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Abstract: Mycobacterium tuberculosis, the pathogen that causes tuberculosis, is responsible for the
death of 1.5 million people each year and the number of bacteria resistant to the standard regimen is
constantly increasing. This highlights the need to discover molecules that act on new M. tuberculosis
targets. Mycolic acids, which are very long-chain fatty acids essential for M. tuberculosis viability,
are synthesized by two types of fatty acid synthase (FAS) systems. MabA (FabG1) is an essential
enzyme belonging to the FAS-II cycle. We have recently reported the discovery of anthranilic acids
as MabA inhibitors. Here, the structure–activity relationships around the anthranilic acid core, the
binding of a fluorinated analog to MabA by NMR experiments, the physico-chemical properties
and the antimycobacterial activity of these inhibitors were explored. Further investigation of the
mechanism of action in bacterio showed that these compounds affect other targets than MabA in
mycobacterial cells and that their antituberculous activity is due to the carboxylic acid moiety which
induces intrabacterial acidification.

Keywords: MabA inhibitors; anthranilic acid; FabG1; tuberculosis; mycolic acids

1. Introduction

Tuberculosis (TB), an infectious disease caused by Mycobacterium tuberculosis, is one of
the leading causes of death from a single infectious agent [1]. The World Health Organiza-
tion (WHO) estimates that in 2021, 10.6 million people developed the disease and 1.6 million
died from TB including 187,000 deaths among HIV-positive people [2]. In addition, the
number of bacteria resistant to anti-TB drugs is constantly increasing and in 2021, around
450,000 people developed rifampicin-resistant TB, of which 78% had multidrug-resistant
TB (MDR-TB) [2].

In the last 10 years, three new drugs, bedaquiline [3], delamanid [4] and pretomanid [5]
have been approved for the treatment of resistant TB. Nevertheless, treatment success rates
remain insufficient, particularly in patients with MDR- and XDR-TB (extensively drug-
resistant) [6], and bacteria resistance to these new drugs has already been reported in many
countries, warning that new compounds acting on unexploited targets are needed.
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Mycolic acids, a key component of the bacterial cell wall, are essential for M. tuberculosis
viability [7]. Characterized as very long-chain α-alkyl-β-hydroxy fatty acids (C70–C90)
and composed of a C24–C26 saturated α-chain and a meromycolate chain up to C56, their
biosynthesis is carried out by two types of fatty acid synthase (FAS) systems, FAS-I and
FAS-II [8,9]. FAS-I synthesizes short-chain fatty acids with two different chain lengths:
C24–C26 which correspond to the α-branch in mycolic acids and C16–C18 which are then
elongated by FAS-II to produce the meromycolate chain [10]. FAS-II is composed of four
types of enzymes, which act successively to ensure fatty acid elongation. Several cycles
catalyzed by MabA, HadAB/BC, InhA and KasA/B lead to very long meromycolic acid
chains (C42–C56) which will produce mycolic acids [11]. These enzymes have been shown
to be essential for bacterial growth [12–15] and several antibiotics target InhA, HadAB and
KasA/B [16–19]. However, MabA (FabG1) was the only enzyme of the FAS-II cycle without
a specific inhibitor. We have recently reported the discovery of the first MabA inhibitors
through a fragment-based screening approach [20].

MabA catalyzes the NADPH-specific reduction of β-ketoacyl derivatives into
β-hydroxyacyl derivatives [21]. In order to discover MabA inhibitors, we developed
a new LC-MS/MS-based enzymatic assay in microplates [20]. In this assay, MabA
catalyzes the reduction of acetoacetyl-CoA into hydroxybutyryl-CoA (HBCoA) using
NADPH as a cofactor and we detect the formation of HBCoA by mass spectrometry.
The screening of a 1280-fragment library led to the selection of an anthranilic acid series
and early structure-activity relationships studies led to the identification of compound
1. This inhibitor, composed of a 3,4-dichlorobenzoyl motif linked to the nitrogen of the
anthranilic core and an iodine atom in position 5 of the phenyl ring, inhibits MabA with an
IC50 of 38 ± 6 µM (Figure 1) [20]. The direct brominated analog (compound 2) displayed a
similar potency (IC50 = 45 ± 6 µM).
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Figure 1. Structures and dose–response curves of compounds 1 and 2. The y-axis represents
the inhibition of the transformation of acetoacetyl-CoA in HBCoA by MabA measured by mass
spectrometry [20].

With the aim of increasing the potency of our compounds, the structure–activity
relationships (SAR) around the anthranilic acid core were further explored. The SAR study
includes the bioisosteric replacement of the amide and carboxylic acid functions as well
as the modification of the iodophenyl ring. The direct binding of a fluorinated anthranilic
acid analog to MabA was confirmed by 19F ligand-observed NMR experiments. Physico-
chemical properties and antimycobacterial activity of five chemically diverse compounds
were then evaluated. Further study on how these compounds affect bacterial growth
revealed that they impact targets other than MabA in mycobacterial cells and that their
antituberculous activity is due to the carboxylic acid moiety which causes acidification
inside the bacteria.
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2. Results and Discussion
2.1. Chemistry
2.1.1. Study of the Modification of the Amide Bond

In the iodine series, the first modifications introduced were the methylation of the
nitrogen of the amide linker leading to compound 3 and the replacement of the amide
bond by a sulfonamide leading to compound 4. In the bromine series, the retro amide
(compound 5) and thioamide (compound 6) analogs were synthesized. The bioisosteric
replacement of the amide by a 1,2,4-oxadiazole ring (compound 7) was also tested [22].

Following the methodology described previously [20], the coupling between 2-amino-
5-bromo benzoic acid and isopropoxycarbonyl 3,4-dichlorobenzoate led to compound
2 (Scheme 1). Compound 3 was obtained by alkylation of compound 1 with an excess
of iodomethane, which led to the alkylation of both the amide and the carboxylic acid.
The hydrolysis of the methyl ester was then performed using LiOH. Compound 4 was
synthesized by coupling 2-amino-5-iodobenzoic acid with 3,4-dichlorobenzenesulfonyl
chloride. The reaction of 4-bromo-phthalic anhydride with 3-4-dichloroaniline led to
compound 5 and its regioisomer which were separated by preparative HPLC. Thioamide 6
was synthesized following a three-step procedure: firstly, methyl-2-amino-5-bromobenzoate
was coupled with 3,4-dichlorobenzoyl chloride to give the corresponding amide, followed
by thionation using Lawesson’s reagent, and finally, the desired compound 6 was obtained
by hydrolysis of the methyl ester using NaOH. The 1,2,4-oxadiazole analog (compound 7)
was also obtained after three chemical steps. Firstly, 4-bromo-2-methoxycarbonyl-benzoic
acid was functionalized in the corresponding acid chloride using oxalyl chloride, which
was then coupled with 3,4-dichloro-N′-hydroxy-benzamidine. The 1,2,4-oxadiazole ring
formation was obtained at 100 ◦C and the hydrolysis of the methyl ester using NaOH led
to the corresponding acid (compound 7).

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 3 of 27 
 

 

acid analog to MabA was confirmed by 19F ligand-observed NMR experiments. Physico-

chemical properties and antimycobacterial activity of five chemically diverse compounds 

were then evaluated. Further study on how these compounds affect bacterial growth re-

vealed that they impact targets other than MabA in mycobacterial cells and that their an-

tituberculous activity is due to the carboxylic acid moiety which causes acidification in-

side the bacteria. 

2. Results and Discussion 

2.1. Chemistry 

2.1.1. Study of the Modification of the Amide Bond 

In the iodine series, the first modifications introduced were the methylation of the 

nitrogen of the amide linker leading to compound 3 and the replacement of the amide 

bond by a sulfonamide leading to compound 4. In the bromine series, the retro amide 

(compound 5) and thioamide (compound 6) analogs were synthesized. The bioisosteric 

replacement of the amide by a 1,2,4-oxadiazole ring (compound 7) was also tested [22]. 

Following the methodology described previously [20], the coupling between 2-

amino-5-bromo benzoic acid and isopropoxycarbonyl 3,4-dichlorobenzoate led to com-

pound 2 (Scheme 1). Compound 3 was obtained by alkylation of compound 1 with an 

excess of iodomethane, which led to the alkylation of both the amide and the carboxylic 

acid. The hydrolysis of the methyl ester was then performed using LiOH. Compound 4 

was synthesized by coupling 2-amino-5-iodobenzoic acid with 3,4-dichlorobenzenesul-

fonyl chloride. The reaction of 4-bromo-phthalic anhydride with 3-4-dichloroaniline led 

to compound 5 and its regioisomer which were separated by preparative HPLC. Thioam-

ide 6 was synthesized following a three-step procedure: firstly, methyl-2-amino-5-bromo-

benzoate was coupled with 3,4-dichlorobenzoyl chloride to give the corresponding amide, 

followed by thionation using Lawesson’s reagent, and finally, the desired compound 6 

was obtained by hydrolysis of the methyl ester using NaOH. The 1,2,4-oxadiazole analog 

(compound 7) was also obtained after three chemical steps. Firstly, 4-bromo-2-methox-

ycarbonyl-benzoic acid was functionalized in the corresponding acid chloride using ox-

alyl chloride, which was then coupled with 3,4-dichloro-N′-hydroxy-benzamidine. The 

1,2,4-oxadiazole ring formation was obtained at 100 °C and the hydrolysis of the methyl 

ester using NaOH led to the corresponding acid (compound 7). 

a

i, j, k

f, g, h

7

e

1

4

b, c

d

3

2

5

6

 

Scheme 1. Synthesis of compounds 2–7. Reagents and conditions: (a) Na2CO3 (2.36 eq), iso-

propoxycarbonyl 3,4-dichlorobenzoate (1.5 eq), THF/H2O (1/1), RT, 3 h; (b) CH3I (3.2 eq), Cs2CO3 
Scheme 1. Synthesis of compounds 2–7. Reagents and conditions: (a) Na2CO3 (2.36 eq), isopropoxy-
carbonyl 3,4-dichlorobenzoate (1.5 eq), THF/H2O (1/1), RT, 3 h; (b) CH3I (3.2 eq), Cs2CO3 (3.5 eq),
anh. THF/DMF (3/1), RT, overnight; (c) LiOH (3 eq), H2O, RT, 5 h; (d) 3,4-dichlorobenzenesulfonyl
chloride (1 eq), Na2CO3 (1 eq), H2O, RT, 30 min; (e) 3,4-dichloroaniline (1 eq), DIEA (2.2 eq), anh.
DMF, RT, overnight; (f) 3,4-dichlorobenzoyl chloride (1 eq), anh. pyridine, RT, 1 h; (g) Lawesson’s
reagent (2 eq), anh. toluene, argon, 110 ◦C, 4 days; (h) NaOH (4 eq), MeOH, H2O, reflux, overnight;
(i) oxalyl chloride (1.2 eq), DMF, DCM, RT, 1 h; (j) 3,4-dichloro-N′-hydroxy-benzamidine, pyridine,
100 ◦C, 4.5 h (k) NaOH (4 eq), MeOH/H2O (20/1), 65 ◦C, 1 h.
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2.1.2. Study of the Modification of the Carboxylic Acid Moiety

We first replaced the carboxylic acid moiety with a primary alcohol. Compound 8
was obtained from the corresponding carboxylic acid (compound 1) which was coupled
with N-hydroxysuccinimide using DCC (dicyclohexylcarbodiimide) and then reduced
by sodium borohydride (Scheme 2). The synthesis of the primary carboxamide analog
(compound 9) proceeded in two steps starting from 2-amino-5-iodo-benzonitrile. Firstly,
the nitrile was hydrolyzed under acidic conditions into the primary amide [23] and then
the aniline was coupled with isopropoxycarbonyl 3,4-dichlorobenzoate to give the de-
sired compound 9. The nitrile analog (compound 10) was obtained from the coupling of
2-cyano-4-iodoaniline with 3,4-dichlorobenzoyl chloride. The bioisosteric replacement of
the carboxylic acid by a tetrazole (compound 11) was achieved starting from compound 10,
by the addition of sodium azide. Finally, acylsulfonamides (compounds 12–13) were
obtained by coupling the carboxylic acid 1 with the respective sulfonamides using CDI
(carbonyldiimidazole) and DBU (1,8-Diazabicyclo [5.4.0]undec-7-ene) [23].
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Scheme 2. Synthesis of compounds 8–13. Reagents and conditions: (a) DCC (1.02 eq),
N-hydroxysuccinimide (1.07 eq), EtOAc, 0 ◦C to RT, overnight; (b) NaBH4 (3.1 eq), THF/H2O (10/1),
RT, 1.5 h; (c) H2SO4 (solvent), RT, 72 h; (d) Na2CO3 (2 eq), isopropoxycarbonyl 3,4-dichlorobenzoate
(1.5 eq), THF/H2O (1/1), RT, 72 h; (e) 3,4-dichlorobenzoyl chloride (1.5 eq), pyridine, RT, 1 h; (f) NaN3

(1 eq), ZnBr2 (1 eq), DMF, 130 ◦C, 2 h; (g) trifluoromethanesulfonamide or methanesulfonamide
(2 eq), CDI (2 eq), DBU (3 eq), anh. THF, RT, 3 h.

2.1.3. Study of the Modification of the Phenyl Ring

The substitution of the phenyl ring and the introduction of new aromatic rings were
explored. Since an increase in activity correlated with an increase in halogen size has been
previously observed in the Boc-anthranilic acid series [20], we assumed that a bulky and
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hydrophobic substituent was preferable for activity. Firstly, we moved the bromine atom to
position 4 on the phenyl ring of the anthranilic acid core to obtain compound 14. We then
replaced the bromine atom with a hydrogen atom (compound 15) to confirm the loss of
activity. The introduction of alkyl substituents was then explored. As the ethynyl group
was described as a bioisostere of the iodine atom due to their similar molecular electrostatic
potentials [24], an ethynyl group was introduced in position 4 (compound 17) as well as a
cyclopropylethynyl in position 5 (compound 16). To complete this exploration, a pyrazole
was introduced in position 4 (compound 18). Finally, the introduction of a naphthalene
(compound 19) and a quinoline (compound 20) as a replacement for the phenyl core was
also investigated.

Amides 14 and 15 were obtained as described above from commercial anilines (Scheme 3).
Alkynes 16 and 17 were obtained using a Sonogashira coupling from iodo or bromo deriva-
tives. Compounds 18 and 19 were isolated after the coupling of the appropriate anilines
with isopropoxycarbonyl 3,4-dichlorobenzoate. Finally, 2-nitrobenzaldehyde was used in a
Knoevenagel condensation with ethyl 2-cyanoacetate, then reduction of the nitro group
followed by an intramolecular cyclization led to ethyl 2-aminoquinoline-3-carboxylate.
Coupling with 3,4-dichlorobenzoyl chloride and hydrolysis of the ethyl ester led to the
desired compound 20.
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Scheme 3. Synthesis of compounds 14–20. Reagents and conditions: (a) Na2CO3 (2 eq), isopropoxy-
carbonyl 3,4-dichlorobenzoate (1.5 eq), THF/H2O (1/1), RT, 2 h to overnight; (b) ethynylcyclopropane
(2 eq) PdCl2(PPh3)2 (6%), TBAI (1.5 eq), CuI (0.2 eq), TEA (16.9 eq), anh. acetonitrile, RT, 1.5 h,
then 60 ◦C 30 min; (c) ethynyl(trimethyl)silane (6 eq), triphenyl phosphine (0.1 eq), CuI (0.1 eq),
PdCl2(PPh3)2 (0.1 eq), TEA (46.5 eq), anh. THF, argon, 80 ◦C, 2 h; (d) Na2CO3 (2 eq), isopropoxycar-
bonyl 3,4-dichlorobenzoate (1.5 eq), THF/H2O, RT, 4 h; (e) ethyl 2-cyanoacetate (1 eq), piperidine
(1.1 eq), ethanol, RT, 1.5 h; (f) Fe (3 eq), acetic acid, 80 ◦C, 1.5 h; (g) 3,4-dichlorobenzoyl chloride
(3.5 eq), pyridine, 100 ◦C under microwave irradiation, 30 min; (h), NaOH (4 eq), H2O, EtOH, RT, 1 h.

2.2. Biological Results

All compounds were evaluated for their inhibitory activity on MabA using our LC-
MS/MS-based enzymatic assay. The potency of the compounds is reported as the concen-
tration inhibiting 50% of the transformation of acetoacetyl-CoA in HBCoA in the presence
of NADPH.
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2.2.1. Modifications of the Amide Bond

In the iodine series, the replacement of the amide function with a sulfonamide function
(compound 4) led to a compound as potent as the reference compound 1 while methylation
of the amide function (compound 3) decreased the potency by more than five times (Table 1).
In the bromine series, the replacement of the amide function with a thioamide function
was tolerated (compound 6) while the introduction of a reverse amide or a 1,2,4-oxadiazole
(compounds 5 and 7) was less favorable.

Table 1. Inhibition of MabA enzymatic activity by compounds 1–7.
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102

The exploration of the replacement of the amide function did not lead to more potent
analogs; therefore, all the following modifications were performed in the amide series.

2.2.2. Modifications of the Carboxylic Acid Moiety

The replacement of the carboxylic acid with alcohol (compound 8), a carboxamide
(compound 9) or a nitrile (compound 10) was deleterious for activity (IC50 > 333 µM).
On the contrary, its replacement by bioisosteres such as a tetrazole (compound 11) or
acylsulfonamides (compounds 12-13) was well tolerated and led to compounds with IC50
between 24 and 35 µM (Table 2). Overall, these SARs show that the presence of an acid
function is required to inhibit MabA in vitro.

2.2.3. Modifications of the Phenyl Ring

Removal of the halogen atom on the phenyl ring (compound 15) led to an inactive
compound (IC50 > 1000 µM). The introduction of a bromine atom in position 4 of the phenyl
ring (compound 14) instead of position 5 (compound 2) led to a compound with similar
activity suggesting that both positions are tolerated for the introduction of substituents
(Table 3). This observation was confirmed by the introduction of a fused phenyl ring
(compound 19), as a similar activity to that of the halogenated compounds was observed
for this naphthyl analog. Replacing the naphthyl ring with a quinoline ring (compound
20) resulted in a 2-fold reduction in the potency (IC50 = 76 µM). The replacement of
the iodine atom in position 5 of the phenyl ring with a cyclopropyl-substituted alkyne
(compound 16) led to a one-third reduction in potency (IC50 = 60 µM) compared to the
reference compound whereas the introduction of an unsubstituted alkyne in position
4 (compound 17) led to a 2-fold decrease in potency (IC50 = 77 µM). Interestingly, the
introduction of a pyrazole in position 4 of the phenyl ring (compound 18) improved the
activity by a factor of (1.6 IC50 = 23 µM).
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Table 2. Inhibition of MabA enzymatic activity by compounds 1, 8-13.
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These SARs show that the introduction of a bulky substituent in position 4 or 5 of
the phenyl ring is important for activity. This suggests that a new hydrophobic contact
with the binding pocket of MabA may have been created. The replacement of the halogen
atom by ethynyl groups, which are described as bioisosteres of the iodine atom [24], is well
tolerated and supports this hypothesis.

2.2.4. Evaluation of the Interaction of the Fluorinated Compound 12 with MabA by NMR
19F-NMR experiments have already been used to confirm the binding of fluorinated

inhibitors to MabA [20]. Ligand-observed NMR techniques can be applied to detect the
weak binding of small molecules as measured by the reduction in fluorine or proton signal
intensity [25,26]. Compound 12 bearing a trifluoromethyl group was selected for NMR
experiments using a 600 MHz spectrometer equipped with a 19F cryogenic probe. The
disappearance of 19F- and 1H-NMR signals of compound 12 in the presence of MabA
confirmed the direct binding of this inhibitor to the protein (Figure 2).
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Figure 2. Superimposition of 1D 19F (left panel) and 1H (right panel) NMR spectra of compound 12
at 100 µM alone (in blue) and in the presence of MabA at 20 µM (in red).

Interestingly, a comparison of the 19F-NMR signal observed with compound 12 and
three previously published MabA inhibitors [20] shows a correlation between the signal
decrease and the inhibitory activity of the compounds. Experiments carried out with
compound 12, which displays the best activity, show a total disappearance of the signal
in contrast to the other three compounds where the signal is still visible (Supplementary
materials Figure S1).
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Table 3. Biological activities of compounds 1, 2, 14-20.
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2.2.5. Evaluation of Physico-Chemical Properties and Antimycobacterial Activity

The two reference compounds (1 and 2) and three analogs (12, 16 and 18), chemically
diverse and of similar potency to the reference compounds, were selected to further evaluate
their physico-chemical properties (Table 4). All compounds displayed a solubility greater
than 140 µM and a logD between 2.54 and 4.10. Plasma protein binding was measured and
these compounds, which are hydrophobic and bear a carboxylic acid function, were highly
bound to plasma proteins. The introduction of a pyrazole ring (compound 18) expectedly
decreased lipophilicity but did not reduce plasma protein binding.

The antibacterial activity of compounds 1 and 2 reported previously was assessed
using green fluorescent protein (GFP)-expressing M. tuberculosis H37Rv grown in Middle-
brook 7H9 liquid medium supplemented with Oleic Albumin Dextrose Catalase (OADC).
After 5 days of incubation, the GFP signal was measured and showed that both compounds
had an equivalent potency to inhibit 90% of the bacterial growth (MIC90 = 300 µM). The
bacterial culture medium used in this previous study contained albumin, which we know
now may limit the quantity of unbound compounds 1 and 2. In the present study, the cul-
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ture medium was therefore switched to Sauton, which does not contain albumin. In these
conditions, compound 1 displayed a MIC90 of 100 µM while the addition of albumin to the
Sauton medium reversed its MIC90 to 300 µM (Figure 3A). A similar pattern was observed
in the presence of albumin for all compounds tested such as compound 18 (Figure 3B).

Table 4. Biological activities and physico-chemical properties of compounds 1, 2, 12, 16, 18.

Cpd Structure IC50 (µM) MIC90 (µM) Solubility (µM) LogD7.4 PPB (%)

1
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Figure 3. M. tuberculosis growth inhibition by compound 1 (A) and compound 18 (B) in Sauton
medium with (red curve) or without (black curve) 12.5 g/L of bovine serum albumin (BSA).
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The antimycobacterial activity of our five best compounds was then evaluated on
GFP-expressing M. tuberculosis H37Rv grown in Sauton medium (Table 4). All compounds
inhibited bacterial growth with MIC90 values between 100 and 300 µM. However, there
was no apparent correlation between enzymatic and antibacterial activities.

2.2.6. Analysis of Mycolic Acids Inhibition in M. tuberculosis

To assess whether the studied compounds were able to inhibit the FAS-II system in
bacterio, 14C metabolic labeling of M. tuberculosis H37Rv treated with selected compounds
was performed, mycolic acids were isolated, derivatized to corresponding methyl esters
and analyzed by TLC (Figure 4). Mycolic acids are synthesized by two fatty acid synthase
systems FAS-I and FAS-II. In this assay, M. tuberculosis was grown in Sauton medium
without BSA, and radiolabeled acetate was used to produce radiolabeled mycolic acids.
The fatty acid profiles of the cells treated with 2% DMSO as a control showed the presence
of the three types of mycolic acids (alpha, methoxy and keto), as well as standard fatty
acid methyl esters (FAME) coming from FAS-I and used as precursors for the mycolic
acid’s synthesis. In this assay, a treatment with isoniazid (INH), a FAS-II inhibitor, led to a
decrease in mycolic acids synthesis and an accumulation of the FAMEs which are no longer
used for the biosynthesis of mycolic acids.
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Figure 4. Autoradiogram of TLC analysis of fatty acid methyl esters extracted from the cells
M. tuberculosis H37Rv cultivated in the presence of INH (positive control), DMSO (negative con-
trol), and compounds 16 and 18. The cells were metabolically labeled with 14C-acetate. FAME—fatty
acid methyl esters; α-, methoxy-, keto-, refer to the different forms of mycolic acid methyl esters.

Two MabA inhibitors (compounds 16 and 18) were selected and tested at 100 and
300 µM in this assay. The solubility of these compounds in Sauton medium was measured
and they displayed a solubility greater than 300 µM. TLC analysis showed no specific
inhibition of mycolic acids in cells treated with these compounds. It revealed a general
dose-dependent decrease in all 14C-labeled molecules, correlated to the activity of the
compounds measured on M. tuberculosis (compound 16 MIC90 = 100 µM and compound 18
MIC90 = 300 µM). This result indicates that compounds 16 and 18 affect other targets than
MabA in mycobacterial cells.
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2.2.7. Exploration of the Mechanism of Action of Inhibitors in Bacteria

To evaluate the contribution of MabA inhibition in the mechanism of action of the
compounds, MabA (Rv1483) was cloned into pMV261 constitutive overexpression plasmid
under the control of the strong hsp60 promoter. The construct was transformed in H37Rv
and the overexpression of MabA was verified by Western blot. For an equivalent loading
material, as exemplified by the housekeeping protein Hsp65 band, MabA was undetectable
in the parental H37Rv, while H37Rv_pMV261-MabA displayed a strong MabA production
(Figure 5, left). No difference in activity for the inhibitors was observed between the
parental and mabA overexpressing H37Rv, suggesting that the inhibition of MabA plays a
minor role, if any, in the mechanism of action of these inhibitors (Figure 5, right).
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Figure 5. (Left) Western blot showing overexpression of MabA in H37Rv_pMV261-MabA, as com-
pared to the parental control. H37Rv_pMV261-MabA 1 through 6 correspond to different clones tested.
(Right) Antimycobacterial activity of compound 16 on H37Rv (black curve) and H37Rv_pMV261-
MabA (blue curve). Curves represent the mean of two independent experiments.

Several rounds of selection of spontaneous resistance mutants were undertaken at
2× and 3×MIC of compound 16 and this resulted in a bacterial lawn or lack of resistant
colonies, respectively. The selection of resistant mutants was also attempted in liquid.
Cultures were treated with increasing concentrations of compound 16 in Sauton medium,
up to 45 µM, where growth inhibition was apparent by optical density. After 7 days of
treatment, the bacteria were pelleted and plated on 7H11 agar plates carrying 2×MIC and
3×MIC of compound 16. Again, this resulted in the growth of a lawn after 3 months of
incubation at 37 ◦C or in the absence of colonies, respectively.

Transcriptomic profiling can be a useful tool to inform on the mechanism of action of a
drug [27]. Therefore, H37Rv was treated with 50 µM of compound 16 in Sauton medium for
2 h after which the bacteria were pelleted, and their RNA extracted for library preparation
and RNA sequencing.

Transcriptional analysis revealed the downregulation of genes implicated in DNA
replication, transcription, translation and growth, in line with the growth-inhibitory effect
of the compound (Figure 6). Furthermore, overexpression of drug efflux operons (Rv1687c-
1686c, Rv1219c-1216c) was particularly significant suggesting a rapid induction of export
of the compound. Lastly, Rv0560c was strongly upregulated. Rv0560c is described as
an S-adenosylmethionine-dependent methyltransferase that was shown to be induced
by salicylate stress. In fact, our transcriptional results agreed well with described gene
expression profile observed after M. tuberculosis treatment with salicylate [28].

The anthranilic acid derivatives are close analogs of salicylic acid and transcriptional
profiling reveals that this feature plays a major role in the bacterial response to compound
16 treatment. M. tuberculosis is unusually sensitive to weak acids such as salicylic acid. Weak
acids display higher potency in decreasing pH conditions, and this was correlated to their
ability to act as protonophores, inducing acidification of intrabacterial pH and decreased
membrane potential [29]. To determine whether this is a trait of our MabA inhibitors, the
activity of compound 16 was tested under a range of pH conditions on H37Rv (Figure 7).
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Indeed, decreasing pH improved the potency of compound 16 (Figure 7A,B). Moreover,
we used an H37Rv expressing a ratiometric pH-sensitive GFP to measure the effect of
compound 16 treatment in the maintenance of the pH homeostasis [30]. Consistently, we
observed a dose-dependent decrease in the intrabacterial pH in the presence of compound
16 (Figure 7C). These observations are consistent with our inability to select resistance
mutants to compound 16 as the peculiar mechanism of action of these weak acids does not
rely on a single target, but rather on a general effect on membrane potential.

Overall, these results suggest that the anthranilic acid core of MabA inhibitors is
the main driver of bacterial response, inducing intrabacterial acidification and arrest of
replication and fatty acid synthesis [28]. These effects are shared with pyrazinamide (PZA),
a prodrug bioactivated by the enzyme PncA into pyrazinoic acid. This compound, which is
also poorly active in neutral pH conditions, is nevertheless a cornerstone drug in current
TB regimens.

3. Materials and Methods
3.1. Chemistry

The solvents used for synthesis, analysis and purification were obtained as analytical
grade from commercial suppliers and used without further purification. Chemical reagents
were obtained from Fisher Scientific, Merck, Fluorochem, Enamine or TCI as reagent grade
and used without further purification.

The LC-MS Waters system used included a 2747 sample manager, a 2695 separations
module, a 2996 photodiode array detector (200–400 nm), and a Waters Micromass ZQ2000
detector (scan 100–800). The XBridge C18 column (50 mm × 4.6 mm, 3.5 µm, Waters)
was used with an injection volume of 20 µL and a mobile phase mixture of water and
acetonitrile in gradient-elution. The pH of the mobile phase was adjusted to 3.8 with
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HCOOH and NH4OH to form a buffer solution. Analysis time was 5 min (at a flow rate
of 2 mL/min), 10 min (at a flow rate of 1 mL/min) or 30 min (at a flow rate of 1 mL/min).
Purity was determined by reversed-phase HPLC with UV detection (215 nm) and all
isolated compounds had a purity greater than 95%.

HRMS analysis was conducted on a LC-MS system utilizing a LCT Premier XE mass
spectrometer from Waters and a XBridge C18 column (50 mm × 4.6 mm, 3.5 µm, Waters).
The mobile phase gradient started with 98% H2O 5 mM Ammonium Formate pH 3.8 and
reached 100% CH3CN 5 mM Ammonium Formate pH 3.8 within 3 min at a flow rate of
1 mL/min.

NMR spectra were recorded on a Bruker DRX-300 spectrometer using the solvent
as an internal reference [e.g., 2.50 (residual DMSO-d6) and 39.52 (DMSO-d6) ppm for
1H and 13C NMR spectra, respectively]. Chemical shifts (δ) were in parts per million
(ppm) and assignments were made using one-dimensional (1D) 1H and 13C spectra and
two-dimensional (2D) HSQC-DEPT, COSY, and HMBC spectra. NMR coupling constants
(J) were reported in Hertz (Hz) and splitting patterns were indicated as follows: m for
multiplet, s for singlet, brs for broad singlet, d for doublet, t for triplet, q for quartet, dd for
doublet of doublet, ddd for doublet of doublet of doublet.

Reverse flash chromatography was performed using a CombiFlash® C18 Rf200, which
was equipped with C18 silica gel cartridges and UV detection (215 and 254 nm) was used
to isolate the desired product.

Preparative HPLC was performed using a Varian PRoStar system, which was equipped
with an Omni-Sphere 10 µm column C18 Dynamax (250 mm × 41.4 mm) from Agilent
Technologies. A gradient starting from 20% MeCN/80% H2O/0.1% formic acid and
reaching 100% MeCN/0.1% formic acid at a flow rate of 80 mL/min was used with UV
detection (215 and 254 nm) to isolate the desired product.

The synthesis process utilizing microwave irradiation was carried out using
Biotage® Initiator+.

3.1.1. General Method for the Coupling of Anilines with Isopropoxycarbonyl 3,4-dichlorobenzoate

The appropriate amine (1 eq) was dissolved in water (C = 0.2–0.5 M) with sodium car-
bonate (2 eq). This solution was cooled to 0 ◦C, and then a solution of isopropoxycarbonyl
3,4-dichlorobenzoate (1.5 eq) in THF (C = 0.33–0.8 M) was added dropwise at 0 ◦C. The
mixture was stirred at RT until completion of the reaction (Scheme 4). The product was
solubilized in MeOH, celite was added, solvents were removed under reduced pressure
and the product was purified by reverse flash chromatography (MeOH/H2O).
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5-bromo-2-[(3,4-dichlorobenzoyl)amino]benzoic Acid (2)

Prepared following general method Section 3.1.1. Reaction time: 3 h. Yield = 69%.
1H-NMR (DMSO-d6): δ (ppm) 7.50 (dd, J = 8.8, J = 2.6 Hz, 1H), 7.82 (d, J = 8.5 Hz, 1H),
7.96 (dd, J = 8.5 Hz, J = 2.0 Hz, 1H), 8.13-8.14 (m, 2H), 8.57 (d, J = 8.8 Hz, 1H). 13C-NMR
(DMSO-d6): δ (ppm) 114.4, 121.0, 127.7, 127.8, 129.6, 131.5, 132.2, 133.2, 134.1, 134.9, 136.1,
140.3, 162.3, 168.5. HRMS (TOF, ES-) m/z [M-H]−: Calculated for C14H7NO3Cl2Br 385.8986,
found 385.8989.
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4-bromo-2-[(3,4-dichlorobenzoyl)amino]benzoic Acid (14)

Prepared following general method Section 3.1.1. Reaction time: 2 h. Yield = 23%.
1H-NMR (DMSO-d6): δ (ppm) 12.44 (s, 1H), 8.82 (s, 1H), 8.10 (s, 1H), 7.88–7.97 (m, 3H),
7.42 (d, J = 8.0 Hz, 1H) 13C-NMR (DMSO-d6): δ (ppm) 169.9, 163.1, 141.9, 135.7, 135.0,
133.4, 132.4, 131.8, 129.6, 127.8, 127.7, 126.7, 122.8, 117.2. HRMS (TOF, ES-) m/z [M-H]−:
Calculated for C14H7NO3BrCl2 389.8986, found 389.8998.

2-[(3,4-dichlorobenzoyl)amino]benzoic Acid (15)

Prepared following general method Section 3.1.1. Reaction time: 2 h. Yield = 14%.
1H-NMR (DMSO-d6): δ (ppm) 12.35 (s, 1H), 8.58 (d, J = 8.1 Hz, 1H), 8.13 (d, J = 1.4 Hz, 1H),
8.05 (dd, J = 7.9, 1.2 Hz, 1H), 7.83–7.94 (m, 2H), 7.65 (t, J = 7.1 Hz, 1H), 7.23 (t, J = 7.5 Hz,
1H). 13C-NMR (DMSO-d6): δ (ppm) 170.4, 162.9, 140.9, 135.5, 135.4, 134.4, 132.3, 131.8, 131.7,
129.6, 127.7, 123.9, 120.6, 118.5. HRMS (TOF, ES-) m/z [M-H]−: Calculated for C14H8NO3Cl2
307.9881, found 307.9886.

2-[(3,4-dichlorobenzoyl)amino]-4-pyrazol-1-yl-benzoic Acid (18)

Prepared following general method Section 3.1.1. Reaction time: 2 h. Yield = 36%.
1H-NMR (DMSO-d6): δ (ppm) 9.14 (d, J = 1.9 Hz, 1H), 8.43 (d, J = 2.2 Hz, 1H),
8.20 (d, J = 1.7 Hz, 1H), 8.11 (d, J = 8.5 Hz, 1H), 8.01 (dd, J = 8.4, 1.8 Hz, 1H), 7.86 (d,
J = 8.4 Hz, 1H), 7.76 (s, 1H), 7.45 (dd, J = 8.4, 2.0 Hz, 1H), 6.55 (s, 1H). 13C-NMR (DMSO-d6):
δ (ppm) 169.3, 162.4, 142.1, 141.5, 141.1, 136.3, 134.8, 132.8, 132.2, 131.6, 129.7, 128.2, 127.8,
123.5, 112.0, 109.0, 108.4. HRMS (TOF, ES-) m/z [M-H]−: Calculated for C17H10N3O3CL2
374.0099, found 374.0103.

3-[(3,4-dichlorobenzoyl)amino]naphthalene-2-carboxylic Acid (19)

Prepared following general method Section 3.1.1. Time of reaction: overnight.
Yield = 25%. 1H-NMR (DMSO-d6): δ (ppm) 14.0 (s, 1H), 12.15 (s, 1H), 9.01 (s, 1H),
8.73 (s, 1H), 8.14 (s, 1H), 8.05 (d, J = 8.0 Hz, 1H), 7.96-7.84 (m, 3H), 7.64 (t, J = 6.8 Hz, 1H),
7.51 (t, J = 7.4 Hz, 1H). 13C-NMR (DMSO-d6): δ (ppm) 170.4, 162.8, 136.1, 135.9, 135.5, 135.3,
133.7, 132.3, 131.8, 129.8, 129.6, 129.5, 129.0, 127.7, 127.6, 126.3, 118.4, 117.8. HRMS (TOF,ES-)
m/z [M-H]−: Calculated for C18H10NO3Cl2 358.0038, found 358.0046.

3.1.2. Synthesis of 2-[(3,4-dichlorobenzoyl)-methyl-amino]-5-iodo-benzoic Acid (3)

To a solution of 2-[(3,4-dichlorobenzoyl)amino]-5-iodo-benzoic acid (1, 0.05 mmol)
in a mixture of anhydrous THF and DMF (2 mL, v/v, 3:1) was added cesium carbonate
(0.19 mmol) and iodomethane (0.16 mmol). The mixture was stirred at RT overnight.
Lithium hydroxide (0.15 mmol) in water (2 mL) was then added and the reaction was
stirred at RT for 5 h. The solvent was removed under reduced pressure and to the white
residue was added HCl 1 N (5 mL). The obtained precipitated was filtered to afford the
desired product as a white powder. Yield = 88%. 1H-NMR (MeOD-d4): δ (ppm) 8.14 (s, 1H),
7.90 (d, J = 7.0 Hz, 1H), 7.44 (s, 1H), 7.33 (d, J = 8.0 Hz, 1H), 7.21 (d, J = 8.5 Hz, 1H), 7.12 (d,
J = 7.5 Hz, 1H), 3.38 (s, 3H). 13C-NMR (MeOD-d4): δ (ppm) 168.7, 165.4, 143.5, 142.1, 140.2,
135.8, 133.6, 131.7, 131.6, 130.5, 130.1, 129.7, 127.5, 92.1, 37.0. HRMS (TOF, ES-) m/z [M-H]−:
Calculated for C15H9NO3Cl2I 447.9004, found 447.9026.

3.1.3. Synthesis of 2-[(3,4-dichlorophenyl)sulfonylamino]-5-iodo-benzoic Acid (4)

In a round bottom flask charged with 2-amino-5-iodo-benzoic acid (0.5 mmol) and
Na2CO3 (0.5 mmol) dissolved in water (1.5 mL) was slowly added 3,4-dichlorobenzenesulfonyl
chloride (0.5 mmol). During the addition of sulfonyl chloride and the progression of reac-
tion the pH was maintained at a value around 8 (sodium carbonate was added portion-wise
if necessary). The resulting mixture was stirred at RT for 30 min. The product precipitated
as a yellow solid which was filtered and washed with water, cyclohexane and DCM to
afford the desired product as a white powder. Yield = 45%. 1H-NMR (DMSO-d6): δ (ppm)
8.10 (d, J = 2.2 Hz, 1H), 7.95 (d, J = 2.0 Hz, 1H), 7.79 (d, J = 8.4 Hz, 1H), 7.70 (d, J = 8.5 Hz,



Pharmaceuticals 2023, 16, 335 15 of 27

1H), 7.69 (dd, J = 8.6, 4.2 Hz, 1H), 7.19 (d, J = 8.7 Hz, 1H), 13C-NMR (DMSO-d6): δ (ppm)
167.7, 142.3, 142.2, 141.4, 139.2, 135.4, 132.0, 131.7, 128.3, 126.6, 121.7, 120.9, 84.7. HRMS
(TOF, ES-) m/z [M-H]−: Calculated for C13H7NO4SCl2I 469.8518, found 469.8514.

3.1.4. Synthesis of 5-bromo-2-[(3,4-dichlorophenyl)carbamoyl]benzoic Acid (5)

5-bromoisobenzofuran-1,3-dione (7b, 1.17 mmol), DIEA (2.57 mmol and 3,4-dichloroaniline
(1.17 mmol) were introduced in a tube with anhydrous DMF. The reaction mixture
was stirred overnight at RT. The solution was evaporated under reduced pressure.
The residue was dissolved in acetonitrile and then purified by preparative HPLC
(H2O/MeCN) to afford one fraction pure and one contaminated. A second purification
by preparative HPLC (isocratic, 45/55 H2O/MeCN) was attempted and gave a second
pure fraction. Pure fractions were pooled. Yield =32%. 1H-NMR (DMSO-d6): δ (ppm)
10.68 (s, NH), 8.05 (d, J = 2.2 Hz, 1H), 8.02 (d, J = 2.0 Hz, 1H), 7.90 (dd, J = 8.1 Hz, J = 2.0 Hz,
1H), 7.61 (d, J = 8.8 Hz, 1H), 7.57-7.53 (m, 2H). 13C-NMR (DMSO-d6): δ (ppm) 167.2, 166.4,
139.8, 137.6, 135.1, 132.5, 131.4, 131.2, 130.4, 125.4, 123.2, 121.1, 120.0. HRMS (TOF, ES-) m/z
[M-H]−: Calculated for C14H7NO3Cl2Br 385.8986, found 385.8975.

3.1.5. Synthesis of 5-bromo-2-[(3,4-dichlorobenzenecarbothioyl)amino]benzoic Acid (6)
Methyl 5-bromo-2-[(3,4-dichlorobenzoyl)amino]benzoate (Intermediate 6a)

In the round bottom flask, methyl 2-amino-5-bromo-benzoate (2 mmol) and 1 mL of
pyridine were added. 3,4-dichlorobenzoyl chloride (2 mmol) dissolved in 2 mL of pyridine
was added dropwise to the solution. The mixture was stirred at RT for 1 h. The solvent was
removed under reduced pressure, EtOAc was added and a precipitated was formed. It was
filtrated to afford 744 mg of white powder leading to a 92% yield.

Methyl 5-bromo-2-[(3,4-dichlorobenzenecarbothioyl)amino]benzoate (Intermediate 6b)

A suspension of Lawesson’s reagent (0.57 mmol), dissolved in anhydrous toluene
(2 mL), was added at RT to a stirred solution of methyl 5-bromo-2-[(3,4-dichlorobenzoyl)
amino]benzoate (0.285 mmol) in anhydrous toluene (5 mL). The solution was stirred under
argon at 110 ◦C for 4 days. The solvent was removed under reduced pressure, and the
crude was purified by flash chromatography (Cyclohexane/EtOAc from 100/0 to 95/5
in 20 min) to afford an impure yellow powder which was used in the next step without
further purification.

5-bromo-2-[(3,4-dichlorobenzenecarbothioyl)amino]benzoic Acid (6)

In round bottom flask was dissolved methyl 5-bromo-2-[(3,4-dichlorobenzenecarbothioyl)
amino]benzoate (0.29 mmol) in 2.5 mL of MeOH. NaOH (1.15 mmol) was dissolved in
2.5 mL of MeOH and 0.1 mL of water and then added to the first solution. The mixture was
stirred at reflux. 7 mL of MeOH were added and then the reaction was stirred overnight at
reflux. The solvent was then removed under reduced pressure. The crude was dissolved
in EtOAc and washed with HCl, brine, dried over MgSO4 and evaporated under reduced
pressure. The crude was purified by reverse flash chromatography (MeOH/H2O from
90/10 to 100/0 in 25 min) to give the desired product as a yellow powder. Yield = 30% (over
two steps), 1H-NMR (DMSO-d6): δ (ppm) 9.67 (d, J = 8.9 Hz, 1H), 8.17 (d, J = 2.6 Hz, 1H),
8.14 (d, J = 2.2, 1H), 7.91 (dd, J = 8.5 Hz, J = 2.2 Hz, 1H), 7.74 (d, J = 8.5 Hz, 1H), 7.60 (dd,
J = 8.9 Hz, J = 2.6 Hz, 1H) 13C-NMR (DMSO-d6): δ (ppm) 190.4, 167.8, 144.1, 141.7, 133.8,
133.7, 132.7, 131.4, 130.9, 129.7, 129.3, 127.7, 120.8, 116.9. HRMS (TOF, ES-) m/z [M-H]−:
Calculated for C14H7NO2SCl2Br 401.8758, found 401.8764.

3.1.6. Synthesis of 5-bromo-2-[3-(3,4-dichlorophenyl)-1,2,4-oxadiazol-5-yl]benzoic Acid (7)
3,4-dichloro-N′-hydroxy-benzamidine (Intermediate 7a)

In a 25 mL round bottom flask, 3,4-dichlorobenzonitrile (3 mmol, 516 mg, 1 eq),
hydroxyammonium chloride (4.5 mmol, 312 mg, 1.5 eq) and DIEA (6.4 mmol, 1.115 mL,
1.6 eq) dissolved in 4 mL of EtOH were added. The mixture was stirred under reflux at
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80 ◦C for 4 h. The solution was evaporated under reduced pressure. The residue was
dissolved in EtOAc (15 mL), washed twice with water (15 mL× 2), once with brine (15 mL),
dried over MgSO4 filtrated and then evaporated under reduced pressure to afford a white
powder. Yield = 76% yield. 1H-NMR (DMSO-d6): δ ppm 9.87 (s, 1H), 7.88 (d, J = 1.8 Hz,
1H), 7.67 (dd, J = 8.5 Hz, J = 1.8 Hz, 1H), 7.62 (d, J = 8.5 Hz, 1H), 5.96 (s, 2H).

5-bromoisobenzofuran-1,3-dione (Intermediate 7b)

In a 25 mL round bottom flask, 4-bromophthalic acid (1050 mg, 4.28 mmol, 1 eq), acetic
anhydride (5 mL) and trifluoroacetic anhydride (0.08 mL) were added. The mixture was
stirred at 100 ◦C for 4 h. The mixture was then evaporated under reduced pressure to afford
a reddish powder. Yield = 99%. 1H-NMR (DMSO-d6): δ ppm 8.35 (s, 1H), 8.19 (d, J = 7.6 Hz,
1H), 8.0 (d, J = 7.0 Hz, 1H).

4-bromo-2-methoxycarbonyl-benzoic Acid (Intermediate 7c)

In a round bottom flask, 5-bromoisobenzofuran-1,3-dione (7b, 2.7 mmol) and an-
hydrous MeOH (5 mL) were added. The solution was stirred at RT for 1 h. Then, the
solvent was removed under reduced pressure. The crude was purified with reverse
flash chromatography (MeCN/H2O 65/35, isocratic) to afford 165 mg of a white pow-
der. Yield = 23%. 1H-NMR (CDCl3): δ ppm 9.80 (brs, 1H), 7.81–7.84 (m, 2H), 7.72 (dd,
J = 8.9 Hz, J = 2.0 Hz, 1H), 3.94 (s, 3H). 13C-NMR (CDCl3): δ (ppm) 171.39, 167.26, 135.21,
133.91, 131.76, 131.52, 128.23, 127.31, 53.14.

Methyl 5-bromo-2-chlorocarbonyl-benzoate (Intermediate 7d)

In a round bottom flask charged with 4-bromo-2-methoxycarbonyl-benzoic acid (7c,
0.618 mmol) dissolved in anhydrous DCM (1 mL), 3 drops of anhydrous DMF was added.
Oxalyl dichloride (0.741 mmol) was then added dropwise. The solution was stirred at RT
for 1 h. The solvent was removed under reduced pressure. The crude was used in the next
reaction step without further purification.

Methyl 5-bromo-2-[3-(3,4-dichlorophenyl)-1,2,4-oxadiazol-5-yl]benzoate (Intermediate 7e)

In a round bottom flask, methyl 5-bromo-2-chlorocarbonyl-benzoate (7d, 0.616 mmol),
pyridine (2 mL) and 3,4-dichloro-N′-hydroxy-benzamidine (7a, 0.616 mmol) were added.
The solution was stirred at 100 ◦ C for 4h30. The solvent was then removed under reduced
pressure. The crude was purified by flash chromatography. Yield = 80%. 1H-NMR
(DMSO-d6): δ (ppm) 8.20 (d, J = 1.8 Hz, 1H), 8.14 (d, J = 2.0 Hz, 1H), 8.07 (dd, J = 8.19 Hz,
J = 2.0 Hz, 1H), 8.05-7.97 (m, 2H), 7.89 (d, J =8.3 Hz, 1H), 3.82 (s, 3H).

5-bromo-2-[3-(3,4-dichlorophenyl)-1,2,4-oxadiazol-5-yl]benzoic Acid (7)

In a round bottom flask charged with methyl 5-bromo-2-[3-(3,4-dichlorophenyl)-1,2,4-
oxadiazol-5-yl]benzoate (7e, 0.491 mmol), dissolved in MeOH (5 mL) and water (0.1 mL)
was added NaOH (1.9 mmol). The solution was stirred at RT overnight, and then the
solution was heated at 65 ◦C for 1 h. The solvent was removed under reduced pressure.
The crude was purified by reverse phase chromatography (MeOH/H2O from 10/90 to
100/0 in 40 min) to afford the desired product as a white powder. Yield = 27%. 1H-NMR
(DMSO-d6): δ (ppm) 8.21 (d, J = 1.7 Hz, 1H), 8.08 (d, J = 1.2 Hz,1H), 8.03 (dd, J = 1.7 Hz,
J = 8.4 Hz, 1H), 7.97 (d, J = 8.26 Hz, 1H), 7.91–7.82 (m, 2H). 13C-NMR (DMSO-d6): δ (ppm)
176.4, 166.7, 135.0, 134.6, 132.8, 132.7, 132.7, 132.3, 129.1, 127.6, 127.0, 126.6, 122.7. HRMS
(TOF, ES-) m/z [M-H]−: Calculated for C15H6N2O3Cl2Br 410.8939, found 410.8935.

3.1.7. Synthesis of 3,4-dichloro-N-[2-(hydroxymethyl)-4-iodo-phenyl]benzamide (8)
(2,5-dioxopyrrolidin-1-yl)-2-[(3,4-dichlorobenzoyl)amino]-5-iodo-benzoate (Intermediate 8a)

To a stirred solution of 2-[(3,4-dichlorobenzoyl)amino]-5-iodo-benzoic acid (1,
0.34 mmol) dissolved in EtOAc (1 mL) was added N-hydroxysuccinimide (0.368 mmol)
at 0 ◦C. A solution of DCC (0.35 mmol) in AcOEt (0.5 mL) was added slowly. 1.5 mL
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of AcOEt was added. The reaction was allowed to reach RT and stirred overnight. The
precipitate of DCU was filtered off and washed with EtOAc. The filtrate was washed
successively with saturated aqueous sodium hydrogen carbonate and brine, dried over
MgSO4, and evaporated under reduced pressure to give the desired product as a white
powder. Yield = 64%.

3,4-dichloro-N-[2-(hydroxymethyl)-4-iodo-phenyl]benzamide (8)

To a stirred solution of (2,5-dioxopyrrolidin-1-yl)-2-[(3,4-dichlorobenzoyl)amino]-5-
iodo-benzoate (0.22 mmol) dissolved in THF (0.5 mL) a solution of NaBH4 (0.69 mmol)
in THF (1.5 mmol) and water (0.2 mL) was added dropwise. The reaction was stirred
for 1.5 h at RT. Saturated aqueous ammonium chloride (10 mL) was added to quench the
reaction. The aqueous layer was then extracted twice with EtOAc. Then, the organic layer
was washed with brine, dried over MgSO4, and evaporated under reduced pressure. The
crude was purified by reverse phase chromatography (H2O/MeOH 90/10-0/100 20 min) to
afford the desired product as a white powder. Yield = 58%. 1H-NMR (DMSO-d6): δ (ppm)
10.17 (brs, 1H), 8.15 (d, J = 2.0 Hz, 1H), 7.89 (dd, J = 8.4 Hz, J = 2.0 Hz, 1H), 7.80–7.84 (m, 2H),
7.64 (dd, J = 2.1 Hz, J = 8.3 Hz, 1H), 7.37 (d, J = 8.4 Hz, 1H), 5.57 (brs, 1H), 4.53 (s, 2H).
13C-NMR (DMSO-d6): δ (ppm) 163.4, 139.2, 136.1 (2C), 135.2, 135.1, 135.0, 131.9, 131.4,
129.9, 128.2, 127.5, 91.1, 59.9. HRMS (TOF, ES-) m/z [M-H]−: Calculated for C14H9NO2Cl2I
419.9055, found 419.9054.

3.1.8. Synthesis of N-(2-carbamoyl-4-iodo-phenyl)-3,4-dichloro-benzamide (9)
2-amino-5-iodobenzamide (Intermediate 9a)

Concentrated sulfuric acid (2 mL) was carefully added dropwise at 0 ◦C to 2-amino-
5-iodobenzonitrile (1 mmol). After completion of the addition, the reaction mixture was
allowed to warm from 0 ◦C to RT and stirred for 72 h. The reaction mixture was poured
onto ice and then brought to a pH of 9−10 by addition of concentrated aqueous ammonium
hydroxide solution. The resulting solid was collected by filtration, washed three times
with water (3 × 1 mL), and three times with a 1:1 mixture of diethyl ether cyclohexane
(3 × 1 mL) to afford a pale brown solid which was used in the next step without further
purification. Yield = 83%. 1H-NMR (DMSO-d6): δ (ppm) 7.81 (d, J = 2.0 Hz, 2H), 7.37 (dd,
J = 8.7, 2.0 Hz, 1H), 7.14 (bs, 1H), 6.70 (s, 2H, NH2), 6.54 (d, J = 8.7 Hz, 1H).

N-(2-carbamoyl-4-iodo-phenyl)-3,4-dichloro-benzamide (9)

Prepared following general method Section 3.1.1. Reaction time: 3 days. The crude was
purified by reverse flash chromatography (MeOH/H2O from 10/90 to 100/0), to afford the
desired product as a white powder. Yield = 9%. 1H-NMR (DMSO-d6): δ (ppm) 12.98 (s, 1H),
8.53 (bs, 1H), 8.42 (d, J = 8.8 Hz, 1H), 8.07 (d, J = 0.7 Hz, 1H), 8.23 (d, J = 1.8 Hz, 1H),
8.01 (bs, 1H), 7.91 (dd, J = 8.7, 1.6 Hz, 1H), 7.82–7.89 (m, 2H). 13C-NMR (DMSO-d6):
δ (ppm) 169.7, 162.2, 141.0, 139.3, 136.8, 135.0, 134.8, 131.9, 131.3, 129.1, 127.1, 122.3,
121.5, 87.0. HRMS (TOF, ES-) m/z [M-H]−: Calculated for C14H8N2O2Cl2I 432.9008,
found 432.9001.

3.1.9. 3,4-dichloro-N-(2-cyano-4-iodo-phenyl)benzamide (10)

To a solution of 2-amino-5-iodo-benzonitrile (1 mmol) in pyridine (3 mL), was added
portion wise 3,4-dichlorobenzoyl chloride (1.5 mmol) and the reaction mixture was stirred
at RT for 1 h. The solvent was removed under reduced pressure, water (5 mL) and EtOAc
(5 mL) were added and the mixture was stirred at RT for 15 min. The solid formed was
filtered, washed with water, HCl, MeOH, AcOEt and acetonitrile, and then dried in a
desiccator. Yield = 64%. 1H-NMR (DMSO-d6): δ (ppm) 10.83 (s, 1H), 8.25 (dd, J = 8.6 Hz,
1.8 Hz, 2H), 8.10 (dd, J = 8.6, 1.9 Hz, 1H), 7.95 (dd, J = 8.4, 1.8 Hz, 1H), 7.87 (d, J = 8.4 Hz,
1H), 7.38 (d, J = 8.5 Hz, 1H). 13C-NMR (DMSO-d6): δ (ppm) 163.4, 142.6, 140.9, 139.7, 135.1,
133.7, 131.5, 131.1, 129.7, 128.4, 128.1, 115.4, 111.0, 90.7. HRMS (TOF, ES-) m/z [M-H]−:
Calculated for C14H6N2OCl2I 414.8902, found 414.8906.



Pharmaceuticals 2023, 16, 335 18 of 27

3.1.10. 3,4-dichloro-N-[4-iodo-2-(1H-tetrazol-5-yl)phenyl]benzamide (11)

To a solution of 3,4-dichloro-N-(2-cyano-4-iodo-phenyl)benzamide (10, 0.24 mmol)
dissolved in DMF (0.5 mL), zinc bromide (0.24 mmol) and sodium azide (0.24 mmol) were
added. The resulting mixture was heated at 130 ◦C for 1h30. Supplementary sodium azide
(7.8 mg, 0.12 mmol, 0.5 eq) was then added and the mixture was stirred for 30 min. The
mixture was cooled to RT and a few drops of NaOH in water (50% w/v) were added. The
resulting emulsion was filtered and HCl 1 N was added to the solution until a pH of around
4 was reached. The formed solid was filtered, washed with water and dried in a desiccator
to obtain a pale-yellow powder as the desired product. Yield = 86%. 1H-NMR (DMSO-d6):
δ (ppm) 12.09 (s, 1H), 8.42 (d, J = 2.0 Hz, 1H), 8.29 (d, J = 8.8 Hz, 1H), 8.25 (d, J = 2.0 Hz, 1H),
8.02 (dd, J = 8.4, 2.1 Hz, 1H), 7.91 (d, J = 8.4 Hz, 1H), 7.86 (dd, J = 8.7, 2.1 Hz, 1H). 13C-NMR
(DMSO-d6): δ (ppm) 162.9, 155.4, 138.8, 136.3, 136.0, 135.0, 134.9, 131.8, 131.2, 129.5, 127.5,
123.8, 118.8, 88.3. HRMS (TOF, ES-) m/z [M-H]−: Calculated for C14H7N5OCl2I 457.9072,
found 457.9073.

3.1.11. 3,4-dichloro-N-[4-iodo-2-(trifluoromethylsulfonylcarbamoyl)phenyl]benzamide (12)

A solution of 2-[(3,4-dichlorobenzoyl)amino]-5-iodo-benzoic acid (1, 0.25 mmol) and
CDI (0.5 mmol) was prepared in dry THF (4 mL) and refluxed under argon for 1 h. Trifluo-
romethanesulfonamide (0.5 mmol) and DBU (0.75 mmol) were dissolved in anhydrous THF
(0.5 mL) and the solution was added to the initial reaction mixture. The reaction was then
stirred at RT for 2 h. The solvent was removed under reduced pressure and DCM (4 mL)
was added. The organic layer was washed with 5% citric acid aqueous solution and brine,
dried over MgSO4, and then the solvent was removed under reduced pressure. The crude
was purified by flash chromatography (from DCM/MeOH 100/0 to 90/10) to afford the
desired product as a white power. Yield = 52%. 1H-NMR (DMSO-d6): δ (ppm) 13.43 (s, 1H),
8.51 (d, J = 8.7 Hz, 1H), 8.40 (d, J = 1.8 Hz, 1H), 8.10 (d, J = 1.5 Hz, 1H), 7.79–7.97 (m, 3H).
13C-NMR (DMSO-d6): δ (ppm) 170.7, 162.3, 140.8, 140.0, 139.5, 135.0, 134.9, 132.0, 131.2,
129.3, 127.0, 124.3, 121.7, 120.1 (q, J = 324.0 Hz, CF3), 86.3. HRMS (TOF, ES-) m/z [M-H]−:
Calculated for C15H7N2O4F3SCl2I 564.8500, found 564.8505.

3.1.12. 3,4-dichloro-N-[4-iodo-2-(methylsulfonylcarbamoyl)phenyl]benzamide (13)

A solution of 2-[(3,4-dichlorobenzoyl)amino]-5-iodo-benzoic acid (1, 0.25 mmol) and
CDI (0.5 mmol) was prepared in dry THF (4 mL) and refluxed under argon for 1 h. Methane-
sulfonamide (0.5 mmol) and DBU (0.75 mmol) were dissolved in anhydrous THF (0.5 mL)
and the solution was added to the initial reaction mixture. The reaction was then stirred
at RT for 2 h. THF was then removed under reduced pressure and DCM (4 mL) was
added. The organic layer was washed with 5% citric acid and brine, dried over MgSO4,
and then the solvent was evaporated under reduced pressure. The crude was purified
by flash chromatography (from DCM/MeOH 100/0 to 90/10). The product precipitated
into collected fractions and the solid was filtered and dried in a desiccator to give the
desired product as a white powder. Yield = 41%. 1H-NMR (DMSO-d6): δ (ppm) 3.25 (s, 3H),
7.67 (d, J = 8.5 Hz, 1H), 7.84 (d, J = 8.4 Hz, 1H), 7.93 (ddd, J = 8.3, 3.0, 2.1 Hz, 2H), 8.01
(d, J = 1.6 Hz, 1H), 8.16 (d, J = 1.9 Hz, 1H), 11.28 (bs, 1H). 13C-NMR (DMSO-d6): δ (ppm)
40.9, 88.5, 125.3, 127.4, 127.7, 129.5, 131.1, 131.6, 134.4, 134.9, 136.6, 137.5, 140.8, 162.9, 166.3.
HRMS (TOF, ES-) m/z [M-H]−: Calculated for C15H10N2O4SCl2I 510.8783, found 510.8790.

3.1.13. 5-(2-cyclopropylethynyl)-2-[(3,4-dichlorobenzoyl)amino]benzoic Acid (16)

In a round bottom flask charged with 2-[(3,4-dichlorobenzoyl)amino]-5-iodo-benzoic
acid (1, 0.57 mmol), Pd(PPh3)2Cl2 (0.034 mmol), tetrabutylammonium iodide (0.86 mmol)
and copper iodide (0.1 mmol) dissolved in anhydrous acetonitrile (6 mL) was added
dropwise TEA (9.7 mmol). The resulting solution was stirred at RT for 10 min, and then
ethynylcyclopropane (1.26 mmol) was added dropwise. The reaction mixture was stirred
at RT for 1h30, and then the solution was heated at 60 ◦C for 30 min. The solvent was
removed under reduced pressure, the residue was dissolved in EtOAc (20 mL) and the



Pharmaceuticals 2023, 16, 335 19 of 27

organic layer was washed with an aqueous solution of HCl 1 N, water, brine, dried over
MgSO4, filtered and the solvent was removed under reduced pressure to afford a brown
oil. The crude was purified by reverse flash chromatography to afford a dark beige powder.
DCM was added, a precipitate was formed and filtrated to afford the desired product as a
white powder. Yield = 33%. 1H-NMR (DMSO-d6): δ (ppm) 12.15 (s, 1H), 8.54 (d, J = 8.7 Hz,
1H), 8.10 (s, 1H), 7.94 (s, 1H), 7.85–7.90 (m 2H), 7.63 (d, J = 8.7 Hz, 1H), 1.60–1.50 (m, 1H),
0.94–0.82 (m, 2H), 0.79–0.70 (m, 2H). 13C-NMR (DMSO-d6): δ (ppm) 169.8, 162.8, 140.2,
137.1, 135.6, 135.2, 134.4, 132.3, 131.8, 129.6, 127.6, 120.8, 118.5, 94.6, 74.9, 8.9 (2C), 0.2. HRMS
(TOF, ES-) m/z [M-H]−: Calculated for C19H12NO3Cl2 372.0194, found 372.0193.

3.1.14. Synthesis of 2-[(3,4-dichlorobenzoyl)amino]-4-ethynyl-benzoic Acid (17)
2-amino-4-(2-trimethylsilylethynyl)benzoic Acid (Intermediate 17a)

In a round bottom flask, 2-amino-4-bromo-benzoic acid (1.15 mmol), triphenyl phos-
phine (0.11 mmol), copper iodide (0.11 mmol), bis(triphenylphosphine)palladium(II) chlo-
ride (0.11 mmol) and anhydrous THF (7.5 mL) were added. The round bottom flask was
purged with argon for 30 min, and then TEA (54 mmol) and ethynyl(trimethyl)silane
(6.9 mmol) were added dropwise to the solution. The mixture was stirred for 2 h at 80 ◦C.
The resulting mixture was filtered, and the filtrate was evaporated under reduced pressure.
The crude was purified by reverse flash chromatography to afford the desired product as a
yellow oil. Yield = 32%. 1H-NMR (DMSO-d6): δ (ppm) 7.61-7.49 (m, 6H), 6.80 (d, J = 1.5 Hz,
1H), 6.51 (dd, J = 1.6 Hz, J = 8.1 Hz), 0.21 (s, 9H).

2-[(3,4-dichlorobenzoyl)amino]-4-ethynyl-benzoic Acid (17)

Prepared following general method Section 3.1.1. Reaction time: 4 h. The crude was
purified by reverse flash chromatography (from MeOH/H2O from 10/90 to 100/0). During
the purification, the trimetylsilyl was removed by methanol and this led to the desired
product as a white powder. Yield = 23%. 1H-NMR (DMSO-d6): δ (ppm) 8.72 (d, J = 1.4 Hz,
1H), 8.15 (d, J = 1.9 Hz, 1H), 8.04–7.94 (m, 2H), 7.93 (d, J = 8.4 Hz, 1H), 7.11 (dd, J = 7.9 Hz,
J = 1.7 Hz, 1H), 4.20 (s, 1H). 13C-NMR (DMSO-d6): δ (ppm) 169.2, 162.4, 141.1, 136.2, 134.9,
132.2, 131.9, 131.6, 129.6, 127.7, 126.1, 125.7, 123.6, 121.8, 84.2, 81.5. HRMS (TOF, ES-) m/z
[M-H]−: Calculated for C16H8NO3Cl2 331.9881, found 331.9895.

3.1.15. Synthesis of 2-[(3,4-dichlorobenzoyl)amino]quinoline-3-carboxylic Acid (20)
Ethyl (Z)-2-cyano-3-(2-nitrophenyl)prop-2-enoate (Intermediate 20a)

In a round bottom flask, 2-nitrobenzaldehyde (604 mg, 4 mmol, 1 eq), ethyl 2-cyanoacetate
(0.426 mL, 4 mmol, 1 eq), piperidine (0.435 mL, 4.4 mmol, 1.1 eq) and absolute ethanol
(10 mL) were added. The solution was stirred at RT for 1.5 h. A precipitate was formed,
filtrated and washed with ethanol to afford the desired product as a white
powder. Yield = 58% yield. 1H-NMR (DMSO-d6): δ ppm 8.8 (s, 1H), 8.3 (d, J = 8.2 Hz, 1H),
8.0-7.8 (m, 3H), 4.3 (q, J = 7.2 Hz, 2H), 1.3 (t, J = 7.2 Hz, 3H).

Ethyl 2-aminoquinoline-3-carboxylate (Intermediate 20b)

In a tube, ethyl (Z)-2-cyano-3-(2-nitrophenyl)prop-2-enoate (20a, 4.45 mmol), Fe
(13.4 mmol) and acetic acid (15 mL) were added. The solution was stirred at 80 ◦C for
1.5 h and then cooled to RT overnight. Water was added until complete dissolution and
NaHCO3 was added until pH reaches 10. The aqueous layer was extracted twice with
EtOAc, and then organic layers were pooled, washed with an aqueous solution of NaHCO3,
dried over MgSO4, filtered and evaporated under reduced pressure to afford the desired
product as a yellow powder. Yield = 99%; 1H-NMR (DMSO-d6): δ ppm 8.75 (s, 1H), 7.85 (d,
J = 7.9 Hz, 1H), 7.62 (t, J = 7.9 Hz, 1H), 7.48 (d, J = 8.4 Hz, 1H), 7.22 (m, 3H), 4.35 (q, J = 7.0
Hz, 2H), 1.36 (t, J = 7.0 Hz, 3H).
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Ethyl 2-[bis(3,4-dichlorobenzoyl)amino]quinoline-3-carboxylate (Intermediate 20c)

In a tube charged with ethyl 2-aminoquinoline-3-carboxylate (20b, 0.7 mmol) dissolved
in pyridine (2 mL) was added 3,4-dichlorobenzoyl chloride (1 mmol) dissolved in 1 mL
of pyridine. This mixture was heated at 100 ◦C for 10 min under microwave irradiation.
3,4-dichlorobenzoyl chloride (1 mmol) was then added and the mixture was heated at
100 ◦C for 10 min under microwave irradiation. Additional 3,4-dichlorobenzoyl chloride
(0.5 mmol,) was added and heated at 100 ◦C under microwave irradiation for 10 min.
The solvent was then removed under reduced pressure. The crude was dissolved in
EtOAc, washed twice with NaHCO3 and the aqueous layer was extracted with EtOAc.
Organic layers were pooled, washed with brine (15 mL), dried over MgSO4, filtrated and
evaporated under reduced pressure. The crude was purified by flash chromatography
(from cyclohexane/EtOAc 100/0 to 80/20) to afford an impure crude as a beige powder.
EtOH was then added, and the precipitate was filtered and washed with EtOH. The filtrate
was evaporated under reduced pressure to give a beige powder as the desire product.
Yield = 23%. 1H-NMR (DMSO-d6): δ ppm 9.20 (s, 1H), 8.26 (d, J = 7.0 Hz, 1H), 7.99 (t,
J = 1.3 Hz, 2H), 7.87 (m, 1H) 7.76 (m, 6H), 4.32 (q, J = 7.4 Hz, 2H), 1.28 (t, J = 7.4 Hz, 3H).

2-[(3,4-dichlorobenzoyl)amino]quinoline-3-carboxylic Acid (20)

In a round bottom, ethyl 2-[bis(3,4-dichlorobenzoyl)amino]quinoline-3-carboxylate
(20c, 0.2 mmol) and sodium hydroxide (0.85 mmol) dissolved in 5 mL of EtOH and 0.1 mL
of water was added. The mixture was stirred at RT for 1 h. Water was added, and the
precipitate was filtrated to afford the desired product as a white powder. Yield = 20%.
1H-NMR (DMSO-d6): δ (ppm) 8.85 (s, 1H), 8.21 (d, J = 1.8 Hz, 1H), 8.0 (dd, J = 1.9 Hz,
J = 8.4 Hz, 1H), 7.94 (d, J = 7.8 Hz, 1H), 7.88–7.80 (m, 2H), 7.74–7.64 (m, 1H), 7.50–7.39
(m, 1H). 13C-NMR (DMSO-d6): δ (ppm) 167.9, 161.3, 152.0, 147.4, 140.5, 136.6, 135.0, 132.2,
131.6, 130.7, 129.9, 129.0, 127.9, 127.6, 125.7, 125.2, 121.7. HRMS (TOF, ES-) m/z [M-H]−:
Calculated for C17H9N2O3Cl2 358.9990, found 358.9989.

3.2. Biology
3.2.1. MabA Expression and Purification

E. coli BL21 (DE3) bacteria that had been transformed with a specific plasmid,
pET28a_MabA-His6, were induced to express the protein of interest (MabA-His6) by
adding 0.5 mM IPTG when the optical density reached 0.6. The induced bacteria were
grown for 4 h at 37 ◦C. The bacteria were then harvested by centrifugation and resuspended
in a lysis buffer containing Tris (50 mM, pH 7.5), NaCl (300 mM), and imidazole (10 mM),
along with DNase and a protease inhibitor (Compete EDTA-free from Roche). The bac-
teria were lysed by passing them through a French press twice. The MabA-His6 protein
was purified using a Ni2+-affinity column (His-trap from GE Healthcare), eluted in lysis
buffer containing 250 mM imidazole and dialyzed against Tris (50 mM, pH 7.5) and NaCl
(300 mM). Glycerol at 10% was added to the protein before it was stored at −80 ◦C.

3.2.2. MabA Enzymatic Assay

NADPH, acetoacetyl-CoA (AcAcCoA) and butyryl-CoA (BCoA) were obtained from
Sigma Aldrich. In this assay, MabA catalyzes the reduction of acetoacetyl-CoA (AcAcCoA)
into hydroxybutyryl-CoA (HBCoA) using NADPH as a cofactor [20]. After stopping the
enzymatic reaction, HBCoA peak area was measured by LC-MS/MS analysis. Quantifi-
cation of HBCoA with or without inhibitor was used to calculate a percentage inhibition
and then the IC50. INH-NADP adduct, which displayed an IC50 of 20 µM in this assay, was
used as a reference inhibitor [31]. Each compound was tested at least twice.

Dose-Response Experiments

We transferred compounds at a concentration of 100 mM in DMSO into low-binding
black 384-well plates using an Echo 550 liquid Handler (Labcyte). These compounds were
then tested at 8 different concentrations using 3-fold serial dilutions from 1 mM to 0.46 µM,
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with the DMSO volume being adjusted to keep the concentration across all wells at 1%
(200 nL). A reference inhibitor INH-NADP [31,32] was used (100% inhibition at 200 µM)
and prepared as described in the literature [32]. We added manually, using a 16-channel
VIAFLO II electronic pipette (Integra Biosciences), 3.8 µL of Hepes buffer (100 mM pH 7)
and 6 µL of MabA (1.33 µM in Hepes buffer). Compounds were incubated with the MabA
enzyme for 30 min at 22 ◦C. We then added manually 10 µL of a mixture of the substrate
AcAcCoA and the cofactor NADPH (100 µM in Hepes buffer) to start the enzymatic reaction.
The final concentrations were as follows: MabA at 400 nM, AcAcCoA at 50 µM, NADPH at
50 µM. After 15 min of incubation at 22 ◦C we stopped the enzymatic reaction by adding
manually 10 µL of a solution of trifluoroacetic acid in water at a final concentration of 1%,
containing BCoA at a final concentration of 5 µM. BCoA was used as an internal standard
for MS/MS analysis. The inhibition percentage of each compound at various concentrations
was determined by averaging the results of negative controls (1% DMSO) and positive
controls (INH-NADP adduct at 200 µM). The data was then analyzed using GraphPad
Prism software and a nonlinear regression method to create dose–response curves. The
IC50 values are the average of at least two experiments.

%Inh = 100−
(
(x−MeanC+)× 100
MeanC− −MeanC+

)
LC-MS/MS Analysis

AcAcCoA, HBCoA and BCoA were separated using an Acquity UPLC BEH C18
column (2.1 × 50 mm, 1.7 µm, Waters) and detected by multiple-reaction monitoring
(MRM) [20]. We used a UPLC Acquity I-class coupled with a Xevo TQD mass spectrometer
(Waters). The mobile phases A and B were composed of ammonium acetate 10 mM in
water and MeOH, respectively. The mass spectrometer was set to specific parameters
(polarity ES+, capillary 1200 V, desolvation temperature 600 ◦C, cone voltage 46 V, source
temperature 150 ◦C, cone gaz flow 50 L/h, desolvation gaz flow 1200 L/h) and the specific
transitions being monitored were AcAcCoA 852.1-342.5 (collision energy: 38 eV), HBCoA
854.1-347.2 (collision energy: 36 eV), BCoA 838.1-331.2 (collision energy: 34 eV). Data was
acquired and processed using MassLynx and Target-Lynx software (Waters, France). The
amount of HBCoA in each well was determined by dividing the peak area of HBCoA by
the peak area of BCoA which was used as an internal standard.

3.2.3. Ligand-Observed NMR Experiments
19F NMR measurements were performed at 298 K using 3 mm tubes containing 160 µL

of samples on a Bruker 600 MHz Avance III HD spectrometer equipped with a CP-QCI-F
cryoprobe specifically designed for 19F detection. Both the 19F and 1H NMR reference
spectra were acquired on samples containing compound 12 at a concentration of 100 µM,
in an NMR buffer containing 50 mM Tris-Cl pH 7.5, 250 mM NaCl, 1% DMSO-d6, and 5%
D2O. Then, 19F and 1H NMR spectra of the compounds were obtained in the presence of
MabA at a concentration of 20 µM in the same NMR buffer. The parameters used for the
1H experiments were TD = 16,384 points, NS = 64 scans, relaxation delay D1 = 1 s, carrier
frequency O1P = 4.698 ppm, spectral window sw = 16 ppm, and with 19F decoupling.
The acquisition time was about 2.5 min per sample. The parameters used for the 19F
experiments were TD = 8192 points, NS = 512 scans, relaxation delay D1 = 2 s, carrier
frequency O1P = −65.0 ppm, spectral window sw = 20 ppm, and with 1H decoupling. The
acquisition time was about 22 min per sample. The NMR data were processed using Bruker
Topspin 4.06 software.

3.2.4. MIC Determination

Compounds were dissolved in DMSO at a concentration of 100 mM and transferred to
a 384-well low-dead-volume polypropylene plate (LP-0200, labcyte), which was used to
prepare assay plates. These compounds were then tested at concentrations ranging from
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300 µM to 15 nM. Ten 3-fold serial dilutions of the compounds were made on black Greiner
384-well clear bottom polystyrene plates (Greiner, no. 781091) using an Echo 550 liquid
Handler (Labcyte). The DMSO volume was adjusted so that the final concentration of
DMSO in all wells was 0.3%. The assay was performed in two independent replicates for
each condition.

H37Rv-GFP bacteria were grown to mid log phase in Sauton medium for 7 days.
On the day of the experiment, the bacterial cultures were adjusted to a concentra-
tion of 2. 106 CFU/mL and 50 µL of the bacterial suspension was added to each assay
well. Assay plates were then incubated at 37 ◦C for 7 days. The fluorescence inten-
sity of the GFP was measured using a Victor Multilabel Plate Reader (PerkinElmer) at
Ex/Em = 485/535 nm as a surrogate for growth. The assay also included positive con-
trol compounds such as rifampicine (MIC = 4 ng/mL), isoniazid (MIC = 125 ng/mL)
and ethionamide (MIC = 2 µg/mL). The growth was normalized to DMSO (100%) and
rifampicine (0%) as negative and positive controls, respectively. Data points were then
analyzed using GraphPad Prism to calculate MIC values by fitting them to the equation
[Y = Bottom + (Top−Bottom)/(1 + ((XˆHillSlope)))].

To determine the MIC under different pH conditions, H37Rv was grown to mid log
phase in Sauton medium for 7 days in the presence of a final concentration of 100 mM of
2-(N-morpholino)ethanesulfonic acid(MES), formerly adjusted at the specified pH (stock
solutions included 500 mM MES adjusted at the desired pH and Sauton medium prepared
in 80% of its original volume). The MES buffer was kept in the preculture and the assay
plates, otherwise following the same above procedure for MIC determination. H37Rv
carrying pMV261-MabA [33] was grown in a similar manner as the reference strain.

Curves represent the mean of two independent experiments in simplicate, with the
exception of Figure 3A—Sauton BSA—for which only one simplicate was performed.

3.2.5. RNA-seq

H37Rv was grown in Sauton medium until mid-log phase. Bacterial cultures were
then diluted to an OD of 0.05 and growth was pursued for 3 days. Treatments with DMSO
or compound 18 were initiated on day 3. After 3 h, the bacteria were pelleted by cen-
trifugation at 3200 g for 5 min. The pellet was resuspended using FastRNA-pro Blue
Kit (MP biomedicals) in Lysing Matrix B tubes (MP biomedicals). Bacterial suspensions
were bead beaten in a FastPrep FP120 cell disruptor (MP Biomedicals) at 6.5 m/s for 40 s.
Total RNA extraction was performed on the resulting lysate, following the manufacturer’s
instructions. QIAseq FastSelect 5S/16S/23S Kit (335925, Qiagen, Les Ulis, France) was used
for ribosomal RNA depletion according to manufacturer’s instructions. TrueSeq Stranded
mRNA LT kit (15032611-14, Illumina, Evry, France) and QIAseq Stranded Total RNA Lib
Kit (180743, Qiagen, Les Ulis, France) were used for sequencing library preparation of
biological duplicates, respectively, according to manufacturer’s instructions. Illumina
NextSeq 500 system (Illumina, Evry, France) was used in a high-output mode according
to the manufacturer’s protocols for the sequencing of cDNA libraries. All samples were
multiplexed on one lane of the flow cell. Single-read mode collected reads of lengths of
150 bp. Illumina quality control tools using default settings were used for raw RNA-seq
reads processing. Mapping all the reads on M. tuberculosis rRNA sequences using Bowtie2
(http://bowtie-bio.sourceforge.net/bowtie2/index.shtml (accessed on 15 December 2021))
allowed filtering out of residual rRNA-specific reads. RNA sequencing data analysis was
performed on the Rockhopper open-source software package using default parameters
(http://cs.wellesley.edu/~btjaden/Rockhopper/ (accessed on 15 December 2021)). Tran-
script abundance levels were quantified using the Reads Per Kilobase per Million mapped
reads (RPKM).

3.2.6. Measurement of Intrabacterial pH

Plates were prepared as described previously for the MIC determination (3.2.4). H37Rv
carrying pUV15-pHGFP (Addgene 70045) were grown until the mid-log phase in 7H9—

http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://cs.wellesley.edu/~btjaden/Rockhopper/
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tween (0.05%)—glycerol (0.2%)—OADC. The bacteria were harvested by centrifugation,
washed twice in PBS, resuspended in sodium phosphate citrate buffer pH 4.5 at OD 0.4
and incubated at 37 ◦C. GFP fluorescence was read on day 0 and day 2 of incubation at
ex/em 405/535 nm and 485/535 nm. Intrabacterial pH was extracted with the formula:
(Flu405/535/Flu485/535).

3.2.7. Western Blot

H37Rv and H37Rv_pMV-MabA were grown in Sauton to OD 0.5. A total of 1 mL
of bacterial culture was pelleted. Whole-cell lysate was loaded on reducing SDS-PAGE.
Proteins were subsequently transferred to nitrocellulose membrane, blocked and probed
with mouse anti-MabA or anti-Hsp65 antibodies (Eurogentec, Liège, Belgium) and goat anti-
mouse HRP (ab6789, Abcam, Cambridge, UK), and finally revealed by chemiluniescence
(RPN2232, Amersham, Buckinghamshire, UK).

3.2.8. Metabolic Labelling with 14C Acetate and Mycolic Acids Analysis

M. tuberculosis H37Rv cells were cultured in Sauton media with 0.025% (v/v) Tyloxapol
shaking (120 rpm) at 37 ◦C until O.D.600nm reached 0.48. The studied compounds were
dissolved in DMSO and added in final concentrations 0, 100 and 300 µM. The final concen-
tration of DMSO was kept at 2%. After 24 h cultivation (statically at 37 ◦C) 14C acetate [ARC;
specific activity 106 mCi/mmol] was added to each of the cultures at a final concentration
of 0.5 µCi/mL. After the next 24 h of cultivation, the cells were harvested.

Methyl esters of fatty acids (FAME) and mycolic acids (MAME) were prepared as
previously described [34]. Dried extracts were dissolved in 50 µL chloroform: methanol
(2:1), 5 µL were loaded on TLC plates and different forms of methyl esters were separated
in n-hexane/ethyl acetate [95:5], 3 runs and visualized by autoradiography.

3.3. Physico-Chemical Properties

These experiments were analyzed using a UPLC Acquity I-class coupled with a
Xevo TQD mass spectrometer (Waters) under MRM detection. Source parameters were
set as follows: capillary 0.5 kV, desolvation temperature 600 ◦C, source temperature
150 ◦C, cone gaz flow 50 L/h, desolvation gaz flow 1200 L/h. Transitions monitored
were as follows: compound 1, 433.8-389.9 (polarity ES-, cone voltage 42 V, collision energy
18 eV); compound 2, 385.9-342.0 (polarity ES-, cone voltage 40 V, collision energy 16 eV);
compound 12, 564.9-147.9 (polarity ES-, cone voltage 46 V, collision energy 28 eV); com-
pound 16, 372.0-328.0 (polarity ES-, cone voltage 44 V, collision energy 18 eV); compound
18, 376.0-186.0 (polarity ES+, cone voltage 30 V, collision energy 16 eV).

3.3.1. LogD

A total of 5 µL of a 10 mM solution of the compound in DMSO was diluted in 245 µL
of a 1/1 octanol/PBS mixture at pH 7.4. The mixture was gently shaken for 2 h at room
temperature. A total of 10 µL of each phase were diluted in 490 µL of MeOH and analyzed
by LC-MS/MS. Each compound was tested in triplicate. Log D was determined as the
logarithm of the ratio of the concentration of product in octanol and PBS, determined by
mass signals.

3.3.2. Solubility

A total of 5 µL of 10 mM of compound solution in DMSO was diluted either in 245 µL
of PBS pH 7.4 (triplicate) or in 245 µL of MeOH (triplicate twice). After gently stirring 24 h
at room temperature, the solutions were centrifuged for 5 min at 4000 rpm and filtered over
0.45 µm filters (Millex-LH Millipore), except one of the MeOH triplicates. Then, 10 µL of
each solution was diluted in 490 µL of MeOH and analyzed by LC-MS/MS. The solubility
is determined according to the following formula:

Solubility (µM) = [AUC(filtered PBS)/AUC(not filtered MeOH)] × 200
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The test was validated if:

[AUC(not filtered MeOH) − AUC(filtered MeOH)]/AUC(not filtered MeOH) ≤ 10%

3.3.3. Plasma Protein Binding

As it was anticipated that the compounds were likely to be highly bound, a 10%
plasma (plasma beforehand diluted in a 1 to 10 ratio in a phosphate buffer pH 7.2) was
used for this experiment. The 10% plasma, spiked with the tested compound at 10 µM final
(0.1% DMSO), was added to the red-ring chamber of a RED (Rapid Equilibrium Dialysis)
device. Blank phosphate buffer pH 7.2 was added to the outer chamber of the RED device
and the plate was placed at 37 ◦C with shaking. After 4 h of incubation, aliquots of the
buffer and plasma chambers were removed and the concentration in each compartment
was determined by LC-MS/MS analysis.

The calculation of the unbound fraction (fu) is performed according to the formula:

fu 10% = 1 − [(APlasma,4h − APBS,4h)/APlasma,4h]

The following equation is used to convert from the fraction unbound at 10% to a
fraction unbound at 100%: fu 100% = fu 10%/(10 − 9fu 10%)

The percentage of recovery was calculated according to:

% Recovery = 100 × [(VPBS × APBS,4h) + (Vplasma × Aplasma,4h)]/(Vplasma × Aplasma,0h)

where A is the area corresponding to the compound and V, the volume of solution presents
in each compartment (i.e., VPBS = 350 µL and VPlasma = 200 µL).

4. Conclusions

Our work led to the discovery and optimization of the first MabA inhibitors. Twenty
compounds sharing an anthranilic acid scaffold were synthesized and tested as MabA
inhibitors to delineate structure–activity relationships. These SARs showed that the replace-
ment of the amide function with a sulfonamide or a thioamide function was tolerated and
that an acidic function was necessary for the activity. Ligand-observed NMR experiments
confirmed the direct binding of a fluorinated anthranilic acid to MabA. The antimycobacte-
rial activity of 5 MabA inhibitors, selected based on their potency and chemical diversity,
was evaluated on M. tuberculosis H37Rv grown in Sauton medium and although all the com-
pounds were able to inhibit bacterial growth, there was no apparent correlation between
enzymatic and antibacterial activities.

Metabolic labeling of M. tuberculosis H37Rv grown in the presence of two studied
compounds did not reveal any changes in mycolic acids profiles suggesting that these
inhibitors do not affect the FAS-II system. Further investigation of the mechanism of
action of these compounds was carried out by overexpressing MabA, attempting to select
resistance mutants and using transcriptional analysis. These experiments led us to conclude
that, although anthranilic acid derivatives inhibit MabA in vitro, the activity observed in
bacteria was partly due to the presence of the carboxylic acid moiety, which induces internal
pH changes. These effects are shared with pyrazinamide, which historically allowed to
reduce TB treatment duration from 9 to 6 months. This major outcome is attributed to the
ability of pyrazinamide to target intracellular bacilli in acidified phagosomes. Therefore,
compound 16 or its derivatives could be tested in combination with anti-TB drugs to assess
whether a synergistic effect is observed as with pyrazinamide.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph16030335/s1, Figure S1: 1D 19F NMR spectra of 4 compounds
alone and in the presence of MabA; Figure S2: Western blot showing overexpression of MabA in
H37Rv_pMV261-MabA, as compared to the parental control; Figures S3–S40: 1H NMR, 13C NMR
and HRMS data of compounds 2–20.
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