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ABSTRACT 1H-benzo[d]imidazole derivatives exhibit antitubercular activity in vitro
at a nanomolar range of concentrations and are not toxic to human cells, but their
mode of action remains unknown. Here, we showed that these compounds are ac-
tive against intracellular Mycobacterium tuberculosis. To identify their target, we se-
lected drug-resistant M. tuberculosis mutants and then used whole-genome sequenc-
ing to unravel mutations in the essential mmpL3 gene, which encodes the integral
membrane protein that catalyzes the export of trehalose monomycolate, a precursor
of the mycobacterial outer membrane component trehalose dimycolate (TDM), as
well as mycolic acids bound to arabinogalactan. The drug-resistant phenotype was
also observed in the parental strain overexpressing the mmpL3 alleles carrying the
mutations identified in the resistors. However, no cross-resistance was observed be-
tween 1H-benzo[d]imidazole derivatives and SQ109, another MmpL3 inhibitor, or
other first-line antitubercular drugs. Metabolic labeling and quantitative thin-layer
chromatography (TLC) analysis of radiolabeled lipids from M. tuberculosis cultures
treated with the benzoimidazoles indicated an inhibition of trehalose dimycolate
(TDM) synthesis, as well as reduced levels of mycolylated arabinogalactan, in agree-
ment with the inhibition of MmpL3 activity. Overall, this study emphasizes the pro-
nounced activity of 1H-benzo[d]imidazole derivatives in interfering with mycolic acid
metabolism and their potential for therapeutic application in the fight against tuber-
culosis.

KEYWORDS MmpL3, Mycobacterium tuberculosis inhibitors, benzimidazole, drug
resistance, tuberculosis

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), is an intracel-
lular pathogen, and its life cycle includes long states of persistence. This patho-

gen, claiming 1.5 million lives each year, is relatively hard to eradicate and poses a
challenge for effective chemotherapy (1). TB treatment lasts six to 24 months depend-
ing on the drug susceptibility of the infecting strain and requires a cocktail of at least
4 drugs used simultaneously to prevent the selection of drug-resistant M. tuberculosis
mutants. Four first-line anti-TB drugs (isoniazid [INH], rifampin [RMP], ethambutol [EMB],
and pyrazinamide [PZA]) are used in the 6-month regimen therapy of TB caused by
drug-sensitive strains. Treatment of TB caused by strains resistant to at least isoniazid
and rifampin (multidrug-resistant [MDR] strains) requires additional drugs and is often
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less effective and less tolerated. Additionally, the treatment of MDR TB is much more
expensive than standard treatment, the outcomes are several times worse with a high
mortality rate (50 to 80%) within 4 months of diagnosis (2), and patients with MDR-TB
have twice the risk of relapse after the completion of treatment (3, 4). The therapy of
TB caused by an MDR strain is very complex, lasts 2 years, and requires discipline in
taking the prescribed drugs, which have long lists of severe side effects, daily for a long
period of time (5). Poor treatment management by patients has been postulated as a
primary reason for the drastic increase in the number of MDR TB cases observed in
recent years. The nearly 600 000 cases of MDR TB estimated to exist worldwide and the
phenomenon of HIV/M. tuberculosis coinfection make TB a serious public health chal-
lenge worldwide. Taking the above into account, the development of alternative
medical strategies based on new generations of the drugs is desperately needed to
effectively cure MDR TB, reduce the duration of current therapies, and minimize the
toxicity and cost of anti-TB agents (6).

Nearly 50% of antitubercular, clinically relevant drugs available today target the
process of biosynthesis of various cell envelope components (7). The mycobacterial cell
wall is composed of a complex of peptidoglycan, arabinogalactan (AG), and mycolic
acids (MAs) (8, 9). This covalently linked complex is decorated on the surface with
trehalose monomycolate (TMM), trehalose dimycolate (TDM), sulfolipids, phenolic gly-
colipids, phthiocerol dimycocerosates (PDIMs), polysaccharides, and proteins (10–12).
Mycolic acids, which are long-chain �-alkyl �-hydroxy fatty acids, are essential compo-
nents of the M. tuberculosis cell envelope and play a crucial role in the cell wall
architecture and impermeability that are responsible for the natural resistance of
mycobacteria to most antibiotics (13). Mycolic acids exist as esters of the nonreducing
arabinan terminus of AG but are also present as extractable “free” lipids within the cell
wall, mainly associated with TDM (9). The fatty acid synthase II complex (FAS2) is the
primary target for the first-line anti-TB drug isoniazid as well as for the second-line
antitubercular agent ethionamide, resulting in the loss of TMM, TDM, and mycolates
attached to cell wall arabinan (14). However, the accumulation of TDM and TMM is
observed in the presence of ethambutol (EMB), affecting the arabinogalactan biosyn-
thesis process and thus downregulating the arabinan acceptor sites for the mycolates
in the cell wall (15). Methoxy- and keto-mycolic acid synthesis is targeted by delamanid,
a dihydro-nitroimidazo-oxazole derivative, which has been conditionally approved by
the European Medicines Agency (EMA) for the treatment of MDR TB. Delamanid is used
as a prodrug activated within bacilli by the deazaflavin-dependent nitroreductase
(Rv3547). A reactive intermediate metabolite, formed between delamanid and the
desnitro-imidazo-oxazole derivative, is considered to play a vital role in the inhibition
of mycolic acid production (16–19). The mycolic acid modification and elongation
process might also be targeted by thiacetazone (TAC), an antitubercular drug that was
formerly used in conjunction with isoniazid but was removed from the antitubercular
chemotherapeutic arsenal due to toxic side effects. Currently, TAC-derived analogues
have shown increased potency against tubercle bacilli and are being considered again
as putative antitubercular drugs (20).

Further, peptidoglycan biosynthesis might be affected by cycloserine or �-lactam
inhibitors (amoxicillin, meropenem, and imipenem) (21). Additionally, some drugs
under development (www.newtbdrugs.org) affect the synthesis of the mycobacterial
cell wall. The other highly accessible target in mycobacteria that is involved in the
biosynthesis of the cell envelope is MmpL3, the integral membrane flippase responsible
for the export of trehalose monomycolate, which is a precursor of the mycobacterial
outer membrane (OM) component trehalose dimycolate (TDM) as well as mycolic acids
bound to arabinogalactan (22, 23). MmpL3 is one of the targets of the ethambutol
analogue SQ109 (24–26) as well as a number of other compounds that are specific M.
tuberculosis inhibitors (22, 27) or are active against a broad spectrum of bacterial and
fungal pathogens (28–30).

Whole-cell phenotyping (MIC) screens allow the identification of a number of
bactericidal compounds that are sometimes potent against tubercle bacilli, yet the
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mode of action is not always identified even for compounds with strong anti-M.
tuberculosis activity. We have recently identified the potent antitubercular activity of
1H-benzo[d]imidazole derivatives even at nanomolar concentrations (31, 32). Here, by
selection of drug-resistant mutants, genome sequencing, mmpL3 gene transfer, and
quantitative detection of TDM and mycolylated arabinogalactan, we identified the
molecular target for these compounds as the TMM transporter, MmpL3.

RESULTS
1H-Benzo[d]imidazole derivatives are effective against M. tuberculosis in hu-

man macrophages. We have previously reported the antitubercular activity of 1H-
benzo[d]imidazole derivatives and analogues (32). We found that compounds bearing
halogen atoms or methyl groups at the benzimidazole and cyclohexylethyl substituents
at the C-2 position show excellent bactericidal activity against tubercle bacilli and low
cytotoxicity in the LLC-PK1 pig kidney epithelial cell line (32). Here, we used EJMCh4
{5-bromo-2-(2-cyclohexylethyl)-1H-benzo[d]imidazole} and EJMCh6 {2-(2-cyclohexyl-
ethyl)-5,6-dimethyl-1H-benzo[d]imidazole}, the two most promising of these com-
pounds (Fig. 1A). We verified their activity against tubercle bacilli infecting macro-
phages and identified their mode of action. Both compounds were synthesized from
3-cyclohexylpropanoic acid (2.35 ml, 15 mmol) and the appropriate diamine (10 mmol)
in polyphosphoric acid (5 ml) by stirring at 180 to 200°C for 5 h as reported previously
(32). The purity of the compounds was confirmed by the thin-layer chromatography
(TLC) method and elemental analysis (percent C, H, and N). 1H nuclear magnetic
resonance (NMR) spectra in CDCl3 or dimethyl sulfoxide-d6) (DMSO-d6) were recorded
on a Varian Gemini (200 MHz) instrument (spectra are shown in Fig. S1 in the supple-
mental material). They were used to determine their inhibitory effect on the growth of
M. tuberculosis in vitro (Fig. 1B; Table 1) (32). Liquid culture growth analyses by optical
density at 600 (OD600) and CFU measurements confirmed the strong antitubercular
effect of both compounds even at nanomolar concentrations, with the MIC99 as low as
2.44 �M (MIC50, 1.22 �M) for EJMCh4 and 0.145 �M (MIC50, 0.029 �M) for EJMCh6 (Fig.
1B). Determination of the bactericidal activities of the compounds against intracellular
bacilli was preceded by estimation of their cytotoxic activities against monocyte-
derived macrophages (MDMs) differentiated from peripheral blood mononuclear cells
that were isolated from the buffy coats of healthy human blood donors. The 50%
inhibitory concentrations (IC50) of both compounds exceeded 128 �M (see Table S1 in
the supplemental material). The compounds then were used at the minimal concen-
trations that inhibited the growth of M. tuberculosis (1� MIC) in broth culture (2.44 �M
and 0.145 �M for compounds EJMCh4 and EJMCh6, respectively) to test their activity
against intracellular bacilli. The monocyte-derived macrophages of a single donor were
infected with M. tuberculosis at a multiplicity of infection (MOI) of 1:10. The bacteria
were left undisturbed for 2 h for phagocytosis to occur, after which the extracellular
bacilli were removed by intensive washing and any remaining bacilli were killed with
gentamicin. Furthermore, the M. tuberculosis-infected cells were exposed to the com-
pounds at 1� MIC and incubated for 48 h. The number of intracellularly located live
bacteria was determined by CFU enumeration. The data analysis showed a significant
(P � 0.001) reduction in viable bacilli isolated from cells incubated in the presence of
either compound (Fig. 1C), with the most substantial effect provided by compound
EJMCh6 at 0.145 �M. The number of intracellularly growing mycobacteria decreased by
52% and 69% for compounds EJMCh4 and EJMCh6, respectively.

1H-Benzo[d]imidazole derivative-resistant mutants harbor mutations in mmpL3.
The acquired resistance of M. tuberculosis to anti-TB drugs is typically due to the
acquisition of mutations in a gene encoding a drug-target protein or an enzyme
activating a given prodrug within the bacilli. The mutation frequency was estimated for
acquired resistance to 1H-benzo[d]imidazole derivatives in the presence of 2.6� MIC of
EJMCh4 and EJMCh6 as well as rifampin (0.6 �M and 2.4 �M) and streptomycin (STR)
(2.8 �M) as controls. Fluctuation analysis was performed as previously described by
Ford et al. (33), and then the drug resistance rate was determined using the Ma-Sarkar-
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Sandri (MSS) method (34). The calculated mutation rate was similar for STR and
1H-benzo[d]imidazole derivatives but was lower than that for both concentrations of
RMP (see Table S2 in the supplemental material). To identify a mode of action of the
1H-benzo[d]imidazole derivatives, we decided to select and analyze mutants that were
resistant to the investigated compounds. The wild-type M. tuberculosis strain was
cultured in the presence of a subinhibitory concentration of EJMCh4 (0.244 �M) or
EJMCh6 (0.0145 �M), and the resistant mutants were selected on solid medium sup-
plemented with 2.44 �M compound EJMCh4 and 0.145 or 0.29 �M compound EJMCh6.
The resulting mutants were grown in the presence of various concentrations of
compound EJMCh4 or EJMCh6 to determine their MIC values (Table 1). Three mutants
selected on compound EJMCh4 and three mutants selected on compound EJMCh6,
as well as the wild-type strain, were subjected to genomic DNA isolation and sequenc-

FIG 1 (A) Chemical structures of 1H-benzo[d]imidazole derivatives EJMCh4 {5-bromo-2-(2-cyclohexylethyl)-1H-benzo[d]imidazole} (left) and
EJMCh6 {2-(2-cyclohexylethyl)-5,6-dimethyl-1H-benzo[d]imidazole} (right). (B) Time-dependent viability of M. tuberculosis at selected concentra-
tions of the 1H-benzo[d]imidazole derivatives EJMCh4 and EJMCh6 based on CFU enumerations from three independent experiments and plotted
as the average � standard deviation. (C) Inhibitory effect of EJMCh4 and EJMCh6 on the intracellular growth of M. tuberculosis in human
monocyte-derived macrophages. The intracellular growth of the pathogen in the experimental (1H-benzo[d]imidazole-treated) samples versus the
control (non-1H-benzo[d]imidazole-treated) sample is presented as a growth percentage, which represents the ratio of the CFU number
determined for the 1H-benzo[d]imidazole-treated sample to the CFU number estimated in the control sample multiplied by 100.
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ing using the NGS Illumina system. Bioinformatics analyses allowed the identification of
a number of point mutations in the investigated genomes (see Table S3 in the
supplemental material). The data analysis revealed that the gene affected in all inves-
tigated mutants was rv0206c, encoding an essential transmembrane transporter,
MmpL3. Five of six selected mutants carried diverse mutations in mmpL3 and were
processed in further investigations. All mutations in rv0206c resulted in amino acid
substitutions localized in the transmembrane helices of MmpL3, as mapped on an
MmpL3 three-dimensional (3D) homology model (Fig. 2A). To verify the relationship
between the presence of the identified mutations in MmpL3 and resistance to com-
pounds EJMCh4 and EJMCh6, the genes carrying the mutations, V285A, V195A, V684A,
V240A, or G253E, were cloned with their putative promoter regions into the pMV306Km
integration vector and introduced into the single attB locus of the genome of the
wild-type strain, which was sensitive to both compounds. The resultant merodiploid
strains carrying both the wild-type and mutated mmpL3 genes were analyzed for their
sensitivity to the compounds EJMCh4 and EJMCh6. The transcomplementation of the
wild-type strain with mutated mmpL3 conferred resistance to the 1H-benzo[d]imidazole
derivatives (Table 2), confirming the role of the investigated mutations in the resistance
phenotype.

Mutants resistant to compounds EJMCh4 and EJMCh6 are not cross-resistant to
TB drugs or SQ109. Cross-resistance with current anti-TB drugs would exclude the new
compounds as potential drugs. Hence, the spontaneous mutants resistant to the
investigated 1H-benzo[d]imidazole derivatives, as well as the wild-type, drug-sensitive
M. tuberculosis strain, were investigated for their sensitivity to the selected anti-TB drugs
INH, STR, RIF, and EMB. The MIC values determined for all the drugs tested were the
same for the wild-type strain and investigated mutants, as presented in Table S4 in
the supplemental material. Because SQ109 and our investigated compounds affect the
same target, MmpL3, we decided to test their potential cross-resistance. The MIC values
of SQ109 were determined for wild-type M. tuberculosis and mutants resistant to the
compounds EJMCh4 and EJMCh6, and the same MIC values were obtained. Since the
distinct mutations were selected under pressure of compounds EJMCh4 and EJMCh6,
we also investigated the cross-resistance between these two compounds (see Table S5
in the supplemental material). As expected, the EJMCh4-resistant M. tuberculosis mu-
tants appeared also to be cross-resistant to EJMCh6 and vice versa, suggesting a
common mechanism of action for these two chemicals.

1H-Benzo[d]imidazole derivatives inhibit TDM synthesis and AG mycolylation.
Following synthesis, mycolic acids (MAs) are transported across the cell envelope in the
form of TMM and then transferred by the mycolyltransferase Ag85 complex at the outer
membrane (OM) either to the arabinogalactan (AG) complex or to another TMM to form
TDM (22, 23). Since MmpL3 has been implicated in flipping TMM across the inner
membrane (IM) and its depletion reduced formation of TDM and AG-linked mycolates

TABLE 1 MICs of 1H-benzo[d]imidazole derivatives EJMCh4 and EJMCh6 against wild-type
M. tuberculosis H37Rv and resistant mutants

Compound and strain (mutation)a MIC50 (�M) MIC90 (�M)

EJMCh4
H37Rv 1.22 2.44
MmpL3 mutants

4/1 (V285A) 13.00 19.50
4/3 (V195A) 6.50 13.00

EJMCh6
H37Rv 0.029 0.145
MmpL3 mutants

6A (V684A) 0.77 1.93
6B (V240A) 0.77 1.93
6C (G253E) 0.77 1.93

aThe 4/1 and 4/3 mutants were selected in the presence of compound EJMCh4 at 2.44 �M. The 6A, 6B, and
6C mutants were selected in the presence of compound EJMCh6 at 0.145 �M.
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(23, 35), we analyzed whether the effect of 1H-benzo[d]imidazole derivatives on mycobac-
terial cell wall mycolates reflects the one observed upon MmpL3 depletion. Late-log-phase
M. tuberculosis was incubated with increasing concentrations (1�, 2.5�, 5�, and 10� MIC)
of compound EJMCh4 or EJMCh6. Cultures were then subjected to radiolabeling of lipids
and divided into two volumes. From the first culture volume, total mycolic acid methyl
esters (MAMES) and fatty acid methyl esters (FAMES) were extracted. From the second
volume, after polar lipid removal, the apolar lipid fraction containing TMM and TDM was
obtained prior to derivatization and extraction of AG-bound MAMEs. Quantitative TLC
analyses showed that despite the undisturbed pool of total MAs (see Fig. S2 in the
supplemental material), treatment of the M. tuberculosis cells with compound EJMCh4 or
EJMCh6 resulted in a decrease in AG mycolylation as well as TDM production (Fig. 3). The
results clearly show the decrease in transport and concomitant accumulation of TMM in
1H-benzo[d]imidazole derivative-treated cells, confirming inhibition of the MmpL3 flippase.
Different levels of AG-bound mycolates and TDM in tubercle bacilli treated with 1H-
benzo[d]imidazole derivatives and the untreated control were additionally confirmed by
densitometry (Fig. 3).

FIG 2 (A) Mapping of the mutations found in spontaneous EJMCh4- and EJMCh6-resistant mutants on an M.
tuberculosis MmpL3 three-dimensional homology model. Only the transmembrane helices (TM) are depicted. The
residues mutated in the spontaneous resistant mutants are shown as sticks, and the mutations are indicated in the
colored boxes. All TM domains are in gray, with the exception of those carrying a mutation in resistant mutants,
notably TM2 (red), TM4 (green), TM5 (magenta), and TM11 (blue). (B) All mutations found in MmpL3 from resistant
mutants selected on several MmpL3 inhibitors. Transmembrane helices are represented by circles. Each mutation
as well as which drug it confers resistance to is indicated. The number of mutations affecting TM is shown from
white (no mutation) to dark red (five mutations), and the blue color indicates residues that confer cross-resistance
to several drugs.
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DISCUSSION

The selection of resistant mutants followed by whole-genome sequencing and the
observed inhibition of arabinogalactan mycolylation and synthesis of TDM indicate
MmpL3 as a molecular target for the antitubercular activity of 1H-benzo[d]imidazole
derivatives. MmpL3 belongs to the resistance, nodulation, and division (RND) super-

TABLE 2 MICs of 1H-benzo[d]imidazole derivatives EJMCh4 and EJMCh6 against wild-type
M. tuberculosis H37Rv and complemented mutants

Compound and strain (mutation)a MIC50 (�M) MIC90 (�M)

EJMCh4
H37Rv 1.22 2.44
H37Rv � vector 1.22 2.44
H37Rv � MmpL3 mutant 4/1 (V285A) 6.50 32.50
H37Rv � MmpL3 mutant 4/3 (V195A) 6.50 32.50

EJMCh6
H37Rv 0.145 0.29
H37Rv � vector 0.145 0.29
H37Rv � MmpL3 mutant 6A (V684A) 0.77 3.90
H37Rv � MmpL3 mutant 6B (V240A) 0.77 3.90
H37Rv � MmpL3 mutant 6C (G253E) 0.77 3.90

aThe wild-type M. tuberculosis was complemented with an empty vector or with mmpL3 genes carrying
mutations identified in the resistant mutants.

FIG 3 (A) Effect of EJMCh4 (Cpd 4) and EJMCh6 (Cpd 6) treatment on the arabinogalactan-bound mycolic acids of
M. tuberculosis mc26230. Equal volumes of AG-bound MAME fraction were loaded on a TLC plate and resolved twice
using the hexane-ethyl acetate (95:5, vol/vol) solvent system. Unchanged TLC profiles of M. tuberculosis mc26230
total mycolic acid methyl esters (MAMEs) and fatty acid methyl esters (FAMEs) after treatment with Cpd 4 and Cpd
6 are presented in Fig. S2 in the supplemental material. A, alpha-mycolic acid; M, methoxy-mycolic acid; K,
keto-mycolic acid. (B) Effect of EJMCh4 (Cpd 4) and EJMCh6 (Cpd 6) treatment on the apolar lipid fraction. Equal
counts of apolar lipids were applied on a 1D TLC plate, and TMM and TDM were visualized using the chloroform-
methanol-water (40:8:1, vol/vol/vol) solvent system. (C) Densitometric analysis of the results shown in panels A and
B, expressed as percentages of results for a no-drug control (NDC). For each analysis densitometry was done on
three independent TLC plates, and results represents mean � standard deviation.
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family of transporters, which require the transmembrane electrochemical proton gra-
dient for activity (36, 37). This protein is essential for transport of TMM from the cytosol
to the pseudoperiplasmic space, where TMM is further modified to TDM and incorpo-
rated into the membrane (22, 38). More recently, it was demonstrated that MmpL3 acts
as a mycolic acid flippase at the plasma membrane of mycobacteria, which might be
directly targeted and inhibited by BM212 (1,5-diarylpyrrole) (35). High-density trans-
poson mutagenesis and homologous recombination experiments showed that mmpL3
is required for survival of mycobacteria in vitro as well as in a mouse TB infection model
(39–44). The depletion of MmpL3 arrests bacterial cell division, resulting in rapid death.
This phenotype makes MmpL3 an attractive target for new putative anti-TB drugs.
MmpL3 is inhibited by a large number of compounds with different chemical scaffolds,
including the adamantyl urea AU1235 (22), the 1,5-diarylpyrrole derivative BM212 (45),
the benzimidazole C215 (46), the diamine SQ109 (38), indoleamides (47), the acetamide
E11 (48), the benzothiazole amides (49), and HC2091 {N-[2-(4-chlorophenyl)ethyl]-4-
thiophen-2-yloxane-4-carboxamide} (50). The PIPD1-piperidinol-based molecule was
identified as an MmpL3 inhibitor that is effective against the nontuberculous myco-
bacterium M. abscessus (51). Some MmpL3 inhibitors affect bacterial growth by dis-
rupting membrane potential, decreasing intracellular ATP concentration, and inhibiting
proton motive force (24, 52, 53). Some of the above-mentioned inhibitors (e.g., SQ109
and BM212) display activity against a broad spectrum of bacterial and fungal pathogens
(28–30), while others (e.g., AU1235 and indole carboxamides) are specifically effective
against mycobacteria (22, 27). The MmpL3 inhibitors also differ in their activities against
nonreplicating tubercle bacilli. Latent bacilli are killed by SQ109 and BM212 (24–26) but
not by AU1235, HC2091, and indole carboxamides (22, 27). It was also reported that
MmpL3 inhibitors act synergistically with rifampin, bedaquiline, clofazimine, and
�-lactams (54).

5-Bromo-2-(2-cyclohexylethyl)-1H-benzo[d]imidazole (EJMCh4) and 2-(2-cyclo-
hexylethyl)-5,6-dimethyl-1H-benzo[d]imidazole (EJMCh6) were selected from a library
of 25 derivatives and analogues of 1H-benzo[d]imidazole because they showed the
most potent antitubercular activities (32). Both compounds appeared to also be active
against intracellular M. tuberculosis residing in human phagocytes. Moreover, cytotox-
icity of the investigated compounds toward human macrophages at high concentra-
tions (60� and 512� MIC for compounds EJMCh4 and EJMCh6, respectively) was not
observed. EJMCh4 appeared to be inactive against Escherichia coli at concentrations up
to 12.5 �M but showed a bactericidal effect against Staphylococcus aureus at a con-
centration of 3.1 �M. Moreover, EJMCh6 was able to inhibit the growth of E. coli and S.
aureus at a concentration of 14.5 �M (see Fig. S3 in the supplemental material). Mycolic
acids and the MmpL3 protein are not present in S. aureus and E. coli, so it is likely that
an alternative cellular process in these organisms is targeted by the investigated
compounds. Similarly, it was reported that SQ109, an inhibitor of MmpL3 in M.
tuberculosis, displayed bactericidal activity against Helicobacter pylori and Trypanosoma
brucei, organisms lacking the mmpL3 gene (55, 56). Another MmpL3 inhibitor, the
pyrrole derivative BM212 (45), was also identified as a compound with good activity
against Candida albicans (57). Nonetheless, it was recently shown that BM212 binds
MmpL3 directly and inhibits its flippase activity (35). However, SQ109 did not actually
inhibit TMM flipping across the IM (35). We also cannot exclude that the 1H-
benzo[d]imidazole derivatives investigated here act indirectly by targeting the proton
motive force, which drives MmpL3 lipid translocation (26), or that the substitutions
identified in MmpL3 in spontaneous mutants resistant to EJMCh4/EJMCh6 are com-
pensatory, masking the inhibition of other cellular targets.

The mode of action of 1H-benzo[d]imidazole derivatives was identified by the
selection of resistant mutants, sequencing of their genomes, the transfer of mutated
mmpL3 genes identified in the resistant mutants, and the treatment of the wild-type
strain with both compounds followed by the quantitative analysis of TDM, TMM, and
MAs. The accumulation of mutations in mmpL3 that are responsible for resistance to
compound EJMCh4 also affected the resistance to compound EJMCh6 and vice versa,
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suggesting that the compounds inhibit MmpL3 in the same way. However, the muta-
tions affecting resistance to 1H-benzo[d]imidazole derivatives did not confer resistance
in M. tuberculosis to the other MmpL3 inhibitor, SQ109. This finding might suggest that
SQ109 and 1H-benzo[d]imidazole derivatives target different regions of the protein. A
similar observation was recently made by Zheng et al. (50) while investigating targeting
of MmpL3 in tubercle bacilli by HC2091. The mmpL3 mutations responsible for resis-
tance of M. tuberculosis to HC2091 did not significantly affect the sensitivity of M.
tuberculosis to SQ109. We were not able to test the potential cross-resistance between
the 1H-benzo[d]imidazole derivatives and other inhibitors of mycobacterial MmpL3
that are not commercially available. Among the published inhibitors targeting myco-
bacterial MmpL3, the one most similar to our investigated compounds is C215 {N-(2,4-
dichlorobenzyl)-1-propyl-1H-benzo[d]imidazol-5-amine}, which was identified in whole-
cell-based high-throughput screening (46). The common part between C215 and the
compounds evaluated in this study is 1H-benzo[d]imidazole. When comparing the two
compounds (EJMCh6 and C215), it is worth asking how the presence of the benzimid-
azole system affects their properties and activity. Taking molecular weights into ac-
count, the benzimidazole system in C215 is only 35%, while in compound EJMCh6, it is
45%. From a chemical point of view, C215 is a secondary amine (NH group at C-5 of the
benzimidazole system). It should be the most reactive fragment of the molecule and
should be sensitive to metabolic changes (e.g., N-dealkylation). In case it is a prodrug,
the sensitivity of that region will promote conversion to the active structure. Otherwise,
rapid deactivation of the active substance may occur. C215 has two basic nitrogen
atoms: the nitrogen atom of the amino group at the C-5 position of the benzimidazole
system and nitrogen N-3. Compound EJMCh6 has only one: the nitrogen atom N-3.
Each of the compounds still has an N-1 nitrogen atom with a weak acidic character. In
C215, the N-1 atom is linked to the propyl substituent, and in compound EJMCh6, it has
a proton. In our experience, compounds substituted at this position are associated with
a decrease in tuberculostatic activity (32, 58). Both compounds have similar partial
coefficient values. The log P for C215 is 4.22, and that for compound EJMCh6 is 4.95.
Similarly, the dipole moment values are also close, i.e., 3.01 D for C215 and 3.28 D for
EJMCh6. Thus, the bioavailabilities of the two compounds should be similar. However,
when comparing molecular electrostatic potential (MEP) maps on the isodensity surface
calculated at the B3LYP/6-31G(d) for both compounds, large differences can be noticed
in both the spatial structure of the molecules and the distribution of charge (see Fig. S4
in the supplemental material).

In this study, we compared the locations of mutations in MmpL3 that affect
resistance to a number of inhibitors (Fig. 2B; see Table S6 in the supplemental material).
Five individual amino acid substitutions were identified in MmpL3 of strains resistant to
compound EJMCh4 or EJMCh6, with only one (V684A) commonly identified in mutants
resistant to C215 (46). Interestingly, the G253E mutation identified in the mutant
resistant to compound EJMCh6 was reported in the strain resistant to AU1235 (22) and
indole carboxamides (27). This residue is extremely close to Asp251, which was shown
to be an essential residue for MmpL3 activity and presumably participates in the proton
motive force that energizes the transporter (59, 60). V195 and V288 are in the spatial
vicinity of G253, potentially suggesting that they may also affect the proton relay. As
presented in the 3D model, V684 and V240 are also within near spatial proximity,
suggesting that they may have the same effect on MmpL3 activity.

The mycobacterial cell envelope represents a rich target space for drug discovery. In
recent years, a large number of putative MmpL3 inhibitors with diverse chemistry
showing a potent bactericidal effect against M. tuberculosis have been discovered,
including compounds which have reached phase IIb clinical trials (Sequella). The
1H-benzo[d]imidazole derivatives investigated here are promising candidates for new
anti-TB drugs because of their bactericidal activity at nanomolar concentrations and
very low cytotoxicity, with IC50 values over 60� and 512� MIC. The data collected so
far with both compounds encourage further preclinical investigations to determine
their potential to eradicate tubercle bacilli from the infected organism.
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MATERIALS AND METHODS
Bacterial growth conditions and susceptibility tests. The M. tuberculosis H37Rv and M. tuberculosis

mc26230 strains (61) were grown at 37°C on Middlebrook 7H10 medium supplemented with 10% oleic
acid-albumin-dextrose-catalase (OADC). For liquid culture, Middlebrook 7H9 broth (Difco) supplemented
with OADC and 0.05% Tween 80 (pH 7.0) was used. To determine the MIC, the M. tuberculosis liquid
cultures (OD600 � 0.1) were supplemented with various concentrations of the 1H-benzo[d]imidazole
derivative compounds EJMCh4 and EJMCh6. Both compounds were dissolved in dimethyl sulfoxide
(DMSO) and added directly to the growth medium. The final concentration of DMSO in the medium
never exceeded 0.1% (vol/vol), and DMSO had no effect on the growth of M. tuberculosis. The growth-
inhibitory effect was determined based on cell density (OD600) and CFU at 0, 24, 48, and 72 h after
supplementation of M. tuberculosis cultures with the tested compounds by comparison to the control
culture (without inhibitors). Colonies were counted after 4 weeks of incubation at 37°C.

The E. coli and S. aureus strains were cultured in Mueller-Hinton medium. The susceptibility of E. coli
and S. aureus to the tested compounds was determined by the microdilution method, according to
standard CLSI recommendations (62). The analysis was performed in 96-well microplates containing
Mueller-Hinton broth. The concentrations of the agents in Mueller-Hinton broth ranged from 12.5 to
0.09 �M for compound EJMCh4 and from 14.5 to 0.11 �M for compound EJMCh6. A DMSO control was
included in each experiment. The inoculum density was adjusted to a 0.5 McFarland standard. The
microplates were incubated at 37°C for 18 h, and the OD600 was determined for bacterial cultures in the
presence and absence of the tested compounds. MIC determinations were repeated at least three times.

Gene cloning strategies. Standard molecular biology protocols were used for all cloning strategies
(63). All PCR products were obtained using thermostable AccuPrime Pfx DNA polymerase (Invitrogen),
cloned initially into a blunt vector (pJET1.2; Thermo Fisher), sequenced, and then released by digestion
with appropriate restriction enzymes before ligation into the final vectors. All mmpL3 genes (with
and without mutations) and their putative promoters (694-bp upstream region) were PCR amplified and
cloned into the XbaI/HindIII restriction sites of the pMV306Km integration vector. All plasmids and
oligonucleotides used in this work are listed in Tables S7 and S8 in the supplemental material,
respectively.

Next-generation sequencing. The sequencing libraries were prepared using the Nextera XT DNA
sample preparation protocol (Illumina, USA). A total of 1 ng of genomic DNA isolated from the wild type
and 6 individual M. tuberculosis mutants was used for preparation of paired-end libraries, in accordance
with the manufacturer’s instructions. Whole-genome shotgun sequencing was performed on a NextSeq
500 platform at a read length of 2 � 150 bp (300 cycles). In silico/bioinformatical analyses were per-
formed in CLC Biology Workbench 8.0 and 8.5.1 (Qiagen, USA). Raw sequencing reads were subjected to
a quality and adapter trimming step and further aligned to the M. tuberculosis H37Rv reference sequence
(NC_000962.3) (length fraction � 0.5, similarity fraction � 0.8). Detection of single-nucleotide polymor-
phism (SNP) variants in sequencing data derived from in vitro-reared resistant strains (carrying mutations)
was performed using the Basic Variant Detection algorithm. The results of variant calling for each sample
were filtered on the M. tuberculosis H37Rv wild starting strain (count 10�). Low-quality (quality, �10)
variants were excluded from further analysis.

Preparation of human MDMs and in vitro cytotoxicity assay. Human monocytes were isolated
from commercially available (Regional Blood Donation Station, Lodz, Poland) and freshly prepared buffy
coats from healthy human blood donors using a double density gradient technique employing His-
topaque 1077 (Sigma) and 46% isosmotic Percoll (Sigma) as described previously (64). The differentiated
human macrophages were extensively washed to remove any nonadherent cells, left resting overnight,
and incubated with the culture medium supplemented with various concentrations of the tested
compounds, namely, from 1 �M to 128 �M compound EJMCh4 and from 0.125 �M to 128 �M compound
EJMCh6. After 48 h of incubation, the viability of macrophages was determined using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma), as described previously (64). All
experimental and control samples were run in quadruplicate.

Evaluation of the bactericidal effect of 1H-benzo[d]imidazole derivatives on intracellularly
growing tubercle bacilli. The differentiated human macrophages were infected with M. tuberculosis at
an MOI of 1:10 (see details in reference 64). Two hours after infection, the extracellularly located bacteria
were extensively washed out with culture medium without antibiotics, incubated for an additional 1 hour
in medium supplemented with 1 mg/ml gentamicin (Sigma), and finally washed three times with Iscove’s
medium supplemented with 2% human AB serum (Sigma). The culture medium supplemented or not
(control) with the 1H-benzo[d]imidazole derivatives was added to independent samples of the infected
macrophages. The tested compounds EJMCh4 and EJMCh6 were applied in quadruplicate at the MICs,
namely, 2.44 and 0.145 �M, respectively. The experimental (1H-benzo[d]imidazole derivative-treated)
and control samples of the infected phagocytes were incubated at 37°C for 48 h under a humidified
atmosphere of 10% CO2–90% air. Subsequently, the macrophages were lysed with 1 ml of 0.1% SDS
(Sigma), and appropriate dilutions of the cell lysates were plated onto Middlebrook 7H10 agar supple-
mented with 10% Middlebrook oleic acid-albumin-dextrose-catalase (OADC) enrichment. After 21 days of
incubation at 37°C, the CFU were counted. A one-way analysis of variance (ANOVA) (Holm-Sidak method)
was employed for multiple comparisons versus the control samples to determine any significant
differences between the mean values from the untreated and EJMCh4/EJMCh6-treated samples of the M.
tuberculosis-infected human macrophages. Results were considered to be statistically significant at a P
value of �0.05.

Whole-cell radiolabeling and lipid analysis. To visualize compound-induced changes in the lipid
profile, a late-log-phase M. tuberculosis mc26230 culture was incubated with increasing concentrations
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(1�, 2.5�, 5�, and 10� MIC) of compound EJMCh4 or EJMCh6 for 1 h. Subsequently, bacteria were
radiolabeled for 6 h at 37°C by adding 1 �Ci/ml of sodium [2-14C]acetate (56 mCi/mmol). The culture was
divided into two volumes. One volume was used directly to derivatize and extract methyl esters of total
mycolic acids (MAMEs) and fatty acids (FAMEs). From the second volume, polar and apolar lipid fractions
were obtained prior to derivatization and extraction of MAMEs covalently bound to arabinogalactan (AG).
The extraction procedures are described elsewhere (51, 65, 66). Equal counts (total MA, TMM, and TDM)
or equal volumes (AG-bound MA) of each analyzed fraction were applied on a thin-layer chromatography
(TLC) plate. Total MAMEs and FAMEs as well as arabinogalactan-bound MAME fractions were resolved
twice using hexane-ethyl acetate (95:5, vol/vol). TMM and TDM were resolved once using a chloroform-
methanol-water (40:8:1, vol/vol/vol) solvent system.

Mapping of the mutations in MmpL3. A three-dimensional homology model of M. tuberculosis
MmpL3 (Rv0206) was constructed using the Swiss model server (67) and the crystal structure of M.
smegmatis MmpL3 as the template (PDB code 6AJF) (60).

Quantum chemical calculations. Quantum chemical calculations were carried out to study the
molecular geometry and electronic structure of benzimidazoles EJMCh6 and C215 using the Gaussian
03W software (Gaussian 03, revision A.1.; Gaussian, Inc., Wallingford, CT, USA). The full optimized
geometries of both compounds in vacuum were calculated by the density functional theory-B3LYP
method using the diffuse function 6-31G(d) basis set.

Fluctuation analysis. Fluctuation analysis was performed as previously described (33). M. tubercu-
losis cultures were inoculated from freezer stocks. From the culture at an OD of 0.7 to 1.1, approximately
300,000 cells were used to inoculate 100 ml of Middlebrook 7H9 supplemented with 10% Middlebrook
OADC, 0.0005% Tween 80, and 0.005% glycerol, giving a total cell count of 10,000 cells per 4-ml culture.
This volume was immediately divided to start 20 cultures of 4 ml each. Cultures were grown at 37°C until
they reached an OD of 1.0. The cultures were then spun at 4,000 rpm for 10 min at 4°C. Cultures were
then resuspended in 250 �l of 7H9-OADC-Tween-glycerol and spotted onto 7H10-OADC-Tween-glycerol
plates supplemented with 0.6 or 2.4 �M rifampin, 2.8 �M streptomycin, and 6.5 �M EJMCh4 or 0.38 �M
EJMCh6. The drug resistance rate was determined by calculating m (the estimated number of mutations
per culture) based on the number of mutants (r) observed on each plate using the Ma-Sarkar-Sandri
(MSS) method as previously described (34). Dividing m by Nt, the number of cells plated for each culture,
gives an estimated drug resistance rate.

Data availability. Sequences for the three mutants selected on compound EJMCh4 and the three
mutants selected on compound EJMCh6 have been deposited in GenBank under accession no.
SRX5372947, SRX5372948, SRX5372946, SRX5372945, SRX5372944, and SRX5372943.
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