Revolutions in lipid isomer resolution: application of ultra-high reso-
lution ion mobility to reveal lipid diversity
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ABSTRACT: Many families of lipid isomers remain unresolved by contemporary liquid chromatography-mass spectrometry
approaches, leading to a significant underestimation of structural diversity within the lipidome. While ion-mobility coupled
to mass spectrometry has provided an additional dimension of lipid isomer resolution, some isomers require resolving power
beyond the capabilities of conventional platforms. Here we present the application of high-resolution travelling-wave ion
mobility for the separation of lipid isomers that differ in (i) the location of a single carbon-carbon double bond, (ii) the stere-
ochemistry of the double bond (cis or trans) or, for glycerolipids, (iii) the relative substitution of acyl chains on the glycerol
backbone (sn-position). Collisional activation following mobility separation allowed identification of carbon-carbon double
bond position and sn-position, enabling confident interpretation of variations in mobility-peak abundance. To demonstrate
the applicability of this method, double bond and sn-position isomers of an abundant phosphatidylcholine composition were
resolved in extracts from a prostate cancer cell line and identified by comparison to pure isomer reference standards, reveal-
ing the presence of six isomers. These findings suggest that ultra-high resolution ion-mobility has broad potential for isomer-
resolved lipidomics and is attractive to consider for future integration with other modes of ion-activation, thereby bringing
together advanced orthogonal separations and structure elucidation to provide a more complete picture of the lipidome.

INTRODUCTION

Lipids are ubiquitous molecular components of all living
systems where they perform a staggering array of diverse
cellular functions ranging from the assembly of membranes
to energy storage, transport and signaling. Understanding
the lipidome requires a detailed knowledge of the struc-
ture-function relationships of each lipid within a cell or or-
ganism. This presents the analytical challenge of elucidating
the molecular structure of individual lipids within a com-
plex background of hundreds, or even thousands, of similar
but non-identical compounds.® 2 Significant advances in
chromatography-mass spectrometry over the last 20 years
have underpinned major advances in our knowledge of the
diversity of lipids present in nature, their biosynthetic ori-
gins and their interactions with other lipids and proteins.3 4
Despite these gains, one of the challenges peculiar to lip-
idomics has been the separation and unique identification
of lipid isomers that share the same elemental formula and
differ only in their molecular structures.> This analytical
challenge results from the -often subtle- structural varia-
tion between isomers. In glycerophospholipids for example,
structural variants can arise from (i) different combinations
of fatty acyl chains; (ii) the connectivity of the acyl chains to
the glycerol backbone (sn-position); (iii) variable sites(s) of
unsaturation and; (iv) geometry about carbon-carbon dou-
ble bonds (i.e,, cis or trans stereochemistry). The inability of

most contemporary lipidomics workflows to resolve iso-
mers differing in one (or a combination) of these dimen-
sions leads to an underestimation of the overall diversity of
the lipidome and knowledge gaps such as the metabolic or-
igins and biological function(s) of the lipids themselves.

Chromatographic approaches, including gas- and liquid-
chromatography, can provide resolution of some isomeric
lipids, however the timescale of these separations is on the
order of minutes or even can be up to hours to separate
some structural isomers.® While structurally powerful, such
separations present a bottleneck for high-throughput anal-
yses. In recent years, ion mobility (IM) coupled to mass
spectrometry (MS) has provided a rapid way to separate li-
pid isomers on a timescale compatible with fast chromatog-
raphy, 710 as well as experimental workflows where prior
separation is not possible (e.g., in MS-imaging).!* Conven-
tional ion mobility platforms, however, lack the necessary
resolving power to separate isomeric species with only sub-
tle variations in molecular structure. As a result, recent in-
strument developments that have improved IM-resolution
are gaining attention in a number of applications,2-15 in-
cluding for separating isomeric lipids.10-16.17

Once separated by mobility or chromatography, the chal-
lenge of unique identification of lipids remains. Often, tan-
dem mass spectrometry employing low energy collision-
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induced dissociation (CID) is used, since this is available on
many commercial instruments and can be used to provide
information about the building blocks of complex lipids, in-
cluding information on lipid class and acyl chain composi-
tion. In many cases however, CID of mass-selected lipid ions
does not provide structurally diagnostic product ions to un-
equivocally identify the lipid. Offline derivatization strate-
gies have been developed for liquid chromatography mass
spectrometry (LC-MS) workflows to enhance sensitivity
and promote the formation of structurally diagnostic CID
product ions.!8 19 Recently it has been shown that some of
these derivatization methods can be also be deployed to en-
hance ion mobility separation identification of isomeric li-
pids.20.21

Here we deploy ultra-high resolution cyclic ion mobility
spectrometry coupled with mass spectrometry to separate
and identify isomers across several classes of lipid, namely
fatty acyls (FAs), lysophosphatidylcholine (LPC) and diacyl
phosphatidylcholine (PC). The strategy is then applied to
profile the isomeric composition of two prostate cancer cell
lines, revealing the presence of up to six isomeric lipids
sharing the PC 34:1 composition.

EXPERIMENTAL METHODS

Lipid Nomenclature: Nomenclature and shorthand nota-
tions used here principally follows the recommendations of
the LipidMAPS consortium.?2 Where a fatty acid has been
derivatized to a 3-pyridylcarbinol ester, the shorthand an-
notation for the fatty acid is prepended with 3PE (e.g., 3PE-
FA18:1). Carbon-carbon double bond position(s) in acyl
chains are indicated using the ‘n-x’ nomenclature, where x
indicates the double bond position relative to the methyl
end of the acyl chain.z? Where known, the stereochemistry
of the carbon-carbon double bond is indicated as cis or
trans.

Samples and preparation: Fatty acid standards FA18:1n-
9(cis) and FA18:1n-9(trans) were purchased from Tokyo
Chemical Industry (Tokyo, Japan), while FA18:1n-7(cis) and
FA18:1n-7(trans) were purchased from Merck (Truganina,
VIC). These four isomeric fatty acids were derivatized to 3-
pyridylcarbinol ester derivatives following a previously de-
scribed procedure.2+ 25 Briefly, dry tetrahydrofuran (50 pL)
was added to potassium tert-butoxide (5.6 mg, yielding a ca.
1 M solution) followed by 3-pyridyl methanol (100 pL). Af-
ter the reagent mixture turned clear the fatty acid (~5 mg
in 1 mL dry dichloromethane) was added and heated at 45
°C for 45 min. After cooling to ambient temperature, water
(1 mL) and hexane (2 mL) was added to the solution and
then vortexed. The organic (top) layer was collected and
washed with water (1 mL) and the organic (top) layer col-
lected again. Residual water was removed using anhydrous
sodium sulphate and filtered. The resulting solvent was re-
moved by evaporating under nitrogen. Samples were then
reconstituted to 0.5 uM in methanol for mass spectrometry
analysis.

Isomers of lysophosphatidylcholine 1-oleoyl-2-hydroxy-
sn-glycero-3-phosphocholine (LPC 18:1n-9(cis)/0:0) and 1-
hydroxy-2-oleoyl-sn-glycero-3-phosphocholine (LPC
0:0/18:1n-9(cis)) were purchased from Avanti Polar Lipids
(Alabaster, AL) and diluted to a concentration of 1.0 uM in
methanol. Isomerically pure phosphatidylcholine stand-
ards 1-palmitoyl-2-(11Z-octadecenoyl)-glycero-3-

phosphocholine (IsoPure PC 16:0/18:1n-7(cis)), 1-(11Z-oc-
tadecenoyl)-2-palmitoyl-sn-glycero-3-phosphocholine
(IsoPure PC 18:1n-7(cis)/16:0), 1-palmitoyl-2-oleoyl-glyc-
ero-3-phosphocholine (IsoPure PC 16:0/18:1n-9(cis)), 1-
oleoyl-2-palmitoyl-sn-glycero-3-phosphocholine (IsoPure
PC 18:1n-9(cis)/16:0), 1-palmitoyl-2-(8Z-octadecenoyl)-sn-
glycero-3-phosphocholine  (IsoPure PC  16:0/18:1n-
10(cis)), 1-(8Z-octadecenoyl)-2-palmitoyl-sn-glycero-3-
phosphocholine (IsoPure PC 18:1n-10(cis)/16:0), were ob-
tained from Avanti Polar Lipids and diluted to a concentra-
tion of 0.5 pM in methanol.

Lipids were extracted from LNCaP cells (Accession
CVCL_0395) following a previously published protocol.26
The extracted lipids were reconstituted in methanol for
mass spectrometry analysis.

Mass Spectrometry: Experiments were conducted on a Cy-
clic lon Mobility (cIMS) enabled quadrupole time-of-flight
mass spectrometer (Waters Select Series; Wilmslow, UK).
Details of the cIMS and its operation have been described
previously,'2 27 and only a brief description of the methods
used is detailed here. Samples were injected using an au-
tosampler (Waters Acquity Premier UPLC; 10 pL injection
volume) into 20 pL min! flow of methanol. No chromatog-
raphy column was used. Precursor ions were mass selected
by the quadrupole before passing to the ion storage array.
Packets of the mass selected ions were injected into the
cIMS device and separated over multiple passes. Details of
the cyclic sequence parameters used are provided in the
supporting information (Table S1). Following IMS separa-
tion, the ions were collisionally activated in the transfer re-
gion prior to mass analysis by time of flight. Acquired data
was processed using a combination of DriftScope (version
3.0) and MassLynx (version 4.2) with extracted ion arrival
time distributions (ATDs) created using the measured m/z
with a tolerance of +0.05.

RESULTS

A methanolic mixture of FA18:1n-7(cis), FA18:1n-
7(trans), FA18:1n-9(cis) and FA18:1n-9(trans)) infused us-
ing electrospray ionization in negative ion mode yielded
abundant signal for the deprotonated fatty acid at m/z 281.
Mass selection of the [M-H]- precursor ion and subsequent
ion mobility separation provided broad separation of the
cis/trans double bond geometry isomers after 10 passes
around the cIMS device, however only minimal separation
was observed between double bond positional isomers
(Figure S1). Based on individual injections, the peak-to-
peak resolving power?8 for the cis/trans isomer pairs is
Rpp~0.75, while between the cis or trans pairs (e.g. FA18:1n-
7(cis) vs FA18:1n-9(cis)) was Ry~0.22 and 0.34, respec-
tively. Moreover, the low energy CID spectra of deproto-
nated fatty acids are uninformative with respect to double
bond position or geometry.

In typical gas chromatography workflows, fatty acids are
derivatized to reduce their respective boiling points and aid
chromatographic separation. Similar strategies have also
been deployed in liquid chromatography to enhance sensi-
tivity and promote the formation of structurally diagnostic
product ions in MS/MS workflows.'8 19 One such derivative
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Figure 1. (a) Arrival time distributions for an infusion of a 4-
component mix of fatty acids derivatized as 3-pyridylcarbinol es-
ters after multiple numbers of passes around the cyclic IMS de-
vice, (b) IMS trace after 15 passes, overlaid with normalized ar-
rival time distributions for individual injections of each isomer.

is a pyridylcarbinol ester, where a pyridine moiety is ester-
ified to the carboxylic acid end of the fatty acid.2? Following
this logic, the same set of four FA isomers were derivatized
as 3-pyridylcarbinol esters and infused as a methanol solu-
tion via electrospray ionization in positive ion mode. Pre-
cursor ions (m/z 374) were mass selected by the quadru-
pole and subsequently separated over multiple passes
around the cIMS device. The resulting arrival time distribu-
tions after 1 - 10 passes around the cyclic ion mobility de-
vice are presented in Figure 1(a). After a single pass around
the IMS device, only a single arrival time distribution was
observed. Increasing the number of passes led to the for-
mation of a shoulder, which separated into 4 distinct arrival
time features after 15 passes. Comparison of the mixture to
individual injections of the derivatized fatty acid isomers
(Figure 1(b)) indicated that the ordering of the ATD peaks
was  3PE-FA18:1n-7(cis), 3PE-FA18:1n-9(cis), 3PE-
FA18:1n-7(trans) and 3PE-FA18:1n-9(trans). Notably, the
ordering of arrival times is the same as that observed when
the same four derivatized fatty acids are separated by re-
versed-phase liquid chromatography, and consistent with
experimentally determined relative CCS values from drift
tube IMS. Although the relative CCS of the 2 cis isomers dif-
fer by <0.4% (and the 2 trans isomers differ by <0.7%),30
these 3-PE derivatives are distinctly separated after 15
passes on the cIMS device. While the same relative arrival
time ordering was observed for the respective deproto-
nated free fatty acids (Figure S1), derivatization increased
Rpp to ~1.0 for the two cis isomers. Recent spectroscopic
measurements of the 3-PE derivatives, supplemented by
density functional theory calculations, have identified that a

charge-olefin interaction between the FA double bond and
the protonated pyridyl group significantly impacts the gas-
phase structure.3? In the absence of this interaction, the iso-
meric free fatty acid anions are not separated as efficiently.

Confident in the capacity of the cIMS to separate structur-
ally similar lipid isomers, we next examined a different form
of isomerism encountered in glycerophospholipids, namely
regioisomers differing in the (sn-)position of acyl chains on
the glycerol backbone. We first considered lysophosphati-
dylcholine (LPC) regioisomers, containing only a single FA
at either the sn-1 or sn-2 position. Mass selected [M+Na]*
adducts of LPC 18:1n-9(cis) isomers, differing only in the
site of connection to the glycerol backbone, were separated
using up to 40 passes around the cIMS device and subse-
quently subjected to CID (CE = 25 eV) in the transfer region.
Figure 2(a) shows the separation of a mixture of LPC 18:1n-
9(cis) isomers after 40 passes around the cIMS device, with
two resolved features in the arrival time distribution. Inte-
gration of the two arrival-time features revealed differences
in the underlying product ion mass spectra that enabled
identification of the sn-position of the FA18:1 acyl chain on
the glycerol backbone. The CID spectrum from the early fea-
ture (Figure 2b) showed a product ion at m/z 104, diagnos-
tic for LPC 18:1/0:0, while the mass spectrum obtained by
integrating the late feature (Figure 2c) showed a m/z 147
product ion, diagnostic for LPC 0:0/18:1.31.32 nterestingly,
the observed ordering of the LPC isomers ion mobility sep-
aration is orthogonal to the separation observed in LC-MS
based studies of LPC isomers, where LPC 0:0/18:1 elutes
before LPC 18:1/0:0 on both reversed-phase 33 and hydro-
phobic interaction columns.3*
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Figure 2. (a) Arrival time distribution of a mixture of LPC 18:1n-
9(cis) isomers after 40 passes around the cIMS device. The total
ion chromatogram is shown in black. (b) MS/MS spectrum between
1113 and 1115 ms and (c) 1123 and 1125 ms. Mass spectra were
acquired using a collision energy of 25 eV in the transfer region of
the instrument, post ion mobility.

To explore the utility of cyclic ion mobility to diacyl glyc-
erophospholipids, methanolic stock solutions of six individ-
ual PC 34:1 isomers (i.e., three carbon-carbon double bond
positions across two different sn-regioisomers) were

https://doi.org/10.26434/chemrxiv-2023-20nmh ORCID: https://orcid.org/0000-0002-0420-6116 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-20nmh
https://orcid.org/0000-0002-0420-6116
https://creativecommons.org/licenses/by-nc-nd/4.0/

infused separately via ESI. The [PC 34:1 + Na]* adducts (m/z
782.6) were mass selected, separated over 30-passes (~30
m total travelling distance) and subsequently collisionally
activated (CE = 42.5 eV) in the transfer region prior to mass
analysis. The arrival time distributions of the PC 16:0/18:1
isomers are shown in Figure 3(a). Similar to the arrival time
order of the derivatized fatty acids, the PC 16:0/18:1n-
7(cis) isomer has the earliest arrival time after 30 passes
and is better resolved than the PC 16:0/18:1n-9(cis) and PC
16:0/18:1n-10(cis) pair. This trend is continued for the al-
ternate set of sn-isomers, with PC 18:1n-7(cis)/16:0 having
a shorter arrival time than PC 18:1n-9(cis)/16:0 and PC
18:1n-10(cis)/16:0. These observations parallel the behav-
ior of these PC 34:1 isomers in reversed-phase liquid chro-
matography, where the n-7 isomers elute before n-9 or n-
10, however all three double bond isomers are usually in-
completely resolved (Figure S2). In each case studied here,
the PC 16:0/18:1 isomer had a slightly shorter drift time
than the corresponding PC 18:1/16:0 with the same double
bond position. Such PC regioisomers are difficult to sepa-
rate by reversed-phase HPLC, especially where the two fatty
acyl chains are similar in carbon number and degree of un-
saturation. Interesting, using 30 passes of the cIMS achieves
a greater peak-to-peak resolution between sn-positional
isomers than has previously been achieved by trapped-ion
mobility spectrometry!” providing an opportunity for iso-
mer discovery in biological mixtures.

Infusion of a complex lipid extract from a LNCaP prostate
cancer cell line displayed a single feature in the arrival time
distribution of [PC 34:1+Na]* (Figure 4, black trace). The ob-
served feature is broader than any of the individual PC 34:1
isomer standards acquired under the same conditions (Fig-
ure 4, colored traces), suggesting that the extract is com-
prised of a mixture of isomers.
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Figure 3. Arrival time distributions for [PC 34:1 +Na]" isomers
(a) PC 16:0/18:1 and (b) PC 18:1/16:0 after 30 passes around the
cIMS device.

The CID mass spectra presented in Figure S3 reveal that
the ketene product ion at m/z 441 (arising from loss of FA

18:1) was more abundant for the PC 18:1/16:0 isomers,
whereas the m/z 467 ketene product (arising from loss of
FA 16:0) is more abundant for the PC 16:0/18:1 isomers.35
For the PC34:1 standards, the relative proportion of m/z
441 (i.e., la41/(las1+1467)) was observed to be 2448 % for the
PC16:0/18:1isomers, and 76+5 % for PC 18:1/16:0 (Figure
S4 and S5). Previous studies have shown that the ratio of
product ion abundances can be used to infer glycerophos-
pholipid regioisomers in reversed-phase LCMS experi-
ments.3¢ This strategy was then used to determine the regi-
oisomeric contributions to the PC 34:1 arrival time distribu-
tion in the LNCaP extract. Plotting the relative proportion of
the m/z 441 product ion as a function of the arrival time in-
dicated that most of the ion signal from the LNCaP lipid ex-
tract arises from PC 16:0/18:1, however at later drift time,
where there remains a significant amount of ion signal in-
tensity, the product ion ratio increases towards the ratio ex-
pected for the PC 18:1/16:0 isomers. This observation sug-
gests that while the main ATD feature is comprised mostly
of PC 16:0/18:1 isomers, there is an appreciable quantity of
the non-canonical PC 18:1/16:0.
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Figure 4. Arrival time distribution of [PC 34:1+Na]" from LNCaP
cell extract (black trace) after 30 passes around the cIMS device.
Crosses indicate the fractional abundance of m/z 441 diagnostic

for 18:1 in the sn-1 position.

CONCLUSION

In this work, cyclic ion mobility has been used to effec-
tively separate several types of lipid isomers. Multiple cIMS
passes effectively separated fatty acids of identical acyl
chain length, differing only in position or geometry of the
carbon-carbon double bond. For both lyso- and di-
acylphosphatidylcholine, arrival time differences were
found for isomers differing in both sn-position of acyl chains
and the position of carbon-carbon double bonds.

Referencing the arrival time distribution of the [M+Na]*
adduct of PC 34:1 from prostate cancer cell extracts to those
obtained from high-purity lipid isomer reference standards,
evidence for up to 6 different isomers was found. The ratio
of diagnostic CID product ions indicated that while the ma-
jority of the observed PC 34:1 signal was from PC 16:0/18:1
isomers, a non-negligible proportion was from isomers of
PC 18:1/16:0.
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The ultra-high mobility resolution afforded by multiple
cIMS passes effectively separate the different lipid isomer
classes studied here. Increasingly, the structural diversity
being uncovered in biological contexts includes lipids that
have no commercially available reference standard, ham-
pering unequivocal structural assignment based solely on
retention time or drift time. Post-mobility collisional activa-
tion provided structurally diagnostic product ions for iden-
tification of sn-positional isomers. Coupling cIMS with alter-
native ion activation strategies, including UV-
photdissociation3” or ozone-induced dissociation,3® offers
an attractive possibility for separation and structural eluci-
dation in a discovery-based workflow,3° presenting a way to
complete the picture of the lipidome.
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