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Uncommon lipids in biotechnologically important Corynebacterium glutamicum and pathogen Coryne-
bacterium striatum in genus Corynebacterium are isolated and identified by linear ion-trap multiple stage
mass spectrometry (LIT MS") with high resolution mass measurement. We redefined several lipid
structures that were previously mis-assigned or not defined, including cytidine diphosphate diac-
ylglycerol (CDP-DAG), glucuronosyl diacylglycerol (GIcA-DAG), (o-p-mannopyranosyl)-(1 — 4)-(a-D-
glucuronyl diacyglycerol (Man-GlcA-DAG), 1-mycolyl-2-acyl-phosphatidylglycerol (MA-PG), acyl treha-
lose monomycolate (acyl-TMM). We also report the structures of mycolic acid, phosphatidylglycerol,
phosphatidylinositol, cardiolipin, trehalose dimycolate lipids in which many isomeric structures are
present. The LIT MS" approaches afford identification of the functional group, the fatty acid substituents
and their regiospecificity in the molecules, revealing the biodiversities of the lipid species in two
Corynebacterium strains that have played very different and important roles in human nutrition and

Microbial lipids health.
Lipidomics
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1. Introduction

The genus Corynebacterium currently has more than 110 vali-
dated species [1] and more than half of them are medically relevant
[2]. Among them, Corynebacterium striatum (C. striatum) is known
as an emerging opportunistic pathogen in patients with chronic
diseases [3,4], and can colonize the skin much like Staphylococcus
aureus (S. aureus) and has the ability to rapidly transition from
susceptible to resistant to antibiotics including daptomycin [4—6].
The Corynebacterium genus also includes species that are bio-
technologically relevant, for example, C. glutamicum is known to be
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one of the most important biotechnological workhorses for the
production of many valuable chemicals [1,7].

The Corynebacterium and Mycobacterium genera are gram-
positive bacteria belonging to the suborder Corynebacterineae, in
which the complex cell envelope contains a great number of lipid
classes in which several are known to contribute to the intrinsic
resistance of these bacteria to many antibiotics and their success as
pathogens. For example, mycolic acids have played crucial roles in
the architecture of the cell envelope, and in mouse models,
oxygenated mycolic acids are found to be necessary for virulence of
M. tuberculosis [8]. Interestingly, while dispensability of cor-
ynomycolic acids for inhibition of phagolysosome maturation by
pathogenic Corynebacterium species such as C. diphtheriae is inde-
pendent of the presence or absence of mycolic acids, co-localization
of corynomycolic acids in nonpathogenic C. glutamicum for inhi-
bition of phagolysosome maturation is relatively fast [9].
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Abbreviations

HRMS high resolution mass spectrometry

ESI-MS  electrospray ionization-MS

LIT linear ion-trap

CDP-DAG cytidine diphosphate diacylglycerol

GIcA-DAG glucuronosyl diacylglycerol

Man-GIcA-DAG a-p-mannopyranosyl)-(1 — 4)-(a-D-
glucuronyl diacyglycerol

MA mycolic acid

PG phosphatidylglycerol

PI phosphatidylinositol

CL cardiolipin

TMM trehalose monomycolate

acyl-TMM 6-0-acyl trehalose monomycolate

TDM trehalose dimycolate

PIM phosphatidylinositol mannoside

MA-PG 1-mycolyl-2-acyl phosphatidylglycerol (or 1-
mycolyl-2-acyl-sn-glycero-3-phosphoglycerol)

The lipids in the cell envelopes of Corynebacterineae are com-
plex. For example, Yague and coworkers found unusual fatty acyl
moiety in the phospholipid composition in several clinically rele-
vant Corynebacterium species, applying various mass spectrometric
techniques, including FAB, ESI mass spectrometry and GC/MS [10].
Recently, Klatt and coworkers identified 28 lipid subclasses and
more than 233 molecular species in C. glutamicum including new
subclasses of acylated/acetylated trehalose mono/dicorynomycolic
acids, using high-resolution LC/MS/MS coupled with mass spectral
library searches with MS-DIAL tool [11].

In an attempt to a better understanding the roles of lipids may
play in the virulence of the pathogenic and drug resistant
C. striatum [5] and in the lipid transport of the non-pathogenic and
biotechnologically important C. glutamicum, we apply multiple
stage tandem mass spectrometry (LIT MS") combined with high
resolution mass spectrometry to conduct a thorough study of the
lipid structures found in these two Corynebacterium strains that
have significant differences in their roles in human welfare. We
found that they all contain the lipid classes commonly seen in the
Corynebacterium genus as reported previously. We also found
several lipid families that have not been reported or their structures
in which the regiospecificity of fatty acyl chain have been reversed.
Here, we report our findings.

2. Method and materials
2.1. Growth and lipid extraction

C. striatum WT were grown in the presence of cation-adjusted
MHB (BBL Mueller-Hinton II broth) with supplemental calcium
added to reach 50 mg/L for 24 h at 37 °C with agitation in 10-mL
tubes with 5 mL of culture. Liquid cultures were spun down to
form a cell pellet, and whole-cell lipids were extracted using the
Bligh-Dyer method [12]. Briefly, wet cells were suspended in 3.8 mL
1:2:0.8 chloroform:methanol:0.9% NacCl solution (v/v/v) in a 10 mL
glass centrifuge tube, and were sonicated with a 10 mm sonicator
probe tip (Q500 Sonicator) at 20% amplitude using a program of 1 s
on, 1 s off for 2.5 min. This is followed by addition of 1 mL of
chloroform and 1 mL of 0.9% NaCl, and vortexed for another 2 min.
After centrifugation at 1200 rpm for 5 min, the bottom organic layer
was removed by a glass Pasteur pipette. The upper layer was re-
extracted twice with 3.8 mL chloroform and the pooled lipid

extracts were dried under a nitrogen stream and stored at — 20 °C
until use.

C. glutamicum ATCC 13032 (the wild-type strain, referred to as C.
glutamicum for the remainder of the text) was grown in
Luria—Bertani broth (Difco) at 37 °C, with kanamycin at a concen-
tration of 25 pg/mL. Samples for lipid analyses were prepared by
harvesting cells grown on BHIS for 9 h up to an Agpg nm of 7—8. Cells
were harvested by centrifugation, followed by saline washing and
freeze drying. Lipids were initially extracted from 6 g of dry C.
glutamicum cells according to the procedures of Dobson et al. as
described previously [13].

2.2. Preparative HPLC isolation of lipid species

Preparative HPLC experiments were carried out using a Thermo
Scientific (San Jose, CA) TSQ Vantage mass spectrometer with
Thermo Accela UPLC operated by Xcalibur software. Separation of
lipid was achieved by a Supelco 100 x 2.1 mm (2.7 p particle size)
Ascentis C-8 column at a flow rate of 260 pl/min. The mobile phase
contained 10 mM ammonium formate (pH 5.0) both in acetonitrile-
water (60:40, v/v) (solvent A), and in 2-propanol-acetonitrile
(90:10, v/v) (solvent B). A gradient elution in the following manner
was applied: 68% A, 0—1.5 min; 68—55% A, 1.5—4 min; 55—48% A,
4—5 min; 48—42% A, 5—8 min; 42—34% A, 8—11 min; 34—30% A,
11—14 min; 30—25% A, 14—18 min; 25—3% A, 18—23 min; 3—0% A,
25—-30 min; 0% A, 30—35 min; 68% A, 35—40 min. During frac-
tionation, ~95% of the lipid was sent to a fraction collector, and a
small percentage (5%) of the lipid was sent to the mass spectrom-
eter via a tee for LC/MS analysis, where the ESI/MS scans were set at
2 s/scan (scan range: m/z 400 to 2500). After completion, the
reconstructed ion chromatograms (RICs) from LC/MS runs in the
negative-ion (Figure s1) and positive-ion (Figure s2) modes (two
separated injections) were constructed (see supplemental mate-
rials Figures s1 and s2) to build the retention times of the various
lipid classes. Fractions containing the different lipid classes were
further subjected to high resolution LIT MS" for structural identi-
fication. Both positive/negative ion LC/MS runs were performed,
providing complementary information for comprehensive
screening the various lipid classes in the whole extract. For
example, TAG was not detected in the negative ion mode, but can
be easily detected in the positive ion mode as the NHfadduct ions
(the [M + NH4]" ion formation is due to the presence of ammo-
nium formate in mobile phase A and B), while mycolic acid (MA)
was readily detectable in the negative-ion mode as [M — H] ions,
but cannot be well detected in the positive ion mode. In addition,
for the lipid classes that are detectable in both positive/negative ion
modes, the [M + H]", [M + NH4]" and [M+ Na|" ions seen in the
positive ion mode can be matched by the corresponding [M — H]
and [M — HCO] ions formed in the negative ion mode to confirm
the lipid species. The RIC plots (Figure s1 and s2), which provide the
HPLC elution time for the various lipid classes can serve as an index
for the collected fractions that can be further analyzed by other
analytical means for further structure characterization.

2.3. Mass spectrometry

High resolution (R = 100,000 at m/z 400) LIT MS" experiments
were performed on a Thermo LTQ Orbitrap Velos. Lipid fractions
from C. striatum and C. glutamicum collected from HPLC separation
were dissolved in methanol, and was continually infused (2 pL/min)
into the ESI source, where the skimmer was set at ground potential,
the electrospray needle was set at 4.5 kV, and temperature of the
heated capillary was 300 °C. The automatic gain control of the ion
trap was set to 5 x 10%, with a maximum injection time of 200 ms.
Helium was used as the buffer and collision gas at a pressure of
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1 x 10~ mbar (0.75 mTorr). The MS" experiments were carried out
with an optimized relative collision energy ranging from 30 to 40%
and with an activation q value at 0.25, and the activation time at
10 ms. Mass spectra were accumulated in the profile mode, typi-
cally for 3—10 min for MS™ (n = 2, 3, 4, and 5) spectra.

2.4. Nomenclatures

Mycolic acids (R{-CH(OH)-CH(R,)-COOH) consist of a mer-
omycolic chain (R;CH) (the part from the Ry terminal to the B-hy-
droxy carbon) and an a-alkyl (Ry) branch. To abbreviate, the
previous designation “R{CHO/R;CH,CO,H-MA” (“meromycolate
branch/the rest remaining part of the molecule that contains the
shorter R; group-mycolic acid”) was adopted [14]. This designation
also reflects the fact that upon subjected to CID in the negative ion
mode, the mycolic acid [M — H] ions undergo f cleavage to form
R,CH,CO3 ions by eliminating the meromycolate branch as an
aldehyde. Therefore, for example, 2-tetradecyl-3-hydroxy-octade-
canoic acid which contains a Cig-meromycolate chain and a Cy4 a-
branch (i.e., Ry = Cy5H31, Ry = Ci4Hag), is designated as 16:0/16:0-
MA. The mycolic acids with unsaturated bond(s) such as 2-
tetradecyl-3-hydroxy-eicosenoic acid and 2-tetradecenyl-3-
hydroxy-eicosanoic acid are designated as 18:1/16:0-MA and
18:0/16:1-MA, respectively. Thus, designation of 18:1/16:0-MA
signifies that the molecule contains an unsaturated 18:1-
meromycolate chain and an a-alkyl (Ci4Hyg) group (i.e.,
Ry = Cy7H33, Ry = Ci4Hy9); while 18:0/16:1-MA signifies that the
molecule consists of a 18:0-meromycolate chain and an unsatu-
rated a-Cy4Hy7 group (R; = Ci7H3s, Ry = C14H27). Same designation
is also applied to the mycolic acid containing lipids such as 6-acyl
trehalose monomycolate (acyl-TMM), trehalose dimycolate
(TDM), and mycolic acid containing PG. For example, (16:0/16:0)
MA/18:1-PG signifies that the molecule consists of a (16:0/16:0)-
MA at sn-1, and a 18:1-FA at sn-2 of the PG molecule.

3. Results and discussion

3.1. Characterization of cytidine diphosphate diacylglycerol (CDP-
DAG) from C. striatum

CDP-DAG is a liponucleotide intermediate known to play an
essential role in the biosynthesis of many complex glycerolipids via
CDP-DAG pathway [15]. Although CDP-DAG can be found in
eukaryotic and prokaryotic organisms, structural characterization
of this lipid by mass spectrometry has not been well described. The
LIT MS"™ approaches toward characterization of this molecule found
in Corynebacteria are described below.

In the negative ion mode, an [M — H] ion was found at m/z
978.5, consistent with the observation of the corresponding [M +
H]" ion at m/z 980.5 in the positive ion mode (Data not shown).
High resolution mass measurement on the [M — H] ion yielded m/z
978.5228, which led to an elemental composition of
C46H82015N3P2 (calculated m/z: 978.5227). The high-resolution
CID MS? spectrum of the jon of m/z 978.5 (Fig. 1) contained the
prominent ion at mjz 735.4372, representing a diacylglycero
dehydrapyrophosphate anion arising from loss of a cytidine residue
(Scheme 1a), together with the ion of m/z 384.0007, arising from
loss of a 18:1/16:0-diacylglycerol (Scheme 1b). The presence of
18:1/16:0-DAG moiety is consistent with the observation of ions of
m/z 722.2833 and 696.2674 arising from losses of 16:0- and 18:1-FA
substituents, respectively, and in agreement with elemental com-
positions of the fragment ions extracted by HR mass measurements
(Table 1). The ion of m/z 722 (loss of 16:0-FA) is more abundant than
the ion of m/z 696 (loss of 18:1-FA), indicating that the 16:0- and
18:1-FA moieties are located at sn-2 and sn-1 of the glycerol
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Fig. 1. The high-resolution MS? spectrum of the ion of m/z 978.5 (a), unit resolution
MS? spectrum of m/z 735 (978 — 735) (b), and MS* spectrum of m/z 479 (978 — 735
— 479) (c). The inset table in (a) showed the deduced elemental compositions and the
proposed ion structures.

backbone, respectively [16]. The above results led to assign the
CDP-18:1/16:0-DAG structure. To further confirm the structure
assignment, the ion of m/z 735 was further subjected to MS®
(978 — 735; Fig. 1b), which resulted in ions of m/z 497 and 479, due
to loss of 16:0-FA substituent as a ketene and an acid respectively,
and ions of m/z 471 and 453, due to the analogous losses of the
18:1-FA moiety. The spectrum also contained the ion of m/z 215,
arising from losses of both the 16:0- and 18:1-FA residues, along
with ions of m/z 255 and 281, representing 16:0-, and 18:1-
carboxylate anions, respectively. These later ions observed in the
MS? spectra further confirm the identity of the fatty acid sub-
stituents of the molecule. The more abundant ion of m/z 453 (loss of
18:1-FA) than m/z 479 (loss of 16:0-FA) as seen in Fig. 1b is also in
agreement with the observation of more prominent ion of m/z 497
(loss of 16:0-ketene) than 471 (loss of 18:1-ketene), indicating that
the 18:1-, and 16:0-FA substituents are located at sn-2 and sn-1 of
the glycerol backbone, respectively [17]. This assignment is
consistent with the notion that loss the fatty acid moiety in glyc-
erophospholipids involves the a-H of the neighboring fatty acid
substituent in which the a-H of the FA at sn-2 is more labile, leading
to more facile loss of the 18:1-FA substituent at sn-1. The more
labile a-H of the 16:0-FA at sn-2 also facilitate its loss as a 16:0-
ketene to m/z 497, which becomes more abundant than the ion of
m/z 471 arising from the similar loss of 18:1-ketene at sn-1 [17].
Further fragmentation of the ion of m/z 479 (978 — 735 — 479;
Fig. 1c) gave rise to ions of m/z 215 and 197, arising from loss of the
remaining 18:1-FA as a ketene and an acid, respectively, along with
the ion of m/z 159, representing a dehydrated pyrophosphate. The
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Scheme 1. The proposed fragmentation pathways of the [M - H] ions of the 18:1/16:0-CDP DAG at m/z 978. The cleavage of the O-P bonds led to formation of the dehy-
dradiphosphate species of m/z 735 (a), and m/z 384 (b) that readily define the structure (see text for detail).

Table 1
High resolution MS? spectrum of the M — H]" ion of CDP-18:1/16:0-DAG at m/z 978.5

m/z Rel. Intensity Theo. Mass Deviation Composition ion structure
% Da mDa
304.0344 1.37 304.0340 0.37 C9H11 07 N3 P - DAG - HPO3
384.0007 14.06 384.0003 0.37 C9 H12 010 N3 P2 - DAG
453.1817 0.22 453.1813 0.46 C19H35 08 P2 - Cytidine —18:1-acid
471.1924 0.14 471.1918 0.56 C19H37 09 P2 - Cytidine —18:1-ketene
479.1974 0.17 479.1969 0.49 C21H37 08 P2 - Cytidine —16:0-acid
497.2080 0.5 497.2075 0.56 C21H39 09 P2 - Cytidine —16:0-ketene
696.2674 2.58 696.2668 0.66 C28H48 013 N3 P2 - 18:1-acid
722.2833 5.72 722.2824 0.82 C30H50 013 N3 P2 - 16:0-FA
735.4372 100 735.4371 0.1 C37H69 010 P2 - Cytidine
740.2934 0.3 740.2930 0.41 C30H52 014 N3 P2 —16:0-ketene
867.4799 0.96 867.4794 0.54 C42H77 014 P2 -Cytosine
935.5172 5.21 935.5169 0.33 C45H81 014 N2 P2 - HN=C=0
978.5229 3 978.5227 0.22 C46H82 015 N3 P2 [M — HJ

spectrum also contained the ion of m/z 199, arising from loss of
16:0-FA as an o,B-unsaturated FA (loss as 16:1-FA) (Scheme 1a,
route ai). This unique loss of FA as an «,f-unsaturated FA species
further confirms that the 16:0-FA is located at sn-2 of the glycerol
backbone [18].

3.2. Characterization of glucuronosyl diacylglycerol (GIcA-DAG)
and («-p-mannopyranosyl)-(1 — 4)-(a-D-glucuronyl diacyglycerol
(Man-GIcA-DAG) from C. striatum and C. glutamicum

GIcA-DAG is a major lipid family found in the genus of pseu-
domonas and was the first anionic glycolipid found in gram-
negative bacteria [19,20]. Wolucka and coworkers established the
structures of GIcA-DAG found in Mycobacterium smegmatis using

NMR and GC/MS and FAB mass spectrometry [21]. Both GIcA-DAG
and Man-GlcA-DAG lipids were reported in C. glutamicum cells
and the major species were falsely reported as GlcA 16:0/18:1-DAG
and ManGlcA 16:0/18:1-DAG [11,13].

To redefine the structure, we first applied high resolution
negative ion ESI-MS mass measurement on the lipid family as the
[M — HJ ions, which showed the predominated ion of m/z 769.5471
corresponding to a C43H77011 (calculated m/z: 769.5464)
elemental composition (Table s1e). High resolution MS? on the ion
of m/z 769.5 (Fig. 2a) gave rise to ions of m/z 531 and 513, arising
from loss of 16:0-FA substituent as a ketene and an acid, respec-
tively, together with ions of m/z 505 and 487 arising from the
analogous losses of the 18:1-FA substituent (Table 2a) (Scheme 2a).
The ion of m/z 531 (loss of 16:0-ketene) is more abundant than the
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Fig. 2. The high-resolution MS? spectrum of the ion of m/z 769.5 (a), its MS> spectrum of the ion of m/z 531 (769 — 531) (b), and MS? spectrum of the ion of m/z 249 (769 — 531 —
249) (c). Panel (d) shows the MS? spectrum of the corresponding [M + Na]* ion at m/z 793.5, which also contains informative ions for structure assignment (see text for details).

ion of m/z 505 (loss of 18:1-ketene) indicating that the 16:0- and
18:1-FA substituents are respectively located at sn-2 and sn-1 [16].
This is also consistent with the notion that the ion of m/z 487 (loss
of 18:1-FA) is more abundant than the ion of m/z 513 (loss of 16:0-
FA) [17]. The spectrum also contained ions of m/z 255 (16:0-
carboxylate) and 281 (18:1-carboxylate), consistent with the
presence of 16:0- and 18:1-FA substituents in the molecule.
Further dissociation of the ion of m/z 531 (769 — 531) (Fig. 2b)
yielded ions of m/z 267 and 249 arising from losses of 18:1-FA as a
ketene and an acid, respectively, along with ion of m/z 281,

Table 2a

representing a 18:1-carboxylate anion. The MS* spectrum of the ion
of mfz 249 (769 — 531 —249) (Fig. 2¢) contained ions of m/z 205
(loss of COy) and 175 (loss of [glycerol — H»O]), 113 (175 —
[Ho0 + CO3)) further support the presence of the GIcA-DAG moiety
in the molecule (Scheme 2a). The above fragmentation processes
were also supported by the HR mass measurements of fragment
jons in the HCD MS? spectrum, in which the elemental composi-
tions of the ions match the proposed ion structures (Table 2b).
Taken together, these results point to the presence of a GIcA 18:1/
16:0-DAG structure.

High resolution CID MS? spectrum of the [M — H] ion of 18:1/16:0-DAGIuA at m/z 769.54

m/z Rel. Intensity Theo. Mass Deviation Composition ion structure

Da % Da mDa

231.0519 0.29 231.0510 0.92 C9 H11 07 - (16:0-FA+18:0-FA)
249.0624 6.35 249.0616 0.86 C9 H13 08 -(16:0-ketene+18:0-FA)
255.2338 25.05 255.2330 0.86 C16H31 02 Cy5H31CO2
281.2486 75.23 281.2486 0.01 C18H33 02 Cy7H33C03
469.2808 0.62 469.2807 0.13 C25H41 08 - 18:1-FA - H20
487.2913 16.41 487.2913 0.07 C25H43 09 - 18:1-acid
495.2964 0.61 495.2963 0.04 C27H43 08 - 16:0-FA - H20
505.3018 24.3 505.3018 0.01 C25H45 010 - 18:1-ketene
513.3071 18.52 513.3069 0.15 C27H45 09 - 16:0-FA

531.3176 100 531.3175 0.14 C27H47 010 —16:0-ketene
709.5262 9.47 709.5260 0.18 C41H73 09 - C2H402

751.5368 35.92 751.5366 0.23 C43H75 010 - H20

769.5474 41.09 769.5471 0.3 C43H77 011 [M — H]I"
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Scheme 2. The proposed fragmentation processes of 18:1/16:0-GlcA DAG in the [M - H] ion (

Table 2b

a), and in the [M + Na]* (b) forms.

High resolution HCD MS? spectrum of the [M — H] ion of 18:1/16:0-DAGIuA at m/z 769.54

m/z Rel. Intensity Theo. Mass Deviation Composition structure assignment
% Da mDa

113.0252 31.00 113.0244 0.75 C5 H5 03 GluA~-2H,0 - CO,

129.02 1.85 129.0193 0.7 C5 H5 04 GluA~-2H,0-CO

157.0148 1.75 157.0142 0.57 C6 H5 05 GluA™-2H,0

175.0253 5.99 175.0248 0.5 C6 H7 06 GluA~-H20

193.0358 3.75 193.0354 0.4 C6 H9 07 GluA~

205.0721 2.14 205.0718 033 C8 H13 06 249 - CO,

231.0512 2.36 231.051 0.22 C9 H11 07 - (16:0-FA+18:0-FA)

249.0617 11.89 249.0616 0.13 C9 H13 08 -(16:0-ketene+18:0-FA)

255.233 57.88 255.233 0.06 C16H31 02 C;15H51CO%

281.2486 100.00 281.2486 —-0.01 C18H33 02 C17H33C0O%

487.2914 3.72 487.2913 0.11 C25H43 09 - 18:1-acid

505.3019 6.54 505.3018 0.11 C25H45 010 - 18:1-ketene

513.3071 4.60 513.3069 0.22 C27H45 09 - 16:0-FA

531.3177 22.00 531.3175 0.22 C27H47 010 —16:0-ketene

709.5263 1.38 709.526 0.28 C41H73 09 - C2H402

751.5369 2.58 751.5366 0.31 C43H75 010 - H20

769.5470 47.30 769.5471 -0.18 C43H77 011 [M — H]”

HR MS? on the corresponding [M + Na]* ion at m/z 793.5 in the
positive ion mode (Fig. 2d), gave rise to ions of m/z 537 and 511
from loss of 16:0- and 18:1-FA substituents, respectively, along with
ion of m/z 617 arising from loss of the GIuA residue (see Table 2c
and Scheme 2b for the elemental compositions and proposed ion
structures). The ion of m/z 511 is more abundant than the ion of m/z
537, indicating that the 18:1- and 16:0- FA substituents are located
at sn-1 and sn-2, respectively [17], and further established that the
molecule is indeed a GIcA 18:1/16:0-DAG (Scheme 2b), rather than
a GlcA 16:0/18:1-DAG as previously defined.

In the negative-ion mode, the lipid species belongs to the Man-
GIcA-DAG family was seen at m/z 931.6006, representing a [M — H]”
ion with an elemental composition of C49H87016 (Calculated m/z:
931.6000). High resolution MS? on the ion of m/z 931.6 (Fig. 3a)

yielded a prominent ion at m/z 751.5365 (Calculated m/z: 751.5366)
arising from loss of a hexose residue (i.e. a mannose; C6H1206,
which is (1 — 4) attached to («-D-glucuronyl diacyglycerol) [13]
(Table 3), along with ions (ions in Fig. 3a that are not labeled)
probably arising from the other isobaric precursors that entered the
collision cell and underwent fragmentation silmultaneously.
However, MS> on the ion of m/z 751.5 (931 — 751; Fig. 3b) gave rise
to the predominated ion pair of m/z 513/495. arising from losses of
16:0-FA as a ketene and acid, respectively, along with the m/z 487/
469 ion pair arising from the analogous losses of the 18:1-FA res-
idue (Scheme 3). The former ion pair is more abundant than the
latter, indicating that the 18:1- and 16:0-FA substituents are located
at sn-1, and sn-2 of the glycerol backbone, respectively. The spec-
trum also contained ions of m/z 281 18:1- carboxylate anion) and
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Table 2¢

High resolution MS? spectrum of the [M + Na]* ion of 18:1/16:0-DAGIuA at m/z 793.54

H.-YJ. Wang et al. / Biochimie xxx (XXXx) Xxx

m/z

Rel. Intensity

Theo. Mass

Deviation

Composition

ion structure

467.2979
481.2774
511.2878
537.3036
617.5119
761.5180
793.5438

%

2.85
1.89
100.00
65.64
45.38
7.50
59.69

Da

467.2979
481.2772
511.2878
537.3034
617.5115
761.5174
793.5436

mDa
0.01
0.17
0.05
0.16
0.31
0.61
0.18

C24H44 07 Na
C24H42 08 Na
C25H44 09 Na
C27H46 09 Na
C37H70 O5 Na

- 18:1-acid - CO2

- 18:1-acid - HCHO
- 18:1-acid

- 16:0-FA

-GluA

C42H74 010 Na
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Fig. 3. The high resolution CID LIT MS? spectrum of the ion of m/z 931.6 (a), MS®
spectrum of the ion of m/z 751.6 (931 — 751) (b), and MS* spectrum of the ion of m/z
513 (931 — 751 — 513) (c). lons (not labeled) in Panel A are unrelated to the structure
and are rejected in the consecutive MS®> (Panel b) and MS* (c) spectra, which are
readily applicable for structure identification.

255 (16:0-carbolylate anion), further support the presence of 18:1-
and 16:0 substituents in this Man-GlcA-DAG family. The MS*
spectrum of the ion of m/z 513 (931 — 751 — 513; Fig. 3c) con-
tained the 249/231 ion pair arising from cleavage of the remaining
18:1-FA substituent as a ketene/acid, together with ions of 205 from
further CO; loss from m/z 249. These results define the Man-GlcA-
DAG (18:1/16:0) structure, which was, otherwise, reported as a
Man-GlcA-DAG (16:0/18:1) previously [13].

3.3. Characterization of 1-mycolyl-2-acyl-phosphatidylglycerol
(MA-PG) from C. glutamicum

High resolution ESI/MS revealed that six species in this lipid
family were exclusively present in C. glutamicum (Table s1d). This
lipid family was previously reported as PG-like lipids and their
structures were not defined [11]. High resolution CID LIT MS? on the
ion of m/z 961.7 (Fig. 4a), for example, yielded the major ion at m/z
495, corresponding to a 16:0/16:0-mycolic acid anion, together
with the ion of m/z 465, arising from loss of 16:0/16:0-MA (Table 4).
The spectrum also contained ions of m/z 723 and 705, arising from
losses of the 16:0-FA substituent as a ketene and acid, respectively,
together with ions of m/z 631 (723 — Glycerol) and 613 (705 —
glycerol) arising from further loss of the glycerol residue of the
glycerol head group [16]. The ions of m/z 723 (loss of 16:0-ketene)
and 705 (loss of 16:0-Acid) are more abundant than ions of m/z 483
(loss of 32:0-MA ketene) and 465 (loss of 32:0-MA), indicating that
the 16:0-FA, and 32:0-MA substituents are located at sn-2 and sn-1
of the glycerol backbone, respectively (see Scheme 4 for the pro-
posed fragmentation processes).

To gain further insight into the structure, the ion of m/z 723 was
further subjected to MS>3. The MS? spectrum of the ion of m/z 723
(961 — 723; Fig. 4b) contained the ions of m/z 631 arising from loss
of glycerol and m/z 495, corresponding to a 16:0/16:0-MA anion.
The results suggest that the ion of m/z 723 is likely formed from m/z
961 by loss of 16:0-FA substituent to form a lyso-PG possessing a
mycolyl fatty acyl group at sn-1. Further dissociation of the ion of m/
72631 (961 — 723 — 631; Fig. 4c) gave rise to ion of m/z 495 by loss
of a dehydrated glycerophophate (136 Da) residue. This specific
neutral loss of 136 Da is a hallmark fragmentation process for

Table 3

High resolution MS? spectrum of the [M — H]" ion of Man-GIcA-DAG at m/z 931.
m/z Rel. Intensity Theo. Mass Deviation Composition
Da % Da mDa ion structure
255.2337 4.22 255.2330 0.76 C16H31 02 Cy5H31CO%
281.2485 5.07 281.2486 —0.08 C18H33 02 C17H33CO%
495.2963 0.51 495.2963 —0.01 C27H43 08 - ManGIuA
513.3069 5.17 513.3069 0 C27H45 09 - (ManGluA- H20)
751.5365 100 751.5366 -0.11 C43H75 010 -C6H1206
769.5471 1.76 769.5471 -0.03 C43H77 011 - C6H1005
931.6006 3.27 931.6000 0.61 C49H87 016 [M — HJI"
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Fig. 4. The High resolution CID LIT MS? spectrum of the ion of m/z 961.7 (a), its MS> spectrum of the ion of m/z 723 (961 — 723) (b), MS* spectrum of ion of m/z 631 (961 — 723 —

631) (c), and MS® spectrum of the ion of m/z 495 (961 — 495)(d).

glycerophospholipids upon subjected to CID that results in the
elimination of the head group and FA constituents [17,22], and
further support the assigned 1-mycoly 2-acyl PG structure.

The MS? spectrum of the ion of m/z 495 (961 — 495; Fig. 4d), the
MS* spectrum of the ion of m/z 495 (961 — 723 — 495; not
shown), and the MS® spectrum of the ion of m/z 495 (961 — 723 —
631 — 495; not shown) are identical, and are all dominated by the

ion of m/z 255. The spectra are also identical to the MS? spectrum of
the [M — HJ ion of 16:0/16:0-MA at m/z 495 (supplemental
material Fig s1a). These results further support that the molecule
possess a 16:0/16:0-MA residue. Taken together, the results confirm
that the molecule is a 1-16:0/16:0-mycolyl, 2-palmitoyl phospha-
tidylglycerol. Similar LIT MS™ approaches led to assign the struc-
tures of the entire lipid family (Table s1d).
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Table 4
High resolution MS? spectrum of the [M — H]  ion of 1-mycolyl-2-acyl-PG at m/z 961.
m/z Rel. Intensity Theo. Mass Deviation Composition
Da % Da mDa ion structure
391.2254 4.12 391.2255 -0.13 C19H36 06 P 465 - (gly - H20)
465.2623 7.38 465.2623 0 C22H42 08 P loss of 14:0/18:0-MA (acid)
477.4677 1.46 477.4677 -0.05 C32H61 02 495 - H20
483.2728 117 483.2728 -0.03 C22H44 09 P loss of 14:0/18:0-MA (ketene)
495.4781 100 495.4783 -0.13 C32H63 03 14:0/18:0-MA anion”
631.4708 5.12 631.4708 0 C35H68 07 P 705 - (gly - H20)
687.4971 1.01 687.4970 0.12 C38H72 08 P 705 - H20
705.5076 4.79 705.5076 0.05 C38H74 09 P - 16:0(FA)
723.5182 4.88 723.5182 0.06 C38H76 010 P —16:0 (ketene)
943.7375 1.26 943.7373 0.24 C54H104 010 P - H20
961.7480 2.8 961.7478 0.22 C54H106 O11 P [M — H]
465/483
loss of 16:0/16:0-MA adid/ketene
495
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Scheme 4. The fragmentation pathways proposed for the [M - H] ion of 1-(16:0/16:0) mycolyl 2-hexadecanoyl PG.

3.4. Characterization of acyl-TMM from C. glutamicum

In the positive ion mode, two sodiated acyl-TMM species were
found at m/z 1081.8101 (calculated C60H114 O14 Na: 1081.8101 Da)
and 1107.8253 (calculated C62H116 014 Na: 1107.8257 Da),
consistent with the observation of the [M — HJ ions at 1057.8140
(calculated C60H114 014: 1057.8136 Da) and 1083.8298 (calculated
C62H116 014: 1083.8292 Da), respectively; and the corresponding
[M + HCOy] ions (Table sle). HR MS? on the ion of m/z 1081
(Fig. 5a) gave rise to ions of m/z 841, arising from loss of C;5H3;CHO
(240 Da) by B-cleavage of mycolyl chain [23] to form a 6,6’-dipal-
mitoyl trehalose, and m/z 681, arising from cleavage of the a-1-0
bond of the molecule to form a 6-14:0/18:0-mycolyl glucose
(Scheme 5a; Table 5). The MS? spectrum of m/z 681 (1081 — 681;
Fig. 5b) contained ions of m/z 621, 591 and 561 arising from rupture
of the glucose ring (Scheme 5b), consistent with the notion that the
mycolic acid substituent is located at 6 (or 6’) of the trehalose.
Further dissociation of m/z 841 (1081 — 841; Fig. 5c) gave rise to
the major ion at m/z 441, arising from cleavage of the a-1-0 (or o’-
1’-0) bond of the 6,6’-dihexadecanoyl trehalose, together with the
m/z 585/603 ion pairs arising from loss of the 16:0-fatty acid sub-
stituent as ketene/FA. The MS* spectrum of the ion of m/z 441
(1081 — 841— 441; Fig. 5d) contained ions of m/z 381 and 351
(Scheme 3c) arising from similar cleavages of the glucose ring as
seen earlier (Scheme 5b), indicating that the 16:0-FA substituent is
located at C6 (or 6') of the trehalose. The realization of the 16:0-FA
at C6 (or 6) is also consistent with observation of the analogous
jons of mjz 407 and 377 in the MS? spectrum of m/z 467
(869 — 467), which arose from the [M — H] ion of 6,6’-dioleory
DAT standard at m/z 867 [24]. Thus, the above structural informa-
tion clearly demonstrated the presence of 6-hexadecanoyl 6’-16:0/

16:0-mycolyl trehalose (16:0-16:0/16:0-TMM). Similar MS" ap-
proaches led to define the structure of m/z 1107.8, which is
composed of 16:0-18:1/16:0-,18:1-16:0/16:0-, and 16:0-18:0/16:1-
TMM isomeric structures (Table sle).

3.5. Characterization of other common lipid families from
C. glutamicum and C. striatum

Both C. glutamicum and C. striatum belonging to the Cor-
ynebacteriaceae family are known to contain a good variety of
lipids, including mycolic acids, triacylglycerol (TAG), phosphati-
dylglycerol (PG), cardiolipin (CL), phosphatidylinositol (PI), phos-
phatidylinositol mannoside (PIM), phosphatidylinositol
dimmanoside (PIM2), acyl phosphatidylinositol mannoside (acyl-
PIM), and trehalose dimycolate (TDM), in addition to the uncom-
mon and some are minute lipids that were reported in this study
earlier. Although the structures of these lipids have been described
previously, the structure details such as the regiospecificity of the
fatty acid substituents on the glycerol backbone (e.g., Stereospecific
Numbering; SN) has been either undefined or mis-assigned [5,11].
Using LIT MS™ combined with high resolution mass spectrometry as
previously reported, we redefine the structures including the
regiospecificity of FA chain in the molecules, of the major species in
each lipid classes including MA (Fig s3) [14], PG (Fig s4) [16], PI (Fig
s5) [25], CL (Fig s6) [26], and TDM (Fig s7) [23] found in both
C. glutamicum and C. striatum cells (supplemental materials Table s1
and s2).

4. Conclusions

In this study, we report the structures of the lipids extracted
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Scheme 5. The fragmentation processes proposed for the [M + Na]* ion of 6-palmitoyl 6’-(16:0/16:0)-mycolyl trehalose at m/z 1081. Further dissociation of ion m/z 841 (a) defines
the 6,6’-diacyl trehalose structure, which is further confirmed by observation of the fragment ions from ring cleavages (b) and (c).
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Table 5

High resolution MS? spectrum of the [M + Na]+ ion of 6'-hexadecanoyl 6-mycolyl-trehalose at m/z 1081.
mfz Rel. Intensity Theo. Mass Deviation Composition
Da % Da mDa ion structure
441.2822 1.69 441.2823 -0.12 C22H42 07 Na [16:0-acyl-Glc + Na]*
621.5057 1.24 621.5065 -0.79 C36H70 O6 Na 681 - 2(CHOH)
663.5165 431 663.517 -0.5 C38H72 07 Na 681 - H20
681.5269 42.86 681.5276 -0.72 C38H74 08 Na [mycolyl-Glc + Na]*
841.5643 8.56 841.5648 -0.44 C44H82 013 Na - C15H31CHO
1081.8095 9.44 1081.8101 —0.55 C60H114 014 Na [M+Na]*

from C. glutamicum and in C. striatum cells, including several classes
of uncommon lipid species and a new 1-mycolyl 2-acyl phospha-
tidylglycerol class. In addition to corynomycolic acid (16:0/16:0-
MA), a hall mark of the Corynebacterium genus, we found that the
mycolic acids in C. glutamicum are ranging from C26-C36 with one
or two unsaturated bond mainly situated at the meromycolate
branch, while in C striatum, mycolic acids are ranging from C22-
C34. The TDM family is abundant in both strains, but the chain
length in C. glutamicum is significantly longer (supplemental
Table s1 and s2). TAGs are abundant in C. glutamicum, but were
not observed in C. striatum. However, we cannot exclude that the
observed differences in the lipid profiles may be a reflection of the
differences in the cell growth conditions and the lipid extraction
method between the two strains.

The predominant species in each glycerolipid families found in
this study all contained the 1-octadecenoyl, 2-hexadecanoyl glyc-
erol core structure rather than the 1-hexadecanoyl, 2-octadecenoyl
glycerol skeleton as previous reported for Corynebacteria [5,11,13].
This structural feature has been reported in the triacylglycerol and
monomeromycolyl diacylglycerol lipid structures in M. smegmatis,
where the 18:1- and 16:0-fatty acid substituents are exclusively
located at sn-1 and sn-2, respectively [27]. These findings are in
accord with the knowledge that both Mycobacterium and Coryne-
bacterium belong to the suborder Corynebacterineae, and may
share the same conserved machineries for lipid biosynthesis
[28—-31].

We revealed hundreds of lipid species in C. glutamicum and in
C. striatum that evince the biodiversity of lipids in Corynebacteria,
and further investigation in their biological roles maybe warranted.
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