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Abstract 
To address the rising problem of multidrug-resistant pathogens, there is an urgent requirement for 

new medications with inventive approaches and unique modes of action. This work focuses on 

tuberculosis, a bacterial disease that is responsible for 1.5 million deaths worldwide each year. 

The tuberculosis epidemic is complicated by its deadly combination with HIV/AIDS, but even 

more so by the alarming emergence of resistant strains. The first experimental part of this 

dissertation, described in chapter 3, concentrates on research characterizing the anti-tuberculosis 

potential of α-aminooxyacetic acid derivatives. The front-runner compounds, KSK-104 and 

KSK-106, displayed potent activity against Mycobacterium tuberculosis H37Rv in vitro in a sub-

micromolar range, while also demonstrating virtually no cytotoxicity against numerous human 

cell lines. Furthermore, the two molecules exhibited anti-tuberculosis activity against extensively 

drug-resistant clinical isolates and internalized bacteria within THP1-derived macrophages. This 

property is vital for anti-tuberculosis drugs since M. tuberculosis is an intracellular pathogen that 

thrives within macrophages. Analysis of resistant mutants indicated that the compounds function 

as pro-drugs, undergoing intracellular hydrolysis by two specific amidohydrolases, which were 

further characterized. Complementation experiments revealed the hypothetical mechanism of 

action. It is suggested that the active moieties released intracellularly likely act as a "dirty drug", 

targeting multiple intracellular pathways.  

It is evident that new compounds acting differently from the present clinical drugs are necessary 

to treat patients with drug-resistant tuberculosis. Hence, it is crucial to identify and characterize 

unknown pathogenicity and virulence factors. The cell wall of M. tuberculosis is considered a 

vulnerable point, making it an appealing target. It has a unique structure with several layers rich 

in lipids that provide an inherent resistance to most drugs. Despite significant advances in research 

on cell wall biogenesis, certain key steps are still unclear. In the second part of this dissertation, 

we identified Rv3277t, an essential protein of M. tuberculosis, and MSMEG_1817, its homolog 

in the surrogate M. smegmatis, as GtrA-like transporters that participate in the translocation of 

glycoconjugates (chapter 4). These conjugates play a significant role in host-pathogen 

interactions and are produced through a bipartite process in the cytoplasm and periplasm. 

Although the biosynthesis of glycoconjugates is well understood, the process by which 

carbohydrates move into the outer leaflet of the cell membrane remains unknown. Using 

bioinformatics, gene silencing, and phenotypic characterization of mutant strains, we have 

discovered that the GtrA-like transporters might act as putative floppases. Additionally, we have 

thoroughly evaluated their contribution to the mannosylation and arabinosylation of 
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glycoconjugates. We have thus identified a previously unknown component of the biosynthetic 

pathway for glycoconjugate formation and a potential drug target candidate.  

As small molecule inhibitors targeting a single pathogen often prompt the emergence of new 

resistant strains, innovative strategies will be required to combat infectious diseases in the future. 

Consequently, the last part of this dissertation introduces a new chemical tool compound to 

remove bacterial proteins (chapters 5 and 6). The work on bacterial PROTACs is based on the 

principle of targeted protein degradation, whereby the compounds recruit the mycobacterial 

degradation pathway. The ClpC1:ClpP1P2 protease represents an alluring target for mycobacteria 

as both its inhibition and activation prove detrimental to the organism. The Homo-BacPROTACS, 

which are composed of two cyclomarin A units connected by a linker region, were analysed for 

the mechanism of their antitubercular activity. Our findings indicate that the dual Clp degraders 

trigger autodegradation of ClpC1 in conjunction with its ClpC2 caretaker. The new compounds 

are highly effective against M. tuberculosis in vitro, being over 100 times more potent than the 

parent antibiotic. The study highlights the potential of Homo-BacPROTACs as future antibiotics. 

Together, our data reveal the importance of developing original drug leads, targets, and strategies 

contributing to combat the emerging threat of antibiotic-mediated resistance.  
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1. Introduction  
 

 

1.1 The infectious pathogen Mycobacterium tuberculosis 
 

Bacterial human pathogens can cause severe and life-threatening illnesses. The discovery of 

antibiotics and the advancements in antimicrobial chemotherapy have represented significant 

improvements in managing bacterial infections. Nonetheless, bacteria have developed resistance 

mechanisms to a wide range of commonly used drugs. There is an urgent need to develop new 

drugs and treatment strategies capable of addressing drug-resistant pathogens. Antimicrobial 

resistance (AMR) has emerged as a global health threat, with estimates suggesting that it could 

lead to millions of deaths by 2050 if effective treatments are not implemented [1]. The World 

Health Organization (WHO) has identified a priority list of the most critical drug-resistant 

bacteria, underscoring the pressing need for new therapeutic options  [2].  

 

Here, the ancient killer Mycobacterium tuberculosis (M. tuberculosis) responsible for the disease 

tuberculosis is introduced. Tuberculosis (TB) is an airborne infectious disease, typically affecting 

the lungs, that is a major public health concern and one of the top ten leading causes of death 

worldwide. Controlling TB represents a distinct global health problem today that is exacerbated 

by the emerging spread of multidrug and extensively drug-resistant strains of TB. To combat the 

TB crisis, the WHO has developed “The End TB Strategy”, which aims to eradicate TB in the 

next years [3].  

 

1.1.1 From ancient times to the discovery of the tubercle bacilli 

 

The history of TB spans thousands of years, making it one of the oldest diseases affecting 

humanity. Before Koch’s discovery, TB was for a long time a widespread and highly infectious 

disease with unknown origin. It has been hypothesized that the genus Mycobacterium already 

exists since about 150 million years [4]. Compared to this, M. tuberculosis is a young species 

around three million years old, with a common ancestor of modern strains appearing 15,000 - 

20,000 years ago [5-7]. The first indications for TB in humans stem from the presence of bone 

lesions in a skull dating back 500,000 years in Turkey [8]. However, the first unequivocal 

confirmation of M. tuberculosis occurred through PCR sequencing and identification of 
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mycobacterial lipids in bone lesions of a 17,000-year-old bison, found in Wyoming, USA [9]. 

Within the emerging scientific discipline of Palaeomicrobiology, significant efforts were made to 

study ancient DNA recovered from several burial sites [10]. 

 

Throughout the past, TB has been known by different names such as “schachepheth” in the Old 

Testament [11] or “phthisis” as described in Greek literature [12]. Particularly in the 18th and 19th 

centuries “consumption” was used as a synonym for TB due to its characteristics of weight loss 

and the gradual decline of the affected individuals. In 1720, for the first time, Benjamin Marten’s 

work “A New Theory of Consumption” represented an important understanding and management 

of TB, offering valuable epidemiological insights [13]. In the 19th and early 20th centuries, TB 

reached epidemic proportions in Europe and North America, causing significant morbidity and 

mortality [14]. Especially during the Industrial Revolution, TB had a profound impact on both 

urban and rural populations. The rapid urbanization, crowded living conditions, and poor 

sanitation of industrial cities created fertile grounds for the spread of TB. As the first medical TB 

therapy, sanatoria were established as treatment centers, offering fresh air, rest, and isolation to 

patients [15]. 

 

The discovery of M. tuberculosis, the pathogen responsible for the disease TB, marked a 

significant milestone in medical history. On 24 March 1882, the German physician and 

microbiologist Dr. Robert Koch communicated to the Berlin Society of Physiology that he had 

identified the microorganism responsible for the deadly pulmonary tuberculosis and published 

his groundbreaking work two weeks later [16]. During his presentation, Koch not only presented 

demonstrations of the tubercle bacillus he had discovered but also introduced his renowned 

postulates, known as the “Koch-Henle postulates”. Firstly, the bacterial agent must be present in 

lesions characteristic of the disease, while being absent in other lesions or healthy tissues. 

Secondly, the microorganism must be isolated and grown in pure culture, requiring that the 

pathogen be isolated and grown in a laboratory culture, independent from other microorganisms. 

Third, the cultured microorganism must cause disease when being reintroduced into a previously 

non-infected animal. These postulates continue to this day to set the rules for the demonstration 

of an infectious cause of a disease [7]. In summary, with this groundbreaking work, he not only 

revealed the etiological agent behind the devastating disease TB but also set a benchmark for 

demonstrating the infectious agent of other diseases.  

 

The identification of M. tuberculosis opened the door to further research and a deeper 

understanding of its prevalence as well as infection patterns. Subsequent investigations into the 
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pathogenicity and dormancy mechanisms of the bacterium have provided valuable insights into 

the development of diagnostic tools, treatment regimens, and preventive measures to combat this 

global health burden.  

 

1.1.2 Pathogenesis and infection of tuberculosis 

 

Understanding the pathogenesis of TB is crucial for developing effective strategies for prevention, 

diagnosis, and treatment. M. tuberculosis is considered a very successful pathogen due to several 

factors. In the early 1960s, studies on the airborne nature of TB associated with the recognition 

that some individuals were very efficient and dangerous transmitters of pathogenic bacteria, 

paving the way for the term “super-spreader” to emerge [17, 18]. Next to the bacilli’s ability to 

be transmitted via aerosols, it has evolved mechanisms to efficiently infect and invade host cells 

and causes latent infections that can be reactivated after decades. Although TB is primarily a 

pulmonary pathogen, it can damage any other tissue of the body.  

 

As TB disease presents a dynamic spectrum, ranging from asymptomatic infection to a potentially 

life-threatening condition, patients with TB are typically classified into two categories either 

having latent TB infection (LTBI) [19, 20], characterized by an asymptomatic and non-

transmissible state, or active TB (ATB), which is transmissible and can be diagnosed using 

culture-based or molecular methods [21]. Patients with ATB disease commonly experience 

symptoms like fever, fatigue, loss of appetite, and weight loss, and those with pulmonary disease 

can exhibit persistent cough and hemoptysis (coughing up blood) in advanced disease. However, 

some patients with active, culture-positive disease may not display any symptoms and are best 

described as having subclinical TB [20]. 

 

M. tuberculosis infection occurs when a person inhales a few aerosolized droplets dispersed in 

the air by a patient with active pulmonary TB (Fig. 1). These droplets can be released into the air 

by coughing, sneezing, or even talking and are usually trapped by mucus-secreting goblet cells in 

the respiratory tract, as part of the first-line defense system [22, 23]. However, in certain 

situations, some droplets can evade this defense and reach the upper areas of the lungs. As soon 

as the M. tuberculosis bacilli enter the alveoli of the host's lungs, they are engulfed by alveolar 

macrophages due to receptor-mediated phagocytosis [24]. This innate immune response attempts 

to destroy the infecting bacilli using various proteolytic enzymes and cytokines like tumor 

necrosis factor-alpha (TNF-α) and interferon-gamma (IFN-γ) [23, 25]. If the bacilli manage to 

survive this line of defense, they enter a stage of active replication within the macrophages and 
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diffuse to nearby cells including interstitial macrophages, dendritic cells, and likely epithelial 

cells [26]. Within a few weeks of exponential growth, the bacterial burden increases dramatically 

[27]. It was shown in humans and experimental animals that M. tuberculosis infection is followed 

by a delayed adaptive immune response compared to other infections [28]. The increasing 

bacterial burden induces the release of several cytokines and the production of several small 

molecules to regulate the infection, known as chemokines [29]. These inflammatory molecules 

regulate the initiation of the T-cell response and recruitment of other immune cell types including 

monocytes, neutrophils, and dendritic cells to the primary infection site [30]. The initiated T-cell 

response may either eliminate the infecting organism or result in granuloma formation.  

 

The granuloma is a crucial feature of pulmonary TB and can be defined as an enormous mass of 

immune cells [31, 32]. In immunocompetent individuals, although the granuloma is unable to 

eliminate the pathogen, it restrains the bacilli thereby preventing active disease. However, the 

bacteria survive within the granuloma, avoiding death by blocking phagolysosome fusion and 

evading the host’s immune response. This allows the bacilli to persist in a dormant or slow-

replicating state for decades, representing latent disease [32]. However, if an infected person 

cannot control the initial lung infection or if a latently infected person’s immune system becomes 

weakened, the granuloma center may undergo a liquefication process by so far unknown process 

allowing the revived bacteria to multiply uncontrolled. Subsequently, viable bacteria can escape 

from the granuloma and spread within the lungs (active TB) and even to other tissues through the 

lymphatic system or the bloodstream [25].  
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Figure 1: Pathogenic life cycle of Mycobacterium tuberculosis. M. tuberculosis infection starts 

when aerosols containing the bacteria from an active disease carrier reach the lungs of a new host. 

In the lung tissue, bacteria are taken up and phagocytized by alveolar macrophages. Infected 

macrophages lead to the recruitment of other immune cells, forming the granuloma. Under many 

circumstances, the infected granuloma can undergo necrosis, forming a necrotic core that supports 

bacterial growth and transmission to the next host. Figure adapted from Rahlwes, Kathryn et al. 

(2023) and Mukherjee, Srestha et al. (2023) using biorender.com [30, 33]. 

 

The complex and dynamic nature of the infection environment implies that M. tuberculosis must 

endure various stressors and possess the physiological adaptability to adjust to the changing 

surroundings. TB manifests in the described organized, inflammatory immune structures within 

the pulmonary lesions (granuloma), comprising a diverse array of cell types surrounding a core 

of extracellular or intracellular M. tuberculosis [21, 34]. Various types of lesions have been 

characterized, each with characteristic immune cell composition, organization, degrees of 

necrosis of host cells, and eventually cavitation [35, 36].  

 

The lesion microenvironment, implicated by factors like lipid carbon sources and iron 

deprivation, or by stressors such as acidic pH and low oxygen levels, can induce a non-replicative 

or dormant state in M. tuberculosis. In a dormant state, M. tuberculosis has adapted to these 
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conditions with alterations in transcriptomic, proteomic, and metabolic activities often leading to 

high drug tolerance. This phenomenon of tolerance refers to cells that can survive lethal or 

inhibitory drug concentrations without possessing genetic resistance [37]. It allows a 

subpopulation of cells (“persisters”) to survive extended periods without changing the minimum 

inhibitory concentration (MIC) for the whole population [37]. Mycobacterial cells are 

intrinsically heterogeneous in their drug response. Differential drug susceptibility at the single 

cell level, observed in vitro and specific to each drug [38], suggests that there is consistently a 

subset of M. tuberculosis cells that may tolerate a single-drug treatment.This poses a further 

challenge in clearing the disease as many drugs are designed to target actively replicating cells, 

limiting their effectiveness against non-replicating cells. However, there are also antibiotics 

developed that address both, or selectively non-replicating cells giving hope that treatment 

regimens can be found that kill replicating as well as non-replicating M. tuberculosis cells [39]. 

Targeting tolerant and dormant M. tuberculosis cells must be a focus of new TB-drug 

development.  

 

1.1.3 Mycobacteria and their distinct cell envelope 

 

Mycobacteria are non-sporogenic, rod-shaped bacteria that grow under microaerophilic 

conditions. The genus Mycobacterium comprises over 170 species that can be classified into three 

main types: (1) the species within the Mycobacterium tuberculosis complex (MTBC) – including 

M. tuberculosis, M. bovis, M. africanum, M. microti, M. canettii, M. orygis, M. caprae, M. 

pinnipedii, M. suricattee, and M. mungi – are responsible for human TB and share a genetic 

similarity over 99% nucleotide sequence identity [40, 41]; (2) mycobacteria that cause leprosy 

like M. leprae; and (3) non-tuberculous mycobacteria (NTM) such as M. absecessus, M. avium, 

M. marinum, and M. smegmatis that have the potential to cause diseases affecting the lungs, 

lymph nodes, or skin, particularly in individuals with compromised immune systems [42, 43].  

 

Mycobacteria can survive under harsh environmental conditions over extended periods of time. 

One major reason for that is its unique, lipid-rich cell wall structure that provides a strong 

impermeable barrier against noxious compounds and drugs, playing a critical role in the virulence 

of these Gram-positive bacteria [44, 45]. The cell envelope of M. tuberculosis is composed of 

four main layers: the plasma membrane or inner membrane, the peptidoglycan-arabinogalactan 

(AGP) complex, an asymmetrical outer membrane, and the external capsule (Fig. 2).  
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The innermost membrane is the plasma membrane, which shares similarities with other bacterial 

membranes containing (glyco)lipids, lipoglycans, (lipo)proteins, and phospholipids such as 

phosphatidylethanolamine, phosphatidyl-myo-inositol (PI), cardiolipin, phosphatidylserine, and 

phosphatidylglycerol [46]. Phospholipids represent the basic structure of bacterial biomembranes, 

maintaining bilayer fluidity and supporting the stability [47]. It has been reported that certain 

phospholipids like the non-covalently linked PIs are essential for M. tuberculosis survival, and 

PI-based glycoconjugates can be found in the inner and outer membranes of all Mycobacterium 

species [48]. A prominent group of these molecules comprises the family of phosphatidyl-myo-

inositol mannosides (PIMs) and their highly glycosylated counterparts, lipomannan (LM) and 

lipoarabinomannan (LAM) [49]. The innermost membrane is followed by the AGP, building the 

periplasmic space, which is comprised of peptidoglycan (PG) covalently attached to the 

heteropolysaccharide arabinogalactan (AG). The AG is, in turn, covalently attached to an 

asymmetrical outer bilayer membrane, the mycomembrane, via mycolic acids [33, 50]. The AG-

bound mycolic acids form the bulk of the inner leaflet of the mycomembrane, while the outer 

leaflet consists of non-covalently attached (glyco)lipids and lipoglycans, such as PIM, LM, LAM, 

but also phthiocerol dimycocerosate (PDIM), mannosylated LAM (ManLAM) and trehalose-6,6'-

dimycolate (TDM) mediate the adaptability of M. tuberculosis [44]. Together, the mycolyl-

arabinogalactan-peptidoglycan (mAGP) complex is essential for viability of the bacilli, and 

enzymes involved in its biosynthesis are targets for several TB drugs [51, 52]. Finally, there is a 

loosely attached capsular-like structure around the mycomembrane, mainly composed of 

polysaccharides and proteins, with minor amounts of lipids. The outermost capsule is only weakly 

connected to the mycomembrane [53].  

 

The organization of the M. tuberculosis cell envelope confers high intrinsic resistance to many 

therapeutic agents and the host’s defense mechanisms [45, 51]. The latter is a further important 

function of the cell envelope due to its interference with the human immune response during 

infection. PDIMs and LAMs are, among others, responsible for the inactivation of macrophages 

and phagosomal escape of M. tuberculosis during infection [44]. Because of its unusual surface, 

functions, and the capacity to adapt to various stress conditions, M. tuberculosis has become a 

successful pathogen that quickly spreads through aerosols, infecting human hosts easily and 

thereby becoming a global epidemic. 
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Figure 2: The M. tuberculosis cell envelope. The cell envelope of M. tuberculosis encompasses 

four main layers: (1) the plasma membrane (2) the peptidoglycan-arabinogalactan complex 

(AGP), (3) an assymetrical outer membrane or “mycomembrane“, covalently linked to AGP via 

mycolic acisd, and (4) the external capsule. The inner leaflet of the outer membrane is composed 

of long chain (C60–C90) fatty acids, with the outer leaflet mostly including a variety of non-

covalently attached (glyco)lipids and lipoglycans, including trehalose mono- (TMM) and 

dimycolates (TDM), sulfoglycolipids (SGL), phosphatidylinositol mannosides (PIMs), 

lipomannan (LM) and lipoarabinomannan (LAM), and lipoproteins/proteins, with some of them 

being glycosylated. The capsule mostly consists of neutral polysaccharides such as glycogen-like 

α-glucan and lower amounts of arabinomannan (AM) and mannan. Figure adapted from 

Kalscheuer et al. (2019) [44]. 

 

1.1.4 Prevalence and epidemiology of tuberculosis 

 

Although M. tuberculosis is such an old infectious agent, TB continues to pose a significant global 

health threat in terms of its prevalence and infection rates. According to the WHO, TB is one of 

the top ten causes of death worldwide, with an estimated number of 10.6 million new cases and 

1.4 million deaths (among HIV-negative people) occurring in 2021. Additionally, 187,000 deaths 

occurred among HIV-positive people [54]. Before the Coronavirus (COVID-19) pandemic, TB 

was even the leading cause of death worldwide from a single infectious agent, ranking above 
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HIV/AIDS. Over the past few years, as COVID-19 has dominated the scientific literature and the 

media, other infectious diseases like TB have been neglected [55]. Moreover, the COVID-19 

pandemic has set back years of progress in TB control efforts, disrupting diagnosis, treatment, 

and prevention programs leading to increased TB cases and deaths. Above that, the health impacts 

of M. tuberculosis and COVID-19 co-infections are not fully understood. Both pathogens master 

immunomodulation and further research will be needed to clarify their potential interplay, and 

implications for co-infection in the lungs [56]. 

 

While many TB cases and deaths arise from primary TB occurring after initial infection, a quarter 

of the world’s population is estimated to be infected latently. During LTBI, the bacteria can 

remain quiescent for years after the initial exposure before developing active disease [57, 58]. In 

fact, 5-10% of people infected with LTBI develop an active disease during their lifetime, and the 

risk is even higher for people harboring a weakened immune system, for example, due to co-

infections. Geographically, TB disproportionately affects low- and middle-income countries (Fig. 

3A). In 2021, most people who developed TB were living in South-East Asia (45%), Africa 

(23%), and the Western Pacific (18%). Factors that increase TB infection rates include 

undernourishment, HIV infection, alcohol use disorders, smoking, and diabetes [54].  

 

In the last decades, the emergence of drug-resistant TB strains increased, and these resistant 

strains are now present in most countries. Resistance against rifampicin (RR-TB), being the most 

effective first-line drug, is of greatest concern. When resistance extends to both rifampicin and 

isoniazid, the phenomenon is defined as multidrug-resistant TB (MDR-TB), requiring treatment 

with second-line drugs. Extensively-drug resistant TB is a subgroup of MDR-TB with additional 

resistance to at least one of the fluoroquinolones and any of the injectable second-line drugs with 

very limited treatment options [59]. In 2021, there was an estimated number of 450,000 cases of 

drug-resistant TB, with the highest numbers found in the Russian Federation and several countries 

of Eastern Europe and Central Asia (Fig. 3B), representing an increase of 3.1% compared to 2020 

[54]. Drug resistance occurs when anti-TB medications are compromised due to various factors, 

including improper prescription by healthcare professionals, usage of subpar medications, and 

early treatment discontinuation by individuals [60, 61].  
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Figure 3: Estimated incidence rates of people infected with TB and rates of MDR-/RR-TB 

in 2021. A) More than ten million people fell ill with TB in 2021 with the highest number of 

cases in South East Asia, Africa, and the Western Pacific. B) Half a million people have been 

infected with drug-resistant TB with the highest proportions found in the Russian Federation and 

several countries of Eastern Europe and Central Asia. Estimated incidence rates are shown for 

countries with at least 1,000 incident cases, and the seven countries with the highest burden are 

labeled. Pictures adapted and data from WHO, Global Tuberculosis Report (2022) [54]. 

 

In recent years, collaborative efforts among researchers from academia, non-profit virtual R&D 

organizations, and industry have expanded the TB drug discovery pipeline. However, the cure 

rates of MDR-TB and XDR-TB remain low due to long-duration regimens, side effects, and poor 

patient adherence. To address this, there is a pressing need to develop novel TB drugs with new 

mechanisms of action and new treatment strategies.  
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1.2 Therapy of Tuberculosis 
 

1.2.1 From palliative care to the golden era of antibiotics 

 

Efforts to fight TB over the centuries have been met with tragedy and frustration [62]. 

Historically, TB treatment consisted of palliative care like herbal poultices, chemical 

preparations, dietary interventions, and climatic prescriptions as well as the isolation of infected 

patients to minimize the spread of the disease [63]. The first early successes in controlling the 

disease were attributed to the development of a new institution, the sanatoria. The establishment 

of these structures relied on Roman physicians, summarized in the Italian aphorism ‘Lana, letto, 

latte’ (wool, bed, milk) [63]. Despite the modest successes of sanatorium assistance in the early 

nineteenth century, TB continued to be the plague of society. In addition to deprivation and poor 

hygienic conditions, global conflicts empowered the spread of the disease dramatically. During 

the First World War, pulmonary TB decimated European soldiers in trenches, so a large number 

of veterans were admitted to sanatoria in the post-war period [64]. 

 

At the beginning of the 20th century, the first achievements were obtained in the development of 

antimicrobial agents. The discovery of penicillin in 1929 by Alexander Fleming was described as 

the first antibiotic successfully hampering bacterial growth [65]. Ernst Chain and Howard Florey 

designed the first methods for the large-scale extraction and purification of penicillin G, a β-

lactam antibiotic, making it widely available by the mid-1940s [66]. This marked the beginning 

of the golden era of antibiotics between the 1940s and the 1970s accompanied by the discovery 

of several currently used antibiotic classes, like aminoglycosides, sulfonamides, and quinolones 

[67].  

 

1.2.2 Antibiotics and Chemotherapy for drug-sensitive Tuberculosis  

 

The discovery of new antibiotics brought hope for the cure of TB. Particularly the discovery of 

streptomycin (STREP) in 1944 represented a milestone for modern TB treatment. Selman 

Waksman and Albert Schatz demonstrated that STREP was 50 times more active against 

M. tuberculosis than the previous compounds that were isolated from bacteria of the order 

Actinomycetales [68-70]. A clinical trial conducted in 1948 revealed that STREP monotherapy 

improved the conditions of 51% of patients. However, the trial also uncovered that 20% of 

recruited patients developed resistance against streptomycin within the first 6 months [71]. 
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STREP belongs to the aminoglycoside antibiotics which inhibit bacterial protein biosynthesis by 

binding to the 16S ribosomal RNA (16S rRNA) of the 30S ribosome 30 [72]. Resistance of 

M. tuberculosis against STREP is associated with mutations in the rpsL gene, encoding the 

ribosomal protein S12, or with base substitutions in the 16S rRNA [73]. 

 

At the same time, Jörgen Lehmann synthesized the para-amino salt of salicylic acid (PAS) with 

the help of the Swedish pharmaceutical company Ferosan [74, 75]. PAS disrupts folate 

metabolism by competitive binding to dihydrofolate reductase, thereby inhibiting the growth of 

bacteria [75]. Since PAS demonstrated its effectiveness against STREP-resistant strains of 

M. tuberculosis, it became evident shortly thereafter that employing a combination of those two 

agents could diminish the development of drug resistance shaping the future of TB clinical trials 

[71, 76, 77]. 

 

In the early 1950s, the exceptional anti-TB efficacy of isoniazid (INH) was demonstrated. This 

small compound, isonicotinyl hydrazine, which had been initially synthesized by Prague chemists 

Hans Meyer and Josef Mally in 1912, was simultaneously tested in three different laboratories in 

the early 1950s (Squibb, Hoffmann La Roche, and Bayer) [78, 79]. A range of clinical trials 

proved INH to be the most efficacious anti-TB drug yet discovered [63]. However, also a range 

of drug-resistant strains were occurring after INH monotherapy [80]. This finding quickly led to 

a three-drug combination therapy STREP+PAS+INH [81]. The combination proved to 

significantly increase cure rates in 90% of patients with as low as 4% disease relapse [62, 82, 83]. 

Unfortunately, it required up to 24 months of continuous treatment to achieve this, and INH is 

only active against replicating cells. INH is a nicotinamide analog that acts as a pro-drug being 

converted into a biologically active form by the M. tuberculosis-specific catalase-peroxidase 

KatG [84-86]. The active form of the drug, an isonicotinoyl radical reacts with nicotinamide 

adenine dinucleotide (NAD) coenzymes forming an INH-NAD+ adduct [87]. In addition to this 

mechanism, KatG triggers the peroxidation of INH to generate intracellular reactive INH-derived 

damaging species. A range of oxidants facilitates the oxidation of INH by KatG, encompassing 

superoxide, hydrogen peroxide, and alkyl hydroperoxides [88-90]. The primary mode of action 

of INH is inhibiting the synthesis of mycolic acids [91-93]. Two enzymes involved in the 

biosynthesis of mycolic acids have been proposed to be targeted by KatG-activated isoniazid: the 

NADH-dependent enoyl-acyl carrier protein reductase (InhA) and the β-ketoacyl acyl carrier 

protein synthase (KasA) [94-96]. Together with this, INH-derived radicals lead to respiratory 

inhibition by the formation of the antimycobacterial free radical NO×[97]. The inhibition of cell 



1. Introduction 

- 13 - 

wall lipids together with respiratory inhibition provides a potent anti-TB cocktail attacking 

several targets [98].  

 

These improvements in the treatment of TB were significant but required continuous treatment 

for over 24 months. In the 1960s, PAS was replaced by ethambutol (EMB) leading to a shortened 

treatment duration (18 months) and a better tolerance of the drug regimen [99]. EMB was first 

discovered at Lederle Laboratories of American Cynamid showing a growth-inhibiting activity 

with a remarkable specificity against M. tuberculosis [99, 100]. Early mode-of-action studies 

showed that EMB is active only against replicating cells, where it was found to affect glycerol 

metabolism as well as RNA synthesis [101, 102]. Subsequent biochemical studies demonstrated 

that EMB induces an almost immediate accumulation of the major intermediate of 

arabinogalactan biosynthesis, β-d-arabinofuranosyl-1-monophosphodecaprenol. This is followed 

by the sequential accumulation of trehalose mono- and dimycolates and the inhibition of mycolic 

acid incorporation into the cell wall, suggesting that the primary inhibition of EMB is found at 

the polymerization step of the mycobacterial cell wall arabinan [103-107]. These findings were 

confirmed by genetic studies through generating EMB-resistant mutants harboring mutations in 

the three arabinosyltransferases EmbA, EmbB, and EmbC associated with AG and LAM-

biosynthesis [107-109]. Interestingly, however, mycobacterial resistance to EMB seems to be 

multifaceted indicating that EMB has more than one M. tuberculosis-associated target while the 

exact mechanism of action is still under discussion [110].  

 

The discovery of pyrazinamide (PZA) in 1952 was a further cornerstone antimicrobial drug used 

exclusively for the treatment of TB [111]. Despite PZA's remarkable in vivo activity, it was found 

to lack activity under typical in vitro conditions instead requiring incubation at an acidic pH (e.g. 

5.5), similar to that occurring during active inflammation [112, 113]. PZA has a sterilizing effect 

on both, replicating and non-replicating cells and uniquely reduces the duration of chemotherapy 

from 9 to 6 months [114-117]. Studies of PZA’s mode of action by isolating PZA-resistant 

mutants revealed that it is another pro-drug hydrolyzed by an amidase, later found to be encoded 

by the gene pncA [118]. The hydrolyzation leads to the intracellular accumulation of its activated 

form, pyrazinoic acid (POA). The accumulation of POA was initially thought to be associated 

with dissipation of the mycobacterial membrane potential [119-121]. Further mechanistic models 

suggested that POA either inhibits mycobacterial fatty acid synthetase I [122] or that POA 

selectively inhibits trans-translation [123]. Most recently, it was proposed that POA interacts with 

the Coenzyme A (CoA) biosynthesis. This was demonstrated by sequencing of PZA-resistant 

mutants with a wildtype pncA gene revealing mutations in the panD gene (rv3601c). PanD 



1. Introduction 

- 14 - 

encodes L-aspartate decarboxylase, a rate-limiting step in the CoA biosynthetic pathway [124-

126]. While comprehensive follow-up data demonstrated an incontrovertible association between 

POA and CoA metabolism, the clinical relevance of panD to PZA resistance demands further 

analysis [127]. Moreover, several other genes, like clpC1, have related to POA-resistance [119, 

128]. ClpC1 is part of the M. tuberculosis caseinolytic protease complex displaying unfoldase 

and ATPase activities [129, 130]. However, despite the crucial role of PZA in modern TB therapy, 

the exact mechanism of action is still under discussion.  

 

Rifampicin (RIF), a semisynthetic derivative of the natural product ansamycin, was discovered 

for its antimicrobial properties in the conditioned media of the soil bacterium Nocardia 

mediterranei, termed rifamycins. Despite being a minor constituent in the extract, rifamycin B 

gained potency upon incubation in oxygenated water due to the reversible oxidation of a 

“quinonoid-like” core and subsequent glycolic acid loss by hydrolyzation. This led to the more 

active rifamycins S and SV, with the latter being effective against M. tuberculosis. This insight 

into the structure-activity relationship (SAR) prompted efforts to enhance its bioavailability, 

resulting in the development of RIF in the 1960s. The compound's effectiveness was tied to 

specific molecular features like chain C21 and C23 hydroxyl groups, as well as C1 and C8 phenols 

[131]. Until today, resistance to RIF is a key factor for treatment failure and fatal clinical 

outcomes in TB patients [132]. Beyond its significant early bactericidal effect on metabolically 

active M. tuberculosis, RIF also demonstrates potent sterilizing activity on semi-dormant 

organisms that undergo brief bursts of metabolic activity. Recognizing this, combined with the 

enhanced efficacy of PZA, has led to a reduction of routine TB treatment from 1 year to 6 months 

[133]. Subsequent studies have shown that RIF inhibits mycobacterial transcription by targeting 

RNA-dependent RNA polymerase [134]. Further investigations verified that resistance to RIF 

develops due to mutations in a specific, well-defined region of the gene that encodes the ß-subunit 

of RNA polymerase (rpoB) [135]. Remarkably, over 96% of RIF-resistant strains carry mutations 

in the 81 bp region of rpoB, facilitating a rapid detection of rifampicin-resistance and/or 

multidrug-resistance [136]. 
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Figure 4: Chemical structures of drugs that were or are used for anti-TB treatment. A-B) 

Streptomycin and para-aminosalicylic acid were the first drugs used for treatment of TB. C-F) 

Isoniazid, ethambutol, pyrazinamide, and rifampicin are the current first-line drugs that are used 

in a combination therapy for treatment of drug-sensitive TB. G) Bedaquiline ist the first new 

compound since more than 40 years that got approved for TB-treatment and is implemented as a 

second-line drug for the therapy of drug-resistant TB.  

 

One of the few new clinical drugs being approved for TB treatment in >40 years is bedaquiline 

(BDQ), a diarylquinolone [137]. Its discovery marked a milestone as the first FDA-approved drug 

emerging from the modern era of molecular sciences. Initially identified through a high-

throughput screen against M. smegmatis, BDQ displayed effectiveness against M. bovis BCG and 

M. tuberculosis [138]. Stereoselective properties were revealed in early structure-activity 

relationship studies, favoring the (R, S) stereoisomer for higher potency against M. tuberculosis 
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[138, 139]. The drug also showcased activity against non-replicating, hypoxic M. tuberculosis 

[140]. In addition, BDQ demonstrated an unusual pattern of action, initially causing bacteriostatic 

effects before transitioning into a bactericidal phase, with a 4-fold log10 reduction in measurable 

colony-forming units by day 14 [141]. Insights into the functional target of BDQ revealed the 

atpE gene, which encodes the c-subunit of the F0ATP synthase [138, 142, 143]. The role of ATP 

synthase in BDQ’s mechanism was further supported by biochemical studies observing 

reductions in bacterial ATP levels [138-141]. While much evidence suggests that BDQ is 

targeting the ATP synthase, investigations into resistant mutants of clinical BDQ-resistant isolates 

revealed that only ~28% harbored mutations in atpE, while the rest remained unexplained [144]. 

A further resolved mechanism is associated with mutations in Rv0678 that regulate the expression 

of the MmpS5-MmpL5 efflux pump [145]. A current meta-analysis analyzed all documented 

BDQ-resistant mutations within the genes Rv0678, atpE, mmpL5, pepQ, and Rv1979 [146], 

indicating that there are no clear genotypic-phenotypic associations for BDQ which complicates 

efforts to develop rapid molecular assays for resistant isolates.  

 

1.2.3 Development of drug-resistant TB 

 

As indicated above, TB still requires a lengthy multi-drug combination therapy, given for several 

months, that has been used for more than 40 years. The current standard of care treatment for 

drug-sensitive TB involves a 6-months course with two different phases of treatment: During the 

initial phase of 2 months a combination of INH, RIF, PZA, and ETH is employed followed by a 

subsequent phase of four months using a two-drug regimen of INH and RIF. The estimated 

treatment success rate is around 85% [54, 83, 147]. Partially due to the long use of this drug 

regimen, drug-resistant strains are emerging. As mentioned in chapter 1.1.4, drug resistance in 

TB is divided into rifampicin-resistant TB (RR-TB), multidrug-resistant TB (MDR-TB), and 

extensively drug-resistant TB (XDR-TB). While RR-TB strains are monoresistant against RIF, 

MDR-TB strains are resistant towards RIF and INH. In the case of XDR-TB, resistances to RIF 

and INH, plus at least resistance to one second-line injectable aminoglycoside (e.g. amikacin and 

capreomycin) and one fluoroquinolone are present. 

 

Antibiotic resistance has been a “hidden epidemic” still representing a multifaceted public health 

issue [60, 61, 148]. Recently, the WHO has approved several new drugs for MDR-TB treatment 

to complement existing tools. Among those is BDQ (described in chapter 1.2.2), which was 

recommended by the WHO in 2013 as a core drug in the treatment of drug-resistant TB [149] and 

has recently been identified as the key drug in assembling an all-oral, injectable-free drug regimen 
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in South Africa [150]. Additionally, two further pro-drugs have reached the market: delamanid 

which inhibits mycolic acid synthesis as well as pretomanid, which acts through mycolic acid 

synthesis inhibition and nitric oxide release, respectively [151-154]. Delamanid is a nitro-

dihydro-imidazooxazole derivative that was approved for the treatment of MDR-TB by the 

European Medicines Agency in 2014 but has not yet received FDA approval [59, 155]. 

Pretomanid is a member of the nitro-imidazooxazines class and was approved by the FDA for the 

treatment of drug-resistant TB in 2019 [156-158]. 

 

To treat MDR-TB, a 4-5 drug regimen is needed with a treatment duration of up to 24 months 

[148]. In several nations, including India, XDR-TB has emerged as a new challenge to the control 

of TB [148]. Treatment of drug-resistant TB is even more difficult if co-infections with HIV, 

hepatitis B, or COVID-19 are present eventually leading to high mortality rates [159, 160]. To 

achieve high treatment success rates among MDR- and XDR-TB patients, personalized clinical 

approaches are vital as suggested by the ATS/CDC/ERS/IDSA guidelines, published in 2019 

[59]. According to this, the initial phase of treatment should encompass five drugs, while the 

subsequent phase requires four drugs. The duration of treatment ranges from 15-21 months for 

MDR-TB and 14-24 months for XDR-TB patients [59]. The guideline outlines several steps for 

treatment. Prescriptions should involve one later-generation fluoroquinolones (e.g. moxifloxacin, 

levofloxacin) followed by two high-priority drugs (bedaquiline and linezolid). The next step 

should include two highly effective drugs such as clofazimine and D-cycloserine (DCS). If the 

strain’s susceptibility pattern requires, injectable drugs (amikacin or STREP) are introduced. 

Notably, some drugs, like capreomycin and kanamycin, are no longer recommended due to 

limitations in terms of effectiveness, tolerability, and administration route. Injectable drugs, while 

effective, are being gradually replaced by more efficient and less toxic oral medications.  

 

Although significant progress has been made in the development of drugs to treat drug-resistant 

TB infection, further studies and efforts are urgently required to find safe medications to combat 

this disease and to finally accelerate the goal of TB elimination.  
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1.3 Novel drug targets and strategies in Mycobacterium tuberculosis 
 

With more than 480,000 reported cases of MDR-TB and 9.5% of reported cases of MDR-TB 

worldwide classified as XDR-TB, active drugs adressing new pharmacological targets and 

strategies are indeed needed. Currently, a diverse array of strategies is employed to develop new 

anti-TB therapies encompassing large-scale cell-based screening trials, virtual screenings, 

structural biology approaches, and the optimization of existent drugs through molecular 

modifications and genetic approaches for the identification of new molecular targets [161]. 

Another research focus is put on the development of novel vaccines as well as new therapeutical 

strategies such as host-directed therapy or the use of mycobacteriophages.  

 

1.3.1 Advances in cell wall synthesis targets  

 

As the cell wall of M. tuberculosis is the primary host-pathogen interaction spot, the inhibition of 

key enzymes that are responsible for the biosynthesis of these substructures are excellent targets 

for novel drug development due to the absence of homologous characteristics in the host [162]. 

An essential substructure of the mycobacterial cell wall is peptidoglycan, a heteropolysaccharide 

consisting of alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) 

units, cross-linked with short peptides. The biosynthesis of peptidoglycan presents an appealing 

target for TB treatment, exemplified by the action of carbapenems. Carbapenems, which fall 

within the category of β-lactam antibiotics, possess a distinctive feature - they are not cleavable 

by β-lactamase, an enzyme produced by M. tuberculosis. With this, carbapenems can impede the 

biosynthesis of peptidoglycan by inhibiting L,D-transpeptidase and are included in the treatment 

of MDR-TB [59, 163, 164].  

 

The mycolic acid layer, composed of long-chain α-alkyl β-hydroxy fatty acids (C60-90), provides 

the mycobacterial outer membrane with hydrophobic, impermeable, and rigid properties [165, 

166]. Mycolic acids are synthesized from acetyl-CoA through at least two elongation systems, 

the type I and type II fatty acid synthases, also known as FAS-I and FAS-II. The FAS-II system 

can only be found in bacteria, thereby representing a potential selective antibacterial target. The 

NADH-dependent enzyme InhA, involved in the FAS-II system is inhibited by the first-line drug 

INH. The mechanism of action of other small molecules like ethionamide is also related to InhA 

inhibition [167, 168]. Nowadays, ethionamide is a second-line drug used for MDR-TB treatment. 

Another crucial enzyme, β-ketoacyl synthase KasA plays a key role in subsequent cycles of fatty 
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acid elongation, condensing FAS-I-derived acyl-CoAs with malonyl-ACP (acyl carrier protein). 

KasA is a reported and validated treatment target for TB, demonstrated by the development of 

JSF-3285, which has been optimized from the confirmed KasA inhibitor DG167 harboring 

increased anti-TB efficacy [169-171]. Mycolic acids are transported to the outer membrane due 

to the mycobacterial membrane protein large (MmpL) that is part of the resistance, nodulation, 

and cell division (RND) family. MmpL3, among the 13 encoded MmpL proteins in 

M. tuberculosis, contributes to outer membrane biosynthesis. The ethylenediamine derivative 

SQ109 is an MmpL3 inhibitor and has completed phase IIb - phase III clinical trials [172, 173].  

 

The branched-chain AG is the major cell wall polysaccharide constituting about 35% of the cell 

wall dry mass and is comprised of arabinose and galactose residues, both in furanose 

configuration. This layer is covalently linked to the peptidoglycan and mycolic acid layers, 

necessitating several enzymes as potential targets for novel inhibitors targeting the AG formation 

[174-176]. Examples include arabinosyltransferase enzymes (EmbA, EmbB, and EmbC), which 

are targeted by the drug ETB [107, 109]. Another enzyme, arabinofuranosyltransferase (Aft), is 

crucial for the polymerization of arabinofuranyl residues from decaprenylphosphoryl-D-

arabinose (DPA), the lipid donor of D-arabinofuranosyl residues for AG. The DPA synthetic 

pathway is a further potential drug target, with essential arabinosyltransferases like AftA, AftB, 

AftC, and AftD that are essential for M. tuberculosis growth [174, 177]. Moreover, the enzymes 

decaprenylphosphoryl-β-D-ribose 2′-oxidase (DprE1) and decaprenylphosphoryl-D-2-keto 

erythropentose reductase (DprE2) are crucial enzymes involved in the cell wall synthesis. DprE1 

and DprE2 are catalyzing the conversion of decaprenyl-phospho-ribose (DPR) into decaprenyl-

phospho-arabinose (DPA) [178, 179]. DprE1 was initially discovered as the target of 

benzothiazinones, however, several other compounds like azaindoles, aminoquinolones, 

benzothiazoles, dinitrobenzamides, nitrobenzamides, pyrazolopyridines, quinoxalines, triazoles, 

and thiadiazoles, demonstrated DprE1 inhibition [161, 180]. The benzothiazinone derivatives 

BTZ-043 and PBTZ169 are currently in phase II clinical trials, demonstrating a high efficacy 

against M. tuberculosis. Additionally, the non-covalent inhibitors, azaindole TBA-7371 and 

OPC-167832, currently in phase II and phases I/II clinical trials, respectively, have shown 

promising results [161, 181]. Overall, targeting various enzymes involved in the biosynthesis of 

M. tuberculosis’s cell wall layers offers encouraging potential for novel drug development to 

combat TB.  
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1.3.2 Progress in targeting energy metabolism  

 

With the FDA’s approval of the ATP synthase inhibitor BDQ, energy metabolism has become 

another main research focus as a novel pathway to exploit for TB drug development. This 

increased interest is due to the essential role of oxidative phosphorylation (OxPhos) and the 

maintenance of the transmembrane electrochemical gradient for the viability of both, replicating 

and non-replicating M. tuberculosis cells [182]. During OxPhos, electrons are transferred from 

the central metabolic pathways’ donors to molecular oxygen via the electron transport chain 

(ETC), releasing energy. The released energy is conserved by proton-pumping transmembrane 

proteins, establishing a proton gradient, and thus generating an electrochemical gradient, called 

proton motive force (PMF). This bioenergetic pathway creates ATP through the phosphorylation 

of ADP [183, 184]. 

 

Recent discoveries have shown that targeting the terminal oxidases within the OxPhos results in 

effective growth inhibition of M. tuberculosis. Of particular importance is the cytochrome bc1-

aa3 supercomplex, which has become a key player for promising drug candidates, demonstrated 

by the compound Telacebec (Q203), an imidazopyridine derivative, which is currently in phase 

II clinical trial [185]. Another promising candidate, TB47 showed activity against both drug-

sensitive and -resistant strains [186]. Lansoprazole, a gastric proton pump inhibitor, emerged as 

a potent hit compound in the screening of FDA-approved drugs [187].  

 

Along with the F1F0 ATP synthase and cytochrome oxidases, further enzymes like NADH 

dehydrogenases, succinate dehydrogenases, and menaquinone biosynthesis have come into the 

focus of interest. NADH dehydrogenases play a pivotal role in maintaining mycobacterial 

respiratory chain energization by using menaquinone as an electron carrier [188]. While type 1 

proton-pumping NADH dehydrogenase (NDH-1) is non-essential for mycobacterial growth and 

persistence, NDH-2, which is widespread in bacteria but absent in mammals, holds promise as an 

anti-mycobacterial drug target [140, 189]. Due to the essentiality of the related menaquinone 

biosynthesis pathway, several chemical inhibitors targeting various enzymes, such as MenA, 

MenB, MenG, MenD, and MenE were reported to exhibit strong efficacy in inhibiting 

M. tuberculosis growth. Derivatives of the novel compound SQ109 are thought to disrupt the 

biosynthesis of the electron carrier menaquinone and the PMF through uncoupling activity [190]. 

All in all, the vulnerability of energy metabolism should be investigated further, creating an 

appealing drug target area.  
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1.3.3 Current status in vaccine development 

 

Excitingly, cellular immunological mechanisms contribute to the control of TB, and it was 

demonstrated that TB vaccines are among the most promising candidates for reducing 

antimicrobial resistance [191]. That is why intensive emphasis of the last couple of decades has 

been focused on the development of new vaccine candidates based on killed pathogens, live 

attenuated agents, or subunit recombinant antigens formulated with adjuvants. Mathematical 

modeling by the WHO has predicted that an effective vaccine deployed for adults with 50% 

efficacy over 2025-2050 could cumulatively avert 37.2 - 76 million cases and 4.6 - 8.5 million 

deaths. Also, it would save up to 3 billion United States (US) dollars for treatment costs [192]. 

Very recently, the possibility of protecting global populations from viral pathogens, such as 

SARS-CoV-2, was transformed due to massive funding and rapid advances in RNA-based 

vaccines for immunization. However, similar efforts to combat bacterial pathogens like 

M. tuberculosis have been significantly slower to implement [191, 193].  

 

Over 90 years ago, in 1928, the initial anti-TB vaccine was introduced as an attenuated live strain 

derived from M. bovis, known as BCG-Pasteur. Notably, this vaccine was primarily developed 

by Albert Calmette and Camille-Guérin at the Pasteur-Institute [194], and > 4 billion doses have 

been administered in total with ca. 120 million vaccinations per year to prevent severe forms of 

TB [195]. While the vaccine protects infants and children from severe extrapulmonary TB, its 

efficacy in preventing the global TB epidemic is limited [196]. It inadequately protects adults 

from pulmonary TB, as after being administered only once at birth, the protection only lasts up 

to a decade. Additionally, BCG vaccination is not recommended for HIV-exposed infants, as 

studies from regions like Argentina and South Africa indicate a heightened risk of BCG-related 

diseases in children who later develop AIDS [197-199]. So, the question evolves if there are any 

advances in novel vaccine development for TB. 

 

According to the WHO COVID-19 Vaccine Tracker, within a time of only 3 years, more than 50 

vaccines against SARS-CoV-2 have received approval, with an additional 183 candidates 

undergoing clinical trials [200]. Compared to this, the TB vaccine development pipeline currently 

only contains a meager number of 16 candidates, and, in the near future, approval of a new vaccine 

remains uncertain [201]. As pointed out by the Treatment Action Group, the TB vaccine research 

process remains hampered by insufficient global investment [202] but also due to a lack of 

complete understanding of the human immune response to this complex pathogen and an absence 

of validated animal models predictive of human vaccine efficacy.  
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However, there is also some hope: two positive proof of concept efficacy trials for TB vaccine 

candidates have been completed recently. In 2019, a promising phase IIb study was published 

demonstrating the effectiveness of a candidate called M72/AS01E (GlaxoSmithKline) in 

preventing pulmonary TB among adults with latent TB infection [203]. The vaccine contains a 

recombinant fusion protein derived from two M. tuberculosis antigens (Mtb32A and Mtb39A), 

combined with the AS01E adjuvant system [203]. Vaccine recipients in Kenya, Zambia, and South 

Africa received two doses of the novel vaccine for one month apart and, over a mean follow-up 

of 36 months, had 50% fewer cases of bacteriologically confirmed active TB than controls. It was 

well tolerated and provided critical proof of principle for vaccine-induced immunological control 

of latent TB infection [204].  

 

The second promising candidate is H4:IC31, a subunit vaccine, consisting of mycobacterial 

antigens Ag85B and TB10.4, or BCG reactivation [205]. The latter is based on the first indications 

that BCG reactivation offers moderate protection against infection. This reported randomized, 

controlled, and partially blinded trial (designated C-040-404; NCT02075203) aimed to assess the 

efficacy of BCG revaccination and the novel candidate, H4:IC31, in preventing initial or sustained 

M. tuberculosis infection – each of them compared to a placebo. The study included 990 

adolescents in the Western Cape of South Africa, equally distributed among the three arms. While 

neither candidate showed statistically significant protection against the primary endpoint of initial 

IGRA conversion (defined as conversion from negative to positive of an M. tuberculosis-specific 

Interferon Gamma Release Assay), BCG reactivation demonstrated 45.4% efficacy in preventing 

sustained conversion (secondary endpoint) reflecting prevention of LTBI. Follow-up studies 

showed that the protection against sustained M. tuberculosis infection conferred by BCG 

reactivation might rely on multiple immune cell subsets such as CD4 T cells [205]. As BCG is an 

already licensed intervention, BCG reactivation could represent a useful tool for controlling 

M. tuberculosis infection in populations with a high risk of infection. However, safety and 

efficacy in HIV-infected, immunocompromised persons need to be further evaluated before 

implementation. 

 

The success of the first licensed mRNA-based vaccines against COVID-19 has also created a 

widespread interest in mRNA technology for TB vaccines. Interestingly, the first proof of 

concepts of an mRNA vaccine against TB was reported already in 2004 [206]. Very recently, 

almost 20 years later, BioNTech has launched a phase I clinical trial evaluating two 

investigational RNA-based TB vaccines in BCG-vaccinated volunteers. The global response to 

https://clinicaltrials.gov/ct2/show/NCT02075203
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the COVID-19 pandemic highlights how billions of research dollars, innovation, and 

collaboration resulted in enormous success against the SARS-CoV-2 virus. If the technologies 

discussed (drug development; drug-targeting strategies; vaccine development) and strategies that 

were not covered in this article (such as host-directed-therapies [207]; mycobacteriophages [208]) 

will be applied just as extensively, they could potentially get us closer to our goal of ending TB 

and, of major importance, to prevent the TB-epidemic from developing into a drug-resistant 

pandemic.  
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2. Aim of the thesis 
 

Infectious illnesses claim millions of lives annually. The rise of antibiotic resistance makes a 

global bacterial pandemic a highly likely future event, urgently calling for research into new 

antibiotic compounds and approaches. One of the major contributors to the current antimicrobial 

resistance crisis is M. tuberculosis, the causative agent of TB. This study aimed to identify 

potential new leads and targets for the development and optimization of anti-TB drugs.  

 

Searching after new antibacterial compounds the research of this study described in chapter 3 

focused on the functional characterization of α-aminooxyacetic acid derivatives as potential novel 

antitubercular lead structures. Given that whole genome sequencing of spontaneously resistant 

mutants indicated that these compounds are likely acting as pro-drugs, this work focused on 

characterizing the role of the amidohydrolases AmiC and Rv0552 in the mechanism of resistance. 

This entailed employing genetic modifications, protein isolations, enzymatic activity testing, and 

structure homology analyses. Furthermore, the mode of action required comprehensive 

elucidation through proteomic, transcriptomic, and genetic interaction mapping analyses. 

Bioinformatic pipelines needed to be established and applied. 

 

In chapter 4, the goal was to investigate the function and essentiality of the M. tuberculosis 

Rv3277 gene, and its M. smegmatis homolog, MSMEG_1817, that are involved in the fundamental 

biosynthesis steps within the complex and unique mycobacterial cell wall. This was done as a 

means of identifying potential drug targets. The objective was to unravel the role of these 

floppase-like proteins in cell wall mannosylation and arabinosylation by working with generated 

conditional M. tuberculosis and M. smegmatis mutants allowing regulated gene silencing. The 

generation and analysis of whole-cell lipid and arabinogalactan extracts was required, as was the 

implementation of follow-up experiments, such as scanning electron microscopy of silenced cells. 

 

The final sections of this research (chapters 5 and 6) endeavored to introduce a novel antibiotic 

strategy by developing a broadly applicable approach for a new type of antibiotic. The intention 

was to design bacterial proteolysis targeting chimeras (BacPROTACs) and to further prove their 

selective degradation of bacterial proteins. Structural and functional elucidations of these 

compounds aimed to clarify a hitherto unknown mycobacterial defense mechanism, 

circumventing the resistance mechanism. To this end, gene deletion mutants were generated and 

whole cell protein lysates were extracted for quantitative proteomics.   
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- Writing of the manuscript draft 

- Cultivation of bacterial strains 

- Determination of minimal inhibitory concentrations against M. tuberculosis and other 

Mycobacteriaceae via resazurin dye reduction method 

- Activity assay against replicating and non-replicating starvation-induced M. tuberculosis 

cells 

- Structure-activity relationship analysis of anti-TB drug derivatives  

- Isolation of spontaneous KSK-resistant mutants  

- Isolation of genomic DNA 

- Whole genome sequencing analysis of spontaneous KSK-resistant mutants 

- Genetic manipulation of M. tuberculosis, M. bovis, and M. smegmatis cells to generate 

various gene deletion mutants, complemented gene deletion mutants, and merodiploid 

strains 

- Structure homology modeling  

- Heterologous expression and purification of recombinant proteins in E. coli followed by 

enzymatic activity testing 

- Isolation of total genomic RNA followed by quantitative real-time PCR and RNA-seq 

analysis 

- Analysis of RNA-seq by using a high-performance computing system and establishing a 

pipeline for trimming, mapping, counting of reads and differential expression analysis 

- Generation of a transposon mutant library in M. tuberculosis H37Ra  

- Analysis of transposon insertion sequencing (TnSeq) analysis by using a high-

performance computing system and establishing a pipeline for trimming, mapping and 

counting of reads per TA site followed by the generation of wig-files for the use of the 

software TRANSIT  

- Analysis of synergistic effects by performing checkerboard synergy assays 
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ABSTRACT 
The emergence of multidrug-resistant strains is exacerbating the treatment of tuberculosis (TB). 

Therefore, there is an immediate necessity to uncover anti-TB compounds with unprecedented 

targets. This study introduces antimycobacterial molecules with α-aminooxyacetic acid core 

structures. The lead compounds KSK-104 and KSK-106 displayed sub-micromolar antibacterial 

activity against Mycobacterium tuberculosis H37Rv and XDR clinical isolates, with no 

cytotoxicity against human cells. Genetic studies with spontaneously resistant mutants suggested 

that the compounds are pro-drugs that are intracellularly hydrolyzed by one or both of two specific 

amidohydrolases, Rv0552 and AmiC. Furthermore, proteomic and transcriptomic analyses and 

genetic interaction mapping employing transposon insertion sequencing suggest a “dirty drug” 

mechanism that involves the attack of the various drug cleavage products on multiple intracellular 

targets. Our results suggest a role of the pyridoxal 5’-phosphate (PLP) synthesis and salvage 

pathway and/or PLP-dependent enzymes, the oxidative stress network, and of the Rv3092c-

Rv3095 gene cluster in the mode of action.  
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INTRODUCTION 
Tuberculosis (TB) is among the oldest illnesses affecting humanity. Caused by the pathogen 

Mycobacterium tuberculosis, it continues to pose a global health concern, accounting for 1.6 

million deaths in 2021.1 The drugs currently utilized as front-line chemotherapy (isoniazid, 

rifampicin, pyrazinamide, and ethambutol) were developed over half a century ago with clinical 

trials determining their optimal combination and duration being mainly conducted in the 1970s.2 

Although the standard treatment is safe and well-tolerated, treatment of drug-sensitive TB 

requires a combination therapy for six months, which frequently leads to patients' non-adherence 

and the emergence of drug resistance. The current situation appears grim due to the spread of 

multidrug (MDR) and extensively drug-resistant (XDR) strains, the fatal combination of TB with 

HIV/AIDS infection, and the recent setback caused by the coronavirus disease (COVID-19) 

pandemic, which has led to inadequate TB diagnoses and treatments.1,3 Recent advances in the 

development of drugs against drug-resistant TB led to the regulatory approval of bedaquiline, 

delamanid, and pretomanid, as well as the entry into clinical trials of several new compounds.4 

Furthermore, the development of regimens that shorten treatment is a promising and active 

research area.5 While this offers hope for patients, there remains an urgent need to develop novel 

promising treatments addressing the drug-resistant TB crisis in the future, considering that drug 

development is a lengthy and risky process. Yet, the development of faster-acting TB drugs with 

a low risk of resistance remains a challenge, mainly due to the complex biology of the pathogen 

and the extraordinary pathology of the disease itself. To this end, it is essential to gain a deep 

understanding of the mode of action of novel compounds and the strategies employed by 

M. tuberculosis to resist their antibacterial effect. 

In recent years, high-throughput small molecule library screening campaigns employing 

in vitro cultured M. tuberculosis has led to the discovery of several novel growth inhibitors from 

previously unexplored chemical classes, highlighting the untapped potential of molecules that 

were previously not envisioned to exhibit activity against the pathogen. Following the same 

approach by screening of an in-house compound library of the research group Kurz, we identified 

α-aminooxyacetic acid derivatives as promising novel anti-TB lead compounds. The front-runner 

compounds, KSK-104 and KSK-106, are para-substituted benzoylated derivatives of 2-aminoxy-

N-(benzyloxy)acetamide. A 1971 patent by Kisfaludy et al. first described α-

aminooxyhydroxamic acid derivatives as compounds with antimycobacterial activity.6 However, 

to the best of our knowledge, no data on their mechanism of action or molecular target have been 

published, and the development was discontinued for unknown reasons after two follow-up 

studies in the 1970s. para-Substituted benzoylated derivatives of 2-aminoxy-N- 
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(benzyloxy)acetamide such as KSK-104 and KSK-106, which differ from the earlier described 

compounds, have not been previously reported, nor have their antitubercular activities been 

evaluated in detail.  

Here, we report on the synthesis and anti-tubercular properties of these novel alkoxyamide 

lead structures. We furthermore provide evidence suggesting that they represent pro-drugs that 

are activated following intracellular hydrolysis by the putative amidohydrolases AmiC and 

Rv0552, releasing different active metabolites that act as “dirty drugs” pleiotropically targeting 

different intracellular pathways, including pyridoxal 5’-phosphate (PLP) synthesis and salvage 

and/or PLP-dependent pathways, the oxidative stress network as well as the yet uncharacterized 

Rv3092c-Rv3095 operon. 

 

RESULTS 

Novel a-aminooxyacetic acid molecules as potent anti-TB lead structures. 

The potential of a-aminooxyacetic acid molecules to act as antimycobacterials, has been 

described back in 1971 by Kisfaludy et al..6 However, although some follow-up studies indicated 

promising in vitro and in vivo activity, further reports on the characterization of the molecules for 

the development of new anti-tuberculosis agents have been missing.6 It therefore remained 

unclear how a-aminooxyacetic acid derivatives impact M. tuberculosis physiology and growth. 

During the screening of an in-house a-aminooxyacetic acid compound library, we found two 

novel compounds, KSK-104 and KSK-106 (subsequently collectively referred to as KSKs) 

exhibiting potent antibacterial in-vitro growth inhibitory activity against cells of the laboratory 

strain M. tuberculosis H37Rv. The structure of both molecules consists of three distinct regions: 

region B with an aminooxyacetyl backbone, region C with a benzyloxyamine group, and variable 

region A, occupied by a para-phenyl substituted benzoyl group in KSK-104, or a para-pentoxy 

substituted benzoyl group in case of KSK-106 (Figure 1A).  

We found that both KSKs show sub-micromolar minimum inhibitory concentrations for 

inhibiting at least 90% of growth compared to respective solvent controls (MIC90) with KSK-104 

having an MIC90 of 0.78 μM and KSK-106 of 0.39 μM (Figure 1B). Importantly, extensively 

drug-resistant (XDR) clinical isolates of M. tuberculosis originating from the KwaZulu-Natal 

region in South Africa were also susceptible to the KSKs with MIC90 values ranging from 0.78 

to 3.125 µM (Figure 1C). This indicates that the KSKs do not share a similar mechanism of action 

compared to the clinically used drugs, to which the tested M. tuberculosis XDR strains are 

resistant. 
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Figure 1. Structures of KSK molecules and antibacterial activity against M. tuberculosis.  

A) Chemical structures of the a-aminooxyacetic derivatives KSK-104 and KSK-106 indicating 

three regions. The alkoxyamide and benzyloxamide moieties/structures are boxed. B) Dose-

response curves for KSK-104 and KSK-106 demonstrating a concentration-dependent inhibition 

of M. tuberculosis H37Rv growth. Data are shown as means of triplicates with SD. C) MIC90 

values of rifampicin (RIF), KSK-104 and KSK-106 for various M. tuberculosis laboratory strains 

and for clinical XDR isolates (KZN) originating from the KwaZulu-Natal region, South Africa. 

Growth was quantified by employing the resazurin reduction assay. Data represent a single 

experiment with n = 3 with no variations in MIC90 values observed between individual samples. 

 

Strain KSK-104 KSK-106 RIF

M. tuberculosis H37Rv 0.78 0.39 0.19

M. tuberculosis mc26230 0.39 0.78 0.097

M. tuberculosis CDC1551 0.78 0.78 1.56

M. tuberculosis Erdman 0.19 0.19 0.097

M. tuberculosis KZN06 1.56 1.56 >100

M. tuberculosis KZN07 1.56 1.56 >100

M. tuberculosis KZN13 3.125 1.56 >100

M. tuberculosis KZN14 1.56 1.56 >100

M. tuberculosis KZN15 1.56 1.56 >100

M. tuberculosis KZN16 3.125 1.56 >100

A B

C
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Next, we established a flexible straightforward synthesis route for KSK-104 and KSK-

106 to obtain sufficient amounts of these novel anti-TB lead structures for pharmacological tests 

and to enable their optimization through chemical derivatization (Scheme 1). 

 

Scheme 1. Synthesis of novel anti-TB lead structures KSK-104 and KSK-106. i) 1.00 eq. 

IBCF, 1.00 eq. NMM, THF, -20 °C to rt, 16 h; ii) 1.15 eq. NHPI, 1.15 eq. NEt3, MeCN, reflux, 

4 h; iii) 4.00 eq. methylhydrazine, 4.00 eq. HCL in dioxane (4 M), CH2Cl2, -10 °C, 16 h; iv) 

1.25 eq. EDC·HCl,  0.10 eq. DMAP, 1.20 eq. Et3N, CH2Cl2, rt, 16 h. 

 

The protected intermediate 3 was synthesized via a coupling reaction mediated by 

isobutylchloroformiate (IBCF) and N-methylmorpholine (NMM) between bromoacetic acid (1a) 

and O-benzylhydroxylamine (2), using a mixed anhydride as the acylating intermediate. The 

subsequent alkylation of N-hydroxyphthalimide (NHPI) with 3 yielded the phthaloyl-protected 

hydroxylamine 4. Deprotection of 4 was achieved through methylhydrazinolysis, and the 

resulting hydroxylamine 5 was isolated as hydrochloride. Finally, EDC-mediated coupling 

reactions were performed for the acylation of 5, using either 4-phenylbenzoic acid (6a) or 4-

pentyloxybenzoic acid (6b), to produce KSK-104 (7) with a yield of 72% or KSK-106 (8) with a 

yield of 74%, respectively. 

The stability of both lead structures, KSK-104 and KSK-106, in aqueous media or human 

EDTA-plasma was tested at 37 °C to evaluate their suitability for further drug development.  In 

aqueous media, both lead structures exhibited only minor degradation (<4%) over 48 hours both 

at pH and pH 7.4, respectively (Figure S1, Supporting Information). No degradation of KSK-104 

in EDTA-plasma could be detected after 24 h (Figure S2A). KSK-106 showed high stability with 
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no measurable degradation after 6 hours in human EDTA plasma, and only 20% degradation after 

24 hours, giving a calculated half-life of 77.9 hours ex vivo. In whole blood, KSK-106 was less 

stable, and degraded within 24 hours to 38.4% (ex vivo t1/2 = 18.1 h). The blood-to-plasma ratio 

was assessed as 0.643±0.046 for KSK-106 in two donors (each n=3), indicating minor distribution 

into erythrocytes (Figure S2B). Furthermore, good oral bioavailability of more than 60% and 

80%, respectively, is suggested for KSK 106, by the Papp values of 2.52*10-6 cm/s for the oily 

formulation and 1.12 *10-5 cm/s for the Tween 80/ethanol formulation considering passive 

membrane transport only (Figure S2C).7 These results indicate appropriate stability in conditions 

mimicking physiologically relevant conditions and good permeability. 

 

KSK-104 and KSK-106 are bactericidal and selectively active against tuberculous 

mycobacteria. 

We continued our investigations of the KSKs by characterizing their anti-tubercular and 

cytotoxicity profiles. We found that KSK-104 and KSK-106 were specifically active against 

M. tuberculosis and M. bovis BCG Pasteur, while no growth inhibition of other tested fast-

growing mycobacteria such as Mycobacterium marinum, Mycobacterium abscessus and 

Mycobacterium smegmatis was observed. These results indicate that the compounds are only 

effective against tuberculous mycobacteria (Figure S3A). Additionally, the compounds have been 

tested against several nosocomial bacteria and fungi, such as Staphylococcus aureus Mu50, 

Acinetobacter baumannii ATCC BAA-1605, Pseudomonas aeruginosa ATCC 27853, and 

Candida albicans ATCC 24433 (Figure S3A). Growth of none of these pathogens was affected 

by the treatment with KSKs suggesting a specific tuberculous mechanism and/or target of the 

novel compounds. Of note, KSK-104, and KSK-106 showed no cytotoxic effects on various 

human cell lines originating from different tissues at concentrations up to 100 μM (Figure S3B). 

We then monitored the anti-TB effects of both molecules over 35 days performing a time-

killing kinetic to investigate how KSK-104 and KSK-106 exert their growth inhibition on 

M. tuberculosis. Both KSK-104 and KSK-106 exhibited a bactericidal effect within the first 9 

days of incubation, resulting in a 2 - 3-log10 reduction in viable cell counts as determined by 

quantifying colony forming units (CFU) (Figure 2A). No further reduction in viability occurred 

after day 9; in contrast to the tested clinical drugs, however, CFU counts remained constant and 

no resumption of growth was observed in monotreatment (Figure S4). Since the standard 

treatment of TB requires a combination therapy employing four different drugs,8,9 we tested KSK-

104 and KSK-106 in combination with the first-line antibiotics isoniazid, rifampicin, and 

ethambutol as well as with delamanid and bedaquiline (Figure S4). Both KSK compounds showed 
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an additive effect in combination with isoniazid, rifampicin, ethambutol, and delamanid, indicated 

by a reduction of viable cell counts to the detection limit of 102 CFU/mL. Furthermore, 

particularly the combination with KSK-106 efficiently suppressed the resurgence of surviving 

bacteria even after 35 days of incubation. In contrast, bedaquiline substantially dampened the 

bactericidal effect of KSK compounds, indicating antagonistic drug-drug interference.  

M. tuberculosis is an intracellular pathogen, mainly residing and replicating in 

phagolysosomes of macrophages thereby escaping the immune response mechanisms of the 

infected host.10,11 To evaluate whether the KSKs also interfere with intracellular growth, we 

employed a THP-1 human macrophage infection model that relies on quantifying cell growth of 

a mCherry-expressing fluorescent M. tuberculosis reporter strain. While macrophages treated 

with the solvent control (DMSO) exhibited a high intracellular bacterial burden, both KSK 

compounds substantially inhibited intracellular proliferation of M. tuberculosis and resulted in a 

healthy morphology of the treated macrophages (Figure 2B). Remarkably, treatment of infected 

THP-1 cells with either KSK-104 or KSK-106 at 0.5 µM resulted in bacterial fluorescence lower 

than the rifampicin (3 µM) and streptomycin (20 µM) controls. These results indicate a stronger 

potency of both KSKs in killing intracellular M. tuberculosis residing in human macrophages 

(Figure 2B). These results were confirmed by counting CFU after plating bacteria isolated from 

THP-1 cells infected with the non-fluorescent parental M. tuberculosis H37Rv strain (Figure 2C). 

Conclusively, KSKs can enter relevant human target immune cells and inhibit M. tuberculosis 

growth with higher efficiency than the tested first-line drugs.  

The duration of TB therapy is lengthy, in part because current anti-TB drugs are mainly 

effective against actively growing, replicating mycobacteria, but considerably less active against 

non-replicating bacteria.12 Therefore, drugs that inhibit these non-replicating persisting M. 

tuberculosis cells that are known to be highly tolerant against a multitude of clinical drugs are 

desired.13 We thus evaluated the activity of the KSKs against both replicating and starvation-

induced non-replicating cells of M. tuberculosis H37Rv in comparison to the first- and second-

line drugs bedaquiline, D-cycloserine, rifampicin, ethambutol, moxifloxacin and delamanid 

(Figure 2D). While replicating cells were sensitive to all tested compounds including the KSKs, 

the starvation-induced non-replicating cells were highly tolerant to all tested antimycobacterials, 

with none of them completely inhibiting growth even at the highest tested concentration. While 

bedaquiline showed highest potency, KSK-104 and KSK-106 demonstrated at least some activity 

comparable to that of rifampicin, moxifloxacin, and delamanid. In contrast, D-cycloserine and 

ethambutol showed no activity against non-replicating cells (Figure 2D).  
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Figure 2. KSKs exhibit a sub-micromolar bactericidal anti-TB activity in vitro and in vivo 

using a THP1 infection model. A) Killing kinetic study by quantifying viable cell count (CFU) 

following different treatment intervals. M. tuberculosis H37Rv cultures treated with KSK-104 or 

KSK-106. KSK-104 and KSK-106 showed a bactericidal effect. Experiments have been 

performed in triplicates. Data are shown as mean ± S.D.. B) Effects of KSKs on intracellular 

growth of a constitutively mCherry-expressing M. tuberculosis H37Rv reporter strain in a human 

macrophage THP-1 infection model. THP-1-derived macrophages were treated three hours after 

infection with either 20 µM DMSO, 0.5 μM KSK-104 or KSK-106, or with the clinical anti-TB 

drugs rifampicin (RIF, 3 μM) or streptomycin (STREP, 20 μM). After 5 days, fluorescence 

microscopy was used to visualize internalized bacteria. Representative brightfield pictures of 

macrophages, and the corresponding fluorescence micrographs are shown. The bar represents 10 

µm. C) Box-plot of CFU counting after infection of THP-1 macrophages with M. tuberculosis 

H37Rv. Cells were treated with antibiotic and KSK concentrations as described above. UI = 

uninfected, UT = untreated (DMSO), RIF = rifampicin, STREP = streptomycin. Boxes show 

A
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upper and lower quartiles with median. Statistical significance (** p < 0.01) was calculated using 

Kolmogorov-Smirnov-test and student’s t-test. All experiments have been performed in 

triplicates and have been repeated once with similar results. D) The activity of KSK-104 and 

KSK-106 was investigated against replicating and non-replicating M. tuberculosis H37Rv cells 

compared to the several first- and second-line drugs. To generate starvation-induced non-

replicating bacilli, cultures of M. tuberculosis H37Rv cells were washed, suspended in PBS, and 

incubated at 37°C for three weeks. Starved cultures were then incubated for 7 days with the drugs. 

Moderate efficacy against starvation-induced non-replicating cells was observed only for 

bedaquiline. Growth was quantified by employing the resazurin reduction assay. KSKs exhibited 

a low activity, comparable to rifampicin, moxifloxacin, and delamanid, while ethambutol and D-

cycloserine did not show any activity. Data shown as means of triplicates with SD. The dashed 

lines indicate 10% residual growth. 

 

The putative amidohydrolases AmiC and Rv0552 mediate resistance and susceptibility 

towards KSK-104 and KSK-106. 

To elucidate the mechanism of action and resistance, we isolated spontaneous single-step resistant 

mutants of M. tuberculosis H37Rv (Figure S5). All resistant mutants isolated against KSK-104 

showed high-level resistance as indicated by 32-fold shift in MIC90, and occurred at a frequency 

of approximately 1 × 10-8. For KSK-106, all isolated resistant mutants showed a MIC90 shift of 

approximately 1,024-fold and occurred at a rate < 1 × 10-10. Results of whole-genome sequencing 

of five KSK-104-resistant mutants revealed single nucleotide polymorphisms (SNPs) in the gene 

Rv0552, which encodes a non-essential, conserved hypothetical protein of unknown function 

(Figure 3A). It is predicted to have amidohydrolase activity and to act on carbon-nitrogen bonds 

but not on peptide bonds.14 The mutations included two independent non-synonymous SNPs 

resulting in amino acid substitutions, H67R and A229D. The KSK-106-resistant mutants all 

harbored mutations in the amiC gene (Rv2888c), which also codes for a non-essential 

amidohydrolase (Figure 3A). In contrast to the KSK-104 resistant mutants, we found not only 

SNPs leading to an amino acid exchange (P185T) but also a SNP resulting in a premature stop 

codon (E129*) as well as insertions causing a frameshift that most likely led to a non-functional 

protein (insertion +t at position encoding amino acid 100 of 473; insertion +ccgg at position 

encoding amino acid 347 of 473). The diversity of identified multiple distinct mutations indicated 

selection and suggested that resistance to KSKs is associated with loss of function of the identified 

non-essential amidohydrolase genes. In the majority of the analyzed clones, mutations in Rv0552 

and amiC were accompanied by additional mutations. These mutations, however, occurred in 
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diverse genes, which in most cases only had one distinct mutation each. Identical mutations 

occurring in different mutants strongly suggests that these mutations were copies of a parent clone 

preexisting in the culture and did not substantially contribute to resistance. In particular, second-

site mutations in genes impairing phthiocerol dimycocerosate (PDIM) biosynthesis, such as 

mutations in ppsA and ppsE, are known to occur very frequently during in vitro culturing of M. 

tuberculosis strains.15  

To confirm the relevance of Rv0552 and amiC in conferring resistance to KSK-104 and 

KSK-106, we generated individual site-specific Rv0552 and amiC gene deletion mutants in 

M. tuberculosis H37Rv, using specialized transduction (Figure S6). The resulting independent 

clones of the M. tuberculosis ΔRv0552 gene deletion mutant were highly resistant (8-fold increase 

in MIC90) against KSK-104 with an MIC90 of 12.5 μM (Figure 3B). Genetic complementation of 

the ∆Rv0552 deletion mutant with the wild-type Rv0552 gene constitutively expressed from a 

single copy integrative plasmid (pMV361::Rv0552) fully restored the sensitivity to KSK-104. 

Site-directed mutagenesis was used to generate plasmids containing the specific mutations found 

in the spontaneously resistant mutants. Complementation with these mutated versions of the 

Rv0552 gene by using plasmids pMV361::Rv0552 H67R or pMV361::Rv0552 A229D only 

marginally restored antitubercular activity (Figure 3B). This confirmed that the resistance 

phenotype depends only on the loss of function of Rv0552, ruling out potential polar effects or 

relevance of secondary mutations. Likewise, loss of the amiC gene in the M. tuberculosis ∆amiC 

gene deletion mutant conferred high resistance to KSK-106 with a MIC90 of 6.25 μM, 

corresponding to an 8-fold increase in MIC90. The complementation of the ∆amiC gene deletion 

mutant with the wild-type amiC gene using plasmid pMV361::amiC restored the antitubercular 

activity of the KSKs, while this effect was not observed when complemented with the mutated 

versions of the amiC gene (Figure 3C). These results demonstrated that the observed resistance 

to KSK-106 in M. tuberculosis is unambiguously linked to loss of function of amiC. Interestingly, 

the ∆Rv0552 mutant also showed moderate resistance towards KSK-106 with an MIC90 of 

1.56 μM, while the ∆amiC mutant exhibited moderate resistance against KSK-104 with a MIC90 

of 3.12 μM (each corresponding to a 2-fold increase in MIC90), demonstrating some degree of 

reciprocal cross-resistances (Figure 3D). 

To further analyze the role of the putative amidohydrolases, we generated merodiploid 

strains of M. tuberculosis H37Rv, M. bovis BCG Pasteur, and M. smegmatis using the same 

integrative plasmids as above (pMV361::Rv0552 and pMV361::amiC) to overexpress Rv0552 

and amiC, respectively. In M. tuberculosis H37Rv and M. bovis BCG Pasteur, overexpression led 

to increased susceptibility towards the KSKs compared to the empty vector control (Figures 3E 

and S7). In contrast, overexpression of the two putative amidohydrolases in the non-tuberculous 
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species M. smegmatis did not result in any activity, indicating that active amidohydrolases are 

required, but alone not sufficient, for mediating antimycobacterial activity of the KSKs. Of note, 

while mutations in amiC were identified to mediate resistance to KSK-106 in spontaneous 

resistant mutants, overexpression of amiC also increased susceptibility of the recombinant 

M. tuberculosis H37Rv and M. bovis BCG Pasteur strains towards KSK-104 (Figure 3E), while 

overexpression of Rv0552, which was identified to mediate resistance to KSK-104 in spontaneous 

resistant mutants, cross-sensitized recombinant M. bovis BCG Pasteur towards KSK-106 (Figure 

S7).   

 

 
 

Figure 3. The putative amidohydrolases AmiC and Rv0552 are mediating resistance and 

sensitivity of M. tuberculosis towards KSK-104 and KSK-106. A) Overview of mutations 

identified by whole-genome sequencing in spontaneous resistant M. tuberculosis mutants raised 

against KSK-104 and KSK-106. Dose-response curve of ΔRv0552 (B) and ΔamiC (C) knock-out 

strains against KSK-104 and KSK-106 compared to the parental strain. Deletion of Rv0552 and 

amiC conferred resistance towards KSK-104 and KSK-106, respectively. Complementation of 

the gene deletion mutants with integrating plasmids carrying wild-type genes, pMV361::Rv0552 

and pMV361::amiC, restored sensitivity in contrast to the ones carrying mutated genes, 

pMV361::Rv0552 H67R, pMV361::Rv0552 A229D, pMV361::amiC P185T, pMV361::amiC 

Ins100 +t. Mutants carrying the empty vector control plasmid pMV361::EV served as negative 

A C

B

KSK-104-resistant mutants
# Rv0552 amiC gabP ppsA ppsE Rv3368c Rv0818
1 H67R E131Q C377R G50S
2 H67R E131Q C377R G50S
3 A229D W1294*
4 H67R E131Q C377R G50S
5 H67R E131Q C377R G50S
KSK-106-resistant mutants
1 +ccgg in aa 347 W1294*
2 +t in aa 100 A465S L97P
3 P185T W1294* T99A
4 E129*

D

E
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controls. D) Cross-resistance of ΔRv0552 and ΔamiC knock-out strains against KSK-104 and 

KSK-106. Dose-response curves compared to the parental strain show low-level resistance of the 

ΔRv0552 mutant against KSK-106 and of the ΔamiC mutant against KSK-104, respectively. E) 

Overexpression of amiC or Rv0552 leads to increased activity of M. tuberculosis H37Rv against 

KSK-104 and KSK-106. Dose-response curves for KSK-104 (top) and KSK-106 (bottom) 

showing a concentration-dependent growth inhibition of recombinant strains harboring the empty 

vector control pMV361::EV or the overexpression constructs pMV361::amiC or 

pMV361::Rv0552, respectively. Results in B, C and E are mean ± S.D. from three independent 

biological replicates. Results in D are mean ± S.D. from four to six biological replicates, resulting 

from two independent experiments each measured at least in duplicate. Growth was quantified by 

employing the resazurin reduction assay. The dashed lines indicate 10% residual growth. 

 

KSKs are pro-drugs that are hydrolyzed intracellularly by the amidohydrolases Rv0552 

and AmiC. 

The genetic studies demonstrated that loss of function of the non-essential proteins Rv0552 or 

AmiC mediates resistance towards the antibacterial KSK compounds, while their overexpression 

causes hypersensitivity. This phenotype has previously been reported to be associated with the 

activation of pro-drugs.16,17 In fact, AmiC was previously shown to be involved in activation of 

amide-containing drugs. Indole-4-carboxamides are hydrolyzed by AmiC to yield 4-aminoindole, 

which acts as an antimetabolite of tryptophan biosynthesis at the stage of tryptophan synthase 
(TrpAB).18 Furthermore, MMV687254, a pyridine carboxamide derivative, also requires AmiC-

dependent hydrolysis for antibacterial activity against M. tuberculosis, although the 

antimycobacterial mechanism following hydrolysis remained unknown.19 Therefore, we 

hypothesized that the KSKs are pro-drugs that are hydrolyzed by intracellular amidohydrolases, 

Rv0552 or AmiC, to bioactive metabolites.  

To evaluate the predicted role of AmiC and Rv0552 in the activation of, and resistance to, a-

aminooxyacetic acid molecules, further biochemical and structural studies were performed. 

Structure-homology modeling of Rv0552 using Phyre220 and PyMOL employing an 

uncharacterized, metal-dependent hydrolase from Pyrococcus horikoshii ot3 (PDB ID 3IGH) as 

the template provided indications that the H67R mutation observed in resistant mutants might 

interfere with complexation of a Zn2+ ion, thereby potentially impairing hydrolytic activity 

(Figure S8A). Also, the A229D mutation is predicted to be located in close proximity to the Zn2+ 

ion thereby possibly disturbing hydrolytic activity. Structural modeling of AmiC using a fatty 

acid amide hydrolase from Arabidopsis thaliana as the template (PDB ID 6DII) revealed that 
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proline 185 is located within the hydrophobic core. Therefore, the P185T mutation could result 

in protein destabilization and unfolding (Figure S8B). These observations support that 

antimycobacterial activity of the KSKs probably relies on hydrolytic activity of Rv0552 and 

AmiC. To further substantiate this, we performed a multiple sequence alignment of AmiC and 

found that the protein probably belongs to the amidase superfamily (Figure S8C), which 

comprises a distinctive catalytic Ser-cis-Ser-Lys triad conserved among several known hydrolytic 

enzyme.21,22 We propose that the triad Ser181-cis-Ser157-Lys82 represents the catalytic center of 

AmiC (Figure 4A) as it shares similar positions with that of the 6-aminohexanoate cyclic dimer 

hydrolase (PDB ID 3A2Q) (Ser174-cis-Ser150-Lys72) and the aryl acylamidase (PDB ID 4YJ6) 

(Ser187-cis-Ser163-Lys84).23,24 In agreement with this, complementation of the M. tuberculosis 

∆amiC gene deletion mutant with a plasmid expressing a mutated AmiC version, with all three 

catalytically relevant residues being replaced by alanine (pMV361::amiC 

K82A_S157A_S181A), was unable to restore susceptibility of the recombinant strain to both 

KSKs (Figure 4B). 

The hydrolytic activation could affect either the alkoxyamide and/or benzyloxyamide moiety 

of the lead structures KSK-104 and KSK-106 resulting in different cleavage products (Figure 4C 

and Figure S9A). To assess whether metabolic cleavage of KSK-104 occurs, the compound was 

incubated with viable M. tuberculosis H37Rv cells. LC-MS analysis of methanol extracts of the 

cell suspension obtained after 48 h of incubation showed that the parental compound was 

completely consumed, while two cleavage products accumulated (6a, 10), indicating hydrolysis 

at both potential cleavage sites (Figure 4D). Incubating KSK-104 in a sterile medium resulted in 

the formation of small amounts of cleavage product 10. This suggests that benzyloxyamide 

hydrolysis of KSK-104 may also occur spontaneously to some extent under the tested conditions, 

whereas alkoxyamide hydrolysis of KSK-104 is exclusively cell-mediated. KSK-104 hydrolysis 

to products 6a and 10 should additionally yield cleavage products 2, 5 and 9, which were not 

detected in the cellular extract. This suggests that further metabolism may occur following the 

first step of KSK-104 hydrolysis. We confirmed cell-mediated alkoxyamide hydrolysis of KSK-

106 by detecting cleavage product 11 (as an analog of 10) after incubation of M. tuberculosis 

H37Rv cells with KSK-106, while no other predicted cleavage product was detected (Figure 

S9A+B). 

Next, to evaluate whether the antimycobacterial activity of the KSKs arises from a specific 

hydrolytic product, we tested the susceptibility of M. tuberculosis H37Rv cells against all 

potential KSK-104 (Figure 4E) or KSK-106 (Figure S9C) cleavage products. However, with 

MIC90 values ranging from 25 to >100 µM, the individual compounds were only weakly active or 

inactive. Furthermore, even different combinations of products that result from alkoxyamide 



3. α-Aminooxyacetic acid derivatives acting as pro-drugs against Mycobacterium tuberculosis 

- 40 - 

and/or benzyloxyamide hydrolysis were unable to reproduce the effect of the parental compounds 

(Figure 4E and Figure S9C). One possible explanation is that the tested metabolites, which bear 

polar carboxyl and aminoxy groups, are polar and potentially charged under the assay conditions 

and therefore likely exhibit low permeability through the lipophilic mycobacterial cell wall.25 

From these findings, we conclude that the antibacterial activity of the KSKs relies on efficient 

diffusion or uptake of the parental compounds by the cells, followed by intracellular hydrolysis 

by the amidohydrolases AmiC and/or Rv0552. The antibacterial mechanism(s) might then arise 

from one or more of the emerging intracellular hydrolysis products which are possibly further 

metabolized.  



3. α-Aminooxyacetic acid derivatives acting as pro-drugs against Mycobacterium tuberculosis 

- 41 - 

 
Figure 4. Catalytic activity of Rv0552 and AmiC is required for antimycobacterial effects 

of KSK-104 and KSK-106. A) AlphaFold prediction of the structure of the active center of 

AmiC, showing the orientation of the catalytic triad Ser181-cis-Ser157-Lys82 

(https://www.alphafold.ebi.ac.uk/entry/O06418).26,27 B) Dose-response curve for KSK-104 and 
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KSK-106 of the M. tuberculosis ∆amiC gene deletion mutant complemented with a plasmid 

expressing a catalytic site mutant version of AmiC (pMV361::amiC K82A_S157A_S181A). The 

mutant strain containing the empty vector control plasmid pMV361::EV served as the negative 

control, while the mutant strain expressing wild-type AmiC from plasmid pMV361::amiC served 

as the positive control. Data are means ± SD from three independent biological replicates. Growth 

was quantified by employing the resazurin reduction assay. The dashed lines indicate 10% 

residual growth. C) Structure of potential hydrolysis products released from KSK-104 by 

amidohydrolases AmiC and Rv0552. D) ESI-LC-MS analysis of methanol extracts obtained after 

48 h incubation of 100 µM KSK-104 in sterile 7H9 medium (top) or in 7H9 medium inoculated 

with M. tuberculosis H37Rv cells (bottom). The scan was from 50 to 1500 m/z in positive mode. 

The base peak chromatogram is shown in red, the UV chromatogram at 254 nm is shown in blue. 

Identified peaks: KSK-104 [m/z + H]+ = 377.14, 6a [m/z + H]+ = 199.07,  10 [m/z + H]+ = 272.09. 

E) MIC90 values of potential KSK-104 hydrolysis products against M. tuberculosis H37Rv. 

Compounds were tested individually and in various combinations. For combination treatments, 

equimolar mixtures were used containing each compound at the indicated concentration. F) 

Comparison of MIC90 values of KSK-104 and KSK-106 derivatives tested against M. tuberculosis 

H37Rv wild type and the ΔRv0552 and ΔamiC gene deletion mutants. 

 

To further characterize the contribution of the amidohydrolases AmiC and Rv0552 to 

susceptibility to KSK compounds, we made use of our flexible synthesis capabilities to synthesize 

various analogs of KSK-104 and KSK-106 using two different routes (Scheme 2). For the 

synthesis of the O-substituted hydroxamic acids (benzyloxyamides) 15 and 17 via route A, 

hydroxylamine hydrochloride 5 was acylated with carboxylic acids 6c-d in EDC-mediated amide 

coupling reactions in the presence of trimethylamine and 4-(dimethylamino)pyridine. For Route 

B, the hydroxamic acids 12a-b were O-alkylated with bromoacetic acid (1a) or 2-bromopropanoic 

acid (1b) in alkaline medium to furnish the corresponding carboxylic acids 10, 11 and 13 as 

intermediates in good yields. The required regioselectivity of these alkylation reactions was 

investigated by 1H-15N-HSQC-NMR-spectroscopy. Finally, the carboxylic acids 10, 11 and 13 

were reacted with either O-benzylhydroxylamine (2) or differently O-substituted hydroxylamine 

hydrochlorides 14a-e in EDC-mediated amide coupling reactions to afford the KSK-analogs 16 

and 18-22.  

The derivatives 15-22 were tested for antibacterial activity against cells of M. tuberculosis 

H37Rv wild type and the ΔRv0552 and ΔamiC mutants (Figure 4F) (an extensive structure-

activity relationship study comprising more than 200 derivatives will be reported elsewhere). We 

identified that derivatives 15 and 16, which differ in region C compared to KSK-106, show 
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reduced relative activity only against the ΔamiC gene deletion mutant. In contrast, KSK-104 

structural variants 17-19 exhibited substantially lower relative activity only with the ΔRv0552 

mutant, while compounds 20-22 differing in region C compared to KSK-104 demonstrated a 

similar shift in MIC90 against both deletion mutants (Figure 4F). As indicated by the reduced 

antimycobacterial activity, the methyl group in region B of 21 strongly impeded the hydrolysis 

of the benzyloxyamide group not only in the gene deletion mutants but partly already in the wild 

type of M. tuberculosis H37Rv. In agreement with the increased susceptibility to KSK-104 and 

KSK-106 observed in the overexpression strains (Figure 3E and Figure S7) and the cross-

resistance of the ΔamiC and ΔRv0552 gene deletion mutant against both KSK-104 and KSK-106 

(Figures 3D and 4B), these results collectively suggest that both amidohydrolases can principally 

be partially redundant pro-drug activators of α-aminooxyacetic acid derivatives, with the 

preference for AmiC or Rv0552 being influenced by the specific substitution pattern of the 

compounds.  
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Scheme 2. Synthesis of KSK-analogs 15-22. i) 1.00 eq. of hydroxylamine hydrochloride (5), 

1.25 eq. EDC•HCl, 0.10 eq. DMAP, 1.20 eq. NEt3, CH2Cl2, rt; ii) 1.00 eq. bromoacetic acid (1a), 

2.00 eq. NaOH, EtOH, reflux; iii) 1.10 eq. NaH, THF, -10 °C then 1.00 eq. 2-bromopropanoic 

acid (1b), THF, reflux; iv) 1.00 eq. O-benzylhydroxylamine (2), 1.25 eq. EDC•HCl, 0.10 eq. 

DMAP, CH2Cl2, rt; v) 1.00 eq. H2NOR3 hydrochloride (14a-e), 1.25 eq. EDC•HCl,  0.10 eq. 

DMAP, 1.20 eq. NEt3, CH2Cl2, rt.  

 

α-Aminooxyacetic acid derivatives might act as “dirty drugs” affecting multiple 

intracellular targets. 

To reveal molecular insights into pathways that contribute to the antitubercular effects of the 

studied compounds, we applied complementary approaches including genetic interaction 

mapping as well as transcriptomic and proteomic stress response profiling. 
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 For an unbiased identification of pathways or targets that are associated with KSK 

susceptibility or resistance, we performed a genome-wide quantitative analysis of a saturated 

transposon mutant pool established in M. tuberculosis strain H37Ra, employing transposon-

insertion sequencing (TnSeq). The mutant pool was subjected to either DMSO solvent control or 

to a sublethal concentration of 0.18 μM KSK-106 that was found to decrease growth rate by ca. 

50% over five generations (Figure S10). A mean saturation of 67.7% (range 65-69%) was 

observed between samples, where 'saturation' refers to percent of TA dinucleotide sites with one 

or more insertion. We identified 74 genes with Padj < 0.05 resulting in apparent fitness changes 

of transposon mutants using TRANSIT28 resampling. Of these genes of interest, 23 met a Log2-

fold change threshold ≤ -0.55 or ≥ 0.55 and seven a Log2-fold change threshold ≤ -1 or ≥ 1, 

respectively (Figure 5A). By comparing the composition of the mutant library in the absence and 

presence of KSK-106, we were able to define 41 genomic regions harboring transposon insertions 

with a significant increase of mutant abundance during KSK-106 treatment, suggesting that 

inactivation of the respective genes provides an advantage under the test conditions and 

contributes to resistance. We also found 33 genomic regions, for which insertions resulted in a 

significant decrease in mutant abundance over experimental selection, suggesting that these genes 

are important for fitness under the test conditions as their inactivation led to an increased 

sensitivity of the cells (Table S1). 

Confirming our previous results, mutants harboring inactivating transposon insertions in 

amiC or Rv0552 led to the strongest enrichment of mutants in the pool upon KSK-106 treatment, 

consistent with their suggested role in pro-drug activation (Figure 5A-C). These finding are 

further supported by gain of fitness observed from insertions throughout the open reading frames 

of these genes (Figure 5B+C). Several genes found to alter mycobacterial fitness in drug-treated 

cells were already known to affect efficacy against other drugs (Table S2). These are genetic 

features that likely contribute to general mycobacterial resistance or susceptibility mechanisms 

that are not specifically linked to the antitubercular effects of KSK-106. These include genes 

encoding putative drug-efflux pumps (ABC transporter Rv1272c-Rv1273c, the daunorubicin-

phthiocerol dimycocerosate-transport ABC transporter DrrA and DrrB, and the resistance-

nodulation-cell division (RND) superfamily member MmpL7), 29-32 where transposon insertions 

led to higher susceptibility to KSK-106 treatment, suggesting that these transporters mediate 

efflux of the parental compound or bioactive hydrolysis products. Furthermore, insertions in the 

universal stress protein family gene Rv3134c, reported to be part of a complex involved in the 

bacterial response to a wide range of stresses, 33 resulted in decreased fitness of the corresponding 

mutants. Additionally, mutants harboring transposon insertions in metabolic genes were also 

highly overrepresented in the pool following treatment. These included the glycogen metabolism 
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genes glgC and glgP, and the glycerol kinase gene glpK, where mutations have frequently been 

reported to produce a general drug-tolerant phenotype. 34-37 In contrast, transposon insertions in 

genes implicated in the cell wall structure, such as those encoding PE/PPE family members and 

enzymes involved in the synthesis of the major cell envelope lipid phtiocerol dimycocerosate 

(ppsA, ppsB, ppsC, ppsE), caused a reduced sensitivity towards KSK-106, which might be linked 

to a reduced cell permeability of the compound (Table S2). 

In addition to these general mechanisms, we found several genes that appeared to 

specifically alter susceptibility to KSK-106 treatment, providing further insights into the KSK-

induced mechanism of action (Table S3). Mutants carrying insertions in the doxX gene were 

enriched in the KSK-106 treated group, conferring a fitness advantage (Figure 5D). DoxX, 

together with the superoxide detoxifying enzyme SodA and the predicted thiol-oxidoreductase 

SseA, has been described to form a membrane-associated oxidoreductase complex (MRC) that is 

responsible for coordinating detoxification of reactive oxygen species and thiol homeostasis 

during M. tuberculosis infection. SseA and DoxX are mediating oxidative recycling of thiyl 

radicals that are generated by the free radical scavenging activity of mycothiol, while oxidized 

mycothiol is then recycled by mycothione reductase activity. Superoxide anions might be 

generated during these enzymatic activities, which are detoxified by the superoxide dismutase 

SodA. It has been reported that loss of DoxX leads to defective recycling of mycothiol and results 

in higher sensitivity towards oxidative stressors that react with cytosolic thiols such as tert-butyl 

hydroperoxide (tBHP).38 The increased fitness of doxX mutants led us to hypothesize that KSK-

106 might affect the oxidative stress network of M. tuberculosis in a thiol-specific manner. To 

test this, we investigated synergism between KSK-106 and the thiol-specific oxidative stressor 

tBHP. Addition of 0.001 µM tBHP resulted in a significantly higher susceptibility of 

M. tuberculosis H37Rv cells with a more than 16-fold decrease in MIC90 against both KSK-104 

and KSK-106, while sensitivity to the other tested drugs that do not interfere with the cytosolic 

thiol pool was not altered (Figure 5E). These results suggest a mechanism by which the treatment 

with KSK compounds might lead to the production of free radicals that are detoxified in a 

mycothiol-dependent manner. Inactivation of DoxX by transposon insertions decreases 

sensitivity towards the compounds by preventing the generation of toxic superoxide anions under 

these conditions, while the overload of this detoxification system by exogenous tBHP could 

potentially promote superoxide anion formation. 

We also identified a distinct set of genes that are involved in the PLP synthesis and salvage 

pathway. De novo biosynthesis of PLP in M. tuberculosis is mediated by PLP synthase, a complex 

consisting of the PLP biosynthesis protein SnzP, encoded by the gene Rv2606c, and the putative 

glutamine amidotransferase SnoP,39 while the pyridoxamine 5'-phosphate oxidase PdxH, encoded 



3. α-Aminooxyacetic acid derivatives acting as pro-drugs against Mycobacterium tuberculosis 

- 47 - 

by the neighboring gene Rv2607c, is involved in PLP salvage.40 Transposon insertions in snzP 

and pdxH caused a loss of fitness and rendered the cells more sensitive toward KSK-106 treatment 

(Figure 5F), suggesting that KSK-106 treatment might trigger a higher PLP demand within the 

cell. To test this, we supplemented a PLP-free minimal medium with 100 µg/mL pyridoxine and 

observed a 4-8-fold increase in MIC90 for KSK-104 and KSK-106 treated cells compared to non-

supplemented medium, whereas no change was observed for the control antibiotics rifampicin, 

moxifloxacin, and bedaquiline (Figure 5G).  

 

 

Figure 5. Genes specifically mediating differential susceptibility towards KSK-104 and 

KSK-106 treatment in M. tuberculosis as revealed by Tn-seq analysis. A) Volcano plot 

highlighting transposon mutants selected for or against under selective pressure of subinhibitory 

concentrations of KSK-106. Transposon insertions in genes with gains in fitness denoted in red. 

Transposon insertions in genes with loss in fitness denoted in blue. Black dotted line denotes 

threshold for significance of Log2-Fold change of < -1 or > 1 and adjusted p-value of <0.05. B - 

D, F) Abundance of reads at individual TA dinucleotide insertion sites at selected genomic 

regions in analyzed mutant pools of M. tuberculosis strain H37Ra subjected to sublethal treatment 

with KSK-106 (red bars) or DMSO solvent control (black bars). Relevant genes are highlighted 
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in red. Enrichment of transposon insertions in the amidohydrolase genes amiC (B) and Rv0552 

(C) in the KSK-106-treated M. tuberculosis H37Ra mutant pool, indicating decreased sensitivity 

of the corresponding transposon mutants. D) Enrichment of transposon insertions in the doxX 

gene in the KSK-106-treated M. tuberculosis H37Ra mutant pool, indicating decreased sensitivity 

of the corresponding transposon mutants. E) Amending of 7H9 medium with 0.001 µM tert-butyl 

hydroperoxide (tBHP), a thiol-specific oxidative stressor, resulted in a significantly increased 

sensitivity of cells of M. tuberculosis H37Rv towards KSK104 and KSK-106, as indicated by 

lowered MIC90 values. Cells treated with rifampicin, moxifloxacin and bedaquiline served as 

negative controls to demonstrate specificity. Growth was quantified by employing the resazurin 

reduction assay. Measurements were done in triplicates revealing identical MIC90 values between 

samples. F) Depletion of transposon insertions in genes involved in pyridoxal 5’-phosphate 

synthesis (snzP) and salvage pathway (pdxH) in the KSK-106-treated M. tuberculosis H37Ra 

mutant pool, indicating increased sensitivity of the corresponding transposon mutants. Mutants 

carrying transposon insertions in the pyridoxal 5’-phosphate synthesis gene snoP were also 

depleted, but did not reach the statistical treshhold. E) Supplementation of minimal medium with 

100 µg/mL pyridoxine led to resistance of cells of M. tuberculosis H37Rv towards KSK104 and 

KSK-106, as indicated by higher MIC90 values. Cells treated with rifampicin, moxifloxacin and 

bedaquiline served as negative controls to demonstrate specificity. Growth was quantified by 

employing the resazurin reduction assay. Measurements were done in triplicates revealing 

identical MIC90 values between samples.  

 

Next, since interrogation of fitness changes by Tn-Seq is largely limited to non-essential 

genes, we conducted differential transcriptional and proteomic profiling of KSK-106-treated and 

untreated cells as alternative approaches to assess which genes or proteins are linked to the mode 

of action of the α-aminooxyacetic acid derivatives. For transcriptomic analysis of M. tuberculosis 

mc26030, exponential phase cells were exposed to an inhibitory dose of 1.9 µM KSK-106 (5 

× MIC90) for 24 h and compared to DMSO-treated controls. Under this condition, KSK-106 

treatment caused a well-defined and very narrow effect on the transcriptome of M. tuberculosis. 

Four genes belonging to the gene cluster Rv3092c-Rv3095 were highly upregulated in treated 

cells (Figure 6A). In addition, Rv3096, which is adjacent to this gene cluster, was also upregulated 

more than 2-fold (p< 0.05). Although little is known about this gene cluster, two recent studies 

have explored some of its functions.41,42 The gene Rv3095 (mxyR) encodes the mycobacterial 

xylan regulator, which is a member of the family of multiple antibiotic resistance (MarR) 

transcriptional regulators and may play a role in the metabolic regulation of carbohydrates, 

including xylan, L-arabinose and galactose.42 The HTH-type transcriptional regulator gene 
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Rv3095 is divergently oriented to genes encoding a hydrolase (Rv3094c), an oxidoreductase 

(Rv3093c), and an ABC transporter (Rv3092c) and convergently oriented to the putative xylanase 

gene Rv3096. It was shown that Rv3094c is likely a flavin-dependent monooxygenase with an 

FAD-binding site and acyl-CoA dehydrogenase activity that is involved in ethionamide activation 

by sulfoxidation,42 while the main route for multistage ethionamide pro-drug activation occurs 

through conversion to active radicals by the Baeyer-Villiger monooxygenase EthA, followed by 

further conversion to a toxic adduct with NADH.43  

To corroborate the transcriptomic results, we investigated the protein stress response of 

M. tuberculosis H37Rv cells following KSK-106 treatment. For this, M. tuberculosis H37Rv cells 

were treated with a sublethal concentration of KSK-106 (0.05 µM, corresponding to 0.125 × 

MIC90) for 10 days. Proteomic analysis revealed again a very distinct and narrow response profile 

with a high abundance of the four proteins Rv3092c-Rv3095 in treated cells compared to the 

DMSO control (Figure 6B), confirming the results of the transcriptome analysis. A similar 

response was observed for cells of M. tuberculosis H37Rv subjected to 0.2 µM KSK-106 

treatment (corresponding to 0.5 × MIC90) (Figure S11). Such a distinctive and narrow 

transcriptomic and proteomic response profile is very unusual and has yet not been reported to 

occur in response to treatment with other antitubercular antibiotics. To further elucidate the role 

of the respective gene cluster in resistance and susceptibility towards KSK compounds, we 

generated a site-specific M. tuberculosis ∆Rv3092c-Rv3095 gene deletion mutant and tested its 

susceptibility against KSK-104 and KSK-106. Surprisingly, cells lacking the described genes 

demonstrated marked resistance against KSK-106 with an 8-fold increase in MIC90, and high-

level resistance to KSK-104 with a 16-fold increase in MIC90 values (Figure 6C). This implies 

that loss of this gene cluster provides a fitness advantage during treatment with α-aminooxyacetic 

acid derivatives and suggests that the strong and specific upregulation might represent a 

misguided stress response that enhances the antitubercular effect of the compounds.  

We finally assessed whether identified pathways that influence susceptibility to KSK-104 

and KSK-106 cooperate in the antitubercular mechanism of α-aminooxyacetic acid derivatives. 

For this, we tested the susceptibility of the M. tuberculosis ∆Rv3092c-Rv3095 gene deletion 

mutant in the presence of pyridoxine and observed enhanced resistance, demonstrating additive 

effects (Figure 6D).   
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Figure 6. Upregulation of the gene cluster Rv3092c-Rv3095 as a misled stress response 

in KSK-106 treated M. tuberculosis cells. A) Full transcriptome analysis of cells of M. 

tuberculosis strain mc26230 treated with a lethal concentration of KSK-106 compared to 

DMSO control. Exponential phase cells were exposed to 1.9 µM KSK-106 (5 × MIC90) for 

one generation time (24 h) and compared to DMSO treated controls. The plot shows the fold-

change (log2) in gene expression abundance, plotted against p-value (-log10). B) LC-MS/MS-

based whole protein analysis of silenced cells of M. tuberculosis H37Rv treated with a 

sublethal concentration of KSK-106 (0.05 µM, corresponding to 0.125 × MIC90) compared to 

DMSO control. The volcano plot illustrates the log2-fold change in abundance in KSK-106 

treated vs. non-treated cells (X-axis) and corresponding -log10 p values (Y-axis). Proteins 

complying with the chosen threshold of significance and showing a log2-fold change ≥ 1 or ≤ 

-1 are marked in blue or red, respectively. Quantification was done via label free 

quantification (LFQ) of four to five replicates per sample group. To identify statistically 

B

C D

**p ≤ 0.001

*p ≤ 0.05

increased
decreased

**p ≤ 0.001

A



3. α-Aminooxyacetic acid derivatives acting as pro-drugs against Mycobacterium tuberculosis 

- 51 - 

significant hits from the analysis, P ≤ 0.05 (Student’s T-test; permutation-based FDR with 

250 randomizations and FDR = 0.01) was applied. C) Dose-response curves of 

M. tuberculosis H37Rv wild type and the ΔRv3092c-Rv3095 gene deletion mutant against 

KSK-104 and KSK-106, demonstrating that the gene deletion leads to resistance against the 

compounds. D) Dose-response curves of the M. tuberculosis H37Rv ΔRv3092c-Rv3095 gene 

deletion mutant against KSK-106 during cultivation in minimal medium with or without 

100 µg/mL pyridoxine, leading to increased resistance in presence of pyridoxine. Cells treated 

with rifampicin (RIF) served as negative control to demonstrate specificity. Data in C+D are 

shown as means of triplicates ± SD. Growth was quantified employing the resazurin reduction 

assay. The dashed lines indicate 10% residual growth. 

 

DISCUSSION  
In this study, we have elucidated the antitubercular properties of KSK-104 and KSK-106, which 

belong to the family of α-aminooxyacetic acid derivatives that might pave the way for 

development of a new class of chemotherapeutics against M. tuberculosis infections. These 

compounds show antibacterial activity against M. tuberculosis in vitro and in infected human 

macrophages in a sub-micromolar range and are active against extensively drug-resistant (XDR-

TB) clinical isolates. Furthermore, the KSKs show a large therapeutic window with excellent 

activity and no cytotoxicity in a broad panel of human cell lines. With a specific effect on 

tuberculous mycobacteria, the KSKs could facilitate the development of narrow-spectrum 

bactericidals that offer a reduced risk of resistance development and side effects, while also 

providing a greater opportunity to maintain a normal commensal microbiota in treated 

patients.44,45 Finally, the novel compounds constitute a group of chemical entities that are readily 

available with a straightforward synthesis route, allowing further derivatization for medicinal 

chemical optimization. 

Similar to other anti-TB medications like isoniazid or ethionamide, the KSKs are pro-

drugs. Activation is mediated through hydrolysis by the amidohydrolases AmiC and Rv0552. 

Genetic studies involving gene deletion mutants and overexpressing recombinant strains revealed 

that both amidases can simultaneously catalyze pro-drug activation, albeit with various efficacies 

depending on the substitution pattern of the studied molecules. This partially redundant activation 

mechanism might partly explain the observed low resistance frequencies. Development of α-

aminooxyacetic acid derivatives that represent efficient substrates for both AmiC and Rv0552 

might further decrease the likelihood of resistance emergence. AmiC has recently been discovered 
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to mediate the activation of two other classes of amide-containing pro-drug compounds, indole-

4-carboxamides and pyridine carboxamides.18,19 However, for these compounds, monoactivation 

only by AmiC occurs, while the studied α-aminooxyacetic acid derivatives differ by involving 

alternative activation by AmiC and Rv0552. To our knowledge, Rv0552 has not previously been 

reported to be involved in activation of, or resistance to, antimycobacterial compounds. We 

acknowledge that redundant amidohydrolase activation of α-aminooxyacetic acid derivatives in 

the bacilli is attractive, as it will decrease resistance frequency, but substrate promiscuity might 

also impair in vivo efficacy when the compounds are hydrolyzed by host amidohydrolases before 

they reach the tubercle bacilli. High plasma stability as well as intracellular activity of the studied 

compounds in infected macrophages indicate that the current candidates are not substantially 

targeted by host amidohydrolases under the tested conditions, but further in-depth 

pharmacokinetic studies are required to explore metabolic stability in humans.  

Pro-drug activation of α-aminooxyacetic acid derivatives by AmiC and Rv0552 can lead 

to the formation of various hydrolysis products. Identification of predicted hydrolysis products 

by LC/MS indicates both alkoxyamide and benzyloxyamide hydrolysis. Since even treatment 

with the combination of different possible hydrolysis products did not mimic the antibacterial 

effect of the parental compounds, we conclude that AmiC- and Rv0552-mediated hydrolysis 

needs to occur intracellularly following the uptake of the parental molecules. At least some of the 

hydrolysis products are likely subject to further metabolism, as we were unable to detect every 

corresponding hydrolysis product by LC/MS. Which of the resulting hydrolysis products is 

responsible for the antitubercular activity of the parental compounds remains to be elucidated, 

but the observed pleiotropic effects suggest that it is the combination of two or more hydrolysis 

products or their resulting metabolites that provokes bacterial cell death. 

 Thus, we propose that the studied α-aminooxyacetic acid derivatives likely act as “dirty 

drugs” simultaneously attacking different intracellular targets or pathways following intracellular 

hydrolysis. “Dirty drugs” were previously defined as small (molecular weight ranging from 100-

300 g/mol), “fragment-like” antimycobacterials that can hit multiple targets and pathways inside 

the tubercle bacillus, and were shown to be less prone to the rapid emergence of resistance.46 

Combining complementary untargeted genome-wide genetic, transcriptomic and proteomic 

analyses, we identified three distinct mechanisms that may be involved in determining 

susceptibility of M. tuberculosis to the studied α-aminooxyacetic acid derivatives. 

Genetic interaction mapping connected the activity of the compounds to the oxidative 

stress network in M. tuberculosis cells by demonstrating the specific sensitizing effects of the 

oxidative stressor tBHP and the membrane protein DoxX. DoxX is an integral membrane protein 

that facilitates the coordination between cytosolic SseA and secreted SodA.38 In the cytosol, the 
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free radical scavenging activity of mycothiol generates mycothiol thiyl radicals. DoxX and SseA 

enable the conversion of these thiyl radicals into oxidized mycothiol, which is subsequently 

recycled through the activity of mycothione reductase. As a result of this process, superoxide 

anions might be produced, that are detoxified by the associated superoxide dismutase SodA.38 

When DoxX is inactivated, fewer superoxide anions may be generated, which might have less 

severe effects than the accumulation of free radicals. tBHP is known to interact with cytosolic 

mycothiol,47,48 which promotes generation of superoxide anions. Our findings are in agreement 

with mechanisms where the KSK compounds are either inhibiting the activity of SodA to detoxify 

the generated superoxide anions, directly or indirectly promote the generation of superoxide 

anions (e.g., by interfering with the respiratory electron transport chain), or lead to the production 

of free radicals that need to be detoxified in a mycothiol-dependent manner. The exact underlying 

mechanism needs further investigation. The elevated levels of oxidative stress in human 

phagocytic cells during infection49 could enhance the activity of the KSK compounds in vivo.  

In addition, we found that the PLP synthesis and salvage pathways influence sensitivity 

towards α-aminooxyacetic acid derivatives. PLP-dependent enzymes are a target for drug therapy 

in TB, as evidenced by the second-line drug D-cycloserine, underscoring the potential of PLP 

biosynthesis as a promising drug target.50,51 The fitness of the cells under KSK-106 treatment is 

impacted by mutations in the PLP synthesis gene snzP and the PLP salvage gene pdxH. PdxH 

enzymatically oxidizes PNP to produce PLP with the aid of flavin mononucleotide (FMN) as a 

prosthetic group, whereby the C4’ alcohol PNP is oxidized to an aldehyde. During catalysis, FMN 

serves as the immediate electron acceptor, with molecular oxygen acting as the final electron 

acceptor and generating hydrogen peroxide under aerobic conditions.52 It has been reported that 

PLP can function as a potent quencher of reactive oxygen intermediates.53,54 Our study has 

demonstrated that exogenous supplementation of pyridoxine in a minimal medium confers 

resistance of M. tuberculosis cells towards KSK-104 and KSK-106. These results suggest that the 

studied α-aminooxyacetic acid derivatives may inhibit PLP-biosynthesis, otherwise generate an 

increased demand for PLP, or promote the formation of reactive oxygen species that cannot be 

quenched in the absence of sufficient PLP supply. Furthermore, complete alkoxyamide and 

benzyloxyamide hydrolysis of the studied KSKs will generate aminooxyacetic acid (compound 

9), which is a well-known inhibitor of PLP-dependent enzymes.55 It attacks the Schiff base 

linkage between PLP and the enzyme, generating PLP oxime O-acetic acid.56 While we found 

that exogenous aminooxyacetic acid has no direct antibacterial effects on whole cells likely due 

to poor uptake, the intracellular hydrolytic release of this metabolite might result in inhibition of 

PLP-dependent enzymes. While bioinformatic prediction of PLP-dependent enzymes is difficult 

due to low sequence similarities, M. tuberculosis is known to harbor at least 30 different PLP-



3. α-Aminooxyacetic acid derivatives acting as pro-drugs against Mycobacterium tuberculosis 

- 54 - 

dependent enzymes,57 several of which are known to be essential for viability. Pleiotropic attack 

of these PLP-dependent enzymes by aminooxyacetic acid could contribute to the potent 

antitubercular effect of the KSKs. Recently, it was shown that M. tuberculosis produces hydrogen 

sulfide (H2S) in a PLP-dependent manner and that this process can be inhibited by 

aminooxyacetic acid.58 In Escherichia coli, endogenously produced H2S protects the cells against 

oxidative stress.59 Thus, blocking PLP-dependent H2S formation by intracellular relase of 

aminooxyacetic acid might contribute to the increased sensitivity of M. tuberculosis cells towards 

oxidative stress during KSK treatment. 

Furthermore, transcriptomic and proteomic analyses of KSK-106 treated cells revealed 

the role of the gene cluster Rv3092c-Rv3095 in determining sensitivity towards α-aminooxyacetic 

acid derivatives. Inactivation of the genes led to notable cross-resistance towards the studied 

compounds. Little is known about the biological function and specificity of the corresponding 

proteins. Rv3092c-Rv3094c is potentially organized in an operon, whose expression is controlled 

by Rv3095, which is a transcriptional regulator belonging to the MarR family.60 While Rv3093c 

putatively represents a flavin adenine dinucleotide/flavin mononucleotide (FAD/FMN) reductase, 

Rv3094c was recently shown to be a putative FMN-containing monooxygenase that catalyzes the 

sulfoxygenation of ethionamide to its S-oxide (ETH-SO) as the first activation step,41 which then 

forms a covalent adduct with NAD (ETH-NAD) that targets InhA.61,62 It is unlikely that the α-

aminooxyacetic acid derivatives are directly bioactivated by Rv3094c in a similar manner as they 

do not contain sulfur. However, it is conceivable that the monooxygenase activity of Rv3094c 

might generate reactive oxygen species that exacerbate the effect of the KSK compounds. In this 

regard, we conclude that the strong upregulation of the gene cluster represents a misguided stress 

response. It was reported that Rv3095 negatively regulates the expression of Rv3093c and 

Rv3094c.41 Counterintuitively, KSKs trigger a stress response that results in the complete 

deregulation of the gene cluster, where Rv3095 fails to repress the expression of Rv3093c and 

Rv3094c. It remains unknown how the KSK compounds elicit this highly specific upregulation.  

In conclusion, we here present the synthesis and structural modification of α-

aminooxyacetic acid derivatives as a class of bactericidal antitubercular pro-drugs with promising 

cytotoxicity profile that are active against drug-resistant clinical isolates and exhibit potent 

intracellular activity in a human macrophage infection model. Partially redundant bioactivation 

is mediated by the amidohydrolases AmiC and Rv0552 that intracellularly hydrolytically unleash 

the “dirty drugs” and trigger pleiotropic effects. Future research will aim to elucidate the precise 

intracellular antibacterial mechanisms and to identify the relevant metabolites. Further structural 

optimization of the KSK compounds, alongside the performance of in-vivo studies, may pave the 

way for the development of urgently needed M. tuberculosis-specific anti-TB drugs.  
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MATERIAL & METHODS 
Generation and cultivation of bacteria 

Strains, oligonucleotides and plasmids used in this study are listed in Tables S4-S6. Mycobacterial 

cultures were grown aerobically at 37 °C shaking at 80 rpm in Middlebrook 7H9 liquid media 

supplemented with 10% ADS (0.8% NaCl, 5% BSA, 2% dextrose), 0.5% glycerol, 0,025% 

tyloxapol, and appropriate antibiotics (50 µg/mL hygromycin, 20 µg/mL kanamycin). For growth 

of M. tuberculosis on solidified medium, Middlebrook 7H10 agar supplemented with 10% ADS 

(5% (w/v) bovine serum albumin; 2% (w/v) glucose; 0.085% (w/v) sodium chloride) and 0.5% 

(v/v) glycerol was used. For testing growth on media without pyridoxine, M. tuberculosis strains 

were grown in liquid minimal medium [per liter: 0.15 g l-Asparagine × H2O, 0.5 g (NaH4)2SO4, 

1 g KH2PO4, 2.5 g Na2HPO4, 50 mg ferric ammonium citrate, 0.5 g MgSO4 × 7 H2O, 0.5 mg 

CaCl2, 0.1 mg ZnSO4, 0.05% (v/v) tyloxapol, pH 7.0 + 10% ADS and 0.5% glycerol]. E. coli 

cells were grown in lysogeny broth (LB)-medium or LB agar containing the respective antibiotics 

(150 µg/mL hygromycin, 40 µg/mL kanamycin, 100 µg/mL ampicillin). 

 

Minimum inhibitory concentration assay  

The minimum inhibitory concentrations of the tested compounds were quantified by dose-

response curves using the resazurin microplate assay. In short, a two-fold serial dilution of tested 

compounds was prepared in a polystyrene U-bottom 96-well plate (Greiner) to result in dose-

response curves ranging from 100 μM to 0.048 μM final concentrations. 50 µl of exponentially 

growing cells (OD600 nm ≤ 1, diluted to 1 x 106 CFU/mL) were then added into each well to yield 

a total volume of 100 μl and cultivated for five days at 37°C (5% CO2, 80% humidity). 

Subsequently, 10 μl resazurin solution (100 μg/ml, Sigma Aldrich) was added into each well and 

incubated overnight. Cells were fixed for 30 min at room temperature after the addition of 10% 

(v/v) formalin. Growth was quantified based on fluorescence using a microplate reader (TECAN) 

(excitation: 540 nm, emission: 590 nm). Relative growth was calculated to the DMSO solvent 

control (= 100% growth) and uninoculated wells (subtraction of background fluorescence = 0% 

growth). Experiments were performed in triplicates. MIC90 values are given as discrete, stepwise 

values representing the actually tested lowest compound concentration that resulted in 10% 

residual growth or less. 

 

Cytotoxicity assay  

To determine the cytotoxicity of the compounds in vitro, human cell lines derived from different 

tissues were used. THP-1 cells (leukemia monocytic cell line), CLS-54 (adenocarcinoma-derived 
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lung epithelial cell line), and HUH7 (hepatocyte-derived carcinoma cell line) were grown in 

RPMI supplemented with 10% fetal bovine serum (FBS). H4 (neuroglioma cell line) and SH-

SY5Y (neuroblastoma cell line) cell lines were cultivated in DMEM supplemented with 10% 

FBS. MRC-5 (normal lung fibroblasts), HEK293 (epithelial-like embryonic kidney cell line), and 

HEPG2 (hepatocellular carcinoma cell line) cells were grown in EMEM supplemented with 1% 

non-essential amino acids, 1 mM sodium pyruvate, and 10% FBS. Sterile 96-well flat-bottom 

polystyrene plates (Greiner) were prepared with a two-fold serial dilution of compounds with 

100 μM as the highest concentration. Approx. 5x104 cells were seeded in each well in a total 

volume of 100 μL per well. The cells were incubated for 48 h at 37°C and 5% CO2 before viability 

was quantified using the resazurin reduction assay as described above. All cell lines were obtained 

from CLS Cell Lines Dienstleistung GmbH. 

 

Killing curve assay 

M. tuberculosis H37Rv cells were growing in Middlebrook 7H9 supplemented with 10% ADS, 

0.5% glycerol, and 0.05% tyloxapol to the exponential phase. This pre-culture was used to prepare 

cultures containing 106 CFU/mL, which were incubated either with KSK-104 or KSK-106 

(0.25 μM) individually or in combination with the anti-tubular drugs isoniazid (10 μM), 

rifampicin (1 μM), bedaquiline, (0.5 μM), delamanid (0.5 μM) or ethambutol (10 μM). The 

cultures were incubated shaking at 80 rpm at 37 °C for 35 days. At indicated time points, aliquots 

were taken, serially diluted, and plated on Middlebrook 7H10 agar plates supplemented with 10% 

ADS and 0.5% glycerol to quantify colony forming units to determine the effects on the growth 

of M. tuberculosis. After 3 weeks colonies were counted. All experiments were performed as 

triplicates. 

 

Macrophage Infection Assay  

THP-1 cells were grown in RPMI medium supplemented with 10% FBS. Cells were counted 

using a haemocytometer and 105 cells were seeded into each well of a sterile 96-well flat-bottom 

polystyrene microtiter plate (Greiner) in a total volume of 100 μL. To differentiate the cells to 

adherent macrophage-like cells, the medium was supplemented with 50 nM phorbol-12-

myristate-13-acetate.63 After differentiation to adherent cells overnight, the macrophage-like cells 

were washed twice with PBS. An mCherry expressing recombinant M. tuberculosis H37Rv 

reporter strain was used for infection. Cells were grown in Middlebrook 7H9 broth containing 

150 μg/mL hygromycin, harvested, washed and resuspended in RPMI supplemented with 10% 

FBS to a density of 3x106 CFU/mL. 100 μL of this cell suspension was added to each well, 
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resulting in a multiplicity of infection = 3. After 3 h, cells were washed twice with PBS to remove 

non-phagocytosed bacteria. PBS was replaced with 100 μL RPMI + 10% FBS containing 0.5 μM 

KSK-104 or KSK-106 or different antibiotics (3 μM rifampicin, 20 μM streptomycin). After 5 

days at 37°C, 5% CO2 and 85% humidity, the macrophage-like cells were fixed with formalin 

(5% final concentration), and fluorescence was detected using a Nikon Eclipse TS100 

fluorescence microscope. Additionally, viable cell counts were determined by lysing 

macrophages with ddH2O for 30 minutes. Dilutions of each well were plated on Middlebrook 

7H10 plates and colonies were counted after 3 weeks of incubation at 37°C.  

 

Starvation-induced non-replicating persistence model 

To test activity of compounds against non-replicating cells of M. tuberculosis H37Rv, cells were 

grown to stationary phase, harvested, washed thrice with PBS+0.025% tyloxapol, resuspended in 

PBS + 0.025% tyloxapol in the original culture volume and starved by incubation at 37 C for 

three weeks. Next, cells were diluted to 1×108 CFU/mL with PBS + 0.025% tyloxapol and 

transferred into 96-well round bottom microtiter plates to a final volume of 100 µl per well, and 

compounds were added at the indicated final concentrations. After five days of incubation at 

37 °C as standing cultures, resazurin solution (10 μl/well from 100 μg/mL stock) was added, and 

cells were incubated for 48 h at 37 C.  

 

Isolation of spontaneous resistant mutants and whole genome sequencing  

Spontaneous resistant mutants were isolated by plating each approximately 6×107 – 1x 108 cells 

of M. tuberculosis H37Rv or the respective merodiploid or gene deletion strain, on solid media 

containing either 4, 6, or 10-fold MIC concentrations of the KSK derivatives, respectively. After 

four to six weeks, colonies were isolated. Genomic DNA from M. tuberculosis was isolated using 

the cetyltrimethylammonium bromide (CTAB)-lysozyme method as described by Larsen et al., 
64 quantified using the AccuClear® Ultra High Sensitivity dsDNA Quantitation Kit, and quality 

was measured by capillary electrophoresis using the Fragment Analyzer and the ‘High Sensitivity 

genomic DNA Assay’ (Agilent Technologies, Inc.). Genomes of resistant mutants were 

sequenced with an Illumina HiSeq 2500 next generation sequencer (at Texas A&M University, 

College Station, TX , USA) after preparing sequencing libraries using standard paired-end 

genomic DNA sample prep kit from Illumina. Paired-end sequence data was collected with a read 

length of 150 bp. Base-calling was performed with Casava software, v1.8. The reads were 

assembled using a comparative genome assembly method, with M. tuberculosis H37RvMA as a 
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reference sequence (GenBank accession GCA_000751615.1).65 The mean depth of coverage 

ranged from 214-282x for KSK-104 mutants, and 12-28x for KSK-106 mutants. 

 

Heterologous gene expression in mycobacteria 

The respective gene regions were amplified using the designed oligonucleotides (Table S5) and 

cloned into the expression vector pMV361, which contains a kanamycin resistance gene and a 

strong constitutive hsp60 promoter, using HindIII and PacI (New England Bioloabs) restriction 

sites by chemically transformation of E. coli NEB-5α cells. Sequenced plasmids containing the 

respective gene of interest or the pMV361::empty vector (EV) were electroporated into M. 

smegmatis mc2155, M. bovis BCG Pasteur or M. tuberculosis H37Rv and plated on 7H10 

selective plates as described previously.64 Single colonies were picked and grown in selective 

7H9 media after three weeks of incubation.  

 

Construction of targeted gene deletion mutants 

Specialized transduction was employed to achieve gene disruptions in M. tuberculosis H37Rv.66 

Briefly, an allelic exchange substrate was designed to replace the gene/s of interest in M. 

tuberculosis with a γδres-sacB-hyg-γδres cassette comprising a sacB as well as a hygromycin 

resistance gene flanked by res-sites of the γδ-resolvase. Upstream and downstream flanking 

regions of the gene/s of interest were amplified by PCR using primers listed in Table S5. 

Subsequently, the flanking regions were digested with the indicated restriction enzymes and 

ligated with the Van91I-digested p0004S vector. The resulting allelic exchange plasmid was then 

linearized with PacI, cloned, and packaged in the temperature-sensitive phage ФphAE159, 

yielding knock-out phages that were propagated in M. smegmatis at 30 °C. Allelic exchange in 

M. tuberculosis was performed through specialized transduction at the non-permissive 

temperature of 37°C, using hygromycin for selection. This led to the resulting gene deletion/s and 

replacement by the γδres-sacB-hyg-γδres cassette. After isolation of genomic DNA, the obtained 

hygromycin-resistant transductants were then screened for correct gene disruption by diagnostic 

PCR analysis (Figure S6). 

 

Site-directed mutagenesis  

Suitable primer pairs (Table S5) were designed utilizing the Q5 site-directed mutagenesis kit 

(New England Biolabs) to generate mutated amidases. The pMV361::Rv0552 or pMV361::amiC 

constructs were employed as templates and the procedure was conducted as instructed by the 
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manufacturer. The resultant products were then transformed into competent E. coli NEB-5α cells. 

Plasmids containing the predicted mutations were confirmed through Sanger-sequencing. 

  

Protein homology modelling  

The Phyre2 web portal was used for protein modelling, prediction and analysis.20 Regarding 

Rv0552, 474 residues (equivalent to 89% of the sequence) were modelled with a 100.0% accuracy 

rate by the single highest-scoring template. The template for Rv0552 was presented by an 

uncharacterized, metal-dependent hydrolase from Pyrococcus horikoshii ot3 (PDB ID: 3igh). 

AmiC has also been modelled with a 100.0% confidence rate using the highest-scoring template, 

resulting in 466 residues being modelled effectively. The structure of Arabidopsis fatty acid 

amide hydrolase was utilized (PDB ID: 6DII) as a template. For further structural analysis, the 

software tool PyMol was used.67 

 

Transposon mutagenesis and sequencing  

M. tuberculosis H37Ra cells were mutagenized with the mariner himar1 transposon via the 

temperature-sensitive mycobacteriophage phAE180.68,69 Cultures containing the mutagenized 

cells, with a starting inoculum of OD600 nm = 0.01, were grown on Middlebrook 7H9 medium 

supplemented with 10% OADC, 0.5% glycerol, 0,025% tyloxapol, and 50 μg/ml kanamycin. 

Cells were incubated at 37°C without or with 0.18 μM KSK-106 for five generation times until 

the final OD600 nm = 0.3 was attained. For transposon insertion sequencing, cells were collected, 

and genomic DNA was extracted as described above. DNA was fragmented and Ilumina P7 

adapter with the sequence CAAGCAGAAGACGGCATACGAGAT were ligated using the 

NeoPrep library prep system (Ilumina). Next, transposon junctions were amplified by using a 

transposon-specific primer 

(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGGGGACTTATCAGCCAACC) 

and a primer P7 (CAAGCAGAAGACGGCATACGAGAT) using the HotStarTaq master mix kit 

(Qiagen). The himar1-enriched samples were diluted in a ratio of 1:50. Afterward, amplification 

was carried out using a p5 indexing primer comprising the sequence 

AATGATACGGCGACCACCGAGATCTACAC[i5]TCGTCGGCAGCGTC (where [i5] 

denotes the barcode sequence) and a P7 primer in combination with the HotStarTaq master mix 

kit from Qiagen. This process added unique barcodes as well as the necessary P5 and P7 flow cell 

adapter sites required for Illumina sequencing. The PCR protocol employed comprised of an 

initial denaturation step at 94°C for 3 minutes, followed by a cycle of denaturation at 94°C for 30 
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seconds, annealing at 55°C for 30 seconds, and extension at 72°C for 30°C. The sequencing was 

carried out on an Illumina MiSeq system at the University of Minnesota Genomics Center.  

After sequencing, transposon and adapter sequences were removed from the 5’ end of the 

sequencing reads using Cutadapt. 70 Furthermore, reads lacking adapter sequences in the 5’ 

trimming process were discarded. After trimming, all sequence reads started with “TA”. For 

analysis, all sequences shorter than 18 base pairs were excluded, and a default error rate of 0.1 

was applied during the trimming processes. Next, the trimmed sequence reads were aligned to the 

M. tuberculosis H37Ra reference genome (GenBank no. NC_009525.1) using bowtie2.71 The 

alignment permitted a maximum of one base pair mismatch. The genome-mapped sequence reads 

were printed as a SAM file format, and the count of sequence reads per TA site was determined 

using the SAMreader_TA script.72 These SAM files were subsequently converted into WIG files 

for further analysis in the TRANSIT software using the resampling method for differentially 

essentiality analysis.28 In short, this analysis calculates the read counts at each gene for each 

replicate of each condition. The mean read-out in condition A is subtracted from condition B to 

calculate the observed difference in means. Following this, the TA sites are permuted for a given 

number of “samples”. or each permutation, we generate a null distribution for the discrepancy in 

mean read-counts. A p-value was then calculated for the observed discrepancy in mean read-

counts P-values were adjusted for multiple testing using the Benjamini-Hochberg procedure.73 

 

RNA-isolation and sequencing for transcriptome analysis 

At least 20 mL of M. tuberculosis mc26030 cultures were cultivated to the mid-logarithmic phase 

(OD600 nm= 0.5) in 7H9 broth. Triplicate cultures were treated with a lethal concentration (1.9 µM) 

of KSK-106, whereas control cells were treated with a n equivalent amount of DMSO. After 

incubation for one generation time, total RNA was isolated. Cells were pelleted by centrifugation 

and resuspended in 500 µL of Tri Reagent (Invitrogen) plus 1% polyacryl carrier (Molecular 

Research Center). The samples were transferred to tubes containing 250 µL of 0.1 mm zirconia 

beads (BioSpec). The samples were bead-beated twice, each time for one minute with a two-

minute break on ice between runs. Samples were centrifuged to pellet the beads and the 

supernatant solution was transferred to fresh tubes. Next, 50 µL of 5-bromo-3-chloro-propane 

was added to each sample, which were then vortexed and incubated at room temperature for 10 

minutes. Following this, samples were centrifuged for 10 minutes at 10,000 rpm at 4°C before 

the upper aqueous phase was transferred into a fresh tube. Subsequently, 250 µL of isopropanol 

was added to each sample, they were inverted and incubated at room temperature for 10 min 

again. The RNA pellets were then formed by centrifuging the samples at 10,000 rpm for an 
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additional 15 minutes at 4°C. The supernatant was removed, and 300 µL of 75% ethanol was 

added. DNase I Turbo (Invitrogen by Thermo Fisher Scientific) was utilized to remove DNA 

contaminations following the manufacturer’s protocol. The supernatant was removed after the re-

pelleting of RNA, and the RNA was air-dried for 5 to 10 minutes. Thereafter, the RNA was eluted 

in 50 µL of RNase-free dH2O and stored at -80°C for long-term use. 

For RNA-seqencing, the Illumina® Stranded Total RNA Prep and Ribo-Zero Plus 

Ligation kits were employed to convert total RNA into dual-indexed libraries. Briefly, abundant 

transcripts from total RNA were deleted and bound by specific depletion reagents before the 

remaining RNA was converted into cDNA throught reverse transcription. Subsequent ligation 

and amplification steps added adapters for clustering and sequencing on an Illumina system. The 

libraries were pooled and sequenced on a NovaSeq SP 2x50-bp run. The run generated more than 

375 milion pass filter reads with all anticipated barcodes detected and well represented. The mean 

quality score was ≥Q30f for all libraries. Gel-sizing was done for the libraries, selecting inserts 

of approximately 200 bps. Raw sequencing reads were quality trimmed (3’ adapter 

CTGTCTCTTATACACATCT) by using the tool CutAdapt and short reads were eliminated. The 

trimmed reads were aligned with bowtie2 to the M. tuberculosis reference genome NC_000962.3. 

Normalized read counts were counted using FeatureCounts and log2 transformed with DEseq2 

for further analysis, wherein differential gene expression was statistically determined. 

Subsequently, further analysis was carried out using Rstudio. RNA-sequencing was performed at 

the University of Minnesota Genomics Center.  

 

Proteomic profiling employing LC-MS/MS 

Cells of M. tuberculosis H37Rv were sublethally treated with either 0.05 or 0.2 µM KSK-106, 

respectively, in 20 mL Middlebrook 7H9 medium supplemented with 0.5% glycerol, 0.2% 

glucose, 0.085% NaCl and 0.05% tyloxapol and incubated for 10 days. Cells cultivated in 

Middlebrook 7H9 medium containing an equivalent amount of DMSO were used a solvent 

control. Cells were centrifuged at 4 °C and washed thrice with PBS (137 mM NaCl; 2.7 mM KCl; 

10 mM Na2HPO4; 1.8 mM KH2PO4; pH 7.4). Cells were finally resuspended in 2 mL PBS and 

lysed by bead beating using 100 µm silica-zirconium beads at 50 Hz for 3x3 minutes. Afterwards, 

200 µL of a 10% SDS solution was added to each sample, vortexed carefully and incubated for 

30 minutes at 4 °C. After centrifugation, the clear supernatant was collected and filter-sterilized 

thrice through a bacteria-tight 0.2 µM cellulose acetate filter. Protein concentration was measured 

with BCA assay (Merck Millipore).  
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For each sample, a volume equivalent to 30 µg of protein was transferred to fresh 

centrifuge tubes and PBS was added to give a final volume of 115 µL. To eliminate metabolites 

and non-protein impurities, a methanol-chloroform precipitation was performed. For this purpose, 

a fourfold excess of methanol was added, followed by 100 µL of chloroform and 300 µL of H2O, 

with thorough mixing in between. To facilitate phase separation, the samples were centrifuged at 

9,000 g for 5 min, and the upper aqueous layer was then discarded. The precipitated proteins were 

washed three times with 300 µL of methanol (sedimentation for 2 min at 9,000 g), and the 

supernatant was discarded. Subsequently, the dried protein pellet was dissolved in 50 µL of 8 M 

urea (Cytiva, 17131901) in 100 mM NH4HCO3 (ABC; Sigma-Aldrich, 11213) and 5 mM 

dithiothreitol (DTT; Sigma-Aldrich, 11213) was added. After incubating for 40 min with shaking 

at 1,000 rpm, iodoacetamide (IAA; Sigma-Aldrich, A3221) was added to a final concentration of 

20 mM. The mixture was then incubated for an additional 30 min at 37 °C with shaking at 

1,000 rpm in the dark and unreacted IAA was afterwards inactivated by addition of DTT to a final 

concentration of 25 mM. To perform proteolytic digestion, 1 µg of Lys-C (FUJIFILM, 125-

05061) was added to each sample, followed by incubation for 3 h at 37 °C with shaking at 

1,000 rpm. Subsequently, the urea concentration was reduced to 2 M by the addition of 100 mM 

ABC. Trypsin (1 µg per sample; Thermo Fisher Scientific, 90057) was added and the digest was 

continued overnight at 37 °C with shaking at 1,000 rpm. The digest was stopped by addition of 

formic acid (FA; Fisher Chemical, A11705AMP) to a final concentration of 5% and samples were 

desalted on self-made C18 StageTips (two discs per tip; 3M, 66883-U) as described before.74 For 

LC-MS/MS analysis, the dry peptides were dissolved in 20 µL 0.1% FA (15 min, 1,500 rpm) and 

a volume of 5 µL was loaded on a self-packed fused silica capillary tube with integrated pico frit 

emitter (75 µm ID x 37 cm, 15 µm orifice; New Objectives, PF360-75-15-N-5) filled with 

ReproSil-Pur 120 C18-AQ (particle size 1.9 µm, Pore Size 120 Å; Dr. Maisch, r119.aq.) material. 

Peptides were separated using a 140 min gradient generated by an EASY-nLC 1000 liquid 

chromatography (Thermo Fisher Scientific) with the column heated to 50 °C by a PRSO-V1 

column oven (Sonation). For gradient mixture, a rising proportion of acetonitrile (ACN; 

Honeywell, 14261) with 0.1% FA (solvent B) in H2O (Honeywell, 14263) with 0.1% FA (solvent 

A) was used (7-35% B in A within the first 120 min, 35-80% in the next 10 min, hold for 10 min) 

at a flow rate of 300 nL/min. Peptides were ionized using a Nanospray Flex ion source (Thermo 

Fisher Scientific) with 1,800 V spray voltage and MS acquisition was performed in an Orbitrap 

Elite spectrometer (Thermo Fisher Scientific). MS1 data acquisition was done in a m/z range of 

300 to 1,800 at a 60,000 orbitrap resolution with a maximal injection time of 50 ns. For data-

dependent MS2 acquisition, the 15 most intense MS1 scans were selected with a dynamic 

exclusion duration of 120 seconds. For precursor isolation, a 2.0 m/z quadrupole isolation width 



3. α-Aminooxyacetic acid derivatives acting as pro-drugs against Mycobacterium tuberculosis 

- 63 - 

was used with subsequent CID fragmentation with a normalized collision energy of 35% and data 

acquisition at rapid ion trap scan rate with 300% of normalized AGC target. For data processing, 

MaxQuant 2.3.1.075 was used with the Uniprot proteome UP000001584 as the protein database. 
76 MaxQuant standard settings were applied with LFQ algorithm and retention time alignment 

turned on.77 For subsequent statistical analysis Perseus 2.0.7.0. was used.78 The LFQ data was 

transformed to the log2 scale and missing data points were imputed with values from the lower 

range of the normal distribution. A Student’s T-test with permutation-based false discovery rate 

(FDR) with 250 randomizations and an FDR threshold of 0.01 was performed to identify 

significantly changed protein groups.  

 

Analysis of KSK cleavage products using LC-MS  

Cells of an exponentially growing M. tuberculosis H37Rv culture were harvested, washed twice 

with Middlebrook 7H9 medium containing 0.5% (v/v) glycerol, 0.2% (w/v) glucose and 0.085% 

(w/v) sodium chloride and resuspended in the same medium to result in an OD600 nm of 1. A final 

concentration of 100 μM of KSK-104 or KSK-106 or the corresponding volume of DMSO was 

added to the cells. After 48 h of incubation, a 2.5 mL aliquot was removed from each culture and 

lysed by bead beating at 50 Hz for 5x3 minutes using 100 μm silica-zirconium beads. The samples 

were mixed with equal amounts of methanol and incubated for at least one hour at room 

temperature, before they were centrifugated for 10 minutes at 14,000 rpm. The supernatants were 

evaporated by freeze-drying in a Savant SpeedVac (Thermo Scientific), and the dried concentrate 

was solved in 250 μL methanol. The concentrated methanol extracts were measured using an 

UHR-QTOF maXis 4G (Bruker Daltonics) coupled to an Ultimate 3000 RS UHPLC (Dionex) at 

the following parameters: Ascentis Express C18 column, 5 cm x 2.1 mm, 2 µm; injection volume 

2 µl; solvents: CH3CN + 0.1 % FA, H2O + 0.1  % FA; flow: 300 µl/min; gradient: 10 % CH3CN 

to 100 % CH3CN in 8 min, keep constant for 3 min. ESI-MS was done in positive ion mode with 

a scan from 50 m/z to 1500 m/z. Measurement was performed at the Center of Molecular and 

Structural Analytics@Heinrich Heine University (CeMSA@HHU).  

 

Pharmacokinetic investigations using LC-MS/MS 

A liquid chromatography coupled to mass spectrometry (LC-MS/MS) method was developed to 

determine KSK 104, KSK 106 and their main metabolites. Chromatographic separation was 

conducted using a Waters Acquity UPLC (Waters, Milford, USA) consisting of a binary pump, 

the column oven and an autosampler. An Aqua 3u C18 125A (100x2.0mm 3 µm, Phenomenex, 

Torrance, USA) column was utilized, applying 0.1% formic acid in water and methanol as mobile 

phase A and B. The flow rate was set to 0.5 mL/min and the following gradient was used: 0-1.5 
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min: 20% B, 1.4-4.0 min 20-50%, 4-4.5 min 50% B, 4.5-5 min: 50-70% B, 5-5.5 min 70-100% 

B, 5.5-7 min: 100% B, 7-7.5 min: 100-20% B with a re-equilibration time of 2 min. The column 

oven was set to 50 °C. Mass spectrometric detection was performed with a Waters Quattro 

Premier XE in electrospray ionization positive multiple reaction monitoring mode. The capillary 

voltage was set to 3.5 kV, the source temperature to 135 °C, desolvation temperature to 500 °C, 

the cone gas flow to 50 L/h, and the desolvation gas flow to 900 L/h. The analyte-specific settings 

were as follows: KSK-104 376.8 à 180.9 m/z (cone voltage (CV): 18 V, collision energy (CE): 

20 V) and KSK-106 386.7 à 190.9 m/z (CV 20 V, CE 20 V). Carvedilol was used as the internal 

standard with the transition measured 406.8 à 100.0 m/z (CV: 36, CE: 29 V). 

Plasma and whole blood stability: In vitro plasma/whole blood stability was studied in 

fresh human ethylenediaminetetraacetic acid (EDTA) plasma and whole blood at 37 °C. Fresh 

whole blood/plasma was prewarmed to 37 °C and reactions were started by spiking KSK 104 and 

KSK 106 to a final concentration of 50 ng/mL. Sample aliquots of 100 µL were taken at 0, 2, 4, 

6 and 24 hours. Each aliquot was mixed with 300 µL ice-cold acetonitrile containing the internal 

standard, and directly vortexed followed by 30 min shaking at 800 rpm at room temperature. 

Then, samples were centrifuged for 10 min at 13.200 xg. 300 µL of the supernatant was 

evaporated to dryness under a gentle nitrogen stream and shaking at 450 rpm at 60 °C. Samples 

were reconstituted in 100 µL 50/50 methanol/water (v/v). The assay was conducted in triplicate. 

In vitro plasma half-life (t1/2) was calculated by t1/2=ln2/ke, where ke is the slope in the linear fit 

of the natural logarithm of the fraction remaining of the parent compound vs. incubation time. 

Blood-to-plasma ratio: The blood-to-plasma ratio (KB/P) was determined to investigate the drug 

binding of KSK-106 to erythrocytes. Therefore, freshly drawn whole blood was spiked to a final 

concentration of 50 ng/mL, cautiously shaken to avoid lysis, and incubated at 37 °C for 30 min. 

Spiked whole blood was centrifuged at room temperature for 10 min at 2,000 x g and the obtained 

plasma and red blood cell (RBC) fraction was used for analysis. Additionally, plasma and RBC 

were directly spiked to a final concentration of 50 ng/mL and also incubated for 30 min at 37 °C 

(reference plasma/RBC; not considering distribution into the red blood fraction). 100 µL of 

reference plasma/RBC and of plasma/RBC separated from spiked whole blood were precipitated 

with 300 µL of ice-cold acetonitrile containing 10 ng/mL of the internal standard. Following 

immediate vortexing, samples were shaken for 30 minutes at 800 rpm at room temperature. 

Subsequently, samples were centrifuged for 10 min at 13,200 x g and 300 µL of the supernatant 

was evaporated to dryness under a heated nitrogen stream at 60 °C. The residue was reconstituted 

in 100 µL 50/50 methanol/water (v/v). Whole blood and plasma of two donors (male and female) 

in three independent replicates were used for the analysis. The hematocrit was determined 

volumetrically. The blood-to-plasma ratio was calculated according to Equation 1. 
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Equation 1. Calculation of the blood-to-plasma ratio KB/P. H: hematocrit, RBC: red blood 

cell 

 

Permeation: The permeation of KSK 106 was assessed using an automated setup of the Kerski 

diffusion cell coupled to Hanson Research AutoPlus™ (Teledyne Hanson, Los Angeles, USA).79 

PermeaPad (PHABIOC, Karlsruhe, Germany) was used as a biomimetic barrier to simulate the 

passive mass transport of the gastrointestinal tract. The formulations to be tested, an oily 

formulation consisting of Miglyol 812/Transcutol HP 80/20 (v/v) with a concentration of 100 

µg/mL as well as a formulation of 10 µg/mL in Tween 80/ethanol/phosphate buffered saline 

(PBS) pH 7.4 7/3/90 (v/v), were placed onto the barrier. PBS pH 7.4 was used as acceptor 

medium. Constant environmental conditions of 37 °C and 20% relative humidity (KBF 115 

Constant Climate Chamber, Binder GmbH, Tuttlingen, Germany), as well as continuous stirring 

at 750 rpm (2mag Mixcontrol20, Munich, Germany), were maintained throughout the study 

period. Fully automated sampling was conducted at 30, 60, 120, 180 and 240 min. For the analysis 

of the permeability, the cumulative amount of permeated drug (Qt), steady-state flux (Jss), and 

apparent permeability coefficient (Papp) were calculated using Equation 22, 3 and 4. 
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Equation 2. Calculation of cumulative amount of permeated drug Qt. cn: drug 

concentration at time point n, cn-1: drug concentration at previous time point, VA: volume 

of acceptor chamber, VR: removed volume: A: permeation area 
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Equation 3. Calculation of the steady state flux JSS. ∆Qt: difference of Qt between time 

points, ∆t: time difference, A permeation area 
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Equation 4. Calculation of the apparent permeability coefficient (Papp). JSS: steady-state-

flux, CD: initial drug concentration 

 

 

Synthesis of lead structures 7, 8 and analogs 15 – 22 

General procedure 1 (GP 1): EDC-mediated coupling reactions 

 
Method A: Under nitrogen atmosphere the appropriate O-substituted hydroxylamine 

hydrochloride (1.00 eq.), triethylamine (1.20 eq.) and N,N-dimethylpyridin-4-amine (0.10 eq.) 

were dissolved in dry dichloromethane (20.0 mL/mmol based on hydroxylamine hydrochloride). 

After stirring for 10 min at room temperature, the corresponding carboxylic acid (1.00 eq.) and 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (1.25 eq.) were added. The 

reaction mixture was stirred for 16 h at room temperature. 

 
Method B: Under nitrogen atmosphere the appropriate O-substituted hydroxylamine (1.00 eq.) 

and N,N-dimethylpyridin-4-amine (0.10 eq.) were dissolved in dry dichloromethane 

(20.0 mL/mmol based on hydroxylamine). After stirring for 10 min at room temperature, the 

corresponding carboxylic acid (1.00 eq.) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (1.25 eq.) were added. The reaction mixture was stirred for 16 h at room 

temperature.  

Work-up A: The reaction mixture was washed three times with saturated sodium bicarbonate 

solution (20.0 mL/mmol based on hydroxylamine hydrochloride), once with 10 % citric acid 

solution (20.0 mL/mmol based on hydroxylamine hydrochloride) and once with saturated sodium 

chloride solution (20.0 mL/mmol based on hydroxylamine hydrochloride). The organic layer was 

dried over anhydrous sodium sulfate, filtered and the solvent was removed under reduced 

pressure. The crude product was purified by flash chromatography on silica gel (n-hexane/ethyl 

acetate) and subsequently recrystallized from ethyl acetate. 

Work-up B: The reaction mixture was washed three times with saturated sodium bicarbonate 

solution (20.0 mL/mmol based on hydroxylamine) and once with saturated sodium chloride 
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solution (20.0 mL/mmol based on hydroxylamine). The organic layer was dried over anhydrous 

sodium sulfate, filtered and the solvent was removed under reduced pressure. The crude product 

was purified by flash chromatography on silica gel (n-hexane/ethyl acetate) and subsequently 

recrystallized from ethyl acetate. 

 

N-(2-((Benzyloxy)amino)-2-oxoethoxy)-[1,1'-biphenyl]-4-carboxamide: KSK-104 (7) 

 
Synthesis according to GP 1 (method A, work-up A), KSK-104 (7) was synthesized from 6a and 

5 and obtained as a colorless solid (72 % yield). 
1H-NMR (600 MHz, DMSO-d6) δ 12.16 (s, 1H), 11.50 (s, 1H), 7.90 – 7.83 (m, 2H), 7.79 (d, J = 

8.1 Hz, 2H), 7.76 – 7.70 (m, 2H), 7.50 (t, J = 7.7 Hz, 2H), 7.44 – 7.38 (m, 3H), 7.39 – 7.27 (m, 

3H), 4.86 (s, 2H), 4.39 (s, 2H). 
13C-NMR (151 MHz, DMSO-d6) δ 164.91, 164.66, 143.48, 138.95, 135.74, 130.25, 129.06, 

128.84, 128.31, 128.21, 127.93, 126.89, 126.69, 77.04, 73.19  

HPLC tR = 13.06 min, purity = 96.2 %  

Mp. TM = 151.2 °C 

 

N-(2-((Benzyloxy)amino)-2-oxoethoxy)-4-(pentyloxy)benzamide: KSK-106 (8) 

 
Synthesis according to GP 1 (method A, work-up A), KSK-106 (8) was synthesized from 6b and 

5 and obtained as a colorless solid (74 % yield). 
1H-NMR (600 MHz, DMSO-d6) δ 11.93 (s, 1H), 11.52 (s, 1H), 7.76 – 7.70 (m, 2H), 7.36 (m, 

5H), 6.98 – 7.02 (m, 2H), 4.85 (s, 2H), 4.36 (s, 2H), 4.01 (t, J = 6.54 Hz, 2H), 1.71 (m, 2H), 1.32 

– 1.40 (m, 4H), 0.89 (t, J = 7.10 Hz, 3H) 
13C-NMR (151 MHz, DMSO-d6) δ 165.14, 164.87, 161.62, 135.74, 129.13, 128.84, 128.31, 

123.23, 114.2, 77.03, 73.34, 67.72, 28.23, 27.64, 21.87, 13.9  

HPLC tR = 14.60 min, purity = 99.9 %  

Mp. TM = 134.0 °C 

 

 



3. α-Aminooxyacetic acid derivatives acting as pro-drugs against Mycobacterium tuberculosis 

- 68 - 

N-(2-((Benzyloxy)amino)-2-oxoethoxy)-4-(heptyloxy)benzamide (15) 

 
Synthesis according to GP 1 (method A, work-up A), KSK-Analog 15 was synthesized from 6c 

and 5 and obtained as a colorless solid (49 % yield).  
1H-NMR (300 MHz, chloroform-d) δ 11.42 (s, 1H), 9.43 (s, 1H), 7.70 – 7.62 (m, 2H), 7.35 (ddd, 

J = 2.0, 5.9, 33.2 Hz, 5H), 6.93 – 6.86 (m, 2H), 4.95 (s, 2H), 4.48 (s, 2H), 3.98 (t, J = 6.6 Hz, 2H), 

1.78 (dt, J = 6.5, 8.0 Hz, 2H), 1.51 – 1.24 (m, 8H), 0.95 – 0.84 (m, 3H)  
13C-NMR (75 MHz, chloroform-d) δ 168.23, 166.34, 163.06, 135.12, 129.43, 129.21, 128.75, 

128.57, 121.90, 114.64, 78.38, 75.62, 68.43, 31.88, 29.20, 29.15, 26.05, 22.72, 14.21  

HPLC tR = 17.29 min, purity = 97.9 %  

Mp. TM = 134.3 °C 

 

N-(2-(tert-Butoxyamino)-2-oxoethoxy)-4-(pentyloxy)benzamide (16) 

 
Synthesis according to GP 1 (method A, work-up A), KSK-Analog 16 was synthesized from 11 

and 14a and obtained as a yellow oil (55 % yield). 
1H-NMR (600 MHz, DMSO-d6) δ 11.98 (s, 1H), 10.91 (s, 1H), 7.77 – 7.69 (m, 2H), 7.03 – 6.97 

(m, 2H), 4.39 (s, 2H), 4.02 (t, J = 6.5 Hz, 2H), 1.76 – 1.68 (m, 2H), 1.43 – 1.30 (m, 4H), 1.17 (s, 

9H), 0.89 (t, J = 7.2 Hz, 3H)  
13C-NMR (126 MHz, DMSO-d6) δ 165.60, 165.45, 161.57, 128.99, 123.11, 114.15, 80.76, 73.72, 

67.66, 28.09, 27.50, 26.14, 21.69, 13.71  

HPLC tR = 13.95 min, purity = 99.9 % 

 

N-(2-((Benzyloxy)amino)-2-oxoethoxy)-4-(thiazol-2-yl)benzamide (17) 

 
Synthesis according to GP 1 (method A, work-up B), KSK-Analog 17 was synthesized from 6d 

and 5 and obtained as a colorless solid (18 % yield). 
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1H-NMR (300 MHz, chloroform-d) δ 11.26 (s, 1H), 10.16 (s, 1H), 8.05 – 7.96 (m, 2H), 7.92 (d, 

J = 3.3 Hz, 1H), 7.86 – 7.73 (m, 2H), 7.44 (d, J = 3.3 Hz, 1H), 7.43 – 7.27 (m, 5H), 4.96 (s, 2H), 

4.52 (s, 2H)  
13C-NMR (75 MHz, chloroform-d) δ 167.10, 166.02, 157.60, 143.49, 136.52, 135.14, 131.72, 

129.24, 128.83, 128.64, 128.29, 127.06, 120.54, 78.45, 77.36  

HPLC tR = 10.50 min, purity = 99.9 %  

Mp. TM = 138.1 °C 

 

N-(2-Oxo-2-((pyridin-2-ylmethoxy)amino)ethoxy)-[1,1'-biphenyl]-4-carboxamide (18) 

 
Synthesis according to GP 1 (method A, work-up B), KSK-Analog 18 was synthesized from 10 

and 14e and obtained as a colorless solid (63 % yield). 
1H-NMR (300 MHz, DMSO-d6) δ 4.40 (s, 2H), 4.96 (s, 2H), 7.34 (ddd, J = 7.6, 4.8, 1.2 Hz, 

1H), 7.38 – 7.46 (m, 1H), 7.46 – 7.59 (m, 3H), 7.70 – 7.76 (m, 2H), 7.76 – 7.88 (m, 5H), 8.54 

(ddd, J = 5.0, 1.8, 0.9 Hz, 1H), 11.64 (s, 1H), 12.06 (s, 1H)  
13C-NMR (151 MHz, DMSO) δ 73.6, 78.3, 123.0, 123.7, 127.1, 127.3, 128.3, 128.7, 129.5, 

130.7, 137.2, 139.4, 143.8, 149.5, 156.1, 165.3, 165.5 

HPLC tR = 8.77 min, purity = 99.0 % 

Mp. TM = 152.8 °C   

 

N-(2-Oxo-2-(phenoxyamino)ethoxy)-[1,1'-biphenyl]-4-carboxamide (19) 

 
Synthesis according to GP 1 (method A, work-up A), KSK-Analog 19 was synthesized from 10 

and 14c and obtained as a colorless solid (20 % yield). 
1H-NMR (600 MHz, DMSO-d6) δ 4.59 (s, 2H), 7.01 – 7.10 (m, 3H), 7.28 – 7.36 (m, 2H), 7.39 

– 7.45 (m, 1H), 7.50 (t, J = 7.7 Hz, 2H), 7.74 (d, 2H), 7.81 (d, J = 8.0 Hz, 2H), 7.90 (d, J = 7.9 

Hz, 2H), 12.25 (s, 2H) 
13C-NMR (151 MHz, DMSO) δ 73.4, 113.4, 123.0, 127.2, 127.4, 128.4, 128.7, 129.5, 129.9, 

130.7, 139.4, 144.0, 159.7, 165.9, 168.4 
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HPLC tR = 13.33 min, purity = 96.0 %  

Mp. TM = 135.4 °C   

 

N-(2-((Hexyloxy)amino)-2-oxoethoxy)-[1,1'-biphenyl]-4-carboxamide (20) 

 
Synthesis according to GP 1 (method A, work-up A), KSK-Analog 20 was synthesized from 10 

and 14b and obtained as a colorless solid (74 % yield). 
1H-NMR (300 MHz, chloroform-d) δ 0.80 – 0.91 (m, 3H), 1.20 – 1.46 (m, 6H), 1.61 – 1.74 (m, 

2H), 3.95 (t, J = 6.8 Hz, 2H), 4.57 (s, 2H), 7.33 – 7.52 (m, 3H), 7.55 – 7.64 (m, 2H), 7.63 – 7.70 

(m, 2H), 7.82 – 7.92 (m, 2H), 9.88 (br s, 1H), 11.43 (br s, 1H) 
13C-NMR (126 MHz, chloroform-d) δ 14.1, 22.7, 25.5, 28.1, 31.7, 75.8, 77.1, 127.4, 127.6, 

128.0, 128.5, 129.0, 129.1, 139.8, 145.8, 166.2, 167.9 

HPLC tR = 14.93 min, purity = 97.3 %  

Mp. TM = 102.5 °C 

 

N-((1-((Benzyloxy)amino)-1-oxopropan-2-yl)oxy)-[1,1'-biphenyl]-4-carboxamide (21) 

 
Synthesis according to GP 1 (method B, work-up A), KSK-Analog 21 was synthesized from 13 

and 2 and obtained as a colorless solid (70 % yield). 
1H-NMR (600 MHz, DMSO-d6) δ 1.35 (d, J = 6.7 Hz, 3H), 4.40 (q, J = 6.6 Hz, 1H), 4.84 (q, J 

= 11.0 Hz, 2H), 7.29 – 7.34 (m, 3H), 7.36 – 7.40 (m, 2H), 7.40 – 7.44 (m, 1H), 7.50 (dd, J = 8.4, 

7.0 Hz, 2H), 7.73 (dt, J = 6.3, 1.3 Hz, 2H), 7.79 (d, J = 8.0 Hz, 2H), 7.86 (d, J = 8.2 Hz, 2H), 

11.45 (s, 1H), 12.02 (s, 1H) 
13C-NMR (151 MHz, DMSO) δ 17.2, 77.4, 79.2, 127.1, 127.3, 128.4, 128.6, 128.7, 128.8, 129.4, 

129.5, 130.9, 136.2, 139.5, 143.9, 165.4, 168.1 

HPLC tR = 13.33 min, purity = 97.9 %  

Mp. TM = 177.8 °C   
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N-(2-((Cyclohexylmethoxy)amino)-2-oxoethoxy)-[1,1'-biphenyl]-4-carboxamide (22) 

 
Synthesis according to GP 1 (method A, work-up A), KSK-Analog 22 was synthesized from 10 

and 14d and obtained as a colorless solid (94 % yield). 
1H-NMR (600 MHz, DMSO-d6) δ 0.88 – 0.99 (m, 2H), 1.06 – 1.25 (m, 3H), 1.56 – 1.69 (m, 

4H), 1.69 – 1.77 (m, 2H), 3.62 (d, J = 6.7 Hz, 2H), 4.39 (s, 2H), 7.39 – 7.46 (m, 1H), 7.50 (t, J = 

7.7 Hz, 2H), 7.70 – 7.75 (m, 2H), 7.79 (d, J = 8.1 Hz, 2H), 7.87 (d, 2H), 11.37 (s, 1H), 12.14 (s, 

1H) 
13C-NMR (151 MHz, DMSO) δ 25.6, 26.5, 29.6, 36.4, 73.7, 81.1, 127.2, 127.3, 128.3, 128.7, 

129.5, 130.7, 139.4, 143.9, 164.8, br s 165.3 

HPLC tR = 14.93 min, purity = 99.0 % 

Mp. TM = 115.6 °C   
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Figure S1. Stability testing of KSK-104 and KSK-106 in aqueous media. Both compounds 

were dissolved (0.5 mg/mL) in a vehicle of 90% PBS (pH 2 and pH 7.4), 7% Tween® 80 and 3% 

ethanol (v/v). These solutions were shaken at 37 °C for 48 h, and the compound decomposition 

was evaluated by HPLC analysis. Values represent means of duplicate measurements (n = 2) ± 

standard deviation. 
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Figure S2. In vitro pharmacokinetic testing of KSK-104 and KSK-106. Both compounds were 

dissolved in human EDTA-plasma (50 ng/mL) and constantly incubated at 37 °C for 24 h (A). 

KSK-106 was additionally investigated in human EDTA-whole blood. Detection was performed 

via LC-MS/MS analysis. Values represent means of triplicates (n = 3) ± standard deviation (SD). 

* indicates the limit of -15%, which was set as acceptance limit for stability according to 

bioanalytical guidelines of the US Food and Drug Administration. The blood-to-plasma ratio (B) 

was assessed in human blood donated by one male (m) and one female (f) volunteer in three 

independent replicates (mean ± SD) for KSK-106 showing only minor sequestration into 

erythrocytes. Drug permeability of KSK-106 by passive transport (C) was evaluated for two 

different formulations, quantified by LC-MS, and indicates good permeability. EDTA: 

ethylenediaminetetraacetic acid, Papp: apparent permeability, PBS: phosphate buffered saline pH 

7.4 
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Figure S3. Antibacterial activity and cytotoxicity profile of KSK molecules. A) KSK-104 and 

KSK-106 have been tested in microbroth dilution assays against various mycobacteria and 

nosocomial bacteria. Concentrations of MIC90 values are given in µM. B) Cytotoxicity of KSK-

106 against various human cell lines in vitro. IC50 values are given in µM. Growth in A and B 

was quantified employing the resazurin reduction assay. Measurements were performed in 

triplicates revealing no deviations in the reported MIC90 and IC50 values. 
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Figure S4. In vitro activity of KSK-104 and KSK-106 in combination with different first- 

and second-line antibiotics. M. tuberculosis H37Rv was treated with the indicated 

concentrations of clinically used drugs in monotherapy and in combination with 0.25 µM KSK-

104 or KSK-106, respectively. Combination with isoniazid (INH, A), rifampicin (RIF, B), 

ethambutol (ETB, C) and delamanid (D) led to additive effects concerning the killing efficacy 

and delayed resurgence of bacteria surviving the initial treatments. In contrast, combination with 

bedaquiline (BDQ, E) resulted in antagonistic effects. Experiments have been performed in 

triplicates. The limit of detection was 10 CFU/mL in B and 100 CFU/mL in A and C-E. CFU, 

colony forming units. 
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Figure S5. Spontaneous single-step resistant mutants isolated against KSK-104 and KSK-

106. SRMs were generated against KSK-104 (A) and KSK-106 (B). MICs were tested in 

microbroth dilution assays. Growth in A and B was quantified employing the resazurin reduction 

assay. Data shown as means of triplicates with SD. The mutations that were found during the 

whole-genome-sequencing in the respective mutants are listed in the tables. 
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Figure S6. Generation of site-specific gene deletion mutants using specialized transduction. 

Organization of the respective loci in M. tuberculosis H37Rv wild type and A) the Rv0552, B) 

amiC and C) Rv3092c-Rv3095 gene deletion mutants (left panels). The location of flanking 

regions used to construct the allelic exchange substrate as well as of primers used in diagnostic 

PCR are indicated. The sizes of the relevant diagnostic PCR products for verification of gene 

disruption are shown. Diagnostic PCR to verify gene deletion mutants was performed (right 

panels). A) PCR product 1 (2,707 bp) was produced using forward primer binding 1,000 bps 

upstream of Rv0552 and reverse primer binding in the sacB gene as indicated. PCR product 2 

(1,998 bp) was produced using forward primer binding in the hygromycin resistance (hygR) gene 

and reverse primer binding 1,000 bps downstream of Rv0552. B) PCR product 1 (2,704 bp) was 

produced using forward primer binding 1,000 bps upstream of amiC and reverse primer binding 

in the sacB gene as indicated. PCR product 2 (1,939 bp) was produced using forward primer 
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binding in the hygromycin resistance (hygR) gene and reverse primer binding 1,000 bps 

downstream of amiC. C) PCR product (1,754 bp) was produced using forward primer binding in 

the hygromycin resistance (hygR) gene and reverse primer binding 1,000 bps downstream of 

rv3095. 

 

 

 

 

 
Figure S7. Overexpression of amiC or Rv0552 leads to increased sensitivity of M. bovis, but 

not M. smegmatis, towards KSK-104 and KSK-106. Dose-response curves for KSK-104 (top) 

and KSK-106 (bottom) showing a concentration-dependent growth inhibition of recombinant 

strains of M. bovis BCG Pasteur harboring the empty vector control pMV361::EV or the 

overexpression constructs pMV361::amiC or pMV361::Rv0552, respectively, leading to an 

increased susceptibility of the cells towards the KSKs. In contrast, there was no sensitivity of M. 

smegmatis mc2155 cells towards the KSKs even during overexpression of Rv0552 or amiC. Data 

shown as means of duplicates ± SD. Growth was quantified employing the resazurin reduction 

assay. The dashed lines indicate 10% residual growth. 
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Figure S8. Structural features of the putative amidohydrolases Rv0552 and AmiC. A) 

Structural homology modeling using Phyre2 revealed that mutations in the gene Rv0552 observed 

in the spontaneously KSK-104-resistant mutants are likely causing an altered interaction with 

Zn2+ atoms resulting in destabilized and inactive proteins. B) Structural homology modeling of 

AmiC indicating that the observed mutation P195T leads to a loss of rigidity inside the 

hydrophobic core resulting in a non-accessibility of the active center. C) PSI-Blast Pseudo-

Multiple sequence alignment proposes that AmiC belongs to the amidase signature superfamily. 

Within this family, Ser-cis-Ser-Lys triads have been proposed to form the catalytic center with 

the specific residues for AmiC expected to be Ser181-cis-Ser157-Lys82. Identities of the labeled 
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sequences: 1) UniRef50_Q2RGY4, 2) UniRef50_C4ZHB9, 3) UniRef50_UPI0001C3563A, 

4) UniRef50_B1G4X5, 5) UniRef50_B2IYD7, 6) UniRef50_A5USQ6, 7) UniRef50_D1CAY8, 

8) UniRef50_Q2JL51, 9) UniRef50_B3DWT4, 10) UniRef50_A7NKM0, 

11) UniRef50_D2KYA7, 12) UniRef50_Q6MRL7, 13) UniRef50_B1HYA7, 

14) UniRef50_D2R415, 15) UniRef50_D2RM15, 16) UniRef50_Q113L8, 

17) UniRef50_B9DWL8, 18) UniRef50_B3T355, 19) UniRef50_B2A5W7, 

20) UniRef50_O28325, 21) UniRef50_A3EU19, 22) UniRef50_A5UXU3, 

23) UniRef50_D0MDU0, 24) UniRef50_B9QYT0, 25) UniRef50_A8ZSP8. Residues are 

coloured by properties: bright-green = hydrophobic, bright-blue = negative charge, dark-green = 

large hydrophobic, yellow = cysteine, bright-red = positive charge, purple = polar, dull-blue = 

small alcohol.  

 

 

 

 

 
 

Figure S9. Hydrolytic pro-drug activation of KSK-106 by Rv0552 and AmiC. A) Structure 

of potential hydrolysis products released from KSK-106 by amidohydrolases AmiC and Rv0552. 



3. α-Aminooxyacetic acid derivatives acting as pro-drugs against Mycobacterium tuberculosis 

- 90 - 

B) Qualitative ESI-LC-MS analysis of methanol extracts obtained after 48 h incubation of 100 

µM KSK-106 in sterile 7H9 medium (top) or in 7H9 medium inoculated with M. tuberculosis 

H37Rv cells (bottom). Scan was from 50 to 1500 m/z in positive mode. Base peak chromatogram 

(+all MS) is shown in red, UV chromatogram at 254 nm is shown in blue. Identified peaks: KSK-

106 [m/z + H]+ = 387.19,  11 [m/z + H]+ = 209.12. C) MIC90 values of potential KSK-106 

hydrolysis products against M. tuberculosis H37Rv. Compounds were tested individually and in 

various combinations. For combination treatments, equimolar mixtures were used containing 

each compound at the indicated concentration. 

 

 

 

 

 
 

Figure S10. Growth of M. tuberculosis H37Ra treated with different KSK-106 

concentrations. M. tuberculosis H37Ra cells were inoculated with a starting OD600nm of 0.01 

from a growing culture in the exponential phase. Cells were treated in triplicates with different 

concentrations of KSK-106 as indicated in the legend. OD600 nm was measured after 4 and 7 days. 

Data shown as means of triplicates with SD. From these data, a concentration of 0.18 µM was 

estimated to result in ca. 50% growth inhibition after 5 generations. 
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Figure S11. LC-MS/MS-based whole protein analysis of silenced cells of M. tuberculosis 

H37Rv treated with a sublethal concentration of KSK-106 (0.2 µM, corresponding to 0.5 × 

MIC90) compared to DMSO control. The volcano plot illustrates the log2-fold change in 

abundance in KSK-106 treated vs. non-treated cells (X-axis) and corresponding -log10 p values 

(Y-axis). Proteins complying with the chosen threshold of significance and showing a log2-fold 

change ≥ 1 or ≤ -1 are marked in blue or red, respectively. Quantification was done via label free 

quantification (LFQ) of four to five replicates per sample group. To identify statistically 

significant hits from the analysis, P ≤ 0.05 (Student’s T-test; permutation-based FDR with 250 

randomizations and FDR = 0.01) was applied. 
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Table S1. Transposon insertions in genes resulting in apparent fitness changes of transposon 

mutants of M. tuberculosis H37Ra cells during KSK-106 treatment. Genes complying with 

the chosen threshold of significance Padj<0.05 are listed. Padj values were rounded to 3 decimal 

points. Negative log2FC values indicate underrepresentation, positive values overrepresentation 

of the mutants in the pool, demonstrating aggravating or alleviating effects of insertions, 

respectively.  

#Orf Name Description log2FC 
Adj. p-

value 

Rv2888c amiC Probable amidase AmiC (aminohydrolase) 1 0.000 

Rv0552 Rv0552 Conserved protein/putative amidohydrolase 0.94 0.000 

Rv3696c glpK 
Probable glycerol kinase GlpK (ATP:glycerol 3-

phosphotransferase) (glycerokinase) (GK) 
0.91 0.000 

Rv0544c Rv0544c Possible conserved transmembrane protein 0.88 0.000 

Rv0545c pitA 
Probable low-affinity inorganic phosphate transporter integral 

membrane protein PitA 
0.87 0.000 

Rv0111 Rv0111 Possible transmembrane acyltransferase 0.86 0.000 

Rv2241 aceE 
Pyruvate dehydrogenase E1 component AceE (pyruvate 

decarboxylase) (pyruvate dehydrogenase) 
0.75 0.000 

Rv0546c Rv0546c Conserved protein/putative carbon-sulfur lyase 0.62 0.000 

Rv2932 ppsB Phenolpthiocerol synthesis type-I polyketide synthase PpsB 0.59 0.000 

Rv2935 ppsE Phenolpthiocerol synthesis type-I polyketide synthase PpsE 0.57 0.000 

Rv2930 fadD26 
Fatty-acid-AMP ligase FadD26 (fatty-acid-AMP synthetase) 

(fatty-acid-AMP synthase) 
0.55 0.000 

Rv3005c doxX Probable membrane oxidoreductase component (MRC) DoxX 0.55 0.000 

Rv3484 cpsA Possible conserved protein CpsA 0.54 0.000 

Rv2941 fadD28 
Fatty-acid-AMP ligase FadD28 (fatty-acid-AMP synthetase) 

(fatty-acid-AMP synthase) 
0.52 0.000 

Rv2933 ppsC Phenolpthiocerol synthesis type-I polyketide synthase PpsC 0.51 0.007 

Rv2931 ppsA Phenolpthiocerol synthesis type-I polyketide synthase PpsA 0.46 0.000 

Rv0806c cpsY 

Possible UDP-glucose-4-epimerase CpsY (galactowaldenase) 

(UDP-galactose-4-epimerase) (uridine diphosphate galactose-4-

epimerase) 

0.45 0.000 

Rv3066 Rv3066 
Probable transcriptional regulatory protein (probably DeoR-

family) 
0.43 0.007 

Rv0678 mmpR5 MarR-like transcriptional regulator 0.42 0.007 

Rv1328 glgP Probable glycogen phosphorylase GlgP 0.41 0.000 

Rv2940c mas 
Probable multifunctional mycocerosic acid synthase membrane-

associated Mas 
0.36 0.007 
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Table S1 continued 

#Orf Name Description log2FC 
Adj. p-

value 

Rv3717 Rv3717 N-acetylmuramyl-L-alanine amidase 0.36 0.000 

Rv1213 glgC 
Glucose-1-phosphate adenylyltransferase GlgC (ADP-glucose 

synthase) (ADP-glucose pyrophosphorylase) 
0.35 0.000 

Rv2458 mmuM 

Probable homocysteine S-methyltransferase MmuM (S-

methylmethionine:homocysteine methyltransferase) (cysteine 

methyltransferase) 

0.34 0.007 

Rv0172 mce1D Mce-family protein Mce1D 0.33 0.000 

Rv0470c pcaA Mycolic acid synthase PcaA (cyclopropane synthase) 0.33 0.007 

Rv2721c Rv2721c Antigen 0.33 0.000 

Rv0554 bpoC Possible peroxidase BpoC (non-haem peroxidase) 0.31 0.000 

Rv2115c mpa Mycobacterial proteasome ATPase Mpa 0.31 0.000 

Rv0503c cmaA2 

Cyclopropane-fatty-acyl-phospholipid synthase 2 CmaA2 

(cyclopropane fatty acid synthase) (CFA synthase) (cyclopropane 

mycolic acid synthase 2) (mycolic acid trans-cyclopropane 

synthetase) 

0.3 0.000 

Rv2914c pknI 

Probable transmembrane serine/threonine-protein kinase I PknI 

(protein kinase I) (STPK I) (phosphorylase B kinase kinase) 

(hydroxyalkyl-protein kinase) 

0.3 0.000 

Rv0169 mce1A Mce-family protein Mce1A 0.29 0.000 

Rv0465c lrpI 
Transcriptional regulatory protein%2C local regulatory protein of 

icl1 
0.29 0.007 

Rv3045 adhC Probable NADP-dependent alcohol dehydrogenase AdhC 0.25 0.035 

Rv0019c fipA FtsZ-interacting protein A%2C FipA 0.24 0.014 

Rv1195 PE13 PE family protein PE13 0.24 0.025 

Rv1809 PPE33 PPE family protein PPE33 0.24 0.020 

Rv2585c Rv2585c 
Possible conserved lipoprotein/putative ATP-binding cassette 

(ABC) transport protein (oligopeptide transport) 
0.23 0.000 

Rv1220c Rv1220c Probable methyltransferase 0.22 0.025 

Rv1196 PPE18 Surfaced-exposed antigen 0.21 0.014 

Rv1808 PPE32 PPE family protein PPE32 0.21 0.000 

Rv0483 lprQ Probable conserved lipoprotein LprQ -0.17 0.000 

Rv2048c pks12 Polyketide synthase Pks12 -0.17 0.007 

Rv1364c Rv1364c Possible sigma factor regulatory protein -0.19 0.025 

Rv3720 Rv3720 Possible fatty acid synthase -0.21 0.031 

Rv2203 Rv2203 Possible conserved membrane protein -0.24 0.007 

Rv2936 drrA 
Daunorubicin-dim-transport ATP-binding protein ABC transporter 

DrrA 
-0.25 0.000 
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Table S1 continued 

#Orf Name Description log2FC 
Adj. p-

value 

Rv3010c pfkA 
Probable 6-phosphofructokinase PfkA (phosphohexokinase) 

(phosphofructokinase) 
-0.28 0.014 

Rv3719 Rv3719 Conserved protein/putative amide-bond oxidoreductase -0.28 0.000 

Rv2937 drrB 
Daunorubicin-dim-transport integral membrane protein ABC 

transporter DrrB 
-0.31 0.007 

Rv3057c Rv3057c Probable short chain alcohol dehydrogenase/reductase -0.32 0.000 

Rv1813c Rv1813c Conserved hypothetical protein -0.33 0.035 

Rv2607 pdxH 

Probable pyridoxamine 5'-phosphate oxidase PdxH (PNP/PMP 

oxidase) (pyridoxinephosphate oxidase) (PNPOX) (pyridoxine 5'-

phosphate oxidase) 

-0.36 0.040 

Rv2942 mmpL7 Conserved transmembrane transport protein MmpL7 -0.39 0.000 

Rv3200c Rv3200c Possible transmembrane cation transporter -0.39 0.000 

Rv1040c PE8 PE family protein PE8 -0.41 0.035 

Rv1580c Rv1580c Probable PhiRv1 phage protein -0.42 0.007 

Rv3134c Rv3134c Universal stress protein family protein -0.42 0.000 

Rv3644c Rv3644c Possible DNA polymerase -0.42 0.000 

Rv0989c grcC2 
Probable polyprenyl-diphosphate synthase GrcC2 (polyprenyl 

pyrophosphate synthetase) 
-0.44 0.025 

Rv3726 Rv3726 Possible dehydrogenase -0.51 0.007 

L_03517 L_03517 hypothetical protein -0.52 0.035 

Rv0146 Rv0146 Possible S-adenosylmethionine-dependent methyltransferase -0.52 0.000 

Rv1273c Rv1273c 
Probable drugs-transport transmembrane ATP-binding protein 

ABC transporter 
-0.55 0.000 

Rv2851c Rv2851c GCN5-related N-acetyltransferase -0.63 0.007 

Rv0400c fadE7 Acyl-CoA dehydrogenase FadE7 -0.67 0.020 

Rv1421 Rv1421 conserved protein -0.68 0.000 

Rv1272c Rv1272c 
Probable drugs-transport transmembrane ATP-binding protein 

ABC transporter 
-0.76 0.000 

Rv2606c snzP Possible pyridoxine biosynthesis protein SnzP -0.91 0.000 

Rv0153c ptbB 
Phosphotyrosine protein phosphatase PTPB (protein-tyrosine-

phosphatase) (PTPase) 
-1.1 0.000 

Rv1287 Rv1287 Conserved hypothetical protein -1.15 0.000 

Rv0805 Rv0805 Class III cyclic nucleotide phosphodiesterase (cNMP PDE) -1.16 0.000 

Rv0410c pknG Serine/threonine-protein kinase PknG (protein kinase G) (STPK G) -1.29 0.000 

Rv1248c Rv1248c Multifunctional alpha-ketoglutarate metabolic enzyme -1.73 0.000 
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Table S2. Transposon insertions in genes possibly generally altering mycobacterial fitness 

of M. tuberculosis H37Ra cells during KSK-106 treatment. Negative log2FC values indicate 

underrepresentation, positive values overrepresentation of the mutants in the pool, demonstrating 

aggravating or alleviating effects of insertions, respectively. 

#Orf Name Description log2FC Adj. p-value 

Genes involved in drug efflux 

Rv1272c Rv1272c 
Probable drugs-transport transmembrane ATP-binding 

protein ABC transporter 
-0.76 0.000 

Rv1273c Rv1273c 
Probable drugs-transport transmembrane ATP-binding 

protein ABC transporter 
-0.55 0.000 

Rv2936 drrA 
Daunorubicin-dim-transport ATP-binding protein ABC 

transporter DrrA 
-0.25 0.000 

Rv2937 drrB 
Daunorubicin-dim-transport integral membrane protein 

ABC transporter DrrB 
-0.31 0.007 

Rv2942 mmpL7 Conserved transmembrane transport protein MmpL7 -0.39 0.000 

Genes involved in cell wall assembly and integrity 

Rv1195 PE13 PE family protein PE13 0.24 0.025 

Rv1808 PPE32 PPE family protein PPE32 0.21 0.000 

Rv1809 PPE33 PPE family protein PPE33 0.24 0.020 

Rv1040c PE8 PE family protein PE8 -0.41 0.035 

Rv2931 ppsA 
Phenolpthiocerol synthesis type-I polyketide synthase 

PpsA 
0.46 0.000 

Rv2932 ppsB 
Phenolpthiocerol synthesis type-I polyketide synthase 

PpsB 
0.59 0.000 

Rv2933 ppsC 
Phenolpthiocerol synthesis type-I polyketide synthase 

PpsC 
0.51 0.007 

Rv2935 ppsE 
Phenolpthiocerol synthesis type-I polyketide synthase 

PpsE 
0.57 0.000 

Genes associated with universal stress protein family 

Rv3134c Rv3134c Universal stress protein family protein -0.42 0.000 

Metabolic genes 

Rv3696c glpK 
Probable glycerol kinase GlpK (ATP:glycerol 3-

phosphotransferase) (glycerokinase) (GK) 
0.91 0.000 

Rv1328 glgP Probable glycogen phosphorylase GlgP 0.41 0.000 

Rv1213 glgC 
Glucose-1-phosphate adenylyltransferase GlgC (ADP-

glucose synthase) (ADP-glucose pyrophosphorylase) 
0.35 0.000 
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Table S3. Transposon insertions in genes altering mycobacterial fitness of M. tuberculosis 

H37Ra cells specific in response to KSK-106 treatment. Negative log2FC values indicate 

underrepresentation, positive values overrepresentation of the mutants in the pool, demonstrating 

aggravating or alleviating effects of insertions, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

#Orf Name Description log2FC Adj. p-value 

Genes involved in KSK-resistance and activation 

Rv2888c amiC 
Probable amidase AmiC 

(aminohydrolase) 
1 0.000 

Rv0552 Rv0552 

Conserved 

protein/putative 

endodeoxyribonuclease 

0.94 0.000 

Gene involved in the oxidative stress network 

Rv3005c doxX 

Probable membrane 

oxidoreductase 

component (MRC) DoxX 

0.55 0.000 

Genes involved in pyridoxal-5'-phosphate pathway 

Rv2606c snzP 
Possible pyridoxine 

biosynthesis protein SnzP 
-0.91 0.000 

Rv2607 pdxH 

Probable pyridoxamine 

5'-phosphate oxidase 

PdxH (PNP/PMP 

oxidase) 

(pyridoxinephosphate 

oxidase) (PNPOX) 

(pyridoxine 5'-phosphate 

oxidase) 

-0.36 0.040 
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Table S4. Strains used in this study. 
Strain Relevant properties Origin 

Mycobacterium tuberculosis 

H37Rv wild type 
Wild type 

William R. Jacobs Jr., PhD, 

Albert Einstein College of 

Medicine, Bronx, USA 

H37Rv 

pBEN::mCherry 

(Hsp60)/GFP (Atc) 

hygR, constitutive expression of 

mCherry 
Reference 1 

H37Rv pMV361::amiC 

Merodiploid amiC strain for 

overexpression and 

complementation, kanR 

This study 

H37Rv pMV361::Rv0552 

Merodiploid Rv0552 strain, for 

overexpression and 

complementation kanR 

This study 

H37Rv pMV361::EV Empty vector control strain, kanR This study 

H37Rv ΔamiC 
Gene deletion mutant of amiC, 

hygR 
This study 

H37Rv ΔamiC pMV361::amiC 

Gene deletion mutant of amiC, 

complemented with a wild type 

copy of amiC, constitutively 

expressed from a single-copy 

integrative plasmid, hygR, kanR 

This study 

H37Rv ΔamiC pMV361::EV 

Gene deletion mutant of amiC, 

complemented with a empty 

vector control plasmid, hygR, 

kanR 

This study 

H37Rv ΔamiC pMV361::amiC P185T 

Gene deletion mutant of amiC, 

complemented with a mutated 

copy of amiC, constitutively 

expressed from a single-copy 

integrative plasmid, hygR, kanR 

This study 

H37Rv ΔamiC pMV361::amiC Ins 

100 +t 

Gene deletion mutant of amiC, 

complemented with a mutated 

copy of amiC, constitutively 

expressed from a single-copy 

integrative plasmid, hygR, kanR 

This study 
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Table S4 continued 
Strain Relevant properties Origin 

H37Rv ΔamiC pMV361::Rv0552 

Gene deletion mutant of amiC, 

complemented with a wild type 

copy of Rv0552, constitutively 

expressed from a single-copy 

integrative plasmid, hygR, kanR 

This study 

H37Rv ΔamiC pMV361::amiC 

K82A_S157A_S181A 

Gene deletion mutant of amiC, 

complemented with a mutated 

copy of amiC, constitutively 

expressed from a single-copy 

integrative plasmid, hygR, kanR 

This study 

H37Rv ΔRv0552 
Gene deletion mutant of Rv0552, 

hygR 
This study 

H37Rv ΔRv0552 pMV361::Rv0552 

Gene deletion mutant of Rv0552, 

complemented with a wild type 

copy of Rv0552, constitutively 

expressed from a single-copy 

integrative plasmid, hygR, kanR 

This study 

H37Rv ΔRv0552 pMV361::EV 

Gene deletion mutant of Rv0552, 

complemented with a empty 

vector control plasmid, hygR, kanR 

This study 

H37Rv ΔRv0552 pMV361::Rv0552 

H67R 

Gene deletion mutant of Rv0552, 

complemented with a mutated 

copy of Rv0552, constitutively 

expressed from a single-copy 

integrative plasmid, hygR, kanR 

This study 

H37Rv ΔRv0552 pMV361::Rv0552 

A229D 

Gene deletion mutant of Rv0552, 

complemented with a mutated 

copy of Rv0552, constitutively 

expressed from a single-copy 

integrative plasmid, hygR, kanR 

This study 
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Table S4 continued 
Strain Relevant properties Origin 

H37Rv ΔRv0552 pMV361::amiC 

Gene deletion mutant of Rv0552, 

complemented with a wild type 

copy of amiC, constitutively 

expressed from a single-copy 

integrative plasmid, hygR, kanR 

This study 

H37Rv ΔRv3092c-Rv3095 
Deletion mutant of gene cluster 

Rv3092c-Rv3095, hygR 
This study 

M. tuberculosis strain mc26030 

Auxotrophic mutant strain 

generated from H37Rv lacking 

RD1 region and panCD genes 

obtained from William, R. 

Jacobs Jr., PhD, Albert 

Einstein College of Medicine, 

Bronx, USA; reference 2 

M. tuberculosis strain H37Ra Avirulent strain 

obtained from William, R. 

Jacobs Jr., PhD, Albert 

Einstein College of Medicine, 

Bronx, USA; 

M. tuberculosis CDC1551 Virulent lab strain 

obtained from William, R. 

Jacobs Jr., PhD, Albert 

Einstein College of Medicine, 

Bronx, USA 

M. tuberculosis Erdman Virulent lab strain 

obtained from William, R. 

Jacobs Jr., PhD, Albert 

Einstein College of Medicine, 

Bronx, USA 

M. tuberculosis KZN06 

M. tuberculosis KZN07 

M. tuberculosis KZN13 

M. tuberculosis KZN14 

M. tuberculosis KZN15 

M. tuberculosis KZN16 

clinical isolates from KZN, South 

Africa 

obtained from William R. 

Jacobs Jr., PhD, Albert 

Einstein College of Medicine, 

Bronx, USA 

M. smegmatis mc2155 Wild type 

obtained from William R. 

Jacobs Jr., PhD, Albert 

Einstein College of Medicine, 

Bronx, USA 

M. smegmatis pMV361::amiC 
Merodiploid strain for 

overexpression of amiC, kanR 
This study 
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Table S4 continued 
Strain Relevant properties Origin 

M. smegmatis pMV361::Rv0552 
Merodiploid strain, for 

overexpression of Rv0552, kanR 
This study 

M. smegmatis pMV361::EV Empty vector control strain, kanR This study 

M. bovis BCG pasteur Wild type  

obtained from William R. 

Jacobs Jr., PhD, Albert 

Einstein College of Medicine, 

Bronx, USA 

M. bovis pMV361::amiC 
Merodiploid strain for 

overexpression of amiC, kanR 
This study 

M. bovis pMV361::Rv0552 
Merodiploid strain, for 

overexpression of Rv0552, kanR 
This study 

M. bovis pMV361::EV Empty vector control strain, kanR This study 

M. marinum ATCC 927 Wild type 

DSMZ-German Collection of 

Microorganisms and 

Cell Cultures GmbH 

M. abscessus (CF001s)   Clinical isolate; reference 3 

E. coli NEB 5-alpha Cloning strain for plasmids  
 

New England Biolabs  
(Cat.-No. C2987I) 

E. coli HB101 Cloning strain for phasmids Promega (Cat.-No. L2015) 
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Table S5. Oligonucleotides used in this study.  
Oligonucleotide Sequence [5‘ – 3‘] 

HindIII amiC GTCGGAAGCTTCTACTCGGCGATATTTGGGG 

PacI amic GGAGGATTAATTAAATZTCGCGCGTACAGCTTC 

HindIII rv0552 GGGAAGCTTTCACCGCCGATAAACCTGGC 

PacI rv0552 GGAGGTTAATTAAATGGCCGATGCAGACCTCGTC 

5‘ Rv0552 H67R GCGGATGGCCGCGTGCCTCAACA 

3‘ Rv0552 H67R TACTGGAGGCGGTCGTGC 

5‘ Rv0552 A229D CTGGGTCAAAGTCCATCTCCGAGCATGTG 

3‘ Rv0552 A229D GGTATCGGCCGATGGTCG 

5‘ amiC Ins 100/473 ATTCCCACGCGTCGGTGCC 

3‘ amiC 100/473 CCATACGCGGCCGTCGCC 

5‘ amiC P185T TGCAGGCGGCtgtAATACGGATCG 

3‘ amiC P185T ACGGGTTGGTCGGGCTCA 

5' amiC K82A GACCTTCATCGCAGACAACGTCGACG 

3' amiC K82A GGCACTCCACTGAAGAAC 

5' amiC S157A AGCGGGTGCCGCATCATCGGGAT 

3' amiC S157A GTGTAGTCGGTATTCCACGGATTAC 

5' amiC S181A CGGCGGCGGCGCAATCCGTATTC 

3' amiC S181A TCGTTGGCGTGCGCGATC 

amic LL TTTCTTTTCACAAAGTGGGACTGGGGCGCGCCGACGG 

amiC LR TTTTGTCTCACTTCGTGCATACCCGGCTAAGCCTGGC 

amiC RL TTGTCTTTGCATAGATTGCTAGCCCGCGTCCGGATCTAG 

amiC RR TCCGTGGTGCATCTTTTGCCGACTTCAGTAACGACCTTG 

Rv0552 LL TTTTCCATAAATTGGGCGCCGTAGTAGACGGTTTC 

Rv0552 LR AAAAAAACCATTTCTTGGCATGGGCTCCAAGCGTAGTG 

Rv0552 RR TTTTTTTTCCATCTTTTGGCCAGGTTGATCACCCGAAAG 

Rv0552 RL GGGTTTTTCCATAGATTGGGTGATACCCGTGCTGCCCCC 

5' amiC confirmation  ATCTAAGCGCCGTGACGGTCCAG 

3' amiC confirmation  TGAAAGAGACCGTCGCTCAC 

5' rv0552 confirmation  ATTCTGAGCAACCGCCGGATG 

3' rv0552 confirmation  AGCAATCTAGCTGACAGCGCAGTCCG 

Hyg confirmation GCACGGGACCAACATCTTCG 

sacB confirmation TTTGTAATGGCCAGCTGTCC 

3' Rv3096 confirmation   TGTCTCGCATTCGGCGAGC  

5' Rv3091 confirmation  TATGGGCGCGGGCTTCGTCTACA 

Operon-Rv3095 LL TTGCGTTCTCAGAAACTGGACCAGTTCGCCCATACCCTG 

Operon-Rv3095 LR TTGGCTTTCAGTTCCTGCCGTCGCTAGGTCAGGTGGC 

Operon-Rv3095 RL TGCGCTCTCAGAGACTGCGATTCCCAACCTCAAATTG 

Operon-Rv3095 RR TCTTGTTTCAGCTTCTGTTGGGACCGCGCCAGGTAC 
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Table S5 continued 
Oligonucleotide Sequence [5‘ – 3‘] 

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 

PacI frr GCGTTAATTAAAGCGATGAGGAGGAGCGGCGCAG 

HindIII_frr  GCGAAGCTTTGTCACGGATTTTGTTGCTGAGCG 

PacI Rv0812 CGCGGTTAATTAAGGGACATGTTGAGGCAGACG 

HindIII Rv0812 GAGAAGCTTGCGCTGACCACAACAGAGG 

5' NdeI amiC- 6xHis-Tag GGGATGCATATGCACCACCATCACCATCACATGTCGCGCGTACACG

C 

3' DraIII amiC GGGCACTACGTGCTACTCGGCGATATTTGGG 
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Table S6. Plasmids and phasmids used in this study. 
Plasmid (p) or Phasmid (ph) Relevant properties 

p0004S sacB-hygR cassette, oriE-cos site cassette; 

reference 4 

phAE159 Temperature sensitive shuttle phasmid, derivative 

of mycobacteriophage TM4, ampR; reference 4 

pMV361(kan)::EV Integrative E. coli-mycobacteria shuttle palsmid, 

kanR; reference 5 

pMV361(kan)::Rv0552 complementation and overexpression plasmid, 

kanR 

pMV361(kan)::amiC complementation and overexpression plasmid, 

kanR 

p0004s-amiC-k.o.  Knock-out cassette, hygR, sacB, flanking regions 

of amiC, hygR 

p0004s-Rv0552-k.o.  Knock-out cassette, hygR, sacB, flanking regions 

of Rv0552, hygR 

p0004s - operon rv3095- k.o. Knock-out cassette, hygR, sacB, flanking regions 

of Rv3092c-Rv3095, hygR  

phAE159::amiC-k.o Knock-out cassette, hygR, sacB, flanking regions 

of amiC, hygR 

phAE159::Rv0552-k.o. Knock-out cassette, hygR, sacB, flanking regions 

of Rv0552, hygR 

phAE159::operon-Rv3095-k.o. Knock-out cassette, hygR, sacB, flanking regions 

of Rv3092c-Rv3095, hygR  

pMV361::amiC P185T complementation plasmid, kanR 

pMV361::amiC Ins100/473+t  complementation plasmid, kanR 

pMV361::Rv0552 H67R  complementation plasmid, kanR 

pMV361::Rv0552 A229D  complementation plasmid, kanR 

pMV361::amiC_K82A_S157A_S181A 

 

complementation plasmid, kanR 
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Synthesis of starting materials and intermediates 

4-(Heptyloxy)benzoic acid (6c) 

The preparation of 6c was carried out according to a procedure of 

CHENG et al.6 4-(Heptyloxy)benzoic acid (6c) was obtained as a 

colorless solid (62 %, 2 steps). The spectroscopic data correspond 

to those reported in the literature. 
1H-NMR (300 MHz, DMSO-d6) δ 7.93 – 7.80 (m, 2H), 7.05 – 6.93 (m, 2H), 4.02 (t, J = 6.5 Hz, 

2H), 1.79 – 1.64 (m, 2H), 1.48 – 1.19 (m, 8H), 0.94 – 0.79 (m, 3H)  

HPLC tR = 16.32 min, purity = 99.9 % 

 

4-(Thiazol-2-yl)benzoic acid (6d) 

The preparation of 6d was carried out according to a procedure of TANI et 

al.7 4-(Thiazol-2-yl)benzoic acid (6d) was obtained as a colorless solid 

(42 %, 3 steps). The spectroscopic data correspond to those reported in 

the literature. 
1H-NMR (300 MHz, DMSO-d6) δ 13.15 (s, 1H), 8.12 – 8.02 (m, 4H), 8.01 (d, J = 3.2 Hz, 1H), 

7.90 (d, J = 3.2 Hz, 1H)  

HPLC tR = 9.05 min, purity = 99.9 % 

 

N-Hydroxy-[1,1'-biphenyl]-4-carboxamide (12a) 

Oxalyl chloride (113 mmol, 2.26 eq.) was slowly added to a solution of 

biphenyl-4-carboxylic acid (6a) (50.0 mmol, 1.00 eq.) and 

N,N-dimethylformamide (50.0 mmol, 1.00 eq.) in 150 mL anhydrous 

dichloromethane under ice cooling. The reaction mixture was stirred for 1 h 

at 0 °C and then slowly added to a solution of hydroxylamine hydrochloride (200 mmol, 4.00 eq.) 

and triethylamine (300 mmol, 6.00 eq.) in 90.0 mL tetrahydrofuran/water (5:1). The suspension 

was stirred for 16 h at room temperature, the pH was adjusted to 6 with 2 ᴍ hydrochloric acid 

solution and the mixture was extracted four times with 200 mL dichloromethane. The combined 

organic phases were dried over anhydrous sodium sulfate, filtered and the solvent was removed 

under reduced pressure. The crude product was recrystallized from water / ethanol and N-

hydroxy-[1,1'-biphenyl]-4-carboxamide (12a) was obtained as white needles (87 % yield). The 

spectroscopic data agree with those reported in the literature.8 
1H-NMR (300 MHz, DMSO-d6) δ 7.36 – 7.44 (m, 1H), 7.45 – 7.54 (m, 2H), 7.68 – 7.79 (m, 

4H), 7.82 – 7.89 (m, 2H), 9.06 (s, 1H), 11.28 (s, 1H) 
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13C-NMR (75 MHz, DMSO) δ 126.6, 126.8, 127.5, 128.0, 129.0, 131.5, 139.1, 142.7, 163.8 

HPLC tR = 9.08 min, purity = 99.9 % 

Mp. TM = 197.6 °C   

 

N-Hydroxy-4-(pentyloxy)benzamide (12b) 

Oxalyl chloride (113 mmol, 2.26 eq.) was slowly added to a solution 

of biphenyl-4-carboxylic acid (6b) (50.0 mmol, 1.00 eq.) and N,N-

dimethylformamide (50.0 mmol, 1.00 eq.) in 150 mL anhydrous 

dichloromethane under ice cooling. The reaction mixture was stirred for 1 h at 0 °C and then 

slowly added to a solution of hydroxylamine hydrochloride (200 mmol, 4.00 eq.) and 

triethylamine (300 mmol, 6.00 eq.) in 90.0 mL tetrahydrofuran / water (5:1). The suspension was 

stirred for 16 h at room temperature, the pH adjusted to 6 with 2 ᴍ hydrochloric acid solution and 

the mixture extracted four times with 200 mL dichloromethane. The combined organic phases 

were dried over anhydrous sodium sulfate, filtered and the solvent was removed under reduced 

pressure. The crude product was recrystallized from water / ethanol and N-hydroxy-4-

(pentyloxy)benzamide and (12b) was obtained as white needles (73 % yield). The spectroscopic 

data agree with those reported in the literature.8  
1H-NMR (300 MHz, DMSO-d6) δ 11.04 (s, 1H), 8.88 (s, 1H), 7.88 – 7.57 (m, 2H), 7.09 – 6.81 

(m, 2H), 4.00 (t, J = 6.5 Hz, 2H), 1.83 – 1.62 (m, 2H), 1.49 – 1.23 (m, 4H), 0.99 – 0.79 (m, 3H) 
13C-NMR (75 MHz, DMSO-d6) δ 164.02, 160.92, 128.61, 124.74, 114.02, 67.61, 28.26, 27.66, 

21.87, 13.91 

HPLC tR = 10.81 min, purity = 98.8 % 

Mp. TM = 150 °C 

 

2-([1,1'-Biphenyl]-4-carboxamidooxy)acetic acid (10)9 

A solution of N-hydroxy-[1,1'-biphenyl]-4-carboxamide (12a, 34.6 

mmol, 1.00 eq.), bromoacetic acid (1a, 34.6 mmol, 1.00 eq.) and 

sodium hydroxide (69.2 mmol, 2.00 eq.) in 200 mL ethanol was 

refluxed for 8 h. After cooling to room temperature, the solvent was removed under reduced 

pressure, the residue dissolved in 200 mL distilled water and the pH adjusted with 2 ᴍ 

hydrochloric acid solution to pH 4. The aqueous suspension was extracted four times with 200 

mL dichloromethane, the combined organic phases were dried over anhydrous sodium sulfate, 

filtered and the solvent was removed under reduced pressure. The crude product was 

recrystallized from ethyl acetate and 2-([1,1'-biphenyl]-4-carboxamidooxy)acetic acid (10) was 

obtained as white needles (80 % yield).  
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1H-NMR (300 MHz, DMSO-d6) δ 4.53 (s, 2H), 7.37 – 7.45 (m, 1H), 7.45 – 7.55 (m, 2H), 7.68 

– 7.74 (m, 2H), 7.74 – 7.81 (m, 2H), 7.82 – 7.92 (m, 2H), 12.07 (s, 1H), 12.99 (s, 1H) 
13C-NMR (75 MHz, DMSO) δ 71.8, 126.6, 126.8, 127.9, 128.1, 129.0, 130.5, 139.0, 143.2, 

164.6, 170.0 

HPLC tR = 10.23 min, purity = 98.0 %  

Mp. TM = 191.8 °C   

 

2-((4-(Pentyloxy)benzamido)oxy)acetic acid (11) 

A solution of N-hydroxy-4-(pentyloxy)benzamide (12b, 10.0 

mmol, 1.00 eq.), bromoacetic acid (1a, 10.0 mmol, 1.00 eq.), 

and sodium hydroxide (20.0 mmol, 2.00 eq.) in 40.0 mL 

ethanol was heated to reflux for 8 hours. After cooling to room temperature, the solvent was 

evaporated under reduced pressure. The residue was then dissolved in 50.0 mL distilled water, 

and the pH adjusted to pH 4 using a 2 ᴍ hydrochloric acid solution . The aqueous suspension was 

extracted four times with 40.0 mL dichloromethane, the combined organic phases were dried over 

anhydrous sodium sulfate, filtered and the solvent removed under reduced pressure. The crude 

product was recrystallized from ethyl acetate and 2-((4-(pentyloxy)benzamido)oxy)acetic 

acid (11) was obtained as white needles (51 % yield).  
1H-NMR (300 MHz, DMSO-d6) δ 13.00 (s, 1H), 11.84 (s, 1H), 7.85 – 7.62 (m, 2H), 7.06 – 6.86 

(m, 2H), 4.48 (s, 2H), 4.01 (t, J = 6.5 Hz, 2H), 1.81 – 1.62 (m, 2H), 1.36 (tdt, J = 8.0, 3.6, 2.2 Hz, 

4H), 0.97 – 0.81 (m, 3H) 
13C-NMR (75 MHz, DMSO-d6) δ 170.12, 164.85, 161.49, 129.12, 123.53, 114.12, 71.97, 67.68, 

28.23, 27.63, 21.86, 13.90 

HPLC tR = 11.91 min, purity = 99.3 % 

Mp. TM = 162.6 °C 

 

2-([1,1'-Biphenyl]-4-carboxamidooxy)propanoic acid (13) 

Under a nitrogen atmosphere at -10 °C, a solution of N-hydroxy-[1,1'-

biphenyl]-4-carboxamide (12a, 4.69 mmol, 1.00 eq.) in 20.0 mL of 

anhydrous tetrahydrofuran was treated with sodium hydride (60% 

dispersion in mineral oil, 5.16 mmol, 1.10 eq.) and stirred for 10 min. 

2-Bromopropanoic acid (1b, 4.69 mmol, 1.00 eq.) dissolved in 5.00 mL of absolute 

tetrahydrofuran was then added dropwise. The reaction mixture was heated to reflux for 24 h. 

After cooling down to room temperature, the solvent was removed under reduced pressure and 

the residue was dissolved in 50.0 mL distilled water and the pH was adjusted with a 2 ᴍ 
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hydrochloric acid solution to 1. The aqueous phase was extracted three times with 50.0 mL ethyl 

acetate, the combined organic phases were dried over anhydrous sodium sulfate, filtered and the 

solvent was removed under reduced pressure. The crude product was purified by flash 

chromatography on silica gel using n-hexane/ethyl acetate as eluent. 2-([1,1'-Biphenyl]-4-

carboxamidooxy)propanoic acid (13) was obtained as a light yellow solid (70 % yield). 
1H-NMR (600 MHz, DMSO-d6) δ 1.41 (d, J = 7.0 Hz, 3H), 4.54 (q, J = 6.9 Hz, 1H), 7.38 – 7.45 

(m, 1H), 7.49 (dd, J = 8.4, 7.0 Hz, 2H), 7.69 – 7.75 (m, 2H), 7.74 – 7.80 (m, 2H), 7.83 – 7.89 (m, 

2H), 11.94 (br s, 1H), 12.95 (br s, 1H) 
13C-NMR (151 MHz, DMSO) δ 16.9, 79.1, 127.1, 127.3, 128.4, 128.6, 129.5, 131.0, 139.5, 

143.7, 165.3, 173.3 

HPLC tR = 12.22 min, purity = 96.8 %  

Mp. TM = 173.8 °C  

 

General procedure 2 (GP 2): Synthesis of hydroxylamines10 

 
The respective alkyl halide (1.00 eq.), N-hydroxyphthalimide (NHPI, 1.20 eq.) and triethylamine 

(2.00 eq.) were heated to reflux in acetonitrile or N,N-dimethylformamide (10.0 mL/mmol of 

alkyl halide) until complete conversion of the alkyl halide. After cooling down to room 

temperature, the solvent was removed under reduced pressure, the residue dissolved in ethyl 

acetate (10.0 mL/mmol based on alkyl halide) and washed four times with saturated sodium 

hydrogen carbonate solution (10.0 mL/mmol based on alkyl halide). The organic phase was dried 

over anhydrous sodium sulfate, filtered and the solvent was removed under reduced pressure. The 

phthaloyl-protected hydroxylamines were used for deprotection (method A or B) without further 

purification. 

 

Deprotection method A:  

The appropriate phthaloyl-protected hydroxylamine (1.00 eq.) was dissolved in ethanol 

(15.0 mL/mmol based on protected hydroxylamine) and hydrazine monohydrate (2.00 eq.) was 

added. The reaction mixture was heated to reflux for 2 h and after cooling down to room 

temperature it was stored for 1 h at 0 °C. The precipitate was isolated by filtration and washed 

twice with ice-cold ethanol (10.0 mL/mmol based on protected hydroxylamine). The filtrate was 

cooled to 0 °C and the pH was adjusted to 2 - 3 with 4 ᴍ hydrochloric acid in 1,4-dioxane while 
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stirring continuously. The precipitated hydroxylamine hydrochloride was isolated by filtration 

and washed with ice-cold 1,4-dioxane (10.0 mL/mmol based on protected hydroxylamine). 

 

Deprotection method B:  

The appropriate corresponding phthaloyl-protected hydroxylamine (1.00 eq.) was dissolved in 

dichloromethane or tetrahydrofuran (15.0 mL/mmol based on protected hydroxylamine) and 

hydrazine monohydrate (2.00 eq.) was added. The reaction mixture was stirred for 4 h at room 

temperature, then stored overnight at 7 °C and the precipitate was removed by filtration. The 

filtrate was washed three times with saturated sodium hydrogen carbonate solution 

(5.00 mL/mmol based on protected hydroxylamine) and once with saturated sodium chloride 

solution (5.00 mL/mmol based on protected hydroxylamine). The organic phase was dried over 

anhydrous sodium sulfate, filtered and the solvent removed under reduced pressure. The residue 

was dissolved in absolute diethyl ether (5.00 mL/mmol based on protected hydroxylamine) and 

the pH was adjusted to 1 with 4 ᴍ hydrochloric acid in 1,4-dioxane under ice cooling. The 

suspension was allowed to stand overnight at -20 °C, the precipitated hydroxylamine 

hydrochloride was isolated by filtration and washed with ice-cold dry diethyl ether (5.00 

mL/mmol based on protected hydroxylamine). 

 

O-Benzylhydroxylamine hydrochloride (2) 

2 was used for GP 1 without further purification. 

 

O-(tert-Butyl)hydroxylamine hydrochloride (14a) 

14a was used for GP 1 without further purification. 

 

O-Hexylhydroxylamine hydrochloride (14b)11  

The synthesis was carried out according to GP 2 (method A). 

O-Hexylhydroxylamine hydrochloride (14b) was obtained as a 

colorless solid (55 %).  
1H-NMR (300 MHz, DMSO-d6) δ 0.79 – 0.94 (m, 3H), 1.13 – 1.38 (m, 6H), 1.57 (tt, J = 7.4, 6.1 

Hz, 2H), 3.99 (t, J = 6.5 Hz, 2H), 10.99 (br s, 3H). 

Mp.: 151.3 °C   
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O-Phenylhydroxylamine hydrochloride (14c)12  

The synthesis was carried out according to GP 2 (method B). 

O-Phenylhydroxylamine hydrochloride (14c) was obtained as a colorless 

solid (80 %).  
1H-NMR (600 MHz, DMSO-d6) δ = 7.06 – 7.11 (m, 1H), 7.15 – 7.21 (m, 2H), 7.35 – 7.40 (m, 

2H).  

Mp.: 129.5 °C   

 

O-(Cyclohexylmethyl)hydroxylamine hydrochloride (14d)13  

The synthesis was carried out according to GP 2 (method B). 

O-(Cyclohexylmethyl)hydroxylamine hydrochloride (14d) was obtained 

as a colorless solid (48 %).  
1H-NMR (300 MHz, DMSO-d6) δ 0.83 – 1.04 (m, 2H), 1.19 (h, J = 12.1 Hz, 3H), 1.55 – 1.73 

(m, 6H), 3.81 (d, J = 6.1 Hz, 2H), 10.92 (br s, 3H).  

Mp.: 178.6 °C   

 

 

O-(pyridin-2-ylmethyl)hydroxylamine dihydrochloride (14e)14  

The synthesis was carried out according to GP 2 (method B).  

O-(Pyridin-2-ylmethyl)hydroxylamine dihydrochloride (14e) was 

obtained as a colorless solid (52 %). 
1H-NMR (300 MHz, DMSO-d6) δ = 5.29 (s, 2H), 7.97 (ddd, J = 7.9, 5.5, 0.8 Hz, 1H), 8.48 (dt, 

J = 8.0, 1.8 Hz, 1H), 8.88 (dd, J = 5.6, 1.5 Hz, 1H), 8.94 (d, J = 2.0 Hz, 1H).   

Mp.: 188.3 °C 
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Abstract 

 

Tuberculosis continues to be a threat to health around the globe. The causative agent, 

Mycobacterium tuberculosis, possesses not only the ability to evade the immune system but also 

a complex cell wall that confers intrinsic resistance to antibiotics and is crucial for pathogenicity. 

Although research has made great progress on cell wall issues, some key steps in biogenesis of 

the unique structure remain obscure. Glycoconjugates, which have a vital function in host-

pathogen interactions, are synthesized in a bipartite process in the cyto- and periplasm. Although 

the biosynthesis is well known, the mechanism by which the carbohydrates enter the outer leaflet 

of the cell membrane remains unknown. Using bioinformatics, gene inactivation and phenotypic 

characterization of mutant strains, we have identified Rv3277 as a GtrA-like transporter and 

revealed its role in the translocation of glycoconjugate building blocks. Thus, we have uncovered 

a missing part in the biosynthetic pathway of glycoconjugate formation and identified a potential 

new drug target candidate. 

 

 

Keywords 
Tuberculosis, mycobacteria, cell wall, glycoconjugates, floppases 
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Introduction 

Only surpassed by Covid-19 in the last years, tuberculosis (TB) remains one of the most serious 

infectious diseases with approx. 10.6 million new cases and 1.6 million deaths in 2021 [1]. The 

increasing emergence of multidrug-resistant strains of the causative pathogen Mycobacterium  

tuberculosis underlines the urgent need for new antibiotics. Much of its pathogenicity is attributed 

to the unusual, complex cell wall structure (reviewed in [2]). Compared to other Gram-positive 

bacteria, and in addition to the characteristic mycolic acids, mycobacteria do possess various 

additional unique cell wall molecules that confer exceptional physicochemical resistance to 

various stresses, mediate high intrinsic antibiotic resistance by reducing permeability, and/or play 

important roles in interaction with the host´s immune system [2]. Some of the most abundant cell 

wall molecules are rich in mannose, arabinose, or both. These glycoconjugates comprise 

molecules such as phosphatidylinositol mannosides (PIMs), lipomannan (LM), arabinogalactan 

(AG) and lipoarabinomannan (LAM), some of which have been shown to play important roles in 

virulence by interaction with various host cell receptors such as the mannose receptor, 

complement receptors, or the dendritic cell-specific intercellular adhesion molecule-3-grabbing 

non-integrin (DC-SIGN) [3-8]. Since biosynthesis of these glycoconjugates is essential for 

viability of M. tuberculosis, they offer several validated or potential target structures for 

chemotherapy of TB, as exemplified by the first-line antibiotic ethambutol that interferes with 

AG biosynthesis [9, 10]. 

Giving their outstanding importance for viability and pathogenesis of M. tuberculosis, the 

biosynthesis of arabinosylated and mannosylated mycobacterial cell wall constituents has been 

extensively investigated over the last decades. However, while large aspects of the biosynthetic 

pathways and enzymes have been discovered, several essential steps are still unknown. 

Biosynthesis of the arabinosylated and mannosylated mycobacterial cell wall glycoconjugates are 

membrane-associated bipartite processes that are initiated at the cytoplasmic side of the plasma 

membrane. Subsequently, intermediates are translocated (“flopped”) to the periplasmic leaflet of 

the membrane, where they are extended by various arabinosyl- and/or mannosyltransferases. In 

the biosynthesis of AG, after synthesis at the cytosolic face of the membrane by 

galactofuranosyltransferases using UDP-galactofuranose as donor substrate, the galactan core 

C50-P-P-GlcNAc-Rha-Galf30 is flipped across the plasma membrane through a Wzm-Wzt-type 

ABC transporter comprising the proteins Rv3781 and Rv3783 [11]. The subsequent steps in AG 

assembly take place at the periplasmic side of the plasma membrane by 

arabinofuranosyltransferases that transfer arabinofuranose residues onto C50-P-P-GlcNAc-Rha-
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Galf30 utilizing decaprenyl-monophosphoryl-D-arabinofuranose (DPA) as a donor substrate [12]. 

Similarly, the early steps in biosynthesis of the mannosylated glycoconjugates PIM, LM, and 

LAM occur at the cytoplasmic side of the plasma membrane. The α-mannopyranosyltransferases 

PimA (Rv2610c), PimB (Rv2188c) and PimC or a yet-unidentified mannosyltransferase mediate 

the stepwise mannosylation of the myo-inositol moiety of the phospholipid phosphatidyl-myo-

inositol, employing GDP-mannopyranose as the donor substrate, yielding phosphatidylinositol 

tetramannoside (PIM4). Following mono- and diacylation by the acyltransferase Rv2611c and a 

yet-unknown enzyme, the resulting Ac1/Ac2PIM4 is flopped by an unknown mechanism from the 

cytoplasmic to the periplasmic side of the plasma membrane [13]. Here, Ac1/Ac2PIM4 serves as 

a branch point, which can either be extended by the mannopyranosyltransferase PimE (Rv1159) 

to form higher-order PIMs (Ac1/Ac2PIM6), or by the mannopyranosyltransferase MptA (Rv2174), 

MptB (Rv1459c) and MptC (Rv2181) to synthesize LM. The mentioned 

mannopyranosyltransferases represent GT-C type glycosyltransferases that utilize decaprenyl-

monophosphoryl-D-mannopyranose (DPM) as the donor substrate [14]. For LAM biosynthesis, 

a yet-unidentified arabinofuranosyltransferase first primes the mannan core of LM with a few 

arabinofuranose residues, after which EmbC (Rv3793) extends the primed LM with the addition 

of 12–16 arabinofuranose residues. Subsequently, the branching enzyme AftC and the 

arabinofuranosyltransferase AftB, which is also involved in AG biosynthesis, complete the 

nonreducing arabinan domain of LAM. EmbC, AftC, and AftB all employ DPA as the donor 

substrate to result in addition of altogether 55–70 arabinofuranose residues to LM. Finally, the 

arabinan domain of LAM is modified with mannose residues by the mannopyranosyltransferases 

CapA (Rv1635c) and MptC (Rv2181), both employing DPM as the donor substrate, resulting in 

ManLAM [13, 15] (for a schematic overview see Supplementary Fig. 1).  

The biosyntheses of DPA and DPM, which are required for extension of the 

arabinosylated and mannosylated glycoconjugates at the periplasmic face of the cytoplasm 

membrane, are themselves bipartite processes that are initiated at the cytoplasmic side of the 

plasma membrane and require subsequent translocation to the periplasmic leaflet of the 

membrane. DPM is synthesized at the cytoplasmic side of the membrane by transfer of mannose 

from the nucleotide-activated donor substrate GDP-mannopyranose to the membrane lipid carrier 

C50-P mediated by Ppm1 (Rv2051c), and subsequently needs to be flopped to the periplasmic 

side of the cytoplasm membrane (Fig. 1). In contrast, DPA requires an activated phosphosugar, 

phosphoribosylpyrophosphate, which is produced by phosphorylation of ribose-1-phosphate 

catalyzed by phosphoribosyl-1-pyrophosphate synthetase PrsA (Rv1017). Next, 

decaprenylphosphoryl-5-phosphoribose synthase UbiA (Rv3806c) transfers 
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phosphoribosylpyrophosphate to C50-P, yielding decaprenyl-monophosphoryl-D-

ribofuranosephosphate, which is subsequently dephosphorylated by Rv3807 to produce 

decaprenyl-monophosphoryl-D-ribofuranose (DPR). Decaprenylphosphoribose 2′ epimerase 

composed of DprE1 (Rv3790) and DprE2 (Rv3791) subunits then catalyzes the epimerization of 

the ribosyl unit of DPR, resulting in DPA (for a schematic overview see Supplementary Fig. 2). 

Recently, epimerization mediated by DprE1-DprE2 was reported to occur extracellularly at the 

periplasmic face of the membrane [16]. Thus, this suggests that flopping might occur at the stage 

of the DPR intermediate. In summary, the biosynthesis of arabinosylated and mannosylated 

glycoconjugates requires several floppase reactions at the level of DPM, DPR, Ac1/Ac2PIM4 and 

C50-P-P-GlcNAc-Rha-Galf30, of which only flopping of the galactan core C50-P-P-GlcNAc-

Rha-Galf30 by the Wzm–Wzt-type ABC transporter Rv3781-Rv3783 has been clearly established 

[11]. 

 

  
 

Fig. 1: Schematic representation of the bipartite biosynthesis of decaprenyl 

monophosphoryl-D-mannopyranose (DPM) in M. tuberculosis. DPM synthesis is initiated at 

the cytoplasmic side of the membrane by transfer of mannose from the nucleotide-activated donor 

substrate GDP-mannopyranose to the membrane lipid carrier C50-P mediated by Ppm1 

(Rv2051c), and subsequently needs to be flopped to the periplasmic side of the cytoplasm 

membrane by a yet-unknown lipid translocase. At the periplasmic face of the membrane, DPM 

serves as the donor substrate for various mannopyranosyltransferases for the synthesis of different 
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mannosylated cell surface glycoconjugates. LM, lipomannan; Man-LAM, mannose-capped 

lipoarabinomannan; PIM6, phosphatidyl inositol hexamannoside. 

 

In other prokaryotes, translocases that have similarities to small multidrug resistance transporters 

can perform lipid floppase function [17]. A well-known class of these floppases is the GtrA-like 

floppases. They are small, very hydrophobic enzymes of ~120 amino acids. The best-known 

example is from Shigella flexneri, where the gene cluster gtrA, gtrB, and gtrX mediates the 

conversion of O antigen, the distal portion of LPS, by transferring a glycosyl residue [18]. GtrB 

catalyzes the transfer of glucose from a nucleotide-activated precursor to a lipid carrier molecule. 

GtrA then translocates the lipid-linked glucose across the cytoplasmic membrane, where GtrX 

finally mediates the actual glycosyl transfer [18-20]. In M. tuberculosis, Rv3789 codes for a 

putative GtrA-type multidrug resistance-like transporter located directly upstream of dprE1. It 

was demonstrated that the deletion of the homolog of Rv3789 in Mycobacterium smegmatis, 

Msmeg_6372, resulted in a reduction in the arabinose content of both AG (approximately -15%) 

and LAM (approximately -35%) and simultaneous accumulation of DPA [21], which is 

compatible with Rv3789 acting as a DPA floppase. However, deletion of Rv3789 in M. 

tuberculosis resulted in no discernable effects, suggesting the existence of proteins with redundant 

function and/or complementing mechanisms in this organism. In contrast, studies on Rv3789 by 

a different research group revealed a M. tuberculosis gene deletion mutant that exhibited a 

phenotype resembling that of the M. smegmatis Msmeg_6372 gene deletion mutant, characterized 

by decreased incorporation of arabinan into AG accompanied by accumulation of the precursor 

DPA [22]. However, it was later suggested that synthesis of DPA might take place in the 

periplasm via epimerization of DPR, which implies flopping occurs at the level of DPR and not 

DPA [16], and it was demonstrated that Rv3789 interacts with the priming arabinosyltransferase 

AtfA [22]. Thus, it was suggested that Rv3789 might not act as a DPA floppase but rather plays 

an important, albeit not strictly essential, role by recruiting AftA for AG biosynthesis. On the 

other hand, heterologous expression of the bona-fide Escherichia coli undecaprenylphosphate-4-

amino-4-deoxy-L-arabinose floppase, ArnE/ArnF, functionally complemented the lack of 

Rv3789 and restored LAM formation, favoring the predicted function as a floppase [21]. 

Regardless of whether Rv3789 is a DPA floppase or just indirectly involved in AG biosynthesis 

by functioning as a membrane anchor for DPA-dependent arabinosyltransferases, dispensability 

of the encoding gene proves that one or more other yet-unknown floppases must exist in 

M.  tuberculosis. 
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In this study, we used a bioinformatics approach to identify a second protein in 

M. tuberculosis exhibiting homology to the flippase GtrA of S. flexneri [18]. Considering the 

predicted essentiality of Rv3277, we investigated its potential role in the cell wall assembly and 

evaluated its role for the viability of M. tuberculosis. 

 

 

Results 
Identification of the essential gene Rv3277t with an alternative translational start site 

To identify genes encoding potential GtrA-like proteins, we performed a Domain Enhanced 

Lookup Time Accelerated BLAST (DELTA-BLAST) search of the M. tuberculosis H37Rv 

genome using the prototypic S. flexneri GtrA protein sequence (UniProt accession number 

Q9T1D7). In addition to Rv3789, this identified a second protein, Rv3277, exhibiting low identity 

(14.39% in a 139 amino acid overlap) (Fig. 2a). Rv3277 is annotated as a probable essential 

conserved transmembrane protein comprising 272 amino acids. It is a mycobacterial core protein 

conserved in many different strains [23] and contains four transmembrane helices according to 

Alphafold prediction [24], similar to prototypic GtrA.  

To examine the predicted essential function of Rv3277, we employed a conditional 

silencing-approach, which enabled us to fine-tune the expression of the corresponding gene 

Rv3277 in M. tuberculosis. For this, we inserted four tet operator sites upstream of the annotated 

start codon, allowing concentration-dependent binding of a plasmid-borne reverse tet repressor 

(revTetR) in presence of anhydrotetracycline (ATc). Unexpectedly however, contrasting its 

predicted essential function based on genome-wide analyses of transposon mutant pools [25, 26], 

the c-Rv3277_tet-OFF mutant did not show any obvious phenotype in presence of ATc to silence 

gene expression (Suppl. Fig 3a). When comparing Rv3277 to orthologues in other mycobacteria, 

we noticed that many of the encoded proteins are much shorter, revealing a substantial 49 amino 

acid N-terminal extension in the annotated Rv3277 protein (Suppl. Fig. 3b). We thus inspected 

the nucleotide sequence and identified an alternative open reading frame with a GTG translation 

start site 147 bp downstream of the annotated ATG translation start site, encoding a truncated 

version of the annotated Rv3277 gene, which we refer to as Rv3277t (Suppl. Fig. 3c). We therefore 

presumed false annotation of Rv3277 and hypothesized that the gene is expressed recognizing 

the alternative GTG start codon, resulting in a protein comprising just 223 amino acids. Insertion 

of the controllable promoter cassette described above upstream of the alternative GTG start codon 

led to the generation of the conditional M. tuberculosis c-Rv3277t_tetOFF mutant 
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(Suppl. Fig. 3d). Silencing of the target gene in this conditional mutant in the presence of ATc 

demonstrated the expected phenotype with lack of growth both on Middlebrook 7H10 agar and 

in Middlebrook 7H9 liquid medium, respectively (Fig. 2b + c). Viability dropped dose-

dependently when fully induced cells were plated on ATc-containing solid medium, indicating 

that loss of Rv3277t function is bactericidal (Fig. 2d). The 147-bp region upstream of the GTG 

start codon likely includes the native promoter, explaining why our initial silencing approach with 

the controllable promoter cassette inserted upstream of the annotated ATG start codon was 

unsuccessful since the gene was still expressed from its endogenous promoter. In addition to our 

gene silencing experiments, next-generation sequence analysis of a saturated Himar1 transposon 

library in M. tuberculosis supported the assumption that the annotated N-terminal extension of 

Rv3277 is incorrect as the absence of transposon insertions showed gene essentiality only for 

potential TA dinucleotide insertion downstream of the mentioned GTG codon [26]. The use of 

GTG as a translation start site is common in M. tuberculosis as it is used in approx. 35% of 

tubercular genes [27]. 
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Fig. 2: Demonstration of essentiality of the gene Rv3277t in M. tuberculosis and its 

orthologue MSMEG_1817 in M. smegmatis. a, Multiple sequence alignment of Rv3789 (M. 

tuberculosis), Rv3277 (M. tuberculosis), and gtrA (S. flexneri) using CLUSTAL by Muscle (3.8). 

Asterisks show positions that are highly identical, whereas colon and period show positions with 

lower similar residues. The N-terminus of Rv3277 is not available in the compared proteins. b – 

c, ATc-dependent growth inhibition of the conditional M. tuberculosis c-Rv3277t_tetOFF mutant 

(blue), the empty vector control strain (c-Rv3277t pMV261, grey) and the M. tuberculosis H37Rv 

wild type (black) in Middlebrook 7H9 liquid medium (b) and on Middlebrook 7H10 agar (c). 

Growth in c was documented after 14 days of incubation. d, Dose-response curves of 

c-Rv3277t_tetOFF (blue) and M. tuberculosis wild type H37Rv (black) against increasing 

concentrations of ATc on 7H10 Middlebrook agar. A fully induced liquid culture was grown to 

OD600 nm = 0.3, washed, and serial dilutions were plated on a solid medium containing the 

indicated ATc concentrations. Colony-forming units were counted after 14 days. A decrease in 
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viable cell counts indicates a bactericidal effect of loss of Rv3277t functionality. e - f, ATc-

dependent growth of the conditional M. smegmatis c-Msmeg_1817_tetON mutant (blue) and of 

the empty vector control strain (c-Msmeg_1817 pMV261, grey) on Middlebrook 7H10 agar (e) 

and in Middlebrook 7H9 liquid medium (f). Growth in e was documented after 3 days of 

incubation. g, Complementation of the conditional M. smegmatis c-Msmeg_1817_tetON mutant 

(blue) via constitutive expression of a plasmid-borne copy of Msmeg_1817 (green) or Rv3277t 

(pink). The empty vector control (c-Msmeg_1817_tetON pMV361, grey) and the wild type M. 

smegmatis mc2155 (black) are shown as a reference. Constitutive recombinant expression of both 

Msmeg_1817 and Rv3277t rescues growth inhibition during silencing of the endogenous 

Msmeg_1817 gene in the absence of ATc in Middlebrook 7H9 liquid medium. Data in b, d, f and 

g are shown as mean values (in = 3) ± SEM. 

 

 

Rv3277t from M. tuberculosis and its orthologue MSMEG_1817 from M. smegmatis are 

functionally homologous proteins 

Next, to study the effect of gene silencing in non-tuberculous mycobacteria, we analyzed the 

orthologue of Rv3277t in M. smegmatis, which is a fast-growing, non-pathogenic bacterium 

commonly used as a surrogate to study aspects of biochemistry and physiology of 

M. tuberculosis. The annotated protein MSMEG_1817 exhibits 80% identity on a 223 amino acid 

overlap to Rv3277t. To fine-tune gene expression in M. smegmatis, we generated the 

c-Msmeg_1817_tetON mutant analogous to the c-Rv3277t_tetOFF mutant by inserting a 

promoter cassette comprising four tet operator sites upstream of the annotated start codon (Suppl. 

Fig. 4) and expressing a plasmid-borne tet repressor (TetR) that binds to the operator site in 

absence of the inducer ATc. The conditional M. smegmatis c-Msmeg_1817_tetON mutant 

showed strict ATc-dependent growth, indicating that the studied gene is also essential for in vitro 

growth of M. smegmatis (Fig. 2e + f). In order to unambiguously attribute the observed phenotype 

to the regulation of the target gene and to rule out possible polar effects that might result from 

integration of a synthetic promotor cassette, the c-Msmeg_1817_tetON mutant was genetically 

complemented. ATc-dependency of growth of the c-Msmeg_1817_tetON mutant was rescued by 

constitutive expression of both MSMEG_1817 and Rv3277t (Fig. 2g). This demonstrated the 

absence of any polar effects relevant to the observed silencing phenotype and the functional 

homology between MSMEG_1817 and Rv3277t, allowing inferences to M. tuberculosis from 

studying the protein in M. smegmatis [27]. 
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Silencing of Rv3277t in M. tuberculosis results in altered cell morphology 

In order to functionally characterize Rv3277t, we established conditions establishing partial 

silencing of Rv3277t in M. tuberculosis H37Rv during growth in liquid culture to allow 

comparative phenotypic characterization of wild type-like fully induced and of stressed cells (Fig. 

3a). Scanning electron microscopy revealed a slightly altered morphology in partially silenced 

cells with rougher and more irregular surfaces and less rounded, flattened poles (Fig. 3b). 

Occasionally, one to two blebs were observed emanating from the cell surface in partially silenced 

cells (Fig 3c), which is somewhat reminiscent to morphological alterations occurring in 

mycobacterial cells treated with isoniazid [28]. Although the observed alterations in partially 

silenced cells were rather subtle and no substantial cell lysis was observed, these findings support 

a potential role for Rv3277t in mycobacterial cell wall biogenesis. 

 

  
 

Fig. 3: Partial silencing of Rv3277t in M. tuberculosis results in altered cellular morphology. 

a, Growth curves in Middlebrook 7H9 medium of partially silenced (blue) and induced (purple) 

cells of the M. tuberculosis c-Rv3277t_tetOFF mutant (pink) compared to the empty vector 
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control strain (c-Rv3277t pMV261, grey) and to the M. tuberculosis H37Rv wild type (black) 

strain. For full induction of the target gene, cells of the M. tuberculosis c-Rv3277t_tetOFF mutant 

were grown in medium without ATc, whereas 0.3 µg/mL ATc was added for partial silencing. 

Data represent mean values (n = 3) ± SEM. b, Scanning electron microscopy images of partially 

silenced and induced cells of the M. tuberculosis c-Rv3277t_tetOFF mutant cultivated in liquid 

culture compared to wild type. Wild type cells and fully induced cells of the conditional mutant 

were cultivated for 14 d in medium without ATc, whereas 0.3 µg/mL ATc was added for partial 

silencing of the conditional mutant. Size of scale bars as indicated. c, Scanning electron 

microscopy images showing occasional blebs forming at the surface of partially silenced cells of 

the M. tuberculosis c-Rv3277t_tetOFF mutant. Size of scale bars as indicated. 

 

 

Silencing of Rv3277t in M. tuberculosis and MSMEG_1817 in M. smegmatis leads to global 

decrease in mannosylated cell-surface glycoconjugates 

Based on the demonstrated impact on mycobacterial cell morphology and its conserved essential 

function in diverse mycobacteria, we hypothesized that Rv3277t is involved in biosynthesis of 

one or more core mycobacterial cell wall components that are crucial for viability in vitro. 

Previous studies implicated a role of the related GtrA-like protein Rv3789 in arabinogalactan 

formation and suggested it might work as a non-essential, redundant floppase involved in 

translocation of DPA or DPR [16]. Thus, we speculated that Rv3277t could potentially function 

as a floppase for DPR/DPA or for other decaprenol phosphate-linked carbohydrates as a precursor 

for glycoconjugate formation. In addition to arabinosylated cell wall polymers, the mycobacterial 

cell wall is characterized by high abundance of various mannosylated glycoconjugates such as 

PIM, LM, and LAM, the biosynthesis of which involves mannosyltransferases that require DPM 

as an activated donor substrate. Since several genes involved in biosynthesis of PIM, LM, and 

LAM are essential [25, 26], we concluded that the unknown translocase mediating flopping of 

DPM needs to be likewise crucial for the viability of mycobacteria, and we hypothesized that 

Rv3277t could have this essential flopping activity.  

To study the potential role in mannosylated glycoconjugate biosynthesis, we first analyzed 

lysates generated from partially silenced cells of the M. smegmatis c-Msmeg_1817_tetON mutant. 

Glycoconjugates were separated by SDS-PAGE and probed employing the monoclonal 

antibodies F30-5, which is specific for the Ara6 terminal motif of LAM [29, 30], and F183-24, 

which recognizes alpha-1,2-linked mannosyl residues as present in the mannose cap on higher-

order PIMs (Ac1/Ac2PIM6) [30, 31]. Immunoblots employing the anti-LAM and anti-PIM6 
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antibodies revealed that cellular levels of both LAM (Fig. 4a, top panel) and PIM6 (Fig. 4a, bottom 

panel) were drastically reduced in partially silenced cells of the M. smegmatis c-

Msmeg_1817_tetON mutant compared to fully induced cells, which exhibited wild type levels of 

these glycoconjugates. Genetic complementation of the c-Msmeg_1817_tetON mutant by 

constitutive expression of either MSMEG_1817 or Rv3277t completely reversed the ATc-

dependent silencing effect, unambiguously confirming that the observed phenotype was only 

attributed to the regulation of the target gene and ruling out relevant polar effects (Fig. 4c). Next, 

we confirmed the observed phenotypes using complementary methods. Separation by SDS-

PAGE of polar lipids extracted from 14C-glucose labeled partially silenced and fully induced cells 

of the c-Msmeg_1817_tetON mutant followed by autoradiographic analysis not only confirmed 

strongly downregulated levels of LAM in partially silenced cells but also demonstrated a 

concomitant dramatic decrease of the precursor LM (Fig. 4b). Furthermore, 2D-TLC analysis of 

the polar lipids fraction extracted from 14C-glucose labeled partially silenced and fully induced 

cells of the c-Msmeg_1817_tetON mutant followed by autoradiographic analysis corroborated 

the depletion of higher-order PIMs (Ac1/Ac2PIM6), while levels of lower-order PIMs 

(Ac1/Ac2PIM2) as well as of the precursor phosphatidyl-myo-inositol remained unaltered (Fig. 

4d).  

To corroborate congruent phenotypes in slow-growing mycobacteria, we assessed levels 

of LAM and PIM6 in fully induced and partially silenced cells of the M. tuberculosis 

c-Rv3277t_tetOFF mutant by immunoblotting. Similar to M. smegmatis, we found strongly 

reduced levels of both mannosylated glycoconjugates in partially silenced cells. (Fig. 4e). To 

confirm these findings, we performed MALDI-MS analyses of polar lipid fractions isolated from 

fully induced and partially silenced cells of the M. tuberculosis c-Rv3277t_tetOFF mutant. In 

agreement with our observations in M. smegmatis, silencing of Rv3277t resulted in substantial 

reduction of mono- and diacylated PIM6, while levels of lower-order PIM2 species (PIM2, 

Ac1PIM2, Ac2PIM2) as well as PI remained unaltered (Fig. 4e). Accumulation of the precursors 

for all higher forms of mannosylated cell wall glycoconjugates, Ac1PIM4 and Ac2PIM4, was not 

detectable. However, we observed some accumulation of Ac1PIM5 in partially silenced cells, 

which was not present in fully induced cells (Fig. 4f).  
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Fig. 4: Silencing of Rv3277t in M. tuberculosis and of MSMEG_1817 in M. smegmatis blocks 

biosynthesis of the higher order mannosylated cell wall glycoconjugates PIM6, LM and 

LAM. a, SDS-PAGE immunoblot analyses of lysates of fully induced (at 1 µg/mL ATc) and 

partially silenced (at 0.5, 0.25 and 0.125 µg/mL ATc) cells of the c-Msmeg_1817_tetON mutant 

compared to wild type M. smegmatis mc2155 (left panel), and fully induced (at 0 µg/mL ATc ) 

and partially silenced (at 0.5 µg/mL ATc) cells of the M. tuberculosis c-Rv3277t_tetOFF mutant 

compared to wild type M. tuberculosis H37Rv (right panel), employing the LAM-specific 

monoclonal antibody F30-5 (upper panel) and the PIM6-specific antibody F183-24 (lower panel). 

Experiments were repeated once with similar results (Suppl. Fig. 5a-c). b, SDS-PAGE 

autoradiographic analysis of the LM/LAM fraction prepared from 14C-glucose labeled fully 

induced (at 1 µg/mL ATc) and partially silenced (at 0.125 µg/mL ATc) cells of the M. smegmatis 

c-Msmeg_1817_tetON mutant. A full, uncut blot photo can be found in Suppl. Fig. 5d. c, Genetic 

complementation of the M. smegmatis c-Msmeg_1817_tetON mutant by constitutive expression 

of a plasmid-borne copy of Msmeg_1817 or Rv3277t restores LAM biosynthesis. SDS-PAGE 

immunoblot analyses of lysates of fully induced (at 1 µg/mL ATc) and partially silenced (at 0.125 

µg/mL ATc) cells of the c-Msmeg_1817_tetON mutant compared to wild type M. smegmatis 

mc2155, employing the LAM-specific monoclonal antibody F30-5. d, 2D-TLC autoradiographic 

analysis of polar lipid fractions isolated from 14C-glucose labeled fully induced (at 1 µg/mL ATc) 

and partially silenced (at 0.125 µg/mL ATc) cells of the M. smegmatis c-Msmeg_1817_tetON 

mutant. e, SDS-PAGE immunoblot analyses of lysates of fully induced (at 0 µg/mL ATc ) and 

partially silenced (at 0.5 µg/mL ATc) cells of the M. tuberculosis c-Rv3277t_tetOFF mutant 

compared to wild type M. tuberculosis H37Rv employing the LAM-specific monoclonal antibody 
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F30-5 (upper panel) and the PIM6-specific antibody F183-24 (lower panel). f, MALDI-ToF MS 

analysis of lipids extracted from fully induced (at 0 µg/mL ATc) and partially silenced (at 0.5 

µg/mL ATc) cells of the M. tuberculosis c-Rv3277t_tetOFF mutant. The experiment was repeated 

once with similar results (Suppl. Fig. 5e). P, phospholipids; PI, phosphatidyl-myo-inositol; PIM2, 

phosphatidylinositol dimannoside; Ac1PIM2, monoacylphosphatidylinositol dimannoside; 

Ac2PIM2, diacylphosphatidylinositol dimannoside; Ac1PIM6, monoacylphosphatidylinositol 

hexamannoside; Ac2PIM6, diacylphosphatidylinositol hexamannoside.  

 

 

Impact of MSMEG_1817 on the arabinogalactan composition in M. smegmatis  

The phenotypes described above resulting from silencing of Rv3277t and Msmeg_1817 in M. 

tuberculosis and M. smegmatis, respectively (i.e., global downregulation of all higher forms of 

mannosylated cell wall glycoconjugates (PIM6, LM and LAM), which all arise from Ac1PIM4 or 

Ac2PIM4,), are compatible with two alternative scenarios. Since all these glycoconjugates are 

formed via extension of the precursors Ac1PIM4 or Ac2PIM4 by various mannosyltransferases at 

the periplasmic site of the cytoplasm membrane using DPM as a substrate, the GtrA-like proteins 

could either mediate flopping of DPM from the cytoplasmic to the periplasmic face of the 

membrane or might be somehow required for formation of DPM at the cytoplasmic leaflet. 

Alternatively, the GtrA-like proteins might rather be required for flopping of the precursors 

Ac1PIM4 / Ac2PIM4 from the cytoplasmic to the periplasmic face of the membrane or might be 

involved in their synthesis from Ac1PIM2, / Ac2PIM2, at the cytoplasmic leaflet. 

To gain hints regarding the specificity of the GtrA-like proteins Rv3277t and 

MSMEG_1817 in cell wall glycoconjugate formation, the LM/LAM as well as the 

arabinogalactan fractions were purified from fully induced and partially silenced cells of the 

M. smegmatis c-Msmeg_1817_tetON mutant and analyzed for their sugar monomer composition 

by GC. Consisting with its role in mannosylation, silencing of MSMEG_1817 led to a gradual 

increase in the arabinose-to-mannose ratio of LM/LAM (Fig. 5). Surprisingly, however, silencing 

of Msmeg_1817 concomitantly also led to a gradual decrease in the arabinose-to-galactose ratio 

of arabinogalactan (Fig. 5). Collectively, while predominantly controlling mannose 

incorporation, these findings show that the GtrA-like proteins Rv3277t and MSMEG_1817 also 

contribute to the incorporation of arabinose into arabinogalactan. The most plausible explanation 

for the observed phenotypes is the function of Rv3277t and MSMEG_1817 as a floppase that 

preferentially translocates DPM but to some extent can also translocate DPR or DPA. 
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Fig. 5: Impact of MSMEG_1817 on glycoconjugate monomer composition in 

M. smegmatis. Relative composition of LM/LAM and arabinogalactan purified from fully 

induced and partially silenced cells of the M. smegmatis c-Msmeg_1817_tetON mutant. Sugar 

composition was analyzed by GC and ratios were normalized to mannose or galactose content, 

respectively. Data represent single measurements. Ara, arabinose; Man, mannose; Gal, 

galactose; LM, lipomannan; LAM, lipoarabinomannan; AG, arabinogalactose. 

 

 

Characterization of the floppase properties of Rv3277t 

To gain insights into the possible flopping activity of Rv3277t, we performed 3D modeling 

employing the TopModel suite, revealing secondary structures that allow for transmembrane 

localization [32]. The secondary structure of Rv3277t was modeled based on homology with the 

template protein dolichyl phosphate mannose synthase (DPMS) of Pyrococcus furiosus, which is 

involved in N-glycosylation of proteins in this archaeon [33]. The cellular location was predicted 

by the PPM server [34]. Rv3277t is divided into an N-terminal transmembrane domain (TM) 

consisting of four α-helices and an unfolded C-terminus with periplasmic orientation (Fig. 6a). 

The TM domain resembles the C-terminal TM domain of the template DPMS in that the four α-

helices are arranged as two dimers [33]. It is worth noting that we detected a change from 

hydrophobic to hydrophilic amino acids (shown as orange sticks) between the two dimeric 

structures, indicating altered physicochemical properties of the channel-like structure in Rv3277t 

(Fig. 6b, c). By transferring the co-crystallized detergent lauryl dimethylamine-N-oxide of the 

DPMS of P. furiosus to our model, we demonstrated a potential interaction between the 

hydrophilic lipid heads and the hydroxyl group of threonine, a hydrophilic amino acid not found 

in the TM of DPMS (Fig. 6c). In contrast to similar TM domains, the alignment of Rv3277t and 

the X-ray crystal structure of the DPMS template showed a significant difference between the 

proteins, as Rv3277t has a shorter N-terminus (Fig. 6d). 

To assess whether the identified distinct hydrophilic amino acids in the channel-like 

structure (T35, K59, N141; Fig. 6c) are critical for the function of Rv3277t, a variant of the 
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Rv3277t protein, where all three positions were mutated to alanine, was constitutively expressed 

from an integrative plasmid in the M. tuberculosis c-Rv3277t_tetOFF mutant. Functionality was 

then evaluated by the capability to suppress growth inhibition of the M. tuberculosis c-

Rv3277t_tetOFF mutant during ATc-induced silencing of the endogenous Rv3277t gene. While 

ectopic constitutive expression of wild type Rv3277t fully suppressed the growth defect during 

ATc-induced silencing of the endogenous gene, expression of the Rv3277t-T35A-K59A-N141A 

variant resulted in only partial suppression (Fig. 6e), suggesting that hydrophilic amino acids in 

the channel promote translocation of the probable substrates DPM and DPR/DPA likely by 

facilitating interaction with the polar head groups. 

In order to further characterize the suggested floppase activity of Rv3277t, we sought to 

test whether heterologous expression of bona-fide lipid flippases can phenotypically complement 

the M. tuberculosis c-Rv3277t_tetOFF mutant under conditions when Rv3277t is silenced. 

Several studies demonstrated that flippases can exhibit relaxed substrate specificity, so that upon 

heterologous expression they can restore activity in absence of certain target flippases despite low 

sequence similarity between these translocases [21, 35-38]. Previously, it was shown that loss of 

Rv3789 function could be compensated for by heterologous expression of ArnE/F [21], which 

encode a flippase translocating undecaprenol phosphate-linked 4-amino-4-deoxy-L-arabinose 

involved in lipid A modification in E. coli [39]. Integrative plasmids for constitutive expression 

of the following genes were generated and electroporated into the M. tuberculosis c-

Rv3277t_tetOFF mutant: the arnE/F genes; the wzxE gene from E. coli encoding an undecaprenol 

phosphate-linked oligosaccharide translocase involved in O-antigen assembly [40], and ltaA from 

Staphylococcus aureus, which represents a member of the major facilitator superfamily (MFS) 

and is a proton-coupled antiporter flippase for the anchor lipid-linked-disaccharide gentiobiosyl-

diacylglycerol [41, 42]. Additionally, the M. tuberculosis gene Rv3789, encoding a putative GtrA-

type multidrug resistance-like transporter, presumably acting as DPA-floppase was used for 

constitutive expression [21]. Phenotypic functional complementation was evaluated by the 

capability to suppress growth inhibition of the M. tuberculosis c-Rv3277t_tetOFF mutant during 

ATc-induced silencing of Rv3277t (Fig. 6f). While constitutive expression of the wild type 

Rv3277t completely suppressed the growth defect of the M. tuberculosis c-Rv3277t_tetOFF 

mutant, neither the expression of Rv3789 nor of the other tested flippases significantly affected 

the ATc-dependent growth behavior of the mutant cells, resulting in phenotypes comparable to 

cells containing the empty vector. This strongly suggests that Rv3277c exhibits a narrow substrate 

specificity that does not overlap with the tested lipid translocases. 
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Fig. 6: Homology modeling of Rv3277t exhibits significant similarities to the DPMS of 

P. furiosus. Homology model of Rv3277t (green) made with the TopModel suite [32]. The red 

and blue dots represent the outer and inner membrane boundaries as predicted by the PPM server, 

respectively. The orange residues shown as sticks are residues that have undergone a change from 

hydrophobic to hydrophilic compared to the dolichyl phosphate mannose synthase (DPMS) 

template (PDB-ID: 5MLZ) a, Overview of the Rv3277t homology model. The C-terminus, 

pointing away from the membrane, is unfolded. b, The transmembrane part of the Rv3277t 

homology model. The co-crystallized detergent lauryl dimethylamine-N-oxide of the template 

DPMS (PDB-ID: 5MLZ) was transferred to the homology model and is shown as blue sticks. c, 

Interactions of the template lipids with the residues changed from hydrophobic to hydrophilic in 

Rv3277t. Here, the hydroxyl-group of T35 interacts directly with the hydrophilic lipid head. d, 

Alignment of the Rv3277t homology model with the X-ray crystal structure of the template 
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DPMS (PDB-ID: 5MM1, magenta) with co-crystallized dolichyl phosphate mannose as shown in 

sticks interacting with the transmembrane region. The synthase part is not present in Rv3277t as 

it possesses a short N-terminus. e, ATc-dependent growth inhibition of the M. tuberculosis c-

Rv3277t_tetOFF mutant complemented with integrative plasmids constitutively expressing either 

the wild type version (pMV361::Rv3277t) or the mutated version of Rv3277t 

(pMV361::Rv3277t_T35A_K59A_N141A) compared to the empty vector control 

(pMV361::EV). Data are shown as mean values (in = 3) ± SEM. f, ATc-dependent growth 

inhibition of the M. tuberculosis c-Rv3277t_tetOFF mutant complemented with integrative 

plasmids constitutively expressing the bona-fide lipid flippases wzxE from E. coli, arnE/F from 

E. coli, ltaA from Staphylococcus aureus and the putative floppase Rv3789 (from M. tuberculosis. 

Growth dependency was compared to the empty vector control (pMV361::EV) and the M. 

tuberculosis c-Rv3277t_tetOFF mutant complemented with the wild type version of Rv3277t 

(pMV361::Rv3277t). The average of two independent clones is shown ± SEM, with each 

measuring point of the two clones determined in triplicates. 

 

 

Proteome stress response of M. tuberculosis during silencing of Rv3277t  

To understand the importance of Rv3277t for viability of M. tuberculosis and to obtain insights 

into the cellular processes that are affected by silencing of Rv3277t, whole protein cell lysates 

were prepared from fully induced and partially silenced cells of the M. tuberculosis 

c-Rv3277t_tetOFF mutant to perform global proteome analysis and comparison of the elicited 

stress responses. Compared to fully induced conditions, partially silenced cells exhibited a 

significant change in the abundance of 242 proteins (Fig. 4a). As expected by the role of Rv3277t 

in cell wall glycoconjugate biosynthesis, gene ontology analysis using Fisher´s exact test revealed 

that mainly proteins related to lipid metabolism, plasma membrane and cell wall formation were 

affected in partially silenced cells (Fig. 4b). Within the overall global differential proteome 

profile, several overlapping, coordinated distinct stress responses could be identified 

(Supplementary Table 1). Strikingly, we found increased abundance of proteins involved in 

glycoconjugate mannosylation: the polyprenol-monophosphomannose synthase Ppm1 (Rv2051c) that 

transfers mannose from GDP-mannose to polyprenol phosphates at the cytosolic face of the membrane to yield 

the precursor DPM; the mannosyltransferase PimB (Rv2188c) that transfers mannose from GDP-mannose 

to PIM1 to yield PIM2; and the alpha-1-,6-mannopyranosyltransferase MptA (Rv2174) that mediates 

elongation of mono- and diacylated PIM4 involved in biosynthesis of the alpha-1-,6-mannan core 

of LM biosynthesis employing DPM as donor substrate [20,21,36]. This upregulation of enzymes 
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mediating early steps in mannosylation pathways might represent a directed compensatory stress 

response to counteract the observed global decrease in mannosylated cell surface glycoconjugates 

when Rv3277t is silenced. In agreement with adaptations aiming at compensating disturbed cell 

wall architecture, we also recognized increased protein abundances related to biosynthesis and 

assembly of other cell wall constituents, such as phthioceroldimycocerosates (PDIM) and related 

glycolipids (PpsA – PpsD, FadD26, Mas, Pks15, Rv2958c), peptidoglycan (Rv3717, MurG, 

MurC, RipA) and mycolates (FbpC). Further, upregulation of cardiolipin synthase PgsA2 

suggested stimulated phospholipid production. Another distinct response was differential 

abundance of a large group of proteins belonging to a regulon that is controlled by the copper-

sensing transcriptional repressor CsoR and that responds to stress conferred by elevated copper 

concentrations: CadI (Rv2641), CsoR (Rv0967), CtpV (Rv0969), CysK2 (Rv0848), Rv0430, 

Rv0500A, Rv0849, Rv0968, Rv2963, RicR (Rv0190) [43]. Downregulation of Rv0500A and 

strong upregulation of all other mentioned proteins is congruent with cells experiencing copper 

stress. Additionally, we also found upregulation of proteins that do not belong to the copper stress 

regulon but are involved in copper homeostasis: MymT (Rv0186A), which is a copper-binding 

metallothionein, as well as the multicopper oxidase MmcO (Rv0846c) and the outer membrane 

copper transporter MctB (Rv1698) that are both required for copper resistance [44]. Thus, 

intriguingly, despite growing bacteria in regular culture medium, cells appear to experience 

copper stress when Rv3277t is silenced. It is not known whether there is indeed an increased 

intracellular concentration of copper in silenced cells, and if so, how the impaired cell surface 

mannosylation is mechanistically connected to this effect. It cannot be ruled out that the copper 

stress regulon is just misleadingly triggered at normal copper concentration, for example by an 

aberrant activation of the copper-sensing transcriptional repressor CsoR. 

Among the strongest upregulated proteins were 2-methylcitrate synthase PrpC, 

2-methylcitrate dehydratase PrpD and the cognate transcriptional regulator PrpR. Accumulation 

of methylcitrate cycle intermediates has recently been linked to drug tolerance [45]. Therefore, 

potential stimulation of the methylcitrate cycle by upregulation of PrpC and PrpD might represent 

an unspecific general stress adaptation. 

Regarding processes that are negatively affected by silencing of Rv3277t, we observed 

lower abundance of several ribosomal proteins (RplQ, RpmC, RpsO, RplU, RpmA, RpmD, 

RpmF), suggesting global downregulation of protein biosynthesis. Likewise, downregulation of 

numerous transcriptional regulatory proteins and putative DNA-binding proteins suggests 

massive perturbation of transcriptional control (CspA, Rv3295, Rv0232, Rv3716c, Rv0081, 

DosR, CarD, Rv0500A, Rv3788, ArgR, Rv0386, Rv1404). A related coordinated stress response 
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that could additionally affect the transcriptome is the down-regulation of several antitoxins 

(VapB29, MazE3, VapB38, VapB33, VapB47) that likely release their corresponding toxins, 

which putatively exhibit ribonuclease activity. The reduced level of the RNA polymerase-binding 

transcription factor CarD is particularly noteworthy since this protein is necessary for survival 

during exposure to several stressors such as oxidative stress, DNA damage, and nutrient limitation 

[46]. In the same direction, downregulation of several universal stress proteins (Rv1996, 

Rv2005c, Rv2623, Rv2624c and Rv3134c) and of the chaperone HspX might indicate an 

impaired ability to adequately respond to various endogenous and exogenous noxes. Therefore, 

curtailing of different stress adaptation mechanisms may partly explain the lethal effect of 

Rv3277t silencing. Downregulation of the ribonucleoside-diphosphate reductase subunits NrdF2 

and NrdB implies that DNA replication was dampened, while concurrently cell division appeared 

to be stimulated as presumed by upregulation of FtsK, SepF and FtsQ, which should actually 

increase the demand of deoxynucleotide triphosphates. Finally, among the strongest 

downregulated proteins were components of the electron transport chain or factors required for 

their assembly (NADH-quinone oxidoreductase subunit NuoE, integral membrane cytochrome D 

ubiquinol oxidase CydA, nitrate reductase-like protein NarX, and cytochrome assembly ABC 

transporter CydC-CydD), pointing toward impaired aerobic respiration and a curtailed capacity 

to generate ATP in silenced cells. 
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Fig. 7: Silencing Rv3277t leads to a drastic change in the proteome composition and impairs 

intracellular growth in M. tuberculosis. a, LC-MS/MS-based whole protein analysis of silenced 

cells of the M. tuberculosis H37Rv c-Rv3277t_tetOFF mutant compared to the corresponding 

fully induced cells. The volcano plot illustrates the log2-fold change in abundance in silenced vs. 

induced cells (X-axis) and corresponding -log10 p values (Y-axis). Proteins complying with the 

chosen threshold of significance and showing a log2-fold change ≥ 1 or ≤ -1 are marked in blue 

or orange, respectively. For silencing conditions, cells of the M. tuberculosis H37Rv c-

Rv3277t_tetOFF mutant were cultivated in presence of 0.3 µg/mL ATc until they reached the 

mid-logarithmic phase (OD600 nm of 0.6 - 0.8). Quantification was done via label free 

quantification (LFQ) of five replicates per sample group. To identify statistically significant hits 

from the analysis, P ≤ 0.05 (Student’s T-test; permutation-based FDR with 250 randomizations 

and FDR = 0.01) was applied. See Supplementary Fig. 6 for LC-MS/MS-based control proteomic 

profiles. b, Gene ontology analysis reveals an enrichment of proteins related to plasma membrane 

and cell envelope formation in silenced cells of the M. tuberculosis H37Rv c-Rv3277t_tetOFF 

mutant. Fischer Exact Test was performed with significant protein groups from silenced vs 

induced cells t-test as input (Benjamini-Hochberg FDR, Threshold value 0.05). c, THP-1 derived 

macrophages were infected with M. tuberculosis H37Rv wild type and fully induced (at 0 µg/mL 
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ATc) cells of the M. tuberculosis c-Rv3277t_tetOFF mutant at a multiplicity of infection = 3. 

After washing to remove non-internalized cells, mutant cells were incubated either in the presence 

of 0.3 µg/mL ATc (silenced) or in absence of ATc (induced). Macrophages were lysed after 4 

days of incubation, and lysates were subjected to CFU plating to count viable cells. CFU/mL were 

calculated after 2 weeks of incubation (n=2). *, p < 0.05; **, p < 0.01. 

 

 

Silencing of Rv3277t strongly impairs intracellular growth in macrophages 

The data so far have demonstrated the essentiality of Rv3277t for in vitro growth of 

M. tuberculosis in axenic culture. During infection, however, M. tuberculosis largely resides and 

replicates inside macrophages. Thus, we were interested in studying the effect of silencing on 

intracellular growth capacity in a human macrophage infection model. For this, the Rv3277t gene 

was silenced by addition of ATc after infection of differentiated human THP-1 cells with the 

M.  tuberculosis c-Rv3277t_tetOFF mutant. Compared to wild type and fully induced cells of the 

M.  tuberculosis c-Rv3277t_tetOFF mutant, silenced cells showed a significantly reduced 

intracellular growth (Fig. 7c), demonstrating that Rv3277t is essential in this infection model.  

 

 

Discussion 
For decades, the cell wall has been a useful target for antitubercular therapy. Remarkably, the 

biosynthetic pathways responsible for the assembly of various cell wall constituents have not been 

completely deciphered, leaving several potential drug targets undiscovered. In particular, it 

remained unknown until now how the undecaprenyl phosphate-linked molecules DPM and DPA 

are translocated from the cytosolic to the periplasmic face of the membrane to serve as activated 

substrates for membrane-bound mannosyl- and arabinosyltransferases. This study provides 

evidence for the role of Rv3277t in the translocation of DPM, a crucial step in the biosynthesis 

of cell wall-associated mannosylated glycoconjugates. Although direct proof of the enzymatic 

activity of Rv3277t is pending, several lines of evidence strongly support the conclusion that 

Rv3277t is a DPM floppase and might also contribute to flopping of DPA or DPR. The global 

impact on cell surface mannosylation affecting glycoconjugates all relying on DPM as the 

substrate is in agreement with Rv3277t representing a DPM floppase. In contrast, the DPM-

independent formation of lower-order PIM species continued normally during silencing of 
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Rv3277t. The inability of bona fide lipid translocases exhibiting relaxed substrate specificity to 

compensate for the loss of Rv3277t suggests a distinct substrate specificity.  

In eukaryotes, a similar bipartite mechanism is known in the context of N-glycosylation 

of proteins, which occurs in the endoplasmic reticulum (ER) [47]. Here, the dolichylphosphate β-

D-mannose synthase (DPMS) utilizes GDP-Man to transfer α-D-mannose to dolichylphosphate, 

resulting in dolichylphosphate β-D-mannose (Dol-P-Man), the eukaryotic pendant to DPM 

located in the cytoplasm [48]. After translocation of Dol-P-Man from the cytosol to the lumen of 

the ER, the glycosylation of proteins can occur [49]. Interestingly, the state of knowledge is also 

incomplete in eukaryotes because it is unknown which proteins conduct the translocation. 

However, it has been shown that in vitro DPMS is required for the transfer through membranes 

[50]. Intriguingly, our molecular modeling revealed a high similarity between Rv3277t and the 

transmembrane domain of DPMS from P. furiosus. Since Rv3277t lacks the cytosolic N-terminal 

synthase part of the DPMS, we assumed that Rv3277t is not involved in the synthesis of DPM 

(which is known to be mediated by Ppm1 in M. tuberculosis) but rather allows translocation due 

to the hydrophilic amino acids within the TM domain. This hypothesis is supported by 

Reichenbach, who suggested that the transmembrane domain of P. furiosus DPMS may have a 

function independent of the N-terminal catalytic domain, since a truncated version lacking the 

transmembrane domain was reported enzymatically functional [33]. We revealed potential 

interactions of co-crystallized template lipids with certain hydrophilic amino acids that resemble 

a “polar pocket” between α-helices in the transmembrane domain of Rv3277t, indicating a 

binding site for the mannosyl head group [51]. Mutating this polar pocket to a hydrophobic 

character resulted in strong impairment of Rv3277t function, implying this feature is important 

in facilitating reorientation of the polar mannosyl head group across the membrane. 

Based on findings with other floppases [52-54], inhibition of Rv3277t activity was 

expected to result in some accumulation of DPM accumulation at the cytosolic face of the 

membrane. However, none was detectable in partially silenced cells of the M. tuberculosis 

c-Rv3277t_tetOFF mutant or the M. smegmatis c-Msmeg_1817_tetON mutant. We recognized 

upregulation of the DPM-producing enzyme Ppm1 and of the mannosyltransferases PimB and 

MptA as part of the stress response in partially silenced cells of the M. tuberculosis 

c-Rv3277t_tetOFF mutant, implying potential regulatory feedback mechanisms controlling flux 

of shared intermediates through the mannosylated glycoconjugate biosynthetic pathways. It can 

be speculated that DPM sequestration is prevented by hydrolysis to make the lipid anchor 

undecaprenyl phosphate available for other pathways. Accumulation of Ac1/Ac2PIM4 has been 

reported in M. tuberculosis to result from inactivation of mannosyltransferase PimE [31]. We did 
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not observe Ac1/Ac2PIM4 accumulation in partially silenced cells of the M. tuberculosis 

c-Rv3277t_tetOFF mutant. Instead, we detected some accumulation of Ac1PIM5. Ac1PIM5 is an 

intermediate of the extension of Ac1PIM4 to Ac1PIM6 by the mannopyranosyltransferase PimE 

(Rv1159) at the periplasmic side of the membrane employing DPM as the donor substrate and 

does not accumulate in wild type cells due to its rapid further extension [55]. Possibly, when 

DPM-flopping is blocked by silencing of Rv3277t, there is a build-up of the precursor Ac1PIM4, 

which might be further extended by an unknown mannosyltransferase that uses GDP-mannose as 

the donor substrate at the cytosolic side of the membrane, resulting in Ac1PIM5 as a shunt product.  

Our data support a floppase activity of Rv3277t not only with respect to DPM. The 

specific reduction in the arabinose content of mycobacterial AG in partially silenced conditional 

mutants provides evidence for an additional role in DPA reorientation. There are conflicting 

reports concerning the possible function of the GtrA-like protein Rv3789 in AG biosynthesis, 

either as a translocase mediating flopping of DPA or rather indirectly as a membrane anchor for 

recruitment of DPA-dependent arabinosyltransferases [22]. Further, it has not been clearly 

established yet whether precursor translocation occurs at the level of DPA or DPR [16]. The 

presence of Rv3277t as a floppase contributing to reorientation of DPR or DPA could explain 

why Rv3789 is important but not strictly required for AG production. However, overall similarity 

between Rv3789 and Rv3277t is low, and while both proteins harbor a GtrA-typic transmembrane 

domain comprising four helices, Rv3277t is substantially larger than Rv3789 (223 vs. 121 amino 

acids) and contains a short N-terminal as well as a larger C-terminal extension. This implies that 

Rv3277t is not simply redundant to Rv3789 but has additional essential functions. 

 

Consistent with its central role in mannosylated cell wall glycoconjugate biosynthesis, partial 

silencing of Rv3277t resulted in a compensatory upregulation of Ppm1 that produces the central 

precursor DPM and of enzymes mediating early steps in PIM and LM synthesis. In addition, 

upregulation of pathways for the unrelated cell wall components PDIM, mycolates and 

peptidoglycan potentially also aim at compensating disturbed cell wall architecture. In addition, 

unexpected pleiotropic effects were observed, including inhibition of protein biosynthesis and 

massive disturbance of transcriptional control. Some of the responses appear to represent 

misguided mechanisms that likely potentiate stress to the cells, such as downregulation of 

different general stress adaptation mechanisms and downregulation of dNTP biosynthesis while 

concomitantly forcing cell division. One of the most surprising stress responses was induction of 

the copper responsive regulon and further proteins involved in copper homeostasis. It can be 

speculated that the impaired cell wall structure might promote uptake of copper from the medium 
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leading to toxic concentrations. Downregulation of central components of the electron transport 

chain might promote this process. At least, a curtailed capacity to generate ATP via aerobic 

respiration likely contributes to an inability to properly cope with the multitude of stressors 

emerging in silenced cells. The parallel corruption of several elementary cellular processes 

plausibly explains the bactericidal effect of Rv3277t silencing. In addition to their crucial role for 

viability of mycobacteria, however, the mannosylated glycoconjugates that are produced in a 

Rv3277t-dependent manner are also involved in M. tuberculosis pathogenicity by interaction with 

various host cell receptors or by controlling cellular innate immune responses. Thus, the observed 

intracellular growth defect in infected human macrophages is likely driven both by reduced 

viability and reduced ability to manipulate the host cell. Further work is necessary to dissect to 

which extent each aspect contributes to the in vivo phenotype. Regardless, its dual influence on 

bacterial viability and on pathogen-host interaction suggests that Rv3277t is a particularly 

interesting target for the development of novel antitubercular chemotherapeutics. 

 

 

Methods 
Bacterial strains and growth conditions 

Strains used in this study are listed in Supplementary Table 2. Mycobacterial cultures were grown 

aerobically at 37 °C shaking in Middlebrook 7H9 broth or statically on Middlebrook 7H10 agar 

each supplemented with 10% ADS (0.8% NaCl, 5% BSA, 2% dextrose), 0.5% glycerol, 0.05% 

tyloxapol, and appropriate antibiotics (50 µg/mL hygromycin, 20 µg/mL kanamycin, 10 µg/mL 

apramycin). E. coli was grown in lysogeny broth (LB)-medium or LB agar containing appropriate 

antibiotics (150 µg/mL hygromycin, 40 µg/mL kanamycin, 100 µg/mL ampicillin 20 µg/mL 

apramycin). 

 

Generation of conditional mutants  

The generation of conditional mycobacterial mutants was conducted employing a modified 

specialized transduction protocol [56, 57]. The flanking regions of the gene of interest were 

amplified via PCR employing oligonucleotide primers listed in Supplementary Table 3. 

Subsequently, the flanking regions were treated with Van91I and ligated with Van91I-digested 

pcRv1327c-4XtetO vector arms, resulting in integration of a synthetic gene cassette (hyg-Pmyc1-

4XtetO) comprising a hygromycin resistance gene and the strong Pmyc1 promoter from M. 

smegmatis engineered to contain four tetO operator sites immediately upstream of the start codon 
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of the target gene. This yielded the allelic exchange knock-in plasmids listed in Supplementary 

Table 4. The resulting knock-in plasmids were linearized with PacI and cloned into the 

temperature-sensitive TM4-derived phasmid phAE159, yielding the corresponding knock-in 

phasmids (Supplementary Table 3). Knock-in phages were produced by electroporating the 

phasmids into M. smegmatis at the permissive temperature of 30°C which was propagated in M. 

smegmatis. Targeted gene knock-in in M. tuberculosis and M. smegmatis was achieved by 

specialized transduction employing high-titer lysates of the temperature-sensitive 

mycobacteriophages at the non-permissive temperature of 37°C. Regulated gene expression was 

established by heterologous expression in the generated knock-in mutants of a plasmid-borne 

repressor (revTetR or TetR) that binds to the tetO sites either in presence (tetOFF) or absence 

(tetON) of anhydrotetracyclin (ATc), respectively. 

 

Genetic complementation of conditional mycobacteria mutants 

For complementation of the conditional M. tuberculosis c-Rv3277t_tetOFF mutant and the 

M. smegmatis c-Msmeg_1817_tetON mutant, various genes were amplified by PCR using 

oligonucleotide primers listed in Supplementary Table 3. PCR products were cloned using the 

restriction enzymes PacI and HindIII into the single-copy integrative plasmid pMV361(Apra)-

PacI, which is a derivative of pMV361(Kan) engineered to contain a unique PacI restriction site 

and an apramycin resistance gene [57]. The resulting plasmids providing constitutive gene 

expression from the HSP60 promoter were transformed by electroporation into the conditional 

mutants and selected on solid medium containing 10 µg/mL apramycin. 

 

Growth determination 

To evaluate growth of conditional mutants in liquid medium in dependence of ATc, mycobacteria 

were grown to OD600 nm of approx. 0.6 - 0.8 and diluted to 106 CFU/mL in Middlebrook 7H9 

medium. Subsequently, 50 µL of this suspension was added to each well of a 96-well round-

bottom microtiter plate containing a twofold serial dilution of ATc in 50 µl Middlebrook 7H9 

medium per well. The microtiter plate was incubated statically at 37 °C for 5 days. Growth was 

determined via resazurin reduction assay. For this, 10 µl of a 100 µg/mL resazurin solution was 

added to each well of the microtiter plate and incubated at RT for 24 h. After fixation of cells by 

adding 100 µL of a 10% formalin solution and incubation at RT for 30 min, the reduction of 

resazurin was detected by measuring fluorescence (535 nm excitation, 590 nm emission) 

employing a Tecan Infinite F200 Pro (TECAN, Männedorf, Switzerland). In another experiment, 

growth in liquid medium was measured in a kinetic manner by growing cultures until reaching 
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mid-logarithmic phase (OD600 nm of 0.6 – 0.8), after which they were diluted to an OD600 nm of 

0.01 using Middlebrook 7H9 medium. To induce sub-lethal silencing of the cells of the 

M. tuberculosis c-Rv3277t_tetOFF mutant, 0.3 µg/mL ATc was added to the culture media. 

Subsequently, the OD600 nm of cultures were recorded daily over several days to obtain growth 

curves. 

For quantification of ATc-dependent growth on solid medium, a culture of mycobacteria 

was grown to OD600 nm of approx. 0.6 - 0.8 before 10 µl of serially diluted aliquots of the cell 

suspension was plated out on Middlebrook 7H10 agar supplemented with increasing 

concentrations of ATc. Colony forming units were counted after 3 or 14 days for M. smegmatis 

and M. tuberculosis, respectively. 

 

Scanning electron microscopy 

Liquid cultures of M. tuberculosis H37Rv wild type and of the c-Rv3277t_tetOFF mutant were 

grown to an OD600 nm of 0.5. The conditional c-Rv3277t_tetOFF mutant was silenced by addition 

of 0.3 µg/mL ATc, whereas the induced cells were grown without the addition of ATc. After 14 

days of incubation, the cells were centrifuged at 4,000 rpm for 5 minutes and fixed at a final 

concentration of 2% paraformaldehyde and 2.5% glutaraldehyde for 1 hour. The fixed cells were 

then washed twice with PBS followed by washing with PBS containing 0.025% tyloxapol. Cells 

were dehydrated stepwise with a range of ethanol concentrations (50%, 70%, 80%, 90%, 96%, 

and 100%) for 5 minutes each. Images were captured using a scanning electron microscope ZEISS 

Supra 55VP. 

 

Preparation of protein lysates 

Mycobacteria were grown in 20 mL Middlebrook 7H9 medium supplemented with the indicated 

concentrations of ATc. After reaching an OD600 nm of approx. 0.6 - 0.8, the cultures were washed 

three times with ice-cold PBS and resuspended in 2 mL PBS. Subsequently, the cells were 

transferred to screw-cap tubes containing silica-zirconium beads and lysed by bead beating at 50 

Hz for 3 x 3 min. Next, 200 µl of 10% SDS were added followed by 30 min incubation at 4 °C. 

Finally, the samples were centrifuged and the supernatant was sterile filtered three times 

employing 0.2 µm polyethersulfone filters (Sarstedt AG & Co.KG, Nümbrecht, Germany).  

 

Global proteome profiling by LC-MS/MS analysis 

Following in-solution digestion (ISD) of protein lysates, peptides were subjected to desalting 

using homemade C18 StageTips [58]. In brief, the peptide solution was passed through a StageTip 
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that was pre-conditioned with methanol (MeOH) and equilibrated with 0.5% formic acid (FA). 

The immobilized peptides were subsequently washed twice with 0.5% (v/v) FA and then eluted 

from the StageTip using a solution containing 80% (v/v) acetonitrile (ACN) and 0.5% (v/v) FA. 

The eluted peptides were dried using a vacuum concentrator (Eppendorf) before being 

resuspended in 10 μl of 0.1% (v/v) FA in preparation for LC-MS/MS analysis. 

LC–MS/MS experiments were conducted on an Orbitrap Elite instrument from Fischer 

Scientific, coupled with an EASY-nLC 1000 liquid chromatography system also from Fischer 

Scientific, operating in one-column mode [59]. The analytical column was a fused silica capillary 

with an integrated PicoFrit emitter, packed in-house with Reprosil-Pur 120 C18-AQ 1.9 μm resin 

from Dr. Maisch. The analytical column was enclosed by a Sonation column oven and connected 

to a nanospray flex ion source from Thermo. During data acquisition, the column oven 

temperature was set at 45 °C. The LC was equipped with two mobile phases: solvent A (0.1% 

formic acid in water) and solvent B (0.1% formic acid in acetonitrile). Both solvents were of 

UPLC grade from Sigma. Peptides were loaded directly onto the analytical column at a maximum 

flow rate that did not exceed the set pressure limit of 980 bar, usually around 0.5–0.6 μl/min. 

Peptides were separated on the analytical column using a 140 min gradient of solvent A and 

solvent B at a flow rate of 300 nL/min, with a gradient starting at 7% B, followed by 7 to 35% B 

for 120 min, 35 to 100% B for 10 min, and 100% B for 10 min. The mass spectrometer was 

operated using Xcalibur software, version 2.2 SP1.48 from Thermo Fischer Scientific in positive 

ion mode. Precursor ion scanning was performed in the Orbitrap analyzer in the scan range of 

m/z 300–1,800, with a resolution of 60,000 and the internal lock mass option turned on. The lock 

mass used was 445.120025 m/z, polysiloxane [60]. Product ion spectra were recorded in a data-

dependent fashion in the ion trap in a variable scan range and rapid scan rate. The spray voltage 

was set at 1.8 kV. Peptides were analyzed using a repeating cycle consisting of a full precursor 

ion scan followed by 15 product ion scans, where peptides are isolated based on their intensity in 

the full survey scan for tandem mass spectrum generation that permits peptide sequencing and 

identification. Collision-induced dissociation energy was set at 35% for MS2 spectra generation. 

During MS2 data acquisition, dynamic ion exclusion was set to 120 s, with a maximum list of 

excluded ions consisting of 500 members and a repeat count of one. Ion injection time prediction, 

preview mode for the orbitrap, monoisotopic precursor selection, and charge state screening were 

enabled, with only charge states higher than 1 considered for fragmentation. 
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Immunoblot analysis of glycoconjugates 

For the specific detection of the cell wall components, protein lysates were separated by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a PVDF 

membrane by Western blot transfer according to standard protocols [61, 62]. The membrane was 

blocked with 10% skim milk for 30 min, washed once with TBS (50 mM Tris, 150 mM NaCl, 

pH 7.6) containing 0,05% Tween 80 (TBST), and then incubated with the murine monoclonal 

antibodies F30-5 or 183-24 in 2% skim milk at 4°C overnight as primary antibodies for detection 

of LAM and PIM6, respectively [30]. Following washing of the membrane three times with TBST, 

an anti-mouse antibody conjugated to horseradish peroxidase (HRP) in 2% skim milk was used 

as secondary antibody. After 1 h incubation at room temperature, the membrane was washed three 

times with TBST, three times with TBS and once with H2O. By adding the substrate solution 

(Lumiglo®Reagent, Cell signaling Technology, Denver, USA), the antibody-linked HRP allowed 

detection via the generation of luminescence. The luminescence was visualized on Amersham 

Hyperfilm™ MP using the Cawomat 2000 IR developer. 

 

SDS-PAGE analysis of lipoglycans 

Lipoglycans were extracted from 10 mL of cultures of fully induced or partially silenced cells of 

the M. smegmatis c-Msmeg_1817_tetON mutant grown with 10 μCi/mL of radiolabeled 14C-

D-glucose. The bacteria were harvested, dried and resuspended in water. Five consecutive 

extractions were performed with an equal volume of 50% (v/v) ethanol in water at 85°C for 6 

hours. The supernatants were pooled, dried, and subjected to a phenol-H2O treatment at 65°C. 

The aqueous phase containing the crude lipoglycans was dialyzed against water, dried, and the 

incorporation of 14C-glucose was quantified by liquid scintillation. Equal amounts (50,000 cpm) 

were then loaded onto a 15% SDS-PAGE gel and separated electrophoretically. The visualization 

was performed autoradiographically by 48 h exposure of X-ray films. 

 

Two-dimensional thin-layer chromatography 

Cells of the M. smegmatis c-Msmeg_1817_tetON mutant were grown to an OD600 nm of 0.8, and 

radiolabeled with 10 μCi/mL of 14C-D-glucose during incubation for 4 hours at 37°C. For 

extraction of polar lipids, 10 mL of culture was harvested, washed twice with PBS and then 

extracted with 2 mL CH3OH : 0.3% NaCl [63] (100:10, v/v) and 2 mL petroleum ether for 30 

min. After centrifugation, the pellet was resuspended in 2.3 mL CHCl3 : CH3OH : 0.3% NaCl [63] 

(90:100:30, v/v/v), stirred for one hour and centrifuged again. The pellet was mixed with 750 μl 

CHCl3 : CH3OH : 0.3% NaCl [63] (50:100:40, v/v/v) for 30 min, centrifuged, and the supernatant 
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was combined with the previous fraction. After repeating the last step, the combined supernatants 

were mixed with 1.3 mL of CHCl3 and 1.3 mL of 0.3% NaCl [63], centrifuged, and the lower 

organic phase was isolated and dried. The dried extract of polar lipids was then resuspended in 

CHCl3 : CH3OH (2:1, v/v), and the incorporation of 14C-glucose was quantified by liquid 

scintillation using a 5% aliquot of the lipid extract in 5 mL EcoScint A (National Diagnostics). 

Equal amounts of the polar lipid extracts (50,000 cpm) were applied to Silica Gel 60 F254 

(Merck) aluminum-backed TLC plates and run in the solvent system E for polar lipids: 

CHCl3 : CH3OH : H2O (60:30:6, v/v/v) in the first dimension and 

CHCl3 : CH3CO2H : CH3OH : H2O (40:25:3:6, v/v/v/v) in the second dimension. The 

visualization was performed autoradiographically by 48 h exposure of X-ray films. 

 

MALDI-ToF mass spectroscopy 

Cells of the conditional M. tuberculosis c-Rv3277t_tetOFF mutant were grown in 100 mL 7H9 

medium in duplicates. Cultures were grown first under fully induced conditions to ca. late log 

phase to obtain biomass before splitting and continue culturing for further 4 days either with or 

without addition of 1 µg/mL ATc to silence gene expression. Next, the OD600 nm was measured to 

allow normalization of the amount of lipid extract used for subsequent analyses. The cells were 

then harvested and washed twice with water, resuspended in 1 mL water and heat-inactivated in 

glass tubes by boiling for 30 min.  

MALDI-ToF analyses were performed on an AB Sciex TOF/TOF 5800 mass spectrometer 

using the reflectron mode, as described elsewhere [64, 65]. Briefly, ionisation was accomplished 

through irradiation using an Nd:YAG laser (349 nm) operating with a pulse rate of 400 Hz. The 

laser intensity was set at 3500 with continuous stage motion utilised at a velocity of 600 µm/s. 

The matrix used was 2,5-dihydroxybenzoic acid (Sigma) at a concentration of 10 mg/mL in 

chloroform/methanol 9:1 or 1:1. 

 

Extraction of AG and lipoglycan fractions and monomeric compositional analysis via 

GC/MS 

Cells of the M. smegmatis c-Msmeg_1817_tetON mutant were grown at the indicated ATc 

concentrations, harvested, and frozen at -20°C. The thawed cells were then resuspended in PBS 

containing 2% Triton X-100 (pH 7.2), sonicated, and pelleted at 27,000 g. The cell wall was 

extracted three times with PBS containing 2% SDS at 95°C for one hour, then washed with water, 

80% (v/v) acetone in water, and finally with acetone before lyophilization. Cells were hydrolyzed 

with 2 M trifluoroacetate, reduced with NaB2H4, and the alditols resulting from this treatment 
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were per-O-acetylated. The per-O-acetylation was performed after mixing the lipoglycans with 

0.5 mL DMSO containing 4.8 M dimethylsulfinyl carbanion. The mixture was stirred three times 

for one hour, mixed with 50 μL of iodomethane and stirred again for one hour. The mixture was 

diluted with one volume of water, dialyzed against water, and analyzed by GC/MS for alditol 

acetate sugar composition. 

 

Molecular modeling 

The protein sequence of Rv3277t was modeled using TopModel [32] and TopScore [66]. Using 

default program parameters, the comparative modeling includes template identification, sequence 

alignment, modeling, refinement, and scoring. This resulted in a homology model with a good 

TopScore of 0.307, where the unstructured C-terminus has a low confidence and the 

transmembrane region a high confidence. 

Subsequently the orientation in the membrane and the membrane boundaries were 

predicted using the PPM server [34]. This resulted in a predicted membrane thickness of 29.4 ± 

1.3 Å with a transfer free energy ΔG = -45.2 kcal mol-1 and a tilt angle of 2° ± 1°. 

 

Macrophage infection assay  

THP-1 cells were cultured in RPMI medium supplemented with 10% FBS in a humidified 

atmosphere with 5% CO2 at 37 °C. Cell counting was performed using a haemocytometer, and 

105 cells were added into each well of a 96-well flat-bottom polystyrene microtiter plate (Greiner) 

in a total volume of 100 μL. To differentiate THP-1 into adherent cells with macrophage-like 

characteristics, the medium was supplemented with 50 nM phorbol-12-myristate-13-acetate 

(PMA). Following overnight differentiation, the THP-1 derived macrophages were washed twice 

with PBS. For infection, cells of the conditional M. tuberculosis c-Rv3277t_tetOFF mutant grown 

under fully induced conditions were harvested, washed, and resuspended in RPMI supplemented 

with 10% FBS to a density of 3x106 CFU/mL. 100 μL of this cell suspension was added to each 

well containing the differentiated THP-1 cells, resulting in a multiplicity of infection = 3. After 3 

hours, the cells were washed twice with PBS to remove non-phagocytized bacteria, and 100 μL 

RPMI containing 10% FBS was added. To silence target gene expression, the medium contained 

0.3 µg/mL ATc. The THP-1 derived macrophages were incubated at 37 °C, 5% CO2, and 85% 

humidity for 4 days. After incubation, cells were fixed with formalin (final concentration of 5%) 

and lyzed with deionized H2O for 30 minutes. Dilutions of the suspensions from each well were 

plated onto Middlebrook 7H10 plates. Colonies were counted after 3 weeks of incubation at 

37 °C.   
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Supplementary Fig. 1: Scheme of the bipartite biosynthesis of phosphatidyl inositol-based 

mannosylated cell surface glycoconjugates in M. tuberculosis. The α-

mannopyranosyltransferases PimA (Rv2610c), PimB′ (Rv2188c) and PimC or a yet-unidentified 

mannosyltransferase mediate the stepwise mannosylation of the myo-inositol moiety of the 

phospholipid phosphatidyl-myo-inositol, employing GDP-mannopyranose as the donor substrate, 

yielding phosphatidylinositol tetramannoside (PIM4). Following mono- and diacylation by the 

acyltransferase Rv2611c and a yet-unknown enzyme, the resulting Ac1/Ac2PIM4 is flopped by an 

unknown mechanism from the cytoplasmic to the periplasmic side of the plasma membrane. 

Ac1/Ac2PIM4 serves as a branch point, which can either be extended by the 

mannopyranosyltransferase PimE (Rv1159) to form higher-order PIMs (Ac1/Ac2PIM6), or by the 

mannopyranosyltransferase MptA (Rv2174), MptB (Rv1459c) and MptC (Rv2181) to synthesize 

LM. The involved mannopyranosyltransferases represent GT-C type glycosyltransferases that 

utilize decaprenyl-monophosphoryl-D-mannopyranose (DPM) as the donor substrate. A yet-

unidentified arabinofuranosyltransferase first primes the mannan core of LM with a few 

arabinofuranose residues, after which EmbC (Rv3793) extends the primed LM with the addition 

of 12–16 arabinofuranose residues. Subsequently, the branching enzyme AftC and the 

arabinofuranosyltransferase AftB complete the nonreducing arabinan domain of LAM. EmbC, 

AftC and AftB all employ DPA as the donor substrate to result in addition of altogether 55–70 

arabinofuranose residues to LM. Finally, the arabinan domain of LAM is modified with mannose 
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residues by the DPM-dependent mannopyranosyltransferases CapA (Rv1635c) and MptC 

(Rv2181), resulting in ManLAM.  

 

 
 

Supplementary Fig. 2: Scheme of the bipartite biosynthesis of decaprenyl monophosporyl-

D-arabinofuranose (DPA). Phosphoribosyl pyrophosphate is produced by phosphorylation of 

ribose-1-phosphate catalyzed by phosphoribosyl-1-pyrophosphate synthetase PrsA (Rv1017). 

Next, decaprenylphosphoryl-5-phosphoribose synthase UbiA (Rv3806c) transfers 

phosphoribosyl pyrophosphate to C50-P, yielding decaprenyl-monophosphoryl-D-

ribofuranosephosphate, which is subsequently dephosphorylated by Rv3807 to produce 

decaprenyl-monophosphoryl-D-ribofuranose (DPR). Decaprenylphosphoribose 2′ epimerase 

composed of DprE1 (Rv3790) and DprE2 (Rv3791) subunits then catalyzes the epimerization of 

the ribosyl unit of DPR, resulting in DPA. DPA is then translocated from the cytosolic to the 

periplasmic face of the membrane by the GtrA-like floppase Rv3789 and/or other yet-unknown 

lipid floppases potentially including Rv3277t. At the periplasmic face of the membrane, DPA 

serves as the substrate for various arabinofuranosyltransferases involved in arabinosylation of 

lipomannan or the galactan core C50-P-P-GlcNAc-Rha-Galf30, resulting in formation of 

lipoarabinomannan (LAM) and arabinogalactan, respectively. LAM is subsequently subject to 

terminal mannosylation steps, yielding mannose-capped LAM (ManLAM). 
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Supplementary Fig. 3: Reannotation of the essential gene Rv3277 with an alternative 

starting codon. a, ATc-dependent growth of the conditional M. tuberculosis c-Rv3277_tetOFF 

mutant (triangle) and of the M. tuberculosis H37Rv wild type strain (circle) indicating no 

essentiality of the annotated full-length Rv3277 gene. b, Multiple sequence alignment of the M. 

tuberculosis Rv3277 orthologues in M. smegmatis, M. leprae, and M. bovis using CLUSTAL by 

Muscle (3.8). Asterisks show positions that are highly identical, whereas colon and period show 

positions with lower similar residues. c, Sequence of Rv3277 as annotated in Mycobrowser. The 

5’ ATG codon is annotated as the start codon, although the highlighted GTG codon 147 bp 

downstream was experimentally shown to be the probable start site for translation. d, Generation 

of the M. tuberculosis Rv3277t conditional mutant. Organization of the Rv3277 locus in M. 

tuberculosis H37Rv wild type and the c-Rv3277t_tetOFF conditional mutant with the four tet 

operator sites upstream of the annotated start codon (left panel). The relevant primers A and B 

are indicated. The sizes of the relevant diagnostic PCR products for verification are shown. 

Diagnostic PCR to verify the generation of the conditional c-Rv3277t_tetOFF mutant (right 

panel). The observed PCR products contained 930 bp for the M. tuberculosis H37Rv wild type 

strain and 2630 bp for the M. tuberculosis c-Rv3277t_tetOFF mutant strain. Diagnostic PCRs 

were carried out on genomic DNA of the respective strains.  
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Supplementary Fig. 4: Generation of the c-Msmeg_1817_tetON mutant analogous to the 

c-Rv3277t_tetOFF mutant. a + b, MSMEG_1817 loci with the restriction sites for the Southern 

blot. Both Sequences were cut with PvuII. The restriction sites are indicated in each map (PvuII). 

The sequences were hybridized with MSMEG_1817 -R as probe. MSMEG_1817 -R and 

MSMEG_1817 -L are indicating the flanking arms. a, The wild type MSMEG_1817 locus is 

shown as a structure with an expected signal of 1321 bp. b, The locus of the knock-in mutant 

MSMEG_1817 with the additional hygromycin resistance (hygB) and the promoter including four 

operator sites is shown with an expected signal at 3045 bp. c, Gel electrophoresis of RNase treated 

and PvuII digested DNA of M. smegmatis mc2155 (1), and 4 putative mutants (2-5). d, 

Verification of mutants by Southern blot. RNase treated and PvuII digested DNA of M. smegmatis 

mc2155 (1), and 4 putative mutants (2-5) were electrophoretically separated, transferred to a nylon 

membrane, and finally hybridized with a probe. Binding was visualized by chemiluminescence 

using luminol. 
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Supplementary Fig. 5: Silencing of MSMEG_1817 blocks biosynthesis of the higher order 

mannosylated glycoconjugates LM, LAM and PIM. a, Coomassie-stained SDS-PAGE 

showing loading controls. b - c, SDS-PAGE immunoblots employing the LAM-specific 

monoclonal antibody F30-5 (b) and the PIM6-specific monoclonal antibody F183-24 (c). The 

rebounding levels of LAM and PIM6 at the lowest ATc concentration of 0.025 µg/ml probably 

results from the enrichment of non-regulated suppressor mutants that constitutively express 

MSMEG_1817, explainable by the strong selective pressure that occurs when silencing this 

essential gene. d, SDS-PAGE autoradiographic analysis of the LM/LAM fraction prepared from 
14C-glucose labeled fully induced (at 1 µg/ml ATc) and partially silenced (at 0.125 µg/ml ATc) 

cells of the M. smegmatis c-Msmeg_1817_tetON mutant. e) MALDI-ToF MS analysis of lipids 

extracted from fully induced (at 0 µg/ml ATc) and partially silenced (at 0.5 µg/ml ATc) cells of 

the M. tuberculosis c-Rv3277t_tetOFF mutant. PI, phosphatidylinositol; PIM2, 

phosphatidylinositol dimannoside; Ac1PIM2, monoacylphosphatidylinositol dimannoside; 

Ac2PIM2, diacylphosphatidylinositol dimannoside; Ac1PIM6, monoacylphosphatidylinositol 

hexamannoside; Ac2PIM6, diacylphosphatidylinositol hexamannoside. 
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Supplementary Fig. 6: Comparative control LC-MS/MS-based proteomic profilings, 

related to Fig. 7.  a, LC-MS/MS-based whole protein analysis of fully induced cells of the M. 

tuberculosis H37Rv c-Rv3277t_tetOFF mutant compared to isogenic cells carrying an empty 

vector control (EV), illustrating largely unchanged protein abundances. b, LC-MS/MS-based 

whole protein analysis of cells of the M. tuberculosis H37Rv c-Rv3277t knock-in mutant carrying 

an empty vector control (EV) incubated in presence or absence of ATc, demonstrating minimal 

effect of ATc on protein abundances. The volcano plots illustrate the log2- fold change in 

abundance (X-axis) and corresponding -log10 p values (Y-axis). Proteins complying with the 

chosen threshold of significance and showing a log2-fold change ≥ 1 or ≤ -1 are marked in blue 

or orange, respectively. Quantification was done via label free quantification (LFQ) of five 

replicates per sample group. To identify statistically significant hits from the analysis, P ≤ 0.05 

(Student’s T-test; permutation-based FDR with 250 randomizations and FDR = 0.01) was 

applied.  
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Supplementary Table 1: Identified response clusters in the proteomic stress profile of 

silenced vs. induced cells of the M. tuberculosis H37Rv c-Rv3277t_tetOFF mutant. Chosen 

threshold: log2 Difference ≤ -1 and ≥ 1; P ≤ 0.05. 

Pathway 
-Log10 (P-

value) 
Log2 

Difference 
Gene names Protein names 

C
op

pe
r s

tr
es

s r
es

po
ns

e 

6.396 4.529 Rv2963 Putative permease Rv2963 

6.854 4.105 cysK2 (Rv0848) 
O-phospho-L-serine-dependent S-sulfocysteine 

synthase 

4.600 3.123 csoR (Rv0967) Copper-sensing transcriptional repressor CsoR 

3.069 2.997 Rv0849 Uncharacterized MFS-type transporter Rv0849 

6.474 2.924 mctB (Rv1698) Copper transporter MctB 

9.024 2.665 mmcO (Rv0846c) Multicopper oxidase MmcO 

1.405 2.280 mymT (Rv0186A) Copper-binding metallothionein 

7.754 2.245 Rv0968 Uncharacterized protein Rv0968 

8.739 2.236 ricR (Rv0190) Copper-sensing transcriptional repressor RicR 

9.344 2.226 ctpV (Rv0969) Probable copper-exporting P-type ATPase V 

3.089 2.180 cadI (Rv2641) Cadmium-induced protein CadI 

1.937 1.723 Rv0430 Uncharacterized protein 

6.608 -1.788 Rv0500A Putative DNA-binding protein Rv0500A 

El
ec

tr
on

 tr
an

sp
or

t c
ha

in
 

6.203 -1.295 nuoE (Rv3149) NADH-quinone oxidoreductase subunit E 

8.873 -2.036 cydA (Rv1623c) 
Probable integral membrane cytochrome D 

ubiquinol oxidase (Subunit I) 

6.374 -2.241 narX (Rv1736c) Nitrate reductase-like protein NarX 

5.751 -2.514 cydC (Rv1620c) 

Probable 'component linked with the assembly of 

cytochrome' transport transmembrane ATP-binding 

protein ABC transporter CydC 

5.906 -2.684 cydD (Rv1621c) 

Probable 'component linked with the assembly of 

cytochrome' transport transmembrane ATP-binding 

protein ABC transporter CydD 

C
el

l 
de

vi
sio

n  

5.167 1.577 ftsK (Rv2748c) DNA translocase FtsK 

2.864 1.329 sepF (Rv2147c) Cell division protein SepF 

6.014 1.166 ftsQ (Rv2151c) Cell division protein FtsQ 

C
el

l w
al

l 

6.268 2.430 pgsA2 (Rv1822) Putative cardiolipin synthase 

3.264 2.160 ppsB (Rv2932) 
Phenolphthiocerol/phthiocerol polyketide synthase 

subunit B 

3.127 2.156 ppsD (Rv2934) 
Phenolphthiocerol/phthiocerol polyketide synthase 

subunit D 

2.637 2.048 ppsC (Rv2933) 
Phenolphthiocerol/phthiocerol polyketide synthase 

subunit C 

5.663 1.812 Rv3717 N-acetylmuramoyl-L-alanine amidase 

5.261 1.630 fadD26 (Rv2930) Long-chain-fatty-acid--AMP ligase FadD26 
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Supplementary Table 1 (continued) 

Pathway 
-Log10 (P-

value) 

Log2 

Difference 
Gene names Protein names 

C
el

l w
al

l 

7.592 1.576 murG (Rv2153c) 
Undecaprenyl-PP-MurNAc-pentapeptide-

UDPGlcNAc GlcNAc transferase 

5.297 1.416 ppsA (Rv2931) 
Phenolphthiocerol/phthiocerol polyketide 

synthase subunit A 

1.539 1.288 ripA (Rv1477) Peptidoglycan endopeptidase RipA 

3.161 1.282 pks15 (Rv2947c) 
Putative inactive phenolphthiocerol synthesis 

polyketide synthase type I Pks15 

5.465 1.180 fbpC (Rv0129c) 

Diacylglycerol 

acyltransferase/mycolyltransferase Ag85C 

(Fibronectin-binding protein C) 

5.525 1.146 murC (Rv2152c) UDP-N-acetylmuramate--L-alanine ligase 

5.031 1.084 mas (Rv2940c) 
Probable multifunctional mycocerosic acid 

synthase Mas 

5.566 1.047 mmpL10 (Rv1183) Acyltrehalose exporter MmpL10 

R
ib

os
om

al
 p

ro
te

in
s  

3,637 -1,000 rplQ (Rv3456c) 50S ribosomal protein L17 

4,125 -1,076 rpmC (Rv0709) 50S ribosomal protein L29 

4,276 -1,077 rpsO (Rv2785c) 30S ribosomal protein S15 

4,644 -1,240 rplU (Rv2442c) 50S ribosomal protein L21 

2,801 -1,365 rpmA (Rv2441c) 50S ribosomal protein L27 

3,210 -1,432 rpmD (Rv0722) 50S ribosomal protein L30 

1,534 -1,490 rpmF (Rv0979A) 50S ribosomal protein L32 

St
re

ss
 p

ro
te

in
s 

6,962 -1,177 Rv2624c Universal stress protein Rv2624c 

6,039 -1,199 Rv2623 Universal stress protein Rv2623 

3,942 -1,343 Rv2005c Universal stress protein Rv2005c 

5,242 -1,416 Rv1996 Universal stress protein Rv1996 

6,031 -1,622 hspX (Rv2031c) Alpha-crystallin (Acr) (16 kDa antigen) 

7,934 -2,141 Rv3134c Universal stress protein Rv3134c 

A
nt

ito
xi

ns
 1,983 -1,083 vapB29 (Rv0616A) Putative antitoxin VapB29 

5,637 -1,351 mazE3 (Rv1103c) Antitoxin MazE3 

7,263 -1,551 vapB38 (Rv2493) Putative antitoxin VapB38 

1,345 -1,572 vapB33 (Rv1241) Antitoxin VapB33 
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Supplementary Table 1 (continued) 

Pathway 
-Log10 (P-

value) 

Log2 

Difference 
Gene names Protein names 

Tr
an

sc
ri

pt
io

n 
fa

ct
or

s /
 

D
N

A
 b

in
di

ng
 p

ro
te

in
s 

2,748 -1,050 cspA (Rv3648c) Probable cold shock protein A 

6,257 -1,054 Rv1404 Probable transcriptional regulatory protein 

5,851 -1,126 Rv3295 
Probable transcriptional regulatory protein 

(Probably TetR-family) 

3,007 -1,148 Rv0232 
Probable transcriptional regulatory protein 

(Probably TetR/AcrR-family) 

4,906 -1,163 Rv3716c Nucleoid-associated protein Rv3716c 

5,072 -1,262 Rv0081 
Uncharacterized HTH-type transcriptional 

regulator Rv0081 

7,298 -1,427 dosR (Rv3133c) 
DNA-binding transcriptional activator 

DevR/DosR 

6,525 -1,496 carD (Rv3583c) 
RNA polymerase-binding transcription factor 

CarD 

4,449 -1,545 argR (Rv1657) Arginine repressor 

7,259 -1,628 Rv0386 
Probable transcriptional regulatory protein 

(Probably LuxR/UhpA-family) 

6,608 -1,788 Rv0500A Putative DNA-binding protein Rv0500A 

6,272 -1,800 Rv3788 Uncharacterized protein Rv3788 

dN
D

P 

sy
nt

he
si

s  4,791 -1,151 nrdF2 (Rv3048c) 
Ribonucleoside-diphosphate reductase subunit 

beta NrdF2 

2,307 -1,326 nrdB (Rv0233) 
Ribonucleotide reductase R2-like ligand 

binding oxidase 
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Supplementary Table 2: Strains used in this study. 

Strain Relevant properties Origin 

Mycobacterium tuberculosis 

 H37Rv wild type 

Wild type  

M. tuberculosis  

c-Rv3277_tetOFF 

Rv3277 silenced, annotated start 

codon ATG, kanR, hygR 

This study 

M. tuberculosis 

c-Rv3277t_tetOFF 

Rv3277t silenced, reannotated start 

codon GTG, 147 bp downstream, 

kanR, hygR 

This study 

M. tuberculosis 

c-Rv3277t_tetOFF 

pMV361::EV 

Rv3277t silenced, complemented 

with an empty vector  

This study 

M. tuberculosis 

c-Rv3277t_tetOFF 

pMV361::Rv3277t 

Rv3277t silenced, complemented 

with a wild type copy of Rv3277t 

constitutively expressed from a 

single-copy integrative plasmid 

 

This study 

M. tuberculosis 

c-Rv3277t_tetOFF 

pMV361::Rv3277t 

T35A_K59A_N141A 

Rv3277t silenced, complemented 

with a mutated copy of Rv3277t, 

harboring the mutations T35A, 

K59A, and N141A constitutively 

expressed from a single-copy 

integrative plasmid 

 

This study 
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Supplementary Table 2 (continued) 

Strain Relevant properties Origin 

M. tuberculosis 

c-Rv3277t_tetOFF 

pMV361::Rv3789 

Rv3277t silenced, complemented 

with a wild type copy of Rv3789, 

constitutively expressed from a 

single-copy integrative plasmid 

This study 

M. tuberculosis 

c-Rv3277t_tetOFF 

pMV361::arnEF 

Rv3277t silenced, complemented 

with a wild type copy of arnEF, 

isolated from E. coli, constitutively 

expressed from a single-copy 

integrative plasmid 

This study 

M. tuberculosis 

c-Rv3277t_tetOFF 

pMV361::wzxE 

Rv3277t silenced, complemented 

with a wild type copy of wzxE, 

isolated from E. coli, constitutively 

expressed from a single-copy 

integrative plasmid 

This study 

M. tuberculosis 

c-Rv3277t_tetOFF 

pMV361::ltaA 

Rv3277t silenced, complemented 

with a wild type copy of ltaA, isolated 

from S. aureus, constitutively 

expressed from a single-copy 

integrative plasmid 

This study 

Mycobacterium smegmatis 

 mc2155 wild type 

Wild type  

M. smegmatis 

c-Msmeg_1817_tetON 

MSMEG_1817 silenced, annotated 

start codon ATG, kanR, hygR 

This study 

Escherichia coli NEB5α Cloning strain for plasmids New England Biolabs  

(Cat.-No. C2987I) 

E. coli HB101 Cloning strain for phasmids  
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Supplementary Table 3: Oligonucleotides used in this study. Restriction sites used for 

cloning purposes are underlined. 

Oligonucleotide Sequence [5‘ – 3‘] 

c-Rv3277-RR-Van91I TTTTTCCATCTTTTGGGGTGCATGCGTTGCCATC 

c-Rv3277-RL-Van91I TTTTTCCATAGATTGGATGAACGAGGTGTCAGTG 

c-Rv3277-LR-Van91I TTTTTCCATTTCTTGGGGCTGGACCACCAGAGG 

c-Rv3277-LL-Van91I TTTTTTCCATAAATTGGGGAATTATGTGGCCGGAG 

c-Rv3277t-RR-Van91I TTTTTCCATAGATTGGATGTCCTTTGCCGATGCCACCATC 

c-Rv3277t-RL-Van91I TTTTTCCATCTTTTGGCCGCTCGAGTTCTACAACATTCC 

c-Msmeg_1817-RR-Van91I TTTTTCCATCTTTTGGGGCCAGGATCAACAGTGTGGA 

c-Msmeg_1817-RL-Van91I TTTTTCCATAGATTGGATGTCCTTCGCTGATGCAACG 

c-Msmeg_1817-LR-Van91I TTTTTCCATTTCTTGGAGCTCATGGTGCCGTTCGGCG 

c-Msmeg_1817-LL-Van91I TTTTTCCATAAATTGGTCAGATACTTCGCGGCCACCT 

Msmeg_1817-3-HindIII TTTTTAAGCTTCACGAAGTCTTCGACACCCTGG 

Msmeg_1817-5-PacI TTTTTAATTAATGTCCTTCGCTGATGCAACGATC 

c-Rv3277-3-HindIII TTTTTAAGCTTCACGAGCTTTTCGACACCCTGG 

c-Rv3277-5-PacI TTTTTAATTAATGAACGAGGTGACCGCCGGGGTG 

c-Rv3277t-PacI TTTTTAATTAATGTCCTTTGCCGATGCCACCATC 

3' Rv3789 HindIII AAGCTTGCCCGATTCGACCCTGACC 

5' Rv3789 PacI GGGCGTTAATTAATGCACCTGTCGGCACAGGTA 

5' PacI arnEF GCGTTAATTAATCTGGTGCTGATTCAGTATCGTCC 

3' HindIII arnEF GCGAAGCTTGTGTAAAGTGGCAGGGAAAAC 

5 PacI wzxE CCGGCGTTAATTAAGCGACTTTGTTGAACTACTTTTCCTGAT 

3 wzxE HindIII CGCGGAAGCTTCGATCCCAGTACGTGAATCAGTACAG 

5' PacI ltaA GCGGTTAATTAATTTATGGAAAGGTTCCTTTATAT 

3' ltaA HindIII GCGGAAGCTTTCTTTATTTTAAAATACGTTTTAACC 
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Supplementary Table 4: Plasmids and Phasmids used in this study. 

Plasmid (p) or Phasmid (ph) Relevant properties 

p0004S hygR 

phAE159 
Temperature sensitive shuttle phasmid, derivative 

of mycobacteriophage TM4, ampR 

pcRv3277 
Knock-in cassette, hygR, sacB, flanking regions of 

Rv3277 

phcRv3277 
Knock-in cassette, hygR, sacB, flanking regions of 

Rv3277 

pcRv3277t 
Knock-in cassette, hygR, sacB, flanking regions of 

Rv3277t 

phcRv3277t 
Knock-in cassette, hygR, sacB, flanking regions of 

Rv3277t 

pcMsmeg_1817 
Knock-in cassette, hygR, sacB, flanking regions of 

Msmeg_1817 

phcMsmeg_1817 
Knock-in cassette, hygR, sacB, flanking regions of 

Msmeg_1817 

pMV261 kanR 

pMV261_revtetR_RBS-Mut.E kanR 

pMV361  apraR 

pMV361_Msmeg1817 apraR, complementation plasmid 

pMV361_Rv3277t apraR, complementation plasmid 

pMV361::Rv3277t-T35A-K59A-N141A apraR, complementation plasmid 

pMV361::Rv3789 apraR, complementation plasmid 

pMV361::arnE/F apraR, complementation plasmid 

pMV361::wzxE apraR, complementation plasmid 

pMV361::ltaA apraR, complementation plasmid 
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7. Discussion and perspectives 
Throughout this study, we introduced new original drug leads, targets, and strategies addressing 

the rising problem of antimicrobial resistance. Our research was centered on the pathogen 

Mycobacterium tuberculosis, which poses a severe risk to human health. By utilizing a vast 

collection of synthetic molecules, we successfully discovered two highly effective anti-TB 

agents, KSK-104 and KSK-106. These compounds provide a potential template for future 

antibiotics, acting in a unique mode of action and providing hints for the elucidation of several 

undescribed pathways and targets. Identification of the mechanism of action in conjunction 

with drug-target identification is imperative for the development of new chemotherapeutic 

agents. At the same time, the understanding of pathogenicity and virulence factors is critical 

and a prerequisite for targeting pathogens. We have therefore sought to comprehensively 

characterize the function of a cell wall assembly protein, which could be used as a future target 

to combat drug-resistant TB. Combining these two approaches of anti-infective research, we 

propose the BacPROTACs as a novel antibiotic strategy. The latter brings together natural 

product-inspired drug design and target characterization, with the potential to tackle not only 

TB but also other bacterial infections in the future. 

 

7.1 α-Aminooxyacetic acid derivatives 
 

The research presented in chapter 3 introduces the access to a large library of chemically 

synthesized compounds that enabled us to identify two antitubercular lead structures that are 

based on an α-aminooxyacetic acid core. The novel chemical entities are precursors of histone 

deacetylase (HDAC) inhibitors that are classed as antitumor agents. KSK-104 and KSK-106, 

which have been closely studied, evidenced anti-TB activity within sub-micromolar 

concentrations and were also highly effective against XDR-TB strains. We found that KSKs 

exhibit a low rate of resistance against M. tuberculosis, along with specificity towards 

tuberculous mycobacteria and no detectable cytotoxicity, thereby demonstrating several 

advantages of these compounds. Our investigations revealed that these compounds act as pro-

drugs and are likely to be cleaved by the intracellular amidohydrolases AmiC and/or Rv0552. 

However, the intact structures of the KSKs appear to be required before intracellular cleavage 

can occur, which might be related to uptake or stereochemical binding properties in the catalytic 

center of AmiC and/or Rv0552. The single or combined putative cleavage products showed 

only mediocre anti-tubercular activity. Linear and cyclic amides are known to be hydrolyzed 
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by amidohydrolases [209]. The homolog of amiC in M. smegmatis (MSMEG_2521) was 

observed to be involved in induction of acetamidase expression, allowing growth by utilizing 

amides as the sole carbon source [210]. While M. smegmatis AmiC is only 65% identical to 

AmiC of M. tuberculosis, certain residues that were mutated in the SRMs isolated against KSK-

derivatives (ABK-256, KSK-104 using the merodiploid M. tuberculosis pMV361::Rv0552 

strain), such as S151 and S157, are highly conserved in numerous mycobacterial species and 

are probably even part of the catalytic center. The amino acid substitution S157F was 

additionally detected in the SRMs resistant to the indole-4-carboxamides, wherein AmiC plays 

a role in the activation of the pro-drug [211].  

 

The non-essentiality of the identified genes and the phenotypic characterization of 

overexpression and gene deletion mutants support our hypothesis that AmiC and Rv0552 

participate in the metabolization of the KSKs. This was underlined by the capability of the 

recombinant proteins AmiC and Rv0552 to cleave amide bonds of the surrogate substrate para-

nitroacetanilide to some extent (data not shown). Considering the presence of two distinct amide 

bonds within the original KSK structures, both sites might be accessible to the amidohydrolases. 

It would be intriguing to conduct further research on the direct cleavage of the KSKs by these 

proteins, employing the KSKs as substrates for enzyme activity assays. A suitable fluorometric 

assay for determining amidase activity in a high-throughput manner would involve detecting 

amines released from enzyme-catalyzed hydrolysis of corresponding amides. This can be done 

by coupling the amines with 4-nitro-7-chloro-benzo-2-oxa-1,3-diazole (NBD-CI) to form a 

fluorescent dye [212]. To improve the water solubility of the molecules, a derivative of KSK-

106 with a pyridine ring in its C-region was used instead of the original benzene ring. Research 

indicates that pyridine groups have higher water solubility due to the nitrogen center being more 

electronegative than the carbocyclic carbons of the benzene ring. The nitrogen center remains 

available for H-bonding with the water molecule, rendering it immiscible with water. 

Nevertheless, the used KSK-derivative (ABK-213) proved insufficiently soluble for conducting 

the enzymatic activity assay. Further structural optimization may enhance the solubility in the 

future. After establishing the assay, it is necessary to demonstrate that recombinant proteins 

containing the mutations that were discovered in the spontaneously KSK-resistant mutants are 

incapable of cleaving the KSKs.  

 

Moreover, a comprehensive analysis of the released products within the cell, their further 

metabolism, and the components accountable for the compounds’ bioactivity is imperative. 



7. Discussion and perspectives 

- 459 - 

Preliminary LC/MS analysis indicated both, alkoxyamide and benzyloxyamide hydrolysis of 

the KSK-comounds. By incubating M. tuberculosis cells with the compounds, not every 

corresponding hydrolysis product was detected. This was observed by monitoring the 

disappearance of the parent compounds and the appearance of the released metabolites at 

different time points after treatment. It can be reasonably assumed, therefore, that at least some 

of the hydrolysis products are likely to undergo further metabolism. Subsequently, advanced 

metabolomic techniques could be employed to examine the further metabolization processes 

within the cell. To further this approach, it would be of interest to investigate the metabolites 

in KSK-stressed M. tuberculosis wild-type cells as well as utilizing the already existing 

merodiploid or gene deletion mutants of amiC and Rv0552. By doing so, confirmation of the 

pro-drug activation potential of AmiC and Rv0552 could be attained, provided that the KSKs 

are not or less cleaved in the deletion mutant cells or that the metabolites are more present in 

the overexpressing extracted cell lysates. The creation and usage of an M. tuberculosis double 

gene deletion mutant of amiC and Rv0552 would improve this thorough analysis. 

 

In order to ascertain how the resulting α-aminooxyacetic acid hydrolysis products are 

responsible for the antitubercular activity of the parental compounds, we conducted a broad 

analysis of the drug-induced alterations using genome-wide genetic, transcriptomic, and 

proteomic experiments. It became evident that KSK treatment exerted an influence on a range 

of mechanistic pathways. First and foremost, a comprehensive transposon-insertion sequencing 

analysis has demonstrated that the fitness of the cells under KSK-106 is influenced by mutations 

in the PLP synthesis and salvage pathway. PLP is one of the active forms of vitamin B(6), 

which was first identified as a cofactor of enzymes involved in a wide range of chemical 

reactions in the 1940s [213]. It has been demonstrated that PLP-dependent enzymes are 

primarily involved in the synthesis, interconversion, and degradation of amino acids. However, 

they also play a pivotal role in the replenishment of one-carbon units, the synthesis and 

degradation of biogenic amines, the synthesis of tetrapyrrolic compounds and the metabolism 

of amino-sugars [214]. Indeed, PLP-dependent enzymes have been demonstrated to mediate 

over 140 distinct activities, representing 4% of all known catalytic activities [215]. This 

remarkable diversity of reactions is achieved through the exploitation of the electron sink effect 

of the pyridine ring, the conformational changes accompanying the chemical steps, the 

stabilization of distinct catalytic intermediates, and the spectral properties of the different 

coenzyme–substrate derivatives [216]. Despite the striking differences in the catalytic 

mechanisms, PLP-dependent enzymes share the feature that the coenzyme is held via a Schiff 
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base to the ε-amino group of a conserved lysine residue, leading to the internal aldimine 

complexes. The initial catalytic step, which is common to most PLP-dependent enzymes, 

requires a nucleophilic attack of the substrate-containing amine on the imine double bond of 

the internal aldimine, forming a gem-diamine. Subsequently, the substrate displaces the lysine 

residue, forming a non-covalently bound external aldimine where it can undergo 

decarboxylation, deprotonation, or otherwise stabilize a formal carbanion through resonance in 

the quinonoid intermediate [217]. The pivotal role of these enzymes in metabolic processes has 

led to their designation as relevant drug targets. One such enzyme is ornithine decarboxylase, 

which catalyzes the conversion of ornithine to putrecine, thereby providing the initial step in 

the synthesis of amino acids and polyamines. The enzyme is targeted by α-

difluoromethylornithine, which presents a substrate for the enzyme and undergoes PLP-

dependent decarboxylation in the active site. The primary rationale for its synthesis was to 

develop a treatment for facial hirsutism and African trypanosomiasis. Furthermore, the 

compound was tested as an anticancer agent and as a potential treatment for other diseases [218-

221]. For additional PLP-dependent enzymes, including DOPA decarboxylase (associated with 

Parkinson’s disease), GABA aminotransferase (linked to epilepsy), serine 

hydroxymethyltransferase (involved in tumour formation and malaria), and human cytosolic 

branched-chain aminotransferase (linked to pathological states associated with 

GABA/glutamate equilibrium concentrations), commercially drugs are currently available 

[214]. It is noteworthy that one second-line anti-TB drug, DCS, also targets a PLP-dependent 

enzyme. DCS is a structural analogue of D-Ala that targets two essential enzymes involved in 

the cell wall peptidoglycan biosynthetic pathway, termed alanine racemase (Alr) and D-Ala:D-

Ala-ligase (Ddl) [222]. Ddl is a PLP-dependent enzyme, indicating the potential of these 

enzymes as anti-TB drug targets. It has been demonstrated that DCS causes a time-dependent 

inhibition by covalently modifying PLP in the enzyme [223, 224]. The aminooxy groups 

present in both DCS and our studied KSK-compounds could prove to be of relevance, as it 

appears that the effect of the KSK compounds is also linked to the PLP pathway. It has been 

demonstrated that mutations in the gene encoding the PLP synthesis enzyme snzP and the gene 

responsible for PLP salvage, pdxH, result in a loss of fitness when exposed to KSK treatment. 

We thus assume that KSK treatment induces an increased demand for PLP within the cell. This 

hypothesis has been validated via an experiment wherein exogenous addition of pyridoxine 

rendered cells resistant to KSK-104 and KSK-106 treatments. It can thus be concluded that the 

α-aminooxyacetic acid derivatives, or their final metabolized compounds, may either inhibit 

PLP biosynthesis or act as an inhibitor of PLP-dependent enzymes. This is corroborated by the 
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fact that complete alkoxyamide and benzyloxyamide hydrolysis of the studied KSKs will 

generate aminooxyacetic acid. This metabolite is a well-documented inhibitor of PLP-

dependent enzymes, including 4-aminobutyrate transaminase, alanine transaminase, glutamate 

decarboxylase, and alanine racemase, among others [225-227].  

 

Aminooxy compounds, including O-benzylhydroxylamine, O-tert-butylhydroxylamine, 

carboxymethoxylamine, and O-allylhydroxylamine, have the capacity to attack the Schiff base 

linkage between PLP and the enzyme, resulting in the generation of a stable PLP O-acetic acid 

[228]. It is noteworthy that the aforementioned species were postulated to function as potential 

branched-chain amino acid aminotransferase (BCAT) inhibitors, which could be utilized in the 

management of TB [229]. However, our findings revealed that exogeneous aminooxyacetic 

acid exerts no antitubercular effect, which is likely attributable to its poor uptake. It can thus be 

assumed that the intracellularly released active moieties may inhibit PLP-dependent enzymes. 

It is plausible that the formed aminooxyacetic acid may undergo a spontaneous reaction with 

PLP, resulting in the formation of an unstable hemi-aminal. Subsequently, this reaction could 

lead to a Schiff base formation, which may yield the aforementioned reaction product in KSK-

treated M. tuberculosis cells (Figure 5). Verification of the hypothesis would be accomplished 

through the detection of the reaction product in extracts of the treated M. tuberculosis cells by 

LC-MS/MS. Subsequent studies could then determine whether specific PLP-dependent 

reactions are of particular importance with regard to the antibacterial mechanism, or whether 

the antibacterial effect is the result of the inhibition of numerous pyridoxal phosphate-

dependent enzymes. 

 

Figure 5: Final reaction product after Schiff base formation of aminooxyacetic acid and PLP. 

After complete alkoxyamide and benzyloxyamide hydrolysis of the KSK compound 

aminooxyacetic acid can be generated, which can form a stable reaction product with PLP.  
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In addition to their impact on the PLP pathway, our findings suggest that the KSKs influenced 

the oxidative stress network within the M. tuberculosis cell, as evidenced by the enrichment of 

doxX mutations following KSK treatment. It is therefore essential to ascertain the existence of 

potential correlations between these pathways to gain comprehensive insights into the 

mechanism of action. It has recently been demonstrated that at least one PLP-dependent enzyme 

is responsible for the production of hydrogen sulfide (H₂S) in M. tuberculosis [230]. In bacteria, 

H2S is classified as “small molecule signalling agent”. It has been observed to protect against 

metal ion toxicity, a range of classes of antibiotics, and, of particular interest in the context of 

this discussion, against oxidative damage [231]. It directly scavenges metal ions and reactive 

oxygen species (ROS), preventing Fenton chemistry and related antibiotic-induced damage 

[232, 233]. It bears noting that the production of H2S in mycobacteria was effectively compeded 

by the use of aminooxyacetic acid [230]. This could provide an explanation for the observed 

results linking the KSK-induced effect on the PLP pathway and, moreover, its impact on the 

oxidative stress network in M. tuberculosis. A variety of techniques may be employed to 

quantify H₂S production in KSK-treated and untreated cells. These include the lead acetate 

method, the bismuth chloride method, and the use of an amperometric microsensor assay [234-

236]. Given that H2S production in M. tuberculosis is PLP-dependent, these experiments could 

demonstrate that the putatively KSK-released aminooxyacetic acids are blocking H2S formation 

in M. tuberculosis cells, thereby increasing the sensitivity of M. tuberculosis cells towards 

oxidative stress. 

 

Further investigation into the potential implications of the KSKs on the oxidative stress network 

could be undertaken along several lines of inquiry. It has been reported that M. tuberculosis has 

developed protective and detoxification mechanisms to maintain cytoplasmic redox balance in 

response to both exogenous oxidative stress within host phagocytes and endogenous oxidative 

stress generated within the cell [237-239]. DoxX is part of the membrane-associated 

oxidoreductase complex (MRC) and interacts with SodA and SseA to present the coordinated 

radical detoxification system [240]. It is possible that the impact of the KSKs on this complex 

may be mediated through an inhibitory effect on SodA or the generation of superoxide anions. 

Indeed, research has demonstrated that PLP can function as a potent suppressor of reactive 

oxygen intermediates [241, 242], providing a further possible explanation for the link between 

the effect of the KSKs on the PLP pathway and the oxidative stress network. Should KSK-

treatment generate greater quantities of superoxide anions while PLP levels are diminished, this 

could result in an additive antibacterial effect. One of the identified hits revealed by TnSeq, 
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Rv2607 (pdxH), encodes a protein with reported pyridoxine/pyridoxamine 5'-phosphate 

(PNP/PMP) oxidase activity. This activity results in the release of the product, PLP, from the 

substrates PNP and PMP [243]. In the catalytic process of PNP/PMP reacting to PLP, 

superoxide anions are converted into hydrogen peroxide molecules. This effect may result in 

the accumulation of superoxide anions, which could potentially be linked to the oxidative stress 

response previously discussed in the context of KSK treatment. Nevertheless, further 

investigation is necessary to discover whether KSKs influence the PLP synthesis/salvage 

pathway or PLP-dependent enzymes and their relationship with the oxidative stress network.  

 

Further examinations could be pursued to clarify the mechanisms by which KSKs influence the 

reactive oxygen system of M. tuberculosis. The alteration of redox homeostasis by KSKs within 

the cell might be explored through the use of a recombinant M. tuberculosis reporter strain 

expressing a redox-active green fluorescent protein (GFP) [244, 245]. By measuring the 

fluorescence emission and the relative abundance of oxidized and reduced GFP species, the 

intracellular redox state of M. tuberculosis cultures exposed to KSKs can be determined. This 

could reveal a possible oxidized or reduced redox state in the cytoplasm after KSK treatment. 

Based on our TnSeq analysis, we did not identify any hits indicating that sulfate or thiosulfate 

transport was affected by KSK treatment. Therefore, it can be assumed that thiol homeostasis 

or thiol stress is an unlikely factor involved in this process; instead, a general oxidative stress 

response is more probable. Nevertheless, it is important to exclude the possibility of KSK 

treatment depleting thiol pools inside the cells. The intracellular free thiol pools could be 

directly measured after cell treatment, as described elsewhere [246]. However, if KSKs 

depleted thiol pools and lowered resistance to oxidative stress along this pathway, then KSK-

106 would have been expected to sensitize M. tuberculosis to clofazimine. Clofazimine is a 

redox-cycling component of MDR-TB treatment that competes with menaquinone and 

spontaneously produces ROS [247, 248]. The lack of a synergistic impact observed in the 

checkerboard assay lends support to our hypothesis. Finally, it is necessary to investigate 

whether KSK treatment results in ROS accumulation. Previous studies indicated that elevated 

endogenous ROS levels may have adverse effects on M. tuberculosis growth and viability 

during infection and in vitro [237, 249]. In order for ROS to induce cell death, they must 

overwhelm the detoxifying pathways that are in place to counteract them [250, 251]. It has been 

demonstrated that intracellular hydrogen peroxide levels must be within a range of 1.0 mM for 

cytotoxic/bactericidal effects of ROS to occur [252, 253]. The fluorescent CellROX assay may 

be employed for the measurement of intracellular ROS levels [254]. Moreover, to determine 
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whether ROS is the primary determinant of killing, it is necessary to investigate whether ROS 

scavengers, such as N-acetylcysteine (NAC) and 4-hydroxy-2,2,6,6-tetramethyl-1-piperidinyl-

oxidanyl (TEMPO), could promote resistance towards KSK-106. Both NAC and TEMPO, were 

found to reduce growth inhibition of clofazimine, again associating the production of ROS with 

clofazimine [248]. It can be posited that NAC does not impact the activity of KSK-106, as NAC 

likely operates through a thiol-associated mechanism, whereas TEMPO scavenges ROS 

through a thiol-independent mechanism, thereby rendering it probable that it mediates 

resistance towards KSK-106. This hypothesis could be tested by examining the efficacy of the 

KSKs in combination with one of the naphthoquinones, such as plumbagin and menadione, 

which are known to induce oxidative stress in bacteria [255, 256].  

In addition, our wide proteomic and transcriptomic profiling identified an upregulated gene 

cluster associated with KSK treatment that has not yet been linked to the impaired PLP pathway. 

Genes belonging to the operon Rv3092c-Rv3095, as well as Rv3096 clustered with this operon, 

were found to be up-regulated as a stress response in both analyses. Information about the 

referred Rv3095-operon is scarce. The HTH-type transcriptional regulator Rv3095 is 

divergently oriented from a hydrolase (Rv3094c), an oxidoreductase (Rv3093c), as well as an 

ABC transporter (Rv3092c) and convergently oriented with xylanase (Rv3096). It has been 

shown that Rv3094c is probably a flavin-dependent monooxygenase with a FAD binding site 

and acyl-CoA dehydrogenase activity involved in the activation of ethionamide by 

sulfoxidation [257]. Besides that, this operon has yet not been mentioned in the context of any 

other antibiotic treatment. It may therefore be postulated that the operon is upregulated as a 

highly specific misguided stress response. The eventual consequence of the monooxygenase 

activity of Rv3094c is the production of ROS, thereby amplifying the antibacterial impact of 

the KSK compounds. Furthermore, it is theoretically possible that the operon is upregulated in 

order to compensate for a deficiency in the ETC. It may be the case that Rv3094c performs a 

specific oxidoreductase function within the ETC, thereby ensuring the optimal operation of 

cytochromes and a stable PMF. Nevertheless, further characterization of this operon is required 

before any further conclusions can be drawn. This can be achieved by investigating the impact 

of KSKs on the ETC using the generated Rv3095-operon deletion mutants. In conclusion, the 

observed pleiotropic effects suggest that the combination of two or more KSK hydrolysis 

products or their resulting metabolites is responsible for bacterial cell death in a "dirty drug" 

like manner. 
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The studied KSKs contain two potential hydroxamic acid groups. Although no hydroxamic 

acids are formed by the postulated hydrolytic cleavage by the discussed amidases AmiC and 

Rv0552, it cannot be fully excluded that such molecules are formed by other, yet-unknown 

mechanisms inside M. tuberculosis cells. Hydroxamic acids are capable of chelating metal ions, 

like the HDAC inhibitor vorinostat. The hydroxamic end of this molecule binds to the zinc atom 

within the targeted HDAC catalytic site, resulting in the suppression of cell proliferation in 

various tumor types [258, 259]. KSK molecules may have a similar mode of action, even though 

M. tuberculosis has no histones or HDACs. It is conceivable that the KSKs may chelate metal 

ions to exhibit their antibacterial activity. Previous work postulated that the KSKs chelate iron 

ions from essential Fe-S clusters that are significant for the cytochromes of the ETC, in turn 

impeding the PMF formation [260]. To test the ability of KSKs to chelate metal ions, several 

experiments were conducted by A. Kiffe-Delf in unpublished work [261]. While there was no 

observed chelating effect of the KSKs with zinc ions, KSK-106 did show a slight iron-chelating 

effect at high concentrations. This effect only occurred at concentrations far exceeding the 

MIC90 concentration. However, there may be an accumulation of the KSKs in the cells due to 

a constant uptake, which might exceed the MIC. So far, we do not have evidence to support or 

refute this hypothesis. Nonetheless, it remains conceivable that the KSKs are affecting the ETC, 

supported by the discovery that the KSKs do not have an additive impact when combined with 

BDQ, which is known to uncouple electron transport in the ETC indirectly, unlike when KSKs 

were combined with other antibiotics.  

 

Further research is needed regarding preclinical studies, including extensive pharmacokinetic 

and pharmacodynamic analysis of the compounds. Initial in vivo experiments have 

demonstrated that the molecules did not cause any noticeable adverse events or toxicity in mice 

(data not shown). Preliminary results also suggest that KSK-106 leads to a slight reduction in 

bacterial burden in the lung and spleen (data not shown). Nonetheless, this reduction did not 

compare to that achieved by the first-line drug, isoniazid. The low bioavailability of the 

compounds may explain this limitation, which was expected due to their low water solubility. 

To evaluate their potential for reducing the bacterial burden via intravenous injection, further 

studies are needed on KSKs. This would verify whether these substances can be used to treat 

TB in humans and if further modification in regard to bioavailability and plasma stability might 

be necessary. Consequently, identifying the complete mechanism of action would be beneficial 

to verify if modifications to the molecules might influence the anti-TB efficacy.  
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7.2 GtrA-like putative lipid floppase Rv3277t 
 

In chapter 4, the research direction is reversed. The aim was to identify and characterize the 

function of a potential M. tuberculosis target for future structure-based drug discovery. As 

described above (chapter 1.1.3), the pathogen possesses various unique cell wall molecules that 

build its unusual, complex cell wall, which is thought to be largely responsible for its 

pathogenicity [262]. These molecules provide multiple potential or valid target structures for 

TB chemotherapy. Some of the most abundant cell wall molecules of M. tuberculosis are 

glycoconjugates such as PIMs, LM, LAM, and AG, which are essential for the viability and 

pathogenicity of M. tuberculosis. Although the biosynthesis of these mannosylated and 

arabinosylated mycobacterial cell wall constituents has been extensively studied, some essential 

steps remain unknown. In particular, translocation of these surface-facing components of 

M. tuberculosis is a crucial but the least understood step in the assembly of the cell wall 

structure. Several research reports have shown various protein families play a critical role in 

the transportation of lipids and glycolipids from the cytoplasm to the cell surface [263, 264].  

 

In prokaryotes, there are three distinct glycoconjugate export strategies: “Wzx/Wzy-

dependent”, “ATP-binding cassette (ABC)-transporter-dependent”, and “synthase-dependent” 

that are determined by distinctive components. In the pathways dependent on Wzx/Wzy, 

individual polysaccharide repeat units linked with undecaprenol diphosphate (Und-PP) are 

formed at the cytosolic face of the membrane and then flipped across the membrane by Wzx to 

be polymerized by Wzy at the periplasmic face of the membrane. On the contrary, in the ABC-

transporter-dependent pathway, fully polymerized polysaccharides are created by successive 

glycosyl transfer at the inner membrane [265]. There is less information about the synthase-

dependent pathway, where it is believed that a single protein serves as both polymerase and 

exporter. For the translocation of the arabinosylated and mannosylated cell wall components of 

mycobacteria, a two-part process has been proposed. It is hypothesized that biosynthesis 

commences on the cytosolic side of the plasma membrane before being translocated or 

“flopped” to the periplasmic leaflet of the cell wall. In the biosynthesis of AG, the galactan core 

C50-P-P-GlcNAc-Rha-Galf30 is translocated across the membrane by two proteins, Rv3781 and 

Rv3783, which belong to the Wzm-Wzt -type ABC-transporter [266, 267]. Similarly, the early 

steps in the biosynthesis of the mannosylated glycoconjugates PIM, LM, and LAM are initiated 

at the cytoplasmic side of the plasma membrane. Translocases in other prokaryotes have 
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resemblances to small multidrug resistance transporters capable of performing lipid floppase 

functions [268]. In this study, we examined homologous proteins found in M. smegmatis and 

M. tuberculosis, MSMEG_1817 and Rv3277, which exhibit a low similarity to the flippase 

GtrAf from S. flexneri [269]. 

 

We have obtained evidence that MSMEG_1817 and the non-annotated, truncated version of 

Rv3277, designated as Rv3277t, may be involved in either mediating the translocation of 

precursor substrates from the cytoplasmic to the periplasmic surface, or in the formation of the 

precursor substrates at the cytoplasmic face for the glycoconjugates PIM6, LM, and LAM. 

These glycoconjugates arise from the elongation of Ac1PIM4 or Ac2PIM4 using DPM as a 

substrate at the periplasmic site. Consequently, we hypothesize that Rv3277t and 

MSMEG1_1817 are either mediating flopping or formation of DPM. Alternatively, it is 

possible that the GtrA-like proteins might rather be necessary for the flopping of the precursors 

Ac1PIM4 / Ac2PIM4 from the cytoplasmic to the periplasmic face of the membrane, or might 

be involved in their synthesis from Ac1PIM2, / Ac2PIM2. It is noteworthy that only an 

accumulation of Ac1PIM5 was discovered in the silenced mutant. It may be presumed that either 

Ac1PIM4 undergoes further mannosylation on another pathway producing Ac1PIM5, or that the 

flopping does not occur at the stage of Ac1PIM4 but at the stage of Ac1PIM5. Further research 

is required to validate which pathway is more likely to be involved through a comprehensive 

glycosylation analysis. In order to gain insight into potential mechanisms, it would be beneficial 

to investigate protein mannosylation. The process of protein O-mannosylation in 

M. tuberculosis is initiated by the protein mannosyltransferase Rv1002c, while the primary 

mannose residue can be further elongated through α-1,2 linked mannose residues by PimE [270, 

271]. Importantly, both Rv1002c and PimE require DPM, but not Ac1PIM4 / Ac2PIM4, as a 

substrate [271, 272]. If the silencing of Rv3277t leads to reduced protein mannosylation this 

would indicate DPM as the primary substrate of Rv3277t. Conversely, if protein mannosylation 

remains unchanged in the silenced mutant cells, DPM is more likely not the substrate, thereby 

implicating Ac1PIM4 / Ac2PIM4 as a substrate. To determine protein O-mannosylation levels in 

protein lysates, Western blotting could be conducted using monoclonal antibodies that are 

specific to two known O-mannosylated glycoproteins, Apa (Rv1860) and LpqH (Rv3763) [270, 

271]. Alternatively, a concanavalin A lectin (ConA)-lectin affinity chromatography method 

followed by LC-MS/MS could be utilized to enrich and identify O-mannosylated proteins in 

cell lysates, as described elsewhere [273].  
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Further elucidation of the functions of GtrA-like proteins in the biosynthesis of specific 

glycoconjugates can be achieved through follow-up experiments. For PIM biosynthesis, an 

advanced metabolic labeling technique could be implemented. A pulse-chase metabolic 

labeling experiment could be conducted utilizing 3H-mannose or 3H-inositol to mediate the 

synthesis of DPM and various PIM intermediates over time in wild type and silenced mutant 

cells. For an in-depth analysis of LM and LAM biosynthesis, the lipoglycans can be extracted 

from whole lipid extracts of wild type and silenced mutant cells. Putative different levels of 

lipoglycans could be analyzed by using SDS-PAGE with periodic Schiff agent, as previously 

reported [274]. 

 

So far, we propose that the MSMEG_1817 and Rv3277t are primarily responsible for flopping 

DPM from the cytoplasmic to the periplasmic face of the membrane or are involved in the 

synthesis of DPM at the cytoplasmic layer. Nevertheless, our findings indicate that they may 

also have a minor role in the translocation of decaprenyl-monophosphoryl-D-arabinofuranose 

(DPA) or decaprenyl-monophosphoryl-D-ribofuranose (DPR). Further investigation is required 

to validate the capacity of Rv3277t and MSMEG_1817 to translocate DPA or DPR, which is 

essential for integrating the mAGP layer. If the amount of arabinose for mAGP is reduced in 

the silenced mutant cells, LAM is likely to accumulate, as shown in a study that identified 

Rv3781 and Rv3783 as Wzm-Wzt-type ABC transporters involved in galactan core flipping, a 

crucial process for AG assembly [266]. For the subsequent steps of AG-biosynthesis, DPA is 

required as a donor substrate. It is plausible that Rv3277t and MSMEG_1817 could be linked 

to DPA or DPR flopping, which would reduce arabinose availability for the mAGP layer’s 

biosynthesis. This hypothesis could be examined by extracting lipids from both silenced and 

induced cells. After removing LM, LAM, and PIM from the whole lipid extract, it would be 

feasible to solely extract the mAGP layer. Upon producing alditol acetate derivatives, a GC-

MS/MS analysis could be used to determine the proportion of arabinose to galactose. This might 

reveal a potential variation in arabinose content amongst various extracts. An alternate approach 

is to conduct biosynthetic incorporation for glycan labeling. The feasibility of synthesizing and 

assaying probes for D-arabinofuranose (D-Araf), an essential component of M. tuberculosis, 

has previously been confirmed [275]. This was the first investigative tool proficient in labeling 

arabinofuranose-containing glycans with selectivity. Moreover, this research demonstrated the 

applicability of such probes in the direct visualization of particular glycans present on the 

bacterial cell surface. This approach would aid in the comprehension of the functions of 

MSMEG_1817 and Rv3277t, as well [276].  
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The putative floppases’ biochemical function requires further validation, which can be 

performed by conducting enzymatic activity tests on membrane fractions of wild type and 

silenced mutants. To confirm the function of the floppase, metabolically labeled substrates may 

be used [269]. One general inquiry that may arise is why flippases or floppases are necessary 

to move lipids in bacterial membranes. The movement of charged or polar headgroups through 

the hydrophobic interior of a lipid bilayer membrane is highly energetically unfavorable, 

necessitating the existence of mechanisms for lipid movement in native membranes. In both the 

plasma membrane and organelle membranes of eukaryotes, as well as in the bacterial 

cytoplasmic membrane, lipid translocases perform this function [277-281]. Three classes of 

these proteins exist: the cytofacially-directed, ATP-dependent transporters (“flippases”), 

exofacially-directed, ATP-dependent transporters (“floppases”) and the bidirectional, ATP-

independent transporters (“scramblases”). To investigate whether other proteins have a similar 

role to Rv3277t, we complemented the conditional mutant with other flippases and floppases. 

Our findings regarding Rv3789 demonstrate that while this protein can partially complement 

Rv3277t’s function, it does not have a redundant function. This suggests that Rv3277t has at 

least one additional function compared to Rv3789, which is a GtrA-like protein involved in AG 

biosynthesis. Next to Rv3789, it appears that only LtaA has a limited capability to restore the 

silenced conditional mutant. LtaA is a well-established flippase in S. aureus that is responsible 

for the flipping of lipotecioic acids [282]. The reason for our findings may be due to the high 

substrate specificity of various flippases and floppases or the diverse functions that the 

investigated protein possesses, which are essential for mycobacterial survival. Of course, this 

needs to be further investigated and clarified. 

 

Crystallographic studies of Rv3277t should be performed in the future to verify the structural 

homology model. To determine the precise localization of Rv3277t in the membrane, it would 

be beneficial to employ GFP-tagged Rv3277t proteins in a conditional mutant to validate the 

localization in the membrane and to determine which terminus is located at specific sites of the 

plasma membrane [283]. Direct examination of the cell wall structure using transmission 

electron microscopy could be employed to investigate potential ultrastructural defects in the 

cell wall or internal membrane structures of the mutant cell cytoplasm. This approach was used 

to observe defects in the MSMEG_5136 deletion mutant, which is the homolog of pimE. PimE 

is the first polyprenol-phosphate-mannose (PPM)-dependent mannosyl-transferase 

demonstrated to be involved in PIM biosynthesis, where it mediates the fifth mannose transfer 
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[272]. It would be advantageous to assess if analogous effects are arising in the MSMEG_1817 

or Rv3277t conditional mutants.  

 

In the future, it will be imperative to investigate the functions of Rv3277t in vivo to uncover 

the protein’s role in pathogenicity. Accordingly, a lung model or mice study could be employed 

for this purpose. Additionally, conducting an in silico drug-target screening to identify 

compounds that target Rv2377t and behave differently from the current clinically used drugs 

would be captivating. The development of compounds targeting unknown or new proteins of 

interest is crucial to bypass the development of M. tuberculosis-resistant strains and to finally 

combat TB. 

 

7.3 Homo-BacPROTACs 
An alternative idea to tackle TB, but also other infectious diseases, was investigated in chapters 

5 and 6 through the introduction of the novel antibiotic strategy, the BacPROTACs. 

BacPROTACs exhibit the ability to induce the degradation of a target protein by directly linking 

it to a bacterial protease complex. Protein degradation is a regular process of protein turnover 

within the cell, offering a quality control mechanism during protein folding, the ability to 

respond quickly to changing cellular signals, and a way to modulate the pool of accessible 

amino acids. For some time now, the idea of targeted therapies using bifunctional proteolysis 

targeting chimeras (PROTACs) has been revolutionizing human therapeutics, particularly in 

cancer treatment [284]. The idea was based on the recognition that small molecule drug 

discovery has traditionally focused on the presence of a binding site that directly affects protein 

function, which typically precludes targeting proteins that lack accessible sites. Furthermore, 

sustaining adequate target inhibition in vivo often requires a high systemic drug exposure, 

amplifying the possibility of undesired off-target effects and resistance formation [285]. 

Emerging technologies that employ PROTACs allow targeting of a wider spectrum of proteins 

than standard small-molecule strategies. This progress facilitates the elimination of target 

proteins that were earlier deemed as “undruggable” [286, 287]. The “event-driven” degradation 

of targeted proteins is based on the principle of linking an agent to its protein of interest (POI), 

which then catalyzes the degradation via the endogenous proteolytic machinery [288].  

 

PROTACs represent the most established targeted protein degradation agents to date. These 

agents consist of heterobifunctional molecules that bind both to their POI and to an E3 ligase 



7. Discussion and perspectives 

- 471 - 

in mammalian cells. The latter facilitates covalent modification of the POI with ubiquitin, which 

in turn targets the POI for degradation by the cell’s proteasome [289-291]. Alongside the most 

established form of PROTACs, several other degrader drugs are among the current trends in 

the use of TAC-based technologies. One pathway currently under investigation for protein 

degradation is the endosomal-lysosomal system. The fusion of endosomes and lysosomes 

generates a membrane bilayer, creating an acidic space that is ideal for activating hydrolytic 

enzymes such as proteases, nucleases, and lipases. These enzymes are capable of degrading 

proteins [292]. Lysosome-Targeting Chimeras (LYTACs) deploy lysosome-targeting receptors 

to achieve protein degradation inside lysosomes. LYTACs have the capability to specifically 

target extracellular and transmembrane proteins, which is a topic of great interest. Another 

pathway, the autophagic-lysosomal pathway, plays an important role in the degradation of 

intracellular macromolecules, long-lived proteins or aggregates and cytoplasmic organelles 

through the fusion of autophagic and lysosomal degradative enzymes. Autophagy-Targeting 

Chimeras (AUTACs) have been developed to accomplish the degradation of target proteins via 

autophagosomes [293]. There are additional pathways associated with TAC technologies, but 

they fall beyond the scope of this discussion. 

 

The principle of targeted protein degradation is not new; after the discovery of the ubiquitin-

proteasome degradation system in the 1990s, targeted protein degradation technologies began 

to emerge, following the identification of the first molecular glues cyclosporin A, rapamycin, 

and FK506 [294, 295]. Molecular glues are proximity-inducible small molecules that favor 

protein-protein interactions, promoting the dimerization or colocalization of two or more 

proteins, thereby inactivating one of them or a third player. Later, a pioneering alternative for 

targeted protein degradation, fulvestrant, was developed for the treatment of estrogen receptor-

positive human breast cancer. It was developed before the PROTAC technology emerged 

between 2001 and 2004 [296]. It is conceivable that the application of PROTAC technology to 

bacteria could provide promising and potent antimicrobials with new modes of action, but until 

recently this has not been possible. This is because bacteria do not contain the E3 ligase 

proteasome system, making it infeasible to translate the PROTAC technology directly into 

antibiotics. Very recently, proof-of-concept work has shown that bifunctional bacterial 

PROTACs can be generated functioning by direct binding of the POI to a bacterial protease, 

the caseinolytic protease complex, thus eliminating the need for the E3 ligase. This was used 

as a starting point for the studies presented in this thesis.  

 



7. Discussion and perspectives 

- 472 - 

Our follow-up research focused on characterizing the mycobacterial ClpC1:ClpP1:ClpP2 

(ClpC1P1P2) protease complex, which is essential for maintaining protein homeostasis, 

particularly in situations where bacteria accumulate mistranslated, misfolded or aggregated 

proteins caused by host-induced stresses such as heat or antibiotic interference with the 

ribosomal machinery. Since both inhibition and activation of the ClpC1P1P2 proteases have 

negative effects on the organism, they appear to be promising drug targets. Surprisingly, the 

first serendipitously discovered degrader antibiotic is the anti-TB drug PZA by supporting 

selective target degradation as a novel antibacterial discovery approach. Although PZA has 

been part of the first-line anti-TB treatment for many years, its mechanism of action has yet to 

be fully elucidated (chapter 1.2.2). It has been demonstrated that the converted active form of 

the pro-drug, POA, binds to the recombinant aspartate decarboxylase PanD thereby inhibiting 

coenzyme A biosynthesis [297, 298]. Notably, biochemical inhibition of the PanD-catalysed 

reaction by POA only impacted PanD activity at exceedingly high concentrations [299]. As 

POA-resistant mutants were also discovered with mutations in the clpC1 gene, and given that 

PanD harbors a C-terminal degradation tag which acts as a substrate for the ClpC1P1P2 

complex, it can be inferred that the protease regulates PanD levels post-translationally [299]. 

This suggests that POA expedites the degradation of PanD through ClpC1P1P2 by binding to 

PanD, causing significant conformational changes that expose the protein's C-terminal 

degradation tag for recognition by ClpC1, ultimately inducing degradation. Consequently, PZA 

may be deemed the initial randomly discovered degrading antibiotic. 

 

More recently, the role of several proteases in the mechanisms of action of various natural 

products has been clarified [300-302]. Of these, the antimicrobial cyclic peptides cyclomarin A 

(CymA) and ecumicin were found to target ClpC1, binding to overlapping sites on the N-

terminal domain of ClpC1 and inhibiting its activity. Consequently, the interaction between 

several natural products and the Clp protease is relatively well investigated. However, the 

defensive response of bacteria to relevant antimicrobial compounds remains poorly understood. 

In this study, we investigated the roles of ClpC2 and ClpC3, which are partial homologs of 

ClpC1, in mediating CymA-, and ecumicin-induced toxicity in mycobacteria. Quantitative 

proteomics revealed a significant proteome imbalance, including up-regulation of these stress 

response factors, ClpC2 and ClpC3. The proteins compete for substrate-binding using the same 

ligand binding site as ClpC1 and can sequester ClpC1-directed antibiotics, thereby reducing 

their antibacterial activity. Simultaneously, a different research group confirmed that ClpC2 

acts as a tightly binding molecular sponge to prevent CymA from binding to ClpC1P1P2 [303]. 
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To overcome this protection and target Clp degradation, our study used the newly developed 

BacPROTAC technology. This is based on bifunctional chemical connectors that bind to a 

protein of interest (POI) and subsequently target POIs to the ClpC1P1P2 protease for 

degradation [304]. The newly introduced Homo-BacPROTACs contain two CymA heads 

targeting ClpC1 against itself, inducing its elimination by ClpC1P1P2, while promoting the 

elimination of ClpC2 at the same time. In the virulent M. tuberculosis strain H37Rv, the 

simultaneous elimination resulted in a significantly improved susceptibility towards Homo-

BacPROTAC degraders, inhibiting growth with more than a 100-fold increase in efficiency 

compared to the natural monomeric cyclic peptide. Homo-BacPROTAC antibiotics were found 

to override the bacterial protein quality security system, are at least partially effective in bacteria 

with a dormant phenotype, and can target multiple components of the mycobacterial stress 

response at once. The modular design and capacity to repurpose various protein ligands make 

bifunctional degraders advantageous for developing antimicrobials with high selectivity and 

specificity. This approach holds the potential for extensive application to other bacterial 

proteins as the protease ClpC1P1P2 is absent in mammalian cells. ClpC1P1P2 has been 

described extensively in Gram-positive bacteria but is organized in a similar way to ClpXP, the 

most widespread form of Clp protease, and ClpAP, found in most Gram-negative bacteria [305]. 

Because all three use the N-terminal domains of their ATPase units as substrate receptors, the 

Homo-BacPROTAC strategy could be further extended. 

 

An important area for future research involves enhancing the cell permeability or adsorption of 

Homo-BacPROTACs to components of the mycobacterial cell envelope, which could augment 

their effective intracellular concentration. As explained in depth earlier, the mycobacterial cell 

wall constitutes a distinctive barrier that shields many drugs from entering the pathogen, due to 

its diverse layers and lipid composition (chapter 1.1.3). It may be valuable to examine the 

interaction of future Homo-BacPROTACs in bacterial organisms with diverse cell wall 

compositions. The subsequent phase of this research should demonstrate the in vivo 

effectiveness of Homo-BacPROTACs. Nevertheless, investigations carried out previously in 

rodents proposed that these agents have limited pharmacokinetic properties and oral 

bioavailability owed to physicochemical factors such as low solubility and total polar surface 

areas, but also due to their high molecular weights. Hence, it is not yet justifiable to carry out 

efficacy studies in an animal model because even though intravenous administration offers 

more advantages, oral applications will still be necessary for treating MDR-TB patients to 

ensure consistent treatment and prevent the emergence of Bac-PROTAC-resistant strains. 
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Consequently, thorough SAR studies will need to be conducted to enhance the pharmacokinetic 

properties and oral bioavailability of these agents. 

 

While current Homo-BacPROTACs were developed to bind ClpC of the caseinolytic protease, 

potential future bacterial PROTACs could be designed to bind other bacterial proteases, like 

the serine protease Lon or the metalloprotease FtsH [306]. Lon, a serine protease, does not 

require forming a complex with an unfoldase as it comprises both proteolytic and ATPase 

domains and therefore exhibits chaperone activity on its own [307]. FtsH is an additional 

proteolytic complex responsible for removing products of trans-translation [307]. In 

conclusion, the development of bacterial PROTACs offers an appealing approach for designing 

modulators of protein function and a platform for antibiotic discovery, presenting several 

advantages over conventional inhibitors. Their mode of action results in higher efficacy, and 

their modular architecture allows for the repurposing of protein ligands to build degraders, 

thereby allowing virtually any cellular protein to be targeted [290, 291, 308]. In addition, it is 

anticipated that antibacterial PROTACs will not only broaden the target space but also enhance 

treatment by facilitating dosage reduction, augmenting bactericidal activity, and combating 

drug-tolerant “persisters”. Considering the various ways to expand this method, it is anticipated 

that in the future, with further modification and optimization, Homo-BacPROTACs could 

potentially be applied for the treatment of various bacterial infections.  

 

7.4 Concluding remarks 
 

During this thesis, it was evident that intensified antibiotic research and development are needed 

to address the growing threat of the antimicrobial resistance crisis. Research and development 

of novel antimicrobial strategies and therapies, alongside the thorough identification and 

characterization of previously unknown drug targets and small molecules possessing a unique 

mode of action, is essential to achieving this objective. A 2006 report indicated that there were 

324 distinct molecular targets for drugs with a known mechanism of action. Notably, 266 

protein drug targets were obtained from the human genome, whereas the remaining 58 were 

designed for pathogenic organisms like fungi, viruses, and bacteria [287]. The latest update of 

the study reveals an increment of total protein targets to 667. It is worth mentioning that this 

increase is partly due to the integration of complexes, subunits, splice variants, and protein 

isoforms as efficient molecular targets. Among this number, only 189 drug targets were 
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pathogen-derived [309]. This underscores the urgent need for continuous development in 

antimicrobial research. In addition, the diagnosis and treatment of bacterial infections must be 

optimized to counter the current crisis and limit the development of resistance. To prevent 

misuse and overuse of antibiotics, pathogen and antimicrobial susceptibility testing combined 

with resistance marker analysis should be carried out as quickly and cheaply as possible. This 

strategy may potentially decrease the use of broad-spectrum antibiotics and expedite the 

selection of the most suitable antibiotic for the patient. Improved treatment options should be 

more affordable and user-friendly, particularly in regions with inadequate laboratory facilities, 

so that healthcare professionals can decide on the appropriate treatment plan in a timely manner. 

Improving accessibility and providing proper information to patients are essential measures to 

prevent the emergence of resistance caused by incorrect use and prescription of antibiotics. It 

is important to restrict the free availability of antibiotics and prevent patients from prematurely 

discontinuing treatment before completion. Antibiotics should not be prescribed unnecessarily. 

Furthermore, drug-resistant strains need to be better identified, and new treatment options for 

patients infected with these strains should be discussed. 

 

In summary, the increasing number of drug-resistant microbes is becoming a major global 

health concern due to inadequate therapeutic options. The development of new antibiotics and 

innovative treatment strategies will become imperative in the future. This thesis aims to 

contribute to this goal through small molecule development, target characterization, and the 

introduction of a novel antibiotic strategy. Although the primary objective of this investigation 

was to tackle the issue of multidrug-resistant TB, some aspects of the study can be extended to 

other infectious diseases with the aim of always staying abreast of the current antimicrobial 

resistance crisis.  
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