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Tuberculosis (TB), caused by Mycobacterium tuberculosis, re-
mains the leading cause of death from a bacterium in the
world. The global prevalence of clinically relevant infections
with opportunistically pathogenic non-tuberculous mycobacte-
ria (NTM) has also been on the rise. Pharmacological treatment
of both TB and NTM infections usually requires prolonged
regimens of drug combinations, and is often challenging
because of developed or inherent resistance to common
antibiotic drugs. Medicinal chemistry efforts are thus needed to
improve treatment options and therapeutic outcomes. Nα-

aroyl-N-aryl-phenylalanine amides (AAPs) have been identified
as potent antimycobacterial agents that target the RNA
polymerase with a low probability of cross resistance to
rifamycins, the clinically most important class of antibiotics
known to inhibit the bacterial RNA polymerase. In this review,
we describe recent developments in the field of AAPs, including
synthesis, structural characterization, in vitro microbiological
profiling, structure-activity relationships, physicochemical prop-
erties, pharmacokinetics and early cytotoxicity assessment.

1. Introduction

Mycobacterial infections constitute a global public health issue.
These infections can be classified as two types, viz. tuberculosis
(TB) and those caused by non-tuberculous mycobacteria (NTM).
TB continues to be the most lethal infectious disease caused by
a bacterium. According to the WHO, there was an estimate of
1.13 million TB deaths among HIV-negative people and an
estimated number of 167.000 deaths among people living with
HIV worldwide in 2022.[1] The etiological agent of TB is
Mycobacterium tuberculosis, a slowly dividing mycobacterium.
TB primarily manifests as lung disease (pulmonary TB) but can
also affect other organs and tissue (extrapulmonary TB).[2] NTM,
encompassing mycobacteria causing neither TB nor leprosy, are
also increasingly identified as opportunistic pathogens.[3] NTM
infections likewise predominantly manifest themselves as
pulmonary disease (NTM-PD), resembling pulmonary TB. Pa-
tients with structural lung diseases such as cystic fibrosis,[4]

bronchiectasis,[5] chronic obstructive pulmonary disease and a
history of pulmonary TB are at particular risk of developing
NTM-PD.[6] Since most countries in the world do not have
surveillance systems for NTM-PD, the epidemiological burden of

the disease is more difficult to estimate than for TB.[7]

Mycobacterium abscessus[8] and the Mycobacterium avium com-
plex (MAC)[8e] are among the clinically most relevant species
causing NTM-PD. Similar to M. tuberculosis, opportunistically
pathogenic NTM can also lead to less common extrapulmonary
diseases, such as cervical lymphadenitis in children,[9] skin and
soft tissue infections[10] and disseminated disease in patients
with compromised immune systems.[11]

Although advances have been made recently, treatment of
TB[12] and NTM infections[13] still requires multidrug regimens of
several months, because the pathogens occupy various infec-
tion niches with diverse microenvironments.[14] Monotherapies
can also accelerate the development of drug resistance.[15]

Rifamycins are a class of antibiotics that are particularly effective
against mycobacteria. Their antibacterial activity relies on
inhibition of the bacterial transcription through allosteric bind-
ing to the DNA-dependent RNA polymerase (RNAP) leading to
cell death.[16] The semi-synthetic rifampicin (also known as
rifampin) of the rifamycin family is a first-line anti-TB drug.[17]

Due to its exceptional sterilizing capability, it remains an
indispensable drug against drug-susceptible TB, even more
than 50 years after its introduction.[18] Nevertheless, M. tuber-
culosis strains resistant to rifampicin have become a particular
threat.[19] Cross-resistance between rifampicin and other semi-
synthetic rifamycin analogs, such as rifabutin and rifapentine,
which has been encountered in M. tuberculosis isolates,[20]

renders these analogs less promising as substitutes for
rifampicin in the therapy of drug-resistant TB. Rifampicin-based
regimens have particularly been recommended for the treat-
ment of the less common NTM-PD.[21] Although rifamycins have
been included in three-drug regimens to treat pulmonary MAC
infections, their role appears to be unclear.[21a,22] Rifabutin
exhibits bactericidal activity against M. abscessus in vitro[23] and
is being investigated in a clinical study to treat M. abscessus
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pulmonary disease.[24] Rifampicin and rifapentine are not active
against M. abscessus because of the pathogen’s intrinsic
resistance.[25] New RNAP inhibitors without cross-resistance to
rifamycins are thus required as new therapeutic options for TB
and NTM infections.

Nα-aroyl-N-aryl-phenylalanine amides (AAPs) have been
identified as a promising class of antimycobacterial agents that
selectively target the mycobacterial RNAP with a low probability
of cross-resistance to rifamycins. GlaxoSmithKline (GSK) first
discovered antimycobacterial activity of Nα-2-thiophenoyl-d-
phenylalanine-2-morpholinoanilide (1) in a phenotypic high-
throughput screening of an in-house compound library.[26] We
and others found R-1 (Figure 1) as a hit compound in whole cell
screenings of the Pathogen Box® library, provided by Medicines
for Malaria Ventures (MMV, Geneva, Switzerland) against M.
abscessus[27] and M. avium.[27a] Ebright and colleagues identified
the compound class as potent, selective and stereospecific
inhibitors of the mycobacterial RNAP in a screening of a
compound library by using an enzyme inhibition assay.[28]

Figure 1 shows their prototypical compound named D-
AAP1.[28a] Compound R-1 and D-AAP1 served as starting points
for microbiological profiling and lead optimization. Herein, we
give an account of recent developments in the field of AAPs,
including synthesis, structural and biological characterization,
structure-activity relationship (SAR), physicochemical and phar-
macokinetic properties and early cytotoxicity assessment.

2. Chemistry

2.1. Amide Bond Formation

AAPs can be thought of as modular structures comprising two
aromatic moieties attached to the amino and the carboxy group
of phenylalanine through amide bonds (Figure 1). This feature
facilitates structural variation via amide coupling reactions using
commercially available building blocks. Various methods for the
synthesis of AAPs, utilizing N-protected α-amino acids as
starting materials and different coupling reagents known from
peptide synthesis,[29] have been described. Ebright and col-
leagues reported the preparation of the prototypical D-AAP1
and a large variety of derivatives.[28a,30] The racemate DL-AAP1
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Figure 1. Chemical diagrams of R-1 (contained in the Pathogen Box® library
as MMV688845) and D-AAP1.[28a]
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was prepared from commercially available benzoyl-dl-phenyl-
alanine and o-toluidine with the aid of polymer-bound
carbodiimide and hydroxybenzotriazole (HOBt) as coupling
reagents. Since AAPs are stereospecific RNAP inhibitors (Sec-
tion 3.3), isolation of the enantiomerically pure compounds is
particularly desirable. As shown in Scheme 1, using enantiopure
benzoyl-d-phenylalanine (2) as starting material under the same
reaction conditions resulted in 10% ee of D-AAP1. In turn,
starting from benzoyl-l-phenylalanine afforded 10% ee of L-
AAP1. The enantiomers were then separated by chiral chroma-
tography. A second method mentioned by the same authors
utilized phosphorous oxychloride[31] as coupling reagent in
anhydrous pyridine and in the presence of imidazole.[30]

For the Nα-selenophenoyl analogue of D-AAP1, named D-
IX336, Ebright and co-workers reported a racemization-free
synthesis starting from Fmoc-d-phenylalanine (3, Scheme 2).[28a]

The carboxy group is activated with oxalyl chloride, and the
formation of the first amide bond is achieved by subsequent
reaction with o-toluidine, affording the Fmoc-N-(o-tolyl)-d-
phenylalanine amide 4. After removal of Fmoc with piperidine,
reaction with selenophene-2-carboxylic acid using T3P® (pro-
panephosphonic acid anhydride)[32] as coupling reagent in the

presence of N,N-diisopropylethylamine (DIPEA, also known as
Hünig’s base) affords D-IX336. 100% ee was reported for both
reaction steps. The T3P® coupling reagent is known for its
ability to result in a low degree of racemization of racemization-
prone carboxylic acid substrates.[33]

Recently, we established a two-step synthetic route to the
screening hit R-1 (Section 3.1), which avoids racemization.[34] We
conceived two pathways for this purpose. As outlined in
Scheme 3, racemization-free synthesis of R-1 was achieved by
reaction of Boc-d-phenylalanine (5) with 2-morpholinoaniline
using T3P® as coupling reagent in a mixture of ethyl acetate
and pyridine at 0° C, resulting in the formation of Boc-d-
phenylalanine-2-morpholino-anilide (6). After removal of the
protecting group, the 2-thiophenoyl group was introduced by
reaction with 2-thiophenecarboxylic acid and the PyBOP®
coupling reagent[35] in the presence of DIPEA. Virtually no
racemization occurred, as revealed by chiral HPLC (99.9% ee).
By analogy, the enantiomer S-1 could be obtained with 99.9%
ee from Boc-l-phenylalanine. Although a different N-protecting
group and different coupling reagent in each step were utilized,
the synthetic approach, viz. coupling of the carboxy group with
an arylamine in the first step and coupling of the amino group
with an arenecarboxylic acid in the second, is closely related to
the synthesis of D-IX336 by Ebright and colleagues[28a]

(Scheme 2).
The second pathway that we explored started from

unprotected d-phenylalanine (7).[34] As shown in Scheme 4,
compound 7 was first reacted with 2-thiophenecarbonyl
chloride to yield the Nα-thiophenoyl-d-phenylalanine 8, which
was then reacted with 2-morpholinoaniline in the presence of
PyBOP® and DIPEA in dichloromethane. Stereochemical evalua-
tion of the pathway revealed that the racemization appears to
occur almost exclusively in the amide coupling of the amino
acid carboxy group, i. e. in the second step, since compound 8
exhibited 99.1% ee. The formation of rac-1 was initially revealed
by X-ray crystallography of a crystal of the product (Section 2.3)
and subsequently confirmed by chiral HPLC and determination
of the specific rotation of the bulk material. Analogously,
starting from l-phenylalanine also resulted in virtually complete
racemization in the second step. It is known that N-acyl amino
acids like in 8 are more prone to racemization than carbamates,
viz. Fmoc- or Boc-protected amino acids such as 4 and 6, which
can be rationalized in terms of the higher NH acidity of N-acyl
amino acids than carbamates.[36] Moreover, the formation of a

Scheme 1. Synthesis of D-AAP1 from benzoyl-d-phenylalanine (2). PS-
Carbodiimide: polymer-bound carbodiimide; HOBt: hydroxybenzotriazole.

Scheme 2. Racemization-free synthesis of D-IX336 from Fmoc-d-phenyl-
alanine (3). Fmoc: fluorenylmethoxycarbonyl; T3P: propanephosphonic acid
anhydride.

Scheme 3. Racemization-free synthesis of R-1 from Boc-d-phenylalanine (5).
Boc: tert-butyloxycarbonyl; T3P: propanephosphonic acid anhydride; PyBOP:
benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate.

Scheme 4. Two-step synthesis of 1 from d-phenylalanine (7), resulting in
complete racemization. PyBOP: benzotriazol-1-yloxytripyrrolidinophospho-
nium hexafluorophosphate.
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hydroxy-benzotriazole ester upon activation of the carboxy
group with PyBOP® increases the electron-withdrawing effect
on the α-carbon atom and thus likely accounts for the observed
racemization. Enolization or oxazolone formation can be
considered as possible mechanisms.[37]

Eventually, we opted for the two-step method sketched in
Scheme 3 for the synthesis of a variety of analogues of the hit
compound R-1 for investigating structure activity relationships
(SAR) and hit-to-lead optimization (Section 4), as summarized in
Scheme 5.[38] Thus, an aniline building block is coupled to the
carboxy group of a Boc-protected aromatic α-amino acid 9 to
give the anilide 10. In general, 10 is obtained in good yields in
this step,[38–39] but introduction of a methyl group in ortho
position on the aniline moiety or on the aniline nitrogen atom
(Section 2.2) appears to decrease the yields considerably owing
to steric hindrance.[39] In the second step, aroylation of the α-
amino group after Boc removal yields the Nα-aroyl-amino acid
anilide 11. Nα-methyl R-1 was obtained by starting from
commercially available Boc-N-methyl-d-phenylalanine.[39] Like-
wise, steric hindrance of the α-amino group and the aryl
benzoic acids to be coupled seems to lower the yields.

Occasionally, we replaced PyBOP® by 3-(diethoxy-phos-
phoryloxy)-1,2,3-benzotriazin-4(3H)-one (DEPBT) as coupling
reagent in the second step shown in Scheme 5.[40] In general,
both seem to work equally well for the purpose, except for
amide coupling of the sterically hindered 2,6-dimethylbenzoic
acid for which DEPBT proved unsuitable.[39] DEPBT has the
advantage of forming highly polar by-products (diethylphos-
phate), which constitutes an advantage for chromatographic
work-up of polar products. Using PyBOP®, in contrast, results in
a less polar phosphoric acid triamide by-product, which proved
beneficial for chromatographic purification of less polar prod-
ucts. By way of example, we showed by chiral HPLC that
virtually no racemization took place in the synthesis of R-1 from
Boc-d-phenylalanine (and likewise for S-1 from Boc-l-phenyl-
alanine) using DEPBT as coupling reagent in the second amide
bond formation step.[38]

2.2. Aniline Building Blocks

Variation of the 2-morpholinoaniline moiety in the hit com-
pound R-1 is crucial for comprehensive SAR studies and

successful hit-to-lead optimization. Since postsynthetic chemical
alteration of this moiety might result in unintended changes to
other parts of the target AAP, a synthetic route in which the
aniline building block is modified prior to amide coupling is
preferred. Replacement of the morpholine ring by thiomorpho-
line was achieved by a solvent-free nucleophilic aromatic
substitution reaction (Scheme 6).[38] Heating 1-bromo-2-nitro-
benzene 12 to 120 °C in pure thiomorpholine gave the 4-(2-
nitrophenyl)thiomorpholine 13. Subsequent reduction of the
nitro group with aqueous hydrazine in ethanol using Pd/C as
catalyst[41] resulted in the desired 2-thiomorpholinoaniline 14.
H2 and Pd(OH)2/C in ethanol also proved suitable for reduction
of nitroaromatic precursors to the desired aniline building
blocks.[39] A microwave-assisted synthesis of 13 from 1-fluoro-2-
nitrobenzene and thiomorpholine in the presence of triethyl-
amine in dioxane (160 °C, 15 min), and subsequent reduction to
14 with H2 on Pd/C has been disclosed.[42] Of note, the synthesis
of 4-(2-nitrophenyl)morpholine and 13 via decarboxylative ipso
amination of the corresponding electron-deficient benzoic acid
has also been reported.[43]

Attempts to react commercially available thiomorpholine
1,1-dioxide in a nucleophilic aromatic substitution in analogy to
the first step shown in Scheme 6 have been unsuccessful,[38]

except for the highly electron-deficient 1,3-difluoro-2-
nitrobenzene.[39] We assume that the electron-withdrawing
effect of the oxido groups decreases the nucleophilicity of the
nitrogen atom. The nucleophilic aromatic substitution can be
replaced by a Buchwald-Hartwig amination[44] in this case
(Scheme 7), followed by reduction of the nitro group applying
the same method as for the reduction of 13 to 14, i. e. treatment
of 16 with aqueous hydrazine in the presence of Pd/C in
ethanol, to yield 17. Although Buchwald-Hartwig amination
proved to be suitable for the synthesis of 16, S-oxidation of 13

Scheme 5. General method for racemization-free synthesis of R-1 derivatives
11 from Boc-d-aromatic amino acids 9. R1=phenyl, p-hydroxyphenyl, 2- or
3- thiophenyl; R2=H, CH3, F; R

3=H, F; R4=2-thiophenyl, 2-fluorophenyl;
X=O, S, SO, SO2; Y=N, CH. Boc: tert-butyloxycarbonyl; T3P: propane-
phosphonic acid anhydride; TFA: trifluoroacetic acid; PyBOP: benzotriazol-1-
yloxytripyrrolidinophosphonium hexafluorophosphate.

Scheme 6. Two-step preparation of 2-thiomorpholinoaniline building blocks
14 from 1-bromo-2-nitrobenzene 12 for the synthesis of R-1 derivatives 11,
as shown in Scheme 5. R2=H, F.

Scheme 7. Two-step preparation of 4-(2-aminophenyl)thiomorpholine 1,1-
dioxide building blocks 17 from 1-bromo-2-nitrobenzene 14 for the
synthesis of R-1 derivatives 11, as shown in Scheme 5. R2=H, F. BINAP: 2,2-
bis(diphenylphosphino)-1,1-binaphthyl.
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turned out to be more efficient with regard to experimental
procedure, reaction yields and avoidance of palladium as a
catalyst in the C� N bond formation step. Furthermore, it also
facilitates the synthesis of the corresponding sulfoxide 18, after
applying the appropriate oxidizing agent and reaction
conditions.[38] As shown in Scheme 8, treatment of 13 with
NaIO4 yields the sulfoxide 18, whereas treatment with m-
chloroperbenzoic acid (m-CPBA) affords the sulfone 16. The
increased polarity resulting from S-oxidation at this stage may
hamper purification of consecutive products by normal phase
column chromatography. Alternatively, S-oxidation using NaIO4

or m-CPBA can be conducted at the stage of the Boc-protected
anilide 10 when X=S (Scheme 5).[38] Oxidation reactions at the
stage of compound 11 are less suitable because of possible side
reactions such as S-oxidation of the thiophene moiety.[45]

In order to replace the thiomorpholine nitrogen atom in 14
by a CH group, a previously reported method for metal-free
carbon-carbon coupling reactions of saturated heterocyclic
sulfonyl-hydrazones with boronic acids was adapted.[46] Accord-
ingly, the preparation of the 2-(tetrahydro-2H-thiopyran-4-
yl)aniline building block 21 was carried out in two-steps
(Scheme 9).[38] The heterocyclic ketone 4-oxothiane (19) was first
reacted with tosylhydrazone to yield the sulfonylhydrazide 20,
which was subsequently coupled with Boc-protected (2-
aminophenyl)boronic acid pinacol ester. Removal of the Boc
protecting group finally afforded the target compound 21.

For AAPs containing a methyl group at the anilide nitrogen
atom, N-methyl-2-morpholinoaniline (24) was employed as a
building block.[39] Compound 24 was prepared from 2-morpho-
linoaniline (22) via the corresponding formamide 23, which was
treated with LiAlH4 (Scheme 10).[39] N-Heterocyclic carbene
copper(I) catalyzed N-methylation of 22 to obtain 24, using CO2

and PhSiH3 as reagents, has also been described in the
literature.[47]

2.3. Structures of AAPs

As of January 2024, the number of structurally characterized
AAPs available in the Cambridge Structural Database (CSD)[48] is
rather limited.[34,38,49] To our knowledge, neither D-AAP1 nor its
derivatives have so far been characterized by small-molecule X-
ray crystallography. Recently, we reported the crystal and
molecular structure of rac-1 (Figure 2).[34] The compound
crystallizes solvent-free in the monoclinic system (centrosym-
metric space group P21/n, Z=4). Both amide groups exhibit a Z
conformation with a slight out-of-plane deformation. The
anilide nitrogen atom (N1) acts as a hydrogen bond donor
towards the thiophenoyl oxygen atom (O2), resulting in a
seven-membered intramolecular N� H···O hydrogen bond ring.
Such is also encountered in the crystal structure of Nα-benzoyl-
N-quinolin-8-yl-phenylalanine amide (CSD refcode: SAQTEN).[49]

In rac-1, two heterochiral molecules form a centrosymmetric
dimer through N� H···O hydrogen bonds between the phenyl-
alanine amide α-nitrogen atom (N2) and the amide oxygen

Scheme 8. Formation of the corresponding sulfoxide 18 and sulfone 16 from
the 4-(2-nitrophenyl)thiomorpholine 13 through S-oxidation. m-CPBA: m-
chloroper-benzoic acid. R2=H, F.

Scheme 9. Synthesis of the 2-(tetrahydro-2H-thiopyran-4-yl)aniline building
block 21 from 4-oxothiane (19). tosyl: � SO2� C6H4� CH3; Boc: tert-butyloxy-
carbonyl; TFA: trifluoroacetic acid.

Scheme 10. Synthesis of the N-methyl-2-morpholinoaniline building block
24 from 2-morpholinoaniline (22) via N-(2-morpholinophenyl)formamide
(23).

Figure 2. Centrosymmetric dimer in the crystal structure of rac-1 (Figure 1;
CSD refcode: BALNUB).[34] Displacement ellipsoids are drawn at the 50%
probability level. Carbon-bound H atoms except at the chirality centers are
omitted for clarity. Dashed lines represent hydrogen bonds. Color scheme: C,
grey; H, white; N, blue; O, red, S, yellow.
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atom (O1) of the symmetry-related molecule. The graph set
descriptor is R22(10).

[50]

Whereas attempts to grow crystals of enantiopure R-1
suitable for X-ray diffraction analysis by the slow-evaporation
method using several solvents resulted in glassy materials,[34]

the enantiopure R-configured 2-thiomorpholinoanilide ana-
logue 25 (Figure 3) afforded crystals and could be structurally
characterized by X-ray crystallography.[38] Compound 25 crystal-
lizes in the triclinic system (space group P1, Z=2) with two
crystallographically unique molecules (Figure 4). The molecular
conformation and the intra- and intermolecular N� H···O hydro-
gen bond motifs found in the crystal structure of rac-1 are also

encountered in the solid-state structure of 25. The R22(10)
intermolecular N� H···O hydrogen bond motif is formed about a
pseudo center of symmetry. The crystal structure of the
corresponding sulfone 26 (CSD refcode: JIHKUK) and that of its
Nα-2-fluorobenzoyl derivative 28 (CSD refcode: KODROO),[39]

one of the most potent compounds thus far (Section 4), are
isomorphous to that of 25.[38]

The R22(10) intermolecular N� H···O hydrogen bond pattern
formed between the phenylalanine moieties of adjacent
molecules is also conserved in the crystal structure of the
sesquihydrate of the corresponding sulfoxide 27 (monoclinic
system, space group I2, Z=4).[38] In contrast to 25 and 26, the
hydrogen bond dimer in 27 · 1.5 H2O does not contain a pseudo
inversion center but a crystallographic twofold rotation axis
(Figure 5). The molecular conformation in the crystal structure
of 27 · 1.5 H2O is somewhat different from those encountered in
rac-1, 25, 26 and 28. The intramolecular N� H···O hydrogen
bond is not observed in 27 · 1.5 H2O. Instead, the thiophenoyl
oxygen atom (O2) accepts an O� H···O hydrogen bond from a
water molecule. In contrast, the anilide nitrogen atom (N1)
remains without a hydrogen bond acceptor in the crystal, which
may be considered as an exception to Etter’s first hydrogen
bond rule for organic compounds, stating that all good proton
donors and acceptors are used in hydrogen bonding.[51] As
shown in Figure 5, the sulfoxide oxygen atoms (O3) each accept
two O� H···O hydrogen bonds from solvent water molecules,
demonstrating the hydrogen bond acceptor capabilities of
these groups.

3. Biology

3.1. Screening Campaigns and Initial Hit Characterizations

In 2013, Ballell et al. reported a number of potent, non-cytotoxic
small molecule hits for possible lead optimization against
tuberculosis.[26] Mycobacterium bovis BCG, whose genome is
>99% identical to that of M. tuberculosis H37Rv,[52] was used as
surrogate bacterium in the early phenotypic screening for
reasons of biosafety. After the initial high-throughput screening
of GSK’s corporate compound collection (>2 ·106 compounds)
against M. bovis BCG, the initial hit list was narrowed by
applying similarity and physicochemical property filters, result-
ing in 3509 compounds that were progressed to dose-response
studies of M. bovis BCG growth inhibition and HepG2 cytotox-
icity. Applying the criteria of a therapeutic index IC50(HepG2)/
IC50(M. bovis BCG) >50 and a minimal inhibitory concentration
(MIC) <10 μM against M. bovis BCG yielded 777 compounds for
which the MICs against M. tuberculosis H37Rv using Middle-
brook 7H9 growth medium were determined. This resulted in a
list of 177 compounds with MIC90 <10 μM,[53] including
compound 1 (GSK1055950A). For the latter, MIC90=7.6 μM
against M. tuberculosis H37Rv was determined, but the hit was
not selected for further characterization at that stage.[26] We
note that in the supporting information of this work, the
absolute configuration of GSK1055950 A is unspecified, whereas
GSK17229177 was in included in the hit list as being the S-

Figure 3. Chemical diagrams of the R-configured 2-thiomorpholinoanilide 25
and the corresponding sulfone 26 and sulfoxide 27.[38]

Figure 4. Pseudo centrosymmetric dimer in the crystal structure of the R-
configured 2-thiomorpholinoanilide 25 (Figure 3; CSD refcode: JIHKOE).[38]

Displacement ellipsoids are drawn at the 50% probability level. Positional
disorder of the thiophene ring and carbon-bound H atoms except at the
chirality center are omitted for clarity. Dashed lines represent hydrogen
bonds. Color scheme: C, grey; H, white; N, blue; O, red, S, yellow.

Figure 5. C2-symmetric dimer in the crystal structure of the sesquihydrate of
the 2-thiomorpholinoanilide sulfoxide 27 (Figure 3; CSD refcode: JIHLAR).[38]

Displacement ellipsoids are drawn at the 50% probability level. Carbon-
bound H atoms except at the chirality center are omitted for clarity. Dashed
lines represent hydrogen bonds. Color scheme: C, grey; H, white; N, blue; O,
red, S, yellow.
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enantiomer of 1 (Section 3.3). In a later work, GSK17229177 (i. e.
S-1) was reported as inhibiting more than 50% of enzymatic
activity of the M. tuberculosis cytidine triphosphate (CTP)
synthetase PyrG.[54]

Three research groups reported on whole cell screenings of
the Pathogen Box® library against NTM species at nearly the
same time.[27] This library contained 400 drug-like compounds
with cytotoxicity levels considered acceptable for early drug
discovery. 129 of these compounds are known to be active
against M. tuberculosis (including 13 reference compounds).
Screening of known anti-TB actives against M. abscessus has
been proposed as a strategy to accelerate drug discovery
against this NTM species, as these compounds are expected to
permeate the mycobacterial cell wall and likely have a
homologous target in M. abscessus.[55] Low et al. performed a
primary screening against M. abscessus Bamboo and M. avium
11, resulting in 13 M. abscessus hits and 33 M. avium hits.[27a]

Compound R-1 was among six double hits remaining after
exclusion of reference compounds. The hits were confirmed by
MIC90 determinations against M. tuberculosis H37Rv (1.7 μM), M.
abscessus Bamboo (7 μM) and M. avium 11 (3 μM) using 7H9
medium. We performed a screening of the Pathogen Box®
library and GSK’s TB compound set[26] (568 compounds in total)
against the reference strain M. abscessus ATCC19977 trans-
formed to express the tomato red fluorescent protein (RFP),
using a fluorescence readout, and identified 17 hits including
compound R-1.[27b] Jeong et al. discovered activity of R-1 against
M. abscessus in a screening of the Pathogen Box® using a
resazurin-based assay.[27c]

Using a target-based approach, Ebright and co-workers
identified AAPs in a high-throughput screening of a library of
~114,000 synthetic compounds using a fluorescence-detected
in vitro assay of promotor-dependent transcription by the M.
tuberculosis RNAP σA holoenzyme.[28][56] Further assaying of 167
initial screening hits and exclusion of known RNAP inhibitors
and DNA-binding compounds finally resulted in 15 compounds,
including DL-AAP1, that showed whole cell activity against M.
tuberculosis H37Rv in vitro with MIC�50 μgmL-1.[28b] In order to
evaluate the impact of the stereochemical configuration on the
activity, the enantiomers D-AAP1 and L-AAP1 were separated
and subjected to RNAP inhibition and in vitro growth inhibition
assays. The results suggest that the inhibitory effect is stereo-
specific with the R-configured D-AAP1 being the active
enantiomer, while the S-configured L-AAP1 is inactive (Table 1).
For D-AAP1 and D-IX336, it was also shown in this study that

these compounds poorly inhibit the RNAPs of Staphylococcus
aureus and Escherichia coli.

3.2. Structural Basis of RNAP Inhibition

The identification of AAPs in a target-based screening and
subsequent hit characterization (previous section) provided first
evidence that the compound class exerts antimycobacterial
activity through inhibition of the mycobacterial RNAP.[28a] In
contrast to eukaryotes, bacteria express only one type of RNAP.
The bacterial RNAP apoenzyme consists of five subunits, viz.
two α (RpoA) subunits and each one β (RpoB), β’ (RpoC) and ω
(RpoZ) subunit (Figure 6).[16] The α2ββ’ω core enzyme adopts a
claw-like structure with the β and β’ subunits resembling
“pincers”. The cleft between β and β’ features the main primary
channel (1), the nucleoside triphosphate (NTP) entry channel (2)
and the RNA exit channel (3). The Mg2+-containing catalytic
center of RNA synthesis is located at the base of the cleft. The
bridge helix connects the β and β’ subunits. The trigger loop is
a mobile structural component of the active site, which cycles
between an open state to enable a NTP substrate to enter the
site and closed state that holds the substrate at the site.[57]

Protein crystallographic studies have revealed insight into
the structure of the mycobacterial RNAP and the binding modes
of inhibitors. In 2017, Hubin et al. reported a crystal structure of
the Mycobacterium smegmatis RNAP (2.76 Å resolution, PDB
code: 5TW1).[58] Shortly thereafter, Lin et al. published a series of
crystal structures of the M. tuberculosis RNAP alone and in
complex with rifampicin and/or AAPs with resolutions around
4 Å, thereby establishing the structural basis of inhibition of the
mycobacterial RNAP and thus revealing how transcription by
these compounds is blocked.[28a] The results confirmed that
rifampicin binds to the β subunit and sterically blocks the
extension of RNA products of 2–3 nucleotides to afford longer
RNA strands, as had been proposed previously.[59] The crystal
structure determination of the M. tuberculosis open promoter
complex (RPo) co-crystallized with D-AAP1 was achieved by
soaking of pre-formed crystals of the M. tuberculosis RPo with
the respective compound.[28a] The RPo represents a conforma-

Table 1. Comparison of AAP1 stereoisomers: M. tuberculosis RNAP σA
inhibition and in vitro activity against M. tuberculosis H37Rv.[28a]

Compound[a] M. tuberculosis RNAP σA
IC50 (μM)

M. tuberculosis H37Rv MIC
(μgmL� 1)[b]

DL-AAP1 (rac) 0.8 6.25

D-AAP1 (R) 0.4 3.13

L-AAP1 (S) >50 >50

[a] The absolute configuration is given in parentheses. [b] Determined by
microplate Alamar Blue assays.

Figure 6. Schematic representation of the mycobacterial RNAP σA holoen-
zyme, illustrating the binding sites of rifamycins and AAPs. Two α subunits
(blue), the β and β’ subunits (grey) and the ω subunit (yellow) constitute the
core enzyme. The factor σA (red) is required to initiate transcription. The
channels 1, 2 and 3 and the Mg2+-containing catalytic site are located in the
cleft between β and β’. Abbreviations: BH, bridge helix; TL, trigger loop. The
figure was adapted with permission.[16a] Copyright 2022, The Royal Society of
Chemistry.
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tion of the RNAP holoenzyme with bound promoter DNA.[16b]

Replacement of D-AAP1 by D-IX336 (Scheme 2) followed by X-
ray diffraction and selenium anomalous dispersion analysis
confirmed the identified binding site, orientations and inhibitor
interactions (PDB code: 5UHF).[28a] As shown in Figures 7A and B,
AAPs bind to the β and β’ subunits at a site located at the N
terminus of the above-mentioned bridge helix. Three pocket-
like subsites accommodate the three AAP aryl rings. A crystal
structure of the M. tuberculosis RPo in complex with both D-
AAP1 and rifampicin provided clear evidence that the binding
sites are different and not overlapping (Figure 7C), as shown
schematically in Figure 6, and that both inhibitors can bind
simultaneously to the mycobacterial RNAP.[28a]

Figure 7D gives a summary of inhibitor interactions of D-
AAP1 with the M. tuberculosis RPo. Substitution of alanine for
the arginine residue βR562A (βR637A) resulted in resistance to
AAPs, which was evident from both RNAP-inhibitory activity
and whole cell activity, providing further confirmation of the
identified AAP binding site and the importance of the
encountered intermolecular interactions.[28a] The non-overlap-
ping binding sites of AAPs and rifampicin in the crystal structure
suggested that the compound classes should not exhibit cross-
resistance, which was confirmed experimentally. Substitution in
the AAP binding site led to resistance to D-AAP1 but not to
rifampicin and vice versa, as demonstrated by whole cell activity
measurements.[28a] The cellular target was also identified in M.

tuberculosis and in the fast-growing NTM species M. smegmatis
by genetic analysis of resistant mutants.[28b]

Based on the target validation of AAPs in M. tuberculosis,
Low et al. hypothesized that compound R-1, which they had
identified as a hit in a phenotypic screenings against M.
abscessus and M. avium (Section 3.1), possibly also inhibits the
RNAP in these NTM species.[27a] In order to confirm the target in
M. abscessus experimentally, Mann et al. isolated and charac-
terized six strains of M. abscessus Bamboo exhibiting sponta-
neous resistance to R-1 (MIC90>100 μM).[60] The mutations
found in these six strains affected amino acid residues near the
binding site, which was inferred from a homology model based
on the M. tuberculosis RNAP. This lends support to the view that
AAPs also exert activity against this NTM species through
inhibition of the RNAP.

It is worth mentioning that the binding site of AAPs is
similar to that of CBR compounds, which inhibit the RNAP of
Gram-negative bacteria but not the mycobacterial RNAP.[16a]

Structural differences in these enzymes should account for the
observed selectivity. Although both compound classes bind to
the bridge helix, the E. coli RNAP has a two-pocket binding site
complementary to the two aryl rings of CBR compounds, in
contrast to the three-pocket site in the M. tuberculosis RNAP,
complementary to the three aryl rings of AAPs.[28a] In this
context it is interesting to note that Mazumder et al. showed
that CBR703 and the AAP IX214a[30] (among other compounds)
inhibit trigger loop closure of the E. coli RNAP active site in
solution.[57]

3.3. Antimycobacterial Evaluation

The prototypical compound D-AAP1 (R-configured) was identi-
fied as a selective and stereospecific inhibitor of the M.
tuberculosis RNAP (Section 3.1).[28] The observed stereospecific
inhibition of the enzyme coincides with stereospecific activity
against M. tuberculosis H37Rv in vitro (Table 1). We are not
aware of an RNAP inhibition assay for both enantiomers of the
whole cell screening hit 1.[61] We, however, investigated in vitro
growth inhibition of M. smegmatis and M. abscessus for both R-
1 and S-1.[34] The results are consistent with those observed for
D-AAP1 and L-AAP1 and in vitro activity against M. tuberculosis
(Table 1),[28a] which show that R-1 is active against M. smegmatis
(MIC90=0.78 μM) and M. abscessus (MIC90=6.25 μM) in vitro
whereas S-1 is not (MIC90>100 μM).[34] R-1 was also found to be
active against M. tuberculosis with reported MIC90 values around
1 μM.[27a,38] By way of comparison, for rifampicin, MIC90=

0.06 mgL� 1 (0.07 μM) against M. tuberculosis H37Rv in 7H9
medium supplemented with 10% albumin-dextrose-saline and
0.05% polysorbate 80 can be found in the literature.[62]

As mentioned in section 3.1, the hit list resulting from the GSK
screening campaign against M. tuberculosis notably contains 1
(GSK1055950A) with unspecified absolute configuration (MIC90=

7.6 μM) and, interestingly, S-1 (GSK17229177) with MIC90=

6.6 μM.[26] This suggests that further investigation may be
warranted in light of the aforementioned stereospecific activity
observed for D-AAP1 versus L-AAP1[28a] and R-1 versus S-1.[34]

Figure 7. (A) Overall structure and (B) inhibitor interactions of the M.
tuberculosis RPo in complex with D-AAP1 (PDB code: 5UHE). The green mesh
shows the mFo-Fc electron density omit map for D-AAP1 (contoured at 2.5σ).
Residue numbers in parentheses are as in the Escherichia coli RNAP. (C)
Overall structure of the M. tuberculosis RPo in complex with both D-AAP1
and rifampicin (PDB code: 5UHG). (D) Summary of D-AAP1 interactions (red
dashed lines represent hydrogen bonds; blue arcs show van der Waals
interactions). Abbreviations: Rif, rifampicin; BH, bridge helix. The DNA
template strand is colored in red in panels A and C. The figure was adapted
with permission.[28a] Copyright 2017, Elsevier.
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Consistent with the observed selective inhibition of the
isolated mycobacterial RNAP by D-AAP1 and D-IX336, Lin et al.
found that the two compounds inhibit growth of M. tuber-
culosis, M. smegmatis and M. avium in vitro but are not active
against S. aureus and E. coli, which are examples representative
of Gram-positive and Gram-negative bacteria, respectively
(Table 2).[28a] Interestingly, DL-AAP1 was found to be inactive
(MIC>50 μgml� 1) against the fast-growing NTM species Myco-
bacterium phlei, Mycobacterium hassacium and Mycobacterium
thermoresistibile,[28b] the latter of which is known to cause
disease in humans.[63] It was hypothesized that the inactivity of
the compound against these NTM species can be attributed to
poor cellular uptake or efflux pumps.[28b]

As mentioned above, the screening hit R-1 was found active
against M. tuberculosis, M. smegmatis, M. avium and M.
abscessus.[27,34] We performed further in vitro antimycobacterial
evaluation of the compound and a variety of derivatives.[38] For
the reference strain M. abscessus ATCC19977, we also inves-
tigated dependency of MICs on the growth medium. The results
for R-1, the thiomorpholine analogue 25, its sulfone 26 and
sulfoxide 27 are summarized in Table 3. The compounds exhibit
potent in vitro activity against these clinically relevant mycobac-
terial strains, including the NTM species Mycobacterium intra-
cellulare, which belongs to the MAC (Section 1), and the clinical
isolate M. abscessus Bamboo.[64] For the M. abscessus reference

strain, the MIC90 values determined using Mueller-Hinton II
(MHII) broth (cation-adjusted) tend to be somewhat higher than
those determined using Middlebrook 7H9 medium. The com-
pounds, however, except for 25 retain antimycobacterial activity
in both media, which is a desirable trait of antibacterial agents.
Loss of activity in MHII medium was also observed for other
thiomorpholine analogs of R-1.[38]

Mann et al. conducted an in-depth in vitro profiling study of
the hit compound R-1 against Mycobacterium abscessus, includ-
ing susceptibility testing against the subspecies M. abscessus
subsp. bolletii and M. abscessus subsp. massiliense as well as
clinical isolates.[60] The latter two subspecies are known to
exhibit antibiotic susceptibilities different from that of the
reference strain M. abscessus subsp. abscessus (ATCC19977).[65] It
was shown that MIC90 values determined in 7H9 medium by
optical density measurements are essentially comparable (5.4–
10 μM) for the three M. abscessus subspecies and the ten clinical
isolates studied.[60] For the sake of comparison, MIC90 values
around 10 μM against M. abscessus ATCC19977 in Middlebrook
7H9 broth were reported for rifampicin, while those reported
for rifabutin are lower by about an order of magnitude.[60,66]

In vitro bactericidal activity of R-1 and derivatives against M.
abscessus ATCC19977 has also been studied,[38,60] as this
property is crucial for effective antimycobacterial therapy,
especially for the treatment of M. abscessus infections.[67] The
minimum bactericidal concentration (MBC) of an antibiotic
agent actively reduces the number of colony forming units in
an inoculum by more than a chosen threshold, e.g. 99.0%
(MBC99), after a defined incubation time. The MBC/MIC ratio is
usually �4 for bactericidal and >4 for bacteriostatic agents.[68]

For R-1, MBC99=50 μM was determined after four days of
incubation, which is eight times larger than the MIC90 (6.25 μM).
Compound 23, however, exhibits a MBC99 of 6.25 μM, which is
about four times larger than the optical density-based MIC90 in
7H9 medium (1.56 μM).[38]

Activity against intracellular mycobacteria is particularly
desirable for new antimycobacterial agents, because of the
mycobacterial pathogens’ ability to survive and replicate in
various cell types of a human host.[8b,69] For M. abscessus, for
example, it has been demonstrated that antibiotic susceptibility
in biofilms and macrophages differs from that of planktonic
bacteria.[70] Intracellular activity for a compound is also an
important factor to quantify in vivo activity in mouse models of
TB.[26] Sorrentino et al. developed intracellular screening for
compounds that inhibit growth of M. tuberculosis in human
macrophages.[71] By a luciferase assay using luminescence, they
determined an intracellular MIC90 of 1.85 μM against M. tuber-
culosis H37Rv in human monocytic THP-1 cells for compound 1
(GSK1055950 A),[71] which is about four times lower than the
previously reported extracellular MIC90 against M. tuberculosis
(7.6 μM).[26] Richter et al. reported a fluorescence-based assay for
a THP-1 infection model for screening of compounds against
intracellular RFP-expressing M. abscessus ATCC19977 and were
the first to demonstrate intracellular activity of R-1 against M.
abscessus (MIC90=36.2 μM).[72] In contrast, rifampicin proved
inactive against M. abscessus ATCC19977 inside THP-1 cells,
whereas an intracellular MIC90 of 5.5 μM was determined for

Table 2. MICs (μgml� 1) of D-AAP1 and D-IX336 against M. tuberculosis, M.
smegmatis, M. avium and representative Gram-positive and Gram-negative
bacteria.[28a]

D-AAP1 D-IX336[b]

M. tuberculosis H37Rv[a] 3.13 6.25

M. smegmatis mc2 155[b] 0.78 0.78

M. avium ATCC 25291[a] 6.25 12.5

S. aureus ATCC12600 >25 >25

E. coli D21f2tolC (rfa tolC) >25 >25

[a] Determined by microplate Alamar Blue assays. [b] Middlebrook 7H9
medium supplemented with 0.5% glycerol and 0.05% polysorbate 80.

Table 3. MIC90 values (μM) of R-1, 25, 26 and 27 against several
mycobacterial strains, based on optical density measurements. Experimen-
tal details of the assays can be found in the literature.[38]

Medium R-1 25 26 27

M. tuberculosis H37Rv 7H9[a] 0.78 6.25 0.2 0.4

M. smegmatis mc2 155 7H9[a] 0.78 3.13 1.56 1.56

M. abscessus ATCC19977 7H9[a] 6.25 6.25 1.56 3.13

M. abscessus ATCC19977 MHII[b] 12.5 >100 3.13 6.25

M. abscessus Bamboo 7H9[a] 4.4 14 1.7 2

M. intracellulare
ATCC35761

7H9[a] 0.39 0.39 0.1 0.1

[a] Middlebrook 7H9 medium supplemented with 10% albumin-dextrose-
saline and 0.05% polysorbate 80. [b] Mueller-Hinton II broth (cation-
adjusted) supplemented with 0.05% polysorbate 80.
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rifabutin under these conditions.[60] Mann et al. also investigated
bactericidal activity of R-1 against intracellular M. abscessus in
the THP-1 infection model and determined an MBC90 of 16 μM
after four days of incubation, which is virtually equal to the
intracellular MIC90 they reported.

[60]

Since pharmacotherapy of tuberculosis and NTM infections
usually requires multidrug regimens, susceptibility testing of
drug combinations in vitro is occasionally performed at early
stages of antimycobacterial drug discovery. The ability of AAPs
and rifampicin to bind to the M. tuberculosis RNAP simulta-
neously with non-overlapping binding sites (Figure 7C) sug-
gested that combinations of compounds of both classes could
be favorable. In order to verify this prediction experimentally
in vitro, checkerboard interaction assays were carried out. Lin
et al. tested the combination of D-AAP1 and rifampicin against
M. smegmatis mc2 155.[28a] Based on fractional inhibitory
concentration index (FICI) calculations, they concluded that the
inhibitor-inhibitor interaction of this combination was additive.
Mann et al. conducted in vitro susceptibility testing of R-1 in
combination with a variety of approved antibiotics of different
classes against M. abscessus in broth and in the THP-1 infection
model.[60] For the majority of the antibiotics, FICI calculations
revealed an additive effect for the combination with R-1. The
combination of R-1 with the macrolide clarithromycin showed
synergistic effects in broth and intracellularly. The authors
reasoned that R-1 might suppress inducible macrolide resist-
ance conferred by the erm(41) gene in the M. abscessus
reference strain,[73] as previously shown for the RNAP inhibitor
rifabutin of the rifamycin class.[74]

4. Hit-To-Lead Optimization and SAR

The promising in vitro activity of the AAP screening hits against
clinically relevant mycobacterial strains, including M. tuber-
culosis, M. avium and M. abscessus, and their modular structure
rendered D-AAP1 and R-1 attractive as starting points for hit-to-
lead optimization. In contrast to target-based approaches,
phenotypic screenings, in which hit compounds are identified
by their in vitro antimycobacterial activity, circumvent a discrep-
ancy between target-based activity data and MICs.[26] In
particular in antimycobacterial drug discovery, permeability
issues likely account for such a discrepancy because of the
waxy nature of the mycobacterial cell wall.[75] For advancing
whole cell-based screening hits, it is, however, important to
identify the cellular target. As described in detail above, the
mycobacterial RNAP has been identified and validated as the
target of AAPs by a target-based high-throughput screening[28a]

independent of whole cell screenings,[26–27] structural biology
efforts[28a] and genetic approaches.[28b,60] Protein crystallographic
studies of the M. tuberculosis RNAP in complex with D-AAP1
and D-IX336 (Section 3.2) and in silico work on binding of R-1
to a homology model of the M. abscessus RNAP[60] provided the
structural basis for structural optimization of AAPs. Hit-to-lead
optimization solely driven by whole cell antimycobacterial
activity can be challenging in terms of rationalizing structure-
activity-relationships (SAR), because alteration of compound

permeability can also modulate antimycobacterial activities in
addition to changes in target binding properties.[26]

In a 2015 patent, Ebright and colleagues disclosed more
than 200 in the vast majority racemic AAP derivatives and their
whole cell activity data (MICs) against M. smegmatis, M. tuber-
culosis and in part M. avium.[30] M. tuberculosis RNAP inhibitory
activities (IC50) for selected compounds were also included.
Recently, we reported a set of about 25 enantiopure R-
configured AAPs derived from the screening hit R-1 and their
activity data against M. tuberculosis and some NTM species,
including M. abscessus (Table 3).[38] From these studies, SAR for
AAPs could be deduced, which we summarize in the following
paragraphs.

Figure 8 illustrates the sites in hit compound R-1 that can
be readily modified (cf. Scheme 5). As described in section 3.3,
we found that change of the R configuration at the α-carbon
atom (highlighted in green) to S results in virtually complete
loss of antimycobacterial activity,[34] which is consistent with the
results observed for R-configured D-AAP1 versus S-configured
L-AAP1.[28] Thus, the lead optimization studies have focused on
R-configured or racemic derivatives. The impact of substitution
at the α-carbon atom on the antimycobacterial activity has not
yet been unveiled, as far as we are able to ascertain. Nα-Methyl
R-1 showed no antimycobacterial activity,[39] which seems to
confirm the importance of an N� H···O hydrogen bond to the
protein backbone for binding to the RNAP, as indicated by in
silico work (Figure 9A).[38]

The phenylalanine amide side chain (highlighted in yellow)
has also been subjected to structural modification. The study by
Ebright and colleagues revealed that the MICs are particularly
sensitive to alterations of this part. Indeed, the phenyl group
was retained in the most potent compounds. Introduction of a
p-hydroxyphenyl group (i. e. replacement of the phenylalanine
building block by tyrosine) and its acetyl and benzoyl
derivatives decreased antimycobacterial activities, which was
also observed for the corresponding m-hydroxyphenyl group.[30]

The activity loss for tyrosine analogues was pronounced in the
M. abscessus THP-1 infection model, which was attributed to
increased polarity and, thus, decreased permeability of the
compounds.[38] Interestingly, an opposite trend was observed
against M. intracellulare in broth, where presence of the p-
hydroxy group increased activity. In silico work indicated that

Figure 8. Chemical diagram of the screening hit R-1, highlighting groups
attractive for structural alterations for SAR studies and lead optimization.
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the p-hydroxy group possibly forms a hydrogen bond to the
RNAP protein backbone.[38]

As for the Nα-aroyl moiety (highlighted in blue), reviewing
the work by Ebright and colleagues revealed that a 2-
thiophenoyl group, as in the screening hit R-1, or a 2-
fluorobenzoyl moiety appears to be beneficial to antimycobac-
terial activity.[30] Therefore, we decided to center our attention
to these two groups in our SAR study.[38] We should note,
however, that also Nα-2-methylbenzoyl derivatives were among
the compounds that reached submicromolar MICs against M.
tuberculosis and M. avium.[30,39] In general, we found similar
MIC90 values against several mycobacterial strains in broth for
the test compounds bearing either an Nα-2-thiophenoyl or an
Nα-2-fluorobenzoyl group. The latter proved beneficial to intra-
cellular activity in the M. abscessus THP-1 infection model,
which could be due to higher permeability of the Nα-2-
fluorobenzoyl derivatives.[38] Recently, we expanded our SAR
study to include some 2,6-disubstituted Nα-benzoyl groups to
sterically shield the amide bond with the aim of increasing
microsomal stability (Section 5.2). We found that 2,6-difluor-
obenzoyl and 2-fluoro-6-methylbenzoyl moieties are well
tolerated, whereas the sterically more demanding 2,6-dimethyl-
benzoyl group causes a decline in antimycobacterial activity.[39]

Evaluation of the crystal structure of D-AAP1 in complex
with the M. tuberculosis RNAP (Section 3.2) revealed that the 2-
methyl group on the AAP N-aryl ring of the ligand (ring C in
Figure 7D) points towards a void that could be sufficiently large

to accommodate at least six additional non-hydrogen atoms.[28a]

Interestingly, the 2-morpholinoanilide group in the hit com-
pound R-1 (highlighted in red in Figure 8) exhibits five addi-
tional non-hydrogen atoms compared with the N-o-tolyl group
in D-AAP1. Molecular docking of R-1 to the β and β’ subunits of
the M. tuberculosis RNAP indicated that the morpholino oxygen
atom appears to serve as hydrogen bond acceptor for the side
chain of an arginine residue of the backbone (Figure 9A).[38]

Replacement of morpholine by thiomorpholine in 25 (Figure 3)
results in loss of antimycobacterial activity (Table 3), which
appears to be consistent with a weaker hydrogen bond
acceptor strength of the thiomorpholine sulfur atom. The
corresponding sulfone 26 and sulfoxide 27 (Figure 3) exhibited
antimycobacterial activities comparable with or higher than R-
1.[38] According to the docking studies, thiomorpholine sulfone
in 26 (Figure 9B) and sulfoxide in 27 act as hydrogen bond
acceptor for the arginine side chain similar to morpholine in R-
1. It is, however, interesting to note that Ebright and colleagues
also found submicromolar activities for compounds bearing a
methoxy or fluoromethoxy group in 2-position on the AAP N-
aryl ring, e.g. in IX276 (Figure 10).[30] This indicates that six
additional non-hydrogen atoms on this site and hydrogen
bonding to the arginine residue may not be crucial for potent
antimycobacterial activity. Like Nα-methylation (vide supra),
introduction of a methyl group at the anilide nitrogen atom in
R-1 resulted in complete loss of antimycobacterial activity.[39]

Similarly, the inability of the N-methyl anilide to form an
N� H···O hydrogen bond in the binding pocket, as revealed by
the docking pose (Figure 9A),[38] most likely accounts for the
observed loss of activity.

To shed light on the role of the tertiary nitrogen atom of
the (thio)morpholine ring, we also synthesized the correspond-
ing tetrahydrothiopyran derivatives of 22 and 23 (Section 2.2).
Replacement of the tertiary nitrogen atom by a CH group
proved to be detrimental to in vitro activity.[38] The docking
poses suggest that the tertiary (thio)morpholine nitrogen atom
possibly also approaches the arginine side chain in the binding
site as a hydrogen bond acceptor (Figure 9).

We also investigated the impact of a fluorine substituent on
the AAP N-aryl ring in meta and ortho position to the amide
group.[38–39] We hypothesized that a fluorine substituent in these
positions could impede hydrolysis of the anilide bond through

Figure 9. Docking poses of R-1 (A) and 26 (B) and the β and β’ subunits of
the M. tuberculosis RNAP (based on PDB entry 5UHE; cf. Figure 7). Color
scheme: C, turquoise for the ligand in A, otherwise grey; H, white; N, blue; O,
red, S, yellow. Dashed yellow lines illustrate hydrogen bonds. The figure was
adapted with permission.[38] Copyright 2023, American Chemical Society.

Figure 10. Chemical diagrams and MIC90 values against M. tuberculosis
H37Rv, M. avium ATCC25291 or M. abscessus ATCC19977 of three of the
most potent AAPs disclosed by Ebright and colleagues (IX276 and IX214a)[30]

and Lang et al. (28).[38] For easier comparison, MICs for IX276 and IX214a
were converted from μgmL� 1 to μM.
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steric effects or might prevent metabolic hydroxylation of the
aromatic ring. In general, however, introduction of a fluorine
substituent in meta position decreased activities against the
mycobacterial strains tested in broth but increased those
against intracellular M. abscessus.[38] A fluorine atom in ortho
position increased MIC90 values roughly by an order of
magnitude, whereas introduction of an ortho methyl group
resulted in complete loss of antimycobacterial activity.[39]

Figure 10 depicts chemical diagrams and selected in vitro
activity data for two of the most potent compounds disclosed by
by Ebright and colleagues[30] and one of the most advanced
compounds, we obtained by lead optimization driven by whole
cell activity against the NTM species M. abscessus.[38–39] Figure 11
summarizes the SAR results from the latter study. In brief, a d-
phenylalanine building block, an Nα-2-fluorobenzoyl or an Nα-2-
methylbenzoyl group and an aniline building block bearing a six-
membered saturated ring with hydrogen bond acceptor capability
seem to be favorable for antimycobacterial activity in vitro.

5. Physicochemical and Pharmacokinetic
Properties

5.1. Physicochemical Properties

In general, the AAPs studied exhibit molecular weights (<
500 Da)[30] and hydrophobicity (logP<5)[38] in the range favor-
able for drug-like molecules to exhibit oral bioavailability.[76]

Solubility is another important physicochemical property in
drug discovery.[77] We determined kinetic (or apparent) solubil-
ities for a set of AAPs in the course of our lead optimization
study.[38] It can be helpful to undertake kinetic solubility
measurements at early stage of drug discovery in order to avoid

limiting or compromising the outcomes by solubility issues
during later in vitro and in vivo experiments.

Table 4 lists some physicochemical properties for R-1 and
25–28. As expected,[78] the thiomorpholine derivative 25 is more
hydrophobic and less soluble in phosphate-buffered saline than
R-1 with a morpholine ring. The thiomorpholine sulfone
congener 26 is still more hydrophilic and more soluble than 25.
Remarkably, the kinetic solubility of the thiomorpholine
sulfoxide 27 is higher than that of 26 by an order of magnitude.
We observed a similar trend for other AAPs with a thiomorpho-
line sulfoxide group attached to the N-aryl ring.[38] Higher
polarity and thus higher aqueous solubility of sulfoxides
compared to the corresponding sulfones is well known. This
property could also open up the possibility of administering
drugs as sulfoxide prodrugs, which are metabolically converted
to the corresponding sulfone.[78] In favorable cases, this
approach could afford higher plasma and tissue levels of active
compounds than direct administration of the sulfone drug.
Here it is interesting to point out that the clogP values are not
good predictors of aqueous solubility in the case of sulfone
versus sulfoxide (Table 4).

The majority of the AAPs that we studied exhibited clogP>
3.5 and displayed kinetic solubilities <50 μM, which might be
less than favorable for performance in biological assays. Against
M. abscessus, compounds with clogP values within the range 2–
3 achieved the lowest extracellular MICs. In the M. abscessus
THP-1 infection model, a direct relationship between clogP
values and intracellular MICs was not obvious. Nevertheless, the
most active AAPs against intracellular M. abscessus exhibit clogP
values around 2.8.[38] These in vitro data suggest that clogP
values within 2.5–3 appear to be desirable for antimycobacterial
AAPs. For lead-like molecules, logP�3 has also been proposed
as a molecular filter in fragment-based drug discovery.[79]

5.2. Pharmacokinetic Properties

The in vitro pharmacokinetic (PK) properties for compounds
contained in the Pathogen Box® library, and thus for R-1, were
supplied by MMV.

[80] Table 5 lists a selection of these data for R-
1. Inhibition of CYP enzymes with estimated IC50 values in the
micromolar range is less favorable for drug candidates.
According to the listed effective permeability (PAMPA assay),[80]

Figure 11. Summary of SAR results for in vitro antimycobacterial activity of
AAPs by Lang et al.[38–39] Green arrows indicate an increase and red arrows a
decrease of activity with respect to R-1. The figure was adapted with
permission.[38]

Table 4. Molecular weights (MW), clogP values and kinetic solubilities of
AAPs R-1 and 25–28.[38]

MW (Da) clogP[a] Solubility (μM)[b]

R-1 435.54 3.72 82

25 451.60 4.45 34

26 483.60 2.54 62

27 467.60 2.49 271

28 495.57 2.71 64

[a] Calculated with ChemDraw. [b] Determined by nephelometry. Medium:
phosphate-buffered saline (pH 7.4, 2% DMSO).
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R-1 can be roughly classified as a moderately permeable
compound with regard to oral absorption.[81]

Lang et al. subjected the hit compound R-1 and 28 to
in vitro plasma and stability testing in suspensions of liver
microsomes, as a model for hepatic stability and as an indicator
of intrinsic clearance of AAPs.[38] Both compounds proved stable
in human plasma over the time studied (2 h). Compound 28
was also found to be stable in murine plasma over the same
time. In contrast, only 60% of the initial concentration of R-1
remained after two hours of incubation in mouse plasma. The
latter observation appears to be consistent with the mouse
plasma stability of R-1 listed in the Pathogen Box® library
in vitro PK dataset (Table 5).[80] Nα-Methylation of R-1 had no
pronounced impact, whereas a methyl group at the anilide
nitrogen atom in R-1 increased the stability in murine plasma.[39]

It was further shown that substituting thiomorpholine dioxide
for morpholine and replacement of the Nα-2-thiophenoyl group
by 2-fluorobenzoyl or 2-methylbenzoyl increased the stability in
mouse plasma.[38–39] The Pathogen Box® library dataset lists
human and mouse liver microsomal half-lives of respectively
129 min and 795 min for R-1. In contrast, Lang et al. reported
microsomal half-lives of the order of minutes for both R-1 and
28. Possibly the addition of NADPH to the assay medium
(3 mM) in the study by Lang et al. made a difference.[38] The
assay conditions have not been disclosed with the Pathogen
Box® data. The intrinsic clearance in human liver microsomes
of R-1 in the Pathogen Box® library dataset (0.668 Lh� 1 kg� 1) is
also lower than that reported by Lang et al. (81960 Lh� 1 kg� 1).[38]

The N-methyl derivatives of R-1 did not exhibit improved
microsomal stability, whereas an ortho methyl group on the
aniline moiety in 28 appeared to be beneficial.[39] Lang et al.
hypothesized that the low microsomal stability of R-1 accounts
for the poor oral bioavailability in rodents.[38] The low fraction
unbound in mouse plasma (Table 5) suggests that protein
binding might be an important factor in this regard.[82]

Intravenous and oral PK data for R-1 in male Sprague
Dawley rats (n=2) provided by MMV[80] (also listed in ref.[27a])
indicate that the oral bioavailability is very low (F<1%). After
oral administration of a 5 mgkg� 1 body weight dose, a
maximum plasma concentration cmax=2.28 ngmL� 1 (0.005 μM)
was observed at tmax=0.375 h. Mann et al. conducted a study of
in vivo PK properties of R-1 in female CD-1 mice (n=2).[60] They
orally administered a single dose of 25 mgkg� 1 body weight

and reported a maximum plasma concentration of 0.07 μM. The
plasma levels observed in these two preliminary PK studies in
rodents are lower than the extra- and intracellular MIC levels of
R-1 against mycobacteria by at least an order of magnitude (cf.
Table 3).

6. Cytotoxicity Assessment

Cytotoxicity is critical property in small-molecule drug discov-
ery. Apart from the desired interaction with a particular target,
drug candidates and their metabolites can interfere with the
function of other biomolecules in humans and thereby cause
cellular damage leading to cell stress or cell death.[83] Therefore,
it is important to identify cytotoxic compounds early in drug
discovery programs.

Lin et al. reported that D-AAP1 did not inhibit the human
RNAP I, RNAP II and RNAP III (IC50>25 μM) and showed poor
activity against mammalian cells (Vero E6) up to 25 μgmL� 1.[28a]

Likewise the majority of AAPs disclosed in a patent by Ebright
and colleagues exhibited minimum cytotoxic concentrations
>25 μgmL� 1 against Vero E6 cells.[30] As mentioned in Sec-
tion 3.1, compounds cytotoxic against HepG2 (a human liver
cancer cell line) were excluded in the screening of the GSK
compound library, in which antimycobacterial activity of
compound 1 was discovered.[26] For R-1, the Pathogen Box®
dataset lists a cytotoxic concentration (CC20) of 27.6 μM against
HepG2 cells.[80]

As a single in vitro cell viability test is considered insufficient
to assess cytotoxicity,[84] we tested R-1 and derivatives against a
variety of mammalian cell lines.[34,38–39] With a few exceptions
that showed weak cytotoxic effects, the compounds, including
the most potent ones, were found to be non-toxic against the
cell lines tested with EC50>30 μM.[38] Notably R-1 and 28 at
50 μM concentration, however, reduced the viability of HEK293
cells (a human kidney cell line) by 33% and 27%, respectively,
after 24 hours compared to a DMSO-treated control, whereas
the majority of the AAPs studied did not reduce the cell viability
by more than 10%.[39] Interestingly, among the AAPs studied,
Nα-methyl R-1 exhibited the most pronounced cytotoxicity
against HEK293 cells under the aforementioned conditions.

7. Conclusions and Future Perspectives

Several screening campaigns identified AAPs as potent agents
active against M. tuberculosis and clinically relevant NTM
species. The β and β’ subunits of the mycobacterial RNAP were
validated as the molecular target in M. tuberculosis H37Rv and
M. abscessus ATCC19977 by structural biology efforts and/or
genetic approaches. The new mechanism of action, viz.
inhibition of the mycobacterial RNAP through binding to the
enzyme at a site different from that of RNAP inhibitors of the
rifamycin family, and bactericidal properties in vitro are promis-
ing characteristics of the AAP compound class. Their modular
structure and the relative ease of their racemization-free
synthesis make AAPs attractive for lead optimization programs,

Table 5. Selected in vitro PK data for R-1 from the Pathogen Box®
library.[80]

CYP2D6[a]

IC50 (μM)
CYP3 A4[a]

IC50 (μM)
PAMPA[b]

(10� 6 cms� 1)
Mouse
plasma
stability
(%)[c]

Fraction un-
bound
(mouse)
PPB[d]

2.05 1.39 14.4 60 0.024

[a] Fluorescence screening assay in human liver microsomes (estimated
IC50). [b] Parallel artificial membrane permeation assay (PAMPA). Effective
permeability: pH 6.5; 1 μM substrate. [c] % remaining after 4 h incubation
in mouse plasma at 37 °C; 1 μM substrate. [d] Plasma protein binding
(PPB); mouse plasma equilibrium dialysis; 37 °C, 1 μM substrate.
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which have led to candidates exhibiting submicromolar MICs
against several clinically relevant mycobacteria. The R config-
uration of the chirality center at the α-carbon atom appears to
be critical for target binding and antimycobacterial activity.
Small molecule X-ray crystallography revealed that the crystal
structures of AAPs are dominated by intra- and intermolecular
N� H···O hydrogen bonding between amide groups. The phenyl-
alanine amide core has been shown to be sensitive to
substitution, whereas a Nα-2-thiophenoyl or Nα-2-fluorophenyl
group is favorable for activity. The results of in vitro and pilot
in vivo PK studies are, however, less favorable and have
hampered progression of the compounds to in vivo pharmaco-
dynamics studies thus far. Nonetheless, in view of the promising
in vitro activity, especially against M. abscessus, and the urgent
need for antimycobacterial drugs with a new mechanism of
action, further investigation of this compound class seems to be
justified. Gaining insight into the metabolic fate in plasma and
liver microsomes will be important to inform future research on
AAPs. Further chemical modification and formulation science
will be needed to overcome the unfavorable PK properties in
order to develop AAPs to be effective in in vivo models of TB
and NTM infections.
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