THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 33, pp. 24213-24222, August 16, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

MmpL11 Protein Transports Mycolic Acid-containing Lipids
to the Mycobacterial Cell Wall and Contributes to Biofilm
Formation in Mycobacterium smegmatis™

Received for publication, April 5, 2013, and in revised form, June 27,2013 Published, JBC Papers in Press, July 8, 2013, DOI 10.1074/jbc.M113.473371

Sophia A. Pacheco’, Fong-Fu Hsu®, Katelyn M. Powers*, and Georgiana E. Purdy*'

From the *Department of Molecular Microbiology and Immunology, Oregon Health and Sciences University, Portland, Oregon
97239 and the Mass Spectrometry Resource, Division of Endocrinology, Diabetes, Metabolism, and Lipid Research, Department of
Internal Medicine, Washington University School of Medicine, St. Louis, Missouri 63110

virulence.

\_

(Background: The role of the MmpL11 transporter in mycobacteria is not understood.
Results: Mycobacterium smegmatis mmpL11 mutants accumulate mycolic acid precursors and fail to transport monomeromy-
colyl diacylglycerol and mycolate ester wax to the bacterial surface.
Conclusion: MmpL11 contributes to mycobacterial cell wall biosynthesis.
Significance: MmpL11 plays a conserved role in mycobacterial cell wall biogenesis that is important for M. tuberculosis
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A growing body of evidence indicates that MmpL (mycobac-
terial membrane protein large) transporters are dedicated to cell
wall biosynthesis and transport mycobacterial lipids. How
MmpL transporters function and the identities of their sub-
strates have not been fully elucidated. We report the character-
ization of Mycobacterium smegmatis MmpL11l. We showed
previously that M. smegmatis lacking MmpL11 has reduced
membrane permeability that results in resistance to host anti-
microbial peptides. We report herein the further characteriza-
tion of the M. smegmatis mmpL11 mutant and identification of
the MmpL11 substrates. We found that biofilm formation by the
M. smegmatis mmpL11 mutant was distinct from that by wild-
type M. smegmatis. Analysis of cell wall lipids revealed that the
mmpL11 mutant failed to export the mycolic acid-containing
lipids monomeromycolyl diacylglycerol and mycolate ester wax
to the bacterial surface. In addition, analysis of total lipids indi-
cated that the mycolic acid-containing precursor molecule
mycolyl phospholipid accumulated in the mmpLll mutant
compared with wild-type mycobacteria. MmpL11 is encoded at
a chromosomal locus that is conserved across pathogenic and
nonpathogenic mycobacteria. Phenotypes of the M. smegmatis
mmpLl1l mutant are complemented by the expression of
M. smegmatis or M. tuberculosis MmpL11, suggesting that
MmpL11 plays a conserved role in mycobacterial cell wall
biogenesis.

Tuberculosis infections are one of the leading causes of death
due to infectious disease. The World Health Organization esti-
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mates that Mycobacterium tuberculosis infects one-third of the
world population, and 8 million new cases of tuberculosis are
reported annually (1). The mycobacterial cell wall plays a cru-
cial role in mycobacterial intrinsic resistance to external
stresses and antibiotics. Cell wall lipids contribute to mycobac-
terial biofilm formation and have immunomodulatory proper-
ties that are essential to the infectious strategy of pathogenic
mycobacteria. The composition and architecture of the myco-
bacterial cell wall are unique. The outer membrane contains an
inner leaflet of very long chain mycolic acids, covalently bound
to the arabinogalactan-peptidoglycan layer, and an outer leaflet
composed of noncovalently associated lipids such as trehalose
6,6'-dimycolate (TDM),> glycopeptidolipids (GPLs), phthioc-
erol dimycocerosate (PDIM), and sulfolipids (2, 3). Mycolic
acids are B-hydroxyl fatty acids with an «-alkyl side chain and
require the fatty acid synthase systems FAS-I and FAS-II and
the polyketide synthase Pks13 for synthesis (4). The resulting
mycolic acid is transferred as trehalose monomycolate (TMM)
to the outer leaflet of the bacterium, where it is a precursor for
mycolyl arabinogalactan and TDM. Although mycolic acid side
chains differ in length and oxygenation between mycobacterial
species (5), heterologous expression of core enzymes demon-
strates that their biosynthesis is largely conserved between
M. tuberculosis and the fast-growing nonpathogenic species
M. smegmatis (6 —8).

Microbial biofilms are defined as communities of microor-
ganisms that range from surface-attached colonies to well
developed pellicles formed at the air-liquid interface (9). Bacte-
ria within biofilm communities are typically associated with a
complex architecture of extracellular material that contains
secreted molecules such as polysaccharides, lipids, proteins,
and DNA. This matrix provides a physical barrier to environ-
mental stresses and allows for the emergence of a drug-tolerant

2 The abbreviations used are: TDM, trehalose 6,6'-dimycolate; GPL, glycopep-
tidolipid; PDIM, phthiocerol dimycocerosate; TMM, trehalose monomyco-
late; MMDAG, monomeromycolyl diacylglycerol; MycPL, mycolyl phos-
pholipid; MAME, mycolic acid methyl ester; ESI, electrospray ionization.
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phenotype. As such, the ability to form biofilms is associated
with virulence in a number of bacterial pathogens. Although
the presence and role of biofilms during M. tuberculosis infec-
tions remain unclear, biofilm formation by M. smegmatis and
other environmental species has been established. The extra-
cellular matrix associated with mycobacterial biofilms is nota-
bly rich in lipids. Free mycolic acids are associated with the
formation of biofilms by M. smegmatis and M. tuberculosis (10,
11). In M. smegmatis, free mycolic acids are liberated from
TDM by the hydrolase MSMEG_1529 and are linked to drug
resistance in vitro (10, 12). Mutants lacking MSMEG_1529 or
that are defective in mycolic acid biosynthesis have impaired
biofilm formation. In M. smegmatis and Mycobacterium
avium, GPLs also contribute to biofilm formation (13, 14).
Reduced biofilm formation has been demonstrated in M. smeg-
matis lsr2 mutants, and this phenotype was attributed to a lack
of mycolyl diacylglycerol (15).

The mycobacterial cell wall is a rich area for research, and
biochemical and genetic approaches are being employed to fur-
ther elucidate the mechanism of cell wall biosynthesis. In myco-
bacteria, MmpL (mycobacterial membrane protein large) pro-
teins appear to be dedicated to the export of cell wall lipid
constituents. MmpL3 was recently demonstrated to be the
transporter responsible for delivery of TMM to the mycobac-
terial surface (16). MmpL3 is predicted to be essential in
M. tuberculosis, and its essentiality was demonstrated in
M. smegmatis. This is perhaps unsurprising because TDM bio-
synthesis and incorporation into the mycobacterial cell wall are
essential for mycobacterial viability (17, 18). M. smegmatis
mutants lacking the MmpL4a and MmpL4b (originally named
TmtpB and TmtpC) transporters do not have GPLs on their
surface. These mutants, along with mutants lacking the acces-
sory protein MmpS4, have altered colony morphology and
reduced sliding motility and biofilm formation (13, 19). In
M. tuberculosis, MmpL7 and MmpL8 play respective roles in
PDIM and sulfolipid export to the outer leaflet of the cell wall
and are required for full virulence in a mouse model (20 -24).
Although substrates for M. tuberculosis MmpL4, MmpL5, and
MmpL11 have not yet been described, data suggest that they
also contribute to M. tuberculosis virulence (22, 25). Two inde-
pendent studies found that an M. tuberculosis mmpL 11 mutant
is attenuated in a mouse model of infection; however, neither
group determined the substrate of MmpL11 or defined the
mechanism by which their mutant was attenuated (22, 25).

Our efforts have focused on characterization of the MmpL11
transporter. We showed that the loss of MmpL11 reduces the
membrane permeability of M. smegmatis (26). In this work, we
demonstrate that the M. smegmatis mmpL11 mutants had dif-
ferences in cell wall lipid composition compared with wild-type
mycobacteria. Specifically, mutant bacteria were unable to
transport monomeromycolyl diacylglycerol (MMDAG) and
mycolate ester wax to the bacterial surface. In addition, the
mycolic acid precursor molecule mycolyl phospholipid
(MycPL) accumulated in the absence of MmpL11. MmpL11 is
encoded at the MmpL3/MmpL11 chromosomal locus that is
conserved across mycobacteria, including Mycobacterium lep-
rae. Expression of the M. tuberculosis MmpL11 protein com-
plemented the M. smegmatis mmpLll mutant phenotypes.
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Our data are consistent with a model in which MmpL11 plays a
conserved role in mycobacterial cell wall biology and can func-
tion across species.

EXPERIMENTAL PROCEDURES

Maintenance of Bacterial Cultures and Cells—M. smegmatis
mc”155 was obtained from American Type Culture Collection.
Mycobacterial strains were maintained in Middlebrook 7H9
liquid medium (Difco) or on Middlebrook 7H11 agar plates
(Difco) supplemented with 10% albumin/dextrose/saline.
When required, cultures were incubated with the antibiotics
kanamycin (25 ug/ml) and hygromycin (75 pg/ml). Planktonic
M. smegmatis strains were grown in 7H9 liquid medium con-
taining oleic acid/albumin/dextrose/catalase supplements and
the detergent Tween 80 with shaking.

For biofilm growth, M. smegmatis was grown in polystyrene
Petri dishes at 30 °C in modified Sauton’s medium without
Tween 80. Sauton’s medium contained 0.5 g/liter K,HPO,, 0.5
g/liter MgSO,, 4.0 g/liter L-asparagine, 0.05 g/liter ferric
ammonium citrate, 4.76% glycerol, and 1.0 mg/liter ZnSO, at a
final pH of 7.0. Pellicle formation in borosilicate glass tubes was
observed when M. smegmatis was grown in 7H9 medium with-
out shaking at 37 °C for several days. To enumerate bacteria
grown under biofilm-inducing conditions, Tween 80 was added
to a final concentration of 0.5% to promote dissociation of bio-
film-associated bacteria. The pellicle was mechanically dis-
rupted, and the bacteria were completely dispersed by syringing
through a tuberculin syringe. Serial dilutions were performed in
PBS containing 0.1% Tween 80 and plated in Middlebrook
7H10 medium.

Mycobacterial Strains and Construction of Complementation
Plasmids—The isolation of the M. smegmatis mmpLI11 mutant
GP02 was described previously (26). For complementation, the
M. smegmatis mmpLll gene was amplified using primers
MSMmpL11Ndel (CATATGATGCGCTTGAGCAGCAC) and
MSMmpL11H3 (AAGCTTCGCCTCCTCCAGCATTGC) and
cloned into pVV16 (27) in frame with a C-terminal His affinity
tag. For heterologous complementation with M. tuberculosis
mmpL11, the gene was amplified from M. tuberculosis CDC1551
genomic DNA using primers RvMmpL11Ndel (ATCATATGAT-
GCGCTTGAGCCGCAACCTG) and RvMmpL11H3 (ATAAG-
CTTCCTCGCCTCCTCCAACATCGC) and cloned into pVV16
in frame with a C-terminal His affinity tag. All plasmid constructs
were sequence-verified.

Scanning Electron Microscopy—M. smegmatis biofilms were
cultured in a 24-well plate as described above. At the time of
harvest, the medium below the pellicle was removed with a
tuberculin syringe and replaced with 2.5% glutaraldehyde in 0.1
M sodium cacodylate buffer at pH 7.4 (Electron Microscopy
Sciences). A 5-mm polystyrene coverslip was used to capture a
portion of the pellicle that had been in contact with the fixative.
Samples were dried and subsequently gold-sputtered (PELCO
91000 sputter coater) and imaged using a Sirion XL30
scanning electron microscope (FEI, Portland, OR) at the
Portland State University Center for Electron Microscopy
and Nanofabrication.

Lipid Isolation and Analysis—To harvest total lipids, cultures
were harvested by centrifugation and resuspended in chloro-
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form/methanol (2:1, v/v). Following extraction, total lipids
were dried under N, gas. Apolar lipids were harvested as
described (11). Briefly, total lipids were resuspended in 5 ml of
methanol and 0.3% NaCl (10:1, v/v) and 2.5 ml of petroleum
ether. Samples were rocked for 30 min at room temperature;
after centrifugation, the upper layer containing the apolar lipids
was retained and dried under N, gas.

Surface lipids were extracted from M. smegmatis biofilms as
described previously (20). Briefly, biofilms grown in polysty-
rene dishes were harvested, resuspended in 5 ml of hexane, and
then sonicated for 5 min. After centrifugation at 3000 rpm for 5
min, the hexane-extracted lipids were dried under N, gas.

The above total, apolar, and surface lipids were resuspended
in chloroform/methanol (2:1, v/v), and equivalent amounts
were spotted onto TLC plates. TDM, MycPL, and TMM were
resolved by TLC in a chloroform/methanol/ammonium
hydroxide (80:20:2, v/v/v) solvent system (28). Free mycolates
were resolved by TLC in a chloroform/methanol/distilled H,O
(90:10:1, v/v/v) solvent system. Meromycolyl diacylglycerol and
triacylglycerol were resolved by TLC in a toluene/acetone (99:1,
v/v) solvent system. The TLC plates were visualized by spraying
with 5% molybdophosphoric acid in ethanol and charred. Lip-
ids were also purified from silica plates (Analtech) using stand-
ard preparative TLC procedures.

Radiolabeled lipids and mycolyl arabinogalactan were iso-
lated as described (29). Briefly, M. smegmatis strains were
grown to mid-log phase and then radiolabeled with 1 uCi/ml
[**C]sodium acetate ([1,2-'*C]acetic acid sodium salt, specific
activity of 100 -120 mCi/mmol, American Radiolabeled Chem-
icals). At each time point indicated, the cells were pelleted,
resuspended in chloroform/methanol (2:1, v/v), and sonicated.
TDM, MycPL, and TMM were resolved by TLC using a chlo-
roform/methanol/ammonium hydroxide (80:20:2) solvent sys-
tem. Mycolyl arabinogalactan was isolated from the delipidated
cells and analyzed as mycolic acid methyl esters (MAME:) as
described previously (22). The MAMEs were separated by TLC
by running the plate five times using a petroleum ether/diethyl
ether (9:1, v/v) solvent system. To detect radiolabeled lipids,
TLC plates were exposed to a phosphor screen (GE Healthcare)
and visualized using a STORM imager (GE Healthcare). Densi-
tometry on the lipid profiles was performed using NIH Image]
software. The mean intensities of TDM and mycolyl arabinoga-
lactan were normalized to the total signal from each sample,
and the means = S.D. from three independent experiments
were graphed. This normalization ensured that each sample
was controlled internally rather than in comparison with other
samples and compensated for the reduced radiolabel incorpo-
ration that we routinely observed for the mmpL11 mutant.

[**CJAcetate Uptake Assay—M. smegmatis strains were grown
to mid-log phase and then radiolabeled with 1 uCi/ml [**C]so-
dium acetate. These conditions were chosen to mimic the con-
ditions used for lipid incorporation. At the indicated time
points, the cells were pelleted, washed twice with PBS, and
counted in a liquid scintillation counter.

Mass Spectrometry—Both electrospray ionization (ESI) high-
resolution (R = 100,000 at m1/z 400) and low-energy collision-
ally activated dissociation tandem mass spectra were acquired
with a Thermo Scientific LTQ Orbitrap Velos mass spectrom-
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eter with an Xcalibur operating system. Total lipid extracts
were fractionated using a CHROMABOND Sep-Pak amino
column (Macherey-Nagel, Duren, Germany) as described pre-
viously (15, 16). Fractions were loop-injected onto the ESI
source, where the skimmer was set at ground potential, the
electrospray needle was set at 4.5 kV, and the temperature of
the heated capillary was 275 °C. The automatic gain control of
the ion trap was set to 5 X 107, with a maximum injection time
of 400 ms. Helium was used as the buffer with collision gas at a
pressure of 1 X 10~ > millibars (0.75 millitorrs). The MS" exper-
iments were carried out with a relative collision energy ranging
from 30 to 40% and with an activation g value at 0.25. The
activation time was set at 10 ms. Mass spectra were accumu-
lated in the profile mode. The MALDI-TOF spectra of the total
lipid and fractionated lipid extracts were acquired in the reflec-
tor mode using a Voyager-DE STR mass spectrometer (Applied
Biosystems) equipped with a 337-nm nitrogen laser and
delayed extraction. The final mass spectra were from an average
of 5-10 spectra, in which each spectrum was a collection from
200 laser shots. 2,5-Dihydroxybenzoic acid was used as the
matrix.

RESULTS

M. smegmatis Mutant mmpL11 Forms Altered Biofilms—We
demonstrated previously that the M. smegmatis mmpL11
transposon mutant GP02 is hyper-resistant to host antimicro-
bial peptides and has decreased membrane permeability rela-
tive to wild-type M. smegmatis (26). Our further characteriza-
tion of the mutant indicated that there was no difference in the
growth rate of wild-type M. smegmatis and GP02 grown plank-
tonically in 7H9 medium containing the detergent Tween 80 to
prevent clumping (Fig. 14). However, we noted differences
when the two strains were cultivated in standing culture in
medium lacking Tween 80. Surfactants and detergents are
known inhibitors of biofilm formation (30, 31). Wild-type
M. smegmatis grown under biofilm-inducing conditions formed a
pellicle or film at the air-liquid interface 3 days post-inoculation
that developed further into a reticulated biofilm (Fig. 1B). The
mmpL11 mutant GP02 had delayed pellicle formation relative
to wild-type M. smegmatis upon standing culture in borosili-
cate glass tubes. At later time points, the mmpLIll mutant
defect in biofilm formation was seen as a reduced ability of the
pellicle to attach and extend upwards along the glass tube (Fig.
1B, middle and lower).

The defect in biofilm formation is better appreciated when
cultured under biofilm-inducing conditions in polystyrene
plates. The mmpLI11 mutant GP02 formed a less textured, or
reticulated, biofilm compared with wild-type and comple-
mented strains (Fig. 1D). We also noted that the pellicle formed
by the mmpL11 mutant was easily disturbed upon handling
either the standing cultures in glass tubes or polystyrene plates.
In contrast, the pellicle formed by wild-type or complemented
strains remained intact.

To ensure that reduced biofilm formation did not result from
reduced bacterial numbers in the mutant biofilm cultures, bio-
films were mechanically disrupted, and the number of bacteria
were determined by plating serial dilutions. This enumeration,
which included planktonic bacteria at the bottom of the culture
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FIGURE 1. The M. smegmatis mmpL11 mutant grows like the wild type in planktonic cultures but demonstrates impaired biofilm formation. A, growth
of wild-type M. smegmatis and the mmpL 11 mutant GP02 in complete 7H9 medium containing albumin/dextrose/saline supplements and 0.05% Tween 80 was
followed over time. B, pellicle formation by the wild type (mc?155/pVV16), the mmpL11 mutant (GP02/pVV16), and the complemented mutant (GP02/
pVV16mmpL11s,,). Bacteria were subcultured in glass tubes and allowed to grow at 37 °C for 5 days without shaking. At day 3, a thin film could be observed
across the surface of the medium in the wild-type and complemented strains (left). This developed into a textured biofilm over the next 2 days. Attachment of
bacteria to the glass tube and growth away from the surface could be observed from the side (right). C, bacteria in pellicle cultures depicted in A were
enumerated. Biofilms were disrupted mechanically via syringing, and serial dilutions were plated. The mean = S.D. of three independent experiments is shown.
There was no significant difference in cfu/ml between strains. D, biofilm formation by the wild type (mc?155/pVV16), the mmpL11 mutant (GP02/pVV16), the
complemented mutant (GP02/pVV16mmpL11s,,), and the heterologously complemented strain (GP02/pVV16mmpL11g). Equivalent numbers of bacteria
were subcultured in liquid biofilm medium (Sauton’s medium lacking Tween 80). Plates were incubated for 4 days at 30 °C. £, scanning electron microscopy of
biofilms formed by wild-type, mmpL11 mutant, and complemented strains.

tube and biofilm-associated bacteria, indicated that there was
no significant difference in the number of bacteria present in
each culture (Fig. 1C). Therefore, replication of the mmpL11
mutant is not impaired in 7H9 medium lacking Tween 80.
The GP02/pVV16g,, complemented mutant formed a robust
biofilm that initiated sooner than compared with the wild
type (Fig. 1B, upper). We believe that this phenotype likely
resulted from our complementation strategy, in which
mmpL11 is expressed constitutively from the /hsp60 pro-
moter of the pVV16 plasmid. Quantification of mmpLI11
expression by quantititavie RT-PCR indicated that there was
8-fold more mmpLl1 transcript in the GP02/pVV16g4y,
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complemented strain relative to wild-type M. smegmatis
(mc?155/pVV16) (data not shown).

Scanning electron microscopy analysis of M. smegmatis bio-
films revealed reduced extracellular material surrounding the
mmpLI1]1 mutant bacteria compared with the wild-type and
complemented strains (Fig. 1E). Consistent with the inability of
GPO02 to form a textured biofilm, the mmpL 11 mutant samples
appeared flatter and less structured than wild-type biofilms. At
the higher magnification, distinct mmpL1l mutant bacteria
were discernible, whereas the wild-type and complemented
bacteria were enveloped in extracellular material and closely
associated with one another.
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Development of mycobacterial biofilms is promoted in the
presence of iron and copper (31, 32). At least 1 um ferrous
sulfate is required for M. smegmatis biofilm formation, and our
standard biofilm culture medium contains 178 uM iron. Addi-
tion of 100 um copper sulfate to the biofilm culture medium did
not restore wild-type biofilm formation of the mmpL 11 mutant
(data not shown). These results indicate that the inability of the
mmpL1I mutant to form biofilms is not a result of metal ion
deprivation.

MmpL11 Transporter Function Is Likely Conserved across
Nonpathogenic and Pathogenic Mycobacteria—MmpL11 is
present in a conserved chromosomal locus in nonpathogenic
and pathogenic mycobacteria, and the M. smegmatis protein
MmpL11 shares 69% identity with the M. tuberculosis protein
MmpL11. To determine whether MmpL11 function is con-
served among mycobacteria, we assessed whether the M. tuber-
culosis mmpL11 gene could complement the M. smegmatis
mmpL1I1 mutant. M. tuberculosis MmpL11 restored both tex-
tured biofilm formation (Fig. 1D) and levels of extracellular
matrix material to those of the wild type (Fig. 1E), consistent
with conserved MmpL11 function.

The Cell Wall Lipid Composition Is Altered in the M. smeg-
matis mmpL11 Mutant—The reduced cell wall permeability
and impaired biofilm formation suggested that the mmpL11
mutant had altered cell wall lipid composition compared with
wild-type M. smegmatis. GPLs and free mycolic acids are
required for M. smegmatis biofilm formation (10, 11, 13, 33).
Impaired biofilm formation by the mmpL11 mutant GP02 sug-
gested that these surface-associated lipids might be absent.
Therefore, lipids from biofilm-grown cultures of M. smegmatis
mc?155 and the mmpL 11 mutant GP02 were examined by TLC.
GPLs were present in total lipid samples extracted from the
wild type and the mmpL11 mutant (Fig. 2A). To examine free
mycolates, apolar lipids from biofilm cultures were examined as
described previously (11). No significant differences were
observed in the presence of free mycolates between the wild-
type, mmpL 11 mutant, and complemented strains (Fig. 2B). MS
analysis also confirmed that there were no differences in the
composition of GPLs or free mycolates (supplemental Figs. S1
and S2). To identify other potential differences in lipid compo-
sition, total and surface-exposed lipids were extracted and ana-
lyzed by TLC using a range of solvent polarities. We noted the
absence of apolar lipids A—C in the hexane-extracted lipids of
the mmpL11 mutant compared with wild-type M. smegmatis
and the complemented strain using the toluene/acetone (99:1,
v/v) solvent system (Fig. 2C).

Following preparative TLC purification of these lipids, struc-
tural analysis with high-resolution multiple-stage MS identified
lipids B and C as mycolate ester wax and MMDAG, respectively
(Fig. 3 and supplemental Figs. S3 and S4) (34). However, we
were unable to obtain structural information on the apolar lipid
that ran at the solvent front (lipid A) using ESI/MS, MALDI-
TOEF-MS, or GC/MS. The data presented in Fig. 2C support a
model in which MmpL11 transports MMDAG and mycolate
ester wax. In the absence of MmpL11, MMDAG and mycolate
ester wax were synthesized but were not transported to the
surface, where they would be readily extracted by hexane treat-
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FIGURE 2. The M. smegmatis mmpL11 mutant has altered surface-ex-
posed lipids. A, GPLs were extracted from M.smegmatis isolates and
resolved by TLC in chloroform/methanol/distilled H,0 (90:10:1, v/v/v). TLC
plates were sprayed with ethanolic sulfuric acid and charred to visualize lip-
ids. B, to visualize free mycolates (FM), apolar lipids were harvested from
M. smegmatis biofilms and then resolved by TLC in chloroform/methanol/
distilled H,O (90:10:1, v/v/v). The TDM standard (Sigma) and a preparative
TLC-purified MycPL are indicated. C, total apolar lipids (left) and hexane-ex-
tracted surface lipids (right) were resolved by TLC in toluene/acetone (99:1,
v/v).Triacylglycerol (TAG) is indicated. TLC plates in Band C were sprayed with
molybdophosphoric acid and charred to visualize lipids. Compl, comple-
mented strain.

ment. Instead, these lipids were retained in the bacterium and
were present only in the total lipid extract.

In addition, closer examination of the TLC analysis depicted
in Fig. 2 (A and B) revealed a relative accumulation of MycPL in
the mmpL 11 mutant compared with the wild-type and comple-
mented strains. Besra et al. (28) identified MycPL as a mycolic
acid-containing precursor molecule in M. smegmatis and dem-
onstrated that the mycolic acid from MycPL incorporates into
TMM and TDM using in vitro assays with purified cell extracts.
The identity of MycPL was confirmed by MS analysis following
preparative TLC purification. On the basis of our data, we sug-
gest a working model in which MmpL11 is the dedicated trans-
porter for MMDAG and mycolate ester wax. Furthermore, the
accumulation of MycPL when MmpL11 is absent suggests that
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FIGURE 3. The ESI high-resolution mass spectra of MMDAG and mycolate ester wax. Shown are the ESI high-resolution mass spectra of the [M + Li] ™"
ions (a) and the [M + Na]™" ions (b) of apolar lipid B, which represents mycolate ester wax, and the ESI mass spectrum of the [M + NH,]* ions of apolar
lipid C (c), which represents MMDAG. The structures of apolar lipid B are pentatriacontatrienyl mycolate esters, the structure of which was characterized
by multiple-stage MS as [M + Li]* ions; the corresponding [M + Na]™* ions (a) were reported previously by Chen et al. (15), but were misassigned as

mycolyl diacylglycerol.

this mycolic acid-containing precursor molecule is also a bio-
synthetic intermediate for MMDAG and mycolate ester wax.
We also compared the lipid profiles of wild-type and
mmpL11 mutant strains grown planktonically. When mycolic
acid-containing species were examined, we observed a relative
accumulation of MycPL in the mutant compared with the wild
type (Fig. 44). We quantified the relative levels of TMM,
MycPL, and TDM at four time points of bacterial growth. The
relative levels of MycPL were consistently higher in mid-loga-
rithmic and late-logarithmic cultures of the mmpL11 mutant
relative to the wild type (supplemental Fig. S5). In contrast, we
did not observe significant levels of MMDAG or mycolate ester
wax in lipids extracted from planktonic bacteria (Fig. 4B).
These results are consistent with the biosynthesis and/or accu-
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mulation of these lipid classes in late stationary phase or dor-
mancy-like conditions (35, 36).

Results from MS analysis of Sep-Pak column-fractionated
lipids from wild-type mc®155/pVV16, GP02/pVV16, and
GP02/pVV16émmpLll using MALDI-TOF-MS or ESI/MS
analysis indicated that TDM, TMM, GPLs, phosphatidylinosi-
tol mannosides, cardiolipin, phospholipids, and MycPL were
present in the mmpL 11 mutant at levels comparable with those
in wild-type bacteria. MS analysis also indicated that there were
no significant changes in the lipid profiles and compositions
between the mmpL 11 mutant and wild type (supplemental Figs.
S1 and S2).

The Absence of MmpL11 Does Not Impact TMM Transport—
MmpL11 and MmpL3 appear to be closely related phylogeneti-
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FIGURE 4. The M. smegmatis mmpL11 mutant accumulates MycPL rela-
tive to the wild type during planktonic growth. A, total lipids were
extracted from mid-logarithmic phase planktonic cultures of the wild type
(mc?155/pVV16) and mmpL11 mutant (GP02/pVV16) and then resolved by
TLC in chloroform/methanol/ammonium hydroxide (80:20:2, v/v/v). TLC
plates were sprayed with ethanolic sulfuric acid and charred to visualize lip-
ids. B, total lipids were extracted from planktonic cultures at the indicated
Agoo and resolved by TLC in toluene/acetone (99:1, v/v). Triacylglycerol (TAG)
is indicated. TLC plates were sprayed with molybdophosphoric acid and
charred to visualize lipids (left) or exposed to a phosphor screen and visual-
ized using a STORM imager (right).

cally (22), and they share 26% amino acid identity in M. smeg-
matis. Our data support a model in which MmpL11 is the ded-
icated transporter for MMDAG and mycolate ester wax,
whereas work by Jackson and co-workers (16) demonstrates
that MmpL3 transports TMM to the bacterial surface. MycPL
is likely an intermediate in the biosynthesis of all these mycolic
acid-containing lipid substrates. Relative accumulation of the
mycolic acid precursor molecule MycPL and TMM in GP02
raised the possibility that TMM transport was impacted in the
absence of MmpL11. To rule out reduced TMM export by the
mmpL11 mutant, we used ['*Clacetate to selectively label
mycolic acid-containing lipids. Once TMM is present outside
the plasma membrane, it is a substrate for the mycolyltrans-
ferases of the Ag85 complex, which transfers one mycolate res-
idue from TMM either to another molecule of TMM, yielding
TDM, or to arabinogalactan, yielding mycolyl arabinogalactan.
Therefore, TDM or mycolyl arabinogalactan biosynthesis can
be used to assess external TMM levels. We pulsed logarithmic
phase cultures of wild-type M. smegmatis and the mmpL11
mutant GP02 with [**CJacetate for 5, 15, 30, and 60 min to label
mycolic acids. To assess the rate of TDM biosynthesis, we ana-
lyzed total extractable lipids by TLC. The rate of TDM biosyn-
thesis by the mmpL11 mutant GP02 was not significantly dif-
ferent from that by wild-type mc®155 (Fig. 5A). This result is in
contrast to the reduced TDM biosynthesis observed upon
decreased MmpL3 levels (16). Covalently bound cell wall myco-
lyl arabinogalactan was also isolated, and the mycolic acid side
chains were released as MAMEs. Quantification of MAMEs in
the wild type and mmpL11 mutant indicated that there was no
difference in the rate of mycolyl arabinogalactan biosynthesis
or mycolic acid composition (Fig. 5B).
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Our data suggest that TMM transport, measured as biosyn-
thesis of the cell wall components TDM and mycolyl arabinoga-
lactan, is not greatly impacted by the absence of MmpL11.
These results are consistent with the primary function of
MmpL3 as the TMM transporter (16) and that of MmpL11 as
the MMDAG and mycolate ester wax transporter.

In the course of our radiolabel experiments, we routinely
observed reduced incorporation of radiolabel by the mmpL11
mutant GP02. This is consistent with our previous observation
obtained using an ethidium bromide uptake assay that the
reduced membrane permeability of the mmpL1l mutant is
reduced compared with that of the wild type (26). We examined
the uptake kinetics of ['*C]acetate by intact cells and found that
the rate of acetate uptake by the mmpL11 mutant was reduced
by 25% relative to the wild type (Fig. 5C). These data provide
further evidence that the presence of MmpL11 impacts the cell
wall permeability of M. smegmatis.

DISCUSSION

In this work, we have further characterized the role of
MmpL11 in M. smegmatis and demonstrated that it contrib-
utes to the biogenesis of the mycobacterial cell wall and biofilm
formation. In addition, heterologous complementation of the
M. smegmatis mmpLll mutant with the M. tuberculosis
mmpLI11 gene suggests that the function of MmpL11 trans-
porters in cell wall biosynthesis is conserved between non-
pathogenic and pathogenic mycobacteria. On the basis of the
observation that the M. smegmatis mmpLll mutant had
altered cell wall permeability and biofilm formation, we
hypothesized that there were differences in cell wall lipid com-
position. Indeed, when cell wall lipids were examined by TLC,
we observed that the M. smegmatis mmpL1I mutant accumu-
lated MycPL and lacked MMDAG and mycolate ester wax in
the surface lipid profiles, indicating that the reduced biofilm
formation is likely attributable to the absence of one or both of
these lipid families on the cell wall surface. Biofilm formation in
mycobacteria is multifactorial, and the roles of GPLs and free
mycolates in biofilm formation by M. smegmatis have been
demonstrated (10, 11, 13, 33). Although the role of extracellular
lipids in mycobacterial biofilm formation has been established,
a recent genetic screen demonstrated that M. tuberculosis bio-
film formation also requires a number of additional factors that
are not limited to cell wall lipid biosynthesis or transport (37). It
is unknown whether homologs of these proteins also play a role
in M. smegmatis biofilm formation.

Our finding that the reduced biofilm formation of the
M. smegmatis mmpL11 mutant is associated with the absence
of mycolate ester wax and MMDAG is consistent with an ear-
lier report that the absence of apolar lipids in an M. smegmatis
Isr2 mutant reduces biofilm formation (15). However, our thor-
ough structural analysis of the apolar lipid, lipid species B (Fig.
2C), using high-resolution ESI with multiple-stage MS on the
similar ions previously identified as mycolyl diacylglycerol con-
firmed that the lipid actually belongs to the mycolate ester wax
family and consists of a pentatriacontatrienol (35:3) linked to
the mycolic acid via an ester bond to form a pentatriacontatrie-
nyl mycolate ester (Fig. 3). Interestingly, the high-resolution
ESI mass spectrum profile of this new mycolate ester wax (Fig.
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19.4 mmol/mg/min, respectively, with correlation coefficients of 1.0.

3) is nearly identical to that of the mycolic acid (supplemental
Figs. S1 and S2, panel f) isolated from M. smegmatis mc>155,
consistent with the notion that the apolar lipids represent
mycolate esters. The presence of mycolic acid substituents in
the apolar lipids (spots I and 2 in Fig. 4 of Chen et al. (15)) was
confirmed using alkaline deacylation of the purified lipids, fol-
lowed by methylation and TLC analysis of fatty acid methyl
ester products. The presence of mycolic acid substituents is
therefore in agreement with the identification of mycolate ester
wax in our analysis.

Understanding the molecular mechanisms underlying the
biogenesis of the mycobacterial cell wall not only elucidates the
basic biology of pathogenic mycobacteria but also identifies
potential targets for antimicrobials. Studies on mycolic acids
have been particularly insightful, as these lipids are essential to
mycobacterial viability and contribute to M. tuberculosis path-
ogenicity. In addition, mycolic acid biosynthesis is a target of
important anti-tuberculosis drugs. The small molecule inhibi-
tors AU1235, BM212, and SQ109, which target MmpL3 func-
tion, were identified recently as potential novel therapeutics for
mycobacteria (16, 38, 39). MmpL3 is essential, and block of the
TMM transporter MmpL3 results in reduced synthesis of TDM
and mycolyl arabinogalactan (16). MmpL3 plays a crucial role
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in mycobacterial cell wall biosynthesis by transporting TMM to
the outer membrane, and our data strongly support a role for
MmpL11 in cell wall biosynthesis, specifically in the transport
of the mycolic acid-containing glycoconjugate MMDAG and a
ester wax mycolate. That we did not see differences in the rate
of TDM or mycolyl arabinogalactan biosynthesis indicates that
the MMDAG and mycolate ester wax are not intermediates in
the biosynthesis of either of these lipids. However, at this time,
we cannot rule out that MMDAG and mycolate ester wax are
intermediates in another synthesis pathway. Our model for the
roles of MmpL3 and MmpL11 is depicted in Fig. 6. MmpL3 and
MmpL11 are closely related phylogenetically and share 25%
protein identity in M. tuberculosis. Therefore, it is compelling
that both proteins appear to transport lipids with mycolic acid
functional groups.

We also noted the absence of an apolar lipid (lipid A) in both
the surface and total lipids extracted from the mmpL11 mutant
GP02 (Fig. 2). The identity of this lipid is also of interest to us.
Experiments to define the structure of this lipid and to delineate
its biosynthetic pathway are in progress.

A recent report attributed heme transport to MmpL3 and
MmpL11, and the genetic locus that encodes MmpL3 and
MmpL11 also encodes a protein with heme-binding activity
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FIGURE 6. Model depicting MmpL3 and MmpL11 function in mycobacte-
rial cell wall biogenesis. Data from our group and others support a modelin
which MmpL3 and MmpL11 are conserved mycobacterial cell wall lipid trans-
porters. Mycolic acid biosynthesis yields the intermediate MycPL. The mycolic
acid group of MycPL incorporates into TMM, which is transported by MmpL3,
and into MMDAG and mycolate ester wax (WE), which are transported by
MmpL11.The enzymes responsible for the biosynthesis of these lipid species
from MycPL remain unknown.

(40). Although transport of heme or heme complexes may be
one function of these transporters, our data and those of others
suggest that MmpL3 and MmpL11 are lipid exporters with a
primary function in cell wall biosynthesis. Reduced uptake of
heme or heme complexes by the mmpL11 mutant is consistent
with the changes in cell wall physiology that we described here
and in previous work. The mmpL11 mutant possesses reduced
membrane permeability compared with the wild type using an
ethidium bromide uptake assay (26). Our present study indi-
cates reduced uptake and incorporation of radiolabeled acetate
by the mmpL11 mutant compared with wild-type bacteria (Fig.
5C). Reduced membrane permeability must be taken into con-
sideration because this phenotype likely impacts the overall
ability of small molecules including nutrients to access the bac-
terial cytoplasm. Similarly, M. smegmatis mspA mutants that
lack the major porin protein had reduced membrane perme-
ability as measured by uptake of ethidium bromide, radiola-
beled glucose, and antibiotics. Strains lacking MspA alone or in
combination with other porin proteins grow slower in both rich
and minimal media (41, 42).

Further investigation of MmpL transporter function will
expand our understanding of how this class of proteins contrib-
utes to mycobacterial cell wall biosynthesis. It is proposed
that MmpL proteins function in complex with biosynthetic
enzymes to promote coordinated synthesis and transport of
lipid substrates. For example, M. tuberculosis mmpL7 mutants
accumulate PDIM intracellularly, and MmpL7 directly inter-
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acts with the polyketide synthase PpsE, which is involved in
PDIM biosynthesis (21, 24, 43). If this model holds true for
MmpL11, we predict that MmpL11 interacts with the enzymes
responsible for catalyzing the formation of MMDAG and
mycolate ester wax from MycPL and other substrates. Our cur-
rent efforts are focused on identifying these biosynthetic
enzymes and testing the coupled biosynthesis/transport model.
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