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Abstract

Na-aroyl-N-aryl-phenylalanine amides (AAPs) are RNA polymerase inhibitors with activity
against Mycobacterium tuberculosis and non-tuberculous mycobacteria. We observed that AAPs
rapidly degrade in microsomal suspensions, suggesting that avoiding hepatic metabolism is critical
for their effectiveness /n vivo. As both amide bonds are potential metabolic weak points of the
molecule, we synthesized 16 AAP analogs in which the amide bonds are shielded by methyl

or fluoro substituents in close proximity. Some derivatives show improved microsomal stability,
while being plasma-stable and non-cytotoxic. In parallel with the metabolic stability studies,

the antimycobacterial activity of the AAPs against Mycobacterium tuberculosis, Mycobacterium
abscessus, Mycobacterium avium and Mycobacterium intracellulare was determined. The stability
data are discussed in relation to the antimycobacterial activity of the panel of compounds and
reveal that the concept of steric shielding of the anilide groups by a fluoro substituent has the
potential to improve the stability and bioavailability of AAPs.
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Na-aroyl-N-aryl-phenylalanine amides (AAPS) are active against numerous mycobacteria
including Mycobacterium tuberculosis and Mycobacterium abscessus. As peptides, they are
rapidly degraded in human and murine microsomal suspensions. Adding small substituents to
the residues adjacent to the amide bonds, in particular at the anilide bond, results in increased
stability.
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Introduction

Mycobacterium tuberculosis infections remain a significant global health concern?, posing
challenges to healthcare systems worldwide due to their persistence, potential for drug
resistance, and the burden they impose on resources for diagnosis, treatment, and
prevention?=>. Another growing healthcare concern are non-tuberculous mycobacteria
(NTM)®, such as Mycobacterium abscessus (Mabs), that can cause severe infections of
various organs, foremost in the respiratory tract’ that often require different treatment
approaches in comparison to tuberculosis®-11, Patients with underlying lung conditions, such
as chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF)12, or a compromised
immune system are particularly susceptible to NTM infections!. As the bacteria are
commonly found in the environment, NTM are usually acquired from soil and water
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sources. Patient-to-patient transmission can occur, and this particularly prominent among CF
patients141°, Especially when Mabs is the causative agent, eradication of NTM infections is
difficult owing to its inherent resistance to common antimycobacterial drugs'6-18. For this
reason, new antimycobacterial agents are urgently needed.

MMV 688845 (hereafter MM V) was first described as a hit structure against Mycobacterium
tuberculosis (Mtb) and provides a potential chemical scaffold for further modificationl®.
Ebright et altested MMV anti-NTM properties and displayed /n vitro activity against
Mycobacterium avium (Mavium)2°. Screening the Pathogen Box (Medicines for Malaria
Venture, Geneva, Switzerland) against Mabs and Mavium?1-23 also identified MMV
(Scheme 1A) as a promising hit compound against NTM21-23, The closely related analogs
D-AAP1 and D-1X336 were reported to inhibit mycobacterial RNA polymerase (RNAP)
by targeting its p and B’ subunits24, thus inhibiting transcription. The /n vitro generation
and genome sequencing of MMV resistant mutants of Mabs Bamboo suggested that the
same holds true for the hit compound?®. Rifamycins such as rifampicin, rifabutin and
rifapentine are RNAP inhibitors that are currently in clinical use against many mycobacterial
infections. Since Mabs exhibits intrinsic resistance mechanisms to rifampicin through C23
ribosylation26-28 and naphthohydroquinone oxidation?®, a therapy regimen that includes
rifamycins is usually not an option. Consequently, there is a need to develop alternative
RNAP inhibitors for anti- Mabs therapy. Cross-resistance of AAPs with rifamycins is
unlikely as the target binding site of AAPs has been shown to be different?4, which has
also been proven by /n vitro experiments2®. Furthermore, the hit compound MMV was
active against a variety of Mabs clinical isolates and exhibits bactericidal activity against
Mabs in broth and in a macrophage infection model.1® AAPs are also of interest for the
treatment of rifamycin-resistant Mtb, since they retain the effective bactericidal mechanism
of RNAP inhibition while being chemically distinct.

Recently, we prepared analogs of MMV and obtained compounds with higher
antimycobacterial activity, solubility, and plasma stability than the hit compound30. We
have established a synthetic pathway that retains the / configuration, which is necessary
for the desired antimycobacterial activity, with ee values of 99%3%:31, In particular, the
introduction of thiomorpholine dioxide instead of morpholine increased the whole cell
activity. Compound 2 (Scheme 1B) displays an MICgq < 1 UM against Mabs and Mtb.

Previous investigations on AAPs revealed that MMV gave insufficient plasma levels after
oral administration in male Sprague Dawley rats?3:32, We have already presented plasma and
microsomal stability data of the hit compound MMV and the highly active compound 24 (in
this report called 2) and revealed that MMV degraded quickly in murine plasma, whereas

2 was stable in both murine and human plasma3?. Amide moieties of drug candidates are
known to be hydrolyzed in blood plasma to form inactive metabolites33. The blood plasma
of rodents typically exhibits higher and less specific hydrolase activity than human plasma
due to differences in plasma esterases and their expression levels34,

Both MMV and 2 were highly unstable during incubation with human and murine liver
microsomes30. AAPs contain two amide bonds which can undergo enzyme-catalyzed
hydrolytic cleavage. The anilide is potentially more susceptible, since C-N m-bond overlap
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of the amide group is weakened by the conjugation of the nitrogen atom with the phenyl
group. Serine esterases such as carboxylesterases, which are predominantly found in the
liver, are known to catalyze amide cleavage in humans3®. Another study also presents
evidence for anilide cleavage in liver microsomes resulting in formation of an inactive drug
candidate metabolite36.

To address the poor hepatic stability of these compounds, we designed and synthesized

a new series of AAP derivatives and performed /n vitro characterization of plasma and
microsomal stability, microbiological activity assessment against a variety of mycobacteria,
cytotoxicity testing as well as solubility screening of the new substances.

Results and Discussion

Derivatization plan for increased metabolic stability

The derivatization strategy is based on analog 2 (Scheme 1B) that we developed, which
shows increased in vitro activity against Mabs (MICqg = 0.78 uM)3° compared to the

initial hit MMV (MICgqq = 6.25 pM). To gain structural insight, we subjected 2 to X-

ray crystallography (Figure 1). In the crystal, 2 adopts the same conformation with an
intramolecular N-H---O hydrogen bond similar to the previously described 2-thiophenoyl
analog MM V30, Likewise, the molecules form pseudo centrosymmetric N-H--O hydrogen
bond dimers in the solid-state. Owing to the steric demand of the fluorine atom in the

ortho position, the 2-fluorobenzene moieties are significantly tilted out of the plane of

the attached amide groups. The 1,1-dioxo-1A8-thiomorpholin-4-yl moiety appears to be
primarily responsible for its increased potency and was therefore retained in the new AAPs.

We systematically derivatized various positions of the scaffold in the proximity of the amide
bonds with the aim of sterically shielding the amide linkage and thereby prevent hydrolysis
by amidases and esterases. This involved derivatization of positions 2 and 6, ortho positions
to carbonyl, R? and R3, of aromatic system A as well as the ortho position of aromatic
system B (R1) adjacent to the anilide bond (Scheme 2A).

This approach was inspired by the development of lidocaine3? in which methyl groups were
introduced in order to prevent fast metabolism*9-42, Introduction of two methyl groups to
procaine amide resulted in a conformational change (a twist of the benzene ring) sufficient
to sterically shield the amide bond from hydrolysis by amidases®!. Similar to this approach,
the introduction of two ortho methyl groups in the aromatic system A could stabilize the
amide towards metabolic hydrolysis. The peptides were also A-methylated to increase the
stability (Scheme 2B). A~methylation can lead to higher serum stability of peptide like
structures®® and a higher stability against peptidases like chymotrypsin, as demonstrated by
Haviv et al. in the synthesis of A-methyl leuprolide derivatives*.

Results from Ebright ef a/. suggest that substituents that are bulkier than hydrogen, fluoro

or methyl tend to result in lower antimycobacterial activities (e.g., o-chlorine |, 4-indolyl !,
o-bromine IV, o-ethyl 141)20, Thus, we restricted the study to small substituents, preferring
fluorine and methyl to chlorine and bromine2° to sterically shield the adjacent amide bond.
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To the best of our knowledge, AAPs substituted in the ortfio position to the anilide bond at
aromatic system B (refer to Scheme 2A) have not been reported so far. In accordance with
the approach employed in aromatic system A, we also elected to utilize less voluminous
substituents to maximize the likelihood of achieving antimycobacterial activity. The addition
of a methyl group is expected to result in a greater shielding effect due to its larger size
compared to that of a fluorine atom.11

Synthesis of 4-(2-aminophenyl)- 1A8-thiomorpholine-1,1-diones

The synthetic sequence commences with the synthesis of an aniline building block
substituted with a thiomorpholine dioxide moiety in one ortho-position (Scheme 3). The
other ortho-position is substituted with either hydrogen, fluorine atom, or a methyl group (as
explained above).

In the initial step, various halogen-substituted nitrobenzenes were subject to aromatic
nucleophilic substitutions. 1,3-Difluoro-2-nitrobenzene reacts smoothly with thiomorpholine
dioxide owing to the strong electron deficiency caused by the two fluoro- and nitro
substituents (Scheme 3A). The reaction of one equivalent of symmetric 1,3-difluoro-2-
nitrobenzene with one equivalent of the nucleophile provides an efficient approach with

a 95 % yield of the desired product. The mono-substituted product of the reaction did

not undergo a second substitution reaction as it was less electrophilic than 1,3-difluoro-2-
nitrobenzene.

Thiomorpholine dioxide is less nucleophilic than the corresponding thioether due to the
electron-withdrawing effect of the sulfone group. Consequently, the unsubstituted3? and 3-
methyl nitrobenzene which are less electron-deficient than 1,3-difluoro-2-nitrobenzene had
to be coupled with nucleophilic thiomorpholine and subsequently oxidized with mCPBA
(Scheme 3B). Attempted reactions with thiomorpholine dioxide did not result in the desired
product.

The A-methyl aniline moiety was obtained by initial formation of the formic acid amide of
2-morpholinoaniline and subsequent reduction to the secondary amine with LiAlH,4 (Scheme
3C)

Amide coupling with N-Boc-(R)-phenylalanine

To couple the previously synthesized anilines with A-Boc-(/)-phenylalanine or N-Boc-A-
methyl-(R)-phenylalanine we utilized the coupling agent propane phosphonic acid anhydride
(T3P)*>. In a former study T3P was found to be highly efficient for the synthesis of the AAP
anilide structure while retaining the R configuration of the phenylalanine stereocenter30.46
which is essential for activity3L. The reaction produced the desired 6-fluoro and 6-methyl
derivatives at the R position as well as the Atmethylated derivatives (Scheme 4). A notable
difference was observed in the yields of the reactions. The unsubstituted derivative yielded
99% product, while the 6-fluoro, 6-methyl and A-methyl derivatives gave yields of 92%,
56% and 33%, respectively. The particularly low yield of the 6-methyl and the A-methyl
derivative indicate that the methyl groups sterically hinder the amine from attacking the
electrophilic carbon atom.
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Amide coupling with different benzoic acids

The final step of the synthetic sequence involves Boc-deprotection of the A-Boc-
(R)-phenylalanine anilides (see Scheme 5) and the A-Boc-/A-methyl-(/)-phenylalanine
anilides (not shown) and subsequent amide coupling with a benzoic acid derivative.

The Boc-deprotected intermediates were used for the amide coupling without

further purification. For the formation of amides, 3-(diethoxyphosphoryloxy)-1,2,3-
benzotriazin-4(3H)-one (DEPBT) and benzotriazol-1-yloxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP) were zemployed as effective and convenient coupling
reagents for the synthesis of AAPs30:31 with retention of stereochemistry. PyBOP was
used when conversion with DEPBT resulted in low yields. The conversion of 2,6-
dimethylbenzoic acid proved challenging owing to the high degree of steric hindrance.

In preliminary experiments, no consumption of the activated 2,6-dimethylbenzoic acid
was observed when using DEPBT. Utilizing PyBOP as an alternative coupling reagent®11
resulted in the formation of the desired products. Nevertheless, the yields remained relatively
low at only 38% in two cases. All final products had >95 % purity, as determined by
analytical HPLC.

In vitro plasma stability

All tested substances remained stable in human plasma over the test period of 120 min

(as shown in Table 1). MMV exhibits a significant decrease in concentration in murine
plasma30. This result is comparable to the murine plasma stability published by Medicines
for Malaria Venture (60% remaining substance after 4 h of incubation)32. The only other
compound with a comparable fast degradation in murine plasma was 25, which differs from
MMV by only one A-methyl group (R®). In contrast, 29 did not show a similar drop in
concentration, which is possibly due to the N-methyl group protecting the anilide (R%).

Our previous study showed a high human and murine plasma stability of 230, We
observed the same for the new derivatives described herein. Altering both the morpholine
to thiomorpholine dioxide as well as the Ma-2-thiophenoyl to Ma-2-fluorobenzoyl and
Na.-2-methylbenzoyl groups appeared to sufficiently enhance the plasma stability of the
compounds.

In vitro microsomal stability

All tested compounds showed a concentration decline in the microsomal suspensions (Table
2) used whereas stability in human microsomal suspensions was higher than in murine
microsomal suspensions in every case analyzed (exemplary curves are depicted in Figure 2).

MMV showed particularly low stability in human and murine microsomal suspensions
with only respectively 2 % and 0 % remaining after 7 min. These results of our study

differ significantly from those published by Medicines for Malaria Ventures for MM V.
While they reported half-lives of 129 minutes in human microsomal suspension and 795
minutes in murine microsomal suspension32. Our study found much lower half-lives of

1.2 and 0.9 minutes, respectively. The observed difference may be due to differences in
assay conditions. Medicines for Malaria Venture report briefly on the assay conditions used,
including a substrate concentration of 0.5 pM, 0.25 mg/mL microsomal proteins, and 50
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mM phosphate buffer at pH 7.432. In our assay, we used 2 uM substrate concentration, 0.42
mg/mL microsomal proteins, and 100 mM phosphate buffer at pH 7.4. The authors did not
disclose the usage of an NADPH-cofactor system, which is critical for oxidative metabolism
catalyzed by microsomal enzymes. If this component is not utilized, it could explain the
observed difference in microsomal stability.

The A-methylated compounds 25 and 29 did not exhibit superior performance to MMV.
Compound 2, the starting point for the series reported here, showed comparably low
stabilities. This result shows that the sole replacement of morpholine by thiomorpholine
dioxide and thiophene carboxylic acid amide by 2-fluoro benzoic acid amide does not
increase the microsomal stability as was observed for the plasma stability.

Modifying the aromatic system A of 2 to provide further shielding of the adjacent amide
bond only showed a slight tendency to increased microsomal stabilities, independent

of which substituents were introduced. Increased stabilities were however achieved in
combination with fluoro- and methyl-substitutions in aromatic system B. There was only

a small increase in stability when 2-fluoro benzoic acid amide (aromatic system A) was used
in combination with a fluoro-substituent at aromatic system B (compound 10). Nevertheless,
a tendency to higher stabilities could be observed with a methyl group in aromatic system B
(compound 19).

For all other substitution patterns in aromatic system A, increased stabilities were observed
when combined with either methyl- or fluoro substitutions in aromatic system B. The
highest stability increases in human microsomal suspensions (5.5- to 6.5-fold) were
observed for 13 and 22 (a combination of Ma-2-methylbenzoyl with 6-fluoro or 6-methyl
substitutions, respectively). In contrast, the highest stability increases for murine microsomal
suspensions (4- to 5-fold) were obtained with the combination of Aa.-2,6-difluorobenzoyl
group together with 6-fluoro or 6-methyl substitutions.

Antimycobacterial activity assessment

Growth inhibition testing was performed through microdilution assays for a selection of
mycobacteria. The results of the assays are depicted in Table 3.

The activities appear to be largely unaffected when aromatic system A was derivatized. Only
the Ma-2,6-dimethylbenzoyl derivative caused an overall decline in activity (see compounds
6 and 14). All other substitution patterns are well accepted, with the tendency that the
Na.-2,6-difluorobenzoyl containing compounds showed the highest activities with 3 showing
the highest activity (all activities in the nanomolar range). Even in combination with the
fluoro-substituted aromatic system B, low micromolar activities against Maviumand Mtb
and sub-micromolar activities against Mycobacterium intracellulare (Mintra) were observed
(compound 11). Particularly striking were the high activities of this compound class against
the Mintra strain that we tested.

Changing the substitution pattern near and at the amide bonds strongly affected activity
against the mycobacterial strains tested. The A-methylated compounds 25 and 29 suffered
from complete activity loss, independent of the amide bond to which the A~methyl group
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was added. Likewise, derivatization of aromatic system B caused strong declines in activity.
The introduction of a fluoro substituent on the aromatic ring led to increased MICgq

values, whereas the respective methyl substitution resulted in complete loss of activity. Only
derivatives that contained a hydrogen atom next to the amide bond at aromatic system B
showed improved MICgq values in comparison to the hit compound.

The compounds synthesized in this study were tested for their single concentration
cytotoxicity against an immortalized the human kidney epithelia cell line HEK293. To the
best of our knowledge, AAPs have never been tested against this cell line. Cell viability
relative to a DMSO-treated control is depicted in Figure 3.

Only three compounds caused a relative cell viability lower than 90 %, including the hit
compound MMV (67 % viability) and also 2 (73 % viability), which demonstrated high
antimycobacterial activities. Both compounds have been tested against a variety of cell
lines and displayed no concerning behavior3%-32. The Atmethyl compound 25 exhibited the
highest cytotoxicity with only 35% viability. In contrast, the other A-methyl compound (29)
did not demonstrate a high degree of cytotoxicity.

Conclusions

Microsomal stability as a model for hepatic stability was used as an indicator of intrinsic
clearance for AAPs. We observed that sterically shielding the amide bonds within the
molecular structures of AAPs increases their microsomal stability. In particular, shielding
of the anilide bond at the aromatic system B resulted in higher stabilities in microsomal
suspensions.

Methyl substituents result in complete loss of whole cell activity, rendering these

molecules unsuitable for further efficacy development, although compounds within this
group demonstrated improved stabilities against murine (20) and human (22) microsomes.
Antimycobacterial activity was observed with fluoro substituents making the respective
fluorinated AAPs valuable option for future efficacy development. The compound 11, which
carries fluorine atoms at all investigated positions, possess MICqyq values between 0.4 and
12.5 pM depending on the mycobacterial species combined with improved microsomal
stabilities.

Modification of the aromatic system A was tolerated well with regard to the potency of the
compounds. Ma-2,6-dimethylbenzoyl and NVa-2,6-difluorobenzoyl groups were found to be
beneficial to microsomal stability, offering compounds that show higher or equal activities
together with higher stabilities in comparison to both the hit compound and the most active
compound 2 published so far.

N-methylation of the anilide bond resulted in increased plasma stability, whereas N~
methylation of the Ma.-2-thiophenoyl groups did not cause the same effect. This suggests
that the anilide bond of the hit compound is susceptible to hydrolysis and that it is stabilized
by an adjacent A-methyl group.
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Based on these results, we conclude that the AAP derivatives investigated have sufficient
plasma stability for activity even without A-methylation, which is an improvement
compared to the hit compound MMV. Thus, cleavage or metabolization by plasma
components probably does not contribute to low /in vivo plasma levels to a relevant extent.

These findings support the view that the stability issues of AAPs are probably due to the
instability of the amide bonds. Useful additional information is provided by the observation
that shielding of the anilide bond in aromatic system B results in increased stability. Future
studies on resulting metabolites will aid the design of AAPs for improved stability and
activity.
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Figurel.
Asymmetric unit of 2. Displacement ellipsoids are drawn at the 50 % probability level.

Nitrogen-bound hydrogen atoms and the carbon-bound hydrogen atoms attached to centers
of chirality are represented by small spheres of arbitrary radius, otherwise hydrogen atoms
are omitted for clarity. Dashed lines represent hydrogen bonds. Colour scheme: C, grey; H,
white; N, blue; O, red; F, light green; S, yellow. The crystal structure was refined using
NoSpherA2.37.38
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Figure2.
Degradation of a selection of compounds in human and murine microsomal suspensions

over 40 min. Compounds 11 and 23 are shielded at aromatic system B with a 6-fluoro or
6-methyl substituent respectively and show higher stability than the unshielded derivatives
(3). Displayed values are means of two replicates. Propranolol is shown as reference.
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Figure 3.
Cytotoxicity against human kidney epithelia cells HEK293. Determination of cell viability

was performed at a single compound concentration of 50 uM after 24 h of incubation
relative to DMSO-treated cells. The displayed values are means + SD of triplicates. For
detailed information of the protocol, see the Supporting information
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Scheme 1.
A: Molecular structure of the hit compound MMV. B: Molecular structure of 2.

ChemMedChem. Author manuscript; available in PMC 2024 March 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lang et al. Page 17
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Scheme 2.
Derivatization strategy of AAPs for increased metabolic stability. A: The scaffold

of (2R)-2-[(2-fluorophenyl)formamido]-N-[2-(1,1-dioxo-1A6-thiomorpholin-4-yl)phenyl]-3-
phenylpropanamide is depicted, and the changes at R, R2, and R3 are indicated. The
synthesized derivatives contain either hydrogen, fluoro, or methyl substituents at the
respective positions. All conceivable combinations within this range of substituents were
synthesized, resulting in a total of 15 compounds. B: Two derivatives of MMV were
synthesized by A-methylation at positions R* and R°. One compound was methylated at R*
(29) and the other one at R® (25).
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Scheme 3.
Synthesis of 4-(2-aminophenyl)-1A8-thiomorpholine-1,1-diones and A-methyl derivatives.

A: Synthesis of 3-fluoro derivatives. B: Synthesis of 3-methyl derivatives. C: Synthesis of
N-methyl derivatives. a: DIPEA, 3 d, 50 °C; b: EtOH, Hy, Pd(OH),/C 20 %; c: DIPEA, 50
°C, 24 h; d: DCM, -20 °C, mCPBA in DCM added over 30 min; e HCOOH, HCOONa,
room temperature, overnight; f: THF, LiAIH4 1 M in THF dropwise over 30 min, argon, 0
°C to room temperature. For quantities and detailed procedures see Supporting Information.
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Scheme 4.
Synthesis of A-Boc-(R)-phenylalanine anilides (A) and A~Boc-N-methyl-(R)-phenylalanine

anilides (B). a: EtOAc + pyridine 2:1, T3P 50 % m/v in EtOAc, —20 °C to RT, 20 h. For
quantities and detailed procedures see Supporting Information.
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Scheme 5.

Synthesis of Ma-2-phenoyl-(/)-phenylalanine-2-anilides. a: TFA, DCM, 1 h, RT; b: DMF,
PyBOP, overnight, RT; c: Dioxane, DEPBT, overnight, RT. For synthesis of A-methyl
compounds methods a and b were utilized (not depicted). For quantities and detailed
procedures see Supporting Information.
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Table 1.

Remaining relative amounts of AAP derivatives after incubation in human and murine plasma for 120 min.
Green marked cells indicate over 90 % remaining substance. The values are means of two biological
replicates.
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Table 2.
Remaining substance [%] of AAP derivatives in murine and human microsomal suspensions after 7 min of
E incubation. Color coding compares remaining substance in the human and murine assays. Colors show the
8' difference with respect to the average value. Dark green: highest percentage; light green: over average; white:
% closest to average; light red: below average, dark red: lowest percentage. The displayed values are means of
g two biological replicates. Propranolol was included as a reference.
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Table 3.

MICgqyq values of the new AAP derivatives against different mycobacteria. Mabs = Mycobacterium abscessus
ATCC 19977; Mintra= Mycobacterium intracellulare ATCC 35761; Mtb= Mycobacterium tuberculosis
H37Rv; Mavium = Mycobacterium avium ssp. hominissuis strain 109 (MAC109). /ncubation at 37 °C for
three days (Mabs), five days (Mintra) and seven aays (Mth). Experiments were performed in duplicate, results
were averaged. Protocols for different strains differ slightly, for detailed information on the methodology see
Supporting Information.
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