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1 Introduction 
 

The survival and accurate development of cells and whole organisms is ensured by a great 

number of biochemical processes and pathways. Many of them are linked with each other, 

resulting in a very complex, interconnected system. These processes need to be 

coordinated with each other. This intracellular signalling often involves second messenger 

molecules. These are small molecules that are synthesized in the cell in response to 

extracellular stimuli, and diffuse through the cytoplasm to mediate cellular responses1. The 

strength of the initial signal is often amplified by such second messengers. Many second 

messengers like cyclic adenosine monophosphate (cAMP) or inositol triphosphate (IP3) are 

well characterized. However, with the emergence of more advanced detection techniques 

potential new second messengers can still be found or poorly characterized ones can be 

studied in more detail. Dinucleoside-5’,5’’’-P1,Pn-polyphosphates (NpnN’s) are one example 

of poorly characterized second messengers (Figure 1). 

In this chapter, NpnN’s and more specifically diadenosine 5’,5’’’-P1,Pn-polyphosphates 

(ApnAs) are put into a biological context. For this purpose, the structure and the metabolism 

of ApnAs, as well as their known biological roles, are explained. 

1.1 Dinucleoside-5’,5’’’-P1,Pn-polyphosphates (NpnN’s) 

Naturally occurring dinucleoside-5’,5’’’-P1,Pn-polyphosphates (NpnN’s) consist of two 

nucleoside moieties (N, N’) linked by a variable number of phosphates (n=2-7) via highly 

energetic phosphoanhydride bonds, that are esterified with the 5’- hydroxyl groups (Figure 

1). All four naturally occurring ribonucleosides (adenosine, guanosine, cytosine and uridine) 

can be part of the molecule in any given combination (Figure 1). 

 

 

Figure 1 General structure of dinucleoside 5’,5’’’-P1,Pn- polyphosphates (NpnN’) and of all canonical 
occurring nucleobases of RNA: Adenine (A), Guanine (G), Cytosine (C), Uracil (U). 
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Conformational studies have shown that the two nucleotides of NpnN’s each resemble their 

mononucleotide relatives2. The ribose puckering has a slight preference for southern 

conformations2. In aqueous solution π- stacking of the two nucleobases is observed by 1H 

nuclear magnetic resonance (NMR) spectroscopy, leading to a folded conformation2 (Figure 

2). This interaction weakens with increasing length of the phosphate chain2. 

 

Figure 2 Stacked conformation of Ap4A under physiological conditions2. The stacking is observed by 
1H NMR. The protons at the C-2 and C-8 position of the adenyl are subjected to an altered 
environment, which leads to a shift of their signals. 

 

Despite their structural and chemical similarity to mononucleoside polyphosphates (e.g. 

nucleoside triphosphates, NTPs) NpnN’s exhibit longer half-lives in terms of hydrolysis 3. 

NpnN’s were first described in 1963 when Finamore and Warner discovered diguanosine 

tetraphosphate (Gp4G) in shrimp eggs4. Shortly after, Zamecknik et al.5 reported diadenosine 

tetraphosphate (Ap4A), which is synthesized as a by-product during the amino acid 

activation by aminoacyl-tRNA synthetases (aaRS). In 1976, the existence of Ap4A was 

demonstrated in mammalian cells6. Since then, various different NpnN’s have been detected. 

The most abundant and widely studied species are diadenosine triphosphate (Ap3A) and 

Ap4A
7. All further discussions in this work will focus on Ap3A and Ap4A. If no discrimination 

between both is made they are termed as ApnA. 

ApnAs can be found in vivo in prokaryotic as well as eukaryotic cells8: Their cellular 

concentration varies depending on cell type and environmental factors from nanomolar (nM) 

to millimolar (mM) concentrations9-11. Although ApnAs have been known for over 50 years 

now, their in vivo activities and functions are only poorly understood12.  
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1.2 ApnA Metabolism 

Intracellular ApnA concentrations are regulated by their synthesis and degradation. Several 

enzymes contribute to the metabolism of ApnAs in vivo5, 13, 14. Some of them are specific, 

while others exhibit a broader substrate range. They will be discussed in the following.  

1.2.1 Synthesis of ApnA 

Until now, no specific enzyme has been found, which exclusively synthesizes ApnA. ApnA 

synthesis is rather observed as a side reaction of other enzymatic processes13. As 

previously mentioned, Zamecnick et al. observed Ap3A and Ap4A as by-products during the 

aminoacylation of tRNA with lysine (Lys) by purified lysyl-tRNA synthetase (lysRS) in vitro5. 

This observation was the first hint of how ApnA could be synthesized in vivo. The main 

function of aminoacyl-tRNA synthetases (aaRSs) is the energy dependet activation of amino 

acids by covalently linking them to their corresponding tRNAs. Thus, they are essential 

components of the protein biosynthesis machinery.15. For each amino acid at least one 

specific aminoacyl tRNA synthetase can be found in humans and bacteria. The catalytic 

mechanism of these enzymes was later described by Goerlich et al. 16 (Figure 3). In the first 

step, aminoacyl-AMP is formed. During aminoacylation, this intermediate is attacked by the 

3’-end of its cognate tRNA to form the correctly loaded aminoacyl-tRNA (Figure 3, solid-line 

route) 15, 16. When ApnA is synthesized instead, the aminoacyl-AMP intermediate is attacked 

by an additional ADP or ATP molecule, which results in the synthesis of Ap3A or Ap4A, 

respectively, and the free amino acid is reformed (Figure 3, dashed-line route)16. 

If the cognate tRNA is present, ApnA synthesis is in most cases inhibited17. Hence, aaRSs 

that require the correct tRNA already for the synthesis of aminoacyl-AMP (e.g. argRS, 

glnRS, gluRS) are not capable of ApnA synthesis. Depending on the specific aaRS, the ratio 

of the different ApnAs varies, but Ap4A is usually predominantly synthesized7. Only the 

trypthophan-tRNA synthetase (trpRS) has been identified in vitro to exclusively synthesize 

Ap3A
18. Another exception is the human glycyl-tRNA synthetase, which in vitro omits 

adenylate formation. Instead, ATP or ADP directly attacks the enzyme bound ATP, forming 

the respective ApnA 19. Besides aaRSs other enzymes have been discussed with the 

synthesis of ApnAs in vitro. It was shown, that the acyl-CoA synthetase20, the firefly 

luciferase13 and several other ligases13 are capable of ApnA synthesis. The common 

mechanistic feature of these enzymes is the formation of an adenylate intermediate. The 

magnitude to which these reactions contribute to ApnA synthesis in vivo is unknown12. 

Furthermore, it is likely that other enzymes which involve adenylate formation in their 

catalytic cycle, contribute as well to the cellular ApnA pool7 for example the ubiquitin and 

ubiquitin-like activating enzymes (E1s). 



Introduction 

4 

 

 

Figure 3 Schematic representation of catalytic reactions of aminoacyl-tRNA synthetases (aaRS)16. 
The cognate amino acid (aa) is activated as its adenylate upon consumption of ATP. Solid line route: 
loading of tRNA - the cognate tRNA binds to the aaRS. The hydroxyl group at the 3’ end of the tRNA 
attacks the activated aa, thereby loading the aa onto the tRNA, while releasing AMP. Dashed-line 
route: ApnA synthesis – the adenylate is attacked by the phosphate group of an additional ADP / ATP 
(n= 1, 2) resulting in the formation of Ap3A / Ap4A (n= 1, 2) respectively and the free amino acid. 

 

1.2.2 Degradation of ApnA 

ApnA can be degraded by non-specific hydrolytic enzymes such as enzymes of the 

phosphodiesterase I / nucleotide pyrophosphate family12. In contrast to ApnA synthesis, 

there are several enzymes exhibiting a certain degree of specificity for different ApnAs, 

determined by the polyphosphate chain length7, 14. Depending on the organism from which 

they derive, they cleave ApnAs either hydrolytically or phosphorolytically7.  

For Ap4A three different classes of degrading enzymes are known14 (Figure 4). Hydrolases 

cleaving Ap4A symmetrically are found in lower organisms such as prokaryotes (e.g. apaH in 

E.coli) and primitive eukaryotes (e.g. slime mold)21. They cleave Ap4A into two ADP 

molecules (Figure 4). Asymmetrically cleaving Ap4A hydrolases mainly exist in higher 

eukaryotes (e.g. NudT2 in Homo sapiens)7 and form ATP and AMP from Ap4A (Figure 4). 

The third enzyme class, which occurs in very few organisms (e.g. Rv2613c in M. 

tuberculosis see 2.1.3), cleaves Ap4A phosphorolytically into ATP and ADP (Figure 4)7, 22. 
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Figure 4 Overview of different Ap4A cleaving enzymes14: A Symmetrically cleaving Ap4A hydrolases, 
which are typically found in lower organisms such as primitive eukaryotes (e.g. slime mold) and 
various prokaryotes (e.g. apaH in E.coli) B Asymmetrically cleaving Ap4A hydrolases mainly exist in 
higher eukaryotes (e.g. NudT2 in humans) C Ap4A phosphorylases occur in very few organisms and 
use phosphate as a co-substrate (e.g. Rv2613c in M.tuberculosis). 

 

The only Ap3A degrading enzymes known so far are Ap3A hydrolases, which form AMP and 

ADP (Figure 5)14. The human fragile histidine triade (Fhit) protein, which belongs to the 

histidine triade protein (HIT) family, was identified as such an Ap3A hydrolase23, 24. The FHIT 

gene (FHIT) is located within one of the most fragile sites in the human genome (FRA3B site 

on chromosome 3p14.2) and often exhibits abnormalities in structure and / or expression in 

many common carcinomas24, 25. 

 

 

Figure 5 Cleavage of Ap3A by an Ap3A hydrolase14, 23 (e.g. Fhit in humans) into AMP and ADP. 

 

1.3 Biological Roles of ApnA 

As mentioned before, ApnAs can be found in prokaryotic as well as eukaryotic cells with 

concentrations ranging from the nanomolar to the millimolar range7, 9, 11, 12, 26. These 

tremendous concentration differences have various causes. On the one hand, their 

concentration strongly depends on the type and proliferation state of the cell. On the other 

hand, environmental factors such as pH, temperature and oxidants largely influence their 

concentration9, 11, 26. 
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When discussing the biological functions of ApnAs, it is advantageous to differentiate 

between intra- and extracellular ApnAs. The latter ones have been associated with several 

signaling and regulating roles in the cardiovascular system (e.g. regulation of cardiovascular 

tone and manipulation of platelet disaggregation)27 28-32 and nervous system (e.g. mediation 

of synaptic transmission)33-35. The concentration of ApnAs in blood plasma was determined 

to be in the nanomolar range36, whereas concentrations up to 30 µM can be reached in 

synaptic clefts34. 

The functions of intracellular ApnAs are less clear. They have been linked to cell 

proliferation, as different ApnA levels have been observed in different cell cycle phases6, 9, 37, 

although many contradicting reports can be found in literature12, 38-40. These differences 

might be due to different experimental setups7, but also hydrolase activities and their 

influence on ApnA levels were often not considered7, 12, 41. Furthermore, ApnAs are 

associated with cellular stress and damage responses as their concentration rises in cells 

which are exposed to stress conditions (e.g. heat shock)7, 9, 12. Therefore, they are often 

termed ‘alarmones’7. Importantly, not only the absolute concentration of Ap3A and Ap4A 

determines the cellular response, but also the Ap3A / Ap4A ratio is an important determinant 

of the cellular fate42, 43. For instance, under normal growth conditions, Ap3A is five to ten 

times more abundant in cells than Ap4A while in apoptotic cells this ratio is inversed42-44. This 

inversion is due to the elevation of the Ap4A concentration and a simultaneous decrease of 

the Ap3A concentration42-44. In differentiating cells an increase of the Ap3A / Ap4A ratio is 

observed due to a stable Ap4A concentration and increasing Ap3A levels. These 

observations indicate that Ap3A and Ap4A act as physiological antagonists in the 

determination of the cellular fate. However, it is still unknown how cells regulate their Ap3A 

and Ap4A levels specifically45. 
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2 Identification and Synthesis of Inhibitors for 
Ap4A Cleaving Enzymes 

2.1 Introduction 

2.1.1 Förster Resonance Energy Transfer (FRET) 

In 1948 Theodor Förster described a radiation-free energy transfer between two light 

sensitive chromophores that are placed within a range of less than 100 Å46. Its theoretical 

basis is described in the following. In the Jablonski diagram, different processes of excitation 

and relaxation of a fluorophore are depicted (Figure 6A)47. 

 

 

Figure 6 A Jablonski diagram of two fluorophores (Donor and Acceptor)47. The thick lines represent a 
respective electronic state (S0, S1), the thin lines represent the vibrational excited states of the 
corresponding electronic states. The triplet states were omitted for clarity. After excitation from the 
ground state (S0) by absorption of light the donor fluorophore has two ways to relax back to the 
ground state: radiation-less via internal conversion or by the emission of a photon (fluorescence). In 
case the two fluorophores are in close proximity and have matching characteristics for FRET, the 
donor fluorophore can transfer its energy to the acceptor via radiation-free coupling of the transition 
dipoles of the two dyes (FRET). B Schematic illustration of overlapping donor emission and acceptor 
excitation spectra.  

 

Upon excitation of an isolated fluorophore from the ground state (S0) into a vibrational exited 

S1 state, the fluorophore has, if the triplet state is not significantly populated, two possible 

mechanisms to relax into the ground state (S0). On the one hand, the energy can be 

released radiation-less by internal conversion in which the molecule relaxes by the release 

of heat48. On the other hand, fluorescence can occur through emission of a photon49. This 

photon is usually less energetic, and therefore has a longer wavelength then the initially 

exciting photon. This phenomenon is known as the Stokes shift50. The Stokes shift occurs, 

because some energy of the excited photon is released via internal conversion from the 

vibrational excited state S1 into the vibrational ground state of S1. Additionally, it is possible 
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that fluorescence relaxes the fluorophore into a vibrational excited state of S0, from which 

final relaxation occurs by further internal conversion.  

If the exited fluorophore is in close proximity to a second one, the excitation energy 

can also be transferred via the FRET mechanism. This radiation-free energy transfer 

relies on the coupling of the dipole moments of both fluorophores. Instead of 

relaxation via internal conversion or fluorescence, the exited fluorophore (donor) 

relaxes by transferring the energy to the second fluorophore (acceptor). After FRET 

the acceptor fluorophore is in an excited state and can relax via internal conversion 

or fluorescence into its ground state (S0). The efficiency of the FRET mechanism 

depends on different parameters. First, the emission spectrum of the donor and the 

excitation spectrum of the acceptor need to overlap (Figure 6B). Furthermore, the 

distance of the two fluorophores should be less than 100 Å (Equation 1)51. 

 

𝐸 =   
 
Equation for the FRET efficiency. E = FRET efficiency, R0 = Förster radius, r = donor-acceptor 
distance 51 
 

 

This dependence on the donor acceptor distance is what makes FRET one of the most 

commonly used technique to study interactions of biomolecules, such as proteins and DNA 

as well as to study enzymatic activities and conformational changes52. If the donor-acceptor 

distance is changed for example by the enzymatic cleavage of a FRET probe, the change of 

the FRET efficiency can be used as a direct measure of the enzymatic activity53. 

2.1.2 M. tuberculosis and Tuberculosis 

Tuberculosis (TB) was first described in 183954. However, its cause was unknown until 1882, 

when Robert Koch identified Mycobacterium tuberculosis as the disease’s cause55. For this 

discovery, he was awarded with the Nobel Prize in Physiology or Medicine in 190555. TB is a 

very contagious and airborne disease. It mostly affects the lungs, but can also impair other 

parts of the body56. The symptoms are cough with blood containing sputum, fever, night 

sweats and a tremendous weight loss56. In 2016, TB was the most deadly of all infectious 

diseases  worldwide with 10.4 million new cases and 1.7 million deaths, including 0.4 million 

deaths among people affected with HIV56. From 2000 to 2016, the mortality rate of TB 

decreased by 37 % and 53 million lives could be saved56. However, these good news are 

overshadowed by the spread of multidrug resistant (MDR) TB strains56. According to WHO 
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estimations, 600,000 new cases of TB with resistance towards rifampicine, the most 

effective first line drug, occurred in 2016.56 490,000 of those cases had an additional 

resistance against another first line antibiotic and were MDR56. Only approximately 20 % of 

these cases were diagnosed correctly and treated accordingly56. This contributes massively 

to the spread of antibiotics resistances. Most TB cases occur in developing and newly 

industrialized countries. Yet, MDR-TB cases are also very frequent in Russia56. Treatment of 

TB is difficult due to the composition of the mycobacterial cell wall, which hinders the entry of 

many drugs, rendering numerous antibiotics ineffective56. Therefore, it is necessary to treat 

patients with several different drugs in parallel for about six months56. In cases of MDR-TB, 

patients are treated with at least four effective antibiotics for a period of 18 - 24 months56. 

Globally the treatment success rate for people newly diagnosed with non-resistant TB is 

about 83 %56. In case of MDR-TB only 54 % of treated patients survive56. To contain the 

spreading of MDR-TB, new diagnostic techniques and new drugs, preferably against novel 

targets, are urgently needed56. 

 

2.1.3 The Ap4A Phosphorylase Rv2613c of M. tuberculosis 

Rv2613c is the Ap4A phosphorylase of M. tuberculosis (compare Figure 4, Figure 7)22, 57, 58. 

Rv2613c is a very unique protein. With regard to the sequence and structure it is more 

similar to ApnA hydrolases than other ApnA phosphorylases. Yet, it cleaves Ap4A 

phosphorolytically. It belongs to the HIT protein superfamily, like ApnA hydrolases, 

containing the typical His-φ-His-φ-His-φ-φ (φ represents a hydrophobic amino acid)58, 59. The 

typical sequence motif of ApnA phosphorylases (His-φ-His-φ-Gln-φ-φ) is not found within 

Rv2613c22, 58. Rv2613c is 195 amino acids long and has a size of 21.9 kDa, comparable to 

ApnA hydrolases, but much smaller than other ApnA phosphorylases, which are 

approximately 330 amino acids long57. In solution Rv2613c forms a homo-tetramer which is 

a unique feature for ApnA cleaving enzymes58. For its catalytic function a bivalent metal ion 

(e.g. Mn2+) and phosphate (PO4
3-) are needed. In a mutagenesis study, Rv2613c was 

identified as an essential factor for the optimal growth and proliferation of M. tuberculosis60. If 

the function of Rv2613c is impaired, Ap4A accumulates in cells and accordingly they exhibit 

a constant stress response. This impairs their growth and proliferation. Since Ap4A 

phosphorylases generally occur in only few organisms and no human orthologue exists, they 

are attractive targets for new anti-TB drugs17, 19. 
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Figure 7 Crystal structure of the Ap4A phosphorylase Rv2613c of M.tuberculosis, in cartoon style 
form (PDB 3ANO)57 
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2.2 Project Task  

The aim of this project is the development of novel tools to gain new insights into the 

catabolism of Ap4A. These novel assays should allow studying the activity of the involved 

enzymes and enable further understanding of the different functions of Ap4A in various 

organisms. For the analysis of Ap4A cleaving enzymes different methodologies are available. 

Among others Hacker et al.61-63 showed that strategic fluorophore labeling of the enzymatic 

substrates allows direct and continuous observation of enzymes in vitro, as well as in vivo.  

Additionally, inhibitors of catabolic Ap4A enzymes will be very helpful to study the 

consequences of Ap4A accumulation and could unravel in which processes Ap4A is involved 

in vivo. The state of the art to identify new inhibitors is high throughput screening (HTS), 

which is often conducted with fluorogenic probes64. Therefore fluorogenic tools to study 

catabolic enzymes of ApnA should be developed and subsequently to identify specific 

inhibitors for these enzymes. 

As model enzyme the Ap4A phosphorylase Rv2613c of M.tuberculosis (see 2.1.3) was 

choosen. This enzyme is an Ap4A cleaving enzyme that has been shown to be essential for 

the virulence of M. tuberculosis. Therefore, inhibitors which allow studying its enzymatic 

function and accompanying Ap4A accumulation, could serve as new candidates for anti-

mycobacterial drugs. 

To study this enzyme, a FRET-labeled Ap4A, which is cleaved with high efficiency by 

reaction with Rv2613c, is designed and synthesized within this project (see 2.3.1,Figure 9.). 

Based on this Ap4A probe, an HTS assay should be established which allows the screening 

of small molecule libraries for potential inhibitors of Rv2613c (see 2.3.3.) As a next step, 

these inhibitor candidates will be investigated and optimized by the elucidation of their 

structure activity relationships to yield potent small molecule inhibitors of Rv2613c (see 

2.3.4.1). Additionally, the cytotoxicity of the small molecules against human cells (see 

2.3.4.2) and their stability in aqueous solution (see 2.3.4.3) will be evaluated. After positive 

evaluation, the best performing inhibitors will be applied in cellular M. tuberculosis assays 

(see 2.3.4.4). Finally, it will be explored, whether these compounds exhibit anti-

mycobacterial activity.  



Identification and Synthesis of Inhibitors for Ap4A Cleaving Enzymes 

12 

2.3 Results and Discussion 

2.3.1 Design of a Fluorogenic Ap4A Analogue (Probe 1) 

2.3.1.1 Docking  

Molecular docking is one of the most frequently used methods in structure-based drug 

design today65. It has the ability to predict the binding-conformation of a ligand to a suitable 

target binding site. During the docking, conformations of ligand and protein are adjusted 

constantly, so that the orientation with the lowest free energy over the system is achieved. 

This is often called ‘best-fit’ orientation. Molecular docking was used to rationally design the 

Ap4A FRET-probe for Rv2613c. Based on the crystal structure of Rv2613c (PDB: 3ANO) 

molecular docking studies were performed using the SwissDock web service of the Swiss 

Institute of Bioinformatics66, 67. The obtained docking results for Ap4A with Rv2613c are 

shown in Figure 8A. The ‘best-fit’ of Ap4A to Rv2613c according to SwissDock (cluster 0, 

element 0) is shown in Figure 8B. It reveals that both N6-positions of Ap4A (indicated by a 

yellow ball) should be available for larger modifications without perturbing acceptance by 

Rv2613c. Based on these findings the fluorogenic Ap4A analogue 1 (Figure 9) was designed 

as tool to study the enzymatic activity of Rv2613c. 

 

 

Figure 8 Docking model using the crystal structure of Rv2613c (PDB ID: 3ANO, grey) with Ap4A (red). 
The modelling was performed with the SwissDock web service 66, 67 A All obtained results docking 
Ap4A (red) into Rv2613c. B Best model according to SwissDock (cluster 0,element 0) with zoom into 
the binding site of Rv2613c. Active site histidine residues (His-151, His-153, His-155) are shown as 
cyan sticks. The yellow balls indicate the positions of modification at the N6-positions for the FRET 
analogue 1. 
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2.3.1.2 Synthesis 

The synthesis of Ap4A analogue 1 comprised 7 steps and was conducted in analogy to 

reported procedures62, 63. Sulfo-Cy3 and Sulfo-Cy5 were utilized as dyes, since they have 

already been successfully applied to monitor nucleotide cleavage62, 63, 68, 69.  

. 

 

 

Figure 9 Synthesis of probe 1 62, 63. Conditions: a) i. TFAA, DCM, 12 h, room temperature, ii.. SOCl2, 
DMF, DCM, 12 h, 130 °C, iii. MeOH, 12 h, 70 °C, 66 %; b) 6-azido-hexylamine, EtOH, 3 h, room 
temperature; 56 %; c) i. POCl3, trimethylphosphate, 1 h, 0 °C, ii, (Bu3NH)2HPO4 , Bu3N, DMF, 30 min, 
room temperature, iii. 0.1 M TEAB, 30 min, room temperature, resulting in 20 % yield; d) 1,6-
diaminohexane, Et3N, i. 3 h, 100 °C, ii. room temperature , 12 h, iii. ethyltrifluoroacetate, Et3N, 
methanol, 12 h, room temperature, 58 %; e) i. POCl3, trimethylphosphate, 1 h, 0 °C, ii. 0.1 M TEAB, 
30 min, room temperature, 62 %; f) i. 7, Et3N, TFAA, acetonitrile, 10 min, room temperature, ii. N-
methylimidazole, Et3N, 10 min, 0 °C, iii. 5, 4 Å molecular sives, DMF, 2 h, room temperature, iv. 0.1 M 
TEAB , 30 min, room temperature, 21%; g) i. 0.1 M NaOH, 3 h, room temperature, ii. Sulfo-Cy3-NHS-
ester, 0.1 M NaHCO3, DMF, 12 h, room temperature, 68 %; h) TCEP-HCl, water, methanol, Et3N, 
12 h, room temperature, 89 %; i) Sulfo-Cy5-NHS-ester, 0.1 M NaHCO3, DMF, 12 h, room 
temperature, 30 %. 

 

Starting material for the synthesis of probe 1 was inosine (2), which was converted to 6-

chloro-9-(β-D-ribofuranosyl)-purine (3) over three steps in 66 % yield according to 
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literature70. 3 was then treated with 6-azidohexylamine71 to give compound 4 in 56 % yield. 

By treatment with phosphorous oxychloride followed by bis(tributylammonium) 

pyrophosphate treatment the respective triphosphate 5 could be obtained in 20 % yield. 

Synthesis of the orthogonally protected second N6-modified adenosine building block also 

started from compound 3. In this case, 3 was reacted with 1,6-diaminohexane followed by 

protection with ethyl trifluoroacetate, resulting in compound 6 in 58 % yield. Compound 6 

was phosphorylated at the O-5’ position giving AMP analogue 7 in 62 % yield. 

Triphosphate 5 and monophosphate 7 were coupled by applying N-methylimidazole 

activation to give Ap4A analogue 8 in 21 % yield in analogy to known literature procedures62, 

63. Sulfo-Cy3 was attached to 8 as its NHS ester, after deprotection of the amine with sodium 

hydroxide giving compound 9 in 68 % yield. Before coupling of the second dye the azide was 

reduced by the Staudinger reduction providing compound 10 in 89 % yield. Coupling of the 

Sulfo-Cy5-NHS ester gave the final compound 1 in a moderate yield of 30 %. 

2.3.2 Analysis of Probe1 through Cleavage by Rv2613c 

 

 

Figure 10 Enzyme concentration dependent cleavage of probe 1 by Rv2613c in a concentration 
dependent fashion.10 µM of probe 1 were incubated with Rv2613c (concentrations are indicated) in 
buffer containing 0.2 mg/mL BSA, 2 mM DTT, 5 mM NaH2PO4, 5 mM MgCl2 and 20 mM Tris-HCl 
(pH 8.0) in a total volume of 30 µL at 25 °C. Fluorescence measurements were performed over 
20 min at 25 °C using an infinite f500 plate reader (TECAN) with excitation at 535 nm and emission at 
595 nm. a.u.= arbitrary units. 

 

Having Ap4A analogue 1 in hand, it was assess, whether it can serve as fluorogenic 

substrate for Rv2613c. Rv2613c was before cloned into a bacterial expression vector and 

expressed and purified as His6x-tagged protein from BL21 (DE3) E. coli cells (see 6.2.8.1). 

For the analysis probe 1 was incubated with different concentrations of Rv2613c in reaction 
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buffer at 25 °C. To assess cleavage of probe 1 in an enzyme concentration and time 

dependent manner, fluorescence measurements were performed over 20 min with excitation 

at 535 nm (Figure 10) or 490 nm (Figure 10) and emission at 595 nm. It was observed that 

Rv2613c is able to process 1 in an enzyme concentration dependent manner with high 

efficiency (Figure 10). 

Further inspection of the fluorescence characteristics of probe 1 shows that the fluorescence 

maximum of the intact molecule, in the absence of Rv2613c, is at 662 nm (Figure 11 A). 

Upon cleavage the fluorescence maximum of probe 1 shifts from 662 nm to 563 nm. This 

observation can be explained by the decrease of FRET, resulting in a decrease of the 

acceptor fluorescence intensity over time accompanied by an increase of the donor 

fluorescence intensity. The donor fluorescence intensity is therefore a direct measure for the 

cleavage of 1. 

 

 

 

Figure 11 Change of the fluorescence spectra of probe 1 in the absence (A) or presence (B) of 
Rv2613c. 10 µM probe 1 were incubated in the presence or absence of 5 nM recombinant Rv2613c in 
buffer containing 20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM DTT, 0.2 mg/mL BSA, 5 mM 
NaH2PO4, 5 mM MgCl2 in a total volume of 2 mL at 25°C. Fluorescence measurements were 
performed with excitation at 490 nm over 20 min. a.u.= arbitrary units. 

 

2.3.3 HTS for Inhibitors of Rv2613c  

Having the FRET labelled Ap4A analogue 1 in hand (Figure 9), which is cleaved with high 

efficiency by Rv2613c (Figure 10, Figure 11), an HTS was performed in collaboration with 

the screening facility of the University of Konstanz. The general procedure of the HTS assay 

is depicted in Figure 12. Small molecule libraries containing over 42000 compounds 

dissolved in DMSO were screened. Each compound was added to Rv2613c in a phosphate 

buffer. Controls were performed by adding only DMSO to reaction mixes in presence and 
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absence of enzyme. After preincubation for 30 minutes at 25 °C, probe 1 was added. The 

fluorescence intensities were measured directly after the addition of 1 and after 30°minutes 

incubation at 25 °C. If the small molecule inhibits Rv2613c, FRET probe 1 stays intact and 

FRET can still occur. Otherwise probe 1 is cleaved and FRET is no longer observable. The 

difference between both fluorescence readout values (Figure 12, t0 and t1) was defined as a 

measure for enzymatic activity. This approach also enabled us to exclude effects of 

inherently fluorescent compounds or compounds that quench fluorescence. Through 

comparison of the enzymatic activity to the controls in presence of different small molecules, 

the inhibitory effect of the respective compound was calculated. The data was analysed with 

the KNIME Analytics platform 72. To ensure consistent quality of the data, Z’-values were 

calculated for each multi-well plate. With Z’-values that were consistently larger than 0.8573 

the excellent reproducibility of the assay was demonstrated. Compounds with a residual 

activity that was lower than 50 % were considered as hits. Applying these criteria 21 

molecules with inhibitory potential for Rv2613c were identified (see 8.2,Table 2). The 

methylsulfanylacrylonitrile (Figure 12) was the most promising hit of the initial screening, 

showing more than 98 % inhibition at 10 µM concentration. This preliminary inhibitory 

potency made 11 a very interesting candidate for further investigations. 
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Figure 12 General outline of the HTS assay. Rv2613c was preincubated for 30 min at 25 °C with a 
small molecule from a compound library in a phosphate buffer. In total, more than 42 000 compounds 
from six different libraries were screened. All compounds were dissolved in DMSO. Controls were 
performed by addition of DMSO to reactions with and without enzyme. After preincubation, FRET 
probe 1 was added and the fluorescence (t0) was determined immediately. The reactions were further 
incubated for 30 min at 25 °C, before the fluorescence (t1) was determined again. The difference in 
fluorescence intensity between t0 and t1 is defined as Rv2613c activity. The collected data of all 
reactions was evaluated using KNIME72, and compounds were defined as hits if the residual 
enzymatic activity was 50 % or lower. Applying these criteria, 21 small molecules were identified as 
hits. Methylsulfanylacrylonitril (11) was the most promising compound detected by the screening. It 
showed more than 98 % inhibition at 10 µM concentration. 
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2.3.4 Sulfanylacrylonitriles as Inhibitors of Rv2613c 

To verify the activity of 11 and to investigate its structure activity relationships, compound 11 

was synthesized along with some structural analogues (see 2.3.4.1). All compounds were 

evaluated with regard to their inhibitory potential in vitro (IC50) and their cytotoxicity (EC50) 

against human cells. This might allow targeting intracellular M. tuberculosis bacteria without 

affecting their human host cells. 

Additionally, the inhibitory effect towards turnover of natural Ap4A by Rv2613c was evaluated 

for some compounds (see 2.3.4.2) and the stability of the most promising compound in 

aqueous solution was confirmed (see 2.3.4.3). The best derivatives were then applied in an 

assay investigating the inhibition of the metabolic activity of living M. tuberculosis (see 

2.3.4.4). 

2.3.4.1 Synthesis of Sulfanylacrylonitriles 

Looking at the scaffold of 11 three substituents (R1-R3), which can be easily manipulated are 

readily identified (Figure 13). In the following, the general synthesis of sulfanylacrylonitriles 

(I) is described (Figure 13). According to the general synthesis, 21 sulfanylacrylonitriles (11-

31) were synthesized during the course of this project. 

 

 

Figure 13 Methylsulfanylacrylonitrile (11) was the most promising compound identified by the HTS. In 
scaffold I three substituents (R1-R3) are indicated that can be modified to investigate structure-activity 
relationships. 

 

The synthesis of sulfanylacrylonitriles (I) comprises 5 steps in total and allows synthesis of a 

diverse set of analogues using the respective commercially available starting materials 

(Figure 14). 

For the synthesis of the first building block of I, a commercially available substituted aryl thiol 

(II) was substituted with bromoacetonitrile (III) under mild basic conditions (K2CO3) in DMF at 

0°C for 2 - 3 hours74 giving the intermediate aryl sulfide acetonitrile (IV). IV could be isolated 

as crude product and was dried before oxidation to the sulfonyl acetonitrile (V) in DCM with 
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mCPBA at 0°C for 2 hours74. After recrystallization from EtOH the sulfonyl acetonitrile(V) 

was obtained as colourless crystals in moderate to high yields. 

For the synthesis of the second building block, the respective isothiocyanate (VII), a modified 

aniline (VI) was reacted with thiophosgene in the presence of NEt3 in dry THF at 0 °C for 

2 hours75. After purification by flash column chromatography the desired isothiocyanate (VII) 

was obtained in moderate yield. 

With both building blocks (V, VII) in hand VIII was prepared by coupling of the respective aryl 

sulfonyl acetonitrile (V) with the isothiocyanate (VII) under mild basic conditions (K2CO3) in 

dry acetone under an inert atmosphere at room temperature for 2 hours76, 77. The respective 

sulfanylacrylonitrile (I) was obtained through sulphur alkylation of the crude compound VIII. 

Therefore the reaction mixture of VIII was filtered to remove K2CO3 and the respective alkyl 

halogenide (IX) was added afterwards76, 77. The crude product of I was obtained after stirring 

for 2 hours at room temperature. After recrystallization from EtOH, I was obtained in 

moderate to high yields. 

Following this general synthesis scheme, 21 compounds (11-31) were obtained (Table 1). 

 

 

Figure 14 Synthesis of alkyl-sulfanylacrylonitrile derivatives I. Reaction conditions: a) K2CO3, DMF, 

0 °C, 2 – 3 h; b) mCPBA, DCM, 0 °C, 2 h; c) CCl2S, NEt3, dry THF, 0 °C, 2 h; d) K2CO3, dry acetone, 

room temperature, 2 h; e) dry acetone, room temperature, 2 h. 

 

2.3.4.2 Evaluation of Sulfanylacrylonitrile Derivatives 

2.3.4.2.1 Determination of IC50 and EC50 Values 

The developed screening assay (compare 2.3.3) was utilized to evaluate the relative 

inhibitory potential of the compounds (11-31, Figure 13, Table 1) and to determine their IC50  

value towards the activity of Rv2613c (Table 1). For this purpose, the assay was essentially 

performed as described above (Figure 10, Figure 12). However, instead of measuring 

fluorescence intensity only directly after the addition of probe 1 and after 30 minutes, it was 
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determined every 3 minutes to closely monitor the enzymatic reaction. The desired 

molecules should ideally combine high inhibitory activity against Rv2613c (low IC50) and low 

cytotoxicity (high EC50) against eukaryotic cells. This might allow targeting intracellular 

M. tuberculosis bacteria without affecting their human host cells. Therefore, all compounds 

(11-31) were tested for their cytotoxicity against a human epithelial cell line (HeLa cells) with 

a colorimetric assay, which determines the metabolic activity of cells, and thus their viability 

(Table 1). The viability is measured as a function of the reduction of the tetrazolium dye 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into insoluble formazan by 

NAD(P)H- dependent oxidoreductases78. By comparison of the different sulfanylacrylonitrile 

derivatives, the influence of the different substituents was determined and further analogues 

were synthesized based on the results. 

 

 

Figure 15 Elucidation of the role of the two ring substituents R1 and R2. A Structures of derivatives 
11-14 which were utilized. B Dose response curves of FRET assays to determine the IC50 values 
against Rv2613c in vitro. C Column diagram of the MTT assay assessing the cytotoxicity (EC50) 
against HeLa cells. 

 

The resynthesized compound 11 potently inhibits Rv2613c activity with an IC50 of 

257 ± 52 nM, but compound 11 is also highly cytotoxic against HeLa cells (EC50 of 

3.05 ± 0.86 µM) (compare Figure 15). To determine the influence of the two phenyl ring 

substituents (R1 and R2) derivatives 12-14 (Figure 15A) were synthesized and compared. 

The unsubstituted analogue (12) (R1=R2=H) as well as compound 13 bearing only the 

modification at R1 were inactive (Figure 15B). Both compounds showed also a drastically 
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reduced cytotoxicity towards HeLa cells (Figure 15C). Compound 14 (R1=H, R2=CF3) 

exhibited comparably strong inhibition as the initial hit 11 and at the same time a lower 

cytotoxicity (EC50 = 13.3 ± 4.5 µM, Figure 15C). This allows the conclusion that the R1-

substituent has no significant effect on the inhibitory potential, yet contributes to a higher 

cytotoxicity. Therefore, unsubstituted sulfonylacetonitrile (R1=H) was used in the synthesis of 

further derivatives. 

Next it was investigated, if the position of the R2 substituent and the substitution multiplicity 

influence the inhibitory potential of the compound (Figure 16). Therefore, compounds 14-17 

(Figure 16A) in which the position and the multiplicity of the CF3 group (R2) was varied, were 

synthesized. It was found that substitution in ortho-position (15) and multiple substitutions in 

meta-position (17) lead to inactive compounds with regard to Rv2613c inhibition (Figure 

16B). Substitution in para-position (16) leads to a drastic decrease in the inhibitory potential 

(Figure 16B), while having cytotoxicity comparable to 14 (Figure 16C). Whereas 17 exhibited 

no detectable cytotoxicity (EC50 >100 µM) 15 was very cytotoxic (EC50 <0.05 µM)(compare 

Figure 16C). Modification in one meta-position with an R2 group is therefore necessary for 

compound activity. 

 

 

Figure 16 Influence of substituent position and substitution multiplicity of R2 on the inhibitory potential 
of the compound. A Structures 14-17 which were tested. B Dose response curves of FRET assays to 
determine the IC50 values against Rv2613c in vitro. C Column diagram of the MTT assay assessing 
the cytotoxicity (EC50) against HeLa cells. 
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Additionally, the influence of the alkyl substituent at the thiol residue (R3) was studied, while 

keeping the other positions unaltered (R1=H, R2=m-CF3) (18-22) (Figure 17). For this 

purpose, the alkylating agent was changed. Instead of using methyl iodide other alkyl iodides 

were used (R3=Et, nPr, iPr, Bn, allyl). It was found that the alteration of the alkyl substituent 

has little influence on the inhibitory potential towards Rv2613c with 50 % inhibition at 

concentrations ranging between 0.40 - 1.82 µM (compare Figure 17B, Table 1). The fact, 

that the sterically demanding benzyl substituent (21) is accepted as well as a methyl group 

(14) indicates that this substituent is not crucial for the interaction with the enzyme. The EC50 

of compounds 18-22 was also in the lower µM range (Figure 17C), therefore demonstrating 

a higher cytotoxicity compared to 14 (Figure 16). 

 

 

Figure 17 Influence of the alkyl substiuent (R3) on the inhibitory potential. A Compounds 18-22 were 
studied. B Dose response curves of FRET assays to determine the IC50 values against Rv2613c in 
vitro. C Column diagram of the MTT assay assessing the cytotoxicity (EC50) against HeLa cells. 

 

Based on these results, it can be concluded that changes of the R2 group in meta-position 

seemed most promising for further optimization regarding high inhibitory potency against 

Rv2613c and low cytotoxicity towards human cells.  
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Table 1 Overview of all synthesized sulfanylacrylonitrile derivatives (11-31). For each compound the 
substitution pattern (R1-R3, compare Figure 12), the IC50 values of the FRET assay and the 
cytotoxicity (EC50) against HeLa cells with their respective standard deviations are summarised. 

 

 R1 R2 R3 
Rv2613c IC50 

(FRET assay) [µM] 

Cytotoxicity EC50 

(MTT assay, HeLa) [µM] 

11 -Cl -m-CF3 -Me 0.26 ± 0.05 3.05 ± 0.86 

12 -H -m-H -Me >30 >100 

13 -Cl -m-H -Me >100 >30 

14 -H -m-CF3 -Me 0.12 ± 0.02 13.3 ± 4.49 

15 -H -o-CF3 -Me >100 <0.05 

16 -H -p-CF3 -Me 16.3 ± 4.9 23.4 ± 7.1 

17 -H -2x-m-CF3 -Me >100 >100 

18 -H -m-CF3 -Et 1.82 ± 0.48 5.43 ± 2.24 

19 -H -m-CF3 -nPr 0.47 ± 0.06 1.47 ± 0.61 

20 -H -m-CF3 -iPr 0.94 ± 0.26 7.10 ± 3.05 

21 -H -m-CF3 -Bz 0.80 ± 0.21 1.00 ± 0.59 

22 -H -m-CF3 -All 1.47 ± 0.10 3.30 ± 2.40 

23 -H -m-Me -Me 4.62 ± 0.76 >100 

24 -H -m-NO2 -Me 1.30 ± 0.46 <0.140 

25 -H -m-CN -Me 2.51 ± 0.91 2.31 ± 1.34 

26 -H -m-COOMe -Me 21.8 ± 3.6 5.67 ± 3.35 

27 -H -m-Et -Me 0.57 ± 0.17 >30 

28 -H -m-Pr -Me 0.96 ± 0.15 26.3 ± 21.0 

29 -H -m-iPr -Me 1.77 ± 0.20 18.2 ± 7.1 

30 -H -m-OMe -Me 11.3 ± 2.7 >30 

31 -H -2x-m-CH3 -Me >100 >100 
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Since the CF3 group used so far in the R2 position is an electron-withdrawing group the 

question occurred, if this is a necessary trait for a compound with inhibitory potential against 

Rv2613c (Figure 18). To investigate this, analogues 23-26 were synthesized (Figure 18A). 

Analogue 23 is substituted in meta-position with a methyl group instead of the CF3 group. 

The methyl substitution has no electron withdrawing properties, but approximately the same 

steric demand as the CF3 group. Analogues 24-26 bear various substitutions with electron 

withdrawing properties (R2=NO2, CN, CO2Me, compare Figure 18A). All analogues with 

altered electron withdrawing groups display increased cytotoxicity (Figure 18C), and 

simultaneously decreased inhibition of Rv2613c (Figure 18B, Table 1). In contrast, 

compound 23 showed a strong decrease in cytotoxicity (EC50 >100 µM), but retained 

considerable inhibitory potential (IC50= 4.62 ± 0.76 µM). Having an electron-withdrawing 

group at the R2-position is therefore not essential for compound activity. Moreover, an 

electroneutral substituent at this position seems to be useful for optimizing the toxicity profile 

of the compound. 

 

 

Figure 18 Investigation of the electronic properties of R2 on the inhibitory potential. A Structures 23-
26. B Dose response curves of FRET assays to determine the IC50 values against Rv2613c in vitro. C 
Column diagram of the MTT assay assessing the cytotoxicity (EC50) against HeLa cells. 

 

Due to the favourable activity and toxicity of 23 (compare Figure 18), different alkyl 

substitutions in the meta-position were examined more closely (Figure 19). Therefore, 

analogues 27-31 were synthesized (Figure 19A). Generally, increasing cytotoxicity is 

observed with elongation of the alkyl substituent in meta-position (Me < Et < iPr ≤ OMe < 
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nPr) (Figure 19B). Analogue 27 (R2=Et) has the best inhibitory potency with an IC50 of 

0.57 ± 0.17 µM. Compound 28 (R2=nPr) and 29 (R2=iPr) also have an improved inhibitory 

potency compared to the methyl substituted analogue (23). Derivative 30 (R2=OMe) was the 

least effective with a single alkyl substitution. 

 

 

Figure 19 Investigation of different alkyl substituents in meta-position of R2. A Structures 23 and 27-
31. B Dose response curves of FRET assays to determine the IC50 values against Rv2613c in vitro. C 
Column diagram of the MTT assay assessing the cytotoxicity (EC50) against HeLa cells. 

 

Overall, compounds 14 and 27 (Figure 20) exhibit the best properties regarding inhibitory 

efficiency and limited cytotoxicity against human HeLa cells. Both compounds possess a 

reasonable window to study Rv2613c function since their EC50 for cytotoxicity against HeLa 

cells is at least 100 times higher than their IC50 against Rv2613c in vitro, which allows to 

study with Mtb infected human cells. 
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Figure 20 Summary of the best compounds’ properties. A Structure of compound 14 and compound 
27. B Dose response curves against Rv2613c with 1 as the substrate for derivatives 14 and 27. 8 nM 
of Rv2613c were preincubated in phosphate buffer with the indicated amounts of compound dissolved 
in DMSO at 25 °C for 30 min. Substrate 1 (2 µM in Tris-HCl buffer pH 8.0) was added. Measurement 
of the fluorescence at 570 nm was conducted every 3 min over the course of 1 h. Turnover of probe 1 
was calculated by normalization to the intensity of controls. The rate of probe 1 turnover was obtained 
by linear fitting of probe 1 turnover over time. % Inhibition was calculated relative to the controls. The 
IC50 was calculated by a non-linear curve fit/dose response curve in Origin® (origin). All data represents 
mean ± standard error of triplicates. The IC50 values were determined as 0.12 ± 0.02 µM for 
compound 14 and as 0.57 ± 0.17 µM for compound 27. C Column diagram of the MTT assay 
assessing the cytotoxicity (EC50) against HeLa cells for derivatives 14 and 27. Each inhibitor dissolved 
in DMSO was added to HeLa cells which were seeded into a 96-well plate one day before treatment. 
The final concentration of the inhibitor was as indicated and DMSO concentration was 1 % (v / v). The 
cells were incubated 24 h at 37 °C and 5 % CO2. Cells treated with 1% DMSO instead of an inhibitor 
and medium without cells and 1 % DMSO served as controls. MTT (5 mg/mL in water) was diluted 
with DMEM in a 1:10 ratio and 100 μL were added into each well. After 1 h incubation at room 
temperature, the medium was removed and 100 μL of DMSO were added. The plate was incubated at 
room temperature on a shaker until the crystals were fully dissolved. Absorbance was measured at 
570 nm. The cell viability was calculated by normalization to the intensity of the controls. The EC50 
was calculated by a non-linear curve fit / dose response curve in Origin®. All data represent 
mean ± standard error of triplicates. The EC50 values were determined as 13.3 ± 4.49 µM for 
compound 14 and as >30 µM for compound 27. 

 

2.3.4.2.2 Confirmation of Rv2613c Inhibition in the Presence of Natural Ap4A 

Since the IC50 determinations have so far been conducted with FRET Ap4A probe 1 instead 

of natural Ap4A in a fluorogenic assay, the inhibition of Rv2613c by sulfanylacrylonitriles in 

the presence of the natural substrate needed to be confirmed. For this purpose the turnover 

of unmodified Ap4A by Rv2613c in the presence of the most promising compounds (14 and 
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27) or with equal amounts of DMSO was determined by an analytical HPLC assay. The 

general assay procedure is depicted in Figure 21A. The IC50 of 14 for the natural substrate is 

0.16 ± 0.01 µM and therefore similar to that measured with the FRET probe (Figure 21B, 

compare Figure 15 and Table 1). Compound 27 displays with 3.11 ± 0.26 µM a slightly 

higher IC50 value with the unmodified Ap4A (Figure 21B, compare Table 1 and Figure 19). 

 

 

Figure 21 HPLC-based assay for investigation of the cleavage of natural Ap4A. A General assay 
procedure. Rv2613c is preincubated for 30 min at 25 °C with the inhibitor or DMSO as control in a 
phosphate containing buffer. Natural Ap4A is added and the reaction is incubated at 25 °C for another 
60 min. During this time, Rv2613c cleaves Ap4A by phosphorolysis into ATP and ADP. Next, the 
enzyme is inactivated and the reaction mixture is separated by analytical RP-HPLC. The different 
nucleotide species are quantified and inhibition is calculated relative to the DMSO control. B Dose 
response curves in vitro against Rv2613c with unmodified Ap4A as the substrate for derivatives 14 
and 27. The IC50 values are determined as 0.16 ± 0.01 µM for compound 14 and as 3.11 ± 0.26 µM 
for compound 27. 

 

These results are in accordance with the previously determined values (Figure 15, Figure 

19, Table 1) and thus demonstrate that our screening system allows the detection of 
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compounds, which are able to inhibit Rv2613c in the presence of the natural Ap4A as a 

substrate. 

2.3.4.3 Stability of Sulfanylacrylonitriles in Aqueous Solution 

Compounds, which are utilized in biological assays should be stable in aqueous environment 

to ensure reliability. Stability tests were performed exemplarily for compound 14. For this 

purpose, 14 was incubated in a mixture of d6-DMSO and 30 % (v / v) phosphate buffered 

saline over 8 days at room temperature and 1H-NMR spectra were recorded every 48 hours. 

The 1H-NMR spectra were unaltered during this time, revealing the high stability of 14 in 

aqueous buffer (Figure 22). 

 

 

Figure 22 NMR stability study. 14 was dissolved in a mixture of d6-DMSO and 30 % 1x PBS. 1H NMR 
spectra were recorded for 8 days every 48 hours. The NMR spectra were recorded on a Bruker 
Avance III 400 MHz spectrometer.  
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2.3.4.4 Prediction of the Binding Mode 

Knowledge of the inhibitor target interaction leads to a greater understanding of its 

mechanism of action. To gain insight, whether the sulfanylacrylonitrile derivatives inhibit 

Rv2613c in a competitive manner by binding to the active site or by an allosteric effect, 

docking studies were performed using the SwissDock webservice (Figure 23)66, 67. The 

electron-withdrawing properties of the phenyl-SO2 moiety decrease the rotation barrier at the 

double-bond, hence rotation and thereby transition from the E to the Z isomer and vice versa 

is possible79. As a consequence the docking was performed with both isomers (E-/Z-) of 14. 

The docking results of both isomers were compared to a docking model of Rv2613c with 

natural Ap4A (compare Figure 8). 

 

Figure 23 Docking models for the E- (A and B) and Z-isomer (C and D) of inhibitor 14 in Rv2613c. 
The modelling was performed with the SwissDock web service66, 67. Rv2613c is shown in grey and the 
active site Histidine residues (His-151, His-153, His-155) are shown as cyan sticks. A All results 
docking the E- isomer of 14 (purple) with Rv2613c. B Zoom into the binding site of Rv2613c with the 
best docking result of the E-isomer of 14. C All results docking the Z- isomer of 14 (magenta) into 
Rv2613c. D Zoom into the binding site of Rv2613c with the best docking result of the Z-isomer of 14. 
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Ap4A binds mainly in a pocket near the active site histidine residues (His-151, His-153, His-

155; shown as cyan sticks). The E- and Z-isomers bind in 73 % and 65 % of the cases in the 

Ap4A binding site, respectively. Hence, the docking models indicate that 14 binds to the 

active site and should be competitive towards Ap4A. Comparing the docking models of both 

isomers a trend towards preferred binding of the E-isomer is implied. Since all 

sulfanylacrylonitrile dervatives are structurally similar, the assumption that they possess the 

same binding mode can be made. 

2.3.4.5 Inhibition of Metabolic Activity of Mtb 

 

 

Figure 24 3H-uracil proliferation assay to study toxicity towards Mtb. A General outline of the assay. 
Mtb were seeded into a multiwell plate, the respective inhibitor was added (14 or 27 or rifampicin or 
DMSO for controls) and the plate was incubated for 2 h at 37 °C. 3H-uracil was added and the plate 
was incubated for further 18 h at 37 °C. Afterwards Mtb were inactivated by addition of 4 % 
paraformaldehyde. The cells were transferred onto a glass fibre filter and after addition of a scintillant 
the radioactivity was measured using a β-counter. B Anti-mycobacterial activity of compounds 14 and 
27 in % at three different concentrations 0.75 % DMSO and 2.43 µM rifampicine served as controls. 
Depicted is the mean of six independent experiments. The error bars represent the standard deviation 
over those six experiments. 

 

As mentioned before (see 2.1.3), Rv2613c was found to be an essential enzyme for the 

virulence of M. tuberculosis. Due to the strong inhibition of Rv2613c in vitro combined with 
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the limited toxicity against human cells, compounds 14 and 27 (compare Figure 20) were 

evaluated for their antimicrobial activity against virulent M. tuberculosis. This project was 

conducted in cooperation with the group of Prof. Steffen Stenger at the Institute for Medicinal 

Microbiology and Hygiene at the University Hospital of Ulm. 

The metabolic activity of M. tuberculosis was measured by determining the uptake of 3H-

uracil as described in the literature80. The general assay procedure is depicted in Figure 

24A. Compounds 14 and 27 were tested at three different concentrations (1 mM, 0.1 mM 

and 10 µM). Untreated cells, as well as cells treated with the equivalent amount of DMSO 

(0.75 %, v / v) served as controls. Both compounds (14, 27) showed significant anti-

mycobacterial activity at 1 mM (358 µg/mL, 398 µg/mL), concentration (Figure 24B). 

Compound 27 reduced the uracil-uptake by 33 (± 12) %, while compound 14 was slightly 

less active. At the same time rifampicin (2.43 µM, 2 µg/mL), a first-line anti-TB drug 

(compare 2.1.2)81 which served as control, is more active, reducing uracil uptake by 

65 (± 19) %. Rifampicin targets the β subunit of the bacterial RNA polymerase82. Rv2613c in 

contrast is involved in stress response. Hence, direct comparison of rifampicin with the 

sulfanylacrylonitrile derivatives is questionable. Since Rv2613c is involved in the stress 

response, inhibiting its function might have greater impact, if the cells already experience 

stress e.g. if other antibiotics are present in combination therapy. 
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2.4 Conclusion 

Within this project, an HTS assay was developed utilizing the FRET labeled Ap4A analogue 

1 for the identification of inhibitors for the Ap4A phosphorylase Rv2613c of M. tuberculosis. 

With this established method sulfanylacrylonitrile derivative 11 was identified as an inhibitor 

with submicromolar potency. Compound 11 revealed in an MTT assay a strong cytotoxicity 

against human cells, thus its potential for application in host cells is limited. Therefore, 19 

derivatives (12-31) were synthesized to explore structure-activity relationships. An ideal 

inhibitor would be highly effective against Rv2613c with little cytotoxicity against human 

cells. For the two most promising compounds (14, 27) the inhibitory potential in the presence 

of natural Ap4A was verified and they were further applied in an Mtb activity assay. Both 

compounds demonstrated moderate activity against virulent Mtb, indicating that 

sulfanylacrylonitrile derivatives could be the starting point for a new class of anti-

mycobacterial drugs with a new mechanism-of-action. These results could contribute to 

therapies against MDR TB strains. The results also show that the HTS is a very robust 

method for the identification of small molecules which also have a potent inhibitory activity in 

vivo. Furthermore, the optimized compounds can be applied to study the role of Ap4A and 

Rv2613c activity in more detail under various conditions (extra- or intracellular Mtb, 

additional stress conditions etc.), which will lead to a better understanding of the molecular 

processes in which Ap4A is involved and its significance in Mtb.  

In addition, the herein presented concept might be generic and transferable to study other 

ApnA cleaving enzymes.  
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3 Identification of a New ApnA Synthesis 
Pathway 

3.1 Introduction 

3.1.1 Ubiquitin and Ubiquitin Activating Enzymes 

In 1978, a small heat-stable protein was discovered that directed proteins towards 

degradation in an ATP dependent fashion83. This small protein was later identified as 

ubiquitin83-86. Based on this ground-breaking work from Ciechanover and Hershko, a huge 

research field developed, that deals with the controlled degradation of proteins in cellular 

protein homeostasis. This discovery, which is also referred to as the ‘ubiquitin-proteasome-

system’, was awarded with the Nobel Prize in Chemistry in 200455. Since this discovery, it 

has been found that ubiquitin is not only covalently attached to target proteins that are 

directed to proteasomal degradation but the attachment of ubiquitin (‘ubiquitination’) also 

regulates cellular function of target proteins in various ways87, 88. The target proteins of this 

non-proteolytic processes are very diverse. Among them are for example cell cycle 

regulators, tumor suppressors, transcriptional factors and cell surface receptors. This shows 

that ubiquitination is involved in the regulation of many, if not all essential cellular 

processes89-96. 

The covalent attachment of ubiquitin to its diverse set of target proteins is catalyzed by the 

ubiquitin conjugation cascade (Figure 25). Initially ubiquitin is activated by a ubiquitin 

activating enzyme (E1, e.g. UBA1) through consumption of ATP. In the first step, the E1 

catalyzes the attack of the C-terminal carboxylic acid of ubiquitin at the α-phosphate of ATP, 

yielding pyrophosphate and adenylated ubiquitin. The activated ubiquitin is next attacked by 

the active site cysteine of the E1, forming a thioester bond and free AMP. In the following 

step, the ubiquitin of the E1-Ub thioester conjugate is transferred to a ubiquitin conjugating 

enzyme (E2, e.g. UbcH5b), forming another thioester with a cysteine residue of the E2. From 

this conjugate, ubiquitin is transferred to a target protein by a ubiquitin ligase (E3), forming 

an iso-peptide bond with a lysine residue of the target protein. The two main groups of E3 

enzymes are the HECT (homologous to the E6AP carboxyl terminus) domain ligases97 and 

RING (really interesting new gene) domain98 ligases. The two groups differ in their 

mechanism of action. HECT E3s form another thioester conjugate, with the ubiquitin from 

the E2 and subsequently transfer it to the target protein97 (Figure 25, upper branch). RING 

ligases, in contrast, do not have a catalytic cysteine residue. They act as adapters, forming a 

complex with the E2-ubiquitin conjugate and the target protein that allows the direct transfer 

of the ubiquitin from the E2 to the target98 (Figure 25, lower branch). 
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Figure 25 Activation cascade of ubiquitin (Ub) and ubiquitin-like (Ubl) proteins. Initially Ub /Ubl is 
activated by its cognate E1 enzyme through consumption of ATP. The enzyme catalyses the 
adenylation of Ub / Ubl. This activated Ub / Ubl is then transferred to the active site cysteine of the E1 
enzyme forming a thioester bond (intermediate step not shown in detail, compare Figure 26). Next, 
Ub / Ubl is transferred to an E2 enzyme forming another thioester bond with the active site cysteine. 
Upper branch - mechanism of HECT-E3 ligases. Ub / Ubl is transferred from the active site of the E2 
enzyme to the active cysteine of the HECT-E3 ligase forming another thioester bond. Subsequently, 
the HECT-E3 transfers ubiquitin onto the target protein (T), where an iso-peptide bond is formed. 
Lower branch - mechanism of RING-E3 ligases. The RING-E3 forms a complex with the target protein 
(T) and the E2- ubiquitin conjugate, bringing both in close proximity and catalyses the direct transfer 
of the activated Ub from the active site of the E2 onto the target protein. Also in this case an iso-
peptide bond is formed. 

 

As mentioned before, many different proteins are ubiquitinated in response to different 

stimuli with a high degree of specificity. This precise response needs to be regulated by the 

conjugation machinery. This is accomplished by an increasing number of enzymes with 

higher specificity, downstream in the enzyme cascade. For ubiquitin only two E1 enzymes 

are known in humans99, 100, but ~40 E2 enzymes101 and ~640 different E3 enzymes 102exist 

ensuring the high specificity of ubiquitination96. 

After the importance of ubiquitin was established, several other small proteins that regulate 

protein functions upon covalent attachment to target proteins have been discovered within 

the human genome103. These proteins are called ubiquitin-like proteins. The most widely 

studied ubiquitin-like proteins are Nedd8 and SUMO. Their activation processes are 

comparable to the one of ubiquitin, but require a specialized set of enzymes104-106. 
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3.2 Project Task 

The aim of this project is to investigate, whether the ubiquitin and ubiquitin-like activating 

enzymes contribute to the increased ApnA concentrations, which are observed in cells during 

stress conditions.  

As mentioned before (see 1.3), changes of the ApnA pool of cells are observed, when cells 

are exposed to stress conditions7, 9, 12. Those changes include an overall increase of ApnA as 

well as variations in the Ap3A / Ap4A ratio42-44. For example, during normal growth conditions 

Ap3A is more abundant in cells than Ap4A, yet in apoptotic cells this ratio is inversed42, 43. As 

elucidated in chapter 1.2.1, no specific enzyme has yet been found, which exclusively 

synthesizes ApnA. This synthesis is only observed as a side reaction of other enzymatic 

processes13. ApnA synthesis by aaRS is well known in literature and is so far considered the 

major synthesis pathway of ApnA 5, 7. Nevertheless, other enzymes have been associated 

with ApnA synthesis13, 20. However, these known synthesis pathways allow no complete 

explanation of the rise of intracellular ApnA concentrations upon stress conditions. On the 

contrary, upon stress conditions cells globally inhibit their protein biosynthesis107-109. This is 

mediated by different mechanisms. These include the binding of aaRS to chaperones, 

protecting them thereby from damage, while at the same time inhibiting their catalytic 

activity110, 111. Furthermore, the tRNA pool of cells is degraded112, 113. Hence, there must be 

other ApnA synthesis pathways which can explain the changes in ApnA concentration during 

stress conditions. 

The common mechanistic feature of all known ApnA synthesising enzymes is the formation 

of an adenylate intermediate7, 13. Enzymes which form an adenylate and are highly active, 

when cells experience stress, are the ubiquitin and ubiquitin-like activating enzymes (E1s 

e.g. UBA1). Modification with ubiquitin or ubiquitin-like proteins directs proteins to 

proteasomal degradation, and initiates other cellular processes which are crucial for survival. 

Thus, the question arises, if E1s are also capable of ApnA synthesis and therefore, if this 

could be an explanation for increased ApnA concentrations during stress. The formation of 

nucleoside species during ubiquitin activation by E1 was investigated before by Günther 

Sillero et al.114 through application of 32P-labeled α-ATP in the reaction followed by analysis 

of the reaction products by thin layer chromatography and autoradiography. Additionally, 

analytical HPLC was performed with non-radioactive reactions. However, Ap3A or Ap4A 

formation was not observed using this approach. Yet, new and more advanced technological 

methods allow more detailed and more precise investigations. Combining biochemical 

assays with state of the art liquid chromatography high resolution mass spectrometry (LC-
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HR-MS), the potential formation of ApnA by ubiquitin and ubiquitin-like activating enzymes is 

reinvestigated in this project. 

As model system the human ubiquitin activating cascade is chosen. The synthesis of ApnA 

by the human ubiquitin activating enzyme 1 (UBA1) and the influence of different other 

components of the cascade will be investigated systematically. With the established 

protocols in hand, the ubiquitin-like systems of Nedd8 and SUMO will be examined in 

analogy. 
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3.3 Results and Discussion  

3.3.1 Background and Hypothesis 

As mentioned before (see 1.2.1) the common mechanistic feature of enzymes which are 

capable of ApnA synthesis is the formation of an adenylate intermediate. The first reaction 

step of the ubiquitin activation cascade is the adenylation of ubiquitin in an ATP dependent 

fashion by the E1 (Figure 26). If ApnA is synthesized by the E1 as byproduct the formed 

adenylate has to react with an additional ADP or ATP molecule to form Ap3A or Ap4A 

respectively as well as free ubiquitin (Figure 26, dashed line route). This would be 

competitive to the canonical reaction in which the active site cysteine of UBA1 reacts with 

the adenylate forming a thioester bond between the enzyme and ubiquitin and free AMP 

(Figure 25, Figure 26 solid line route). 

 

 

Figure 26 The activation of ubiquitin (Ub) and ubiquitin like proteins (Ubl): The Ub / Ubl is activated by 
its cognate Ub / Ubl activating enzyme (E1). First, the Ub / Ubl is adenylated by E1 through 
consumption of ATP. Solid-line route: Ub / Ubl cascade - the adenylate is attacked by the thiol-group 
of the active-site cysteine of the E1, forming a thioester. The activated Ub / Ubl, is then transferred to 
the Ub / Ubl conjugating enzyme (E2), forming another thioester. Next the Ub / Ubl is ligated via an 
Ub / Ubl ligase (E3) to a Lys residue of the target protein (T) forming an isopeptide bond. Dashed-line 
route: ApnA synthesis - the adenylate is attacked by the phosphate group of an additional ADP / ATP 
(n=1, 2) molecule resulting in the formation of Ap3A / Ap4A (n=1, 2), respectively and free E1. 

 

3.3.2 Assay Concept 

To test, if E1s are able to synthesize ApnA, a work-flow that allows measuring the formation 

of Ap3A or Ap4A as a product of the ubiquitin activation cascade was established (compare 

Figure 27). ATP was incubated with ubiquitin or an ubiquitin-like protein and the respective 

E1 enzyme in a suitable buffer for a certain amount of time. The enzymatic reaction was 
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then stopped by cooling to 0 °C. All following work-up steps were also performed on ice to 

prevent changes in nucleotide content and concentration. LC-HR-MS analysis required the 

removal of proteins, which was realized by applying ZipTipC4
® pipette tips. Afterwards, the 

samples were dried by freeze-drying and subsequently dissolved in a defined volume of 

MilliQ water (MQ). The nucleotide species of samples were analysed by LC-HR-MS. All LC-

HR-MS measurements were conducted together with Martin Mex. 

 

Figure 27 General work-flow of biochemical assay followed by LC-HR-MS analysis. ATP, Ub or a Ubl 
and the respective E1 enzyme are incubated together in a Tris-HCl buffer at 37 °C. The enzymatic 
reaction is stopped after a certain amount of time by cooling to 0 °C, after protein removal and further 
work-up steps the nucleotide species of the reaction mixture are analysed and quantified by LC-HR-
MS. 

 

The LC separation was optimized using commercially available mononucleotides (AMP, 

ADP, ATP) and dinucleotides (Ap3A, Ap4A), in such a way that the retention time of the 

mononucleotides and dinucleotides was significantly different (compare Figure 28) ensuring 

sensitive detection and quantification of ApnAs with a good signal to noise ratio (detection 

limit for ApnA: 100 nM). 
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Figure 28 Separation of mono- and dinucleotide species by LC using a 100*2.1 Hypercarb® column 
(Thermo Fisher Scientific) with a gradient of 10 mM NH4Ac at pH=10 (solvent A) and MeCN 
(solvent B) each supplemented with 0.1 % diethylamine (gradient 5 % B to 25 % B over 5 min, 25 % B 
to 35 % B over 15 min, afterwards washing of column at 100 % B followed by equilibration at 5 % B) 
at a flow rate of 300 µL/min. The chromatogram is shown from 5.5 min to 10 min retention time. The 
magnification of the chromatogram shows the chromatogram from 9 min to 10 min retention time. All 
mononucleotide species elute from 5.8-6.5 min retention time. The dinucleotides elute significantly 
later at 9-10 min retention time. 

 

3.3.3 Synthesis of Ap4A by UBA1 

With the optimized LC-HR-MS protocol in hand the activation of ubiquitin by UBA1 was 

investigated towards production of ApnA. UBA1 was previously purified as His6x-tagged 

protein from E. coli cells (see 6.2.8.4). First, varying UBA1 concentrations (0.1 µM to 2.0 µM) 

were incubated with ubiquitin (60 µM) and ATP (1 mM) in reaction buffer (25 mM Tris-HCl, 

50 mM NaCl, 5 mM MgCl2, 1.25 mM DTT) at 37 °C. After 12 h the reactions were stopped by 

cooling to 0 °C. Proteins were removed using ZipTipC4
® pipette tips. The samples were 

freeze-dried and dissolved in 30 µL MQ followed by analysis using the previously 

established LC-HR-MS protocol. Formation of Ap4A was detected in an enzyme dependent 

fashion (Figure 29 A). 
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Figure 29 Synthesis of Ap4A by UBA1 in an enzyme-concentration-dependent fashion. A Schematic 
depiction of the assay and quantification of the synthesized Ap4A. Varying amounts of UBA1 (0.1 µM -
 2.0 µM), 60 µM ubiquitin (Ub) and 1 mM ATP were incubated in reaction at 37 °C for 12 h. Reactions 
without UBA1 and / or ubiquitin served as controls. All reactions were treated as described above. 
Ap4A, which is present in commercially available ATP (measured in sample #1) as an impurity, was 
subtracted from the measured Ap4A concentration. The mean and the corresponding standard 
deviation of three independent experiments are shown. B LC chromatogram for the control without 
UBA1 (compare A#2). 60 µM ubiquitin and 1 mM ATP were incubated in reaction buffer at 37 °C for 
12 h. The chromatogram is shown from 7 min to 15 min retention time. The magnification shows the 
chromatogram from 12 min to 14 min retention time. The Ap4A impurity of ATP is clearly detectable 
(blue curve). C LC chromatogram for the assay with 0.8 µM UBA1, 60 µM ubiquitin and 1 mM ATP 
(compare A#6). The chromatogram is shown from 7 min to 15 min retention time. The magnification 
shows the chromatogram from 12 min to 14 min retention time. A significant Ap4A increase is visible 
(difference between #1 (B) and #6 (C)). Differences in retention times compared to Figure 28 are due 
to usage of a new Hypercarb column. 

 

In the presence of 0.8 µM UBA1 the detection of Ap4A was possible with a good signal to 

noise ratio (compare Figure 29 B and C). Therefore, this concentration was chosen for all 

following experiments.  

To investigate the time dependence of the reaction, 0.8 µM UBA1, 60 µM ubiquitin and 

1 mM ATP were incubated in reaction buffer at 37 °C for defined periods of time. Processing 

and analysis of the samples as described before, revealed that Ap4A is formed in a time 
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dependent fashion (Figure 30) with the highest Ap4A concentration after 12 h of incubation 

(Figure 30 #8). 

 

 

Figure 30 Synthesis of Ap4A by UBA1 in a time dependent fashion A Schematic depiction of the 
assay. B Quantification of synthesized Ap4A. The reaction mixtures contained 0.8 µM UBA1, 60 µM 
ubiquitin (Ub) and 1.0 mM ATP in reaction buffer. The reactions were treated as described before. All 
reactions were stopped at the indicated time points by cooling to 0 °C. Afterwards the reactions were 
handled as described before. Reactions in which UBA1 and / or ubiquitin were omitted (#1-3), served 
as controls. Ap4A, which is present in ATP (measured in sample #1) as an impurity, was subtracted 
from the measured Ap4A concentration. The mean and the corresponding standard deviation of three 
independent experiments are shown. C Ap4A [µM] synthesized by UBA1 shown in dependence of 
time in h.  

 

To further elucidate, whether Ap4A is indeed formed as a product of enzymatic ubiquitin 

activation and not in an independent enzymatic reaction, two control reactions, in which 

either UBA1 or ubiquitin were substituted with an inactive mutant (UBA1 C632S or ubiquitin 

(Ub) G76M) were performed. Both inactive mutants were cloned followed by expression and 

purification from E. coli (see 6.2.8.2, 6.2.8.5 and 6.2.8.4). In the C632S variant of UBA1 the 

active site cysteine is mutated to a serine. Therefore, no thioester bond between the 

adenylated ubiquitin and the active site can be formed115. Similarly, ubiquitin G76M serves 

as a control, as it is not activated by UBA1116. Reactions were conducted in the absence and 

presence of the mutated and wild-type proteins and conducted and analysed as described 

before. In reactions containing UBA1 C632S Figure 31(A) or ubiquitin G76M (Figure 31 B) 

no Ap4A synthesis was observed. Only reactions containing both wild-type proteins, which 

allow formation of the adenylate as well as thioester, resulted in Ap4A synthesis (Figure 

31A #4, Figure 31B #5). This observation strongly indicates that Ap4A is indeed a byproduct 

of the enzymatic ubiquitin activation. However, it is surprising that Ap4A is not formed when 

thioester formation is impaired. It could be, that Ap4A synthesis takes primarily place when 
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the first ubiquitin is already covalently bound as a thioester and a second ubiquitin is 

adenylated. 

 

 

Figure 31 Synthesis of Ap4A by inactive mutants of UBA1 and Ub. A Synthesis of Ap4A by UBA1 
wildtype or C632S. The reaction mixture contained 0.8 µM UBA1 C632S (orange star) or UBA1 
wildtype, 60 µM ubiquitin (Ub) and 1 mM ATP in reaction buffer. Reactions without UBA1 and / or 
ubiquitin served as controls (#1-3). B Synthesis of Ap4A by UBA1 with ubiquitin G76M (orange star) or 
wildtype ubiquitin (Ub). The reaction mixture contained 0.8 µM UBA1, 60 µM ubiquitin G76M (Ub 
G76M) or wildtype ubiquitin (Ub) and 1 mM ATP in reaction buffer. Reactions without UBA1 and / or 
ubiquitin (#1-3) served as controls. All reactions (A and B) were treated as described before. Ap4A, 
which is present in commercial available ATP (measured in samples A#1 and B#1) as an impurity, 
was subtracted from the measured Ap4A concentration. The mean and the corresponding standard 
deviation of three independent experiments are shown. 

 

In addition to analysis by LC-HR-MS, the identity of the formed Ap4A was confirmed by 

enzymatic cleavage of the reaction product. For this purpose, the Ap4A phosphorylase 

Rv2613c of M. tuberculosis (compare 2.1.3) was added to the reaction mixture to specifically 

cleave Ap4A
58, 117. In all reactions containing Rv2613c, no Ap4A could be detected validating 

the identity of Ap4A (Figure 32#5-6, #8). 
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Figure 32 Synthesis of Ap4A by UBA1 in the presence of the Ap4A phosphorylase Rv2613c of M. 
tuberculosis. The reactions were set up as before yet, the reaction buffer was supplemented with 
5 mM NaH2PO4. Reactions where either one or a combination of UBA1 and ubiquitin were omitted, 
served as controls (# 1-3). The reactions were incubated for 12 h at 37 °C. Rv2613c was added to 
indicated samples as a control that specifically cleaves Ap4A. It was added in 10 nM concentration 
either directly to the reaction mixture (# 5-6) or after the 12 h incubation (# 7-8). In cases, where 
Rv2613c was added after incubation (# 7-8), UBA1 was inactivated by denaturing at 95 °C for 5 min, 
to ensure that no further Ap4A was synthesized. This was followed by the addition of Rv2613c and 
further incubation at 37 °C for 2 h. After incubation all reactions were treated as before. In all 
reactions containing Rv2613c (# 6, # 8) Ap4A is no longer detectable confirming the identity of Ap4A. 
The mean and the corresponding standard deviation of three independent experiments are shown. 

 

3.3.4 Synthesis of Ap3A by UBA1 

During incubation of the samples at 37 °C in reaction buffer, ADP was formed (~10-30 µM) 

due to hydrolysis of ATP (1 mM) (compare Figure 29 B, C green curve). Nevertheless, the 

formation of Ap3A – generated by nucleophilic attack of ADP at the formed adenylated 

ubiquitin – was not detected by LC-HR-MS in any of the experiments described before. To 

investigate whether a higher ADP concentration can lead to Ap3A formation, varying ADP 

concentrations (up to equal concentrations to ATP, 1 mM) were incubated with UBA1, 

ubiquitin and ATP as described before. Indeed, increasing Ap3A formation depending on the 

concentration of ADP (Figure 33B) was detectable. The amounts of Ap3A formed were 

approximately 10-fold lower than those found for Ap4A formation in the absence of ADP 

(compare Figure 33C#4). 
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Figure 33 Synthesis of Ap3A and Ap4A by UBA1 in the presence of low concentrations of ADP. A 
Schematic depiction of the assay. B Quantification of synthesized Ap3A by UBA1 in the presence of 
varying amounts of ADP (0.1 – 1.0 mM, # 5 - 10). C Quantification of synthesized Ap4A by UBA1 in 
the presence of varying amounts of ADP (0.1 – 1.0 mM, # 5 - 10). The reaction mixtures (B and C) 
contained 0.8 µM UBA1, 60 µM ubiquitin (Ub) and 1 mM ATP in reaction buffer and varying amounts 
of ADP (as indicated). Reactions where either one or a combination of UBA1, ubiquitin and ADP were 
omitted, served as controls (# 1 - 7). The ADP concentration of the controls (# 5 – 7) was equal to the 
highest ADP concentration (1.0 mM) used in this experimental setup. All reactions were treated as 
described before. Ap3A which is present in ADP (measured in sample  # 5), and Ap4A, which is 
present in ATP (measured in sample # 1), were impurities and therefore subtracted from the 
measured Ap3A and Ap4A concentrations. The mean and the corresponding standard deviation of 
three independent experiments are shown. 

 

Interestingly, at lower concentrations of ADP (0.1 – 0.5 mM) the formation of Ap4A was 

measured in similar yields as in the absence of ADP (compare Figure 33C #8-9 with Figure 

33C#4 and Figure 30 #8). Further increase of the ADP concentration up to 15 mM led to a 

marked decrease in Ap4A formation (Figure 33C #10, Figure 34C #8-10). Additionally, it was 

found that increasing the concentration of ADP beyond 5.0 mM significantly inhibited Ap3A 

and Ap4A synthesis by UBA1 (Figure 34). 
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Figure 34 Synthesis of Ap3A and Ap4A by UBA1 in the presence of high concentrations of ADP (5.0 -
15 mM). A Schematic depiction of the assay. B Quantification of synthesized Ap3A by UBA1 in the 
presence of varying amounts of ADP (5.0 – 15 mM, # 5 - 10). C Quantification of synthesized Ap4A by 
UBA1 in the presence of varying amounts of ADP (5.0 – 15 mM, # 5 - 10). The reaction mixtures (B 
and C) contained 0.8 µM UBA1, 60 µM ubiquitin (Ub) and 1 mM ATP in reaction buffer and varying 
amounts of ADP (as indicated). Reactions where either one or a combination of UBA1, ubiquitin and 
ADP were omitted, served as controls (# 1 - 7). The ADP concentration of the controls (# 5 – 7) was 
equal to the highest ADP concentration (15 mM) used in this experimental setup. All reactions were 
treated as described before. Ap3A, which is present in ADP (measured in sample  # 5), and Ap4A, 
which is present in ATP (measured in sample  # 1), were impurities and therefore subtracted from the 
measured Ap3A and Ap4A concentrations. The mean and the corresponding standard deviation of 
three independent experiments are shown. 

 

3.3.5 Synthesis of Ap4A in the Presence of Ubiquitin Conjugating Enzymes 

As described in chapter 3.1.1, the activated ubiquitin is transferred from the active site 

cysteine of UBA1 to the cysteine of a ubiquitin-conjugating enzyme (E2). To study the 

influence of different E2 enzymes (UbcH5b, UbcH1) on Ap4A synthesis by UBA1, different 

E2 enzymes were added in varying ratios (UBA1:E2 1:1, 1:2, 1:5, 1:11, #6-9) to the 

established reaction setup containing UBA1, ubiquitin and ATP. The applied E2 enzymes 

were derived as His6x-tagged proteins from E. coli (see 6.2.8.6). 
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Figure 35 Synthesis of Ap4A by UBA1 in the presence of varying concentrations of ubiquitin-
conjugating enzymes E2. A Schematic depiction of the assay. B Quantification of synthesis of Ap4A 
by UBA1 in the presence of varying concentrations of UbcH1. C Quantification of synthesis of Ap4A by 
UBA1 in the presence of varying concentrations of UbcH5b. The reaction mixtures of B and C 
contained 0.8 µM UBA1, 60 µM ubiquitin, 1 mM ATP and the respective E2 enzyme in reaction buffer. 
Stoichiometric ratios of the respective E2 enzyme to UBA1 are indicated. Reactions where either one 
or a combination of UBA1, ubiquitin and the respective E2 were omitted, served as controls(#1-4). 
The E2 concentration of the controls (#4) was equal to the reaction with the highest UBA1:E2 ratio 
(# 9, 1:11) used in this experimental setup. The reactions were treated as described before. Ap4A, 
which is present in ATP (measured in sample #1) as an impurity, was subtracted from the measured 
Ap4A concentration. The mean and the corresponding standard deviation of three independent 
experiments are shown. 

 

The results indicate that the presence of an E2 enzyme influences Ap4A formation 

depending on the enzyme employed. Among the E2 enzymes tested, UbcH1 affected Ap4A 

synthesis most strongly. With increasing concentrations of UbcH1 decreasing Ap4A 

formation was observed (Figure 35B #5-9). UbcH5b (Figure 35BC, #5-9) affected the Ap4A 

levels less pronounced, albeit following the same trend as UbcH1. 

3.3.6 Ubiquitin-like Systems Nedd8 and SUMO 

The activation process of the ubiquitin-like proteins Nedd8 and SUMO is highly similar to the 

activation of ubiquitin104-106. ApnA generation was not reported in literature for either system 

before. Due to the findings with the ubiquitin system within this work, these systems were 

investigated as well. The enzymes were purchased from Boston Biochem. 

Under identical reaction conditions as for UBA1, Ap4A synthesis was detected for the Nedd8 

activating enzyme (NAE) (Figure 36#4), although the amount of Ap4A generated by NAE 

was slightly less compared to the amount synthesized by UBA1 (UBA1 Ap4A [µM] 

2.094 ± 0.1193 vs. NAE Ap4A [µM] 1.396 ± 0.0558). No significant Ap3A synthesis could be 

observed for the Nedd8 system. 
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Figure 36 Synthesis of Ap4A by NAE. The reaction mixture contained 0.8 µM NAE, 60 µM Nedd8 and 
1 mM ATP in reaction buffer. Reactions where NAE and or Nedd8 were omitted, served as controls (# 
1-3). All reactions were treated as described before. Ap4A, which is present in ATP (measured in 
sample  #1) as an impurity, was subtracted from the measured Ap4A concentration. The mean and 
the corresponding standard deviation of three independent experiments are shown.  

 

For the SUMO activating enzyme (SAE) an increase of Ap4A was not detected (compare 

Figure 38). However, a significant increase of Ap3A was observed (Figure 37A #4).  

 

 

 

Figure 37 Synthesis and stability of of ApnA in the presence of SAE A Synthesis of Ap3A by SAE. The 
reaction mixture contained 0.8 µM SAE, 60 µM SUMO and 1 mM ATP in reaction buffer. Reactions, 
where SAE and or SUMO were omitted, served as controls (# 1-3). All reactions were treated as 
described before. Ap3A, which is present in ATP (measured in sample A #1) as an impurity, was 
subtracted from the measured Ap4A concentration. The mean and the corresponding standard 
deviation of three independent experiments are shown. B Stability of Ap4A in the presence of SAE. 
The reaction mixture contained 0.8 µM SAE, 60 µM SUMO and 2 µM Ap4A in reaction buffer. 
Reactions where either one or a combination of SAE and SUMO were omitted, served as controls 
(# 1 - 3). All reactions were treated as described before. The mean and the corresponding standard 
deviation of three independent experiments are shown. 
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Considering that sumoylation and ubiquitination are often causing inverse effects118 this is 

noteworthy, since Ap4A and Ap3A also act as physiological antagonists causing two different 

cellular responses42, 44, 119 (compare chapter 1.3). The low Ap4A concentration is not due to 

enzymatic cleavage of Ap4A during the reaction. This was confirmed using the established 

assay (0.8 µM SAE, 60 µM SUMO in reaction buffer at 37°C, 12 h) but instead of ATP Ap4A 

(2 µM) was used as nucleotide substrate (Figure 37B). The Ap4A concentration stays the 

same in all reactions (compare Figure 37B). 

Furthermore, addition of only ADP to SAE and SUMO did not lead to any detectable Ap3A or 

Ap4A formation, only in the presence of ATP was Ap3A detectable.  

 

 

 

Figure 38 Synthesis of ApnA by SAE in the presence of either ADP or ATP or a mixture of both A 
Schematic depiction of the Assay. B Quantification of synthesized Ap3A by SAE in the presence of 
either ADP or ADP or a 1:1 ratio of both. The reaction mixture contained 0.2 µM SAE, 60 µM SUMO 
and 1 mM of the respective nucleotide species in reaction buffer. Reactions where either one or a 
combination of SAE and SUMO were omitted, served as controls (#1-3). All reactions were treated as 
described before. Ap3A, which is present in ADP (measured in sample ADP # 1), and Ap4A, which is 
present in ATP (measured in sample ATP # 1), were impurities and therefore subtracted from the 
measured Ap3A and Ap4A concentrations. 
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3.4 Conclusion  

Within this project, enzyme and time dependent ApnA synthesis through ubiquitin and 

ubiquitin–like E1 enzymes was described for the first time. As with ApnA synthesis by aaRS 

the adenylate intermediate is crucial for ApnA formation. In contrast to aaRS, E1 enzymes 

are highly active when cells experience stress, as modifications with ubiquitin or ubiquitin-

like proteins direct proteins to proteasomal degradation and initiate other cellular processes, 

which are crucial for survival in such situations. Since research indicates that increasing 

ApnA concentrations are involved in the cellular adaption to stress, this finding could be very 

significant, as ApnA synthesis and the cellular stress response are connected for the first 

time. Furthermore, it is indicated that the intracellular ApnA pool is regulated by different 

enzymatic pathways. It seems likely that, while the basal level of ApnA is regulated by 

aaRSs, the increase during stress conditions could be mediated by different E1 enzymes.  

Depending on the E1 enzyme the ApnA formation varied in terms of quantity as well as type. 

UBA1 and NAE exclusively formed Ap4A-as long as no additional ADP was added. SAE in 

contrast exclusively synthesized Ap3A. This is noteworthy since SUMO and ubiquitin as well 

as Ap3A and Ap4A often act as antagonists. It could be possible that this antagonism is an 

additional layer for the regulation of cellular processes. 

To gain more insight into the synthesis of ApnAs by E1 enzymes, the ubiquitin-like systems 

should be studied in more detail in analogy to UBA1. Ultimately however, investigations in 

cellulo should be conducted to validate the results of the in vitro experiments. With these 

approaches a better understanding of the roles of ApnA in vivo will be possible. 
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4 Summary and Outlook 
 

This thesis consists of two separate projects, which will be summarized separately in the 

following. Additionally a short outlook will be presented for each part. 

Within the first project, an HTS assay for the identification of inhibitors for Ap4A cleaving 

enzymes was developed. The assay utilizes a FRET labeled Ap4A analogue 1 which shows 

a significant change of fluorescence upon cleavage, directly correlating the fluorescence to 

the enzyme activity. Exploiting this tool, more than 42 000 small molecules from six different 

compound libraries were screened towards their inhibition of the Ap4A phosphorylase 

Rv2613c of M. tuberculosis, which served as a model enzyme in this study. 

Sulfanylacrylonitrile derivative 11 was identified as an inhibitor with submicromolar potency. 

The inhibitory potential of this compound was verified by chemical synthesis. In an MTT 

assay, compound 11 revealed a strong cytotoxicity against human cells, thus its potential for 

application in host cells is limited. Therefore derivatives 12-31 were synthesized to explore 

structure-activity relationships. The developed assay as well as cytotoxicity determination 

was used to guide the compound development towards highly effective Rv2613c inhibitors 

with little cytotoxicity against human cells. For the most promising compounds 14 and 27 the 

inhibitory potential in the presence of natural Ap4A was verified. Due to the positive results 

these compounds were further applied in an Mtb activity assay in cooperation with the group 

of Prof. Steffen Stenger at the Institute for Medicinal Microbiology and Hygiene at the 

University Hospital of Ulm. Both compounds demonstrated moderate activity against virulent 

Mtb, indicating that sulfanylacrylonitrile derivatives could be the starting point for a new class 

of anti-mycobacterial drugs with a new mechanism-of-action. Furthermore, the optimized 

compounds can be applied to study the role of Ap4A and Rv2613c activity in more detail 

under various conditions (extra- or intracellular Mtb, additional stress conditions etc.). Based 

on these compounds it would furthermore be possible to develop semisynthetic 

bioluminescent sensors, which allow Ap4A concentration determination or the verification of 

target engagement in cells120-122. 

In addition, the herein presented concept can in future be exploited for the identification of 

small molecule inhibitors for other Ap4A cleaving enzymes.  

Within the second project it was elucidated, whether the ubiquitin and ubiquitin–like E1 

enzymes could be able to contribute to the increased cellular ApnA concentrations, during 

stress conditions.  
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ApnA synthesis by aaRS is well known in literature and is considered the major synthesis 

pathway of ApnA
5, 7.However, this pathway does not completely explain how the intracellular 

ApnA concentration rises upon stress. On the contrary, under stress conditions cells globally 

inhibit their protein biosynthesis107-109. This is for example caused by the fact that aaRSs are 

bound by chaperones leading to their inactivation 110, 111.  

E1s form an adenylate as intermediate, which is the common mechanistic feature of all 

known ApnA synthesising enzymes7, 13. Furthermore, the ubiquitin and ubiquitin-like E1s are 

highly active when cells experience stress, as modifications with ubiquitin or ubiquitin-like 

proteins direct proteins to proteasomal degradation and initiate other cellular processes, 

which are crucial for survival in such situations.  

To answer the question whether E1s can actually synthesize ApnA, biochemical assays were 

combined with state of the art LC-HR-MS to investigate the different nucleoside products of 

the E1 reaction in detail. First the LC-HR-MS protocol was optimized using commercially 

available mono- (AMP, ADP, ATP) and dinucleotides (Ap3A, Ap4A), to allow efficient 

separation of the dinucleotides from the mononucleotides to ensure a good signal to noise 

ratio for the subsequent HR-MS detection. Using the established LC-HR-MS, protocol the 

reaction products of UBA1 - the human ubiquitin activating enzyme, which was chosen as 

model system - were investigated. Within this in vitro system Ap4A formation could be 

observed in an enzyme concentration and time dependent fashion. Ap3A formation could 

also be observed, if additional ADP was added to the reaction mixture. Addition of different 

E2 enzymes and thereby promotion of the ubiquitin transfer cascade reduced Ap4A 

formation depending on the nature of the tested E2 and its concentration. In general, Ap4A 

synthesis decreased with increasing E2 concentration.  

With the established protocols in hand, the ubiquitin-like systems of Nedd8 and SUMO were 

examined. For the Nedd8 activating enzyme (NAE) Ap4A formation was observed 

exclusively, in somewhat lower concentrations than with UBA1. The SUMO activating 

enzyme (SAE), however, exclusively formed Ap3A. This is noteworthy since SUMO and 

ubiquitin as well as Ap3A and Ap4A often act as antagonists. 

Taken together, ApnA formation was observed during ubiquitin and ubiquitin-like activation. 

Depending on the E1 enzyme the ApnA formation varied in terms of quantity as well as type. 

With these results, the cellular stress response can be connected to ApnA synthesis for the 

first time. Furthermore, it is indicated that the intracellular ApnA pool is regulated by different 

enzymatic pathways. It seems likely that, while the basal level of ApnA is regulated by 

aaRSs, the increase during stress conditions could be mediated by different E1 enzymes.  
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To gain more insight into the synthesis of ApnAs by E1 enzymes, the ubiquitin-like systems 

could be studied in more detail in analogy to UBA1. Furthermore, it would be interesting to 

investigate UBA6, the second known human E1 enzyme. UBA1 and UBA6 differ in their 

specificity for binding different E2s123.  

Furthermore mechanistic studies should be conducted to elucidate the differences in Ap3A 

and Ap4A synthesis by SAE and UBA1 respectively. The results so far imply, that in SAE the  

β-phosphate of the second ATP molecule attacks the adenylated SUMO. To verify this 

hypothesis phosphate modified ATP should be used. A possibility is to apply α- and γ- P32 

labelled ATP, conduct the assay, separate the reaction products by TLC, followed by 

detection with autoradiography and finally compare the results. If the hypothesis is correct, 

with γ-P32-ATP no Ap3A formation should be detectable for SAE, in contrast to the α-P32-

ATP. For UBA1 Ap4A formation should be detectable in both cases. 

Ultimately however, investigations in vivo should be conducted. Confirmation of in vivo ApnA 

synthesis by aminoacyl-tRNA synthetases was obtained by overexpression of single 

aminoacyl-tRNA synthetases in E. coli and comparison of the ApnA content to wild type 

E. coli cells. The experimental setup to investigate, whether E1 enzymes are synthesizing 

ApnA in vivo would be in analogy. Yet, several points need to be considered. First, the 

specific ApnA cleaving enzymes (as elucidated in 1.2.2) of the cells should be taken into 

account. As it was shown before, organisms survive the global knock-out of one or both of 

these enzymes (NudT2, Fhit)124, 125. To study ApnA synthesis unrestricted from specific 

cleaving enzymes, those should be deleted. A possibility could be the utilization of the 

NudT2 knockout variant of the KBM-7 chronic myeloid leukemia (CML) cell line (KBM-7-

NuKO) in analogy to Mariott et al.125, 126. Those cells are already Fhit deficient125, 127. 

However, those cells are not adherent and therefore more complicated to handle. Another 

possibility is to apply the CRISPR (Clustered Regularly Interspaced Short Palindromic 

Repeats) / Cas9 (CRISPER-associated gene 9) system to create the deletion mutants from 

a cell line of choice. This strategy has the advantage that single as well as double knockout 

cell lines can be investigated. With those cells in hand, an E1 enzyme of choice should be 

stably overexpressed, enabling the investigation of ApnA generation by the respective E1 

enzyme under various conditions especially stress conditions. The overexpression should be 

stable, since transient overexpression techniques could falsify the results, by additionally 

exposing cells to stress. With this strategy, ApnA synthesis by E1 enzymes in cellulo should 

be studied. 
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5 Zusammenfassung und Ausblick 
 

Die vorliegende Arbeit befasst sich mit Diadenosinpolyphosphaten (ApnAs). Diese Moleküle 

kommen sowohl in Prokaryoten als auch Eukaryoten vor8 und wurden erstmals in den 60er 

Jahren des 20. Jahrhunderts entdeckt5. Dennoch ist ihre intrazelluläre Funktion bis heute 

überwiegend unbekannt. Die bisherigen Forschungsergebnisse weisen darauf hin, dass sie 

in der Stressantwort der Zelle eine Rolle spielen, da ihre Konzentration ansteigt, wenn Zellen 

Stress wie beispielsweise einem Hitzeshock ausgesetzt sind9-11. Bisher wurden keine 

Enzyme identifiziert, die darauf spezialisiert sind ApnAs zu synthetisieren12, 13. ApnAs 

entstehen vielmehr als Nebenprodukt anderer enzymatischer Reaktionen7, 13, 20. Die 

Aminosäureaktivierung durch Aminoacyl-tRNA Synthetasen gilt in der Literatur als 

Hauptsynthesequelle der ApnAs in lebenden Zellen7. Jedoch können auch andere Enzyme 

ApnAs synthetisieren13, 20. Vorrausetzung dafür ist, dass während der enzymatischen 

Reaktion ein hochenergetisches Adenylat als Intermediat gebildet wird13, 16. ApnAs können in 

vivo sowohl von unspezifischen als auch von verschiedenen spezifischen Enzyme gespalten 

werden14. Diese spezifischen Enzyme können unterschiedliche ApnAs z.B. 

Diadenosintriphosphat (Ap3A) von Diadenosintetraphosphat (Ap4A) differenzieren14. Die 

Mechanismen dieser Enzyme unterscheiden sich zwischen unterschiedlichen Organismen 

teilweise sehr stark. 

Der erste Teil der vorliegenden Arbeit befasst sich mit der Identifizierung von Inhibitoren für 

Ap4A spaltende Enzyme. Als Modelsystem diente die Ap4A Phosphorylase Rv2613c aus 

Mycobacterium tuberculosis. Rv2613c ist ein hochinteressantes Zielprotein, da in einer 

Mutagenesestudie gezeigt wurde, dass es für das optimale Wachstum und die Proliferation 

von M. tuberculosis essenziell ist22, 60. Außerdem findet man in humanen Zellen kein 

vergleichbares Enzym, was Rv2613c zu einem ausgezeichneten Kandidaten für die 

Entwicklung neuer Medikamente zur Behandlung von Tuberkulose macht22, 60. Zur 

Identifizierung neuer Inhibitoren wurde ein Assay entwickelt, der es ermöglicht in einem 

Hochdurchsatz-Screening geeignete Kandidaten zu finden. Dazu wurde ein modifiziertes 

Ap4A Analogon (1) synthetisiert, welches mit zwei Fluoreszenzfarbstoffen versehen ist und 

eine signifikante Änderung deren Fluoreszenz aufweist, wenn es gespalten wird. Dies 

ermöglicht die direkte Korrelation des Fluoreszenzsignals mit der Enzymaktivität von 

Rv2613c. Mit dieser Methode wurden mehr als 42.000 kleine Moleküle aus sechs 

verschiedenen Substanzbibliotheken auf ihre inhibitorische Wirkung auf Rv2613c 

untersucht. Ein Sulfanylacrylonitrilderivat wurde als Inhibitor mit submikromolarer 

Wirksamkeit identifiziert. Dieses Derivat wies jedoch eine starke Zytotoxizität gegenüber 
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humanen Zellen auf, was eine Anwendung in Wirtszellen limitiert. Zur Untersuchung der 

Strukturaktivitätsbeziehung wurden 19 weitere Sulfanylacrylonitrilderivate synthetisiert. Der 

zuvor entwickelte Fluoreszenz Assay, sowie die Zytotoxizitätsbestimmung wurden dabei 

genutzt, um optimierte Sulfanylacrylonitrilderivate zu entwickeln, die Rv2613c sehr effektiv 

inhibieren und gleichzeitig wenig zytotoxisch gegenüber humanen Zellen sind. Dabei 

konnten zwei Derivate identifiziert werden, die diese Kriterien erfüllen. Diese wurden 

genauer charakterisiert. Ihre inhibitorische Wirkung wurde in Gegenwart natürlichen Ap4A 

verifiziert. Des Weiteren wurden sie in Kooperation mit Prof. Dr. Steffen Stenger am Institut 

für Medizinische Mikrobiologie und Hygiene an der Universitätsklinik in Ulm auf ihre 

antimykobakterielle Wirkung getestet. Beide Sulfanylacrylonitril Derivate wiesen eine 

moderate Aktivität gegen M. tuberculosis auf. Dies weist darauf hin, dass 

Sulfanylacrylonitrilderivate gute Ausgangsverbindungen für eine neue Klasse 

mykobakterieller Wirkstoffe mit einem neuen Wirkmechanismus sein könnten. In Zukunft 

könnten die von uns optimierten Verbindungen auch genutzt werden, um die Rolle von Ap4A 

und Rv2613c detaillierter zu untersuchen. Des Weiteren kann das hier entwickelte Konzept 

in Zukunft genutzt werden, um Inhibitoren für andere Ap4A spaltende Enzyme zu 

identifizieren und zu optimieren.  

Der zweite Teil der vorliegenden Arbeit befasst sich mit der Frage, ob die 

ubiquitinaktivierenden Enzyme und die aktivierenden Enzyme der ubiquitinähnlichen 

Proteine (E1 Enzyme) ebenfalls ApnA synthetisieren können und damit zum Ansteigen der 

ApnA Konzentration in Stresssituationen beitragen könnten. Diese Frage stellt sich vor allem 

deshalb, da der bisher angenommene Hauptsyntheseweg für ApnAs, die 

Aminosäureaktivierung in der Proteinbiosynthese 5, 7, unter Stressbedingungen 

eingeschränkt ist 107-109. Unter Stress inhibieren Zellen global ihre Proteinbiosynthese; unter 

anderem dadurch, dass Aminoacyl-tRNA Synthetasen von Chaperonen gebunden werden. 

Sie werden dadurch geschützt, jedoch gleichzeitig inhibiert110, 111. Die E1 Enzyme des 

Ubiquitin Systems, sowie die E1 Enzyme ubiquitinähnlicher Systeme bilden in der von ihnen 

katalysierten Reaktion ein Adenylat als Intermediat104, 106. Dieses Intermediat ist für die 

Synthese von ApnAs essentiell7, 16. E1 Enzyme sind im Gegensatz zu Aminoacyl-tRNA 

Synthetasen in Stresssituationen sehr aktiv. Modifizierungen mit Ubiquitin und 

ubiquitinähnlichen Proteinen führen zur proteasomalen Proteindegradation und zur Initiation 

weiterer verschiedener zelluläre Prozesse, welche für das Überleben in solchen Situationen 

essentiell sind. 

Um die Fragestellung, ob E1 Enzyme ApnAs synthetisieren können, zu beantworten, wurde 

eine biochemischer Methode basierend auf Flüssigchromatographie und modernster 

hochauflösender Massenspektrometrie (LC-HR-MS) aufgebaut. Mit Hilfe dieser Methode, 
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wurden die unterschiedlichen Nukleotidprodukte der E1 Reaktion genauer untersucht. Um 

die Detektion und Quantifizierung der Dinukleotide mit einem guten Signal-Rausch-

Verhältnis zu gewährleisten wurde die Trennung dieser Moleküle von Mononukleotiden 

zunächst optimiert. Mit diesem optimierten Protokoll konnten anschließend die 

unterschiedlichen Nukleotidprodukte der Aktivierung von Ubiquitin durch das humane 

ubiquitinaktivierende Enzym (UBA1) analysiert werden. In Abhängigkeit der 

Enzymkonzentration und Inkubationszeit konnte mit diesem experimentellen Aufbau Ap4A 

Synthese gezeigt werden. Bei Zugabe von ADP zur Reaktionsmischung konnte auch die 

Synthese von Ap3A nachgewiesen werden. 

In Gegenwart von verschiedenen ubiquitinkonjungierenden Enzymen (E2), der 

nachfolgenden Komponente der Ubiquitintransferkaskade, war die Ap4A Synthese 

vermindert. Die Ap4A Synthese wurde von unterschiedlichen E2 unterschiedlich beeinflusst. 

Im Allgemeinen kann man jedoch sagen, dass die Ap4A Synthese mit steigender E2 

Konzentration vermindert wurde.  

Mit Hilfe des etablierten Versuchskonzeptes wurden auch die ubiquitinähnlichen Systeme 

Nedd8 und SUMO untersucht. Für das Nedd8 aktivierende Enzym (NAE) konnte 

ausschließlich die Synthese von Ap4A gezeigt werden. Die Konzentration des synthetisierten 

Ap4As war dabei etwas niedriger als bei UBA1. Das SUMO aktivierende Enzym (SAE) 

hingegen synthetisierte nur Ap3A. Das ist besonders erwähnenswert, da SUMO und 

Ubiquitin genau wie Ap3A und Ap4A als Antagonisten agieren42, 44, 119. 

Zusammengefasst konnte die Bildung von ApnA bei der Aktivierung von Ubiquitin und 

ubiquitinähnlichen Proteinen beobachtet werden. In Abhängigkeit des E1 Enzymes variierte 

die Menge und Art des gebildeten ApnAs. Diese Ergebnisse erlauben zum ersten Mal eine 

Verknüpfung der ApnA Synthese mit einer direkten Stressantwort der Zelle. Des Weiteren 

deuten die Ergebnisse darauf hin, dass die intrazelluläre ApnA Konzentration von 

verschiedenen enzymatischen Reaktionen reguliert wird. Es erscheint wahrscheinlich, dass 

die basale ApnA Konzentration durch Aminoacyl-tRNA Synthetasen reguliert wird. Der 

Konzentrationsanstieg unter Stressbedingungen hingegen könnte durch die Aktivität von 

verscheidenden E1 Enzymen verursacht werden. 

Um weitere Einblicke in die Synthese von ApnAs durch E1 Enzyme zu erhalten, könnten die 

ubiquitinähnlichen Systeme ebenfalls detaillierter untersucht werden. Außerdem wäre es 

interessant UBA6, das zweite humane ubiquitinaktivierende Enzym zu untersuchen. UBA1 

und UBA6 unterscheiden sich in ihrer Spezifität für die Bindung an verschiedene E2 

Enzyme123. Letztendlich sollten jedoch Experimente in cellulo durchgeführt werden. Für 

Aminoacyl tRNA-Synthetasen wurde die ApnA synthese in vivo dadurch bestätigt, dass eine 
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Aminoacyl tRNA-Synthetase in E. coli überexprimiert wurde. Anschließend wurde der ApnA 

Gehalt mit dem von E. Coli Zellen des Wildtyps verglichen. Das experimentelle Setup, um zu 

untersuchen ob E1 Enzyme ApnA in vivo synthetisieren, könnte analog aufgebaut sein. 

Allerdings sollten dabei einige Dinge berücksichtigt werden, unter anderem die spezifischen 

ApnA spaltenden Enzyme der Zelle. Es wurde zuvor gezeigt, dass Organismen die globale 

Deletion von einem oder beiden dieser Enzyme (NudT2, Fhit)124, 125 überleben können. Um 

die ApnA Synthese ungehindert vom Einfluss der ApnA spaltenden Enzyme untersuchen zu 

können, sollten diese deletiert sein. Eine Möglichkeit wäre die Verwendung der NudT2 

Knockout-Variante der KBM-7 Zelllinie (KBM-7-NuKO) in Analogie zu Marriott et al.125, 126. 

Diese Zellen sind außerdem zusätzlich Fhit defizient125, 127. Eine weitere Möglichkeit wäre die 

Anwendung der CRISPR/Cas9 Technologie, um die Deletionsmutanten von Fhit und NudT2 

aus einer ausgewählten Zelllinie herzustellen. Diese Strategie hätte den Vorteil, dass sowohl 

die Einzel- als auch Doppelmutanten untersucht werden können. Sobald diese Zelllinien 

vorliegen, könnten die verschiedenen E1 Enzyme darin einzeln stabil überexprimiert werden. 

Mit dieser Strategie kann die ApnA Synthese in cellulo untersucht werden. Dabei sollte auch 

der Einfluss von verschiedenen Stressbedingungen untersucht werden, um in Zukunft ein 

besseres Verständnis der Rolle von ApnAs in vivo zu haben. 

Des Weiteren wäre es möglich mit Hilfe von β-γ- unspaltbaren ATP Analoga den Ap3A 

Synthese Mechanismus des SUMO aktivierenden Enyzms besser zu untersuchen.  

Insgesamt konnte in dieser Arbeit gezeigt werden, das ApnA spaltende Enzyme selektiv 

inhibiert werden können. Um solche Inhibitoren zu finden, wurde ein FRET-basierter Assay 

entwickelt, der es in einem Hochdurchsatz-Screening ermöglicht geeignete Kandidaten zu 

finden. Das Assayprinzip kann auf verschiedene ApnA spaltende Enzyme übertragen 

werden. Die identifizierten Inhibitoren können sowohl als Werkzeuge in der biochemischen 

Forschung verwendet werden als auch für medizinische Anwendungen z.B. als 

Ausgangsverbindung für neuartige Antibiotika, interessant sein.  

Zusätzlich konnten E1 Enzyme als neue ApnA Quelle in vitro identifiziert werden. 
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6 Experimental Part 

6.1 Chemical Synthesis 

6.1.1 General Experimental Details 

6.1.1.1 Chemicals 

All chemicals were purchased from commercial suppliers (Sigma Aldrich, Merck, VWR, 

Acros Organics, abcr and TCI Chemicals) unless stated otherwise they were used without 

further purification. NEt3 was pre-dried over KOH, dried over CaH2, distilled under nitrogen 

atmosphere and stored over molecular sieves (4 Å) in a Schlenk flask. Phosphorus 

oxychloride (99%) was freshly distilled under nitrogen atmosphere and stored in a Schlenk 

flask.  

6.1.1.2 Reactions 

Reactions were conducted using standard laboratory techniques. If necessary, reactions 

were conducted under the exclusion of air or moisture. The reported yields refers to the 

analytically pure substance and are not optimized. 

6.1.1.3 Solvents 

All solvents are commercially available and were used without further purification. The 

quality of the solvents used in reactions was at least pro analysi or higher. Dry solvents were 

purchased from Sigma Aldrich and used as received. For reactions in water as well as buffer 

solutions, Milli Q® (MQ) water, prepared by the Merck Millipore BioPak® ultrapure water 

system, was used. 

6.1.2 Buffers for Chemical Experiments 

6.1.2.1 Triethylammonium Acetate Buffer (TEAA)  

1.0 M TEAA was prepared by mixing 1 mol NEt3 with 1 mol acetic acid with 1 L MQ water 

and adjusting the pH to 7.0. The buffer was stored at 4 °C. If needed the buffer was diluted 

with MQ water to 50 mM. 

6.1.2.2 Triethylammonium Bicarbonate Buffer (TEAB)  

1 M TEAB buffer was prepared by passing CO2-gas (~5 kg. evaporated from dry ice) trough 

NEt3 (1.0 M) in MQ water until the pH was 7.5. The buffer was stored at 4 °C. When needed 

the buffer was diluted with MQ water to 0.1 M or 50 mM. 
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6.1.3 Purification Methods 

6.1.3.1 Anion Exchange Chromatography 

For the purification of the 5’-phosphates an ÄKTA Purifier (GE Healthcare Life Sciences) 

with a DEAE Sephadex A-25 column (GE Healthcare Life Sciences) was used. A linear 

gradient of TEAB buffer (pH 7.5) was applied starting at 0.1 M to 1.0 M at 4 °C. An internal 

detector monitored separation at 215 nm, 254 nm and 260 nm with an automated fraction 

collection. Fractions containing desired product were pooled and the buffer was removed 

under reduced pressure, followed by further RP-HPLC purification. 

6.1.3.2 Column Chromatography 

Column chromatography was performed under increased pressure (0.4 bar) using silica gel 

(60 M, 0.04 - 0.063 mm pore size, Machery-Nagel) as the stationary phase. The eluting 

solvents are stated in the experimental procedures. If a mixture of solvents was used it is 

quoted as volume ratios (v / v).  

6.1.3.3 Freeze Drying for Removal of Triethylammonium Salt 

After RP-HPLC purification excess trethylammonium salt was removed by repeatedly freeze 

drying of the compounds Therefore the compound was solved in MQ water and frozen in a 

flask in liquid nitrogen. The frozen sample was then freeze dried under reduced pressure 

using a LYOVAC GT2 (Leybold-Heraeus) device. 

6.1.3.4 Recrystallization 

The crude product is suspended in a single solvent or a mixture of solvents. The solvents 

used are stated in the experimental procedures. The suspension is heated. If the solid is not 

dissolved in heat solvent is added in small portions until the crude product is completely 

dissolved, giving a saturated solution. The solution was then allowed to cool slowly. As the 

temperature decreases crystals were formed. 

6.1.3.5 Reverse Phase High Pressure Liquid Chromatography (RP-HPLC) 

HPLC was performed using the Shimadzu SIL-10 AP system having preparative LC-20VP 

pumps. Fractions were detected by UV light at 260 nm by prominence Diode Array detector 

SPD-M20A and collected automatically. A VarioPrep (VP) 250/16 NUCLEDUR® C18 HTec, 

5 µm (Machery-Nagel) column was used for purification. With a gradient of TEAA (50 mM, 

pH 7.0) or TEAB-buffer (50 mM, pH 7.5) to MeCN. The gradient was adjusted to the 

respective separation problem with a flow rate of 8 mL/min. Fractions containing the desired 

product were collected, buffer was evaporated and the product was repeatedly freeze dried 

to removed remaining buffer (see freeze drying). Compounds were obtained as 

triethylammonium salts. 
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6.1.4 Analytical Methods 

6.1.4.1 Analytical RP-HPLC 

A Shimadzu Prominence system with analytical LC-20AT pumps was used for analytically 

RP-HPLC analysis. Different columns were used, as stated in the experimental procedures. 

In case an EC 250/4 NUCLEODUR® 100‐5 C18 ec (Machery‐Nagel) column was used. A 

variable gradient of TEAB-buffer (50 mM, pH 7.5) to MeCN was used (5 % MeCN for 5 min, 

then gradient 5 - 22% MeCN over 25 min, finally gradient 20 - 100% MeCN over 5 min) with 

a flowrate of 1 mL/min. If a NUCLEODUR® C18 Pyramid (4 mm x 30 mm, 5 µm, Machery-

Nagel) was used. A linear gradient of 50 mM TEAA buffer (pH 7.0) to MeCN was used, with 

a flowrate of 1 mL/min. 

6.1.4.2 Mass Spectrometry (MS) 

Low resolution electro-spray-ionisation mass spectra (LC-ESI-MS) were obtained by 

amaZon SL (ESI-ion trap) from Bruker Daltonics. High resolution electro-spray-ionisation 

mass spectra (HR-ESI-MS) were measured on a Bruker Daltonics microTOF II (ESI-TOF). 

Samples were diluted in MQ or a mixture of MQ and MeCN for compound confirmation. The 

samples were separated over an HPLC column (EC 50/2 NUCLEOSHELL RP C18 2.7 µm, 

Machery-Nagel for amazon SL and Chromolith FastGradient RP-18 50/2, 1.5 µm, Merck for 

microTOF II) with a linear gradient of 0.1 % formic acid in MQ water to 0.1 % formic acid in 

MeCN before being injected into the analyser. All data was processed by the program 

Compass DataAnalysis (Bruker). 

6.1.4.3 Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectra were recorded with a Bruker Avance III 400 (400 MHz) or 600 (600 MHz) at rt. 

All samples were prepared in the deuterated solvents stated. The spectra were processed 

with MestReNova 10.0.2 (MestReLab Research S.L.).1H and 13C chemical shifts are 

reported relative to the residual solvent peak and are given in ppm (δ). In 31P and 19F spectra 

as well as for 13C spectra measured in D2O the 1H spectra was used as an absolute 

reference. In the 1H NMR spectra each resonance was assigned according to the following 

convention: chemical shift (δ), measured in parts per million (ppm), multiplicity, number of 

Protons, coupling constant (J) in Hz, and assignment. Multiplicities are denoted as (s) 

singlet, (d) duplet, (t) triplet, (q) quartet and combinations thereof, (m) multiplet, (br) broad 

signal.  

All 13C NMR, 19F NMR, 31P NMR spectra were recorded with proton-decoupling and assigned 

with chemical shift (δ) in ppm and assignment. 

All spectra were assigned using also the appropriate 2D-NMR spectra in analogy to fully 

assigned building blocks. Counter–ions such as triethylammonium were not assigned during 

NMR characterization. 
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6.1.4.4 Thin Layer Chromatography (TLC) 

Analytical thin layer chromatography was performed on silica gel coated aluminium plates 

(Merck, Type 60-F254, 0.2 mm silica) and on reverse phase coated aluminium plates (Merck, 

Type RP-8 F254, 0.2 mm silica). Samples were visualised by UV exposure at 254 nm and by 

staining with appropriate reagents {, 2004 #561. Retention factors (Rf) indicate the ratio 

between sample height and solvent front. 

6.1.4.5 Staining Solutions 

Anisaldehyde (detection of sugars):10 mL p-anisaldehyde, 2 mL acetic acid, 10 mL 

concentrated H2SO4 and 180 mL EtOH are mixed. The solution can be further diluted with 

EtOH (1:3), and is developed in heated air. 

Iodine (detection of almost everything):  Some iodine crystals were given into an empty 

sealable container. The TLC was developed for approx. 5 min at room temperature. 

Mostain (Seebach) (detection of unsaturated compounds and reductive compounds): 0.2 g 

Ce(SO4)2 and 10 g ammoniumheptamolybdate tetrahydrate ((NH4)6Mo7O24·4*H2O) were 

dissolved in a mixture of 188.5 mL H2O, 11.5 mL concentrated H2SO4. The solution can be 

further diluted with H2O and is developed in heated air. 

Ninhydrine (detection of amines): 1 g ninhydrine is dissolved in 100 mL EtOH. The staining 

was developed in heated air. 

Potassium Permanganate (detection of unsaturated compounds and reductive compounds, 

sugars): 1.5 g potassium permanganate (KMnO4), 10 g K2CO3, were dissolved in a mixture 

of 1.25 mL 10 % NaOH solution and 200 mL H2O. The staining was developed in heated air. 

6.1.4.6 Yield Quantification via NanoDropTM 

The yield of the synthesized 5’-phosphates and diadenosine tetraphosphates was 

determined via their absorbance at 268 nm (for N6-modified-monophosphates) and 264 nm 

(for unsymmetrically N6-modified –Ap4As). To measure the absorbance of the samples, 

which were diluted in a defined amount of MQ water, a NanoDropTM ND-1000 device 

(peQLab Biotechnology GmbH) was used. The concentration in relation to the absorbance 

was calculated via the Lambert-Beer law 

𝐴 =  𝜀 ∙ 𝑐 ∙ 𝑑 

With A is the absorbance, 𝜀  is the extinction coefficient at defined wavelength (nm), c is 

the concentration in mol/L and d is the light path length through the sample in cm (d = 1 cm).  
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6.1.5 Synthesis of the Alkylsulfanylacrylonitriles  

6.1.5.1 General Procedure a: Synthesis of Sulfonylacetonitriles 

The substituted aryl sulfonyl acetonitril was synthesized over two steps starting from the 

substituted aryl thiol. Bromoacetnitrile (1.1 eq) was dissolved in DMF (0.4 M), cooled to 0°C 

treated with substituted benzenethiole (1.0 eq) and K2CO3 (2.0 eq) and allowed to stir for 2 

to 3 h at 0°C. The reaction mixture was taken up in excess of water and extracted with 

diethyl ether (3 x 50 mL). The combined organic layers were washed twice with water 

(2x 50 mL) and twice with brine (2 x 50 mL) before they were dried over MgSO4 and 

concentrated under reduced pressure to give the intermediate aryl sulfide acetonitrile as a 

crude product in approximately 90% yield. The sulfide (1.0 eq) was dried overnight under 

reduced pressure, dissolved in dry DCM (~50 mL for 2 g crude product) and treated with 

mCPBA (2.0 eq) at 0°C. The reaction was stirred for 2 h at 0°C and afterwards at room 

temperature until TLC (1:4 EtOAc:Hexane) showed completion of the reaction. The reaction 

mixture was quenched with excess of saturated Na2SO3 solution and extracted three times 

with DCM (3 x 40 mL). The combined organic phases were washed with brine (1 x 40 mL), 

dried over Na2SO4 and concentrated in vacuo. The residue was recrystallized from EtOH to 

yield the respective sulfonyl acetonitrile as colourless crystals in moderate to high 

yield{Anderson, 2013 #415}. In case of the unsubstituted aryl sulfonylacetonitrile the 

commercial available compound (Sigma- Aldrich) was used. 

6.1.5.2 General Procedure b: Synthesis of Isothiocyanates 

The respective modified aniline (2.0 g, 1.0 eq) was dissolved in dry THF (50 mL). 2.4 eq 

NEt3 were added under inert atmosphere. At 0°C, 1.2 eq thiophosgene were added dropwise 

over 15 min. The ice bath was removed and the reaction mixture was stirred for ~2 h until 

TLC monitoring showed completion of reaction. The solvent was evaporated under reduced 

pressure, the residue was dissolved in ethyl acetate and washed with saturated NaHCO3 

(1 x 40 mL) solution and brine (1 x 40 mL). The organic layer was dried over MgSO4 and 

concentrated in vacuum. The desired isothiocyante was purified by flash column 

chromatography (silica gel, hexane, if not stated differently)75. 

6.1.5.3 General Procedure c: Synthesis of Alkylsulfanylacrylonitrils 

For the coupling, 2.0 eq of potassium carbonate were added under inert atmosphere to a 

solution of respective sulfonylacetonitril (1.0 eq) in dry acetone (20 mL), followed by 1.1 eq 

of isothiocyanate. The resulting mixture was stirred for 2 h at room temperature, potassium 

carbonate was removed by filtration and 3.0 eq alkyl halogenide were added. The reaction 

solution was stirred for ~2 h until TLC showed completion of the reaction. After evaporation 

of the solvent under reduced pressure the residue was dissolved in ethyl acetate and 
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washed with water (2 x 40 mL), 0.1 M HCl (1 x 40 mL) and 1 M NaHCO3 (1 x 40 mL). The 

organic layer was dried over MgSO4 and concentrated in vacuum. After recrystallization from 

EtOH the desired alkylsulfanylacrylonitrils were obtained in moderate to high yields76, 77.  

6.1.5.4 3-(Trifluoromethyl)phenyl isothiocyanate(11a)75  

Following the general reaction procedure b, 3-(trifluromethyl)phenyl isothiocyanate was 

synthesized and obtained in 89 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 7.85 (s, 1H, H-2), 8.06-8.03 (H-2), 7.76-7.66 (m, 3H, H-4, 

H-5, H-6) ppm. 

19F-NMR (CDCl3, 376 MHz): δ= -61.45 ppm. 

6.1.5.5  (4-Chlorobenzenesulphonyl)-acetonitrile (11b)74  

Following the general reaction procedure a (4-chloro-benzenesulphonyl)-acetonitrile was 

obtained in 57 % yield. 

1H-NMR (CDCl3, 400 MHz): δ= 7.89 (d, J=8.49 Hz, 2H, H -2, H-6), 7.54 (d, J=8.49 Hz, 2H, 

H-3, H-5), 4.21 (s, 2H, H-7) ppm. 

13C-NMR (CDCl3, 151 MHz): δ= 142.20 (C-4), 135.15(C-1), 133.28 (C-2, C-6), 130.10 (C-3, 

C-5), 110.53 (C≡N), 45.65 (CH2) ppm.  

6.1.5.6 3-[3-Trifluoromethyl-phenylamino]-2-(4-chlorophenyl-sulfonyl)-3-

methylsulfanylacrylonitrile (11)76, 128  

3-[3-Triflouromethyl-phenylamino]-2-(4-chlorophenyl-sulfonyl)-3-methylsulfanylacrylonitrile 

11 was synthesized according to the general reaction procedure c using 3.0 eq methyl iodide 

as alkylation reagent. After recrystallization, 11 was obtained as pale yellow crystals in 49 % 

yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.39 (bs, 1H, N-H), 7.88-7.84 (m, 2H, H-3, H-5), 7.72-

7.68 (m, 2H, H-2, H-6), 7.62-7.54 (m, 2H, H-4', H-5'), 7.46-7.40 (m, 2H, H-2', H-6'), 2.26 (s, 

3H, S-CH3) ppm.  

13C-NMR (DMSO-d6, 151 MHz): δ= 168.92 (CNH), 140.6 (C-1’), 140.08 (C-1), 138.80 (C-4), 

130.66 (C-5'), 130.29 (q, J2=31.8 Hz, C-3’), 130.08 (q, J2=31.8 Hz, C-3’), 129.87 (q, 

J2=31.8 Hz, C-3’), 129.81 (C-3, C-5), 129.65 (q, J2=31.8 Hz, C-3’), 128.77 (C-2, C-6),  

127.26 (C-2’), 126.53 (q, J1=271.7 Hz, -CF3), 124.72 (q, J1=271.7 Hz, -CF3), 122.92 (C-6’), 

121.12 (q, J1=271.7 Hz, -CF3), 119.88 (C-4’), 115.11 (C≡N), 88.25 (C=C), 16.35 (S-CH3) 

ppm.  



Experimental Part 

63 

19F-NMR (DMSO-d6, 376 MHz): δ= -61.41 ppm.  

HR-ESI-MS: found: 433.0007; calculated: 433.0059 (M+H+, C17H12ClF3N2O2S2
+); deviation: 

5.2 ppm. 

6.1.5.7 Phenyl isothiocyanate (12a)75  

Phenyl isothiocyanate was synthesized starting from aniline following the general reaction 

procedure b in 60 % yield. 

1H-NMR (CDCl3, 400 MHz): δ= 7.37-7.33 (m, 2H, H-3, H-5), 7.30-7.26 (m, 1H, H-4), 7.23-

7.20 (m, 2H, H-2, H-6) ppm. 

13C-NMR (CDCl3, 100 MHz): δ= 135.48 (NCS), 131.34 (C-1), 129.62 (C-3, C-5), 127.37 (C-

4), 125.80 (C-2, C-6) ppm. 

6.1.5.8 3-Phenylamino-2-(phenylsulfonyl)-3-methylsulfanylacrylonitrile (12)77  

Following the general reaction procedure c 12 could be obtained as pale yellow crystals in 

70 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.24 (s(b), 1H, N-H), 7.90-7.87 (m, 2H, H-2, H-6), 7.76-

7.71 (m, 1H, H-4), 7.67-7.62 (m, 2H, H-3, H-5), 7.39-7.35 (m, 2H, H-3', H-5'), 7.24 (t, J=7.47, 

1H, H-4'), 7.17 (d, J=7.74, 2H, H-2', H-6'), 2.12 (s, 3H, S-CH3) ppm. 

13C-NMR (DMSO-d6, 151 MHz):δ= 167.67 (CNH), 141.86 ( C-1’), 138.83 (C-1), 133.61 (C-4), 

129.56 (C-3,C-5), 129.32 (C-3',C-5'), 126.66 (C-2,C-6), 126.31(C-2’, C-6’), 123.57 (C-4'), 

115.56 (C≡N), 87.17 (C=C), 16.12 (S-CH3) ppm. 

HR-ESI-MS: found: 331.0542; calculated: 331.0575 (M+H+, C16H14N2O2S2+); deviation: 

3.3 ppm. 

6.1.5.9 3-Phenylamino-2-(4-chlorophenylsulfonyl)-3-methylsulfanylacrylonitrile (13)77  

Following the general reaction procedure c 13 could be obtained as pale yellow crystals in 

31 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.31 (s(b), 1H, N-H), 7.90-7.86 (m, 2H, H-3, H-5), 7.74-

7.70 (m, 2H, H-2, H-6), 7.40-7.35 (m, 2H, H-3', H-5'), 7.27-7.23 (m, 1H, H-4'), 7.20-7.18 (m, 

2H, H-2', H-6'), 2.15 (s, 3H, S-CH3) ppm. 

13C-NMR (DMSO-d6, 151 MHz): δ= 168.09 (CNH), 140.72 (C-1), 138.79 (C-4), 138.44 (C-1’), 

129.62 (C-3,C-5), 129.25 (C-3’,C-5’), 128.52 (C-2,C-6), 126.32 (C-2’,C-6'), 123.57 (C-4'), 

115.33 (C≡N), 86.47 (C=C), 16.22 (S-CH3) ppm. 
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HR-ESI-MS: found: 365.0165; calculated: 365.0180 (M+H+, C16H14ClN2O2S2+); deviation: 

4.1 ppm. 

6.1.5.10 3-[3-Triflouromethyl-phenylamino]-2-(phenylsulfonyl)-3-

methylsulfanylacrylonitrile (14)77 

Following the general reaction procedure c 14 could be obtained as pale yellow crystals in 

60 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ = 10.36 (s(b), 1H, N-H), 7.86 (d, 2H, H-2, H-6), 7.73-7.70 

(m, 1H, H-4), 7.64-7.53 (m, 4H, H-3, H-5, H-4', H-5'), 7.42-7.38 (m, 2H, H-2', H-6'), 2.21 (s, 

3H, S-CH3) ppm. 

13C-NMR (DMSO-d6, 151 MHz): δ= 167.87 (CNH), 141.52 (C-1’), 139.85 (C-1), 133.66 (C-4), 

130.45 (C-5'),130.15 (q, J2=32.03 Hz, C-3’),129.94 (q, J2=32.03 Hz, C-3’), 129.73 (q, 

J2=32.03 Hz, C-3’),129.63 (q, J2=32.03 Hz, C-3’),129.46 (C-3, C-5), 126.66 (C-2, C-6), 

126.36 (q, J1=272.8 Hz,-CF3), 124.56 (q, J1=272.8 Hz,-CF3), 122.75 (q, J1=272.8 Hz,-CF3), 

122.30 (C-2', C-6’), 120.95 (q, J1=272.8 Hz,-CF3), 119.77 (C-4'), 115.15 (C≡N), 89.04 (C=C), 

16.12 (S-CH3) ppm. 

19F-NMR (DMSO-d6, 376 MHz): δ= -61.40 ppm. 

HR-ESI-MS: found: 399.0404; calculated: 399.0449 (M+H+, C17H13F3N2O2S2
+); deviation: 4.5 

ppm. 

6.1.5.11 2-(Trifluoromethyl)phenyl isothyocyanate (15a)129 

2-(Trifluoromethyl)phenyl isothyocyanate was synthesized starting from 2-triflouromethyl 

aniline following the general reaction procedure b in 34 % yield. 

1H-NMR (CDCl3, 400 MHz):δ= 7.66 (d, J=7.89 Hz, 1H, H-3), 7.57 (t, J=7.65 Hz, 1H, H-6), 

7.41-7.35 (m, 2H, H-4, H-5) ppm. 

6.1.5.12 3-[2-Triflouromethyl-phenylamino]-2-(phenylsulfonyl)-3-

methylsulfanylacrylonitrile (15)77 

Following the general reaction procedure c 15 could be obtained as colourless crystals in 

57 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.09 (s(b), 1H, N-H), 7.91 (d, J=7.17 Hz, 2H, H-2, H-6), 

7.82 (d, J=7.95 Hz, 1H, H-3'), 7.78-7.66 (m, 4H, H-3, H-4, H-5, H-4'), 7.60 (t, J=7.69 Hz, 1H, 

H-5'), 7.48 (d, J=7.95 Hz, 1H, H-6'), 2.29 (s, 3H, S-CH3) ppm. 
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13C-NMR (DMSO-d6, 151 MHz): δ= 168.49 (CNH),141.44 (C-1’),  135.58 (C-1), 133.82 (C-4), 

133.59 (C-5’),129.55 (C-3, C-5, C-3’), 128.82 (C-4’), 126.92 (q,C-2’), 126.89 (q,C-2’), 126.50 

(C-2, C-6), 125.97 (q, J1=271.7 Hz, -CF3), 124.99 (C-6’), 124.16 (q, J1=271.7 Hz, -CF3), 

122.34 (q, J1=271.7 Hz, -CF3), 120.53 (q, J1=271.7 Hz, -CF3), 115.09 (C≡N), 86.81 (C=C), 

16.87 (S-CH3) ppm. 

19F-NMR (DMSO-d6, 376 MHz): δ= -59.50 ppm. 

HR-ESI-MS: found: 399.0410; calculated: 399.0449 (M+H+, C17H13F3N2O2S2
+); deviation: 3.9 

ppm. 

6.1.5.13 4-(Trifluoromethyl)phenyl isothyocyanate (16a)75 

4-(Trifluoromethyl)phenyl isothyocyanate was synthesized starting from 4-triflouromethyl 

aniline following the general reaction procedure b in 67 % yield. 

1H-NMR (CDCl3, 400 MHz): δ= 7.65 (d, J=8.38, 2H), 7.35 (d, J=8.38, 2H) ppm. 

6.1.5.14 3-[2-Triflouromethyl-phenylamino]-2-(phenylsulfonyl)-3-

methylsulfanylacrylonitrile (16)77 

Following the general reaction procedure c 16 could be obtained as colourless crystals in 

50 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.42 (s(b), 1H, N-H), 7.87-7.85 (m, 2H, H-2, H-6), 7.76-

7.69 (m, 3H, H-3, H-4, H-5), 7.66-7.62 (m, 2H, H-3’, H-5’), 7.33 (s, 2H, H-2', H-6'), 2.21 (s, 

3H, S-CH3) ppm.  

13C-NMR (DMSO-d6, 151 MHz): δ= 167.68 (CNH), 142.85 (C-1), 141.43 (C-1’), 133.68 (C-4), 

129.49 (C-3,C-5), 126.67 (C-2,C-6), 126.41 (C-3’, C-5’), 125.62 (q, J2=35.0 Hz, C-4),125.39 

(q, J2=35.0 Hz, C-4), 124.94 (q, J1=270.0 Hz, -CF3), 123.14 (q, J1=270.0 Hz, -CF3), 122.69 

(C-2’, C-6’), 121.34 (q, J1=270.0 Hz, -CF3), 115.26 (C≡N), 89.94 (C=C), 16.17 (S-CH3) ppm. 

19F-NMR (DMSO-d6, 376 MHz): δ= -60.67 ppm. 

HR-ESI-MS: found: 399.0402; calculated: 399.0449 (M+H+, C17H13F3N2O2S2
+); deviation: 4.7 

ppm. 

6.1.5.15 3,5-Bis(trifluoromethyl)phenyl isothyocyanate (17a)75 

3,5-Bis(trifluoromethyl)phenyl isothyocyanate  was synthesized starting from 3,5-

bis(triflouromethyl)aniline following the general reaction procedure b in 46 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 7.76 (s, 1H, H-4), 7.64 (s, 2H, H-2, H-6) ppm. 
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19F-NMR (DMSO-d6, 376 MHz): δ= -63.49 ppm. 

6.1.5.16 3-[3,5-Bis(triflouromethyl)-phenylamino]-2-(phenylsulfonyl)-3-

methylsulfanylacrylonitrile (17)77 

Following the general reaction procedure c 17 could be obtained as colourless crystals in 

36 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.43 (s(b), 1H, N-H), 7.88-7.85 (m, 3H, H-2, H-6, H-4’), 

7.75-7.71 (m, 3H, H-3, H-4, H-5) 7.65-7.61(m, 2H, H-2’, H-6'), 2.32 (s, 3H, S-CH3) ppm. 

13C-NMR (DMSO-d6, 151 MHz): δ= 168.18 (CNH), 141.48 (C-1), 141.20 (C-1’), 133.92 (C-4), 

131.42 (q, J2=33.08 Hz, C-3’), 131.20 (q, J2=33.08 Hz, C-3’), 130.98 (q, J2=33.08 Hz, C-3’), 

130.76 (q, J2=33.08 Hz, C-3’), 129.58 (C-3, C-5), 126. 81. (C-2, C-6), 125.68 (q, J1=271.68 

Hz, -CF3), 123.87 (q, J1=271.68 Hz, -CF3), 123.08 (C-2’, C-6’), 122.06 (q, J1=271.68 Hz, -

CF3), 120.25 (q, J1=271.68 Hz, -CF3), 118.58 (C-4’), 115.05 (C≡N), 90.44 (C=C), 16.15 (S-

CH3) ppm. 

19F-NMR (DMSO-d6, 376 MHz): δ= -61.61 ppm. 

HR-ESI-MS: found:467.0253; calculated: 467.0322 (M+H+, C18H12F6N2O2S2
+); deviation: 6.9 

ppm. 

6.1.5.17 3-[3-Triflouromethyl-phenylamino]-2-(phenylsulfonyl)-3-

ethylsulfanylacrylonitrile (18)77 

Following the general reaction procedure c using 3.0 eq ethyl iodide as alkylating agent 18 

could be obtained as colourless crystals in 72 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.42 (s(b), 1H, N-H), 7.92 (d, 2H, H-2, H-6), 7.77-7.72 

(m, 1H, H-4), 7.67-7.55 (m, 4H, H-3, H-5, H-4', H-5'), 7.49-7.45 (m, 2H, H-2', H-6'), 2.68 (m, 

2H,S-CH2), 0.91 (m, 3H, -CH3) ppm.  

13C-NMR (DMSO-d6, 100 MHz): δ= 164.98 (CNH),  141.77 (C-1’), 139.82 (C-1), 133.81 (C-

4), 130.59 (C-5’), 130.21 (q, J2= 33.47 Hz, C-3’), 1300.00 (q, J2= 33.47 Hz, C-3’), 19.78 (q, 

J2= 33.47 Hz, C-3’), 129.56 (q, J2= 33.47 Hz, C-3’),  129.46 (C-3, C-5), 127.00 (C-2, C-6) 

126.40 (q, J1= 272.1 Hz, -CF3), 124.60 (q, J1= 272.1 Hz, -CF3), 122.79 (q, J1= 272.1 Hz, -

CF3), 122.45 (C-2’), 120.99 (q, J1= 272.1 Hz, -CF3), 120.46 (C-6’), 118.04 (C-4’), 115.52 

(C≡N), 90.44 (C=C), 27.70 (S-CH2), 14.03 (-CH3) ppm. 

19F-NMR (DMSO-d6, 376 MHz): δ= -61.42 ppm. 
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HR-ESI-MS: found: 413.0602; calculated: 413.0600 (M+H+, C18H16F3N2O2S2
+); deviation: 0.5 

ppm. 

6.1.5.18 3-[3-Triflouromethyl-phenylamino]-2-(phenylsulfonyl)-3-

propylsulfanylacrylonitrile (19)77 

Following the general reaction procedure c using 3.0 eq 1-iodopropane as alkylating agent 

19 could be obtained as colourless crystals in 33 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.40 (s(b), 1H, N-H), 7.91-7.89 (m, 2H, H-2, H-6), 7.77-

7.72 (m, 1H, H-4), 7.67-7.58 (m, 4H, H-3, H-5, H-4', H-5'), 7.42-7.38 (m, 2H, H-2', H-6'), 

2.68-2.61 (m, 2H, S-CH2),1.30 (m, 2H, CH2), 0.70 (m, 3H, -CH3) ppm. 

13C-NMR (DMSO-d6, 100 MHz): δ= 169.19 (CNH), 141.20 (C-1’), 139.80 (C-1), 133.81 (C-4), 

130.56 (C-5'), 130.17 (q, J2= 31.52 Hz, C-3'), 129.96 (q, J2= 31.52 Hz, C-3'), 129.75 (q, J2= 

31.52 Hz, C-3'), 129.51 (C-3, C-5), 127.86 (C-2'), 126.90 (C-2, C-6), 126.40 (q, J1= 270.68 

Hz, -CF3), 125.75 ( C-6’), 124.60 (q, J1= 270.68 Hz, -CF3), 122.79 (q, J1= 270.68 Hz, -CF3), 

120.99 (q, J1= 270.68 Hz, -CF3), 118.14 (C-4’), 115.53 (C≡N), 90.34 (C=C), 35.02 (S-CH2), 

22.11 (-CH2), 12.61 (-CH3) ppm. 

19F-NMR (DMSO-d6, 376 MHz): δ= -61.41 ppm. 

HR-ESI-MS: found: 427.0735; calculated: 427.0756 (M+H+, C19H17F3N2O2S2
+); deviation: 4.9 

ppm. 

6.1.5.19 3-[3-Triflouromethyl-phenylamino]-2-(phenylsulfonyl)-3-

isopropylsulfanylacrylonitrile (20)77 

Following the general reaction procedure c using 6.0 eq 2-iodopropane as alkylating agent 

20 could be obtained as colourless crystals in 38 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.50 (s(b), 1H, N-H), 7.94-7.92 (m, 2H, H-3, H-5), 7.77-

7.72 (m, 1H, H-4), 7.68-7.55 (m, 5H, H-2, H-6, H-4', H-5',H-6’), 7.45 (m, 1H, H-2'), 3.09 (m, 

1H, S-CH),0.97 (m, 6H, 2x- CH3) ppm. 

13C-NMR (DMSO-d6, 151 MHz): δ= 166.71(CNH), 142.05 (C-1’), 140.04 (C-1), 133.81 (C-4), 

130.58 (C-5'), 130.13 (q, J2=31.7 Hz, C-3’), 129.92 (q, J2=31.7 Hz, C-3’), 129.71 (q, J2=31.7 

Hz, C-3’), 129.41 (C-3, C-5), 127.28 (C-2, C-6), 126.39 (q, J1=273.0 Hz, -CF3), 124.58 (q, 

J1=273.0 Hz, -CF3), 122.77 (q, J1=273.0 Hz, -CF3), 122.17 (C-2’, C-6’), 120.97 (q, J1=273.0 

Hz, -CF3), 118.30 (C-4’) 115.43 (C≡N), 92.39 (C=C), 54.87 (S-CH), 21.88 (-CH3) ppm. 

19F-NMR (DMSO-d6, 376 MHz): δ= -61.49 ppm. 
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HR-ESI-MS: found: 427.0770; calculated: 427.0756 (M+H+, C19H17F3N2O2S2
+); deviation: 3.3 

ppm. 

6.1.5.20 3-[3-Triflouromethyl-phenylamino]-2-(phenylsulfonyl)-3-

benzylsulfanylacrylonitrile (21)77 

Following the general reaction procedure c using 3.0 eq benzyl bromide as alkylating agent 

21 could be obtained as colourless crystals in 44 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.38 (s(b), 1H, N-H), 7.82-7.75 (m, 3H, H-2, H-6, H-4), 

7.66-7.63 (m, 2H, H-3, H-5), 7.53-7.49 (m, 2H, H-4', H-5'), 7.32-6.56 (m, 7H, H-2', H-6', 5x-

BzH), 4.24-3.97 (m, 2H, S-CH2) ppm. 

13C-NMR (DMSO-d6, 151 MHz): δ= 169.07 (CNH), 142.30 (C-1’), 140.34 (C-1),140.22 (C-

1’’), 136.10 (C-4), 134.20 (C-5’), 130.73 (C-3, C-5), 130.40 (q, J2=32.4 Hz, C-3’), 130.19 (q, 

J2=32.4 Hz, C-3’), 129.97 (q, J2=32.4 Hz, C-3’), 129.33 (C-3’’, C-5’’, 129.76 (q, J2=32.4 Hz, 

C-3’), 129.00 (C-2, C-6), 127.76 (C-4’’), 127.26 (C-2’’, C-6’’), 126.79 (q, J1=273.1 Hz, -CF3), 

124.98 (q, J1=273.1 Hz, -CF3), 123.18 (q, J1=273.1 Hz, -CF3), 122.23 (C-2’), 121.37 (q, 

J1=273.1 Hz, -CF3), 118.58 (C-6’), 116.24 (C-4’), 114.26 (C≡N), 91.22 (C=C) , 37.89 (S-CH2) 

ppm. 

19F-NMR (DMSO-d6, 376 MHz): δ= -61.56 ppm. 

HR-ESI-MS: found: 475.0743; calculated: 475.0756 (M+H+, C23H18F3N2O2S2
+); deviation: 2.7 

ppm. 

6.1.5.21 3-[3-Triflouromethyl-phenylamino]-2-(phenylsulfonyl)-3-

allylsulfanylacrylonitrile (22)77 

Following the general reaction procedure c using 3.0 eq allyl bromide as alkylating agent 22 

could be obtained as colourless crystals in 46 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.45 (s(b), 1H, N-H), 7.91-7.89 (m, 2H, H-2, H-6), 7.78-

7.73 (m, 1H, H-4), 7.68-7.52 (m, 4H, H-3, H-5, H-4', H-5'), 7.52-7.20 (m, 2H, H-2', H-6’), 

5.54-5.22 (m, 1H, CH), 5.02-4.77 (m, 2H, -S-CH2), 3.48 (m, 2H, -CH2) ppm. 

13C-NMR (DMSO-d6, 100 MHz): δ= 165.08 (CNH), 141.54 (C-1’), 139.68 (C-1),  133.80 (C-

4), 131.98 (C-5’), 130.42 (-CH), 130.19 (q, J2=32.0 Hz, C-3'), 129.87 (q, J2=32.0 Hz, C-3'), 

129.55 (q, J2=32.0 Hz, C-3'), 129.42 (C-3, C-5), 129.23 (q, J2=32.0 Hz, C-3'), 127.78 (q, 

J1=273.0 Hz, -CF3), 127.00 (C-2, C-6), 126.26 (C-2’, C-6’), 125.03 (q, J1=273.0 Hz, -CF3), 

122.32 (q, J1=273.0 Hz, -CF3), 122.22 (-CH2), 119.61 (q, J1=273.0 Hz, -CF3), 119.03 (C-4’), 

115.57 (C≡N), 90.86 (C=C), 35.89 (S-CH2) ppm. 



Experimental Part 

69 

19F-NMR (DMSO-d6, 376 MHz): δ= -61.44 ppm. 

HR-ESI-MS: found: 425.0617; calculated: 425.0600 (M+H+, C19H17F3N2O2S2
+); deviation: 4.0 

ppm. 

6.1.5.22 3-(Methyl)phenyl isothyocyanate (23a)75 

3-(Methyl)phenyl isothyocyanate  was synthesized starting from 3-methyl aniline following 

the general reaction procedure b in 85 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 7.25 (t, J=7.75 Hz, 1H, H-2), 7.12-7.04 (m, 3H, H-4, H-5, 

H-6), 2.37 (s, 3H, CH3) ppm. 

6.1.5.23 3-[3-methyl-phenylamino]-2-(phenylsulfonyl)-3-methylsulfanylacrylonitrile 

(23)77 

Following the general reaction procedure c 23 could be obtained as colourless crystals in 

20 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.17 (s(b), 1H, N-H), 7.88-7.84 (m, 2H, H-2, H-6), 7.75-

7.71 (m, 1H, H-4), 7.67-7.62 (m, 2H, H-3, H-5), 7.25 (t, 1H, J= 7,76 Hz, H-5'), 7.05 (d,1H, J= 

7.54 Hz, H-4'), 6.97-6.92 (m, 2H, H-2', H-6'), 2.25 (s, 3H, -CH3), 2.14 (s, 3H, S-CH3) ppm.  

13C-NMR (DMSO-d6, 100 MHz): δ= 167.83 (CNH), 141.93 (C-1’), 138.86 (C-3’), 138.83 (C-

1), 133.63 (C-4), 129.59 (C-3, C-5), 129.18 (C-5'), 127.02 (C-2'), 126.57 (C-2, C-6), 123.84 

(C-4'), 120.66 (C-6'), 115.58 (C≡N), 87.40 (C=C), 20.92 (-CH3), 16.26 (S-CH3) ppm.  

HR-ESI-MS: found: 345.0690; calculated: 345.0731 (M+H+, C17H16N2O2S2
+); deviation: 4.1 

ppm. 

6.1.5.24 3-(Nitro)phenyl isothyocyanate (24a)75 

3-(Nitro)phenyl isothyocyanate  was synthesized starting from 3-nitro aniline following the 

general reaction procedure b in 81 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 8.14-8.11 (m, 1H), 8.06-8.05 (m, 1H), 7.58-7.52 (m, 2H) 

ppm. 

6.1.5.25 3-[3-Nitro-phenylamino]-2-(phenylsulfonyl)-3-methylsulfanylacrylonitrile (24)77 

Following the general reaction procedure c 24 could be obtained as yellow crystals in 57 % 

yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.44 (s(b), 1H, N-H), 8.04-8.02 (m, 1H, H-2'), 7.94-792 

(m, 1H, H-4’), 7.86-7.84 (m, 2H, H-2, H-6), 7.74-7.70 (m, 1H, H-5’), 7.66-7.56 (m, 4H, H-3, 

H-5, H-4', H-6'), 2.26 (s, 3H, S-CH3) ppm.  
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13C-NMR (DMSO-d6, 151 MHz): δ= 168.02 (CNH), 148.06 (C-3’), 141.41 (C-1’), 140.48 (C-

1), 133.81 (C-4), 130.72 (C-5'), 129.60 (C-3, C-5), 129.14 (C-6’), 126.70 (C-2, C-6) 120.28 

(C-4’), 117.46 (C-2’), 115.39 (C≡N), 89.43 (C=C), 16.24 (S-CH3) ppm.  

HR-ESI-MS: found: 376.0392; calculated: 376.0425 (M+H+, C16H13N3O4S2
+); deviation: 3.3 

ppm. 

6.1.5.26 3-(Cyano)phenyl isothyocyanate (25a)75 

3-(Cyano)phenyl isothyocyanate was synthesized starting from 3-aminobenzonitrile following 

the general reaction procedure b in 70 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 7.56-7.54 (m, 1H, H-2), 7.50-7.43 (m, 3H, H-3, H-4, H-5) 

ppm. 

6.1.5.27 3-[3-Cyano-phenylamino]-2-(phenylsulfonyl)-3-methylsulfanylacrylonitrile 

(25)129 

Following the general reaction procedure c 16 could be obtained as fine yellow crystals in 

27 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.10 (s(b), 1H, N-H), 7.84 (d, J=7.57, 2H, H-2, H-6), 

7.69-7.64 (m, 1H, H-4), 7.58-7.55 (m, 3H, H-3, H-5, H-4'), 7.50-7.46 (m, 2H, H-5', H-6'), 

7.42-7.40 (m, 1H, H-2'), 2.13 (s, 3H, S-CH3) ppm. 

13C-NMR (DMSO-d6, 151 MHz): δ= 167.86 (CNH), 141.47 (C-1’), 140.11 (C-1), 133.81 (C-4), 

130.66 (C-5’), 129.62 (C-3, C-5), 129.52 (C-4'), 128.17 (C-2'), 126.70 (C-2, C-6), 126.49 (C-

6’), 117.12 (C≡N2), 115.51 (C≡N), 112.10 (C-3’), 88.95 (C=C), 16.34 (S-CH3) ppm. 

HR-ESI-MS: found: 356.0492; calculated: 356.0527 (M+H+, C17H13N3O2S2
+); deviation: 3.5 

ppm. 

6.1.5.28 3-(Amino)methylbenzoate (26a) 

3-amino benzoic acid (1.0 eq) was dissolved in dry MeOH (10.0 mL per 1.0 g) and cooled to 

0 °C. Thionyl chloride (2.5 eq) was added dropwise. After stirring for 2 h at 0 °C the reaction 

mixture was refluxed for two days until TLC showed completion of the reaction. The reaction 

mixture was concentrated in vacuum. The residue was neutralized with NaHCO3, washed 

with ethyl acetate, and the organic layer was dried over MgSO4, concentrated and purified 

by flash chromatography (1:5 hexane: ethyl acetate) to yield 86 % of the benzoate. 

6.1.5.29 3-Carbomethoxy isothiocanate (26b)75  

17b was synthesized starting from 3-(amino)methylbenzoate (17a) following the general 

reaction procedure b. Instead of THF ethyl acetate was used as solvent. Instead of washing 
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the residue during work up with sodium hydrogen carbonate solution the residue was 

washed with water (2 x 50mL) and brine (2 x 50mL) yielding 94 % of the pure isothiocyanate. 

1H-NMR (DMSO-d6, 400 MHz): δ= 7.94-7.92 (m, 1H), 7.88-7.87 (m, 1H), 7.45-7.37 (m, 2H), 

3.93 (s, 3H) ppm. 

6.1.5.30 3-[3-carbomethoxy-phenylamino]-2-(phenylsulfonyl)-3-

methylsulfanylacrylonitrile (26)77 

Following the general reaction procedure c 26 could be obtained as yellow crystals in 56 % 

yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.31 (s(b), 1H, N-H), 7.87-7.85 (m, 2H, H-2, H-6), 7.79-

7.77 (m, 1H, H-2'), 7.75-7.71 (m, 1H, H-4), 7.67-7.61 (m, 3H, H-3, H-5, H-5'), 7.51 (t, J=7.9, 

1H, H-4'), 7.43-7.41 (m, 1H, H-6'), 7.36 (s, 3H, Ph-COOMe), 2.20 (s, 3H, S-CH3) ppm. 

13C-NMR (DMSO-d6, 151 MHz): δ= 167.82 (CNH), 165.45 (-CO), 141.61 (C-1’), 139.51 (C-

1), 133.59 (C-4), 130.54 (C-3'), 129.81 (C-5'), 129.50 (C-3, C-5), 127.82 (C-6'), 126.62 (C-2, 

C-6), 126.49 (C-4'), 123.67 (C-2'), 115.44 (C≡N), 88.26 (C=C), 52.40 (COOCH3), 16.14 (S-

CH3) ppm. 

HR-ESI-MS: found: 389.0593; calculated: 389.0629 (M+H+, C18H16N2O4S2
+); deviation: 3.6 

ppm. 

6.1.5.31 3-(Ethyl)phenyl isothyocyanate (27a)75 

3-(Ethyl)phenyl isothyocyanate was synthesized starting from 3-ethyl aniline following the 

general reaction procedure b in 65 % yield. 

1H-NMR (CDCl3, 400 MHz): δ= 7.25 (t, J=7.77 Hz, 1H, H-5), 7.12-7.10(m,1H, H-4), 7.09-7.06 

(m, 1H, H-3), 7.05-7.02 (m, 1H, H-6), 2.64 (q, J=7.62 Hz, 2H,-CH2), 1.23 (t, J=7.77 Hz, 3H, -

CH3) ppm. 

13C-NMR (CDCl3, 151 MHz): δ= 146.03 (C-3), 134.70 (NCS), 131.04 (C-1), 129.38 (C-5), 

127.08 (C-4), 125.20 (C-2), 122.94 (C-1), 28.54 (CH2), 15.28 (CH3) ppm. 

HR-ESI-MS: found: 345.0690; calculated: 345.0731 (M+H+, C17H16N2O2S2
+); deviation: 4.1 

ppm. 

6.1.5.32 3-[3-Ethyl-phenylamino]-2-(phenylsulfonyl)-3-methylsulfanylacrylonitrile (27)77 

Following the general reaction procedure c 27 could be obtained as colourless crystals in 

70 % yield. 
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1H-NMR (DMSO-d6, 400 MHz): δ= 10.18 (s(b), 1H, N-H), 7.75-7.71 (m, 2H, H-2, H-6), 7.75-

7.71 (m, 1H, H-4), 7.66-7.62 (m, 2H, H-3, H-5), 7.27 (t, 1H, J= 7.45 Hz, H-5'), 7.08 (d, 1H, J= 

7.45 Hz, H-4'), 6.99-6-95 (m, 2H, H-2', H-6’), 2.55 (q, 2H, J= 7.71 Hz, -CH2), 2.14 (s, 3H, S-

CH3), 1.13 (t, 3H, J= 7.71 Hz, -CH3) ppm.  

13C-NMR (DMSO-d6, 151 MHz): δ= 167.65 (CNH), 145.01 (C-3'), 141.88 (C-1'), 138.74 (C-

1),133.50 (C-4), 129.47 (C-3, C-5), 129.13 (C-5'), 126.50 (C-2, C-6), 125.74 (C-4'), 122.68 

(C-2'), 120.81 (C-6’), 115.42 (C≡N), 87.03 (C=C), 27.88 (-CH2), 16.15 (S-CH3), 15.29 (-CH3) 

ppm.  

HR-ESI-MS: found: 359.0876; calculated: 359.0882 (M+H+, C18H19N2O2S2
+); deviation: 1.6 

ppm. 

6.1.5.33 3-Allylnitrobenzene (28a)130 

3-Nitroaniline (1.0 g, 1.0 eq) was added portionwise over 20 min to a solution of tert-

butylnitrile (2.0 eq) and allyl bromide (15.0 eq) in acetonitrile (60.0 mL), during that time the 

temperature was kept between 34-36 °C. The reaction mixture was stirred for 1-2 h at 35 °C. 

The reaction was concentrated under reduced pressure. 28a was purified by flash 

chromatography (hexane to hexane with 6 % ethyl acetate) in 37 % yield. 

1H-NMR (CDCl3, 400 MHz): δ= 8.05-8.02 (m, 2H, H-2, H-6), 7.53-7.50 (m, 1H, H-4), 7.46-

7.41 (m, 1H, H-5), 5.99-5.69 (m, 1H, H-8), 5.16-5.09 (m, 2H, H-9), 3.49-3.46 (d, 2H, J= 6.57 

Hz, H-7) ppm.  

HR-ESI-MS: found: 164.0712; calculated: 164.0706 (M+H+, C9H10NO2
+); deviation: 3.6 ppm. 

6.1.5.34 3-n-Propylaniline (28b)131 

To a solution of 28a (0.5 g) in ethyl acetate (20.0 mL) 10 % Pd / C were added. The reaction 

mixture was shaken under H2-pressure (50 psi). After 5 h TLC monitoring showed the 

completion of reaction. The Pd / C was filtered off over cellite. The cellite was washed with 

ethyl acetate until the flow through was colourless. The combined organic layers were 

concentrated and 3-n-proplaniline was purified by flash column chromatography (hexane: 

ethyl acetate 10:1) in 20 % yield. 

1H-NMR (CDCl3, 400 MHz): δ= 7.13-7.09 (m, 1H, H-5), 6.65 (d, 1H, J= 7.50 Hz, H-2), 6.57-

6.54 (m, 2H, H-4, H-6), 3.68 (s(b), 2H,NH), 2.54 (t, 2H, J= 7.50 Hz, CH2), 1.64 (sx, 2H, J= 

7.50 Hz, CH2-CH2), 0.99 (t, 3H, J= 7.3 Hz, CH3) ppm.  

13C-NMR (CDCl3, 100 MHz): δ= 146.15 (C-1), 144.08 (C-3), 129.19 (C-5), 119.17 (C-4), 

115.57 (C-2), 112.78 (C-6), 38.18 (-CH2), 24.51 (CH2-CH2), 14.00 (CH3) ppm.  
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HR-ESI-MS: found: 136.1119; calculated: 136.1121 (M+H+, C9H14N
+); deviation: 1.5 ppm. 

6.1.5.35 3-n-Propyl isothiocanate (28c)75  

3-n-Propyl isothiocanate was synthesized starting from 3-n-propylaniline (19b) following the 

general reaction procedure b in 57 % yield. 

1H-NMR (CDCl3, 400 MHz): δ= 7.26-7.22 (m, 1H, H-5), 7.10-7.08 (m, 1H, H-4), 7.05-7.02 (m, 

2H, H-2, H-6), 2.57 (t, J=7.20 Hz, 2H, -CH2), 1.63 (sx, J=7.46 Hz, 2H, CH2-CH2), 0.94 (t, 

J=7.40 Hz, 3H, -CH3) ppm. 

13C-NMR (CDCl3, 100 MHz): δ= 144.66 (C-3), 135.04 (NCS), 131.16 (C-1), 129.40 (C-5), 

127.76 (C-4), 125.86 (C-2), 123.07 (C-1), 37.72 (CH2), 24.36 (CH2-CH2), 13.80 (-CH3) ppm.  

HR-ESI-MS: found: 178.0665; calculated: 178.0685 (M+H+, C10H16NS+); deviation: 1.3 ppm. 

6.1.5.36 3-[3-n-Propyl-phenylamino]-2-(phenylsulfonyl)-3-methylsulfanylacrylonitrile 

(28)77 

Following the general reaction procedure c 28 could be obtained. For purification the crude 

material was purified by flash column chromatography (hexane: ethyl acetate 3:1) to give 28 

as light yellow oil in 72 % yield.  

1H-NMR (CDCl3, 400 MHz): δ= 9.87 (s(b), 1H, NH), 7.94-7.91 (m, 2H, H-2, H-6), 7.66-7.62 

(m, 1H, H-4), 7.55-7.52 (m, 2H, H-3, H-5), 7.29 (t, 1H, J= 7.70 Hz, H-5'), 7.11 (d, 1H, J= 7.92 

Hz, H-4'), 7.04-7.00 (m, 2H, H-2', H-6'), 2.58 (t, J= 7.58 Hz, 2H, -CH2), 2.08 (s, 3H, S-CH3), 

1.63 (dt, J= 14.94 Hz, J= 7.43 Hz, 2H, -CH2-CH2) 0.92 (t, J= 7.31 Hz, 3H, -CH3) ppm.  

13C-NMR (CDCl3, 151 MHz): δ= 167.68 (CNH), 143.39 (C-3’), 141.98 (C-1'), 138.86 (C-1), 

133.55 (C-4), 129.52 (C-3, C-5), 129.12 (C-5'), 126.55 (C-2, C-6), 126.34 (C-4'), 123.24 (C-

2’), 120.90 (C-6'), 115.55 (C≡N ), 86.89 (C=C), 36.87 (-CH2), 23.87 (-CH2-CH2), 16.12 (-S-

CH3), 13.47 (-CH3) ppm.  

HR-ESI-MS: found: 373.1036; calculated: 373.1039 (M+H+, C19H21N2O2S2
+); deviation: 0.8 

ppm. 

6.1.5.37 3-(iso-Propyl)phenyl isothyocyanate (29a)75 

3-(iso-Propyl)phenyl isothyocyanate was synthesized starting from 3-isopropyl aniline 

following the general reaction procedure b in 72 % yield. 

1H-NMR (CDCl3, 400 MHz): δ= 7.31-7.28 (m, 1H, H-5), 7.19-7.17 (m, 1H, H-4), 7.13-7.11 (m, 

1H, H-2), 7.09-7.07(m, 1H, H-6), 2.92 (sept, J=7.00 Hz, 1H,-CH), 1.28 (d, J=7.00 Hz, 6H, -

CH3) ppm. 
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13C-NMR (CDCl3, 100 MHz): δ= 150.88 (C-3), 134.66 (NCS), 131.15 (C-1), 129.56 (C-5), 

125.86 (C-4), 123.97 (C-2), 123.18 (C-6), 34.05 (-CH), 23.88 (-CH3) ppm.  

HR-ESI-MS: found: 178.0681; calculated: 178.0685 (M+H+, C10H16NS+); deviation: 2.3 ppm. 

6.1.5.38 3-[3-iso-Propyl-phenylamino]-2-(phenylsulfonyl)-3-methylsulfanylacrylonitrile 

(29)77 

Following the general reaction procedure c 29 could be obtained as colourless crystals in 

50 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.18 (s(b), 1H, NH), 7.90-7.87 (m, 2H, H-2, H-6), 7.76-

7.71 (m, 1H, H-4), 7.66-7.63 (m, 2H, H-3, H-5), 7.28 (t, 1H, J= 7.95 Hz, H-5'), 7.11 (d, 1H, J= 

7.95 Hz, H-4'), 7.00-6.97 (m, 2H, H-2', H-6'), 2.84 (sept, , J= 7.00 Hz, 2H, -CH), 2.13 (s, 3H, 

S-CH3), 1.15 (d, J= 7.00 Hz, 6H, -CH3) ppm.  

13C-NMR (DMSO-d6, 151 MHz): δ= 167.65 (CNH), 149.64 (C-3'), 141.92 (C-1'), 138.73 (C-

1), 133.57 (C-4), 129.52 (C-3, C-5), 129.18 (C-5'), 126.56 (C-2, C-6), 124.37 (C-4'), 121.19 

(C-2’, C-6’), 155.44 (C≡N), 86.98 (C=C), 33.19 (-CH), 23.63 (-CH3), 16.12 (S-CH3) ppm.  

HR-ESI-MS: found: 373.1031; calculated: 373.1039 (M+H+, C19H21N2O2S2+); deviation: 

2.1 ppm. 

6.1.5.39 3-(Methoxy)phenyl isothyocyanate (30a)75 

3-(Methoxy)phenyl isothyocyanate was synthesized starting from 3-methoxy aniline following 

the general reaction procedure as described before in 73 % yield. 

1H-NMR (CDCl3, 400 MHz): δ= 7.22 (t, J=8.00 Hz. 1H, H-5), 6.83-6.79 (m, 2H, H-2, H-4), 

6.71 (t, J=2.20 Hz, 1H, H-6), 3.78 (s, 3H, -CH3) ppm. 

13C-NMR (CDCl3, 100 MHz): δ= 160.27 (C-3), 135.41 (NCS), 132.06 (C-1), 130.20 (C-5), 

118.11 (C-4), 113.60 (C-2), 111.09 (C-6), 55.44 (-CH3) ppm  

HR-ESI-MS: found: 166.0319; calculated: 166.0321 (M+H+, C8H8NOS+); deviation: 1.2 ppm. 

6.1.5.40 3-[3-Methoxy-phenylamino]-2-(phenylsulfonyl)-3-methylsulfanylacrylonitrile 

(30)77 

Following the general reaction procedure c 30 could be obtained as colourless crystals in 

19 % yield.  

1H-NMR (DMSO-d6, 400 MHz): δ= 10.19 (s(b), 1H, NH), 7.89-7.85 (m, 2H, H-2, H-6), 7.75-

7.71 (m, 1H, H-4), 7.67-7.62 (m, 2H, H-3, H-5), 7.27 (t, 1H, J= 8.00 Hz, H-5'), 6.81 (dd, 1H, 
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J= 8.00 Hz, J= 1.90 Hz, H-4'), 6.75-6.672 (m, 2H, H-2', H-6'), 3.70 (s, 3H, -O-CH3), 2.16 (s, 

3H, -S-CH3) ppm.  

13C-NMR (DMSO-d6, 151 MHz): δ= 161.57 (CNH), 159.76 (C-3'), 141.80 (C-1’), 139.96 (C-

1), 133.61 (C-4),  130.13 (C-5’), 129.54 (C-3, C-5), 126.60 (C-2,C-6), 115.41 (C≡N), 111.80 

(C-4’, C-6’), 108.93 (C-2’), 87.46 (C=C), 55.28 (-O-CH3), 16.18 (-S-CH3) ppm.  

HR-ESI-MS: found: 373.1033; calculated: 373.1039 (M+H+, C19H21N2O2S2
+); deviation: 1.6 

ppm. 

6.1.5.41 3,5-Bis(methyl)phenyl isothyocyanate (31a)75 

3,5-Bis(methyl)phenyl isothyocyanate was synthesized starting from 3,5-dimethyl aniline 

following the general reaction procedure b in 94 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 6.93 (s, 1H, H-4), 6.88(s, 2H, H-2, H6), 2.32 (s, 6H, -CH3) 

ppm. 

6.1.5.42 3-[3,5-Bis(methyl)-phenylamino]-2-(phenylsulfonyl)-3-

methylsulfanylacrylonitrile (31)77 

Following the general reaction procedure c 31 could be obtained as colourless crystals in 

20 % yield. 

1H-NMR (DMSO-d6, 400 MHz): δ= 10.09 (s(b), 1H, N-H), 7.86-7.84 (m, 2H, H-2, H-6), 7.76-

7.71 (m, 1H, H-4), 7.67-7.62 (m, 2H, H-3, H-5), 6.86 (s, 1H, H-4'), 6.72 (s, 2H, H-2', H-6'), 

2.21 (s, 6H, -CH3), 2.17 (s, 3H, S-CH3) ppm.  

13C-NMR (DMSO-d6, 151 MHz): δ= 168.20 (CNH), 142.34 (C-1’), 139.20 (C-1), 138.96 (C-3', 

C-5'), 133.98 (C-4), 129.97 (C-3, C-5), 128.14 (C-4'), 126.94 (C-2, C-6), 121.32 (C-2', C-6'), 

116.62 (C≡N), 87.21 (C=C), 21.26 (2x-CH3), 16.67 (S-CH3) ppm.  

HR-ESI-MS: found: 359.0852; calculated: 359.0888 (M+H+, C18H18N2O2S2
+); deviation: 3.6 

ppm. 

6.1.6 Docking Studies 

The crystal structure of Rv2613c was downloaded from RCSB Protein Data Bank (PDB ID: 

3ANO). The PDB file of Ap4A was downloaded and converted to a mol2 file in Chimera132. 

Both isomers of 14 were drawn in ChemDraw (CambridgeSoft/ Perkin Elmer) to obtain a 

SMILES string and saved as a mol2 file in Avogadro133 Then the SwissDock web service66, 

67, which is based on EADock DSS, was applied to run docking calculations using the default 

settings. Therefore the PDB file (3ANO) of Rv2613c was uploaded as target and one of the 

respective mol2 files was uploaded as the ligand. The generated csv file was downloaded 
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and analysed in Chimera. The different binding clusters were visualized and the percentage 

of Ap4A or inhibitor binding in the active site was obtained by counting how many of the 

clusters show binding within or outside the pocket near the active site. All docking studies 

were performed twice and the mean of both was used.75 % of Ap4A is binding near the 

active site; 65 % of the Z-Isomer of 14 is binding near the active site and 73 % of the E-

Isomer of 14 is binding near the active site. Figures showing either the best docking solution 

(Element 0 of cluster 0) or all docking solutions (Figure 8, Figure 23) were created in 

Chimera. 

 

6.1.7 NMR Stability Study Over Time 

10 mg of 14 were dissolved in a mixture of d6-DMSO and 30 %1 x PBS (pH 7.4). 1H and 

spectra were recorded for 8 days each 48 h on a Bruker Avance III 400 MHz spectrometer. 

In the meantime the sample was stored at room temperature (Figure 22). 
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6.2 Biochemical Experiments  

6.2.1 Materials 

6.2.1.1 Reagents  

All standard chemicals used in this work were purchased from commercial suppliers (Sigma 

Aldrich, Merck, VWR, Acros Organics, abcr and TCI Chemicals). The quality of the reagents 

used pro analysi or molecular biology grade if not stated otherwise. For all aqueous 

solutions, Milli Q® (MQ) water, prepared by the Merck Millipore BioPak® ultrapure water 

system, was used. 

Reagent  Supplier 

2-mercaptoethanol Merck 

Acrylamide 30 % (v / v)/ Bis-acrylamide 0.85 (v/v) Carl Roth 

Adenosine triphosphate (Mg-salt) Sigma Aldrich 

Agarose LE Biozym 

Ammonium acetate (NH4OAc) Riedel deHaen 

Ammonium peroxodisulfate (APS) Carl Roth 

Ap3A 10 mM solution (sodium salt) Jena Bioscience 

Ap4A 10 mM solution (sodium salt) Jena Bioscience 

Aprotinin / Leupeptin  Sigma Aldrich 

Bovine Serum Albumin (BSA) Carl Roth 

Bromophenol Blue Carl Roth 

Carbenicilin (disodium salt) Carl Roth 

Chloramphenicol Carl Roth 

Comassie Briliant Blue R250 Carl Roth 

Comassie Roti-Blue (5x)  Carl Roth 

Dithiotheriol (DTT) Carl Roth 

DNA Ladder (1kb)  New England Biolabs 

dNTPs Jena Bioscience 

Dulbecco'S Modified Eagle Medium (DEMEM) Gibco 

Ethanol  VWR 

Ethidium bromide Sigma Aldrich 

Fetal Calf Serum (FCS) Biochrom AG 

Glutathione Sepharose High performance (GST-) beads  GE Healthcare 

Glycerol  VWR 

Glycine Carl Roth 

HEPES Carl Roth 
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Imidazole Merck 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) Sigma Aldrich 

Kannamycin Carl Roth 

LB broth  Carl Roth 

N,N,N',N'- Tetramethylenethylendiamine(TEMED) Carl Roth 

PageRuler Unstained Protein Ladder  Thermo Fischer 

Pefabloc® SC  Boehringer Ingelheim 

Penecilin / Streptomycin (PenStrep) Gibco 

Sodium dodecyl sulfate (SDS) Carl Roth 

Page Ruler Prestained Protein Ladder Thermo Fischer Scientificr 

Tris(hydroxymethyl)aminomethane (Trizma, Tris) Sigma aldrich 

Triton X-100 Carl Roth 

Trypsin-EDTA (0.05%) Gibco 

Tween 20 Carl Roth 

 

6.2.1.2 Kits 

Kit Supplier 

CloneJET PCR Cloning Kit Thermo Fischer Scientific 

NEBuilder HiFi DNA Assembly Master Mix New England Biolabbs 

NucleoSpin ® Gel and PCR Clean-up Machery-Nagel 

Pierce BCA Protein Assay Kit Thermo Fischer Scientific 

QIAprep Spin Miniprep Kit Qiagen 

 

6.2.1.3 Laboratory Equipment 

Device Supplier 

1420 multilable counter Victor3TM PerkinElmer 

4 channel liquid handling arm (LiHa) TECAN 

agarose gel documentation, Chemidoc XRS Biorad 

Agarose gel power supply PowerPac Basic Biorad 

Biofuge primoR Heraeus 

Centrifuge 5810  Eppendorf 

Centrifuge LYNX4000 Thermo Fischer Scientific 

FPLC System, ÄKTA Pure  GE Healthcare 

Freedom evo screening unit  TECAN 

Incubation shaker liquid cell culture Innova44 New Brunswick Scientific 
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Incubator (human cell culture) 

Infinite F500 plate reader TECAN TECAN 

Lyophilizer (Biological samples) VaCo-2-II-E Zirbus technology 

Multichannel arm 384 adapter for disposable tips 

(DiTis) TECAN 

Multidrop 384 reagent dispenser  Thermo Fischer Scientific 

Multifuge 4KR Heraeus 

NanoDropTM ND-1000 peQLab Biotechnology 

pH meter, Sven Easy Mettler Toedo 

Pipetus Hirschmann 

Pipets, Research Plus Eppendorf 

Plate incubator Heratherm Incubator Thermo Fisher Scientific 

SDS PAGE documentation,  GE Healthcare 

SDS-PAGE power supply, PowerPac 3000 Biorad 

SDS-PAGE racks Biorad 

Sonoplus HD 2200 microtips MS72 (Bandelin 

MS72_sonotrode ) Bandelin 

Sterile bench (bacterial) Hera Safe 

Sterile bench (human cell culture) 

Table top centrifuge 5804R Eppendorf 

Thermocycler Biometra 

Thermomixer comfort Eppendorf 

UV-Vis Spectrometer FluoTime 300 PicoQuant 

 

6.2.1.4 Disposables 

Disposable Supplier 

384 well microplate,dark, coated, non-binding Greiner Bio-one 

96 well plates , transparent, flat bottom Greiner Bio-One 

Amicon Ultra Centrifugal Filter  Merck Millipore 

Cryo vials Nalgene 

Desalting Columns PD-10 GE Healthcare 

Falcon Tubes (50 mL, 15 mL) Sarstedt 

Glutathione sepharose high performance(GST-) beads  GE Healthcare 

His Trap FF crude (1 mL, 5 mL) GE Healthcare 

HiTrap Q (1 mL, 5 mL) GE Healthcare 

HiTrap SP HP (1 mL, 5 mL) GE Healthcare 
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Parafilm Brand 

Petri dishes (10 cm, agarose plates) Roth 

Petri dishes human cell culture 

Pipett tipps STARLAB 

Reaction tubes (0.2, 1.5, 2.0 mL) Sarstedt 

SnakeSkin Dialysis Tubing ThermoFischer 

Sterile filters, Whatmann RC55(regenerated cellulose) 

0.45 µM GE Healthcare 

Syringes Braun 

Vivaspin centrifugal concentrators Satorius 

ZipTipC4 pipett tips, 10 µL, 0.6 µL bed volume Merck millipore 

 

6.2.1.5 Software 

Software Supplier 

Avogadro http://avogadro.openmolecules.net. 

ChemDraw Proffessional 15.0 CambridgeSoft / Perkin Elmer 

Chimera 

Resource for Biocomputing , 

Vizualiation and Informatics (RBVI) 

Clone Manager SciEd9 Sci-Ed 

Compass Data Analysis4.2 Bruker 

ExPASy ProtParam Swiss Institute of Bioinformatics 

Graph Pad Prism 5 Graphpad 

Inkskape Inkscape.org 

KNIME Analytics platform  KNIME.com AG 

Mestre Nova 10 Mestre Lab research 

Origin2015 OriginLab 

QuantityOne Basic BioRad 

SwissDoc Web services Swiss Institute of Bioinformatics 

 

 

6.2.1.6 Service providers 

Service Supplier 

DNA sequencing GATC  

Oligonucleotides Biomers or IDT 
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6.2.1.7 Oligonucleotides 

Name Sequence 5’  3’ 

T7 Promotor  TAATACGACTCACTATAGGG 

T7 Terminator GCTAGTTATTGCTCAGCGG 

Rv2613c gene TTAGCCATATGAGCGATGAAGACCGCACGGATCGCGCAACCGA

AGATCATACGATTTTCGACCGTGGAGTTGGTCAACGTGATCAAT

TACAGCGTCTTTGGACGCCGTATCGTATGAATTACCTTGCCGAA

GCCCCCGTGAAACGTGATCCGAACAGTTCGGCGAGCCCTGCGC

AACCGTTCACGGAAATTCCGCAGCTGAGCGATGAGGAAGGTCT

CGTTGTGGCTCGTGGCAAACTGGTATACGCAGTGCTGAACCTGT

ACCCGTATAATCCTGGTCACTTAATGGTCGTGCCTTATCGCCGC

GTGTCCGAACTGGAAGACCTGACCGATCTGGAATCGGCTGAAC

TGATGGCCTTTACGCAGAAAGCTATCCGTGTTATTAAAAATGTCA

GTCGCCCGCACGGTTTCAATGTCGGTTTGAACTTGGGAACCAG

CGCGGGCGGGTCGTTGGCGGAACATCTGCACGTTCACGTGGTG

CCACGCTGGGGTGGCGACGCCAATTTTATCACTATTATTGGCGG

TAGTAAAGTGATTCCCCAATTACTGCGCGATACTCGCCGCCTGT

TAGCTACTGAGTGGGCACGTCAACCGTAAGGATCCTAAGCT 

UBA1 C632S 

geneblock 

TCAGGCACACTGGGCACCAAAGGCAATGTGCAGGTGGTGATCC

CCTTCCTGACAGAGTCGTACAGTTCCAGCCAGGACCCACCTGA

GAAGTCCATCCCCATCTGTACCCTGAAGAACTTCCCTAATGCCA

TCGAGCACACCCTGCAGTGGGCTCGGGATGAATTTGAAGGCCT

CTTCAAGCAGCCAGCAGAAAATG 

UBA1 C632S fwd TCAACCAGTACCTCACAGACCC 

UBA1 C632S rev TGCACATTGCCTTTGGTGCCCA 

UbcH9 gene GAGATATACATATGTCGGGGATCGCCCTCAGCCGCCTTGCGCA

GGAAAGGAAAGCCTGGAGGAAGGACCACCCTTTTGGCTTTGTA

GCTGTCCCAACAAAGAACCCTGATGGCACAATGAACCTGATGAA

CTGGGAGTGCGCTATCCCTGGAAAGAAGGGGACTCCATGGGAA

GGAGGCTTGTTCAAGCTACGG 

UbcH9 fwd GAGATATACATATGTCGGGGATCG 

UbcH9 rev GCAAGCTTTGAGGGGGCAAACTTCTTCG 
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6.2.1.8 Plasmids 

Plasmid Resistance Source 

pET15b ampicilin Novagen 

pET21a ampicilin Novagen 

pET32a ampicilin Novagen 

pGEX2TK ampicilin GE Healhcare 

pJET ampicilin Thermo Fischer Scientific 

 

6.2.1.9 Enzymes 

Enzyme Supplier 

BamHI HF New England Biolabs 

DpnI New England Biolabs 

HindIII New England Biolabs 

NdeI New England Biolabs 

NEDD8 Boston Biochem 

NEDD8 Activating Enzyme (APPBP1/UBA3) Boston Biochem 

PfuTurbo DNA Polymerase Agilent 

Phusion HF DNA Polymerase New England Biolabs 

Snake Venom Phosphodiesterase I (SVPD) Worthington 

SUMO 1 Boston Biochem 

SUMO Activating Enzyme (SAE1/UBA2) Boston Biochem 

T4 DNA Ligase New England Biolabs 

Thrombin from bovine plasma Sigma Aldrich 

Ubiquitin wt ( from bovine erythrocytes) Sigma Aldrich 

 

6.2.2 Buffers, Solutions, Standards 

6.2.2.1 Agarose Gel Electrophoresis 

Agarose Gel Electrophoresis Supplier / Components 

1 x TEA 
40 mM Tris-HCl (pH 7.6), 20 mM acetic acid, 1 mM 

EDTA 

Agarose solution 0.8 % (w / v) agarose in 1 x TAE buffer 

DNA Ladder (1kb)  New England Biolabs 

DNA loading dye, 6x  New England Biolabs 

Ethidium bromide Sigma Aldrich 
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6.2.2.2 SDS PAGE 

SDS-PAGE Supplier / Components 

6 x Lammli sample buffer 

225 mM Tris-HCl (pH 6.8), 50 % (v / v) glycerol, 5 % 

(w / v) SDS, 12.5 % (v / v) β-mercaptoethanol, 0.05 % 

(w / v) bromphenol blue 

Comassie destain solution 40 % (v / v) methanol, 10 % (v / v) acetic acid 

Coomassie Blue satining solution 
2 g/L Comassie Brilliant Blue R250 in Cooomassie 

destain solution 

Coomassie Roti-Blue destaining 

solution 
75 % (v / v) methanol 

Coomassie Roti-Blue staining 

solution 
20 % (v / v) Coomassie Roti-Blue, 20 % (v / v) methanol 

Laemmli resolving gel buffer 375 mM Tris-HCl (pH 8.8), 0.1 % (w / v) SDS 

Laemmli running buffer 
25 mM Tris-HCl (pH 8.4), 200 mM glycine, 0.1 % (w / v) 

SDS 

Laemmli stacking gel buffer 125 mM Tris-HCl (pH 6.8), 0.1 % (w / v) SDS 

PageRuler Prestained Thermo Fischer Scientific 

PageRuler Unstained Thermo Fischer Scientific 

 

6.2.3 Bacterial Cell Culture 

6.2.3.1 Bacterial Strains 

E.coli strain Genotype Supplier 

DH5α 

F- φ80lacZΔM15Δ(lacZYA-argF) U169 

recA1 endA1 hsdR17(rk
-, mk

+) glnV44 thi-1 

recA1 gyrA96 deoR nupG purB relA1 λ- 

Thermo Fischer 

Scientific 

BL21-CodonPlus 

(DE3)-RIL 

 F– ompT hsdS(rB
- mB

– ) dcm+ Tetr gal λ 

(DE3) endA Hte [argU ileY leuW Camr]  

BL21 Gold (DE3) 
F- ampT hsdS(rB

- mB
-) dcm+ Tetr gal λ(DE3) 

endA Hte 
Stargene 

NEBTurbo 

F' proA+B+ lacIqΔlacZM15 / fhuA2 Δ(lac-

proAB) glnV galK16 galE15 R(zgb-

210::Tn10)TetS endA1 thi-1 Δ(hsdS-mcrB)5 

New England Biolabs 
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BL834 (DE3) F- ompT hsdSB(rB
- mB

-) gal dcm met (DE3) Novagene 

XL10 Gold 

Tetr Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr) 

173 endA1 supE44 thi-1 recA1 gyrA96 

relA1 lac Hte [F' proAB lacIq ZΔM15 Tn10 

(Tetr) Amy Camr] 

Stargene 

NiCo BL21(DE3) 

can::CBD fhuA2[lon] ompT gal (λ DE3) 

[dcm] arnA::CBD sylD::CBD glmS6Ala 

ΔhsdS λ DE3 = λ sBamHIo ΔEcoRI-B 

int::(lacI::PlacUV5::T7 gene1)i21 Δnin5 

New England Biolabs 

Rosetta (DE3) pLys 
F- ompT hsdSB(rB

-mB
-) gal dcm (DE3) 

pLysRARE (CamR) 
Novagene 

 

6.2.3.2 Media 

Medium Components 

LB medium 20 g/L LB broth (autoclaved) 

LB selection agar 2 % bacto agar, LB medium (autoclaved) 

SOC 
2 % (w / v) tryptone / peptone, 0.5 % (w / v) yeast extract, 

20 mM glucose, 10 mM MgCl2, 8.56 mM NaCl, 2.5 mM KCl, 

TSS 
50 mL LB media, 5 g PEG 8000, 1.5 mL 1M MgCl2, 2.5 mL 

DMSO 

 

6.2.4 Human Cell Culture 

6.2.4.1 Media 

Material Supplier 

DEMEM (Dulbecco's Modified Eagle Medium) gibco 

FCS (fetal calf serum) Biochrom AG 

Trypsin EDTA (0.05%) gibco 

Penicilin / Streptomycin gibco 

 

6.2.4.2 Cell Lines 

Cell line Tissue Disease 

H1299 Lung Non-small lung carcinoma 

HEK-293 Human embryonic kideny - 

HeLa Cervix Adenocarcinoma 
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6.2.5 General Methods  

6.2.5.1 Polymerase Chain Reaction (PCR) and DpnI Digest 

Amplification of DNA fragments was performed with phusion HF DNA polymerase (New 

England Biolabs) according to manufacturer’s instructions using the specific primers and 

corresponding templates. 10 µL of the PCR product were digested with DpnI (1 µL, New 

England Biolabs) according to manufacturer’s instructions. 

6.2.5.2 Restriction Digest 

All restriction enzymes were obtained from New England Biolabs. The DNA (2 µg) was 

incubated with the respective restriction enzymes for 2 h in a total volume of 45 µL according 

to the manufacturer’s protocol. 

6.2.5.3 Agarose Gel Electrophoresis 

0.8 % (w/v) agarose gel containing 30 µg ethidium bromide (EB) was prepared. The samples 

were supplemented with 6 x DNA loading dye. The fragments were separated via agarose 

gel electrophoresis. Therefore the agarose gel was submerged in 1 x TAE buffer in a 

horizontal electrophoresis chamber. The Gelpockets were loaded with samples and 

electrophoresis was performed at 110 V for 30 min. The gel was visualized under UV light by 

ChemiDoc XRS reader. 

6.2.5.4 Purification of DNA out of Agarose Gels 

After separation via agarose gel electrophoresis, the desired DNA fragment were excised 

from the gel under UV light and purified using the NucleoSpin Gel and PCR Clean-up kit 

(Machery-Nagel) according to the manufacturer’s instructions. 

6.2.5.5 Ligation of DNA Fragments 

Purified vector and insert DNA fragments were mixed in a molar ratio of 1:3 and ligated by 

T4 DNA Ligase (New England Biolabs) in a total volume of 20 µL containing ligation buffer at 

room temperature for 2 h. After incubation the enzyme was inactivated at 65 °C for 10 min. 

The ligation product can then be directly transformed into chemically competent E. coli cells 

(DH5α or NEBturbo) or can be stored at -20 °C. 

6.2.5.6 Preparation of Chemically Competent Cells 

Following work steps were carried out under sterile conditions. E.coli cells were inoculated 

into 50 mL LB medium and incubated over night at 37 °C at 160 rpm. 200 mL fresh pre-

warmed LB medium were inoculated o an OD600 0.1. The cells were grown at 37 °C, 

160 rpm until an OD600 of 0.5 was reached. Cells were harvested at 4 °C by centrifugation 

(10 min, 3500 rpm). The pelled was resuspended in 100 mL ice cold 100 mM sterile CaCl2 

solution or in 100 mL ice cold sterile TSS buffer on ice. Aliquots of 100 µL were snap-frozen 
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in liquid nitrogen and stored at –80 °C. In general cells which were resuspended in TSS 

were more viable. 

6.2.5.7 Transformation into Chemically Competent E.coli Cells 

Ligation reactions, DpnI digested PCR reactions of whole vectors or purified plasmid DNA 

were transformed into chemically E.coli cells (DH5α or NEBturbo for DNA preparations, 

BL21, BL21 RIL, NiCo; BL834, XL10 Gold or Rosetta (DE3) pLys for protein expression). For 

the transformation 100 µL chemically competent cells were thawed on ice. Plasmid DNA 

(5 µL ligation reaction or 100 ng of purified plasmid DNA) was added to the cells. The 

mixture was incubated on ice for 10 min. Cells were subjected to heat shock at 42 °C for 

45 sec followed by further incubation on ice for 10 min. Subsequently cells were transferred 

into 1 mL pre-warmed SOC medium and incubated at 37 °C for 60 min under slight shaking 

(150 rpm). Up to 200 µL SOC cell culture were plated on agar plates containing the 

appropriate antibiotics. Cells were incubated over night at 37 °C. 

6.2.5.8 Mini Preparation of Plasmid DNA 

5 mL LB media containing the appropriate antibiotics were inoculated with a single E.coli 

colony and cultivated over night at 37 °C at 160 rpm. The cells were harvested by 

centrifugation (4 °C, 10 min, 4400 rpm). The plasmid was extracted by QIAprep Spin 

Miniprep Kit (Quiagen) according to the manufacturer’s instructions. 

6.2.5.9 Determination of DNA Concentration 

DNA concentration was determined photometrically using the NanoDrop ND-1000 device 

(peQLab Biotechnology). 

6.2.5.10 DNA Sequenzing 

DNA Sequencing was performed by GATC Biotech. Therefore 400 - 500 ng DNA were 

mixed with 2.5 µM of a suitable sequencing primer in a total volume of 10 µL. Sequence data 

was analysed in Clone Manager 9 (Sci-Ed).  

6.2.5.11 Preparation of Glycerol Stocks for Cell Storage 

After transformation of the sequenced plasmid into an E. coli protein expression strain a 

glycerol stock was prepared by mixing 500 µL sterile 60 % (v / v) glycerol with 500 µL 

overnight culture in cryovials (Nalgene). The glycerol stock was frozen in liquid nitrogen and 

stored at -80 °C. 
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6.2.5.12 Cell Culture 

HeLa and HEK293T cells were grown in Dulbeccos’s modified Eagle medium (DMEM) 

supplemented with 10 % (v / v) fetal calf serum (FCS, 100 units/mL penicillin and 100 µg/mL 

streptomycin at 37 C and 5 % CO2. Cells were passaged every 2-3 days.  

6.2.6 Bacterial Protein Expression 

Expression of tagged proteins was performed by transformation of the respective plasmid 

into an E.coli expression strain (see 6.2.1). Liquid LB cultures were grown over night at 

37 °C under gentle shaking (160 rpm) after inoculating the respective expression strain. 

Cultures were diluted to an OD600 of 0.1 and further incubated (37 °C, 160 rpm) until an 

OD600 of 0.6 was reached. Protein expression was induced by the addition of IPTG 

(concentration as indicated) at the optimal expression temperature (stated for each protein). 

Proteins were expressed by further incubation. Cells were harvested by centrifugation at 

4 °C (4400 rpm, 15 min). Pellets were stored at –20 °C or directly used for protein 

purification. 

6.2.7 Protein Analysis 

6.2.7.1 Determination of Protein Concentration via BCA Assay 

To determine the protein concentration of cell lysates or purified protein the bicinchonic acid 

(BCA) assay was performed using the Pierce BCA Protein Assay Kit (Thermo Fischer 

Scientific) according to the manufacturer’s instructions. Each sample was prepared in 

duplicates by mixing 10 µL sample dilution and 100 µL working reagent. For the standard 

curve either BSA or Ub was used. After incubationat 37 °C for 30 min and cooling down to 

room temperature for 5 min, the absorbance was measured at 560 nmin a micro plate reader 

(1420 multilable counter Victor3TM, Perkin Elmer). 

6.2.7.2 Determination of Protein Concentration via NanoDropTM 

The concentration of proteins was determined via their absorbance at 280 nm (absorbance 

of aromatic amino acids). To measure the absorbance of the samples diluted in a defined 

amount of buffer a NanoDropTM ND-1000 device (peQLab Biotechnology) was used. The 

concentration in relation to the absorbance was calculated via the Lambert-Beer law 

𝐴 =  𝜀 ∙ 𝑐 ∙ 𝑑 

With A is the absorbance, 𝜀  is the extinction coefficient at 280 nm wavelength, 1, c is the 

concentration in mol/L and d is the light path length through the sample in cm (d = 1cm). 

Each protein has a unique extinction coefficient, which was calculated from the DNA 

sequence using the ExPASy ProtParam tool. 
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6.2.7.3 SDS PAGE:  

Sodium dodecyl sulfate polyamide gel electrophoresis (SDS-PAGE) was performed 

according to the protocol of Laemmli.134 For all SDS-PAGE analyses the samples were 

treated as follows. Prior to loading samples onto the gel, protein samples were incubated 

with one fifth of the sample volume of 6 x Laemmli sample buffer at 95 °C for 5 min.  

The separating gel was cast using the required percentage of acrylamide (containing 2.6 % 

bis-acrylamide), 0.1 % (w / v) APS and 3.75 mL separating gel buffer in a total volume of 

15 mL. The polymerisation was started using 15 µL TEMED. For gradient gels a lower 

separating gel using 15 % of acrylamide and an upper separating gel using 10 % of 

acrylamide were cast. On top of the separating gel a stacking gel was cast using 5 % 

acrylamide (containing 2.6 % bis-acrylamide), 940 mL stacking gel buffer and 0.1 % (w / v) 

APS in a total volume of 4 mL. The polymerisation was started using 4 µL TEMED.  

The samples were separated at a constant current of 35 mA using 1 x Laemmli running 

buffer. The gel was fixed incubating for 5 min in comassie destaining solution. After fixation 

the gels were stained with comassie blue staining solution for 20 min at rt. Followed by 

destaining in comassie destaining solution for at least 30 min. In case a more sensitive 

staining was required, gels were stained using 1 x Roti-Blue staining solution (Carl Roth) 

with overnight incubation. Desatining was then performed for 10 min using Roti-Blue 

destaining solution. 

6.2.8 Protein Purification 

6.2.8.1 Diadenosine Polyphosphate Phosphorylase Rv2613c of M. tuberculosis 

Cloning and expression of Rv2613c has been described before22. Starting point was the 

gene for the full length Rv2316c of M. tuberculosis that was synthesized (IDT) with the 

following sequence. 

TTAGCCATATGAGCGATGAAGACCGCACGGATCGCGCAACCGAAGATCATACGATTTTCGACCGTGGA

GTTGGTCAACGTGATCAATTACAGCGTCTTTGGACGCCGTATCGTATGAATTACCTTGCCGAAGCCCC

CGTGAAACGTGATCCGAACAGTTCGGCGAGCCCTGCGCAACCGTTCACGGAAATTCCGCAGCTGAGCG

ATGAGGAAGGTCTCGTTGTGGCTCGTGGCAAACTGGTATACGCAGTGCTGAACCTGTACCCGTATAAT

CCTGGTCACTTAATGGTCGTGCCTTATCGCCGCGTGTCCGAACTGGAAGACCTGACCGATCTGGAATC

GGCTGAACTGATGGCCTTTACGCAGAAAGCTATCCGTGTTATTAAAAATGTCAGTCGCCCGCACGGTT

TCAATGTCGGTTTGAACTTGGGAACCAGCGCGGGCGGGTCGTTGGCGGAACATCTGCACGTTCACGTG

GTGCCACGCTGGGGTGGCGACGCCAATTTTATCACTATTATTGGCGGTAGTAAAGTGATTCCCCAATT

ACTGCGCGATACTCGCCGCCTGTTAGCTACTGAGTGGGCACGTCAACCGTAAGGATCCTAAGCT 
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It was cloned into pET15b using the NdeI and BamHI restriction sites and expressed as a 

His-tagged protein in BL21 (D3) E. coli cells. The cells were grown overnight in LB medium 

containing carbenicilin (0.1 mg/mL) at 37 °C, diluted by a factor of 100 and grown until the 

OD600 = 0.6 was reached. The cells were transferred to 25 °C and the expression was 

induced by addition of 1 mM IPTG. After12 h at 25 °C the cells were collected by 

centrifugation (4,400 g, 25 min, 4 °C). The pellet was stored at -20 °C or was directly used 

for purification. The pellet was resuspended in 40 mL lysis buffer (20 mM NaH2PO4, 500 mM 

NaCl and 5 mM imidazole at pH 7.4 containing 1 µg/mL Aprotinin / Leupeptin and 1 mg/mL). 

The cells were lysed by sonification and the solution was cleared by centrifugation 

(14,000 rpm, 45 min, 4 °C).The supernatant was loaded onto a His-Trap-FF (5 mL column 

by GE Healthcare) that was pre-equilibrated with buffer containing 20 mM NaH2PO4, 0.5 M 

NaCl and 5 mM imidazole at pH 7.4. The protein was eluted with a linear gradient with a 

buffer containing 20 mM NaH2PO4, 0.5 M NaCl and 0.5 M imidazole at pH 7.4. 2.5 mL of the 

fractions containing protein were loaded onto PD-10 desalting columns (GE Healthcare), 

which were preequilibrated with 20 mM HEPES buffer containing 0.5 mM DTT and 10 % 

glycerol for buffer exchange and eluted with 3.5 mL of the same buffer. Fractions containing 

Rv2613c were identified by 15% SDS-PAGE, pooled and concentrated using a Merck 

Millipore Amicon Ultra-15, 10 kDa. The protein concentration was determined by 

NanoDrop™ ND-1000 (peQLab Biotechnology). 

6.2.8.2 Human Recombinant Ubiquitin G76M135 

The G76M mutant of human ubiquitin was expressed as GST-tagged protein from a 

pGEX2TK vector in BL834 (DE3) E. coli cell as described before by Schneider et al..135 The 

cells were grown overnight in LB medium containing carbenicillin (100 mg/L) at 37 °C 

(160 rpm). The cultures were diluted to an OD600 of 0.1 with LB medium and further 

incubated until an OD600 of 0.6 was reached. The protein expression was induced by the 

addition of 500 µM IPTG and ubiquitin was expressed for 4 hours at 37 °C (160 rpm). The 

cells were harvested by centrifugation (15 min, 4,400 rpm) at 4 °C and the pellets were 

stored at -20 °C or directly used for protein purification. Therefore the bacterial pellets were 

resuspended in 25 mL lysis buffer (1 x PBS, 1°%Triton X-100, 1 µg/mL Aprotinin / Leupeptin 

and 1 mg/mL Pefabloc®). Lysis was performed by sonification using a Bandelin 

MS72_sonotrode (duty cycle 30, Output control 0.25, 3 x 30 cycles). The lysate was cleared 

by centrifugation (18,000 rpm, 30 min) at 4 °C. The cleared supernatant was incubated with 

pre-equilibrated glutathione sepharose beads (GE Healthcare) (equilibration of 2 mL bead 

slurry with 1 x 2 mL MQ, 3 x 2 mL 1 x PBS) for 2 h at 4 °C in an overhead shaker. Beads 

were recovered by centrifugation for 5 min at 500 rpm and 4 °C and washed 3 times with 

5 mL lysis buffer. Afterwards 2 mL 1 x PBS containing 10 U of thrombin (Sigma Aldrich) 
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were added. The beads were incubated over two days at 4 °C. Subsequently 10 fractions of 

Ub G76M were eluted with 1 x PBS with a fraction size of 600 µL. Thrombin was inactivated 

by incubation of the elution fractions for 20 min at 70 °C. The denaturated thrombin was 

removed by centrifugation (10 min, 13.4 rpm, 25 °C), the supernatant was transferred into 

new reaction tubes and the purity of the Ub G76M fractions was confirmed by SDS PAGE 

and comassie staining. The fractions containing protein were applied to a 1 mL HiTrap SP 

HP 1 mL column (GE Healthcare) which was equilibrated with a 25 mM NaOAc buffer at 

pH 4.5. Ubiquitin was eluted by a linear gradient of 25 mM NaOAc, 1.0 M NaCl. Elution 

fraction containing protein were analysed by SDS PAGE and were pooled subsequently and 

dialysed against 1 x PBS at 4 °C. The protein concentration was determined using the BCA 

assay (Thermo Fischer Scientific) according to the manufacturer’s instructions. The protein 

was aliquoted and stored at -20 °C. 

 

6.2.8.3 Human Recombinant Ubiquitin with N-terminal His-Tag for Ubiquitin-affinity 

colums 136 

The wt ubiquitin was expressed as N-terminal His6x-tag from a pET15b vector in BL21 (DE3) 

E. coli cells according to literature 136. The cells were grown overnight in LB medium 

containing carbenicillin (100 mg/L) at 37 °C (160 rpm). The cultures were diluted to an OD600 

of 0.1 with LB medium and further incubated until an OD600 of 0.6 was reached. The protein 

expression was induced by the addition of 500 µM IPTG and ubiquitin was expressed for 5 h 

at 37 °C (160 rpm). The cells were harvested by centrifugation (15 min, 4,400 rpm) at 4 °C 

and the pellets were stored at -20 °C or directly used for protein purification. Therefore the 

bacterial pellets were resuspended in 25 mL lysis buffer (25 mM Tris-HCl pH 7.5, 300 mM 

NaCl, 1 µg/mL Aprotinin / Leupeptin and 1 mg/mL Pefabloc®). Lysis was performed by lysed 

by sonification using a Bandelin MS72_sonotrode (duty cycle 30, Output control 0.25, 3 x 30 

cycles) on ice. Ubiquitin was purified by heating the lysate to 70 °C for 20 min followed by 

centrifugation (18,000 rpm, 30 min) at 4 °C. The protein concentration of the cleared 

supernatant was determined using the BCA assay (Thermo Fischer Scientific) according to 

the manufacturer’s instructions.N-terminal-His6x tagged ubiquitin was now directly used 

ubiquitin-affinity column’s.136  

 

6.2.8.4 Human Recombinant UBA1: 137 

Human wild-type UBA1 was expressed as His6x-tagged protein from a pET32a vector in 

BL21 (DE3) RIL E. coli cells in analogy to literature.137 The cells were grown overnight in LB 

medium containing chloramphenicol (34 mg/L) and carbenicillin (100 mg/L) at 37 °C. The 
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culture was diluted to an OD600 of 0.1 with LB medium, containing the respective antibiotics, 

and further incubated until an OD600 of 0.6 was reached. The protein expression was 

induced by the addition of 0.5 mM IPTG and UBA1 was expressed for 18 h at 20 °C 

(160 rpm). The cells were harvested by centrifugation (15 min, 4,400 rpm) at 4 °C and the 

pellets were stored at -20 °C or directly used for protein purification. Therefore the bacterial 

pellets were resuspended in 25 mL lysis buffer (1 x PBS, 1°% Triton X-100, 1 µg/mL 

Aprotinin/ Leupeptin and 1 mg/mL Pefabloc®) on ice. Lysis was performed by sonification 

using a Bandelin MS72_sonotrode (duty cycle 30, Output control 0.25, 3 x 30 cycles) on ice. 

The lysate was cleared by centrifugation (18,000 rpm, 30 min) at 4 °C. The supernatant was 

loaded onto a 1 mL His Trap FF crude column (GE Healthcare) that was pre-equilibrated 

with buffer containing 25 mM Tris-HCl, 300 mM NaCl and 10 mM imidazole at pH 7.5. The 

protein was eluted with a linear gradient with a buffer containing 25 mM Tris-HCl, 300 mM 

NaCl and 500 mM imidazole at pH 7.5. The elution fractions were analysed by SDS-PAGE 

and comassie staining. Fractions containing UBA1 were concentrated (vivaspin 50 kDa 

cutoff, Satorius) and the buffer was exchanged to 25 mM Tris-HCl pH 7.5, 300 mM NaCl. 

The protein concentration was determined by NanoDrop™ 1000 (peQLab Biotechnology). 

UBA1 was further purified by Ub-affinity column (compare Haas et al. 136). Therefore N-

terminal His6x tagged ubiquitin (~50 eq) was added to the combined fractions of UBA1 

(~1 eq) to initiate the thioester formation 4 mM ATP and 5 mM MgCl2 were added to the 

mixture. After incubation for 1 h at 25 °C the ubiquitin was bound to an affinity column 

(HisTrap 1 mL FF crude (GE Healthcare)) The column was washed with 5 colum volumes of 

25 mM Tris-HCl, 300 mM NaCl at pH 7.5 and then UBA1 was eluted by a step gradient of 

25 mM Tris-HCl, 300 mM NaCl, 10 mM DTT at pH 7.5. The elution fractions were analysed 

by SDS PAGE and comassie staining. Fractions containing UBA1 were concentrated 

(vivaspin 50 kDa cutoff ,Satorius) and the buffer was exchanged to 25 mM Tris-HCl pH 7.5, 

300 mM NaCl and 1 mM DTT. To remove eventual traces of ubiquitin a size exclusion 

chromatography (25 mM Tris-HCl, 300 mM NaCl and 1 mM DTT, Sephadex 200, 120 mL 

column volume) was performed. Elution fractions containing protein were analysed by SDS 

PAGE and were pooled subsequently and the buffer was exchanged to 25 mM Tris-HCl, 

50 mM NaCl pH 7.5 containing 50 % (v / v) glycerol. The protein concentration was 

determined by NanoDrop™ ND-1000 (peQLab Biotechnology). Aliquots were stored at -

20 °C. 

6.2.8.5 Human Recombinant UBA1 C632S 

The C632S mutant of the human UBA1 (see 6.2.9) was expressed as His6x-tagged protein 

from a pET32a vector in NiCo BL21 (DE3) E. coli cells. The cells were grown overnight in LB 

medium containing carbenicillin (100 mg/L) at 37 °C. The culture was diluted to an OD600 of 
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0.1 with LB medium, containing carbenicillin (100 mg/L), and further incubated until an OD600 

of 0.6 was reached. The protein expression was induced by the addition of 1.0 mM IPTG 

and UBA1 C632S was expressed for 18 h at 20 °C (160 rpm). The cells were harvested by 

centrifugation (15 min, 4,400 rpm) at 4 °C and the pellets were stored at -20 °C or directly 

used for protein purification. Therefore the bacterial pellets were resuspended in 25 mL lysis 

buffer (1 x PBS, 1°%Triton X-100, 1 µg/mL Aprotinin / Leupeptin and 1 mg/mL Pefabloc®) 

on ice. Lysis was performed by lysed by sonification using a Bandelin MS72_sonotrode (duty 

cycle 30, Output control 0.25, 3 x 30 cycles) on ice. The lysate was cleared by centrifugation 

(18,000 rpm, 30 min) at 4 °C. The supernatant was loaded onto a 1 mL His Trap FF crude 

column (GE Healthcare) that was pre-equilibrated with buffer containing 25 mM Tris-HCl, 

300 mM NaCl and 10 mM imidazole at pH 7.5. The protein was eluted with a linear gradient 

of a buffer containing 25 mM Tris-HCl, 300 mM NaCl and 500 mM imidazole at pH 7.5. The 

elution fractions were analysed by SDS PAGE and comassie staining. Fractions containing 

UBA1 C632S were concentrated (vivaspin 50 kDa cutoff, Satorius) and the buffer was 

exchanged to 25 mM Tris-HCl pH 7.5, 300 mM NaCl, 1 mM DTT. UBA1 C632S was further 

purified by size exclusion chromatography (25 mM Tris-HCl, 300 mM NaCl and 1 mM DTT, 

Sephadex 200, 120 mL column volume) was performed. Elution fractions containing protein 

were analysed by SDS PAGE, pooled subsequently and the buffer was exchanged to 25 mM 

Tris-HCl, 50 mM NaCl pH 7.5 containing 50 % (v / v) glycerol. The protein concentration was 

determined by NanoDrop™ ND-1000 (peQLab Biotechnology). Aliquots were stored at -

20 °C. 

6.2.8.6 Human Recombinant Ub-conjugating Enzymes: UbcH5b, UbcH1138 

The respective human recombinant Ub–conjugating enzyme was expressed as His6x-tagged 

protein from a pET21a vector in BL21 (DE3) E. coli cells as described in literature.138 The 

cells were grown overnight in LB medium containing carbenicillin (100 mg/L) at 37 °C 

(160 rpm). The cultures were diluted to an OD600 of 0.1 with LB medium and further 

incubated until an OD600 of 0.6 was reached. The protein expression was induced by the 

addition of 1 mM IPTG and the respective E2 enzyme was expressed for 18 h at 25 °C 

(160 rpm). The cells were harvested by centrifugation (15 min, 4,400 rpm) at 4 °C and the 

pellets were stored at -20 °C or directly used for protein purification. Therefore the bacterial 

pellets were resuspended in 25 mL lysis buffer (1 x PBS, 1°%Triton X-100, 1 µg/mL 

Aprotinin / Leupeptin and 1 mg/mL Pefabloc®) on ice. Lysis was performed by lysed by 

sonification using a Bandelin MS72_sonotrode (duty cycle 30, Output control 0.25, 3 x 30 

cycles) on ice. The lysate was cleared by centrifugation (18,000 rpm, 30 min) at 4 °C. The 

supernatant was loaded onto a 5 mL His Trap FF crude column (GE Healthcare) that was 

pre-equilibrated with buffer containing 25 mM Tris-HCl, 300 mM NaCl and 10 mM imidazole 
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at pH 7.5. The protein was eluted with a linear gradient with a buffer containing 25 mM Tris-

HCl, 300 mM NaCl and 500 mM imidazole at pH 7.5. The elution fractions were analysed by 

SDS PAGE and comassie staining. Fractions containing the respective E2 were 

concentrated (vivaspin 10 kDa cutoff Satorius) and the buffer was exchanged to 25 mM Tris-

HCl, 300 mM NaCl and 1 mM DTT. UbcH1 was further purified by size exclusion 

chromatography (25 mM Tris-HCl, 300 mM NaCl and 1 mM DTT, Sephadex 75, 330 mL 

column volume). Purity of the E2 fractions was confirmed by SDS PAGE and comassie 

staining. 10 % glycerol (v / v) were added to the protein. The protein concentration was 

determined by NanoDrop™ ND-1000 (peQLab Biotechnology). Aliquots were stored at -

20 °C. 

6.2.9 Generation of Human Recombinant UBA1 C632S  

The UBA1 C632S variant was generated by Gibbson assembly of the following 

geneblock (230 bp, IDT) TCAGGCACACTGGGCACCAAAGGCAATGTGCAGGTGGTGATCCCCTTCCT

GACAGAGTCGTACAGTTCCAGCCAGGACCCACCTGAGAAGTCCATCCCCATCTGTACCCTGAAGAACT

TCCCTAATGCCATCGAGCACACCCTGCAGTGGGCTCGGGATGAATTTGAAGGCCTCTTCAAGCAGCCA

GCAGAAAATGTCAACCAGTACCTCACAGACCCCAAGTTTGTGGA which contained the desired 

mutation and the linearized UBA wt pET32a vector, which lacks 165 bp were the geneblock 

is inserted. The vector was linearized by PCR with phusion polymerase (New England 

Biolabs) according to the manufacturer’s protocol. Following primers were used: 

Forward: TCAACCAGTACCTCACAGACCC 

Reverse: TGCACATTGCCTTTGGTGCCCA 

The PCR product was purified by 0.8 % agarose gel followed by gel purification using the 

NucleoSpin® Gel and PCR Clean-up Kit (Machery-Nagel). Vector and geneblock were 

assembled in a molar ratio of 1:2 using 2 x NEBuilder HiFi DNA Assembly Master Mix (New 

England Biolabs) in a total volume of 4 µL. The reaction mixture was incubated at 50 °C for 

20 min. After incubation the whole reaction mixture was transformed into chemically 

competent E.coli XL10 Gold cells. Single clones were picked and inoculated in LB containing 

carbenicillin (100 mg/L). After overnight incubation at 37 °C the plasmids were isolated by 

the QIAprep Spin Minirep Kit (Qiagen) according to the manufacturer’s instructions. The 

sequence was confirmed by Sanger sequencing (GATC). 

6.2.10 Measurement of the Fluorescence Spectra over Time 

10 µM probe 1 were incubated in the presence or absence of 5 nM Rv613c in buffer 

containing 20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 5 mM NaH2PO4, 5 mM MgCl2 2 mM DTT 

and 0.2 mg/mL BSA, in a total volume of 2 mL at 25°C. Fluorescence measurements were 

performed with excitation at 490 nm in a FluoTime 300 (PicoQuant). The emission was 
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recorded from 500 - 800 nm every 5 min over 20 min. 

6.2.11 High-throughput Screening (HTS) of Inhibitors for Rv2613c 

For the fully automated screening, a Freedom evo screening unit (TECAN) was used. 

Rv2613c which was recombinantly expressed in E. coli (see 6.2.8.1) was diluted to 2.0 nM in 

buffer containing 20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM DTT and 0.2 mg/mL BSA. 

50 µL of this solution were dispensed into all wells of columns 1 to 23 of a 384 well plate 

(PS, flat bottom, black, non-binding, Greiner Bio-one) using the multichannel arm (MCA) and 

a MCA 384 adapter for disposable tips (DiTis, 125 µL, TECAN). Column 24 of the plate was 

filled with 50 µL of the same buffer without enzyme using the 4 channel liquid handling arm 

(LiHa, Ditis, 200 µl, TECAN). 10 µM of the compounds of the library dissolved in DMSO 

were transferred into the plate using the MCA with a 384 fixed tips tool (15 µL, TECAN). 

DMSO was transferred into column 23 and column 24 (control). The reactions were 

incubated at 25 °C for 30 min. Probe 1 (1.33 µM) was dissolved in buffer containing 20 mM 

Tris-HCl (pH 8.0), 50 mM NaCl, 5 mM MgCl2 and 5 mM NaH2PO4. 30 µL of this solution 

were added to the reactions using a Multidrop 384 reagent dispenser (Thermo Fischer 

Scientific). The fluorescence intensity was immediately measured in all wells using 

fluorescence excitation at 535 nm and detection of the fluorescence emission at 590 nm in 

an infinite F500 plate reader (TECAN). The reactions were incubated for 30 min at 25 °C 

and the fluorescence intensity was measured again using the same excitation and emission 

wavelengths. Relative enzymatic activity was calculated as the difference of the two 

fluorescence intensity measurements for the same well. This value was used to calculate 

inhibition by each compound relative to the controls on the same plate. Data was analyzed 

using the KNIME Analytics platform (Knime.com AG)72. As a quality control Z’-values were 

calculated for every plate73. Compounds were defined as hits, if the inhibition was above 

50 %. 

6.2.12 Assay for Measuring Rv2613c Inhibition by FRET 

To conduct this assay, a black, coated, non-binding 384 well microplate (Greiner bio-one) 

was used. In each well, 59.2 μL mastermix (8 nM Rv2613c in 20 mM Tris-HCl (pH 8.0), 

50 mM NaCl, 1 mM DTT, 0.2 mg/mL BSA, 5 mM NaH2PO4, 5 mM MgCl2) and 0.8 μL of 

inhibitor (indicated concentrations) in DMSO were mixed. One control column without 

enzyme (59.2 μL Tris-HCl buffer (20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM DTT, 

0.2 mg/mL BSA, 5 mM NaH2PO4, 5 mM MgCl2) and 0.8 μL of each 10 mM inhibitor in DMSO 

and one control row without inhibitor but 1 % (v / v) DMSO instead (59.2 μL mastermix (8 nM 

Rv2613c in 20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM DTT, 0.2 mg/mL BSA, 5 mM 

NaH2PO4, 5 mM MgCl2 and 0.8 μL DMSO) were added. After centrifugation (800 rpm, 5 sec) 
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the plate was incubated at 25 °C for 30 min, followed by addition of substrate 1 (20 μL each 

well, 2 μM in Tris-HCl buffer pH 8.0). Measurement of the fluorescence at 570 nm was 

conducted using an infinite F500 plate reader (TECAN) every 3 min over one hour. Turnover 

of probe 1 was calculated by normalization to the intensity for products and non-cleaved 

probe 1 under the same conditions. The rate of probe 1 turnover was obtained by linear 

fitting of probe 1 turnover over time. % Inhibition was calculated relative to the controls. The 

IC50 was calculated by a non-linear curve fit / dose response curve in Origin®139. All data 

represent mean standard error of triplicates. 

6.2.13 MTT-based Cytotoxicity Assay 

In each well of a 96-well plate, 170 μL of DMEM (Dulbecco's Modified Eagle's 

medium + FCS + PenStrep) and 30 μL of a confluent 10 cm culture plate of HeLa cells which 

was trypsinized into 10 mL of DMEM were pipetted. The plate was stored in an incubator 

(5 % CO2) at 37 °C overnight. 2 μL of each inhibitor at the indicated concentration were 

added and incubated for 24 h at 37°C. Cells treated with 1 % (v / v) DMSO instead of an 

inhibitor and medium without cells and 1 % DMSO (v / v) served as controls. MTT (5 mg/mL 

in MQ water) was diluted with DMEM in a 1:10 ratio (v / v) and 100 μL were added into each 

well. After 1 h incubation at room temperature, the medium was removed and 100 μL of 

DMSO were added. The plate was incubated at room temperature on a shaker until the 

crystals were fully dissolved. Absorbance was measured using a 1420 multilable counter 

Victor3TM (Perkin Elmer) at 570 nm. The cell viability was calculated by normalization to the 

intensity of the controls. The EC50 was calculated by a non-linear curve fit/dose response 

curve in Origin®139. All data represent mean ± standard error of triplicates. 

6.2.14  HPLC Assay for the Determination of the IC50 Value with Natural Ap4A  

26.7 μL mastermix (8 nM Rv2613c in 20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM DTT, 

0.2 mg/mL BSA, 5 mM NaH2PO4, 5 mM MgCl2) and 0.3 μL of inhibitor in DMSO or DMSO as 

control were mixed and pre-incubated at 25 °C for 30 min, followed by addition of 3.0 µL 

Ap4A yielding a final concentration of 1 mM. The reaction mixture was mixed thoroughly and 

incubated for an additional 60 min at 25 °C. Rv2613c was inactivated by denaturation at 

95 °C for 5 min. As additional control 1 mM Ap4A was incubated in buffer containing 1 % 

(v / v) DMSO without enzyme. The reaction mixtures were diluted to 80 µL with MQ water 

and the proteins were separated by filtration (Amicon® Ultra- 0.5 mL, centrifugal filter 

Ultracel®- 10 K) the filter was washed with additional 20 µL of MQ water. The samples were 

analysed by analytical RP-HPLC (4 mm x 30 mm NUCLEODUR® C18 Pyramid 5 µm, 

Machery -Nagel) with a linear gradient of acetonitrile in 50 mM TEAA buffer (pH 7.0). The 

rate of Ap4A turnover was calculated relative to the controls. The IC50 was calculated by a 
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non-linear curve fit/dose response curve in Origin®139. All data represent mean ± standard 

error of triplicates.  

6.2.15 E1-ApnA Assay  

E1 enzyme was mixed with the respective Ubl and ATP in a buffer containing 25 mM Tris-

HCl (pH 7.6), 50 mM NaCl, 5 mM MgCl2, 1.25 mM DTT in a total volume of 20 µL on ice. In 

case other enzymes were added, the respective amounts were added as well. The 

concentrations of all components are indicated at the respective experiment. The samples 

were incubated at 37 °C overnight. After incubation, the samples were kept on ice and the 

proteins were removed by ZipTipC4
® pipette tips (see 6.2.16). Thereafter, the samples were 

diluted with 500 µL MQ, frozen in liquid nitrogen and freeze dried. The samples were 

centrifuged for one minute at full speed in a table top centrifuge to collect all of the sample 

content at the bottom of the reaction tube. The white powder was then solved in 30 µL MQ. 

To ensure the solubility the samples were incubated for 5 min at 37 °C in a thermos block at 

600 rpm. The sample was then transferred in sample vials for MS analysis. The samples 

were frozen in liquid nitrogen or directly analyzed by LC-HR-MS (see 6.2.17). 

6.2.16 ZipTipC4
® Purification 

ZipTipC4
®

 pipette tips (Merck Millipore) are 10 µL pipette tips with a bed of 0.6 µL reversed-

phase chromatography media fixed at its ends. They are usually intended for the 

concentration and purification of peptide or protein samples. However, here they are applied 

for the removal of the proteins, therefore the manufacturer’s protocol was adjusted. Initially 

the chromatography media is wetted by the repeated (ten times) aspiration and dispensing 

of wetting solution (MQ : MeCN 1:1). Followed by the equilibration of the tip to achieve 

maximum binding. Therefore equilibration solution (MQ containing 0.1 % TFA) is aspirated 

and dispensed into the waste. This step is repeated as well ten times. Afterwards the 

proteins of the sample are bound to the chromatography material. Therefore, 10 µL of the 

sample were aspirated and dispensed twenty times in a reaction tube. Since the tip was 

used again to remove the protein from the remaining 10 µL of the sample, the bound 

proteins were eluted from the tip by aspirating and dispensing ten times 10 µL of elution 

solution (75 % MeCN, 0.1 % TFA in MQ) into the waste. Equilibration and protein binding 

steps were repeated with the remaining 10 µL of the sample. 

6.2.17 MS Analysis and Quantification of ApnA 

20 µL of sample were separated via an 100*2.1 Hypercarb® column (Thermo Fisher 

Scientific) with a gradient of 10 mM NH4Ac at pH=10 (solvent A) and MeCN (solvent B) each 

supplemented with 0.1 % diethylamine (gradient 5 % B to 25 % B over 5 min, 25 % B to 
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35 % B over 15 min, afterwards washing of column at 100 % B followed by equilibration at 

5 % B) at a flow rate of 300 µL/min. 

MS measurements were performed on a micrOTOF II (Bruker) in negative mode using a 

mass range of 300 to 900 m/z. 2x rolling average was used and spectra were recorded at a 

frequency of 1 Hz. Mass accuracy was assured by calibration using ammonium formate 

clusters as internal standard. 

In order to obtain reliable quantitative information prior to the measurement of each series of 

samples a standard curve consisting of seven different concentration points of both Ap3A 

and Ap4A was calculated (0.25 µM, 0.5 µM, 1.0 µM, 2.5 µM, 5 µM, 10 µM and 20 µM). 

Processing of data was performed using QuantAnalysis 2.1 (Bruker). First extracted ion 

chromatograms with a width of +/- 0.1 were created and afterwards in those chromatograms 

the relevant peaks were integrated and quantified according to the corresponding standard 

curve. 

6.2.18 Stability of Ap4A in the Presence of SAE 

0.8 µM SAE were mixed with 60 µM SUMO and 2.0 µM Ap4A in a buffer containing 25 mM 

Tris-HCl (pH 7.6), 50 mM NaCl, 5 mM MgCl2, 1.25 mM DTT in a total volume of 20 µL on 

ice. For control reactions either SAE and / or SUMO were omitted.The samples were 

incubated at 37 °C for 12 h. After incubation, the samples were kept on ice and the proteins 

were removed by ZipTipC4
® pipette tips Thereafter, the samples were diluted with 500 µL 

MQ, frozen in liquid nitrogen and freeze dried. The samples were centrifuged for one minute 

at 13.4 rpm in a table top centrifuge to collect all of the sample content at the bottom of the 

reaction tube. The white powder was then solved in 30 µL MQ. To ensure the solubility the 

samples were incubated for 5 min at 37 °C in a thermos block at 600 rpm. The sample was 

then transferred in sample vials for MS analysis. The samples were frozen in liquid nitrogen 

or directly analysed by LC-HR-MS. 
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8 Annexes 

8.1 Abbreviations 

µL microliter 
µM micromolar 
2D  two dimensional 
Å Ångström 
  
a.u. arbitary units 
aa amino acid 
aaRS aminoacyl-tRNA synthetases 
ADP adenosinediphosphate 
AMP adenosinemonophosphate 
Ap3A Diadenosinetriphosphate 
Ap4A Diadenosinetetraphosphate 
apaH Ap4A hydrolase of E.coli 
APS ammonium persulphate 
Arg arginine 
ATP adenosinetriphosphate 
  
BCA bicinchonic acid assay 
br broad 
BSA bovine serum albumin 
  
cAMP  cyclic adenosine monophosphate 
Cas9 CRISPER associated gene 
CML chronic myeloid leukemia 
CRISPR clustered regularls interspaced short palindromic repeats 
CV column volume 
Cys cystein 
  
d duplet 
DCM dichloromethane 
DMEM Dulbecco's modified Eagle medium 
DMF dimethylformamide 
DMSO dimethylsulfoxide 
DNA deoxyribonucleic acid 
DTT dithiothreol 
e.g. exempli gratia, for example 
E1 ubiquitin / ubiquitin-like activating enzyme 
E2 ubiquitin / ubiquitin-like conjungating enzyme 
E3 ubiquitin /ubiquitin-like ligase 
EB ethidium bromide 
EC50 half maximal effective concentration 
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EDTA ethylenediaminetetraacetic acid 
Em Emmision 
eq equivalent 
ESI electro spray ionisation 
Et ethyl 
et al. et alli, and others 
etc. et cetera, and so forth 
Ex Excitation 
  
FCS fetal calf serum 
FF fast flow 
Fhit fragile histidine triade protein,human Ap3A hydrolase 
FRET Förster resonance energy transfer 
  
g gram 
Gln Glutamine 
Glu glutamic acid 
Gly glycine 
Gp4G diguanosinetetraphosphate 
  
h hour 
HECT homologous to the E6AP carboxyl terminus 
HeLa cervix Adenocarcinoma cell line, named after Henrietta Lacks 
HEPES 4-(2-hydroxyethyl)-1-piperazineethansulfonic acid 
His histidine 
HIT histidine triade  
HIV human immunodeficiency virus 
HPLC high pressure liquid chromatography 
HR high resolution 
HTS high throuput screening 
  
IC50 half maximal inhibitory concentration 
iPr iso-propyl 
IPTG isopropyl β-D-1-thiogalactopyranoside 
  
J coupling constant in Hz 
  
LC liquid chromatography 
LR low resolution 
Lys  lysine 
m multiplet 
m- meta- 
mCPBA meta-chlorperbenzoic acid 
MDR multidrug resistant 
Me methyl 
mg miligram 
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min minutes 
mL mililiter 
mp melting point 
MPLC medium pressure liquid chromatography 
MQ MilliQ® water 
MS  mass spectrometry 
Mtb Mycobacterium tuberculosis bacteria 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
  
NAE Nedd8 activating enzyme 
nm nano meter 
nM nanomolar 
NMR nuclear magnetic resonance 
NpnN' dinucleoside-5',5'''-P1,Pn-polyphosphates 
nPr propyl 
NTP nucleoside triphosphate 
NudT2 human Ap4A hydrolase  
NuKO NudT2 knock out 
  
o- ortho- 
OD600 optical density, of a sample meassured at 600 nm wave length 
  
p- para- 
p.a. per analysis 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
PenStrep Penicilin /streptomycin 
ppm parts per million 
Pro proline 
  
q quartet 
  
R residue, chemical functionality 
Rf Retention factor 
RING really interessting new gene 
RNA ribonucleic acid 
RP reverse phase 
rt room temperature 
Rv2613c Ap4A phosphorylase of M.tuberculosis 
s singulet 
S0 electronic ground state  

S1 first excitet electronic state 

SAE Sumo activating enzyme 
SDS sodium dodecyl sulfate 
Ser serine 
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SOC super optimal broth 
  
t triplet 
TB tuberculosis 
TCEP tris(2-carboxyethyl)phosphine 
TEAB triethylammonium bicarbonate buffer 
TEAB triethylammonium bicarbonate buffer 
TEMED tetramethylethylenediamine 
TFAA triethylammonium acetate buffer 
THF tetrahydrofuran 
TLC thin layer chromatography 
Tris Trizma®base 
tRNA  transfer RNA 
Trp tryptophan 
  
Ub ubiquitin 
Ub G76M inactive Ub mutant 
UBA1 human ubiquitin activating enzyme 
UBA1 C632S inactive mutant of human E1  
Ubl ubiquitin-like 
UV/Vis ultra violet and visible 
  
WHO World Health Organization 
wt wild type 
  
δ chemical shift 
λ wave length 
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8.2 Hits of High Throughput Screening 

Table 2 Structure and residual activity in percent of all small molecules, which were identified as hits 
during the screening. 

NR Structure Residual activity [%] 

11 

 

1.59 

32 

 

35.81 

33 

 

29.96 

34 

 

47.50 

35 

 

-0.38 

 

36 

 

43.92 
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37 

 

33.53 

38 

 

42.76 

39 

 

 

28.09 

40 

 

43.56 

41 

 

24.76 

42 

 

48.87 

43 

 

48.50 

44 

 

42.23 
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45 

 

32.08 

46 

 

48.72 

47 

 

47.73 

48 
 

29.63 

49 

 

31.80 

50 

 

42.80 

51 

 

46.29 
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8.3 NMR Spectra 
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