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Abstract

New chemotherapeutics active against multidrug-resistant Mycobacterium tuberculosis (M. tb) are 

urgently needed. We report on the identification of an adamantyl urea compound displaying potent 

bactericidal activity against M. tb and a unique mode of action, namely the abolition of the 

translocation of mycolic acids from the cytoplasm where they are synthesized to the periplasmic 

side of the plasma membrane where they are transferred onto cell wall arabinogalactan or used in 

the formation of virulence-associated outer membrane trehalose-containing glycolipids. Whole 

genome sequencing of spontaneous resistant mutants of M. tb selected in vitro followed by genetic 

validation experiments revealed that our prototype inhibitor targets the inner membrane 

transporter, MmpL3. Conditional gene expression of mmpL3 in mycobacteria and analysis of 

inhibitor-treated cells validate MmpL3 as essential for mycobacterial growth and support the 

involvement of this transporter in the translocation of trehalose monomycolate across the plasma 

membrane.
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Mycobacterium tuberculosis, the causative agent of tuberculosis (TB) in humans, currently 

infects one-third of the world’s population in its latent form and claims about 1.7 million 

lives annually making it a leader among the causes of mortality in developing countries1. 

Infections by M. tb have been estimated by the World Health Organization at 9.4 million 

new cases during 2009 and the global number of TB cases is still rising at a rate of 0.6% per 

year fueled by the HIV/AIDS pandemic, poverty and the emergence of multidrug and 

extensively-drug-resistant strains of M. tb2–3. In this context, continued research aimed at 

developing new effective anti-TB drugs with bactericidal mechanisms different from those 

of presently available agents is urgently needed.

The structure and composition of the cell envelope of mycobacteria differentiate these 

microorganisms from other prokaryotes. With this in mind, considerable effort has been 

placed on investigating the cell envelope structure and the biosynthesis of its hallmark 

entities in order to identify attractive drug targets. The interest in drugs targeting the 

biosynthesis of mycolic acids, in particular, is clearly demonstrated by the therapeutic 

efficacy of several key anti-TB agents, such as isoniazid and ethionamide, and various other 

compounds, including isoxyl, thiolactomycin and thiacetazone4–6. Mycolic acids are very 

long chain (C60-C90) α-branched β-hydroxylated fatty acids found covalently attached to the 

major cell wall polysaccharide, arabinogalactan (AG), or esterifying outer membrane 

glycolipids such as trehalose monomycolate (TMM), trehalose dimycolate (TDM; cord 

factor), glucose monomycolate or glycerol monomycolate. Mycolic acids occur as a mixture 

of structurally-related molecules that differ primarily from one another by the nature of the 

chemical groups at the proximal and distal positions of their main meromycolic acid chains. 

They represent major constituents of the cell envelope of mycobacteria (and 40 to 60% of 

the cell’s dry weight) and are known to play essential roles in the formation of the outer 

membrane of M. tb as well as in its interactions with the host7–13. The pathway leading to 

their biosynthesis is for the most part unique to mycobacteria (for a review4–5,8,14). In M. tb, 

the multifunctional type I fatty acid synthase (FAS-I) synthesizes C16-C18 and C24-C26 fatty 

acids in a bimodal fashion. A type II multi-enzyme complex (FAS-II) then catalyzes the 

processive addition of multiple malonate units onto the C16-C18 products of FAS-I to 

generate the long-chain meromycolic acid (C48-C64). The pre-formed mero chain is further 

functionalized with cis or trans double bonds, cis or trans cyclopropane rings and polar 

functional groups such as methyl ethers, ketones, esters and epoxides. Condensation of the 

C23-C27α-branch with the meromycolic chain in a process involving the acyl-AMP ligase 

FadD32 and the polyketide synthase Pks13 yields the full-size α-alkyl β-ketoacyl 

derivatives15 which, upon release from Pks13, undergo a final reduction step catalyzed by 

the reductase CmrA, yielding the final mycolic acid products16–17. Although three decades 

of studies have allowed most aspects of the biosynthesis of mycolates to be elucidated some 

important steps remain undefined. Among these is the fate of the completed mycolic acids 

upon their release from Pks13 and reduction by CmrA. How are mycolic acids translocated 

from their cytoplasmic production site to the periplasm where they are then transferred to 

their final cell envelope acceptors? Under what form are they translocated across the inner 

membrane? What is the nature of the export system involved?
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According to the generally accepted model, the presence of trehalose in the cells under 

normal growth conditions is a prerequisite for the successful transfer of mycolates onto their 

cell envelope acceptors14,18–21. Thus, it may be hypothesized that the conjugation of 

mycolic acids and trehalose to form TMM in M. tb occurs in the cytoplasm where both 

compounds are synthesized or imported19,21, by means of an as yet unknown enzymatic 

activity. Subsequently, TMM or another intermediate mycolic acid acceptor14,22 may be 

translocated across the inner membrane by an unknown transporter before serving as the 

substrate for the mycolyltransferases of the antigen 85 complex (FbpA, FbpB and FbpC) 

whose role is to transfer the mycolic acid chain from TMM onto either AG or another 

molecule of TMM, yielding TDM23–27.

Random screening of a compound library against whole M. tb bacilli in culture revealed a 

highly active adamantyl 2,3,4 trifluorophenyl urea with an apparent unique mechanism of 

action on cell envelope biosynthesis. We report here on the use of this small chemical 

compound to identify the long sought transporter responsible for the translocation of 

mycolic acids across the plasma membrane.

RESULTS

Identification of an adamantyl urea inhibitor of M. tb

The screening of some 12,000 compounds from LeadScreen™ (preformatted screening set 

commercialized by Tripos; St Louis, MO) at a concentration of 10 μg ml−1 against 7H9-

OADC-Tween 80 grown M. tb H37Rv led to the identification of a novel urea derivative [1-

(2-adamantyl)-3-(2,3,4-trifluorophenyl)urea; compound # AU1235 (1)] (Fig. 1A) with a 

minimum inhibitory concentration (MIC) of 0.1 μg ml−1 (0.3 μM) (minimum bactericidal 

concentration of 0.1 μg ml−1)28 (see Supplementary Results, Supplementary Table 1). 

Importantly, AU1235 was similarly active against MDR clinical isolates of M. tb displaying 

resistance to isoniazid, rifampicin, and pyrazinamide in addition to streptomycin, 

fluoroquinolones and/or ethambutol (Table 1). This lack of cross-resistance with currently 

used anti-TB drugs suggested that AU1235 targets a novel biological function. AU1235 also 

inhibited Mycobacterium smegmatis and Mycobacterium fortuitum although the MICs (3.2 

to 6.4 μg ml−1) were significantly higher than against M. tb and M. bovis BCG (Table 1). 

Exposure of M. tb H37Rv in log-phase growth (Abs600 nm = 0.2) to 0.5 μg ml−1 AU1235 

(corresponding to 5 times MIC) resulted in a reduction in viable CFUs of about 2 log units 

after 5 days indicating that this compound is bactericidal in vitro (Fig. 1B). A higher 

concentration of AU1235 (10 times MIC) did not increase the killing effect within the first 7 

days indicating that the killing was time-dependent rather than concentration-dependent 

(Fig. 1B). In an anaerobic model involving non-replicating M. tb H37Rv bacilli, AU1235 at 

10 μg ml−1 showed no detectable activity suggesting that it acts on a biosynthetic pathway 

required for active bacterial multiplication.

AU1235 was tested against a panel of Gram negative and Gram positive bacteria, including 

other Corynebacterineae such as Corynebacterium glutamicum, and was completely 

inactive (see Supplementary Table 2). Thus, this compound is specific for mycobacteria and 

shows best activity against M. tb, including MDR M. tb strains.
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Macromolecular effects of AU1235 on M. tb and M. smegmatis

The mechanism of inhibition of M. tb by AU1235 was studied through metabolic labeling of 

untreated and AU1235-treated M. tb cells with various radiolabeled precursors including 

[5,6-3H]uracil, [8-3H]guanine, [35S]protein-labeling mix, [U-14C]glucose and 

[1,2-14C]acetic acid to monitor RNA, DNA, protein, polysaccharide and fatty acid/

(glyco)lipid synthesis, respectively. Whereas no obvious inhibitory effect of the compound 

on RNA, DNA, protein and polysaccharide synthesis was detected (see Supplementary Fig. 

1), a clear inhibitor concentration-dependent decrease in trehalose dimycolates (TDM) and 

all three forms of cell wall-bound mycolic acids (α-, methoxy- and keto-) was visible in the 

treated cells (Fig. 2A–2B). Interestingly and further supporting the idea that our inhibitor 

targeted a novel biological process in the biosynthesis of mycolic acids, TMM synthesis was 

apparently unaffected in the adamantyl urea-treated cells. AU1235, however, did 

substantially affect the sub-cellular distribution of TMM in that, as the concentration of 

AU1235 increased in the medium, less TMM was shed by the bacilli in the culture filtrate 

and more remained associated to the cells (Fig. 2A). In the presence of Tween 80 in the 

culture medium, M. tb indeed sheds some of its outermost components allowing an easier 

inventory of its outer membrane composition29. The extraction of surface-exposed lipids 

with water-saturated butanol further supported this conclusion in that the proportion of 

TMM found in the butanol fraction of untreated M. tb bacilli was 3 times greater than that 

found in the butanol fraction of M. tb cells treated with AU1235 at 5xMIC for 5 hr (see 

Supplementary Fig. 2a). Further sub-fractionation of untreated and AU1235-treated M. tb 

H37Ra followed by analysis of the sub-cellular fractions by TLC and autoradiography, 

although imperfect due to the notorious difficulty of separating outer from inner membranes 

in mycobacteria, revealed some accumulation of TMM in the inner membrane of the treated 

cells (see Supplementary Fig. 2b–2c).

Altogether, our results thus indicate that AU1235 affects the translocation of TMM to the 

outer membrane of M. tb. Additional TLC analyses of radiolabeled lipid products and 

LC/MS analyses of the lipidomes of non-radiolabeled treated and untreated M. tb H37Ra 

otherwise failed to reveal any accumulating free mycolic acids or mycolate-containing 

glycolipids in the cells (data not shown).

Similar labeling experiments with [1,2-14C]acetic acid in M. smegmatis revealed identical 

effects of the inhibitor on the synthesis of TDM and cell wall-bound mycolates in this 

species (see Supplementary Fig. 3).

We conclude from these experiments that AU1235 does not inhibit the biosynthesis of 

mycolic acids per se but specifically their ability to be transferred onto their cell wall and 

outer membrane acceptors, possibly as a result of altered TMM translocation across the 

plasma membrane. In this regard, the mechanism of inhibition of AU1235 differs 

considerably from those of isoniazid, isoxyl, ethionamide and thiolactomycin that all act at 

earlier stages of the biosynthetic pathway and lead to a complete shutdown of mycolic acid 

biosynthesis4–5 (see Supplementary Fig. 4).
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In search of the lethal target(s) of AU1235 in M. tb

Because the abolition of TDM formation and mycolic acid transfer onto AG in treated cells 

might also have resulted from a general inhibition of the antigen 85 complex, we first 

assessed whether AU1235 had any inhibitory effect on the purified FbpA, FbpB and FbpC 

enzymes in vitro. The assay used to monitor mycolyltransferase activity was similar to the 

one described in ref. 24 and thus used TMM purified from M. tb as the mycolic acid donor 

and [U-14C]trehalose as the acceptor substrate. No inhibitory effect of AU1235 on any of 

the activities of the three mycolyltransferases was detected in this assay (see Supplementary 

Fig. 5).

The observation that adamantyl ureas are potent inhibitors of soluble α/β-hydrolase fold 

epoxide hydrolases (EHs) (E.C.3.3.2.3) and the known involvement of EHs in the 

metabolism of various lipid substrates30, had originally led to our interest in these enzymes 

as the potential lethal targets of AU1235 in the mycolic acid pathway. The genome of M. tb 

is indeed peculiar in encoding an unusually large number of potential EHs with six genes of 

as yet unknown function related by sequence to α/β-hydrolase fold EHs (ephA, ephB, ephC, 

ephD, ephE, and ephF). While our early results indicated that AU1235 clearly inhibits the 

activity of some M. tb EH enzymes in vitro28, our preliminary genetic and biochemical 

analyses of M. tb’s six putative EH genes also revealed that the inhibition of this family of 

enzymes is unlikely to account for the effects of our adamantyl urea on the mycolic acid 

pathway given that (i) all six EH genes are dispensable for the growth of M. tb in vitro and 

(ii) that their individual inactivation has no detectable effect on TMM and TDM contents 

(see Supplementary Fig. 6).

We thus set out to search for the target of our inhibitor using a more comprehensive 

approach involving the selection of spontaneous AU1235-resistant mutants of M. tb 

followed by whole genome sequencing. Resistant mutants were selected by plating M. tb 

H37Rv and H37Ra cultures on 7H11-OADC agar plates containing 0.2 to 0.4 μg ml−1 

AU1235 (2 to 4x MIC). Spontaneous mutants of both M. tb isolates were isolated at a 

frequency of 4 × 10−9 (4xMIC) to 1 × 10−7 (2xMIC). Five M. tb H37Rv mutants arising 

from the plating of a single culture were selected for further studies and checked for 

susceptibility to anti-TB agents. The MIC of isoniazid, ethambutol, rifampicin, 

ciprofloxacin, amikacin and streptomycin against M. tb H37Ra and M. tb H37Rv AU1235-

resistant mutants were similar to those measured against the M. tb parent strains (see 

Supplementary Table 3). Whole genome sequencing followed by comparative analysis of 

the sequences of the five AU1235-resistant isolates and parent M. tb H37Rv strain identified 

one single gene commonly affected in all resistant isolates. This gene encodes the putative 

inner membrane transporter MmpL3. Targeted sequencing of the mmpL3 gene in 17 M. tb 

H37Ra spontaneous-resistant mutants revealed the presence of the same mutation in all of 

these isolates as well. In all cases, the exact same SNP (G758→A) was found, resulting in 

an amino acid change at position 253 of the protein (G253E). G253 maps at the end of one 

of the predicted membrane spanning domains of MmpL3 and is conserved in all known 

mycobacterial MmpL3 orthologs, with the only exception of M. abscessus which displays a 

serine residue at this position.
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Compared to overexpressing the wild-type version of mmpL3tb, expression of the mutated 

version, mmpL3tb-G253E, in M. smegmatis mc2155 increased 2-fold the resistance of this 

strain to AU1235 (Table 2). This increase in resistance was significantly more marked in an 

M. smegmatis mc2155 recombinant strain in which the endogenous mmpL3 gene had been 

disrupted and replaced by mmpL3tb-G253E as its only copy of the gene (Table 2) (Fig. 3A). 

It was indeed to be anticipated when working with putative multimeric proteins such as 

MmpL3 that the co-expression of a wild-type and mutated versions of the encoding gene 

might lead to the formation of hybrid forms of the protein that retained their susceptibility to 

AU1235. The M. smegmatis mmpL3 knock-out mutant expressing mmpL3tb-G253E thus 

provided a much cleaner genetic background for this study. Compared to the same knock-

out strain expressing a wild-type copy of the mmpL3tb gene (mc2155ΔmmpL3/pMVGH1-

mmpL3tb), mc2155ΔmmpL3/pMVGH1-mmpL3tb-G253E displayed an 8- to 16-fold 

increased resistance to AU1235 (Table 2). This effect was specific to the adamantyl urea as 

the MICs of other drugs against the same two recombinant strains were identical (see 

Supplementary Table 4). That the expression of mmpL3tb-G253E protected M. smegmatis 

from the effect of AU1235 on mycolic acids was verified by comparing the effect of treating 

the two M. smegmatis recombinant strains with increasing concentrations of the inhibitor 

(see Supplementary Fig. 7). MIC values thus correlate with the level of inhibition of mycolic 

acid transfer onto their cell envelope acceptors and both phenotypes are related to the 

presence of the G→E mutation at position 253 of MmpL3tb.

While these results strongly supported the assumption that MmpL3 served as the target of 

AU1235, the nature of this protein also made it possible that it acted as an efflux pump for 

this compound with the G→E mutation at position 253 increasing its effectiveness. To 

distinguish between these two hypotheses, further experiments were thus designed to 

analyze the effect of the point mutation on the accumulation of AU1235 in M. tb cells and 

functionally characterize this conserved mycobacterial transporter.

Accumulation of AU1235 in M. tb H37Ra cells

To determine whether the expression of mmpL3tbG253E led to the reduced accumulation of 

AU1235 in M. tb cells, M. tb H37Ra cultures either wild-type or expressing the G253E 

mutated version of MmpL3tb (spontaneous resistant isolates # 5 and 25) were treated for 4 

hr at 37°C with 5 μM of the inhibitor. Bacterial pellets were then sub-fractionated into cell 

wall, membrane and cytosol, and the amount of AU1235 present in each of the 

compartments of the 3 strains quantified by LC/MS. No significant differences were noted 

between strains indicating that the increased resistance of the spontaneous isolates was 

unlikely to be the result of increased inhibitor efflux (see Supplementary Fig. 8).

Validation of the essentiality of MmpL3 in mycobacteria

Of the 13 to 14 MmpL-type proteins encoded by the genome of M. tb, mmpL3 is with 

mmpL11 the only mmpL gene conserved across the Mycobacterium genus, including M. 

leprae31. Further supporting the involvement of this gene in an important physiological 

process, mmpL3 was the only mmpL gene of M. tb H37Rv that couldn’t be knocked-out by 

allelic replacement in a systematic study aimed at studying the contribution of MmpL 

proteins to virulence and drug resistance32.
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Similar to the situation in M. tb, we found that the disruption of mmpL3 by allelic 

replacement in M. smegmatis was not achievable unless a wild-type rescue copy of this gene 

was provided to the knock-out strain (Fig. 3A). Construction of conditional mutants of M. 

smegmatis in which the rescue copy of mmpL3tb was placed under control of a tetracycline-

inducible promoter revealed that the merodiploid strains rapidly ceased growing when 

placed under non-permissive culture conditions where the expression of the rescue copy of 

mmpL3 was lost (Fig. 3B). Thus, expression of mmpL3 is essential for the growth of M. 

smegmatis. The fact that mmpL3tb could rescue the viability of the M. smegmatis mmpL3 

knock-out mutant further indicates that the two mmpL3 orthologs have analogous functions.

Phenotypic effects of modulating mmpL3 expression

Loss of expression of mmpL3tb in the M. smegmatis conditional mutants grown under non-

permissive conditions led to significant decreases in TDM formation (Fig. 4A) and mycolic 

transfer onto AG (Fig. 4B), thereby reproducing the effects of AU1235 on whole 

mycobacterial cells. LC/MS analyses of the lipidomes of the conditional mutants grown 

under non-permissive conditions otherwise failed to reveal any accumulating free mycolic 

acids, mycolyl-mannosylphosphopolyprenol22 or other mycolate-containing glycolipids in 

the cells (data not shown).

Also worthy of note is the observation from the analysis of the cell wall-bound mycolates 

shown in Fig. 4B that the mmpL3 gene from M. tb was capable of complementing the 

transfer of all forms of mycolic acids produced by M. smegmatis, including the species-

specific α′- and epoxy-forms not normally produced by the tubercle bacillus.

Altogether, the unchanged accumulation of AU1235 in the mmpL3-G253E-expressing M. tb 

cells and the fact that decreased mmpL3 expression mimicked the phenotypic effects of 

treating mycobacteria with AU1235 refute the hypothesis that MmpL3 serves as an efflux 

pump for the adamantyl urea and, instead, confirms this transporter as the direct target of our 

prototype inhibitor.

DISCUSSION

Whereas most steps of the mycolic acid biosynthetic pathway of M. tb have now been 

defined, the stage at which the transfer of mycolic acids to the periplasmic side of the 

plasma membrane occurs, the form under which they are translocated and the nature of the 

transporter involved have long remained enigmatic and the object of much 

speculation8,14,20,22. Yet, the fact that M. tb and M. smegmatis require trehalose for 

growth18–19, the recent identification of an ABC-transport system dedicated to the recycling 

and import of trehalose inside M. tb cells21 and the characterization of TMM as the direct 

substrate of the FbpABC mycolyltransferases on the periplasmic side of the plasma 

membrane23–24,27 supported the concept that TMM synthesis occurs on the cytoplasmic face 

of the plasma membrane and that this glycolipid represents the indispensable esterified form 

under which mycolates are then translocated across the inner membrane of mycobacteria. 

Consistent with this hypothesis, our results indicated a clear effect of chemically inhibiting 

the inner membrane transporter MmpL3 on the translocation of TMM in M. tb. This effect 

resulted in turn in a complete abolition of TDM formation and mycolic acid transfer onto 
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AG, most likely reflecting the inaccessibility of the TMM generated intracellularly to the 

mycolyltransferases FbpABC located on the periplasmic side of the plasma membrane (Fig. 

5). That TMM represents the direct substrate of the MmpL3 transporter is supported by the 

fact that this glycolipid was the only mycolic acid-containing compound accumulating in 

AU1235-treated M. tb cells. Given that TMM is the mycolic acid donor used in the 

mycolyltransferase reactions catalyzed by FbpABC, it is unlikely that a further downstream 

product of TMM serves as the substrate for the MmpL3 transporter. Interestingly and 

indicative of the relatively broad substrate specificity of MmpL3 in terms of mycolic acid 

forms, the expression of the M. tb ortholog of mmpL3 in an M. smegmatis mmpL3 knock-out 

mutant not only rescued the viability of this strain but also its ability to transfer all forms of 

mycolic acids onto AG, including M. smegmatis-specific forms not naturally produced by 

M. tb.

The apparent confinement of the MmpL family of proteins to mycobacteria31,33–34 is 

originally what has led to their ‘MmpL’ designation for ‘mycobacterial membrane proteins, 

large’. Although mycobacterial MmpL family proteins share low overall sequence similarity 

with other transporters, they are in fact a subset of the larger Resistance, Nodulation, and 

Division (RND) superfamily of inner membrane transporters33,35, the most well studied 

prokaryotic members of which are the major multidrug efflux pumps AcrB of E. coli and 

MexB of Pseudomonas aeruginosa36–37. Members of the RND family typically share 

topological features consisting of twelve membrane-spanning α-helices with two predicted 

soluble periplasmic loops between transmembrane domains 1 and 2, and between domains 7 

and 8 that dictate the substrate specificity of the protein. These features are conserved in 

MmpL3 although the topology prediction and number of transmembrane domains (11 to 12) 

may vary with the secondary structure prediction algorithm. How AU1235 inhibits at the 

molecular level the transport activity of MmpL3tb is at present not known, but the 

localization of the resistance-conferring G253E mutation within a conserved charged region 

of RND transporters (D251, R259) suggests that the inhibitor may interfere with the 

transmembrane electrochemical proton gradient that provides energy for substrate 

translocation32, 35–37. The genome of M. tb encodes up to 14 MmpL proteins33, the function 

of only 4 of them (including MmpL3) is presently known. MmpL7 was shown to translocate 

major lipid constituents of the outer membrane known as the PDIM across the plasma 

membrane. mmpL7 mutants of M. tb are highly attenuated for virulence and accumulate 

PDIM inside the cells29,38. mmpL8 mutants of M. tb, which are also attenuated for virulence, 

fail to synthesize mature sulfolipid-I (SL-I) and, instead, accumulate inside the cytoplasm 

diacylated sulfolipid precursors which have the ability to stimulate CD1-restricted T 

cells39–41. MmpL11 was recently involved in heme iron acquisition in M. tb and, on the 

basis of its sequence homology to MmpL11 (25% identity) and ability of its predicted 

periplasmic domains to bind heme in vitro, MmpL3 was hypothesized to display a similar 

function42. Whether MmpL3 actually has this function in whole M. tb cells is at present not 

known but this finding raises the intriguing possibility that MmpL transporters may 

simultaneously act as exporters and importers and be involved in more than one 

physiological process in mycobacteria. In M. smegmatis, two MmpL transporters lacking 

clear orthologs in M. tb, TmtpB and TmtpC, participate in the synthesis of GPLs, key 

surface virulence factors produced by non-tuberculous mycobacteria31. Overall, MmpL 

Grzegorzewicz et al. Page 8

Nat Chem Biol. Author manuscript; available in PMC 2012 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transporters are thus emerging as key players in the building of the cell envelope and 

subsequent interactions of M. tb with the host. Sulfolipids, like TMM, are acyltrehaloses. So 

are diacyltrehaloses (DATs) and polyacyltrehaloses (PATs), other outer membrane 

glycolipids of M. tb involved in host-pathogen interactions whose biosynthetic polyketide 

synthase gene pks3/4 maps in close vicinity to an as yet uncharacterized mmpL gene, 

mmpL10 (for a review31,33,43). Importantly, PDIM, SL-I, DAT and PAT are restricted to 

pathogenic slow-growing Mycobacterium species43. Altogether, these findings thus indicate 

that several MmpL proteins of M. tb have specialized in the translocation of physiologically 

essential and/or biologically active (glyco)lipids of which many are acyltrehaloses. To this 

date, however, it is unclear how MmpLs function to translocate relatively large lipophilic 

molecules to the periplasm and how this process is driven energetically. The two large 

soluble periplasmic or cytosolic domains of MmpLs may carry the substrate specificity of 

these proteins. Alternatively, since MmpL proteins are likely to function as part of coupled 

biosynthesis/export machineries31,39–40,44, it was proposed that their ability to interact with 

some particular cytosolic biosynthetic enzymes dictated, at least in part, their substrate 

specificity31. The availability of a potent adamantyl urea inhibitor of MmpL3 provides 

unprecedented opportunities to investigate the molecular mechanisms of this unique family 

of transporters.

That adamantyl ureas may have more than one target in M. tb is supported by our earlier 

work showing a clear inhibition of some of M. tb’s putative EH enzymes in vitro28. The 

dispensable character of all six EH-like proteins of M. tb for growth and the phenotypic 

analysis of EH knock-out mutants showing an apparent lack of participation of these 

enzymes in TDM formation strongly argue, however, against these proteins being the 

bactericidal targets of AU1235. Likewise, in the event AU1235 inhibited other MmpL 

proteins than MmpL3 (an hypothesis that our preliminary analyses of the subcellular 

distribution of PDIM in AU1235-treated M. tb H37Rv cells does not currently support), such 

inhibition would be unlikely to lead to cell death given the non-essential character of these 

transporters32 and lack of demonstrated involvement in the mycolic acid pathway. Clearly, 

that MmpL3 is the bona fide primary target of our inhibitor is validated by the facts that 

mmpL3 was the only common mutated gene found in all spontaneous-resistant mutants of 

M. tb H37Rv and H37Ra (no mutations mapped to any of the EH genes or any other mmpL 

gene) and that the MIC of AU1235 correlates with the level of inhibition of TDM synthesis 

and mycolic acid transfer onto AG, two phenotypes that our analyses of AU1235-treated and 

recombinant M. smegmatis strains have related to the essential transporter, MmpL3.

The identification of a novel adamantyl urea-based compound showing high potency against 

M. tb in culture (including MDR strains) and with a novel mechanism of inhibition of the 

mycolic acid pathway opens new avenues for anti-TB drug development. Consistent with its 

mode of action, AU1235 is highly specific for mycobacteria. Important efforts to synthesize 

key structural analogs of AU1235 were undertaken and their testing against M. tb has 

revealed a clear structure activity relationship for this series28. Efforts are now underway to 

develop derivatives of these compounds efficacious in vivo.
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METHODS

Strains and growth conditions

M. tb H37Rv TMC102 and ATCC 25618 and M. tb H37Ra ATCC 25177 were grown in 

Middlebrook 7H9-OADC broth (Difco) supplemented with 0.05% Tween 80 and on 7H11-

OADC agar (Difco) at 37°C. M. smegmatis mc2155 was grown on LB agar, in 7H9-OADC-

Tween 80 or in LB-Tween 80 broth at 37°C. Where required, kanamycin (25 μg ml−1), 

hygromycin (50 μg ml−1), sucrose (10%) and anhydro-tetracycline (0.1 to 50 ng ml−1) were 

added to the culture medium.

Generation of conditional mutants and complemented strains

A two-step procedure employing the counterselectable marker sacB45 was used to achieve 

allelic replacement at the mmpL3 (MSMEG_0250) locus of M. smegmatis mc2155. Briefly, 

the M. smegmatis mmpL3 gene and flanking regions was PCR-amplified from M. smegmatis 

mc2155 genomic DNA using the primers mmpL3smg.1 (5′-

GGTCTAGACGCACTGCGCAGACGTGAGGG-3′) and mmpL3smg.2 (5′-

GGTCTAGACAGGCGGCGGTGTGCTCGCG-3′) and a disrupted allele, mmpL3::kan, was 

obtained by replacing 1,594 bp of the coding sequence of this gene flanked by two NotI 

restriction sites by the kanamycin resistance cassette from pUC4K (GE Healthcare). 

mmpL3::kan was then cloned into the XbaI-cut pPR27-xylE to obtain pPR27mmpL3KX, the 

construct used for allelic replacement. pSETetR-mmpL3tb, an episomal rescue plasmid in 

which mmpL3tb was placed under control of a tetracycline-inducible promoter, was 

constructed by inserting successively into pSE10046, the tet repressor (tetR) from pMC2m46 

and the entire coding sequence of mmpL3tb. Primer sequences for the conditional rescue 

construct are available upon request.

pMVGH1-mmpL3tb was obtained by cloning the entire coding sequence of mmpL3 from M. 

tb H37Rv, PCR-amplified using primers mmpL3tb.1 (5′-

GGGCGCGCATATGTTCGCCTGGTGGGGTCGAAC-3′) and mmpL3tb.2 (5′-

GGGAAGCTTAAGGCGTCCTTCGCGGCGAAG-3′), into the NdeI and HindIII restriction 

sites of pMVGH1, a derivative of the expression plasmid pVV1647 devoid of kanamycin 

resistance gene. pMVGH1-mmpL3tb-G253E was constructed similarly using genomic DNA 

from one of the AU1235 spontaneous resistant mutants of M. tb H37Rv as the template for 

PCR amplification. Allelic replacement at the mmpL3 locus of M. smegmatis was confirmed 

by PCR using primers DC1 (5′-GAGGCGACGGTCTTCACCAACAT-3′) and DC2 (5′-

GCCTGGTCTACGCGCTGATCAC-3′) both located outside the mmpL3 region cloned into 

pPR27-xylE.

Selection of spontaneous AU1235-resistant mutants of M. tb

AU1235-resistant mutants were selected at 37°C (M. tb H37Rv) or 30°C (M. tb H37Ra) on 

7H11 plates supplemented with OADC and 0.2 to 0.4 μg ml−1 of the inhibitor (2 to 4 × 

MIC) and scored for resistance 3 to 7 weeks post-inoculation.
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Whole genome sequencing

Genomic DNA was isolated from freshly cultured M. tb H37Rv resistant isolates. Barcoded 

fragment libraries were constructed for each of the strains according to the SOLiD fragment 

library protocol (i.e. 50 bp fragment library) (Applied Biosystems). Libraries were pooled in 

equimolar ratios and sequencing was carried out using SOLiD V3 chemistry (Applied 

Biosystems). The data was reduced to sequence and reports about SNPs and in-dels are 

generated using the NextGen Software.

Whole cell radiolabeling experiments

Radiolabeling of whole mycobacterial cells with [1,2-14C]acetic acid (0.5 μCi ml−1; specific 

activity, 57 Ci mol−1, NEN Radiochemicals) was performed in 7H9-OADC-Tween 80 broth 

for 16 hr with shaking. The radiochemical was added to the cultures at the same time as the 

inhibitor.

Analytical procedures

Total lipids extraction from bacterial cells and culture filtrates, and preparation of fatty acid 

and mycolic acid methyl esters from extractable lipids and delipidated cells followed earlier 

procedures48. Cold and radiolabeled lipids and fatty acid/mycolic acid methyl esters were 

analyzed by TLC on aluminum-backed silica gel 60-precoated plates F254 (E. Merck). TLC 

plates were revealed by spraying with cupric sulfate (10% in a 8% phosphoric acid solution) 

or α-naphthol (1% in ethanol) and heating. Radiolabeled products were visualized by 

exposure of the TLC plates to Kodak X-Omat AR films at –80°C and quantified using a 

PhosphorImager (Typhoon, GE Healthcare). Alternatively, total lipids were run in both 

positive and negative mode and the released fatty acids/mycolic acids in negative mode 

only, on a high resolution Agilent 6220 TOF mass spectrometer interfaced to a LC. See 

Supplementary Methods for details.

Mycolyltransferase assays

The TMM transesterification assay described in ref. 24 was used to measure the 

mycolyltransferase activity of the purified FbpA FbpB and FbpC proteins in the presence of 

cold TMM purified from M. tb, [U-14C]trehalose and different concentrations of AU1235 

(see Supplementary Fig. 5). Purified FbpA and FbpB proteins were obtained through the 

NIH - TB Vaccine Testing and Research Materials Contract and NIH Biodefense and 

Emerging Infections Research Resources Repository, NIAID, NIH: Ag85A, purified native 

protein from M. tb H37Rv (NR-14856); Ag85B, purified native protein from M. tb H37Rv 

(NR-14857). Purified recombinant FbpC (Ag85C) was kindly provided by Dr. K. Dobos 

(Colorado State University, Fort Collins, CO).

Drug susceptibility testing

MIC values of various antibiotics against Mycobacterium clinical isolates and recombinant 

strains were determined in 7H9-OADC-Tween 80 or 7H9-S-OADC-Tween 80 broth at 37°C 

in 96-well microtiter plates using the colorimetric resazurin microtiter assay and by visual 

readout for growth. Low-oxygen tension experiments were performed using the Rapid 

Anaerobic Dormancy (RAD) model as described in ref. 49. Control tubes contained 
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methylene blue dye (1.5 μg ml−1) as an indicator of oxygen depletion. Different 

concentrations of AU1235 and control drugs (isoniazid, rifampicin, ethambutol and 

metronidazole) were injected through the septa of oxygen-depleted cultures and the cultures 

allowed to grow at 37o C with stirring for another 4 days, at which point the septa were 

removed and cultures serially diluted in saline and plated onto 7H11-OADC agar plates for 

enumeration of CFU.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure and bactericidal activity of AU1235
(a) Structure of AU1235 (1) [1-(2-adamantyl)-3-(2,3,4-trifluorophenyl)urea] (b) Kill-

kinetics showing decrease in viability of M. tb H37Rv in 7H9-OADC-Tween 80 medium 

containing AU1235 at 0.5 and 1 μg ml−1 (5 and 10 × MIC). The results for each drug 

concentration are representative of at least two independent experiments.
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Figure 2. Effect of AU1235 on mycolic acid biosynthesis and transfer in M. tb
M. tb H37Ra cultured in 7H9-OADC-Tween 80 broth was treated for 5 hr at 37°C with 

either no inhibitor or with AU1235 at a concentration of 0.05 μg ml−1, 0.5 μg ml−1, or 1 μg 

ml−1 (0.5x to 10x MIC). [14C]-acetate was added to the cultures at the same time as the 

inhibitor. (a) Bacterial cells (B) and culture filtrates (CF) were collected and the lipids 

contained in each of these fractions extracted as described under the Methods section. The 

same volume of samples was loaded per lane. The TLC was developed in the solvent system 

[chloroform:methanol:water] (20:4:0.5, by vol.) and revealed by autoradiography. PE, 

phosphatidylethanolamine; CL, cardiolipin. (b) Mycolic acid methyl esters were prepared 

from delipidated cells as described48. α–, methoxy- and keto- denote the three forms of 

mycolic acids produced by M. tb. The same volume of samples was loaded per lane. The 

TLC was developed thrice in the solvent system [n-hexanes:ethyl acetate] (95:5, by vol.) and 

revealed by autoradiography. The amount of radioactivity incorporated in the products of 

interest was semi-quantified using a PhosphoImager and the results (expressed as a % of the 

value measured in the untreated control) are presented as histograms under their 

corresponding autoradiograms.
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Figure 3. mmpL3 is an essential gene of M. smegmatis
(a) Evidence for allelic replacement at the mmpL3 locus of M. smegmatis mc2155 in the 

presence of a rescue copy of mmpL3tb expressed from an episomal plasmid. Allelic 

exchange mutants were rescued with the mmpL3tb gene from M. tb expressed from either 

pMVGH1-mmpL3tb, pMVGH1-mmpL3tb-G253E or pSETetR-mmpL3tb. Allelic 

replacement was confirmed by PCR as described under the Methods section. The wild-type 

(WT) 3,752-bp amplification signal is replaced by a 3,358-bp fragment in the rescued 

mutants (r-mut) due to the 1,594-bp NotI deletion in the mmpL3 gene and insertion of a 1.2 

kb-kanamycin resistance cassette. Only the profiles of two mc2155ΔmmpL3/pMVGH1-

mmpL3tb strains are shown here as identical profiles were obtained will all rescued mutant 

forms. See Supplementary Figure 9 for the image of the full uncut gel.

(b) Growth characteristics of wild-type mc2155 (circles) and the conditional mutant, 

mc2155ΔmmpL3/pSETetR-mmpL3tb (squares), in 7H9-OADC-Tween 80 broth containing 

either no inducer (open symbols) or 50 ng ml−1 of anhydro-tetracycline (ATc) (full symbols) 

at 37°C. Reducing ATc concentration in the medium leads to the repression of mmpL3tb in 

the conditional mutant.
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Figure 4. Effect of repressing mmpL3 expression on the mycolic acid content of M. smegmatis.
(a) Analysis of the extractable lipids from wild-type M. smegmatis mc2155 and two 

independent mc2155ΔmmpL3/pSETetR-mmpL3tb conditional mutants (ΔTet-1 and ΔTet-2) 

grown on 7H11-OADC agar in the presence of different concentrations of anhydro-

tetracycline (ATc). Equal amounts of total cellular lipids from wild-type M. smegmatis 

mc2155 and the conditional mutants were run in the solvent system 

[chloroform:methanol:water] (20:4:0.5, by vol.). Left TLC plate: The plate was revealed 

with cupric sulfate to reveal all organic compounds. Right TLC plate: Samples were run 

similarly and the plate sprayed with α-naphthol to more specifically reveal glycolipids. Pink/

purple-stained compounds correspond to glycolipids; yellow/brown-stained compounds 

migrating close to the origin are phospholipids.

The diffuse or doublet bands at the level of TDM and TMM correspond to various forms of 

these glycolipids esterified with different types of mycolic acid chains.

(b) Analysis of the cell wall-bound mycolates from wild-type M. smegmatis mc2155 and a 

mc2155ΔmmpL3/pSETetR-mmpL3tb conditional mutant (ΔTet-1). Cell wall-bound mycolic 

acid methyl esters (MAMEs) prepared from the same amount of wild-type and conditional 

mutant cells and loaded volume to volume are shown. A decrease in MAME content is seen 

in the conditional mutant grown at the lowest concentration of ATc. The TLC was 

developed thrice in the solvent system [n-hexanes:ethyl acetate] (95:5, by vol.) and the 

plates revealed with cupric sulfate. TMM, trehalose monomycolates; TDM, trehalose 

dimycolates; PE, phosphatidylethanolamine; CL, cardiolipin; GPLs, glycopeptidolipids.
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Figure 5. A model for mycolic acid biosynthesis and transport across the inner membrane
Mycolic acid chains are shown in red. DAT, diacyltrehaloses; PAT, polyacyltrehaloses; 

PDIM, phthiocerol dimycocerosates. The trehalose released upon transfer of mycolic acids 

from TMM either onto AG or another molecule of TMM to form TDM is recycled and re-

imported inside the cells by the ABC-transporter SugABC and the lipoprotein LpqY21; 

FbpABC are the mycolyltransferases responsible for the transfer of mycolic acids onto their 

cell envelope acceptors.
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Table 1

AU1235 susceptibilities for drug-susceptible and MDR isolates of M. tb and different other Mycobacterium 

spp.

Mycobacterium species MIC of AU1235 (μg ml−1)

M. tb H37Rv TMC102 0.1

M. tb resistant to STR, INH, RIF, PZA < 0.12

M. tb resistant to STR, INH, RIF, PZA, FQ (isolate # 1) < 0.12

M. tb resistant to STR, INH, RIF, PZA, FQ (isolate # 2) < 0.12

M. tb resistant to EMB, INH, RIF, PZA, FQ < 0.12

M. tb H37Ra ATCC 25177 0.1 – 0.2

M. bovis BCG Pasteur 0.1

M. avium 104 > 12.8

M. smegmatis mc2155 3.2

M. fortuitum ATCC 6841 3.2 – 6.4

M. chelonae ATCC 35752 > 12.8

M. abscessus ATCC 19977 > 12.8

MIC of AU1235 that inhibited 100% of the growth of mycobacteria was determined in 7H9-S-OADC-Tween 80 broth at 37°C as described under 
the Methods section. DMSO was present in the medium at a final concentration of 2%. INH, isoniazid, STR, streptomycin; RIF, rifampicin; PZA, 
pyrazinamide; FQ, fluoroquinolones; EMB, ethambutol.
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Table 2

Effect of expressing the point-mutated mmpL3tb-G253E gene on the susceptibility of M. smegmatis to 

AU1235.

Mycobacterial strain MIC AU1235

M. smegmatis mc2155 3.2

mc2155/pMVGH1 3.2

mc2155/pMVGH1-mmpL3tb 1.6

mc2155/pMVGH1-mmpL3tb-G253E 3.2

mc2155ΔmmpL3/pMVGH1-mmpL3tb 0.4 – 0.8

mc2155ΔmmpL3/pMVGH1-mmpL3tb-G253E 3.2 – 6.4

MIC of AU1235 that inhibited 100% of the growth of M. smegmatis was determined in 7H9-S-OADC-Tween 80 at 37°C as described under the 

Methods section. MIC values are given in μg ml−1.
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