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This update will focus on five of the eight LIPID MAPS cat-
egories (2), namely Fatty Acyls (FA), Glycerolipids (GL),
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* Oxygen atoms represent not only the main component in-
troduced during oxygenation, but occurs also in hydroxy
groups as a principal structural feature in many lipid classes
such as sphingoid bases. Because hydroxy, oxo or other oxy-
gen functional groups may not be differentiated by high
resolution/accurate mass analysis, annotation is done by
the number of oxygens linked to the hydrocarbon chain.

» Use of parentheses and brackets is minimized. Parentheses
indicate primarily positions and, with regard to functional
groups only those with numbers behind them, like (OH)2,
(NO2), (NH2). The use of square brackets is restricted to
chemical configurations R and S, to stable isotopes, and
to the frame of carbons in a ring structure.

Hierarchical concept and application of shorthand notation

e Upon application of a validated MS-method, interpreta-
tion of mass spectra by “biological intelligence” and the
use of common or trivial names, as alluded to specifically
in the introduction, is permissible. Such annotations need
to be clearly stated. Examples are ambiguities pertaining
to bond type, oxygenated groups, and branched chains.
“Species level” is now the lowest hierarchical level. It rep-
resents the sum composition, i.e., sum of carbon atoms,
DBEs, and number of additional oxygen atoms, e.g., FA
18:1;0. It thus replaces former “Lipid class level” mass
(i.e., lipid class and the — uncharged - molecular mass).
Of note, for sterols, the ABCD ring system is assumed
and not expressed as DBE.

“Phosphate-position level” annotates positions of
phosphate group(s), e.g., PIP(3") or PIP2(4’,5") at
phosphatidylinositolphosphate.

“Molecular species level” pertains to all categories ad-
dressed here and is reached as soon as constituent fatty
acyl/alkyl-residues are identified, e.g., TG 16:0_18:1 18:1,
a triglyceride.

“sn-position level” is a more refined level in GL and GP
categories, enabling annotation of the sn-position of fatty
acyl/alkyl constituents at the glycerol backbone as indi
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= “Structure defned level” annotates molecular species

composed of various constituents and functional groups,

yet without positions and stereochemical details, e.g., FA
18:2;0H.

“Full structure level” annotates molecular species com-

posed of various constituents and functional groups in-

cluding positions, yet without stereochemical details,

e.g., FA 18:2(9Z,11E);130H.

e “Complete structure level” defnes detailed structures of
all functional groups including stereochemistry as shown
in the LMSD, e.g., 13R-HODE, 13S-HODE (= common
name).

Figure 1 presents such a hierarchical scheme, taking the
example of glucosylceramide.

A word of caution is appropriate here: Annotations based
solely on m/z features and on returns from database retrieval

TABLE 2A. Class abbrevi

are frequently incorrect due to over-interpretation of experi-
mental data, i.e., returns of chemically defined lipid mole-
cules at Complete structure level. It is therefore of major
importance that database search tools return appropriate an-
notations based on sum composition, i.e., at Species level and
Molecular species level. Such tools are, for example, the
LIPID MAPS MS search tools (https://lipidmaps.org/
resources/tools/bulk_structure_searches_overview.php) (see
also comment in the discussion) or the “ALEX lipid calcula-
tor” (http://alex123.info/ALEX123/MS.php).

Annotation of lipid structures

e Lipid species are annotated by class shorthand abbre-
viation (see Tables 2A-6A), followed by a space and C-
atoms:DBE, e.g., TG 54:5, or C-atoms:DBE;O-atoms in
fatty acyl/alkyl residues, e.g., FA 18:1;0 or PC 38:3;02.

ations in Category FA
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Common Name

Lipid Class, LIPID MAPS Abbreviation

Fatty acids Fatty acids and conjugates [FA01] FA
Fatty alcohols Fatty alcohols [FAO5] FOH
Fatty aldehydes Fatty aldehydes [FA06] FAL
Acyl carnitines Fatty acyl carnitines [FA0707] CAR
Acyl CoAs Fatty acyl CoAs [FAQ705] CoA
N-acyl amines N-acyl amines [FA0802] NA
N-acyl ethanolamines N-acyl ethanolamines (endocannabinoids) [FA0804] NAE
N-acyl taurines N-acyl amines [FA0802] NAT
Wax esters Wax monoesters [FA0701] WE
Wax diesters Wax diesters [FA0702] WD
FA estolides FAHFA wax monoesters [FA0701] FA-EST
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 Variable constituents like fatty acyls/alkyls are assigned The order of functional groups follows the IUPAC hier-
based on their mass as number of C-atoms and number archy (14).

of DBE (C-atoms:DBE), when experimental proof for e Except for DBE/DB-position, proven positions of all other
functional groups are stated according to A-nomenclature
in front of the functional group abbreviation that are
separated by a comma if more than one, e.g., FA 20:

3(5Z,13E);110H,150H;90x0
e Cyclic structures cyX (X = number of ring atoms, see
Table 1B for abbreviations) are presented in front of other
functional groups. Their structural details are annotated
within a pair of square brackets. Within the square brack-
ets the positions of ring atoms, separated by hyphen, are
placed in front of the cyX annotation. Other functional
groups are placed after the ring structure of the cyX
annotation, e.g., FA 20:2;[8-12cy5;110H;90x0];150H =

8-is0-PGE, or PGE,.

e Carbohydrate structures (Table 1C), e.g., in complex gly-
cosphingolipids, are annotated as described for glycans
(https://www.nchi.nlm.nih.gov/glycans) (15). When the
sequence of sugars components is known they are shown
in this order separated by a hyphen, e.g., Gal-Glc-Cer 18:1;
02/16:0. In case the sequence is unknown the components
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(followed by their number if more than one) are shown
in alphabetic order in front of the respective lipid back-
bone, e.g., Gal2GlcCer 18:1;02/16:0.

1544 ). Lipid Res. (2020) 61(12) 1539-1555









TABLE 3A. Class abbreviations in Category GL

Common Name

Lipid Class, LIPID MAPS Abbreviation

Monoacyl/alkylglycerides (monoglycerides) Monoradylglycerols [GLO01] MG

Diacyl/alkylglycerides (diglycerides) Diradylglycerols [GL02] DG

Triacyl/alkylglycerides (triglycerides) Triradylglycerols [GL03] TG

Estolides Estolides [GL0305] TG-EST
Sulfoquinovosylmonoacylglycerols Glycosylmonoacylglycerols [GL0401] SQMG
Monogalactosylmonoacylglycerol Glycosylmonoacylglycerols [GL0401] MGMG
Digalactosylmonoacylglycerol Glycosylmonoacylglycerols [GL0401] DGMG
Sulfoquinovosyldiacylglycerols Glycosyldiacylglycerols [GL0501] SQDG
Monogalactosyldiacylglycerol Glycosyldiacylglycerols [GL0501] MGDG
Digalactosyldiacylglycerol Glycosyldiacylglycerols [GL0501] DGDG

e separator /: sn-position of acyl/alkyl constituents is
proven (order sn-1/sn-2/sn-3; no FA linked 0:0), e.g.,
TG 16:0/18:3/18:1.

e When only one acyl chain of TG is known, it is pre-
sented in front of the sum of the remaining two acyl
residues, e.g., TG 16:0_36:3.

e When only one of the sn-positions is defined, this is
indicated inside a pair of parentheses, e.g., TG 16:0_18:1
(sn-2)_18:0.

Other bond types than ester bonds are indicated as fol-
lows in front of the sum of C-atoms for acyl/alkyl
constituents:

e O =alkyl, e.g., TG O-52:3

= P = proven O-alk-1-enyl-bond (acid-sensitive ether bond
in “neutral plasmalogens” is not counted as a DB/DBE
within the acyl-chain), e.g., TG P-52:3 or at higher resolu-
tion TG P-16:0/18:3/18:1.

* More than one “non”-ester bond is indicated in front of
the bond type as d for di, t for tri, and e for tetra.

GLYCEROPHOSPHOLIPIDS (GP)

See Table 4A-C for abbreviations and examples. Short-
hand notation for phospholipid species contains abbre-
viation for phospholipid classes, followed by number of
C-atoms:number of DBE, i.e., PS 36:4, for oxygenated lipids
C-atoms:DBE;O-atoms, i.e., PS 36:3;0, as described in the
Annotation of lipid structures section.

Phospholipids (PLs) and Lysophospholipids (LPLs)
Molecular species of phospholipids with known fatty acyl/
alkyl constituents (Table 4B):

e separator _: sn-position of acylZalkyl constituents is not
known. Order of constituent presentation as described for
glycerolipids, e.g., PC 16:0_18:2.

e separator /: sn-position of acyl/alkyl constituents is
proven (sn-1/sn-2 or sn-2/sn-3); no constituent 0:0; e.g.,
PC 16:0/18:2.

e For BMP and CL classes sn-position order will be sn-2/sn-3/
sn-2’/sn-3" and sn-1/sn-2/sn-1'/sn-2’, respectively.

TABLE 3B. Examples for shorthand notation of glycerolipids

Bond Type Species Level® Molecular Species Level’ sn-Position Level® Full Structure Level”
Acyl MG 18:0 MG 18:0 MG 0:0/18:0/0:0
Alkyl MG 0431.8321 cym:id(MG 18:0)Tj12.71.8321 cymj0.005 Tw -26.2 -1.072 Tdm.-n
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TABLE 4A. Class abbreviations in Category GP

Common Name

< When only one acyl chain or DG moieties of CL are known,
sum of acyl residues are presented, e.g., CL 16:0_54:3 and
CL 34:1_36:2, respectively.

Lysophospholipid classes are abbreviated as stated in
LIPID MAPS nomenclature (Table 4A). Molecular species
with unknown sn-position are presented as, e.g., LPE 18:1,
with known sn-position as LPE 18:1/0:0 (Table 4B).

Other bond types than ester bonds are indicated as de-
scribed for Glycerolipids, e.g., for an ether phospholipid
PE O-18:0/18:2, for a “plasmalogen” PE P-18:0/20:4.

Phosphatidylinositol phosphates (PIPs)

Itis described in the Annotation of lipid structures section,
when functional groups are part of lipid class abbreviation,
their proven positions are shown directly at the abbrevia-
tion’s end inside parentheses, separated by a comma if
more than one. A prominent example is PIP3(3",4’,5").
Table 4C shows that “Phosphate position level” identifies
phosphate position at inositol ring, i.e., PIP(3") 38:4, oth-
erwise it would be PIP 38:4. For ease of handling by data-
bases, numbers of phosphates are not written in lower
case.
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N-modified phospholipids and lysophospholipids

The amino function in PSs and PEs, including their
lysoforms, is prone to react with a variety of electro-
philes as has been shown in recent years (24). The prod-
ucts are generally termed N-mod PL and N-mod LPL in
abbreviated form, common names and respective abbre-
viations are shown in Table 4A. Structures at Species-,
Molecular species-, and sn-Position levels are presented
in shorthand notation as described in the Annotation of
lipid structures, Glycerolipids (GL), and Glycerophos-
pholipids (GP) sections; specific examples are shown in
Table 4D.

OXxPLs

Phospholipids containing PUFA-constituents having
methylene-interrupted cis-DBs (allylic DBs) and/or po-
lar headgroups having amino-residues are susceptible
to oxidation with formation of OxPLs. OxPL, so far, is a
general term for a class of lipids produced by several
processes that most often cannot be distinguished by
MS analysis of the products. In all these cases, the prod-
ucts are called OxPLs (25).



Respective modes for production are the following: or CYP450 oxygenases. The resulting oxygenated PUFAs
. . . can then be reesterified into PLs resulting in the indirect
» Oxygenation of PL to produce OxPL by direct action of enzymatic formation of specific oxPL.

lipoxygenases on PUFA constituents of PL gives rise ©0  , Njonenzymatic reactions are induced by free-radical oxy-
e2fi@gcally produced specific oxPL. The stereochemis-p gen/nitrogen species reacting directly with the PUFA
constituents of PL or with free PUFAs which become in-
corporated into the PL by acyl transferases producing
nonenzymatically derived oxPL. This oxygen transfer to
PUFAs can further lead to DB rearrangement, cyclization
and even truncation of such acyl-chains resulting in com-

plex mixtures of oxPL (27).
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< Nonradical reactive oxygen species like singlet oxygen or
ozone can also contribute to PL oxidation with genera-
tion of full-chain or fragmented oxPL.

 PL having a polar head group with a modifed amino-func-
tion (PE and PS) form a subclass named oxPL-Nmod.

Shorthand notation for OxPLs in general are presented
in Table 4E.

SPHINGOLIPIDS (SP)

Apart from sphingosine containing 18 C-atoms with
two hydroxyl groups and one DB, other sphingoid bases
reveal prominent backbones as well, particularly in brain
or nonmammalian specimens (28). Consequently, the abbre-
viation SPB is strongly recommended as shorthand notation
for the general term “sphingoid bases,” Cer for ceramides,
and SM for sphingomyelins (Table 5A). Table 5B, C, and
D define, in addition, shorthand notation according to
structural resolution of sphingolipids. The updated rules
for shorthand notation are the following:

« In case the long-chain base is not known, the sum compo-
sition of sphingoid base and fatty acid is shown as number
of C-atoms:DBE;O-atoms, e.g., SPB 34:1;02.

1550 J. Lipid Res. (2020) 61(12) 1539-1555

e In ceramides the sphingoid backbone is annotated
C-atoms:DBE;O-atoms separated by a slash from the
number of C-atoms:DBE;O-atoms of the N-linked fatty
acid, e.g., Cer 18:1;02/16:0.

e DB geometry and positions of hydroxyl groups (or other
functional groups) are annotated as described for fatty-
acyl-chains in Tab. 2B, e.g., Cer 18:1(4E);10H,30H/16:0.

e When the number of hydroxyl groups cannot be deter-
mined, numbers of C-atoms and DBE are assigned under
the assumption of the number of hydroxyl groups in the
major sphingoid base for that organism (e.g., dihydroxy
in mammals).

e For further characterization of N-linked fatty acids,
the rules as described in the Annotation of lipid struc-
tures section apply. The position of a fatty acid esterified
to an N-linked hydroxy-fatty acyl is shown in a separate
pair of parentheses XO(FA C-atoms:DBE) with x denot-
ing the position of hydroxyl group (



for an acylceramide, Gal-Cer (1) 18:0;30H/16:0 for a » Sphingoid base phosphates with known position of phos-
galactosylceramide. phate and of OH-positions is annotated by, e.g., SPBP
= Consequently, in shorthand notation from “Structure ®NSEQUIBKD{JE ) ; BREMNORTHAN
= Ceramide phosphates with unknown phosphate position
are represented by CerP, e.g., CerP 18:1;02/16:0.
= Ceramide phosphates with known position of phosphate
and of OH-positions are annotated by, e.g., CerP (1)
18:1(4E);30H.
e Ceramide phosphates with 1,3 cyclic phosphate and
known OH-positions are annotated by, e.g., CerP (1, 3)
18:1(4E).

STEROLS (ST)

We use the term sterol to embrace all molecules based
on the cyclopentanoperhydrophenanthrene skeleton.
In the case of sterols, the ring system does not add
to the number of DBE. Endogenously biosynthesized
mammalian sterols are derived from cholesterol or its
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precursors, yet plant and yeast sterols can also be a
source via the food chain. The stereochemistry of the
cholesterol molecule is maintained to a large extent by
mammalian sterols, which all contain at least one hydroxyl
or oxo group attached to carbon 3. High resolution MS
with accurate mass may identify other functional groups,
as will MS/MS or MS" scans. Stereochemistry can often
be defined by comparing the chromatographic reten-
tion time to authentic standards and, in some cases, by
MS/MS or MS". The class abbreviations within category
ST are shown in Table 6A.

The following rules for shorthand nomenclature have
been adopted in the examples given in Table 6B.

¢ |n shorthand notation the
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resolving power of MS instrument platforms operating
in high-resolution (and often high-throughput) mode.
Second, to provide a comprehensible shorthand notation

Lipid classification, nomenclature, and annotation of MS data 1553



TABLE 6B. Examples of shorthand notation for sterols

particular, shorthand notations for all relevant lipids are
now available on the LMSD detail view pages at “Species
level” and “Molecular species level”, the latter embracing
“Phosphate-”, “DB-”, and “sn-position level”. In a few in-
stances, however, easy use of this shorthand notation by
lipidomics experts has priority over its stringent use in a
bioinformatics format.

A standardized annotation for lipid species, asa common
language, is a key component to promote and further ad-
vance this emerging omics discipline (29). Therefore, the
Lipidomics Standards Initiative (LSI; https://lipidomics-
standards-initiative.org/) has been recently introduced
(13), pursuing development of guidelines and channeling
community-wide efforts in close collaborations with LIPID
MAPS (https://www.lipidmaps.org/) as has been empha-
sized recently (30). In addition, alignment with other ini-
tiatives, as for example, adaptation of mzTab-M, a data
format developed for metabolomics (31), to the presented
nomenclature is possible.

In summary, the shorthand nomenclature presented
here is viewed as a standard in lipidomics that can be up-
dated periodically.
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