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Abstract

Ether lipids represent a unique subclass of glycerophospholipid (GPL) that possess a 1- O-alkyl
(i.e., plasmanyl subclass) or a 1- O-alk-1’-enyl (/.e., plasmenyl subclass) group linked at the sr-1
position of the glycerol backbone. As changes in ether GPL composition and abundance are
associated with numerous human pathologies, analytical strategies capable of providing high-level
structural detail are desirable. While mass spectrometry (MS) has emerged as a prominent tool for
lipid structural elucidation in biological extracts, distinctions between the various isomeric forms
of ether-linked GPLs has remained a significant challenge for tandem-MS, principally due to
similarities in the conventional tandem mass spectra obtained from the two ether-linked
subclasses. To distinguish plasmanyl and plasmenyl GPL, a multi-stage (7.e., MS” where n = 3 or
4) mass spectrometric approach reliant on low-energy collision induced dissociation (CID) is
required. While this method facilitates assignment of the sr-1 bond type (/.e., 1- O-alkyl versus 1-
O-alk-1’enyl), a composite distribution of isomers is left unresolved, as carbon-carbon double
bond (C=C) positions cannot be localized in the s7-2 fatty acyl substituent. In this study, we
combine a systematic MS” approach with two unique gas-phase charge inversion ion/ion
chemistries to elucidate ether GPL structures with high-level detail. Ultimately, we assign both
sr-1 bond type and sites of unsaturation in the sn-2 fatty acyl substituent using an entirely gas-
phase MS-based workflow. Application of this workflow to human blood plasma extract permitted
isomeric resolution and in-depth structural identification of major, and in some cases, minor
isomeric contributors to ether GPL that have been previously unresolved when examined via
conventional methods.
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Introduction

Ether lipids are peroxisome-derived glycerophospholipids (GPLs) that play significant roles
in health and disease.l: 2 In contrast with the more common diacyl GPL structures, which
incorporate two fatty acyl chains esterified at both the s+1 and sr+2 positions of the central
glycerol backbone, ether-linked GPL are characterized by a hydrocarbon chain linked at the
sr1 position via an ether bond. Specifically, while a fatty acid moiety remains esterified at
the sn-2 position, the plasmanyl and plasmenyl (/.e., plasmalogen) GPL subclasses contain a
1-O-alkyl or a 1- O-alk-1’-enyl group, respectively, at the s/+1 position. Despite constituting
only approximately 20% of the mammalian phospholipidome, ether lipids serve diverse
structural and functional biological roles.2 In particular, ether lipids contribute unique
structural characteristics to biological membranes, influencing membrane dynamics and
physical properties.3 For example, membrane fluidity is known to be altered by the
incorporation of ether-linked GPL, as alkyl chains at the s7-1 position permit increased
packing efficiency of membrane phospholipids.3: 4 Furthermore, ether GPL are suggested to
function as endogenous antioxidants, while also performing roles in membrane trafficking
and cellular signaling.2 6 Recently, alterations to ether GPL production and composition
have been associated with several genetic peroxisomal disorders (e.g., Rhizomelic
chondrodysplasia punctata’, Zellweger syndrome®) and multiple common disease
pathologies including several types of cancer®-11, Alzheimer’s diseasel?, and multiple
metabolic disorders (e.g., obesity3, type 1 diabetes4, hypertension1®). In turn, increasing
evidence of the critical functional roles of ether lipids in health and disease has highlighted
the need for analytical strategies to provide unambiguous structural assignment of these
lipids in complex biological mixtures.

Electrospray ionization mass spectrometry (ESI-MS) has emerged as a useful tool to assess
changes in GPL structure and composition.16: 17 However, due to the structural similarities
of the two GPL subclasses, differentiation between plasmanyl and plasmenyl GPL

represents a major challenge for ESI-MS methods.18 As conventional lipidomics strategies
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like liquid chromatography-mass spectrometry (LC-MS) often fail to achieve
chromatographic separation of isomeric ether GPL1920, direct infusion ESI-MS (commonly
referred to as shotgun lipidomics) has been widely adapted for ether GPL analysis.
Following lipid ionization, in either positive or negative ion mode, ether lipids are detected
and identified at a sum compositional level via accurate mass measurements (/.e., observed
mass-to-charge (/7/2) ratios).2! Further structural elucidation can be achieved using tandem-
MS (MS/MS).16 Explicitly, low-energy collision induced dissociation (CID) of mass-
selected ether lipid ions permits identification of the polar head group and the fatty acid
substituent esterified at the s7+2 position. Specifically, GPL classes can be individually
detected via exploitation of class-specific fragmentations. For instance, in positive ion mode,
glycerophosphocholines (PCs) can be identified using precursor ion scanning of /7/z 184,
while glycerophosphoethanolamines (PEs) are detected via neutral loss (NL) scanning of
141 Da.?2 In negative ion mode, low-energy CID readily cleaves the ester bond at the s7-2
position, yielding abundant carboxylate anions reflective of the s7+2 fatty acyl constituent.
However, in either ion polarity MS/MS alone does not provide direct information regarding
the sr-1 bond type, as dissociation of the s7-1 ether bond is not observed using low-energy
CID.18 Thus, only in specific instances can the sr+1 bond type be assigned when exploiting
product ion spectra of GPL ions. For example, one can argue that if a monounsaturated ether
GPL (e.g., PE 0-32:1) loses an unsaturated fatty acyl chain from the sr-2 position (e.g., loss
of 18:1) upon CID of the [PE - H]™ anion, the ether GPL must be a saturated plasmanyl.
Aside from this specific case, assignment of GPL subclass can become a difficult task - most
notably as the degree of unsaturation increases. In turn, MS?2 product ion spectra are most
often insufficient to distinguish an unsaturated alkyl group from a saturated alkenyl moiety
at the sr+1 position in isomeric ether-linked structures, and thus, most shotgun analyses
report ether lipids at the sum compositional level, indicating the need for analytical
strategies affording unambiguous ether GPL structural assignment.

Several MS-based approaches have been employed to differentiate GPL subclasses. Widely
adopted for plasmalogen identification, Murphy ef a/. described a combination of mild acid
hydrolysis and MS/MS.23 Acid treatment selectively hydrolyzes the labile 1-O-alk-1"-enyl
bond found in plasmalogens, and thus, direct spectral comparison before and after acid
treatment permits identification and differentiation of various subclasses. Despite its
usefulness, this approach is inherently destructive and requires multiple analyses of each
sample that can act as a constraint on throughput. Alternate solution-based strategies, often
in combination with tandem-MS, permit discrimination amongst GPL subclasses. For
example, Reid and co-workers developed a selective chemical derivatization of the 1-O-
alk-1’-enyl bond in plasmalogens that enables confident differentiation amongst GPL
subclasses.?4 25 In a different example, lithium adducted GPL ions (/.e., [M + Li]*), were
found to fragment to structurally informative product ions, leading to unambiguous
structural assignment.26 While effective, these approaches are reliant on wetchemical
modification prior to MS analysis or ionization of the sample under conditions that do not
maximize detection sensitivity. In a multiple-stage ion trap MS approach, Hsu and Turk
described an MS” platform to characterize GPL that facilitates structural differentiation
amongst GPL subclasses independent of GPL head group composition.18:27 Unfortunately,
as all methods described above are reliant on low-energy CID, these techniques do not
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pinpoint carbon-carbon double bond positions in unsaturated fatty acyl chains at the s1-2
position.17:28 As a consequence, resulting experimental signals likely represent a mixture of
unresolved isomers. Failing to clearly define structural features, such as double bond
location(s), is problematic, as increasing evidence suggests alterations in lipid isomer
relative abundances could serve as sensitive biomarkers for numerous pathologies.2%-32

While a number of strategies have been established to pinpoint carbon-carbon double bonds
in unsaturated lipids, few are capable of identifying the site(s) of unsaturation in intact
phospholipids. Furthermore, of these methods, most fail to assign the unsaturation to a
particular fatty acyl chain within the complex lipid structure, and in turn, this problem is
confounded in ether lipids where different types of carbon-carbon double bond exists (i.e.,
conventional unsaturation vs. vinyl ether). To our knowledge, only three approaches have
demonstrated near-complete ether GPL structure elucidation.33:34 Specifically, Baba et a/.
used electron impact excitation of ions form organics (EIEIO) to characterize ether GPL
extracted from animal tissues.3® While affording assignment of GPL subclass and the site(s)
of unsaturation in radyl substituents, EIEIO ultimately suffers from spectral complexity due
a large number of both even- and odd-electron product ions and limited fragmentation
efficiency, potentially hindering confident assignment of low abundance lipids or mixtures of
isomeric species. The combination of CID with UVphotodissociation in an MS” workflow
can also yield product ions characteristic of acyl chain and double bond positions in GPLs.36
In an alternate approach, ozone-induced dissociation (OzID) exploits ion/molecule reactions
between mass-selected unsaturated lipid ions and ozone vapor within the trapping region of
a mass spectrometer to pinpoint carbon-carbon double bond locations.3” Using OzID and/or
a combination of OzID and CID (/.e., OzID/CID), confident, high-level lipid structural
identification can be achieved, as only double bond stereochemistry remains unassigned.
Nevertheless, ion/ion reactions offer an alternative approach to gas-phase lipid
characterization with shorter reaction times leading to potential advantages in duty cycle
compared to ion/molecule chemistries.38-40

Recently, gas-phase charge inversion ion/ion reactions have been shown to facilitate lipid
characterization.38-41 Betancourt er a/. exploited charge inversion ion/ion reactions between
isomeric singly protonated PC and PE cations (/.e., [PE + H]*, [PC + H]*) and doubly
deprotonated dicarboxylic acid dianions to charge invert lipid cations, yielding singly
charged lipid anions that can be further interrogated to identify fatty acyl subsituents.!
Importantly, this approach facilitated chemical separation of isomeric/isobaric PC and PE
lipid ions on the m/z scale due to distinct reactivities of the lipid cations arising from
variations in the polar head group. Thus, mixture complexities from an isolated lipid
precursor cation population can be minimized employing ion/ion charge inversion chemistry,
further improving mixture analysis performance. In an additional example, charge inversion
ion/ion reactions have been shown to provide near-complete structural elucidation of lipids.
38-40 Briefly, fatty acid (FA) anions, derived from non-esterified (/.e., free) FA or complex
lipid precursors, are reacted with tris-phenanthroline magnesium complex dications (/.e.,
[MgPhenz]2*) within the high pressure collision cell of a mass spectrometer to generate
charge-inverted FA complex cations (/.e., [FA - H + MgPhen]*). Interrogation of the [FA - H
+ MgPhen]* ion facilitates unambiguous isomeric distinction, localization of carbon-carbon
double bonds, and in some cases, relative quantitation of isomeric FA.38:39
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Herein, we report the combination of multiple mass spectrometric workflows to characterize
ether GPL. Specifically, we incorporate MS” experiments with two discrete gas-phase
charge inversion ion/ion chemistries to unravel ether GPL molecular structures. In total, the
combination of MS” and ion/ion reactions facilitates in-depth structural identification of
ether GPL, including differentiation of plasmenyl and plasmanyl subclasses and assignment
of carbon-carbon double bond (C=C) positions within the fatty acyl constituent. Application
of the presented method to human plasma extract unveiled ether GPL previously unresolved
using conventional approaches. The demonstration of ether lipids present as isomeric
mixtures highlights the remarkable structural diversity of these lipid species and the
complexity of the human plasma lipidome.

Experimental

Materials

All lipids standards were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). HPLC-
grade methanol, water, acetonitrile, ammonium hydroxide, and chloroform were purchased
from Fisher Scientific (Pittsburgh, PA). Magnesium chloride, ammonium acetate, 1,10-
phenanthroline (Phen), 1,4-phenylenedipropionic acid (PDPA), and citrated human blood
plasma were purchased from Sigma-Aldrich (St. Louis, MO).

Lipid Extraction and Preparation of nESI Solutions

Solutions of lipid standards were prepared in methanol to a final concentration of 5 uM.
Magnesium chloride and 1,10-phenanthroline were combined in methanolic solution to a
final concentration of 20 puM. A solution of PDPA was prepared at a concentration of ~200
UM in 48.5/48.5/3 (v/v/v) acetonitrile/methanol/ammonium hydroxide. Lipids were
extracted from human plasma in an identical fashion as previously described.40

Nomenclature

When possible, we adopt the shorthand notation recommended by Liebisch et a/42 For
example, glycerophosphoethanolamine and glycerophosphocholine are abbreviated as PE
and PC, respectively. In general, 1- O-alkyl ether and 1- O-alk-1"-enyl ether
glycerophospholipids are referred to as the plasmanyl and plasmenyl (plasmalogen)
subclasses, correspondingly. Acyl chains are described by the total number of carbons and
degree(s) of unsaturation (e.g., 18:1 indicates a fatty acyl chain with 18 carbons and 1
double bond). If known, double bond position and stereochemistry (Zfor cisor Efor trans)
are indicated within parentheses following the degree of unsaturation (e.g., 18:1(92)). If sn-
positions are known, radyl substituents are separated by a forward-slash (/.e., PC 16:0/18:1),
but if unknown, radyl substituents are separated by an underscore (7.¢e., PC 16:0_18:1). To
indicate ether lipids, proven C-alkyl bond (plasmanyl) and O-alk-1-enyl bonds (plasmenyl)
are indicated with “O” and “P’, respectively. Where an ether linkage is identified but the
adjacent carbon-carbon bond cannot be defined, the general " O' classification is used. For
example, the sum composition PE (-36:2 can represent either the plasmanyl PE O-18:1
(92)/18:1 or the isomeric plasmenyl species PE A-18:0/18:1(9Z) or a mixture of both.
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Mass Spectrometry

Results

All data were collected on a Sciex QTRAP 4000 hybrid triple quadrupole/linear ion trap
mass spectrometer (SCIEX, Concord, ON, Canada) with modifications analogous to those
previously described.#3 Instrument modifications are illustrated with Supporting Information
Figure S1. The essential hardware modification to enable the mutual storage of oppositely
charged ions is the application of auxiliary RF signals to the containment lenses of the g2
quadrupole array.

Two types of charge inversion ion/ion experiments were used in this study for lipid
characterization. To aid in mixture analysis, the charge inversion approach developed by
Betancourt et a/*! was implemented prior to negative ion mode MS” (Scheme S1). In short,
alternately pulsed nESI emitters enable the sequential injection of lipid cations and reagent
anions.** First, lipid cations were ionized in positive ion mode via direct infusion positive
nESI prior to mass-selection in Q1 and subsequent storage in g2. Next, doubly deprotonated
reagent PDPA dianions, denoted [PDPA — 2H]2~, were ionized in negative ion mode,
isolated during transmission through Q1, and accumulated in g2. Once in g2, lipid cations
and reagent dianions were reacted under mutual storage conditions for 500 ms. Resulting
product lipid anions were then transferred to Q3, isolated using unit resolution, and activated
via ion-trap CID (g = 0.25). Product ions generated from CID were analyzed via mass-
selective axial ejection (MSAE).4

A second experiment employing charge inversion ion/ion chemistry was used to identify
sites of unsaturation within the sn-2 fatty acyl chain.? Direct infusion negative ion nESI was
first used to generate the lipid anion. The lipid anion was then isolated during transit through
Q1 and sent to the high-pressure collision cell, g2, for storage. Collisional activation of the
lipid anion in g2 was employed to generate the sr-2 fatty acyl carboxylate anion, denoted
[FA - H]™. Now using direct infusion positive ion nESI, the charge inversion reagent
dications, [Mg(Phen)s]2*, were generated, mass-selected in Q1, and transferred g2 for
storage. In the high-pressure collision cell, reagent dications and product ions resulting from
CID of the mass-selected lipid anion were simultaneously stored for 500 ms. Immediately
following ion/ion reaction period, all product ions were collisionally activated using beam-
type CID and transferred to Q3. Once in Q3, monoisotopic charge inverted FA complex
cations (/.e., [FA - H + MgPhen]*) were isolated and activated via single frequency
resonance excitation (q = 0.383).

Differentiation of Plasmenyl and Plasmanyl Glycerophospholipids

In negative ion mode, diacyl and ether GPLs can be readily differentiated via MS/MS.
However, negative ion mode MS? experiments are usually insufficient for distinguishing
isomeric plasmenyl and plasmanyl GPL. Specifically, CID of the ether GPL anion
predominantly results in cleavage of the sn-2 fatty acyl ester bond, revealing structural
information pertaining only to the s/+2 fatty acyl moiety. As mentioned above, Hsu and Turk
developed an MS” multiple-stage ion-trap MS approach for the characterization of ether
lipids.18:27 Herein, we employ this workflow on a modified hybrid triple quadrupole/linear

JAm Soc Mass Spectrom. Author manuscript; available in PMC 2021 May 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Randolph et al.

Page 7

ion trap mass spectrometer. Our results are analogous to those previously reported8:27,
noting subtle differences between the data sets, likely due to instrument geometry and
resulting differences in ion energetics. Ultimately, we obtained PE subclass differentiation
by exploiting MS3 product ion spectra of the [PE - H - Ry’CH=C=0Qlions, while MS*
product ion spectra of [PC - CH3 - R,’"CH=C=0]~ permitted identification of PC subclasses,
as detailed with Scheme S2. For brevity, results from negative ion mode MS”” experiments
are detailed in the Supporting Information (see Figures S2-S3).

While the approach described previously!8-27 was performed exclusively in negative ion
mode, PE and PC analysis is often conducted in positive ion mode, as these species yield
abundant singly protonated lipid cations upon direct positive ionization. In particular, a
common strategy to identify PEs and PCs entails scanning for neutral fragment losses of 141
Da NL scan and 7/z 184 precursor ions in positive ion mode, respectively. However,
interrogation of singly protonated PE and PC cations does not provide information
pertaining to acyl chain composition. In turn, lipid cation signals likely represent a mixture
of isomeric/isobaric molecular species, as GPL subclass cannot be unambiguously assigned.
Notably, isobaric odd chain diacyl and ether GPL cations can be discriminated via high
resolution mass analysis. For example, the unambiguous discrimination of the isobaric odd
chain diacyl and ether GPL cations such as [PE £-18:0/18:1 + H]* (theoretical m/z
730.5745) and [PE 17:0/18:2 + H]* (theoretical /7/z730.5381) can be accomplished if mass
resolution exceeds ca. 20,000 M/AMgwHm. However, differentiation of isomeric ether GPL
cations such as [PE ~-18:0/18:1 + H]* (theoretical /7/2730.5745) and [PE O-18:1/18:1 + H]
* (theoretical m/z730.5745) cannot be achieved. Importantly, charge inversion ion/ion
chemistry can also be employed to deal with such ambiguities without recourse to high
resolution.

To illustrate, synthetic PE P-18:0/18:1(9Z), PE ©-16:0/18:1(9Z), and PE 16:0/18:1(9Z2)
monocations were subjected to ion/ion reaction with doubly deprotonated PDPA dianions to
generate structurally informative [PE - H]™ product ions. We note that isomeric GPL
standards of varying subclass are not commercially available, and therefore, we must draw
conclusions using the synthetic standards presented herein. Explicitly, mass-selected [PE +
H]* cations undergo charge inversion via double proton transfer to the two carboxylate
moieties in doubly deprotonated PDPA to yield [PE - H]™ anions. Results of the ion/ion
reaction for PE P-18:0/18:1(92), PE 0O-16:0/18:1(92), and PE 16:0/18:1(9Z2) are illustrated
in Figure S4, and all cases exhibited a dominant [PE - H]~ production.

The product ion spectra of charge-inverted [PE - H]™ ions derived from synthetic PE
P-18:0/18:1(92), PE 0O-16:0/18:1(9Z), and PE 16:0/18:1(9Z) standards are shown in Figures
1a, 1b, and 1c, respectively. CID of charge-inverted [PE ~-18:0/18:1(9Z2) - H]™ (m/z728.5)
yielded an abundant 18:1(9Z) carboxylate anion observed at /7/2281.2 and two additional
product ions generated via neutral losses of the sn-2 fatty acyl moiety as a fatty acid (/.e,
[PE P-18:0/18:1(9Z) - H - R,COOH]~, m/z446.3) and as a ketene (/.e., [PE
P-18:0/18:1(92)- H - Ry’CH=C=0]", m/z 464.3) (see Figure 1a). Similarly, interrogation of
[PE 0-16:0/18:1(92Z) - H]™ (m/z702.5) generated via ion/ion reaction gave rise to the
[18:1(92Z) - H]™ (/m/z281.2) and [PE -16:0/18:1(9Z) - H - R,’"CH=C=0]" (/m/z438.3)
product ions (Figure 1b). Thus, as low-energy CID primarily results in ester bond cleavage,
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MS/MS experiments alone would be inadequate to distinguish isomeric plasmenyl and
plasmanyl GPL that differ only in the location of carbon-carbon double bonds in the ether-
linked chain. In contrast, the CID spectrum of charge-inverted [PE 16:0/18:1(92) - H]™ (m/z
716.5) displays prominent [16:0 - H]™ (/m/z255.2) and [18:1(92) H]~ (mm/z281.2) anions,
along with the [PE 16:0/18:1(92) - H - R,COOH]~ (/m/z452.3) and [PE 16:0/18:1(9Z) - H -
R,’CH=C=0]" (/m/z478.3) product ions (Figure 1c). The examples in Figure 1 clearly
demonstrate that ether GPL can be readily differentiated from their diacyl counterparts, as
the latter generate abundant fatty acyl carboxylate anions derived from sr+1 and sr+2 ester
bond cleavage. Such negative ion CID analysis can be used to distinguish ether lipids from
isobaric odd chain diacyl GPLs (e.g., [PE ~-18:0/18:1 - H]™ and [PE 17:0/18:2 - H]")
without the requirement for high resolution mass spectrometry.

To assign sr+1 bond type in ether PEs, further dissociation of the [PE - H -
R,’CH=C=0]product ion is required.18 To demonstrate, the [PE ~-18:0/18:1(9Z) - H -
R,’CH=C=0]" (/m/z 464.3) product ion from Figure 1a was re-isolated in the LIT and
subjected to ion-trap CID, giving rise to the product ion spectrum depicted in Figure 1d.
Dominating the MS3 product ion spectrum of [PE ~-18:0/18:1(9Z) - H - Ry’CH=C=0]"
(m/z 464.3) is a product ion observed at /7/2196.0 that arises from the neutral loss of the
sr-1 substituent as a vinyl alcohol (-268 Da). Additionally from Figure 1d, the
complementary alkoxide product ion [O-CH=CH-CqgHs33]" is detected at /2 267.2,
providing confirmation of the identify of sn-1 substituent and the nature of the ether bond at
this position. Interrogation of [PE £-18:1(9Z) - H -R,’CH=C=0]" (/m/z 464.3) by MS3 also
generated a product ion at //2403.3 produced via the 61 Da neutral fragment loss of the
ethanolamine (head group (Z.e.,[PE P-18:0/18:1(9Z) - H - R,’CH=C=0 -
HOCH,CH,NH,]"). In comparison, the MS3 spectOum of [PE ©-16:0/18:1(9Z) - H -
R,’CH=C=0]" (/m/z438.3) is defined by a doOinant [PE (-16:0/18:1(9Z) - H -
R,’CH=C=0 - HOCH,CH,;NH5]™ ion (m/z 377.2). Importantly, further dissociatOon of [PE
0-16:0/18:1(9Z) - H - R,’CH=C=0]" (m/z 438.3) does not generate a prominent
ethanolamine head group product ion at /7/2 196.0 as previously observed within the CID
spectum of [PE P-18:0/18:1(9Z) - H - Ry’CH=C=0]" (m/z 464.3) (cf. Figules 1d and le).
For completeness, interrogation of the [PE 16:0/18:1(92)- H -R,’CH=C=0]" (m/z452.3)
anion induced cleavage of the sn-1 ester bond, yielding an abundant 16:0 fatty acyl
carboxylate anion (/7/z 255.2), as illustrated inFigure 1f. In sum, implementing MS2 on
analogous charge-inverted [PE - H]™ ions that have undergone neutral fragment losses of the
sn-2 fatty acyl substituent as a ketene yielded significant mass spectral differences, that
consequently enabled structural distinction amongst GPL subclasses and confident
assignment of the sr+1 bond type.

[PC + H]* cations also can be transformed in the gas-phase via charge inversion in reactions
with doubly deprotonated PDPA reagent dianions. Explicitly, the charge inversion reaction
between [PC + H]* cations derived from synthetic PC A-18:0/18:1(9Z), PC ©-16:0/18:1(92),
and PC 16:0/18:1(9Z) and PDPA reagent dianions gives rise to [PC + PDPA - H]™ adduct
anions that can subsequently dissociate via ion trap CID to yield demethylated PC anions
(Figure S5).41: 46 Following the gas-phase transformation of PC monocations, dissociation
of the [PC - CH3] ™ ion produces [PC - CH3 - R,’CH=C=0]" ions that can be further probed
via ion trap CID, facilitating identification of radyl constituents and subclass discrimination
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(see Figure S6). Briefly, ion-trap CID of [PC - CH3]™ yielded information regarding only the
sn-2 fatty acyl substituent, and therefore MS3 product ion spectra would again be insufficient
to differentiate isomeric plasmanyl and plasmenyl PCs. Once more, ion-trap CID of mass-
selected [PC - CH3 - Ro’CH=C=0]" ions derived from PCs facilitated identification of the
sn-1 bond type. Specifically, the MS# spectra of analogous [PC - CHz - R,’"CH=C=0]" ions
derived from plasmenyl, plasmanyl and diacyl PCs presented unique mass spectral features
paralleling those described above for PE lipids. It is key to note that while the head group
product ion observed at /1/2196.0 can be exploited to identify plasmenyl PE, the
phosphocholine-derived ion detected at /m/z224.0 confirms the plasmenyl PC structure
(Figure S6).

Importantly, the combination of charge inversion reactions and the negative ion mode MS”
experiments outlined herein offer a number of benefits when compared to the negative ion
mode multiple-stage MS approach alone. Namely, the charge inversion strategy relies on the
use of positive ionization for lipid analytes. Particularly for PCs, positive ionization can be
more efficient, leading to lower detection limits. Second, PC and PE cations undergo distinct
charge inversion processes with PDPA reagent dianions due to differences in the polar
headgroups (7.e., primary amine for PEs and quaternary ammonium for PCs). In turn, the net
result of the charge inversion ion/ion reaction permits chemical separation of isomeric/
isobaric PE and PC lipids entirely in the gas phase.4! Thus, charge inversion ion/ion
chemistry reduces mixture complexities arising from isomeric/isobaric interferences within a
single isolated precursor cation population, which can enhance complex mixture analysis
performance, especially when considered in combination with negative ion mode MS”
experiments outlined herein.

Identification of fatty acyl double bond position(s) in ether GPL

While the MS” experiments described above afford confident assignment of s7-1 bond type,
low-energy CID alone cannot localize carbon-carbon double bond positions in radyl
substituents. To pinpoint sites of unsaturation in the sn-2 fatty acyl moiety, we employ gas-
phase ion/ion charge inversion chemistry. Following ionization via direct negative nESI,
collisional activation of mass-selected [PE P-18:0/18:1(9Z) - H]™ (m/z728.5) liberated the
sn-2 fatty acyl substituent, generating the 18:1 carboxylate anion. Note that the resulting
CID spectrum for [PE A-18:0/18:1(9Z)-H]~ was identical to that shown above in Figure 1a.
Next, the MS2 product ions arising from CID of [PE A-18:0/18:1(9Z) - H]~ were allowed to
react in the gas-phase with [MgPhens]%* reagent diactions, yielding the product ion
spectrum shown in Figure 2a. The ion/ion reaction favored formation of the [18:1(9Z) - H +
MgPhen,]* (m/z 665.4) complex cation, but additional [PE A-18:0/18:1(92) - H +
MgPhen,]* and [PE ~-18:0/18:1(92) - H - R,"CH=C=0 + MgPhen,]* product ions were
also observed at 7/z1112.7 and m/z 848.4, respectively (Figure 2a). Ensuing beam-type
(BT) CID, arising from collisions during energetic transfer of ions from g2 to Q3, produced
the CID spectrum shown in Figure 2b, characterized by an abundant [18:1(9Z) - H +
MgPhen]* (m/z 485.3) product ion. Also depicted in Figure 2b are the[PE A-18:0/18:1(9Z) -
H + MgPhen]* (m/z932.6), [PE ~-18:0/18:1(92) - H - R,COOH + MgPhen]* (/m/z650.4),
[PE P-18:0/18:1(9Z) - H - R,’"CH=C=0 - CH,CH,NH + MgPhen]* (/m/2625.3) and [PE
P-18:0/18:1(9Z) - H - R,COOH - CH,CH,NH + MgPhen]* (/m/z607.3) product ions. As
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described in previous reports38’ 39, CID of charge-inverted FA complex cations enables
unambiguous isomeric distinction and confident assignment of double bond position(s)
either via direct spectral interpretation or automated spectral matching. In this example, ion-
trap CID of [18:1(9Z) - H + MgPhen]* (/m/z 485.3) generated a spectral gap, as highlighted
by the blue shading in Figure 2c, corresponding with the carbon-carbon double bond
position. In particular, the characteristic spectral gap is flanked by product ions arising from
carbon-carbon cleavage allylic to the double bond (7.¢e., m/z331.2 and 387.2) and displays
interruption of the usual 14 Da spacing, as the m/z difference between product ions at /7/z
345.2 and 357.2 is 12 Da, confirming the C9=C10 double bond position in the sr-2 acyl
chain of synthetic PE A-18:0/18:1 (92). In an identical fashion, the site(s) of unsaturation
can be localized in the fatty acyl substituent of plasmanyl PE. This process for PE
0-16:0/18:1(92) illustrated with Figure S7. Furthermore, charge inversion ion/ion chemistry
can be employed to pinpoint carbon-carbon double bond positions in unsaturated ether GPL
regardless of polar head group composition. This is demonstrated with the analysis of
synthetic PC P-18:0/18:1(92) and PC O-16:0/18:1(9Z2), as illustrated with Figures S8 and
S9, respectively. In total, the combination of MS” in negative ion mode with charge-
inversion and activation of the ester linked fatty acyl chain we achieve confident assignment
of the nature of ether linkage at s/+1 and the site(s) of unsaturation on the s/-2 chain. We
note that in the case of plasmanyl lipids, where unsaturation is detected in the ether linked
chain but where double bond(s) are not localized at the ether (e.g., PE O-18:1(92)/18:1(92)),
this strategy is unable to directly localize sites of unsaturation carried by the sr+-1 radyl
substituent and auxiliary data would be required for full characterization.

Identification of ether lipids in human plasma

As changes in both plasma lipid content and composition have been linked with numerous
pathologies, the human plasma lipidome has been extensively explored with aim of
identifying lipid biomarkers.*” Comprised of thousands of distinct lipid molecular
structures, the inherent complexity of the human plasma lipidome presents distinct analytical
challenges. Unfortunately, LC-based techniques often fail to provide chromatographic
separation of isomeric/isobaric plasmenyl and plasmanyl GPL. If chromatographic
separation is not achieved, both structural analogues must be reported, leading to structural
ambiguity.19°20 Furthermore, as double bond position(s) cannot be assigned using
conventional lipidomics workflows, most plasma lipids are identified only at the sum
compositional (e.g., PC 0-36:2) or molecular lipid level (e.g., PC 0-18:0/18:2). Thus, it is
plausible that reported plasma lipids, including proposed biomarkers, exist not as a single
species but as an unresolved mixture of isomeric structures.

In this study, we interrogated two ether-linked GPL previously identified in human plasma at
the sum compositional level exploiting class-specific fragmentations (Figure S10). First, we
examined the sum composition PE O-38:5 detected as a protonated cation at /7/z752.5 upon
nESI of a human plasma extract (Figure S11). To reduce mixture complexities, mass-
selected [PE 038:5 + H]* (m/z752.5) cations were generated by direct infusion positive
nESI and subsequently charge inverted in the gas-phase via ion/ion reactions with PDPA
reagent dianions to produce lipid anions as summarized above. The resulting ion/ion
reaction spectrum shown in Figure 3a reveals the presence of at least two isomeric or
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isobaric components present in the original m/z 752.5 ion population, as two prominent
charge-inverted product ions were observed. Explicitly, the product ion observed at m/z
750.5 in Figure 3a corresponds to the singly deprotonated [PE (-38:5 - H]anion and likely
represents an ion population composed of exclusively of PE lipid(s), while the product ion
detected at /7/z972.5 signifies the [PC 34:5 + PDPA - H]~ complex anion. Subsequent mass-
selection and ion-trap CID of charge-inverted [PE 0-38:5 - H]™ (m/2750.5) yields the [20:4
- H]™ (m/z303.2), [20:4 - H - CO,]™ (m/z259.2), and [PE O-38:5 - H - R,’CH=C=0]" (m/z
464.2) product ions which imply the presence of either PE 0-18:1/20:4 or PE P-18:0/20:4
(Figure 3b). These structures are further supported by the absence of 18:0 and 18:1
carboxylate anions. Unfortunately, interrogation of product ion at 7/z464.2 shown in Figure
3b could not be conducted due to low signal levels. Relative to PCs, PEs can suffer from
ionization suppression in the positive ion mode, leading to the low abundance of the [PE
(-38:5 + H]* precursor ion prior to ion/ion reaction. Thus, low product ion abundances are
not inherently due to charge inversion, but instead, are related to low ether GPL abundance
in plasma extract and/or PE ionization suppression in positive ion mode.

To interrogate the [PE 0-38:5 - H - R,’CH=C=0]" (mm/z464.2) product ion and determine
the nature of the sn-1 linkage, we turn to direct negative MS” experiments, in which PE
ionization will be less prone to ionization suppression. Following direct negative nESI of
plasma extract (Figure S11), dissociation of the [PE (-38:5 - H]™ ion (/2 750.5) generated
product ions analogous to those observed in Figure 3b, yet the CID spectrum obtained in the
absence of charge inversion ion/ion reactions contains abundant product ions not originating
from the [PE O-38:5 - H]precursor ion, suggesting isomeric/isobaric interferences (Figure
4a). For example, the CID spectrum of [PE 0-38:5 - H] ™ ion (/m/z 750.5) contains a
dominant product ion at /m/z480.2 (Figure 4a). Re-isolation and ion-trap CID of the product
ion at m/z480.2 revealed an abundant [16:0 - H]~ (mm/z 255.2) carboxylate anion (Figure
S12), suggesting that the MS2 product ion observed at /7/z480.2 in Figure 4a likely
originated from an isobaric odd-chain diacyl PC (/.e., [PC 13:0_16:0 + OAc]~ adduct ion
with theoretical m/z750.5291). Note that this isobaric interference is absent when using
charge inversion ion/ion chemistry (cf., Figure 3a and Figure 43).

To differentiate amongst the PE (-18:1/20:4 and PE ~-18:0/20:4 structures, we applied
negative ion mode MS”. Following CID of [PE -38:5 - H]~ (m/z750.5), the [PE (-38:5 -
H R,’CH=C=0]" (m/z464.2) product ion was isolated in Q3 and subjected to ion-trap CID.
Figure 4b illustrates the MS3 product ion spectrum of [PE 0-38:5 - H - Ry’CH=C=0]~(m/z
464.2). Exploiting the CID spectrum of [PE 0-38:5 - H - R,’CH=C=0]"(m/z 464.2), the
major isomeric contributor proved to be PE ~-18:0/20:4, as an abundant product ion
characteristic of plasmalogen PE was observed at m/z 796.0 (Figure 4b). Also observed in
Figure 4b are product ions at m/z267.0 and m/z 403.2 corresponding to the [O-CH=CH-
C16H33]™ and [PE O-38:5 - H - R,’CH=C=0 - HOCH,CH,NH>]™ ions, respectively. Using
this approach, it is important to note that we cannot exclude minor isomeric contributions
from PE 0-18:1/20:4 due to the lack of unique product ions indicative of the plasmanyl
subclass upon CID of the [PE 0-38:5 - H - R,’CH=C=0]" ion.

Additional minor isomeric components are suggested by the [PE O-38:5 - H]™ product ion
spectra obtained with and without charge inversion (see Figure 3a and Figure 4b). In
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particular, the [22:4 - H]™ (m/z331.2), [22:5 - H]™ (m/z329.2), and [20:3 - H]™ (/m/2305.2)
carboxylate anions indicate potential minor isomeric contributions from -but not limited to-
PE 0-16:0/22:5, PE 0-16:1/22:4, PE P-16:0/22:4, and PE P-18:1 /20:3, Unfortunately, these
suggested structures cannot be corroborated via interrogation of the corresponding [PE
0-38:5 - H - R,’CH=C=0Q]" ion(s), as signal levels were too low.

To pinpoint carbon-carbon double bonds in the sn-2 fatty acyl constituent of PE ~-18:0/20:4,
we employed gas-phase ion/ion chemistry. The product ions depicted in Figure 4a were
transformed in the gas-phase via ion/ion reaction with [MgPhens]* dications. The product
ion spectrum shown in Figure 4c represents the results of the ion/ion reaction and
subsequent collisional activation via BT CID. Isolation and ion-trap CID of charge inverted
FA complex cations in the LIT permitted unambiguous assignment of unsaturation site(s).38
Exploiting the [20:4 - H + MgPhen]* (m/z507.3) product ion spectrum (Figure S13), the
major ether structure was confidently assigned as PE ~-18:0/20:4(5,8,11,14) via spectral
matching to an arachidonic acid standard in the previously constructed fatty acid library.38

The plasma derived sum composition PC 0-38:5 was also interrogated in this study.
Recently, serum PC O-38:5 has been suggested as a potential biomarker for prostate cancer.
48 However, it is likely that this proposed biomarker exists as an isomeric mixture. Once
more, charge inversion of the [PC 0-38:5 + H]* cation proceeds via ion/ion reaction with
PDPA reagent dianions, generating the product ion spectrum displayed in Figure S14a. The
ion/ion reaction yields an abundant [PC 0-38:5 + PDPA - H]™ (/m/z1014.7) complex anion
likely comprised exclusively of PC lipid(s). Upon collisional activation, [PC O-38:5 + PDPA
- H]™ (m/z1014.7) fragments to form the demethylated PC O-38:5 anion detected at m/z
778.6 (Figure S14b). Ensuing dissociation of the product ion at /7/2778.6 revealed a
dominant [20:4 - H]~ (m/z 303.2) anion and [PC O-38:5 - CH3 - Ro’CH=C=0]" (m/z492.3)
ion (Figure 5a). Together, these product ions indicate the presence of either PC 0-18:1/20:4
or PC P-18:0/20:4. The MS* product ion spectrum of [PC 0-38:5 - CH3 - R,’CH=C=0]"
(m/z 492.3) contains an abundant product ion corresponding to the neutral loss of
dimethylamine observed at /m/z403.3, indicative of a plasmanyl PC, while the diagnostic
plasmenyl ions at m/z224.0 and 267.2 were present only at low abundance in the spectrum
(Figure 5b). Consequently, the alkyl ether linked PC O-18:1/20:4 was assigned as the major
isomeric contributor to the PC (-38:5 sum composition in human plasma. Furthermore, PC
P-18:0/20:4 was identified as a minor isomeric component based on the presence of low
abundance MS* product ions detected at /7/z224.0 (/.e., polar head group ion) and m/z
267.0 (/.e., [0O-CH=CH-C1gH33]7). Using ion/ion chemistry (Figure S15), the 20:4 fatty acyl
linked at the s7+-2 position was identified as 20:4(5,8,11,14) via matching to an arachidonic
acid reference standard in the fatty acid database.38 In total, PC 0-18:1/20:4(5,8,11,14) and
PC P-18:0/20:4(5,9,11,14) can be assigned as the major and minor isomeric contributors,
respectively. While the site of unsaturation in the ether-linked 18:1 chain of PC
0-18:1/20:4(5,8,11,14) could not be directly determined from these experiments, recent
ozone-induced dissociation measurements on plasma derived PC O-38:5 find a double bond
at the 9-position in the ether-linked chain.34 Taken together these data suggest a more
complete structural assignment for the dominant isomer as PC 0-18:1(9)/20:4(5,8,11,14). The
[22:4 - H]™ (m/z331.2) and [22:5-H](m/z 329.2) fatty acyl anions provide evidence for
additional ether PC isomers, but these additional minor isomeric contributors could not be
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confidently assigned due to low abundances of the corresponding [PC - CH3 - R,’CH=C=0]
~ product ions (Figure 5a).

Qualitatively, our findings indicate that despite the presence of a common -38:5 sum
composition in PE and PC subclasses in human plasma, the major isomeric contributors vary
in s/+1 linkage between classes. That is, the plasmenyl-PE (/.e., PE P-18:0/20:4(5,8,11,14))
was assigned as the primary isomeric contributor to the PE 0-38:5 sum composition, while a
plasmanyl-PC (7.e., PC 0-18:1/20:4(5,8,11,14)) represented the dominant isomer of PC
0-38:5. Collectively, these data allude to the different underlying mechanisms for PC and
PE plasmalogen biosynthesis and regulation.#® Therefore, the method presented herein could
provide an increased understanding of plasmalogen biosynthetic pathways and regulatory
factors across different cell types or tissues. Furthermore, as demonstrated with the analysis
of human plasma PC O-38:5, it is evident that biomarkers identified only at the sum
compositional level, may very well exist as a mixture of isomeric structures.

Conclusions

In this work, we pair MS” with two distinct gas-phase ion/ion charge inversion chemistries
to facilitate high-level structural elucidation of ether GPL. Performed on a modified hybrid
triple quadrupole/linear ion trap mass spectrometer, distinction of ether GPL subclasses is
ultimately based on substantial differences in negative ion mode MS3 (or MS#) product ion
spectra of ions arising from losses of the s/+2 fatty acyl substituent as a ketene. In particular,
the MS” (n= 3, 4) product ion spectrum from a plasmenyl GPL is dominated by an
alkenoxide anion that represents the radyl moiety at the sr-1 position and a product ion
generated via the consecutive loss of the s+1 radyl group from the mass-selected [M - H -
R,’CH=C=0]" precursor anion. Conversely, the plasmanyl GPL MS” (n = 3, 4) product ion
spectrum is characterized by a product ion reflecting the neutral loss of polar head group.
The combination of positive to negative charge inversion ion/ion chemistry via gas-phase
ion/ion reactions between PC and PE lipid monocations and doubly deprotonated PDPA
dianions with the reported negative ion mode MS” platform enhances mixture analysis
performance, reducing complexities arising from isomeric or isobaric interferences.
However, as this technique is reliant on low-energy CID, sites of unsaturation cannot be
assigned using this tactic alone. Thus, to pinpoint carbon-carbon double bond position(s) in
the sn-2 fatty acyl moiety, ion/ion charge inversion reactions were employed. Specifically,
fatty acyl anions liberated from ether GPL precursor anions were transformed in the gas-
phase via ion/ion reaction with charge inversion dications to generate [FA - H + MgPhen]*
complex cations. Predictable fragmentation patterns of charge-inverted FA complex cations
permit unambiguous isomeric distinction and confident identification of double bond
position(s). The entirely gas-phase shotgun approach presented herein was successfully
applied to identify ether GPL extracted from human plasma, ultimately exposing several
isomeric contributors. In turn, the combination of MS” experiments and ion/ion chemistry
enabled confident assignment of all major and some minor isomeric contributors present in
plasma ether GPL. As demonstrated with the analysis of plasma PC (-38:5, a proposed
biomarker for prostate cancer, these data reinforce the need for analytical techniques capable
of achieving isomeric resolution and facilitating detailed lipid structural assignments in
biomarker discovery. More broadly, the method illustrated here has the potential to provide
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insight into plasmalogen biosynthetic pathways and regulatory factors dependent on not only
head group composition but also biological origin. Lastly, application of the developed
approach could advance our understanding of plasmalogen roles in various metabolic
processes and pathologies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CID spectra of (a) [PE ~-18:0/18:1(9Z) - H]™ (m/z 728.5), (b) [PE ©-16:0/18:1(9Z) H]~
(m/z702.5), and (c) [PE 16:0/18:1(92)-H]~ (m/z 716.5) obtained via charge inversion
ion/ion reaction. Product ion spectra obtained via ion-trap CID of mass-selected (d) [PE
P-18:0/18:1 (9Z) - H - Ry’CH=C=0]~ (m/z464.3), (€) [PE 0-16:0/18:1(9Z) - H -
Ro’CH=C=0]" (m/z438.3), and (f) [PE 16:0/18:1(9Z) - H - R,’CH=C=0]" (m/z 452.3).

The lightning bolt () indicates the ion subjected to ion-trap CID
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Figure2.
Demonstration of ion/ion reactions to identify double bond position(s) in the fatty acyl

substituent of an unsaturated plasmalogen. (a) Product ion spectrum resulting from the
ion/ion reaction between [MgPhens]?* dications and fragment ions generated via CID of [PE
P-18:0/18:1(9Z) - H]™. (b) Product ion spectrum generated by BT CID of the product ions
shown in (a). (c) lon-trap CID spectrum of mass-selected [18:1(9Z) - H + MgPhen]* (m/z
485.3).
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(a) Mutual storage product ion/ion spectrum resulting from the charge inversion ion/ion
reaction of mass-selected [PE 0O-38:5 + H]* (/7/2752.5) cations and [PDPA — 2H]?~
dianions. Note that the mutual storage product ion denoted with an asterisk (*) at m/z716.5
results from the charge inversion of a precursor ion co-isolated with the m/2752.5 cation
population. (b) MS3 ion-trap CID spectrum of the ion at /7/z 750.5 obtained after ion/ion

reaction
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(a) lon-trap CID spectrum of the ether-linked PE 0-38:5 anion at /7/z750.5. (b) MS3
product ion spectrum obtained via ion-trap CID of the mass-selected fragment ion observed
at m/z464.2 in panel (a). (c) Product ion spectrum obtained following the mutual storage
charge inversion ion/ion reaction of the fragment ions observed in pane (a) with
[MgPhens]%* dications and subsequent collisional activation with beam-type CID.
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Figure5.
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(a) Product ion spectrum of [PC O-38:5 - CH3]™ (/m/z 778.6) generated via charge inversion
ion/ion reaction of mass-selected [PC (-38:5 + H]* (/m/z794.5) cations in human plasma
and [PDPA - 2H]?~ dianions with subsequent CID of the first generation [PC 0-38:5 +
PDPA H]™ complex anion (m/z1014.7). (b) lon-trap CID spectrum of the ion at 77/2492.2
shown in panel (a) obtained after ion/ion reaction.
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