better prediction of the binding mode and affinity for each compound.

5.2. Structural Basis of Sirt2-selective Inhibition
Three critical issues have to be fulfilled in order to validate sirtuins as therapeutic targets:
1. Identification of potent and subtype selective sirtuin modulators to identify the targets of
sirtuin family members and thus, their key roles in physiological pathways,
2. Foundation of structural basis for subtype selectivity (e.g. crystallization of identified
modulators with the target),
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3. Structure-based optimization of compounds in order to obtain drug-like molecules with
optimized potency and physicochemical properties for further testing in animal models.
In this part of the work, we establish the structural basis of Sirt2-selective inhibition with newly
identified SirReal inhibitors. Among those, SirReal2 showed high selectivity for Sirt2 (IC50 =
140 nM), while only a slight inhibition of Sirt1 (22% inhibition at 100 µM) and Sirt6 (19%
inhibition at 200 µM) could be detected. Furthermore, no significant effects were seen against
the sirtuin isotypes Sirt3-5 and the classical HDACs; HDAC1 and HDAC6. Due to the lack of a
suitable screening assay for human Sirt7, the in vitro inhibition could not be measured for this
isoform. In order to rationalize the structure activity/selectivity relationship of SirReals, X-ray
crystal structures of SirReal2 were solved in the presence of substrate (Figure 5.2.) and cofactor
NAD+.

Figure 5.2. Crystal structure of Sirt2 in complex with SirReal2 and an acetyl-lysine peptide derived from
histone H3, (PDB; 4RMH). The structure of Sirt2 and the zinc ion is shown as green cartoon model and
sphere, respectively. Molecular structures of SirReal2 and substrate are illustrated as pink and cyan sticks,
respectively. A closer look of the binding site of the ligands is shown in the box. Only the interacting
protein residues are shown as green sticks, the bridging water molecule is displayed as pink ball and
hydrogen bonds are depicted as yellow dashed lines.

To get insights into the inhibition mechanism, we first compared the X-ray structures of Sirt2SirReal2 with the available sirtuin structures in apo and ligand-bound conformations. Next, we
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explored the basis of high-isotype selectivity against Sirt2. For this purpose, sequence and
structural alignments were done among the members of sirtuin family. We observed that Sirt4-6
exhibit substantial structural and amino acid sequence differences in their deacylases domain in
comparison to Sirt2. Such differences were highly prominent especially in the SirReal2 binding
pocket, rationalizing the observed lack of inhibitory effect on Sirt4-6 by SirReal2. On the other
hand, Sirt1 and Sirt3, which are phylogenetically more closely related to Sirt2, exhibit minor
sequence variations. We observed that Sirt1/3 apo (open conformation) structures are also more
similar to the Sirt2-SirReal2 complexes than the apo structures of Sirt5/6. We generated
homology models (HMs) of Sirt1 and Sirt3 to investigate whether these enzymes are able of
forming a similar allosteric binding pocket as seen in Sirt2-SirReal2 crystal structures. If so, we
wanted to explore whether the minor sequence variations within the active cleft of Sirt1/3 have
an impact on SirReal2 binding. To rationalize the SirReal2 binding in Sirt1/3 homology models,
we performed docking studies in the next step.
Based on the observed results obtained in this work, the following conclusions can be made:


SirReals rearranges the Sirt2 active site and behave as allosteric inhibitors.
-

Structural alignment of Sirt2-SirReal2 complexes with the available Sirt2 structures
(apo- and holo-) showed that the zinc binding domain in Sirt2-SirReal2 structures
adopts an open conformation similar to the one in Sirt2-apo.

-

In the previously solved sirtuin structures, a “closure” of the active cleft was observed
upon binding of a substrate or a pseudo-substrate. This closure induces the zinc
binding domain rotation against the Rossmann fold domain and helps to correctly
orientate the acetyllysine in the hydrophobic tunnel. In SirReal2-inhibited Sirt2
structures no closure of the substrate channel was observed, even in the presence of a
substrate.

-

The rearrangement in the acetyl-lysine channel does not prevent the binding of
peptide substrate. However, the bulky naphthyl moiety of SirReal2 forces the acetyllysine ~ 5Å out of its physiological position.

-

Collectively, these results suggest that, SirReal2 traps Sirt2 in an intermediate state
between apo, “open conformation”, and substrate bound, “closed conformation”
which is named as “open-locked conformation”. This unique conformation does not
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enable the correct orientation of the peptide substrate and prevents the deacetylation
reaction. These findings rationalize the inhibition mechanism of SirReals.


Selective inhibition of Sirt2 by SirReal2 results from Sirt2-specific amino acid network.
-

The dimethylpyrimidine (DMP) substituent of SirReal2 induces the formation of the
“selectivity pocket” which is located deep inside the catalytic cavity above the Cpocket. Sirtuin isotypes (Sirt1-6) exhibit major differences in their amino acid
sequence, particularly in their “selectivity pocket”.

-

Homology models of Sirt1 and Sirt3 provided evidence that even minor sequence
variations in the catalytic domain result in major shape and surface changes in
SirReal2 binding pocket. In the case of Sirt1, these mutations were mainly localized
in the binding pockets of the naphthyl and aminothiazole moieties, resulting in a
tighter extended C pocket. However, in case of Sirt3, these mutations were mainly
localized in the binding pocket of DMP, resulting in a larger and solvent-accessible
selectivity pocket.

-

Docking of SirReal2 into Sirt1/3 HMs resulted in less favorable docking scores in
comparison to the docking poses of SirReal2 into the Sirt2-SirReal2 complexes. The
reasons behind the poor score are:
 the unfavorable orientation of SirReal2 and the loss of van der Waals interactions
due to the residue mutations and structural differences in the active cleft of Sirt1
and Sirt3 HMs,
 loss of an intramolecular hydrogen bond between the amide of the aminothiazole
and nitrogen atom of the DMP moiety which gives SirReal2 a rigid form and
provides an ideal complementary shape in the active site of Sirt2.

In conclusion, the mutations and reorientation of residues in the deacetylase domain of sirtuin
subtypes result in substantial structural differences in the active cleft. These differences are
highly pronounced in the newly discovered allosteric binding pocket of Sirt2 that is formed upon
SirReal2 binding. Thus, this pocket can be targeted to design selective sirtuin inhibitors in the
future. Moreover, the newly developed MM-GBSA method can be applied for the structurebased optimization of SirReals.
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5.3. Identification of Potent and Sirt2-selective Photochromic Inhibitors
Sirtuins have been linked to the pathogeneses of several diseases such as cancer,
neurodegeneration, and metabolic disorders. Therefore, it is important to regulate the activity of
sirtuins to investigate their role in cellular processes. Introducing photochromic properties to the
scaffold of an already known ligand represent one such strategy to control the activity of the
enzymes by light. In order to develop presumably photoswitchable sirtuin inhibitors, we merged
the structure of photochromic diarylmaleimides with the pharmacophore of the known sirtuin
inhibitor, Ro31-8220 (hSirt2; IC50 = 0.8 µM, [184]) (Figure 5.3.).
The new compounds exhibited potent and Sirt2 selective photochromic inhibitors. Among those,
compound 11 (Figure 5.3.) showed the optimal photochromic and Sirt2 inhibition (open
photoisomer; IC50 = 4.2 µM, closed photoisomer; IC50 = 92.3 µM) properties:


Photoisomers of 11 differ more than 20 fold in their inhibition ability which allows the
remote control of the enzyme activity with green light,



Neither the open isomer, nor the closed isomer of 11 showed Sirt1 and Sirt3 inhibitory
effect under the same assay conditions, confirming its isotype selective inhibition of
Sirt2,



Photochemical conversion of the closed photoisomer to the open photoisomer of 11 is
possible in polar solvents which is essential for biological appliations

Figure 5.3. Known sirtuin inhibitor 1 (Ro31-8220) and the structurally related photochromic
diarylmaleimide 11 in open and closed photoisomers. Adapted from [183].
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Docking studies of diarylmaleimide inhibitors into the available Sirt1-3 structures were able to
explain the Sirt2 inhibition mechanism and also established the basis of structure activityselectivity relationship. Based on the docking results obtained in this work, the following
conclusions can be made:


Diarylmaleimide inhibitors occupy the acetyllsine pocket of Sirt2 and make H-bond
interactions with the conserved residue Val233 (Sirt2 numbering). Thus, maleimides
block the binding of acetyllysine substrate and inhibit the deacetylation mechanism.



The photochemical conversion from the open isomer to the closed isomer of
diarylmaleimides results in an inhibitory activity loss up to 22 factor. The observed
activity changes are based on the increase in the steric demand and the rigidity of the
molecular structure upon ring closure, resulting in unfavorable orientation of the
molecular structure and/or loss of H-bond interaction with Val233.



The different orientations of the amino acid residues in the acetyllysine channel of Sirt1
and Sirt3 structures restrict the interaction of maleimides in the binding pocket,
rationalizing the observed selectivity of photochromic inhibitor 11.

In conclusion,

the newly discovered compounds represent the first photochromic sirtuin

inhibitors reported in the literature. These compounds show Sirt2 selective inhibition with regard
to the Sirt1 and Sirt3 isoforms. However, to elucidate whether these compounds solely inhibit
Sirt2 isoform or not, further testing has to be done against other members of sirtuin family
including Sirt4-7. Moreover, in vitro competition assays against substrate peptide can be carried
out to confirm the proposed binding pocket for diarylmaleimides. Based on the docking results a
structure-based optimization of these inhibitors can be accomplished as a next step. In addition,
we expect that the application of this concept, merging different chromophoric groups with the
pharmacophores of already known inhibitors, would lead the identification of novel
photochromic sirtuin inhibitors in the near future.

5.4. Identification of Novel Inhibitors for smSirt2 of Schistosoma mansoni
Schistosomiasis is considered as one of the ‘neglected tropical diseases’ caused by parasitic
worms. Emerging number of people are affected each year fom schistosomiasis. Praziquantel is
currently the only antischistosomal agent used to control this disease and thus, there is an urgent
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need for the development of alternative therapeutics. Given the fact that hSirt2 inhibitors
showed strong effects on both the life span and reproduction of S. mansoni [186], the main
pathogen of schistomiasis, we screened our inhouse sirtuin inhibitors to search for novel smSirt2
inhibitors.
First, two complementary in vitro assays were developed to determine the activity of smSirt2.
Initial screens were conducted with a high-throughput fluorescence-based homogeneous assay
which is suitable for screening large compound libraries in a cost-efficient manner. We tested
230 compounds consisting of nicotinamide analogs and adenosine mimetics and identified nine
novel smSirt2 inhibitors with an inhibition higher than 50% at 100 µM. Since homogeneous
assays can produce false positive results due to the interference by fluorescent compounds, in the
next step, we counter-screened the identified smSirt2 inhibitors by using more costly
heterogeneous assay protocol. We could characterize 5 compounds, including the kinase
inhibitor Vatalanib (smSirt2, IC50 = 12 µM, Figure 5.4.), with an IC50 value ranging from 8 µM
to 37 µM. Due to the absence of a 3D structure of smSirt2, we generated a homology model of
this enzyme. We could rationalize the interaction of the identified inhibitors with smSirt2-HM by
means of docking (as an example docked pose of Vatalanib, Figure 5.4.).

Figure 5.4. Novel inhibitor of smSirt2; Vatalanib 2HCl. A) Molecular structure of Vatalanib 2HCl. B)
Homology model of smSirt2 (dark green ribbon) in a complex with docked Vatalanib (cyan ball and
sticks). Only interacting amino acid residues (white sticks) are shown for clarity. Residues that are
different in the smSirt2 acetyl lysine tunnel compared to human Sirt2 are shown as green sticks. Adapted
from [187].
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In general, the in vitro assay protocol presented in this work is a valuable tool to screen larger
compound libraries to identify novel smSirt2 inhibitors. Moreover, in silico virtual screening
campaigns based on our smSirt2 homology model can be harmonized with the biochemical
assays to increase the time-cost efficiency and to maximize the chemical space covered. Given
the fact that schistosomal and human sirtuins are closely related orthologs, it is important to
attain selectivity over human sirtuins. Thus, the focal point of the next step would be structurebased optimization of the hits to obtain smSirt2 selective inhibitors.

5.5. Development and Evaluation of Virtual Screening Methods
According to the World Health Organization (WHO), annual cancer cases are expected to rise
from fourteen (in 2012) to twenty-two million within the next 20 years [190]. Yet, natural or
natural product-related synthetic compounds comprise half of the anticancer drugs which have
reached the market in the last seventy years [191]. Due to their complex regulatory role in cell
proliferation and viability, sirtuins have spurred great interest in the field of anticancer research.
However, potent and isoform selective sirtuin modulators are still lacking and thus, probing
biological functions of sirtuins in cancer remains as an elusive goal.
5.5.1. Generation of AfroCancer Dataset
In this context, we first collected ~ 400 compounds (AfroCancer database) from the literature
analyses which have been isolated from African medicinal plants. Then, we evaluated the druglikeness properties of these compounds using Lipinski’s rule of five [126]. We observed that
newly developed AfroCancer dataset has enhanced drug-likeness properties in comparison to the
known Naturally Occurring Plant-based Anticancer Compound-Activity-Target (NPACT) [192]
and Dictionary of Natural Products (DNP) [193]. Moreover, we calculated a set of ADMETrelated properties of this library to detect compounds with limited drug-like properties. Principal
component analysis performed on the NPACT and AfroCancer datasets revealed that these two
libraries do not occupy the same chemical space, implying the presence of novel scaffolds in the
AfroCancer dataset.
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5.5.2. Structure- and ligand-based VS Approaches
In the next step, we established a structure-based VS method to detect the presence of potential
anticancer agents within the AfroCancer dataset. For this purpose, we carried out docking studies
using different scoring functions on fourteen selected known anticancer drug targets (as an
example, the androgen receptor in a complex with co-crystallized 9α-fluorocortisol, PDB ID;
1GS4, Figure 5.5.). A significant proportion of the dataset acquired comparable docking scores
and target interactions in comparison to the native ligands bound within the anticancer drug
targets (Figure 5.5.).

Figure 5.5. Glide docking of AfroCancer Dataset. A) Crystal structure of the androgen receptor (dark
green ribbon) in complex with co-crystallized 9α-fluorocortisol (cyan ball and sticks) (PDB ID; 1GS4).
B) Docking pose of luteolin-7-O-β-glucopyranoside (pink ball and sticks) onto the androgen receptor. C)
Comparison of the co-crystallized 9α-fluorocortisol and the docked luteolin-7-O-β-glucopyranoside. Only
interacting amino acid residues (white sticks) are shown for clarity. Water molecules and hydrogen bonds
are shown as red spheres and dashed lines, respectively. The molecular surface of the binding pocket is
displayed and colored according to the hydrophobicity. Polar regions are shown in magenta, hydrophobic
regions in green. Adapted from [189].

Moreover, we generated and validated pharmacophore-based VS models based on the known
eight anticancer drug targets. These pharmacophore models were subsequently applied on the
NPACT and AfroCancer datasets. We observed higher pharmacophore fit scores and hit rates in
the case of AfroCancer dataset, indicating the potential of this dataset to search for naturally
occurring anticancer agents.
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In conclusion, the newly developed AfroCancer dataset represent a good starting point for the
discovery of anticancer agents. Although a significant number of the compounds in the dataset
fulfill the drug-likeness criteria, some of them were predicted to be toxic. In order to evaluate the
performance of structure- and ligand-based VS models presented in this work, predicted hits
need to be experimentally tested. Docking- and pharmacophore-based VS methods have shown
to be vauable tools for hit identification, nevertheless, these scoring methods often do not reflect
the biological activity of the compounds. Therefore, we recommend post-processing of virtual
screening results with more sophisticated rescoring methods such as MM-GBSA method.
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