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ABSTRACT Mycobacterium species, including Mycobacterium tuberculosis, employs atypical long (C60–90) and branched
lipids to produce a complex cell wall and localizes these toward distinct spatial locations, inner membrane (IM) and outer mem-
brane (OM), thus forming a robust permeability barrier. The properties and functional roles of these spatially orchestrated mem-
brane platforms remain unknown. Herein, we report the distinctive lateral organization, fluidity, and lipid domain architecture of
protein-free membranes reconstituted from IM and OM lipids in vitro from M. smegmatis (Msm) underscored by their lipid pack-
ing and lipid dynamics. We show thatMsmOM, against common notion, is more dynamic and fluid compared with IM and reveal
the role of cell wall-associated peptidoglycans and lipoarabinomannan on theMsmOM organization. Overall, these studies indi-
cate that mycobacterial species may regulate their overall membrane functionality by regulating the synthesis of these complex
arrays of lipids. Based on the structure-function relationship drawn here, documented alteration in the mycobacterial lipidome
during cellular infection and/or drug treatment could reflect a mechanism to fine-tune M. tuberculosis membrane properties to
its advantage. These findings are expected to inspire development of lipid-centric therapeutic approaches targeted toward its
membrane.
SIGNIFICANCE Limited drug permeability of mycobacterial membranes is a challenging issue to resolve in a quest to
develop new antibacterial drugs. One of the factors contributing to this is the lipid composition specificity toward the drug,
which underlies both efficacy and toxicity. Mycobacterium synthesizes quite distinct lipid molecules, both chemically and
structurally: long (C60–90) chained and branched lipid molecules. These are then localized to different spatial locations (i.e.,
inner and outer membrane). Investigating the lateral organization, fluidity, andmembrane properties of mycobacterial lipids
is required to deepen our understanding of these spatially and compositionally distinct membrane platforms and their
functional roles in lipid-mediated drug resistance, survival, and pathogenesis that might enable releasing the roadblock in
targeting tuberculosis.
INTRODUCTION

Mycobacterium tuberculosis (Mtb) is the most successful
opportunistic human pathogen, causing tuberculosis—the
leading cause of death worldwide from an infectious agent
(1). The foremost reason for Mtb’s remarkable defense
mechanism and survival from the host inflammatory
response is its complex cell wall architecture and associated
lipids, common to the Corynebacterium-Mycobacteria
group (2–5). The cell wall comprises inner membrane
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(IM) consisting of conventional glycerophospholipids and
phosphatidyl-dimannosides (5). This layer is followed by
a peptidoglycan-arabinogalactan complex, which in turn is
covalently linked to the vital long-chain mycolic fatty acids
(FAs) (C60–C90) constituting the outer membrane (OM) (6).
Intercalated within the outer leaflet of OM are varieties of
noncovalently localized, structurally atypical lipids: phthio-
cerol dimycocerosate (PDIM), trehalose dimycolate (TDM),
sulfolipids (SLs), phosphatidylinositol mannosides (PIMs),
and lipoarabinomannan (LAM) that harbor extensive methyl
branches with exquisite stereochemistry (Fig. 1). Mycobac-
terial cell membrane provides a robust barrier against many
drugs, leading to drug-resistant phenotypes (7), and dictates
bacterial physiology by compartmentalizing processes, such
as transport of lipid and proteins, protection from hostile
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FIGURE 1 Structures of representative lipids from spatially distinct

membrane regions in mycobacterial species. Sulfolipids (SL-1), trehalose

dimycolate (TDM), and phthiocerol dimycocerosate (PDIM) reflect the

noncovalent lipids in the Mtb outer membrane (OM) along with glycopep-

tidolipids (GPLs). Lipoarabinomannan (LAM)-lipomannan (LM) and phos-

phatidylinositol mannosides (PIMs) transverse the peptidoglycan layer.

a-Mycolic acids (a-MAs) represent the major component of peptido-

glycan-associated lipids (PALs). Tetra-acylated phospho-myo-inositol di-

mannosides and Ac2PIM2 (and other acylated phosphomannosides) are

most abundant in the Mtb inner membrane (IM).
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environments, and adhesion to host receptors, etc. (8). Given
the paramount importance, mycobacterial cell membrane
has been the focus of considerable work centered on lipido-
mic characterization (9,10) and structural investigations af-
forded by Cryo-EM (11). However, far less is known about
the lateral organization of its long-chained lipids within the
membrane plane and associated structural and dynamic at-
tributes regulating mycobacterial membrane functions that
are implicated in drug interactions and virulence.

Cellular membrane organization, in general, serves as an
orchestrating principle underlying cellular functions by
regulating domain dynamics and biomolecular interactions
within the membrane plane. Mammalian cells have
astounding lipid diversity that generate lateral heterogeneity
(from a few nm to mm) to create lipid domains (e.g., rafts)
that recruit specific lipids and proteins and fine-tune
signaling pathways modulating cell cycle, migration, and
immune system (12,13). Though plausible phase separation
of mycobacterial membranes forming lateral heterogene-
ities have been reported (14,15), these studies suffer from
low resolution details, thus precluding substantial informa-
tion on their existence and associated properties. In addition,
some bacterial species are known to form functionally rele-
vant lipid rafts enriched in squalenes. However, the presence
of such ordered membrane microdomains in mycobacteria
has not been shown (15). The indirect presence of the
1280 Biophysical Journal 118, 1279–1291, March 24, 2020
same has been inferred though by monitoring the lateral dy-
namics of fluorescent lipids probes, showing restricted
diffusion in certain regions of the mycobacterial OM (16).

Collectively, our understanding of the mycobacterial
membrane architecture with molecular and functional de-
tails is still in infancy, largely attributed to their unique lipid
repertoire and lack of selective lipid extraction approaches
to investigate membrane phase behavior. What makes this
even more interesting is that the lipid profiles of drug-resis-
tant and -sensitive strains are different, indicating associa-
tion of antibiotic susceptibility to lipid compositions and
eventually altered membrane organization and functional
properties (17,18). For instance, rifampicin-resistant Mtb
shows chemical remodeling of its cell membrane, leading
to altered drug permeability and virulence (18). This remod-
eling is synonymous with attuned membrane design and
properties with drug resistance phenotype. Furthermore,
biosynthesis of mycobacterial lipids and structuring of its
cell membrane is actively rewired during host interaction
and under various stages of infection, underlining the func-
tional importance of mycobacterial membrane configura-
tion, which remains understudied (3).

Here, we describe the lipid membrane properties of
compositionally and spatially distinct mycobacterial lipids
and functional significance of this transmembrane bilayer
arrangement using M. smegmatis (Msm), a commonly
used model specie of mycobacteria, a group including Mtb
(5,8). Though Msm has served as an invaluable surrogate
for Mtb biology over many decades, studies recapitulating
subtle host pathogen interactions need cautious interpreta-
tion. However, to our advantage, studies have revealed sim-
ilarity within the lipidome of both the species, with a recent
study showing �21–26% altered abundance of certain lipid
molecules using comparative lipidomics (10,19). These
probably correspond to lipids associated strongly with viru-
lence. Thus, Msm at the moment serves as an appropriate
model to investigate lipids and associated membrane prop-
erties of Mtb. Needless to say, observations made in Msm
would require verification in the homologous system for a
complete understanding of the membrane properties within
pathogenic species. Keeping this in mind, protein-free lipid
extracts from the Msm IM and OM were reconstituted into
model membranes in vitro and assessed using atomic force
microscopy (AFM), fluorescence, infrared spectroscopy,
and two-photon microscopy. The systems designed in this
work serve as simplified protein-free membrane mimics of
Msmmembranes. These experiments demonstrated lipid do-
mains with varying levels of membrane packing, order, hy-
dration, and fluidity. The branched and extremely long lipid
structures in OM dictate loose acyl chain packing and higher
fluctuations with concomitant high interfacial hydration.
The saturated lipid chains in IM govern their tighter packing
at the hydrophobic lipid acyl chain region. Specifically, the
conformational heterogeneity in the meromycolate chains
of mycolic acid (MA) within the peptidoglycan-associated
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lipids (PALs) play a crucial role in regulating lipid-lipid in-
teractions along the length of the lipid acyl chains. Along
with this, the highly branched network of sugar appendages
in LAM in OM negates the effect of MA, thus fine-tuning
the morphological organization and lipid dynamics in
Msm OM systems.

Collectively, a lipid structure-regulated gradient in various
membrane properties is spatially obtained within the context
of the mycobacterial cell envelope. This indicates that subtle
changes in the lipid composition and structure are expected to
affect the mycobacterial membrane function profoundly,
further underscored by modulated lipidome by the pathogen
during infection and therapeutic interventions. Of note, the
absence of membrane proteins as well as plausible asymme-
try in native mycobacterial cell membrane in contributing to
the observed OM and IM membrane properties, and hence
the fully functional landscape of mycobacterial membranes,
remains unknown at present. This is currently under investi-
gation in our lab using giant plasma membrane vesicles at
least for Msm OM and designing layered bilayer structure
to capture the native structural details as closely as possible.
MATERIALS AND METHODS

Extraction of lipids

Msmmc2155 was grown in Middlebrook 7H9 supplemented with 10% (v/v)

albumin-dextrose-catalase and 0.2% glycerol under shaking conditions at

37�C. The cells were harvested at log phase (optical density at 600 nm

[OD600] of 0.8–3) and washed with distilled water. Lipids were extracted

selectively from OM and IM ofMsm based on a previously reported method

(5). For the recovery of all noncovalently bound OM lipids (OMLs), 10 mg

dry weight of cells was extracted with 1 mL of reverse micellar solution

(RMS; 10 mM sulfosuccinic acid 1,4-bis (2-ethylhexyl) ester sodium salt

(AOT) in heptane). The first extraction was overnight, followed by four

re-extractions of 15–30 min each. For the extraction of IM lipids (IMLs),

the RMS-extracted cells were thoroughly washed with water and then ex-

tracted with chloroform:methanol:water (2:1:0.1) in the same manner as

above. All the extractions were carried out in monophasic solutions. For ex-

tracting the cell wall-associated lipids, the cells were treated with aqueous

lysozyme solutions as reported previously (5). Briefly, 10 mg of cells were

treated with 1 mL of sodium phosphate buffer (pH 7.5) containing 10 mg of

lysozyme. The suspension was shaken at 150 rpm for 2 h at 37�C.
For extraction of LAM/lipomannan (LMs), cells from chloroform:metha-

nol:water extraction of RMS-treated cells (�50 mg of dry cell mass) were ex-

tracted with 50% ethanol as described in (5). The cells were refluxed in 50%

ethanol for 4 h. The cells were pelleted down at 3500 g and reextracted twice

in the samemanner. The extractwas dried and solubilized in 50%phenol (v/v),

and the suspensionwas immersed in 75�Cwater bath for 20min. This was fol-

lowed by incubation on ice for 20min and left to stand for 20min at room tem-

perature (RT). The phenol and aqueous layer were separated by centrifugation

at RT at 27,000 g. The phenol layer was back extracted twice as mentioned

above with LAM/LM partitioning into the aqueous phase. The aqueous phase

was then dialyzed against water (molecular weight cutoff 3500).
Recovery of AOT-free fraction of lipids

To remove AOT from the lipid mixture for unbiased studies, the OML

mixture was separated and purified using column chromatography using a

100–200 Silica mesh. The mobile phase was a gradient of methanol in chlo-
roform ranging from 1 to 5%. All the lipids were eluted out in 3% MeOH

followed by AOT. This was confirmed using thin layer chromatography

(TLC) for the separation of each fraction obtained, followed by visualiza-

tion using anthrone spray.
Liquid chromatography mass spectrometry

Extracted lipids were analyzed in both positive and negative ion mode using a

1290 Infinity Ultra-High-Performance Liquid Chromatography System

attached to a 6550 iFunnel Quadrupole Time-of-Flight system (Agilent Tech-

nologies, Santa Clara, CA). The lipids were identified using databases avail-

able online (9,10). Three independent replicates were performed for all

measurements.
Analysis of FAs

Phase transfer catalysis-mediated conversion of FAs to FA methyl esters

was done from the lipids in the extracted fractions as described previously

(5). Gas chromatography-mass spectrometry (GC-MS) of FA methyl esters

was done to obtain quantitative data on the relative content of C16–C20

FAs. An 8�C/min gradient was used, the column used was a Rxi 5-mass

spectrometry (30 m), and the detection was done using a time-of-flight

mass spectrometer.
Analysis of lipoglycans

The presence of extracted LAM/LM were analyzed using sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (4% stacking and 16% resolving

acrylamide). Gels were stained with silver staining. Western blotting was

done using a LAM-specific antibody (NR-13798, BEI Resources, Mana-

ssas, VA). The sodium dodecyl sulfate-polyacrylamide gel electrophoresis

gels were transferred onto an Immobilon-FL (Merck, Kenilworth, NJ)

polyvinylidene difluoride membrane and blocked with 5% bovine serum al-

bumin. The anti-Msm LAM antibody was diluted 1:5000 in 5% bovine

serum albumin solution and incubated overnight at 4�C. The membranes

were washed and incubated for 1 h with goat anti-mouse (1:5000) second-

ary antibody conjugated to horseradish peroxidase (Invitrogen, Thermo

Fisher Scientific, Waltham, MA). Blots were visualized using a LI-COR

Biosciences chemiluminescence imaging system (Lincoln, NE).
Analysis of lipids

Various lipid extracts, including the mycolate methyl esters, which were not

quantified in GC-MS, were resolved by TLC using aluminum-backed silica

gel plates (Silica gel 60 F254; Merck). Visualization of lipids was done using

various spraying agents like anthrone and phosphospray as indicated.
Preparation of liposomes

Liposome suspensions were prepared by the gentle hydration method. The

desired lipid ratios for OMLþPAL (70.58:29.41 mol%), OMLþLAM

(97.80:2.20 mol%), and OMLþLAMþPAL (OLP) (72.34:1.56:28.80 mol

%) were diluted with chloroform in the presence of 1 mol% lipid probes.

The lipid solutions were dried under a stream of N2 gas followed by lyophili-

zation overnight. The dried films were hydrated using 20 mM Tris and 5 mM

MgCl2 (pH7.4) buffer and subjected to sonication at 65�Cfor 15min, followed

by five freeze-thaw cycles to generate large unilamellar vesicles (LUVs).
Fluorescence spectroscopy

The steady-state fluorescence spectroscopic measurements were per-

formed on Varian Cary Eclipse Fluorescence Spectrophotometer (Agilent
Biophysical Journal 118, 1279–1291, March 24, 2020 1281
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Technologies) with a temperature controller with an accuracy of50.1�C. A
final lipid concentration of 0.5 mg/mL with probe/lipid ratio of 1:100. Laur-

dan was excited at 350 nm, (1-(4-trimethylammoniumphenyl)-6-phenyl-

1,3,5-hexatriene p-toluenesulfonate) (TMA-DPH) and diphenylhexatriene

(DPH) were excited at 352 nm, and the emission was measured from 380

to 570 nm. For calculation of Laurdan generalized polarization (GP) and

anisotropy, see Supporting Materials and Methods. Lifetime measurements

were performed at RT using Horiba Jobin Yvon FluoroCube IBH (Glasgow,

UK) time-correlated single photon counting spectrometer. The samples

were excited with a 375-nm Horiba NanoLED diode laser, and the decays

were collected at 440 nm at magic angle (54.71) polarization with respect to

vertically polarized excitation light. The full width at half maximum of the

instrument response function was 250 ps. The decays were fitted to single or

biexponential functions by iterative reconvolution using IBH Data Station

6.2 software.
Giant unilamellar vesicle formation and
fluorescence microscopy

Lipids in desired ratios were mixed to obtain a concentration of 4 mg/mL.

Lauran, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine

rhodamine B sulfonyl) (N-Rh-DPPE), and/or TopFluor-Cholesterol were

added to the lipid sample to yield a final probe/lipid molar ratio of 1:100

for Laurdan and 1:1000 for the latter two. Giant unilamellar vesicles

(GUVs) were prepared using the electroformation method in a tempera-

ture-controlled custom-made chamber using optically transparent and elec-

trically conductive indium tin oxide-coated glass coverslips (SPI Supplies,

West Chester, PA). 60 mL of lipid mixture was spin coated (1000 rpm for 20

s) onto the coverslips and subsequently dried under vacuum overnight. The

coverslips were placed within the electroformation cell, and the cell was

filled with MilliQ water. Lipids were hydrated within the cell at a temper-

ature of 65�C, and low-frequency alternating current field (sinusoidal wave
function with a frequency of 10 Hz and an amplitude of 2Vp-p) was applied

for 120 min. The cell was gradually cooled to RT before imaging the GUVs.

The laser lines used were 488 nm (25 mWArgon laser) and 561 nm (20 mW

diode-pumped solid-state laser) for N-Rh-DPPE and TopFluor-Cholesterol,

respectively. The GUVs were imaged using a laser-scanning confocal mi-

croscope (Carl Zeiss, Oberkochen, Germany) at RT using an Olympus (To-

kyo, Japan) 10�/0.45 NA Air objective. The images collected were of

1024 � 1024-pixel resolution. For GP imaging, GUVs were excited at

780 nm using a multiphoton (titanium sapphire) laser (Coherent, Santa

Clara, CA). Two images were recorded in the range of 420–450 nm

(pink) and 470–520 nm (green) using a l/4-wave plate located at the input

to compensate for any polarization effect and to obtain a circularly polar-

ized light.

GP ¼ I420�450 � I470�520

I420�450 þ I470�520

: (1)

GP images were constructed using ImageJ and Eq. 1. GP values were de-

picted in the range of �1 (highest fluidity) to þ1 (lowest fluidity) using a

custom color palette. GP distribution obtained from the histogram were

fitted to a Gaussian function using Origin Software (Origin Pro 9.1).
Atomic Force Microscopy

AFM imaging was carried out in intermittent contact (alternating current)

mode, and force spectroscopy was done in contact mode with MFP-3D

atomic force microscope (Asylum Research, Santa Barbara, CA) Silicon

nitride cantilevers with spring constant 0.03–0.26 N/m was used. For prep-

aration of supported lipid bilayer, LUVs as prepared above were deposited

on Ted Pella mica (9.9 mm in diameter) glued on a 60-mm Petri dish and

incubated for 2 h in a water bath at 65�C. Before deposition, mica was

cleaved with a scotch tape to form an atomically flat surface. After incuba-
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tion, the sample was washed thoroughly to remove any unfused liposome.

Typical scan rate for images were 0.5 Hz. The images were plane fitted at

order zero and flattened at order one. For force spectroscopic analysis,

cantilever velocity was maintained at 0.7–1 mm/s and applied force was

30–35 nN. Force maps were recorded in 16 � 16 pixels (for details, see

Supporting Materials and Methods). For each of the experiments, at least

two independent replicates were performed. All the experiments were car-

ried out at 23 5 1�C. Super-resolution AFM experiments were performed

by a custom-built AFM with an ultralow noise cantilever deflection sensor

and a high stability photothermal excitation system. A custom-built phase-

locked loop circuit was used for oscillating a cantilever at its resonance fre-

quency with constant amplitude and for detecting frequency shift induced

by the interaction force variation. The AFM head was controlled with a

custom-built AFM controller. Commercially available stiff Si cantilevers

(PPP-NCHAuD; NanoWorld, Neuchâtel, Switzerland) with a spring con-

stant 42 N/m were used to capture the super resolution images.
Fourier transform infrared spectroscopy

LUVs at a concentration of 10 mg/mL in D2O-based buffer containing

20 mM Tris and 5 mM MgCl2 were prepared as mentioned above. The

spectra were measured in a temperature-dependent manner using a Bruker

Tensor II Fourier transform infrared spectroscopy (FT-IR) spectrometer

equipped with liquid nitrogen-cooled Mercury cadmium telluride

(HgCdTe) detector and in a liquid mountable cell with CaF2 windows sepa-

rated by 50-mm Teflon spacers. Each spectrum was obtained by averaging

out 128 spectral scans of 2 cm�1 spectral resolution. The sample chamber

was purged with dry air throughout the experiment and an external circu-

lating water bath (Huber Ministat 125) was used to control temperature

with an accuracy of50.1�C. Three independent replicates were performed

for all measurements.
Cryo-transmission electron microscopy

Five microliters of lipid were deposited on a carbon-coated holey grid.

Excess fluid was blotted away with a Whatmann filter paper followed by

plunging into liquid ethane using a Vitrobot (FEI, Hillsboro, OR) with a

blot time of 1 s. The sample was imaged using Gatan:Orius charge-coupled

device camera under high-resolution Cryo-TEM (JOEL-JEM 2100 electron

microscope) at a temperature of�173.45�C. Further analysis of the vesicles
was carried out using ImageJ software. For IMLs, each experiment was per-

formed in triplicates, and for other systems, each experiment was performed

twice.
RESULTS AND DISCUSSION

Mycobacterial complex lipids pack to form stable
liposomes: the effect of chain length and
branching

Preliminary insights using metabolically labeled lipids in
native Msm (and other bacteria) have demonstrated the cor-
relation of MA structure with OM diffusion, specifically
linked to drug interaction (16). However, it points toward
a huge gap in our understanding of mycobacterial cellular
membranes. Studies in cells using limited labeled lipid
probes preclude obtaining information about the lipid mem-
brane lateral organization and compartmentalization. Under
these circumstances, model membranes composed of com-
plex cellular lipids serve as attractive platforms for investi-
gating membrane structure and dynamics in a controlled
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fashion, many of which cannot be studied using intact cells.
Thus, to accomplish the same for the first time with myco-
bacterial membranes, we selectively extracted 1) IM, 2)
noncovalently bound OMLs in the outer leaflet, 3) PALs
within the inner leaflet of OM, and 4) hypermannosylated
forms of phosphatidylinositolmannoside such as LAMs (5)
from Msm.

RMS has been instrumental to obtain OM components
free of IM contaminants across various Corynebacteriaceae
species including Msm, but the use of sulfosuccininc acid
AOT, the main component of RMS, does pose serious is-
sues. The excess amount of AOT prevents lipidomic charac-
terization of low abundant lipid species and may markedly
influence the lipid membrane structure and associated
properties within liposomal or solid supported bilayer
geometries. To counter this, we developed a chromatog-
raphy-based method using methanol gradient in chloroform
to separate out AOT. We were able to obtain an AOT-free
fraction of OMLs confirmed by TLC and mass spectro-
metric lipidomic characterization (Fig. S1, A, B, and I; Table
S1). Next, we confirmed the presence of lipids characteristic
to OM such as glycopeptidolipids (GPLs), trehalose dimy-
colate (TDM), SL, diacyltrehaloses, diacylglycerols
(DAGs), triacylglycerols, and some loosely bound phospho-
lipids, such as phosphatidylethanolamines, phosphatidyli-
nositol, etc., after mapping them with the known Mtb
LipidDB, MycoMass, and MycoMap databases (Table S1;
(9,10)). The constituent FAs such as hydroxyphthioceranic
acids (for SL) and mycocerosic/phthioceranic acids (for di-
mycocerosate/PDIMs) could also be identified using liquid
chromatography mass spectrometry (Table S1). We also de-
tected the presence of mycolipenic acids, constituents of
long-chained and branched poly (di-, tri-, and penta-) acyl
trehalose presumed to be located noncovalently in the outer
leaflet of OM.

The fatty esters corresponding to the PALs revealed the
presence of a-MAs (Fig. S1 C). In addition, this fraction
also demonstrated the presence of other cell wall-associ-
ated lipids, such as hydroxyphthioceranic, mycolipenic,
and mycocerosic acids, major lipid acyl chain components
of SL, dimycocerosate, and poly acyl trehalose lipids, etc.,
suggesting their peptidoglycan arabinogalactan-associated
nature, plausibly attributed to their long chains facilitating
interdigitation to the outer leaflet (Table S2). Alternatively,
this could also be due to similar lipid components located
in both OM leaflets, arguing for membrane symmetry (11).
Similarly, signature lipids corresponding to IM, such as di-
acylated phosphomannosides (Ac2PIM2), PIMs (PIM6),
and other acylated phosphatidylinositol mannosides
(stained with anthrone, indicating the presence of sugar
moiety in the headgroup), cardiolipin, and phospholipid
(Fig. S1, D and E; Table S1) could be identified. GC-MS
of the constituent FAs of IMLs showed major contribution
from C16:0, C22:0, C23:0, C21:0, C35:0, and C21:1
(Fig. S1 H).
Additional TLC investigations were performed to
comment on extraction selectivity. In low polarity solvent
(i.e., in chloroform/methanol (9.7:0.3)), low polarity lipids
were seen only for OML fraction and most likely corre-
spond to GPLs (or yet unidentified nonpolar lipids (5)),
which are characteristic of OML fraction as reported previ-
ously (5). No lipids were detected under these conditions in
IML (Fig. S2). Upon slightly increasing the polarity by us-
ing chloroform/methanol/water (100:14:0.8), whereas GPLs
in OML were pushed up front, no corresponding bands at
the same position in IML were seen. Further, certain bands
of lipids in IM were observed with an almost negligible
counterpart in OML, suggesting a differential lipid profile
of IML and OML under these conditions. Thus, together
with mass and TLC investigations, selective extraction and
identification of IM and OM characteristic lipids could be
accomplished.

After quantitative identity assessment, we designed
membrane models reflective of: 1) loosely bound lipids
in the outer leaflet of the OM (denoted as OML), 2) mixed
bilayers of OML with covalently attached PALs in the in-
ner leaflet of the OM along with LAM/LM (denoted as
OLP or mycomembrane), and 3) inner plasma membrane
lipids (IMLs). These model membranes were reconstituted
in vitro with lipids extracted from the mentioned regions of
Msm cell envelope and were devoid of any proteins. Cryo-
transmission electron microscopy (cryo-TEM) micrographs
confirmed the formation of unilamellar vesicles by the
complex lipid mixtures of Msm IM and OM with sizes of
a few hundred nanometers and were either spherical or
faceted (Figs. 2 and S2). Vesicle facetation is a distinctive
feature observed in gel or the crystalline phase of lipids
with high bending rigidity (20). We attribute the vesicle
facetation in OML to curvature induced by tighter packing
of MAs (including trehalose-based MA lipids). We wit-
nessed a similar behavior previously in a chemically
simpler mycomembrane model consisting of TDM,
DPPG, and DPPG (Fig. 2; (21)). To precisely understand
the structural features of OM, we generated two more sys-
tems, OML containing LAM (OL) and OML containing
only PALs (OP), to investigate the effects of LAM and
MAs in isolation on the conformation of OML. Interest-
ingly, facetation was abolished upon the addition of
LAM to OML (in OL), indicating that LAM counteracts
the tight packing at the lipid headgroup region by its
branched sugar structures. Similarly, it was intensified by
the presence of MA in OML containing PALs (OP), further
supporting the curvature defects due to MA chain-induced
packing with the other lipids. The effect of LAM was
dominant because no faceted vesicles were seen in OLP,
rather smooth spherical boundary was observed (Fig. 2).
We thus suggest that MA-containing lipids and LAM
have critical roles in shape reformation of Msm mem-
branes, required for cellular processes such as transport
of lipids, proteins, nutrients, and drugs.
Biophysical Journal 118, 1279–1291, March 24, 2020 1283



FIGURE 2 Visualization and size variation of mycobacterial OM and IM

lipid vesicles. Shown are cryo-TEM images for IML, OML, OL, OP, and

OLP lipid vesicles. cryo-TEM images of TDM and the three-component

model membrane of TDM:DAG:DPPG (9.1:18.2:72.7 mol%) are shown

as an aid to explain the facetation behavior. The inset images show the

enlarged image of a single lipid vesicle. Scale bars, 500 nm. DLS provided

the hydrodynamic diameter range observed for IML, OML, OL, OP, and

OLP vesicles at 25�C.
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The mean (5SEM) bilayer thickness was 7.5 5 0.2 nm
for OML, 7.3 5 0.2 for OLP, and 6.7 5 0.1 nm for IML
(Fig. S3, A–C) in accordance with the reported thicknesses
using cryo-TEM. OL displayed a bilayer thickness of
7.7 5 0.5 nm, whereas OP (6.6 5 0.1 nm) had the
lowest thickness among OM Msm preparations (Fig. S3, D
and E). The presence of large hydrophilic-branched sugar
structures protruding from the vesicle surface is expected
to increase the bilayer thickness in OL, whereas increased
van der Waals interactions by MA reduces the bilayer thick-
ness in OP. The number-weighted average hydrodynamic
size of all lipid systems by dynamic light scattering (DLS)
was in the range of 120–600 nm (Fig. 2) with negative sur-
face potentials between �16.5 and �25.3 mV (Fig. S3 F).
Distinct hydration pattern along interfacial
headgroup and acyl chain dynamics in Msm
IM and OM

The membrane packing in the Msm model membrane sys-
tems in a bilayer depth (using probes with known membrane
bilayer depths) and temperature-dependent manner (for
studying thermotropic lipid phase transitions) was quantita-
tively determined. Using Laurdan spectroscopy, GP (Eq. S1)
reflective of membrane hydration at the interfacial bilayer
region was calculated (22). Lipids constituting the OML
demonstrated increased membrane hydration and disorder
with a broad lipid phase transition, implying high conforma-
tional heterogeneity with varying degrees of hydration
(Fig. 3 A). In addition, the lipid headgroup region showed
higher dynamics, evident by the low lifetime of Laurdan
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(Fig. 3 E), indicating a fluid environment favoring faster
probe relaxation. On the other hand, IML showed high GP
values at physiological temperatures (37�C) compared
with OML. This implies a higher inherent packing effi-
ciency in IML, whereas OML with branched chain lipids
(as identified) prevent efficient packing; the same is also
indicated by the higher lifetime of Laurdan in IML, suggest-
ing slower relaxation (Fig. 3, A and E). Further, most abun-
dant lipid components of IM are acylated PIMs with
mannosylated headgroups; however, their acyl chains are
mostly saturated as evident by the gas chromatography anal-
ysis (Fig. S1 H). This would afford a tighter intermolecular
interaction (as seen in other gel or cholesterol-enriched
liquid ordered (lo) lipid systems) and thus lead to lower
interfacial hydration (high GP). The IML GP decreases
above 50�C to the level of OML, probably due to transitions
to a more fluid lipid phase, suggesting alike membrane hy-
dration and order at high temperatures between IML and
OML.

Next, the completeMsmOM system (i.e., OLP) displayed
a higher GP value compared with its loosely bound lipid
counterpart, OML (till 40�C), denoting higher membrane
order. This is attributed to strong intermolecular van der
Waals interactions rendered by the long, saturated MA
chains (as found in the inner leaflet of OM in native myco-
bacterial cell envelope), facilitating tighter packing of lipid
acyl chains and reduced water penetration at the interfacial
region. This was further confirmed by studying the lipo-
somes formed using PALs only, which showed a higher
membrane order and was also similar to liposomes assem-
bled from pure commercial MAs (Fig. S4 A). The addition
of PALs to OML (forming OP) led to a significant increase
in the membrane order, thus further supporting the above.
This was also concluded by the rescued Laurdan lifetime
in OLP compared with OML at 25�C (Figs. 3 E and S5).
OLP lifetime was less than IML, indicating that the level
of membrane packing and hydration in IML permits slower
probe relaxation not clearly evident by GP. At higher tem-
peratures, OLP displayed the lowest GP compared with all
other systems, pointing toward comparatively loose packing
between headgroups of OML, LAM, and PALs as the major
contributing factor. Whereas bulky headgroups of LAM
should favor a relatively hydrated membrane interface, the
effect is dominated by the PAL fraction in OLP, presumably
because of the relatively low amounts of LAM. Further-
more, the gradual increase in the Tm (apparent demixing
temperature range for phase separation obtained from GP
curve) by the systematic addition of PALs and LAM to
OML signifies intricate interactions of these with OML
(lipids in the outer leaflet of OM), such as electrostatic head-
group, H-bonding, and van der Waals interactions, leading
to a more compact and ordered OM. Collectively, a distinc-
tive membrane hydration and order pattern emerges by
various structurally different lipids of the inner and outer
layer of the Msm cell envelope. Of note, this may imply



FIGURE 3 Bilayer depth-dependent changes in

membrane order and fluidity of mycobacterial lipid

membranes. Temperature-dependent changes in

(A) Laurdan GP and (B) DPH anisotropy shows mi-

croviscosity changes in the deep hydrophobic acyl

chain region. (C) TMA-DPH anisotropy is indica-

tive of microviscosity changes in the interfacial

region. (D) Laurdan anisotropy depicts microvis-

cosity changes at the lipid headgroup region. (E)

Fluorescence lifetimes of the indicated lipid probes

are shown. Data presented are mean (5SEM) of

three independent experiments. (F–I) Tempera-

ture-dependent changes in the acyl chain confor-

mational dynamics of the indicated mycobacterial

membranes were measured using FT-IR monitoring

nasymCH2. (F) Asymmetric CH2 stretching mode

wavenumber in IML is shown. (G–I) Shown are

comparisons between the temperature-dependent

asymmetric CH2 stretching of (G) OML and OLP,

(H) OML and OL, and (I) OML and OP. Black ar-

rows indicate changes in slope, which can be

ascribed to the onset of phase transitions. Solid

arrows indicate main phase transition, and dashed

arrows indicate minor slope change and the appear-

ance of additional phases. Data presented are mean

(5SD) of three independent experiments.
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that the Msm lipid membranes maintain a membrane order
gradient that is temperature sensitive and lipid structure
dependent. The role of Msm membrane proteins in
tempering with this gradient cannot be ascertained by our
studies at the moment. No disintegration or disassembly
of lipid systems was obtained at a high temperature as re-
vealed by DLS (Fig. S6). Furthermore, the presence of
AOT substantially altered the properties of OML
(Fig. S7), implying that separation of AOT fractions during
lipid extraction is extremely important.

Membrane fluidity plays an essential role in cellular pro-
cesses, such as cell division, DNA replication, signal trans-
duction, and biofilm formation. To analyze and quantify the
same, steady-state fluorescence anisotropy DPH and TMA-
DPH with known membrane position and bilayer depth was
used (Fig. 3, B–D; Eq. S2; (21)) (i.e., the probes are located
at different depths along the lipid acyl chain in the lipid
bilayer). Within the deep hydrophobic region of the mem-
brane bilayer, assessed using DPH, OLP showed the highest
anisotropy (�45–60% in the temperature range investigated
compared with IML), arguing for a highly compact confor-
mation of the bilayer interior with increased microviscosity
(Fig. 3 B). In addition, no sharp cooperative transition was
seen for any OM containing lipid systems, attributed to het-
erogeneity in the lipid chain composition coupled with co-
existing MA chain conformations (23). Upon the addition
of PALs to OML (i.e., in OP), a similar behavior to OLP
was observed. This indicates that MA chains within the
PAL fraction are responsible for the extraordinary compact-
ness ofMsmOM, with almost no contribution by LAM. This
was supported by higher DPH anisotropy of the PAL system
alone and observed a decrease in OML membrane fluidity
upon the addition of PALs to OML (Fig. S4 B).

Membrane microviscosity within the interfacial region
(TMA-DPH) was lowest for IML (compared with OML
and OLP), suggesting substantial differences in the packing
of the membrane near the hydrophilic lipid region in all sys-
tems, and almost no significant change with temperature
Biophysical Journal 118, 1279–1291, March 24, 2020 1285
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was observed (Fig. 3 C). OML-containing systems and IML
showed a decreased membrane order (higher fluidity) within
bilayer interior and increased order at the headgroup region,
especially above 37�C (physiological growth temperature of
Msm). This trans-bilayer perturbation effect, reported previ-
ously in other systems (24), might be mediated in Msm
membranes by the mismatched chain lengths generating
free space toward the membrane interior. This free space
is then filled by an increasing amplitude of chain fluctua-
tions, thus accounting for higher fluidity. The mismatched
chain lengths are most likely rendered by the presence of
DAG in OLP/OML/IML and MA in OLP. trans-bilayer
perturbation effect was most pronounced at higher tempera-
tures in IML and may be due to C20–C30 carbon-chained
IMLs being in the highly disordered conformations, leading
to higher hydrophobic mismatch. The temperature-indepen-
dent membrane fluidity at the interfacial region may be due
to tighter contacts induced by the small headgroup of DAG
andMA units. Within the lipid headgroup region (near to the
interfacial region), OLP displayed a relatively sharp transi-
tion with temperature compared with all other investigated
systems (Fig. 3 D). Further, IML and OML showed less sen-
sitive membrane fluidity at this region with an increasing
temperature. These data indicate that membrane fluidity
varies along the length of the lipid acyl chain in various
Msm model membranes and may be rationalized to specific
structural features, including (but not limited to) chain
lengths, level of unsaturation, and branched network of
contributing lipids.

For all systems, a higher lifetime of TMA-DPH compared
with DPH implies that the deeper, heterogeneous acyl
chains are not packed as tightly as near the headgroup region
(Fig. 3 E). The presence of branched lipids in OML and
OLP could explain this inefficient packing at the headgroup
region as the CH3 branches are situated in C1–C8; however,
reasons for IML remain unknown.

Orthogonal investigation of the conformational order of
acyl chains was performed using infrared spectroscopy
(Fig. 3, F–I). The internal vibrational mode of lipid acyl
chains (asymmetric CH2; nasymCH2) give rise to vibrational
bands that act as reporters of trans-gauche ratio and kinks,
thus mapping the conformational dynamics of the lipid
chains in a label-free manner. Inner and outer Msm model
membranes displayed a broad phase transition over a wide
temperature range compared with one-component lipid sys-
tems hinting toward coexisting lipid phases with marginal
difference in their acyl chain conformations. This was
most evident for OM-containing systems harboring MA
chains as these exist in a variety of conformational states:
the four-chain W-shape with parallel configuration of the
chain, folding extended conformation, and fully extended
states (23,25). The aforementionedMA phases are separated
by small energy differences and thus may account for
the shallow nasymCH2-T dependence. The maximum of the
nasym CH2 vibrational mode increases gradually with tem-
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perature and slope changes (solid and dashed black arrows)
suggest onset of lipid phase transitions at z 20�C, z 28�C
for IML (Fig. 3F), and at z 28�C, z 38 �C, for OML (Fig.
3G). For both systems, the wavenumber range can be as-
signed to a solid ordered-like phase. At higher temperatures,
the change in the slope indicates the formation of a new
phase. This phase region may be attributed to a solid-liquid
phase coexistence region. Though the identity and nature of
these phases remains currently unknown, based on the mi-
croscopy and AFM data at RT, solid-liquid phase coexis-
tence is inferred. Further studies using pressure-dependent
FT-IR and molecular simulations would shed light on the
structural details of various lipid phases and chain confor-
mations that can exist in these Msm membrane models.
For OP and OL (Fig. 3,H and I), additional phase transitions
were observed as compared with OML, demonstrating that
LAM (decreased nasymCH2) and PALs (increased nasymCH2)
induce disordering and ordering within the lipid acyl region,
respectively (Fig. S4 C). Interestingly, the coaddition of
both LAM and PALs counteracted each other in OLP but
displayed relatively more ordered conformation of the lipid
acyl chains compared with OML (Fig. 3 G).

Noticeably, the apparent Tm (also from fluorescence
studies) for OLP agrees well with the thermodynamic
behavior of the mycobacterial cell wall (26), indicating
the suitability of the Msm membrane models to mimic the
membrane order, conformational dynamics, and physical
properties of the natural mycomembrane in a pronounced
manner. We show for the first time, to our knowledge, that
Msm IM substantially deviates from the OM in the packing
of their lipid acyl chains, showing a narrower phase distribu-
tion that is temperature independent above 40�C (Fig. 3 F).
This suggests that composition and structure of lipids within
Msm IM dispose this layer to have compact acyl chain
conformation and packing, thus creating a packing gradient
from OM to IM, which may have crucial implications for
the diffusion of nutrients as well as drugs across the myco-
bacterial cell envelope.
Phase segregation and lipid microdomains with
structure-dependent membrane mechanics

AFM of solid supported bilayers has furnished significant
insights into the lateral organization of model and natural
membranes, specifically lipid phase segregation and do-
mains/lipid rafts with sub-nm z resolution (27,28). Msm
IM and OM displayed lateral lipid phase segregation with
at least two discernable regions or lipid phases/domains of
varying heights (Fig. 4 A). We refer to them as ordered or
disordered lipid regions in mycobacterial model membranes
because of the lack of conclusive evidence detailing their
identity at present. The height difference between ordered
and disordered lipid regions were between 2 and 3.8 nm
for all indicated systems, giving a total bilayer height of
7–8 nm, in excellent agreement with intact bacterial cell



FIGURE 4 Visualization of the domain architec-

ture in mycobacterial model membranes. (A and B)

Shown is AFM imaging (A) and force spectroscopy

(B) of IML, OML, and OLP. The topographical im-

ages show phase separation of these independent

lipid systems into ordered and disordered phase at

25�C. Scale bars, 5 mm for IML and 2 mm for

OML and OLP. For IML and OLP, the height differ-

ence between the two phases is�3 nm, whereas for

OML, it is 2 nm, suggesting differential lateral

packing of these lipids. The BrF distribution shows

the mean values centered at 4.24 5 3.5 nN and

19.9 5 3.8 nN for IML (n ¼ 500), 0.93 5 0.46

nN for OML (n ¼ 194), and 5.82 5 1.1 nN and

19.75 4.61 nN for OLP (n ¼ 144), showing nano-

mechanical heterogeneity in these samples. Data

represented are mean (5SD). (C) Shown is su-

per-resolution AFM image of IML and associated

line profile at 25�C. (D) Confocal fluorescence mi-

croscopy images of indicated lipid systems are

shown. Fluorescence intensity was collected in

two channels at 25�C. N-Rh-DPPE was used as a

marker labeling preferentially the disordered do-

mains (detected by red channel), TopFluor-Choles-

terol partitions preferentially into lo phase of the

membrane. Line profile of the GUVs shows differ-

ential incorporation of N-Rh-DPPE (red line), and

TopFluor-Cholesterol (green line) into GUVs are

plotted on the right. Scale bars, 20 mm. To see

this figure in color, go online.
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wall cryoelectron tomography (Fig. 4 A; (11)). The lipid re-
gions had smooth boundaries in IML and OML but were
highly irregular in OLP systems, most probably because
of LAM and PALs altering the membrane lipid chain pack-
ing, leading to attenuated line energy (tension) associated
with the rims of the two demixing phases (29). Even though
the height mismatch is maximum for OLP, it is not the only
contributor to line tension. Membrane defects and curvature
rendered by longer and branched lipids in OLP are also
some factors to be considered (30). The reported height dif-
ference of phase-segregated raft-like model membranes is
around 1 nm, implying that the lateral organization and lipid
packing in eukaryotic and mycobacterial membrane is
markedly different, although the latter shows for the first
Biophysical Journal 118, 1279–1291, March 24, 2020 1287



Adhyapak et al.
time, to our knowledge, the ability of Msm lipids to phase
segregate, which could be biologically relevant as in
eukaryotes.

Nanomechanical properties measured using AFM force
spectroscopy revealed distinct populations of break-through
force (BrF), the force required to pierce the membrane
bilayer. The distribution of forces in IML and OLP were
comparable to those found in membranes, showing liquid
disordered (ld) and ordered lipid phase segregation, respec-
tively (31–33). This partially reinforces the coexistence of
ordered and disordered lipid phases in Msm membranes
(Fig. 4 B); however, this requires additional experiments.
Moreover, the ordered lipid region/phase in Msm mem-
branes may be either lo or solid phases, which cannot be
distinguished by our methods at present. Noticeably, the
BrF in OML were extremely low, indicating a highly disor-
dered lipid bilayer with heterogeneous and low membrane
packing, also supported by GP results. Thus, the highly
branched and long chain lipids specific to OM lead to
high membrane fluctuations in their acyl chain packing.
This implies that lateral structure of OM allows for unre-
stricted diffusion, whereas compact lateral structure of the
second membrane layer (i.e., IM) might act as a checkpoint
to regulate diffusion and permeation through mycobacterial
membranes for an optimal biological activity. Further, su-
per-resolution AFM afforded significant insights at the
nanoscopic level in IML (Fig. 4 C), showing a highly hetero-
geneous membrane organization within nm regime with a
concomitant height profile. Taken collectively, the data
point toward a distinctive lateral lipid organization within
spatially separated mycobacterial OMs and IMs. Further in-
vestigations into their ultrafine structure, domain dynamics,
and how the transmembrane domain architecture is biolog-
ically relevant are warranted.

Coexistence of ordered and disordered lipid regions in
Msmmodel membranes was also demonstrated in GUVs us-
ing confocal microscopy with lipid domain-specific probes
that are known to selectively partition into lo and ld phases
(Fig. 4 D; (27)). IML GUVs demonstrated a three-phase
coexistence region in which three types of domains/regions
were distinguishable: dark domains in which no partitioning
of any of the lo and ld probes was observed, weakly fluores-
cent domains harboring lo dyes, and strongly fluorescing do-
mains in which ld dyes partitioned (Figs. 4 D and S8). This
aligns with the extended range of AFM BrF in IML, hinting
toward minor amounts of gel-like solid ordered domains
from which both the fluorescent dyes are excluded. Because
lo markers may also partition into the gel phase, thus com-
menting on dark regions in IML devoid of any fluorophore,
we generated GUVs from 1,2-dioleoyl-sn-glycero-3-phos-
phocholine:1,2-dipalmitoyl-sn-glycero-3-phosphocholine:
cholesterol (45:45:5 mol%), which has been previously
shown to exhibit a solid-liquid phase coexistence (i.e., gel-ld
(34,35)). We could see the presence of dark regions/
domains within these GUVs (Fig. S9) in which TopFluor-
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Cholesterol did not partition, indicating that this lo marker
does not partition into the gel phase of phase-segregated
lipid membrane, showing gel-liquid phase coexistence.
This supports our hypothesis on the presence of ordered
gel-like domains within the GUVs made from extracted
IMLs (Fig. 4 D). However, as mentioned above, the ordered
phase as inferred may be either lo or a solid phase or both
and requires additional investigations. OML demonstrated
a continuous stretch of connecting intermittent patterns of
dark lipid domains devoid of ld probe and strongly fluo-
rescing regions having lo dyes (punctate appearance)
(Figs. 4 D and S10). The distinct shape of these fluid do-
mains has its origin in the compositional and the energetic
differences between coexisting lipid conformations in
OML. On the other hand, OLP demonstrated the presence
of disordered regions wherein the ld dye had partitioned,
whereas no specific partitioning of lo probes was observed
but, instead, a uniform distribution was visualized (Figs. 4
D and S11). Coupled with AFM and Laurdan spectroscopy,
this would imply that OLP has a more fluid-like disordered
lipid region compared with IML, again implicating the na-
ture and structure of the constituting lipid chains and their
packing in regulating membrane bilayer structure and
properties.

To delve deeper into the coexistence of distinct lipid re-
gions in mycobacterial model membranes and map the
same to the membrane hydration and order, we performed
quantitative imaging of lipid order using Laurdan two-
photon microscopy. Msm model membranes representative
of IM and OM regions from the native cell envelope were
used by generating GUVs reconstituted from protein-free
lipid extracts from the respective cell envelope regions
(Fig. 5; Table 1 and S12).

The ratiometric measurement of fluorescence intensity af-
fords information on the hydration and ordering levels in
lipid domains by the parameter of GP. Both IML and
OML showed a broad distribution of GP values, indicating
a wide distribution of lipid domain population with varying
levels of order (indicative by their GP values). On average,
three populations of lipid domains may be assigned within
IML and OML systems, supporting AFM and microscopy
data (based on GP histograms). However, all the three
showed higher hydration and lower order within OML
(low GP values centered at �0.51, �0.13, and 0.02 in
OML), supporting AFM force distribution data. The addi-
tion of PALs and LAM to OML (OLP) caused a substantial
shift in the lipid population, which was skewed toward fluid
lipid population (centered at GP ¼ �0.82). OLP GP distri-
bution indicates that all contributing coexisting lipid phases
only marginally differ in hydration and ordering and are
devoid of highly ordered gel-like phases, in accordance
with other results. This could be rationalized by the
opposing effects of LAM and PALs in fine-tuning the over-
all properties in the OLP system. The ordered and disor-
dered lipid phases in mycobacterial IM and OM appear to



FIGURE 5 Membrane lipid order maps of mycobacterial model mem-

brane revealing phase segregation and lipid microdomain formation. (A)

Pseudocolored Laurdan GP images of indicated GUVs at 25�C are shown.

(B) Shown is the GP distribution from the stack of GP images deconvoluted

by fitting Gaussian distribution. Scale bars, 64 mm (n of IML¼ 39, OML¼
85, and OLP ¼ 69). To see this figure in color, go online.
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be highly distinct owing to their compositional and struc-
tural heterogeneity.
CONCLUSIONS

Deciphering the spatial organization and structure of myco-
bacterial lipid membranes greatly facilitates our understat-
ing of how the bacterium employs the lipid arcade to form
a robust cell envelope to guard the bacterial biology.
Long-standing notions majorly supported the mycobacterial
cell membrane to form a massive permeability barrier
against drugs; however, the role of specific lipids in shaping
the membrane is poorly understood. This is even more
intriguing when the chemical structure of mycobacterial
lipids is taken into account: serpentine-like long carbon
chains of 80–90 atoms, excessive methyl branches, and
TABLE 1 Data from GP Imaging Showing Peak Centroid (C1, C2, a

Curve of Laurdan-Stained Pixels for the Respective Populations of

C1 % Coverage (C1) C2

IML �0.77 5 0.02 29.03 5 3.04 �0.37 5 0.02

OML �0.51 5 0.06 60.31 5 3.38 �0.13 5 0.05

OLP �0.82 5 0.04 55.61 5 5.08 �0.57 5 0.06

Error are SD. c2 for fitting 0.99–0.98.
network of sugar appendages. Furthermore, mycobacterial
mutants defective in the synthesis of specific cell wall com-
ponents have been demonstrated with compromised perme-
ability and surprisingly attenuated virulence. These findings
highlight the importance of the integrity of the mycobacte-
rial cell membrane for its survival and pathogenesis. Elegant
studies have provided indispensable clues toward the struc-
ture of the mycobacterial IM and OM, complemented with
precise lipidomic compositional analysis.

In this study, we investigate various biophysical membrane
properties of the OM and IM lipids of Msm (used as a surro-
gate forMtb and reflective of mycobacterial membranes) and
correlate the same to the lipid chemical makeup. We de-
signed protein-free membrane systems reflective of Msm
IM and OM by in vitro reconstitution of extracted lipids.
We show using these model systems that the lipids from
the outer mycobacterial membrane have a high conforma-
tional heterogeneity attributed to the branched nature of
lipids, including a contiguous stretch of methyl branches
that prevent efficient chain packing. This accounts for their
high interfacial hydration and low membrane order. On the
other hand, lipids from the IM demonstrate lower interfacial
headgroup hydration, leading to higher membrane order. This
is assigned to the saturated nature of lipid acyl chains consti-
tuting the IMLs. Within the mycomembrane (i.e., OMLs
along with peptidoglycan-associated lipids and LAM
(OLP)), PALs and LAM counteract each other’s effect, lead-
ing to an overall compact membrane and relatively high
order.

Within the deep acyl chain region, OMLs possess low
rotational freedom compared with IMLs. This is mostly
because of the saturated nature of the IM acyl chains, lead-
ing to higher conformational freedom and acyl chain fluctu-
ations; the same would be limited by the methyl branches,
cyclopropane rings, and double bonds. Interestingly, myco-
bacterial lipids, even with their distinct structural attributes,
were capable of forming phase-segregated membranes, the
biological role of which remains understudied. Whereas
IMLs form continuous boundaries of ordered and disordered
regions, extractable OMLs formed relatively circular do-
mains, probably because of higher line tension. Mycomem-
brane displayed intermittent ordered regions and is
attributed to a large height difference because of the pres-
ence of long MAs, which leads to a thermodynamically
unstable system due to exposed hydrophobic chains at the
ordered/disordered interface.
nd C3) Representing Distinct Lipid Phases and Area Under the

Different Msm Lipid Systems

% Coverage (C2) C3 % Coverage (C3)

45.53 5 3.37 0.15 5 0.01 25.44 5 1.52

19.63 5 3.59 0.02 5 0.07 26.08 5 5.14

36.41 5 3.49 0.17 5 0.05 15.52 5 4.06
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The gradient of membrane order and fluidity inherent in
going from OM to IM in these models suggests an intrabi-
layer arrangement to regulate the uptake of nutrients, trans-
port of protein, and differential drug interaction profiles.
Furthermore, the presence of specific lipids in the myco-
membrane fine-tunes the membrane properties, revealing
that mycobacteria could modulate the membrane properties
in a spatially constrained fashion by altering the synthesis of
IMLs or OMLs, respectively. It is emphasized that these
findings are derived from simplified protein-free membrane
mimics of theMsm cell envelope, thus the role of membrane
proteins in regulating the studied membrane properties and
hence the complete biological functions of mycobacterial
membranes remain to be investigated. Nonetheless, our
findings will impact future studies targeted toward under-
standing transport pathways and the mechanism for lipids,
proteins, and antimycobacterial drugs. In addition, crucial
insights into the role of structurally dissimilar IMLs and
OMLs in maintaining mycobacterial cell membrane integ-
rity and function would facilitate uncovering new potential
targets against tuberculosis in specific and lipid-dependent
maladies in general.
SUPPORTING MATERIAL
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SI Methods 

 

Laurdan GP spectroscopy: Being a solvation sensitive probe, Laurdan is employed to determine the 
hydration and order of membranes. The emission spectra of Laurdan exhibit spectral shifts due to 
dielectric relaxation and can be analysed by calculating the generalised polarisation using Eq. S1.  
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Where, I440 and I490 refer to the intensities at 440 nm and 490 nm characteristic for ordered (gel) 
phase and fluid, liquid crystalline phase respectively. 

Membrane fluidity studies: Fluorescence anisotropy measurements were done using Laurdan, 
TMA-DPH and DPH using a Varian Cary Eclipse spectrofluorometer attached with a polarizer (varian 
manual Polarizer Accessory). Fluorescence intensity was measured with excitation and emission 
polarizer parallel to each other (both at 0o, I0) and repeated with polarizer perpendicular (excitation: 0o, 
emission: 90 o, I90). The degree of fluorescence steady-state anisotropy (r) was calculated from Eq. 
S2. 
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where, G is the correction factor obtained from ratio of emission intensity at 0 o and 90 o with the 
excitation polarizer oriented at 90 o. 

AFM Force Spectroscopy: Force spectroscopy was performed to gain insights into the resistance 
experienced by cantilever tip to rupture the bilayer. In this approach, force distance curves were 
recorded. The supported lipid bilayer is considered as a planar arrangement of adjacent lipid 
molecules. As the tip approach and indent the bilayer, the latter gets compressed, the molecular area 
underneath the tip changes and lipid positions fluctuate. Between the adjacent molecules of lipids, 
energy is elastically stored until the rupture point occurs. This creates a jump in force-distance curve, 
as the tip pierces through the bilayer. This jump is considered as breakthrough force event. 
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Fig. S1 - (A-E) TLC profiles of extracted lipids. (A) TLC profile of OML with and 
without AOT developed in chloroform-methanol mixture (C:M) (9:1). The long ochre 
coloured spot confirmed the presence of AOT. (B) OML TLC developed in C:M 
(9.5:0.5). GPLs and glycolipids were visualized using anthrone spray. (C) Mycolic 
acid methyl esters developed in pet ether-diethyl ether (PE:DE) (85:15) and 
visualized using phosphomolybdic acid stain (PMA). (D) Glycolipids in IML were 
visualized using anthrone spray and developed in a mixture of chloroform–
methanol–13M ammonia–1 M ammonium acetate–water (180:140:9:9:23). (E) 
Comparison of standard phospholipids with IML showed the mobility of IML being at 
an intermediate between DOPC and DPPG. (F) SDS PAGE profile of PIMs and LMs. 
(G) Western blot of LAM observed using anti-LAM antibody. (H) Fatty acid methyl 
esters of IML were subjected to GCMS to obtain information on the constituent fatty 
acids chains. (I) LCMS spectra showing the presence and absence of AOT before 
and after purification using column chromatography as described in Methods. 

 

 

 

 

 

 

Figure S2 – Comparative TLC profiles of the lipids in OML and IML fractions 
detected using solvents of different polarity. A) in chloroform-methanol (9.7:0.3) and 
B) in chloroform–methanol–water (100:14:0.8). Both are visualized using anthrone 
spray. 
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Fig. S3: Distribution of bilayer thickness and size of the mycobacterial lipid vesicles 
estimated from Cryo-TEM images. Bilayer thickness varies as (A) 6.7 ± 0.2 nm for 
IML (n=60), (B) 7.4 ± 0.2 nm for OML (n=42), (C) 7.3 ± 0.2 nm for OLP (n=50), (D) 
8.3 ± 0.2 nm for OL (n=34), and (E) 6.6 ± 0.1 nm for OP (n=29) (mean ±SEM). 
Diameter/ size for IML, OML, OLP, OL and OP vesicles are 247.8 ± 13.3 nm 
(n=140), 241.8 ± 14.7 nm (n=80), 159.4 ± 13.4 nm (n=85), 123.4 ± 5.17 nm (n=78), 
215.2 ± 23.2 nm (n=50) respectively (mean ± SEM). 
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Fig. S4: PAL induced changes in membrane order and fluidity of mycobacterial 
outer membrane. (A) Laurdan GP (B) DPH and TMA-DPH anisotropy showing 
microviscosity changes in the deep hydrophobic acyl chain region and interfacial 
region respectively at 35 ºC in the indicated lipid systems. Data presented is mean (± 
SEM) of three independent experiments. (C) Acyl chain conformational dynamics of 
indicated lipid systems measured using FTIR monitoring asymCH2. Black arrows 
indicate changes in slope, which can be, ascribed to onset of phase transitions. Solid 
arrows: main phase transition and dashed arrow indicate minor slope change and 
appearance of additional phases. Data presented is mean ± SD of three independent 
experiments. 
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Fig. S5 – Representative Decay Curves of (A) Laurdan (B) TMA-DPH (C) DPH 
probes in various indicated mycobacterial model membrane lipid systems at RT. 
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Fig. S6: Temperature dependent size variation within (A) IML (B) OML (C) OLP, 
suggesting intact integrity of vesicles at higher temperatures. 

 

 

 

 

 

Fig. S7 – AOT alters the membrane properties of OML (A) Generalised 
polarisation curve showing that the presence of AOT reduces the apparent Tm of the 
OML system (compared to Fig. 3A). (B) Laurdan and TMA-DPH anisotropy of OML 
containing AOT. Data presented is mean (± SEM) of three independent experiments. 
(C) Internal vibrational mode of lipid acyl chains (asymmetric CH2; asymCH2) of OML 
and OML with AOT. Data is mean (± SD). Presence of AOT causes substantial 
disordering in the membrane bilayer indicated by higher wavenumbers. In addition, 
the phase transition is shifted to higher temperature suggesting significant effect on 
AOT on OM lipid phases (D) When AOT is present, the IR absorbance pattern has 
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characteristic doublet peaks at both 2920 and 2850 region. Data presented is mean 
(±SD).  

 

 

Fig. S8 – Representative confocal fluorescence microscopy images of IML 
GUVs. Fluorescence intensity was collected in two channels at 25 °C. N-Rh-DPPE 
was used as a marker labelling preferentially the ld

 domains (detected by red 
channel), TopFluor-cholesterol partitions preferentially into lo

 phase of the 
membrane. Scale bar: 20 m.  
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Fig. S9: Representative confocal fluorescence microscopy images of GUVs 
with solid-liquid phase separation. DOPC, DPPC, cholesterol were mixed 
(45:45:5 mol %) to form GUVs. Fluorescence intensity was collected in two channels 
at 25 °C. N-Rh-DPPE was used as a marker labelling preferentially the ld

 domains 
(detected by red channel), TopFluor-cholesterol partitions preferentially into lo

 phase 
of the membrane (green channel). Regions devoid of both the markers reflect the 
presence of gel phase domains. Scale bar: 20 m. 
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Fig. S10 – Representative confocal fluorescence microscopy images of OML 
GUVs. Fluorescence intensity was collected in two channels at 25 °C. N-Rh-DPPE 
was used as a marker labelling preferentially the ld

 domains (detected by red 
channel), TopFluor-cholesterol partitions preferentially into lo

 phase of the 
membrane. Scale bar: 20 m.  
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Fig. S11 – Representative confocal fluorescence microscopy images of OLP 
GUVs. Fluorescence intensity was collected in two channels at 25 °C. N-Rh-DPPE 
was used as a marker labelling preferentially the ld

 domains (detected by red 
channel), TopFluor-cholesterol partitions preferentially into lo

 phase of the 
membrane. Scale bar: 20 m.  
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Fig. S12 – Laurdan GP images of mycobacterial model membrane revealing 
phase segregation and lipid microdomain formation. Pseudo-coloured Laurdan 
GP images of indicated GUVs at 25 °C. Scale Bar 64 µm.  
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Table S1: List of lipids identified through LCMS in OML and IML fractions after 
consulting the online mycobacterial databases. In bold are lipids characteristic 
of OM or IM fraction.  

Sr No Outer Membrane Lipids Inner Membrane Lipids 

1 Ac2SGL (C56) Ac1PIM1 (R1CO2H+R2CO2H+R3CO2H 
=55:3) 

2 Alpha-MA (C89) Ac1PIM1 (R1CO2H+R2CO2H+R3CO2H 
=55:5) 

3 Carboxylic exochelins threonine  Ac1PIM2 (R1CO2H+R2CO2H+R3CO2H 
=51:3,R4=H) 

4 DAT (C25:2) Ac1PIM2 (R1CO2H+R2CO2H+R3CO2H 
=54:2,R4=H) 

5 DAT (C26:0) Ac1PIM2 
(R1CO2H+R2CO2H+R3CO2H=49:0,R4=H) 

6 DAT (C27:0) Ac1PIM2 
(R1CO2H+R2CO2H+R3CO2H=50:2,R4=H) 

7 DAT (C32:0) Ac1PIM3 (R1CO2H+R2CO2H+R3CO2H 
=50:0,R4=H) 

8 DAT (C37:1) Ac1PIM3 
(R1CO2H+R2CO2H+R3CO2H=47:1,R4=H) 

9 DAG (R1CO2H+R2CO2H=30:1) Ac1PIM3 
(R1CO2H+R2CO2H+R3CO2H=47:1,R4=H) 

10 DAG (R1CO2H+R2CO2H=32:2) Ac1PIM3 
(R1CO2H+R2CO2H+R3CO2H=50:0,R4=H) 

11 Dideoxy Mycobactins (C18:1) CM (Carboxymycobactins) 

12 Glycosylated phthiodiolone 
dimycocerosate (C106) 

DAG (C24:2) 

13 GPL-IIa/IV DAG (C25:0) 

14 GPL-IIb DDCM (dideoxycarboxymycobactin methyl 
esters) (C8:1) 

15 GPL-serovar 1 DDCM (dideoxycarboxymycobactin methyl 
esters) (C12:1) 

16 Hydroxyphthioceranic acid 
(C34) 

DDCM (serine butyric acid 
dideoxycarboxymycobactins) (C9:1) 

17 Keto-MA (C83) DDCM (threonine/a-methyl serine 
ethylbutyric acid 
dideoxycarboxymycobactins ) (C6:1) 

18 Lysinated PG (C20:0) L5P (lipopentapeptide) 

19 Lyso PA (C20:4) L5P (Lipopentides) 

20 Lyso PE (C30:1) LPA (C16:0) 

21 Lyso PG (C14:0) LPA (Lysophosphatidic Acid) (C20:4) 

22 Lyso PG (C16:0) LPE (C22:0) 

23 Lyso phosphatidic acid (C29:1) LPE (C24:1) 

24 Lyso PI (C24:0) LPE (C29:1) 

25 Lyso-PA C18:2) LPG (C16:0) 

26 Lyso-PE (R1CO2H=16:1) LPG (C23:1) 

27 Lyso-PE (R1CO2H=18:0) LPI (C24:0) 

28 Lyso-PE (R1CO2H=19:1) LPI (C24:1) 

29 Lyso-PG (C17:1) LPI (Lyso phosphatidylinositols) (C13:1) 
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30 Lyso-PG (C19:0) LPI (Lyso phosphatidylinositols) (C27:1) 

31 Lyso-PG (C21:0) LPI (Lysophospholipids) (C21:1) 

32 Lyso-PG (C23:1) Lyso PA (20:4) 

33 Lyso-PG (C24:1) Lyso-PE (R1CO2H=19:0) 

34 Lyso-PG (RCO2H=15:1) Lyso-PG (RCO2H=17:0) 

35 Lyso-PG (RCO2H=18:1) Lyso-PG (RCO2H=19:1) 

36 Lyso-PG (RCO2H=19:0) Lyso-PI (RCO2H=17:0) 

37 Menaquinone MK-5 (II-H2) (C25:4) Lyso-PI (RCO2H=18:1) 

38 MG (RCO2H=14:0) Mbt +Fe (R=17:0) 

39 MG (RCO2H=15:0) Mbt +Fe (R=17:1) 

40 MG (RCO2H=16:1) MDMB (Monodeoxymycobactins (C22:0) 

41 MG (RCO2H=18:0) MDMB (serine butyric acid 
monodeoxymycobactins) 

42 MG (RCO2H=21:0) MDMB(Non-ribosomal peptide/polyketide 
hybrids) (C19:1) 

43 MG (RCO2H=22:0) MK-6 (Menaquinones) (C30:6) 

44 MPM (C30) MMDAG (Meromycolyl diacylglycerols) (C 
76:1) 

45 MPM (C32) MPM (C32) 

46 MPM (C33) PA (C29:2) 

47 MPM (C34) PA (C30:2) 

48 Mycobactins (C22:1) PA (C33:0) 

49 Mycocerosic  acid (C27) PA (C49:2) 

50 Mycocerosic  acid (C32) PA (Phosphatdic Acid) (C29:1) 

51 Mycolipanolic  acid (C28) PA (Phosphatdic Acid) (C30:2) 

52 Mycosanoic  or Mycocersoci acid 
(C26) 

PA (Phosphatdic Acid) (C32:1) 

53 PA (C25) PA (Phosphatdic Acid) (C33:1) 

54 PA (C25:0) PA (Phosphatdic Acid) (C49:2) 

55 PA (C25:1) PA (Phosphatidic Acid) (C29:1) 

56 PA (C25:2) PA (Phosphatidic Acid) (C32:1) 

57 PA (C28:1) PDIM A (C56:0) 

58 PA (C29:1) PE (25:1) 

59 PA (C29:2) PE (30:2) 

60 PA (C30:2) PE (C 34:0) 

61 PA (C31) PE (C 48:0) 

62 PA (C31:2) PE (C25:1) 

63 PA (C32:1) PE (C25:1) 

64 PA (C33:1) PE (C25:2) 

65 PA (C33:2) PE (C25:2) 

66 PA (C34:1) PE (C26:0) 

67 PA (C46:1) PE (C28:0) 

68 PE (C28:1) PE (C28:1) 

69 PE (C31:0) PE (C28:1) 
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70 PE (C31:1) PE (C29:1) 

71 PE (R1CO2H+R2CO2H=27:1) PE (C30:2) 

72 PE (R1CO2H+R2CO2H=28:1) PE (C31:0) 

73 PE (R1CO2H+R2CO2H=29:1) PE (C31:1) 

74 PE (R1CO2H+R2CO2H=30:0) PE (C31:2) 

75 PE (R1CO2H+R2CO2H=30:1) PE (C32:0) 

76 PE (R1CO2H+R2CO2H=31:0) PE (C34:0) 

77 PE (R1CO2H+R2CO2H=31:1) PE (R1CO2H+R2CO2H=31:0) 

78 PE (R1CO2H+R2CO2H=32:2) PE (R1CO2H+R2CO2H=33:1) 

79 PE (R1CO2H+R2CO2H=33:0) PE (R1CO2H+R2CO2H=36:0) 

80 PE (R1CO2H+R2CO2H=33:1) PE (R1CO2H+R2CO2H=36:2) 

81 PE (R1CO2H+R2CO2H=34:1) PG (26:0) 

82 PE (R1CO2H+R2CO2H=35:1) PG (C24:2) 

83 PE (R1CO2H+R2CO2H=35:2) PG (C26:0) 

84 PE (R1CO2H+R2CO2H=36:2) PG (C26:1) 

85 PE (R1CO2H+R2CO2H=39:1) PG (C28:2) 

86 PG (C24:0) PG (C31:2) 

87 PG (C24:1) PG (R1CO2H+R2CO2H=31:2) 

88 PG (C27:0) PI (C 47:0) 

89 PG (C29:1) PI (C24:2) 

90 PG (C30:2) PI (C25:0) 

91 PG (C31:2) PI (C25:2) 

92 PG (C32:2) PI (C25:2) 

93 PG (R1CO2H+R2CO2H=24:0) PI (C33:1) 

94 PG (R1CO2H+R2CO2H=24:1) PI (R1CO2H+R2CO2H=32:2) 

95 PG (R1CO2H+R2CO2H=28:0) PI (R1CO2H+R2CO2H=33:1) 

96 PG (R1CO2H+R2CO2H=28:2) PIM3 (R1CO2H+R2CO2H=31:0) 

97 PG (R1CO2H+R2CO2H=29:1) PIM4 (R1CO2H+R2CO2H=34:1) 

98 PG (R1CO2H+R2CO2H=30:2) TAT (Triacyltrehalose) 

99 PG (R1CO2H+R2CO2H=31:1) TAT (Triacyltrehalose) (49:0) 

100 PG (R1CO2H+R2CO2H=31:2) CL (2R1CO2H+2R2CO2H=58:2) 
101 PG (R1CO2H+R2CO2H=33:2) CL (2R1CO2H+2R2CO2H=59:3) 
102 PG (R1CO2H+R2CO2H=34:1) CL (2R1CO2H+2R2CO2H=59:3) 
103 PG (R1CO2H+R2CO2H=36:2) PIM1 (R1CO2H+R2CO2H=34:1) 
104 PG (R1CO2H+R2CO2H=37:0) PIM2 (R1CO2H+R2CO2H=35:0) 
105 PG C36:0 PIM3 (R1CO2H+R2CO2H=30:0) 
106 Phosphatidic acid PA (C25:2) 

PIM3 (R1CO2H+R2CO2H=33:1) 
107 Phosphatidic acids (28:1) PIM3 (R1CO2H+R2CO2H=36:0) 
108 Phosphatidic acids (C32:1) PIM6 (R1CO2H+R2CO2H=30:0) 
109 Phthioceranic  acid (C36)  
110 PI (C36:2)  

111 PI (R1CO2H+R2CO2H=32:2)  
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112 PI (R1CO2H+R2CO2H=33:1)  

113 PI (R1CO2H+R2CO2H=34:1)  

114 PI (R1CO2H+R2CO2H=34:1)  

115 PI (R1CO2H+R2CO2H=36:1)  

116 PIM1 (R1CO2H+R2CO2H=37:2)  

117 SL-II OR SL-II'(C167)  

118 SL-III  

119 TDM (C169)  

120 TG 
(R1CO2H+R2CO2H+R3CO2H=73:1
) 

 

121 Mycolipenic acid (C27)  

122 Mycolipenic acid (C28)  

123 Mycolipenic acid (C29)  

 

Table S2: List of lipids identified through LCMS in PAL fraction fractions after 
consulting the online mycobacterial databases. 

Sr No. PAL Fraction 
1 CL (2R1CO2H+2R2CO2H=62:0) 
2 DAT (C27:0) 
3 Lyso-PE (R1CO2H=16:0) 
4 Lyso-PE (R1CO2H=17:0) 
5 Lyso-PE (R1CO2H=18:0) 
6 Lyso-PE (R1CO2H=19:1) 
7 Lyso-PE (R1CO2H=20:0) 
8 Lyso-PG (RCO2H=16:0) 
9 Lyso-PG (RCO2H=18:0) 
10 Lyso-PG (RCO2H=19:1) 
11 Lyso-PG (RCO2H=20:0) 
12 Lyso-PI (RCO2H=18:0) 
13 Lyso-PI (RCO2H=18:1) 
14 Lyso-PI (RCO2H=18:1) 
15 Lyso-PI (RCO2H=19:0) 
16 MG (RCO2H=14:0) 
17 MG (RCO2H=16:0) 
18 MG (RCO2H=16:1) 
19 MPM (C32) 
20 Mycolipanolic acid (C27) 
21 PE (R1CO2H+R2CO2H=31:0) 
22 PE (R1CO2H+R2CO2H=33:1) 
23 PE (R1CO2H+R2CO2H=36:0) 
24 PE (R1CO2H+R2CO2H=36:2) 
25 PG (R1CO2H+R2CO2H=30:2) 
26 PG (R1CO2H+R2CO2H=31:0) 
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27 PG (R1CO2H+R2CO2H=31:2) 
28 PG (R1CO2H+R2CO2H=37:0) 
29 PG 

(R1CO2H+R2CO2H=30:2) 
30 PG 

(R1CO2H+R2CO2H=36:2) 
31 PG 

(R1CO2H+R2CO2H=37:0) 
32 PI (R1CO2H+R2CO2H=33:2) 
33 PI (R1CO2H+R2CO2H=34:1) 
34 PI (R1CO2H+R2CO2H=37:1) 
35 PI (R1CO2H+R2CO2H=42:1) 
36 PIM1 (R1CO2H+R2CO2H=32:1) 
37 PIM1 

(R1CO2H+R2CO2H=37:0) 
38 Hydroxyphthioceranic acid (C39) 
39 Hydroxyphthioceranic acid (C40) 
17 Mycocerosic acid (C30) 
18 Mycocerosic acid (C32) 
19 Mycocerosic acid (C35) 
20 DG (R1CO2H+R2CO2H=33:0) 
21 DAG (R1CO2H+R2CO2H=34:2) 
22 Mycolipanolic acid (C26) 
23 Mycolipenic acid (C27) 
24 Mycolipenic acid (C28) 
25 Mycolipenic acid (C29) 
26 Mycosanoic or Mycocerosic acid (C24) 
30 Phthioceranic acid (C36) 
31 Phthioceranic acid (C45) 
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SI Materials 

KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Monoclonal Anti-Mycobacterium smegmatis 

LAM 

BEI resources Cat # NR-13798 

Pierce Goat Anti-Mouse HRP conjugate ThermoScientific Cat # 31430 

Fluorophores 

16:0 LissRhod PE Avanti Polar Lipids Cat # 810158 

TopFluor Cholesterol Avanti Polar lipids Cat # 810255 

1,6-Diphenyl-1,3,5-hexatriene Sigma-Aldrich Cat # D208000 

6-dodecanoyl-N,N-dimethyl-2-napthalmine Sigma-Aldrich Cat # 40227 

TMA-DPH Cayman Chemical 

Company 

Cat # 17294 

Bacterial and Virus Strains  

Mycobacterium smegmatis mc2155 Prof. Roop Lal (Delhi 

University) 

Generous gift 

Chemicals, Peptides, and Recombinant Proteins

Middlebrook 7H9 Broth Base HiMedia Cat # M198 

Bovine Serum Albumin HiMedia Cat # MB083 

α-D-Glucose SIGMA-ALDRICH Cat # 158968 

Catalase from bovine liver SIGMA-ALDRICH Cat # C9322 

Glycerol Anhydrous EMPARTA Cat # 1.07051.0521 

Dioctyl Sulfosuccinate Sodium Salt SIGMA-ALDRICH Cat # 323586 

n-Heptane EMPARTA Cat # 1.07053.0521 

Chloroform EMAPRTA Cat # 1.07024.2521 

Chloroform (For UV Spectroscopy) Spectrochem Cat # 050304 

Lysozyme  HiMedia Cat # MB098 

Phosphomolybdic Acid  Loba Chemie Cat # 51429-74-4 

Anthrone Sigma-Aldrich Cat # 319899 

Deuterium oxide Sigma-Aldrich Cat # 151882 

Trizma base Sigma-Aldrich Cat # T1503 

Magnesium chloride hexahydrate Sigma-Aldrich Cat # M2393 

Magnesium Chloride anhydrous Spectrochem Pvt. Ltd.  Cat # 0113205 

Sulphuric Acid EMPARTA Cat # 1.93000.0521 

Tween 80 Merck Cat # 8.22187.0521  

N,N’-Methylenebisacrylamide Sigma-Aldrich Cat # M7279 

Acrylamide HiMedia Cat # MB068 
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N,N,N’,N’-Tetramethylethylenediamine Sigma-Aldrich Cat # T9281 

Ammonium persulfate Sigma-Aldrich Cat # A3678 

Glycine EMPARTA Cat # 1.94907.0521 

Tetrabutylammonium Hydroxide Spectrochem Pvt. Ltd. Cat # 0120274 

Methyl Iodide Spectrochem Pvt. Ltd. Cat # 011361 

Acetonitrile For Chromoatography EMPARTA Cat # 

61803025001730 

Methanol Spectroscopic grade Sigma-Aldrich Cat # 154903 

Ethanol absolute CSS  

Sodium dodecyl sulfate EMPLURA Cat # 1.94954.0521 

Bromophenol Blue HiMedia Cat # MB123 

Phenol EMPARTA Cat # 1.94903.0521 

Petroleum Ether Detec Cat # V800297 

Dichloromethane  MembaChem 

Industried Pvt.Ltd. 

Cat # 300126 

1, 2 –dioleoyl-sn-glycero-3-phosphocholine (DOPC) Avanti Polar Lipids Cat # 850375P 

1, 2 dipalmitoyl –sn-glycero-3 phospho- (1’-rac-glycerol) 

sodium salt (DPPG) 

Avanti Polar Lipids Cat # 840455 

Phosphate buffer Saline HiMedia Cat # RM7385 

Diethyl ether RANKEM Cat # D2320 

Hydrochloric acid  EMPARTA Cat # 1.93001.0521 

Tricine Sigma Aldrich Cat # T0377 

Mycolic acids Sigma Aldrich Cat # M4537 

Software and Algorithms 

IgorPro 6.37 Wavemetrics Cat # Igor Pro 

(Freeware) 

Asylum Research version 14.30.157 Asylum Research Freeware 

Zen Lite 2.3 Carl Zeiss Freeware 

GRAMS/AI™ Spectroscopy Software Thermo Scientific Cat # INF-15000 

GraphPad Prism GraphPad Ver. 5.0  

   

Other 

TLC silica gel 60 F254 Merck Cat # 1.05554.007 

Silica gel 100-200 mesh Finar Cat # 11448S5K25 

ITO coated cover slips SPI Supplies Cat # 06486-AB 

PELCO Mica Discs 9.9mm Diamter Ted Pella, Inc Cat # 50 

AFM Probe  Asylum Research Cat # BL-TR400PB 

Cell Culture Dish 60mm*15mm Genaxy Cat # GEN-PTD-60 

C18 LCMS column Thermoscientific Cat # 25003-102130 


	Dynamical Organization of Compositionally Distinct Inner and Outer Membrane Lipids of Mycobacteria
	Introduction
	Materials and Methods
	Extraction of lipids
	Recovery of AOT-free fraction of lipids
	Liquid chromatography mass spectrometry
	Analysis of FAs
	Analysis of lipoglycans
	Analysis of lipids
	Preparation of liposomes
	Fluorescence spectroscopy
	Giant unilamellar vesicle formation and fluorescence microscopy
	Atomic Force Microscopy
	Fourier transform infrared spectroscopy
	Cryo-transmission electron microscopy

	Results and Discussion
	Mycobacterial complex lipids pack to form stable liposomes: the effect of chain length and branching
	Distinct hydration pattern along interfacial headgroup and acyl chain dynamics in Msm IM and OM
	Phase segregation and lipid microdomains with structure-dependent membrane mechanics

	Conclusions
	Supporting Material
	Author Contributions
	Acknowledgments
	References


