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ABSTRACT: The molecular species in mixtures of phospho-
lipid hydroperoxides are difficult to separate and identify by typ-
ical chromatographic and mass spectrometric techniques. As
reported by Havrilla and coworkers, silver ion coordination ion-
spray mass spectrometry (CIS-MS) has proven to be a powerful
technique for the identification of mixtures of hydroperoxides.
This ionization technique, which involves the formation of Ag*
adducts of the hydroperoxides, provides valuable, unambigu-
ous structural information about the hydroperoxides. Herein,
we report a method for the analysis and identification of phos-
pholipid hydroperoxides using CIS-MS. We also report an im-
proved method for the separation of phospholipid hydroperox-
ides by reversed-phase high-performance liquid chromatogra-
phy (RP—HPLC), which, for the first time, separates some of the
hydroperoxide isomers. CIS-MS can be coupled with this
RP-HPLC method by the addition of AgBF, to the mobile phase
or to the HPLC effluent postcolumn, thus allowing powerful
HPLC-MS techniques to be used to identify complex mixtures
of phospholipid hydroperoxides.
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Lipid peroxidation has been widely studied because of its im-
plicit role in the pathogenesis of a number of human diseases
including cancer (1), neurodegenerative diseases (2,3), and
atherosclerosis (4). Considerable evidence supports the hy-
pothesis that oxidative modification of the lipids in low den-
sity lipoproteins (LDL) may play an important role in the
onset of atherosclerosis (5). Phospholipids, as the major lipid
components of the surface layer of LDL, are a primary target
for oxidation (6). Linoleic acid and arachidonic acid are the
most abundant unsaturated fatty acids esterified to phospho-
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lipids in LDL. Lipids containing these fatty acids are espe-
cially susceptible to free radical chain oxidation (7-9).

Some two decades ago, we reported that neat films of 1-
palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine (PLPC)
and 1-stearoyl-2-arachidonyl-sn-glycero-3-phosphatidylcho-
line (SAPC) react readily with oxygen at room temperature to
give a mixture of phospholipid hydroperoxides (10). These ox-
idized products could be separated from the unoxidized phos-
pholipid using reversed-phase high-pressure liquid chro-
matography (RP-HPLC). However, separation of the molecu-
lar species of the oxidized phospholipid could not be achieved
with the chromatographic options available at that time. Since
then, improvements have been made in the HPLC separation
of intact phospholipid molecular species. The addition of ion-
pairing agents, such as ammonium acetate (11) and choline
chloride (12), to HPLC mobile phases leads to improved sepa-
ration and peak shape.

These improvements in chromatography along with ad-
vances in mass spectrometry (MS) have helped make the
analysis of intact phospholipid hydroperoxides possible. In
1994, Zhang et al. (13) reported the first method to analyze
intact hydroxyeicosatetraenoyl-sn-glycero-3-phosphatidyl-
choline (HETE PC) species by fast atom bombardment—
tandem mass spectrometry (FAB-MS/MS). Subsequently, an
HPLC-MS technique (thermospray MS) used to analyze
phospholipid hydroperoxides has been reported (14), and
electrospray MS (ESI-MS) has been applied to phospholipid
hydroperoxide analysis (15-17).

Analyzing phospholipid hydroperoxides by positive ion
ESI-MS allows detection of the parent ion, but MS/MS ex-
periments do not give structural information about the posi-
tion of oxidation on the side chain. Only the mass-to-charge
ratio (m/z) of the phosphocholine head group can be detected
because it is the only part of the molecule that is charged. The
negative ion ESI-MS/MS experiments reported by Hall and
Murphy (16) do give structural information about the posi-
tion of oxidation on the side chains when a high orifice po-
tential is applied during the ionization process. The high po-
tential causes in-source fragmentation of the phospholipid
species so that the parent ion, as well as two daughter ions
that correspond to the m/z for the carboxylate anions of the
fatty acid side chains, is observed. Collision-induced dissoci-
ation (CID) experiments where the ion with the m/z for the
oxidized fatty acid of interest is activated give fragment
ion peaks that are indicative of the position of oxidation on
the side chain. These studies only report separation of the
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phospholipid species by class according to their head group
and not by the position of oxidation on the side chains.

As an alternative to protonation, organic molecules con-
taining hard or soft Lewis basic sites can be ionized by cations
such as Li*, Na*, or Ag* (18-20). This ionization technique
involves the formation of charged analyte complexes formed
by the addition of a suitable coordination ion to the analyte.
Combined with ESI-MS, coordination ion-spray mass spec-
trometry (CIS-MS) (21) has proved useful for analyzing com-
plex mixtures of cholesteryl ester peroxides (22). Herein we
report a method for the analysis and identification of phospho-
lipid hydroperoxides using CIS-MS that eliminates some of
the problems associated with ESI-MS. We also report an im-
proved HPLC method that separates some of the isomers of
linoleate hydroperoxides derived from PLPC and all of the
arachidonate hydroperoxide isomers derived from SAPC.

MATERIALS AND METHODS

Phospholipids were purchased from Avanti Polar Lipids (Al-
abaster, AL) or from Sigma Chemical Company (St. Louis,
MO) and used without further purification. PLPC was pur-
chased as a powder and SAPC was purchased as a chloroform
solution. Solvents, such as methanol, water, and 2-propanol,
were HPLC quality and purchased from either Fisher Chemi-
cal (Phillipsburg, NJ) or EM Science (Gibbstown, NJ). Hex-
anes were purchased from Burdick & Jackson (Muskegon,
MI). All other reagents were purchased from Aldrich Chemi-
cal Company (Milwaukee, WI) and used without further pu-
rification.

Reactions involving hydroperoxides were monitored by
thin-layer chromatography (TLC) using a stain of 1.5 g of N,N-
dimethyl-p-phenylenediamine dihydrochloride/25 mL of
H,0/125 mL of MeOH/1 mL acetic acid. Hydroperoxides yield
an immediate pink color. TLC was carried out using 0.2-mm
layer thickness, silica-coated aluminum columns (EM Science)
that were visualized at 254 nm, phosphomolybdic acid char, or
the peroxide stain. In general, hydroperoxides were stored as
dilute solutions with 1 mol% butylated hydroxytoluene (BHT)
in benzene at —78°C and never exposed to temperatures >40°C.

Instruments. Analytical HPLC was conducted on a Waters
model 600 HPLC instrument, with a Waters model 486 tun-
able absorbance detector operating at 234 nm and with output
to a Hewlett-Packard 3396 Series III integrator. Semiprepara-
tive HPLC was conducted on a Waters model 600E HPLC in-
strument with a Waters model 481 variable wavelength de-
tector operating at 234 nm and with output to a Fisher
Record-All Series 5000 strip chart recorder. Chiral HPLC was
conducted on a Waters model 590 instrument with a Hewlett-
Packard 1040A photodiode array detector. Semipreparative
chiral HPLC was conducted on a Waters model 600 instru-
ment with an LDC/Milton Roy Spectromonitor 3000 variable
wavelength detector operating at 234 nm and with output to a
Hitachi D-2500 Chromato-Integrator.

"H Nuclear Magnetic Resonance (NMR) spectra were
recorded on a Bruker DRX-400 (400 MHz) spectrometer in
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CDCl,. Immediately prior to sample preparation, CDCl; was
passed through a plug of basic alumina to remove any HCI.

Mass spectrometry. CIS-MS was performed using a Finni-
gan Thermoquest TSQ-7000 (San Jose, CA) triple quadrupole
mass spectrometer equipped with a standard API-1 electrospray
ionization source outfitted with a 100-um deactivated fused-Si
capillary. Data acquisition and spectral analysis were conducted
using ICIS software, version 8.3.2, running on a Digital Equip-
ment Alpha Station 200 4/166. Nitrogen gas served both as the
sheath and auxiliary gas; argon served as the collision gas. The
electrospray needle was maintained at 4.6 kV, and the heated
capillary temperature was 250°C. The tube lens and capillary
voltages were optimized to maximize ion current for electro-
spray; the optimal values were determined to be 90 and 10V, re-
spectively, for phospholipid analysis. For MS/MS experiments,
the collision gas pressure was typically 2.6-2.9 mTorr. To obtain
fragmentation information on the Ag*-phospholipid adducts, the
dependence of collision energy on relative abundance was stud-
ied. Positive ions were detected scanning from 100 to 1000 amu
with a total scan duration of 1 s. Profile data were recorded for 1
min (~60 scans) and averaged from analysis.

Samples were introduced either by direct liquid infusion
(DLI) or HPLC. For DLI experiments, samples were intro-
duced with a Harvard Apparatus (Cambridge, MA) syringe
pump at a flow rate of 10 uL/min. For HPLC sample introduc-
tion, a Waters model 2690 Separation Model instrument was
used. The HPLC was equipped with a Discovery octadecylsi-
lane (ODS) column (4.6 X 250 mm, 5 um; Supelco, Bellefonte,
PA) and operated with a mobile phase of methanol/water (95:5,
vol/vol) at a flow rate of 1 mL/min. A splitting tee after the col-
umn permitted 240 pL/min to be passed through an Applied
Biosystems 785A programmable absorbance ultraviolet (UV)
detector operating at 234 nm before entering the mass spec-
trometer. The remainder of the effluent was collected as waste.

Liquid chromatography (LC)—CIS-MS of phospholipid hy-
droperoxides. For these experiments, the hydroperoxides
were isolated from the unoxidized phospholipid using analyt-
ical HPLC (methanol/water, 95:5, vol/vol, 1 mL/min). The
oxidized fraction for PLPC (13.5-15.5 min) or SAPC (20-28
min) was collected, concentrated, and analyzed by
LC-CIS-MS. A stock solution of the oxidized lipid was pre-
pared (1-1.25 mg/mL) and 25-50 pL of the solution was in-
jected per analysis. Offset voltages for selected reaction-
monitoring (SRM) experiments, 28-33 eV, were determined
by optimization in DLI experiments.

Studies on PLPC, autoxidation. To a solution of PLPC (25
mg, 0.033 mmol) in 2.5 mL of CH,Cl, was added 10 mol%
2,2,5,7,8-pentamethyl-6-chromanol (PMC; 73 uL of a 10
mg/mL stock solution). The solution was evaporated to dry-
ness under vacuum so that the mixture formed a thin layer on
the inside of a 10-mL round-bottomed flask. The flask was
then heated to 37°C and exposed to an atmosphere of dry air.
After 24 h, the mixture was dissolved in benzene and BHT
(~1-2 mg) was added to stop the reaction. TLC of the product
mixture indicated the formation of hydroperoxides. The hy-
droperoxide products were then analyzed by HPLC.
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HPLC analysis of the PLPC hydroperoxides (PLPC-OOH).
In order to analyze the peroxidation products of PLPC, it was
first necessary to optimize HPLC conditions for their separa-
tion. During the optimization process, two different C-18 ana-
lytical columns were tried; one was a Supelcosil column (4.6 X
250 mm, 5 um; Supelco) while the other was a Discovery col-
umn (4.6 X 250 mm, 5 pm; Supelco). Mobile phases used in
the optimization were mixtures of varying concentrations of
methanol, hexanes, and water containing varying concentra-
tions (0—25 mM) of ammonium acetate or choline chloride.
The optimal conditions, which gave the best separation and
peak shape, were obtained using the Discovery C-18 analytical
column with a mobile phase of simply methanol/water (95:5,
vol/vol) at a flow rate of 1 mL/min. Analysis of the PLPC-
OOH using these HPLC conditions showed the formation of
two major fractions at #, = 14.04 and 14.97 min. Each fraction
was collected, concentrated, and rechromatographed to ensure
its purity. The fractions were then converted to the correspond-
ing methyl hydroxyoctadecadienoates (HODE), which were
previously characterized (23), for identification.

Conversion of PLPC-OOH to methyl HODE. Methyl hy-
droperoxyoctadecadienoates (HPODE) were prepared as de-
scribed previously (23). This mixture of hydroperoxides and
the isolated fractions of PLPC-OOH were treated with an ex-
cess of triphenylphosphine (PPh;) to generate the correspond-
ing alcohols (PLPC-OH). To convert the alcohols to the
methyl esters, each isolated fraction was dissolved in benzene
(0.5 mL) and treated with an excess of NaOMe (1 mL of a 0.5
M solution in methanol) for 2 h. The reactions were worked
up by the addition of deionized water (5 mL) and acetic acid
(100 puL). The aqueous layer was extracted with hexanes (2 X
5 mL). The combined organic layers were dried, concentrated,
and analyzed by HPLC. To analyze the methyl HODE, the
HPLC was equipped with two tandem Ultrasphere silica
columns (4.6 X 250 mm, 5 um; Beckman, Fullerton, CA). The
compounds were eluted with 0.6% 2-propanol in hexanes con-
taining 0.1% acetic acid at a flow rate of 3 mL/min. The elu-
tion order of the methyl HODE from the standard mixture cor-
responds to that previously reported (24). Injection of the
transesterified fractions showed that phospholipid hydroper-
oxides 1, 2, and 3 elute from the HPLC in the first fraction, #,
= 14.04 min. Injection of the transesterified fractions showed
that the second fraction, 7, = 14.97 min, contains phospholipid
hydroperoxide 4. "H NMR of each phospholipid fraction and
LC—CIS-MS experiments support this assignment.

"H NMR of the PLPC-OOH. "H NMR spectra were taken on
each of the isolated PLPC-OOH fractions. The vinyl region of
the spectrum taken on the first fraction consists of signals at &
5.45 (m, 1H), 5.62 (m, 1H), 5.99 (m, 1H), and 6.51 (m, 1H).
These signals are consistent with those signals previously re-
ported for the cis, trans isomers of oxidized cholesteryl linoleate
(25). The spectrum of this fraction also contains small signals
that correspond to the signals due to the trans,trans isomer.
These signals at 8 5.55 (m, 1H), 5.72 (m, 1H), 6.03 (m, 1H), and
6.21 (m, 1H) are the major vinyl signals observed in the second
fraction and are consistent with those signals reported for the

1267

trans,trans isomers of oxidized cholesteryl linoleate. The data
support the assignment of compounds 1, 2, and 3 in the first
fraction, and the assignment of compound 4 to the second.
Studies on SAPC, autoxidation. To a solution of SAPC (25
mg, 0.029 mmol) in 2.5 mL of CH,Cl, was added 10 mol%
PMC (64 puL of a 10 mg/mL stock solution). The solution was
evaporated to dryness under vacuum so that the mixture formed
a thin layer on the inside of a 10-mL round-bottomed flask. The
flask was then heated to 37°C and exposed to an atmosphere of
dry air. After 24 h, the mixture was dissolved in benzene and
BHT (~1-2 mg) was added to stop the reaction. Analytical
HPLC (Discovery line ODS column, methanol/water, 95:5,
vol/vol, 1 mL/min, A = 234 nm) indicated the formation of six
major fractions. These fractions were then identified by
LC-CIS-MS: I, 11, #, = 20.93 min; II, 9, 7, = 22.03 min; III,
10,1, =22.78 min; IV, 7, 1, = 24.21 min; V, (R,R)-8, 1, = 24.89
min; Vb, (S,R)-8, t, = 25.28 min; and VI, 6, 7, = 27.33 min.
Studies on fractions V, and V. Fractions V,_ and V| were
isolated from each other using analytical HPLC (Discovery
ODS column, methanol/water, 93:7, vol/vol., 1 mL/min, A =
234 nm). The fractions were concentrated and rechro-
matographed to ensure their purity. The compounds were then
converted to the corresponding methyl HETE in an analogous
procedure to that described above for the PLPC-OOH. The
transesterified products were purified using the same analytical
HPLC system described for the methyl HODE. The collected
products were concentrated for analysis by chiral HPLC
equipped with a Chiralpak AD column (4.6 x 250 mm, 10-mm;
Chiral Technologies, Exton, PA) using a mobile phase of hex-
anes/methanol (100:2, vol/vol) at a flow rate of 1 mL/min (26).
Coinjection of each transesterified fraction with a racemic mix-
ture of methyl 9-HETE confirmed the elution order. The trans-
esterified product from fraction Va, tp = 8.65 min, was found
to correspond to the R enantiomer of methyl 9-HETE; the
transesterified product from fraction Vb, tp = 9.08 min, was
found to correspond to the S enantiomer of methyl 9-HETE.
Determination of the elution order of methyl (9R)- and
(9S)-hydroxy-5(7),8(E), 11(Z),14(Z)-eicosatetraenoate in chiral
HPLC analyses, autoxidation of eicosatetraenoic acid (arachi-
donic acid). In a round-bottomed flask, arachidonic acid (500
mg, 1.64 mmol) was dissolved in 1,4-cyclohexadiene (3.2 mL,
34 mmol) and benzene (5 mL) to give a solution 0.20 M in lipid
and 4.2 M in 1,4-cyclohexadiene. Di-fert-butylhyponitrite (~3-5
mg) was added to the reaction, and the flask contents were al-
lowed to stir at 37°C for 24 h. At this time, TLC indicated the
formation of hydroperoxide products. BHT (~2 mg) was added
to stop the reaction. Benzene and 1,4-cyclohexadiene were re-
moved by vacuum, and the mixture was rediluted in hexanes for
separation by semipreparative HPLC [Dynamax-60 A silica §3-
121-C column (Rainin Instrument Co. Inc., Woburn, MA), 21.4
% 250 mm, 8 um, 2% 2-propanol in hexanes with 1% acetic acid,
10 mL/min]. The elution order for the HPETE is known (27). 9-
HPETE was collected, 7, = 32 min, into a round-bottomed flask
containing BHT (~2 mg). The solvent was removed in vacuo,
and the racemic mixture of 9-HPETE was converted to the cor-
responding alcohols by treatment with excess PPh; in Et,0.
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Synthesis of methyl 9-hydroxy-5(7),8(E),11(Z),14(Z)-
eicosatetraenoate (methyl 9-HETE). The crude alcohol, 9-
HETE, was dissolved in Et,O (1 mL) and treated with an ex-
cess of diazomethane generated in a Micro Diazomethane
Generator (Ace Glass, Inc.) with 1-methyl-3-nitro-1-
nitrosoguandine as the precursor. The reaction was stirred at
0°C for 2 h. The reaction mixture was allowed to sit open to
the air in a hood for 30 min to allow evaporation of any ex-
cess diazomethane. The ether was removed in vacuo, and the
methyl ester was purified by analytical HPLC (two tandem
Beckman silica columns, 1.6% 2-propanol in hexanes, 1
mL/min, A = 234 nm).

Separation of racemic methyl 9-HETE by chiral HPLC
(26). The racemic methyl 9-HETE was separated using semi-
preparative chiral HPLC. The HPLC was equipped with a
Chiralpak AD column (10 x 250 mm, 10-mm; Chiral Tech-
nologies) using a mobile phase of hexanes/methanol (100:2,
vol/vol) at a flow rate of 3 mL/min. Each enantiomer was col-
lected, concentrated, and reinjected to ensure its purity: Va, p
= 13.82 min; and Vb, tp = 14.47 min.

Circular dichroism (CD) spectroscopy (28). Each purified
enantiomer was dissolved in 50 uL of dry acetonitrile. One mi-
croliter of 1,8-diazabicyclo[5.4.0Jundec-1-ene and a few grains
of 1-(2-naphthoyl)imidazole were added to the solution. The
reaction was kept at room temperature overnight. The solvent
was evaporated, and the residue was redissolved in CH,Cl, (2
mL). The solution was washed twice with water (1 mL), and
the CH,CI, was removed. The naphthoate derivatives were pu-
rified by analytical HPLC (two tandem Beckman silica
columns, 1% 2-propanol in hexanes, I mL/min, A = 239 nm).
For CD spectroscopy, the purified naphthoate derivatives were
dissolved in 400 pL of dry acetonitrile. CD was measured with
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a Jasco J-720 spectropolarimeter (cell volume 400 uL; cell path
length 1 mm). The configuration of the collected enantiomer
Va was determined to be R, whereas the configuration of the
collected enantiomer V) was determined to be S.

RESULTS AND DISCUSSION

As previously reported (10), the peroxidation products, 1-4,
that form when a neat film of PLPC is incubated in an atmos-
phere of air at 37°C are from linoleoyl side-chain oxidation
(Scheme 1). The mechanism by which the four peroxidic
products of linoleate form is well understood (7-9). Initial hy-
drogen atom extraction at the C-11 position on the linoleoyl
side chain yields a pentadienyl radical. A molecule of oxygen
then adds to this stable radical at either the C-9 or the C-13
positions to give cis,trans peroxyl radicals that, in the pres-
ence of a good hydrogen atom donor, will be trapped as the
cis,trans hydroperoxides 2 and 1, respectively (in the pres-
ence of large amounts of a good hydrogen atom donor, such
as o-tocopherol, the 11-hydroperoxide of linoleate is formed;
29). In the absence of hydrogen atom donors, the trans,trans
hydroperoxides 3 and 4 form. The ratio of cis,trans to
trans,trans products formed in a reaction mixture is a good
measure of the competition between hydrogen atom abstrac-
tion from hydrogen donor molecules and -fragmentation.

In our previous study, 1-4 were separated from unoxidized
PLPC by HPLC, but all four phospholipid hydroperoxides
eluted as one broad, tailing peak. There was no separation of
the various hydroperoxide isomers (10). Our first goal in this
study was to improve chromatography for the separation of
phospholipid hydroperoxides by methods that were compati-
ble with CIS-MS techniques. Therond et al. (24) achieved
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good separation of the molecular species of soybean PC and
their corresponding hydroperoxides, formed from incubation
with soybean lipoxygenase, using an analytical Spherisorb C-
18 column and a mobile phase of methanol/10 mM ammo-
nium acetate (95:5, vol/vol) at I mL/min. Chromatography of
a mixture of 1-4 on a Supelcosil C-18 column with a mobile
phase of methanol/hexanes/water (100:5:5, by vol) contain-
ing 10 mM ammonium acetate gave sufficient separation of
the PLPC-OOH from unoxidized PLPC, but there was little
separation of the different isomers 1-4. Better separation was
achieved with a mobile phase of methanol/hexanes/water
(100:1:5, by vol) containing 10 mM choline chloride. Using
choline chloride as an ion-pairing agent resolved the tailing
peak observed when ammonium acetate was used. The best
separation of the phospholipid hydroperoxides was achieved
using a newly marketed HPLC column, the Discovery C-18
column from Supelco, with a mobile phase of methanol/water
(95:5, vol/vol) containing no ion-pairing agent.

With the optimal chromatographic conditions, two resolved
hydroperoxide peaks with retention times (#) of 14.04 and
14.97 min were observed by UV detection at A = 234 nm. To
determine the elution order of 1-4, compounds eluting in these
two peaks were isolated. The collected phospholipid hydroper-
oxides in each peak were converted to the corresponding HODE
methyl esters by reduction (PPh;) and transesterification
(NaOCHj;, CH;OH). The HODE methyl esters are well charac-
terized, and the chromatography of these compounds by nor-
mal-phase HPLC has been reported (23). This analysis showed
that the first-eluting peak, 7, = 14.04 min, contained both of the
13-substituted hydroperoxides, 1 and 3, and the 9-cis, trans hy-
droperoxide of PLPC, 2. The second peak, ¢, = 14.97 min, con-
tained only the 9-trans,trans hydroperoxide, 4.

It is possible to calculate the cis,trans to trans,trans product
ratio based on the UV absorbance of each eluting peak, assum-
ing that 3 is formed to the same extent as 4, and that 1 is formed
to the same extent as 2. (This assumption is made based on
the calculated extinction coefficients for the trans,cis and
trans,trans hydroperoxides of methyl linoleate; 30.) By using a
mixture of hydroperoxides 1-4 that were generated from a
standard oxidation of PLPC without a hydrogen atom donor
present, the cis, trans to trans,trans ratio was calculated to be
0.43 by HPLC under the optimal conditions described above.
A portion of this oxidation mixture was converted to the corre-
sponding HODE methyl esters, and the cis, trans to trans,trans
ratio was determined by standard normal-phase HPLC-UV
analysis. This number was also found to be 0.43, comparable
with that calculated using the intact phospholipid hydroperox-
ides. Being able to determine the product ratio from the intact
phospholipid hydroperoxides eliminates the need for convert-
ing 1-4 to the methyl esters and may be beneficial in future ox-
idation studies of complex phospholipid mixtures.

Having developed a chromatographic method that re-
solved some of the PLPC-OOH isomers, we explored analyt-
ical methods that would permit identification of oxidized
phospholipid molecular species without conversion or deriva-
tization. CIS-MS has proved to be useful for obtaining struc-
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FIG. 1. Silver ion coordination ion-spray mass spectrum of a mixture of
1-4 obtained in direct liquid infusion experiments: (A) full scan, (B)
blow-up of the [M + Agl* region, and (C) collision-induced dissociation
spectrum of m/z = 896.

tural information for several classes of cholesteryl ester per-
oxides and hydroperoxides (22), and we therefore turned to
CIS-MS for the analysis of intact phospholipid hydroperox-
ides. In the first experiments, 1-4 were isolated from unoxi-
dized PLPC by HPLC. The collected hydroperoxides were in-
troduced into the mass spectrometer via DLI as a mixture in
methanol with 4 equivalents of AgBF,. The resulting
CIS-MS spectrum is shown in Figure 1A. The dominant ions
observed are the [M + Ag]* adducts at m/z = 896 and 898,
formed from l07Ag and l09Ag isotopes that are present in a
ratio of ~1:1.

CID experiments on the complex of 1-4 with '"’Ag* at m/z
= 896 gave fragment ions at m/z = 713, 695, 613, and 573 (Fig.
1C). The proposed structures for each of the fragment ions are
shown in Scheme 2. Each fragment showed loss of the phos-
phocholine head group as a neutral loss of 183. The fragment at
m/z=T13 [M + Ag — 183]* exhibits only loss of the head group,
whereas the fragment at m/z = 695 [M + Ag — 183 — H,0]", in
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addition to head group loss, shows dehydration of the hydroper-
oxide on the side chain. We suggest that the fragments observed
at m/z = 613 and 573 are from Hock fragmentation of the silver
ion hydroperoxide complex. This fragmentation was the pri-
mary mechanism of cholesteryl ester hydroperoxide fragmenta-
tion in CIS-MS studies (22). This commonly observed frag-
mentation (or rearrangement) of lipid hydroperoxides is pro-
moted by protic or Lewis acids in solution at moderate
temperatures (31-34). In the collision cell of the mass spectrom-
eter, this fragmentation is most likely catalyzed by the silver ion,
a Lewis acid (Scheme 3). The Hock fragments provide valuable
information about the position of the hydroperoxide on the
linoleoyl side chain. The fragment ion observed at m/z = 613 re-
sults from collisional activation of the 13-substituted hydroper-
oxides 1 and 3, while the fragment at m/z = 573 results from ac-
tivation of the 9-substituted hydroperoxides 2 and 4.
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Coupling HPLC and LC—CIS-MS was achieved by either
postcolumn mixing of 0.50 mM AgBF, in methanol with the
HPLC effluent or by addition of AgBF, to the HPLC mobile
phase to yield a 0.15 mM solution. Chromatography was
carried out using the new Supelco Discovery C-18 analytical
column with a mobile phase of methanol/water (95:5, vol/vol)
at a flow rate of 1 mL/min. A flow splitter was inserted online
so that 240 uL/min was directed through a UV detector
and into the mass spectrometer while 760 pL/min was
collected as waste. Typical chromatograms from the mass
spectrometer for a mixture of PLPC-OOH are shown in
Figure 2. Panel A shows the total ion current chromatogram
for the silver ion adducts. Panel B shows the chromatogram
of the 13-substituted hydroperoxides 1 and 3 that co-elute.
Panel C shows the chromatogram of the 9-substituted hy-
droperoxides 2 and 4 that separate under these chromato-
graphic conditions.

These chromatograms result from the mass spectrometer
being operated in the SRM mode. In this mode, a specific pre-
cursor-to-product mass conversion produced at a characteris-
tic energy in the collision cell is monitored. SRM separates
the differently substituted hydroperoxides based on the dif-
ference in their Hock fragments. The elution pattern of the
hydroperoxides in these SRM experiments is consistent with
the elution order determined by separation of the hydroper-
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FIG. 2. Chromatograms of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine oxidation
mixture formed when oxidized in the presence of 0.1 equivalents of pentamethylchromanol:
(A) high-pressure liquid chromatography—coordination ion-spray-mass spectrometry
(HPLC-CIS-MS) total ion current is a sum of (B) and (C); (B) HPLC-CIS-MS in selected reac-
tion monitoring (SRM) mode for m/z = 896 — 613; (C) HPLC-CIS-MS in selected reaction

monitoring mode for m/z = 896 — 573.

oxides by HPLC and subsequent conversion to the corre-
sponding HODE methyl esters.

LC-CIS-MS experiments were also used to identify the
11-substituted hydroperoxide of PLPC, 5 (Fig. 3). The 11-
substituted hydroperoxides of methyl linoleate (29) and cho-
lesteryl linoleate (35) were only observed when the oxidation
was performed in the presence of large amounts of o-toco-
pherol. Thus, to identify 5, PLPC was oxidized as a thin film
with 0.75 equivalents of o-tocopherol at 37°C for 24 h. By
operating the mass spectrometer in SRM mode and monitor-
ing for the conversion of 5 to its two possible Hock fragments
at m/z = 599 and 587, the 11-substituted hydroperoxide was
identified as the peak eluting at 13.77 min in Figure 3.

With the chromatographic and mass spectrometric tech-
niques developed for analyzing the phospholipid hydroperox-
ides from PLPC, the hydroperoxides from another phospho-

lipid, SAPC, were studied. The oxidation mixture from SAPC
is more complex than that from PLPC because there are more
sites of unsaturation on the arachidonoyl side chain. The six
hydroperoxides, 6-11, obtained from oxidizing a neat film of
SAPC in the presence of a good hydrogen atom donor, PMC,
are shown in Scheme 4. These products, which we previously
reported (10), are formed in an analogous way to the hy-
droperoxides derived from PLPC.

A typical UV chromatogram obtained for 611 at A = 234
nm is shown in Figure 4A, and the corresponding alcohols
gave the chromatogram shown in Figure 5. The phospholipid
hydroperoxides were then analyzed using LC-CIS-MS with
the mass spectrometer being operated in both full-scan and
SRM modes. It is of importance to note here that the starting
phospholipid used in these studies was purchased from the
Sigma Chemical Company. In our initial experiments, SAPC

100‘- A Total ion current
d 5 1&2
()} Jryp—y—————— B T T
0.0 5.0 10.0 15.0
100 -
18 SRM R cHe yiorpgr
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; g
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L LA A e ae e e e e e e e e
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FIG. 3. Chromatograms of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine oxidation
mixture formed when oxidized in the presence of 0.75 equivalents of a-tocopherol: (A)
HPLC-CIS-MS total ion current is a sum of (B), (C), and the SRM experiments monitoring for
the 9- and 13-hydroperoxides (as in Fig. 2); (B) HPLC-CIS-MS in SRM mode for m/z = 896 —
599; (C) HPLC-CIS-MS in SRM mode for m/z = 896 — 587. For abbreviations see Figure 2.
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purchased from Avanti Polar Lipids was used, and a much
more complex chromatogram was obtained. We speculate that
this complexity was due to oxidation of 1-arachidonyl-2-
stearoyl-sn-glycero-3-phosphatidylcholine, a positional iso-
mer of SAPC present in the Avanti phospholipid. Avanti re-
ports that the positional purity of their phospholipids can be
as low as 80%, but Sigma reports a positional purity of 97%.

In scanning from m/z = 600 through 1000, the dominant
ions in the LC—CIS-MS spectra for the phospholipid hy-
droperoxides 6—11 were m/z = 948 and 950. The elution order
of the phospholipid hydroperoxides from the HPLC was de-
termined using LC—CIS—-MS with the mass spectrometer
being operated in SRM mode (Fig. 4B-G).

Hydroperoxides 6 and 11 were easily identified as peaks
VI and I, respectively, in Figure 4A because their Hock frag-
ments are unique. However, hydroperoxides 7 and 8, identi-
fied by SRM as peaks IV and V, have identical Hock frag-
ments, as do hydroperoxides 9 and 10, identified as peaks II
and III. These hydroperoxides were distinguished from each
other by monitoring unique, less abundant fragments from 8
and 10 in SRM mode. These fragments at m/z = 780 and 820,
shown in Scheme 35, result from cleavage of the C9-C10 bond
o to the hydroperoxide in 8 and the C12-C13 bond o to the

hydroperoxide in 10, respectively. This fragmentation pattern,
analogous to that observed in the analysis of HETE and
HETE PC by negative-ion FAB-MS and ESI-MS
(13,16,36,37), helped identify 8 as peak V and 10 as peak III.

In the UV chromatogram (Fig. 4A), peak V actually
appears to be two closely eluting peaks. This same pattern
for peak V is observed in the SRM experiments monitoring
for 8 [9-hydroperoxyeicosatetraenoyl-sn-glycero-3-phospha-
tidylcholine (9-HPETE PC)]. This suggested that both of
these peaks, Va and Vb, are 9-HPETE PC and not a co-elut-
ing contaminant. Unoxidized phospholipids are chiral mole-
cules with a stereogenic center at C, of the glycerol backbone;
the configuration of this center is R. When the phospholipid
is oxidized to the hydroperoxide, diastereomers are formed
because oxygen addition can occur to either face of the pen-
tadienyl radical, and we suspected that these diastereomers of
9-HPETE PC were being separated as peaks V, and V.

To test the hypothesis that we were observing separation
of diastereomers, compounds eluting in peaks V, and V,
were isolated by HPLC and converted to the corresponding
methyl HETE. Methyl HETE contain only one stereogenic
center at the position of oxygen addition and exist as enan-
tiomers that can be separated using chiral HPLC as reported

o] o) ‘l1o7Ag+
HOO, I HZC;_OJ\(CHZ)’GCHQ O\R/—\/\)OL HZQ_OJ\(CHZ)WCHS
X O-?H 9 —_— X O—CEH ("3
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FIG. 4. Chromatograms of the product mixture obtained from a 24-h oxidation of 1-stearoyl-2-
arachidonyl-sn-glycero-3-phosphatidylcholine containing 0.1 equivalents of pentamethylchro-
manol (mobile phase, methanol/water, 95:5, vol/vol; Discovery C-18 analytical column, Su-
pelco, Bellefonte, PA): (A) ultraviolet detection at A = 234 nm: I = 15-HPETE PC, Il = 11-HPETE

PC, Il = 12-HPETE PC, IV = 8-HPETE PC, V = 9-HPETE PC, VI =

5-HPETE PC; (B-G) HPLC-

CIS-MS in SRM mode. HPETE, hydroperoxyeicosatetraenoic acid; PC, phosphatidylcholine;

for other abbreviations see Figure 2.

by Schneider et al. The methyl esters derived from collected
peaks V, and V| were analyzed using an analytical Chiralpak
AD column with a mobile phase of hexanes/methanol (100:2,
vol/vol). Comparison with a standard mixture of racemic
methyl 9-HETE supported the notion that the methyl ester de-
rived from peak V, was one enantiomer of methyl 9-HETE,
and the methyl ester derived from peak V, was the other
enantiomer (Fig. 6). While it is of importance to report that
the diastereomers of 9-HPETE PC are separable by RP-

HPLC, we have no explanation for this fact of nature ob-
served for the 9-HPETE PC and not the other HPETE PC.

To determine the elution order of the methyl 9-HETE enan-
tiomers so that configurations could be assigned to the diastere-
omers of 8 eluting as peaks V, and V,, it was necessary to
synthesize derivatives of the compounds and determine their
absolute configuration using circular dichroism (CD) spec-
troscopy. CD spectroscopy uses the interaction of two chro-
mophores at the chiral center in order to define absolute config-

Lipids, Vol. 36, no. 11 (2001)
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FIG 5. HPLC chromatogram of 1-stearoyl-2-arachidonyl-sn-glycero-3-phosphatidylcholine al-
cohol (SAPC-OH) formed by reduction of the SAPC-OOH (Scheme 4, Fig. 4) with tri-
phenylphosphine. The elution order of the alcohols is identical to that of the hydroperoxides.

For abbreviation see Figure 2.

uration. Conversion of the isolated 9-HETE methyl esters to
their 2-naphthyl esters gave derivatives that provide informa-
tion about the absolute configurations of the compounds (28).

The derivative of the first-eluting 9-HETE methyl ester
enantiomer showed a negative first Cotton effect (CE) at A =
243 nm (Ae —50.8) and a positive second CE at A = 226 nm
(A€ +41.6) (By definition, if the chirality of the electronic
transition moments of the chromophore of highest wave-
length to the chromophore of the lowest wavelength is coun-
terclockwise when the molecule is represented in the New-
man projection, the CD shows a negative first and a positive
second CE and vice versa). Thus, this enantiomer was
assigned an absolute configuration of R. The derivative of
the later-eluting enantiomer showed a positive first CE at
A =243 nm (Ae +19.6) and a negative second CE at A = 226
nm (Ae —16.1) and was assigned an absolute configuration of
S. Using this information, the first-eluting diasteromer of 8
(Va) has the R,R configuration, and the second-eluting di-
astereomer (V) is §,R.

CIS-MS is a powerful technique for the identification of
phospholipid hydroperoxides. Also, by using the new Supelco
Discovery C-18 columns and a mobile phase of only methanol
and water, separation of phospholipid hydroperoxide isomers
has been achieved for the first time. Currently, we are using
these analytical techniques to identify phospholipid hydroper-
oxides formed in oxidations of low-density lipoproteins.

A B C

® (||| ®) )

(R)

-

I
=1

104
10

FIG 6. Chiral HPLC chromatograms of the 9-HETE methyl ester enan-
tiomers (mobile phase, hexanes/methanol, 100:2, vol/vol; Chiralpak AD
analytical column, Chiral Technologies, Exton, PA; UV detection at A =
234 nm): (A) racemic methyl 9-HETE; (B) methyl 9-HETE derived from
fraction V,; (C) methyl 9-HETE derived from fraction Vy. HETE, hydroxy-
eicosatetraenoic acid; for other abbreviation see Figure 2.

Lipids, Vol. 36, no. 11 (2001)

ACKNOWLEDGEMENTS

Support for this research was provided by NIH (HL17921) and
NIEHS (P30ES00267). GLM acknowledges funding from the toxi-
cology training grant NIEHS-T32ES07028 (Vanderbilt University).
We are grateful for the assistance of M. Lisa Manier and the Van-
derbilt University Mass Spectrometry Research Center and Dr.
Claus Schneider and Professor Alan R. Brash.

REFERENCES

1. Marnett, L.J. (2000) Lipid Peroxidation-Dependent Mutagene-
sis: Chemistry and Biology, Free Radicals Chem. Biol. Med.,
7-15.

2. Beal, MLF. (1995) Aging, Energy, and Oxidative Stress in Neu-
rodegenerative Diseases, Ann. Neurol. 38, 357-366.

3. Markesberry, W.R. (1997) Oxidative Stress Hypothesis in
Alzheimer’s Disease, Free Rad. Biol. Med. 23, 134—147.

4. Steinburg, D., Parhsarathy, S., Carew, T.E., Khoo, J.C., and
Witztum, J.L. (1989) Beyond Cholesterol. Modifications of Low
Density Lipoprotein That Increase Its Atherogenicity, N. Engl.
J. Med. 320, 915-924.

5. Chisholm, G.M., and Steinburg, D. (2000) The Oxidative Modi-
fication Hypothesis of Atherogenesis: An Overview, Free Rad.
Biol. Med. 28, 1815-1826.

6. Esterbauer, H., Dieber-Rotheneder, M., Waeg, G., Striegl, G.,
and Jurgens, G. (1990) Biochemical, Structural, and Functional
Properties of Oxidized Low-Density Lipoproteins, Chem. Res.
Toxicol. 3, 77-91.

7 Porter, N.A., Lehman, L.S., Weber, B.A., and Smith, K.J. (1981)
Unified Mechanism for Polyunsaturated Fatty Acid Autoxida-
tion. Competition of Peroxyl Radical Hydrogen Atom Abstrac-
tion, B-Scission, and Cyclization, J. Am. Chem. Soc. 103,
6447-6445.

8. Porter, N.A. (1986) Mechanisms for the Autoxidation of
Polyunsaturated Lipids, Acc. Chem. Res. 19, 262-268.

9. Porter, N.A., Caldwell, S.E., and Mills, K.A. (1995) Mecha-
nisms of Free Radical Oxidation of Unsaturated Lipids, Lipids
30, 277-290.

10. Porter, N.A., Wolf, R.A., and Weenen, H. (1980) The Free Rad-
ical Oxidation of Polyunsaturated Lecithins, Lipids 15,
163-167.

11. Kim, H.-Y., and Salem, N., Jr. (1986) Phospholipid Molecular
Species Analysis by Thermospray Liquid Chromatography/Mass
Spectrometry, Anal. Chem. 58, 9-14.

12. Patton, G.M., Fasulo, J.M., and Robin, S.J. (1982) Separation of
Phospholipids and Individual Molecular Species of Phospho-
lipids by High-Performance Liquid Chromatography, J. Lipid
Res. 23, 190-196.



13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

METHODS

Zhang, J.Y., Nobes, B.J., Wang, J., and Blair, [.A. (1994) Char-
acterization of Hydroxyeicosatetraenoic Acids and Hydroxy-
eicosatetraenoic Acid Phosphatidylcholines by Liquid Sec-
ondary Ion Tandem Mass Spectrometry, Biol. Mass Spectrom.
23, 399-405.

Zhang, J-R., Cazers, A.R., Lutzke, B.S., and Hall, E.D. (1995)
HPLC-Chemiluminescence and Thermospray LC/MS Study of
Hydroperoxides Generated from Phosphatidylcholine, Free
Rad. Biol. Med. 18, 1-10.

Spickett, C.M., Pitt, A.R., and Brown, A.J. (1998) Direct Obser-
vation of Lipid Hydroperoxides in Phospholipid Vesicles by
Electrospray Mass Spectrometry, Free Rad. Biol. Med. 25,
613-620.

. Hall, L.M., and Murphy, R.C. (1998) Analysis of Stable Oxi-

dized Molecular Species of Glycerophospholipids Following
Treatment of Red Blood Cell Ghosts with -Butylhydroperox-
ide, Anal. Biochem. 258, 184—194.

Baba, N., Daido, H., Kosugi, T., Miyake, M., and Nakajima, S.
(1998) Analysis of Glycerophospholipid Hydroperoxides by Ion
Spray Mass Spectrometry, Biosci. Biotechnol. Biochem. 52,
160-163.

Teesch, L.M., and Adam, J. (1992) Metal Ions as Special
Reagents in Analytical Mass Spectrometry, Org. Mass Spec-
trom. 27, 931.

Mallis, L.M., and Russell, D.H. (1986) Fast Atom Bombard-
ment-Tandem Mass Spectrometry Studies of Organo-alkali
Metal Ions of Small Peptides, Anal. Chem. 58, 1076.

Hu, P., and Gross., M.L. (1992) Strong Interactions of Anionic
Peptides and Alkaline Earth Metal Ions: Metal-Ion-Peptides in
the Gas Phase, J. Am. Chem. Soc. 114, 9153.

Bayer, E., Gfrorer, P., and Rentel, C. (1999) Coordination-Ion-
Spray—MS (CIS-MS), a Universal Detection and Characteriza-
tion Method for Direct Coupling with Separation Techniques,
Angew. Chem.-Int. Ed. 38, 992-995.

Havrilla, C.M., Hachey, D.L., and Porter, N.A. (2000) Coordi-
nation (Ag*) Ion Spray Mass Spectrometry of Peroxidation
Products of Cholesteryl Linoleate and Cholesteryl Arachido-
nate: HPLC-MS Analysis of Peroxide Product Mixtures from
Polyunsaturated Lipid Autoxidation, J. Am. Chem. Soc. 122,
8042-8055.

Porter, N.A., and Wujek, D.G. (1984) Autoxidation of Polyun-
saturated Fatty Acids, an Expanded Mechanistic Study, J. Am.
Chem. Soc. 106, 2626-2629.

Therond, P., Couturier, M., Demelier, J.F., and Lemonnier, F.
(1993) Simultaneous Determination of the Main Molecular
Species of Soybean Phosphatidylcholine or Phosphatidyl-
ethanolamine and Their Corresponding Hydroperoxides Ob-
tained by Lipoxygenase Treatment, Lipids 28, 245-249.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

1275

Kenar, J.A., Havrilla, C.M., Porter, N.A., Guyton, J.R., Brown,
S.A., Klemp, K.F., and Selinger, E. (1996) Identification and
Quantification of the Regioisomeric Cholesteryl Linoleate Hy-
droperoxides in Oxidized Human Low Density Lipoprotein and
High Density Lipoprotein, Chem. Res. Tox. 9, 737-744.
Schneider, C., Boeglin, W.E., and Brash, A.R. (2000) Enan-
tiomeric Separation of Hydroxy Eicosanoids by Chiral Column
Chromatography: Effect of the Alcohol Modifier, Anal.
Biochem. 287, 186—189.

Porter, N.A., Logan, J., and Kontoyiannidou, V. (1979) The
Preparation and Purification of Arachidonic Acid Hydroperox-
ides of Biological Importance, J. Org. Chem. 44, 3177-3181.
Schneider, C., Tallman, K.A., Porter, N.A., and Brash, A.R.
(2001) Two Distinct Pathways of Formation of 4-Hydroxynone-
nal. Mechanisms of Nonenzymatic Transformation of the 9- and
13-Hydroperoxides of Linoleic Acid to 4-Hydroxyalkenals, J.
Biol. Chem. 276, 20831-20838.

Brash, A.R. (2000) Autoxidation of Methyl Linoleate: Identifi-
cation of the Bis-allylic 11-Hydroperoxide, Lipids 35, 947-952.
Chan, H.W.-S., and Levett, G. (1977) Autoxidation of Methyl
Linoleate. Separation and Analysis of Isomeric Mixtures of
Methyl Linoleate Hydroperoxides and Methyl Hydroxy-
linoleates, Lipids 12, 99-104.

Hock, H., and Schrader, O. (1936) Der Mechanismus der au-
toxydation einfacher Kohlenwasserstoffe als beitrag zur Kentnis
der Autoxydation von Brennstoffen, Angew. Chem. 49,
595-566.

Frimer, A.A. (1979) Reaction of a Singlet Oxygen with
Olefins—Question of Mechanism, Chem. Rev. 79, 359-387.
Sekiya, J., Tanigawa, S., Kajiware, T., and Hatanaka, A. (1984)
Fatty Acid Hydroperoxide Lyase in Tobacco Cells Cultured in
vitro, Phytochemistry 23, 2439-2444.

Gardner, H.-W., and Plattner, R.D. (1984) Linoleate Hydroper-
oxides Are Cleaved Heterolytically into Aldehydes by a Lewis
Acid in Aprotic-Solvent, Lipids 19, 294-298.

Tallman, K.A., and Porter, N.A., Kinetic Products of Linoleate
Peroxidation Rapid b-Fragmentation of Non-conjugated Perox-
yls, J. Am. Chem. Soc. (in press).

Wheelan, P., Zirrolli, J.A., and Murphy. R.C. (1993) Low En-
ergy Fast Atom Bombardment Tandem Mass Spectrometry of
Monohydroxy Substituted Unsaturated Fatty Acids, Biol. Mass
Spectrom. 22, 465-473.

Murphy, R.C., Fiedler, J., and Hevko, J. (2001) Analysis of
Nonvolatile Lipids by Mass Spectrometry, Chem. Rev. 101,
479-526.

[Received June 14, 2001; accepted August 28, 2001]

Lipids, Vol. 36, no. 11 (2001)



