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1. Introduction
Lipids traditionally have been thought to play no other role in
biological systems other than as components of cell membranes.
However, research over the last two decades has proven that lipids
can perform functions typically assigned to nucleic acids, proteins,
and metabolites. It is now established that lipids play direct roles
in exocytosis [1], ion-channel regulation [2–6], membrane domain
formation [7,8], and cell signaling [9–12]. They are also known to
display more systemic functions. For example, prostaglandins are
enzymatic oxidation products of arachidonic acid that promote
inflammation [13]. Alternatively, isoprostanes are non-enzymatic
oxidation products of arachidonic acid that have been tradition-
ally used as indicators of oxidative stress [14] but are now being
shown to have a number of biological activities [15]. Finally, reac-
tive products of lipid peroxidation are known to accumulate on
tissue proteins and negatively impact their structures and functions
[16,17].

The combination of the “-omics” era and the emerging roles of
lipids in biological processes has logically resulted in the field of
lipidomics, which can be defined as the quantitative measurement
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stration of the accurate mass and time (AMT) tag approach for lipidomics.
MS analyses of human plasma, erythrocyte, and lymphocyte lipids were
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5 entries for those species detected in positive and negative electrospray
vely. The positive ESI database was then utilized to identify human plasma,
pids in high-throughput LC–MS analyses based on the AMT tag approach.
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ferences in lipid abundance.
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of time-related or stimuli-dependent perturbations in the lipid
complement of an integrated biological system, cell, or cell types.
The application of lipidomics in the study of comparative samples
(e.g. for biomarker discovery) results in a paradox, i.e. how does one
obtain comprehensive yet quantitative coverage of the lipidome
in a high-throughput, cost-effective manner? Typical lipidomics
experiments involve mass spectrometry (MS)-based analyses of

lipid extracts either with or without online separation of individual
species by liquid chromatography (LC) [18–22]. Tandem mass spec-
trometry (MS/MS) methods such as precursor-ion, product-ion, and
neutral-loss scans are often used to both identify and quantify lipid
species, but it is difficult to perform all three scan types simultane-
ously. Therefore, MS data acquisition methods that stagger the scan
types or multiple MS experiments each consisting of unique scan
types are required in order to obtain comprehensive and quantita-
tive coverage of the lipidome. Such approaches are time consuming,
particularly when coupled with online LC separations that provide
increased coverage of the lipidome.

We have developed the accurate mass and time (AMT) tag
approach [23] to address an analogous situation in LC–MS-based
proteomics studies. In this approach, initial LC–MS/MS analyses are
performed on pre-fractionated peptide samples in order to provide
peptide sequence identifications. These experiments are relatively
low throughput because the peptide pre-fractionation can be quite
extensive and require separate LC–MS/MS analyses for each frac-
tion. However, the identified peptide sequences are cataloged in an
AMT tag database that includes, among other parameters, their cal-
culated monoisotopic masses (based on their identified sequences)
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and observed normalized LC elution times (NETs). Subsequent
quantitative LC–MS analyses of the same or similar samples are
performed utilizing a time-of-flight (TOF) or Fourier transform ion
cyclotron resonance (FTICR) MS, and peptide features (character-
ized by observed monoisotopic mass and NET) detected during
these experiments are then compared to entries in the AMT tag
database in order to identify individual peptides. The high mass
measurement accuracy (MMA) obtained during LC-TOF or LC-FTICR
MS experiments is exploited together with chromatographic align-
ment in order to provide confident peptide matches. These are
high-throughput analyses relative to the initial LC–MS/MS experi-
ments because the TOF or FTICR MS provides higher dynamic range
and sensitivity that allows the analysis of unfractionated samples
without the undersampling issues associated with MS/MS analyses
[23].

In this study, we report a preliminary demonstration of the
AMT tag approach for lipidomics. Initial data-dependent LC–MS/MS
analyses of human blood lipids were performed in order to iden-
tify as many lipid species as possible for entry into a lipid AMT tag
database. High-throughput LC–MS analyses were then performed
to provide relative quantitation data for those species matching the
database. This preliminary work has resulted in initial lipid AMT
tag databases containing 272 total entries for species detected in
both positive and negative electrospray ionization (ESI) and cor-
responding to several lipid classes. The positive ESI database was
then utilized to identify human plasma, erythrocyte, and lympho-
cyte lipids in high-throughput quantitative LC–MS analyses based
on the AMT tag approach.

2. Experimental

2.1. Reagents and materials

HPLC-grade (Optima) water, acetonitrile, and methanol were
purchased from Fisher Scientific (Fair Lawn, NJ). MS-grade ammo-
nium acetate was obtained from Fluka (St. Louis, MO). Human
citrated plasma samples were received frozen on dry ice from Dr.
Lawrence S. Phillips of Emory University via the National Institute
of Diabetes and Digestive and Kidney Diseases (NIDDK, Bethesda,
MD) Central Repository. Human erythrocyte and lymphocyte cells
suspended in 0.9% saline solution containing 10% dimethylsulfoxide
were also received from Dr. Phillips via the NIDDK Central Reposi-
tory. Plasma, erythrocytes, and lymphocytes were isolated from the

same individuals.

2.2. Human plasma lipid extraction

This work was approved by the Institutional Review Board
of the Pacific Northwest National Laboratory. For LC optimiza-
tion and lipid identification (LC–MS/MS) experiments, 30 �L of
plasma from 10 healthy individuals was pooled. Plasma lipids were
then extracted via the addition of 120 �L cold (−20 ◦C) chloro-
form/methanol (2:1, v/v) [24] to 30 �L plasma, and the mixture
was vortexed for 10 s (chloroform is a carcinogen, therefore nec-
essary precautions should be taken to limit human exposure). The
sample was then allowed to stand at room temperature for 5 min,
followed by vortexing for 10 s. Protein was separated from the
two liquid phases by centrifugation at 2000 rpm for 10 min. The
lower lipid phase was removed by pipetting and placed into a ster-
ile, siliconized eppendorf tube, while the protein interlayer and
upper aqueous phase were discarded. The lipid phase was then
dried in vacuo and stored at −80 ◦C until analysis. Prior to analy-
sis, dried lipid extracts were reconstituted in 125 �L methanol and
centrifuged at 12,000 rpm for 10 min to remove any particulates.
B 871 (2008) 243–252

For lipid profiling experiments of individual samples, 30 �L of
plasma was extracted in triplicate with chloroform/methanol as
described above. The lower lipid phase was removed by pipetting,
dried in vacuo, and stored at −80 ◦C until analysis. Prior to analy-
sis, dried lipid extracts were reconstituted in 125 �L methanol and
centrifuged at 12,000 rpm for 10 min to remove any particulates.

2.3. Human erythrocyte and lymphocyte lipids

For human erythrocyte lipid extraction, 100 �L of erythrocyte
cell suspension from 10 healthy individuals was pooled to create a
uniform sample for use in LC optimization and lipid identification
(LC–MS/MS) experiments. Erythrocytes were then lysed over 2 min
by sonicating water bath, and lipids were extracted via the addition
of 400 �L cold (−20 ◦C) chloroform/methanol (2:1, v/v) to 100 �L of
pooled erythrocyte cell suspension. The mixture was vortexed for
10 s, allowed to stand at room temperature for 5 min, and again
vortexed for 10 s. Protein was separated from the two liquid phases
by centrifugation at 2000 rpm for 10 min. The lower lipid phase was
removed by pipetting and placed into sterile, siliconized eppendorf
tubes, while the protein interlayer and upper aqueous phase were
discarded. The lipid phase was then dried in vacuo and stored at
−80 ◦C until analysis. Prior to analysis, dried lipid extracts were
reconstituted in 125 �L methanol and centrifuged at 12,000 rpm
for 10 min to remove any particulates.

For lipid profiling experiments of individual samples, 100 �L of
erythrocyte cell suspension was extracted in triplicate with chlo-
roform/methanol as described above. The lower lipid phase was
removed by pipetting, dried in vacuo, and stored at −80 ◦C until
analysis. Prior to analysis, dried lipid extracts were reconstituted
in 125 �L methanol and centrifuged at 12,000 rpm for 10 min to
remove any particulates.

For human lymphocyte lipid extraction, 30 �L of lymphocyte
cell suspension from 10 healthy individuals was pooled to create a
uniform sample for use in LC optimization and lipid identification
(LC–MS/MS) experiments. Lymphocytes were then lysed over 2 min
by sonicating water bath, and lipids were extracted via the addition
of 120 �L cold (−20 ◦C) chloroform/methanol (2:1, v/v) to 30 �L of
pooled lymphocyte cell suspension. The mixture was vortexed for
10 s, allowed to stand at room temperature for 5 min, and again
vortexed for 10 s. Protein was separated from the two liquid phases
by centrifugation at 2000 rpm for 10 min. The lower lipid phase was
removed by pipetting and placed into sterile, siliconized eppendorf
tubes, while the protein interlayer and upper aqueous phase were

discarded. The lipid phase was then dried in vacuo and stored at
−80 ◦C until analysis. Prior to analysis, dried lipid extracts were
reconstituted in 125 �L methanol and centrifuged at 12,000 rpm
for 10 min to remove any particulates.

For lipid profiling experiments of individual samples, 30 �L of
lymphocyte cell suspension was extracted in triplicate with chlo-
roform/methanol as described above. The lower lipid phase was
removed by pipetting, dried in vacuo, and stored at −80 ◦C until
analysis. Prior to analysis, dried lipid extracts were reconstituted
in 125 �L methanol and centrifuged at 12,000 rpm for 10 min to
remove any particulates.

2.4. Preparation of packed capillary columns

Capillary LC columns were slurry-packed with 5 �m Jupiter C18-
RP particles (Phenomenex, Torrance, CA) as previously described
[25]. Briefly, the stationary phase was added to a stainless steel
reservoir, to which an empty fused silica capillary (Polymicro Tech-
nologies, Phoenix, AZ) was connected. The opposite end of the
capillary was connected to a stainless steel union (Valco, Hous-
ton, TX) containing a stainless steel screen (2 �m mesh, Valco) that
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served as a frit. Acetonitrile was used as the packing solvent and was
delivered at constant pressure by syringe pump (ISCO, Lincoln, NE).
Initially, a pressure of 100 psi was applied. The pressure was then
increased stepwise to and held constant at 7000 psi for 5–10 min
under sonication.

2.5. RP-LC separation of lipids

An automated LC system with two 150 �m × 65 cm capillary
columns was used. Detailed construction of similar LC systems
has been previously described [26,27]. The mobile phases were (A)
10 mM ammonium acetate in 50:50 water/methanol and (B) 10 mM
ammonium acetate in 50:50 methanol/acetonitrile. The LC system
was equilibrated at 6000 psi with mobile phase A prior to inject-
ing 1 �L of sample. Exponential gradient elution was initiated 3 min
after sample loading with an initial column flow of ∼1 �L/min. After
90 min of gradient separation, the mobile phase mixer was purged
with 3 mL of mobile phase B, followed by a 5 min column wash.
Finally, the mobile phase mixer was purged with 10 mL of mobile
phase A, which represented the end of one separation cycle. While
gradient elution is performed on one column, the other column is
equilibrated with mobile phase A.

2.6. Mass spectrometry

The capillary LC system was coupled to four different mass
spectrometers during this study: a linear ion-trap MS (LTQ, Ther-
moFisher, San Jose, CA) a hybrid linear ion-trap-FTICR MS (LTQ-FT,
ThermoFisher), a hybrid linear ion-trap-Orbitrap MS (LTQ-Orbitrap,
ThermoFisher), and an orthogonal TOF MS (Agilent, Santa Clara,
CA). The LTQ, LTQ-FT, and LTQ-Orbitrap instruments were utilized
in lipid identification experiments, while the TOF was used in
high-throughput analyses of individual samples. The capillary tem-
peratures and electrospray (ESI) voltages for each instrument were
200 ◦C and 2.2 kV (or −2.5 kV for negative ESI), respectively. High-
mass measurement accuracy experiments were recorded over the
m/z range 100–1000 with a duty cycle of ∼1.0, 1.0, and ∼1.6 s for
the LTQ-FT, TOF, and LTQ-Orbitrap, respectively. Data-dependent
MS/MS experiments on the LTQ-FT were performed for the top 5
ions when using both the FTICR and LTQ as the mass analyzers or for
the top 10 ions when using the LTQ alone. In both cases, the FTICR
was used as the mass analyzer during MS survey scans. In addi-
tion, neutral-loss-triggered data-dependent MS3 experiments were
performed in order to identify certain classes of lipids (e.g. glyc-

erophosphoethanolamines and glycerophosphoserines). Dynamic
exclusion in the LTQ during data-dependent MS/MS experiments
was enabled as follows: repeat count of 2, repeat duration of 30 s,
exclusion list size of 250, and exclusion duration of 60 s. For MS/MS
scans, the normalized collision energy was set to 35% for positive
ESI experiments and 45% for negative ESI experiments.

2.7. Isotopic distribution analysis

As part of our lipid identification strategy, we compared the
theoretical and experimental isotopic distributions for tenta-
tively identified species using the in-house developed software
IsotopicDistributionModeler. This software first calculates the the-
oretical isotopic distribution for a molecule from its molecular
formula using the Mercury algorithm [28]. Prior to isotopic dis-
tribution comparison, the theoretical profile is shifted in the m/z
dimension to account for slight variances in the precision of the m/z
values measured by the mass spectrometer. This is accomplished
by initially matching the monoisotopic peak of the theoretical dis-
tribution to the peak in the experimental distribution with highest
abundance within a mass tolerance of ±20 ppm. The theoretical iso-
871 (2008) 243–252 245

topic distribution is then shifted in the m/z dimension by a value
equal to the original difference between theoretical and experi-
mental distributions. An initial scoring of the isotopic distribution
fit is then made using a Euclidean scoring scheme in which all
points in the distribution above a specified threshold are used.
Then to achieve finer precision, small shifts in increments of ±0.1 to
±10 ppm are applied to the theoretical distribution and final scor-
ing is performed to determine the best possible fit. It is important
to note that consecutive points in the theoretical distribution are
evenly spaced; however, consecutive points in the experimental
distribution are not evenly spaced due to the fact that spectrum
resolution varies as 1/(square root of m/z) and because spectral
data from LTQ-FT and LTQ-Orbitrap instruments are subjected to
an intensity threshold determined by the manufacturer. Therefore,
interpolation is performed on the experimental isotopic distribu-
tion using a quadratic spline to produce evenly spaced points.

2.8. Population of the AMT tag database

Lipid species identified by manual interpretation of accu-
rate mass measurements, isotopic distribution comparisons, and
MS/MS data were stored as AMT tags in a Microsoft SQL Server
database. The database contains the lipid name, empirical formula,
monoisotopic mass (calculated based on the empirical formula),
and observed NET. Lipid NETs ranging from 0 to 1 were determined
by aligning several LC–MS datasets (here a dataset is equivalent
to a single LC–MS analysis) to a common and arbitrarily chosen
baseline dataset in the software MultiAlign, which is a stand-alone
program that incorporates the LCMSWARP algorithm [29] for non-
linear chromatographic alignment. Lipids reproducibly observed in
multiple analyses were grouped by single linkage clustering in two
dimensions, mass and NET, based on user-defined options. For LC-
FTICR and LC-Orbitrap MS data, mass and NET tolerances of ±3 ppm
and ±0.03 NET (representing ±3 min of a 100-min LC separation)
were selected based on empirical observation of mass spectrometer
and LC system performance.

2.9. Processing of quantitative LC-TOF MS datasets

LC-TOF MS datasets were processed using the PRISM Data Anal-
ysis system [30], a series of software tools (e.g. Decon2LS, VIPER
[31]; freely available at http://ncrr.pnl.gov/software/) developed
in-house. The first step involved deisotoping of the raw MS data

to give the monoisotopic mass, charge state, and intensity of the
major peaks in each mass spectrum. The data were next examined
in a 2D fashion to identify groups of mass spectral peaks that were
observed in sequential spectra using an algorithm that computes
a Euclidean distance in n-dimensional space for combinations of
peaks. Each group, generally ascribed to one detected species and
referred to as a “feature”, has a median monoisotopic mass, central
NET, and abundance estimate computed by summing the intensi-
ties of the MS peaks that comprise the entire LC-TOF MS feature.

The lipid identities of detected features in each LC-TOF MS
dataset were determined by comparing their measured monoiso-
topic masses and NETs to the calculated monoisotopic masses
and observed NETs of each of the lipids in the AMT tag database
within search tolerances of ±20 ppm and ±0.03 NET for monoiso-
topic mass and elution time, respectively. The relatively high
monoisotopic mass tolerance was used because the reference-
spray mass-calibration option available on the TOF was not utilized
in these experiments. Non-linear chromatographic alignment of
LC-TOF MS datasets was also performed with the LCMSWARP algo-
rithm during database matching by using the NETs of lipid AMT
tags as retention time locks.

http://ncrr.pnl.gov/software/
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After database matching and chromatographic alignment,
intensity normalization was applied using the expectation maxi-
mization algorithm. Briefly, this algorithm analyzes the histogram
of log ratios of intensities of features common to two or more
datasets and finds the peak apex of this distribution by assuming
that the histogram is a mixture of a normal density corresponding to
unchanged features and uniform density background correspond-
ing to changed features. The expectation maximization algorithm
calculates the normal and a uniform parts of the histogram, and
the shift in intensity is applied to all features in the aligned dataset.
It is important to note that all lipid features (i.e. both identified
and unidentified) were considered during intensity normalization.
A matrix of normalized lipid feature intensities was then imported
into Excel or MatLab for comparative data analysis using analy-
sis of variance (ANOVA) or principal components analysis (PCA),
respectively.

3. Results and discussion

3.1. Reversed-phase separation of lipids

A mobile phase composition of (A) 10 mM ammonium acetate
in 50:50 water/methanol (v/v) and (B) 10 mM ammonium acetate
in 50:50 acetonitrile/methanol (v/v) was selected, with a LC system
split flow of 35 �L/min. When methanol was added to the acetoni-
trile in mobile phase B, it was found that higher ratios of methanol
resulted in faster elution of larger lipids, such as cholesterol esters
and triacylglycerols. This is likely due to increased solubility of the
lipids in methanol because of the greater hydrogen-bonding capac-
ity of this solvent relative to acetonitrile, resulting in a faster mass
transfer of analytes from the stationary phase to the mobile phase.
Fig. 1 shows the implementation of this mobile phase composi-
tion in the analysis of human plasma, erythrocyte, and lymphocyte
lipid extracts. The hydrophobic interaction of lipid fatty acid chains
and the C18 group of the reversed-phase stationary phase gov-
erns the separation of individual lipid species. Therefore, some
glycerophospholipids containing identical acyl composition closely
elute regardless of the difference in the head groups, particularly
those containing phosphocholine and phosphoethanolamine. For
example, three lysooctadecanoylglycerophospholipids all eluted at
∼45 min. Their measured masses by FTICR MS are 524.3712 (18:0
LPC), 482.3261 (18:0 LPE), and 526.3158 (18:0 LPS). As illustrated
in Fig. 2, 18:0 LPC (A) and 18:0 LPE (B) coeluted at ∼45.5 min,

while 18:0 LPS eluted at ∼43.5 min. The earlier elution of 18:0
LPS is expected because the phosphoserine head group is more
polar than the phosphocholine and phosphoethanolamine head
groups. Fortunately, the coeluting glycerophospholipids could still
be identified by accurate mass measurements and tandem mass
spectrometry because these species display characteristic MS/MS
fragmentation patterns (Table 1) [21,22,32–38]. Thus, the combina-
tion of reversed-phase LC and MS can be effectively used to separate
and identify individual lipid species.

3.2. Identification of lipid species

Our lipid identification strategy was to obtain data-dependent
MS/MS information of human plasma, erythrocyte, and lymphocyte
lipids in both positive and negative ESI modes via LTQ, LTQ-FTICR, or
LTQ-Orbitrap MS in order to assign lipid class and fatty acid compo-
sition; it is important to note that high-mass accuracy and isotopic
distribution information is also obtained when using LTQ-FTICR or
LTQ-Orbitrap MS. Identification of lipid molecular species was then
based on manual interpretation of this data, and, in some cases,
comparisons of this data to that archived and freely available as
Fig. 1. Human plasma, erythrocyte, and lymphocyte lipid extracts separated by
reversed-phase capillary LC and analyzed by TOF MS.

part of the Lipid Maps Initiative in Lipidomics (www.lipidmaps.org)
[39].

The first step in our lipid identification approach was to collect
MS/MS data. In our experiments, molecular ion adducts [M+H]+,
[M+Na]+, and [M+NH4]+ or [M−H]−, [M−CH3]−, and [M+CH3COO]−

were the primary species formed during positive and negative ESI,
respectively [21,22,32–38]. Data dependent MS/MS experiments in
positive ESI provided information on the nature of the head-group
for glycerophospholipids, with formation of an ion corresponding
to the head group itself (e.g., phosphocholine head-group at m/z
184) or a neutral loss of the head group from the molecular ion
adduct (e.g., loss of 141 Da corresponding to phosphoethanolamine
head-group). Alternatively, negative ESI experiments provided
information on the fatty acid composition of the lipids through the
formation of RCOO− ions. Table 1 lists the common MS/MS fragment
ions for individual classes of lipids in both positive and negative
ESI. For some species, the sn-1 and sn-2 position of the fatty acid

http://www.lipidmaps.org/
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Fig. 2. LC-FTICR MS extracted ion chromatograms of lymphocyte lipids. (A) 18:0
lyso-glycerophosphocholine, (B) 18:0 lyso-glycerophosphoethanolamine, and (C)
18:0 lyso-glycerophosphoserine.

substituents were tentatively assigned based on the intensities of
fragment ions in the MS/MS scan. For example, the sn-2 carboxylate
anion is reported to be more abundant than the sn-1 carboxylate
anion in negative ESI [40]. Alternatively, the [M+H−R′

2CH C O]+

ion, arising from elimination of the sn-2 fatty acid moiety as a
ketene, is described as more intense than the [M+H−R′

1CH C O]+
871 (2008) 243–252 247

ion in positive ESI [35]. Unfortunately, the positions of fatty acid
unsaturation could not be determined in these studies. Represen-
tative MS/MS spectra for the lipid classes and molecular species
identified in this study are available as Supplemental Information.

The second step in our lipid identification approach was to
examine accurate mass data. High MMA is an invaluable tool when
an unambiguous identification cannot be made due to coelution of
isobaric species in low mass accuracy MS/MS data. Fig. 3 illustrates
an example of two coeluting lipid species each with a nominal mass
of 768 that were detected in a human erythrocyte lipid extract.
The FTICR MS spectrum in Fig. 3A shows a major species with m/z
768.5915 and a minor species (arrow) with m/z 768.5558 that dif-
fer by a �m of 46.4 ppm. High mass measurement accuracy MS/MS
analysis of m/z 768 (Fig. 3B) produced a product ion at 627.5348,
corresponding to a neutral loss of 141 and characteristic of the
PE lipid class. The calculated mass of the phosphoethanolamine
head-group (C2H8NO4P) is 141.0191. Adding the mass of the phos-
phoethanolamine head-group to the mass of the fragment ion
indicates a parent mass of 768.5534, which is 3 ppm from the mass
of the minor species detected in the FTICR MS. Thus, the 768.5558
ion is the most likely candidate for having produced the 627.5343
fragment ion. The 768.5558 ion can then be identified as 38:4 PE
(C43H78NO8P) having a theoretical m/z of 768.5543 ([M+H]+), which
is 1.9 ppm from the observed m/z of the minor species in Fig. 3A.
Subsequent low mass measurement accuracy MS/MS experiments
in negative ESI (Fig. 3C) resulted in the detection of the carboxy-
late anions for 20:4 (m/z 303) and 18:0 (m/z 283). Because the 303
ion was observed in higher abundance than the 283 ion, it was
assumed that the 20:4 acyl group occupied the sn-2 position and
the 18:0 occupied the sn-1 position [40]. The 38:4 PE species was
thus further identified as 18:0/20:4 PE. To identify the major species
in Fig. 3A with m/z 768.5915, we lowered the ion-trap activation Q
value from 0.25 (default value) to 0.18 for positive ESI MS/MS exper-
iments. The activation Q value is the RF frequency used to fragment
ions, and a lower activation Q results in lower energy deposition
and allows one to observe lower m/z fragment ions. By lowering this
value, we shift the mass range of detected fragment ions to lower
m/z during MS/MS experiments. In addition to the 627.5335 frag-
ment ion, an ion with m/z 184.0732 was detected, corresponding
to the phosphocholine head-group (Fig. 3D). Based on this obser-
vation, it was assumed that the species with m/z 768.5916 was a
glycerophosphocholine. We then examined the corresponding neg-
ative ESI MS/MS spectrum (Fig. 3E), which showed a neutral loss
of 74 (methyl acetate). This confirmed that the major species was

indeed a glycerophosphocholine. This species was then tentatively
identified as an alkenyl-acyl PC (e.g. 16:0p/20:3) or an alkyl-acyl
PC (16:0e/20:4). In general, excellent MMA was obtained for the
250 lipid species identified in this study when the FT or Orbitrap
MS was used as the mass detector, as illustrated by the mass error
histogram in Fig. 4.

The final step in our lipid identification approach was to com-
pare theoretical and experimental isotopic distributions for all lipid
species identified by MS/MS and accurate mass information. The
mass spectral peaks for each lipid were exported from the MS spec-
tra and saved in tab-delimited format. Comparison of theoretical
and experimental isotopic distributions was then performed in an
automated manner using IsotopicDistributionModeler, which gen-
erated a summary file containing the empirical formula, isotopic
fit score, theoretical monoisotopic mass, mass delta (ppm), and
peak intensity for all distributions modeled. Based on our experi-
ence comparing theoretical and experimental isotopic distributions
of peptides, an isotopic fit score ≤0.05 is considered highly confi-
dent (unpublished observations). The isotopic fit scores for the lipid
species identified in this study were all ≤0.05 with a median fit
score of 0.008. Graphs of the isotopic distribution comparison for
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Table 1
MS and MS/MS information for individual classes of lipids under both positive and negative ion modes

Class Head group Positive mode Negative mode

Observed m/z in MS Observed m/z in MS/MS Observed m/z in MS Observed m/z in MS/MS

Monoacylphosphocholine (LPC),
diacylphosphocholine (PC),
alkenyl-acyl phosphocholine (p-PC),
alkyl-acyl phosphocholine (o-PC),
sphingomyelin (SM)

Phosphocholine [M+H]+ 184 (C5H15NO4P),
[M+H−59]+,
[M+H−183]+,
[M+H−R′

2CH C O]+,
[M+H−R′

1CH C O]+,
[M+H−R2COOH]+,
[M+H−R1COOH]+

[M+CH3COO]− [M−CH3]− , [M−H]− ,
carboxylate anion

Na]+
[M+Na]+

Monoacylphosphoethanolamine (LPE),
diacylphosphoethanolamine (PE),
alkenyl-acyl phosphoethanolamine
(p-PE), alkyl-acyl
phosphoethanolamine (o-PE)

Phosphoethanolamine [M+H]+, [M+

Oxidized phosphocholine Phosphocholine [M+H]+

Oxidized phosphoethanolamine Phosphoethanolamine

Phosphoserine (PS) Phosphoserine [M+H]+

Phosphoinositol (PI) Phosphoinositol [M+NH4]+

Triacylglycerol (TAG) N/A [M+NH4]+

Cholesterol, cholesterol esters N/A [M+NH4]+

each identified lipid are available as Supplemental Information. In
general, lipid species with high MS intensity or well-resolved spec-
tra displayed correspondingly low isotopic fit scores. In contrast,
species with low MS intensity or poorly resolved spectra displayed
correspondingly high isotopic fit scores.

3.3. Lipid AMT tag database

Empirical formulae, calculated monoisotopic masses, and
observed NETs for lipid species identified based on MS/MS, accu-
rate mass, and isotopic distribution information were placed in two
separate AMT tag databases (available at http://ncrr.pnl.gov/data/)

depending on whether they were observed during positive or
negative ESI. Twenty-three species observed in negative ESI that
could be expected to be ionized under positive ESI conditions (e.g.
some glycerophosphoethanolamines and oxidized glycerophos-
phocholines) were also added to the positive ESI AMT tag database.
In addition, 12 saturated lyso-glycerophosphocholines and 10
saturated fatty acids were added to the positive and negative ESI
AMT tag databases, respectively, using their predicted NETs after
plotting observed NETs of species in the same series (i.e. 14:0,
15:0, 16:0, etc.) versus the corresponding m/z. The positive ESI
AMT tag database contains 250 entries (the negative ESI database
contains 45 entries), including glycerophosphoethanolamines,
glycerophosphocholines, lyso-glycerophosphoethanolamines,
lyso-glycerophosphocholines, triacylglycerols, sphingomyelins,
cholesterol and its esters, and fatty acids. While this is a relatively
modest number of identifications, significantly higher cover-
age of the lipidome may be obtained in future studies through
fractionation of lipids during sample processing or utilization of
2D LC (e.g. offline normal-phase fractionation of lipids by class
followed by online reversed-phase separation and analysis of each
fraction). Similarly, development and implementation of software
184, [M+Na−N(CH3)3]+ N/D

[M+H−141]+, neutral
loss of 141 (C2H8NO4P)

[M−H]− Carboxylate anion

Loss of water, oxygen
atom, methanol

[M+CH3COO]− [M−CH3]− , [M−H]− ,
[M−CH3OH]− ,
carboxylate anion, etc.

[M−H]− [M−H−H2O]− ,
[M−H−CH3OH]− ,
carboxylate anion, etc.

Neutral loss of 185
(C3H8NO6P)

[M−H]− Neutral loss of 87
(C3H5NO2)

Neutral loss of 277
(C6H16NO9P)

[M−H]− 241 (C6H10O8P−)

Neutral loss of fatty
acid

N/D

369 (C27H45
+) N/D

capable of identifying detected lipids in an automated fashion from
tandem mass spectra, accurate mass, and isotopic distribution
information will increase the throughput, number, and accuracy
of lipid identifications. Progress towards the latter goal is already
being reported [41,42].

3.4. Quantitative profiling of human plasma, erythrocyte, and
lymphocyte lipid extracts using the AMT tag approach

After establishing lipid AMT tag databases based on anal-
yses of pooled samples, we performed quantitative (based on
the absolute abundance of detected species) LC-TOF MS analyses

of individual plasma, erythrocyte, and lymphocyte lipid extracts
using positive ESI. LC-TOF MS datasets were then processed as
described under Section 2.9 in order to identify detected lipid
species and to normalize MS intensities for downstream com-
parative data analysis. Averages of 8.005 ± 853, 9.221 ± 932, and
7.622 ± 384 features (mean ± standard deviation; n = 30 each) were
detected during LC-TOF MS analyses of individual lipid extracts
of human plasma, erythrocytes, and lymphocytes, respectively. It
is important to note that these feature numbers include contri-
butions from chemical noise that are not accounted for by the
peak-picking algorithm currently used in our downstream data
processing approach. Therefore, these numbers are an overesti-
mate of the true number of lipid features present in each dataset.
Of the features reported above, 158 ± 24, 168 ± 13, and 162 ± 16
(mean ± standard deviation) from plasma, erythrocyte, and lym-
phocyte datasets, respectively, matched entries in the positive
ESI AMT tag database within ±20 ppm and ±0.03 NET. A total of
244 AMT tags were matched to lipid features detected in LC-TOF
MS datasets, and, to place emphasis on those species frequently
detected, we required that each AMT tag be identified in at least 11
of 30 datasets per sample type. This resulted in each species being

http://ncrr.pnl.gov/data/
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Fig. 3. Utilization of accurate mass information in the identification of coeluting species with identical nominal mass (A) FTICR MS survey scan showing a major species at
m/z 768.5915 and a minor (arrow) species with m/z 768.5558; (B) positive ESI high mass accuracy MS/MS spectrum for the 768 parent ion obtained with an ion-trap Q value
of 0.20; (C) negative ESI low mass accuracy MS/MS spectrum for the 768 parent ion showing detection of fatty acid anions at m/z 283.3 and 303.3; (D) positive ESI high mass
accuracy MS/MS spectrum for the 768 parent ion obtained with an ion-trap Q value of 0.18 showing detection of the phosphocholine head-group; (E) negative ESI low mass
accuracy MS/MS spectrum for the 768 parent ion showing a neutral loss of methyl acetate.
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Fig. 4. Mass error histogram for the 250 identified lipid species. The mass error
was calculated as (theoretical mass − experimental mass)/theoretical mass and
expressed in ppm.

Table 2
Lipids identified as having significantly higher abundance (ANOVA, p < 0.01) in plasma ve

Molecular species Lipid class

LPC 16:0 [48,50,52] Lyso-glycerophosphocholine
LPC 16:1 [48,50] Lyso-glycerophosphocholine
PC 16:0p/20:4 or 16:0e/20:5 [47] Choline plasmalogen or ether
PC 18:0p/22:5 or 18:0e/22:6 [47] Choline plasmalogen or ether
PC 35:2 [47] Glycerophosphocholine
PC 36:3 [47–50,53] Glycerophosphocholine
PC 37:3 Glycerophosphocholine
PC 37:4 [47] Glycerophosphocholine
PC 38:4 [47–50] Glycerophosphocholine
PC 40:5 [47,49] Glycerophosphocholine
PE 18:1p/20:4[47,49]a Ethanolamine plasmalogen
TAG 48:0 [51] Triacylglycerol
TAG 48:2 [51] Triacylglycerol
TAG 48:3 [51,52] Triacylglycerol
TAG 49:1 [51] Triacylglycerol
TAG 49:2 [51] Triacylglycerol
TAG 50:2 [51,52] Triacylglycerol
TAG 50:3 [51] Triacylglycerol
TAG 50:4 [51] Triacylglycerol
TAG 50:5 Triacylglycerol
TAG 51:2 [51] Triacylglycerol
TAG 51:3 [51] Triacylglycerol
TAG 51:4 Triacylglycerol
TAG 52:2 [51] Triacylglycerol
TAG 52:3 [51,52] Triacylglycerol
TAG 52:4 [51] Triacylglycerol
TAG 52:5 [51,52] Triacylglycerol
TAG 52:6 Triacylglycerol
TAG 54:2 [51,52] Triacylglycerol
TAG 54:4 [51] Triacylglycerol
TAG 54:6 [52] Triacylglycerol
TAG 54:7 Triacylglycerol
TAG 56:5 [51] Triacylglycerol
TAG 56:6 [51,52] Triacylglycerol
TAG 56:7 [51,52] Triacylglycerol
TAG 56:8 Triacylglycerol

A total of 36 molecular species were retained after ANOVA and subsequent filtering. Sho
m/z (M+H for glycerophospholipids and M+NH4 for triacylglycerols), and normalized elu
of separation) information for identified lipids.

a Note: This species was detected in higher abundance in plasma versus erythrocytes bu
identified in blood or blood constituents contain the corresponding references after the m
Fig. 5. Principal components analysis scores plot showing segregation of human
plasma (blue squares), erythrocyte (red circles), and lymphocyte (green triangles)
samples.

rsus erythrocytes and lymphocytes

Formula m/z NET

C24H51NO7P 496.3403 0.264
C24H49NO7P 494.3246 0.225
C44H81NO7P 766.5750 0.545
C48H87NO7P 820.6220 0.585
C43H83NO8P 772.5856 0.549
C44H83NO8P 784.5856 0.530
C45H85NO8P 798.6012 0.559
C45H83NO8P 796.5856 0.545
C46H85NO8P 810.6012 0.572
C48H87NO8P 836.6169 0.572
C43H77NO7P 750.5437 0.542
C51H102NO6 824.7707 0.855
C51H98NO6 820.7394 0.773
C51H96NO6 818.7237 0.737
C52H102NO6 836.7707 0.836
C52H100NO6 834.7550 0.796
C53H102NO6 848.7707 0.819
C53H100NO6 846.7550 0.776
C53H98NO6 844.7394 0.742
C53H96NO6 842.7237 0.718
C54H104NO6 862.7863 0.842
C54H102NO6 860.7707 0.803
C54H100NO6 858.7550 0.765
C55H106NO6 876.8020 0.854
C55H104NO6 874.7863 0.823
C55H102NO6 872.7707 0.785
C55H100NO6 870.7550 0.750
C55H98NO6 868.7394 0.724
C57H110NO6 904.8333 0.870
C57H106NO6 900.8020 0.828
C57H102NO6 896.7707 0.752
C57H100NO6 894.7550 0.731
C59H108NO6 926.8176 0.836
C59H106NO6 924.8020 0.810
C59H104NO6 922.7863 0.779
C59H102NO6 920.7707 0.746

wn are the molecular species, class, empirical formula (including charge carrier),
tion time (NET; retention time can be calculated by multiplying NETs by total time

t in lower abundance versus lymphocytes. Those species that have been previously
olecular species.
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Table 3
Lipids identified as having significantly higher abundance (ANOVA, p < 0.01) in erythrocytes and lymphocytes versus plasma

Molecular species Lipid class Formula m/z NET

LPC 18:2 [48,50,52]a Lyso-glycerophosphocholine C26H51NO7P 520.3403 0.238
LPC 19:0 [50]a Lyso-glycerophosphocholine C27H57NO7P 538.3872 0.345
LPE 16:0 Lyso-glycerophosphoethanolamine C21H45NO7P 454.2933 0.262
LPE 18:2a Lyso-glycerophosphoethanolamine C23H45NO7P 478.2933 0.237
LPE 20:3a Lyso-glycerophosphoethanolamine C25H47NO7P 504.3090 0.254
LPE 22:6a Lyso-glycerophosphoethanolamine C27H45NO7P 526.2933 0.238
Oxidized PC (16:0/Hydroxy-18:1)a Oxidized glycerophosphocholine C42H83NO9P 776.5805 0.484
Oxidized PC (18:0/Hydroxy-16:3) Oxidized glycerophosphocholine C42H79NO9P 772.5492 0.428
Oxidized PC (18:0/Hydroxy-18:3) Oxidized glycerophosphocholine C44H83NO9P 800.5805 0.460
PC (16:0e/18:0) [47] Choline ether C42H87NO7P 748.6220 0.634

Show
ltiplyi
plasm

g refer
PC (16:0p/20:0;16:0e/20:0) [47] Choline plasmalogen or ether
PC (18:0p/22:2;18:0e/22:3)a Choline plasmalogen or ether
PC 32:0 [47–50] Glycerophosphocholine
PC 33:2 Glycerophosphocholine
PC 34:0 [47–50,53] Glycerophosphocholine
PC 35:1 [47]a Glycerophosphocholine
PC 36:0 [47,49] Glycerophosphocholine
PE 34:3 Glycerophosphoethanolamine
PE 36:4 [47–50,53] Glycerophosphoethanolamine
PE 36:5 [47,48] Glycerophosphoethanolamine
PE 38:5 [47–50,53] Glycerophosphoethanolamine
SM (d16:1/24:1) [47,53]a Sphingomyelin
SM (d17:1/24:0) [47]a Sphingomyelin
SM (d17:1/24:1) [47]a Sphingomyelin
SM (d18:1/24:0) [47,53] Sphingomyelin
SM (d18:1/26:0) Sphingomyelin
SM (d18:1/26:1) Sphingomyelin
SM (d18:1/26:2) Sphingomyelin
SM (d19:1/24:1)a Sphingomyelin
SM (d20:1/22:3)a Sphingomyelin

A total of 30 molecular species were retained after ANOVA and subsequent filtering.
(M+H), and normalized elution time (NET; retention times can be calculated by mu

a Note: These species were detected in higher abundance in erythrocytes versus
been previously identified in blood or blood constituents contain the correspondin

observed in ∼75 of 90 total datasets. Normalized abundances for
identified lipids were subsequently averaged within their respec-
tive replicates, followed by utilization of principal components
analysis (PCA) to identify lipid profiles representative of human
plasma, erythrocytes, and lymphocytes. Fig. 5 is a PCA scores plot
showing segregation of the three sample types based on both qual-
itative and quantitative differences in those lipid features matching
the AMT tag database. We next performed a statistical analy-
sis to identify significant differences in lipid abundances, which
resulted in 66 differentially expressed (ANOVA, p < 0.01) lipids
among the three sample types (Tables 2 and 3). Plasma samples

showed a higher relative abundance of all triacylglycerols (p < 0.01),
consistent with previous reports describing erythrocytes and lym-
phocytes as containing negligible amounts of this class of lipid [43].
In addition, erythrocytes showed relatively higher concentrations
of sphingomyelins and some lyso-glycerophosphoethanolamines
than either plasma or lymphocytes (p < 0.01), which is again con-
sistent with data reported by Schwarz et al. [44] and Diagne et al.
[45].

These experiments were based on LC-TOF MS analyses only
without tandem MS, allowing the instrument duty cycle to be
exploited entirely for quantitation. And while the comparison of
lipid profiles from plasma, erythrocytes, and lymphocytes is unfair,
the application of the AMT tag approach in lipidomic studies of
these tissues illustrates the increased sample analysis throughput
(i.e. simultaneous identification and quantitation) obtained in a
proof-of-principle study.

4. Conclusions

In a preliminary demonstration of the AMT tag approach in
lipid profiling studies, we have used capillary LC in conjunc-
C44H89NO7P 774.6376 0.638
C48H93NO7P 826.6689 0.649
C40H81NO8P 734.5699 0.554
C41H79NO8P 744.5543 0.562
C42H85NO8P 762.6012 0.609
C43H85NO8P 774.6012 0.587
C44H89NO8P 790.6325 0.646
C39H73NO8P 714.5073 0.478
C41H75NO8P 740.5230 0.512
C41H73NO8P 738.5073 0.478
C43H77NO8P 766.5386 0.518
C45H90N2O6P 785.6536 0.622
C46H94N2O6P 801.6849 0.668
C46H92N2O6P 799.6693 0.634
C47H96N2O6P 815.7006 0.679
C49H100N2O6P 843.7319 0.708
C49H98N2O6P 841.7162 0.680
C49H96N2O6P 839.7006 0.659
C48H96N2O6P 827.7006 0.664
C47H90N2O6P 809.6536 0.584

n are the molecular species, class, empirical formula (including charge carrier), m/z
ng NETs by total time of separation) information for identified lipids.
a but in lower abundance in lymphocytes versus plasma. Those species that have
ences after the molecular species.

tion with high-mass measurement accuracy MS and MS/MS in
order to structurally identify 272 unique lipid species in human
plasma, erythrocytes, and lymphocytes, which were then used
to populate AMT tag databases. The majority of these species
have been previously reported in studies of these tissue types
[46–51]. After identification of lipid species were made, fur-
ther MS/MS analyses were unnecessary, and high-throughput
LC-TOF MS analyses were utilized to maximize analysis through-
put and quantitative sensitivity. The future development of a
comprehensive lipid AMT tag database should result in highly
confident lipid identifications with corresponding quantitative

information from high-throughput LC-TOF MS or LC-FTICR MS
experiments.
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