Profiling the Lipidome requires quality control
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A recent publication from Vasilopoulou et al. reports on the full lipidome profiling by a
combination of trapped ion mobility spectrometry (TIMS), parallel accumulation serial
fragmentation (PASEF) and nano HPLC!. While this is altogether an impressive technological
advance having the potential to increase lipidome coverage and lower the detection limit for

individual lipids, the interpretation of acquired spectra is a matter of serious concern. We



noticed that it exclusively relied on the software-assisted lipid assignments that were not
confirmed by manual inspection, matching spectra and retention times with available lipid
standards or computer simulation — these measures are typically employed in lipidomics to
reduce the false positive rate.

A common way to examine the robustness of identifications at the lipidome scale is to test if
species from the same lipid class eluted in a rationale order concordant with their proposed
chemical structure. In reversed-phase liquid chromatography, the equivalent carbon number
(ECN) model suggests that their retention times should increase with increasing the number
of carbon atoms in fatty acid moieties and decrease with increasing the number of double
bonds within a lipid class. Previous works demonstrated that this relationship shows a high
degree of linearity>*. However, 55 out of 171 TGs and 130 out of 301 diacyl PC species
reported by Vasilopoulou et al do not follow the ECN model (Figures 1a and 1b).
Additionally, several reported lipids displayed odd elution profiles. For example, DG 32:0
spread over the elution time range from 18.9 min to 28.61 min, which is unreasonably large
for the conventional mobile phase gradient employed by Vasilopoulou et al. This would hint
that some of the later eluting DG species are, in fact, fragments produced by in source
fragmentation of TG species.

In several instances, the reported lipids do not corroborate their chemical structure. For
example, eight PC 0-16:0_1:0 species were reported, although only two sn-1/2 isomers (PC-
0 16:0/1:0 or PC-0O 1:0/16:0) are possible. Alternative structures for another six assignments
comprising the same moieties (for example, including branched C 16:0 fatty acid(s) / fatty
alcohol(s) or even more exotic sn-2/3 isomers) conflict the basic principles of lipid

biosynthesis in mammals and must be extensively validated by chemical synthesis of



relevant standards. Similarly, 5 chromatographic peaks assigned to CE 18:2 and 4 peaks of
cholesteryl 11-hydroperoxy-eicosatetraenoate need further verification.

In lipidomics, it is ultimately required that the elemental composition of recognized lipids
exactly match the m/z of their intact molecular ions. This is critical for candidate molecules
possessing uncommon fatty acid moieties (e.g. comprising oxidized or odd carbon numbered
fatty acid moieties) especially if no same class species with known abundant moieties (e.g.
16:0; 18:0 or 18:1) were detected. A few further examples of questionable annotation are
presented in Suppl. Table 1. Upon low-energy CID / HCD, lipids produce relatively few
abundant and informative fragments. Hence, manual inspection of MS2 spectra of seemingly
unusual lipid species is required and the same criteria for spectrum to structure matching
should be consistently applied for the entire dataset. In particular, the identification of
phospholipids missing characteristic head group fragments (e.g., PC, SM in positive or Pl in
negative modes) or their losses (PE or PS in positive mode) should be disregarded>®.
Apparently this basic principle was not applied for Pl and PS, for which half of the species
were identified without matching relevant head group fragments. (Suppl. Table 1). In
positive mode MS2 five PC ([M+H]*) precursors produced no phosphocholine head group
fragment (m/z 184.07) that ought to be exceptionally abundant in a broad range of collision
energies. Furthermore, in negative mode MS2 spectra of 409 PC no informative acyl anion
fragments required for their unequivocal molecular species identification were detected.
The identification of only 6% of PCs (28/437) relied upon the complete set of characteristic
masses (e.g. exact masses of the precursor; head group and acyl anions fragments). Of note,
the phosphocholine head group fragment (m/z 184.07) is not an unequivocal identifier of PC
because it can also be produced from SM whose molecular ions often overlap with isotopic

clusters of PC.



Similar problems are apparent in the identification of other classes of lipids. For example, SM
d16:1_25:0 indicates a very unusual combination of sphingosine backbone and N-amidated
fatty acid. However, its MS2 spectrum only confirms the presence of phosphocholine head
group (m/z 184.07), which leads us to believe it is more likely to be SM d18:1_23:0 - a very
common mammalian sphingomyelin.

We also observed a number of instances whereby the precursors were detected in the form
of unreasonable molecular adducts, e.g. [M-CHs] for diacyl phosphatidylinositols that are
having no methyl group to loose.

Molecular adducts of intact lipid precursors were often inconsistent with the composition of
the employed mobile phase containing isopropanol, methanol, water and acetonitrile doped
with ammonium formate and formic acid. 31% (10/32) DG, 21% (7/33) CE, 25% (1/4) ether-
LPE and 15% (11/72) of PE and ether-PE species were annotated as molecular adducts that,
under these conditions, cannot be detectable. For example, nine PE and ether-PE lipids
were uniquely detected as acetate [M+OAc] adducts despite the presence of 10 mM
formate. Note that even in an ammonium acetate buffer, the [M-H];, but not the [M+OAc]
is the dominant molecular form of PE. Out of 437 PC species reported by Vasilopoulou et al.,

36 were detected as either redundant or non-dominant adducts in negative mode.

Lipidomes (including the plasma lipidome) are conserved molecular constellations and their
guantification is an important means to validate the analytical bona fide. Thus, it is difficult
to reconcile the identification of very minor free sterols in plasma when free cholesterol
itself or its known major metabolites were not detected. Cholesterol is the most abundant
single lipid in plasma and its concentration is more than 1000-fold higher than any sterol

reported by Vasilopoulou et al. Many sterols are present in plasma as multiple isomers,



hence, without comparing CCS, retention time and fragmentation patterns to authentic

standards, identifications cannot be considered unequivocal.

The list of examples of problematic identification could be extended, however we suggest
that many of them could have been avoided by applying a simple identification rationale.
The retention time of a proposed lipid structure should match the retention time pattern of
its lipid class; the elemental composition of identified species must match the accurate
masses of their precursor ions; molecular adducts of intact molecular ions should be in the
dominant forms expected for the mobile phase composition; the matched fragments should
be specific and corroborate the proposed structures and, last but not least, structural
annotation of each species (including the identification of positional isomers) should match
individual MS2 spectra rather than uniformly applied for the whole lipid class. When
considering low abundance precursors or novel lipids, spectra should be subjected to
manual re-inspection and, if possible, independent means of structural conformation should
be sought. Although this could lower the number of reported lipid candidates, it vastly
improves the data quality and integrity and ensures high biological relevance of the lipidome

profile.

Lipidomics methods detecting large number of molecular species are increasingly used by
the biomedical community, however data from these approaches should always be
interpreted in the most rigorous fashion possible, taking into account all potential pitfalls
and being extremely careful not to overinterpret findings. Helpful guidelines for
interpretating and reporting the lipidome composition are provided by International

Lipidomics Society (ILS), the Lipidomics Standards Initiative (LSI) and LIPID MAPS alike”:8.
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Figure 1

Plot of retention times versus number of fatty acyl carbons for (a) triacylglycerols and (b)
diacyl phosphatidylcholines in plasma. DBO through DB8 represent the cumulative number
of double bonds in the fatty acyl chains. For each individual DB assignment the relationship

should be close to linear on a C18 stationary phase column.






