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We developed the Lipid Qualitative/Quantitative Analysis (LipidQA) software platform to
identify and quantitate complex lipid molecular species in biological mixtures. LipidQA can
process raw electronic data files from the TSQ-7000 triple stage quadrupole and LTQ linear ion trap
mass spectrometers from Thermo-Finnigan and the Q-TOF hybrid quadrupole/time-of-flight
instrument from Waters-Micromass and could readily be modified to accommodate data from
others. The program processes multiple spectra in a few seconds and includes a deisotoping
algorithm that increases the accuracy of structural identification and quantitation. Identification is
achieved by comparing MS” spectra obtained in a data-dependent manner to a library of reference
spectra of complex lipids that we have acquired or constructed from established fragmentation
rules. The current form of the algorithm can process data acquired in negative or positive ion mode

for glycerophospholipid species of all major head-group classes.
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ecules with great structural diversity [1]. The

development of ESI/MS in the 1990s permitted
direct analyses of complex lipids from liquid solutions
as intact molecules [2, 3], and tandem MS permitted
facile structural determinations of components of lipid
mixtures [4—6]. This greatly simplified lipid analyses
and led to ESI/MS/MS-based “high-throughput”
approaches to characterizing biological lipid mixtures
[3, 7]. Several factors complicate efforts to make such
approaches routine: (1) unfractionated biological ex-
tracts to which high throughput approaches are applied
contain many lipid molecular species. (2) This complex-
ity increases the likelihood that abundant isotope peaks
of one molecular species will exhibit m/z values identi-
cal to those of (pseudo)molecular ions (e.g., [M — H]~
or [M + HJ]") of distinct molecular species, e.g., one that
differs by a single degree of unsaturation, and it is thus
important to perform precise deisotoping to achieve
accurate quantitation. (3) Sample complexity also in-
creases the difficulty of identifying lipid species from
MS spectra only, which necessitates MS/MS analyses,
and interpreting MS/MS spectra by direct inspection is
time-consuming and requires conversance with lipid
fragmentation patterns. (4) High throughput methods

l ipids comprise a major class of complex biomol-
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quickly generate huge amounts of data that are difficult
to process manually. These factors motivate developing
computerized algorithms to process data from high-
throughput ESI/MS/MS analyses of lipids.

Recently, the program fatty acid analysis tool
(FAAT) was developed to analyze high-resolution mass
spectra of lipids obtained with FT-ICR instruments [8].
Another program (“Lipid Profiler”) employs a multiple
precursor ion tandem MS scanning approach to identify
and quantitate glycerolipid molecular species in mix-
tures [9], and the program LipidInspector [10] achieves
lipid profiling by multiple precursor ion and neutral
loss scanning driven by data-dependent MS/MS acqui-
sition. Both Lipid Profiler and LipidInspector are based
on algorithms for data acquisition with Applied Biosys-
tems hybrid quadrupole/time-of-flight instruments
that can perform multiple precursor ion scans in a
single experiment. Neither those programs nor FAAT
are readily applicable to MS data acquired with triple
quadrupole or ion trap instruments.

Here we describe an approach to process data from
high throughput MS analyses performed with ion trap,
triple quadrupole, or quadrupole time-of-flight instru-
ments that automatically identifies and quantitates
complex lipid molecular species in mixtures. Unfrac-
tionated lipid extracts are directly infused and analyzed
by ESI/MS with data-dependent switching to MS/MS
mode. MS/MS data are searched against a library of
reference spectra for complex lipids constructed from
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studies of standard glycerophospholipids of all major
head-group classes [11-28], which we used to establish
fragmentation rules [29] that facilitate identification of
glycerophospholipids in biological mixtures [30, 31].
Structure assignment permits determination of an ele-
mental formula, and a theoretical isotope profile is then
calculated and used in a deisotoping algorithm. Deiso-
toped MS data are normalized to internal standard peak
intensity, and the normalized value is compared to a
calibration curve to quantitate the lipid species. This
value can be normalized to lipid phosphorus content to
permit comparisons among samples. This approach is
fully automated and facilitates processing of lipidomics
data from high-throughput MS analyses.

Materials and Methods
Lipid Standards, Solvents, and Other Chemicals

Synthetic lipid standards were purchased from Sigma
Chemical (St. Louis, MO) or Avanti Polar Lipids (Ala-
baster, AL). Solvents, salts, and other chemicals were
obtained from Fisher Chemical (Pittsburgh, PA).

Sample Preparation for ESI/MS Analyses

Standard samples were prepared in CHCl,/CH;OH 1:2
(vol/vol) described methods [30] were used to extract
lipids from mouse peritoneal exudate cells (PEC). For
positive ion analyses, LiOH (final concentration 5
umol/100 uL) was added to sample solutions to permit
formation of [M + Li]* adducts, which simplifies
ESI/MS spectra by minimizing contributions of other
metal ion adducts and facilitates informative fragmen-
tation [11, 19, 20]. For negative ion analyses, NH,OH
(final concentration 0.3%) was added to facilitate for-
mation of [M — H] ions. Lipid phosphorus content
was determined as described [32].

Data-Dependent Analyses of Lipid Mixtures

Q-TOF Micro hybrid quadrupole/time-of-flight mass
spectrometer (Waters Corporation, Milford, MA) sur-
vey ESI/MS scans were integrated over 2 s, and MS/MS
scans were integrated over the period required to
acquire an ion count exceeding 10* or over 30 s. Switch-
ing from survey scan to MS/MS mode was performed
in a data-dependent manner based on ESI/MS TIC
intensity. The maximum MS/MS to survey scan ratio
was three. The collision energy was 30 eV. Multi-point
calibration was performed using a mixture of lipid
standards. MS data were processed with MassLynx 3.5
software to produce peak list files.

For analyses on the LTQ (Thermo Electron corpora-
tion, Waltham, MA) linear ion trap instrument with
Xcalibur 2.0, the maximum acquisition time of ESI/MS
survey scans (recorded in profile mode) was set as 100
msec, and the maximum acquisition time of MS/MS
scans (centroid mode) was set as 400 ms or integrated
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over an interval sufficient to acquire an ion count
exceeding 10* Switching from survey scan to MS/MS
mode was performed in a data-dependent manner as
above. The maximum MS/MS to survey scan ratio was
3. Normalized collision energy was 15%. Multi-point
calibration was performed using ultra-mark reagent
(Finnigan). MS/MS spectra were extracted by the pro-
gram extract_msn.exe (Finnigan) and processed with a
data pretreatment program that is a component of
LipidQA software to produce peak list files for MS/MS
and MS analyses. Instrumental conditions for lipid
analyses on the Finnigan TSQ-7000 triple stage quadru-
pole were described elsewhere [11-18] and included a
collision energy of about 30 eV.

LipidQA Software

The LipidQA program is written in the language Visual
C+ +. The fragment ion database and the lipid chemical
formula database are constructed as ASCII code files
with the appendices “.str” and “.fml”, respectively.
LipidQA features include: (1) different functions are
used to select analytical objectives, e.g., quantitation
only, identification, or simultaneous quantitation and
identification. (2) The program can process peak list
files generated by data systems for Finnigan LTQ and
TSQ-7000 instruments and the Waters Q-TOF Micro
instrument. (3) The program can accommodate multiple
internal standards and calibration curves for complex
lipid mixture analyses, and LipidQA automatically se-
lects the appropriate internal standard and calibration
curve based on its identification of the lipid molecular
species without user input. (4) Users can choose to
analyze a single lipid subclass or to analyze multiple
subclasses simultaneously, e.g., glycerophosphatidic
acid (GPA), glycerophospho-ethanolamine (GPE),
-inositol (GPI), -serine (GPS), and -glycerol (GPG), in
negative ion mode. Li* adducts of glycerophospho-
choline (GPC) species are analyzed in positive ion
mode. Access to LipidQA software can be obtained
through Haowei Song (hsong@im.wustl.edu), John
Turk (jturk@wustl.edu), or the Washington University
Biomedical Mass Spectrometry Resource website.

Results and Discussion

Outline of LipidQA Software and Data-Dependent
Lipid Profiling

Figure 1 illustrates the working flow chart of the
LipidQA program. First, peak list files of both MS and
MS/MS spectra are loaded into memory and undergo
data pretreatment that includes smoothing (5-point
Triangular Smooth)/noise filtering. MS/MS data are
searched against a fragment ion database from a library
of reference spectra for complex lipids that we have
acquired [11-28] or constructed from established frag-
mentation rules [29] to identify lipid molecular struc-
tures, and deduced chemical formulae are used to
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Figure 1. Working flow chart of LipidQA program.

calculate theoretical isotope distributions subsequently
used in the deisotoping algorithm. The m/z values of
those ions in the MS spectra that do not correspond to
a recorded MS/MS spectrum are searched against a
lipid chemical formula database, and identified formu-
lae are used to calculate theoretical isotope distributions
for deisotoping, as described further below.

Upon completing deisotoping and deconvolution
steps, a peak list of monoisotopic masses of different lipid
molecular species and intensities of deisotoped peaks is
generated for quantitation. First, ion intensities are nor-
malized to that of the internal standard ion. If the “Abso-
lute Quantitation” feature is selected, relative intensity
values are automatically compared to a calibration curve
to quantitate the lipid species. If the “Lipid Phosphorus”
normalization feature is selected and the lipid phosphorus
content specified, the program automatically normalizes
the quantity of each species to that value. Absolute or
normalized quantitative results from different samples
within a set are then combined into a data file that can be
processed by the Excel application, e.g., to prepare data
summaries or illustrations.

Lipid Identification: Fragment lIon Database
Searching

Identifying proteins by searching MS" spectra against
databases [33, 34] is now routine, but identifying lipids

still relies mainly on direct inspection of MS/MS spec-
tra. Rules to explain fragmentation patterns of a wide
variety of glycerolipids comprising hundreds of molec-
ular species from different head-group classes have
been established [11-29], and we have constructed a
lipid fragment ion database that includes species with
fatty acid side-chain lengths of 10-30 carbon atoms and
0-6 double bonds. Searching the MS” spectra of differ-
ent lipid species against this database permits deduc-
tion of their structures and chemical formulae.

Table 1 lists the fragment ions (Column 1) and their
relative intensities for tandem spectra of Li" adducts of
glycerophosphocholine (GPC) lipids [11, 19, 20]. The ions
[M + Li — 59] " (loss of trimethylamine), [M + Li — 183]*
(loss of phosphocholine), and [M + Li — 189]" (loss of
lithiated phosphocholine) identify the choline head-
group, and constant neutral loss MS/MS scanning for
these losses can be used to identify GPC lipids as a class.
The ions [M + Li — R,CO,H]", [M + Li — R,CO,H]",
M + Li-59 — R,CO,H]", [M + Li — 59,R,CO,H]",
[M + Li — R,CO,Li]*, [M + Li — R,CO,Li]*, [R,CO]",
and [R,CO]" identify the fatty acid substituents. The
relative intensities of ions arising from losses of the fatty
acid substituents identify their positions on the glycerol
backbone. Ions generated by losses of the sn-1 fatty acid
substituent from Li* adducts of GPC lipids are more
abundant than those generated by losses of the sn-2
substituent [11].
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Table 1.
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Examples of the fragmentation rules and relative intensity rules used to construct the fragment ion database

16:0/18:1-GPC-Li*

18:1/16:0-GPC-Li*

Structural feature Substituent

Fragmention

Observed relative

Fragmention

Observed relative

Fragment lons reflected?® position m/z intensity (%) m/z intensity (%)
[M + Li]* NN - 766.58 9 766.58 22
[M + Li-59]" HG — 707.51 7 707.51 10
[M + Li-183]" HG - 583.51 47 583.51 39
[M + Li-189]" HG — 577.51 100 577.51 100
[M + Li - R,CO,H]" R, + 510.34 8 484.32 10
[M+Li-R,CO,H]* R, + 484.32 5 510.34 5
[M+Li — 59 - R,CO,H]* R, + 451.27 17 425.25 14
[M+Li- 59 - R,CO,H]"* R, + 425.25 7 451.27 7
[M+Li-R,CO,Li]* R, + 504.33 7 478.32 6
[M+Li-R,CO,Li]* R, + 478.32 6 504.33 5
[R,CO]" R, - 239.24 4 265.25 4
[R,COl* R, - 265.25 5 239.24 3
[C,HLPO,+Lil" HG - 131.01 6 131.01 3
[CoH,,NT* HG - 86.1 12 86.1 11

@The indicated ions can contain information about the following structural features of the phospholipid molecule: NN (number of nitrogens); HG
(head group); R, (sn-1 substituent); R, (sn-2 substituent); substituent position refers to sn-1 vs. sn-2. Positional assignments: [M + Li - R,CO,H]" >
[M + Li = R,CO,H]", [M + Li-59 — R,CO,H]" > [M + Li-59 - R,CO,H]", [M + Li-R,CO,Li]" > [M + Li - R,CO,Li]".

MS/MS spectra of 16:0/18:1-GPC-Li* (Figure 2a)
and of 18:1/16:0-GPC-Li* (Figure 2b) contain the frag-
ment ions listed in Table 1 and illustrate rules that
establish identities and positions of fatty acid substitu-
ents. Positional assignments are based on the relative
abundance of ions reflecting losses of fatty acid sub-
stituents rather than the relative intensities of the acy-
lium ions [R,CO]* and [R,CO]" because the latter
are variably susceptible to subsequent fatty acid-

specific but not position-specific decomposition pro-
cesses (Figure 3). Fragmentation patterns of other
classes of glycerolipids are summarized in Supplemen-
tal Material (which can be found in the electronic
version of this article).

In the database-searching algorithm, a similarity
score (ID score) is generated for the comparison be-
tween the observed spectrum and that contained in the
most closely matched library spectrum. The score is
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Figure 2. MS/MS spectra of 16:0/18:1-GPC-Li+ (a) and 18:1/16:0-GPC-Li+ (b). Data acquired with

a Finnigan TSQ-7000 via product ion scan mode.
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Figure 3. MS/MS spectrum obtained from CAD of the ion of m/z
865.33 in a lipid extract from mouse peritoneal leukocytes.
(a) Complete spectrum. (b) Expanded spectrum from m/z 80 to
260. Data were acquired with a Micromass Q-TOF Micro mass
spectrometer in negative ion mode.

based on the percent matching fragment ion m/z values
in the two spectra. After raw MS/MS data are
smoothed and expressed in centroid mode, the 40 most
intense peaks in the acquired MS/MS spectrum are
selected to calculate the similarity score. Individual
fragment ions of similar m/z value in acquired and
reference spectra are compared pair by pair. If their m/z
difference is less than the preset error tolerance (deter-
mined by instrument resolution), that fragment ion will
be included in the similarity score calculation in eq 1.

N match

Score =

)

reference

Niaten is the number of spectral lines in the acquired
spectrum that match those in the reference spectrum.
N cference 18 the total number of spectral lines in the
reference MS/MS spectrum. The relative intensities of
the fragment ions arising from losses of fatty acid
substituents are used to determine their positions on the
glycerol backbone.

Rules that govern such positional assignments differ
among phospholipid head-group classes [11-29]. In
positive ion MS/MS spectra of [M + Li]" ions of GPC
lipids, ions that reflect loss of the sn-1 substituent are
more abundant than those reflecting loss of the sn-2
substituent [11, 19, 20], as illustrated in Table 1. In
contrast, in negative ion MS/MS spectra of [M — H]~
ions of GPE, GPI, GPA, GPG, and GPS lipids, ions that
arise from loss of sn-2 substituent are more abundant

J Am Soc Mass Spectrom 2007, 18, 1848-1858

than those arising from sn-1 substituent loss, as sum-
marized in Supplemental Material.

MS and MS/MS spectra from 25 standard glycero-
phospholipid species of various head-group classes
were used to optimize algorithms for data pretreat-
ment, similarity score calculation, and quantitation. The
performance of the algorithm was compared with re-
sults from direct inspection of re-analyses of the stan-
dards on each of the three mass spectrometers tested
and upon analyses of biological extracts. Of the 25
standards used to optimize the algorithm, the lowest
similarity score upon re-analyses on different instru-
ments was 0.67 for 18:0/20:4-GPS analyzed on the
Finnigan LTQ. Considering analyses of both standards
and components of biological extracts, discrepancies
between structural assignments achieved by direct in-
spection versus those by algorithm occurred in less than
5% of cases where the similarity score calculated by the
algorithm exceeded 0.5, and that value is thus sug-
gested as an appropriate threshold for confident struc-
tural assignments.

The performance of LipidQA was similar with each
of the three instruments tested. Although tandem mass
spectra of lipid standards differ among instruments,
differences are primarily in relative abundances of ions
within a spectrum rather than in the presence or ab-
sence of a given ion in spectra of the same compound
obtained on these three instruments. The m/z values of
the 40 most abundant ions in the tandem spectra of a
given glycerolipid molecular species are virtually iden-
tical among these three instruments, although the rela-
tive abundances of certain ions in the spectra can be
quite different.

For example, tandem spectra of [M— H]™ ions of
GPS and GPE lipids obtained on the TSQ are quite
similar to those obtained on the Q-TOF, and carboxylate
anions are the base ions in both spectra. In contrast,
tandem spectra obtained on ion trap instruments, e.g.,
the LTQ, are dominated by ions reflecting losses of the
fatty acid substituents. Nonetheless, the same sets of
ions appear in spectra obtained on any of these instru-
ments, and qualitative identification is thus unaffected.
Moreover, although there are differences in relative
abundances of ions in spectra obtained on different
instruments within a spectrum, rules for preferential
losses of sn-1 or sn-2 substituents are preserved, and
positional assignments are also unaffected.

Correct identification of the structure and chemical
formula of a lipid molecular species is necessary for
accurate quantitation based on the deisotoped signal.
Without MS/MS spectra, the theoretical formula used
to calculate the isotope profile is obtained by searching
the m/z value of the first isotope peak against a theoret-
ical formula database. The matched formula might not
be exactly correct if isobaric species of different lipid
classes have been confused, and this can increase the
error of quantitation. For example, 18:0/18:2-GPS and
18:2/22:6-GPE have similar [M — H]  m/z values
of 786.6 and 786.51, respectively, but their isotope
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clustered spectrum to correct isotopic overlap.

profiles differ. The elemental formula of 18:0/18:2-GPS
is C4H,,0.0NP and its isotope profile is 100, 48.26,
13.39, and 2.71 for relative abundances of monoisotopic
[M— H] and the first three [**C] isotopes. The elemen-
tal formula of 18:2/22:6-GPE (C,sH;;0sNP) yields an
isotope profile for relative abundances of monoisotopic
[M — H] and the three [*C] isotopes is 100, 50.48,
14.07, and 2.82.

Using the isotope profile of 18:2/22:6-GPE rather
than the correct profile for 18:0/18:2-GPS would
increase the error in the deisotoping correction for the
latter species, but much more serious errors would be
introduced by causing quantitation to be based on a
calibration curve for the wrong head-group class of
lipids. Ion yield per mole of analyte is much more
dependent on the nature of the head-group than on
the identities of fatty acid substituents in phospho-
lipid quantitation by ESI/MS [3, 4]. Identification
based on MS/MS spectra searched against a fragment
ion database is more likely to be accurate than are
assignments based only on nominal m/z values of
(pseudo) molecular ions, selected product ions, or
ions reflecting specified neutral losses, as discussed
further below.

Fragment Ion Database Searching

When analyzing biological extracts without pretreat-
ment or separation, extraneous peaks that do not rep-
resent bona fide components of biological mixtures are a
major obstacle to accurate identification and quantita-

tion of lipid species. In addition, some fatty acid sub-
stituents, especially polyunsaturates, yield fragment
ions upon CAD that can be confused with distinct fatty
acid substituents that are not contained in the molecular
species being analyzed. Such factors complicate identi-
fication of lipid species by precursor ion or neutral loss
scanning alone. The fragment ion database-searching
algorithm of LipidQA achieves more reliable identifica-
tion in such cases because LipidQA considers data from
the entire tandem mass spectrum and not just selected
features.

This is illustrated by Figure 3a, which is the tandem
spectrum from CAD of an ion of m/z 865 in negative ion
ESI/MS analysis of a mouse peritoneal leukocyte lipid
extract. This ion was determined by LipidQA to repre-
sent the [M — H]™ ion of 22:6/22:6-GPG with high
confidence (ID score = 0.77). The spectrum contains an
intense ion at m1/z 283 that could represent stearate (18:0)
anion, and a precursor of m/z 283 scan might identify
the parent at m/z 865 to be a stearate-containing lipid,
such as 18:0/18:0-GPI (M — H] m/z = 865). That
assignment would be consistent with the presence of an
ion at m/z 241 in the spectrum (Figure 3b). An ion of that
m/z value is observed in tandem spectra of GPI lipids
and represents an inositol phosphate dehydration prod-
uct. Direct inspection of the entire tandem spectrum,
however, fails to reveal ions that reflect loss of 18:0, and
such ions are expected in the tandem spectra of 18:0/
18:0-GPIL. In addition, other ions prominent in the
reference spectrum [17] of 18:0/18:0-GPI in the Lip-
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Table 2. Comparison of manual quantitation and LipidQA analysis. Samples were prepared with standard 18:0/18:2-GPC ([M + Li]*™
m/z 792) and 18:0/18:1-GPC ([M + Li]* m/z 794) in various relative abundances specified in the table. Data were acquired with a

Finnigan LTQ mass spectrometer in positive ion mode

Sample No. 1 2 3 4 5 6 7
Added 18:0/18:2-GPC (ug) 1.6 3.2 8 16 16 16 16
Manual quantitation 3.1 (90.6) 4.3 (34.8) 7.6 (—4.9) 15.4 (—3.7) 15.8 (—1.1) 15.5(-3.2) 15.9(-0.8)
LipidQA 3.0 (88.8) 4.3 (34.8) 8.0 (—0.5) 16.5 (3.0) 16.9 (5.8) 16.6 (3.6) 16.3 (1.9)
Added 18:0/18:1-GPC (ug) 16 16 16 16 8 3.2 1.6
Manual quantitation 17.4 (8.7) 18.8 (17.4) 17.0 (6.5) 16.8 (4.8) 10.2 (27.2) 4.9 (54.3) 3.6 (127.1)
LipidQA 16.0 (0.0) 16.5 (3.1) 17.7 (10.6) 16.4 (2.2) 9.1 (13.9) 3.5(7.8) 2.0 (23.8)

*Note: 2.8 (80.4) means: calculated abundance (ug) (relative error (%)).

idQA fragment ion database are absent, e.g., m/z 315,
297, 279, 259, and 223.

In fact, the ion at m/z 283 in the spectrum in Figure 3a
does not represent stearate anion but arises from elim-
ination of CO, from docosahexaenoate anion [17, 29],
and this was verified by obtaining the MS® spectrum of
m/z 327 on an ion trap instrument, which contained ions
of m/z 283 and m/z 229 generated by sequential neutral
losses of CO,. Erroneous assignment of the identity of
the lipid molecular species at m/z 865 as 18:0/18:0-GPI
that might have arisen from multiple precursor ion
scanning for parents of both m/z 281 and 241 was thus
avoided by LipidQA because it evaluated the entire
tandem spectrum of the compound rather than selected
features to achieve the correct identification of 22:6/22:
6-GPG.

This identification is based on the observed tandem
spectrum (Figure 3a) and fragmentation rules previ-
ously established from studies of standard GPG lipids
[18] and subsequently applied to biological extracts con-
taining GPG lipid species previously identified by other
methods [28]. Features of the spectrum in Figure 3a that
support identification of m/z 865.3 as the [M — H] ion of
22:6/22:6-GPG include the base peak at m/z 327.2, which
represents docosahexaenoate anion. Product ions m/z
537.3 and m/z 555.3 arise from loss from [M — H]  of
22:6 as a free fatty acid or as a ketene, respectively.
The product ion m/z 463.256 arises from loss of both
the glycerol head-group and 22:6 as a free fatty acid,
and the ion m/z 209.052 arises from the phospho-
glycerol head-group and is observed in spectra of all
GPG lipid species. Thus, the structural assignment is
unambiguous.

It should be noted that when an identification by
LipidQA is said to be “correct” what is meant is that the
algorithm makes the same assignment that the authors
make when we directly inspect the spectrum, deduce
identities of various ions in it, and then make a struc-
tural identification of the parent ion based on our
deductions. The advantage of LipidQA is that it obvi-
ates laboriously slow direct inspection and deduction
and permits high-throughput analyses of data that are
interpreted as we would interpret them if we did
inspect them directly.

Lipid Quantitation: Spectrum Reduction and
Correction Algorithms that Include Deisotoping,
Deconvolution, and Correction for Overlapping
Isotope Envelopes Produced by Distinct Lipid
Molecular Species

Complex lipid mixtures from biological extracts contain
many molecular species, and distinct species can exhibit
overlapping isotope envelopes. Han and Gross [3] used
two isotope correction factors to minimize this isotope
effect on quantitative measurements. The type I correc-
tion factor converts the intensity of a monoisotopic peak
to the total intensity of the entire isotopic cluster for the
molecular species in question (“deisotoping”). The type
II correction factor resolves the overlapping nature of
the pseudomolecular ion peak of the species of interest
with the M + 2 isotope peak from another species with
a pseudomolecular ion of m/z value 2 Th lower than that
for the first species (e.g., the second isotope of [M + Li]
for 16:0/18:2-GPC has an m/z value identical to that of
the monoisotopic [M + Li]" ion for 16:0/18:1-GPC).
Here we describe a strategy (derived from a deiso-
toping approach [35] developed by McLafferty) that
simultaneously performs deisotoping and corrects iso-
topic overlap.

Figure 4 illustrates the deisotoping algorithm. ESI
mass spectra can contain isotopic clusters of signals of
different m/z values for the same molecular species with
different charge states. Deconvoluting and deiso-
toping the spectrum reduces m/z values of all signals
for a given species to a single monoisotopic value
with z = 1 and simplifies interpretation. Raw data
from an MS spectrum are processed by an adaptation
of a method first developed for MALDI/TOF spectra
[36], and the data are then further processed [37] by
grouping peaks into clusters based on their charge
state z (Figure 4a). The isotopic cluster peak spacing
is 1/z. Deconvoluting spectra from high to low
charge states avoids incorrect processing because
intensities calculated for higher charge states fall
between intensities of recorded signals [37].

The deconvolution and deisotoping algorithm starts
at the highest expected charge state z, for the processed
spectrum and analyzes the spectrum from low to high
m/z values in steps of one data point from the maximum
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expected charge Z = z, down to Z = 1 [37]. For each
data point that contains signal, the corresponding mass
is calculated as m/z X Z — (Z — 1). The theoretical
isotope profile is calculated from the elemental formula
identified from searching the fragment ion database or
the theoretical formula database, and its contribution is
subtracted from the clustered spectrum to correct iso-
topic overlap (Figure 4b). Monoisotopic singly charged
signals are stored for each processed charge state in
spectrum S,. Combining calculated z,, spectra S, to S,
yields the final deconvoluted and deisotoped spectrum
[37]. Deisotoped spectra from different charge states are
combined, sorted, and used for quantitation (Figure 4c).

To illustrate how iterating, deisotoping, and decon-
volution steps from high to low charge states resolves
overlapping isotope clusters, consider a spectrum with
two sets of singly charged ions that represent different
molecular species: set A (m/z 650.5, 651.5, 652.5, 653.5)
and set B (m/z 651.0, 652.0, 653,0, 654.0). The relative
abundances of A and B in the mixture results in the
peak series (expressed as m/z value/relative intensity):
650.5/100, 651.0/100, 651.5/36.9, 652.0/35.4, 652.5/8.6,
653.0/8.7, 653.5/1.5, 654.0/1.6. The %2 Th interval peak
spacing suggests a doubly charged ion, and LipidQA
first considers this possibility. The observed relative
intensities of the ions in the series (650.5/100, 651.0/
100, 651.5/36.9, 652.0/35.4) do not match the theoretical
isotope profile, however, and LipidQA will not identify
the ion series as doubly charged but will proceed to the
next lower charge state. The two ion series will thus be
distinguished and deisotoped separately.

Tablel2VillustratesVtheYbeneficialVeffectsyofdeiso-
toping on the accuracy of quantitative measurements of
standard samples by LipidQA. When amounts of two
distinct compounds with overlapping isotope enve-
lopes, e.g., 18:0/18:2-GPC (IM — H]~ m/z 792) and
18:0/18:1-GPC (M — H] m/z 794), are similar, manual
interpolation of raw intensity ratio data and LipidQA
yield similar quantitative values. When amounts of two
compounds differ greatly, the more abundant com-
pound still yields a similar quantitative result both by
manual analysis and LipidQA, but the amount of the
less abundant compound is estimated less accurately by
manual methods than by LipidQA, especially when the
amount of the compound with the higher m/z value
(e.g., 18:0/18:1-GPC, [M — H]~ m/z 794) is lower than
that of the compound with lower m/z value (e.g.,
18:0/18:2-GPC, [M — H]  m/z 792). For example, with a
sample that contained 16 ug of 18:0/18:22-GPC (M — H]~
m/z 792) and 3.2 ug of 18:0/18:1-GPC (M — H] m/z
794), the LipidQA quantitative estimate for 18:0/18:1-
GPC was 3.5 = 0.27 ug (relative error of 7.8% compared
with the true value). Manual analysis yielded a quanti-
tative estimate of 49 = 2.7 ug for 18:0/18:1-GPC
(relative error of 54.3%). The coefficient of variation of
the manual method is thus 5.7-fold greater than that of
the LipidQA program in this example.
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Distinction Between Isomeric Lipid Species

The application of the deisotoping algorithm to the
entire spectrum described above can determine the
contribution of an isotope peak in the envelope of
one compound to the intensity of an ion to which the
pseudomolecular monoisotopic ion of a compound of
higher molecular weight also contributes, as discussed
above for 18:0/18:2-GPC and 18:0/18:1-GPC. In that
case, the second [*°C] isotope of the [M + Li]* ion of
18:0/18:2-GPC has the same m/z value as the [M + Li]*
ion of 18:0/18:1-GPC (m/z 794).

Isomeric lipids are often encountered in biological
extracts, and MS/MS data are required to distinguish
them, as illustrated in spectra from a bacterial lipid
extractV{Figure'p)."PeaksVatlan/z 849.5VandVan/z 31363.5
(Figure'ha)'areltdentified by ’bipid QAlas’EM Y4 1k]] fons
of 18:0e/18:1-GPI (“e” denotes an sn-1 O-alkyl ether
linkage to a fatty alcohol residue) and the diacyl species
18:0/18:1-GPI, respectively. For the small peak at m/z
861.42, two distinct, isomeric, diacyl species (18:0/18:2-
GPI and 18:1/18:1-GPI) are identified from the MS/MS
spectrumiFigure'Bb)vith'éimilarlythighDécores’.73
and'@.70,%sespectively,/able!d).!Direct’nspectiontéofithe
MS/MS spectrum obtained from CAD of m/z 861.52
(Figure'db)'tevealsiproductlionsiéfim/z 279,281 ,%4nd 283
that represent carboxylate anions of linoleic (18:2), oleic
(18:1), and stearic (18:0) acids, respectively. This reveals
the presence of two isomers with different fatty acid

100— 863.50
7 849.50
% 7
1 850.50
1 861.4
4 851.50
0 ; r T : . ; /z
(a) 845 850 855 860 865 870
100 5813
1 419.3
7 2833 861.4
57
0 2.3
i 417.2
R 57135993
-| | a1 I
437.3
0 Ao 1 b i ¥ =i ettty TIL/Z
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Figure 5. Distinguishing different lipid molecular species with
overlapping isotopic envelopes in a bacterial extract. (a) MS
spectrum of a bacterial lipid extract in negative ion mode;
(b) MS/MS spectrum of peak at m/z 861.42. Data acquired with a
Finnigan LTQ mass spectrometer.
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Table 3. Fragment ion database searching result for the MS/
MS¥pectrumloefian/z 861.42from'FigurelbA.

Lipid ID score MS/MS TIC
14:0/22:2-GPI 0.12 138
14:1/22:1-GPI 0.12 138
14:2/22:0-GPI 0.12 139
16:0/20:2-GPI 0.19 138
16:1/20:1-GPI 0.19 139
16:2/20:0-GPI 0.19 138
18:0/18:2-GPI 0.73 580
18:1/18:1-GPI 0.70 533
20:0/20:0-GPG 0.15 116

substituents but the same number of total carbon atoms
and double bonds, i.e., 18:0/18:2-GPI and 18:1/18:1-
GPL These assignments are supported by the presence
of ions that reflect losses of 18:0, 18:1, and 18:2 as free
fatty acids at m/z 577 (M — H — R4 CO,H] "), 579
(M — H — RygyCOH] ), and 581 (M — H -
R(152CO,H] ), respectively. LipidQA also computes
theldumléfiintensitiesloffonselable!d,third%6olumn)iin
the MS/MS spectrum attributable to each isomer to
estimate their relative abundance.

Profiling Glycerophospholipid Species
by Data-Dependent Transition from MS
to MS/MS Scanning and LipidQA Analyses

Table4%4ummarizestan’experiment’n’vhich'porcine
brain lipid extracts were directly infused into the ESI
source of a Q-TOF Micromass spectrometer after
adding internal standards and the quality control
standard 17:0/17:0-GPS ([M — H] ™~ m/z 762.5). Spectra
were acquired in both negative and positive ion
modes in a data-dependent manner, and data were
processed to generate peak list files. LipidQA identi-
fied and quantitated a total of 36 distinct endogenous
glycerophospholipid¥molecular’épecies’fTable'4),n-
cluding 8 GPC, 10 GPE, 14 GPS, 2 GPI, and 2 GPA
lipid species with ID scores exceeding 0.5. Consistent
with specifications provided by the supplier of the
brain extract (Avanti, Albaster, AL), GPE lipids ac-
counted for 43% of the measured lipid phosphorus
content; GPC lipids were the next most abundant
components; and GPS lipid species accounted for 16%
of total lipid phosphorus content and exhibited the
greatest heterogeneity with 14 distinct molecular
species’fTable’4).

Statistical reproducibility of LipidQA measure-
mentstare'teflected’by'the'4tandardérrorsin’fable’4,
and coefficients of variation are generally less than
10% for components of mixtures that are at least 10%
as abundant as the most abundant component.
Greater variation is encountered for minor compo-
nents. For example, the coefficient of variation is 38%
for 16:0/18:1-GPS, which about 2% as abundant as
16:1/18:1-GPE'n‘he!mixturelin’kable'4.“m'additional
evaluation of the ability of LipidQA to identify and
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provide reproducibly accurate quantitative measure-
ments of lipid species, varied amounts of synthetic
17:0/17:0-GPS standard (2, 4, or 8 ug) were added to
a bovine brain lipid extract and analyzed with endog-
enous glycerophospholipid species by LipidQA,
which correctly identified the peak at m/z 762.5 as the
[M — HJ] ion of 17:0/17:0-GPS and accurately quan-
titated it with a relative error of only 3.8%, 1.1%, and
3.1%, respectively, on triplicate measurements (not
shown).

Table 4. Glycerophospholipid profile of a lipid extract from
porcine brain. ESI/MS(/MS) data for GPE, GPS, GPA, GPI were
acquired with a Micromass Q-TOF Micro instrument in negative
ion mode. GPC lipids were analyzed as Li" adducts in positive
ion mode. Mean values (+ C.V.) are displayed (n = 9). The
designation “p” in p18:0/20:4-GPE denotes “plasmalogen,”
which is a glycerophospholipid with a 1-O-alk-1'-enyl
(plasmenyl) linkage to a fatty aldehyde residue in the sn-1
position

pmol/nmol Relative Lipid
Lipids phosphate  STDEV(%) class/total
18:0/18:1-GPA(701.5) 2.58 12.40
16:0/20:1-GPA(701.5) 1.59 25.16 GPA total
0.33%
16:1/18:1-GPE(714.5) 200.23 6.13
18:0/18:1-GPE(744.5) 65.48 2.73
18:0/20:4-GPE(766.5) 8.55 12.87
18:1/20:1-GPE(770.5) 40.51 6.37
18:0/22:5-GPE(792.5) 20.79 2.99
18:0/22:4-GPE(794.5) 24.86 10.05
p16:0/18:1-GPE(700.5) 1.31 30.53
p16:0/20:4-GPE(722.5) 18.32 15.61
p18:1/18:1-GPE(726.5) 11.10 20.72
p18:0/20:4-GPE(750.5) 26.80 7.46 GPE total
43.54%
18:0/18:1-GPI(863.5) 2.56 32.06
18:0/20:4-GPI(885.4) 40.57 7.64 GPI total
4.49%
16:0/18:1-GPS(760.5) 4.62 38.96
18:0/18:1-GPS(788.5) 33.93 9.14
16:0/22:6-GPS(806.5) 12.40 8.49
18:0/20:4-GPS(810.5) 8.47 10.50
16:0/22:4-GPS(810.5) 3.49 9.18
18:1/20:1-GPS(814.5) 3.22 13.04
18:0/20:2-GPS(814.5) 3.01 7.64
18:0/20:1-GPS(816.5) 5.16 18.80
20:0/18:1-GPS(816.5) 4.23 17.73
18:0/20:0-GPS(818.5) 2.1 30.33
20:0/22:6-GPS(818.5) 3.13 6.51
18:0/22:6-GPS(834.4) 48.21 9.96
18:0/22:4-GPS(838.5) 15.45 7.77
22:6/22:6-GPS(878.4) 9.45 8.40 GPS total
16.32%
16:0/18:1-GPC(766.5) 105.87 5.12
16:0/16:1-GPC(738.5) 31.19 417
16:0/16:0-GPC(740.5) 66.01 7.27
16:0/20:4-GPC(788.5) 20.15 13.05
18:0/18:2-GPC(792.5) 19.77 17.45
18:0/18:1-GPC(794.5) 43.79 9.13
16:0/22:6-GPC(812.5) 10.10 13.86
18:0/20:4-GPC(816.6) 41.99 8.79 GPC total
35.31%
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Conclusion

We describe a computer software platform (LipidQA) to
process electronic data automatically from ESI/MS(/MS)
analyses of complex lipid mixtures, and it can identify
and quantitate multiple molecular species in mixtures
that contain several classes of lipids in less than 15 min.
In contrast to other recently described programs for
analyzing lipid MS data that are applicable only to
specific mass spectrometers, LipidQA can process high
throughput MS data acquired with ion trap, triple
quadrupole, or quadrupole time-of-flight instruments.
Quantitation directly from accumulated spectra ob-
tained after direct infusion of lipid mixtures avoids
variability introduced by multiple sample handling and
chromatographic steps and also avoids differences in
efficiency of formation of selected ions entailed in
neutral loss or product ions scans.

The major limitations of the current version of Lip-
idQA are low precision of quantitation and low sensi-
tivity for identification of minor components of mix-
tures containing multiple components present in
widely different amounts. Because switching from MS
to MS/MS data acquisition is triggered by the signal to
noise intensity of the MS ion current, some low abun-
dance components fail to be detected. In addition, ion
suppression effects with analyses of complex lipid
mixtures by direct infusion preclude accurate quantita-
tion of all components. Nonetheless, this approach is
useful for high throughput lipid profiling of the major
species in biological extracts when suppression of mi-
nor components is not considered a critical issue be-
cause it greatly accelerates data processing compared to
laborious direct inspection.

Our current fragment ion database includes refer-
ence spectra for the major glycerophospholipid head-
group classes, and it is planned to incorporate reference
spectra for fragmentation of other lipid species, includ-
ing sphingolipids, into future versions, which will ex-
tend its applicability.
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