Cross-validation of lipid structure assignment using orthogonal ion
activation modalities on the same mass spectrometer
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ABSTRACT: The onset and progression of cancer is associated with changes in the composition of the lipidome. Therefore, better
understanding of the molecular mechanisms of these disease states requires detailed structural characterization of the individual
lipids within the complex cellular milieu. Recently, changes in the unsaturation profile of membrane lipids have been observed in
cancer cells and tissues, but assigning the position(s) of carbon-carbon double bonds in fatty acyl chains carried by membrane
phospholipids, including the resolution of lipid regioisomers, has proven analytically challenging. Conventional tandem mass spec-
trometry approaches based on collision-induced dissociation of ionized glycerophospholipids do not yield spectra that are indicative
of the location(s) of carbon-carbon double bonds. Ozone-induced dissociation (OzID) and ultraviolet photodissociation (UVPD)
have emerged as alternative ion activation modalities wherein diagnostic product ions can enable de novo assignment of position(s)
of unsaturation based on predictable fragmentation behaviors. Here, for the first time, OzID and UVPD (193 nm) mass spectra are
acquired on the same mass spectrometer to evaluate the relative performance of the two modalities for lipid identification and to
interrogate the respective fragmentation pathways under comparable conditions. Based on investigations of lipid standards, frag-
mentation rules for each technique are expanded to increase confidence in structural assignments and exclude potential false posi-
tives. Parallel application of both methods to unsaturated phosphatidylcholines extracted from isogenic colorectal cancer cell lines
provides high confidence in the assignment of multiple double bond isomers in these samples and cross-validates relative changes
in isomer abundance.

and elongation metabolism!'® !! that may potentiate down-

INTRODUCTION

Various human diseases including obesity, diabetes, and
Alzheimer’s disease are associated with changes in the cellular
lipidome.'* Cancer is another pathology that is adept at in-
creasing cellular uptake and de novo synthesis of lipids in or-
der to maintain rapid cell proliferation.™ Consequently, de-
tailed structural characterization of lipids in extracts from can-
cer cells and tissues is increasingly desirable and requires mo-
lecular identification based on lipid class, number of carbons
and double bonds (sum composition), relative (sn-) position of
fatty acyl chains in glycerolipids, and the position of function-
al groups on fatty acyl chains (e.g., unsaturation, methylation,
or hydroxylation). Establishing the sites(s) of unsaturation
within glycerophospholipids has been a recent focus in cancer
lipidomics due to observations of perturbations in desaturation

stream impacts on membrane biophysical properties (e.g., lipid
membrane fluidity).!> !* Determining the position(s) of car-
bon-carbon double bonds is thus central to understanding the
variability of human lipid metabolism in health and disease;
particularly those pathways involving the expression and ac-
tivity of the three mammalian desaturase enzymes SCD-1,
FADS1 and FADS2.'"* 'S Notably, changes in the relative
abundance of n-7 and n-9 double bond isomers in glycer-
ophospholipids have been found to be phenotypic of cancer,'®
19 while the recent observation of n-10 double bonds in some
cancers is evidence for activation of FADS2 metabolism to-
ward saturated fatty acids; a process first thought to be con-
fined to human skin.!'® 2°2* Such discoveries have re-
invigorated efforts to develop mass spectrometric techniques
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capable of assigning double bond position(s) in glycerophos-
pholipids (and other lipid classes).

Electrospray ionization-mass spectrometry (ESI-MS), using
either direct infusion or coupled to liquid chromatography, has
emerged as the most widely used method for lipid identifica-
tion and quantification.?*?* In such lipidomics workflows, data
including combinations of chromatographic retention time,
accurate mass measurement and characteristic fragmentation
upon tandem mass spectrometry (MS/MS) can provide confi-
dent assignments of glycerophospholipids at the sum composi-
tion (e.g., phosphatidylcholine [PC] 34:1; with 34 fatty acyl
carbon units and 1 site of unsaturation) and molecular lipid
(e.g., PC 16:0_18:1, detailing the composition of each fatty
acyl chain) levels of description. However, these approaches
do not yield insights into the location(s) of double bonds with-
in these lipids and thus do not resolve possible regioisomers
that differ only in their site(s) of unsaturation.?® %’ This limita-
tion arises from the preference of low energy (< 100 eV) colli-
sion-induced dissociation (CID) —the mainstay of contempo-
rary MS/MS analysis— to drive charge-directed unimolecular
dissociation at, or adjacent to, heteroatoms with little or no
cleavage of carbon-carbon bonds.?® While high-energy (>
keV) and multi-stage (i.e., MS") CID have been shown to
drive some carbon-carbon bond cleavages in complex lipids,?*
3! the desired fragmentation remains poorly efficient relative to
competing heteroatom cleavages rendering these techniques
relatively insensitive to isomeric variations.*

To surmount these limitations, a number of alternative ap-
proaches have emerged targeting double bond positional as-
signment in complex lipids that can be broadly classified as
(1) chemical derivatization of carbon-carbon double bonds
prior to mass spectrometry in order to activate sites of unsatu-
ration toward fragmentation upon CID,3*% and (2) alternative
methods of ion activation to promote either (2a) cleavage of
most carbon-carbon bonds where interruptions at sites of un-
saturation can be identified,**** or (2b) selective carbon-
carbon bond cleavage at, or adjacent to, alkene positions.3* 4*-
42 Amongst several solution-phase derivatization strategies,
including epoxidation and more recently aziridination and
Diels-Alder reactions,**® the most widely adopted approach is
the Paterno-Biichi reaction that involves a [2+2] cycloaddition
between the double bond and an appropriate ketone or alde-
hyde (e.g., acetone, benzophenone) under exposure to UV-
light.'® 475 Once the cyclic oxetane products are formed in
solution they are ionized, mass-selected and subjected to CID
yielding two diagnostic product ions with aldehyde and trisub-
stituted alkene motifs. The characteristic spacing between
these two marker ions (Am = 26.0520 Da when using acetone)
in the resulting spectrum can be exploited for de novo assign-
ment of the double bond position (Scheme 1A).*” Although
these approaches have been successful in assigning site(s) of
unsaturation across a range of lipid classes, wet-chemical
derivatization prior to mass spectrometry can significantly
increase mixture complexity and requires more significant
alteration to established lipidomics workflows.** 5! The alter-
native strategy is to interrogate the structure of unmodified
lipid ions inside the mass spectrometer using auxiliary ion
activation modalities to complement CID. The two most
prominent of these tandem mass spectrometry methods have
been ultraviolet photodissociation (UVPD)**** and ozone-
induced dissociation (OzID).!” €8 Both techniques have been
demonstrated to provide assignment of site(s) of unsaturation
and the mass spectral resolution of regioisomers with success-

ful integration into both direct infusion (“shotgun”)**  and
LC-MS/MS lipidomics protocols.®>
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Scheme 1. Mass spectrometry techniques for analysis of double
bond positions in lipids through either (A) Paterno-Biichi reaction
with acetone (R34 = CH3) and subsequent CID, or ion activation
by (B) ozone-induced dissociation or (C) UV-photodissociation to
yield in all cases diagnostic product ions.

Ozone-induced dissociation exploits the gas-phase reaction
of mass-selected lipid ions with ozone and has rapidly devel-
oped over the last decade with application to structural eluci-
dation of a range of lipid species including fatty acids, glycer-
ophospholipids and sterols.5%-62 65 70 71 Pinpointing site(s) of
unsaturation within fatty acyl chains is enabled through the
selective chemically-induced cleavage of the double bond with
product ions retaining either one or two oxygen atoms from
the ozone. Known as the aldehyde and Criegee ions, the char-
acteristic peak spacing of Am = 15.9949 Da in an OzID spec-
trum provides for ready identification of the site(s) of unsatu-
ration and resolution of any double bond regioisomers that
may be present (Scheme 1B). Similarly, UVPD can be applied
to the activation of ionized and mass-selected lipid ions to
establish key features of their molecular structure, including
double bond position(s) in unsaturated fatty acyl moieties.”> 3
ST UVPD of lipid ions at 193 nm or 213 nm has been found to
be the most informative with absorption of these wavelengths
promoting cleavage of allylic bonds and leading to putative
alkyne and alkane product ions separated by Am = 24.0000
Da, pinpointing the location of the double bond(s) (Scheme
10).

The predictability of both OzID and UVPD fragmentation
patterns have led to increased adoption of both technologies
for lipid discovery and the automation of the requisite data
analysis,”'"™ including the incorporation into existing software
packages.” The combination of these factors has led to the
observation and reporting of many hitherto undocumented
lipids in previously well-studied reference materials. For ex-
ample, some of us have recently used OzID technologies to
document almost one hundred additional lipids present in
NIST SRM 1950 reference human plasma.”' In most such
cases, no authentic reference lipids are available to validate
structural assignments, placing greater emphasis on a complete
understanding of the ion chemistries (including photochemis-
tries) of OzID and UVPD to mitigate false positive assign-
ments. Moreover, wherever possible, structural assignments
for novel lipids should be based on multiple, orthogonal tech-
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nologies,’ 77

tion coupled with further structural elucidation techniques.
To-date, however, limited examples exist where lipidomics
analyses have been conducted across different platforms ac-
cessing multiple modes of ion activation. In response to this
capability gap, we have implemented both OzID and UVPD
on the same high-resolution mass spectrometry platform and
undertaken parallel direct-infusion analysis in both modalities.
Herein, we compare the information provided from mass spec-
tra arising from parallel ion activation of reference standards,
under directly comparable instrumental conditions, to explore
the efficiency of each modality and to rigorously examine
product ions that could potentially lead to false positive as-
signments of unsaturation location. These new mechanistic
insights are used to inform analysis of unsaturated phosphati-
dylcholine lipid species within isogenic colorectal cancer cell
lines, with both methods measuring consistent changes in rela-
tive abundances of n-7 to n-9 isomers of monounsaturated
membrane lipids and revealing the presence of a non-
canonical #-5 monounsaturated species.

such as chromatographic or ion-mobility separa-
78,79

EXPERIMENTAL

Lipid Nomenclature

The lipid structure nomenclature used here is based upon
the LipidMAPS consortium recommendations,® modified to
accommodate the n-x shorthand notation,?! where n stands for
the number of carbon atoms in the acyl chain and subtraction
of x gives the position of the carbon-carbon double bond from
the methyl terminus (e.g., FA 18:31-6,9,12 has an 18 carbon
acyl chain with three carbon-carbon double bonds, the first of
which is located at carbon 6 when counting from the methyl
terminus). Where known, the geometry about the double bond
is indicated as cis (Z) or trans (E). For PCs with known acyl
chain orientation, the sn-1 is followed by the sn-2 acyl chain
composition and separated by a forward slash (e.g., PC
16:0/18:1n-9,cis), whilst acyl chain composition is separated
by an underscore where the sn-position is not known or a mix-
ture of both isomers is likely present (e.g., PC 16:0_18:1n-
9,cis) .

Materials

The following chemicals were obtained and used without
further purification: cis-vaccenic acid (FA 18:1n-7,cis), oleic
acid (FA 18:1n-9,cis), butylated hydroxytoluene (BHT), lithi-
um acetate, and sodium acetate were purchased from Sigma-
Aldrich. 1,2-Dioleoyl-glycero-3-phosphocholine (PC 18:1xn-
9,cis/18:1n-9,cis) was purchased from Avanti Polar Lipids.
The structures and monoisotopic exact masses of all FA and
PC standards included in the study are shown in Table S1.
Complex whole cell lipid extracts from DLDI parental colo-
rectal cancer cells, which are heterozygous for mutant KRAS,
or from DLDI cell lines with knock-out of the KRAS wild-
type (DLD1 KRAS:Mut) or mutant (DLD1 KRAS:WT) allele
were obtained as described previously.”” DLD1 MEKI1 (-/-)
and MEK2 (-/-), having double knockout mutation of MEK]
and MEK?2 genes, respectively, were purchased from Horizon
Discovery (Cambridge, UK). Methanol (CH3;OH) was pur-
chased from Merck Millipore (Bayswater, VIC, Australia).
Isopropyl alcohol (IPA) was purchased from Fisher Scientific
(Hampton, NH, USA). Chloroform (CHCl;) was purchased
from Ajax Finechem (Taren Point, NSW, Australia). Eppen-
dorf twin-tec 96-well PCR plates and Teflon Ultra-Thin Seal-

ing Tape were purchased from Analytical Sales and Services
(Flanders, NJ, USA).

Sample Preparation

Stock solutions of FA 18:1n-7,cis; FA 18:1n-9,cis, and PC
18:1n-9,cis/18:1n-9,cis were prepared in isopropanol with
0.01% (w/v) BHT, at concentrations of 10 mM. Working solu-
tions were then prepared by placing 198 pL isopropa-
nol:methanol:chloroform (4:2:1, v:v:v) containing 2 mM lithi-
um acetate or sodium acetate into a vial, followed by addition
of 2 pL of each individual stock solution, giving a final lipid
concentration of 100 uM. For the cells, lipids extracted from
ca. 2 X 107 pelleted cells of each cell line (as previously de-
scribed) were re-suspended in 500 pL  isopropa-
nol/methanol/chloroform (4:2:1, v:v:v) 0.01% BHT. Working
solutions were then prepared by diluting the cell extracts 50
times in isopropanol/methanol/chloroform (4:2:1, v:v:v) con-
taining 2 mM lithium acetate.””> 32 % 50 pL of each sample
were then loaded into individual wells of an Eppendorf twin-
tec 96-well PCR plate and sealed with Teflon Ultra-Thin Seal-
ing Tape prior to MS analysis.

Instrumentation

All samples were analyzed using a Q Exactive Orbitrap
mass spectrometer (Thermo Fisher Scientific, Bremen, Ger-
many), interfaced with a robotic nano-electrospray ionization
(nESI) source (TriVersa NanoMate, Advion, Ithaca, NY,
USA) operating in positive ionization mode (spray voltage of
1.2 kV and gas pressure of 0.3 psi). The automated gain con-
trol (AGC) target of the Orbitrap mass analyzer was main-
tained at 1 X 10° and the maximum injection time was set to
500 ms. For MS/MS experiments, monoisotopic lipid ions
were mass-selected using an isolation window of +£0.25 Da
and data acquired at a mass resolving power of 70,000 (de-
fined at m/z 200) over the m/z range 50 — 350 (FA standards),
100 — 1200 (PC standard), or 100 — 1000 (PCs from DLDI
cell lines). Higher-energy collision dissociation (HCD)-
MS/MS spectra were generated with a HCD collision energy
(CE) of 30 or 35 eV. The mass spectrometer was modified to
provide both optical access and delivery of ozone to the HCD
hexapole region (Figure S1). Modifications of this instrument
to enable optical access and irradiation of isolated ions with a
193 nm Coherent Excistar XS ArF excimer laser system (San-
ta Clara, California, USA) have been previously described.*
In brief, the laser light was directed coaxially, but slightly off-
axis, into the HCD cell via a CaF, optical window introduced
into the rear access port of the vacuum manifold with control
of the number of laser shots and delay between shots within a
given UVPD activation period achieved using a Berkeley Nu-
cleonics Corporation (San Rafael, California, USA) model 505
pulse generator. For UVPD experiments, nitrogen was used as
the collision gas and was supplied through the native system to
yield an operating pressure of ca. 4 — 5 x 10> mbar (HCD trap
gas at 1.0 au). 193 nm UVPD-MS/MS spectra were obtained
following introduction of mass-selected lipid ions into the
HCD cell (CE =2 eV, unless otherwise stated), using a 700 V
discharge voltage (ca. 1 mJ laser energy) and irradiation times
of 50 or 100 ms (~50 - 100 laser shots), prior to mass analysis.

Customization of Q Exactive geometry instruments for
OzID have previously been undertaken in collaboration with
Thermo Fisher Scientific.% Briefly, ozone (ca. 10-11% w/w in
0,) was produced online by a HC-30 ozone generator (Ozone
Solutions, Hull, IA, USA) and catalytically destroyed in a
closed-loop system operated with an oxygen flow of ca. 0.2 L
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min’!. A split flow from the closed loop was used as a supply
for the mass spectrometer and introduced into the HCD cell
via a PEEK restriction (127 pm x 2 m) delivering a pressure of
ca. 4 —5 x 10 mbar (HCD trap gas at 0.1 au, to mimic stand-
ard operation). This represents an estimated ozone number
density of ca. 10> molecules cm™ based on the relative reac-
tivity of the sodium adduct ion of trioleoylglycerol [TG
54:3+Na]" toward ozone compared to that observed previously
on similar instrumentation.®® For OzID, mass-selected lipid
ions were injected into the HCD cell using a collision energy
of 2 eV (except under combined collision- and ozone-induced
dissociation conditions where CE = 30 eV) and then allowed
to react with ozone for periods (defined by the activation time)
of 10 — 1000 ms before mass analysis.

The experimental MS/MS variables described above result-
ed from optimization aimed at maximizing signal-to-noise for
both ion activation modalities while maintaining approximate-
ly equal cycle times. Acquisitions in both modalities utilized
one microscan per scan and the comparison between the tech-
niques is based on analysis of spectra averaged over the same
acquisition time (0.23 min for FA standards, 0.09 min for PC
36:2 standard, and 0.17 min for PCs from DLDI1 cell lines).

Data Analysis

The raw mass spectra were inspected and scans averaged
over the specified amount of acquisition time using Qual
Browser within the native Xcalibur software (Version 3.0,
Thermo Scientific, Bremen, Germany). Exact masses (4 d.p.),
peak intensities and noise (calculated by Xcalibur as part of
the flag data) for all ions in the spectrum list were then export-
ed into a custom-built Microsoft Excel spreadsheet (Office
2016 program suite, Microsoft, Seattle USA) for further analy-
sis. The spreadsheet is provided as Supporting Information
and was constructed to automate analysis of the abundances of
diagnostic ions for double bond position by each ion activation
technique.

Briefly, the experimental precursor ion m/z (to 4 d.p.) is
manually specified in the spreadsheet from which a list of
theoretical diagnostic ion m/z for double bond or sn- position
is generated based on the predicted neutral loss/gain from the
activation technique (Table S2 — S5). The theoretical ion m/z
is then matched to the imported experimental data using the
XLOOKUP function in Excel and a subset of experimental
ions is generated that possess the smallest mass discrepancy
from the theoretical ions. This list is then filtered by a mass
tolerance threshold, Am, determined from a 5 ppm mass accu-
racy of the precursor ion (i.e., £0.0015 Da for FAs, and *
0.0037 - 0.0041 Da for PCs), and a signal-to-noise (S/N)
threshold (>3 for identification, >10 for quantification) that are
input manually. For double bond isomers, the S/N was deter-
mined by dividing the ion abundance by the noise from the
imported flag data for each diagnostic ion. For sn-isomers, the
S/N was determined by dividing the sum of ion abundances by
the sum of the noise from the imported flag data for the diag-
nostic ions. The normalized abundances of the filtered, diag-
nostic ions are then summed to obtain the abundance of the
double bond isomer, further calculated relative to the most
abundant double bond isomer, or the abundance of the sn-
isomer.

RESULTS & DISCUSSION

Comparison of UVPD and OzID for fatty acid reference
standards

For this study, UVPD (at 193 nm) and OzID were applied to
equivalent, mass-selected ions trapped within the HCD cell of
the Q Exactive with all other instrument conditions maintained
to be as similar as possible. The two methods were initially
compared with a variety of unsaturated lipid standards to ex-
plore the consistency and reliability of identification of the
double bond position. Using the modified Q Exactive platform
(vide supra), shotgun nESI of methanolic solutions of the two
fatty acid (FA) 18:1 isomers, cis-vaccenic acid (FA 18:1n-
7,cis) and oleic acid (FA 18:1n-9,cis), spiked with lithium
acetate gave rise to abundant [M-H+2Li]" ions. Relative to
other alkali metals, lithium adducts yield the highest relative
abundance of diagnostic product ions under both UVPD and
OzID activation modes.>” %

0zID-MS/MS and UVPD-MS/MS of the [M-H+2Li]" pre-
cursor ion (m/z 295.3) formed from FA 18:1n-7,cis are shown
in Figure 1A and B, respectively. In both spectra the diagnos-
tic pairs of peaks arising from cleavage at (or adjacent to) the
carbon-carbon double bond are readily identifiable and are
consistent with predictions based on already established frag-
mentation rules for each modality (see neutral loss predictions
in Table S2 and S3).°” % 84 Specifically, an abundant pair of
OzID product ions at m/z 213.1645 (Cy1H1905Lix") and m/z
229.1593 (C11H1904Li,") are observed after only 10 ms of
activation time (Figure 1A). The ions are separated by the
mass of one oxygen atom (Am = 15.9949 Da) and may be as-
signed as the aldehyde and Criegee ions following decomposi-
tion of the primary ozonide (Scheme 2A);%! noting the latter
species may rearrange to a more stable carboxylic acid or a
vinyl hydroperoxide.®® 8 8 Interestingly, a range of other
abundant product ions are observed and can be assigned by
accurate mass to neutral adducts of NO, and H,O (Figure 1A).
While some level of background water is unavoidable in most
mass spectrometers, nitrogen oxides are a specific by-product
of ozone generation and have previously been observed to
cluster with some ion types under OzID conditions.!” For
comparison with OzID, 193 nm UVPD of the FA 18:1n-7,cis
[M-H+2Li]" precursor ion on the same instrument yields the
predicted pair of product ions at m/z 185.1695 (C;oH;90,Li>")
and m/z 209.1695 (C12H190,Li1,") separated by the mass of two
carbon atoms (Am = 24.0000 Da, Figure 1B). These ions may
be assigned as alkane and alkyne species, respectively, and
have been proposed to be formed by a photo-initiated 1,2-
elimination (Scheme 2B).5” Whether this fragmentation occurs
directly through an excited electronic state surface or from
vibrational excitation on the ground state surface remains to be
determined.® In addition to the diagnostic product ions, sec-
ondary neutral clustering reactions with water (+18 Da, UVPD
and OzID) and nitrogen dioxide (+46 Da, OzID only) appear
to be a feature of the dilithiated ions and their abundances
were therefore taken into account when comparing the effi-
ciency of each technique (Figure 1). Thus, under similar con-
ditions, the yield of n-7 related product ions (m/z 213.2 and
229.2, 231.2 and 247.2, 259.2 and 275.2) is ca. 282% of the
precursor ion (m/z 295.3 and 341.3) by OzID after only 10 ms,
whilst the yield of product ions (m/z 185.2 and 209.2, 203.2
and 227.2) formed by UVPD is ca. 7% at a longer ion activa-
tion time of 50 ms. For dilithiated oleic acid, the diagnostic
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pair of ions indicative of the carbon-carbon double bond at the
n-9 position are also produced by OzID (m/z 185.1331 and m/z
201.1280 in Figure 1C, Am = 15.9949 Da, corresponding to
CoH;505Li," and CoH;504Li1x", respectively) at greater abun-
dances despite a shorter activation time than UVPD (m/z
157.1384 and m/z 181.1382 in Figure 1D, Am = 23.9998 Da,
corresponding to CgH;sO,Li," and CioH;s0,Li,", respectively)
with the yield of n-9 related product ions at ca. 279% and 8%,
respectively. Parallel analysis of an approximate 1:1 (w/w)
mixture of the two isomeric fatty acids found diagnostic ions
for each contributor across both modalities with no overlap of
the diagnostic peaks as occurs with collisional activation of
these ions (cf. Figure S2 and Figure S3). The relative abun-
dance ratios between the sum of isomer-specific signals in this
mixture were found to be in reasonable agreement between the
two orthogonal ion activation techniques with #-9:n-7 = 1.41
and 1.61 for OzID and UVPD, respectively.
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Figure 1. Tandem mass spectra of the [M-H+2Li]" adduct ions
(indicated by *) formed by nESI of isomeric reference fatty acid
standards (A and B) FA 18:1n-7,cis and (C and D) FA 18:1n-9,cis
acquired on the modified Q Exactive mass spectrometer with ion
activation by (A and C) OzID with a 10 ms reaction time or (B
and D) UVPD at 193 nm with a 50 ms irradiation time. Product
ions indicative of n-7 and n-9 are highlighted in color for both
modalities with additional non-covalent adducts with neutrals
NO:2 (#) and H20 (&), as indicated.
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Scheme 2. Previously proposed mechanisms to account for the
formation of product ions via bond cleavage at, or adjacent to,
carbon-carbon double bonds induced by A) OzID* and B)
UVPD.%’

The spectral data from FA 18:1 reference standards (sum-
marized in Figure 1) were further subjected to de novo analy-
sis using OzID and UVPD neutral losses predicted for all theo-
retical double bond positions (n-1 to n-16) based on the neutral
losses listed in Table S2 and S3. Applying these rules using a
S/N threshold of 10 (for quantification and 3-10 for detection)
and a mass tolerance of £0.0015 Da for both product ions (see
methods section) recovers numerous putative double bond
positions across both methods that are summarized in Figure
2. For FA 18:1n-7,cis, de novo analysis of the OzID data re-
turned the expected n-7 double bond, based on the diagnostic
Criegee and aldehyde ions already highlighted in Figure 1A.
In addition, however, the analysis output putative double bond
assignments from n-5 to n-13, albeit < 0.8% relative abun-
dance compared to the sum of the n-7 signals (Figure 2A).
Equivalent analysis for FA 18:1n-9,cis is summarized in Fig-
ure 2C with characteristic ions observed above S/N thresholds
for positions from n-7 to n-13 by OzID, although these are <
0.3% relative abundance compared to the sum of the expected
n-9 aldehyde and Criegee ions. The observation of OzID tran-
sitions outside those expected for the site of unsaturation in the
reference fatty acids indicates one or more of the following: (i)
the reference standards include trace amounts of alternate fatty
acid isomers; (ii) ionization, mass-selection or ion ejection of
the [M-H+2Li]" cations promotes some fragmentation or
isomerization and/or; (iii) the ion activation modality itself
promotes competing or secondary chemistries giving rise to
false positives. Considering each of these in turn:

(i) The assignment of low abundant signals (0.73% of n-7
signal intensity) consistent with oleic acid (FA 18:1n-9,cis) in
the FA 18:1n-7,cis OzID data (Figure 2A) are very likely the
result of the former being a common background contaminant
in ESI-MS,*” with a recent study highlighting that a variety of
background lipids from labware and solvent contamination
may interfere with quantitation at very low concentrations.®®
Conversely, the considerably lower abundance of n-7 signals
(only 0.14% of n-9 signal intensity, Figure 2C) in the refer-
ence data from FA 18:1n-9,cis suggests that cross contamina-
tion between samples was negligible and instead suggests that
these signals result from ion chemistry within the mass spec-
trometer.



(ii) [M-H+2Li]" ions formed from fatty acids have previous-
ly been utilized to promote charge-remote fragmentation®*?; a
process of unimolecular dissociation that cleaves carbon-
carbon bonds and produces terminal alkene product ions that
could potentially undergo reaction with ozone. To explore this
possibility, CID of the ionized fatty acids was undertaken and
shows that, while the terminal alkene product ions could be
produced at low abundance, these required significantly higher
collision energies compared to the HCD injection energies
applied in either OzID or UVPD experiments (i.e., 35 eV in
Figure S2 versus 2 eV in Figure 1). Moreover, the range and
abundance of terminal alkene product ions did not match the
assignments obtained from analysis of the OzID data (i.e., n-9
to n-16 versus n-5 to n-14). While the threshold for charge-
remote fragmentation may not be met under the OzID and
UVPD conditions applied in the present study, charge-
mediated isomerization of the double bond below the thresh-
olds for dissociation may be possible. Indeed, Harvey has pre-
viously proposed charge-directed fragmentation pathways to
account for dissociation of lithiated fatty acids involving an
initial hydride transfer from the acyl chain to the electrophilic
carbonyl carbon.”® This charge migration may also provide a
low energy pathway to double-bond migration via an allylic
carbocation and thus unimolecular isomerization of the ion-
ized fatty acid (see Scheme S1). Although low-energy uni-
molecular isomerization of this type has not previously been
observed in cationized lipids containing fatty acyl moieties
(e.g., disodiated oleic acid,’" monolithiated fatty acid methyl
ester 18:21-6,12,%? or monolithiated cholestanyl oleate), it is
possible that the activation of the carboxylate moiety with two
highly electrophilic lithium cations is able to promote the pro-
cess in this special case. Even taking this into account, the
degree of isomerization is low (with an upper limit of < 0.8%,
Figure 2) and is only detectable due to the inordinately high
reactivity of the [M-H+2Li]" ion type toward ozone.

(iii) The potential for false positive double bond position as-
signments in Figure 2A and C arising from competing or sec-
ondary ion-molecule reactions with ozone were also consid-
ered. As outlined in Scheme 2, the classical mechanism for
alkene ozonolysis involves formation of either carboxylic ac-
ids and/or vinyl hydroperoxides following rearrangement of
the Criegee intermediate. While the former is likely unreactive
toward ozone, the vinyl hydroperoxide incorporates an acti-
vated, electron-rich olefin that may further react to give sec-
ond generation aldehyde and Criegee ions,”* that would be
identical to the primary ozonolysis product ions of an n-(x+1)
isomer (Scheme 3A). The secondary reaction of ozonolysis
products could account for the observation of putative n-8
signals from the n-7 standard and n-10 signals from the n-9
standard. As illustrated in Figure 2, the abundance of these
secondary product ions is significantly greater than the rest of
the false positive signals with the exception of the n-9 signals
observed in FA 18:1n-7,cis (Figure 2A) that likely have a
contribution from background oleic acid (vide supra). The
secondary reaction pathway proposed here for dilithiated fatty
acid standards is consistent with previous observations from
other lipid classes and ion types particularly at longer reaction
times or higher ozone conentrations.” In previous studies, this
has been corrected for by applying a threshold (1.5% for cis
double bonds and 3.0% for trans double bonds) during data
analysis to avoid false assignment of the double bond position,
which the results in Figure 2 suggest is a conservative thresh-
old. Further over-oxidation to form n-(x+2) isomers is plausi-
ble for the highly reactive [M-H+2Li]" ions, but this would

only account, for example, for a very small percentage of the

observed n-11 isomer from FA 18:11-9,cis.
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Figure 2. Relative abundances of the sum of diagnostic ions for
putative double bond position in [M-H+2Li]* ions of cis-vaccenic
acid by (A) OzID and (B) UVPD, and oleic acid by (C) OzID and
(D) UVPD. Peaks marked # indicate that one of the diagnostic
ions had 3 < S/N < 10. See Table S6 for abundances relative to
the signals corresponding to n-7 and n-9 double bond positions,
respectively.
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uct ions by A) secondary reaction of the vinyl hydroperoxide with
ozone in OzID and B) competing sigmatropic 1,3-hydrogen atom
shifts leading to isomerization prior to dissociation in UVPD.

The same de novo approach was applied to analysis of the
UVPD mass spectra of the [M-H+2Li]" ions from FA 18:1n-
7,cis and FA 18:1n-9,cis reference standards. The results are
summarized in Figure 2B and D, respectively. Applying the
UVPD neutral loss predictions from Table S3 and the same
signal-assessment criteria as used for OzID returned fewer
putative assignments. The native n-7 double bond in cis-
vaccenic acid was detected as the major isomer by UVPD
(highlighted in Figure 1B), but with significant abundance in
signals identified as putative n-6 (m/z 199.1852 C,1H20,Li>"
and m/z 223.1851 Ci3H2,0,L1,", 5.2% of n-7 signal intensity)
and n-8 (m/z 171.1540 CoH;;0.Li," and m/z 195.1540
CiiH70,L1,", 1.8% of n-7 signal intensity) double bonds
(Figure 2B). A similar trend was observed for oleic acid with
analysis of UVPD spectra detecting the #-9 double bond as the
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major signal but bracketed by significant signals consistent
with n-8 (3.2%) and n-10 (1.6%) double bond positions
(Figure 2D). The presence of these additional signals that are
consistent with neutral loss predictions from UVPD requires
consideration of the same three possible explanations as for
the OzID data (vide supra):

(i) The absence of detectable n-6 signals in the spectra from
FA 18:1n-9,cis and conversely the absence of n-10 signals in
the spectra from FA 18:1n-7,cis rule out a consistent back-
ground source of the corresponding fatty acid isomers as the
source of these signals. Moreover, there is no signal of equiva-
lent relative abundance in the OzID analysis despite the
demonstrated higher sensitivity of the latter method for this
system. The disparate sensitivities for this ion type might also
explain why no n-9 signals are detected in the UVPD shown in
Figure 2B despite an apparent contribution of background
oleic acid in the OzID data obtained from FA 18:1n-7 cis.
However, doubling the number of laser shots from 50 to 100
for the FA 18:1n-7,cis standard afforded increased signal-to-
noise in some low abundant product ions consistent with the n-
9 and n-13 assignments made by OzID (Figure S4A).

(ii)) When data are obtained under comparable conditions,
the UVPD analysis does not reveal the myriad of ions ob-
served from OzID (cf. Figure 2A and C with Figure 2B and
D, respectively). Again, doubling the number of laser shots
from 50 to 100 for the FA 18:1n-9,cis standard increased the
abundance of product ions consistent with the n-7 to n-12 as-
signments made by OzID and providing further evidence for
isomerization of a very small population of the [M-H+2Li]"
species during ionization or transmission (Figure S4B). This
process, however, cannot account for the abundant n-(x£1)
(where x = 7 or 9, respectively) that are associated with the
UVPD analysis.

(iii) With the pairwise comparisons between fatty acid iso-
mers and between ion activation modalities effectively ruling
out sample contamination or isomerization of the ions as ma-
jor contributors to the n-(x+1) signals in the UVPD-MS/MS
spectra, competing photodissociation pathways need to be
considered. The presence of one of the diagnostic ions from n-
(xx1) in UVPD spectra of unsaturated lipids has previously
been reported and rationalized as arising from competing pho-
toisomerization processes, invoking a 1,5-hydrogen shift to
produce the n-(x+1) alkane ion and an observed conjugated
diene (Scheme S2).57 In order to form the n-(x+1) alkyne ion,
however, the conjugated diene would need to lose ethene that
would likely require surmounting high potential energy barri-
ers whilst competing with other, lower energy pathways.”® An
alternative proposal could explain the n-(x+1) product ions via
initial sigmatropic 1,3-hydrogen atom shifts from each of the
allylic positions (Scheme 3B).% From there, the canonical
fragmentation mechanism in Scheme 2 may be invoked to
form the diagnostic alkane and alkyne species, though the
differing relative amounts of the n-(x+1) to the n-(x-1) isomer
suggests other interactions and mechanisms may be at play.
Indeed, it is difficult to ascertain whether formation of these
confounding product ions is directly competitive with the di-
agnostic marker ions or whether they are secondary products.
In either case, careful assessment of UVPD data is required
where n-(x£1) product ions are observed in the presence of
abundant n-x isomers.

Taken together, the assessment of UVPD- and OzID-
MS/MS spectra obtained under the same conditions for [M-
H+2Li]" cations of monounsaturated fatty acids suggests that

this ion type can promote a limited amount of unimolecular
isomerization during ion formation or transfer that is inde-
pendent of the ion activation modality. Whilst this a signifi-
cant new mechanistic insight, it is unlikely to result in wide-
spread false positive assignment of novel lipids in shotgun
lipidomics as dilithiated cations are not widely deployed for
fatty acid analysis. Of greater importance is the demonstration
that under comparable conditions each ion activation modality
generates product ions consistent with sites of unsaturation at
the n-(x+1) position while, in addition, UVPD generates sig-
nals for an n-(x-1) double bond. Thus, the competing ion
chemistries for the two orthogonal ion activation approaches
prompted further comparison in other lipids.

Comparison of UVPD and OzID for phospholipid refer-
ence standards

To evaluate the ion activation behavior for complex lipids,
PC 18:1n-9,cis/18:1n-9,cis was used to compare the two
methods on the same instrument. The [M+Li]"ion at m/z 792.6
was mass-selected in an MS/MS experiment. The OzID spec-
trum obtained using a 100 ms reaction time is presented in
Figure 3A and shows major product ion peaks at m/z
682.4614 (C3sHesNOoPLI") and m/z 698.4564
(C35sHesNOoPLi", Am = 15.9950 Da) following ozonolysis of
either n-9 double bond. The product ion abundances were
much lower than those observed for the dilithiated fatty acids
(cf. 2% versus 370% of the n-9 containing precursor ion), sug-
gesting that the carbon-carbon double bond is less activated
towards oxidation — most likely due to other polar moieties in
the more complex structure coordinating the lithium cation
and suppressing interactions with the double bond. As a result,
a ten-fold longer reaction time was used here to compensate
for the lower reactivity and maintain sufficient signal-to-noise
of the product ions. Integrating the UVPD acquisitions for the
same PC 36:2 [M+Li]" ions over a comparable time to the
OzID experiment yields the spectrum shown in Figure 3B.
The double bond-diagnostic ions are observed at m/z 654.4663
and m/z 678.4664 (Am = 24.0001 Da) corresponding to
C34HgNOsPLi* and Cs¢HgeNOsPLI", respectively, identifying
the n-9 double bond in PC 18:11-9,cis/18:1n-9,cis. In contrast
to the dilithiated fatty acids, for the unsaturated phosphatidyl-
cholines the conversion of precursor to product ions is compa-
rable between OzID (2.3%) and UVPD (2.7%) approaches
(Table 1). Furthermore, though ozone shows a large differ-
ence in reactivity towards the different standards as discussed,
193 nm photodissociation shows only slightly greater product
ion abundances for the [FA-H+2Li]" ions (cis-vaccenic acid:
6.3%; oleic acid: 6.9%) compared to the [PC+Li]" ions (2.7%),
suggesting that the latter technique is less sensitive to the na-
ture of the lipid.
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Figure 3. Tandem mass spectra of the [M+Li]" (A and B) and
[M+Na]" (C and D) adduct ions (indicated by *) formed by nESI
of reference phosphatidylcholine PC 18:1rn-9,cis/18:1n-9,cis ac-
quired on the modified Q Exactive mass spectrometer with ion
activation by (A and C) OzID with a 100 ms reaction time or (B
and D) UVPD with a 50 ms irradiation time. Product ions indica-
tive of n-9 are highlighted in color for both modalities.

Table 1. Abundances of the sum of diagnostic ions for double
bond position (z7-x) in lithiated and sodiated PC 36:2 detected
by OzID (at reaction times of 100 and 1000 ms) and UVPD (at
irradiation times of 50 ms) as a percentage of the precursor ion
abundance (as a percentage of the sum of #-9 diagnostic ions)
for each modality.

[M+Li]* [M+Nal]*
OzID OzID UVPD OzID OzID UVPD
n-x 100 ms 1000 50 ms 100 ms 1000 50 ms
ms ms
0.08 0.10
n-8

(2.89) (3.34)

n-9 2.33 19.7 2.73 1.18 10.9 2.89

10 0.14 0.05 0.09 0.07
" (0.70) (1.99) (0.80) (2.45)

To evaluate how the cation affects the two techniques when
analyzing phosphatidylcholines, monosodiated PC 36:2 was
also examined and fragment ions supporting an n-9 double
bond were observed by both techniques (OzID: m/z 698.4346
and m/z 714.4293, Am = 15.9947 Da in Figure 3C; UVPD:
m/z 670.4399 and m/z 694.4396, Am = 23.9997 Da in Figure
3D). OzID product ion yields for the sodiated cation are ap-
proximately half of the equivalent product ions from the
[M+Li]" ion (sum of aldehyde and Criegee ion abundances
1.2% versus 2.3%), consistent with the previously observed
lower reactivity of ozonolysis for [M+Na]" lipid ions (Table
1).% 7 In contrast, UVPD of the sodiated PC 36:2 yields a
similar product ion abundance (2.9% of the precursor ion) to

the lithiated ion (2.7%), reinforcing the notion that this tech-
nique is not as sensitive to the nature of the group 1 cation.’’

De novo analysis using the same threshold criteria applied
previously was undertaken for UVPD- and OzID-MS/MS
spectra from PC 36:2 across both [M+Li]" and [M+Na]* ion
types. Despite containing multiple oleic fatty acyl moieties
equivalent to that used in the free fatty acid analysis (vide su-
pra), OzID at 100 ms on both the [M+Li]* and [M+Na]* ions
returned only the expected #-9 double bond (Table 1) with no
evidence for the confounding product ions observed for FA
18:1 [M-H+2Li]" ions (¢f Figure 2B). However, increasing
the OzID reaction time by ten-fold (to 1000 ms) enabled ob-
servation of product ions consistent with the n-10 double bond
position with peak intensities ca. 0.7 and 0.8% of the n-9 sig-
nals for lithium and sodium, respectively. The presence of this
n-(x+1) artifact can be rationalized as a secondary ozonolysis
reaction of the initially formed vinyl hydroperoxide ion as
previously discussed (Scheme 3A). The absence of other sig-
nals that would meet the criteria for double bond assignment
in OzID indicates that the unimolecular double-bond migra-
tion observed for the [FA-H+2Li]" ions is not a feature of the
phosphatidylcholine ion chemistry. Indeed, this result suggests
that such isomerization (Scheme S1) is a characteristic of the
highly electrophilic dilithiated carboxylic acid moiety and is
unlikely to be a feature of complex lipids ionized in the mo-
dalities typically used in lipidomics.

Results from de novo analysis of the UVPD spectra ac-
quired from lithiated and sodiated PC 36:2 are summarized in
Table 1. In addition to the expected signals from unsaturation
at the n-9 position, ions consistent with n-8 and n-10 are ob-
served at ~3% and ~2%, respectively, of the n-9 signal (Table
1). Identification of these n-(x+1) artifacts in the UVPD spec-
tra of PC 18:11-9,cis/18:1n-9,cis is consistent with the obser-
vations for dilithiated FA 18:1n-9,cis with similar relative
abundance of product ions (¢f- Figure 2D). The phosphatidyl-
choline results thus support the origins of these artifacts as
competing photoinduced isomerization or fragmentation
pathways such as the proposal in Scheme 3B. Another similar-
ity with the oleic acid model system is that the sum of the n-
(x-1) ion abundance for PC 36:2 is greater than for the n-(x+1)
ions, suggesting a potential pattern, or criterion, for inclusion
or exclusion of potentially novel lipid isomers in the shotgun
analysis of biological lipid extracts.

In addition to the double bond marker ions, close inspection
of the UVPD-MS/MS spectra acquired under these experi-
mental conditions revealed product ions also common to CID
of metalated PC cations. For example, 193 nm activation of
the [M+Li]" ions of PC 36:2 (m/z 792.6060, C4HssNOsPLi")
gave low abundant signals at m/z 733.5328 (C41H74O3PLi"),
m/z 609.5414 (C39H7004Li+) and m/z 603.5331 (C39H7104+)
corresponding to neutral losses of trimethylamine and phos-
phocholine (with and without retention of lithium, respective-
ly), which are characteristic of the PC subclass (Figure
S5A).%% °7 In addition, ions at m/z 504.3434 (CasHsNOGP")
and m/z 510.3516 (C2sHsoNOGPLI") are consistent with neutral
loss of one of the 18:1 fatty acyl chains. Taken together for an
unknown lipid, this single spectrum provides evidence for
assignment of the lipid molecular structure beyond the site(s)
of unsaturation alone. In contrast, closer inspection of the
OzID data acquired under comparable conditions yields very
low abundant product ions in these CID-like product channels
(Figure SSB). However, increasing the collision energy to 35
eV for injection of the ions into the HCD cell in the presence
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of ozone was found to yield a composite collision-/ozone-
induced dissociation mass spectrum with many of the same
product ions indicative of headgroup and acyl chain composi-
tion as observed under UVPD conditions (Figure S5C). Fur-
thermore, these conditions also promote ozonolysis of CID
product ions. For example, the product ions at m/z 389.2862
(C22H3805Li+) and m/z 4052810 (C22H3805Li+, Am = 159948
Da) in Figure S5C arise from the m/z 609.5404 (C39H7004Li")
CID product ion and, as previously demonstrated, are indica-
tive of an 18:1 acyl chain at the sn-1 position of the glycerol
backbone.®* *® Analogous sn-specific second-generation prod-
uct ions are also observed in the UVPD spectrum (Figure
S5A),** indicating that spectra obtained by both modalities
may be able to reveal the prevailing sn-isomer within a mix-
ture. However, in the absence of re-isolation of the intermedi-
ate ion (i.e., an MS?® sequence) on the Q Exactive platform,'”
54,74 the relative abundance of these ions may not faithfully
reproduce sn-isomer contributions. Nevertheless, both UVPD
and OzID (with elevated CE) yield composite spectra that
extend the structure elucidation of glycerophospholipids be-
yond assignment of double bond position.

Application of orthogonal UVPD and OzID ion activation
for lipid structural assignment

Using lipid standards, we have established key heuristics
that can improve the interpretation of UVPD and OzID mass
spectra. Here, these orthogonal ion activation techniques are
applied to a series of isogenic DLD1 colorectal cancer (CRC)
cells to enable confident structural assignment of monounsatu-
rated phosphatidylcholines.”1%? Total lipid extracts from iso-
genic DLD1 CRC lines were analyzed via nESI in the pres-
ence of lithium acetate with mass-selected, unsaturated phos-
phatidylcholines subjected to alternating ion activation by
OzID and UVPD. Representative mass spectra for the abun-
dant monounsaturated lipids PC 32:1 and PC 34:1 from the
DLDI1 parental CRC cell line are presented in Figure 4. De
novo analysis of these spectra using the double bond specific
neutral losses for each technique (i.e., Table S2 and S3) for
PC 32:1 identify abundant product ions corresponding to n-7
(OzID Figure 4A: m/z 656.4462 and 672.4408; UVPD Figure
4B: m/z 628.4510 and 652.4508) and #n-9 double bond posi-
tions (OzID Figure 4A: m/z 628.4147 and 644.4100; UVPD
Figure 4B: m/z 600.4204 and 624.4198). The observation of
abundant signals for these two isomers by both techniques is
confirmatory and consistent with canonical human lipid me-
tabolism and prior measurements.”?> Notably, the processes
leading to false positives from each technique following the n-
(x+1) and n-(x£1) rules established above exclude contribu-
tions to the n-9 signals from »-7 (or vice versa). For both tech-
niques, the product ions assigned to the n-7 are more abundant
than those of the n-9 isomer with product ion ratios found to
be comparable with the #-9 to n-7 ratio equal to 0.156 £ 0.002
and 0.204 £ 0.009 for OzID and UVPD, respectively (Figure
5A). Further, the major molecular lipid constituting PC 32:1
was determined by both CID-OzID and UVPD to be PC
16:0_16:1 with minor contributions of PC 14:0_18:1 (see Ta-
ble S7 and Figure S6). Isomeric phosphatidylethanolamines
(e.g., PE 16:0_19:1) were discounted based on the absence of
the signal corresponding to loss of the PE headgroup in the
HCD spectrum, i.e., -141.0191 Da. Thus, despite the discussed
differences between the two techniques, these independent ion
activation methods both suggest that PC 16:0_16:1n-7 is pre-
sent in greater abundance than PC 16:0_16:1n-9.
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Figure 4. Tandem mass spectra obtained from the [M+Li]" adduct
ions (indicated by *) formed by nESI of PC 32:1 (A and B) and
PC 34:1 (C and D) from total lipid extracts of the parental DLD1
colorectal cancer cell line acquired on the modified Q Exactive
mass spectrometer with ion activation by (A and C) OzID with a
100 ms reaction time or (B and D) UVPD with 50 ms irradiation
time. Product ions indicative of n-7 and #n-9 are highlighted in
color for both modalities.
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Figure 5. Ratios of 1#-9 to n-7 double bond isomers in A) PC 32:1
and B) PC 34:1 as detected by OzID and UVPD in DLDI isogen-
ic colorectal cancer cell lines. Statistical significance in changes
in the n-9 to n-7 ratio between the parental cell line and each iso-
genic cell line (n = 3 technical replicates, except for KRAS:WT
where n = 2) were evaluated for each technique using the 2-tailed
Student’s ¢ test (¥*P < 0.05, ¥**P < 0.01, ***P < 0.001).
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Figure 6. Relative abundances of the sum of diagnostic ions (S/N > 3) for putative double bond position in [M+Li]" ions of PC 32:1 (rela-
tive to n-7) by (A) OzID compared to (B) UVPD, and of PC 34:1 (relative to n-9) by (C) OzID compared to (D) UVPD from isogenic
DLDI1 colorectal cancer cell lines (n = 2 for KRAS:WT, n = 3 for others). * indicates that the double position was detected in only one

technical replicate. See Figure S8 for normalized abundances.

DLD1 parental CRC cells harbor an oncogenic mutation in
KRAS (one mutant and wild-type KRAS allele). Extending the
analysis of PC 32:1 to the DLDI isogenic cell lines, where
either the mutant or wild-type KRAS alleles have been disrupt-
ed (i.e., DLD1 KRAS:WT and DLD1 KRAS:Mut, respective-
ly),% the relative abundance of PC 16:0 16:1 was consistent
across all cell lines (in addition to minor 14:0 _18:1, trace PC
14:1 _18:0 was also detected by CID-OzID, see Table S7).
However, the fold change in the ratio of PC 16:0_16:1n-9 to
PC 16:0_16:1n-7 by both techniques was consistent with an
increase in the KRAS:WT by ca. 32% and a decrease in the
KRAS:Mut cell lines by ca. 30% compared to the parental cell
line (Figure SA and Table S8). KRAS is a principal mediator
of MAPK (MEK)/ERK signaling, and two additional isogenic
DLDI cell lines comprising knockouts of the downstream
signaling kinases MEK1 and MEK2 were also examined to
provide further insights into the role of MAPK/ERK signal-
ling.!” Compared to the parental DLD cells, MEK1 and
MEK?2 knockout showed opposite effects on the PC 32:1 n-9
to n-7 ratios with a reduction in the former by ca. 36% and
increase in the latter isogenic line by ca. 30%, suggesting that
the impact of mutant KRAS on n-9 to n-7 double bond iso-
mers of palmitoleic acid-containing phosphatidylcholines may
be mediated by MEK2 homodimers.

In addition to the major n-7 and n-9 isomers identified for
PC 32:1, Figure 6 summarizes the de novo analysis of the
OzID spectra and UVPD mass spectra, which located a num-
ber of signals consistent with double bonds at the n-4, n-5 and
n-8 positions (OzID) and n-1, n-3, n-5, n-6, n-8 and n-10 posi-
tions (UVPD). While the intensity of most of these signals is
low compared to the diagnostic n-7 and n-9 product ions, they

nonetheless meet the criteria for both mass accuracy and sig-
nal-to-noise (>3). Identification of signals corresponding to the
n-5 double bond position in both OzID and UVPD, which
cannot be an artifact of the n-(x%1) relationship from either of
the abundant PC 32:1x-7 or PC 32:1s-9 product ions, confirms
the presence of a PC 32:1n-5 isomer in several of the cell
lines. The contribution of this isomer to the PC 32:1 popula-
tion was ca. 10% for the KRAS:Mut cell line compared to 0 —
2% for the other isogenic cell lines (relative to the most abun-
dant PC 32:1n-7, Figure 6A and B; see Figure S7 for mass
spectra), indicating a significant deviation in the desaturation
metabolism for the KRAS:Mut cell line (significant uptake of
FA 14:1n-5 into the PC 32:1 pool can be ruled out based on
the molecular lipid analysis, Table S7).

Leveraging the orthogonal nature of the two ion activation
modalities means that the presence of PC 32:1 isomers con-
taining an n-1, n-3, n-6, or n-10 double bond based on the
UVPD signals can be excluded due to the absence of corre-
sponding signals by OzID (Figure 6). While the presence of
these n-6 and n-10 ions in the UVPD analysis can be rational-
ized by the competing photodissociation pathways from the
major PC 32:1xn-7 and PC 32:1n-9 isomers (i.e., an n-(x-1) and
n-(x+1) false positive, respectively, vide supra), the sources of
the putative n-1 and n-3 product ions warrant further discus-
sion. The de novo analysis conducted here did not contain any
thresholds for the relative abundance of the diagnostic ions to
each other (i.e., ratio of aldehyde to Criegee ions for OzID, or
alkane to alkyne ions for UVPD) as previous studies using
both ion activation techniques have shown variability in this
parameter.”” 7® Consequently, a very abundant ion generated
by an alternative pathway may mask a minor ion that just
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meets the signal-to-noise threshold for detection. The “alkyne”
ion that corresponds to an n-1 signal in UVPD is formally
produced by the loss of H», but this is not possible by the
mechanism suggested in Scheme 2. Instead, this ion is more
likely due to the energy supplied by the laser promoting a 1,4-
elimination of H, about the double bond, previously detected
upon collision-induced dissociation of monounsaturated fatty
acids (Scheme S4).% In comparison, the variable abundance of
the n-3 signals across the cell lines are suggestive of some
biological source and as such are most likely the product of
photodissociation of a minor, isobaric ion that is unreactive
toward ozone. Similarly, the minor #-4 double bond detected
by OzID in Figure 6A is not detected by UVPD and is hence
likely to be an isobaric ion. Finally, the n-8 signals are not
readily excluded by cross-validation as they are common to
both techniques, however, they are ca. 1.2-1.6% by OzID and
ca. 2.0-3.2% by UVPD of the n-7 peaks. This is in line with
the threshold for n-(x+1) signals associated with PC 32:1n-7
overoxidation in the former, and the slightly higher thresholds
in the latter for the overlapping n-(x+1) signals from pho-
toisomerization of PC 32:1n-7 and n-(x-1) signals from pho-
toisomerization of PC 32:1n-9.

For the [M+Li]* adduct of PC 34:1, de novo analysis of the
mass spectra indicates the major isomer contains a double
bond at the n-9 position by both ozonolysis (m/z 656.4460 and
m/z 672.4407, Figure 4C) and photodissociation (m/z
628.4509 and m/z 652.4505, Figure 4D). By comparison, the
n-7 isomer is only a minor contributor (OzID: m/z 684.4774
and m/z 700.4721; UVPD: m/z 656.4817 and m/z 680.4806).
The n-9 to n-7 ratio in the DLDI parental cell line is 4.34 +
0.07 by OzID and 5.70 £+ 0.18 by UVPD (Figure 5B), which
shows the same bias as in PC32:1 with either OzID overesti-
mating the relative abundance of n-7 or UVPD overestimating
the relative abundance of n-9 and would require calibration to
external standards to correct. Analysis at the molecular lipid
level shows that PC 34:1 is comprised mostly of PC 16:0_18:1
across all cell lines with a minor amount of PC 16:1 18:0
(trace PC 14:0 _20:1 and PC 14:1_20:0 were only detected by
CID-OzID, see Table S7). In contrast to the major PC 32:1
double bond isomers, the changes in relative abundance of PC
16:0_18:1n-9 to PC 16:0_18:1n-7 across the cell lines show a
smaller increase between the parental and KRAS:WT cells of
ca. 8% and a larger reduction between the parental and KRAS
mutant cells of ca. 75% by both techniques (Figure 5B and
Table S8). Compared to the parental cell line, both the MEK 1
and MEK2 knock-out resulted in an increase in the #-9 to n-7
ratio of ca. 37%, implicating both as potential mediators of the
effect of mutant KRAS on octadecenoic acid-containing phos-
phatidylcholines. In addition to the minor PC 34:1x-5 detected
by both techniques in the KRAS mutant cells, other double
bond signals were also observed by both OzID (n-8 and n-10,
Figure 6C) and UVPD (n-1, n-3, n-8 and n-10, Figure 6D).
Following the rules established to identify false positives by
0zID, the minor n-10 isomer may be explained as an overoxi-
dation product of the major PC 16:0 18:1xn-9 species. Similar-
ly, the n-8 isomer is only observed in the mutant cell line by
OzID as there is sufficient PC 16:0_18:1n-7 present for the n-
(x+1) false positive signals to be above the signal-to-noise
threshold. For UVPD, the putative #-8 and n-10 species may
be rationalized as the n-(xx1) products from photoisomeriza-
tion of the major n-9 isomer. The remaining UVPD signals
may be discounted by cross-validation with OzID, noting the
large abundance of n-1 is due to the charge-remote elimination

of Hy as discussed for PC 32:1, whilst the n-3 artifact is likely
due to an isobaric species that is only reactive towards UV and
not ozone.

In 30-50% of CRCs, activating mutations are present in the
gene that encodes oncogenic KRAS, which modulates fatty
acid synthesis enzymes such as fatty acid synthase (FASN),
stearoyl-CoA desaturase-1 (SCD-1), and fatty acid elongase
(ELOVL) via the atypical serine/threonine kinase mTOR pro-
tein that regulates cell growth and metabolism.!> 1% 195 These
changes in the double bond isomeric constitution of the two
phosphatidylcholines across the isogenic CRC cell lines exam-
ined here suggest effects on the underlying biochemical path-
ways that synthesize/modify these lipids. Compared to the
other cell lines, there is a significantly lower n-9 isomer popu-
lation in PC 16:0_18:1 in the KRAS mutant cell line with a
concomitant increase in the non-canonical n-7 isomer, poten-
tially due to SCD-1 desaturation of the FA 16:0 component to
FA 16:1 out-competing fatty acid elongation to FA 18:0 prior
to incorporation into the more complex PC. This suggests
downstream effects from KRAS mutation on desaturation and
elongation enzymes such as SCD-1 and ELOVL6," * with
analysis of MEK1 and MEK?2 isogenic cells suggesting poten-
tial mediation via either both kinases or MEK2 homodimers
depending on the fatty acyl chain length. Similarly, the for-
mation of an n-5 isomer in the mutant cell line would indicate
that the precursor fatty acid 14:0 is being desaturated to FA
14:1n-5 preferentially to elongation to FA 16:0 due to in-
creased expression or activity of SCD-1 (Scheme S5). This
fatty acid is then elongated to FA 16:1n-5 and FA 18:1n-5,
which are likely incorporated into PC 32:1n-5 and PC 34:1n-5,
respectively (Figure 6). Alternatively, KRAS mutation could
be increasing expression or activity of the fatty acid synthase
enzyme FASN leading to increased partitioning towards other
pathways such as desaturation. However, given that the pro-
tumorigenic mutation is also present in the parental cell line
and no significant presence of an n-5 isomer is observed by
either technique, there is evidently more complexity in the
biochemical pathways leading to the changes in the mutant
cell line. Further studies on a wider range of cancerous cell
lines would be required to reveal the diversity in the pathways
that would lead to the changes in isomer distribution observed
here.

CONCLUSIONS

Across both simple and complex lipid standards, de novo
analysis of both OzID and UVPD spectra using established
rules for these ion activation modalities have shown the poten-
tial for false positive assignments of site(s) of unsaturation in
shotgun lipidomics. Importantly, these competing fragmenta-
tion processes can be understood and appropriate caution or
correction applied in the biological interpretation of results.
Specifically, in the presence of lipids with abundant n-x dou-
ble bond(s), care needs to be taken in the assignment of low
abundant OzID signals corresponding to n-(x+1) double bonds
as these can arise from secondary reactions of the unsaturated
Criegee ions deriving from oxidative cleavage of the n-x bond.
These findings urge particular caution to be exercised at long-
er OzID reaction times (or higher ozone concentrations) where
secondary reactions can become more prominent. Even under
such conditions however, the secondary reaction products
appear to rarely exceed 1% of the n-x signal for cis-double
bonds, confirming prior suggestions of a conservative 1.5%
threshold for distinguishing artifactual signals from true con-
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tributions from isomeric lipids.”! In the case of UVPD, con-
sistent n-(xt1) false positives were observed with significant
product ion abundances (up to 5% of the n-x signal). While the
precise mechanism giving rise to these artifacts and its de-
pendence on irradiation time and laser power remains to be
determined, the relatively consistent pattern of ion abundance
ca. 3:100:2 (x-1:x:x+1) may assist in discriminating true- from
false-positive assignments in a biological context. The compa-
rable performance obtained using these techniques on the
same platform suggests that, in a shotgun analysis, unsaturated
lipids should be detected by both UVPD and OzID to provide
confirmation of structural assignments, particularly in cases
where the putative sites of unsaturation are inconsistent with
canonical lipid metabolism. Comparing the relative abundanc-
es of selected isomeric lipids across isogenic parental,
wildtype and mutant CRC cell lines, significant remodeling of
oleic (18:1n-9) and cis-vaccenic (18:1n-7) acid-containing
phosphatidylcholine 16:0 18:1 is observed due to the pro-
tumorigenic KRAS mutation, but not in anti-tumorigenic
MEK knockouts. Both techniques also detect formation of a
PC 32:1n-5 isomer in the KRAS mutant cell line, suggesting
desaturation is out-competing fatty acyl chain elongation. The
results obtained from UVPD and OzID may therefore provide
insights into oncogenic cellular lipid synthesis and metabolism
that are inaccessible with tandem mass spectrometry methods
based on collisional activation.
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