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Abstract

The MmpL family of proteins translocates complex (glyco)lipids and siderophores across the cell 
envelope of mycobacteria and closely related Corynebacteriaceae, and plays important roles in the 
biogenesis of the outer membrane of these organisms. Despite their significance in the physiology 
and virulence of Mycobacterium tuberculosis, and from the perspective of developing novel 
antituberculosis agents, little is known about their structure and mechanism of translocation. In 
this study, the essential mycobacterial mycolic acid transporter, MmpL3, and its ortholog in 
Corynebacterium glutamicum, CmpL1, were investigated as prototypical MmpL proteins to gain 
insight into the transmembrane topology, tertiary and quaternary structures, and functional regions 
of this transporter family. Our combined genetic, biochemical and biophysical studies indicate that 
MmpL3 and CmpL1 are structurally similar to Gram-negative Resistance-Nodulation and Division 
efflux pumps. They harbor twelve transmembrane segments interrupted by two large soluble 
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periplasmic domains, and function as homotrimers to export long-chain (C22-C90) mycolic acids, 
possibly in their acetylated form, esterified to trehalose. The mapping of a number of functional 
residues within the middle region of the transmembrane domain of MmpL3 shows a striking 
overlap with mutations associated with resistance to MmpL3 inhibitors. Our results suggest that 
structurally diverse inhibitors of MmpL3 all target the proton translocation path of the transporter 
and that multi-resistance to these inhibitors is enabled by conformational changes in MmpL3.
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In recent years, the MmpL (mycobacterial membrane proteins, large) proteins have emerged 
as critical players in the building of the cell envelope of mycobacteria and closely related 
Corynebacteriaceae. The MmpL family of proteins is a subset of the Resistance, Nodulation, 
and Division (RND) superfamily of transporters which, in bacteria, archaea and eukaryotes, 
mediate the proton-dependent export of substrates. Accordingly, they share with other RND 
transporters a requirement for the electrochemical proton gradient across the inner 
membrane for activity as well as predicted conserved topological features.1-7 More than 
twenty years of genetic and biochemical studies, combined with the availability of multiple 
crystal structures and computational modeling, have allowed the fundamentals of the 
mechanisms of action, substrate specificity and energetics of prototypical Gram-negative 
RND transporters such as the major multidrug efflux pump AcrB of E. coli to be relatively 
well characterized.8-10

The genome of Mycobacterium tuberculosis (Mtb) encodes 13 MmpL proteins, the 
functions of seven of which have been at least partially established. In comparison, the 
genome of Corynebacterium glutamicum (Cgl) encodes only 4 MmpL-like proteins, referred 
to as CmpLs. Unlike AcrB-type multidrug efflux pumps, the MmpL/CmpL proteins of 
Corynebacteriaceae appear to export endogenous lipophilic molecules rather than exogenous 
ones, and to display a relatively narrow substrate specificity.3-4,11-15 Other than impacting 
the composition of the mycobacterial cell envelope and thus, indirectly, its permeability to 
biocides, the MmpL proteins of Mtb do not seem to play an active role in drug resistance, 
exception made of MmpL5 that participates in the active efflux of clofazimine, bedaquiline 

Belardinelli et al. Page 2

ACS Infect Dis. Author manuscript; available in PMC 2017 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and azole drugs.4,16-21 A decade of functional studies indicate that MmpL proteins have 
specialized in the translocation of physiologically essential and/or biologically active 
secreted and outer membrane (OM) constituents, including (glyco)lipids and 
siderophores.3-4,11-15,22 On the basis of their heme-binding properties in vitro, two MmpL 
proteins, MmpL3 and MmpL11, were further proposed to be involved in a heme-iron 
acquisition system.23-24 The structure of one of the two soluble periplasmic domains of 
MmpL11 was solved 6, a transport mechanism based on dynamics simulation was proposed 
for MmpL5 25 and the use of prediction algorithms yielded different topological models for 
MmpL3 and other MmpL proteins. 5-7,11,13,26 Yet, despite their significance in the 
physiology and virulence of Mtb, and from the perspective of anti-TB drug 
development,5,26-35 no full-size MmpL protein has yet been purified and reconstituted in 
vitro. As a result, the transmembrane topology of no MmpL protein had yet been validated 
experimentally and even basic biochemical properties of these proteins, such as their 
oligomeric state, determinants of substrate specificity, mechanism of translocation and 
putative physical association with other inner membrane, periplasmic and/or OM proteins 
remain to a large extent unknown. In the studies described herein, the essential trehalose 
monomycolate (TMM) transporter, MmpL3, and its ortholog in Cgl, CmpL1 (Ncgl2769), 
were used as prototypes to gain insight into functional aspects of MmpL transporters, and 
lay the mechanistic and structural foundations required for the future rational development 
of novel anti-TB therapeutics targeting this family of transporters.

RESULTS AND DISCUSSION

Quarternary structure of MmpL3 and CmpL1

A characteristic mechanistic feature of the archetypal AcrB transporter from E. coli and 
MexB transporter from Pseudomonas aeruginosa is that these proteins function as obligatory 
homotrimers.8,10 To determine whether MmpL or CmpLs proteins form oligomers, we chose 
MmpL3 and its corynebacterial ortholog, CmpL1 (Ncgl2769; 42% identity; 62% similarity 
to MmpL3 on a 765 amino acid overlap). Both proteins serve an essential function in the 
translocation of long-chain (C22-C38 in Corynebacterium; C60-C90 in Mycobacterium) α-
branched, β-hydroxylated fatty acids known as mycolic acids, which are major constituents 
of the inner and outer leaflets of the OM of Corynebacteriaceae. Importantly, MmpL3 is 
thought to be the target of a number of anti-TB inhibitors under development.5,26-35 MmpL3 
(MW = 101 kDa) and CmpL1 (MW = 83 kDa) which we purified from Cgl cells were 
treated with the amine reactive cross-linker dithiobis(succinimidylpropionate) and the cross-
linked proteins were analyzed by immunoblotting. High molecular weight species (~ 300 
kDa) became apparent with increasing concentrations of the cross-linker suggestive of 
protein oligomerization or formation of stable complexes. Based on electrophoretic 
mobilities, both cross-linked protein samples contained dimeric and trimeric forms that were 
sensitive to the addition of the reducing agent dithiothreitol [Fig. S1a and data not shown]. 
Thus, both MmpL3 and CmpL1 are prone to oligomerization. Further size exclusion 
chromatography analyses indicated that purified CmpL1 is homogeneous and yields a single 
peak with a molecular weight ~ 315 kDa [Fig. S1 a-b] for the protein-detergent complex, 
which is consistent with a trimeric quaternary structure surrounded by a DDM detergent 
corona of 65 kDa.
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Low resolution structure of CmpL1

We next turned to single particle electron microscopy (EM) to delineate the molecular 
envelope of CmpL1. Observations of CmpL1 by negative staining revealed a homogeneous 
distribution of particles ~ 100Å in diameter in various orientations on the EM grid [Fig. 1a]. 
The map shown was calculated from 6,701 particles enforcing a C3 symmetry. The 
autorefine routine stopped at the angular sampling of 3.5 degrees. 2D analysis as well as a 
probabilistic initial 3D model confirmed a trimeric symmetric shape (C3 symmetry) of the 
particles [Fig. 1 b-c]. Refinement of this model imposing C3 symmetry led to the 18Å 
resolution EM map shown in Fig. 2.

A model for the 3D structure of CmpL1 was prepared based on its primary amino acid 
sequence and two top structural homologs, SecDF from Thermus thermophiles and E. coli 
AcrB, using the I-TASSER server [Table S1].36 The modeled structure and its fit to the EM 
envelope are shown in Figure 2 and as a movie [movie S1]. Although several other ab initio 
models were built of CmpL1 using the I-TASSER or Phyre2 servers and all models had 
similar folds of the transmembrane helices, our current model had the advantage of being 
able to fit into the low resolution EM map by simple rigid body displacements of its 
periplasmic domains. The EM envelope exhibited a deep central vestibule with three distinct 
channels and crevasses that afforded facile orientation of the CmpL1 structural model. The 
clear demarcation between each subunit in the EM envelope is consistent with an 
organization of the transmembrane domain as clusters of helices and was exploited to 
reposition the orientations of the two periplasmic domains [thereafter referred to as PN 
(residues 34-173) and PC (residues 392-511) by analogy to the terminology used for AcrB], 
the overall tilt of the transmembrane domain and the disposition of the C-terminal region 
(residues 688-772). The fit of the modeled CmpL1 trimer to the EM envelope was further 
improved by real space refinement that yielded good metrics shown in Table 1.

CmpL1 and MmpL3 structural features

The refined structure for CmpL1 was then used for template-based modeling of the MmpL3 
sequence using I-TASSER and further refined as detailed in the Supporting Methods 
yielding an initial structural model for the MmpL3 protomer [Fig. 3a] and, consequently, of 
its trimeric quaternary structure [Fig. S2]. The two structures are similar and share several 
conserved features. By analogy with AcrB, the trimeric CmpL1/MmpL3 could be divided 
into three domains: the periplasmic “porter” domain, the transmembrane proton 
translocation domain and the C-terminal cytoplasmic domain. The transmembrane domains 
in each subunit of the refined CmpL1/MmpL3 structure are topologically similar to AcrB 
and positioned in a region of density in the EM map that forms a continuous belt of density 
surrounding the CmpL1 trimer, consistent with the expected position of the DDM detergent 
corona. As in the AcrB structure, TMS-1 of one protomer faces TMS-8 of the neighboring 
protomer to encircle a central vestibule. TMS-4 and TMS-10 of CmpL1/MmpL3, which 
contain highly conserved acidic and basic residues [Fig. S3], form the core of each 
transmembrane alpha-helical bundle [Fig. 2]. In AcrB, the corresponding charged residues 
located in TMS-4 and TMS-10, which may be protonated or deprotonated, are essential for 
activity [Fig. 3b and 3c]; they appear to be critical not only for proton uptake but also to 
function as a conformational electrostatic switch that empowers the periplasmic domain to 
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expel substrates.10 The three-fold repeated channels, seen in Fig. 2a, are situated on the 
outer leaflet of the plasma membrane. The central vestibule of the CmpL1/MmpL3 structure 
is accessible both from the cytoplasm and from the periplasmic channels [Fig. 2a]. Although 
the vestibule interior is lined by hydrophobic residues, it may not be filled by lipids, as it is 
accessible to negative staining. The large separation between the transmembrane regions of 
the subunits forms an extensive crevasse and suggests that MmpL3/CmpL1 proteins may be 
able to capture their TMM substrate from the lipid bilayer as well as from the cytoplasm and 
sequester it into the vestibule.

The porter domain in MmpL3 is formed by residues L34 through L173 (PN) and L417 
through S551 (PC) [Fig. 3a]. In AcrB, this domain interfaces with the periplasmic subunit 
AcrA and contains the substrate-binding pocket accessible from the periplasm and the 
cytoplasmic membrane.8-10 The periplasmic PN porter domain in each MmpL3 subunit 
forms an interaction surface with its counterpart in the adjacent protomer that promotes the 
formation of the quaternary structure [Fig. S2]. The reorientation of the PN and PC porter 
domains in order to fill the density in the EM envelope resulted in the formation of a central 
pore bounded by the PN and PC domains and the periplasmic region of TMS-4 and 10, that 
can be seen as a hole in the EM map at high contour levels and as a dimple at lower contour 
levels [Fig. 2a]. MmpL3/CmpL1 lacks the TolC-docking domain of AcrB needed for the 
recruitment of the OM channel TolC. The C-terminal region appears to form a compact 
structure that interacts with the cytoplasmic side of the TM helices and is unique to CmpL1, 
MmpL3 and a few other HAE-2 family RND transporters [Fig. 2a; Fig. 3a; Fig. S2].1

The modeled structures of the MmpL3 PN and PC periplasmic regions were structurally 
similar and superimposed with an RMS = 3.05Å, while the structure of the equivalent 
MmpL11 PC fragment (PDB ID: 4Y0L),6 homologous to the MmpL3 PC region, displayed 
the same topological fold as those predicted for the PN and PC regions of our model. The 
helical axis of TMS-11 is approximately parallel to the 3-fold axis of the MmpL3 trimer 
[Fig. 3a] and has a length of 33Å based on Cα carbons. This length is similar to that of TMS 
that span the transmembrane region in AcrB and SecDF. The estimated heights of the 
periplasmic and cytoplasmic regions of MmpL3 are 35Å and 25Å, respectively, when 
defined as cross-sections perpendicular to the 3-fold axis in the MmpL3 model [Fig. 2 and 
Fig. 3a].

Model validation

The main approach used here to experimentally validate the topology of MmpL3 in intact 
cells has consisted of introducing cysteine residues into a recombinant MmpL3 protein 
expressed in Cgl and determining their accessibility to the fluorescent thiol-reactive probe, 
fluorescein-5-maleimide (FM). FM has been reported to permeate both the outer and inner 
membranes and to label Cys residues exposed to an aqueous solution but not embedded in a 
membrane.37 Cgl was chosen as an expression system for these experiments as it possesses a 
cell envelope structurally and functionally similar to that of mycobacteria and prior attempts 
to express mmpL3 in E. coli and Mycobacterium smegmatis (Msmg) resulted in lower 
production yields. Because MmpL3 contains four intrinsic Cys (C24; C216; C332; and 
C730), we first constructed by site-directed mutagenesis a triple cysteine MmpL3 mutant 
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(ΔCys-MmpL3) in which C24, C332 and C730 were replaced by serine residues. When 
expressed in Cgl, ΔCys-MmpL3 did not react with FM indicating that the remaining C216 
residue of MmpL3, most likely due to its localization in TMS-3, may not need to be mutated 
since it does not generate any background signal [Fig. 4a]. Importantly, the ability of ΔCys-
mmpL3 expressed from the mycobacterial expression plasmid pMVGH1 to rescue the 
growth of an mmpL3 null mutant of Msmg indicated that this variant had retained an active 
conformation (see functional studies further in the text). Cys residues were introduced at 30 
different positions of the predicted transmembrane domains of ΔCys-MmpL3 and in the 
loops bracketing these domains [Fig. S3], and the resulting mutants were produced as Strep-
tagged proteins in the Cgl strain LY108.4 Upon labeling of the recombinant strains with the 
fluorescent probe FM, the ΔCys-MmpL3 variants were purified to confirm expression [Fig. 
S3a] and determine their labeling status [Fig. 4b]. All six extracellular loops were confirmed 
by labeling at least one Cys residue located in the predicted loop [Fig. 3a; Fig. S3b]. The 
periplasmic localization of the two large soluble loops (PN and PC) and cytoplasmic 
localization of the C-terminus of MmpL3 in their natural mycobacterial environment was 
further confirmed by expressing three MmpL3-GFP fusions, one in each of the two large 
soluble loops and one at the C-terminal end of the Msmg MmpL3 protein, in Msmg using 
the reporter plasmids pJB(−) and JB(+) [Fig. 4c; Fig. S3b].14 Altogether, our topology 
studies thus support the MmpL3 model shown in Fig. 3.

Identification of functional residues in MmpL3

To identify potential functional residues in MmpL3, sequence alignments of the entire 
MmpL3 protein were first conducted against the NCBI database, Gram-negative and Gram-
positive RND transporters, and the mycolyltransferases encoded by fbpA, fbpB and fbpC 
with which MmpL3 is expected to share the ability to bind trehalose and/or mycolic acyl 
chains. This analysis produced limited meaningful alignments outside RND transporters. 
Expectedly, MmpL3 was most similar to other Mtb MmpL proteins. Conserved residues are 
located for the most part in TMS domains [Fig. S4]. Most striking is the conservation of 
charged residues in TMS-4, TMS-10 and TMS-12 of all MmpL proteins: D251, D640, D710 
and R715 in MmpL3.7,18,25,38 The location of these residues suggests that they may be the 
functional analogs of the AcrB D407, D408 (TMS-4) and K940, R971 (TMS-10) residues 
required for proton translocation and conformational changes.10 R259 located in TMS-4 is 
also conserved [Fig. S4]. Also worth noting is the conservation among MmpL proteins of a 
proline residue in TMS-6 (P330 in MmpL3) [Fig. S4] and the presence of two additional, 
albeit non-conserved, prolines in TMS-7 of MmpL3 (P402 and P413). Proline residues in 
the TMS of various transporters have been previously implicated in functionally significant 
conformational transitions.39-40

To assess whether any of these conserved MmpL residues were important for the function of 
MmpL3, we mutated them by site-directed mutagenesis and analyzed the ability of the 
different MmpL3 mutants to rescue the viability of an Msmg mmpL3 knock-out mutant 
(MsmgΔmmpL3), indicative of active TMM export. Inability to disrupt mmpL3 in Msmg in 
the presence of some mutated copies of MmpL3 from Mtb indicates, on the contrary, that the 
activities of these mutated forms of the transporter are not sufficient to sustain growth. In 
addition to the MmpL3 variants mutated in the charged residues and proline residues 
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described above, the Cys-mutated ΔCys-MmpL3 variants used in our topology studies and 
an additional 20 Cys-mutated variants selected to probe the various cytoplasmic and 
periplasmic loops of the transporter [Fig. S3b] were tested for activity in Msmg (a total of 59 
Cys-mutated variants tested). That all MmpL3 variants were produced in Msmg was verified 
by immunoblotting using rabbit polyclonal antibodies raised against the soluble C-terminal 
domain of MmpL3 [Fig. 5a]. Most mutants were produced at comparable if not greater 
levels than the control, ΔCys-MmpL3, with the exception of S288T, S288C, Q304C, D550C, 
S691C, whose expression levels were 40 to 60% less [Fig. 5a].

Of all the mmpL3 mutants tested, seven failed to rescue the growth of MsmgΔmmpL3 
despite three independent attempts at 30 and 37°C: D251C; S288C; G543C; D640C; 
Y641C; D710C; R715C. Five of these mutants correspond to the conserved charged (or 
immediately adjacent) TMS-4, TMS-10 and TMS-12 residues D251, D640, Y641, D710 and 
R715 [Fig. 3b-c and Fig. S4] thought to be involved in proton translocation and 
conformational changes. In the MmpL3 model, all of these residues are co-localized in the 
core of the transmembrane domain and likely to be functionally linked by forming a putative 
“proton relay” site. The sixth inactive mutation, S288C, is located in TMS-5 and co-
localizes in the MmpL3 model with the same putative “proton relay” site [Fig. 3a]. S288 is 
highly conserved among MmpL proteins [Fig. S4] and its functional significance is likely 
related to that of other residues at this site. Interestingly, a missense mutation changing S288 
to a threonine was associated with high-level indolecarboxamide and adamantyl urea 
resistance in Mtb.33 The fact that a S288T mutant was able to rescue the viability of 
MsmgΔmmpL3 whereas the S288C mutant was not [Fig. 5] indicates that an oxygen to 
sulfur change at this position of MmpL3 dramatically reduces activity. In line with these 
observations, mutations in other residues located in the proposed proton relay site [G253 in 
TMS-4] or proximal to that site [the conserved R259 TMS-4 residue mentioned above and 
the MmpL-conserved T675 residue in TMS-11], while capable to rescuing the viability of 
MsmgΔmmpL3, significantly reduced MmpL3 activity based on growth on 7H11 agar and 
mycolic acid transfer to arabinogalactan [Fig. 5].

The seventh inactive mutant, G543C, is located on the modeled interface between PN and 
PC of the porter domain [Fig. S2]. G543 is also highly conserved among MmpL proteins 
[Fig. S4]. Interestingly, the Cys substitution of another highly conserved residue located in 
the same region, D550, also significantly reduced the activity of MmpL3 [Fig. 5b-c]. In the 
model, D550 lines the channel’s entrance [Fig. S2]. Thus, both G543C and D550C are likely 
to affect the same functionally important interface between the two large periplasmic loops, 
possibly reducing the channel’s activity.

Other mutations that significantly reduced MmpL3 activity included Q304 (periplasmic loop 
between TMS-5 and TMS-6) which points into the vestibule and lines the pore, and both 
P625 (periplasmic loop between TMS-9 and TMS-10) and S691 (periplasmic loop between 
TMS-11 and TMS-12; MmpL-conserved) which also line the pore [Fig. 3a]. The P330C, 
P402C and P413C mutants were functional and restored wild-type growth in 
MsmgΔmmpL3 indicating that these Pro residues do not play a critical role in substrate 
export.
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To finally determine whether mutations affecting the activity of MmpL3 had any impact on 
the susceptibility of Msmg to drugs affecting cell wall synthesis or other processes, our 
entire collection of Msmg strains expressing Cys-mutated ΔCys-MmpL3 variants was tested 
for susceptibility to penicillins, isoniazid, ciprofloxacin and rifampicin. While most of the 
mutants tested showed no significant differences in MICs relative to their control parent, the 
S288T, D550C and S691C mutants shown in Fig. 5 b-c displayed four- to eight-fold 
increased susceptibilities to penicillins and rifampicin [Table S2] suggestive of the increased 
permeability of their cell envelope to these drugs and/or of the hypersusceptibility of these 
mutants to drugs affecting cell wall biosynthetic processes. The same three mutants 
displayed, in contrast, parental susceptibility to isoniazid and ciprofloxacin [Table S2].

The C-terminal domain of MmpL3 is not essential for activity

The cytoplasmic C-terminal domain of MmpL3 was proposed to mediate the subcellular 
localization of MmpL3 at the poles and septa of dividing Msmg cells where the de novo 
biosynthesis of mycolic acids and peptidoglycan is thought to occur.41 To determine whether 
the soluble C-terminal segment of MmpL3 from Mtb was required for growth, seven C-
terminally truncated versions of MmpL3 terminating the protein at residues 915, 859, 777, 
762, 750, 744 and 721 were cloned in the mycobacterial expression plasmid pMVGH1 and 
tested for their ability to rescue the growth of MsmgΔmmpL3. All truncated versions of 
MmpL3 were functional and restored wild-type growth in the complemented mutants, with 
the exception of the shorter one interrupting the protein at residue 721 (located in TMS-12) 
which failed to express in Msmg. Thus, the C-terminal domain of MmpL3 is apparently not 
essential to the activity of the transporter or cell division/cell growth.

Chemical modification of cysteines identifies the periplasmic functional site of MmpL3

As a complementary approach to the functional assessment of the MmpL3 mutants in 
Msmg, we tested whether the replacement of amino acid residues by cysteines rendered 
MmpL3 susceptible to inhibition by thiol-reactive agents. To this end, MsmgΔmmpL3 
strains expressing all of the functional ΔCys-mmpL3 mutants described above were tested 
for susceptibility to the sulfhydryl-reactive agents, ebselen and 2-sulfonatoethyl 
methanethiosulfonate (MTSES). While the treatment of MsmgΔmmpL3 cells expressing the 
parent ΔCys-MmpL3 protein with ebselen had no effect on growth at concentrations up to 
40 μg/ml, the addition of 10 μg/ml ebselen to cells producing ΔCys-MmpL3 with Cys 
substitutions at positions Q40, Y235, and P625 reproducibly inhibited growth. Likewise, 
incubation with MTSES (512 μg/ml) inhibited the growth of cells producing ΔCys-MmpL3 
variants with Cys substitutions at positions P625 and V694 (greater than 4-fold increase in 
susceptibility relative to the parent strain). The amino acid residues identified through this 
approach map to various periplasmic regions of MmpL3 (Q40 at the subunit interface in PN; 
Y235 between TMS-3 and TMS-4; P625 between TMS-9 and TMS-10; V694 between 
TMS-11 and TMS-12) [Fig. 3a], vicinal to the pore identified in CmpL1. That growth 
inhibition in these mutants was caused by the loss of activity of MmpL3 was verified by 
analyzing mycolic acid transfer to outer membrane lipids in the treated cells upon metabolic 
labeling with [1,2-14C]acetic acid. In all cases, a build-up in TMM that accompanied a 
decrease in TDM formation was observed [Fig. S5]. That the proposed role of MmpL3 in 
heme-iron import contributes to growth defect is unlikely given the ability of the Msmg 
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recombinant strains used herein to produce siderophores and, thus, to use the ferric ion 
present in the different culture media.23-24

Collectively, our functional studies show that functionally important residues of MmpL3 are 
clustered into three sites: the central region of the transmembrane segments, the interface 
between the transmembrane and the porter domains vicinal to the pore structure, and the 
interface between the PN and PC loops of the porter domain that includes the channel 
feature. The transmembrane site is very extensive and, in addition to TMS-4 and TMS-10, 
also includes residues from TMS-12. It is unlikely that all of these residues contribute to 
proton translocation but they could also be essential for proton-driven conformational 
changes in the transporter. Alternatively, these residues line the large shared substrate-proton 
binding pocket. The interface between the transmembrane and the porter domain could be 
important for communicating conformational changes between the two domains.

TmaT acetylation is required for the export of TMM in mycobacteria

A recent study suggested that the acetylation of TMM by the Cgl acetyltransferase TmaT 
may be a prerequisite for the export of TMM in this species.42 TMM acetylation would 
follow the transfer of mycolic acids onto trehalose by Pks13 43 and, perhaps, serve as a 
signal for export by MmpL3 or another component of the mycolic acid translocation 
machinery. Whether acetylation is required for TMM export in mycobacteria was not 
known. To address this question, we generated a conditional tmaT (MSMEG_0319) knock-
down of Msmg [Fig. 6a] and analyzed the effect of silencing this gene on bacterial growth 
and cell envelope biogenesis. MSMEG_0319 displays 41% identity (53% similarity) with 
the Cgl TmaT enzyme, and 74% identity (81% similarity) with Mtb TmaT (Rv0228) whose 
encoding gene was predicted to be essential based on saturation transposon mutagenesis.44 

Growth of MsmgΔtmaT/pSETet-tmaT in the absence of ATc where the expression of tmaT 
is lost led to cell death clearly indicating that this gene is essential for growth [Fig. 6b]. An 
ATc concentration-dependent reduction in TDM synthesis and mycolic acid transfer onto 
cell wall arabinogalactan that accompanied an accumulation of TMM followed tmaT 
silencing [Fig. 6c]. These effects were not observed in the control strain (Msmg/pSETet-
tmaT) [Fig. 6c] and are reminiscent of those caused by the silencing of mmpL3.27 In 
conclusion, similar to the situation in Cgl, tmaT silencing impacts TMM export in 
mycobacteria. However, in contrast to the situation in Cgl where tmaT inactivation only 
partially inhibits trehalose dicorynomycolates formation and does not significantly affect the 
transfer of mycolates to arabinogalactan 42, tmaT silencing in Msmg had a much more 
drastic effect on the cells, abolishing both the transfer of mycolic acids onto cell wall 
arabinogalactan and TDM formation, and resulting in cell death. The fact that two CmpL 
transporters (CmpL1 and CmpL4) participate in the export of TMM in Cgl 4,11 - one of 
which may translocate non-acetylated TMM - while only MmpL3 carries out this function in 
Msmg, may account for the different impact of silencing tmaT in the two species.

Resistance to MmpL3 inhibitors localizes to the putative proton path of MmpL3

Several chemical scaffolds were reported to inhibit Mtb growth through the inhibition of 
MmpL3. Resistance mutations were specifically mapped to MmpL3 and, in some cases, the 
same mutations enabled resistance to different classes of inhibitors.26-34 For example, 
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missense mutations changing S288 to a threonine were associated with high-level 
indolecarboxamide and adamantyl urea resistance in Mtb.33 In the MmpL3 model, 
frequently encountered resistance mutations cluster in the middle of the transmembrane 
domain and spatially overlap with functional residues [Fig. 7]. Resistance mutation L189R 
maps to TMS-2, L215S to TMS-3, G253E to TMS-4, S288T to TMS-5, T311I to TMS-6, 
S591I to TMS-9, F644I/L to TMS-10, V684A/G to TMS-11, and A700T to TMS-12. In 
most cases, these mutations significantly change the size or the polarity of amino acid side 
chains and, therefore, are likely to impact the packing of the TMS helices including that of 
the molecular architecture of the functional residues. These results suggest that the inhibitors 
might target the proton relay site of MmpL3 and that the conformational changes at this site 
enable resistance. Continued transport activity in face of such conformational changes 
suggests plasticity in the substrate/proton translocation mechanism.

CONCLUSIONS

The studies described herein significantly advance our understanding of the structure and 
mechanism of translocation of HAE2 family proteins in Corynebacteriaceae. The negative 
staining electron microscopy map of CmpL1 validated the essential structural features of the 
ab initio sequence-derived model for CmpL1 and delineated a molecular architecture that 
resembles, in overall size and shape, the prototypical Gram-negative RND transporters. A 
number of critical functional residues were identified that map to the middle of the 
transmembrane helices of the transporter where resistance mutations to MmpL3 inhibitors 
have been reported. These regions of MmpL3 thus define areas of susceptibility to chemical 
inhibition that may further be exploited in the process of inhibitor screening and 
optimization. Importantly, the nature and location of the resistance mutations point to 
conformational changes as being the likely mechanism through which mutations may 
prevent inhibitors from accessing their binding site on MmpL3, and provide the first 
plausible explanation as to how the same mutation may confer resistance to multiple 
chemical scaffolds. More studies are in progress in our laboratories to validate the specific 
role of these functional residues and resistance mutations, and map the (Ac)TMM-binding 
site.

Another critical question that remains to be addressed is that of the extent of (Ac)TMM 
translocation mediated by MmpL3 and, in particular, whether this transporter captures its 
substrate from the periplasmic and/or the cytoplasmic face of the plasma membrane. Our 
results suggest a putative substrate/proton translocation path within the transporter 
implicating a periplasmic pore structure and spanning from the transmembrane to the 
periplasmic porter domain. The existence of a potential transmembrane transport tunnel 
linking the cytoplasm with the periplasm in MmpL proteins was also supported by 
molecular dynamical simulations from an ab initio modeled MmpL5 structure.25 Such a 
pathway is consistent with what is known of the mechanism of translocation of HAE1 RND 
transporters that capture their substrates from both sides of the plasma membrane. Our 
observation that the last acylation steps of the substrates of MmpL10 (i.e., di- and penta-
acyltrehaloses) occur on the periplasmic face of the plasma membrane,14 suggest that MmpL 
proteins may be able to capture their substrates from the outer leaflet of the plasma 
membrane, and thus participate in the intermembrane transport of (glyco)lipids across the 
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periplasm, in addition to translocating them across the plasma membrane. If this is the case, 
however, CmpL1/MmpL3, similar to HAE1 RND efflux pumps, would have to function with 
other periplasmic adapters, OM proteins and, perhaps, inner membrane transporters to bring 
(Ac)TMM to the cell surface as their overall length (100Å of which an estimated 35Å 
extends in periplasmic space) is not compatible with a direct delivery of their substrates to 
the OM (the thickness of the mycobacterial/corynebacterial cell envelope is in the range of ~ 
35-40 nm).45-46 Studies on the export of sulfolipids,47 phthiocerol dimycocerosates16,48, 
glycopeptidolipids49-50 and siderophores 13 in fact concur to support the existence of such 
additional transporters. Their definition and functional characterization represents an 
exciting field of study that awaits further investigations.

METHODS

Expression and purification of WT and mutated MmpL3 and CmpL1 proteins in Cgl - Cgl 
cmpL1

WT and the Mtb MmpL3 Cys-mutated variants used in topology determination were 
expressed in Cgl ATCC 13032 from the multicopy IPTG-inducible expression plasmid 
pAN6, in-frame with the eight amino acid sequence of StrepTag-II.51 The C-terminally 
truncated and point-mutated Mtb MmpL3 genes used in functional and topology studies 
were generated using standard PCR and two-step PCR overlap methods, respectively. For 
functional studies, the MmpL3 mutants were expressed from the mycobacterial replicative 
plasmid, pMVGH1, under control of the hsp60 promoter,27 and analyzed for their ability to 
rescue the viability of an Msmg mmpL3 knock-out mutant (MsmgΔmmpL3), indicative of 
active TMM export. See Supplementary Methods in the Supporting Information for details.

Transmembrane topology mapping of MmpL3

Membrane fractions prepared from IPTG-induced Cgl LY108 cells 4 harboring pAN6 
expression plasmids were treated with fluorescein-5-maleimide and the reaction was 
terminated by addition of DTT. MmpL3 Cys-mutated variants were then purified by anti-
Strep affinity chromatography from the membrane fractions prior to separation by SDS-
PAGE. The fluorescence was measured using StormTM (GE Healthcare) and protein 
amounts visualized by silver nitrate staining. The subcellular localization of the soluble 
loops and C-terminal domain of the Msmg MmpL3 protein (MSMEG_0250) expressed in 
Msmg, was further investigated by generating MmpL3-GFP fusions in the expression 
plasmids pJB(−) and JB(+) as described.14 See Supporting Information for details.

Structural modeling

I-TASSER 52 was used to prepare a model for the 3D structure of CmpL1 based on its 
primary amino acid sequence and the trimeric quaternary structure of CmpL1 was next built 
using the AcrB structure (PDB ID: 3D9B) as detailed in the Supplementary Methods.

Construction of a MSMEG_0319 knock-down mutant of Msmg

A conditional knock-down of Msmg expressing MSMEG_0319 (tmaT) under control of an 
anhydro-tetracycline-inducible promoter from plasmid pSETetR was generated by 
homologous recombination as described.27 See Supporting Information for details.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Negative staining electron microscopy of CmpL1
(a) Field of view showing purified CmpL1 particles negatively stained with uranyl formate. 

(b) Representative two-dimensional class averages of particles at different orientations. (c) 
Ab initio 3D reconstruction of CmpL1 contoured at high relative density to emphasize 
structural features.
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Figure 2. Superposition of the refined CmpL1 modeled structure onto the 3D negative staining 
EM maps
CmpL1 subunits are colored cyan, green and red to render them distinguishable. From left to 

right, the images in panels (a) and (b) are shown rotated by 90° relative to horizontal plane 
with view either parallel or perpendicular to the 3-fold rotation axis.

(a) Reconstructed CmpL1 3D EM map with surface contoured at a relative level = 3, with 
refined CmpL1 structure depicted by its secondary structure elements. The EM map is 
shown as semi-transparent. The vestibule region in the CmpL1 trimer is marked by a star in 

the right panel (a), while P designates the pore structure located between the TM helices and 
the periplasmic domain of a subunit; ▲ locates the subunit interface region which forms a 

crevasse on the inner leaflet side and leads into the vestibule, and C designates a channel 

leading from the outer leaflet into the vestibule. The vertical lettering P, TM, and C on the 
left hand side of the upper initial figure corresponds to the periplasmic region of CmpL1, its 
transmembrane region and the cytoplasmic accessible side, respectively.

(b) The corresponding images of the refined CmpL1 structure used to fit the EM map.
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Figure 3. Structural model for the MmpL3 transporter
(a) Model showing the secondary structure elements of the MmpL3 subunit derived by 
threading the MmpL3 amino acid sequence onto the CmpL1 structural template using I-
TASSER. Residue side chains whose mutations to Cys residues were accessible to the 
fluorescein-5-maleimide (FM) probe are shown in pink, while inaccessible residues are 

shown in blue. The letters TM, P and C on the left hand side refer to the transmembrane 
region, periplasmic and cytoplasmic accessible side of MmpL3, respectively. The TM 
helices are color coded to improve visibility. From left to right TMS-7 (orange), TMS-9 
(gray), TMS-8 (violet purple), TMS-10 (pink), TMS-12 (bright orange), TMS-11 (violet), 
TMS-5 (pale cyan), TMS-4 (marine), TMS-6 (green), TMS-2 (red), TMS-3 (wheat) and 
TMS-1 (cyan). The periplasmic domains PN (34-173) and PC (417-551) are colored deep 
salmon and cyan, respectively. The C-terminal region (729-944) is colored purple. Residues 
lettered red, namely V105 and V694, situated in the periplasmic region of MmpL3 and 
whose Cys mutations were inaccessible to FM were not solvent accessible in the MmpL3 
model which may preclude their accessibility to the probe. The pore region is circled in 
black and encompasses probe accessible Cys mutant residues Y235, Q304, L615, P625, and 
S691.

(b) The region, circled in red in (a), encompasses residues whose Cys mutations resulted in 
significant reduction in transport activity, shown in green, and residues whose Cys mutation 
abolished transport activity, colored yellow.

(c) The image is the same as in (b) with view rotated 90° and looking down from the 

cytoplasmic side. In (b) and (c), only the helices which contributed the side chains affecting 
transport activity are colored: TMS-10 (pink), TMS-12 (bright orange), TMS-5 (pale cyan), 
TMS-4 (marine); TMS-11 (violet).
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Figure 4. Transmembrane topology of MmpL3
(a) FM labeling of Cgl LY108 cells harboring either an empty pAN6 plasmid, or expressing 
WT Mtb MmpL3 (WT) or variants of this protein in which one or more of the endogenous 
Cys residues (C24, C332 and C730) were mutated to serine.

(b) Accessibility of the Cys-substituted ΔCys-MmpL3 variants to modification with the 
thiol-reactive fluorescent probe, FM. Cgl cells harboring expression plasmids encoding the 
indicated ΔCys-MmpL3 variants were induced with IPTG and membrane fractions were 
isolated as described in the Supplementary Methods. Upon labeling with FM, the reactions 
were quenched with DTT, membrane proteins solubilized with detergent and the ΔCys-
MmpL3 variants were purified by affinity chromatography. Fractions containing the eluted 
proteins were separated by 8% SDS-PAGE and fluorescence quantified using a Storm 
Imager and ImageJ software. The ΔCys-MmpL3 variant harboring the A845C substitution in 
the cytoplasmic C-terminal domain was highly accessible to FM modification and was used 
as a positive control in all experiments. The fluorescence intensity of each of the ΔCys-
MmpL3 variants was expressed relative to the fluorescence intensity of the ΔCys-MmpL3 
mutant harboring the A845C substitution arbitrarily set to 100%.

(c) Subcellular localization of the two large soluble loops and C-terminal end of MmpL3 in 
M. smegmatis (Msmg). Inframe 3’fusions between residues 171 (loop 1), 563 (loop 2) or 
1013 (C-term) (of MmpL3 and GFP were generated in pJB(−) and JB(+) as described in the 
Supplementary Methods section. Left panel: Fluorescence intensities were normalized to the 
OD600 of the cultures. The differences in fluorescence intensities between Msmg pJB(−)/
(+)mmpL3-171, pJB(−)/(+)mmpL3-563 and pJB(−)/(+)mmpL3-1013 transformants were 
statistically significant per Student’s t-test (p < 0.05) and confirmed the periplasmic location 
of the two large soluble loops of MmpL3 and the cytosolic location of its C-terminal 
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domain. Right panel: SDS-PAGE analysis of the C-ter GFP-tagged MmpL3 protein (fused to 
GFP at residue 1013). Fluorescent MmpL3-GFP was detected by PhosphorImager. A 
fluorescent band is visible at the expected size (~ 140 KDa) by superimposing the 
PhosphorImager image with the Coomassie blue-stained gel.

Belardinelli et al. Page 20

ACS Infect Dis. Author manuscript; available in PMC 2017 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Functional analysis of MmpL3 mutants in M. smegmatis
(a) Western blot analysis of fifteen MmpL3 mutants expressed in M. smegmatis (Msmg). 
The top gel shows the Cys-mutated ΔCys-MmpL3 variants capable of rescuing the viability 
of MsmgΔmmpL3 albeit with a reduced transport activity. The lower gel carries the MmpL3 
variants whose transport activity is either abolished or reduced below the level required to 
rescue the viability of the knock-out mutant. Total protein extracts were prepared from 
Msmg expressing ΔCys-MmpL3 (ΔCys) or the Cys-mutated ΔCys-MmpL3 variants 
[D251C; G253C; R259C; S288C; S288T; Q304C; G543C; D550C; P625C; D640C; Y641C; 
T675C; S691C; D710C; and R715C] from pMVGH1; 30 μg of total protein extracts from 
each strain were separated by SDS-PAGE and analyzed by immunoblot using a rabbit 
polyclonal antibody directed to the C-terminal soluble domain of the MmpL3 protein from 
Mtb. This antibody does not react with the endogenous MmpL3 protein from WT Msmg 
mc2155 (not shown).

(b) Growth of MsmgΔmmpL3 expressing either the parent ΔCys-MmpL3 or the eight Cys-

mutated ΔCys-MmpL3 variants shown in (a) (top gel) on 7H11-ADC agar after six days of 
incubation at 37°C.

(c) MmpL3 activity of the rescued Msmg mutants shown in (b). The [1,2-14C-acetate]-
derived cell wall-bound mycolic acids prepared from the same biomass of each of the strains 
were quantified by scintillation counting. Reduced MmpL3 activity results in a decrease in 
mycolic acid transfer to arabinogalactan. Shown are the means and standard deviations of 
two independent metabolic labeling experiments. Results are expressed as percentages of 
[14C]-labeled cell wall-bound mycolic acids in the mutants relative to the ΔCys-MmpL3 
parent strain (arbitrarily set to 100%).
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Figure 6. Effect of silencing tmaT on Msmg growth and mycolic acid export
(a) Allelic replacement at the tmaT locus of Msmg rescued with WT tmaT expressed from 
pSETetR under control of an ATc-inducible (TET-ON) promoter was confirmed by PCR in 
two independent clones. PCR fragments were digested with EcoRI. The WT 3.7-Kb 
amplification signal is replaced by three ~ 1.2 Kb fragments in the mutants due to the 
replacement of the tmaT ORF by a 1.2 kb- kanamycin resistance cassette (harboring two 
EcoRI restriction sites).

(b) Growth of the MsmgΔtmaT/pSETet-tmaT conditional knock-down strain on 7H11-ADC 
plates in the presence of different concentrations of ATc. TmaT is essential for growth in 
Msmg.
(c) Effect of silencing tmaT on mycolic acid export. Total [1,2-14C-acetate]-derived lipids 
and cell wall-bound mycolates from the conditional knock-down (MsmgΔtmaT/pSETet-
tmaT) and control strain (Msmg/pSETet-tmaT) grown in the presence of different 
concentrations of ATc were analyzed by TLC in the solvent systems (CHCl3:CH3OH:H2O; 
20:4:0.5, by vol.) for total lipids, and (n-hexane:ethyl acetate; 95:5, by vol.) for mycolic acid 
methyl esters (MAMEs). For lipid analysis, the same total counts (10,000 dpm) for each 
sample was loaded per lane. The amount of radioactivity incorporated in TMM and TDM in 
the conditional knock-down was semi-quantified using a PhosphoImager and the results, 
expressed as TMM/TDM ratios, are presented alongside the autoradiogram. For cell wall-
bound mycolic acid analysis, samples were loaded volume to volume. ATc concentration 
does not impact the transfer of mycolic acids onto cell wall arabinogalactan or TDM in the 
control strain, Msmg/pSETet-tmaT.
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Figure 7. Stereo image showing resistance mutations in MmpL3 superimposed on the MmpL3 
model displaying the functional mutations located in the transmembrane region as shown in Fig. 
3b
The position of frequently encountered resistance mutations to one or more MmpL3 
inhibitors are shown as red spheres centered on the Cα atom of the native MmpL3 residue. 
These residues map to transmembrane helices. Residues whose mutations to Cys resulted in 
significant reduction in transport activity are shown in green and those whose Cys mutation 
abolished transport activity are colored yellow.
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Table 1

Real-space refinement of CmpL1 model against the EM envelope.

Metric

Resolution of EM map 16-20Å

Map CC 
a 0.742

rmsd (bonds): 0.01Å

rmsd (angles): 2.10°

All-atom clashscore b 34.4

Ramachandran plot:

  outliers: 1.17 %

  allowed: 24.81 %

  favored: 74.03 %

Rotamer outliers: 2.58 %

C-beta deviations: 9

a
Correlation coefficient between map density and atomic coordinates of model

b
calculated as 1000 * (number of bad overlaps) / (number of atoms)
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