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Chapter 1

Introduction

1.1 Epigenetic Regulation

In 1942, Conrad Waddington defined epigenetics “as a branch of biology which studies the
casual interactions between genes and their products, which bring the phenotype into being”
[1]. Today, epigenetics is the study of heritable changes in gene expression that occur without
changes to the DNA sequence [2]. Genetic information is strictly regulated and organized
such that it is possible to modify a cells phenotype without changing its genotype [3]. This
process is in part controlled by epigenetic mechanisms, which modify gene functions without
changing the nucleotide sequence of the gene. There are many implications for epigenetic
research in important biological processes such as gene expression and silencing, apoptosis,

aging and cancer [4].

Three classes of epigenetic modifications can affect gene expression. In DNA methylation,
methyl groups are added and removed from DNA by DNA methyltransferases (DNMTs).
Another modification involves microRNAs, which influence expression through interaction
with mRNA [5]. Histone modifications influence chromatin structure though acetylation and

methylation of N-terminal lysine residues.

Both the scientific and medicinal communities recognize the importance of epigenetic
changes in cancer. It is known that epigenetic mechanisms are a critical component of
carcinogenesis, and thus the study of epigenetics will contribute to the development of more
effective tools for cancer diagnosis and treatment. Some evidence suggests that DNA
methylation may result from adverse exposures to epimutagens [6]. Environmental factors
have also been shown to influence histone modifications that subsequently could contribute to

the development of human cancer [7].
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1.2 Chromatin, DNA and Histones

Chromosomes are comprised of chromatin, which is a complex of DNA, RNA and proteins
that provides a physical barrier to transcription. The functional unit of chromatin is the

nucleosome, in which 146bp of DNA are wrapped around a histone core [8, 9] (Figure 1).

Histone-Core

Figure 1: DNA wrapped around histone proteins, forming an organized structure called chromatin,
which is folded to form the chromosomes (adapted from [10]).

Chromatin has a well-established repressive effect on the biochemistry of DNA, since it
restricts access of enzymatic and regulatory complexes to DNA. In the case of
heterochromatin, which is the more compact form of chromatin, transcription factors are
unable to bind to DNA. Not surprisingly, the formation of heterochromatin is therefore
correlated to the repression of gene transcription and arresting of cell division. Euchromatin

is the more lightly packed form of chromatin, and is often under active transcription.

Histones are basic proteins that are rich in lysines and arginines and are highly conserved
across eukaryotes. The histone tails sticks out from the nucleosome structure and can be
modified through acetylation, methylation, phosphorylation, ubiquitination and sumoylation
[11-12]. Small chemical compounds like methyl or acetyl groups can be covalently linked to
lysines or arginines. These amino acids serve as interaction sites for other proteins that can
recognize the histones and enable them to pack or unwrap. The modification of histones

during cell division has also been shown to be integral to the process of differentiation [13].
1.3 Histone Modifications

The ability of epigenetic modifications to influence transcription and translation signifies
these biological processes as potential drug targets. Additionally, epigenetic enzymes directly
affect the activity of important proteins, such as the inactivation of the tumor suppressor p53

through deacetylation by human SIRT2 [14, 15-17]. Another modification is the
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posttranslational cleavage of acetyl groups from g-amino groups of lysine residues in histone
tails by histone deacetylases (HDACs), which results in a free amino group in the lysine side
chain. With opposing activity, histone acetyltransferases (HATs) transfer an acetyl moiety to
lysine residues of histones (Figure 2) and ensure a balance between acetylation and
deacetylation of chromatin. Acetylation of histones has been mostly correlated with an

activation of gene expression, but repression has also been observed [18].

R\ ©C 0 HDAC R0
H > H
H\N N)J\CH ~< H\N N+H
| H 3 HAT | ’
R R

Figure 2: Histone acetylation and deacetylation.
1.4 Histone Deacetylases (HDACs) Class |, Il and IV

Eighteen members of the HDAC protein family have been identified and classified based on
their homology to yeast histone deacetylases [19]. Class I, II and IV represent the “classical”
histone deacetylase operating by Zn*" dependent mechanism. These proteins play crucial roles
in the regulation of cellular metabolism, and are interesting drug targets for treatment of wide

range of human diseases [20].
1.5 Histone Deacetylases - Class lll Sirtuins

The nucleolar S. cerevisiae protein Sir2p was the first sirtuin protein found, and was shown to
interact with histones and effect transcriptional silencing at telomeres [21-24]. The
corresponding gene of MAR1 (for mating type regulatorl) was discovered through random
mutagenesis by Klar and colleagues [22] to cause sterility by relieving silencing at the
mating-type loci HMR and HML. Random mutagenesis by Jasper Rine’s group led to the
discovery of three more genes with the sterile phenotype, and replaced the MAR
nomenclature with SIR (Silent Information Regulator) [22].

Gottlieb and Esposito [25] demonstrated that SIR2 is the only SIR gene required to suppress
recombination of ribosomal RNA. Gottschling and colleagues [26] found SIR2 to be a part of
mechanism that silences genes near telomeres. Brachman [20] and Derbyshire [21] discovered
four additional S. cerevisiae genes with high homology to SIR2 and named them HST
(homologues of SIR2). HST genes were found to be involved in silencing at the mating-type

loci and telomeres as well as cell-cycle progression and genomic integrity.
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SIR2 homologues were found in organisms ranging from bacteria to plants and mammals,
suggesting that SIR2 is a member of a large family called ‘sirtuins’. The modern sirtuin
family consist of seven members SIRT1-7, and mammalian sirtuins differ in their sub-cellular
localization. SIRT1, SIRT6 and SIRT7 are predominately in the nucleus. SIRT1 is largely
associated with euchromatin, whereas SIRT6 associates with heterochromatin [27, 28]. SIRT2
is located in the cytoplasm [29, 30], and SIRT3, SIRT4 and SIRTS are localized to the
mitochondria. With regard to activity, SIRT2 and SIRT3 have both deacetylase and mono-
ADP-ribosyl transferase [29-32], whereas SIRT6 and SIRT4 are only mono-ADP-ribosyl
transferase [31, 32].

1.5.1 Sirtuins Functions

Sirtuins are active on a wide variety of substrates and have been linked to a broad spectrum of
cellular functions (Table 1). SIRT1 has been found to interact with several tumor suppressor
proteins e.g (p53, Rb) and oncoproteins (BCL6), and regulates glucose homeostasis and aging
[33, 34]. SIRT1 deacetylation of the DNA repair enzyme Ku70 upregulates DNA repair, and
SIRT1 deacetylation of tumor suppressor protein p53 [35-39] enables apoptosis to occur in
response to genotoxic stress. SIRT2 co-localizes with the microtubule network and
deacetylates Lys40 of a-tubulin, which is a critical regulator of cell cycle progression [29].
The mammalian SIRT2 seems to suppress gliomas which are a type of brain tumor [28]. Not
surprisingly, SIRT1 activators such as Reservatrol have shown usefulness as cancer
therapeutics [40]. SIRT1 has also been linked to protection against Alzheimer’s diseases (AD)
in mouse models of (AD), likely by affecting pathways involving deacetylation of p53 and
PGC-1a [41-45]. Although the role of the mammalian SIRT2 in lifespan expansion has not
yet been determined, the orthologs of SIRT2 has been linked to lifespan extension through
caloric restriction in C.elegans, S. Cerevisiae, and D.melanogaster [46-48]. SIRT2 has been
shown to be up regulated in diabetic myocytes [49, 50]. SIRT2 was recently demonstrated as
an inhibitor of oligodendroglial differentiation of the microtubule cytoskeleton [28]. Some of
the effects of SIRT2 appear to be detrimental to neuronal health, e.g. SIRT2 may oppose
resistance to axonal degeneration [51]. Outerio et.al [52] reported that small molecule
inhibitiors of SIRT2 may provide therapeutic intervention in Parkinson’s diseases (PD). The
sirtuin inhibitor nicotinamide protects neurons against onoxic injury [53], and HDAC

inhibitors have been shown to exhibit neuroprotective effects [54- 56].
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Human SIRT3 is primarily located in the mitochondrial matrix [57, 58], and shows robust

histone deacetylase activity on the histone H4 peptide in vitro. The absence of histones in

mitochondria suggests that SIRT3 is active on non-histone targets [58]. SIRT7 expression

levels were found to increase significantly in breast cancer, and SIRT7 and SIRT3 are both

highly transcribed in lymph-node breast biopsies [59-62].

Table 1. Summary of known sirtuin enzymatic activities substrates and their biological functions [37]
for SIRT1 [38-43], SIRT2 [43-45, 63], SIRT3 [53, 59, 64-66], SIRT4 [48, 32], SIRTS [37], SIRT6
[61], and SIRT7 [51, 52, 62].

Sirtuin Activity Cellular Targets Biological
Human localization Functions
SIRT1 deacetylase nuclear AceCS1,Atg5,Atg7,Atg8 metabolism
ADP- BCL6, FOXOl1 regulation
ribosyltransferase histone H3, (K9,K14) glucose
Ku70,LXR,MEF2 homeostasis
MyoD, p300, p53 neuroprotection
p73, PCAF, Rb cardioprotection
TAF,68 anti/pro cancer
HIV transcription
aging, cell
survival
SIRT2 deacetylase cytoplasmic a- tubulin miotic exit from
ADP- histone H3 cell cycle
ribosyltransferase histone H4 tumor suppression
pS3 myelinogenesis
regulation of
cellular stress
SIRT3 deacetylase mitochondrial AceCS2 LYS deacetylation
ADP- GDH NAD (salvage)
ribosyltransferase histone H4 apoptosis,
thermogenesis
aging/cell survival
SIRT4 mitochondrial GDH regulation of
ADP- insuline
ribosyltransferase BSA secretion
NAD (salvage)
SIRTS mitochondrial | cytochrome c, histone unknown
deacetylase H4 aging
p53
SIRT6 deacetylase nuclear histone H3 regulation of
ADP- metabolism
ribosyltransferase cell survival/aging
telomere
maintance
SIRT?7 deacetylase nuclear pS3 RNA polymerase |

activation
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cell survival/aging

1.5.2 Overall Structure of Sirtuins

In contrast to the zinc-dependent deacetylation mechanism of class I, I and IV HDACS,
sirtuins (class III HDACs) depend on NAD" to carry out catalytic reactions [67]. All
published sirtuin structures contain a conserved 270 amino acid catalytic domain with
variable N- and C-termini. Crystal structures for human SIRT2, SIRT3 and SIRTS5 have also
been solved (Figure 3), and possess a small zinc-binding domain and a large Rossmann fold
that is characteristic of NAD-binding proteins. The two domains form a cleft in the middle
where NAD" and the acetylated (Ac) peptides bind. Crystal structures for several bacterial
Sir2 proteins were also resolved whereas no 3D structure is available for Sirtl [51].

SIRT2 SIRTS

Rossmann fold domain

Ac -Lysine binding site

Figure 3: Crystal structure of the human sirtuins SIRT2 (pdb code 1J8F) and SIRTS (pdb code
2B4Y). The secondary structure elements are colour coded: red = a-helices, yellow = b-strands, blue =
turns, green = loop regions).

The only sirtuin X-ray structure that contains complete NAD" is the archaebacterial Sir2-Afl
(Figure 4A). The NAD" binds in a region at the interface of the larger and smaller domain
[51]. Based on the X-ray structure it is possible to distinguish different regions of NAD"
binding. The X-ray structure of Archaeoglobus fulgidus Sir2-Af2 was found by Wolberger et
al. [68], and was resolved as a complex with an acetylated peptide from p53 (Figure 4 B). The
p53 peptide is situated between the Rossmann-fold and the zinc-binding domain. As shown in

Figure 4 B, the peptide interacts with two regions of Sir2-Af2 known as -stable domain. The

6



Urszula Uciechowska
Comment on Text
Buck, S.W., Gallo, C.M., and Smith, S., Diversity in the Sir2 family of protein deacetylases. J. of Leukocyte Biology, 75, 939-950, 2004.

Urszula Uciechowska
Comment on Text
Michan, S., and Sinclair, D., Sirtuins in mammals: insights into their biological
function. Biochem. J. 404, 1-13, 2007.

Urszula Uciechowska
Comment on Text
Michan, S., and Sinclair, D., Sirtuins in mammals: insights into their biological function. Biochem. J. 404, 1-13, 2007.

Urszula Uciechowska
Comment on Text
Avalos, J. L., Celic, I., Muhammad, S., Cosgrove, M. S., Boeke, J. D., Wolberger, C. Structure of a Sir2 enzyme bound to an acetylated p53 peptide. Mol. Cell. 10, 523-535, 2002.


acetyl-lysine was found to adopt an extended conformation that allows it to insert into a cleft
and point toward the location of the cofactor [55]. It is suggested that the NAD" and substrate

binding process shows a cooperative effect [51].

Figure 4: Crystal structures of, A Sir2-Afl (pdb code 1ICI) in complex with NAD" in orange, B Sir2-
Af2 (pdb code 1MA3) in complex with an acetylated p53 peptide, the Zinc ** atom is coloured in
yellow.

1.5.3 The NAD" Binding Pocket

The NAD" binding pocket can be divided into three distinct regions A, B and C. This division
is based on the interaction of adenine (A), ribose (B) and nicotinamide (C) which are parts of
the cofactor (Figure 5). Whereas the interaction of adenine and ribose is similar in all
available Sirtuin X-ray structures, the interaction of the nicotinamide part is less clearly
defined. Several, so called productive and non-productive conformations of nicotinamide
have been observed in crystal structures, reflecting the high flexibility of this part of the
cofactor. In the X-ray structure of a SIRT2 homologue from Archeabacteria it was shown that
the acetylated peptide binds in a cleft between the two domains [69]. The acetyl-lysine
residue inserts into conserved hydrophobic pocket, where NAD" binds nearby. In case of the
human SIRT2 X-ray structure, no structural information about the NAD" or substrate binding
is available. However, due to the homology with bacterial Sirtuins, docking studies showed
that NAD" interact in a comparable way with human and bacterial enzyme [70]. The B and C
sites are thought to be directly involved in catalysis. In the presence of acetyl-lysine, NAD"

bound to the B site, bringing the C nicotinamide group in proximity to the C site, where it can
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be cleaved [70]. The ADP-ribose product of this reaction may then return to B site, where
deacetylation of acetyl-lysine takes place. The organization of the NAD" binding site might
explain how nicotinamide inhibits sirtuin activity. Thus, at high concentration, free
nicotinamide may occupy the C subpocket and block the conformational change of NAD"

[68].

Nicotfhamide )
pocket (C) ’:4

Figure 5: Interaction of NAD" in sirtuins binding pocket predicted by docking studies. The molecular
surface of the protein is coloured according to the cavity depth.

1.5.4 Catalytic Mechanism of Sirtuins

Several mechanisms by which Sir2 proteins catalyze the NAD" have been proposed [63, 71-
74]. However, it is still unclear if the initial step, cleavage of nicotinamide from NAD" is
caused via Syl or Sn2 type mechanism (Figure 6). Syl type mechanism resulting in an
oxocarbenium intermediate II which is attacked by the acetyl-lysine leads to the O-
alkylamidate I. Similar in an SN2 reaction the acetyl carbonyl oxygen directly attacks C1” of
nicotinamide ribose, forming nicotinamide and the O-alkylamidate species II. Recent
evidence strongly supports the Sx2 pathway [40]. The next step is the activation of the 2’-
hydroxyl of the O-alkylamidate I by a histidine residue in the active site. An intramolecular
nucleophilic attack of the O-alkylamidate leads to a 1°, 2’-cyclic intermediate III. Finally, a
water molecule leads to formation of the deacetylated peptide and 2’-OAADPR. An
intramolecular trans-esterification of 2-OAADPR results in a mixture of 2- and 3'-

OAADPR. OAADPR was reported as NAD -competitive inhibitor for yeast Sir2 with a K; of
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177 uM. The other product of the deacetylation step nicotinamide was reported to be the

physiological inhibitor of sirtuins [75, 76].
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Figure 6: Proposed steps involved in the Sirt2 reaction mechanism [77].
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1.6 Sirtuin Inhibitors

Several classes of sirtuin inhibitors have been described over the past few years, such as
NAD" derivatives (e.g. nicotinamide, carba-NAD", NADH), coumarins and related
derivatives (splitomicins, HR73) 2-hyroxynaphthaldehyde derivatives (e.g. sirtinol, para-
sirtinol, M 15, cambinol) [78, 79], tricyclic derivatives, and indole derivatives [80]. Recently,
several adenosine mimetics were identified as sirtuins inhibitors [81]. Selective and potent
inhibitors are needed to understand the role of these enzymes in biological processes, and

several of these compounds are in preclinical evaluation as potential drug candidates.

1.6.1 NAD" Derivatives

Nicotinamide is a vitamin Bj derivative and is an essential nutrient. It is a physiological
inhibitor of sirtuins, and inhibits SIRT1 and SIRT2 with ICsy values of 50-100uM. Some
studies reported that nicotinamide is an allosteric noncompetitive inhibitor [82] interacting
with the subpocket C of sirtuins. The direct backward reaction of nicotinamide with the O-
alkylamidate intermediate to NAD" is discussed as a reason for sirtuin inhibition [83]. The
nicotinamide analog 2-anilinobezamide was identified as an SIRTI inhibitor in library
screening by Suzuki et al. with an ICs value of 17uM [84] (Figure 7).

Carba-NAD" is an inhibitor of NAD" dependent histone deacetylases, which compete for
coenzyme binding in the active site. This compound consists of NAD" with a carbon instead
of an oxygen atom in the nicotinamide nucleotide part. Structures related to carba-NAD" have
been found to inhibit other NAD"-dependent enzymes, indicating that NAD" analogues seem

to be suitable for further development of small sirtuin inhibitors [83, 71].
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Figure 7: Molecular structure of (1) Nicotinamide, (2) 2-anilinobenzamide, (3) carba-NAD".

1.6.2 Coumarin Derivatives

Bedalov et.al identified splitomicin (4) (Figure 8) through cell-based screening in S.cerevisae
as inhibitors of Sir2p and HST1 [85]. Mutational studies of the domain near the peptide
binding site suggest that splitomicin inhibits sirtuins by hindering access of the acetylated
lysine peptide to Sir2. The activity of splitomicins is limited by hydrolysis of the unstable
lactone ring, which decreases the potency of the inhibitor. Through the study of 100
splitomicin derivatives, Hiaro et.al found several selective SIRT1 and HST1 inhibitors. One

such inhibitor is HR73 (5), a bromo-substituted splitiomicin, inhibited SIRT1 in vitro with an

ICso value of SuM [86].
; . Uos

SO eL Cy
Br Br
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Figure 8: Molecular structure of (4) splitomicin, (5) HR73, and (6) p-aryl splitomicin.
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1.6.3 Hyroxynaphthaldehyde Derivatives

Random screening to of 1600-compounds by Grozinger et al. led to the identification of
Sirtinol, which inhibited Sir2p with an ICsy value of 68 uM and SIRT2 at 38uM in vitro [86].
Mai et al. published a set of Sirtinol analogues [87], and discovered p-Sirtinol to be a more
potent SIRT1 and SIRT2 inhibitor than Sirtinol (Figure 9). Additionally, Sirtinol was found to
as a prodrug in cell cultures through the release of naphthoic acid [87].

Cambinol, was discovered through random screening, was found to inhibit SIRT1 and SIRT2
with 1Csy values of 56 uM and 59 uM and was inactive on SIRT3 and SIRTS [88]. The
compound displayed anticancer activity in an animal model, and a competition experiment
with NAD" and histone H4 peptide showed the compound to be competitive with the peptide
substrate. Heltweg et.al found evidence of cellular activity through observation of cambinol-
mediated hyperacetylation of p53, a-tubulin, Ku70 and FOXO3a [89]. An analogue of
Cambinol without the $-naphtol group was not able to inhibit sirtuins in vitro and did not lead

to apoptosis in lymphoma cells.
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Figure 9: Molecular structure of (7) Sirtinol, (8) meta-Sirtinol, (9) para-Sirtinol, (10) cambinol.
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1.6.4 Indole Derivatives

High-throughput screening by Napper et al. identified Indole derivatives as sirtuin inhibitors
with an ICsy value of 100 nM for SIRTI1, and selectivity over SIRT2 (ICso 19,6 uM) and
SIRT3 (ICsp 48,7 uM) [90]. Class I, I HADACs were not inhibited by Indole at a
concentration of 100 uM. The most potent derivative (EX-527, Figure 10) was shown to

penetrate cells and inhibit deacetylation of p53 at a concentration of 1 uM [91].

z
Z
I

11 12

Figure 10: Molecular structure of (11) Indole 35, (12) EX-527.

1.6.5 Suramin

Suramin is a symmetric polyanionic naphthylurea derivative (Figure 11) that was originally
used for the treatment of trypanosomiasis [92]. It shows a wide range of biological activities
such as antiproliferative and antiviral activity. Trapp et al. observed that Suramin inhibits
SIRT1 [93]. Suramin exhibited an ICsy value of 297 nM against SIRT1 and 1150 nM against
SIRT2 [94]. A SAR study of suramin found the suramin core structure (NF675) showed ICs
of 93 nM, and modification of the benzoyl portion of suramin slightly increased the inhibitory
potency. Theoretical studies using X-ray structure of suramin cocrystallized with human
SIRTS and docked into a SIRT2 model suggest that the binding pocket for suramin is
localized between the nicotinamide binding site and peptide substrate-binding region [94].
This observation is in agreement with the results obtained by a competition analysis, in which
suramin was found to be a noncompetitive inhibitor with respect to both NAD" and the
peptide substrate. Suramin derivatives are useful tools for the development of novel sirtuin
inhibitors, although the therapeutic application of suramin may be problematic due to the high

polarity.

13


Urszula Uciechowska
Comment on Text
Napper, A.D., Hixon, J., McDonagh, T., Keavey, K., Pons, J.F., Barker, J., Yau, W.T., Amouzegh, P., Flegg, A., Hamelin, E., Thomas, R. J., Kates, M., Jones, S., Navia, M.A., Saunders, J.O., DiStefano, P.S., Curtis, R., Discovery of indoles as potent and selective inhibitors of the deacetylase SIRT1. J.Med.Chem, 48, 8045-8054, 2005.

Urszula Uciechowska
Comment on Text
Solomon, J.M., Pasupuleti, R., Xu, L., McDonagh, T., Curtis, R., DiStefano, P.S., Huber, L.J. Inhibition of SIRT1 catalytic activity increases p53 acetylation but does not alter cell survival following DNA damage. Mol.Cell.Biol. 26, 28-38, 2006.

Urszula Uciechowska
Comment on Text
Voogd, T.E., Vansterkenburg, E.L, Wilting, J., Janssen, L.H. Recent research on the biological activity of suramin. Pharmacol. Rev. 45, 177-203,1993.

Urszula Uciechowska
Comment on Text
Trapp, J., Meier, R., Hongwiset, D., Kassack, M. U., Sippl, W., Jung, M. Structureactivity
studies on suramin analogues as inhibitors of NAD+ -dependent histone deacetylases (sirtuins). Chem.Med.Chem. 2, 1419-1431, 2007.

Urszula Uciechowska
Comment on Text
Tervo, A.J., Suuronen, T., Kyrylenko, S., Kuusisto, E., Kiviranta, P.H., Salminen, A., Leppanen, J., Poso A. Discovering inhibitors of human sirtuin type 2: Novel structural scaffolds. J.Med.Chem. 49, 7239-7241, 2006.

Urszula Uciechowska
Comment on Text
Tervo, A.J., Suuronen, T., Kyrylenko, S., Kuusisto, E., Kiviranta, P.H., Salminen, A., Leppanen, J., Poso A. Discovering inhibitors of human sirtuin type 2: Novel structural scaffolds. J.Med.Chem. 49, 7239-7241, 2006.



SO,Na SO,Na

NaO,S l l l l SO,Na

so,Na HN_ o NH SO,Na
0 0
N N
N
N il
CH, o)
13
SO Na SO Na
NaO,S l : #‘ ,‘ _SO;Na
O Na NH SO Na
0 0
N N
H H
NH,
14

Figure 11: Molecular structure of (13) Suramin, and (14) NF-675.

1.7 Sirtuin Activators

The first sirtuin activator was reported by Sinclair et al. [95, 96]. The phytoalexin Reservatrol
(3, 4, 5- dihydroxystilbene, Figurel2) and several similar plant derivatives were identified
using an in vitro assay and fluorescent tags [97]. Commonly found in red wine, Reservatrol
has an enzyme activity by (EC;s) of 46 uM with a 200% maximum activation in SIRT1
enzymatic assay [40, 96]. Reservatrol treatment extended the lifespan of yeast cells, worms,
fruits flies and vertebrate fish. Further investigations for small molecule activators gave a
number of non-polyphenolic compounds as SIRT1 activators. Nayagama et.al reported
treatment with pyrroloquinoxalines showed 2-fold activation of SIRT1 at 10 uM (Figure 12)

[97]. Milne et al. found a series of imidazothiazoles as selective SIRT1 activators which also
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showed activity in a cell-based SIRT1 deacetylation activity assay. Sirtuin activators appear
to be promising for the treatment of human diseases such as diabetes type 2 [78],
Huntington’s disease [96], Alzheimer’s disease [95], inflammation [79], and cancer [98], but

are still in early stages of development.

15 16

Figure 12: Molecular structure of Sirtl activators (15) Reservatrol, (16) Pyrroloquinoxalline, (17)
SRT-1720.

1.8 Aim of the work

The Sir2 family of proteins are class III histone deacetylases that are conserved in organisms
ranging from archaea to human. The Sir2 complex represses transcription at telomeres,
mating-type loci, and ribosomal DNA, and suppresses recombination. Sir2 proteins are active
as NAD" dependent deacetylases, and many structural aspects are conserved throughout the
protein family (including the core domain, acetyl-lysine substrate channel, and zinc binding
module). Potent and subtype-selective inhibitors will be needed to distinguish between the
biological function of the various Sir2 enzymes. Our work focuses on the design of selective
and potent inhibitors of SIRT2, a member of the Sir2 protein family, through both analytical
and theoretical methods.

The study was accomplished through:
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the discovery of novel inhibitor scaffolds through virtual screening

the study of the binding mode and interactions of selected compounds with the SIRT2
protein

the analysis of the stability of the selected compounds in the SIRT2 protein by means
of molecular dynamic simulations

the calculation of binding free energy calculations to predict the biological activity of
novel and potent inhibitors

the incorporation of experimental results from Prof. Manfred Jung’s group (University

of Freiburg)
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Chapter 2

Computational Methods

The rapid development of computer technology and new modeling software in the last two
decades gave a strong boost to the field of computer assisted molecular design (CAMD). X-
ray crystallography, NMR and spectrometry provide data about bond energies, angles,
electron density distributions and other properties of molecules. The increased availability of
three-dimensional structures of small molecules and target proteins was essential for the
establishment of computational drug discovery. The first part of this chapter presents a brief
overview of current molecular docking techniques and scoring functions, which are applied to
the discovery of binding modes for potential lead compounds. Virtual screening methods
search large databases for compounds suitable for biological testing. The free energy section

describes approaches used to predict binding energies of potential hit molecules.
2.1 Molecular Docking

Molecular docking is an important tool in structural biology and computer assisted molecular
design. The main idea of this method is to predict the binding mode of a ligand for a protein
with known three-dimensional structure. Docking methods are used to effectively search
high-dimensional spaces and use scoring functions to correctly rank obtained conformations
[99]. Several docking algorithms and techniques have been developed. The most commonly
applied methods use genetic algorithms or molecular dynamics related search methods [100-
104]. Protein flexibility is the main problem in current docking procedures. This is mainly due
to the computational cost in exploring many degrees of freedom. Therefore docking a static
protein structures is usually carried out. The flexibility problem of the ligand is handled e.g.
by dividing the ligand into smaller fragments. De novo algorithms create new molecules from
a fragment database whereas combinatorial docking algorithms use molecular libraries for
docking. The most popular docking programs are FlexX [105], G1ide [106], AutoDock
[107], DOCK [108] and GOLD [109]. FlexX allows for flexible ligand docking into different
binding site conformations, DOCK uses so called place and join algorithm, and GOLD
implements a genetic algorithm. Some of the docking programs do not use force fields

(FlexX and GOLD) to setup ligand structures. DOCK and AutoDock use an AMBER force

17


Urszula Uciechowska
Comment on Text
Lech, A. Molecular Modelling. Principles and Application. Prentice Hall, 2001.

Urszula Uciechowska
Comment on Text
Höltje, H.D., Sippl, W., Rognan, D., and Folkers, G. Molecular Modelling: Basic principles and applications. Wiley-VCH, 2003.

Blaney, J.M. and Dixon, J.S. A Good Ligand is hard to find: Automatic Docking
Methods.Perspect. Drug Disc. Des.,15, 301, 1993.

Kuntz, I.D., Structure-Based Strategies for Drug Design and Discovery. Science, 257, 1078, 1992.

Oprea, T. I., and Marshall, G. R., Receptor-Based Prediction of Binding Affinities. Perspect. Drug Discovery Des., 35, 1998.

Tame, J.R.H. Scoring Functions: A View from the Bench. J.Comput.-Aided Mol. Des., 13, 99, 1999.

Urszula Uciechowska
Comment on Text
Rarey, M., Kramer, B., Lengauer, T., and Klebe, G. A fast flexible Docking Method using an Incremental Construction Algorithm. J.Mol.Biol., 261, 470, 1996.

Urszula Uciechowska
Comment on Text
Friesner, R.A., Banks, J.L., Murphy, R.B., Halgren, T., Klicic, H., Mainz, D., Repasky, M., Knoll, M., Shelley, M., Perry, J.K., Shaw, D.E., Francis, P and Shenkin, S. Glide: A New Approach for Rapid, Accurate Docking and Scoring. 1. Method and Assessment of Docking Accuracy. J. Med. Chem., 47, 1739–1749, 2004.

Urszula Uciechowska
Comment on Text
Goodsell, D.S., and Olson, A. J. Automated Docking of Substrates to Proteins by Simulated Annealing. Proteins: Struct. Funct. Genet. 8, 195, 1990.


Urszula Uciechowska
Comment on Text
Kuntz, I. D., Blaney, J. M., Oatley, S.J., and Langridge, R.L. A Geomtric Approach to Macromolecule-Ligand Interactions. J. Mol. Biol., 161, 269, 1982.

Urszula Uciechowska
Comment on Text
Jones, G., Willett, P., Glen, R.C., and Leach, A.R. Development and Validation of Genetic Algorithm for Flexible Docking. J. Mol. Biol., 161, 267, 1997.


field, and therefore require partial charges. In this study GOLD and DOCK programs where

used and detailed information are presented below.

GOLD (Genetic Optimisation for Ligand Docking developed by Jones et al. [109]) was one of
the first docking programs and based on a genetic algorithm. The computer program “mimics
the process of evolution by manipulating a collection of data structures called chromosomes”
[109]. The implemented Goldscore scoring function consists of terms for protein-ligand
hydrogen bonding, van der Waals energy, ligand torsional energy and internal van der Waals

energy.

DOCK uses an incremental construction algorithm called place and join. The ligand is divided
into two fragments having one atom in common, and then placement lists are created for each
fragment. The DOCK algorithm searches through these lists for placement pairs, in which the
common atom is located at the same point [108]. Finally, the fragments are reconnected,

energy minimized, and scored.
2.1.1 Scoring Functions

Scoring functions are an important part of every docking program. There exist three types of
scoring functions that are commonly used in molecular docking calculations: force-field
based scoring, empirical and knowledge-based scoring. The force field based scoring uses
non-bonded interaction terms and is usually more computationally expensive than the other
methods [110-112]. A disadvantage of a force field based score is that they measure only
potential energies rather than free energies; consequently electrostatic energies often dominate
the docking. The force field score used in DOCK consists of the intermolecular terms of the
AMBER energy function [113-115]. The GOLD program uses a scoring function that
combines a Lennard-Jones potential with additional terms for hydrogen bonding. The energies
of hydrogen bond between donors and acceptors are calculated using model fragments, and
account for desolvation [116]. Empirical scoring techniques employ regression methods to fit
coefficients of physically motivated structural functions by using a training set of protein-
ligand complexes with measured binding constant. These scoring functions are implemented
in many docking programs; they are fast and show good prediction of known protein-ligand
complexes [117-119]. Knowledge based scoring functions apply statistical atom pair

potentials derived from structural databases for scoring [120]. Known are also chemical
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scores, contact scores, and shape complementary scores [121- 124]. There are plenty of
scoring functions available today. Unfortunately none of them can reliably and consistently
predict the binding strength of a protein-ligand complex [125-128]. Another common
approach is consensus scoring, which combines two or more scoring functions to improve the

results.
2.2 GRID - Molecular Interaction Fields

The GRID program was originally developed by Goodford [129]. The program calculates
interactions between a “probe” (small molecule or molecular fragment) and a “target”
(macromolecular system) in order to determine energetically favourable binding regions. The
probes imitate the chemical characteristics of a fragment or binding mode. The interaction

energy between a “probe” and “target” is calculated using equation (1).

Egriv= Y Evy + 2 EgL + Y Ens §))

where (Erj) is Leonnard-Jones energy, (EpL) is an electrostatic term and hydrogen bond
interaction Epg. This approach provides a numerous single and multi-atom probes such as

hydrophobic named DRY or polar groups, with water or ions.

GRID is widely used to study small molecules such as drugs or molecular arrays such as
membranes or crystals, and macromolecules, such as proteins, nucleic acids, glycoproteins or
polysaccharides [130-134]. GRID can be used to understand the structural differences related

to enzyme selectivity, a fundamental component of rational design of drugs [135].
2.3 Virtual Screening

Virtual screening (VS) and High-throughput screening (HTS) are techniques regularly used in
drug discovery. HTS is employed to experimentally screen hundreds of thousands of
compounds against a target protein. This is in contrast to a theoretical approach [136-138] that
was designed for searching large databases and selecting candidate molecules for biological
testing. In recent years, VS methods have become common in drug discovery research, as
they reduce the number of candidate molecules to be tested by HTS [139]. A variety of
similarity searching tools can be implemented in VS such as various two-dimensional (2D)
and three dimensional (3D) structural queries, pharmacophore models, 2D and 3D
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fingerprints and QSAR models [140-143]. There are many examples of successful virtual
screening (VS) applications in the literature. Shapira ef al. [143, 144] found a new agonist and
antagonist for Retinoic acid receptor, Klebe et al. [145] found several novel inhibitors for
human carbonic anhydrase II, and small number of compounds potentially inhibitors of RNA
were found. Another reported application of (VS) was 3D pharmacophore searching in

discovery of VLA-4 integrin antagonists with submicomolar activity [146].

A variety of filtering methods can be applied to eliminate compounds with unwanted
properties. One valuable approach is the removal of substances containing reactive, toxic or
undesirable groups. In a next step, so called Lipinski rule of five [147] should be applied to
evaluate druglikness. According to this rule the molecular weight of a molecule should be
lower than 500, the lipophilicity expressed by clogP octanol/water partition coefficient should
be lower than 5, the number of hydrogen bond donors should not be larger than 5, the sum of

nitrogen and oxygen atoms should not be higher than 10.
2.4 Molecular Dynamics Simulations

The first molecular dynamic (MD) simulation was performed by Alder and Wainwrigt in the
late 1957 to study the relaxations accompanying various nonequilibrum phenomena [148], the
first publication describing an MD simulation of experiments explored bovine pancreatic
trypsin inhibitor (BPTI) [149]. The following years brought a big interest in MD simulation
for the study of both proteins and nucleic acids. Most of these studies focused on the physical
aspects of the internal motions, and provided the interpretations for experimental results. The
MD simulation programs used, for example, AMBER [150], GROMACS [151] and CHARMM

[152], still have a wide range of capabilities.

MD simulations can be understood as an analogy to a real experiment but in a virtual
(hypothetical) environment. In this experiment, one can prepare a sample of the material of
interest, connect the sample to a measuring instrument such as manometer or thermometer
and measure it during a certain time interval. The longer we average and measure, the more
accurate measurements we have. In MD simulations, one uses exactly the same approaches.
Firstly, the sample is prepared, then usually a model system is selected that consist of N
particle of the sample, then Newton’s equations of motion for this system are solved until the

properties of the system no longer change with time. When this occurs, the system is said to
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have been equilibrated. Netwon’s equation of motion is given by (2)
F=m;a; 2)

where, Fi is the force exerted on particle i, m; is the mass of particle i, and a; is the

acceleration of particle i.

All simulation methods require a potential energy surface, which can be usually accomplished
by applying the laws of classical mechanics. Applications of molecular mechanics employ
energy minimization, molecular dynamics and Monte Carlo methods to move around the
hypothetical potential energy surface (Cornell) [153]. These methods are effective at

modelling non-covalent interactions between the molecules.

Analytical potential energy functions are used in simulation studies describe bond stretching,
bond angle deformation, torsional and dihedral angle space and non- bonding terms including
the short range van der Waals interactions and the long range electrostatic contributions. Bond
stretching and bond angle deformation forces are usually represented by a simple harmonic
potential. Torsional rotation forces are generally modelled with a truncated Fourier series, and
non-bonded van der Waals interactions are most often represented as Lennard-Jones
(exchange and dispersion) and Coulomb (electrostatic) potentials [154]. Electrostatic and van
der Waals interactions are calculated between atoms in different molecules, or for atoms in

the same molecule separated by at least three bonds. The energy of the system is given by,

1 1
ER)=— K,(b-b,)" +— 1<®(@—®0)2+l K, [1+cos(ng - 8)]
BONDS BONDS TORSIONAL
ANGLES
. (i_£+ 0.9; ) ®
12 6 D
NBZPAIRS\ V r -

where, the energy, E, is a function of the Cartesian coordinate set, R, specifying the positions
of all the atoms, from which the internal coordinates for bond lengths b, bond angles, dihedral

angles ©¢, and interparticle distances r are calculated. K, and K¢ are force constants. The

first term in equation 3 represents displacement from the ideal bond length, b by a Hooke’s
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law (harmonic) potential. This is the first approximation to the energy of a bond as a function
of length. Bond force constants determine the flexibility of the bond and can be evaluated
from infrared stretching frequencies or quantum mechanical calculations. Ideal bond lengths
can be inferred from high resolution or low temperature crystal structures. The energy
associated with alteration of bond angles, given by the second term in equation 3, is also
represented by a harmonic potential. For rotations about bonds, a torsion angle potential

function is given by the third term in the equation.

MD method can be implemented to study the behaviour of a molecular system and to provide
the physical basis of the structure and function of a macromolecular system. Processes such as
melting, adsorption and formation of molecular complexes can be investigated. Such studies
may lead not only to improved understanding and insight, but also to practical results such as
engineered proteins or materials with properties optimized for particular applications. It is
clear that the results available from molecular dynamics will play important roles in the future

for understanding biology and chemistry.

The main drawback of MD is simulation time, which is currently limited to nanoseconds due
to the complexity of calculating protein folding and configurational sampling. With rapidly
growing computer memory and computational capabilities, simulation times may be

expanded to microseconds in the near future.
2.4.1 Simulation Methods

The first technique applied in computer simulation studies for large biological molecules was
energy minimization. The energy of the macromolecule (e.g. protein) is minimized as a
function of the atomic coordinates. Initially, strongly repulsive interactions are eliminated and
velocities are assigned to the atoms. Next, the equilibration phase is performed such that the
measurable properties become stable with respect to time. The equilibration period is

performed until the potential energies are stable.
2.5 Binding Free Energy Methods

Since understanding the energetics of molecular complexes can speed the discovery of high
affinity ligands, the ability to correctly predict binding free energy (BFE) has becoming one
of the major goals of computational chemistry. The binding free energy of a protein-ligand

complex can be understood as the energetic preference of the ligand to the protein binding
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pocket over the solvent. A variety of methods are used to predict the binding free energy of
small molecules. Two common methods are empirical techniques, which are based on simple
energy functions [110-112], and knowledge-based statistical scoring, which is based on the
frequency of various atom-atom contact pairs in complexes [120]. These methods are
computationally inexpensive but the lack of conformational sampling and explicit water
treatment decrease their accuracy. Another group of BFE methods use molecular dynamics
(MD) or Monte Carlo simulations (MC), and comparative studies have shown these
techniques to be more accurate than those based on a simple energy functions. Unfortunately,
the calculation of BFE makes them more time-consuming. These BFE calculation methods
are often used in the study of energetic differences among a series of ligands or protein
mutants. Binding free energy simulations are frequently carried out as shown in (Figure 13)

[155].

AGbind 1)
A+B > AB
AG'wmut 3) AGPmut 4)
v v
A+B' , AB’

A(Tbind 2)

Figure 13. Thermodynamic cycle describing the calculation of the relative binding free energies of
two ligands, B and B’ to a receptor molecule A. The absolute binding free energy can, in principle, be
obtained by treating B as a dummy ligand and taking into account the relevant standard state in terms
of volume/concentration (Hermans and Wang, 1997). The binding free energy change can be
calculated from horizontal or vertical components: AAG= AGujing(1) - AGbind2™ AG muy- AG  muc3)-

Where A is the enzyme, B is an inhibitor and B’ is the modified inhibitor, A+B represents the
unbound state and AB represents the bound state. AG" .y, AG 1y denote the difference in free
energy between B and B’ when bound to the solvated receptor binding site and in water. In
other words, the relative free energy difference in binding between the two inhibitors is equal

to the difference in the free energies calculated for the non-physical mutations [155-157].
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The most advanced binding free energy approaches are free energy perturbation (FEP) and
thermodynamic integration (TI). In these methods, free energy is calculated by slowly
changing one system into another using a set of unphysical states running MD or MC
simulations. Unfortunately these types of calculations are computationally demanding and the
techniques are limited to only a few similar ligands (~10) [155-159]. In addition, more
approximate methods have been developed, e.g. molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) [160] and linear interaction energy (LIE) [161]. Both have become
of interest in drug discovery as an alternative for predicting relative binding free energies.

These two methods are described below in detail.

2.5.1 Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA)

The MM-PBSA and molecular mechanics-generalized Born surface area (MM-GBSA)
combine molecular mechanics and continuum solvent models to estimate ligand binding
affinities of ligand-protein, protein-protein or nucleic acid complexes [160]. This approach
was initially developed to study the stability of DNA and RNA fragments [162], but has also
been used in recent years to estimate ligand binding free energies [160]. The MM-PBSA
algorithm combines explicit solvent molecular dynamics (MD) with implicit solvation
models. A set of snapshots from MD trajectory is saved as representative conformations of a
macromolecular complex. Then the water molecules are removed and replaced by a
continuum solvent model. The free energy of the complex consists of the molecular
mechanics potential energy of the solute, the solvation free energy, and a solute entropy term.
The solvation free energy consists of electrostatic or polar portion and non-polar solvation
contribution. The binding affinity is estimated from the free energies of the receptor, the

ligand and the complex based on equation (4).

AGbinding = Gcomplex - [Gprotein + Gligand] (4)

where Geomplex 15 the absolute free energy of the complex, Gyrorein 1S the absolute free energy of
the protein, and Giigang 1s the absolute free energy of the ligand. The free enrgy of each term is

estimated as a sum of four terms:

24


Urszula Uciechowska
Comment on Text
Beveridge, D.L. and DiCapua, F.M., Free Energy Via Molecular Simulation: Applications to Chemical and Biomolecular Systems, Annu. Rev. Biophys., 18 431-492,1989.

Brooks, C.L. and Case, D.A. Simulations of Peptide Conformational Dynamics and Thermodynamics, Chem. Rev. 93: 2487-2502, 1993.

Kollman, P., Free Energy Calculations: Applications to Chemical and BiochemicalPhenomena, Chem. Rev. 93: 2395-2417, 1993.

Gohlke, H., Klebe, G. Approaches to the description and prediction of the binding affinity of small –molecule ligands to macromolecular receptors. Angew.Chem., Int. Ed., 41, 2644-2676, 2002.

Wang, J., Dixon, R., Kollman, P.A. Ranking ligand binding affinities with a vidin: A molecular dynamics-based interaction energy study. Proteins, Struct. Funct., Genet., 34, 69-81, 1999.

Urszula Uciechowska
Comment on Text
Kollman, P.A., Massova, I., Reyes, C., Kuhn, B., Huo, S., Chong, L., Lee, M., Lee, T., Duan, Y., Wang, W., Donini, O., Cieplak, P., Srinivasan, J., Case, D. A., Cheatham, T. E. Calculating structures and free energies of complex molecules: combining molecular mechanics and continuum models. Acc. Chem. Res., 33, 889-897, 2000.

Urszula Uciechowska
Comment on Text
Hansson, T., Marelius, J., Aqvist, J., Ligand binding affinity prediction by linear interaction energy mehods. J. Comput.-Aided. Mol. Des., 12, 27-35, 1998.

Urszula Uciechowska
Comment on Text
Kollman, P.A., Massova, I., Reyes, C., Kuhn, B., Huo, S., Chong, L., Lee, M., Lee, T., Duan, Y., Wang, W., Donini, O., Cieplak, P., Srinivasan, J., Case, D. A., Cheatham, T. E. Calculating structures and free energies of complex molecules: combining molecular mechanics and continuum models. Acc. Chem. Res., 33, 889-897, 2000.


Urszula Uciechowska
Comment on Text
Kollman, P.A., Massova, I., Reyes, C., Kuhn, B., Huo, S., Chong, L., Lee, M., Lee, T., Duan, Y., Wang, W., Donini, O., Cieplak, P., Srinivasan, J., Case, D. A., Cheatham, T. E. Calculating structures and free energies of complex molecules: combining molecular mechanics and continuum models. Acc. Chem. Res., 33, 889-897, 2000.


Urszula Uciechowska
Comment on Text
Srinivasan, J., Cheatham, T. E., Cieplak, P., Kollman, P. A. and Case, D. A. Continuum solvent studies of the stability of DNA, RNA, and phosphoramidate DNA helices J. Am. Chem. Soc. 120, 9401-9409, 1998


G = <Emm> + <Gppsa™> — T<Smm> S

EMM=Eint+ Eele+ Evdw (6)

in which T is the temperature of the system in Kelvin, <Emy> is an average of molecular
mechanical energy that includes bonds, angles, torsions, and a sum of van der Waals,
electrostatic and internal energy equation (6), <Gppsa> is the continuum solvation free
energy which is composed of an electrostatic term, usually calculated using a Poisson-
Boltzmann (PB) model and a hydrophobic non-polar term, which is proportional to the
solvent accessible surface area (SA) [160,162]. The last part <Syn> is the entropy term,
which can be estimated by quasi-harmonic analysis of the trajectory or by normal mode

analysis [162].

There are two ways to run MM-PBSA, one is to use only a single trajectory of a complex
according to equation (4). The second alternative is to use trajectories for both a complex and
unbound molecules and evaluate the terms in equation (5) with a subsequent determination of
AGhinding based on equation (4). As it can be seen, the first way of running MM-PBSA costs
less time, free energy is not converged during simulation time. The second option would be
difficult to use in protein-ligand studies because there is no way to calculate the <Eypy> term
to converge it for receptor or complex within reasonable computational time. So probably this
option has never been used in protein-ligand study. It turns out that using a single trajectory
approach can get better results if there is no significant conformational change in the protein

structure.

The MM-PBSA was successfully applied in several macromolecular systems [163-165] but
not for others. Calculating binding free energy interactions for a series of p38 MAP kinase
complexes gave very poor results compared with other approaches [166]. Langen et.a/ studied
the selectivity of the human glucocoriticoid receptor (hGR) with five steroids, cortisol,
progesterone, aldosterone, testosterone and estradiol [167]. Using MM-PBSA approach for
different complexes he could properly discriminate compounds with strong affinity from
those with weak binding. However for low-affinity ligands could not predict the correct rank.
Kuhn and Kollman [163] studied avidin inhibitors; authors found that free energy components
for solute entropy were quite variable; they concluded that more accurate methods should be

developed to predict entropic changes.
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This method has theoretical restrictions, which may limit their applicability and accuracy
[162-166]. A difficult task in MM-PBSA approach is to determine the entropy contribution
upon binding especially when conformational fluctuations are significant. If ligands are
closely related, it is possible to ignore it assuming that <S> is the same for all of them. For

structurally different compounds, the change in solute entropy can vary and must be included.

2.5.2 Linear Interaction Energy (LIE)

Recently Aqvist et al. proposed method for estimation binding affinities, known as linear
interaction energy approximation LIE [161]. This is a semiempirical method, based on linear
response theory, which is less computationally expensive than free energy perturbation
methods FEP. This method rely on the simulation of several different states , mostly
unphysical, whereas LIE approach uses the initial and final states of binding process, which is
the free and bound state of ligand. LIE is also faster than FEP and MM-PBSA uses explicit
solvent model, which means that desolvation can be reasonably handled. These advantages
make LIE very useful tool in structure-based lead optimization, which helps to understand
detailed interactions between the lead compounds and their receptor, and to estimate binding

affinities.

The concept of the LIE approach is to separately calculate the van der Waals and electrostatic
interaction energies for the ligand in water and ligand in complex with solvates protein [168].
Then, averages of interaction energies between the ligand and its surrounding are analyzed.

The LIE equation is known as:

A(;calc= aAEvdw+ BAEelec + 'Y =a (EB_vdw - EF_de) + ﬁ (EB_ele - EF_ele) + 'Y (7)

where the A term indicates the change in energy from the ligand free and bound state (Epound -
Erree). The a, B and y are LIE fitting parameters, determined by comparing calculated and
experimentally estimated binding affinities. Obtaining suitable values o and B has been
subject of several investigations described recently. Aqvist et al. have found that a~0.5 and
~1.043 are best to correlate the calculated binding free energies with the experimental values
[168]. On the other hand Jones-Herzog and Jorgensen observed that a~0.5 and f~0.161 are

not optimal for sulfonamide inhibitors with human thrombin [169]. It means that these two
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parameters can be protein dependent. Proper fitting parameters must be determined by
comparing calculated and experimentally estimated binding affinities, they depend also on the
investigated system and used force field. The y parameter is co called additional constant,
which sometimes needs to be added in order to obtain reasonable binding free energy

predictions [169].

In many cases the binding free energies obtained from LIE approach showed to be in very
good agreement with experimental results. Meerman et al. [170] predicted binding affinities
of ligands bind to the estrogen receptor ERa isoform, combining MD simulations and LIE
calculations, obtained excellent linear interaction energy (1°=0.94, n=19). In the work on
thrombin inhibitors was demonstrated that using LIE approach is possible to predict relative
affinities of chemically different ligands, but y=-2.9 kcal/mol parameter was needed in order
to estimate good predictions [171]. Paulsen and Ornstein applied the methodology to a series
of cytochrome P45-camphor analogue complexes using the CVFF force field [172] using
0=1.043, B=0.5 and y=0 obtained very good correlation coefficient. Another example,
Luzhkov et al. studied binding of several sertindole analogues which block the hERG K"

channel, LIE model gave also very good agreement with experimental values [173].

There are several advantages of the LIE approach, firstly is faster that FEP or MM-PBSA
calculations because LIE simulates directly the end sates. Secondly, LIE and FEP taking into
account the protein flexibility which is not always included in scoring functions. LIE uses

explicit solvent model, so the desolvation free energy can be reasonably handled.
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Chapter 3

Molecular Modeling Studies of SIRT2 Proteins

The crystal structures of human and yeast sirtuins in complex with NAD" have been
determined and analyzed recently, but the exact binding mode of NAD" to human SIRT2 is
still unclear. Thus, MD and MM-PBSA methods were used to gain insight the interaction
details of NAD" at the catalytic site of human SIRT2.

3.1 Structure Analysis

The X-ray structures of several Sir2 proteins have been published over the last few years. The
structure of the catalytic domain of Sir2 consists of a large classical Rossman fold and a small
zinc binding domain. The interface between the large and the small subdomain is commonly
subdivided into A, B and C pockets. This division is based on the interaction of adenine (A),
ribose (B), and nicotinamide (C), (Figure 5, chapter 1.5.3), which are parts of the NAD"
cofactor. The binding site for the adenine and ribose moieties has been well described in
many studies (e.g. Sir2-Afl [174], Hst2 [175], Sir2-Af2 [176], SIRT2 [177]), but the location
of the nicotinamide moiety of the NAD" has been reported to be variable. Multiple binding
modes have been observed for the nicotinamide portion. Several so-called productive and
non-productive conformations of NAD" have been observed in the crystal structures from
Archaeabacteria, reflecting the flexibility of this part of the cofactor and the corresponding
binding site. Avalos et al. [176] showed the binding of free nicotinamide to the C-part of
Sir2Tm and Sir2-Af2, in a configuration where NAD" is suggested to be active for catalysis.
The catalysis is assumed to take place when NAD" changes its conformation from a non-
productive to a productive conformation [178]. The nicotinamide subpocket is linked with a
flexible loop; some residues in this loop are highly conserved in sirtuins. Avalos et al. called
this loop “front wall” of the C subpocket or a “ceiling” [176]. The flexibility of this loop can
be detected in different sirtuin crystal structures (e.g Sir2-Afl, Sir2-Af2, Hst2). It has been
observed that in sirtuins cocrystallized with NAD" or ADP-ribose the loop shares a similar
orientation and seems to be tighter in comparison to those without NAD" (Figure 14, and
Figure 15). Also the acetyl-substrate channel seems to be more closed for sirtuins in complex
with NAD" or ADP-ribose (i.e. Sir2-Afl (IM2G) and Sir2Af2 (1S7G) Figure 14 and 15).
Additionally in the X-ray structure of a Sir2 homologue from Archaeabacteria [176] a peptide

structure was found that binds in a cleft between the large and small domains nearby NAD"
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(Figure 15). The position of ADP-ribose is nearly identical in all available Sir2 X-ray
structures that bind NAD" or ADP-ribose (Figure 15, 16 and 17). Only the location of the
nicotinamide ring is different in Sir2-Afl (faces the flexible loop) and Sir2-Af2 (sticks
outside the binding pocket), which can be inferred from the position of the ribose group.
Interestingly, the nicotinamide-ribose part of NAD" in Sir2-Af2 does not bind to C-site
residues, but was proposed to be involved in the polarization and hydrolysis of the NAD"
glycosidic bond [176]. On the other hand in Sir2-Afl the conformation of nicotinamide-ribose
adopts a position that allows the ribose ring to make hydrogen bonds to His116 and the
nicotinamide ring to the crystal water molecules (Figure 22). In the case of the human SIRT2
X-ray [177], which was crystallized as trimer, no structural information about NAD" or
inhibitor binding is available. However, owing to the homology with bacterial sirtuins, it is
clear that the interaction between NAD" and Sir2 is likely to be similar to that observed in the

bacterial X-ray structures. Only the position of nicotinamide ribose rings may be different.

Open and closed

binding tunnels A

Flexible loop
open and closed

Figure 14: Schematic representation of superposed crystal structures of Sir2-Afl (orange) (PDB ID
IM2G) and human SIRT2 (white) (PDB ID 1J8F).
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Open and closed
binding tunnels

Figure 15: Schematic representation of superposed crystal structures of Sirt-Af2 (green) (PDB ID
1S7G) and human Sir2 (white) (PDB ID 1J8F).

AN SR
Open and closed /‘

binding tunnels

/J \
V/
1"/:

b \

Flexible loop
open and closed

Figure 16: Schematic representation of superposed crystal structures of Sir-Afl (violet) (PDB ID
11CI) and human SIRT?2 (white) (PDB ID 1J8F).

3.2 Docking Studies

NAD" was docked using DOCK to the human SIRT2 domain-B and the best twenty poses
were scored, amongst which the most plausible docked coordinates were selected based on

their resemblance to the hydrogen bonding pattern found in NAD" in complex with the
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bacterial homologues of Sir2 [174-177]. All docking results were analyzed in detail by visual
inspection and two main clusters of docking poses were selected representing the productive
and non-productive conformation of NAD" (Figure 17). The difference between these two
docking solutions is the position of the nicotinamide ribose part of NAD": one faces towards
the binding pocket (Figure 17 magenta) and one sticks more outside the pocket (Figure 17,
colored cyan). Prediction of the exact location of the nicotinamide moiety in the C site of
human SIRT2 is quite difficult, because the corresponding groove is much wider than that
observed in Sir2-Afl or Sir2-Af2. Thus for the further analysis two conformations (conf. 1
and conf. 2) were considered. Obtained binding energies for these two poses were similar:
for conf.1 -84.04 kcal/mol whereas conf. 2 the score is -82.42 kcal/mol (Table 2). In both
cases the nicotinamide ring is positioned in the hydrophobic C- pocket: conf. 1 interacts with
Val233 (Figure 18) and conf. 2 makes hydrogen bonds to Ile169 (Figure 19). The planar
adenine ring of NAD fits perfectly in the Rossmann fold domain, and forms hydrogen bonds
to Thr89, Glu323 and Asn286 (Figure 17, 18, 19). X-ray structure of Sir2-Afl shows very
similar hydrogen bond contacts as predicted for the two conformations obtained from the
docking study on human Sirt2: the adenine ring is surrounded by Glu29, Asp213 and Asn211
(Figure 21). The pyrophosphates part of NAD" lies in a central position of the binding
pocket. We observed similar hydrogen bonding with NAD" bound to Sir2-Afl and Sir2-Af2
(Figure 20, 21 and 22). The main residues that make hydrogen bond interactions with the B
pocket are Ser263, Thr262, Ala86 and GInl167. In the conf. 1, the ribose adopted a position
that allows to form a hydrogen bond with Ile169 while conf.2 to form hydrogen bond with
His187 which is similar to the interactions of Sir2-Afl with NAD".
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Figure 17: Obtained docking poses for NAD" at human Sirt2. Docking studies were carried out using
DOCK v6.1 (UCSF) [108] (conf. 1 is colored cyan, conf. 2 in magenta).

Table 2: Binding energy Euing (kcal/mol) obtained for two the best docking conformations of the
NAD", E,qy and E represents Van der Waals and electrostatic energies.

Ebing Evaw Eede
conf. 1 -84.04 -71.70 -12.33
conf. 2 -82.42 -69.55 -12.87
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. Asn286
'0\
Glu323 7 Thr262
<

'"41‘;233

Figure 18: Interaction of NAD" docked into the binding pocket of human SIRT2 (conf. 1). Hydrogen
bonds are shown as dashed line.

Ser263
Glu323

o Thr262

L

Figure 19: Interaction of NAD" docked into the binding pocket of human SIRT2 (conf. 2). Hydrogen
bonds are shown as dashed line.
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Ala218v /\\

Asn217

Figure 20: Interaction of NAD" (green) in the binding pocket of Sir2-Af2 (PDB ID 1S7G). Hydrogen
bonds are shown as dashed line.

Asn211

Ser 87

Figure 21: Sir2-Afl (PDB ID 1M2G) in complex with ADP-ribose (yellow). Hydrogen bonds are
shown as dashed line.
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His116

Figure 22: Sir2-Afl (PDB ID 1ICI) in complex with NAD" (magenta). Hydrogen bonds are shown as
dashed line.

3.3 Molecular Dynamics Simulations

3.3.1 Dynamical Behaviors of Human SIRT2

To analyze the human SIRT2 structure, different MD simulations were applied for the NAD"
bound and unbound form. Starting structures for these MD simulations were taken from the
docking study described in chapter 3.2. To assess the stability of the complexes, the root-
mean-square deviation (RMSD) values with respect to the initial structures were calculated.
The RMSD values for unbound human SIRT2 along the 12.5-ns simulation period is shown
in Figure 23. It can be seen that the unbound form reaches an equilibrium state beyond 6 ns
and this steady-state is maintained through the rest of the MD simulation oscillating around 4
A RMSD referenced to the crystal structure coordinates, suggesting that the conformation is

structurally stabilized.

When NAD" binds to human SIRT2 in the conf. 1, the complex reaches its equilibration state
beyond 7 ns and oscillates also around 4A (Figure 24), suggesting that the binding affinity on
NAD" in this simulation time is favorable. The bound human SIRT2 has larger RMSD
fluctuations (Figure 24, black) than the unbound form (Figure 23). Visual inspection of the
bound human SIRT?2 trajectory revealed that the adenosine-phosphate part of NAD" is very
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stable during the MD simulation and is positioned in the A and B sub-pocket during 10 ns
whereas the nicotinamide part rotates to some extend and oscillates in and out of the C sub-
pocket. At the end it is stabilized in the entrance of the acetyl-lysine substrate channel (see
Figure 24, red and Figure 26). The RMSD plot pattern for NAD" bound SIRT2 exhibits three
sharp peaks at 2200 ps, 4300 ps and 4500 ps, which show the flexibility of the nicotinamide
group. As can be clearly seen in Figure 24, there is a jump at 5 ns and the RMSD increase
from 3 A to around 4.8 A, which is due to a sudden leaving of the nicotinamide group from

the binding pocket C (Figure 25).
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Figure 23: Root mean square deviation (RMSD) plot for unbound human SIRT?2.
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Figure 24: Root mean square deviation (RMSD) plot representing bound human SIRT2 (black) and
bound NAD" (red) obtained for the conf. 1.
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Beyond 6 ns of MD simulations the n-ribose and nicotinamide part stabilizes and faces
towards the binding channel (Figure 25 and 26). Interestingly, in this stable conformation
residues located in the C-site are no longer in direct contact with NAD" (Figure 26). During
MD simulations significant fluctuations of the loop regions and acetyl-lysine channel were
observed. It can be seen that for unbound SIRT2 the flexible loop is stable during the
simulation, whereas for the bound form the loop seems to close the binding pocket (Figure
26). Upon NAD" binding, the conformation of the acetyl lysine binding tunnel closes up while
this tunnel is open in the absence of NAD" (Figure 26); a similar situation can be observed in

the X-ray structure of Si2-Af2 (Figure 15).

Figure 27 presents the superposition of the Sir2-Af1 crystal structure with the MD structure of
human SIRT2 over the last 2 ns. It can be seen that the flexible loop from human SIRT2
moved during the MD and adopted similar position to the loop observed in the X-ray structure

of Sir2-Afl in complex with ADPR (Figure 27).

—

Figure 25: Snapshot (5 ns) from the simulation of human SIRT2 complexed with NAD". The
nicotinamide group of NAD" has changed its position from the inside of pocket C (green) to the
outside (pink).
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Figure 26: Superposition of human SIRT2 complexed with NAD" (orange) and unbound SIRT2
(blue). The starting NAD" conformation was conf. 1.

closed
bindingtunnel

closed
flexible loop

Figure 27: Human SIRT?2 (green) complexed with NAD" (cyan) and Sir2-Afl in complex with ADP-
ribose (grey).

38



Open and closed
binding tunnels

Flexible loop
open and closed

Figure 28: Human SIRT2 complexed with NAD" at the beginning of the MD simulation (blue) and at
the end (yellow).

The second NAD" conformation obtained from the docking study (Figure 17, magenta and
Figure 19) reaches an equilibrium state beyond 12.5 ns and this steady state is maintained

with less than 4 A referenced to the starting coordinates (Figure 29).
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Figure 29: Root mean square deviation (RMSD) plot representing bound human SIRT2 (black) and
bound NAD" (red) obtained for the conf. 2.

On the RMSD plot in Figure 29 four sharp peaks at 6200 ps, 7100 ps, 9000 ps and 12500 ps
of the simulation are observed. The RMSD significant jumps beyond 5 ns, which is attributed
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to the leaving nicotinamide group, form the C subpocket area (Figure 30). Then the
nicotinamide ribose ring slightly shifts towards the flexible loop (Figure 30, 31). Visual
inspection of the trajectory reveals that like in the previous conformation the ADP part of
NAD" is positioned in the Rossman fold (Figure 31), while the nicotinamide group shows
higher flexibility. We observed here also that Arg97 (Figure 30) makes hydrogen bonds with
the phosphate group of NAD" while the ribose nicotinamide rings remains in the C-pocket,
which may indicate the importance of this residue during the catalytic reaction. The stable
conformation of NAD" obtained from MD is similar to the one in the X-ray structure of Sir2-

Afl, where nicotinamide ring also faces towards the flexible loop (see Figure 31, 16).

Figure 30: After 5 ns of MD simulation, the nicotinamide moiety is moving out of the C-subpocket
NAD" starting structure in (green), after 5 ns (cyan) and after 7.5 ns (magenta).
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Figure 31: Comparison of complexed (pink) and unbound (white) human SIRT2 (conf. 2) after 12.5
ns of MD simulation Figure 29.

3.3.2 Hydrogen Bond Analysis

A comprehensive hydrogen bond analysis was done on the trajectory of the simulation of
NAD" complexed SIRT2. Waston-Crick base pair formation and intermolecular receptor-
ligand interactions contributing to the specificity of binding were characterized as an
alternative to thermodynamic computations by hydrogen bond formation. A solvation pattern
for bound NAD" was also characterized for conf. 1 between 6.0-9.0 ns and for conf. 2
between 12.5-15.0 ns simulation during which all water molecules are thought to be pre-
equilibrated. A cut-off distance of up to 3 A between the heavy atoms of donor and acceptor
groups and a hydrogen bonding angle up to 120" was used to analyse hydrogen bond
formations. Intermolecular hydrogen bond formations between human Sir2 and NAD" are
listed in Table 3 and 4. As can be seen, for both conformations the same residues were found
to be important in the MD simulation. It seems that the most essential hydrogen bonds
contributing to binding exist between the phosphate oxygens of NAD" and O1 of Ser263 with
85.70% occurrence and to a lesser extent Thr262 with 4.74% occurrence. Gly30 makes also a
key hydrogen bond to the N3 of NAD" (Figure 32) with an occurrence 13.75%. In addition
Gly30 is one of the conserved residues among all Sir2 family members. In general NAD"

makes hydrogen-bonding contacts with the adenine-ribose and diphosphate groups suggesting
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the stability of these parts during MD simulation. Water molecules are presented near the
nicotinamide and adenosine parts during MD simulations (Table 3, 4) similar finding can be
also observed in the Sir2-Afl (Figure 22). The N3-NAD atom forms multiple hydrogen bonds
to Gly30 and to water molecules indicating the stability of the adenine-sirtuin interaction

throughout the simulation.

Table 3: Occurrence of hydrogen bonds (%) for NAD -complexed SIRT?2 conf. 1.

donor Acceptor occurence (%) distance
NAD-O1 Ser263-0G 85.70 2.68
Gly30-O NAD-N3 13.75 2.86
NAD-O2 Thr262-0G1 4.74 2.84

WAT NAD-N3 19.11 3.00

WAT NAD-N7 6.17 3.00

WAT NAD-O12 5.43 2.78

N3:WAT
N3:Gly30
/ 01:Ser263 N7:WAT

T i

T
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N

S o o | X NH,

N o —0—P—0—P—0 0. DN

HO OH l WG oM
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Figure 32: Schematic presentation of the most stable intermolecular hydrogen bonds between NAD"
and human SIRT2.

Table 4: Occurrence of hydrogen bonds (%) for NAD -complexed SIRT2 conf. 2

donor
NAD-O1
Gly30-O
NAD-O2

WAT

WAT

acceptor
Ser263-HG
NAD-N3
Thr262-0G1
NAD-N3
NAD-N7
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occurence (%)
81.74
6.17
3.85
23.47
3.83

distance
2.68
2.89
2.86
2.99
3.00



3.4 Thermodynamic Properties of NAD* Bound SIRT2

The binding free energies were estimated using the MM-PBSA method as described in
chapter 2. Table 5 lists the contributions to the binding free energy calculated from the MD
trajectories. As it can be seen the binding affinities for both NAD" conformations are
favorable and very close to each other (-13.23 kcal/mol and - 13.91 kcal/mol). According to
the energy components of the binding free energy (Table 5), van der Waals and electrostatic
terms in the gas phase provide the major favorable contributions to the ligand binding. Non-
polar solvation energies, also contribute slightly favorably. In the presence of NAD" conf. 1
the electrostatic interaction energy is favorable by -8.60 kcal/mol, but the electrostatic
solvation energy is disfavorable by 16.30 kcal/mol which sum gives a disfavorable
electrostatic contribution to the enthalpy of binding by 7.70 kcal/mol. Comparing the
disfavorable electrostatic interactions in the bound state and the van der Waals interaction
energy shows that the binding process is driven mainly by van der Waals forces in solution
for conf. 1. A different situation can be seen for conf. 2, where the electrostatic interactions

seem to drive the binding process.

The total entropy term, TAS,y, presented in (Table 5) corresponds to a binding entropy term
and is a product of temperature (T) at 300K and the total entropy change which arises from
changes in translational (ASi.ns), rotational (AS;) and vibrational (AS,i,) degrees of freedom
upon binding. It appears that the binding process of NAD" is enthalpy driven, as the
disfavorable entropy term remains insufficient to counterbalance the favorable enthalpy effect
in both cases.

Table 5: MM-PBSA binding energies given in kcal/mol. AE,. and AE.q,, are the electrostatic and
van der Waals energies of binding, respectively, AEgpsa is the solvation energy, AHy, presents

enthalpy of binding and AS,, entropy of binding and is a product of translational (ASy.ss), rotational
(AS,y), and vibrational (AS,;,) entropy changes.

SIRT2 NAD+ AE‘ele AIEvdw AGel A(;mmel AEGBSA AHtot AStot AGczllc

conf. 1 -8.60 -47.91 1630 | -6.59 1830 | -38.21 -2498 | -13.23
conf. 2 -78.62 | -47.87 17.67 | -6.63 89.66 | -36.82 -2291 | -13.91
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3.4.1 Single Step Mutation NAD" to Acetylated ADPR

The proposed sirtuins reaction mechanism indicates that the acetylated ADPR is the leaving
product [55-57]. Thus, 100 snapshots of NAD" in conf. 1 were taken and mutated to
acetylated ADPR by modifying the nicotinamide group. After that, using the MM-PBSA
approach, the binding free energy was recalculated. Obtained energies for single-structure-
based (SSB) acetylated ADPR are presented in Table 6. However, to address more reliability
of binding free energy calculations and for comparison, a complete MD simulation was
carried out for human SIRT2 in complex with acetylated ADPR. Obtained energies from both
types of calculations are similar, suggesting that the SSB method could be sufficient for
quantitative analysis. The binding free energies for acetylated ADPR are -4.76 kcal/mol and -
4.00 kcal/mol (Table 6 and 7), which is in agreement with the suggested sirtuin reaction
mechanism. The binding energy of NAD" for the two favoured conformations is about -13
kcal/mol. The less favourable energy of acetylated ADPR could be the reason why the
acetylated product can easily leave the binding site and then the next NAD" molecule is able

to enter the binding site.

+

Figure 33: The mutated acetylated ADPR (light blue) is thought to be the leaving product of NAD".
Hydrogen bonds are shown as dashed line.

Table 6: Components of the binding free energy of the acetylated-ADPR (modified from NAD" conf.
1, Figure 28).

AEele AEvdw AEGBSA AHtot AStot Ac;calc

SIRT?2- Acetylated ADPR 91.17 -41.82 | -81.38 | -32.03  -27.27 | -4.76
(single point calculations)
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3.4.2 Dynamical Behaviour of Human SIRT2 in Complex with Acetylated ADPR

As the results from single trajectory mutations may not be sufficient for the detailed analysis
of ligand protein interactions. Thus, in the second step complete MD simulations were run for
human SIRT2 in complex with acetylated ADPR. The MD simulation was set up using the
same protocol as for NAD". The RMSD were calculated from the trajectories with the initial
structures as the reference. As can be seen in Figure 34 the human SIRT2 protein (black) is
stable and oscillates around 3 A throughout 10 ns of the simulation. The acetylated ADPR
shows more degree of flexibility; from about 3.7 ns to 6.2 ns the acetylated ribose group
slowly leaves the nicotinamide binding pocket and reaches RMSD value of 3.7 A (Figure 34,
35). Beyond 7.5 ns acetylated ADPR reaches its equilibration point and this steady state is
maintained with less than 3.5 A during the rest simulation time. Interestingly, the final stable
position of acetylated ADPR is exactly corresponding to that of NAD" in conf. 1 found in the
free MD simulation (Figure 24, 25 and 26). In both cases the ligands reached equilibration
state around 7 ns whereas the NAD" in conf. 2 (Figure 29 and 30) needed more simulation
time. Visual inspection of the trajectory showed that the ADP part is positioned deeply in the
Rossman fold, whereas the acetylated ribose group oscillates between the nicotinamide
subpocket and acetyl-lysine binding tunnel (Figure 35). Moreover during the simulations the

flexible loop closed the nicotinamide subpocket (Figure 36, blue).
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Figure 34: RMSD plot representing bound human SIRT2 (black) and bound acetylated ADPR (red).
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GIn265

Figure 35. Stable position of acetylated ADPR (pink) at the end of 10 ns of MD simulation.
Hydrogen bonds are shown in dashed lines.

Flexible loop
open and closed ¢

Figure 36: Human SIRT2 complexed with acetylated ADPR at the beginning (white) and at the end of
the MD simulation (blue).

A hydrogen bond analyses was carried out on the trajectory of the human SIRT2-acetylated
ADPR complex. A cut off distance of 3 A was used and a hydrogen-bonding angle cut off of
120" was used. As can be seen from the complexes with different NAD™ conformation, the
crucial interactions are the hydrogen bonds between the ligands and the Ser263, Thr262, and
Gly30. In the case of the acetylated ADPR, also Ser263, Thr262 and Gly30 make the
strongest hydrogen bonds with occupancies of 41.43%, 40.65% and 9.34% respectively. A
solvation pattern was found for acetylated ADPR: N3 with the occupancy of 7.36%.

46



Table 7: Components of the binding free energy of acetylated-ADPR.

AEele AEvdw AEGBSA AHtot AStot AGcalc

SIRT?2- Acetylated ADPR 76.88 | -48.87 @ -56.61 | -28.60 | -24.60 -4.00
(Complete MD calculations)

3.5 Conclusion

Applying docking procedures, two different binding modes of NAD" at human SIRT2 were
obtained. In both conformations the ADP part of NAD" interacts with the Rossman fold
domain whereas the nicotinamide-ribose part adopts a variety of different conformations
(Figure 17). In the first conformation (conf. 1) the nicotinamide ring lies outside the binding
pocket, while for conf. 2 the nicotinamide is buried in the conserved C-pocket (Figure 17, 18
and 19). Also quite interesting is the position of the n-ribose: in first case it adopts a
conformation that allows making hydrogen bond with Ile169 (Figure 18). In the second
conformation, n-ribose forms hydrogen bond with His187 (Figure 19). The same interaction
with the corresponding residue His116 is found in the X-ray structure of Sir2-Afl (Figure 22).
Different positions of the nicotinamide-ribose part have been observed in other Sir2-like
proteins e.g. Si2-Afl, Sir2-Af2 in complex with NAD" and in SirTm in ternary complex with
NAD" and peptide substrate analog [174-177].

In the second step MD simulations were performed in the presence and absence of NAD".
The aim was to check the impact of ligand binding. The RMSD values of the complexes,
compared to their starting points were monitored and only those conformations in which the
ligand exhibited a stable binding position were considered for further analysis. During the
MD simulation it has been observed that the adenosine and phosphate part remained stable
bound to the Rossman fold domain. This suggests that the observed hydrogen bonds are
relevant for keeping this part of NAD" stable during the catalytic reaction. On the other hand
the nicotinamide-ribose part was quite flexible during the MD and adopted a number of
different conformations. Interestingly, these NAD" conformations were also observed in other
Sir2-like protein crystal structures e.g. Sir2-Af2 and Sir2-Afl in complex with NAD". The
conf. 2 (Figure 17, 19) of NAD" observed at the end of the MD simulations adopted an
identical conformation as observed in the crystal structure of Sir2-Afl (Figure 21). In case of
conf. 1, where the nicotinamide-ribose part sticks out of the binding pocket (Figure 20)
structural similarity was observed with the NAD" conformation from the Sir2-Af2 X-ray

structure. Overall, in both cases the nicotinamide and n-ribose moiety rotate during MD and
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adopt different conformations which are also observed in Sirt2-like proteins in complex with
NAD'. The MD simulations of the free and complexed human SIRT2 showed also a
conformational transition of the flexible loop and substrate binding tunnel from an open to a
more closed conformation (Figure 27, 31). These observed movements of the flexible loop
can be deduced from different conformations that this loop can adopt (observed in the crystal
structures of Sir2-Afl, Sir2-Af2 and Hst2. (Figure 15, 16). It can be also seen that in sirtuins
co-crystallized with NAD" the flexible loop is “closing” the binding pocket (Figure 31). The

same behavior was observed during the MD simulation of human Sirt2-NAD" complex.

An inspection of the H-bonds between NAD" (conf. 1 and conf. 2) and SIRT2 showed that the
N3: NAD" makes strong interactions to the Gly30, as well as the O1, and O2: NAD" to the
Ser263 and Thr262. These residues fix the adenosine phosphate part of NAD". Similar
interactions were found in the X-ray structures of Sir2 in complex with NAD" or ADP-ribose.
In Sir2-Af2 Glu29 interacts with N3: NAD", in Sir2-Afl Glu26 forms hydrogen bonds to the
same atom (Figure 20, 22). Similar interactions to Thr262 and Ser263 can be observed in the
Sir2-Afl X-ray structure (Figure 22). Additionally, water molecules are presented nearby the
adenine and nicotinamide pocket, which were also observed in the sirtuin crystal structures

e.g. Sir2-Af2 (Figure 20).

MM-PBSA calculations were applied to investigate the stability of the NAD" binding mode
and the binding mechanism. Obtained binding affinities for the two NAD" conformations
were quite similar (-13.23 and -13.91 kcal/mol for conf. 1 and conf. 2 respectively, Table 5).
In addition, the cofactor structures in all derived snapshots were modified acetylated-ADPR
(leaving product) and binding free energies were recalculated. As it can be seen in Table 6,
the energies are much lower around =5 kcal/mol, suggesting that the acetylated ADPR can
easier leave the human SIRT2 binding pocket and make place for the next NAD" to come in.
However to address more reliability of binding free energy calculations, complete MD
simulations for human SIRT2 in complex with acetylated ADPR were performed. The
obtained results were analyzed and binding free energy was calculated using MM-PBSA
method. The binding energy obtained from single structure based (SSB) method appeared to
be similar to the value obtained from the standard MM-PBSA calculations. These suggest that

the SSB approach would be sufficient for analysis in this case.
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Chapter 4

4. Splitomicin Derivatives as SIRT2 Inhibitors

Bedalov et al. identified splitomicin (1a) (Figure 37) as an inhibitor of Sir2p and HST1 in a
cell-based screen in Saccharomycese cerevisiae that abrogate telomeric silencing [85]. For
examination of the potential binding site of Splitomicin, Sir2p was mutated in the domain
near the peptide substrate binding-site. Such mutants were resistant to the antisilencing effects
of splitomicin. Based on these results splitomicin seems to inhibit yeast sirtuins by preventing
the access of the acetylated peptide substrate to the corresponding binding site. A first potent
inhibitor of human subtypes based on the splitomicin scaffold was a a-phenyl splitomicin
derivative with a bromo substituent in 8-position (HR73 (1b) Figure 37), which inhibits
SIRT1 with an ICsy vaule of Sum. A significant decrease of HIV transcription was shown with
this compound in the cell culture model due to an interfence with the reversible acetylation of
the viral TAT-protein [80]. In order to investigate structure activity relationships a series of
different B-splitomicines like (1b) (Figure 37) were prepared and tested. The work resulted in
identification of SIRT2 inhibitors active in the low micromolar range. Compounds 8c and 8a,
with 1Csy values of 1.5 and 6.4 pm respectively were the most active inhibitors in the set

(Figure 38 Table 8).

R2

Cor
R1

1a: R1=H; R2=H
1b: R1=Br; R2=phenyl

Figure 37: Splitomicin Sir2 inhibitors.

O o O o
SONNNOOS
H,C H.C
8a 8c
Figure 38: The most active B-phenyl splitomicins in the set.

49


Urszula Uciechowska
Comment on Text
Bedalov, A., Gatbonton, T., Irvine, W.P., Gottschling, D.E., Simon, J.A., Identification of a small molecule inhibitor of Sir2p. Proc.Natl.Acad.Sci. USA, 47, 2635-2644, 2004.

Urszula Uciechowska
Comment on Text
Posakony, J., Hirao, M., Stevens, S., Simon, J.A., Bedalov, A. Inhibitors of Sir2: Evaluation of Splitomicin Analogues. J.Med.Chem. 47, 2635-2644, 2004.


Table 8: Biological data for the most active f-phenyl splitomicin derivatives 8a and 8c.

comp. substitution SIRT2 (ICso = SE or inhibition at concentration, M)
8a R1:Ph 6.4+0.3
8¢ R1:4-MePh 1.5+0.3

Br Br 3
18 19 20
(] Ol ¢
H.C (0] NG H,N O
Cy PO OS
H.C H.,C H.,C

Figure 39: Series of -aryl-8-bromosplitomicins.
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4.1 Docking Studies

In our previous studies we described the analysis and development of SIRT2 inhibitors,
including adenosine mimetics and suramin derivatives [81]. Based on the docking studies that
we carried out for human SIRT2 and competition experiments with NAD", we found that
these compounds interact with the adenine and the nicotinamide subpocket (suramin)
respectively. Due to the structural dissimilarity between these inhibitors and the splitomicins,
it can be expected that they interact in a different way with sirtuin proteins. In docking
studies, the X-ray structure of human SIRT2 was used for an automated ligand docking using
the program GOLD [109]. The analysis of the X-ray structure of human SIRT2 and
preliminary docking simulations using the known inhibitors cambinol and indole (Figure 10,
40 and 41) showed that these compounds interact with the nicotinamide subpocket (C) of
SIRT2. The consideration of four water molecules found in all SIRT2 X-ray structures, which
are located at a narrow cavity nearby the active site, significantly improved the docking
results. The polar moieties of known inhibitors such as cambinol (Figure 40) were found to
interact with the polar residues GIn167, Asn168 and the water molecules of the nicotinamide

subpocket.

GIn167

Asn168

His187
Phe96 s

Phe119 g

Figure 40: Predicted binding mode of cambinol at the nicotinamide-binding site of human SIRT?2.
The conserved water molecules are displayed as red balls. Hydrogen bonds are indicated by dashed
lines.
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Figure 41: Predicted binding mode of indole (Figure 10, comp.14) at the nicotinamide-binding site of
human SIRT2. The water molecules used in the docking study are displayed as balls. The dashed lines
indicate hydrogen bonds.

A series of docking simulations were carried out to better understand the binding of the
splitomicin derivatives. For docking studies we considered crystal water molecules. Visual
analysis of obtained docking poses revealed that all docked S-phenyl splitomicins showed the
same binding mode including a hydrogen bond to the water molecule bonded to Glnl167
(Figure 45, 42). The p-phenylsplitomicins at first were prepared and tested as racemates, but
we considered both stereoisomers (R and S) in the docking study. The obtained docking
scores and visual analysis of the docking poses showed that only the R-isomer is able to
favourably interact with the nicotinamide subpocket (Figure 42 and 43). The S-phenyl
substituent of all R-isomers fits into a hydrophobic channel and is sandwiched between
Phel19 and His187 (Figure 42). This channel represents the binding site for the acetylated
lysine residue of the substrate. For the S-enantiomers, the docking showed that the lactone
ring is also facing toward the nictoinamide subpocket. However, no direct hydrogen bond was
observed between (5)-8a and the residues of active site (Figure 43). Our proposed type of
interaction of (R)-8a and (R)-8c with SIRT?2 is similar to docking results published for other
SIRT2 inhibitors [82]. Also, in these studies, the polar moieties of inhibitors were found to

interact with the nicotinamide binding pocket C (Phe96, GIn167, Asn168 and Ile169).

The docking study and the visual inspection of the interaction possibilities clearly suggested

that the R-enantiomers represent the active form of the S-phenylsplitomicins, whereas for the
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S-enantimers, no clear binding mode was observed. After docking studies the R- and S-
enantiomers were synthesized and tested, we observed that the R-enantiomer exhibited similar
activity as the racemic mixture, whereas the S-enantiomes displayed only weak SIRT2

inhibition (Table 9).

Table 9: Biological data for the enantiomers of 8a and 8¢ (Figure 38).

comp substitution SIRT2 (ICso = SE or inhibition at concentration, M)
(R)-8a R1:Ph 3.4+0.2
(S)-8a R1:Ph inactive
(R)-8¢ R1:4-MePh 1.0+0.3
(S)-8c R1:4-MePh inactive

In the next step, we analyzed the obtained docking scores for all studied inhibitors. In the case
of the enantiomers (R)-8a, (5)-8a and (5)-8c, higher scores were observed for the R-species.
The docking results showed that the active inhibitors interact in similar ways with the
adenine-binding pocket. However, on the basis of the Goldscore values, no discrimination
could be derived between more and less active splitomicin inhibitors. It was shown in many
docking studies that often a low correlation is observed between docking scores and

biological activities [178].

GIn167

Asn168

His187

Phe96

™ m— Phe23
—/

Phe119

Figure 42: Docking solution for the active R-enantiomer of the f-phenylsplitomicins (green). Crystal
water molecules are coloured in red, hydrogen bond is shown as dashed line.

53


Urszula Uciechowska
Comment on Text
Tame, J. R. Scoring functions-The first 100 years. J. Comput.-Aided. Mol. Des. 19, 445-451, 2005.


Figure 43: R-(orange) and S-(grey) isomer docked into SIRT2 binding pocket. Crystal water
molecules are coloured in red. Hydrogen bond is shown as dashed line.

Figure 44: Docked R isomer of the active splitomicin to the nicotinamide subpocket of human SIRT?2.
The position of NAD is shown in comparison in cyan.

The docking results of splitomicin derivatives with substituents at the 3- and 4-positions of
the B-phenyl group showed that the phenyl ring is located at the entrance of the acetyllysine
substrate channel. Therefore, we suggested that the addition of a hydrophobic substituent at
the 4-position of the B-phenylsplitomicins would increase the inhibitory potency. The
subsequent synthesis and biological testing (Table 8, Figure 48) showed that the presence of

an ethyl group at the 4-position results in the most potent inhibitor of this series. Bulkier
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hydrophobic groups at the 4-positon or polar groups at the 3-position resulted in a decrease in

the inhibitory activity [179].

Interaction possibilities at the binding pockets were analyzed by calculating the contact
preferences using the MOE program [180]. The purpose of this knowledge-based approach is
to calculate preferred locations for hydrophobic ligand atoms from the 3D coordinates of the
binding site. The visual analysis of the contact preferences further supported the binding
mode obtained by the GOLD [109] docking (Figure 45). The most favourable interaction with
hydrophobic ligand atoms was observed in the acetyl-lysine channel and nearby the Tyr104
and Val233 residues. The favoured polar interactions were detected nearby the polar residues

GIn167 and Asn168, which are in agreement with the location of the water molecules.
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Figure 45: Interaction possibilities at the binding pocket, as analyzed by calculating the contact
preferences using the MOE program. The docked inhibitors (R-enantiomers) are coloured atom type
coded. The Connolly molecular surface of the binding pocket is coloured according the electrostical
potential (blue=positive potential, red=negative potential). The favourable hydrophilic contact
preferences (contour level 90%) are coloured magenta. The favourable hydrophobic contact
preferences are coloured orange.

4.2 Molecular Dynamics Simulations

The MD simulations of the SIRT2-inhibitor complexes were performed in total for 6 ns.
Finally, root-mean-square deviation (RMSD) was computed from the trajectory relative to the
initial structures to judge the stabilization of the complexes. The RMSD plot for R-enantiomer
(Figure 46), clearly shows that 8¢ compound reaches an equilibrium state beyond 2000 ps of
MD and this state is maintained throughout the simulation with less than 2 A RMSD as
referenced to the crystal structure coordinates. As shown in Figure 46 the RMSD jumps at 2
ns, which is probably attributed to a dispositioning of the lactam ring. The flexibility of the -
phenyl substituent is lower and during simulations slightly oscillates in the entrance of the
acetyl lysine pocket. The overall structure of bound R-isomer remains stable with less than
3.5 A. The superposition of the X-ray structure and an average structure taken from the last ns
of MD simulations showed that the GIn167 and His 187 play a major role in the formation
and stabilization (Figure 47). Both residues form quite strong hydrogen bonds to the ligand

during MD simulation see section 4.2.1.
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Figure 46: Root mean square deviation (RMSD) plot representing h-SIRT2 (black) and [-
phenylsplitomicin R-(8c).
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Figure 47: Superposition of the human SIRT2 with R-isomer 8c at the beginning of the MD
simulations (white) and at the end (magenta).

The S-enantiomer reaches an equilibrium state beyond 3.5 ns of MD simulation and this
steady state is maintained with less than 2 A referenced to the starting coordinates (Figure
49). In this case on the RMSD plot two sharp peaks at 2500 ps and at 3500 ps are observed.
Beyond 3.5 ns the S-enantiomer slightly shifts towards the entrance of the acetyl lysine pocket
(hydrophobic pocket) and stays in this conformation for the rest of the simulations (Figure 48
and 49). Interestingly, also the two residues His187 and GIn167 are more flexible in the MD
simulation of the complex with the S-isomer. Both residues slightly moved away from the

ligand. Thus the S-isomer has more degree of flexibility during MD (Figure 48). Thus the S-
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isomer needs more simulation time to reach the equilibration. Also, no hydrogen bonds were

found for the S-isomer, which is in agreement with the docking study.

Figure 48: Superposition of the human SIRT2 with S-isomer 8¢ at the beginning of the MD
simulations (white) and at the end (orange).
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Figure 49: Root mean square deviation (RMSD) plot representing h-SIRT2 (black) and [-
phenylsplitomicin S-(8c).
4.2.1 Hydrogen Bond Analysis

A comprehensive hydrogen bond analysis was carried out on the trajectory of the splitomicin-
SIRT2 complexes. Protein inhibitor interactions were characterized by analysing hydrogen

bond formations through the trajectory of the 6 ns simulation time. Also a solvation pattern
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for bound isomers was calculated between 2 and 6 ns, where all water molecules are thought
to be pre-equilibrated. A cut off distance of 3 A between the heavy atoms of donor and
acceptor groups, and a hydrogen bonding angle cut off of 120" was used to analyze hydrogen
bond formation. Intermolecular hydrogen bond occurrence > 1% was only found for the R-
isomer GInl67 2.85%, Ile169 4.23%, His185 3.25% and solvation pattern with 17.44%
occurrence. For the S-isomer only a solvation pattern was found with an occurrence of

11.25%.
4.3 MM-PBSA Approach

The MD trajectories were further analyzed through the MM-PBSA approach [160]. In this
method the absolute free energy of a system is estimated from a combination of molecular
mechanics energy and Poisson-Boltzmann surface area. Because the inhibitors 8a and 8c were
synthesized and tested as enantiomers, we focused our free energy calculations on this set of
inhibitors. The estimated binding free energy for two pairs of stereoisomers shows (Table 10).
The calculated mean binding free energies were -7.41 kcal/mol for (R)-8c and -4.73 kcal/mol
for (5)-8c, respectively. Also for 8a the MM-PBSA calculation predicted the R-enantiomer to
bind stronger to SIRT2 (R)-8a, -7.53 kcal/mol, and for (S5)-8a, -2.70 kcal/mol. Thus, binding
of (R)-8c is more favourable than for the S-enantiomer, whereas in case of 8a the energy
difference is 4.65 kcal/mol. The estimated binding free energies are in good agreement with
the biological data where the S-enantiomers are more than two log units less-active than the

R-enantiomers (AGexp > ~3 kcal/mol, calculated on the basis of the ICsy values measured at
310 K).

SIRT2/(R)-8¢  SIRT2/(S)-8c  SIRT2/(R)-8a  SIRT2/(S)-8a

AEg -7.81 -3.22 -2.09 -0.19
AEyqw -30.87 -31.54 -38.68 -31.44
AEgus (AEgie + -38.68 -34.76 -40.77 -31.63
AEyaw)
AGgoly 9.77 10.74 7.63 5.66
TAS ot -21.50 -19.29 -25.79 -23.27
AGecalc -7.41 -4.73 -7.35 -2.70

Table 10: Energy contributions to the free energy of binding in (kcal/mol) obtained from MM-PBSA
approach for R and S isomers.
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4.4 Virtual Screening

We screened the Chembridge database for inhibitors related to the f-phenylsplitomicins. The
compounds of the Chembridge databse were transformed into 3D molecular structures using
the Omega module from OpenEye Software [181]. The ~328000 molecules were stored in a
MOE database (Chemical Computing Group) and ESshape3D MOE fingerprints were
calculated. The ESShape3D is a value spectrum shape fingerprint. Each fingerprint is a fixed
length and allows for comparison of 3D shapes made from the heavy atoms of a molecule.
Compounds similar to 8a (with an inverse distance >0.9) were retrieved and further analyzed.
Among the retrieved compounds 17 lactam analogs of 8a were identified. The lactams were
docked into the human SIRT2 protein structure using the program GOLD. GoldScores were
calculated for all docking poses that were subsequently visually analyzed within MOE. To
confirm the virtual screening results, four lactam analogs of 8a that showed a similar binding

mode as the f-phenylsplitomicins were selected and purchased from Chembridge (Figure 50

and 51).
R X
g
Joe Qo

11a: R=H, X=CH
11b: R=F, X=CH
11c: R=H, X=N
11d: R=Ph, X=CH
comp SIRT2 (ICso = SE or inhibition at concentration, uM)
11a 31.5% @ 40
11b 16.9 % @ 40
11c No inhib. @ 20
11d 4.2 % @ 40
12 6.4uM £0.3

Figure 50: Lactam analogues of splitomicin (11a-d) and bromo-substituated lactam analogue (12)
found in the virtual screening.
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Figure 51: Human SIRT2 with docked lactam 12 (green) and splitomicin 8¢ (yellow).

4.5 Conclusion

Structure-activity relationships for B-aryl splitomicins led to the identification of SIRT2
inhibitors that are active in the low micromolar region. A link between increased enzyme
inhibition and anticancer activity could be established. This supports the use of our
fluorescent small molecule in sirtuin assays to identify antiproliferative agents. Docking
studies confirmed that in the whole series of B-phenylsplitomicines the orientation of the [-
phenyl group is important for their SIRT2 activity. Only in the case of the R-enantiomers of
the chiral inhibitors the interaction with the substrate binding channel is observed. The
preparation and biological testing of two pairs of enantiomers confirmed the docking results
and the MD simulations. Furthermore, we reported calculations of binding free energies
between these two pairs of enantiomers and SIRT2 using the recently developed MM-PBSA
method. This approach proved to be attractive for rationalizing at a quantitative manner the
interaction of the splitomicines and SIRT2. The competition experiment carried out with
NAD" clearly showed that the B-phenylsplitomicins are noncompetitive to the cofactor. The
comparison of the predicted binding mode of R- (8a) and the observed interaction of NAD" in
the homologues bacterial sirtuin X-ray structure complexes further supported the
noncompetition between both molecules and is in agreement with recently published
structural data on sirtuin homologues [71]. One of the limitations of splitomicins is the
instability of the lactone ring, this lead to a short half-life particularly at physiological pH

[80]. Therefore, we used Virtual Screening to discover more drug-like compounds. Similarity
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based searching and subsequent docking the hits into the SIRT2 binding site gave us series of
inhibitors where the lactone of B-phenylsplitomicine is replaced with the lactam ring,
resulting in equally active inhibitors. The predicted binding mode of the lactam-based
inhibitor 12 is shown in (Figure 51). Experimental analysis showed that lactam analogues are

more stable and better water-soluble which makes them interesting for further development.
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Chapter 5

5. Thiobarbiturates as Sirtuin Inhibitors

The purpose of this part of the study was to find new series of compounds that inhibit human
sirtuins. We used an approach that combines the benefits of structure-based virtual screening
and experimental testing with validated sirtuin inhibition assays to subsequently screen only a
limited number of the top-ranking compounds. We performed a multi-step Virtual Screening
experiment starting with a prefiltered compound library containing over 328 000 molecules
and combination of similarity based screening and ligand docking. The virtual screening was
followed by MD simulation and free-energy calculations applying the MM-PBSA [160]
approach to get better estimate of the ligand binding free energy.

5.1 Virtual Screening

The Virtual Screening was carried out with the Chembridge database (Chembridge
Corporation, San Diego, CA, USA) containing a library of ~328 000 compounds. We
screened this database for inhibitors structurally related to cambinol (Figure 9, 40). The
compounds of the databank were transformed into 3D molecular structures using Omega
module from OpenEye Software [181]. The ~328 000 molecules were stored in a MOE
databse and several physiochemical descriptors were applied: a) M; between 250 and 400 b)
log P <5 c) TPSA < 150 A, and at least one nitrogen atom. MACCS fingerprints were
calculated for all compounds. Molecules similar to cambinol (with an inverse distance >0.7)
were retrieved and further analyzed. The 390 compounds were docked into the SIRT?2 protein
structures as described above and using the GOLD program. GoldScores were calculated for
all docking poses; 131 molecules were successfully docked into the nicotinamide binding
pocket (showing a GoldScore between 30 and 62). The final selection of a small subset of
compounds was based on visual inspection of the binding mode (only molecules showing
hydrogen bond to GIn167 were considered) and on the lipophilicity of the compounds (lower
logP favored). The five compounds were purchased from Chembridge and tested in an in

vitro assay [89] for their ability to inhibit human SIRT2 (Figure 52, Tablel1).
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Figure 52: Molecular structures of the five hits from the Virtual Screening of the Chembridge

database.

Table 11: Inhibition of SIRT2 by the hits from screening.

comp SIRT2 1C50£SE [um]
7 61£3.5
8 11.3£1.7
9 9.1+£5.8
10 130.7+47.2
11 40.7£3.9

5.2 Docking Studies

The interaction of the most potent compound 9 with human SIRT2 is shown in (Figure 53 and
54). A common feature of the active inhibitors is the interaction (hydrogen bond) of the
barbiturate/thiobarbiturate NH group with the backbone carbonyl group of GInl67 and the
hydrogen bond between the barbiturate CO group and Hist187. The bulky naphthyl or
hydroxyquinoline substituent is directed into the acetyllysine substrate channel and undergoes
van der Waals interactions with the aromatic ring system of Phe119 and His187. It can be

seen that the binding mode of the novel thiobarbiturate inhibitors is similar to that observed

for cambinol (Figure 40).
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Figure 53: Comparison of the docking results obtained for 8 (cyan), 9 (magenta) and cambinol
(green) at SIRT2. The four water molecules used in the docking study are displayed as balls.
Hydrogen bonds are indicated by the dashed lined.

Compounds 7 and 8 can be present in two tautomeric forms (Figure 52). In the Chembridge
database both molecules are stored as the hydroxyquinoline tautomer, which was also
considered for the virtual screening study. We also generated the pyridine tautomer and
docked it into the SIRT2 binding pocket. A similar binding mode was observed for the
pyridine tautomer, placing the pyridine ring between the aromatic side chains of Phel19 and
His187 (RMSD: 0.2 A). Semi-empirical quantum mechanical calculations using the AM1
method were carried out to calculate the potential energies of two tautomers of 7 an 8 (Figure
52). Such calculations were performed in vacuo yielded an energetic preference for the
pyryidyne tautomer, whereas the GoldScores were observed to be higher for the
hydroxyquinoline tautomer. Similar results were derived with X-Score and Chemscore [109].
Based on the calculated docking poses and the corresponding scores, no final decision can be

made as to which tautomer is more likely to interact with the SIRT2 active site.
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Figure 54: Predicted binding mode of 9 at the nicotinamide-binding site of human SIRT2. The water
molecules used in the docking study are displayed as balls.

5.3 Molecular Dynamics Simulations

In this section we present analysis on selected two novel thiobarbiturates, compound 8 which
showed the activity of 11.3 uM and, compound 10 with lower activity 130.7 uM. The
thiobarbiturates compounds are similar to the cambinol inhibitor thus in the first step a
complex of human SIRT2 with cambinol was calculated and analysed. To explore the effect
on the dynamical stability of the human SIRT2-cambinol complex, the root-mean-square
deviation (RMSD) values relative to the initial structures were calculated and plotted in
(Figure 55). The RMSD for cambinol during MD is around ~1.5 A (red) and stayed stable
during the MD simulation, for the receptor the RMSD value is less than 4 A (black) (Figure
55). The RMSD SIRT2 pattern exhibits one increasing point at 2 ns of the simulation, than
the frequency of flexibility is getting lower to about ~3.5 A and this state is maintained
throughout the simulations. The constant RMSD value of cambinol, suggests that the binding
mode is stable during the MD simulation (Figure 55 and 56).

Figure 56 presents a superimposition of the bound human SIRT2 before (white) and after
(green) 4 ns of the MD simulation. As can be clearly seen, there are some additional
conformational changes, which occur mainly in the flexible loop region and at the entrance of
the acetyl-lysine pocket (see Figure 56). Based on a trajectory analysis we observed that

when the ligand binds the loop slowly shifts towards the binding pocket (green) and make it
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closed, suggesting that the loop regulate the stability of the ligand. Also the binding tunnel
closes when cambinol is bound. Open and closed conformations we also observed during
simulations of human SIRT2 with different NAD" conformation (3.3.1). A hydrogen bond
analysis was carried out on the trajectory of the human SIRT2 cambinol complex. Hydrogen
bond formation between the oxygen from thiobarbiturate ring and His187 was found with an

occurrence of 10.51%.
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Figure 55: Root mean square deviation (RMSD) plot representing human SIRT2 (black) and bound
compound 10 (red).
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Figure 56: Superposition of the human SIRT2 in complex with cambinol at the beginning (white) and
(green) at 5 ns of MD simulations. Water molecules in the binding pocket are shown as red balls.
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The RMSD of two novel thiobarbiturates - compound 8 and compound 10 (Figure 58 and 60)
- remained low (<2 A) and did not vary significantly during 5 ns of MD simulations in
reference to the starting coordinates. When the compound 8 binds to human SIRT2, the
complex reaches is equilibration state beyond 2ns and then oscillates around 3.5 A (Figure
58). In case of compound 10 (Figure 60), the overall structure remains stable around 3.5 A.
Analysis of the trajectories showed that GIn167 and His187 seem to play a major role in the
formation and stabilization of the complex during the MD simulation (Figure 57, 58).
Moreover visual inspection indicated that when the compounds 8 binds to the human SIRT2
the flexible loop shifted inside the binding pocket and interacts with the bound ligand (Figure
57), which is similar to what we observed for cambinol. However if the compound 10 with a
much lower activity binds to the hSIRT2, we did not observe any loop flexibility - the binding

pocket remained more open (Figure 59).

Flexible loop
open and closed
&

/  Phe119

Figure 57: Superposition of the human SIRT?2 in complex with a compound 8 (ICs,= 11.3 pM) at the
beginning (white) and (yellow) of the Sns MD simulation.
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Figure 58: RMSD plot representing human SIRT2 (black) and bound compound 8 (red).

Ac-Lysine
Binding site

A

Figure 59: Superposition of the human SIRT2 in complex with compound 10 (ICs5p=130.7+47.2uM) at
the beginning (green) and (white) at Sns of MD simulations. Hydrogen bond is shown as dashed line,
and water molecules in the binding pocket as red balls.
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Figure 60: RMSD plot representing human SIRT2 (black) and bound compound 10 (red).

5.4 MM-PBSA Approach

The stability of the complexes during MD simulations suggests that it is reasonable to use
these data for a more detailed analysis. The virtual screening resulted in five barbiturates and
thiobarbiturates including the active inhibitors 8 and 9. As we did not observe any correlation
between docking scores and ICsy values, we calculated the binding free energy by using the
MM-PBSA approach. To increase the number of compounds used to establish a quantitative
model we added the developed B-arylsplitomicin inhibitors reported in (Table 12). The
SIRT2-inhibitor complexes derived from the docking study were used as starting complexes
for molecular MD simulations using the AMBER program. All binding free energy presented
in this study was based on the last nanosecond of MD simulations of corresponding molecular
systems (100). To increase the number of compounds used to establish a quantitative model to
five thiobarbiturate inhibitors 15 splitomicin derivatives were added. In chapter 4 we showed
that only the R isomer is the active enantiomer. Therefore only the R isomers of the
splitomicin derivatives were used for docking and binding free energy calculations, because
the splitomicin derivatives are structurally very similar, it can be suggested that for all
compounds, the R-isomer represents the active component for biological activity. From
(Table 12 and 13) it can be seen that the calculated binding free energies of the [-
arylsplitomicin inhibitors are higher in comparison to the thiobarbiturates. On the other hand
electrostatic contributions are more favourable for thiobarbiturates (Table 12). The binding
free energy for the thiobarbiturate inhibitors is -4.24 kcal/mol (8) and -2.98 kcal/mol (9). The

van der Waals contributions are highly favourable for all compounds.
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The entropic contribution to binding (TAS) was estimated by a normal mode analysis of 100
snapshots taken along the last ns MD. The TAS values are dominated by the translational and
rotational contributions whereas their variation is caused by the vibrational contribution. As
can be seen in Table 12, 13 all TAS values are high disfavorable, which means that the

entropic effects on binding have high impact on the computation absolute binding free energy

(Figure 63).

Table 12: Energy contributions to the free energy of binding of the splitomicin derivatives obtained
by the MM-PBSA approach. AE, and AE,q, are respectively the electrostatic and van der Waals
energies of binding; AEggsa: are contributions to the solvation free energy; AH, is the enthalpy of
binding, TAS is the entropy of binding and AG, is the calculated binding free energy. AG.y, values
were calculated by AGe,=-RTIn(ICsy).

comp AEel AEvdw AEGBSA AHtot TAStot AC}calc ICSO [HM] ACiexp

2 -2.09 -38.68 7.23  -33.54 -25.79 -7.64 1.5+0.3 -7.94
6 -2.87 -34.10 1224 -2473 -17.08 -7.65 6.4+0.3 -7.08
12 -7.81 -30.87 1126 -27.42 -21.50 -5.92 10.6+1.0 -6.78
13 -231 -32.00 8.13  -26.18 -17.72 -8.46 1.2+0.4 -8.07
14 1.27  -32.67 6.01 -2538 -20.86 -4.52 4.842.3 -7.25
15 -8.27 -39.05 1629 -31.03 -18.00 -13.30 2.8£1.8 -7.57
16 -3.50  -32.56 158 -20.26 -15.60 -4.66 5.440.2 -7.18

17 -5.00 -28.6 11.49 -22.12 -18.72 -3.40 19.5+9.7 -6.42
18 -0.14 4221 1745 -2490 -21.22 -3.68 19.74£5.5 -6.41

19 -2.00 -35.81 13.76 -24.06 -14.01 -10.05 2.3+0.3 -7.69
20 -3.81 -37.77 1841 -23.18 -17.03 -6.15 3.4+0.3 -7.45
21 -3.80 -3525 1253  -26.52 -17.47 -9.05 4.4+0.6 -7.30
22 -4.65 -3428 1423 -2470 -11.90 -12.80 3.1+0.5 -7.51
23 -11.10 -34.57 2280 -22.88 -20.26 -2.62 20.0+8.0 -6.41
24 224 -3194 419 -2551 -15.55 -9.96 5.2+1.0 -7.20

Table 13: Energy contributions to the free energy of binding of the thiobarbiturate and barbiturate
derivatives obtained by the MM-PBSA approach.

comp AEq AEvaw AEgesa AHit TASw AGeae ICso[uM]  AGexp
7 -5.59  -28.71  28.71 -1297 -8.66 -4.31 61+3.5 -5.75
8 -7.38 -32.20 19.61 -1996 -1698 -298 11.3%1.7 -6.74
9 -19.10 -31.79 30.35 -20.54 -16.30 -424 9.1£5.8 -6.87
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10 -7.89  -31.20 2430 -1479 -15.56 0.77 130.7 -5.29
11 -13.90 -28.23 2531 -16.82 -14.54 -2.28 40.7£3.9 -5.98

To determine whether MM-PBSA is useful for the further lead optimization, the correlation
between calculated values (binding free energies AGe,c and binding enthalpies AH,) and the
experimental ICsyp values were analysed. This approach represents only a rough
approximation, because the biological data is used instead of pure thermodynamic values
from calorimetric studies. Another important element in calculating binding free energy using
MM-PBSA approach is the solvation energy. This component is computed from an empirical
equation AGga= B + SASA +y, the default values in the AMBER package are set to 0.00542
kcal/(molA?®) and 0.92 kcal/mol respectively. These parameters were obtained from a
regression analysis of the solvation energies of 67-alkane molecules by Honig et al. [182]. It
is the question if these default values are always appropriate to study diverse set of
compounds. Therefore an ideal correlation can not be expected. As shown in Figure 63, where
the experimental values are plotted versus the calculated binding energies, there is a
significant correlation between the binding free energy AG (r=0.83, 1’=0.69, SD=0.40) and
the biological activity. For the enthalpy AHi the correlation is lower (r=0.69, r’=0.47,
SD=0.52) due to one outlier: compound 12 (Figure 61). Removing the outlier resulted in a
model with a regression coefficient of r*=0.65 for the enthalpy model (Figure 62). To test the
predictive ability of the model, we carried out leave-one-out (LOQO) cross validation. For the

binding free energy AG model we obtained a cross-validated q”Loo value of 0.61 (Figure 63).
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Figure 61: Correlation between calculated MM-PBSA binding enthalpies AH.,. and the SIRT2 pICs,
values.
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Figure 62: Correlation between calculated MM-PBSA binding enthalpies AH.,. and the SIRT2 pICs,
values, after removing outlier compound 12.
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Figure 63: Correlation between calculated MM-PBSA binding free energies AGe,. and the SIRT2
pICsg values.

In contrast to the applied GOLD docking scores, the MM-PBSA approach takes protein
flexibility into account. This is a significant contribution to improved ligand scoring. Another
reason for the improved results with the MM-PBSA calculations is that the force field used a
continuum solvent electrostatic to calculate AGg,. This provides a more accurate description
of the ligand binding than the empirical GOLD scoring function. In contrast to more rigorous
methods such as free energy perturbation (FEP) or thermodynamic integration (TT), MM-
PBSA is faster by several orders of magnitude. However, the approximations inherent to
MM-PBSA result in larger errors than those associated with the more sophisticated methods
such as FEP or TI. In particular, estimation of the entropic term on the basis of the trajectories
is often connected with a large standard deviation. This can also be seen on our data see
(Table 12 and 13), where the entropy contributions are very different for compounds
structurally similar. To overcome the entropy problem, it was suggested to increase the
simulation time and to use smaller snapshot sizes for sampling the entropic term. However,
for larger data sets this dramatically increases the time required for the MD simulations,
therefore, finding an acceptable balance between accuracy and simulation time is still a

challenge.
5.5 Novel Thiobarbiturates

The analysis of the MD simulations showed that most active thiobarbiturates, compounds 8
and 9, are stable and make hydrogen bonds with His187 and the backbone NH group of
GIn167. The hydrogen bond between His187 and the thiobarbiturate moiety of 8 and 9 was

74



found to be stable during MD simulation, whereas the direct hydrogen bond to the backbone
NH group of GInl67 was observed only at the beginning of the simulation. Additionally
analysis of the molecular interaction field derived with the hydrophobic methyl probe showed
a favourable interaction field above the napthyl substituent of docked compound 9 (Figure
64). Therefore we designed and synthesized five thiobarbiturates (25-29) (Figure 65) with
hydrophobic substituents. Docking studies showed that these compounds obtained similar
docking pose as for compounds 8 and 9 (Figure 53, 54). As an example, the interaction of the
novel thiobabrituates is shown in (Figure 67). The calculated AG values of the five
compounds were found to be < -4.2 kcal/mol indicating that they should be just, as or more
potent than the thiobarbiutate 9 (Table 13). Subsequent biological testing showed that all five

new thiobarbiturates are active against SIRT2 at concentrations < 30 um (Figure 66).

Figure 64: Molecular interaction fields derived with the hydrophobic methyl probe coloured in yellow
for compound 9, obtained in MOE program.
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Figure 65: Molecular structures of and five novel thiobarbiturates.
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[a] Inhibition < 10% at 50 um

Figure 66: Inhibition of SIRT2 by the novel synthesized thiobarbiturates.
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Figure 67: Predicted binding mode of the five novel thiobarbiturates. Water molecules are displayed
as red balls. Hydrogen bonds are indicated by dashed lines.

In general, we were able to obtain a good agreement between AGgy. and pICsy values for the
five novel thiobarbiturates (Figure 70, Table 14). Compound 25, bearing a biphenyl group, is
the most active thiobarbiturate toward SIRT2 in agreement with the predicted MM-PBSA
calculations. The biphenyl fits well in the acetyl lysine substrate channel and interacts with
the surrounding aromatic side chains (Figure 68). To further support our hypothesis that the
hydrophobic aryl group is important for sirtuin activity, we experimentally tested

unsubstituated barbituric and thiobarbituric acid.

MD simulations were carried out for human SIRT2 in complex with compound 25. The
calculated MD structures remain similar to those obtained for compound 8, 9 and cambinol
with RMSD values for the ligand within 1-1.3 A and for the protein within the 3.5 A range
(Figure 69). As it is presented in (Figure 68), the acetyl lysine binding tunnel and flexible
loop shifted away from the starting position while the compound 25 remained bound. The
biphenyl group of 25 slightly moved inside the acetyl-lysine binding tunnels whereas the
thiobarbiturate ring stayed stable in the nicotinamide binding pocked making a hydrogen
bond with GIn167 (Figure 68). Interesting is also displacement of the His187 residue during

MD simulations.
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Figure 68: Superposition of the human SIRT2 in complex with compound 25 (IC5,=8.7+£0.7uM) at
the beginning (orange) and (white) at Sns of MD simulations. Hydrogen bond is shown as dashed line,
and water molecules in the binding pocket as red balls.
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Figure 69: RMSD plot representing human SIRT2 (black) and bound compound 25 (red).

comp AEq AEyw AEgesa AHye TASi AGeae ICso[uM] AGexp
25 -5.16 -31.44 1547 -21.13 -15.01 -6.29 8.7+0.7 -6.90
26 -8.53 -21.73 1421 -16.05 -11.85 -4.20 20.3+£1.5 -6.40
27 -5.76  -24.04 1448 -1532 -11.07 -431 30.1£3.1 -6.16
28 -7.54 -31.24 20.68 -18.10 -13.56 -4.54 20.0£1.7 -6.41
29 -3.14  -3498 13.86 -24.26 -1935 -491 14.7£2.1 -6.59

Table 14: Energy contributions to the free energy of binding of the thiobarbiturate and barbiturate
derivatives obtained by the MM-PBSA approach.
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Figure 70: Correlation between calculated MM-PBSA binding free energies AGe,. and the SIRT2
pICsg values of training set (blue) and test set compounds (white).

5.6 Conclusion

We showed that combination of different computational methods with experimental in vitro
testing can be used for the discovery of new sirtuin inhibitors. Polar interactions that anchor
the identified thiobarbiturates at the SIRT2 binding pocket were found. The hydrophobic
groups of the inhibitors were found to interact with the acetyl-lysine substrate pocket. In
contrast, barbituric and thiobarbituric acid, which do not possess a hydrophobic group, were
found to be inactive. MD simulations showed that the two residues His187 and GIn167 play a
major role in the stabilization of the binding mode of splitomicins and thiobarbiturates at the
SIRT2 nicotinamide-binding pocket. The MD simulations of SIRT2 bound to inhibitors (as
well as NAD") showed a general movement of the flexible loop as well as residues of the
acetyl-lysine binding tunnel which was not observed in the simulations of the uncomplexed

sirtuins. This observation can be useful for the further development of sirtuin inhibitors.

Finally, we applied the MM-PBSA method to calculate the relative binding free energies for a
set of 20 SIRT2 inhibitors. These calculations were found to be useful in order to get more
detailed information about the binding affinity that cannot be provided by docking programs
and scoring functions. Further optimization of the identified thiobarbiturate-based sirtuin

inhibitors can thus be performed in a more rational fashion.
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Chapter 6

Virtual Screening and Binding Free Energy Calculations of Novel

Thiobarbiturates as Sirtuin Inhibitors

6.1 Generation of a Focused Model for Thiobarbiturates

A multi-step virtual screening was carried out in order to identify more potent
thiobarbiturates. Compounds were docked into the human SIRT2 structure and virtual
screening hits were analyzed through the application of linear interaction free energy (LIE)

and molecular mechanics Poisson-Boltzmann surface area (MM-PBSA).

6.1.1 MM-PBSA Models

The ten active thiobarbiturate inhibitors described in chapter 5 (Figure 52, 65) were used as
training set for generating MM-PBSA models. Based on calculated enthalpy and binding free
energy, AH and AG models were established. The quality of these models was evaluated by
means of the correlation coefficient (), and the root mean square of error (RMSE). In case of
the enthalpy model AH (n=10), the statistical values yield an r’=0.60 and RMSE value 0.30
kcal/mol (Figure 71). Compound 29 was found to be an outlier because the difference
between calculated and experimental values was shown to be high in comparison to other
compounds. Excluding it resulted in a significantly better correlation. The statistical values
derived from the new AH training set (n=9) were r’=0.76 and RMSE of 0.18 kcal/mol (Figure
72, Table 15). The AG model was built in the same way as described above for the AH model.
The obtained correlation between experimental and calculated data yielded the following
values: 1°=0.54 and RMSE 0.24 kcal/mol (Figure 73). Obtained statistical values for these two
models inlcuding the leave one out q° values showed that the model based on the calculated

enthalpy of binding showed a better internal predictivity than AG model.
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Table 15: Summary of statistical values obtained for the MM-PBSA models based ond AH and AG.

Training set
Model 5 >
r RMSE J Loo
AH? 0.76 0.18 0.70
AGP 0.54 0.24 0.40

* model obtained for n=9, ® model obtained for n=10.

Binding free energy calculations require an entropy term, which in MM-PBSA method is
estimated using nmode analysis. The entropy term was also included in the AG model. This
term is sometimes difficult to correctly estimate because of the slow convergence and
sampling difficulties. It was shown in literature that for many targets entropy changes could
be omitted if all ligands are roughly the same size [183,184]. On the other hand, a reasonable
amount of experimental and computational data suggest that if we want to have a more clear
picture on the system energy, this term can not be ignored [185]. Both AH (n=9) and AG

(n=10) models were used for the further analysis.
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Figure 71: Correlation between experimental pICsoexp values and calculated pICsocalc values derived
from the AH model.
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Figure 72: Correlation between experimental pICsoexp values and calculated pICsocalc values derived
from the AH model.
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Figure 73: Correlation between experimental pICsoexp values and calculated pICsocalc values derived
from the AG model.

6.1.2 Linear Interaction Energy (LIE) Models

The LIE energy method applies experimental data on binding free energy values for a set of
ligands (training set) to estimate the binding affinities for novel test set compounds. The
method is based on the linear response approximation (LRA), which formulates that binding

free energy of a protein-ligand system is a function of polar and nonpolar energy components
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that scale linearly with the electrostatic and van der Waals interactions between. In the

original formulation of the method the binding free energy is evaluated from:

AGLIEbind — (lA <Ede]_s> + ﬁA<Eele]_s> + 'Y (8)

where A is a difference between the energies of the bound and free state, and E represents
MD or MC averages of intermolecular electrostatic <E“,;> and van der Waals <E"®",.>
energies for the ligand with its surroundings. The a,  and y are LIE fitting parameters, which
need to be determined by correlating the calculated with the experimental data of the training
set compounds. The fitting parameters a and B were firstly set to fixed values (a=0.161 and
B=0.50), and they can be transferred among different protein systems. Since studies, which
investigated influence of different o and B parameters, it was found that they depend on the

studied system, applied force field and computational methods employed [185, 186].

Standard MD simulations were carried out for one nanosecond to compute the interaction
terms required in the LIE method using the Sander module of Amber 9 [150]. Two separate
MD simulations were carried out: one for the solvated protein-ligand complex and one for the
ligand in solvent only. Obtained snapshots were then split into its environment and the ligand,
for that a perl script was written which ran ptraj [150] multiple times. This allowed
generating pdb files of a) the complex environment, b) ligand from the complex, ¢) solvent
environment and d) the ligand from the solvent. Finally, single step minimization was run, for
each generated pdb of each sub-section to obtain the van der Waals (vdw) and electrostatic
(ele) contribution of each-subsection. The interaction energies between ligand and different
surroundings are equal to the difference between the energy of the total system and sum of the

individual components. Thus, the interaction energies (Epy) can be described as follows:

EiNn= Eyawt Ece 9
EIN-bound= EIN-total'EIN-receptor'EIN-solvent'EIN-ligand (1 0)
EiN-free= Ein-total= EIN-solvent-E1N-ligand (11)
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The obtained energy terms were applied to the LIE standard formula for 10 training set
compounds (Figure 52, 65). The empirical parameters a,  and constant y were determined
using the least-square error fitting method (MOE program) and solved in a fashion similar to
that of QSAR models. Two models were prepared: model A, where a, B and y parameters
were evaluated, and model B, where only a and B were evaluated and y was set to zero. The
quality of the training set fit was evaluated by the value of the squared correlation coefficient
(rz) and leave-one-out cross validation coefficient (quoo) which was 0.74 and 0.65 for model
A and 0.58 and 0.57 for model B. The values obtained for the three fitting parameters a, f3,
and y for model A and B are presented in Table 16, 17. The estimated binding free energy
values for the training-set compounds were also plotted against the experimental data pICsg
(Figure 74 and 75).

Table 16: Statistical values of the LIE models. a, B and y correspond to the coefficients of the LIE

model; RMSE is the root means square error in kcal/mol, 1’ is the correlation coefficient, and qu00 the
leave-one-out cross-validated correlation coefficient.

Parameters Training set (n=10)
Model o B y r RMSE | q’Loo
A 0.14 -0.12 | -3.98 | 0.74 0.18 0.65
B 0.36 -0.17 0 0.58 0.31 0.57

Table 17: Overview of the electrostatics (AE..) and van der Waals (AE.qy) energies (kcal/mol)

obtained for a training set n=10, (AG"'""A) values predicted with a fitting parameter y#0, and (AG"'"*B)

with fitting parameter y=0, (AG.x,) experimental values.

Ligand-surrounding interactions (kcal/mol) Predictions
comp. <EVdW>bound <EVdW>free <Eele>bound <Eele>free AGLIEA AGLIEB ICS 0 AC‘exp
7 -38.18 -18.70 -42.47 -36.73 -6.02 -6.03 61.00 -5.74
8 -43.98 -21.33 -32.62 -29.25 -6.73 -7.58 11.30 -6.74
9 -37.53 -17.54 -27.52 -25.35 -6.50 -6.83 9.10 -6.87
10 -39.78 -20.92 -38.92 -31.27 -5.71 -5.47 130.7 -5.29
11 -35.98 -20.19 -29.85 -26.03 -5.73 -5.03 40.70 -5.98
25 -38.91 -22.49 -23.74 -28.88 -6.84 -6.82 8.70 -6.89
26 -35.03 -18.20 -23.53 -25.21 -6.50 -6.36 20.30 -6.39
27 -36.34 -16.70 -34.04 -26.76 -5.86 -5.82 30.10 -6.16
28 -32.21 -17.21 -26.14 -28.36 -6.31 -5.80 20.00 -6.40
29 -35.95 -18.89 -25.20 -29.50 -6.83 -6.90 14.70 -6.58
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Figure74: Correlation between observed AGgps and calculated AGe,. values obtained for training set
compounds derived from LIE model A.
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Figure 75: Correlation between observed AG,ps and calculated AGe,. values obtained for training set
compounds derived from LIE model B.

6.2 Identifying and Predicting Novel Thiobarbiturates

After preparing training set models, a multi-step Virtual Screening (VS) was performed using
the Chembridge database to identify novel more potent thiobarbiturates. These comopounds
should represent an ideal independent test set. The MACCS key fingerprints were used to
search the database for compounds similar to the most active thioabarbiturates (compounds 9

and 25, Figure 52, 65). Applying a Tanimoto coefficient of 0.75 we identified 100 compounds

85



which were subsequently docked in the SIRT2 binding pocket using the GOLD program. 14
thiobarbiturate derivatives were selected and their biological data were predicted using the
MM-PBSA and LIE models (Figure 76). In addition, 9 derivatives were synthesized in the
group of Prof. Jung at the University of Freiburg based on our docking studies (Figure 77).

The novel compounds were subsequently calculated and added to test set group.
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Figure 76: Thiobarbiturate compounds identified by virtual screening from Chembridge database.
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Figure 77: Thiobarbiturate compounds synthesized in the group of Prof. M.Jung, University of
Freiburg.

6.2.1 Results Obtained by MM-PBSA approach

The AH and AG models were then applied for predicting the binding affinities of the selected
independent test-set compounds (n=23, Figure 78, 79 Table 18). The AH model was found to
better predict binding affinities, as the correlation between predicted and experimental values

increases to rzpred = 0.44 (Figure 78). In case of the AG model, the correlation coefficient was
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1> = 0.035, which suggests a significantly weaker predictive ability of this model (Figure 79).
The enthalpy (AH) model was able to predict the exact experimental binding affinities, e.g
7093707, 5860305 and 5966223 (Table 19). In the case of the binding free energy model

(AG), the values calculated for some of the compounds were significantly underestimated.
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Figure 78: Correlation between experimental pICsoexp and predicted pICsopred values for n=32
compounds derived from the AH model. Black points represent the training set compounds and the
white test set compounds.
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Figure 79: Correlation between experimental pICseexp and predicted pICsopred values for n=33
compounds derived from the AG model. Black points represent the training set compounds and white
the test set compounds.
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Table 18: Energy contributions to the free energy of binding of the thiobarbiturate compounds (test
set) obtained by the MM-PBSAapproach. AE. and AE,q, are the electrostatic and van der Waals
energies of binding, respectively, AEgpsa are contributions to the solvation free energy, AHy is the
enthalpy of binding, TAS, is the entropy of binding, and AG, is the calculated binding free energy.
AGey, values were calculated by AGex,=-RTIn(pICsg). For compounds MS6 and MS9 purity less than
100%.

comp AEel AEvdw AEsol AHtot TAStot AGcalc ICSO[HM] AC‘exp
6486096 -18.54 -34.70 30.06 -23.17 -16.78 -6.39 5.80 -7.11
5851689 -11.63 -37.42 24.66 -2439 -22091 -1.48 5.80 -7.11
5860305 -6.53 -37.38 20.27 -23.64 -20.89 -2.75 4.90 -7.21
6446861 -16.21 -33.30 2442 -25.09 -19.89 -5.20 1.80 -7.80
6218896 -17.41 -4230 3226 -27.91 -22.31 -5.60 3.90 -7.34
5680998 -16.03 -43.68 31.05 -28.66 -1825 -10.41 2.30 -7.65
5545264 425 -32.16 11.07 -2534 -19.49 -5.85 1.50 -7.91
5875121  -15.31 -41.75 30.00 -25.06 -15.61 -9.45 3.80 -7.36
5966223 -14.26 -40.19 28.63 -25.82 -19.33 -6.49 2.80 -7.54
6060663 -14.62 -38.58 2826 -24.95 -18.25 -6.70 3.50 -7.41
6194121 -13.92 -4333 3231 -24091 -17.42 -7.49 5.70 -7.12
6568425 -19.19 -39.51 33.10 -25.60 -17.06 -8.54 5.50 -7.15
7093707 -6.81 -43.13 24.03 -2590  -18.28 -7.62 2.20 -7.69
5483251 -16.06 -34.72 27.67 -23.11 -16.59 -6.52 6.50 -7.05
ARS -11.12 -3423 2141 -2394  -20.10 -3.84 8.60 -6.85
MS5 -12.43  -36.43 2484 -24.02 -20.50 -3.52 13.50 -6.59
MS17 -1.00  -49.58 2647 -24.11 -20.84 -3.27 5.20 -7.15
MS13 -1598 -36.84 2323 -29.60 -21.41 -8.19 3.40 -7.40
MS6 -7.08 -25.82 1397 -18.92 -16.02 -2.90 35.60 -6.02
MS9 -22.34 3691 41.61 -17.64 -14.46 -3.18 61.60 -5.70
MS10 -14.57 -37.84 2893 -2348 -17.28 -6.20 11.70 -6.67
MS11 -14.14 3575 25.86 -24.03 -19.15 -4.88 10.90 -6.71
MS15 1.98 -3991 1553 -2239 -17.93 -4.46 6.60 -7.01

Table 19: Predicted biological data for test set compounds, pICspAH-values predicted using AH
model, pICspAG-values predicted using AG model, pICso-experimental data, error-difference between
experimental and calculated value.

comp pICso)AH error plCso AG  error  plCs

6486096 5.33 0.10 5.02 0.21 5.23
5851689 5.48 0.25 4.29 0.94 5.23
5860305 5.38 0.08 4.48 0.82 5.30
6446861 5.56 0.18 4.84 0.90 5.74
6218896 5.91 0.51 4.90 0.50 5.40
5680998 6.00 0.36 5.60 0.40 5.64
5545264 5.59 0.23 4.93 0.89 5.82
5875121 5.55 0.13 5.46 0.04 542
5966223 5.65 0.1 5.03 0.52 5.55
6060663 5.54 0.08 5.06 0.40 5.46
6194121 5.54 0.30 5.18 0.06 5.24
6568425 5.62 0.36 5.33 0.07 5.26
7093707 5.66 0.00 5.20 0.46 5.66
5483251 5.31 0.12 5.03 0.16 5.19

AR5 5.42 0.36 4.64 0.42 5.06
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MS5 543 0.57 4.59 0.28  4.87
MS17 5.44 0.16 4.56 0.72 5.28
MSI13 6.12 0.66 5.28 0.18 5.46
MS6 4.80 0.36 4.50 0.06 4.44
MS9 4.65 0.44 4.54 0.33 4.21
MS10 5.36 0.43 4.99 0.06 493
MS11 543 0.47 4.79 0.17  4.96
MSI15 5.23 0.05 4.73 0.45 5.18

6.2.2 Results Obtained by LIE approach

The a, B and y parameters of models A and B were optimized using LIE, and the two models
were subsequently used to predict binding affinities (Table 20). The electrostatic and van der
Waals energies were obtained from MD simulations, whereas the same protocol was used for
training set compounds. The calculated AG values were plotted against the experimental pICsg
values, the correlation coefficient was low (rzpred20.23) for model A, and model B had a
higher correlation coefficient (rzpred20.49) (Figure 81). In contrast to the significant
correlation observed for the training set compounds, model A did not perform well in the
prediction of test set binding affinities (correlation coefficient dropped from 0.74 to 0.62),
(Figure 80).

As shown in Table 20, the predicted AG"'® values for the test set compounds are in acceptable
agreement with the experimental data. Both models poorly estimated the biological data for
compound MS15, where the difference between experimental and obtained binding free
energy is ~1.76 kcal/mol. This compound was considered an outlier, and was excluded from

correlation plots.

Table 20: Overview of the electrostatics (AE..) and van der Waals (AE,qy) energies (kcal/mol)
obtained for a test set n=23, (AG"'"*A) values predicted with a fitting parameter y£0, and (AG"'""B) with
fitting parameter y=0, (AGep) experimental values. For compounds MS6 and MS9 purity less than

100%.

Ligand-surrounding interactions (kcal/mol) Predictions
comp.  <E"™>pna <E"™>pee <E%>pomd <E">pee  AGMA AGMB ICsy  AGe, error
6486096 -40.29 -22.79 -26.64 -26.89 -6.46 -6.34 580 -7.11 0.65
5851689 -50.78 -34.48 -26.26 -27.60 -6.38 -6.04 580 -7.11 0.73
5860305 -51.28 -28.61 -36.35 -31.27 -6.54 -7.30 490 -7.21 0.09
6446861 -43.71 -23.13 -34.46 -33.98 -6.80 -7.33 1.80 -7.80 0.47
6218896 -55.82 -34.51 -27.02 -26.54 -6.91 -7.59 390 -7.34 0.25
5680998 -51.28 -28.17 -36.35 -34.75 -7.02 -8.05 230 -7.65 0.40
5545264 -46.61 -23.87 -29.14 -29.32 -7.19 -8.22 1.50  -791 0.31
5875121 -52.01 -25.25 -39.22 -32.71 -6.94 -8.52 380 -7.36 042
5966223 -48.93 -26.43 -32.49 -30.92 -6.94 -7.83 280 -7.54 0.29
6060663 -43.25 -17.07 -38.40 -34.78 -7.21 -8.81 350 -7.41  0.20
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6194121 -45.10 -23.48 -50.81 -48.71 -6.75 -7.42 570 -7.12 030

6568425 -42.53 -21.09 -50.72 -48.57 -6.73 -7.36 550  -7.15 0.21
7093707 -52.85 -30.73 -39.09 -43.50 -7.61 -8.71 220 -7.69 0.08
5483251 -39.25 -20.91 -42.32 -40.22 -6.30 -6.25 6.50 -7.05 0.75
ARS -42.30 -22.01 -34.34 -30.85 -6.40 6.72 860 -6.85 0.13
MS5 -42.71 -23.65 -35.17 -32.87 -6.37 -6.47 1350 -6.59 0.12
MS17 -55.32 -34.67 -38.13 -36.65 -6.69 -7.18 520 -7.15 0.03
MSI13 -47.39 -27.42 -34.48 -29.60 -6.19 -6.36 340 -7.40 1.04
MS6 -34.44 -16.40 -29.89 -28.04 -6.28 -6.18 35,60 -6.02 0.16
MS9 -33.73 -14.64 -45.24 -40.21 -6.05 -6.02  61.60 -570 0.32
MS10 -39.95 -19.48 -37.13 -28.92 -5.86 -597 11.70 -6.67 0.70
MSI11 -37.75 -19.25 -26.78 -25.94 -6.47 -6.52 1090 -6.71 0.19
MS15 -45.30 -26.85 -30.98 -20.16 -5.26 -4.80 6.60 -7.02 1.76

LIE model A (n=32)
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Figure 80: Correlation between observed AG,,s values and calculated AGg,. values for LIE model A,
black points represent training set and white test set compounds after removing outlier compound
MSI15.
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LIE model B (n=32)
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Figure 81: Correlation between observed (AGgys) and calculated (AGe,ic) values for LIE model A after
compound MS15 was removed. Black points represent training set compounds, and white represent
test set compounds.

6.3 Analysis of Inhibitor Binding Mode

The docking poses of the new thiobarbiturates were analyzed by means of MD simulations.
All inhibitors showed the same binding mode (Figure 82). They make hydrogen bonding
contacts with His187 and GIn167. The one of active inhibitor (compound 5680998, 1Csy=2.3
uM) binds inside the C-pocket and makes hydrogen bonds to Gln167 and His187. The naphtyl
ring of this compound binds deep inside the acetyl-lysine channel (Figure 82, 83). Other

active thiobarbiturates show interactions with the residues of the acetyl-lysine channel.
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Figure 82: Binding mode of compound 5680998 (ICs;=2.3uM) at SIRT2.
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Figure 83: Binding mode of new thiobarbiturate compounds at SIRT2. The most active compound
5680998 is coloured in yellow (capped sticks).

The MD simulations were carried out for five nanoseconds. Coordinates were sampled every
250 steps, and RMSD values were calculated with respect to the crystal structure and
remained stable (~2A) for all inhibitors. Exemplarily, the RMSD plot of compound 5680998
is presented in (Figure 84). The RMSD plot shows that the compound 5680998 reaches an
equilibrium state beyond 3000 ps of the simulation time, and this steady state is maintained

throughout the simulation (within 2A).
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Figure 84: Root mean square deviations (RMSD) plot representing human SIRT2 (black) in complex
with thiobarbiturate 5680998 (red line for the inhibitor, ICs5y=2.3uM).

The RMSD value of the protein-inhibitor complex fluctuates around three nanoseconds,

which can be attributed to the movement of the flexible loop (see Figure 83, 84). We also
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observed the flexible loop closes the nicotinamide pocket of SIRT2. This causes a slight shift
of the ligand towards the acetyl-lysine binding site, which is potentially driven by movement
of the flexible loop, and opening of the binding tunnel (Figure 85). The same movements
were observed for compound 5545264 (ICsp=1.5uM) (Figure 86). In both examples, strong
hydrogen bonds to GIn169 and His187 were found.
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Figure 85: Superposition of human SIRT2 X-ray structure (white) and snapshot (green) taken from
the last trajectory of the MD simulations. The inhibitor 5680998 is shown as green capped stick.

His187

Figure 86: Superposition of human SIRT2 X-ray structure (white) and a snapshot taken from the last
trajectory of MD simulations. The inhibitor 5545264 is shown as orange capped stick.
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6.4 Binding Free Energy Prediction for Inactive Compounds

Some of the selected compounds were found to be inactive on human SIRT2 (Figure 87).
MD simulations were run to check the stability of these complexes. Binding mode analysis
showed that complexes were stable during simulations and hydrogen bond to GInl167 was
observed (Figure 88). The RMSD of the ligands oscillates below 2A for all three compounds
(Figure 89), which is indicative of their stability in the nicotinamide subpocket. Visual
inspection of the trajectory files showed that the binding of these compounds did not induce a
shift in the flexible loop or the acetyl-lysine binding pocket, whereas significant fluctuations
on these parts of the protein were observed while the active thiobarbiturate inhibitors bind
(Figure 52, 57, 68, 85). To better understand the inactivity of these compounds on human
SIRT2, binding free energy calculations were carried out using MM-PBSAand LIE approach.

S (@) H o
HN™ “NH HN™ “NH s=( —
O (@) o) (@) H o H / NH
30 31
5174727

Figure 87: Inactive compounds.

Binding free energies of three inactive compounds were predicted using parameters obtained
from the training set models. In case of the MM-PBSA approach, (Table 21) both the
enthalpy model (AH,eq) and the binding free energy model (AGyreq) overestimated the binding
affinities for compounds with lower inhibition values. Only separately calculated binding free
energies (AGeac) agreed well with the experimentally obtained values (Table 21). The
interaction energy of compound 30 and 31 showed to be highly unfavourable (8.22 kcal/mol
and 5.21 kcal/mol, respectively). The enthalpy of these two compounds was low (-5.55
kcal/mol and -9.34 kcal/mol), which suggests that the enthalpy values may not be sufficient to
counterbalance the entropy effect (Table 21). In case of compound 5174727, the calculated
binding affinity was not very favourable (-0.64 kcal/mol), which suggests unfavourable

binding.
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Table 21: Energy contributions to the free energy of binding of the three inactive compounds (30, 31
and 5174727) obtained by the MM-PBSAapproach, AE, and AE.q, are respectively the electrostatic
and van der Waals energies of binding; AG,: electrostatic contributions to the solvation free energy;
AGpone: non-electrostatic contributions to solvation free energy; AHy, is the enthalpy of binding,
TAS is the entropy of binding and AGg,. is the calculated binding free energy, AH,.q4 energies
predicted based on the calculated enthalpy of binding, AG,q energies predicted based on the binding
free energy values.The active compound 5680998 is shown to compare the individual energy terms.

Comp AEel AEvdw AC}el A(}nonel AC}sol AHtot AI_Ipred TAStot AC}calc A(}pred ICSO[“‘M]

30 -6.88  -17.02 2091 -2.55 1836  -5.55 -5.07 -13.77 8.22 -3.91 Inactive

31 -4.63  -17.41 1549  -2.78 12.71 -9.34 -5.46 -14.55 5.21 -4.51 Inactive
5174727 -21.08 -28.31 34.06 -479 2927 -20.12 -6.58 -19.48 -0.64 -5.68 Inactive
5680998 -16.03 -43.68 31.05 -6.34 3739 -28.66 -7.46 -18.25  -10.41 -7.63 23

The three inactive thiobarbiturate compounds were also tested using LIE models A and B
(Table 22). Only model B correctly predicted the biological data for compounds 30 and 31.
The obtained binding energies (-2.44 kcal/mol and -3.04 kcal/mol) are indicative of
unfavourable binding. The binding affinity of compound 5174727 was correctly predicted
(3.03 kcal/mol). These results suggest that LIE model B is sensitive enough to discriminate
between active and inactive compounds. In the case of LIE model A, predicted biological
values were highly overestimated in comparison to the experimental data. One reason for that
may be the additional constant y, which improved the correlation coefficient of training set

compounds but did not account for inactive derivatives.

The detailed analysis of the electrostatic, van der Waals and solvation contributions to the
binding can be used to understand the inactivity of these three compounds (Table 21). Upon
binding of inactive compounds, the electrostatic energy AE, is favourable in all cases, and
electrostatic contribution of the solvation energy (AGg)) is disfavorable which altogether sum
to disfavorable electrostatic contribution (AE¢ + AGg)) to the enthalpy of binding by 14.03
kcal/mol, 10.86 kcal/mol and 12.98 kcal/mol for compounds 30, 31 and 5174727 respectively
(Table 21). The van der Waals interaction energy (AE.qy) associated with non-polar
contributions to the solvation energy (AGpene) yielded a total vdW/hydrophobic energy
(AEyawt AGnonel) of -19.57 keal/mol, -20.19 kcal/mol and -33.10 kcal/mol for compounds 30,
31 and 5174727 respectively (Table 21). The opposite of true is the active compound
5680998. The electrostatic contribution to solvation energy yield by (21.36 kcal/mol) and a
total vdW/hydrophobic energy (AEyqwt AGnonel) showed to be higher (-50.02 kcal/mol). In all
examples, the favourable vdW/hydrophobic energy compensates the disfavorable effects of

electrostatic interactions at the binding interface, which sums to a favourable process binding
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driven by vdw/hydrophobic forces in solution. As can be seen the vdW/hydrophobic energy
of compound 5680998 is ~20kcal/mol and is more favourable than the energies of the inactive
compounds which maybe one of the reasons why the binding free energy obtained from MM-
PBSA method is disfavorable. As the compounds bind to the hydrophobic part of the human
SIRT2 pocket, the vdW/hydrophobic energy should be more favourable than that observed for
compounds 30, 31 and 5174727.

Ligand-surrounding interactions (kcal/mol) | Predictions |
comp. <EVdW>b0und <EVdW>free <Eele>bound <Eele>free AGLIE A AGLIEB ICSO
30 -15.90 -6.11 -31.72 -25.35 -6.12 -2.44  Inactive
31 -17.36 -5.41 -28.36 -20.92 -6.55 -3.04 Inactive
5174727 -41.44 -27.14 -39.58 -30.73 -3.60 +3.03 Inactive

Table 22: Overview of the electrostatics (AE..) and van der Waals (AE,q,) energies (kcal/mol)

obtained for three inactive compounds, (AG"'"A) values predicted with a fitting parameter y£0, and

(AG""B) with fitting parameter y=0.

His187

Phe119
S

Figure 88: Superimposition of human SIRT2-Xray structure (white) and snapshot taken from the last
trajectory of MD simulations. Inactive compound 5174727 is shown in magenta.
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Figure 89: Root mean square deviations (RMSD) plot representing human SIRT2 (black) in complex
with thiobarbiturate 5174727 (red line for the inactive inhibitor).

All three inactive compounds were calculated as neutral molecules. The two barbituric acids
may occurred in deprotonated form under physiological conditions, and compound 5174727
as an amine exists mainly in the protonated form. However, the parameters obtained for the
training set models from MM-PBSA and LIE were generated solely from neutral non-
protonated compounds. Thus we could not use the charged state of the three compounds for
binding affinity predictions. To test the influence of the protonation state, additional separate
MM-PBSA calculations were carried out. The deprotonated babituric acids compounds 30, 31
(Figure 87) showed highly unfavourable binding free energies of 9.30 kcal/mol and 6.12
kcal/mol, respectively. Also, the binding free energy of the protnated form of 5174727 is
positive (10.09 kcal/mol). These calculations clearly showed that the charged forms, which

may exist under physiological condition, are not able to bind to SIRT2.

6.5 Conclusion

We demonstrated that LIE and MM-PBSA methods could be applied to accurately estimate
the free energy of binding for a range of compounds with varying inhibition potencies.
Different computational models were evaluated for the prediction of the biological data of
compounds indentified through Virtual Screening or which were subsequently synthesized on
the basis of the docking results. The MM-PBSA enthalpy model yielded a significant
regression model (r°=0.78). The model provided the correct ranking of the novel compounds
identified through Virtual Screening and synthesis. The addition of an entropy term to the

model decreased the correlation coefficient (*=0.46).
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Two LIE models (A and B) were tested with the same data set of thiobarbiturates, and both
LIE models yielded satisfactory free energy predictions considering their simplicity and short
simulation time. Introducing a constant y did not improve the predictivity of model A, as the
correlation coefficient obtained for the test set was 0.23. The correlation coefficient of model
B (’=0.49) was better than that of model A, which indicates a better predictive ability of the
model. LIE model B was sensitive enough to correctly predict the ranking of inactive
compounds, whereas model A highly overestimated the results. Overall, the predicted binding
energies for the all 23 thiobarbiturate compounds using LIE equation and MM-PBSA method

were in good agreement with the experimental ICs, values.
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Chapter 7

7 Discussions and Outlook

Simulation time is an important factor in deciding the proper computational strategy for the
prediction of the potency of a set of ligands. Static methods are fast, and only require a single
step of minimization, whereas dynamic methods consider protein flexibility and solvation
effects and are thus more computationally expensive. We used different binding free energy
methods to study the binding of untested ligands and predict their biological activities. Multi-
step Virtual Screening approaches were used to identify novel and potent sirtuin inhibitors

from commercial compound libraries.

First, the static methods LR-MM-PBSA and LIECE were applied to the same training set of
thiobarbiturate inhibitors (Figure 52, 65), in which only a single protein-inhibitor
conformation derived from minimization was used to evaluate quantitative models. Both
methods yielded poor statistical values (r*=0.36 and r’=0.30 for LR-MM-PBSA and LIECE
respectively) because these methods do not account for movement of the flexible loop and
acetyl-lysine binding tunnel, which appears to be an important step in the binding of ligands

to human SIRT2.

We also used the dynamic LIE and MM-PBSA methods to predict binding free energies.
When we developed the LIE models with 10 thiobarbiturate inhibitors, the best training set fit
was evaluated with a=0.14, p=-0.12 and y=-3.98 (1°=0.74) for model A, and 0=0.36, p=-0.17
and y=0 (r’=0.58) for model B. We were able to obtain good predictions for 23 test set
compounds with both models, and model B also correctly predicted energies for three inactive
ligands. The ICsy values of our training set were between 8.1-130uM and the experimental
ICsp values for test set compounds showed that they are more active. For this reason it might
be difficult to obtain good predictions using such training set, and the inclusion of compounds

with ICso values lower than 8.1uM will be necessary to improve these models.

The most significant advantage of LIE over MM-PBSA is the shorter simulation time. We
initially pursued LIE calculation of binding affinities because of the shorter MD simulation
required for LIE over that of MM-PBSA. We firstly generated snapshots between 400-500ps,
but as we did not obtain good statistical models for training set compounds, simulation time

was extended up to Ins. This corresponds approximately to 7 h per ligand simulation; two
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simulations were performed per ligand, which can be easily parallelized. For our 23
compounds of the test set we needed about 322 hours. This shows that the dynamic LIE
application could not be applied to estimate binding affinities for thousands of compounds. In
the case of metalloprotenase inhibitors, Sylte et al. did not find acceptable binding free energy
until their MD simulations were extended to 5ns, which further exemplifies the potential
weaknesses of short simulation times [186]. Alternatively, the 5ns of MD would be also

enough time to generate reliable binding affinities using MM-PBSA.

Another weakness of the LIE method is that the results can be heavily influenced by the
fitting parameters, and these parameters have been shown to depend on the system being
studied and force field used. In many cases specific calibrations of the LIE equation have to
be carried out to obtain reasonable binding energies. As an example the predicted binding free
energies for thrombin inhibitors were obtained with 0=0.328, =0.180 and a constant y of -
4.21 keal/ (mol A% [187]. Gorse and Gready applied the standard LIE equation to series of
N5-deazapterins to DHFR, and obtained a good fit with experimental data with a=-0.32,
B=0.5 and y=0 [188]. The three fitting parameters obtained for thapsigargin-based inhibitors
were 0=0.072, p=-0.0004 and y=1.228 [189]. Recently Wang et al. used the LIE approach
and included and extra entropy term in study of avidin-biotin system [190]. The entropy term
involved the fluctuations of the interaction energy around its average. Here the LIE equation

was solved in a fashion similar to that of QSAR models.

The major difficulty associated with MM-PBSA approach is the evaluation of the change of
conformational entropy. Such calculations are computationally expensive, and the results are
often inaccurate. One approach is to omit entropy calculations from MM-PBSA and use only
enthalpy terms for predictions binding affinities. We found our MM-PBSA model of
thiobarbiturate inhibitors without an entropy term gave better statistical results and
predictions of active inhibitors. However, we found it necessary to use the entropy term to

correctly distinguish between active and inactive compounds.

An additional advantage of MM-PBSA is that it does not require empirical parameters that are
affected by the nature of the ligand-protein interaction, which makes MM-PBSA method
better in dealing with ligands that differ significantly in their structural and chemical
composition. The correlation between 15 splitomicin derivatives and 5 thiobarbiturates and
experimental data was (’=0.69) for MM-PBSA, whereas the correlation for the LIE approach

using the same data was much lower (r’=0.20). Therefore, any future binding free energy
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calculations or virtual screenings that will consider a wide variety of ligand scaffolds should

be conducted using MM-PBSA, and not with LIE.

In the statistical analyses conducted for both LIE and MM-PBSA models, the calculated
binding free energies were directly compared to experimentally measured ICsy values. ICs
and K; values are related by a proportionality factor, and the relationship is not perfect [191-
193]. The pK;and AG form a strict linear correlation (AG=-RTIn(K)), however the correlation
between plCsp and AG is not expected to be linear. Our statistical models could therefore be

greatly strengthened if they were based on K values, and not only I1Csg values.
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Chapter 8

8. Summary

NAD"-dependent histone deacetylases (sirtuins) are enzymes that cleave acetyl groups from
N-acetylated lysines of histones and non-histone proteins. SIRT?2 proteins are conserved from
bacteria to humans, and deacetylate numerous non-histone targets such as a-tubulin, myoD,
p53 and FOXO. Their ability to deacetylate such a wide range substrate implicates them to
play an important role in various biological processes, including DNA recombination, repair
and longevity and transcriptional silencing. However, potent and subtype-selective inhibitors
are needed to further analyze the function of human Sir2 enzymes. The main goal of this work
was to gain insight into the molecular binding of inhibitors at human SIRT2, and to identify
new compounds which represent interesting tools to analyze the therapeutic potential of

sirtuin inhibitors.

We described two potential binding modes of NAD" to human SIRT2, including a productive
and non-productive conformation. MD simulations showed a conformational transition of the
flexible loop and substrate binding tunnel from an open to more closed conformation upon
binding of NAD". MM-PBSA calculations were applied to investigate the stability of the
NAD' binding mode and binding mechanism. Hydrogen bond analysis was applied in order to
specify important hydrogen bonds and to select residues with the highest contribution to the

binding. The same residues were found experimentally to be important in yeast Sir2.

We identified potent inhibitors of human SIRT2, namely B-phenylsplitomicin derivatives.
Docking studies showed that the orientation of the B-phenyl group is important for
compounds activity. Crystal water molecules found in the binding cavity of C-pocket
significantly improved docking results, and were important in understanding the activity of R-
enantiomers and inactivity of the S-enantiomers. MD simulations showed the stability of these
compounds in the nicotinamide subpocket of human SIRT2. Using MM-PBSA approach,
binding free energies were estimated and compared with experimental data. The method
showed to be sensitive enough to correctly discriminate between active and inactive

enantiomers.

Thiobarbiturate derivatives were also identified as novel inhibitors of human SIRT2. Virtual

screening, docking and binding free energy calculations were used here to predict binding
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mode and activities for a set of thiobarbiturate compounds. The MM-PBSA method
reproduced the experimental data with an r’=0.78, whereas the best LIE model gave a
correlation coefficient of 1’=0.58. Both methods could correctly interpret the compounds with
the best biological activities. These models provide a validation of the combination of
docking, MD simulations and binding free energy calculations as a powerful tool in structure-

based drug design.
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Chapter 9

Computational Details

9.1 Docking Studies

Molecular Modeling Studies of human SIRT2

The published X-ray structure of human Sirt2 (PDB code: 1J8F) at 1.7A resolution reflects
three identical sub-domains each having 300 residues with identical sequence, namely
domain-A, domain-B and domain-C [70]. The SIRT2 human type crystallizes as a trimmer,
the three domains are identical thus for docking studies only one domain was considered.
Docking of NAD" into the most likely binding sites on domain B was implemented by
DOCK v6.1 (UCSF) suite of programs [108]. The waters and zinc ions were not included in
docking studies. For docking studies, contributed force field parameters along with

coordinates and partial atomic charges by Walker et al were used [192, 193].

Identification of SIRTZ2 Inhibitors

All calculations were performed on a Pentium IV 2.2 GHz based Linux cluster (20 CPUs).
The molecular structures of the inhibitors were generated using the MOE modeling package
(Chemical Computing Group). The structures were energy minimized using the MMFF94s
force field and the conjugate gradient method until the default derivate convergence criterion
of 0.001 kcal (molxA)" was met. The crystal structure of human SIRT2 (PDB code: 1J8F)
was taken from the Protein Data Bank. Docking of the inhibitors was carried out with the
program GOLD 3.2 [109] and default settings were applied. Four co-crystallized water
molecules, which can be observed in the nicotinamide binding pocket of the different SIRT2
monomers (A, B and C) were included for ligand docking. GOLD offers the possibility to
replace or use water molecules as mediators for protein-ligand interactions (water toggle
mode). All torsion angles in each inhibitor were allowed to rotate freely. The binding site was
defined on Ile169 with radius of 15A. GoldScore was chosen as fitness function. For each
molecule, 10 docking runs were performed. The resulting solutions were clustered on the

basis of the heavy atom RMSD values (14).
9.2 Molecular Dynamics Simulations

Molecular Modeling Studies of human SIRT2
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Molecular dynamics (MD) were carried out using AMBER 9.0 and the AMBER1999SB
force field [150]. The initial structure of human-type SIRT2 (sitruin) was obtained from
crystal structure (PDB code 1J8F [70]. The ligand parameters were taken from general
AMBER force field (GAFF) [194]. Atom types were assigned to the atoms of NAD" by the
antechamber module of AMBER v9 [195], which were then saved in GAFF mol2 format
file. Coordinates and partial atomic charges in the GAFF mol2 file of NAD" were replaced
with those obtained from the docked NAD". The GAFF force field parameters for NAD" of
were prepared by the parmchk module of AMBER v9 [150]. In the crystal structure of human
SIRT2, each domain is associated with a divalent zinc ion coordinated to four cysteine side
groups. The divalent zinc ion was handled by a cationic dummy atom (CaDA) approach of
Pang et al. [196, 197], which treats the zinc ion as tetrahedron-shaped divalent cation with
dummy atoms filling the tetrahedral corners. Parameters and libraries for the tetrahedral-zinc
group and anionic cystein residues were obtained from Pang et al and were used as inputs for
LEAP according to a procedure described by Pang Lab [198].

Preparation of the NAD" and SIRT2 complex, addition of counterions, solvation, and
preparation of parameter/topology and coordinate files were all implemented in LEAP.
Anionic cystein residues that coordinate the zinc divalent ion were given a residue name
“CYM?” and the Zn ion was marked as “ZNB” in the pdb files of the domain as described by
Pang Lab [198]. The domain B human SIRT2 was combined by LEAP using
AMBER1999SB force field [150] and parameters and libraries for CYM and ZNB residues
defined by Pang et. al. [198]. The 10 Na' counter ions were added to neutralize the complex
system. The complex molecule was solvated by putting together small units of TIP3 water
boxes in dimensions of 18x18x18A. The 11780 TIP3 water molecules were added to solvate
the complex constituting a molecular dynamics (MD) system with a total of 40174 atoms
(including water molecules, ions and the complex). The distance between the outer boundary
of the octahedral solvent box and the solute surface was set to 10A. A space of 0.4A was
used to set water molecules at the solvent boundary.

Relaxation, temperature equilibration and molecular dynamics routines were conducted for
the complex molecule by the sander module of AMBER v9 [150]. The coordinates of Zn**
and Na' cations, NAD" and water molecules in the starting complex structure were initially
relaxed in three steps to remove bad close contacts. In the first step, the tetrahedron-shaped
zinc divalent cations were relaxed through a short restrained minimization routine for 0.1 ps
using a steepest descent minimization method with 1 fs time steps over 100 iterations, during

which the atom coordinates for the solute (including amino acid residues and NAD") were
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restrained to their initial coordinates with a force constant of 500 kcal/mol.A. In the second
step, NAD" and the zinc divalent cations were relaxed for 0.5 ps with 1 fs time steps over
500 iterations, during which the atom coordinates for the aminoacid residues of protein were
restrained to the X-ray coordinates with a force constant of 500 kcal/mol.A. In the final
minimization step, restraints to atoms were removed and the complex system was relaxed for
1 ps with 1 fs time steps over 1000 iterations. The temperature of the relaxed system was
then equilibrated at 300K through 20 ps of MD using 2 fs time steps over 10000 iterations. A
constant volume periodic boundary was set to equilibrate the temperature of the system by
the Langevin dynamics [199] using a collision frequency of 10 ps™ and a velocity limit of 5
temperature units. During the temperature equilibration routine, the complex structure in the
solvated system was restrained to its initial coordinates with a weak force constant of 10
kcal/mol.A. The final coordinates of the temperature equilibration routine (after 20 ps) was
then used to complete a 1000 ps (1.0 ns) molecular dynamics routine using 2 fs time steps
through 500000 iterations, during which the temperature was kept at 300 K by the Langevin
dynamics. The pressure of the solvated system was equilibrated at 1 bar at a certain density
in a constant pressure periodic boundary by an isotropic pressure scaling method employing
a pressure relaxation time of 2 ps. During the temperature equilibration and MD routines, a
non-bonded cutoff distance of 9A was applied to handle electrostatic interactions in periodic
boxes by the Particle Mesh Ewald method [200] and SHAKE method [201] was applied to
keep the bond lengths of protons attached to heteroatom constant. Coordinates and energy
outputs for the relaxation and the molecular dynamics routines were saved every 250

iterations.

Identification of SIRTZ2 Inhibitors

Molecular dynamic computations were carried out using AMBER 9.0 and the AMBER
1999SB force field [150]. We focused MD simulations on inhibitors tested in our laboratory
in the same biological in vitro assay. The initial structures of the SIRT2-inhibitor complexes
were taken from the GOLD docking study. The ligand force field parameters were taken
from the general amber force field (GAFF) [195], whereas AM1 ES atomic partial charges
were assigned to the inhibitors. In the crystal structure of human SIRT2, each domain is
associated with a divalent zinc ion coordinated to four anionic cysteine side groups. The
divalent zinc ions were represented by the cationic dummy atom (CaDA) approach of Pang et

al. as described in section 9.2.1. The SIRT2-inhibitor complexes were solvated in water
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boxes (TIP3) with the dimensions 18x18x18 A. Periodic boundary conditions were applied,
resulting in a final system with dimensions of approximately 90x90x90 A. The distance
between the outer boundary of the octahedral solvent box and the solute surface was set to 10
A. Parameter/topology and coordinates files for the neutralized/solvated system were
prepared using LEAP module of AMBER. Eight sodium ions were added as counterions to
neutralize the system. MD simulations were carried out using the same procedure like

described in section 9.2.1.

9.3 MM-PBSA Calculations

The MM-PBSA method is characterized by the use of Poisson-Boltzmann (PB) model to
compute the electrostatic component of the solvation free energy. The binding free energy of

the protein-ligand complex is approximated by the equation (12).

AG = AH - TAS (12)

in which T is the temperature of the system at 300K. The binding free energy (AG) of the

protein-ligand complex is computed as:

AG = Gcomplex - [Gprotein + Gligand] (13)

where Geomplex 1S the absolute free energy of the complex, Gyrowein 1S absolute free energy of
the protein, and Giigang is the absolute free energy of the ligand. We extracted 100 snapshots
(at time intervals of 2ps) for each species (complex, protein and ligand) from the last 200ps
of the MD simulations of the complexes. The enthalpy term on equation (12) is dissected into

subenergy terms:
Hiot = Hgas + Gyorv 14
Hgas= Eel + Evawt Eine as)
where Hy,s is the potential energy of the solute, which is determined as the sum of the can der

Waals (Eyqw), electrostatic (E¢) and internal energies (Eiy) in the gas phase by using

SANDER module of AMBER [150]. Gy is the solvation free energy for transferring the
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solute from vacuum into solvent and is a sum of electrostatic (G¢), and non-electrostatic

(hydrophobic) contributions (Gnone) as shown in equation (16).

Gsolv = Gel + Gnonel (16)

G in equation (16) was computed at 0.15 M salt concentration by the PBSA module of
AMBER V9 by dividing implicitly solvated solute species into 0.4A cubic grid points and
summing up the electrostatic potentials computed at each grid point. Electrostatic potential
O at a grid point r that is not at the solvent-solute boundary was computed by a linear
Poisson Boltzmann (PB) equation [160], which is a three-dimensional vector differential

equation as in (17).

VeV O = -4m.pe (17)

where &) is the dielectric constant (e=1 for the solute interior and €=80 for implicit PB
water) and p) is the charge density. The grid point potentials were then summed up for each

atom i/ to yield atomic potentials ;.

The absolute entropy was computed for each solute species by normal-mode analysis [160]
integrated in the nmode module of AMBER v9. An ensemble of different conformations was
extratced from the MD trajectories, and each snapshot was analyzed by applying the MM-
PBSA method. The total entropy (Stet), as formulated in equation (18) arose from changes in
the degree of freedom translational (Sgeans), rotational (Sye), and vibrational (Syip) of each

species.

Stot = Strans + Sr0t+ SVib (18)

Considering all absolute energy terms as given in equation (13), the binding free energy AG

takes the following form:

AG = [AHgas + AGgorv] - TAS;o (19)
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Parameter/topology files used in MM-PBSA computations were prepared for the complex, the
protein, and the inhibitors using the LEAP module. Snapshots extracted from trajectories were
pre-minimized in the gas phase by the SANDER model. Frequencies of the vibrational modes
were computed at 300K for these minimized structures including all snapshots atoms and

using a harmonic approximation of the energies.
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AD
BPTI
BFE
CaDA
CAMD
ele

et al.
FEP
GOLD
Ga
Ghronel
G
GPBSA
H
HAT
HDAC
HIV

ICso

LIE

LRA

MC

MD

MM
MM-GBSA
MM-PBSA
PD

acetylated

Alzheimer’s diseases

bovine pancreatic trypsin inhibitor
binding free energy

cationic dummy atom

computer assisted molecular design
electrostatic

et altera

free energy perturbation

Genetic Optimisation for Ligand Docking
electrostatic contributions
non-electrostatic (hydrophobic) contributions
free energy of binding

contribution to the solvation free energy
enthalpy of binding
Histone-Acetyltransferase
Hisone-Deacetylase

Human immunode ciency virus

half maximal inhibitory concentration
Linear Interaction Energy

linear response approximation

Monte Carlo

molecular dynamics

molecular mechanics

Molecular Mechanics-Generalized Born Surface Area

Molecular Mechanics Poisson-Boltzmann Surface Area

Parkinson’s diseases
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PDB Protein Data Bank

PME Partial Mesh Ewald

RMSD root mean square deviation [nm]
RMSE root mean square of error

r correlation coefficient

S entropy of binding

SA Surface Area

SSB single-structure-based

TI thermodynamic integration
vdW van der Waals

VS Virtual Screening

q*Loo leave one out term

QSAR quantitative structure-activity relationship
3D three-dimensional
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