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le of mycobacterial lipid
remodelling and membrane dynamics in antibiotic
tolerance†

Anjana P. Menon,abc Tzong-Hsien Lee,bc Marie-Isabel Aguilar *bc

and Shobhna Kapoor *ab

Current treatments for tuberculosis primarily target Mycobacterium tuberculosis (Mtb) infections, often

neglecting the emerging issue of latent tuberculosis infection (LTBI) which are characterized by reduced

susceptibility to antibiotics. The bacterium undergoes multiple adaptations during dormancy within host

granulomas, leading to the development of antibiotic-tolerant strains. The mycobacterial membrane

plays a crucial role in drug permeability, and this study aims to characterize membrane lipid deviations

during dormancy through extensive lipidomic analysis of bacteria cultivated in distinct media and growth

stages. The results revealed that specific lipids localize in different regions of the membrane envelope,

allowing the bacterium to adapt to granuloma conditions. These lipid modifications were then correlated

with the biophysical properties of the mycomembrane, which may affect interactions with antibiotics.

Overall, our findings offer a deeper understanding of the bacterial adaptations during dormancy,

highlighting the role of lipids in modulating membrane behaviour and drug permeability, ultimately

providing the groundwork for the development of more effective treatments tailored to combat latent

infections.
Introduction

Tuberculosis (TB) remains a formidable global health challenge
and a leading cause of death worldwide, irrespective of HIV co-
infection.1. The ability of Mycobacterium tuberculosis (Mtb) to
inhibit phagosome-lysosome fusion and survive within granu-
lomas facilitates the emergence of persistent cells, leading to
latent tuberculosis infection (LTBI).2 Recent upticks in TB cases3

underscore the urgency for improved treatment regimens that
act via different mechanisms compared to current therapies
that predominantly target replicating Mycobacterium during
early infection phases, yielding suboptimal results for LTBI.4

Mycobacterium exhibits a complex membrane envelope,
featuring a unique outer membrane composed of a non-
covalently bound outer leaet and a peptidoglycan-linked
inner leaet.5 Chemical and microscopic evidence conrms
that the envelope consists of a inner membrane separated by
a periplasmic region, surrounded by a cell wall comprising
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peptidoglycan covalently linked to arabinogalactan esteried by
mycolic acids, forming the inner leaet of the outer membrane.6

The outer leaet of the outer membrane comprises mycolic
acids and glycolipid derivatives,7 while the inner membrane
mainly contains glycolipid derivatives such as phosphatidyli-
nositol mannosides (PIM), and lipoarabinomannan (LAM).8

Prior research has indicated that membrane lipids play a crucial
role in determining the permeability of drug molecules across
the membrane envelope, thereby inuencing their concentra-
tion within the cytoplasm.9 While various factors contribute to
drug resistance, membrane permeability is a signicant
factor.10,11 Moreover, studies have reported remodelling of the
mycobacterial lipidome and membrane properties following
rifampicin treatment or within the host microenvironment.12

Therefore, a comprehensive understanding of the spatial and
compositional distributions of lipids and their dynamics within
the mycobacterial membrane under different conditions is
essential for effective drug design or uptake.

In this work, we rst establish membrane systems repre-
senting the early and late infection stages of Mtb, aligning with
the growth phases of the Mycobacterium surrogate, Mycobacte-
rium smegmatis (Msm).13 We demonstrate these systems to
exhibit varying tolerance to a structurally diverse class of anti-
biotics, conrming the efficacy of these models in representing
the respective infection stages. We then conducted a compre-
hensive lipidomic analysis of lipids extracted from Msm culti-
vated under these stages, revealing highly specic
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc06618a&domain=pdf&date_stamp=2024-11-18
http://orcid.org/0000-0002-0234-4064
http://orcid.org/0000-0003-3684-4312
https://doi.org/10.1039/d4sc06618a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06618a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015045


Fig. 1 Correlation of OD600 with cell viability ofMsm in MB7H9 media
with 10% ADC, 0.5% glycerol, (A) with 0.1% tyloxapol and (B) without
tyloxapol (C). Depletion of glycerol available per cell with an increase in
the cell density in different growth media. (D) Variable drug tolerance
profile in Msm grown under different growth conditions and co-
incubated with an increasing concentration of antibiotics (from top-
left clockwise: rifabutin, amikacin, clarithromycin, and moxifloxacin)
(E) 50% inhibitory concentration (IC50) of the indicated antibiotics at
variable growth stages.
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modications in the lipidome of both the inner and outer cell
envelope layers, which correlated with variable drug tolerance.
Finally, we investigated the structural and functional implica-
tions of growth stage-induced lipid remodelling on mycobac-
terial membrane dynamics and its impact on antibiotic
partitioning.

Our ndings collectively demonstrate how pathogens adapt
to diverse conditions by modifying their lipidome across
various parameters, including fatty acid unsaturation, chain
length, head group, andmolecular geometry of the lipids. These
alterations, though sometimes subtle, signicantly inuence
membrane biophysical properties such as packing, uidity,
order, and permeability, consequently impacting diffusion,
lipid/protein localization and clustering, and the partitioning of
external molecules, including drugs. Therefore, a multi-
parametric analysis of molecular changes under varying
conditions facilitates a clearer understanding of the factors
governing antibiotic tolerance in mycobacterial species and
may foster the discovery of effective strategies to combat anti-
biotic tolerance.

Results and discussion
Bacterial stress-adaptation upon carbon-depletion leads to
drug tolerance in dormant bacteria

In a healthy individual, primary infection of Mtb is followed by
a period of latency or dormancy within granulomas, until the
immune system is compromised.14 During this stage, the
mycobacterial membrane, serving as the rst point of contact
with the host microenvironment, is likely to adapt to foster
bacterial survival. Thus, examining membrane characteristics
during early and latent growth states is imperative.15

Msm growth stages are comparable to different infection
stages of Mtb16 and thus could be used to infer bacterial char-
acteristics with the infection stage. We tracked Msm growth,
noting the onset of the exponential (log) phase at ∼0.03 OD600,
extending to 1.0 OD600 (Fig. 1A). The transition phase concluded
at ∼1.5 OD600, initiating the stationary phase. The absence of
tyloxapol did not hinder cell growth (Fig. 1B); however, its
inclusion facilitated the dispersion of cell aggregates,
enhancing cellular aeration.17 Within 5 h of culture, cell
doubling (from an initial culture density of 0.05 OD600 to 0.4
OD600) resulted in reduction of glycerol availability to ∼25% per
cell (Fig. 1C). Furthermore, aer 10 h of culture, i.e., >1.0 OD600,
50% of the glycerol was consumed, diminishing glycerol avail-
ability to less than ∼2% per cell, promising complete dormancy
above 3.0 OD600, which in the absence of tyloxapol mirrors
a model for the late growth stage. Consequently, we selected
bacterial culture densities of 0.8 OD600 and 3.0 OD600 growth,
respectively, to represent early and late growth/infection stages.

To validate the membrane systems, we evaluated the drug
susceptibility of various antibiotics with distinct
mechanisms18–21 against Msm (Fig. 1D). The IC50 values of
antibiotics notably increased at the late growth stage by 2–10
fold (moxioxacin < rifabutin = amikacin < clarithromycin =

∼2 < 4 < 10), indicating diminished drug permeation and/or
efficacy leading to a resistant phenotype (Fig. 1E). This
© 2024 The Author(s). Published by the Royal Society of Chemistry
observation is consistent with prior research demonstrating
reduced potency of diverse antibiotic classes against dormant
bacteria.22 Consequently, these growth stage bacterial systems
could serve as suitable models for elucidating membrane
characteristics during drug tolerance and bacterial growth.
Lipidomic analysis of mycobacterial cell envelope lipid layers

The compositional variations in the mycobacterial cell envelope
layers were analysed through global analysis of lipids extracted
from the outer (OML) and inner (IML) membrane layers ofMsm
at the early infection stage: denoted as OMLearly and IMLearly.
The lack of isotopically labelled mycobacterial lipid standards
prompted us to use reserpine, which is otherwise not present in
the lipidome, and thus, all mass spectroscopy data reect
relative concentrations and changes. We identied 275
compounds appearing at the respective retention times (±0.1 s),
exhibiting a 5-fold change in distribution across both the IML
and OML (Fig. 2A). Compound identication and subsequent
principal component analysis (PCA) demonstrated signicant
variation among lipid classes, with the most abundant class of
mycobacterial lipids (glycerophospholipids) displaying at least
Chem. Sci., 2024, 15, 19084–19093 | 19085
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Fig. 2 (A) Cloud plot distribution of lipids detected in the mycobac-
terial membrane layers: green and red denotes individual lipids of at
least 5-fold abundance in IMLearly or OMLearly regions respectively. (B)
PCA score plot indicating extreme variation (∼30 times) of PC1
(glycerophospholipids) in both OMLearly and IMLearly lipid mixtures. (C).
The abundance of overall lipids in OMLearly and IMLearly per class
including its heat map distribution of the normalized abundance per
class.

Fig. 3 (A) The prevalence of lipidic conformations in each membrane
extract. (B) The overall abundance of unsaturation across membrane
bilayers. (C) The abundance of unsaturated lipid chains, (D) acyl chain
length distributions across different lipid conformations of each
extract, and (E) abundance of the lipid subclasses scored under
different lipid geometries.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 1
1:

03
:5

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a 30-fold difference across both layers (Fig. 2B). This conrms
the scope to study lipid diversity across the cell wall.

Next, mycobacterial lipids were classied into six major lipid
classes based on LipidMaps23 (Fig. 2C, ESI excel Tables S1 and
S2†). The predominant lipids identied were glycer-
ophospholipids (GPhLs) (44.9% in OMLearly and 59.3% in
IMLearly) and saccharolipids (ScLs) (19.7% in OMLearly and
32.1% in IMLearly), which together constituted 90% of the lipids
in IMLearly. The high abundance of GPhLs, which are the
primary membrane-forming lipids,24 is consistent with their
crucial role in both lipid layers. ScLs in the outer membrane are
known to facilitate infection and enable evasion of the late
stages of phagocytosis,25 while ScLs in the inner membranes
promote membrane permeability. The remaining lipid classes
in IMLearly included fatty acyls (FAcs) (5%), glycerolipids (GL)
(3.2%), polyketides (PK) (5.5%), and prenols (PR) (0.14%). In
OMLearly, GL (25.7%), which serve as the major storage lipid in
mycobacteria, were found in similar abundance to ScLs. The
abundance of PK (4.6%) was similar in both OMLearly and
IMLearly. As Msm is a non-virulent strain, the biomarkers for
bacterial virulence,26 were observed in relatively lower concen-
trations across the bilayer. The distribution of FAcs in OMLearly
(1.3%) was approximately four times lower than in IMLearly,
reecting their important role in maintaining cell integrity and
biolm formation.27 The presence of surfactants and the growth
conditions may contribute to the overall reduced biosynthesis
of FAcs. Conversely, PR lipids, primarily involved as carrier
lipids in the biosynthesis of the cell wall,28 were minimally
present in OMLearly (0.9%), though in higher amounts than in
IMLearly.

A multi-parametric analysis of lipids was conducted focusing
on the molecular geometry (conical/cylindrical/inverted-
conical), degree of unsaturation, and acyl chain length
(Fig. 3A–D). First, we observed a higher abundance of conical
19086 | Chem. Sci., 2024, 15, 19084–19093
and inverted-conical shaped lipids in IMLearly compared to
OMLearly (Fig. 3A). The ratio of inverted-conical/conical29 was
higher in OMLearly (ratio = 3) than in IMLearly (ratio = 2.75),
potentially rendering OMLearly relatively unstable in the bilayer
conguration. Additionally, IMLearly exhibited a greater overall
abundance of unsaturated lipids compared to OMLearly
(Fig. 3B), suggesting a more uid membrane bilayer in IMLearly.
However, upon further classication of the degree of unsatu-
ration and acyl chain lengths across different lipid conforma-
tions in each extract, the majority of polyunsaturated lipids in
IMLearly were found to be in an inverted-conical shape
(=43.37 mol%) (Fig. 3C), potentially resulting in a compact lipid
bilayer30 when combined with long acyl chains (Fig. 3D). The
equal abundance of saturated lipids (=13.90 mol%) in the
inverted-conical conformation and short-chained lipids
(=17.26 mol%) further supports this. Monounsaturated lipids
with long-chains in the cylindrical conformation conform to
a more global conical lipid conguration in IMLearly to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) The abundance of overall lipids in OMLearly and OMLlate per
class including the heat map distribution of the normalized abundance
per class, and (B) abundance of the lipids per class scored under
different lipid geometries.
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accommodate membrane proteins.31 Moreover, the abundance
of unsaturation in conical lipids does not signicantly alter
membrane packing. In contrast, for OMLearly, the saturated
lipid population (=25.50 mol%) was higher in the inverted-
conical conguration, indicating the presence of long acyl
chains linking into the inner leaet (covalently linked
peptidoglycan-associated lipid leaet). Moreover, the abundant
unsaturated lipids (=27.26 mol%) in the cylindrical congura-
tion, along with shorter chain lengths and a combination of
existing conical congurations, compensated for a high
proportion of inverted-conical congurations, resulting in
compactness for surface attaching molecules.

In IMLearly, long-chained lipids (>30) increased while shorter-
chained lipids (<30) decreased across all geometries compared
to OMLearly. The enhanced hydrophobic and van der Waals
interactions of long acyl chains facilitate more effective packing,
supporting higher membrane ordering/low uidity in IMLearly,
as previously reported.32 This suggests that IMLearly accumu-
lates more conical lipids, promoting membrane curvature
compared to OMLearly, aligning with the recent discovery of the
inner membrane's functional role in vesiculation in Gram-
negative bacteria.33

The major components (by abundance) of conical lipids in
IMLearly (Fig. 3E) were CL (cardiolipins), PA (phosphatidic acid)
(GPhL); FA (branched fatty acids), FE (fatty acid esters) (FAc).
For inverted conical geometry, LPA (lyso-PA) and AcPIMs (acyl-
phosphatidylinositol mannosides) (GPhL); GPLs (glyco-
peptidolipids), DAT (diacyl trehalose) (ScL); and mycobactins
(PK) (Fig. S1†) were key components. In contrast, in OMLearly, PE
(phosphatidylethanolamine) and LPE (lyso-PE) (GPhL) and DAT
(diacyltrehalose) (ScL) were the abundant subclasses for conical
and inverted-conical shaped lipids, respectively (Fig. 3E). MAG
(monoacyl glycerol) (GL) in OMLearly, and PI (phosphatidylino-
sitol) (GPhL) and linear PK (PK) in IMLearly showed a substantial
increase.

PA is the common precursor34 for the synthesis of all the
lipids present in the mycobacterial cell wall; this justies its
abundance during the early growth stage. CL's multi-
functionality within the IML is well-documented, primarily
stabilizing SecYEG-mediated protein translocons across the
inner membranes,35 and contributing to the function of the type
VII secretion system (T7SS).36 Thus, the abundance of CL in the
early growth stages, especially in IMLearly emerges as critical. PI
(phosphatidylinositol) forms the precursor37 for the PIMs and
AcPIMs. These PI derivatives are essential for the bacterium to
persist and replicate inside the macrophages, in addition to
providing structural integrity. Among ScLs and in the overall
lipid subclasses, GPLs ranks the highest in abundance, and
plays a major role in modulating membrane permeability.38

Trehalose derivatives (sulfolipids (SL), trehalose monomycolate
(TMM), trehalose dimycolate (TDM), and di-, tri-, poly-acyl
trehalose (DAT, TAT, PAT)) have properties to activate macro-
phages to initiate infection.39 Its failure to segregate into the
OML regions and accumulate more in the IML regions would
indicate the reduced infectious nature ofMsm. The FAs and FEs
contribute to the biosynthesis of ScLs and other FAcs, and
hence they exhibit high abundance during the early growth
© 2024 The Author(s). Published by the Royal Society of Chemistry
stages. Furthermore, due to the continuous replication state of
the bacterium during early infection, there is the least accu-
mulation of complex storage lipids (di- and tri-acyl glycerol
(DAG and TAG)) but high accumulation of MAG (monoacyl
glycerol).40
Comparative lipidome changes in cell envelope layers with the
growth stage

The dormancy of bacteria can profoundly affect their survival
and pathogenesis, and confer drug resistance.41 To elucidate the
contribution of the membrane lipid composition in these
relationships, we analysed lipidome modications using the
above workow in each Msm membrane layer under early and
late growth conditions, denoted as I/OMLearly and I/OMLlate,
respectively. Of note, in addition to changes in O.D., the
absence of tyloxapol in late-stage bacteria could also impact the
lipidome, but is reported to not alter the bacterial metabolome
including fatty acids, rendering it a better additive for bacterial
culturing.42

Global analysis revealed the modulation of at least 85 lipids
in the OML and 244 lipids in the IML, demonstrating at least
a 5-fold upregulation or downregulation in the late growth stage
(Fig. S2A†). PCA indicated signicant variation, with a 30-fold
change in the GPhL class and a 5-fold in the ScL class across
growth stages in the OML and IML, respectively (Fig. S2B†). In
the late growth stage, overall, there was an increase in ScLs and
Chem. Sci., 2024, 15, 19084–19093 | 19087
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a decrease in PR in both the OML and IML (Fig. 4A, 5A, ESI excel
Tables S1 and S2†). Additionally, OMLlate lipids exhibited an
increased abundance of FAc, while PK were decreased
compared to that in OMLearly. Multi-parametric analysis
revealed OMLlate to have an increased abundance of conical (PE
(GPhL); FA (FAc)) and a decreased abundance of inverted
conical (LPA (GPhL), LPE (GPhL); DAT (ScL); mycobactin (PK))
lipids (Fig. 4B, ESI excel Tables S1 and S2†). DAG (conical) and
LPE and GPL (inverted conical) showed opposite trends
whereby the overall change in inverted-conical lipids was
minimized. Very little change was observed in cylindrical lipids
in all lipid categories.

In IMLlate, in addition to ScLs and PR, a decrease in GPhLs
was seen compared to its early growth counterpart (Fig. 5A, ESI
excel Tables S1 and S2†). Furthermore, overall, no change in the
conformations of lipids was seen; however, a decrease in PA
(GPhL) and FE (FAc) for conical lipids, alongside an increase in
CL (GPhL), possibly to maintain the relative abundance of
conical lipids, was observed (Fig. 5B, ESI excel Tables S1 and
S2†). The overall reduction of inverted-conical lipids (LPE
(GPhL), LPG (GPhL), and GPL (ScL)) was compensated for by the
increase in LPA (GPhL), PIM (GPhL) and DAT (ScL). No signi-
cant change was observed in cylindrical lipids, expect for a 2
mol% decrease in PI (GPhL).

The signicant increase in FAc levels in OMLlate, could mark
the formation of biolms during dormancy that could facilitate
Fig. 5 (A) The abundance of overall lipids in IMLearly and IMLlate per
class including the heat map distribution of the normalized abundance
per class, and (B) abundance of the lipids per class scored under
different lipid geometries.

19088 | Chem. Sci., 2024, 15, 19084–19093
its survival within the macrophages,41 and it remained
unchanged in IMLlate. The decreased levels of PK and PR could
underline a subsided virulence with OMLlate and cell wall
metabolism in IMLlate respectively at dormancy. Furthermore,
the ratio of inverted-conical lipids to conical lipids decreased
during the late stage, indicating a higher propensity for vesic-
ulation by the OML layer.43 Alternatively, this could suggest that
the growth stage may regulate the mechanisms of vesicle
production (OMV, IMV vs. I-OMV) in Gram-negative bacteria.
Next, the specic modulation of charged, neutral and bulky
lipids in each layer with the growth stage is likely to impact
interaction with antibiotics, thereby ne tuning their
membrane partitioning. This could alter bacterial antibiotic
tolerance and subsequently contribute to drug resistance.

The increased levels of FAs in the OMLlate could also help in
bacterial survival during the late growth stage. The OML also
demonstrated a higher accumulation of membrane-associated
mycobactins (Fig. S3†) than in the IML for improved iron-
acquisition from the host during infection.44 The iron-
limitation in the environment is known to enhance virulence
of the cells whereby it can avail a targeted amount of iron from
the host.45 The decrease in the levels of the mycobactins at the
late growth stage can be correlated with the possibly enhanced
virulence. The increase in exochelins in IMLlate on the other
hand, even in the absence of mycobactins, can still facilitate
iron-acquisition,46 thus restoring metabolic functioning of the
cell. Furthermore, a ubiquinone increase is observed under
anoxic conditions resulting from the limited oxygen supply
during biolm formation at the late infection stage.47 PR are
involved in the catabolism of the peptidoglycan-
arabinogalactan framework of the bacterial membrane,48 and
its complete absence in the late growth state could induce
alteration in the catabolic pathway of the mycobacterial cell
wall.
Correlation of membrane biophysics with growth-induced
lipidome rewiring

We then investigated the biophysical properties of Msm
membranes generated using lipids extracted from each layer
under different conditions (denoted as I/OMLearly/late) and then
correlated the properties with the changes in the growth stage-
induced lipidome and drug tolerance. First, membrane
ordering in the head group region was assessed using Laurdan
generalized polarization (GP).49 Both OMLearly and IMLearly
exhibited reduced GP values compared to their late stage
counterparts at lower temperatures (Fig. 6A and B) indicating
reduced ordering within the head group regions or higher
uidity. The high abundance of inverted-conical to conical
lipids at the early growth stage (Fig. 6C and D) underlines the
increased disorder within the membrane head groups by dis-
rupting the membrane packing. In addition to the geometrical
conguration of these lipids, the head group moieties can also
inuence membrane biophysics. A higher abundance of serovar
in GPLs (Fig. 6E) in IMLearly, also contributes to higher disorder
in the head-group region compared to the OML at various
temperatures. Similarly, mannosylation in PIMs (Fig. 6F) may
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Ordering at the head group region of the lipid bilayer (A) OML
and (B) IML at different temperatures as indicated by the Laurdan
generalized polarization. Abundance of different shaped lipids in the
(C) OML and (D) IML. (E) Ratio of GPL serovars to GPL, (F) Man-
nosylation degree in PIMs, mol% of (G) PE, and (H) large head-grouped
lipids in each membrane lipid extract.

Fig. 7 (A) Dynamics of the acyl chain region of the lipid bilayer at
different temperatures as indicated by the anisotropy of the fluores-
cent probes TMA-DPH and DPH residing at different regions of the
acyl chain. (B) Abundance of unsaturated lipids in eachmembrane lipid
extract. (C) Distribution of the acyl chain lengths of each membrane
lipid extract contributing to the overall lipid bilayer dynamics.
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contribute to lower ordering in both I/OMLearly compared to
their late stage counterparts. OMLlate exhibited a higher
proportion of PE (Fig. 6G) which mitigates electrostatic repul-
sions, thus preserving membrane order. At higher tempera-
tures, both IMLlate and OMLlate showed pronounced disorder
(Fig. 6A and B). This phenomenon is attributed to the cumu-
lative inuence of large head group lipids (including PIMs,
GPLs, trehalose, sulfolipids, and PKs) that are more abundant
in OMLlate and IMLlate (Fig. 6H) compared to their early stage
counterparts; large head groups foster electrostatic repulsion
thereby promoting increased membrane hydration.50

Next, membrane uidity was evaluated in all systems in
a depth-dependent manner using the anisotropy of TMA-DPH
(head-group region) and DPH (hydrophobic chain region)
uorescent probes. At physiological temperature (35 °C), higher
membrane uidity (low anisotropy) was observed in the
hydrophobic chain region for all OML and IML membranes
compared to the head-group region (Fig. 7A). For IMLlate,
uidity at this site increased at higher temperatures (>35 °C,
Fig. 7A), with less effect on TMA-DPH (interfacial region
uidity). In contrast, for OMLlate, membrane uidity decreased
at high temperatures (45 °C) for both head and acyl chain
regions, warranting further examination. Unsaturation or kinks
are factors that regulate membrane uidity.51 However, the
observed prevalence of polyunsaturated lipids followed the
order OMLlate > IMLearly > OMLearly > IMLlate (approximately 40 >
39>36 > 26 mol%) (Fig. 7B). This suggests that other factors
such as lipid chain length and branching could account for high
© 2024 The Author(s). Published by the Royal Society of Chemistry
and low uidity in IMLlate and OMLlate membranes, respec-
tively. In line with this, we observed a higher abundance of C20–
25 acyl chain lengths and long-chain lipids (>C60) in both
OMLlate and IMLlate, along with C35 (only for IMLlate). The
elevated abundance of C20–C25 lipids during the late stage
renders the bilayer more uid in the DPH region due to weaker
van der Waals interactions (Fig. 7C). However, in OMLlate, the
presence of long-chained lipids and poly-unsaturation reverses
this effect, thereby promoting membrane ordering (Fig. 7C).
This increase in membrane order is evident with increasing
temperature in OMLlate. Furthermore, lipid chains in the OML
can adopt W or U congurations leading to low uidity in the
interfacial region due to conformationally ordered packing of
the acyl chain congurations.52
Lipidome changes and membrane biophysical attributes
govern antibiotic interactions

Drug tolerance towards various antibiotics critically depends on
the molecular and biophysical properties of bacterial lipid
membranes.53 To understand how the observed drug tolerance
in intact bacteria at the late growth stage (Fig. 1B) is likely
Chem. Sci., 2024, 15, 19084–19093 | 19089
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inuenced by the altered lipidome culminating in low drug
permeation, we investigated the interactions of the antibiotic
rifabutin withMsmmodel membranes developed from different
growth stages. The partition coefficient (Kp or log D) of the drug,
determined by using the third derivative of the absorbance of
rifabutin as a function of wavelength at various lipid concen-
trations,54 followed the trend IMLlate > IMLearly = OMLearly >
OMLlate (Fig. 8A and E). Rifabutin interacts both electrostati-
cally and via hydrophobic interactions with membranes,55,56

with the membrane surface charge being a predominant factor
governing its selective partitioning. Thus, assessment of the
zeta potential (Fig. 8B) and the cumulative negative charge of
the lipids (Fig. 8C), suggests an enhanced partitioning of rifa-
butin within the IML. High negative charges lead to lose
membrane packing and enhanced drug partitioning. In
contrast, the elevated presence of PE (Fig. 6G) and diminished
abundance of CL (Fig. 8D) rendered OMLlate less receptive to
rifabutin, resulting in lower Kp (Fig. 8E). Conversely, IMLlate
exhibited the highest abundance of CL, followed by IMLearly
Fig. 8 (A) Representative images of partitioning of the antibiotic rifa-
butin with increasing lipid concentration into the different mycobac-
terial membrane layers at both growth phases. (B) Zeta potential of the
liposome suspensions in Tris-MgCl2 buffer. (C) Cumulative distribution
of negative charge across the head groups of each membrane layer.
(D) Abundance of cardiolipin contributing to the net positive charge on
the head group region. (E) Themolecular weight (MW) calculated from
the lipidomic data, molar volume (Vm) calculated after the neutral
buoyancy experiment, wavelength at which the absorption maxima of
rifabutin in each liposome suspension was observed, and partition
coefficient (Kp) and distribution coefficient (logD) of rifabutin derived
by fitting the data in section A.

19090 | Chem. Sci., 2024, 15, 19084–19093
(Fig. 8D) and the lowest abundance of PE (Fig. 6G), potentially
favouring rifabutin uptake. Our data indicate that with
dormancy, the retention of CL increases in IMLlate but decreases
in OMLlate, validating the importance of CL in the cytoplasmic
region and onset of drug tolerance across all antibiotic classes,
irrespective of their mode of entry or mechanism of action.
Enhanced membrane uidity in IMLlate facilitates higher
uptake of rifabutin compared to early stage and OML systems.57

The variable drug partitioning in the IML with growth stages
could also stem from a reduced abundance of GPL serovars and
lack of mannosylation in PIMs at the late growth stage.

Next, partitioning of rifabutin mitigated the temperature-
induced increase in the membrane uidity likely affecting
drug localization and specic intermolecular interactions,
thereby altering the hydration network of the lipid bilayer
surface (Fig. S4†). Rifabutin-induced quenching of TMA-DPH
(head-group region) or DPH (acyl chain region) probes serves
as an indirect predictor of drug localization within the
membrane bilayer. OMLlate demonstrated a substantial
decrease in quenching in the acyl chain region, while that in the
interfacial region increased marginally (Fig. S5†). On the other
hand, IMLlate did not affect the quenching in the interfacial
region but was signicantly reduced in the acyl chain region.
Collectively, these data imply that the drug's probable location
along the membrane bilayer depth shis towards the interfacial
region in both layers during the late growth stage reecting
modulated hydrophobic and electrostatic interactions with the
altered lipidome.

Collectively, these ndings indicate the existence of a drug
partitioning gradient dependent on the bacterial cell envelope
layer and growth stage, wherein the OML acts as the rate
limiting barrier for effective drug uptake and subsequent
intracellular concentration. Importantly under late growth
conditions the disparity between the drug uptake (logD) in the
IML vs. OML further increases. Correlating these with the drug
activity in intact bacteria (Fig. 1B) suggests an intricate interplay
of lipidome changes within each layer that regulate the drug
uptake and resistance phenotype. These factors should be
consulted while designing novel chemotypes, for accessing the
activity of antibiotics in treating drug resistance strains and for
determining the treatment regimens contingent upon the
growth stage.

Conclusion

Mycobacterium species are linked to persistence, variable drug
tolerance and virulence.58 One key component of mycobacteria
is their unique cell membrane architecture with spatially
resolved inner and outer membrane layers with distinct lipid
repertoires. Furthermore, mycobacterial membranes are now
known to structurally and compositionally adapt to drug expo-
sure, within the host microenvironment, under stressed
conditions and possibly in the dormant growth stage. This is
likely to impact the intracellular concentrations of drugs by
modulating their passive diffusion through the membrane
layers under variable conditions. Therefore, characterisation of
multiple properties of the mycobacterial membrane lipidome
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and membrane dynamics, especially with the growth/infection
stage is crucial for the development and rationalization of
effective treatment strategies.

In this work, we demonstrate bacterial membrane systems
representing early and late growth stages, with the latter
showing high drug tolerance (increased IC50) to various anti-
biotics. We revealed distinctive changes in the lipidome of the
inner and outer membrane layers of mycobacteria under these
growth states. The global lipid changes aid in categorizing lipid
classes based on chain length, poly-unsaturation, charge and
molecular geometry. Membranes derived from these lipid
extracts demonstrate how specic lipid changes regulate
membrane ordering/uidity, inuencing antibiotic interaction
and partitioning. Taken together, the results demonstrate that
the mycobacterial outer membrane is pivotal in controlling
drug-partitioning, especially during the late growth stage,
driven by upregulation of long-chained lipids, reduced abun-
dance of charged lipids, a higher level of GLP serovars, and
a high ratio of inverted-conical/conical lipids, all contributing to
low membrane uidity or high ordering. Conversely, the inner
membrane, especially in the late growth stage, shows the most
effective drug uptake due to increased levels of charged lipids,
cardiolipin, decreased GPL serovar levels, and accumulation of
lipids with large head groups, resulting in high membrane
uidity and low packing.

This work reveals functional insights into specic lipidome
changes in both the inner and outer cell membrane layers in
synergy to bacterial survival and drug resistance. Also the work
suggests that an effective anti-infective strategy to tackle
dormant/persistent mycobacteria should combine (a) outer
membrane layer disrupting agents along with antibiotics to re-
sensitise the resistant bacteria, (b) a liposomal antibiotic
formulation containing short chained synthetic mycobacterial
outer membrane lipids to mitigate the membrane ordering
effect of long-chained lipids induced at the late growth stage
and (c) cardiolipin-fused outer membrane liposomal antibiotic
formulations.
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