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Abstract

The lipid membrane is the portal to the cell and its first line of defense against the outside world. Its
plasticity, diversity and powers of accommodation in a myriad of environments, mirrored by the
varied make up of the cells it protects, are unparalleled. Glycerophospholipids are one of its major
components. In cell membranes the extracellular layer is mainly made up of positively charged
glycolipids, while the intracellular one’s main components are negatively charged. Advances in mass
spectrometry have allowed the direct probing of tissues, and thus a direct approach to probing
membranes make up was developed. Until recently most studies have focused on proteins. An
overview of the use of matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOFMS) for the direct analysis of phospholipids in various tissue is presented. Molecular
ions corresponding to phosphatidylcholines, sphingomyelin, phosphatidylethanolamines,
Phosphatidylserines. Phosphatidylinositols and sulfatides were mapped.

INTRODUCTION

The study of lipids has been gaining in importance by leaps and bounds; the proof is that it has
recently become an “OMICS”, lipidomics [1]. As proteins have overshadowed nucleotides and
proteomics has gained importance over genomics; lipidomics will soon overshadow both, it is
the new frontier in biological structural studies. Lipids are the main components in membranes
that define the topology of the cell and its organelles. In the brain, lipids are the most common
biomolecules and account for almost half of the brain dry weight [2]. Their role in signaling,
has pushed the field of lipidomics forward resulting in several excellent reviews.[1-5] In
addition physiologically important lipids provide energy reserves, predominantly in the form
of triacylglycerols; serve as vitamins and hormones, while lipophilic bile acids aid in lipids
solubilization. Fatty acids are acquired in the diet. However, the lipid biosynthetic capacity of
the body can supply most of the fatty acid needed, with the exceptions of the highly unsaturated
fatty acids containing unsaturation sites beyond carbons 9 and 10 such as linoleic acid and
linolenic acid. Lipids also form stable noncovalent complexes with proteins as well as many
drugs. Lipids are a storage depot for drugs and many organic molecules [1-5]. In addition the
consequences of the integration of proteins embedded in the phospholipid bilayer are some of
the most important features of biological membranes’ architecture. Phospholipid—protein
interaction plays a crucial role in the behavior of such proteins in the phospholipid membrane,
as when the interaction takes place, alteration of the protein structure often occurs, leading to
a change in the isoelectric points (pl) of protein, thus affecting the function of the protein.

Until recently the study of cellular lipid composition and distribution was a complex and time-
consuming undertaking as complex techniques had to be used to extract lipids. However, recent
advances in mass spectrometry, mainly matrix-assisted laser desorption/ionization (MALDI)
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have made it possible to directly probe tissue to study structural components, as well as for
localization of drugs [6-9]. Direct tissue imaging is a powerful tool as it gives a more complete
and accurate structural picture and can trace and follow where drugs localize in tissue with
minor anatomical disruption and a minimum of manipulations. Hence, we believe that in
addition to its accuracy and efficiency, this new approach will lead to a better understanding
of physiological processes as well as the pathophysiology of disease [9].

In the present work we use MALDI MS in positive ion mode to examine and contrast positively
charged phospholipids which are mainly located in the outer cellular membranes and compare
their make up in the following organs brain, liver, kidney and heart. Phosphatidylcholines in
particular are zwitterionic as they have both a phosphate and a quaternary amine, which allows
them to interact with aromatic compounds as well as compounds containing carboxyl,
guanidinium, phosphate and sulfate groups. Phospholipids propensity for interaction explains
why so many small molecules and therapeutic compounds are stored in adipose tissue, or are
detected interacting with cellular membranes. [10-15]

MATERIALS AND METHODS

Mass Spectrometer

A MALDI-TOF/TOF (4700 Proteomics Analyzer, Applied Biosystems, Framingham, MA)
was used in this work for both MS and MS/MS analysis in positive and negative ion mode and
has been described in detail previously [16]. A Nd:YAG laser (355 nm) at a repetition rate of
200 Hz was employed for ionization. For MS analysis, mass spectra were the sum of 400 laser
shots and acquired in reflectron mode. For MS/MS analysis, mass spectra were the sum of
1000 laser shots and a collision energy of 1 keV was used to induce fragmentation. The
following lipid standards: brain phosphatidylcholines (99%, porcine, Avanti Polar Lipids,
Alabaster, Al), sphingomyelins (99%, porcine, Avanti Polar Lipids),
phosphatidylethanolamines (99%, porcine, Avanti Polar Lipids), phosphatidylserines (99%,
porcine, Avanti Polar Lipids), and cerebroside sulfatides (99%, porcine, Avanti Polar Lipids)
were used to calibrate the mass spectrometer.

Tissue Sectioning

All the animal work in this study abides by the Guide for the Care and Use of Laboratory
Animals (NIH). Male Sprague-Dawley rats (Harlan Industries, Indianapolis, IN) between 300
and 420 g were euthanized by an intraperitoneal injection of sodium pentobarbital (> 65 mg/
kg). The organs of interest (brain, liver, kidney, heart) were quickly removed and frozen in dry
ice-chilled isopentane for 15 seconds, prior to storage at —80°C. The frozen tissue was cut into
thin sections (12—-20 um thickness) in a cryostat (CM 3050 S; Leica Microsystems Nussloch
GmbH, Nussloch, Germany) and placed onto a MALDI sample plate.

Sample Preparation

The MALDI matrix used in this study was 2,6-dihydroxyacetophenone, DHA, (Fluka, Buchs,
Switzerland). Lithium chloride (Sigma-Aldrich, St. Louis, MO) was dissolved in 50% ethanol
at a concentration of 100mM. Matrix solutions were prepared in 50% ethanol or 100 mM LiCl
in 50% ethanol at a concentration of 30 mg/mL for DHA. For tissue analysis, 0.1 pL of matrix
solution was deposited directly on the section, resulting in a matrix spot size between 800 and
1500 pum, and allowed to air-dry prior to insertion into the mass spectrometer. One note of
caution is that the DHA matrix sublimes under high vacuum pressure, for the DHA
concentration used in this study analysis was conducted for up to 30 minutes.
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Lipid Assignment

Modeling

RESULTS

In MALDI-TOF mass spectra, PC, PI, PS, PA, and PG species number equal the total length
and number of double bonds of both acyl chains, while SM and ST species number corresponds
to the length and number of double bonds of the acyl chain attached to the sphigosine base. PE
species number equal the total length and number of both radyl chains with a representing 1,2
diacyl speciesand p representing a 1-O-(1’-alkenyl)-2-acyl (plasmalogen) species. Assignment
of phosholipid species based upon product-ion spectra is as follows: PL sn-1 acyl/alkenyl
group/sn-2 acyl group.

The molecular models of PC, PE, P1, PS, and SM were created using Accelrys Discovery Studio
1.5. The geometries of the molecules were cleaned after drawing to obtain the general structural
information.

MALDI mass spectra acquired in positive ion mode (Fig. 1) illustrates the phospholipid species
in tissue sections of (a) brain, (b) liver, (c) kidney, and (d) heart. Table 1 lists mass peak
assignments for lipid species from mass spectra of the four organs. For each phospholipid
specie assigned in Table 1, three molecular ions, [M+H]*, [M+Na]*, and [M+K]*, were
observed.

In order to confirm the assignment of phospholipid species in the various organs, MALDI-
TOF/TOF analysis was conducted on the mass peaks observed in Fig. (1). Fig. (2a) shows a
MALDI-TOF/TOF mass spectrum of [PC 34:2+H]* (m/z =758.57) in liver tissue using positive
ion mode with DHA matrix. The only major fragment peak observed in this spectrum was at
m/z = 184.1. This mass peak corresponds to phosphocholine (CsH1504N), which is formed by
the loss of the polar head group of PC. This result is in agreement with previous studies using
MALDI-FTICR/MS (17), ESI-MS (18,19), PSD MALDI-MS [20], and MALDI-TOF/TOF
MS [21]. MALDI-TOF/TOF analysis of all other protonated PC species listed in Table 1
yielded a similar fragmentation pattern, in which the only major peak was phosphocholine.

Additional experiments were performed, in which sodiated and postassiated PC species were
analyzed by MALDI-TOF/TOF. Fig. (2b) illustrates a MALDI-TOF/TOF mass spectrum of
[PC 34:2+K]* (m/z = 796.53) in liver tissue using positive ion mode with DHA matrix. Major
fragment peaks in this mass spectrum were recorded at 737.4 Da and 184.1 Da. The mass peak
at 737.4 Da is produced by the neutral loss of trimethylamine (N(CH3)3) from the parent ion,
while the mass peak at 184.1 Da, corresponds to phosphocholine. Further analysis of
potassiated and sodiated PC species produced MALDI-TOF/TOF mass spectra with similar
fragment peaks with the major difference being the substitution of sodium for potassium in
sodiated PC species. Previous MS/MS studies of sodiated species using ESI/MS [22], FAB-
MS [23] and a PSD MALDI-MS study [20] have yielded similar fragment patterns. However,
in some of these studies [20,23] additional fragment peaks corresponding to the loss of acyl
groups were detected. In our work, MALDI-TOF/TOF analysis of sodiated and potassiated PC
species did not produce any significant fragment peaks corresponding to the loss of acyl groups.

In order to acquire more structural information on PC species by MS/MS analysis, previous
studies [18,19] have generated lithium adducts of PC species. In this current study, the matrix,
DHA, was dissolved in 100 mM LiCL and deposited directly onto the tissue sections in order
to produce lithium adducts. Fig. (2¢) shows a MALDI-TOF/TOF mass spectrum of [PC 34:2
+Li]* (m/z = 764.6) in liver tissue using positive ion mode with DHA/LiCI matrix. Several
fragment peaks providing structural information are recorded. The mass peak at m/z = 705.5
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corresponds to the loss of trimethylamine, while the mass peaks at 581.5, [M + Li — N
(CH3)3 — CoHg O4P]*, and 575.5 Da, [M + H — N(CHz)3 — CoH504P]*, correspond to the net
loss of the phosphocholine head group with and without lithium. Structural information
enabling the identification of the acyl groups of the PC specie is provided by the mass peaks
at 508.3, 502.3, 484.3, 478.3, 449.3, and 425.3 Da. These mass peaks are attributed to neutral
losses of acyl groups and trimethylamine. These mass peaks are assigned as follows: 508.3 [M
+Li—Cy6H320,]* loss of palmitic acid, 502.3 [M+H-C15H3,0,]" loss of lithium salt of
palmitic acid, 484.3 [M+Li—C1gH3,0,]" loss of linoleic acid, 478.3 [M+H—C1gH3,05]* loss
of lithium salt of linoleic acid, 449.3 [M+Li—N(CH3)3 —C1gH3,05]* loss of trimethylamine
and palmitic acid, and 425.3 Da [M+Li—N(CH3)3 —C1gH3,05]* loss of trimethylamine and
linoleic acid. Based upon the fragment peaks observed in Fig. (2c), the major PC specie
contributing to the mass peak assigned as [PC 34:2+Li]* is PC 16:0/18:2. The assignment of
acyl groups accordingly as sn-1or sn-2 substituents is based upon previous fragmentation
studies [18,20] of PC species in which the abundance of ions corresponding to the loss of the
sn-1 substituent is greater than the abundance of ions reflecting the loss of the sn-2 substituent
in positive-ion mode. The fragment peaks observed for lithiated PC species in tissue by
MALDI-TOF/TOF analysis are in similar agreement with ESI-MS/MS studies [18,19] of
lithiated PC species.

Fig. (2d) is a MALDI-TOF/TOF mass spectrum of [PC 38:4+Li]* (m/z = 816.6) from liver
tissue, using positive ion mode with DHA/LICI matrix. The major fragment peaks in this mass
spectrum correspond to the neutral loss of trimethylamine (757.5 Da) and the phosphocholine
headgroup with and without lithium (633.5 and 627.5 Da). Several additional fragment peaks
were observed corresponding to the neutral loss of acyl groups and trimethylamine and were
assigned as follows: 532.3 [M+Li—C1gH30,]" loss of stearic acid, 526.3 [M+H
—C1gH3605]" loss of lithium salt of stearic acid, 473.3 [M+Li—N(CH3)3 —C1gH3505]* loss of
trimethylamine and stearic acid, 512.4 [M+Li—CygH3,05]" loss of arachidonic acid, 453.4 [M
+Li—N(CH3)3 —C5oH3,0,]" loss of trimethylamine and arachidonic acid. Based upon the
fragment peaks observed in Fig. (2d), the major PC specie contributing to the mass peak
assigned as [PC 38:4+Li]" is PC 18:0/20:4.

Fig. (3a) shows a product-ion spectrum of [SM 16:0+H]* (m/z = 703.58) in kidney tissue using
positive ion mode with DHA matrix. The only fragment peak observed is at m/z = 184.1 and
corresponds to phosphocholine (CsH1504N) resulting from the loss of the polar head group of
SM. This result was observed for all protonated SM species in Table 1 and is the same as what
was observed for protonated PC species since both PC and SM have a phosphocholine
headgroup. Previous studies have shown a similar fragmentation for protonated SM species
with ESI-MS [24,25].

Fig. (3b) illustrates a product-ion spectrum of [PE 36:1+H]* (m/z = 746.57) in brain tissue
using positive ion mode with DHA matrix. The major fragment peak recorded is at 605.5 Da
and corresponds to the neutral loss of phosphoethanolamine (141 Da). This fragment peak has
been observed before for PE species in positive ion mode using ESI-MS [24,26] and MALDI-
FTICR/MS [17] and has been used to distinguish PE species in complex mixtures. The loss of
the phosphoethanolamine was observed for all protonated PE species assigned in Table 1.

Fig. (3c) shows a product-ion spectrum of [SM 18:0+K]* (m/z = 769.56) in brain tissue using
positive ion mode with DHA matrix. Major fragment peaks are observed at 710.5, 184.1, and
162.9 Da. The mass peak at 710.5 Da is produced by the neutral loss of trimethylamine [N
(CH3)3] from the parent ion, while the mass peak at 184.1 Da corresponds to phosphocholine
and the mass peak at 162.9 Da corresponds to a potassiated five-membered cyclophosphane
ring (CoHs504P + K). The fragment peak observed at m/z 627.5 corresponds to the neutral loss
of the phosphoethanolamine head group (141 Da) from the parent ion [PE 38:4+H]* (m/z =
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768.55). This result demonstrates the difficulty in assigning lipid species with direct tissue
analysis in which several lipid species are present and can overlap in the same mass selection
range.

MALDI mass spectraacquired in negative ion mode (Fig. 4) illustrates the glycerolipids species
in tissue sections of (a) brain, (b) liver, (c) kidney, and (d) heart. Table 2 lists mass peak
assignments for lipid species from mass spectra of the four organs. In order to obtain structural
information tandem MS analysis was conducted. Examples of MS/MS results in negative ion
mode for a PE, PS, and PI specie are discussed below.

Fig. (5a) shows a product-ion spectrum of PE 38:4a —H (m/z = 766.6) from kidney tissue in
negative ion mode with DHA matrix. Structural information enabling the identification and
positional assignment of the acyl groups in the PE specie is provided by mass peaks at 480,
462, 303, 283, 140 Da. These mass peaks are attributed to the loss of the acyl group at sn-2 as
a ketene, the loss of the acyl group at sn-2, arachidonate (20:4) anion, stearate (18:0) anion,
and a fragment ion of the headgroup and are assigned as follows: 480 [M-H-R,’CH=C=0]",
462 [M-H-RoCO5H] ™, 303 [CogH3102]7, 283 [C1g8H3502] 7, 140 [CoH7NPO,4] ™. Based upon
the fragment peaks observed in Fig. (5a), the PE specie was assigned as PE 18:0a/20:4. The
positional assignments of acyl groups accordingly as sn-1 or sn-2 substituent, is based upon
previous fragmentation studies [27-29] of PE diacyl species, in which the R,CO,™ ion is more
abundant than the R;CO>™ ion and the abundance of ions corresponding to the loss of the sn-2
substituent is greater than the abundance of ions reflecting the loss of the sn-1 substituent.

Fig. (5b) illustrates a product-ion spectrum of PS 36:1-H (m/z = 788.6) from brain tissue in
negative ion mode with DHA matrix. Several fragment peaks enabling the identification of the
PS specie are observed at 701, 419, 283, 281, 153 Da. These mass peaks are attributed to the
loss of the serine head group, the loss of the serine head group and the acyl group at sn-2,
stearate (18:0) anion, oleoate (18:1) anion, and a fragment ion of the headgroup and are assigned
as follows: 701 [M-H-C3H5NOZ]_, 419 [M-H- C3H5N02-R2C02H]_, 283 [C18H3502]_, 281
[C18H3305] 7, 153 [C3HgOsP] ™. Based upon the product-ion spectrum in Fig. (5b), the PS
specie was assigned as PS 18:0/18:1. Similar fragmentation patterns of PS species have been
observed by FAB [31] and ESI [32]. The positional assignments of acyl groups accordingly
as sn-1 or sn-2 substituent is based upon a previous fragmentation study, in which the
R1CO,™ ion is more abundant than the R,CO, ™ ion and the abundance of ions corresponding
to the loss of the sn-2 substituent is greater than the abundance of ions reflecting the loss of
the sn-1 substituent [32].

Fig. (5¢) illustrates a product-ion spectrum of Pl 38:4—H (m/z = 885.6) from liver tissue in
negative ion mode using DHA matrix. Several mass peaks permitting the identification of the
Pl specie are observed at 581, 419, 303, 283, 259, 241, 223, and 153 Da. These mass peaks are
attributed to the loss of the acyl group, the loss of the inositol head group and the fatty acid at
sn-2, arachidonate (20:4) anion, stearate (18:0) anion, and several fragment ions of the
headgroup and are assigned as follows: 581 [M-H-R,CO5H] ™, 419 [M-H-R,CO4H-
CgH1005] 7, 303 [CyoH3105] 7, 283 [C1gH350,] ™, 259 (inositolphosphate), 241
(inositolphosphate-H,0), 223 (inositolphosphate-2H,0), 153 [C3HgOsP] ™. Based upon the
product-ion spectrum in Fig. (5c), the Pl specie was assigned as Pl 18:0/20:4. Previous
fragmentation studies using fast atom bombardment (FAB) [30], MALDI [31], and
electrospray ionization (ES1)32 have yielded similar peaks for Pl species. The positional
assignments of acyl groups accordingly as sn-1 or sn-2 substituent is based upon a previous
fragmentation study, in which the relative abundance of ions corresponding to the loss of the
sn-2 substituent is greater than the relative abundance of ions reflecting the loss of the sn-1
substituent [32 and 33].
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DISCUSSION

In positve ion mode, most of the species observed in the different organs are
phosphatidylcholines (eleven), although five phosphatidylethanolamines and four
sphyngomyelins were also seen. In brain tissue (white matter region), 14 phospholipid species
were detected in Fig. (1a). The dominant specie was PC 36:1 (788.61 amu relative abundance
[RA] 100%) and was only detected in brain and heart tissue. Although PC 34:1 (760.59 amu,
RA 95%) was almost as abundant, while PC 32:0 (734.57 amu, RA 20%) was a minor
component. The potassiated species of PC 34:1 (798.54 amu, RA 70%), PC 36:1 (826.57 amu,
RA 70%) and PC 38:4 (848.62 amu, RA 20%) are also seen. SM 18:0 (731.61amu, RA 15%)
and SM 24:1 (813.68 amu, RA 15%) and the potassiated SM 18:0 (769.56 amu,RA 20%) and
24:1 (851.66 amu, RA 25%) were also recorded. These results are in agreement with a previous
in situ MALDI analysis of white matter regions in brain tissue [27]. Five PE species were also
recorded in Fig. (1a) of these four are included in the five most abundant diacyl PE species in
rat brain [2]. Despite being at similar concentrations as PC species in brain tissue, the mass
peaks of PE species are relatively weak compared to the mass peaks of PC species. This is due
to the presence of a quaternary amine in PC species, which aids ionization in postive ion mode.
Previous MALDI-MS studies [28,29] have shown similar results in which mass spectra of
mixtures containing equal amounts of PC and PE species are dominated by PC species in
positive ion mode. See Fig. (4) for structures.

In liver tissue (Fig. 1b), the most abundant specie was PC 36:4 (782.57 amu, RA 100%) and
the next most abundant was PC 34:2 (758.57 amu, 85%). The potassiated species of PC 36:4
(820.52 amu, RA 35%) and PC 34:2 (796.53 amu, RA 35%) were also detected. Both PC 36:4
and 34:2 were also seen in kidney and heart tissue, but not in brain tissue. PC 38:4 (810.59
amu, RA 65%) and its potassiated specie (848.55 amu, RA 30%), PC 36:2 (786.60 amu, RA
50%) and its potassiated molecular ion at 824.55 amu, RA 25% were also observed. No SM
species were detected in liver tissue. (Fig. 1c) gave a similar PC distribution as liver, although
the RA were often different. It also displayed a prominent peak for SM 16:0 (703.58 amu, RA
55%). Heart’s most abundant specie was PC 38:4 (810.60 amu, 100%) which is present in the
other organs studied in abundances that vary between 30 to 65 % (Fig. 1d)

Performance of collision induced dissociation (CID) using MALDI-TOF/TOF mass
spectrometer on several of the PC species detected have shown again that [M+H]*, [M+Na]*
or [M+K]* (Fig. 2a and b) mass peaks do not produce fragments, that allow for the assignments
of the acyl groups of the PC species. Hence in order to acquire fragment peaks that will allow
for the assignment of acyl groups, the use of lithiated adducts is essential Fig. (2c and d).
Furthermore, the use of MS/MS confirms the assignment of PE species, which can be isobaric
with many PC species, by observing a fragment peak associated with the loss of the
phosphoethanolamine head group.

In negative ion mode, looking at the variation in patterns of lipid species could help in the study
of the interactions of the various organs with biomolecules and drugs. Membrane lipids are the
gate through which many small molecules have to navigate to enter the cell, and the sea in
which many important proteins, mainly GPR receptors float and interact with other receptors
[30,31].
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Fig. (1).
MALDI mass spectra of (a) brain, (b) liver, (c) kidney, and (d) heart tissue using DHA matrix
in positive-ion mode.
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Fig. (2).

MALDI product-ion spectra of (a) PC 34:2+H mass peak, (b) PC 34:2+K mass peak, (c) PC
34:2+Li mass peak, and (d) PC 38:4+Li mass peak from liver tissue using DHA matrix in
positive-ion mode.
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Fig. (5).

MALDI product-ion spectra of (a) PE 38:4 [M-H]™ from kidney tissue, (b) PS 36:1 [M-H]~
from brain tissue, and (c) Pl 38:4 [M-H]™ from liver tissue using DHA matrix in negative-ion
mode.
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Fig. (6).
Models of (a) PC 36:1, (b) SM 18:0 and (c) PE 36:1, (d) PI 38:4, (e) PS 36:1.
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