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Abstract

Triacylglycerols (TAGs) and diacylglycerols (DAGs) are present in cells as a
complex mixture of molecular species that differ in the nature of the fatty acyl
groups esterified to the glycerol backbone. In some cases, the molecular
weights of these species are identical, confounding assignments of identity
and quantity by molecular weight. Electrospray ionization results in the forma-
tion of [M+NH,]* ions that can be collisionally activated to yield an abundant
product ion corresponding to the loss of ammonia plus one of the fatty acyl
groups as a free carboxylic acid. A method was developed using tandem mass
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spectrometry (MS) and neutral loss scanning to analyze the complex mixture of
TAGs and DAGs present in cells and to quantitatively determine changes in TAGs
and DAGs molecular species containing identical fatty acyl groups in an experi-
mental series. Eighteen different deuterium-labeled internal standards were
synthesized to serve to normalize the ion signal for each neutral loss scan. An
example of the application of this method was in the quantitative analysis of
TAG and DAG molecular species present in RAW 264.7 cells treated with a Toll-4
receptor ligand, Kdo,-lipid A, in a time course study.

1. INTRODUCTION

Diacylglycerols and triacylglycerols represent major classes of glyceryl
lipids that are present in all mammalian cells. Class analysis of these compounds
has largely centered around total DAG or TAG content based upon a
spectrophotometric-linked enzymatic assay; however, it is possible to deter-
mine individual molecular species of both of these classes of glyceryl lipids by
MS. The major challenge in analysis of DAGs and TAGs 1s the total number of
molecular species present within a cell, which results in multiple components
appearing at the same molecular weight or truly isobaric compounds. Thus,
the measurement of only the molecular ion species by MS, either the ammo-
nium adduct ion or the alkali attachment ion (Han and Gross, 2001; McAnoy
et al., 2005), would be insufficient to uniquely identifying each component.
Qualitative analysis can be carried out even when faced with complex mix-
tures of these neutral lipids if one employs tandem MS in three steps (MS?)
(McAnoy et al., 2005). However, quantitative analysis is confounded by
the isobaric nature of multiple species, and several strategies have been
developed through which changes in molecular species can be assessed. The
method described here employs a series of experiments using deuterium-
labeled internal standards where the deuterium atoms are placed in the
glycerol backbone, and the abundance of each glyceryl lipid is compared
to the signal for the internal standard. Alternative methods are available to
assess TAG and DAG molecular species based upon chromatographic separa-
tion of individual molecular species (Phillips ef al., 1984) and analysis by
gas chromatographs-mass spectrometers (GC-MS) (Myher ef al., 1988) or
liquid chromatographs-mass spectrometers (LC-MS) using electrospray ioni-
zation (ESI) or atmospheric pressure chemical ionization (Byrdwell ef al.,
1996; Hsu and Turk, 1999). The application of the method presented here
will be exemplified by glyceryl lipid analysis in the RAW 264.7 cell line. These
macrophage-like cells were originally derived from tumors induced in
male BALB/c mice by the Abelson murine leukemia virus and respond to
the Toll-4 receptor agonist Kdo,-lipid A (Raetz et al., 2000).
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2. REAGENTS

2.1. Cell culture

RAW 264.7 cells were obtained from American Type Culture Collection
(Manassas, VA). Tissue culture reagents included high-glucose Dulbecco’s
Modified Eagle’s Medium (DMEM) (Cellgro, Herndon, VA), fetal calf
serum (Hyclone, Logan, UT), Dulbecco’s Phosphate-Buftered Saline
(D-PBS; Cellgro, Herndon, VA), and penicillin/streptomycin (Cellgro,
Herndon, VA). The cells were carried in culture in either 150-cm? tissue
culture flasks with filter caps or 100-mm? tissue culture dishes (Fisher
Scientific, Fair Lawn, NJ).

2.2. Standards

All deuterium-labeled glyceryl lipids were [1,1,2,3,3]-ds in the glycerol
backbone. The following lipids were obtained from Avanti Polar Lipids
(Alabaster, AL): Kdo,-lipid A; ds-DAG mixture containing ds-14:0/14:0
DAG, ds5-15:0/15:0 DAG, ds5-16:0/16:0 DAG, ds-17:0/17:0 DAG,
ds5-19:0/19:0 DAG, ds5-20:0/20:0 DAG, ds-20:2/20:2 DAG, d5-20:4/
20:4 DAG, and ds-20:5/20:5 DAG; ds-TAG mixture containing
ds-14:0/16:1/14:0 TAG, ds-15:0/18:1/15:0 TAG, ds-16:0/18:0/16:0
TAG, d5-17:0/17:1/17:0 TAG, d5-19:0/12:0/19:0 TAG, d5-20:0/20:1/
20:0 TAG, ds-20:2/18:3/20:2 TAG, ds5-20:4/18:2/20:4 TAG, and
d5-20:5/22:6/20:5 TAG.

2.3. Extraction and purification

High performance liquid chromatography (HPLC)—grade ammonium ace-
tate (NH4OAc), chloroform (CHCI;), ethyl acetate, hexanes, isooctane,
isopropanol, methanol, and methylene chloride (CH,Cl,) were obtained
from Fisher Scientific (Fair Lawn, NJ). Optima-grade toluene and
water also were obtained from Fisher Scientific (Fair Lawn, NJ). Discovery
DSC-Si silica, and Discovery DSC-NH, amino propyl solid phase extrac-
tion cartridges, and the vacuum manifold were obtained from Supelco
(Bellefonte, PA). Other equipment included a benchtop vortexer (Vortex
Genie 2, VWR Scientific, West Chester, PA), Fluoropore 0.2-um FG
membrane filters (Millipore, Billerica, MA), 96-well polypropylene plates
(Eppendorf, Westbury, NY), and Quant-iT DNA analysis kit (Molecular
Probes, Eugene, OR).
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3. METHODS

3.1. Cell culture

RAW 264.7 cells were grown in T-150 flasks containing 30 ml of complete
growth medium consisting of 500 ml of high-glucose DMEM supplemen-
ted with 10% FBS and 1% penicillin/streptomycin. The cells were main-
tained in a humidified incubator at 37° with a 5% CO, atmosphere. They
were split such that 2 x 10° cells were seeded in a new flask each time the
cells reached 80% confluency. Briefly, when the cells reached this con-
fluency (approximately every 2 to 3 days), the old growth medium was
removed, and 10 ml of fresh medium, which had been previously warmed to
37°, was added. The cells were then scraped from the flask using a large
disposable cell scraper. A 10-ul aliquot was counted using a hemocytometer.
The volume of media determined to contain 2 X 10° cells was then added to
a new T-150 flask, and the volume was adjusted to 30 ml with complete
growth medium. The flasks were then placed back into the incubator.

For quantitative analysis, three additional T-150 flasks were seeded and
allowed to grow until they were approximately 80% confluent. Once conflu-
ent, the medium was removed, 10 ml of fresh medium was added to each flask,
and the cells were scraped as before. The scraped cells from the three flasks
were then combined, and a 10 ul aliquot was removed and counted. Cells
(5 x 10° were then added to each of the 15 100-mm? tissue culture dishes.
The volume of media in the dishes was adjusted to 5 ml with complete growth
media. The dishes were then placed in the incubator and allowed to grow for

30 hr.

3.1.1. Kdo,-lipid A preparation

A working solution of Kdo,-lipid A, the active component of bacterial
endotoxin (Raetz, 1990), was prepared at a concentration of 100 pug/ml in
DPBS. This solution was sonicated for 5 min before each experiment to
achieve a uniformly opalescent suspension.

3.1.2. Stimulation and harvesting

RAW 264.7 cells were treated with Kdo,-lipid A to examine the changes in
the neutral glyceryl lipids upon activation of the Toll-4 receptor. Cells were
stimulated by the addition of 5 ul of the Kdo,-lipid A working solution for a
final concentration of 100 ng/ml. They were then incubated for 0.5, 1, 2, 4,
8, 12, and 24 hr. The same volume of DPBS was added to the corresponding
control plates. At each time point, a 0.5 ml aliquot of the growth media was
removed from each dish and reserved for tumor necrosis factor alfa (TNF-u)
analysis. The dishes containing the control and Kdo,-lipid A—treated cells
were washed twice with ice-cold DPBS and then scraped into fresh DPBS at
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a concentration of approximately 16 X 10° cells per ml of buffer. A 50-ul
aliquot was reserved for DNA analysis using a fluorescence assay (Ahn et al.,
1996).

3.1.3. Quantitation of DNA

The total amount of DNA in each time course sample was determined using
the Quant-iT kit. A standard curve was constructed using the included
standards and was linear from O to 100 ng. A portion (10 ul) of each reserved
sample aliquot and each standard was added to the black 96-well plates.
The working solution was prepared as a 1:200 dilution of reagent into the
included buffer. An aliquot (190 ul) of this solution was added to each well.
Samples were then read on a fluorometer with an excitation wavelength
maxima of 510 nm and an emission wavelength maxima of 527 nm. The
fluorescence of the samples was compared to a calibration curve generated
from the fluorescence of the standards to determine the amount of DNA in
each sample.

3.1.4. Extraction of total lipids

Total lipids were extracted from the cell suspension (Bligh and Dyer, 1959).
Ice-cold methanol (2.5 ml) was added to each 1 ml of DPBS containing the
scraped cell suspension. A volume containing 600 pmol of each of the 18
ds-labeled DAG and TAG internal standards in toluene/methanol (1:1) was
added to this suspension for samples being analyzed quantitatively. A mono-
phasic solution was formed by the addition of 1.25 ml of CH,Cl, per ml of
cell suspension. This solution was vortexed for 30s using a benchtop
vortexer. After the addition of water (1.0 ml) and CH,Cl, (1.25 ml), the
sample was vortexed for an additional 30 s. The phases were then separated by
centrifugation at 1000 rpm for 5 min. The lower organic phase was removed
to a clean tube using a glass transfer pipette. The upper aqueous phase was
reextracted with an additional 2 ml of CH,Cl,. This solution was vortexed
and centrifuged as before. The lower organic layer was then combined with
that obtained in the first extraction. The total lipid extract was taken to dryness
under a gentle stream of nitrogen.

3.1.5. Solid-phase extraction of lipid classes

Total lipids from samples obtained for qualitative analysis were fractionated
using Discovery-NH, solid-phase extraction cartridges following a previ-
ously published method (Kaluzny ef al., 1985). Cartridges containing
500 mg of solid phase were conditioned with 9 ml of hexane. The total
lipid extract from 100 x 10°® RAW 264.7 cells was loaded in 200 ul of
CHCl;. Glyceryl lipids were eluted with 6 ml of CHCl3/IPA (2:1). This
fraction was dried under a gentle stream of nitrogen. The samples were
dissolved in 1 ml of CHCl;. A 100-ul aliquot of this sample was diluted into
900 ul of CHCI3/MeOH (1:1) to which 20 ul of 0.1 M of NH,OAc was
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added for a final concentration of 5 mM. These samples were used for
qualitative studies.

Glyceryl lipids for quantitative analysis were obtained from the total lipid
extract of approximately 8 X 10° RAW 264.7 cells by solid-phase extraction
using silica cartridges following a previously published method (Ingalls et al.,
1993). Cartridges of 100 mg of material were conditioned with 4 ml of
isooctane/ethyl acetate (80:1). The samples were redissolved in 1 ml of isooc-
tane/ethyl acetate (75:25), sonicated for 30 s, and loaded onto the cartridges
using a vacuum manifold with the flow-through collected in a clean tube. The
neutral lipid fraction was eluted into the same tube with 4 ml of isooctane/
ethyl acetate (75:25). This fraction contained the TAGs and DAGs as well as
cholesterol and cholesteryl esters, while nonesterified fatty acids, monoacyl-
glycerols, and phospholipids were retained on the cartridge. The samples were
then taken to dryness under a gentle stream of nitrogen. The samples
were dissolved in 200 ul of toluene/methanol (1:1) with 1 mM NH,OAc
tor MS analysis using an API 4000 Q TRAP (Applied Biosystems, Foster
City, CA).

3.1.6. Mass spectrometry

Qualitative analyses were performed on an LTQ, linear ion trap mass
spectrometer (Thermo-Finnigan, San Jose, CA). Samples were introduced
into the electrospray source using a drawn microcapillary at a flow rate of
1 pl/min. The mass spectrometer was operated in positive ion mode with a
spray voltage of 2.4 kV, a capillary temperature of 250°, a capillary voltage of
29.0 V, a 1.5-u ion isolation window, and a 100-ms maximum inject time.
Scans (typically 50) were averaged for the MS spectra, and approximately
100 scans were averaged for the MS? and MS? spectra.

Neutral loss survey experiments were performed on an API 4000 Q
TRAP equipped with a NanoMate nanoelectrospray ionization source
(Advion Biosciences, Ithaca, NY). The NanoMate was operated in positive
ion mode with a spray voltage of 1.35 kV, vented headspace, and pressure of
0.30 psi, which resulted in a flow rate of approximately 250 nl/min. The
mass spectrometer was operated with a step size of 0.10 u, a curtain gas
setting of 10, a collision gas setting of medium, a declustering potential of
120, an entrance potential of 10, collision energy of 37, and collision cell
exit potential of 6.

The mass-to-charge (m/z) range from m/z 500 to 1200 was scanned
over 6 s, giving a total of 30 scans for each neutral loss period. These scans
were averaged before submission to the Lipid Profiler software (Ejsing ef al.,
2006) for integration and subsequent analysis. This Applied Biosystems
program was modified specifically to process this data format.
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4. RESuULTS

4.1. Qualitative analysis

Mass spectrometric analysis of the neutral lipid extract from RAW cells
yielded a very complex spectrum. From m/z 700 to 1000, peaks corre-
sponded to ammoniated TAG species at nearly every even mass (Fig. 1.1).
Each of these m/z values could be assigned a total number of carbon atoms
and double bonds based on the mass; however, this designation did not
indicate individual molecular species. Multiple isobaric species could exist,
differing in the exact individual fatty acyl groups present, positional distri-
bution of fatty acyl groups, double bond location, and geometry. These
species could also be straight chained or branched fatty acyl groups. In order
to improve the characterization of molecular species to individual fatty acyl
groups present (total fatty acyl carbons and total number of double bonds in
each fatty acyl group), MS? was employed.
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B 48:6 zg ey 3787
90 812.4 50:1 o ‘
] 850.6 40 8747
] 48:1 30 757
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Figure 1.1 Full-scan mass spectrum of the neutral lipid extract from RAW 2647 cells
showing several envelopes of molecular ions corresponding to triacylglycerols. The
envelope corresponding to the series of triacylglycerols containing 52 carbon atoms is
shown at high resolution (inset).
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For example, the signal at m/z 876 (Fig. 1.1) would correspond to many
isobaric combinations of fatty acyl chains with a total of 52 carbons and
2 double bonds or a total of 53 carbons and 9 double bonds within the three
esterified fatty acyl groups. To identify all of the isobaric species present, this
strategy used both MS? and MS? experiments. For the MS? case, the TAG
[M+NH,] ™" parention (m/z 876) was selected to undergo collision-induced
dissociation (CID) (Fig. 1.2). In general, when [M+NH,]™ ions are acti-
vated, these ions undergo the neutral loss of a fatty acyl group and ammonia,
yielding a corresponding DAG fragment ion (Byrdwell and Neff, 2002;
Cheng et al., 1998). The CID of m/z 876 yielded several peaks (m/z 549,
575, 577, 603, 605, 619, 631, and 647), each of which corresponded to the
loss of a unique fatty acid from one of the isobaric TAG species present at this
m/z ratio. The most abundant product ions corresponded to the neutral
losses of 18:1 (m/z 577), 16:0 (m/z 603), and 18:0 (m/z 575). The difference
in the mass of the [M-+NH,]|* precursor ion and the product ion was used
to identify the fatty acyl group lost from the total number of carbon atoms
and double bonds. The neutral loss masses for several common fatty acyl
groups are shown in Table 1.1; however, this neutral loss does not provide
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Figure 1.2 Product ion spectrum from the collision-induced dissociation of the tria-
cylglycerol ion at m/z 876 from the full scan at a collision energy of 30 V. The ion at m/z
876 undergoes loss of several fatty acyl groups as indicated, with the loss of 16:0 (palmitic
acid) and 18:1 (oleic acid) being the most abundant.
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information to assign double bond or alkyl branching in the lost fatty acyl
group, nor does it indicate to which glycerol carbon atom it was esterified.

From the MS? spectrum, a product ion can be selected for further
fragmentation in the linear ion trap. Collision-induced dissociation of the
DAG product ions yielded information about both of the remaining fatty

Table 1.1 Neutral loss mass corresponding to common
fatty acyl groups esterified to triacylglycerol and
diacylglycerol molecular species after collisional activation
and observed by tandem mass spectrometry (MS/MS)

Fatty acyl Neutral loss (u)”
substituent” RCOOH+NH;
14:0° 245
15:0 259
16:1 271
16:0 273
17:0 287
18:4 293
18:3 295
18:2 297
18:1 299
18:0 301
19:1 313
19:0 315
20:5 319
20:4 321
20:3 323
20:2 325
20:1 327
20:0 329
21:0 343
22:6 345
22:5 347
22:4 349
22:3 351
22:2 353
22:1 355
22:0 357
24:1 383
24:0 385

“ Designation of total carbon atoms in the fatty acyl group: total number
of double bonds.

b Neutral loss in daltons (u) as RCOOH+NH;, which corresponds to
the mass of the fatty acyl group as a free carboxylic acid plus the mass
of ammonia.
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Figure 1.3 MS/MS/MS spectrum of the diacyl product ion at m/z 577 resulting from the
collision-induced dissociation of the ion at m/z 876 in the mass spectrum. The ion at m/z
577 was selected in the linear ion trap to undergo collision-induced dissociation to deter-
mine the nature of the final fatty acyl species present in the isobaric molecules. Both acy-
lium ions ((RCO]*) and ions retaining the glycerol backbone ([R’+74]") are present in
this spectrum.

acyl substituents. The mass of the MS? product ions related directly to the
final esterified acyl chain, and the difference in mass between the MS?
precursor and MS? product ion gave information about the fatty acyl chain
that was lost as a neutral species. As shown for the initial MS? product ion at
m/z 577 (Fig. 1.3), collision-induced dissociation led to a number of MS?3
product ions corresponding to the remaining fatty acyl chains as acylium ions
([RCOJ™) and as fatty acids esterified to the glycerol backbone ([R'+74])
with their associated losses of water. For example, the presence of an 18:1
fatty acyl component in the MS? product ion m/z 577 was revealed by the
abundant MS? product ion at m/z 265 that corresponds to C7H33C=0",
while the presence of 16:0 was revealed by the MS? product ion at m/z 239
(C15H3,C=0") and 313 (|C5H3;COO—CH,CH,CHO]| + H™"). The
mechanism for the formation of these ions had been described previously
from labeling studies in which the hydrogen atoms on the glycerol backbone
were replaced with deuterium atoms (McAnoy et al., 2005).

From the information obtained from the MS? and MS? spectra, a table
containing all of the isobaric species identified for a specific m/z value was
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generated. As shown in Table 1.2, for the three most abundant fragment
ions observed in the MS? spectrum of the ion at m/z 876 (m/z 577, 603, and
575), the DAG ions, subjected to MS?, yielded product ions with unique
structural information. From a single [M+NHy|" ion, the identity of
approximately 100 distinct molecular species (not counting stereoisomers
and double-bond isomers) could be determined. Some species such as 16:0/
18:1/18:1 or 16:0/18:0/18:2 would be predicted by the total carbons and
double bonds present in the species and the relatively common nature of the
fatty acids; however, the presence of these molecular species is directly
supported by product ions from several MS? spectra. Other species were
seen that would not be expected without mass spectral evidence. These
included 17:1/18:1/17:0, which was observed in the MS? spectra of m/z
577 (loss of 18:1) and 591 (loss of 17:1), and 16:1/14:0/22:1, which was
observed in the MS? spectra of m/z 605 (loss of 16:1) and 631 (loss of 14:0).
Each of the molecular species in Table 1.2 was confirmed by ions in
multiple spectra. Some species were repeated in Table 1.2 because their
presence was suggested by ions in more than one MS? spectrum; however,
species corresponding to 53:9 could not be found.

4.2. Quantitative analysis

A quantitative method for accurate determination of changes in molecular
species components in the complex mixture of neutral lipids containing a
number of isobaric species was developed utilizing the characteristic frag-
mentation pathways. Deuterium-labeled internal standards, whose masses
fell into regions of the spectrum that did not contain ions corresponding
to ammoniated DAG and TAG molecular species, afforded a means for
normalization of neutral loss data for 18 different fatty acyl groups.
Neutral loss experiments were performed to follow changes in Kdo,-
lipid A—treated cells in terms of DAG and TAG molecular species that
contained at least one of the 18 different fatty acyl groups present in the
deuterium-labeled internal standards. Each neutral loss corresponding to
one of the 18 fatty acyl groups in the deuterated internal standards
(Table 1.3) was monitored for a period of 3 min, yielding a characteristic
total ion current (Fig. 1.4). For each period in the experiment, a unique
neutral loss spectrum was obtained, which revealed all of the [M+NH,4]*
ions in the complex mixture that contained a single fatty acyl group as well
as some indication of the abundance of this [M+NH,]™" ion relative to a
deuterium-labeled internal standard (Fig. 1.5). For example, the presence of
18:1 esterified to DAG molecular species gave abundant ions at m/z 612,
638, and 668. The ion at m/z 612 would correspond to an 18:1/16:0 DAG,
m/z 638 an 18:1/18:1 DAG, and m/z 668 an 18:1/20:0 DAG molecular
species (Fig. 1.5A). The abundance of these molecular species compared to
the internal standard at m/z 827.8 was monitored in a series of experiments



Table 1.2 Triacylglycerol molecular species identified from the MS/MS/MS (MS3) analysis of the three most abundant diacylglycerol
product ions observed in the tandem mass spectrometry (MS/MS) (MS2) spectrum of the [M+NH4]" triacyglycerol observed at m/z 876 in
the full mass spectrum of RAW 264.7 cells

MS? MS’ion MS? MS’ion  MS’ MSion
production®  Triacylglycerol” type production” Triacylglycerol” type production’ Triacylglycerol” type
577 (—18:1)  18:1/18:1/16:0 RCO 603 (—16:0) 16:0/18:1/18:1 RCO 575 (—18:0) 18:0/18:1/16:1 R/+74
18:1/14:1/20:0 R/+74- 16:0/14:1/22:1 R/+74- 18:0/18:1/16:1 RCO
H,O H,O
18:1/18:1/16:0 R'+74 16:0/18:1/18:1 R'+74 18:0/14:1/20:1 R'+74-
H,O
18:1/18:0/16:1 R'+74 16:0/18:1/18:1 RCO- 18:0/16:1/18:1 R/+74
H,O
18:1/18:1/16:0 RCO- 16:0/18:1/18:1 R/+74- 18:0/16:1/18:1 RCO
H,O H,O
18:1/16:0/18:1 RCO 16:0/20:1/16:1 R'+74 18:0/12:1/22:1 R/+74-
H,O
18:1/12:0/22:1 R/+74- 16:0/16:0/20:2 R'+74 18:0/16:0/18:2 R/+74
H,O
18:1/22:1/12:0 RCO 16:0/18:2/18:0 R/'+74- 18:0/16:1/18:1 RCO-
H,O H,O
18:1/17:3/18:5 R'+74 16:0/18:0/18:2 R/+74 18:0/18:1/16:1 RCO-
H,O
18:1/18:1/16:0 R’+74- 16:0/18:2/18:0 R'+74 18:0/18:1/16:1 R/+74-
H,O H,O
18:1/16:1/18:0 RCO 16:0/19:0/17:2 R/+74- 18:0/22:1/12:1 RCO
H,O
18:1/12:1/22:0 R/+74- 16:0/17:2/19:0 R'+74 18:0/18:2/16:0 R/+74
H,O
18:1/16:1/18:0 R/+74 16:0/18:0/18:2 R/+74- 18:0/19:0/15:2 R/+74-
H,O H,O
18:1/16:1/18:0 16:0/20:2/16:0 18:0/20:1/14:1 RCO




€1

18:1/20:1/14:0

18:1/16:1/18:0

18:1/19:0/15:1

18:1/22:1/12:0

18:1/16:0/18:1

18:1/15:1/19:0

18:1/14:0/20:1

18:1/18:0/16:1
18:1/14:0/20:1

18:1/20:0/14:1

18:1/16:0/18:1

18:1/22:0/12:1
18:1/18:0/16:1

18:1/23:0/11:1

18:1/15:1/19:0

18:1/20:1/14:0

RCO-
H,O
RCO

R/+74-
H,O
R/+74-
H,O
RCO-
H,O
RCO-
H,O
R’+74

R/+74

RCO
R/+74-

RCO

16:0/18:2/18:0

16:0/19:0/17:2

16:0/18:2/18:0

16:0/20:1/16:1

16:0/16:1/20:1

16:0/20:2/16:0

16:0/21:0/15:2

16:0/20:2/16:0
16:0/21:0/15:2

16:0/16:2/20:0

16:0/16:1/20:1

16:0/16:1/20:1
16:0/20:2/16:0

16:0/14:0/22:2

16:0/15:1/21:1

16:0/20:1/16:1

R/+74-
H,O
RCO

RCO-
H,O

RCO-
H,O

RCO

R/+74-
H,O
R/+74

R/+74-
H,O
RCO
RCO-
H,0
R/+74-
H,O
RCO

R/+474

RCO-
H,O

R/+74

RCO-
H,O

18:0/16:1/18:1

18:0/18:2/16:0

18:0/22:2/12:0

18:0/18:2/16:0

18:0/18:2/16:0

18:0/19:0/15:2

18:0/14:2/20:0

18:0/14:0/20:2
18:0/22:1/12:1

R/+74-
H,O

R/+74-
H,O

RCO

RCO-
H,O
RCO

RCO-
H,O
R/+74-
H,O
R’+74
RCO-
H,O

(continued)



Table 1.2 (continued)

Ms® MS’ion  MS? MS’ion  MS? MS’ion
production’ Triacylglycerolb type production’ Triacylglycerol” type production® Triacylglycerol” type
RCO- RCO-
H,O H,O
18:1/19:0/15:1 RCO- 16:0/16:1/20:1 RCO-
H,O H,O
18:1/14:1/20:0 RCO 16:0/15:1/21:1 RCO
18:1/15:1/19:0 RCO 16:0/20:1/16:1 R/+74-
H,O
18:1/12:0/22:1 R'+74 16:0/21:1/15:1 RCO-
H,O
18:1/13:1/21:0 RCO 16:0/19:1/17:1 RCO
18:1/17:1/17:0 RCO 16:0/15:1/21:1 R/474-
H,O
18:1/15:1/19:0 R'+74- 16:0/13:0/23:2 R'+74
H,O
18:1/14:0/20:1 RCO- 16:0/17:1/19:1 RCO
H,O
18:1/18:0/16:1 RCO-
H,O

“ The neutral loss from m/z 876 to the MS? product ion revealed one of the fatty acyl groups in this [M+NH,] " species in parentheses under the mass of the MS?
product ion.

b Each TAG column has the first entry in the TAG molecular species abbreviation, by default, as the species that was lost as a neutral in MS?. The second entry in the
abbreviation is the acyl group indicated by the presence of the specified ion type in the MS® spectrum (column 3) and the third entry of the abbreviation was calculated
from the mass difference of the two.
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Table1.3 [1,1,2,3,3-d5] Glycerol-labeled glyceryl lipids used as internal standards for

neutral loss mass spectrometric analysis

Triacylglycerol

19:0/12:0/19:07
14:0/16:1/14:0
15:0/18:1/15:0
16:0/18:0/16:0
17:0/17:1/17:0
20:4/18:2/20:4
20:0/20:1/20:0
20:2/18:3/20:2
20:5/22:6/20:5

fatty acyl composition

m/z

[M+NH,]*

857.83
771.73
771.73
857.83
869.83
949.80
995.97
955.84
993.77

Diacylglycerol

fatty acyl composition

19:0/19:0
20:0/20:0
14:0/14:0
15:0/15:0
16:0/16:0
17:0/17:0
20:2/20:2
20:4/20:4
20:5/20:5

m/z
[M+NH,]*

675.66
703.70
535.51
563.54
591.57
619.57
695.60
687.54
683.51

* The acyl order as indicated: sn-1/sn-2/sn-3.

Neutral loss (u) 217 245 259 273 271 287 285 301 299 297 315 329 327 321 295 325 319 345
Fatty acyl 12:0 14:0 15:0 16:0 16:1 17:0 17:1 18:0 18:1 18:2 19:0 20:0 20:1 20:4 18:3 20:2 20:5 22:6

group

2.4e6

Absolute abundance (counts)

|

b

"

-

10

20 30

Nanospray time (min)

40

50

Figure 1.4 Total ion current from a neutral loss survey in the time course of glyceryl
lipid changes upon activation of the Toll-4 receptor in RAW 264.7 cells. Each column
represents a 3-min period in which the neutral loss of a different fatty acyl moiety from
the diacylglycerol and triacylglycerol species was monitored.

covering the course of Kdo,-lipid A stimulation, revealing changes in each
DAG species taking place. However, it would not be possible to state relative
abundance of 18:1/18:1 DAG and 18:1/16:0 DAG to each other because
of the difference in neutral loss behavior due to structural features such
as esterification position on the glycerol backbone (Li and Evans, 2006).
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tra showing the [M+NH,]" ions detected by the neutral loss of an 181,

16:0 or 16:1 fatty acyl group upon collisional activation. In this case, the diacylglycerol

species can be uniquely identified, but the triacylglycerol molecular species can only be
partially elucidated.
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Figure 1.6 (A) Quantitative analysis showing the increase in abundance of the 14:0/16:0
diacylglycerol over time in Kdo,-lipid A—treated cells compared to control measured
from the neutral loss of 14:0. (B) Quantitative analysis showing the increase in abun-
dance of the 14:0/16:0 diacylglycerol over time in Kdo,-lipid A—treated cells compared to
control measured from the neutral loss of 16:0.

Each neutral loss experiment revealed common and new molecular
species, such as species containing 16:0 (Fig. 1.5B) and 16:1 (Fig. 1.5C).
Thus, these spectra gave unique identification of DAG species, but only
partial characterization of TAG species.

The Lipid Profiler software package was used to integrate the ion abun-
dance for each m/z, to correct abundances due to '3C isotopes, and to identify
DAG and TAG ions and the internal standards in the averaged spectra
from each period in the neutral loss survey. The corrected DAG and TAG
abundances were normalized to the abundance of the internal standards.

Changes in the abundance of specific species compared to the internal
standard over time in the control and Kdo,-lipid A-treated cells were
thereby assessed in a quantitative way (Fig. 1.6). This quantitative approach
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Figure 1.7 (A) Quantitative analysis of the changes in the 481 triacylglycerol molecular
species which contains a 16:1 fatty acyl group. The abundance of this species changes in
Kdo,-lipid A—treated cells compared to controls. (B) Quantitative analysis of the changes
in the 48:3 triacylglycerol molecular species that contains a 16:1 fatty acyl group.

The abundance of this species in Kdo,-lipid A—treated cells does not change compared
to control.

revealed time-dependent changes in the 14:0/16:0 DAG molecular species
in Kdo,-lipid A—treated RAW cells, as measured by the neutral loss of 14:0
(Fig. 1.6A) or 16:0 (Fig. 1.6B). The abundance of 14:0/16:0 DAG in Kdo,-
lipid A—treated cells was greater than that in control samples, with very
similar time dependence, regardless of which neutral loss was monitored.

The neutral loss of 16:1 was common to several TAG molecular species;
however, in some cases, a significant increase was observed between the ratios
of abundances for molecular species in treated and control samples at 24 hr, as
is the case for the 48:1 TAG molecular species that contain 16:1 (Fig. 1.7A).
For the 48:3 TAG containing 16:1 (Fig. 1.7B), though, the relative abundance
was constant for treated cells compared to controls at 24 h.
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5. CONCLUSIONS

The analysis of glyceryl lipids present within mammalian cells is very
challenging. However, the power of combining MS? and MS? can be used
to uniquely identify TAGs and DAGs and to quantitate molecular species
with a specific total of fatty acyl carbon atoms and double bonds and
containing a specific fatty acyl group from a very complex biological sample
in the neutral lipid extract of RAW 264.7 macrophages. This approach can
be used to precisely assess changes within populations of molecular species
that cannot be determined by measurement of molecular ion species such as
[M+H]*, [M+Li]*, or [M+NH,]" abundances alone. However, these
stable isotope-controlled MS? and MS? experiments do not provide molar
concentration data and, in the case of TAG molecules, do not analyze the
complex mixture to the extent of providing molecular species information,
stereochemistry, or even positional analysis.
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Abstract

Glycerophospholipids are the structural building blocks of the cellular mem-
brane. In addition to creating a protective barrier around the cell, lipids are
precursors of intracellular signaling molecules that modulate membrane traf-
ficking and are involved in transmembrane signal transduction. Phospholipids
are also increasingly recognized as important participants in the regulation and
control of cellular function and disease. Analysis and characterization of lipid
species by mass spectrometry (MS) have evolved and advanced with improve-
ments in instrumentation and technology. Key advances, including the develop-
ment of “soft” ionization techniques for MS such as electrospray ionization
(ESI), matrix-assisted laser desorption/ionization (MALDI), and tandem mass
spectrometry (MS/MS), have facilitated the analysis of complex lipid mixtures
by overcoming the earlier limitations. ESI-MS has become the technique of
choice for the analysis of multi-component mixtures of lipids from biological
samples due to its exceptional sensitivity and capacity for high throughput.

This chapter covers qualitative and quantitative MS methods used for the
elucidation of glycerophospholipid identity and quantity in cell or tissue
extracts. Sections are included on the extraction, MS analysis, and data analysis
of glycerophospholipids and polyphosphoinositides.

1. INTRODUCTION

Lipids are defined as a wide variety of biological molecules demonstrat-
ing different structure and function. It is commonly accepted that lipids are
molecules highly soluble in organic solvents; however, many classes (such as
the highly polar polyphosphoinositides and molecules with large hydrophilic
domains like lipopolysaccharide) exist that are not soluble in these solvents
(Dowhan, 1997; Dowhan and Bogdanov, 2002). Their primary role has
been thought of as a central component of a semipermeable membrane.
Multiple functions and adaptability of cellular membranes require a wide
spectrum of lipids to support the necessary environment. The physical and
chemical properties of the membranes directly affect the cellular processes,
making the role of the lipids dynamic rather than just a simple inert barrier.
Additionally, phospholipids are linked to important physiological processes
such as bioenergetics, signal transduction across the cell membrane, and
cellular recognition. Upon activation of a number of enzymes (i.e., phos-
pholipases, kinases, and phosphatases), membrane phospholipids generate
signaling lipids. Their formation is generally initialized by a ligand binding to
a cell surface receptor leading to activation of phospholipases or kinases. The
synthesized lipid second messengers act on specific proteins to manipulate
cell function. Signaling lipids are quickly metabolized to limit the response or
to initiate another signaling cascade.
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The major lipid constituents of most membranes are phosphate-containing
glycerol-based lipids generally referred to as glycerophospholipids. Phos-
pholipids are grouped into classes depending on the “headgroup” identity.
The major classes (Fig. 2.1) of phospholipids found in a mammalian cell mem-
brane include glycerophosphatidic acid (GPA), glycerophosphocholine
(GPCho), glycerophosphoethanolamine (GPEtn), glycerophosphoinositol
(GPIns), glycerophosphoglycerol (GPGro), and glycerophosphoserine
(GPSer). A multitude of molecular species exist within each class containing
different combinations of fatty acids in the sn-1 and sn-2 position of the glycerol
backbone. In addition, fatty acids at snu-1 position can be substituted for
ether or vinyl ether moiety (plasmanyl and plasmenyl glycerophospholipids,
respectively) in some of the classes.

Comprehensive analysis of phospholipid molecular species has been
challenging owing to their large number and diversity, complicating their
separation and identification. A liquid-liquid extraction of cellular material
results in heterogeneous mixtures of phospholipids, which can be further
separated by selective use of organic solvents. Class separation generally
involves thin-layer chromatography (TLC), high-performance liquid chro-
matography (HPLC), and gas chromatography (GC), any of which utilizes
known standards and sometimes requires prior derivatization. With the
advent of gas chromatography and gas chromatography-MS (GC-MS),
class separation by TLC followed by hydrolysis and derivatization made
possible the identification of individual fatty acid species. The conventional
method is not only time consuming but also requires large amounts of lipids.
The analysis of intact polar phospholipids became possible only after devel-
opment of fast atom bombardment mass spectrometry (FAB-MS). More
recently, the introduction of “‘soft” ESI-MS has greatly simplified the
procedure for lipid analysis. This ionization process results in decreased
molecular ion decomposition, better reproducibility, and lower detection
limits compared to FAB-MS. The great potential of ESI-MS for characteri-
zation of phospholipids and other polar lipids has been described in other
publications (Briigger ef al., 1997; Fridriksson et al., 1999; Han and Gross,
1994). We have expanded the use of direct infusion ESI-MS for identifica-
tion of over 600 phospholipid species from an unprocessed total lipid
extract. Changes in the cellular concentration of diverse lipids can be
determined by analysis of the mass spectra via statistical algorithms. The
generated lipid arrays represent a qualitative map of molecular species
changes after challenge with a biological stimulant (Ivanova et al., 2004).
The quantitative analysis of the myriad of phospholipid species belonging
to different phospholipid classes involves a chromatographic separation by
class to avoid the possible mass overlap occurring during direct infusion
analysis. Thus, a class separation by liquid chromatography (LC) followed
by MS detection for species identification is very important in the analysis of
glycerophospholipids extracted from a complex biological matrix (DeLong
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Figure 2.1 Major glycerophospholipid classes. Phospholipids consist of a glycerol back-
bone, two acyl moieties, and a phosphodiester headgroup. The variety in length and
degree of unsaturation of the acyl chains creates a wide spectrum of species within each
class. Ethers or vinyl ethers can substitute the su-1 position and generate plasmanyl or
plasmenyl species in some classes.

et al., 2001; Lesnefsky ef al., 2000; Taguchi ef al., 2000; Wang et al., 2004).
The importance of phospholipids in cell signaling and organ physiology as
well as their association with many diseases that implicate lipid metabolic
pathways and enzyme disruption requires novel methodological approaches
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and development of new technology for their analysis. Analyzing the
complex lipid extracts from biological sources and obtaining a lipid profile
will give information on the changes in lipid species composition as a result
of the biological condition (stimulation by receptor activation; progress of a
disease or comparison between normal and transformed cells).

In this chapter, we present a description of the lipidomics technology
and its application for identification and quantitation of the major glycer-
ophospholipid classes. Consistent with the spirit of Methods in Enzymology
volumes, this chapter was designed for readers who may not have extensive
experience with MS.

2. NOMENCLATURE

Classification of lipids has been difficult to define due to their diverse
structures. Although they are derived from similar biological precursors and
have similar physical and chemical properties, lipid classes diverge based on
the chemical entities they possess. A categorization of a large spectrum of
biologically relevant lipids has been proposed recently by Fahy ef al. (2005).
The simplest class of lipids is the fatty acids. Oxidation of long-chain fatty
acids is one of the main sources of energy for mammals. Another group of
biologically active lipids used as fuels and in many metabolic processes are
the sterols (steroid hormones, vitamins, bile acids). Three other groups are
closely related chemically and include neutral lipids (glycerolipids), glycer-
ophospholipids, and sphingolipids. Glycerophospholipids are defined by the
presence of a phosphate group esterified to one of the glycerol hydroxyl
groups. Naming of the glycerophospholipids involves a stereo-specific
numbering (sn) (Hirschmann, 1960; IUPAC-IUB CBN, 1967), and the
glycerol backbone is typically acylated or alkylated at the sn-1 and/or sn-2
position (Fig. 2.2). These substituents are generally expressed with the term
“radyl.” The double bond geometry of the radyl moieties is described with
E/Z designation (instead of trans/cis), and the lack of one radyl group is
denoted as “lyso” glycerophospholipid.

sn-1 sn-3 | |
sn-2 P
AcylO o~/ Sox
$ HO
AcylO H

Figure 2.2 Stereo-specific number system for glycerophospholipids (X is the
headgroup).
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3. MASS SPECTROMETRY

Mass spectrometry is a unique analytical technique, relying on the
separation of ions according to both their electrical charge and their total
atomic mass by magnetic and electrical fields. A mass spectrometer typically
consists of four important components: inlet (for sample introduction), ion
source, mass analyzer, and ion detector. The analyte solution is sprayed
through a very thin capillary, and the application of a strong electric field
generates highly charged droplets. They pass through a heated inert gas in the
mass analyzer and separate according to their mass-to-charge ratio (m/z), at
which point they are recorded by a detection system. The very high vacuum
in the instrument (1075 to 10~7 Torr) increases the free path of the ions and
ensures mostly monomolecular reactions, which can disclose structural
information of the analyzed compound. MS data are largely dependent on
the sample introduction and method of ionization, while the type of mass
analyzer does not usually alter the observed chemical reactions.

Despite the fact that lipid analysis was one of the first applications of
the mass spectrograph after the founding studies by Sir J. J. Thompson and
F. W. Aston, the routine analysis of lipids was hindered by their tendency to
undergo fragmentation during the process (Fenwick, 1983). The development
of FAB-MS allowed the analysis of natural phospholipids; however, along
with the generated abundant molecular (i.e., unfragmented) ions, fragment
ions were observed, providing some structural information and revealing the
great potential of MS/MS (i.e., analysis of molecular and fragment ions
generated thereof’) for the structural characterization of lipids (Murphy and
Harrison, 1994). Thus, the highly attractive MS analysis of phospholipids was
rarely used until the introduction of ““soft” ionization methods such as MALDI
and ESI. “Soft” ionization does not cause extensive fragmentation, meaning
that comprehensive detection of an entire range of phospholipids within a
complex mixture can be correlated to experimental conditions or disease
states. Various ESI-MS methods have been developed for analysis of different
classes, subclasses, and individual lipid species from biological extracts.
Comprehensive reviews of the methods and their application have recently
been published (Murphy ef al., 2001; Pulfer and Murphy, 2003; Watson,
2006; Wenk, 2005). The major advantages of ESI-MS are high accuracy,
sensitivity, reproducibility, and the applicability of the technique to complex
phospholipid solutions without prior derivatization.

ESI-MS was initially developed by Fenn ef al. (1989) for analysis of
biomolecules. It depends on the formation of gaseous ions from polar,
thermally labile, and mostly nonvolatile molecules, and thus is completely
suitable for phospholipids. The principle of ionization involves a sample
in solution that is passed through a very thin capillary or needle at a slow
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rate (1-300 pul/min). The application of a strong electric field generates
significant charge at the end of the capillary that produces a fine spray of
highly charged droplets. These droplets then pass through a heated inert gas
for desolvation prior to MS analysis of individual ionic species.

Electrospray ion sources can be combined with various mass analyzers
such as ion trap (IT), quadrupole, time of flight (TOF), and Fourier trans-
form ion cyclotron (FT-ICR). They all differ in their mass accuracy (the
error in the exact mass determination compared to theoretical value) and
resolution (the value of mass m divided by the mass difference Am between
two ion profiles with a small mass difference). Today, the most widely used
mass spectrometers with ESI sources are triple quadrupole (TQ), quadrupole
ion trap (QIT), IT, and quadrupole TOF (Q-TOF) instruments.

The “soft” ESI causes little or no fragmentation, and virtually all phospho-
lipid species are detected as molecular ion species. The identification and
structural information about a certain peak is acquired by fragmentation
(MS/MS). The ion of interest is subjected to collision-induced dissociation
by interaction with a collision gas. In tandem mass instruments, the first mass
analyzer (Q1) is used for the selection of the ion of interest, which is then
fragmented in the collision cell (QQ2), and the second mass analyzer (Q3) is used
to separate the fragment ions on the basis of their m/z values, thus creating a
product or “daughter’” spectrum that provides structural information.

4. GENERAL STRATEGY FOR PHOSPHOLIPID ISOLATION
AND MASS SPECTRAL ANALYSIS

The analysis and structural identification of glycerophospholipids from
cell extracts or tissue biopsies is outlined in Fig. 2.3. Global (GPA, GPCho,
GPEtn, GPGro, GPIns, and GPSer) glycerophospholipids are extracted by a
modified Bligh and Dyer extraction. The samples are subjected to direct
infusion MS, where qualitative changes in lipid species are documented
by the construction of lipidomic arrays (Forrester et al., 2004), as well as
“ratiomics analysis”’—comparison of peak intensities of various species in the
same class (Rouzer et al., 2006). Direct infusion is also used in MS/MS for
species identification and structural confirmation (acyl chain and headgroup
information). Another part of the obtained glycerophospholipid extract is
put through LC-ESI-MS analysis, which results in a class separation and
quantification of the individual glycerophospholipid species.

Polyphosphoinositides are extracted by a different procedure tailored to
separate them from the other phospholipids. The species identification and
acyl chain composition of the GPInsP,, is achieved again by direct infusion and
MS/MS, while the phosphate headgroup stereochemistry and quantification
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Figure 2.3 General strategy for the extraction and analysis of glycerophospholipids
from cell cultures or tissue. Glycerophospholipids or polyphosphoinositides are
extracted according to respective procedures and subjected to direct infusion
and tandem mass spectrometry analysis for species identification and qualitative lipid
arrays construction for lipid changes evaluation between different conditions. Part or
all of the same extract is analyzed by liquid chromatography-electrospray ionization-
mass spectrometry glycerophospholipid analysis, which results in class separation and
quantification. The quantitative analysis of polyphosphoinositides involves deacylation
and liquid chromatography-electrospray ionization-mass spectrometry analysis of
the glycerophosphoinositides for headgroup regioisomer identification.

can be evaluated by deacylation and LC-ESI-MS analysis of the resulting gly-
cerophosphoinositides. Both LC-ESI-MS analyses utilize chemically defined
standards and HPLC grade or higher solvents.

5. EXTRACTION AND MASS SPECTRAL ANALYSIS
OF GLOBAL GLYCEROPHOSPHOLIPIDS

Phospholipid analysis begins with their isolation from cell culture or
tissues. The use of organic solvents for extraction facilitates the removal of
nonlipid components. By use of different organic solvents, the extractions
can be modified and tailored for a specific class of lipids (e.g., phospholipids,
sphingolipids, lysophospholipids, and polyphosphoinositides) (Christie,
2003). Special precautions should be taken to ensure the deactivation of
enzymes and the completeness of lipid recovery. The nonlipid contaminants
can be eliminated by washing the lipid-containing layer after phase separa-
tion. It is very important to minimize the risk of oxidation of the polyun-
saturated fatty acids or lipid hydrolysis during the process of isolation.
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Therefore, the extraction of lipids is always rapidly undertaken at low
temperature (4°) as soon as possible after removal of the tissue from the
living organism or from a cell culture, after the reactions have stopped.

Two structural features of phospholipids are the nonpolar hydrocarbon
chains of the fatty acids and the polar phosphate-containing headgroups.
The combination of polar and nonpolar groups within the molecule affects
the solubility in organic solvent and, thus, their extraction. Hence, the use
of a single organic solvent is not suitable for all species. The ability of
phospholipids to swell in water and the likely interaction between lipids
and proteins indicate that water is an important participant in the extraction
process.

Historically, the most widely used extraction solvents were ethanol, as in
diethyl ether (3:1) at 55 to 60° for several hours according to the method
described by Bloor (1928). However, the solvent led to lipid peroxidation
in animal samples and increased the enzymatic reactions on phospholipids
during plant extraction. Considering the disadvantages of this solvent sys-
tem, ethanol-diethyl ether mixtures have been substituted by more efficient
solvents. The chemistry of the phospholipid molecules requires the pres-
ence of a more polar solvent, such as alcohol, and ultimately a nonpolar
solvent, such as chloroform, for a complete extraction. The mixture of
chloroform and methanol in various ratios is the most efficient extraction
mixture for phospholipids. This approach was developed in the late 1950s
by Folch ef al. (1951) and uses chloroform:methanol in ratio 2:1 and large
volumes of water for washing out the nonlipid components. Although the
extraction procedure was very efficient, rapid, and conducted at room
temperature (or lower), the formation of emulsions was a major drawback.
Despite the modification Folch ef al. made later by including salt in the
media, this procedure has been replaced by the most widely adapted method
for lipid extraction still in use today. The method of Bligh and Dyer (1959)
was originally designed for the extraction of lipids from fish muscle. This
method was advantageous for tissues containing a high percentage of water.
The method is a variation of Folch’s extraction, and calculates the amount
of water present in the sample so that the final composition of chloroform:
methanol:water is 1:2:0.8, creating a single extraction phase. The whole
extraction is very rapid and most efficient. After addition of equal volumes
of water and chloroform, the lipids are recovered in the chloroform-rich
lower phase, which is separated and rinsed with water/methanol.

5.1. Phospholipid extraction from cultured cells

As an example of our lipidomics approach for phospholipid analysis by ESI-
MS, we use RAW 264.7 cells. Phospholipids were extracted using a
modified Bligh and Dyer procedure. The method is suitable for extraction
from cell culture plates (100 mm) after aspirating the medium and washing
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the adhered cells twice with 5 ml of ice-cold 1X phosphate-buftered saline
(PBS). Approximately 1 x 107 cells are then scraped using 800 ul of cold
0.1 N HCL:CH;OH (1:1) and transferred into cold 1.5-ml microfuge tubes
(# 1L292351, Laboratory Product Sales, Rochester, NY). Other tubes can be
used, but should be checked with pure solvent prior to usage to ensure that
impurities (plastic stabilizers, etc.) are not extracted from the plastic. After
addition of 400 ul of cold CHCls, the extraction proceeds with vortexing
(1 min) and centrifugation (5 min, 4°, 18,000 g). The lower organic phase
is then isolated and solvent evaporated (Labconco Centrivap Concentrator,
Kansas City, MO). The resulting lipid film is rapidly reconstituted in 80 ul
CH3;OH:CHClI; (9:1). Prior to analysis, 1 ul of NH,OH (18M) is added to
each sample to ensure protonation of lipid species.

This method is also appropriate for extraction of phospholipids from
previously isolated cell pellets while observing the restrictions for working
fast and on ice at all times. After washing the adhered cells (from a 100-mm
plate) twice with 5-ml, ice-cold 1X PBS, cells are scraped in 1 ml of 1X
PBS, centrifuged (600Xg¢, 4°, 5 min), and, after aspirating off the PBS,
quickly frozen in liquid nitrogen in the event of transportation or extrac-
tion. The extraction of cell pellets follows the same procedure as described
above by vortexing the pellet with 800 ul of cold 0.1 N HCl:CH;OH (1:1)
and adding 400 ul of CHCI; for phospholipid extraction.

5.2. Phospholipid extraction from tissue

Samples from tissue biopsies (20 to 50 mg) can also be extracted by this
method. In this instance, the samples are quickly frozen by immersion in
liquid nitrogen (stored at —80°, if not extracted immediately). The frozen
samples are then placed in a tight-fit glass homogenizer (Kimble/Kontes
Glass Co, Vineland, NJ), 800 ul of cold 0.1 N HCL:CH;OH (1:1) is added,
and the sample is homogenized for about 1 min while working on ice. The
suspension is transferred to a cold microfuge tube, 400 ul of ice-cold CHCl;
is added, and the extraction proceeds as previously described. Care should
be taken in using individual (or cleaned in between) homogenizers to
prevent sample cross-contamination.

5.3. Direct infusion mass spectrometry
of phospholipid extracts

The characterization of phospholipids from an unprocessed total lipid
extract (i.e., extract whose compounds have not been derivatized) by ESI-
MS is based on the ability of each lipid class to acquire positive or negative
charges when in solution during ESI. Thus, under suitable conditions of
sample preparation, all molecular species that exist among cellular lipid
classes can be detected in a single run of a total lipid extract. A single
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molecular ion with an m/z characteristic for the monoisotopic molecular
weight is present for each molecular species. Collision-induced dissociation
of the peaks of interest yields fragmentation patterns, which are used to
unambiguously identify the lipid(s) present at a particular m/z value. A decade
of dedicated research has been accomplished by a number of groups showing
the potential of ESI-MS of lipids as a direct method to evaluate alterations in
the cellular lipome (Ekroos ef al., 2002; Han and Gross, 1994, 2003; Kerwin
etal., 1994; Milne et al., 2006; Murphy et al., 2001; Ramanadham ef al., 1998;
Schwudke ef al., 20006).

Typically, cellular lipid profiles under two experimental conditions (basal
and stimulated, or wild type and mutant) can be monitored over a given time
course, and the samples analyzed in both positive and negative ionization
mode.

Three major lipid classes can be detected in positive ESI mode: GPCho,
GPSer, and GPEtn (Ivanova ef al., 2001; Milne ef al., 2003). Fragmentation
of the choline-containing GPCho results in a characteristic m/z 184 phos-
phocholine headgroup peak and a [M+H—-59]" peak corresponding to the
neutral loss of (CH3);N. Relatively small peaks corresponding to the loss of
one of the fatty acyl substituents as a ketene [M—R,CH=C=0]™* (or so-
called lyso GPCho) and lyso GPCho-H,O are also detected. In addition to
the diacyl GPCho compounds, a large number of plasmanyl and plasmenyl
phosphocholines can also be identified. All together, over 100 phosphati-
dylcholine lipids have been identified in RAW 264.7 cell extracts. GPSer
fragmentation in positive mode produces ions resulting from the neutral loss
of the polar headgroup phosphoserine ([M+H-185]). Fragmentation of
phosphatidylethanolamines and lyso phosphatidylethanolamines in positive
mode normally yields one peak, a [M+H-141]" ion from the neutral loss of
the phosphoethanolamine headgroup. Again, plasmanyl and plasmenyl
lipids were a large portion of the over 130 GPEtn species identified to date.

Six major lipid classes can be detected in negative ESI mode: GPlns,
GPSer, GPGro, GPA, GPEtn, and chloride adducts of GPCho (note that
chloride is from decomposition of CHCl;). Additionally, the lyso variants for
six of these phospholipids can also be detected in this mode. Negative mode
fragmentation of these species yielded a wealth of structural information
(Table 2.1). In each case, head group fragmentation, lyso-lipid formation,
and fatty acid fragments aided in the lipid identification process (Hsu and Turk,
2000a,b). Phosphatidylinositol fragmentation can generate a wide variety
of product (““daughter”) ions (Hsu and Turk, 2000c). Four types of lyso-
phosphatidic acid and lyso phosphatidylinositols and five characteristic head
group fragments can routinely be used in identifying the observed GPIns
and lyso GPlIns species. In a similar fashion, GPSer and lyso GPSer com-
pounds can be identified from their phosphatidic (M—H—Y]") and lyso
phosphatidic acid (M—H—Y —RCH=C=0] ") fragments (Han and Gross,
1995; Larsen et al., 2001; Smith ef al., 1995). The product ion spectra of
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GPGro also contain an ion formed by the loss of sn-2 substituent R,COOH
from its phosphatidic acid ion [M-74] (Hsu and Turk, 2001). Fully annotated
MS/MS spectra for examples from all six major glycerophospholipid classes are
available on the LIPID MAPS public website http://www .lipidmaps.org/
data/standards/standards.php?lipidclass=LMGP.

Mass spectral analysis was performed on a Finnigan TSQ Quantum triple
quadrupole mass spectrometer (ThermoFinnigan, San Jose, CA) equipped
with a Harvard Apparatus syringe pump (Harvard Apparatus, Holliston,
MA) and an electrospray source. Samples were analyzed at an infusion rate
of 10 ul/min in both positive and negative ionization modes over the range
of m/z 400 to 1200. Instrument parameters were optimized with 1,
2-dioctanoyl-sn-Glycero-3-phosphoethanolamine (16:0 GPEtn) prior to
analysis. Examples of full-scan spectra in negative and positive instrument
modes are shown in Fig. 2.4. Data were collected with the Xcalibur
software package (ThermoFinnigan) and analyzed by a software program
developed in our research group (see “Computational Analysis of Mass
Spectral Data” section for a detailed description of data analysis).

5.4. LC-MS analysis (quantitation) of phospholipid extracts

Quantification of glycerophospholipids is achieved by the use of a LC-MS
technique employing synthetic (non-naturally occurring) diacyl (Table 2.2)
and lysophospholipid standards (Table 2.3). Typically, 200 ng of each odd-
carbon standard is added per 107 cells. The extraction of lipids from cell
culture or tissue biopsies is the same as described previously for the direct
infusion MS analysis (see “Extraction of Glycerophospholipids” section).
After solvent evaporation, the resulting lipid film is dissolved in 100 ul of
Isopropanol (IPA):Hexane: 100 mM NH4CO,H,q) 58:40:2 (mobile phase A).
For our examples, we utilized an Applied Biosystems/MDS SCIEX 4000 Q
TR AP hybrid triple quadrupole/linear ion trap mass spectrometer (Applied
Biosystems, Foster City, CA). Coupled to this instrument were a Shimadzu
(Shimadzu Scientific Instruments, Inc., Columbia, MD) HPLC system
consisting of a SCL 10 AVP controller, two LC 10 ADVP pumps and a
CTC HTC PAL autosampler (Leap Technologies, Carrboro, NC). All
samples were separated on a Phenomenex (Phenomenex, Torrance, CA)
Luna Silica column (2 X 250 mm, 5-u particle size) using a 20-ul sample
injection. Lipids were separated using a binary gradient program consisting
of IPA:Hexane:100 mM NH4CO,H(,q 58:40:2 (mobile phase A) and IPA:
Hexane:100 mM NH4CO,H 4, 50:40:10 (mobile phase B). The following
LC gradient was used: 0 to 5 min, B = 50%; 5 to 30 min, B = 50 to 100%;
30 to 40 min, B = 100%; 40 to 41 min, B = 100 to 50%; and 41 to 50 min,
B = 50%. The mobile phase was delivered at a flow rate of 0.3 ml/min. The
MS spectra were acquired in negative instrument mode using a turbo spray
source operated at 450° with an ion voltage of —3500 V, and nitrogen as
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Figure 2.4 Examples of glycerophospholipid direct infusion spectra. (A) Positive instru-
ment mode spectra showing GPCho, GPEtn, and GPSer lipids. (B) Negative instrument
mode showing GPA, GPCho (Cl adducts), GPEtn, GPGro, GPIns, and GPSer lipid species.
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Table 2.2 0dd-carbon standards for liquid chromatography-mass spectometry
analysis of phospholipids: Twenty-four odd-carbon diacyl standards

12:0/ 17:0/141 17:0/20:4 21:0/22:6
13:0 92) (GZSZNZJAZ) (4Z7Z10Z13Z,16Z,19Z)
GPA 25:0 31:1 37:4 43:6
GPCho 25:0 31:1 37:4 43:6
GPEtn  25:0 31:1 37:4 43:6
GPGro 25:0 31:1 37:4 43:6
GPIns  25:0 31:1 37:4 43:6
GPSer  25:0 31:1 37:4 43:6

Table 2.3 0dd-carbon standards for liquid chromatography-mass spectrometry
analysis of phospholipids: Four lysolipid standards

13:0/0:0 171(9Z)0:0
13:0 LysoGPA 17:1 LysoGPA
13:0 LysoGPCho 17:1 LysoGPCho

curtain and nebulizer gas. The curtain gas (CUR) was 30 I/hr, and ion
source gas 1 and 2 were both 50 1/hr. The declustering potential (DP) was
—110 V, and the collision energy (CE) was —5 V. Scan type: EMS, unit
resolution for Q1; scan rate: 1000 amu/s; scan range from m/z 350 to 1200,
with the ion trap set for dynamic fill time. As an example of this technique,
extracted ion chromatograms (XICs) of the four GPGro odd-carbon stan-
dards in a RAW 264.7 cell background are shown in Fig. 2.5. The creation
of standard curves and quantitation of data will be described in the “LC-MS
Data Analysis” section at the end of this chapter.

6. POLYPHOSPHOINOSITIDE EXTRACTION AND MASS
SPECTRAL ANALYSIS

Polyphosphoinositides are low-abundance phospholipids in eukaryotic
cell membranes that are involved in regulation of distinct cellular processes.
In order to minimize the interference of other phospholipids during analysis, a
selective two-step extraction is employed. First, the cell material is extracted
with neutral solvents and the resulting pellet is extracted with acidified solvents
for quantitative recovery of polyphosphoinositides. The majority of nonino-
sitol phospholipids are extracted with neutral solvents, and no GPInsP, or
GPInsP; species are detected in this extract. The acyl composition of
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Figure 2.5 Extracted ion chromatograms of the four GPGro odd-carbon internal standards.
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polyphosphoinositides is determined by direct infusion and fragmentation
MS. The quantification and analysis of headgroup regiosomers is accomplished
by LC-MS analysis after deacylation.

6.1. Extraction of polyphosphoinositides from cultured cells

Cells for polyphosphoinositide analysis must be between 60 to 70% con-
fluency at the time of harvesting, unless the experiment specifically requires
otherwise. Systematic effects of confluence have been previously observed in
our laboratory. Cells from 100 to 150 mm culture plates are washed with 2 ml
of ice-cold 1X PBS after aspirating the culture medium. Then, 1.5 ml of 1X
PBSisadded, and cells are scraped and transferred into a cold 1.5-ml microfuge
tube. Cell pellets are collected after centrifugation at 4000 X g for 5 min at 4°.
The procedures are performed on ice, and all solutions and sample tubes are
kept on ice at all times. Each pellet is given 400 ul of ice-cold 1:1 CHCl;:
CH3OH and vortexed for 1 min, or until thoroughly mixed. Samples are
centrifuged at 7500 ¢ for 5 min at 4°, supernatant decanted, and discarded.
To the remainder of the cell pellet, 200 ul of 2:1 CHCl3:CH3OH containing
0.25% 12 N HClI are added. Samples are vortexed for 5 min and then pulse
spun. The supernatant is then given 40 ul of 1 N HCI and vortexed for 15 s.
The resulting two phases are separated by centrifugation (pulse at 18,000 g).
The solvent from the collected lower layer is evaporated in a vacuum centri-
fuge (Labconco CentriVap Concentrator, Kansas City, MO). The resulting
lipid film is rapidly redissolved in 55 ul of 1:1:0.3 CHCl;:CH;OH:H,O.
Before analysis, 5 ul of 300 mM piperidine (Lytle ef al., 2000) is added as
an ionization enhancer, and the sample is vortexed and pulse spun.

6.2. Extraction of polyphosphoinositides from tissue

Biopsy samples (20 to 50 mg) are quickly frozen by immersion in liquid
nitrogen. Samples can be stored at —80°, if not immediately extracted. The
frozen samples are homogenized using 500 ul of CH3OH in a Dounce tissue
grinder (Kimble/Kontes Co., Vineland, NJ) for about 1 min working on ice.
The suspension is then transferred to a cold 1.5-ml microfuge tube, and 500 ul
of cold CHCl; are added. After vortexing for 1 min at 4°, samples are centri-
fuged at 7500 ¢ for 5 min at 4°. Supernatant is decanted and discarded. The
retained pellet is then given 200 ul of 2:1 CHCl3:CH3OH containing 0.25%
12 N HCIL. Samples are vortexed for 5 min and then pulse spun. Supernatant
is transferred to a new cold microfuge tube and, after addition of 40 ul of 1 N
HCI, the samples are vortexed for 15 s. The resulting two phases are separated
by centrifugation (pulse at 18,000 g). The solvent from the collected lower
layer is evaporated in a vacuum centrifuge. The resulting lipid film is rapidly
redissolved in 55 pl of 1:1:0.3 CHCl;:CH3;OH:H,O. Before analysis, 5 ul of
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300-mM piperidine (Lytle ef al., 2000) is added as an ionization aid, and the
sample is vortexed and pulse spun.

6.3. Direct-infusion mass spectral analysis
of polyphosphoinositides

Mass spectral analysis was performed on an Applied Biosystems/MDS
SCIEX 4000 Q TRAP hybrid, triple-quadrupole, linear ion trap MS
(Applied Biosystems, Foster City, CA). The instrument was equipped with
a Harvard Apparatus syringe pump and an ESI source. Samples were ana-
lyzed at an infusion rate of 10 ul/min in negative ionization mode over the
range of m/z 400 to 1200. GPInsP and GPInsP, were analyzed by full scan
analysis and normalized to 16:0 GPInsP, internal standard (Avanti Polar
Lipids, Alabaster, AL). Utilizing this method, approximately 30 GPInsP
and GPInsP;, species can be detected. A typical RAW 264.7 full-scan spectra
highlighting the GPInsP and GPInsP, spectral region is shown in Fig. 2.6.
Due to their very low abundance and detection only after stimulation,
GPInsP; species cannot be identified by full or precursor ion scan (m/z
481). Instead, identification of the individual phosphatidylinositol phos-
phates present in the total lipid extracts was accomplished by ESI-MS/MS
with a collision energy of 50 eV (Milne et al., 2005). Peaks corresponding to
known GPInsP; compounds were fragmented and manually inspected for
the presence of the identification peaks (examples of GPInsP, GPInsP,, and
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Figure 2.6 GPInsPand GPInsP, spectral region of a RAW 264.7 cell extract. Approxi-
mately 30 chemically distinct GPInsP and GPInsP; species can be identified by tandem
mass spectrometry fragmentation in a typical spectrum.
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GPInsP; fragmentation patterns can be found on the LIPID MAPS
public website: http://www lipidmaps.org/data/standards/standards.php?
lipidclasssLMGP). A confirmed identification was achieved when key
fragmentation peaks were larger than three times the signal-to-noise ratio
(S/N). The limit of detection using this method was found to be less than
9 pmol/ml for 38:4 GPInsP; (Avanti Polar Lipids, Alabaster, AL). Data were
collected with the Analyst software package (Applied Biosystems).

6.4. Deacylation of GPInsPn lipids

The quantitative analysis of headgroup isomeric GPInsP, and GPInsP; is
achieved by LC-MS analysis of the deacylated polyphosphoinositides and
the use of cytidine-5'-monophosphate (CMP; Sigma-Aldrich, St. Louis,
MO) as an internal standard. The lower layer of the last step of the extra-
ction protocol that yields separation of phosphoinositides from the rest of
the phospholipids is subjected to deacylation as described by others (Clarke
and Dawson, 1981; Cunningham ef al., 1990). The organic phase (lower
layer) is transferred into a glass screw-cap vial and solvent-evaporated under
nitrogen. Afterward, 500 ul of freshly prepared methylamine reagent
(1-butanol, methanol, 40% aq. methylamine, 1:4:4, v/v) was added to the
glass vial and heated at 53° in a heating block (water bath) for 1 hr. After
cooling to room temperature, the content is transferred into a microfuge
tube and solvent-evaporated in a vacuum centrifuge (Labconco CentriVap
Concentrator, Kansas City, MO). The resulting film is resuspended in
500 ul of distilled H,O, vortexed briefly, and centrifugated for 2 min at
18,000 ¢g. Supernatant is transferred to a new microfuge tube. GroPInsP,
are extracted with 500 ul of 1-butanol/petroleum ether/ethyl formate
(20:4:1,v/v) to remove the undeacylated lipids and free fatty acids. After
mixing (by vortex) for 30 s and centrifugation (18,000 g, 2 min), the lower
(aqueous) layer is collected. The extraction is repeated, and the upper phase
is discarded. Combined aqueous phases are dried in a vacuum centrifuge (or
lyophilized). The samples are resuspended in 36 ul of methanol:water (1:1),
mixed with 40 ul of 100-uM CMP and 4 ul of 300-mM piperidine, and
analyzed by LC-MS.

The phosphoinositides standards were deacylated likewise with methyl-
amine and dissolved in methanol:water (1:1) containing 10% 300-mM
piperidine to produce the stock solution with concentration of 200 uM.
The stock solution was further serially diluted to obtain working solution
over the range 20 to 200 uM.

6.5. LC-MS analysis of deacylated GPInsPn compounds

Phosphoinositides are precursors in intracellular signaling cascades as well as
ligands for membrane-associated proteins that are involved in trafficking and
cytoskeletal dynamics (Downes et al., 2005; Michell et al., 2006). Since the
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mid-1980s, the understanding of inositol-containing glycerophospholipids has
elevated from quantitatively minor membrane constituents to very important
players in cellular functioning and responses. Seven phosphoinositides have
been identified, and glycerophosphoinositol and its phosphorylated derivatives
were demonstrated to be important in modulating cell proliferation and
G-protein—dependent activities (Berrie ef al., 1999; Corda et al., 2002). The
detection, identification, and quantification of phosphatidylinositol phos-
phates (GPInsP) and phosphatidylinositol bisphosphates (GPInsP,) with dif-
ferent fatty acid composition can be achieved by ESI-MS/MS (Milne et al.,
2005; Wenk et al., 2003). However, the determination of the isomeric head-
groups remains a challenge. For many years, glycerophosphoinositols have
been traditionally analyzed by anion-exchange HPLC using gradients of
aqueous mobile phases with high concentrations of buffer solutions and
employing radiolabeling techniques as detection and quantitation systems
(Alter and Wolf, 1995; Lips et al., 1989; Morris et al., 2000).

This technique has the main disadvantage of being a multi-step proce-
dure that only measures the true levels of these compounds if the radiola-
beling is taken to isotopic equilibrium, which is often difficult to achieve.
Since no radioactive glycerophosphoinositide standards are commercially
available, they are usually synthesized by radiolabeling of cell extracts and
deacylation (Hama et al., 2000). This process introduces impurities as well as
some practical considerations, since the radiolabeling is not always feasible as
in analysis of glycerophosphoinositides from tissues and organs.

Some nonradioactive methods have been used to analyze phosphatidy-
linositides. GPIns4 Pand GPIns4,5P, were well resolved from each other and
from other phospholipids using normal-phase HPLC and evaporative light-
scattering detection (Gunnarsson ef al., 1997). The three regioisomers of
GPInsP, were separated by anion-exchange HPLC with NaOH gradients
after deacylation, followed by suppressed conductivity detection (Nasuhoglu
etal.,2002). Recently, a new method for analysis of intact phosphoinositides
by LC-MS using a microbore silica column was reported (Pettitt ef al., 2006).

The f-cyclodextrin—bonded column has been successfully employed for
the analysis of phosphorylated carbohydrates, allowing the separation of
both enantiomeric and positional isomers (Feurle et al., 1998). It has also
been used for analysis of glycerophosphoinositol (Dragani ef al., 2004). This
stationary phase can be operated under water/organic conditions with the
use of volatile modifiers at low concentrations, which is suitable for ESI-MS.

Here we describe an LC-MS method for separation, identification and
quantification of the four GroPInsP, and GroPlInsP; lipid species from cell
extracts by using f-cyclodextrin—-bonded column with on-line negative
ESI-MS detection and internal standard calibration.

The HPLC system consisted of two Shimadzu (Shimadzu Scientific
Instruments, Inc., Columbia, MD) LC-10 ADVP binary pumps and an
SCL-10AVP system controller. A 20-ul sample was injected via a CTC
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HTC PAL autosampler (Leap Technologies, Carrboro, NC). The separation
was performed on a Nucleodex i-OH column, 5 pm (200 X 4.0 mm i.d.)
from Macherey-Nagel (Diiren, Germany). The mobile phase included
50-mM ammonium formate aqueous solution (solvent A) and acetonitrile
(solvent B). The following gradient was used: 0 to 1 min, B = 80%; 1 to
15 min, B = 80 to 70%; 15 to 30 min, B = 70 to 66%; 30 to 70 min, B = 66
to 61%; 70 to 75 min, B = 61 to 60%; 75 to 76 min, B = 60 to 80%; and 76 to
90, B = 80%. The mobile phase was delivered at a flow rate of 0.3 ml/min.

The MS spectrum was acquired in negative mode on a 4000 Q-Trap
LC-MS/MS system, fitted with turbo spray ion source from Applied
Biosystems (Foster City, CA). The turbo spray source was operated at
200° with an ion voltage of —4500 V, and nitrogen as CUR and nebulizer
gas. The CUR was 10 1/hr. The flow rate of ion source gas 1 and gas 2 was
20 and 40 1/hr, respectively. The declustering potential (DP) was —110 V,
and the collision energy (CE) was —5 V. Settings include channel electron
multiplier (CEM): 2200 V; scan type: enhanced MS (EMS), unit resolution
for Q1; scan rate: 1000 amu/s; scan range from m/z 300 to 590; duration:
90 min; step size: 0.08 amu; Q3 entry barrier: 8 V; and pause between mass
ranges: 5.007 ms. A representative extracted ion current (XIC) is shown on
Fig. 2.7 depicting the separation of the three GroPInsP, and GroPlInsP;
isomers.

Calibration curves were constructed by mixing deacylated GPInsP,
standards working solutions with equal volume of 100-uM CMP. They
were then analyzed by LC-MS. Calibration curves for deacylated
GPIns4,5P, and GPIns3,5P, are shown on Fig. 2.8A and B. They are
created by using the relationship between “peak area of GroPInsPn/peak
area of CMP” and “amount of GroPInsPn/amount of CMP.” As an exam-
ple, the method was applied to the analysis of RAW 264.7 cell extracts after
stimulation with platelet activating factor (PAF) for 15 min. The extracts
were deacylated and analyzed by LC-MS using CMP as an internal standard.
The XIC traces from this analysis are shown on Fig. 2.9A and B.

7. COMPUTATIONAL ANALYSIS OF MASS
SPECTRAL DATA

Complex mixtures of phospholipids from biological extracts generate
mass spectra with hundreds to thousands of peaks associated with the molec-
ular ions present in the sample, which includes any molecules that acquire
a charge in the desired instrument mode over the applicable m/z range.
In lipid extracts, these ions include phospholipids, solvent contaminants,
fragments of larger macromolecules, and multiply charged ions, among other
components. In addition, in the absence of chromatographic separation, any
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Figure 2.7 Liquid chromatography-mass spectrometry spectra of GroPInsP, and GroPInsP; standards with internal standard cytidine-5'-
monophosphate (CMP). (A) Extracted ion chromatograms (XICs) of cytidine-5'-monophosphate (m/z 322); (B) Extracted ion chromatograms
of GroPInsP, (m/z493). (C) Extracted ion chromatograms of GroPInsP; (im/z 573).
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Figure 2.8 Calibration curves for (A) GroPIns4,5P, and (B) GroPIns3,5P,.

particular m/z peak may contain ions from several difterent isobaric phos-
pholipids or isotopic ions from molecular ions at m/z —1, m/z =2, which may
be appropriately corrected for isotopic distribution if the molecular compo-
sition 1s known.

7.1. Direct infusion (intra-source separation)

For direct infusion of samples in the MS, an initial qualitative screen to
identify particular m/z values whose peak ions are consistently different
between two conditions is readily developed. For direct infusion, we have
created code to find all the peaks in each MS scan and to statistically compare
these peaks across conditions (Forrester ef al., 2004). For direct infusion
phospholipid spectra, alignment of the same peaks across different samples is
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Figure 2.9 Extracted ion chromatograms (XIC) of GroPInsPn from platelet activating factor (PAF)-stimulated RAW 264.7 cell extracts.
(A) Extracted ion chromatograms of cytidine-5'-monophosphate (CMP) (m/z 322). (B) Extracted ion chromatograms of GroPInsP, (m/z 493).
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relatively simple because there is usually only one peak per unit m/z, so that
peak intensities from the same nominal m/z are directly comparable across
samples. The comparison of peak ion intensities (or areas) may be done in
several ways, with a desired normalization and using standard statistical tests.
The visualization of these changes is relevant for interpretation and useful for
suggesting specific m/z peak values which were different under the condi-
tion(s) being compared. Addition of internal standards to uniform back-
ground cell extracts can be used to validate this method, and titrations may be
used to confirm the monotonic behavior of the peak ion intensity on
molecular concentration (i.e., increasing concentration of a molecule gen-
erates an increase in peak intensity at the relevant m/z). Due to nonlinearities
(e.g., ion competition), however, the potential for false changes must be
recognized as a true increase, or decrease in a molecule may consistently
affect the ionization of other molecules during the infusion process. Note
that this is true whether or not one normalizes to single or multiple internal
standards. A general rule is that direct infusion spectra should only be
compared (peak by peak) if the total spectra are sufficiently similar. Similarity
can be defined both by the pattern the spectra create and by the total ion
count (or mean ion count). A correlation coefficient can be used to quanti-
tatively assess global similarity of spectra and a filter applied to limit the
comparison of spectra to those with a sufficient number of peaks above the
noise. If this is the case, one may then be reasonably confident that those
isolated specific peaks, which differ in a statistically significant manner due to
the condition, reflect true changes in molecular abundance of contributing
ions at that m/z. Since a set of ““control” spectra are generally used for any
comparison, only those changes associated with the condition should repeat-
edly and reliably be indicated by statistical testing. This implies that the
protocol for the control and condition should be identical (same “‘random”
error sources from biological variability, experimenter, instrumentation,
extraction methods, etc.) except for the effect of the condition. Any effects
that are systematically different between the controls and condition will
likely be reflected in the spectra. Randomizing the infusion of samples
(between condition and controls) and any other protocol steps are suggested
to minimize systematic influences except for the condition being tested.
Since the comparison is the same for every m/z, the qualitative screen can be
used to assess changes in peak ions at every m/z.

A single typical direct infusion spectra is binned in 0.07 m/z units and
spans a range of m/z 350 to 1200 (12,142 bins). Each sample is scanned once
per second for approximately 60 s (user-defined) so that a single spectrum
actually consists of 60 scans. The vendor-supplied software typically time-
averages these scans for graphical display. The ASCII data for each MS file
can be obtained from the vendor files ((Raw files) by using XConvert.exe
located in the \bin folder of Xcalibur. This program allows batch pro-
cessing of a large number of .Raw files. The format of these ASCII files
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(~60 MB) is cumbersome and contains mostly redundant text so that it is
useful to write a parsing program to store the relevant time-m/z-ion
intensity information in separate files. We wrote a program in Fortran
(G77) to batch process large numbers of these ASCII files. We have
implemented a filter on the 60 scans (for each bin), which eliminates
aberrant scans (infusion problems) by rank-ordering the ion counts and
removing a user-defined percentile (e.g., the upper and lower tenth per-
centile) prior to time-averaging. This tends to have little effect on maxima,
but creates well-defined minima in the spectra. Following time-averaging,
a peak finding (or maxima) algorithm may then be applied to each file.
It is also possible to forgo this step and directly compare all m/z binned
intensity values (12,142) from each spectrum. For the phospholipid spectra,
we currently determine the maximum for each nominal m/z by finding the
maximum between adjacent minima. For example, for nominal m/z 885,
the code searches for a minimum intensity between 884.5 and 885.0 and
another minimum between 885.5 and 886.0. An exclusion limit on the
minima spacing (e.g., 0.3 m/z units) can prevent erroneous assignments.
The maximum intensity and m/z value between these two minima are then
stored (e.g., peak m/z 885.5, peak intensity 6.37 X 107). For more complex
spectra, one can smooth the time-averaged spectra and use a low-high-low
pattern to determine peaks. We currently find the maxima for every
nominal m/z (850 maxima for m/z 350—1199) and use a characteristic
noise level from the spectra to filter appropriately by S/N level when
necessary. However, it is generally useful to compare all m/z values since,
in some comparisons, the maximum intensity for a particular m/z could be
at the noise level, but the condition may generate a sizable peak (or vice
versa). In this formulation, each unique mass spectra corresponds to a
vector of intensity values (e.g., 850) associated with each unit m/z value.
The subsequent normalization and statistical comparison of these intensities
across spectra are then relatively transparent; we wrote algorithms in a
statistical package (SPlus) to batch-import these m/z-peak data files, to
perform the relevant statistical tests, and to output the results comparing
the appropriate conditions. In practice, this method provides a reliable way
to qualitatively screen for potential phospholipid changes due to some
perturbation or condition, and we created “‘arrays” to highlight the m/z
values that appear to show statistically significant increasing or decreasing
peak intensities due to the condition. Unlike gene expression arrays, the
magnitude of peak intensity changes due to signaling events. For example,
in mass spectra for phospholipids are not generally dramatic (a two “‘fold”
peak change is quite large), since many structural lipids are already present in
the control populations, and the cell likely does not tolerate very large
changes in most species molecular abundance. To confirm direct infusion
results, to minimize ion competition, to separate molecular classes of lipids,
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and to quantify the phospholipid molecular species in extracts, LC-MS
is employed.

7.2. LC-MS data analysis

The batch processing of full-scan LC-MS data requires significantly more
computational processing than the direct infusion data, primarily due to the
(typically) 60 min runs per sample, with approximately one scan per second.
The MS data are contained in the vendor (Analyst, Applied Biosystems)
.wiff files and must be converted into ASCII prior to further processing. We
use a converter mzStar.exe from the Institute for Systems Biology (ISB),
which converts the .wiff files into mzXML format (Pedrioli et al., 2004).
We convert the mzXML files to .mgf (Mascot Generic Format, ASCII files)
and header files (ASCII) using mzXML2other.exe (ISB), which requires
compilation on a cygwin, X-Windows terminal emulating a Unix shell.
Each step is batchable (processes multiple files without user input), and the
.mgf sample files are approximately 100 MB ASCII each. The .mgf files
contain sequentially ordered scans (the retention time of each scan is located
in the header file) and the m/z bins and their associated ion intensity values.
We wrote code in Fortran (G77) to batch process these .mgf files creating
two forms of output: (1) smoothed (time-averaged in ~10-s increments)
XICs of retention time/intensity values for every nominal m/z value, and
(2) integrated, aligned (by m/z and retention time) peaks across the samples.
The former (1) is used to graphically check selected XICs across multiple
samples for correct peak identification, integration windows selection, and
peak alignment. The method of analysis is certainly not unique; how-
ever, we have also experimented with using three-dimensional (3D; m/z-
retention time-intensity space) kernel smoothing and peak finding, but
found that computational time and appropriate alignment checking across
many samples (~30) was far more difficult to implement. By generating
XICs for each m/z, the problem of 3D peak finding and integration is
reduced to the more tractable two-dimensional (2D) problem in retention
time-intensity space. Specifically, to create an XIC, a selected m/z window
must be chosen (e.g., m/z 809.5 to 810.5) and the ion counts summed
(or averaged) in this window to represent the ion counts for that particular
retention time (~10 s time window). Recall that the short time-averaging
(user-selectable in the code) is essentially a smoother and natural compres-
sion of the data. This time-averaging interval should be less than the
retention time ‘“‘width” of any peaks. Otherwise, temporal resolution is
lost. Therefore, for any particular nominal m/z, the XICs from n samples are
readily compared graphically across samples (intensity as a function of
retention time). We currently have a user-selectable range in m/z for
creating the XIC and usually select ranges (m/z —0.5, m/z +0.5) looping
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over the range of m/z values (e.g., 350.5 to 1199.5) whose range is
dynamically obtained from the spectra files. Since the 3D peak maxima
about a nominal m/z (e.g., m/z 419.9 at 23.3 min) may not be symmetric
about the XIC window selected, the XICs will indicate ion contributions in
nominal m/z 419.5 and nominal m/z 420.5 with peaks ~23.3 minutes in
both cases. This can be ameliorated by smoothing, finding the 3D peak
max, and dynamically defining the m/z intervals (e.g., by slicing into 2D
segments and cutting off the integration in m/z when the maxima falls
below some predefined threshold relative to the global 3D maximum);
alternatively, the internal standards for the lipid class should have a similar
3D peak m/z location, will be similarly subject to the same asymmetry in
the chosen XIC selection range, and should therefore be valid for quantita-
tively normalizing by area. In Fig. 2.10 we indicate pseudo-code for the
LC-MS analysis program. Briefly, the code first loops over all the MS files of
interest (~3 GB for 30 files), reading in the header files, which contain the

Pseudo-code for LC-MS processing:

Loop over spectra files |

| Read in ASCII input files (header and .mgf)

| Call XIC subroutine|

Save XIC data

— | End loop over spectra files |

|Ca11 Peakfind and Align subroutine (uses XIC data)|

‘»| Loop over nominal m/z

Loop over spectra files |

| Find, integrate, and store peaks in XIC

End loop over spectra files |

| Align peaks across spectra files |

| Save m/z, peak areas across spectra files |

—'| End loop over nominal m/z

End program

Figure 2.10 Outline of liquid chromatography-mass spectrometry code for batch
processing full-scan wiff spectra.
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number of scans and retention times of each, and the data fields, which
contain the scan number, followed by a list of m/z and corresponding ion
intensity data. For each file, a subroutine is called, which loops over all the
m/z values and stores an equivalent XIC for each m/z, as previously
described. Given a list of XICs for each spectra file for every m/z, a peak
finding and alignment subroutine are called, which take the saved XIC data
as input. The subroutine chooses an m/z and examines the XICs for that
m/z across each of the files. Looping over each file (XIC here), candidate
peaks are identified using a median filter (user-selectable) and low-high-low
pattern. Candidate peaks are integrated taking binned incremental steps
(in retention time) away from the maxima (left and right) and applying a
slope (user-selectable) and relative magnitude (user-selectable) filter to
determine the endpoints of integration. Since the XICs can be noisy
“near” the peak, it is advisable to either smooth or have exception handling
for using the slope-filter to determine integration endpoints. We typically
continue searching for integration endpoints even if the slope filter fails, as
long as the ion intensity remains an appreciable fraction of the peak intensity
(e.g., >60%, user-selectable). However, one must be careful because this
selection becomes relevant for peaks that are not well separated in retention
time (“just” resolved). In most cases, it is useful to check graphically the
XIC:s for the m/z to confirm that the peak of interest is well separated, and
the integration window determined by the code is appropriate (Fig. 2.11).
The set of candidate peaks (amplitudes and areas) need to be aligned across
the files so that they can be reliably compared. Experimentally, large
retention time shifts (larger than 5 min) are possible across separate spectra
files, and it is sometimes useful to prealign the spectra (e.g., optimizing a
correlation coefficient between files and a chosen XIC or “average” XIC).
Whether or not pre-alignment of XICs across files is used, we decided to
align peaks by counting the number of peaks IDd in a retention time
window (for that fixed nominal m/z) across the files. If this number is
above a threshold (user-selectable) based on the percent of the spectra
files, then the candidate peak is considered a “true” peak centered at that
relevant retention time (“‘true’” peak time). For example, using a nominal
m/z 723.5 from 30 spectra files, 23 files could indicate a peak (or peaks)
between 9 and 10 min, 4 files between 10 and 11 min, and 3 files between
8 and 9 min. The “true” time would be the average (e.g., 9.8 min). Then,
for each file, the maximum peak intensity that occurs in some retention
time window (e.g., =2 min, user-selectable) about this “true’” time is used
to define the ““true” peak for that file, and the integrated intensity (and peak
amplitude) is saved. If no peak is identified for a particular file in this
window, and then a zero is reported for that file. The more spectra files
one has to compare, the lower the median threshold one can use for peak
identification, since ‘“‘random’ candidate peaks (by low-high-low identifi-
cation) are unlikely to repeat in the same retention time window across a
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Figure 2.11 Generation of extracted ion chromatograms (XIC; m/z 909.06 to 909.96)
from Fortran code as described in the text. The horizontal axis is retention time, and the
vertical axis ion intensity. The vertical black lines indicate the region of integration
dynamically selected by the code. The red triangle indicates the peak(s) automatically
identified by the algorithms described in the text.

significant percent of the files. Once again, it is useful to graphically display
the XICs across files and visually see the repeated peaks and their retention
time fluctuations across files (Fig. 2.12). This is especially the case if one
computed a large change in a molecular species due to a condition and
would like to verify that large retention time shift across files were not
erroneously picking up another, different peak in the XIC (at the same m/z).
If pre-alignment of XICs is used and the corrected correlation coefficients
are near 1, then the retention time windows selected for assigning peaks may
be of shorter duration (~30 s to 1 min). For identification and a quantitative
assessment of individual phospholipids, multiple chemically defined internal
standards per class identify typical retention times, peak profiles (widths), and
retention time locations. Using multiple internal standards also allows for the
examination of the variation in peak retention time as a function of m/z
in addition to differential ionization across the lipid class. In practice, the
molecular species in a phospholipid class are readily identified from full-scan
data by m/z retention time information in comparison to similar peak profiles
and retention times relative to the internal standards. Fragmentation of the
peak ions at the relevant m/z retention time provides confirmation of
the molecular species whose ions are contributing to the peak in the XIC.
Following the generation of integrated, aligned peak areas across multi-
ple spectra files, accurate quantification of molecular species requires
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Figure 2.12 A zoomed-in section including the extracted ion chromatogram (XIC)
from Fig. 2.11 (m/z 909.06 to 909.96), which also includes extracted ion chromatograms
generated from nine other full-scan spectra files, indicative of the variation in amplitude
and peak location across these files. Peak areas from the 10 files are automatically aligned
as described and output in ASCII format for further analysis (normalization and quanti-
fication). Many mass-to-charge (m/z) values in glycerophospholipid (GPL) full-scan
spectra contain extracted ion chromatograms with multiple peaks at different retention
times.

titrations of internal standards for individual species of phospholipids over
the presumed physiological range of variation in abundance. To generate
standard curves, we proceed as follows: (1) add fixed quantities of multiple
fixed odd-chain internal standards (per glycerophospholipid [GPL] class) to
every sample; (2) add varying amounts of even-carbon standards (e.g., 10,
50, 100, 500 ng) in triplicate; (3) normalize the peak areas of the even-
carbon standards to the average of the fixed odd-carbon areas (per GPL
class); and (4) repeat the process several times to estimate experiment to
experiment variability in the slopes and intercepts (assuming linearity). An
example of standard curves for the GPA class using experimental protocol
and code described above is given in Fig. 2.13, and the variation in slope
values and intercepts across independent experiments for the even-carbon
internal standards are listed in Table 2.4.

For LC-MS with the protocol as described, we have found that the
variation in slopes across GPLs within a class is nonlinear (and class-dependent)
and has no obvious dependence on double bonds or carbon number. This is
unfortunate since only rough slope and intercept estimates are possible for
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Figure 2.13 Three standard curves for 24:0, 28:0, and 32:0 glycerophosphatidic acid
(GPA) (black, green, and red, respectively) generated as described in the text using
the automated code. The horizontal axis refers to peak areas normalized to the mean of
four fixed odd-carbon internal standards, and the vertical axis is the amount added in
nanograms (ng).

Table 2.4 Variation in glycerosphosphatidic acid (GPA) slopes
across independent experiments

Experiment
GPA 1 2 3
24:0 254 289 X
28:0 189 184 X
32:0 238 267 266
34:1 172 244 204
34:2 147 179 145
36:0 192 352 330
36:1 206 247 202
36:2 195 288 194
38:4 253 218 230
38:6 299 388 337
40:6 437 403 384

¢ Standard deviations in slope values for individual experiments are approx-
imately 5%.



Phospholipid Mass Spectrometric Analysis 53

Table 2.5 Approximate amounts (ng) of individual GPSer
molecular species in RAW 264.7 cells (5 x 10° cells)

GPSer’ Estimated amount (ng)

32:1 52 40
32:0 30 24
34:3 41 18
34:2 62 54
34:1 393 441
34:0 163 172
36:4 20 23
36:3 30 30
36:2 249 314
36:1 1119 1319
36:0 464 510
38:6 21 25
38:5 60 70
38:4 188 326
38:3 293 340
38:2 144 12
38:1 60 65
38:0 9 26
40:7 37 47
40:6 575 692
40:5 770 895
40:4 451 538
40:3 200 260
40:2 78 87
40:0 33 41

“ Shown are duplicate control (unstimulated) samples for a 2-h KDO?2 Lipid
A stimulation using a 10% serum LIPID MAPS protocol (www.lipidmaps.

org).

molecular species for which internal standards are not available. These esti-
mated slopes for molecular species that lack titrations are based on the variation
in slopes for other members of the same GPL class. One may use the range of
slopes or regression estimates (e.g., in m/z) across the GPL class to estimate the
unknown slopes with appropriately large errors in the quantification of these
molecular species. In Table 2.5, we list estimated amounts of different GPSer
in RAW 264.7 cells following the LC-MS protocol described in the previous
section. Once the molecular identity at a nominal m/z and retention time is
known, isotopic corrections for m/z 42 contributions from the molecular
species at a nominal m/z are readily computed, and normalized peak areas may
be appropriately corrected and quantified within a GPL class. External nor-
malization (e.g., cell counts, DNA) is useful for comparing across samples as
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the fluctuation in individual GPLs may be significant due to extrinsic factors.
Addition of internal standards prior to extraction may be used to estimate
extraction efficiency per class and potential differential extraction efficiencies
within a GPL class.
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Abstract

Eicosanoids constitute a large class of biologically active arachidonic acid (AA)
metabolites that play important roles in numerous physiological processes.
Eicosanoids are produced by several distinct routes, including the cyclooxygen-
ase, lipoxygenase, and P450 enzymatic pathways, as well as by nonenzymatic
processes. In order to completely understand the eicosanoid response of a cell
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or tissue to a given stimulus, measuring the complete profile of eicosanoids
produced is important. Since the eicosanoids are products of a single species,
AA, and represent, for the most part, the addition of various oxygen species, the
hundreds of eicosanoids have very similar structures, chemistries, and physical
properties. The identification and quantitation of all eicosanoids in a single
biological sample are a challenging task, one that high-performance liquid
chromatography-mass spectrometry (LC-MS) is well suited to handle. We have
developed a LC-MS/MS procedure for isolating, identifying, and quantitating a
broad spectrum of eicosanoids in a single biological sample. We currently can
measure over 60 eicosanoids in a 16-min LC-MS/MS analysis. Our method
employs stable isotope dilution internal standards to quantitate these specific
eicosanoids. In the course of setting up the LC-MS system, we have established
a library that includes relative chromatographic retention times and tandem
mass spectrometry data for the most common eicosanoids. This library is
available to the scientific community on the website www.lipidmaps.org.

1. INTRODUCTION

The eicosanoids comprise a broad class of AA metabolites that mediate
a wide variety of important physiological functions. Most of the AA found in
cells is esterified to the sn-2 position of neutral lipids or phospholipids
(Schaloske and Dennis, 2006; Six and Dennis, 2000). Upon activation,
phospholipase Ajs release the AA from cellular phospholipids. The free AA
can then be converted by a score of enzymes in three distinct oxidation
pathways (cyclooxygenase [Simmons ef al., 2004; Smith et al., 2000], lipox-
ygenase [Funk, 2001; Peters-Golden and Brock, 2003; Spokas ef al., 1999],
and cytochrome P450 [Sacerdoti ef al., 2003]) into hundreds of bioactive
species. These pathways exhibit a fair amount of redundancy, as some
eicosanoid species can be produced by more than one enzyme. Likewise,
some enzymes are capable of producing more than one eicosanoid product.
In addition to these reactions, AA and its metabolites can also undergo
nonenzymatic oxidation and dehydration reactions to produce many of
these same compounds as well as other metabolic species, including stereo-
isomers of the enzymatic products. Thus, eicosanoid biosynthesis is a com-
plex network of interacting pathways and interconnected metabolites. It is
quite possible that perturbing one arm of this system could produce changes
and compensations in the other arms. In order to fully understand how a
given cell or tissue responds to a stimulus or how a drug targeted for one
eicosanoid might affect the distribution of the other eicosanoids, one must
determine the entire eicosanoid spectrum.
Enzyme-linked immunosorbent assays have long been the primary means
of quantitating eicosanoids (Reinke, 1992; Shono ef al., 1988). This method
requires specific antibodies for each eicosanoid to be quantitated; however,
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relatively few eicosanoids have commercially available antibodies. This
significantly limits the number of eicosanoids that can be detected and quanti-
tated. This technique is also expensive and inefficient in that only a single
eicosanoid can be determined with each assay. Thus, it is not amenable to
analyzing a large number of different eicosanoids. Gas chromatography-MS
(GC-MS) methods were developed that greatly improved upon these limita-
tions (Baranowski and Pacha, 2002) and allowed the simultaneous analysis of
multiple eicosanoids. To volatilize the eicosanoids for GC, they must first be
chemically derivatized. A wide variety of derivatization methods are available;
however, a single derivatization method is not suitable for all eicosanoids.
Furthermore, Murphy ef al. (2005) have found that some eicosanoids are not
suited for GC-MS analysis. These volatilization issues were overcome with
the development of electrospray ionization (ESI), which allows the eicosa-
noids to be analyzed by MS directly from an aqueous sample. The eicosanoid
carboxylate moiety readily ionizes in the ESI source.

The similarities in eicosanoid structure and chemical characteristics
requires that both high performance LC and collision-induced decomposi-
tion (CID) be employed, in conjunction with ESI-MS, to isolate and
unambiguously identify the individual eicosanoid species. LC isolates the
eicosanoids based on their chemical and physical characteristics, while CID
produces characteristic precursor/product transitions that can be employed
in multi-reaction monitoring (MR M) mode on the MS. ESI-MR M was first
employed in this field by Margalit ef al. (1996) to quantitate 14 eicosanoids
directly from a biological sample. In 2002, the resolving power of LC was
coupled with the sensitivity of ESI-MRM to study five eicosanoids from
LPS (lipopolysaccharide)-stimulated synovial cells (Takabatake ef al., 2002).
Recently, Kita ef al. (2005) developed a high-throughput method for the
detection of 18 different eicosanoids from biological samples.

We present here a protocol for identifying and quantitating a large
number of eicosanoids in a single ESI-based LC-MS/MS run without
requiring derivitization. This technique employs a solid-phase extraction
procedure to isolate eicosanoids, an LC method to separate species, and a
MS-CID technique to unambiguously identify a large number of eicosa-
noids. To accurately quantitate eicosanoids using these procedures, we have
employed the well-established stable isotope dilution method (Hall and
Murphy, 1998). We have included deuterated eicosanoids as internal stan-
dards to track and measure losses during sample preparation and to account
for the various response issues associated with mass spectral analysis.

We currently can identify over 60 discrete chemical species of eicosa-
noid in a single 16-min run and can quantitate a significant fraction of them
(Buczynski et al., 2007; Harkewicz et al., 2007). We present the methods for
the extraction and analysis of eicosanoids from media and cells produced
during cell culture. We then describe the protocols for these methods and
conclude with a discussion of some characteristics of this procedure.
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2. METHODS

2.1. Sample collection

The following procedure was developed for the isolation of eicosanoids
from six-well cell culture plates containing 2.0 ml of media. We have also
adapted this method to other sample types and sample volumes by scaling
our procedure as needed. The media was removed and 100 ul of a mixture
of internal standards (containing 10 ng/100 ul of each standard in EtOH)
was added followed by 100 ul of EtOH to bring the total concentration of
EtOH to 10% by volume. Samples were centrifuged for 5 min at 3000 rpm
to remove cellular debris. The eicosanoids were then isolated via solid-phase
extraction.

When intracellular eicosanoids were analyzed, adherent cells were
scraped into 500 ul of MeOH, and then 1000 ul of phosphate-buffered
saline (PBS) and 100 ul of internal standards were added. Scraping cells in
aqueous solutions was shown to activate eicosanoid production, whereas
doing so in MeOH effectively stopped the reactions and lysed the cells.
These samples were then processed the same as the media.

2.2. Eicosanoid isolation

Eicosanoids were extracted using Strata® X SPE columns (Phenomenex,
Torrance, CA). Columns were washed with 2 ml of MeOH followed by
2 ml of H,O. After applying the sample, the columns were washed with 1 ml
of 10% MeOH, and the eicosanoids were then eluted with 1 ml of MeOH.
The eluant was dried under vacuum and redissolved in 100 ul of solvent A
(water-acetonitrile-formic acid [63:37:0.02; v/v/v]) for LC-MS/MS analysis.

2.3. Reverse-phase liquid chromatography

The analysis of eicosanoids was performed by LC-MS/MS. Eicosanoids
were separated by reverse-phase LC on a C18 column (2.1 X 250 mm;
Grace-Vydac, Deerfield, IL) at a flow rate of 300 ul/min at 25°. All samples
were loaded via a Pal auto-sampler (Leap Technologies, Carrboro, NC) that
maintained the samples at 4° to minimize degradation of eicosanoids while
queued for analysis. The column was equilibrated in Solvent A, and samples
(dissolved in Solvent A) were injected using a 50-ul injection loop and
eluted with a linear gradient from O to 20% solvent B (acetonitrile-isopropyl
alcohol [50:50; v/v]) between 0 and 6 min; solvent B was increased to 55%
from 6 to 6.5 min and held until 10 min; solvent B was increased to 100%
from 10 to 12 min and held until 13 min; and then, solvent B was dropped
to 0% by 13.5 min and held until 16 min.
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2.4. Chiral chromatography

When it was required to isolate isomeric eicosanoids, normal-phase chiral
liquid chromatography was carried out using the same pumping system
described above for reverse-phase chromatography. Separation was carried
out on a 4.6 X 250 mm Chiral Technologies (West Chester, PA) deriva-
tized amylose column (Chiralpak® AD-H) equipped with a guard column
(Chiralpak® AD-H guard column) held at 35°. Buffer A was hexane/
anhydrous ethanol/water/formic acid: 96/4/0.08/0.02, v/v; buffer B was
100% anhydrous ethanol. This small amount of water in buffer A is miscible
in the hexane/anhydrous ethanol mix and was found to be vital for satistac-
tory chiral separation and peak shape. Gradient elution was achieved using
100/0:A/B at 0 min; linearly ramped to 90/10:A/B by 13 min; linearly
ramped to 75/25:A/B by 15 min and held until 25 min; and then linearly
ramped back to 100/0:A:B by 27 min and held there until 42 min to
achieve column re-equilibration. The chiral chromatography effluent was
coupled to a mass spectrometer for further analysis.

2.5. Mass spectrometry

All MS analyses were performed using an Applied Biosystems (Foster City,
CA) 4000 QTRAP hybrid, triple-quadrupole, linear ion trap mass spectrom-
eter equipped with a Turbo V ion source and operated in MRM mode. For all
experiments, the Turbo V ion source was operated in negative electrospray
mode (chiral chromatography utilized the ion source in chemical ionization
mode, as shown later) and the QTRAP was set as follows: CUR = 10 psi,
GS1 = 30 psi, GS2 = 30 psi, IS = —4500 V, CAD = HIGH, TEM = 525°,
ithe = ON, EP = —10V, and CXP = —10 V. The voltage used for CID
(—15 to —35V) and the declustering potentials (—30 to —100 V) varied
according to molecular species and were maximized for each eicosanoid.

The Turbo V ion source was operated in atmospheric pressure chemical
ionization (APCI) mode when employing chiral chromatography using
the following settings: CUR = 10 psi, GS1 = 45 psi, GS2 = 60 psi,
NC = —3.0 puA, CAD = HIGH, TEM = 400°, ihe = ON, DP = —60V,
EP=—-15V,and CXP = —10 V.

2.6. Quantitation

Eicosanoid quantitation was performed by the stable isotope dilution
method previously described by Hall and Murphy (Hall and Murphy,
1998). For each eicosanoid to be quantitated, an internal standard was
selected that had a different precursor ion mass than the target analyte, but
was chemically and structurally as similar to the target analyte as possible.
This is ideally achieved by using a deuterated analog of the analyte.
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We employed these standards whenever they were commercially available.
In other cases, we employed a deuterated analog that was the closest to
the desired analog in characteristics. For example, 15d-A'>1* PGJ, (d4)
was employed as the internal standard for PGJ,, 15d-A'%14 PGJ,, and 15d-
A'2:1% PGD,. Table 3.1 lists the internal standards that we are currently
employing (boxes in gray) and indicates which internal standard is used with
which analyte. Presently, eight deuterated internal standards are used to quan-
titate 16 eicosanoids. An aliquot of the internal standard (10 ng std/100 ul of
ethanol) was added to either the media or cell extractsimmediately followingits
isolation. The samples were then processed as previously detailed.

The primary standards contained an accurately known amount of each
eicosanoid (non-deuterated) to be quantitated and an accurate aliquot of the
internal standards. The concentration of the primary standards must be
known with high accuracy. This can be accomplished in one of several
ways. In some cases, they are commercially available. Cayman Chemicals,
for example, offers a “Quanta-PAK” version of many eicosanoids that con-
tains a deuterated internal standard and a vial containing an accurately
determined amount of the non-deuterated primary standard. Some of the
eicosanoids (e.g., some HETEs and leukotrienes) have significant ultraviolet
(UV) absorption that can be employed to determine the concentration of the
standard. The amount of standard can also be determined gravimetrically if a
microbalance if available.

The set of primary standards was then prepared by adding accurately
determined amounts of the given analyte (non-deuterated) to 100 pul of the
same internal standard used to spike the samples. (Note: the concentration
of the internal standard does not need to be accurate, but it is crucial that an
accurately known volume of the exact same internal standard is added to the
sample and to the primary standards.) A typical standard curve consisted of
0.3, 1, 3, 10, 30, and 100 ng of primary standard per 100 ul of internal
standard containing 10 ng of each internal standard. The internal standard
and the primary standard samples were run before and after each set of
unknown samples, and 10 ul of each was loaded onto the column.

A linear standard curve was generated where the ratio of analyte standard
peak area to internal standard peak area in the primary standards was plotted
versus the amount of primary standard (ng). Figure 3.1 shows examples of
three typical standard curves. Linear regression analysis was used to calculate
the slope and intercept of the standard curves that were then used to
calculate the unknowns. R? values for these curves of greater than 0.99
were routinely obtained. The ratio of the unknown analyte peak area to
internal standard peak area in the sample was then compared to the appro-
priate standard curve to calculate the amount of analyte in the sample. Since,
in some cases, the deuterated standards contained a small percent of non-
deuterated analyte, the LC-MS/MS of the internal standard was analyzed to
determine the amount of non-deuterated analyte present. In this case, the



Table 3.1 Eicosanoid library

Eicosanoid”

AA

AA-dg

AA-EA

5(S)6(R)DIiHETE

5(S)6(S)DIHETE

5(S)15(S)DIHETE

8(S)15(S)DiIHETE

+5,6-DiHETTE

£8,9-DiHET:E

Systematic name

572.,82,1172,147-
eicosatetraenoic acid

572.,82,1172,147-
eicosatetraenoic acid

(5,6,8,9,11,12,14,15-d8)

N-(5Z,82,11Z2,14Z-
eicosatetraenoyl)-
ethanolamine

5S,6R -dihydroxy-
7E,9E, 112,147~
eicosatetraenoic acid

5S,6S-dihydroxy-
7E,9E,11E,14Z-
eicosatetraenoic acid

5S,15S-dihydroxy-
6E,82,1172,13E-
eicosatetraenoic acid

8S,15S-dihydroxy-
57,9E,11Z,13E-
eicosatetraenoic acid

5,6-dihydroxy-8Z,117,14Z-

eicosatrienoic acid

8,9-dihydroxy-5Z,11Z,14Z~

eicosatrienoic acid

[M-H]
(m/z)
303

311

346

335

335

335

335

337

337

Production
(m/z)
259

267

259

163

163

201

145

127

LC

retention

time® Internal
(min) standard

12.4 AA-dg

12.4

10.6

9.0

9.0

7.8

ND d

9.0

8.8

Recovery*

E

ND

ND

Limit of
detection
(pgon

column)

50

ND

10

ND

(continued)
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Table 3.1 (continued)

Eicosanoid”

+11,12-DiHETE
+14,15-DiHETE
+5,6-EpETE
+8,9-EpET:E
+11,12-EpET:E
+14,15-EpETE
5(R)HETE
5(S)HETE

5(S)HETE-dg

8(R)HETE
8(S)HETE
9-HETE
11(R)HETE

11(S)HETE

Systematic name

11,12-dihydroxy-5Z,8Z,14Z-
eicosatrienoic acid
14,15-dihydroxy-5Z,82,11Z-
eicosatrienoic acid
5,6-epoxy-8Z,11Z,14Z-
eicosatrienoic acid
8,9-epoxy-57Z,117Z,14Z-
eicosatrienoic acid
11,12-epoxy-57,82,147Z-
eicosatrienoic acid
14,15-epoxy-57,82,11Z-
eicosatrienoic acid
5R-hydroxy-6E,8Z,11Z,14Z-
eicosatetraenoic acid
5S-hydroxy-6E,82,112,14Z-
eicosatetraenoic acid
5S-hydroxy-6E,8Z,11Z,14Z
eicosatetraenoic acid
(5,6,8,9,11,12,14,15-d8)
8R-hydroxy-5Z,9E,117,14Z-
eicosatetraenoic acid
8S-hydroxy-5Z,9E,11Z,14Z-
eicosatetraenoic acid
9-hydroxy-5Z,7E,11Z,14Z-
eicosatetraenoic acid
11R-hydroxy-57,82,12E,14Z-
eicosatetraenoic acid
11S-hydroxy-5Z,8Z,12E,14Z-
eicosatetraenoic acid

[M-H]
(m/z)
337

337
319
319
319
319
319
319

327

319
319
319
319

319

Production
(m/z)
167

207
191
127
167
139
115
115

116

155
155
151
167

167

LC

retention

time” Internal
(min) standard

8.7
8.6

10.1

10.0

9.8

9.7

9.64 5(S)HETE-dg
9.64 5(S)HETE-dg

9.60

9.43
9.43
9.49
9.31 5(S)HETE-ds

9.31 5(S)HETE-ds

Recovery”

E

E

ND

ND

ND

ND

Limit of
detection
(pgon

column)

1

1

10
50

ND

ND

ND

ND
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12(R)HETE
12(S)HETE
15(R)HETE
15(S)HETE
20-HETE
12(S)HHTE

5(S)HpETE

12(S)HpETE

15(S)HpETE

LTB,

6 trans LTB,

6 trans 12 epi
LTB,

12R -hydroxy-57,8Z,10E,14Z-
eicosatetraenoic acid
12S-hydroxy-527,8Z,10E,14Z-
eicosatetraenoic acid
15R -hydroxy-57,82,11Z,13E-
eicosatetraenoic acid
15S-hydroxy-52,82,1172,13E-
eicosatetraenoic acid
20-hydroxy-57,8Z2,11Z,14Z-
eicosatetraenoic acid
12S-hydroxy-5Z,8E,10E~
heptadecatrienoic acid
5S-hydroperoxy-
6E,87,11Z,147~
eicosatetraenoic acid
12S-hydroperoxy-
57,87,10E,14Z-
eicosatetraenoic acid
15S-hydroperoxy-
57,87.,117,13E-
eicosatetraenoic acid
5S,12R ~-dihydroxy-
6Z,8E,10E,14Z-
eicosatetraenoic acid
5S,12R -dihydroxy-
6E,8E,10E,14Z-
eicosatetraenoic acid
5S,12S-dihydroxy-
6E,8E,10E,14Z-
eicosatetraenoic acid

319

319

319

319

319

279

335

335

335

335

335

335

179

179

175

175

245

163

155

153

113

195

195

195

9.38

9.38

9.19

9.19

8.98

8.7

9.7

9.4

9.2

8.2

7.8

8.0

5(S)HETE-ds

5(S)HETE-ds

ND

ND

ND

ND

50

(continued)
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Table 3.1 (continued)

Eicosanoid”

LTC,

11-trans LTC,

LTE,

11-trans LTE,

5(S)6(R)15(S)

LXA,

5(S)6(S)15(S)
LXA,

5(S)14(R)15(S)
LXB,

5-OxoETE
12-OxoETE

15-OxoETE

Systematic name

5S-hydroxy,6R~(S-

glutathionyl),

7E,9E, 117,147~
eicosatetraenoic acid
5S-hydroxy,6R~(S-

glutathionyl),

7E,9E,11E,14Z-
eicosatetraenoic acid
5S-hydroxy,6R~(S-
cysteinyl),7E,9E,11Z,14Z-
eicosatetraenoic acid
5S-hydroxy,6R-(S-
cysteinyl),7E,9E,11E,14Z~
eicosatetraenoic acid
5S,6R,15S-trihydroxy-
7E,9E,11Z,13E-
eicosatetraenoic acid
58S,6S,15S-trihydroxy-
7E,9E,11Z2,13E-
eicosatetraenoic acid
5S,14R,15S-trihydroxy-
6E,87,10E,12E-
eicosatetraenoic acid
5-oxo0 6E,82,117,14Z-
eicosatetraenoic acid
12-0x0-57,87,10E,14Z-
eicosatetraenoic acid
15-0x0-57,82,11Z2,13E-
eicosatetraenoic acid

[M-H]
(m/z)
624

624

438

438

351

351

351

317
317

317

Production
(m/z)
272

272

235

235

115

203

153

LC
retention
time”
(min)

8.8

9.2

10.1

10.4

5.2

ND d

ND d

9.8
9.4

ND d

Internal
standard

Recovery”

P

ND

ND

ND

Limit of
detection
(pgon

column)

1

ND

ND

ND
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PGA,

dhk-PGA,
PGB,
PGD,

PGD,-d,

PGD,-EA

15d-A214PGD,

dhk-PGD,
dhk-PGD,-d4
6-keto PGE;
PGE,

PGE,-d,

PGE,-EA

9-0x0-15S-hydroxy-
57,10Z,13E-prostatrienoic
acid
9,15-diox0-5Z,10-prostadienoic
acid
15S-hydroxy-9-ox0-57,8
(12),13E-prostatrienoic acid
9S,15S-dihydroxy-11-oxo-
5Z,13E-prostadienoic acid
9S,15S-dihydroxy-11-oxo-
5Z,13E-prostadienoic acid
(3,3,4,4-d4)
N-(9S,15S-dihydroxy-11-oxo-
5Z,13E-prostadienoyl)-
ethanolamine
9S-hydroxy-11-oxo-
57,12E,14E-prostatrienoic
acid
11,15-diox0-9S-hydroxy-5Z-
prostenoic acid
11,15-dioxo-9S-hydroxy-5Z-
prostenoic acid (3,3,4,4-d4)
6,9-dioxo-11R,15S-dihydroxy-
13E-prostenoic acid
9-ox0-11R,15S-dihydroxy-
5Z,13E-prostadienoic acid
11R,15S-dihydroxy-9-oxo-
5Z,13E-prostadienoic acid
(3,3,4,4-d4)
N-(11R,15S-dihydroxy-9-oxo-
5Z,13E-prostadienoyl)-
ethanolamine

333

333

333

351

355

394

333

351

355

367

351

355

394

175

189

271

271

207

211

143

189

193

203

ND¢

NDn’
6.6
4.6

4.6

3.3

8.2

5.9
5.9
3.1
4.3

43

3.0

PGD,-d,

15d-A">1*PGJ,-d4

dhk-PGD,-d4

PGEz—d4

ND

ND

ND

ND

ND

ND

ND

10

ND

10

ND

10000

(continued)
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Table 3.1 (continued)
LC Limit of
retention detection
[M-H] Production time® Internal (pgon
Eicosanoid” Systematic name (m/z) (m/z) (min) standard Recovery” column)
bicyclo-PGE, 9,15-dioxo-5Z-prostaenoic 333 175 7.4 E 5
acid-cyclo[11S,16]
dhk-PGE, 9,15-dioxo-11R-hydroxy-5Z- 351 207 5.3 dhk-PGD,-d4 M 1
prostenoic acid
19(R)-hydroxy 9-ox0-11R,15S,19R - 367 287 2.4 M 1
PGE, trihydroxy-57,13E-
prostadienoic acid
20-hydroxy PGE, 9-oxo0-11R,15S,20-trihydroxy- 367 287 2.4 M 5
5Z,13E-prostadienoic acid
15-keto PGE, 9,15-dioxo-11R-hydroxy- 349 161 4.7 M 1
57,13E-prostadienoic acid
tetranor PGEM 11R-hydroxy-9,15-dioxo- 327 291 2.3 pe 50
2,3,4,5-tetranor-prostan-1,20
dioic acid
6,15-diketo 6,15-diox0-9S,11R ~dihydroxy- 369 267 3.6 P 50
13,14-dihydro 13E-prostenoic acid
PGFla
6-keto PGF, 6-0x0-9S,11R,15S-trihydroxy- 369 207 2.9 6-keto PGF,-d4 E 10
13E-prostenoic acid
6-keto PGF,-d4  6-0x0-9S,11R,15S-trihydroxy- 373 211 2.9 ND ND
13E-prostenoic acid (3,3,4,4-
d4)
PGF,, 9S,11R,15S-trihydroxy- 353 193 4.0 PGF,-d4 M 10
5Z,13E-prostadienoic acid
PGF,,-d, 9S,11R,15S-trihydroxy- 357 197 4.0 ND ND
5Z,13E-prostadienoic acid
(3,3,4,4-d4)
PGF,,-EA N-(9S,11R,15S-trihydroxy- 396 334 3.0 M 10

5Z,13E-prostadienoyl)-
ethanolamine
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11B-PGF,,
dhk-PGF,,
dhk-PGF,,-d4

2,3 dinor-11p
PGF2a

20-hydroxy

PGF,,
15-keto PGF,,
PGF,y

tetranor PGFM

PGG,

PGH»

PGJ,

A2PGJ,

15d-A">1*PG]J,

9S,11S,15S-trihydroxy-5Z,13E-
prostadienoic acid
9S,11S-dihydroxy-15-ox0-5Z-
prostenoic acid
9S,11S-dihydroxy-15-ox0-5Z-
prostenoic acid (3,3,4,4-d4)
9S,11S,13S-trihydroxy-2,3-
dinor-5Z,13E-prostadienoic
acid
9S,118,15S,20-tetrahydroxy-
5Z,13E-prostadienoic acid
9S,11R-dihydroxy-15-oxo-
5Z,13E-prostadienoic acid
9R,11R,15S-trihydroxy-
5Z,13E-prostadienoic acid
9S,11R-dihydroxy-15-oxo-
2,3,4,5-tetranor-prostan-
1,20-dioic acid
9S,11R-epidioxy-15S-
hydroperoxy-5Z,13E-
prostadienoic acid
9S,11R -epidioxy-15S-hydroxy-
5Z,13E-prostadienoic acid
11-0x0-15S-hydroxy-
57.,97.,13E-prostatrienoic
acid
11-0x0-15S-hydroxy-
57.,97,12E-prostatrienoic
acid
11-0x0-52,92,12E,14Z-
prostatetraenoic acid

353

353

357

325

369

351

353

329

367

351

333

333

315

193

209

213

145

217

293

189

271

3.7
5.2
5.2

3.0

2.3
4.5
NDd

2.1

ND d

ND d

6.5

ND({

8.8

dhk-PGF,,-d4

15d-A">14PGJ,-d4

15d-A'>1*PGJ,-d4

ND

ND

ND

ND

E

ND

50

ND

10

ND

ND

ND

(continued)
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Table 3.1 (continued)

LC Limit of
retention detection
[M-H] Production time® Internal (pgon
Eicosanoid” Systematic name (m/z) (m/z) (min) standard Recovery” column)
15d-A'>"PGJ,-  11-0x0-5Z,97,12E,14Z- 319 275 8.8 ND ND
d4 prostatetraenoic acid (3,3,4,4-
d4)
PGK, 9,11-dioxo-15S-hydroxy- 349 205 4.4 ND ND
5Z,13E-prostadienoic acid
TXB, 9S,11,15S-trihydroxy- 369 169 3.6 TXB,-d4 M 10
thromboxa-57,13E-dien-1-
oic acid
TXB,-d4 9S,11,15S-trihydroxy- 373 173 3.6 ND ND
thromboxa-57,13E-dien-1-
oic acid (3,3,4,4-d4)
11-dehydro TXB, 9S,15S-dihydroxy-11-oxo- 367 ND“ ND ND
thromboxa-5Z7,13E-dien-1-
oic acid
2,3-dinor TXB, 9S,11,15S-trihydroxy-2,3- 341 ND ND ND

dinor-thromboxa-57,13E-
dien-1-oic acid

“ Gray boxes indicate internal standards.

b The retention times are given to indicate the relative elution position of the compounds with the understanding that the absolute values are not significant.

 Recoveries were grouped as P for poor (<25%), M for moderate (25-75%), E for excellent (<76%), and ND for not determined.

¢ These compounds were not analyzed quantitatively for this table, but the MS/MS spectra and LC retention times are available in the LIPID MAPS Eicosanoid Library at www.
lipidmaps.org or in Harkewicz et al., 2007.

¢ Tetranor PGFM and tetranor PGEM did not bind to the Strata-X SPE column and thus could not be detected by this method.


http://www.lipidmaps.org
http://www.lipidmaps.org

€/

PGE, 15d-A12.14 PG, S-HETE

m/z 351 to 189 m/z 315 to 271 m/z 319 to 115
100 100 100
R2=0.9995 2 | _
o 101 10 1 R2=10.9975 104 R2=10.9993
2 1
11 1
=
% 0.1 1
0.1 0.1 0.01 -
0.01 T T T 0.01 T T T 0.001 T T T
0.1 1 10 100 1000 0.1 1 10 100 1000 0.1 1 10 100 1000

Analyte (ng)

Figure 3.1 Eicosanoid standard curves. Three typical standard curves are shown. The standard solutions are prepared as described in the
“Methods” section. The solutions contained 10 ng of an internal standard for each analyte and 0.3 to 100 ng of the analyte in 140 ul of which
10 pl were analyzed. The multi-reaction monitoring (MR M) transitions employed to monitor the analytes are listed in the figure. The internal
standards and transitions were: PGE, (d4) m/z 355-193,15d-A'*" PGJ, (d4) m/z 319-275, and 5-HETEs (d8) m/z 327-116. The data were presented

in log scale, but the linear regression analysis to determine parameters was done on the original non-log data.
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non-deuterated contaminant was subtracted from each analysis. The
dynamic range that can be covered is limited on the low end by the amount
of non-deuterated analyte in the internal standards and the sensitivity of the
mass spectrometer. The upper limit is restricted by ion suppression and
detector saturation issues.

3. RESULTS AND DISCUSSION

3.1. MRM transition selection

To date, we have compiled a library of over 60 eicosanoids that we can detect
and quantitate with these methods. These compounds are listed in Table 3.1
with the precursor and productions used in the MR M analysis. We have also
included in this table several compounds for which we have MS/MS spectra
but for which we have not selected MRM transitions. We have not included
any recovery or limit of detection data for these compounds.

We have compiled the MS/MS spectra of each of these compounds. We
have published these data (Harkewicz et al., 2007). These data also can be
accessed on the LIPID MAPS web page at http://www .lipidmaps.org. In
addition to MS/MS spectra, the web visitor can obtain chemical structures
for standards in both GIF and ChemDraw® formats, specific details regard-
ing LC and MS parameters employed in our analysis, structures of dominant
fragment ions (including literature references, when available, for fragment
assignments), and retention times for a stated set of chromatographic con-
ditions. Lastly, a web link to Cayman Chemical provides useful information
and references on specific eicosanoids.

The product ions employed here for the MRM detection were selected
to yield the best discrimination from other eicosanoids that co-elute in the
vicinity of the analyte and to yield the highest signal. By balancing LC
retention time and product ion selection, we were able to successfully
distinguish the large majority of the eicosanoids listed. Various product
ions can be selected to obtain greater sensitivity if conflicting eicosanoids
are not present in a given set of samples.

The MS/MS spectra of most eicosanoids show numerous product ions.
While a similar eicosanoid may have the same product ions, their relative
intensities usually vary. The ratio of intensities of these product ions can be
used to distinguish these species. In this case, multiple MR M transitions can
then be analyzed, and the ratio of product ions found in the unknown can
be compared with either an MS/MS library spectra or a pure standard run
under the same conditions. This would aid in confirming the identity of a
chromatographic peak.
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Figure 3.2 shows the chromatograms of a few selected eicosanoids to
llustrate several points about this procedure. All of the panels in Fig. 3.2
were generated by overlaying the individual MRM chromatograms for the
various MR M pairs onto a single plot.

The sharpest peaks have a width at half height of 6 s and the baseline
peak width on the order of 18s. The Applied Biosystems 4000 QTrap can
handle over 100 MRM pairs in a single scan. The dwell time employed when
we are scanning 60 to 70 analytes is 25 ms. This produces a cycle time of 2 s per
scan. This translates to at least nine data points per peak for the narrowest
peaks, which is sufficient to accurately define the peak shape for quantitation.
The Applied Biosystems 4000 QTrap software allows the user to break the
MRM pairs into sets, and these sets can be run in series during the course of a
single analysis so that only a fraction of the MRM pairs are being scanned
during any time period. Running fewer MRM pairs in each scan allows the
dwell time to be increased. Although this would not increase the absolute
intensity of the peaks, it would increase the time averaging for each data point,
thus decreasing the noise levels and increasing the signal-to-noise (S/N) ratio.

Figure 3.2A displays the retention times of several typical prostaglandins.
Most of the prostaglandins show baseline separation from all other prosta-
glandins, and the analysis and identification of the peaks is fairly clear cut.

Figure 3.2B displays the region of the chromatogram that contains the
HETEs, DiHETEs, EpETrEs, and DiHETtEs. Some prostaglandins and
the leukotrienes also elute in this region; however, their molecular ions m/z
are different from the hydroxy eicosanoids so that they do not appear in
these scans. Even so, Fig. 3.2B clearly indicates that significant care must be
taken when assigning the peaks in this region to the correct eicosanoid.
While the differences in the retention times of the HETEs are reproducible,
for the HETE: that elute between 8- and 12-HETE, they are not very large.
The absolute value of the retention time for a given eicosanoid fluctuates
due to batch variability in the LC solvents, and these shifts can be larger than
the differences between the retention times of two neighboring eicosanoids.
For this reason, a complete set of standards should be run both before and
after each set of unknowns to accurately determine eicosanoid retention
times, especially when assigning peak identities. If these HETEs are present
in the samples, the gradient in this region of the chromatogram can be
altered to spread out this region and improve the resolution.

Figure 3.2C shows the chromatograms of LTB,, LTC,, 11-trans LTC,,
LTE,, and 11-trans LTE,. This panel also demonstrates one of the signifi-
cant powers of the MRM method. Examination of Fig. 3.2A and B shows
that the region from 8 to 11 min is very crowded, and that a significant
number of eicosanoids elute in this region. Yet, when the MRM transitions
are different, the chromatograms are very clean, and the assignments are
easily made. This panel also highlights an important precaution that must
be considered with the MRM method. While the chromatogram of a
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particular analyte may appear to be very clean because no other compounds
exhibit the same MRM transition, a tremendous amount of material may
be eluting in the same place, but with different MRM transitions.
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Figure 3.2 Highperformanceliquid chromatography (HPLC) eicosanoid chromatogra-
phy on reverse-phase C18. The chromatography profiles of selected eicosanoid standards
run on reverse-phase C18 HPLC (see “Methods” section). In each panel, the individual
chromatograms produced by a given multi-reaction monitoring (MR M) pair have been
overlaid. Each label lists the eicosanoid, retention time, and multi-reaction monitoring
transition that produced a given chromatogram. (A) Representative sample of prostaglan-
dins and arachidonic acid (AA). (B) Representative sample of the hydroxy-eicosanoids,
including examples of HETEs, diHETEs, diHETrEs, and EpETrEs. (C) Representative
sample of leukotrienes.

This material can still cause significant ion suppression of the analyte being
examined. For example, we have found that PGE, and PGD, appear to co-
elute with material co-extracted from Dulbecco’s Modification of Eagle’s
Medium (DMEM) cell culture media, significantly diminishing the MS
sensitivity of these eicosanoids (see “Recoveries” section). The proper use
of internal standards can compensate for some of these issues during
quantitation.

3.2. Stereoisomer detection

Table 3.1 contains eight pairs of isomers that have identical retention time
and MS/MS spectra, and thus cannot be distinguished with the C18
column. To identify and quantitate these isomers normal phase chiral
chromatography is required.
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3.3. Lower limit of detection

Table 3.1 also contains an estimate of the lower limit of detection (LOD) for
the eicosanoid when employing our standard procedures. A set of standards
was made and then serially diluted to produce a set of standards such that
1 to 5000 pg would be loaded onto the column. A signal was judged to be
significant if the signal area was three times the noise at the three-standard-
deviation level. Most limits were between 1 and 50 pg loaded onto the
column. Only PGE,>-EA had an LOD greater than 50 ng. The detection
limits that we obtained were achieved with a 2.1 x 250 mm Grace-Vydac
reverse-phase C18 column with 5 um particle size. Decreasing the column
diameter, the particle size, and the flow rate can increase sensitivity, as can
changing the column packing. We have analyzed only one isomer of any
isomeric analytes and only non-deuterated analytes. Therefore, we have
listed the LOD and recovery values for the other isomers and for the
deuterated standards as not determined (ND) in Table 3.1. However,
their recoveries and LODs should be very similar to the corresponding
isomer that was analyzed or the equivalent non-deuterated analyte.

Figure 3.3 shows an example of the analysis of a sample that was close to
our lower limit of detection. It is the chromatogram showing the analysis of
PGE, and PGD, in a sample of spinal fluid from a rat that had been
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Figure 3.3 PGE, analysis of rat spinal fluid. Spinal fluid was collected from a rat whose
paw had been injected with carrageenan to induce an inflammatory pain state. A sample of
spinal fluid was removed (42 ul), processed as described in the “Methods” section and
analyzed by liquid chromatography—mass spectrometry—mass spectrometry. Eighty
percent of the sample was analyzed. The PGE, peak corresponds to 52 pg of PGE,
being loaded onto the column. The signal-to-noise (S/N) ratio was 16-fold over a three-
standard-deviation noiselevel.
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subjected to the carrageenan model of inflaimmatory pain. This represents
52 pg of PGE, load onto the column and correlates with 150 pg of PGE,
present in the original 42-ul spinal fluid sample.

3.4. Recoveries

Our primary goal was to analyze as many eicosanoids in a single run as
possible. We chose to focus on maximizing the recovery of AA, pro-
staglandins, and HETEs. Table 3.1 shows the recoveries that this system
achieved for most of the analytes that we detect. These recoveries were
determined by adding a known amount of each analyte, contained in a
standard mix, to 2.0 ml of water or DMEM, and then isolating the eicosa-
noids via the standard sample preparation method previously outlined. We
also did an “‘add back” experiment where DMEM alone was extracted by
the same method; however, instead of adding an aliquot of the standard
eicosanoid mixture to the DMEM sample before extraction, the eicosanoids
were added to the post-extraction methanol column effluent. Losses in the
““add back” samples would indicate that materials in the media are being co-
extracted with the eicosanoids, and that these contaminants affect the
eicosanoid MS response. All three sets of samples were analyzed with our
LC-MS/MS procedure. The eicosanoid peak intensities of these samples
were compared to those of standards that had not been through the isolation
procedure, but instead were directly analyzed by LC-MS/MS.

Table 3.1 reports the relative recoveries of standards that were extracted
from DMEM. The mono- and di-hydroxy eicosanoids had excellent recov-
eries at between 75 and 100%. The leukotrienes and prostaglandins had only
moderate recoveries in the range of 50%. In most cases, the recoveries of these
compounds from water were in the 80 to 100% range. The “add back”
experiment showed that, for the prostaglandins, most of the losses occurred
in the “‘add back™ experiment, implying that some component from the media
is being extracted that decreases the MS response to the prostaglandins.
However, the “add back” levels for the cysteinyl leukotrienes were 100%
within experimental error, suggesting that the losses occurred during the
extraction process, and that media components are not aftecting leukotriene
detection. Tetranor PGEM and PGFM do not bind to the Strata-X SPE
columns under these conditions and could not be detected by this protocol.
The PGK; had very large errors, and extraction could not be measured. Again,
the yield of a given class of compounds could be improved by altering the
conditions or column type, but often at the expense of other analytes.

3.5. Miscellany

The process of culturing cells can affect the eicosanoid levels in other ways
as well. For example, PGD, can undergo dehydration to form PGJ,, 15d-
A'2:1% PGJ,, and 15d-A'21* PGD,. This dehydration has been reported to
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be accelerated in serum albumin (Fitzpatrick and Wynalda, 1983; Maxey
et al., 2000). This decomposition will not be compensated for by the
internal standards since they are not added until after the cell incubations.
We have also found that when 10% serum is present during the cell culture,
no LTC, could be detected; however, LTE,, which is a breakdown product
of LTC,, was detected. When the same experiments are run in serum-free
media, significant levels of the LTC, were detected, but very little LTE,.
Presumably, the serum is catalyzing the conversion of LTC, to LTE,.
Clearly, the types of recovery experiments outlined above must be con-
ducted whenever applying this system to a new type of sample (e.g. media,
serum, or tissues) or when changing the conditions of an already-tested
sample. Care must also be taken to determine the effects that the addition
of any agents (e.g., inhibitors, activators, or drugs) have on the extractions
and on the quantitation of any other analytes. LC-MS/MS should also be
done on the agents being added to determine if they have any MRM
transitions that could be mistaken for one of the standard analytes.

Traditionally, lipids solutions were routinely acidified before subjecting
them to liquid extractions. We compared our recoveries with and without
acidifying the media before application to the SPE columns. We found that
there were no significant differences; therefore, we do not routinely acidify
the media. It is possible that eicosanoids other than those we employed in
our testing could benefit by acidification. In addition, some eicosanoid
species are susceptible to air oxidation and/or adhere to vessels and should
not be taken to dryness. To guard against these losses, 20 ul of a 50/50
solution of glycerol/ethanol can be added to the methanol column elution
just before drying down the samples on the Speedvac. The glycerol remains,
and the eicosanoids are concentrated into the glycerol, which can then be
taken up in the LC equilibration bufter for LC-MS/MS analysis.

3.6. Summary

The method outlined above is a sensitive, accurate one for identifying and
quantitating a large number of eicosanoids in a single LC-MS/MS run. This
method can detect 1 pg (on column) of many eicosanoids, which is similar
to the sensitivity of EIA analysis. Its primary advantage is that a large number
of different species can be measured in a single analysis, while EIA analysis
requires specific antibodies that are often not commercially available.
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Abstract

Due to the large number of highly bioactive subspecies, elucidation of the roles
of sphingolipids in cell structure, signaling, and function is beginning to require
that one perform structure-specific and quantitative (i.e., “sphingolipidomic’)
analysis of all individual subspecies, or at least of those are relevant to the
biologic system of interest. As part of the LIPID MAPS Consortium, methods
have been developed and validated for the extraction, liquid chromatographic
(LC) separation, and identification and quantitation by electrospray ionization
(ESI), tandem mass spectrometry (MS/MS) using an internal standard cock-
tail that encompasses the signaling metabolites (e.g., ceramides, ceramide
1-phosphates, sphingoid bases, and sphingoid base 1-phosphates) as well as
more complex species (sphingomyelins, mono- and di-hexosylceramides). The
number of species that can be analyzed is growing rapidly with the addition of
sulfatides and other complex sphingolipids as more internal standards become
available. This review describes these methods as well as summarizes others
from the published literature.

Sphingolipids are an amazingly complex family of compounds that are found in
all eukaryotes as well as some prokaryotes and viruses. The size of the sphingo-
lipidome (i.e., all of the individual molecular species of sphingolipids) is not
known, but must be immense considering mammals have over 400 headgroup
variants (for a listing, see http://www.sphingomap.org), each of which is com-
prised of at least a few—and, in some cases, dozens—of lipid backbones. No
methods have yet been developed that can encompass so many different com-
pounds in a structurally specific and quantitative manner. Nonetheless, it is
possible to analyze useful subsets of the sphingolipidome, such as the back-
bone sphingolipids involved in signaling (sphingoid bases, sphingoid base
1-phosphates, ceramides, and ceramide 1-phosphates) and metabolites at impor-
tant branchpoints, such as the partitioning of ceramide into sphingomyelins,
glucosylceramides, galactosylceramides, and ceramide 1-phosphate versus
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turnover to the backbone sphingoid base. This review describes methodology that
has been developed as part of the LIPID MAPS Consortium (www.lipidmaps.org)
as well as other methods that can be used for sphingolipidomic analysis to the
extent that such is currently feasible. The focus of this review is primarily mam-
malian sphingolipids; hence, if readers are interested in methods to study other
organisms, they should consult the excellent review by Stephen Levery in another
volume of Methods in Enzymology (Levery, 2005), which covers additional species
found in plants, fungi, and other organisms.

It should be noted from the start that although many analytical challenges
remain in the development of methods to analyze the full “sphingolipidome,”
the major impediment to progress is the limited availability of reliable internal
standards for most of the compounds of interest. Because it is an intrinsic
feature of mass spectrometry that ion yields tend to vary considerably among
different compounds, sources, methods, and instruments, an analysis that
purports to be quantitative will not be conclusive unless enough internal
standards have been added to correct for these variables. Ideally, there should
be some way of standardizing every compound in the unknown mixture; how-
ever, that is difficult, if not impossible, to do because the compounds are not
available, and the inclusion of so many internal standards generates a spectrum
that may be too complex to interpret. Therefore, a few representative internal
standards are usually added, and any known differences in the ion yields of the
analytes of interest versus the spiked standard are factored into the calcula-
tions. Identification of appropriate internal standards has been a major focus of
the LIPID MAPS Consortium, and the methods described in this review are
based on the development of a certified (i.e., compositionally and quantitatively
defined by the supplier) internal standard cocktail that is now commercially
available (Avanti Polar Lipids, Alabaster, AL).

For practical and philosophical reasons, an internal standard cocktail was
chosen over the process of an investigator adding individual standards for only
the analytes of interest. On the practical level, addition of a single cocktail
minimizes pipetting errors as well as keeping track of whether each internal
standard is still usable (e.g., has it degraded while in solution?). Philosophically,
the internal standard cocktail was chosen because an underlying premise
of systems analysis asserts that, due to the high relevancy of unexpected inter-
relationships involving more distant components, one can only understand a
biological system when factors outside the primary focus of the experiment
have also been examined. Indeed, the first payoffs of “omics” and systems
approaches involve the discoveries of interesting compounds in unexpected
places when a “sphingolipidomic” analytical method was being used as routine
practice instead of a simpler method that would have only measured the com-
pound initially thought to be important (Zheng et al., 2006). Thus, routine addition
of a broad internal standard cocktail at the outset of any analysis maximizes the
opportunity for such discoveries, both at the time the original measurements are
made and when one decides to return to the samples later, which can fortunately
be done for many sphingolipids because they remain relatively stable in storage.
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1. INTRODUCTION: AN OVERVIEW OF SPHINGOLIPID
STRUCTURES AND NOMENCLATURE

An important first step in “omic” research is to have structurally precise
(yet convenient) ways of describing the compounds that have been measured
(e.g., instead of reporting the amount of unspecified “ceramides” in a
biological sample, report the individual subspecies). For sphingolipids, this
means specifying the nature of the sphingoid base backbones (sometimes also
called “long-chain bases”), the amide-linked fatty acids (found in most com-
plex sphingolipids), headgroups, and any other modifications. A proposed
nomenclature (Fahy et al., 2005) is described below, but it should always be
borne in mind that it is often not possible to unassailably prove some aspects of
the structure of a compound (i.e., the stereochemistry, positions of double
bonds, etc.) using MS alone. Nonetheless, in cases where nature has biased the
structures toward specific species, it is appropriate to propose structures based
on prior experience (as has been done for genes, proteins, glycans, etc.), while
ever mindful of these assumptions.

A substantial number of compounds in nature have sphingolipid-like
structures (such as fumonisins and myriocin); however, those that are formally
regarded to be sphingolipids have a lipid backbone comprised of a
1,3-dihydroxy, 2-amino alkane, or alkene as summarized in Fig. 4.1. The
most prevalent sphingoid base in mammalian cells is D-erythro-sphingosine,
(2S,3R,4E)-2-aminooctadec-4-ene-1,3-diol, which is also called E-sphing-
4-enine. A convenient abbreviation for sphingoid bases is to assign a letter
reflecting the number of hydroxyls (“d” referring to the two (di-) hydroxyl
groups and “‘t” for three, tri-) followed by numbers reflecting the length of
the alkyl chain (18 carbons for sphingosine) and the presence of double bonds.
If the location and stereochemistry of the double bond are known, it can be
depicted in various ways (e.g., 4E-18:1, 4-trans-d18:1, or d18:17asA4
for sphingosine), although this is usually implicit for mammalian sphingo-
lipids, and the usual abbreviation for sphingosine is ““d18:1.” This scheme
can quite easily depict other sphingoid bases that vary in alkyl chain length
(e.g., the d20:1 found in brain gangliosides) and the number and positions of
double bonds (e.g., the 4-trans-,14-cis-d18:2 found in brain and plasma), the
presence of additional hydroxyl groups (e.g., t18:0 for 4-hydroxysphinganine,
which is sometimes called phytosphingosine or the full chemical name
[2S,3R 4R |-2-amino-octadecane-1,3,4-triol), and other features.

Derivatives of sphingoid bases that retain the free amino group include the
sphingoid base 1-phosphates, sphingosylphosphocholine (lysosphingomyelin),
sphingosyl-hexoses (such as galactosylsphingosine, which is also called psy-
chosine), and N-methyl- derivatives (Zheng et al., 2006). N-acyl-derivatives
are often categorically called “ceramides,” although this name has begun to
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Backbone variation Headgroup variation
Sphingoid base: n, oM Phosphosphingolipids:

N -OP(0;)O-choline, Sphingomyelin
Sphinganine (d18:0) HN H Glveosphingoliids:

Glc, Gal, Lac, Sulfatides...>400
(see www.sphingomap.org)

4-Hydroxysphinganine !
(phytosphingosine) (t18:0) GalNAc 11 GlcCer
D-erythro-sphingosine (d18:1) OH”&/ (&/I}dactosylceramide (LacCer) |
H OH Ho OH © o:(NH  coH o

é HOOC.
NH H Gal on
\/\/\/\/\/\/\/Y 1o, o I Gle
Ceramide: o Ho—nes V on 1

o NeuAc GM3
Shown:  N-palmitoylsphingosine (d18:1/16:0) GM1 L |
Other fatty acids- L 1
typically C16-C26
0-1 double bond NeuSAca2-3(Galpl-3GalNAcpl-4)Gall-4Glel-1Cer
sometimes a-hydroxy II3Neu5AcGg,Cer

Figure 4.1 Examples of structures of sphingolipids and nomenclature and abbreviations
used.

specify N-acylsphingosines, so N-acylsphinganines are called dihydrocera-
mides, and N-acyl-4D-hydroxysphinganines are often called “phytocera-
mides” or “4-hydroxydihydroceramides” (with the hydroxyl specified to
distinguish them from o-hydroxyceramides, where the hydroxyl group is on
the fatty acid). These are the major species in most mammalian sphingolipids,
and, in instances where other sphingoid bases are present, the names connote
the added features of the backbone, if they have been determined (which is
often not the case). The amide-linked fatty acids are typically saturated or
monounsaturated with chain lengths from 14 to 26 carbon atoms (or even
longer in the special case of skin), and sometimes have a hydroxyl group on
the o- or w-carbon atom. The abbreviated nomenclature for ceramides lists
the features of the fatty acid after those of the sphingoid base; for example,
N-palmitoylsphingosine can be abbreviated d18:1;16:0 or d18:1/16:0, and
N-a-hydroxypalmitoylsphingosine is d18:1;h16:0 or d18:1/h16:0.

The so-called “complex” sphingolipids are comprised of a “ceramide”
backbone with a headgroup in phospho- or glycosyl-linkage to the
1-hydroxyl (an enzyme that adds a fatty acid to the 1-hydroxyl has also been
found, but its physiologic function is not yet clear) (Shayman and Abe, 2000).
The major phosphosphingolipids of mammals are ceramide phosphates
and sphingomyelins (ceramide phosphocholines); however, since other
organisms have additional categories of phosphosphingolipids (e.g., ceramide
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phosphoethanolamines and phosphoinositols), these broader categories
are nonetheless encountered by mammals in food, and thus some microflora
might be detected in some tissues if the methods are sufficiently sensitive. The
major glycosphingolipids of mammalian organisms have glucose (Glc) or
galactose (Gal) attached in f-glycosidic linkage, to which additional carbohy-
drates and functional groups may be attached. Glycosphingolipids are classified
several ways, with the most general being to subdivide them into neutral
glycosphingolipids, which contain one or more uncharged sugars such as Glc,
Gal, N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), and
fucose (Fuc) versus acidic glycosphingolipids, which additionally contain
ionized functional groups, phosphate, sulfate, or charged sugar residues such
as sialic acid—a generic term that encompasses N-acetylneuraminic acid,
NeuAc, and a large family of structurally related compounds that vary with
the species (e.g., mice also have N-glcolyl-neuraminic acid, NeuGc).

The galactosylceramide (GalCer) branch is relatively small—about a
half-dozen headgroup species—of which the sulfatides (sulfated GalCer
and Gal-GalCer) are the most prevalent. In contrast, hundreds of glyco-
lipids exist downstream from glucosylceramide (GlcCer), and additional
information about their structures can be obtained from websites such
as www.glycoforum.gr.jp and www.sphingomap.org. The nomenclature
for these compounds has been systematized (Chester, 1998), and is based on
five major “root” glycans from which most of the more complex glyco-
sphingolipids derive (ganglio-, Gg; globo-, Gb, and isoglobo-, iGb; lacto-,

Nomenclature for classification of glycosphingolipids

Root name Carbohydrate in the “root” structure Other

(Abbrev) v 111 i 1 subcategories

Ganglio (Gg) Galpl-3GalNAcpl1-4Galpl-4Glcpl-Cer

Lacto (Lc) GalB1-3GIcNAcp1-3Galg1-4Glcpl-Cer

Neolacto (nLc) Galp1-4GlecNAcpl1-3Galf1-4Glepl-Cer

Globo (Gb) GalNAcpl1-3Galal-4Galpl-4Glcp 1-Cer

Isoglobo (iGb) GalNAcp1-3Galal-3Galp1-4Glcpl-Cer

Mollu (Mu) GalNAcp1-2Manal-3Manp1-4Glcpl-Cer

Arthro (At) GalNAcB1-4GIcNAcBl-3ManB1-4Glcpl-Cer

Ganglioside (Gn) Contain N-acetyl (NeuAc)
(n = # of neuraminic acids; or N—glycolylj (N?UGC)
M(Ono), D(dl-), T(ri_)’ etC.) neuraminic aCld

(Sialic acid)
Galactose series Galg-1Cer
Sulfatide contain sulfate

Figure 4.2 Classification of glycosphingolipids.
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Lc, and neolacto-, nlc), as shown in Fig. 4.2. Use of these root names helps
simplify the nomenclature somewhat. For example, the compound shown
in Fig. 4.1 can be described as Neu5Ac02—3(Galf1-3GalNAcf1-4)Galf1-
4Glc1-1Cer or as [I°Neu5AcGg4Cer; however, in many cases, this is still so
cumbersome that historic names for some of the more common compounds
are often used (i.e., the same compound in Fig. 4.1 is called ganglioside
GM1a). The Svennerhold system uses G to depict that the compound is a
ganglioside, with the number of sialic acid residues denoted with a capital
letter (i.e., Mono-, Di- or Tri-) plus a number reflecting the subspecies
within that category, such as ganglioside GM1 versus GM3, etc. For a few
glycosphingolipids, historically assigned names as antigens and blood group
structures are also in common usage (e.g., Lexis x and sialyl Lewis x). It does
not appear that a nomenclature has yet been chosen for sphingolipids
that are covalently attached to protein (e.g., -hydroxy—ceramides
and —glucosylceramides are attached to surface proteins of skin; inositol-
phosphoceramides are used as membrane anchors for some fungal proteins).

2. ANALYSIS OF SPHINGOLIPIDS BY
MASS SPECTROMETRY

Due to the structural complexity of sphingolipids, MS has been used
for their analysis for decades; however, extension of the technology to
quantitative analysis is a newer development.

2.1. Electron ionization-mass spectrometry

Electron ionization MS (EI-MS) was initially used to elucidate the structures
of ceramides (Samuelsson and Samuelsson, 1968, 1969a) and neutral glyco-
sphingolipids (Samuelsson and Samuelsson, 1969b; Sweeley and Dawson,
1969). These early experiments permitted the analysis of sphingolipids
as intact molecular species and yielded diagnostic fragmentations that could
distinguish i1someric structures (Hammarstrom and Samuelsson, 1970;
Samuelsson and Samuelsson, 1970). Because these molecules were either
relatively large or polar, they required derivatization to trimethylsilyl (64) or
permethyl ethers to reduce the polarity and increase volatility for efficient
transfer to the gas phase. However, EI induced extensive fragmentation
owing to its relatively high-energy imparted during ionization, which in
some cases prevented observation of intact higher mass molecular ions.
Additionally, resolution of complex mixtures with varying headgroups,
sphingoid bases, and N-acyl combinations was particularly challenging
using these methods, as resulting spectra displayed multiple fragments
from multiple precursors.
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2.2. Fast atom bombardment and liquid secondary ionization
mass spectrometry

Fast atom bombardment (FAB) and lipid secondary ionization mass
spectrometry (LSIMS) are ionization techniques in which nonvolatile
liquids are ionized off a probe tip by bombardment with a beam of either
accelerated atoms or ions. FAB and LSIMS are considered to be much
“softer”” ionization techniques than EI because they eliminate the need for
derivatization and yield intact molecular ions with less fragmentation, thus
making them more amenable to analysis of somewhat complex mixtures of
monohexosylceramides (Hamanaka et al., 1989), sphingoid bases (Hara and
Taketomi, 1983), and sphingomyelins (Hayashi ef al., 1989).

Structural information can also be obtained from these methods of MS
analysis, especially if MS/MS analyses are employed to select an ion of
interest, collisionally dissociate it, and detect the resultant product ions.
When either (M 4+ H)* or (M — H) ™ precursor ions fragment, they do so at
specific positions to yield product ions distinctive for sphingolipid head-
groups, sphingoid bases, and N-acyl fatty acids (Adams and Ann, 1993).
These pathways of fragmentation can be influenced by the inclusion of
alkali metal ions as (M 4+ Me™*)™ where Me™ = Lit, Na™, K, Rb™, or Cs*
(Ann and Adams, 1992).

A limitation of FAB and LSIMS is that both require a matrix to ionize
the analyte. These matrices induce a significant amount of background
chemical noise, which can limit sensitivity, especially for lower molecular
mass species, such as the free sphingoid bases. Methods such as Dynamic
FAB (Suzuki ef al., 1989, 1990) partially solved this problem with continu-
ous application of solvent and matrix to the probe tip; however, the
~100-fold reduction in background noise was not enough to completely
eliminate background chemical noise from the matrix at low analyte
concentrations.

2.3. Electrospray ionization

The electrospray ionization method allows solutions containing sphingolipids
to be infused directly into the ion source of a mass spectrometer through
a hollow metal needle that is held at a high positive or negative potential.
At the ending tip of the needle, highly charged droplets form and are drawn
into the orifice of the MS by both a potential and an atmospheric pressure
difference. During transition from atmospheric pressure to vacuum, the
solvent evaporates, whereas the analyte of interest remains as an ionized species
in the gas phase. ESI is a much softer ionization technique, and yields primarily
intact ions with little or no fragmentation when the ionization conditions have
been optimized.
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2.4. Liquid chromatography, electrospray ionization, mass
spectrometry and tandem mass spectrometry

Since ESI already involves infusion of liquids into the MS, it is a logical
extension to use ESI-MS to analyze the eluates from liquid chromatography.
From the MS perspective, this has the advantage that the LC can be used for
desalting of the compounds of interest as well as to enhance the sensitivity by
chromatographic focusing of the sample in a small volume, in addition to
whatever desirable separations have been achieved as a result of the LC (e.g., to
separate isomers that might not be distinguished by MS alone). LC also reduces
the complexity of the eluent at any given elution time, which greatly decreases
ionization suppression eftects from other species, further improving quantitative
accuracy and sensitivity.

LC-MS/MS has been used to identify, quantify, and determine the struc-
tures of free sphingoid bases, free sphingoid base phosphates, ceramides,
monohexosylceramides (both galactosylceramides and glucosylceramides),
lactosylceramides, sphingomyelins (Merrill ef al., 2005; Sullards, 2000;
Sullards and Merrill, 2001), and more complex glycosphingolipids (Kushi
et al., 1989; Suzuki et al., 1991). Complete chromatographic resolution of all
individual species is not required in LC-MS/MS because the mass spectro-
meter is able to differentiate between many components present in a mixture
by their mass and structure (e.g., all of the N-acyl chain-length variants of Cer)
(Bielawski et al., 2006; Merrill et al., 2005; Pettus et al., 2003; Sullards and
Merrill, 2001). Sphingolipid separations have mainly been distributed between
two types of LC: reversed phase (Kaga et al., 2005; Lee et al., 2003; Merrill
et al., 2005) for separations based on the length and saturation of N-acyl chains
(e.g., to separate sphingosine and sphinganine) and normal phase (Merrill ef al.,
2005; Pacetti et al., 2005; Pettus et al., 2004) to separate compounds primarily
by their headgroup constituents (e.g., resolving ceramide from sphingomye-
lin, etc.). The advantages that are derived from LC separation prior to MS may
not be immediately obvious. For example, sphingosine and sphinganine have
easily resolved precursor and product ions and can be analyzed without LC;
however, sphingosine is typically much more abundant in biological samples
than sphinganine, and the (M + 2) isotope of sphingosine, which has the same
precursor mass-to-charge ratio (m/z) as sphinganine, interferes with the
quantitation of sphinganine unless the sphingoid bases have been separated
by LC (Merrill ef al., 2005).

2.5. MALDI, mass spectrometry, and tandem
mass spectrometry

Matrix-assisted laser desorption/ionization (MALDI) has been used to
identify ceramides, monohexosylceramides, and sphingomyelins (Fujiwaki
et al., 1999) as well as complex glycosphingolipids such as lactosylceramides
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and gangliosides (Suzuki ef al., 2006). Samples are prepared for MALDI by
mixing a solution containing the analyte with a solution containing a
MALDI matrix compound, which is typically a small substituted organic
acid that contains a moiety that can absorb the photonic energy of the laser.
Absorption of the laser energy causes the matrix to become vibrationally
excited and volatilize, taking analyte molecules with it into the gas phase
and inducing charge exchange reactions between the excited matrix com-
pound and the analyte. This causes the analyte to become ionized, typically
as a singly charged species even if the analyte has multiple potentially
ionizable moieties. Therefore, one advantage of MALDI ionization is that
compounds that might otherwise give complex spectra due to multiple
ionization states will show fewer peaks in MALDI. Choice of the matrix
is key to successful generation of intact molecular species with minimal
fragmentation and has been thoroughly reviewed (David, 2006). A compli-
cation in MALDI is that the matrix produces background chemical noise at
lower m/z values that can preclude analysis of smaller compounds. MALDI
ionization is typically used in conjunction with time-of-flight (TOF) mass
analyzers because the laser pulse and resulting ion plume provide a discreet
event that is compatible with TOF mass analysis.

3. ANALYSIS OF SPHINGOLIPIDS
BY “OMIC’’ APPROACHES

The large numbers of compounds and the wide range of chemical
properties—{rom essentially water-insoluble for ceramides to highly water-
soluble sphingosine 1-phosphate and some glycosphingolipids—pose spe-
cial challenges in the development of methods that can analyze a significant
fraction of the sphingolipidome. First, one must have a method that extracts
all of the compounds from the biological sample of interest. Then, the
compounds must be detected in ways that distinguish even compounds that
are closely related structurally (and in some cases, are isobars or isomers,
such as GlcCer and GalCer). Ultimately, the methods should be able to
establish the amounts of each compound, or at least to be able to detect
changes or differences.

Some laboratories have approached this by so-called “shotgun” meth-
odologies where mixtures of compounds in relatively crude extracts are
ionized by ESI or MALDI, and the identities of the compounds of interest in
the complex mass spectra are discerned by methods such as fragmentation
followed by subsequent MS/MS (see “Other Methods” section). This
approach is a sensible one for an initial survey of an extract from a biological
material; however, many dangers are inherent in “‘shotgun” lipidomics, not
the least of which is its inability to discern differences between isomeric species
(such as GlcCer and GalCer); the frequent occurrence of other compounds in
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crude extracts may affect ionization and, hence, not only complicate quantita-
tive analysis but also lead to the impression that some compounds are not
present when they actually are. Modifications of the shotgun approach that use
a pre-MS fractionation method such as LC greatly improve its reliability.

An alternative approach is to develop LC-MS/MS methods for a more
modest number of compounds in which the structural identification and
quantitation are more robust from the outset, then add more species as
experience (and the availability of the appropriate internal standards) allows.
This approach was taken by the Sphingolipid Core of the LIPID MAPS
Consortium under the descriptor “inside-out sphingolipidomics,” which
refers to a focus on methodologies that establish the nature and amounts of
the lipid backbones (sphingoid bases and ceramides) followed by the more
complex derivatives. Thus, the categories of compounds that are currently
covered by these methods follow the de novo biosynthetic pathway (as well as
turnover of the lipid backbones), as summarized in Fig. 4.3.

LC-MS/MS was chosen because it provides: (1) a high level of specific-
ity with regard to differentiation of complex molecular species via retention
time, molecular mass, and structure; (2) levels of sensitivity that are orders of
magnitude higher than that of classical techniques—often ~1 fmole or less,
as is needed for analysis of small samples (~10° to 10° cells); and (3) signal
responses that can be more readily correlated with the amounts of the
analytes across a wide dynamic range, which is important for the “omics”
analysis to be useful for systems biology studies. In spite of all these positive
attributes, one still needs to be careful in the choice of sample handling and
extraction protocols, validation of the internal standards, and other aspects
for LC-MS/MS to fulfill its promise as a quantitative MS analysis technique.
The separation that is achieved by LC can have the desired effect of removing
lonization-suppressing contaminants, and possibly resolving isomeric species
that could compromise the analysis; however, it might also make it difficult to
obtain uniform ionization of unknowns and standards if they elute from the
LC under different solvent conditions. Thus, in the selection of an LC
method, it is desirable to have as many as possible of the analytes elute in
the same fraction as the standards and, when this is not possible, to have
enough internal standards to assess any variation in ion yield that might be
affected by the solvent composition where the analytes elute.

Fortunately, sphingolipids tend to be readily ionized, and many frag-
ment to produce abundant and distinctive product ions that are indicative of
the headgroup, sphingoid base, or fatty acid moieties (Fig. 4.4). Free sphin-
goid bases and most complex sphingolipids ionize readily via ESI in the
positive ion mode to form (M + H)* ions, and sphingoid base-1-phosphates,
ceramide-1-phosphates, sphingomyelins, sulfatides, and gangliosides form
abundant M —H)~, (M —15)7, and (M — nH)"~ species, respectively, when
ionized in the negative ion mode. Each also undergoes structure-specific
fragmentation that can be used for identification in MS/MS mode as a
precursor—product pair or by neutral loss.
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Figure 4.3 Partial metabolic pathway for sphingolipid biosynthesis (and turnover of ceramide) summarizing the compounds analyzed by the
sphingolipidomic method described in this review, with structures of selected species and numerically designated enzymatic reactions. CerS/
Lass refers to the gene family for ceramide synthases that have the shown selectivity for fatty acyl-CoAs to produce the compounds shown.
Also shown is the transacylase that can form N-acetyl-sphingoid bases (C2-ceramide); a separate enzyme produces the 1-O-acylceramides.
For simplicity, the downstream metabolites are only shown for the C16:0 subspecies; however, the same complexity will be found for the other
subspecies. For other abbreviations, see Fig.4.1.
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Figure 4.4 Fragmentation of sphingolipids observed in the positive ion mode. Fragmen-
tation of long-chain bases, long-chain base phosphates, ceramides, and monohexosylcera-
mides involves dehydration at the 3-position, dehydration at the 1-position, or cleavage of
the 1-position moiety with charge retention on the sphingoid base. Sphingomyelin simi-
larly cleaves at the 1-position; however, the charge is retained on the phosphoryl choline
headgroupyielding the m/z184ion.

Much of the power of LC-MS/MS lies in the improbability that many
biomolecules will have the same characteristics on LC, ionize to yield the same
precursor m/z, and give the same fragment ion(s). This said, in LC-MS/MS,
there is a trade-oft in the amount of time that one can spend resolving
the categories of compounds of interest by LC (i.e., one tries to keep the
time for the LC as short as possible to allow more samples to be run) versus the
multireaction monitoring (MR M) pairs that can be monitored during the time
when compounds of interest are eluting from the column.

The sphingolipidomic method developed for the LIPID MAPS Con-
sortium uses LC-MS/MS and has been used to identify and quantify a wide
range of sphingolipids by optimizing the extraction yields (Fig. 4.5), LC,
and MS parameters (Fig. 4.6), as described below for the published methods
(Merrill et al., 2005; Sullards and Merrill, 2001) with minor modifications,
along with a brief description of the newer methods that are in development
for sulfatides and other species.

4. MATERIALS AND METHODS
Many methods have been developed for analysis of sphingolipids

from the first intermediates of the de mnovo biosynthetic pathway
(i.e., 3-ketosphinganine, sphinganine and sphinganine 1-phosphate, and
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Figure 4.5 Summary of the extraction scheme used for these methods.
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Figure 4.6 Summary of the work flow and metabolites analyzed by LC-ESI-MS/MS of sphingolipids by the methods described in the text.
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dihydroceramides) through the metabolites of ceramide (ceramide phos-
phate, sphingomyelin, GlcCer, GalCer, and sphingosine and sphingosine
1-phosphate).

5. MATERIALS

5.1. Biological samples

The biological sample can range from cells in culture (typically 1 x 10° cells,
but depending on the analyte of interest, several orders of magnitude fewer
cells might be sufficient). The same protocol is also effective with many other
biological samples, such as 1 to 10 mg of tissue homogenates at 10% wet
weight per volume in phosphate-buftered saline (PBS), small volumes (1 to
10 ul) of blood, urine, and the like. However, the recovery and optimization
of the extraction volume, time, and other aspects should be tested for each
new sample type. Tissue culture medium (typically 0.1 to 0.5 ml) can also be
analyzed, but should be lyophilized first (in the test tubes described in the next
paragraph) before extraction to reduce the aqueous volume. When the
samples are prepared, aliquots or duplicate samples should be assayed for the
normalizing parameter (ug DNA, mg protein, cell count, etc.) to be used. In
our experience, it is best to do these assays first because, if they fail, the effort
invested in the lipid analysis will be wasted.

The samples should be placed in Pyrex 13 X 100—mm borosilicate,
screw-capped glass test tubes with Teflon caps (the Corning number for
these tubes with Teflon-lined caps 1s 9826—13). It is vital that these specific
tubes be used because transfer of samples from one container to another is
often a source of variability and frustration. The samples should be stored
frozen at —80° until extracted. If it is necessary to ship the samples, this
should be done in a shipping container that keeps the vials frozen, separated,
and “‘right-side-up,” such as Exakt-Pak containers (catalog number for
containers holding up to 20 wvials, MD8000V20; for 40 wvials,
MD8010V40) (http://www.exaktpak.com/).

6. EXTRACTION

The steps of this extraction scheme have been summarized in Fig. 4.5.

1. Start with the samplesin 13 X 100—mm screw-capped glass test tubes with
Teflon caps. Most samples (washed cells, tissue homogenates, etc.) will
already have an approximate aqueous volume of ~0.1 ml; if not (e.g., if
the sample has been lyophilized), bring to this volume with water.
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2. Add 0.5 ml of methanol, then 0.25 ml of chloroform and the internal
standard cocktail (which contains 0.5 nmol each of the C12:0 fatty acid
homologs of SM, Cer, GlcCer, LacCer, and ceramide 1-phosphate;
C25-ceramide; and d17:1 sphingosine, d17:0 sphinganine, d17:1 sphin-
gosine 1-phosphate, and d17:0 sphinganine-1-phosphate) (Avanti Polar
Lipids, Alabaster, AL).

3. Sonicate as needed to disperse the sample, then incubate overnight at 48°
in a heating block.

4. Cool and add 75 ul of 1 M KOH in methanol, sonicate, and incubate
2 hr at 37°. (This step reduces clogging of the LC columns, but can be
eliminated for some samples, if desired.)

5. Transfer half of the extract (which will be used for analysis of the more
polar sphingolipids, such as sphingoid bases and sphingoid base
1-phosphates, by reverse phase LC-ESI-MS/MS) (0.4 ml) to a new test
tube (this will be used in the next section).

6. To the half of the extract that remains in the original test tube(s), add 3 ul
of glacial acetic acid to bring the pH to ~ neutral, then add 1 ml of
chloroform and 2 ml of distilled, deionized water, and mix with a rocking
motion to avoid formation of an emulsion.

7. Centrifuge in a tabletop centrifuge to separate the layers, then carefully
remove the upper layer with a Pasteur pipette, leaving the interface (with
some water).

8. Evaporate the lower phase to dryness under reduced pressure (using a
stream of N or a speed vac) and save this fraction for normal phase LC-
ESI-MS/MS of the complex sphingolipids.

6.1. Preparation of samples for LC-MS/MS

For the sphingoid base fraction (Step 5 in “Extraction” section), use a
tabletop centrifuge to remove insoluble material, then transfer to a new
glass test tube and evaporate the solvent under N, or reduced pressure
(speed vac). Add 300 ul of the appropriate mobile phase (as shown later)
for reverse-phase LC-ESI-MS/MS, sonicate, then transfer to 1.5-ml micro-
fuge tubes (organic solvent resistant) and centrifuge for several minutes or
until clear. Transfer 100 ul of the clear supernatant into a 200-ul glass
autoinjector sample vial for LC-ESI-MS/MS analysis.

Prepare the extract for normal-phase LC-ESI-MS/MS (Step 8 in
“Extraction’ section) in the same manner, but using the appropriate mobile
phase.

Note: For some samples, slightly higher recoveries and/or more uniform
recoveries across different sphingolipid subspecies are obtained if the residue
from these redissolving steps are treated again and the extracts pooled.
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7. IDENTIFICATION OF THE MOLECULAR SPECIES BY
TANDEM MASS SPECTROMETRY

The first step of the analysis is to identify the molecular subspecies of each
category of sphingolipid that is present by analysis of their unique fragmenta-
tion products using precursor ion or neutral loss scans. Once these subspecies
have been identified, the investigator can build an MRM protocol for quanti-
tative analysis of those analytes for which both the ionization and dissociation
(collision energy) conditions have been optimized for individual molecular
species. These parameters will vary from instrument to instrument, and thus
are left to the investigator to perform based on their own circumstances
(examples of parameters have been given in Merrill ef al., 2005). A general
scheme for the instrumentation is given in Fig. 4.6.

7.1. Materials for infusion and LC-ESI-MS/MS

Positive-ion infusion spray solution: CH3;OH/HCOOH (99:1) (v:v)
containing 5-mM ammonium formate.

Reverse-phase LC:

1. The recommended reverse-phase LC column is a Supelco 2.1 mmi.d. X
5 cm Discovery C18 column (Supelco, Bellefont, PA).
2. The tollowing are solvents for reverse phase LC:

a. Reverse-phase LC solution A: CH;0H/H,O/HCOOH (74:25:1)
(v:v:v) with 5-mM ammonium formate

b. Reverse-phase LC solution B: CH;OH/HCOOH (99:1) (v:v) with
5-mM ammonium formate

Normal-phase LC:

1. The recommended normal-phase column is a Supelco 2.1 mm i.d. X 5 cm
LC-NH, column, with the exception for the LC method for separation of
GlcCerand GalCer, which usesa Supelco 2.1 mmi.d. X 25 cm LC-Si column.

2. The following are solvents for normal-phase LC:

Normal-phase solvent A: CH3;CN/CH;OH/CH;COOH (97:2:1)
(v:v:v) with 5-mM ammonium acetate
Normal-phase solvent B: CH;OH:CH;COOH (99:1) (v:v) with

5-mM ammonium acetate

7.2. Sphingolipid subspecies characterization prior
to quantitative LC-MS/MS analysis

1. Dilute a 50-ul aliquot (one-sixth of complex fraction) of the reconstituted
sample for complex sphingolipid analysis (as described in Section 6.1) to a
final volume of 1 ml with positive ion infusion spray solution.
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2. Infuse this solution into the ion source with a 1-ml syringe at 0.6 ml/hr.
3. Perform precursor ion scan(s) for predetermined unique molecular
decomposition products (e.g., fragment ions of m/z 264 and 266 for
the d18:1 and d18:0 sphingoid base backbones, respectively, and m/z

184 for SM, etc.).

4. Identify the sphingolipid precursor and product ion pairs for species
present, noting potential isobaric combinations of sphingoid base and
N-acyl fatty acids.

Note: At this point, it is usually most time-efficient to reanalyze the
sample by LC-ESI-MS/MS using the LC method described below since the
final optimization of the ionization parameters will need to be done with
the same solvent composition as the compounds of interest elute from LC.
5. Using the “parts list” of species (Fig. 4.4) for each observed subspecies,

determine the optimal ionization conditions and collision energy for each

species. Typically, collision energy will need to be increased within each
sphingolipid class as the N-acyl chain or sphingoid base increases in
length.

8. QUANTITATION BY LC-ESI-MS/MS UsiING
MULTIREACTION MONITORING

The optimized ionization and fragmentation conditions for each ana-
lyte of interest, combined with the LC elution position, are used to con-
struct the MRM analysis protocols. In MRM, the mass spectrometer is
programmed to monitor specific, individually optimized precursor and
product ion pairs (with respect to instrument parameters for highest yield
of the precursor and product ions of interest) in specific LC timeframes. The
signal generated by each ion transition in most cases uniquely identifies a
particular molecular species by retention time, mass, and structure, although
there are still rare occasions where another compound adds to the signal;
hence, whenever possible, samples should be examined for this possibility
by another technique, such as further analysis of the ions of interest by
tandem MS or by an orthogonal technique, such as comparing the results of
other types of chromatographic separation, ionization (e.g., positive versus
negative ion mode), and fragmentation. To determine the relationships
between the signal response for the spiked internal standard (which can be
very close to 1:1 for some instruments, such as the ABI 4000 QTrap when
the MRM parameters have been optimized) and a correction factor (if
needed), one typically compares the internal standard with the analyte of
interest (e.g., the 17 carbon homolog of sphingosine [d17:1] versus naturally
occurring sphingosine [d18:1]; in the case of more complex sphingolipids,
C12-chain—length internal standard vs at least two chain length variants,
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such as the C16- and C24-chain—length versions of the analyte, which are
usually available commercially [from Avanti Polar Lipids, Alabaser, AL,
Matreya, Pleasant Gap, PA, among others]). This comparison has been per-
formed for all of the species covered by the standard cocktail mix, and a very
high equivalence exists between the ion yields of most of the naturally
occurring analytes and the selected standard when analyzed using the ABI
4000 QTrap; however, some categories show more deviation using the API
3000 triple quadrupole instrument, which illustrates the need to determine
these relationships for the particular instrument being used for the analysis.

8.1. Analysis of sphingoid bases and sphingoid base
1-phosphates in positive ion mode

1. Portions of the reconstituted samples (prepared above) are diluted with
reverse-phase LC solutions A and B for a final A:B ratio of 80:20 (v:v). (If
it is desirable to concentrate the sample, the solvent can be removed by
evaporation and then the residue redissolved in this solvent mixture.)
The samples are centrifuged to remove any precipitate, and then placed
in autosampler vials and loaded into the autosampler.

2. The LC column (reverse-phase C18) is equilibrated with reverse-phase
LC solution A and B (80:20) for 0.5 min at flow rate of 1.0 ml/min.

3. The sample (typically 10 to 50 pul) is injected (then the needle is pro-
grammed to wash with at least 5 ml of reverse-phase solution A to
prevent potential sample carryover) and the following elution protocol
is followed (at a flow rate of 1.0 ml per minute):

a. Wash the column for 0.6 min with reverse-phase solutions A and B
(80:20, v:v).

b. Apply a linear gradient to 100% of reverse-phase solution B over
0.6 min.

c. Wash with 100% reverse-phase solution B for 0.3 min.

d. Apply a linear gradient to reverse-phase solution A:B (80:20) over
0.3 min.

e. Re-equilibrate the column with a 80:20 mix of reverse-phase solu-
tions A and B for 0.5 min.

4. Determine the areas under the peaks for internal standards and analytes of
interest using extracted ion chromatograms.
5. Quantify analytes relative to internal standard spike.

During the LC run, the ions of interest are followed as described by Merrill
et al. (2005), with the salient points summarized here with comparisons
between two types of mass analyzers, a triple quadrupole MS/MS (the API
3000), and a hybrid quadrupole-linear ion trap (ABI 4000 QTrap, Applied
Biosystems, Foster City, CA). Positive mode analysis of the (M + H)™ ions of
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long-chain bases such as sphingosine (d18:1), sphinganine (d18:0), 4-D-
hydroxysphinganine (t18:0), the 17-carbon homologs (d17:1 and d17:0),
and the 20-carbon homologs (d20:1 and d20:0) by MS/MS reveals that they
fragment via single and double dehydration to product ions of m/z 282/264,
284/266 (sphinganine also fragments to a headgroup ion with m/z 60 that can
be followed to avoid overlap with sphingosine isotopes), 300/282/264, 268/
250, 270/252, 310/292, and 312/294, respectively. The ratios between
single- and double-dehydration products varies by collision energy and type
of mass spectrometer. Signal response for the single-dehydration products is
greater than double-dehydration products in the ABI 4000 QTrap (even given
higher collision energies), whereas in the API 3000 triple quadrupole, the ratio
is reversed, with a much stronger double-dehydration signal than for single
dehydration. Sphingoid base 1-phosphates derivatives undergo a similar dehy-
dration and cleavage of the headgroup to yield the same m/z product ions as
the double-dehydrated product ions described above; however, this does not
interfere with their analysis in the same run because they are distinguished both
by their precursor ion mass and retention times on LC.

[onization parameters for sphingoid bases and sphingoid base
1-phosphates are similar for sphingoid bases containing 17 to 20 carbons.
(In the API 3000 triple quadrupole ionization, settings are identical; how-
ever small eV differences are required in the ABI 4000 QTrap to achieve
optimal signal response.) The main variable in these analyses is collision
energy, which increases with sphingoid base chain length. Modifications to
sphingoid bases such as N-methylation, additional sites of unsaturation, and
hydroxyl addition will also require increasing collision energy and can be
detected by shifts in precursor and product ion m/z as well as alteration of
reverse-phase LC retention. Although one must check if there are changes
in ion yield due to differences in the elution solvent, possible ion suppres-
sing compounds in crude extracts, or other changes when compounds in a
subspecies series elute slightly differently from the LC, small shifts in
retention provide a useful verification of the identities of the species when
product ions are otherwise identical.

Notes on 3-ketosphingoid base analysis: 3-Ketosphinganine (3kSa) can
be analyzed by reverse-phase LC with the other sphingoid bases. It has the
same precursor m/z as sphingosine, and, although there are differences in
the degree of dehydration in the fragments (sphingosine fragments primarily
to m/z 264 whereas 3-ketosphinganine fragments to m/z 282), the most
reliable way to differentiate these compounds is by examining
the differences in elution on reverse-phase LC (3-ketosphinganine
elutes after sphingosine). Interestingly, one also finds 3-keto-sphingoid
bases as part of 3-ketodihydroceramides, which are identifiable by earlier
elution on normal-phase LC as peak pairs with normal ceramide (with
3-ketodihydroceramide eluting first).
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9. ANALYSIS OF (DIHYDRO)CERAMIDES,
gDIHYDRO;SPHINGOMYELINS, AND
DIHYDRO)MONOHEXOSYL-CERAMIDES
IN PosITIVE lON MODE

1. Portions of the reconstituted samples (as prepared in a previous section)
are diluted with normal-phase solution A. (If it is desirable to concentrate
the sample, the solvent can be removed by evaporation and the residue
redissolved in this solvent mixture.) The samples are centrifuged to
remove any precipitate and then placed in autosampler vials and loaded
into the autosampler.

2. The normal-phase LC-NH, column (Supelco 2.1 mm id. X 5cm
LC-NH,) is equilibrated for 0.5 min with normal-phase solution A
(98:2, v:v) at 1.5 ml/min.

3. The sample (typically 10 to 50 ul) is injected (then the needle is
programmed to wash with at least 5 ml of normal-phase solution A to
prevent potential sample carryover), and the following elution protocol is
followed (at a flow rate of 1.5 ml/min):

. Wash the column 0.5 min with normal-phase solution A.
. Apply a linear gradient to 10% normal-phase solution B over 0.2 min.
. Hold at A:B (90:10, v:v) for 0.5 min.
. Gradient over 0.4 min to normal-phase solutions A and B (82:18, v:v).
. Hold at A:B (82:18, v:v) for 0.6 min.

Apply alinear gradient to 100% normal-phase solution B over 0.4 min.
. Re-equilibrate the column with normal-phase solution A for 0.5 min.

Q Mmoo a0 o

Note: By this protocol, one monitors the specific precursor and product
ion transitions for ceramides for the first 0.8 min, followed by monohex-
osylceramides for 1.15 min and then sphingomyelins for 1.05 min; how-
ever, due to age or brand of column, the elution of monohexosylceramides
may shift, requiring time adjustment as needed.

Note regarding chromatography in general: It is useful to bear in mind that,
when converting methods between two different size columns, it is advisable to
convert flow rates, hold times, and gradients based on column volume. Pre-
gradient holds should be at least five to six column volumes worth of solvent; for
maximum resolution during a gradient, solvent change per column volume
should be 2 to 4%. For the columns described in this review, the lengths described
correspond to the column volumes in parentheses: 2.1 X 50 mm (0.11 ml), 2.1 x
150 mm (0.33 ml), and 2.1 x 250 mm (0.55 ml). Also, as columns are changed,
check the recommended flow rates for that column length.

4. Determine the areas under the peaks for internal standards and analytes of
interest using extracted ion chromatograms.
5. Quantify analytes relative to internal standard spike.



“Inside-Out” Sphingolipidomics 105

Product ion analysis of the (M + H)™ ions of ceramides reveals cleavage
of the amide bond and dehydration of the sphingoid base to form highly
abundant, structurally specific fragment ions. These product ions yield
information regarding the number of carbon atoms in the chain, degree of
hydroxylation, unsaturation, or other structural modifications of the long-
chain base (e.g., sphingosine, m/z 264; sphinganine, m/z 266; and
4-hydroxysphinganine, m/z 264—which is the same as for sphingosine-
based ceramides, but these can be distinguished by differences in LC elution
times). With this knowledge about the sphingoid base composition and the
original precursor m/z, the identity of the fatty acids can be deduced.

[onization parameters for complex sphingolipids are linked to their
headgroup classes with size and charge of headgroup playing key roles.
Accordingly, differences in N-acyl chain length somewhat shift the required
collision energy (in our experience, ~2.5 eV every two to four carbons).

Product ion scans of the (M + H)* ions of GlcCer, LacCer, and more
complex glycolipids reveal that these ions undergo dissociation by two
pathways: cleavage at the glycosidic linkage(s) at low collision energies
with loss of the carbohydrate headgroup as a neutral species with charge
remaining on the ceramide moiety and cleavage of both the sugar head-
group and the fatty acid acyl chain at higher energies with charge retention
on the dehydrated sphingoid base.

Low energy dissociation to remove the headgroup can be useful for
analyzing glycosidic linkages in neutral glycolipids and gangliosides; how-
ever, for quantitation of individual sphingoid base and N-acyl fatty acid
combinations of monohexosylceramides, high energy dissociations to the
sphingoid base-specific product ion are preferable. Choosing this fragmen-
tation pathway allows distinction of isobaric d18:1/C18:0 versus d20:1/
C16:0 glucosylceramides, which would have the same low energy degly-
cosylated fragment m/z 566 but high-energy conjugated carbocation
fragments that differ (m/z 264 versus m/z 292, respectively).

Sphingolipids containing phosphodiester-linked headgroups, such as in
sphingomyelin (SM), fragment very differently: the (M + H)™ species
fragments at the phosphate-ceramide bond, with charge retention on the
phospho-headgroup to yield highly abundant ions of m/z 184. Ceramide
phosphoethanolamines (CPE) also fragment at the phosphate-ceramide
bond, but the headgroup is lost as a neutral species of mass 141 u.

9.1. Modifications for analysis of glucosylceramides
and galactosylceramides

Because GlcCer and GalCer elute in the same fractions by the above method,
biological samples that contain both of these monohexosylceramides must be
analyzed by a separate method.
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1. Reconstitute the samples in normal-phase solution A and load into the
autosampler.

2. Pre-equilibrate a normal phase LC-Si column (Supelco 2.1 mm i.d. X
25 cm LC-Si) for 1.0 min with a normal-phase solution A at 1.5 ml per
min.

3. Inject 50 pl of each reconstituted extract and continue to elute with
normal-phase solution A at 1.5 ml/min for 8 min. GlcCer elutes at
2.56 min and GalCer at 3.12 min using this isocratic normal-phase system.

Note: GlcCer and GalCer are isobaric species, so only one MRM transi-
tion is needed per shared sphingoid base and fatty acid combination.

4. Determine the areas under the peaks for internal standards and analytes of
interest using extracted ion chromatograms and quantify analytes relative
to internal standard spike.

9.2. Analysis of ceramide 1-phosphates by positive and
negative ion modes

Ceramide 1-phosphates may be examined by the reverse-phase LC method
described above for sphingoid bases and sphingoid base 1-phosphates by
extending the final wash with 100% reverse-phase LC solution B until the
ceramide 1-phosphates elute (C12-ceramide phosphate elutes at the beginning
of the change to this solvent, followed by longer chain-length species).

An orthogonal approach (normal-phase LC negative mode following
phosphate as the product ion in the MRM) can also be employed using
either silica (LC-S1) or diol (LC-Diol) columns (Supelco) in conjunction
with elution solvents that contain triethylammonium acetate (TEAA) and
begin with acetonitrile and gradient to methanol and water (formic acid and
ammonium formate buffer systems can also be used because they allow
CerP to ionize well in negative mode).

In positive mode, the major fragments from ceramide 1-phosphate arise
from cleavage of the amide bond and dehydration of the sphingoid base to
form m/z 264 (for sphingosines), 266 (for sphinganines), and so on. As
with the other complex sphingolipids, to maintain ionization efficiency,
collision energy should be increased slightly with chain length. In negative
mode, the major product ion from the precursor (M — H)~ ions is phos-
phate. This can be used for quantitation; however, the fidelity of the MRM
pair for ceramide 1-phosphate should be confirmed since the product is no
longer structure-specific for the sphingoid base and N-acyl chain
combinations.

9.3. Analytical methods for additional analytes

Methods for more complex glycosphingolipids are still under develop-
ment. Sulfatides are readily analyzed in negative ion mode and yield
primarily (M — H)~ ions that fragment to the sulfate group (m/z 96.9)
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(lower-abundance fragment ions representing the lipid backbone can
also be observed). For LC, either reverse- (C18) or normal- (LC-Si or
LC-Diol) phase columns can be used, with methanol/water gradients
to methanol (with 5 mM ammonium acetate and 0.01% ammonium
hydroxide to promote ionization) for reverse phase. For normal phase,
acetonitrile, methanol, and water combinations (with the same mobile
phase modifiers or triethylammonium acetate) achieve satisfactory
LC resolution.

Gangliosides also ionize readily in the negative ion mode in methanol.
For gangliosides analyzed by the triple quadrupole MS/MS, the (M — 2H)?~
ions fragment to yield highly abundant C15-H,O ions of m/z 290, which
reflect the N-acetyl neuraminic acid moiety (Figs. 4.7 and 4.8). The
enhanced product ion scan feature that 1s available using the ion trapping
function of the 4000 QTrap provides more structural information because
it yields better sensitivity and more abundant high mass product ions
(Fig. 4.8). Additionally, cleavage at the glycosidic bonds produces charac-
teristic Y,,-type ions and through ring cleavages, such as 2*X,, and 24X,
(m/z 1351.9 and 1512.8, respectively), which are useful for determination
of glycosidic bond linkage.

~ .
Ceramide

Figure 4.7 Structure of ganglioside GD1a and major cleavage sites and nomenclature.
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Figure 4.8 Tandem mass spectrometry analysis of ganglioside GD1a using the 4000
QTrap in enhanced product-ion scanning (EPI) mode (~55 fimol consumed). See Fig.4.7
for the cleavages represented by these labels.

An MS/MS/MS (MS?) analysis is performed much the same manner as a
product ion scan. In this case the first mass analyzer (Q1) is set to pass the
precursor ion of interest, which is transmitted to Q2, where it collides
with a neutral gas (N, or Ar) and dissociates to various fragment ions.
Rather than mass analyzing the resulting product ions, the linear ion trap
(LIT) is set to trap and hold a 2-m/z-unit—wide window centered on the
product ion of interest. The selected m/z is irradiated with a single wave-
length amplitude frequency to induce further fragmentation to secondary
product ions, which are then scanned out of the LIT to the detector.
The resulting MS® spectrum shows the fragmentation pattern of the
selected product ion, and yields additional structural details regarding
the primary product ion.

MS? analysis provides critical structural information about higher
order sphingolipids (such as gangliosides) that is not provided in the
MS/MS spectrum. Typically, MS/MS data of these ions do not reveal
any information about the components of the ceramide backbone. MS?
analyses of the Y, product ions (m/z 592.6), which comprise the core
lipid part of the molecule, will determine the composition of the
ceramide. In the example shown in Fig. 4.9, the highly abundant S, T, U,
and V + 16 ions (m/z 324, 308, 282, and 283, respectively) reveal that the
fatty acid is C18:0, and the complementary P and Q ions (m/z 265 and
291, respectively) are characteristic of a d20:1 sphingoid base. Thus,
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Figure 4.9 MS/MS/MS (MS?) analysis of the Y, product ions (m/z 592.7) from Fig. 4.8
to reveal the highly abundant S,T, U, and V + 16 ions (m/z 324, 308, 282, and 283, respec-
tively) that establish that the fatty acid is C18:0, and the complementary P and Q ions
(m/z 265 and 291, respectively) that are characteristic of a d20:1 sphingoid base.

MS? scans provide an additional level of structural analysis yielding critical
information regarding sphingoid base, fatty acid, and headgroups in
glycosphingolipids.

10. OTHER METHODS

Two-dimensional (2D) ESI-MS has been introduced for the identifi-
cation and quantitation of large families of sphingolipids using a triple
quadrupole instrument (Han and Gross, 2003; Han et al., 2004). Samples
are infused and analyzed by MS and MS/MS in both positive and negative
ESI conditions with the addition of aqueous LiOH and/or LiCl to aid
formation of charged molecular adducts. As noted earlier in this chapter,
limitations of this approach include the possibility of ionization suppression
and the inability, in many instances, to distinguish isomeric and isobaric
species; nonetheless, it is a relatively easy and rapid way to profile many
species, including phosphatidylserines, phosphatidylethanolamines, diacyl-
and triacylglycerols, phosphatidylinositols, phosphatidlycholines, sphingo-
myelins, some cerebrosides, cardiolipins, ceramides, free fatty acids, and
phosphatidic acids (Han ef al., 2004).
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Nanospray in conjunction with high-resolution MS and MS/MS is an
extension of the 2D lipid profiling technique (Ejsing ef al., 2006; Ekroos
et al., 2002; Schwudke ef al., 2006) wherein very small volumes of sample
are infused into a Q-TOF MS/MS via a chip containing a high-density
array of nanospray nozzles. This allows data collection for extended periods
of time during which numerous product ion scans across a chosen mass
range can be conducted. The resulting product ion data are then queried for
structure-specific fragment ions or neutral losses corresponding to the head-
group, fatty acid, or sphingoid base combinations of the sphingolipid
species, similar to the 2D technique. The detection of spurious peaks is
reduced by using a smaller product ion selection window, which is possible
using a high-resolution mass analyzer (TOF instead of quadrupole).

Chip-based nanospray techniques have several additional advantages
(Ekroos et al., 2002; Schwudke et al., 2006). Since flow rates are on the
order of nl/min, very little sample is consumed and background chemical
noise is greatly reduced, which enhances overall sensitivity so that minor
lipid species are more readily detected. Each chip contains a high-density
array of nanospray nozzles that allows automation for higher reproducibility
and sample throughput; furthermore, if the nature of the samples causes
problems of carry-over and cross contamination, this can be solved by
allocation of one spray nozzle per sample. Newer chip-based nanospray
systems can be connected directly to LC columns as well as arranged so
there is both analysis of a portion of the eluate and simultaneous fraction-
collection of the remainder. When used in this manner, one gains the
advantages of LC discussed earlier.

Accurate mass and ultra-high-resolution MS of sphingolipids has been
performed by Fourier transform MS (FTMS) coupled to nanoESI
(McFarland et al., 2005; Vukelic et al., 2005) or MALDI (Ivleva et al.,
2004; O’Connor and Costello, 2001). The former was primarily applied
to the identification and structure determination of glycosphingolipids;
however, the study introduced some interesting new alternative fragmen-
tation techniques for lipids such as infrared multiphoton dissociation
(IRMPD), electron capture dissociation (ECD), and electron detachment
dissociation that may also be applicable to “omics’ studies. MALDI FTMS
has been used to analyze glycolipids directly from TLC plates (Ivleva et al.,
2004), and profile lipid species present in intact cells (Jones et al., 2004) and
plant tissues (Jones et al., 2005). Ultra-high-resolution and accurate mass
measurement enables the grouping of various classes of phospholipids
(Jones et al., 2004) and lipid or carbohydrate fragment ions using mass
defect plots (McFarland et al., 2005).

Ion mobility MS is another method that can separate lipids (Jackson et al.,
2005) with the same m/z based on differences in their mobility through a gas
bufter and applied electric field. Since the mobility of a given ion is affected
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by its three-dimensional shape (ions with a greater cross-section migrate
more slowly than do more compact ions) in ion mobility MS, this has been
able to distinguish glycans (Clowers ef al., 2005) and may be useful for some
glycolipids.

Direct tissue imaging MS is rapidly emerging as a useful technology for
lipid analysis in tissue sphingolipidomics because one does not need to
extract the lipids from the sample, and one also obtains information about
where the lipid 1s localized in the tissue. Ionization of the lipids in the
sample is either achieved by MALDI (atter MALDI matrix material has been
deposited on the sample) or secondary ion MS (SIMS). For MALDI, the
laser beam 1is rastered across the tissue sample, collecting spectra at discrete
points; SIMS is analogous, but utilizes a tightly focused beam of primary
ions to impinge on the surface and generate a secondary stream of ions
(Borner et al., 2006; Jackson et al., 2007; Roy et al., 2006; Sjovall et al., 2004,
Woods and Jackson, 2006). Two additional techniques, desorption ESI
(DESI) and nanoSIMS, may also be used for cellular and subcellular imag-
ing. The former uses charged droplets of solvent from an electrospray to
generate intact secondary molecular ions (Wiseman ef al., 2006), and the
latter uses a tightly focused beam of Cs* ions to scan the sample and
produces primarily mono and diatomic secondary ions (Kraft et al., 2006).
Examples exist for the use of these technologies: MALDI-TOF has detected
sphingomyelins, monohexosylceramides, sulfatides, and gangliosides
(Jackson et al., 2007; Woods and Jackson, 2006) in different brain regions;
and SIMS TOF analysis of brain slices (Borner et al., 2006) revealed that
chain-length variants of galactosylceramide are differentially localized in
white matter, with C18-subspecies being associated with cholesterol-rich
regions, whereas C24-subspecies are found primarily in areas that are also
enriched in Na™ and K*. The limitations of these approaches to date
include: (1) difficulties in obtaining ions from all of the analytes of interest
(and in some cases, the energetics of the ionization process make it difficult
to obtain parent ions for all of the compounds that are ionized); (2) variable
ionization that compromises quantitative comparisons; and (3) the inability
to distinguish isomeric and isobaric compounds. Nonetheless, since in many
cases the location of lipids is vital to their function, the development of
MS methods that provide quantitative and positional information is an
important direction for new methods development.
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Abstract

Prenols, a class of lipids formed by the condensation of five carbon isoprenoids,
have important roles in numerous metabolic pathways of the eukaryotic cell.
Prenols are found in the cell as free alcohols, such as dolichol, or can be
attached to vitamins, as with the fat soluble vitamins. In addition, prenols
such as farnesyl- and geranylgeranyl-diphosphate are substrates for the trans-
fer of farnesyl and geranylgeranyl units to proteins with important implications
for signal transduction within the cell. Dolichol phosphate- and dolichol
diphosphate-linked sugars are central to the formation of the lipid-linked
branched oligosaccharide, Dol-PP-(GlcNAc),(Man),(Glc);, used for co-transla-
tional en bloc protein N-glycosylation in the lumen of the endoplasmic reticulum.
Toward furthering our understanding of the role of prenol lipids in the cell, we have
developed a method for the detection and quantification of dolichol and coenzyme
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Q by liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-
MS). These methods, developed using the mouse macrophage RAW 264.7 tumor
cells, are broadly applicable to other cell lines, tissues, bacteria, and yeast. We
also present a new MS-based method for the detection and structural character-
ization of the intact dolichol diphosphate oligosaccharide Dol-PP-(GIcNAC),
(Man),(Glc); from porcine pancreas.

1. INTRODUCTION

Prenols are a class of lipids formed by carbocation-based condensations
of the five carbon isoprenoids, isopentenyl diphosphate, and dimethylallyl
diphosphate (Fahy et al., 2005) (Fig. 5.1). These substances are derived from
mevalonate (Kuzuyama and Seto, 2003) in animals or from methylerythritol
phosphate in plants (Rodriguez-Concepcion, 2004). Bacteria generate iso-
pentenyl diphosphate and dimethylallyl diphosphate by one or the other of
these pathways and, in a few instances, by both (Hedl ef al., 2004; Rohdich
et al., 2004).

Dimethylallyl diphosphate Isopentenyl diphosphate

o o (0] o
§ I I I I
o— " ~o—F~ o—F~o—F~

/ TOT/ TOH / TO0~ / TOH
HO HO HO HO

N A AN /Ll\ /ﬂ\OH Farnesyl diphosphate
o

Dolichol-19

Ubiquinone (CoQ9) o~

Figure 5.1 Chemical structures of the prenols dolichol and ubiquinone, and their bio-
synthetic precursors, dimethylallyl diphosphate, isopentenyl diphosphate, and farnesyl
diphosphate.
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In animal systems, which are the focus of LIPID MAPS, two molecules of
isopentenyl diphosphate and one of dimethylallyl diphosphate are condensed
by a single enzyme to generate the 15 carbon intermediate, farnesyl diphos-
phate (Fig. 5.1), in which the stereochemistry of the double bonds is trans
(Kellogg and Poulter, 1997; Leyes ef al., 1999). A separate enzyme elongates
farnesyl diphosphate to the 20-carbon geranylgeranyl diphosphate (Ericsson
et al., 1998). Subsequently, farensyl- or geranylgeranyl-diphosphate may be
further elongated by other prenyl transferases (Kellogg and Poulter, 1997),
which incorporate additional isopentenyl units to form the dolichols
(Swiezewskaa and Danikiewiczb, 2005), the side chains of the ubiquinones
(Turunen et al., 2004), and other substances (Fig. 5.1). Both farnesyl- or
geranylgeranyl-diphosphate can also function directly as donor substrates for
the addition of farnesyl- or geranylgeranyl- units to proteins, many of which
are involved in signal transduction (Gelb et al., 2006).

Mammalian dolichol is a mixture that consists mainly of 17, 18, 19, or 20
isoprene units (Figs. 5.1 and 5.7) (Chojnacki and Dallner, 1988). Small
amounts of shorter or longer species may also be detectable. All double
bonds except for those of the farnesyl diphosphate primer have the cis
configuration (Fig. 5.1) because the prenyl transferase responsible for the
elongation of farnesyl diphosphate to dolichol orients and condenses its
substrates differently than does farnesyl diphosphate synthase (Kellogg and
Poulter, 1997). Although free dolichol is the predominant species found in
cells, it is initially generated as the diphosphate derivative (Schenk ef al.,
2001). The diphosphate moiety is subsequently cleaved to yield dolichol
phosphate and free dolichol. However, kinases exist that can convert
dolichol back to dolichol phosphate (Schenk et al., 2001).

In our experience, dolichol phosphate is much less abundant in animal
cells than is dolichol (as shown later). Dolichol phosphate is also rapidly
converted to various dolichol phosphate sugars or dolichol diphosphate
sugars (Chojnacki and Dallner, 1988; Schenk ef al., 2001). In the latter
case, dolichol phosphate reacts with UDP-N-acetylglucosamine (UDP-
GlcNAc) to form dolichol diphosphate-GlcNAc (Kean ef al.,, 1999) to
which 13 additional sugars are then added by an important system of
glycosyltransferases found in the endoplasmic reticulum (Schenk et al.,
2001). The final product is the lipid-linked, branched oligosaccharide
Dol-PP-(GlecNAC),(Man)o(Gle); (Fig. 5.2) (Schenk ef al., 2001). This con-
served intermediate is used for cotranslational en bloc protein N-glycosyla-
tion in the lumen of the endoplasmic reticulum (Hubbard and Ivatt, 1981;
Kornfeld and Kornfeld, 1985; Rosner et al., 1982). The sugar composition
and glycosidic linkages of Dol-PP-(GlcNAc),(Man)o(Glc); (Fig. 5.2) were
determined by classical biochemical and enzymatic methods. However,
to our knowledge, the structure of intact Dol-PP-(GIcNAC),(Man)y(Glc)s
has not been validated by MS or nuclear magnetic resonance (NMR)
spectroscopy.
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Supernatant to fresh Add pre-
Add CHCI, and tube, add CHCI;, and Discard equilibrated Discard
CH30H PBS upper phase upper phase upper phase
Cell Single-phase Two-phase Wash l
suspension in Bligh-Dyer Bligh-Dyer lower Dry under
PBS 1:2:0.8 2:2:1.8 phase nitrogen
(C:M:PBS) (C:M:PBS)

Figure 5.3 Lipid extraction procedure.

Polyprenol chains are also found attached to other small organic mole-
cules in the cell, such as the fat-soluble vitamins A, E, and K (Meganathan,
2001a; Olson, 1964), and the electron transport cofactor, ubiquinone, also
called coenzyme Q (Fig. 5.1) (Meganathan, 2001b; Szkopinska, 2000). In the
latter case, farnesyl diphosphate is elongated by a different prenyl transferase
that incorporates three to seven additional isopentenyl units, depending on the
system. In contrast to dolichol, all the double bonds formed during ubiqui-
none side-chain elongation have the frans stereochemistry (Fig. 5.1).

Herein we present new methods for the detection and quantification of
dolichol and coenzyme Q in mouse macrophage RAW 264.7 tumor cells
(Raetz et al., 2006) using LC-ESI-MS. While the methods reported here
were developed using cultured macrophages, we have found that they are
broadly applicable to other cell lines and tissues, as well as to yeast and
bacteria. We also present a new method for the detection and structural
characterization of dolichol diphosphate oligosaccharides, including the first
analysis by LC-ESI-MS/MS of intact Dol-PP-(GIcNACc),(Man)y(Glc)s
from porcine pancreas (Kelleher et al., 2001).

2. MATERIALS

High performance liquid chromatography (HPLC)—grade solvents
were from VWR (International Leicestershire, England). Ammonium ace-
tate was from Mallinckrodt (Hazelwood, MO). Zorbax SB-C8 (2.1 X
50 mm, 5 um) reverse-phase column was from Agilent (Palo Alto, CA).
Coenzyme Q6 and Q10 standards were from Sigma-Aldrich (St. Louis,
MO). Synthetic nor-dolichol was from Avanti Polar Lipids (Alabaster,
AL). Dolichol-diphosphate-oligosaccharide purified from pig pancreas
was a gift from Dr. R. Gilmore (University of Massachusetts Medical
School, Worcester, MA). All extractions were done in glass tubes equipped
with Teflon-lined screw caps using disposable glass pipettes.
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3. LiQuiD CHROMATOGRAPHY-MASS SPECTROMETRY

LC-MS analysis was performed using a Shimadzu LC system (compris-
ing a solvent degasser, two LC-10A pumps, and a SCL-10A system control-
ler) coupled to a QSTAR XL quadrupole time-of-flight (TOF), tandem
mass spectrometer (Applied Biosystems/MDS Sciex). A Zorbax SB-C8
reversed-phase column (5 um, 2.1 X 50 mm) was used for all LC-MS
analyses. LC was operated at a flow rate of 200 ul/min with a linear gradient
as follows: 100% mobile phase A (methanol:acetonitrile:aqueous 1 mM
ammonium acetate; 60:20:20) was held for 2 min, then linearly increased
to 100% mobile phase B (100% ethanol containing 1 mM ammonium
acetate) over 14 min and held at 100% mobile phase B for 4 min. The
column was re-equilibrated to 100% mobile-phase A for 2 min prior to the
next injection. The post-column split diverted 10% of the LC flow to the ESI
source. All MS data were analyzed using Analyst QS software (Applied
Biosystems/MDS Sciex). The mass spectrometer was calibrated in both the
negative and positive mode using PPG3000 (Applied Biosystems).

4. PREPARATION OF LIPID EXTRACTS

RAW cells, cultured according to (Raetz ef al., 2006), were extracted
using the method of Bligh and Dyer (1959), as shown in Fig. 5.3. A
150-mm tissue culture plate at about 90% confluence was washed with
10 ml phosphate buffered saline (PBS) and then scraped into 5 ml PBS
(137 mM NaCl, 0.027 mM KCl, 0.01 mM Na,HPO,, 0.0018 mM
KH,POy,). The cell suspension was centrifuged at 400X g to harvest the
cells. This culture plate size typically yields about 100 x 10 cells or ~0.1 g
of cells (wet weight). The cell pellet is resuspended in 1 ml of PBS and
transferred to a 16 X 150-mm-glass centrifuge tube with a Teflon-lined cap.

N CoQ Formula [M+H]* [M+NH,]* [M+Na]*
species M] Observed  Exact Observed Exact Observed Exact
1 CoQ6 C39H5804  591.434  591.441 608.469  608.467 613.423  613.423
4 CoQ9 C54H8204  795.647  795.629 812.678  812.655 817.640  817.611
5 CoQl0 C59H9004  863.713  863.691 880.734  880.718 885.689  885.673

Figure 5.4 Structures and masses of coenzyme Q6, Q9, and Q10.
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Next, 1.25 ml of chloroform and 2.5 ml of methanol are added to generate a
single-phase Bligh-Dyer mixture (final ratio: 1:2:0.8, C:M:PBS). This mix-
ture is vigorously mixed with a vortex and, if necessary, subjected to sonic
irradiation in a bath apparatus for 2 min to break up any chunks of cells. The
single-phase extraction mixture is incubated at room temperature for
15 min, then centrifuged at ~500x g for 10 min in a clinical centrifuge to
pellet the cell debris (Fig. 5.3). The supernatant is transferred to a fresh tube;
1.25 ml chloroform and 1.25 ml PBS are added to generate a two-phase
system (final ratio; 2:2:1.8, C:M:PBS). After vigorous mixing, the tubes are
centrifuged as previously stated to resolve the phases. The upper phase and
any interface that may be present is removed and discarded. The interface is
generally minimal. Next, the lower phase is washed with 4.75 ml pre-
equilibrated neutral upper phase, vortexed, and centrifuged as previously
stated to resolve the phases. After removal of the upper phase, the lower
phase is dried under a stream of nitrogen, and the dried lipids are stored at
—20° until analysis. Generally, from 0.1 g of cells or tissue, about 10 mg of
dried lipid is obtained.

Note on scaling up: This method of extraction can be used with larger
quantities of cells or tissues. Volumes should be scaled accordingly; however,
a three- to five-fold concentration of the initial PBS suspension of cells or
tissue should not affect extraction efficiency. With larger volumes, 250 ml
Teflon-lined centrifuge bottles (VWR) are useful for centrifugation and
separation of the phases.

5. LC-MS DETECTION AND QUANTIFICATION
ofF COENZYME Q

Coenzyme Q (CoQ), also known as ubiquinone, is involved in the
transport of electrons from complex I (NADH:ubiquinone oxidoreductase)
and II (succinate:ubiquinone reductase) to complex III (ubiquinone:cyto-
chrome c oxidoreductase) in the electron transport chain of aerobic organ-
isms (Saraste, 1999). The structure of CoQ is shown in Figs. 5.1 and 5.4.
It is a quinone derivative with a long polyprenoid chain that can be 7 to 11
units long depending on the organism (Szkopinska, 2000). In humans, the
most abundant CoQ has 10 isoprenoid units. In murine RAW cells, the most
abundant CoQ has a side chain consisting of nine units (Olgun et al., 2003).

In order to develop LC-MS methods for the detection of CoQ in total
lipid extracts, we needed to (1) determine the linear range for MS response
with respect to the amount of standard analyzed; (2) establish that this linear
range applied to the MS response when analyzing the standard in total lipid
extracts; (3) show that the number of isoprene units on the CoQ did not
alter the MS response; and (4) determine the amount of standard to add to
our sample to get approximately the same peak area of the extracted ion
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current for the standard and the analyte. We found that we could use a CoQ
with a different number of isoprene units as a standard instead of using
deuterated CoQ (Gould et al., 2006; Haroldsen ef al., 1987).

We obtained two CoQ standards, one with 6 isoprenoid units, CoQ6, and the
other with 10 isoprenoid units, CoQ10 (Sigma) (Fig. 5.4). For LC-MS analysis,
the standard was re-dissolved in CHCIl; and diluted into DMSO:MeOH
(9:1 v/v) at a concentration of 0.1, 0.2, 0.5, 1, 2, or 5 ng/ul. Next, 10 ul of
each dilution were injected, in turn, onto a Zorbax SB-C8 (2.1 X 50 mm, 5 mm)
column at 200 ul/min and eluted as described above. CoQs were detected in
the positive ion mode as [M+H] ", [M+NH,4] ™", and [M+Na]* ions using the
following mass spectrometer settings: ESI voltage, +5500 V; declustering
potential, 60 V; and focusing potential, 265 V; and neubulizer gas, 20 psi.

Figure 5.5A shows the extracted ion current (EIC) for the [M+H]™ ion
of CoQ6 and CoQ10. Each standard was analyzed in separate LC-MS runs,
and the spectra were overlaid. The CoQO6 elutes from the reverse phase
column at about 11.1 min, and the CoQ10 elutes at about 13.7 min,
consistent with the difference in the polyprenol chain length. Figure 5.5B
and C show the positive ion MS and collision-induced dissociation MS
(CID-MS) for the [M+H]* CoQ6 standard. The collision energy was set at
52 V (laboratory frame of reference), and nitrogen was used as the collision
gas. The major fragment ion is m/z 197.079, which corresponds by exact
mass to a proton adduct of the quinone ring and is formed by the elimina-
tion of the isoprenoid chain (Teshima and Kondo, 2005). The CID-MS of
the CoQ10 standard produces a similar fragment ion pattern (data not
shown). As shown in Fig. 5.5D, the peak area of the EICs of the CoQ6
and CoQ10 standards are linear for 1 ng to 50 ng injected onto the column.
This also shows that, for CoQs, the number of isoprenoid repeats does not
alter the ionization efficiency, as is sometimes seen with other lipids ana-
lyzed by MS (Callender ef al., 2007). In addition, the peak area of the EIC
of the CoQO6 standard increased linearly when increasing amounts of
the standard were co-extracted with the RAW cells (data not shown).

Figure 5.5 Positive-ion liquid chromatography-mass spectrometry (LC-MS) analysis
of CoQ6 and CoQI10 standards. (A) The extracted ion current (EIC) for the
[M+NH,] " ions of CoQ6 (608464 m/z) and CoQ10 (880.734 m/z) standards. Under these
liquid chromatography conditions, the CoQ6 elutes at about 10 minutes while the
CoQI10 elutes at about 14 minutes. (B) The mass spectrum of the material eluting from min-
utes 10.6 to 11.1, representing the CoQ6 standard. The CoQ6 form [M+H] ", [M+NH,]*,
and [M+Na] " adduct ions. (C) The collision-induced mass spectrometry (CID-MS) of
the [M+H] " ion of the CoQ6 standard. The major fragment ion (m/2197.079) corresponds
to the quinone ring and is formed by the elimination of the isoprenoid chain (Teshima and
Kondo, 2005). (D) The plot of the peak area of the extracted ion current of the [M+H] " ion
of CoQ6 and CoQI0 versus the nanogram (ng) of standard injected onto the Zorbax
C-8 reverse phase column. The peak areas of the CoQ6 and the CoQ10 were similar
when equivalent amounts of standard were analyzed.
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spectrum of the material eluting between 10.9 and 11.3 min. The [M+H] ™", [M+NH,]*, and [M+Na]" ions of the CoQ6 standard are easily
resolved. (C) The extracted ion current of the [M+NH,] " ion of the major CoQ of R AW cells, CoQ9. The CoQ? elutes at approximately 13.3
minunder these liquid chromatography conditions. The peaks at approximately 8 and 12 min are due to isobariclipids found in the lipid extract
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ions of the CoQ9 standard are detected.
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Therefore, the linear range established using the standard also applies to the
analysis of CoQ)s from total lipid extracts.

Because the major CoQs found in mouse tissue are CoQ9 and CoQ10,
we chose to use CoQ6 as the internal standard for our quantitative analysis
(Olgun et al., 2003). CoQ¥6 is not found in RAW cells and is not isobaric
with other ions eluting at a similar retention time.

In addition to establishing the linear range of the MS response, we
needed to determine the amount of CoQ6 standard to add to the extraction
mixture in order for the peak area of the EIC for the standard to be about
equal to the peak area of the EIC for the CoQs being quantified in the
sample. By varying the amount of CoQ6 added during the co-extraction,
we determined that, for a 150-mm culture dish grown to ~90% confluence,
5 ug of CoQ6 standard gave an EIC peak area about equal to the EIC peak
of the major coenzyme species of the cell, CoQ9.

Opverall, our quantification procedure for CoQs in RAW cells is as
follows: 5 pg of CoQ6 (dissolved in CHCl; at 1 mg/ml) standard is added
to the cell suspension (1 ml) prior to the addition of chloroform (1.25 ml)
and methanol (2.5 ml) to form the single-phase extraction mixture; the lipids
are extracted as previously described, dried under a stream of nitrogen, and
stored at —20° until analysis; the dried lipids are redissolved in 0.2 ml of
chloroform:methanol (1:1, v:v) and diluted twofold into chromatography
solvent A; 10 ul is injected onto the reverse-phase column and analyzed
using the LC-MS procedure previously shown. The extracted ion current
and mass spectra for the CoQ6 standard and endogenous CoQ9 are shown in
Figs. 5.6A—D. For CoQ9, the major ion species are observed as [M+H] ™ at
m/z 795.647, [M+NH,4] " at m/z 812.678, and [M+Na]™ at m/z 817.640
(Fig. 7D). For CoQ10, the major ion species are observed as [M+H]™" at
m/z 863.713, [M+NH,4] " at m/z 880.734, and [M+Na]™ at m/z 885.673
(data not shown). The peak area of the EIC for the [M+NH,]™ is used

n Dol Formula [M+Ac]~ OH
spectes M Observed Exact

13 Dol-17 CgsHy 400 1236.076 1236.104

14 Dol-18 CooH 450 1304.133  1304.166

15 Dol-19 CosH, 550 1372.178 1372.229

16  Dol-20 CooH;40 1440.239 1440.292

Figure 5.7 Structures and masses of the acetate adducts of dolichols-17, -18, -19, and -20.
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to quantify the total content of CoQ9 and CoQ10 in the RAW cells.
For example, the quantification of the CoQ?9 is accomplished using the
following equation:

[(CoQY peak area/CoQ6 standard peak area) X 5 ug]/MW of CoQ9
= umol CoQ9

in the sample. Using this method, we have been able to detect CoQs in all
cells and tissues we have analyzed.

6. LC-MS DETECTION AND QUANTIFICATION
ofF DoLIicHOL

Dolichols are linear polymers of five carbon isoprenoid units ranging in
length from mostly 17 to 20 units in animals and up to 40 units in some plants
(Figs. 5.1 and 5.7) (Burda and Aebi, 1999; Krag, 1998). Dolichol is found
predominantly as the free alcohol in animal tissues, but it may also be
esterified to fatty acids or derivatized with sugar phosphates (Chojnacki
and Dallner, 1988; Elmberger ef al., 1989). The form and distribution of
dolichol are tissues and species dependent (Elmberger ef al., 1989; Krag,
1998). Whether or not dolichols have functions other than their role in
membrane-associated glycosylation reactions is unclear (Lai and Schutzbach,
1986; Rip et al., 1981; Rupar et al., 1982; Valtersson ef al., 1985).

Quantitative, chemically defined standards of dolichol are not commer-
cially available. In order to quantify the dolichol content of the RAW cells,
a nor-dolichol standard with 17 to 20 isoprene units, which difters from
dolichol (Figs. 5.1, 5.7, and 5.8) by the absence of one CH, unit at the
hydroxyl end of the molecule, was prepared by modification of natural
dolichol at Avanti Polar Lipids.

n nor-Dol Formula [M+Ac]~
species M] Observed Exact

13 nor-Dol-17  CgH 330 1222.137 1222.086
14 nor-Dol-18  CgoH 460 1290.196 1290.151
15 nor-Dol-19  CosH; 540 1358.255 1358.214
16 nor-Dol-20  CooHi50 1426.316 1426.276

Figure 5.8 Structures and masses of the acetate adducts of nor-dolichols-17, -18, -19,
and -20.
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For the LC-MS analysis, we established, as with the coenzyme Q, the
linear range of the MS response with respect to the amount of nor-dolichol
injected onto the column. Using the same LC-MS system as previously
shown and detecting in the negative ion mode, 5, 20, 50, or 100 ng in
10 ul of chromatography solvent A were injected onto the Zorbax SB-C8
(2.1 X 50 mm, 5 um) reverse-phase column and eluted using the same scheme
as previously described. The mass spectrometer settings are as follows: ESI
voltage, —4400 V; declustering potential, —55 V; focusing potential, =265 V;
neubulizer gas, 18 psi. The semisynthetic nor-dolichol is a mixture of species
with the number of isoprene units ranging from mainly 16 to 21 (Fig. 5.8).
The smaller nor-dolichols, such as nor-dolichol with 17 isoprene units, eluted
from the column first, followed by the larger nor-dolichol species. The nor-
dolichols are detected as the acetate adduct [M+Ac| ™ ions in the negative ion
mode using the LC-MS method as previously described. Figure 5.9A shows
the EIC for the predominant nor-dolichol-19. The MS of 16.3 to 17.3 min
when the nor-dolichol-19 acetate adduct [M + Ac]~ elutes from the column
is shown (Fig. 5.9B). Small amounts of contaminants at m/z 1334.213 and
1344.241 may correspond to oxidative loss of additional carbon atoms from
the dolichol during the preparation of the nor-dolichol. Similar to the CoQ
standard, the peak area of the EIC for the dolichol standard was linear for 5 ng
to 50 ng injected on the column (Fig. 5.9C).

We determined the amount of nor-dolichol standard to add to the
extraction mixture in order to have the peak area of the EIC for the standard
be about equal to the peak area of the EIC for the dolichols being quantified
in the sample. By varying the amount of nor-dolichol added during the co-
extraction, we determined that, for a 150-mm culture dish grown to ~90%
confluence, 1 ug of the nor-dolichol standard gave an EIC peak area of the
nor-dolichol-18 about equal to the EIC peak of the major dolichol species
of the cell, dolichol-18.

The ion intensities of dolichol species present in RAW cell lipid extracts
are relatively low compared to those of CoQs. Dolichol cannot be detected
by direct injection of total lipid extracts without prior chromatography.
In addition, while CoQ ions can be readily detected when approximately
5% of the total lipid extract is analyzed using the above LC-MS system,
endogenous dolichol ions are only effectively detected when 15% of the
total lipid extract is injected onto the reverse-phase column.

Opverall, our method for quantifying dolichol is as follows: 1 ug of nor-
dolichol (dissolved in CHCI; at 1 mg/ml) is added to the cell suspension
(1 ml) just prior to the addition of chloroform (1.25 ml) and methanol
(2.5 ml) to form the single-phase extraction mixture; the lipids are extracted
as previously described, dried under a stream of nitrogen, and stored at —20°
until analysis; the dried lipids are redissolved in 0.2 ml of chloroform/
methanol (2:1, v/v), and 30 ul is injected onto the reverse-phase column
and analyzed using the LC-MS procedure previously described.
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Figure 5.9 Negative-ionliquid chromatography-massspectrometry (LC-MS) analysis
of nor-dolichol standard. (A) The extracted ion current (EIC) for the [M+Ac] ™ ions of
the nor-dolichol-19 (1358.255 m/z) standard. Under these liquid chromatography condi-
tions, the nor-dolichol-19 elutes at approximately 16.7 min. The shorter nor-dolichols,
nor-dolichol-17 and 18, elute slightly earlier, while the nor-dolichol-20 elutes slightly
later. (B) The mass spectrum of material eluting between 16.3 to 17.3 min, representing
mainly nor-dolichol-19. The small peaks at m/z1334.213 and 1344.241 are likely due to loss
of additional carbons from the dolichol during the preparation of the nor-dolichol stan-
dard. (C) The plot of the peak area of the extracted ion current of the [M+Ac]™ ion of
nor-dolichol-19 versus the nanogram (ng) of standard injected onto the Zorbax C-8
reverse-phase column.

Figure 5.10A to D shows the EIC and MS for the endogenous dolichol with
17,18, 19, and 20 isoprene units. The peak area of the EIC for the [M + Ac]~
ion of the nor-dolichol-17 was used to quantify dolichol-17; nor-dolichol-
18 was used to quantify dolichol 18 and so forth. Because the nor-dolichol
standard 1s a mixture, we needed to determine which fraction of the standard
was nor-dolichol-17, nor-dolichol-18, etc. To do this, we summed the peak
area of the EIC of nor-dolichol-16 to nor-dolichol-21 to obtain the total
peak area when 1 ug of standard was injected onto the column. The total
amount of nor-dolichol-18, for example, was then calculated by dividing the
peak area of the EIC for nor-dolichol-18 by the summed peak areas. Using
this method, we determined the total amount of dolichol in the sample using
the following equation:

[(Dol-18 peak area/nor-Dol-18 standard peak area)
X 1 ugl/MW of Dol-18 = pumol Dol-18
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Negative ion liquid chromatography-mass spectrometry (LC-MS) analysis of dolichols in RAW lipid extracts. (A—D) The

extracted ion current (EIC) of the acetate adducts of dolichol-17, -18, -19, and -20, respectively. For each, the peak labeled with a retention time
corresponds to the relevant extracted ion current peak for a given dolichol. The inset on each panel shows the mass spectra of each of the
dolichols detected in the R AW lipid extract.
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in the sample. Because large amounts of total lipid extract are being injected
onto the column, a blank is run between each sample being analyzed to
prevent carry-over between samples.

Note: Separate cell suspensions are not necessary for the quantification of
the CoQs and dolichols. Routinely, a single cell suspension is co-extracted
with both the nor-dolichol and CoQ6 standard. After extraction, the sample
is divided in two and analyzed using positive-ion LC-MS for quantification
of the CoQ)s and negative-ion LC-MS for quantification of the dolichols.

7. LC-MS AND LC-MS/MS CHARACTERIZATION
OF DoLicHOL DIPHOSPHATE-LINKED
OLIGOSACCHARIDES

Dolichols play a central role in the N-glycosylation and O-glycosylation
of eucaryotic proteins (Imperiali and O’Connor, 1999; Schenk et al., 2001;
Weerapana and Imperiali, 2006). Dol-PP-(GlcNAc),(Man)o(Glc)s (Fig. 5.3)
serves as the donor for en bloc transfer to select asparagine residues during the
co-translational processing of secretory proteins in the lumen of the endoplas-
mic reticulum (Burda and Aebi, 1999; Helenius and Aebi, 2004). Removal
and addition of sugars to this oligosaccharide occur as the protein moves
through the secretory pathway and is involved, in part, in the targeting of
proteins to their proper locations in cells (Burda and Aebi, 1999; Huet et al.,
2003). Previously, the structure and biosynthesis of the 14-sugar oligosaccha-
ride donor had been proposed based on the studies using a combination
of radio-labeling, enzymatic digestion, chemical derivatization, thin layer
chromatography, and gas-liquid chromatography (Kornfeld et al., 1978;
Li and Kornfeld, 1979; Li et al., 1978). However, none of the structural
characterization was performed on the intact donor molecule.

We wanted to develop a MS-based technique to detect and confirm the
structure of the intact Dol-PP-(GIcNACc),(Man)y(Glc)s. A sample of Dol-
PP-(GlcNACc),>(Man)o(Glc)s, purified from porcine pancreas, was kindly
provided by Dr. R. Gilmore. Due to the amphiphatic nature of this mole-
cule, we modified the LC-MS method previously described. Specifically, a
new solvent mixture was used as chromatography solvent B (cholorform:
methanol:1 mM ammonium acetate [2:3:1 v/v/v], supplemented with 0.1%
piperidine). With this modification, we were able to detect the Dol-PP-
(GleNACc)>(Man)o(Gle)s eluting between 9 and 12 min, depending on the
length of the dolichol to which the 14-sugar oligosaccharide was attached.
Figures 5.11A-D shows the EIC and MS for the [M—2H]?>~ ion for the
oligosaccharide attached to Dol-17, 18, 19, and 20. The exact mass predicted
from the proposed structure matches the mass of the major [M—2H]*~ (Fig. 5.3
and Table 5.1) and [M—3H]?~ ions (not shown) within experimental error.
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Figure 5. 11 (continued)
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Figure 5.11 Negative-ion liquid chromatography-mass spectrometry (LC-MS) analy-
sis of purified Dol-PP-(GlcNAc),(Man)y(Glc)s. (A-D) The extracted ion current
(EIC) of Dol-PP-(GlcNAc),(Man)y(Glc); with 17,18, 19, and 20 isoprenoid units on the
dolichol, respectively. The inset shows the mass spectrum of the [M-2H]?~ ion for the
Dol-PP-(GlcNACc),(Man)o(Glc); detected in the purified sample. (E) The collision-
induced mass spectrometry (CID-MS) of the most abundant isotope of the [M—3H]*~
ion of the Dol-19-PP-(GIcNAc),(Man)o(Glc); (m/z 1274.647). Sequential loss of 162 u,
which corresponds to the loss of one, two, three, or four hexoses, is observed. A fragment
ion corresponding to Dol-19-P is also detected as a singly charged ion at m/z 1392.169.
Fragment ions corresponding to a single hexose (m/z 179.051) and two hexoses (m/z
323.096) are detected in the low mass region. The remaining low mass fragment ions are
most likely due to cross-ring cleavage as described by Sheeley and Reinhold (1998).

Table 5.1 Masses of the [M-2H]*~ lons of Dol-PP-(GlcNAc),(Man),(Glc),

[M—2H]*
Dol-PP-OS Observed Exact
n  species Formula [M] (m/z) (m/z)
11 Dol-17-PP-OS C173HosN-O77P5 1842.852 1484.908
12 Dol-18-PP-OS C178H206N2077P> 1876.873 1876.939
13 Dol-19-PP-OS Ci83H304N-0O77P5 1910.892 1910.971
14 Dol-20-PP-OS Ci3sH312N-077P5 1944.899 1445.002
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Using this technique, we also performed CID-MS on the most abundant
isotope of the triply charged ion of the Dol-19-PP-(GlcNAC), (Man)o(Glc);
to verify the structure proposed by (Kornfeld et al., 1978; Liand Kornfeld, 1979;
Lietal., 1978). This spectrum, shown in Fig. 5.11E, shows the sequential loss of
162 u, which corresponds to the loss of one, two, three, or four hexoses. A
fragmention corresponding to Dol-19-P is also detected as a singly charged ion
at m/z 1392.169. In the lower mass region, fragment ions corresponding to a
single hexose (m/z 179.051) and two hexoses (m/z 323.096) are also detected.
The remaining low-mass fragment ions are most likely due to cross-ring
cleavage as described by Sheeley and Reinhold (1998). Our data are consistent
with the proposed structure shown in Fig. 5.2, but cannotbe used to confirm the
positions of the glycosidic linkages, the anomeric stereochemistry, or the
actual sugar composition. These issues will have to be evaluated via NMR.
spectroscopy and other procedures.

We were unable to detect Dol-PP-(GlcINACc),(Man)o(Glc); in lipid
extracts of RAW cells grown at the scale described above. The Bligh-Dyer
extraction procedure that we use (Fig. 5.3) is not likely to extract this
material, as it differs significantly from the procedure used by Kelleher
et al. (2001). However, one would expect that dolichol phosphate, dolichol
diphosphate, and dolichol phosphates derivatized with one or two sugars
would be efficiently extracted by our procedure. Using a similar extraction,
one does in fact readily detect undecaprenol phosphate in a total Escherichia
coli lipid extract (Z. Guan and C. R. H. Raetz, unpublished), and both
dodecaprenol phosphate and dodecaprenol phosphate-galacturonic acid in
Rhizobium leguminosarum (Kanjilal-Kolar and Raetz, 2006). While we have
been able to detect purified dolichol-phosphate and dolichol phosphate
mannose (provided by Charles J. Waechter at University of Kentucky
College of Medicine) using the LC-MS conditions described above (data
not shown), our inability to detect dolichol phosphate, dolichol diphos-
phate, dolichol phosphate-hexose, or dolichol diphosphate-N-acetylgluco-
samine in the total lipids of RAW cells suggests that the endogenous levels of
these compounds are extremely low.
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Abstract

We describe the development of a high performance liquid chromatography
mass spectrometry (HPLC-MS) method that allows the identification and quan-
titation of sterols in mammalian cells and tissues. Bulk lipids are extracted from
biological samples by a modified Bligh/Dyer procedure in the presence of eight
deuterated sterol standards to allow subsequent quantitation and determina-
tion of extraction efficiency. Sterols and other lipids are resolved by HPLC on a
reverse-phase C,g column using a binary gradient of methanol and water, both
containing 5 mM ammonium acetate. Sterol identification is performed using
an Applied Biosystems (Foster City, CA) 4000 QTRAP® mass spectrometer
equipped with a TurboV electrospray ionization source and operated in the
positive (+) selected reaction monitoring (SRM) mode. The total run time of
the analysis is 30 min. Sterols are quantitated by comparison of the areas under
the elution curves derived from the detection of endogenous compounds and
isotopically labeled standards. The sensitivity of the method for sterol detection
ranges between 10 and 2000 fmol on-column. Cultured RAW 264.7 mouse
macrophages contain many different sterols, including the liver X receptor
(LXR) ligand 24,25-epoxycholesterol. Tissues such as mouse brain also contain
large numbers of sterols, including 24(s)-hydroxycholesterol, which is involved
in cholesterol turnover in the brain. The extraction procedure described is
flexible and can be tailored to sample type or information sought. The instru-
mental analysis method is similarly adaptable and offers high selectivity and
sensitivity.

1. INTRODUCTION

Sterols play fundamental roles in many physiological processes in
virtually all living organisms. Sterols have regulatory functions, are involved
in cellular signaling, and are an integral building block of cell membranes
in which they modulate fluidity. The most abundant sterol in mammals is
cholesterol, which is a precursor to a host of important end-products includ-
ing steroid hormones, bile acids, vitamin D, and others (Myant, 1981; Russell,
2003). Cholesterol has gained a certain amount of notoriety due to its
negative impact on health when present in high levels, while other sterols,
such as the phytosterols derived from plants, offer health benefits by lower-
ing plasma cholesterol levels (Moruisi et al., 2006; Ostlund et al., 2003). In
most mammalian tissues, sterols are both synthesized and absorbed through
the diet, while in the brain they result exclusively from de novo synthesis
(Dietschy and Turley, 2004).

Few advances have been made in the area of instrumental analysis
of sterols. Many sterols are not well suited for analysis in their native state
by modern instrumental analytical techniques due to their chemical struc-
tures and functional groups. Sterols have historically been analyzed by gas
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chromatographic MS (GC-MS) (Lund and Diczfalusy, 2003; Wilund et al.,
2004). GC ofters high temporal resolution, allowing for the separation of
sterols of similar composition such as positional isomers and diastereomers.
Analysis by GC-MS relies upon vaporization of the sample, and the polarity
imparted to a sterol by functional groups decreases its ability to transition to
the gas phase. This decrease is largely due to hydrogen bonding and analyte
interactions with the glass liner of the injection port, which can interfere
with vaporization and cause thermal degradation. These issues can be
overcome by reducing the polarity of the molecule by derivatization with
trimethylsilanes or methyl groups to achieve reasonable signal intensity and
good chromatographic separation (Abidi, 2001; Isobe ef al., 2002); how-
ever, derivatization adds additional steps to sample preparation, increases
instrument maintenance requirements, and can increase the complexity of
the resulting chromatogram. GCs are typically coupled to electron impact
mass spectrometers, which offer the ability to compare acquired mass
spectra to reference libraries for possible identification of unknowns. The
almost exclusive use of single quadrupole electron impact mass spectro-
meters with GC systems does not offer the ability to perform advanced mass
spectral investigations like tandem MS (MS/MS) or precursor/product ion
scans.

Sterols are more amenable in their native state to separation by high
performance liquid chromatography (HPLC), although few suitable detectors
are available. Most sterols lack a chromophore, which prevents their detec-
tion by ultraviolet (UV)/visible or fluorescence spectroscopy. Sterols can be
modified to better absorb light by derivatization or by oxidation of alcohol
substituents to oxo-groups; however, these modifications add complexity and
additional steps to the analysis. Evaporative light-scattering detection (ELSD)
was developed for use with HPLC and has good sensitivity. An ELSD device
generates particles from the eluent of the HPLC column via heated nebuliza-
tion and produces a signal based on light scattered from an analyte. The ELSD
responds only to the number of particles present, and thus does not discrimi-
nate based on the physical characteristics of the molecule being measured.
Note that ELSD produces a nonlinear response, which should be considered
when interpreting data. These features allow for relative comparisons to be
made between chromatographic peaks, especially when the compounds of
interest are present in similar amounts; however, ELSD does not provide
selectivity in terms of mass or other compound-specific information, which
renders the analysis dependent on the chromatographic performance of the
HPLC system.

Historically, MS has been challenging to couple with HPLC, in part
because taking microliter to milliliter quantities of HPLC eluent from atmo-
spheric pressure to the high-vacuum environment of MS is difficult. Until
recently, the eluent was thermally vaporized prior to MS analysis; how-
ever, this approach did not allow detection of thermally labile compounds.
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Atmospheric Pressure Chemical Ionization (APCI) is a different ionization
source that has been successtully employed for sterol analysis by HPLC-MS
(Burkard et al., 2004; Palmgren ef al., 2005; Tian et al., 2006).

The efficient generation of ions and their transport into the mass spec-
trometer was another technological hurdle. A variety of techniques were
used to ionize analytes; however, no one technique proved to be broadly
applicable. The advent of electrospray ionization (ESI) (Fenn ef al., 1989)
overcame these hurdles and made HPLC-ESI-MS a broadly applicable
method for small molecule analysis. The electrospray interface can be used
independently or to couple HPLC to most types of mass spectrometers,
further diversifying the utility of this approach.

Although numerous biological functions of sterols have been described,
many more are yet to be discovered. The elucidation of new functions will
require not only advances in biology but also more sophisticated and
sensitive analytical techniques to identify quantitative behaviors of sterols
in sifu. An increasing number of methods in the literature report on the
extraction and analysis of sterol subclasses, such as oxysterols (Pulfer ef al.,
2005; Shan ef al., 2003) and plant sterols (Abidi, 2001), using HPLC-MS;
however, no comprehensive method exists for HPLC-MS of all sterols. We
report here a method for the extraction and analysis of sterols from tissue
and other biological matrices using HPLC-ESI-MS. The extraction proce-
dure is flexible and can be tailored to sample type and information sought.
The instrumental analysis offers excellent selectivity and sensitivity and is
adaptable to virtually all sterols with a run time of 30 min per sample.

2. SUPPLIES AND REAGENTS

Phosphate Buffered Saline (PBS)
Cell lifters
Glass culture tubes with Teflon™-lined caps (7-, 11-, 14-, 18-ml)
Wheaton Science Products
7-ml 358640
11-ml 358646
14-ml 358647
18-ml 358648
10-ml glass pipettes
Pasteur pipettes
Mechanical pipette pum
Glass vials with Teflon"™-lined caps (2-, 4-, 8-ml)
Wheaton Science Products
2-ml W224581
4-ml W224582
8-ml W224584
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Solid-phase extraction (SPE) cartridges (100-mg silica, Isolute)
Vacuum apparatus for SPE

0.5% (v/v) isopropanol in hexane

30% (v/v) isopropanol in hexane

HPLC-grade methanol, ethanol, chloroform, hexane, and H,O
Potassium hydroxide (10 N)

Ammonium acetate

Saponification solution

Hyrolysis solution (6 ml of 10 N KOH diluted to 100 ml with ethanol)
Bligh/Dyer solvent (1:2 [v/v] chloroform:methanol)

Primary and deuterated sterol standards

Luna Cyg reverse-phase HPLC column (250 X 2 mm; 3 pum-particle size)

3. EXTRACTION OF LIPIDS FROM CULTURED CELLS
AND TISSUES

Extraction of cultured cells begins by placing the culture dishes (6-cm
dishes seeded with 2e® cells) on ice. The medium is removed with a glass
pipette to a screw-cap glass culture tube and stored for extraction later. Cells
are gently washed twice with 3 ml of cold PBS, which is removed and
discarded. An additional 1.6 ml of cold PBS are added to the cells, which
are then gently scraped from the surface of the dish using a cell lifter. Cells
are transferred to a 14-ml screw-cap glass culture tube. Depending on the
desired information, aliquots of the medium or cells may be taken at this
stage for assays to determine levels of cytokines, DNA, or protein. Lipids are
extracted from the cells using a Bligh/Dyer procedure (Bligh and Dyer,
1959) in which 6 ml of chloroform:methanol (1:2 v/v) is added to the
resuspended cells in 14-ml screw-cap glass culture tubes. At this point,
deuterated surrogate sterol standards are added for quantitative analysis, as
indicated in Table 6.1 (see ““Quantitation’ section for definition of surrogate
standards). Samples are vortexed at high speed for 10 s, then centrifuged at
2600 rpm (1360 rcf) for 5 min to pellet insoluble material. The supernatant is
decanted to a fresh 14-ml glass culture tubes and 2 ml each of chloroform and
PBS is added. Samples are again vortexed for 10 s and centrifuged at room
temperature for 5 min at 2600 rpm. Two liquid phases should now be
observed. The organic lower phase is removed using a Pasteur pipette and
transferred to a 4-ml glass vial with a Teflon-lined cap. The upper aqueous
phase is discarded. We recommend the use of a mechanical pipette pump
(e.g., Scienceware Pipette Pump) versus a pipette bulb for better control
when removing liquid near the aqueous—organic interface.

The organic phase is evaporated under a gentle stream of dry nitro-
gen while heating at approximately 35° to counter the evaporative
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Table 6.1 Deuterated and primary sterols and the masses and volumes used
for quantitative analysis

Compound”’ Parts per million (PPM)

Surrogate mix 1 (10 ul)
25-Hydroxycholesterol (D3)
27-Hydroxycholesterol-(25R) (D7)
24,25-Epoxycholesterol (D6) (R+S)
7a-Hydroxycholesterol (D7)
7-Ketocholesterol (D7)
4-Hydroxycholesterol (D7)
Surrogate mix 2 (10 ul)
Cholesterol (D7) 150
Desmosterol (D6) 80
Internal standard (10 ul)

6a-Hydroxycholestanol (D7) 4
Sterol mix (10 ul)
22R-Hydroxycholesterol
25-Hydroxycholesterol
27-Hydroxycholesterol-(25R)
24,25-Epoxycholesterol
7a-Hydroxycholesterol
7-Ketocholesterol
4p-Hydroxycholesterol
Desmosterol 80
7-Dehydrocholesterol 100
Cholestenone 15
Cholesterol 150
Lanosterol 100

NS e S S S =N

N O

“ See Table 6.3 for systematic sterol names and Table 6.4 for deuterium positions.

cooling eftect. The dried extracts are reconstituted in approximately 200 ul
of 95% (v/v) methanol, shaken gently, and transferred to an auto-sampler
vial containing the appropriate deuterated internal standard based on the
amount given in Table 6.1 (see “Quantitation” section for definition of
internal standard). An additional 200 ul of 95% methanol is added, the
sample is gently shaken, and the solution is transferred to the same auto-
sampler vial. This additional rinse ensures maximum transfer of sterols from
the sample vial to the auto-sampler vial. Vortexing or sonicating the sample
should not be done, as these treatments can disperse any residual insoluble
material into the solution, which in turn adversely affects subsequent HPLC
or MS analyses of the extracts. Occasionally, even gently shaking the extract
can cause resuspension of insoluble material. If insoluble material is inadver-
tently resuspended, centrifugation and decanting the supernatant are usually
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sufficient to clarify the extract. If the final extract is not colorless and free of
solid material, then the Bligh/Dyer extraction should be repeated. The
auto-sampler vial should be equipped with an appropriate volume-reducing
insert if the final volume is less than 500 pl.

This extraction method is also suitable for animal tissues (brain, liver,
etc.), plasma, and medium from tissue culture. Adjustments to the volumes
of extraction solvents must be made to maintain the water:chloroform:
methanol ratio of 1:2:0.8 for the azeotrope and a 2:2:1.8 ratio for formation
of the two-phase system (Bligh and Dyer, 1959). Exact volumes must be
determined empirically for each sample type; however, we have found the
following information useful as a guide: when extracting lipids from liquid
solutions, the entire volume should be treated as the aqueous component;
for tissues, the endogenous water content will contribute to the aqueous
component in the azeotrope, and different tissues have different water
contents. For example, an adult mouse brain (~400 mg) will typically con-
tribute 0.4 ml of water, meaning that 1.2 ml of PBS would be added instead
of the 1.6 ml suggested above. Final volumes must also be adjusted depend-
ing on initial mass of the sample and lipid content. Tissues often require
homogenization in PBS using a Potter-Elvehjem device or a polytron prior
to addition of chloroform and methanol, and again after addition of these
organic solvents. The deuterated sterol standards surrogates should be added
after homogenization to avoid nonspecific adsorption (Lund and Diczfalusy,
2003).

4. SAPONIFICATION OF LIPID EXTRACTS

Sterols can exist in biological matrices in free and esterified forms
(Myant, 1981). The amount of total sterols or the ratio of free to esterified
sterols may be of interest, in which case steryl conjugates, typically esters
in most mammalian cells, must be saponified to remove fatty acyl groups
and free the sterols. Cholesteryl esters require different chromatographic
and mass spectral methods to measure their abundance compared to those used
to measure free sterols. Saponifying steryl esters to free sterols requires addi-
tional steps in the extraction and purification scheme, but is a more judicious
use of time and resources compared to employing two HPLC-ESI-MS
methods, which can more than double instrument time.

Our saponification procedure is derived from those previously described
by Lund and Diczfalusy (2003) and Yang et al. (2006). Hydrolysis reagents
should be prepared immediately prior to use according to the prescribed
method already listed. The lipid extract is dried under nitrogen at approxi-
mately 35° in a glass vial with a Teflon-lined cap, and 1 ml of hydrolysis
solution is added. The vial is capped, vortexed for 10 s at maximum speed,
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heated to 90° for 2 h, and then allowed to cool to room temperature. Lipids
are extracted from the solution using a modified Bligh/Dyer extraction in
which ethanol is substituted for methanol as follows. The hydrolyzed lipid
solution is transferred to a 14-ml screw-cap glass culture tube using a Pasteur
pipette, and the glass vial is rinsed once with 1 ml of ethanol. To the 2-ml
volume of hydrolyzed extract in ethanol, 2 ml of chloroform and 1.8 ml of
PBS are added. Samples are vortexed for 10s at maximum speed and
centrifuged at 2600 rpm for 5 min. Two phases should be observed, and
the organic phase (lower) is removed using a Pasteur pipette and placed in a
fresh 4-ml glass vial with a Teflon-lined cap, dried down, and reconstituted
in 95% methanol.

5. SoLID-PHASE EXTRACTION

Bulk-lipid extracts made with the Bligh/Dyer procedure contain
many nonpolar species such as steryl esters, monoacylglycerols, diacylgly-
cerols, and triacylglycerols, which are all strongly retained on reverse phase
HPLC columns. Accumulation of these compounds on the column can lead
to changes in retention time, decreased resolution, and increased back
pressure. For these reasons, it is often advisable to resolve the major lipid
classes by SPE prior to HPLC-MS analysis. Sterols can be isolated from
other classes of lipids by sequential development of a single SPE column
and, with the appropriate solvents, oxysterols, or sterols containing addi-
tional hydroxy-, oxo-, or epoxy-groups, can be separated from cholesterol
and other sterols that contain a single hydroxyl functional group.

For routine SPE (Lund and Diczfalusy, 2003), a 100-mg Isolute silica
cartridge (Biotage, Charlottesville, VA) is prewashed by passing 2 ml of
hexane through the column. A dried lipid extract prepared as previously
described (with or without saponification) is dissolved in 1 ml of toluene and
passed through the cartridge. Nonpolar compounds such as cholesteryl esters
are eluted first with 1 ml of hexane. Cholesterol and other related sterols are
eluted next with 8 ml of 30% isopropanol in hexane. The eluted sterols
are dried down and then resuspended in 95% methanol prior to analysis by
HPLC-MS.

To resolve sterols containing a single hydroxyl group from those contain-
ing more than one hydroxyl group (e.g., cholesterol from oxysterols), the SPE
column is pre-washed and loaded with lipids from the extraction procedure as
described above. Steryl esters are again eluted from the column with 1 ml of
hexane. Cholesterol and other mono-hydroxysterols are then eluted with 8 ml
of 0.5% isopropanol in hexane. Oxysterols are eluted next with 5 ml of 30%
isopropanol in hexane. Eluates from the individual chromatographic steps
are dried under nitrogen and resuspended in 95% (v/v) methanol/water.
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Our laboratory has determined that, in general, a 400-ul final volume for 5 to
10 x 10° cells is suitable for the instrumental analysis described in the
“Analysis by HPLC-ESI-MS” section. The final volume-to-cell number
ratio can be scaled to accommodate varying amounts of cells.

6. ANALYSIS BY HPLC-ESI-MS

6.1. High performance liquid chromatography

Sterols are resolved using reverse-phase HPLC (RP-HPLC). A 10-ul aliquot
of lipid extract (in 95% methanol) is loaded onto a RP-HPLC column (Luna
Cig2 x 250 mm, 3-um particle; Phenomenex, Torrance, CA) equipped with
a guard column (Cyg, 4 X 2 mm). From this point on, lipids are resolved by
gradient elution. The gradient program begins with 100% Solvent B (85%
methanol, 5 mM ammonium acetate) for 2 min, and is thereafter ramped to
Solvent A (100% methanol, 5 mM ammonium acetate) over a 13-min period
and held for 10 min. Solvent B is then passed through the column for 5 min to
re-equilibrate the column prior to the next run. The flow rate is 0.25 ml/min,
and the column is maintained at 30° using a column oven.

6.2. Electrospray ionization mass spectrometry

The HPLC is coupled to a 4000 QTrap triple quadrupole mass spectrometer
(Applied Biosystems, Foster City, CA) through a Turbo V'™ ESI source. The
source is operated in the positive (+) mode with a spray voltage of 5500 V, a
curtain gas of 15 psi (nitrogen), and ion Source Gas 1 and 2 set to 60 and 20 psi,
respectively (both nitrogen). Gas 2 is maintained at 50°. The mass spectrome-
ter is operated in standard reaction monitoring (SRM) mode to achieve
maximum selectivity. To increase signal intensity, the first quadrupole is set
to low resolution and the third quadrupole is set to unit resolution. These
settings allow ions of wider mass distribution to pass through quadrupole 1 into
the collision cell where ions are fragmented and resolved by quadrupole 3.
Individual transitions, optimal declustering potentials, collision energies, limits
of detection, and linear ranges are given in Table 6.2. SR M pairs are chosen by
infusing individual sterols into the MS and generating product ion MS/MS
from which these values are selected and optimized. Examples of product-ion
spectra from several different types of sterols are shown in Fig. 6.1. A more
comprehensive list of sterol product-ion MS can be found at http://www.
lipidmaps.org. Common ions formed for most sterols by electrospray
include [M+NH,]*, [M+H]*", [M+H-H,0]*, and [M+H-2H,O]*"
(Pulfer et al., 2005). Note that the [M+H]™ ion does not result from gaining
a proton during electrospray, but is likely the result of losing gaseous
ammonia (NH3) from the NH, adduct (Murphy, 2006).
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Table 6.2 Molecular weight, instrumental parameters, and figures of merit for representative sterols

LOD
Dwell (fmol Linear range
Peak # SRM DP CE time RT on- (fmol
Common name (Fig.6.3) MW ions ) ) (msec) (min) column) on-column)
22R-Hydroxycholesterol 1 402.7 420/385 50 15 110 10.5 50 5.00e1-1.25e5
24-Hydroxycholesterol 2/4 402.7 420/385 50 15 110 12.2 60 6.50e1-1.50e5
(R+S)
25-Hydroxycholesterol 3 402.7 420/367 50 15 110 13.3 25 2.50e1-2.50e5
27-Hydroxycholesterol- 5 402.7 420/385 50 15 110 13.9 55 5.50e1-1.25e5
(25R)
24,25-Epoxycholesterol 6 400.4 418/383 45 12 80 14.5 20 2.00e1-1.25e5
7a-Hydroxycholesterol 7 402.7 385/367 50 15 110 16.5 60 6.00e1-1.25e5
7-Ketocholesterol 8 400.6 401/383 80 35 70 17.3 85 9.00e1-6.30e4
5,6 f-Epoxycholesterol 9 402.7 420/385 50 15 110 18.7 5 5.00e0-8.70e4
5,60-Epoxycholesterol 10 402.7 420/385 50 15 110 19.5 5 6.00e0-8.70e4
4f-Hydroxycholesterol 11 402.7 420/385 50 15 110 20.2 25 2.50e1-6.20e4
Zymosterol a 384.6 385/367 85 20 70 N/A N/A N/A
Desmosterol 12 384.6 402/367 55 20 110 21.9 2000 6.50e4-3.20e6
7-Dehydrocholesterol 13 384.6 385/367 85 20 70 22.6 520 5.20e2-3.30e6
Cholest-4-en-3-one 14 384.6 385/367 85 20 70 23.4 390 3.90e2-1.60e6
Lathosterol 15 386.7 404/369 110 13 70 24 1300 9.00e3-2.50e6
Cholesterol 16 386.7 404/369 110 13 70 24.3 1000 2.60e4-3.20e6
Lanosterol 17 426.7 444/409 80 15 100 24.9 175 2.30e3-3.00e6
Cholestanol 18 388.7 404/369 110 13 70 b b
24-Dihydrolanosterol 19 428.7 429/411 100 17 70 b b

“ Compound no longer commercially available. Existing material is limited and impure; thus, LOD and linear ranges are not measured.

® Standards are of questionable purity; thus, LOD and linear range were not measured.
Key to abbreviations: CE, collision energy; DP, declustering potential; LOD, limit of detection; MW, molecular weight; N/A, not applicable; RT, retention time; SRM,
selected reaction monitoring.
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Figure 6.1 Product-ion mass spectra for selected sterols. See http://[www.lipidmaps.org for additional spectra.
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Cholest-5-en-3-ol (cholesterol)

Figure 6.2 Structure of cholesterol with positional numbering system.

7. QUANTITATION

Deuterated analogs of sterols are used for quantitation because they
have similar physical properties as non—isotopically labeled (i.e., endoge-
nous) sterols, but can be resolved from the latter by MS due to their
increased mass. Quantitation relies on the principle of isotope dilution MS
in which known amounts of deuterated sterol standards are added to the
biological sample at the beginning of the extraction and are thereafter
carried through the extraction procedure with endogenous sterols. The
amount of endogenous sterol in the cell or tissue extract is then calculated
using a predetermined relative response factor (RRF) between peak areas
and masses of the deuterated versus endogenous sterols. To obtain RRFs, a
standard mixture of deuterated surrogates and internal standard is prepared
as indicated in Table 6.1 prior to instrumental analysis. An autosampler vial
is fitted with a 500-ul insert, and ~400 ul of 95% methanol is added.
Deuterated surrogates and internal standards are then added to the solution
in the exact manner in which they were added to the sample as previously
described (same volume, pipette, stock mixtures, etc.). Corresponding
primary sterols are added to the mixture as well. The masses and volumes
for all compounds are given in Table 6.1.

The quantitation mixture is analyzed at the beginning and end of the
instrument sequence, and after every 8 to 10 samples. Using the masses of
standard added to the quantitation mixture and the areas under the elution
curves generated by HPLC-ESI-MS, a response factor can be generated
using Equation 1.
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(Area Analyte X Massstd)
(Ayeastd X Ma55a11alyte)

RRF =

(1)

The response factors are averaged over the course of the sequence to
account for any instrumental drift. Should the response factor drift exces-
sively between two standard analyses, specific response factors should
be used only for the samples they bracket. This approach establishes the
relationship between mass and peak area, which can be used to quantitate the
amount of each sterol present in individual samples. Equation 2 takes into
account the area under the elution curve for the sterol of interest (Area,payee),
the deuterated analog (Areayy), the mass of the deuterated analog (Mass,)
added to the sample, and the RRF generated with Equation 1.

(AreaAnalyte X MCZSSSM)
(Areaqqs X RRF)

(2)

Massanalyte =

Equation 2 can be seen as a rearrangement of Equation 1 in which the
RREF established for each sterol and deuterated analog in Table 6.1 is
incorporated.

Deuterated analogs are not available for all sterols. To overcome this
problem, an alternate deuterated analog of similar chemical composition to
that of the analyte to be measured can be substituted. For example, quanti-
tative analysis of 22-hydroxycholesterol can be performed using (d3)
25-hydroxycholesterol as an alternative surrogate. Common primary and
deuterated sterol standards and their sources are given in Tables 6.3 and 6.4.

8. DATA

An HPLC-ESI-MS chromatogram of a mixture of sterols is shown in
Fig. 6.3A. Using our standard gradient elution program, sterols elute from
the column between 10 and 28 min, and, in general, more hydrophilic
oxysterols elute before cholesterol and other more hydrophobic sterols.
Experience has shown that the earliest eluting sterols (i.e., the most hydro-
philic) extracted from cultured mammalian cells are trihydroxy compounds,
which elute several minutes before a 22-hydroxycholesterol standard. The
latest eluting sterol (i.e., most hydrophobic) is 24-dihydrolanosterol. All
other sterols detected in this laboratory elute between these two extremes.
ak widths are generally less than 20 s at the full-width, half maximum setting,



Table 6.3 Sources of representative sterol standards

Systematic name”

Cholest-5-en-33,22-diol (22R)
Cholest-5-en-3,24-diol
Cholest-5-en-33,25-diol
Cholest-(25R)-5-en-33,27-diol
24,25-Epoxycholest-5-en-3 -ol
Cholest-5-en-33,7a-diol
7-Keto-5-cholesten-3f-ol

5,6 -Epoxy-5fi-cholestan-3 -0l
5,60-Epoxy-5a-cholestan-3 f-ol
Cholest-5-en-3f,4-diol
8,24(50)-Cholestadien-3 f-ol
Cholest-5,24-dien-3f-ol
Cholesta-5,7-dien-3f-ol
Cholest-4-en-3-one
Cholest-7-en-3f3-o0l
Cholest-5-en-3f-ol
Lanosta-8,24-dien-3f-ol
Cholestan-3f-ol
50-Lanost-8-en-3ff-ol

Common name?

22R-Hydroxycholesterol
24-Hydroxycholesterol(R+S)
25-Hydroxycholesterol
27-Hydroxycholesterol-(25R)
24,25-Epoxycholesterol
7o-Hydroxycholesterol
7-Ketocholesterol

5,6 -Epoxycholesterol
5,60-Epoxycholesterol
4-Hydroxycholesterol
Zymosterol

Desmosterol
7-Dehydrocholesterol
Cholestenone

Lathosterol

Cholesterol

Lanosterol

Cholestanol
24-Dihydrolanosterol

MW

402.7
402.7
402.7
402.7
400.6
402.7
400.6
402.7
402.7
402.7
384.7
384.7
384.7
384.7
386.7
386.7
426.7
388.7
428.7

Source

Sigma Aldrich®
Avanti Polar Lipids®
Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
a

Avanti Polar Lipids
Sigma Aldrich
Sigma Aldrich
Steraloids®

Avanti Polar Lipids
Steraloids

Sigma Aldrich
Steraloids

* Compound no longer commercially available.
b St. Louis, MO.
¢ Alabaster, AL.

¢ See Fahy et al. (2005) for systematic nomenclature of sterols.

¢ Newport, RI.
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Table 6.4 Sources of deuterated sterol standards

Common name

(deuterium positions)’ MW Source

24-Hydroxycholesterol(D6) 408.7 Avanti Polar Lipids
(26,26,26,27,27,27-D6)

25-Hydroxycholesterol (D3) 405.7 Avanti Polar Lipids
(26,26,26-D3)

27-Hydroxycholesterol-(25R)(D5) 407.7 Medical Isotopes, Inc.
(26,26,26,27,27-D5)

24,25-Epoxycholesterol (D6) 406.6 Avanti Polar Lipids
(R+S) (26,26,26,27,27,27-D6)

60-Hydroxycholestanol(D7) 411.7 Avanti Polar Lipids
(25,26,26,26,27,27,27-D7)

7a-Hydroxycholesterol(D7) 409.7 Avanti Polar Lipids
(25,26,26,26,27,27,27-D7)

7B-Hydroxycholesterol(D7) 409.7 Avanti Polar Lipids
(25,26,26,26,27,27,27-D7)

7-ketocholesterol(D7) 407.6 Avanti Polar Lipids
(25,26,26,26,27,27,27-D7)

5,60-Epoxycholesterol (D7) 409.7 Avanti Polar Lipids
(25,26,26,26,27,27,27-D7)

4f-Hydroxycholesterol(D7) 409.7 Avanti Polar Lipids
(25,26,26,26,27,27,27-D7)

Desmosterol (D6) 390.7 Avanti Polar Lipids
(26,26,26,27,27,27-D6)

Cholesterol (D7) 393.7 Avanti Polar Lipids
(25,26,26,26,27,27,27-D7)

“ See Table 6.3 for systematic sterol names.
b Alabaster, AL.
¢ Pelham, NH.

which gives excellent resolution. Note that some sterols show multiple SRM
pairs for a single compound. For example, 4f-hydroxycholesterol (peak 11,
Fig. 6.3B) shows an SRM signal of 420/385, 420/367, and 385/367 u. These
additional SRM pairs add confidence to the identification of a specific sterol
and can provide further information regarding compound identification based
on their relative intensities.

An HPLC-ESI-MS chromatogram derived from analysis of a Bligh/
Dyer extract from wild-type mouse brain is shown in Fig. 6.4. Early in the
chromatogram, a group of compounds was observed that was not retained
by the stationary phase and eluted with the solvent front. This observation is
common in biological extracts, especially when no additional pre-purification
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or separation is performed. Multiple compounds are observed eluting in the
sterol region, some of which can be identified based on SRM pairs and
retention times. For example, 24-hydroxycholesterol eluting at 12.8 min
is abundant in the brain and readily observed in the chromatogram. Other
sterols identified in the brain extract include 24,25-epoxycholesterol
(13.5 min), 4f-hydroxycholesterol (19.7 min), desmosterol (21.3 min),
cholesterol (23.7 min), and lanosterol (24.3 min). Note that the region
around the cholesterol peak is shown at one-tenth scale. The chro-
matographic peak resulting from cholesterol is typically an order of magni-
tude or larger than any other sterol, which reflects the large abundance of this
sterol in most mammalian tissues and cells. In this example, the cholesterol
peak has a split top indicative of poor chromatographic performance due to
column overloading. Injecting a smaller volume or a more dilute sample will
improve peak shape. Additional sterols are present in the extract as shown by

5,6 (a,B)-expoxycholesterol

4B-hydroxycholesterol

Desmosterol
z 24-hydroxycholesterol
‘B
=
£ 0.1X
R
E [ ]
=
2
ﬂ:; 24,25-expoxycholesterol Cholesterol
=
<
o
=7

Unretained compounds ? ;anosterol
? ?
0 T "f&'l — T T T T T T '}L\'A’lb'A'A'"A'kAAI Tt T T T T T
0 5 10 15 20 25 30 35

Retention time (min)

Figure 6.4 Reconstructed SRM chromatogram of a Bligh/Dyer extract of wild-type
mouse brain. Known sterols are identified by name, and unknown compounds with
sterol-like signatures are indicated with a “?”” Note the reduced scale (x0.1 between
23 and 25 min).

Figure 6.3 (A) Reconstructed SRM ion chromatogram derived from the analysis of
a mixture of common sterols. Corresponding peak numbers are given in Table 6.2.
The baseline is truncated for clarity to show only 10 to 28 minutes. (B) Expanded view
of multiple SR M pairs for peak 11 (43-hydroxycholesterol).
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signals from other SRM pairs. These represent known or unidentified
sterols, or non-sterol compounds that happen to produce a signal identical
to one or more of the SRM pairs but do not match the retention time of any
of the sterol standards.

9. DiscussioN, NUANCES, CAVEATS, AND PITFALLS

9.1. Quantitation

A practical description and discussion of quantitative MS by isotope dilution
are provided here. For additional information, see Duncan ef al. (2006) or
USEPA (2003). Surrogate standards are deuterated analogs added to the
sample prior to extraction and carried through the extraction process with
the endogenous compounds. Theoretically, deuterated analogs will behave
identically to their non-isotopically labeled and endogenous counterparts
during the extraction process, including any losses due to incomplete trans-
fer, oxidation, degradation, or others. When surrogates are used for quanti-
tation, losses are accounted for and corrected automatically. In contrast,
internal standards are those added to the sample after extraction but imme-
diately prior to HPLC-ESI-MS analysis. As internal standards are added
after the extraction, they cannot account for losses during extraction.

A combination of surrogate and internal standards provides additional
information, allowing for the measure of extraction efticiency. The amount
of surrogate recovered at the end of an extraction can be calculated
providing extraction efficiency using the mass and peak areas of a surrogate
and an internal standard. While there is no specified level of recovery
necessary for a suitable extraction, a minimum of 50% recovery is our
internal target. Values that are consistently lower than 50% recovery indi-
cate the need for evaluation and modification of the extraction procedure.
Occasional recovery values below 50% are typically not of concern, but
should be evaluated on a case-by-case basis. Extraction efficiency is espe-
cially important in sterol analysis as many are present in trace quantities
within cells and tissues. The extraction procedure previously described
for cells typically yields between 70 and 80% average recovery using (d6)
27-hydroxycholesterol as an internal standard.

‘When measuring the response factor of a sterol and its deuterated analog,
the ratio should ideally be unity; however, due to impurities in the primary
standards and to potential deuterium exchange during the ESI process, this
ratio may be higher or lower than one. The ratio should be determined
empirically for each sterol and deuterated analog. The RRF between a
sterol and a related, but non-ideal deuterated surrogate may be very difter-
ent from unity and must be determined empirically. The linear working
ranges of response factors (i.e., calibration curves) must also be determined
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empirically, but generally reflect the linear ranges of the individual sterols
themselves.

Deuterated analogs are not available for all sterols. In this situation,
we use (d3) 25-hydroxycholesterol as an alternate deuterated analog of
22-hydroxycholesterol and (d7) cholesterol as the deuterated surrogate for
7-dehydrocholesterol, cholestenone, and lathosterol. Other common primary
and deuterated sterol standards and their sources are given in Tables 6.3 and 6.4.

Isotope dilution has the benefit of alleviating the analyst from having to
know the volumes of the extract, including the final volume. Because the
calculations are based on ratios between peak area and mass, no knowledge
of extract volume is necessary. The calculated value will have the units
(mass/extract) that allow the end user to normalize the mass of sterol to a
variety of standard measures, including DNA, protein, cell number, or
tissue weight.

9.2. Availability and purity of primary and
deuterated standards

Primary sterol standards are available from several commercial sources. Some
standards are prepared synthetically while others are extracted from biological
matrices and purified. It has been our experience that the purity of individual
sterols varies greatly depending on the specific sterol and the supplier. For
example, cholesterol is available from multiple sources as a highly pure
compound (>99%), but 24-dihydrolanosterol has limited availability and
typically contains many impurities. Some stereochemically pure compounds
are available, such as 22R-hydroxycholesterol, 27-hydroxycholesterol-(25R),
and 24(S)-hydroxycholesterol. Others are currently only available as the
racemic mixture. Suppliers generally offer limited analytical data to demon-
strate purity, which ranges from a basic thin layer chromatographic (TLC)
analysis, to an HPLC-UV/vis analysis and nuclear magnetic resonance
(NMR) analysis.

Evaluating the purity of primary and deuterated sterol standards can
be complex and time-consuming and may be beyond the scope of many
research laboratories. As described in the introductory section, sterols are
not well suited for analysis in their native state by most modern analytical
techniques. Even when detected, the response between two similar sterols
can differ by more than an order of magnitude, which makes it difficult to
ascertain relative percent purity without having standards for each impurity
detected. HPLC-ELSD is currently the most widely used and nondiscrimi-
natory technique for evaluation of sterol purity. HPLC-ELSD is optimal for
evaluation of standards but, because it does not provide mass information,
has limited applicability with complex extracts. Finally, NMR is often con-
sidered a definitive technique for identifying purity and structure of organic
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compounds; however, access to NMR is not always readily available to
those studying sterols.

A collection of deuterated sterol standards and an increasing number of
primary sterol standards has become available from Avanti Polar Lipids
(Alabaster, AL) as part of the LIPID MAPS consortium. The deuterated
sterols available at the time of this writing are listed in Table 6.4, and many
of the primary sterol standards available are listed in Table 6.3. Each standard
from Avanti has been prepared with a full complement of available analyti-
cal data, including HPLC-ESI-MS, ESI-MS, HPLC-ELSD, and NMR.
This characterization far exceeds the QA/QC data offered by other com-
mercial vendors of sterol standards at this time. Additionally, Avanti per-
forms routine stability testing of stocked compounds and will notify users
should the purity of a given standard fail their specified compliance of £5%.

9.3. Resolving related sterols by HPLC

Many sterols are fully resolved by the chromatographic method previ-
ously described; however, some, such as 24-hydroxycholesterol (R+S)
and 25-hydroxycholesterol, co-elute. Mass spectrometry can offer an addi-
tional level of resolution by difterentiating co-eluting compounds by mass
but, because many sterols are isobaric, this dimension is of variable worth.
24-Hydroxycholesterol (R+S) and 25-hydroxycholesterol share three
SRM pairs, but they vary in relative intensities between 24- and 25-
hydroxycholesterol. 24-Hydroxycholesterol shows 420/385 u as the most
abundant transition, whereas 25-hydroxycholesterol shows 420/367 u as the
most abundant transition. In some cases, a difference in the tissue-specific
distribution of two closely related sterols obviates the need for HPLC separa-
tion. In this example, a variety of tissues contain 25-hydroxycholesterol, but
24-hydroxycholesterol is selectively present in the brain.

We have made an extensive effort to develop a single gradient elution
method that resolves all closely related sterols present in a typical mamma-
lian cell, and this effort has largely succeeded. To date, our most favorable
results allow for a qualitative identification of the known co-eluting sterols;
however, resolution is still inadequate for quantitation. Should resolution of
two co-eluting sterols be necessary, various isocratic elution methods can be
employed. This approach, however, usually produces broader peaks and
lower signal intensity (Uomori et al., 1987). Also, more hydrophobic sterols,
such as cholesterol and lanosterol, will have long isocratic elution times that
fall outside of optimal chromatographic conditions. GC-MS remains a
viable alternative for the quantitation of 24- and 25-hydroxycholesterol
(Lund and Diczfalusy, 2003).
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9.4. Acetonitrile and signal intensity

Some methods describing the analysis of sterols by HPLC-MS utilize
acetonitrile as a component of the mobile phase (Burkard et al., 2004;
Pulfer et al., 2005; Shan et al., 2003). When we incorporated acetonitrile
into the gradient mobile phases, a modest to significant decrease in signal
intensity was observed for all sterols analyzed by LC-ESI-MS. Oxysterols
suffered the largest reduction in signal intensity in the presence of acetoni-
trile, whereas the reduction observed for other mono-hydroxylated sterols
was not as severe. Chromatographic parameters were similar in terms of
peak-width and retention time. Thus, reductions in signal intensity are not
likely explained by changes in chromatographic performance. We have no
clear explanation for this phenomenon at this time, but it appears that
acetonitrile has a detrimental effect on the electrospray process and adduct
formation, which in turn causes decreased signal intensity for oxysterols.
Recent research by Lawrence and Brenna (2006) and Van Pelt et al. (1999)
has described acetonitrile as a reactive gas-phase reagent with atmospheric
pressure ionization methods that may be related to the decreased signal
intensity observed here. For this reason, and because no increase is observed
in chromatographic resolution when using acetonitrile, the methanol/water
gradient previously described was implemented.

9.5. Auto-oxidation and use of SPE columns

It has been shown that cholesterol is subject to autooxidation, forming
oxidized end-products such as 22-, 24-, 25-, and 27-hydroxycholesterol,
and 5/6(a/ f)-epoxycholesterol (Breuer and Bjorkhem, 1995; Kudo et al.,
1989). In our experience, the most readily formed oxidation product is 5/6
(a/ B)-epoxycholesterol, which has been shown to be physiologically irrel-
evant (Breuer and Bjorkhem, 1995; Kudo et al., 1989). Other oxidation
end-products are formed in negligible amounts. We have found that
extraction of biological samples using the Bligh/Dyer approach above
described typically results in minimal oxidation. When further purification
steps are conducted on SPE silica columns, the abundance of 5/6(a/f)-
epoxycholesterol increases. A pilot study using deuterated compounds to
allow quantitation and the full extraction/SPE procedure previously
described showed that as much as 1 to 3% of cholesterol can be oxidized
to 5/6(ct/ f)-epoxycholesterol. No other autooxidation products of choles-
terol were detected. Addition of the antioxidant butylhydroxy toluene
(BHT) to the sample prior to extraction produced only a modest decrease
in oxidation. In most experiments, we do not consider these oxidation
products problematic. Minimizing oxidation by using good lab practices is
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important, but to eliminate oxidation would require processing the samples
in an inert environment, which is not logistically possible for most labora-
tories. It should be noted that 5/6a- and 5/6-epoxycholesterol are among
the most sensitive sterols analyzed by this instrumental method (Table 6.2),
which can result in large signals being observed in the SRM chromatograms
relative to other signals. This imbalance in relative signal strength adds
complexity and, possibly, confusion to the interpretation of the data.

9.6. Sample clean-up

Depending on sample type and desired information, additional sample
processing may be desirable; however, in addition to the increased forma-
tion of oxidation products already described, we find that typical clean-up
steps such as saponification and SPE require additional time and resources
and produce only limited benefit. While we have described here a compre-
hensive extraction procedure involving extraction, saponification, and
solid-phase purification, the last two steps are not always required for
successful analysis of sterols. In specific cases, such as plasma, oxysterols are
found as free and esterified compounds (Bodin ef al., 2001; Dzeletovic ef al.,
1995; Smith ef al., 1981). Saponifying the extracts will increase the amount
of free oxysterols present in the extract, resulting in stronger signal intensities
for these compounds. Otherwise, unless knowledge of free-to-esterified
sterol ratios is required or the final extracts are not suitable for analysis
after multiple Bligh/Dyer extractions, we do not recommend performing
additional separation and purification steps beyond the Bligh/Dyer extrac-
tion. Use of a guard column with the primary HPLC column will trap many
highly retained compounds and can be replaced with minimal expense
relative to the HPLC column. Should diminished chromatographic perfor-
mance be observed, back-flushing the column with a strong reverse-phase
solvent such as chloroform or isooctane will often remove most retained
compounds and extend the life of the column. Alternatively, HPLC col-
umns are consumable items, and the cost of replacing a column with greater
frequency is usually smaller than that associated with the increased equip-
ment and time required for additional separation and purification steps. The
chromatographic method outlined above adequately separates a majority of
sterols in mammalian cells, and SPE cannot itself resolve problems associated
with the analysis of co-eluting sterols or diastereomers. Lastly, with every
new step in processing comes the possibility of additional sample loss and,
although surrogate standards can account for these losses, if the sterol of
interest exists at trace levels, excess processing may reduce its signal below the
limits of detection. Figure 6.5 shows various work-flows for the extraction of
sterols that can be tailored to individual user’s requirements.
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Figure 6.5 Flow chart of various procedures for the extraction and preparation of
sterols from biological extracts.

9.7. Residual insoluble material

Regardless of how extensively an extract is separated and purified, residual
insoluble material is often present in the final dried extract. When this
situation is encountered, we redissolve lipids in 95% methanol and make
every effort to minimize resuspension of insoluble material. We investigated
the composition of this insoluble material by performing additional extrac-
tions with both methanol and chloroform followed by ESI-MS analysis.
Methanol extraction of particulates showed only small amounts of choles-
terol, which may represent residual compound remaining after the extract
was transferred to the auto-sampler vial. Chloroform extraction showed no
additional sterols, but did dissolve some of the residual material. It would
appear that the minor amounts of insoluble material that sometimes form
using the above methods is of little concern for subsequent sterol analyses.

Recent experiments (unpublished work) demonstrate that the majority
of residual insoluble material previously described is due to the use of plastics
in conjunction with organic solvents. We recommend using only glass and
Teflon when contact with any organic solvents will occur. The only steps
where plastics and organic solvents should come into contact are during
the addition of the surrogate and internal standards (when using positive



168 Jeffrey G. McDonald et al.

displacement pipettes with disposable tips) or during pre-purification of
extracts with SPE columns (the columns are made of plastic). Completely
eliminating plastics in these steps would add considerable eftort and cost.

9.8. Comparing relative peak areas

Individual sterols have varying responses to ESI. The more polar oxysterols
(e.g., 24,25-epoxycholesterol) are generally more amenable to ESI ioniza-
tion compared to less polar compounds (e.g., lanosterol). This difference is
reflected in Table 6.2, which shows that limits of detection span several
orders of magnitude. Also, later eluting sterols are subject to longitudinal
diffusion, which causes peak-broadening and results in a less-intense signal
compared to the narrower peaks eluting early in the elution profile. Both of
these phenomena prevent interpretation of the relative amounts of sterols in
an extract solely by evaluation of their signal intensities. Equivalent signals
for two sterols may be the result of very different amounts. Interpretation of
relative amounts can only be evaluated by assessing the instrumental
response of primary standards for the compounds of interest.

9.9. Electrospray using other instrumental platforms

Electrospray ionization and adduct formation of sterols is dependent on the
mass spectrometer and, more importantly, the ionization source used. Two
laboratories analyzing cholesterol by ESI-MS using the previously men-
tioned parameters but with instruments and/or ionization sources from
other manufacturers or other models from the same manufacturer, may
obtain different mass spectra or have varying optimal SRM pairs.
The method described here is developed and optimized for an Applied
Biosystems 4000 QTrap® equipped with a Turbo V'™ ionization source.
Through discussions with other mass spectrometrists, it is clear that, with
some instruments, sterol-ammonium adducts are not observed, but in-
source decay products (e.g., loss of NH;, H>O, etc.) are. Furthermore,
some instruments ionize and transfer sterols to the MS so inefficiently that
atmospheric pressure chemical ionization (APCI) is employed in place of
ESI (Burkard et al., 2004; Palmgren et al., 2005; Tian et al., 2006). The
parameters and results described here are specific to the 4000 QTrap triple
quadrupole system, although, on other platforms, they can serve as a
foundation from which a suitable HPLC-MS method can be developed,
including those for single quadrupole systems.
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Abstract

The Lipid Metabolites and Pathways Strategy (LIPID MAPS) initiative constitu-
tes the first broad scale national exploration of lipidomics and is supported by
a U.S. National Institute of General Medical Sciences Large Scale Collaborative
“Glue” Grant. The emerging field of lipidomics faces many obstacles to become
a true systems biology approach on par with the other “omics” disciplines. With
a goal to overcome these hurdles, LIPID MAPS has been developing the neces-
sary infrastructure and techniques to ensure success. This review introduces a
few of the challenges and solutions implemented by LIPID MAPS. Among these
solutions is the new comprehensive classification system for lipids, along with a
recommended nomenclature and structural drawing representation. This clas-
sification system was developed by the International Lipids Classification
and Nomenclature Committee (ILCNC) in collaboration with LIPID MAPS and
representatives from Europe and Asia. The latest changes implemented by
the committee are summarized. In addition, we discuss the adoption of mass
spectrometry (MS) as the instrumental platform to investigate lipidomics. This
platform has the versatility to quantify known individual lipid molecular species
and search for novel lipids affecting biological systems.
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1. INTRODUCTION

Remarkable technological advances in the biological sciences have
forged a new era of research in the field of systems biology. These compre-
hensive investigations of living organisms at the molecular system level can
be classified into different fields: genomics, transcriptomics, proteomics, and
metabolomics, otherwise known as the “omics cascade.” The integrative
analysis of an organism’s response to a perturbation on the “omics” levels
will lead to a more complete understanding of the biochemical and
biological mechanisms in complex systems.

An explosion of information has occurred in the fields of genomics,
transcriptomics, and proteomics because each field was able to adopt a single
instrumental methodology to analyze all of their respective components in a
given sample. However, whereas genomics, transcriptomics, and proteo-
mics have made significant strides in technological development, the tools
for the comprehensive examination of the metabolome are still emerging.
Although metabolomics is the endpoint of the “omics cascade” and the
closest to phenotype, no single instrument can currently analyze all meta-
bolites (Bino et al., 2004).

Comprehensive investigation of the metabolome is hindered by its enor-
mous complexity and dynamics. The metabolome represents a vast number
of components that belong to a wide variety of compound classes, including
nucleic acids, amino acids, sugars, and lipids. These compounds are diverse
in their physical and chemical properties and occur in vastly different con-
centration ranges. Additionally, metabolite concentrations can vary spatially
and temporally. Furthermore, diet- and/or nutrient-dependent biological
variability confounds such analysis (Vigneau-Callahan et al., 2001). For
example, within the lipid classes, highly abundant compounds exist, such
as fatty acids, triglycerides, and phospholipids, and trace level components,
such as eicosanoids, which have important regulatory eftects on homeostasis
and disease states.

In addition to analyzing a vast number of metabolites, a comprehensive
lipidomic investigation includes studying the metabolizing enzymes and
lipid transporters. Together, these components play a role in cell signaling,
metabolism, physiology, and disease, making them excellent targets for
systematic measurements. The LIPID MAPS initiative is a result of our
quest to characterize the mammalian lipidome to an extent similar to that of
the genome and proteome (Dennis ef al., 2005). To accomplish this goal, we
have formed a consortium of twelve independent laboratories from seven
academic institutions and one company. We have six lipidomics cores that
are charged with identifying, quantifying, and becoming experts in six
major categories of lipids: fatty acyls, glycerolipids, glycerophospholipids,
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sphingolipids, sterol lipids, and prenol lipids. This division of labor is essen-
tial, as there are hundreds of thousands of individual molecular species
of metabolites in each category of lipids, presenting a challenge for routine
quantification. Additionally, the Lipid Synthesis/Characterization Core
is charged with generating quantitative lipid standards and the synthesis
and characterization of novel lipids. We also have a Bioinformatics Core,
a Cell Biology Core, and a MS Development Core. Finally, five indepen-
dent sections explore more specific aspects of lipidomics as related to future
core methodologies and the medical field.

The following text will discuss each of the LIPID MAPS contributions
to lipidomics. The “Building Infrastructure in Lipidomics™ section discusses
the development of critical infrastructure for lipidomics to become a true
systems biology approach. “Classification, Nomenclature, and Structural
Representation of Lipids” describes the standardization of the lipid classifi-
cation scheme, lipid nomenclature, and structural representation (Fahy
et al., 2005). “Mass Spectrometry as a Platform for Lipid Molecular Species”
describes the adoption of MS as the major platform to investigate lipidomics
and the challenges in quantifying the complex lipid metabolites in a bio-
logical system. This section addresses the complications associated with
integrating the molecular species lipidomic data and the need for analyte
standards. After the first 3 years of the project, we have implemented most
of the infrastructure and have evolved our future plans to expand lipido-
mics, as described in the “Future Plans’ section.

2. BUILDING INFRASTRUCTURE IN LIPIDOMICS

In 2003, the consortium identified several important challenges that
any lipidomics effort would face. These obstacles included developing a
robust and versatile platform to quantify the lipidome, specific reagents and
experimental protocols, high throughput methods, data export standardiza-
tion, computer algorithms for automated data analysis, visualization tools,
libraries, and databases for integration of lipidomics with the other omic
cascades.

Because no single quantization platform is capable of measuring the entire
lipidome, the first goal of the initiative was to develop the requisite quanti-
tation technology. In order for different laboratories to minimize instrument
variability and to ensure interoperability and method sharing capabilities,
LIPID MAPS chose for all cores to use the same ABI-4000 Q-trap mass
spectrometers (Foster City, CA) for quantitative comparisons. We have and
will continue to design stringent sets of isotopic-labeled reference com-
pounds that will allow the accurate quantification of a wide range of lipid
metabolites. The reference standards are intended to be commercially
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available to all researchers worldwide, both within and beyond the lipid field,
which will facilitate inter-laboratory comparison.

Once a requisite quantitation technology was established, we realized
that, to successfully conduct bioinformatic analysis of data collected from six
different laboratories, a significant level of reproducibility between experi-
ments and between laboratories would be required. To achieve this repro-
ducibility, we have employed a rigorously maintained set of common
biological, biochemical, and analytical technologies in each of the consor-
tium laboratories. To this end, we have tried to standardize all reagents.
We purchased a large lot of fetal calf serum, which is being employed by all
consortium laboratories for the duration of this project. We also prepared
a large batch of RAW 264.7 cells obtained from ATCC (Manassas, VA) and
froze enough stabs to supply fresh cells from this one batch to all laboratories
for the duration of the project. Thus, all cells in these experiments were
similarly passaged and treated. For example, to investigate changes asso-
ciated with the binding of the Toll-like receptor 4 (TLR-4), we developed
the methodology to prepare highly purified 3-deoxy-D-manno-octulosonic
acid Kdo,-Lipid A, and then evaluated it by electrospray ionization (ESI)-
MS (ESI-MS), liquid chromatography (LC)-MS (LC-MS), and 'H-NMR
(nuclear magnetic resonance). Finally, we compared its bioactivity with
laser plasma spectrometry (LPS) in RAW 264.7 cells and bone marrow
macrophages from wild-type and TLR-4—deficient mice. Now, standar-
dized Kdo,-Lipid A ensures a crucial intra-laboratory quality control agonist
for TLR-4 (Raetz ef al., 20006).

No universal classification system for lipids was suitable for modern
informatics and experimental investigations. Unlike existing lipid legacy
databases, such as Lipid Bank and Lipidat, our new system plans to integrate
all the omic cascades associated with lipidomics. Integrating the MS data on
lipidomics with the genomic data will lead to a more complete understand-
ing of how complex lipidomic networks function, from biosynthesis to the
removal of cellular lipids and the important roles of metabolites as second
messengers. With thorough and extensive experimental planning, we are
able to integrate and analyze large amounts of data that will be developed
into “‘road maps.”

3. CLASSIFICATION, NOMENCLATURE, AND
STRUCTURAL REPRESENTATION OF LIPIDS

With the emergence of lipidomics as a rapidly expanding field came an
urgent need for an internationally accepted method of describing and
classifying lipid molecules. The first step toward classification of lipids was
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the establishment of an ontology that was extensible, flexible, and scalable.
One must be able to classify, name, and represent these molecules in a
logical manner that is amenable to databasing and computational manipula-
tion. Lipids have been loosely defined as biological substances that are
generally hydrophobic in nature and, in many cases, soluble in organic
solvents (Smith, 2000). These chemical features are present in a broad
range of molecules, such as fatty acids, phospholipids, sterols, sphingolipids,
and terpenes (Christie, 2003). The LIPID MAPS consortium has taken a
chemistry-based approach by defining lipids as hydrophobic or amphipathic
small molecules that may originate entirely or in part by carbanion-based
condensations of thioesters such as fatty acids and polyketides (Fig. 7.1A)
and/or by carbocation-based condensations of isoprene units such as prenols
and sterols (Fig. 7.1B) (Fahy ef al., 2005).

The classification scheme shown in Table 7.1 organizes lipids into well-
defined categories that cover eukaryotic and prokaryotic lipid origins, and is
equally applicable to archaea and synthetic (manufactured) lipids (Fahy ef al.,
2005). Biosynthetically related compounds that are not technically lipids due
to their water solubility are included for completeness in this classification
scheme.

Lipids are divided into eight categories (fatty acyls, glycerolipids, glycer-
ophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids, and
polyketides) containing distinct classes and subclasses of molecules, and a
12-digit unique identifier is associated with each distinct lipid molecule.

For each lipid, the unique 12-character identifier based on this classifi-
cation scheme is an important database field in the Lipids Database (Sud
et al., 2007). The format of the LIPID ID, outlined in Table 7.2, provides a
systematic means of assigning a unique identification to each lipid molecule
and allows for the addition of large numbers of new categories, classes, and
subclasses in the future. The last four characters of the ID comprise a unique
identifier within a particular subclass and are randomly assigned. Initially
using numeric characters allows 9999 unique IDs per subclass; however,
with the additional use of 26 uppercase alphabetic characters, a total of 1.68
million possible combinations can be generated, providing ample scalability
within each subclass.

The classification system is under the guidance of the ILCNC, which
meets periodically to propose changes and updates to classification, nomen-
clature, and structural representation. The ILCNC currently consists of
Dr. Edward A. Dennis (chair), Dr. Robert C. Murphy, Dr. Masahiro
Nishijima, Dr. Christian R.H. Raetz, Dr. Takao Shimizu, Dr. Friedrich
Spener, Dr. Gerrit van Meer, and Dr. Michael Wakelam. The most recent
meeting was on July 7, 2006 in La Jolla, CA, during which a number of
recommendations were implemented to extend the original system (Fahy
et al., 2005). Some key changes can be seen in Table 7.3.
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Figure 7.4 The LIPID MAPS chemistry-based approach defines lipids as molecules
that may originate entirely or in part by carbanion-based condensations of (A) thioesters
and/or by (B) carbocation-based condensations of isoprene units.

The ILCNC has been greatly assisted by many experts throughout the
world who have given helpful advice and comments on enhancing the scope
and utility of the lipid classification scheme. The scheme can be conveniently
browsed on the LIPID MAPS website (http://www.lipidmaps.org), in
which the various classes and subclasses are linked to the LIPID MAPS
structure database (Fahy and Subramaniam, 2007).

The LIPID MAPS classification scheme has now gained widespread
international acceptance and has recently been adopted by KEGG (Kyoto
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Table 7.1 LIPID MAPS lipid categories and examples

Category Abbreviation
Fatty acyls FA
Glycerolipids GL

Glycerophospholipids ~ GP

Sphingolipids SP
Sterol lipids ST
Prenol lipids PR
Saccharolipids SL
Polyketides PK

Example

Dodecanoic acid
1-Hexadecanoyl-2-
(9Z-octadecenoyl)-sn-glycerol
1-Hexadecanoyl-2-(9Z-
octadecenoyl)-sn-glycero-3-
phosphocholine
N-(tetradecanoyl)-sphing-4-enine
Cholest-5-en-3f5-ol
2E,6E-farnesol
UDP-3-O-(3R-hydroxy-
tetradecanoyl)- fD-N-
acetylglucosamine
Aflatoxin B1

Table 7.2 Format of 12-character LIPID ID

Characters  Description Example
1-2 Fixed database designation LM

34 Two-letter category code FA

5-6 Two-digit class code 03

7-8 Two-digit subclass code 02

9-12 Unique four-character identifier within subclass AG12

Encyclopedia of Genes and Genomes), where functional hierarchies involv-
ing lipids, reactions, and pathways have been constructed (http://www.
genome.ad.jp/brite/). In addition, LIPID MAPS lipid structures are now
available on NCBI’s PubChem website (http://pubchem.ncbi.nlm.nih.gov/),
where entries are hyperlinked to the LIPID MAPS classification system.

4. MASS SPECTROMETRY AS A PLATFORM FOR LIPID

MOLECULAR SPECIES

Mass spectrometry is an established and invaluable tool for the character-
ization of changes in lipidomics and lipid-mediated signaling processes result-
ing from disease, toxicant exposure, genetic modifications, or drug therapy
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Table 7.3 Updates to LIPID MAPS classification system

1. Under the fatty acyls category, the hydroxyeicosatrienoic acids,
hydroxyeicosatetraenoic acids, and hydroxyeicosapentaenoic acids
subclasses have been expanded to include the corresponding hydroperoxy
and keto analogues. The N-acyl amide and N-acyl ethanolamide subclasses
have been renamed to N-acyl amines and N-acyl ethanolamines.

2. In order to improve representation of plant lipids in the classification
scheme, the glycosylmonoradyl and glycosyldiradylglycerol classes were
created within the glycerolipid category.

3. Several new bile acids (C22, C23, C25, and C29 bile acids, alcohols, and
derivatives) and secosteroids (vitamin D4, D5, D6, and D7 and derivatives)
have been added to the sterol lipids category.

4. Tt was decided not to rely on phylum- or species-based references in the
classification scheme, but rather to use structural core units where possible.
Accordingly, the phytosterol, marine sterol, and fungal sterol subclasses
were removed from the sterol lipids category and replaced with a more
extensive, structurally based list (ergosterols, stigmasterols, C24-propyl
sterols, gorgosterols, furostanols, spirostanols, furospirostanols, calysterols,
cardenolides, bufanolides, brassinolides, and solanidines/alkaloids) of sterols.

5. The retinoids subclass was added to the prenol lipids category. The
hopanoids class was also moved to this category (from sterol lipids).

6. In the case of lipids with multiple functional groups (especially fatty acyls)
where it may be difficult to objectively classity a structure, the Cahn-
Ingold-Prelog rules are applied to place the lipid in the subclass with the
highest Cahn-Ingold-Prelog “score.” However, to ensure that lipids
containing a particular functional group (e.g., a hydroxyl-fatty acid) can be
located in a database that uses this classification system, an ontology-based
system has been implemented, where a user may locate all lipids with the
specified functionality, regardless of their subclass designation.

7. The LIPID MAPS glycerophospholipid abbreviations (GPCho, GPEtn,
etc.) are used to refer to species with one or two radyl side-chains, where
the structures of the side chains are indicated within parentheses, such as

GPCho(16:0/18:1(9Z)).

(Watkins and German, 2002). MS provides a wide dynamic range to quantify
lipids. In addition, it offers excellent selectivity for examining compounds
using parameters such as ionization mode (positive/negative), mass selection,
MS/MS characterization, and numerous MS" techniques for structural eluci-
dation. MS-based lipidomics can deliver detailed, quantitative information
about the cellular lipidome constitution and provide insights into biochemical
mechanisms of lipid metabolism, lipid-lipid, and lipid—protein interactions.
Traditionally, lipids have been analyzed using gas chromatographic (GC)
separation, electron impact ionization MS (EI-MS), and flame ionization
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detection (FID). GC is limiting because compounds must be thermally stable
with high enough vapor pressure to volatilize during injection. Therefore,
extensive sample manipulation is required on complex lipid samples to pro-
duce accurate data. Sample preparation can include pre-separation of lipid
classes, hydrolysis, derivatization, or pyrolysis. Although highly quantita-
tive, these labor-intensive preparations destroy structural information
regarding lipid composition. One of the LIPID MAPS goals is to improve
the ability to quantify discrete molecular species, utilizing MS.

Detection of the specific molecular species was made possible by the devel-
opment of solid state ion sources (e.g., fast atom bombardment [FAB] or matrix-
assisted laser desorption/ionization [MALDI]) and liquid-phase ion sources
(e.g., electrospray ionization [ESI], atmospheric pressure chemical ionization
[APCI], or atmospheric pressure photo ionization [APPI]) (Griffiths, 2003).
Although MALDI and other laser-based ionization methods have great poten-
tial for nonpolar species, our initial work has focused on ESI ion sources, as they
are efficient for a wide variety of metabolites and are easily mated to high
performance liquid chromatography (HPLC). ESI in positive mode allows for
the detection of phosphatidylcholine, lysophosphatidylcholine, phospha-
tidylethanolamine, and sphingomyelins. ESI in negative mode allows for the
detection of phosphatidic acid, phosphatidylserine, phosphatidylinositol, phos-
phatidylglycerol, phosphotidylethanolamine, free fatty acids, and eicosanoids.
Finally, compounds that are not readily ionized by ESI, such as neutral lipids
(e.g., triacylglycerols), can be detected by examining ammonium, lithium, or
sodium adducts with ESI in positive mode (Duffin ef al., 1991; Han and Gross,
2005; Hsu and Turk, 1999).

Tonized lipids are further studied by tandem MS (MS/MS) to identify
lipid species within specific classes. For example, the specific headgroups of
phospholipids produce characteristic fragmentation patterns that are used
for their identification (Griftiths, 2003; Pulfer and Murphy, 2003; Merrill
et al. 2005) used both neutral loss and precursor-ion methods to identify
sphingolipids. Precursor-ion scans for m/z 184 in positive mode are used to
identify sphingomyelin while scans for m/z 264 are used to identify cer-
amide. More complex lipids, such as gangliosides, require advanced MS*
experiments for elucidation.

Certain lipid classes lend themselves to automated computational lipi-
domic approaches because of structural similarities and differentiation only
in their headgroups and acyl groups. Forrester et al. (2004) developed
methods to automate spectral interpretation and quantification of multiple
phospholipid species utilizing direct injection ESI-MS/MS analysis. Han
and Gross (2003, 2005) have also attempted to eliminate the need for HPLC
by developing a “‘shotgun lipidomic™ approach. They utilized the tradi-
tional Bligh/Dyer extraction to produce tissue extracts, and then directly
injected the sample onto the mass spectrometer in both positive and nega-
tive mode ESI. Hermansson ef al. (2005), using LC-ESI-MS/MS, quantified
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more than 100 polar lipids using a fully automated method from sample
handling to computer algorithms analysis of the spectra produced. In most
cases, only semiquantitative data were reported.

The current goal of LIPID MAPS focuses on the complete quantitative
analysis of the exact molecular species. Accurate quantitative data require a
known standard for each molecular species, as well as internal standards to
mimic analytes in these biological samples. Internal standards are most com-
monly deuterated analogues or lipids containing odd chain fatty acids. LIPID
MAPS has collaborated with suppliers who provide analytical, chemically pure
standards for precise quantization. In some categories, such identification of
discrete molecular species is extremely labor-intensive. While it would be labor-
and cost-prohibitive to develop the standards for quantifying all of the known
molecular species, we continue to develop as many standards as possible.
Moreover, when unknown species are detected and characterized, their final
identification requires chemically synthesized standards (Harkewicz et al., 2007)

Progress to date in developing standards is shown in Table 7.4.

5. FUTURE PLANS

Signaling through lipid metabolism constitutes key cellular events that
participate in innate immunity, inflammation, and a host of other phy-
siological phenomena. The complexity of lipid metabolites in biological

Table 7.4 Mass spectrometry standards

Library

MS/MS Internal Primary LIPID MAPS
Core SPECTRA® standard” standard® standard”
Fatty acyls eicosanoids 74 16 16 0
Glycerolipids 21 15 15
Glycerophospholipids 182 24 40 24
Sphingolipids 5 15 15
Sterols 23 13 13 1
Prenols/other 13 1 7
Total 318 84 69 72

? MS/MS spectra of chemically pure analytes, which are located in the LIPID MAPS library on www.
lipidmaps.org.

b Analyte analog (e.g., stable isotope, odd carbon fatty acid).

¢ Chemically pure, accurately quantitated analyte.

¢ Internal or primary standard that is a certified, chemically pure analyte, quantitated, and stability-tested
for shelf life.
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samples has presented a great challenge. As stated previously, the different
subclasses of lipids are affected by various stimuli and produce both temporal
and spatial metabolites in a biological system. Therefore, the true goal of
“lipidomics,” namely the quantitative analysis of all lipid metabolites in a
biological system, requires different tools to probe the lipidome for dynamic
changes. Two complementary approaches are lipid fingerprinting and lipid
profiling.

Lipid fingerprinting identifies patterns, or “‘fingerprints,” of lipid meta-
bolites that change in response to various stimuli. These methods, which are
not intended to quantify compounds, cast a wide net and generate and test
hypotheses. Specifically, LIPID MAPS—collected lipid extracts will be sub-
jected to a general lipid fingerprinting analysis using LC—time-of-flight
(TOF)—-MS. This technique is used to screen for differences in lipid expres-
sion among treatment groups and identify important lipid metabolites and
potential biomarkers. The bioinformatics team will process the data and,
when significant changes are detected, further eftforts will be taken to iden-
tify and quantify these compounds. This approach allows for the discovery
of novel lipids that change in response to a given stimulus as well as
interpretation of the role in biochemical processes.

Lipid profiling uses analytical methods for quantifying metabolites in a
pathway or for a class of compounds. LIPID MAPS has developed infra-
structure for quantifying analytes in each lipid class using this approach. The
quantitative lipid analysis information has allowed us to produce informa-
tion that can be applied to known biochemical pathways and physiological
interactions. Profiling methods are used to test specific hypotheses and
investigate mechanisms of action within the biological systems. Individual
analyte data comprise a platform-independent legacy database, while the
collection of lipid profiles provide temporal snapshots that lead to identifi-
cation of different response stages among the different various groups.
In combination with fingerprinting, various biomarkers can potentially be
discerned from each stage.

In future work, we will use both approaches to comprehensively investi-
gate lipid changes resulting from a genetic modification, toxicant exposure,
diet, disease, or drug therapy. LIPID MAPS plans to carry out systematic and
quantitative measurements of lipid changes in an effort to reconstruct normal
and pathological networks associated with inflammation. Our vehicle for
these experiments will be primary macrophages and macrophage cell lines as
well as mouse plasma and various tissues. We will continue to develop novel
MS techniques, as well as methods for integrating lipidomic and genomic
technologies. We anticipate that our efforts will provide the foundation for
building a bridge to translational medicine and serve as a paradigm for
interdisciplinary systems medicine projects.
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Abstract

Lipids are recognized as key participants in the regulation and control of
cellular function, having important roles in signal transduction processes.
The diversity in lipid chemical structure presents a challenge for establishing
practical methods to generate and manage high volumes of complex data
that translate into a snapshot of cellular lipid changes. The need for high-quality
bioinformatics to manage and integrate experimental data becomes imperative
at several levels: (1) definition of lipid classification and ontologies, (2) rela-
tional database design, (3) capture and automated pipelining of experimental
data, (4) efficient management of metadata, (5) development of lipid-centric
search tools, (6) analysis and visual display of results, and (7) integration of the
lipid knowledge base into biochemical pathways and interactive maps. This
chapter describes the recent contributions of the bioinformatics core of the
LIPID MAPS consortium toward achieving these objectives.

1. INTRODUCTION

The LIPID MAPS consortium is an exemplary systems biology project
that quantitatively measures cell-wide lipid changes upon stimulus and
attempts to reconstruct biochemical pathways associated with lipid processing
and signaling. The cell-wide measurements of components of these pathways
include mass spectrometric measurements of lipid changes in response to
stimulus in mammalian cells, changes in transcription profiles in response to
stimulus, and, in select cases, proteomic changes in response to stimulus.
Reconstruction efforts will rely on organization, analysis, and integration of
these data, and this warrants a strong bioinformatics effort. The UCSD
Bioinformatics Laboratory is involved in the creation of the infrastructure of
LIPID MAPS and in the methodology needed to carry out systematic recon-
struction leading to new biological hypotheses. This infrastructure involved
the development of the following:

e A completely systematic and universal classification and nomenclature
system

e A LIPID MAPS website that provides a comprehensive introduction,
description of the project, and reports of developments in the project

e A series of databases pertinent to lipids

e Web interfaces that provide easy navigation and query capabilities for
LIPID MAPS

® Analysis tools for lipid-related molecules

e A laboratory information management system

e A pathway representation and visualization system
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The following sections provide a comprehensive, albeit synoptic,
description of these facets of the LIPID MAPS bioinformatics infrastructure
for lipidomics.

2. LIPID STRUCTURE DATABASES

2.1. Ontology, classification, and nomenclature

The first step toward classification of lipids is the establishment of an
ontology that is extensible, flexible, and scalable. When efforts to sequence
genomes and to measure proteomes were initiated, significant investments
were made in bioinformatics infrastructures that could accommodate the
huge amounts of data. Structured vocabularies were developed to classify
these macromolecules, database schemas were developed to house the data
in relational tables, and numerous algorithms were developed to carry out
extensive gene and protein sequence analysis (Jorde et al., 2005). Similarly,
in the case of lipids, one must first be able to classify, name, and represent
these molecules in a logical manner that is amenable to databasing and
computational manipulation. A number of online resources (Table 11.1)
outline comprehensive classification schemes for lipids. In view of the fact
that lipids comprise an extremely heterogeneous collection of molecules
from a structural and functional standpoint, it is not surprising that signifi-
cant differences exist with regard to the scope and organization of current
classification schemes. The Lipid Library (http://www lipidlibrary.co.uk)
site defines lipids as “fatty acids and their derivatives, and substances related
biosynthetically or functionally to these compounds.” The Cyberlipids
(http://www.cyberlipid.org) website has a broader approach and includes
isoprenoid-derived molecules such as steroids and terpenes. Both of these
resources classify lipids into “‘simple” and “complex’ groups, with simple
lipids being those yielding at most two types of distinct entities upon
hydrolysis (e.g., acylglycerols: fatty acids and glycerol) and complex lipids
(e.g., glycerophospholipids: fatty acids, glycerol, and headgroup) yielding
three or more products upon hydrolysis. The LipidBank (http://lipidbank.jp)
database in Japan defines 17 top-level categories in their classification
scheme, covering a wide variety of animal and plant sources. The LIPID
MAPS group (http://www.lipidmaps.org) has taken a more chemistry-
based approach and defines lipids as hydrophobic or amphipathic small
molecules that may originate entirely or in part by carbanion-based
condensations of thioesters (fatty acids, polyketides, etc.) and/or by
carbocation-based condensations of isoprene units (prenols, sterols, etc.).
Lipids are divided into eight categories (fatty acyls, glycerolipids, glycer-
ophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids,
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Table 12.1  Online resources for lipid classification and databasing

Resource URL Country Comments
Lipid Library  http://www. U.K. Multiple reference
lipidlibrary.co.uk topics and examples,

mass spectrometry
(MS) and nuclear
magnetic resonance
(NMR) libraries,
literature service
Cyberlipid http://www. France Descriptions of lipid
Center cyberlipid.org classes with
examples and
literature references

LipidBank http://lipidbank. jp Japan Lipid database with a
wide variety of
categories,
including plant
lipids

LIPIDAT http://www.lipidat. U.S. Database composed

chemistry.ohio- mostly of

state.edu phospholipids and
associated
thermodynamic
data

LIPID MAPS  http://www. u.s. Classification scheme,

lipidmaps.org lipid and protein

databases, MS
libraries, search
tools

and polyketides) containing distinct classes and subclasses of molecules. A
12-digit unique identifier is associated with each distinct lipid molecule.
For each lipid, the unique 12-character identifier based on this classifi-
cation scheme (Fahy er al., 2005) is an important database field in the Lipids
Database. The format of the LIPID ID provides a systematic means of
assigning a unique identification to each lipid molecule and allows for the
addition of large numbers of new categories, classes, and subclasses in the
future. The last four characters of the ID comprise a unique identifier within
a particular subclass and are randomly assigned. By initially using numeric
characters, this allows 9999 unique IDs per subclass; however, with the
additional use of 26 uppercase alphabetic characters, a total of 1.68 million
possible combinations can be generated, providing ample scalability within
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each subclass. In cases where lipid structures were obtained from other
sources, such as LipidBank or LIPIDAT, the corresponding IDs for those
databases are included to enable cross-referencing. The LIPID MAPS
classification scheme has been adopted by KEGG (Kyoto Encyclopedia of
Genes and Genomes), where functional hierarchies involving lipids, reac-
tions, and pathways have been constructed (http://www.genome.ad.jp/
brite/). The classification system may conveniently be browsed online
from the LIPID MAPS website (http://www .lipidmaps.org), in which
the various classes and subclasses are linked to the LIPID MAPS structure
database (LMSD).

Nomenclature of lipids falls into two main categories: systematic names
and common, or trivial, names. The latter includes abbreviations, which are
a convenient way to define acyl/alkyl chains in acylglycerols, sphingolipids,
and glycerophospholipids. The generally accepted guidelines for systematic
names have been defined by the International Union of Pure and Applied
Chemists and the International Union of Biochemistry and Molecular
Biology (IUPAC-IUBMB) Commission on Biochemical Nomenclature
(http://www.chem.qmul.ac.uk/iupac/). The use of core structures such
as prostanoic acid, cholestane, or phosphocholine is strongly recommended
as a way of simplifying systematic nomenclature; commercially available
software packages that perform structure-to-name conversions generally
create overly complicated names for several categories of lipids.

Many lipids, in particular the glycerolipids, glycerophospholipids, and
sphingolipids, may be conveniently described in terms of a shorthand name,
where abbreviations are used to define backbones, headgroups, and
sugar units, and the radyl substituents are defined by a descriptor indicating
carbon chain length and number of double bonds. These shorthand names
lend themselves to fast, efficient, text-based searches and are used widely in
lipid research as compact alternatives to systematic names. The use of a
shorthand notation for selected lipid categories that incorporates a
condensed text nomenclature for glycan substituents has also been deployed
by LIPID MAPS. The abbreviations for the sugar units follow the current
[UPAC-IUBMB recommendations (Chester, 1998).

2.2. Lipid structure databases

Modern bioinformatics has become increasingly sophisticated, permitting
complex database schemas and approaches that enable efficient data accrual,
storage, and dissemination. A large number of repositories, such as GenBank,
SwissProt, and ENSEMBL (http://www.ensembl.org), support nucleic acid
and protein databases; however, only a few specialized databases (e.g., LIPI-
DAT [Caftrey and Hogan, 1992] and LipidBank [Watanabe ef al., 2000]) are
dedicated to cataloging lipids. The LIPIDAT database, developed by Martin
Caftrey’s group at Ohio State University, focuses on the biophysical properties
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of glycerolipids and sphingolipids and contains over 12,000 unique molecular
structures. The LipidBank online database in Japan contains over 6000 struc-
tures across a broad range of lipid classes and is a rich resource for associated
spectral data, biological properties, and literature references.

Given the importance of these molecules in cellular function and pathol-
ogy, it is essential to have a well-organized database of lipids with a defined
ontology that is extensible, flexible, and scalable. The ontology of lipids must
incorporate classification, nomenclature, structure representations, definitions,
related biological/biophysical properties, cross-references, and structural fea-
tures (formula, molecular weight, number of carbon atoms, number of various
functional groups, etc.) of all objects stored in the database. This ontology is
then transformed into a well-defined schema that forms the foundation for a
relational database of lipids. An object-relational database of lipids, based on
the previously mentioned classification scheme and containing structural,
biophysical, and biochemical characteristics, is available on the LIPID
MAPS website with browsing and searching capabilities. The database (Sud
et al., 2007) currently contains over 10,000 structures, which are obtained
from these four sources: the LIPID MAPS consortium’s core laboratories and
partners; lipids identified by LIPID MAPS experiments; computationally
generated structures for appropriate lipid classes; and biologically relevant
lipids manually curated from LipidBank, LIPIDAT, and other public sources.
All structures have been classified and redrawn according to LIPID MAPS
guidelines. After lipids have been selected for inclusion into LMSD, they are
classified following the LIPID MAPS classification scheme as explained earlier
under the “Ontology, Classification, and Nomenclature” section. Structures
of the lipids are drawn either manually or generated automatically by compu-
tational structure drawing tools developed by the LIPID MAPS consortium;
the structure representation is consistent and adheres to the rules proposed by
the LIPID MAPS consortium. LMSD implements storage of lipid structure
representations using the following three formats: Binary Large Object
(BLOB), ChemDraw Exchange (CDX) format (www.cambridgesoft.com/
services/documentation/sdk/chemdraw/cdx/), and Graphics Interchange
Format (GIF). LMSD uses BLOB format to store MDL MOL file structural
representation via the Accord Chemical Cartridge. CDX format, a richer and
more flexible format with support for not only structure data but also for visual
characteristics and annotations, is stored in LMSD as Character Large Object
(CLOB) data; CDX format objects are used to support viewing of structures
via ChemDraw viewer. GIF images representing structures are stored in the
database table as BLOB objects. The structures are either drawn manually
using ChemDraw or generated automatically by structure drawing tools
developed by the LIPID MAPS consortium. Based on its classification, each
lipid structure in LMSD is assigned a unique 12-character LIPID MAPS
identifier (LM ID). The format of the LM ID not only maintains uniqueness
of ID, but also provides the capability to add new categories, classes, and
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subclasses as the need arises. In addition to manual curation of biologically
relevant lipids from LIPIDAT and LipidBank according to LIPID MAPS
classification and structure representation schemes, LMSD also maintains
their original IDs to enable cross-referencing.

2.3. Lipid structure representation

In addition to having rules for lipid classification and nomenclature, it is
important to establish clear guidelines for drawing lipid structures. These
guidelines are a prerequisite for any useful lipid molecular database in terms
of consistent molecular structure presentation. Large and complex lipids are
difficult to draw, which leads to the use of shorthand and unique formats
that often generate more confusion than clarity among lipid researchers.
The LIPID MAPS consortium has chosen a consistent format for represent-
ing lipid structures where, in the simplest case of the fatty acid derivatives,
the acid group (or equivalent) is drawn on the right and the hydrophobic
hydrocarbon chain is on the left (Fig. 11.1). For fatty acids and derivatives,
the acid group or its equivalent is drawn on the right side and the
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Fatty acyls (FA) /\/\/\/\/\/\/\)J\OH
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Glycerolipids (GL) /\/\/\/\/W\)kofggon
/\/\/\/E/\/\/\/\g
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Glycerophospholipids (GP) /W\/\=/\/\/\/YO H HO ‘
[¢)

Sphingolipids (SP)

Sterol lipids (ST)

Prenol lipids (PR) N N N

OH

Figure 11.1  Consistent format for representing lipid structures.
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hydrophobic chain on the left, except for the eicosanoid class, in which the
hydrocarbon chain wraps around in a counter clockwise fashion to produce
a more compact structure. For glycerolipids and glycerophospholipids, the
radyl hydrocarbon chains are drawn to the left; the glycerol group is drawn
horizontally with stereochemistry defined at sn carbons; the headgoups for
glycerophospholipids are depicted on the right. For sphingolipids, the C1
hydroxyl group of the long-chain base is placed on the right and the alkyl
portion on the left; the headgroup of sphingolipids ends up on the right.
The linear prenols and isoprenoids are drawn like fatty acids, with the
terminal functional groups on the right. Several structurally complex
lipids—acylaminosugar glycans, polycyclic isoprenoids, and polyketides—
cannot be drawn using these simple rules. Rather, these structures are drawn
using commonly accepted representations. This approach, adopted by
the LIPID MAPS consortium, has the potential to standardize drawings of
lipids and eliminate ambiguity in structural representations to a reasonable
extent.

3. LiPID-ASSOCIATED PROTEIN/GENE DATABASES

3.1. LIPID MAPS genome/proteome database

Although the public domain EntrezGene and UniProt databases contain
sequences and annotations for most of the known lipid-associated genes and
proteins, no unique gene and protein database of lipid-associated proteins
contains comprehensive summary- and context-dependent annotation of
these molecules. In order to fill this void, the LIPID MAPS Proteome
Database (LMPD) was developed to provide a catalog of genes and proteins
involved in lipid metabolism and signaling. The initial release of LMPD
establishes a framework for creating a lipid-associated protein list, collecting
relevant annotations, databasing this information, and providing a user
interface. The LMPD 1is an object-relational database of lipid-associated
protein sequences and annotations (Cotter ef al., 2006). The current version
contains approximately 3000 records, representing human and mouse pro-
teins involved in lipid metabolism and signaling. A new release, which is
currently undergoing extensive curation, is planned for spring of 2007 with
substantially more records. Users may search LMPD by database ID or
keyword, and filter by species and/or lipid class associations. From the
search results, one can then access a compilation of data relevant to each
protein of interest, cross-linked to external databases. LMPD is publicly
available from the LIPID MAPS consortium website (http://www.
lipidmaps.org/data/proteome/index.cgi).
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3.2. Extracting lipid genes and proteins from databases and
legacy knowledge

In order to populate the LMPD, a list of lipid-related GO (Gene Ontology,
http://www.geneontology.org) (Harris et al., 2004) terms and KEGG
(Kanehisa and Goto, 2000) pathway data was compiled, using lipid-specific
keywords, such as trivial names of classes, subclasses, and individual lipid
compounds (Fig. 11.2). In the new release, the list of lipid-specific keywords
was expanded, and, in addition to GO and KEGG terms, the description
field of UniProt records and the EntrezGene names were scanned (for human
and mouse species). The UniProt (Apweiler et al., 2004) proteins annotated
with those terms were then collected, and these proteins were classified (based
on their substrates/ products or interactions) according to the lipid classification
scheme previously described. Annotations are organized by category: record
overview, Gene/GO/KEGG Information, UniProt annotations, related
proteins, and experimental data. The record overview contains LMPD_ID,
species, description, gene symbols, lipid categories, EC number, molecular
weight, sequence length, and protein sequence. Gene information includes
EntrezGene ID, chromosome, map location, primary name, primary symbol,
and alternate names and symbols; GO IDs and descriptions; and KEGG
pathway IDs and descriptions. UniProt annotations include primary accession
number, entry name, and comments, such as catalytic activity, enzyme

Lipid-specific keywords
m " Filter by lipid-specific keywords m
. Assign lipid class associations

L}
UniProt ID

| |

LMPD protein list

Gene Related protein/ UniProt GO KEGG EC
information splice variants annotations annotations annotations numbers

Figure 11.2 Overview of the LIPID MAPS Proteome Database (LMPD).
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regulation, function, and similarity. Efforts are underway to curate the current
database of lipid-associated genes/proteins by (1) selecting entries with anno-
tations from multiple sources (GO, UniProt, KEGG, EntrezGene), (2) ruling
out entries whose annotations consist only of similarity-based terms (*‘like,”
“similar to,” “hypothetical,” etc.), (3) conducting PubMed and other litera-
ture searches, and (4) consulting with experts in the lipidomics field. The
resulting “high-confidence” set of lipid-associated genes/proteins will be
useful as sources of information for interfacing with studies on lipid-related
pathways and networks.

4, TooLs FOR LiPIDOMICS

4.1. LIPID MAPS website and user interface

In an effort to increase public awareness of lipidomics research and
resources, the LIPID MAPS consortium has developed a website (http://
www .lipidmaps.org) that provides a comprehensive introduction and
description of the project, a set of databases and online query interfaces
pertinent to lipids, access to a wide range of experimental data relating to
lipids, and a collection of analysis tools for lipid-related molecules. In
addition to providing background information about the goals of the
LIPID MAPS project, participants, and literature references, the website
(Fig. 11.3) is divided into three main sections:

1. Data: Interfaces to lipid and gene/protein databases, lipid classification
system, lipid standards, experimental lipid time-course data, and gene-
array data.

2. Tools: Interfaces to lipidomics tools, such as drawing programs and mass
spectrometry (MS) prediction tools

3. Protocols: Information on procedures and protocols relating to lipidomic
research

A good example of the type of online browsing and querying capability of
the website is provided by the interface to the LMSD. The LMSD browsing
page provides multiple search formats, including the capability to retrieve
lipids based on the LIPID MAPS classification scheme. After the user selects
one of the main categories of lipids, a listing of all lipids present in the selected
category, along with a link to the set of lipids in each main class and subclass, is
provided. The user may then select all lipids that belong to either a main class
orasubclass and display the results as a result summary page. In the case oflipids
containing multiple functional groups, assignment of a structure to a particular
subclass may be somewhat subjective. For example, a fatty acid containing
both epoxy and hydroxy groups could be assigned to either epoxy or hydroxy
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Figure 11.3 LIPID MAPS public website (http://www.lipidmaps.org).

fatty acids subclass. To address this situation, an ontology-based search is also
provided. The user may choose to search for lipids containing similar func-
tionality, and all the lipids with the specified functionality, irrespective of their
subclass designation, will be retrieved.
The text-based query page (Fig. 11.4) allows the user to search LMSD
by any combination of the following data fields: LM ID, common or
systematic name, mass along with a tolerance value, formula, category,
main class, and subclass. Selecting a category from the category drop-
down menu causes the corresponding set of main classes to appear in the
main class drop-down menu. Selecting a main class then shows the

corresponding set of subclasses in the subclass menu.

The structure-based query page provides the capability to search LMSD
by performing a substructure or exact match using the structure drawn by
the user. Supported structure drawing tools are Chemdraw, MarvinSketch
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Figure 11.4 Online interfaces for searching the LIPID MAPS Structure Database
(LMSD).

(www.chemaxon.com/marvin/), and JME (www.molinspiration.com/
jme/index.html). The latter two structure drawing tools are Java applets
and require only applet support in the browser. In addition to structure, the
user can also specify an LM ID or a common or systematic name for
the search.
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The results summary page displays a table containing all the lipids matching
specified search criteria. The results table contains the following columns for
text-based and structure-based queries: LM ID, common name, systematic
name, main class, subclass, and exact mass. The record details page, in addition
to displaying the structure for the selected lipid, also contains the following
data fields: LM ID, common name, systematic name, formula, category, main
class, subclass, synonyms, and status. Appropriate links to other external
databases and collections, such as LipidBank, KEGG, LIPIDAT, PubChem,
and SphingoMap, are also provided, where applicable.

The default page uses a GIF image for representing the structure of the
lipid. The following additional structure viewing tools are also supported:
MarvinView, (www.chemaxon.com/products.html), JMol (http://jmol.
sourceforge.net/), and ChemDraw.ActiveX/Plugin Viewer (www.
cambridgesoft.com/software/ChemDraw/). LIPID MAPS lipid structures
are now available on NCBI's PubChem website, where they have been
assigned PubChem Substance ID’s. LMSD lipid structures are deposited
into the PubChem database (http://pubchem.ncbi.nlm.nih.gov/) periodi-
cally, and a link to PubChem Substance ID (SID) is also maintained within
LMSD. All the deposited LIPID MAPS lipids on the PubChem website
have hyperlinks back to the LIPID MAPS site. The entire LMSD dataset in
now available for download in SD file format from the LIPID MAPS
website at http://www .lipidmaps.org/data/structure/index.html.

The online interface (Fig. 11.5) to LMPD also has multiple browsing/
query formats. The default query form allows the user to browse the protein
list with the ability to browse by associated lipid category. The “Advanced
Search” query form provides choices for conducting a more focused search,
including options to search by database ID or keyword and to filter by species
and/or lipid class association. Database ID fields searched include UniProt
accession, UniProt entry name, gene symbols, GenBank GI, EC number, GO
ID, and KEGG pathway ID. Keyword search fields include UniProt descrip-
tion and Swiss-Prot comments. The results summary page presents a sortable
list of proteins matching the query criteria, along with selected summary
information, including LMPD_ID, accession, protein name, protein symbol,
and associated lipid categories. From the summary page, the user may display
complete LMPD annotations for each protein. For each record selected from
the results summary, all LMPD data relevant to that protein are displayed, with
external database IDs linked to their respective resources. Annotations are
organized by category: record overview, Gene/GO/KEGG information,
UniProt annotations, and related proteins. The record overview contains
LMPD_ID, species, description, gene symbols, lipid categories, EC number,
molecular weight, sequence length, and protein sequence. Gene information
includes EntrezGene ID, chromosome, map location, primary name, primary
symbol, and alternate names and symbols; GO IDs and descriptions; and
KEGG pathway IDs and descriptions. UniProt annotations include primary
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Figure 11.5 Online interface to LIPID MAPS Proteome Database (LMPD) at the
LIPID MAPS website.

accession number, entry name, and comments, such as catalytic activity,
enzyme regulation, function, and similarity.

4.2. Tools for automated drawing and naming of lipids

In addition to having rules for lipid classification and nomenclature, it is
important to establish clear guidelines for drawing lipid structures. Large and
complex lipids are difficult to draw, which leads to the use of many unique
formats that often generate more confusion than clarity among the lipid
research community. For example, the use of SMILES (Simplified Molec-
ular Input Line Entry System) strings to represent lipid structures, while
being very compact and accurate in terms of bond connectivity, valence,
and chirality, causes problems when the structure is rendered. This is due to
the fact that the SMILES format does not include two-dimensional (2D)
coordinates. Therefore, the orientation of the structure is arbitrary, making
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visual recognition and comparison of related structures much more difficult.
Additionally, the structure drawing step is typically the most time-
consuming process in creating molecular databases of lipids; however,
many classes of lipids lend themselves well as targets for automated structure
drawing due to their consistent 2D layout. A suite of structure-drawing
tools has been developed and deployed that dramatically increases the
efficiency of data entry into lipid-structure databases and permits “on-
demand” structure generation in conjunction with a variety of MS—based
informatics tools. Online versions of the structure drawing tools for fatty
acyls, glycerolipids, glycerophospholipids, sphingolipids, and sterols are
available in the “Tools” section of the LIPID MAPS website. Current
versions of this software are now capable of drawing chiral centers and
ring structures. In addition, a set of standalone drawing tools, written in
Perl, are available for download from the LIPID MAPS website (Fig. 11.6)
(http://www.lipidmaps.org/tools/).

Concurrently, a generalized lipid abbreviation format has been devel-
oped that enables structures, systematic names, and ontologies to be
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Figure 11.6 Online structure-drawing tool for sphingolipids.
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Lipid abbreviation specification
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.(i) " *# rings

Figure 11.7 Flowchart showing structure/name/ontology generation from
abbreviation.

generated automatically from a single source format (Fig. 11.7). Lipid
structure, nomenclature, classification, and ontology creation may be per-
formed computationally, using well-defined, unique abbreviations as a
starting point. Figure 11.7 demonstrates the conversion of a text abbrevia-
tion for a bile acid into a dataset containing structure (Molfile), systematic
name, classification, and various molecular attributes, such as formula,
molecular weight, number of functional groups, double bonds, and rings.

4.3. Tools for prediction of lipid mass spectra

Certain classes of lipids, such as acylglycerols and phospholipids, composed
of an invariant core (glycerol and headgroups) and one or more acyl/alkyl
subsituents are good candidates for MS computational analysis since they
fragment more predictably in electrospray ionization mass spectrometry
(ESI-MS), leading to loss of acyl side-chains, neutral loss of fatty acids, and
loss of water and other diagnostic ions depending on the phospholipid
headgroup (Murphy et al., 2001). It is possible to create a virtual database
of permutations of the more common side chains for glycerolipids and
glycerophospholipids and to calculate “high-probability” product ion can-
didates in order to compare experimental data with predicted spectra. The
LIPID MAPS group has developed a suite of search tools allowing the user to
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enter a mass-to-charge (m/z) value of interest and view a list of matching
structure candidates, along with a list of calculated neutral-loss ions and “high-
probability” product ions. These search interfaces have been integrated with
structure-drawing and isotopic-distribution tools (Fig. 11.8).

Currently, MS prediction tools (http://www lipidmaps.org/tools/) for
three different categories of lipids (glycerolipids, cardiolipins, and glycer-
ophospholipids) can be found online. In each case, all possible structures
corresponding to a list of likely headgroups and acyl, alkyl-ether, and vinyl-
ether chains were expanded and enumerated by computational methods to
generate a table containing the nominal and exact mass for each discrete
structure as well as additional ontological information, such as formula,
abbreviation, and numbers of chain carbons and double bonds. This tabular
data was then uploaded into category-specific database tables, making it
amenable for online tools.

4.4. Tools for managing lipidomic metadata

To accomplish transfer, centralized storage, sharing, and integration of
“metadata’ (information on experimental procedures, protocols, reagents,
and resources) among LIPID MAPS member laboratories, a Laboratory
Information Management System (LIMS) customized for lipidomics
research has been developed. The LIPID MAPS LIMS is written in the
Java programming language and is implemented as a Java Web Start pro-
gram that runs on a user’s desktop computer. The modules allow users to
enter information and browse the LIMS data, which is connected to a
central Oracle database. The LIMS also allows tracking of laboratory mate-
rials and protocols via printed labels that may be scanned into modules using
barcode readers.

The LIPID MAPS LIMS is a two-tier client-server window form-based
application that, at its core, enables entry and tracking of information
pertinent to lipidomics experiments. It is composed of 13 modules, select-
able from a main form. The LIMS is primarily devoted to cell treatments
and MS experiments, and the essential process of a simplified pattern of
usage is shown in Fig. 11.9.

The LIPID MAPS LIMS is a specialized, yet powerful data tracking
system for lipdidomics studies. It provides functions that encompass many
of the goals of systems biology, where each LIMS module represents an
idealized abstraction of an experimental step performed in a laboratory and
records information pertinent for that step. It provides a means of accurately
associating experimental conditions and protocols (metadata) with the
corresponding experimental results (data) in a multi-user, multi-center
research environment.


http://www.lipidmaps.org/tools/
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Figure 11.8 Online utility to predict possible lipid structures from mass spectrometry

(MS) data.

4.5. Tools for collection, display, and analysis of experimental

lipidomic data

Data analysis of lipidomics experiments represents significant challenges both
in volume and complexity. Typical experiments yield component lists of
lipids with quantitative content data and a catalog of interactions and net-
works involving lipids. A truly comprehensive “lipidomics” approach must
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Figure 11.9 Simplified sequential flow of Laboratory Information Management Sys-
tem (LIMS) usage. Rectangles represent modules of functionality as described in the
text. Arrow labels indicate sets of one or more identifiers that are generated by the mod-
ule at the base of the arrow and entered into the immediately following target module.

incorporate multiple separation and identification techniques, maintaining
sufficient sensitivity to distinguish closely related metabolites while remaining
robust enough to cope with the wide variety of heterogeneous classes of
cellular lipid species. ESI-MS, with its extraordinary sensitivity and its capacity
for high throughput, has become the technique of choice for the analysis of
complex mixtures of lipids from biological samples. From a bioinformatics
standpoint, one must record and store all the experimental conditions and
protocols pertaining to a particular set of experiments (metadata) via the
aforementioned LIMS, as well as the actual experimental measurements (data).

With the advent of sensitive analytical instrumentation, such as MS, it is
now possible to obtain quantitative data on large numbers of lipid species
under a variety of experimental conditions, allowing us to investigate time-
dependent changes in lipid-associated processes in response to a variety of
stimuli. For example, the LIPID MAPS consortium has embarked on a
time-dependent study of a wide range of lipid classes in mouse macrophage
cells in response to stimulation of the Toll-like receptor 4 (TLR4) with
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Query tools include a feature that allows the end-user to select any combi-
nation of analytes for graphing with a view to comparing time-course
profiles of lipids that are part of the same biochemical or signaling pathways.
Quantitative data from these experiments are being used to validate existing
lipid networks and to elucidate novel interactions.

The structural heterogeneity of many classes of lipids precludes accurate
and reliable prediction of MS fragmentation in tandem spectra (MS/MS) in
contrast to the situation for MS interpretation of proteins, where facile
cleavage of the peptide bonds has led to the development of search algorithms,
which compare MS/MS fragmentation data to a list of “virtual spectra”
computed from a protein database. In this situation, comparison of spectral
data with libraries of lipid standards can be very informative. An online library
of lipid standards, including MS/MS data generated by the LIPID MAPS core
facilities, has recently been made available to the public. This database cur-
rently consists of approximately 200 analytes spanning seven lipid categories.
An online search interface (Fig. 11.11) allowing end-users to search by
precursor or product ion mass has also been developed.

4.6. Tools for lipid profiling

With the advent of high-sensitivity liquid chromatography MS (LC-MS)
systems, one increasingly utilized type of LC-MS application is differential
profiling in which the extraction, LC methods, and MS instrument setup
are set to provide a broad coverage of compounds in order to enable relative
quantitative comparisons for individual compounds across multiple samples.
The applications of such an approach can be found in domains of systems
biology, functional genomics, and biomarker discovery. Within the last
couple of years, a number of software packages have been developed by
various companies and research groups to analyze data generated by
MS profiling of metabolites, including lipids. The data processing for
differential profiling usually proceeds through several stages, including
input file manipulation, spectral filtering, peak detection, chromatographic
alignment, normalization, visualization, and data export. Examples of met-
abolic profiling software are the MarkerView package (ABI) and the freely-
available Java-based Mzmine (Katajamaa and Oresic, 2005) application
(Turku Centre for Biotechnology, Finland). The LIPID MAPS bioinfor-
matics group has set up the Mzmine software to run in parallel-processing,
creating a high-throughput computational cluster devoted to the analysis of
lipid profiling experiments of the LIPID MAPS cores.

Within the LIPID MAPS consortium, in-house software has been
developed for more specific profiling tasks, such as processing and compar-
ing control and deuterium-supplemented MS data sets from LC-MS exper-
imental runs. This involves a stepwise process of (1) extracting data from
raw MS data files, (2) integrating peaks in each scan over a user-defined mass
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Figure 11.11 Online interface to Lipid Standards Library and associated data.

window to generate a formatted array of quantitated data, (3) applying an
algorithm to identify deuterated metabolites, (4) performing data normali-
zation and subtractive analysis, and (5) displaying and listing peaks of interest
according to user-defined criteria. This software has been utilized to inves-
tigate the biosynthesis of eicosanoids derived from arachidonic acid in

RAW cells (Harkewicz et al., 2007).

5. LiPID PATHWAYS

5.1. Bioinformatics resources for lipid-related pathways

Lipids play central roles in energy storage, cell membrane structure, cellular
communication, and regulation of biological processes, such as inflamma-
tory response, neuronal signal transmission, and carbohydrate metabolism.
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Organizing these processes into useful, interactive pathways and networks
represents a great bioinformatics challenge. The KEGG consortium maintains
a collection of manually drawn pathway maps representing current knowledge
on the molecular interaction and reaction networks, several of which pertain
to lipids (http://www.genome jp/kegg/pathway.html), including fatty acid
biosynthesis and degradation, sterol metabolism, and phospholipids pathways.
Additionally, the KEGG Brite (http://www.genome.jp/kegg/brite.html)
collection of hierarchical classifications includes a section devoted to lipids
where the user can select a lipid of interest and view reactions and pathways
involving that molecule. A number of category-specific lipid pathways have
been constructed, notably the SphinGOMAP (http://www.sphingomap.
org), a pathway map of approximately 400 different sphingolipid and glyco-
sphingolipid species (Sullards et al., 2003), by a member of the LIPID MAPS

consortium.

5.2. Tools for drawing pathways

LIPID MAPS has developed a comprehensive graphical pathway display,
editing, and analysis program, LIPID MAPS Biopathways Workbench
(LMBP), with the capability to display a variety of lipid-related entities
and states, such as lipids, enzymes, genes, pathways, activation states, and
experimental results. This graphical tool is tightly integrated with the
underlying LIPID MAPS relational databases and will play an important
role in the reconstruction of lipid networks using emerging data from
LIPID MAPS core facilities and other public sources.

The central theme for LMBP data is a reaction network graph, or
pathway, with chemical compounds represented as nodes, and chemical
interactions represented as links, or edges, between the nodes. Numeric,
text, and structured data attributes may be bound to nodes and
edges, including molecule names, synonyms, locations, concentrations,
charges, interaction types, molecule roles in those interactions, and so
forth. For example, experimental data such as time-course measurements
for a series of lipids may be displayed in graphical form in a pathway window
(Fig. 11.12).

The LMBP software tools may be downloaded from the http://www.
biopathwaysworkbench.orgwebsite. The current alpha/beta release is com-
prised of two components: (1) The Biopathways Workbench (BPW; a Java
programming toolkit for managing pathway data) and (2) the Pathway Editor
(a Java application built using the BPW). It presents a pathway drawing area,
menu bar, toolbar, and operations to open, edit, and save pathways and search
databases of pathways, compounds, and time-course data.

The current version contains an extensive list of metabolic pathways that
have been imported from KEGG as well as tools allowing the user to create
pathway diagrams from scratch.


http://www.genome.jp/kegg/pathway.html
http://www.genome.jp/kegg/brite.html
http://www.sphingomap.org
http://www.sphingomap.org
http://www.biopathwaysworkbench.org
http://www.biopathwaysworkbench.org
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The freely available VANTED application (http://vanted.ipk-
gatersleben.de/) has also been used by the bioinformatics core to import
existing KEGG lipid-specific pathways, to modify and customize existing
KEGG pathways, and to draw new pathways and networks. The application
enables the user to import and graph experimental data from Excel tem-
plates, to store and export data-containing pathways, and to perform many
types of statistical analyses on the networks.

Additionally, custom VANTED templates (Fig. 11.13) have been created
in which the nodes corresponding to lipids and enzymes have been hyper-
linked to the LIPID MAPS structure and protein databases, respectively,
enabling a high level of integration between key bioinformatics resources.

6. CHALLENGES FOR FUTURE LIPID INFORMATICS

Despite the significant role of lipids in normal and disease physiology,
lipidomics has not reached the same stage of advancement and knowledge as
genomics and proteomics. With the advent of precise MS methods, we are
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now in a position to measure dynamical changes in lipids in cells subject to
stimulus. However, no tools are currently available that relate these changes
to phenotypic changes in cellular states or physiology. The context-specific
identification of lipid components, their integration with the proteome and
transcriptome, and the derivation of lipid networks in normal and patho-
logical states remain as major challenges for lipidomics. Initiatives such as
LIPID MAPS are early steps in this direction.
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Abstract

Qualification, preparation, and use of lipid compounds as analytical reference
standards are daunting endeavors. The sheer vastness of the number of
lipid compounds present in biological samples make it impossible to directly
standardize each entity. Available lipid compounds chosen for preparation as
standards are difficult to maintain as pure entities of stable concentration due
to their physical and chemical interactions. The lipid chemist must understand
these constraints for each chosen molecule to construct a standard material,
which provides accurate measurement for a practical length of time. We provide
methods and guidelines to aid the chemist in these endeavors. These aids
include analytical methods for preparation and handling techniques, qualifica-
tion of candidate materials, packaging, storage, and, finally, stability testing of
working standard materials. All information will be provided under the purview
of standardization of lipid analysis by mass spectrometry.
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1. INTRODUCTION

Lipids function as essential and abundant building blocks of cells and
their organelles, neurological second messengers, nutrients, hormones, protein
modifiers, and substrates of enzymes, to name a few, and are implicated in
many disease processes. They are available from numerous sources and exist in
such heterogeneity of structure that they are classified according to molecular
functional group similarities, degree of polarity, or biological origin. How-
ever, few sources of chemically pure and structurally characterized lipid
reference standards exist. None are available for major lipid classes through
certified sources, such as the United States Pharmacopoeia, National Formu-
lary, or National Institute of Technology and Standards, nor from interna-
tional agencies. This is largely due to the difficulty in purifying lipid mixtures
from natural sources or synthetically manufacturing sufficient and stable quan-
tities, which are of a single molecular entity. Of those available, they are
typically of simple structure, not characterized by modern analytical methods,
and generally do not represent lipid structures of current scientific interest.
Chemical stability and, therefore, constant concentration is a major concern
for any standard material. This is more so for reference standards of lipid
molecules due to their reactivity with light, air, moisture, and active surfaces
to produce oxidation, hydrolysis, and decomposition. The researcher must
locate a source that provides standards for their interests or must qualify
available materials as suitable for use as reference standards. The intended
final use of these materials as standards for calibration of mass spectrometry
techniques dictates a multiple methodology approach to ensure chemical
identity and purity. Once chemically characterized, they should be packaged
and stored in containers that achieve the best stability for extended use. And
lastly, these packaged standards require testing over time to document their
continued structural and concentration integrity. Before discussion of analyti-
cal procedures, a general overview of handling lipid materials for prevention of
avoidable and commonly encountered problems is necessary.

2. LipiD HANDLING GUIDELINES

Lipids, by definition, are soluble in organic solvents, such as chloro-
form and methanol, but only sparingly soluble, if at all, in water. Ideally,
lipid compounds should be stored in glass containers at relatively high
concentration (mM to M). Optimal storage conditions will include the
absence of light and temperatures below —15°. Lipid materials removed
from storage should be allowed to reach room temperature before opening
for use. This prevents weighing and delivery errors due to changes in
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density per temperature or evaporation of solvents from solutions. Stock
lipid solutions should always be prepared in high quality and fresh solvents
of low water content. Organic solvent solutions of lipids should be stored in
glass only, as plastics and polymers dissolve and contaminate the lipid
solution (Pidgeon et al., 1989). Glass closures and lids that have plastic or
rubber cemented into their top should be avoided as well. Closures that
have Teflon'™ welded into their top are recommended. This contamina-
tion is also observed to a lesser extent when lipid solutions are transferred
with plastic or polymer pipette tips commonly used in the laboratory. Lipid
solutions should be transferred with glass pipettes, glass syringes, or auto-
pippettors with Teflon and glass surfaces when the possibility of contami-
nation must be completely avoided. Saturated lipids, which contain no
double bonds in their structure, generally produce free-flowing powders
amenable to direct handling and weighing. However, extended exposure to
air will hydrate many saturated phospholipids. Phosphatidylcholine com-
pounds are a prime example of this through addition of water to the
phosphocholine headgroup to a maximum of 4 to 8% water. This hydration
contributes to hydrolysis of fatty acids from the glycerol backbone produc-
ing “lyso”-phosphatidylcholine and free fatty acid. Atmospheric hydration
of monounsaturated and polyunsaturated lipids produce materials that are
difficult to accurately weigh. They initially become “‘sticky,” preventing
quantitative transfer of weighed amounts, and progressively absorb moisture
to a “waxy’’ appearance when extremely wet. If unsaturated lipids must be
handled as solids, use of a dry box should be employed. This atmospheric
exposure also introduces oxygen contact with the double bonds of the lipid.
Oxidation of unsaturated lipids form peroxides, epoxides, and aldehydyes at
their double bond positions. The physical appearance of a poor quality or
contaminated unsaturated lipid is a waxy yellow substance. It is for these
reasons many researchers store lipid stocks with a blanket of inert gas, such as
argon or nitrogen, in the head space of containers.

Standards for mass spectrometry are typically very low in final concen-
trations in the range of uM to nM. Researchers usually obtain excess
materials for standard preparation, which are easily handled and weighed
by conventional glassware and balances. Therefore, making concentrated
stock solutions for chemical characterization and further dilution to work-
ing solutions is a practical way to handle and preserve the purity of the lipid
for extended future use.

3. CHEMICAL CHARACTERIZATION OF LIPID STOCKS

The absence of existing reference materials for comparative analysis
dictates sufficient chemical analysis to verify theoretical structure and purity.
The analytical techniques to evaluate these aspects include well-established
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and reported methods of lipid analysis, such as thin-layer chromatography,
high performance liquid chromatography, gas chromatography, nuclear
magnetic resonance, ultraviolet (UV) spectrophotometry, and atomic
absorption. Stock solutions should have concentration determination by
an empirical method such as phosphorus and nitrogen content or fatty acid
content by gas chromatography. These techniques are essential and should
not be omitted. Furthermore, focus on the use of mass spectrometry to
evaluate lipids as standards should be initiated only after these techniques
have provided satisfactory data.

The nonvolatile nature of most lipids requires them to be assayed by
mass spectrometers, which have a liquid interface. Simply described, the
lipid compound in solution must be liberated from the solvent phase
into the gas phase, which is amenable to ion resolution by the mass spectro-
meter. Our work has been performed on an API 4000 QTRAP™ (Applied
Biosystems), a hybrid, triple;/clluadrupole, linear ion trap mass spectrometer
coupled with a Turbospray"™ liquid interface. This interface introduces the
lipid molecules to the mass spectrometer source and produces positive and
negative ions. Initial qualitative identification is performed by infusing a dilute
solution on the order of 1 to 10 ug/ml of the compound into the mass
spectrometer with a syringe pump at 5 to 20 ul/min and scanning a molecular
weight range suitable to detect the exact mass of its positive or negative ion and
possible contaminants and degradants. While this is simple in principle, it is
complex in practice. Different lipid classes ionize preferentially to positive or
negative ions according to individual molecular structure, solvent system, and
mass spectrometer instrument settings. The desired scan spectrum, which
contains only simple adducts of the lipid’s exact mass, is achieved through
trial- and-error adjustments of the mass spectrometers ion source settings.
Detection of masses that correspond to related degradation products can
often be due to in-source fragmentation of the compound and should not
be interpreted immediately as contaminants. Intensity comparison of these
ions relative to their precursor over a range of instrument settings often helps
determine the ions’ origin. One must keep in mind that these scanning
experiments are solely for qualitative purposes. Only subjective estimates to
the degree of contamination should be assigned from mass spectral scan data.
Second, the linear ion trap (LIT) is utilized to confirm the exact mass and
isotopic ratios as compared to the theoretical molecular formula of the com-
pound. The LIT’s mass accuracy is not on the order of some other mass
spectrometer designs, such as time of flight, but is reasonably used for this
purpose to one decimal place accuracy for singly charged molecules. The LIT
should be programmed to achieve full 0.5 to 1.0 u resolution and scanned over
a mass range of M £ 5 to 10 u for comparison of isotopic ratios. Finally, the
compound should be analyzed to provide fragmentation data that coincides to
its theoretical structure. This is performed with triple quadrupole experiments
through mass selection of the exact mass molecular ion and collision-activated
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Chemical formula: C34HgsOgP
Exact mass: 632.44
Molecular weight: 632.85

Figure 14.1 Structure of 1-heptadecanoyl-2-(9Z-tetradecenoyl)-sn-glycerol-3-
phosphate (17:0-14:1 GPA).
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Figure 14.2 Flow infusion of 10 ig/ml of 17:0 to 14:1 GPA at 10 ul/min. Scanused alinear
iontrap (LIT) detector [M-H]™ = 631.7 u.

dissociation with inert gas and energy to form structurally related fragment
1ons of the precursor molecule. This collision pattern can be interpreted and is
often conformational among lipid classes. (Murphy ef al., 2001). Figures 14.1
to 14.4 demonstrate the qualitative mass spectrometry experiments for
1-heptadecanoyl-2-(9Z-tetradecenoyl)-sn-glycero-3-phosphate(17:0-14:1
GPA).

4. PREPARATION OF WORKING LIPID STANDARDS

Upon satisfactory qualification of molecular structure, purity, and
concentration through requisite analytical methods and mass spectrometry,
the stock molecule must be diluted to a working concentration practical for
direct use in quantitative mass spectrometry methods. Here is where special
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Figure 14.3 Enhanced resolution of 10 yig/ml of 17:0-14:1 GPA using linear ion trap
(LIT). Exact mass = 63244, [M-H|~ = 63144. Isotopic distribution consistent with

[M-H] ™ formula of C3,HgOgP ™.
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Figure 14.4 Fragmentation of 631.56 (CE = —55 V) provides molecular structure
confirmation.

attention should be given to issues of solvent integrity, solubility, and
surface interactions for the working solutions. Solvents used for final prepa-
ration should be of the highest quality and recent manufacture. We rou-
tinely use high performance liquid chromatography (HPLC)—grade solvents



Quantitation and Standardization of Lipid Internal Standards for MS 357

for all lipid standards. Decomposition of aged chloroform to phosgene
and hydrochloric acid will immediately destroy lipid compounds at low
concentration. We have found that minor contaminants from impure
solvents form adducts with polar lipids under certain conditions. An
HPLC-grade methanol containing 0.004% formaldehyde produced a cor-
responding Schiff’s base analog in a 10 ug/ml solution of 1-heptadecanoyl-
2-(5Z,8Z,11Z,14Z~¢cicosatetraenoyl)-sn-glycero-3-phosphoethanolamine
(17:0-20:4 GPEtn) in a packaged ampoule upon flame sealing at room
temperature, as seen in Fig. 14.5. Reformulation with the same source of
methanol containing 0.002% formaldehyde along with pre-cooling the
solution on dry ice prior to flame sealing reduced the Schiff’s base below
detection. We routinely filter methanol as a lipid standard diluent through
0.45-um filters to remove particulates followed by helium sparging to
diminish oxygen content and, thus, the extent of lipid oxidation. We
discovered that filtering solvents as polar as methanol dissolved nylon filters.
Nylon 6.6 was introduced into final lipid solutions, as shown in Fig. 14.6.
The use of PTFE filters is recommended.
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Figure 14.5 Presence of Schiff’s base adduct of 17:0 to 20:4 GPEtn at 766.8 and 788.8 u
consistent with formation from formaldehyde present in high performance liquid
chromatography (HPLC) methanol upon heating.
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Figure 14.6 Nylon 6.6 mass ions in positive mode from methanol filtered through a
0.45-mm nylon filter.

When possible, we use simple solvents to dissolve lipids at low concentra-
tions. We have used methanol to make working mass spectrometry standards
for the phospholipid classes; phosphatidylcholine (GPCho), phosphatidyleth-
anolamine (GPEtn), phosphatidylinositiol (GPlIns), phosphatidylserine
(GPSer), phosphatidic acid (GPA), lyso-phosphatidylcholine (lyso-GPCho),
lyso-phosphatidic acid (lyso-GPA), and cardiolipins (CL), as well as multiple
sterols. Mixtures of 1:1 toluene:methanol serve as solvent for stocks and
mixtures of triglycerides (T'G) and diglycerides (DG) ranging in fatty acid
composition from myristic acid (14:0) to eicosapentaenoic acid (20:5). In
some instances, a compound will not be stable in its optimum solvent. Solvents
for acidic and long chain saturated lipids typically contain water or an ionic
buffer that contributes to degradation over time. In these instances, it is best
to package these compounds as solids in small quantities by lyophilizing
them from t-butanol:water or cyclohexane into their final container. This
is true of polyphosphoinositides such as phosphatidylinositol-phosphate
(PIP), phosphatidylinositol-bisphosphate (PIP,), and phosphatidylinositol-
trisphosphate (PIP;), as well as KDO, Lipid A and dolichols. For ease of use
and assay precision, a standard mixture can be formulated to contain multiple
compounds within the same class or according to the focus of the mass spec-
trometric method. The solubility characteristics of the compounds can often
be quite diverse. This is true for ceramides and sphingolipids. Sphingosine-
1-phosphate, sphinganine-1-phosphate, and ceramide-1-phosphate required
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addition of 2.75%/v dimethylamine in 98:2 ethanol:dimethylsulfoxide to
dissolve these lipids to respective 20 mg/ml stocks. Sphingomyelin, sphingo-
sine, sphinganine, and ceramide were directly soluble in ethanol at 20 mg/ml.
Glucosylceramide and lactosylceramide were dissolved in 65:25:4 (v/v) chlo-
roform:methanol:water. Ten compounds within these classes were added
together to form an intermediate stock containing 2.5 mM of each
in ethanol. This intermediate stock was further diluted to 25 uM in ethanol
as the final working solution. Table 14.1 reports the standard solutions for-
mulated according to their respective solvent and concentration. Primary
stocks, intermediate stocks, and working stocks of a compound or mixture
should be stored at less than —15° in tightly sealed aliquots of sufficient quantity
and concentration whereby their purity can be preserved with constant
temperature and minimal exposure to the atmosphere.

5. PACKAGING OF LIPID STANDARDS

The working standard solutions of known identity, purity, and con-
centration now require packaging for storage and reproducible daily use.
The best packaging option for working standards is a quantity sufficient for a
single experiment or batch sealed into an inert glass ampoule. A common
glass used for pure lipid compounds is pharmaceutical type 1 borosilicate
glass. Previous studies performed by us have demonstrated degradation of
low concentration solutions stored in glass containers within one hour after
packaging. This effect was observed with 18:1, 20:4, and 22:6 lyso-GPCho
compounds, when 1 ml was stored as chloroform solutions (0.5 mg/ml) in
10-ml sodium borosilicate glass ampoules. Degradation was not observed
when the volume of solution or concentration of solution was increased or
when the compound was stored as a lyophilized solid. The cause of degra-
dation was hypothesized to be surface interactions between lipid and glass
and/or possible generation of HCI from chloroform vapor upon exposure
in flame sealing of the glass ampoule. To rectify these issues, amber
ampoules made of highly chemical-resistant glass known as Schott Fiolax™™
8414 were tested as above with flame sealing of ampoules partially sus-
pended in a dry ice/acetone bath (~—70°). No degradation of the test
compounds was detectable by HPLC or mass spectrometry.

An automated repeat pipettor with less than 0.1% variance and more
than 99.5% accuracy is used to fill ampoules. This allows rapid filling of 100
to 500 ampoules for sealing and use. Upon preparing these quantities, it is
advisable to place the empty ampoules on dry ice to fill. By doing so, the
vapor pressure of the volatile solvent is decreased, preventing evaporation as
well as thermally protecting the lipid standard awaiting sealing.
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Table 14.1 Standard solutions according to concentration and solubility

Methanol

(10 pg/ml)

12:0-13:0 GPCho
17:0-20:4 GPCho
21:0-22:6 GPCho
17:0-14:1 GPCho
12:0-13:0 GPEtn
17:0-20:4 GPEtn
21:0-22:6 GPEtn
17:0-14:1 GPEtn
12:0-13:0 GPGro
17:0-20:4 GPGro
21:0-22:6 GPGro
17:0-14:1GPGro
12:0-13:0 GPSer
17:0-20:4 GPSer
21:0-22:6 GPSer
17:0-14:1 GPSer
12:0-13:0 GPA
17:0-20:4 GPA
21:0-22:6 GPA
17:0-14:1 GPA
12:0-13:0 GPIns
17:0-20:4 GPIns
21:0-22:6 GPIns
17:0-14:1 GPIns
13:0 lyso-GPCho
17:1 lyso-GPCho
13:0 lyso-GPA
17:1 lyso-GPA

100 pmg/ml

24:1(3)-14:1 CL
14:1(3)-15:1 CL
15:0(3)-16:1 CL
22:1(3)-14:1 CL

CL Mixture I of 4
cmpds

Methanol
(50-150 p1g/ml)

19:0 Cholesterol ester
Cholesterol(d7)
25-hydroxy-cholesterol(d3)
4-f-hydroxy-cholesterol(d7)
7o-hydroxy-cholesterol(d7)
7 p-hydroxy-cholesterol(d7)
5,60-epoxy-cholesterol(d7)
60-hydroxycholestanol(d7)
7-oxocholesterol(d7)
Desmosterol(d6)
24,25-epoxy-cholesterol(d6)
24-hydroxy-cholesterol(do)
Lyophilized solids

100 ug

17:0-20:4 PI(3)P

17:0-20:4 PI(4)P

17:0-20:4 PI(5)P

17:0-20:4 P1(3,4)P2
17:0-20:4 P1(3,5)P2
17:0-20:4 P1(4,5)P2
17:0-20:4 P1(3,4,5)P3
Nor-dolichol-[13-22]

1 mg

Kdo2lipid A

Ethanol

2.5 mM

Sphingosine (C17)
Sphinganine (C17)

Sphingosine-1-PO4 (C17)
Sphinganine-1-PO4 (C17)
Ceramide (C12)
Ceramide (C25)
Ceramide-1-PO4 (C12)
Sphingomyelin (C12)
Glucosyl(f)) C12 ceramide
Lactosyl (f) C12 ceramide

25 uM
Cer/Sph mixture of 10 cmpds

Toluene:methanol
400 uM

20:0-18:0 DG
17:1-18:1(C13) DG
1,3-20:5 DG-d5
1,3-14:0 DG-d5
1,3-15:0 DG-d5
1,3-16:0 DG-d5
1,3-17:0 DG-d5
1,3-19:0 DG-d5
1,3-20:0 DG-d5
1,3-20:2 DG-d5
1,3-20:4 DG-d5
1,3-16:1 DG-d5
1,3-18:0 DG-d5
1,3-18:1 DG-d5
1,3-18:2 DG-d5
16:0-16:0-18:0 TG
16:0-16:0-18:1 TG
20:5-22:6-20:5 TG-d5
14:0-16:1-14:0 TG-d5
15:0-18:1-15:0 TG-d5
16:0-18:0-16:0 TG-d5
17:0-17:1-17:0 TG-d5
19:0-12:0-19:0 TG-d5
20:0-20:1-20:0 TG-d5
20:2-18:3-20:2 TG-d5
20:4-18:2-20:4 TG-d5
4 pM
18:1¢9-18:1¢6-18:1c9
TG
18:1c6-18:1¢9-18:1c6
TG
d5-T'G mixture of 9
cmpds
d5-DG mixture I of 9
cmpds
d5-DG mixture II of 4
cmpds
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6. QUALITY CONTROL AND STABILITY TESTING

Confidence in use requires the researcher to know that standards
do not change concentration upon prolonged storage. Measurement of
standard compounds’ concentrations packaged at micromolar concentra-
tions require sensitive detection afforded by liquid chromatography tandem
mass spectrometry methods. The multireaction monitoring (MRM) tech-
nique routinely utilized in quantitative mass spectrometry analysis of small
molecules is incorporated upon fast resolution of compounds by liquid
chromatography. We provide methods of quantitative measurement for
two internal standard mixtures by HPLC-MS/MS.

6.1. Ceramide/sphingoid base internal standard mixture

As described above, a mixture of ceramides and sphingoid bases was prepared
to contain 10 lipids each at 25 uM in ethanol and packaged in ampoules for
routine use as an internal standard in sphingolipid mass spectrometry meth-
ods (Merrill ef al., 2005). The lipids were either odd carbon or non-
endogenous 12 carbon acids on the d18 backbone of ceramide and of
the sphingoid base. The mixture contained (2S,3R,4E)-2-aminoheptadec-
4-ene-1,3-diol (C17 So), (2S,3R)-2-aminoheptadecane-1,3-diol (C17 Sa),
heptadecasphing-4-enine-1-phosphate (C17 So-1-P), heptadecasphinganine-
1-phosphate (C17 Sa-1-P), N-(dodecanoyl)-sphing-4-enine (C12 Cer),
N-(pentacosanoyl)-sphing-4-enine (C25 Cer), N-(dodecanoyl)-sphing-4-
enine-1-phosphate (C12 Cer-1-P), N-(dodecanoyl)-sphing-4-enine-1-
phosphocholine (C12 SM), N-(dodecanoyl)-1-f-glucosyl-sphing-4-eine
(C12 GlucCer), and N-(dodecanoyl)1-f-lactosyl-sphing-4-eine (C12 Lac-
Cer). The mixed solution from the ampoules and the intermediate stock are
volumetrically diluted to an equivalent concentration (25 pM) just prior to
analysis by HPLC-MS/MS. For each experiment, three ampoules are assayed
with triplicate injections of each. The %R SD forinjections is routinely less than
5% for each compound. The HPLCMS/MS conditions are provided in
Table 14.2. The MRM transitions for components of this mixture were
assigned by experimentation with individual standards and mass spectrometer
collisional settings with guidance from the work of Sullards et al. (2003). The
[M + H]J" ion of C17 So and C17 Sa was monitored in Q1 and fragmented to
selective detection of their respective characteristic fragments of 268.2 and
270.2 u for quantitation. The [M + H]" ion of C12 SM was selectively
monitored by detection of its characteristic 184 u phosphocholine fragment.
The d18:1 ceramides of C12 Cer, C12 GlucCer, and C12 LacCer were
monitored through the collision of their [M 4+ H]™ ion to the characteristic
ceramide base ion of 264.2 u. Unexpected was the optimum MRM for C25
ceramide as the loss of water from the parent [M + H]|™ of 664.8 to
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Table 14.2 Liquid chromatography tandem mass spectrometry condition for the
assay of ceramide/sphingoid base internal standard mixture

HPLC-MS/MS

Column: Mercury C18, 20 x 2 mm, 3 u, Temp: 30° (Phenomenon, Torrance, CA)
Mobile phase A: 60:40:0.2 (v/v) methanol:water:acetic acid + 10 mM ammonium
acetate

Mobile phase B: 60:40:0.2 methanol:chloroform:acetic acid + 10 mM ammonium
acetate

Total time (min) Flow rate (ul/min) A (%) B (%)
Equilibrate
5.0 600 100 0
3.0 600 87 13
4.0 600 60 40
5.5 600 50 50
6.5 600 30 70
10.0 600 30 70

Mass spectrometer settings

CUR: 10

IS: 5500
TEM: 550°
GS1: 14

GS2: 0

ihe: ON
CAD: Medium
EP: 10
Compound Q1 Q3 DP CE CXP
C17 So 286.4 268.2 36 17 16
C17 Sa 288.4 270.2 66 21 14
C17 So-1-P 366.3 250.2 56 25 14
C17 Sa-1-P 368.4 252.3 71 19 6
C12 SM 647.7 184.1 121 35 10
C12 Cer 482.6 264.2 66 33 14
C12 GlucCer 644.7 264.5 66 45 14
C12 LacCer 806.7 264.4 96 57 16
C12 Cer-1-P 562.6 264.5 91 6 6
C25 Cer 664.8 646.7 81 23 18

CAD, collision activation; CE, collision energy; CUR, curtain gas; CXP, Q2 exit potential;

DP, declustering potential; Dwell, 150 msec for each compound; EP, exit potential; GS1, nitrogen;
GS2, air; ihe, interface heater; IS, ion spray voltage; Q1, quadrupole 1 ion; Q3, quadrupole 3 fragment;
TEM, interface temperature.
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Figure 14.7 Liquid chromatographic tandem mass spectrometry (LC-MS/MS) of
Ceramide/Sphingoid base internal standard mixture. 1 = C17 So, 2 = C17 Sa, 3 = C17
So-1-P, 4 = C17 Sa-1-P, 5 = C12 LacCer, 6 = C12 SM, 7 = C12 GlucCer, 8 = C12 Cer,
9 = C12 Cer-1-P, and 10 = C25 Cer. High performance liquid chromatography (HPLC)
and mass spectrometer settings are provided in Table 14.2.

646.7 urather than 264.2 u. The phosphorylated sphingoid bases of C17 So-1-
P and C17 Sa-1-P were monitored through the collisional activation of their
[M + H] " ion to their respective 250.2 and 252.2 u fragments. These ampoules
were assayed upon packaging and on a schedule of 0.5, 1, 3, 5, 7, 9, and 12
months of storage at —16 to —24°. Current analysis of ampoules stored over a
5-month period produced concentration between 22.5 and 27.5 uMforall 10
compounds. The accurate quantitation of the long chain saturated compound
C25 Ceramide requires complete re-dissolution into the solvent for both
ampoules and intermediate stock when stored at freezer temperatures. This
can be accomplished by allowing the solution to reach room temperature
equilibrium followed by bath sonication at ambient temperature for 5 to
15 min. A representative LC-MS/MS chromatogram is provided in Fig. 14.7.

6.2. Triglyceride-ds internal standard mixture

Another mixture containing nine triglycerides deuterated at the position of
their glycerol backbone protons with positionally defined acyl groups was
formulated to contain 4 uM of each in 1:1 (v/v) toluene:methanol as a
readily usable internal standard mixture for triglyceride MS (McAnoy et al.,
2005). The mixture contained 1,3-di-(57,82,112,147,17Z-¢icosa-
pentaenoyl)-2-(42,72,10Z2,13Z,16Z,19Z~docosahexaenoyl)-sn-glycerol-d5
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(20:5(2)-22:6 TG-d5), 1,3-ditetradecanoyl-2-(9Z-hexadecenoyl)-sn-glyc-
erol-d5 (14:0(2)-16:1TG-d5), 1,3-dipentadecanoyl-2-(9Z-octadecenoyl)-
sn-glycerol-d5 (15:0(2)-18:1 TG-d5), 1,3-dihexadecanoyl-2-octadecanoyl-
sn-glycerol-d5 (16:0(2)-18:0 TG-d5), 1,3-diheptadecanoyl-2-(10Z-heptade-
cenoyl)-sn-glycerol-d5 (17:0(2)-17:1 TG-d5), 1,3-dinonadecanoyl-2-dode-
canoyl-sn-glycerol-d5 (19:0(2)-12:0 TG-d5), 1,3-dieicosanoyl-2-(11Z-
eicosenoyl)-sn-glycerol-d5 (20:0(2)-20:1 TG-d5), 1,3-di-(11Z,14Z-¢icosa-
dienoyl)-2-(6Z,9Z,12Z-octadecatrienoyl)-sn-glycerol-d5 (20:2(2)-18:3 TG-
d5), and 1,3-di-(5Z,8Z,11Z,14Z-cicosatetraenoyl)-2-(9Z, 12Z-octadeca-
dienoyl)-sn-glycerol-d5 (20:4(2)-18:2 TG-d5). The mixed solution from
the ampoules was assayed against the mixture’s intermediate stock at
400 uM, and manually diluted to an equivalent concentration just prior to
analysis. For each experiment, three ampoules were assayed with triplicate
injections of each. The %RSD for injections is routinely less than 3% for
each compound. The HPLC-MS/MS conditions are provided in
Table 14.3. The [M + NHy]* ion of each d5-TG was selected in Q1 and
fragmented for detection of its corresponding [M-R{COOH]* fragment
for quantitation. Since each d5-TG was formulated to equimolar concen-
trations, the dwell time for each was adjusted to achieve near equivalent
responses across the compounds’ molecular weight distribution in the
MRM experiment. A higher dwell time was required to compensate for
low ionization/detection of the saturated, long-chain versus polyunsatu-
rated lipids. These ampoules were assayed upon packaging and on a sched-
ule of 0.5, 1, 3, 5, 7, 9, and 12 months of storage at —16 to —24°. Current
analysis of ampoules stored over a 7-month period produced concentration
between 3.6 and 4.4 uM for all nine compounds. A representative HPLC-
MS/MS chromatogram is provided in Fig. 14.8.

7. DIScusSION

The lipid compounds at the specified concentrations listed in
Table 14.1 have been prepared as 1-ml solutions packaged in ampoules as
described. These compounds have been furnished to the operational cores
of the LIPID MAPS glue grant. LIPID MAPS is funded by National
Institutes of Health (NIH)/National Institute of Genetic Medical Sciences
(NIGMS), Grant 1 U54 GM69338. Each operational core is assigned to
measure all lipids within a specified class of the lipidome in the mouse
tumor—derived macrophage-like RAW 246.7 cell. In general, measurement
of lipids are to be assessed from RAW cell extracts pre- and post-stimulation
with KDO, lipid A, also manufactured, characterized, and packaged by
Avanti Polar Lipids (Raetz et al., 2006). Their work is reported in other
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Table 14.3 Liquid chromatography tandem mass spectrometry conditions for the
assay of d5-TG internal standard mixture

HPLC-MS/MS Conditions

Column: Mercury C8, 20 x 2 mm, 3 u (Phenomenex, Torrance, CA)

Mobile phase A: 10 mMammonium acetate in 1:9 (v/v) methanol:water

Mobile phase B: 10 mM ammonium acetate in methanol

Total time (min) Flow rate (ul/min) A (%) B (%)
0 200 40 60
5 200 40 60
Mass spectrometer settings
CUR: 10
IS: 5500
TEM: 550
GS1: 50
GS2: 50
ihe: ON
CAD: Medium
EP: 10

Qlmass Q3 mass Dwell
TG-d5 (amu) (amu) (msec) Param
20:5(2)—22:6 993.8 674.4 10 CE 37
14:0(2)—16:1 771.8 526.3 100 CE 33
15:0(2)—18:1 827.8 568.3 300 CE 33
19:0(2)—12:0 857.8 542.4 400 CE 35
17:0(2)—17:1 869.8 582.4 400 CE 41
16:0(2)—18:0 857.8 584.5 450 CE 35
20:0(2)—20:1 996.0 666.5 900 CE 41
20:2(2)—18:3 955.8 630.4 150 CE 43
20:4(2)18:2 949.8 628.4 15 CE 35

CAD, collision activation; CE, collision energy; CUR, curtain gas; CXP, Q2 exit potential;

DP, declustering potential; Dwell, 150 msec for each compound; EP, exit potential; GS1, nitrogen;
GS2, air; ihe, interface heater; IS, ion spray voltage; Q1, quadrupole 1 ion; Q3, quadrupole 3 fragment;
TEM, interface temperature.

chapters of this volume. Each core was supplied with 50 to 100 1-ml
ampoules of each lipid internal standard of their respective class assignment.
The principle of numerous ampoules is to provide a one-experiment use
whereby the ampoule is opened and used directly or further diluted and
added to cells prior to extraction. This single-use approach circumvents
many, if not all, of the physical and chemical constraints of lipid degradation
and interactions. Accompanying each shipment is a lot-specific certificate of
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Figure 14.8 Liquid chromatographic tandem mass spectrometry (LC-MS/MS) of
triglyceride-d5 internal standard mixture. 1 = 20:5(2)-22:6 TG-d5, 2 = 14:0(2)-16:0 TG-
d5, 3 =20:4(2)-18:2 TG-d5,4 = 20:2(2)-18:3 TG-d5, 5 =15:0(2)-18:1 TG-d5, 6 = 17:0(2)-17:1
TG-d5,7 =19:0(2)-12:0 TG-d5, 8 = 16:0(2)-18:0 TG-d5, and 9 = 20:0(2)-20:1 TG-d5. High
performance liquid chromatography (HPLC) and mass spectrometer settings are
provided in Table 14.3.

analysis reporting the methods and results for chemical characterization and
concentration determination. Additionally, each lot of ampoules is assayed
on a scheduled basis for concentration stability within a specification
of 100 £ 5% for individual components and 100 £ 10% for mixtures.
Should a lot of internal standard exceed these specifications, the core is
notified to discontinue use and a new lot is prepared. Personal communica-
tions on the quality, utility, and consistency of the provided materials have
been favorable. We have also provided these materials to the general public
as a service of the grant. Continued and repeated requests suggest acceptable
performance in the hands of researchers.
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