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Abstract

Phospholipids (PLs) and sphingolipids (SLs) perform critical structural and biological functions in cells. The structure of
these lipids, including the stereospecificity and double-bond position of fatty acyl (FA) chains, is critical in decoding lipid
biology. In this study, we presented a simple in-source fragmentation (ISF) MALDI/TOF mass spectrometry method that
affords complete structural characterization of PL and SL molecules. We analyzed several representative unsaturated lipid
species including phosphatidylcholine (PC), plasmalogen PC (pPC), phosphatidylethanolamine (PE), phosphatidylinositol
(P1), cardiolipin (CL), sphingomyelin (SM), and ceramide (Cer). Fragment ions reflecting the FA chains at sn—1 and sn-2
position, and those characteristics of the head groups of different PL classes, are readily identified. Specific fragment ions
from cleavages of the C—C bond immediately adjacent to the cis C=C double-bond position(s) of FA chains and the trans
C=C double bond of the sphingosine constituents allow precise localization of double bonds. The identities of the exem-
plary product ions from vinylic, allylic, and double-bond cleavages were also verified by LIFT-TOF/TOF. Identification of
individual PL species in the lipid mixture was also carried out with ISF-MALDI/TOF. Together, this approach provides a
simple yet effective method for structural characterization of PLs and SLs without the additional modification on the instru-
ment hardware, and serves as a simple tool for the identification of lipids.
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Introduction

Lipids are widely distributed in all cells and organelles, play-
ing critical roles as structural components and intercellular
barriers, serving as important energy sources and second
messenger in signal transduction, and performing many
other cellular functions [1-4]. Phospholipids (PLs) and
sphingolipids (SLs) contain both saturated and unsaturated
fatty acyl (FA) chains with various double-bond positions
and double-bond number that can affect their physical
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properties in the membrane bilayer [5, 6], influence the
functions of neurotransmitter receptors [7], change the
membrane fluidity [8] and the shape of ion channels in the
mechanosensory transduction [9], and impact the gating of
voltage-sensitive ion channels [10], leading to significant
change in the physiological functions of the mammalian
cells.

Total structural elucidation of lipid species, including
lipid identity, stereospecificity, and the double-bond location
of the FA chains are crucial in functional decoding of lipid
biology under lipidomic workflow [11, 12]. Due to the high
variability of double-bond location on the FA chain of these
lipids, the number of isomeric structures can be numerous,
and to distinguish their structures is a daunting task, despite
that various mass spectrometric approaches have attempted
to meet such demands. The conventional GC/MS method
requires first release the FA chains from complex lipids,
followed by derivatization to, e.g., fatty acid methyl esters
(FAMEs) for GC/MS analysis. This approach gives limited
information of the double-bond position of the FA chain,
and its stereospecificity in the PL glycerol backbone, for
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example, is lost [13]. By contrast, electrospray ionization
(ESI) collision-activated dissociation (CAD) multiple stage
mass spectrometry permits complete characterization of PLs
and SLs, including the double-bond position of the FA chain
[14, 15]. Several approaches including gas phase reaction
applying ozone-induced dissociation (OzID) [16—-19], UV-
catalyzed Paterno-Biishi reaction [20-22], and UV photo-
dissociation using 193-nm laser [23-26], coupled with MS
or tandem mass spectrometry to define the double bond(s)
of FA substituents in PLs and SMs, have been reported. On
the other hand, hydrogen abstraction dissociation and oxy-
gen attachment dissociation in tandem mass spectrometry
[27], triboelectric nanogenerators coupled with time-aligned
parallel fragmentation ion mobility mass spectrometry [28],
or gas-phase charge transfer dissociation with high-energy
helium cation beam [29] also have been employed for the
study of lipid structures. However, these methods require
specific instrument setups and modification that are not read-
ily implementable in all laboratories.

Recently, we reported a simple in-source fragmentation
(ISF)-MALDI/TOF mass spectrometry method for char-
acterization of fatty acyl coenzyme A esters, revealing the
double-bond position of the FA chain [30]. To explore the
utility in the characterization of a broad range of lipid, we
applied the same strategy to analyze several representative
lipid species in PL and SL families. Here we reported the
approach toward the structural identification of these lipids.

Materials and methods
Chemicals

All the PLs and SLs were purchased from Avanti Polar
Lipids (Alabaster, AL, USA) or Sigma Chemical Co (St.
Louis, MO, USA). Methanol (MeOH) and acetonitrile
(ACN) were acquired from Fisher Scientific Co. 2-Propanol
was acquired from VWR Chemicals BDH®. All the organic
solvents used in this study were HPLC-grade or better.
Water (18.2 MQ) was produced in-house using a Millipore
Milli-Q Reference A* Water Purification System. MALDI
matrix 2,5-dihydroxybenzoic acid (DHB), 9-aminoacridine
(9-AA), and sodium acetate (ACS-grade) were purchased
from Sigma Chemical Co.

Sample preparation

Lipids used in this study were first prepared as 1 mg/mL
stock solutions in MeOH, stored at — 20 °C, then diluted
to 10-100 pg/mL in 60% MeOH as the lipid working
solutions immediately before use. Ten microliters of lipid
working solution was mixed with 7.5 pL DHB (30 mg/
mL in 60% MeOH) or 9-AA (saturated solution in 60%
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2-propanol/40% ACN (v/v) [31]) in an Eppendorf tube.
Aliquots (1.2-1.5 pL) of lipid-matrix solution mixture
were spotted on the stainless steel MALDI target plate
and air dried. To enhance the formation of the sodiated
adduct ions by MALDI, the lipid working solution can be
mixed with 1 pL. of 10 mM sodium acetate before mixing
with the matrix solution.

Mass spectrometry

A Bruker Daltonics UltrafleXtreme MALDI/TOF/TOF
mass spectrometer (Bremen, Germany) equipped with a
Smartbeam-II™ laser was used for data acquisition. The
MALDI/TOF and ISF-MALDI/TOF spectra were acquired
in reflectron mode, either in the positive or negative ion
mode depending on the sensitivity. The ionization voltage
of Ton Source 1 and Ion Source 2 was set to 20 kV and
17.65 kV, respectively. The pulsed ion extraction (PIE) delay
was 130 ns. The Smartbeam-II™ laser settings were set as
follows: global attenuator offset: 20%, attenuator offset:
40%, attenuator range: 40%. The laser fluence was defined
as 100% laser power minus laser beam attenuation, a param-
eter controlled by the instrument operator. The laser was
operated at 500 Hz with a spot size set to “4_Large” for data
acquisition. In MALDI/TOF data acquisition, lipids were
ionized with laser fluence at 2-3% above threshold. In ISF-
MALDI/TOF data acquisition, 1.5-2 times of threshold laser
fluence was applied to induce in-source fragmentation. Ion
signals from 2000 consecutive laser shots were summed into
a spectrum in MALDI/TOF and ISF-MALDI/TOF acquisi-
tion. To acquire the MALDI LIFT-TOF/TOF spectra, 7.5 kV
was applied to Ion Source 1, and 6.8 kV was applied to Ion
Source 2, while the PIE delay was set to 90 ns. Each spec-
trum was an accumulation of ion signals over 10,000-12,000
laser shots.

Data processing and presentation

The MALDI spectra were first visualized using Flex Analysis
(version 3.4, Bruker Daltonics), then converted to mzXML
format. Subsequent conversion of spectra to TIFF image files
was carried out using mMass open source mass spectrom-
etry program (version 5.5.0) [32, 33]. The signal-to-noise
(S/N) ratio of 3 was defined as the peak identification thresh-
old. To address the orientation of the FA chain, we defined
the carboxyl terminal as the proximal end, and the opposite
methyl terminal as the distal end. The C-C bond cleav-
ages immediately distal to the double bond were defined
as vinylic cleavages, while those immediately proximal to
the double bonds were defined as allylic cleavages [30]. PL
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and SL nomenclatures are according to the updated LIPID
MAPS classification system [34].

Results
Phospholipid analyses in positive ion mode

Diacyl phosphatidylcholines

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC
16:0/18:1) We first applied a near-threshold laser energy
(2-3% above the threshold) to obtain the MALDI/TOF MS
spectrum. As expected, the spectrum of PC 16:0/18:1 (Sup-
plementary Fig. S1) was dominated by ions of m/z 760.6 and
782.6, corresponding to the [M+H]" and [M +Na]* ions,
respectively. Ions from prompt fragmentation were absent.

We then obtained the MALDI LIFT-TOF/TOF spectrum
of protonated PC 16:0/18:1 ion at m/z 760.6. Not surpris-
ingly, the spectrum was dominated by the phosphocholine
ion at m/z 184.1 (Supplementary Fig. S2), along with ions
of m/z 496.3 and 478.3 arising from loss of the 18:1 FA
chain as ketene and acid, respectively, as well as ions of
m/z 522.4 and 504.4, arising from the analogous loss of
16:0 FA chain. The spectrum also contained the m/z 577.5
ion, arising from loss of phosphocholine, but fragment
ions associated with the cleavage of the C=C bond on the
18:1 FA chain were absent.

However, when the spectrum was obtained by ISF-
MALDI/TOF (Fig. 1a), ions at m/z 760.6 ([M + H]*),
782.6 (IM +Na]"), and 798.5 (IM +K]*) became domi-
nant and the ion at m/z 184.1 was much less abundant
than that in Figure S2. The spectrum also contained ions
at m/z 496.3 and m/z 522.4 with their respective analogous
sodiated ions at m/z 518.3, and 544.4. The higher abun-
dance of m/z 496.3 ion than that of m/z 522.4 denotes the
stereospecificity of the 16:0 and 18:1 FA chains at sn—1
and sn-2, respectively [35]. More importantly, ion of m/z
650.5, arising from the vinylic cleavage of the C—C bond
immediately distal to the C=C bond at n-9 of the 18:1
FA chain, was observed (marked in red in Fig. 1a). This
cleavage was consistent with the presence of ions at m/z
672.5 and 688.5, arising from the similar vinylic cleav-
age of [M +Na]* and [M + K] ions, respectively. Ions of
m/z 636.5 (marked in green in Fig. 1a) and the analogous
sodiated m/z 658.5 arising from double-bond cleavage,
plus ion of m/z 622.5 arising from the cleavage of the
C-C acyl bond immediately proximal to the C=C bond
of [M+H]", were also observed. The ISF-mediated bond

cleavages, i.e., the vinylic, double-bond, and acyl cleav-
ages immediately proximal to the double-bond, were also
observed in PC 18:1/16:0 with similar relative abundance
to that in Fig. 1a.

To support the findings, the m/z 650.5 ion seen by ISF-
MALDI/TOF was further subjected to LIFT-TOF/TOF anal-
ysis (Fig. 1b) which yielded ions of m/z 496.4 and 478.5
from loss of 10:0 FA chain as ketene and acid, respectively,
at sn—2, and ions of m/z 412.3 and 394.3 arising from similar
loss of 16:0 FA chain at sn—1, along with ion of m/z 467.5
arising from loss of phosphocholine head group. The result
clearly demonstrates that the ion of m/z 650.5 represents PC
16:0/10:0, which was generated by the increased in-source
laser irradiation, leading to the vinylic cleavage of double-
bond. This unique ion from vinylic cleavage readily leads to
the location of double bond of the FA chain.

PCs containing polyunsaturated fatty acyl chain To test the
applicability of ISF-MALDI/TOF method in the characteri-
zation of PC with polyunsaturated fatty acyl (PUFA) sub-
stituent, PC 16:0/22:6, an n—3 PUFA PC, and PC 18:0/20:4,
an n—6 PUFA PC, were subjected to the same analytical
procedure.

As shown in Fig. 2a, the [M+H]" and [M + Na]* ions
of PC 16:0/22:6 were observed at m/z 806.6 and 828.6,
respectively. The spectrum also contained the ions at m/z
496.3/518.3 (protonated/sodiated ion pair; same below) and
568.4/590.4 arising from loss of 22:6 and 16:0 FA chains as
ketenes, respectively. The ions of m/z 496.3/518.3 are more
abundant than the respective ions in the m/z 568.4/590.4
ion pair, consistent with the notion that 22:6 and 16:0 FA
substituents are located at sn—-2 and sn—1, respectively.
The vinylic cleavages of the C—C bond immediately distal
to the C=C bond at n-3, n—6, n-9, n—12, n—15, and n-18
of the 22:6 FA substituent were seen at m/z 780.5, 740.5,
700.5, 660.5, 620.4, and 580.4, respectively (marked in red
in Fig. 2a). The analogous sodiated ions that were 22 Da
heavier arising from similar cleavages from the [M + Na]*
ion were also observed (m/z values parenthesized in black
in the structural inset). The double-bond cleavages at n—4,
n—10, n—13, n—16, and n—19 of the same FA chain were seen
at m/z 766.4, 686.5, 646.4, 606.4, and 566.4, respectively
(marked in green in Fig. 2a). The allylic cleavages of the
C—-C bond immediately proximal to the C=C bond at n-5,
n-8, n—11, n—-14, and n-17 of 22:6 FA were seen at m/z
756.5,716.5, 676.5, 636.4, and 596.4, respectively (marked
in blue in Fig. 2a). The n—20 acyl bond cleavage that yielded
m/z 552.4 ion was also noted. The presence of these ions
readily locates the double bonds at n-3, n—-6, n—9, n—12,
n-15, and n—18 of the 22:6 FA substituent.
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Fig. 1 ISF-MALDI/TOF of PC 16:0/18:1 and LIFT-TOF/TOF veri-
fication of its product ion from the vinylic cleavage. a ISF-MALDI/
TOF spectrum of PC 16:0/18:1. Protonated ions of vinylic and dou-
ble-bond cleavages of PC 16:0/18:1 were marked in red and green
respectively in the spectrum and the structure inset. The m/z values

Similarly, ISF-MALDI/TOF spectrum of the n—-6 PUFA
PC 18:0/20:4 (Fig. 2b) contained the ions at m/z 810.6 and
832.6, representing [M +H]* and [M + Na]*, respectively.
The m/z 832.6 ion was much more abundant than that of
the m/z 810.6 ion, because the additional Nat was added
in the sample preparation to simplify the data presentation.
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of sodiated and potassiated ions of vinylic cleavage were marked in
parentheses (()) and chevrons (<>), respectively. The ion intensity
between m/z 180 and 750 was amplified by 2-folds. b LIFT-TOF/TOF
spectrum of m/z 650.5 ion in a. Ion intensity between m/z 370 and
650 was amplified by 50-folds. *Ions from the MALDI matrix DHB.

The spectrum also contains the ions at m/z 546.4 and 566.3,
arising from loss of 20:4 and 18:0 FA chains as ketenes,
respectively. Again, the ion at m/z 546.4 is more abundant
than that at m/z 566.3, indicating that the 20:4 and 18:0 FA
substituents are located at sn—2 and sn—1, respectively. The
ions at m/z 764.5, 724.5, 684.5, and 644.4 (marked in red
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Fig.2 ISF-MALDI/TOF spectra of PUFA-containing PCs. a ISF-
MALDI/TOF spectrum of PC 16:0/22:6. Protonated product ions
from vinylic, double-bond, and allylic cleavages were marked in red,
green, and blue, respectively, in the spectrum and the structure inset.
Parenthesized m/z values in the structure inset denoted the sodiated
form, and the bracketed m/z value denoted undetected species. b ISF-

in Fig. 2b) arising from vinylic cleavages of the C—C bond
immediately distal to the C=C bond at n—6, n-9, n—12, and
n—15 of the 20:4 FA chain, respectively, and ions of m/z
740.5, 700.5, and 660.4 (marked in blue in Fig. 2b) arising
from the respective allylic cleavages of the C—C bond imme-
diately proximal to the C=C bond at n—8, n—11, and n—14, of

MALDI/TOF spectrum of PC 18:0/20:4 with added Na* in prepara-
tion. Sodiated product ions from vinylic, double-bond, and allylic
cleavages were marked in red, green, and blue, respectively, both in
the spectrum and the structure inset. The m/z values of protonated
ions were parenthesized in the structure inset.

the 20:4 FA chain, while ions of m/z 750.5, 710.5, 670.4, and
630.4 from double-bond cleavages at n—7, n—10, n—13, and
n—16 (marked in green in Fig. 2b) were also observed. The
n—17 acyl bond cleavage which yielded the m/z 616.4 ion
was also noted. These unique ions from the specific cleav-
ages readily lead to the assignment of double-bond position
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of the 20:4 FA substituent. The above results clearly dem-
onstrate the utility of ISF-MALDI/TOF method in the struc-
tural characterization of PUFA-containing PC molecules,
revealing the stereospecific positions of the FA chains and
the locations of double bond.

Investigating product ions formed by allylic and dou-
ble-bond cleavages To further investigate the FA chain

composition after allylic and double-bond cleavages like
those reported in “PCs containing polyunsaturated fatty
acyl chain”, we performed the LIFT-TOF/TOF analysis on
an exemplary product ion arising from n—17 allylic cleav-
age at m/z 646.5 from sodiated PC 18:0/22:6. The spec-
trum in Fig. 3a revealed the m/z 587.4, 477.0, and 463.4
ions, representing the [M + Na-59]%, [M + Na-169]*, and
[M + Na-183]* ions, respectively, together with fragment
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Fig.3 LIFT-TOF/TOF analyses of product ions from allylic and
double-bond cleavages of PC 18:0/22:6. a LIFT-TOF/TOF spectrum
of sodiated n—17 allylic cleavage product ion at m/z 646.5 from PC
18:0/22:6 with added Na* in the preparation. Ion intensity from m/z
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140 to 550 was amplified by 3-folds. b LIFT-TOF/TOF spectrum of
protonated product ion from n—13 double-bond cleavage at m/z 647.6
from PC 18:0/22:6. Ion intensity from m/z 200 to 600 was amplified
by 3-folds.
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ions at m/z 147.0 ([phosphocholine + Na-59]%) and the m/z
184.2 phosphocholine ion earmarked the phosphocholine
head group features of the precursor ion. Ions from sn-2
loss as ketene and acid were detected at m/z 546.4 and 528.4,
respectively, while the protonated [M+H-183-sn-2 ketene]*
was detected at m/z 341.5. The spectrum also revealed the
product ion of [M + Na-59-sn—1 18:0 acid]™ at m/z 303.1.
These product ions from sn—1 and sn-2 losses together
support the notion that the sn—2 moiety of the n—17 allylic
cleavage product of sodiated PC 18:0/22:6 contains C¢H 50,
confirming the presence of four additional hydrogen atoms
by the allylic cleavage.

Using the same strategy, we investigated the charac-
teristic product ion of n—13 double-bond cleavage at m/z
674.6 of protonated PC 18:0/22:6 (Fig. 3b). In addition to
the phosphocholine ion at m/z 184.2, the LIFT-TOF/TOF
spectrum also showed the [M+H-59]*, [M + H-169]%,
and [M +H-183]" at m/z 615.5, 504.9, and 491.5, respec-
tively. Furthermore, the spectrum revealed the product ion
from sn—1 loss as ketene and acid at m/z 408.2 and 390.3,
respectively. Product ion from the precursor ion losing the
N(CH;); group together with the sn—-2 moiety as ketene
(i.e., [M+H-59-sn-2 ketene]t) was detected at m/z 465.2,
while a similar product ion from precursor ion losing the
phosphocholine head group and the sn—2 moiety as ketene
(M +H-183-sn-2 ketene]*) was seen at m/z 341.5. Charac-
teristic product ions of precursor ions losing the respective
sn—1 and sn—2 moiety support the notion that the sn—2 con-
tains C,oH, 50, reflecting its similarity to the product ions of
vinylic cleavage seen in Fig. 1b.

Other PLs

Plasmalogen To test the applicability of ISF-MALDI/TOF
method beyond the diacyl PCs, we examined the plasmalo-
gen PC 18:0/18:1 (pPC 18:0/18:1) using this method. The
spectrum again contained the [M + H]* and [M + Na]* ions
at m/z 772.6 and 794.6, respectively (Fig. 4a), and ions at m/z
522.4/544 4, arising from loss of the sn—1 alkenyl chain, and
ions at m/z 550.4/572.4, arising from vinylic cleavage of the
C-C bond immediately distal to the n—17 C=C bond of the
C18 alkenyl chain, reflecting the presence of alkenyl chain at
sn—1. The spectrum also contained ions at m/z 662.5/684.5,
arising from cleavage of the C—C bond immediately distal
to the C=C bond at n—9 of 18:1 FA chain at sn—2, consistent
with the location of the double bond of the 18:1 FA chain at
n-9, together with the phosphocholine ion at m/z 184.1 that
confirmed the head group of this molecule. These results
provide the double-bond positions both on the alkenyl chain
at sn—1 and the unsaturated FA chain at sn-2 in a single
spectrum, which, to the best of our knowledge, has not been
described in any straight ESI-CAD spectra before. It is also

interesting to note that fragment ions of m/z 522.4, 544.4,
550.4, and 572.4 were also detected in the MALDI/TOF
spectrum at near-threshold laser fluence (Supplementary
Fig. S3), likely due to the fact that plasmalogen phospho-
lipids are labile.

1-Palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphoe-
thanolamine (PE 16:0/22:6) To verify the utility of ISF-
MALDI/TOF method in structural characterization beyond
the PC class, we analyzed PE 16:0/22:6 mixed with Na*
to enhance its ionization under positive ion mode. The
spectrum (Fig. 4b) contained the [M +Na]* and the major
[M-H +2Na]* ions at m/z 786.5 and 808.5, respectively,
together with ions at m/z 476.3/498.3 (monosodiated/disodi-
ated pair; same below) and at m/z 548.3/570.3, arising from
loss of 22:6 and 16:0 FA chains as ketenes, respectively.
The ions in the former ion pair are more abundant than their
respective counterparts in the latter pair, consistent with the
notion that the 22:6 and 16:0 FA substituents are located at
sn-2 and sn-1, respectively. The [M +H-141]" ion denoting
the conventional signature neutral loss of the PE head group
was detected at m/z 623.5, while ions at m/z 647.6 and m/z
669.5 likely arising from the loss of phosphoethanolamine
head group unique to ISF-mediated fragmentation from
the sodiated and disodiated PE 16:0/22:6 ions, respectively
(Supplementary Fig. S4). Vinylic cleavages of the C—C bond
immediately distal to the C=C bond at n—3, n—6, n—9, n—12,
n-15, and n—18 of 22:6 FA chain of m/z 808.5 led to ions
atm/z 782.4,742.4,702.4, 662.4, 622.3, and 582.3, respec-
tively (marked in red in Fig. 4b). Double-bond cleavages
at n—7, n—10, n—13, and n-16 of the same FA chain of m/z
808.5 resulted in m/z 728.4, 688.4, 648.4, and 608.3, respec-
tively (marked in green in Fig. 4b). Allylic cleavages of the
C—C bond immediately proximal to the C=C bond at n-5,
n-8, n—11, n—14, and n—17 of 22:6 FA chain resulted in ions
at m/z 758.4, 718.4, 678.4, 638.3, and 598.3, respectively
(marked in blue in Fig. 4b). The m/z 554.3 from n—20 acyl
bond cleavage was also detected. The results are consist-
ent with those observed for PC 16:0/22:6 (Fig. 2a), readily
locating the double-bond positions of the 22:6 FA chain at
n-3, n-6, n-9, n—12, n—15, and n—18 of the sn—2 FA chain.

PL analyses in negative ion mode

1-Stearoyl-2-arachidonoyl-sn-glycero-3-phosphoinositol
(P118:0/20:4) To further extend the applicability of ISF-
MALDI/MS method, we examined PI 18:0/20:4 ionized
under negative ion mode. As expected, the [M-H]™ ion was
seen at m/z 885.6 (Fig. 5a), together with ions at m/z 599.3
and 581.3, arising from loss of 20:4 FA chain as ketene and
acid, respectively, and ions of m/z 619.3 and 601.3, aris-
ing from the corresponding loss of the 18:0 FA substituent.
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Fig.4 ISF-MALDI/TOF spectra of other phospholipids in positive
ion mode. a ISF-MALDI/TOF spectrum of plasmalogen PC (pPC)
18:0/18:1. Protonated product ions of vinylic cleavages were marked
in red in the spectrum and the structure inset. Sodiated product ions
of vinylic and other cleavages were parenthesized in the structure
inset. b ISF-MALDI/TOF spectrum of PE 16:0/22:6 with added Na*

The ion abundance of the former ion pair was higher than
that of the respective ions in the latter ion pair, indicating
that the 20:4 and 18:0 FA substituents are located at sn—2
and sn—1, respectively [35]. Similar vinylic cleavages of the
C-C bond immediately distal to the C=C bond at n—6, n-9,
n—12, and n—15 of 20:4 FA chain resulted in product ions at
m/z 817.5,777.4,737.4, and 697 .4, respectively (marked in
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in the preparation. The disodiated product ions from vinylic, double-
bond, and allylic cleavages were marked in red, green, and blue,
respectively, in the spectrum and the structure inset. The m/z values
of monosodiated ions were parenthesized in the structure inset, while
the bracketed m/z values denote undetected species. *Ions from the
MALDI matrix DHB.

red in Fig. 5a). Double-bond cleavages at n—10, n—13, and
n—16 led to the product ions at m/z 763.4, 723.4, and 683.4,
respectively (marked in green in Fig. 5a). Allylic cleavages
of the C—C bond immediately proximal to the C=C bond
at n—8, n—11, and n—14, of 20:4 FA chain also yielded the
product ions at m/z 793.4, 753.4, and 713.4, respectively
(marked in blue in Fig. 5a). The m/z 669.4 from the acyl
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Fig.5 ISF-MALDI/TOF spectra of phospholipids in negative ion
mode. a ISF-MALDI/TOF spectrum of PI 18:0/20:4. Deprotonated
product ions from vinylic, double-bond, and allylic cleavages were
marked in red, green, and blue, respectively, in the spectrum and the
structure inset. Parenthesized m/z value in the structure inset denoted

bond cleavage at n—17 was also observed. The spectrum also
contained ion of m/z 315.0, a signature ion of PI [35]. The
above structural information led to a complete characteriza-
tion of the PI molecule desorbed as the [M-H]™ ion.

1',3"-bis[1,2-Dioleoyl-sn-glycero-3-phospho]-glycerol (cardi-
olipin 18:1) To probe the more complex PL structures, we

the ion in [M + Na-2H]~ form. Bracketed m/z value denoted the unde-
tected ion species. lon intensity between m/z 550 and 850 was ampli-
fied by 4-folds. b ISF-MALDI/TOF spectrum of cardiolipin (18:1),.
Deprotonated product ions from vinylic cleavages were marked in red
in the spectrum and the structure inset.

obtained the ISF-MALDI/TOF spectrum of cardiolipin 18:1
(CL (18:1),) under negative ion mode. As was expected, both
the major [M-H]™ ion at m/z 1456.0 and the [M + Na-2H]™ at
m/z 1478.0 were observed (Fig. 5b). In the same spectrum,
the ions at m/z 1191.9 and 925.4 arose from loss of one and
two 18:1 FA chain as ketene, respectively, and ions of m/z
699.5 (a), 755.5 (a+56), and 835.5 (a+ 136) arising from
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Fig.6 ISF-MALDI/TOF spectra of sphingolipids. a ISF-MALDI/
TOF spectrum of sphingomyelin d18:1/24:1. b ISF-MALDI/TOF
spectrum of ceramide d18:1/24:1. Protonated ions of allylic cleavage
were marked in red in the spectrum and the structure inset. Sodiated

the fragmentation processes as previously described [36]
were also present. The spectrum also contained the ions at
m/z 1345.9, 1235.8, and 1125.7, arising from vinylic cleav-
ages of the C—C bond immediately distal to the C=C bond
at n—9 of one, two, and three of the four 18:1 FA substitu-
ents of the molecule, respectively (marked in red in Fig. 4b),
indicating the location of the double bond on the 18:1 FA
substituent at n—9. These structural information led to the
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and potassiated ions of allylic cleavage were marked with parenthe-
ses and chevrons, respectively, in the structure inset. *lons from the
MALDI matrix DHB.

assignment of CL(18:1), structure. Such structural infor-
mation including the double-bond position can otherwise
be obtained only by MS? on the [M-2H +3Li]* ions in the
positive ion mode with less sensitivity [37].
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Fig.7 ISF-MALDI/TOF
spectrum of PC 16:0/18:1

and plasmalogen PC (pPC)
18:0/18:1 mixture at 5:1 molar
ratio. Ions derived from PC
16:0/18:1 were marked in blue
with single underline, and ions
derived from pPC 18:0/18:1
were marked in red with double
underline. Ions contributed by
both phospholipid species were
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Sphingolipids

N-Nervonoyl-p-erythro-sphingosylphosphorylcholine
(sphingomyelin d18:1/24:1) To extend the ISF-MALDI/
TOF application beyond PL class, we applied this method
to obtain the spectrum of sphingomyelin (SM) d18:1/24:1
(Fig. 6a). The spectrum revealed the [M+H]* and [M +Na]*
ions at m/z 813.7 and 835.7, respectively, in addition to the
m/z 184.1 that signifies the phosphocholine head group, and
the m/z 264.3 ion that earmarks the d18:1-sphingosine long
chain base (LCB) of SM [38]. The m/z 776.6 ion denotes
the [M + Na-59]" ion derived from the sodiated precursor
ion losing the C(CH;); head group. More importantly, the
spectrum also contained the ion at m/z 703.6 (marked in
red in Fig. 6a), arising from vinylic cleavage of the C-C
bond immediately distal to the C=C bond at n—9 of the 24:1
FA chain, consistent with the observation of an analogous
sodiated ion at m/z 725.6, arising from a similar cleavage
of the [M+Na]* ion. This information affords the assign-
ment of the C=C bond of the 24:1 FA chain at n—9. The
low abundant m/z 633.5 ion (marked in red) arising from
vinylic cleavage of the C—C bond immediately distal to the
C=C bond on the LCB of the [M + Na]* ion also affords the
assignment of n—14 trans double-bond on the sphingosine
LCB.

N-Nervonoyl-p-erythro-sphingosine (ceramide
d18:1/24:1) The ISF-MALDI/TOF spectrum of ceramide
(Cer) d18:1/24:1 (Fig. 6b) showed this Cer ions in the forms
of [M-H,0+H]*, [M+H]", [M+Na]*, and [M+K]" at m/z
630.6, 648.6, 670.6, and 686.6, respectively, along with ions
at m/z 264.2 and 282.3 that signify the sphingosine LCB in
the molecule [38]. Again, the vinylic cleavage of the C-C
bond immediately distal to the C=C bond at n-9 of the
24:1 FA chain yielded the m/z 538.4 fragment ion, consist-
ent with the presence of the ions at m/z 560.5 and 576.5,

1 T
200 250 300 350

/
732.9 g
], L

400 450 500 550 600 65| 00 750 800 850
m/z

corresponding to the sodiated and potassiated counterparts,
respectively. These product ions of vinylic cleavages readily
points to the double-bond position on the 24:1 FA chain at
n-9 position. Vinylic cleavage of the C—C bond immedi-
ately distal to the trans C=C bond of the sphingosine from
[M+Na]* and [M +K]" ion yielded the lower abundant m/z
490.5 and 506.5 ions, respectively, and located the double
bond at n—14 of LCB. The simple ISF-MALDI/TOF method
affords the assignment of both the double-bond positions of
the LCB and the FA chain has not been previously described
in the literature.

The results in both Fig. 6a and b show higher product ion
abundance of ISF-mediated cis double-bond cleavage (m/z
703.6 in Fig. 6a; and m/z 538.4, 560.5, and 576.5 as proto-
nated, sodiated, and potassiated product ions in Fig. 6b) than
that of trans double-bond cleavage (m/z 633.5 in Fig. 6a; and
m/z490.5 and 506.5 as sodiated and potassiated product ions
in Fig. 6b), when both the cis and trans vinylic cleavages
were compared in the same spectrum.

PL mixture

To simulate the analytical scenario where lipid mixture is
often encountered, we analyzed a mixture of PC 16:0/18:1
and pPC 18:0/18:1 at a molar ratio of 5:1 by ISF-MALDI/
TOF (Fig. 7). The protonated, sodiated, and potassiated PC
16:0/18:1 ions, and their derived fragment ions from loss
of sn—1 and sn-2 acyl moieties as ketenes, and ions from
vinylic cleavage, were marked in blue with single underline
(see “1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(PC 16:0/18:1)” and Fig. 1a for reference). The ions of pPC
18:0/18:1 lineage were marked in red with double under-
line (see “Plasmalogen”. and Fig. 3a for reference). Ions
derived from both PC 16:0/18:1 and pPC 18:0/18:1, i.e.,
the protonated and sodiated LPC 18:1 at m/z 522.4 and
544.4, respectively, and the m/z 184.1 phosphocholine ion,
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were marked in pink. The overall result indicates that ISF-
MALDI/MS is capable of elucidating the structural features
and the respective double-bond locations of PC 16:0/18:1
and pPC 18:0/18:1 in the mixture.

Discussion

Here, we demonstrated the utility of ISF-MALD/TOF
method in the structural characterization of lipid species in
the PL and SL families, including diacyl PC, plasmalogen
PC, PE, PI, CL, SM, and Cer with various cis double bonds
in the FA chain and trans double bond in the sphingosine,
revealing the lipid class (i.e., the head group, LCB), the ste-
reospecificity, and, more importantly, the double-bond posi-
tion of the FA chain.

The phosphocholine fragment ion at m/z 184.1 observed
in the ISF-MALDI/TOF spectra of PCs is significantly lower
than that in the ESI-CAD product ion spectra, and in the
MALDI LIFT-TOF/TOF spectra seen in this and previous
studies [35, 39]. In contrast, the relative abundance of the
fragment ions representing loss of the FA substituents at
sn—1 or sn—2 as ketene are significantly higher. Such dif-
ferences may be attributable to the higher internal energy
imparted to the lipid molecular ions by the elevated laser
fluence that overcomes a higher energy barrier for the ketene
loss, leading to higher yields of product ions that are useful
for the assignment of the stereospecificity of FA chains in
PLs.

In the ISF-MALDI/TOF spectra, loss of FA substituents
as ketenes is the predominant pathway, resulting in prefer-
ential loss of sn—-2 FA ketene, similar to those previously
observed in the CAD-MS/MS spectra of PLs [35]. This
feature offers a reliable stereospecific assignment of the
FA chains. However, applying exceedingly high laser flu-
ence, e.g., over twice of the threshold fluence, for the ISF-
MALDI/TOF MS process may lead to change in the pattern
of FA-ketene loss, and result in inconclusive stereospecific
assignment of the FA chains where hydrogen radical from
hydroquinone-type acidic matrix [40—43] likely involves in
the fragmentation process.

The present method is applicable to all forms of lipid
molecular species, i.e., the protonated, sodiated, and potas-
siated species under positive ion mode, and the deproto-
nated, and the deprotonated alkali metal adduct ions under
negative ion mode. This method is also applicable to differ-
ent classes and subclasses of lipids such as PLs, SLs, and
plasmalogen. Among all the bond cleavages, we noticed a
prominent [M + Na-139]" fragment ion and the accompany
[M-H + 2Na-139]* fragment ion in the ISF-MALDI/TOF
spectrum of PE 16:0/22:6 (Supplementary Fig. S4) apart
from the [M +H-141]*/[M + Na-163]* fragment ion com-
monly seen in the CAD-tandem mass spectra of PEs. We
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speculate that these ions may arise from a more energetic
fragmentation process similar to that in previously reported
for the ISD-cleavage of peptide bonds [41-43]. The loss
of phosphoethanolamine head group may be initiated by
the energized proton radicals generated by the ISF-MALDI
process, forming the sodiated 1,2-O-diacyl propanediol (see
the Supplementary Scheme). However, similar fragmenta-
tion processes were not seen in other PL families. There-
fore, a systemic investigation to reveal the fragmentation
process, which is beyond the scope of the current study,
may be warranted.

The observation of the vinylic cleavage of the trans dou-
ble bond in sphingosine backbone as seen in Cer and SM in
addition to the cis double-bond cleavage in the SLs further
supports that the ISF-MALDI/TOF method is also suitable
for a complete structural determination of sphingolipids.

Compared to the product ions of vinylic and double-
bond cleavages of FA chain, the allylic cleavages generate
the truncated FA chains with one of the remaining dou-
ble bonds saturated, which is quite different from those
by the vinylic and double-bond cleavages. These obser-
vations were further verified by the subsequent MALDI
LIFT-TOF/TOF analyses of the product ions from the ISF-
mediated vinylic (Fig. 1b), allylic (Fig. 3a), and double-
bond (Fig. 3b) cleavages.

The result of ISF-MALDI/TOF analyses of PL mixture
indicates the necessity of coupling an upstream high-reso-
lution separation or fractionation technique of PLs and SLs
[44] to escalate the practicality of the current method. Proper
separation that reduces the complexity of the sample mix-
ture, and the combined analyses of ISF-MALDI/TOF and
LIFT-TOF/TOF, will resolve most of the uncertainty in dou-
ble-bond locations and the stereospecificity of the FA chains
in most of the mixture scenario. Nevertheless, identification
of PL species in the stereoisomer mixture, such as that of
PC 18:0/18:1 and PC 18:1/18:0, by such coupled approach
may become inconclusive unless an effective separation of
the stereoisomers precedes the ISF-MALDI/TOF analyses,
or a downstream structure-based separation of product ions
by, e.g., ion mobility technique [45] is employed to verify
the stereospecificity of the product ions.

When compared to other methods that define the dou-
ble-bond positions and FA chain stereospecificity in lipids,
we noticed that the product ions of the ISF-MALDI/TOF
spectra from vinylic, allylic, and double-bond cleavages are
more easily recognizable than those obtained by the OzID
[16—19] or UVPD method [23-26] that requires signifi-
cant instrument hardware modification. It is also worth to
note that the present method is readily applicable for defin-
ing the stereospecificity of the FA chains, while the OzID
and UVPD methods require additional MS? scans for the
assignments. However, ISF-MALDI/TOF method encoun-
ters unpredictable relative abundance of the molecular and
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fragment ions across the spectra when over 1 nmol of sample
load is applied per spot. Another shortcoming of the present
approach is the interference of the MALDI matrix, which
can compromise data interpretation, in particular, when the
sample load falls below 1 pmol per spot.

Another recently reported method that defines the FA
double-bond positions, the UV-catalyzed Paterno-Biishi
reaction coupled with tandem mass spectrometry (P-B
method) [20-22, 46], proportedly reveals more structural
information than that by OzID method. However, the P-B
method also requires additional MS? scans for the assign-
ment of FA chains. With the original molecular structures
altered by the gas phase or liquid phase chemical reactions
for locating the double-bond position, a more painstaking
data interpretation is therefore required.

Conclusion

The ISF-MALDI/TOF method demonstrated herein is an
effective approach that allows structural characterization
of PLs and SLs, revealing the stereospecificity of the FA
chains in PLs, the double-bond locations in the FA chain and
the sphingosine LCB, and the lipid class-specific fragment
ions, all in one single spectrum for structure characterization
without a special instrument setup and modification. When
coupled with proper separation techniques, this method may
reach its full potential in structural characterization of these
lipid families, and possibly other categories of lipids.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-021-03843-1.
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