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Abstract: The facile structural determination of lysophospholipid regioisomers represents a long-standing problem
in phospholipid chemistry. Herein we report that positive-ion electrospray ionization (ESI) tandem mass spectrometry
of sodiated lysophospholipid regioisomers results in the presence of multiple diagnostic pairs of product ions which
allows the rapid and direct discrimination betwesml-acyl- andsn2-acyllysophospholipid regioisomers. For
example, after ESI in the positive-ion mode and subsequent collision-induced dissociation, over a 30-fold difference
in the peak intensity ratio of product ions @tz 104 and 147 was manifest with sodiated1-acyllysophosphati-
dylcholine in comparison ten2-acyllysophosphatidylcholine. The observed differences in precursor ion dissociation
rates reflect both the kinetically favored formation of a 5-membered phosphodiester (compared to the corresponding
6-membered phosphodiester) and the accelerated rate of an activated vs a nonactivated rearrangement. The structure
of individual molecular species and classes of lysophospholipids was substantiated after ESI in the negative-ion
mode by tandem mass spectrometry which facilitated identification of lysophospholipid aliphatic constituents and
polar head groups. Thus, by exploiting the remarkable sensitivity of electrospray ionization in conjunction with the
combined utilization of tandem mass spectrometry in both the positive- and negative-ion modes, structural determination
of the specific regioisomer, individual molecular species, and class of lysophospholipids is possible from picomole
amounts of material.

Introduction phospholipid chemistr{#~1° However, this goal has not been
realized, in part due to the rapid intrapreparative isomerization

The discrimination between individual regioisomers of lyso- of lysophospholipid regioisomers catalyzed by silica-based

phospholipids (e.g., 1-acyl-2-hydroglycero-3-phospho- stationary phases leading tohydroxy acyl migratiorf:19-22
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. o T . I | utilized in the structural determination of lysophospholipid
to its mechanistic implications (e.qg., identification of the class regioisomerdS1® the amounts of mass typically required for
of phospholipases activated during cellular stimulation and their NMR anal sés reclude its routine use in analvses of lvsolivid
phospholipid substrates) and synthetic importanégthe direct yses p y ysollp

S T . isomers in biologic samples.
structural determination of lysophospholipid regioisomers from Negative-ion fast atom bombardment tandem mass spectrom-
organic extracts of biologic tissues, where diminutive amounts 9 P
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utility of electrospray ionization mass spectrometry for the s Nl
analysis of individual phospholipid molecular species from 1007 9
subpicomole amounts of synthetic and naturally occurring a0, O CisHar
membrane phospholipié#lsand demonstrated that collision- EH“ O
induced dissociation of precursor ions generated from electro- i
spray ionization often resulted in novel product-ion pattéfns.

Herein, we exploit the remarkable sensitivity of positive-ion

ESI tandem mass spectrometry for the direct structural deter-
mination of picomole amounts of lysophospholipid regioisomers
through comparisons of the relative abundance of critical pairs
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of diagnostic ions and identify the likely pathways responsible 200 300 400 s
for the differences in their relative abundance after collision- Figure 1. Positive-ion electrospray ionization mass spectrum of
induced dissociation. lysophosphatidylcholine. A positive-ion ESI mass spectrum of 1-hexa-

decanoyl-2-hydroxysnglycero-3-phosphocholine (1 pmell) obtained

Experimental Section : A ) "
P il I iall ilable phospholipi . during a 1-min infusion at a flow rate of 1.&/min under the conditions
Materials. All commercially available phospholipids were obtained  iyen'in the Experimental Section shows a single molecular ion/at

from Avanti Polar Lipids, Inc. (Alabaster, AL) except polyunsaturated 518 (M + NaJ*). No fragments of the molecular ion were present in

sn-1-lysophosphatidylcholines which were purchased from Serdary the spectrum at the extraction voltage emploved (i.e.. 90 V
Research Labs, Inc. (London, Ontario, Canada). All purchasdd P 9 ployed (i.e., ):

monoacyllysophospholipids were further purified by reverse phase A

HPLC as previously describ&dprior to the ESI mass spectroscopic o [ N~ 2w+ nar* 300 04+ Na- ST 5+ Nel”

analyses. Alln2-monoacyllysophospholipids were freshly prepared @ H

by the method of Slotboom et Hlutilizing Rhizopus arrhizusipase —Castar B

(phospholipase A Sigma), followed by reverse phase HPLC purifica- > %o ¢ z &0 Y

tion22 Lysoplasmenylcholines and lysoplasmenylethanolamines were 8 g—o/\)\ g =0

prepared as previously describedhe mass of phospholipids employed ‘u_é 60 ’ E s +

in this study was quantitated either by direct ESI-MS anai{sisd/or e @ §

capillary gas chromatography after acid methanol§sis. ] . 4 o oH, 2
Electrospray lonization Tandem Mass Spectrometry of Lyso- g SO g 5 g g é%

phospholipid Regioisomers. ESI tandem mass spectrometry was e s % 7 ik

performed using a triple-quadrupole tandem mass spectrometer (Finni- 20 : 3 20 %

gan MAT TSQ 700, San Jose, CA) equipped with an ESI interface a7 - E

(Analytica of Branford, Branford, CT) as previously described in AL Lh l L ol T T R T

detail?® Briefly, molecular ions of lysophospholipids were voltalized 100 200 abo 400 500 600 100 200 ad0 480 500 600

by ESI, selected after passage through the first quadrupole with a mass- miz m/z

selected window of less than 2 mass units, and subsequently coIIision-FIgure 2. Positive-ion electrospray ionization tandem mass spectra

ally dissociated in the second quadruple using argon gas. The resultamOf choline lysophospholipid regioisomers. Positive-ion ESI tandem

: . f . tra of sodiated 1-hexadecanoyl-2-hydsmglycero-3-
product ions were subsequently analyzed in the third quadruple. During mass spectr .
this study, collision energies of approximately 20 eV (with respect to phasphocholine (A) and sodiated 1-hydroxy-2-hexadecasteglycero-

the laboratory reference) were employed (except as indicated) andg’g’cr;%snphoggr(:'qzs(?lwer;e Icz)bt\z;l)gre;d ;i-:;\s,ggbﬁ,d llr?zth(‘:ehllzo);g?c?rnr;?mal
collision gas pressures of approximately 3 mTorr were utilized. All methan;)I and anused gire,::tl into the ESI chambér using a svringe
product-ion spectra were acquired using a signal-averaging protocol UMD at a flow rate of 1 5L/r¥1in for 5 min. The stars indi?:ate ¥he 9
in the profile mode with a scan rate of 200 amu/s. Typically, a 5-min P dp A 2 335 i ) | A andn/ 4i5 . B B
period of signal averaging was used for each tandem mass spectrum,pro uct ions atwz in panel A andmz In panel B present in
and the mass of all ions was rounded to the nearest integer. All samplesvery low abundance.

(2 pmoljuL) were dissolved in 1:2 chloroform/methanol and infused

directly into the ESI chamber using a syringe pump (Harvard Apparatus, glycero-3-phosphocholine and 1-hydroxy-2-hexadecasnyl-
South Natick, MA) at a flow rate of 1.GL/min for 5 min. Sodiated glycero-3-phosphocholine). Collision-induced dissociation of
lysophospholipid (the only ion displayed in the positive-ion mass gqdiated 1-hexadecanoyl-2-hydrosgglycero-3-phosphocho-
spectrum (Figure 1)) was the mass-selected precursor ion utilized for line after ESI in the positive-ion mode resulted in the appearance

positive-ion ESI tandem mass spectrometry. Deprotonated ions of . . . . .
ethanolamine lysophospholipids (the only ion generated from negative- of multiple informative product ions (Figure 2A). The most

ion ESI) were mass-selected and utilized for negative-ion ESI tandem @bundant product ionpvz 459 (i.e., [M + Na — 59]),

mass spectrometry of ethanolamine lysophospholipids. During the corresponds to the neutral loss of trimethylamine. Less abundant
performance of the negative-ion ESI tandem mass spectrometry of product ions were present iz 415 (i.e., [M+ Na — 103]"),
choline lysophospholipids, chloride ion (from NaCl) was added to the 313 (i.e., [M + Na — 205["), 147 (likely the sodiated

sample solution prior to infusion into the ESI chamber and the chlorine 5_embered cyclophosphane), and 104 (likely choline) (Figure
adduct of choline lysophospholipid was the precursor ion employed. 2A) '

Results and Discussion Collision-induced dissociation of sodiated 1-hydroxy-2-
Positive-lon ESI Tandem Mass Spectrometry of Choline hexadecanoy$n-glycero-3-phosphocholine after ESI in the
Lysophospholipid Regioisomers. The utility of ESI tandem  positive-ion mode resulted in the appearance of multiple

mass spectrometry for discrimination between lysophospholipid prominent product ions including ions atz 459, 335, 313,
_regioismers was first appreciated by comparison of the pos_itive- 147, and 104 (Figure 2B) which were present in the positive-
ion ES| tandem mass spectragtl- andsn2-lysophosphati- jon g5 tandem mass spectrum of sodiated 1-hexadecanoyl-2-
dylcholine regioisomers (i.e., 1-hexadecanoyl-2-hydrery- hydroxy-sn-glycero-3-phosphocholine (Figure 2A). However,

(26) Han, X.; Gross, R. WProc. Natl. Acad Sci U.SA. 1994 91, the ratios of the peak intensities of specific product-ion pairs
10635-10639. from each lysophosphatidylcholine regioisomer were dramati-
(27) Han, X.; Gross, R. WI. Am Soc Mass Spectron1995 6, 1202- . : . .
1210. cally different. For example, the peak intensity ratio of product

(28) Fink, K. L.; Gross, R. WCirc. Res 1984 55, 585-594. ions atm/z 104 and 147 differed by over 30-fold in individual
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Figure 3. Positive-ion electrospray ionization tandem mass spectra Figure 4. Positive-ion electrospray ionization tandem mass spectra
of choline lysophospholipid regioisomers. Positive-ion ESI tandem of choline lysophospholipid regioisomers acquired at a higher collision
mass spectra of sodiated 1-octadéeioyl-2-hydroxysn-glycero-3- energy. Positive-ion ESI tandem mass spectra of sodiated 1-hexa-
phosphocholine (A) and sodiated 1-hydroxy-2-octadeer@yl-sr decanoyl-2-hydroxyn-glycero-3-phosphocholine (A) and sodiated
glycer0-3-phosphoch0|ine (B) were obtained as described in the l_hydroxy_z_hexadecanoyh.g|ycer0-3_phosphocho|ine (B) were ob-
Experimental Section. Samples (1 pmubl) were dissolved in 1:2  tained as described in the Experimental Section utilizing an offset
chloroform/methanol and infused directly into the ESI chamber using yoltage of 40 eV (note the collision energy utilized for spectra in Figure

a syringe pump at a flow rate of 1/ /min for 5 min. The star 2 was 20 eV). All other conditions are identical to those as described
indicates the product ion atvz 361 in panel A present in very low in Figure 2.

abundance.

Scheme 1. Proposed Collision-Induced Dissociation
regioisomers (i.e., 4:1 after dissociation of sodiated 1-hexadec-Pathways of Sodiated 1-Acyl-2-hydrosyrglycero-3-
anoyl-2- hydroxysnglycero -3-phosphocholine and 1:8 after Phosphocholines
dissociation of sodiated 1-hydroxy-2-hexadecarsmytflycerol- 0 o
3-phosphocholine) (Figure 2). Furthermore, the product ion at o-d-n N o-4— N/
m/z 313 (i.e. [M+ Na — 205]" ion) present after dissociation E°\ P nar + N R EO\ LSO
of the sodiatedn-1 isomer is less abundant than that from the O_@_R / 07 NoH
sodiatedsn-2 isomer (Figure 2). Finally, thevz 415 ion (i.e., @ m+Na-103
[M + Na — 103J") is nearly absent in the ESI tandem mass
spectrum of thesn-2 isomer (Figure 2B) but represents a major
product ion after collision-induced dissociation of the sodiated
sn-1-acyllysophosphatidylcholine (Figure 2A).

To determine if the observed differences in the relative peak
intensities of product ions obtained after collision-induced
dissociation of sodiated lysophosphatidylcholines generated by
ESI in the positive-ion mode can be routinely utilized for the
discrimination of lysophosphatidylcholine regioisomersl and
sn2 isomers differing in chain lengths (between 14 and 20
carbons) and degree of unsaturation{ 0—4) were examined.
The product-ion patterns of multiple different regioisomers of the spectra taken at 20 eV (compare Figure 4 to Figure 2),
each molecular species were nearly identical to those obtaineddemonstrating that the ratio of the diagnostic pair of product
for 1- or 2-hexadecanorglycero-3-phosphocholine regio- ions atm/z 104 and 147 is largely independent of routinely
isomers. For example, positive-ion ESI tandem mass spectraemployed dc offset voltages.
of sodiated 1-octadec-@noyl-2-hydroxysn-glycero-3-phos- Proposed Dissociation Pathways of Sodiated Choline
phocholine (Figure 3A)) contained diagnostic pairs of product Lysophospholipid Regioisomers. The observed product-ion
ions atm/z 104 (corresponding to choline) and 147 (correspond- patterns likely arise from the collision-induced dissociation of
ing to a sodiated 5-membered cyclophosphane) in approximatelysodiated 1-acyl- and 2-acyllysophosphatidylcholines through
a 4:1 ratio while tandem mass spectra of sodiated 1-hydroxy- pathways illustrated in Schemes 1 and 2, respectively. The
2-octadec-9enoylsnglycero-3-phosphocholine contained these critical features of these pathways include (1) the neutral loss
ions in a 1:8 ratio (Figure 3B). of trimethylamine (pathway 1) resulting in the generation of

To clarify the effects of differences in collision energies on sodiated 1-acyl- or 2-acy@r-glycero-3-cyclo(1,2-ethylene gly-
the ion dissociation patterns of individual regioisomers, ad- col)phosphodiester (i.e., [M- Na— 591"); (2) either the neutral
ditional positive-ion ESI tandem mass spectrometric analysesloss of choline resulting in the generation of sodiated monoacyl
of sodiated lysophosphatidylcholine regioisomers were per- glycerophosphodiester (i.e., [M Na — 103]") or the neutral
formed. Increasing the dc offset voltage increased product-ion loss of monoacyl glycerophosphodiester resulting in the genera-
peak intensities, but the relative ratios of product ions and tion of choline Wz 104) through the formation of a cyclic
therefore the relative peak intensities of the diagnostic product phosphodiester (pathway 2); (3) a rearrangement resulting in
ion pairs (e.g.m/z 104 and 147) were not altered. For example, the generation of either a sodiated 5-membered cyclophosphane
the positive-ion ESI tandem mass spectra of sodiated 1-hexa-(m/z 147) or a sodiated monoacy! glycerol derivative (i.e., [M
decanoyl-2-hydroxysn-glycero-3-phosphocholine and sodiated + Na — 183]") from [M + Na — 59]" (pathway 3); and (4)
1-hydroxy-2-hexadecanogrglycero-3-phosphocholine ac- the neutral loss of sodium cyclophosphate resulting in the
quired at a dc offset voltage of 40 eV were nearly identical to generation of a monoacy! glycerol derivative cation (i.e.,fM

N /OH j\ o\\P/OH
/ \ Na® 4 R or f\ +
H o0 0
oss of N(CHy), 3) L
[M + Na]* o miz 147
1) 1l
0—C—

0SS o' /P\
E\o] 29 HO

[M + Na - 59]"

i%oN\

[M+Na-183]*

M+ Na 205] +
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Scheme 2. Proposed Collision-Induced Dissociation to those of the corresponding sodiated 1-acyl-2-hydremxy-
Pathways of Sodiated 1-Hydroxy-2-a-glycero- glycero-3-phosphocholine in that a relative ratio of 4:1 for
3-phosphocholines product ions atr/z 104 and 147 was present. As anticipated,
oy o o N o o the product ion [M+ Na — 205" was not present since the
HO>P<0:>‘°‘Q'R +.o” VN OR _OfPig}O—g—M Ho/\>”< ester group is absent in lysoplasmenylcholine and lysoplasma-
. N“;"‘_’mr Na* miz 104 nylcholine, and thus pathway 4 in Scheme 1 is untenable. For
/ 1-O-alkyl-2-acetylsn-glycero-3-phosphocholines (PAF) where
OH @ o OH RP® O PH gm0 ansn2-acyl group is present in the absence of eithref- or
o—C-R /A N+ HOTY OR s HO ™Y sn2-hydroxys, pathway 2 in Schemes 1 and 2 is not possible
60 NP Ry T N e :
_ﬂ_o/\)f\ DS 0 ¢ Na and thus product ions at [M- Na — 103]" and choline vz
-5 Na* miz 147 [M +Na-183]* 104) are not present in the positive-ion ESI tandem mass spectra
[M+Naj+ L9058 O NCH), oy of sodiated PAF (Figure 5C, compared with Figures 2, 3, and
oy of ¢ (Fig p g
o> Positive-lon ESI Tandem Mass Spectrometry of Ethano-
_E\Oj oss o " lamine Lysophospholipid Regioisomers. The utility of ESI
M+ Na- 58" \N tandem mass spectrometry for discrimination between lyso-
HOACO\CR phospholipid regioisomers containing ethanolamine polar head

groups was demonstrated by comparison of positive-ion ESI
tandem mass spectra of lysophosphatidylethanolamine regio-
isomers. Corresponding pairs it 1- andsn-2-ethanolamine
lysophospholipid regioisomers (i.e., C14:0, C16:0, C18:1) were
separated by reverse phase HPLC as described in the Experi-
mental Section and analyzed by positive-ion ESI tandem mass
spectrometry. The product ion patterns were nearly identical
for molecular species containing different acyl chains, but were
dramatically different for regioisomers of each molecular
species. For example, positive-ion ESI tandem mass spectra
of sodiated 1-octadec-@noyl-2-hydroxysn-glycero-3-phos-
phoethanolamines(r1-acyllysophosphatidylethanolamine) and

[M + Na - 205] +

Na— 205]") (pathway 4). Since these pathways emanate from
a common molecular ion, the relative abundance of product ions
is directly related to the relative enthalpic and entropic changes
inherent in each pathway. Clearly, pathway 1 is favored for
both regioisomers since the product ion fM Na — 597 is
always the most abundant product ion from choline-containing
phospholipids. The predominant product ion of sodiated 1-acyl-
2-hydroxysn-glycero-3-phosphocholine corresponds to the fa-
vored 5-membered phosphodiester (pathway 2 in Scheme 1)

and leads to the formation of cholinevg 104) (Figures 2A sodiated 1-hydroxy-2-octadeé-&noylsnglycero-3-phospho-

and 3A) while the 6-membered phosphodiester (pathway 2 in . ? .
Schemg 2) is required for the gengratioel of choline(fprom soziated _ethanolam|nes(nz-acyllysophosphatldylethanolam|ne) after ES|

1-hydroxy-2-acylsrrglycero-3-phosphocholine. Similarly, the " the positive-ion mode were remarkable for ionsrét 459,

: " : 441, 361, 339, 164, and 121 (Figure 6). The most abundant
product ion [M+ Na— 205]" from sodiated 1-hydroxy-2-acyl- duct ionmiz 459 (IM + Na — 431 d diated
snglycero-3-phosphocholine dissociation results from the for- product ionm'z ( a— 43]") corresponds to sodiate

mation of a 5-membered ion (pathway 4 in Scheme 2) while snl- or sn2-a(_:yllysophosphatidic acid resulting .”0”? the
the corresponding 6-membered analog formed from sodiategneutral loss of vinylamine. Less abundant product ions includ-

1-acyl-2-hydroxysnglycerol-3-phosphocholine (pathway 4 in ing m'z 441 (M + N_a D 61]") result f_rom the negtral loss of
Scheme 1) is present in lower relative abundance (e.g., compar thanolamine resulting in the generation of a sodiated monoacyl

Figure 2A to 2B). Dissociation pathway 3 is effected through glycerophosphodies'ter. The neutra] loss of sodium ethanolamine
either an activated rearrangement in the case of sodiatedPhoSPhate results in the generation of a monoacyl glycerol
1-hydroxy-2-acylsn-glycero-3-phosphocholine (activated by the derivative cationiyz339, [M+ Na— 163]"). The structures
electron-withdrawing properties of the ester group, pathway 3 pf these two pro.duct ions are completely analogous to product
in Scheme 2) or a nonactivated rearrangement in the case of S corresponding to [M- Na— 103]" and [M + Na — 205"
sodiated 1-acyl-2-hydroxgrglycero-3-phosphocholine (path- previously |d_ent|f|ed_ in ta_ndem mass spectra of sodiated
way 3 in Scheme 1). Further, dissociation pathway 3 in the YSOPhosphatidylcholine (Figures 2 and 3).
case of sodiated 1-acyl-2-hydrosy-glycero-3-phosphocholine The positive-ion ESI tandem mass spectraefl andsn-2
(Scheme 1) requires the formation of a vinyl alcohol which is regioisomers of sodiated lysophosphatidylethanolamine are
less stable than the corresponding formation of a vinyl ester dramatically different (compare Figure 6A to Figure 6B). For
from sodiated 1-hydroxy-2-ac@rglycero-3-phosphocholine example, in addition to three informative product ioméz459,
(Scheme 2). Accordingly, product ions ratz 147 and [M+ 441, and 339) after dissociation of sodiatesl-lysophosphati-
Na — 183]* are more abundant after collision-induced dissocia- dylethanolamine, three other product iomé&z 361, 164, and
tion of sodiated 1-hydroxy-2-ac@rglycero-3-phosphocholine 121 corresponding to a sodiated monoacyl glycerol derivative,
(Figures 2B and 3B) in comparison to those generated from sodiated phosphoethanolamine, and sodiated phosphatidic acid,
sodiated 1-acyl-2-hydroxgr-glycero-3-phosphocholine (Figures  respectively, are present in the positive-ion ESI tandem mass
2A and 3A). spectrum of sodiatesh+2-lysophosphatidylethanolamine (Figure
To support the collision-induced dissociation pathways of 6B). Furthermore, the product ion pairratz 164 (correspond-
sodiated choline lysophospholipid regioisomers proposed herein,ing to sodiated phosphoethanoalmine) and 441 (corresponding
additional positive-ion ESI tandem mass spectroscopic analysedo sodiated monoacy! glycerophosphodiester, i.e.fNlla —
were performed utilizing lysophospholipid subclasses containing 61]) demonstrated at 25-fold difference in their ratio in each
different covalent linkages to then1 carbon (e.g., B-(2)- lysophosphatidylethanolamine regioisomer (i.e., a ratio of ap-
alk-1'-enyl-2-hydroxysnglycero-3-phosphocholines (lysoplas- proximately 1:10 fosn1-acyllysophosphatidylethanolamine and
menylcholine) and 13-alkyl-2-hydroxysn-glycero-3-phospho-  a ratio of approximate 5:2 fasn-2-acyllysophosphatidyletha-
cholines (lysoplasmanylicholine). The positive-ion ESI tandem nolamine were present) (Figure 6). Distinction between indi-
mass spectra of sodiated lysoplasmenylcholine (Figure 5A) andvidual lysophosphatidylethanolamine regioisomers can be further
sodiated lysoplasmanylicholine (Figure 5B) were nearly identical substantiated by the 16-fold difference in the ratio of the relative
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Figure 5. Positive-ion electrospray ionization tandem mass spectrum of lysoplasmenylcholine, lysoplasmanylcholine, and platelet activating factor.
Positive-ion ESI tandem mass spectra of sodiat€d(Z)-hexadec-tenyl-2-hydroxysnglycero-3-phosphocholine (i.e., lysoplasmenylcholine) (A),
sodiated 10-hexadecyl-2-hydroxgn-glycero-3-phosphocholine (i.e., lysoplasmanylcholine) (B), and sodiat@déxadecyl-2-acetydnglycero-
3-phosphocholine (i.e., platelet activating factor) (C) were obtained as described in the Experimental Section. Sampled jwaretlissolved

in 1:2 chloroform/methanol and infused directly into the ESI chamber using a syringe pump at a flow ratebfris for 5 min.
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Figure 6. Positive-ion electrospray ionization tandem mass spectra 12 45 o—¢-r ﬁ

of ethanolamine lysophospholipid regioisomers. Positive-ion ESI [MTN§_4§]. H (5) ’l:o” Na+ OR HO—F—OH
tandem mass spectra of sodiated 1-octadem®yl-2-hydroxysn _ﬁ_oﬁ m/z 361 OH Na*
glycero-3-phosphoethanolamine (A) and sodiated 1-hydroxy-2-octadec- OW Na+  [M+Na-141]*  miz 121
9'-enoylsnglycerol-3-phosphoethanolamine (B) were obtained as (R=Cy Hy,)

described in the Experimental Section. Samples (1 prhplivere
dissolved in 1:2 chloroform/methanol and infused directly into the ESI
chamber at a flow rate of 14L/min for 5 min. The stars in panel A
indicate the presence of product ionsrdt 121, 164, and 361, present
in very low abundance.

tion of a 6-membered oxonium ion from 1-acyllysophosphati-
dylethanolamine (Scheme 3) or a 5--membered oxonium ion from
2-acyllysophosphatidylethanolamine (Scheme 4) (pathway 3);
or (4) a rearrangement resulting in the generation of either a
sodiated monoacyl glycerol derivative ([M Na — 141]")
through the neutral loss of phosphoethanolamine or a sodiated
Potential Dissociation Pathways of Sodiated Lysophos- phosphoethanolaminan(z 164) through the neutral loss of
phatidylethanolamine Regioisomers.Product-ion patterns of  monoacyl glycerol derivative (pathway 4). Because these
sodiated lysophosphatidylethanolamine regioisomers arise frompathways emanate from a common molecular ion, the relative
the differences in the relative activation energies (enthalpic and abundance of product ions are directly related to the enthalpic
entropic) for collision-induced dissociation of precursor ions and entropic changes between critical intermediates in each
(i.e., individual sodiated lysophosphatidylethanolamine regio- pathway. Similar to results deduced from study of the sodiated
isomers (Schemes 3 and 4, respectively)). Four main pathwayscholine lysophospholipid regioisomers, a 5-membered product
for collision-induced dissociation are likely, including (1) the ion (in comparison to a 6-membered product ion) is the
neutral loss of vinylamine resulting in the generation of sodiated kinetically favored product in each case. Thus, the favored
phosphatidic acid (pathway 1); (2) the neutral loss of ethanol- product of sodiated 1-acyllysophosphatidylethanolamine dis-
amine resulting in the generation of a sodiated 5-membered sociation corresponds to the sodiated 5-membered phosphodi-
phosphodiester from sodiated 1-acyl-2-hydraxyglycero-3- ester (M + Na — 61]") while the sodiated 6-membered
phosphoethanolamines (Scheme 3) or a sodiated 6-membereghosphodiester (formed from sodiated 2-acyllysophosphatidyle-
phosphodiester from sodiated 1-hydroxy-2-aswglycero-3- thanolamines) is present in lower abundance. Similarly, the
phosphoethanolamine (Scheme 4) (pathway 2); (3) the neutralmajor product ion ([M+ Na — 163}") from collision-induced
loss of sodium ethanolamine phosphate resulting in the genera-dissociation of sodiated 2-acyllysophosphatidylethanolamine

intensity of the product ion pair 'z 339 ([M + Na— 163]")
and 441 ((M+ Na — 61]") (Figure 6).
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miz 459 2 (5) Q B of choline lysophospholipids. (A) Negative-ion ESI tandem mass
6, C
[M+Na-43)+ [[O—C—R |°N‘E_R OR HO—FP—OH spectrum of the chlorine adduct of 1-hexadecanoyl-2-hydsxy-
o—b_on m %61 OH Na* glycero-3-phosphocholine (palmitoyl lysophosphatidylcholine). (B)
o4 Nat  [M+Na-1a1]+ m/z 121 Negative-ion ESI tandem mass spectrum of the chlorine adduc©sf 1-
(R=C,,Hy) (2)-hexadec-tenyl-2-hydroxysnglycero-3-phosphocholine (palmitoyl
“v17'33

lysoplasmenylicholine). Each choline lysophospholipid (1 patdhivas
) ) . dissolved in 1:2 chloroform/methanol with coaddition of NaCl (5 pmol/
corresponds to the 5-membered oxonium ion while the corre- |y nrior to performance of ESI tandem mass spectrometry in the

sponding 6-membered analog formed from sodiated 1-acyllyso- negative-ion mode as described in the Experimental Section.
phosphatidylethanolamine is present in lower relative abundance.
The dissociation pathways 4 and 5 reflect an activated rear-from the chlorine adduct of 1-acyl-2-hydrosyglycero-3-
rangement (activated by the electron-withdrawing properties of phosphocholine. Thus, the regiospecificity of choline lyso-
the ester group) in the case of sodiated 2-acyllysophosphati-phospholipids cannot be determined by negative-ion ESI tandem
dylethanolamine or a nonactivated rearrangement in the casemass spectrometry alone. As anticipated, the carboxylate
of sodiated 1-acyllysophosphatidylethanolamine or a nonacti- product ion is absent in the negative-ion ESI tandem mass
vated rearrangement in the case of sodiated 1-acyllysophos-spectra of the chlorine adduct of lysoplasmenylcholine and
phatidylethanolamine. Furthermore, the dissociation pathwayslysoplasmanylcholine. For example, the negative-ion ESI
4 and 5 in the case of sodiated 1-acyl-2-hydrexyglycero- tandem mass spectrum of the chlorine adduct @-(2)-
3-phosphoethanolamine (Scheme 3) involve the formation of a hexadec-tenyl-2-hydroxysnglycero-3-phosphocholine (lyso-
compound containing a vinyl alcohol which is less stable than plasmenylcholine) contains a major product iomét 464 and
the corresponding vinyl ester formed from sodiated 1-hydroxy- two minor product ions atrv/z 239 (palmityl aldehyde anion)
2-acylsnglycero-3-phosphoethanolamine (Scheme 4). Ac- and 224 (corresponding to the neutral loss of palmitenyl alcohol)
cordingly, the ion [M+ Na — 141]" and ions atwz 164 and (Figure 7B).
121 are predominant product ions in the case of sodiated Negative-ion ESI tandem mass spectra of lysophosphatidyl-
2-acyllysophosphatidylethanolamine but represent only minor ethanolamine regioisomers displayed a major product ion,
constituents in the case of sodiated 1-acyllysophosphatidyl- corresponding to the carboxylate ion of the acyl chain (e.g.,
ethanolamine. Figure 8A). Several minor product ions derived from the
Negative-lon ESI Tandem Mass Spectrometry of Choline glycerol backbone and polar head group including ionsvat
and Ethanolamine Lysophospholipids. Although these studies 196, 153, and 140 were present which likely correspond to the
demonstrate that the regiospecificity of lysophospholipid posi- loss of HO from the glycerophosphoethanolamine anion, the
tional isomers can be identified by positive-ion ESI tandem mass loss of HO from glycerol phosphate, and the phosphoethanol-
spectrometry, product ions corresponding to the aliphatic chain amine anion, respectively. These minor product ions were
constituent cannot be individually identified in the positive-ion typically not detected under similar conditions in negative-ion
mode. Accordingly, negative-ion ESI tandem mass spectrom- tandem mass spectra of phosphatidylethanolafgfinds an-
etry of lysophospholipids was employed to identify aliphatic ticipated, the negative-ion ESI tandem mass spectra of lyso-
chain constituents. Selection and collisional activation of the plasmenylethanolamine and lysoplasmanylethanolamine differed
chlorine adduct [M+ CI]~ (the major quasi molecular ion when  from those of corresponding lysophosphatidylethanolamine since
chloride is preseff) of 1-acyl-2-hydroxysn-glycero-3-phos- the major product ion (i.e., the carboxylate ion) was absent and
phocholines after ESI in negative-ion mode resulted in multiple was replaced by a low-abundance product ion corresponding
informative product ions. For example, a negative-ion ESI to thesn-1-alkenyl or -alkyl chain (verified by varying the chain
tandem mass spectrum of the chlorine adduct of 1-hexadecanoylHength of lysoplasmenylethanolamines shown in Figures 8B and
2-hydroxysn-glycero-3-phosphocholine demonstrated a pre- 8C). An additional production (i.e., [M- 62]~, corresponding
dominant product ion atrvz 480 (i.e., [M+ Cl — CH3ClI]?) to the neutral loss of ethanolamine from precursor ion) was
corresponding to the neutral loss of &H from precursor [M present in the negative-ion ESI tandem mass spectra of
+ CI]~ ion to form a N,N-dimelthyllysophosphatidyletha-  lysoplasmenylethanolamine and lysoplasmanylethanolamine.
nolamine anion (Figure 7A). Other less abundant product ions The product ion at/z 196 (corresponding to the loss ob®l
include ions atm/z 255, 224, and 242 (palmitate, neutral loss from glycerol phosphoethanolamine) was the most abundant
of hexadecanoic acid, and neutral loss of hexadecyl ketene fromproduct ion under the experimental conditions employed. These
N,N-dimethyllysophosphatidylethanolamine anion (fMCI — differences in observed product ion intensities are due to the
CH3CI] ™), respectively). The negative-ion ESI tandem spectrum relatively higher stability of then-1 ether linkage in lysoplas-
of chlorine adduct of 1-hydroxy-2-acgl-glycero-3-phospho- ~ menylethanolamine and lysoplasmanylethanolamine in com-
choline (spectrum not shown) was nearly identical to that derived parison to the ester linkage in lysophosphatidylethanolamine.
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Figure 8. Negative-ion electrospray ionization tandem mass spectra of ethanolamine lysophospholipids. (A) Negative-ion ESI| tandem mass spectrum
of 1-hexadecanoyl-2-hydroxgr-glycero-3-phosphoethanolamine (palmitoyllysophosphatidylethanolamine). (B) Negative-ion ESI tandem mass
spectrum of 10-(Z)-hexadec-tenyl-2-hydroxysn-glycero-3-phosphoethanolamine (palmitoyllysoplasmenylethanolamine). (C) Negative-ion ESI
tandem mass spectrum of GHZ)-octadec-tenyl-2-hydroxysnglycero-3-phosphoethanolamine (stearoyllysoplasmenylethanolamine). Each
ethanolamine lysoglycerophospholipid (1 pmdl was dissolved in 1:2 chloroform/methanol prior to performance of ESI tandem mass spectrometry

in negative-ion mode as described in the Experimental Section.

flux of precursor ion into competing dissociation pathways,

Conclusion
ethereby facilitating the discrimination of lysophospholipid

The results presented herein demonstrate the remarkabl -
capability of the combined utilization of positive- and negative- €9!0ISOMers.
ion ESI tandem mass spectrometry for the direct structural
determination of lysophospholipid regioisomers, classes, sub-  acknowledgment. This research was supported by NIH
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diagnostic pairs of product ions produced during collisional
activation, well-defined kinetic determinants dictate the relative JA952326R



