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The identification of phosphocholine and phosphoethanolamine lipids by MALDI TOF/TOF,
including characterisation of the headgroup and delineation of the acyl chain at each position of

the glycerol backbone, has been explored using lipids representative of each type. The relative

intensities of fragments involving the neutral loss of one or other of the acyl chains of 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) and 1-oleoyl-2-palmitoyl-sn-glycero-3-phosphocholine (OPPC) were

compared. For POPC and POPE, a statistical preference for the loss of the chain from the sn-1

position was observed in the presence of lithium. For OPPC this selectivity was reversed for one of

the fragments. In the absence of lithium, fragmentation was favoured at the sn-2 position for all

lipids. In all cases, spectra obtained in the presence of lithium yielded more intense product ion

peaks. Although Collision Induced Dissociation (CID) could be used for complete lipid

characterisation, LIFT™ was found to be a better method due to the presence of a greater number

of distinguishing product ion peaks and a better shot-to-shot reproducibility of peak intensities.

Introduction

Glycerophospholipids are the most abundant type of lipid
found in cell membranes. The characteristics of membranes
from different types of cell are defined by the chemical
identities of their constituent phospholipids. Factors such as
headgroup charge, degree of unsaturation and acyl chain
length influence the fundamental physical parameters of the
membrane, such as bilayer thickness, phase-transition
temperature and mixing behaviour.! All of these factors
highlight the importance of being able to identify fully
phospholipids, including the chemical identity of both acyl
chains and the nature of the headgroup. Mass spectrometry
has the potential to fulfil this need through the identification
of suitable fragments corresponding to each of these key
functional groups.

Matrix-assisted laser desorption/ionisation-time of flight
mass spectrometry (MALDI-TOF MS) analysis of lipids has
been conducted using both commonly-used matrices such as
isomers of 2,5-dihydroxybenzoic and 2.,4,6-
trihydroxyacetophenone,’ as well as more novel species such
as ionic liquids.4 The identification of product ion peaks
following fragmentation of lipids by MSMS in the presence of
metal cations is a good method for lipid analysis. Upon
fragmentation of both [M + H]" and [M + Na]" for a number
of phosphocholine (PC) lipids by post-source decay (PSD)
MALDI-TOF MSMS, the [M + H]" product ion spectra
showed only one strong product ion peak, corresponding to
the headgroup at m/z 184, while the [M + Na]” product ion
spectra showed a number of peaks, including those
corresponding to the loss of one or other of the acyl chains.’
Similar studies have been carried out on the effect of adding
lithium salts. Stiibiger and Belgacem studied lipids from
several classes,” including glycerophospholipids, comparing
the MALDI-MSMS product ion spectra of [M + Na]", [M +

Li]" and [M + H]". The [M + Li]" product ion spectra were
found to give more intense product ion peaks than those of [M

ss + Na]” and include the appearance of protonated and lithium
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containing product ions separated by 6 Da. Both of these
observations are advantageous for lipid identification and
have been put to good use for techniques such as MALDI
imaging.®

In order to identify fully a phospholipid, it is necessary to
identify the acyl chain at each position of the glycerol
backbone, termed the sn-1 and sn-2 positions (Fig. 1). The
relative intensities of peaks corresponding to the loss of the
chains from the sn-1 and sn-2 positions in tandem mass
spectra are a potential method of determining this, although
published data for PC and phospoethanolamine (PE) lipids in
the presence and absence of sodium and lithium salts reveal a
number of inconsistencies. This is manifested both in terms of
the ability to observe peaks corresponding to the loss of both
of the acyl chains, and in their relative intensities if they are
observed.*** Evidence for the loss of the acyl chains from
each of the sn-1 and sn-2 positions was reported in all cases
where fragmentation was carried out using collision induced
dissociation (CID) in either a sector instrument,®®'820:2425 5
linear ion trap,'*'® or MALDI-TOF/TOF >3
approximately 50% of cases involving fragmentation by Post
Source Decay (PSD) or seamless Post Source Decay
(sPSD),>*!7 it was reported that fragments corresponding to
the release of the acyl chains were not present.'” When
fragmentation occurred by CID in a triple quadrupole a range
of outcomes resulted. These included: no evidence for
cleavage of the acyl chains;'' evidence of the loss of the acyl
chain from each position with a statistical difference in their
intensities;'*!'""'¥? evidence of the loss of the acyl chain from
each position with no statistical difference their
intensities;'® and evidence of the loss of each chain as
different types of fragments, with differences in the relative
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intensities of losses from the sn-1 and sn-2 positions
depending on fragment type.'? A clear example of the range of
outcomes is presented by [PC + Na]’, where a lack of
observable fragments corresponding to the loss of the acyl
chains was reported when this ion underwent sPSD.® Al-Saad
et al. and Landgraf et al. have reported the appearance of
fragments corresponding to loss of the acyl chains from both
the sn-1 and sn-2 positions, with a higher intensity of the
peaks corresponding to the loss of the chain from the sn-1
position when fragmenting [PC + Na]" by PSD or by CID in a
linear ion trap.>'® Kim et al. fragmented the same ion by high
energy CID in a sector instrument and reported the direct
opposite, with a higher intensity of the peaks corresponding to
the loss of the acyl chain from the sn-2 positions.?’ These data
highlight the need for a systematic study of the effects of
different MSMS methods on the relative cleavage of the acyl
chains.

The work reported herein describes a systematic study by
MALDI-TOF/TOF of two phosphocholines and a
phosphoethanolamine using LIFT™ technology in the absence
of a collision gas,”® and using Collision Induced Dissociation
(CID) in the presence of argon. The benefits of the addition of
a lithium salt during the MALDI TOF/TOF analysis of lipids
are reported, along with the relative intensities of the product
ions corresponding to the loss of the acyl chains from the sn-1
and sn-2 positions of the lithiated and protonated molecular
ions, determined from a number of automated analyses.

Experimental
Reagents

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), and 1-oleoyl-2-palmitoyl-sn-glycero-3-
phosphocholine (OPPC) were purchased from Avanti Polar
Lipids (Alabama, USA). 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 2,5-dihydroxybenzoic acid (DHB),
lithium chloride, poly(ethylene glycol) 600 and ethanol
(HPLC grade) were purchased from Sigma-Aldrich, UK.
Chloroform (reagent-grade) was purchased from Fisher
Scientific UK. Water with resistivity >18 MQ/cm was purified
using a Milli-Q Direct Q system from Millipore (Millipore
(UK) Ltd.).

Sample preparation

The matrix, DHB, was prepared at a concentration of 30
mg/ml in EtOH/H,0 (50 % v/v) for analyses in the absence of
lithium. For experiments in the presence of lithium, DHB was
prepared at a concentration of 30 mg/mL in solutions of 5 mM
to 100 mM LiCl in EtOH/H,O (50 % v/v) (a concentration of
100 mM LiCl was used unless otherwise stated). These
solutions were mixed at a ratio of 9:1 v/v with lipid solutions
(each 1 mg/mL in CHCl;). For manual experiments, 1 uL of
the matrix/lipid solution was spotted onto the target and
allowed to air dry. For automated runs, 2 x 0.5 pL aliquots
were spotted on top of each other and allowed to dry between
applications.

Mass spectrometry
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MS and MSMS experiments were carried out using an
Autoflex II MALDI-TOF/TOF spectrometer with a 337 nm
nitrogen laser (Bruker Daltonics Ltd., Coventry, UK). This
was calibrated for MS experiments with the sodium adducts of
poly(ethylene glycol) 600. A ground steel target plate was
cleaned with methanol and acetone prior to use. Positive ion
MS experiments were conducted using the reflectron for
enhanced performance. Positive ion MSMS experiments were
conducted using the LIFT capability in the absence of a
collision gas at a source pressure of approximately 2.5 x 107

s mBar unless otherwise stated. For CID experiments, argon

was used a collision gas at a source pressure of approximately
8.5 x 10”7 mBar. Isolation of the protonated ion was sufficient
with instrument defaults. The isolation windows for LIFT of
the lithium adduct ions were set in order to exclude the [POPC
+ H]" ion from fragmentation of [POPC + Li]", and both
[POPE + H] and [POPE — H + 2Li]" from the fragmentation
of [POPE + Li]". For the automated LIFT analysis of [POPE +
Li]" the figures represent the narrowest window from which
results could successfully be produced. For CID the precursor
ion isolation window could not be altered from the default
setting of = 1 % due to software constraints. A summary of
the isolation windows for all precursor ions is given in Table
S1 (ESI). Lithium exists as two isotopes, ®Li and Li, with
isotopic abundances of 7.5 and 92.5 respectively.?’ It was not
possible to separate the isotopes when selecting [M + Li]"
precursor ions, but the "Li adduct is referred to in all
discussion of fragments. Data were analysed using Flex
Analysis version from 3.0 Bruker Daltonics Ltd (Coventry,
UK).

Results and Discussion
MALDI-MS analysis

The lipids POPE (Fig. la) and POPC (Fig. 1b) were studied
by MALDI-MS. The appearance in the mass spectra of these
lipids of peaks separated by 6 Da (corresponding to [M + H]"
and [M + "Li]" in the case of POPC; [M + H]", [M + "Li]" and
[M —H + 2"Li]" in the case of POPE) provided a visual aid for
the identification of lipid molecular ions, as exemplified in the
in the spectra of POPE (ESI, Fig. S1) and POPC (ESI, Fig.
S2). For POPE, [M + H]" was observed at the lowest intensity,

s with [M — H + 27Li]" and [M + "Li]" observed at progressively

higher intensities. [M + Li]" and [M — H + °Li + "Li]" were
present as minor peaks. In the case of POPC, [M + H]" and
[M + "Li]" were observed as major peaks with [M + °Li]" as a
minor peak. The additional doubly lithiated peaks observed in
spectra of POPE are accounted for by the ability of the
ethanolamine ammonium group (pKa=9.8) to exist in a neutral
form (unattainable with the choline 4° ammonium group). The
full scan mass spectra showed evidence that the lipids
fragment readily (ESI, Fig. S3).

s Direct comparison with matrix-only spectra showed m/z

values corresponding to the headgroup in the spectra of
[POPC + H]" and [POPC + Li]°, and to [POPE -
OP(0),0(CH,),NH;]" in the spectra of [POPE + H]" and
[POPE + Li]".
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Fig. 1 The structures of a) POPE and b) POPC. The sn-1, sn-2 and sn-3
positions on the glycerol backbone of POPE are labelled, along with
sections of the acyl chains which are referred to as R; and R, in the main
text.

No evidence for the acyl chains themselves, or for their loss,
was observed in any of the four spectra.

MALDI-MSMS analysis
POPE molecular ions. MALDI-MSMS spectra of both [POPE

w+ H]" and [POPE + Li]" showed evidence of [POPE —

OP(0),0(CH,),NH;]", corresponding to loss of a headgroup
fragment, as the dominant species (Fig. 2).
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Fig. 2 MALDI-MSMS spectra of (a) [POPE + H]" and (b) [POPE + Li]".
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1s The product ion spectra of both [POPE + H]" and [POPE +

>
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Li]" exhibited peaks that could be assigned to either fragments
of both acyl chains or the headgroup, or products arising from
their neutral loss. The product ion spectrum of [POPE + H]"
(Fig. 2a, Table 1) showed two pairs of peaks corresponding to
the loss of the acyl chains from the sn-1 and sn-2 positions as
different types of fragments. The spectrum of [POPE + Li]"
(Fig. 2b, Table 1) only contained one pair of peaks from
which both acyl chains could be identified. These peaks,
corresponding to [POPE — R,COO — (CH,),NH; + H + "Li]*
and [POPE — R;COO — (CH,),NH; + H + 'Li]*, had much
greater intensities relative to the peak corresponding to [POPE
- OP(O)ZO(CHZ)ZNH3]+, than any of the peaks corresponding
to the loss of an acyl chain observed in the spectrum of [POPE
+H]".
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Table 1 Product ions observed in MALDI-MSMS spectra of [POPE +
H]' and [POPE + Li]".

[POPE + H]' [POPE + Li]"

m/z Product ion“” m/z Product ion“”
2823 [R,COOH]" 1480  [OP(O),0Etn + 'Li + H]"
3083  [R,COOCH,CH,]"  399.2 [M-R,COO - Etn+ H+ 'Li]"
436.3 [M - R,COOT" 4252 [M-R,COO - Etn + H+'Li]"
4543  [M-R,CO+2H]" 5772 [M - OP(0),0Etn]"
462.3 [M - R,COO0]" 601.7  [M-P(0),0Btn+ H+ 'Li]"
4803 [M-R,CO+2H]" 6817 [M - Etn + 2H + 'Li]*
5775  [M- OP(0),0Et]"
592.0 [M - P(0),0Etn - 2H]"

“R, and R, are defined in Fig. 1.
" Etn = (CH,),NH;

s adducts

As a consequence, the product ion spectra of the lithium
of POPC were clearer and allowed easier
identification of the lipid. Less intense peaks could be
observed in the [POPE + Li]" product ion spectrum at m/z 405
and m/z 431 (Fig. 2b). These are assigned to [POPE — R,COO
—2H + 2’Li]" and [POPE — R,COO — 2H + 2'Li]" respectively
and have arisen from incomplete isolation of the [POPE + Li]"
parent, with an isolation window of £ 5 Da, allowing some
dissociation products from [POPE — H + 2Li]" to be observed.

POPC molecular ions. The product ion spectra of both [POPC

s+ H]" and [POPC + Li]" had a peak identified as

[OP(0O),(CH;),NMe; + 2H]+, corresponding to a headgroup
fragment, as the dominant species (Fig. 3).
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Fig. 3 MALDI-MSMS spectra of [POPC + H]" (a) and [POPC + Li]" (b).

Both spectra, however, contained other fragments that
permitted identification of each of the acyl chains. The
product ion spectrum of [POPC + H]' (Fig. 3a, Table 2)
showed two pairs of peaks corresponding to the loss of the
acyl chains, while the spectrum of [POPC + Li]" (Fig. 3b,
Table 2) showed four pairs of peaks from which the acyl
chains could be identified.
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Table 2 Product ions observed in MALDI-MSMS spectra of [POPC +
H]J+ and [POPC + Li]+.

[POPC + H]' [POPC + Li]"
m/z Product ion“” m/z Product ion“”

184.0 [OP(0),Chn+2H]"  184.0 [OP(0),Chn + 2H]"

478.1  [M-R,COO]' 2392 [R,CO]"

4962 [M-R,CO+2H]" 2652 [R,COJ"

5041  [M-R,COO]" 4252 [M-R,COO - NMe; - H + Li]*

5222 [M-R,CO+2H]" 4513 [M-R,COO-NMe;—H+Li]"

5772 [M-OP(O),Chn]° 4783 [M - R,COO]"
4843 [M - R,COO — H + Li]*
504.3 [M - R,COO]"
510.3 [M - R,COO - H + "Li]*
5774 [M - OP(0),Chn]"
583.6  [M- OP(O),Chn—H + Li]"

“R, and R, are defined in Fig. 1.
® Chn = (CH,),NMe;

Most of the peaks corresponding to the neutral loss of the
acyl chains in the product ion spectrum of [POPC + Li]" had a
greater intensity relative to the predominant headgroup peak
([OP(0),(CH;,);NMe; + 2H]") than the peaks resulting from
neutral loss of the acyl chains in the spectrum of [POPC +
H]". This higher relative intensity for products of lithium
adduct fragmentation should be useful in cases where
sensitivity is an issue. Peaks can also be observed at m/z 432
and m/z 458 in the [POPC + Li]" product ion spectrum (Fig.
3b), which due to their peak shape are assigned as metastable
products.

As with the molecular ions in the MS spectra of both lipids,
characteristic peaks in the product ion spectrum of [POPC +
Li]" (Fig. 3b) occurred as pairs of protonated and lithium
adduct ions separated by 6 Da. These are exemplified by pairs
of peaks at m/z 478 and m/z 484, corresponding respectively
to [POPC - R,COO]" and [POPC - R,COO — H + 'LiJ",
alongside m/z 504 and m/z 510, corresponding to [POPC —
R;COO0]" and [POPC — R,COO — H + "Li]" respectively.

s The influence of LiCl concentration on ion fragmentation.

Having observed that MALDI-MSMS of lithiated adducts
enables the unambiguous identification of the lipid headgroup
and both acyl chains, the range of lithium concentrations
suitable for MALDI-MSMS analysis was investigated. For
POPE, the normalised intensities of the fragments
corresponding to the headgroup ([OP(0),0(CH,),NH; + H +
Li]"), loss of the acyl chains from either the sn-1 or sn-2
position together with aminoethane ([POPE - R,COO -
(CH,),NH; + H + 'Li]") and the loss of the headgroup ([POPE

s - OP(0),0(CH,),NH;]") were averaged for eight repeats at

each of 6 concentrations of lithium chloride in the range 5
mM to 100 mM. No statistical differences were observed
between the normalised intensities of the fragments at the
different concentrations, regardless of whether the fragments
contained lithium or not, as shown in Fig. 4. Similar results
were obtained for POPC, where the normalised intensities of
the  fragments  corresponding to  the  headgroup
([OP(0)2(CH,),NMe;+ 2H]"), loss of the acyl chain from

either the sn-1 or sn-2 position together with the

s trimethylamine group ([POPC — R,COO - NMe; — H + "Li]"),

loss of the acyl chains from either the sn-1 or sn-2 position
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with and without lithium ([POPC - R,COO]’, [POPC -
R,COO — H + Li]") and loss of the headgroup with and
without lithium ([POPC - OP(0),(CH,),NMe;]" and [POPC -
OP(0),(CH,),NMe; — H + ’Li]"), showed no statistical
difference between the normalised fragment intensities over
this concentration range (ESI, Fig. S4).
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Fig. 4 Normalised intensities of [POPE + Li]" fragment peaks with
varying [LiCl] (5, 10, 20, 30, 50, 100 mM). The peaks with m/z 148, m/z
399, m/z 425 and m/z 577 refer to the fragments [OP(0O),O(CH,).NH; +
Li+ H]", [POPE - R,COO — (CH,),NH; + H + "Li]", [POPE - R,COO —
(CH,),NH; + H + 'Li]", and [POPE - OP(0),0(CH,),NH;]" respectively.
Error bars represent 2x the standard deviation from 8 repeat scans in each
case.

Acyl chain identification by LIFT

Fragmentation of POPE ions. Successful identification of the
acyl chain present at each position of a lipid requires that
product ions can be identified in MSMS spectra that have
arisen by fragmentation processes at each of the sn-1 and sn-2
positions. Furthermore, in order for assignments to be
unambiguous, there should be a difference in relative intensity
that is statistically significant for the loss of equivalent
fragments from each position. In order to examine whether
these criteria applied to fragmentation of POPE ions, twenty
four MSMS spectra for each of [POPE + H]" and [POPE +
Li]" were collected using an automated method to minimise
experimental errors. Table 3 shows the different types of
fragment observed which involve the neutral loss of fragments
from one or other of the acyl chains. For each of these types,
the intensities of peaks corresponding to equivalent neutral
losses from the sn-1 and sn-2 positions were normalised
relative to each other. Two types of fragment from the parent
[POPE + H]" were identified that showed a preferential loss of
a neutral acyl chain fragment from the sn-2 position (Fig. 5,
Table 3, entries a and b). A further type of fragmentation of
[POPE + Li]" involving the neutral loss of an acyl chain,
[POPE — R,COO — (CH,),NH; + H + "Li]" was noted (Fig. 5,
Table 3, entry c), although in this case the acyl chain fragment
was preferentially lost from the sn-1 position.

Three points can be made from these results. Firstly, as
shown previously, the parent ions [POPE + H]" and [POPE +
Li]" fragmented to give different product ions. Secondly, there
were differences the relative abundance of ions
corresponding to the neutral loss of acyl fragments from the
sn-1 and sn-2 positions for the three different types of product
ion (Table 3, a-c).

in
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Fig. 5 The relative intensities of peaks corresponding to loss of the acyl
chain from the sn-1 and sn-2 positions of different types of fragments of
POPE from MSMS spectra of [POPE + H]" and [POPE + Li]". The white
sections correspond to a loss from sn-1 position, shaded to the sn-2
position. Refer to Table 3 for identification of a-c. The error bars
correspond to 2x the standard deviation of the data from 24 repeat scans.

Thirdly, the preference for neutral loss from the sn-2 over
the sn-1 position for the protonated species was reversed for
the lithiated species. Overall, the greatest difference in
relative intensity corresponding to loss from sn-1 vs sn-2 was
found for the [POPE — R,CO + 2H]" fragmentation of [POPE
+ H]" (Table 3, entry b). The position of the acyl chains of
POPE can therefore be identified from fragmentation in the
presence or absence of lithium.

Table 3 Product ions corresponding to the loss of the acyl chain from the
sn-1 or sn-2 positions of POPE observed in the MSMS spectra of [POPE
+ H]" and [POPE + Li]". The relative intensities of peaks corresponding
to the loss of the acyl chains from the sn-1 and sn-2 positions have been
normalised with respect to one another for each type of fragment.

Parent Ion Fragment’ RI, x =1% RIL x=2"¢

a [POPE+H]
b [POPE+H]"

¢ [POPE+Li]’ |

[M - R,COO]"
[M-R,CO +2H]"
M — R,COO — (CH,),NH;
+H+'Li]"

0.43+0.05 0.57+0.05
0.28+£0.03 0.72+0.03

0.60+0.05 0.40+0.05

“x=1and x =2 correspond to chains at the sn-1 and sn-2 positions of the
lipid respectively.

» RI = relative intensity.

¢ The error is calculated as 2x the standard deviation of the data from 24

5 spectra.

Fragmentation of POPC ions. Twenty four MSMS spectra of
[POPC + H]" and [POPC + Li]" were collected using an
automated method and analysed in the same way as those of
POPE. Similarly to POPE, the parent ions [POPC + H]" and
[POPC + Li]" fragmented to give different product ions, and
there were differences in the relative intensities of the peaks
corresponding to loss of the acyl chains from the sn-1 versus
the sn-2 positions for the different types of fragment (Table

s 4). More types of fragments of [POPC + H]" and [POPC +

Li]" which involved the neutral loss of an acyl chain were
observed than for POPE. However, in this case there were two
types of fragment, one of the protonated parent and one of the
lithium adduct, for which the intensities of the peaks
corresponding to losses from the chains at the sn-1 and sn-2
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positions were not significantly different (Fig. 6, Table 4,
entries a and d), although in similar experiments with OPPC,
formation of the equivalent product ions by loss of fragments
from the sn-1 position was clearly favoured (Fig. S7 and
Table S5, entries a and d).
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a b c d e f

Fig. 6 The relative intensities of peaks corresponding to loss of the acyl
chain from the sn-1 and sn-2 positions of different types of fragments of
POPC from MSMS spectra of [POPC + H]" and [POPC + Li]". The white
sections correspond to a loss from sn-1 position, shaded to the sn-2
position. Refer to Table 4 for identification of a-f. The error bars
correspond to 2x the standard deviation of the data from 24 repeat scans.

For [POPC + H]", the [POPC — R,CO + 2H]" fragment
yielded peaks for which the ratio of the product ion intensities
corresponding to generation of this fragment by loss from the
sn-1 and the sn-2 positions lay outside a value of 0.5 : 0.5,
within error, favouring loss from the sn-2 position (Fig. 6,
Table 4, entry b).

Table 4 Product ions corresponding to the loss of the acyl chain from the
sn-1 or sn-2 positions of POPC observed in the MSMS spectra of [POPC
+H]" and [POPC + Li]". The relative intensities of peaks corresponding
to the loss of the acyl chains from the sn-1 and sn-2 positions have been
normalised with respect to one another for each type of fragmentation.

Parent Ion Fragment’ RLx=1% Rl x=2"
a [POPC + H]+ M- R,(COO]+ 0.55+0.06 0.45+0.06
b [POPC+H]" [M-RCO+2H]  028+0.03 0.72+0.03
¢ [POPC +LiJ" [R,CO]" 0.61£0.04 0.39+0.04
d [POPC +Li]* [M - R,COO]" 0.53+0.03 0.47+0.03
e [POPC+Li]" [M—R.COO-H+'Li]" 0.64+0.04 0.360.04
f [M-RsCOO —-NMe; —-H
[POPC + Li]" +7Lil" 0.64+0.03 036+0.03

“x=1and x =2 correspond to chains at the sn-1 and sn-2 positions of the
lipid respectively.

» RI = relative intensity.

¢ The error is calculated as 2x the standard deviation of the data from 24
spectra.

Three of the four types of fragment of [POPC + Li]" had a
significant statistical difference between the normalised
intensity of the peak corresponding to loss of the chain from
the sn-1 position and the equivalent chain loss from the sn-2
position, namely [R,CO]", [POPC — R,COO — H + 7Li]+ and
[POPC — R,COO — NMe; — H + 'Li]" (Fig. 6, Table 4, entries

s ¢, e, and frespectively).

Again, there was a difference in the acyl chain

preferentially lost from each of the two parent ions, with a
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greater peak intensity corresponding to the loss of the chain
from the sn-2 position of the [POPC + H]" parent and a
greater peak intensity corresponding to fragments involving a
loss from the sn-1 position of [POPC + Li]". It was notable
however, that in one case with OPPC, formation of the
[R,CO]"  fragment occured preferentially  through
fragmentation at the sn-2 position (Fig. S7 and Table S5, entry
¢), in stark contrast to POPC. This would preclude using this
fragment as a reliable means of determining the identity of the
chains at each position.

Overall, the positions of the acyl chains can be determined
from the product ion spectra of [POPC + H]" or [POPC + Li]",
with the product ion spectrum of [POPC + Li]" providing
more usable fragments (Table 4, entries e and f) and the
s product ions spectrum of [POPC + H]" providing the

statistically most reliable fragment (Table 4, entry b).

Comparison of POPE and POPC ion fragmentation by LIFT.
A number of comparisons can be made between the results for
POPE and POPC. The fragments of the protonated parents are
the same, [M — R,COO]" and [M — R,CO + 2H]", and the
relative intensities of the peaks corresponding to x = 1 and x =
2 are very similar for these fragments in both cases. Whilst
there are more fragments of [POPC + Li]" than [POPE + Li]"
s that involve a loss of one or other of the acyl chains, there are
nevertheless fragments, such as those involving loss of the
headgroup ([POPE — R,COO - (CH;),NH; + H + "Li]" and
[POPC — R,COO — NMe; — H + 7Li]+), for which the relative
intensities between the two lipids for x = 1 and x = 2 are
similar. Where selective loss from the sn-1 or sn-2 chains was
evident, it was notable that for both POPC and POPE, the
protonated parents showed a preferential loss of the acyl chain
from the sn-2 position, whilst the lithium adducts of both
lipids preferentially lost the acyl chain from the sn-1 position.
s The finding that similar experiments with OPPC yield the
reverse preference for the fragmentation position in one case
demonstrates that the acyl chain plays a role in the formation
of some fragments and obligates careful calibration of the
instrument for each fragment type.

Comparison of LIFT and CID

Twenty five CID spectra of [POPC + H]" and [POPC + Li]"
were collected, using an automated method to minimise
experimental errors. Table 5 shows the different types of
fragments observed which involve the loss of one or other of
s the acyl chains, along with the average percentage intensity of
the peak corresponding to a loss from the sn-1 position
relative to the peak corresponding to a loss from the sn-2
position for each fragment. Three main points can be
identified from a comparison of the LIFT and CID data.
Firstly, both fragmentation methods produce the same
fragments involving the loss of one or other of the acyl
chains, for both the protonated parent and the lithium adduct.
Secondly, the relative intensities of x = 1 : x = 2 for the
different fragments are the same between the LIFT data
(Table 4) and the CID data (Table 5) in all but one case. For
the fragments of [POPC + H]" the higher intensity of [POPC —
R,CO + 2H]" relative to [POPC — R,CO + 2H]" was

3

By

=)

particularly notable (ESI, Fig. S5 and Fig. S6). The only
fragment of the [POPC + Li]" parent to show any difference
from the LIFT data in terms of the relative intenities of loss
from the sn-1 and sn-2 positions was the [M - R,COO - NMej;
— H + "Li]" peak. In this case, CID produced no difference in
the peak intensities following loss from the sn-1 and sn-2
positions, contrasting the case for LIFT, where preferential
loss from sn-1 occured. Thirdly, the CID data were less
reproducible than the LIFT data, with larger standard
deviations for all of the peak intensities.

Table 5 Product ions corresponding to the loss of the acyl chain from the
sn-1 or sn-2 positions of POPC observed in CID spectra of [POPC + H]"
and [POPC + Li]". The relative intensities of peaks corresponding to the
loss of the acyl chains from the sn-1 and sn-2 positions have been
normalised with respect to one another for each type of fragmentation.

o

Parent Ion Fragment’ RI, x =1% RIL x=2"¢
[POPC + H]' [M - R,COO]" 045+0.16 0.55+0.16
[POPC + H]' [M - R,CO + 2H]" 0.29+0.08 0.71+0.08
[POPC + Li]" [R,CO]" 0.61£0.11 0.390.11
[POPC + Li]" [M - R,COO]" 0.53+0.06 0.47%0.06
[POPC +Li]" [M-R,COO-H+'Li]"  0.590.08 0.41 +0.08
[POPC + Li]" [M - R,COO - NMe; — H+"Li]" 0.50+0.08 0.50 % 0.08

“x=1and x =2 correspond to chains at the sn-1 and sn-2 positions of the
lipid respectively.

» RI = relative intensity.

¢ The error is calculated as 2x the standard deviation of the data from 25
spectra.
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Conclusions

The objectives of this study were to examine the
reproducibility of lipid fragmentation patterns in MSMS and
determine  the optimum conditions for complete
characterisation  of  glycerophospholipids. Under the
conditions employed, repeat MSMS analyses of POPE and
POPC with and without the addition of lithium have shown
that there is a statistical preference for the cleavage involving
one acyl chain over the other for the generation of a number
of different fragments, with opposite preferences for the
protonated parent and the lithium adduct. This facilitated the
unambiguous identification of POPC and POPE, including the
identity of the headgroup and both acyl chains, and the
positions of the acyl chains on the glycerol backbone of the
lipid.

Three main advantages of analysis using LIFT in the
presence of lithium were observed: i) more intense product
ion peaks, facilitating lipid identification; ii) the frequent
appearance of pairs of [M + H]" and [M + Li]" ions 6 mass
units apart in both MS and product ion spectra that facilitate
peak indentification; iii) the presence of a greater number of
product ion peaks that enable lipid characterisation. However,
the differences in fragmentation between POPC and OPPC
indicate that each fragment type needs to be carefully assessed
using appropriate standards. The most reliable peak for lipid
identification in these experiments, both in terms of
applicability to all of the lipids studied and the ratio of sn-1 to

10s sn-2 fragmentation products, resulted by fragmentation of the

protonated species. Fragmentation of POPC using CID was
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shown to be less specific, although preferential cleavage was
observed in some cases. The presence of more useful fragment
peaks and the better reproducibility of peak intensities when
using LIFT make this a better method for analysis of lipids
than CID. Variations in the relative peak intensity following
cleavage at the sn-1 and sn-2 positions, observed here for
lithium adducts and elsewhere for sodium adducts,>!%?°
highlight the need to rigorously validate each instrument for
each method used for lipid analysis.
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