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N -Acylethanolamine phospholipids (NAPEs) serve as endogenous precursors ofN -acylethanolamines (NAEs),
e.g. N -arachidonoylethanolamine (anandamide) andN -palmitoylethanolamine that are endogenous ligands of
cannabinoid receptors. Under physiological conditions, NAPE is found in very low concentrations in mammalian
tissue (3–12 nmol g−1). However, pathophysiological conditions may increase the endogenous NAPE levels,
which again may cause an increase in endocannabinoid concentrations. This paper presents a simple and selective
method for the determination of NAPE standards using negative electrospray ionization mass spectrometry
(ESI-MS). The procedure provides complete positioning of all acyl and alkenyl groups contained in each NAPE
species. The calibration curve for standard NAPE was linear over the range 100 fmol–50 pmol (0.1–50 ng) per
injection. The lower limit of detection (signal-to-noise ratio of 3) was 100 fmol, implying that this method is
superior to previous methods for the determination of NAPE. These results suggest that this ESI-MS method
can be used to identify and quantify NAPE species in mammalian tissues and provide information on the
corresponding NAEs to be released from the endogenous NAPE pool. Copyright 1999 John Wiley & Sons,
Ltd.
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INTRODUCTION

N-Acylethanolamines (NAEs) comprise a novel group of
signaling molecules of lipid nature.N-Arachidonoyletha-
nolamine (anandamide) was described as the first endoge-
nous cannabimimetic substance in mammalian tissue,
exhibiting high affinity for cannabinoid receptors.1 The
binding to cannabinoid receptors produces a wide range
of in vitro andin vivo pharmacological effects comparable
to those of other psychotropic cannabinoid compounds.2–6

Additionally, otherN-acylethanolamines have been sug-
gested to exert their effects on cannabinoid receptors, in
particularN-palmitoylethanolamine.7–9

At present, little is known about the physiological
relevance of these compounds and their impact on
pathophysiological conditions remains to be elucidated.
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Therefore, in order to gain further insight into the
homeostasis of the endocannabinoid system, it is crucial
to determine the regulation of endogenous NAE levels.
However, the metabolic regulation of the endogenous
levels of these compounds is poorly understood. A
proposed mechanism for cellular synthesis of NAE
is that the N-acylethanolamine moiety is released
from a corresponding phospholipid precursor, anN-
acylethanolamine phospholipid (NAPE), through the
action of a specific calcium-independent phospholipase
D (PLD), as first reported by Schmid and co-
workers.10–12 These results were later confirmed by
others.13–18 This PLD subtype shows no substrate
specificity between the differentN-acyl groups of
NAPE species, suggesting that the synthesis ofN-
arachidonoylethanolamine phospholipids by a calcium-
dependentN-acyltransferase could be the rate-limiting
step of anandamide production.19–21 This enzyme
catalyzes a transferase reaction between thesn-1 acyl-
position of a donor phospholipid and the primary amino
group of ethanolamine phospholipids. Consequently, the
composition of O-acyl, alkenyl and alkyl groups in
NAPE are identical with those found in ethanolamine
phospholipids from the same tissue.22 Hence mammalian
NAPE is a mixture ofN-acyl-1,2-diacyl-sn-glycero-3-
phosphoethanolamine (diacyl-NAPE),N-acyl-1-alkenyl-
2-acyl-sn-glycero-3-phosphoethanolamine (alkenylacyl-
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NAPE) andN-acyl-1-alkyl-2-acyl-sn-glycero-3-phospho-
ethanolamine (alkylacyl-NAPE), with a proportional
distribution in mammalian brain tissue of approximately
60, 35 and 5%, respectively.23–25

Compared with other phospholipids, the physiolog-
ical tissue levels of these unusual phospholipids are
very low. So far, only two groups have reported the
presence of NAPE in mammalian brain tissue under
physiological conditions.16,17 Determining the content of
N-acylethanolamines after PLD treatment of a purified
NAPE fraction, concentrations of NAPE were reported
to range from 3 to 12 nmol g�1 tissue, corresponding
to about 0.1% of the total phospholipid content. Also,
the authors reported that the fraction of NAPE species
containing anN-arachidonoyl moiety accounts for<1%
of the total NAPE pool, thereby making the physiologi-
cal concentration of the anandamide precursor extremely
low. The finding of these low brain levels of anandamide
is also in accordance with a study using an isotope
dilution mass spectrometric method.26 In contrast, ear-
lier studies using less sensitive methods of quantification
failed to find NAPE in lipid extracts from normal brain
tissue.10,23,24 Consequently, to determine delicate changes
of in vivo NAPE metabolism it is necessary to employ a
very sensitive analytical method. Mass spectrometry has
proven to be efficient for monitoring biological molecules
at very low concentrations, and several mass spectro-
metric techniques are used extensively for phospholipid
determination, in particular electrospray ionization mass
spectrometry (ESI-MS), which facilitates the detection of
mammalian phospholipids in the picomolar range.27–30

However, mass spectrometry has only been applied to
determine NAPE by one research group, using negative
fast atom bombardment ionization mass spectrometry for
the identification of plant-derived NAPE species.31,32

In this paper, we present a method for the determination
of NAPEs in the femtomolar concentration range using
negative polarity ion trap ESI-MS. Also, this technique
facilitates identification of the position of all acyl groups
in standard diacyl-NAPE and alkenylacyl-NAPE samples,
suggesting that it will be efficient for the determination of
endogenous levels of NAPEs, including the subpopulation
of endogenous cannabinoid precursors.

EXPERIMENTAL

Materials

1-Palmitoyl-2-linoleoyl-sn-glycero-3-phosphoethanol-
amine, arachidonic acid, heptadecanoyl anhydride, lauric
anhydride, triethylamine,N,N0-dicyclohexylcarbodiimide
(DCC), 4-dimethylaminopyridine (DMAP), ethyl for-
mate, 2,7-dichlorofluorescein, rhodamine B and buty-
lated hydroxytoluene (BHT) were purchased from
Sigma Chemical (St Louis, MO, USA).N-Palmitoyl-
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine was pur-
chased from Avanti Polar Lipids (Alabaster, AL, USA). 1-
O-10-Alkenyl-2-acyl-sn-glycero-3-phosphoethanolamine
(bovine brain ethanolamine plasmalogen, 90% purity)
was purchased from Doosan-Serdary Research Labora-
tories (Englewood Cliffs, NJ, USA). Sodium hydrox-
ide pellets, analytical-grade chloroform, analytical-grade

methanol, analytical-grade dichloromethane, molecular
sieve beads and thin-layer chromatographic (TLC) plates
(20ð 20 cm, silica gel 60, 0.25 mm thick) were pur-
chased from Merck (Darmstadt, Germany) MS-grade
methanol (methanol 205) was purchased from Romil
(Cambridge, UK).

NAPE synthesis

N-Arachidonoyl-1-palmitoyl-2-linoleoyl-sn-glycero-3-
phosphoethanolamine (APL-NAPE) was synthesized
using the method of Klausner and Bodansky.33 1-
Palmitoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine
(33 µmol) and arachidonic acid (33µmol) were dissolved
in 5 ml of dichloromethane in a screw-capped tube and
kept at 4 C for 30 min. The reaction was then initiated
by adding DCC (33µmol) and incubation was contin-
ued for 4 h at room temperature with continuous stirring.
The sample was filtered through glass fiber and the fil-
trate was evaporated under a stream of nitrogen. The
residue was dissolved in chloroform–methanol (90 : 10,
v/v). The synthesized APL-NAPE standard was puri-
fied by silica gel TLC using a solvent system of chlo-
roform–methanol–ammonia solution (80 : 20 : 2, v/v). A
commercially available NAPE standard (N-palmitoyl-1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine) was used as
a reference compound, as all NAPEs have similarRf
values. After development, separate lanes with the ref-
erence standard were sprayed with 0.2% ethanolic 2,7-
dichlorofluorescein (with 0.001% rhodamine B) and the
spots were visualized under ultraviolet light (365 nm). The
band of silica corresponding to theRf of the reference
standard was scraped into a screw-capped tube with 5 ml
of chloroform–methanol (1 : 2) and centrifuged at 2440g
at 4°C for 15 min (IEC Centra GP8R centrifuge). After
centrifugation, the supernatant was filtered through glass
fiber and the silica was re-extracted with an additional
3 ml of the same solvent. The extract was dried gently
with a stream of nitrogen, the residue was dissolved in
chloroform–methanol (90 : 10, with 0.02% BHT added) at
a concentration of 1 mg ml�1 and the solution was stored
at�20°C until used.
N-Heptadecanoyl-1-palmitoyl-2-linoleoyl-sn-glycero-

3-phosphoethanolamine (HPL-NAPE) was prepared using
the method by Shangguanet al.34 Briefly, 1-palmitoyl-
2-linoleoyl-sn-glycero-3-phosphoethanolamine (7µmol)
was dissolved in 2 ml of chloroform in a screw-capped
tube and stirred for 24 h with heptadecanoic anhydride
(14 µmol) and triethylamine (77µmol). The solvent was
evaporated to dryness under a stream of nitrogen, the
residue was dissolved in chloroform–methanol (90 : 10)
and HPL-NAPE was subsequently purified by TLC as
above.

In order to obtain an alkenylacyl-NAPE standard with
known acyl group composition,N-heptadecanoyl-1-O-10-
alkenyl-2-lauroyl-sn-glycero-3-phosphoethanolamine was
semi-synthesized and purified following a three-step pro-
cedure, as follows. (i) Bovine brain ethanolamine plas-
malogen wasN-acylated with heptadecanoic anhydride
using the method of Shangguanet al.34 and purified by
TLC, as described above. (ii) Thesn-2 position of NAPE
was deacylated by mild alkaline hydrolysis using a slightly
modified procedure of Somerharju and Renkonen.35 In

Copyright 1999 John Wiley & Sons, Ltd. J. Mass Spectrom. 34, 761–767 (1999)



ESI-MS DETERMINATION OF NAPE 763

brief, the NAPE product was dissolved in 1 ml of chloro-
form, 170µl of methanolic 0.35M NaOH were added and
hydrolysis was performed for 3 h with continuous stirring
at room temperature. Then, 100µl of ethyl formate were
added and incubation was continued for 10 min. The incu-
bate was blown to dryness under a stream of nitrogen and
the lipids were extracted according to Bligh and Dyer.36

The lyso-NAPE product was purified by TLC (see above),
scraping off the band of silica corresponding to about half
the Rf value of the NAPE reference.11 (iii) Thereafter,
lyso-NAPE was acylated at thesn-2 position using lauric
anhydride according the method by Hanet al.37 In brief,
lyso-NAPE (10µmol) and lauric anhydride (10µmol)
were evaporated to dryness under a stream of nitrogen
in a screw-capped reaction vial, and the residue was
subsequently dissolved in 1 ml of water-free chloroform
(chloroform dried using water-absorptive molecular sieve
beads). The reaction was initiated by addition of DMAP
(12 µmol) and incubation was performed for 24 h with
continuous stirring at room temperature. The sample was
evaporated to dryness under a stream of nitrogen and
the lipids were extracted according to Bligh and Dyer.36

The semi-synthetic alkenylacyl-NAPE standard was then
purified by TLC as above. Before each incubation proce-
dure, a stream of nitrogen was blown over the reaction
mixture and the screw-capped test-tube was covered with
aluminum foil to minimize exposure to light.

Electrospray ionization mass spectrometry

Aliquots of NAPE standards were dried gently under a
stream of nitrogen and the residue was dissolved in MS-
grade methanol (with 0.02% BHT added). Addition of
BHT did not interfere with the ESI-MS procedure. All
experiments were performed using a quadrupole ion-trap
LCQ mass spectrometer (Finnigan MAT, San Jose, CA,
USA) equipped with an ESI ionization interface. Negative
ion polarity was applied. A 32-gauge hypodermic metal
needle with blunt tip was inserted in the ESI guide nee-
dle and applied a spray voltage and current of�3.75 kV
and 0.14 µA. The metal tip exceeded the ESI guide nee-
dle by ¾1 mm. The capillary was heated to 230°C and
�16 V were applied. The sheath and auxiliary nitrogen
gas flow-rates were set to 50% and 10% (arbitrary units),
respectively. Application of the hypodermic metal nee-
dle increased the signal intensity by at least twofold and
further stabilized baseline interference, as compared with
a 0.1 mm i.d. fused-silica electrospray capillary (Polymi-
cro Technologies, Phoenix, AZ, USA) (results not shown).
To optimize the sensitivity, the capillary/tube lens voltage
and ion optics were tuned before analysis. The mass spec-
trometer was operated in the full-scan mode. Operating the
instrument in the single-ion monitoring mode did not fur-
ther improve the signal-to-noise ratio (results not shown).
Spectra were collected and analyzed using on-line system
software (Navigator v. 1.1, Finnigan MAT, San Jose, CA,
USA). Spectra were acquired with a repetitive scan cycle
time of 1.30 s and averaged after 60 s of acquisition time.

Concentration–response calibration curves for diacyl-
NAPE were obtained by injecting samples ranging from
5 pg/µl to 10 ng/µl. Four consecutive injections of each
concentration were performed. The sample was directed
to the electrospray source using the flow-injection analy-
sis principle, i.e. the sample was injected via a 20µl loop

into an infusion flow of methanol–chloroform–redistilled
water (60 : 35 : 5, v/v) at a flow-rate of 200µl min�1. Pre-
cursor ions were monitored in single-stage MS mode in
the m/z interval 950–1150 and the response was calcu-
lated as integrated peak areas of precursor ion base peaks.

Structural elucidation of precursor ions of diacyl-NAPE
and alkenylacyl-NAPE was accomplished by fragmenta-
tion of precursor ions in the ESI-MS/MS mode using
collision-induced dissociation (CID) performed in the ion-
trap (mass analyzer) region. The procedure was followed
by MS/MS/MS of product ions of interest. Ions were
monitored in them/z interval 100–1100 using on-line
advanced setting applications in the Navigator software.
The precursor ion fragmentation efficiency was optimized
with parameters set to approximately activation ampli-
tude 1.50 V and activationQ value 0.190 (arbitrary units).
CID experiments were performed with helium as col-
lision and damping gas, using a 2 or 3m/z window
about the precursor ion to facilitate maximum precur-
sor ion transmission. During the CID procedure, NAPE
samples of 5 or 10 ngµl�1 were infused directly to the
electrospray source via a 0.1 mm i.d. fused-silica transfer
line (Polymicro Technologies) using an LCQ-integrated
micropump device delivering the sample in a 250µl
syringe (Unimetrics, Shorewood, IL, USA) in a volume
of 10 µl min�1.

RESULTS AND DISCUSSION

The NAPE and NAE concentrations in mammalian
cells are increased following induction of cell injury,
e.g. caused by ischemia and glutamate-induced excito-
toxicity, suggesting that these lipids may have patho-
physiological roles.20,22,38 Of special interest is the
N-arachidonoylphosphoethanolamine subpopulation of
the endogenous NAPE pool, since it is the precursor
of anandamide. Hence, to establish a principal MS/MS
fragmentation pattern employing the ESI-MS technique
we synthesized anN-arachidonoyl-containing NAPE
species. Additionally, we semi-synthesized homogenous
alkenylacyl-NAPE species from a source of purified
bovine brain ethanolamine plasmalogens.

ESI-MS of diacyl-NAPE

The choice of ion polarity sets the first level of selectivity
in phospholipid analysis by ESI-MS, since the possible
charge of diacyl-NAPE in solution determines the opti-
mal ion polarity. Accordingly, the negative ion spectrum
shows the abundant ion atm/z 1001.3 of APL-NAPE (Mr
1001.5), corresponding to deprotonation of the phosphate
group, assigned as the anionic [M-H]� ion (see Fig. 1(A)).
Additionally, HPL-NAPE (Mr 967.5) also appeared as an
[M-H] � ion of m/z 967.4 (see Fig. 1(B)). Using the flow-
injection analysis approach, the concentration–response
calibration curve was established with a detection limit
of 100 fmol (0.1 ng) of APL-NAPE and a linear rela-
tionship ranging from 0.1 to 50 ng.r2 D 0.99/ with
a very low intravariation of response (meanš standard
deviation) (see Fig. 2). Injection of more than 50 ng
resulted in a gradually saturated response. For comparison,
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Figure 1. Negative ion ESI-mass spectrum (full scale m/z 100 1100) of N-arachidonoyl-1-palmitoyl-2-linoleoyl-sn-glycero-3-phospho-
ethanolamine (APL-NAPE, expected m/z 1001.5, (A) and N-heptadecanoyl-1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine
(HPL-NAPE, expected m/z 967.5, (B). The structures are shown.

Figure 2. Concentration response calibration curve for N-arachi-
donoyl-1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphoethanol-
amine (APL-NAPE).

diacyl-NAPE standardswere also subjectedto negative
ion atmosphericpressurechemicalionization massspec-
trometryon the sameinstrument.However,as judgedby
the signal-to-noiseratio, optimization of this ionization
techniquewasslightly lesssensitivecomparedwith ESI-
MS (resultsnot shown).

ESI-MS/MS of diacyl-NAPE

A set of eight fragmentions appearedon applying CID
to diacyl-NAPE species,as illustrated by the fragmen-
tation of APL-NAPE and HPL-NAPE (Fig. 3); seealso
Fig. 4(A) for a proposedfragmentationmodel.Fragments
of m/z 255 and 279 representsthe loss of fatty acid
carboxylateanions from the sn-1 (palmitate) and sn-
2 positions(linoleate).The sn-2 carboxylateanion was

more abundantthat the sn-1 carboxylateanion, thereby
facilitating thepositioningof individual acyl groupsalong
the glycerol backboneof diacyl-NAPE. Absolute iden-
tification of all other product ions, however,was only
possibleon performing additional CID on the product
ions, i.e. ESI-MS/MS/MS. Interpretationof thesespec-
tra further confirmedthe MS/MS fragmentationpattern
of diacyl-NAPEs(resultsnot shown). As illustrated by
APL-NAPE, fragmentionsof m/z 720.6indicatetheneu-
tral loss of 280 (linoleic acid) andm/z 744.4 represents
neutral loss of 256 (palmitic acid). Further, the frag-
ment ion at m/z 738.5correspondsto neutrallossof 262
(D dehydrateof linoleic acid), and the fragment ion at
m/z 762.5 indicatesneutral loss of 238 (D dehydrateof
palmitic acid).This principal diacyl-NAPEfragmentation
patternwas comparableto resultsobtainedby Chapman
and co-workersusing negativefast atom bombardment
massspectrometry.31,32 Theseauthorsidentified a sim-
ple fraction of plant-deriveddiacyl-NAPE species,but
the methodwas of limited applicability owing to a low
massresolutionefficiency.31,32 Also, the principal diacyl-
NAPEfragmentationpattern,indicatingthedissociationof
acyl groupslocatedat the glycerophosphobackbone,was
in accordancewith previouslypublisheddatafrom more
complex ESI-MS experimentsperformedon 1,2-diacyl-
sn-glycero-3-phosphoethanolamine.27,30,39–41

Specificallyfor NAPEs,neutrallossof a fatty acidfrom
theglycerophosphobackboneis followed by further frag-
mentationof the phosphodiesterbond, thereby leading
to neutral loss of the N-arachidonoylethanolaminemoi-
ety. Characteristicfor this processis the appearanceof
two fragmentions of m/z 391.3 (neutral loss of linoleic
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Figure 3. Negative ion ESI tandem mass spectrum of N-arachidonoyl-1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine
(APL-NAPE, (A)) and N-heptadecanoyl-1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphoethanolamine (HPL-NAPE, (B)), showing a set
of eight product ions. See Fig. 4(A) for a proposed fragmentation model of APL-NAPE.

Figure 4. Proposed fragmentation pattern of diacyl-NAPE, illustrated by N-arachidonoyl-1-palmitoyl-2-linoleoyl-sn-glycero-3-phospho-
ethanolamine (APL-NAPE, (A)), and alkenylacyl-NAPE, illustrated by N-heptadecanoyl-1-O-octadec-10-enyl-2-lauroyl-sn-glycero-3-phos-
phoethanolamine (B). The m/z values refer to the expected m/z.
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acid from thesn-2 position) andm/z at 415.3 (neutral
loss of palmitic acid from thesn-1 position), the prod-
uct ion at m/z 391.3 being more abundant due to the
MS/MS regiospecificity of thesn-2 acyl moiety in asym-
metric diacyl-NAPEs. Consequently, the identity of the
acyl group in theN-acyl moiety of diacyl-NAPE species
can be deduced from the tandem mass spectrum by sub-
tracting them/z values of the two carboxylate anions from
them/z value of the precursor ion, followed by subtraction
of the molecular mass of the glycerophosphoethanolamine
backbone (C5H10NO4P,Mr 179.0). This can be illustrated
by the tandem-mass spectrum of APL-NAPE (Mr 1001.5),
containing an arachidonoyl group (C20H31O, Mr 287.5)
at the N-acyl position: 1001.5 (precursor ion)�279.5
(linoleate)�255.5 (palmitate)�179.0 (glycerophospho-
ethanolamine backbone)D 287.5.

ESI-MS/MS of alkenylacyl-NAPE

Using bovine brain ethanolamine plasmalogens for the
semi-synthesis of a homologous alkenylacyl-NAPE stan-
dard with known acyl group composition, it is expected
that only a few abundant ions would be present in the
ESI mass spectrum. This is due to the fact that the 1-O-
octadec-10-enyl and 1-O-hexadec-10-enyl chains are found
in approximately 50% and 25% of all brain ethanolamine
plasmalogens, respectively.27,39,41–43 Accordingly, the
ESI mass spectrum ofN-heptadecanoyl-1-O-10-alkenyl-
2-lauroyl-sn-glycero-3-phosphoethanolamine shows two

abundant ions, atm/z 899.5 and 871.6 (Fig. 5(A)). Fol-
lowing CID on the ion of m/z 899.5, four product
ions appeared, with laurate atm/z 199.3 (Fig. 5(B));
see also Fig. 4(B) for a proposed fragmentation model.
Performing MS/MS/MS on ions ofm/z 403.4, 698.6
and 717.8 confirmed the interpretation of the ESI tan-
dem mass spectrum (results not shown), i.e. the prod-
uct ions correspond to dissociation of laurate and
neutral loss of theN-heptadecanoylethanolamine moi-
ety (m/z 403.4),N-heptadecanoyl-1-O-octadec-10-enyl-2-
dehydro-sn-glycero-3-phosphoethanolamine (m/z 698.6)
and N-heptadecanoyl-1-O-octadec-10-enyl-2-hydroxy-sn-
glycero-3-phosphoethanolamine. Consequently, this alke-
nylacyl-NAPE specie was identified asN-heptadecanoyl-
1-O-octadec-10-enyl-2-lauroyl-sn-glycero-3-phosphoetha-
nolamine (Mr 899.4); see the molecular structure
in Fig. 5(A). Additionally, the precursor ion atm/z
871.6 representsN-heptadecanoyl-1-O-hexadec-10-enyl-
2-lauroyl-sn-glycero-3-phosphoethanolamine (Mr 871.3,
results not shown). It then appears that the alkenyl
group in alkenylacyl-NAPE is not subjected to CID
fragmentation.

This principal difference between diacyl-NAPE and
alkenylacyl-NAPE is in accordance with previously
published data from ESI-MS experiments performed on
1,2-diacyl-sn-glycero-3-phosphoethanolamine and 1-O-
10-alkenyl-2-acyl-sn-glycero-3-phosphoethanolamine spe-
cies.27,30,39–41 This indicates that alkenylacyl-NAPEs can
be identified by the absence of a carboxylate anion
from the sn-1 position in the ESI tandem mass spectra.

Figure 5. Negative ion ESI-mass spectrum (full scale m/z 100 1100) of semi-synthetic alkenylacyl-NAPE species (N-heptadecanoyl-1-O-
10-alkenyl-2-lauroyl-sn-glycero-3-phosphoethanolamine). The structure of N-heptadecanoyl-1-O-octadec-10-enyl-2-lauroyl-sn-glycero-3-
phosphoethanolamine is shown (B). Negative ion ESI tandem mass spectrum of a single alkenylacyl-NAPE standard species,
N-heptadecanoyl-1-O-octadec-10-enyl-2-lauroyl-sn-glycero-3-phosphoethanolamine, showing a set of four product ions. See Fig. 4(B)
for a proposed fragmentation model.
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Since 1-alkyl-2-acyl-sn-glycero-3-phosphoethanolamines
also shows no fragmentation of thesn-1 position upon
ESI-MS/MS,27,40 it suggests that alkylacyl-NAPEs can
also be identified by this method.

In general, using ESI-MS/MS the characteristic prin-
cipal fragmentation pattern of NAPEs is similar to that
found in ethanolamine glycerophospholipids, showing car-
boxylate anions after deacylation of the glycerophospho-
ethanolamine backbone and the corresponding fragments
containing the deprotonated phosphorous group. A princi-
pal difference, however, is the higher molecular mass of
the NAPE precursor ions due toN-acylation of the pri-
mary amino group. Upon fragmentation this acyl group
is not identified in the tandem mass spectrum owing to
neutral loss. However, the appearance of abundant sig-
nals originating from defragmentation of both anO-acyl

andN-acylethanolamine group helps to identify NAPEs,
as this general pattern is not observed in negative ion
ESI tandem mass spectra of common mammalian phos-
pholipids, e.g. ethanolamine, choline, serine and inositol
glycerophospholipids.27,39,41

In conclusion, the ESI-MS method described here facil-
itates the unequivocal identification of NAPE species with
the assignment of each acyl and alkenyl chain position,
including identification of theN-acyl moiety. Therefore,
the method can provide important information on NAEs to
be released from the endogenous NAPE pool upon phos-
pholipase D activation.

Acknowledgements

The study was supported by grants from the Novo Nordisk Foundation
and the Danish Medical Research Council (No. 9601815).

REFERENCES

1. W. A. Devane, L. Hanus, A. Breuer, R. G. Pertwee, L. A. Ste-
venson, G. Griffin, D. Gibson, A. Mandelbaum, A. Etinger
and R. Mechoulam, Science 258, 1946 (1992).

2. J. N. Crawley, R. L. Corwin, J. K. Robinson, C. C. Felder,
W. A. Devane and J. Axelrod, Pharmacol. Biochem. Behav.
46, 967 (1993).

3. C. C. Felder, E. M. Briley, J. Axelrod, J. T. Simpson,
K. Mackie and W. A. Devane, Proc. Natl. Acad. Sci. USA
90, 7656 (1993).

4. E. Fride and R. Mechoulam, Eur. J. Pharmacol. 231, 313
(1993).

5. K. Mackie, W. A. Devane and B. Hille, Mol. Pharmacol. 44,
498 (1993).

6. R. G. Pertwee, G. Griffin, L. Hanus and R. Mechoulam, Eur.
J. Pharmacol. 259, 115 (1994).

7. L. Facci, R. Dal Toso, S. Romanello, A. Buriani, S. D. Skaper
and A. Leon, Proc. Natl. Acad. Sci. USA 92, 3376 (1995).

8. A. Calignano, G. La Rana, A. Giuffrida and D. Piomelli,
Nature 394, 277 (1998).

9. S. I. Jaggar, F. S. Hasnie, S. Sellaturay and A. S. C. Rice,
Pain 76, 189 (1998).

10. P. C. Schmid, P. V. Reddy, V. Natarajan and H. H. O. Schmid,
J. Biol. Chem. 258, 9302 (1983).

11. P. C. Schmid, V. Natarajan, B. K. Weis and H. H. O. Schmid,
Chem. Phys. Lipids 41, 195 (1986).

12. V. Natarajan, P. C. Schmid, P. V. Reddy and H. H. O. Schmid,
J. Neurochem. 42, 1613 (1984).

13. V. Di Marzo, A. Fontana, H. Cadas, S. Schinelli, G. Cimino,
J.-C. Schwartz and D. Piomelli, Nature 372, 686 (1994).

14. H. S. Hansen, L. Lauritzen, A. M. Strand, B. Moesgaard and
A. Frandsen, Biochim. Biophys. Acta 1258, 303 (1995).

15. H. Cadas, S. Gaillet, M. Beltramo, L. Venance and
D. Piomelli, J. Neurosci. 16, 3934 (1996).

16. T. Sugiura, S. Kondo, A. Sukagawa, T. Tonegawa, S. Nak-
ane, A. Yamashita, Y. Ishima and K. Waku, Eur. J. Biochem.
240, 53 (1996).

17. H. Cadas, E. Di Tomaso and D. Piomelli, J. Neurosci. 17, 1226
(1997).

18. H. S. Hansen, B. Moesgaard, H. H. Hansen, A. Schousboe
and G. Petersen, Lipids 34, Suppl. (1999).

19. H. H. O. Schmid, P. C. Schmid and V. Natarajan, Chem.
Phys. Lipids 80, 133 (1996).

20. H. S. Hansen, L. Lauritzen, B. Moesgaard, A. M. Strand and
H. H. Hansen, Biochem. Pharmacol. 55, 719 (1998).

21. V. Di Marzo, Biochim. Biophys. Acta Lipids Lipid Metab.
1392, 153 (1998).

22. H. H. O. Schmid, P. C. Schmid and V. Natarajan, Prog. Lipid
Res. 29, 1 (1990).

23. V. Natarajan, P. C. Schmid, P. V. Reddy, M. L. Zuarte-
Augustin and H. H. O. Schmid, J. Neurochem. 41, 1303
(1983).

24. V. Natarajan, P. C. Schmid and H. H. O. Schmid, Biochim.
Biophys. Acta 878, 32 (1986).

25. B. Moesgaard, J. W. Jaroszewski and H. S. Hansen, J. Lipid
Res. 40, 515 (1999).

26. K. Kempe, F. F. Hsu, A. Bohrer and J. Turk, J. Biol. Chem.
271, 17287 (1996).

27. J. L. Kerwin, A. R. Tuininga and L. H. Ericsson, J. Lipid Res.
35, 1102 (1994).

28. X. Han and R. W. Gross, Proc. Natl. Acad. Sci. USA 91, 10635
(1994).
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