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Abstract

Phospholipids with a choline head group are an @incomponent of cellular membranes and
are involved in many important biological functiof®r studies on the cell biology and
metabolism of these lipids traceable analogues evbpargylcholine replaces the choline
head group have proven useful. We present a nogtiod to analyze propargylcholine
phospholipids by mass spectrometry. The routinel@yspl-radyl-2-lyso-sn-glycero-3-
phosphopropargylcholines as labeled lysophospHalidiine (LPC) precursors, which upon
cellular conversion direct the traceable tag withesb specificity and efficiency to the primary
target lipid class. Using azido-palmitate as aketihemistry reporter we introduce a highly
specific, sensitive and robust mass spectrometactien procedure for the propargylcholine
phospholipids. In a first study we apply the neehtgque to investigate choline phospholipid
metabolism in brain endothelial cells. These expenits reveal differences in the metabolism
of phosphatidylcholine and its pendant, ether phasgylcholine. The novel method described
here opens a new, quantitative and detailed viepropargylcholine phospholipid metabolism

and will greatly facilitate future studies on cmaiphospholipid metabolism.

Keywords: click; lysophosphatdiylcholine; ether lipid; plaalogen; propargyl-PC.



Introduction

Phospholipids containing a choline moiety in theiad group represent a major fraction of the
cellular lipidome. The family of choline phosphatip includes phosphatidylcholine (PC), ether
phosphatidylcholine (PC O) and sphingomyelin (Sk)most eukaryotic cells PC comprises
almost half of all phospholipids whereas the gdheless abundant SM or PC O show highly
elevated levels in particular cells e.g. in tharbm heart.

For investigations on the cell biology of cholingogpholipids an analogue of choline,
propargylcholine, bearing a terminal alkyne moists introduced (1). Upon metabolic
incorporation the propargylcholine replaced thearigj of choline head groups in the cellular
lipidome. The terminal alkyne of the propargylcheliphospholipids can be click-reacted (2)
with dedicated reporter azides (3) to enable lipading by microscopy (1).

A particular strength of this tracer is the fadttthe obtained localization data can be
correlated with metabolic analyses. Propargylcteophospholipid metabolism can be followed
by TLC using fluorogenic reporter azides (4, 5hbgMS benefiting from a specific precursor
ion in positive ion mode (1). However, both tectogpés have major limitations. For TLC, the
limit of detection is in the low picomole range amlially lipid species are not resolved (4).
While MS considerable boosts sensitivity, the coriomal approach to detect the main
propargylcholine lipid metabolites only delivergithsum fatty acid composition (1).

We have recently introduced a highly sensitive méttor tracing alkyne-labeled lipids
employing a dedicated azide reporter that upork-ckaction facilitates the ionization and
identification of the labeled product (6). Usingstheporter, termed C171, we demonstrated
subfemtomole sensitivity for side chain-labeledyablipid tracing.

Here we demonstrate the applicability of our C1a%dal method for analyzing also
head group labeled alkyne lipids, the propargylgpiolipids. As the different positioning of
the alkyne label at the head group imposes somiasi restrictions, we furthermore present a

novel method overcoming these limitations. We tfoegeintroduce azido-palmitate {Ral) as a



clickable MS-reporter that allows for direct iddiatation of the labeled propargyl phospholipids
at the MS1 level by conferring a predictable mém# ® the analyte. Importantly, in negative
ion mode at the MS2 level a diagnostic fragmeifdiisied that confirms the lipid identity while
the individual side chains of the lipid are revedie parallel. We have used this novel method
in a series of experiments where we investigategtbpargyl phospholipid metabolism in a
brain endothelial cell line. This study opens aiet and quantitative view on phosphocholine
lipid homeostasis in bEND3 cells and demonstraiésrences between regular and ether PC

metabolism.



Materials and Methods

Lipid and chemical probes.

Palmitoyl-lyso-propargyl-PC (LpPC 16:Bjgure S1A) was synthesized as before (5). The
ether analogue 1-O-hexadecyl-2-lyso-sn-glycero-@phopropargylcholine (LpPC O-16:0;
Figure S1B) was synthesized analogously: 1-O-hexadecyl-2yblso-glycero-3-
phosphocholine (Avanti, 878112) was dissolved &tldilether and combined with a solution
of propargylcholine bromide (Sigma, P51001) andspholipase DStreptomyces spec.;

Sigma, P4912) in acetate buffer (100 mM sodiumadeepH5.6, 40 mM Cag)l After
vigorous stirring at 30°C for 24 h, the organic phavas separated and the solvent
evaporated. The residue was separated by silicancothromatography (CHZMeOH/H,O
65/25/2) to yield 1-O-hexadecyl-2-oleoyl-sn-glyc&-@hosphocholine, pPC O-16:0/18:1.
Crotalus atrox snake venom was dissolved in borate buffer (100boNt acid pH7.1, 20

mM CaCl) and combined with a solution of pPC O-16:0/18: Hiethylether/MeOH 49/1.
After vigorous stirring at 30°C for 4 h, the soltemwere evaporated. The residue was
separated by silica column chromatography (GHR@GOH/H,O 65/35/8) to yield LpPC O-
16:0. The synthetic pPC 31:1 used as internal atanfdr MS analysis was synthesized from
PC 31:1 (7) analogously to the method describegfi O-16:0/18:1. Alike, the synthetic
pPC 18:0/18:0, pPC 18:1/18:1, pPC 18:2/18:2, pPG/18:3, pPC 20:4/20:4 and pPC
22:6/22:6 used for testing the performance of te¢hod were synthesized from PC 18:0/18:0
(Avanti, 850365), PC 18:1/18:1 (Avanti, 850375, £8:2/18:2 (Avanti, 850385), PC
18:3/18:3 (Avanti, 850395) and PC 20:4/20:4 (AvaB60397), respectively.

The MS-reporter azide (azido-palmitatgPdl) was synthesized as follows. 16-
Bromohexadecanoic acid (Sigma, 568708) was stwiddsodium azide (Sigma, 8223350)
in dimethyl sulfoxide for 24 h. Hexane/ethylacetate was added to the reaction mix before
several extractions with water. The organic phaae separated and the solvent evaporated.
Pure NPal was crystalized from hexane/ethylacetate 3i&. NIS-reporter azide (C171) has

recently been described (6).



Cdll culture and lipid labeling.

The brain endothelial cell line bEND3 was obtaifretnh ATCC (CRL-2299) and maintained
in DMEM medium (Gibco, 31966021) containing 10%afetalf serum (Gibco, 11560636)
and 1% penicillin/streptomycin (Gibco, 15070063pgargylcholine lipids were added to the
medium at concentrations of M from 5-10 mM stock solutions in 80% ethanol. I€el

were then cultured for 24 h.

Lipid extraction and click-reaction.

Cells on 24-well dished-{g. S2 were washed once with warm medium and once wéh i
cold PBS (Sigma, 806552) and quickly once with &B8 ammonium acetate, taking care to
remove the liquid after the last wash as complsteassible. The lipids were extracted by
addition of 50QuL methanol:chloroform 5/1 containing 240 pmol pPIC13 210 pmol PE
31:1, 396 pmol PC 31:1, 98 pmol PS 31:1, 56 pmoBRA, 51 pmol PG 28:0, 39 pmol LPA
17:0, 35 pmol LPC 17:1, 38 pmol LPE 17:1, 32 pmet €7:0, 99 pmol SM 17:0, 55 pmol
GlcCer 12:0, 339.7 pmol TG 50:1, 111 pmol CE 184.pmol DG 31:1 and 103 pmol MG
17:1 as internal standard (7). Culture dishes wengcated in a bath sonicator for 30 s before
lipid collection. After centrifugation, the supetaats were retrieved and mixed 300
chloroform and 70Q.L of 1% acetic acid to induce phase separation.dfganic phase was
collected, evaporated in the speed vac (45°C, 2 amd redissolved in @ chloroform

and the tubes briefly vortexed. To tubes clickethwd171, 4Qul of C171 click-mix were
added (prepared by mixing 10of 100 mM C171 in 50% MeOH with 200 5 mM
Cu(DACcCN;BF; in AcCN and 80Qul ethanol) while tubes clicked withsRal, 70 ul of NsPal
click-mix were added (prepared by mixing @lGof 50 mM NyPal in ethanol with 2501 5

mM Cu()AcCN,BF, in AcCN and 75Qu ethanol) followed by sonication for 5 min and
incubation at 42°C for 16 h. 3Q0 CHCI3 and 70Qul water were added and samples briefly
shaken and centrifuged for 5 min at 20 §0Dhe upper phase was removed, and the lower

phase dried in a speed-vac as above. 500 Spray buffer (2-propanol/methanol/water 8/5/1



+ 10 mM ammonium acetate) was added, the tubesatedifor 5 min and stored at -20 °C.

Determination of lipid recovery.

Total lipids from 45,000 unlabeled bEND3 cells {@@ntical samples) were isolated as above
but using an extraction mix also containing 250 paficynthetic pPC 18:0/18:0, pPC
18:1/18:1, pPC 18:2/18:2, pPC 18:3/18:3, pPC 20:4/2nd pPC 22:6/22:6. Six samples
were processed as usual (samp)esnd to further six samples (sampi@snother 250 pmol

of all synthetic pPCs was added prior to the dkction. All samples were click reacted

with N3zPal before processing continued as usual. Sam@esanalyzed by MS and the

signal intensities of the homoacyl-pPCs were datexth Recovery as percentage was

calculated from the signals according to 180tb-a).

Determination of method linearity, detection and quantification limits.

Total lipids from 45,000 unlabeled bEND3 cells we@ated as above and mixed with
increasing concentrations of synthetic homoacyl$Ba 240 pmol of pPC 31:1. Samples
processed as usual and employing th@aNreporter were quantified using the pPC 31:1
internal standard. MS2 signals of the click-readiigid (PR2), its diagnostic fragmentation
peak upon neutral loss of 335.26 (NL) and of ttepeetive fatty acid (FA) were recorded.

Five replicate experiments were performed.

MSanalysis.

The tubes were sonicated for 5 min and the disddipéls analyzed. Mass spectra were
recorded on a Thermo Q-Exactive Plus spectrometéipped with a standard HESI ion
source using direct injection from a Hamilton sgerdriven by a syringe pump under the
control of the Tune instrument control software. M&pectra (resolution 280,000) were
recorded in 100wz windows from 250 — 1,20@Vz (positive mode) and 950 — 136z

(negative mode) followed by recording MS/MS spegtesolution 280,000) by data



independent acquisition inryz windows from 200 — 1,206vVz (positive mode) and 950 —

1300nvz (negative mode).

MS data analysis.

Raw files were converted to mzml files using MSGamand analyzed using LipidXplorer
(8). For identification and quantification of labdlalkyne lipids, molecular fragment query
language (mfql) files were written that identifyetBpecies by the presence of a peak
corresponding to the expected masses of the labpiddlass combined with the
characteristic neutral loss. Lipids were quantifisthg the respective internal standard. The

applied mfqgl files are provided &upplementary methods

Statistical analysis.

Statistical differences between sample groups waliilated using GraphPad Prism version
8.0 software. Two-way ANOVA was followed by Dunragtalysis to correct for multiple
comparisons. Family-wise significance and configelewel (alpha 0.05; 95% CI) settings

were applied. Multiplicity adjusted P values weadcalated.



Results

The technology

To establish an improved method for choline phobpitbanalysis by MS we reasoned that a
chemical modification of the propargylcholine mgiduring sample preparation could
facilitate the analysis of the lipid. Benefitingoin the possibilities of the click-reaction (2, 3)
we first explored the potential of our recentlyaduced C171 reporter (6).

The C171 reporter comprises a charged quaternamyoaimm group, a linker and an
azido group for reaction with terminal alkynes. Hue initial setup of the method we used a
synthetic phosphatidylpropargylcholine, pPC 314tieing myristic acid (FA 14:0) and
heptadec-9-enoic acid (FA 17:1) side chakig.LA). Upon click-reaction the C171 reporter
(Fig. 1B) conferred a nominal mass shift of +171 Da tolifhd analyte Fig. 1C). The
positive charge ensured efficient ionization anthatlerate collision energies the labeled
lipid showed the stereotypic neutral loss (NL) 8f0® Da Fig. 1D) observed before (6).
Intriguingly, the introduced positive charge on tieyclic triazole neighboring that on the
guaternary ammonium favors this NL over the commohiserved loss of a positive head
group fragmenin/z 208.07 (1) corresponding 'z 184.07 for regular PC. The NL of 73.09
Da is diagnostic and enables identification oflipiel analyte while providing the sum fatty
acid composition. At elevated collision energiegter fragments, specific for the labeled
head group moiety can be detectey(1D).

To deepen the analysis an identification of théviddal fatty acid side chains would
be desirable. To detect fragments of the indivicige chains generated in a MS2 setup we
opted for negative mode MS. Consequently, the tiseddferent reporter for the click
reaction became necessary. Such reporter sholldienan azido moiety, ensure adequate
ionization of the labeled product to enhance iggal, confer a predictable mass shift to the
lipid analyte that allows for its direct identiftban at the MSL1 level, and yield a diagnostic

fragmentation pattern at the MS2 level.



Azido-palmitate (NPal) fulfills these requirementkif. 1E). Upon click-reaction it
confers a nominal mass shift of +296.08 Da to iiid knalyte Fig. 1F). The negative
charge enables efficient ionization in the negathasie and at moderate collision energies
the labeled lipid showed a stereotypic neutral (b9 of 335.26 Dalfig. 1G). Importantly,
at moderate and elevated collision energies sidsdpecific fragmentsr{z 227.20 and
267.23), revealing the identity of the attachetyfatids (FA 14:0 and FA 17:1, respectively)
can be detected along another head group spe@@ment vz 379.34). This way various
lipid classes containing the propargylcholine hgaxlip can be analyze#i@. S3. Using our
instrumentation and protocol, the method providédear range of at least three orders of
magnitude, a detection limit of 1 pmol and a lisfiquantification of 4 pmolRig. S4. While
delivering an average of 79% analyte recoveryifodéferent pPC species, that of PUFA-
containing lipids was found reduced if the fattydesignal rather than the peak corresponding

to the NL was considereéif. S9.

A proof of concept

To investigate the choline phospholipid metabolisroells we chose a labeling strategy
employing either the synthetic lyso-phosphatidypen@ylcholine, LpPC 16:0 featuring a
palmitic acid side chain, or its ether pendant, CgP-16:0 with the corresponding fatty
alcohol at thesnl-position Fig. S1). The brain endothelial cell line bEND3 was incigob
with 20 uM of either tracer for 24 h.

We first determined the effect of labeling on mdipid classes of the sphingo-,
glycerophospho- and neutral lipid familidsd. 2A). Upon incubation with either LpPC 16:0
or LpPC 0-16:0 the amounts of unlabeled PC sigamifily decreased-(g. 2A andTable 1),
indicating a cellular compensation for the surgiiexogenously added propargylcholine
phospholipids. Alike the content of PE, LPE andWRS reduced, while the levels of PC O
significantly increased only during incubation withPC O-16:0. Addition of LpPC O-16:0

also increased TG, whereas LpPC 16:0 lowered tolesterol esterd~{g. 2A andTable SJ).
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The levels of the other tested neutral and glydesepholipids as well as sphingolipids were
not significantly affected.

Next, we aimed to elucidate the metabolic fateheflabeling lipids. Upon uptake
LpPC 16:0 or LpPC 0-16:0 underwent cellular acglatio yield pPC or pPC O, respectively
(Table 1). An analysis of the pPC species generated frenbfiPC 16:0 tracer was
performed by applying the C171 or theRdl reporter method-{g. 2B). Comparing the
species distribution of the unlabeled endogenoustB@hat of the labeled pPC pool a clear
correlation emerged. The most prevalent speciesetha range of 32-36 carbons in their
side chains and 34 carbons were most abundandédree of fatty acid saturation also
matched well between both pools. Detection of ppéties by the C17ls. N;Pal reporter
methods often yielded comparable amouhktg.(2B andTable 2, ‘species’ columnk

The main advantage of thefal-based detection over the C171 reporter method,
however, is that it delivers subspecies informabigndentifying the two fatty acid side
chains, additionally to the sum fatty acid composi{Table 2, ‘subspecies’ columns Out
of the reported 23 pPC species, only thP&N-based detection revealed that 20 species
contained subspecies, while 3 species did not subspecies. Up to five subspecies could be
detected for two species (pPC 36:4 and pPC 38:Ben/Mnalyzing the abundance of each
fatty acid amongst all 70 detected pPC subspettiegienerally most frequent palmitate,
oleate, palmitoylate and stearate ranked highebktagether comprised 83.4% of all FAs
(Table 3). Arachidonate ranked fifth (3.7% of all FAs) aneds found in eight subspecies.
Together all PUFAs encompassed 12.4% of all FAsstioaved the widest distribution in the
pool. Given the fact that the employed LpPC 16a@dr featured a palmitate side chain and
that out of the 70 detected pPC subspecies 53&monding to 554 pmol/45,000 cells or
32% of all pPC molecules) did not contain a palteita substantial lipid remodeling within
the pool became evident.

If analyzing a sample using theMal reporter method the quantification of the peak
corresponding to the fragment after a NL of 33326provides a sensitive means of

detection Fig. 1G). As this peak is specific and abundant it repressthe favorable way to
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guantify pPC species using an internal pPC standdrelnatively, the signal intensities of

the peaks corresponding to the fragmented fatty side chains may be used. Comparing the
two quantification ways a generally good agreenbettveen both approaches was found
(Table 2). Hence, the total pPC content in 45,000 cells etermined as 1641 or 1750 pmol
for the method based on NL 335.26 or the fatty aeiaks, respectively. Both numbers were
in good agreement with 2048 pmol, the value obthfnem the C171 reporter methobiaple

2, bottom).

Next, we investigated the metabolic fate of the CgP-16:0 tracer. Also here the
distribution of the labeled pPC O species generayeckllular metabolism showed a clear
correlation to that of the unlabeled endogenou®REig. 2C andTable S2. Again, the side
chain carbon range and saturation degree matchiéteteeen both pools. The PC O pool
contained PUFAs at a frequency of 28%. At leastHlerfive most abundant pPC O species a
neglectable occurrence of fatty alcohol vinylatwas found, rendering the identified
metabolites labeled plasmanyl species. Detectidheofabeled pPC O species by th&al
reporter method generally showed a higher sertsitivan analysis by the C171 based
method. Remarkably, either method reported siganifily more pPC O than PC O,
demonstrating a larger pool size of the labetdhe unlabeled ether phosphatidylcholines
upon tracer supplementatiofiable S2, botton). As this deviated from the data obtained for
the pPCs, it pointed to differences in the metainolof ethenvs. non-ether
phosphatidylcholinesT@ble 1).

Comparing data on the LpPC 16:0 and LpPC O-16d&tsawe found that both
precursors directed the propargylcholine labeh&rtprimary target lipid class with similarly
high efficiencies Table 1, bottom). At the investigated time point about 85% of all
detectable label was found in the respective tdigetclass, while about 15% became
transferred to other lipids including SM. Besidaisdled pSM we also found the labeled
ether/non-ether counterpart of the primary tartgss; all indicative of lipid remodeling that
likely involved head group exchange. However, &dint remodeling probability for

metabolites generated from LpPC 16:0 or LpPC O-bétame apparent. While LpPC 16:0-

12



derived pPC showed a relatively high propensitypfmpargylcholine-transfer to SM yielding
pSM (13.6%) and little conversion into pPC O (0.8% LpPC O-16:0-derived pPC O was
more likely to donate its head group for pPC foioraf12.3%) and less so for pSM synthesis
(4.7%). Taking additionally the different pool sézef the primarily labeled metabolites
(1,728vs. 3,512 pmol/ 45,000 cells for pPC or pPC O, respely) and the endogenous

pools (7,257 vs. 732 pmol/ 45,000 cells for PC ©r®, respectively) into consideration
(Table 1), the differences in ether and non-ether phosgylatioline metabolism were

further emphasized. According to our data a sib§RD3 cell contained 161 fmol PC and 16
fmol PC O. Labeling by LpPC 16:0 or LpPC O-16:0lgexl 38 fmol pPC or 78 fmol pPC O

per cell.
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Discussion

Propargylcholine-labeling of choline-containingidip has been proven a valuable tool to
investigate the cell biology and metabolism of BRE The versatility of the alkyne tag in
combination with advanced click reporters, detecterhnologies and instrumentation has
opened new possibilities in lipid research (9). ldwer, the particular developments in alkyne
lipid tracing by MS have thus far focused on sitlain-tagged alkyne lipids (6). For an
alkyne head group such as propargylcholine thentiateof the new methodologies had not
been explored.

Propargylcholine-containing lipids have been aredylzy MS using scans for [M +
H]" ions in positive ion mode that are a precursanaf208.1 (1). This approach has some
intrinsic limitations. When unfractionated lipidtexcts are continuously infused into the
electrospray ionization source on a quadrupolevanlap of various parent ions occurs.
During MS2 scanning to detect th#z 208.1 fragment such overlap can cause problems, as
this fragment is head group specific but carriestrinsic information on the side chains.

Our strategy employing click-reaction and the Clafiorter overcomes this
shortcoming. In MS2 analysis this reporter giveharacteristic NL so that the backbone of
the labeled lipid still appears as a charged fragnihis improves the specificity of the
analysis because the analyzed lipid is definedMayspecific ions enabling resolution of
isobaric species in MS2, which would not be possitakth a charged reporter ion such as the
208.1 Da propargylcholine head group (6). Additignahe quantification benefits from the
high sensitivity of MS2 scanning in 1 Da windowsitMunfractionated lipid extracts minor
species occasionally fail to give peaks in MS1,levlii MS2 both the precursor and the
fragments are detected, allowing for unequivocahtdication and quantification. However,
both the conventional strategy based on the 208.6eporter ion and the C171 reporter
approach employing the NL of 73.1, reliably delieaity the sum fatty acid composition of

the lipid analyte.
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Our novel method employing click-reaction and th@a reporter also overcomes
this limitation. While maintaining the ionizatioa®e in the negative ion mode applied here, it
benefits from all advantages achieved with the Q&pbrter and more. The nominal mass
shift of +296 Da by the fPal reporter relocates the ion of the analytegoréion of the MS1
spectrum that is hardly occupied and thus effelstireduces parent ion overlap. During MS2
analysis the BPal method also provides a characteristic NL prx@sgithe lipid backbone
information in the detected fragment. The signakii@ NL 335 seen here is about threefold
stronger than that obtained for the NL 73 detefitethe C171 reporter method using
positive mode. Both methods profit from the highsavity of MS2 scanning in 1 Da
windows. In a negative mode MS2 analysis thBa&l method also shows advantages over a
possible direct detection of unclicked pPCs asateatounter-ion adducts with methyl group
elimination (10). While ionization efficiencies artemparable the Jal method reliably
delivers far more intense parent peaks in MS2.

Importantly, the lipid analyzed by thefal method is defined by two specific ions
with high diagnostic power and additionally by yadicid specific fragments, revealing the
identity of the side chains. However, no informatensnl/sn2-placement or positioning of
double bonds within the side chain is obtained, ¥gtcellular metabolism is unlikely to
change thenl-linkage of the fatty alcohol in ether lipids, titeerated fatty acid can be

assumed to originate from te2-position in the case of ether lipids.

For labeling of the choline-containing lipid pookthods using D9-choline and stable isotope
tagging have proven invaluable (11-13). An altaugastrategy employs propargylcholine

(). Our approach relates to the latter but alspleys click reaction and dedicated reporters.
Additionally, we chose to use lyso-phosphatidyl@ylcholines as labeled precursors as
these tracers represent a good compromise betweeargor solubility and labeling
specificity. Using an intermediate concentratio.pPC 16:0 or LpPC O-16:0 a superior
labeling of the respective target lipid class pP@RC O with high specificity and efficiency

was achieved.
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As the cells take up and metabolize these precurdwy exert parallel adjustments
to their lipidome. Unsurprisingly, the pool of emggmous PC is affected strongest and is
reduced accordingly (14). The precision of the ulyileg regulatory mechanisms is
intriguing, and we find a superb compensationsitiated by excellent numerical matching of
pool size adaptations. For one parameter the @gfiear to adjust their membrane
composition for steady proportions of the differlpid head groups. As observed before
propargylcholine is well accepted by cellular meladm and substitutes effectively for the
choline moiety in lipids (1). Accordingly, the Idgeof endogenous PC are reduced by both
the labeled pPC and its ether pendant pPC O tavanocdate the surplus of propargylcholine
head groups. Here the nature of sh&-side chain (fatty acid or fatty alcohol) appearplay
a secondary role. However, certain flexibility fposs adjustments in head group
composition may exist as we also find reductionstiranolamine-containing lipids
(endogenous LPE or PE) and PS for either prectmsatment. All other tested lipid classes
displayed no changes with the notable exceptioiG®and CE, the relevance of the latter
remains unclear.

Apart from the head group composition cells ase &hown to precisely fine tune the
fatty acid profile within their lipidome. When comupng the labeled metabolites of LpPC
16:0 or LpPC 0-16:0 to the endogenous lipid poofiwe a well matching pattern of side
chain length and saturation. Not only similar speavere identified, but also the ranking of
their abundance was similar. Although both tracergain a saturated tail of 16 carbons a
great variety of side chains were found in the tnelites. For labeled pPC a third of all
species was not containing palmitate and hencdysdeeved from lipid remodeling. While
this again demonstrates the great acceptance pfopargyl-label by the involved enzymatic
machinery it also shows the extent of lipid remodglPalmitate is generally considered the
most abundant saturated fatty acid and is usuallpd at thesnl-position in membrane
lipids. Hence, acylation of the LpPC 16:0 traceutgaight away yield a very common lipid
species and yet, the cells spend considerablg®ttmfurther modify at least 32% of these

initial metabolites during remodeling. That way te#ls maintain a specific side chain
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composition within each lipid class that is pafalieby a certain head group distribution
within the whole lipidome. Noteworthy, the profidé labeled pPC species observed in our
experiments does not indicate whether it originfitm® head group or side chain remodeling.
Likely both activities exerted by phospholipaseb ©f A1/A2, respectively, will occur

within our extended experimental time frame.

Comparing the remodeling of LpPC 16:0- and LpPC&®derived lipids some
differences in ethers. non-ether lipids became apparent. When labelifig aader equal
conditions both precursors labeled their primargealipid class with a superb efficiency of
~85%. However, the total amount of metabolites figpgf C 16:0 was twofold lower than that
from LpPC O-16:0. Conversely, the pool size of ggedmus PC in bEND3 cells is tenfold
higher than that of its ether pendant PC O. Thiddevery different proportions of labelgs
endogenous lipids in both classes. While a quaftail PC molecules became labeled, one
endogenous PC O was matched by three labeled PGl€aunes. If assuming a similar rate
of precursor uptake and primary acylation a lordyeell time of the propargyl-label within
the ethews. the non-ether PC pool is indicated. This is inoagance with the calculated long
half-lives of ether lipids in neuronal cells andolbrain (15, 16) but does not exclude the
existence of short-lived subpopulations (17).

When analyzing the label transfer away from thenpriy metabolite pool to other
lipid classes, a comparable overall frequency (I&2pPCvs. 17% for pPC O) of head group
exchange was found. However, some differences oleserved. Head group transfer yielding
labeled pSM was threefold more frequent for labgle@ than pPC O, despite the latter being
twofold more abundant. This may indicate that theived enzymes such as the
sphingomyelin synthases (18, 19) prefer pPC ov& PRas head group donor. This notion is
in line with the idea of a higher stability of theopargyl-label within the ethes. the non-
ether PC pool. Finally, we noted a profoundly higbecurrence of PUFAs in the pPC O
(28%)vs. the pPC (12%) pool of the analyzed bEND3 cellgs Timy relate to the described
function of ether lipids to act as reservoirs fafHAs (20). Because PUFASs tend to release

carbon dioxide during fragmentation and hence asdapection, our analysis likely

17



underrepresents their general abundance within gomtls (21-24). Indeed, when evaluating
several synthetic pPC species our instrumentahowsd a profoundly reduced response to
those lipids that contained two PUFAs and thisatfiecreased with the number of double
bonds.

Taken together the biological data presented heee a quantitative view on the
choline phospholipid metabolism in bEND3 cells. ¥iheveal differences in metabolism of
PC and ether PC while demonstrating the powereoht#wly introduced tracing tools. The

novel method developed here will greatly facilithtgher studies in the field.
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Data availability

Data are available from the authors on reasonabjigest.
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Table 1. Analysis of choline-, ethanolamine-, prgy&holine-containing lipids of

labeled cells.

control LpPC 16:0 % of LpPC O-16:0 % of
(no supplement) supplement detectable supplement detectable
pmol pmol lipid pmol lipid

LPC 170.7 105 96.1 9.4 64.0 7.3

LPCO 39.1 +18.2  27.6 +4.6 21.4 2.7

LPE 1250.0 +78.2  228.3 +28.5 202.1 +24.5

PC 7257.4 +959.0 5439.7 +781.8 3026.5  +268.5

PCO 731.8 +82.2 734.8 +96.7 1240.1 +190.6

PE 1991.1 +147.3 1511.3  +204.9 1192.6  +159.7

PE O 83.5 +10.9  253.7 +22.9 335.9 +24.1

SM 1437.1 #1859 13244 +194.9 1290.1 +127.7

pPC 0 +0.0 1728.1 +2859 85.6 519.7 +79.2 12.3

pPC O 0 +0.0 15.8 +143 0.8 3511.7 +511.2 83.0

pSM 0 +0.0 274.8 +45.6 13.6 200.4 +26.8 4.7

Total lipids isolated from bEND3 cells labeled wi@uM LpPC 16:0,
LpPC 0O-16:0 or carrier for 24 h were quantifieddbgctrospray ionization-tandem
mass spectrometry. Choline-, ethanolamine- andgogycholine-containing
lipids were quantified using the internal standards PQ,38M 17:0, PE 31:1 and
pPC 31:1, respectivelfrropargylcholine lipids were analyzed by thé il
reporter method. Lipid amounts are shown as picqrapo¥5,000 cells and
represent means + SD, N=7. The data of the unldibigiels corresponds to the
graphs depicted in Fig. 2A. The specificity of |abg (preference for the primary
target lipid class) has been calculated and isesgad as percentage of the total

detectable label.
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species subspecies
pmol by C171 pmol by NyPal FA1 FA2 pmol by NjPal  pmol by NyPal % of all
(NL 73.09 (NL 335.26) (sum of (individual subspecies
subspecies; FA  subspecies;
peaks) FA peaks)
pPC 30:0 28.2 +92 16.4 20 FA16:0 FA14:.0 19.3 28 19.3 +238 100 z0.0
pPC 30:1 0.0 0.0 49 19 FA16:1 FA14:.0 3.1 08 3.1 08 100 =0.0
pPC 32:0 79.0 +29.0 60.8 186 FA18:0 FA14:0 82.3 153 2.3 07 2.8 09
FA16:0 FA16:0 80.0 156 97.2 109
pPC 32:1 205.9 332  188.2 342 FA18:1 FA14:.0 194.0 =+168 10.3 21 53 +08
FA16:0 FA1l6:1 183.6 +155 94.7 =+08
pPC 32:2 14.7 =+127 12.7 +26 FA18:2 FA14:0 125 +24 0.8 +03 6.7 26
FA16:0 FA16:2 3.8 =03 314 +64
FA16:1 FA1l6:1 7.8 23 61.9 +77
pPC 34:1 760.3 #1346 677.6 #1294 FA20:1 FA14:.0 706.5 %913 0.4 +05 0.1 =+01
FA18:0 FA1l6:1 20.0 42 29 105
FA18:1 FA16:0 686.1 +89.5 97.1 05
pPC 34:2 137.9 244 89.5 209 FA18:1 FA1l6:1 96.7 9.0 55.6 89 57.3 49
FA18:2 FA16:0 41.0 37 42.7 +4.9
pPC 34:3 2.3 161 7.6 £33 FA20:3 FA14:0 205 42 10.9 39 51.8 189
FA18:1 FA16:2 1.7 05 8.8 29
FA18:2 FA1l6:1 3.7 05 189 45
FA18:3 FA16:0 41 105 20.5 37
pPC 34:4 0.0 =00 28 151 FA 20:4 FA14:0 256 78 25.6 78 100.0 0.0
pPC 36:1 110.2 +240 73.5 96 FA20:1 FA16:.0 91.8 +9.0 142 +22 155 +26
FA18:0 FA18:1 77.7 +89 845 126
pPC 36:2 178.2 +292 1251 218 FA20:1 FA16:1 133.6 +26.9 4.3 103 3.3 05
FA20:2 FA16:0 7.1 +15 55 13
FA18:0 FA18:2 12.9 238 9.7 07
FA18:1 FA18:1 109.3 +236 81.6 +20
pPC 36:3 62.5 =+131 48.4 +142 FA20:2 FA1l6:1 48.5 #35 1.7 02 3.5 05
FA20:3 FA16:0 27.0 36 55.6 43
FA18:0 FA18:3 15 05 3.1 #12
FA18:1 FA18:2 18.3 +1.4 37.8 35
pPC 36:4 117.1 +355 85.4 1295 FA 22:4 FA14:0 71.7 +10.6 3.9 47 52 157
FA20:3 FA1l6:1 2.8 04 41 +1.2
FA 20:4 FA16:0 60.9 =+101 849 154
FA18:1 FA18:3 3.4 =05 4.8 1.1
FA18:2 FA18:2 0.7 02 1.1 =+03
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pPC 36:5

pPC 38:2

pPC 38:3

pPC 38:4

pPC 38:5

pPC 38:6

pPC 40:2

pPC 40:5

pPC 40:6

pPC 40:7

total

22.0 #11.2

32.8 +13.1

19.3 1158

56.0 171

70.1 1245

56.9 1131

33.8 9.2

27.2 8.7

25.6 +7.2

8.8 +11.1

2048 +317

19.2

17.5

17.1

40.6

57.3

42.5

16.9

13.7

15.8

7.4

1641

6.3

2.7

+3.9

+8.8

+15.1

+11.2

+4.7

+4.6

3.4

4.2

+279

FA 22:5
FA 20:4
FA 20:5

FA 22:0
FA 22:2
FA 20:1
FA 20:2

FA 22:3
FA 20:1
FA 20:2
FA 20:3

FA 22:4
FA 20:2
FA 20:3
FA 20:4

FA 22:4
FA 22:5
FA 20:3
FA 20:4
FA 20:5

FA 22:5
FA 22:6
FA 20:4
FA 20:5

FA 24:1
FA 22:0
FA 22:1

FA 22:3
FA 22:4
FA 22:5
FA 20:1

FA 22:5
FA 22:6

FA 22:5
FA 22:6
FA 20:3

FA 14:0
FA 16:1
FA 16:0

FA 16:1
FA 16:0
FA 18:1
FA 18:0

FA 16:0
FA 18:2
FA 18:1
FA 18:0

FA 16:0
FA 18:2
FA 18:1
FA 18:0

FA 16:1
FA 16:0
FA 18:2
FA 18:1
FA 18:0

FA 16:1
FA 16:0
FA 18:2
FA 18:1

FA 16:1
FA 18:2
FA 18:1

FA 18:2
FA 18:1
FA 18:0
FA 20:4

FA 18:1
FA 18:0

FA 18:2
FA 18:1
FA 20:4

125

25.2

20.7

38.1

48.1

28.6

29.2

154

17.2

9.0

1750

+2.2

+2.3

5.0

+7.6

5.0

+5.1

+2.5

+3.5

+1.4

+151

0.9
3.1
8.5

6.6
3.4
12.6
2.6

3.8
1.4
5.1
10.3
9.8
0.2
10.8
17.4
2.1
23.8
0.5
18.1
3.6

3.0
19.9
2.1
3.6

4.8
1.4
23.0

0.2
5.9
7.3
2.0

11.6
5.6

0.9
7.4
0.7

+0.4
0.5
+1.7

+0.9
+0.3
+1.5
+0.5

+0.9
+0.5
+0.7
+1.0

2.1
+0.2
+1.5
+2.5

+0.8
+5.0
+0.4
+2.3
+1.0

+1.2
+3.7
+0.3
+0.7

+0.8
+0.4
+4.3

+0.2
+2.3
+0.8
+0.5

+3.4
+0.6

+0.4
+1.0
+0.4

7.5
24.8
67.7
26.2
13.4
50.0
10.3

18.3
6.9
24.9
49.9
25.5
0.6
28.5
45.5
4.4
49.1
1.0
39.0
7.4
10.2
69.8
7.5
12.6
16.4
4.9
78.8

13
37.6
a7.7
13.4

66.6
334

9.8
82.5
7.8

+3.1
+2.8
4.5

+3.0
+1.7
2.4
+1.5

+3.9
+2.3
+3.8
+3.0

+3.4
+0.7
+3.3
+2.0

+1.4
+4.0
+0.8
+3.6
+1.4

2.4
+3.7
+1.8
+1.4

+1.8
+1.4
+2.9

+1.7
+7.3
4.4
4.1

+5.3
+5.3

+2.8
+6.5
4.1

Total lipids isolated from bEND3 cells lagelwith 20uM LpPC 16:0 for 24 h were
analyzed using either the C171 (blue values) oNdial (red values) reporter method. Each

lipid species was detected, identified as sum fttgl composition and quantified using

either the NL73.09 or the NL335.26 peak, and pPQ 3% internal standard by either method
(species columns; corresponding to data in Fig. @B)y the NPal reporter method

delivered the subspecies composition (subspeclamaos) revealing the identity of the two

fatty acids. The sum of the peaks correspondirigptb fatty acid fragments was used to

quantify the subspecies and the subspecies’ piopah all subspecies. Lipid amounts are

shown as pmol per 45,000 cells and represent me&is N=7. Lipid species less abundant

than 25 pmol under all conditions depicted in Ri§.were omitted.
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Table 3. Fatty acid distribution in the propargythe-labeled PC pool.

abundance pmolin70 % of total found in x of

ranking subspecies 140 positions
FA 16:0 1 1276.3 36.5 18
FA 18:1 2 1169.8 334 18
FA 16:1 3 310 8.9 15
FA 18:0 4 161.2 4.6 11
FA 20:4 5 129.9 3.7 8
FA 18:2 6 84.8 2.4 14
FA 14:0 7 77.5 2.2 10
FA 20:3 8 63 1.8 7
FA 22:5 9 47.5 14 6
FA 20:1 10 34.9 1.0 6
FA 22:6 11 32.9 0.9 3
FA 22:1 12 23 0.7 1
FA 22:4 13 21.7 0.6 4
FA 20:2 14 16.7 0.5 5
FA 20:5 15 15.7 0.4 3
FA 18:3 16 9 0.3 3
FA 22:0 17 8 0.2 2
FA 16:2 18 5.5 0.2 2
FA 24:1 19 4.8 0.1 1
FA 22:3 20 4 0.1 2
FA 22:2 21 3.4 0.1 1
SFA 1523 43.5 41
MUFA 1543 44.1 41
PUFA 434 12.4 58

Total lipids isolated from bEND3 cells labélwith 20uM LpPC 16:0 for 24 h were
analyzed using thedRal reporter method. Each lipid species was idedtifising the
NL335.26 peak and the side chains by the respeEfivgagment peaks. The two FA were
quantified as half of their sum and the FA fragnedks generated from pPC 31:1 served as
internal standard. A total of 70 pPC subspecies/icay fatty acid side chains at 140 possible
positions were analyzed. FA amounts are shown as jpen 45,000 cells and represent
means; N=7. The data correspond to the ‘subspembsnns in Table 2. SFA, saturated fatty

acids; MUFA, mono unsaturated fatty acids; PUFAy pmsaturated fatty acids.
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Legends to figures

Figure 1. Analysis of phosphatidylpropargylchol{(p®C) by electrospray ionization-tandem
MS using click-chemistry reporters. Synthetic pRCL3A) click-reacted with C171 reporter
(B) generates a mass-shifted product (C) whose fg@Pnentation spectra at increasing
collision energy in positive mode and the mostllilsggructures (D) are shown. Alternatively,
click-reaction with NPal reporter (E) generates a different mass-shifteduct (F) whose
MS2 fragmentation spectra at increasing normalcadlision energy, NCE, in negative mode
and the most likely structures (G) are depictedgdfda numbers indicate the diagnostic
fragmentation peaks upon neutral loss (NL) ancctreesponding molecular structure. Green
numbers indicate the molecular structures corredipgrio NL fragments. Orange numbers
indicate the diagnostic peaks and correspondiryg éaid structures obtained only in negative

mode employed by thesNal reporter method.

Figure 2. Lipid analysis of labeled cells. (A) Tidtpids isolated from bEND3 cells labeled
with 20uM LpPC 16:0, LpPC O-16:0 or carrier for 24 h wetentified by electrospray
ionization-tandem mass spectrometry. Major clas$éise sphingo-, glycerophospho- and
neutral lipid families were quantified using resipezinternal standards. (B,C) The sum fatty
acid composition of the labeled PC (B) or PC Ogf®cies upon incubation with A

LpPC 16:0 (B) or LpPC O-16:0 (C) for 24 h was aamaty by either the C171 or;Ral

reporter method and quantified using the pPC 3ttermal standard. The unlabeled
(endogenous) species were analyzed using the AGr3érnal standard. Each species is
identified by two numbers: the first is the sunradyl carbons, and the second is the sum of
double bonds present in the two side chains. lapidunts are shown as pmol per 45,000
cells and represent means + 95% CI, N=7. Lipid iggdess abundant than 25 pmol under all
conditions were omitted from B and C. Two-way ANOY@#lowed by a Dunnet analysis to
correct for multiple comparisons was performed.ustigd P values: p<0.04, * p<0.01, #

p<0.001, $ p<0.0001, all vs. control (A, no suppamm B and C, endogenous).
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