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ABSTRACT

A rapid reversed-phase ultra-high-performance liquid chromatography-high resolution mass spectrometry
based mycobacterial lipidomics approach is described. This method enables the separation of various lipid
classes including lipids specific to mycobacterial, such as methoxy mycolic acid and «-mycolic acid. Lipid
separation occurs during a relatively short runtime of 14 min on a charged surface hybrid Cig column.
A high-resolution quadrupole-time of flight mass spectrometer and a data independent acquisition mode
allowed for the simultaneous acquisition of the full scan and collision induced dissociation fragmenta-
tion. The proposed method provides lipid detection results equivalent to or better than existing methods,
but with a faster throughput and an overall higher sensitivity. The reversed-phase ultra-high-performance
liquid chromatography-high resolution mass spectrometry method was shown to obtain structural infor-
mation for lipids extracted from Mycobacterium smegmatis, but the method is applicable to the analysis
of lipids from various bacterial and mammalian cell lines.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Mass spectrometry-based approaches are now widely used to
profile the global “regulome” (i.e., genes, mRNAs, proteins, and
metabolites) [1,2]. The metabolome of an organism, in general,
comprises amino acids, sugars, organic acids, and lipids, among
other chemical classes. Advancements in lipid extraction proce-
dures and analysis has provided a rich repertoire of novel lipid
targets that has become an important area for clinical and phar-
maceutical research [3-7]. Thus, the “lipidome” has emerged as a
relatively nascent subset of the larger "metabolome" analysis due
to the complexity and diversity of lipid chemical structures [2].
According to LIPID MAPS (https://[www.lipidmaps.org/), lipids are
broadly classified into eight categories: fatty acids, glycerolipids,
glycerophospholipids, sterol lipids, prenol lipids, sphingolipids,
saccharolipids and polyketides [8]. Of these eight, sterol and sph-
ingolipids are absent in the mycobacterial lipidome [9]. Given the
diversity of lipid molecules [1], it has been widely accepted that
existing metabolomics protocols, sample processing procedures,
extraction solvents and chromatographic separation techniques are
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insufficient to obtain a complete characterization of the lipidome
[10,11].

Both MS and NMR techniques has made it possible to obtain
accurate qualitative and quantitative characterization of lipids [1],
but MS has, by far, been the dominating approach for lipid analysis
[12]. GC-MS is a well-established and standard approach for fatty
acid analyses [13,14]. GC-MS typically relies on electron ionization
(EI) and chemical derivatization (i.e., fatty acid methyl esterifica-
tion) prior to analysis [4,13]. As a result, the elucidation of the
unsaturation level or the location of double bonds in the fatty acyl
chain is difficult by GC-MS due to extensive ion fragmentation.
Therefore, high-throughput (HT) quantification of lipids by GC-MS
is generally laborious and time-consuming. In contrast, liquid
chromatography coupled to high-resolution mass spectrometry
avoids the need for derivatization and is thus more amenable for
high-throughput analysis [15]. Recently, ultra-high-performance
liquid chromatography (UHPLC)-MS has become a preferred tech-
nique for HT-lipid analysis over direct infusion (DI) or GC-MS
due to its ability to achieve isomer/isobar separations as well as
being able to minimize the effects of ion suppression [16,17]. In
addition, LC-MS analysis provides a retention time (R¢) that, when
combined with exact mass, enhances the confidence in lipid iden-
tification, especially when compared to DI methods. Nevertheless,
LC-MS protocols are still time-consuming and resource intensive
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and require further optimization for efficient application to
lipidomics [17,18].

Currently, most lipidomics studies and method development ef-
forts have emphasized eukaryotic cells (mammalian cells, Saccha-
romyces cerevisiae, Arabidopsis thaliana, etc.) or common prokary-
otic model organisms like Escherichia coli [19]. In contrast, lipid
information from medically important pathogens is often scarce
and limited. Moreover, pathogenic organisms often have unique
lipid profiles that are distinct from non-pathogenic model organ-
isms. For example, the mycobacterium genus includes some of the
most important clinically relevant human pathogens (e.g., Mycobac-
terium tuberculosis, M. leprae, M. ulcerans, etc.) that are respon-
sible for over 1.5 million deaths each year [20-22]. This genus
comprises acid-fast species, which is characterized by a lipid-rich
cell wall that is thicker than most bacteria and produces a com-
plex and unique lipidome [23]. In fact, lipids comprise about 30
to 60% of the dry-cell weight of mycobacteria. The presence of
such a unique and extensive lipid profile is thought to play a ma-
jor role in conferring pathogenicity and drug-resistance in my-
cobacteria [23]. In fact, several specialized MS databases, such as
the M. tuberculosis lipid database (Mtb LipidDB), MycoMap and
MycoMass (specific for mycobacterium genus) have emerged as
valuable resources for the analysis of the mycobacteria lipidome
[9,24].

The mycobacteria lipidome consist of six lipid categories: fatty
acyls (FA), glycerolipids (GL), glycerophospholipids (GP), polyke-
tides (PK), prenol lipids (PR) and saccharolipids (SL) [21,24]. Among
these 6 lipid categories there are 15 main lipid classes: acyltre-
haloses (Ac-T), diacylglycerols (DAG), fatty acids and conjugates
(FA-conjs), fatty esters (FE), glycerophosphoethanolamines (PE),
glycerophosphoglycerols (PG), glycerophosphoinositols (PI), glyc-
erophosphoglycerophosphoglycerols (CL), glycerophosphoinositol-
glycans (PI-G), linear polyketides (L-PK), monoacylglycerols (MAG),
polyprenols (Po-PR), polyketide hybrids (PKH), quinones and hy-
droquinones (Q-PR), triacylglycerols (TAG) [24]. Major structural
lipids in the plasma membrane include phospholipids, glycosylated
phospholipids (phosphatidylinositol mannosides (PIM)), lipoman-
nans (LM), and lipoarabinomannans (LAM)) while cell wall com-
ponents include peptidoglycan, arabinogalactan, glycolipids, and
mycolic acids (MA) [25]. Of these, MAs are a hallmark of the
mycobacteria cell envelope and are critical for survival [20,21].
MAs are highly non-polar long chain fatty acid lipids. Notably,
a primary mode of action for first-line anti-tuberculosis drugs,
such as isoniazid, is the inhibition of MA biosynthesis [21,22,26].
Accordingly, significant effort has been devoted to deciphering
the cellular biosynthesis of MAs as a therapeutic target for con-
trolling tuberculosis. Critical to this effort is characterizing the
mycobacteria lipidome. Herein, we describe a rapid and simple
reversed-phase high-performance liquid chromatography-high res-
olution mass spectrometry (RP-UHPLC-HRMSE) strategy to detect
and identify multiple classes of lipids from the Mycobacterium
genus (Fig. 1). The general applicability of our strategy is demon-
strated by characterizing the Mycobacterium smegmatis lipidome, a
non-pathogenic mycobacterium commonly used as a surrogate for
M. tuberculosis [27].

2. Material and methods
2.1. Chemicals and standards

EquiSPLASH™ LIPIDOMIX® Quantitative Mass Spec Internal
Standard, a-mycolic acid (C80) and methoxy cis «-mycolic acid
were purchased from Avanti Polar Lipids (Birmingham, AL). Optima
LC-MS grade acetonitrile plus 0.1% formic acid, water plus 0.1%
formic acid, methanol and 2-propanol were purchased from Fisher
Chemical (Waltham, MA). LC grade chloroform was purchased from
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Sigma (St. Louis, MO). All other chemicals were purchased from
Sigma (St. Louis, MO) and were of analytical grade quality. A 10 M
stock solution of ammonium formate at pH 6.2 was used as a stan-
dard buffer.

2.2. Preparation of standard samples

The EquiSPLASH™ LIPIDOMIX® stock mixture of 13 lipids
was purchased as a 100 pg/mL solution in methanol (supple-
mentary Table S1). A stock solution of «-mycolic acid («-MA,
0.5 mg/mL) and a stock solution of ov—methoxy mycolic acid («-
MMA, 0.75 mg/mL) (supplementary Fig. S1) were prepared in a
chloroform and methanol (1:1 v/v) mixture. All stock solutions
were stored at —80 °C in amber vials until analysis. Prior to analy-
sis, aliquots from each of the three stock solutions were combined
and then diluted in 2-propanol to a volume of 100 pL for a final
concentration of 1 pg/mL for each of the 15 lipids in the standard
sample. 2 pL of the standard lipid sample was injected for each
LC-MS experiment.

A second standard sample was prepared by extracting lipids
from the non-pathogenic M. smegmatis wild-type MC? 155 strain.
Briefly, M. smegmatis cells were cultured in 250 mL flasks in 50 mL
of Middlebrook 7H9 broth supplemented with Tween-20, glycerol,
bovine serum albumin (BSA), sodium chloride and D-glucose; and
then grown overnight at 37 °C in an orbital shaker at 200 rpm.
Cells were harvested when the optical density (ODggg) of the me-
dia reached 1.6 and then pelleted by centrifugation at 4000 rpm
for 15 min at 4 °C, and then flash frozen in liquid N,. Prior to
extraction, the bacterial cells were washed with Nanopure wa-
ter and pulse sonicated for 1 min at 70% amplitude. Lipids were
extracted as described by Folch et al. [28] by the addition of
CH30H:H,0:CHCI3 (1:1:2 v/v). The upper aqueous phase was pre-
served for metabolomics analysis and the lipid enriched organic
layer (lower phase) was dried using a CentriVap benchtop vac-
uum concentrator (Labconco). Just prior to MS analysis, the dried
samples were reconstituted in 600 pL of a 2-propanol/acetonitrile
(90/10, v/v) mixture containing 0.1% formic acid and 10 mM am-
monium formate. 1 pL of the M. smegmatis lipid sample was in-
jected for each LC-MS experiment.

2.3. RP-UHPLC-HRMSE analysis of lipids

Two commonly used Waters Acquity ultra-high performance
liquid chromatography columns, a high strength silica (HSS-T3,
100 A pore size, 1.8 um particle size, 1.0 mm x 50 mm column) and
a charged surface hybrid (CSH C18, 130 A pore size, 1.7 um parti-
cle size, 1.0 mm x 50 mm column), were selected for the devel-
opment of the proposed RP-UHPLC-HRMSE method. The columns
were individually evaluated for their ability to effectively separate
mycobacterial lipids. For analysis, 2 pL (1 pg/mL) of the compos-
ite lipid mixture (EquiSplash + mycolic acids) was injected onto
each of the LC columns using a Waters Acquity M class UHPLC
class system coupled to a Waters Xevo G2-XS QTOF high resolu-
tion mass spectrometer. Mobile phase A was composed of an ace-
tonitrile/water (60/40, v/v) mixture containing ammonium formate
(10 mM, pH 6.2) and formic acid (0.1%). Mobile phase B was com-
posed of a 2-propanol/acetonitrile (90/10, v/v) mixture containing
ammonium formate (10 mM, pH 6.2) and formic acid (0.1%). The
mobile phases were introduced into the MS at a constant flow
rate of 50 pL/min (low flow rate, LFR). The gradient parameters for
the 22 min protocol on the HSS-T3 and CSH-C18 columns and the
14 min protocol on the CSH-C18 column are listed in Tables 1A
and B, respectively. The CS22-LFR method (Table 1A) used a 1 mm
inner diameter CSH-C18 column with a 1.7 pm particle size and
a 22 min gradient at a flow rate of 50 pl/min. The HS22-LFR
method (Table 1A) used an HSS-T3 column with a 1.8 pm parti-
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Fig. 1. Flow diagram of a reversed-phase high-performance liquid chromatography-high resolution mass spectrometry strategy to detect and identify multiple classes of

lipids from mycobacteria.

Table 1
Ultra-high performance liquid chromatography gradient parameters for our pro-
posed method.

(A) Parameters for the 22 min runtime

CS22-LFR and HS22-LFR

Time (min) Flow (pL/min)? Solvent A (%)° Solvent B (%)°
Initial 50 60 40
2 57 43
12 46 54
12.10 30 70
18 1 99
20 1 99
20.10 60 40
22 60 40

(B) Parameters for the 14 min runtime

CS14-LFR
Time (min) Flow (puL/min)? Solvent A (%)° Solvent B (%)°
Initial 50 60 40
1 57 43
6 46 54
6.10 30 70
9 1 99
12.00 1 99
12.10 60 40
14 60 40

2 Flow rate of the mobile phase.

b Solvent composition: acetonitrile/water (60/40, v/v) mixture containing ammo-
nium formate (10 mM, pH 6.2) and formic acid (0.1%).

¢ Solvent composition: 2-propanol/acetonitrile (90/10, v/v) mixture containing
ammonium formate (10 mM, pH 6.2) and formic acid (0.1%).

cle size and a 22 min gradient at a flow rate of 50 pL/min. The
CS14-LFR method (Table 1B) simply reduced the CS22-LFR method
to a 14 min runtime.

Lipids were analyzed in both positive and negative ionization
(electrospray ionization, ESI) modes to obtain a comprehensive
lipidome coverage. The mass spectrometer was operated under the
following conditions: capillary voltage, 3 kV (for positive) and 2 kV
(for negative); cone voltage, 30 V; source temperature, 120 °C; de-
solvation temperature, 550 °C; desolvation gas flow, 600 L/h, cone
gas 50 L/h and acquisition in MSE continuum mode with either
positive or negative ionization. The mass spectra were acquired
over a mass range of m/z 50 to 2000 with a scan time of 0.5 s. The
MSE mode was operated with a low collision energy of 4 V. The
high collision energy was ramped from 15 to 55 V. To ensure mass
accuracy, the LockSpray interface (LockMass™) was set to Leucine
Enkepahlin ([M + H]*/[M-H]~ = 556.2771/554.2624 m/z). All ex-
periments were conducted in triplicate (n = 3).

24. Literature LC lipidomics methods

For validating the applicability of the proposed RP-
UHPLC-HRMSE method, our CS14-LFR gradient scheme was
compared against previously published LC methods (Tables 1B,
2) that were used for analyzing the lipidomes from M. tubercu-
losis [29] and Corynebacterium glutamicum [30]. The purpose of
these comparisons was intended to place the performance of our
proposed protocol in the context of acceptable parameters. It is
important to note that our LC-MS method comparisons primarily
focused on the differences in the LC gradients and the compo-
sition of the mobile phases. Conversely, column type, column
dimensions, flow rate, and the mass spectrometer parameters
(see above) were all kept constant in our study to minimize the
number of variables in the comparisons. Specifically, the HS30-HFR
method (Table 2A) used a 1 mm inner diameter HSS-T3 column
with a 1.8 pm particle size and a 30 min gradient with a 50 pl/min
flow rate. The HS30-HFR method used the same mobile phases
as the CS22-LFR, HS22-LFR and CS14-LFR methods, and the same
column as the HS22-LFR method (Table 1). The HS22-HFR method
(Table 2B) was reduced to a runtime of 22 min and used 100%
water as mobile phase A and 100% acetonitrile as mobile phase
B. The flow rate was also increased to 100 pl/min. The HS25-HFR
method (Table 2C) increased the runtime to 25 min and returned
the flow rate to 50 pl/min while using the same mobile phases as
HS22-HFR. Overall, there were a few technical differences between
the study reported herein and the prior literature studies, which
are briefly summarized below.

The M. tuberculosis lipidomics study [29] utilized an HSS-T3 col-
umn with different dimensions (2.1 x 100 mm, 1.8 um) to de-
tect lipids using a 20 min gradient runtime with a flow rate of
400 pL/min. This LC method was adapted in this study as HS22-
HFR. HS25-LFR was a modification of HS22-HFR with a longer
25 min gradient runtime and a lower flow rate. Importantly, ace-
tonitrile and water were used in the mobile phases for both HS22-
HFR and HS25-LFR. The C. glutamicum lipidomics study utilized a
C18 column (Phenomenex Kinetex, 2.6 pm EVO C18 100 A) to de-
tect lipids using a 30 min gradient runtime with a flow rate of
260 pL/min. This LC method was adapted in this study as HS30-
LFR. The mobile phases used by HS30-LFR were identical to our
CS14-LFR method.

Importantly, height equivalent to a theoretical plate (HETP)
versus flow rate plots (supplementary Fig. S2) have previously
demonstrated that an optimal flow rate for a 2.1 mm inner di-
ameter column is 450 pl/min, which reduces to 100 pl/min for a
1 mm inner diameter column [31-34]. Since the inner diameter
of all the columns used in this study was 1 mm, the literature
flow rates of 400 to 260 pL/min were reduced to 100-50 pL/min.
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Table 2
Ultra-high performance liquid chromatography gradient parameters for literature
methods.

A)

HS30-LFR®
Time (min) Flow (pL/min)? Solvent A (%)° Solvent B (%)
Initial 50 68 32
15 55 45
4 48 52
5 42 58
8 34 66
11 30 70
14 25 75
18 3 97
21 3 97
25 3 97
25.10 68 32
30 68 32
B)

HS22-HFR®
Time (min) Flow (uL/min)¢ Solvent A (%)¢ Solvent B (%)"
Initial 100 99 1
2 90 10
6 70 30
8 50 50
12 25 75
15 1 99
20 0 100
21 0 100
21.50 99 1
22 929 1
9)

HS25-LFR®
Time (min) Flow (pL/min)¢ Solvent A (%)¢ Solvent B (%)"
Initial 100 99 1
2 90 10
6 70 30
8 50 50
12 25 75
15 1 99
20 0 100
21 0 100
21.50 99 1
22 99 1

2 Method adapted from Klatt et al. [30].

b Method adapted from Raghunandan et al. [29].

¢ Method modified from Raghunandan et al. [29].

d Flow rate of solvents (mobile phase).

¢ Solvent composition: acetonitrile/water (60/40, v/v) mixture containing ammo-
nium formate (10 mM, pH 6.2) and formic acid (0.1%).

f Solvent composition: 2-propanol/acetonitrile (90/10, v/v) mixture containing
ammonium formate (10 mM, pH 6.2) and formic acid (0.1%).

& Solvent composition: 100#x0025; water containing 0.1#x0025; formic acid

h Solvent composition: 100% acetonitrile containing 0.1% formic acid.

Our UHPLC system has a back pressure upper limit of 10,000 PSI
which restricted the flow rate to 50 puL/min when 2-propanol was
used as the mobile phase in a 1 mm column. The flow rate could
only be increased to 100 pL/min when 2-propanol was not used.
Simply, 2-propanol (2.27 cP) has a significantly higher viscosity
than acetonitrile (0.37 cP). Thus, a constant flow rate of 50 pL/min
was used for all experiments except for HS22-HFR where the flow
rate was increased to 100 pL/min. This allowed for us to determine
if an increase in flow rate yielded an overall improvement in the
performance of an LC-MS method.

2.5. Data processing

All mass spectra were processed using MassLynx (version 4.2)
and MSE Data Viewer (Waters, Billerica, MA). Preliminary fragment
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information was identified using DI-MS spectra and validated
based on theoretical fragmentation obtained from ChemDraw
(PerkinElmer, Waltham, MA) and the scientific literature [35-37].
Lipid nomenclature followed the LIPID MAPS® classification sys-
tem that is based on the classification system by Sartain et al.
[38]. Non-common lipid abbreviations are indicated in parenthesis.
Mass spectra of M. smegmatis lipid samples were further processed
using Progenesis® QI for metabolomics (v2.4, Nonlinear Dynamics,
Newcastle, UK). Progenesis® QI offers an automated workflow
pipeline for data analysis including peak picking, peak alignment,
peak deconvolution, and feature identification associated with
retention time and m/z value. For positive ionization, adducts
were assigned as [M+H]*, [M+Na]*, [M+NH4]*, [M-H,O0+H]* or
[M+K]™*. For negative ionization, adducts were assigned as [M-H]~,
[M-H,0-H]~, or [M+FA-H]~ (FA, formic acid). Blank spectra were
subtracted from experimental spectra to remove noise and artifact
peaks. Similarly, spectral features with a coefficient of variation
higher than 30% were removed. For tentative lipid assignments at
MS1-level, mass spectral features were searched against the LIPID
MAPS® M. smegmatis database (LipidMaps-MtbDB) (https://www.
lipidmaps.org/tools/ms/Mtb_batch_bulk.html) [24,39,40]. Search
parameters were defined as follows: accurate mass tolerance of
10 ppm for the parent ion, any lipid class from the mycobacterial
database, and [M+H]", [M+Na]*, [M+NH4]* and [M-H]~ adducts.
Please note that MS2-level fragment data were not available for
searching in LipidMaps-MtbDB.

3. Results

A modified RP-UHPLC-HRMSE method that can rapidly detect
microbial lipids, including mycolic acids, is presented. The ma-
jor lipid components of the mycobacterial cell wall ®-MA and «-
MMA were used as representative mycolic acid lipids (supplemen-
tary Fig. S1). «-MA and «-MMA were combined with the thir-
teen deuterium-labeled lipids from the EquiSPLASH™ LIPIDOMIX®
to produce a standard lipid mixture for evaluating and optimizing
the RP-UHPLC-HRMSE method. In this regard, the standard mix-
ture contained representatives from the following lipid categories:
fatty acids, glycerolipids, glycerophospholipids, sterol lipids, and
sphingolipids. The proposed RP-UHPLC-HRMSE strategy was opti-
mized in phases by evaluating MS operating parameters, analytical
columns, and finally the LC runtime.

3.1. Optimization of MS parameters to detect the lipids in the
standard mixture

The first phase of the method development strategy fo-
cused on optimizing the precursor mass detection parameters
and collision energy (CE) voltages for fragmentation. Precursor
masses of the individual lipids in the composite mixture were
qualitatively analyzed by performing an MS1-level scan of the
lipids introduced via DI in both positive and negative modes.
All 15 lipids, including the two MAs, were detected in either
the negative or positive mode. Ceramide (Cer), cholesteryl es-
ter (Chol Ester), diacylglycerol (DAG), lyso-phosphocholine (LPC),
monoacylglycerol (MAG), glycerophosphocholine (PC), glycerophos-
phoethanolamine (PE), glycerophosphoserine (PS), sphingomyelin
(SM), and triacylglycerol (TAG) preferentially ionized with posi-
tive polarity while lyso-phosphoethanolamine (LPE), glycerophos-
phoethanolamine (PE), glycerophosphoglycerol (PG), glycerophos-
phoinositol (PI) and both MAs (¢-MA and o-MMA) showed bet-
ter ionization in negative polarity (supplementary Table S1). SM,
Cer, LPC and PC were also ionized in negative polarity as formate
adducts [M+HCOO]~, while the MAs ionized in positive polarity
as Na adducts [M+Na]™, albeit at a lower response. lonization of
MAs in positive polarity as [M+Na]|* adducts has been previously
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Fig. 2. (A) Chromatogram of the standard lipid mixture in the positive ionization mode. The analytes were separated on an Acquity ultra-high performance liquid chromatog-
raphy charged surface hybrid column with an acetonitrile/water (60/40, v/v) mixture containing ammonium formate (10 mM, pH 6.2) and formic acid (0.1%) (Solvent A), and
a 2-propanol/acetonitrile (90/10, v/v) mixture containing ammonium formate (10 mM, pH 6.2) and formic acid (0.1%) (Solvent B). (B) Chromatogram of the standard lipid
mixture in the negative ionization mode. The analytes were separated in 14 min on an Acquity ultra-high performance liquid chromatography charged surface hybrid column
with an acetonitrile/water (60/40, v/v) mixture containing ammonium formate (10 mM, pH 6.2) and formic acid (0.1%) (Solvent A), and a 2-propanol/acetonitrile mixture
containing ammonium formate buffer and formic acid (Solvent B). Abbreviations of the lipids correspond to: Cer: ceramide, Chol Ester: cholesteryl ester, DAG: diacylglyc-
erol, LPC: lyso-phosphocholine, LPE: lyso-phosphoethanolamine, «-MA: «-mycolic acid, MAG: monoacylglycerol, MMA: methoxy mycolic acid, PC: glycerophosphocholine, PE:
glycerophosphoethanolamine, PG: glycerophosphoglycerol, PI: glycerophosphoinositol, PS: glycerophosphoserine, SM: sphingomyelin, and TAG: triacylglycerol.

reported [23]. In contrast, Chol Ester and the glycerolipids (TAG,
DAG, and MAG) only ionized with positive polarity (supplementary
Table S1).

The efficiency of different CE voltages to fragment individual
lipid species was surveyed by applying voltages ranging from 15
to 35 V in both the positive and negative ionization mode. As the
optimal CE energy required for fragmentation varied widely across
the lipid classes, a CE ramp from 15 to 35 V was deemed nec-
essary to observe qualitative fragmentation of all lipids. Lipid as-
signments were verified (supplementary Table S1) based on cal-
culated m/z values and MS? theoretical fragmentation information
[41,42]. MAs were observed to ionize better with negative ioniza-
tion [20]. Therefore, ®-MA and «¢-MMA were assessed in negative
polarity with a 15 to 35 V CE ramp. However, the CE voltage ramp
did not induce the expected side-chain fragmentation as previously
observed with DI-MS/MS at a CE voltage of 55 V (supplementary
Fig. $3). Consequently, @-MA and «-MMA were individually sub-
jected to a range of ramp CE voltages from 15-35 V to 15-55 V
(supplementary Figs.S4, S5). Ramping up the CE voltage to 55 V
provided adequate energy to fragment the MA side chains. Thus,
our RP-UHPLC-HRMSE strategy used a CE voltage ramp of 15 to
35 V in the positive mode and a CE ramp voltage of 15 to 55 V in
the negative mode to derive the expected lipid fragments from a
single LC-MSE analysis (Fig. 2).

3.2. Optimization of UHPLC conditions to detect the lipids in the
standard mixture

In the next phase, the performance of the two analytical
columns was compared to identify a system that provided the
best lipid separation. Charged surface enhanced (CSH) and high
strength silica (HSS) T3 columns were selected for evaluation since
these Cig3 columns are widely used in lipidomics research [43].
CSH particles were designed to offer a low level surface charge
that promotes peak symmetry in low-ionic-strength mobile phases
[44]. Previous studies have reported the suitability of the CSH
column for the separation of different lipid molecular species
and lipid isomers [43,45]. Similarly, the HSS column has been
extensively used for both metabolomics and lipidomics studies,
which suggests a potential suitability for a coupled omics ex-
periment with improved high-throughput capabilities [16,17,43].

Our preliminary results showed that the CSH column performed
comparatively better than the HSS column. The CSH column
demonstrated improved lipid separations, while maintaining sharp
and symmetric peak shapes. For example, 12 out of 14 peaks
exhibited smaller peak widths on the CSH column (Table 1).
Specifically, the «-MA and «-MMA peak shapes were consider-
ably improved on the CSH column compared to the HSS column
(supplementary Figs. S6, S7). Therefore, subsequent method de-
velopment and optimization utilized the better performing CSH
column.

The final stage of the method development strategy involved
optimizing the LC gradient runtime. A preliminary gradient
runtime was developed based on generic lipidomics methods
having runtimes ranging from 20 to 25 min. Accordingly, the
initial version of the method design had a total gradient run-
time of 22 min, which included end-run column equilibration
(Table 1). The rational for this elution gradient was based on
three main principals: (1) a protocol complimentary to untar-
geted metabolomics - emphasize non-polar lipids, (2) an elution
gradient that contains three primary phases that first target polar
lipids, moderately non-polar lipids, and then non-polar lipids to
optimize resolution within each group, and (3) maximize the
detection and separation of mycolic acids, which are important
lipids to mycobacteria. This was achieved by using a higher per-
centage of non-polar solvents (i.e., 2-propanol), by using relatively
slow gradients separated by rapid, step transitions, and by us-
ing mycolic acid standards to experimentally validate gradient
performance.

Though the initial method provided a separation of all the
lipids in the standard mixture, it was still not sufficient for high-
throughput lipidomics experiments with a high number of sam-
ples. Based on the results from our initial method, the runtime was
revised to a shorter 14 min (i.e., CS14-LFR, Table 1), which included
an approximate 2 min end-run column equilibration time. Notably,
the CS14-LFR protocol did not compromise on the analytical sep-
aration of the lipids. In this revised method, all the lipids in the
standard mixture, including the MAs, were detected with baseline
or near baseline separation. Quantitative analysis of the LC spectra
showed that the average minimal peak resolution for two mycolic
acids on the CSH column was 0.99 + 0.06 for the 14 min runtime
while the resolution on the CSH and HSS columns at a 22 min run-
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Fig. 3. Chromatograms illustrating the resolution between two mycolic acids on a (A) charged surface hybrid column with a 14 min runtime, (B) a charged surface hybrid
column with a 22 min runtime, and (C) a high strength silica column with a 22 min runtime. The details of the chromatographic gradients are given in Table 1.

time were 0.8 &+ 0.2 and 0.97 + 0.01, respectively (Fig. 3 and sup-
plementary Table S3). Therefore, our optimized CS14-LFR method
with the shortest 14 min runtime was able to elute all the 15 lipids
from the standard mixture with equal to or better resolution than
the longer runtimes (Fig. 4). Please note, all LC-MS methods de-
scribed in this study relied on a combination of positive and nega-
tive ionization modes for lipid detection.

3.3. Application of the RP-UHPLC-HRMSE strategy to detect lipids in
M. smegmatis cell lysate

Lipids were also extracted from lysed M. smegmatis bacte-
rial cells to illustrate the applicability of the proposed CS14-LFR
method to real-world analyses. A representative chromatogram is
shown in Fig. 5. The raw LC-MS spectra were processed using Pro-
genesis QI for Metabolomics and yielded a total of 5433 spectral
features, 2574 features in positive mode and 2859 features in neg-
ative mode. The raw and median intensity of these features was
57 x 10* £ 1 x 103 and 2.9 x 103 + 1 x 102, respectively (sup-
plementary Table S4). Feature identification was then carried out
using LipidMaps-MtbDB [24,39,40], which resulted in identifying
a total of 308 lipids (MS1-level) consisting of 111 and 197 lipids
being detected in the positive and negative ionization modes, re-
spectively. Overall, 16 FA-Conj, 15 FA-Esters, 12 PKH, 12 Ac-T, 2 Po-
PR, and 1 LPK were identified, which corresponds to mycobacterial
specific lipid classes. Similarly, 166 PI-G, 3 CL, 9 PI, 12 PE, 20 TAG, 8
PG, 20 DAG, and 13 MAG lipids were identified, which corresponds
to general lipid classes. The median peak intensities for these iden-
tified lipids were 2.70 x 103 £ 8 x 10° (supplementary Table S5).
These results are summarized in Figs. 6 to 8.

3.4. Performance comparison of LC methods

The overall potential of our CS14-LFR method for improving
lipidomics efficiency was evaluated by comparing its performance
against three mycobacterial lipidomics methods (i.e., HS30-LFR,
HS22-HFR, HS25-LFR) that were previously described in the liter-
ature (Table 2). Importantly, these literature methods were primar-
ily used to benchmark the performance of our CS14-LFR method
and to assess the coverage of the lipidome. These three litera-
ture methods had significantly longer total runtimes, which ranged
from 22 to 30 min, compared to our 14 min runtime. Accordingly,
our CS14-LFR method is 1.6 to 2.1 times faster than these standard
lipidomics approaches. This is a very significant and impactful im-
provement considering that a given lipidomics study may have a
100 or more samples. Of course, increasing throughput is irrele-
vant if it sacrifices overall sensitivity and/or the number of fea-
tures/lipids detected.

3.4.1. Impact of mobile phase polarity on lipid detection

The HS25-HFR and HS25-LFR methods used water for mo-
bile phase A and acetonitrile for mobile phase B. These mobile
phases were notably different from both the CS14-LFR and HS30-
LFR methods, which used an acetonitrile/water mixture and a 2-
propanol/acetonitrile mixture for mobile phases A and B, respec-
tively (Tables 1, 2). Given the polarity index (PI) for these solvents,
2-propanol (PI 3.92), acetonitrile (PI 5.8), and water (PI 10.2), the
mobile phases for the HS25-HFR and HS25-LFR methods were sig-
nificantly more polar than both CS14-LFR and HS30-LFR. Not sur-
prisingly, the polarity of the mobile phases is critical for the opti-
mal separation of lipids and for maximizing the diversity of lipids
detected and extracted from a biological sample. Simply, non-polar,
hydrophobic lipids will have a higher affinity for non-polar sol-
vents. In general, decreasing the polarity of the mobile phase will
result in a decrease in retention times, but it will also impact
which lipids are captured or eluted during the relatively higher
polarity of mobile phase A. Importantly, the relative solubility of
the lipids in the mobile phase will also impact what lipids make it
onto the column. In this regard, non-polar solvents were expected
to yield a better outcome for untargeted lipidomics.

Indeed, a comparison of the results with the standard mixture
showed that HS25-LFR and HS25-HFR did not capture non-polar
lipids such as glycerolipids (MAG, DAG, TAG) or Chol-Ester (Fig. 4
and supplementary Table S6). An increase in the flow rate from
50 to 100 pL/min did not improve the lipid detection. CS14-LFR
and HS30-LFR performed better than HS25-LFR and HS22-HFR and
captured all the lipids in the standard mixture with near baseline
separation.

Similarly, CS14-LFR and HS30-LFR performed better than HS25-
LFR and HS22-HFR in detecting lipids from the M. smegmatis cellu-
lar extract (Figs. 6-8). CS14-LFR and HS30-LFR detected a consider-
ably larger number of lipids and features with overall higher peak
intensities. Our CS14-LFR method detected 5433 features from the
M. smegmatis bacterial cell extract, which compares well to the
8063 features detected by the HS30-LFR method. Our CS14-LFR
method out-performed both the HS22-HFR and HS25-LFR methods,
which only detected 3727 and 4679 features, respectively (Fig. 6A).
CS14-LFR did equally well in the number of lipids identified. CS14-
LFR detected 308 lipids compared to 334 lipids identified by HS30-
LFR, 229 lipids identified by HS22-HFR, and 133 lipids detected by
HS25-LFR (Fig. 6B and supplementary Table S7). Clearly, a decrease
in the polarity of the mobile phase solvents significantly improved
the overall performance of the LC-MS lipidomics method.

A longer runtime would also be expected to lead to the iden-
tification of more features and lipids, but our CS14-LFR method
did substantially better than the two methods with longer run-
times. Of course, the differences in the mobile phase polarities may
have also contributed to these observed differences in lipid reten-
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Fig. 4. Illustrative examples of chromatograms obtained for the standard lipid mixture

methods with (left) positive and (right) negative ionization modes.

tion times and detection. For example, consider non-polar lipids
such as TAGs, which are in the glycerolipid class of lipids. A to-
tal of 20 TAGs were detected with the CS14-LFR method, whereas
only 3 or 2 TAGs were captured by the HS22-HFR or HS25-LFR
methods, respectively. CS14-LFR compared well to the HS30-LFR
method, which had the longest runtime of 30 min. Again, CS14-

using the (A, B) CS14-LFR, (C, D) HS22-HFR, (E, F) HS25-LFR, and (G, H) HS30-LFR

LFR and HS30-LFR shared the same mobile phases, but used differ-
ent elution gradients (Tables 1B, 2A). Interestingly, only 12 TAGs
were detected with the HS30-LFR method, which may be a re-
sult of differences in the elution gradient. Specifically, the CS14-
LFR gradient utilized a higher concentration of a non-polar elu-
ent (90% 2-propanol) during the remaining minutes of the LC
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Illustrative examples of chromatograms obtained for the lipid mixture extracted from M. smegmatis cell lysates using the (A, B) CS14-LFR, (C, D) HS22-HFR, (E, F)

HS25-LFR, and (G, H) HS30-LFR methods with (left) positive and (right) negative ionization modes.

program. Thus, CS14-LFR provides a reasonable trade-off, a 2.1
times faster runtime that still detects about 92% of the observable
lipids.

3.4.2. Differences in sensitivity and coverage
Enhancing signal sensitivity is equally as important as maxi-
mizing the coverage of the lipidome. Simply, a higher signal-to-

noise ratio will likely improve reproducibility and reduce between
group and within group variance. A comparison of feature intensi-
ties showed that our CS14-LFR method produced the highest me-
dian peak intensities of all the methods evaluated. In particular,
CS14-LFR yielded peak intensities over 3-times the intensities pro-
duced by methods HS22-HFR and HS25-LFR (Fig. 6C). Feature in-
tensities for identified lipids were also compared between the four
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positive and negative ionization mode, (C) the median intensity of all spectral features, (D) median intensity of spectral features only for the identified lipids, and (E) the
average value of the raw intensities of all features for methods CS14-LFR, HS30-LFR, HS22-HFR, and HS25-LFR. Statistical significance is indicated as: no statistical difference,

NS, p < 0.05, %, p < 0.01, **, and p < 0.001, ***



LT. Sakallioglu, A.S. Maroli, A.D.L. Leite et al.

methods. Again, our CS14-LFR method yielded statistically higher
median peak intensities compared to HS22-HFR (Fig. 6D). Con-
versely, median peak intensities were statistically lower for CS14-
LFR compared to HS25-LFR and HS30-LFR. A comparison of the
combined average raw intensities of the features detected in both
positive and negative ionization mode for our CS14-LFR method
with those of the other three methods indicated that the overall
sensitivity of CS14-LFR was significantly higher (p < 0.001) (Fig. 6E
and Tables S4, S5).

The detected features were further processed to assign lipids at
the MS1-level, which were then compared across the four LC-MS
methods. Of the 308 lipids identified by the CS14-LFR method, only
105, 61 and 34 of these lipids were detected by HS30-LFR, HS22-
HFR and HS25-LFR, respectively. This is a particularly worrisome
observation that gradient runtimes can drastically change the com-
plete set of lipids that are detected despite using identical samples
and instrumentation.

A comparison of the median normalized abundances of the
lipids common to CS14-LFR and each of the other methods yielded
a Pearson correlation of 0.85 for HS30-LFR, 0.74 for HS22-HFR,
and 0.54 for HS25-LFR. In addition, normalized intensities of the
lipids common to CS14-LFR and to either of the other three meth-
ods showed no statistically significant difference (Figs. 5C-7A).
Conversely, a comparison of the median peak intensities for the
common lipids showed our CS14-LFR method yielded statistically
significant higher peak intensities than HS22-HFR and HS25-LFR
(Figs. 7D, E). CS14-LFR yielded statistically equivalent peak inten-
sities to HS30-LFR (Fig. 7F). Overall, our shorter runtime CS14-LFR
method performed comparable to or better than the longer run-
time methods regarding lipidome coverage.

We also examined the coverage of the 15 main lipid classes fol-
lowing the LIPID MAPS® classification system created by Sartain
et al. [24]. Both our CS14-LFR method and the HS30-LFR method
identified lipids from 13 of the 15 main lipid classes, which in-
cluded 6 of the 7 mycobacterial specific lipid main classes (Fig. 8).
Thus, our CS14-LFR method captured the same number of lipid
main classes within half the time of the HS30-LFR method. HS22-
HFR and HS25-LFR identified 13 or 12 of the 15 main lipid classes,
respectively. This included either 5 or 4 of the 7 mycobacterial
specific lipid main classes, respectively. In general, our CS14-LFR
method performed better than either the HS22-HFR or HS25-LFR
methods. Therefore, it is prudent to conclude that CS14-LFR pro-
vides for a high-throughput lipid analysis without compromising
on sensitivity or lipidome coverage. Overall, our proposed method
yields a comparable characterization of the M. smegmatis lipidome
while achieving a 1.6 to 2.1 times faster throughput.

4. Discussion

Sample throughput and molecular coverage are two important
considerations for any omics analysis. A major bottleneck in LC-MS
based lipidomics is lipid identification. Thus, untargeted lipidomic
workflows usually rely on lipid separation with a reversed-phase
C18 column and a solvent gradient to facilitate lipid identifica-
tion [24]. Although more complex than direct-injection ionization,
chromatographic separation of the lipids from a complex biological
mixture prior to ionization offers several advantages. For example,
chromatography separates molecules of similar mass, which en-
ables individualized detection while reducing ion suppression [25].
Furthermore, column retention predicts the polarity of unknown
molecules, which facilitates their identification when combined
with exact mass. Thus, the acquisition of accurate masses and re-
tention times along with detailed fragmentation patterns is key to
obtaining reliable lipid assignments. Accordingly, the MSE acqui-
sition mode provides a unique advantage and a preferred choice
for our RP-UHPLC-HRMSE strategy. The acquisition of a mass spec-
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trum in a data independent mode allows for all the ions observed
in the MS1-level scan to be fragmented simultaneously. Thus, the
MSE acquisition mode delivers a comprehensive tandem MS spec-
trum in a single analytical run [46]. Altogether, LC-MS creates a
two-dimensional accurate mass retention time (AMRT) area to re-
solve individual components from mixtures containing thousands
of ions [9]. CSH and HSS columns have been routinely used in LC-
MS lipidomic studies [43]. Our analysis of these columns as part
of our RP-UHPLC-HRMSE method development identified CSH as a
preferred choice due to the better lipid separation and peak shape
(Fig. 2 and supplementary Fig. S6).

Most LC-MS run-times for eukaryotic lipid analyses are over
20 min and are greater than 35 min for mycobacterial lipidomics
[9,24,38,47]. A keyword query of the scientific literature published
since 2011 found only 25 papers that analyzed mycolic acids us-
ing LC-MS (supplementary Fig. 8). Of these, three studies re-
ported LC runtimes between 15 and 20 min while the remain-
ing studies reported runtimes of >35 min. Notably, the relatively
short runtimes relied on a mycolic acid specific extraction protocol
or used a mycolic acid derivatization (mycolic acid methyl ester,
MAME) scheme. However, it is important to note that the addi-
tional extraction protocol or the added derivatization step signifi-
cantly lengthened the overall experimental time beyond the short
LC run-time proposed in the present study [48,49]. Other pub-
lished studies have analyzed microbial lipids using GC instead of
LC [23]. However, GC lipidomic methods have considerably longer
runtimes, which can vary from 16 min to over 60 min depending
on the carbon chain-length of the mycolic acids [50-53]. Moreover,
GC analysis requires derivatization of the lipids that can further
add to the total sample analysis time. To the best of the authors
knowledge, there are no published protocols that report analytical
runtimes for bacterial lipid analysis lower than 15 min.

A long LC or GC runtime makes high-throughput lipidomics
analyses challenging, if not impractical, for large cohorts of hun-
dreds to thousands of samples. Moreover, not all lipids ionize with
only one polarity, making it necessary for LC-MS spectra to be ac-
quired in both positive and negative modes for complete coverage
of the lipidome. In effect, doubling the overall experiment time,
which further emphasizes the importance of reducing the gradient
runtime to the shortest possible timeframe. Recently, Xuan et al.
(2020) developed a rapid lipid profiling protocol that detected 481
lipids covering 20 common lipid subclasses from 40 pL of human
serum within 13 min [16]. In effect, Xuan et al. (2020) demon-
strates the potential of a shorter chromatographic time for en-
hancing the coverage of the lipidome. In this regard, the proposed
method (Table 1B) provides a rapid, 14 min analytical method for
analyzing mycobacterial lipids compared to other mycobacterial
lipidomic methods.

The annotation of lipids by comparing only precursor accu-
rate mass with existing databases will lead to numerous poten-
tial matches and ambiguous identifications. This problem can be
rectified by basing lipid identification on a MS/MS analysis. GC-
MS has been widely used for the analysis of mycolic acids, but
suffers from complex EI fragmentation patterns that may be dif-
ficult to interpret [23]. In contrast, LC-MS may facilitate multistage
fragmentation (MS"), which produces distinct and identifiable frag-
mentation patterns. For example, mycolic acids are a unique class
of mycobacterial lipids that are not found in eukaryotes. Hong et al.
(2012) determined the chemical composition of 65 homologous
mycolic acids from Segniliparus mycolates [54]. They also identi-
fied three different a-mycolic acid subclasses: «*-mycolates, o-
mycolates and short «’-mycolates, further illustrating the diversity
of mycolic acids. Finer structures of the R group (supplementary
Fig. S3) of the mycolic acid can be determined by MS when cou-
pled to a collision-induced dissociation (CID) process [23]. Indeed,
Song et al. (2009) described a rapid and informative ESI-MS/MS
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protocol for mycolic acid profiling that was able to identify indi-
vidual R groups [37]. This led to an enhanced characterization of
the structural diversity within this lipid class. Plumb et al. (2006)
described a new data independent acquisition mode (MSE), which
has been introduced as a rapid approach for generating molecular
fragments in LC-MS studies [46]. The MSE acquisition mode allows
for the structures of numerous lipids to be confirmed in a single
analytical run by the simultaneous acquisition of an exact mass
precursor and fragment ion data. The spectral data obtained by
MSE is comparable to conventional LC-MS/MS [46]. To include the
MSE acquisition mode in our LC-MS scheme, an optimal CE voltage
to uniformly fragment mycobacterial lipids needed to be identified.

1

To this end, we explored a range of CE voltages and determined
that a ramp voltage from 15 to 55 V was needed to effectively frag-
ment the diversity of lipids, including mycolic acids that are found
in mycobacteria. Fig. 2 demonstrates the complete identification of
the 15 lipids from a standard mixture comprising 5 distinct lipid
categories. Thus, the MSE acquisition mode combined with a rapid
LC runtime and a CSH column enabled us to efficiently identify the
type of lipids commonly found in mycobacterium species.

The high-throughput analysis of eukaryotic lipids has gained in
popularity over the years, but bacterial lipidomics, specifically my-
cobacterial lipidomics, is still an emerging field. As a result, there
is a need to develop and optimize LC-MS lipidomics techniques to
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enhance the understanding of the mycobacterial lipidome. Further-
more, the identification of unknown lipids at either an MS1 or MS2
level presents a similar challenge. In this regard, databases specific
to mycobacterial lipids are limited in their structure prediction ca-
pabilities. For example, the LipidMaps-MtbDB prediction tool con-
solidated approximately 2500 precursor ions from LC-MS lipid pro-
filing, but it does not contain fragment ion information [24,39,40].
Accordingly, labor-intensive, and impractical manual data cura-
tion is necessary to achieve lipid assignments at the MS2 level.
Achieving an MS3 level for lipid identification by using deuterated
standards is even more difficult because of the large size of the
lipidome (over 46,000 lipids in the LIPIDS MAPS® database) and
the limited number of commercially available lipids. Hence, im-
proving the lipidomics analysis of mycobacterial requires efficient
data acquisition protocols, improvements in data analysis, and en-
hancements to reference data.

M. tuberculosis displays one of nature’s most complex lipid en-
velopes, containing an inner phospholipid-bilayer and an outer
layer of mycolic acids and other conjugated lipids (i.e., glycolipids)
[55]. Lipidomics would also be essential for detecting the role of
lipids in host-pathogen relations, which in turn, can contribute to
therapeutic advances and biomarker development [47]. To this end,
we described herein a RP-UHPLC-HRMSE method for the rapid, ef-
ficient, and comprehensive coverage of the mycobacterial lipidome.
The described method incorporates a relatively short 14 min LC
runtime (per ionization mode) to enable the high-throughput anal-
ysis of mycobacterial samples. The acquisition of samples in both
positive and negative modes with varying CEs is essential to cover
the entire diversity of lipid alterations and modifications in my-
cobacterial lipidome. This is highlighted by the fact that some
phospholipids (e.g., PI, PG) were only ionizable in the negative ion-
ization mode while the identification of the acyl chain length of
mycolic acids required a CE higher than 35 V.

5. Conclusion

A simple and robust method for the high-throughput identifi-
cation of various mycobacteria lipids was presented. Our modified
LC-MS method separates various lipids within 14 min using a CSH
column, which facilitates a short sample analysis turn-over rate
and a high-throughput. The RP-UHPLC-HRMSE method specifically
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provides for the identification of mycolic acids, which are unique
to mycobacteria. Mycobacteria have a complex and lipid-rich cell
wall, which makes lipid analysis challenging and time consuming,
requiring our specialized and optimized LC-MS protocol. The
applicability of the RP-UHPLC-HRMSE method to mycobacterial
lipidomics research was demonstrated by characterizing the ex-
tracted lipidome from M. smegmatis. A total of 308 lipids were
detected, which consisted of 12 acyltrehaloses, 3 diacylglycerols,
16 fatty acids and conjugates, 15 fatty esters, 166 glycerophos-
phoinositolglycans, 32 glycerophosoglycerophosphoglycerols, 12
glycerophosphoethanolamines, 9 glycerophosphoinositols, 8 glyc-
erophosphoglycerols, 1 linear polyketide, 15 polyketide hybrids,
2 polyprenols, and 17 triacylglycerols. Importantly, our rapid
RP-UHPLC-HRMSE method yielded comparable or better results
to standard protocols with significantly longer (1.6x to 2.1x) LC
runtimes. Our RP-UHPLC-HRMSE method exhibited a higher sen-
sitivity and a comparable or higher amount of detected lipids or
lipid main classes. An unexpected and concerning outcome of our
investigation was the observation that a change in the LC gradient
resulted in an essentially unique set of detected lipids despite
using the same sample and instrumentation. Only 11 to 34% of
the identified lipids were common between the four compared
methods. Overall, our LC-MS method may facilitate the discovery
of novel and unusual mycobacterial lipids, uncover important
clinical and pathogenic differences between bacterial strains, or
enhance our understanding of the role of lipid metabolism in
bacterial infections and antibiotic resistance .
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