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Dual Parallel Mass Spectrometers for Analysis of
Sphingolipid, Glycerophospholipid and Plasmalogen
Molecular Species

Wm. Craig Byrdwell*
FQS, NCAUR, ARS, USDA 1815 N. University Street, Peoria, lllinois 61604, USA

Analysis of phospholipids was performed using a liquid chromatographic separation with two mass
spectrometers in parallel providing electrospray ionization (ESI) and atmospheric pressure chemical
ionization (APCI) data simultaneously from a triple quadrupole instrument and a single quadrupole
instrument, respectively. The output from UV-Vis and evaporative light scattering detectors were also
acquired by the two mass spectrometers, respectively, for four detectors overall. This arrangement was used
to identify and calculate area percents for molecular species of dihydrosphingomyelin (DHS) and
sphingomyelin (SPM) in commercially available bovine brain SPM, in human plasma extract and in porcine
lens extract. Molecular species of phosphatidylethanolamine and its plasmalogen, and phosphatidylcholine
and its plasmalogen were identified and semi-quantitative analysis performed. Commercially available
bovine brain SPM was found to contain 11.5% DHS and 88.5% SPM. The only DHS molecular species
identified in human plasma was 16:0-DHS, at or below 1% of the sphingolipid content. Porcine lens
membranes were found to contain 14.4% DHS and 85.6% SPM. Other findings reported here include: (1)
phospholipids were found to undergo dimerization in the electrospray source, giving masses representing
combinations of species present. (2) Triacylglycerols gave usable mass spectra under electrospray ionization
conditions, as well as under APCI-MS conditions. (3) Triacylglycerols gave ammonium adducts as base
peaks in their APCI mass spectra, which reduced fragmentation and increased the proportions of molecular
ions. (4) Mass spectra were obtained for phospholipids which underwent both protonation and sodium
adduct formation in different chromatographic runs. © 1998 John Wiley & Sons, Ltd. This paper was
prepared under the auspices of the US Government and it is therefore not subject to copyright in the US.
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Dihydrosphingomyelins (DHSSs), which differ from sphin- As technology has advanced, online liquid chromato-
gomyelins (SPMs) only by the absence of 4,5-unsaturation graphy/mass spectrometric analysis has been employed.
in the sphingoid backbone, are difficult to analyze because Thermospray mass spectrometry following the RP-HPLC
they usually occur chromatographically overlapped and separation of sphingomyelin did accomplish the identifica-
indistinguishable from sphingomyelins. In mixtures, identi- tion of three minor DHS components in bovine brain SPM.
fication of some DHS species has been previously reportedThis represented a significant advance in the analysis of
using mass spectrometry (M&hut only saturated mole-  sphingolipids, but, since this was a RP-HPLC separation,
cular species of DHS could be identified. Without prior prior phospholipid class separation was still required before
chromatographic separation, only DHS species with no molecular species could be separated and identified. A more
unsaturation in the acyl chains have unique masses, whichrecent study also demonstrated the application of RP-
are two mass units higher than sphingomyelins. Reversed-HPLC/ thermospray MS to sphingomyelins, but in this
phase (RP) high performance liquid chromatography report no data were given for dihydrosphingomyelins. Fast
(HPLC) has been used successfully for separation of atom bombardment (mostly of unseparated mixtures),
molecular species of SPMs (and coeluting DHSE)ow- plasmaspray and other ionization methods have also been
ever, differentiation of DHSs from SPMs required that the applied to phospholipids. Many of these applications have
fractions be collected, and then different analyses were been recently reviewed’ and are not discussed here since
performed after derivatization to identify (i) the fatty acyl they shed no light on the differentiation of DHS from SPM.
chain, and (ii) the sphingosine base. This method was very One of the most common interface/ionization sources for
effective at elucidating the identities of the species, but was LC/MS analysis of phospholipids, including sphingomye-
labor-intensive and time consuming. A similar RP-HPLC lins, has become electrospray ionization (ES1)° Be-
separation, but which utilized chemical ionization (CI) MS cause most common phospholipids are naturally charged,
instead of chemical analysis of the sphingolipids, identified they are particularly amenable to ESI-MS. However, most
many SPM and DHS species, but the data still resulted in studies employing ESI-MS have either focused on unsepa-

some ambiguities between SPM and DHS spetiasd rated mixtures, or have not included sphingomyelin in the
again, the method utilized fraction collection followed by samples. Thus, overall in the literature, there is a paucity of
analysis. data which demonstrate the separation and identification of

molecular species of DHSs differentiated from SPMs. We

*Correspondence to: W. C. Byrdwell, FQS, NCAUR, ARS, USDA, recently reportett the application of an HPLC separation
1815 N. University Street, Peoria, IL 61604, USA. using an amine column, adapted from a previous metfod,
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which allowed the partial separatiorof DHS speciesfrom

SPM.We thendemonstated™ thatthis partid resolution of

the mixture of DHS specesfrom SPMspeciesvasentirely
sufficient to allow differentidion of all DHS and SPM
speciesby mass using either ESI-MS or atmoseric
presure chemial lonization (APCI)-MS. A recen study

preededourreportof theuseof APCI-MS for phosphdipid

analyss by presening datafor dioleoyl phosphédylcholine
standad 2 but SPM was not resdved from othe phosphe
lipids, and DHS was not identified, if present In our
investigation we found that the reasonfor the partial
separdabn of DHS from SPMwasthatthelong chain(20:0—
26:0) DHS specieswhich elutedfirst, wereseparatedrom

the short chan (14:0-18:0) DHS species and the DHS
species eluted before SPM species (which were also
separagd into long and short chan speciey The short
chain DHS speciesremained chromatogaphically over-
lapped with the long chain SPM species but thesewere
easily differenfated by mass.Using this separation the
column allowedsepardbn by class,sothatseveraltypesof

phosphdipids wererepresentedandwithin eachclasslong
chainspecieslutedbeforeshortchainspeciesThe ESI-MS
andAPCI-MS datawereseento be conplementaryto each
other, with ESI-MS providing only protonatedmolecules
while APCI-MS produed diagnosic fragments aswell as
smallamauntsof [M +H] " ions In orderto accomgish both
types of ionization, separateunswere performed andthe
ionizaton sourceswere changedbetwee runs. All data
wereobtainal using a sinde quadrumle instrument.

The extenson and improvement of the previousy
denpnstrated methoddogy™® are reported here. In the
current study, two massspectranetersutilizing the same
eluentstreamin pardlel areemployal. APCI-MS datawere
obtaned using a sinde quadrupod instrumert, while ESI-
MS data were obtainedusing a triple-quadrumle instru-
mert. Thetriple quadupoleinstrumentwasoperatel in both
full scanandMS/MS modes. Collision-induceddissocation
of parent ions was performedon the ESI-MS instrument
using an automatedprocedurewhich selectedthe most
abundat parent ions in the precedng scansfor use as
prearsorsfor daughteiion formaton. Additional datawere
obtaned from UV-vis and evapoative light scattemg
detecors. Threetypes of tissuesphingolipids were exam-
ined human plasma,bovine brain and porcine eye lens
Changsin the chromatograpiic performane led to sone
unexpetedresuls.

EXPERIMENTA L

Materials

All solventsexcep iso-prgpanol (IPA) and water were of
HPLC quality and were purchased from Sigma-Aldrich
Chemcal (Milw aukee,WI, USA), or EM Sdence(Chery
Hill, NJ, USA) andwere usedwithout further purification.
Waterwas obtaned from purification of housede-ionized
waterusinga Mill ipore purificationsystem A.C.S. reagent
gradeisopropaol (IPA) (Fisher Chemic#, Fairlavn, NJ,
USA) wasuseduntil anonaliesbeganatwhich time HPLC
grade IPA was used. Phosphdpid standardswere from
Avanti Pdar Lipids (Alabaster,AL, USA) and were used
without further purification. Two setsof standad soluions
weremack: onebasedn approximae plasmaphosphtipid
propotions, referredto asthe Plasna Model solution, and
one basedon apprximate human lens phosphdipid pro-
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portions,referredto asthe LensModel solution. ThePlasna
Model solution contained 19.9% bovine brain SPM, 5.0%
eggyolk phosphatidiethanolamne (PE),and75.1%bovine
brain phosph#dylcholine (PC) in methaml. The Lens
Model solution contained 69.4% bovine brain SPM, 5.3%
bovine brain PC and 25.3% PE, madeup from the com-
binaion of bovine brain and egg PE, in metharml. Initial
soluions were diluted 1:3 in methaml, so the injected
concetrationswere 8.44mg/mL and 8.36mg/mL of the
Lens Model and PlasmaModel, respectivdy.

Human plasmawas extracted using the procedure of
Folch etal.'* Whole plasmalipid extractwasusedwithout
prior separationof lipid classes. Pacine globes were
obtaned from a local slaughérhotse and the lenseswere
excisedwithin 24 hourspostmortemandkeptunderliquid
N, until extracton. Five lenseswerehomogented usinga
blade homayenizer and were extractedaccording to the
methodof Folchetal.**

Lig uid chromatography

HPLC was performedusing an LDC-4100-MS quagkrnary
pump with membane degaser (Themo SeparatiorProd-
ucts Schaumbug, IL, USA) andan HP 1050 autssampler
(Hewlett-Packrd, Wilmington, DE, USA). The LC was
operded underthe contol of the single quadupoleinstru-
ment. The triple quadupole instrument was stared via a
24V relay attahedto the autosarpler to produ@ a confact
cloaure. Theautosampr startsignalstarteddataacquistion
on both mas spectraneters.The column wasan Adsorbo-
sphee NH,, 25¢cm x 4.6mm, 5 mm particle size (Alltech
Associates,Deerfeld, IL, USA). A gradientprogram was
used which was composed of: (a) 33% ammonium
hydroxide solution/isopropanol (40:60), (b) hexanéisopro-
panol (40:60), (c) methaml/isopropanol (40:60), and (d)
waterisopropanol(40:60).Thegradientwasasfollows: 5%
A throughout initial 68%B, 12% C and15%D heldfor 10
minutes;rampto 52% B, 16%C,27%D at 15 minutes,held
until 25 minutes;rampto 95%Cat 45 minutes helduntil 60
minutes;recyclal to initial condtions at 75 minutes. This
resutedin aconpositionof 0.66%NH,OH througtout. The
effluent flow rate was 0.85mL/min throughout.10puL of
eachsamplewasinjected.

The column eluent split was accompished by use of
different lenghs and diameers of polyether ether ketone
(PEEK) andcapilary tubingandteejunctionsasfollows: a
Valco Tee (Valco Instrumerts, Houston TX, USA) was
attacedto the outlet of the column. To the tee side of the
junction was attacded a lengh (1.5 ft.) of 0.005in. i.d.
PEEK tubing which went directly to the UV-vis detector,
theoutletfrom the UV-visdetecbr wasconnetedvia 0.005
in. i.d. PEEK tubing to the inlet of the evapoative light
scateringdetecton(ELSD). The straight-tlroughsideof the
first Valco Teewas attachedto a secoml Valco Teevia a
shortpieceof stainksssteel0.005in. i.d. tubing,from each
of thetwo otheroutletsof the secoml tee,anequallengh (3
ft.) of 0.1mm (=0.009 in.) i.d. deacivated fusal silica
capilary tubing was attachedvia an adaptingferrule; one
capilary wasattachedto the APCI-MS inlet, the otherwas
attacedto the ESI-MS inlet.

The UV-vis detectorwas a Spectrofow 757 (Applied
Biosydems, Foster City, CA, USA) operded at a wave-
lengh of 206nm. The ELSD was a modd ELSD MKIII
(Varex,Burtonsville, MD, USA). The drift tubewassetto
140°C, and the nebulizr gas (nitrogen) was set to 3.0
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Figure 1. Chromatogramfrom four detectorof phospholipidstandardén approximateproportionso humanlensmembrane(a) Evaporativdight
scatteringdetector (ELSD) chromatogram(b) reconstructedpr total, ion chromatogram(RIC) obtainedby APCI-MS, (c) UV-Vis detector
chromatogran(setto 206 nm) and (d) ESI-MS/MSreconstructedon chromatogramESI-MS/MS obtainedin automaticparent/daughtecycling
mode.Phospholipidmixture of 25.3%egg/bovinebrain phosplatidylethanolaminé.3%bovine brain phosphatidylcholin@nd69.4%bovinebrain
sphingomyelin All Chromatogramsbtainedsimultaneouslyusingaminecolumnwith gradientasgivenin experimental.

standard liters per minute and a presureof 26.6 psi. The
UV-vis spectrphotaneter was interfacel to the triple
quadupoleinstrumentfor dataacqusition, while the ELSD
wasinterfacedto the singe quadupoleinstrumaent.

Mass Spectromery

A FinniganMAT SSQ-710GFinniganMAT, SanJoseCA,
USA) was used for acqusition of APCI-MS data. A
Finnigan MAT TSQ 700 was usedfor acquisiton of ESI-
MS data. All condtions used for both APCI and ESI
ionizafion sour@s were the sane as recently descrited}*
excef the ESI spray voltage was set to 5.5kV. For
acqusition of daugherion datausing ESI-MS, anautamatic
acqusition program was written using the Instrumen
Cortrol Langua@g (ICL) which is part of the Finnigan
MAT software. A brief description of the acquisiton
progam is given. During autamatic acquistion, the
collision-induced dissociaion (CID) gas was off during
full scanmode, and turned on during daughér anajysis.
With the CID gasoff in full scanmode signalleve was
increagd by a factor of ~100. The CID gaspressurevalve
wassetto 2.0 mtorr, andrequiredseverl secomis to readh
this value,duringwhich MS/MS acqusition began.The full
scanparaméerswereasfollows: scanrangem/z200to 950
in 1.0 s; numker of parentscansbeforethresholdtest=9;
parent offset=—5.5; collision offset=—10.0; daughter
offset= —10.0; parext msmscorrectian factor=70. At the
stat of each run, the MS/MS threshotl value was
autanaticaly setto two thresholdincremens (1 200 000
couns)abovetheinitial baseine. If thetotal sigral detected
for massesabovem/z 600 (signal cutoff value) passedhe
thresholdlevd, then MS/MS acqusition began.The CID
gasvalveopenedandtheprogramdetermiredthemassesf
the threemostabundat parentsfrom the preeding scans
The parentmasseswvere sorted high to low (sincelonger
chans elutedfirst) andthe programobtaned daughterion
spectrafor thesemassesn sequace. The paranetersused
for daughtetion analyss wereasfollows: scanrangem/z50
to ‘parentmas + 25 in 1.0 s; numberof daugher scandor
each mass=5; paret offset=—-5.5; collision off-
set= —35.0; daugher offset= —42.3; parentmsmscorrec-
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tion factor=5. All parameéerswerefully adjustableduringa
run, mog by usingsoft buttons.

RESULTS AND DISCUSSION

Standards

An ELSD chromatogam and APCI-MS reconstuctedion
chromatogam for the Lens Model soluion are shown in
Fig. 1(a) and 1(b). AUV-Vis chromabgramand ESI-MY
MS reconstruatd ion chromatogam for the Lens Model
Solution are shown in Fig. 1(c) and 1(d). Figure 1(d)
demongtatesthecycling betweerfull scananddaughteion
modesperformed by the automaic acquistion program.
Similarly, Fig. 2(a)and2(b) represat ELSD andAPCI-MS
chromatogamsobtanedfor the phosphdipid mixturemade
in theapproximag propotionsof human plasmawhile Fig.
2(c)and2(d) representthe correspading UV-Vis andESI-
MS chromabgramsfor the Plagna Model solution. Figure
2(d) agan denonstrateghe automaic cycling between full
scan and daughterion modes performed by the triple
quadrupot instrument. Thefour detectorsshoweddifferent
sensitivitiesfor the various classesof phosphtipids and
exhibited different suscetibilities to backgroundchanges
causedyy the gradientrun, disaussedbelow. Although Fig
1(d) and 2(d) exhibit a high backgroundlevel in the
reconstruatd ion chromabgrams(RIC) obtaned by ESI-
MS, this aros primarily from column bleedat m/z425, so
theuppermassregion showeda muchbettersignalto noise
ratio, denonstratedin Fig. 3. Although the thrust of the
presentreportis the demongtation of the utility of the dual
mass spectometer sysem for phosphtipid molecuar
speciesdentification, especiallyof dihydrosgingamyelins,
extensivedetailis given for all phosphdipids studed.
APCI massspecta of the three commaecially availeble
phosphdipids in the modd mixtures are shownin Fig. 4.
The first phosphdipid which elutedfrom the columnwas
PE (PE plus PE plagnalogen).Figure 1 showsthat these
specieseluted in two unre®lved peaks Figure 4(A) and
4(B) representaveragemassspecta acrass the first and
secondunre®lved peaks respectivey. Both spectrashow
that thes speciesprodu@d mogly protonatedmolecues,
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Figure 2. Chromatogramfrom four detectorf phospholipidstandardsn approximateproportionsto humanplasmai(a) ELSD chromatogram(b)
RIC obtainedby APCI-MS, (c) UV-Vis detectorchromatogramand (d) ESI-MS/MS reconstructedon chromatogramESI-MS/MS obtainedin
automaticparent/daughtecycling mode.Phospholipidmixture of 5.0%eggPE, 75.1%bovinebrain PC and 19.9%bovinebrain SPM.

with little fragmentation.The protonatednolecuesallowed
the identification of the speciesin the first peak as PE
plasmdogens,while the seconl peak contained primarily
PE, with some PE plasmalogn. The PE plasmaloge
speciesexhibited less fragmentationthan the PE species
Thelack of fragmentationof both of thesephosphethanot
am|ne5|s in contrastto the APCI-MS specta prewousty
shown? andto spectrashown belowfor PC.The only major
differencein the startlngcond|t|onsbetwee1 this study and
that previoudy reported® was that the NH,OH was not
premixed with the solventsin this study, but waskeptasa
separat solventchanné andincorporatal into the effluent
in the mixing valve. Wheter sucha small differencecan
account for the unusuh phenomenorobsened during this
study will require further investigaton. Despite the
differencesin the abundaces,the fragmentswhich the PE
did produe were primarily diacylglycerol fragments
idertical to thosereportedearlier for PC andshownbelow,
and are the sameas thoe produed by triacylglycerols*®
The diacylglycerol fragmentsconfirmed the identification
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Figure 3. Filtered ESI-MS/MS extractedion chromatogramgEICs).
All chromatograméiltered to displayonly scansobtainedin full scan
mode. (a) Mass region from 700 to 850Da which containedmost
phospholipidprotonatedmolecularion masses(b) lower massregion
from 700to 775Dawhich includedmasse®f short-chain(14:0-18:0)
protonatedmolecularions. (c) Uppermassregionfrom 775to 850Da
which includedlong-chain(20:0-26:0)protonatednolecularions.

© 1998JohnWiley & Sons,Ltd.

of the molecuar specieswhile the differenceof m/z 141
betwea the fragmentsand the correspading protonated
moleculesconfirmed the presenceof the phosphethaol-
amine headgroup. The massegyiven for the loss of head
groupfragmernsrepresenthefully protonatecheadgroups
For PE molecules this means one proton at the phosphée
oxygen,andone protonon the nitrogen to form the ionized
amine.For PCmolecues,the masseéncludeoneprotonon
the phosph&e oxygen. When headgroup fragmentswere
obsewed in daughter ion spectra they included an
addtional hydrogen on the phosphate oxygen which
cleavedfrom the glycerolbackbame. Extractedion chroma-
tograms(EICs)takenfrom theRIC in Fig. 1(b) areshownin
Fig. 5. Figure5(a)revealedthat,usingthis column,24:n and
22n PE plasmdogen specieseluted in the first peak
betwea 5 and 6 1/2 minutes,20:n specieselutedbetwea
the two peaks and 18n and 16:n specieseluted in the
secoml peak All PEspecie®lutedin thesecom peakin this
sanple. The areaperentageof themolecuar speciesn egg
PE (from the Human PlasmaModel soluion), calculated
from the area under peaksin EICs of the massesof
protonated moleculesobtaned by APCI-MS, is given in
Tabe 1. The EICs in Fig. 5(a) depict the seven most
abundat molecularspeciesof PE plasmdogenand PE in
the Lens Model solution. The elution of thesespeceswas
affectedby therelative propotionsof thetwo classessothe
appeaance of the overdl peak in PE from egg was
narrower, and there was less differencein the elution of
PE plagnalogenversusPE. All PE plasnalogen molecuar
maseswere calculatedbasedon a 16:1 ethea-linked fatty
chan, the most common fatty chain for plasméogens.
Dauwghter ion spectra obtained from ESI-MS/MS did
indicate the possibé presenceof an 18:1 plasmalogn
backbame, but furtherdiscussio is beyondthe scopeof this
initial report.

The PE plagnalogertPE peak is seento exhibit very
differentrespnsedrom thefour detectoraused Figure 1(b)
illustratesthat this peak was larger than expeded in the
APCI-MS chromabgrambasedon its known concentration
in the Lens Model soluion, and the quantitaive analsis
from APCI-MS datarevealedthatthe sumof thearea of the
molecularspeciesaccountd for 58.0%0f the total areafor
all phosphdipids, thoughit was known to be presnt at
25.3% by weight. In the Plasna Model solution, which

Rapid Commungationsin MassSpectrometryVol. 12, 256-272(1998)
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Figure 4. Massspectraobtainedusing APCI-MS of phospholipidstandardsBovine brain/eggPE mixture shownin Fig. 1: (a) front peakeluted
betweerb.25to0 5.5min, (b) secondPE peakelutedat 6 to 6.5min (seealsoFig. 5(a)).BovinebrainPCandPC plasshownin Fig. 2: (c) front of PC
peakelutedfrom 17 to 17.5min, (d) sectionof PC peakelutedfrom 18.5to 19 min (seealsoFig. 5(b)). Bovine brain SPMshownin Fig. 1: (e) first
sphingolipidpeak(SL1) elutednear21 min. Peakcompsedof long chaindihydrosphingomyelifDHS, or D). (f) Secondsphingolipidpeak(SL2)
elutedfrom 22 to 22.75min. Peakcomposedf short-chainDHS andlong-chainSPM. (g) Third sphingolipidpeak(SL3) elutedfrom 22.75to

23.75min. Peakcomposedf short-chainSPM (seealsoFig. 5(c)).

contined5.0% PE by weight the areaperentageanaysis
by APCI-MS gavea composiion of 11.7% Thus,in both
sanples,the PEgavea percentcompositionrwhichwasnear
2.3 times higherthan the known composition. Within this
class, however, the quantitaton appeaed to be more
reliable. The LensModel solution, which containedmosly
bovine brain PE, showed 48.7% plasmalogn and 51.3%
PE,whichis in agreementwith the nearly50% plasmalogn
indicated by the suppler. The eggPE in the PlasnaModel
soluion gaveareapereant composiions of 12.7%plagna-
logen and 87.3% PE. The Avanti Polar Lipids catabg
repotedthat, usingtheir HPLC method,theyfoundthe PE
to be> 99% pure PE. This denpnstrateghe difficulty in
sepaation of molecuar specieof plasmédogensapartfrom
the parentclass. The UV-Vis detectorcan be seenin Fig.

Rapid Communiationsin MassSpectromey, Vol. 12, 256-272(1998)

1(c) to give more responsdrom polyunsatursed plasmdo-
gensatthefront of the peakthannormalPE atthe back(see
the elution demonstatedfor this sanple in Fig. 5(a). The
greatdisparty betweenthe diacyl phosphtipids versusthe
sphingolpids, as well as the backgound drift, made
quantitaive analsis using the UV-Vis detectao fruitless.
The ELSD detector proved to be better at yielding
percentageconposition data The chromatgram in Fig.
1(a) showed 15.8% PE, andthatin Fig. 2(a) showed 4.8%
PE. Howeve, useof the mas spectranetefs datasysem
for integration of ELSD chromatogramsalthoughexcellent
for masschromabgram integration, produ@d inadequate
resolutian in the areaunits of ELSD chromatogams.
Basedonthespectraobtainal for the PEplasmaogenand
PE species we can now conclusvely identify the uni-
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Figure 5. Extractedion chromatogramsbtainedunderAPCI-MS conditions.(a) Phosphatidyethanolamingoeakseenin Fig. 1(b). Long-chainPE

plasmalogerfplas)elutedfirst, followed by shorter-chairPE plasandall PE species(b) Bovine brainPCandPC plaspeakseenin Fig. 2(b).Long

chainspecieslutedbeforeshortchainspecies(c) Bovine brain SPM peakseenin Fig. 1(b). Long-chainDHS elutedasthefirst peak,short-chain
DHS andlong-chainSPM elutedasthe secondpeak,and short-chainSPM elutedasthe third peak.

dentfied phosphdipid which wasreportal earlier® to have
strucural featues similar to phosph#dyl ethanchmine
plasmdogenasdefinitely being composedf PE plasmalo-
gen,aswell assone PE. The massspectrun shownearlier
may now beinterpretedto showthatthe peakarosemodly
from PE plasmdaogen having 20:1 (m/z589.6,704.6) and
18:0 (m/z 563, 730.6) acyl chains. Theseidertifications
werenot given conclusvely in the previousreportbecawse
earlier resultg® from a commercally availeble PE standad
had exhibited contadictory chromatograplic behavor.
Howeva, in thefirst report,the eluentdid not contain any
NH4OH which was addedlater as electrolyte for the ESI-
MS. Suchadifferencecanchangetheionization stateof the
phosphtipid, and causea changein the chromabgraphic
behavor onthe aminecolumn.This possibiity is supporte
by the similarity betwee the peak broadening for PE
plasmaogenseenin the first repott*® to that shownin Fig.
5(a).

Bovine brainphosphédyl cholineelutedasabroadpeak,
with long-chan specieslutedbeforeshort-chan speciesas
shown in Fig. 3 and5(b). Most PCplasnalogeselutedonly
slightly beforethe similar normal PC, but the shortchain
specieslutedbefore the long-chain speciesandtheseran
together to form one broad peak, which appeaed homo
geneoy. The ESI-MS dataclearly showedthe presenceof
PC plagnalogenalong with PC. While easilyidertified by
ESI-MS, quanttation was perforned using APCI-MS
fragments. Since ESI-MS is more sensiive than APCI-
MS, more speciescould be qualitaively idertified using
ESI than were quantfied using APCI, such as 24n
plasmdogen speciesand 40:n PC specieswhich were
obsewed in EICs obtaned by ESI-MS, but not quantified.
Using APCI-MS datato give areapercentresuts, it was
found that bovine brain PC in the PlasmaModel solution
gave a total areapercentof 29.0% PC plasmalogn and
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710% for diacyl PC. Figure 4(c) and 4(d) show that
abundat protonatedmolecues were apparentn the mass
specta of PC plasmdogen and PC. As with the PE
plagnalogen, the PCplasmédogendid not exhibit significant
fragmentdion, butratherformedprotonatednoleculesThe
diacyl PC, conversgf, formed abundantdiacylglycerol
fragmentions. As with PE, thes fragmentswere usedto
confirm the idertities of the acyl chans andthe difference
of m/z183 betwee thes fragmentsandthe correspading
protonated molecdes confirmed the presence of the
phosphocholinenheadgroup(asdid the daughteiion spectra
obtaned by ESI-MS/MS). The perent compgsition of the
molecularspecesof bovine brainPC,deteminedby APCI-
MS, is given in Table 1. Area perent calculationswere
performedusingthe protonaed molecuesfor PC plasmédo-
gen,while the area underthe peaksfor the diacylglycerol
fragmentsand the protonatedmolecues were summedto
deteminethetotal areador PC, similar to the methodused
for triacylglycerolquantification. Thephosphaholines,asa
class, showed less responsethan expectedbasedon the
perentby weight The PlasmaModel wascalculatedfrom
APCI-MS datato contain1.3%, while the LensModel was
calculatedto contain62.5% Thesesolutionswereknown to
contin 5.3% and 75.1% by weight, respectivly. The
compositions calculated from the ELSD chromabgrams
were 5.3%and76.2% respectively,in goodagreenentwith
expeded results.lt wasfortuitousthat,in the case of both
PEandPCclassestheplagnalogenmolecudar masseéell in
betwea the parent class molecuar massesThis allowed
facile differentiation of the species Only the mog highly
unsatirated plasmdogen species (6 or more sites of
unsatiration) had massesthe sameas those of saturated
parent speces. The highly unsaturéed PE plasmalogn
speces, if they occurredat all, were chromatograplically
sepaatedfrom their isobaric parentsHowevae, in the case
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Table 1. Phospholipid molecular speciesarea percent for commercial phospholipid standards

PE from Egg PC from Bovine Brain SPMfrom Bovine Brain
(HeadGroup+2H)" = 142amu (HeadGroup+H)* = 184amu (HeadGroup+H)* = 184amu
PEplas [M+2H]" % PE [M+2H]' %  PCplas [M+H]* % PC  [M+H]" % DHS [M+H]" % SPM  [M+H]*" %
24:0 788.7 0.4 400 804.7 0.2 24:0 830.7 0.5 40:0 846.7 0.4 26:0 845.8 0.0 26:0 843.8 0.2
24:1 786.7 19 401 802.7 0.1 24:1 828.7 0.3 40:1 844.7 0.2 26:1 843.8 1.1 261 841.7 0.9
24:2 784.7 2.3 40:2 800.6 0.0 24:2 826.7 0.3 40:2 842.7 0.2 26:2 841.7 0.0 26:2 839.7 0.1
24:3 782.7 3.7 403 796.6 0.1 24:3 824.7 0.4 40:3 840.7 0.3 26:3 839.7 0.0 26:3 837.7 0.0
24:4 780.7 5.0 404 796.6 0.7 24:4 822.7 0.4 40:4 838.7 0.6 26:5 835.7 1.0 264 835.7 0.0
24:5 778.7 6.0 405 794.6 2.5 24:5 820.7 0.6 40:5 836.6 0.7 24:0 817.7 10.5 265 833.7 0.1
22:0 760.6 0.6 406 792.6 1.4 22:0 802.7 0.3 40:6 834.6 1.9 24:1 815.7 16.6 26:6 831.7 0.1
22:1 758.6 2.0 407 790.6 0.3 22:1 800.7 0.4 40:7 832.6 1.0 24:2 813.7 1.0 240 815.7 5.7
22:2 756.6 1.8 38:.0 776.6 0.5 22:2 798.7 0.5 38:0 818.7 0.4 24:3 811.7 0.3 241 813.7 14.5
22:3 754.6 3.7 381 774.6 0.2 22:3 796.7 2.0 38:1 816.7 0.6 24:4 809.7 0.2 24:2 811.7 0.8
22:4 752.6 6.6 38:2 772.6 0.3 22:4 794.6 1.8 38:2 814.7 0.9 24:5 807.7 1.6 243 809.7 0.1
22:5 750.6 75 383 770.6 3.7 22:5 792.6 3.7 38:3 812.6 1.0 22:0 789.7 14.7 244 807.7 0.1
20:0 732.6 75 384 768.6 19.9 20:0 774.7 4.1 38:4 810.6 3.9 22:1 787.7 3.6 245 805.7 0.1
20:1 730.6 155 385 766.6 6.1 20:1 772.6 2.2 38:5 808.6 2.4 22:2 785.7 0.0 220 787.7 5.4
20:2 728.6 11.8 38:6 764.5 3.0 20:2 770.6 2.0 38:6 806.6 2.9 22:5 779.7 1.2 221 785.7 1.9
20:3 726.6 24 387 762.5 0.2 20:3 768.6 7.5 38:7 804.6 0.6 20:0 761.7 9.9 222 783.7 0.0
20:4 724.6 1.3 36.0 748.6 1.5 20:4 766.6 3.8 36:0 790.7 2.4 20:1 759.7 0.6 223 781.7 0.0
18:0 704.6 4.8 36:1 746.6 118 20:5 764.6 5.1 36:1 788.6 16.3 20:5 751.6 35 224 779.7 0.0
18:1 702.6 10.8 36:2 7446 14.3 18:0 746.6 19.7 36:2 786.6 6.9 18:0 733.6 30.9 20:0 759.7 11.2
18:2 700.6 39 363 742.6 3.0 18:1 744.6 6.5 36:3 784.6 1.7 18:1 731.6 1.4 201 757.6 0.6
18:3 698.5 0.0 364 740.5 6.2 18:2 742.6 1.6 36:4 782.6 3.6 18:2 729.6 04 20:2 755.6 0.2
16:0 676.6 0.4 365 738.5 0.2 18:3 740.6 5.0 36:5 780.6 0.6 18:3 727.6 0.4 203 753.6 0.0
16:1 674.5 0.0 366 736.5 0.2 16:0 718.6 27.2 36:6 778.6 0.3 16:0 705.6 1.3 204 751.6 0.0
36:7 734.5 0.0 16:1 716.6 1.8 36:7 776.6 0.6 16:1 703.6 0.0 205 749.6 0.5
Sum 100.0 34:0 720.6 1.3 14:0 690.6 2.2 34:0 762.6 51 18:0 731.6 52.0
34:1 718.6 139 34:1 760.6 31.8 Sum 100. 18:1 729.6 2.4
34:2 716.5 7.4 Sum 99.9 34:2 758.6 4.3 18:2 727.6 0.8
34:3 7145 0.3 34:3 756.6 0.3 18:3 725.6 0.3
32:0 692.5 0.0 32:0 734.6 3.7 16:0 703.6 2.0
32:1 690.5 0.2 32:1 732.6 34 16:1 701.6 0.0
32:2 688.5 0.2 32:2 730.6 0.4 14:0 675.6 0.1
32:3 686.5 0.0 30:0 706.6 0.2
Sum 100.1
Sum 99.7 Sum 99.6

Percenof phosphoethanolamines
PEplas=12.7PE=87.3

Percentof phosphocholines
PCplas=29.0PC=71.0

Percentof sphingolipids
DHS=11.5SPM=88.5

of PCplasmalogn,only partialchromatogaphic separation
was achieved and overlap occurredbetwea thesehighly
unsatiratedplasmadogenswith their parentcompours, if
theywerebothpresentin the case of overlap(e.g.22:6 PC
plas=36:0 PC), the ESI-MS chromatogramwas usedto
make the assignnent (areaassignedo 36:0 PC). For most
specieghis wasnot a concernandanalysiswasstraightfa-
ward. Another potentially ambiguais overlap of masses
which requred careful interpretaion was that, for PC
speciestherewasa smallperentageof fragment formation
which occured from the replacemat of a methyl group
from the choline headgroup with a hydrogen atom, for a
mass differenceof 14 Da. This presenedthe possbility that
a saturatedPC plasmalogn could be confusedwith a PC
parent with one more site of unsaturéion. In thesecase,
althoughthe speciesvereisobaric,the chromatograply was
sufficient to partially differeniate the contibution to a
plasnalogenpeakfrom the parent, as shown in Fig. 5(b).
Howeve, becase resdution of PC plasmalogn species
from PC speciesvasnot conplete, it is possibe that some
area attributed to PC plasmdogen speciesaro® from
denethylated PC species. Similarly, a protonated PC
molecude in which all three choline methyl groupshave
beenreplacel by hydrogenatomsin the APCI sourcewould
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have the sanme massas a plasmalogn having two fewer
carbonge.q.(38:1PC- 42)=20:0PCplas,m/z774.7) The
possibilty exists that the area attributed to 20:0 PC
plasmalogn could arise from the tri-demethylatedparent
PC. However, if this were the caseall PC protonated
moleculeswould give this fragmentwithout regad to the
identities of the fatty acyl chains,so the PC plasmaogen
speciesvould be in a constantproportionto the PC parent
ions. This was not obsewed in the data.For instance the
ratio of the 20:0 PC plasmalogn perentage to the
percentageof 38:1 PCis 7.2, while the ratio of 20:4 PC
plasto 38:5PCis 1.6. Most importantly, the ESI-MSMS
daughterion spectraof 20:0 PC plasmalogn (m/z774.7)
and18:0 PC plasmalogn (m/z746.6)exhibitedbasepeaks
at m/z184, clearly indicaing the intact (not demetlylated)
cholineheadgroup.

In the chromatogramsin Figs 1 and 2, the region over
which SPM eluted (from 20 —25 minutes) showed three
peaksasmallleadingpeakandtwo largerpeaks As wasthe
casewith huma lens membranesthe first peakin this
region represated the presenceof long-chan dihydro-
sphingonyelins. The secom peak representg long-chain
sphingonyelins and shortchain dihydrosgingomyéins,
andthethird peakrepresatedshortchainsphngomyeins.
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The presenceof thesespeciesis demongtatedin Fig. 3
which represatsthefiltering of the ESI-MS chromabgram
in Fig. 2(d) to showonly scansobtainal in full scanmode
The massregion from m/z 700 to 850 (Fig. 3(a)), which
coniainedall protonatednolecues for PC, DHS and SPM
specieswas subdvided into regionsfrom m/z700to 775
(Fig. 3(b)), which contaired masse®f short-chan species
andm/z775to 850 (Fig. 3(c)), which conainedmasse®f
long-chan species Between 20 and 25 minutes in the
chromabgramsin Fig. 3 two peaksin the short-chan mass
region (Fig. 3(b)) and two peaksin the long-chan mass
region(Fig. 3(c)) may clearlybe seen.Thefirst peakin this
region in eachchromabgram representsDHS, while the
secoml peakrepresent$PM.Figure 3 also demonstatesthe
elution of long-chan andshortchan PCandPC plasmalo-
genbetwee 15and20 minutes.Figure 5(c) shows EICsfor
themod abundanDHS andSPMspeciesSincethe sample
contined about 8 times as much SPM as DHS, the
contibutions from isotope peaksof SPM may be seenin
chromabgramsof conpletely saturatedHS speciesAlso,
unsatuated DHS specieswere isobaric with SPM species
having onelesssite of unsaturatn in theamide-linked acyl
chain (e.g., 24:1-DHS= 24:0-SPM). Howeve, the DHS
specieswere conpletely chromatogaphicaly separatd
from their isobaric SPM counter@rts so no ambiguity
aro®. The integratel area underextraced ion chromato-
grams indicated that bovine brain sphingonyelin was
composedof 11.5%DHS and 88.5% SPM The molecuar
speciescompositions of thes sphingoipids is given in
Table 1. The major speciesn DHS and SPMweresimilar,
with 18:0, 24:1, 22:0 and 20:0 species predaninant
Howeve, therewere substaritl difference in the relative
propotions of speciesuchas22:0and18:0.Becaug DHS
haspreviowsly beendifficult to idertify, the importane of
suchcompositionaldifferences betwee thesesphingolpids
hasnot beenaddressedat all. It hasbeenfound that DHS
leads to a more ordeled membranestrucure;!’ but the
importance of this finding, and the impact that different
molecudar specieshave on membane order, is still to be
deternined. It is interesting to note thateggyolk SPMwas
foundto contain 8.2%DHS, but this wascomposednly of
short-dainspecieshaving noneof thelonger<hainspecies
shown to be preentin bovine brain SPM

Massspecta of the first, secondand third sphingolipid
peaksare shown in Fig. 4(e)—(g) respectivdy. The mas
spectrapresentd here are similar to the spectrafor these
compoundswhich werepreviousdy repotted® butthereare
differenceskFirstis the preencein thesespectraof adducs
formed from the addition of 106Da to the diacylglycerol
fragments, with anoter adductat 18 Da more, or 124 Da.
As mentionedabove the primary differencein the LC/MS
methodapplied previoudy versusthat usedfor this study
wasthatthe NH,OH wasnot pre-mixedwith the solventsin
this chromabgraphic system. Wheter this difference
produed the undesirdle side effect of adductformation
will have to be further explared using APCI-MS/MS.
Anotherdifferencen the spectravasthelossof 14 Dafrom
the protonatedmolecules assumedo be replacenentof a
methyl moiety from the choline headgroupby a hydrogen
atom,asmentionedabovefor PC.Thismechamsmappeaed
to occurto alargerextentwith sphingolipidsthanwith PC.
Thelag differenceobsewedin thes spectawasafragment
arising from thelossof 18 Da from the sphingod fragment.
This occuredfrom lossof the hydroxy groupin the form of
dehydation. Lossof the hydroxy groupby dehydation has
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beenreportedas the primary fragmentdion pathway for
hydroxy-contahing triacylglycerols during APCI-MS .8
However,the primary fragmerns in thesemassspectrastill
definitively identifiedthe DHS andSPMmolecuar species
andwere usedfor sem-quantitatve analyss.

The chromatogaphicseparabn using theaminecolumn
is thekey differencewhich allowedusto repot thepresence
of numeousintact DHS speciesn bovinebrainandin egg
yolk. Sinceall specieslutedoverashorttime period,it was
easerto identify speciepresenttlow leves. Forexanple,
26:5DHS, presentas1.0%of DHS, represented7.3ng, or
80.6 pmol, basedonthe 10 uL of sanple injected. We were
unabk, however, to confirm the presencef a sphingoipid
containing a 20:1 sphingoid backbonewhich has been
repoted in bovine brain. Jungalwa et al. repoted® the
idertification of a20:1sphigolipid asthebiphenytarbonyl
derivative of onefractionfrom arevased-phaeseparation
The 20:1 sphingolpid wasreportedto occur only with an
18:0fatty acid. This would havea massisobaric with 20:0-
SPM sothe sphingoidfragmentwould appearat m/z576.6.
Since 18:0 and 18:1 sphingolipids are separad so
effectively using the amine column, if the 20:1 were
present,it would be expededto be differentialte. The only
peakappaentin the masschromatogam for m/z576.6in
Fig. 5(C) is thatfor 18:0-3°M. On the otherhand,we were
able to idertify more polyunsatirated DHS and SPM
specesthanhavebeenreportal, espea@lly specieson@ain-
ing 5 sitesof unsaturéion. Thesegive peaksin their EICs
which have longe retention times than their saturated
homdogs. The chromabgraphic data provide valuabk
confirmation of the mas datato suppot the presence of
thes species

Most daugher ion spectraof phosphaholine-containng
phaspholipids (PC, PC plag DHS and SPM) obtainal by
postive ion ESI-MS/MS showed only a basepeakat m/z
184 arising from the intact fully protonaéd choline head
group,andsomefragments of the headgroup,similar to the
headgroupregionin thedaugher spectrunshown for Lyso-
PC, below. In some spectra, small amourts of useful
fragmentaion were obsewed, but most often the daughter
specta were simple and showed only phosphaholine
fragments Plasméogens produed more useful spectra
than the diacyldycerol compounds. Plasm#gens more
often gave fragments usefil for idertification of the acyl
chans along with the head group fragments Usé€ul
fragmentdion wasonly achievedasthe CID gasapproachd
2.0 mtorr. Before the collision cell presure rose to this
leve, only headgroupspectravereobservedSphingolipds
produed virtually only headgroup fragments in daughter
ion spectraGiventhelargenumter of experimens possble
using dual pardlel massspectranetes, useof negatie ion
MS/MS modefor identification of RCOO™ fragmentsis an
obvious extensionof the demonstatedmethoddogy.

Human plasmaextract

Figure 6 shows ELSD and APCI-MS chromatgrams of
human plasmawhole extract Becausg of the magnitude of
the peakelutedbetwea 3 and4 min, chromabgramswith
expaned vertical scaleare also given. Figure 6(e) and 6(f)
show the UV-Vis and ESI-MS chromabgrams obtainel
during the same run. Figure 7(e) shows the ESI-MS
chromatogramfor the massrange between m/z 700 and
850, the rangecontairing the protonatedmoleculesof PC,
PCplas,DHS andSPMspeciesThechromatogamsin Fig.
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Figure 6. Chromatogramsf humanplasmawhole extractby four detectors(a) ExpandedELSD chromatogram(b) raw ELSD chromatogram(c)
expandedRIC by APCI-MS, (d) raw RIC by APCI-MS, (e) UV-Vis chromatogram(f) RIC by ESI-MS/MS, ESI-MS/MS obtainedin automatic

parent/daughtecycling mode.

7(a)-(d) represatschromabgramswhich havebeerfiltered
to show only data obtaned in full scanmode For the
purpogs of this study, the mog important obsewration
arising from thesedatais thatin thetime betwea 20 and25
minutes,when DHS andSPMeluted,only onepeakis seen
in the low massrange (Fig. 7(b)), asso@ted with short-
chan DHS and SPM speciesandonly one peakis seenin
thehighe masrange(Fig. 7(c)), associtedwith long-chain
DHS and SPM species This indicates that humanplasma
contains virtually no dihydrosphingomydin. Examindion
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Figure 7. Extractedion chromatogramsbtainedby ESI-MS/MSand
filtered to display only scansobtainedin full scan(parent)mode.(a)

Mass region from 470 to 600Da which containedthe protonated
molecularions of lyso-phospholipidsaswell asfragmentsof diacyl

andacyl-alkenylphospholipids(b) Massregionfrom 700to 775Da

which containsthe protonatedmolecularion shortacyl chainspecies.
(c) Massregionfrom 775to 850 Dawhich containghelong acyl chain

molecularspecies(d) Massregionfrom 700to 850Dawhich contains
the protonatedmolecularion massedor shortandlong-chaindiacyl,

acyl-alkenyl,andsphingolipidspecies(e) Unfiltered,raw ESI-MS/MS
chromatogranshowingthe massregionfrom 700to 850 Da.
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of EICs for DHS speciesndicatedthat a smdl amaunt of
16:0-DHScould be identified, and this was at a very low
level. Semi-quantitatve anaysis, preented in Table 2,
showsthe areapercenagesof the molecuar specesof SPM
andindicatesthat 16:0-DHS waspresentat a level of about
1% of total sphingoipid. Small amountsof othe DHS
speciegnay be presentwhich arebelowthe detectionlimit

in the whole extractsample.Newverthelessbecauseof the
clearsepaation of the isobaric DHS and SPM speciesthis
column allowed unambigious confirmation of the geneal

lack of DHS in plagna, just asit indicatedits presencen

other sanples. Prevously, failure to identify DHS did not
meanit wasnot presentashasbeenshownusingtheamine
column for analsis of numeous speciesof DHS which
werenot previouslyidertified. Usingthis method,chroma-
tographicand massdataboth suppot the lack of DHS in

plasma.

As in brain PC,Fig. 7(b) and(c) indicate the presencef
long andshortchan PC plasmaogenand PC speciesThe
areapercentconpositionof thesespecieds givenin Table
2. In Fig. 7(a), anoher peak may be seento elute near29
minutes,havinglower masseshanthe otherphosphtipids
discussd thusfar. Daugherion spectreobtainedacrosshis
peak allowed its identification. ESI massspectraof the
parentcompoundand an aveiageddaughterion spectrin
are shown in Fig. 8. These data clearly identify this
phosphtipid as lyso-phoghatidykcholine. The full scan
spectrunprovidedprotonaed molecdesfrom m/z~ 500to
600, while the daughterspectrashoweda peakat m/z184
(Fig. 8(b)) which identified it asa phosphaholine, and a
peakatm/z339whicharosgrom lossof thephosphaholine
head group, and indicated the acyl-linked fatty chain.
Becauseof the structureof lyso-compourls, this fragment
had the sanme massas [RCOO+58]" ions obsened for
diacylphospholipds.

The mod abundat lipids in human plasma were
cholester§ choleserol-related compounds (cholesterb
esters,etc.) and triacylglycerols (TAGs). Thesecoelted
in the large peak at short retention times in Fig. 6.
Cholesteol elutedfirst, followedby cholesterolesers,with
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Table 2. Phospholipid molecular speciesarea percent of two human plasma phospholipids

(HeadGroupiﬁ) "=184amu

PCplas [M+H]* % PC [M+H]* %
22:0 802.7 0.0 38:0 818.7 0.0
22:1 800.7 0.0 38:1 816.7 0.1
22:2 798.7 0.8 38:2 814.7 0.8
22:3 796.7 15 38:3 812.6 35
22:4 794.6 1.0 38:4 810.6 5.3
225 792.6 1.3 38:5 808.6 3.1
22:6 790.6 0.7 38:6 806.6 2.4
20:0 774.7 0.9 38:7 804.6 0.5
20:1 772.6 4.3 36:0 790.7 0.0
20:2 770.6 5.3 36:1 788.6 3.8
20:3 768.6 6.9 36:2 786.6 14.9
20:4 766.6 3.2 36:3 784.6 111
20:5 764.6 3.3 36:4 782.6 8.0
18:0 746.6 6.1 36:5 780.6 1.1
18:1 744.6 16.9 36:6 778.6 0.2
18:2 742.6 11.0 36:7 776.6 0.0
18:3 740.6 8.8 34:0 762.6 1.2
16:0 718.6 11.1 34:1 760.6 16.2
16:1 716.6 16.7 34:2 758.6 22.9
14:0 690.6 0.3 34:3 756.6 25

32:0 734.6 0.0
Sum 100.1 32:1 732.6 1.5

32:2 730.6 0.9

30:0 706.6 0.0

Sum 100.0

Percentof phosphocholines
PCplas=32.4PC=67.6

SPM
(HeadGroup+H)* = 184amu
DHS IM+H]* % SPM M+H]* %
16:0 705.6 100.0 24:0 815.7 6.3
24:1 813.7 16.0
24:2 811.7 8.3
24:3 809.7 0.5
24:4 807.7 0.0
24:5 805.7 0.3
24:6 803.7 0.4
22:0 787.7 7.8
22:1 785.7 6.3
22:2 783.7 14
22:3 781.7 0.6
20:0 759.7 4.1
20:1 757.6 2.0
20:2 755.6 0.3
20:5 749.6 0.2
20:6 747.6 1.0
18:.0 731.6 4.8
18:1 729.6 3.1
18:2 727.6 0.5
16:0 703.6 28.8
16:1 701.6 4.4
16:2 699.6 0.5
14:0 675.6 2.2
Sum 99.8

Percentof sphingolipids
DHS=1.1SPM=98.9

TAGs coelutal over the first two-thirds of the large peak.
APClmassspectrdor these compoundsreshownin Fig. 9.
Figure 9(b) showedunexpetedresultsobtainedfor TAGS.
Instead of the protonated molecues and diagylglycerol
fragments normally observed for TAGs using APCI—
MS,*>1920 ammonum adducts were obseved, insteal.
The ammonum adductsgave much more molecdar ion
intensty thanis normally obtainel for TAGs with few sites
of unsaturabn. The formation of ammonum adductsof
TAGs is not without preecdent. Recently, Laakso and
Manninen reportei?* that [M+18]" adducs could be
formed when ammoniumhydroxde in methaml wasused

asareagenby running the sheathgasthroughthis solution.
For the work preentedhere as for the previouswork,13
ammonum hydroxidewas chose simply asan electrolte
to produe a stablecurrentunder ESI-MS condtions, and
becaseit allowedthe useof a UV-Vis detector, in contrast
with acett acid. As the spectrum in Fig. 9(b) indicates,the
sysem producedammonum adductsexclusivey, with no
protonated molecde formation and greatly redued
amaunts of diacylgycerol fragments. The ammonium
adducs actedto produ@ muchlargermolecuar ion adduct
peaksthanhavepreviously beenrepoted using APCI-MS.
Usuwally, under APCI-MS conditions, triacylglycerols gave

r TN 1 r i
100 A) Lyso-PC SR 88 TP 1007  1D42ChoinesOH gy halighter Spectrum of 522.4 -
807 ]
(20:4LPC) g0
(16:0LPC) | 544.4
496.4 .
60 60- Pm:;pégc;onne
“ 4253 y :
4011 40 Choline
86.4 |HPO,C,H,
125.1
1 2653 566.4 -
20 4004 20] Ly
590.4 [60.5 1/34‘9 -L%;&Lg?p
L, . N 31
20 0 40 00 &0 700 800 900 %0 5% % yro 5%
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Figure 8. Massspectraof lyso phosphatidytholineobtainedby ESI-MSandESI-MS/MS.(a) Averageof ESI-MSmassspectraacross
peakat 26to 26.5min in Fig. 7 obtainedn full scan(parent)mode.(b) Daughterion massspectrunobtainedby ESI-MS/MSof ion at
522.4Da. Collision induceddissociation(CID) usingargoncollision gasusedfor ESI-MS/MS.
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Figure 9. APCI-MS massspectreof lipid constituent®f humanplasmawvholeextract.(a) Massspectrunof first partof peakeluted
at 2.5to 4 min in Fig. 6; peakcontainsmostly cholesterol.(b) Massspectrumshowingammoniumadductsof triacylglycerols
(TAGs)andfragmentformedfrom lossof fatty acyl chaingM - RCOO]" from TAGs. (c) Massspectrunof theseconcdhalf of the
peakelutedbetweer2.5and4 min; containscholesterol-relatedpecies(d) Massspectrunshowingmolecularionsof phosphatidyl

ethanolaminespecies.

very low abundacesof protonatedmolecues for species
with little unsaturéion, while highly unsaturatd species

Table 3. Human plasmatriacylglycerol composition comparison

gavemostly protonatedmolecues. This behavio hasbeen
reportedextensively *>1%-21|t wasan unexpetedancilary
benefit of this study to observe the enhancerant of
molecular ion adduct abundancedrough about by the
ammonium hydroxide incorporatel into the LC sysem.
Althoughthe TAGs arenotresolval into molecuar species

APCI-MS_ from APCI-MS complete they can be identified by overall acyl chain length and
;2% ™ +0N0H“] TAG oy oS degreeof unsaturéion. Quantitative analysisof the TAG
ca1 o1 05 molecular speciesin the sampleusedfor this study was
542 18 26 previoudy performed(Ref. 22, and maruscriptin prepaa-
54:3 8.7 8.6 tion) using the RP-HPLQAPCI-MS methoddogy pre-
54:4 97 103 viously estblished?®?* The complée TAG composition
54:5 3.7 5.7 thus obtaned was converta to the format of (carbon
54:6 0.7 21 number:dies of unsaturéion) for comparisonwith quant-
52:0 0.2 0.4 tative analyss performedusing the ammonium adducts
52:1 16 3.6 shownin Fig. 9(b). The resuts using both methodsare
52:2 224 205 shownin Table 3. While the specificty allowed by a full
523 237 22.0 RP-HPLCAPCI-MS run is invaluable for identification of
52:4 7.4 9.0 T . -
505 05 14 individual molecdar speciesof TAGs, the ability to
50:0 0.2 0.7 characterizeall TAGs by acyl carbonnumter in the same
50:1 5.7 3.9 run asphosphdipid molecdar speciescould be usefulasa
50:2 8.1 4.9 total lipid screenmg procedure
50:3 3.1 2.2 In addtion to the lipids disaussedabove, phosphatiyl
50:4 0.4 0.4 ethanolanmes were also obseved in the human plasna
48:0 0.4 0.2 sample.Though presentat comparatiely low leves, the
48:1 11 0.5 major individual molecuar speciescould be identified. As
482 08 0.4 seenin Fig. 9(d), these specieswere similar to those
Sum 100.3 100.2 observedn eggPEshownin Fig. 4(a)and4(b) (aswell asin

Rapid Communiationsin MassSpectromey, Vol. 12, 256-272(1998)

bovine brain, not shown).
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Figure 10. ESI-MSmassspectrashowingformationof dimersof phospholipidmolecularspecief humanplasmain ESI source.
(a) Massspectrunof rangefrom 1400to 1700Da, showingpeaksarisingfrom thecombinationof PCphospholipidelutedbetween
15and17 minutesin Fig. 7. (b) Massspectrunshowingpeaksarisingfrom thecombinationof PCphospholipid€lutedbetweerl8

and20minutesin Fig. 7. (c) Massspectrunof secondSPMpeakshowirg combinationof sphingolipids (d) Massspectrunof third

SPM peak showing combinationof shorter-chainsphingomyelins(e) Mass spectrumof rangefrom 900 to 1200Da showing
combinationof lyso-PCspecieslutedfrom 28to 29.5min in Fig. 7. For masse®f PCandSPMspeciesseeTables.For lyso-PC
usethesemassesi6:0-LPC:496.3Da; 18:0-LPC:524.4Da; 18:1-LPC:522.4Da; 18:2-LPC:520.3Da; 18:3-LPC:518.3Da; 20:0-
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LPC:552.4Da; 20:4-LPC:544.3Da.

Other obsenations

Two othea observaibns arosefrom this work. First, it was
found that when the scan mass range was extended
sufficiently, peaksarising from dimeiization of phosphdi-
pids, presumaly in the ESI source were observedFigure
10 showsdimers formed from long and short chan PC
specieslong andshortchainSPMspeciesandLPC species
from the humanplasmaextract In thesespecta, almostall
combinationsof thespeciepresentareobservedThedimer

© 1998JohnWiley & Sons,Ltd.

masesrepresenteckitherthe sumof a protonatedandnon-
protonatedphosphdipid or both protoratedphosphdipids.

Thelabelsonthefiguresgive themasesfor bothprotonated
phaospholipids.For this experimentthe ESI-MS instrument
wasrunin full scanmodeonly. In somecase these dimers
were presentat levels ashigh as5 or 6 percentof the base
peakabundane.While theanalyticd utility of thesedimers
is marghal, their occurrerwe underESI conditiors provides
an indication of a low enegy of formation, which might
have biological implications. Formaton of similar ion

Rapid Commungationsin MassSpectrometryVol. 12, 256-272(1998)



268

DUAL PARALLEL MS FORANALYSIS OF PHOSPHQIPIDS

1005 m/z700>850 -
60
% 40-
201 In.
1 88' m/z:700>775 - ErS
% S0
it
1007 MIZ775>850 _EXS
60
% 40
20]
0-=="RICx8 e
104 X 2506
%]
0 T T T
A) 16:00 . 32:00 48:00
Time (min:s)
100y 207.4 72 e ;3.37% Pt 100y T \[(T AG) - RCOOJ [
1 [36:2PC + Na]* 5755 601 6
801 8083 801 N| 16035
[36:3 PC + Na]*
806.7
60; (PO) - Head Grpl*, [BeAPC+Nar | 60 (TAG) #Nal"
% ' %
40 w652 s7 || {8096 40 8799 sst6
2622 53 | i ] 8779
il | | E R P 1 ;OS .4671 7 8538 | s 9°7 8
549.71 4 0068
4 L]al I 'l Y v 8 has i, A'Y
200 400 800 800 1000 400 500 &0 700 1000
B) C)

Figure 11. ESI-MS chromatogramandmassspectraof humanplasmaextractsodiatedadducts(a) ESI-MS chromatogranshowing
theRIC andshortandlong chainmassregions.(b) Massspectrunshowingsodiatedmolecularionsfor PC specieelutedbetweer36
and40 minutes.(c) Massspectrumshowingsodiatedtriacylglycerolmolecularions and normal diacylglycerolfragments.

clugers from seveal phospholpid standardsvas recently
repoted uswg liquid secondaryion mass spectranetry
(LSIMS)Z

Another observaibn which aroe waslessbengn. After
allowing the column to sit unused for a week, the
chamacterisics of the chromatograplc system change
dramaically. When further analyseswere perfamed, the
chromatograplic retention times were dramati@ally ex-
tenced. Examinationof the resutant spectraindicatedthat
sodum adductswere beingelutedinsteal of the protonated
molecdes to which we had become accustomed A
chromatogramof the humanplasmasampleis shown in
Fig. 11 along with an ESI massspectrum of PC species
obtaned acrcss the top of the peak which now eluted
betweea 34and42 min (compaedto 16to 20minin Fig. 6).
The elution of SPM in this run was not complete after
60min. Figure 11(b) showsexclusively massesassociated
with sodumadducts[M +23]*, of thePCspeciesnsteal of

Rapid Communiationsin MassSpectromey, Vol. 12, 256-272(1998)

protonatedmolecues, [M+1]*. APCI massspectrasimi-
larly showedsodiatedmoleculesfor phosphtipids, but still
provided the normal fragmentsresulting from loss of the
head group. While trying to resdve the problemaic
chromatogaphic behavor, a new column was instaled
andall solventswere changel. Attemptsto regenerte the
old columnusing aceticacid, phosphaoic acidorammonum
hydroxide solutions had little effect or resultedin an
admixture of sodiatel and protonaed molecues, with
continual poor chromatogaphy. This resut was rather
unexpectd sinee this chromatogaphic systemhad pre-
viously beenappliedto different studiesover a period of
years.Onthe otherhand,manyotherauthorshaverepoted
sodium adductsof phosphdipids exclusively when using
other chromatogaphic systems.After severalattemps to
solvetheproblem it wasfoundthatthe proportioning valve
on the pumphadmalfunctioned, andthat ChannelD onthe
pump,which hadbeenusedto deliverthe H,O/IPA portion

© 1998JohnWiley & Sons,Ltd.
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Figure 12. ESI-MSchromatogramandmassspectraof porcinelensextractsodiatedadducts(a) ESI-MSchromatogranshowing
the RIC andshortandlong chainphospholipidmassregions.(b) Massspectrumof the secondof threesphingolipidpeaks.Peak
containedshortchainDHS andlong chainSPMspeciesaswell asresidualPC,(c) Massspectrunof thethird of threesphingolipid

peaks Peakcontainedshortchain SPM species.

of the eluent,was not properly deliveiing flow. Thus, the
absere of asufficientamountof aqueos componentled to
the chromatogaphicchange Fromthis changen behavior
it appeaedthattheaminecolumnhasprevioudy acedasan
ion exchangecolumnto removesodiumfrom phosphdipid
prepaations,thusyielding only protonatedmolecues. The
malfunction of the HPLC instrument thus provided an
unexpetedandusefulinsightinto the retentionmechanism
of the column.

Corncomitant with the changein the appearane of
phosphtipid spectrawas a changein the appeaance of
triacylglycerol spectraobtainel by the ESI-MS instrument.
One would not expectlarge neutral TAGs to give good
respnseunder ESI-MS condtions, although ESI/MS has
previousy beenusedfor analyss of TAGs“*2®Howevae,
when the chromatograplic systemchangel its behavior we
obtaned spectrafor TAGs which showedboth sodiate

© 1998JohnWiley & Sons,Ltd.

moleculesanddiacyldycerol fragments.Figure 11(c)shows
a massspectrun for the TAG speciesin human plasma
obtanedusing ESI. This spectrun maybecomparel to that
in Fig. 9(b), which showedthe ammonum adductsof TAG

obtaned using APCI. The differenceof 5 Da betweea the
guastmolecuhbrionsin Fig. 11(c)versus9(b) represatsthe
differencebetweensodum adducs (423) versusammo-
nium adducs (+18). During this samerun, while sodium
adducs appearedn ESI-MSspectrathe APCl massspectra
of TAGs continuel to show ammonium adducs, and
appeaedthe sameasthe spectrun in Fig. 9(b).

Porcine lens extract

Although the sodum adductformation was not eliminated
until the proportionng valve was replaced,washing the
columnwith ammoniumhydroxidesoluion did atleastgive

Rapid Commungationsin MassSpectrometryVol. 12, 256-272(1998)
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Table 4. Porcine lens sphingolipid molecular speciesarea

[HeadGroup+H] " =184amu

DHS [M+H]* % SPM [M+H]" %
24:0 817.7 1.0 26:0 843.8 0.0
24:1 815.7 6.8 26:1 841.7 0.6
24:2 813.7 2.6 26:2 839.7 0.5
24:3 811.7 0.0 26:3 837.7 0.2
22:0 789.7 2.3 26:4 835.7 0.1
22:1 787.7 7.8 24:0 815.7 34
22:2 785.7 11 24:1 813.7 15.1
20:0 761.7 4.2 24:2 811.7 35
20:1 759.7 4.2 24:3 809.7 0.2
20:2 751.6 0.0 22:0 787.7 4.3
18:0 733.6 12.3 22:1 785.7 134
18:1 731.6 2.0 22:2 783.7 0.7
18:2 729.6 1.2 20:0 759.7 3.7
16:0 705.6 41.6 20:1 757.6 3.3
16:1 703.6 2.9 20:2 755.6 0.3
14:0 677.6 9.0 18:0 731.6 10.0
14:1 675.6 0.9 18:1 729.6 1.9

16:0 703.6 30.6
Sum 99.9 16:1 701.6 34

14:0 701.6 4.9

Sum 100.1

Percentof sphingolipids
DHS=14.4 SPM=285.6

betterpeakshapesand sphingomyelin could be eluted.An
HPLC/ESI-MS chromabgram of porcine lens extract is
shown in Fig. 12. The chromatogam and resultantmass
spectraallowed the identification of both DHS and SPM
species Examplespectraof the sodiat@ sphirgolipids are
shown in Fig. 12(b) and(c). Thoughsodiumadducs of the
molecues were observedboth by ESI-MS and APCI-MS,
though only smdl abundacesin APCI spectry, thesodium
ion was associged with the headgroup, so the sphingod
backbame fragments formed during APCI were the exact
sane asthos previoudy observed.Therdore, quantfica-
tion was performed using the same massesas before the
changein the chromabgraphic behavor. The molecuar
speciesaregiven in Table4. Extractedion chromabgrams
of the sphingoidbackbame fragments obtainel underAPCI-

DUAL PARALLEL MS FORANALYSIS OF PHOSPHQIPIDS

MS condiions are shown in Fig. 13(a) while EICsfor the
sodiated molecdes simultaneouly obtaned under ESI
conditions, in pardlel, are shown in Fig. 13(b). All
molecular species identified were confirmed by the
presenceof simutaneouspeaksin the APCI-MS and ESI-
MS extractedion chromatogams. Porcire Lens sphingo-
lipids were calculatedto be composedf 14.4%DHS and
85.6% SPM. The mogd abundah molecular specieswere
16:0,18:0,22:1and24:1,althoughthe relative percenages
of thesediffered betwee the DHS and SPM

Conclusiors

The dual mass spectraneter sysem allowed data to be
obtained under different ionizaton condtions using one
chromatogaphicrun. This providedthe beneft of virtually
identical retention times betwea the different systems.
Comparedto the method previously used® for obtaining
this sane type of data,the amountof time, aswell asthe
amountof solventandsampleused werecut by half. More
importantly, the amountof information obtaned per run
wasincrea®d dramaticaly. For componentsfor which no
standard hadbeenrun (e.g.lyso-PCin humanplasma the
acquisitionof daugherion spectraobtainedby ESI-MSMS
was decsive in idertification of the compounds.The two
ionization methodsdenonstratedhere produed comple-
mentarydatafor severaltypes of molecues. PC,DHS and
SPMprodu@donly intactionizedmoleculesunderESI-MS
conditions, while they produced diagnostially usefil
fragmentsunder APCI-MS conditions.Having both types
of datawas esped@lly usefd for the sphinglipids which
producedvery low abundacesof protonatedmolecuesin
APCI-MS spectra.The use of EICs of sodiatedmolecues
from ESl datg alongwith EICsof fragmentsin APCI data,
preventel misinterpretaton of potentially ambiguas
massesn porcine lensextract

We have chos@ only the most simple conditions to
demongtate the appication of the dual massspectraneter
system.The number of permutaions is large when one
consides that both postive andnegaive ion analysismay
be performed on either instrument, APCI and ESI may be
performedon either machine(the sour@sare interchange-
able),andthetriple quadupolemachinemay berunin full
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Figure 13.Extractedion chromatogramsf porcinelenssphingolipidsby APCI-MS andESI-MS correspondindgo the mostabundanspecies given
in Table4. (a) APCI-MS EICsof sphingolipidbackbong[M-headgroup]") fragmentgor sphingolipidselutedbetweer26 and33 minutes.(b) ESI-
MS EICs of the masse®f sodiatedmolecularions of the mostabundanspeciegjivenin Table4.
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scanmodeexclusivel or MS/MS maybe performed Given
thelargenumberof possibé experimens, the acquistion of
data from two madines simultaneouly is an important
time-savingarrangementOf course, dedicatingtwo com-
plete mas spectranetersysemsto analyss is not feasble
in most labaratories. The cost of suchinstrumentaton is
oftenprohibitive. Onthe other hand theadventof benchop
APCI and ESI ion trap technology makes use of dual
instruments more feasible than ever before. Given the
extensve amount of data provided, future studies of
phosphdipids in our laboratorywill certainly emgdoy the
dual mass spectronetric systemasa matter of course.

Theuseof two othe detectordiadsignificant advantage,
aswell. The quantitationof the relative propotions of the
differentclasse®f molecueswasbestperformedusing the
ELSD, becawse we observedsubstantibdifferences in the
respnses of different phosphdipid classesunder MS
condtions. However, within each phosphtipid class,
idertification andquantfication werebestdoneusingmass
chromabgrams Sincewe usedeSI-MSfor MS/MS analyss
in this study, APCI-MS alore was usedfor quanttative
analyss. Using ESI-MS in full scanmode does,however
allow quanttative anaysis to be performedin addition to
APCI, aspreviousy shown™® The UV-Vis detectorshowed
severe limitations in its selective responseto different
phosphtipid classes as well as its suscetibility to
impurities in the solvent sysem. If available a secom
ELSD detectoror a flameionizationdetectorfor LC shout
be substitued for the UV-Vis detector. This would also
allow more flexibility in the choice of electrolyte for ESI.

The use of both mass spectroneters allowed the
idertification of humerousdihydrosphinganydin molecu
lar speciesin bovine brain, and to deternine that human
plasmacontainsvirtually no DHS. Useof both systens was
espe@lly valuable for the porcinelens extract, with both
machires operding in full scan mode. As the DHS
molecuar speces are identified in an increasingnumber
of tissue types, distinct tendenciesfor seveal common
speciesstartto becomeevident. Howeve, therearedistinct
compositionaldifferences betwee tissuetypes.Therelative
propotion of DHS to SPM from porcine eye lens
membaneswas much more similar to bovine brain than
to human eye lens membranesBut the identity of the
molecuar speceswassomewerein betweea the conposi-
tionsof bovinebrainandhuman lens(high amountsof 16:0
like the humanlens but the levels of 18:0 were more like
brainextract). Therolesof theindividual molecdar species
needto be eluddated and, given the effect of DHS on
membane fluidity, its biological sigrificance needsto be
further assssed.The natureof sphingomyelins from other
sour@sshoutl bere-exaninedin light of thenewanalyticd
capalilities which haveevolved.
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