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I. Summary 

Annually, approx. 1.4 million people die from Mycobacterium tuberculosis, the causative agent 

of tuberculosis. Therefore, it is one of the most common causes of death worldwide. Drug 

resistance is a growing problem as the incidence of drug-resistant bacteria increase and nearly 

no new drug family enters the market. The development of extensive and total drug resistance 

leaves hardly any treatment options open. Therefore, it is crucial to find new agents with new 

mechanisms of action against these pathogens. In this context, screening of molecule libraries 

against M. tuberculosis plays an important role. This study investigates three lead structures 

in more detail concerning their antimycobacterial activity. The first part of the work deals with 

the flavonoid-derived substance chlorflavonin (CF), for which an anti-tubercular effect has 

already been described. Extensive structure-activity relationship (SAR) analyses revealed the 

similarly active derivative bromflavonin (BrF), which, like CF, shows no cytotoxicity in vitro. 

Both compounds are characterized by potent inhibition of the catalytic subunit of the 

acetohydroxy acid synthase IlvB1. 

Further SAR analyses revealed that many CF derivatives could not hamper the growth of M. 

tuberculosis, while they strongly inhibited activity of the isolated enzyme IlvB1 in vitro. That 

indicates that uptake of many derivatives across the mycobacterial cell wall is probably a 

limiting factor, resulting in very few compounds exhibiting cellular activity. Thus, CF and BrF 

represent the most promising lead structures suitable for preclinical studies due to their 

chemical properties and antibacterial potency. 

The alkoxy amide-based structures KSK-104 and KSK-106 have been identified previously in 

the research groups of Profs. Kalscheuer and Kurz with potent anti-tubercular activity, no 

cytotoxicity, and vigorous intracellular activity in infected macrophages (data not published). 

Enzymes potentially capable of cleaving KSKs were identified with the amidohydrolases AmiC 

and Rv0552, leading to the hypothesis that the KSKs are prodrugs that need to be hydrolyzed 

in the bacteria after uptake. A variety of methods demonstrated that the molecules, indeed, 

are cleaved within the cells. However, other more active substances were found during SAR 

analysis. One of these molecules, OMK-175, has also been analyzed in more detail and 

showed good properties similar to the KSKs. With their excellent in vitro characteristics, the 

KSKs are currently in preclinical testing, which will prove their effectiveness in a relevant animal 

infection model. 

Ultimately, FFK-088 is a new thiazole-containing compound with anti-tubercular activity, no 

cytotoxicity but activity against extensively drug-resistant forms of M. tuberculosis. Further 

analysis showed a strong synergistic effect with delamanid, ethambutol, and rifampicin. Thus, 
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FFK-088 represents a substance that can be used as a basis for the development of new 

antitubercular antibiotics. 

In summary, FFK-088, CF, and the KSKs were found to represent three new structural 

scaffolds that may provide a basis for curbing the global spread of tuberculosis. 
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1 Introduction 

There are many human pathogens around the world including bacteria that can cause 

life-threatening infections. In 1929, a new era has begun through the accidental 

discovery of the staphylococci-inhibiting properties of the mold Penicillium rubens, which 

led to a decrease in the growth of a staphylococci culture [2]. Further studies led to the 

discovery of the first antibiotic penicillin, which saved millions of lives since its discovery 

and was furthermore the starting point for the era of antibiotics. Afterwards, many other 

antibiotics and antimicrobial chemotherapeutics were discovered which lowered the 

mortality and morbidity caused by bacterial pathogens [3]. Since this point, also the 

resistance of bacteria against these therapeutics has coevolved. Nowadays, 

antimicrobial resistance (AMR) costs many lives, and studies project that around 10 

million people might die because of AMR globally in 2050, more than caused by cancer 

and diabetes [4]. According to the World Health Organisation (WHO), Mycobacterium 

tuberculosis (M. tuberculosis), the causative agent of tuberculosis (TB), is the 13th 

leading cause of death worldwide and the second leading single infectious killer after the 

severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) [1]. Due to the rapidly 

increasing and already high amount of AMR-related death worldwide, it is important to 

find new effective therapeutics against this pathogen including resistant strains. 

In the following, an overview of different mycobacterial pathogens including 

M. tuberculosis is provided, before the history and the current situation of antibiotics will 

be described. In the end, there is a short outline of the different highly-potent anti-

tuberculosis substances that this work is focusing on. 

1.1 Mycobacteria 

Mycobacteria are rod-shaped bacteria with a size between 0.2 to 0.6 µm width and one 

to ten µm length. Currently, there are about 170 known mycobacterial species, all of 

which are non-motile, non-catalase positive, and non-spore-forming organisms [5]. Most 

of them are environmental. The colony morphology on solid media varies between 

smooth and rough, with a color development of white, pink, or yellow [6]. Most of these 

species are aerobic, but only some are microaerophilic [7]. In history, the genus 

Mycobacterium was first established in 1896 [8], when Armauer Hansen found the first 

illness-related mycobacteria in individuals with leprosy in 1873 [9]. The next big discovery 
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was M. tuberculosis by Robert Koch in 1882 [10]. Many other species were found in the 

following years, so we have a large number of different taxa nowadays. 

A characteristic of mycobacteria is the cell wall, that will be explained in chapter 1.2. 

Because of this unique structure, the bacteria can be stained and verified by the Ziehl-

Neelsen staining [11]. It is a staining method, which was further improved by Paul Ehrlich, 

Franz Ziehl, and eventually altered by Friedrich Neelsen. This method stains specific 

lipids, which are present in the mycobacterial cell wall and are called mycolic acids. For 

this staining procedure, methylene blue, carbol-fuchsin, and acid alcohol are used. In the 

presence of acid-fast lipids such as mycolic acids, the stained organisms retain a red 

color after acid alcohol treatment [3]. 

The mycobacteria can be divided into different groups. One way of distribution is the 

division between slow and rapid growers. Rapid growers are defined as having colonies 

visible on solid culture media after seven days, while slow growers require more time 

[12]. Some of the most popular species, which are frequently cultivated in the laboratory 

for research purposes, are Mycobacterium bovis (M. bovis), Mycobacterium smegmatis 

(M. smegmatis), and M. tuberculosis, which are briefly presented in the following. M. 

smegmatis is one of the rapidly growing environmental bacteria that Lustgarten first 

isolated in 1884 [13]. It mainly lives in aggregates of cells, which were attached to each 

other and form biofilms [13]. M. smegmatis is mostly found in water, plants and soil and 

has not been declared a human pathogen [14, 15]. Because of this fact and its typical 

mycobacterial characteristics, it is often used as a fast-growing surrogate for different 

slow-growing mycobacteria, such as M. tuberculosis [16]. Its cell surface morphology 

generally is smooth, shiny, coarsely collapsed, or wrinkled [17]. M. smegmatis has many 

conserved mycobacterial gene orthologues and almost the same cell physiology as other 

mycobacteria [18]. Interestingly, bedaquiline (BDQ), an anti-tuberculosis drug, was 

discovered through an M. smegmatis screening [19], which shows the relevance of this 

bacteria in research. Another way of grouping mycobacteria is to classify them into 

species belonging to the Mycobacterium tuberculosis-complex. This large group is 

defined as the mycobacteria, which can cause tuberculosis in animals and humans. It 

consists of 12 members of the Mycobacterium genus and includes tuberculosis, bovis, 

canettii, africanum, microti, orygis, caprae, pinnipedii, mungi, suicattae, and the Dassie 

and Chimpanzee bacilli [20]. One common feature of them is the formation of granuloma, 

which is an aggregation of immune cells [21]. Furthermore, they are, in general, virulent 

and can infect multiple hosts. Humans are only susceptible to eight of these members. 

M. bovis also infects numerous hosts, including several domestic animals, especially 

cattle and wildlife. Human primary infection by M. bovis is caused by consuming cattle 
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products or aerosol inhalation with infective body fluids or droplets from infected animals 

[22]. This study used non-virulent Bacillus Calmette Guérin (BCG) varieties: M. bovis 

BCG Pasteur and M. bovis BCG Danish 1331. These two are attenuated vaccine strains 

obtained from the virulent bacillus M. bovis by Jean-Marie Camille-Guérin and Léon 

Charles Albert Calmette [23]. According to Louis Pasteur`s strategy to affect the 

virulence of a bacterium, they began to passage a virulent isolate of M. bovis on different 

media in 1908. After 230 passages in 13 years, the bacterium has lost a genomic region 

spanning nine genes, which are coding for the proteins Rv3871, PE35, PPE68, ESAT-

6, CFP-10, Rv3876, Rv3877, Rv3878, and Rv3879c, summarized as the region of 

difference 1 (RD1) as we now know by modern whole-genome sequencing studies [23]. 

In 1921, the first vaccine trial of infants was performed with this attenuated strain and 

was subsequently released as a vaccine [24]. In general, this vaccination has saved 

millions of lives over the last century by activating anti-mycobacterial immunity and, with 

this, the prevention of the most severe forms of TB [25]. Nowadays, the vaccine is still 

used in many countries but the efficacy is very weak, so that in many other countries it 

is no longer prescribed. This makes the development of new antibiotics particularly 

important. There are also some so-called non-tuberculous mycobacteria like 

Mycobacterium marinum (M. marinum) and Mycobacterium abscessus (M. abscessus) 

that also can cause diseases, such as skin infections, mainly in immunocompromised 

people [26]. 

M. tuberculosis is described in more detail in the following chapter, as it is the main focus 

of this work.  

1.2 The bacterium Mycobacterium tuberculosis 

M. tuberculosis, the causative agent of TB, is a human pathogen from the bacteria 

kingdom, the actinobacteria phylum, the suborder of the Corynebacterineae, and the 

family of the Mycobacteriaceae. The obligate aerobe, facultative intracellular bacteria are 

chemoorganotrophic and slow-growing with a generation time at optimal conditions of 

around 24 hours in liquid media, while colonies appear after three weeks on solid agar 

medium [27]. It has been postulated that the genus Mycobacterium evolved 150 million 

years ago [28]. However, M. tuberculosis was found by Robert Koch first in 1882 [29]. A 

significant step in tuberculosis research was the whole-genome sequencing of 

M. tuberculosis in 1998. It was found that the genome has a size of 4.4 Mbp, which 

encodes for 4018 genes with a very high GC content of 65.9% [30]. Further whole-

genome mutagenesis studies have shown around 600 genes that were essential for the 
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in vitro growth of M. tuberculosis [31]. One of the main characteristics of M. tuberculosis 

is the cell's unique envelope (Figure 1). It is composed of four layers (I-IV): the external 

capsule (I), which consists of neutral polysaccharides [32]. Next, there is an 

asymmetrical outer membrane, also called “mycomembrane” (II). It is only weakly 

connected to the external capsule. The inner leaflet of the mycomembrane is based on 

long-chain fatty acids (C60-C90), and the outer leaflet mainly includes non-covalently 

attached lipoglycans and (glycol)lipids. Examples are sulfoglycolipids, trehalose mono- 

and dimycolates, lipomannan, lipoarabinomannan, and (lipo)proteins, and 

phosphatidylinositol mannosides [33, 34]. All are involved in various biological processes 

such as biofilm formation, pathogenicity, and persistence [35]. This membrane is 

covalently linked through the mycolic acids (III) to the peptidoglycan-arabinogalactan 

complex (AGP), which build the periplasmic space. Inside the cell is the inner membrane, 

which is also called the plasma membrane (IV) [32]. Because of this complex structure, 

the permeability across this barrier is very low, which makes it challenging to find new 

anti-TB drugs [36, 37]. 

 

Figure 1: Schematic representation of the mycobacterial envelope. The cell envelope 
consists of four main layers: (I) the external capsule, (II) an asymmetrical outer membrane, that 
is covalently linked to (III) the periplasmic space with the peptidoglycan-arabinogalactan complex 
(AGP), and (IV) the inner membrane. Figure adapted from Vincent, A. et al., 2018 [38]. 

The primary host cells for M. tuberculosis are the macrophages, which firstly 

phagocytose the bacteria after infection of a human individual [39]. The internalization 

procedure is described in section 1.2.1 in more detail. A wide variety of resistance 

mechanisms have evolved through adaptations. One of these is the thick mycobacterial 
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cell wall, which grants mycobacteria resistance against some anti-bacterial effector 

mechanisms of the macrophages [40]. After the internalization and the switch to the 

latent state, they can persist for a long time. After this non-replicating phase, they can be 

reactivated to cause active disease [41]. 

Due to its ability to adapt to different stress situations, its unique cell wall structure, and 

its airborne transmission, M. tuberculosis became a global pathogen. Due to the high 

infection rate in humans, TB occurs worldwide and is particularly prevalent in Sub-

Saharan Africa and Southeast Asia. 

1.2.1 Tuberculosis: Epidemiology and Pathogenesis 

TB, caused by M. tuberculosis, is one of the oldest diseases affecting humans and 

causes global morbidity and mortality [42, 43]. According to the WHO, 10.6 million people 

fell newly ill with TB in 2021 worldwide. The number of new infections increased in 2021 

after a long steady period of infection numbers [1]. TB is known to be a poverty-related 

disease because of the need for access to diagnostic tools and long medication phases. 

Geographically, most of the TB cases occur in South-East Asia (45%), Africa (23%), and 

the Western Pacific (18%) (Figure 2A). The 30 countries with the highest TB burden 

accounted for 87% of all TB cases occurring worldwide. These countries are 

predominantly low-income and middle-income countries. In 2021, 1.6 million people died 

from TB [1] with drug-resistant tuberculosis (DR-TB) accounting for a large proportion of 

deaths. In 2021, there were 450,000 cases of DR-TB (Figure 2B). One predominant form 

of DR-TB exhibits resistance to rifampicin (RIF; RR-TB), which is one of the most 

effective first-line antibiotics. More detailed information on RIF is provided in chapter 

1.3.2.3. On the other hand, multidrug-resistant TB (MDR-TB) is tuberculosis with 

resistance to RIF and isoniazid (INH), which is also a first-line antibiotic. Both forms (RR-

TB and MDR-TB) need to be treated with a second-line antibiotic, e.g., pretomanid or 

delamanid. The countries with the highest numbers of MDR-TB and RR-TB are India 

(26%), the Russian Federation (8.5%), and Pakistan (7.9%). In parallel with the 

increasing number of infections, DR-TB cases have also increased compared to previous 

years. This is a dramatic development [1]. Mathematical analyses and simulation models 

predict that the number of TB cases will continue to increase due to the lack of rapid 

diagnosis and appropriate treatment options for RR-TB [44-46]. 

 



Introduction 

6 

 

The only known environmental reservoir of M. tuberculosis is in humans. Due to this 

specificity, there has been a long history of host-pathogen adaptation during human 

evolution that started at least 6,000 – 9,000 years ago, but this process is not yet fully 

understood [47, 48]. M. tuberculosis is mainly a pulmonary pathogen. The bacteria are 

transmitted via aerosols and infect mainly the lung, but they can also spread throughout 

the whole body and affect different organs and tissues resulting in extrapulmonary TB. 

Even though there is a very large number of infections with M. tuberculosis, only a small 

proportion of approx. 10% of them develop an active TB disease [49, 50]. This is because 

there are different forms of TB infections: In latent TB infection, the bacteria are isolated 

in granulomas and are in a persistent form, in which the metabolism is reduced to a 

Figure 2: Estimated incidence rates of people infected with TB and drug-resistant TB in 
2021. Estimated 10.6 million people fell ill with TB worldwide in 2021 with the highest cases in 
South-East Asia, Africa, and Western Pacific (A). Globally, the estimated number of multidrug-
resistant TB (MDR-TB) and rifampicin-resistant TB (RR-TB) grew to 450,000 incident cases. The 
highest proportions are in India, the Russian Federation, and Pakistan (B). Figure and Data from 
WHO, Global Tuberculosis Report (2022) [1]. 
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minimum. It is an asymptomatic and non-transmissible state (Figure 3). Due to 

intracellular residence in the macrophages, the host immune system can hardly act 

against this form, and the bacteria can survive in a dormant state for weeks up to several 

decades [51]. However, if an active form develops, the bacteria leave the granulomas. 

The disease develops with symptoms such as cough, hemoptysis, fever, night sweats, 

fatigue, lack of appetite, and weight loss  [48]. Recent findings have shown that in 

addition to the two forms, there are also mixed forms so that a spectrum emerges, e.g., 

some patients have an active, culture-positive disease but are asymptomatic. These 

forms are called subclinical TB [52-54]. 

 

Figure 3: The tuberculosis infection and disease. Infection with M. tuberculosis and the 
categorization into active and latent TB and the mixed form, subclinical TB. Figure from Furin, J. 
et al., 2019 [41]. 

The infection cycle of M. tuberculosis begins with the inhalation of the bacteria. After 

passing through the upper respiratory tract, they enter the lower respiratory tract, where 

the bacteria encounter alveolar macrophages. These macrophages are the main cell 

type that the bacteria infect [48, 55]. Macrophages perceive bacteria by recognizing 

pathogen-associated molecular patterns via host cell pattern recognition receptors, 

leading to pathogen phagocytosis [56]. After internalization, M. tuberculosis blocks the 

fusion of phagosomes with lysosomes, normally resulting in a decreased pH inside the 

phagosomes, to ensure bacterial survival [56]. In addition, M. tuberculosis utilizes the 

secretion system ESX-1 to secrete proteins into the cytosol of the macrophages 

promoting the disruption of the phagosomal membrane. This step is essential for the 

bacteria and has been linked to the surveillance pathway that facilitates bacterial survival 

[57, 58]. From then on, the bacteria have overcome the first defence mechanisms of 

alveolar macrophages, monocytes, or dendritic cells, which were supposed to eliminate 

the bacteria. Thus, M. tuberculosis gains access to the pulmonary interstitium, e.g., by 

transmigration of infected macrophages through the alveolar epithelium to the lung 

parenchyma. Another possibility is a direct infection of the alveolar epithelial cells. In the 
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next step, M. tuberculosis is transported by monocytes or dendritic cells to pulmonary 

lymph nodes to induce T-cell priming. This subsequently leads to granuloma formation 

[48]. A granuloma is a compact and organized aggregate of mature uninfected 

macrophages, T-cells, fibroblasts, and neutrophils, which surround infected 

macrophages that arise in response to a persistent stimulus [56, 59-61]. With these 

granulomas, the host tries to encapsulate the bacteria from the rest of the body [48]. The 

surrounding immune cells are secreting cytokines, like tumor necrosis factor α (TNF- α ) 

or interferon γ, which activate the macrophages to produce reactive nitrogen and oxygen 

species. The bacteria can survive in this toxic environment in a latent state for up to 

decades [58]. Various stimuli can reactivate M. tuberculosis, e.g., diabetes, weakening 

of the immune system due to immunosenescence, malnutrition, or co-infection with other 

pathogens (e.g., HIV, COVID-19) [62]. Subsequently, the bacteria begin to multiply in 

the macrophages. At a certain point, the bacterial load is too high, and the macrophages 

will be lysed or ruptured. As a result, the bacteria are released and enter the respiratory 

tract to be further disseminated or reach the bloodstream. These steps turn the latent 

form into an active form, and the patient begins to show symptoms and becomes 

infectious [51]. This leads to the infection of other individuals because no proven 

immunization is established. A century ago, the M. bovis BCG strain (seeChapter 1.1) 

was used as a vaccine routine for newborns and young children [25]. However, the 

vaccination does not show effective preventive immunization, especially in adults, which 

is why the vaccination is no longer recommended in Germany today [63]. So, there is 

only the possibility of treatment with effective drugs after infection. The first anti-

tuberculosis drugs were developed in 1940. Today, according to WHO, the four first-line 

antibiotics RIF, INH, ethambutol (ETB), and pyrazinamide (PZA) in combination serve 

as an effective treatment against sensitive TB. This is given for up to six months (see 

Chapter 1.3.2). In addition to antibiotic resistance, dormancy of M. tuberculosis plays a 

role in the treatment. Many antibiotics are only effective against actively growing cells of 

M. tuberculosis. It would be important to have an effective agent against latent TB, 

thereby also indirectly preventing development of active TB. However, this is still very 

difficult, since the mechanisms of persistence and dormancy of M. tuberculosis are not 

yet fully understood. The phagocytosis of the bacteria leads to changes in environmental 

conditions, like acidification, starvation, and oxidative and nitrosative stress [64]. 

M. tuberculosis secretes ureases to neutralize the pH, and its unique cell wall helps to 

tolerate low pH [65]. However, the harsh environment causes cell stress and the bacteria 

enter into a dormant state. This is characterized by slower or no replication and extremely 

reduced metabolism. However, an important factor in the switch from active to dormant 

state is the dormancy survival regulator DosR. It controls 48 genes in M. tuberculosis, 
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which are colocalized in the genome and are clustered into nine blocks [66]. This regulon 

is controlled by DosS and DosT, a two-kinase system, which activate the response 

regulator [67, 68]. DosR can be induced by different stress conditions, such as hypoxia, 

which is triggered by phagocytosis for instance [67]. DosS is associated with the 

maintenance of DosR and DosT and interacts mainly in the early phase of hypoxia by 

activating DosR [69]. This leads to a reduction in metabolism and energy levels. This 

strategy allows long-term survival in the absence of oxygen [70]. 

The reactivation to the active state is also not fully understood. It is known that 

autoimmune diseases and secondary infections increase the risk of developing active 

disease. The reactivation of the metabolism and the replication are linked to 

resuscitation-promoting factors (Rpf). There are five in M. tuberculosis (RpfA-RpfE) [71]. 

Also, the DosR system is associated with reactivation [72]. The term dormancy indicates 

a metabolic state. Persistence, on the other hand, means the ability of bacteria to survive 

in the presence of drugs without changing genetically (phenotypical resistance or drug 

tolerance) [73]. It was reported that during conditions inducing persistence, the genes of 

the DosR regulon are not activated and thus do not play a role in the drug tolerance of 

M. tuberculosis [70]. It is important to understand the processes in more detail to find 

drugs against the dormant state, as most drugs are only effective against replicating 

bacteria. 

1.2.2 Tuberculosis and COVID-19 

The coronavirus disease (COVID-19) is caused by the severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) and is infectious. It was declared a global 

pandemic by the WHO in March 2020 [74, 75]. During the pandemic, there was a 

decrease in the reported number of people who were newly diagnosed with TB [1, 50]. 

According to WHO, this could indicate a greater number of people who have undetected 

TB and are not receiving treatment, as TB diagnosis was greatly reduced during the 

Corona pandemic. This could then subsequently lead to a wider spread of TB. In 2021, 

the number of new TB infections and also DR-TB cases increased for the first time after 

a long period of stagnation [1]. The higher the number of TB cases, the higher the number 

of deaths from TB. This makes the COVID-19 pandemic a challenge also for other 

diseases, such as TB. However, it did not only have negative effects regarding the 

transmission of TB. The lockdown and the use of masks in public may have minimized 

the spread, according to the WHO. Nevertheless, malnutrition, poverty, and the lack of 

diagnosis and treatment have negatively impacted the national TB programs [1, 76]. 
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1.3 Antibiotics and anti-tuberculosis therapy 

Antimicrobial substances play a major role in the control of bacterial infections. These 

can be divided into two main groups: antibiotics and antimicrobials. While antibiotics are 

natural substances produced by living microorganisms, antimicrobials are synthetically 

synthesized. Both inhibit the growth of other microorganisms [77]. These substances can 

be bactericidal, which causes cell death, or bacteriostatic, which inhibits cell proliferation. 

These bacteriostatic substances depend on the patient's immune system, which 

continues to fight against the infection. Antibacterial drugs used in TB treatment have 

different modes of action as described in the following chapters, following a brief 

description of the history of antibiotics. 

1.3.1 History of antibiotics 

In 1929, a new era began with the accidental discovery of penicillin by Alexander 

Fleming, which slowed the growth of bacteria [78]. This was the first antibiotic that could 

be used to treat infectious diseases. Before, there were only some antimicrobial 

substances, like salvarsan, which was developed mainly by Paul Ehrlich in 1910, that 

changed modern medicine. It prolonged the average life of people infected with syphilis 

by 23 years [79]. However, it turned out to be toxic because of the arsenic core structure 

and was replaced with penicillin, which was safer [80]. Penicillin is a β-lactam antibiotic, 

which consists of a central β-lactam ring [81]. From this time, penicillin and other 

antibiotics were discovered, industrially produced, and introduced as promising 

treatment options against otherwise fatal infections. Other classes of antimicrobials, 

including sulfonamides, aminoglycosides, and quinolones, were mainly found between 

the years 1940 and 1970. Therefore, this period is also known as the golden era of 

antibiotics [82]. Louis Pasteur laid the foundation for this idea with his statement that 

microbes can secrete substances to kill other bacteria. [79]. In the late 1930s, Selman 

Walksman was the first person to start a systematic study of antimicrobial compounds 

produced by microbes. This was the starting point of the early mentioned golden era. For 

that purpose, filamentous Actinomycetales were employed to produce these compounds 

[83, 84]. In this screening, many antibiotics were discovered, including neomycin and 

streptomycin (STREP). With STREP, the first active anti-tuberculosis agent was found. 

Members of the genus Streptomyces were identified as a rich source of natural products 

representing secondary metabolites with anti-microbial effects [83, 85]. Most antibiotics 

found in the golden era are still in clinical use, but their efficiency has been reduced due 

to the rise of AMR [86]. Since many antibiotics were found within a short period, their 

scarcity was not foreseeable, and they were used very frequently, especially during 



Introduction 

11 

 

World War II. This led to the increased development of resistance to the antibiotics used. 

Today, AMR is one of the biggest threats and can affect anyone and occurs when 

bacteria develop the ability to resist the effects of the antibiotics, that were once effective. 

This happens when bacteria spontaneously mutate or acquire genes that allow them to 

defend against the antibiotic [87]. As a result, the disease gets harder and sometimes 

impossible to treat and leads to prolonged hospital stays, higher costs, and increased 

mortality [88]. There are three main reasons for the emergence of antibiotic resistance. 

These are the overuse of chemotherapy, the extensive use in agriculture, and the 

improper prescription of antibiotics [89, 90]. Drug resistance is not only known for many 

bacteria, but also for parasites like the malaria parasite P. falciparum, and viruses, like 

the human immunodeficiency virus (HIV) [91]. Because of this dramatic progress, it holds 

great significance to diminish the emergence of resistance through improved patient 

education, reduced prescription practices, and prevention of infection transmission. In 

addition, new antibiotics need to be found [91]. After World War II, research has focused 

on new β-lactam structural variations, such as methicillin, to combat AMR [92]. 

Resistance to this antibiotic also developed shortly after its introduction to the market. 

There are different ways of resistance development. One way is the direct modification 

of the target gene. The other is the inactivation of the drug, which can be due to 

modifications like conjugation of chemical groups, like acetylation, phosphorylation, or 

hydrolysis [93]. Another variant is the reduction of the intracellular concentration of the 

antibiotic, which can be generated by increased efflux or reduced permeability [93]. A 

multidrug efflux pump inhibitor is a new target for resistant bacteria [94].  

A priority list for the development of new antimicrobial substances for resistant bacteria 

has been published by the WHO [95]. The WHO suggests focusing on Gram-negative 

bacteria like carbapenem-resistant Acinetobacter baumannii, Pseudomonas aeruginosa, 

and carbapenem and third-generation cephalosporin-resistant Enterobacteriaceae, 

which all have a critical priority. In the second group, with a high priority, there are Gram-

positive bacteria, such as vancomycin-resistant Enterococcus faecium and methicillin-

resistant Staphylococcus aureus [95]. M. tuberculosis is not listed on the WHO priority 

list because it has already been independently prioritized with the “END TB STRATEGY” 

[96]. Fernandez concluded this resistances could lead to a pre-antimicrobial drug era 

[90]. Nowadays, there are also approaches being pursued of target- and structure based 

drug design that precisely focus on an isolated target that is essential for viability of 

pathogenic bacteria. However, this often does not work because, e.g., the charge or 

permeability is not considered so that many of the designed inhibitors cannot penetrate 

the cells to reach their intracellular target [97]. As many routes to drug discovery have 
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proven very difficult, many pharmaceutical companies have turned their focus 

elsewhere, which means that finding new compounds continues to stagnate [98]. Due to 

globalization and modern lifestyle, antibiotic-resistant bacteria are rapidly distributed 

globally and can be found in other communities and hospitals. Due to their resistance, 

the bacteria are also a threat to all groups of society [90]. M. tuberculosis has also 

developed many resistances to different antibiotics, described below [1]. 

1.3.2 Treatment against tuberculosis 

The mortality of TB is very high if this disease is not recognized and treated. The first 

anti-TB drug, STREP, was discovered by Selman Walksman in 1944, and in the following 

20 years, other drugs have been developed [84]. Before that time, the standard TB 

therapy consisted only of fresh air, exposure to sunlight, and bed rest. Nowadays, the 

treatment against M. tuberculosis consists of combination therapy to prevent the 

development of resistance. Due to the chronic progression, the infectious nature, and 

the complex immunological response, there is a need for long-term treatment. In most 

cases of drug-susceptible TB, a combination of isoniazid (INH), RIF, ethambutol (ETB), 

and pyrazinamide (PZA) is taken every day for two months in the “intensive phase”. In 

the “continuation phase”, the treatment is carried out with only RIF and INH [99]. 

However, there are known cases where the treatment needs to be continued for up to 

two years [100]. Finding new active agents against TB is a major challenge. This is partly 

because M. tuberculosis has a very high intrinsic resistance due to its complex cell wall 

that serves as a permeability barrier and thus prevents the entry of most drugs [37]. 

Another reason could be that mycobacteria and streptomycetes, which produce many 

natural products with antibacterial activity, as described above, both belong to the 

phylum Actinomycetota. Therefore, it is suspected that M. tuberculosis has also evolved 

intrinsic mechanisms to block their mode of action [101]. The WHO recognizes that TB 

is still a significant health problem and has therefore established strategies consisting of 

improved diagnostic tools, drug delivery, and prevention strategies to eradicate 

M. tuberculosis by 2050 [102]. The following chapter will focus on the four first-line 

anti-TB drugs and STREP  

1.3.2.1 Streptomycin 

The first antibiotic found against M. tuberculosis, thus representing a new era of 

treatment, is STREP (Figure 4A), which was discovered by Walksman in 1944 [84]. A 

comparative study between the traditional treatment option consisting of sunlight and 

bed rest, and the new treatment with STREP showed the success of the antibiotic, as 

there was an improved survival rate of up to 50%. Because the research was not far 
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advanced and there were many errors in the treatment with STREP, resistance 

developed almost simultaneously [103]. STREP is a member of the aminoglycoside 

antibiotics. These drugs inhibit protein biosynthesis by binding to the 30S ribosomal 

subunit through the 16S ribosomal ribonucleic acid (16S rRNA) [104]. Resistance in 

M. tuberculosis is mainly caused by a mutation in the genes encoding ribosomal protein 

S12 (rpsL) or 16S rRNA. RpsL stabilizes the pseudoknot structure, which is formed by 

16S rRNA [105]. The alteration of this structure disrupts the interaction between STREP 

and 16S rRNA, which causes resistance [106, 107]. 

1.3.2.2 Isoniazid 

The first synthetically produced drug against M. tuberculosis is INH (Figure 4B). This 

drug, previously known as a cancer drug, was first used in the early 1950s for treatment 

against M. tuberculosis. As with STREP, monotherapy led to the rapid emergence of 

resistance. In the case of INH, the mechanism of action was unknown for a long time 

and was only clarified in some detail in the first decade of the 21st century [108]. 

Nowadays, it is known that this bactericidal drug is a prodrug. The active form is 

generated after passive diffusion through the mycobacterial cell wall. The active form is 

an isonicotinoyl radical, which is produced by the cytoplasmic multifunctional 

catalase/peroxidase KatG. These isonicotinoyl radical binds covalently to NAD+, leading 

to the formation of isonicotinoyl-NAD+ adducts [109]. They can inhibit the formation of 

the mycobacterial cell wall by inhibiting InhA, the enoyl-ACP reductase. Enoyl-ACP 

reductase is an essential part of the bacterial fatty acid synthase complex II and is 

responsible for the final step of fatty acid biosynthesis. Due to this inhibition, long-chain 

fatty acids such as mycolic acids can no longer be synthesized [110, 111]. 

1.3.2.3 Rifampicin 

RIF is a semisynthetic drug initially derived from rifamycins obtained from Amyxolatopsis 

rifamycinica in 1957. Structural changes allowed the drug to be absorbed into the 

gastrointestinal tract and led to the development of RIF as it is used today (Figure 4C) 

[112]. Because of its lipophilic structure, rifampicin can act on both extracellular and 

intracellular organisms. This property allows it to pass through the lipid-rich cell wall of 

mycobacteria. It has a broad spectrum of activity and is active against gram-positive and 

gram-negative bacteria [113]. RIF is an inhibitor of bacterial desoxyribonucleic acid 

(DNA)-dependent ribonucleic acid (RNA) polymerase [114]. It binds to the β-subunit of 

the enzyme, which induces a conformational change that leads to the blockade of the 

elongation of messenger RNA (mRNA). Spontaneous dissociation of short, unstable 

DNA-RNA hybrids occurs, leading to transcription termination [115]. This upstream 

inhibition of protein biosynthesis during the growth phase of bacteria leads to a 
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bactericidal effect. However, because mycobacteria grow very slowly, prolonged therapy 

is required, and the risk of recurrence is increased with monotherapy [116]. Mutations in 

the target gene rpoB confer resistance towards RIF. This gene comprises 81 base pairs 

known as rifampicin resistance determining region [116, 117]. 

1.3.2.4 Ethambutol 

ETB (Figure 4D) is one of the most popular front-line drugs. It was found in a synthetic 

compound screening against M. tuberculosis and was first discovered in 1961 [118]. The 

mode of action and resistance of this bacteriostatic agent is not entirely proven yet, but 

it was reported that it primarily hampers mycobacterial cell wall synthesis. In more detail, 

it inhibits the arabinogalactan polymerization, in which the two membrane-associated 

arabinosyl transferases EmbA and EmbB are involved [119-121]. 

Further analysis shows that it interferes with cell wall synthesis and plasma membrane 

integrity by inhibiting the enzyme MruI and affecting peptidoglycan biosynthesis [122]. 

Recently, a proteomic approach showed that energy metabolism and respiration genes 

are upregulated by ETB [123]. Therefore, it is speculated that ETB influences various 

enzymes. 

1.3.2.5 Pyrazinamide 

PZN (Figure 4E) is structurally related to nicotinamide and was discovered in 1952. It 

was the first drug that reduced the TB treatment by several months and had a sterilizing 

effect not only on actively replicating but also on dormant bacteria [124, 125]. PZN is 

known to be a prodrug that needs to be activated to pyrazinoic acid. This conversion is 

performed by the mycobacterial enzyme pyrazinamidase (PZase) [126]. Mutations in the 

gene pncA, which encodes for the enzyme PZase, lead to resistance toward PZN [126]. 

The mode of action of the active form is still under discussion. It is assumed that PZN 

targets different processes, e.g., translation. A protein involved in translation, ribosomal 

protein S1, was described as a putative target of pyrazinoic acid [127]. Further studies 

revealed that PZN inhibits RNA and protein synthesis and serine uptake. Another effect 

is that PZN destroys the membrane potential at low pH and by this, it is inhibiting growth. 

Furthermore, recent nuclear magnetic resonance spectroscopy methods showed that 

PZN binds competitively to mycobacterial fatty acid synthase I (FAS-I) [128]. It is 

postulated that in this case PZN, rather than pyrazinoic acid, binds directly to FAS-I [129]. 

However, no correlation between FAS-I inhibition and PZN has been established in other 

studies [130, 131]. 
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Figure 4: The first-line drugs and STREP used in TB therapy. The structure of the first 
identified antibiotic with anti-TB activity streptomycin (A) and the antibiotics used in first-line 
therapy for TB isoniazid (B), rifampicin (C), ethambutol (D), and pyrazinamide (E). Figure adapted 
from Grotz et al. (2018) [132]. 

 

1.3.3 Drug-resistant M. tuberculosis 

As described previously (in Chapter 1.2), M. tuberculosis can mutate rapidly, leading to 

the development of resistance to antitubercular drugs. These resistant bacilli are 

challenging to treat because only a few approved anti-TB drugs are active against DR-

TB. These will be discussed in more detail in the next chapter. The mutations develop 

particularly quickly if the drugs are not used properly. Correct use includes, among other 

things, taking the medication daily over a long period and monitoring the patients [133]. 

In 2021, there were 450,000 incident cases of MDR-TB or RR-TB, which is 3.1% more 
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than in 2020. The countries with the highest percentage are the Russian Federation and 

several countries in Central Asia and Eastern Europe (Figure 2). Nowadays TB is not 

only a “poverty-related” disease, but there are an increasing number of cases also in 

Europe [1]. Drug resistance can be divided into RR-TB, MDR-TB, extensively drug-

resistant (XDR), pre-XDR-TB, and totally drug-resistant (TDR) TB [134]. RR-TB is 

characterized by monoresistance against RIF, while MDR-TB includes resistance 

against both first-line antibiotics RIF and INH [1]. The previous chapter described the 

resistance obtained in more detail. The Center for Disease Control and Prevention (CDC) 

and WHO declared pre-XDR-TB as resistance to INH and RIF, and at least one 

fluoroquinolone like levofloxacin (LFX), moxifloxacin and ciprofloxacin or one injectable 

drug such as kanamycin, capreomycin, or amikacin [135]. XDR-TB is defined as 

resistance to INH and RIF and at least one fluoroquinolone, or one injectable drug, and 

to bedaquiline or linezolid. XDR-TB is associated with a high mortality rate, especially in 

combination with HIV-coinfection [136]. Recently, cases of total drug resistance (TDR-

TB) have also occurred. In this case, the bacteria are resistant to all standard antibiotics 

[134]. The pre-XDR clinical isolates from KwaZulu-Natal (KZN), used in this study, were 

responsible for an outbreak of XDR-TB in South Africa between 2005-2007. These were 

further investigated and showed resistance against the antibiotics INH, RIF, ETB, 

STREP, PZA, ethionamide, kanamycin, amikacin, capreomycin, and ofloxacin [137].  

Recently, only a small number of new drugs have entered the market. Some of them will 

be described in more detail in the following chapter, particularly concerning their mode 

of action and effect on DR-TB which poses a major challenge. To address this, the WHO 

has postulated strategies to end the TB epidemic by 2050. The main focus is on 

improving access to drugs and testing. One way to reduce the large proportion of DR-TB 

is to find new drugs. This can be done in different ways, e.g., screening of natural 

products or target-directed design of new lead structures [102]. 

1.3.3.1 Second-line anti-tuberculars 

Second-line drugs are used only for the treatment of DR-TB. They include, among 

others, moxifloxacin, LFX, BDQ, linezolid, clofazimine, cycloserine, terizidone, DELA, 

PZA, and pretomanid. These drugs must be taken under the supervision of an 

experienced doctor because some of them have strong side effects [131]. These 

antibiotics must be only used against DR-TB, otherwise, resistance to these antibiotics 

would also develop more and more, reducing treatment options. In the following, the 

most important ones are described in more detail. 
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 Bedaquiline 

Upon its introduction in 2012, the diarylquinoline bedaquilline (Figure 5A) was found to 

have a novel mode of action. It exhibits potent antimicrobial activity by inhibiting the 

adenosine triphosphate (ATP) synthase, specifically by blocking the proton pumping 

mechanism in M. tuberculosis [138]. The ATP synthase is located in the inner membrane 

and generates energy in the form of ATP through a proton gradient called proton motive 

force created by electron transport chain [139-141]. The ATP synthase consists of two 

units: a cytoplasmic sector F1 and a membrane sector F0. The c units of F0 have the 

function of an ion-conducting pathway and are arranged in a form like a disk. It has been 

demonstrated that the proton motive force through F0 enhances the rotation of the 

cylindrical ring of subunit c and leads to coupled rotation of the catalytic subunit b of the 

F1 domain, resulting in ATP synthesis from ADP and inorganic phosphate [139, 142, 

143]. It could be shown that BDQ binds to subunit c and prevents the ATP synthase 

function [139, 140, 142]. The inhibitory effect of BDQ is specific to mycobacteria [142]. 

Clinical trials showed that it is safe and useful for treating MDR-TB resulting in 70.9% of 

sputum culture conversion within 119 days [144, 145]. Resistance to BDQ has been 

associated with mutations in two genes, namely atpE and mmpR [146, 147]. The atpE 

gene encodes the F1/F0-ATP synthase subunit c [146, 148], while the mmpR gene 

encodes the repressor of the MmpS5-MmpL5 efflux pump [149]. 

 Delamanid  

In 2006, a nitro-dihydro-imidazole derivative called delamanid (DELA) was discovered 

(Figure 5B) as a cell wall synthesis inhibitor, specifically targeting mycolic acids. DELA 

is a prodrug that requires activation by the enzyme deazaflavin-dependent 

nitroreductase (Rv3547, ddn). A reactive intermediate metabolite formed between 

delamanid and the desnitroimidazooxazole derivative is crucial in inhibiting the synthesis 

of keto and methoxy mycolic acids through the F420 coenzyme system [150]. This 

system generates and recycles cofactor F420 and produces nitrous oxide [151, 152]. In 

2014, the WHO recommended the use of DELA as a drug against DR-TB [153]. 

However, resistant pathogens have already emerged, with the most frequent mutation 

being detected in ddn [154], whose product is involved in the F420 system. Other 

mutations, such as those in fbiA, fbiB, fbiC, and fgd1, whose products are also involved 

in the F420 system, can also induce resistance to DELA [155]. 
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Pretomanid 

In 2000, pretomanid (Figure 5C) was found as PA-824, which is also a nitroimidazole. It 

has shown promising results against dormant TB, but it also has several known side 

effects such as vomiting, low blood sugar, diarrhea, nerve damage, headache, and liver 

inflammation [156, 157]. When it reached phase III clinical trials, it received limited 

approval to be used against XDR-TB in combination with linezolid and BDQ, but in 2019 

it was approved by FDA and in 2020 by EMA. This prodrug is considered to have a very 

broad target spectrum in M. tuberculosis and, like DELA, is activated by Ddn, which 

produces different active metabolites including nitric oxide. The molecular mechanism 

behind pretomanid's effect is not well understood, but it is known to impact the cell wall 

[158]. According to proteome analysis, there is an upregulation of genes such as fasI 

and fasII, both encoding for proteins involved in the eukaryotic-like fatty acid synthesis, 

efpA that encodes for an efflux pump, and three isoniazid-induced genes in the iniBAC 

operons associated with cell wall biosynthesis. Additionally, the cyd operon, which 

encodes subunits of the cytochrome bd oxidase, is also upregulated [159-161]. This 

cytochrome bd oxidase plays a role in energy-transducing respiration [162]. Research 

has shown that pretomanid can be effective against actively growing and dormant TB. In 

actively dividing bacteria, the drug interferes with mycolic acid biosynthesis, resulting in 

hydroxylate accumulation. In dormant bacteria, pretomanid's metabolite des-

nitroimidazole generates reactive nitrogen species, leading to reduced ATP levels as 

observed in M. smegmatis [159]. Whole-genome sequencing of pretomanid-resistant 

clones revealed mutations in genes for the synthesis of cofactor F420, including fbiC, 

fbiA, ddn, fgd, fbiB, and fbiD [163]. 

 

Figure 5: Chemical structure of bedaquiline (A), delamanid (B) and pretomanid (C). The 
nitroimidazole core structures of DELA and pretomanid are highlighted in blue. Figure adapted 
from Venugopala et al. (2021) [164]. 
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 Second-line drugs 

There are several other second-line anti-tuberculosis agents. This chapter provides a 

brief summary of some of these agents. One group of anti-TB drugs is the 

fluoroquinolones, including ciprofloxacin, moxifloxacin, ofloxacin, levofloxacin, and 

sparfloxacin (Figure 6A) [165]. They all affect mycobacterial DNA replication and 

increase the level of DNA strand breaks generated by topoisomerase II, which 

subsequently leads to cell death [166-169]. In many bacterial species, there are two type 

II enzymes, the DNA gyrase and topoisomerase IV. However, in M. tuberculosis, there 

is only the DNA gyrase, which has functional properties of both. It untangles and unknots 

DNA and regulates the superhelical density of the chromosome and removes torsional 

stress, generated ahead of the DNA replication forks and the transcription complexes 

[170-173]. This DNA gyrase comprises a tetramer of two A and two B subunits [174]. 

Mutations in gyrA and gyrB are associated with resistance to fluoroquinolones [175]. In 

addition, there is a second group of second-line agents belonging to the aminoglycosides 

that interfere with protein synthesis and alter the 16S rRNA level (Figure 6B). 

Representatives of this group are kanamycin, amikacin, capreomycin, and viomycin. 

Drug resistance mainly results from mutations in the tylA gene that codes a putative 

rRNA methyltransferase affecting the ribosomes. These mutations change the structure 

of the ribosome and alter the binding to the antibiotic [176-178]. Another mutation is 

found in the 16S rRNA of the rrs gene, which encodes the ribosomal protein S12, which 

stabilizes the highly conserved pseudoknot structure formed by 16S rRNA [176]. 

Alterations in this structure can disrupt the interaction between the drug and 16S rRNA 

[179]. 

Cycloserine is an alanine analog that has a cyclic structure and shows no cross-

resistance with other agents (Figure 6C) [180]. It affects the biosynthesis of the 

mycobacterial cell wall, particularly in the peptidoglycan biosynthesis process by 

targeting two enzymes, D-alanine ligase and alanine racemase [181, 182]. Resistance 

to cycloserine is associated with alr, which encodes the alanine racemase. However, 

mutations in 13 other genes were linked to cycloserine resistance that are involved in 

different mechanisms such as methyltransferase, transport system, stress response, and 

lipid metabolism. This indicates a complex mechanism of resistance [183]. 

Ethionamide is another antibiotic used as a second-line treatment (Figure 6D). It 

interferes with mycolic acid biosynthesis, forming adducts with NAD. This antibiotic 

targets the same molecular structure as INH, and it inhibits the NADH-dependent enoyl-

acyl carrier protein reductase InhA [184]. Ethionamide is a prodrug, that requires 
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activation by a NADPH-specific flavin adenosine dinucleotide containing mono-

oxygenase, which is encoded by ethA [185]. Mutations in ethA and ethR have been 

linked to resistance to this antibiotic. The ethR gene encodes a negative regulator of 

EthA. Additionally, mutations in the inhA gene have also been linked to resistance to 

ethionamide [185-187].  

Furthermore, linezolid, an oxazolidinone antibiotic, binds to a specific location on the 

bacterial 23S rRNA of the 50S ribosomal subunit, hindering the formation of the 70S 

complex, which is critical for bacterial replication and division (Figure 6E) [188]. Its 

efficacy against DR-TB has been shown [189-191] and resistance to linezolid has been 

associated with mutations in 23S rRNA gene [192, 193]. The final antibiotic presented 

here is para-Aminosalicylic acid, which was first clinically used in 1946, initially as a first-

line antibiotic (Figure 6F). However, with the discovery of more effective anti-tubercular 

agents, it was reclassified as a second-line antibiotic. The para-Aminosalicylic acid is a 

structural analog of para-aminobenzoic acid and is synthesized from chorismate by 

aminodeoxychorismate lysate and aminodeoxychorismate synthase [194, 195]. In the 

folate metabolic pathway, enzymes transform para-Aminosalicylic acid into 2´-hydroxy-

7,8-dihydrofolate and 2´-hydroxy-7,8-dihydropteroate, which inhibit dihydrofolate 

reductase by competing for binding sites, thus hindering the synthesis of folic acid [196, 

197]. This is an effective target because bacteria are incapable of using external sources 

of folic acid and by this cell growth is slowed down [198, 199]. The para-Aminosalicylic 

acid resistance is associated with mutations in thyA, which encodes folate-dependent 

thymidylate synthase, and folC, which encodes a dihydrofolate synthase [197, 200]. 

To summarize, very few new agents have recently been approved against 

M. tuberculosis. Resistance to nearly all of the described antibiotics developed shortly 

after approval. Therefore, it is crucial to find new agents against TB.  
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Figure 6: Core structure of fluoroquinolone (A), and aminoglycoside antibiotics (B), and 
the chemical structure of cycloserine (C), ethionamide(D), linezolid (E), and para-
Aminosalicylic acid (F).  

1.4 Approaches for developing new antibiotics  

As mentioned in the last chapters, it is especially important due to the antibiotic-resistant 

mutants among all bacteria to introduce new antibiotics that have activity against the 

resistant mutants. After the golden era of antibiotics, the pharmaceutical industry has 

developed very few antibiotics that have completed clinical trials and can be used. Thus, 

it is necessary to discover novel active compounds [201]. One approach involves the 

broad screening of available molecule libraries against a specific pathogen, without any 

prior directional selection, which necessitates testing numerous molecules. This process 

has evolved into a directed variant driven by the whole genome sequencing of a wide 

variety of pathogenic bacteria. This makes it possible to develop an active compound 

that binds directly to a specific desired target. The target should be present only in the 

bacterium and not in mammals so that there is no cross-reaction [202]. For that purpose, 

computational programs have been used to predict effective compounds. Fine-tuning is 

then done by co-crystallization of the protein [203]. However, no antibiotic found by this 
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route has yet been marketed [204]. One explanation for the poor effectiveness of this 

method could be attributed to the poor penetration into the cell or efflux of the substance, 

resulting in a worsened efficacy [205]. Another modern method is the revert to natural 

products which involves extracting and purifying active compounds from a natural 

product. These are diverse molecules, that are originated from different sources, like 

plants, fungi, marine organisms, and bacteria. They all have developed many 

substances, that gave them an evolutionary advantage over others because they can 

protect them from stressful situations and enemies [206]. Natural products are an 

endless source of compounds for drug development. The isolation and identification 

method includes technologies like mass spectrometry (MS), high-performance liquid 

chromatography (HPLC), microfluidics, nuclear magnetic resonance spectroscopy, and 

for the improvement of the outcome, computational algorithms [207]. For high throughput 

assays, microfluidics systems and bioreactors were used and different approaches can 

vary the outcome, like bacterial co-cultivation or a variation in the cultivation parameters, 

like the medium composition, cultivation temperature, and cultivation time. But there are 

also disadvantages of these methods, including the complexities of the chemistry, the 

slowness of working with natural products, the small yield, and difficulties in supply and 

access [208-210]. The need for high-throughput processes has spurred the creation of 

several innovative solutions, one of which is the Ichip. This platform enables the 

cultivation and isolation of microbial species that were previously unculturable. The Ichip 

functions as an isolation chip, with hundreds of diffusion chambers that allow naturally 

occurring growth factors to permeate from neighboring cells. To each chamber only one 

cell is added, which results in pure cultures that can be directly isolated and used for 

drug discovery [211].  

There are also further approaches, such as drug repurposing, in which drugs that are 

already approved by FDA and clinically used, are bioinformatically or empirically 

investigated to see if they also have other effects. The methodologies can be grouped 

as target-oriented, drug-oriented, and disease or therapy-oriented, which depends on 

the available information like pharmacokinetic and toxicological properties of drug 

molecules, and the quality and quantity of the molecule [212]. The big advantages are 

the short development timelines, and lower development costs because they already 

have been pharmacologically investigated [212]. A disadvantage of this method is that a 

new application may need different formulations and concentrations, which increase the 

risk of side effects. Because of that, the repurposed drugs also need clinical trials before 

usage [213]. Bacteriophages are another starting point. These are capable of killing 

bacteria [214]. In some countries, they have already been used in humans against 
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bacterial infections [215]. An advantage is that they probably have a new mechanism of 

action. The disadvantages are that standardization is difficult, and when used 

systematically in humans, they are immunogenic, and, in addition, lysis of the bacteria 

can lead to a toxic shock [216, 217]. Several methods already exist to address these 

drawbacks, such as utilizing bacteriophages solely as a carrier of antibiotics or using 

only their gene products as therapeutic agents [215, 218, 219]. Another genetic approach 

to discovering new drugs involves cloning large fragments of non-culturable bacterial 

genomes into a culturable bacterium and expressing them using recombinant DNA 

technology [220-223]. For this purpose, DNA is extracted from bacteria, e.g., from 

environmental samples, and it is cloned into artificial chromosomes [224]. The open 

reading frames can then be expressed and analysed for antibacterial activity. In case of 

a positive finding, various molecular DNA techniques are applied to increase the 

production of the active substance [202]. 

At the moment, the majority of new compounds are analogues of existing antibiotics. 

Due to the resistance of many bacteria against antibiotics, it is necessary to discover 

new families of antibiotics. In the following, three new groups of anti-mycobacterial 

substances will be introduced. 

1.4.1 The natural compound chlorflavonin 

In prior studies, the flavonoid natural compound chlorflavonin (CF) was isolated from the 

endophytic fungus Mucor irregularis, which was isolated from the medicinal plant 

Moringa stenopetala [225]. This natural product showed potent activity against 

M. tuberculosis H37Rv with an MIC90 of 1.56 µM and activity against M. tuberculosis 

XDR clinical isolates. Further analysis showed no cytotoxic effects against the monocyte 

cell line THP-1 and lung fibroblast cell line MRC-5 [225]. CF was first isolated from 

Aspergillus candidus in 1969, and one year later, the structure was elucidated [226]. This 

3´-chloro-5,2´-dihydroxy-3,7,8-trimethoxy flavone (see Figure 7A) showed antifungal 

activity against Aspergillus amstelodami, Aspergillus fumigatus, Aspergillus ochraceous 

(MIC90 of 0.08 mg/mL) and slight activity against the plant pathogen Botrytis cinerea and 

the mold Paecilomyces variotii (MIC90 of 2.5-5.0 mg/mL) [227]. In M. tuberculosis, it has 

a bacteriostatic effect. Combined with RIF, ETB, and BDQ, it exhibits an additive effect, 

while with INH and DELA, it leads to a synergistic killing effect. Furthermore, it has 

intracellular activity against M. tuberculosis within infected macrophages in vitro. 

Analysis of spontaneous resistant mutants and confirmation by enzyme assay showed 

that CF inhibits the large catalytic subunit IlvB1 of the acetohydroxyacid synthase 

(AHAS) [225]. It is known that IlvB1, in combination with the regulatory subunit IlvN is 
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mediating the first step of the de novo branched-chain amino acid (BCAA) and 

pantothenic acid biosynthesis [228-234]. This enzyme catalyzes the condensation of two 

pyruvate molecules to acetolactate, or the condensation of pyruvate and α-ketobutyrate 

to acetohydroxybutyrate with the release of CO2 (see Figure 7B), after further conversion 

steps resulting in leucine, valine, isoleucine, and pantothenic acid [235]. The incubation 

of M. tuberculosis with CF leads to auxotrophies of these amino acids [225]. The fact 

that AHAS is present in archaea, algae, bacteria, plants, and fungi but not in mammals 

makes it an attractive target for developing new antibiotics, antifungals, and herbicides 

[236-238]. The lack of AHAS in humans explains the absence of cytotoxicity and makes 

CF a promising and novel antibiotic for anti-tuberculosis therapy. 

 

Figure 7: CF blocks the biosynthesis of branched-chain amino acids. (A) Chemical structure 
of CF. (B) Role of the acetohydroxyacid synthase IlvB1 and regulatory subunit IlvN in the pathway 
for the biosynthesis of branched-chain amino acids and pantothenic acid in M. tuberculosis. 
Figure adapted from Rehberg et al. (2018) [225]. 

 

1.4.2 Hydroxamic acid-based molecules with an anti-tuberculosis activity 

The antimycobacterial effect of hydroxamic acid derivatives was first described in a 

patent with α-aminooxyhydroxamic acid derivatives in 1971 [239]. However, a publication 

with follow-up results on these derivatives was never published. In the following years, 

other derivatives were published by the same working group. A hybrid of isoniazid and 

aminoxyacetic acid showed the best activity against M. tuberculosis (MIC90 of 0.07 

µg/mL) and low cytotoxicity [239]. In vivo, the compound showed activity against 

M. tuberculosis in a 3-month infection model with guinea pigs and mice [239]. 

Subsequently, other derivatives were patented. These include α-aminooxyamides and 

α-aminooxyhydrazides derivatives, both with a terminal aldoxime. The lead structures 
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KSK-104 and KSK-106 (KSKs) used in this work have been previously established in 

cooperation between the research groups of Profs. Kalscheuer and Kurz and differ from 

the previously described compounds (Figure 8). The molecules can be divided into three 

regions – A, B, and C. Both have an alkoxyamide backbone (region B) and a benzyl 

group in region C. Region A distinguishes the two molecules. KSK-104 has a 

para-substituted biphenyl group in this region, whereas KSK-106 has a phenyl group 

substituted with a phenyl ether in para-position. Both molecules have excellent activity 

against M. tuberculosis and no cytotoxic effects against the tested cell lines, like the 

monocyte cell line THP-1 or liver cell line HEPG2 [240]. Furthermore, both substances 

have a bactericidal activity and show an additive effect in combination with INH, RIF, 

ETB, and DEL [240]. The analysis of spontaneous resistant mutants (SRM) raised 

against the KSKs revealed mutations in two different amidohydrolases. For KSK-104, 

two different mutations in the gene rv0552, encoding a non-essential, conserved 

hypothetical protein predicted to have amidohydrolase activity, were found in five 

randomly chosen SRMs [240, 241]. According to the annotated hypothetical function, the 

enzyme can cleave carbon-nitrogen bonds, but not peptide bonds. For spontaneously 

KSK-106-resistant mutants, four different mutations in the gene amiC were found for all 

but one SRM [240]. The gene amiC also encodes for an amidohydrolase that likely has 

the capability to hydrolyze C-N bonds. In a recent publication, resistance to different 

amide-containing compounds, indole 4-carboxamides, was also reported to be mediated 

through mutations in amiC. The authors were able to show that in the presence of the 

mutated amidohydrolase, the hydrolysis of the indole 4-carboxamides decreases, and 

thereby the activation of these compounds is blocked [242]. With all this information, 

KSKs are thought to be prodrugs that are cleaved by the amidohydrolases and thereby 

activated. This hypothesis is analyzed in this work. 

 

Figure 8: Chemical structures of KSK-106 (A) and KSK-104 (B). The core region (region B) 
is shown in black, whereas region A is highlighted in red and region C in blue. 
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1.4.3 Thiazoles as a basic scaffold for the development of new antimycobacterial 

agents 

Thiazoles are found in many compounds. It is a heterocyclic molecule containing sulfur 

and nitrogen (see Figure 9). Molecules containing thiazoles have different activities, 

including antiparkinson, anti-inflammatory, antiviral, anticonvulsant, and antibacterial 

activities [243-245]. Naturally, thiazoles occur in vitamin B1, also known as thiamine. 

Besides this natural resource, various thiazole-containing molecules have also been 

found in many empiric compound screening campaigns, e.g., as a thiazole-based 

inhibitor of an epigenetic reader module of post-translational modifications called 

bromodomain, especially for the protein ATAD2, which is a nuclear coregulator cancer-

associated protein [246]. Furthermore, lead structures with activity against 

M. tuberculosis have also been found with phenylthiazoles, which target the ribosomal 

peptidyl transferase center [247], or methylthiazoles, which inhibit InhA [248]. There are 

a lot of other examples of thiazole derivatives, like 2-arylthiazolidin-4-one-thiazole 

hybrids, that also have potent activity against M. tuberculosis.  

In summary, this highlights the strong activity of thiazoles against M. tuberculosis and 

shows the possibility of finding new antitubercular thiazole-containing substances. 

 

Figure 9: Chemical structure of a thiazole. 
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1.5 Aim of the study 

Today, the formation of resistance in bacteria is caused, among other things, by the 

incorrect use of medicines and the frequent administration of antibiotics in animal 

breeding. Resistance in pathogenic bacteria is a significant challenge. New active 

substances against bacteria should be found and analyzed to combat this problem. In 

the present work, the main focus has been set on the bacterium M. tuberculosis, which 

is the causative agent of tuberculosis. 

Part of the work deals with the previously identified natural active substance 

chlorflavonin. With its antimycobacterial property, no cytotoxicity, and a new mode of 

action, this represents a potentially suitable compound against M. tuberculosis. A more 

detailed characterization of the mode of action, the elucidation of structure-activity 

relationships, and the discovery of putatively more potent derivatives were particularly 

relevant in this part of the work. 

The analysis of KSK-104 and KSK-106, previously found to be active against 

M. tuberculosis in the research groups of Profs. Kalscheuer and Kurz, should also be 

further investigated. In particular, since it was hypothesized that these substances are 

prodrugs, the cleavage products, and thus, the active substance should be identified. 

Methods such as detecting putative cleavage products in culture supernatants by HPLC 

and LC-MS/MS were to be established and applied. Since previous analyses have 

shown that the amidohydrolases AmiC and Rv0552 play a role in developing resistance, 

a closer focus should also be placed on this aspect.  

In addition, screening of a compound library consisting of synthetically produced thiazole 

derivatives was performed to find a new agent against M. tuberculosis. Various methods 

should be used to determine the effect, mode of action, and drug target of the most active 

compound FFK-088. 
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2 Material and Methods 

2.1 Chemicals 

Name (purity) CAS Number Producer 

(+)-Maltose monohydrate 6363-53-7 Roth 

1,4 Dithiotreitol (>99%)   Roth 

3,3'-Diaminobenzidine tetrahydrochloride 

hydrate (>=96%) 
868272-85-9 Sigma 

Acetoin (>98%) CAS 513-86-0 TCI 

Adenosine-5'-monophosphate 

monohydrate [ATP disodium salt]  
18422-05-4 fluorochem 

Agar noble  BD Difco 

Ammonium acetate (>98%) 631-61-8 Sigma 

Ammoniumchloride (p.a.) 12125-02-9 Applichem 

Ampicillin sodium salt   Sigma-Aldrich 

Bedaquiline (99.97%) 843663-66-1 MEC 

Bromphenol Blue 115-39-9 Fisher 

Calciumchloride x2 H2O (99.50%) 10035-04-8 Grüssing 

Caliumchlorid-dihydrate (p.a.) 10035-04-8 Merck 

Casein hydrolysate (Peptone from casein)  91079-40-2 Sigma 

Cetyltrimethylammonium bromide (99%) 57-09-0 Applichem 

Chlorflavonin   Sigma 

Colistin 1264-72-8 Serva 

Coomassie® Brillantblau G-250 (C.I. 

42655) 
6104-58-1 PanReac AppliChem 

Copper(II) sulfate 029-004-00-0 Honeywell 

Creatine, anhydrous (98%) 57-00-1 Alta Aesar 

D-(-) Arabinose (>=99%) 10323-20-3 Fluka 

D-(-) Arabinose (>=99%) 10323-20-3 Roth 

D(-) Mannitol 69-65-8 VWR 

D(+) Saccharose (>=99.5%) 57-50-1 Roth 

D-(+)-Glucose monohydrate 14431-43-7 lagerhaltig im ZCL 

D-(+)-Mannose (>=99%) 3458-29-4 Fluka 
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Delamanid (>=97%) 843663-66-1 cayman 

Difco Agar Noble   BD 

Difco Yeast Nitrogen Base w/o Amino 

Acids 
  Difco 

di-Potassium hydrogenphosphate xH2O 16788-57-1 Grüssing 

Dodecyl sulfate sodium salt (SDS) 151-21-3 Serva 

D-Pantothenic acid hemicalcium salt   Sigma 

DTT   Thermo Fisher 

EDTA disodium salt 2-hydrate (p.a.) 6381-92-6 Applichem Panreac 

Ethambutol dihydrochloride 1070-11-7 Sigma 

Glass beads acid-washed <=106 µm   Sigma 

Glass beads acid-washed 453-600 µm   Sigma 

Glucose Oxidase/Peroxidase reagent   SIGMA 

Glycerol phosphate disodium salt hydrate 55073-41-1 Sigma 

Glycine (p.a.) 56-40-6 Sigma Aldrich 

Hefeextrakt mikro-granuliert   Roth 

HEPES sodium salt for buffer solutions 75277-39-3 Applichem Panreac 

Hygromycin B      

Imidazole (p.a.) 288-32-4 Sigma Aldrich 

Iron(II)chloride tetrahydrate 13478-10-9 in 15ml Falkon 

Iron(II)sulfate heptahydrate (>99%) 7782-63-0 Sigma Aldrich 

Isoniazid 54-85-3 Fluka 

Isopropyl-β-D-thiogalactopyranoside 

(IPTG), dioxanfree, for biochemistry  
 367-93-1   

Potassium chloride (p.a.) 7447-40-7 Merck 

Kanamycin sulfate 25389-94-0 Applichem 

Magnesium chloride hexahydrate 7791-18-6 VWR 

Magnesium sulfate heptahydrate 10034-99-8 Acros Organics 

Moxifloxacin 98.87% 151096-09-2 BLDpharm 

NI-NTA Agarose Protino   MN 

Paraformaldehyde DAC (reinst)  30525-89-4 Roth 

Pepton from casein 919079-40-2 ROTH 

Peptone from soyabean, enzymatic digest 91079-46-8 Sigma-Aldrich 

Potassium acetate for molecular biology 127-08-2 Applichem Panreac 

Potassium phosphate hydrate (98%) 7778-53-2 chemPUR 
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Proteinase K   Roth 

Resazurin sodium salt 62758-13-8 Sigma 

SKIM milk powder   OXOID 

Sodium pyruvate 113-24-6 Fisher 

Sodium acetate 127-09-3 Sigma-Aldrich 

Sodium acetate 127-09-3 VWR 

Sodiumhydroxid mikrogranulate  1310-73-2 CHEMSOLUTE 

Sodium phosphate dibasic Na2HPO4 (for 

analysis) 
7558-79-4 Acros Organics 

Sodium phosphate monobasic 

monohydrate (p.a.) 
10049-21-5 Sigma-Aldrich 

Sucrose, Saccharose 57-50-1 Serva 

Thiamine hydrochloride (>=99%) 67-03-8 Sigma-Aldrich 

Thiamine pyrophosphate CAS 154-87-0 AppliChem 

Tris(2-carboxyethyl)phosphine 

hydrochloride solution  
51805-45-9 BLD Pharmatech 

Trisodium phophate anhydrous 7601-54-9 fuorochem 

tris-Sodium citrate dihydrate (>=99.5%) 6132-04-3 Fisher 

Triton X100 9036-19-5 Applichem Panreac 

TRIzol Reagent     

Tylaxopol 25301-02-4 Sigma 

Urea 57-13-6 VWR Chemicals 

Zinc sulfate-7-hydrate (analysis) 7446-20-0 Applichem Panreac 

α - Naphthol (>=99.5%) 90-15-3 Roth / Sigma-Aldrich 

α-D-Glucose (>=96%) 158968-500G Sigma 
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2.2 Kits and Solutions 

Kit Producer 

BacTiter-GloTM Microbial Cell Viability 

Assay 

Promega 

BCA Protein Assay Kit Merck Millipore 

Bradford Reagent Sigma 

Failsafe™ PCR Premix Buffers epicentreR/ lucigen via Biozym 

GoTaqR qPCR Master Mix Promega 

NucleoSpinR Gel and PCR Clean-up Kit Macherey-Nagel 

NucleoSpinR Plasmid Mini Kit Macherey-Nagel 

PD midiTrap™ G-25 GE Healthcare Life Sciences 

RNase-Free DNase Set Qiagen 

RNeasy Mini Kit Qiagen 

SuperScript™ III First-Strand Synthesis 
SuperMix 

Invitrogen 

All kits were used following the manufacturer's protocols. 

2.3 Enzymes 

Enzyme Producer 

Phusion High-Fidelity DNA Polymerase New England Biolabs 

Taq polymerase New England Biolabs 

The DNA polymerases were used for the polymerase chain reaction following the 

specified protocol for the Failsafe™ PCR Premix buffers or Taq polymerase (REDTaq 

ReadyMix PCR Reaction Mix, Sigma). 
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2.4 Oligonucleotides 

Primer Name Sequence 

5' amiC (PCR)  GGCTCGTGTGGCGATTTTCGAC 

3' amiC (PCR) TTAATGACGCCCCGCTGGGCTATC 

5'rv0552 (PCR) ATAGCACCGTTGGCGTCCACCCGCACCAT 

3'rv0552 (PCR) GGCGCATCAAAACTTCAGGACGGTTGAG 

5' amiC (seq) AATTATGTCGAGGCCGCCATCGCCCG 

3' amiC (seq) GAGAGCATCATGCCCACGG 

5' rv0552 (seq) TTATCGTCAGGCGCTCCTCCGGTG 

3' rv0552 (seq) TTATTGGAGGCGGTCGTGCTGTCGG 

The PCR was performed according to the polymerase used (see chapter 2.3). The PCR 

products were separated on a 1% agarose gel and isolated and purified using 

NucleoSpinR Gel and PCR Clean-up Kit. 

2.5 Devices 

Device Producer 

Bio-Rad Gene Pulser Xcell™ Bio-Rad 

Mx3005P QPCR System Agilent Technologies 

Nanodrop Thermo Fisher 

Nikon Eclipse TS100 Nikon 

PrecellysR 24 Homogenisator BERTIN/ peqlab 

Sonoplus mini20 Bandelin electronic GmbH & Co.KG 

Tecan infinite F200 Pro Tecan 

Thermal cycler FlexCycler Analytic Jena AG 

TissueLyser LT Qiagen 

UVP Gel Studio Analytic Jena AG 

 

 

 



Material and Methods 

33 

 

2.6 Software 

Software Producer 

ChemDraw 19 PerkinElmer Informatics 

Clone Manager 9 Scientific and Educational Software 

Fiji (is just ImageJ) National Institute of Health, USA 

GraphPad Prism 7.02 GraphPad Software Inc 

i-control™ 1.1 Tecan Trading AG 

MxPro – Mx3005P Stratagene 

NIS-Elements Nikon 

Office 2016 Microsoft 

VisionWorks 8.19 Analytik Jena AG 

 

The Figures were partly generated using Servier Medical Art, provided by Servier, 

licensed under a Creative Commons Attribution 3.0 unported license. 

2.7  Bacterial growth conditions and determination of the minimal 

inhibitory concentration 

2.7.1 Bacterial growth conditions 

Middlebrook 7H9 liquid media (BD Diagnostics) was used to grow different mycobacterial 

strains. The cells were incubated aerobically at 37 °C and 80 rpm. 7H10 media (BD 

Diagnostics) was used for solid media, and the plates were incubated at 37 °C until the 

grown colonies were visible. Supplements were utilized according to the table. 

For specific approaches, protein medium, Sauton´s medium, and reduced minimal 

medium were chosen for mycobacteria. If not mentioned differently, 7H9 was used. 

Liquid cultures of several Escherichia coli (E. coli) strains were grown in lysogeny broth 

(LB medium, see below) at 37 °C and 180 rpm. 2% (w/v) agarose was added to the 

solution for solid LB media. E. coli cultures were incubated overnight at 37 °C. The 

supplements for selectivity are listed in the table below. 
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7H9 medium   7H10 medium  

10% (v/v) Albumin 
dextrose salt 
(ADS) 

 10% (v/v) ADS 

0.5% (v/v) glycerol 
7H10 powder 
(Middlebrook) 0.5% (v/v) Glycerol  

0.05% (v/v) tyloxapol   

0.47% (w/v) 7H9 powder 
(Middlebrook) 

   

 

ADS 

   

Protein medium 

5% (w/v) Bovine serum 
albumin 

 0.5% (v/v) Glycerol 

2% (w/v) Glucose  0.2% (w/v) Glucose 

0.85% (w/v) Sodium 
chloride 

 0.085% (w/v) Sodium 
chloride 

   0.47% (w/v) 7H9 powder 
(Middlebrook) 

 

Reduced minimal medium (RMM)  Sauton´s medium 

0.015% 
(w/v) 

L-asparagine x 1 
H2O 

 0.05% 
(w/v)  

KH2PO4 

0.005% 
(w/v) 

(NH4)2SO4  0.05% 
(w/v) 

MgSO4 x 7 H2O 

0.1% (w/v) KH2PO4  0.2% (w/v) Citric acid 

0.25% 
(w/v) 

Na2HPO4  0.005% 
(w/v) 

Ferric 
ammoniumcitrate 

0.005% 
(w/v) 

Ferric 
ammoniumcitrate 

 0.4% (w/v) L-asparagine x 1 
H2O 

0.05% 
(w/v) 

MgSO4 x 7 H2O  Adjust pH 
to 7,4 
 

 

0.00005% 
(w/v) 

CaCl2  Addition of: 0.5% (v/v) glycerol; 
0.1% (v/v) cholesterol; or 1% 
(v/v) glucose.  

0.00001% 
(w/v) 

ZnSO4   

0.05% (v/v) tyloxapol  

Adjust pH to 7,0. 
Addition of: 0.5% (v/v) glycerol; 
0.1% (v/v) cholesterol; or 1% (v/v) 
glucose. 

 

 

LB medium    

0.5% (w/v) Yeast extract    

1% (w/v) Bacto tryptone    

0.5% (w/v) Sodium 
chloride 
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2.7.2 Bacterial strains 

Table 1: M. tuberculosis strains used in this study. 

Strain Biosafety level Media 

complementation 

Source/ reference 

H37Rv 3  obtained from William R. Jacobs Jr., PhD, Albert 

Einstein College of Medicine, Bronx, USA 

XDR KZN06 

XDR KZN07 

XDR KZN13 

XDR KZN14 

XDR KZN15 

3  clinical isolates from KZN, South Africa, obtained 

from William R. Jacobs Jr., PhD, Albert Einstein 

College of Medicine, Bronx, USA 

H37Rv 

pBEN::mCherry 

(Hsp60)/GFP (Atc) 

3 50 μg/mL hygromycin RG of Prof. Dr. Kalscheuer, University of 

Duesseldorf, Germany 

spontaneously resistant mutant KSK-106 #5 3  RG of Prof. Dr. Kalscheuer, University of 

Duesseldorf, Germany 

spontaneously resistant mutant KSK-104 #1 3  RG of Prof. Dr. Kalscheuer, University of 

Duesseldorf, Germany 

double spontaneous resistant mutant KSK-

104_KSK-106 (first against KSK-104; than 

against KSK-106) 

3  This study 
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double spontaneous resistant mutant KSK-

106_KSK-104 (first against KSK-106; than 

against KSK-104) 

3  This study 

spontaneously resistant mutant OMK-117 3  This study 

spontaneously resistant mutant OMK-175 3  This study 

spontaneously resistant mutant ABK-334 3  This study 

spontaneously resistant mutant FFK-088 3  This study 

mc26230 ΔpanCD ΔRD1 2 100 mg/L pantothenic 

acid 

obtained from William, R. Jacobs Jr., PhD, Albert 

Einstein College of Medicine, Bronx, USA 

 

Table 2: M. smegmatis strain used in this study. 

Strain Biosafety level Media 

complementation 

Source/ reference 

mc2155 2  obtained from William R. Jacobs Jr., PhD, Albert 
Einstein College of Medicine, Bronx, USA 

 

Table 3: M. marinum strain used in this study. 

Strain Biosafety level Media 

complementation 

Source/ reference 

DSM No.: 44344= ATCC 927 2  DSMZ-German Collection of Microorganisms 
and Cell Cultures GmbH 
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Table 4: M. bovis BCG Pasteur and M. bovis BCG Danish 1331 strain used in this study. 

Strain Biosafety level Media 

complementation 

Source/ reference 

BCG Pasteur 2  obtained from William R. Jacobs Jr., PhD, Albert 
Einstein College of Medicine, Bronx, USA 

BCG Danish 1331 2  obtained from William R. Jacobs Jr., PhD, Albert 
Einstein College of Medicine, Bronx, USA 

 
Table 5: E. coli strain used in this study. 

Strain Biosafety level Media 

complementation 

Source/ reference 

Rosetta(DE3)pLysS pET30a::ilvN 1 40 µg/mL kanamycin RG of Prof. Dr. Kalscheuer, University of 
Duesseldorf, Germany 

Rosetta(DE3)pLysS pET30a::ilvB1 1 40 µg/mL kanamycin RG of Prof. Dr. Kalscheuer, University of 
Duesseldorf, Germany 

 
Table 6: Human cell lines used in this study. 

Strain origin Biosafety level Source/ reference 

THP-1 monocytes 1 Deutsche Sammlung von Mikroogranismen und Zellkulturen GmbH 

HuH7 hepatocyte-derived carcinoma cell line 1 Cell Line Service GmbH 

MRC-5 fetal lung fibroblast 1 American Type Culture Collection 

HEK293 embryonic kidney 1 CLS Cell Lines Service GmbH 

H4 epithelial cell line 1 Cell Line Service GmbH 

SH-SY5Y brain neuroblast 1 Cell Line Service GmbH 

 
Unless otherwise stated, M. tuberculosis wild type H37Rv is always used in the following. 
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2.7.3 Determination of minimal inhibitory concentration (MIC90) 

Cells were precultured in 7H9 medium to an OD600 between 0.5 and 1 unless otherwise 

indicated to determine the MIC90 for slow-growing mycobacteria. The MIC assay was 

performed in a round-bottom-96-well format. The compounds were two-fold serially diluted 

starting with 100 µM in 50 µL. 1x105 of these pre-cultured cells were seeded into each well, 

resulting in a total volume of 100 µL. These plates were incubated at 37 °C for five days. Next, 

10 µL of a 100 µg/mL resazurin solution was added to each well and incubated overnight at 

room temperature. After the incubation, a final concentration of 5% (v/v) formalin was added 

to each well and incubated for an additional 30 min until the cells were fixed. 

Fluorescence (excitation 540 nm, emission 590 nm) was measured using the Tecan infinite 

F200 pro reader, and the MIC90 values were calculated using DMSO samples as 100% and 

sterile medium as 0% growth. 

For fluorophore-labeled samples, the BacTiter-GloTM Microbial Cell Viability Assay (Promega) 

was used according to the manufacturer instructions: After five days of incubation in the 96-

well plate, 50 µL of the cell suspension was mixed with 50 µL BacTiter-GloTM solution in a 

Nuclon 96-well flat bottom white polystyrene plate (Thermo Fisher Scientific). The 

luminescence was measured using the Tecan infinite F200 pro reader. The calculation is 

identical to that for the resazurin dye. 

For the determination of MIC90 for fast-growing mycobacteria, cells were precultured in 7H9 

medium, if not mentioned differently, to an OD600 between 0.5 and 1. The MIC assay was 

performed in a round-bottom-96-well format. The compounds were two-fold serially diluted 

starting with 100 µM. 1x105 of the pre-cultured cells were seeded in each well, resulting in a 

total volume of 100 µL. These plates were incubated overnight at 37 °C. Subsequently, 10 µL 

of a 100 µg/mL resazurin solution was added to each well and incubated at 37 °C until a color 

development from blue to pink was detectable in the DMSO samples. A final concentration of 

5% (v/v) formalin was added to each well and incubated for 30 min until the cells were fixed. 

Fluorescence (excitation 540 nm, emission 590 nm) was measured using the Tecan infinite 

F200 pro reader. MIC90 values were calculated using DMSO samples as 100% and sterile 

medium as 0% growth. 

2.7.4 Checkerboard Synergy Assay 

To determine the fractional inhibitory concentration index (FICI) of FFK-088 with bedaquiline 

(BDQ), rifampicin (RIF), and delamanid (DELA), a two-dimensional dilution of the compounds 

was prepared in round-bottom-96-well plates. In a total volume of 100 µL, 1x105 cells were 



Material and Methods 

39 

 

seeded in each well and incubated at 37 °C for five days. Next, 10 µL of a 100 µg/mL resazurin 

solution was added to each well and incubated overnight at room temperature. A final 

concentration of 5% (v/v) formalin was added to each well and incubated for 30 min until the 

cells were fixed. 

Fluorescence (excitation 540 nm, emission 590 nm) was measured using the Tecan infinite 

F200 pro reader. The FICI was calculated as the sum of the quotients of the lowest inhibitory 

concentration in a row (A and B) divided by the MIC90 of the compound itself (MICA and MICB). 

The resulting value indicates the behavior of the tested drug in the presence of another 

antibiotic: total synergism is ≤0.5, while partial synergism is between 0.5 and 0.75. No effect is 

in the range of 0.75 and 2; a value >2 means that the substances are antagonistic. 

FICI =  
A

MICA
+

B

MICB
 

 

2.7.5 Time killing kinetic 

As described above, M. tuberculosis H37Rv cells were pre-cultured to the exponential phase. 

A culture of 1x106 CFU/mL was prepared and distributed to 10 mL approaches containing 

various anti-tuberculosis agents: 3.9 µM FFK-088,10 µM isoniazid, 0.5 µM rifampicin, 0.5 µM 

bedaquiline, 2.5 µM delamanid or 5 µM ethambutol were added to a square bottle individually 

or in combination with 3.9 µM FFK-088. A sterile medium control and a DMSO control were 

prepared as controls. 

The cultures were incubated at 37 °C and 80 rpm for 35 days. At different time points, samples 

were collected and diluted. The different dilutions were plated on Middlebrook 7H10 agar 

plates supplemented with 10% ADS and 0.5% glycerol and incubated for 14-17 days at 37 °C, 

and the grown colonies were counted. All experiments were performed in triplicates.  

2.8 Growth conditions of human cell lines and determination of 

therapeutic indices 

2.8.1 Growth conditions of human cell lines 

All human cell lines were cultivated at 37 °C in a humidified atmosphere of 5% CO2. 

The monocytic cell line THP-1 (Deutsche Sammlung von Mikroorganismen und Zellkulturen 

GmbH) was grown in RPMI 1640 (PAN, P-18500) medium containing 10% (v/v) fetal bovine 

serum (FBS; 10438026 FBS, HI 500 mL GIBCO via ThermoFisher). For splitting and 
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cytotoxicity assay, cells were harvested using centrifugation (150 x g, 5 min) and resuspended 

into fresh media. 

All adherent cell lines were washed with phosphate-buffered saline buffer (PBS) and incubated 

with 0.25% trypsin-ethylenediaminetetraacetic acid (Gibco®) for 5 min at 37 °C to detach them 

from the bottom of the cell culture flask (Greiner). To stop the process, fresh 10% FBS-

containing medium was added. Cells were transferred to a 50 mL centrifugation tube 

(SARSTEDT) and centrifugated (150 x g, 5 min), resuspended in fresh media, seeded into 96-

well plates for cytotoxicity assay or induction assay, or split into fresh cell culture flasks.  

To adjust the correct cell density, cells were counted using the Neubauer hemocytometer with 

a chamber index of 10,000.  

Different media are used for the different cell lines for optimal growth conditions: the human 

hepatocyte-derived carcinoma cell line HuH7 (Cell Line Service GmbH) was cultured in RPMI 

1640 medium containing 10% (v/v) FBS, whereas the human fetal lung fibroblast cell line MRC-

5 (American Type Culture Collection) was incubated in Eagle´s Minimum Essential Medium 

(EMEM biowest, MS00VF1007) containing 1% (v/v) Na-pyruvate and 10% (v/v) FBS. The 

human embryonic kidney cell line HEK293 (CLS Cell Lines Service GmbH) was cultivated in 

EMEM supplemented with 2 mM L-glutamine, 1% (v/v) non-essential amino acids, 1 mM 

sodium pyruvate, and 10% (v/v) FBS. Whereas the brain epithelial cell line H4 (Cell Line 

Service GmbH) and the brain neuroblast cell line SH-SY5Y (Cell Line Service GmbH) were 

cultivated in Dulbeccos´s Modified Eagles Medium (DMEM PAN, P04-04510) containing 10% 

(v/v) FBS. 

2.8.2 Determination of cytotoxicity 

To assess the cytotoxicity, 5x104 cells were seeded in a 96-well-flat-bottom microtiter plate 

with a total volume of 100 µL. Twofold dilutions of the compounds of interest were prepared in 

appropriate media for the selected cell line. Cells were incubated for 48 h at 37 °C, with 5% 

CO2. Subsequently, 10 µL of a 100 µg/mL resazurin solution was added to each well. Cells 

were incubated for at least two hours until color development was visible in the DMSO control 

samples. Fluorescence (excitation 540 nm, emission 590 nm) was measured using the Tecan 

infinite F200 pro reader. IC50 values were calculated using DMSO-treated cells as 100% and 

sterile with 0% growth. 

The selectivity index (SI) is the ratio between IC50 and MIC90 values. 
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2.8.3 Macrophage infection assay 

THP-1 cells were grown as described in Chapter 2.8.1. Initially, cells were counted using the 

Neubauer hemocytometer as described above. 1x105 cells in a total volume of 100 µL were 

seeded into each well of a sterile 96-well flat-bottom polystyrene microtiter plate (Greiner). 50 

nM phorbol-12-myristate-13-acetate (PMA) was added to the medium to differentiate the cells 

into adherent macrophage-like cells. The cells were incubated overnight at 37 °C, 5% CO2 in 

a humid atmosphere for differentiation. Afterward, the cells were washed twice with PBS. The 

M. tuberculosis H37Rv mCherry reporter strain was used for infection, which was cultivated in 

Middlebrook 7H9 broth supplemented with 150 µg/mL hygromycin. Before infection, the M. 

tuberculosis cells were harvested, washed, and resuspended in RPMI supplemented with 10% 

FBS. The cell density was adjusted to 3x106 CFU/mL, and 100 µL of this solution was added 

to each well. After 3 h of infection, the supernatant was removed, and the cells were washed 

twice with PBS so that no non-phagocytized bacteria remained. In each well 100 µL RPMI 

supplemented with 10% (v/v) FBS, mixed with the antibiotics (3.9 µM and 7.8 µM FFK-088, 3 

µM RIF, 20 µM STREP, DMSO) were added. The cells were incubated for 5 days at 37 °C, 

5% CO2 in a humid atmosphere, and afterward, they were fixed with a final concentration of 

5% formalin. The fluorescence signals were documented using the Nikon Eclipse TS100 

fluorescence microscope and the bright field, and the red channel (excitation 585 nm, emission 

610 nm). 

The pictures were taken with the NIS-Element Software. Furthermore, the integrated density 

of red fluorescence was calculated in comparison to DMSO (100%) and uninfected (0%) using 

Fiji (ImageJ). 

2.9 Molecular and microbiological methods 

2.9.1 Extraction of mycobacterial genomic DNA using the CTAB method 

The extraction of genomic DNA was performed according to current protocols in Microbiology 

[249]. A 10 mL culture was transferred to a 15 mL centrifugation tube (SARSTEDT) and 

centrifugated for 10 min at 2000 g. The cell pellet was resuspended in GTE solution and 

transferred in a 2 mL tube containing 50 µL of a 10 mg/mL lysozyme solution. After mixing the 

solution, it was incubated overnight at 37 °C. A 2:1 solution of 10% sodiumdodecylsulfate 

(SDS) and 10 mg/mL proteinase K solution was prepared, and 150 µL of this solution was 

added to the cells and incubated for 20 to 40 min at 55 °C. Then 200 µL of a 5 M NaCl solution 

was added and mixed, followed by 160 µL of preheated CTAB. After mixing, the solution was 

incubated for 10 min at 65 °C. Afterward, an equal amount of 24:1 (v/v) chloroform/isoamyl 
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alcohol was added, mixed, and centrifugated for 5 min at maximal speed in a microcentrifuge. 

900 µL of the aqueous layer was transferred in a fresh tube, and 900 µL of 24:1 (v/v) 

chloroform/isoamyl alcohol was added, mixed, and centrifugated for 5 min at maximal speed 

in a microcentrifuge. Then 800 µL of the aqueous layer was transferred to a fresh tube and 

mixed by inversion with 560 µL isopropanol, followed by five min of incubation at room 

temperature. The samples were centrifugated for 10 min at maximal speed, the supernatant 

was aspirated, and 1000 µL of 70% ethanol was added, mixed, and centrifugated. The 

supernatant was carefully aspirated. The air-dried pellet was solved in 50 µL of TE buffer, and 

the DNA concentration was measured. 

CTAB solution 

4.1 g sodium chloride was dissolved in 90 mL water, and 10 g cetrimide was added while the 

solution was stirred on the magnetic stirrer. The solution is incubated in a 65 °C water bath for 

solving purposes. 

TE buffer 

1 mL of a 1 M Tris-Cl (pH 8.0) is mixed with 0.2 mL of a 0.5 M EDTA (pH 8.0) solution. The 

mixture was filled with 98.8 mL of distilled water. 

2.9.2 Generation and analysis of spontaneous resistant mutants 

Spontaneous resistant mutants (SRM) were generated by plating 1x107 to 5x108 M. 

tuberculosis H37Rv WT cells on agar plates containing six to 10-fold MIC90 of selected 

compounds. For double-spontaneous resistant mutants (DSRM) of KSK-104 and KSK-106, 

5x107 of SRM-KSK-104#5 (or SRM-KSK-106#1) were plated on 7H10 agar plates containing 

six to 8-fold MIC90 of KSK-106 or KSK-104. Resistant clones appeared after four to eight weeks 

of incubation at 37 °C. The resistance was ruled out by the MIC's determination (see chapter 

2.7.3). 

2.9.3 Whole genome sequencing 

For the whole genome sequencing, the DNA concentration of the genomic DNA had to be 

measured using the Nanodrop and the AccuClear kit (Biotium) for the presence of single-

stranded DNA. The kit is used following the manufacturer's protocol. The samples were 

measured in the Genomics & Transcriptomics Labor (GTL) using Illumina sequencer, and the 

raw data were analyzed by Kristin Schwechel using Mycobacterium tuberculosis H37RvMA 

genome as reference (NZ_CM002884.1). 
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2.9.4 Recombinant expression and purification of IlvB1 

E. coli Rosetta pet30a::ilvB1 was pregrown overnight in LB supplemented with 40 µg/mL 

kanamycin at 37 °C and 180 rpm. On the next day, the main culture was started with 1% of 

the overnight culture and incubated at 37 °C and 180 rpm until an OD600 of 0.6 to 0.8 was 

reached. By the addition of 0.5 mM isopropyl-ẞ-D-thiogalactopyranoside (IPTG), the cells start 

to express the protein. For that protein expression, the cells were incubated overnight at room 

temperature. Next, cells were harvested by 30 minutes of centrifugation at 3000 rpm and 4 °C. 

The cell pellet is resuspended in a lysis buffer and incubated for 30 minutes on ice. Afterward, 

the cells were sonified 6 times for 10 seconds on ice using Bandelin Sonoplus. The resulting 

cell extracts were centrifugated for 40 minutes at 4 °C and 14,000 rpm. The ÄKTA purifier 

(Cytiva) used the supernatant for protein isolation. Before applying the sample, a blank run 

was performed by washing the (HisTrapTM FF crude 1 mL from Cytiva) column with 5 column 

volumes (CV) of ddH2O and 5 CV of elution buffer. The equilibration of the column was done 

by running 10 CVs of binding buffer. 

The prepared samples were loaded with a syringe to the HisTrap column and washed with 15 

CVs of the binding buffer until the absorbance reached the baseline. The proteins were eluted 

with 5 CV of elution buffer in the last step. Following the operating instructions, the samples 

were re-salted via centrifugation using a vivaspin®500 (sartorius) and changed against the 

storage buffer. The samples were stored at -80 °C by adding 0.5% (v/v) mannitol and 10% 

(v/v) glycerol. 

After the day's last run, the ÄKTA was cleaned by washing 20 CVs of 1 M sodium chloride, 

followed by 10 CVs of ddH2O and 5 CVs of 20% (v/v) ethanol. 

Lysis buffer   Elution buffer 

0.2 M  AMPD  350 mM  Imidazole 

0.2 M  NaCl  0.2 M  AMPD 

1% (v/v) Triton-X-100  0.2 M  NaCl 

 

Binding buffer 

   

Storage buffer 

25 mM  Imidazole  0.2 M  AMPD 

0.2 M  AMPD  0.2 M  NaCl 

0.2 M  NaCl    

Samples were analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) [250]. The gel was stained with Coomassie solution. For that, 1 g/L Coomassie 

Brilliant Blue, 50% (v/v) methanol, 10% (v/v) glacial acid, and 40% (v/v) ddH2O were mixed. 

The gel is placed in this solution and heated in the microwave for 30 sec at medium watts. 



Material and Methods 

44 

 

Afterward, it was washed with water several times until the protein bands became visible. The 

protein concentration was measured using the Bradford Reagent (Sigma). 

2.9.5 AHAS assay 

The AHAS assay was performed as described by Choi et al., 2005 [233] with minor variations. 

In a 96-well plate, the compound was two-fold or ten-fold diluted, starting with 112.5 µL 

reaction buffer. The reaction was started by adding 12.5 µL of a 750 mM stock solution of 

pyruvate. For the formation of acetolactate, the 96-well plate was incubated at 37 °C for 60 

min. To stop all processes, 18.75 µL of a 4 M H2SO4 solution was added and incubated at 65 

°C for 15 min. 100 µL of this mixture was transferred into a new transparent 96-well-F-bottom 

plate, and 90 µL of 0.5% (w/v) creatine was added and mixed vigorously.  

Color development began by adding and thoroughly mixing 90 µL of a 5% (w/v) α-naphthol 

solution prepared in 2.5 M NaOH. The formation of a red complex was measured with the 

Tecan infinite F200 pro reader. For this purpose, the Tecan reader, preheated to 37 °C, was 

used in a kinetic cycle at the wavelength of 492 nm. 

Reaction buffer  

100 mM  K3PO4 

10 mM  MgCl2 

1 mM Thiamine diphosphate 

50 µM Flavin adenine dinucleotide (FAD) 

2.5 µg/mL Enzyme (IlvB1) 

 

2.9.6 CF stability assay 

An exponentially growing M. tuberculosis H37Rv WT cell culture was used and washed twice 

in protein medium (see chapter 2.7.1) and finally resuspended in protein medium to an OD600 

of 1. The culture was then divided into square bottles. A final concentration of 100 µM of ABK-

531 (CF), TAKK-009, or the corresponding volume of DMSO was added to a square bottle. As 

a control, the same concentration of the substances was solved in protein medium without 

bacteria. Samples were taken directly (t0), and 24 hours (t1), 72 hours (t2), and 196 hours (t3) 

after the addition of the compounds. For each time point, a 2.5 mL aliquot was removed from 

each culture and lysed by bead beating at 50 Hz for 5x3 minutes using 100 µm and 500 µm 

silica-zirconium beads. The samples were mixed with equal amounts of methanol and 

incubated for at least one hour at room temperature, and then they were centrifugated for 10 

minutes at 14,000 rpm. The supernatants were stored at 4 °C until further use. For the 



Material and Methods 

45 

 

evaporation of the methanol, the samples were dried in the speedVac, and the leftover medium 

was dried in a freeze-dryer. The remaining substances were solved in 250 µL methanol and 

measured using the Dionex P580 system in combination with a diode array detector 

(UVD340S) and a Eurospher 10C18 column (125 mm x 4 mm) (Knauer). 10 µL of the solution 

was directly loaded onto the column. Metabolites were separated by running a 60 min gradient 

program with solvent A (ddH2O containing 0.1% formic acid) and solvent B (methanol) at a 1 

mL/min flow rate. The program starts with 10% solvent B for 5 min, then a gradient of 10% to 

100% of solvent B for 30 min, followed by 10 min of 100% solvent B, and at the end, there is 

a running time of 15 min with 10% solvent B.  

2.9.7 Analysis of KSK cleavage products using the Dionex P580 system 

The experiment was performed according to chapter 2.9.6. Changes made: A final 

concentration of 100 µM KSK-104 and KSK-106 were added to the prepared H37Rv WT and 

the SRM-KSK-104#1, and SRM-KSK-106#5 strain. 

Samples were taken directly (t0), and 24 hours (t1), 36 hours (t2), and 144 hours (t3) after the 

addition of the compounds. 

2.9.8 Analysis of KSK cleavage products using LC-MS 

For this experiment, the samples were prepared according to chapters 2.9.6 and 2.9.7. These 

samples were sent to the Center of Molecular and Structural Analysis@Heinrich Heine 

University and analyzed with a maXis. 

The acquisition parameter used was the source type of ESI with a scan between 50 m/z to 

1500 m/z in a positive ion polarity with a set capillary of 4000 V. The nebulizer was set to 2.0 

bar, the dry heater to 225 °C, and the dry gas to 9.0 l/min. The APCI heater was set to 0 °C. 

The resulting graphs were provided in paper form. 

2.9.9 Analysis of KSK cleavage products using GC-MS 

For this experiment, the samples were prepared according to chapters 2.9.6 and 2.9.7. 

1 µL of the sample was injected with a split ratio of 10 into the Agilent 5977 GC/MSD, which is 

connected with Agilent 8890 GC system. The heater was set to 300 °C with a total flow of 16.2 

mL/min. The column is an Agilent 19091S-433UI: 1567254H. The used flow rate in the column 

was set to 1.2 mL/min. 

The running program has a ramp in the oven temperature included. It starts with 0.5 min at 

100 °C followed by a ramp to 250 °C in 9.5 min.  
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2.9.10 KSK metabolite extraction and analysis 

For the metabolite extraction, an exponentially growing culture was used. These cells were 

cultivated in RMM without tyloxapol (see Chapter 2.7.1). The OD600 of the samples was 

adjusted to 0.5 and divided into 5.0 mL approaches. 5 µL of a 1 mM solution of KSK-106, which 

was solved in methanol (or methanol only), was added and incubated with the WT or SRM-

KSK-106#5 for two days at 37 °C. Medium, containing KSK-106 or methanol, was used as a 

control. A sample was taken 48 hours after the addition of KSK-106. 

In collaboration with Dr. Björn Burckhardt, the samples were analyzed using the HPLC (Waters 

UPLC Acquity), which was coupled with the mass spectrometer (Waters Quattro Premier xe) 

and the Phenomenex Aqua 3u C18 125A (100 x 2,00 mm) with a 3 µm particles HPLC column. 

The source temperature was set to 135 °C and the desolvation temperature to 500 °C. The LC 

has two solvent phases: solvent A (water with 0.1% formic acid) and solvent B (acetonitrile 

with 0.1% formic acid). 10 µL of the samples were loaded into the column using a flow rate of 

0.5 µL/min. The samples were separated on the column using a gradient (starting with 80% 

solvent A for one minute, 50% solvent A for 30 seconds, 30% solvent A for 30 seconds, 0% 

for 1.5 minutes, and 80% for 1.5 minutes). The results were referred to a control with a known 

concentration to obtain the unknown concentration from it. 

2.9.11 Native Pulldown 

For the native pulldown, a protein lysate was needed. For this purpose, a 1000 mL culture of 

M. tuberculosis mc26230 was prepared in roller bottles (Thermo Fisher) using a protein 

medium defined as 7H9 medium without BSA. When the cells reached an OD600 of 0.6 to 1, 

the cells were harvested by centrifugation in 50 mL centrifugation tubes (SARSTEDT) at 3000 

rpm, washed three times with a totale volume of 100 mL 1x PBS, and afterward solved in 15 

mL 1x PBS. The cells were mechanically destroyed by bead beating using 100 µm and 500 

µm silica-zirconium beads at 50 Hz for 5x3 minutes using the Peqlab Precellys homogenisator. 

Afterward, the suspension was centrifugated for 40 min at 13,000 rpm. The supernatant was 

transferred to a fresh centrifugation tube (SARSTEDT), and the solution was filtered twice 

through a sterile cellulose acetate filter with a pore size of 0.2 µm. The resulting cell-free protein 

lysate was transferred to the ACE facility at the university Duisburg-Essen. The procedure was 

performed in collaboration with David Podlesainski. 

After determining the protein concentration of the cell lysate using the Bradford reagent, the 

lysate was aliquoted into 24 samples with 400 µL of lysate each. The six conditions were: 

DMSO, 5 µM biotin-conjugate, 5 µM OMK-307, 5 µM OMK-312, 5 µM OMK-307 with 40 µM 

KSK-106 for bead washing, and 5 µM OMK-312 with 40 µM KSK-106 for bead washing. All 
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samples were performed in four replicates. Afterward, each sample was filled with 99 µL PBS 

and mixed with 1 µL of either DMSO or one of the biotin probes (10 mM DMSO stock) and 

shaken for 30 min at 4 °C and 100 rpm. In the meantime, Pierce Avidin Agarose beads were 

equilibrated with PBS by exchange of the supernatant and centrifugation for 3 min at RT and 

800 g for three times. Then the beads were aliquoted into each sample (approx. 50 µL bead 

volume and 100 µL of PBS) and incubated for 60 min at RT and 1250 rpm. After that, the 

beads were washed thrice with 1 mL PBS or 1 mL of 40 µM KSK-106 in PBS. For this, the 

approach was shaken at 1200 rpm for 10 min, followed by 5 min of centrifugation at 600 g. To 

dilute the remaining KSK-106, all samples were washed twice with PBS. These samples were 

then on bead digested using the 6 M Urea protocol. 

The beads were taken up in 100 µL 6 M Urea in 50 mM NH4HCO3 (ABC buffer) containing 20 

mM DTT. After 60 min and 1500 rpm incubation at RT, a final concentration of 40 mM 

iodoacetamide were added to the sample and incubated for 60 min at 1500 rpm in the dark at 

RT. Subsequently, 8 µL of a 0.5 DTT stock solution in 50 mM ABC buffer was added and 

incubated for 5 min at RT and 1500 rpm. The samples were then diluted with 484 µL of 50 mM 

ABC buffer for a final urea concentration of 1 M. In the next step, 10 µL of a 100 ng/mL trypsin 

stock solution (in 50 mM acetic acid) was added to each sample and incubated for 15 h shaking 

at 1100 rpm at 37 °C. 

After that, a final concentration of 1% formic acid (FA, Fisher Chemicals) was added to each 

sample and centrifugated at 600 g for 5 min. The supernatant was transferred to a fresh protein 

Lo-bind tube, and 50 µL 1% FA was added to the beads, which were incubated for 15 min, 

shaking at 1100 rpm, and RT. The beads were pelleted by centrifugation at 600 rpm for 5 min, 

and the supernatant was added to the remaining supernatant. 

For the following steps, prepared glass microfiber 200 µL tips containing 2 disks of glass 

microfiber (GE-Healthcare, pore-size: 1.2 µM, thickness: 0.26 mm) were used to eliminate 

residual glass beads. These were equilibrated with 50 µL 0.5% FA (STSA solution for 

StageTipping) and spun down at 50 g for 2 min until liquid has flown through. The equilibrated 

glass microfiber tips were transferred to a fresh protein Lo-bind tube. Afterward, the acidified 

supernatant was loaded onto glass microfiber tips and centrifugated at 100 g for 5 min. Next, 

the stage tipping protocol has to be followed. 

50 µL MeOH was transferred immediately on top of the white plug in the C18-StageTip (self-

made or commercial (Thermo)) and was centrifuged at 400 g for 2 min to desalt the peptides. 

After the addition of 50 μL STSB (0.5% (v/v) FA in 80% (v/v) ACN/H2O) and centrifugation at 

400 g for 2 min, 50 μL STSA was added to each sample and centrifuged at 800 g for 1 min. In 

the meantime, the samples were acidified by adding formic acid up to 0.5% FA, briefly vortexed 



Material and Methods 

48 

 

and spun down 10 sec at 16000 g. Then the peptide solution is loaded on the equilibrated 

Stage Tip and centrifugated at 800 g for 3 min. The peptides were washed by adding 50 µL 

STSA to the Stage Tip and centrifugated at 800 g for 3 min. After a second step of washing 

with 20 µL STSA, the bounded peptides were eluted with 25 µL STSB by 2 min centrifugation 

at 800 rpm. This step was repeated. The elution is placed in a SpeedVac until it is completely 

dry. 

In the last step, the samples were resuspended in 15 µL of 0.1% FA and dissolved at 37 °C 

with shaking at 1500 rpm for 15 min. The finished samples were measured with LC-MS/MS on 

an Orbitrap Fusion Lumos (Thermo) coupled to Easy-nLC 1200 system (Thermo). The 

analytical column was self-packed fused silica capillary with an integrated sintered frit emitter 

(CoAnn Technologies ICT36007515F-50-5). It was self-packed with an integrated stationary 

phase with Reprosil-Pur 120 C18-AQ (Dr. Maisch GmbH). 

The column oven temperature was set to 50 °C during data acquisition. The LC uses two 

solvent phases: solvent A (0.2% FA, 2% acetonitrile, 98% H2O) and solvent B (0.2% FA, 80% 

acetonitrile, 20% H2O). Peptides were directly loaded onto the column and separated on it by 

running a 105 min gradient of solvent A and B at a flow rate of 300 nL/min. The program starts 

with 3% solvent B for 5 min, 5 min 5% of solvent B, a gradient of 5% to 25% of solvent B for 

70 min, followed by 15 min a gradient of 25% to 35% solvent B, 5 min 35-100% solvent B and 

10 min 100% solvent B. Peptides were ionized using a Nanospray Flex ion source (Thermo). 

The data were analyzed using the Uniprot Mycobacterium tuberculosis (strain ATCC 25618/ 

H37Rv) as reference proteome (UP000001584), and all searches were performed using the 

MaxQuant v2.0.6.0 software to avoid contaminants [251]. Andromeda search allows static 

modifications, like carbamidomethylation, and dynamic modification, like oxidation of the Acetyl 

(N-term). The digestion mode was set to Trypsin/P. 

Further analysis of the MaxQuant output was done in Perseus v1.5.5.3 [252]. MS/MS counts 

were loaded, and usual suspects (e.g., potential contaminants, reverse hits, and hits only 

identified by site) were removed. In the last step, the technical replicates were grouped and 

filtered. Only the protein groups with valid values were kept, and a t-test was performed for 

them. 

 

2.9.12 Microscopic analysis of fluorophore probes in M. tuberculosis 

1 mL of an exponentially growing M. tuberculosis pBEN-mcherry reporter strain culture was 

incubated for two days with the fluorophore-tagged compounds using 1-fold MIC90 MIC90 at 

37 °C. Next, 500 µL of each approach was washed twice with 500 µL 4% paraformaldehyde 
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(PFA), and the pellet was solved in 200 µL PFA solution. 10 µL of each sample were incubated 

on coverslips, previously treated with 0.1 mg/mL poly-D-lysine. Samples were analysed using 

Nikon Eclipse TS100 fluorescence microscope and the bright field, the green channel 

(excitation 475 nm, emission 510 nm), and the red channel (excitation 585 nm, emission 610 

nm). 

2.9.13 Iron chelating assay 

Assay was performed according to Kuo, et al., 2011. In a round-bottom-96-well plate, a two-

fold serial dilution of the compounds was prepared in water. The starting concentration is 1000 

µg/mL with a total volume of 100 µL. In each well, 2 µL of a 2 mM FeCl2 solution and 4 µL of a 

5 mM Ferrozin solution were added and mixed. After 10 min of incubation in the dark, the 

absorbance of 562 nm was measured using a Tecan infinite F200 pro reader. The chelating 

ability was calculated using the aqueous solution without the referred compound as blank and 

the sample without any compound as the positive control. 

2.9.14 Zinc chelating assay 

This assay was performed according to Maria Carmen et al., 2018. In a 96-well plate, a two-

fold serial dilution of the compounds in DMSO was prepared. The starting concentration was 

10 mM in a total volume of 100 µL. In a second round-bottom 96-well plate, 150 µL of a 15 mM 

HEPES buffer (pH 6.8) was added to each well. Afterward, 50 µL of a 60 µM zinc chloride 

solution was added to each well and mixed well. As a negative control, the zinc chloride was 

replaced with water. After that, 50 µL of DMSO or the compounds solved in DMSO were added. 

After 2 min of mixing in the Eppendorf Thermomix at 500 rpm, 50 µL of the 250 µM dithizone 

solution was added. The 96-well plates are measured in a kinetic cycle at 540 nm for 30 min 

every 2 min. The chelating ability was calculated using the aqueous solution without any 

compounds as 0% and the solution without zinc chloride as 100%. 

2.10 Statistics 

Absolute numbers were compared with the students t-test. Statistics were calculated using 

Graph Pad Prism or Microsoft Excel. 
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3 Results 

This study aimed to investigate the activity, mode of action, and target of different substances 

against M. tuberculosis. The first part (chapter 3.1) deals with the results regarding the flavone-

like structures, which are based on the lead structure chlorflavonin (CF). The synthesis of the 

derivatives and lead structure were performed by Dr. Alexander Berger, Talea Knak, and Beate 

Lungerich from the working group of Prof. Dr. Thomas Kurz (RG Kurz) [253]. The second part 

(chapter 3.2) is about identifying and characterizing the highly active compounds KSK-104, 

and KSK-106 (KSKs), that were found in a library screening of synthetic derivatives by Dr. 

Lasse van Geelen. The shown derivatives have been provided by Dr. Alexander Berger and 

Dr. Oliver Michel (RG Kurz). The last part of the results (chapter 3.3) evaluates a thiazole-

based structure found in a library screening. All derivatives in this part were provided by Fabian 

Fischer (RG Kurz). 

3.1 Evaluation of the anti-mycobacterial properties of chlorflavonin 

In prior studies, a substantial anti-tuberculosis effect of the natural product CF was shown with 

an MIC90 of 1.56 µM [225]. The basic structure of CF consists of a dihydroflavone that is 

substituted by a chloro group in the flavone at position 5´ (Figure 11A and B). The A ring is 

defined as the fused benzene ring, the C ring as the bound pyran, and the B ring as the phenyl 

substituent at position 2. Of particular note are the hydroxy groups at positions 5 and 6´, and 

methoxy groups at positions 3, 7, and 8.  

This study focuses on the synthetic compound CF and its derivatives, which were synthesized 

in RG Kurz. First, the activity of the synthetic CF against M. tuberculosis H37Rv was 

determined, as shown in Figure 10. A dose-dependent inhibition of the mycobacteria could be 

detected, resulting in an MIC90 value of 1.56 µM. This value is comparable to the one for the 

natural product chlorflavonin, which Dr. Nidja Rehberg has analyzed before [225].  
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Figure 10: Activity of CF against M. tuberculosis H37Rv. Dose-response curve of M. tuberculosis 
H37Rv WT against CF. RIF was used as positive control, and DMSO as vehicle control. Data are shown 
as means of n=3 ±SEM. 

3.1.1 Structure-activity relationship of chlorflavonin and its derivatives 

To identify which regions, substituents, or substitution patterns are relevant for the activity of 

CF, Dr. Alexander Berger and Talea Knak designed, and synthesized various derivatives of 

CF. All compounds were screened against M. tuberculosis H37Rv, and the MIC90 value was 

calculated. Figure 11 shows only a fraction of the screened derivatives. In general, the results 

indicate that CF has very narrow structural requirements. That means that almost all variations 

at any position of the molecule lead to complete inactivity, as indicated by an MIC90 value of 

100 µM or >100 µM. In the following paragraphs, there is a summary of some representative 

derivatives. 

The brominated derivative bromflavonin (BrF, ABK-541) is the only derivative that shows a 

slightly increased activity compared to the lead structure, which is chlorinated at C5´. Since 

this substance has a similar anti-tubercular effect as CF, it is also used during the following 

experiments and structure-activity relationship (SAR) studies to clarify other essential 

structural elements. Nevertheless, neither a fluorinated derivative (ABK-550) nor an iodization 

(ABK-649) at C5’ of the B-ring could improve the activity. Both molecules were inactive. 

Another derivative has a trifluoromethyl group at this position (ABK-657). This group is often 

used in medicinal chemistry for therapeutics because the fluorine atoms pull the electron 

density away from the carbon atoms and increase their chemical stability and by that, the 

resistance to metabolic degradation, and might enhances ligand-protein interaction [254, 255]. 

However, no activity was detected in the tested range for that derivative. This effect on the 

electron density was tested at the sixth position in the B-ring, where a difluoromethoxy group 

was added to the hydroxy group (TAKK-187). However, this substance had no activity either, 
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which shows that little variations are possible in these two positions. Some derivatives were 

designed, varying in the third position in the C-ring. The absence of the 3´-methoxy-substituent 

in comparison to CF results in a negative shift of the MIC90 to 6.25 µM (BLK-248). This result 

shows that there is a possibility to change the molecule within this position without a dramatic 

loss of activity. Because of this result, different changes in this position were created and 

tested. An example is an additional ethoxy group (TAKK-042 for the chlorinated form or TAKK-

009 for the brominated form) or an ethylene glycol moiety (TAKK-100). All of these analyzed 

derivatives were inactive in the tested range. In another approach, derivatives were 

synthesized, which vary in the fifth position in the A-ring. The absence of the hydroxy group 

led to a decrease in the activity to 25 µM (ABK-516). This minimal activity is lost if the sixth 

position in the B ring is also varied by adding two methoxy groups (ABK-540) or an allyloxy 

group (ABK-512). The substitution at this position to an amino group decreases the activity to 

an MIC90 of 50 µM (TAKK-210). With another methoxy group at this position, the derivative is 

no longer active against M. tuberculosis (BLK-247). The substance is inactive when the ethoxy 

group is exchanged to a methyl group at the eighth position (TAKK-169). 

In general, these findings indicate that the cellular killing effect is initiated in a highly structure 

specific manner by CF and BrF. Some positions allow minor variations leading only to small 

reductions in the MIC90. Explanations for the loss of activity will be attempted throughout these 

chapters. 
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Figure 11: Heatmap representing MIC90 values of different CF derivatives. (A) Chemical structure 
of CF. (B) Numbering of the basic structure of CF. (C) Heatmap of antitubercular activity of CF 
derivatives. Structural variation as compared to the parent CF molecule are depicted in red or 
indicated with a red arrow. The table on the left shows changes in the A ring. The table in the middle 
illustrates changes in the B ring, while the right table illustrates the variations in ring C. CF (ABK-530) 
is highlighted in gray in the table on the right. Dr. Alexander Berger, and Talea Knak, University of 
Düsseldorf, Germany, have synthesized all derivatives. The heatmap shows a color code of the MIC90 
values in µM, with active compounds shown in green, whereas inactive compounds are highlighted in 
red. The values were determined in triplicates. 

 

3.1.2 The activity of chlorflavonin towards non-tuberculous mycobacteria  

Given CF’s known mode of action, that it inhibits AHAS activity [225], the question arose 

whether CF and BrF are active in various other mycobacteria. The results are illustrated in 

Figure 12, and corresponding MIC90 values are summarized in Table 7. It shows that not all 

mycobacteria are as sensitive as M. tuberculosis H37Rv to CF and BrF. At first, other slow-

growing mycobacteria were analyzed. There was nearly the same dose-response curve 

progression for the virulent and attenuated M. tuberculosis strain. For the virulent H37Rv strain, 

it resulted in an MIC90 value of 1.56 µM for both substances, while higher activities were 

detectable for the attenuated mc26230 strain with an MIC90 of 0.39 µM. For M. bovis BCG 
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Pasteur, the dose-response profile was comparable with the one for M. tuberculosis H37Rv 

with just a little shift, resulting in an MIC90 of 3.13 µM for CF and BrF. Although M. bovis BCG 

Pasteur and M. bovis BCG Danish are closely related, both were tested to assess potential 

strain-dependent differences. As expected, M. bovis BCG Danish had comparable 

susceptibility resulting in an MIC90 of 3.13 µM for CF and 6.25 µM for BrF. 

 

Figure 12: Activity of CF and BrF against various mycobacteria. Dose-response curve of CF, BrF, 
and RIF against (A) M. tuberculosis H37Rv, (B) M. tuberculosis mc26230, (C) M. bovis BCG Pasteur, 
(D) M. bovis BCG Danish 1331, © M. smegmatis mc2155, and (F) M. marinum ATCC927. Data are 
shown as means of n=3 ±SEM. 

Screens with M. smegmatis mc2155 (Figure 10E) and M. marinum ATCC927 (Figure 10F) 

were performed to evaluate the effect on fast-growing mycobacteria. In particular, M. marinum 

shows only minor growth inhibition for both compounds. However, it is evident that there is a 

concentration-dependent inhibition of growth, which results in an MIC90 of 100 µM. Only for M. 

smegmatis mc2155, a more significant difference between CF and BrF is detectable. For CF, 

the MIC90 value is comparable to all other mycobacteria with 6.25 µM, but BrF is inactive.  
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Table 7: Minimal inhibitory concentration of CF, BrF, and RIF against various mycobacterial 
species. CF, BrF, and RIF have been tested in microbroth dilution assays against various mycobacteria. 
All measurements were performed in triplicates. 

 

To gain further insight into the different activities against the mycobacteria, protein sequences 

of M. tuberculosis IlvB1 were analyzed using a BLAST procedure to identify orthologues 

between species [256]. Table S1 shows identical proteins in M. bovis BCG, M. smegmatis, and 

M. marinum, all with an identity of 100% compared to M. tuberculosis. That means the gene is 

present in all tested species, but it is unknown if the enzyme is expressed. 

Summarizing the previous results, CF seems to inhibit all tested mycobacteria with the best 

activity in M. tuberculosis and M. bovis BCG Pasteur.  

To further investigate the activity of CF and BrF, the substances were tested against various 

M. tuberculosis pre-XDR clinical isolates from KwaZulu-Natal (KZN), South Africa. These have 

developed resistance to INH, RIF, ethambutol (ETB), streptomycin (STREP), pyrazinamide, 

ethionamide, kanamycin, amikacin, capreomycin, and ofloxacin [137]. Figure 13 illustrates that 

CF and BrF are active against these pre-XDR-isolates with a loss of activity of just one or two 

dilution steps compared to the WT. That shows the relevance of these two compounds. The 

control antibiotics show the expected effect with all pre-XDR strains being resistant to RIF 

(MIC90 of >100 µM, Figure 13C) and still being sensitive to BDQ (MIC90 between 0.04 µM to 

0.16 µM, Figure 13D). 
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Figure 13: Activity of CF and BrF against M. tuberculosis pre-XDR clinical isolates. Dose-response 
curves of several clinical isolates (KZN#6, KZN#13, KZN#14, KZN#15, KZN#16) in comparison to 
M. tuberculosis H37Rv WT, which were screened against (A) CF, (B) BrF, (C) RIF, and (D) BDQ. The 
resulting MIC90 values are given as micromolar concentrations summarized in table (E). Data in A-D are 
shown as means of n=3 ±SEM. 

3.1.3 Chlorflavonin and bromflavonin are not cytotoxic 

To investigate the selectivity of CF and BrF, they were tested for potential cytotoxicity against 

different human cell lines. Figure 14 shows the results of the cytotoxicity analysis against the 

human fetal lung fibroblast cell line MRC-5, the monocytic cell line THP-1, and the embryonic 

kidney cell line HEK293. For THP-1 and MRC-5 cells, a weak concentration-dependent effect 

was evident, whereas no cytotoxic effect at all tested concentrations was measurable for 

HEK293 cells. Both compounds have an IC50 value between 100 µM and >100 µM. These 

results demonstrate that both compounds have almost no cytotoxic effect against various 

human cell lines originating from different tissues. Therefore, it is a promising indication that 

these compounds are unlikely to have strong side effects and harm the cells in the human 
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body. The selectivity index (SI) is used to get an overview of the therapeutic window of a 

substance, which is the quotient of the cytotoxicity and the antibacterial activity (IC50/MIC90). 

The result is shown in Figure 14D. Both compounds have a SI of 64, meaning there is a 

substantial therapeutic window, and it appears to be an excellent antibacterial compound. 

 

Figure 14: Cytotoxicity of CF and BrF. Dose-response curve of CF, BrF, and the positive control 

Triton-X-100 against the human cell lines (A) THP-1, (B) HEK293, and (C) MRC5. Data are shown as 
means of n=3 ±SEM. (D) Resulting MIC90 and IC50 values of CF and BrF screened against human cell 
lines and M. tuberculosis H37Rv. Values were determined in triplicates. The selectivity index (SI) was 
calculated as a ratio between IC50 and MIC90.  

3.1.4 Chlorflavonin derivatives can block the activity of IlvB1 

The question remained unanswered as to why these minor structural deviations caused this 

drastic drop in activity, up to a complete loss in the tested range. To explore whether this loss 

is based on an internalization problem and the substances cannot enter the mycobacterial cell 

or on the inability to bind to the active site of IlvB1, an in vitro enzyme assay was performed. 

A C-terminal His-tagged IlvB1 protein was heterologously expressed in E. coli and purified 

using Ni-NTA agarose affinity chromatography. The result of the purification is shown in Figure 

S1. For further analysis, elution fractions E3 and E4 were pooled and chosen for further 

analyses. The AHAS assay was performed according to Choi et al. [233] as shown in Figure 

15A (also see Chapters 2.9.5 and 3.1.5). For the assay, the educt of branched-chain amino 

acid biosynthesis, pyruvate, and the isolated enzyme IlvB1 were added to the reaction buffer 

and incubated at 37 °C. During this process, acetolactate is formed. By the addition of H2SO4, 

the reaction is stopped, and acetolactate gets carboxylated to acetoin. After adding creatine 

and α-naphthol, according to the method of Westerfeld, a red complex is formed with acetoin 
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[257]. To investigate whether this nonenzymatic complex formation is a linear process, the 

absorbance was measured in regular intervals for 45 min. Figure 15B demonstrates that this 

formation is not linear at any point, but looks more like a saturation curve. Since the negative 

control, in which no enzyme was present, also changed from yellow to a more brown color 

within that time, it was investigated whether the oxidation reaction that takes place during the 

time causes this curve progression. For that case, the negative control (background) was 

subtracted from the value obtained for the positive control. However, even in this case, the 

curve progression did not change; therefore, it cannot be attributed to the oxidation of 

α-naphthol. Without the addition of the substrate pyruvate, acetoin cannot be formed and thus 

no red complex can be created. In this case, the color change is linear, so the non-linear curve 

can only be associated with the formation of the red complex if acetoin is present. Next, the 

optimal wavelength was analyzed by detecting the absorbance between 400 nm and 700 nm 

every 5 nm after 30 min of red complex formation. The result is shown in Figure 15C. The most 

significant difference between the positive and negative control is at 525 nm. Due to technical 

limitation during detection, the red complex was measured at the wavelength of 492 nm, 

because some wells exceeded the detection limit after 45 minutes of complex formation. A 

wavelength of 492 nm was used during previous experiments with satisfying results. To 

decipher whether the concentration of pyruvate was appropriate for this assay, a Michaelis-

Menten kinetic was measured. Following the standard protocol for Michaelis-Menten kinetics, 

pyruvate was added in different concentrations to the reaction. The result is shown in Figure 

15D. It demonstrates that with all tested pyruvate concentrations, the absorbance (i.e., the 

acetoin concentration) increased linearly, meaning that no limitation occurred under these 

conditions. Based on this result, the assay was performed as previously described for further 

analysis. 
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Figure 15: AHAS assay – general procedure and optimization. (A) Cartoon of the general procedure 
of the AHAS assay showing the educts, intermediates, and products. All experiments were performed 
according to Choi et al. [233] using pyruvate as substrate. (B) Comparison of absorbance of the 
uninhibited wells and these wells subtracted with the negative control. As a reference, the absorbance 
was measured without the addition of the substrate pyruvate. (C) Wavelength screening of the positive 
and negative control to determine the optimal wavelength for this assay. (D) Michaelis-Menten kinetics 
of IlvB1 and pyruvate using the AHAS assay. The time specification refers to the duration of the 
enzymatic reaction before the addition of sulfuric acid. Data are shown as means of at least n=3 ±SEM.  

 

Next, these assay conditions were used to determine whether other CF derivatives could inhibit 

the enzyme activity of IlvB1 of the isolated protein in vitro. Initially, CF and BrF were tested. 

They showed a concentration-dependent inactivation of the enzyme activity for both 

derivatives with a similar effect. The comparison of the purchased natural CF (Sigma) and the 

one provided by RG Kurz did not show any differences, so further work was carried out only 

with the synthetically produced CF from RG Kurz. Next, the CF derivative library was tested 

with four different concentrations (100 µM, 10 µM, 1 µM, and 0.1 µM) to evaluate their potential 

to inactivate the enzymatic activity of IlvB1. The result of some derivatives is shown in Figure 

16C-E. A heat map was created, in which the derivatives were categorized into four groups 

with respect to the level of their inhibitory effects (Figure 17). 
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Figure 16: Activity assay with recombinant IlvB1. (A, B) Inhibition of the IlvB1 enzyme activity by 
different concentrations of CF and BrF. All experiments were performed according to Choi et al. [233] 
using reaction buffer and pyruvate as a substrate. (A) The activity of IlvB1 could be detected by the 
formation of a red complex and (B) measured by a microplate reader at an absorbance of 492 nm. (B-
E) Activities were calculated as activity compared to uninhibited IlvB1. Data are shown as means of at 
least n=3 ±SEM. 

 

Several substances allowed variation in different positions without a detectable significant 

change in the inhibition of IlvB1. In the B-ring at the fifth position, the brominated (ABK-541) 

and the fluorinated (ABK-550) forms were as active as the chlorinated (ABK-530) form. The 

trifluoromethyl group resulted in only a slight increase in IlvB1 activity at this position (ABK-

657). A molecule, which harbors the chloride ion at the fourth position instead of the fifth (ABK-

644), showed similar inhibitory activity. Further additions at the third position, for example, a 

methyl group (TAKK-070), prevent the inhibition of IlvB1 and show nearly no difference in IlvB1 

activity compared to the DMSO control. In the C-ring, the substitution of the methoxy group at 

the third position with an ethoxy group either in the chlorinated (TAKK-009) or the brominated 

(TAKK-042) form had a comparable inhibitory effect compared to CF. Even the substitution of 

a hydroxy group with an ethoxy group did not lead to a substantial change in the activity (TAKK-

100). Furthermore, substituting the dimethylamino group for an ethoxy group (TAKK-112) had 
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no significant influence. Only the complete removal of the methoxy group hampered blockade 

of IlvB1 enzyme activity (BLK-248). That could mean that the methoxy group or a structurally 

similar group at this position is needed to bind to the enzyme at the active site. One example 

of a completely inactive derivative is TAKK-044. In this case, the methoxy group is exchanged 

against an isopropoxy group. This example shows that there is a rigid structural requirement 

for this position. The A-ring has narrow structural requirements. There is a small number of 

substances that showed any inhibition of IlvB1. The only accepted change was replacing the 

hydroxy group at the fifth position with an amino group (TAKK-210). This group or the hydroxy 

group is needed in this position because the absence of any moiety in the chlorinated form 

(ABK-516) or the brominated form (TAKK-081) led to a weaker inhibition of IlvB1. Also, a 

methoxy group instead of the hydroxy group was not accepted for inhibiting IlvB1 (BLK-247), 

and also a more significant variation, e.g., an acetamide at this position, resulted in a reduction 

of activity (TAKK-222). Furthermore, the presence of one methoxy group each at the seventh 

and eighth position was needed for the inhibition (TAKK-123). 

In summary, this experiment demonstrates that numerous derivatives can inhibit the enzyme 

IlvB1, thereby preventing the synthesis of acetoin in the assay and likely capable of impeding 

the production of branched-chain amino acids in the cell. However, these results do not match 

the M. tuberculosis MIC assay. There are only a few derivatives active against cells of 

M. tuberculosis. These findings raise the question of why there is such a big difference. The 

likely main explanation is that the substances have a poor internalization rate and cannot reach 

and inhibit the M. tuberculosis IlvB1 enzyme. Some experiments, shown in the next chapters, 

were performed to answer this question. 
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Figure 17: Inhibition of IlvB1 by various CF and BrF derivatives. Inhibition of the IlvB1 enzyme 
activity by different concentrations (100 µM, 10 µM, 1 µM, 0.1 µM) of CF derivatives. The main variation 
in the structure compared to the parent CF is highlighted in red, or indicated by an arrow if a substituent 
has been removed at this position. The shown derivatives have been divided into four groups. On the 
one hand, there is the green group. These are the substances that inactivate IlvB1 by more than 90% 
compared to the control. The second group has an inactivation between 75% and 90%, shown in yellow. 
This is followed by the derivatives with an inactivation between 75% and 50%, shown in orange. All 
others are highlighted in red. In addition, the MIC90 value (in µM) against M. tuberculosis cells obtained 
by the MIC assay is shown by the numbers to allow comparison of in vitro and whole-cell activity of 
compounds. Experiments have been performed in triplicates. 

3.1.5 IlvN inhibits the lvB1 enzyme activity 

Since IlvB1 and IlvN operate together, the question arose whether and to what extent IlvN 

regulates IlvB1. Therefore, both proteins were recombinantly expressed and purified as 

described above and shown in Figure S3. Next, AHAS activity of IlvB1 alone or in combination 

with IlvN was determined. Both were mixed in an equimolar ratio. Figure 18A shows that the 

activity of IlvB1 alone is much stronger than in combination with IlvN. That means that IlvN 

appears to be a negative regulator of IlvB1. 

In contrast, as expected, the regulatory subunit IlvN alone has no AHAS activity at all. In this 

context, the inhibitory effect of CF is shown in Figure 18B. Since IlvN alone has no AHAS 

activity, it was excluded from this experiment. CF can block the AHAS activity of IlvB1 alone, 

as shown in the previous chapter, but also, in combination with IlvN, the AHAS activity is 

reduced. The reduction is, in both cases, concentration-dependent. This observation 

corroborates that CF directly interacts with the catalytic subunit IlvB1 and demonstrates that 
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the regulatory subunit IlvN under the tested conditions is not significantly altering the 

interaction between CF and its target structure IlvB1. 

 

Figure 18: Activity assay of recombinant IlvB1 and IlvN. (A) shows the in vitro activity of IlvB1, IlvN, 
and the combination of both in a equimolar ratio compared to the activity of IlvB1 (100%) itself over time. 
According to Choi et al. [233], all experiments used the reaction buffer and pyruvate as a substrate. The 
activity could be detected by the formation of a red complex and measured by a microplate reader at an 
absorbance of 492 nm. (B) illustrates activities of IlvB1 and the combination of IlvB1 and IlvN in the 
presence of different concentrations of CF. Data are shown as means of n=3 ±SEM. 

3.1.6 Some chlorflavonin derivatives have activity against other mycobacteria 

To investigate if some CF analogues have activity against other mycobacteria, they were 

tested against M. smegmatis, M. bovis BCG Danish, and M. bovis BCG Pasteur. In the first 

step, all derivatives were examined in a MIC assay at a single concentration of 100 µM, 

followed by a serial dilution MIC assay of all active compounds. To evaluate the effect of the 

compounds on fast-growing mycobacteria, a screening against M. smegmatis was performed. 

However, no activity of any compound was detected except for CF. Also, the three compounds 

active in M. tuberculosis (ABK-541, ABK-516, and TAKK-210, Figure 11 and Table 8) exert no 

activity in M. smegmatis. According to the BLAST search, IlvB1 is present and highly 

conserved in all tested mycobacteria. This difference in activity compared to M. tuberculosis 

should have another reason. One explanation could be that M. smegmatis has a different cell 

wall structure compared to M. tuberculosis, and thus the substances may not be internalized. 

To evaluate if M. bovis is more susceptible to the derivatives, they were tested against M. bovis 

BCG Danish and M. bovis BCG Pasteur since minor differences were already present for BrF 

(see chapter 3.1.2). M. bovis BCG Pasteur was slightly more sensitive to some derivatives, 

such as TAKK-009 and TAKK-112.
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Table 8: MIC90 values of CF derivatives against different mycobacteria. The table illustrates the activity of different CF derivatives against M. tuberculosis 
H37Rv, M. smegmatis mc2155, M. bovis BCG Pasteur, and M. bovis BCG Danish 1331. The red highlighted areas in the molecule represent the structural variation 
to CF, or if the substituent has been deleted it is indicated by an arrow. The exchange of chlorine against bromide is highlighted in blue. All MIC90 values are shown 
in µM and determined in triplicates. 
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Interestingly, there were different activities for M. bovis BCG Danish. Some derivatives 

had a concentration-dependent effect. The most active compounds were still CF and 

BrF, but there was also one compound with an MIC90 of 12.5 µM (ABK-550) and three 

with an MIC90 of 50 µM (ABK-516, TAKK-009, and TAKK-100). There is a high homology 

in the vaccination strains M. bovis BCG Danish and M. bovis BCG Pasteur [258]. That 

raises the question of why the antibacterial activity differs between these closely related 

strains. However, this question was not further pursued within the context of this 

dissertation. 

3.1.7 Chlorflavonin is stable in mycobacterial cells 

In addition to a poor penetration rate across the mycobacterial cell wall, the lack of 

cellular activity of some compounds could also be related by rapid metabolization by 

mycobacterial cells. To address this possibility, a CF-stability assay was performed to 

investigate the reduction of the activity of some derivatives, even if there is only a tiny 

structural variation compared to CF. For this purpose, the lead structure CF and one 

inactive compound were each added to an actively growing M. tuberculosis culture and 

incubated for up to 8 days. TAKK-009 was chosen as an inactive substance because it 

is one of the least modified substances with an ethoxy group instead of a methoxy group 

at position 3 in the C-ring. Furthermore, it is still active in the in vitro enzyme assay. 

These properties imply that the inactivity of this substance is probably caused by M. 

tuberculosis. To assess whether the substance might be subject of cleavage or 

conversion, samples of compound-treated cells were collected after different time points 

and prepared for measurement in a Dionex- High-Pressure Liquid Chromatography 

(HPLC) system (Figure 19). 

The first samples were collected directly after the addition of the compounds (t0). As a 

blank, a methanol control was initially measured. No significant peaks were measured, 

meaning the methanol was pure and the machine clean and operational. In the medium 

control, which means medium without any cells and compounds, some small peaks were 

detectable at a wavelength of 235 nm, which may have occurred through the medium’s 

ingredients (Figure S5). Another control was inoculated medium just containing DMSO 

as a solvent control. Also, in this case, only some tiny peaks were measured, which might 

have occurred through the medium and the cells. For the subsequent time points, these 

controls have always been made and prepared in parallel to all other compound-treated 

samples and are shown in the supplementary Figure S5. They do not show strongly 

pronounced peaks, thus, no measurable contamination occurred during incubation and 

processing. Figure 19 and Figure 20 display the result of the experiment. The complete 
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graphs at 235 nm and 340 nm can be seen in Figure S6 and Figure S7. Immediately 

after adding the substances (to), a prominent peak (retention time: 28.033 minutes for 

CF and 29.450 minutes for TAKK-009) was found in the medium control and the cell 

suspension for both substances. In each case, a higher peak was detected in the 

medium control compared to the cell suspension. These peaks matched not completely 

the data of the CF calibration of the pure substances with a retention time of 28.297 

minutes (Figure S4), but were perfectly congruent to the data of the extraction in the cell-

free samples at t0. Thus, CF and TAKK-009 could be detected well in the solution with 

this method after processing. After 8 days of incubation, there was only a minor change 

in the medium control for CF and TAKK-009. Both can be found in the medium control, 

although the peaks were not as high as they were at the beginning. This decreased peak 

height may be due to the purification process, and incipient degradation, which could 

begin in the medium at 37 °C. With this possibility of degradation, however, at least a 

second peak would be expected, but this was not seen here. It is therefore possible that 

CF is directly degraded into small fragments that are not detectable with this method, or 

that these have been lost during processing. When the two compounds were each 

incubated with M. tuberculosis for 8 days, the peaks also become smaller, but in this 

case, more than it was for the medium control. For both substances, another peak began 

to form, which eluted just before the main peak. That could be a degradation product or 

an altered form of each substance.  

These results indicate that M. tuberculosis could have a slow working mechanism, which 

degrades CF and TAKK-009. However, this is too slow to prevent the effect of CF, which 

is also supported by the results of killing kinetics [225].  
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Figure 19: CF stability assay. (A) shows the schematic illustration of the assay with the basic 
steps. CF and TAKK-009 were incubated with M. tuberculosis H37Rv or medium only for several 
days, and samples were taken at different time points and analyzed using a HPLC with diode 
array detector (DAD) (Dionex). (B-C) shows the result of the screening, which was measured with 
the Dionex-HPLC at 340 nm. In (B) are the control samples, the medium control, and the cell 
control, which were incubated with DMSO. (C) demonstrates the result of the CF-treated medium 
and cell suspension directly and 8 days after adding the compounds. The signal intensity is 
displayed as mAU on the Y axis towards the retention time on the X axis. 
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Figure 20: TAKK-009 stability assay. The result of the screening was measured with a HPLC 
with DAD (Dionex) at 340 nm. It shows the result of the TAKK-009-treated cell suspension and 
medium control at t0 and 8 days after the addition of the compound. The signal intensity is 
displayed as mAU on the Y axis towards the retention time on the X axis. 
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3.2 KSKs – alkoxyamide-based molecules with anti-tuberculosis 

activity 

As described in the introduction in chapter 1.4.2, KSK-104 and KSK-106 are substances 

with high anti-tuberculosis activity. The analysis of SRM revealed mutations in two 

amidohydrolases that confer resistance towards KSKs leading to the hypothesis that 

KSKs are prodrugs that need to be enzymatically hydrolyzed to their active form [240]. 

However, the exact mechanism of action, the target, and the activated structures formed 

by the amidohydrolases are unknown. Further analysis of these aspects will be described 

in this chapter. 

3.2.1 Structure-Activity Relationship of the KSK derivatives 

A broad-ranging structure-activity relationship analysis of over 200 derivatives was 

performed together with Dr. Lasse van Geelen. Here, only a small fraction is shown, but 

in the PhD theses of Dr. Alexander Berger and Dr. Oliver Michel, the totality of molecules 

is shown [253]. Some other selected derivatives will be presented in this thesis to 

address specific questions. The KSKs were tested in an MIC assay to obtain initial 

comparative values. KSK-104 showed a concentration-dependent activity resulting in an 

MIC90 of 0.78 µM. KSK-106, on the other hand, was slightly more active with an MIC90 of 

0.39 µM (Figure 21).  

 

Figure 21: Activity of KSK-104 and KSK-106 against M. tuberculosis H37Rv. Dose-response 
curve of the KSKs and the resulting MIC90 values are illustrated. Data are shown as means of 
n=3 ±SEM. 

The tested derivatives have been divided into three groups according to changes in 

regions A, B, or C (Figure 8). For changes in the left region, there are many examples of 

substances that did not lead to a substantial deterioration in activity against 
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M. tuberculosis (Figure 22). The KSK-104 and KSK-106 themselves also differ only in 

that region. KSK-104 has a para-substituted biphenyl moiety, whereas KSK-106 has a 

phenyl moiety substituted with a phenyl ether in para-position. Further examples of 

changes in region A are the exchange of the ether structure against a thioether (ABK-

335) or the introduction of a terminal alkyne at the pentyl ether (OMK-077). More 

significant changes, such as the exchange of a benzyl ring for a pyrazine ring (ABK-334), 

were also relatively well tolerated and led to an MIC90 of 0.78 µM. The ether group in 

region A was of limited importance for activity, as omission led to only a slight decrease 

of activity to an MIC90 of 3.13 µM (ABK-201). A more profound negative impact on activity 

had the complete omission or exchange of the phenyl ring or the pentyl ether to an alkyne 

(ABK-380; MIC90: 12.5 µM). Another example of an almost complete loss of activity is 

the exchange of the phenyl moiety (KSK-104 derivative) against naphthalene (KSK-118).  

 

Figure 22: Heatmap representing MIC90 values of different KSK derivatives modified in 
region A. The red, or yellow highlighted areas in the molecule represent the structural variation 
of the KSKs. The table shows the MIC90 values. Dr. Alexander Berger, or Dr. Oliver Michel, 
University of Düsseldorf, Germany, have synthesized all derivatives. The heatmap shows a color 
code of the MIC90 values (in µM) determined in triplicates. 

It should be emphasized that an increase in the number of C atoms in the ether side 

chain led to a deterioration of the activity (Figure 25). One carbon more led already to a 

decreased activity to a value of 1.56 µM. This remained up to an extension of three 

carbon atoms. With an extension of four, the MIC90 increased to 3.13 µM. This shows 

that the optimal chain length is as for KSK-106 with a phenyl unit. This analysis of region 
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A has shown that a wide variety of changes can be made with tolerable activities. Some 

derivatives with changes in region A have the same or slightly improved activity (OMK-

077, ABK-335) but none with a substantial increase in activity compared to KSK-104 and 

KSK-106. The core region B, which consists of an alkoxyamide structure, represents the 

central group. Even small changes in that region led to a drastic reduction in activity 

(Figure 23). Examples are ABK-275 and ABK-130, in which only one methyl group has 

been added at different positions. A more dramatic decrease in activity occured when 

the two oxygen atoms attached to each amide group are omitted (BLK-106). These 

substances have no activity at all against M. tuberculosis in all tested concentrations. 

The same is true if the core structure consists of only one alkoxyamide group; thus, the 

entire core structure has been halved (OMK-199). 

 

Figure 23: Heatmap representing MIC90 values of different KSK derivatives modified in 
region B. The red, or yellow highlighted areas in the molecule represent the structural variation, 
or if the substituent has been deleted it is indicated by an arrow. The table shows the MIC90 
values. Dr. Alexander Berger, or Dr. Oliver Michel, University of Düsseldorf, Germany, have 
synthesized all derivatives. The heatmap shows a color code of the MIC90 values in µM, 
determined in triplicates. 

Since the methyl group negatively influenced the activity (ABK-275), it is hardly surprising 

that a phenyl substitution at this position also led to a loss of activity, as can be seen for 

ABK-274. This shows that region B is essential for the activity of the KSKs, with almost 

no changes allowed to maintain strong activity. The KSKs are carrying a benzyl moiety 

in region C. The MIC90 remained unaltered if this group is replaced by a tetrahydropyranyl 

group (OMK-240) or a thiophene group (ABK-308), as shown in Figure 24. An alkyne, 

on the other hand, led to a marginal change in activity (ABK-267). On the contrary, the 
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conjugation of isoniazid to the KSK backbone harms the activity, resulting in an MIC90 of 

50 µM (OMK-283). It was used because it has already been shown in previous 

publications that a hybrid of isoniazid and aminoxyacetic acid has high activity [239]. 

 

Figure 24: Heatmap representing MIC90 values of different KSK derivatives modified in 
region C. The red, or yellow highlighted areas in the molecule represent the structural variation. 
The table shows the MIC90 values in µM of the compounds that have been synthesized by Dr. 
Alexander Berger, or Dr. Oliver Michel, University of Düsseldorf, Germany. The heatmap shows 
a color code of the MIC90 values (in µM) determined in triplicates. 

This analysis and the screening of the other derivatives revealed a compulsory structural 

requirement for core region B. In contrast, regions A and C are more tolerant of changes. 

Of particular note are the four derivatives shown in Figure 25A. These molecules have a 

much more potent activity than the parental KSKs. Here, OMK-76 and OMK-175 are 

examples with a phenylamide moiety in region C. As a result, the developed group 

becomes more labile and can be hydrolytically released more easily [259]. A fluoride is 

also attached to the benzyl ring in ortho (OMK-76) or meta (OMK-175) positions. Both 

molecules have an activity of 0.048 µM, which makes them remarkably potent and 

promising antitubercular lead structures considering their nanomolar cellular activity. 

OMK-366 is a KSK-106 derived derivative with a pentylester in region B. In summary, 

when analyzing the structure-activity relationship of region B, it becomes evident that 

alterations in this specific area are feasible but contingent upon complementary 

modifications in regions A or C. This is exemplified by OMK-366, which exhibits an 

activity of 0.048 µM. The activity also increases if region C is exchanged for a hexyloxy 

group (OMK-355). 
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Figure 25: Heatmap representing MIC90 values of different highly-active KSK derivatives. 
Structure activity relationship of KSK derivatives. The red highlighted areas in the molecule 
represent the structural variation. If a substituent has been removed compared to the parent KSK 
compound, the corresponding position is indicated by an arrow. (A) represents derivatives with a 
higher activity than the KSKs, or (B) variations in region A with a gradual extension of the carbon 
chain. The table shows MIC90 values. Dr. Alexander Berger, or Dr. Oliver Michel, University of 
Düsseldorf, Germany, have synthesized all derivatives. The heatmap shows a color code of the 
MIC90 values in µM, determined in triplicates. 

 

3.2.1.1 OMK-175 as a potential new lead structure 

In the SAR screening, OMK-175 was particularly highlighted for its better activity than 

the parental KSKs (Figure 26A). Based on this, some experiments have been conducted 

to analyze whether this substance could offer itself as a potential new lead structure for 

further investigations. For this purpose, OMK-175 was first tested against different 

mycobacteria compared to the KSKs. A substantial activity could be seen especially 

against M. bovis BCG Danish with a MIC90 of ≤0.048 µM, while the potency against M. 

bovis BGG Pasteur was slightly lower with an MIC90 of 0.19 µM. Against M. marinum, 

there was hardly any activity with 50 µM, and against M. smegmatis no activity at all was 

observed in the tested concentration range. It should also be emphasized that OMK-175 

had no cytotoxicity against the cell line THP-1 in the tested range. Thus, the compound 

with its potent antitubercular activity (MIC90 against M. tuberculosis H37Rv of 0.048 µM) 

and no cytotoxicity (IC50 >100 µM) exhibits a huge therapeutic window with a selectivity 

index of >2083 for M. tuberculosis H37Rv. 
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Figure 26: Selectivity of the KSKs and OMK-175. Dose-response curves of the KSKs and 
OMK-175 screened against different mycobacteria: (A) M. tuberculosis H37Rv, (B) M. marinum, 
(C) M. bovis BCG Pasteur, (D) M. bovis BCG Danish, © M. smegmatis, and (F) the human cell 
line THP-1. Data are shown as means of n=3 ±SEM. 

In addition, the compound showed good activity against clinical pre-XDR isolates with 

MIC90 values ranging from 0.078 µM to 0.625 µM (Figure 27). These values represent 

very high activities indicating a new mechanism of action because of the acquired 

resistances of the pre-XDR isolates. In the case the clinical pre-XDR isolates were 

resistant towards OMK-175, one could conclude that the resistance mechanism was 

similar or the same as one of those against the ten antibiotics to which the pre-XDR 

isolates (see above) are resistant. However, lack of resistance suggests that the mode-

of-action of OMK-175 substantially differs from clinical antitubercular drugs, 

corroborating the relevance of this new substance. 
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Figure 27: Activity of OMK-175 against M. tuberculosis pre-XDR clinical isolates. Dose-
response curve of (A) RIF, (B) BDQ, and (C) OMK-175 against several clinical isolates (KZN#6, 
KZN#13, KZN#14, and KZN#16) in comparison to H37Rv WT. Data are shown as means of n=3 
±SEM. 

 

To obtain more detailed information on the mechanism of action, SRMs to OMK-175 

were generated by incubating M. tuberculosis H37Rv WT on agar medium containing a 

10-fold MIC90 of this compound. Clones emerged with a frequency of 10-6 to 10-7 after 

seven weeks. Individual clones have been grown in a liquid medium and screened for 

resistance towards OMK-175 in a MIC assay. Figure 28 shows four individual clones with 

three different resistance patterns. With an accumulation of different resistance patterns, 

it is likely that different types of mutations, potentially also located in various genes, are 

underlying the resistance phenotype in those strains. To further analyze whether the 

mutations also affect KSK-106 activity, two of these mutants were tested against 

KSK-106. One mutant had almost the same concentration-dependent trend as the WT, 

but the other mutant also showed resistance to KSK-106. This suggests a new resistance 

mechanism in SRM-OMK-175 #3 and a similar or identical one in SRM-OMK-175 #2, 

e.g., a mutation in the amidohydrolase genes amiC or Rv0552. 
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Figure 28: Resistance pattern of SRM-OMK-175. Dose-response curves of OMK-175 resistant 
clones of M. tuberculosis (#1, #2, #3, #4) against (A) OMK-175, (B) KSK-106, and (C) RIF. M. 
tuberculosis H37Rv WT is used as a control. Data are shown as means of n=3 ±SEM. 

In summary, the presented results suggest that OMK-175 indeed might be used as a 

new lead structure for further analysis and SAR studies. 

3.2.2 The KSKs are rapidly metabolized 

In previous studies, by generating and analyzing SRMs raised against the parental 

KSKs, the amidohydrolases AmiC and Rv0552 were found [240]. These enzymes are 

supposed to be able to cleave carbon-nitrogen bonds [260]. To investigate if the 

amidohydrolases AmiC and Rv0552 can cleave the KSKs as potential prodrugs so that 

the putative active moiety is released, a KSK-metabolization assay was performed in 

cooperation with Dr. Björn Burckhardt. The first step was to prove this method and to 

investigate whether KSK-106 and ABK-227 could be found. If they were measurable, the 

following question was if they could be detected in the supernatant or the cell fraction of 

M. tuberculoisis cells treated with the compounds. ABK-227 is very likely one of the 

cleavage products that can be formed by the amidohydrolases (Figure 29). It is 

composed of regions A and B of KSK-106 and released in case hydrolysis occurs in 

region C. KSK-106 was incubated for 48 hours with M. tuberculosis H37Rv, and then 

samples were collected and prepared for measurement (Figure 29A). A large amount of 

the degradation product was detectable in the wild type with an average of 47.46 ng/mL. 

This amount was found in the supernatant fraction. Only 8.30 ng/mL of the parental KSK-

106 was found, with a larger proportion of 5.40 ng/mL present in the pellet fraction. 

The SRM of KSK-106 #5 has a non-sense mutation in the 129th amino acid in the gene 

of the amidohydrolase amiC. This mutation in the gene and the resulting probable non-
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functional amidohydrolase could slow down the cleavage process. When KSK-106 was 

incubated with this SRM, KSK-106 was detected as the dominating peak with a total 

concentration of 85.29 ng/mL. A significantly higher proportion was found in the pellet 

fraction with 69.00 ng/mL. Only a minimal amount of ABK-227 was measured in the 

supernatant with 4.80 ng/mL. When the detected amount of KSK-106 and ABK-227 in 

the medium control is set as 100%, the overall recovery was 13.3% in WT, and 22.63% 

in SRM-KSK-106. 

In comparison to the cell-free medium control with additional KSK-106, it is noticeable 

that a much higher concentration of KSK-106 was found in this control sample compared 

to the cell samples. Both were treated similarly. There is also a very low concentration 

of ABK-227 in the control samples, indicating a low self-degradation of the substance in 

the medium. This must be taken into account when considering the results. In the 

controls where no KSK-106 or ABK-227 was added to the cells, no KSK-106 or the 

metabolite was found either. The higher concentration of KSK-106 in the control indicates 

that KSK-106 is degraded into ABK-227 and other cleavage products when incubated 

with the cells. 

 

Figure 29: KSK-metabolization assay. (A) Cartoon of the general procedure of the metabolite 
screening showing the significant steps and the analyzed molecules. (B) The screening was 
measured employing LC-MS/MS by Dr. Björn Burckhardt. The diagram shows the measured 
concentration in ng/mL of KSK-106 and a putative cleavage product ABK-227 after incubation 
with the WT or SRM-KSK-106#5 (amiC E129*). The compounds were incubated for 48 hours with 
the cells or in the cell-free medium as a control. 
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3.2.2.1 The KSKs are cleaved by M. tuberculosis enzymes 

So far, we have just considered specific metabolites that are formed after potential 

cleavage occurring between regions B and C. However, since the KSKs have another 

possible site of amidohydrolase attack between regions A and B, a broader metabolite 

screening was done next. To get an impression of the resulting KSK-cleavage products, 

the KSKs were incubated for 0 h (t0), 24 h (t1), 48 h (t2), and 7 days (t3) with the WT, 

SRM-KSK-104#1 (rv0552 H67R), or SRM-KSK-106#5 (amiC E129*). The samples were 

further processed as shown in Figure 30B. SRM of KSK-106 #5 was chosen because it 

has a non-sense mutation in the 129th amino acid in the gene of the amidohydrolase 

amiC, which probably results in a non-functional amidohydrolase, which could slow down 

the cleavage process. To get an overview of which cleavage products were detectable, 

the individual pure substances were first measured with HPLC and DAD (Dionex), and 

retention times and UV spectra were added to the institute-internal compound library for 

later analysis. 

Not all cleavage products were detectable by this method. The undetectable substances 

were regions B, C, and BC (Figure 30A; Figure S8, and Figure S9). The inability to detect 

region B can be explained by the absence of an aromatic ring and the very small 

molecular size. The explanation for why region C and BC are not easily detectable 

remains elusive. Perhaps these molecules either exhibit strong interactions with the 

column material, preventing their elution from the column within the time, or they were 

further degraded very rapidly after hydrolytic release. All other cleavage products shown 

were detectable by the DAD detector.  

The result of the metabolite screening is shown in Figure 30C (signals and UV spectra 

are shown in Figure S10 – Figure S17). As a control, a sample was taken and processed 

directly after adding the substance to the bacteria or medium. It is visible that no KSK or 

KSK degradation product is found in the DMSO controls. A significant peak was detected 

in all other samples where KSK-106 was added. By comparison with our institute-internal 

library, this is supposed to be adenosine ribose. However, it is detectable (Figure S10) 

that the UV spectra of adenosine ribose and KSK-106 are not identical and only match 

with 98%. In the calibration of KSK-106 (Figure S8), this compound had a retention time 

of 31.097 min, which fits very well with the degradation data of KSK-106 with a retention 

time of 31.117 min (Figure S10). The small change in time could be caused by the 

different concentrations and purities of the sample. Since the samples were processed 

directly after the addition of KSK-106 and degradation is hardly possible in such a short 

time, it can be assumed that this peak is KSK-106. For this reason, the substance is 

referred to hereafter as KSK-106. In the medium control with additional KSK-106, only 
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KSK-106 can be detected at any time; thus, strong self-degradation in the medium can 

be excluded. In most cases, no KSK or KSK degradation product was detected in the 

DMSO controls. An exception was the WT-DMSO control at time point t1 and SRM-KSK-

106 at time point t2. In both cases, AC-KSK-106 was detected. However, when looking 

at the graphs (Figure S11 and Figure S12), it is noticeable that the presumable AC-KSK-

106 peaks were tiny. With such small peaks and thus low concentrations, erroneous 

results can quickly occur, which is why they are probably negligible. After 24 hours, many 

changes were observable. In the WT, AB-KSK-106-hydroxamic acid and A-KSK-106 

were detected. However, the major peak here could be assigned to AB-KSK-106-

hydroxamic acid. In SRM-KSK-104, two prominent peaks occurred. These were A-KSK-

106 and AB-KSK-106. In contrast, in the SRM-KSK-106, the major peak was A-KSK-

106, but small amounts of AB-KSK-106-hydroxamic acid were also detectable. After 

another 24 h (t2), the main peak in the WT sample could be assigned to A-KSK-106. 

Interestingly, another peak appeared, which belonged to a substance eluted much 

earlier. According to automatic library assignment, this was supposed to be 

pestalotioprolide G, which is a macrocyclic lactone structure that cannot directly arise 

from KSK-106. This peak was also found in many other samples. To clarify the true 

identity of this molecule, further analyses have to be performed. By SRM-KSK-104, 

KSK-106 was degraded only to AB-KSK-106 and A-KSK-106 in approximately equal 

amounts. In contrast, almost only A-KSK-106 was still present in the SRM-KSK-106 

preparation. All other components were not detectable. In the last batch of samples, after 

7 days of incubation, only A-KSK-106 was detectable both in the WT and SRM-KSK-106 

sample. With SRM-KSK-104, however, the degradation was much slower. AB-KSK-106 

and A-KSK-106 were still detectable. The peak for A-KSK-106 was more pronounced 

than the one for AB-KSK-106. 

In summary, KSK-106 is probably degraded by mycobacterial enzymes. This is not only 

induced by one amidohydrolase, as degradation also occurs in SRM-KSK-104 and SRM-

KSK-106. However, the degradation is much slower for SRM-KSK-104. Since there is a 

mutation in rv0552, this could lead one to suspect that Rv0552 is the amidohydrolase, 

which is acting much faster than AmiC for KSK-106. Some of these approaches were 

measured with an LC-MS to support these results further. The result of this analysis is 

presented in the course of this chapter. 
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Figure 30: Qualitative assessment of KSK-106 metabolization during treatment of M. 
tuberculosis strains. (A) The measurement of the parent compound and of putative cleavage 
products was qualitatively determined employing HPLC with DAD (Dionex). The red color 
indicates the substances, which were not detectable, whereas the green ones were detectable. 
(B) Schematic representation of the treatment regime and the used strains. (C) Qualitative 
assessment of KSK-106 metabolization during incubation with M. tuberculosis cells as revealed 
by HPLC-DAD (Dionex). The table shows the detected KSK-106 parent compound and potential 
cleavage products for the wild type strain (WT), SRM-KSK-104#1 (rv0552: H67R), and SRM KSK-
106#5 (amiC E129*). KSK-106 (100 µM initial concentration) was incubated for 0 h (t0), 24 h (t1), 
48 h (t2), and 7 days (t3), before methanol extraction of metabolites and HPLC-DAD analysis. The 
substances enclosed in brackets have been detected with low intensity and cannot originate 
directly from KSK-106 due to the absence of region B. Instead, regions A and C must have 
reconnected subsequently for their formation. 
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The same experiment was performed with the other lead compound KSK-104. Only this 

compound was detectable in the medium control when KSK-104 was added. Also, only 

KSK-104 was detectable in all cell preparations at time point t0. After 24 h, only KSK-104 

was still measurable in both SRMs. However, in the presence of both functional 

amidohydrolases in the WT strain, the hydroxamic acid of region A of KSK-106 was 

detected, and no other cleavage product was found. This result is questionable because 

there is no KSK-106 in the approach and region A is different in KSK-104 and KSK-106. 

It can be assumed that a substance with a similar retention time and UV spectrum was 

detected at the time, or a ring-opening occurred. After another 24 h, at time point t2, intact 

KSK-104 was still found in the WT, but the hydroxamic acid of region A of KSK-106 and 

region A of KSK-104 alone was also observed. In SRM-KSK-104, only KSK-104 was 

detectable, and in SRM-KSK-106, all regions were found comparable to the WT strain. 

In the final measurement, after 7 days, only the hydroxamic acid of region A of KSK-106 

was detectable in the WT and SRM-KSK-106, while only KSK-104 continues to be 

measurable in SRM-KSK-104. 

This result indicates that Rv0552 is required for the degradation of KSK-104. 

Degradation in presence of mutated AmiC is also slower than in the presence of both 

functional amidohydrolases in the WT strain. 

 

Figure 31: Qualitative assessment of KSK-104 metabolization during treatment of M. 
tuberculosis strains. Qualitative assessment of KSK-104 metabolization during incubation with 
M. tuberculosis cells was done by HPLC-DAD analysis (Dionex). The treatment and sampling 
scheme was similarly as shown in Figure 30B. The table shows the detected KSK-104 parent 
compound and potential cleavage products for the wild type strain (WT), SRM-KSK-104#1 
(rv0552 H67R), and SRM KSK-106#5 (amiC E129*). KSK-104 (100 µM initial concentration) was 
incubated for 0 h (t0), 24 h (t1), 48 h (t2), and 7 days (t3), before methanol extraction of metabolites 
and HPLC-DAD analysis.  
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To support these results and for more precise statements about the cleavage products, 

the experiment was repeated with samples, which were incubated for 48 h (t2) with one 

of the KSK-compounds and measured in the CEMSA@HHU facility by LC-MS. The result 

is illustrated in Figure 32 and Figure S18 to Figure S25. After 48 h of incubation with 

KSK-104, a very high amount of KSK-104 was found in the medium control. A side peak 

with the molecular weight of AB-KSK-104 was also measurable. This could be due to the 

fact that small amounts of AB-KSK-104 were also formed during the incubation time in 

the medium and the processing of the samples. In the WT, small amounts of a substance 

with the molecular weight of AB-KSK-104 and a major peak with the molecular weight of 

A-KSK-104 were found. Thus, A-KSK-104 is probably formed in the batch after 48 h. In 

the presence of SRM-KSK-104, only one assignable peak with the molecular weight of 

AB-KSK-104 was detectable. In the presence of SRM-KSK-106, on the other hand, major 

peaks with molecular weights comparable to A-KSK-104, but also AB-KSK-104 were 

found. In all samples, there were furthers peaks with a molecular weight of 181 g/mol 

and 286 g/mol. However, these peaks were also found in the medium control and are 

thus probably not a degradation product but an impurity due to the medium or the 

purification itself. Since no A-KSK-104 was detectable in the approach with SRM-KSK-

104, this could mean that KSK-104 is predominantly or more sufficiently cleaved by the 

amidohydrolase Rv0552 between regions A and B. After the addition of KSK-106 and 

incubation for 48 h, only a peak with a molecular weight comparable to KSK-106 was 

found in the medium control. The WT and SRM-KSK-104 had a prominent peak after 

4.6 min. It fits to the molecular weight of A-KSK-106. Also, in the preparation with SRM-

KSK-106, mainly this peak was identified. However, there is also a small peak with the 

molecular weight of KSK-106. Again, there were impurity peaks of 191 g/mol and 282 

g/mol, respectively. This could also be seen in the medium sample and is therefore 

negligible and could be due to contamination found in the KSK starting substance or in 

the MeOH, with which the stock solutions of the compounds have been prepared. 

Another explanation is that it is an impurity resulting from the medium, purification, and/or 

measurement. KSK-106 could form A-KSK-106 in each case in WT and if either of the 

amidohydrolases AmiC or Rv0552 were mutated. That indicates that both 

amidohydrolases can cleave KSK-106, or another enzyme can take over their task. 
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Figure 32: Qualitative assessment of KSK-106 and KSK-104 metabolization during 
treatment of M. tuberculosis strains as revealed by LC-MS analysis. LC-MS analyses were 
performed in the CEMSA@HHU facility. Table (A) shows the structure of putative KSK-cleavage 
products and their molecular weight. The substances highlighted in green were detectable by the 
method, but those highlighted in red (region B) were not. (B) Summary of the detected KSK 
metabolites. Identification was done based on molecular weight. The respective chromatograms 
are shown in Figure S18 to Figure S25. (+) indicates the main peak. Results are shown for the 
incubation of KSK-104 or KSK-106 with the wild type strain (WT), SRM-KSK-104#1 (rv0552: 
H67R), and SRM KSK-106#5 (amiC E129*). The compounds were incubated for 48 h (t2), then 
isolated and analyzed. 

Taken together, these results suggest that KSK-106 is a substance that can be cleaved 

faster and more efficiently. The cleavage product A-KSK-106 is also measurable when 

a mutation in Rv0552 or AmiC is present. In the case of KSK-104, region A of KSK-104 

can only be detected in WT and SRM-KSK-106. The mutation in rv0552 leads to the 

detection of AB-KSK-104. Region C can probably be formed in all cases since this is the 

remaining part next to region AB of the molecule. However, there is no evidence that this 
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structure has been formed, as it has not been detected by this method. Furthermore, in 

addition to region C, also region BC could not be detected in free form, neither during 

incubation with KSK-104 nor KSK-106. Since the pure compounds have not been 

subjected to LC-MS analyses, it is unknown whether the compounds could principally be 

separated and detected by this method. Thus, to exclude measurement inaccuracies, a 

selection of samples was additionally measured by GC-MS. However, this method was 

also unable to detect region C (data not shown). In addition to technical limitations, there 

are further explanations conceivable for the inability to detect region C and BC in 

compound-treated cells. On the one hand, this phenomenon could be attributed to the 

rapid further metabolism or structural modifications of these regions after their hydrolytic 

release, so they are no longer detectable. On the other hand, it is also possible that 

region C is an active substance that binds, for example, covalently to a membrane 

molecule. The purification method with methanol and mechanical disruption by bead-

beating is probably inefficient against a covalent binding; therefore, region C might not 

be present in the solution after the purification. 

3.2.3 The putative metabolites have very low activity in M. tuberculosis 

To obtain more information about the cellular effects of the possible cleavage products, 

they were first tested in a MIC assay. The cleavage products are the three individual 

regions: A, B, and C, which are linked by a carbon-nitrogen bond in the KSK molecules 

and can thus be cleaved by amidohydrolases. Furthermore, a compound containing a 

combination of regions A and B and regions B and C were also analyzed. In this 

experiment, the cleavage products of KSK-106 were initially investigated. The individual 

substances against M. tuberculosis had very low activity, as shown in Figure 33. 

However, a dose-dependent growth inhibitory effect is detectable for all tested variants. 

The most active compounds appeared to be regions B, BC, and AB. But all tested 

derivatives had only very weak activity resulting in a MIC90 between 100 µM and 

>100 µM. 
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Figure 33: Activity of putative KSK-106 cleavage products against M. tuberculosis H37Rv. 
(A) Dose-response curve of the putative KSK-106 cleavage products. Data are shown as means 
of n=3 ±SEM. (B) The resulting MIC90 values are presented in a heatmap (from green = active to 
red = inactive). The arrows show the sites where amidohydrolases can potentially cleave the 
KSK-106 molecule. 

The same experiment was performed with KSK-104 cleavage products. It shows 

comparable results with the one described above for KSK-106 (Figure 34). 
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Figure 34: Activity of putative KSK-104 cleavage products against M. tuberculosis H37Rv. 
(A) Dose-response curve of the putative KSK-104 cleavage products. Data are shown as means 
of n=3 ±SEM. (B) The resulting MIC90 values are presented in a heatmap (from green = active to 
red = inactive). The arrows show the sites where amidohydrolases can potentially cleave the 
KSK-104 molecule. 

This severe loss of activity compared to the parental KSKs could be due to several 

reasons. Firstly, it is conceivable that the individual components are largely devoid of 

activity, but their combination results in a synergistic effect that results in an antibacterial 

effect. Thus, the combinations of the individual regions were tested to determine whether 

the KSKs also act similarly. Figure 35 displays the result of this MIC assay. The starting 

concentration in the dilution series is also in combination 100 µM for each substance. 

There is a minimal shift in activity compared to the single compounds. The most active 

combinations for the KSK-106 cleavage products were the combination of regions A, B, 

and C; A and BC, A and B, and the mixture of B and C. All these combinations had a 

MIC90 of 50 µM, which is still very inefficient when the parental molecule KSK-106 has 

an activity in a nanomolar concentration. All other combinations were worse. The 

combination of AB and C had a MIC90 of 100 µM, and the combination of A and C showed 

nearly no anti-bacterial activity in this setup (>100 µM). The same results were received 
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for KSK-104, except for the combination of AB and C. It presents an MIC90 of 100 µM. 

These experiments indicate that region B is needed for the activity because regions A 

and C are the only combinations with significantly less activity than the others. But it also 

indicates that the combination of various potential cleavage products does not nearly 

reveal the same potency as the parental compounds. Therefore, there should be another 

reason for the decline in activity, which could be that the complete substance is required 

for internalization while the degradation products alone cannot enter the cell because of 

the complex M. tuberculosis cell wall structure. To investigate whether there is improved 

activity when the integrity of the cell wall is impaired, colistin was added to the assay to 

attack the cell wall, potentially resulting in enhanced uptake of cleavage products [261, 

262]. 

 

Figure 35: Activity of the combined putative KSK-106 or KSK-104 cleavage products 
against M. tuberculosis H37Rv. (A; C) Dose-response curve of the combination of the putative 
cleavage products. 100 µM means that every derivative has a starting concentration of 100 µM 
in that case. Data are shown as means of n=3 ±SEM. (B; D) The resulting MIC90 values in µM 
are shown in a heatmap (from green = active to red = inactive). (A;B) are the KSK-106 cleavage 
products, whereas (C;D) are KSK-104 cleavage products.  

To analyze if colistin, a drug known to be active against gram-negative bacteria, also 

influences cell growth of M. tuberculosis, a dose-response curve was measured 

employing the resazurin dye reduction assay. A low but concentration-dependent 

decrease in fluorescence intensity, which is equivalent to cell viability, was observed, 

demonstrating that colistin can inhibit the growth of M. tuberculosis to a certain extent. 

For further experiments, a colistin concentration of 6.25 µM was chosen because this is 
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the value at which less than 50% of the cells grow compared to the control. An additional 

concentration was tested at which about 60% of the cells survive (Figure 36A and 36B).  

 

Figure 36: Activity of the putative KSK cleavage products in combination with colistin 
against M. tuberculosis H37Rv. (A) Fluorescence intensity of cells treated with 0 µM, 1.25 µM, 
or 6.25 µM colistin as a correlate of residual growth as determined by resazurin staining. (B) 
Dose-response curve of colistin alone. (C-H) Dose-response curve of the putative KSK cleavage 
products in combination with 0 µM, 1.25 µM, or 6.25 µM colistin. Data are shown as means of 
n=3 ±SEM. 
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Figure 37: Activity of the combined putative KSK cleavage products in combination with 
colistin against M. tuberculosis H37Rv. Dose-response curve of the combined putative KSK 
cleavage products, each with a combination of 0 µM, 1.25 µM, or 6.25 µM colistin. 100 µM means 
that every individual derivative has a starting concentration of 100 µM. Growth was measured 
employing resazurin staining. Data are shown as means of n=3 ±SEM. 

However, the addition of different concentrations of colistin did not substantially improve 

the activity of KSK-cleavage products against M. tuberculosis in combination treatment 

(Figure 36 and 37). Also, the combination of different putative cleavage products with 

colistin resulted in no significant improvement in activity against M. tuberculosis. That 

means that there is no synergism between the compounds and colistin. Due to their 

strong cellular activity, it is obvious that KSK-104 and KSK-106 can easily get 

internalized by M. tuberculosis, but the cleavage products might not have the required 

physicochemical properties to get inside the cell.  
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3.2.3.1 The KSK-spontaneous resistant mutants are not resistant against all 

other KSK derivates 

In former studies, SRM-KSK-106 and SRM-KSK-104 were created and analyzed by Dr. 

Lasse van Geelen. Both SRMs have a mutation in an amidohydrolase (see Chapter 

3.2.2.1). To obtain further information on the KSKs and their activation, the KSK library 

was tested against both SRMs compared to the WT. In this chapter, only a small 

representative section is shown. The compounds are divided into three groups. In the 

first group, many derivatives show a strong reduction in activity only to SRM-KSK-106 

(Figure 38A). Nearly all represent KSK-106 derivatives, like OMK-119, OMK-170, or 

ABK-363. Also, OMK-175, which was previously described, belongs to this group. In the 

second group, there are molecules to which both SRMs are resistant. Most of them are 

KSK-104 derivatives (Figure 38B). All shown derivatives have a variation in region C. An 

example is ABK-191, which has an additional fluoride ion in the para-position. In ABK-

267, there is an alkyne instead of the entire region C. Since SRM-KSK-104 has a 

mutation in Rv0552 and SRM-KSK-106 in amiC, inferences can be made about the 

enzymes. The mutation in Rv0552 probably results in impaired cleavage exclusively of 

KSK-104 derivatives, as shown in Chapter 3.2.2.1. With this, it is likely, that these 

molecules are not activated, and thus there is no or little activity in SRM-KSK-104. The 

mutation has very little or no influence on the activity of the KSK-106 derivatives 

compared to the activity in the WT. That means that AmiC can cleave some KSK-106 

derivatives but no KSK-104 derivatives. In contrast, the mutation in AmiC in SRM-KSK-

106 results in the inability to cleave KSK-104- and KSK-106 derivatives. That indicates 

that Rv0552 might have a narrower substrate specificity if it can be assumed that no 

other amidohydrolase is involved in the cleavage of the KSKs. 
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Figure 38: Heatmap representing MIC90 values of different KSK derivatives against 
M. tuberculosis H37Rv WT, SRM-KSK-104#1, and SRM-KSK-106#5 to illustrate structure-
activity relationships. The tables show the MIC90 values in µM. The red highlighted areas in the 
molecule represent the structural variation compared to the parental compound. In case a 
substituent has been removed, the corresponding position is indicated by an arrow. (A) Examples 
of compounds showing a strong decrease of activity only in SRM-KSK-106. (B) Examples of 
compounds showing comparable cross-resistance for both SRMs. (C) Compounds for which no 
resistance was detected in both used SRMs compared to the WT. Dr. Alexander Berger, or Dr. 
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Oliver Michel, University of Düsseldorf, Germany, have synthesized all derivatives. The heatmap 
shows a color code of the MIC90 values determined in triplicates. 

 

However, a third group of substances had nearly the same activity in both SRMs and the 

WT. Examples of this are shown in Figure 38C. All substances are KSK-106-derived 

molecules, like OMK-096 (= N-(2((benzyloxy)amino)-2-oxoethoxy)nonamide). It has a 

variation in region A, whereas OMK-270 has no benzyl ring in region C. Further examples 

are OMK-117 and ABK-334, both with a variation in region A, and ABK-130, with a 

change in region B. These molecules are all active derivatives with huge structural 

variations compared to KSK-106. This could indicate that these molecules can be 

cleaved with similar efficacy by Rv0552 and AmiC. It is further possible that yet one or 

more different other amidohydrolases or enzymes are involved in their cleavage or that 

they even rely on a different mechanism that does not require hydrolysis. To get more 

information about this mechanism, SRMs of some derivatives that were still active 

against both SRMs were created, which is described in the following chapter 3.2.4. 

 

3.2.4 Generation of spontaneous resistant mutants of several KSK derivatives 

To further investigate the resistance mechanism, SRMs were created against some of 

the compounds that did not result in any resistance phenotype in SRM-KSK-104 and 

SRM-KSK-106 (see Chapter 3.2.3.1). For this purpose, the WT was plated and incubated 

on 7H10 agar plates supplemented with 6- to 10-fold MIC90 of the respective substance 

and incubated for several weeks until single colonies appeared. 

Here, the results of three derivatives, OMK-117, ABK-334, and ABK-130, are described 

in more detail. Even after three months, no colonies developed in the presence of ABK-

130, which has an MIC90 of 12.5 µM. It indicates that this compound does not rapidly 

lead to mutations in M. tuberculosis and is, therefore, an interesting substance for further 

preclinical development with a low micromolar potency. However, it has to be 

emphasized that the antitubercular activity is much lower compared to the parental 

KSKs. 

For the OMK-117 approach, colonies appeared after five weeks, which occurred with a 

frequency of approx. 10-6. Single colonies were cultivated in liquid media and analyzed. 

The clones showed a high-level resistance with a 32-fold shift in MIC90 (Figure 39). 

For ABK-334, colonies were formed with a frequency of approx. 2x10-6 and were 

detectable after five weeks of incubation. The isolated and analyzed mutants showed a 
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16-fold shift in MIC90 (Figure 39). For further investigations, whole-genome sequencing 

was performed for two of these mutants. The mutants examined were SRM-ABK-334#1 

and SRM-ABK-334#2. Both have a mutation in amiC and ppsA, as shown in Table S2. 

The protein encoded by the gene ppsA plays a role in the biosynthesis of phthiocerol 

dimycocerosate (PDIM) and other lipids. In this context, ppsA-ppsE encode a type I 

modular polyketide synthase. Proteins involved in PDIM biosynthesis play a significant 

role in cell wall synthesis. PpsA-PpsC attach ketide units to long-chain fatty acids [263, 

264]. In previous studies, mutations in ppsA have been associated with substance 

tolerance, e.g., in RIF-resistant mutants [263]. It does not explain why the substance 

ABK-334 does not exhibit resistance in SRM-KSK-104 and SRM-KSK-106. This 

compound may interact differently with AmiC with a different binding mode compared to 

the parental KSKs. To clarify this, further SRMs of this type of derivative should be 

generated and analyzed. Furthermore, the cross-resistance of SRM-ABK-334 against 

the KSKs has to be investigated. 

 

 

Figure 39: Resistance pattern of SRMs against OMK-117 and ABK-334. (A) Dose-response 
curve for OMK-117 of independent mutant clones raised against OMK-117 (SRM-OMK-117) and 
(B) dose-response curve for ABK-334 of independent mutant clones raised against ABK-334 
(SRM-ABK-334). The parental strain M. tuberculosis H37Rv WT is shown as a control. The 
resulting MIC90 values are shown beneath the graph. The structure of the tested compound is 
displayed above each graph. Data are shown as means of n=3 ±SEM. 

3.2.5 Double spontaneous resistant mutants against both KSKs behave 

differently regarding various KSK derivatives 

To obtain more detailed information on the effect of KSK-104 and KSK-106, SRM-KSK-

104#1 and SRM-KSK-106#5 have been plated on a medium containing the respectively 
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other KSK-compound to obtain double spontaneous resistant mutants (DSRM) against 

KSK-104 and KSK-106. After about 6 weeks, colonies appeared on the plates at a 

frequency of about 10-7. These independent clones were grown in a liquid medium, and 

the resistance was tested by MIC assay. In the variant with SRM-KSK-106 as the 

parental strain, which has been incubated on a medium with KSK-104 (DSRM-KSK-106-

KSK-104), many clones with enhanced resistance emerged. As expected, they were 

each more resistant than both SRMs. Moreover, the same was detectable for the 

opposed order (for DSRM-KSK-104-KSK-106). But it became clear that these two 

DSRMs behave differently. Especially the incubation with KSK-106 showed a shift in 

resistance in the DSRM-KSK-104-KSK-106. It indicated different mutations in the 

respective approaches.  

 

Figure 40: Resistance pattern of DSRM-KSK-104-KSK-106 against KSK-104 and KSK-106. 
Dose-response curve of different mutants (exemplary DSRM #1- DSRM #4; DSRM #9 – DSRM 
#12) of (A-B) DSRM-KSK-106-KSK-104, which uses SRM-KSK-106 #5 as a parental strain. It 
was incubated on agar plates containing the 8- to 10-fold MIC90 of KSK-104 and (C-D) DSRM-
KSK-104-KSK-106, which uses SRM-KSK-104 #1 as a parental strain. It was incubated on agar 
plates containing the 8- to 10-fold MIC90 of KSK-106. (A; C) DSRM strains were tested against 
KSK-104 or (B; D) KSK-106. M. tuberculosis H37Rv WT, SRM-KSK-104 #1, and SRM-KSK-106 
#5 are used as control. Data are shown as means of n=3 ±SEM. 

To determine whether further resistance development also impacted other KSK 

derivatives, a selection of derivatives was tested against both DSRMs compared to the 

parental SRMs and the WT. Some KSK-104 and KSK-106 derivatives have been 

selected, representing different groups of derivatives. Among the KSK-104 derivatives 

(Figure 41), it was noticeable that ABK-275 showed little activity and was therefore 

excluded from further consideration. All other substances had the highest activity in the 
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WT, followed by SRM-KSK-106, DSRM-KSK-104-KSK-106, and SRM-KSK-104. The 

highest increase in resistance was seen in DSRM-KSK106-KSK-104 for each substance.  

 

Figure 41: Resistance pattern of DSRMs and SRMs against several KSK-104 derivatives. 
Dose-response curve of different mutants (SRM-KSK-104 #1, SRM-KSK-106 #5, DSRM KSK-
106-KSK-104 #1 and DSRM-KSK-104-KSK-106 #10 in comparison to H37Rv WT) against 
several KSK-104 derivatives. The red highlighted areas in the molecule represent the structural 
variation compared to the parental compound. Data are shown as means of n=3 ±SEM. 

No specific resistance pattern was detectable for KSK-106-derived derivatives (Figure 

40). For OMK-171, in which region A was altered, the most potent form of resistance 

formation was seen in SRM-KSK-104 and DSRM-KSK-106-KSK-104. 

When the oxygen atom was exchanged against a carbon (ABK-257), SRM-KSK-104, 

SRM-KSK-106, and DSRM-KSK-104-KSK-106 behaved similarly to the WT. Only 

DSRM-KSK-104 has evolved more resistance. If the carbon-oxygen linker between 

regions B and C was omitted entirely, as in the case of OMK-170, the most prominent 

resistances were found in SRM-KSK-106 and DSRM-KSK-106-KSK-104. With an 

extended carbon chain (OMK-61), all strains except SRM-KSK-104 showed similar 

activity. Only SRM-KSK-104 showed better activity. 
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Figure 42: Resistance pattern of DSRM and SRM against several KSK-106 derivatives. 
Dose-response curve of different mutants (SRM-KSK-104 #1, SRM-KSK-106 #5, DSRM KSK-
106-KSK-104 #1 and DSRM-KSK-104-KSK-106 #10, and H37Rv WT) against several KSK-106-
derivatives. The red highlighted areas in the molecule represent the structural variation, whereas 
the arrow indicates the position of substituents that have been removed in comparison to the 
parental compound. Data are shown as means of n=3 ±SEM. 

The result indicates that the KSKs and their derivatives are very complex structures with 

a complex mode of action. Minor changes can cause different activities and resistant 

patterns in SRMs and DSRMs. To obtain further information, the whole genome of the 

strains must be sequenced. One mutant (DSRM-KSK-104-KSK-106 #9) was sequenced 

by whole genome sequencing. It revealed mutations in amiC, rv0552, and ppsA, as 

shown in Table S2. In amiC, an insertion (of the bases cggc) at position 1046 has 

occurred, resulting in a frameshift. In rv0552, a base exchange has occurred, resulting 

in an amino acid change at position 276 from glycine to asparagine. In this double 

mutant, both amidohydrolases are mutated, which likely hinders one amidohydrolase 

from compensating for the other’s activity. The protein encoded by the gene ppsA plays 

a role in cell wall biosynthesis, particularly of the PDIMs (see Chapter 3.2.4). Analyses 
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of further DSRMs, especially a DSRM-KSK-106-KSK-104, can lead to a conclusion 

about the different mutants. Which mutation leads to the different resistance patterns? 

This can then be analyzed in more detail concerning the different derivatives. 

 

Figure 43: Resistance pattern of DSRM and SRM of the KSKs against several KSK 
derivatives. The table shows a heatmap of the MIC90 values in µM of several KSK-derivatives 
tested against different mutants (SRM-KSK-104 #1, SRM-KSK-106 #5, DSRM KSK-106-KSK-
104 #1, DSRM-KSK-104-KSK-106 #10, and H37Rv WT). The red highlighted areas in the 
molecule represent the structural variation, whereas the arrow indicates the position of 
substituents that have been removed in comparison to the parental compound. MIC90-values were 
determined in triplicates. 

3.2.6 Affinity enrichment approach for identification of proteins putatively 

interacting with the KSKs  

Different PEG3-biotin conjugated derivatives were designed and produced by RG Kurz 

to perform an affinity enrichment approach. Since the active moiety that is released by 

amidohydrolases from the KSKs is unknown, the biotin tag was added to different 

positions of KSK-104 and KSK-106, respectively. Figure 44 shows the PEG3-biotin 

conjugated derivatives. OMK-307 and OMK-312 are KSK-106 derivatives, whereas 

ABK-661 and ABK-662 are KSK-104 derivatives. ABK-661 can be derived from both 

molecules because region A, which distinguishes the two molecules, is missing. To 

better understand the structure, the PEG-3-biotin linker is highlighted in green, region C 

of the KSK molecule in blue, region B in black, and region A in red. 
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Figure 44: Growth inhibitory activity of PEG3-biotin-tagged KSK variants against M. 
tuberculosis mc26230. PEG3-biotin azide was clicked to different KSK-104 and KSK-106 
derivatives, resulting in two KSK-104 derivatives, ABK-661 and ABK-662, and two KSK-106 
derivatives, OMK-307 and OMK-312, and one derivative, which cannot be assigned to either of 
the groups (ABK-661). The structures are shown in (A). Dose-response curves of these 
derivatives and the PEG-3-biotin azide alone against the attenuated M. tuberculosis strain 
mc26230 are shown in (B). The reference compounds are KSK-104, KSK-106, and RIF. Data are 
shown as means of n=3 ±SEM. 

To gain a deeper understanding of whether these PEG3-biotin-tags are influencing the 

activity of the KSKs and if these bigger molecules can still be internalized, 

M. tuberculosis strain mc26230, an attenuated variant of M. tuberculosis H37Rv, was 

screened in a MIC assay against these compounds. The attenuated strain was used 

because the affinity enrichment approach should also be performed with this strain. The 

only differences between the virulent strain H37Rv and the attenuated version are the 

deletion of the RD1 region and the panCD genes. As positive controls, KSK-104 and 

KSK-106 were used. It is noticeable that ABK-663 and the negative control PEG-3-biotin 
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had no detectable anti-tuberculosis activity (MIC90 of >100 µM). All other derivatives 

exhibited a dose-dependent inhibition of growth with MIC90 values ranging from 25 µM 

for OMK-307, 12.5 µM for ABK-662 and OMK-312, to 6.25 µM for ABK-661. That means 

these molecules can be internalized and probably interact with their molecular target 

similarly like the parental KSKs to inhibit M. tuberculosis growth and, thus, meet a 

necessary requirement for this experiment. First, the KSK-106 derivatives OMK-307 and 

OMK-312 were used for an affinity enrichment approach with a protein lysate extracted 

from M. tuberculosis mc26230. These studies were performed in cooperation with the 

research group of Prof. Dr. Markus Kaiser and the Analytics Core Facility Essen (ACE, 

University of Duisburg-Essen, Germany). Total cytosolic protein lysate was prepared 

using bead-beating to disrupt the cells mechanically and induce cell lysis. The filter-

sterilized lysate was incubated with OMK-307 and OMK-312, respectively, to allow the 

binding to putative target proteins. For competitive inhibition, KSK-106 was added to 

some of the approaches. These enriched proteins were bound to avidin-agarose, 

washed, and then on-bead digested and measured by LC-MS/MS. It is an approach for 

finding cytosolic targets or interaction partners. It does not give any information about 

targets, which are located in the membrane or lipids. Those proteins require solubilization 

out of membrane preparations by detergents, which are incompatible with this affinity 

enrichment procedure. 
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Figure 45: Affinity enrichment using PEG3-biotin-tagged KSK-106 variants and protein 
lysate of M. tuberculosis mc26230. Biotin-tagged KSK-106 probes were used for the enrichment 
of putatively interacting proteins. These probes are (A; B) OMK-307 and (C; D) OMK-312, 
selected for identifying enriched proteins by LC-MS/MS after incubating them with the cytosolic 
protein lysate and the avidin agarose beads. (A; C) The enriched proteins were illustrated as 
volcano plots. The proteins circled in red are those that are considered best hits and had valid 
values in the analysis. It shows means of n=4 runs in comparison to the negative control. The 
experiment was performed in cooperation with the Kaiser group at the ACF (University of 
Duisburg-Essen, Germany). 

After further analysis including subtracting background resulting from unspecific binding 

to PEG3-biotin, grouping of the technical replicates, and performing a t-test, only two 

proteins were found as probable hits in this experiment. Only weak enrichment was seen 

with the used probes, and most of the hits were statistical artifacts caused by the 

imputation of missing values. Nevertheless, Rv2226 seemed to be a potential candidate 

for OMK-312 binding. Additionally, Cfp32 was considered a probable hit, but the 

identification rate was not as confident as for Rv2226. Somehow the competition did not 

work in both cases, impairing the credibility of the identified hits. Alternatively, this might 
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also indicate a possible covalent mechanism, which would prevent bead-wash 

competition. The hits are shown in the volcano plot in Figure 45. For OMK-307, Cfp32 

(Rv0577) was a candidate to look further at. It is a non-essential gene [265, 266] whose 

function is unknown, but it is a putative glyoxylase with a size of 261 amino acids [267]. 

Human glyoxylases, like GLO1 and GLO2, are key metalloenzymes involved in 

detoxifying reactive methylglyoxal into D-lactate using glutathione as a cofactor [268]. 

An interesting information about this is that the overexpression leads to resistance to 

pyrimidine-imidazole compounds [267]. It is a hint that the biotinylated KSK-derivatives 

could interact with the glycerol metabolization pathway. In another experiment, SRM 

against KSK-106 of M. bovis BCG Pasteur revealed a mutation in glpK in six of seven 

individual clones. They appeared twice at positions A68V, or L71F, and once at V423M 

and E277G. Because there are many hints that the KSKs could interact in the glycerol 

metabolism, the growth of M. tuberculosis was tested with different carbon sources in 

the presence of KSK-104 and KSK-106, which is described in Chapter 3.2.7. 

For OMK-312, on the other hand, Rv2226 appears to be a good candidate in this context. 

A literature search reveals that it is a conserved protein with an unknown function. It is 

also a non-essential gene with a size of 513 amino acids [31, 266, 269]. Since the 

function is unknown in M. tuberculosis, the protein was blasted [256]. Orthologous 

proteins have an identity of 100% in M. tuberculosis (strain ATCC25177/H37Ra). This 

homolog is a CHAD and CYTH domain-containing protein [270]. Both functions are 

unknown yet. It is predicted that these two groups functionally interact with each other. 

The CHAD is predicted to be an alpha-helical domain. It contains conserved histidines, 

which could be crucial for its function. The CYTH domain could be an enzymatic domain, 

which may be involved in nucleotide or organic phosphate metabolism. It is predicted 

that these domains can chelate two divalent cations and have a reaction mechanism 

dependent on two metal ions. They furthermore could play a role in polyphosphate and 

nucleotide metabolism [271]. 

Since both proteins depend on metal ions, a zinc and iron chelating assay was performed 

for the KSKs to investigate whether they can chelate metal ions, like zinc or iron. This 

result is shown in Chapters 3.2.8 and 3.2.9. 

3.2.7 The carbon source influences the activity of the KSKs 

As there is some evidence that the KSKs might act on proteins involved in glycerol 

metabolism, the activity of KSK-104 and KSK-106 was tested in the presence of different 

carbon sources. To test the best concentration of cholesterol and glycerol, they were 

mixed in Sauton´s medium. Sauton's medium without additional glycerol consists of 
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limited carbon sources, with 2.0 g/l citric acid and 4.0 g/l asparagine. The growth 

behavior of M. tuberculosis was tested with different concentrations of carbon sources, 

and the OD600 was monitored at different time points. Figure 46A shows that the best 

growth conditions for the respective carbon source were 0.1% cholesterol and 0.5% 

glycerol. Previous experiments showed that Sauton´s medium supplemented with 1% 

glucose is optimal for cell growth. Since it is impossible to dissolve cholesterol in water 

or DMSO, a stock solution of cholesterol in MeOH was first prepared. To test the potential 

background growth resulting from the solvent, 7H9 medium containing 1% MeOH was 

compared to medium without MeOH. However, the influence of this amount of MeOH on 

the growth condition is not significant and can be disregarded. 

The influence of the carbon source in the presence of KSK-104 and KSK-106 on the 

growth of M. tuberculosis determined by MIC assays is shown in Figure 46B and C. It 

demonstrates that KSK-104 and KSK-106 behave similarly. Both have the greatest 

growth inhibitory effect in the presence of glucose and glycerol. When cholesterol was 

added to the medium, the growth was comparable to that in the complex 7H9 medium. 

However, it is also noticeable that the activity of the KSKs is stronger in Sauton´s medium 

than in 7H9 medium. This can be explained by the fact that the 7H9-complex medium is 

perfectly adapted to the growth of M. tuberculosis. Worse conditions, as is the case in 

the Sauton´s medium, might cause stress to the cells, which may lead to an increased 

effect of the KSKs. 

To make conclusions about the effect of KSKs with respect to the carbon source, a 

control experiment with other antibiotics should still be done. This could show that the 

effect is specific to the KSKs. If confirmed, this could indicate that the KSKs are involved 

in the carbon source metabolism, independent of cholesterol. The main carbon source 

used in energy metabolism is especially glycerol, but also glucose. Cholesterol is only 

an alternative carbon source [267, 272]. 
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Figure 46: Influence of the carbon source on the growth of M. tuberculosis. (A) Cells were 
grown in Sauton´s medium supplemented with different concentrations of glycerol and cholesterol 
to find the best-fitting concentration of the carbon sources for the assay. Therefore, the optical 
density was measured after nine days. Dose-response curves of (B) KSK-104 and (C) KSK-106 
are shown in the presence of the different carbon sources against M. tuberculosis H37Rv. Data 
are shown as means of n=3 ±SEM. 

3.2.8 The KSKs are slightly chelating iron 

There was evidence from the previous experiments that the KSKs might affect proteins 

that require metal ions for activity (see Chapter 3.2.6). An iron and zinc chelating assay 

was performed to investigate if the KSKs have a chelating ability. The zinc chelating 

assay is described in more detail in Chapter 3.2.9. 

The basic procedure of the iron chelating assay is shown in Figure 47A. The substance 

is diluted and then mixed with Fe(II)Cl2. After an incubation time, ferrozine is added to 

the mixture. Free Fe2+-ions bind to ferrozine, which leads to a formation of a purple 

complex. In the absence of Fe2+, the mixture remains colorless [273]. The result of the 

iron chelating assay is shown in Figure 47C for the substances shown in Figure 47B. 

There is a concentration-dependent effect for all tested compounds. The most effective 

chelating effect is detectable for the positive control EDTA. Ampicillin was also used as 

a positive control, and there was also a concentration-dependent chelating ability. The 

negative control was isoniazid. For that compound, no chelating effect was detectable in 

the tested range. KSK-104, KSK-106, KSK-107, and ABK-113 all showed no chelating 
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ability exceeding 40%. The only substance with a higher chelating effect was KSK-099. 

At the highest concentration of 10 mM, it had a chelating ability of about 60%. That 

means that all tested substances can chelate Fe2+-ions to some extent. However, since 

the chelating effect occurred at concentrations by far exceeding the MIC90, this can 

probably be ruled out as the mode of action. 

 

Figure 47: Iron chelating ability of the KSKs and their derivatives. (A) The basic mechanism 
of the Fe2+ chelating assay is shown with the relevant substances. (B) Structure and name of the 
used KSK-derivatives. (C) Dose-response curve of the resulting iron chelating activity in percent 
tested in the presence of different concentrations of the shown KSK derivatives. Data are shown 
as means of n=3 ±SEM. 

3.2.9 The KSKs are not chelating zinc-ions 

In the previous chapter, it has been shown that there is a very low Fe2+ chelating ability 

of the KSK derivatives. However, it is not clear whether this chelating ability is restricted 

to Fe2+ ions. To answer this question, a zinc chelating assay has been performed. The 
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substances shown in Figure 48B were added to dissolved zinc chloride and incubated. 

Dithizone was then added to the mixture. Dithizone is a substance that can form 

complexes. The substance alone is green and changes its color in complex with different 

substituents. In a complex with zinc ions, it turns pink [274]. Afterward, color development 

and zinc complex formation was measured (Figure 48A). 

The result is shown in Figure 48C. The positive control EDTA had a potent zinc chelating 

ability, whereas no chelating ability was measurable for isoniazid in the tested 

concentration range. For ampicillin, there is only a weak chelating ability up to approx. 

30%. No zinc chelation is detectable for any of the derivatives tested. It means that the 

mechanism of action of the KSKs should be independent of zinc chelation. 

 

Figure 48: Zinc chelating ability of the KSKs and their cleavage products. (A) A schematic 
illustration of the basic mechanism of the Zn2+ chelating assay is shown with the most relevant 
chemicals. (B) The table shows the tested derivatives and control compounds with their structures 
and names. (C) Dose-response curves of the zinc chelating activity in percent tested in the 
presence of the compounds. Data are shown as means of n=3 ±SEM. 
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3.2.10 Characterization of fluorescent KSK-probes 

As shown in previous experiments, the KSKs are likely cleaved by amidohydrolases. 

Nevertheless, their localization inside the bacteria and the exact mode of action following 

cleavage is still unknown. In the case of localization of the KSKs at the cell surface, it 

would indicate that the KSKs act on the cell wall. Fluorescent probes have been designed 

and prepared to obtain more information about their intracellular localization. One 

substance was tagged with a Cy5 fluorophore (OMK-399) and two with a FAM 

fluorophore (OMK-391 and OMK-376). In order to exclude that the attachments lead to 

inactivation, an MIC assay was initially performed. To get more information on whether 

these samples retain the same mechanism as the parental KSKs, they were also tested 

against SRM-KSK-106 and SRM-KSK-104. With a lower activity in one or both SRMs 

compared to the WT, it could be assumed that the fluorophore-tagged KSKs can still be 

cleaved by amidohydrolases. The fluorophore-tagged KSKs all showed a deterioration 

in activity compared to KSK-104 and KSK-106, but all still exhibited a concentration-

dependent growth inhibitory effect. For OMK-376, only a slight resistance appeared in 

SRM-KSK-104 while SRM-KSK-106 behaved like the WT. OMK-391, on the other hand, 

was found to result in resistance in both SRMs. The reason for this could be attributed 

to the fact that both amidohydrolases AmiC and Rv0552 contribute to cleaving and 

subsequently activating this molecule. OMK-399 exhibited no detectable resistance in 

the tested SRMs. This indicates that the substance is equally well hydrolyzed by Rv0552 

and AmiC so that inactivation of one enzyme is compensated by the other 

amidohydrolase. Alternatively, it can also not be ruled out that further amidohydrolases 

or different enzymes are mediating activation of this compound or that this compound 

does not rely at all on hydrolysis for activation.  
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Figure 49: Characterization of fluorophore-tagged KSK-probes. Dose-response curves of 
different fluorophore-tagged KSK-derivatives tested against SRM-KSK-104 #1, SRM-KSK-106 
#5, and H37Rv WT. The structure above the graph represents the analyzed molecule. The dark 
green highlighted areas in the molecule represent the fluorophore tag. Data are shown as means 
of n=3 ±SEM. 

Therefore, the derivatives OMK-376 and OMK-391 are suitable for further microscopic 

studies as the fluorophore tag has minimal impact on their resistance mechanism and 

they are probably internalized because of their activity on whole cells. For this purpose, 

cells of the M. tuberculosis pBEN::mCherry (Hsp60) reporter strain, which constitutively 

expresses mCherry from the Hsp60 promoter, were incubated with the fluorescent KSK-

derivatives, which were detectable in the green channel. Treatment with FAM was used 

as a reference. To rule out the possibility of detecting background fluorescence of 

untreated cells in the green channel, a DMSO control was used as a negative control 

and analyzed with the Nikon Eclipse TS100 fluorescence microscope. This control, 

however, showed no signals in the green channel (excitation 475 nm, emission 510 nm) 
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but red fluorescence in the red channel (excitation 585 nm, emission 610 nm) (Figure 

50). These red spots represent cells of M. tuberculosis. 

The cells were next incubated with the probes at 1-fold MIC90 for two days and 

subsequently washed twice to remove the non-internalized compounds from the cell 

surface. In the case of a signal in the green channel, this could, therefore, only originate 

from an internalized substance. 

Green signals were visible for both tested substances. For OMK-391, however, the signal 

intensity is weak, but there was co-localization of the fluorophore and the cells in both 

cases. It shows that both substances can be taken up. Referring to the cleavage of the 

KSKs and the fact that FAM alone is not found inside the cell, this shows that the position 

of the fluorophore does not significantly influence the internalization of the KSKs, also 

shown by the MIC90 values. For more precise statements about the localization, the 

samples need to be imaged with a microscope with a higher resolution. Since both 

samples faded very quickly during microscopy, a spinning disk, in which the exposure 

with the laser is reduced to a minimum, would be most suitable. 

 

Figure 50: Microscopic analysis of fluorophore-tagged KSK probes. 1-fold MIC90 of the 
compounds on the right was incubated with the M. tuberculosis pBEN-mCherry reporter strain for 
two days. After washing, fixing, and adding to the prepared poly-D-lysine slides, they were 
analyzed using a Nikon Eclipse TS100 fluorescence microscope (600 ms exposure time, 100 x 
magnification). The scale bar represents 20 µm. Merged pictures were created using Fiji 
(ImageJ). 



Results 

109 

 

3.2.11 A pharmaceutical formulation for the KSKs 

Given that the KSKs have excellent anti-tubercular activity also against pre-XDR-TB 

strains while exhibiting no cytotoxicity, further preclinical efficacy studies in a relevant 

animal infection model would be the next logical step to assess whether the observed in 

vitro effects can translate into in vivo conditions. Furthermore, the fact that the 

compounds require activation by amidohydrolases raises the questions whether certain 

host hydrolases might also be capable of cleaving the KSKs before internalization by 

mycobacterial cells, which would strongly curtail their in vivo efficacy. 

For the pending mouse trials, however, suitable formulations were needed allowing 

peroral (PO) and intravenous (IV) administration to the animals, respectively. The biggest 

obstacle was that the KSKs were difficult to dissolve in aqueous solutions. In cooperation 

with RG Kurz, different mixtures were tested. Finally, a mixture of 80% propylene glycol 

and 20% water has been found for PO administration. For IV administration, 20% 

propylene glycol, 5% DMSO, 5% Tween-80, and 70% saline solution were used. To 

exclude that the formulation harms the activity of the substances, the KSKs were tested 

in these formulations for their activity. Figure 51 shows the result of this test. The KSKs 

behave almost the same regardless of the solvent with nearly no differences in the 

growth of M. tuberculosis visible in the presence of the different formulations for KSK-

104 and KSK-106. The formulations have the same efficacy as the control in which the 

KSKs are dissolved in DMSO, meaning that IV and PO formulations are well-suited for 

the pending mouse experiments. 

 

Figure 51: Activity of the KSKs in different formulations. Dose-response curve of 
M. tuberculosis H37Rv against KSK-104 (left) and KSK-106 (right). PO is the peroral formulation 
comprising 80% propylene glycol and 20% water. In the intravenous (IV) mixture, the KSKs are 
solved in 20% propylene glycol, 5% DMSO, 5% Tween-80, and 70% saline solution. Data are 
shown as means of n=3 ±SEM. 
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3.3 The thiazole-containing substance FFK-088 

In a screening of substance library provided by the RG Kurz, multiple compounds were 

tested against diverse bacteria, and among them, a compound containing a thiazole 

group exhibited promising activity against M. tuberculosis H37Rv. Therefore, further 

tests have been carried out and are shown in the following chapters. 

3.3.1 FFK-088 is a new lead structure 

A library of compounds was tested to discover new active substances against 

M. tuberculosis. Here only a selection of 24 substances is shown. They are characterized 

by the presence of a thiazole group as a common structural element. FFK-088 (= ethyl 

4-(4-((tert-butoxycarbonyl)amino)phenyl)thiazole-2-carboxylate) turned out to be the 

most active compound with an MIC90 of 0.78 µM. The substituent at the fourth position 

in the phenyl ring is particularly emphasized. FFK-088 can be divided into three regions. 

The left region, shown in pink in Figure 52A, consists of a butyloxycarbonyl (Boc) 

protected amino group and will be mentioned as region A in the following. The middle 

region consists of a phenylthiazole. This is shown in black and is defined as region B. 

Region C, which consists of an ethyl ester, is highlighted in green. 

The comparison with the other analogues showed that small but also large changes lead 

to a drastic decrease in activity. Examples of changes in region A include the 

replacement of the carbamate moiety with a corresponding amide moiety (FFK-423). It 

already led to an increase in the MIC90 to 6.25 µM. This suggests that while the presence 

of the oxygen atom at this position is crucial for achieving high activity, it is not strictly 

mandatory. The presence of pyrrolidine instead of the entire A region also led to the 

same MIC90 value (FFK-193). The results show that substituents containing nitrogen are 

suitable at this position. It is supported by many derivatives that do not have nitrogen in 

region A, such as FFK-125, FFK-175, FFK-176, FFK-87, FFK-163, and FFK-168, 

exhibiting less activity compared to FFK-088. It is furthermore possible that there is a 

requirement for a para-substitution. FFK-196 is ortho-substituted, which led to a 

deterioration of the activity to an MIC90 of 25 µM. That indicates that para-substitution is 

much better for anti-tubercular activity than meta- and ortho-substitution. The presence 

of the terminal tert-butyl-group appears to be important for the activity. An indicator for 

this is that the trichloroethyl group at this position led to a complete loss of activity (FFK-

415; also seen in: FFK-275; FFK-421). Region C appears to be essential for the activity. 

The complete absence of this region (FFK-497) resulted in an MIC90 of 25 µM, and the 

exchange of the ester moiety to an amide moiety led to a complete loss of activity (FFK-
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498). This is an indication that FFK-088 could be a prodrug. Generally, amide moieties 

are more stable than an esters making cleaving difficult, while esterases can cleave 

esters rather easily [272]. 

In summary, FFK-088 is a substance with good anti-tubercular activity. Besides the 

thiazole group, other regions, such as region C, are responsible for the activity. Although 

FFK-088 has by far the best activity, five other molecules have an activity of up to 

12.5 µM and many more with an activity of 25 µM, which provides many possibilities for 

changes within the molecule without leading to a complete loss of activity. SAR analysis 

with more derivatives needs to be performed for more detailed information. In the 

following, FFK-088 will be examined in more detail as the most active derivative. 

 

Figure 52: Heatmap representing MIC90 values of different FFK-088 derivatives. (A) 
Structure of FFK-088, the most active substance and presumed lead structure. In this, region A 
is pink, region B is black and region C green. (B) Heatmap of the substances sorted by their 
activity. The blue, or white highlighted areas in the molecule represent the structural variation, 
whereas the arrow indicates the position of substituents that have been removed in comparison 
to the parental compound. Fabian Fischer, University of Düsseldorf, Germany, has synthesized 
all derivatives. The heatmap shows a color code of the MIC90, which was determined in triplicates. 

3.3.2 FFK-088 has activity against M. tuberculosis H37Rv 

To analyze the selectivity of FFK-088, it was first tested against different mycobacteria. 

Figure 53A shows the concentration-dependent course of growth inhibition of FFK-088 

against M. tuberculosis H37Rv. This resulted in a MIC90 of 0.78 µM. The compound has 

been further tested against M. bovis BCG Danish 1331 as another slow-growing 
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mycobacterium (Figure 53B). FFK-088 had an activity with an MIC90 of 6.25 µM. With 

that result, it is less effective against M. bovis than against M. tuberculosis. M. smegmatis 

mc2155 has been selected as a fast-growing mycobacterium. However, FFK-088 had no 

effect at all in the tested concentration range. While only a narrow spectrum of 

mycobacteria were tested, this already suggests a high selectivity of the substance 

towards M. tuberculosis. 

 

Figure 53: Activity of FFK-088 against different mycobacteria. Dose-response curve of FFK-
088 and RIF against (A) actively growing H37Rv WT, (B) M. smegmatis, and (C) M. bovis BCG 
Danish. (D) Table of MIC90 values resulting from A-C. Data are shown as means of n=3 ±SEM. 

To get the first information about the mechanism of action, the compound has been 

tested against pre-XDR TB. These are clinical isolates with resistances, as described in 

Chapter 1.3.3. Figure 54 shows the result of this MIC screening. All isolates tested are 

resistant to RIF but have sensitivity towards BDQ. Regarding activity to FFK-088, the 

result showed that none of the tested isolates exhibited strong resistance. Compared to 

the WT, which has an MIC90 of 1.56 µM, pre-XDR clinical isolates KZN #13 and KZN #14 

had a MIC90 of 3.13 µM, KZN #6 of 6.25 µM and only KZN #16 had a significant change 

to an MIC90 of 25 µM. Overall, this result indicates that FFK-088 likely has a novel 

mechanism of action, as there was no consistent resistance for the pre-XDR strains. The 

mutations present in the pre-XDR strains make them resistant to 10 different antibiotics 

as described above (see Chapter 1.3.3) [137]. If FFK-088 had a mechanism of action 

comparable to any of these antibiotics, significant resistance to FFK-088 would also likely 

have occurred. 
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Figure 54: Activity of FFK-088 against M. tuberculosis pre-XDR clinical isolates. Dose-
response curve of several clinical isolates (KZN #6, KZN #13, KZN #14, KZN #16) in comparison 
to H37Rv WT screened against (A) RIF, (B) BDQ as controls, and (C) FFK-088. Data are shown 
as means of n=3 ±SEM. 

Next, various cell lines were used to assess the cytotoxic potential of FFK-088, namely 

THP-1, HEK293, and HuH7. Thus, also potential renal- and hepatotoxic side effects 

could be addressed. However, dose-response curves showed strong selectivity as there 

was no cytotoxicity in the measured concentration range. Growth inhibition of the human 

cell lines was detected at 100 µM (in THP-1) or >100 µM. This resulted in a selectivity 

index of ≥128, corresponding to a large therapeutic window. 

 

Figure 55: Cytotoxicity of FFK-088. (A) Dose-response curve of FFK-088 against 
M. tuberculosis H37Rv compared to its cytotoxicity against various human cell lines (HEK293, 
HuH7, and THP-1). Data are shown as means of n=3 ±SEM. (B) Table of MIC90 and IC50 values 
resulting from A. The selectivity index (SI) was calculated as a ratio between IC50 and MIC90 
values. 
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3.3.3 FFK-088 is not inhibiting intracellular replication of M. tuberculosis in a 

macrophage infection assay 

Since M. tuberculosis is a pathogen that replicates and persists intracellularly in 

macrophages, the growth inhibitory effect of FFK-088 against internalized bacteria is 

also of great interest. In this study, a macrophage infection assay was performed. For 

this purpose, THP-1 cells were stimulated by PMA to differentiate to macrophage-like 

cells. These cells were infected with a reporter strain of M. tuberculosis, which is 

constitutively expressing mCherry, allowing monitoring of intracellular growth by 

fluorescence microscopy. Three hours post-infection, macrophages were treated with 

FFK-088 or the control antibiotics RIF and STREP. The result was analyzed 5 days post-

infection. The cells only treated with DMSO showed signs of high bacterial burden. They 

have also started to detach from the surface. The cells that were not infected (UI) had a 

healthy morphology and no fluorescence signals, as no bacteria were added to the cells. 

It is worth mentioning that the cells treated with STREP showed only a slight decrease 

in fluorescence intensity compared to the DMSO control. The determined integrated 

density of red fluorescence signals was around 50% compared to the DMSO-treated 

control. The addition of RIF led to healthy cell morphology and only a marginal 

fluorescence signal of about 9%, as illustrated in Figure 57. Surprisingly, using 5x MIC90 

of FFK-088 had no visible effect on fluorescence signals compared to the DMSO control. 

Also, the detected fluorescence density decreases by only about 24% compared to the 

DMSO-treated cells. Even the treatment with 10-fold MIC90 did not have a much stronger 

influence. The fluorescence density decreased by only about 32% compared to the 

DMSO-treated cells. It means that FFK-088 had no strong intracellular killing effect.  

 

Figure 56: Intracellular activity of FFK-088 in a macrophage infection model. The THP-1 
cells were differentiated into macrophage-like cells using PMA. These cells were infected with a 
mCherry expressing reporter strain of H37Rv for three hours and then treated with 20 µM STREP, 
3 µM RIF, 3.9 µM (5x MIC90) or 7.8 µM (10xMIC90) FFK-088. Control cells were treated with 0.2% 
(v/v) DMSO, and all cells were analyzed using fluorescence microscopy (500 ms exposure time, 
100 x magnification). The result is representative of two independent experiments. The scale bar 
represents 50 µm. 
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Figure 57: Integrated density of mCherry signals compared to DMSO. The THP-1-derived 
macrophage-like cells were infected with an mCherry expressing reporter strain of H37Rv for 
three hours and then treated with 20 µM STREP, 3 µM RIF, 3.9 µM FFK-088 (5x MIC90) and 7.8 
µM FFK-088 (10x MIC90). Control cells were treated with 0.2% (v/v) DMSO. Cells were analyzed 
using fluorescence microscopy. For each approach, five fields per view were analyzed using Fiji 
(ImageJ), and the percentage of the integrated density was calculated compared to the DMSO 
control (100%) and the uninfected (UI) control (0%). Error bars represent SEM. 

 

3.3.4 Killing kinetics of FFK-088 

Since the anti-mycobacterial activity of FFK-088 was demonstrated, this raised the 

question of how FFK-088 acts. As tuberculosis therapy is a combination therapy and 

thus several antibiotics are administered simultaneously, any new antitubercular drug 

candidate must not have antagonistic effects with these antibiotics. Thus, the fractional 

inhibition concentration index (FICI) was tested for FFK-088 against RIF, and DELA. The 

index indicates a partial synergistic effect for RIF (FICI: 0.75) and DELA (FICI: 0.625). 

This result is already auspicious. Therefore, killing kinetics of various combination 

treatments was measured next to corroborate these findings. 

Table 9: Fractional inhibitory concentration index (FICI) of FFK-088. Calculated FICI values 
of the analysis of FFK-088 in combination with the antibiotics RIF and DELA.  
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For this purpose, the viability of compound-treated M. tuberculosis cells was analyzed 

for 45 days (Figure 58A). These killing kinetics showed that FFK-088 in monotreatment 

had a bactericidal effect for approx. 4 days. After that, the cells start to grow again. When 

looking at the effects of combination treatments, the combination of FFK-088 with INH, 

led to a synergistic effect. The viable cell count decreased for a longer time, leading to a 

2-log reduction in viability. This bactericidal effect was evident for the first 11 days of 

treatment, after which a plateau phase was reached lasting for another ten days. 

Subsequently, the cell count slowly increased again. A robust synergistic effect was 

detectable for the combination with the three other antibiotics, ETB, RIF, and DELA. The 

cell count steadily decreased over 45 days, leading to a 4-log reduction in viable cell 

numbers expressed as CFU/mL. It should be noted that no development of resistance 

and, thus, no increase in cell count could be detected with the respective combinations. 

With the individual antibiotics used in monotreatment, regrowth of cultures could already 

be seen after days 11 to 20. That indicates a positive drug-drug interference for FFK-088 

with DELA, INH, RIF, and ETB. 
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Figure 58: In vitro killing kinetic of FFK-088 in M. tuberculosis H37Rv. M. tuberculosis H37Rv 
was treated with the shown antibiotics alone or in combination with 3.9 µM FFK-088. (A) The 
monotreatment of FFK-088 results only in a short-lived slightly bactericidal effect, after which 
growth resumes quickly. In combination with different drugs (B-E), FFK-088 shows strong 
synergistic effects that potentiates the bactericidal effect of the tested antibiotics (squares) and 
either delays (INH) or suppresses (ETB, RIF, DELA) regrowth of the bacteria that is seen in 
monotherapy during the observed 45 day time frame. Experiments have been performed in 
triplicates. The limit of detection was 100 CFU/mL until day 24, and 10 CFU/mL for the following 
time points. 

3.3.5 Spontaneous-resistant mutants of FFK-088 have mutations in different 

genes 

To obtain further information on the mechanism of action of FFK-088, spontaneous 

resistant mutants were generated by plating and incubating M. tuberculosis H37Rv on 

medium containing 10-fold MIC90 of FFK-088. After five weeks of incubation, mutants 

appeared at a frequency of 10-7. Individual clones were incubated, and resistance was 

analyzed by MIC assay. The result of this is shown in Figure 59A. It is noticeable that 

the examined mutants only had a four-fold decrease in sensitivity, whereas the 

susceptibility against RIF was unaltered. Since there was only low-level resistance, 

SRM-FFK-088 #13 was again plated on a medium with 10-fold MIC90 of the SRM #13 to 

obtain a stepwise increase in resistance. Mutants were formed with a frequency of 10-8. 
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Some of these have been re-incubated and analyzed by MIC assay. Figure 59D shows 

that two independent clones exhibited a strong resistance phenotype, resulting in a MIC90 

of >100 µM. In a second approach, the WT was plated again on a medium with a 10-fold 

MIC90 of FFK-088. Interestingly, one isolated clone (SRM 1.4) already showed high-level 

resistance but with a different pattern than all other tested mutants (Figure 59C). To 

obtain an indication of the mechanism of action, the genomic DNA of some of these 

clones was isolated and subjected to whole genome sequencing. 

 

Figure 59: Resistance pattern of SRM-FFK-088 against FFK-088. Dose-response curve of 
different mutants (SRM #10- SRM #14) tested against (A) FFK-088 and (B) RIF. Dose-response 
curve of (C) SRM 1.1 and SRM 1.4, which were created in a second approach, (D) SRM 13.1-
13.3 formed by replating SRM-FFK-088 #13. All SRMs were isolated by plating cells on a medium 
containing 10-fold MIC90. M. tuberculosis H37Rv WT is shown as a control. The resulting MIC90 
values are shown underneath the graph. Data are shown as means of n=3 ±SEM. 

Interestingly, mutations have occurred in various genes whose proteins play a role in 

diverse processes. Many of these genes have not been characterized in M. tuberculosis 

yet. SRM 13 has a mutation in Rv2714, which encodes a conserved alanine and leucine-

rich protein whose function is still unknown. A BLAST analysis showed 100% identity to 

PAC2 family proteins that act as chaperones for the 26S proteasomes, which mediate 

ubiquitin-dependent proteolysis [275]. Another mutation has occurred in the gene guaB, 
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which encodes a guanosine monophosphate reductase. It plays a role in the purine 

salvage pathway, in which guanosine monophosphate is converted to inosine 

monophosphate (IMP). This catalysis is dependent on NADPH [276]. It can be positively 

regulated by GTP and negatively regulated by ATP based on pH. Although it is not 

essential in M. tuberculosis, it may regulate purine nucleotides by recycling guanosine 

monophosphate to inosine monophosphate [277]. Another mutation occurred in Rv0674. 

It is a conserved hypothetical protein with an unknown function. A BLAST analysis 

revealed that it is a PaaX domain-containing protein. About these proteins also little is 

known. In E. coli, it could be linked to the regulation of the expression of proteins involved 

in the metabolism of phenylacetic acid. Some members contain a winged-helix DNA-

binding domain [278, 279]. Another mutation has occurred in the gene fadA6. However, 

this is a silent mutation and therefore has not been further investigated. The same 

mutations occurred in mutants 13.2 and 13.3, which is plausible since both were 

generated from the same parental strain SRM-FFK-088 13. In 13.2, however, an 

additional mutation occurred in pirG, probably leading to stronger resistance. This gene 

encodes a surface-exposed protein, which is required for multiplication and intracellular 

growth [280]. Recent studies have classified PirG as a virulence-associated factor, and 

Rv2212, which is responsible for cAMP production, was found to be a direct binding 

partner in a yeast two-hybrid system [281]. In SRM 13.3, two further mutations were 

found. One mapped to Rv2346, but since it is a silent mutation, it probably does not 

influence the resistance of the bacteria and was therefore not further considered. 

However, there was a second mutation in pks7. It codes for a probable polyketide 

synthase potentially involved in an intermediate step of the polyketide synthesis. These 

polyketides could be involved in secondary metabolism [30, 282]. However, the specified 

function is unknown, yet. 

In SRM 1.4, different mutations appeared. There was a mutation in Rv0991c, coding for 

a conserved serine-rich protein with an unknown function. There is evidence that it is a 

molecular chaperone activated by oxidation. It appears to function analogously to the 

E. coli redox-regulated chaperone Hsp33. It promotes refolding by an Hsp70 chaperone 

system and can interact with DnaK and many other proteins. With this, the authors 

propose that it protects the bacteria from proteotoxicity during oxidative stress [283]. 

Finally, there was a mutation in fadD28. It is involved in phthiocerol dimycocerosate 

(DIM) biosynthesis and has thus been linked to the cell wall biosynthetic pathway and 

drug resistance [284]. 

In summary, the analysis of SRM did not identified genes that were consistently found 

mutated in all resistant clones. Thus, the analysis did not directly revealed an obvious 
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resistance mechanism for FFK-088. Therefore, further analyses need to be done to find 

the target and mechanism of action of FFK-088. 

 

Table 10: SNPs identified in FFK-088 spontaneous resistant mutants.  
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4 Discussion and Outlook 

Today, M. tuberculosis is found almost everywhere in the world. Due to the development 

of resistance to first-line antibiotics, a wide variety of second-line antibiotics are used for 

treatment. As a result, resistance to these antibiotics has also developed, leading to 

XDR-TB and even TDR-TB. TDR-TB are resistant to all standard antibiotics [134]. It 

shows the critical situation concerning antibiotic resistance. After the golden era of 

antibiotics, very few new agents have entered the market, and only three antituberculars 

have been added in the last decades (see Chapter 1.3.3.1). Resistance has been found 

for all but pretomanid so far [285]. Some promising compounds are still in the clinical 

development pipeline for anti-TB drugs [286]. However, it is crucial to find new lead 

structures with new modes of action to act against XDR- and TDR-TB. This work 

analyzed three lead structures with anti-mycobacterial activity in more detail, as 

discussed below. 

4.1 Chlorflavonin as an antibiotic lead structure against 

M. tuberculosis 

In previous studies, CF was found to be active against M. tuberculosis in a natural 

product screen. Further analysis has shown that CF inhibits the IlvB1 catalytic subunit of 

AHAS. It blocks the de novo biosynthesis of BCAA such as valine, leucine, isoleucine, 

as well as of pantothenic acid. Currently, no approved anti-TB drug is known to inhibit 

AHAS or any enzyme in BCAA biosynthesis [225, 287]. It makes CF a good lead 

structure for the development of new drugs. With natural substances, there is often the 

problem that they can only be obtained in small quantities, making further analysis very 

difficult. Therefore, chemical synthesis of CF has been established in RG Kurz [253]. It 

also enabled to synthesize derivatives of CF that allow SAR studies. In the process, 

another very active substance was found, BrF. BrF has comparable activity to CF with 

an MIC90 of 0.78 µM, and the synthetic CF variant has an MIC90 of 1.56 µM. Further 

analysis also showed that BrF and CF have no cytotoxicity against the tested cell lines, 

such as the monocyte cell line THP-1 or lung fibroblast cell line MRC-5. High anti-

bacterial activity and no cytotoxicity are essential elements for discovering new drugs. 

To identify whether BrF and CF have similar mechanisms of action, compounds have 

also been tested in vitro in the AHAS enzyme assay [233]. It was shown that BrF also 

inhibits the condensation of pyruvate to acetolactate in a concentration-dependent 

manner. For all these reasons, it can be assumed that BrF has the identical mechanism 
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as CF, and therefore both have been used and analyzed as potential new lead 

structures. Another characteristic of an excellent new compound is the presence of 

activity against clinical pre-XDR isolates. Since the mechanism of action of CF and BrF 

are already known, activity should also be found against them. The hypothesis could 

also be confirmed, as both have only minor changes in activity compared to the WT. This 

decrease in activity is probably due to a decreased fitness caused by the mutations in 

XDR strains [288]. This activity against these pre-XDR clinical isolates demonstrates the 

relevance of CF and BrF. Interestingly, activity was found only against slow-growing 

mycobacteria, such as M. tuberculosis H37Rv, the attenuated M. tuberculosis mc26230, 

and the two vaccine strains M. bovis BCG Pasteur and M. bovis BCG Danish 1331. 

Almost no activity was found against the fast-growing mycobacteria M. smegmatis and 

M. marinum. As the name suggests, the doubling time is the most significant difference 

between these two groups. This results in a wide variety of differences. An important 

factor is an endowment with porins in the cell wall. This can lead to different cell wall 

permeabilities due to different pore sizes and densities, ion selectivities, and 

conductivities [289]. Another factor is the different metabolism, e.g., malate metabolism 

[290]. One explanation would then be that due to the differences in the cell wall, or porins, 

CF does not enter the cell and thus cannot inhibit IlvB1. However, the different activities 

cannot be explained by the absence of IlvB1 because, according to the BLAST analysis, 

this enzyme is found in all tested species. However, according to BLAST research, there 

are some IlvB1 homologs present in other mycobacteria, but not all of them are present 

in in M. tuberculosis [225]. Perhaps these homologs, which are not present in 

M. tuberculosis, take over the activity of the inhibited IlvB1 in the variants without 

inhibition of CF [291]. There are two ways to test this method: one is to examine the 

AHAS activity of recombinantly expressed IlvB1 homologs that are absent in 

M. tuberculosis using the AHAS assay, and the other is to clone the missing IlvB1 

homologs into M. tuberculosis and determine if the CF activity is reduced. 

The classical SAR performed as part of this dissertation could only provide a few general 

clues about the structural requirements responsible for the activity of CF. This is due to 

the fact that even very minor structural changes led to a complete loss of activity. In the 

course of 52 tested derivatives, only two could be found with good activity (CF and BrF), 

two with acceptable activity (BLK-248 and ABK-516 MIC90 of 6.25 µM and 25 µM) and 

two with detectable activity (ABK-535 and TAKK-210; MIC90 of 50 µM) (see Chapter 

3.1.1). All others had no growth inhibitory effect on M. tuberculosis. The loss of activity 

of this high number of substances, even with minor structural changes, may result from 

various factors. Examples are the reduced permeability through the cell wall, further 
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metabolization by a wide variety of enzymes, reduced interaction with the active site of 

the catalytic subunit IlvB1, or solubility problems in the medium [253, 289]. An indication 

of inactivation or the absence of anti-mycobacterial activity should bring different 

methodological approaches. For some derivatives, a yellow precipitate could already be 

detected by eye when the dilution series of the MIC assay was prepared. 

For this reason, the solubility of some substances was determined in the medium in 

cooperation with Talea Knak (RG Kurz). It showed that some of the inactive substances 

precipitated strongly, while others did not precipitate at all. It means that a solubility 

problem cannot be the only explanation for the inactivity [253, 292]. To investigate 

whether the derivatives have lost activity only in M. tuberculosis and may still show 

activity in other mycobacteria, all have been tested against slow- and fast-growing 

mycobacteria (Chapters 3.1.6). However, neither in M. bovis BCG Pasteur, M. bovis 

BCG Danish 1331 nor in M. smegmatis any significantly better growth inhibitory effect 

could be detected for the tested analogues. Since there was no antimycobacterial activity 

of CF and BrF in M. smegmatis, the inactivity of the other derivatives was expected. In 

contrast, in the M. bovis BCG strains, it was astonishing that all other derivatives had no 

growth inhibitory effect. It means that the individual differences between the 

mycobacteria, such as metabolism or different ABC transport systems or porins for 

uptake, also do not lead to an improved activity compared to M. tuberculosis [289]. 

Another possibility of lack of activity of a substance is metabolism by bacterial enzymes. 

Examples of these enzymes, which make the bacteria resistant to the drug, are 

hydrolases, e.g., β-lactamases, which catalyze antibiotic hydrolysis [293, 294]. This 

could also mean that the derivatives are inactivated by enzymes present in all tested 

mycobacteria. However, since there is anti-mycobacterial activity of CF and BrF against 

some of the tested mycobacteria, it is unlikely that the enzymes can bind and inactivate 

all derivatives except CF and BrF. Another example are transferases, which covalently 

attach various chemical groups to the antibiotics. The main groups differ in the type of 

modification, mechanism of action, and substrate specificity [293, 295, 296]. CF has 

been analyzed as an active substance to understand whether M. tuberculosis enzymes 

might modifiy the inactive substances. CF was compared to TAKK-009 as an inactive 

substance, and the UV-spectrum after different incubation periods with M. tuberculosis 

has been investigated using a Dionex-HPLC (Chapter 3.1.7). Here, CF behaved similarly 

to TAKK-009, and after 8 days of incubation, a second smaller peak could be seen eluting 

just before the compound in both cases. These results suggest that M. tuberculosis may 

have a slow-acting mechanism that degrades or alters CF. CF is also possible to be 

covalently bound to cell wall components and was not efficiently extracted by methanol 
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inactivation and bead beating. Due to the significant decrease in peak height for both 

compounds, both likely behave similarly. It is conceivable that both derivatives can be 

internalized. It is more complicated to isolate the internalized compounds instead 

substances from the supernatant. However, this allows us to rule out metabolization as 

inactivation mechanism for this substance. For more detailed information, more 

derivatives should be tested similarly or analyzed with an LC-MS/MS to exclude 

conversion in any way as an inactivation method. 

The last and most important question was if the inactive compounds cannot bind to the 

active site of IlvB1, and with this, they cannot inactivate IlvB1. In order to provide an 

answer, all derivatives were tested in the enzyme assay employing purified IlvB1 protein 

(Chapter 3.1.4) [233, 235]. Based on available crystal structures of AHAS proteins 

(Saccharomyces cerevisiae and Arabidopsis thaliana; PDB IDs 1T9C and 1YBH), a 

homology model was generated for M. tuberculosis IlvB1, and molecular docking with 

CF was performed by Rehberg et al. [297, 298]. It showed that CF can bind into the 

putative active site of IlvB1 and forms salt bridges, hydrogen bonds, a π-π interaction, 

and a cation- π interaction. The chlorine atom acts as a lipophilic appendage to fill the 

hydrophobic subpocket, lined by leucine 65, methionine 512 and valine 513. It may lead 

to better binding affinities [225]. The CF derivatives were designed with this model in 

mind. Surprisingly, there are nevertheless many derivatives that have no inhibitory effect 

on IlvB1 in vitro. However, it turns out that, for example, the bromide atom can take over 

the task of the chloride atom. Also, the exchange to a fluorine atom, an iodine atom (data 

not shown), or a trifluoromethyl group can inhibit this enzyme although the inhibition is 

not as strong as for CF. The inhibition, for instance, is poorest with the trifluoromethyl 

group, which is likely linked to steric parameters. It is worth pointing out, however, that 

other halogens in this position are acceptable and provides mediocre activity toward the 

isolated protein in vitro. However, since they had no growth inhibitory effect in the MIC 

assay except for BrF, this suggests that these substances do not pass through the cell 

wall due to their physicochemical properties and, thus, do not have anti-mycobacterial 

activity. These halogen elements are electronegative elements with an oxidizing ability. 

Except for bromide, they are essential nutritional elements. Drugs with bromide atoms 

have a long history. They were used in the mid-1800s as anticonvulsants and sedative-

hypnotics [299]. They have been almost entirely replaced by discovering better agents, 

such as barbiturates. It is also because many patients who took bromide-containing 

drugs had bromide intoxications (LD50 = 14 mg/kg), which include vomiting, weight loss, 

and nausea [300]. Therefore, it is essential for active ingredients containing bromide to 

have robust activity against the organism and to be well absorbed by it so that the dosing 
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of active ingredient is kept as low as possible. Nevertheless, some drugs containing 

bromides can be found again today. Examples are the anti-malarial drug quinine 

hydrobromide or the Parkinson's drug bromocriptine [301, 302]. On the other hand, 

iodine is considered to have antiseptic and antimicrobial effects. Since an adult human 

needs about 150 µg daily, this element is often used to develop active substances [303]. 

Chlorine compounds, in contrast, are also used in disinfectants [304]. An explanation for 

this is that halogens, particularly iodine, generally enhance membrane permeability and 

thus also the uptake of the substances to the desired target site [305]. In summary, 

halogens can be used in medicines, but it depends a lot on the used halogen, and the 

dosing should be kept as low as possible. In addition, the enzyme assay showed that all 

substances that had activity in the MIC assay also had activities in the enzyme assay. It 

means that the four derivatives most likely have the same mechanism of action. 

Furthermore, many inactive derivatives in the MIC assay also showed little to no 

inhibitory effect in the enzyme assay. It indicates a very narrow substrate specificity of 

IlvB1. However, on the other hand, some substances had no growth inhibitory effect on 

M. tuberculosis in the MIC assay but inhibited IlvB1 in the enzyme assay. Taken together 

with the other results that the derivatives are probably not metabolized, it suggests they 

have an internalization problem due to their chemical structure. It is an important path 

for the future of CF. So, there should be a focus on increasing drug solubility and the 

permeability of the substances through the mycobacterial cell wall. There are many 

approaches to this for other substances. According to drug solubility, the basic 

techniques can be divided into physical, chemical, and other groups. One example of a 

modification is the reduction of the particle size and an increased ratio of surface area to 

volume. Methods for this are comminution and spray drying, and micronization [306, 

307]. These techniques were already used for different drugs, leading, e.g., to a 10-fold 

increase in dissolution for the drug fenofibrate [308, 309]. Another approach is 

nanosuspension, a biphasic system of nanosized active ingredients stabilized in 

surfactants [310, 311]. The last possibility to be presented here is the inclusion complex 

formation-based technique. It is particularly suitable for poorly water-soluble substances. 

Inclusion complexes are formed by inserting a nanopolar molecule (known as a guest) 

into the cavity of another molecule (known as a host). Mainly cyclodextrins are used as 

host molecules. These are water-soluble, crystalline, non-reducing, and cyclic 

oligosaccharides consisting of glucose monomers [312]. These methods could become 

important during CF development to increase solubility and, thus, uptake. In addition to 

water solubility, overcoming the mycobacterial cell wall as a barrier for active substances 

also plays an important role. Nanotechnologies are also applied here as pharmaceutical 

technologies. As with water solubility, examples include the nanosuspension due to 



Discussion and Outlook 

126 

 

nanonization [313]. This would be a perfect combination of increasing water solubility, 

as required for many derivatives, and uptake into M. tuberculosis cells. Another option is 

nanoemulsions. These are thermodynamically stable oil-in-water dispersions that have 

a droplet size between 10 and 100 nm [314]. The enhanced uptake of nanoemulsions 

by cells of the phagocytic system makes these nanocarriers passive targeting properties 

[315]. In addition, there are ninosomes. These are thermodynamically stable liposome-

like vesicles produced by the hydration of cholesterol, non-ionic surfactants, or charge-

inducing components [316]. The advantage of this is the inclusion of both hydrophilic 

drugs in the core and lipophilic in the hydrophobic domains. There are many more 

possibilities, such as packaging into polymeric and non-polymeric nanoparticles, or 

polymeric micelles [317]. These should be considered in the course of further preclinical 

optimization studies of CF, particularly in view of the moderate metabolic stability in 

human liver microsomes [253]. These methods are also already used in tuberculosis 

research to lead to better bioavailability or activity. One example is INH incorporated into 

a poly (DL-lactide-co-glycolide) microparticle carrier. This showed better bioavailability 

in vivo, as well as in vitro [318]. Another example is a linezolid nanoemulsion, which is 

effective against lymph node TB. In this study, the antibacterial potential was 

demonstrated and in vivo studies showed high bioavailability in the targeted organs 

[319]. This once again highlights the importance of formulation discovery in addition to 

substance discovery. 

 

Strategies to reveal further information in the mode of action of CF 

Thus, with CF and BrF, two excellent substances have been found that still require slight 

medicinal chemical improvements to become relevant for clinical trials. With the novel 

mechanism of action of inhibiting AHAS, this compound can potentially be used against 

XDR- and TDR-TB. It is also supported by the previously described mild 

antimycobacterial activity of a plant AHAS inhibitor sulfometuron in mouse experiments 

[320]. However, this could only be induced by a very high daily dose of this substance. 

In mouse experiments, other monosubstituted sulfonylurea derivatives were already 

more active and had activity against XDR-TB [321]. It shows the relevance of research 

on CF and BrF to get a more potent drug against M. tuberculosis. To get closer to this 

goal, it is crucial to analyze the homologs of ilvB1. It is especially evident since 

M. tuberculosis ilvB1 gene deletion mutants show little attenuation for virulence during 

infection in mouse and in bone marrow-derived macrophages [322], indicating that 

isolated inhibition of IlvB1 will not result in a strong phenotype in vivo. In vitro, ilvB1 is 
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essential, although, in M. tuberculosis, there are three other homologs encoding IlvB2, 

IlvX, and IlvG [291, 322]. These will need to be further investigated in terms of their AHAS 

activity and possible inhibition, as they may be able to take over some or all of the activity 

of IlvB1 in macrophage infection or mouse experiments [291]. This would then explain 

the results of the AHAS assay that some derivatives inhibited IlvB1 in this assay but had 

no growth inhibitory effect on M. tuberculosis in the MIC assay. Further starting points 

are the better uptake of CF derivatives and the analysis of inactive substances regarding 

their metabolization. 

4.2 KSKs are new, highly active lead structures against 

M. tuberculosis 

Previous studies found the KSKs in a synthetic library screening as highly active 

compounds against M. tuberculosis [240]. Both have excellent activities with an MIC90 of 

0.78 µM (KSK-104) and 0.39 µM (KSK-106), requiring further analysis to obtain their 

mechanism of action and target. They show a large therapeutic window with great activity 

and no cytotoxicity in various human cell lines [240]. An advantage of these substances 

over many natural products is the relatively simple synthesis and, thus, the availability of 

larger quantities of the KSKs for further experiments. This synthesis has been 

established by Dr. Alexander Berger and Dr. Oliver Michel and allows the preparation of 

various derivatives [323]. It has been shown by SAR analysis of over 200 derivatives that 

regions A and C are highly variable, and region B cannot be structurally altered to 

maintain activity. The two alkoxyamide groups in region B are important for their strong 

activity. Many changes have been made for regions A and C, which have consistent or 

worse activity. An explanation for this will be given later. SAR analyses focus on two 

important points. On the one hand, the analysis of the basic structural components that 

are responsible for their activity. And on the other hand, the identification of potentially 

more active and less cytotoxic molecules. It can involve different points: In particular, the 

anti-mycobacterial activity, but also, e.g., the improvement in cytotoxicity, stability, or 

chemical and pharmacological properties [324]. Here, four substances with improved 

antimycobacterial activity have been found. These are, e.g., OMK-175 and OMK-366, 

indicating that the KSKs are novel parental compounds that could yield various other 

active compounds through further SAR analysis. Although previous SAR studies have 

shown that region B is important for activity, it was possible to introduce certain 

modifications in this region. In the case of OMK-366, there is a huge structural change, 

indicating that this analog may be an agent with a different mechanism of action. 
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However, the pentylester in the region leads to enhanced activity in M. tuberculosis. To 

figure out whether this substance is also suitable as a new lead structure, OMK-175 was 

analyzed in more detail. This analysis highlights that the substance has excellent 

properties. These include high activity and lack of cytotoxicity against the monocyte cell 

line THP-1. Furthermore, in parallel with the KSKs, OMK-175 is active against slow-

growing mycobacteria and inactive against fast-growing ones. It may be due to changes 

in the metabolism, structure, or components of the cell wall so that the KSKs and also 

OMK-175 are unable to enter the cell, or the target is not present in the fast-growing 

species. An outstanding result is the activity against pre-XDR clinical isolates. The 

biggest problem in the treatment of TB is currently the antibiotic resistance that has 

developed in many cases. OMK-175 also has activity against the pre-XDR clinical 

isolates, which is not as strong as against the WT. However, this is not surprising since 

the isolates lose fitness due to their mutations and the associated development of 

resistance [288]. However, since the shift in MIC90 is not huge, it is unlikely that OMK-

175 has the same molecular target as any currently used antibiotics the isolates are 

resistant against. Analysis of OMK-175 spontaneous resistant mutants showed 

resistance with different patterns. A fraction was tested against KSK-106. One of the 

SRMs also had resistance to KSK-106, whereas the other was susceptible to KSK-106. 

It could mean that there are different ways to gain resistance to OMK-175, which are 

probably similar mechanisms. Also, in the other direction, SRM-KSK-106 was resistant, 

and SRM-KSK-104 was not resistant to OMK-175, suggesting that all three compounds 

have a similar resistance mechanism. SRM-KSK-104 has a mutation in the gene Rv0552 

coding for the predicted amidohydrolase Rv0552. In contrast, SRM-KSK-106 has a 

mutation in the gene amiC coding for the amidohydrolase AmiC, suggesting the 

hypothesis that KSKs are prodrugs that first have to be cleaved by amidohydrolases and 

thus be activated (see Figure 60) [240]. Activation of OMK-175 by another enzyme that 

has hydrolase activity would be conceivable. To answer this hypothesis, some SRMs 

should be sequenced. These data should provide clues to the mechanism of resistance 

for OMK-175. In summary, OMK-175 was thus found to be a promising new lead 

structure that can also be used for the further analysis of KSKs. One example of this 

further analysis is that this compound could be used to prove that region B of KSKs 

tolerates certain structural alterations. For this purpose, further OMK-175 derivatives 

should be analyzed. However, it is important to find the mechanism of action of the KSKs 

in order to then be able to make a statement as to whether OMK-175 is a substance with 

the same mechanism of action or whether the change in structure leads to an active 

substance with a different mechanism of action. If there are different mechanisms of 

action, the two substances should be considered separately. In order to figure this out, 
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a wide variety of analyses still has to be made, also concerning the KSKs. In this work, 

a strong focus was placed on the cleavage products of the KSKs. As described above, 

it has already been shown that the amidohydrolases AmiC and Rv0552 are mutated in 

SRMs of KSK-104 and KSK-106, respectively, which has led to the hypothesis that the 

KSKs are prodrugs that are first cleaved by the amidohydrolases [240]. Amidohydrolases 

are known to hydrolyze linear and cyclic amides [325]. In the KSKs, there are two amides 

and, thus, two sites of attack for the amidohydrolases. In cooperation with RG Kurz, 

these putative cleavage products have been synthesized. However, they showed little to 

no activity against M. tuberculosis in the MIC assay. It suggests that the structure of the 

original KSKs is important for internalization. Another explanation would be that only the 

combination of the different cleavage products leads to the activity against 

M. tuberculosis, as the individual cleavage products have different targets. However, this 

hypothesis could not be proven because the cleavage products had little anti-tubercular 

activity even when combined. This could again be explained by poor uptake of at least 

some of the cleavage products. Thus, the hypothesis of KSKs as "dirty drugs" could not 

be proven by this experiment. The definition of a "dirty drug" is that these compounds 

target multiple structurally unrelated proteins, a cell complex consisting of multiple 

proteins, and/or molecules that control multiple downstream metabolic pathways [326]. 

The single cleavage products could target different molecules. Previous proteomic 

analyses or RNA-Seq of stressed M. tuberculosis cells did not provide hints toward a 

specific target. By adding a sublethal colistin concentration, the M. tuberculosis cell wall 

was attacked, allowing the putative cleavage products to diffuse into the cell. This is 

because colistin has been associated with increased permeability of the mycobacterial 

cell wall [327]. But even this approach could not render the cleavage products more 

active, and they also could not kill the bacteria in combination. This may further indicate 

that the active substance cannot enter the cell, even with increased permeability. 

To further classify the mode of resistance, all derivatives have been tested against SRMs 

and some against DSRMs. It could, as described in Chapter 3.2.5, establish different 

correlations. First, it can be assumed that AmiC and Rv0552 are substrate specific, as 

there is weak cross-resistance among the KSK-SRMs. Thus, even the minor structural 

differences, such as those in KSK-104 and KSK-106, result in substantial discremination 

of the other KSK. Concerning the amidohydrolases, this experiment could show that the 

mutation in Rv0552 in SRM-KSK-104 results in the specific inability to cleave only the 

KSK-104 derivatives. In contrast, the mutation has very little or no effect on the activity 

of KSK-106 derivatives. It likely means that Rv0552 can cleave KSK-104 derivatives but 

not KSK-106 derivatives. 
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In contrast, the mutation in amiC in SRM-KSK-106 results in the inability to cleave both 

KSK-104 and KSK-106 derivatives. It suggests that Rv0552 has a narrower substrate 

specificity, assuming that apart from Rv0552 and AmiC, no other amidohydrolase are 

involved in the cleavage of the KSKs. Some other amidohydrolases are available in 

mycobacteria, which are linked to different processes. An example is urease, which 

specifically hydrolyzes urea and is likely a virulence factor by alkalinizing the 

microenvironment and preventing phagosome-lysosome fusion [328]. In M. tuberculosis, 

several uncharacterized proteins are likely to possess an amidohydrolase function. 

Among these examples is AmiA1, which based on gene ontology is likely to function as 

an N-acyl-L-amino acid amidohydrolase. [279]. Additionally, AmiB1 is another protein 

that could play a role in cellular metabolism and exhibit activity towards carbon aliphatic 

amides as well as numerous aromatic amides [279, 329]. Another example of an 

amidohydrolase is lactonase, which is characterized in M. avium. It hydrolyzes N-acyl-

homoserine lactones, which are involved in the quorum-sensing pathway [330]. 

Lactonases are also found in M. tuberculosis, like members of the phosphotriesterase-

like lactonase family, which use phosphotriesters as a substrate, but have also lactonase 

activity [331]. Thus, there is a possibility that another amidohydrolase may take over the 

amidohydrolase function of AmiC and Rv0552 for certain KSK derivatives. 

Antibiotics need to have as few side effects as possible in the human body. BLAST 

analyses have shown that these amidohydrolases are not found in mammals and other 

nosocomial bacteria [332]. As a result, the KSKs cannot be cleaved, and thus the active 

moiety cannot be formed. On human cell lines, the KSKs themselves have no cytotoxic 

effect. The homolog of amiC in M. smegmatis (msmeg_2521) is also coding for AmiC. It 

is 65% identical to the enzyme in M. tuberculosis. This homolog has already been shown 

to have the function of inducer of acetamidase expression. Thus, amides can be the sole 

carbon source [333]. It could explain the inactivity of the KSKs towards M. smegmatis, 

as Msmeg_2521 could have different substrate specificity, and thus the KSKs cannot be 

cleaved into the active form in M. smegmatis. In the year 2021, a research paper 

discussing the enzyme activity of AmiC in M. tuberculosis was published. It describes 

the hydrolysis of indole-4-carboxamide as an activation of this substance; thus, this 

substance also represents a prodrug [242]. There is no empirical data on Rv0552 yet. 

Therefore, obtaining more detailed information on this enzyme is essential. For this 

purpose, Rv0552 should be recombinantly expressed, and the amidohydrolase activity 

should be analyzed by an in vitro assay [334]. Another possibility is the examination of 

KSKs and cleavage products after incubation with M. tuberculosis. Initially, it was shown 

(Chapters 3.2.2 – 3.2.2.1) that the cleavage product of regions A and B were formed in 
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the WT. In the first experiment, the focus was only on that cleavage product. It was the 

first time that the cleavage of KSKs could be shown. Since no complete substance 

recovery was available, which is also unlikely, further hydrolyses should be investigated 

by metabolite screening. The results performed with Dionex HPLC show the fast 

cleavage of KSKs in the WT. After only one day, a considerable amount of the KSKs has 

been cleaved into region A, whereas in the SRMs, mainly the AB region is found. It clearly 

shows that AmiC and Rv0552 play a role in the hydrolysis of the KSKs. The samples 

were also measured using a more accurate analytical procedure by LC-MS to support 

these results. This method also demonstrated the cleavage of the KSKs. Again, 

hydrolysis can be shown and also the slow-acting mechanism in the SRMs. After two 

days of incubation with KSK-104, only AB-KSK-104 could be detected in the treated 

SRM-KSK-104 sample. In contrast, mainly A-KSK-106 could be found in the batch with 

SRM-KSK-106 during incubation with KSK-106. It means that the mutation in SRM-KSK-

104 has a more decisive influence on the degradation of the KSKs. However, both SRMs 

have a strong resistance to the respective substance [240]. Because region AB is found, 

also region C must have been released somehow. The same applies to the degradation 

of region AB to A and B. In that case, only region A was measured. However, it remains 

elusive what happens to region B or region C after hydrolytic release. Region B alone is 

too small to be detected since this LC-MS method only measures substances weighing 

100 g/mol or more. In contrast, there is no methodological or technical explanation for 

the non-detection of region C. It could be because this part binds covalently to another 

substance or cell component, which may be the target, and remain further bound after 

the extraction procedures and thus is not measured. Another explanation could be further 

metabolization. Examples of metabolization would be further degradation of the 

substance by other enzymes so that the substance is smaller and no longer recognized 

by LC-MS. Another possibility is that substituents are attached to this region, thus 

changing the molecular weight and making them less easy to identify. In summary, the 

KSKs' core structure and chemical properties are likely required for internalization. 

Intracellularly, the amidohydrolases AmiC and/or Rv0552 attack the amide bonds, 

forming all three regions [242]. However, region A is predominantly found in the cell 

suspension. To confirm the prodrug hypothesis, a conceivable approach would be to first 

elucidate the mode of action. If it is determined that an enzyme is inhibited by the KSKs 

for instance, conducting an in vitro assay could assess the activity of the individual 

cleavage products to identify which ones contribute the antimycobacterial activity. 

Alternatively, more targeted pre-tests could be done to investigate the active molecule. 
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Figure 60: The interaction of KSKs with mycobacteria. Schematic illustration of KSKs entering 
the cell only as an uncleaved molecule, while the individual cleavage products cannot be 
internalized. The amidohydrolases cleave the internalized KSKs, yielding the degradation 
products A, B, and C. One of these products can then bind to a receptor or enzyme and lead to 
the death of M. tuberculosis. In the case of nonfunctional amidohydrolases, the KSKs cannot be 
cleaved and thus fail to bind efficiently. Therefore, the KSKs are not activated. 

 

Even though the analysis of the KSKs is very advanced, the present work could not 

uncover the mechanism of action, but many targets have already been excluded. It has 

previously been shown by ATP assay that KSKs induce mild ATP depletion, suggesting 

indirect inhibition of ATP production [240]. Taken together with the fact that the KSKs 

only have no synergistic effect with BDQ, this brings the energy metabolism as a target 

for the KSKs into the closer selection [240]. BDQ inhibits F1F0- ATP synthase, resulting 

in decreased ATP generation [335-337]. With this inhibition of the ATP synthase, no 

energy gets produced by ATP synthesis [338, 339]. A similar mechanism of action in 

KSKs would explain the absence of the synergistic effect. Since it has been shown that 

the KSKs are prodrugs, the individual cleavage products must be considered in more 

detail in this context. One known way of inhibiting ATP synthesis is the chelation of metal 

ions. These metal ions are, for example, essential in cytochromes in the electron 

transport chain. They can no longer work appropriately by binding the KSK cleavage 

products to them, and the PMF cannot be built up. This hypothesis has also been further 
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strengthened by the finding of Rv2226 in an affinity-enrichment approach. It is a protein 

that has not yet been described but is predicted to carry a CHAD and a CYTH domain 

[270]. However, the CYTH domain is predicted to chelate divalent cations and have a 

reaction mechanism dependent on metal ions [271]. The metal ions bound to Rv2226 

could then bind to the KSK cleavage products through the metal ion, explaining the 

binding and finding of Rv2226 in the affinity-enrichment approach. A zinc and iron 

chelating assay was performed to verify this chelating property of the KSKs. However, 

no iron chelating effect could be detected, but a low zinc chelating effect. Therefore, zinc 

chelation could play a role in the mode of action of the KSKs, but this is subordinate 

because the effect was not comparable to the positive control EDTA. In this assay, the 

putative cleavage products were not used because they were unavailable then. To 

confirm the zinc chelation, the assay should be repeated with the available prodrugs.  

In addition, in mycobacteria, the F1F0- ATP synthase is encoded by only one operon 

Rv1303-atpBEFHAGDC-Rv1312) [340]. A transcriptional regulator, BlaI (Rv1846c), is 

found for this operon, and it is suggested to have a role in stress and antibiotic response 

[341, 342]. Further analysis indicated that BlaR (Rv1845c) plays a role in cleaving BlaI 

and itself during the depression of the operon. It is a zinc-dependent metalloprotease 

[341, 343]. One explanation could be that the KSKs chelate the zinc ions and are thus 

no longer available for BlaR and thus for the regulation of the operon. Compared to 

actively growing mycobacteria, the ATP level in the dormant forms is reduced 5-10-fold 

[344, 345]. Drug-induced reduction of the already low energy level in dormant 

mycobacteria can lead to the death of the bacilli. 

Moreover, the carbon source is also crucial for energy metabolism. It is due to the fact 

that M. tuberculosis uses host-derived fatty acids and cholesterol as energy supplies in 

human macrophages instead of fermentable energy sources [346]. With fermentable 

energy sources such as glycerol or glucose, ATP can be synthesized by glycolysis or 

oxidative phosphorylation. In contrast, only oxidative phosphorylation and not the 

glycolytic pathway can be used for ATP production during growth on fatty acids. By 

finding Cfp32 (Rv0577), a putative glyoxylase in the native pull-down assay, a link 

between KSKs and the glycerol pathway has been established for the first time. 

Glyoxylases, in general (such as GLO1 and GLO2 in humans), are involved in detoxifying 

reactive methyl glyoxylate into D-Lactate using glutathione as a cofactor (see Chapter 

3.2.6). In another study, SRM-KSK-106 was produced in M. bovis, and whole genome 

sequencing showed a mutation in glpK in 6 of the 7 individual clones. It is a glycerol 

kinase that plays a role in regulating glycerol uptake and metabolism [347]. Combined 

with the KSKs acting differently in the presence of different carbon sources, this indicates 
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inhibition of a process involving the carbon source. Maybe this is also linked to a lower 

ATP level.  

In addition, identifying only two hits in the pull-down assay could have several causes. It 

is possible that KSK-106 does not have a target in the cytosol. As a result, these targets 

are not present in the cell-free lysate. Thus, there is no binding with the target possible. 

With that method, these types of targets cannot be found. Another explanation could be 

that, as shown earlier, the KSKs are cleaved by amidohydrolases, which could also 

happen in the cell lysate. In that case, it is conceivable that the biotin linker is no longer 

connected to the substance at the correct position to “fish” for the targets. It would require 

the production of probes consisting of the active, cleaved KSK molecule. 

In summary, these results show that the KSKs are more likely to have their mode of 

action up in one metabolic pathway, influencing many other routes. Another explanation 

is that the individual hydrolysis products of the KSKs have different targets and thus act 

similarly to a "dirty drug". Finding more information about the mode of action is still 

essential. For that purpose, generating further biotin-tagged probes of the prodrugs is 

critical for identifying the targets in a pull-down assay. Further analysis should be 

performed to identify if there is a synergism with other energy metabolism-targeting 

compounds, such as pyrazinamide. 

Since the KSKs are very promising in their effects, the following way forward is further 

preclinical testing. In these experiments, detailed information on the toxicity and the dose 

for the clinical tests, i.e., the first in-human studies, will be obtained in vivo and in vitro 

[348]. It includes an active pharmaceutical ingredient preparation, such as chemical 

properties (solubility, stability, and counter ion salt or polymorphic form), but also 

formulation studies [349]. This section was taken over by the chemists at RG Kurz and 

is described in more detail in their doctoral thesis. With the formulations described in 

Chapter 3.2.11, two solutions have been found that are suitable for different applications 

(PO and IV). Both kept a potent inhibition of activity compared to DMSO, although the 

KSKs are poorly soluble in aqueous solutions. Another large section of the preclinical 

tests deals with bioanalytical and analytical methods [349]. In vitro studies on absorption, 

distribution, metabolism, and excretion have been performed in collaboration (data not 

shown) and found to be promising, so the first pharmacokinetic studies in mice were 

performed (data not shown). Mouse infection models are essential for the final 

confirmation of the activity of KSKs. These have already been initiated and will provide 

results concerning efficacy against M. tuberculosis, side effects, and detection of KSKs 

or their degradation products in organs or blood. 
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4.3 The thiazole-containing molecule FFK-088 is a new lead structure 

As described in Chapter 1.3.3.1, finding new lead structures as an active agent against 

TB is significant. For this purpose, various thiazole-containing substances have been 

investigated in a substance screening concerning their activity against M. tuberculosis. 

A broad spectrum of biological activities has been previously recognized for thiazole-

containing substances [350]. It includes activity against M. tuberculosis. Examples 

comprise 2-amino-4-methylthiazole-5-carboxylic acid ethyl ester and derivatives and 2-

aminothiazoles in general [351, 352]. In the substance screening, FFK-088 was the most 

active substance with high activity. It was promising and therefore chosen for further 

analysis. There was activity against slow-growing M. bovis BCG Danish 1331, but no 

activity against fast-growing M. smegmatis, meaning that its effect is probably selective 

for slow-growing mycobacteria. However, the slow-growing mycobacteria usually 

represent higher pathogenicity [353]. Therefore, this activity is of greater importance. In 

addition, the activity of FFK-088 against clinical pre-XDR isolates was an excellent result. 

The current effort was to find new drugs with a new mechanism of action to combat XDR-

TB. Thus, with FFK-088, a substance was found that probably has a different mechanism 

of action than the antibiotics against which the KZN-pre-XDR strains are resistant (see 

Chapter 1.3.3) [288]. These results, combined with the finding that FFK-088 shows no 

cytotoxicity in the tested range against the analyzed cell lines THP-1, Huh-7, and 

HEK-293, indicate a big therapeutic window. It does not reveal any cell-damaging effects 

in liver, kidney, and monocytic cells. Since M. tuberculosis is internalized by 

macrophages, it is essential that the compounds also act within macrophages. A 

macrophage infection assay has been performed for this purpose. It shows no growth 

inhibitory effect on the M. tuberculosis cells in the macrophages, which could have 

several reasons. On the one hand, this could mean that the substance with its chemical 

properties cannot be internalized into macrophages in this way. It would then have to be 

improved by further SAR analysis. On the other hand, there is the possibility of the 

chemical degradation of the substance by the macrophages' enzymes. FFK-088 

comprises an ethyl ester structure. Substances containing this group are often prodrugs 

for carboxylic acids. An example of this is oseltamivir, which is an inhibitor of the influenza 

virus [354]. Esters, in general, are relatively labile functional groups. Replacing the ester 

with a more stable tert-butyl ester can have a stabilizing effect, as these are more 

hydrolytically stable and presumably are no suitable substrates for esterases. 

Alternatively, the ester can be exchanged against an amide moiety. However, in that 

case, the problem is known that amides serve as substrates for proteases. The exchange 
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to an amide has also been investigated. This derivative had no activity in the MIC assay. 

Further analyses are necessary to find a substance that can be used as an active agent 

against M. tuberculosis. However, there are also examples of antibiotics that have an 

anti-tubercular effect in humans but not in the macrophage infection assay like STREP 

[355]. This could also be investigated for FFK-088. Killing kinetics should be used to 

investigate the general response and the behavior in combination with different anti-

tuberculosis drugs. It is an important information because the TB therapy is a 

combination therapy consisting of the four antibiotics INH, RIF, ETB, and PZA in the 

intensive phase [99]. The activity of FFK-088 alone is very weak, with a short 

bacteriostatic phase. The bacterial count increased after a short time in the viewed 

cultures. However, the substance in combination shows an excellent effect. FFK-088 

initially has no significant synergistic effect in the first seven days because the 

combinations of antibiotics always behave like the individually studied first-line or 

second-line antibiotic. However, a synergistic effect and inhibited resistance formation in 

INH can be seen in the following period. For ETB, RIF, and DELA, a synergistic effect 

and inhibition of resistance formation can be seen even after 45 days. All these results 

show that FFK-088 can be used in combination therapy as an adjuvant that increases 

the activity of the other antibiotics and prevents the development of resistance, which 

displays a significant problem in tuberculosis therapy [356]. 

An ideal antibiotic combines no toxic properties against the host and its microbiome, a 

substantial growth inhibitory property against the pathogen causing the disease, and 

meager resistance [357]. While the first two points have already been shown, the 

frequency of resistance generation by SRM has been analyzed. Resistance formation 

has occurred with a frequency of 10-7. It is a great result compared to previous antibiotics, 

INH and DELA, which occur with a frequency between 10-5 and 10-6 [154]. The resistance 

pattern is also relatively low, so further anti-mycobacterial activity can be maintained by 

increasing the active ingredient. Analysis of SRM mutations does not directly reveal a 

gene match nor different genes encoding proteins that work together in a biosynthetic 

pathway or other cellular processes. Since some of these proteins' functions are not 

thoroughly investigated, only guesses can be made about how resistance to FFK-088 

evolved. For the analysis, looking at the mutants with high resistance is essential. Here, 

in SRM 1.4 with a mutation in fadD28, cell wall biosynthesis is affected by PDIM 

biosynthesis. An intact cell wall is a vital permeability barrier in mycobacteria. Some lipids 

incorporated in the cell wall are responsible for virulence in this context. PDIM is one of 

these and is only found in pathogenic mycobacteria [358-361]. FadD28, an adjoining 

acyl-coenzyme A synthase, catalyzes the activation of long-chain fatty acids, like acyl-
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adenylates. These molecules are transferred to the polyketide synthase Mas for further 

chain extension [361]. An upregulation of fadD28 was suggested to be a regulator for 

changes in the cell-wall-associated lipids [362]. It is also associated with host 

phagosome maturation arrest [363].  

For SRM 13.2, pirG, also known as erp, is mutated. The protein Erp (exported repetitive 

protein) is a cell surface component with three domains. N-terminal, there is a canonical 

Sec-dependent signal sequence. In the middle, there is a repetitive sequence, and C-

terminal, there is a conserved hydrophobic domain, which could be involved in the loose 

anchoring of Erp to the cell surface [364, 365]. Its presence is needed for bacterial 

resistance against detergents [365]. For SRM 13.3, a mutation appears to be in pks7, 

linked to the polyketide synthase, which has a role in polyketide and fatty acid 

biosynthesis. Members of these polyketide synthases, like pks10, pks7, pks8, and pks9, 

generate unreduced polyketides, typically associated with anthocyanin pigments and 

flavonoids. The function of these synthases is unknown [30]. Some publications link their 

biological significance to intracellular growth. Due to the adjacent ORFs, which play a 

role in the biosynthesis and localization of PDIMs, they also could have activities 

associated with acyltransferases and transporters [366]. Deleting pks7 leads to M. 

tuberculosis deficiency to produce PDIMs [367]. The infection of pks7 deletion strains in 

BALB/c mice was also affected, which supports the role of Pks7 in PDIM biosynthesis 

and links it with virulence through infection. Therefore, Pks7 and FadD28 can both be 

linked to PDIM biosynthesis. Thus, there is evidence that the resistance mechanism is 

associated with PDIM biosynthesis. There are many different ways in which resistance 

develops. One possibility is the prodrug hypothesis. That means that FFK-088 first needs 

to be structurally modified by enzymes to acquire its activity. If these enzymes are 

mutated, the activation can no longer take place. It is doubtful to explain this with the 

mutations here because the enzyme Pks7 is a polyketide synthase, and FadD28 

catalyzes the activation of long-chain fatty acids. Since M. tuberculosis also develops 

resistance mechanisms impairing PDIM formation during PZA treatment, the cross-

resistance of FFK-SRMs towards PZA should be tested, thus having closer information 

about the resistance mechanism. Another possibility is that the mutations in the SRMs 

result in altered PDIM levels and, thus, cell wall assembly, making FFK-088 uptake more 

difficult. Fluorescent FFK-088 derivatives could help to address this possibility. If 

internalization can be detected only in the WT and not in the SRM strains, this would be 

an indicator for this hypothesis. More SRMs need to be sequenced to analyze the 

resistance mechanism further and possibly the mode of action of FFK-088. It will 

hopefully result in consistent mutations in a specific gene. A second possibility would be 
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that the resistance mechanism can be narrowed down to a cellular process or pathway 

through the mutated genes. 

4.4 Conclusion and final remarks 

The three projects presented here deal with three anti-mycobacterial substances at 

different research stages. With CF, a substance has been found whose mechanism of 

action is known to be involved in inhibiting the catalytic subunit of AHAS IlvB1 [225]. It is 

a compound with high anti-mycobacterial activity, also acting within infected 

macrophages, with no cytotoxicity and high selectivity [225]. Further research should go 

deeper into preclinical research. Mouse experiments concerning the metabolization of 

CF and BrF are essential but also efficacy studies in mouse infection models. It will help 

to figure out whether these substances, similar to the plant AHAS inhibitors, inhibit the 

growth of mycobacteria in mice and thus have a chance as potential active substances 

for treating TB in humans [320, 321]. For this purpose, knowing the complete mechanism 

of action with all involved and subordinate systems is advantageous. There should be a 

closer look at IlvB1 homologs concerning their AHAS activity. The question should be 

answered whether CF can also inhibit the potentially existing AHAS activity of IlvB2, IlvG, 

and IlvX [291]. Finally, a closer look at the inactive CF derivatives should be made to 

understand their inactivity in more detail. For this purpose, the methods presented here 

(Chapter 3.1.4) should be repeated with more derivatives. 

With the KSKs, two compounds were found to have excellent antibacterial potency, no 

cytotoxicity, high selectivity, and intracellular activity in infected macrophages. With the 

hypothesis that KSKs are prodrugs cleaved by AmiC and/or Rv0552, further analyses 

are available [240]. A closer look at amidohydrolases was done in parallel by Kristin 

Schwechel, including the generation of M. tuberculosis knockouts. Furthermore, 

recombinant expression and analysis of both enzymes in an in vitro assay are underway. 

Further research should be done to find the active form of the KSKs as described above 

and the mechanism of action. Although the mechanism of action is not yet precisely 

investigated, this is still an excellent result since there are some established drugs in TB 

therapy whose mechanism is not yet fully known (Chapter 1.3.3.1). Nevertheless, KSKs 

should continue to be evaluated in preclinical studies. The KSK derivatives represent 

many structural variances but many still have excellent activity. Examples of analogues 

with superior activity are OMK-175 and OMK-366. However, to move forward in 

comparative studies, it would be important that the mechanism of action gets clarified. It 

will allow further analysis of whether these and many other active KSK derivatives have 
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the same mechanism of action or if they are defined as a new compound with a new 

mechanism of action. 

Lastly, FFK-088 was found to be a new compound, with antibacterial activity, even 

against clinical pre-XDR-isolates, and no cytotoxicity. The activity within infected 

macrophages should be improved by further SAR analysis. Furthermore, the resistance 

mechanism and the mode of action must be ruled out. 

Along with several other substances, these three can be used to work on the antibiotic 

shortage that has arisen due to the AMR. Besides the approach of finding new 

antibiotics, the development of resistance should also be tried to reduce. It can only be 

done through better diagnosis and treatment, so antibiotics are only administered for 

known pathogens. It will decrease the number of broad-spectrum antibiotics. One idea 

is the use of FFK-088 as an adjunct antibiotic in TB to reduce the development of 

resistance. Another significant issue is the usage of antibiotics in farming to control 

infections, prevent diseases and promote animal growth. However, the misuse and 

overuse of antibiotics in this context have also contributed to the dissemination and 

selection of resistant bacteria. It should be significantly minimized, as multi-resistance is 

often transferred between animals and humans [1]. Consequently, these antibiotic-

resistant bacteria limit the effectiveness of antibiotic treatments, including those used for 

TB. In this context, education is very important, that antibiotics are not always used in 

animal breeding, and thus the development of resistance is reduced. However, research 

is also very important, as further antibiotics must be found against which resistance has 

not yet formed. It is equally crucial to gain a precise understanding of the mode of action 

exhibited by antibiotics to enable their targeted and specific utilization. FK-088, CF, and 

the KSKs with its most potent derivatives OMK-175, OMK-355, and OMK-366 can 

therefore be an important step in the development of antibiotics due to their specific effect 

against TB, as these cannot be used as broad-spectrum antibiotics in farming and 

therefore resistance cannot develop rapidly in this regard. It is therefore important that 

research continues on the three lead structures in order to introduce them to the market 

after the hopefully positive preclinical and clinical studies. 
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5 Supplement 

Table S1: Orthologous proteins of IlvB1 in different mycobacteria. Using the BLAST tool, 
sequences were blasted to identify corresponding proteins in other mycobacteria [256]. All tested 
mycobacteria have an orthologue with an identity of 100%. 

Strain IlvB1 

M. smegmatis mc2155 100% 

M. bovis BCG Pasteur 100% 

M. bovis BCG Danish 1331 100% 

M. marinum ATCC927 100% 

 

 

Figure S1: Coomassie-stained SDS-PAGE analysis of recombinant expressed and purified 
IlvB1. Samples of uninduced (t0) and induced (t8) cells, lysate, pellet fraction and supernatant, 
flow through, a washing step and elution steps (E1-E5) were applied on the gel. On the left side, 
there is the marker in kDa. Directly before the application of the samples to a PROTEAN® TGX™ 
gel, they were mixed with loading dye and denaturized at 99 °C for 5 min. 
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Figure S2: Activity of different CF derivatives against M. bovis. Dose-response curve of 
various CF derivatives against (A; B) M. bovis BCG Pasteur, and (C; D) M. bovis BCG Danish 
1331. Data are shown as means of n=3 ±SEM. 

 

 

Figure S3: Coomassie-stained SDS-PAGE analysis of recombinant expressed and purified 
IlvN. Samples of uninduced (t0) and induced (t8) cells, pellet fraction and supernatant, flow 
through, washing step, and elution steps (E1-E8) were applied on the gel. The marker in kDa is 
on the left side of the gel. Before applying the samples to a PROTEAN® TGX™ gel, they were 
mixed with loading dye and denaturized at 99 °C for 5 min. 
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Figure S4: CF stability assay. Result of the measurement of CF and TAKK-009 dissolved in 
MeOH. The samples have been measured with a HPLC with DAD (Dionex). 

 

 

Figure S5: CF stability assay. Result of the CF stability screening. CF and TAKK-009 were 
incubated with M. tuberculosis H37Rv WT or medium for several periods. Samples were taken, 
prepared, and measured with a HPLC with DAD (Dionex). It shows the control samples: the 
methanol blank, the medium control, and the cell control, which all were incubated with DMSO 
directly and 8 days after the addition of DMSO. 
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Figure S6: CF stability assay. (A-B) Result of the screening, which was measured with a HPLC 
with DAD (Dionex) at 235 nm (left) and 340 nm (right). In (A) are the control samples, the medium 
control, and the cell control, which were incubated with DMSO. (B) demonstrates the result of the 
CF-treated medium and cell suspension directly and 8 days after adding the compounds. The 
signal intensity is displayed as mAU on the Y axis towards the retention time on the X axis. The 
red arrow shows the expected CF peak. 
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Figure S7: TAKK-009 stability assay. The result of the screening was measured with a HPLC 
with DAD (Dionex) at 235 nm (left) and 340 nm (right). It shows the result of the TAKK-009-treated 
cell suspension and medium control at t0 and 8 days after the addition of the compound. The 
signal intensity is displayed as mAU on the Y axis towards the retention time on the X axis. The 
red arrow shows the expected TAKK-009 peak. 
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Figure S8: KSK metabolization assay. Result of the measurement of the reference substances 
required for the degradation screening. These are dissolved in MeOH (1mg/mL) and measured 
with a HPLC with DAD (Dionex) at a wavelength of 235 nm (left) and 254 nm (right). 
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Figure S9: KSK metabolization assay. Result of the measurement of the reference substances 
required for the degradation screening. These are dissolved in MeOH (1mg/mL) and measured 
with a HPLC with DAD (Dionex) at a wavelength of 235 nm (left) and 254 nm (right). 
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Figure S10: KSK-106 metabolization assay. Result of the screening, which was measured with 
a HPLC with DAD (Dionex). The graphs show the result of the measurement for the wavelength 
of 235 nm (left) and 254 nm (right) and the resulting UV-spectrum for the detected KSK molecules 
and their cleavage products (next page), which was found by comparison with a molecule library. 
Shown are the results for the incubation with 100 µM KSK-106 or DMSO, which were incubated 
with the wildtype strain (WT), SRM-KSK-104#1 (rv0552: H67R), and SRM KSK-106#5 (amiC 
E129*) *) for 0 h (t0). 
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Figure S8a: KSK-106 metabolization assay t0.  
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Figure S11: KSK-106 metabolization assay. Result of the screening, which was measured with 
a HPLC with DAD (Dionex). The graphs show the result of the measurement for the wavelength 
of 235 nm (left) and 254 nm (right) and the resulting UV-spectrum for the detected KSK molecules 
and their cleavage products (next page), which was found by comparison with a molecule library. 
Shown are the results for the incubation with 100 µM KSK-106 or DMSO, which were incubated 
with the wildtype strain (WT), SRM-KSK-104#1 (rv0552: H67R), and SRM KSK-106#5 (amiC 
E129*) for 24 h (t1). 
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Figure S11a: KSK-106 metabolization assay t1. 

 



Supplement 

151 

 

 

Figure S12: KSK-106 metabolization assay. Result of the screening, which was measured with 
a HPLC with DAD (Dionex). The graphs show the result of the measurement for the wavelength 
of 235 nm (left) and 254 nm (right) and the resulting UV-spectrum for the detected KSK molecules 
and their cleavage products (next page), which was found by comparison with a molecule library. 
Shown are the results for the incubation with 100 µM KSK-106 or DMSO, which were incubated 
with the wildtype strain (WT), SRM-KSK-104#1 (rv0552: H67R), and SRM KSK-106#5 (amiC 
E129*) for 48 h (t2). 
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Figure S12a: KSK-106 metabolization assay t2. 
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Figure S13: KSK-106 metabolization assay. Result of the screening, which was measured with 
a HPLC with DAD (Dionex). The graphs show the result of the measurement for the wavelength 
of 235 nm (left) and 254 nm (right) and the resulting UV-spectrum for the detected KSK molecules 
and their cleavage products (next page), which was found by comparison with a molecule library. 
Shown are the results for the incubation with 100 µM KSK-106 or DMSO, which were incubated 
with the wildtype strain (WT), SRM-KSK-104#1 (rv0552: H67R), and SRM KSK-106#5 (amiC 
E129*) for 7 days h (t3). 
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Figure S13a: KSK-106 metabolization assay t3. 
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Figure S14: KSK-104 metabolization assay. Result of the screening, which was measured with 
a HPLC with DAD (Dionex)The graphs show the result of the measurement for the wavelength of 
235 nm (left) and 254 nm (right) and the resulting UV-spectrum for the detected KSK molecules 
and their cleavage products (next page), which was found by comparison with a molecule library. 
Shown are the results for the incubation with 100 µM KSK-104 or DMSO, which were incubated 
with the wildtype strain (WT), SRM-KSK-104#1 (rv0552: H67R), and SRM KSK-106#5 (amiC 
E129*) for 0 h (t0). 
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Figure S14: KSK-104 metabolization assay t0. 
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Figure S15: KSK-104 metabolization assay. Result of the screening, which was measured with 
a HPLC with DAD (Dionex). The graphs show the result of the measurement for the wavelength 
of 235 nm (left) and 254 nm (right) and the resulting UV-spectrum for the detected KSK molecules 
and their cleavage products (next page), which was found by comparison with a molecule library. 
Shown are the results for the incubation with 100 µM KSK-104 or DMSO, which were incubated 
with the wildtype strain (WT), SRM-KSK-104#1 (rv0552: H67R), and SRM KSK-106#5 (amiC 
E129*) for 24 h (t1). 
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Figure S15a: KSK-104 metabolization assay t1. 
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Figure S16: KSK-104 metabolization assay. Result of the screening, which was measured with 
a HPLC with DAD (Dionex). The graphs show the result of the measurement for the wavelength 
of 235 nm (left) and 254 nm (right) and the resulting UV-spectrum for the detected KSK molecules 
and their cleavage products (next page), which was found by comparison with a molecule library. 
Shown are the results for the incubation with 100 µM KSK-104 or DMSO, which were incubated 
with the wildtype strain (WT), SRM-KSK-104#1 (rv0552: H67R), and SRM KSK-106#5 (amiC 
E129*) for 48 h (t2). 
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Figure S16a: KSK-104 metabolization assay t2. 



Supplement 

161 

 

 

Figure S17: KSK-104 metabolization assay. Result of the screening, which was measured with 
a HPLC with DAD (Dionex). The graphs show the result of the measurement for the wavelength 
of 235 nm (left) and 254 nm (right) and the resulting UV-spectrum for the detected KSK-106 
molecules and their cleavage products (next page), which was found by comparison with a 
molecule library. Shown are the results for the incubation with 100 µM KSK-104 or DMSO, which 
were incubated with the wildtype strain (WT), SRM-KSK-104#1 (rv0552: H67R), and SRM KSK-
106#5 (amiC E129*) for 7 days (t3). 
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Figure S17a: KSK-104 metabolization assay t3. 
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Figure S18: KSK-104 metabolization assay. Result of the screening, which was measured with 
the LC-MS. The results for the incubation with 100 µM KSK-104 are shown, which was incubated 
in a medium only for 48 h (t2). The KSK derivative matching the molecular weight is written above 
the peak. 
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Figure S19: KSK-104 metabolization assay. Result of the screening, which was measured with 
the LC-MS. The results for the incubation with 100 µM KSK-104 are shown, which was incubated 
with H37Rv WT for 48 h (t2). The KSK derivative matching the molecular weight is written above 
the peak. 
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Figure S20: KSK-104 metabolization assay. Result of the screening, which was measured with 
the LC-MS. The results for the incubation with 100 µM KSK-104 are shown, which was incubated 
with SRM-KSK-104#1 (rv0552: H67R) for 48 h (t2). The KSK derivative matching the molecular 
weight is written above the peak. 
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Figure S21: KSK-104 metabolization assay. Result of the screening, which was measured with 
the LC-MS. The results for the incubation with 100 µM KSK-104 are shown, which was incubated 
with SRM KSK-106#5 (amiC E129*) for 48 h (t2). The KSK derivative matching the molecular 
weight is written above the peak. 
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Figure S22: KSK-106 metabolization assay. Result of the screening, which was measured with 
the LC-MS. The results for the incubation with 100 µM KSK-106 are shown, which was incubated 
in a medium only for 48 h (t2). The KSK derivative matching the molecular weight is written above 
the peak. 

 



Supplement 

168 

 

 

Figure S23: KSK-106 metabolization assay. Result of the screening, which was measured with 
the LC-MS. The results for the incubation with 100 µM KSK-106 are shown, which was incubated 
with H37Rv WT for 48 h (t2). The KSK derivative matching the molecular weight is written above 
the peak. 
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Figure S24: KSK-106 metabolization assay. Result of the screening, which was measured with 
the LC-MS. The results for the incubation with 100 µM KSK-106 are shown, which was incubated 
with SRM-KSK-104#1 (rv0552: H67R) for 48 h (t2). The KSK derivative matching the molecular 
weight is written above the peak. 
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Figure S25: KSK-106 metabolization assay. Result of the screening, which was measured with 
the LC-MS. The results for the incubation with 100 µM KSK-106 are shown, which was incubated 
with SRM KSK-106#5 (amiC E129*) for 48 h (t2). The KSK derivative matching the molecular 
weight is written above the peak. 
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Table S2: SNPs of spontaneous resistant mutants. SNPs of DSRM incubated on KSK-104 
and KSK-106 (upper row) and two SRM incubated on a KSK-derivative, ABK-334. 
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