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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 Simó-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 

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

Although the term “histone deacetylases” 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.  
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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 β 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 α/β 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 β strands44. Connected with the small 

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

a central β sheet made up of six parallel β strands that is sandwiched between several α 

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

of the neighbouring 2’-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 2’-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 2’-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 

Parkinson’s 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 µM 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 µM. 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, ß-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 ß-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, 

ß-lactones and ß-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 σ-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 (∆G) is a widely accepted parameter that describes the 

spontaneity of inhibitor binding and is correlated with enthalpic (∆H) and entropic (∆S) 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 ∆G value conveys a spontaneous binding event112. This can be 

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

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

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

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

the first substrate analogue (∆G1), the co-substrate analogue (∆G2) and the linker (∆G3) 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.  

∆G = ∆H - T∆S  (1) 

∆G = RT ln Kd    (2) 

∆G = ∆G1 + ∆G2 + ∆G3  (3) 

∆G1 + ∆G2 + ∆G3 = 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 °C125. 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 (ΔT = 6.5 °C) at 30 µM 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 π-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. 



RESULTS & DISCUSSIONS 

 
 

22 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

23 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

24 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

25 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

26 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

27 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

28 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

29 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

30 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

31 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

32 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

33 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

34 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

35 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

36 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

37 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

38 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

39 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

40 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

41 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

42 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

43 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

44 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

45 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

46 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

47 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

48 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

49 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

50 
 

 

  

 



RESULTS & DISCUSSIONS 

 
 

51 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

52 
 

 

  

 



RESULTS & DISCUSSIONS 

 
 

53 
 

 

  

 



RESULTS & DISCUSSIONS 

 
 

54 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

55 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

56 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

57 
 

 

  

 



RESULTS & DISCUSSIONS 

 
 

58 
 

 

  

 



RESULTS & DISCUSSIONS 

 
 

59 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

60 
 

 

  

 



RESULTS & DISCUSSIONS 

 
 

61 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

62 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

63 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

64 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

65 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

66 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

67 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

68 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

69 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

70 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

71 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

72 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

73 
 

 

  

 



RESULTS & DISCUSSIONS 

 
 

74 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

75 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

76 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

77 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

78 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

79 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

80 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

81 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

82 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

83 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

84 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

85 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

86 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

87 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

88 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

89 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

90 
 

 

  

 



RESULTS & DISCUSSIONS 

 
 

91 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

92 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

93 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

94 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

95 
 

 

  

 



RESULTS & DISCUSSIONS 

 
 

96 
 

 

 

  



RESULTS & DISCUSSIONS 

 
 

97 
 

 

  

 



RESULTS & DISCUSSIONS 

 
 

98 
 

 

 

 



RESULTS & DISCUSSIONS 

 
 

99 
 

 

  

 



RESULTS & DISCUSSIONS 

 
 

100 
 

 

 



RESULTS & DISCUSSIONS 

 
 

101 
 

3.2. Project II: Lead structure-based hybridization strategy in the 

development of Sirt2 inhibitors 

Frei, M.*; Wirawan, R.*; Wein, T.; Bracher, F. Lead structure-based hybridization strategy 

reveals major potency enhancement of SirReal-type Sirt2 inhibitors. Int. J. Mol. Sci. 2025, 26, 

9855. 

 

3.2.1. Summary 

The hybridization of relevant pharmacophoric features of lead compounds represents a viable 

methodology in drug development and optimisation. This approach was implemented utilising 

the Sirt2 inhibitors SirReal2 and 24a as lead compounds to develop highly potent and subtype 

selective Sirt2 hybrid inhibitors. Guided by molecular docking experiments, a series of seven 

hybrid inhibitors was rationally designed and synthesised. The bromo-derivative hybrid 

inhibitor RW-93 emerged from this study as the most potent low-molecular subtype-selective 

Sirt2 inhibitor known to date, displaying an IC50 of 16 nM, highlighting this approach as an 

effective strategy in the development of highly potent and subtype-selective Sirt2 inhibitors. 

The in vitro data were validated via MM-GBSA calculations which showed a good correlation 

between the two datasets. In addition, in silico ADME profiling of the Sirt2 hybrid inhibitors was 

performed by assessing their physicochemical and pharmacokinetic parameters, which 

demonstrated promising drug-like properties for further development. 

3.2.2. Personal Contributions 

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

of the optimised halogen derivatives of the Sirt2 hybrid inhibitors in the second optimization 
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series, the management and coordination of this project, the support in the writing of the 

original draft, the reviewing and editing of the final manuscript and the preparation of the 

supplementary information.  

Matthias Frei synthesised, characterized and investigated the initial Sirt2 hybrid inhibitors, 

managed and coordinated the project, wrote the original draft, reviewed and edited the final 

manuscript, and prepared the graphical abstract and supplementary information. Thomas 

Wein performed molecular docking experiments, MM-GBSA calculations and ADME profiling. 

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. 

3.2.3. Article 

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

Attribution in accordance with MDPI. This article is printed in the original wording. Formatting 

may vary slightly compared to the original article. 
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3.3. Project III: Balsalazide-derived heterotriaryls with reversible 

covalent warheads as Sirt5 inhibitors 

Wirawan, R.; Huber, S. A.; Wein, T.; Bracher, F. Balsalazide-Derived Heterotriaryls as Sirtuin 

5 Inhibitors: A Case Study of a Reversible Covalent Inhibition Strategy. Molecules 2025, 30, 

3821. 

 

3.3.1. Summary 

The pharmacokinetically optimised balsalazide-derived heterotriaryls CG_209 and CG_220 

from a previous project in the Bracher group were selected as promising lead structures for 

the development of novel Sirt5 inhibitors. Building on these scaffolds, a diverse set of Sirt5 

inhibitors possessing appropriate electrophilic functional groups such as boronic acids, nitriles 

and aldehydes were rationally designed following molecular docking studies to target the 

nicotinamide ribose vicinal diol unit of the co-factor NAD+ via reversible covalent bonding. 

Challenges associated with the synthesis of enantiomerically pure Sirt5 inhibitors bearing 

these reversible covalent warheads were navigated through chiral-pool syntheses from 

commercially available amino acid derivatives. In total, 10 functionalized analogues were 

synthesised and investigated. Biological evaluation revealed superiority of the triazole-based 

inhibitors as well as stereo-selective preference of these functional group modifications, with 

all S-enantiomers showing higher potency compared to the corresponding R-enantiomers. 

From this library of Sirt5 inhibitors, the S-enantiomer triazole-based cyanomethyl 50 emerged 

as the top inhibitor with an IC50 of 27 µM, which lies in a similar potency range of other 

established Sirt5 inhibitors.  

3.3.2. Personal Contributions 

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

of all Sirt5 inhibitors and the precursors thereof, the supervision of Simon A. Huber’s bachelor 

thesis, the management and coordination of this project, the writing of the original draft, the 
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reviewing and editing of the final manuscript, and the preparation of the graphical abstract and 

supplementary information.  

Simon A. Huber synthesised and characterized both enantiomers of the isoxazole-based 

cyanomethyl Sirt5 inhibitors and the precursors thereof.  Thomas Wein performed molecular 

docking experiments. Franz Bracher conceptualized and designed the study, managed and 

coordinated the project, supervised all synthetic work and Simon A. Huber’s bachelor thesis, 

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

3.3.3. Article 

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

Attribution in accordance with MDPI. This article is printed in the original wording. Formatting 

may vary slightly compared to the original article. 
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3.4. Project IV: Sirt2 bisubstrate analogues 

Wirawan, R.; Ungar, F.; Bracher, F., Substrate- and NAD+ cofactor-mimicking bisubstrate 

analogues as highly potent SIRT2 inhibitors. Final manuscript in preparation. 

 

3.4.1. Summary 

The application of bisubstrate analogues in the development of highly potent and subtype 

selective inhibitors has seen notable success in medicinal chemistry. Herein, Sirt2 bisubstrate 

analogues were rationally designed to concurrently mimic the natural peptide substrate and 

the essential co-factor NAD⁺. These preassembled bisubstrate analogues comprise two 

functional fragments, each targeting a distinct binding site on the enzyme, and are connected 

via an appropriate linker. This dual engagement strategy enables additional interactions with 

the enzyme, potentially leading to synergistic binding effects. As a result, bisubstrate 

analogues may exhibit enhanced binding affinity and improved selectivity compared to their 

monosubstrate counterparts. Ribavirin was selected as a non-ionic low-molecular NAD+ co-

factor mimetic with superior pharmacokinetic properties compared to nicotinamide riboside. By 

connecting ribavirin to the SirReal-type lead compound substrate mimetic 28a via an acetal 

linker to form the envisaged proof-of-concept Sirt2 bisubstrate analogue 8, a 20-fold potency 

increase compared to 28a was achieved. Further optimisations targeting additional interactions 

in the acetyl-lysine binding channel of Sirt2 with a methyl-thiophene carboxamide motif led to 

the development of the bisubstrate analogue 17 that displayed a 30-fold potency increase 

compared to 28a. The proposed binding mode of bisubstrate analogue 17 is currently being 

investigated through co-crystallization experiments by collaborative partners. 

3.4.2. Personal Contributions 

My personal contributions to this manuscript include the synthesis and the characterization of 

the optimised bisubstrate analogue 17 and all precursors thereof, the supervision of Florian 

Ungar’s master thesis, the management and coordination of this project, the writing of the 

original draft and the preparation of the graphical abstract and supplementary information.  

Florian Ungar synthesised and characterized the proof-of-concept bisubstrate analogue 8 and 

all precursors thereof. Franz Bracher conceptualized and designed the study, managed and 
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coordinated the project, supervised all synthetic work and Florian Ungar’s master thesis, 

provided funding and resources, and reviewed the manuscript. 

3.4.3. Manuscript 

  

Substrate- and NAD+ cofactor-mimicking bisubstrate analogues as 

highly potent SIRT2 inhibitors 

Ricky Wirawana, Florian Ungara, Franz Bracher*a 

aDepartment of Pharmacy, Ludwig-Maximilians University Munich, Butenandtstraße 

5-13, 81377 Munich, Germany. *E-mail: franz.bracher@cup.uni-muenchen.de 

Abstract 

Sirtuin 2 (SIRT2) has been implicated with the development and exacerbation of various 

diseases. Significant interest has gained over the past few years in developing highly potent 

and subtype selective SIRT2 inhibitors. Herein, we applied the principles of bisubstrate 

analogues that mimic both the natural substrate and the essential co-factor NAD+ in the 

development of novel and potent SIRT2 inhibitors. Furthermore, the utilization of the antiviral 

agent ribavirin as an NAD+ co-factor mimetic was implemented in this investigation. Our results 

revealed a 20-fold increase in the potency of the envisaged bisubstrate analogue 8 compared 

to its lead structure 28a, highlighting this effective strategy as a viable option for the 

development of SIRT2 inhibitors. Further optimizations led to the identification of the 

bisubstrate analogue 17 with an IC50 of 0.27 µM that showed a 30-fold increase in the potency 

compared to 28a. Our findings offer a novel and an effective strategy in the development and 

optimization of SIRT2 inhibitors.  

Introduction 

Sirtuins (SIRTs) are NAD+-dependent enzymes that belong to the unique class III histone 

deacetylases1, 2. Seven distinct SIRT subtypes have been identified in humans, each 

characterized by its unique biological roles and subcellular localizations3. The predominantly 

nuclear and cytoplasmic SIRT2 has gained significant interest through the years due to its 

involvement in the pathogenesis of various diseases such as cancer4, neurodegeneration5, 6 

and viral infections7. Extensive efforts in recent years have focused on the development of 

highly potent and subtype-selective drug-like SIRT2 inhibitors to advance their utilization as 

not only practical chemical tools in studying biological processes but also potentially for 

effective pharmaceutical interventions. However, these rigorous attempts still pose a significant 

challenge. Notable progress in the development of SIRT2 inhibitors was made through the 

mailto:franz.bracher@cup.uni-muenchen.de
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identification of the selectivity pocket of SIRT2, which emerges upon the binding of a particular 

class of inhibitors called SirReals (sirtuin rearranging ligands)8. This selectivity pocket can be 

exploited via the binding of the 4,6-dimethylmercaptopyrimidine scaffold of SirReals that 

confers high subtype-selectivity towards SIRT28, 9. Independent related studies were 

conducted and have led to the development of further highly potent and subtype-selective 

SIRT2 inhibitors (Fig.1A)10, 11.  

Although unexplored thus far in the field of SIRTs, the application of bisubstrate analogues as 

highly potent inhibitors has been established as a promising strategy in medicinal chemistry 

as exemplified by the development of protein methyltransferase inhibitors12, DNA 

methyltransferase inhibitors13, glycosyltransferase inhibitors14 and kinase inhibitors15-17. Pre-

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

suitable linker, each targeting a distinct binding site of the target protein. Consequently, 

bisubstrate analogues may facilitate additional ligand-protein interactions, leading to 

synergistic effects that enhance binding affinities and sometimes also selectivity relative to 

their monosubstrate counterparts18. Herein with this design rationale, we continued our efforts 

in developing highly potent and subtype-selective SIRT inhibitors19-21. The envisaged pre-

formed SIRT2 bisubstrate analogues were designed to mimic both the natural peptide 

substrate and the essential cofactor NAD+. The SirReal-type inhibitor 28a11 was selected as a 

suitable proof-of-concept lead structure to inhibit the active site of SIRT2 selectively. 

Furthermore, the selection of a suitable NAD+ cofactor mimetic is of paramount importance. 

Although the endogenous co-factor NAD+ itself can in principle be utilized, the substantial size 

and potential instability of the pyrophosphates would introduce significant pharmacokinetic 

challenges. Thus, we considered only the essential motif of the cofactor that is involved in the 

enzymatic reaction of SIRT2, that is nicotinamide riboside2. For this purpose, we selected the 

antiviral agent ribavirin (1) as a low-molecular, drug-like compound that structurally mimics 

nicotinamide riboside. Sharing the ribosyl scaffold with nicotinamide riboside, ribavirin 

additionally features a 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 pharmacokinetically 

more favorable motif compared to the pyridinium ring of nicotinamide riboside (Fig.1B).  
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Fig. 1: (A) SirReals8, 9 and the SirReal-type inhibitor 28a11 inhibit SIRT2 selectively through binding to the selectivity 

pocket of SIRT2. (B) Chemical structures of the essential part of the co-factor NAD+ nicotinamide riboside and the 

structurally aligned antiviral agent ribavirin (1). 

Based on the co-crystal structure of SirReal2 with SIRT2 (PDB ID: 4RMG)8 and prior docking 

experiments of SirReal-type derivatives in our previous work19, we determined that the vicinal 

diol unit of the nicotinamide riboside lies in close proximity to the inhibitor and thus offers a 

suitable site for potential linkage with the inhibitor via a short and compact linker. Appropriate 

electrophilic functional groups at the proper position on the substrate-mimetic inhibitor can form 

a stable covalent linkage with the vicinal diol unit of the nicotinamide riboside mimetic ribavirin 

to form the envisaged SIRT2 bisubstrate analogues. Although several electrophilic functional 

groups such as boronic acids (with the formation of cyclic boronates) can be employed22, we 

selected aldehydes with the formation of cyclic acetals as a suitable linker due to their higher 

stability compared to cyclic boronates23. Due to the stability issues of aliphatic and aromatic 

aldehydes that we encountered in our previous works19, 24, we decided to initiate the synthesis 

of the envisaged bisubstrate analogues by first performing the acetalization of ribavirin (1) with 

commercially available functionalized benzaldehydes by applying published acetalization 

protocols of ribavirin with benzaldehyde by Dong et al25. The more stable cyclic acetals will 

serve as key intermediates for subsequent steps in the synthesis of the envisaged bisubstrate 

analogues. 

Results & Discussion 

Chemistry 

The synthesis of the envisaged bisubstrate analogue consisting of the SIRT2 inhibitor 28a and 

ribavirin (1) was initiated by the formation of the cyclic acetal 3 from ribavirin (1) and 3-

hydroxybenzaldehyde (2) with zinc chloride (Scheme 1). This procedure was applied from a 

published acetalization protocol25 of ribavirin (1) with benzaldehyde. Phenol 3 was then 

subjected to Williamson ether synthesis with 3-nitrobenzyl bromide (4) and potassium 
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carbonate as a base to give aryl-benzyl ether 5 in a relatively low 20% yield, possibly due to 

steric hindrance attributed from the ribavirin moiety. In the final step, nitroarene 5 was reduced 

to the corresponding aniline 6 via palladium-catalyzed hydrogenation and subsequently 

coupled with the commercially available carboxylic acid 7 in the presence of the amide coupling 

reagent EDC-HCl to give the SIRT2 bisubstrate analogue 8 in 49% yield over 2 steps. 

 

Scheme 1: Synthesis of the envisaged SIRT2 bisubstrate analogue 8 consisting of the SirReal-type inhibitor 28a 

and ribavirin (1). 

Following our previous work on the optimization of SirReal-type inhibitors20, we determined 

that 5-methylthiophene-2-carboxamide motifs at the para-position to the aryl ether proved to 

be particularly favorable. Thus, we extended our investigation by optimizing bisubstrate 

analogue 8 through the incorporation of 5-methylthiophene-2-carboxamide motif to potentially 

enhance its potency. For this purpose, the cyclic acetal 13 was first synthesized from ribavirin 

(1) and 5-hydroxy-2-nitrobenzaldehyde (12) with TFA applying published acetalization 

protocols26 for nucleosides with benzaldehyde (Scheme 2). Notably, the previous acetalization 

conditions with zinc chloride were unsuccessful in yielding the cyclic acetal 13. Williamson 

ether synthesis was then performed with phenol 13 and, as opposed to the original route, not 

benzyl bromide 4, but rather benzyl bromide 11 to afford aryl ether 14. Benzyl bromide 4 is not 

suitable in this case as the product formed would contain two aromatic nitro groups that would 

simultaneously be reduced with iron in the subsequent step to their corresponding aromatic 

amines. Thus, selective amide coupling in the final step would not be possible due to the 
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presence of the two aromatic amines. Benzyl bromide 11 was synthesized from benzyl alcohol 

10 with PPh3 and CBr4 applying a general Appel reaction protocol27 , which was prepared by 

amide coupling of aniline 9 and carboxylic acid 7. Nitroarene 14 was then reduced to the 

corresponding aniline 15 with iron and ammonium chloride in a mixture of ethanol and water. 

Notably, the acetal group remained stable in these aqueous acidic conditions. Reduction of 

nitroarene 14 via palladium-catalyzed hydrogenation showed no success, most likely due to 

poisoning of the catalyst by the thioether-containing starting material. In the final step, aniline 

15 was coupled with 5-methylthiophene-2-carbonyl chloride (16) in the presence of pyridine to 

give the optimized SIRT2 bisubstrate analogue 17. 

 

Scheme 2: Synthesis of the optimized SIRT2 bisubstrate analogue 17 incorporating 5-methylthiophene-2-

carboxamide motif. 
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In vitro SIRT inhibitory activities 

The SIRT2 inhibitory activities were determined by Reaction Biology Corporation (Malvern, PA, 

USA) using a fluorescence-based assay using the fluorogenic peptide of p53 residues 379-

382 (RHKK(Ac) -Fl). In addition, the subtype selectivity of the synthesized compounds was 

investigated by measuring the residual activity of SIRT1, 3 and 5 after treatment with 50 µM 

inhibitor. The IC50 value of the published SirReal-type lead structure 28a against SIRT2 was 

determined to be 8 µM, which is slightly lower than its literature value of 26 µM11 (Table 1). 

Ribavirin (1), on the other hand, showed very weak SIRT2 inhibition with 12% inhibition at 1 

mM. However, even linking ribavirin (1) to a phenyl ring with a cyclic acetal linker to form 

compound 3 resulted in a significant increase in the SIRT2 inhibition with an IC50 of 43 µM. 

However, subtype selectivity was not observed with compound 3 showing similar potency 

against SIRT1 with 87% inhibition at 50 µM, presumably due to the promiscuity of ribavirin (1) 

to other NAD+-dependent enzymes. Extending the length of the substrate mimetic with the 

addition of a 3-nitrobenzyl ether motif to form compound 5 led to a further increase in the SIRT2 

inhibition with an IC50 of 26 µM. Furthermore, subtype selectivity was also improved with a 

decrease in the SIRT1 inhibition from 87% to 15% at 50 µM inhibitor concentration. Further 

increasing the length of the substrate mimetic to utilize the complete molecular structure of 28a 

to form the envisaged bisubstrate analogue 8 resulted in a significant increase in the potency 

against SIRT2 inhibition with an IC50 of 0.45 µM. Thus, the conjugation of the substrate mimetic 

SIRT2 inhibitor 28a with the putative co-factor mimetic ribavirin (1) led to an approximately 20-

fold increase in the potency compared to the SirReal-type inhibitor 28a alone. Furthermore, 

selectivity against other related SIRT subtypes 1,3 and 5 was observed. Similar results were 

obtained with an additional nitro group at the para-position to the aryl ether of 28a with an IC50 

of 0.50 µM identified for bisubstrate analogue 14. Further optimization of bisubstrate analogue 

8 with the incorporation of 5-methylthiophene-2-carboxamide motif to form compound 17 led 

to an additional increase in the potency with an IC50 of 0.27 µM against SIRT2 observed, 

making bisubstrate analogue 17 around 30-fold more potent than the lead structure 28a. 

Bisubstrate analogue 17 showed slight inhibition of SIRT3 with 58% at 50 µM. However, 

considering the low IC50 value of 0.27 µM for the desired target SIRT2, subtype selectivity can 

be concluded for bisubstrate analogue 17. 

Table 1: In vitro inhibition of SIRT1, 2, 3 and 5 by lead structures 1 (ribavirin) and 28a and the synthesized 

bisubstrate analogues thereof. IC50 values against SIRT2 are shown as a mean of three independent measurements 

with standard deviations. Inhibitory activity against SIRT2 by compound 1 (ribavirin) was measured at 1 mM and 

given as mean percentage from three independent measurements. Inhibition percentages at 50 µM for SIRT1, 3 
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and 5 are given as mean from two independent measurements. n.d. (not determined), n.i. (no inhibition). *Literature-

known compound 28a published by Yang et al. with an IC50 value for SIRT2 of 26 µM11. 

 IC50 (µM) Inhibition of SIRT1/3/5 in % at 50 µM 

Compound ID SIRT2 SIRT1 SIRT3 SIRT5 

1 (ribavirin) 12% inhibition at 1 mM n.d. n.d. n.d. 

28a* 8 ± 1 n.i. 14 n.i. 

3 43 ± 3 87 13 22 

5 26 ± 1 15 27 6 

8 0.45 ± 0.08 11 30 11 

14 0.50 ± 0.11 76 35 16 

17 0.27 ± 0.02 3 58 8 

 

Conclusions 

The development of bisubstrate analogues is a well-established methodology in medicinal 

chemistry and represents a promising approach in modern drug discovery. Herein, we applied 

this effective strategy to develop highly potent SIRT2 inhibitors based on the SirReal-type 

substrate mimetic 28a. Furthermore, we rationally selected the antiviral agent ribavirin as a 

suitable NAD+ co-factor mimetic. Systematic investigation of the synthesized cyclic acetal-

linked bisubstrate analogues revealed a positive correlation in terms of potency and subtype 

selectivity towards SIRT2 by increasing the length of the substrate mimetic. The proof-of-

concept bisubstrate analogue 8 that is made up of ribavirin and 28a resulted in a 20-fold 

increase in potency compared to 28a alone. Further targeted optimization led to the 

identification of the highly potent bisubstrate analogue 17 (IC50 = 0.27 µM) that showed a 30-

fold increase in potency compared to the lead structure 28a. Our findings offer a novel insight 

into the utility of ribavirin as an NAD+ co-factor mimetic and the application of bisubstrate 

analogues as a viable strategy in the development of highly potent SIRT2 inhibitors. 

Experimental 

Chemistry 

Materials and instruments. All reagents and solvents were purchased from commercial 

sources and used without further purification. Standard Schlenk line techniques were 

employed. Reactions were monitored by thin-layer chromatography (TLC) using POLYGRAM 

SIL G/UV254 polyester sheets (Macherey-Nagel, Düren, Germany) coated with 0.2 mm silica 

gel and visualized under UV light (254 or 365 nm) or by staining with KMnO₄ and ceric 

ammonium molybdate (CAM). Flash column chromatography was performed using normal-
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phase silica gel (SiO₂ 60, 0.040–0.063 mm, 230–400 mesh) (Merck, Darmstadt, Germany) as 

the stationary phase. NMR spectra were recorded on Bruker Avance III HD 400 MHz and 500 

MHz spectrometers (¹H: 400/500 MHz; ¹³C: 101/126 MHz) (Bruker, Billerica, MA, USA) in the 

indicated deuterated solvents. Chemical shifts (δ) are reported in ppm relative to residual 

solvent peaks. Signal multiplicities are denoted as s (singlet), d (doublet), t (triplet), q (quartet), 

and quin (quintet). Coupling constants (J) are given in Hz and rounded to the nearest 0.1 Hz. 

Infrared spectra were recorded using a PerkinElmer Spectrum BX-59343 FT-IR spectrometer 

(Perkin Elmer, Shelton, CT, USA) equipped with a Smiths Detection DuraSamplIR II diamond 

ATR sensor (Smiths Detection, Danbury, CT, USA) over the range of 4000–650 cm⁻¹. 

Absorption bands are reported in wavenumbers (cm⁻¹). High-resolution mass spectrometry 

(HRMS) was performed on a JEOL Mstation 700 or JMS GCmate II (EI) (Jeol, Tokyo, Japan) 

and a Thermo Finnigan LTQ (ESI) (Thermo Finnigan, Somerset, NJ, USA). Melting points were 

determined using a Büchi Schmelzpunktapparatur B-540 (Büchi, Flawil, Switzerland). 

Analytical HPLC was conducted at 210 and 254 nm using a Zorbax Eclipse Plus C18 column 

(4.6 mm × 150 mm, 3.5 µm particle size) (Waters, Milford, MA, USA) for purity determination. 

Synthetic Procedures 

1-((3aR,4R,6R,6aR)-6-(Hydroxymethyl)-2-(3-hydroxyphenyl)tetrahydrofuro[3,4-

d][1,3]dioxol-4-yl)-1H-1,2,4-triazole-3-carboxamide (3). To a stirred solution of ribavirin (1) 

(300 mg, 1.23 mmol) in dry THF (3 mL) was added 3-hydroxybenzaldehyde (2) (1.21 mg, 9.92 

mmol). The reaction mixture was stirred at 60 °C for 45°h. The crude product was poured into 

cold diethyl ether and the white precipitate formed filtered off and washed with diethyl ether 

(3x). The filter residue was collected and further purified by FCC (DCM/MeOH 96:4) to give 

cyclic acetal 3 (227 mg, 0.651 mmol, 53 %) as a white solid. m.p.: 118 °C. 1H-NMR (400 MHz, 

DMF-d7): δ (ppm) = 9.79 (s, 1H, 3’’-OH), 8.94 (s, 1H, 5-H), 7.95 (s, 1H, CONH2), 7.70 (s, 1H, 

CONH2), 7.28 (m, 1H, 5’’-H), 7.12 – 7.07 (m, 1H, 2’’-H), 7.03 (m, 1H, 4’’-H), 6.93 – 6.91 (m, 

1H, 6’’-H), 6.46 (d, J = 1.5 Hz, 4’-H), 5.96 (s, 1H, 1’’-CHO2), 5.45 – 5.34 (m, 1H, 3a’-H), 5.23 – 

5.11 (m, 2H, 6a’-H and OH), 4.52 (m, 1H, 6’-H), 3.76 – 3.56 (m, 2H, 6’-CH2). 13C-NMR (101 

MHz, DMF-d7): δ (ppm) = 163.34 (CONH2), 161.61 (C-3’’), 159.12 (C-3), 146.54 (C-5), 139.09 

(C-1’’), 130.52 (C-5’’), 118.85 (C-6’’), 117.84 (C-4’’), 114.80 (C-2’’), 107.59 (1’’-CHO2), 94.33 

(C-4’), 89.99 (C-6’), 86.49 (C-3a’), 84.41 (C-6a’), 63.13 (6’-CH2). IR (ATR): ṽ (cm-1) = 3317, 

2359, 1681, 1594, 1464, 1403, 1285, 1175, 1095, 1072, 869, 786, 696. HRMS (ESI): m/z = 

[M-H]- calcd for C15H15N4O6
-: 347.0997; found: 347.0993. Specific rotation: []20

D +102 (c 0.1 in 

EtOAc). 

1-((3aR,4R,6R,6aR)-6-(Hydroxymethyl)-2-(3-((3-nitrobenzyl)oxy)phenyl) 

tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-1H-1,2,4-triazole-3-carboxamide (5). To a stirred 
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solution of phenol 3 (588 mg, 1.69 mmol) in DMF (16 mL) was added 1-(bromomethyl)-3-

nitrobenzene (4) (304 mg, 1.41 mmol) and the reaction mixture stirred at room temperature for 

30 minutes. K2CO3 (583 mg, 4.22 mmol) was added and the reaction mixture was stirred at 

50 °C for 21 h. The reaction mixture was diluted with EtOAc and the organic phase was washed 

with 2 M NaOH (3 x 100 mL). The combined organic phase was dried using a phase separation 

paper and concentrated in vacuo. The crude residue was purified by FCC (DCM/MeOH 94:6) 

to give aryl ether 5 (171 mg, 0.354 mmol, 20 %) as a white solid. m.p.: 92 °C. 1H-NMR (500 

MHz, DMF-d7): δ (ppm) = 8.92 (s, 1H, 5-H), 8.45 (s, 1H, 2‘‘‘-H), 8.27 (ddd, J = 8.2, 2.4, 1.0 Hz, 

1H, 4‘‘‘-H), 8.05 (d, J = 1.3 Hz, 1H, 6‘‘‘-H ), 7.95 (s, 1H, CONH2), 7.79 (t, J = 7.9 Hz, 1H, 5‘‘‘-

H), 7.70 (s, 1H, CONH2), 7.48 – 7.39 (m, 1H, 5‘‘-H), 7.32 (dd, J = 2.6, 1.5 Hz, 1H, 2‘‘-H), 7.27 

– 7.16 (m, 2H, 4‘‘-H and 6‘‘-H), 6.49 (d, J = 1.6 Hz, 1H, 4‘-H), 6.04 (s, 1H, 1‘‘-CHO2), 5.45 (dd, 

J = 6.3, 1.6 Hz, 1H, 3a‘-H), 5.41 (s, 2H, 1‘‘‘-CH2), 5.21 – 5.15 (m, 1H, OH), 5.16 – 5.13 (m, 1H, 

6a‘-H), 4.52 (td, J = 6.1, 1.7 Hz, 1H, 6‘-H), 3.76 – 3.57 (m, 2H, 2‘-CH2). 13C-NMR (126 MHz, 

DMF-d7): δ (ppm) = 160.84 (CONH2), 158.86 (C-3’’), 158.37 (C-3), 148.68 (C-3’’’), 145.76 (C-

5), 140.23 (C-1’’’), 138.64 (C-1’’), 134.42 (C-6’’’), 130.44 (C-5’’), 130.11 (C-5’’’), 123.12 (C-4’’’), 

122.48 (C-2’’’), 120.16 (C-6’’), 116.43 (C-4’’), 113.86 (C-2’’), 106.55 (1’’-CHO2), 93.55 (C-4’), 

89.11 (C-6’), 85.79 (C-3a’), 83.77 (C-6a’), 68.76 (1’’’-CH2), 62.31 (6’-CH2). IR (ATR): ṽ (cm-1) = 

3367, 3154, 1699, 1663, 1594, 1529, 1353, 1260, 1183, 1126, 1095, 1077, 1021, 790, 733. 

HRMS (ESI): m/z = [M+Na]+ calcd for C22H21N5O8Na+: 506.1283; found: 506.1277. Purity 

(HPLC): 210 nm: >95 %; 254 nm: >95 %. Specific rotation: []20
D +38 (c 0.1 in acetone). 

1-((3aR,4R,6R,6aR)-2-(3-((3-(2-((4,6-Dimethylpyrimidin-2-

yl)thio)acetamido)benzyl)oxy)phenyl)-6-(hydroxymethyl)tetrahydrofuro[3,4-

d][1,3]dioxol-4-yl)-1H-1,2,4-triazole-3-carboxamide (8). Nitroarene 5 (100 mg, 0.207 mmol) 

was dissolved in DMF (6 mL) and 10 % Pd/C (10.0 mg, 0.094 mmol) was added under N2 

atmosphere. Hydrogenation was performed under atmospheric H2 pressure at room 

temperature for 3 h. Upon reaction completion, the reaction mixture was filtered through a pad 

of celite. The pad was washed with EtOAc and the solvent removed in vacuo. The crude 

product 6 was then used without further purification in the next step. To a stirred solution of 2-

((4,6-dimethylpyrimidin-2-yl)thio)acetic acid (7) (126 mg, 0.622 mmol) in DMF (3 mL) were 

added EDC-HCl (122 mg, 0.622 mmol) and 4-DMAP (101 mg, 0.829 mmol) and the reaction 

mixture was stirred for 10 minutes. Crude product 6 in DMF (6 mL) was then added into the 

reaction mixture and stirred at room temperature for 39 h. EtOAc (50 mL) and water (50 mL) 

were added and the organic phase was washed with brine (3 x 50 mL). The collected organic 

phase was dried using a phase separation paper and concentrated in vacuo. The crude 

product was purified by FCC (DCM/MeOH 96:4) to give amide 8 (63.7 mg, 0.101 mmol, 49 % 

over 2 steps) as a light orange solid. m.p.: 113 °C. 1H-NMR (500 MHz, (CD3)2SO): δ (ppm) = 
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10.29 (s, 1H, CONH), 8.84 (s, 1H, 5-H), 7.87 (s, 1H, CONH2), 7.72 (s, 1H, 2’’’-H), 7.69 (s, 1H, 

CONH2), 7.53 (d, J = 8.1 Hz, 1H, 4‘‘‘-H), 7.41 – 7.30 (m, 2H, 2‘’-H and 4‘‘-H), 7.21 – 7.05 (m, 

4H, 2‘‘-H, 5‘‘-H, 6‘‘-H and 6‘‘‘-H ), 6.95 (s, 1H, 5‘‘‘‘-H), 6.54 – 6.43 (m, 1H, 4‘-H), 5.92 (s, 1H, 

1‘‘-CHO2), 5.32 (dd, J = 6.3, 1.4 Hz, 1H, 6a‘-H), 5.12 (s, 2H, OH and 1‘‘‘-CH2), 5.07 (dd, J = 

6.2, 2.1 Hz, 1H, 3a‘-H), 4.98 (s, 1H, 1‘‘‘-CH2), 4.55 (t, J = 6.5 Hz, 1H, 6‘-H), 4.37 – 4.12 (m, 2H, 

6‘-CH2), 3.93 (d, J = 1.6 Hz, 2H, SCH2), 2.26 (s, 6H, 4‘‘‘‘-CH3 and 6’’’’-CH3). 13C-NMR (126 

MHz, (CD3)2SO): δ (ppm) = 169.30 (CONH), 168.81 (C-2‘‘‘‘), 167.10 – 166.97 (C-4‘‘‘‘ and C-

6‘‘‘‘), 160.09 (CONH2), 158.47 (C-1‘‘‘), 158.31 (C-3‘‘), 157.73 (C-3), 145.81 (C-5), 137.44 (C-

1‘‘), 129.70 (C-4‘‘), 128.91 (C-5‘‘‘), 122.53 (C-5‘‘), 119.31 (C-6‘‘), 118.61 (C-4‘‘‘), 118.12 (C-2‘‘‘), 

116.07 (C-6’’’ and C-5’’’’), 113.32 (C-2’’), 105.83 (1’’-CHO2), 91.61 (C-4’), 85.21 (C-6’), 84.86 

(C-6a’), 82.24 (C-3a’), 69.72 (1’’’-CH2), 64.72 (6’-CH2), 32.65 (SCH2), 23.26 (4’’’’-CH3 and 6’’’’-

CH3). IR (ATR): ṽ (cm-1) = 3339, 1690, 1583, 1532, 1441, 1370, 1266, 1100, 1031, 878, 785, 

693. HRMS (ESI): m/z = [M+H]+ calcd for C30H32N7O7S+: 634.2084; found: 634.2071. Purity 

(HPLC): 210 nm: >95 %; 254 nm: >95 %. Specific rotation: []20
D +48 (c 0.1 in EtOAc). 

2-((4,6-Dimethylpyrimidin-2-yl)thio)-N-(3-(hydroxymethyl)phenyl)acetamide (10). To a  

stirred solution of 2-((4,6-dimethylpyrimidin-2-yl)thio)acetic acid (7) (500 mg, 2.47 mmol) in 

THF (32 mL) was added DIPEA (1.3 mL, 7.42 mmol) and HATU (1.41 g, 3.71 mmol) and the 

reaction mixture was stirred at room temperature for 1 h. (3-Aminophenyl)methanol (9) (304 

mg, 2.47 mmol) was added and the reaction mixture was stirred at room temperature for 3.5 h. 

Water (100 mL) was added and the aqueous phase was extracted with DCM (3 x 150 mL). 

The collected organic phase was dried using a phase separation paper, concentrated in 

vacuo and purified by FCC (DCM/MeOH 97:3) to give alcohol 10 (414 mg, 1.37 mmol, 55 %) 

as a pale yellow solid. m.p.: 135 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) = 10.20 (s, 1H, 

CONH), 7.56 (t, J = 1.8 Hz, 1H, 4-H), 7.47 – 7.41 (m, 1H, 5-H), 7.24 (t, J = 7.8 Hz, 1H, 2-H), 

7.00 – 6.97 (m, 1H, 6-H), 6.97 – 6.96 (m, 1H, 5‘-H), 5.18 (t, J = 5.7 Hz, 1H, OH), 4.45 (d, J = 

5.7 Hz, 2H, 3-CH2), 4.03 (s, 2H, SCH2), 2.33 (s, 6H, 4‘-CH3 and 6‘-CH3). 13C-NMR (101 MHz, 

(CD3)2SO): δ (ppm) = 169.34 (CONH), 166.95 (C-2’), 166.43 (C-4’ and C-6’), 143.25 (C-3), 

138.89 (C-1), 128.39 (C-2), 121.33 (C-6), 117.45 (C-4), 117.16 (C-5), 116.05 (C-5’), 62.80 (3-

CH2), 35.47 (SCH2), 23.33 (4‘-CH3 and 6‘-CH3). IR (ATR): ṽ (cm-1) = 3260, 1667, 1580, 1555, 

1491, 1428, 1333, 1264, 1199, 880, 850, 794, 729. HRMS (ESI): m/z = [M+Na]+ calcd for 

C15H17N3O2NaS+: 326.0934; found: 326.0933. 

N-(3-(Bromomethyl)phenyl)-2-((4,6-dimethylpyrimidin-2-yl)thio)acetamide (11). To a 

stirred solution of alcohol 10 (540 mg, 1.78 mmol) and CBr4 (1.18 g, 3.56 mmol) in THF (15 

mL) was added PPh3 (943 mg, 3.56 mmol) and the reaction mixture was stirred for 40 minutes. 

The reaction mixture was diluted with EtOAc (400 mL) and water (100 mL). The organic phase 

was washed with water (3 x 100 mL) and dried using a phase separation paper and 
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concentrated in vacuo. The crude residue was purified by FCC (hexanes/EtOAc 65:35) to give 

alkyl bromide 11 (346 mg, 0.945 mmol, 53 %) as a white solid. m.p.: 120 °C. 1H-NMR (400 

MHz, CDCl3): δ (ppm) = 9.57 (s, 1H, CONH), 7.56 (t, J = 2.0 Hz, 1H, 4’-H), 7.35 (ddd, J = 8.1, 

2.2, 1.1 Hz, 1H, 5’-H), 7.30 – 7.21 (m, 1H, 6’-H), 7.10 (dt, J = 7.6, 1.4 Hz, 1H, 2’-H), 6.84 (s, 

1H, 5-H), 4.45 (s, 2H, CH2Br), 3.88 (s, 2H, SCH2), 2.50 (s, 6H, 4-CH3 and 6-CH3). 13C-NMR 

(101 MHz, CDCl3): δ (ppm) = 170.31 (CONH), 167.97 (C-2), 167.78 (C-4 and C-6), 138.81 (C-

3’), 138.62 (C-1’), 129.55 (C-6’), 124.79 (C-2’), 120.33 (C-4’), 119.71 (C-5’), 116.89 (C-4), 

35.65 (SCH2), 33.36 (CH2Br), 24.10 (4-CH3 and 6-CH3). IR (ATR): ṽ (cm-1) = 3327, 2920, 1667, 

1587, 1554, 1432, 1387, 1271, 1069, 843, 788, 989. HRMS (ESI): m/z = [M+H]+ calcd for 

C15H16BrN3NaOS+: 388.0090; found: 388.0092. 

1-((3aR,4R,6R,6aR)-2-(5-Hydroxy-2-nitrophenyl)-6-(hydroxymethyl)tetrahydrofuro[3,4-

d][1,3]dioxol-4-yl)-1H-1,2,4-triazole-3-carboxamide (13). To a stirred solution of ribavirin (1) 

(3.00 g, 12.3 mmol) in TFA (30 mL) was added 5-hydroxy-2-nitrobenzaldehyde (12) (4.10 g, 

24.6 mmol) at 0 °C. The reaction was allowed to warm gradually to room temperature while 

stirring for 72 h. TFA was removed in vacuo and the crude product purified by FCC 

(DCM/MeOH 97:3 -> 95:5) to give cyclic acetal 13 (779 mg, 1.98 mmol, 16 %) as a brown 

solid. m.p.: 163 °C. 1H-NMR (400 MHz, (CD3)2SO): δ (ppm) = 11.20 (s, 1H, 5‘‘-OH), 8.82 (s, 

1H, 5-H), 8.03 (d, J = 9.0 Hz, 1H, 3‘‘-H), 7.87 (s, 1H, CONH2), 7.66 (s, 1H, CONH2), 7.36 (d, J 

= 2.7 Hz, 1H, 6‘‘-H), 6.99 (dd, J = 9.0, 2.8 Hz, 1H, 4‘‘-H), 6.54 (s, 1H, 1‘‘-CHO2), 6.33 – 6.31 

(m, 1H, 4‘-H), 5.36 (dd, J = 6.1, 1.4 Hz, 1H, 3a‘-H), 5.08 (dd, J = 6.3, 1.8 Hz, 1H, 6a‘-H), 5.04 

(t, J = 5.3 Hz, 1H, OH), 4.34 (dt, J = 5.7, 5.7 Hz, 1H, 6‘-H), 3.55 – 3.39 (m, 2H, 6‘-CH2). 13C-

NMR (101 MHz, (CD3)2SO): δ (ppm) = 162.58 (C-5’’), 160.22 (CONH2), 157.46 (C-3), 145.35 

(C-5), 139.71 (C-2’’), 133.86 (C-1’’), 127.95 (C-3’’), 116.51 (C-4’’), 113.87 (C-6’’), 101.21 (1’’-

CHO2), 92.07 (C-4’), 87.96 (C-6’), 84.92 (C-3a’), 82.84 (C-6a’), 61.23 (6’-CH2). IR (ATR): ṽ (cm-

1) = 3319, 2953, 1667, 1597, 1520, 1497, 1449, 1337, 1307, 1189, 1135, 1066, 1027, 849, 798, 

721. HRMS (ESI): m/z = [M+Na]+ calcd for C15H15N5O8Na+: 416.0818; found: 416.0810. Purity 

(HPLC): 210 nm: >95 %; 254 nm: >95 %. Specific rotation: []20
D -27 (c 0.1 in DMSO). 

1-((3aR,4R,6R,6aR)-2-(5-((3-(2-((4,6-Dimethylpyrimidin-2-yl)thio)acetamido)benzyl)oxy)-

2-nitrophenyl)-6-(hydroxymethyl)tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-1H-1,2,4-

triazole-3-carboxamide (14). To a stirred solution of phenol 13 (1.10 g, 2.80 mmol) in DMF 

(25 mL) was added alkyl bromide 11 (1.23 g, 3.36 mmol) and the reaction mixture stirred at 

room temperature for 30 minutes. K2CO3 (1.16 g, 8.39 mmol) was added and the reaction 

mixture was stirred at 50 °C for 21 h. The reaction mixture was diluted with EtOAc and the 

organic phase was washed with 2 M NaOH (3 x 200 mL). The combined organic phase was 

dried using a phase separation paper and concentrated in vacuo. The crude product was 

purified by FCC (DCM/MeOH 95:5) to give aryl ether 14 (453 mg, 0.667 mmol, 24 %) as a 
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white solid. m.p.: 199 °C. 1H-NMR (500 MHz, (CD3)2SO): δ (ppm) = 10.31 (s, 1H, CONH), 8.80 

(s, 1H, 5-H), 8.13 (d, J = 9.1 Hz, 1H, 3‘‘-H), 7.88 – 7.85 (m, 1H, CONH2), 7.75 – 7.71 (m, 1H, 

2‘‘‘-H), 7.68 – 7.65 (m, 1H, CONH2), 7.56 – 7.51 (m, 1H, 4‘‘‘-H), 7.48 (d, J = 2.8 Hz, 1H, 6‘‘-H), 

7.38 – 7.33 (m, 1H, 5‘‘‘-H), 7.30 (dd, J = 9.1, 2.9 Hz, 1H, 4‘‘-H), 7.21 – 7.17 (m, 1H, 6‘‘‘-H), 6.95 

(s, 1H, 5‘‘‘‘-H), 6.55 (s, 1H, 1‘‘-CHO2), 6.35 (s, 1H, 4‘-H), 5.37 (dd, J = 6.1, 1.5 Hz, 1H, 3a‘-H), 

5.28 (s, 2H, 5‘‘-OCH2), 5.10 – 5.07 (m, 1H, 6a‘-H), 5.03 – 4.99 (m, 1H, OH), 4.31 (t, J = 6.0 Hz, 

1H, 6‘-H), 4.03 (s, 2H, SCH2), 3.53 – 3.38 (m, 2H, 6‘-CH2), 2.31 (s, 6H, 4‘‘‘‘-CH3 and 6‘‘‘‘-CH3). 

13C-NMR (126 MHz, (CD3)2SO): δ (ppm) = 169.29 (C-2‘‘‘‘), 166.95 (C-4‘‘‘‘ and C-6’’’’), 166.70 

(CONH), 162.12 (C-5’’), 160.22 (CONH2), 157.45 (C-3), 145.34 (C-5), 141.18 (C-2’’), 139.32 

(C-3’’’), 136.58 (C-1’’’), 133.53 (C-1’’), 129.06 (C-5’’’), 127.71 (C-3’’), 122.75 (C-6’’’), 118.93 (C-

4’’’), 118.26 (C-2’’’), 116.06 (C-5’’’’), 115.47 (C-4’’), 113.86 (C-6’’), 101.09 (1’’-CHO2), 92.03 (C-

4’), 87.80 (C-6’), 84.95 (C-3a’), 82.94 (C-6a’), 70.18 (5’’-OCH2), 61.15 (6’-CH2), 35.47 (SCH2), 

23.31 (4’’’’-CH3 and 6’’’’-CH3). IR (ATR): ṽ (cm-1) = 3623, 3359, 2931, 1682, 1613, 1582, 1487, 

1324, 1287, 1230, 1178, 1105, 1066, 979, 849. HRMS (ESI): m/z = [M+Na]+ calcd for 

C30H30N8O9SNa+: 701.1754; found: 701.1740. Purity (HPLC): 210 nm: >95 %; 254 nm: >95 %. 

Specific rotation: []20
D -37 (c 0.1 in DMSO). 

1-((3aR,4R,6R,6aR)-2-(5-((3-(2-((4,6-Dimethylpyrimidin-2-yl)thio)acetamido)benzyl)oxy)-

2-(5-methylthiophene-2-carboxamido)phenyl)-6-(hydroxymethyl)tetrahydrofuro[3,4-

d][1,3]dioxol-4-yl)-1H-1,2,4-triazole-3-carboxamide (17). To a stirred solution of nitroarene 

14 (150 mg, 0.221 mmol) in EtOH (45 mL) was added iron powder (61.7 mg, 1.11 mmol) at 

50 °C. 0.3 M ammonium chloride solution (3.75 mL) was added and the reaction mixture was 

refluxed at 90 °C for 2 h. The iron powder was filtered and the filtrate concentrated in vacuo. 

The crude residue was redissolved in EtOAc, sat. aq. NaHCO3 was added and the aqueous 

phase extracted with EtOAc (3 x 100 mL). The organic phase was dried using a phase 

separation paper, concentrated in vacuo to give crude aniline 15, which was taken up for the 

next step without further purification. To a stirred solution of the obtained crude aniline 15 in 

DMF (5 mL) was added acid chloride 16 (43.1 mg, 0.268 mmol) and pyridine (9.04 µL, 0.112 

mmol). The reaction was stirred at room temperature for 1 h before adding another equivalent 

of acid chloride 16 (43.1 mg, 0.268 mmol). The reaction was stirred at room temperature for 

16 h. EtOAc (100 mL) was added and the organic phase was washed with 2M NaOH (2 x 100 

mL) and brine (2 x 100 mL). The organic phase was dried using a phase separation paper, 

concentrated in vacuo and purified by FCC (DCM/MeOH 96:4) to give amide 17 (20.0 mg, 

0.026 mmol, 12 % over 2 steps) as a pale yellow solid.  

Sirtuin Assays. Sirtuin inhibitory activity was assessed using a fluorescence-based assay 

performed by Reaction Biology Corporation (Malvern, PA, USA) following standard internal 

protocols. Test compounds, prepared in DMSO, were added to enzyme solutions in Tris-HCl 
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buffer (pH 8.0) and incubated for 10 min at 30 °C. The reaction was initiated by the addition of 

NAD⁺ and a 7-amino-4-methylcoumarin (AMC)-labeled fluorogenic peptide substrate. After 2 h 

at 30 °C, the reaction was terminated with 2 mM nicotinamide, followed by a protease-based 

developer to release AMC. Fluorescence was recorded 1 h later at 30 °C (excitation/emission: 

360/460 nm). Enzyme activity was measured relative to a no-inhibitor control (set as 100%). 

IC50 values for each test compound were determined in triplicate using 10-point, 3-fold serial 

dilutions starting at 10 µM, 50 µM, 100 µM or 1 mM. Individual IC50 values were calculated by 

nonlinear regression using a sigmoidal dose–response model (GraphPad Prism 8.0.2) 

(GraphPad Software, Boston, MA, USA) and the mean ± standard deviation was reported. 

Selectivity against SIRT1, 3, and 5 was evaluated in duplicate at a single 50 µM concentration, 

with residual enzyme activity expressed as a percentage of the no-inhibitor control. 
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1H and 13C NMR spectra of compound 8 

 

 

 



RESULTS & DISCUSSIONS 

 
 

263 
 

1H and 13C NMR spectra of compound 10 
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1H and 13C NMR spectra of compound 11 
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1H and 13C NMR spectra of compound 13 
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1H and 13C NMR spectra of compound 14 
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1H and 13C NMR spectra of compound 17 
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HPLC chromatogram of compound 5 
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HPLC chromatogram of compound 8 
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HPLC chromatogram of compound 13 
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HPLC chromatogram of compound 14 
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HPLC chromatogram of compound 17 
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4. Summary 

The epigenome of an organism represents a complex regulatory network that takes a 

governing role in genome function and integrity, which controls heritable changes in gene 

expression without any alterations in the DNA sequence. The development and exacerbation 

of several major pathological conditions such as cancer, cardiovascular diseases, neurological 

and metabolic disorders have been associated with aberrant epigenetic changes. Thus, 

epigenetic regulation through novel chemical entities represents a prospective approach, not 

only as practical diagnostic tools (chemical probes) but also as effective therapeutical options 

(pharmaceutical drugs). Sirtuins are protein deacylases that belong to the unique class III 

histone deacetylases, which utilise NAD+ as their co-factor in their enzymatic activity for 

epigenetic regulation. Seven different sirtuin subtypes were identified in mammalian cells to 

date with diverse cellular functions and various subcellular localisations. This thesis covers the 

development and optimisation of inhibitors of the two subtypes Sirt2 and Sirt5 by employing 

various drug design strategies that to the best of current knowledge has yet to be investigated 

in the field of sirtuins.  

In the first project, a series of functionalised derivatives of the SirReal-type Sirt2 inhibitor 24a 

was rationally designed and synthesised with the aid of molecular docking experiments to 

target the vicinal diol unit of the nicotinamide ribose of NAD+. Appropriate electrophilic 

functional groups that have been established as effective reversible covalent warheads and 

halogen bond mediators were employed at the most optimal position on the inhibitor scaffold 

to allow reversible covalent bonding or halogen bonding with the co-factor NAD+. A systematic 

investigation of these synthesised inhibitors revealed halogen derivatives to be the most 

favourable. In particular, the chloro-derivative RW-78 demonstrated a 3-fold increase in 

potency compared to the lead compound 24a, displaying an IC50 of 26 nM against Sirt2. In 

addition, high target engagement of RW-78 with an EC50 of 15 nM was determined via 

NanoBRET assays in HEK293T cells. Further in-depth investigation to its binding mode 

through x-ray crystallography revealed, on the contrary to the initial inhibitors design, halogen-

π interactions with F235. This induces a structural rearrangement of the active site that disrupts 

the binding of the co-factor NAD+. This novel insight highlights the interference of co-factor 

binding as a viable option in the development of highly potent Sirt2 inhibitors. 

In the second project, a series of Sirt2 hybrid inhibitors that incorporate relevant 

pharmacophoric structural motifs from both SirReal2 and 24a were designed and synthesised. 

Further targeted optimisations with halogens that were inspired from the first project were 

carried out. This strategy was executed to deliver the most potent low-molecular Sirt2 inhibitor 

known to date – the bromo-derivative Sirt2 hybrid inhibitor RW-93 with an IC50 of 16 nM. 
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Molecular docking studies indicate possible potency enhancement via halogen bonding with 

Val233 or Arg97 and a hydroxy group of the nicotinamide ribose of the co-factor NAD+, though 

disruption of co-factor binding following active site structural rearrangement via π-halogen 

interactions with F235 as shown in the first project should not be disregarded due to the lack 

of actual binding insights. The in vitro results that were obtained were well validated by MM-

GBSA ∆G calculations. In addition, ADME profiling of the Sirt2 hybrid inhibitors showed 

favourable pharmacokinetic and drug-likeness properties. 

In the third project, the focus centred on the development and optimisations of Sirt5 inhibitors 

derived from the anti-inflammatory drug balsalazide. By applying the principles of reversible 

covalent inhibition targeting the vicinal diol unit of the nicotinamide ribose of the co-factor NAD+ 

similar to the first project, a series of functionalised derivatives from lead compounds CG_209 

and CG_220 were designed and synthesised following insights from molecular docking 

experiments. Synthetic obstacles in obtaining enantiomerically pure functionalised inhibitors 

were overcome through chiral-pool syntheses from commercially available amino acids. 

Moreover, challenges in the preparation and purification of alkyl boronic acids were mitigated 

through several rounds of method optimisations. SAR analysis revealed the superiority of the 

triazole-based inhibitors and a stereoselective preference of functional group modifications at 

the (S)-configuration with the (S)-configured triazole-based cyanomethyl derivative RW-191 

identified as the most potent from this study with an IC50 of 27 µM.  

In the fourth project, the application of bisubstrate analogues that simultaneously mimic both 

the natural peptide substrate and the co-factor NAD+ as Sirt2 inhibitors was explored. 

Bisubstrate analogues have gained significant traction in drug design over the years, offering 

the potential for enhanced potency and selectivity by the concurrent engagement of multiple 

enzymatic binding sites. Ribavirin was investigated as a low-molecular NAD+ mimetic that 

offers superior pharmacokinetic properties relative to nicotinamide riboside. The Sirt2 proof-of-

concept bisubstrate analogue FU-32, which was constructed by covalently linking ribavirin with 

the SirReal-type lead compound 28a via a tailored acetal-based linker, demonstrated a 20-fold 

increase in potency. Further optimisations involving the incorporation of a methyl 

thiopheneamide motif designed to exploit further interactions in the acetyl-lysine binding 

binding site led to the development of the Sirt2 bisubstrate analogue RW-207, which exhibited 

a 30-fold potency enhancement relative to 28a, highlighting the synergistic potential of 

bisubstrate engagement. These findings underscore the successful application of bisubstrate 

analogues in the rational design of highly potent Sirt2 inhibitors, and the potential utility of 

ribavirin as an NAD+ mimetic that may perhaps extend to the inhibitor design of other NAD+ 

dependent enzymes.  
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Based on the drug design rationale of utilising the co-factor NAD+ as a target for inhibitor 

interactions and mimetics, a total of 34 Sirt2 and Sirt5 inhibitors were investigated in this thesis 

(Figure 15). These novel strategies in the field of sirtuins were implemented successfully, 

leading to significant advancement in the development of more potent sirtuin inhibitors. The 

first three projects of this thesis were completed with results published in peer-reviewed 

scientific journals including RSC Med. Chem., Int. J. Mol. Sci. and Molecules, while the fourth 

project is still awaiting further results from collaborative partners prior to submission in a peer-

reviewed journal. In addition to the identification of several highly potent and subtype selective 

Sirt2 inhibitors with potential utility, comprehensive SAR studies and novel binding insights of 

these inhibitors were also demonstrated in this thesis, which provide a promising 

methodological framework and a solid foundation for the future development of further novel 

sirtuin inhibitors. 
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Figure 15: Overview of all Sirt2 and Sirt5 inhibitors investigated in this thesis.
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5. Abbreviations  

 

ADME Absorption, distribution, metabolism and excretion 

ADP Adenosine diphosphate 

c-Myc Cellular myelocytomatosis oncogene 

CoA Coenzyme A 

CpG Cytosine phosphate guanine dinucleotide 

DNA Deoxyribonucleic acid 

DPP4 Dipeptidyl peptidase 4 

EC50 Half maximal effective concentration 

G2/M Gap2/mitosis 

HIV Human immunodeficiency virus 

IC50 Half maximal inhibitory concentration 

MM-GBSA Molecular mechanics - generalized Born surface area 

NAD+ Nicotinamide adenine dinucleotide 

PDB Protein data bank 

PDE5 Phosphodiesterase type 5 

ROS Reactive oxygen species 

RNA Ribonucleic acid 

Sir2 Silent information regulator 2 

Sirt Sirtuin 

SN2 Bimolecular nucleophilic substitution 
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