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Abstract

The biological impact of ether glycerophospholipids (GP) in peroxisomal disorders and other
diseases makes them significant targets as biomarkers for diagnostic assays or deciphering
pathology of the disorders. Ether lipids include both plasmanyl and plasmenyl lipids, which
each contain an ether or a vinyl ether bond at the sn-1 linkage position, respectively. This
linkage, in contrast to traditional diacyl GPs, precludes their detailed characterization by mass
spectrometry via traditional collisional-based MS/MS techniques. Additionally, the isomeric
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nature of plasmanyl and plasmenyl pairs of ether lipids introduces a further level of complexity
that impedes analysis of these species. Here, we utilize 213 nm ultraviolet photodissociation
mass spectrometry (UVPD-MS) for detailed characterization of phosphatidylethanolamine (PE)
and phosphatidylcholine (PC) plasmenyl and plasmany! lipids in mouse brain tissue. 213 nm
UVPD-MS enables the successful differentiation of these four ether lipid subtypes for the first
time. We couple this UVPD-MS methodology to reversed-phase liquid chromatography (RPLC)
for characterization and relative quantitation of ether lipids from normal and diseased (Pex7
deficiency modeling the peroxisome biogenesis disorder, RCDP) mouse brain tissue, highlighting
the ability to pinpoint specific structural features of ether lipids that are important for monitoring
aberrant lipid metabolism in peroxisomal disorders.

Graphical Abstract
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INTRODUCTION

Mammalian glycerophospholipids (GP) exist primarily in diacyl form, i.e. with ester
linkages between the sr-1 and sn-2 fatty acids to the glycerol backbone. Ether lipids are

a unique type of GP in which the sr+1 chain is connected via an ether or vinyl ether linkage
to the glycerol backbone. This seemingly simple structural feature has profound biological
implications, and ether lipids have specifically garnered significant interest owing to their
mechanistic role in neurological diseases, in particular, peroxisome biogenesis disorders
(PBD). There are two PBD groups, Zellweger Spectrum Disorder (ZSD) and Rhizomelic
Chondrodysplasia Punctata (RCDP). These are rare but lethal genetically heterogeneous
autosomal recessive diseases, characterized by multiple defects in peroxisome functions
leading to, among other abnormalities, plasmalogen deficiencies and accumulation of

very long chain fatty acids.1# In RCDP, plasmalogen deficiency represents the major
disease etiology. Peroxisomes are critical to the early, committing steps in ether lipid
biosynthesis, and their altered function has clinically devastating outcomes.>8 Nevertheless,
we know very little about the pathophysiological processes. Unraveling the mechanism
and underpinnings of PBDs requires more detailed molecular profiles, and this represents
a classic case of how the development of new high performance analytical strategies are
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needed to drive breakthroughs in biological insight. In particular, deciphering the unique
lipid signatures associated with PBDs is a key step in this endeavor.

Ether phospholipids in eukarya exist primarily with glycerol-3-phosphate linkages to

fatty acids via one ether (s7+1) and one ester (s1-2) bond, while those in archaea are
distinctly different, with a glycerol-1-phosphate backbone and two ether-linked isoprenoid
alkyl chains.%10 Ether lipids in eukarya are typically characterized by either an ether or
vinyl ether linkage at the sn-1 position, while the s7-2 position is preferentially occupied
by polyunsaturated fatty acids such as arachidonic acid (20:4) or docosahexanoic acid
(22:6).1112 |n contrast, the sr-1 ether or vinyl ether chain generally contains 16:0, 18:0,

or 18:1 compositions.1112 Plasmalogens, which contain a vinyl ether linkage, are the more-
commonly studied class of these two primary ether GP types and are widely distributed,
with especially high concentrations in human brain and heart tissues.13-15 In the nervous
system, plasmalogens are major components of myelin sheaths and play an essential role in
modulating neural synaptic vesicle trafficking.16:17

In addition to a sparse understanding of biosynthetic pathways of ether GP production
relative to standard diacyl GPs, structural characterization of ether GPs is more challenging
than their diacyl counterparts. Mass spectrometry is the gold standard for identification

of GPs, with electrospray ionization (ESI) being the most commonly employed
technique.18-20 While single-stage ESI-MS can identify an ether-linked GP via accurate
mass measurements,?! this technique does not afford information about individual fatty
acids or ether chain composition.22 The use of collisionally activated dissociation methods
such as collision-induced dissociation (CID) and higher-energy collisional dissociation
(HCD) have been employed for more detailed structural characterization, including fatty
acid and ether chain identification, but are generally unable to provide ether linkage or
unsaturation element identification. An exception to this is positive ion mode CID or HCD,
which enables differentiation of PE-Pand PE-O lipids via production of diagnostic PE-P
fragments.23 However, PC-Pand PC-Oether linkage information is not accessible, nor are
acyl or ether chain modifications (such as C=C double bonds), underscoring the inability
to decipher these four main classes of ether GPs (PE-P, PE-O, PC-£, and PC-O lipids).
Discrimination between all four ether GP subtypes is especially important due to the often
isomeric nature of PX-Oand PX-Plipids, as any PX-Plipid will have a corresponding
isomeric PX-O counterpart which cannot be distinguished using traditional MS/MS methods
(for example, PC(P-16:0/18:1) is isomeric with PC(0-16:1/18:1)).

To combat these deficits in traditional MS/MS approaches for the analysis of ether GPs,
many research groups have sought to develop more advanced methods. For example,
multiple reaction monitoring (MRM) methods coupled with CID in negative and positive ion
mode has been used to identify and quantify PE and PC plasmalogens,?* or combined with
isobaric mass tagging for analysis of ether lipids at the molecular level/sum composition.2®
Other efforts have employed ESI-MS/MS of ether lipids (PE and PC) for characterization

at the fatty acid level.23.26 Clever derivatization techniques?’~33 and gas-phase reaction
methods34:35 have also been developed to facilitate differentiation of ether linkage types

and unsaturation location features. For example, shotgun experiments utilizing the Paterno—
Buchi (PB) reaction has been utilized for derivatization of the ether lipid alkenyl C=C

Anal Chem. Author manuscript; available in PMC 2023 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blevins et al.

Page 4

bond to discriminate isomeric plasmenyl and plasmanyl PC lipids,33 while shotgun ozone-
induced dissociation (OzID) combined with MS3 CID can generate ion fragmentation
patterns which allow assignment of all structural elements within an ether lipid except

for the C=C double bond stereochemistry.3* Additionally, electron-induced dissociation
(EID), i.e. electron impact excitation of ions from organics (EIEIO), has also been used
for characterization of plasmenyl and plasmany! lipids.36 At the same time, improved
chromatographic methods have enhanced the ability to separate and resolve various
plasmalogen phospholipids from biological matrices3”-40 However, despite these inroads,
the ability to derive headgroup, ether linkage, and unsaturation element information for all
four classes of GPs simultaneously (PE-£, PE-O, PC-P, and PC-0) on an LC time scale has
remained challenging.

As shown in the present study, ultraviolet photodissociation (UVPD) mass spectrometry
overcomes many of these obstacles as it is LC-compatible and commercially available,
requires no sample preparation, and can generate both ether linkage C—=C double bond
and linkage type information independent of phospholipid headgroup. UVPD generates
unique and informative fragment ions owing to the higher-energy pathways which are
accessed via absorption of UV photons. UVPD has been successfully employed for the
characterization of traditionally challenging lipid features, including cyclopropane rings,*!
C=C double bonds,*2-46 sn-linkage information,** and hydroxyl groups.#’~56 Here, we
employ 213 nm UVPD-MS for detailed characterization of plasmenyl and plasmanyl PEs
and PCs, including both ether linkage characterization and localization of unsaturation
elements, in brain tissue. We focus on delineating the role of ether lipids in neurological
diseases, in particular, PBD. We quantify ether GPs in Pex7 mutant mouse models, which
genetically mimic the human PBD, rhizomelic chondrodysplasia punctata (RCDP), which
is specifically characterized clinically by deficiencies in plasmalogen biosynthesis.1-57-59
Comprehensive characterization of ether GPs sheds new light on the roles and distributions
of these biomarkers in peroxisome biogenesis disorders.

EXPERIMENTAL SECTION

Extensive experimental details are provided in the Supporting Information. In brief, the
mice used were B6;12956-Pex7iM2-3Brav a|sq referred as Pex7U!/null derived from the
Pex7 hypomorphic mouse model (B6:129S6-Pex7M2.0Brav) Cerebral cortex, cerebellum,
and hippocampus were collected and snap frozen in liquid nitrogen and stored at 80

°C until lipid extractions were performed, as described in the Supporting Information.

All experiments were performed on an Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Fisher Scientific) equipped with a solid-state 213 nm CryLaS Nd:YAG laser (1.5
u/pulse at a repetition rate of 2.5 kHz). MS1 and MS? spectra were collected at a resolution
of 30,000 at /7/z200. MS? spectra were collected using an AGC target of 1e6 and averaging
5 scans total (with 3 zscans per scan). HCD was performed using normalized collisions
energies (NCE) ranging from 18 to 30. 213 nm UVPD was performed in the low-pressure
trap of the dual linear ion trap using activation periods of 50 ms (125 laser pulses) and 600
ms (1500 laser pulses) for PE and PC lipids, respectively. Lipids were separated using an
Acquity UPLC CSH C18 column (pore size 130 A, 1.7 zm particle size, 2.1 mm x 100

mm, Waters) on a Dionex Ultimate 3000 UHPLC system (Thermo Fisher Scientific) coupled
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to the Orbitrap mass spectrometer using a heated ESI source. Targeted LC/UVPD-MS
experiments were performed using UVPD with quadrupole isolation, an isolation width

of 1 ml/z, and a UVPD activation time of 800 ms. For assignment of all fragment ions

from direct infusion-mode and LC-mode mass spectra alike, a minimum S/N threshold of 3
along with a ppm error tolerance of 20 ppm was utilized. LipiDex was used for automated
analysis of untargeted negative-mode HCD experiments via generation of a custom LipiDex
library.5% Quantitative analysis of ether GPs was performed using FreeStyle (Thermo Fisher
Scientific). Lipid nomenclature follows the standard LIPID MAPS nomenclature system; in
cases of unknown C=C double bond positions, “A” is used in place of “£” or “.2”; in cases
of unknown sr+1/sr+2 stereochemistry, “_ is used in place of “/”.

RESULTS AND DISCUSSION

Prior to application of the UVPD method for analysis of lipids in murine brain tissue,

we first aimed to characterize the HCD and 213 nm UVPD fragmentation patterns of

the four ether lipid classes, namely plasmenyl and plasmanyl PE and PC lipids. The
structures of the four ether lipid standards (PE(O-16:0/18:1(9.2)), PE(P-18:0/18:1(9.2)),
PC(0-16:0/18:1-(92), PC(P-18:0/18:1(92))) are displayed in Table S1, along with
precursor m/zvalues and associated ppm error values. PEs and PCs are both detected

as protonated species in the positive ion mode, while in the negative ion mode PEs are
detected as deprotonated species, and PCs are detected as deprotonated, formate-adducted
ions. Positive-mode HCD mass spectra of the four ether lipid standards are shown in Figure
Sla-d along with corresponding fragment ion maps (Figure Sle—h). Fragmentation of these
four lipids (Figure Sla—d) produces abundant sn-2 acyl chain product ions as well as sr-1
and sn-2 neutral loss ions; however, sr-1 chain product ions (theoretical /m/z267 for P-18:1
and m/z 241 for O-16:0) are notably absent. As has been shown previously, ether-linked GPs
do not produce sr-1 chain product ions upon positive-mode CAD.19:23.24 However, PE-P
lipids produce characteristic fragment ions that arise only from the rearrangement of PEs
containing vinyl ether linkages at s7+1.19:23.24 These fragment ions of /772392 and 339 are
observed for PE(~-18:0/18:1(92)) (Figure S1d). These products are unique to PE-P lipids
and can be used to differentiate PE-Oand PE-Pisomers possessing the same mass because
they are absent in MS/MS spectra of PE-O species (Figure S1a). Unique fragment ions

of protonated plasmenyl PC (PC(~-18:0/18:1(9.2))) and plasmanyl PC (PC((-16:0/18:1(92)
were not observed upon HCD (Figure S1a,c). The absence of any unique fragment ions to
identify PCs with ether linkages underscores the need for an alternative MS/MS strategy to
allow their identification.

Previous reports of HCD of deprotonated PE-O and PE-Plipids describe the inability

to distinguish ether linkage type without the use of multiple-stage MS" methods.1® We
examined the HCD spectra of all four deprotonated ether lipids (Figure S2a—d) and

created the corresponding fragment ion maps (Figure S2e-h). In fact, fragment ions of

low abundance unique to either plasmenyl or plasmanyl PE or PC lipids were found. For
PE lipids, plasmanyl lipid PE(-16:0/18:1(92)) generated no fragment ions corresponding
to cleavages within the sn-1 chain (Figure S2b), whereas PE(~-18:0/18:1(92)) yielded
fragment ions of //2460 and 267, corresponding to cleavage of the C-O bond of the

sr-1 ether linkage (Figure S2d). Similarly, HCD of the PC(~-18:0/18:1(9.2)) formate adduct
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produced two fragment ions (/m/z 488 and 267) consistent with the cleavage of the C-O
bond at s/+1 (Figure S2c). These ions are notably absent for the plasmany! variant of

this PC (PC(0-16:0/18:1(9.2)) (Figure S2a). Overall, these results highlight the ability of
negative-mode HCD to distinguish PC-Ovs PC-Plipids as well as PE-Ovs PE-Plipids,
whereas positive-mode HCD allows only differentiation of PE-Ovs PE-P lipids. Of note,
these ~-18:0 product ions of m/z267.2693 may be easily confused with product ions arising
from low-abundance 17:1 standard acyl chains of m/z267.2330 if measured on lower
resolution mass spectrometers. Tabulation of all positive- and negative-mode HCD fragment
ion assignments for all four ether lipid standards is summarized in Tables S2, S3 along with
corresponding ppm error assignments.

To extend the structural characterization of ether GPLs, we employed 213 nm UVPD to
allow the determination of alkene regiochemistry. 213 nm UVPD of all four protonated
lipids are shown in Figure 1a—d along with corresponding fragment ion maps (Figure 1e-h).
The UVPD spectrum of PE-Pin Figure 1d exhibits fragments of m/z339 and 392, the same
rearrangement ions which are produced upon HCD of PE-P (Figure S1d). In addition to
these two fragment ions which are unique to the PE-Plipid compared to the PE-Olipid,
UVPD of the PE-Plipid yields fragment ions originating from cleavage at the C-O bond

at the sr+1 ether linkage (ions of m/z 464, 463, 462). In contrast, the PE-O lipid produces
no rearrangement ions nor fragment ions corresponding to cleavage within the sr-1 ether
chain (Figure 1b). Similarly, plasmenyl PC lipid PC(~-18:0/18:1(9.2)) produces diagnostic
ions from the sr+1 ether chain (7772506, 505, 504, 490) (Figure 1c), which are not observed
for its PC- O counterpart (Figure 1a). These results showcase the ability of positive-mode
213 nm UVPD to distinguish ether linkage types for plasmenyl and plasmanyl PEs and PCs
alike, a key asset of this MS/MS method. In addition to ether linkage information, 213 nm
UVPD of all four lipids generates diagnostic ions which localize alkene positions in s/+2
acyl chains. For the PC-Oand PC-Plipids, ion pairs of m/z632, 608 or m/z658, 634,
respectively, localize the C=C double bond to the A® position (Figure 1a,c). These ions

are spaced apart by exactly 24.00 Da and are consistent with neutral losses indicative of
C=C double bond position, as noted in a prior UVPD study of nonether PC lipids.*3 213
nm UVPD of protonated PE-O and PE-Palso produces diagnostic fragment ion pairs of m/z
590, 576 or m/z616, 602, respectively. These diagnostic fragment ion pairs differ by 14.01
Da (CH,), in contrast to the PC C=C double bond fragment ions which are spaced 24 Da
apart, and are characteristic of neutral losses of CgHyq and CgH1g from the s1-2 acyl chain,
allowing confident identification of the alkene position as A° for each PE lipid. These data
indicate a difference in the C=C double bond fragmentation pathway in the positive ion
mode for PE and PC glycerophospholipids.

213 nm UVPD was also used for analysis of the four ether lipids in the negative

mode (Figure S3a—d and corresponding fragment ion maps in Figure S3e-h). UVPD of
deprotonated plasmenyl PE (PE-A) (Figure S3d) shows unique fragments corresponding to
cleavage at the sr-1 ether linkage (/m/z 460, 461, 462, 267) which are not observed upon
fragmentation of the plasmanyl PE (PE-O) (Figure S3b). Similarly, the plasmenyl PC lipid
provides unique fragment ions arising from cleavage at the sr-1 ether linkage (/7/2506, 490,
4809, 488, 474, 267) (Figure S3c), which are not observed for the plasmanyl PC (Figure S3a).
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Tabulations of fragment ion assignments with ppm error values for all UVPD data of the
four ether lipids are summarized in Tables S4, S5. These results demonstrate the ability of
213 nm UVPD to provide the highest level of characterization for PE and PC ether lipids,
differentiating plasmenyl and plasmanyl PE and PC lipids and simultaneously providing
C=C double bond localization for all four lipid types.

The UVPD method is readily translated into an LC-MS/MS workflow for analysis of
biological extracts. Method optimization and benchmark results obtained using a mixture
of six lipids are reported in the Supporting Information (Figure S4, Tables S1, S6). Not
only the efficacy of the separation between plasmanyl and plasmenyl lipids but also the
separation of these two lipid classes from their standard ester-linked counterparts is crucial
for any method aiming to characterize ether lipids in tissue given their often low abundance
in comparison to ester-linked lipids. The importance of high accuracy mass measurements
is also critical for the workflow, allowing differentiation of isobaric acyl and ether GPs.

For example, protonated ester-linked diacyl PC(15:0/18:1) (milz of 746.5694) differs only by
0.0364 Da compared to its isobaric ether and vinyl ether counterparts, PC(P-16:0/18:0) and
PC(0-16:1/18:0) (both m/z746.6058 Da for the protonated species).

In summary, positive-mode HCD enables distinction of PE-Ovs PE-Plipids but does not
offer the same level of distinction for PC lipids. In contrast, we have uncovered the ability
of negative-mode HCD to differentiate Ovs Pether lipids for both deprotonated PE and
formate-adducted PC lipids. Negative-mode 213 nm UVPD provides an equivalent level of
characterization as negative-mode HCD, similarly distinguishing plasmenyl and plasmanyl
PE and PC lipids, with the additional advantage of generating multiple diagnostic fragments
for Ovs Pstructural assignment. The highest level of characterization is achieved with
positive-mode 213 nm UVPD, enabling distinction of PE-Ovs PE-Pand PC-Ovs PC-P
lipids, while additionally generating diagnostic fragment ions for all four of these ether lipid
subclasses and allowing double bond localization within the sr-2 acyl chain position.

After optimization of the method, we focused on analysis of ether lipids in brain tissue

from Pex7 null mice and their control littermates. Two types of deuterated ether lipids,
PE(~-18:0/18:1-dg(92)) and PC(~-16:0/16:0-dg) or PC(~-18:0/18:1-dg(92)) (structures and
mass values in Table S7), were added to each sample prior to extraction to facilitate
quantitation based on construction of calibration curves based on chromatographic peak
areas over a range of concentrations (0.39—-100 pmol) (Figure S5). The resulting calibration
curve showed high linearity and a wide dynamic range for both the plasmenyl PE and PC
deuterated lipids (Figure S5b). The limit of detection (LOD) and limit of quantitation (LOQ)
for the deuterated plasmenyl PE were found to be 5.3 and 16.1 pmol, respectively, and 1.1
and 3.4 pmol, respectively, for the deuterated plasmenyl PC.

The integrated workflow for quantitation and characterization of the ether lipids entailed an
untargeted negative mode LC/HCD-MS run prior to a targeted positive mode LC/UVPD-MS
run. The untargeted HCD run allowed the initial identification of PE or PC ether lipids via
automatic LipiDex analysis, along with manual validation of ether linkage type based on the
MS1 and HCD data. The [M — H]~ (PE) or [M — H + FA]~ (PC) precursor species identified
from the negative-mode initial HCD run were then converted to [M + H]* m/z values to

Anal Chem. Author manuscript; available in PMC 2023 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Blevins et al.

Page 8

generate a list of precursor masses for the targeted positive-mode LC/UVPD-MS runs, the
latter allowing assignment of C=C double bond locations within the sr-2 ether lipid acyl
chains.

A list of all mouse brain tissue regions utilized for this study is summarized in Table

S8. For this study, we used cerebral cortex samples from five Pex7™!l/null (HO) mutants

and four Pex7WTWT (WT) littermate controls. Additionally, we utilized samples from

the cerebellar and hippocampal area of three Pex7"U!/null (HO) mutants as well as four
Pex7WTWT (WT) and two Pex7WT/null (HT) controls. The Pex7 null mice are defective in
the biosynthesis of the committing alkylglycerol molecule, and thus deficient in generating
all ether phospholipid classes. Several mice from each genotype were used to account for the
mixed background and expected biological variation.

A representative base peak LC-MS trace of a mouse cerebellum lipid extract (sample C5,
genotype HT) is shown in Figure S6a, and 13 distinct ether lipid species are tracked based
on 11 unique m/z values corresponding to deprotonated molecular species. The overall low
abundances of the various ether lipids relative to the base peak trace, as seen in Figure S6a,
underscore the benefits of a two-pronged LC-MS/MS strategy, as even the most abundant
ether lipid in this sample (PE(~-18:0/22:6, m/z774) occurs at only approximately 30%

of the base peak chromatogram. Employing HCD with dynamic exclusion provides a fast
preliminary screening of ether lipids in the first run prior to the second run which utilizes a
targeted UVPD method for deeper structural characterization of the preidentified lipids.

Based on analysis by HCD, only vinyl ether PE lipids were identified across all of the
mouse brain tissue samples. Our findings align with previous reports of sum and regional
levels of ether GPs in mouse brains, as ether PEs make up only ~11% of all central nervous
system tissue lipids, while ether PCs make up only about 0.48% of all brain tissue lipids.51
The base peak LC traces of all 27 mouse tissue samples (9 cerebellum, 9 hippocampus, 9
cortex) are displayed in Figures S7-S9. Summaries of the identified ether lipids along with
their precursor m/zvalues and the fragment ions used for ether linkage assignment from
HCD along with ppm error values are reported in Table S9, along with the /77/z values and
retention time ranges used for the subsequent LC/UVPD-MS runs.

LC/UVPD-MS runs were then undertaken to characterize the 13 ether lipids identified from
the HCD runs. Base-peak LC-MS traces from the positive-mode targeted runs are shown

in Figures S10-S12. Peak areas of the targeted ether lipids were normalized to the internal
standard (PE(~-18:0/18:1-dg(92)) to account for differences in extraction efficiency and
were also normalized to tissue mass to account for the total amount of ether GPs extracted
from each sample. The quantitative results for the ether lipids identified in the WT and

HT sample cerebellum and hippocampus extracts are reported in Figure 2a and Figure

2b, respectively. Interestingly, no statistical differences in normalized peak abundances are
observed for the WT and HT genotypes for either tissue type. This is consistent with

many autosomal recessive enzyme deficiencies, where reduction in enzyme activity in

the heterozygous state does not cause characteristic disease manifestations. In recessive
peroxisomal disorders, the affected metabolites remain at normal levels in the heterozygote.
Human blood and fibroblast cell lines, as well as tissues from Pex7 deficient mice, show
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similar levels of plasmalogen subclasses between wild type and heterozygous samples.52-64
Using LC/UVPD-MS it is clear that neither plasmenyl nor plasmanyl PC or PE lipids are
affected in the heterozygous state, thus enabling grouping of the WT and HT genotype data.

Pex7 WT and HT genotypes were then grouped together as the “control” group for
comparison to the HO (Pex7Mul/nully samples, as shown in Figure 3. Here, ether lipids

are graphed by their normalized relative abundance as a percentage of the most abundant
ether lipid in each sample, with notable differences in abundance between the control

and disease samples across all three tissue regions (Figure 3). Notably, each of the 16
identified PE-P lipids shows statistically significant differences between the control and
disease samples, with the normalized peak area of each Pex7 deficient tissue sample

either below the LOD or not detected. While some of the targeted PE- P lipids were

below LOQ or below LOD in the normal samples, PE-~ lipids of composition 18:0/22:6,
16:0/22:6, 18:1/22:6, and 18:1/20:4 were the most abundant and all above LOD/LOQ in
the cerebellum, hippocampus, and cortex tissue samples. Taken in sum, these data show
the deficiency of plasmalogen PEs at the individual lipid level, resulting in a general
deficiency of all PE-Plipids in the Pex7 disease samples. These results align with previous
findings that PE-P lipids are decreased in RCDP and other peroxisomal disorders,59:65.66
Additionally, the LC/HCD-MS data enable discernment of three different pairs of acyl chain
isomers such as PE(P-18:0/18:1) and PE(~-16:0/20:1) (both 729.5672 Da) that often go
undetected using standard MS-based lipidomics workflows. These findings highlight the
ability to discern differences in levels of plasmalogens between control and disease state
tissue samples across all ether glycerophospholipid classes. Additional data from the present
study focused on evaluating the differences in abundances of standard (nonether) PE and
PC glycerophospholipids and are included in the Supporting Information (Figure S14 and
companion Additional Results section).

Manual curation of the plasmalogen PEs enabled identification of individual species at the
C=C double bond location level using the data obtained from the targeted LC/UVPD-MS
experiments. An example of this extra level of structural assignment is shown in Figure

4, in which diagnostic fragment ions are detected upon UVPD of the protonated lipid of
mliz748.53 (RT 21.47 min) and mapped onto the structure (Figure 4b). The assignment

of these ions enables annotation of this lipid as PE(P-16:0/22:6(A4, A7, A10, A13, Al6,
A19)). While the regiochemical assignments (s7-1 versus sr+2) of the ether lipids were not
explicitly enumerated in this analysis, biologically, ether-linked lipids are known to almost
exclusively occur at the s7-1 position for plasmanyl and plasmenyl PEs and PCs, with the
512 chain retaining its traditional acyl linkage form.12 Thus, s+1 and s7+2 positions are
inferred from this biological framework; hence, the use of the “/” symbol separating the
two sr-designations within the lipid ID nomenclature, indicating assignment of the two sn
positions. Identification of C=C double bond position was particularly challenging for PE
plasmalogens using 213 nm UVPD owing to the low abundance of diagnostic fragment
ions that have been traditionally used for this type of analysis. This is a result of a variety
of factors, including the low abundance of ether lipids in these biological samples, ion
suppression effects due to coelution of low-abundance ether lipids with high-abundance
nonether PE and PC lipids, and the lower fragmentation efficiency of 213 nm UVPD.
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However, 213 nm UVPD is currently the only commercially available option for UVPD
experiments and does generate informative cleavages for the higher-abundance ether lipid
species. PE plasmalogens containing multiple unsaturations per acyl chain provided more
abundant cleavages at allylic and vinylic positions of C=C bonds that could readily be
used to identify the C=C double bond position. For example, the 22:6 acyl chain identified
in PE (P-16:0/22:6) (Figure 4) has C=C double bond locations at the 4-, 7-, 10-, 13-,

16-, and 19-A positions, which are identified by characteristic aliphatic neutral losses from
fragmentation around bis-allylic methylene carbons. Interpretation of UVPD mass spectra
via assignment of C=C double bond locations for all of the detected ether lipid species is
summarized in Table S10 along with ppm error values that indicate the mass accuracies.

Overall, the positive-mode LC/UVPD-MS method show-cased in this work enables
distinction of all four subclasses of ether lipids (PE-O, PE-£, PC-O, PC-P) along with

sr-2 acyl chain double bond assignments on a commercially available platform and without
extensive sample preparation. This method is successful for sample-limited applications and
for tissue samples which contain inherently low levels of ether lipids. Compared to the

new negative-mode HCD approach also spotlighted in this study, UVPD offers the added
benefit of double bond localization at the s7-2 position. The greater variety of diagnostic
ions produced upon UVPD of ether lipids compared to the more limited array of fragment
ions generated upon HCD may facilitate assignment of unique structural moieties in ether
lipids in future untargeted biological applications.

While our strategy combining untargeted LC/HCD-MS and targeted LC/UVPD-MS
provides the most in-depth characterization of individual ether lipid species for a quantitative
workflow, we also aim to further advance the method. In theory, one could forego HCD
entirely and rely on 213 nm UVPD for full structural characterization of the ether

lipids. However, each 213 nm UVPD scan is slower, meaning that fewer lipids will

be sampled in an untargeted manner. For data-dependent acquisition methods, typically
the most abundant lipids are subjected to MS/MS, and only a limited number can be
analyzed during a chromatographic peak. An inclusion mass list could be applied to target
potential ether lipids, but each mass would be subjected to MS/MS prior to cycling back
to the top of the list, again slowing analysis and dwelling on features not present in

the sample. For these reasons, the untargeted HCD/targeted UVPD approach is expected
to offer the best ether lipid coverage and characterization. With respect to sensitivity,
while the sensitivity level of our HCD/UVPD method is comparable to other LC/MS-
based methods for relative quantitation of lipids, LOD/LOQ values in the pmol range
combined with the low abundances of ether lipids in tissue (and the small inherent size

of mouse brains) result in many ether lipid species falling below LOD or LOQ. As a
result, differences in the abundances of certain lipids between control and disease samples
cannot be adequately mapped, and certain diagnostic fragment ions needed for C=C double
bond assignments are not observed for the lower-abundance ether lipids. Enrichment of
ether lipids and adaptation of the method for nanoLC workflows are potential steps for
improvement. Despite these recognized limitations, this targeted LC/UVPD-MS analysis
allows the analysis of ether lipid species, including ether linkage type and C=C double
bond identification, of low-abundance lipids that would not be accessible with traditional
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LC-MS/MS methods. We anticipate that this method will enable detailed analysis of the
extent of down- and/or upregulation of various ether lipid species in other peroxisomal
disorder genotypes as well as other neurological disorders for which ether lipids have been
identified as biomarkers.57-69

CONCLUSIONS

We have developed a high-performance mass-spectrometry strategy for analysis of ether
lipids in peroxisomal disease (RCDP) and control samples by combining 213 nm UVPD
with liquid chromatography. This methodology enables unequivocal mapping of fatty acid,
ether chain, ether linkage type (O- vs P-), and C=C double bond localization across PE and
PC ether lipid classes. In applying this method to the brain tissue samples from an ether lipid
deficient mouse model with Pex7 deficiency which mimic human RCDP, we enable total
characterization of the specific ether lipids which are severely downregulated in the Pex7
mutant samples. Additionally, we uncover tissue-specific trends in the abundances of diacyl
glycerophospholipids between the normal and disease samples, uncovering novel biological
insights into this rare but deadly class of diseases and providing a new framework for
elucidation of mechanistic pathways that require molecular level analysis of lipid profiles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Positive-mode 213 nm UVPD spectra of ether glycerophospholipid standards (a)

PC(0-16:0/18:1(92)), (b) PE(0O-16:0/18:1(92)), (c) PC(P-18:0/18:1(9.2)), and (d)
PE(P-18:0/18:1(92)) with corresponding fragment maps (e-h). The mass accuracy values
of the assigned fragment ions are shown in Table S4.
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Figure 2.
Bar graphs of normalized peak areas of identified ether lipids for (a) cerebellum and (b)

hippocampus mouse tissue. Samples are grouped by genotype (WT, HT). No statistically
significant differences are observed for WT and HT ether lipid abundances. PE(P-16:0/18:1)
and PE(P-18:1/16:0) are isomeric and not distinguishable. The entry on the x-axis is
designated as PE(P-16:0/18:1)*.
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Figure 3.
Bar graphs of normalized peak areas of identified ether lipids for (a) cerebellum, (b)

hippocampus, and (c) cortex mouse tissue. Samples are grouped by control (genotype

WT, HT) and disease (genotype HO, i.e. Pex7 mutation). Statistical significance levels

are marked as p< 0.01 (***) and p < 0.05 (**). Blue, black and red circles indicate
normalized abundances that are below LOQ, below LOD, and not detected, respectively.
PE(~-16:0/18:1) and PE(~-18:1/16:0) are isomeric and not distinguishable. The entry on the
x-axis is designated as PE(~-16:0/18:1)*.
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Figure 4.
(a) Example of positive-mode targeted 213 nm UVPD spectrum from a mouse cerebellum

sample for the precursor ion of m/z748.53 with (b) fragment map showing identification of
the lipid as PE(P-16:0/22:6(A4, A7, A10, A13, A16, A19)). The mass accuracy values of the
assigned fragment ions are shown in Table S10.
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