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Abstract: This study investigates the in vitro activity of Nα-aroyl-N-aryl-phenylalanine amides
(AAPs), previously identified as antimycobacterial RNA polymerase (RNAP) inhibitors, against a
panel of 25 non-tuberculous mycobacteria (NTM). The compounds, including the hit compound
MMV688845, were selected based on their structural diversity and previously described activity
against mycobacteria. Bacterial strains, including the M. abscessus complex, M. avium complex, and
other clinically relevant NTM, were cultured and subjected to growth inhibition assays. The results
demonstrate significant activity against the most common NTM pathogens from the M. abscessus
and M. avium complexes. Variations in activity were observed against other NTM species, with for
instance M. ulcerans displaying high susceptibility and M. xenopi and M. simiae resistance to AAPs.
Comparative analysis of RNAP β and β′ subunits across mycobacterial species revealed strain-specific
polymorphisms, providing insights into differential compound susceptibility. While conservation
of target structures was observed, differences in compound activity suggested influences beyond
drug–target interactions. This study highlights the potential of AAPs as effective antimycobacterial
agents and emphasizes the complex interplay between compound structure, bacterial genetics, and
in vitro activity.

Keywords: Nα-aroyl-N-aryl-phenylalanine amides; RNA polymerase; M. abscessus; NTM; non-
tuberculous mycobacteria; MMV688845; AAPs

1. Introduction

Within the field of infectious diseases, the exploration of mycobacterial infections has
always revolved around the formidable presence of Mycobacterium tuberculosis (Mtb), right-
fully claiming its place as a global health concern [1]. However, amidst this predominant
focus, a group of less discussed yet clinically relevant entities is emerging—non-tuberculous
mycobacteria (NTM) [2–5]. NTM, comprised of over 190 species, are ubiquitous in the
environment, inhabiting soil, water sources, and various organic substrates. These mycobac-
terial species, distinct from their tuberculosis-causing congener, have garnered increasing
attention in recent years due to their diverse clinical manifestations and growing signifi-
cance in healthcare settings worldwide [6].

While historically deemed harmless environmental dwellers, their potential to cause
diseases in immunocompromised populations and individuals with chronic respiratory con-
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ditions like cystic fibrosis [7–10] or bronchiectasis [11] has highlighted their clinical relevance.
NTM infections manifest across a spectrum of clinical presentations that includes pulmonary,
cutaneous [12,13], and disseminated forms. Often characterized by a protracted and subtle on-
set, these infections cause diagnostic dilemmas that lead to delays in appropriate therapeutic
interventions, thereby amplifying patient morbidity and mortality rates.

Epidemiological studies worldwide unveil a rising trend in NTM-associated dis-
eases [14–16], particularly among immunocompromised populations and individuals with
chronic respiratory conditions. Moreover, advancements in diagnostic modalities, including
molecular techniques and improved culturing methodologies, have unveiled a previously
underestimated burden of NTM infections, underscoring the need for heightened clinical
vigilance and a deeper understanding of their pathogenic mechanisms.

While the majority of NTM-related pulmonary infections are attributed to species such
as the Mycobacterium avium complex (MAC) [10,17,18], and Mycobacterium abscessus complex
(MABC) [19,20], there exist lesser-known species that sporadically provoke pulmonary mani-
festations. Their occurrence and distribution exhibit notable regional disparities, reflecting
diverse environmental reservoirs and varying host susceptibilities across geographical re-
gions [16,21]. Understanding the clinical relevance of these less common NTM species in
pulmonary infections is crucial, especially in instances where conventional diagnostic tests
may fail to identify the causative organism promptly. Their infrequent occurrence underscores
the importance of vigilance among clinicians and microbiologists to consider these NTM
species in the differential diagnosis of chronic or refractory pulmonary conditions.

Beyond their clinical impact, the management of NTM infections presents a formidable
challenge. Their innate resistance to most anti-tubercular agents and other antibiotics,
coupled with variations in susceptibility profiles among different species, necessitates
tailored therapeutic regimens based on accurate identification and susceptibility testing as
well as new antimycobacterial drugs to secure the treatment of patients.

Nα-aroyl-N-aryl-phenylalanine amides (AAPs) represent a compound class that has
displayed promising activity against Mtb and Mycobacterium abscessus [22–24], offering a
potential avenue for novel therapeutic interventions against these challenging infections.
Research exploring the medicinal chemistry [25–27] and antimycobacterial properties [28]
of AAPs has shown encouraging results in vitro, demonstrating their ability to inhibit the
growth of different mycobacterial species. This compound class’s mechanism of action
targets the essential mycobacterial RNA polymerase (RNAP) [29], disrupting key cellular
processes and counteractions vital for their survival and propagation.

This study attempts to delve into the field of clinically relevant NTM species and their
susceptibility to the promising compound class of AAPs. Therefore, a selection of active
AAPs was tested against a broad panel of NTM to evaluate the therapeutic potential of
the substance class across a broader range of NTM infections. We focused largely on type
strains that are available from culture collections to allow for comparability. In addition
to the published activity data of AAPs against M. abscessus subsp. abscessus, the two other
subspecies of M. abscessus, subsp. massiliense and subsp. bolletii, are evaluated as well as
a panel of clinical isolates of the M. abscessus complex. For the M. avium complex, two
different strains of M. avium subsp. hominissuis (the most virulent M. avium subspecies for
humans), M. intracellulare, and M. chimaera were tested. The set selected for mycobacteria
that have occasionally emerged as human pathogens consists of their respective laboratory-
type strains. It also contains the two soft tissue pathogens M. marinum and M. ulcerans, the
causative agents of fish tank granuloma [30] and Buruli ulcer [31], respectively. A compar-
ative approach serves as a foundation for unraveling the relationship between bacterial
genomic diversity and antibiotic responses, ultimately contributing to the advancement of
targeted antimicrobial therapies in the face of evolving mycobacterial resistance.
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2. Results and Discussion
2.1. Selection of Nα-Aroyl-N-Aryl-Phenylalanine Amide Compounds

The compounds selected for assessment against the strains described in this study
were synthesized and characterized as described previously [25,32]. The selection of the
test set considered their activity against previously tested mycobacteria, as well as diverse
structural features that could affect the activity against different NTM species. Compounds
1 to 7 were synthesized during a detailed SAR study that varied the ring systems of the
chemical scaffold in the search for better activity against NTM. The morpholine moiety was
substituted by thiomorpholine sulfoxides and sulfones, which proved advantageous for the
activity and solubility of the compound class, in addition to the exchange of the thiophene
carboxylic acid amide to 2-fluorobenzoic acid amides. Compound 6 was included because
it showed high activity while harbouring the hydroxyl group [25]. We also wanted to
determine the influence of 5-fluoro substitution in para-position to the morpholine moiety
(compounds 4 to 6). Compounds 8 to 10 showed high anti-NTM activity and have been
synthesized and tested in a previous study with the aim to improve the stability of the
compound class by additional sterical hindrance of the amide bonds [32]. The molecular
structures of the tested compounds are given in Scheme 1 while their previously published
activities against NTM can be found in Table 1. For comparative purposes, the initial hit
compound of phenylalanine amides, MMV688845 (MMV), was included. Additionally,
clarithromycin (CLR) was used as a positive control due to its clinical relevance.
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Table 1. Overview of previously published MIC90 values for the compound test set utilized in
this study. Shown values were calculated from two technical replicates. For detailed information
regarding the determination of these values, see the respective reference.

M. abscessus
subsp. abscessus

ATCC 19977

M. tuberculosis
H37Rv

M. intracellulare
subsp. intracellulare

ATCC 35761
Ref.

ID MIC90 [µM] MIC90 [µM] MIC90 [µM]
MMV 6.3 0.78 0.78

[25]

1 3.13 0.40 0.10
2 6.25 0.78 0.10
3 3.13 0.20 0.10
4 3.13 0.40 0.05
5 6.25 0.78 0.20
6 6.25 0.78 0.05
7 0.78 0.20 0.05 [25,32]
8 0.78 0.15 0.025

[32]9 3.13 0.66 0.10
10 1.56 0.40 0.40

2.2. Inhibition of M. abscessus Complex

All the AAPs that were tested displayed activity against the selected Mycobacterium
abscessus complex strains. An overview of the calculated MIC50 values is given in Table 2.
As microbial populations are often diverse and different strains may respond differently to
antimicrobial agents under assay conditions, we decided to utilize the MIC50 as a comparative
measure of activity, because in some cases, MIC50 values may reflect a more representative
and comparable average than MIC90 values, as the latter can be influenced by outliers and/or
growth and plate effects [33]. The respective MIC90 values for each compound and strain
calculated from the same data sets are displayed in the Supplementary Materials.

Table 2. MIC50 values of a selection of AAPs against type strains of the Mycobacterium abscessus
complex. Cell shading from green to red indicates high to low activity. The displayed values are
average values of two technical replicates.

M. abscessus
subsp. abscessus

ATCC 19977

M. abscessus
subsp. massiliense

CCUG 48898-T

M. abscessus
subsp. bolletii
CCUG 50184-T

ID MIC50 [µM] MIC50 [µM] MIC50 [µM]
CLR 0.1 0.1 0.3

MMV 1.5 1.9 2.1
1 0.7 0.7 1.5
2 0.4 0.5 1.3
3 0.2 0.3 0.6
4 0.4 0.4 0.8
5 0.4 0.3 0.7
6 0.8 0.4 1.3
7 0.2 0.2 0.7
8 0.2 0.1 0.3
9 0.5 0.3 1.1
10 0.3 0.3 0.6

Testing CLR and the AAP hit compound MMV resulted in MIC50 values well compa-
rable to those reported in the literature [22,33] (see Figure 1 for exemplary dose–response



Antibiotics 2024, 13, 404 5 of 14

curves). The obtained MIC50 values of the AAPs are generally in the low micromolar
concentration range between 0.1 µM and 2.1 µM. While the MIC50 values against subsp.
abscessus were comparable to those against subsp. massiliense, there was a pattern of slightly
lower activities against subsp. bolletii, which was also reported for other antibiotics [34].
Structures containing a sulfone moiety generally exhibit lower MIC50 values, with com-
pound 8 displaying the highest activity against all subspecies (subsp. abscessus: 0.2 µM,
subsp. massiliense: 0.1 µM, subsp. bolletii: 0.3 µM) translating to a 7-19-fold enhancement
in activity against the various subspecies when compared to the hit compound MMV.
Compound 7 and 8 that exhibited promising in vitro activity (MIC90 of 0.78 µM) against M.
abscessus subsp. abscessus ATCC 19977 were further investigated against a range of clinical
isolates of the M. abscessus complex, expanding the evaluation to a broader range of geno-
types within this species (Table 3). The results demonstrated a comparable potency to the
type strains, confirming their potential as effective antimicrobial agents for the treatment of
M. abscessus infections.
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Table 3. MIC50 values of a selection of AAPs against a panel of Mycobacterium abscessus complex
clinical isolates. Cell shading from green to red indicates high to low activity. The displayed values
are average values of two technical replicates. For detailed information on the origin of clinical
isolates, see Section 3.

M. abscessus
subsp. abscessus

Bamboo

M. abscessus
subsp. abscessus

M9

M. abscessus
subsp. abscessus

M199

M. abscessus
subsp. abscessus

M337

M. abscessus
subsp. abscessus

M404
ID MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM]

CLR 0.1 0.2 0.4 0.2 0.1
MMV 1.7 1.8 1.8 1.4 1.7

7 0.4 0.4 0.4 0.3 0.4
8 0.2 0.3 0.3 0.3 0.3

M. abscessus
subsp. abscessus

M422

M. abscessus
subsp. bolletii

M232

M. abscessus
subsp. bolletii

M506

M. abscessus
subsp. massiliense

M111
ID MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM]

CLR 0.2 0.3 0.1 0.05
MMV 1.2 1.9 1.4 0.6

7 0.2 0.4 0.3 0.2
8 0.2 0.4 0.2 0.2
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2.3. Inhibition of M. avium Complex

The examined AAPs demonstrate substantial activity against the selected M. avium
complex strains, with the determined MIC50 values being in line with those against the M.
abscessus complex (Table 4). A promising observation is that these derivatives show potent
activity against the M. avium complex, with a 5-10-fold improvement in in vitro activity
over the hit compound MMV688845. The high clinical relevance of M. avium complex
infections, for which rifampicin’s therapeutic benefits are controversial, emphasizes the
potential of AAPs as novel RNAP inhibitors [29,35].

Table 4. MIC50 values of a selection of AAPs against type strains of the Mycobacterium avium complex.
Cell shading from green to red indicates high to low activity. The displayed values are average values
of two technical replicates.

M. avium
subsp. hominissuis

MAC109

M. avium
subsp. hominissuis

M. avium 11

M. intracellulare
subsp. intracellulare

ATCC 13950

M. intracellulare
subsp. chimaera

CCUG 50989
ID MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM]

CLR 0.4 0.4 0.2 0.3
MMV 3.2 1.0 1.0 1.1

1 1.3 0.5 1.6 0.6
2 1.1 0.5 1.0 0.6
3 0.8 0.4 0.6 0.4
4 0.7 0.3 0.6 0.3
5 0.6 0.3 0.5 0.4
6 0.4 0.2 0.7 0.3
7 0.8 0.3 0.4 0.3
8 0.4 0.1 0.2 0.2
9 1.4 0.6 0.7 0.6
10 0.6 0.3 0.4 0.3

2.4. Inhibition of Other NTM

The panel of AAPs was tested against a variety of NTM that occasionally occur as
human pathogens. The respective MIC50 values are displayed in Table 5. The selection
showed activities in a comparable range to those seen against the M. abscessus complex
and M. avium complex. Notable differences were seen for M. xenopi and M. simiae, against
which activities were reduced. While clarithromycin showed an MIC50 of 0.03 µM against
M. xenopi, M. simiae was less susceptible (MIC50 10.7 µM) to clarithromycin, which is
consistent with what has been reported in the literature [36–38]. M. ulcerans showed a
high susceptibility to AAPs with MIC50 values as low as 10 nM. A further difference
is that certain mycobacterial species react differently to 6, the only compound in which
phenylalanine is replaced by tyrosine. The presence of an additional hydroxyl group
reduces the activity in M. kansasii, M. malmoense, M. marinum and M. szulgai, with activities
always lower than those of the hit compound MMV. For M. ulcerans and M. xenopi, 6 shows
the highest activities among all tested compounds. This suggests that a higher polarity of
the compounds may be advantageous for in vitro activity against these strains.
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Table 5. MIC50 values of a selection of AAPs against type strains of the different NTM. Cell shading
from green to red indicates high to low activity. The displayed values are average values of two
technical replicates.

M. chelonae
ATCC 35752

M. fortuitum
ATCC 6841

M. szulgai
ATCC 35799

M. xenopi
ATCC 19250

M. ulcerans
S4018

M. marinum
ATCC 927

M. simiae
ATCC 25275

M. malmoense
ATCC 29571

M. kansasii
ATCC 12478

ID MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM]
CLR 0.1 0.6 0.2 0.03 0.05 1.6 10.7 0.2 0.2
MMV 0.7 1.3 0.4 16.2 0.24 0.5 12.4 1.1 0.3

1 0.3 1.2 0.7 5.9 0.08 1.4 23.0 0.9 0.8
2 0.2 0.7 0.4 4.3 0.05 0.6 9.8 0.7 0.3
3 0.2 0.8 0.4 2.1 0.04 0.4 9.3 0.8 0.3
4 0.2 0.5 0.5 2.1 0.03 0.9 9.1 0.9 0.3
5 0.3 0.4 0.3 1.1 0.03 0.5 4.3 0.8 0.1
6 0.2 0.6 0.7 0.6 0.01 2.0 7.3 1.9 0.6
7 0.1 0.4 0.2 2.0 0.03 0.2 3.9 0.4 0.1
8 0.1 0.2 0.1 0.8 0.01 0.2 2.9 0.2 0.1
9 0.3 1.0 0.4 2.7 0.05 0.7 12.5 0.7 0.3
10 0.2 0.5 0.2 1.5 0.03 0.4 5.5 0.5 0.2

2.5. Comparative Analysis of RNAP β and β’ Subunits

In this study, we employed comparative alignment analysis to investigate the genomic
diversity among the selected mycobacterial strains and elucidate whether alterations of the
protein primary structure within the binding pocket of AAPs could explain the observed
differences in AAP susceptibility. By integrating the primary target sequences of the β and
β′ RNAP subunits from the mycobacterial strains in protein–protein alignment (performed
within positions 450–600 and 800–880 for the β and β′ subunits, respectively, the complete
alignment in this area can be found in the Supplementary Materials), we identified strain-
specific amino acid variations in comparison to the reference sequence of a published
protein structure of Mtb RNAP that was co-crystallized with the AAP [29] analog D-AAP1
(PDB: 5UHE). An overview of the contacts of D-AAP1 and its RNAP binding site based on
PDB: 5UHE is given in Figure 2. AAPs are highly active against the Mtb-type strain ATCC
25618 H37Rv [22,24,25]. The results of the alignment analysis are displayed in Figure 3.
The table was constrained to show amino acid variations located within a 7 Å distance of
target-bound D-AAP1 [29] to the surrounding amino acids to limit the analysis to the area
around the binding site. Mtb RNAP positions that did not show variations for any strain
were excluded from the depiction as well as strains that did not show any polymorphisms
in these areas.

The overall sequence identity of the Mtb β subunit to the NTM β subunits is high (89%
to 95%), with the trend that the fast-growing mycobacteria (M. chelonae, M. fortuitum and M.
abscessus) show lower identity values (89–91%), while the skin pathogens M. ulcerans and M.
marinum have 95% identity each and even 99% identity in the region that contains the AAP
binding site (positions 450–600). M. chelonae, M. fortuitum, M. xenopi and M. abscessus all
display an alanine-to-glycine variation at position 565 of the β subunit in close proximity to
the AAP binding site. However, this variation does not appear to affect their susceptibilities
possibly due to the minor differences in volume and polarity between alanine and glycine.
In M. fortuitum, a leucine to methionine exchange (Grantham’s distance 15, a measure of
the similarity of amino acids in protein structures that combines the composition, volume
and polarity for comparison, in which small values indicate high similarity and high values
indicate low similarity [39]) occurs at position 560, which does not seem to result in lower
activities in this case. This particular position reportedly resulted in a resistant M. abscessus
Bamboo strain after a leucine to proline exchange [28] (Grantham´s distance 98). The
leucine at position 560 ensures a transition to a random coil formation (R562-V568) that is
in direct contact with AAP structures and is therefore crucial for the right orientation of
the binding pocket. As proline disrupts secondary structures, this variation could cause a
conformational change in the binding site that cannot be compensated. Additionally, M.
fortuitum and M. xenopi display a proline to serine exchange at position 477, which is an
essential lipophilic binding contact to AAP’s anilide aromatic system and the phenylalanine
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aromatic system. Its importance for the interaction was demonstrated by the formation
of a resistant mutant after a proline to leucine variation [28]. Leucine exhibits similar
lipophilic properties as the proline side chain, but its higher spatial demand causes clashes
with the anilide aromatic system and the random coil formation (R562-V568), altering the
arrangement of the binding pocket and leading to AAP resistance. The proline–serine
exchange of M. fortuitum and M. xenopi leads to a binding pocket that is less hydrophobic
but has a similar volume to the native proline conformation, resulting in AAP activity.
However, the binding of AAPs could be restricted due to the differences in polarity, which
might be a part of the explanation for the slightly lower activities in M. fortuitum and the
loss of activity against M. xenopi.
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ID MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM] MIC50 [µM] 
CLR 0.1 0.6 0.2 0.03 0.05 1.6 10.7 0.2 0.2 

MMV 0.7 1.3 0.4 16.2 0.24 0.5 12.4 1.1 0.3 
1 0.3 1.2 0.7 5.9 0.08 1.4 23.0 0.9 0.8 
2 0.2 0.7 0.4 4.3 0.05 0.6 9.8 0.7 0.3 
3 0.2 0.8 0.4 2.1 0.04 0.4 9.3 0.8 0.3 
4 0.2 0.5 0.5 2.1 0.03 0.9 9.1 0.9 0.3 
5 0.3 0.4 0.3 1.1 0.03 0.5 4.3 0.8 0.1 
6 0.2 0.6 0.7 0.6 0.01 2.0 7.3 1.9 0.6 
7 0.1 0.4 0.2 2.0 0.03 0.2 3.9 0.4 0.1 
8 0.1 0.2 0.1 0.8 0.01 0.2 2.9 0.2 0.1 
9 0.3 1.0 0.4 2.7 0.05 0.7 12.5 0.7 0.3 
10 0.2 0.5 0.2 1.5 0.03 0.4 5.5 0.5 0.2 
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In this study, we employed comparative alignment analysis to investigate the 

genomic diversity among the selected mycobacterial strains and elucidate whether 
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explain the observed differences in AAP susceptibility. By integrating the primary target 
sequences of the β and β′ RNAP subunits from the mycobacterial strains in protein–
protein alignment (performed within positions 450–600 and 800–880 for the β and β′ 
subunits, respectively, the complete alignment in this area can be found in the 
Supplementary Materials), we identified strain-specific amino acid variations in 
comparison to the reference sequence of a published protein structure of Mtb RNAP that 
was co-crystallized with the AAP [29] analog D-AAP1 (PDB: 5UHE). An overview of the 
contacts of D-AAP1 and its RNAP binding site based on PDB: 5UHE is given in Figure 2. 
AAPs are highly active against the Mtb-type strain ATCC 25618 H37Rv [22,24,25]. The 
results of the alignment analysis are displayed in Figure 3. The table was constrained to 
show amino acid variations located within a 7 Å distance of target-bound D-AAP1 [29] to 
the surrounding amino acids to limit the analysis to the area around the binding site. Mtb 
RNAP positions that did not show variations for any strain were excluded from the 
depiction as well as strains that did not show any polymorphisms in these areas. 

 
Figure 2. D-AAP1 target interactions based on PDB: 5UHE. (A) Two-dimensional summary of 
interactions. Purple arrows: hydrogen bonds; green lines: pi stacking interaction. (B) Three-
dimensional depiction of the binding pose. Yellow dashed lines: hydrogen bonds, blue dashed line: 
pi stacking interaction; turquoise dashed line: aromatic hydrogen bonds. Visualization generated 

Figure 2. D-AAP1 target interactions based on PDB: 5UHE. (A) Two-dimensional summary of inter-
actions. Purple arrows: hydrogen bonds; green lines: pi stacking interaction. (B) Three-dimensional
depiction of the binding pose. Yellow dashed lines: hydrogen bonds, blue dashed line: pi stacking
interaction; turquoise dashed line: aromatic hydrogen bonds. Visualization generated with the
Maestro graphical interface (Schrödinger Release 2022-3: Maestro, Schrödinger, LLC, New York, NY,
USA, 2021).

Comparing the sequence identities of the Mtb β′ subunit with their NTM counterparts,
we observed high degrees of homology (90–97% sequence identity), whereas the lowest
value of 90% was found for M. abscessus and the highest values were again found for M.
ulcerans and M. marinum, which showed 97% each. The β’ subunit of Mtb shows two
clusters of amino acids that build up the binding surface to AAPs. Only two variations
were observed within a 7 Å distance to the AAP binding site. A prominent variation that
all displayed NTM strains exhibit is the valine to isoleucine exchange at position 836. This
position is close to the aryl carboxylic acid amide structure of the AAPs and contributes
to the lipophilic surface that interacts with the aromatic system. We do not expect that
this amino acid exchange affects activities, as the additional methylene group in isoleucine
is not largely affecting the properties of the binding pocket in the matter of polarity. The
additional expansion does not appear to influence binding and activity. The only other
variation present was found in M. abscessus ATCC 19977, where phenylalanine 831 is
changed to tyrosine (Grantham’s distance 22). However, this alteration does not seem to
affect the activity against M. abscessus ATCC 19977. The side chain of the phenylalanine is
oriented away from the AAP binding site into an unrelated, open cleft resulting in no direct
interaction. Phenylalanine and tyrosine share similar properties, making it probable that
the same is true for tyrosine. Still, the exchange could lead to differences in the geometry of
the binding pocket due to its proximity to the binding site.
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M. abscessus Bamboo mutants (P477L; L560P). Dots represent amino acid identity. Green indicates 
above-average activity of the respective compound, while red indicates below-average activity. a: 
Published MIC50 value for M. tuberculosis ATCC 25618 [22]. 
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contains the AAP binding site (positions 450–600). M. chelonae, M. fortuitum, M. xenopi and 
M. abscessus all display an alanine-to-glycine variation at position 565 of the β subunit in 
close proximity to the AAP binding site. However, this variation does not appear to affect 
their susceptibilities possibly due to the minor differences in volume and polarity between 
alanine and glycine. In M. fortuitum, a leucine to methionine exchange (Grantham’s 
distance 15, a measure of the similarity of amino acids in protein structures that combines 
the composition, volume and polarity for comparison, in which small values indicate high 
similarity and high values indicate low similarity [39]) occurs at position 560, which does 
not seem to result in lower activities in this case. This particular position reportedly 
resulted in a resistant M. abscessus Bamboo strain after a leucine to proline exchange [28] 

(Grantham´s distance 98). The leucine at position 560 ensures a transition to a random coil 
formation (R562-V568) that is in direct contact with AAP structures and is therefore crucial 
for the right orientation of the binding pocket. As proline disrupts secondary structures, 
this variation could cause a conformational change in the binding site that cannot be 
compensated. Additionally, M. fortuitum and M. xenopi display a proline to serine 
exchange at position 477, which is an essential lipophilic binding contact to AAP’s anilide 
aromatic system and the phenylalanine aromatic system. Its importance for the interaction 
was demonstrated by the formation of a resistant mutant after a proline to leucine 
variation [28]. Leucine exhibits similar lipophilic properties as the proline side chain, but 
its higher spatial demand causes clashes with the anilide aromatic system and the random 
coil formation (R562-V568), altering the arrangement of the binding pocket and leading to 
AAP resistance. The proline–serine exchange of M. fortuitum and M. xenopi leads to a 
binding pocket that is less hydrophobic but has a similar volume to the native proline 
conformation, resulting in AAP activity. However, the binding of AAPs could be 

Figure 3. Variations in β and β′ RNAP subunits of mycobacterial strains compared to Mtb (sequence
numbering refers to Mtb β and β′ subunits derived from PDB: 5UHE). Violet indicators show
positions with direct drug-target contacts. Yellow indicators show positions that resulted in resistant
M. abscessus Bamboo mutants (P477L; L560P). Dots represent amino acid identity. Green indicates
above-average activity of the respective compound, while red indicates below-average activity.
a: Published MIC50 value for M. tuberculosis ATCC 25618 [22].

The aromatic system of the phenylalanine part of AAPs extends into a lipophilic cleft
of the β subunit. One of the constituents of the surface of this cleft is proline at position
477, which was previously discussed for M. fortuitum and M. xenopi. This amino acid is in
close proximity to the para position of the phenylalanine group of AAPs. In M. xenopi, the
exchange from proline to serine could induce a geometric shift that provides an additional
hydrogen bond between the serine backbone and the tyrosine hydroxyl group. This could
explain the higher potency of 6. However, for the strains that show reduced susceptibility
to 6, no variations in the lipophilic cleft were found, making it challenging to explain the
difference in activity.

3. Materials and Methods
3.1. Bacterial Cultures and Strains

For general bacteria culturing and inhibition experiments, Middlebrook 7H9 broth
(BD Difco) was supplemented with 0.5% albumin, 0.2% glucose, 0.085% sodium chloride,
0.0003% catalase, 0.2% glycerol, and 0.05% Tween 80®. Most bacterial strains analyzed in
this study were purchased as type strains either from the American Type Culture Collection
(ATCC) or the Culture Collection University of Goteborg (CCUG) as indicated. M. abscessus
subsp. abscessus Bamboo was isolated from the sputum of a patient with amyotrophic
lateral sclerosis and bronchiectasis and was provided by Wei Chang Huang, Taichung
Veterans General Hospital, Taichung, Taiwan. Clinical isolates covering the M. abscessus
complex (M9, M199, M337, M404, M422, M232, M506, and M111) were provided by Jeanette
W. P. Teo (Department of Laboratory Medicine, National University Hospital, Singapore).
Detailed information on the origin of these isolates is given in reference [40]. M. avium
subsp. hominissuis strain 109 (MAC109) was isolated from the blood of a patient with AIDS
and was provided by Petros C. Karakousis (Johns Hopkins University) [41]. M. avium
subsp. hominissuis strain 11 originates from the bone marrow of an AIDS patient suffering
from a disseminated infection caused by M. avium [22,42]. The isolate was provided by
Jung-Yien Chien and Po-Ren Hsueh, National Taiwan University Hospital, Taipei.



Antibiotics 2024, 13, 404 10 of 14

3.2. Growth Inhibition Assay

Growth inhibition assays were performed in 96-well plate format. The wells were filled
with 100 µL of supplemented 7H9 medium before dispending 10 mM compound stock
solutions in DMSO into the wells using a Tecan D300e digital dispenser. For each compound,
a 10-point 3-fold dilution series or a 10-point 2-fold dilution series was prepared that
typically started at a concentration of 100 µM. The DMSO concentrations were normalized
to 2%. The cultures of the respective bacterial strains were grown to the mid-log phase,
which was indicated by a measured OD600 between 0.4 and 0.6. A sufficient aliquot of the
culture was taken from the culture and diluted to an OD600 of 0.1 with fresh 7H9 medium
(1 × 107 CFU/mL). Next, 100 µL of the resulting bacterial suspension was used to inoculate
the prefilled wells, which resulted in a total volume per well of 200 µL with an OD600 of
0.05 (5 × 106 CFU/mL, 1% DMSO). Each plate included 8 untreated wells containing 1%
DMSO and 8 sterile wells for blank corrections. The plates were sealed with Parafilm®

(Bemis Company, Nennah, WI, USA), wrapped in damp paper towels, and placed in tight-
closing plastic boxes, before incubation at 37 ◦C and shaking at 110 rpm. Fast-growing
NTM (M. abscessus and subsp., M. fortuitum and M. chelonae) were incubated for 3 days as a
standard procedure, while the slow-growing strains (all the other strains) were incubated
for 5 days. Due to its particularly slow growth rate, M. ulcerans was incubated for 10 days.

3.3. Determination of MIC Values

To determine the minimal inhibitory concentration at 50% growth inhibition relative
to an untreated control (MIC50), OD600 values of each well were measured with a Tecan
Infinite M200 plate reader on day 0 and day 3, day 5 or day 10. Before measuring the OD
on the final day of analysis, the sedimented bacterial cells were resuspended with either
manual pipetting or with the use of an Eppendorf epMotion 5070 pipetting robot. On
day 0 and the final day of analysis, the average OD of the sterile wells was subtracted
from the remaining wells for blank correction. To generate the bacterial growth values
for every well, the blank-corrected day 0 values were subtracted from the blank-corrected
day 3/5/10 values. For each compound, the growth values of the two corresponding
untreated wells gave the average drug-free growth, which is equal to 100% growth/0%
inhibition. To calculate the % growth of each drug-containing well, their growth values
were related to their respective drug-free growth values. GraphPad Prism 10.0 was used
for graphical analysis, curve fitting and calculations. Dose–response curves were plotted
with % inhibition (=100% growth) versus compound concentration. For the calculation of
MIC values, the obtained data points were fitted utilizing a standard variable slope Hill
function (bottom asymptote value constrained to equal 0). The resulting function was used
to calculate MIC50. The values were calculated from two technical replicates and averaged
for each compound.

3.4. Protein–Protein Primary Structure Alignment

To compare the primary structures of the RNAP β and β′ subunits of different NTM,
we utilized the protein–protein BLAST algorithm provided by NIH (https://blast.ncbi.nlm.
nih.gov/Blast.cgi (accessed on 4 April 2024). The primary structures of the type strains
were obtained from the Pathosystems Resource Integration Center (PATRIC) database,
which is provided by the Bacterial and Viral Bioinformatics Resource Center (BV-BRC,
University of Chicago, https://www.bv-brc.org/ (accessed on 4 April 2024)). Additionally,
we retrieved the genome of MAC109 from Matern et al. [41]. The comparative genomics
analysis excluded M. abscessus subsp. massiliense, M. abscessus subsp. bolletii, M. abscessus
clinical isolates and M. avium subsp. hominissuis strain 11.

3.5. Visualization of Protein Models

For surface and interaction analysis as well as visualization of the Mtb RNAP 3D
structure (PDB: 5UHE [29]), we utilized UCSF ChimeraX (Resource for Biocomputing, Visu-
alization, and Informatics at the University of California, San Francisco, CA, USA) [43], as

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.bv-brc.org/
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well as the Maestro graphical interface (Schrödinger Release 2022-3: Maestro, Schrödinger,
LLC, New York, NY, USA, 2021).

4. Conclusions

AAPs that emerged as RNAP inhibitors against Mtb show promising in vitro activity
against a wide range of NTM. In addition to the M. abscessus complex and the M. avium
complex, we demonstrated that AAPs show in vitro activity against a less common yet clin-
ically relevant set of NTM. The majority of NTM were susceptible to AAPs and particularly
high activities were observed against M. marinum and M. ulcerans, while M. simiae and M.
xenopi showed a lower level of susceptibility. The various AAPs that were tested exhibit
comparable inhibition tendencies across different mycobacterial species. The data obtained
from these other mycobacteria align well with the previously published structure–activity
relationships. The comparative analysis of the target sequences of different mycobacterial
species, focusing on the binding pocket of AAPs, revealed a high degree of conservation
in both the primary and spatial structure within the relevant areas of the β and β’ RNAP
subunits, showing the potential value of AAPs as broad-spectrum anti-mycobacterial in-
hibitors. Variations in in vitro activities were observed among compounds with specific
structural elements, such as the para-hydroxy group in tyrosine (6). However, the ob-
served polymorphisms did not uniformly align with alterations in compound susceptibility,
underscoring the multifaceted nature of drug–bacteria interactions.

The study emphasizes the potential of AAPs as versatile antimycobacterial agents.
However, the variations in compound activity across different strains indicate the need for
further exploration into the interplay between compound structure and bacterial physiology.
The study’s conclusions are limited by the small number of strains used for each species.
Follow-up work should include testing a larger panel of clinical isolates to verify the results,
especially for the species that showed conspicuous features. This study offers valuable
insights into the susceptibility of NTM to AAPs and provides a basis for the development
of more effective treatments against a wide range of mycobacterial infections.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antibiotics13050404/s1, Table S1: MIC90 values of a selection of AAPs
against type strains of the Mycobacterium abscessus complex. The displayed values are average
values of two technical replicates. For detailed information on the origin of clinical isolates, see
Section 3 of the main manuscript. Table S2: MIC90 values of a selection of AAPs against a panel of
Mycobacterium abscessus complex clinical isolates. Cell shading from green to red indicates high
to low activity of the respective compound against the tested clinical isolates. The displayed values
are average values of two technical replicates. For detailed information on the origin of clinical
isolates, see Section 3 of the main manuscript. Table S3: MIC90 values of a selection of AAPs against
type strains of the Mycobacterium avium complex. Cell shading from green to red indicates high
to low activity of the respective compound against the tested NTM species. The displayed values
are average values of two technical replicates. For detailed information on the origin of clinical
isolates, see Section 3 of the main manuscript. Table S4. MIC90 values of a selection of AAPs against
type strains of the different NTM. Cell shading from green to red indicates high to low activity
of the respective compound against the tested clinical isolates. The displayed values are average
values of two technical replicates. For detailed information on the origin of clinical isolates, see
Section 3 of the main manuscript. Table S5: Alignment of RpoB primary sequences of all tested
strains from position 450–600. Position numbering refers to PDB: 5UHE. Dots represent amino acid
identity. Table S6: Alignment of RpoC primary sequences of all tested strains from position 500 to
580. Position numbering refers to PDB: 5UHE. Dots represent amino acid identity.

Author Contributions: Conceptualization, M.L. and A.R.; methodology, M.L. and U.S.G.; software,
M.L.; formal analysis, M.L. and U.S.G.; resources, T.D. and A.R.; data curation, M.L.; writing—original
draft preparation, M.L.; writing—review and editing, M.L., U.S.G. and A.R.; visualization, M.L. and
R.A.; supervision, T.D. and A.R.; project administration, A.R.; funding acquisition, T.D. and A.R. All
authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/antibiotics13050404/s1
https://www.mdpi.com/article/10.3390/antibiotics13050404/s1


Antibiotics 2024, 13, 404 12 of 14

Funding: This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation)—432291016 (to A.R.), the National Institute of Allergy and Infectious Diseases of the
National Institutes of Health under award number R01AI132374 (to T.D.), and the Mukoviszidose
Institut gGmbH (Bonn, Germany) project number 2202 (to A.R.), the research and development arm
of the German Cystic Fibrosis Association Mukoviszidose e.V.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon request.

Acknowledgments: We are grateful to Wei Chang Huang (Taichung Veterans General Hospital,
Taichung, Taiwan) for providing M. abscessus Bamboo, to Jeanette W. P. Teo (Department of Labo-
ratory Medicine, National University Hospital, Singapore) for providing M. abscessus clinical isolates
and for Jung-Yien Chien and Po-Ren Hsueh (National Taiwan University Hospital, Taipei) for providing
M. avium subsp. hominissuis strain 11. We are also grateful for the development and maintenance of the
molecular graphics and analysis software UCSF ChimeraX version 1.7, provided by the Resource for
Biocomputing, Visualization, and Informatics at the University of California, San Francisco, with support
from the National Institutes of Health R01-GM129325, the Office of Cyber Infrastructure and Computa-
tional Biology and National Institute of Allergy and Infectious Diseases. We acknowledge the financial
support of the Open Access Publication Fund of the Martin-Luther-University Halle-Wittenberg.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. World Health Organization. Global Tuberculosis Report 2023. Available online: https://www.who.int/teams/global-

tuberculosis-programme/tb-reports/global-tuberculosis-report-2023 (accessed on 18 December 2023).
2. Dartois, V.; Sizemore, C.; Dick, T. Editorial: NTM—The new uber-bugs. Front. Microbiol. 2019, 10, 1299. [CrossRef]
3. Wassilew, N.; Hoffmann, H.; Andrejak, C.; Lange, C. Pulmonary Disease Caused by Non-Tuberculous Mycobacteria. Respiration

2016, 91, 386–402. [CrossRef] [PubMed]
4. Ahmed, I.; Tiberi, S.; Farooqi, J.; Jabeen, K.; Yeboah-Manu, D.; Migliori, G.B.; Hasan, R. Non-tuberculous mycobacterial

infections—A neglected and emerging problem. Int. J. Infect. Dis. 2020, 92, S46–S50. [CrossRef] [PubMed]
5. Johansen, M.D.; Herrmann, J.L.; Kremer, L. Non-tuberculous mycobacteria and the rise of Mycobacterium abscessus. Nat. Rev.

Microbiol. 2020, 18, 392–407. [CrossRef] [PubMed]
6. Dahl, V.N.; Mølhave, M.; Fløe, A.; van Ingen, J.; Schön, T.; Lillebaek, T.; Andersen, A.B.; Wejse, C. Global trends of pulmonary

infections with nontuberculous mycobacteria: A systematic review. Int. J. Infect. Dis. 2022, 125, 120–131. [CrossRef] [PubMed]
7. Baird, T.; Bell, S. Cystic Fibrosis-Related Nontuberculous Mycobacterial Pulmonary Disease. Clin. Chest Med. 2023, 44, 847–860.

[CrossRef] [PubMed]
8. Brugha, R.; Spencer, H. Mycobacterium abscessus in cystic fibrosis: Environmental Mycobacteria share genes and evolve to become

pathogens. Science 2021, 372, 465–466. [CrossRef] [PubMed]
9. Richards, C.J.; Olivier, K.N. Nontuberculous Mycobacteria in Cystic Fibrosis. Semin. Respir. Crit. Care Med. 2019, 40, 737–750. [CrossRef]
10. Azar, M.; Zimbric, M.; Shedden, K.; Caverly, L.J. Distribution and outcomes of infection of Mycobacterium avium complex species

in cystic fibrosis. J. Cyst. Fibros. 2020, 19, 232–235. [CrossRef]
11. Park, I.K.; Olivier, K.N. Nontuberculous mycobacteria in cystic fibrosis and non-cystic fibrosis bronchiectasis. Semin. Respir. Crit.

Care Med. 2020, 36, 217–224. [CrossRef]
12. Wi, Y.M. Treatment of extrapulmonary nontuberculous mycobacterial diseases. Infect. Chemother. 2019, 51, 245–255. [CrossRef]

[PubMed]
13. Piersimoni, C.; Scarparo, C. Extrapulmonary infections associated with nontuberculous mycobacteria in immunocompetent

persons. Emerg. Infect. Dis. 2009, 15, 1351–1358. [CrossRef] [PubMed]
14. Prevots, D.R.; Marras, T.K. Epidemiology of Human Pulmonary Infection with Nontuberculous Mycobacteria: A Review. Clin.

Chest Med. 2015, 36, 13–34. [CrossRef]
15. Daniel-Wayman, S.; Adjemian, J.; Prevots, D.R. Epidemiology of Nontuberculous Mycobacterial Pulmonary Disease (NTM PD)

in the USA. In Nontuberculous Mycobacterial Disease; Springer Nature Switzerland AG: Cham, Switzerland, 2019; pp. 145–161.
[CrossRef]

16. Prevots, D.R.; Marshall, J.E.; Wagner, D.; Morimoto, K. Global Epidemiology of Nontuberculous Mycobacterial Pulmonary
Disease: A Review. Clin. Chest Med. 2023, 44, 675–721. [CrossRef] [PubMed]

17. Diel, R.; Nienhaus, A.; Ringshausen, F.C.; Richter, E.; Welte, T.; Rabe, K.F.; Loddenkemper, R. Microbiologic Outcome of
Interventions against Mycobacterium avium Complex Pulmonary Disease: A Systematic Review. Chest 2018, 153, 888–921.
[CrossRef] [PubMed]

https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2023
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2023
https://doi.org/10.3389/FMICB.2019.01299
https://doi.org/10.1159/000445906
https://www.ncbi.nlm.nih.gov/pubmed/27207809
https://doi.org/10.1016/J.IJID.2020.02.022
https://www.ncbi.nlm.nih.gov/pubmed/32114200
https://doi.org/10.1038/S41579-020-0331-1
https://www.ncbi.nlm.nih.gov/pubmed/32086501
https://doi.org/10.1016/J.IJID.2022.10.013
https://www.ncbi.nlm.nih.gov/pubmed/36244600
https://doi.org/10.1016/j.ccm.2023.06.008
https://www.ncbi.nlm.nih.gov/pubmed/37890921
https://doi.org/10.1126/SCIENCE.ABI5695
https://www.ncbi.nlm.nih.gov/pubmed/33926941
https://doi.org/10.1055/s-0039-1693706
https://doi.org/10.1016/J.JCF.2019.07.007
https://doi.org/10.1055/S-0035-1546751
https://doi.org/10.3947/IC.2019.51.3.245
https://www.ncbi.nlm.nih.gov/pubmed/31583858
https://doi.org/10.3201/EID1509.081259
https://www.ncbi.nlm.nih.gov/pubmed/19788801
https://doi.org/10.1016/J.CCM.2014.10.002
https://doi.org/10.1007/978-3-319-93473-0_7
https://doi.org/10.1016/J.CCM.2023.08.012
https://www.ncbi.nlm.nih.gov/pubmed/37890910
https://doi.org/10.1016/J.CHEST.2018.01.024
https://www.ncbi.nlm.nih.gov/pubmed/29410162


Antibiotics 2024, 13, 404 13 of 14

18. Koh, W.J.; Jeong, B.H.; Jeon, K.; Lee, N.Y.; Lee, K.S.; Woo, S.Y.; Shin, S.J.; Kwon, O.J. Clinical Significance of the Differentiation
between Mycobacterium avium and Mycobacterium intracellulare in M avium Complex Lung Disease. Chest 2012, 142, 1482–1488.
[CrossRef] [PubMed]

19. Boudehen, Y.M.; Kremer, L. Mycobacterium abscessus. Trends Microbiol. 2021, 29, 951–952. [CrossRef] [PubMed]
20. Victoria, L.; Gupta, A.; Gómez, J.L.; Robledo, J. Mycobacterium abscessus complex: A Review of Recent Developments in an

Emerging Pathogen. Front. Cell. Infect. Microbiol. 2021, 11, 659997. [CrossRef]
21. Spaulding, A.B.; Lai, Y.L.; Zelazny, A.M.; Olivier, K.N.; Kadri, S.S.; Prevots, D.R.; Adjemian, J. Geographic distribution of

nontuberculous mycobacterial species identified among clinical isolates in the United States, 2009–2013. Ann. Am. Thorac. Soc.
2017, 14, 1655–1661. [CrossRef]

22. Low, J.L.; Wu, M.L.; Aziz, D.B.; Laleu, B.; Dick, T. Screening of TB actives for activity against nontuberculous mycobacteria
delivers high hit rates. Front. Microbiol. 2017, 8, 1539. [CrossRef]

23. Richter, A.; Strauch, A.; Chao, J.; Ko, M.; Av-Gay, Y. Screening of preselected libraries targeting mycobacterium abscessus for drug
discovery. Antimicrob. Agents Chemother. 2018, 62, 10–1128. [CrossRef] [PubMed]

24. Ballell, L.; Bates, R.H.; Young, R.J.; Alvarez-Gomez, D.; Alvarez-Ruiz, E.; Barroso, V.; Blanco, D.; Crespo, B.; Escribano, J.; González,
R.; et al. Fueling Open-Source Drug Discovery: 177 Small-Molecule Leads against Tuberculosis. ChemMedChem 2013, 8, 313–321.
[CrossRef] [PubMed]

25. Lang, M.; Ganapathy, U.S.; Mann, L.; Abdelaziz, R.; Seidel, R.W.; Goddard, R.; Sequenzia, I.; Hoenke, S.; Schulze, P.; Aragaw, W.W.;
et al. Synthesis and Characterization of Phenylalanine Amides Active against Mycobacterium abscessus and Other Mycobacteria. J.
Med. Chem. 2023, 66, 5079–5098. [CrossRef] [PubMed]

26. Mann, L.; Lang, M.; Schulze, P.; Halz, J.H.; Csuk, R.; Hoenke, S.; Seidel, R.W.; Richter, A. Racemization-free synthesis of
Nα-2-thiophenoyl-phenylalanine-2-morpholinoanilide enantiomers and their antimycobacterial activity. Amino Acids 2021, 53,
1187–1196. [CrossRef] [PubMed]

27. Ebright, R.H.; Ebright, Y.W.; Mandal, S.; Wilde, R.; Li, S. Preparation of N-Alpha-Aroyl-N-aryl-Phenylalaninamides as Inhibitors
of Bacterial RNA Polymerase and as Antibacterials. U.S. Patent WO2015120320 A1, 13 August 2015.

28. Mann, L.; Ganapathy, U.S.; Abdelaziz, R.; Lang, M.; Zimmerman, M.D.; Dartois, V.; Dick, T.; Richter, A. In Vitro Profiling of
the Synthetic RNA Polymerase Inhibitor MMV688845 against Mycobacterium abscessus. Microbiol. Spectr. 2022, 10, e02760-22.
[CrossRef] [PubMed]

29. Lin, W.; Mandal, S.; Degen, D.; Liu, Y.; Ebright, Y.W.; Li, S.; Feng, Y.; Zhang, Y.; Mandal, S.; Jiang, Y.; et al. Structural Basis of
Mycobacterium tuberculosis Transcription and Transcription Inhibition. Mol. Cell 2017, 66, 169–179.e8. [CrossRef] [PubMed]

30. Hashish, E.; Merwad, A.; Elgaml, S.; Amer, A.; Kamal, H.; Elsadek, A.; Marei, A.; Sitohy, M. Mycobacterium marinum infection in
fish and man: Epidemiology, pathophysiology and management; a review. Vet. Q. 2018, 38, 35. [CrossRef]

31. Yotsu, R.R.; Suzuki, K.; Simmonds, R.E.; Bedimo, R.; Ablordey, A.; Yeboah-Manu, D.; Phillips, R.; Asiedu, K. Buruli Ulcer: A
Review of the Current Knowledge. Curr. Trop. Med. Rep. 2018, 5, 247–256. [CrossRef] [PubMed]

32. Lang, M.; Ganapathy, U.S.; Mann, L.; Seidel, R.W.; Goddard, R.; Erdmann, F.; Dick, T.; Richter, A. Synthesis and in vitro Metabolic
Stability of Sterically Shielded Antimycobacterial Phenylalanine Amides. ChemMedChem 2024, 19, e202300593. [CrossRef]

33. Van, N.; Degefu, Y.N.; Aldridge, B.B. Efficient Measurement of Drug Interactions with DiaMOND (Diagonal Measurement of N-Way
Drug Interactions); Humana: New York, NY, USA, 2021; pp. 703–713. [CrossRef]

34. Bastian, S.; Veziris, N.; Roux, A.L.; Brossier, F.; Gaillard, J.L.; Jarlier, V.; Cambau, E. Assessment of Clarithromycin Susceptibility in
Strains Belonging to the Mycobacterium abscessus Group by erm(41) and rrl Sequencing. Antimicrob. Agents Chemother. 2011, 55,
775. [CrossRef]

35. Schildkraut, J.A.; Raaijmakers, J.; Aarnoutse, R.; Hoefsloot, W.; Wertheim, H.F.L.; van Ingen, J. The role of rifampicin within the
treatment of Mycobacterium avium pulmonary disease. Antimicrob. Agents Chemother. 2023, 67, e00874-23. [CrossRef] [PubMed]

36. Van Ingen, J.; Boeree, M.J.; Dekhuijzen, P.N.R.; Van Soolingen, D. Clinical relevance of Mycobacterium simiae in pulmonary samples.
Eur. Respir. J. 2008, 31, 106–109. [CrossRef] [PubMed]

37. Nasiri, M.J.; Amini, S.; Nikpor, Z.; Arefzadeh, S.; Mousavi, S.M.J.; Goudarzi, H. Drug Susceptibility Testing of Mycobacterium
simiae: An Emerging Pathogen in Iran. Infect. Disord. Drug Targets 2020, 21, 619–622. [CrossRef] [PubMed]

38. Van Ingen, J.; Totten, S.E.; Heifets, L.B.; Boeree, M.J.; Daley, C.L. Drug susceptibility testing and pharmacokinetics question
current treatment regimens in Mycobacterium simiae complex disease. Int. J. Antimicrob. Agents 2012, 39, 173–176. [CrossRef]
[PubMed]

39. Grantham, R. Amino Acid Difference Formula to Help Explain Protein Evolution. Science 1974, 185, 862–864. [CrossRef] [PubMed]
40. Aziz, D.B.; Low, J.L.; Wu, M.L.; Gengenbacher, M.; Teo, J.W.; Dartois, V.; Dick, T. Rifabutin Is active against Mycobacterium

abscessus complex. Antimicrob. Agents Chemother. 2017, 61, 10–1128. [CrossRef] [PubMed]
41. Matern, W.M.; Bader, J.S.; Karakousis, P.C. Genome analysis of Mycobacterium avium subspecies hominissuis strain 109. Sci. Data

2018, 5, 180277. [CrossRef]

https://doi.org/10.1378/CHEST.12-0494
https://www.ncbi.nlm.nih.gov/pubmed/22628488
https://doi.org/10.1016/J.TIM.2021.06.006
https://www.ncbi.nlm.nih.gov/pubmed/34312062
https://doi.org/10.3389/FCIMB.2021.659997
https://doi.org/10.1513/ANNALSATS.201611-860OC
https://doi.org/10.3389/FMICB.2017.01539
https://doi.org/10.1128/AAC.00828-18
https://www.ncbi.nlm.nih.gov/pubmed/30012760
https://doi.org/10.1002/CMDC.201200428
https://www.ncbi.nlm.nih.gov/pubmed/23307663
https://doi.org/10.1021/ACS.JMEDCHEM.3C00009
https://www.ncbi.nlm.nih.gov/pubmed/37001025
https://doi.org/10.1007/S00726-021-03044-1
https://www.ncbi.nlm.nih.gov/pubmed/34259925
https://doi.org/10.1128/SPECTRUM.02760-22
https://www.ncbi.nlm.nih.gov/pubmed/36377951
https://doi.org/10.1016/j.molcel.2017.03.001
https://www.ncbi.nlm.nih.gov/pubmed/28392175
https://doi.org/10.1080/01652176.2018.1447171
https://doi.org/10.1007/S40475-018-0166-2
https://www.ncbi.nlm.nih.gov/pubmed/30460172
https://doi.org/10.1002/CMDC.202300593
https://doi.org/10.1007/978-1-0716-1460-0_30
https://doi.org/10.1128/AAC.00861-10
https://doi.org/10.1128/AAC.00874-23
https://www.ncbi.nlm.nih.gov/pubmed/37877693
https://doi.org/10.1183/09031936.00076107
https://www.ncbi.nlm.nih.gov/pubmed/18166593
https://doi.org/10.2174/1871526520999200727114148
https://www.ncbi.nlm.nih.gov/pubmed/32720607
https://doi.org/10.1016/J.IJANTIMICAG.2011.09.019
https://www.ncbi.nlm.nih.gov/pubmed/22099521
https://doi.org/10.1126/SCIENCE.185.4154.862
https://www.ncbi.nlm.nih.gov/pubmed/4843792
https://doi.org/10.1128/AAC.00155-17
https://www.ncbi.nlm.nih.gov/pubmed/28396540
https://doi.org/10.1038/SDATA.2018.277


Antibiotics 2024, 13, 404 14 of 14

42. Yee, M.; Klinzing, D.; Wei, J.R.; Gengenbacher, M.; Rubin, E.J.; Chien, J.Y.; Hsueh, P.R.; Dick, T. Draft Genome Sequence of
Mycobacterium avium 11. Genome Announc. 2017, 5, 10–1128. [CrossRef]

43. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Meng, E.C.; Couch, G.S.; Croll, T.I.; Morris, J.H.; Ferrin, T.E. UCSF ChimeraX:
Structure visualization for researchers, educators, and developers. Protein Sci. 2021, 30, 70–82. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1128/GENOMEA.00766-17
https://doi.org/10.1002/PRO.3943

	Introduction 
	Results and Discussion 
	Selection of N-Aroyl-N-Aryl-Phenylalanine Amide Compounds 
	Inhibition of M. abscessus Complex 
	Inhibition of M. avium Complex 
	Inhibition of Other NTM 
	Comparative Analysis of RNAP  and ’ Subunits 

	Materials and Methods 
	Bacterial Cultures and Strains 
	Growth Inhibition Assay 
	Determination of MIC Values 
	Protein–Protein Primary Structure Alignment 
	Visualization of Protein Models 

	Conclusions 
	References

