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MmpL3, a resistance-nodulation-division (RND) superfamily transporter, has been implicated in the formation of the outer
membrane of Mycobacterium tuberculosis; specifically, MmpL3 is required for the export of mycolic acids in the form of treha-
lose monomycolates (TMM) to the periplasmic space or outer membrane of M. tuberculosis. Recently, seven series of inhibitors
identified by whole-cell screening against M. tuberculosis, including the antituberculosis drug candidate SQ109, were shown to
abolish MmpL3-mediated TMM export. However, this mode of action was brought into question by the broad-spectrum activi-
ties of some of these inhibitors against a variety of bacterial and fungal pathogens that do not synthesize mycolic acids. This ob-
servation, coupled with the ability of three of these classes of inhibitors to kill nonreplicating M. tuberculosis bacilli, led us to
investigate alternative mechanisms of action. Our results indicate that the inhibitory effects of adamantyl ureas, indolecarbox-
amides, tetrahydropyrazolopyrimidines, and the 1,5-diarylpyrrole BM212 on the transport activity of MmpL3 in actively repli-
cating M. tuberculosis bacilli are, like that of SQ109, most likely due to their ability to dissipate the transmembrane electrochem-
ical proton gradient. In addition to providing novel insights into the modes of action of compounds reported to inhibit MmpL3,

our results provide the first explanation for the large number of pharmacophores that apparently target this essential inner

membrane transporter.

he need for novel, more efficient, and safer drugs capable of

addressing the growing issue of multidrug-resistant tubercu-
losis (MDR-TB) (1) has prompted intense research efforts from
academia, nonprofit organizations, and the pharmaceutical in-
dustry, resulting in an increasing flow of novel anti-Mycobacte-
rium tuberculosis agents entering the drug development pipeline
(http://www.newtbdrugs.org) (2, 3). One approach taken has
been to revisit well-established drugs, such as ethambutol (EMB),
rifampin (RIF), or isoniazid (INH), with the objective of identify-
ing analogs showing more favorable physicochemical properties,
greater potency, and decreased toxicity. Using combinatorial
chemistry to synthesize and screen a chemical library designed
around the active 1,2-ethylenediamine pharmacophore of EMB
(4), SQ109 (Fig. 1) was identified as a promising lead compound
based on its mycobactericidal activity, cytotoxicity, pharmacoki-
netic properties, and improved efficacy against M. tuberculosis in
vivo (5). Remarkably, SQ109 concentrates in lung tissues and dis-
plays synergistic activity, both in vitro and in vivo, with most of the
drugs currently used to treat TB (5-7). An evaluation of SQ109 as
a substitute for EMB in the standard four-drug treatment regimen
suggests that it may have the potential to shorten treatment dura-
tion (7). SQ109 was found to be safe and well tolerated in phase I
and early phase II clinical trials, and it has now entered trials to
evaluate its efficacy in patients with pulmonary TB (7). Although
designed to be an analog of EMB and, therefore, an inhibitor of
arabinogalactan synthesis, SQ109 does not cause the typical deple-
tion in cell wall arabinose or the transcriptional profile normally
observed upon EMB treatment (8). Instead, an analysis of mutants
resistant to related ethylenediamine compounds coupled to the
metabolic labeling of M. tuberculosis-treated cells led to the con-
clusion that the trehalose monomycolate (TMM) transporter
MmpL3 was the primary target of this series of compounds (9).

November 2014 Volume 58 Number 11

Antimicrobial Agents and Chemotherapy p. 6413-6423

Surprisingly, in the last 2 years, the whole-cell-based screening
of compound libraries against M. tuberculosis in culture coupled
to the whole-genome sequencing of spontaneous resistant mu-
tants identified a variety of pharmacophores that apparently
shared the same mode of action as SQ109. These inhibitors in-
clude the 1,5-diarylpyrrole derivative BM212 and analogs (10, 11),
the benzimidazole C215 (12), tetrahydropyrazolo[1,5-a]pyrimi-
dine-3-carboxamides (THPPs) (13, 14), N-benzyl-6’,7'-dihydro-
spiro[piperidine-4,4’-thieno([3,2-c]pyrans (13), indolecarboxam-
ides (15-18), and adamantyl ureas (AUs) (19) (Fig. 1). While the
apparent promiscuity of MmpL3 as a drug target may owe to
unusual vulnerability or druggability, the diversity of the chemical
scaffolds identified and important differences in their spectra of
activity led us to question their direct mechanism of action on the
transporter. In particular, the fact that SQ109, BM212, and THPP
compounds display inhibitory activity against a broad spectrum
of bacterial and fungal pathogens that are devoid of mycolic acids
(7,20, 21), while AUs and indolecarboxamides specifically target
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FIG 1 Structures of compounds discussed in the text. Shown are the MmpL3 inhibitors SQ109 (an ethylenediamine analog of ethambutol), BM212 (a
1,5-diarylpyrrole), THPP-2 (a tetrahydropyrazolo pyrimidine), 2418 (an indolecarboxamide), AU1235 (an adamantyl urea), and DA5 (a SQ109-related com-
pound). The known menaquinone inhibitor (Ro 48-8071) and PMF uncoupler (CCCP) are boxed. The estimated pK, values are indicated. The pK, values were
predicted using the pK, component of Pipeline Pilot (Accelrys, Inc.). The actual pK, for CCCP is 6.09 (48).

mycobacteria (17, 19), suggests that the three first compounds had
atleast one broader-spectrum target in M. tuberculosis or killed the
bacterium through a different mechanism, impacting MmpL3
only indirectly. Another important difference between the
MmpL3 inhibitors resides in their activities against nonreplicating
M. tuberculosis bacilli. While SQ109, BM212, and THPPs kill this
population of cells (11, 22, and this study), AUs and indolecarbox-
amides do not (17, 19, and this study).

Recent studies have established that SQ109 inhibits the en-
zymes involved in menaquinone synthesis, respiration, and,
hence, ATP synthesis (22); in addition, the compound acts as an
uncoupler, collapsing the proton motive force (PMF). These di-
verse activities, which are found in mycobacteria and species, such
as Escherichia coli, that do not have MmpL3 orthologs, might ac-
count for the inhibitory effects of SQ109 against a variety of patho-
gens. Importantly, the disruptive effect of SQ109 on the PMF may
also impact MmpL proteins, since these resistance-nodulation-
division (RND) transporters are thought to catalyze substrate ex-
port via a proton antiport mechanism (23-25). Understanding
the mode of action of small-molecule inhibitors is critical to driv-
ing their optimization process; therefore, we revisited the myco-
bactericidal activities of SQ109 and other MmpL3 inhibitors. Our
results clearly indicate that BM212, THPPs, indolecarboxamides,
and AUs dissipate, as does SQ109, the transmembrane proton
concentration gradient (ApH), membrane potential (Ais), or both
components of the PMF simultaneously. Evidence is further pro-
vided that the ability of these compounds to collapse the PMF
most likely accounts for their inhibitory effect on MmpL3 and
other MmpL-driven processes.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli strain DH5a, the strain
used for cloning, was grown in LB, Lennox medium (BD, Difco) at 37°C.
M. tuberculosis strains H37Rv ATCC 25618 and TMC102 were grown in
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Middlebrook 7H9 broth supplemented with oleic acid-albumin-dex-
trose-catalase (OADC) (BD, Difco) and 0.05% tyloxapol or on solid
Middlebrook 7H11 medium supplemented with OADC at 37°C. Myco-
bacterium smegmatis strain mc*155 was grown in LB broth at 37°C. The
avirulent auxotrophic M. tuberculosis H37Rv strain mc?6206 (ApanCD
AleuCD) was grown at 37°C in Middlebrook 7H9-OADC-0.05% tylox-
apol supplemented with 0.2% Casamino Acids, 48 pg/ml pantothenate,
and 50 pg/ml L-leucine or on similarly supplemented Middlebrook 7H11-
OADC agar medium. Hypoxic nonreplicating M. tuberculosis H37Rv
mc?6206 organisms were generated under conditions of slow stirring in
Dubos Tween 80-albumin broth in sealed tubes, as described previously
(26). The control tubes contained methylene blue dye (1.5 pg/ml) as an
indicator of oxygen depletion.

Drug and ionophore susceptibility determinations. The MICs of
SQ109, AUs (19), BM212 (10, 11), 2418, the tetrahydropyrazolo[1,5-a]
pyrimidine-3-carboxamide compound 2 (THPP-2) (14), Ro 48-8071
(27), nigericin, valinomycin, and carbonyl cyanide m-chlorophenyl hy-
drazone (CCCP) against M. tuberculosis H37Rv mc*6206 and M. smegma-
tis mc”155 were determined in 7H9-OADC-0.05% tyloxapol medium
(supplemented with 0.2% Casamino Acids, 48 jg/ml pantothenate, and
50 pg/ml L-leucine in the case of M. tuberculosis H37Rv mc®6206) in
96-well microtiter plates using the colorimetric resazurin microtiter assay
and visually scanning for growth. Alternatively, the MICs of RIF, SQ109,
and AU1235 against actively replicating and nonreplicating M. tuberculo-
sis H37Rv were determined using the microplate alamarBlue assay
(MABA) and low-oxygen-recovery assay (LORA), as described previously
(28, 29).

Nutrient starvation model. The nutrient starvation conditions were
essentially according to those described earlier by Betts et al. (30). Briefly,
M. tuberculosis H37Rv ATCC 25618 was grown in Middlebrook 7H9
broth supplemented with ADC (BD, Difco) and 0.025% Tween 80 in
roller bottles at 37°C, with constant rolling at 2 rpm. After a week, the
log-phase cultures were pelleted, washed twice with phosphate-buffered
saline (PBS), and transferred to standing tissue culture flasks containing
PBS for further incubation at 37°C for up to 6 weeks. One-milliliter ali-
quots of a 1:50 dilution of the 7-day-old log-phase culture, and 1-ml
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aliquots of 2-week-old and 6-week-old starved M. tuberculosis cultures
were transferred to triplicate wells of 48-well plates containing isoniazid
(INH), rifampin (RIF), SQ109, DA5 (ChemBridge, CA, USA), 2418,
THPP-2, or BM212 at 5X and 50X their MICs. The control wells received
no drug. The cultures were incubated with or without drugs at 37°C for 7
days in a 5% CO, incubator before being harvested and resuspended in
7H9 medium, and serial dilutions were plated on 7H11-OADC agar to
enumerate the viable CFU. This experiment was performed twice on two
independent culture batches, and the results of one representative exper-
iment are shown in Fig. 2.

Drug and ionophore treatment of whole M. tuberculosis and M.
smegmatis cells, metabolic labeling, and lipid analysis. Menaquinone
biosynthesis in SQ109-treated, Ro 48-8071-treated, and untreated M. tu-
berculosis H37Rv mc®6206 cells was monitored by metabolic labeling with
L-[methyl-'*C]methionine (56.3 Ci/mol; PerkinElmer, Inc.), essentially as
described previously (27). Briefly, M. tuberculosis cells grown to mid-log
phase (Agyg, 0.6 t0 0.7) in 7H9-OADC-0.05% tyloxapol were pelleted and
resuspended in fresh medium at 1/10 of the original volume, and 0.5-ml
subsets were incubated with 10, 25, and 50 pg/ml Ro 48-8071 (an inhib-
itor of menaquinone biosynthesis; the concentrations were equivalent to
0.4X, 1X, and 2X the MIC, respectively), 0.8 and 1.6 pug/ml SQ109 (1X
and 2X the MIC, respectively), or no drug for 20 min prior to the addition
of 5 wCi L-[ methyl-"*C]methionine and further incubation at 37°C for 2 h.
The labeling reactions were terminated by adding chloroform-methanol
(2:1 [vol/vol]). The apolar lipids containing the menaquinones were sep-
arated from the polar lipids by silicic acid column chromatography, using
chloroform as the eluent, and the samples were run on aluminum-backed
silica gel 60-F,s, precoated plates (E. Merck, Darmstadt, Germany),
which were developed in hexane/diethyl ether (95:5 [vol/vol]).

To compare the effects of CCCP, valinomycin, and SQ109 on mycolic
acid metabolism, cultures grown to mid-log phase (A, 0.6 to 0.7) in
LB-Tween 80 broth (M. smegmatis) or 7TH9-OADC-0.05% tyloxapol plus
supplements (M. tuberculosis H37Rv mc?6206) were incubated with 3.2 to
12.5 pg/ml CCCP, 1 uM valinomycin, or 12.5 pug/ml SQ109 (19) for 3 h
(M. smegmatis) to 16 h (M. tuberculosis) at 37°C with shaking. A concen-
tration of 0.25 to 0.5 wCi/ml [1,2-'*Clacetic acid (specific activity, 54.3
Ci/mol; PerkinElmer, Inc.) was added at the same time as the inhibitors.
The total lipids and cell wall-bound mycolic acid methyl esters were pre-
pared from treated and untreated cells and analyzed by thin-layer chro-
matography (TLC), as described previously (19, 31).

The effects of SQ109, AU1235, and INH (0.2 and 0.5 pg/ml [4X and
10X the MIC, respectively]) on sulfolipid (SL), diacyltrehalose (DAT),
polyacyltrehalose (PAT), phthiocerol dimycocerosate (PDIM), TMM,
and trehalose dimycolate (TDM) synthesis was assessed by labeling
SQ109-treated, AU1235-treated, INH-treated, and untreated M. tubercu-
losis H37Rv mc?6206 cells with 0.5 wCi/ml [1-'*C]propionate (specific
activity, 55 Ci/mol; American Radiolabeled Chemicals, Inc.) or 0.5
wCi/ml [1,2-'*Clacetate (specific activity, 54.3 Ci/mol; PerkinElmer) for
24 h at 37°C. Surface-exposed lipids were extracted from whole cells in
water-saturated 1-butanol, as described previously (19), and the butanol-
treated cells were then reextracted overnight with chloroform-methanol
(2:1 [vol/vol]) to recover all remaining extractable lipids. The lipids from
the butanol and chloroform-methanol fractions were resuspended in
chloroform-methanol (2:1 [vol/vol]), and the lipid samples were analyzed
by TLC. The TLCs were revealed and semiquantified using a Phospho-
rImager (Typhoon; GE Healthcare) and the ImageQuant TL 7.0 software
(GE Healthcare). The effects of SQ109 and AU1235 on siderophore syn-
thesis and export were assessed by labeling inhibitor-treated and un-
treated M. tuberculosis H37Rv mc?6206 cells with 0.5 wCi/ml [7-'*C]sali-
cylic acid (specific activity, 47 Ci/mol; PerkinElmer), as described
previously (32).

Membrane potential measurements in intact cells and determina-
tion of ApH by *'P NMR spectroscopy. The effects of inhibitors on AW
were determined by fluorescence quenching of the potential-sensitive
probe 3,3'-dipropylthio-dicarbocyanine (DisC3 [5]), as described previ-
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ously (22). The effects of inhibitors on ApH by *'P nuclear magnetic
resonance (NMR) spectroscopy in intact mycobacterial cells was deter-
mined as described by Li et al. (22).

Synthesis of AUs, 2418, and SQ109. AUs and SQ109 were synthesized
as described previously (4, 19, 33). For the synthesis of N-(1-adamantyl)-
1H-indole-2-carboxamide (compound 2418), 1H-indole-2-carboxylic
acid (134 mg, 0.83 mmol), N,N-diisopropylethylamine (DIPEA) (435 pl,
2.50 mmol), N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate (HBTU) (253 mg, 1.00 mmol), and 1-adamantyl
amine (378 mg, 2.50 mmol) were sequentially dissolved in methylene
chloride (DCM) (3 ml) and stirred overnight at room temperature. The
reaction mixture was diluted with CHCI; and washed 3 times with water
and brine. The combined aqueous layers were backwashed with CHCL,.
The combined organic layers were dried over Na,SO,, followed by solvent
removed under reduced-pressure conditions. The final product (51 mg
[20.8%]) was isolated as a white solid by flash column chromatography
using a 10 to 80% ethyl acetate (EtAc)-in-hexane gradient. "H NMR (500
MHz, dimethyl sulfoxide [DMSO]-d) & = 1.68 (brs, 6H), 2.08 (brs, 9H),
7.02 (t,] = 10 Hz, 1H), 7.14 to 7.18 (m, 2H), 7.42 (d, ] = 10 Hz, 1H), 7.56
(s, 1H), 7.58 (d, J = 10 Hz, 1H), 11.42 (s, 1H); >*C NMR (500 MHz,
DMSO-d,) & = 28.87,36.03,41.03, 51.52, 102.73, 112.12, 119.52, 121.30,
123.02, 127.03, 132.60, 136.19, 160.40; electrospray ionization—high-res-
olution mass spectrometry (ESI-HRMS): [M + H]* calculated for
C,oH,5N,0, 295.1805; found, 295.1806.

RESULTS

Activities of MmpL3 inhibitors on nonreplicating M. tubercu-
losis bacilli. BM212 is reported to kill nonreplicating M. tubercu-
losis bacilli grown under low-oxygen-tension conditions (MIC,
18.5 wM compared to 5 wM against replicating bacilli) (11),
whereas indolecarboxamides are apparently devoid of such activ-
ity (17). SQ109, on the other hand, has been described as a potent
inhibitor of the menaquinone synthesis enzymes MenA and
MenG in vitro, displaying 50% inhibitory concentrations (ICss)
in the 5 and 15 pM range, respectively (22). Because inhibitors of
the menaquinone biosynthetic pathway, and of the 1,4-dihy-
droxy-2-napthoic acid nonaprenyl transferase MenA in particu-
lar, have been shown to display activities against nonreplicating
M. tuberculosis bacilli (27), we tested whether SQ109 had any ef-
fect on M. tuberculosis cultured under low-oxygen-tension condi-
tions (LORA assay based on the Wayne model) (26, 29) or under
nutrient deprivation conditions in oxygen-rich medium (Loebel
model) (30). Both models are thought to mimic some of the phys-
ical conditions encountered by persistent bacilli in lung lesions
and have demonstrated the survival of M. tuberculosis for ex-
tended periods in a nonreplicative and drug-tolerant state. Strik-
ingly, SQ109 displayed similar MICs against M. tuberculosis in the
LORA model (MIC, 1.09 pg/ml; 3.3 wM) and in oxygen-rich me-
dium (MABA assay; MIC, 0.76 pg/ml; 2.3 wM) (28) (Table 1). As
shown in Fig. 2, SQ109 and the related compound DA5 (Fig. 1)
also showed activity in the nutrient starvation model with 7 days
of treatment with SQ109 at 50X the MIC, resulting in a 4-log
reduction in the CFU counts in cultures that had been starved for
2 weeks (2.2-log reduction with DAS5), as well as a 3.8-log reduc-
tion in the CFU counts in cultures starved for 6 weeks (3.3-log
reduction with DA5) (Fig. 2). Thus, supporting recent observa-
tions made on the nonreplicating (streptomycin-starved) model
strain M. tuberculosis 18b (22, 34), SQ109 kills hypoxic and nutri-
ent-deprived nonreplicating bacilli. This property might account
for the reported improvement in bacillary clearance observed in a
mouse model of TB infection when SQ109 replaces EMB in drug
combination regimens (7).
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TABLE 1 Drug susceptibilities of actively replicating versus oxygen-
starved M. tuberculosis”

MIC (uM) for M. tuberculosis

Drug Replicating Nonreplicating
RIF 0.05 1.41

SQ109 2.37 3.35

AU1235 0.31 >310

THPP-2 6.25 >25

@ The MICs of RIF, SQ109, and AU1235 determined in the MABA and LORA assays (28,
29) are against virulent M. tuberculosis H37Rv. The MICs of THPP-2 are against M.
tuberculosis H37Rv mc?6206. The susceptibility of the actively replicating M.
tuberculosis cells to this compound was determined in 7H9-OADC-Tween 80 broth using
the resazurin microplate reduction assay, while that of the hypoxic nonreplicating bacilli
was determined in Dubos Tween albumin medium, as described by Wayne and Hayes (26).
The nonreplicating M. tuberculosis bacilli were exposed to THPP-2 for 7 days.

The adamantyl urea AU1235, in contrast, showed no activity
on M. tuberculosis bacilli grown under low-oxygen-tension con-
ditions (MIC, >100 pg/ml for AU1235) (Table 1). Furthermore,
AU1235 and the indolecarboxamide 2418 had only minimal ac-

(a) e

tivity in the nutrient starvation model (0.7-log decrease in CFU
upon treatment of 6-week-starved cultures with 50X MIC of
AU1235 for 7 days, and 0.7-log decrease in CFU upon treatment of
2-week-starved cultures with 50X MIC of 2418 for 7 days), similar
to the control drugs INH and RIF (Fig. 2b and c). This was in
contrast to the tetrahydropyrazolopyrimidine THPP-2 and
BM212, which at 50X the MIC led to a 3.9- and 3.0-log reduction
in CFU, respectively, in cultures that had been starved for 2 weeks
(Fig. 2b). Interestingly, however, THPP-2 showed no activity un-
der low-oxygen-tension conditions at concentrations up to 25
M (11 pg/ml) (Table 1). AU1235, THPP-2, 2418, BM212, INH,
and RIF displayed, as expected, potent inhibitory activities on ac-
tively replicating bacilli (Fig. 2a and Table 1). Thus, MmpL3 in-
hibitors clearly differ in their abilities to kill nonreplicating hy-
poxic and nutrient-starved bacilli.

CCCP and valinomycin recapitulate the effect of MmpL3
inhibitors on mycolic acid transfer to their cell envelope accep-
tors. As noted above, MmpL proteins belong to the RND super-
family of integral membrane transporters, which, in Gram-nega-
tive bacteria, function as proton-drug antiporters requiring PMF
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FIG 2 Drug susceptibilities of actively replicating versus nutrient-starved M. tuberculosis cultures. The effects of SQ109, DA5, INH, RIF, THPP-2, BM212, 2418,
and AU1235 on the viability of log-phase and 2- and 6-week nutrient-starved M. tuberculosis H37Rv ATCC 25618 cultures were investigated. Triplicate wells of
M. tuberculosis cultures incubated for 7 days in the absence or presence of 5X the MIC (white bars) or 50X the MIC (black bars) of each of the drugs were
processed, and mean values and standard deviations of the viable CFU counts are shown. (a) log-phase cultures; (b) 2-week-starved cultures; (c) 6-week-starved
cultures. The drug concentrations (5X and 50X the MIC, respectively) were as follows: INH, 0.5 and 5 pg/ml; RIF, 0.5 and 5 pg/ml; DAS5, 16 and 160 jg/ml;
AU1235, 0.5 and 5 pg/ml; SQ109, 2.5 and 25 pg/ml; THPP-2, 7 and 70 pwg/ml; BM212, 7.8 and 78 pg/ml; and 2418, 7.8 and 78 pg/ml.
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TABLE 2 *'P NMR-derived ApH collapse in inhibitor and ionophore-
treated M. smegmatis cells”

Compound pH outside pH inside ApH
No drug 6.82 7.09 0.26
Isoniazid 6.79 7.08 0.29
Rifampin 6.81 7.08 0.27
Streptomycin 6.77 7.05 0.28
CCCP (2X MIC) 6.85 6.85 0
Nigericin (20 pM) 6.82 6.82 0
Valinomycin (33 pM) 6.83 7.07 0.24
Ro 48-8071 (2X MIC) 6.83 6.83 0
SQ109 (2X MIC) 6.81 6.81 0
AU1235 (2X MIC) 6.82 6.82 0
BM212 (1X MIC) 6.85 6.85 0
2418 (2X MIC) 6.81 6.81 0
THPP-2 (2X MIC)” 6.82 6.82 0

“ The average pH values were calculated from the equation pH = 6.75 + log (d —
10.85)/(13.25 — d) (49), where d is the >'P NMR chemical shift difference between
peaks and that of the a phosphorus on ATP. The error is estimated to be no more than
+0.02 pH units.

® THPP-2 was tested against M. tuberculosis H37Rv mc26206 cells, since this compound
did not show any inhibitory effect against M. smegmatis in culture at the highest
concentration tested (22 pg/ml).

rather than ATP hydrolysis for activity (23-25). The PMF consists
of two components: an electrical charge gradient (also known as
membrane potential [A{s]) and the transmembrane proton con-
centration gradient (ApH). SQ109 dissipates both of these com-
ponents (22), collapsing PMF in mycobacteria (Table 2). To in-
vestigate whether PMF dissipation may lead to the inhibition of
MmpL3, M. tuberculosis and M. smegmatis cells were treated with
the uncoupler carbonyl cyanide m-chlorophenyl hydrazone
(CCCP), which, like SQ109, disrupts both ApH and Ays (Table 2),
and mycolic acid transfer onto arabinogalactan and TDM in
CCCP-treated and untreated cells was investigated by metabolic
labeling with [1,2-'*CJacetic acid, as previously reported (19). The
results clearly show that CCCP treatment recapitulates the effect
of SQ109 in both M. tuberculosis and M. smegmatis (Fig. 3 and 4A)
(9). Ata concentration of 12.5 pg/ml (2X the MIC), CCCP caused
a 50-fold decrease in the transfer of mycolic acids onto arabinoga-
lactan, a 3.7-fold decrease in TDM formation, and a 10-fold intra-
cellular accumulation of TMM in M. tuberculosis. In M. smegma-
tis, the effects of CCCP treatment (1X the MIC [3.2 pg/ml]) on
TDM formation and TMM accumulation were of similar magni-
tude as those observed upon treatment with 1X the MIC of SQ109
(12.5 pg/ml), and CCCP almost completely abolished mycolic
acid transfer onto arabinogalactan (Fig. 3). Exposing M. tubercu-
losis to valinomycin (1 wM [1X the MIC]), a K" ionophore that
disrupts the PMF through the dissipation of Ay, also led to a clear
inhibition of MmpL3, as demonstrated by the decrease of mycolic
transfer onto arabinogalactan and TDM in the treated cells (Fig.
3). Although these results do not preclude a direct effect of SQ109
on MmpL3, they indicate that the ability of this compound to
disrupt the PMF may account for the inhibition of TMM export,
and it suggests that other MmpL family members might be inhib-
ited by the collapse of PMF as well.

Effects of SQ109 on the activities of other MmpL transport-
ers. Consistent with the above findings, further metabolic labeling
of SQ109-treated M. tuberculosis cells with [1-'*C]propionate in-
dicated that other (nonessential) biosynthetic pathways depen-
dent on MmpL proteins were also affected by the drug, albeit to
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various degrees. The exposure of log-phase M. tuberculosis
mc’6206 cultures to 10X the MIC of SQ109 for 24 h inhibited the
formation of TDM in whole cells by 88%, that of PAT by 68%, that
of sulfolipid-I (SL-I) by 20%, and that of PDIM by 47% (Fig. 4 and
Table 3). A build-up of TMM (211% increase over the untreated
control), DAT (73% increase over the untreated control), and
diacylated SL precursors (145% increase over the control), partic-
ularly in the innermost layers of the cell envelope (Fig. a, b, and d),
accompanied the decreases in TDM, SL-1, and PAT biosynthesis.
The intracellular accumulation of the diacylated forms of SL has
been reported in mmpL8 knockout mutants of M. tuberculosis (35,
36). Likewise, DAT are biosynthetic precursors of PAT and, to-
gether with PAT, are the likely substrates of MmpL10 (37, 38). In
comparison, INH treatment (at 4X and 10X the MIC) displayed
the expected inhibitory effect on TMM and TDM formation (72
and 82%, respectively) and impacted, to various degrees, the bio-
synthesis of other lipids as a result of the general decrease in the
metabolic activity of the cells following drug treatment, but it did
not cause a build-up of diacylated SL and DAT (suggestive of the
absence of MmpL8 and MmpL10 inhibition) (Table 3; see also Fig.
S1 in the supplemental material). Thus, the effects of SQ109 on
TDM, SL-1,and DAT/PAT synthesis are specific to this compound
and presumably the result of the reduced activity of MmpL3,
MmpL8 (35, 36), and MmpL10, respectively, due to the disrup-
tion of the PMF. Whether SQ109 had an inhibitory effect on
MmpL7 and thus PDIM synthesis (39, 40) was not concluded
from our studies, as INH displayed an even stronger inhibitory
effect than SQ109 on the biosynthesis of these lipids (Table 3).
Likewise, an assessment of the effect of SQ109 on mycobactins and
carboxymycobactins known to be reliant on MmpL proteins for
export (41) failed to show a clear effect of the inhibitor on the
secretion of these compounds, most likely due to the shutdown of
siderophore synthesis that accompanies a deficiency in their ex-
port (41) (Table 3).

Effects of SQ109, adamantyl ureas, BM212, 2418, and
THPP-2 on the proton motive force. A number of structurally
diverse hydrophobic inhibitors have been reported in the last 2
years to target the essential TMM transporter MmpL3 (7, 9-19,
21). Various explanations have been advanced for this apparent
bias, including the fact that MmpL3 may represent a particularly
vulnerable and druggable target and/or one in which spontaneous
resistance-conferring mutations may be easier to achieve (12).
Another hypothesis has to do with the hydrophobicity of the small
molecules used in the high-throughput screens that favored their
concentration in the membrane-driving inhibition of essential
membrane processes through more- or less-specific interactions
with their target (42). The finding that SQ109 probably acts indi-
rectly on the transporter by collapsing the PMF required to drive
TMM export prompted us to test whether any other series of in-
hibitors act similarly. Although there are few structural similari-
ties between SQ109 and CCCP, it has been shown that they both
function as uncouplers in mycobacteria (22). The one feature that
stands out in terms of structural similarity is the presence of a
nitrogen atom that is protonatable at physiological pH (Fig. 1).
The MmpL3 inhibitors DA5 (9), BM212 (10), and the MenA in-
hibitor Ro 48-8071 (27) also contain a nitrogen atom that is pro-
tonatable at physiological pH, suggesting that they may have a
similar effect on PMF. However, the adamantyl urea AU1235 (19),
the tetrahydropyrazolopyrimidine inhibitor THPP-2 (14), and
the indolecarboxamide 2418 do not contain nitrogens that are
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FIG 3 Effect of CCCP on the transfer of mycolic acids onto its cell envelope acceptors. (a) Lipid analysis of untreated, SQ109-treated, and CCCP-treated M.
smegmatis and M. Tuberculosis (Mtb) H37Rv mc?6206 cells. The same volume of [**CJacetate-labeled lipids from bacterial cells treated with CCCP or SQ109, or
untreated cells were analyzed by TLC in the solvent system (CHCl,/CH;OH/H,0, 20:4:0.5) and revealed by phosphorimaging. PE, phosphatidylethanolamine.
(b) TLC analysis of cell wall-bound mycolic acid methyl esters (MAMEs) prepared from the same untreated, SQ109-treated, and CCCP-treated M. smegmatis and
M. tuberculosis H