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1) Introduction 

1.1) The Genus of Mycobacteria 

The genus Mycobacterium encompasses a wide spectrum of bacteria, with more 
than 190 species identified to date [1]. Of these, the Mycobacterium tuberculosis 
(M. tuberculosis) complex is the most well-known and stands out as it includes the 
bacteria responsible for tuberculosis (TB), a disease that has had a profound 
impact on global health [2]. In addition to TB-causing bacteria, this genus also 
includes M. leprae and M. lepromatosis, which are known to cause leprosy, an 
infectious disease that remains particularly prevalent in regions such as India, 
Brasil and Indonesia [3], [4]. 
In addition to these infamous pathogens, another group of mycobacteria is drawing 
the attention of health systems: Non-tuberculous mycobacteria (NTM) represent a 
group of mycobacterial species, which are causing infectious diseases that are 
challenging to treat. This introduction gives an overview of the biology and clinical 
importance of mycobacteria with a focus on NTM, thus allowing the reader to gain 
an understanding of the effects of these microorganisms on public health and the 
obstacles encountered in developing novel medicinal chemistry strategies to 
combat them. 

1.1.1) Systematic of Mycobacteria 

The genus Mycobacterium can be divided into three distinct groups. The first of 
these is the M. tuberculosis complex, which contains a number of obligate 
pathogens that cause the infectious disease TB in various human and non-human 
host species. Based on recent comparative genetic analysis, the classical taxonomy 
of the M. tuberculosis complex has been revised, with the result that many species 
do not meet the criteria of autonomous species [5]. The former species names 
(present in humans; M. tuberculosis (sensu strictu), M. africanum, M. bovis, 
M. caprae and M. canetti; [6]), have been classified as synonyms or strains of 
M. tuberculosis. 
Secondly, M. leprae and M. lepromatosis, which are distinguished from other 
mycobacteria due to extensive evolutionary genome decay [7].  
Lastly, there is the group of NTM. The first attempt to categorize NTM was made by 
Runyon in 1959, who used phenotypic characteristics of the bacteria for 
differentiation, resulting in a 4-class system summarized in Table 1.  
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Table 1. Runyon classification of NTM [8]. Classes I to III are slow-growing species 
that need longer than 5 days to form visible colonies on solid agar. 

Runyon class 

I 
Photochromogens 

II 
Scotochromogens 

III 
Non-

Chromogens 

IV 
Fast-growing 

Slow-growing 

Produce pigments 
under the 

influence of light 

Produce pigments 
even without light 

Never produce 
pigments 

Form colonies on 
solid agar within 

5 days or less 
Examples 

M. kansasii 
M. marinum 

M. simiae 
M. szulgai* 

M. xenopi 
M. gordonae 
M. szulgai* 

M. avium 
complex 

M. ulcerans 

M. fortuitum 
M. abscessus  
M. chelonae 

M. smegmatis 

* M. szulgai belongs to class I when grown at 24 °C and to class II when grown at 
37 °C. 

While the power of genetic analysis has reshaped the phylogeny and taxonomy of 
mycobacteria [1], [9], the phenotypic classification into fast- and slow-growing 
mycobacteria is in use up to this day. The most common genetic tool for species 
identification is by sequencing the 16S rRNA gene. Secondary gene targets for 
identification are the hsp65 and the rpoB genes [10].  
In 2018, Gupta et al. implemented a new taxonomic system of mycobacteria that 
divided the former genus of Mycobacterium into five distinct genera based on 
genetic analysis [11]. This new system provoked a dispute within the scientific 
community, with the consensus to largely ignore the proposed changes [12]. 

Taxonomy of the M. avium complex 

The slow-growing M. avium complex consisted of two mycobacterial species, 
M. avium and M. intracellulare. Van Ingen et al. defined a revised classification 
system that includes more species, based on their genetic identity to each other 
[13]. The system is shown in Table 2. The organism with the highest clinical 
relevance for humans within the M. avium complex is M. avium subsp. hominissuis 
(“the one that infects human and pigs”) and both M. intracellulare subspecies. The 
other species are rarely found in humans. 
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Table 2. The members of the M. avium complex based on genetic analysis [13]. 

Species Subspecies Clinical relevance in humans 

M. avium avium Rarely infectious for humans, bird 
related 

hominissuis Pulmonary disease, lymphadenitis, 
disseminated disease, 
osteomyelitis, skin and soft tissue 
infection 

silvaticum No relevance, virulent in birds 

paratuberculosis No relevance, virulent in cattle, 
discussed to be related to human 
Crohns disease [14] 

M. intracellulare intracellulare Pulmonary disease, lymphadenitis, 
disseminated disease, 
osteomyelitis, skin infections 

chimaera* Pulmonary disease, osteomyelitis, 
endocarditis, skin infections 

M. arosiense - Pulmonary disease, osteomyelitis, 
skin infections 

M. colombiense - Disseminated disease 
M. vulneris - Lymphadenitis, Skin infections 

M. marseilliense - No clinical data 
M. bouchedurhonense - No clinical data 

M. timonense - No clinical data 
M. yongonense** - Pulmonary disease 

M. paraintracellulare - Pulmonary disease 
M. lepraemurium - No relevance 

* Van Ingen et al. classify M. chimaera as a separate species; however, in literature it 
is often found as a subspecies of M. intracellulare, e.g. [15], [16] 

Taxonomy of M. abscessus 

The taxonomy of the M. abscessus has also evolved with advancements in 
molecular techniques. Initially classified as a single species, it has been redefined 
into three distinct subspecies based on genetic and phenotypic differences: 
M. abscessus subsp. abscessus, M. abscessus subsp. bolletii, and M. abscessus 
subsp. massiliense. The designation of M. abscessus as a complex of its subspecies 
should be avoided as the sole presence of subspecies does not justify the 
taxonomical formation of a complex [17]. The interesting and turbulent history of 
M. abscessus taxonomy is summarized by Lopeman et al. [18]. The fact that the 
three subspecies are genetically very similar, but develop distinct phenotypical 
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differences, was the reason for vibrant scientific discussions [19]. This is reflected 
by the presence of unique resistance mechanisms to commonly used antibiotics, 
complicating therapeutic approaches. These aspects are discussed in section 
1.2.4). 

1.1.2) Microbiology of Mycobacteria 

Mycobacteria represent a group of bacteria that exhibit unique physiological and 
biological characteristics, setting them apart from other bacteria. These traits 
contribute significantly to their resilience and the challenges associated with 
treating infections caused by them. 

Cell Wall Morphology of Mycobacteria 

Mycobacteria have a cell envelope that is different in structure and composition 
when compared to the cell walls of Gram-positive and Gram-negative bacteria [20] 
The generally more robust mycobacterial cell walls consist of different layers with 
distinct functions. A schematic diagram of these layers and their dimensions is 
given in Figure 1.  

 
Figure 1. Diagram of the mycobacterial cell wall with the thickness of each layer. 
The blue colored parts of the glycolipids stand for lipophilic chains that interact 
with the mycolic acids, the red head groups resemble the hydrophilic carbohydrate 
groups that are oriented to the outside of the bacterial cell and play an important 
role in bacteria-host interaction. 
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The inner cell membrane of mycobacteria is bordering the periplasmatic space, 
which is rich in enzymes that are necessary for the assembly and regulation of the 
cell wall structure [21].  
Adjacent to the periplasm is the layer of mesh-like peptidoglycan that provides 
structural integrity and shape to the bacterial cell. The peptidoglycan is built up 
from alternating N-acetyl glucosamine and N-acetyl muramic acid monomers that 
can be modified [22]. The chains are interconnected by short peptide sidechains (8 
amino acids per connection) that form the rigid mesh. The N-acetyl moiety attached 
to the muramic acid moiety is sometimes oxidized in mycobacteria to form N-
glycolyl muramic acid [23], which is discussed to strengthen the peptidoglycan 
mesh because it provides additional hydrogen bonding capacities [24]. The 
structure giving function of peptidoglycan is supported by embedded 
arabinogalactan, which is a polysaccharide mainly composed of arabinose and 
galactose. It is connected to the peptidoglycan by phosphodiester bonds to provide 
additional strength [22]. 
This arabinogalactan-peptidoglycan matrix provides an anchor for the 
mycomembrane that is attached on the outside. It is organized as a double layer 
that mostly contains highly lipophilic mycolic acids. The inner layer is covalently 
bound to the arabinogalactan. These β-hydroxy-α-alkyl fatty acids are made up of 
two long aliphatic branches that can vary in length as displayed in Figure 2. In 
addition to the structure shown, oxygenated mycolic acids that carry keto or 
methoxy functionalities instead of the distal cyclopropane ring in the merochain are 
present in mycobacteria [25]. They adopt different conformations in the 
mycomembrane which probably contribute to antibiotic tolerance, as their absence 
caused an improvement in antibiotic activity [26]. The high hydrophobicity of 
mycolic acids makes mycobacteria generally less permeable for most antibiotics, 
causing resistance. Jarlier et al. showed that the influx of β-lactams in M. chelonae 
is reduced up to 3 orders of magnitude in comparison to Pseudomonas aeruginosa 
because of this permeability barrier [27]. 

 
Figure 2. An exemplary α-mycolic acid. 
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While absent in M. tuberculosis, in NTM the outer leaflet of the mycomembrane 
contains glycopeptidolipids (GPLs) that populate the outer surface [28]. These 
lipids play an important role in host interactions and can mask the antigens present 
in the bacterial cell walls from recognition, thereby modulating the hosts immune 
responses [29], [30]. Additionally, the presence or absence of GPLs affects the 
morphotype of NTM the way they form biofilms or infect immune cells, as described 
below. 

Mycobacterial Biofilm Formation 

The ability of some mycobacterial species to adhere to biological and artificial 
surfaces to form confluent biofilms has been analyzed [31], [32]. For NTM, suitable 
environments such as waterpipes, household water sources and showerheads are 
suspect for the formation of biofilms, which can be a continuous reservoir for 
bacteria [33]. Their extraordinary cell wall morphology distinguishes biofilm 
formation from other bacterial taxa [34]. Their lack of cell extensions, like pili or 
fimbriae that usually ensures initial surface attachment, are replaced by other 
adhesion strategies. Especially for NTM, the GPLs protruding from the outer 
capsule of the bacterial cells play an important role in their attachment and mobility 
on the surface, as shown for M. smegmatis [35]. Additionally, the extracellular 
matrix that interconnects the cells and that gives the bacterial community structure 
is of different composition, as mycobacteria seem unable to excrete 
exopolysaccharides that are often present in biofilms [36]. Instead, free mycolic 
acids, which are shorter than the ones that build up the cell wall, appear to be an 
integral part of mycobacterial biofilm matrices [37]. Their involvement provides an 
additional layer of hydrophobicity and defense onto the bacteria, which is already 
recognized as another parameter that complicates therapeutic intervention [38].  
M. abscessus, as well as other NTM, can undergo a transition from a smooth to a 
rough morphotype, which is also affecting their ability to form biofilms [39]. These 
two morphologies are adopted by the bacteria depending on the amount of GPLs 
expressed on their other surface. The smooth morphotypes capsules are highly 
populated with these lipids allowing them to form biofilms [40], [41]. In the case of 
M. abscessus pulmonary disease, this morphotype is considered to be more 
infectious, mainly due to the formation of difficult to eradicate biofilms in the 
respiratory tract that evade the host immune response [40]. The rough morphotype 
lacks GPLs, and instead of forming biofilms, bacteria of this morphotype form long, 
cord-like aggregates that are associated with severe tissue destruction and 
inflammation [42]. 
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Mycobacterial Infection of Immune Cells 

Immune cells like macrophages establish the primary line of defense against 
bacteria. They employ phagocytosis and intracellular lysosomal processes to 
eradicate invading bacteria and stop infection. The remarkable resilience of 
mycobacteria allows them to survive and modulate these mechanisms. This 
infection of immune cells is especially well understood for M. abscessus, which can 
replicate inside of these cells in contrast to M. smegmatis and M. fortuitum [43]. The 
content of GPLs and the resulting morphotypes of M. abscessus control the way the 
bacteria are ingested by macrophages. Rough morphotypes, that form large 
aggregates, cannot be engulfed by macrophages and persist in peripheral areas 
[44]. Only small aggregates are ingested and form social phagosomes inside the 
macrophages. This type of phagosome strongly stimulates macrophage apoptosis, 
releasing bacteria that can initiate replication to cause tissue damage and 
inflammation [43]. Smooth morphotypes that are rich in GPLs are phagocytized as 
individual bacteria. The maturation process of these loner phagosomes to 
lysophagosomes seems to be inhibited by the smooth M. abscessus bacteria, 
preventing them from being lysed [43]. That way, smooth M. abscessus strains can 
survive inside of macrophages for a long time. It has been proposed that infected 
macrophages are stimulated to secrete cytokines, which results in the recruitment 
of other immune cells, ultimately leading to the formation of granulomas [43], [45]. 

The Slow Growth of Mycobacteria 

One of the most notable characteristics of mycobacteria is that they exhibit 
exceptionally low growth rates in comparison to other bacteria. Even within the 
genus Mycobacterium, growth rates can vary considerably. Fast-growing 
mycobacteria, such as M. smegmatis, M. abscessus, or M. fortuitum, can form 
visible colonies on solid agar in three to five days. In contrast, slow-growing 
species, such as the M. avium complex, M. kansasii, and M. malmoense require 
more than seven days, while some species, including M. simiae, M. szulgai, and 
M. xenopi, require up to 15 days. M. ulcerans and the M. tuberculosis require up to 
28 days to form visible colonies [46]. 
There are many reasons why mycobacteria have low growth rates. It has been 
discussed that the low permeability of mycobacterial cell walls for hydrophilic 
solutes also restricts the amount of nutrients that are available for bacterial 
metabolism [47]. The expression of porins could be the only proper pathway for 
hydrophilic substances to enter the bacterial cell [48]. Therefore, high expression 
levels may be correlated with high growth rates. Sharbati-Tehrani et al. 
demonstrated that MspA-mediated expression of porins, which are naturally 
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present in the fast-growing M. smegmatis, can increase the growth rate of M. bovis 
by up to four-fold [49]. The lower amount of substrate specific ABC importers 
compared to fast-growing organisms like Escherichia coli (E. coli) [50] and the 
generally lower synthetic performance of nucleic acid products are also discussed 
as reasons for low growth rates [51]. 
It is striking that the apathogenic and low-risk bacteria tend to have faster growth 
rates, while highly pathogenic mycobacteria such as M. tuberculosis and M. leprae 
grow exceptionally slowly. Therefore, the causality between growth rate and 
virulence is often discussed. Higher virulence may be due to the ability of slow-
growing mycobacteria to efficiently persist within granulomas, areas of limited 
nutrient supply [52]. 
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1.2) Infections & Diseases Caused by NTM 

Unlike the M. tuberculosis complex, which evolved as a specialized pathogen in 
humans [53], NTM are ubiquitous environmental bacteria, that can be found in soil, 
natural sources, and in various biofilms within human made plumbing systems 
[54], [55]. The only two NTM species that are considered as obligate pathogens are 
M. marinum, the causative agent of the swimming pool granuloma [56], and 
M. ulcerans, which is causing the Buruli ulcer disease [57], while other NTM 
species only cause disease in individuals suffering from certain risk factors (see 
1.2.1).  
The clinical relevance of NTM infections has surged in recent decades due to an 
increase in susceptible populations, advances in diagnostic methods, and 
heightened clinical awareness [58]. NTM infections present as a wide spectrum of 
manifestations, ranging from asymptomatic colonization [59], soft tissue infections 
[60], lymphadenitis [61], and disseminated disease. However, the most common 
clinical presentation is a severe but slowly progressing pulmonary disease, which 
is characterized by TB-like symptoms such as fever, chronic cough with sputum 
production, shortness of breath, fatigue, and unplanned weight loss. The following 
sections focus on this predominant clinical manifestation. 

1.2.1) Transmission & Risk Factors of NTM Infections 

There are several ways in which NTM can enter the human body to cause infections. 
The main route appears to be human contact with environmental sources. Biofilms 
in the water supply system [62] as well as contaminated shower heads [63] are 
reservoirs of NTM that persons at risk are in continuous contact with [64]. In 
addition, the usage of indoor swimming pools is largely recognized as a potential 
source of infection and the use should be limited in susceptible populations [65]. 
Aerosolization of water and subsequent inhalation of contaminated droplets is 
considered as the most common way of infection. Other infectious materials are 
potting soils and fomites, which are naturally inhabited by NTM [66]. Patient-to-
patient transmission is controversially disputed but does not seem to play a major 
role for epidemiology [67], [68]. 
Certain populations are at a higher risk for NTM pulmonary disease. These include 
individuals with preexisting lung diseases, such as bronchiectasis [69] and COPD 
[70] as well as those with weakened immune systems due to conditions like 
HIV/AIDS [71], [72], or immunosuppressive treatments [73]. Additionally, patients 
that suffer from cystic fibrosis, show an increased susceptibility to NTM infections. 
A genetic irregularity causes the expression of a dysfunctional cystic fibrosis 
transmembrane conductance regulator (CFTR), a chloride channel which is 
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regulating the electrolyte homeostasis of lung epithelia cells [74]. This causes the 
cells to excrete thick mucus, which impairs mucociliary clearance and promotes 
invasion of NTM [75], [76], [77]. 

1.2.2) Epidemiology of NTM Pulmonary Disease 

The epidemiology of NTM pulmonary disease varies significantly across different 
geographic regions and populations. The prevalence of NTM infections appears to 
be rising globally, with notable increases in developed countries. This is likely due 
to improved diagnostic capabilities, heightened awareness, and changes in 
environmental factors. In many of these countries, the incidence of NTM pulmonary 
disease is estimated to be higher than that of TB. For the United States a TB 
incidence rate of 2.5 per/100,000 was reported in 2022 [78], while for NTM disease 
an overall incidence rate of 3.13 – 4.73 was reported for the period between 2008 
and 2015 [79]. In Japan the number of new TB cases is decreasing since years 
(incidence: 2010: 15 per/100,000; 2021: 7.5 per/100,000) [80], but the rate of new 
NTM cases is steadily increasing. The most recent incidence rate that was reported 
for NTM pulmonary disease is 14.9 per/100,000 in the year of 2014 which is a 
doubling in cases since the year 2000 [81]. It is notable that the highest incidences 
of NTM pulmonary disease occur in regions that have tropic temperatures and high 
humidity. For the United States, Hawaii and Florida have a higher reported burden 
of NTM pulmonary disease than other states [82], [83]. Countries in south-east Asia 
(Japan, Taiwan, South Korea, China) and Australia (Queensland), have a 
particularly high burden [79]. The amount of data regarding NTM pulmonary 
disease surveillance is very low for African regions. The available diagnostic tools 
and lack of awareness in routine care suggest that a significant part of NTM 
infections is misdiagnosed as TB [79]. 
The distribution of different NTM species also differs substantially within different 
regions. A comprehensive and recent review on this topic was published by Prevots 
et al. [79]. For most countries and regions, the M. avium complex is the most 
common species causing NTM pulmonary disease ranging from ~50% to ~90% of 
reported cases. M. abscessus is the other predominant infectious agent, ranging 
between 5% and 10% of cases in many countries. Exceptions with higher 
M. abscessus infection rates are Mexico City (27 % of cases) and French Guiana 
(16% of cases) [79]. Exceptions can be found in Japan where M. chelonae is most 
often encountered. Serbia and Croatia have a particularly high burden reported for 
M. xenopi pulmonary disease [79]. The United States, Poland and Brazil suffer from 
high numbers of M. kansasii pulmonary disease[79]. Other NTM that are causing 
pulmonary disease less often are M. malmoense, which seems to be prevalent in 
northern European regions [84], M. szulgai [85], [86], and M. simiae [87]. 
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1.2.3) Diagnosis of NTM Pulmonary Disease 

Diagnosing NTM pulmonary disease requires a combination of clinical, 
radiological, and microbiological criteria. The American Thoracic Society (ATS) 
together with the Infectious Diseases Society of America (IDSA) give 
recommendations on which tests should be performed as a minimum evaluation to 
decide whether the definition of NTM pulmonary disease is met [88]: 

- Clinical: 
o Pulmonary TB-like symptoms like cough, decline in lung function or 

systematic symptoms 
o Exclusion of other diseases, especially TB 

- Radiological: 
o Chest radiography or alternatively high-resolution computed 

tomography to check for lung involvement (cavitation, 
bronchiectasis, nodules) 

- Microbiological: 
o At least two NTM-positive expectorated sputum samples from 

different time points 
 or 

o One NTM-positive culture from a bronchial lavage 
  or 

o Histopathologic identification of mycobacterial features like 
granulomatous inflammation together with positive culture from the 
same biopsy specimen 

If these criteria are fulfilled, the species of the encountered NTM should be 
identified [89]. Most of the stated criteria and recommendations apply best for 
infections that are caused by the M. avium complex, M. abscessus and M. kansasii 
as these are the most common in the United States. It remains unclear whether the 
same thresholds should be applied when less frequently encountered NTM are the 
infectious agents [90]. 
Because the infectious agents are ubiquitous in the environment, it is common for 
tests to be positive in the absence of pathological signs. To determine whether a 
patient has a manifest disease or a sole contamination/colonization of the lung, the 
recommended multidomain approach for diagnosis should be followed whenever 
an NTM infection is suspected [84]. 
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1.2.4) Therapy of NTM Pulmonary Disease 

Pharmacotherapy for NTM infections is usually realized with a combination of 
multiple antibiotics, tailored based on the specific NTM species and patient factors. 
The primary drugs used include macrolides (such as clarithromycin and 
azithromycin), rifamycins (such as rifampin and rifabutin), ethambutol, and 
aminoglycosides (such as amikacin and streptomycin). For more resistant species 
and strains, agents like clofazimine, linezolid, and bedaquiline may be employed 
[90]. Treatment regimens are often prolonged, typically lasting months to years, and 
require careful monitoring for efficacy and adverse effects. Sawka et al. give an 
overview on the side effects of drugs that are in use against NTM infections and how 
they should be monitored during the course of therapy [91]. 
The complexity of NTM pharmacotherapy is further complicated by the need for 
individualized treatment plans, considering factors such as drug-drug interactions, 
patient comorbidities, and potential for adverse reactions. Often, NTM are resistant 
to a degree that makes eradication impossible, and the therapy can only suppress 
further progression of the disease. Still, instead of “watchful waiting” clinical 
experts recommend initiation of antibiotic therapy when the diagnostic criteria 
discussed above are met. 
Emerging resistance patterns and the limited availability of effective drugs 
underscore the urgent need for ongoing research and development of new 
therapeutic options. The following sections discuss general considerations 
regarding resistance and susceptibility of M. abscessus and the M. avium complex, 
as these are the two groups with the highest global impact, followed by the 
recommended treatment regimens for these two groups. 

Resistances & Susceptibility Testing of NTM 

While in vitro susceptibility testing of M. tuberculosis is common and usually 
promises better clinical outcomes, its value for NTM infection treatment is 
controversial, as in the past it has been observed that the in vitro results often do 
not correlate sufficiently with the clinical response, with notable interspecies 
differences [90]. This may be due to the ability of mycobacteria to enter a persistent 
state as a result of the influence of antibiotic chemotherapeutics and 
microenvironmental conditions within the host, such as nutritional starvation and 
low oxygen levels, e.g. in granulomas [92]. The Clinical and Laboratory Standards 
Institute (CLSI) provides protocols and methods for comparable antimicrobial 
susceptibility testing of mycobacteria and clinical breakpoints [93], [94]. 
Routine susceptibility testing of the M. avium complex is only recommended for 
macrolides [95] and amikacin, as these antibiotics show clear in vitro – in vivo 
correlation. Macrolide resistances are usually due to spontaneous point mutations 
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that occur in the peptidyltransferase region of the 23S rRNA gene (rrl) [96], [97], 
rather than an inducible mechanism. Amikacin resistance roots in point mutations 
of the 16S rRNA gene rrs which occur after extensive exposure to aminoglycosides 
[98].  
The susceptibility of M. abscessus should likewise be tested and considered for 
macrolides and amikacin, as the correlation of in vitro results with clinical 
outcomes is well established for these antibiotics [99], [100]. Macrolide resistance 
of M. abscessus can be due to similar point mutations as in the M. avium complex 
or due to an inducible resistance mechanism. The presence of erythromycin 
resistant methylases (erm) induces resistance by methylating an adenine residue 
located at the macrolide target site within the 23S rRNA [101]. Various NTM [102], 
[103], [104] and M. tuberculosis [105] show active erm variants. One of the most 
clinically relevant erm genes for NTM infections is erm(41), which is present in the 
most common subspecies M. abscessus subsp. abscessus (encountered in ~45-
70% of cases depending on the region) and in M. abscessus subsp. bolletii (~10-15% 
of cases) [106]. The erm(41) gene is not functional in 
M. abscessus subsp. massiliense (~20-55% of cases) due to the deletion of gene 
sections, making macrolide therapy less problematic in this case. This shows that 
investigation of genetics down to the subspecies level can complement therapy 
benefits. An alternative method for determining macrolide susceptibility is through 
prolonged in vitro incubation of mycobacterial strains with macrolides for up to 14 
days. This approach allows for the observation of erm-induced macrolide 
resistance, which only emerges after a period of three days [107]. Common panels 
of antibiotics for susceptibility testing against M. abscessus furthermore include 
cefoxitin, imipenem, linezolid, doxycycline, tigecycline, ciprofloxacin, and 
moxifloxacin [108]. If susceptible, these antibiotics may be considered for therapy, 
but with low certainty of clinical effects [90]. Rifamycins are usually not tested, as 
M. abscessus is equipped with intrinsic resistance mechanisms against this drug 
class, see 1.4.2) Resistance of Mycobacteria to Rifamycins, although recent 
derivatives have demonstrated activity [109], [110]. M. abscessus also shows 
intrinsic resistance to ethambutol (nucleotide differences at target site compared 
to other susceptible mycobacteria; [111]) and highly variable susceptibility to 
β-lactams [112]. Recently, tebipenem in combination with the β-lactamase inhibitor 
avibactam proved effective in an in vivo mouse model [113]. Nevertheless, the 
clinical experience with the treatment of M. abscessus pulmonary disease justifies 
its designation as an antibiotic nightmare [18], [114]. 
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Therapy of M. avium complex Pulmonary Disease 

For patients with NTM pulmonary disease caused by macrolide-susceptible 
M. avium complex, the ATS recommends the treatment regimens specified in Table 
3 and its continuation for at least 12 months after culture conversion [90], [115]. 
With this 3-drug regimen, an average proportion of culture conversions of 61.4% 
was reported [116]. In case of macrolide resistance, the administration of 
macrolides should be discontinued, another drug should be added to the regimen 
based on susceptibility testing, and surgical intervention should be considered 
[115]. For macrolide resistant M. avium complex pulmonary disease, the rate of 
culture conversion was reported to be as low as 21% [117], 
The role of rifampicin in the recommended regimen is questioned as its use is 
associated with high recurrence rates and toxicity [118]. Van Ingen et al. review the 
efficacy of rifampicin against M. avium complex pulmonary disease and conclude 
that there is no rational behind its use as pharmacokinetic and pharmacodynamic 
criteria for a successful therapy are not met with the addition of rifampicin to the 
regimen [118]. The authors rather recommend a mindful review of dosages and the 
substitution of rifampicin for clofazimine. 

Table 3. ATS recommended treatment regimens and dosing for M. avium complex 
pulmonary disease [115]. 

Drugs Dosing frequency & Dosage 

Thrice weekly Daily 
Basic regimen for nodular-

bronchiectatic lung 
involvement 

Intensified regimen for 
cavitary lung involvement and 

refractory disease 

Azithromycina 500 mg 250-500 mg 
Rifampicinb 600 mg 450-600 mg 

Ethambutol 25 mg/kg per day 15 mg/kg per day 

In case of cavitary disease add: 

Amikacin 
15-25 mg/kg IV  
for 2-3 months 

10-15 mg/kg IV 
for 2-3 months 

In case of refractory disease (defined as no sputum conversion after 6 months of 
therapy) amikacin IV may be replaced by: 

Amikacin N/A Liposomal suspension 590 mg 
inhaled 

a: Azithromycin preferred to clarithromycin due to lower rifampicin/p450 interaction 
b: May be substituted by rifabutin when tolerated by the patient as it shows slightly 
better in vitro activity or when drug-drug-interactions of rifampicin and antiretroviral 
therapy is suspected [119] 
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Therapy of M. abscessus Pulmonary Disease 

Up to today, there is no canonical, best-practice pharmacotherapy against 
M. abscessus pulmonary disease. The combinations used are only considered 
treatment approaches. The selection of drugs, duration of therapy and the 
techniques of administration remain unclear. The current opinion of expert 
clinicians is that a biphasic therapy approach together with susceptibility based 
antibiotic selection offers the best prognosis [106]. Table 4 shows the therapy 
scheme suggested by the ATS. An initial, intensified period of therapy that includes 
intravenous administration of antibiotics is followed by a continuation phase of 
orally administered drugs, that are usually taken until 12 months after culture 
conversion, which is often achieved for macrolide-susceptible specimen, but for 
macrolide resistant strains the rates of positive outcomes are abysmal. Only 8% of 
patients achieve culture conversion after an average therapy duration of 24 months 
and surgical intervention [120], [121]. This shows the urgent need for new therapy 
options against M. abscessus pulmonary disease. The expansion of the drug 
pipeline against M. abscessus with new small molecules and new inhibition 
mechanisms can be complimented by careful repurposing and repositioning of 
known antibiotics and the evaluation of combination therapies of the same [122], 
[123], [124]. 

Table 4. Suggested therapy scheme of the ATS for M. abscessus pulmonary disease 
[90], [106], [125]. Abbreviations: PO, peroral drugs; IV, intravenous drugs; NEB, 
nebulized drugs. 

Phase Macrolide-susceptible 
Inducible or mutational 

macrolide resistance 

Initial, intensive phase 

(undefined length, 
minimum 4 weeks) 

1-2 IV drugs 
2 PO drugs 

(priority for macrolides) 

2-3 IV drugs 
2-3 PO drugs 

Continuation phase 

(until 12 months after 
culture conversion) 

2-3 PO/NEB drugs 
(priority for macrolides) 

2-3 PO/NEB drugs 

   

IV drugs: PO drugs: NEB drugs: 
Amikacin 
Imipenem 
Cefoxitin 

Tigecycline 

Azithromycin 
Clarithromycin 

Clofazimine 
Linezolid 

Amikacin 
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Role of RNAP Inhibitors in Therapy Regimens 

The presented guidelines for the most common groups of clinically relevant NTM 
show that the role of rifamycins in the treatment regimens is not definitively 
established. Against M. avium complex pulmonary infections the guidelines still 
recommend the use of rifampicin, although the benefit of this regimen is highly 
questioned [118]. Against M. abscessus pulmonary disease, rifampicin shows no 
activity, although rifabutin appears to be effective in animal models, probably due 
to its insensitivity to naphthohydroquinone oxidation, and should be considered as 
an alternative to rifampicin [110]. Furthermore, rifamycins are currently the most 
effective first-line anti-TB drugs [2]. However, the emergence of multi-drug 
resistant and extensively multi-drug resistant M. tuberculosis strains in clinical 
settings has complicated the treatment of TB [126], [127]. The various resistance 
mechanisms that mycobacteria employ to evade the effects of rifamycins are 
discussed in a later section (1.4.2). 
The only other approved non-rifamycin RNAP inhibitor, fidaxomicin, is active 
against M. tuberculosis [128] and NTM [129] in vitro but is only used against 
gastrointestinal Clostridium difficile infections because it does not show adequate 
systematic resorption.  
 
This lack of effective RNAP inhibitors is a major drawback for current 
antimycobacterial therapy options. The next section of the introduction gives an 
overview of the general biological function and structure of prokaryotic RNAP, its 
value as a target for antimycobacterial therapy, and a review of various aspects of 
rifamycins. It then introduces AAPs as the primary focus of this thesis. 
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1.3) Structure & Function of RNA Polymerases 

DNA-dependent RNA polymerases are enzyme complexes that play an essential 
role in pro- and eukaryotic organisms. They participate in the highly regulated 
processes that transcribe DNA into RNA, which is then translated into proteins 
necessary for survival, growth and environmental adaptability. These enzymes 
have complex structures, made up of multiple subunits with specific roles and 
functions, which are explained in the following sections. 

1.3.1) Differences of Prokaryotic and Eukaryotic RNA Polymerases 

Prokaryotic and eukaryotic RNA polymerases (RNAPs), while sharing a high degree 
of conservation, exhibit structural and functional differences that reflect their 
adaptation to different cellular environments and transcriptional needs. Table 5 
gives a comparison of the different RNAPs that are present in eukaryotes and 
prokaryotes.  
Prokaryotes rely on a single RNAP enzyme that produces all RNA products that are 
necessary for their metabolism and survival, whereas eukaryotes utilize three 
different RNAPs. These eukaryotic variants - RNA Pol I, II, and III – perform specific 
functions and have a higher number of subunits compared to the prokaryotic RNAP 
(see Table 5). Despite these differences, pro- and eukaryotic RNAPs share similar 
core subunits, indicating a conserved mechanism of RNA synthesis across the 
different life forms [130]. For instance, the gene encoding the RPB2 subunit of 
Saccharomyces cerevisiae RNA polymerase II shows a significant sequence 
homology with the β subunit of Escherichia coli RNA polymerase, suggesting 
similar roles in RNA synthesis [131]. 
In prokaryotes, the initiation of transcription is regulated by σ factors of different 
families that interact with the RNA polymerase to initiate transcription at specific 
promoters [132]. This mechanism is different from the complex system of DNA 
modifications, transcription factors and coactivators required by eukaryotic RNA 
polymerases for transcription initiation [133]. 
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Table 5. Overview on prokaryotic and eukaryotic RNA polymerases und their 
functionalities. 

 

Function 
Number 

of 
Subunits 

Homologous subunits 

Prokaryotic 
RNAP  

[132], [134] 

Production 
of all 

prokaryotic 
RNA 

products 

5 α1 α2 β β’ ω 

Eukaryotic 
RNAPs 

[135] 

 

RNA Pol I 
[136] 

Production 
of ribosomal 

RNA 
14 

RPC5 RPC9 RPA2 RPA1 RPB6 

+ 9 other subunits 

RNA Pol II 
[137] 

Production 
of precursor 
mRNA and 

small 
regulatory 

RNA 
products 

12 
RPB3 RPB11 RPB2 RPB1 RPB6 

+ 7 other subunits 

RNA Pol III 
[138] 

Production 
of tRNA and 
regulatory 

RNAs 

17 
RPC5 RPC9 RPC2 RPC1 RPB6 

+ 12 other subunits 
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1.3.2) Structure of Prokaryotic RNA Polymerase 

The prokaryotic RNAP core enzyme is an assembly of five different subunits: two 
identical α subunits, one β subunit, one β’ subunit, and the ω subunit [134]. This 
core enzyme (α2ββ’ω) is catalytically competent and capable of binding to the DNA 
template strand [132], [139]. Homologs of this core enzyme structure can be found 
in all bacterial species. In Thermus aquaticus the spatial extent of the RNAP core 

was determined to be 150 Å × 115 Å × 110 Å [132]. To initiate RNA transcription, the 
core enzyme must first interact with a transcription factor known as the σ factor, 
resulting in the formation of the RNAP holoenzyme[132]. Figure 3 shows a 
schematic depiction of an RNAP holoenzyme and Figure 4 shows an X-ray crystal 
structure of a fully assembled RNAP transcription initiation complex extracted 
from M. tuberculosis. 

 

Figure 3. Scheme of a prokaryotic RNAP holoenzyme. 
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Figure 4. Different perspectives of a crystallized M. tuberculosis transcription 
initiation complex (PDB: 5UHE, 4.04 Å resolution). The data and graphics were 
processed using Chimera X [140]. 
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The α subunits are organized as a homodimer and assist the assembly of the 
complete core enzyme as the combined N-terminal domains act as a mounting site 
for the β and β’ subunits [130]. Furthermore, the α subunits play an important role 
in promoter recognition. The sequence in which the subunits are brought together 
is: α + α → α2 → α2β → α2ββ’ → α2ββ’ω. Other domains of the α subunits are also relevant 
for transcription factor interaction and promotor DNA binding [141]. 
Often the RNAP structure is referred to as a “crab claw” whereas the two biggest 
subunits, β and β’, form its two pincers. The spacious cleft between these two 
subunits forms three distinct channels: The primary channel, which 
accommodates the DNA and the DNA-RNA hybrid, the nucleoside triphosphate 
(NTP)-entry channel and the RNA-exit channel [142]. The intersection of these 
channels harbors the catalytically active site of the enzyme which is located at the 
closed end of the claw at the bottom of the pincers [143]. 

 
Figure 5. Clipped depiction of a crystallized M. tuberculosis transcription initiation 
complex (PDB: 5UHE, 4 Å resolution) limited to the β and β’ subunits exposing the 
cleft incorporating the three main channels of bacterial RNAP as well as the active 
center. The data and graphics were processed using Chimera X [140]. 

Within the β’ subunit the highly conserved sequence DFDGD forms the active 
center of the enzyme. The sequence contains three aspartate amino acids which 
coordinate a magnesium ion that mediates the catalysis [144] making this subunit 
crucial for transcription initiation and elongation. 
The β’ subunit is characterized by its high conformational flexibility. It 
accommodates the RNAPs “switch region”. The conformation of this domain 
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swings open to make space for loading the template DNA to the active center 
making it essential for transcription initiation [145]. Upon reversal of this open 
conformation the molten DNA is secured in the cleft for elongation. Another 
important domain is the “Trigger loop” which is located in close proximity to the 
active center. It exists in a folded (“Trigger helix”) or unfolded (“Trigger loop”) state, 
modifying different process steps. The folded state opens the active center, making 
it accessible for entering NTPs and allowing the elongation complex to translocate 
to the next position. The unfolded conformation of the Trigger loop initiates 
catalysis by precisely positioning the NTPs with the side chain of a histidine which 
is thought to literally “trigger” the formation of the new phosphodiester bond of the 
nascent RNA [146], [147]. The folding of the trigger loop is strongly assisted by a 
domain called the “F loop” which is in close contact with the trigger loop and is 
therefore crucial for the catalytic cycle. The impairment of the structural integrity 
of the F loop reduces the rate of nucleotide addition significantly [148]. The “Bridge 
helix” is a flexible α-helix of the β’ subunit located downstream of the active center. 
It is in close contact with the β subunit and the Trigger loop and directly connected 
to the F loop. It functions as a part of the ratchet-like mechanism that enables the 
RNAP to move DNA through the primary channel [149], [150]. The Bridge helix 
modulates that functionality by entering a “kinked” conformation which blocks the 
catalytically active site causing the RNAP complex to pause elongation [151]. 
The group of σ factors plays a crucial role in the transcriptional regulation of 
bacteria. They modulate the RNAP core enzyme’s ability to initiate transcription at 
σ factor specific promoters. Each kind of σ factor has a specific set of target genes, 
forming regulons that respond to environmental signals, thus enabling the 
bacterium to survive under various stress conditions and within the host. 
Therefore, σ factors are essential for adapting to changing environments but also 
for virulence [152]. The genome of M. tuberculosis encodes thirteen σ factors, with 
several being critical for its ability to cause disease [153]. For instance, the σ factor 
SigH is involved in the global gene expression response to oxidative stress and heat 
shock, indicating its role in stress responses [154]. Another σ factor, SigE, regulates 
genes crucial for the integrity and function of the bacterial cell envelope during 
infection, highlighting its importance in interacting with the host immune system 
[155]. 
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Comparison of RNAP Core Enzymes of Different Bacteria 

Although the DNA-dependent RNAP is a highly conserved enzyme complex within 
the realm of bacteria, certain differences between the structures and sizes of the 
core enzymes can be found, especially when the compared bacterial taxa are 
phylogenetically distinct from each other. An example can be found in Table 6 
where the core enzyme’s subunits of E. coli, M. tuberculosis and M. abscessus are 
compared in regard of their molecular weight. While the rather small α and ω 
subunits of the mycobacterial species are comparable in size to the subunits of 
E. coli, bigger differences can be found within the β and the β’ subunits, which show 
a reduced size in comparison to E. coli. The difference is more pronounced in the 
β subunit which shows a size reduction of ~14% for M. tuberculosis and even ~18% 
for M. abscessus. It becomes evident that small molecule inhibition of these 
enzyme complexes varies greatly due to differences in binding modes resulting 
from structural differences. 

Table 6. Comparison of RNAP core enzyme subunits molecular weights of different 
bacterial species. E. coli: Escherichia coli ATCC 11775, Mtb: M. tuberculosis: ATCC 
25618 / H37Rv; Mabs: M. abscessus ATCC 19977. Molecular weights rounded to 
integral kDa. 

 α β β’ ω Total weight 
(α2ββ’ω) 

E. coli 37 kDa 151 kDa 155 kDa 10 kDa 390 kDa 
Mtb 38 kDa 130 kDa 147 kDa 12 kDa 365 kDa 

Mabs 38 kDa 124 kDa 147 kDa 11 kDa 358 kDa 
 
A more detailed look at the sequence homology (Table 7) of the three different 
species reveals another crucial aspect. As expected, the homology between E. coli 
and the two mycobacterial species is rather low. More so, the subunits that were 
found to be comparable in size differ greatly in sequence homology, e.g. the 37 kDa 
α subunit of E. coli only shows a sequence homology of 44% and 45% to 38 kDa 
subunits of M. tuberculosis and M. abscessus, respectively.  
Comparing M. tuberculosis and M. abscessus shows less divergence in sequence 
homology. The values range from 77% to 93% homology throughout the subunits of 
the core enzyme, indicating that even between two species that share the same 
genus differences can occur that may result in different interactions with small 
molecule inhibitors. 
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Table 7. Sequence homology of RNAP subunits between E. coli: Escherichia coli 
ATCC 11775 (PATRIC genome ID: 866789.18), Mtb: Mycobacterium tuberculosis 
ATCC 25618 / H37Rv (sequence extracted from PDB file: 5UHA); Mabs: 
Mycobacterium abscessus ATCC 19977 (PATRIC genome ID: 36809.5). Sequence 
homology was determined with Basic local alignment search tool provided by the 
National Institutes of Health (NIH) [156]. 

 E. coli Mtb Mabs    

E. coli x 
44 % 58 % 45 % 59 %  α β 

51 % 33 % 52 % 38 %  β’ ω 

Mtb 
44 % 58 % 

x 
93 % 90 %    

51 % 33 % 90 % 77 %    

Mabs 
45 % 59 % 93 % 90 % 

x 
   

52 % 38 % 90 % 77 %    

 

1.3.3) Prokaryotic Transcription 

The complex process of the production of RNA from a DNA template can be divided 
into three main steps: Initiation, elongation and termination. The following sections 
give a comprehensive overview of the steps necessary to produce RNA products 
within the realm of bacteria. 

1.3.3.1) Initiation 

Promoter Recognition and Binding 

Before the highly regulated step of transcription initiation can start, the σ factor has 
to anneal to the β and β’ subunits of the RNAP core enzyme forming the RNAP 
holoenzyme α2ββ’ωσ, because the core enzyme is not capable of binding and 
melting double stranded DNA alone. After the assembly, the contact between DNA 
and the RNAP holoenzyme is established at certain domains of the α subunit and 
the four domains of the σ factor [157]. A schematic overview of the binding 
interactions is given in Figure 6. Most distal from the starting position of 
transcription, the α subunits interacts with the 20 base pair (bp) long UPE promoter 
region about -40 to -60 bps upstream the DNA double strand. Other interactions 
form between the -35 element (TTGACA) and the σ4, the -10 element (Pribnow-Box) 
and σ2, in some promoters accompanied by σ3, and the discriminator promotor 
region that binds to σ1, closest to the transcription starting point. The resulting 
assembly is referred to as the closed promoter complex (RPC). 
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Figure 6. Binding interactions between the RNAP holoenzyme and the DNA 
promotor region. 

Formation of the Open Promoter Complex 

After the promoter DNA is bound to the holoenzyme the catalytically active site is 
still blocked by σ1 and the DNA is still wound into a double strand. By 
conformational isomerization of the σ factor, σ1 is displaced from the active site and 
σ2 facilitates the melting the DNA double strand into its respective single strands 
from positions -12 to +2, forming the transcription bubble. This configuration of the 
enzymatic system is called the open promotor complex (RPO). 

Abortive Initiation & Promotor Escape 

After the formation of the transcription bubble and stabilization of the open 
promotor complex the first NTPs can enter the catalytic site to be fused together by 
the formation of phosphodiester bonds. In this state, the σ4 domain is blocking the 
RNA exit channel resulting in steric clashes with the nascent RNA strain (Figure 7) 
and the template DNA that accumulates within the catalytic site as the DNA pulled 
in (DNA scrunching).  This can cause cycles of abortion of the catalyzed reaction 
and the release of small RNA transcripts with lengths of 9 to 10 nucleotides without 
leaving the promotor region. Only when a critical chain length of 11 to 15 
nucleotides is reached, the transcript can displace the σ4 domain giving room for 
the growing RNA. After the RNAP dislocates or “escapes” from the DNA promoter 
region, the RNAP core enzyme releases the σ factor from the enzyme complex 
forming the ternary elongation complex (EC) to start productive elongation. 
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Figure 7. Depiction of a crystallized M. tuberculosis transcription initiation 
complex (PDB: 5UHE, 4 Å resolution). The RNA exit channel is blocked by the σ4 
resulting in abortive initiation cycles in which short RNA transcripts are produced. 
The data and graphics were processed using Chimera X[140]. 

1.3.3.2) Elongation 

During the step of elongation, the EC synthesizes the RNA strand by adding 
ribonucleotides in 5' to 3' direction, matching the DNA template strand's 
nucleotides with their RNA counterparts. A representative view of the EC and the 
transcription bubble is displayed in Figure 8.  
The nucleotide addition cycle (NAC) is a crucial part of elongation, that involves 
several steps: the correct NTP entering the RNA polymerase active site, 
incorporation into the growing RNA chain if the NTPs correctly pair with the DNA 
template, and the translocation of the RNA polymerase exposing the next DNA base 
for another addition. The SN2 nucleophilic attack of the ribose 3’ hydroxyl group 
(chelated by the Mg2+ of the catalytic center) at the α-phosphate of the NTP forms 
the phosphodiester bond and releases pyrophosphate [158]. The reaction is 
dependent on the mobility of the trigger loop, the F loop and the Bridge helix, as 
conformational changes align the reaction partners for efficient reaction. This cycle 
repeats, allowing the RNA strand to be elongated one nucleotide at a time. While 
the nascent RNA strain is elongating, the transcription bubble remains at a constant 
size of usually 12±1 nucleotides [159]. The DNA/RNA hybrid that forms within the 
transcription bubble during addition of NTPs is 9 to 10 base pairs long [160].  
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Figure 8. Depiction of an M. tuberculosis RNAP elongation complex (PDB: 8EOS, 
electron microscopic data, resolution: 3.10 Å). View into the catalytic cleft (β 
subunit excluded). Trigger loop (T1008-P1029), Bridge helix (L847-S881) and F-Loop 
(A818-V846) are highlighted in different colors. The data and graphics were 
processed using Chimera X [140]. 

1.3.3.3) Termination 

Termination in prokaryotic transcription is a critical process that marks the end of 
the RNA synthesis. This process can occur by two main mechanisms: Rho-
dependent and Rho-independent termination [161], [162]. In Rho-dependent 
termination, the protein Rho recognizes specific RNA sequences and causes the 
RNA polymerase to detach from the DNA template [163]. In Rho-independent 
termination, the formation of a hairpin-loop structure in the RNA transcript, 
followed by a series of uracil nucleotides, leads to the dissociation of the RNA 
polymerase from the DNA. Both mechanisms ensure that transcription is 
accurately concluded, allowing the newly synthesized RNA molecule to undergo 
further processing and fulfill its role within the cell. 
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1.4) Inhibition of Bacterial RNA Polymerase 

1.4.1) Prokaryotic RNAP as a Drug Target 

The prokaryotic RNA polymerase is an essential enzyme responsible for 
transcription in bacteria. Without the production of RNA from DNA, bacteria would 
not be able to produce the diverse spectrum of enzymes and proteins required for 
nearly every aspect of their metabolism and structural integrity. This central role of 
RNAP in bacterial growth and survival makes it a significant target for antibacterial 
chemotherapy. Blocking the bacteria’s ability to sustain their metabolism at a 
fundamental stage also reduces their capacity to adapt to caused imbalances of 
their cellular homeostasis, e.g. by up- or downregulating certain regulatory RNA 
products, enzymes and proteins. This displays a significant advantage of RNAP 
inhibition as a concept of antimicrobial drug development. 
A key challenge in designing rational antimicrobial RNAP inhibitor is to create 
substances that selectively target prokaryotic RNAP without affecting eukaryotic 
RNAPs, to reduce their potential toxicity for human cells. Although enzymes for 
RNA production are similar in all living organisms, prokaryotic RNAP displays 
features that differ from its eukaryotic counterparts, which offers a possibility for 
the development of antibiotics (see 1.3.1). However, the catalytically active site of 
prokaryotic RNAP is hard to exploit as a target site because of its highly conserved 
character even between eukaryotes and prokaryotes. Fortunately, the generally 
different shape and surface properties of the subunits in combination with the 
complex regulation of transcription processes, give room for a manifold of different 
inhibition concepts. 
Numerous small molecule scaffolds have been under investigation to identify novel 
RNAP inhibitors. The generation and validation of new RNAP drug targets is a 
significant area of research that was summarized in the comprehensive review 
published by Kirsch et al. recently. It provides an excellent overview of substances, 
binding sites, and mechanisms that have already been investigated in the context of 
RNAP inhibition [159]. Despite all the efforts required to identify and characterize 
promising candidate molecules, only a few RNAP inhibitors have reached the 
development stage, and even less are approved and currently in clinical use. This 
shows the significant challenge of translating potential compounds from the 
chemical laboratory to clinical application. 
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1.4.2) Rifamycins 

Rifamycins, the most important clinically used RNAP inhibitors, have significantly 
impacted the treatment of bacterial infections since their discovery in 1957 [164]. 
The compound group originates from the soil bacterium Amycolatopsis 
mediterranei (since 2004 named A. rifamycinica [165]) and was first identified and 
isolated in the laboratories of Dow-Lepetit Pharmaceuticals (Milan, Italy) [164]. 
Named after the contemporary movie Rififi [166], these antibiotics are known for 
their potent activity against a wide range of Gram-positive and some Gram-negative 
bacteria, particularly their efficacy in treating mycobacterial infections such as 
tuberculosis and leprosy [167], [168], as well as infections with NTM [109], [123]. 
Rifamycins have also been employed in treating other severe infections, like those 
caused by methicillin-resistant Staphylococcus aureus (MRSA) [169], [170]. 
Rifamycin SV, the first rifamycin that showed clinical success was introduced in 
1963, followed by Rifampicin in 1968, which is still a cornerstone of many therapy 
regimens [164]. 

Chemistry of Rifamycins 

Rifamycins are macrocyclic molecules that combine an aromatic naphthalene 
system with a polyketide chain, called the ansa loop, that forms an arch over the 
naphthalene structure. Natural rifamycins generally show a low bioavailability as 
well as antibacterial activity and can be cytotoxic [164], [171], making a chemical 
derivatization of the chemical scaffold imperative for the development of this drug 
class. Both structural moieties can be decorated with various functional groups for 
structure diversification. A structural overview of rifamycins that gained clinical 
importance is given in Table 8. In engineered rifamycins, the naphthohydroquinone 
core can be retained or is being exchanged by its oxidated form, a naphthoquinone, 
in the cases of Rifabutin and Rifalazil.  
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Table 8. General chemical structure of rifamycins and associated structures of 
clinically used rifamycins. Red numbers indicate numbering of carbon atoms. 

 

It has long been suspected that the only promising derivatizations could be 
performed at C3 and C4 of the naphthalene core [171], and indeed, up to today all 
clinically used rifamycins only differ at these positions. The discovery of 
kanglemycins, however, showed that even sterically demanding substitutions 
alongside the ansa bridge can yield RNAP inhibitors with substantial activities that 
also occupy the rifamycin binding site and share key target interactions with 
rifamycins [172]. Another example for a successful derivatization of the ansa 
bridge was presented by Lan et al. by variation of the C25 ester [173]. 

Mechanism of Action & Target Binding 

The effect of rifamycins on bacterial transcription was first recognized in 1965 
[174], until the mechanism of action was experimentally proven in 1978 [175], and 
much later in 2001 the target binding was further elucidated by Campbell et al. by 
co-crystallization of rifampicin with the RNAP of Thermophilus aquaticus [176]. 
Rifamycins bind to the β-subunit 12 Å in distance from the catalytically active 
center, sterically blocking the exit channel of the nascent RNA. The consequence of 
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this blockage is that the RNAP can only produce unfunctional RNA up to a length of 
two or three nucleotides until the RNA strand collides with the bound rifamycin 
[176]. The length of the RNA products that are synthesized differ depending on the 
substitution pattern at C3 and C4, as these moieties are oriented towards the active 
center [177]. Key target interactions are formed by four oxygen atoms at C1, C8, 
C21, and C23 that act as either hydrogen bond donors or acceptors [176]. 

Resistance of Mycobacteria to Rifamycins 

Despite the initial success of rifamycins, the emergence of rifamycin-resistant 
M. tuberculosis strains and resistant non-tuberculous mycobacteria like 
M. abscessus poses a significant clinical challenge, necessitating ongoing research 
and development to enhance their efficacy and combat resistance [178]. The harsh 
reality shows that approximately 4% of patients without a TB treatment history and 
approximately 20 % of patients that have been treated for TB before [2] are infected 
with a rifampicin resistant M. tuberculosis strain.  
The use of rifamycins against NTM is equally concerning. Rifampicin, rifabutin and 
rifapentine were tested against M. avium complex clinical isolates in vitro using a 
hollow fiber model in a single-drug regimen [179]. The substances initially killed 
the bacteria but then failed to control the growth of the investigated M. avium 
complex strains due to emerging resistance after 4 days [179]. The attempt to use 
rifampicin in combination with other antimycobacterial drugs to reduce the 
occurrence of antibiotic resistance fails against M. avium complex and the role of 
rifampicin is questioned [180]. The infamous M. abscessus is inherently resistant 
to rifampicin [181]. 
Mycobacteria employ a manifold of different resistance mechanisms to adapt to 
rifamycins. In M. tuberculosis, the most common form of rifamycin resistance is 
induced by mutations that can occur in the rpoB gene, which encodes the β-
subunit, directly altering the rifamycin binding site. The cluster in which these 
mutations usually occur corresponds to the amino acids 426 – 453 in 
M. tuberculosis [176]. The resistance mutations that are clinically most relevant are 
D435V, H445Y and S450L [182]. 
Another important mechanism of rifamycin resistance is the expression of ADP-
ribosyl transferase encoded by the arr gene. Fortunately, arr is absent in 
M. tuberculosis, explaining the high activity of rifamycins [183]. Being present in 
M. abscessus and other mainly fast-growing mycobacteria [184], this enzyme 
renders rifamycins less effective (M. abscessus MIC90 of rifampicin 0.22 µM 
(without functional arr) to 9.5 µM (wild type)) by adding an ADP-ribosyl group to the 
free hydroxyl group at C23 [181]. An important step forward has been achieved 
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lately. By redesigning the rifamycin scaffold at C25 the ADP-ribosylation can be 
blocked, opening new pathways for new rifamycins [173], [185].  
An additional resistance mechanism is mediated by a naphthohydroquinone 
oxidase, present in M. abscessus, that oxidizes the naphthalene moiety resulting in 
reduced activities of rifamycins that carry a hydroxyl group at C1. In contrast, 
rifabutin and rifalazil with their already oxidized naphthoquinone core are less 
susceptible for oxidation and show higher activities against M. abscessus (MIC90 
rifabutin 1.9 µM in comparison to MIC90 of rifampicin 9.5 µM) [186]. 

1.4.3) Nα-aroyl-N-aryl-phenylalanine amides (AAPs) 

This cumulative thesis is concerned with investigating the compound class of AAPs. 
The presented publications highlight the potential of AAPs as antimycobacterial 
RNAP inhibitors and provide detailed insights into the medicinal chemistry efforts, 
structural elucidation methods, microbiological evaluation, pharmacokinetic and 
physicochemical analysis that were utilized to develop this compound class. For a 
broad overview of AAPs, we refer the reader to our recent review [187]. 
This introductory section will provide a comprehensive overview on the proposed 
mechanism of action of AAPs, as this important aspect is not sufficiently addressed 
in the published material to gain understanding of it.  

Mechanism of Action 

The first valuable insights into the RNAP target site and the mechanism of action of 
AAPs were provided by the research group of Richard Ebright (Rutgers University, 
New Jersey, USA). In the published studies, they were able to determine the drug-
target interactions of AAPs. By selecting spontaneously resistant M smegmatis 
mutants and subsequent RNAP sequencing, the binding region was narrowed down 
[188] until the binding site was verified by X-ray diffraction analysis of a co-crystal 
of the M. tuberculosis RNAP RPo and the AAP named D-AAP1 (PDB code: 5UHE) 
[189]. 
The knowledge of the functional moieties of RNAP to which AAPs bind provided the 
initial basis for the assumption of their mechanism of action. The compound binds 
to both the β and β’ subunit. Key interacting amino acids belong to the bridge helix 
and the F loop of the β’ subunit [189]. A schematic depiction of the AAP binding site 
with its named functional regions is given in Figure 9. The amino acids that interact 
with the AAP scaffold are depicted in Publication I and Publication III [190], [191]. 
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Figure 9. The binding site of AAPs is located between the N-terminal end of the 
bridge helix and the F loop in a distance of ~30 Å to the catalytic center. The 
β subunit is omitted for clarity. Depiction based on PDB: 8EOS, electron 
microscopic data, resolution: 3.10 Å. 

The binding of AAPs results in impaired conformational dynamics of the bridge 
helix and the F loop. It is proposed that bound AAPs constrain the bridge helix in a 
straight conformation [188] interfering with its normal function of assisting the 
trigger loop with the catalytic reaction, alignment and translocation during the NAC 
as described earlier.  
In 2003, the Landick Lab (University of Wisconsin) published insights of a novel 
class of antibacterial RNAP inhibitors called the CBR compounds [192]. These 
compounds not only show a structural resemblance to AAP compounds in regard 
of their aromatic systems, but also share identical binding regions with the 
difference that CBRs are able to inhibit the RNAP of gram-negative bacteria like E. 
coli but not mycobacterial RNAP [193]. A comparison of AAP and CBR regarding 
chemical structures and their binding is displayed in Figure 10. Because of the 
identic binding site, it can be assumed that the mechanism of action of AAPs is at 
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least similar to the well-studied ways in which CBRs inhibit the growth of non-
mycobacteria [194], [195]. However, there is still need for a valid verification. The 
established interference results in the trigger loop being frozen in its catalytically 
active state, which has a decreased translocation capability. This causes pausing 
of the NAC and subsequent over-termination, which ultimately results in 
unfunctional RNA products [194], [195]. 

 
Figure 10. Structural comparison of the AAP screening hit MMV688845 and D-AAP1 
with the CBR compound CBR703. Chemical moieties that form concordant target 
interactions are marked with the same colors. The β and β’ subunits in 
M. tuberculosis RNAP form three lipophilic pockets that can accommodate the 
three aromatic systems of AAPs. One of these pockets is absent in the RNAP of gram-
negative bacteria, explaining AAP inactivity. CBR compounds lack one aromatic 
system at that particular site, which is responsible for restoring activity against 
gram-negative bacteria.  

In conclusion, AAPs do not act orthosterically or by sterical occlusion of RNAP 
channels in a manner similar to rifamycins. Instead, they exert their effect 
allosterically, by hampering enzyme dynamics. 
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2) Publications 

2.1) Objective of the Project 

The primary objective of this research project is to develop and optimize AAPs as 
potent inhibitors of RNAP for the treatment of mycobacterial infections, including 
those caused by M. tuberculosis and NTM, such as M. abscessus and the M. avium 
complex.  
This project aims to: 

1. Synthesize New AAP Derivatives: Establishing a straightforward, synthetic 
pathway that considers the problem of conservation of the crucial stereo 
configuration of AAPs to avoid the need for preparative chiral separation. 
The design of the scaffold should be guided by known drug-target 
interactions and aided by molecular docking techniques.  

2. Assess Antimycobacterial Activity: The novel AAP derivatives should have 
enhanced in vitro activity and bactericidality against mycobacteria. The aim 
was to conduct comprehensive in vitro studies, like growth inhibition assays 
or macrophage infection models, to evaluate the efficacy of AAPs against a 
broad spectrum of mycobacterial species, including clinical isolates of 
M. tuberculosis and various NTM with a focus on M. abscessus. 

3. Establishing Structure-Activity-Relationship: Another objective of the 
synthetic efforts is to gain insight into the relationship between the employed 
derivatization of the chemical scaffold of AAPs and the resulting biological 
activity and compound properties. 

4. Optimize Pharmacokinetic Properties: Improve the pharmacokinetic 
profile of AAPs through structural modifications, ensuring sufficient, 
solubility, plasma stability and microsomal stability which eventually 
increases bioavailability for potential clinical use.  

5. Assess Possible Cytotoxic Effects: The cytotoxicity of new derivatives 
should be as low as possible. 
 

Through these objectives, the project seeks to address the critical need for new and 
effective treatments for mycobacterial infections, particularly in the face of rising 
drug resistance and the lack of effective RNA inhibitors against NTM. 
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2.2) Research Article I 

Synthesis and Characterization of Phenylalanine 
Amides Active against Mycobacterium abscessus 
and Other Mycobacteria 
Markus Lang, Uday S. Ganapathy, Lea Mann, Rana Abdelaziz, Rüdiger W. Seidel, 
Richard Goddard, Ilaria Sequenzia, Sophie Hoenke, Philipp Schulze, 
Wassihun Wedajo Aragaw, René Csuk, Thomas Dick, Adrian Richter 

American Chemical Society Publishing 
Journal of Medicinal Chemistry 

J. Med. Chem., 2023, 66, 7, 5079–5098 
Publication Date: March 31, 2023 
DOI: 10.1002/cmdc.202300593 

Summary 

The study reports the comprehensive investigation of the AAP parent compound 
MMV688845 to explore the structure-activity relationships that govern 
antimycobacterial activity, selectivity and drug disposition properties. We 
established a robust synthetic pathway for AAP derivatization which preserves the 
essential R configuration throughout synthesis which is confirmed by an X-ray 
crystal structure of MMV688845 and other derivatives. Changes to the amino caid 
core are tolerated for phenylalanine and tyrosine. The most flexible moiety is the 
morpholine structure of the hit compound. The best synthesized candidate 24 
harbors a thiomorpholine sulfone instead of morpholine and has nanomolar MIC90 
values of down to 0.78 µM against M. abscessus and 0.2 µM against M. tuberculosis 
(12-fold and 4-fold better than MMV688845). Thiomorpholine sulfoxide containing 
derivatives demonstrate 5-fold increased aqueous solubility and retain activity 
against M. abscessus. Bactericidal effects demonstrate a significant reduction in 
viable bacteria without cytotoxic effects against mammalian cell lines. On-target 
mechanism was validated using AAP resistant mutants. These studies validate AAP 
as a promising compound for development of a new class of antibiotics targeting 
RNAP. 

Own contributions 

Synthesis and characterization of compounds, analysis of structure-activity 
relationship, determination of solubilities, conceptualization of the draft, original 
draft preparation, review and editing, preparation of figures 

https://doi.org/10.1002/cmdc.202300593
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2.3) Research Article II 

Synthesis and in vitro Metabolic Stability of 
Sterically Shielded Antimycobacterial 
Phenylalanine Amides 
Markus Lang, Uday S. Ganapathy, Lea Mann, Rüdiger W. Seidel, Richard Goddard, 
Frank Erdmann, Thomas Dick, Adrian Richter 

European Chemical Society Publishing 
ChemMedChem 

ChemMedChem, 19(6), e202300593. 
Publication Date: 08.02.2024 
DOI: 10.1002/cmdc.202300593 

Summary 

In this article, we report the synthesis and antimycobacterial activity of AAPs 
designed to combat the metabolic liability of amide hydrolysis of the compound 
class. Although previously synthesized AAP derivatives were potent growth 
inhibitors, we observed rapid degradation in microsomal suspensions. The 
introduction of sterically shielded AAP analogs have been probed, revealing that the 
introduction of methyl or fluoro substituents near the amide bonds led to enhanced 
microsomal stability. However, the changes employed close to the anilide bond led 
to a notable decline in antimycobacterial in vitro activity. The findings indicate that 
the anilide bond of the AAP scaffold is involved in microsomal degradation. 

Own contributions 

Synthesis and characterization of compounds, analysis of structure-activity 
relationship, preparation of figures, conceptualization of the draft, original draft 
preparation, review and editing 
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2.4) Research Article III 

Broad-Spectrum In Vitro Activity of Nα-aroyl-N-
aryl-Phenylalanine Amides against Non-
Tuberculous Mycobacteria and Comparative 
Analysis of RNA Polymerases 
Markus Lang, Uday S. Ganapathy, Lea Mann, Rüdiger W. Seidel, Richard Goddard, 
Frank Erdmann, Thomas Dick, Adrian Richter 

MDPI 
Antibiotics 

Antibiotics, 2024, 13(5), 404 
Publication Date: 28.04.2024 
DOI: 10.3390/antibiotics13050404 

Summary 

This article investigates the antimicrobial efficacy of previously published AAPs 
against 25 NTM isolates of different species, including significant pathogens like 
M. abscessus and M. avium complex and further NTM that occur as human 
pathogens occasionally. The presented results demonstrate that AAPs exhibit 
activity against the selected mycobacteria, although their effectiveness varies 
among different species, with M. ulcerans showing high susceptibility and 
M. xenopi and M. simiae showing a greater level of resistance. A comparative 
analysis of the RNAP β and β' subunits primary structures revealed strain-specific 
polymorphisms that may contribute to differences in susceptibility. Given the high 
degree of conservation in the RNAP target structures, which cannot sufficiently 
explain the variations in compound activity, the study concludes that the activity 
must be influenced by factors beyond drug-target interaction, such as different 
bacterial metabolism and other evasion mechanisms.  

Own contributions 

Microbiological testing, Alignment analysis of target structures, preparation of figures, 
conceptualization of the draft, original draft preparation, review and editing 
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3) Summary & Discussion 

This section summarizes and discusses the key findings of the three studies that 
are the focus of this cumulative thesis, providing a comparative analysis of their 
contributions to the field. The discussion suggests future directions for research 
and development to enhance the potential of AAPs as mycobacterial RNAP 
inhibitors. 

3.1) Chemical Derivatization & Structure-Activity 
Relationship 

The chemical scaffold of AAPs contains an amino acid core - mostly phenylalanine 
or tyrosine - which is connected to two aromatic systems via amide bonds. This 
modular character, together with the well-studied field of peptide bond synthesis 
facilitates structural derivatization of the highly customizable AAP structure. 
During the course of this project, more than 100 distinct AAP molecules have been 
synthesized. While not all of these structures were published yet, each one of them 
contributed to our understanding of the chemical flexibility of AAPs in relation to 
their biological activity. The following paragraphs exclusively discuss the 
derivatives synthesized in the papers that constitute this cumulative thesis. An 
overview of the variety of substituents introduced is given in Figure 11. 
We based our synthetic approaches on the crystal structure of M. tuberculosis 
RNAP with D-AAP1 as published by Lin et al. and the patent by Ebright et al. that 
describes the preparation of a large set of AAPs [189], [196]. The patent discloses 
biological activities of the synthesized compounds against M. tuberculosis H37Rv, 
M. smegmatis ATCC 19420 and M. avium ATCC 25291, which we took into account 
when deciding on our own structural modifications.  
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Figure 11. Overview of substituents that were introduced to the AAP chemical 
scaffold in the present publications. Arrows indicate the overall effect on biological 
activity. Letters indicate in which publication the respective moieties were used for 
derivatization. 

3.1.1) General Synthetic Procedure 

The synthesis is usually achieved by an amide coupling of the 2- substituted aniline 
with an N-protected amino acid. The coupling reagent of choice for this reaction 
was T3P due to the practical purification process, enabled by the polar nature of 
the side products, and the exceptionally high yields of usually 80% – 90%, given the 
relatively non-nucleophilic anilines used as reactants. Derivatives of 2-
morpholinoaniline, if not commercially available, were synthesized by nucleophilic 
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substitution of a halogen atom, attached to a nitro-activated aromatic system and 
subsequent reduction of the nitro group by Pd-catalyzed reduction with hydrogen. 
After deprotection of the synthesized amide adduct, a second amide coupling 
between the amino acid nitrogen and an aromatic carboxylic acid was employed to 
yield the final AAP molecule. PyBOP or DEPBT were utilized as coupling reagents, 
depending on the polarity of the product and the reactivity of the aromatic 
carboxylic acid [187], [197]. 

3.1.2) Analysis of the Stereo Configuration 

In the patent by Ebright et al., the synthetic method was based on a racemic mixture 
of N-protected phenylalanine and preparative separation of the two resulting 
enantiomers with chiral column material on an HPLC system [196]. As enantiopure, 
protected phenylalanine is a readily available starting material and chiral 
preparative HPLC columns are costly, one of the key goals of establishing our 
synthetic pathway was to achieve the conservation of the critical (R) stereo 
configuration of the amino acid core throughout the entire sequence. Therefore, the 
synthetic procedures we published earlier were refined and adapted [198]. We 
analyzed the stereo configuration at each step of the synthetic sequence by chiral, 
analytical HPLC to verify conformity. The evaluation showed an enantiomeric 
excess of the intermediates and final products of 99% indicating a very high degree 
of stereo conservation [190]. 

3.1.3) Derivatization of the Amino Acid Core 

The choice of an amino acid core (R1) other than phenylalanine is strongly restricted 
by the fact that the space offered by the lipophilic binding pocket of the target is 
already largely occupied by one phenyl group. Only tyrosine derivatives were found 
to exhibit biological activity comparable to the phenylalanine compounds [190], 
[196]. The sterically and electronically similar thiophenyl substituents [190] also 
demonstrated activity which suggests that other aromatic heterocycles at this 
position may offer interesting features. However, this area of derivatization is 
currently understudied. 

3.1.4) Derivatization of the Aroyl-Moiety (R2) 

Analyzing the target crystal structure suggests that altering R2 is only promising in 
the ortho-position and not in meta- or para-position to the amide bond. This is also 
indicated by the patent, in which the latter substitutions mainly resulted in 
compounds with a loss of biological activity. Halogen atoms and methyl groups are 
tolerated in the ortho-position, while spatially more demanding groups like ethyl 
resulted in a loss of activity. Interestingly, a 4-indole substituent was introduced, 
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and the resulting compound still showed activity that is comparable to 
MMV6888845 against M. tuberculosis. The synthesis of other heteroaromatic 
derivatives could yield promising candidates in the future but was not part of the 
synthetic projects presented here. 

3.1.5) Derivatization of Morpholinoaniline-Moiety (R3) 

Both the crystal structure by Lin et al. and the patent by Ebright et al. revealed that 
the module exhibiting the greatest tolerance to chemical changes in regard to the 
resulting biological activity, is the morpholino moiety of MMV688845 or the methyl 
group of D-AAP1, respectively (the R3 region in Figure 11) [189], [196]. Piperazine, 
quinoline, indazole, methoxy, monofluormethoxy and difluormethoxy groups were 
employed as substituents at the aromatic system, yielding compounds with similar 
or better in vitro activity against M. tuberculosis compared to MMV688845 [196]. 
The highest activity that has been reported in the patent is an MIC90 of 0.39 µM (0.19 
µg/mL) and belongs to a compound containing a methoxy group [196]. The highest 
activity against M. avium was reported with an MIC90 of 0.43 µM (0.19 µg/mL). The 
highest activities reported in the presented publications were found for AAPs which 
contain a thiomorpholine S-oxide, e.g. an MIC90 of 0.15 µM with a thiomorpholine 
sulfone containing compound against M. tuberculosis (compound 2 in publication 
II [190], for more details on biological activity see section 3.2). The introduction of 
these substituents into the AAP compounds generally resulted in enhanced activity 
in growth inhibition assays. 
These compounds were synthesized by oxidation of the respective thiomorpholine 
precursors with different oxidizing agents. The use of an excess amount of m-
chloroperbenzoic acid in dichloromethane resulted in the formation of the sulfone 
in good yields. The corresponding sulfoxides were formed by treatment with one 
equivalent of sodium periodate (NaIO4) in methanol/acetonitrile mixtures. Both 
reactions can be carried out directly after the nucleophilic substitution of 
thiomorpholine to an aromatic halonitroarene or after the first amide coupling with 
phenylalanine [190]. We also attempted to obtain sulfone products through direct 
nucleophilic aromatic substitution using commercially available thiomorpholine 
sulfone. However, this proved to be challenging due to the lower degree of 
nucleophilicity of thiomorpholine sulfone in comparison to thiomorpholine. A 
Buchwald-Hartwig amination resulted in the desired product but was not 
performed routinely. Substitution with thiomorpholine and subsequent oxidation 
proved to be more efficient as reactions are metal-free and both S-oxides (sulfone 
and sulfoxide) can be synthesized from the same precursor with good yields. Only 
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strongly activated aromatic systems, e.g. 1,3-difluoro-2-nitrobenzene, reacted 
directly with thiomorpholine sulfone directly [197]. 
A review of the literature of sulfoxides and sulfones reveals their importance as 
functional groups in modern drug design [199], [200], [201]. Several approved 
drugs and drugs in clinical trials contain sulfones. Sulfoxides are far less abundant 
as structural components in clinically used substances, with the prominent 
exception of proton pump inhibitory benzimidazoles. An overview of drugs with S-
oxides is given in Figure 12. These groups can act as hydrogen bond acceptors for 
improved target binding, their lower lipophilicity can increase bioavailability. For 
example, in figoltinib, the exchange of morpholine to thiomorpholine dioxide 
improved metabolic stability and bioavailability and was carried through to clinical 
trials subsequently [202], [203]. The high electronegativity reduces the electron 
density in adjacent areas of the molecule, which in our case reduces the basicity of 
the aromatic amine. This could be beneficial for hERG toxicity profiles [199]. 
Sulfoxides, due to their high polarity, can give the AAPs a 10-fold increase in 
aqueous solubility [190]. 

 

Figure 12. Selection of clinically used compounds with S-oxides as structural 
elements. 
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3.1.6) Necessity of Tertiary Nitrogen in Morpholine-like Derivatives 

Another aspect that was analyzed during our structure-activity-relationship 
studies is the necessity of the tertiary aromatic amine that is part of the morpholino 
moiety [190]. The synthesis involved a carbon-carbon coupling of a tosyl hydrazone 
intermediate with an aromatic boronic acid [204]. The resulting derivatives 
demonstrated complete loss of activity, indicating the necessity of the geometry of 
the tertiary nitrogen rather than the tetrahedral geometry of an sp³ hybridized 
carbon. This phenomenon seems to be exclusive to derivatives containing a 
morpholine-like moiety. In contrast, AAPs with smaller substituents in the ortho-
position to the anilide bond, for example D-AAP1, have been observed to retain 
activity without the need for nitrogen. This can be attributed to the steric demand 
of the (thio)morpholine ring system, which may necessitates a distinct binding 
mode. 

3.1.7) N-Methylation of Amide Bonds 

For the preparation AAP derivatives that contain methyl groups at the nitrogen of 
the amide bonds, either commercially available Boc-N-methyl-D-phenylalanine 
was used, or N-methyl-2-morpholinoaniline was synthesized by the formation of 
the formamide of 2-morpholinoaniline and subsequent reduction with LiAlH4. 
N-Methylation was pursued as a method to impede hydrolysis of the amide bonds 
[205], yet this kind of modification can also prove beneficial when aiming to 
enhance membrane permeability, as it was shown for cyclopeptides [206]. When 
considering the inherently lipophilic mycomembrane that acts as a barrier to the 
target of AAPs, ensuring permeation is crucial. However, N-methylation of AAPs led 
to a complete loss of activity [197], which was probably due to the methyl group 
forcing the amide bonds into the energetically unfavorable cis-confirmation, 
altering the geometry of the molecule to an extent which prevents target binding 
[207]. Furthermore, it did not enhance microsomal stability, rendering the concept 
of N-methylation unsuitable for further consideration [197]. 
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3.2) Antimycobacterial Activity of AAP Derivatives 

The microbiological methods employed in the presented papers are integral to our 
research on AAPs, as the in vitro assays for the evaluation of antimycobacterial 
activity provide a framework for evaluation and optimization of AAP candidates. 
Our initial analysis of a newly synthesized compound is a microdilution assay in 96-
well format against M. abscessus, M. smegmatis or M. intracellulare. By 
measurement of either optical density or RFP fluorescence of the bacterial 
suspensions we determine MIC90 values as a first line assessment of 
antimycobacterial properties. With the conducted inhibition assays, we 
demonstrated the potential of AAPs to reach MIC90 values of under 1 µM against 
M. abscessus, M. tuberculosis and M. intracellulare. A structural overview of the 
most active AAPs that were synthesized and characterized during the project is 
presented in Table 9. These derivatives demonstrate MIC90 values that are in a 
comparable range to the MIC90 values of antibiotics which are used against 
mycobacterial infections in the clinic. A selection of reported MIC90 values for 
comparison is given in Table 10. It has to be noted that the presented MIC90 values 
are defined as the concentrations that inhibit 90% of bacterial growth in 
comparison to uninhibited growth under the same conditions. This may differ from 
the way MIC90 values are defined in other publications, most of which have a clinical 
rather than a drug development background: a compound concentration that 
inhibits 90% of clinical isolate strains that have been tested. Therefore, it is most 
necessary to carefully read the methods sections of other publications before 
comparing values. 
Compounds that show low MIC90 values are advanced to be tested in a 
fluorescence-based M. abscessus macrophage infection model [190], [208]. The 
ability of certain mycobacteria to invade and replicate within human immune cells 
– particularly macrophages - creates a unique niche for their survival. To address 
this, the employed model determines growth inhibition within infected 
macrophages under the influence of compounds. AAPs show the tendency to be 
around 2-4 times less active in the macrophage infection model compared to the 
normal M. abscessus inhibition assay [190]. A striking observation was the near-
total loss of activity of highly polar AAPs that bear sulfoxide functional groups. We 
postulate that their high polarity makes it more difficult for them to pass across the 
two biological membranes (macrophage and bacterium). 
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Table 9. Selection of synthesized AAP derivatives with the highest activities against 
M. tuberculosis H37Rv (Mtb), M. abscessus ATCC 19977 (Mabs) and 
M. intracellulare ATCC 35761 (Mintra). Black compound numbering as in 
Publication I, Lang et. al., J. Med. Chem., 2023. Blue compound numbering as in 
Publication II, Lang et al., ChemMedChem, 2024. Orange compound numbering as 
in Publication III, Lang et al., Antibiotics, 2024. 
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Another important aspect of microbiological characterization is the determination 
of the sterilizing properties of drug candidates in the form of bactericidality assays 
and MBC calculation. There are not many drugs that are utilized in current anti-
M. abscessus therapy that show low MBC90 values, some of those being rifabutin, 
amikacin, imipenem, cefoxitin and moxifloxacin. Table 10 displays MIC90 values 
and MBC values from commonly used antimycobacterial antibiotics and compares 
them with a selection of AAP derivatives. Bedaquiline demonstrates a notable 
reduction of viable bacteria but with a delayed onset after around 10 days [185], 
[209]. The sterilizing properties of macrolides like clarithromycin show a strong 
dependency on the M. abscessus strain that is analyzed, and the results are further 
complicated by the inducible resistance mechanisms present in M. abscessus. This 
leads to seemingly contradictory MBCs published in the literature [92], [185], [210]. 
The bactericidal activity of AAP derivatives has been demonstrated in our 
experiments as displayed in Table 10. The MBC90 values for a set of the most active 
AAP derivatives are in the range 3.13 µM to 6.25 µM, which is comparable to the 
reported MBC90 of rifabutin of 5 µM [185]. Moxifloxacin as another highly 
bactericidal drug reaches MBC90 values of 2 – 12 µM. Still, in vivo conditions cannot 
be simulated well enough with this type of assay. To further evaluate the potential 
of AAPs, it would be an appropriate next step to test them against non-replicating 
persisters in ex vivo caseum or caseum surrogate. It is notable that many common 
antibiotics lose a significant portion of their sterilizing activity in caseum [211]. 
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Table 10. Comparison of MBC and MIC values of a selection of antibiotics and AAP 
derivatives against M. abscessus. Colors indicate identical compounds analyzed in 
different publications. ND: not determined. For structures of AAP derivatives see 
Table 9. 

Substance Ref. Broth 
MIC90 [µM] 

Broth 
MBC90 [µM] 

Broth 
MBC99 [µM] 

Imipenem 

[92]a 

5 12.5 ND 

Cefoxitin 16 25 ND 

Clarithromycin 0.2 >100 ND 

Moxifloxacin 2 3 ND 

Moxifloxacin 

[185]a 

6 2 ND 

Rifabutin 3 5 ND 

Amikacin 25 40 ND 

Bedaquiline 0.4 2 d ND 

Clarithromycin 0.4 2 ND 

Clarithromycin 
[210]b 

2.0 >16 >16 

Moxifloxacin 3 12 24 

MMV688845 [190], [212] 6.25 - 12.5 12.5 50 

20  

[190]c 

0.78 3.13 6.25 

14 3.13 6.25 12.5 

15 6.25 6.25 12.5 

24 0.78 3.13 25 e 

a MBCs determined after 5 days of incubation with M. abscessus Bamboo 
b MBCs determined after 3 days of incubation with M. abscessus ATCC 19977 
c MBCs determined after 4 days of incubation with M. abscessus ATCC 19977 
d MBCs determined after 10 days of incubation instead of 5 days 
e At 6.25 µM 98.6% of viable bacteria were sterilized 
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Assays conducted on M. tuberculosis were mostly performed by Uday S. Ganapathy 
and his coworkers in Thomas Dick’s laboratory at the Center for Discovery and 
Innovation (Nutley, NJ, USA). Advanced AAPs show nanomolar MIC90 values of 
down to 0.15 µM against M. tuberculosis underscoring their potential beyond the 
group of NTM [190], [197]. 
During my research stay at the Center for Discovery and Innovation, we were able 
to generate and analyze data from testing a set of structurally diverse AAPs against 
a large collection of different NTM. The results are presented in the joint publication 
in MDPI Antibiotics, publication III [191]. The aim of this project was to find out 
whether certain structural features of AAPs behave different against different 
species and to see if any NTM species show inherent resistance or unusual 
susceptibility to AAPs in general. An overview that displays a comparison of MIC50 
values between clarithromycin, MMV688845 and compound 3, the most active 
compound of publication II [197], is given in Figure 13. We observed activity for all 
AAPs especially within the M. abscessus complex and the M. avium complex. For 
the set of NTM that are rarely seen in human disease, the results were more diverse. 
M. ulcerans was unusually susceptible to AAPs, while the growth of M. xenopi and 
M. simiae was notably less inhibited. Clarithromycin shows a high activity against 
M. xenopi but not against M. simiae. This translates into clinical manifestations of 
M. simiae, for which extreme drug resistance to most antibiotics has been 
described, complicating therapy [89]. M. xenopi could have another mechanism of 
resistance which makes it particularly resistant to AAPs. To see if the target sites of 
AAPs differ between species, we conducted a comparing alignment analysis of the 
RNAP primary sequences of the strains used for testing. The results showed that 
the target site of AAPs between the β and β’ subunits is highly conserved. There are 
no amino acid variations that are crucial for AAP binding. This suggests that other 
mechanisms lead to higher resistance against AAPs in M. simiae and M. xenopi. 
These mechanism could be of metabolical nature, since AAPs could be susceptible 
to specialized enzymatic degradation processes. Morphological differences, such 
as cell wall composition or the presence or absence of distinct ABC transporter 
systems, could also contribute to the observed variations. 
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Figure 13. Overview of MIC50 values determined against strains of the M. abscessus 
complex, the M. avium complex and a set of different other NTM. CLR: 
clarithromycin; Compound 3: Improved AAP derivative; compound 3 in publication 
III [197]; MMV: MMV688845. 
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3.3) Metabolic in vitro Stability of AAPs 

Metabolic stability remains a significant challenge in the development of AAPs. The 
snapshot pharmacokinetic analysis conducted with female CD-1 mice indicates a 
very low oral bioavailability of the screening hit MMV688845 [212], which 
necessitates a detailed analysis of the metabolic stability of AAPs with in vitro 
testing methods. 
As MMV688845 is included in the Pathogen Box® it comes with a set of various 
predetermined pharmacokinetic parameters. The MMV data set showed that 
MMV688845 is degraded in mouse plasma with 60% remaining substance after 4 h. 
When our research team first published in vitro plasma stability data we 
determined a value of 60% after 2 h of incubation in murine plasma [190]. The 
compound did not show any instability in human plasma. The synthetic derivative 
that was tested (Compound 24) was not degraded in murine or human plasma, 
indicating higher stability than the screening hit MMV688845. This was also true for 
the derivatives presented in our ChemMedChem publication [197]. The exchange 
of morpholine to thiomorpholine dioxide could be the reason for the improved 
stability of these derivatives for the reasons stated in section 3.1.5). 
Additionally, the data set provided by MMV contained in vitro microsomal stability 
data as an indicator for hepatic metabolism and stability. The compounds were 
incubated in preparations of human or murine liver, which contain mainly enzymes 
of the p450 enzyme family that catalyze oxidative metabolic functionalization. 
MMV688845 was reported to have a microsomal half-life of 129 min in human 
microsomal suspensions and of 795 min in murine microsomal suspensions, 
indicating exceptional stability against hepatic enzymes. This result is 
contradictory to what we determined for MMV688845 [190], [197]. With half-lives 
of MMV688845 of only 1.7 min and 0.9 min in human and murine microsomal 
suspensions, the difference is striking. We did not have access to detailed protocols 
that MMV used for the determination. We can only suspect a methodological 
difference in the procedure, like the addition of NADPH to the incubated mixture.  
Microsomal half-lives were also determined for the set of sterically shielded AAPs 
that we synthesized in publication II [197]. We hypothesized that hydrolysis of 
amide bonds, in particular of the electron deficient anilide bond, lead to low 

microsomal stability. Βy the addition of small substituents we tried to sterically 
shield the amide bonds from the enzymes catalyzing hydrolysis that are present in 
the microsomal suspensions like carboxylesterases [213]. The derivatization in 
close proximity to the amide bonds indeed improved the stability of the compounds, 
but unfortunately at the expense of in vitro activity. In particular, the addition of a 
methyl or fluoro substituent to the anilide bond provided increased stability. In the 
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future, the integration of amide bond bioisosteres to the AAP scaffold could remove 
the hydrolytic liability.  
Still, it seems that other, probably oxidative, reactions degrade AAPs, which makes 
a detailed identification of the formed metabolites imperative for successful 
improvement. We suspect that the morpholine moiety is the main source of 
instability as it is known that unsaturated heterocycles are often susceptible to 
electrophilic oxidation mediated by p450 enzymes [214]. For instance, lowering the 
general lipophilicity of the saturated ring or the addition of fluoro substituents 
improved microsomal stability [215]. The higher electron deficiency of 
thiomorpholine S-oxides in comparison to morpholine should already lead to a 
higher stability of the aliphatic ring system [199]. However, as these derivatives also 
do not show improved stability compared to MMV688845, we need more insight into 
the metabolism of these substances. Identification of metabolites of substances 
containing thiomorpholine S-oxides appears imperative. At this stage of research, 
we do not know whether the aliphatic ring system is oxidized or whether another 
part of the molecule, e.g. the aromatic rings, are (also) affected by microsomal 
enzymes. To address this lack of information, extensive metabolic experiments are 
currently conducted. 
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3.4) Target, Structural Insights & Binding Mode 

The first time that an AAP compound was tested for activity against M. tuberculosis 
RNAP σA-holoenzyme was almost 15 years ago, when a high-throughput screen of 
114,260 compounds was initiated in 2009 by Dr. Scott Diamond and Dr. Edison 
Lucumi at the University of Pennsylvania, as disclosed in the thesis of Soma Mandal 
[188]. The library was tested, and 88 hits could be confirmed. Of these, 15 
compounds were found to inhibit M. tuberculosis in culture and one of the 
compounds was D-AAP1. Unfortunately, the details of this screen were never 
published. Lin et al. only state that information about the screen would be 
published elsewhere, which seems to have never happened [189]. It took until 2014 
and 2017 when the first studies were published that employed biochemical 
experiments like generation and analysis of resistant mutants and different in vitro 
transcription assays validating the target. The target was verified by us with the 
generation of resistant mutants of M. abscessus under the influence of MMV688845 
[212]. The resistant M. abscessus strains showed insusceptibility to novel AAP 
derivatives providing further proof of the target [190].  
The actual target site of AAPs was revealed utilizing an X-ray crystal structure of 
M. tuberculosis RNAP together with D-AAP1 [188], [189]. The published structure 
gave us a first insight into the binding mode of AAPs. With a resolution of 4.0 Å only, 
the structure still contains a high degree of uncertainty on the atomic level. This 
problem also carries over to the homology models that we prepared based on this 
structure [190]. Nevertheless, this approach allowed us to verify that the RNAP 
target site is highly conserved in M. abscessus, and that target binding should not 
be affected by differences in tertiary structure of the protein, compared to the 
M. tuberculosis target. We also demonstrated a high degree of target homology 
across different mycobacterial species indicating proper target binding of AAPs, 
which was verified by whole cell growth inhibition assays [191]. 
In the future, we need a more detailed structural analysis of the target to overcome 
the limitations of low-resolution structures. To do so, we established a 
collaboration with Professor Dr. Elizabeth Campbell (The Rockefeller University, 
Manhattan, NY) with the goal to resolve AAP compounds together with their target 
structure by cryo-EM analysis. Preliminary results indicate an encouraging 
resolution of 2.5 Å of the target site with compound 24 (publication I, [190]) that 
could be depicted in its binding pocket (see Figure 14, unpublished). A manuscript 
describing the new cryo-EM structure and further findings regarding the 
mechanism of action of AAPs is currently under preparation. 
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Figure 14. Preliminary 2.5 Å cryo-EM structure of M. tuberculosis RNAP together 
with compound 24 (Lang et. al., J. Med. Chem., 2023) bound to the AAP target site 
(unpublished).  
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3.5) Conclusion 

In conclusion, this dissertation demonstrates the potential of AAPs to become 
effective antimycobacterial agents. However, it also highlights the necessity for 
further optimization of their pharmacokinetic properties and a deeper 
understanding of metabolism in vivo. This comprehensive investigation lays a 
robust foundation for future research aimed to develop AAPs with enhanced 
stability and efficacy, paving the way for new treatments against a broad spectrum 
of mycobacterial infections. 
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5) Appendices 

5.1) Comment on Provided Supplementary Information 

The appended Supplementary Information provides additional methodologies and 
experimental data of the presented publications. The chemical documentation of 
intermediates and final products, including their written purity, NMR and MS 
documentation, and chemical procedures, is presented here. This document 
contains the published Supplementary Information documents that are accessible 
online, abbreviated by HPLC traces used for purity determination and NMR spectra. 
This decision was made in order to keep this thesis in a compact format. The 
excluded documentation can be found in the online versions of the documents. 
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