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The remarkable sensitivity of electrospray ionization was exploited to achieve great increases
in the sensitivity of tandem mass spectrometric analyses of phospholipids derived from both
synthetic and biologic sources. Herein, we demonstrate that (1) product-ion spectra after
electrospray ionization can be obtained easily by utilizing < 5 pmol of phospholipid with a
mass-selected window of less than 2 mass units, (2) the low energy inherent in the
electrospray ionization method facilitates analysis of labile molecular ions that are not easily
detected with the relatively high energy employed during fast-atom bombardment desorp-
tion, and (3) collision-induced dissociation of precursor ions generated from electrospray
ionization often resulted in novel product-ion patterns. Collectively, these results underscore
the utility of electrospray ionization tandem mass spectroscopy for the structural determina-
tion of diminutive amounts of phospholipids. (] A Soc Mass Spectrom 1995, 6, 1202-1210)

scopic analyses of phospholipid constituents ob-
tained from synthetic or biologic sources have
facilitated quantification of individual molecular ions
from subpicomole amounts of phospholipid molecular
species [1-4]. However, as previously demonstrated
by other soft ionization techniques (e.g., [5-11)), the
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pholipid mixtures via the electrospray ionization tech-
nique requires further analyses of individual molecu-
lar ion peaks by tandem mass spectrometry to discrim-
inate among constituent isobaric molecular species and
individual regioisomers. We recognized that the ex-
traordinary sensitivity of the electrospray ionization
method could be exploited to facilitate similar dra-
matic increases in the sensitivity of tandem mass spec-
troscopic analysis of phospholipids, and thereby pro-
vide critical structural information from diminutive
amounts of synthetic or biologic material. Further-
more, the low energy ionization inherent in the electro-
spray ionization technique was anticipated to allow
access to new product ions that were not detected
easily by using fast-atom bombardment (FAB) ioniza-
tion. We now report the utilization of electrospray
ionization for both the positive- and negative-ion mode
tandem mass spectroscopic analysis of picomole
amounts of phospholipids consumed and demonstrate
the importance of collisional activation of low energy
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quasimolecular ions to generate new product ions use-
ful in the structural determination of individual phos-
pholipid molecular species.

Materials and Methods
Materials

All commercially available phospholipids were ob-
tained from Avanti Polar Lipids, Inc. (Alabaster, AL).
1-Octadecanoyl-2-eicosatetra-5',8",11',14"-enoyl-sn-
glycero-3-phosphoethanolamine, 1-O-(Z)-octadec-1'-
enyl-2-eicosatetra-5',8',11’,14'-enoyl-sn-glycero-3-phos-
phoethanolamine, and other plasmenylethanolamine
molecular species were freshly purified from crude
bovine heart or bovine brain ethanolamine glyc-
erophospholipids by reverse-phase high-performance
liquid chromatography (HPLC) as described previ-
ously [12, 13]. Plasmenylcholine and plasmanylcholine
molecular species were synthesized and purified by
methods previously described [14]. The mass of syn-
thetic phospholipids employed in this study was quan-
tified by capillary gas chromatography after acid
methanolysis by comparisons with internal standard
(arachidic acid) [15].

Electrospray lonization Tandem Mass Spectrometry

Electrospray ionization (ESI) mass spectrometric analy-
ses were performed via a triple-quadrupole tandem
mass spectrometer (Finnigan-MAT TSQ 700, San Jose,
CA) equipped with an electrospray ionization interface
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(Analytica of Branford, Branford, CT) as described
previously in detail [1]. In brief, both the electrospray
needle and the skimmer were operated at ground
potential, whereas the electrospray chamber and met-
alized entrance of the glass capillary were operated at
—3.5 kV in the positive-ion mode and at +3.0 kV in
the negative-ion mode. A positive or negative 90-V
potential was applied to the metalized exit of the glass
capillary for positive- or negative-ion spectra, respec-
tively. A separate positive or negative 175-V potential
was placed on the tube lens for acquisition of positive
or negative ions, respectively. Tandem mass spectrom-
etry of phospholipids after electrospray ionization was
performed by passage of the mass-selected precursor
ion of individual phospholipids (less than 2 mass units
in typical experiments) from the first quadrupole into
the second quadrupole, where dissociation was in-
duced through collisional activation with argon gas.
The mass of the resultant product ions was analyzed
after passage into the third quadrupole. The degree of
collisional activation was adjusted through variation of
the dc offset voltage and collision gas pressures. Dur-
ing this study, collision energies of 18-25 eV (with
respect to the laboratory reference) and collision gas
pressures of 25-3.5 mtorr were used. The third
quadrupole was tuned to obtain unit mass resolution
for all experiments during this study and the mass
of all ions was rounded to the nearest integer. All
product-ion spectra were acquired by using a signal-
averaging protocol in the profile mode with a scan
rate of 200-400 u/s. Typically, a 5-min period of
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signal-averaging was used for each tandem mass spec-
trum. Signal-averaging and processing of the spectra
were accomplished with a DEC station 3100 equipped
with an ULTRIX operating system that used commer-
cial software (ICIS, Finnigan). All samples (0.2-1
pmol/uL) were dissolved in 1:2 chloroform-methanol
and infused directly into the ESI chamber by using a
syringe pump (model 22, Harvard Apparatus, South
Natick, MA) at a flow rate of 1 uL/min for 5 min.
Excess chloride (1 pmol/mL of NaCl) was added in
the infusion solution for negative-ion electrospray ion-
ization tandem mass spectrometry (ESI-MS/MS) anal-
yses of choline-containing phospholipids.

Tandem Mass Spectrometry of
Choline Glycerophospholipids

The utility of ESI-MS/MS for phospholipid structural
determination was achieved through negative-ion tan-
dem mass spectra of the chlorine adduct of choline
glycerophospholipids (Figure 1). After collisional acti-
vation of the chlorine adduct ion [M + Cl]~ of choline
glycerophospholipids [the major negatively charged
quasimolecular ion when excess chloride (1 pmol/mL)
was added in the infused solution], multiple product
ions were detected; each represented salient structural
information. First, an abundant ion ((M — 15]~, which
corresponds to N, N-dimethylethanolamine glyc-
erophospholipid) that results from loss of CH,Cl from
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Figure 1.

Negative-ion ESI tandem mass spectra of the chlorine adduct of choline glycerophospho-

lipids. (a) ESI-MS/MS of the chlorine adduct of 1-hexadecanoyl-2-octadec-9'-enoyl-sn-glycero-3-
phosphocholine. (b) ESI-MS/MS of the chlorine adduct of 1-O-(Z)-hexadec-1'-enyl-2-octadec-9'-en-
oyl-sn-glycero-3-phosphocholine (plasmenylcholine). (¢) ESI-MS/MS of chlorine adduct of 1-O-
hexadecyl-2-octadec-9'-enoyl-sn-glycero-3-phosphocholine (plasmanylicholine). Each choline glyc-
erophospholipid (1 pmol/uL) was dissolved in 1:2 chloroform—methanol with the addition of 1
umol/mL of NaCl. After selection of the quasimolecular ion in the first quadrupole, collision
activation was performed in the second quadrupole and the resultant product ions were analyzed in
the third quadrupole as described in the Materials and Methods section.
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the chlorine adduct of 1-hexadecanoyl-2-octadec-9'-
enoyl-sn-glycero-3-phosphocholine was present (Figure
1a). This product ion is diagnostic for the presence of
the choline moiety. Second, a cluster of peaks (near
m/z 480) that corresponds to N,N-dimethyletha-
nolamine lysoglycerophospholipidlike ions was pres-
Thagce mrads innge ~ont imnartant infarmatinn
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about the regiospecificity of the acyl chain linkages in
the parent choline glycerophospholipid (Figure 1a).
These lysoglycerophospholipidlike product ions and
thus, the information contained therein, were difficult
to observe via fast-atom bombardment-tandem mass
spectrometry (FAB-MS/MS) [16-21] because of the
limited quasimolecular ion intensity of choline glyc-
erophospholipids after fast-atom bombardment (FAB)
ionization in the negative-ion mode. Third, because the
intensity of the product ion that corresponds to the
sn-2 acyl substituent is typically threefold greater than
that of the carboxylate anion derived from cleavage of
the acyl constituent at the sn-1 carbon from asymmet-

rical phosphatidylcholines (16:0-18:1, 16:0- 18 2,
1R:0-18:1 and 14- :0-20:4 mnlaciila ad)
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(e.g., Figure la), the regiospecificity of the acyl chain
distribution for these asymmetrical choline glyc-
erophospholipids can be clarlfled Although similar
ratios of product-ion peaks have previously been
demonstrated utilizing FAB-MS/MS of phosphatidyl-
choline in the negative-ion mode [18, 20], we point out
the greatly enhanced sensitivity of ESI-MS/MS facili-
tates structural determination from < 5 pmol of phos-
pholipid (consumed).

Negative-ion ESI-MS/MS of the chlorine adduct
plasmenylcholine results in the production of prod-
uct ions whose relative abundances are substantially
different from those observed for phosphatidylcho-
line (Figure 1b). First, the relative abundance of the
N,N-dimethyl plasmenylethanolamine anion (i.e.,
[M - 15]7) was much less than that from its diacyl
phospholipid counterpart. Second, the peak intensities
of the lysophospholipidlike product anions that re-
sulted from the chlorine adduct of plasmenylcholine
were greater than those of their monoacyl lysophos-
pholipidlike counterparts that resulted from the corre-
sponding chlorine adduct of phosphatidylcholine.
These features likely result from the relatively higher
stability and formation rate of the sn-1 vinyl ether-
linked product ion in comparison to the counterpart
for the loss of the sn-1 carboxylic acid (or derivative)
under conditions in which the sn-2 acyl group is lost
easily. Cleavage of the vinyl ether linkage at the sn-1
position of choline plasmalogens does not occur to a
significant extent (i.e., product ions that correspond to
the anticipated products from vinyl ether cleavage
were not detected). Third, only a single carboxylate
anion is present in product-ion spectra of the chlorine
adduct plasmenylcholine, which reflects loss of the
acyl moiety from the sn-2 position and the absence of
an acyl group at the sn-1 position. ESI-MS/MS of the
chlorine adduct plasmanylcholine resulted in a qualita-

J Am Soc Mass Spectrom 1995, 6, 1202-1210

tively similar product-ion pattern to that manifest by
the chlorine adduct plasmenylcholine (Figure 1b), but
the product-ion abundance was different (Figure 1c).
For instance, the relative abundance of the sn-2 carbox-
ylate anion that resulted from the chlorine adduct of
plasmanylcholine was approximately half that of its
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trast, the product ion at [M ~ 15]” from the chlorine
adduct of plasmanylicholine was more abundant than
that which resulted from the chlorine adduct of plas-
menylcholine. These observations were documented
by utilizing molecular species with multiple different
chain lengths and double bonds at the sn-2 position
(16:0-16:0, 16:0-18:1, 16:0-20:4, 18:0-18:1, and
18:0-20:4 molecular species were examined).

It previously has been demonstrated that the proto-
nated choline glycerophospholipid ions (i.e., [M + H]*
ions) dominate sodiated ions when the pH of the
infused choline glycerophospholipid solutions is de-
creased [1]. The only positive ion of choline glyc-
erophospholipids available for ESI-MS/MS analysis

emploved is the
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sodium adduct (i.e., [M + Na]*) [1). Positive-ion ESI-
MS/MS of sodiated choline glycerophospholipids
(i.e., [M + Nal* ions) yielded dramatically different
collision-induced dissaciation patterns from the proto-
nated choline glycerophospholipids. Product-ion spec-
tra of all sodiated choline glycerophospholipids ac-
quired by using ESI-MS/MS displayed four abundant
product ions. As examples, the positive-ion ESI-
MS/MS spectra of each choline glycerophospholipid
subclass from 5 pmol of material (consumed) are shown
in Figure 2. Each of these product ions corresponds to
either the loss of trimethylamine ([M + Na — 59]%),
the production of diglyceridelike cations (i.e., [M + Na
— 183]* and [M + Na — 205]"), or the generation of a
sodiated five-member cyclophosphane (im1/z 147) (Fig-
ure 2). Some of these product jons were similar or
identical to the fragment ions of diacyl phosphatidyl-
choline acquired by using thermospray mass spec-
trometry and were identified previously [22]. This col-
lision-induced dissociation pattern after electrospray
ionization is consistent with the possible pathways
proposed in Scheme 1. The presence of both pathway 3
and pathway 4 in the proposed scheme has been veri-
fied by employing sn-2 monoacyl lysophosphatidyl-
choline and sn-1 monoacyl lysophosphatidylcholine,
respectively (data not shown). In contrast to the colli-
sion-induced dissociation pattern observed from
sodium adducts after ESI, collisional activation of the
protonated choling glycerophospholipids after electro-
spray ionization (spectra not shown) and FAB ioniza-
tion [5, 21, 23] resulted in only a single product ion
(i.e., phosphocholine cation, nt/z 184). The positive-ion
ESI-MS/MS spectra of sodiated phosphatidylcholines
can be further distinguished from their sodiated plas-
menylcholine and sodiated plasmanylcholine counter-
parts by the presence of a relatively abundant [M +
Na — 183]" product ion as observed from the analyses
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Figure 2. Positive-ion ESI tandem mass spectra of sodiated choline glycerophospholipids. (a)
ESI-MS/MS of sodiated 1-hexadecanoyl-2-octadec-9'-enoyl-sn-glycero-3-phosphocholine. (b) ESI-
MS/MS of sodiated 1-O-(Z)-hexadec-1'-enyl-2-octadec-9'-enoyl-sn-glycero-3-phosphocholine. (c)
ESI-MS /MS of sodiated 1-O-hexadecyl-2-octadec-9'-enoyl-sn-glycero-3-phosphocholine. Each choline
glycerophospholipid (1 pmol/uL) was dissolved in 1:2 chloroform-methanol prior to performance
of ESI tandem mass spectrometry as described in the Materiais and Methods section.

of 16:0-16:0, 16:0-18:1, 16:0-20:4, and 18:0-20:4 molec-
ular species in each subclass.

Tandem Mass Spectrometry of Sphingomyelins

The positive-ion ESI mass spectra of commercially
available bovine brain sphingomyelin (1 pug/mL in 1:2
chloroform-methanol) displayed six sodiated sphin-
gomyelin ion peaks at m1/z 726, 754, 782, 810, 836, and
838 (Figure 3a), which correspond to the following
N-acyl amides: C16:0, C18:0, C20:0, C22:0, C24:1, and
C24:0. The peak intensities of these ions are in excel-
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Scheme I. Proposed collision-induced dissociation pathways of

sodiated choline glycerophospholipids after electrospray ioniza-
tion. Pathway 4 is not present in the collisional activation of both
plasmenylcholines and plasmanylcholines.

lent agreement with the reported molecular species
distribution present in sphingomyelins derived from
bovine brain (data sheet provided by Avanti Polar
Lipids, Inc., Alabaster, AL).

The presence of a phosphocholine polar head group
in sphingomyelins renders positive-ion ESI-MS/MS
spectra of sodiated sphingomyelins similar to those of
sodiated choline glycerophospholipids (compare Fig-
ure 3b to Figure 2). Selection and collisional activation
of the ion at m/z 754 (i.e., sodiated d18:1-18:0 sphin-
gomyelin) after ESI yields several informative product
ions (Figure 3b). The most abundant product ion is
m/z 695, which corresponds to the loss of trimeth-
ylamine ((M + Na — 59]7). Other product ions at m/z
571, 549, and 531 correspond to three ceramidelike
cations (i.e., [M + Na — 183]*, [M + Na — 205]*, and
[M + Na — 205 — H,0], respectively). The product ion
at m/z 147 corresponds to the sodiated five-member
cyclophosphane. A distinguishing product ion in ESI-
MS/MS spectra of sodiated sphingomyelins as com-
pared to those of sodiated choline glycerophospho-
lipids is the presence of a [M + Na — 205 — H,O]")
ion due to the facile loss of H,O from the sphingosine.

Negative-ion ESI mass spectra of sphingomyelin
displayed a predominant chlorine adduct ion (ie.,
[M + Cl]7) when spectra were obtained in the pres-
ence of chloride ion. Selection and collisional activation
of the chlorine adduct ion of sphingomyelin after ESI
yields one major product ion (ie., [M — 15]7) that
corresponds to the loss of CH,Cl (Figure 3c). There-
fore, negative-ion ESI-MS/MS spectra of the chlorine
adduct of sphingomyelins, in contrast to positive-ion
ESI-MS/MS spectra of sodiated sphingomyelins, do
not provide additional structural information. This ob-
servation suggests that there is insufficient accessible
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Figure 3. ESI mass spectrometry of sphingomyelins. (a) Positive-ion ESI mass spectrum of brain
sphingomyelins. Six sodiated sphingomyelin ions were detected and defined by the length of their
ceramide carbon number and N-acyl linkage (e.g., d18:1-18:0 sphingomyelin corresponds to
N-stearoyl-trans-4-sphingenine-1-phosphorylcholine). (b) Positive-ion ESI tandem mass spectrum of
selected sodium adducts of sphingomyelin. (¢) Negative-ion ESI tandem mass spectrum of selected
chlorine adduct of sphingomyelin. Sphingomyelins (5 pmol/ul) was dissolved in 1:2
chloroform-methanol and negative-ion ESI mass spectrometry of brain sphingomyelin was
performed in the presence of NaCl in the sample solution that demonstrates six chlorine adduct ions.

collision energy in the quadrupole system to dissociate
the acyl amide derivatives due to the relatively high
stability of the amide linkage.

Tandem Mass Spectrometry of
Ethanolamine Glycerophospholipids

The most abundant product ions in negative-ion ESI-
MS/MS of deprotonated ethanolamine glycerophos-
pholipids are the carboxylate anion(s) (Figure 4), which

can be used to identify the regiochemistry of asymmet-
rical phosphatidylethanolamines as seen previously via
FAB-MS/MS [6, 21, 24]. The ratio of product ions that
result from the sn-2 carboxylate anion to those that
result from the sn-1 carboxylate ion is approximately
3:1 for chain lengths between 16 and 20 carbons that
contain up to four doubie bonds (Table 1). For molecu-
lar species that contain 22 carbons and more than 4
double bonds, an approximate value of 1 for this ratio
was obtained (Table 1). Thus, the regiospecificity of the
acyl moieties in asymmetrical phosphatidylethanol-
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and Methods section.
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Table 1. The relative intensity ratios of sn-2 carboxylate
anion (R,COO™) versus sn-1 carboxylate anion (R,COO™)
following collision-induced dissociation of deprotonated
asymmetric phosphatidylethanolamine molecular species
(IM — H]") after ESI®

(M — HI~ MW R,CO07/R,C00"
16:0-18:1 718 3.08 + 0.35°
16:0-18:2 716 2.86
16:0-20:4 740 2,93
16:0-22:4 768 1.42
16:0-22:5 766 1.1
16:0~22:6 764 1.05
18:0-18:1 746 2.84
18:0-18:2 744 2.88
18:0-20:4 768 3.11 £ 031
18:0-22:4 780 1.29
18:0-22:5 794 1.26
18:0-22:6 792 0.92
18:1-20:4 766 2.76
18:1-22:4 794 1.33
20:0-20:4 796 2.34

? Individual molecular species (16:0~18:1, 16:0-18:2, 16:0-20:4,
18:0-18:1, and 18:0-18:2) were obtained from Avanti Polar Lipids,
inc. Other molecular species were purified from natural sources by
reverse-phase HPLC purification as described in the Materials and
Methods section. Fatty acyl groups were designated by the conven-
tion carbon number:double bond number.

The standard deviation was obtained from the analyses of the
species that were derived from multiple sources.

amine can be assigned directly. In addition, the re-
giospecificity of the acyl moieties in asymmetrical
phosphatidylethanolamine also can be confirmed from
the packet of sn-2 and sn-1 acyl lysophosphatidyletha-
nolaminelike product-ion peaks that correspond to the
neutral loss of the alkyl ketene and/or the carboxylic
acid from the sn-1 and sn-2 positions because the sn-1
acyl lysophosphatidylethanolaminelike anion is always
more abundant than the sn-2 acyl lysophos-
phatidylethanolaminelike ion (Figure 4a). The nega-
tive-ion ESI-MS/MS specira of deprotonated phos-
phatidylethanolamine and plasmenylethanolamine
contain diagnostic peaks at m/z 196, which corre-
spond to the loss of H,O from glycerol phospho-
ethanolamines (Figure 4). This peak was not identified
previously in FAB-MS/MS studies of ethanolamine
glycerophospholipids. In the negative-ion ESI-MS/MS
of deprotonated plasmenylethanolamine, the presence
of a relatively more intense lysoplasmenylethanol-
aminelike ion peak relative to its phosphatidylethanol-
amine counterpart from examined plasmenylethanol-
amine molecular species that contain 16:0, 18:0, 18:1,
18:2, 20:1, and 20:4 acyl chains at sn-2 position indi-
cates the presence of plasmenylethanolamine (Fig-
ure 4). This product ion ratio likely results from the
relatively higher stability and formation rate of the
sn-1 vinyl ether-linked product ion from plasmenyl-
ethanolamine anion in comparison to those that re-
sult from the loss of the sn-1 carboxylic acid (or deriv-
ative) from deprotonated phosphatidylethanolamine

PHOSPHOLIPID ESI-MS /MS 1207

(similar to the case of plasmenylcholine versus phos-
phatidylcholine).

Negative-ion ESI tandem mass spectrometry of
commercially obtained N-monomethyl and N,N-di-
methyl phosphatidylethanolamines derived from egg
yolk lecithin demonstrated similar product-ion pat-
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amines with several lysophospholipidlike anions and
carboxylate anion(s). For example, selection and colli-
sional activation of the ion at m/z 731 (that corre-
spond to N-monomethyl palmitoyl-oleoyl phos-
phatidylethanolamine) from N-monomethyl egg yolk
phosphatidylethanolamines yielded two abundant car-
boxylate anions at m/z 281 and 255 (that correspond
to oleate and palmitate, respectively) at a peak inten-
sity ratio of greater than 3 (similar intensity ratio of
sn-2 carboxylate anion versus sn-1 carboxylate anion
also was observed from examination of 16:0-18:2,
18:0-18:1, and 18:0-18:2 N-monomethyl and N, N-di-
methyl phosphatidylethanolamines derived from egg
yolk lecithin). The peak intensity ratio of carboxylate

he 1niced ta identifv thea roocinenacifie nf
HlllUllD \ﬂll VO uoctwu W l\ACllLAly ulC ICBIUDYC\.ILILLL] UL

asymmetrical N-monomethyl or N, N-dimethyl phos-
phatidylethanolamines as described in the preceding
text. In addition, four less intense product ions at m/z
449, 467, 475, and 494 that correspond to N-mono-
methyl lysophosphatidylethanolaminelike anions
(spectra not shown) also were present.

In positive-ion ESI mass spectrometry of ethan-
olamine glycerophospholipids, only the sodiated ion
(i.e., [M + Na]*) is present under the experimental
conditions employed. Selection and collisional activa-
tion of the sodium adduct that corresponds to sodiated
l-octadecanoyl-2-eicosatetra-5',8',11',14"-enoyl-sn-
glycero-3-phosphoethanolamine (i.e., stearoyl arachi-
donoyl phosphatidylethanolamine) yielded multiple
product ions (Figure 5a) that include m/z 748 (that
corresponds to the neutral loss of vinyl amine to form
sodiated stearoyl arachidonoyl phosphatidic acid), m/z
668 (that corresponds to the neutral loss of the five-
membered amidophosphane), and ions at n1/z 650
(i.e, [M + Na — 141]*) and 628 (i.e., [M + Na —
163]*) (that correspond to diglyceridelike ions). The
[M + Na — 141]" ion peak always is more intense
than the [M + Na — 163]* ion peak in ESI-MS/MS of
sodiated phosphatidylethanolamine and yet only the
[M + H - 141]* (equivalent to [M + Na — 163]*)
product ion is present from the precursor ion [M + H]*
in phosphatidylethanolamines that utilize both ESI-
MS/MS (data not shown) and FAB-MS/MS [21, 23,
25]. The product ions of m/z 444 and 464 in ESI-
MS/MS of sodiated stearoyl arachidonoyl phos-
phatidylethanolamine likely correspond to the further
neutral loss of arachidonic acid and stearic acid, re-
spectively, from the product ion m/z 748 (sodiated
phosphatidic acid) via formation of a five- or six-mem-
bered phosphodiester, respectively (Scheme II). These
two product ions provide information about the re-
giospecificity of sn-1 and sn-2 constituents of phos-
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ethanolamme (plasmer}ylethanola- 20 164
mine). Each ethanolamine glycero- 146
phospholipid (1 pmol/uL) was dis- 121\
i

Relative Intensity
[+)]
o

o
o

474 &
444

L
.
—

J Am Soc Mass Spectrom 1995, 6, 1202-1210

[M + Na]*

791 775

100
] (M + Na - Z\NH,y [*

732

@
o

{M + Na - 141]*

850 .

[M + Na - 141]#
634

Relative Intensity
]

[M+ Na- Z\NH, ]
8

-163)*

[\ (M+Nag123]*
o
@

164

14f
121

@M + Na - 123]*

or—

20 1

=M + Na - 163]*

= N(M+Na

-y
-
-
S —

[M + Na)*

prior to performance of ESI tandem L
mass spectrometry as described in
the Materials and Methods section.
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phatidylethanolamine. Because the ratios of these
product ions are only slightly different, it is preferable
to assign the regiochemistry of the sn-1 and sn-2
constituent from negative-ion ESI-MS /MS. The ions at
m/z 121, 146, and 164 support the possible pathways
proposed in Scheme II. The positive-ion ESI-MS /MS of
sodiated plasmenylethanolamine is distinct from that
of its sodiated phosphatidylethanolamine counterpart,
in the presence of a larger ratio of m/z 732 to m/z 634
in plasmenylethanolamine (Figure 5b) as compared to
the ratio of m/z 748 to m/z 650 in phosphatidyl-
ethanolamine (Figure 5a). This difference also has been
observed in ESI-MS/MS of other sodiated plas-
menylethanolamine and phosphatidylethanolamine
molecular species examined such as 16:0-20:4 and
18:1-20:4 ethanolamine glycerophospholipids.
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Scheme II. Proposed collision-induced dissociation pathways
of sodiated ethanolamme glycerophospholipids after electrospray

ionization.
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Tandem Mass Spectrometry of Cardiolipin

Negative-ion ESI mass spectrometry studies of bovine
heart cardiolipin demonstrated a major (1/z 724) and
two minor peaks (m/z 710 and 737) (Figure 6a) that
correspond to [M — 2H])?- quasimolecular ions of in-
dividual cardiolipin molecular species. These results
are dramatically different from analyses that employed
FAB mass spectrometry, where relatively high
energy ionization resulted in the production of the
[M - H]™ form of the molecular ion and carboxylate
fragment ions [24].

Selection and collisional activation of the [M —
2H]?~ ion (m/z 724) after ESI yielded multiple infor-
mative product ions (Figure 6b). This product ion
pattern differs significantly from that generated from
collisional activation of singly charged precursor ions
of cardiolipin durmg FAB ionization [24]. The most
abundant product ion, m/z 279, is the carboxylate
anion of linoleic acid. Because only one product ion
peak is observed in the fatty acid region, this result
indicates that all four acyl groups of the selected cardi-
olipin ion (n1/z 724) are linoleoyl chains. These results
were confirmed by capillary gas chromatography after
acid methanolysis of bovine heart cardiolipin, which
demonstrated the exclusive presence of linoleic acid in
the sample.

Interestingly, after collisional activation, the doubly
charged precursor ion (M — 2H]?", m/z 724) can di-
rectly generate two pairs of singly charged product
ions (Figure 6b and Scheme III). One pair of the prod-
uct ions (m/z 279 and m/z 1168) corresponds to the
collision-induced dissociation of the [M — 2H]*~ ion
as shown in Scheme III. The product ion at ni/z 1168
was further dissociated into product ions, mi/z 888
and 906, which correspond to the neutral loss of fatty
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724). Bovine heart cardiolipins (1 pmol/uL)
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Scheme III. The major collision-induced dissociation pathways
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prior to performance of ESI mass spectrometry
as described in the Materials and Methods
section.

miz

acid and alkyl ketene, respectively. The other pair of
the product ions, m/z 752 (that corresponds to the loss
of H,O from dilinoleoyl phosphatidylglycerol) and
n/z 696 (that corresponds to dilinoleoyl phosphate),
are generated from collision-induced dissociation of
the adjacent phosphodiester linkage (Scheme III). The
dilinoleoyl phosphatidylglycerol analog (i.e., m/z 752),
generated from precursor ion ((M — 2HI*", m/z 724)
was further dissociated into an ion (m/z 490) that
corresponds to the neutral loss of alkyl ketene, whereas
the dilinoleoyl phosphate (11/z 696) was dissociated
further into the lysophosphatidic acid analog (m/z
415) through the neutral loss of fatty acid. The product
ion at m/z 592 resulted from dissociation of the pre-
cursor ion ((M — 2H)?") through the neutral loss of
alkyl ketene (ie., [M — 2H — R"C=C==0]?"). The
product ion at m/z 153 corresponds to the loss of H,O
from glycerol phosphate.

a b
R1CH2C00" (paimitate) M {M-H-87]"
= N 674
100 28 100 1 T T Q
- E o
] o Q 1
« a o x
s 5 _ %%
- O ~ xT o x
0 5 w| SFEE 3
8 T f2C £ O
3 % Q M > [+ S = N
= £ Q o, = - 2= x
'l':’ Q % L'; T 2 o 8 :-:410 9— —
£ ©0 £ 518 = geo WOEV £ S
£ ® 2 23 3 £ 5392 i3 Figure 7. Negative-ion ES| tandem mass
2 zz 51 . 2 & g < spectra of deprotonated phosphatidic acid
D a0 =za O I B 40+ 281 a8 % L and phosphatidylserine. (a) ESI-MS/MS
& a0k % 5} 3 - 2 I of 1-hexadecanoyl-2-octadec-9"-enayl-sn-
153 / a8 s z 761 glycero-3-phosphate. (b) ESI-MS/MS of
20 / 436 20 436 deprotonated  1-hexadecanoyl-2-octadec-
L 153 / 9'-enoyl-si-glycero-3-phosphoserine. Each
phaospholipid (0.2 pmol/ul) was dis-
| B L ) solved in 1:2 chloroform-methanol prior
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— T T 7 T T ) T T T T T 1 to acquisition of the ESI-MS/MS spectra
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as described in the Materials and Meth-

m/z ods section.
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Tandem Mass Spectrometry of
Anionic Phospholipids

The negative-ion ESI-MS/MS spectra of other anionic
phospholipids including phosphatidylserine, phos-
phatidylinositol, phosphatidylglycerol, and phospha-
tidic acid are nearly identical to those obtained via
FAB-MS/MS [16, 21, 24], but can be obtained with a
much greater sensitivity via ESI-MS/MS. As examples,
the negative-ion ESI-MS/MS spectra of phosphatidic
acid and phosphatidylserine from 1 pmadl of material
(consumed) are shown in Figure 7.

Conclusion

The results presented in this study demonstrate the
utility of tandem mass spectrometry of volatilized ions
after electrospray ionization for the structural determi-
nation of phospholipids. ESI product-ion spectra can
be obtained readily by utilizing < 5 pmol of either
synthetic or biologically derived phospholipids with
a mass-selected window of less than 2 mass units.
Although many of the regioisomeric assignments
based on the relative peak intensity ratios of sn-1 and
sn-2 carboxylate ions were similar to those observed
by using FAB tandem mass spectrometry, collision-
induced dissociation of precursor ions derived from
electrospray ionization often resulted in novel product-
ion patterns. Collectively, these results underscore the
unrecognized potential of electrospray ionization tan-
dem mass spectrometry for the structural determina-
tion of individual molecular species of phospholipids
in biologic samples from picomole amounts of mate-
rial.
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