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1.     Introduction 

The epigenetic state of an organism, which is regulated by meticulous orchestration of diverse 

biological processes, plays an essential role in genome function and integrity. Several major 

pathological conditions such as cancer have been associated with the disruption of the balance 

of the epigenome. Although the intricate relationship between epigenetics and diseases has 

been thoroughly investigated over the past few years, there still exists a vast void of knowledge 

that needs to be addressed. The development of novel chemical entities as practical diagnostic 

tools and effective pharmaceutical drugs may offer a solid framework for epigenetic research 

and therapy.1-3 

1.1. Epigenetic regulation 

The field of epigenetics encompasses the study of complex regulatory networks that control 

heritable changes in gene expression through inducible epigenetic mechanisms without any 

alterations in the DNA sequence4, 5. Influenced by internal and external environmental stimuli, 

dynamic epigenetic changes can occur through responses from epigenetic regulators6. Such 

changes translate to acquired phenotypic traits that can be established and propagated during 

cell division and is necessary for growth and healthy development of an individual6. However, 

irregular expression or silencing of genes due to aberrant epigenetic changes can lead to the 

progression of various pathological conditions7 such as cancer8-10, type 2 diabetes11, 12, 

cardiovascular diseases13-15 and neurological disorders16, 17. In cells, the negatively charged 

DNA is densely packed as chromatin with 147 base pairs wrapped around an octamer of four 

basic, positively charged core proteins called histones that each exists as duplicates to form a 

nucleosome18, 19 (Figure 1). Three distinct major mechanisms involved in epigenetic regulation 

have been identified which include DNA methylation, covalent post-translational modifications 

of histones and gene silencing by non-coding RNAs20, 21. Non-coding RNAs are strands of RNA 

that constitute about 1% of the entire genome and can interfere with transcription or 

translation21. In contrast, epigenetic regulation via DNA methylation and post-translational 

modifications of histones are performed by epigenetic tools which are classified into three 

different subgroups called writers, readers and erasers (Figure 1). Writers are enzymes that 

attach various chemical modifications such as methyl and acetyl groups on the DNA and 

histones. These attained modifications can then be recognised by specialised domain-

containing proteins called readers which can recruit further protein machineries associated 

with transcriptional constraint. Erasers, on the contrary, balances this process by catalysing 

the removal of the chemical modifications carried out by the writers.22  
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Figure 1: A nucleosome constitutes an octamer of four different histone proteins (H3, H4, H2A and H3B) that is 

enveloped by 147 DNA base pairs (top). Histone tails are subject to post-translational modifications that include 

methylation (Me), acetylation (Ac), phosphorylation (Ph) and ubiquitination (Ub). Epigenetic tools are classified into 

three different subgroups - writers, readers and erasers (bottom). Image taken from Sim·-Riudalbas and Esteller23 

with permission from John Wiley and Sons and Copyright Clearance Center. 

DNA methyltransferase-catalysed methylations occur at the pyrimidine ring of cytosines that 

leads to the formation of 5-methylcytosines7. Regions in the DNA with high occurrence of 

cytosine-guanine dinucleotides (CpG) often exist in promotor regions7, 24. Methylation of CpG 

sites has been shown to hinder the binding of transcription factors and RNA polymerase and 

thus gene expression7, 24. Equally important, post-translational modifications of histones can 

regulate DNA packaging and gene expression through various mechanisms. These covalent 

modifications are typically observed at the basic lysine and arginine sites of N-terminal histone 

tails that protrude out of the nucleosomes18. However, core modifications at the interface 

between the histones and at the lateral surface in contact with the DNA have also been 

discovered more recently25-27. Although several post-translational modifications of histones 

were identified, histone methylation, acetylation and phosphorylation represent a more 

profound area in this landscape19, 28. While methyl groups on histones function mostly as 

markers for readers29, acetylation and phosphorylation can additionally mediate DNA 

packaging and transcription accessibility via charge modulation that disrupts electrostatic 

interactions between positively charged histones and negatively charged DNA19. This process 
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can naturally be reversed by erasers such as histone deacetylases and is instrumental in 

maintaining the balance of epigenetic regulation. 

1.2. Histone deacylases and Sirtuins  

Acyl moieties on histones play an essential role in epigenetic regulation not only through their 

function as markers for readers such as bromodomains, but also as regulators in DNA 

packaging. This process relies on the neutralisation and regeneration of the positive charges 

present on lysine residues of histones that serve as the complementary partners to the 

negatively charged phosphate groups of the DNA backbone. Facilitated by histone 

acetyltransferases, acetyl residues from acetyl CoA can be introduced onto lysine residues. At 

physiological pH, this nullifies the positive charges of the histones and thereby attenuates the 

electrostatic interactions between the DNA and histones. Consequently, the DNA disentangles 

away from histones to form the open form of chromatin called euchromatin that is more 

accessible to transcription. Conversely, the cleavage of the acetyl moieties from the lysine 

residues of histones catalysed by histone deacetylases regenerates the positive charges. This 

leads to the reassembly of the DNA around the histones to form the densely, packed closed 

form of chromatin called heterochromatin that is less accessible to transcription (Figure 2).30-

32  

 

Figure 2: Histone acetyltransferases (HATs) catalyse the attachment of acetyl moieties to the lysine residues of 

histones that leads to the formation of euchromatin. Histone deacetylases (HDACs) revert this process through 

cleavage of the acetyl moieties that leads to the formation of tightly packed heterochromatin. Image taken from 

Sim·-Riudalbas and Esteller23 with permission from John Wiley and Sons and Copyright Clearance Center. 

Although the term ñhistone deacetylasesò suggests that their enzymatic activity is restricted to 

solely histones, the broader spectrum of natural substrates for histone deacetylases should be 

acknowledged. Non-histone proteins such as transcription factors, DNA repair proteins, 

nuclear import factors, alpha-tubulin and cytoskeleton proteins were additionally identified as 

targets for histone deacetylases33. Moreover, an array of biological processes that extend 

beyond deacetylation were observed in the activity of histone deacetylases which includes 

desuccinylation34, demalonylation35, demyristoylation36 and ADP-ribosylation37. Thus, instead 

of histone deacetylase the more modern and accurate term to describe this family of enzymes 
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is perhaps protein or lysine deacylase. Nevertheless, most reports still stick to the historical 

term since most major phenotypic responses stem from histone deacetylation32.  

Histone deacetylases are subdivided into four different classes based on their homology to 

yeast orthologs as shown in Figure 3. Class I, II and IV histone deacetylases catalyse the 

cleavage of acetyl groups utilising a zinc ion as their co-factor that provides activation of the 

lysine acetamide bond that promotes the nucleophilic attack of a water molecule. Accordingly, 

class I, II and IV histone deacetylases are susceptible to potent inhibition by potent zinc 

chelators, in particular hydroxamic acids such as the approved histone deacetylase inhibitors 

vorinostat, belinostat and trichostatin A.32, 38 

 

Figure 3: The family of histone deacetylases is categorised into four different classes. Class I, II and IV represent 

classical zinc-dependent histone deacetylases. Class III histone deacetylases represent NAD+-dependent sirtuins. 

Image taken from Behnisch-Cornwell et al.38 with permission from Creative Commons Attribution.  

In contrast, class III histone deacetylases represent a unique class of highly conserved NAD+-

dependent enzymes known as sirtuins (Sirt)38. This family of proteins was first identified in the 

budding yeast Saccharomyces cerevisiae, where the silent information regulator 2 (Sir2) gene 

product was characterised as an NAD+-dependent deacetylase39-41. The term sirtuin was later 

introduced to reflect the broader family of Sir2-related homologous proteins discovered across 

a wide range of species40, 42. Thus far, seven different subtypes of sirtuins were identified in 

humans, each with its own distinct function and subcellular localisation43 (Figure 4). Sirt1, Sirt6 

and Sirt7 are predominantly found in the nucleus, whereas Sirt3, Sirt4 and Sirt5 are primarily 

found in the mitochondria43. Sirt2 is a cytoplasmic protein but can shuttle into the nucleus 

during the G2/M transition of the cell cycle to perform its pivotal role in the deacetylation of 

microtubules necessary for cell division43.  

 



INTRODUCTION 

 
 

Ρ 
 

 

Figure 4: Subcellular localisation of the seven human sirtuin subtypes. Image taken from Giblin and Lombard43 with 

permission from Elsevier and Copyright Clearance Center.  

Notably, sirtuins do not exhibit any sequence homology to the other classical histone 

deacetylases44. Yet, among the sirtuin proteins a high degree of sequence conservation was 

observed, albeit with variations present in the N-terminal and C-terminal flanks44. 

Consequently, sirtuins share a similar overall three-dimensional protein structure as 

exemplified by Sirt2 and Sirt5 in Figure 544.  

 

Figure 5: Crystal structure of human Sirt2 (PDB ID: 1J8F45) and Sirt5 (PDB ID: 2B4Y46). The catalytic core 

represents the cavity that is enclosed by a small zinc-binding domain (blue) and the larger Rossman-fold domain 

(magenta) that are connected by loops (green) and the cofactor binding loop region (black). The Zn2+ ion (red) helps 

maintain the structural integrity of the small domain through interactions with ɓ strands. Image taken from Sanders 

et al.44 with permission from Elsevier and Copyright Clearance Center. 
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Approximately 275 amino acids account for the conserved catalytic core region of sirtuins44, 47. 

This active site cavity is surrounded by a small zinc-binding domain and a larger domain that 

adopts a classical open Ŭ/ɓ Rossmann-fold structure44, 47. The smaller domain shows the most 

structural variability among the sirtuin proteins, allowing discrimination between a plethora of 

protein substrates for subtype specific binding at the underlying active site44, 48. Nevertheless, 

the zinc-binding motif in the small domain is constructed from highly conserved cysteine-

containing sequences44. Unlike the classical histone deacetylases, the zinc ion in sirtuins is 

not directly involved in their enzymatic activity but rather serves to maintain the structural 

integrity of the small domain through interactions with the ɓ strands44. Connected with the small 

domain by a series of loops, the larger and more conserved Rossmann-fold domain constitutes 

a central ɓ sheet made up of six parallel ɓ strands that is sandwiched between several Ŭ 

helices to form a motif typical for nucleotide binding44, 47. Thus, the co-factor NAD+ of sirtuins is 

befittingly bounded in the Rossman-fold domain but stretches all the way to the active site 

where the NAD+-mediated enzymatic deacetylation of protein substrates take place44, 47. This 

process is initiated by the formation of O-alkylimidate intermediate (I) via an SN2 reaction 

involving the nucleophilic attack of the acetamide oxygen atom of the acetylated lysine at the 

ribose C-1ô of the co-factor NAD+ (Figure 6)49, 50. Subsequent intramolecular nucleophilic attack 

of the neighbouring 2ô-hydroxy group at the activated imidate bond generates the cyclic acetal 

intermediate II49, 50. The generally accepted mechanism then proceeds through the release of 

the deacetylated lysine with the formation of a bicyclic acetoxonium ion IIIa49, 50. However, a 

recent work reported a slightly different mechanistic pathway, through which the imidate 

intermediate IIIb is formed from the cyclic acetal intermediate II51. Hydrolysis of both 

intermediates IIIa and IIIb via the tetrahedral hydroxy acetal intermediate IVa and hemiacetal 

intermediate IVb, respectively, leads to the formation of the mutual product 2ô-O-Acetyl-ADP-

ribose (V)49-51. As opposed to the original route via intermediates IIIa and IVa, this newly 

proposed mechanistic route via intermediates IIIb and IVb delivers the deacetylated lysine in 

the final step51.  
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Figure 6: Proposed general mechanism of the NAD+-dependent deacetylation of lysine substrates in sirtuins. The 

widely accepted mechanism involves the formation of a a bicyclic acetoxonium ion IIIa and subsequent hydrolysis 

to form 2ô-O-acetyl-ADP-ribose (V)49, 50. However, an alternative mechanistic route has been proposed with the 

identification of intermediate IIIb51. Subsequent hydrolysis of IIIb leads to the mutual product V51. 
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1.3. Sirt2 

Sirt2 is one of the seven sirtuin subtypes that emerged as a key target due to its broad catalytic 

scope and diverse substrates and thus its involvement in the pathogenesis of various diseases. 

As the most abundantly expressed sirtuin subtype and one that exhibits an age-dependent 

accumulation in the brain, Sirt2 plays a central role in the pathology of neurodegenerative 

disorders52, 53. For example, Sirt2-mediated deacetylation of alpha-synuclein promotes its 

aggregation and the formation of toxic aggregates, a typical hallmark in the progression of 

Parkinsonôs disease54. Consequently, Sirt2 inhibition proved to have neuroprotective effects 

and may serve as a potential therapeutical option54. Moreover, in the progression of cancer, a 

correlation between Sirt2 inhibition and a decrease in the concentration of the oncoprotein c-

Myc was observed55. Since the oncoprotein c-Myc is upregulated in around 50% of human 

tumours, Sirt2 inhibition may serve as a promising therapeutic approach against c-Myc-driven 

cancers55. In addition, the implication of Sirt2 in various viral and bacterial infections has been 

shown in recent years56-58. Through the inhibition of Sirt2, supressed growth and replication of 

several pathogens including HIV-1 and Mycobacterium tuberculosis was demonstrated, 

displaying the potential of Sirt2 as a novel target in the treatment of infectious diseases56-58.  

Despite all the evidence of Sirt2 as a prospective biological target for various pharmaceutical 

interventions, no Sirt2 inhibitor has yet received regulatory approval for clinical applications.  

Numerous efforts have been undertaken over the past few years to develop potent and subtype 

selective Sirt2 inhibitors with satisfactory physicochemical properties. However, these 

laborious efforts still pose a significant challenge. Several Sirt2 inhibitors with drug-like 

properties were developed, employing various binding mechanisms with the aim of increasing 

potency and subtype selectivity (Figure 7). As such, certain potent Sirt2 inhibitors were 

specifically developed to form stable covalent intermediates with the co-factor NAD+ by 

incorporating reactive functional groups such as thioamide (TM55 and KPM-259) or thiourea 

(AF860). Additionally, oxadiazole- and chroman-4-one-based Sirt2 inhibitors were developed 

and optimised that led to the generation of Moniot compound 3961 and compound 6f62, 

respectively, both exhibiting low micromolar IC50 values. Moreover, natural product derived 

Sirt2 inhibitors were identified such as NPD1103363, a synthetic compound derived from the 

plant-based alkaloid cytisine that is medically used for smoking cessation64. By means of high-

throughput screening, further Sirt2 inhibitors such as AGK265 with an IC50 of 3.5 ÕM was 

identified.  
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Figure 7: Selected examples of published Sirt2 inhibitors. Image adapted from Wirawan et al.66 with permission 

from Creative Commons Attribution. 

Substantial advancement in the field of Sirt2 was made by the group of Prof. Dr. Manfred Jung, 

who identified a series of aminothiazoles as potent Sirt2 inhibitors and provided a mechanistic 

insight into their binding mode, in which the term sirtuin rearranging ligands (SirReals) was 

coined67, 68. Among these aminothiazoles, SirReal267, 68 showed promising inhibitory effects 

with an IC50 of 0.44 ÕM. X-ray co-crystallographic studies of Sirt2-SirReal2-NAD+ complex 

unveiled a ligand-induced rearrangement of the active site of Sirt2 that exposes a yet-

unexploited selectivity pocket, in which the 4,6-dimethylmercaptopyrimidine scaffold occupies 

(Figure 8)68. 
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Figure 8: Surface representation of the substrate- and the co-factor NAD+ binding pockets, divided into their 

subsites (left). Upon binding of SirReal2 at the active site, a ligand-induced rearrangement of the active site results 

in the emergence of a selectivity pocket. The co-factor NAD+ binds nearby at the A-, B- and C-Pocket (right). Image 

taken from Rumpf et al.68 with permission from Creative Commons Attribution. 

Extending their efforts within the framework of developing Sirt2 affinity probes, two further 

triazole-based SirReals with improved potency (Schiedel compound 969 and 1069) were 

identified by the Jung group. Since its discovery, related studies70, 71 exploiting the selectivity 

pocket of Sirt2 were independently conducted which led to the identification of the potent and 

subtype selective Sirt2 inhibitor 24a70 by Yang and colleagues. 

1.4. Sirt5 

Sirt5 is another sirtuin subtype that gained significant interest in recent years. As a 

predominantly mitochondrial enzyme, Sirt5 serves as a fundamental regulator in various 

metabolic processes that is necessary for healthy cellular homeostasis72. Through the 

deacylation, in particular desuccinylation, of various protein substrates, Sirt5 takes a governing 

position in numerous metabolic processes such as ammonia detoxification73, ROS 

elimination74, Ç-oxidation of fatty acids75, glycolysis76 and ketogenesis77. Thus, dysregulation 

of Sirt5 has been implicated with the progression and exacerbation of several diseases 

including metabolic disorders72, neurodegeneration78, 79 and cancer80-82. Multiple endeavours 

for the development of drug-like Sirt5 inhibitors were pursued, however most of them still suffer 

from subpar potency, lack of subtype selectivity and poor pharmacokinetic properties (Figure 

9). For example, the indolinone compound GW507483, 84, the Ç-naphthol-based cambinol85 

and Maurer compound 285 demonstrated micro-molar inhibitory activities against both Sirt5 

and Sirt2. In addition, these compounds as well as Liu compound 3786 may show promiscuity 

towards other biological targets due to highly reactive motifs such as Michael acceptors and 

alkylidene thiobarbiturates that are typical in false-positive pan assay interference compounds 

(PAINS)87. 
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Figure 9: Selected examples of compounds that exhibit inhibitory effects against Sirt5. Image taken from Wirawan 

et al.88 with permission from Creative Commons Attribution. 

Approved drugs such as anthralin89, methacycline89 and balsalazide89 that were identified in 

a high-throughput screening as Sirt5 inhibitors deem unsuitable for drug repurposing due to 

various reasons such as toxicity (anthralin), stability issues (anthralin), undesired antimicrobial 

effects (methacycline) or poor pharmacokinetic properties (balsalazide)90. Balsalazide is an 

oral prodrug for the treatment of local inflammatory bowel disease91. Upon reductive cleavage 

of the azo moiety of balsalazide by the gut bacteria, the anti-inflammatory active 

pharmaceutical ingredient 5-aminosalicylic acid is released91. Thus, optimisation efforts were 

necessary, if balsalazide should be designated as a promising oral drug candidate targeting 

Sirt5. Conducted by Carina Glas in the group of Prof. Dr. Franz Bracher, the development of 

CG_20990, 92 and CG_22090, 92 involves the substitution of the azo bond of balsalazide with an 

isoxazole and a triazole ring, respectively, which naturally improves their stability against 

enzymatic degradation by the gut bacteria and thus their oral bioavailability. 
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2. Objectives 

This presented work focuses on the design, chemical synthesis and biological evaluation of 

inhibitors targeting two different sirtuin subtypes, namely Sirt2 and Sirt5. The development of 

these inhibitors from literature-published lead structures will be performed with various drug 

design techniques with the aim of enhancing their potency, whilst still retaining their subtype 

selectivity. In parallel to the work by Frei et al.93 on the optimisation of SirReal2 and derivatives 

thereof targeting Sirt2 by the group of Prof. Dr. Franz Bracher, this thesis will cover the study 

of the advanced SirReal2 derivative 24a. Moreover, potency improvement of the 

pharmacokinetically optimised balsalazide-derived Sirt5 inhibitors CG_209 and CG_220 will 

be pursued. Initial insight of the actual or theoretical binding poses of these lead structures 

was obtained from the co-crystal structure of 24a (PDB ID: 5YQO70) with Sirt2 and the docking 

calculations90 of balsalazide in Sirt5, which were derived from the co-crystal structure of a 

Sirt5-succinyl-lysine-peptide complex (PDB ID: 3RIY94). Bounded at the active site in spatial 

proximity to the co-factor NAD+, the hypothesis was postulated, in which significant increase 

in the binding affinity and thus potency of these lead structures could be achieved through the 

exploitation of the co-factor NAD+. The rationale behind this perspective can be dissected into 

two distinct drug optimisation techniques, that is firstly, strong, targeted interactions of inhibitors 

with the vicinal hydroxy groups of the NAD+ ribose moiety through appropriate electrophilic 

functional groups capable of reversible covalent bonding or halogen bonding, and secondly, 

the development of bisubstrate analogues that simultaneously mimic the natural substrate and 

the essential co-factor NAD+. For the former, the selection process of appropriate functional 

groups involves careful consideration and evaluation of established inhibitors that mediate 

through this proposed mode of action. Although reactive warheads such as Michael acceptors, 

Ç-lactones and Ç-lactams, epoxides and sulfonyl fluorides have been implemented in the 

development of irreversible covalent binders, the risks of immunogenic reactions and off-target 

toxicity are almost inevitable95-97. In contrast, reversible covalent inhibition offers the 

opportunity of dissociation from off-targets, reducing the potential of undesired side effects 

while still retaining extended binding at the intended target protein98. Approved therapeutical 

drugs such as the 20S proteasome inhibitor bortezomib for the treatment of multiple myeloma 

relies on reversible covalent binding between its boronic acid moiety and the Thr1 oxygen atom 

of the proteasome99, 100. In addition, the antidiabetic agent saxagliptin utilises its nitrile moiety 

for reversible covalent bonding with the Ser630 oxygen atom of DPP4 for potent inhibition101. 

Moreover, the treatment of sickle cell anaemia with the aldehyde-bearing voxelotor mediates 

through a reversible Schiff base formation between the aldehyde moiety of voxelotor and the 

Val1 primary amine of haemoglobin102. As such, these functional groups may present 

promising opportunities in the design of potent Sirt2 and Sirt5 inhibitors through their 
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engagement in reversible covalent bonding with the ribose hydroxy groups of the co-factor 

NAD+ (Figure 10A-C). Additionally, these functional groups have the capability to participate in 

strong non-covalent interactions in the form of hydrogen bonding with the ribose hydroxy 

groups of the co-factor NAD+. Often regarded as the hydrophobic equivalent of hydrogen 

bonding103, halogen bonding has also seen notable success in medicinal chemistry, 

exemplified by the optimisation of PDE5104 and HIV-1 reverse transcriptase105, 106 inhibitors. 

These strong non-covalent interactions stem from the anisotropic distribution of electrons 

within halogens, resulting in the formation an electron-deficient ů-hole that enables strong 

bonding with a variety of nucleophiles107-110, for example the hydroxy groups of the co-factor 

NAD+ (Figure 10D). Thus, the application of halogen bonding within this investigation may 

present a promising complementary approach in the design of potent sirtuin inhibitors. 

 

Figure 10: (A) Boronic acids can react reversibly with one or both hydroxy groups of the NAD+ ribose unit to form 

(cyclic) boronic acid esters. (B) Nitriles can react reversibly with one of both hydroxy groups to form iminoethers. 

(C) Aldehydes can form reversible hemiacetals or cyclic acetals. (D) Halogen bonds can form between chlorine, 

bromine or iodine and the lone pair of electrons of the hydroxy groups. Image taken from Wirawan et al.66 with 

permission from Creative Commons Attribution. 

Initial docking experiments with the envisaged boronic acid derivatives of the Sirt2 inhibitor 

lead structure 24a provided an insight into the optimal positions for the introduction of various 

functional groups that enable reversible covalent bonding and halogen bonding to the hydroxy 

groups of the ribose unit of the co-factor NAD+ (Figure 11A). These envisaged derivatives 

containing aromatic boronic acids, nitriles, aldehydes and halogens at two distinct 

neighbouring positions on the inhibitor scaffold will be systematically synthesised and 

biologically evaluated.  

 

Similarly, the synthesis and biological evaluation of the envisaged derivatives of the Sirt5 

inhibitors CG_209 and CG_220 bearing these selected reversible covalent warheads will be 

carried out through guidance from docking experiments. Notably, the docking studies of these 
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envisaged Sirt5 inhibitors suggested the need of an additional methylene group for optimal 

spacing and interactions of the desired functional groups with the ribose hydroxy groups of 

NAD+ (Figure 11B and C). Challenges concerning the synthesis of enantiomerically pure 

derivatives of CG_209 and CG_220 will additionally be addressed and navigated within the 

scope of this study. 

 

Figure 11: Envisaged derivatives of the Sirt2 inhibitor (A) 24a and the Sirt5 inhibitors (B) CG_209 and (C) CG_220. 

Initial docking experiments of the corresponding envisaged boronic acid derivatives of these lead structures (cyan) 

revealed the optimal positioning of functional group modifications for reversible covalent bonding and halogen 

bonding with the the co-factor NAD+ (grey). Image adapted from Wirawan et al.66, 88 with permission from Creative 

Commons Attribution. 

In the third objective, the focus lies on the development of Sirt2 bisubstrate analogues that 

mimic both the natural peptide substrate and the essential co-factor NAD+. These preformed 

bisubstrate analogues consist of two fragments that are tethered to one another via a suitable 

linker, each targeting a different binding site in the enzyme. Thus, bisubstrate analogues hold 

the potential of establishing further inhibitor-enzyme interactions that could create a positive 
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synergistic effect and thus enhancement in the binding affinity as well as improved selectivity, 

when compared to their monosubstrate counterparts111. This concept can be well defined using 

thermodynamic models that describe the binding of ligands at their intended target. The 

change in the Gibbs free energy (æG) is a widely accepted parameter that describes the 

spontaneity of inhibitor binding and is correlated with enthalpic (æH) and entropic (æS) changes 

of the system in accordance with equation 1112, and with the dissociation constant (Kd) of the 

inhibitor-enzyme complex in accordance with equation 2111. An exergonic process that is 

represented by a negative æG value conveys a spontaneous binding event112. This can be 

achieved through either negative enthalpic changes (æH), which is associated with energy 

release from favourable inhibitor-enzyme interactions, or positive entropic changes (æS), which 

is associated with a decrease in the order of the system112. In bisubstrate analogues, the total 

change in the Gibbs free energy (æG) is comprised of the changes in the Gibbs free energy of 

the first substrate analogue (æG1), the co-substrate analogue (æG2) and the linker (æG3) as 

indicated by equation 3111. Thus, following equation 4, which is derived from equation 2 and 

equation 3, a minimal linear decrease in the total Gibbs free energy through additional 

favourable binding of a co-substrate can result in an exponential decrease in the dissociation 

of the inhibitor-enzyme complex, potentially turning micromolar-potent fragments into 

nanomolar-potent bisubstrate inhibitors111.  

æG = æH - TæS  (1) 

æG = RT ln Kd    (2) 

æG = æG1 + æG2 + æG3  (3) 

æG1 + æG2 + æG3 = RT ln Kd (4) 

However, the conformational constraint that is associated from the covalent linkage of two 

substrate analogues should be acknowledged, as this may restrict their mobility and thus 

hinder their optimal fit in the binding site111. Paradoxically, the utilisation of a flexible linker, in 

particular longer linkers for spatially distant binding sites, may introduce additional entropic 

loss that disfavours binding111. This conundrum represents one of the main challenges and 

complications in the development of drug-like bisubstrate analogues. Nevertheless, several 

bisubstrate analogues have been successfully established as protein methyltransferase 

inhibitors113, DNA methyltransferase inhibitors114, glycosyltransferase inhibitors115 and kinase 

inhibitors116-118. Although several sirtuin inhibitors have been developed that target the 

substrate binding pocket, or the NAD+ co-factor binding pocket65, 84, 119, 120, there have been, to 

the best of current knowledge, no reports of bisubstrate analogues that simultaneously mimic 

the natural substrate and the essential co-factor NAD+ of sirtuins. Perhaps the only relevant 

and comparable work is the recent development of nicotinamide-based Sirt2 inhibitors for 

example by Cui and colleagues that were shown by docking calculation experiments to 
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simultaneously bind to the C-pocket of the NAD+ binding site and an arylamide motif that 

stretches and binds presumably either to the acetyl-lysine channel or the extended C-site for 

further interactions121-123 (Figure 12). 

 

Figure 12: Visual representation of a possible binding pose of Cui compound 64 that simultaneously binds to the 

C-pocket of NAD+ binding site and the extended C-site or the acetyl-lysine channel. 

For the rational design of Sirt2 bisubstrate analogues within the work investigated in this thesis, 

both the extended C-site and the selectivity pocket, will be targeted in addition to the C-pocket 

of the NAD+ binding site. The structurally minor complex SirReal-type Sirt2 inhibitor 28a was 

selected as a suitable lead structure to provide an initial proof of concept (Figure 13A). The 

selection for a suitable linker with optimal length, flexibility and stability to connect 28a with an 

NAD+ co-factor mimetic was inspired by the reversible covalent moieties of the first two projects 

such as cyclic boronates or acetals. In addition, the determination of a suitable NAD+ co-factor 

mimetic with drug-like properties is of paramount importance to ensure optimal efficacy of the 

bisubstrate analogue. A reasonable consideration for this purpose would be to use the 

endogenous co-factor NAD+ itself. However, given the substantial size of NAD+ and the 

instability of the pyrophosphates124, only the essential part of the co-factor involved in the 

enzymatic reaction, nicotinamide riboside, will be taken into consideration. A low-molecular, 

drug-like mimetic that captures structural similarities to nicotinamide riboside without the 

possession of a pharmacokinetically unfavourable permanent positive charge that hampers 

cell penetration should be selected. Although the removal of the permanent positive charge of 

nicotinamide could be accomplished via the reduction of the pyridinium ring, the 1,4-

dihydronicotinamide product is notoriously unstable und could not only isomerise to the 1,2- 

and the 1,6-dihydronicotineamide by-products, but also decompose or oxidise, even upon 

storage at -80 ÁC125. Alternatively, the commercially available IMP dehydrogenase inhibitor126 

Ribavirin presents itself as a promising substitute (Figure 13B).  
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Figure 13: (A) Chemical structure of the SirReal type Sirt2 inhibitor 28a and (B) NAD+, nicotinamide riboside and 

ribavirin. 

Ribavirin is an antiviral agent used to treat various viral infections such as hepatitis C virus and 

Lassa fever127, 128. Sharing the ribosyl scaffold with nicotinamide riboside, ribavirin additionally 

features an heteroarylamide that is structurally aligned with that of nicotinamide riboside. 

Furthermore, the nitrogen-containing, aromatic triazole ring of ribavirin that lacks a positive 

charge even under physiological conditions conveniently offers a more drug-like motif 

compared to the pyridinium ring of nicotinamide riboside. Connecting 28a (substrate mimetic) 

to ribavirin (nicotinamide riboside mimetic) with a suitable linker (Figure 14) will be attempted 

by utilising 28a derivatives equipped with appropriate electrophilic functional groups such as 

boronic acids or aldehydes that allow cyclisations with the diol unit of ribavirin. This third project 

aims to investigate the potential benefits of bisubstrate analogues in drug design, and in doing 

so potentially advancing the repertoire of potent and subtype selective Sirt2 inhibitors.  
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Figure 14: Envisaged Sirt2 bisubstrate analogue that features a substrate mimetic (28a) binding to the extended 

C-site and the selectivity pocket of the active site and a nicotinamide riboside mimetic (ribavirin) that binds to the 

C-pocket of the NAD+ binding site, exemplified with a boronate linker. 
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3. Results & Discussions 

This section outlines and summarizes the results obtained over the course of this thesis and 

these results are presented in the form of four individual projects. Three of these projects have 

been published in peer-reviewed scientific journals, while the fourth has been prepared as a 

manuscript and is awaiting additional results from collaborative partners prior to submission 

for peer-reviewed publication. 

3.1. Project I: Tailored SirReal-type inhibitors as highly potent Sirt2 

inhibitors 

Wirawan, R.*; Frei, M.*; Heider, A.; Papenkordt, N.; Friedrich, F.; Wein, T.; Jung, M.; Groll, M.; 

Huber, E. M.; Bracher, F. Tailored SirReal-type inhibitors enhance SIRT2 inhibition through 

ligand stabilization and disruption of NAD+ co-factor binding. RSC Med. Chem. 2025, 16, 5419-

5440. 

 

3.1.1. Summary 

A systematic investigation on the inhibitory effects of functionalized Sirt2 inhibitors was 

performed by employing diverse electrophilic functional groups, which were designed to target 

the ribose vicinal diol unit of the essential co-factor NAD+ to potentially enhance Sirt2 inhibition. 

Appropriate functional groups such as boronic acids, nitriles and aldehydes that can undergo 

reversible covalent bonding with the ribose vicinal diol unit of NAD+ were carefully selected 

through evaluation of established inhibitors that mediate through this proposed mode of action. 

In addition, halogen bonding has also seen notable success as a tool to significantly increase 

the potency of inhibitors and were thus investigated complementary to reversible covalent 

inhibition. Guided by initial docking studies, 15 Sirt2 inhibitors were synthesized based on 

SirReal2 and 24a. The chloro-containing derivative 29 (RW-78) emerged as a highly potent 
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and subtype-selective Sirt2 inhibitor with an IC50 of 26 nM, which significantly outperforms 

SirReal2 (IC50 = 240 nM) and its lead structure 24a (IC50 = 79 nM). Fluorescence-based 

thermal shift assays were initially performed to investigate the potential role of the co-factor 

NAD+ in the potency enhancement of RW-78. Results revealed a significant increase of the 

melting point of RW-78-Sirt2 complex (ȹT = 6.5 ÁC) at 30 ÕM inhibitor concentration but 

showed no dependence on NAD+. Co-crystallization experiments were then carried out to 

elucidate the exact binding mode of RW-78. X-ray visualizations unveiled inhibitor stabilization 

in the active site via newly formed halogen bonds with the -́system of F235. Furthermore, 

unique structural rearrangement of residues at the active site was induced upon binding of 

RW-78 that led to the displacement of the co-factor NAD+, highlighting co-factor displacement 

as a viable strategy in the development of Sirt2 inhibitors. In addition, Sirt2 target engagement 

of RW-78 in HEK293T cells were investigated via NanoBRET assays and results showed high 

target engagement with an EC50 value of 15 nM. 

3.1.2. Personal Contributions 

My personal contributions to this journal article include the synthesis and the characterization 

of the SirReal-type inhibitor 24a and all derivatives thereof, the management and coordination 

of this project, the writing of the original draft, the reviewing and editing of the final manuscript, 

and the preparation of the graphical abstract and supplementary information.  

Matthias Frei synthesised and characterized all SirReal2 derivatives, provided support in the 

writing of the original draft, reviewed and edited the final manuscript, and prepared the 

supplementary information. Anna Heider expressed Sirt2 proteins and performed X-ray co-

crystallization experiments and provided support both in the writing of the original draft and the 

preparation of the supplementary information. Niklas Papenkordt performed the NanoBRET 

assays. Florian Friedrich performed the fluorescence-based thermal shift assays. Thomas 

Wein performed molecular docking experiments. Manfred Jung supervised the NanoBRET and 

fluorescence-based thermal shift assays and reviewed and edited the final manuscript. Michael 

Groll supervised the expression of Sirt2 proteins and X-ray co-crystallization experiments and 

reviewed and edited the final manuscript. Eva Maria Huber supervised the expression of Sirt2 

proteins and X-ray co-crystallization experiments, provided support in the writing of the original 

draft and reviewed and edited the final manuscript. Franz Bracher conceptualized and 

designed the study, managed and coordinated the project, supervised all synthetic work, 

provided funding and resources, and reviewed and edited the final manuscript. 
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3.1.3. Article 

All materials from this article were reproduced with permission from Creative Commons 

Attribution in accordance with the Royal Society of Chemistry. This article is printed in the 

original wording. Formatting may vary slightly compared to the original article. 
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