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Abstract
This article presents a novel methodology for the analysis of ethanolamine glycerophospholipid (PE)
and lysoPE molecular species directly from lipid extracts of biological samples. Through brief
treatment of lipid extracts with fluorenylmethoxylcarbonyl (Fmoc) chloride, PE and lysoPE species
were selectively derivatized to their corresponding carbamates. The reaction solution was infused
directly into the ion source of an electrospray ionization mass spectrometer after appropriate dilution.
The facile loss of the Fmoc moiety dramatically enhanced the analytic sensitivity and allowed the
identification and quantitation of low-abundance molecular species. A detection limitation of
attomoles (amoles) per microliter for PE and lysoPE analysis was readily achieved using this
technique (at least a 100-fold improvement from our previous method) with a >15,000-fold dynamic
range. Through intrasource separation and multidimensional mass spectrometry array analysis of
derivatized species, marked improvements in signal-to-noise ratio, molecular species identification,
and quantitation can be realized. The procedure is both simple and effective and can be extended to
analyze many other lipid classes or other cellular metabolites by adjustments in specific derivatization
conditions.jlr Thus, through judicious derivatization, a new dimension exploiting specific functional
reactivities in each lipid class can be used in conjunction with shotgun lipidomics to penetrate farther
into the low-abundance regime of cellular lipidomes.
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Recently, a powerful technique for the direct analysis of global cellular lipidomes [i.e., shotgun
lipidomics using intrasource separation and multidimensional electrospray ionization-mass
spectrometry (ESI-MS)] has emerged (see 1-3 for recent reviews). In shotgun lipidomics, lipid
classes in a crude lipid extract are first separated at the ion source (i.e., intrasource separation)
through judicious selection of ion-pairing reagents based on the electrical properties of the lipid
classes described previously (2,4). The basic principles of ESI intrasource separation of lipids
extend the charge separation principle of ESI, which is analogous to an electrophoretic cell, as
described previously (5,6). The involvement of ion pairing of intrasource separation is also
analogous to ion-exchange chromatography, which facilitates lipid class separations (7). For
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electrically neutral lipids, selectivity during separations is accomplished through differential
ion ratios of lipid classes in the source, depending upon the ion-pairing conditions used.

Cellular lipidomes contain thousands to tens of thousands of individual molecular species of
lipids. Most of these biological lipid species are linear combinations of aliphatic chains,
backbones, and/or head groups, each of which represents a building block of the molecular
species under consideration. Therefore, the identification of individual molecular species of
the cellular lipidome can be achieved through the determination of the associated building
blocks of cellular lipids. Shotgun lipidomics fulfills this task through multidimensional ESI-
MS array analysis under various instrumental conditions, such as changes in ionization
conditions (e.g., source temperature and spray voltage) and in fragmentation conditions [e.g.,
collision gas pressure, collision energy, collision gas, mass loss in neutral loss (NL) mode, and
monitored ions in precursor ion (PI) mode] (3). Besides the basic two-dimensional (2D) mass
spectral unit, in which the second dimension is constructed with specific lipid building blocks,
each series of ramped changes in instrumental condition facilitates the generation of an
additional dimension, each of which can potentially be used in multidimensional mass
spectrometric analyses (3).

Quantitation in shotgun lipidomics is performed by a two-step process (3,8,9). First, the
abundant molecular species in a class of polar lipids are quantitated by direct comparison of
the ion peak intensities with that of a preselected amount of internal standard for the lipid class
in the first-dimensional mass spectrum after correction for the 13C isotopomer differences, as
described previously (2,10,11). The foundation of this measurement is based on the observation
that the ion abundance of a lipid molecular species is linearly correlated with its concentration
in the sprayed solution in the low-concentration region. This observation has been validated
by many independent studies (3,9,12-18). Next, the determined concentrations of these
abundant molecular species are used as endogenous standards, in addition to the preselected
internal standard, for ratiometric comparisons to quantitate or refine the mass content of low-
abundance individual molecular species from at least one of the representative tandem mass
scans for the lipid class of interest. By using tandem mass scans, the baseline fluctuations
caused by chemical noise can be reduced dramatically. Thus, the measure of the linear dynamic
range of ion peak intensity ratios between the selected internal standard and the unknowns of
interest is expanded to penetrate into the low-abundance region of lipid molecular species
directly from organic extracts. Because of the effects of differential fragmentation kinetics on
different molecular species in a class (2), multiple standards, representative of the different
physical properties (subclass, acyl chain length, and degree of unsaturation), have to be selected
for quantitation based on tandem MS (MS/MS), as demonstrated previously (19-23). Thus, the
determined set of individual constituents from step one represent the endogenous standards
that are selected for their well-distributed changes in acyl chain length and unsaturation to
appropriately cover the lipid class of interest in most cases. Of course, additional standards can
be added if necessary, but in most cases, the naturally occurring distribution of acyl chain length
and unsaturation is usually sufficient.

In shotgun lipidomics, molecular species containing a head group of phosphoethanolamine,
such as ethanolamine glycerophospholipid (PE) and lysoPE, are analyzed after the addition of
a small amount of LiOH in negative ion mode (2,4). These molecular species carry a weakly
zwitterionic head group and thus become anionic under alkaline conditions. Unfortunately,
under these experimental conditions, many low-abundance PE molecular species and almost
the entire lysoPE class are buried in the baseline noise. Moreover, those PE species having
high molecular weight can potentially overlap with molecular species from other lipid class
(es) (e.g., phosphatidylinositol) and are difficult to identify. Furthermore, at present, there is
no highly sensitive and representative MS/MS method that can be used to profile very low-
abundance PE and lysoPE molecular species under the experimental conditions developed.
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Therefore, quantitation of very low-abundance PE molecular species and all lysoPE species is
often difficult by shotgun lipidomics using the aforementioned two-step procedure.

In this report, we describe a technique to identify and quantify PE and lysoPE molecular species
from lipid extracts of biological tissues after a one-step derivatization in situ with 9-
fluorenylmethoxylcarbonyl chloride (Fmoc-Cl) or other reagents. After derivatization, Fmoc-
PE and Fmoc-lysoPE molecular species are rendered anionic and can be analyzed directly in
the negative ion mode with enhanced sensitivity. Moreover, derivatization with Fmoc shifts
PE molecular species out of the region where they potentially overlap with other lipid classes.
Finally, product ion analysis of Fmoc-PE and Fmoc-lysoPE molecular species demonstrates a
very abundant fragment corresponding to the facile NL of Fmoc. Thus, mass spectrometric
analysis by NL of the Fmoc moiety from Fmoc-PE and Fmoc-lysoPE species can be used to
identify and quantify lysoPE and very low-abundance PE molecular species. Collectively, this
technique provides a new tool for shotgun lipidomics to penetrate farther into the low-
abundance regime of PEs directly from organic extracts.

MATERIALS AND METHODS
Materials

Synthetic phospholipids, including phosphatidylcholine (1,2-dimyristoleoyl-sn-glycero-3-
phosphocholine; 14:1-14:1 PtdCho), phosphatidylethanolamine (1,2-diarachidonoyl-sn-
glycero-3-phosphoethanolamine; 20:4-20:4 PtdEtn), phosphatidylglycerol (1,2-
dipentadecanoyl-sn-glycero-3-phosphoglycerol; 15:0-15:0 PtdGro), and 1-dimyristoyl-sn-
glycero-3-phosphoethanolamine (14:0 lysoPE) (used as internal standards for the
corresponding lipid classes), were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
Fmoc-Cl and dimethylaminopyridine (DMAP) were from Sigma-Aldrich Chemical Co. (St.
Louis, MO). 2-(2-Naphthyl)acetyl chloride (NAC) was purchased from Ryan Scientific, Inc.
(Isle of Palms, SC). All solvents used for sample preparation and for mass spectrometric
analysis were obtained from Burdick and Jackson (Honeywell International, Inc., Burdick and
Jackson, Muskegon, MI). Anhydrous chloroform was purchased from Fisher Scientific, Inc.
(Philadelphia, PA).

Sample preparation
Male mice (C57BL/6, 4 months of age) were purchased from The Jackson Laboratory (Bar
Harbor, ME). Mice were killed by inhalation of carbon dioxide before tissue collection. Mouse
eyes were enucleated and hemisected at the ora serrata. The cornea, iris, lens, and vitreous were
removed, and the retinas were detached from the eyecups mechanically. The retina lipids were
extracted by the Bligh and Dyer procedure (24) with modifications as described previously
(2,4,8). Briefly, to a small volume of mouse retina homogenate containing ∼100 μg of protein
(from one pair of eyes obtained from a single mouse), internal standards including 20:4-20:4
PtdEtn (48.0 nmol/mg protein) and 14:0 lysoPtdEtn (1.0 nmol/mg protein) were added just
before extraction. Lipids from each mouse retina sample were extracted against 1.8ml of 50
mM LiCl twice, back extracted against 1.8 ml of 10 mM LiCl twice, filtered with a 0.2 μm
polytetrafluoroethylene syringe filter, and finally resuspended and stored in 1:1 (v/v)
chloroform-methanol at an approximate concentration of 2 ml/mg protein.

Next, each of the lipid extracts was individually derivatized with Fmoc-Cl as follows. Each
lipid extract in 100 μl of 1:1 (v/v) chloroform-methanol containing ∼10 nmol of PE was
transferred to a test tube, and the solvents were evaporated under nitrogen gas. Freshly prepared
Fmoc-Cl solution in anhydrous chloroform (100 μl) was added to the test tube to make a 1:1
molar ratio of PE to Fmoc-Cl, flushed with nitrogen gas, capped, and mixed with lipids by
vortexing. When other molar ratios of PE to Fmoc-Cl were used as indicated, Fmoc-Cl
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solutions with corresponding concentrations were also prepared before the addition of 100 μl
of Fmoc-Cl solution to the reaction vessels. The test tube was kept in the dark (wrapped with
foil) at room temperature for the indicated times with occasional vortexing. The reaction
solution was diluted 20-fold with 1:1 (v/v) chloroform-methanol before direct infusion into an
ESI mass spectrometer for lipid analysis.

Samples that were derivatized with other reagents such as NAC were also prepared similarly.
Briefly, freshly prepared NAC solution in anhydrous chloroform (100 μl) was added to the test
tube to make a 1:1 molar ratio of PE to NAC and mixed with lipids by vortexing. When other
molar ratios of PE to NAC were used, NAC solutions with corresponding concentrations were
prepared. The reaction solution was diluted 20-fold with 1:1 (v/v) chloroform-methanol before
direct infusion into an ESI mass spectrometer for lipid analysis.

ESI-MS of lipids
ESI-MS analyses were performed using a triple-quadrupole mass spectrometer (TSQ Quantum
Ultra; ThermoFinnigan, San Jose, CA) equipped with an electrospray ion source, as described
previously (4,8). Typically, a 1 min period of signal averaging in the profile mode was used
for each MS spectrum and up to a 2 min period of signal averaging was used for each MS/MS
scan. For MS/MS analysis of Fmoc-PE, the collision gas pressure was set at 1.0 mTorr and a
collision energy of 30 eV or indicated values was used for NL scanning of 222.2 u; alternatively,
an energy of 25 eV was used for PI scanning of fatty acyl carboxylates. Other MS/MS analysis
conditions were used as described previously (4). As usual, plasmenylethanolamine (PlsEtn)
molecular species are distinguished from plasmanylethanolamine species by comparing the
mass spectra acquired from the samples before and after acid treatment (25,26). Alternatively,
direct identification of PlsEtn molecular species in the positive ion mode is also possible (27,
28). It was found in this study (see Results) that PlsEtn species could be redundantly profiled
by PI scanning of lysoPlsEtn ions using a collision energy of 30 eV. Identification of each ion
peak corresponding to anionic lipids or Fmoc-PE species was performed in a 2D mass
spectrometric array format as described previously (3,4). Quantitation of each identified PE
molecular species was conducted in a two-step procedure as described previously (3,8,9).

Miscellaneous
Quantitative data from biological samples were normalized to the protein content of the tissues,
and all data are presented as means ± SD of samples from 10 animals. Protein concentration
was determined with a BCA protein assay kit (Pierce, Rockford, IL) using BSA as a standard.

RESULTS
Analysis of lipids in conventional shotgun lipidomics

Because it is well known that the lipid profile of retinas is quite complicated (29,30), we used
lipid extracts of mouse retinas as a model system to demonstrate the power of in situ
derivatization for the analysis of PE and lysoPE molecular species directly from a lipid extract.
ESI-MS analysis of a diluted mouse retina lipid extract directly in the negative ion mode
displayed many intense ion peaks between m/z 400 and 1100 (Fig. 1A). 2D MS analysis
demonstrated that most of these ions belong to anionic lipids (e.g., 15:0-15:0 PtdGro at m/z
693.5, an internal standard for anionic lipid analysis, and 18:0-20:4 phosphatidylinositol at m/
z 885.6), chlorinated choline glycerophospholipid species (chlorinated 14:1-14:1 PtdCho
internal standard at m/z 708.6), and chlorinated cerebrosides (e.g., chlorinated per-deuterated
N-octadecanoyl cerebroside at m/z 797.7, an internal standard) in the lipid extract (Fig. 2). The
2D mass spectrometric analysis also demonstrated some PE molecular species (e.g., 20:4-20:4
PtdEtn at m/z 786.6 and 18:0-22:6 PtdEtn at m/z 790.6) in modest abundance. Abundant
molecular ions corresponding to PE molecular species in the identical diluted mouse retina
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lipid extract were also demonstrated in the negative ion ESI mass spectrum when the sample
was analyzed after the addition of a small amount of LiOH before infusion of the diluted lipid
extract (Fig. 1B).

ESI-MS analysis of Fmoc-derivatized lipids
When the identical lipid extract was incubated with Fmoc-Cl at a 1:1 molar ratio of Fmoc-Cl
and PE for as short as 5 min and then analyzed by ESI-MS under similar conditions, the negative
ion ESI mass spectrum of lipids demonstrated a totally different ion profile (Fig. 3A). Many
very abundant clusters of ion peaks corresponding to the Fmoc-PE molecular species appeared
in the higher mass range (m/z > 900) (Fig. 3A), whereas the abundant ion peaks corresponding
to anionic lipids in Fig. 1 appeared in low or modest abundance (Fig. 3A), such as the peaks
at m/z 693.5 (corresponding to 15:0-15:0 PtdGro). Many additional ion peaks were also shown
in the region between m/z 700 and 850, corresponding to the chlorinated choline
glycerophospholipid or cerebroside molecular species, because of the increase in chloride
concentration during Fmoc-Cl treatment.

It should be pointed out that the profile of Fmoc-PE species was slightly different from the
profile of PE species acquired from the diluted lipid extract without derivatization (compare
Fig. 3A with Fig. 1B, Table 1). Generally, ion peaks corresponding to the Fmoc-PE molecular
species containing short acyl chains showed a slightly higher instrument response than those
containing long acyl chains. This small difference between these two profiles was still present
even after the lipid solution was treated with Fmoc-Cl for up to 4 h or with a higher
concentration of Fmoc-Cl (up to a ratio of 1:100 PE to Fmoc-Cl). In contrast, residual ion peaks
corresponding to PE species were always present under these derivatization conditions, and
the peak intensities of these PE ions were reduced when ionization conditions became milder.
These results suggest that the small difference between the two profiles is likely attributable
to the differential in-source fragmentation of facile loss of the Fmoc moiety from Fmoc-PE.
However, the impact of this small difference between two profiles on the quantitation of low-
abundance molecular species under mild ionization conditions is very small, as demonstrated
in columns 5 and 7 of Table 1 (see below for details).

Characterization of Fmoc-PE by product ion ESI-MS
Product ion ESI-MS analyses of Fmoc-PE species displayed two types of very abundant
fragments (Fig. 3B, C). The first corresponds to the NL of 222.2 u (i.e., Fmoc moiety) from
the selected pseudomolecular ion, such as m/z 1008.8 or 1012.8, resulting in an ion
corresponding to a deprotonated PE molecular ion such as m/z 786.6 in Fig. 3B or 790.6 in
Fig. 3C, respectively. The second type of product ions correspond to fatty acyl carboxylate(s)
resulting from the collision-induced dissociation of fatty acyl chains from the selected
pseudomolecular ions. For example, the product ion at m/z 303.2 corresponds to arachidonate
released from the 20:4-20:4 Fmoc-PtdEtn ion (Fig. 3B), whereas the fragments at m/z 283.3
and 327.3 in Fig. 3C correspond to 18:0 and 22:6 carboxylates fragmented from the 18:0-22:6
Fmoc-PtdEtn ion. It should be recognized that the fragment at m/z 283.3 is also an isobaric ion
peak corresponding to a polyunsaturated alkene ion resulting from the loss of carbon dioxide
from the 22:6 carboxylate, as described previously (31, 32). In addition to these two types of
abundant fragments, some fragments corresponding to lysoPE ions or lysoPE derivatives were
also present in low or very low abundance, as a result of the facile secondary loss of the fatty
acyl carboxylates.

Product ion ESI-MS analyses of Fmoc-PE species also demonstrated that molecular ions
corresponding to Fmoc-derivatized PlsEtn species yielded an identical fragmentation pattern
to that from PtdEtn species but showed only one fragment ion corresponding to fatty acyl
carboxylate (Fig. 4). Furthermore, the fragment ion corresponding to lysoPlsEtn was much
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more abundant than that of lysoPtdEtn, likely because there was no further or only minimal
loss of the alkenyl chain in the lysoPlsEtn fragment (Fig. 4). Intriguingly, most of the ion peaks
corresponding to PlsEtn species were isobaric. For example, the peak at m/z 922.8 was
composed of 16:0-18:1 Fmoc-PlsEtn and 18:1-16:0 Fmoc-PlsEtn (Fig. 4A), the peak at m/z
950.8 was composed of 18:0-18:1 Fmoc-PlsEtn and 16:0-20:1 Fmoc-PlsEtn (Fig. 4B), and the
peak at m/z 972.8 was composed of 18:0-20:4 Fmoc-PlsEtn and 16:0-22:4 Fmoc-PlsEtn (Fig.
4C). Again, a fragment ion at 283.3 resulting from the loss of carbon dioxide from 22:6
carboxylate was also present in the product ion ESI mass spectrum of Fmoc-PE at m/z 996.8,
corresponding to the 18:0-22:6 Fmoc-PlsEtn pseudomolecular ion (Fig. 4D). The assignment
of all of these PlsEtn molecular species was redundantly confirmed by the presence of abundant
fragments of lysoPlsEtn and their disappearance from the spectrum acquired from the lipid
solution after treatment with acidic vapor (25,26). Other identified PlsEtn molecular species
in mouse retina lipid extracts are listed in Table 1.

Profiling Fmoc-PE and Fmoc-lysoPE molecular species by NL of the Fmoc moiety
Next, the most abundant fragment representing the facile loss of the Fmoc moiety from the
Fmoc-PE ion (i.e., NL of 222.2 u) was exploited to profile the molecular species of PE and
other related species (Fig. 5). Nearly 40 ion peaks could be recognized in the Fmoc-PE region
over m/z 900 (Fig. 5, inset A), whereas only ∼10 abundant ion peakscould be easily identified
in the mass spectrum of non-derivatized PE (Fig. 1B). 2D MS analyses were performed to
identify the acyl chain constituents through the analysis of all potential building blocks of the
Fmoc-PE, including the Fmoc moiety itself, all naturally occurring fatty acyl chains, and
lysoPlsEtn (Fig. 6). Therefore, the isobaric species of the ions and the regiospecificity of each
molecular species were determined from the presence of multiple cross-peaks and the analysis
of intensity ratios of the related cross-peaks, as described previously (33). 2D ESI-MS analysis
demonstrated the identification of more than 50 PE molecular species in mouse retina lipid
extracts; these are listed in Table 1. For example, a very low-intensity ion peak at m/z 922.8
was crossed with fragment peaks in the scans of NL222.2, PI255.2, PI281.2, PI436.4, and
PI462.4 (along the left broken line in Fig. 6), indicating the presence of 16:0-18:1 Fmoc-PlsEtn
and 18:1-16:0 Fmoc-PlsEtn isobaric ions at m/z 922.8. The ratios of fragment intensities of
both carboxylates and lysoPlsEtn were redundantly used to estimate the composition of these
isobaric species. Similarly, isobaric species of 16:0-22:4 Fmoc-PlsEtn and 18:0-20:4 Fmoc-
PlsEtn at m/z 972.8 (along the middle broken line in Fig. 6) were also identified (Table 1).

Surprisingly, a cluster of ion peaks in the Fmoc-lysoPE region (m/z 600-800) was also present
in the NL mass spectrum (NL222.2) (Fig. 5, inset B). Each of these ion peaks was identified
as a Fmoc-lysoPE molecular species (Table 2). This mass spectrum represents the first profile
of lysoPE molecular species directly from a lipid extract of a biological sample. The mass
content of each lysoPE species was assessed by comparison of the individual peak intensity
with that of the selected internal standard (i.e., 14:0 lysoPtdEtn) after correction for 13C
isotopomer intensity differences, as described previously (2, 10, 11) (Table 2). These results
demonstrated a >15,000-fold dynamic range [from the most intense peak at m/z 1012.8 (51
nmol/mg protein; Table 1) to the lowest abundant ion peaks at m/z 656.6 (3 pmol/mg protein;
Table 2)]. These results also indicated that the detection limitation of the descriptive technique
was in the attomoles (amoles) per microliter range, because the total concentration of the
infused lipid solution was <50 pmol/μl. In addition, no other abundant molecular species in
the examined region were found in the mass spectrum of NL222.2 (Fig. 5), suggesting that the
derivatization was relatively specific to phosphoethanolamine-containing molecular species
under the experimental conditions used. It should be noted that the ion peak at m/z 722.6
(corresponding to 20:4 lysoPtdEtn) was prominent in the spectrum. We found that this high
mass content of 20:4 lysoPtdEtn was the result of contamination from the 20:4-20:4 PtdEtn
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internal standard. The mass content of endogenous 20:4 lysoPtdEtn was determined from
samples without the addition of 20:4-20:4 PtdEtn (Table 2).

Quantitative analysis of PE and lysoPE molecular species in mouse retina lipid extracts
Finally, the two-step procedure (3,8,9) was used to quantitate PE molecular species in mouse
retina lipids. First, the abundant PE molecular species were accurately quantitated by
comparisons of ion peak intensities in ESI-MS analysis without fragmentation or derivatization
(Fig. 1B, Table 1, column 4). Then, using these quantified abundant PE species as endogenous
standards plus the exogenously added internal standard, all of the low-abundance PE molecular
species shown in the scan of NL222.2 (Fig. 5) were quantitated by ratiometric comparisons of
the peak intensity of each low-abundance PE molecular species with those of the nearest
neighboring abundant PE molecular species after correction for 13C isotopomer intensity
differences. The quantitative results of these low-abundance PE molecular species are listed
in column 5 of Table 1. It was found that the low-abundance PE molecular species in mouse
retinas accounted for only 16.5 nmol/mg protein and thus represented ∼10 mol% of the total
PE mass content.

To assess the effect of Fmoc derivatization on the quantitation of PE species, two additional
analyses were performed. In the first analysis, the mass content of abundant PE molecular
species was assessed using the ESI mass spectra after Fmoc derivatization (Fig. 3A, Table 1,
column 6), then the low-abundance PE molecular species were analyzed using these newly
determined sets of PE species as endogenous standards for comparisons, as described above
(Table 1, column 7). The results showed that the adverse effects of Fmoc derivatization on the
quantitation of PE species were quite small under our experimental conditions, although mass
differences between those obtained before and after derivatization for some individual
molecular species might be present. In the second analysis, the mass content of both abundant
and low-abundance PE species was assessed by NL scan of 222.2 u (Fig. 5) and by comparison
with the exogenous internal standard (Table 1, column 8). This revealed an ∼10% difference
using this approach from the results obtained using the two-step procedure (Table 1).

It should be pointed out that there were some differences in the mass content of some PE
molecular species containing very long acyl chains using the three analytical methods described
(Table 1). In the mass region of PE molecular species corresponding to very long acyl chains,
there is an increased likelihood that other lipid classes and/or isotopomers derived from there
could contribute to some of the observed ion intensity measured directly, as stated in the
introduction. These potential overlaps can be estimated through ratiometric comparisons from
2D mass spectrometric array analysis after appropriate consideration of fragmentation kinetic
factors. However, through modification with Fmoc as described herein, PE molecular species
were shifted to a higher mass region in which no overlap was present, and NL analysis of the
Fmoc moiety further specifically eliminated any minor overlaps present in the new mass region.
Accordingly, shotgun lipidomics after derivatization with Fmoc can accurately quantitate PE
molecular species directly from a lipid extract of a biological sample.

Factors affecting the analysis of phosphoethanolamine-containing compounds during
derivatization

Four additional experiments were performed to examine the effects of the derivatization
conditions on the profile of PE species. First, the effects of molar ratios of Fmoc-Cl to PE in
the lipid extracts on PE derivatization were examined by varying the ratios of reagents and
targets, including 0.5:1, 1:1, 10:1, and 100:1 ratios. It was found that a ratio of ∼1:1 yielded
the best result. When a lower ratio was used, incomplete derivatization was present and analysis
was less sensitive. When a higher ratio was used, three side effects on lipid analysis were
present. One was an increase in chemical noise during ESI-MS analysis. The second was the

Han et al. Page 7

J Lipid Res. Author manuscript; available in PMC 2007 December 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



appearance of other derivatized lipid species besides PE species, such as those from
phosphatidylserine. The third was the degradation of PlsEtn molecular species as a result of
the increased acidity when a high concentration of Fmoc-Cl was used.

The second experiment examined the effects of incubation time on the analyses of
phosphoethanolamine-containing compounds. It was found that the derivatization reaction was
very fast and that the derivatized lipid could be used to analyze phosphoethanolamine-
containing species in as short as 5 min after the addition of Fmoc-Cl solution to the reaction
vessel. No differences in the mass spectra were found when the lipid solution was analyzed
within 30 min after the addition of the derivatization reagent to the reaction vessel. However,
the peak intensities of ions corresponding to the PlsEtn species were gradually reduced,
indicating that the degradation of these species likely was attributable to the acidic
environment. This effect can be minimized by the inclusion of DMAP in equimolar ratio to
Fmoc-Cl in the reaction vessel.

The third experiment examined the effects of pH conditions on derivatization. It was found
that the addition of a small amount of base (e.g., equimolar amounts of DMAP or other weak
bases to the PE content) yielded the best derivatization results, including rapid completion of
derivatization and minimization of the degradation of PlsEtn species. The former was likely
attributable to the increase in the primary amine group of the phosphoethanolamine-containing
species, and the latter was likely the result of changes in the acidic environment.

Finally, additional derivatization reagents such as NAC (molecular weight of 204.655) were
also exploited for the analysis of PE molecular species. Essentially identical profiles of NAC-
derivatized PE species in mouse retina lipid extracts to those obtained from Fmoc derivatization
were demonstrated by mass spectrometric analysis (Fig. 7). However, it should be pointed out
that because of the differences in chemical structures of the examined derivatization reagents,
optimal derivatization and analysis conditions for different reagents were different. For
example, longer time was needed for NAC derivatization compared with Fmoc-Cl
derivatization. The tighter amide bond in NAC derivatives showed the lower in-source
fragmentation than in Fmoc derivatives, but this tighter linkage resulted in a reduction of
analysis sensitivity by MS/MS with the NL of the NAC-derivatized moiety. Both the prolonged
derivatization time and the resulting tighter linkage in NAC derivatization compared with
Fmoc-Cl derivatization also led to the reduction of derivatization specificity. For example, the
ion peak at m/z 861.7 resulted from the derivatization of 15:0-15:0 PtdGro (ion peak at m/z
693.5) (Fig. 7).

DISCUSSION
Derivatization has been used previously in the ESI-MS analysis of intact lipids (34-36). The
main purpose of the derivatization is to convert nonpolar or less polar lipids into polar lipids
that carry an inherent charge, such as by adding a sulfate group to cholesterol (34) or converting
oxosteroids into their oximes (35). Through this approach, one can dramatically improve the
sensitivity of mass spectrometric analysis of these compounds. A detection limit in the low
picogram per microliter range for the analysis of less polar lipids can be readily achieved after
derivatization, as described previously (34,35).

PE molecular species contain a polar head group and can be analyzed by ESI-MS in either the
positive or the negative ion mode, particularly after isolation of the lipid class by
chromatography (37,38). However, the analysis of low-abundance species was quite difficult
because of the presence of chemical noise during direct infusion (37) (see also introduction)
or because of peak overlaps and baseline fluctuations in the case of reverse-phase HPLC
coupled with ESI-MS (39). ESI-MS/MS has also been used extensively to profile PE molecular
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species by either PI scanning of m/z 196 from deprotonated PE molecular ions in the negative
ion mode or NL of 141 u from protonated PE ions in the positive ion mode (19,20,22). However,
the sensitivity of both approaches was not sufficient to penetrate the low-abundance region of
PE molecular species directly after extraction.

The current study presents a novel approach for the analyses of PE and lysoPE molecular
species, including those in the very low-abundance regime, through derivatization of the
primary amine of the phosphoethanolamine-containing species in the lipid extracts and direct
infusion of the derivatized and diluted lipid extracts. By this approach, the PE species were
shifted to a higher m/z region that could be selected for using the desired derivatization reagent
in which overlaps with other endogenous lipid constituents in the lipid extracts were rare. In
this approach, derivatization turns zwitterionic phosphoethanolamine-containing species into
“mass-shifted” derivatized anionic species. Through this approach, the sensitivity for the
analysis of derivatized phosphoethanolamine-containing species is much higher than that
realized by a direct approach (as described in the introduction) in which LiOH is added and
the introduction of some chemical noise as a result of the addition of LiOH is inevitable.

Furthermore, in the current method, because of the presence of an abundant fragment resulting
from the facile loss of the derivatized moiety under very mild conditions of collision-induced
dissociation, NL scanning of this moiety is a very sensitive and semiquantitative measure of
pseudomolecular ions of PE species. The detection limit of this technique is in the 50-100 amol/
μl range, and dynamic ranges of >15,000-fold can be appreciated (see the estimation in the last
section). Through this approach, identification and quantitation/refinement of most
phosphoethanolamine-containing molecular species, including those with very low abundance,
such as lysoPE species, by 2D ESI-MS analysis can be readily achieved.

Although mass content of lysoPE along with other lysophospholipid classes in biological
samples has been determined previously by LC-MS (40,41), to our best knowledge, direct
profiling of lysoPE molecular species from lipid extracts has not been reported because of their
low abundance and the inherent difficulties in profiling the species. The tandem mass spectra
of lysoPE reported here (Fig. 5, inset B) represent the first lysoPE profiles in biological samples.
The mass profile of lysoPE species in mouse retina lipid extracts (Table 2) was comparable to
the sn-1 aliphatic chain moieties of PE molecular species in the samples (Table 1), suggesting
that the lysoPE species in the retina lipid extracts are mainly sn-1 lyso species.

It should be pointed out that the assessment of mass content of each lysoPE molecular species
was based solely on MS/MS analysis with one internal standard. Thus, the accuracy of this
assessment might vary from one species to another because of the differential fragmentation
kinetics of different molecular species, as discussed previously (2). If more accurate
quantitation is desired, multiple internal standards of lysoPE species covering the different
physical properties should be used (2,19), or a calibration curve for each salient lysoPE
molecular species should be established (40).

Collectively, derivatization of phosphoethanolamine-containing species provides a new
dimension at which to analyze PE and lysoPE molecular species directly from organic extracts.
This is particularly important because PlsEtn and lysoPlsEtn molecular species are very
sensitive to oxidation, silica-catalyzed vinyl ether cleavage, or extensive loss during
chromatography. The approach described here unambiguously identifies and quantifies very
low-abundance PE molecular species. The procedure is both simple and effective. Therefore,
this approach, when used in combination with shotgun lipidomics based on intrasource
separation and multidimensional MS, can be used to profile and quantitate the large majority
of PE and lysoPE molecular species directly from a lipid extract of a biological sample. In
general, derivatization not only increases the sensitivity of analysis of these lipids but also
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selectively allows the analysis of this class of lipids by specifically shifting the class of lipids
to a region with no interference from other lipid classes or by specifically characterizing the
class of derivatized lipids by facilitating MS/MS analyses. Therefore, derivatization adds a
new dimension to shotgun lipidomics for the global analysis of cellular lipidomes directly from
lipid extracts of biological samples.jlr
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Fig. 1.
Representative negative ion electrospray ionization-mass spectrometry (ESI-MS) spectra of a
lipid extract from mouse retinas. Mouse retina lipid extracts were prepared by a modified
method of Bligh and Dyer (24) as described in Materials and Methods. ESI mass spectra were
acquired in negative ion mode by direct infusion of lipid solution after dilution to a total lipid
concentration of ∼50 pmol/μl with 1:1 chloroform-methanol (v/v) (A) or from the identical
diluted lipid solution after the addition of 50 nmol LiOH/mg protein (B). The indicated
molecular species were identified by two-dimensional (2D) MS (see Fig. 2). IS, internal
standard; PtdCho, phosphatidylcholine; PtdEtn, phosphatidylethanolamine; PtdGro,
phosphatidylglycerol; PtdIns, phosphatidylinositol.
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Fig. 2.
Representative 2D ESI mass spectra of a chloroform extract of mouse retinas in negative ion
mode. A conventional ESI mass spectrum was acquired in the negative ion mode directly from
a diluted mouse retina lipid extract (see Fig. 1A) before analysis of lipid building blocks in the
second dimension by precursor ion (PI) scanning and neutral loss (NL) scanning as indicated.
Each mass spectral scan was acquired as described previously (4). All mass spectral traces
were displayed after normalization to the base peak in each spectrum. IS, internal standard;
m:n, acyl chain containing m carbons and n double bonds.
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Fig. 3.
Representative negative ion ESI-MS and product ion ESI mass spectra of a lipid extract of
mouse retinas after derivatization with fluorenylmethoxylcarbonyl chloride (Fmoc-Cl). An
appropriate amount of Fmoc-Cl in anhydrous chloroform was added to the identical mouse
retina lipid extract used in Fig. 1 in a ratio of 1:1 [Fmoc-Cl to ethanolamine
glycerophospholipid (PE) content in the extract]. The mixture was incubated at room
temperature for 5 min and diluted directly with 1:1 chloroform-methanol to a concentration of
∼50 pmol/μl total lipids. The negative ion ESI mass spectrum (A) was acquired as described
in Materials and Methods. Product ion ESI-MS analyses of Fmoc-derivatized pseudomolecular
ions at m/z 1008.8 (B) and 1012.8 (C) as shown in A were performed by selection of the
pseudomolecular ion in the first quadrupole, collision activation in the second quadrupole with
a collision energy of 30 eV and gas pressure of 1 mTorr, and analysis of the resulting product
ions in the third quadrupole.
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Fig. 4.
Product ion ESI-MS analyses of Fmoc-derivatized plasmenylethanolamine (PlsEtn) molecular
species in the lipid extracts of mouse retinas. PlsEtn molecular species were identified by
treatment of the mouse retina lipid extracts with acidic vapor, under which these species
disappeared. Product ion ESI-MS analyses of Fmoc-derivatized pseudo-PlsEtn molecular ions
at m/z 922.8 (A), 950.8 (B), 972.8 (C), and 996.8 (D) in the ESI mass spectrum of Fmoc-PE
(Fig. 3A) were performed as described in the legend to Fig. 3. The presence of both fatty acyl
carboxylates and lysoPlsEtn ions indicated the structures of Fmoc-PlsEtn.
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Fig. 5.
Tandem mass spectrum of Fmoc-derivatized phosphoethanolamine-containing lipids by NL
of the Fmoc moiety. Phosphoethanolamine-containing species were derivatized by the addition
of an equimolar amount of Fmoc-Cl as described in the legend to Fig. 3. NL tandem mass
spectra of Fmoc-PE (inset A) and Fmoc-lysoPE (inset B) were acquired by coordinately
scanning both the first and third quadrupoles with a mass difference (i.e., NL) of 222.2 u,
corresponding to the NL of a Fmoc moiety, while collision activation was performed in the
second quadrupole at collision energy of 30 eV and collision gas pressure of 1 mTorr. Inset C
indicates the presence of many very low-abundance PE molecular species in the region. IS,
internal standard.
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Fig. 6.
Representative 2D ESI mass spectra of Fmoc-PE of a chloroform extract of mouse retinas in
the negative ion mode. A conventional ESI mass spectrum of Fmoc-PE was acquired in the
negative ion mode directly from a diluted mouse retina lipid extract after derivatization with
Fmoc-Cl (Fig. 3A) as described in the legend to Fig. 3. Analyses of Fmoc-PE building blocks
in the second dimension, including the Fmoc moiety, fatty acyl carboxylates, and lysoPlsEtn
ions by PI scanning and NL scanning, were performed as described in Materials and Methods.
All mass spectral traces were displayed after normalization to the base peak in each spectrum.
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Fig. 7.
Representative negative ion ESI-MS and NL mass spectra of 2-(2-naphthyl)acetyl chloride
(NAC)-derivatized PE molecular species of mouse retina lipid extracts. An appropriate amount
of NAC in anhydrous chloroform was added to the identical mouse retina lipid extract used in
Fig. 1 in a molar ratio of 1:1 (NAC to PE content in the extract). The mixture was incubated
at room temperature for 30 min and diluted directly with 1:1 chloroform-methanol to a
concentration of ∼50 pmol/μl total lipids. The negative ion ESI mass spectrum (A) was acquired
as described in Materials and Methods. The NL tandem mass spectrum of NAC-derivatized
PE molecular species (B) was acquired by coordinately scanning both the first and third
quadrupoles with a mass difference (i.e., NL) of 168.2 u, corresponding to the NL of a 2-(2-
naphthyl)acetyl moiety, while collision activation was performed in the second quadrupole at
collision energy of 40 eV and collision gas pressure of 1 mTorr. IS, internal standard.
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TABLE 2
Mass content of lysoPE molecular species in mouse retinas analyzed by ESI-MS/MS after one-step in situ
derivatization

Molecular Species m/z([M-H]-) m/z ([M’-H]-)a Mass Content

P16:1 434.4 656.6 3.0 ± 0.5
P16:0 436.4 658.6 53.2 ± 5.3
16:1 450.4 672.6 6.1 ± 2.3
16:0 452.4 674.6 43.0 ± 4.7
P18:1 462.4 684.6 38.2 ± 2.6
P18:0 464.4 686.6 198.8 ± 23.6
18:1 478.4 700.6 30.1 ± 1.3
18:0 480.4 702.6 268.9 ± 9.0
20:4 500.4 722.6 40.7 ± 1.8
22:6 524.4 746.6 189.8 ± 5.4
22:5 526.4 748.6 21.0 ± 2.7
22:4 528.4 750.6 55.0 ± 6.7
Total 947.5 ± 71.3

LysoPE, ethanolamine glycerolysophospholipid. Lipids of mouse retina samples were extracted by a modified method of Bligh and Dyer (24). LysoPE
molecular species were identified and quantified by the NL of the Fmoc moiety (mass 222.2 u) from Fmoc-lysoPE as described in the text. The results
are expressed in picomoles per milligram of protein and represent means ± SD of lipid extracts from multiple separate animal preparations. The prefix
“P” denotes lysoPlsEtn species.

a
M’ represents Fmoc-lysoPE.
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