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ABSTRACT. Although the rapid thrombin-induced release of arachidonic acid in human platelets has been
known for over 20 years, the amount of arachidonic acid mass mobilized and the source of the released
arachidonic acid has remained a subject of intense controversy. Herein, we exploit the analytic power
and sensitivity of electrospray ionization mass spectrometry to identify plasmenylethanolamines as the
largest source of arachidonic acid mass released during thrombin stimulation and to demonstrate the presence
of multiple novel molecular species of plasmenylethanolamines in human platelets. Specifically, 90 s
after thrombin stimulation a total of 60.1 nmol of arachidonic acid-containing phospholipiqe£télets

was hydrolyzed which included the loss of 31.8 nmdlfiatelets from ethanolamine glycerophospholipids
(hydrolysis of plasmenylethanolamines represented 63% of the mass lost from the ethanolamine
glycerophospholipid pool) but only 10.9 nmolPiflatelets from choline glycerophospholipids. Human
platelet phosphatidylserine and phosphatidylinositol pools contained similar amounts of arachidonic acid
mass in resting platelets:R0 nmol/10 platelets), and each pool contributed 8.7 nmdlfilatelets after
thrombin stimulation. From these results, a lower boundary for the rate of thrombin-induced arachidonic
acid mobilization in human platelets can be set-&0 nmol/10 platelets, thereby identifying specific
kinetic characteristics and substrate selectivities of the phospholipase(s) activated during platelet stimulation.
Collectively, these results underscore the importance of plasmenylethanolamines as the major storage
depot of arachidonic acid in resting platelets and as the major source of arachidonic acid mobilized after
thrombin stimulation of human platelets.

Platelet activation is accompanied by the production of different conclusions regarding (1) the major phospholipid
oxygenated metabolites of arachidonic acid which are potentclasses responsible for arachidonic acid mass released during
modulators of platelet function (e.g., Hamberg et al., 1974; platelet stimulation, (2) the importance of plasmalogen
Hamberg & Samuelsson, 1974; Amezcua et al., 1978; molecular species during thrombin stimulation, (3) the
Rittenhouse-Simmons & Deykin, 1981). Since the rate- relative contributions of different anionic phospholipid pools
determining step in the production of biologically active (e.g., phosphatidylinositol and phosphatidylserine), (4) the
eicosanoid metabolites in human platelets is the availability magnitude of phospholipid hydrolysis during maximal
of nonesterified arachidonic acid (e.g., Bills et al., 1976; Jesseactivation of platelets; and (5) the regioselectivign2
& Cohen, 1976; Marcus et al., 1980; Siess et al., 1984), aliphatic specificity, and phospholipid subclass specificity
substantial attention has focused on the identification of the of the participating phospholipase(s).

molecular targets of the phospholipases activated during \jore recently, further discrimination of thrombin-induced

platelet stimulation. During the last two decades, numerous inid turnover was attempted through analyses of alterations
groups have measured alterations in platelet phospholipidj, the mass of individual molecular species of platelet
mass after thrombin or collagen stimulation in an attempt to phospholipids (Takamura et al., 1987, 1989) utilizing analytic
identify the class and type of the phospholipases aCtivatEdtechniques dependent on reverse-phase HBEe@aration of

during platelet stimulation (e.g., Lewis & Majerus, 1969; jngividual molecular species. However, those studies were

Bills et al., 1977; Rittenhouse-Simmons & Deykin, 1977; confounded by (1) the lability of the vinyl ether linkage on
Broekman et al., 1981; Walenga et al., 198l; Sutherland &

Amin, 1982; Neufeld & Majerus, 1983; Mahadevappa &

Holub, 1984; Smith et al., 1985; Silk et al., 1989; Colard et - Abbreviations: FAB, fast atom bombardment, Est;y;'ﬁmspfav
. . jonization; MS, mass spectrometry; DMPC, 1,2-dimyris ycero-

al., 1989). However, these studies each came to SubStantla"%-phosphocholine; 18:318:3 PC, 1.2-dilinolenoysirglycero-3-phos-

phocholine; 18:3-18:3 PE, 1,2-dilinolenoysn-glycero-3-phospho-
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silica matrices, (2) the incomplete resolution of phospholipid arachidic acid as previously described (Fink & Gross, 1984).
molecular species by the reverse-phase chromatographidcduman thrombin (3000 NIH units/mg of protein) was
techniques employed, and (3) the intrinsic difficulties inherent obtained from Sigma (St. Louis, MO).

in quantitative analyses employing multiple sequential  Preparation of Human Platelet Phospholipid Extract after
analytic steps each utilized at the limits of their sensitivity Thrombin Actiation. Human platelets were freshly prepared
leading to geometrically accumulating errors. by platelet pheresis and quantified at the Washington

Mass spectroscopy of individual phospholipid molecular University Platelet Pheresis Center (Washington University,
species potentially represents the most sensitive, discriminat-St. Louis). Platelet rich plasma was placed in conical
ing, and direct method to assess alterations in phospholipidPolyethylene tubes and centrifuged for 20 min at gi_Q
molecular species in biologic tissues. However, prior mass (1600 rpm) to form platelet pellets. The pellets were
spectrometric analyses of phospholipids have previously Subsequently resuspended in buffer (46 mM HEPES, 150
required relatively high energy ionization (e.g., fast atom MM NacCl, 2.5 mM KCl, 1 mM KHPQ,, and 1 mM glucose
bombardment desorption of phospholipids from target ma- at pH 7.1, buffer A) prior to recentrifugation (7§,
trices) which resulted in extensive and differential fragmen- decantation of the supernatant and resuspension in buffer
tation of the quasimolecular ions of individual phospholipid A. Next, the washed platelet suspension was divided into
classes and subclasses, thereby precluding quantitativédwo parts. From each part, aliquots of samples were removed
analyses by this technique (e.g., Jensen et al., 1986sMu for subsequent quantification of protein mass by Bio-Rad
et al., 1986; Chen et al., 1990; Pramanik et al., 1990). analysis. Then, the platelet suspension was brought to 1 mM
Further confounding the utilization of FAB ionization for [C&] by the dropwise addition of Cag$olution. To one
quantitative analyses of phospholipids is the extensive aliquot of washed human platelets, thrombin (1 unit/mL) was
dependence of the ionization efficiency on the surface added while an equal volume of buffer A was added to
properties of individual phospholipids in the target matrix another sample (control). Both samples were subsequently
(Gross, 1984). Collectively, these factors have effectively incubated for 90 s at 22C. Experiments were terminated

precluded the use of FAB in quantitative mass spectrometricby the coaddition of CHGIMeOH (1/1, v/v) containing
analyses of cellular phospholipids. internal standards DMPC (14:04:0 PC) and 18:318:3

PE (30ug each/18 platelets; 18 platelets were used in a
typical experiment) and DMPS (&/1( platelets) for mass
spectroscopic analyses or alternatively by addition of 18:3-

Recently, we demonstrated that electrospray ionization
(ESI) results in the efficient production of low energy

molecular ions of phospholipids without fragmentation which
PRospnotp g 18:3 PC and 18:318:3 PE (1 mg of each; 1®platelets

was largely independent of the surface properties of indi- di cal : f |
vidual phospholipid subclasses and molecular species (HanVe'e used in a typical experiment) for HPLC analyses. Next,

& Gross, 1994). Through exploiting the inherent advantages addiiional Ca(%l was added' (final conceptration of 3 mM
of ESI-MS for the quantitative analysis of alterations in [C& 1) to facilitate extraction of anionic phospholipids.

L ; .1 Human platelet phospholipids (and included internal stan-
individual molecular species of human platelet phospholipids, \ ;
we now report that (1) plasmenylethanolamine molecular dards) were extracted by the Bligh and Dyer method (Bligh

species represent the largest endogenous storage depot Dyer, 1959), dried undgr a nitrogen ;tream, dissolved in
arachidonic acid in human platelets, (2) hydrolysis of .HCI?" .reextr.acted and_ dried pnder anitrogen strgam. The
plasmenylethanolamine molecular species is the largestfin@l lipid residue was immediately resuspended in a0

source of arachidonic acid mass released during thrombinOf 1:2 chloroform/methanol for electrospray ionization mass

stimulation of human platelets, (3) hydrolysis of phosphati- spectroscopic analyses.

dylserine accounts for heretofore unrecognized amounts of_ El€ctrospray lonization Mass Spectrometry of Phospho-
arachidonic acid mass released during platelet thrombin!IPidS. ESI mass spectral analyses were performed utilizing

activation, and (4) the flux of arachidonic acid during the & Finnigan TSQ-700 Spectrometer (Finnigan MAT, San Jose,
first 90 s of thrombin activation exceeds 60 nmof10 CA) €quipped with an electrospray interface (Analytica of
platelets. The mathematical constraints imposed by theseBranford, Branford, CT) as described previously (Han &
analyses identify the boundary conditions for the minimal C'0SS, 1994). Typically, a 5-min period of signal averaging
specific activities, mass abundance, and substrate specificitied? the profile mode was employed for each spectrum of

of the platelet phospholipases activated during thrombin Platélet extract, and the mass of all ions was rounded to the
stimulation. nearest integer. All samples of platelet extracts were diluted

in 1:2 chloroform/methanol prior to direct infusion into the
MATERIALS AND METHODS ESI chamber using a syringe pump (Harvard Apparatus

model 22, South Natick, MA) at a flow rate of 1:&/min.

Materials. Commercially available phospholipids includ-  Anionic phospholipids in the diluted platelet extract were

ing 1,2-dimyristoylsnglycero-3-phosphocholine (DMPC), analyzed by ESI mass spectrometry in the negative-ion
1,2-dilinolenoylsnglycero-3-phosphocholine (18:38:3 PC), mode and quantitated by comparisons of the individual ion
1,2-dilinolenoylsn-glycero-3-phosphoethanolamine (18:3  peak intensity with internal standard (i.e., DMPS) after
18:3 PE) and 1,2-dimyristoydr-glycero-3-phosphoserine  correction for3C isotope effects. Similarly, choline glyc-
(DMPS) used for internal standards were obtained from erophospholipids in the diluted platelet extract were directly
Avanti Polar Lipids, Inc. (Alabaster, AL). Commercially quantitated as their sodium adducts by comparisons with
unavailable phospholipids including plasmenylcholines and internal standard (i.e., sodiated DMPC) in the positive-ion
plasmenylethanolamines were prepared as described previmode after ESI. Ethanolamine glycerophospholipids in the
ously (Han & Gross, 1992; Han et al., 1992). The mass of platelet extract were rendered mildly basic by addition of 5
purchased phospholipids was quantitated by capillary gasumol of NaOH/mL of methanol and were directly quantitated
chromatography after acid methanolysis by comparisons with by comparisons with internal standard (i.e., 1818:3 PE)
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in the negative-ion mode by ESI. Spectra of platelet amount of exogenous POPS mass added was linear (
ethanolamine glycerophospholipids which did not contain 1.04x — 0.13) with a correlation coefficient/f) = 0.997.
exogenously added internal standard did not display any Similar experiments correlating the mass increase obtained
demonstrable molecular ions in that region (Figure 1, insert). from the intensity of 1-stearoyl-2-arachidonmytglycero-

This selectivity of ESI-MS for direct analyses of distinct 3-phosphoinositol (SAPI) molecular ion (fvH]") to the
phospholipid classes was achieved by exploiting differential amount of exogenous SAPI (from bovine liver phospha-
ionization propensities in the positive and negative ion modes tidylinositol) mass added also demonstrated a linear correla-
of each phospholipid class (Han & Gross, 1994). Identifica- tion (y = 1.053% + 0.053) with a correlation coefficienf)

tion of ion peaks corresponding to individual molecular = 0.998.

species was substantiated utilizing tandem mass spectrometry Quantification of Human Platelet Choline and Ethanola-
after ESI as described previously (Han & Gross, 1995) basedmine Glycerophospholipid Molecular Species after Stimula-
on the assumption that the ratio &f2 carboxylate anion  tion by Thrombin Using Rerse-Phase HPLCBligh and

to sn1 carboxylate anion is 3:1 for phospholipids containing Dyer extracts (Bligh & Dyer, 1959) from control and
20 carbons and four double bonds or less, and that the ratiothrombin-treated platelets containing exogenously added
is one for phospholipids containing more than 20 carbons internal standards were loaded onto Supelclean (Supelco, PA)
and/or four double bonds (Huang et al., 1992; Han & Gross, and washed with CH@I(30 mL). Phospholipids were
1995). Plasmalogen molecular species were distinguishedsubsequently eluted with CHZMeOH (1/2,v/v), evaporated
from alkyl-acyl phospholipid molecular species by treating under N, and applied to Silica gel G plates (10(@n,
human platelet phospholipid extracts with acidic vapors prior Analtech). Phospholipid classes were resolved utilizing a
to mass spectroscopic analyses as described previously (Forthobile phase comprised of chloroform/acetone/methanol/
et al., 1992; Kayganich & Murphy, 1992). All molecular acetic acid/ water (6/8/2/2/1,vivivivlv). Individual phospho-
species of individual ion peaks of either phosphatidylserines lipid classes (ascertained by the migration of standards) were
or phosphatidylinositols reported herein were similarly extracted with three washes of chloroform/methanol (1/2,
identified by using negative-ion ESI tandem mass spectrom-v/v). Individual molecular species of choline and ethano-

etry (Han & Gross, 1995). lamine glycerophospholipids were resolved after preparation
Quantitation of Phospholipids Using Electrospray loniza- of their monobenzoate derivatives as previously described
tion Mass SpectrometryTo determine the utility of ESI-  (Blank et al., 1983). Briefly, samples were evaporated under

MS for quantitation of choline phospholipid mixtures using N prior to their resuspension in ferrous sulfate-washed
ESI-MS, the quasimolecular ion intensities of equimolar diethyl ether and subsequent incubation vldrillus cereus
mixtures of individual phospholipid molecular species were phospholipase C (20 units). Sealed tubes, wrapped in
examined by positive-ion ESI-MS. Positive-ion ESI mass aluminum foil, were incubated for 60 min at 2Z. The
spectra of an equimolar mixture of four individual molecular resultant diradyl glycerols were directly benzoylated with
species (2.5 pmalL of each infused for 1 min at LL/ benzoic anhydride utilizingN,N-dimethyl-4-aminopyridine
min) of choline glycerophospholipids (i.e., DLPC, DMPC, as catalyst (Blank et al., 1983). Derivatives of choline and
DPPC, and DSPC) contained four sodiated ion peaks (i.e.,ethanolamine glycerophospholipid molecular species were
m/z 645, 701, 757, and 813, respectively) which were of resolved by reverse-phase HPLC utilizing an octadecyl silica
nearly identical intensity (within 5% which is within current  stationary phase (4.6 mm 25 cm; 5um silica particles)
limits of standard quantitation) after correction #&¢-isotope and acetonitrile/2-propanol (85/15,v/v) as the mobile phase.
effects [the'*C-isotope peaks of these choline glycerophos- The mass of major molecular species of benzoylated diradyl
pholipids contained precisely the theoretical amounts of glycerols was quantitated by comparisons of the integrated
isotopic ions (i.e., 35, 40, 44, and 48% for DLPC, DMPC, areas from absorbance profiles to those of internal standards
DPPC, and DSPC, respectively)]. The effects of unsaturationat 230 nm. Molecular species which comprised only
and differential surface characteristics were extensively diminutive amounts of lipid mass (less than 3% of lipid in
examined, and saturated vs unsaturated phospholipids fromeach subclass) were excluded from the tabulated compari-
different subclasses gave identical ion intensities. Quantita-sons.
tive analyses of ethanolamine glycerophospholipid mixtures
using ESI-MS were substantiated by examining ion intensi- RESULTS
ties resulting from the coaddition of known amounts of  Thrombin-Induced Alterations in the Mass of Ethanola-
DMPE with 18:3-18:3 PE as internal standard in CHCI  mine Glycerophospholipid Indidual Molecular Species.
MeOH (1/1, v/v) to the platelet suspension prior to the Bligh Electrospray ionization mass spectrometric investigation of
and Dyer extraction and ESI-MS analyses. The increase incontrol human platelet phospholipids in the negative-ion
the ion intensity of the DMPE molecular ion (fvH] ") as mode demonstrated that (1) plasmenylethanolamine was the
a function of the amount of exogenous DMPE mass added predominant ethanolamine glycerophospholipid subclass in
was linear ¥ = 1.0 — 0.08) with a correlation coefficient human platelets [peaks a¥z 723 (16:0-20:4 and 18:2
(y?» = 0.995. 18:2 plasmenylethanolamines), 749 (182D:4 and 16:6-

The quantitative accuracy of human platelet anionic 22:5 plasmenylethanolamines), 751 (182D:4 and 16:6-
phospholipid determinations was substantiated by coaddition22:4 plasmenylethanolamines), and 779 (3¥&Q:4 and 20:
of known amounts of either 1-palmitoyl-2-olecst-glycero- 0—20:4 plasmenylethanolamines)], (2) plasmenylethanolamines
3-phosphoserine (POPS) or bovine liver phosphatidylinositol were highly enriched in arachidonic acid (peaksnét 723,
with DMPS as internal standard in CH@MeOH (1/1, v/v) 749, 751, 779) with a total of 38.0 nmol of arachidonic acid/
to the platelet suspension prior to the Bligldyer extraction 1@ platelets (58% of the 65.8 nmol of arachidonic acid in
and ESI-MS analyses. The increase in the peak intensity ofthe ethanolamine glycerophospholipid pool ir? platelets
the POPS molecular ion ([MH]") as a function of the  were comprised of plasmalogen molecular species; Table 1),
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Table 1: Alterations in Ethanolamine Glycerophospholipid Mass during Thrombin Stimulation of Human Platelets

resting (nmol/18) stimulated (nmol/19) change (%)
PE m/z ESI-MS HPLC ESI-MS HPLC ESI-MS HPLC
P16:0-18:2 699 2.2£0.2 1.9+ 0.2 —13.7
P16:0-18:1 701 1.5-0.2 0.9+ 0.2 —40.0
P18:1-16:0 701 0.4 0.2 0.4+ 0.1 —42.9
D16:0-18:2 715 2304 2.0+ 0.3 —-13.1
D16:0-18:1 717 2.3:0.2 4.3+ 0.7 1.3+ 0.2 1.9+ 0.1 —43.5 —55.9
P16:0-20:4 723 7.+ 0.7 19.2£2.0 3.5+ 0.3 10.2+0.2 —54.6 —46.9
P18:2-18:2 723 3.9+ 0.7 1.8+ 0.3 —53.9
D16:1-20:4 737 2.14+-0.6 1.8+ 0.3 —14.3
D16:0-20:4 739 5.3t 04 9.5+ 0.8 3.1+ 0.6 43+ 05 —41.6 —54.8
D18:1-18:2 741 3.8£ 04 2.6+ 0.4 —31.6
D18:1-18:1 743 5.9+ 0.4 3.3+ 0.5 —44.1
D18:0-18:1 745 2904 1.7+ 0.3 —41.4
P18:1-20:4 749 10.4-0.8 8.0+ 1.0 5.3+ 0.3 48+0.1 —49.1 —40.0
P16:0-22:5 749 2.14+0.8 1.1+ 0.2 —47.7
P18:0-20:4 751 17.6:1.2 26.0+ 3.1 7.6+0.9 11.8+ 0.5 —56.9 —54.7
P16:0-22:4 751 59t 1.2 2.5+ 0.9 —-57.7
D16:0-22:6 763 3.6:04 2.9+ 0.5 —19.5
D18:1-20:4 765 5.8t 04 4.2+ 0.3 3.3£0.3 2.3+ 0.6 —43.2 —45.3
D16:0-22:5 765 2.9%-04 1.6+ 0.3 —44.9
D18:0-20:4 767 14611 28.7t 3.1 7.9+ 0.8 18.2+ 3.8 —45.9 —36.6
D16:0-22:4 767 7311 3.9+ 0.8 —46.6
P18:0-22:6 775 2.0£0.2 1.1+ 0.2 —45.0
P18:1-22:5 775 2.0+0.2 1.1+ 0.2 —45.0
P18:1-22:4 77 3.5-04 2.1+0.3 —40.0
P18:0-22:5 777 3.4£04 2.1+ 0.3 —38.3
P18:0-22:4 779 6.7+ 0.5 4.6+ 0.4 —-314
P20:0-20:4 779 2.3:0.5 15+ 04 —34.8
D18:1-22:5 791 2.3:0.2 1.8+ 0.3 —21.8
D18:1-22:4 793 2.14+-0.3 1.44+0.3 —33.4
D18:0-22:4 795 2.6:£0.5 2.2+ 0.5 —15.4
total 137.7 99.9 78.3 53.5 —43.2 —46.5
total AAin pool 65.8 95.6 34.0 51.6 —48.4 —46.1
total AAY in plasmenyl-PE 38.0 53.2 17.9 26.8 —-52.9 —49.7
total AAYin phosphatidyl-PE 27.8 42.4 16.1 24.8 —42.1 —41.6
total plasmenyl-PE 71.9 53.2 37.5 26.8 —47.9 —49.7
total phosphatidyl-PE 65.8 46.7 40.8 26.7 —38.0 —42.9

aWashed human platelets were incubated in the absence or presence of 1 unit/mL thrombin for 90 s. Incubations were terminated by addition
of chloroform/methanol containing internal standards. Membrane phospholipids were extracted using Bligh and Dyer method and either directly
analyzed by negative-ion ESI-MS under mildly basic conditions (ESI-MS) or separated by TLC and converted into their monobenzoate derivatives
prior to quantitation of the major molecular species by reverse-phase HPLC (HPLC) as described in Materials and Methods. The results are
expressed in nmol/2@latelets and representX S.E. of six separate experiments. D (diacyl) and P (plasmenyl) indicate phosphatidylethanolamine
and plasmenylethanolamine molecular species, respectively. Percentage change represents the ratio of the decrease in mass of the phospholipid
molecular species after thrombin stimulation relative to the mass of this species in resting pfagsetral minor species corresponding to the
alkyl ether speciem/z 703, 721, 731, 751, and 753) were also found which persisted even after the samples were treated with acidic vapor. Since
these species were of insufficient mas®9(5% each) to perform tandem mass spectrometric analyses to confirm their identity, they have not been
included in the tablet The mass of all ions was rounded to the nearest intégmachidonic acid-containing phospholipids.

and (3) human platelet ethanolamine glycerophospholipids enoylsn-glycero-3-phosphoethanolamine underwent a 57%
contained several heretofore undescribed molecular specieslecrease in mass accounting for a loss of 10 nmol of
of plasmenylethanolamine and phosphatidylethanolamine arachidonic acid/1Oplatelets (Table 1).
(Figure 1A and Table 1). Thrombin-Induced Alterations in the Mass of Choline
Comparisons of ESI mass spectra of control and thrombin- Glycerophospholipid Indidual Molecular SpeciesExami-
stimulated human platelet phospholipid extracts in the nation of human platelet phospholipids by ESI mass spec-
negative-ion mode (Figure 1 and Table 1) demonstrated thattroscopy in the positive-ion mode demonstrated the pre-
plasmenylethanolamines underwent a 53% decrease in masdominance of phosphatidylcholine molecular species containing
during 90 s of thrombin stimulation resulting in the liberation either palmitic or stearic acids at tten1 position and
of 20.1 nmol of arachidonic acid/i(latelets from the (typically) either oleic or linoleic acids at then2 position
plasmenylethanolamine pool. Thrombin-induced hydrolysis [(m/z 781 (sodiated 16:018:2 phosphatidylcholine), 783
of human platelet phosphatidylethanolamine molecular spe-(sodiated 16:618:1 phosphatidylcholine), and 809 (sodiated
cies resulted in a 42% decrease in mass which accountedl8:0—18:2 or 18:1-18:1 phosphatidylcholines); Table 2 and
for a total of only 11.7 nmol of arachidonic acidlflatelets Figure 2A]. Choline glycerophospholipids contained 41.4
from the phosphatidylethanolamine pool (Table 1). Thus, nmol of arachidonic acid/2Xlatelets (Table 2).
thrombin induced a loss of almost twice as much arachidonic Comparisons of ESI mass spectra of chloroform extracts
acid mass from the plasmenylethanolamine compartment inof control and thrombin-stimulated human platelet phospho-
comparison to the phosphatidylethanolamine compartment.lipids in the positive-ion mode demonstrated that thrombin
The most abundant plasmenylethanolamine molecular spe-induced the hydrolysis of approximately 26% of phosphati-
cies, 10-(2)-Octadec-lkenyl-2-eicosatetra:®',11',14- dylcholine molecular species reflecting a loss of 10.9 nmol
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Ficure 1: Negative-ion electrospray ionization mass spectra of ethanolamine glycerophospholipids in resting and thrombin-stimulated
human platelets. (A) A negative-ion ESI mass spectrum of membrane extract from resting human platelets was obtained in the presence of
NaOH in 1:2 chloroform/methanol. Briefly, human platelet lipids were extracted, diluted with 1:2 chloroform/methanol in the presence of
excess NaOH (i.e., NaOH/lipid molar ratil), and infused directly into the ESI chamber with a syringe pump at a flow rate of 1.5
uL/min for mass analyses as described in Materials and Methods. Individual ethanolamine glycerophospholipid molecular species were
identified utilizing tandem ESI mass spectrometry and are listed in Table 1. The internal standard-i58.8:8hosphatidylethanolamine.

(B) A negative-ion ESI mass spectrum of membrane extract from thrombin-stimulated human platelets was acquired under identical conditions.
The insert is an expanded mass spectrum of the region am(m35 obtained from platelet extracts which did not contain exogenously
added 18:3-18:3 phosphatidylethanolamine which demonstrates that no endogenous molecular ions are present in this region.

Table 2: Alterations in Choline Glycerophospholipid Mass during Thrombin Stimulation of Human PFatelets

mz resting (nmol/18) stimulated (nmol/19) change (%)
PC (IM+NaJ*)e ESI-MS HPLC ESI-MS HPLC ESI-MS HPLC
P16:0-16:0 741 514+ 0.2 41+0.2 —19.7
D16:0-16:1 755 6.5+ 0.1 4.8+ 0.2 —26.2
D16:0-16:0 757 5301 42+0.2 —20.8
P16:0-18:1 767 4.9+ 0.4 28+ 0.1 —42.9
D16:0-18:2 781 15.3t 0.2 299+ 15 10.8£ 0.3 25.0+£4.1 —29.5 —16.4
D16:0-18:1 783 26.3: 0.7 73.1+£ 2.2 18.0+ 0.3 63.6+ 5.3 —-31.6 —-13.0
D16:0-18:0 785 4.4 0.1 3.3£0.1 —29.8
P16:0-20:4 789 4.1+ 0.2 23+£0.1 —44.0
P18:0-18:1 795 5101 28+0.1 —45.1
D16:1-20:4 803 2.2+0.1 1.9+ 0.1 —13.7
D16:0-20:4 805 10.H 0.2 20.2+£ 1.3 7.5+ 0.3 15.5+ 3.9 —25.8 —23.3
D18:0-18:2 809 18.3: 0.1 13.0+ 0.2 —29.0
D18:1-18:1 809 6.1+ 0.1 4.4+ 0.2 —27.9
D18:0-18:1 811 12.5+ 0.1 9.5+ 0.2 —24.0
P18:0-20:4 817 2.6+0.1 20+0.1 —-23.1
D18:1—-20:4 831 9.5+ 04 7.0+ 0.2 —26.4
D18:0-20:4 833 129t 04 30.5+ 0.8 9.8+ 0.5 22.0+ 3.8 —24.1 —-27.9
total 151.5 153.7 108.2 126.1 —28.6 —18.0
total AAYin pool 41.4 50.7 30.5 375 —26.4 —26.1
total AAYin plasmenyl-PC 6.7 4.3 —35.9
total AAYin phosphatidyl-PC 34.7 50.7 26.2 37.5 —24.5 —26.1

aWashed human platelets were incubated in the absence or presence of 1 unit/mL of thrombin for 90 s. Incubations were terminated by addition
of chloroform/methanol containing internal standards. Membrane phospholipids were extracted using Bligh and Dyer method and either directly
analyzed by positive-ion ESI-MS (ESI-MS) or separated by TLC and converted into their monobenzoate derivatives prior to quantitation of the
major molecular species by reverse phase HPLC (HPLC) as described in Materials and Methods. The results are expressed piaehets10
and represent Xt SE of six separate experiments. D (diacyl) and P (plasmenyl) indicate phosphatidylcholine and plasmenylcholine molecular
species, respectively. Percentage change represents the ratio of the decrease in mass of the phospholipid molecular species after thrombin stimulation
relative to the mass of this species in resting platefeBgveral minor species corresponding to the alkyl ether spatied43, 791, 797, and 819)
were also found which persisted even after the samples were treated with acidic vapor. Since these species were of insufficid§t rpask)(
to perform tandem mass spectrometric analyses to confirm their identity, they have not been included in th@hahteass of all ions was
rounded to the nearest integ@Arachidonic acid-containing phospholipids.

of arachidonic acid/I0platelets from this compartment molecular species containing arachidonic acid but, in contrast
(Figure 2 and Table 2). Positive-ion ESI mass spectrometry to other previous studies (Smith et al., 1985; Takamura et
demonstrated the selective hydrolysis of phosphatidylcholine al., 1987), also demonstrated that substantial hydrolysis of
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FiGure 2: Positive-ion electrospray ionization mass spectra of choline glycerophospholipids in resting and thrombin-stimulated human
platelets. (A) Membrane lipids in human platelets were extracted, diluted with 1:2 chloroform/methanol, and infused directly into the ESI
chamber with a syringe pump at a flow rate of LI5min for positive ion ESI mass spectroscopy as described in Materials and Methods.
Individual choline glycerophospholipid molecular species were identified utilizing ESI tandem mass spectrometry and are listed in Table
2. The internal standard is 14:4:0 phosphatidylcholine. (B) A corresponding positive-ion ESI mass spectrum of membrane extract from
thrombin-stimulated human platelets was acquired under the identical conditions.

phosphatidylcholine molecular species containing either oleic oleic acid at thesn2 position (20% of total phosphatidyli-
or linoleic acids at then-2 position was manifest (Figure 2  naositol pool).
and Table 2). Prior studies have demonstrated the ac- Both phosphatidylserine and phosphatidylinositol molec-
cumulation of diglyceride molecular species containing oleic ular species containing arachidonic acid atshe position
or linoleic acids at thesn-2 position which are believed to  underwent dramatic declines after thrombin stimulation
be the result of phospholipases C and/or D acting on (Figure 3). A total of 8.7 nmol of arachidonic acid?10
phosphatidylcholine (Siess et al., 1984; Rubin 1988). platelets was lost from the phosphatidylserine pool, and 8.7
Thrombin-Induced Alterations in the Mass of Human nmol of arachidonic acid/fOplatelets was lost from the
Platelet Serine and Inositol Glycerophospholipidslectro- phosphatidylinositol pool (Table 3). Phosphatidylserine
spray ionization mass spectra of phospholipid extracts of molecular species and phosphatidylinositol molecular species
human platelets in the negative-ion mode displayed multiple containing oleic acid at then-2 position were hydrolyzed
individual molecular species of phosphatidylserine&[789 nearly as rapidly as those containing arachidonic acid at the
(18:0-18:1 phosphatidylserine), 809 (18:20:4 phosphati-  sn2 position (Table 3).
dylserine) and 811 (18:020:4 phosphatidylserine), etc.] in Identification of Indvidual Phospholipid Molecular Spe-
the indicated proportions (Figure 3A and Table 3). The cies Utilizing ESI Tandem Mass Spectrometfio analyze
predominant molecular species of human platelet phosphati-individual molecular species of human platelet phospholipids,
dylserine contained arachidonic acid at §me? position and tandem mass spectrometry was performed to discriminate
stearic acid at then-1 position. Collectively, atotal of 21.5  between isobaric molecular species and individual regioiso-
nmol of arachidonic acid/POplatelets was present in the mers. Selected examples of ESI tandem mass spectra of
phosphatidylserine pool. human platelet phospholipids are shown in Figure 4. Nega-
Electrospray ionization mass spectroscopic analyses oftive-ion ESI tandem mass spectroscopy of the iomvat723
chloroform extracts of human platelets in the negative-ion displayed two carboxylate product ionsratz 279 and 303
mode also demonstrated the presence of multiple individual corresponding to linoleic acid and arachidonic acid, respec-
molecular species of inositol glycerophospholipinéZ836 tively. In addition, a cluster of product ions=(wz 435)
(16:0-18:1 phosphatidylinositol), 858 (16:®20:4 phos- corresponding to the neutral loss#2 fatty acid was also
phatidylinositol), 864 (18:618:1 phosphatidylinositol) and  present. A product ion atVz 196 in conjunction with the
886 (18:0-20:4 phosphatidylinositol), etc.] which were complete disappearance ofVz 723 after acidic vapor
similar to those previously described by Prescott and treatment were used to identify two plasmenylethanolamine
Majerus, (1981), revealing a total of 17.0 nmol of arachidonic molecular species corresponding to 1818:2 plasmenyle-
acid/10 platelets (Figure 3A and Table 3). The predominant thanolamine and 16:020:4 plasmenylethanolamine with a
inositol glycerophospholipid contained arachidonic acid at ratio = 1:2. In ethanolamine glycerophospholipids many
thesn2 position and stearic acid at tee-1 position. Human isobaric peaks were present reflecting the abundant diversity
platelets also contained phosphatidylinositol which possessedf individual molecular species in this pool (Table 1). In
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Ficure 3: Negative-ion electrospray ionization mass spectra of anionic phospholipids in resting and thrombin-stimulated human platelets.
(A) A negative-ion ESI mass spectrum of a membrane extract from resting human platelets displayed prominent peaks corresponding to
phosphatidylserinenfz 789 and 811) and phosphatidylinosita¥z 864 and 886) molecular species which have been identified using ESI
tandem mass spectrometry (refer to Table 3 for molecular species identification of isobaric peaks). (B) A corresponding negative-ion ESI
mass spectrum of membrane extract from thrombin-stimulated human platelets was acquired under the identical conditions. The enlarged
insets corresponding to peaks iz 811 and 886 demonstrate resolution of minor molecular species falg.809 (18:1+20:4
phosphatidylserine) and 884 (18:20:4 phosphatidylinositol)] as well as isotopic peaks. The membrane extracts of human platelets were
prepared, diluted with 1:2 chloroform/methanol, and infused directly into the ESI chamber with a syringe pump at a flow rat&/ofih.5

for mass analyses as described in Materials and Methods. The internal standard-i$41@:phosphatidylserine.

Alterations in the Mass of the Major Choline and Etha-
nolamine Glycerophospholipid Molecular Species after
Thrombin Stimulation of Human Platelets Assessed by

Table 3: Alterations in Phosphatidylserine and Phosphatidylinositol
Mass during Thrombin Stimulation of Human Platetets

resting stimulated change -

PS MW (nmol/10)  (nmol/10) (%) Reverse-Phase HPLCTo compare the results of thrombin-
D18:0-182 788 17103 55101 469 snmulated plg'gelet phosphohmd aIte.ratlons assessed by I_ESI—
D18:0-18:1 790 13.6- 0.3 6.8404 —47.7 MS with traditionally utilized analytic methodology, addi-
D18:1-20:4 810 6.4:0.5 50+ 05 -219 tional experiments were performed. Platelet phospholipids
D18:0-20:4 812 1503  78+05 -—484 from control or thrombin-stimulated platelets were extracted,
'318"0_22‘6 836 412? 01 224'2: 0.1 43 . phospholipid classes were separated by TLC, hydrolyzed by
otal . . —4l. i i wi
total AAS in pool o1E 128 “a0% phosphohpase C, and benzoylated, and individual molecul'ar

species were separated by reverse-phase HPLC as described
resting stimulated  change in Materials and Methods.

Pl MWP  (hmol/10) (nmol/i®) (%) Quantification of ethanolamine glycerophospholipid mo-
D16:0-18:1 837 2.60.2 1.2:01 —40.0 lecular species by integration of the UV absorption profiles
Bigf&_igfi ggg %'ig'i 2'%8'% :ig'g of reverse-phase HPLC resolved derivatized molecular
D18:1—20:4 885 2202 12(01 -556 species demonstrated that ethanolamine glycerophospholipids
D18:0-20:4 887 12.90.3 6.200.1  —52.0 were predominantly comprised of plasmalogen molecular
total 21.3 10.8 —49.3 species (55%) containing arachidonic acid atsh@ position
total AACin pool 17.0 8.3 —51.2 (Figure 5A and Table 1). These conclusions are qualitatively

aWashed human platelets were incubated in the absence or presenc&imilar to conclusions reached utilizing ESI-MS. Analysis
of 1 unit/mL thrombin for 90 s. Incubations were terminated by of choline glycerophospholipid molecular species by reverse-
addition of chloroform/methanol containing internal standards and phase HPLC demonstrated a preponderance of-1686L
membrane phospholipids were extracted by the Bligh and Dyer method 1, o nhatigyicholine (Figure 6A and Table 2) also in agree-
and directly analyzed by negative-ion ESI-MS as described in Materials . . . 0
and Methods. The results are expressed in nmblfatelets and ~ Ment with the ESI-MS studies. Approximately 30% of
represent X+ SE of six separate experiments. Percentage change choline glycerophospholipids contained arachidonic acid at
represents the ratio of the decrease in mass of the phospholipidthe sn-2 position (Table 2, Figure 6A).

molecular species after thrombin stimulation relative to the mass of . . . . .

this species in resting plateletsThe mass of all ions was rounded to  Stimulation of platelets with 1 unit/mL thrombin resulted

the nearest integet Arachidonic acid-containing phospholipids in the rapid hydrolysis of both choline and ethanolamine
glycerophospholipid molecular classes as assessed by reverse-

contrast, in choline and anionic phospholipids only diminu- phase HPLC analyses (Figures 5 and 6 and Tables 1 and 2).

tive amounts of isobaric molecular species were presentAfter thrombin stimulation, human platelets lost nearly a fifth

(Tables 2 and 3). of their choline glycerophospholipid content (Table 2) and
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Ficure 4: Negative-ion ESI tandem mass spectra of selected ethanolamine glycerophospholipids. Precursavzof&3atA), m/z 751

(B), Mz 767 (C), andwz 779 (D) in Figure 1 were mass selected and collisionally dissociated, and the resultant product ions were analyzed
with unit mass resolution as described in Materials and Methods. Collisional dissociation of the precursanoi2g (panel A) after
negative-ion ESI demonstrated two carboxylate iang 279 and 303), corresponding to 18:2 and 20:4 fatty acids (respectively) facilitating

its assignment as 16:20:4 and 18:2-18:2 plasmenylethanolamines in a 2:1 molar ratio. Collisional dissociation of the precursofzion

751 (panel B) demonstrated two carboxylate iom&z (303 and 331) corresponding to 20:4 and 22:4 fatty acids (respectively) facilitating

its assignment as 18:20:4 and 16:6-22:4 plasmenylethanolamines in a 3:1 ratio. Collisional dissociation of precursoviat67 (panel

C) demonstrated four carboxylate iomg/ 255, 283, 303, and 331), corresponding to 16:0, 18:0, 20:4, and 22:4 (respectively) facilitating

its assignment as 18:(20:4 phosphatidylethanolamine and 1622:4 phosphatidylethanolamine in a 2:1 ratio. Collisional dissociation of
precursor ionm/z 779 (panel D) demonstrated two carboxylate ioméz(303 and 331), corresponding to 20:4 and 22:4 (respectively)
facilitating its assignment as 18:@2:4 plasmenylethanolamine and 2062D:4 plasmenylethanolamines in a 3:1 ratio. For quantitative
analyses of phospholipids, a ratio of product ions resulting fromsti2 to sn1 carboxylic constituents of 3:1 for chain lengths up to 20
carbons containing up to four double bonds and of 1:1 for constituents containing in excess of 20 carbons and four double bonds was used
as described in previous studies (Huang et al., 1992; Han & Gross, 1995) which was also confirmed herein. Plasmenylethanolamine molecular
species were distinguished from plasmanylethanolamine molecular species by demonstration of the disappearance of specific ion peaks
from ESI mass spectra after platelet extracts were treated with acid vapor as described previously (Ford et al., 1992; Kayganich & Murphy,
1992).
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Ficure 5: Reverse-phase HPLC of monobenzoate derivatives of ethanolamine glycerophospholipids in resting and thrombin-stimulated
human platelets. Human platelet ethanolamine glycerophospholipids from resting (A) and thrombin-stimulated (B) human platelets were
purified, hydrolyzed byB. cereusphospholipase C, and derivatized as described in Materials and Methods. Individual molecular species
were separated by reverse-phase HPLC utilizing an octadecyl silica column employing acetonitrile/2-propanol (85/15, v/v) as the mobile
phase. Major peaks include the monobenzoate derivatives of-18:3 phosphatidylethanolamine (1) (internal standard), -180t4
phosphatidylethanolamine (2), 16:Q0:4 phosphatidylethanolamine (3), 1820:4 plasmenylethanolamine (4), 16:20:4 plasmenyle-
thanolamine (5), 18:020:4 phosphatidylethanolamine (6), and 1820:4 plasmenylethanolamine (7).

nearly half of their ethanolamine glycerophospholipid mass reverse-phase HPLC cannot be utilized to accurately quan-
(Table 1). Specifically, plasmenylethanolamine molecular titate minor constituents (i.e.;13% of total) and that peaks

species lost 26.4 nmol of arachidonat&/fdatelets while which were thought to represent single molecular species
phosphatidylethanolamine molecular species lost 17.6 nmol(by their symmetry) actually contain multiple different

of arachidonate/T0platelets as assessed by reverse-phasemolecular species. Phosphatidylcholine lost a total of only
HPLC analyses (Table 1). These results are also qualitatively13.2 nmol of arachidonateAiplatelets as assessed by reverse-
similar to results utilizing ESI-MS. The quantitative differ- phase HPLC (Table 2). Large errors in molecular species
ences in these techniques are largely due to the fact thatanalysis of choline glycerophospholipids by reverse-phase
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FiGUrReE 6: Reverse-phase HPLC of monobenzoate derivatives of choline glycerophospholipids in resting and thrombin-stimulated human
platelets. Human platelet choline glycerophospholipids from resting (A) and thrombin-stimulated (B) human platelets were purified, hydrolyzed
by B. cereusphospholipase C, and derivatized as described in Materials and Methods. Individual molecular species were separated by
reverse-phase HPLC utilizing an octadecyl silica column employing acetonitrile/2-propanol (85/15, v/v) as the mobile phase. Major peaks
identified include the monobenzoate derivatives of 38:8:3 phosphatidylcholine (1) (internal standard), 620:4 phosphatidylcholine
(2), 16:0-18:2 phosphatidylcholine (3), 18:@20:4 phosphatidylcholine (4), and 16:08:1 phosphatidylcholine (5).

Table 4: Alterations in Arachidonic Acid Containing Phospholipid Mass in Different Phospholipid Pools during Thrombin Stimulation of
Human Platelets Quantified by Electrospray lonization Mass Spectrometry

resting stimulated difference change AA-released
phospholipid pools (nmol/1C) (nmol/10) (nmol/1C®) (%) (%)
PC 414 30.5 10.9 —26.4 18.1
plasmenyl-PC 6.7 4.3 2.4 —35.8 3.9
phosphatidyl-PC 34.7 26.2 8.5 —24.5 141
PE 65.8 34.0 31.8 —48.4 52.9
plasmenyl-PE 38 17.9 20.1 -52.9 33.4
phosphatidyl-PE 27.8 16.1 11.7 —42.1 195
Pl 17.0 8.3 8.7 —51.2 14.5
PS 215 12.8 8.7 —40.5 145
Total 145.7 85.6 60.1 —41.2 100

aThe cumulative amounts of arachidonic acid-containing phospholipids in each of the major phospholipid pools (by class and by subclass) from
Tables 1-3 as quantitated by ESI-MS are expressed in nmdlplételets. “Difference” represents the decrease in the mass of arachidonic acid-
containing phospholipids after thrombin stimulation (nmol/glatelets). “Change” represents the percentage decrement of the mass of arachidonic
acid-containing phospholipids after thrombin stimulation. “AA-released” represents the percentage contribution of each arachidonic acid-containing
phospholipid pool to the total arachidonic acid mass released after thrombin stimulation of human platelets.

HPLC were due to the coelution of multiple molecular nonesterified arachidonic acid accumulating in platelets after
species (e.g., 18:018:2 and 18:3+18:1) with 16:6-18:1 thrombin stimulation (Smith et al., 1985; Takamura et al.,
which were subsequently independently documented by GC1987) when contributions from other pools (e.g., phosphatidic
analysis of column eluents. acid, diglyceride, arachidonyl-CoA) are consideredié
infra).
The role of plasmalogens in the mobilization of arachi-

From the data accrued in this study, it is clear that the donic acid was first illustrated by Rittenhouse-Simmons et
majority of arachidonic acid mass stored in human platelets al. (1977) through the demonstration of a dramatic redistri-
is present in the ethanolamine glycerophospholipid pool, that bution of radiolabeled arachidonic acid from endogenous
plasmenylethanolamines represent the major pool from which phospholipid pools into plasmenylethanolamine molecular
arachidonic acid mass is mobilized during thrombin stimula- species after thrombin stimulation of platelets. Since the
tion, and that other phospholipid pools, while hydrolyzed, plasmenylethanolamine pool was radiolabeled witH]{
contribute relatively smaller amounts of arachidonic acid arachidonic acid to a relatively low specific activity compared
mass after thrombin stimulation (Table 4). The rank order to other arachidonic acid containing pools, and since the
of contributors to arachidonic acid mass released from eachincorporation of concomitantly administerefC]glycerol
phospholipid pool after 90s of thrombin stimulation is was not changed after thrombin stimulation, these results
plasmenylethanolamine phosphatidylethanolamirre phos- were interpreted as being indicative of the activation of a
phatidylcholine> phosphatidylinositok phosphatidylserine  phospholipase Awhich led to the turnover of arachidonic
(Table 4). Preliminary experiments have demonstrated aacid in the plasmenylethanolamine pool. Chilton and Con-
similar rank order of hydrolysis 30 s after thrombin stimula- nell (1988) demonstrated that the majority of ionophore-
tion. The combined total loss of arachidonylated choline mediated arachidonic acid release in the neutrophil originated
and ethanolamine glycerophospholipids is over 2-fold more from the plasmenylethanolamine compartment. Subse-
than the mass of the entire phosphatidylinositol pool in quently, Fonteh and Chilton (1992) utilized equilibrium
human platelets (Table 4), and the loss of arachidonic acid labeling conditions to identify that the arachidonic acid mass
mass from ethanolamine and choline glycerophospholipids released from mast cells after ionophore stimulation was due
is similar to other recent measurements of the mass ofto hydrolysis of the plasmenylethanolamine pool. Similarly,

DISCUSSION
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Wykle and co-workers showed substantial contributions of are in reasonable qualitative agreement with the results of
the plasmenylethanolamine pool to tielJarachidonic acid ESI-MS. However, the inability of reverse-phase HPLC
mobilized during ionophore stimulation of neutrophils (Tess- analysis to quantitate the multiple low mass abundance
ner et al., 1990). The current study identifies the alterations molecular species present in ethanolamine glycerophospho-
in the mass of individual molecular species of plasmenyl- lipids (see Table 1) in conjunction with the fact that virtually
ethanolamines resulting from platelet activation elicited by every peak obtained during reverse-phase HPLC analyses
a natural ligand to demonstrate that plasmenylethanolaminecontained more than a single molecular species (although
represents the largest source of arachidonic acid masghe peaks appeared symmetric) both contribute to substantial
liberated in thrombin-stimulated human platelets. errors in quantitative analyses and limit the utility of this
Previous studies have reached widely disparate conclusionsapproach. Accordingly, results of reverse-phase chromato-
(over 5-fold differences) in both the amount of arachidonic graphic analysis, while qualitatively accurate, need to be
acid mass released after thrombin stimulation (from-20 interpreted with appropriate caution.
nmol of arachidonic acid/20platelets) (Bills et al., 1977; The data from these experiments identify the minimal
Broekman et al., 1981; Neufeld & Majerus, 1983; Smith et amount of phospholipase activity that must be expressed
al., 1985) and its source of origin (Bills et al., 1977; during 90 s of thrombin stimulation and specifically delineate
Broekman et al., 1980; Neufeld & Majerus, 1983; Broekman, the pools which serve as either the direct (e.g., direct
1986; Takamura et al., 1987). In part, the lower values result hydrolysis of thesn-2 linkage of phospholipid substrate) or
from the failure to account for arachidonic acid mass lost indirect (e.g., sequential hydrolysis of phospholipid and
due to oxidation (e.g., the action of 12-lipoxygenase which subsequent transacylation) targets of the participating phos-
is abundant in platelets), while the higher values reflect pholipases. Since ethanolamine glycerophospholipids ac-
experiments done in the presence of lipoxygenase inhibitorscount for the majority of mass lost from arachidonylated
(Smith et al., 1985). To circumvent potential complications phospholipids, it is instructive to consider the potential
from nonspecific effects of cyclooxygenase and lipoxygenase mechanisms mediating alterations in ethanolamine glycero-
inhibitors, as well as difficulties resulting from other losses phospholipids during thrombin stimulation. Platelets either
through arachidonic acid metabolism (e.g., arachidonoyl-CoA must contain a phospholipase which hydrolyzes ethanolamine
formation catalyzed by arachidonoyl-CoA synthetase), we glycerophospholipids directly or, in the alternative, must
employed the strategy of measuring the difference of hydrolyze another phospholipid pool (e.g., phosphatidylcho-
phospholipids containing arachidonic acid in individual line) which is coupled to the ethanolamine pool by formation
phospholipid classes, subclasses, and molecular species aftef a lysophospholipid-acceptor which can serve as cosub-
thrombin stimulation of human platelets. The differences strate for transacylation. Whatever the case, since transa-
shown in Table 4 represent the lower boundary for the masscylation is stoichiometric, the boundary conditions for the
of arachidonic acid mobilized since other molecular species lower limit for the mass of phospholipid hydrolyzed 90 s
containing arachidonic acid (e.g., diglycerides, phosphatidic after thrombin stimulation is 60 nmol (i.es; 40 nmol/min).
acid, arachidonoyl-CoA, etc.) are known to accumulate Platelets contain 60 ng/i(latelets of cPLA (Kramer et
during platelet stimulation (tota 10—20 nmol/10 plate- al., 1993), and the maximal specific activity of cPLA
lets), and deacylatiofreacylation cycling is rapid. documented thus far under optimal conditions (i.e., with high
Prior studies have emphasized the importance of eitherconcentrations of glycerol, diglyceride, substrate excess,
the phosphatidylinositol pool or the phosphatidylcholine pool appropriate phosphorylated isoform, etc.) is 20 units/mg of
as major contributors to arachidonic acid mass releasedprotein (Kramer et al., 1993). Several investigators have
during thrombin stimulation (Bell & Majerus, 1980; McKean utilized inhibitors to suggest the importance of cRLA
et al., 1981; Prescott & Majerus, 1981; Neufeld & Majerus, catalyzing the majority of arachidonic acid mass released in
1983; Mahadevappa & Holub, 1984; Vickers et al., 1984). thrombin stimulated human platelets (e.g., Bartoli et al.,
The present study shows that although the measurements 01994). However, recent results show that at least some of
the mass of arachidonic acid released from those pools waghese inhibitors (e.g., trifluoromethyl ketones) also are potent
reasonably accurate, those contributions are dwarfed by theinhibitors of calcium-independent phospholipaseaother
contribution of the ethanolamine glycerophospholipid pool major class of intracellular phospholipases (Ackermann et
(53%), which predominantly reflects hydrolysis of plasme- al., 1995). From the measured values of the specific activity
nylethanolamine molecular species. In retrospect, it seemsof cPLA; and its mass in platelets, it can be calculated that
likely that the prior failure to recognize the contributions of cPLA; is responsible for hydrolyzing a maximum of-2
plasmenylethanolamine molecular species to arachidonic acidnmol of phospholipid €3% of phospholipid hydrolyzed)
mass is due to the lability of plasmenylethanolamine mo- within 60 s. Two possibilities exist to explain this paradox.
lecular species (resulting in part from the silicic acid Either the specific activity of cPLA has been vastly
catalyzed hydrolysis of the vinyl ether linkage) utilizing underestimated and is two orders of magnitude higheivo
conventional chromatographic procedures without appropri- than that currently measurahtevitro or, in the alternative,
ate precautions. another phospholipase is a major contributor of arachidonic
Direct comparisons of our results with ESI-MS to prior acid mass released during thrombin stimulation. We point
methodologies which employed reverse-phase HPLC for out that the estimate of arachidonic acid mobilization at 40
assessment of the mass of individual molecular species werenmol/min represents a lower boundary condition since it does
made. Several modifications of published procedures werenot account for deacylatiefreacylation cycling or other
necessary to facilitate preservation of the vinyl ether linkage futile cycles which are known to rapidly occur. Although
during these multistep analyses. With these precautions,the results of these experiments cannot discriminate between
results with reverse-phase chromatographic analysis of peakthe initial direct hydrolysis of plasmenylethanolamine or,
areas under chromophores of individual molecular speciesalternatively, initial hydrolysis of phosphatidylcholine fol-
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lowed by transacylation, thia vitro substrate selectivities

of the transacylase previously identified may provide salient
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clues. Lysoplasmenylethanolamine is the preferred acyl

acceptor of the transacylase (Wykle et al., 1972; Suga et al.

1990) rendering the possibility that initial hydrolysis of
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(i.e., ethanolamine glycerophospholipids). In conclusion, the

Lewis, N., & Majerus, P. W. (1969). Clin. Invest. 48 2114—
2123.

present results underscore the importance of plasmenylethaMahadevappa, V. G., & Holub, B. J. (1983) Biol. Chem. 259
nolamines as the major contributor to arachidonic acid mass 9369-9373.

released during thrombin stimulation, thereby identifying an
important target for the phospholipase catalyzing thrombin-
mediated arachidonic acid release in platelets.
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