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ABSTRACT The Mycobacterium tuberculosis mycolate flippase MmpL3 has been the
proposed target for multiple inhibitors with diverse chemical scaffolds. This diversity
in chemical scaffolds has made it difficult to predict compounds that inhibit MmpL3
without whole-genome sequencing of isolated resistant mutants. Here, we describe
the identification of four new inhibitors that select for resistance mutations in mmpL3.
Using these resistant mutants, we conducted a targeted whole-cell phenotypic
screen of 163 novel M. tuberculosis growth inhibitors for differential growth inhibi-
tion of wild-type M. tuberculosis compared to the growth of a pool of 24 unique
mmpL3 mutants. The screen successfully identified six additional putative MmpL3 in-
hibitors. The compounds were bactericidal both in vitro and against intracellular M.
tuberculosis. M. tuberculosis cells treated with these compounds were shown to accu-
mulate trehalose monomycolates, have reduced levels of trehalose dimycolate, and
displace an MmpL3-specific probe, supporting MmpL3 as the target. The inhibitors
were mycobacterium specific, with several also showing activity against the nontu-
berculous mycobacterial species M. abscessus. Cluster analysis of cross-resistance pro-
files generated by dose-response experiments for each combination of 13 MmpL3 in-
hibitors against each of the 24 mmpL3 mutants defined two clades of inhibitors and
two clades of mmpL3 mutants. Pairwise combination studies of the inhibitors re-
vealed interactions that were specific to the clades identified in the cross-resistance
profiling. Additionally, modeling of resistance-conferring substitutions to the MmpL3
crystal structure revealed clade-specific localization of the residues to specific do-
mains of MmpL3, with the clades showing differential resistance. Several compounds
exhibited high solubility and stability in microsomes and low cytotoxicity in macro-
phages, supporting their further development. The combined study of multiple mu-
tants and novel compounds provides new insights into structure-function interac-
tions of MmpL3 and small-molecule inhibitors.

KEYWORDS Mycobacterium tuberculosis, antimicrobials, cell envelope, mechanisms of
resistance, phenotypic screening

In efforts to identify new tuberculosis (TB) antibiotics, whole-cell-based phenotypic
screens have been conducted against the pathogen Mycobacterium tuberculosis.

Over the last decade, several of these screens have identified MmpL3 as the
proposed target for diverse small-molecule inhibitors, including AU1235, BM212,
C215, DA-5, E11, indole carboxamides, HC2091, NITD-349, PIPD1, rimonabant, Spiro
{N-benzyl-6=,7=-dihydrospiro(piperidine-4,4=-thieno[3,2-c]pyran)}, TBL-140, THPP (tetrahydro-
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pyrazolo[1,5-a]pyrimidine-3-carboxamide), and SQ109 {N-adamantan-2-yl-N=-[(E)-3,7-di-
methyl-octa-2,6-dienyl]-ethane-1,2-diamine} (1–12). MmpL3 is an essential flippase respon-
sible for transporting trehalose monomycolate (TMM) or acylated-trehalose monomycolate
synthesized in the cytoplasm to the pseudoperiplasmic space (13–17). These TMMs are
then converted into trehalose dimycolate (TDM) by the Ag85 complex in the cell
envelope (18). Additionally, MmpL3 has recently been proposed to transport phos-
phatidylethanolamine (19), expanding the function of MmpL3 lipid transport. MmpL3
is essential, as evidenced by a preexisting rescue allele being required to generate an
mmpL3 knockout (1, 14, 17, 20–22), the lack of mutants in high-throughput transposon
mutagenesis screens (23, 24), and studies that show rapid killing in vitro and in vivo in
acute infection models when mmpL3 expression is conditionally inhibited (14, 20). This
makes MmpL3 an attractive target for drug development, with one of its inhibitors,
SQ109, currently in clinical trials (25).

MmpL3 inhibitors fall into diverse classes of chemical scaffolds (26–28), making it
hard to computationally predict potential MmpL3 inhibitors based on chemical scaf-
folds. However, given the frequent finding of MmpL3 as a target, it is reasonable to
expect that many new hits in a high-throughput screen may be acting against MmpL3.
MmpL3 inhibitors have been identified by the isolation and sequencing of resistant
mutants with single nucleotide variations (SNVs) mapping to the coding region of
mmpL3, which is time consuming and costly. Efforts to discover MmpL3 inhibitors using
targeted approaches include generating hypomorphs, where an mmpL3 knockdown
strain showed enhanced sensitivity to MmpL3 inhibitors, including AU1235 (14). How-
ever, this strain was also shown to be sensitive to isoniazid (INH), an inhibitor of InhA
of the fatty acid synthase II (FAS-II) pathway involved in mycolic acid synthesis, suggesting
that while an mmpL3 knockdown strain has robust screening potential for inhibitors of
mycolic acid synthesis, maturation, and transport, such strains are not specific enough
to identify inhibitors that selectively target MmpL3.

An alternative approach, employed in this study, is to use a pool of inhibitor-
resistant mmpL3 mutants to discover potential MmpL3 inhibitors. MmpL3 is a member
of the resistance nodulation and division (RND) family of proteins, normally associated
with efflux pumps in Gram-negative bacteria (1, 13, 17). However, evidence suggests
MmpL3 does not act as a general efflux pump in resistant backgrounds, as resistant
mutants do not differ in the amounts of inhibitor isolated from cell fractions compared
to the results for wild-type (WT) M. tuberculosis (1). Further supporting the idea that
MmpL3 does not act as an efflux pump, the low levels of cross-resistance to compounds
not associated with MmpL3 inhibition, including INH, suggest that MmpL3 does not act
as a general efflux pump (22). This suggests that MmpL3 inhibitor-resistant mutants
could be used to screen for other potential MmpL3 inhibitors. The goal of this study
was to discover MmpL3 inhibitors from a collection of 163 newly discovered, unchar-
acterized inhibitors of M. tuberculosis growth (29). Here, we describe the identification
of four novel MmpL3 inhibitors by isolation of resistant M. tuberculosis mutants with
mutations mapping to mmpL3. These 24 unique M. tuberculosis mmpL3 mutant strains
were then pooled into a single batch culture to conduct a targeted whole-cell pheno-
typic screen, identifying six new scaffolds with reduced activity in the mixed mutant
population compared to the results for the wild type. Cross-resistance and compound
interaction studies demonstrated specific structure function interactions between the
molecules and MmpL3 and defined domains of MmpL3 associated with differential
resistance to MmpL3 inhibitors.

RESULTS
Identification of four new MmpL3 inhibitors by isolation of resistant mutants.

Previously, two high-throughput screens were conducted, targeting the two-
component regulatory systems DosRST and PhoPR (29–31). In addition to inhibitors
targeting these pathways, a series of compounds was identified that inhibited M.
tuberculosis growth independently of the targeted pathways (11, 29, 31). A series of
high-throughput assays were then conducted to prioritize these compounds (Fig. S1 in
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the supplemental material), including confirming hits, testing for eukaryotic cytotoxic-
ity in primary murine bone marrow-derived macrophages (BMM�) (�10% cytotoxicity),
and testing for the ability of the compounds to inhibit M. tuberculosis growth inside
BMM� (�25% growth inhibition). The results of these screens identified 216 com-
pounds, of which 163 commercially available compounds were purchased as fresh
powders. In order to identify the mechanisms of action of these M. tuberculosis growth
inhibitors, our laboratory selected several compounds with potent M. tuberculosis
growth inhibition, both in vitro and in macrophages, as well as low murine macrophage
cytotoxicity.

Four compounds of interest, HC2060, HC2149, HC2169, and HC2184 (1-{(1-[4-(benzyloxy)-
3-methoxybenzyl]piperidin-3-yl}carbonyl)azepane, N-[2-methyl-6-(trifluoromethyl)pyridin-3-
yl]-4-(trifluoromethyl)benzamide, ethyl 3-{[(3,4-dihydro-2H-chromen-3-ylamino)carbonyl]
amino}benzoate, and N-(2-diethylaminoethyl)-N-(5,7-dimethyl-1,3-benzothiazol-2-yl)furan-
2-carboxamide, respectively) (Fig. 1a) had half-maximal effective concentrations (EC50s)
ranging from 1.8 �M to 16.9 �M in vitro (Fig. 1b, Table 1). All four compounds had
bactericidal activity when measured at 20 �M (2� the initial screening concentration)
(Fig. 1c). To our knowledge, the structures of these compounds are distinct from those
of previously described inhibitors of M. tuberculosis growth.

To understand the mechanism of action of these four compounds, resistant mutants
were isolated using solid agar plates (7H10 oleic acid-albumin-dextrose-catalase
[OADC]) amended with 20 or 40 �M of each compound and inoculated with 109 CFU
of M. tuberculosis (strain Erdman). Isolated mutants were tested for resistance via
dose-response curves. Confirmed resistant clones were isolated as single colonies and
retested to confirm resistance (Fig. S2a to d). Genomic DNA was extracted from
confirmed resistant mutant strains, and the genomes were sequenced. Analysis of the

FIG 1 Four compounds inhibit M. tuberculosis growth in a dose- and time-dependent manner. (a)
Structures of HC2060, HC2149, HC2169, and HC2184. (b) Inhibition of M. tuberculosis growth in a
dose-dependent manner. (c) Killing of M. tuberculosis in a time-dependent manner when treated with the
inhibitors at 20 �M. Error bars indicate the standard deviations from the mean values. Experiments were
conducted in biological triplicates.
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genome sequences identified SNVs in the coding region of mmpL3 (Rv0206c) in all of
the genomes (Table S1). These SNVs encoded nonsynonymous mutations located
throughout the gene (Table S1, Fig. S2e). These findings suggest that these compounds
may be functioning as MmpL3 inhibitors.

Modulation of TMM and TDM accumulation. MmpL3 is responsible for the
transport of TMM across the inner membrane (14–16, 18). To determine if these
compounds inhibited the activity of MmpL3, cultures of M. tuberculosis were grown in
the presence of [14C]acetate and treated for 24 h with 20 �M HC2060, HC2149, HC2169,
HC2184, or SQ109 or equal volumes of dimethyl sulfoxide (DMSO). Radiolabeled lipids
were isolated and analyzed by thin-layer chromatography (TLC) (Fig. 2a; Fig. S3a). The
results of the lipid assay show that TMM accumulates in M. tuberculosis samples treated
with the proposed MmpL3 inhibitors, as well as in the SQ109-treated samples. Addi-
tionally, TDM decreased significantly in cultures treated with HC2169 and HC2184, as
well as in those treated with the positive control, SQ109 (Fig. 2a; Fig. S3a). These results
are consistent with previously described results for MmpL3 inhibitors (1–5, 8, 10, 11, 27)
and support the idea that these four compounds inhibit MmpL3 activity.

TABLE 1 Characterization of MmpL3 inhibitors

Compound Clade

EC50 (�M)

��
disruption

CC50

(�M)
Solubility
(�M)

Microsome stability
(% remaining after 30 min)WT

mmpL3 mutant
pool Differentiala M�

HC2032 B 2.2 �80 �36 0.8 Yes �100 18 102
HC2060 B 16.9 �80 �5 4.1 No �100 �300 44
HC2091 B 6.2 �80 �13 2.2 No �100 �300 45
HC2099 B 1.7 38.9 23 �0.3 Yes �100 178 71
HC2134 A 1.4 �80 �57 7.3 Yes �100 116 NDb

HC2138 A 4.0 �80 �20 �0.3 Yes �100 66 122
HC2149 A 6.6 �80 �12 3.6 Yes �100 131 138
HC2169 A 1.8 �80 �44 �0.3 No �100 17 168
HC2178 B 3.8 �80 �24 2.0 Yes �100 �200 4
HC2183 B 3.2 59.9 19 3.0 No �100 �200 25
HC2184 B 7.6 �80 �11 0.7 Yes �100 �300 30
C215 B 11.2 57.5 5 4.0 Yes 14.3 87 62
SQ109 B 2.4 6.9 2 �0.3 Yes ND ND ND
aDifferential EC50 is the fold difference between the EC50s of the WT and the mmpL3 mutant pool.
bND, not determined.

FIG 2 Modulation of TMM and TDM accumulation. (a) Whole-cell 14C-lipids from M. tuberculosis cells treated with 20 �M HC2060, HC2149,
HC2169, and HC2184 show increased levels of TMM and decreased levels of TDM. (b and c) Whole-cell 14C-lipids from M. tuberculosis cells
treated with a concentration of 20 �M of the six inhibitors identified by the targeted phenotypic screen show increased levels of TMM
and decreased levels of TDM. Experiments were conducted in biological duplicates. In both experiments, M. tuberculosis samples were
treated with DMSO or 20 �M SQ109 as controls. Error bars indicate the standard deviations. *, P � 0.05; **, �0.005; ***, �0.001; �, value
that just missed the cut off (P � 0.07 compared to TMM level after HC2134 treatment). The results for HC2060 and HC2149 missed the
significance cutoff, but this may be due to the high variability in replicates, as there was a �2-fold difference for HC2060 and HC2149.
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Targeted whole-cell phenotypic screen for MmpL3 inhibitors. The identification
of four new MmpL3 inhibitors, as well as the previously published inhibitor HC2091
(6), suggested that additional MmpL3 inhibitors may exist in the prioritized 163-
compound library of M. tuberculosis growth inhibitors (Fig. S1). Review of the known
MmpL3 inhibitor scaffolds and those in our compound library identified HC2172 as
the previously described MmpL3 inhibitor C215 (3). A recent study by McNeil et al.
showed that mmpL3 mutant strains had low levels of cross-resistance against
non-MmpL3 inhibitors (22), suggesting that mmpL3 mutants could be used to
screen for MmpL3 inhibitors. Additionally, this study also showed that different
mutations conferred various levels of cross-resistance between MmpL3 inhibitors.
We therefore hypothesized that by pooling unique mmpL3 mutant strains into a
single mixed culture, we could overcome limitations of cross-resistance variability.
For the targeted phenotypic screen, we directly compared percentages of growth
inhibition (% GI) of the WT and a mixed mmpL3 mutant pool consisting of 24 unique
mmpL3 mutant strains, including 3 strains previously described as resistant to
HC2091 (Table S2) (11). We tested for differences in growth between the WT and the
24 unique mmpL3 strains and did not observe major growth differences following 9
days of incubation. Given that mutant abundances were normalized at the beginning
of the assay and rates of growth were similar by day 6 when the assay was completed,
the relative abundance of each strain is not anticipated to bias the screen (Fig. S4). The
cultures were treated with each of the 163 M. tuberculosis growth inhibitors at 20 �M,
as well as DMSO (negative control), rifampin (RIF [positive control]), bedaquiline (BDQ),
clofazimine (CLO), INH, para-aminosalicylic acid (PAS), H2O2, or SQ109, for a total of 171
different treatments (Fig. S5a and b). The results of this screen identified 32 compounds
with 15% GI in the WT background and 1.5� reduced activity in the mixed mmpL3
mutant background relative to that in the WT background (examples of positive hits are
illustrated in red in Fig. 3a). These hits were tested by dose-response experiments
conducted in both the WT and mixed mmpL3 mutant background. In total, we
identified 13 compounds with reduced activity in the mixed mmpL3 mutant back-
ground (Table 1, Fig. S6). Included in our confirmed hits were each of the five inhibitors
used to generate the mmpL3 mutant strains (HC2060, HC2091, HC2149, HC2169, and

FIG 3 A targeted whole-cell phenotypic screen identifies six new MmpL3 inhibitors. (a) Results of a direct head-to-head
comparison of percentages of growth inhibition of WT M. tuberculosis and a pooled mmpL3 mutant population treated
with 163 compounds at 20 �M. Additional treatments included 0.5 �M BDQ, CLO, INH, PAS, or SQ109 or 0.03% H2O2.
Examples of hit compounds with reduced activity in the MmpL3 mutant pool are shown in red. (b) Structures of the
confirmed hit compounds from the screen, including six new compounds, HC2032, HC2099, HC2134, HC2138, HC2178, and
HC2183. Previously described compounds include C215, HC2091, and SQ109.
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HC2184) and the two control compounds C215 and SQ109. The targeted screen also
identified six novel inhibitors, HC2032, HC2099, HC2134, HC2138, HC2178, and HC2183
{ethyl 4-[(2E)-2-(4,7,7-trimethyl-3-oxo-2-bicyclo[2.2.1]heptanylidene)hydrazinyl]benzoate,
2-[(6-chloro-1H-benzimidazol-2-yl)sulfanyl]-N,N-di(propan-2-yl)acetamide, N-(2-methoxy-5-
nitrophenyl)-1-oxo-4-phenylisochromene-3-carboxamide, 1-cyclohexyl-3-[4-[(2-fluoro-
phenyl)methyl]-3-oxo-1,4-benzoxazin-7-yl]urea, 1-cyclooctyl-4-(2,5-dimethylphenyl)
piperazine, and 2-[(5-methyl-1H-benzimidazol-2-yl)sulfanyl]-N,N-di(propan-2-yl)acetamide,
respectively} (Fig. 3b), which have not been previously described as MmpL3 inhibitors.
The amount of resistance conferred by the mixed mmpL3 mutant strains against each
compound varied, with some compounds, like HC2032, HC2138, and HC2169, losing
nearly all activity in the mutant background (Fig. S6), as indicated by the highly
differential EC50s (fold difference between the EC50s of the mmpL3 mutant pool and
WT) of �36, �20, and �44 (Table 1). Despite the high activity of SQ109 in the WT
background, the differential EC50 was only 2 (Table 1); however, this observation is
consistent with previous studies which only report marginal increases in MICs in mmpL3
mutant backgrounds (4, 11, 22, 27). Included in our hits were two urea-based com-
pounds, HC2138 and HC2169 (Fig. 1 and Fig. 3b). These urea-based compounds have
structures reminiscent of that of the adamantyl-urea MmpL3 inhibitor AU1235 (1).
Additionally, two of the compounds identified in the screen, HC2099 and HC2183, had
high structure similarity. We also tested our mixed mutant population against rimon-
abant, an analogue of BM212, previously shown to bind to MmpL3 (12); however, we
did not identify any difference between the WT or the mixed mutant population (Fig.
S7). This finding is consistent with the mutant pool not containing mutations known to
provide resistance to BM212 or rimonabant (2) and demonstrates that the current
mutant pool does not comprehensively identify all known MmpL3 inhibitors.

The compounds were also tested for murine macrophage cytotoxicity, solubility,
and stability in mouse microsomes, and the structures were confirmed by mass
spectrometry (Table 1). The compounds exhibited low cytotoxicity (50% cytotoxic
concentration [CC50] of �100 �M), consistent with our secondary assay screening (Fig.
S1). The compounds exhibited various levels of solubility, with HC2169 and HC2138
showing lower solubility (66 �M and 17 �M, respectively) but high microsome stability
(122% and 168%, respectively) and compounds like HC2183 showing high solubility
(�200 �M) but low microsome stability (25%). Interestingly HC2099, which has high
structure similarity to HC2183, showed higher solubility (178 �M) and higher micro-
some stability (71%). Several of the compounds (e.g., HC2091, HC2099, HC2138, and
HC2149) exhibited favorable solubility and microsome stability with no observed
macrophage cytotoxicity, supporting their potential for further development.

The phenotypic screen was selective, as it did not identify any of the control
treatments known not to target MmpL3, including BDQ, CLO, INH, PAS, H2O2, or
HC2051, a proposed Pks13 inhibitor (given its similarity to TAM16 [32]). To confirm the
specificity of our screen, we conducted dose-response studies in both the WT and
mixed mmpL3 mutant background for each of the aforementioned inhibitors, as well as
RIF. The results of the dose-response studies did not identify any significant levels of
resistance to these compounds in the mixed mmpL3 mutant background (Table S3, Fig.
S8). This was true for inhibitors both of mycolic acid synthesis and maturation (INH and
HC2051), suggesting that our screen was specific for inhibitors of MmpL3. Consistent
with previous results, we identified increased susceptibility to RIF treatment in the
mixed mmpL3 mutant background (Table S3, Fig. S8) (22). The dose-response profiles
for BDQ, CLO, and PAS did not show any differences in susceptibility, further supporting
the idea that mmpL3 mutations do not confer resistance through general efflux.

Modulation of TDM, membrane potential, and viability. To determine whether
the six compounds identified in the screen can inhibit MmpL3 activity, we examined
the accumulation of TMM and TDM as described above. The inhibitors modulated
mycolic acid accumulation in whole-cell extracts, with lipids for all treatments showing
significant accumulation of TMM (except for HC2134) and treatment with HC2032,
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HC2099, HC2138, and HC2178 showing significant decreases in TDM relative to the
amounts in the DMSO control samples (Fig. 2b and c, Fig. S3b). A recent report has
shown that because MmpL3 activity is dependent on the proton motive force (PMF),
disruptors of PMF, such as the protonophore carbonyl cyanide m-chlorophenyl hydra-
zine (CCCP), can also modulate MmpL3 activity (27). Studies have suggested that some
proposed MmpL3 inhibitors, such as SQ109 and E11, may indirectly target MmpL3
through disruption of the membrane potential (10, 15, 27), although direct interactions
of MmpL3 and SQ109 have recently been reported (12, 33). To determine whether the
newly identified inhibitors disrupt membrane potential (Δ�), we conducted dose-
response studies using a DiOC2(3)-based assay. Some compounds, including HC2060,
HC2169, and HC2183, did not disrupt membrane potential (Table 1, Fig. S9), while
others, such as HC2032, HC2099, HC2134, HC2138, HC2149, HC2178, HC2184, and C215,
did disrupt membrane potential (Table 1, Fig. S9). Consistent with previous observa-
tions, HC2091 did not disrupt membrane potential, while SQ109 did disrupt membrane
potential (Table 1, Fig. S9) (11, 15, 27). Surprisingly, there were differences in outcome
for the two urea-containing compounds HC2169 and HC2138, as well as between
HC2099 and HC2183, which only differ by a chloro and a methyl substitution, respec-
tively. The results for HC2138 and HC2169 are also interesting because the previously
described urea-based MmpL3 inhibitor AU1235 does not disrupt the membrane po-
tential (15, 27). These results suggest that the ability to disrupt membrane potential is
highly structure specific.

Inhibition of MmpL3 has been shown to have bactericidal effects (20, 27); therefore,
we tested these compounds for bactericidal activity using a firefly luciferase reporter
strain of M. tuberculosis in conjunction with a luciferase assay (34, 35). This assay relies
on active luciferase, generated by the reporter M. tuberculosis strain, and the presence
of ATP, which is generated in living cells but rapidly hydrolyzed in lysed cells. All of
these compounds showed bactericidal activity (Fig. S10). These results suggest that the
growth inhibition is due to compounds killing M. tuberculosis in a dose-dependent
manner. The bactericidal activity of these inhibitors is consistent with these compounds
targeting MmpL3, which is essential for cell viability (14, 20), although other potential
mechanisms, such as modulation of PMF or membrane integrity, are also consistent
with bacterial killing.

Direct binding of inhibitors to MmpL3. To determine if the inhibitors interact
directly with MmpL3, we used a recently described fluorescence-based competitive
binding assay in a whole-cell Mycobacterium smegmatis mmpL3 mutant expressing M.
tuberculosis mmpL3 (mmpL3tb) (M. smegmatis Msmg�mmpL3/pMVGH1-mmpL3tb) (33).
This assay utilizes a fluorophore probe (North 114) consisting of an analogue of the
NITD series of MmpL3 inhibitors covalently linked to the fluorophore TAMRA (6-
carboxytetramethylrhodamine). North 114 has previously been shown to bind directly
to MmpL3, and the addition of MmpL3 inhibitors displaces North 114, thus allowing a
competitive binding assay (33). We tested all of the new MmpL3 inhibitors in this assay,
along with NITD-349 as a positive control and INH and RIF as negative controls. The
results of the assay showed that the inhibitors led to displacement of North 114
similarly to the positive control NITD-349 (Fig. 4) (6). Each of the inhibitors led to
displacement of North 114 at concentrations starting at 2 �M, with the exception of
HC2178 and C215, which had modest activity at the highest tested concentration of
8 �M (Fig. 4). SQ109 has previously been shown to displace North 114 (33) and was not
tested for this study. The results of the competitive binding assays, coupled with those
of the lipid assay and the decreased activity in the mixed mmpL3 mutant background,
support MmpL3 as a direct target for the compounds identified in our screening
approach. However, these findings do not rule out the possibility that secondary
activity independent of MmpL3 may contribute to whole-cell activity, particularly for
the compounds shown to modulate membrane potential.

Spectrum of activity. While MmpL3 is conserved in mycobacteria, functional
orthologs are not found in other bacteria and fungi. Despite this, several proposed
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MmpL3 inhibitors, including BM212, THPP, and SQ109, have been shown to inhibit
multiple bacterial and eukaryotic species (4, 36–38), while other MmpL3 inhibitors,
including HC2091, AU1235, and indole carboxamides, are specific to mycobacteria. To
define the spectrum of activity, the compounds were tested against several diverse
species, including Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa,
Proteus vulgaris, and Enterococcus faecalis (Table 2). For HC2032, HC2060, HC2099,
HC2149, HC2169, HC2178, and HC2184, even at high concentrations (200 �M), no
inhibition was observed against nonmycobacteria. However, these inhibitors were
positive for activity against other mycobacteria, including the pathogenic nontubercu-
lous mycobacterial species M. abscessus and the saprophytic species M. smegmatis
(Table 2). For example, HC2091, HC2099, and HC2134 exhibited MIC50s of 6.25 �M,
25 �M, and 12.5 �M, respectively, against M. abscessus. Additionally, all of the MmpL3

FIG 4 Flow cytometry-based competition binding assay using intact M. smegmatis cells expressing M. tuberculosis
MmpL3 (MmpL3tb). The assay was performed in an M. smegmatis mmpL3 deletion mutant expressing the wild-type
mmpL3tb gene (M. smegmatis Msmg�mmpL3/pMVGH1-mmpL3tb). Cells were labeled with 4 mM North 114 and
subsequently treated with increasing concentrations of the inhibitors. Shown on the y axis are the mean
fluorescence intensities (MFI) of the bacilli from each treatment group expressed relative to the MFI of bacilli not
treated with any inhibitor (relative fluorescence intensity [RFI] arbitrarily set to 1). MFIs were determined by
analyzing 10,000 bacilli under each condition. The data reported are mean values � standard deviations of
technical duplicates. Replicate samples were analyzed by t test. *, P � 0.05; �, P � 0.1.

TABLE 2 Spectrum of activity of MmpL3 inhibitors

Organism

EC50 (% GI for M. abscessus) of:

HC2032 HC2060 HC2091 HC2099 HC2134 HC2138 HC2149 HC2169 HC2178 HC2184 C215

M. tuberculosis Erdman 3.0 14.8 7.0 5.3 2.1 2.3 11 2.4 3.7 8.9 16.2
M. tuberculosis CDC1551 2.4 12.8 6.3 4.8 1.5 2.0 10.5 2.2 2.3 7.6 14.3
M. abscessus (% GI)a 34.5 13.6 96.5 81.8 81.9 8.2 �28 �36 13.5 7.0 2.3
M. smegmatis 2.2 80 20b 0.9 1.8 NDc �200 13.2 4.5 85.7 �200
S. aureus ATCC 29213 �200 �200 �200b �200 51.0 ND �200 �200 �200 �200 15.1
S. aureus ATCC 25923 �200 �200 �200b �200 51.8 ND �200 �200 �200 �200 22.8
E. coli �200 �200 �200b �200 �200 ND �200 �200 �200 �200 �200
P. vulgaris �200 �200 �200b �200 35.1 ND �200 �200 �100 �200 �200
E. faecalis �200 �200 �200b �200 �200 ND �200 �200 �200 �200 34
P. aeruginosa �200 �200 �200b �200 �200 ND �200 �200 �200 �200 �200
aAll values for M. abscessus are percentages of growth inhibition (% GI) at the single concentration of 20 �M.
bPreviously published data from reference 9.
cND, not determined.
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inhibitors tested, except HC2149 and C215, were active against M. smegmatis. This
suggests that most of the inhibitors are specific for mycobacteria and may be effective
against diverse mycobacterial species. The specificity may be driven by the conserva-
tion of MmpL3 in mycobacteria or, should the killing be dependent on a secondary
activity independent of MmpL3, by the Mycobacterium specificity of the secondary
target(s), differences in cell envelope composition that limit compound permeability, or
differences in metabolism of the compounds. The observation that HC2134 and C215
are active against nonmycobacterial species has been seen with other MmpL3 inhibi-
tors (25, 37, 38), and this result may be due to nonspecific activities, such as PMF
disruption.

Activity against intracellular M. tuberculosis. The compounds were tested against
M. tuberculosis growing in BMM� using the luciferase-expressing M. tuberculosis strain
described above. BMM� were infected with M. tuberculosis and treated with the
inhibitors for 6 days across a range of concentrations (200 to 0.3 �M). The BMM� EC50s
are summarized in Table 1 and Fig. S11. The results of the assay show that many of the
inhibitors have bactericidal activity in M� that is several magnitudes lower than the
eukaryotic CC50, supporting a high selectivity index. The identification of bactericidal
effects against M. tuberculosis in BMM� is consistent with genetic knockdown studies
that show mmpL3 is essential for actively replicating bacteria (4, 5).

Cross-resistance profiles indicate specific MmpL3 protein-inhibitor interac-
tions. While the results of the screen showed potential for rapid identification of
MmpL3 inhibitors, the screen relied on the use of a mixed mutant population. To
resolve this issue, we conducted dose-response studies for each combination of the 24
unique mmpL3 mutants against each MmpL3 inhibitor identified from the screen (with
WT M. tuberculosis Erdman or CDC1551 as a control). Because there was a complete lack
of activity for compounds like HC2169 against HC2169-specific resistant mutants (Fig.
S2c), units of measure such as EC50 and MIC cannot be calculated or are not a good
measure for comparing responses. Instead, we used the area under the curve (AUC) for
each dose response in the mmpL3 mutant backgrounds relative to the AUC for the WT
response for a given treatment (Table S4). Because the compounds have differences in
potency, the AUC for the WT for each treatment differs, and to account for this issue,
we normalized our values by Z-score for each treatment (39). Cluster analysis grouped
the data based on both treatment effectiveness and resistance conferred by each
mmpL3 mutation. The resulting clustergram (Fig. 5) shows that both compounds and
mmpL3 mutant strains, denoted by the amino acid substitutions, fall into distinct clades.
The compounds fall into two distinct clades, clade A (Fig. 5, red), which contains
HC2134, HC2138, HC2149, and HC2169, and clade B (Fig. 5, green), which contains
HC2032, HC2060, HC2091, HC2099, HC2178, HC2183, HC2184, C215, and SQ109. The
identification of two distinct clades of compounds suggested that the compounds may
be interacting with the MmpL3 protein in distinct ways.

The resistance mutations also showed specific clustering. Cluster analysis of the
strains showed that the WT clustered on its own and the mutants formed a large
complex cluster (Fig. 5). Within this large cluster, the mmpL3 mutant strains formed into
two subclades, clade I (Fig. 5, green), whose mutations conferred relatively high
resistance (lower inhibitor effectiveness), and clade II (Fig. 5, red), whose mutations
conferred relatively low resistance (higher inhibitor effectiveness). Clade I contained 11
mmpL3 mutant strains, with mutations Y252C (encoding a change of Y to C at position
252), V285G, G253E, L567P, I585S, S591I, S591T, V643M, F644N, F644L, and M649L.
Clade II consisted of the remaining 13 mmpL3 mutant strains, with mutations Q40H,
V240A, I244T, L299Q, T311I, R373W, M649T, A662E, T670L, L693P, M695T, L699M, and
A700T. Surprisingly, M649T fell into the clade II mutations; this was striking because the
mmpL3 mutant with an M649L mutation was clustered with the clade I mmpL3 mutant
strains.

Pairwise combination studies using DiaMOND. We hypothesized that the clus-
tering of compounds into two clades was due to their having distinct interactions with
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MmpL3; therefore, combination treatments may reveal antagonistic, additive, or syn-
ergistic interactions. In order to test this hypothesis in whole-cell M. tuberculosis, we
used the recently described diagonal measurement of n-way drug interactions (Dia-
MOND) approach (40). RIF was included as a control for these assays, as this drug has
been shown to be synergistic when tested with other MmpL3 inhibitors, such as
AU1235 and SQ109 (41, 42). The results of the DiaMOND analysis, shown in Fig. 6,
identified synergistic interactions (fractional inhibitory concentration of a pairwise
combination [FIC2] of �0.82) between all combinations of MmpL3 inhibitors and RIF.
Additionally, the results identified mostly additive interactions (FIC2s of 0.82 to 1.18),

FIG 5 Cross-resistance profiling identifies clustering of compounds and mutations. Cluster analysis of cross-
resistance profiling of 24 mmpL3 strains treated with each of the 13 MmpL3 inhibitors normalized by Z-scoring by
treatment. Compounds clustered into two clades: clade A and clade B. Mutant strains, denoted by amino acid
substitution, clustered into two clades: clade I and clade II. Colors are based on Z-score normalization of treatment;
green indicates when treatments were less effective than the average, and red indicates when treatments were
more effective than the average. Black (n.s., not significant) indicates a branch where the approximate unbiased
(AU) value was �75. All other branches were significant based on bootstrap AU values of �75.

FIG 6 DiaMOND analysis identifies additive, synergistic, and antagonistic inhibitor interactions. Hierarchical cluster
analysis of DiaMOND-based pairwise inhibitor interactions of all combinations of MmpL3 inhibitors and RIF
identifies additive (FIC2 of 0.82 to 1.18), antagonistic (FIC2 � 1.18), and synergistic (FIC2 � 0.82) interactions.
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consistent with the compounds sharing a single target. Interestingly, most combina-
tions between MmpL3 inhibitors and the compounds HC2134, HC2138, HC2149, and
HC2169 showed antagonistic interactions (FIC2 of �1.18). These four compounds were
clustered together in clade A in the cross-resistance profiles described above (Fig. 5).
This antagonistic relationship further supports that the clade A compounds are distinct
from the clade B compounds. Another observation from the DiaMOND assay is that
pairwise combinations of compounds HC2060, C215, and SQ109 all had synergistic
interactions (Fig. 5). The reason for this observation is not clear, as the compounds did
not have differential cross-resistance profiles (Fig. 4). Interestingly, combinations of
HC2060 and C215, but not SQ109, with the clade A compounds HC2138 and HC2169
did not reveal antagonistic interactions but, instead, additive interactions (Fig. 6). This
finding supports that HC2060 and C215 compounds interact with MmpL3 in a manner
distinct from the other compounds.

3-D modeling of MmpL3 clade I and clade II substitutions. The cross-resistance
profiles showed that the mmpL3 mutant strains clustered separately into two clades,
clade I and clade II, with the WT clustering on its own as an outgroup (Fig. 5). In order
to understand this observation, we generated a three-dimensional (3-D) model of the
M. tuberculosis MmpL3 protein aligned to the recently described crystal structure of
MmpL3 from M. smegmatis (C score of 0.17; root mean square deviation [RMSD],
8.4 � 4.5 Å [mean � standard deviation]) (12) (see https://zhanglab.ccmb.med.umich
.edu/I-TASSER/example/cscore.txt for a definition of C score). Substitutions from the
mmpL3 mutant strains used in the cross-resistance profiles are highlighted in the model
(Fig. 7, red, green, and blue). Consistent with previously described resistant strains of M.
tuberculosis, the majority of the substitutions localized along the central vestibule, with
the exception of T670, R373, and A662, which did not align along the central vestibule
of the model (Fig. 7) (17). This vestibule is conserved among the RND family of proteins
and is responsible for the proton translocation that drives protein activity (17, 27). To
understand the clustering pattern of the cross-resistance profiling, we highlighted the
mutations based on their clades, revealing that the two distinct clades separated

FIG 7 Mutation substitutions cluster according to cross-resistance clades. (a to d) Front, back, top, and bottom
views, respectively, of an I-TASSER-predicted structure of M. tuberculosis MmpL3 based on M. smegmatis MmpL3
structure (PDB code 6AJH). Substitutions conferred by mutations in mmpL3 are indicated. Substitutions are colored
based on clade from cross-resistance profiling as follows: green, clade I substitutions; red, clade II substitutions;
blue, M649, which fell into both clades depending on the substitution. The model shows a truncated version
(732/944 aa) of the MmpL3 protein lacking the C-terminal tail.
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spatially in the model. The substitutions of clade I (Fig. 7, green), which conferred
higher resistance, localized toward the cytoplasmic face of the protein, while the
substitutions of clade II (Fig. 7, red), which generated lower resistance, localized into
two separate locations: (i) toward the pseudoperiplasmic face of the protein and (ii) in
another region, which does not line the central vestibule (Fig. 7). Interestingly, substi-
tutions for M649 (Fig. 7, blue) separated into either clade I or clade II depending on the
substitution. Structure-function profiling by Belardinelli and colleagues (17) had previ-
ously described seven essential residues for MmpL3 function (D251, S288, G543, D640,
Y641, D710, and R715) that clustered in a single domain (17). This study also modeled
substitutions commonly identified from mutants resistant to multiple inhibitors to this
same region. To determine whether the two clades separated based on their approx-
imation to this essential region, we highlighted these seven residues in the model (Fig.
S12). Notably, the two clades separate based on their proximity to these residues, with
clade I substitutions localizing in the same region as the essential residues and clade II
substitutions localizing distally from the essential residues. This finding suggests that
the strength of resistance conferred by a mutation may be dependent on the proximity
of the substitution to residues essential for protein function.

DISCUSSION

Over the last decade, MmpL3 has been identified as the proposed target of nearly
a dozen small-molecule inhibitors of M. tuberculosis by the whole-genome sequencing
of spontaneous resistant mutants. This process, while successful for identifying inhib-
itors of MmpL3, is time consuming due to the slow growth of M. tuberculosis and costly
due to the expense of whole-genome sequencing. Here, we describe a simple growth-
based assay to rapidly identify small-molecule inhibitors of M. tuberculosis growth that
target MmpL3 using a pool of mmpL3 mutants. This process is specific to small
molecules that inhibit MmpL3 activity, with no observable cross-resistance to non-
MmpL3 inhibitors. Using a competitive binding assay and lipid accumulation assays, the
compounds were found to directly inhibit MmpL3 activity. Cross-resistance profiling of
MmpL3 inhibitors against each mmpL3 mutant indicated that both the inhibitors and
mutants fell into separate clades. These clades indicated that the compounds inter-
acted differently with MmpL3 and that the mutations conferred different levels of
resistance based on the proximity of the substitutions to residues essential for MmpL3
function.

The screening approach described here is fast and accurate in identifying MmpL3
inhibitors; however, this screening approach relies on the potential for cross-resistance
between inhibitors and mmpL3 mutant strains present in the mixed mutant population.
While our approach was successful at identifying a total of 13 MmpL3 inhibitors, including
SQ109, this screening platform could not identify rimonabant, an analogue of BM212
(12, 43). Rimonabant has been shown to have low cross-resistance with mmpL3
mutants isolated from other MmpL3 inhibitors, including SQ109 and AU1235 (12).
Additionally, rimonabant has been shown to bind with MmpL3 differently than other
MmpL3 inhibitors, including SQ109, AU125, and an indole carboxamide (ICA38), when
cocrystalized with MmpL3 (12). While the current version of our screen could not
identify rimonabant, future versions of our mixed mutant screening approach could
include BM212- or rimonabant-specific mmpL3 mutants in the mixed mutant popula-
tion, allowing a more robust screening platform. A total of 21 unique mutations in
mmpL3 were identified in the genome sequences of the resistant mutants isolated.
These mutations translated to substitutions that were a mixture of ones previously
described and novel to this study. Included in this list were the previously described
substitutions G253E, Y252C, T311I, L567P, S591I, V643M, F644L, and L699M (1, 4, 6–8,
10, 11, 22, 32). Mutations that were unique to this study included ones in positions
V240, I244, V285, L299, R373, I585, A662, and L693. We also isolated mutants with
mutations in positions Q40, Y252, G253, L567, S591, F644, M649, and L699, where
mutations had previously been described to occur (1, 4, 7, 8, 10, 11, 22, 32); however,
the exact substitutions in several of these strains’ positions, including Q40H, S591T,
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F644N, and M649T, were unique to this study. Our cross-resistance profiling found that
G253E, V285G, S591I, S591T, L699M, and A700T conferred panresistance, including
against SQ109. The number of compounds proposed to target MmpL3 and the large
number of substitutions that confer resistance highlight the importance of identifying
combinations of drugs that would reduce the frequency of resistance.

Cross-resistance profiling for each combination of mmpL3 mutant and MmpL3
inhibitor identified two clades of mutants, clade I with higher resistance and clade II
with lower resistance. Our findings suggest that the strength of the resistance conferred
by a substitution is related to the proximity of the substitution to residues essential for
MmpL3 function. While we found that the mutants with residues substituted at the
same location fell into the same clade for F644 and S591, both falling into clade I,
mutants with substitutions at M649 fell into two separate clades (M649L mutant in
clade I, and M649T mutant in clade II). Similar findings have recently been described by
Li et al. when comparing resistance from different substitutions for the same residue
(33). These studies showed that resistance is dependent on the chemical properties of
the amino acid substitutions and conformational changes to the protein. However, this
does not fully explain our findings, as both the F644 and S591 substitutions fall into the
same clades despite the substitutions having different chemical properties. Another
possible explanation is the location of the substituted residues. Both the F644 and the
S591 residue are located more centrally within the folded protein, while M649 is located
near the cytoplasmic face of the protein, potentially allowing more flexibility in terms
of the orientation of the specific residue. It therefore may be possible that the
orientation of the substituted residue may change, conferring different amounts of
resistance to each compound tested. Recent efforts have successfully crystalized
MmpL3 from M. smegmatis (12, 19), and efforts to cocrystallize MmpL3 and MmpL3
inhibitors have indicated how different MmpL3 inhibitors disrupt the conformation of
MmpL3 (12). Because substitutions in MmpL3 have combined effects of conferring
resistance to MmpL3 inhibitors and costs to fitness that are highly dependent on the
specific substitution, future efforts to crystallize MmpL3 variants containing substitu-
tions may shed light on how these resistance effects are conferred.

The favorable properties of many of these compounds, including low cytotoxicity,
high solubility and microsome stability, and activity in macrophages, suggest that these
compounds warrant further development as new therapeutics. It is also possible that
combinations of these scaffolds may be developed in a single molecule that can
function to reduce the frequency of resistance. Three of the compounds used to isolate
resistant mutants in this study, HC2149, HC2169, and HC2184, had a frequency of
resistance (FoR) of 3 � 10�7, which is similar to the FoRs of other MmpL3 inhibitors,
which range from 10�7 to 10�8 (1, 2, 5, 7, 10, 22). That the FoR for HC2184 was the same
as the FoRs for HC2149 and HC2169 is interesting, as the cross-resistance profiles
suggested that these compounds interact differently with MmpL3. While the antago-
nistic interactions identified by DiaMOND analysis suggest that scaffold combinations
may lower the activity of a single inhibitor, antagonistic drug combinations have been
proposed to decrease the rate of resistance (44, 45). Therefore, it may be possible to
design a single inhibitor that fuses more than one scaffold to decrease the rate of
resistance. This hypothesis could initially be tested by conducting pairwise combination
studies examining compounds for synergistic reductions in the FoR. Given the relative
ease with which resistance to MmpL3 inhibitors occurs, a reduced FoR could be a
valuable new property for this class of inhibitors.

Many MmpL3 inhibitors with distinct chemical scaffolds have been described. The
proposed target of these inhibitors has been driven by the mapping of resistance
mutations to mmpL3. The screening platform we describe here greatly accelerates the
target identification of such inhibitors. The use of a diverse pool of unique mmpL3
mutants rapidly identified inhibitors of MmpL3 activity, as demonstrated by their ability
to modulate TDM and TMM accumulation and direct interaction with MmpL3 by
displacement of a probe. A subset of these inhibitors was shown to disrupt membrane
potential and, potentially, the PMF, which energizes MmpL3 activity. Two recent studies

New Inhibitors Define MmpL3 Resistance Domains Antimicrobial Agents and Chemotherapy

October 2019 Volume 63 Issue 10 e00547-19 aac.asm.org 13

https://aac.asm.org


have suggested that two MmpL3 inhibitors, SQ109 and E11, indirectly inhibit MmpL3
by targeting the PMF, despite the isolation of resistant mmpL3 mutants (10, 15) and
cocrystallization of SQ109 to MmpL3 (12). Notably, genetic inhibition of mmpL3 results
in an increase in membrane potential, in contrast to inhibitors like BM212, AU1235, and
SQ109, which dissipate membrane potential (33). Given that not all MmpL3 inhibitors
modulate PMF and that genetic and chemical inhibition of MmpL3 have different
outcomes, this suggests that dissipation of membrane potential is not due to direct
activity on MmpL3 but, rather, a secondary mechanism. It is therefore possible that
some of these new compounds inhibit MmpL3 and also independently dissipate PMF.
It is also possible that these inhibitors are killing M. tuberculosis by a secondary
mechanism that is independent of MmpL3. Indeed, the inhibitor THPP selects for
resistance mutations in mmpL3, consistent with its ability to bind directly to the
transporter (33), but has been proposed to also function by an alternative target, EchA6
(46). Continued studies of these inhibitors will further define whether the mechanism
of killing is due to direct inhibition of MmpL3, a secondary mechanism, or a combina-
tion of multiple mechanisms.

MATERIALS AND METHODS
Media and growth conditions. Unless otherwise specified, streptomycin-resistant strains of M.

tuberculosis Erdman or CDC1551 were cultured in 7H9 medium supplemented with 10% OADC (vol/vol)
with 0.05% Tween 80 (vol/vol) in standing T25, T75, or T150 flasks at 37°C with 5% CO2. Spectrum-of-
activity studies in different bacterial species (Table 2) were conducted as described by Coulson et al. (31),
with the exception of the M. abscessus studies, which are described in Methods in the supplemental
material.

Dose-response curves. M. tuberculosis was grown in rich medium to an optical density at 600 nm
(OD600) of 0.5 to 1.0. Cultures were diluted to an OD600 of 0.1 in 7H9 medium and aliquoted into
black-walled, clear-bottom, 96-well assay plates. Compounds were tested at concentrations between 80
and 0.13 �M with 2.5-fold dilutions, and the controls included DMSO and 3 �M RIF. Plates were placed
in zip lock bags with moistened paper towels and incubated at 37°C for 6 days. Plates were read on a
PerkinElmer Enspire plate reader. The percentage of growth inhibition (% GI) was calculated using DMSO
and RIF as 0% and 100% inhibition, respectively, and EC50s were calculated using Prism 6 software.
Dose-response assays were conducted in biological triplicates and repeated at least once. Significant
differences in EC50s were compared using 95% confidence intervals. EC90s were calculated based on the
EC50s and the Hillslope.

To examine the spectra of activity of the MmpL3 inhibitors, the EC50 of each compound was also
determined for M. smegmatis and other nonmycobacteria, including S. aureus, E. coli, P. aeruginosa, P.
vulgaris, and E. faecalis. Tests were performed in 96-well plates in LB broth with shaking at 37°C, with the
exception of E. faecalis, which was grown in brain heart infusion medium in standing flasks at 37°C, and
M. smegmatis, which was also grown standing at 37°C but in LB broth with 0.05% Tween 80. The cultures
were diluted to a starting OD600 of 0.05. Bacteria were incubated in the presence of an 8-point (2-fold)
dilution series of each inhibitor, ranging from 200 �M to 1.5 �M, for 6 h, except for M. smegmatis, which
was incubated for 72 h. Growth was monitored by measuring optical density and normalized based on
kanamycin (100% growth inhibition) and DMSO (0% growth inhibition) controls, with the exception of
P. aeruginosa, for which 10 �g/ml tobramycin was used as the control for 100% growth inhibition. The
experiments were performed with three technical replicates per plate. EC50s were calculated based on a
variable-slope, four-parameter, nonlinear, least-squares regression model in the GraphPad Prism software
package (version 8).

Kinetic kill curves. M. tuberculosis was cultured in 7H9 medium to an OD600 of 0.5 to 1.0 and diluted
to an OD600 of 0.1. In triplicate, diluted samples were aliquoted into 96-well plates and inoculated with
20 �M each compound, with DMSO as a negative control. Plates were placed in zip lock bags with
moistened paper towels and incubated at 37°C. Daily samples were taken and serially diluted in 96-well
plates using 1� phosphate-buffered saline (PBS)– 0.05% Tween 80 (vol/vol) and plated on 7H10 quadrant
plates supplemented with OADC (10% vol/vol). Plates were incubated at 37°C, and colonies were
counted to calculate CFU/ml. Experiments were conducted in biological triplicates and repeated at least
twice.

Isolation of resistant mutants. M. tuberculosis was grown to an OD600 of 0.6 to 1.0, and samples
were resuspended in fresh medium for a final cell count of 2 � 109 cells/ml. Cell pellets were resus-
pended in 1 ml of 7H9 medium and 0.5 ml was plated on 7H10 OADC plates supplemented with 20 �M
or 40 �M HC2060, HC2149, HC2169, and HC2184. Plates were incubated at 37°C until isolated colonies
appeared. Colonies were picked and inoculated into 5 ml of 7H9 medium in T25 standing flasks and
grown to an OD600 of 0.5 to 1.0. Samples were taken and tested for resistance using dose-response curves
as described above, along with WT bacteria grown to an OD600 of 0.6 to 1.0, and 3 �M RIF and DMSO
were used as controls. Samples were also serially diluted as described above and plated to obtain
colony-purified single-colony isolates on quadrant plates containing 7H10 OADC. Single-colony isolates
were picked and inoculated into 5 ml of 7H9 OADC in T25 flasks. Resistance was reconfirmed using the
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same methods described above. Differences in EC50s were deemed significant based on the 95%
confidence intervals.

Whole-genome sequencing and analysis. Whole-genome sequencing was performed as previously
described (47). Briefly, cultures of single-colony isolates were grown to an OD600 of 	1.0 and pelleted.
Genomic DNA was extracted and sequenced by Illumina-based whole-genome sequencing using 150-bp
reads. Sequencing results were analyzed using the GATK workflow for the identification of single-
nucleotide variations (48).

TMM and TDM accumulation assay. The lipid assay was carried out as previously described (11).
Briefly, 30-ml cultures of M. tuberculosis were cultured to an OD600 of 0.6. Samples were diluted to an
OD600 of 0.1 in 8-ml cultures in T25 flasks. Cultures were inoculated with 8 �Ci of [14C]acetate. Cultures
were coinoculated with 20 �M MmpL3 inhibitors and then incubated for 24 h before performing lipid
extraction as previously described (11). Total extractable lipid 14C incorporation was determined by
scintillation counting, and 5,000 cpm of lipids of each sample were spotted and separated on thin-layer
chromatography (TLC) plates with a 24:1:0.5 chloroform/methanol/H2O solvent system. TLC plates were
imaged using a Typhoon FLA 7000, and images were quantified using IQ image-quantifying software.
Experiments were conducted in biological duplicates. Comparison to the results for the DMSO controls
was conducted using the t test.

Growth curves. Each M. tuberculosis mmpL3 mutant or WT M. tuberculosis (Erdman or CDC1551) was
cultured independently in 8 ml of 7H9 medium in T25 standing flasks to an OD600 of 	0.6. Cultures were
then resuspended in 8 ml of 7H9 medium in T25 standing flasks at a starting OD600 of 0.1 in biological
triplicates. Cultures were incubated at 37°C in 5% CO2, and 500-�l samples were taken for optical density
reading every 3 days.

Targeted whole-cell phenotypic screening. Each mmpL3 mutant was cultured independently in
8 ml of 7H9 medium in T25 standing flasks to an OD600 of 0.6 to 1.0. Mutant cultures were separately
diluted to an OD600 of 0.6 in 1.5 ml of 7H9 medium. The contents of each tube were mixed into a single
batch culture in a T75 culture flask. The mixed mutant culture was allowed to recover overnight (	8 h)
at 37°C. Samples of M. tuberculosis Erdman (WT) (OD600 of 0.6) and the mixed mutant population were
diluted to an OD600 of 0.1 in 7H9 medium. WT and mutant pools were aliquoted, in technical duplicates,
into separate clear-bottom, black-walled, 96-well plates. Samples of WT and mixed mutant cultures were
inoculated with each of the 163 compounds from the small-molecule library at 20 �M. Additional
treatments included 0.5 �M para-amino salicylic acid (PAS), SQ109, bedaquiline (BDQ), isoniazid (INH),
and clofazimine (CLO), as well as DMSO and 0.3 �M RIF. Percentages of growth inhibition (% GI) of the
WT and mixed mutant population were calculated for each treatment, and hits were defined as (i)
compounds with at least 15% GI in the WT background and (ii) 1.5-fold-decreased inhibition in the
mutant pool relative to the inhibition in the WT background. The hit compounds were confirmed by
conducting dose-response curves of screen hits as described above against the WT and mmpL3 mutant
pools. Dose-response curves were conducted in technical duplicates, and differences between the WT
and mmpL3 mutant pool were deemed significant based on the 95% confidence interval. Confirmed hits
were reassessed with similar results.

Cross-resistance studies were conducted by generating dose-response curves for every combination
of MmpL3 inhibitor and each mmpL3 mutant or a WT M. tuberculosis strain (CDC1551 or Erdman
depending on the background of the mmpL3 mutant strain), for a total of 338 dose-response curves.
Cross-resistance dose-response assays were conducted singly, unless the dose response identified
increased sensitivity in the mmpL3 mutant background, in which case the responses were reexamined
using dose-response assays carried out in biological duplicates. The dose responses were then used to
calculate the area under the curve (AUC) using Prism 8 software with the default settings. AUCs were
compare to the AUC of the respective WT strain by dividing the AUC of the mmpL3 strain by that of the
respective WT parent strain. AUC fractions were then standardized by treatment by Z-scoring (20).
Z-score-standardized data were then clustered in MatLab by hierarchical agglomerative clustering using
the clustergram function with default settings (Euclidean distance model, average linkage clustering).
Hierarchical agglomerative clustering using bootstrapped data was conducted in R using pvclust
(number of bootstrap replications [nboot] � 1,000) with the Euclidean distance model and average
linkage clustering (49).

Membrane potential assays. The DiOC2 membrane potential assay was carried out as previously
described (8, 11). Briefly, M. tuberculosis Erdman cells were labeled with 30 �M DiOC2 (Thermo Scientific)
in 1 ml of 1� PBS (pH 7.4) supplemented with 50 mM KCl and were incubated at 37°C for 15 min. Cells
were washed twice and suspended in 1� PBS at a final concentration measured by an OD600 of 0.2, and
200-�l amounts of labeled cells were aliquoted to 96-well plates and treated with each of the MmpL3
inhibitors at 80 �M, 20 �M, or 5 �M. Samples were also treated with DMSO (negative control) or 25 �M
CCCP (Sigma-Aldrich) (positive control). Each treatment included three technical replicates per plate. The
kinetics of fluorescence (excitation, 485 nm; emission, 610 nm/515 nm) was measured every 2 min for
60 min. The red/green (610 nm/515 nm) fluorescence intensity ratio was calculated and used to quantify
membrane potential. The experiment was repeated at least twice with similar results. Error bars represent
the standard deviations of the geometric mean values (Fig. S9).

Competition binding assays using intact M. smegmatis cells. Competition binding assays in intact
M. smegmatis Msmg�mmpL3/pMVGH1-mmpL3tb bacilli were conducted by treating the cells with 4 mM
probe North 114 for 1 h at 37°C prior to washing the cells twice with 7H9 ADC– 0.05% Tween 80 and
resuspending them with different concentrations of the test compounds for another hour at 37°C (33).
Treated cells washed with 7H9 ADC– 0.05% Tween 80 and fixed with 2% paraformaldehyde were finally
resuspended in PBS– 0.05% Tween 80 and subjected to flow cytometry analysis on a Cytek Aurora

New Inhibitors Define MmpL3 Resistance Domains Antimicrobial Agents and Chemotherapy

October 2019 Volume 63 Issue 10 e00547-19 aac.asm.org 15

https://aac.asm.org


Spectral cytometer. Flow cytometry standard (FCS) file format data were analyzed using FlowJo software
(Tree Star, Inc., Ashland, OR).

Bactericidal activity in vitro and in macrophages. An M. tuberculosis CDC1551 strain with a
chromosomally encoded firefly luciferase expressed from the hsp60 promoter (CDC1551 pMV306:hsp60:
FFLuc) (34) was grown to an OD600 of 0.6 to 1.0 in rich medium. For in vitro experiments, cultures were
diluted to an OD600 of 0.1, aliquoted at 100 �l in white-walled 96-well plates, and inoculated with each
of the inhibitor compounds, along with DMSO or RIF controls. The luciferase assay was carried out as
previously described (34), and plates were read on a PerkinElmer Enspire plate reader.

For studies in macrophages, primary bone marrow-derived macrophages were harvested and
infected as previously described (35). Briefly, BMM� from C57BL/6 mice were distributed into 96-well
white plates and infected for 1 h with M. tuberculosis luciferase reporter strain CDC1551 (34). Following
1 h of infection, cells were treated with MmpL3 inhibitors at concentrations ranging from 200 to 0.2 �M.
PAS (20 �M), RIF (3 �M), and DMSO were used as controls. Samples were incubated in the 96-well plates
at 37°C and 5% CO2 for 6 days before bacterial survival was monitored by measuring luciferase activity.
Experiments were conducted in biological triplicates and repeated at least once with similar results.

Protein modeling. The 3-D structure for MmpL3 was generated using the I-TASSER server (50). The
MmpL3 protein sequence of M. tuberculosis strain H37Rv from Mycobrowser (Rv0206c) (51) was aligned
to the MmpL3 crystal structure of M. smegmatis (PDB code 6AJF), with a resulting C score of 0.17
(template modeling [TM] score, 0.74 � 0.11; RMSD, 8.4 � 4.5 Å). The resulting structure was modified to
remove the C-terminal tail (truncated to 732/944 aa) in PyMol 2.2.3 (52).

DiaMOND. DiaMOND analysis was carried as described by Cokol et al., with modifications as
described previously (40). Briefly, concentration ranges were linearized using the equations ΔD � (M �
m)/(N � 1) and ΔD � DN � DN�1, where D is the dose concentration used at dose N (DN), ΔD is the
difference between concentrations of each dose, M is the lowest concentration to result in 100%
inhibition of M. tuberculosis growth, m is the highest concentration estimated to confer 0% growth
inhibition based on the EC50 dose-response curves, and N is the number of doses to be used in DiaMOND.
M. tuberculosis strains were then treated with the range of concentrations of each compound by itself
(null treatment) at [XN] or in combination with another inhibitor at [1/2(XN)]. Dose responses were used
to generate a dose-response curve for each treatment, which was used to interpolate the 50% inhibitory
concentration (IC50), which was set for the observed value (o) to calculate the FIC2 (FIC2 � o/e, where e
is the expected value), as previously described (40). Dose-response assays were conducted in biological
duplicates, and the FIC2 values reported are representative of the geometric mean values of two
replicates. Experiments were repeated with similar results.

Eukaryotic cytotoxicity. Primary BMM� were isolated and distributed into white-walled 96-well
plates as described above. Cells were treated with inhibitors ranging in concentration from 200 to
0.26 �M. Cells were incubated at 37°C for 3 or 6 days with 5% CO2. Cytotoxicity was tested using the
CellTiter-Glo assay kit following the provider’s recommendations. For a negative control, cells were
treated with 4% Triton X-100, and DMSO was used as a positive control (29).

Kinetic solubility and microsomal stability assay. The kinetic solubility assay was conducted as
described by Bevan and Lloyd (53). Briefly, the assay was performed with 7-point (2-fold) dilutions of the
compounds, from 200 �M to 3.125 �M. Mebendazole, bexarotene, and aspirin were also included as
controls. The drug dilutions were added to PBS, pH 7.4, with a final DMSO concentration of 1%, and
incubated at 37°C for 2 h. The absorbance at 620 nm was measured for each drug dilution to estimate
the compound’s solubility. Three replicates were examined for each dilution. A mouse microsomal
stability assay was conducted as described by Obach (54), and the results are presented as the
percentages remaining after 30 min. Values greater than 100% are likely due to changes in the solubility
of the compounds over the course of the assay and represent high stability in microsomes.
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