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Abstract Free ceramides and glycosphingolipids (GSLs)
are important components of the membrane microdomain
and play significant roles in cell survival. Recent studies
have revealed that both fatty acids and long-chain bases
(LCBs) are more diverse than expected, in terms of i) alkyl
chain length, ii) hydroxylation and iii) the presence or
absence of double bonds. Electrospray ionization mass
spectrometry and matrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF MS)
have been well utilized to characterize sphingolipids with
high throughput, but reports to date have not fully
characterized various types of ceramide species such as
hydroxyl fatty acids and/or trihydroxy-LCBs of both free

ceramides and the constituent ceramides in neutral GSLs.
We performed a systematic analysis of both ceramide
species, including LCBs with nona-octadeca lengths
using MALDI-TOF MS with high-energy collision-
induced dissociation (CID) at 20 keV. Using both
protonated and sodiated ions, this technique enabled us
to propose general rules to discriminate between isomeric
and isobaric ceramide species, unrelated to the presence
or absence of sugar chains. In addition, this high-energy
CID generated 3,5A ions, indicating Hex1-4Hex linkage in
the sugar chains. Using this method, we demonstrated
distinct differences among ceramide species, including
free ceramides, sphingomyelins, and neutral GSLs of
glucosylceramides, galactosylceramides, lactosylcera-
mides, globotriaosylceramides and Forssman glycolipids
in the equine kidneys.

Keywords Ceramides . Hydroxy-ceramides . Nona-
octadeca ceramides . Neutral glycosphingolipids . MALDI-
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Introduction

Sphingolipids such as free ceramides and glycosphingo-
lipids (GSLs) are important components of the membrane
microdomain and play significant roles in cell survival
[1]. Namely, free ceramides, sphingomyelins and their
metabolites such as sphingosine and sphingosine-1-
phosphate are recognized as signaling molecules involved
in cell differentiation, proliferation and apoptosis [2].
GSLs, which are also involved in cell signaling processes,
mediate cell–cell adhesion and pathogen entry [3, 4].
Recent studies have revealed that both fatty acids (FAs)
and long-chain bases (LCBs) of each class of lipids are
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more diverse than expected not only in skin [5], but also in
other mammalian organs [6], in terms of i) alkyl chain
length, ii) hydroxylation and iii) the presence or absence
of double bonds. These factors are considered to affect the
geometry of sphingolipids in membrane microdomains of
cells [7, 8]. More importantly, evidence is rapidly
accumulating to suggest that specific molecular species
in a single class of certain lipid exhibit particular
functions. For example, the sulfatide possessing C16:0,
but not C24:0, was reported to inhibit insulin secretion in
rat beta-cells [9], and the lactosylceramide (LacCer)
possessing C24:0 and C24:1 were shown to mediate
superoxide generation and migration in neutrophils [10].
Interestingly, using the model membranes, Mahfound et
al. reported that verotoxin-1 binds the lipid vesicles in
which globotriaosylceramides (Galα4LacCer, Gb3Cer)
with C24:1 was included, although the toxin did not bind
the vesicles in which Gb3Cer with C18:0 or C20:0 was
included [11].

Liquid chromatography–electrospray ionization mass
spectrometry (LC/ESI-MS) and matrix-assisted laser de-
sorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) have been well utilized to characterize
sphingolipids with high throughput [5, 6, 12–21], but these
reports did not fully characterize ceramide species includ-
ing hydroxyl FAs (HFAs) and/or trihydroxy-LCBs (tLCBs)
of both free ceramides and the constituent ceramides in
GSLs. Namely, in the analyses of GSLs these investigations
focused on sugar sequences by releasing sugars from the
lipid portions [22, 23]; therefore, detailed information
regarding the constituent ceramide species in GSLs is
limited [20]. We recently demonstrated the diversity of free
ceramides, including those with non-octadeca LCBs (NOD-
LCBs) using ESI-MS in the negative mode [6]. However,
for neutral GSLs, positive mode analysis is more sensitive
and informative than negative mode analysis. Therefore, a
method for the analysis of free ceramide species and
constituent ceramide species in neutral GSLs is urgently
needed. In this study, we performed systematic analyses of
free ceramides and GSLs, including those with HFAs,
tLCBs and/or NOD-LCBs as well as non-hydroxy FAs
(NFAs) and octadeca-LCBs (OD-LCBs) using MALDI-
TOF MS in the positive mode with high-energy collision-
induced dissociation (CID) at 20 keV. This method enabled
us to obtain detailed information regarding alkyl chain
lengths, the positions of double bonds, hydroxylation status
of FAs/LCBs and sugar sequences, as well as information
about their linkages, using both ordinary protonated and
sodiated ions. Furthermore, we demonstrated distinct
differences among ceramide species including free ceram-
ides, sphingomyelins, and GSLs of glucosylceramides
(GlcCers), galactosylceramides (GalCer), LacCer, Gb3Cer,
globotetraosylceramides (GalNAcβ3Gb3Cer, Gb4Cers) and

Forssman glycolipids (GalNAcα3Gb4Cer) in the equine
kidneys.

Materials and methods

Materials

The standard ceramides d18:1-C16:0 (ceramide composed of
(4E)-sphingenine with C16:0), d18:1-C24:0, d18:0-C24:1
(ceramide composed of sphinganine with C24:1), t18:0-C18:0
(ceramide composed of 4D-hydroxysphinganine with C18:0),
and N-palmitoyl(D31)-(4E)-sphingenine (d18:1-C16:0(D31))
were obtained from Avanti Polar Lipids (Alabaster, AL).
Standard d18:1-C18:0h (d18:1 ceramide with hydroxy-C18:0)
and porcine erythrocyte-derived Gb3Cer and Gb4Cer were
obtained from Matreya (Pleasant Gap, PA). GlcCer, GalCer,
α-galactosidase from green coffee beans, sphingomyelinase
from Bacillus cereus, and all peptides used as external
calibrants were obtained from Sigma-Aldrich (St. Louis,
MO). β-N-acetylhexosaminidase from Jack beans and α-N-
acetylgalatosaminidase from Acremonium sp. were obtained
from Seikagaku Biobusiness (Tokyo, Japan). α-cyano-4-
hydroxycinnamic acid (CHCA) and 2,5-dihydroxybenzoic
acid (DHB) were obtained from Shimadzu GLC (Tokyo,
Japan). All organic solvents used in the experiments were of
the highest grade commercially available in Japan.

Preparations of ceramides, sphingomyelins and neutral
GSLs from equine kidneys

Sphingomyelins and neutral GSLs were purified from
equine kidneys as previously described [6, 24]. Briefly,
lipids were extracted with a chloroform–methanol mixture.
Ceramides and sphingomyelins were obtained after solvent
partition and silica gel (Iatrobeads, Mitsubishi Chemical
Medience Corp. Tokyo, Japan) column chromatography.
Specifically, ceramides were fractionated using a
chloroform-acetone gradient [24, 25] and sphingomyelins
were fractionated using a chloroform-methanol gradient.
The sphingomyelins were further digested with sphingo-
myelinase as described [26]. Neutral GSLs were obtained
by acetylation and deacetylation methods [27] using Florisil
(Wako, Osaka, Japan) column chromatography. Each class
of neutral GSL was further purified by silica gel chroma-
tography using a chloroform–methanol gradient [28]. GSLs
were analyzed by high-performance thin-layer chromatog-
raphy (HPTLC) with chloroform:methanol:water (65:25:4,
by volume). GlcCers and GalCers were purified using
borate-impregnated, preparative HPTLC [24] with chloro-
form:methanol:water:concentrated ammonia (21:7:0.6:0.1).
One to two nmol of Gb3Cers was converted to LacCers by
digestion with 0.2 units of the α-galactosidase in 20 mM
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citrate buffer (pH 4.0) containing 0.1% sodium taurocholate
at 37°C for 10 h [29]. Forssman glycolipids were converted
to Gb3Cers by sequential digestion with 0.1 units of the α-
N-acetylgalactosaminidase for 10 h [30] and 0.2 units of the
β-N-acetylhexosaminidase for 10 h in 20 mM citrate buffer
(pH 4.0) containing 0.1% sodium taurocholate at 37°C [31].

MALDI-TOF MS, MS/MS

Lipids were prepared as 10–350 pmol/μl solutions in
chroloform:methanol (2:1, by volume). One microliter each
of matrix (10 mg/ml DHB in chloroform:methanol (2:1)
with or without 0.5% trifluoroacetic acid (TFA)) and lipid
solution were mixed vigorously and 1 μl of the resultant
solution was applied onto the surface of a stainless steel
MALDI-TOF plate. All mass spectrometric analyses were
performed in positive ion mode using an AXIMA-
Performance mass spectrometer (Shimadzu/Kratos,UK)
equipped with a nitrogen UV laser (337 nm). The
instrument was operated at an acceleration voltage of
20 keV and a pulsed extraction function to improve mass
resolution was carefully applied to the m/z range 800–1600,
based on the sizes of the target molecules. The TOF
analyzer was calibrated using the following external
calibrants: a dimer of CHCA ([2M + H]+; 379.09), human
angiotensin II ([M + H]+; 1046.54), and ACTH18–39 ([M
+ H]+; 2465.20). Helium gas was used for high-energy CID
(20 keV) fragmentation for MS/MS analysis. All mass
spectrometric data were acquired and analyzed using
MALDI-MS software (Shimadzu/Kratos, UK). The compo-
sitions of molecular species from each class of lipid were
calculated from the peak areas obtained from spectra as
previously described [32].

Nomenclature for the fragmentation of ceramides and GSLs

The nomenclature for the fragmentation of ceramides was
modified from Matsuda et al. [33]. Ceramides with
dihydroxy long-chain bases (dLCBs) possessing a trans-
double bond, (abbreviated as d1LCB) are illustrated in
Fig. 1a. Ceramides with dLCB without the trans-double
bond (d0LCB) and ceramides with tLCBs are illustrated in
Fig. 1b. The nomenclature for the fragmentation of GSLs,
based on Costello et al. [34, 35], is illustrated in Fig. 1c.

Results and discussion

Linear mode and MS/MS analyses of various free
ceramides

Figure 2a and b show the linear mode mass spectra for
isomers (C42H83NO3) of a d1LCB-NFA (d18:1-C24:0)

and d0LCB-NFA (dihydroceramide, d18:0-C24:1). While
[M + H − H2O]

+ at m/z 632.6 represents a major protonated
ion from d18:1-C24:0, the [M + H]+ at m/z 650.6 represents
a major ion from d18:0-C24:1. [M + Na]+ ions at m/z 672.6
were also commonly observed. By ESI-MS analysis of
ceramides in either positive or negative mode, [M + H]+

ions [13] or [M − H]− ions [12] were similarly produced
from both ceramides. Using MALDI-TOF MS, dehydration
occurs in d1LCB-FAs, but was scarcely seen in d0LCB-
FAs, enabling easy discrimination of these isomers in a
single mass spectrometry experiment. d0LCB-FAs such as
d18:0-Cn:0 often occur as a minor component while
d1LCB-FAs such as d18:1-Cn:0 often occur as a major
component; if both types of ceramide are similarly
observed as [M + H]+, small amounts of d0LCB-FAs may
be overlooked, because mono-isotopic ions of the d0LCB-
FAs are hidden owing to the second isotopic ions of [M +
H]+ from d1LCB-FAs. Indeed, a small amount of d18:0-
C18:0h co-existing with d18:1-C18:0h was clearly detected
at m/z 584.6 (Fig. 2c). This presence was difficult to
identify from the spectra of sodiated ions, because the ion at
m/z 606.5 (d18:0-C18:0h) was masked by the second
isotopic ion at the same m/z 606.5 from d18:1-C18:0h
(Fig. 2c). d0LCB-FAs (dihydroceramides), which were
previously considered to be bio-inactive lipids, have
recently attracted attention because of their ability to induce
autophagy in cells [36]. Therefore, high-sensitivity detec-
tion of such species is essential. Figure 2d shows linear
mass spectra of tLCB-NFA (t18:0-C18:0). Ions at m/z 584.6
[M + H]+ and 606.5 [M + Na]+ were observed with very
low amounts of dehydrated ions. This result, together with
that obtained when using d0LCB-FAs, indicates that a
trans-double bond in LCBs gives sensitivity to dehydration
upon MALDI.

Figure 2e and f show MS/MS analyses of protonated ions
at m/z 632.6 (d18:1-C24:0) and 650.6 (d18:0-C24:1), respec-
tively. As well as small ions at m/z 368.4 and 366.4 (a2 + 2H)
from C24:0 and C24:1, diagnostic ions (hereinafter, diagnostic
ions are used to define LCB/ceramide species of the
sphingolipids in this paper) for LCB species at m/z 264.3
(b2 − 2H2O + 2H) and 284.2 (b2 − H2O + 2H) were observed
(see Supplemental Fig. I). By ESI-MS/MS analysis, a major
diagnostic ion from d18:0 could be seen at m/z 266.6 [13, 16],
close to the ion at m/z 264.3 derived from d18:1, but using our
MS/MS method, these ions are at m/z 284.2, enabling us to
discriminate these molecules with ease. This is consistent with
the fact that protonated ions from d0LCB-FAs observed in
linear mode spectra are less dehydrated than d1LCB-FAs in
this instrument. Figure 2g shows the product ions of t18:0-
C18:0 at m/z 584.6. With a small ion at m/z 284.3 (a2 + 2H)
from C18:0, characteristic, quadruple ions at m/z 318.3 (b2 +
2H), 300.3 (b2 − H2O + 2H) (Supplemental Fig. I) 282.3
(b2 − 2H2O + 2H) and 264.3 (b2 − 3H2O + 2H) were
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generated. We employed the ion at m/z 300.3 as a
diagnostic ion for t18:0 because it is specific. Compared
with the generation efficacies of diagnostic ions at m/z
264.3 (d18:1), 284.2 (d18:0) and 300.3 (t18:0), the ion at
m/z 264.3 was most abundant, and those at m/z m/z 284.2
and 303.3 were approximately five-fold less abundant than
those at m/z 264.3.

Figure 3 shows MS/MS analyses of [M + Na]+ ions from
ceramides. A series of ions with a difference of 14 Da (-
CH2-) was observed between m/z 672.6 and 376.4 (b5 − H
+ Na), (Fig. 3a) and at m/z 672.6 and 378.3 (b5 − H + Na)
(Fig. 3b and Supplemental Fig. II); these were generated by
charge-remote fragmentation [37, 38]. These types of ions
were hardly observed when protonated ions from the
ceramides, (especially types of d1LCB-FAs) were chosen
as precursor ions. Relatively abundant ions at m/z 518.6 and
572.6 among three continuous (-CH2-) less abundant ions
(Fig. 3b) corresponded to L and M ions (Supplemental

Fig. II), previously reported as lithium adduct ions
generated during the analysis of ceramides using fast atom
bombardment MS with high-energy CID [39, 40]. These
ions indicate the occurrence of a double bond (Δ9) in the
nervonic acid (C24:1). Among the series of (-CH2-) ions,
ions at m/z 414.4 and 416.4 (a3 − OH + Na) from C24:1
(Fig. 3b) and C24:0 (Fig. 3a) were observed (Supplemental
Fig. II). In addition, ions at m/z 264.3 were observed among
product ions from d18:1-C24:0, which had the same
molecular mass as the ions derived from the LCB that
was derived from [M + H − H2O]

+ (Fig. 2e and

Fig. 1 Fragmentation schemes. a and b for ion designations of
ceramides modified from Matsuda et al. 2004 [33]. Species denoted
with “an” are FA related; species denoted with “bn” are LCB-related
ions. n=13–23, X=9 or 10, Y=10–14, in this experiment. a
Ceramides possessing d1LCB. R1=H for d1LCB-NFAs and R1=OH
for d1LCB-HFAs. b Ceramides possessing d0LCB or tLCB. R1=H

and R2=H for d0LCB-NFAs, R1=OH and R2=H for d0LCB-HFAs,
R1=OH and R2=H for d0LCB-HFAs, R1=H and R2=OH for tLCB-
NFAs and R1=OH and R2=OH for tLCB-HFAs. c Ion designations
of carbohydrates and their linkage portion to ceramides of GSLs,
according to Costello et al. [34, 35]

Fig. 2 Linear mode mass spectra (a–d) and MS/MS analyses of
protonated ions (e–g) of ceramides. a d18:1-C24:0. b d18:0-C24:1. c
d18:1-C18:0h containing a small amount of d18:0-C18:0h. d t18:0-
C18:0. e d18:1-C24:0. f d18:0-C24:1. g t18:0-C18:0. The protonated
ion selected as the precursor was observed at m/z 632.6 for (a); 650.6
for (b) and 584.6 for (d)

b
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Supplemental Fig. I). The corresponding ion from d18:0-
C24:1 was not observed (Fig. 3b).

To assign these fragment ions correctly, we performed
MS/MS analysis of d18:1-C16:0(D31), and compared the
spectra with those for d18:1-C16:0 (Fig. 4). Ions with a
difference of 16 Da (-CD2-) between ions were observed
between 591.6 and at 379.6 (Fig. 4b); these were
accompanied by another series of ions with a 14-Da
difference between ions, indicating that the ions between
560.5 and 376.6 were derived from C16:0 and from d18:1,
and that the less abundant ions in Fig. 3b between L and
M were derived from d18:0. The ion at m/z 335.6 (a3 −
OH + Na) was determined to be derived from C16:0
(D31), and the ion at 265.3 was determined to be a
protonated (b2 − 2H2O + H + D) ion derived from d18:1
(Fig. 4b). A hydrogen migration from the fatty acid into
the LCB was previously proposed based on the analysis of
N-acylpsychosines using FAB MS [41]. Although the
efficacies of generation of product ions from fatty acids
(a3 − OH + Na) were variable, that is, they were abundant
among the product ions of d18:1-C16:0 (304.3) (Fig. 4a),
but less abundant among those of d18:0-C24:1 (414.4)

(Fig. 3b), ions derived from LCB (b5 − H + Na) were
constantly prominent. The very characteristic ions derived
from (b5 − H + Na) ions are specifically generated by
high-energy CID and can be used as diagnostic ions for
the determination of ceramide species.

Figure 3c and d show the MS/MS analyses of [M + Na]+

ions derived from d18:1-C18:0h and t18:0-C18:0. In the
spectrum of d18:1-C18:0h, an ion corresponding to (b5 − H +
Na) was unremarkable, but an ion at m/z 322.3 (b2 + H + Na,
an LCB of d18:1 itself) was prominent along with an ion at m/
z 348.3 (a3 − OH + Na) derived from fatty acid (Supplemental
Fig. III). The protonated ion at m/z 264.3 was also detected in
this spectrum (Fig. 3c). On the other hand, in the spectrum for
t18:0-C18:0, ions at m/z 394.3 (b5 − H + Na) and 332.3 (a3 −
OH + Na), with an ion at m/z 378.3 (b5 − OH + Na), were
observed (Fig. 3d and Supplemental Fig. III). Figure 3e shows
the MS/MS analysis of precursor [M + Na]+ at an m/z of
706.6 from mixtures of t18:0-C24:0h (major component) and
t20:0-C22:0h (minor) from equine kidney. (b2 + H + Na) ions
at m/z 340.3 and m/z 368.3 derived from t18:0 and t20:0,
respectively, and (a3 − OH + Na) ions at m/z 404.4 and m/z
432.4 derived from C22:0h and C24:0h, respectively, were

Fig. 3 MS/MS analyses of sodiated ions of the ceramides. The
sodiated ion selected as the precursor was observed at m/z 672.6 for
d18:1-C24:0 (a); 672.6 for d18:0-C24:1 (b); 604.5 for d18:1-C18:0h

(c); 606.5 for t18:0-C18:0 (d) and 706.6 for t18:0-C24:0h containing a
small amount of t20:0-C22:0h (e)
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observed (Supplemental Fig. III). The protonated ions
from the LCBs were unremarkable, like those from t18:0-
C18:0 (Fig. 3d). The product ions of sodiated form from
various types of ceramides can be summarized as follows:
i) regardless of the types of LCBs, (b5 − H + Na) ions can
be used as diagnostic ions for LCB species if the
ceramides contain NFAs; and ii) regardless of the types
of LCBs, (b2 + H + Na) ions can be used as diagnostic
ions if the ceramides contain HFAs. A protonated ion as a
product ion of a sodiated precursor was probably derived
from an LCB. Such an ion was observed only during the
analysis of d1LCB-FA, but not during analysis of d0LCB-
FA and tLCB-FA, suggesting that a trans-double bond in
LCBs contributes to the generation of this ion. Although
the mechanism underlying the generation of such proton-
ated ions from sodiated precursors remains uncertain,
these types of ions were also reported following an
analysis of carbohydrates [42].

Linear mode and MS/MS analyses of neutral GSLs

We expanded the method to characterize GSLs. Figure 5a
shows an example of a linear mode spectrum of Gb3Cers
composed of d18:1-C16:0, d18:1-C22:0, d18:1-C24:1,

d18:1-24:0 ,d18:1-C24:1h, and d18:1-24:0h. Corresponding
[M + Na]+ ions were observed at m/z 1046.7, 1130.8,
1156.8, 1158.8, 1172.8, and 1174.8 without dehydration of
these ions. The [M + H]+ ions were not observed, consistent
with a previous report that, under common measurement
conditions, employing DHB as a matrix, sodiated molecular
[M + Na]+ ions are preferentially observed in the mass
spectra of neutral oligosaccharides [43]. However, from m/z
500 to 660, small ions were observed; these became
prominent at m/z 520.5, 604.6, 630.6, 632.6, 646.6 and
648.6 following addition of TFA to the matrix (Fig. 5b).
These ions corresponded to (Y0 − H2O + 2H)+ ions, and
were probably generated by in-source decay from [M + H]+

ions of the Gb3Cers. In fact, MS/MS analyses of all (Y0 −
H2O + 2H)+ ions showed ions at m/z 264.3 (b2 − 2H2O +
2H) (Fig. 5c), indicating that these Gb3Cers contained
d18:1 as an LCB. (Y0 − H2O + 2H)+ ions similarly
correspond to [M + H − H2O]

+ ions from the free ceramides
containing d1LCBs (compare Fig. 2e and Fig. 5c). [M +
Na]+ ions of the GSLs were also subjected to MS/MS
analysis. To simplify the spectra, examples of HexCer
(d18:1-C24:1) and HexCer (d18:1-C18:0h) are shown in
Fig. 6a and b, respectively. Ions with a difference of 14 Da
between ions from m/z 832.7 (d18:1-C24:1) to 538.3 (Hex +

Fig. 4 MS/MS analyses of
sodiated ions of the ceramide
d18:1-C16:0 (a) and d18:1-
C16:0(D31) (b) The asterisks
indicate a series of ions with a
difference of 14 Da (-CH2-). The
fragment schemes of d18:1-
C16:0(D31) are drawn in the
bottom row
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b5 − H + Na), relatively abundant ions at m/z 678.6 and
732.6, indicating the occurrence of a double bond (Δ9) in
C24:1, and ions at m/z 414.4 (a3 − H + Na), were observed
along with ions at m/z 185.0 (B), 203.1 (C) and 244.1 (E)
from Hex. In the spectra of MS/MS analysis for HexCer
(d18:1-C18:0h), we observed an ion atm/z 484.3 (Hex + b2 +
H + Na) corresponding to lysoHexCer (d18:1) and an ion
at m/z 348.3 (a3 − OH + Na) derived from fatty acid

(C18:0h) The assignments of these fragment ions were
summarized in Supplemental Fig. IV.

These results indicate that the fragmentation principles
observed in free ceramide analyses of both protonated and
sodiated ions are directly applicable to the analysis of the
molecular species of constituent ceramides in the GSLs.
Thus, MS/MS analysis of a series of free ceramides and
GSLs revealed that particular fragment ions can be used to

Fig. 5 Linear mode mass spec-
tra of the authentic Gb3Cers
without TFA (a) and with TFA
(b). The asterisks show an un-
related peak from Gb3Cers. MS/
MS analysis of the protonated
ion at m/z 646.6 evoked with
TFA(c)

Fig. 6 MS/MS analyses of
HexCer (d18:1-C24:1) at m/z
832.7 (a) and HexCer (d18:1-
C18:0h) at m/z 766.6 (c)
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define ceramide species. Namely, diagnostic ions for the
LCBs can be formulated for both protonated and sodiated
ions. In the case of protonated ions, regardless of the sugar
chains, “b2(LCB) − 2H2O + 2H” is diagnostic in cases of
d1LCBs-NFAs/HFAs, and “b2(LCB) − H2O + 2H” is
diagnostic in cases of d0LCBs/tLCBs-NFA/HFA. Regard-
ing sodiated ions, (HexNAc)n(Hex)m + b5(LCB) − H + Na
is diagnostic in cases of dLCBs/tLCBs-NFAs, and
(HexNAc)n(Hex)m + b2(LCB) + H + Na is diagnostic in
cases of dLCBs/tLCBs-HFAs, where HexNAc and Hex are
assumed to be C8H13NO5 (203.1) and C6H10O5 (162.1),
respectively, and n and m are natural numbers including
zero, which corresponds to cases of free ceramides. The
previous finding that appearances of product ions of
lysoGSLs during MS/MS analyses of GSLs possessing
HFAs [20] can be expanded to free ceramides possessing
HFAs. High-energy CID is indispensable for generation of
(HexNAc)n(Hex)m + b5(LCB) − H + Na, but is not
necessary for generation of (HexNAc)n(Hex)m + b2(LCB) +
H + Na), because the appearance of such ions corresponding
to lysoGSLs was reported with low-energy CID [20].
Although direct identification of fatty acid species may be
practically difficult because of less generation of ions from
fatty acids, they can be identified by calculating the
difference in mass between the identified LCBs and the
original molecules.

Linear mode and MS/MS analyses of GlcCer and GalCer
from equine kidneys

We previously demonstrated diversities of free ceramides
including those with NOD-LCBs from equine kidneys
using ESI-MS in negative mode with low-energy CID [6].
However, this system cannot provide enough information to
characterize ceramide species in GSLs; therefore, we
developed the present method to identify them. Figure 7a
and b shows linear mode mass spectra of GalCers and
GlcCers, both of which were purified using preparative
borate impregnated high-performance thin-layer chroma-
tography, showing a clear difference. In the spectrum for
GalCers, ions at m/z 738.5, 840.7, 854.7 and 868.7,
corresponding to d18:1-C16:0h (or d18:0-C16:1h), t18:0-
C22:0h, t18:0-C23:0h and t18:0-C24:0h, respectively (if
simply calculated on the basis that each ion is composed of
a single ceramide possessing OD-LCB), were abundant. On
the other hand, in the spectrum for GlcCers, ions at m/z
796.6, 824.7, 838.7, and 852.7, corresponding to t18:0-
C20:0, t18:0-C22:0, t18:0-C23:0, and t18:0-C24:0, respec-
tively, were abundant. To characterize each species, MS/MS
analysis was performed. Figure 8a and b show examples of
MS/MS analyses of m/z 896.7 and 868.7 derived from
GalCers. From both ions, diagnostic ions (Hex + b2 + H +
Na) at m/z 530.4 and 502.3 were commonly detected. The

ion at m/z 530.4 was more abundant than the ion at m/z
502.3 in the spectra of MS/MS analysis of the ion at m/z
896.7 (Fig. 8a), while the ion at m/z 502.3 was more
abundant than the ion at m/z 530.4 in the spectra of MS/MS
analysis of the ion at m/z 868.7 (Fig. 8b). An ion at 432.4
(a3 − OH + Na) was commonly detected as a product of
C24:0h, but ions derived from C26:0h and C22:0h were not
detected because of the limitation of sensitivity. These
results indicated that the ion at m/z 896.7 was composed
predominantly of t20:0-C24:0h, with t18:0-C26:0h as a
minor component, and that the ion at m/z 868.7 was
composed predominantly of t18:0-C24:0h, with t20:0-
C22:0h as a minor component. Regardless of the use of
NFAs or HFAs, the intensity of (a3 − OH + Na) ions
derived from shorter chain FAs tended to be stronger than
that of those ions derived from longer chain FAs. As shown
in Fig. 8c, MS/MS analysis of an ion at m/z 766.6 revealed
diagnostic ions of (Hex + b2 + H + Na) at m/z 456.3 and
484.3, indicating that the ion at m/z 766.6 was composed of
d16:1-20:0h and d18:1-C18:0h. The complete results
obtained for HexCers are included in Table 1. While
GalCer comprised tLCB-HFAs most abundantly, followed
by dLCB-HFAs, GlcCer comprised mainly tLCB-NFAs. It
should be noted that usual ceramides of d18:1-NFAs are
very minor and only found in GlcCer as d18:1-C16:0 and
d18:1-C24:0 at m/z 722.6 and 834.7, respectively, as shown
in Fig. 7b. HexCers containing NOD-LCBs were also
detected. Namely, those commonly found in both HexCers
were t20:0-C22:0h (868.7), t20:0-C24:0 (880.7), t20:0-
C23:0h (882.7) and t20:0-C24:0h (896.7). Those specifi-
cally found in GalCers were d16:1-C20:0h (766.6), d20:1-
C18:0h (794.6), d16:1-C23:0h (808.6) and d17:1-C23:0h
(822.6), and that specifically found in GlcCers was t20:0-
C25:0 (894.7).

Linear mode and MS/MS analyses of LacCer, Gb3Cer,
Forssman glycolipid, and sphingomyelin from equine
kidneys

Figure 7 c–f show linear mode spectra for LacCer, Gb3Cer,
Forssman glycolipid, and sphingomyelin, respectively. The
ions of the GSLs were sodiated and those of sphingomyelin
were protonated ions. In the spectrum for LacCer (Fig. 7c),
ions at m/z 884.6, 900.6, 984.7, 996.7, 998.7, and 1012.7,
corresponding to d18:1-C16:0, d18:1-C16:0h, d18:1-
C22:0h, d18:1-C24:0, d18:1-C23:0h, and d18:1-C24:0h,
respectively, were abundant, indicating that the ceramide
species comprising LacCer are very different from those
comprising both GlcCer and GalCer. In the mass spectrum
for Gb3Cer (Fig. 7d), the diversity of the ions becomes
smaller and their major ions are seen at m/z 1046.7
(corresponding to d18:1-C16:0), 1102.7 (d18:1-C20:0),
1130.8 (d18:1-C22:0), and 1158.8 (d18:1-C24:0), with
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Fig. 7 Linear mode mass spec-
tra of GalCers (a), GlcCers (b),
LacCers (c), Gb3Cers (d), For-
ssman glycolipids (e), and
sphingomyelins (f) from the
equine kidneys. [M + Na] ions
are found in GSLs and [M + H]
ions are found in sphingomye-
lins. The asterisk in the spec-
trum for the sphingomyelins is
[M + Na]+ (f). By calculating the
difference in molecular weight
between each polar head-group
of the sphingolipid, the spectra
were displayed to compare each
peak directly, if simply calculat-
ed each ion as composed of a
single ceramide possessing an
OD-LCB
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some minor ions at m/z 1174.8 (d18:1-C24:0h) and 1176.8
(t18:0-C24:0) that are major types of ions in the spectra for
HexCers (Fig. 7a and b). In the spectrum for Forssman
glycolipid (Fig. 7e), this trend becomes more obvious and
major ions are seen at m/z 1508.9 (d18:1-C20:0), 1536.9
(d18:1-C22:0), 1564.3 (d18:1-C24:0) and 1562.9 (d18:1-
C24:1), the latter type of which was hardly observed in
spectra for HexCers to Gb3Cer. A similar linear mode
spectra pattern to that of Forssman glycolipid was observed
in the spectra for Gb4Cer (data not shown). The sphingo-
myelin mass spectrum pattern was very different from those
for all GSLs (Fig. 7f), and an ion at m/z 703.6
corresponding to d18:1-C16:0 was dominant.

To confirm the ceramide species comprising these GSLs,
MS/MS analysis was performed using protonated ions
evoked by adding TFA to the matrix. Ceramide species
derived from sphingomyelin were analyzed as ceramides
after being digested with sphingomyelinase. Table 2 sum-
marizes the results, in which (Y0 − H2O + 2H) presents
diagnostic ions of LCBs for GSLs and Cer − H2O + H does
the same for sphingomyelin.

For some GSLs, [M + Na]+ ions were directly analyzed
by MS/MS together with MS/MS analysis of protonated
ions evoked by TFA. Figure 9a shows MS/MS analyses of
the protonated ion (Y0 − H2O + 2H) evoked by TFA at m/z
565.6 (left) and the [M + Na]+ ion at m/z 928.6 (right)
derived from LacCers. From the protonated ion, product
ions at m/z 236.7 [b2(d16:1) − 2H2O + 2H] and 264.3 [b2
(d18:1) − 2H2O + 2H] were detected. Accordingly, from
the [M + Na]+ ion at m/z 928.6, ions at m/z 618.3 [Hex2 +
b2(d16:1) + H + Na] and 646.4 [Hex2 + b2(d18:1) + H +
Na] were observed. Both results consistently showed the
ion at m/z 928.6 derived from Hex2Cer to be composed of
d18:1-C18:0h and d16:1-C20:0h.

In the spectrum for Gb3Cer (Fig. 7d), an ion at m/z
1172.8 was observed. The protonated ion of (Y0 − H2O +
2H) generated at m/z 646.6 from this species was analyzed
by MS/MS, and an ion at m/z 264.3 was observed (data not
shown), indicating this species has d18:1 as an LCB.
However, the result still cannot discriminate Gb3Cer having
either d18:1-C24:1h (C60H111NO19Na, 1172.8) or d18:1-
C25:0 (C61H115NO18Na, 1172.8). The ions at m/z 1172.8

Fig. 8 MS/MS analyses of the
GalCers at m/z 896.7 (a), 868.7
(b) and 766.6 (c). The ion at m/z
868.7 was predominantly com-
posed of t18:0-C24:0h with
t20:0-C22:0h as a minor com-
ponent; the ion at m/z 896.7 was
predominantly t20:0-C24:0h
with t18:0-C26:0h as a minor
component; and the ion at m/z
766.6 was predominantly d16:1-
20:0h with d18:1-C18:0h as a
minor component
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Table 1 Identified sodiated ions from GalCer, ClcCer and LacCer

Species GalCer GlcCer LacCer

M + Na b5 − H + Na b2 + H + Na M + Na b5 − H + Na b2 + H + Na M + Na b5 − H + Na b2 + H + Na

d18:1-C16:0 - - - 722.6 538.3 - 884.6 700.4 -

d18:0-C16:0 724.6 540.4 - - - - - - -

d18:1-C16:0h 738.5 - 484.3 738.5 - 484.3 900.6 - 646.4

t18:0-C16:0 - - - 740.6 556.3 - - - -

d16:1-C20:0 - - - - - - 912.6 672.4 -

d18:1-C18:0 - - - - - - 912.6 700.4 -

t18:0-C16:0h 756.6 - 502.3 756.6 - 502.3 918.6 - 664.4

d16:1-C20:0h 766.6 - 456.3 766.6 - 456.3 928.6 - 618.4

d18:1-C18:0h 766.6 - 484.3 766.6 - 484.3 928.6 - 646.4

t18:0-C18:0 - - - 768.6 556.3 - - - -

d16:1-C22:0 - - - - - - 940.7 -

d18:1-C20:0 - - - - - - 940.7 700.4 -

t18:0-C18:0h 784.6 - 502.3 - - - - - -

d16:1-C22:0h - - - - - - 956.7 - 618.4

d18:1-C20:0h 794.6 - 484.3 794.6 - 484.3 956.7 - 646.4

t18:0-C20:0 - - - 796.6 556.3 - - - -

d18:1-C22:0 - - - - - - 968.7 700.4 -

d16:1-C23:0h 808.6 - 456.3 - - - - - -

d18:1-C21:0h 808.6 - 484.3 - - - - - -

t18:0-C21:0 - - - 810.6 556.3 - - - -

t18:0-C20:0h 812:6 - 502.3 812.6 - 502.3 - - -

d18:1-C23:0 - - - - - - 982.7 * -

d17:1-C23:0h 822.6 - 470.3 - - - - - -

d18:1-C22:0h 822.6 - 484.3 822.6 - 484.3 984.7 - 646.4

t18:0-C22:0 - - - 824.7 556.3 - - - -

d18:1-C24:0 - - - 834.7 538.3 - 996.7 700.4 -

d18:1-C23:0h 836.7 - 484.3 836.7 - 484.3 998.7 - 646.4

t18:0-C23:0 838.7 556.3 - 838.7 556.3 - - - -

t18:0-C22:0h 840.7 - 502.3 840.7 - 502.3 - - -

d18:1-C25:0 - - - - - - 1010.8 700.4 -

d18:1-C24:0h 850.7 - 484.3 850.7 - 484.3 1012.7 - 646.4

t18:0-C24:0 - - - 852.7 556.3 - 1014.7 - -

t20:0-C22:0 - - - - - - 1014.7 * -

t18:0-C23:0h 854.7 - 502.3 854.7 - 502.3 - - -

d18:1-C25:0h - - - 864.7 - 484.3 1026.7 - 646.4

t18:0-C25:0 - - - 866.7 556.3 - - - -

t18:0-C24:0h 868.7 - 502.3 868.7 - 502.3 - - -

t20:0-C22:0h 868.7 - 530.4 868.7 - 530.4 - - -

d18:1-C26:0h - - - 878.7 - - - - -

t18:0-26:0 880.7 556.3 - 880.7 556.3 - 1042.8 * -

t20:0-C24:0 880.7 584.4 - 880.7 584.4 - 1042.8 * -

t18:0-C25:0h 882.7 - 502.3 882.7 - 502.3 - - -

t20:0-C23:0h 882.7 - 530.4 882.7 - 530.4 - - -

t18:0-C26:0h 896.7 - 502.3 896.7 - 502.3 - - -

t20:0-C24:0h 896.7 - 530.4 896.7 - 530.4 - - -

- not dectected, * not detected but the species were confirmed as protonated ions, see Table 2
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in the authentic Gb3Cer possessing d18:1-C24:1h derived
from porcine erythrocytes and in this Gb3Cer were
comparatively analyzed by MS/MS (Fig. 9 b and c, also
see Fig. 5). Among commonly found A, B, C series ions
from Hex-Hex-Hex, an ion at m/z 259.1 (3,5A2), indicating
Hex1-4Hex linkage, determined both Hex3Cers as
Gb3Cers, but not iGb3Cers [1]. In addition to these sugar-
derived ions, in the authentic spectrum, a prominent ion at
m/z 808.4 [Hex3 + b2(d18:1) + H + Na] was detected
(Fig. 9b). On the other hand, in the spectrum for Gb3Cer
from equine kidney, the ion at m/z 808.4 was not observed.
Instead, a small but definite ion at m/z 862.4 was observed
as [Hex3 + b5(d18:1) − H + Na] (Fig. 9c see right panel),
indicating that the ion at m/z 1172.8 was derived from
Gb3Cer with d18:1-C25:0. Therefore, MS/MS analysis of
protonated ions evoked by TFA in the matrix is informative
for discriminating between ceramide species. However, for

isobaric cases, MS/MS analysis of [M + Na]+ ions is
effective for discriminating between species, although
[(Hex)n(HexNAc)m + b2 + H + Na] and [(Hex)n(Hex-
NAc)m + b5 − H + Na] ions become smaller, especially in
the cases of the latter ions derived from GSLs with longer
sugar chains.

Figure 10 a shows the results of MS/MS analysis of the
[M + Na]+ ion at m/z 1562.9 from Forssman glycolipid.
Two series of ions from the sugar sequences of HexNAc-
HexNAc-Hex-Hex-Hex were identified at 226.1 (B1), 244.1
(C1), 429.1 (B2), 445.1 (C2), 591.2 (B3), 607.1 (C3), 665.2
(3,5A4), 753.2 (B4), 769.2 (C4) 827.3 (3,5A5), 915.3 (B5),
and 931.3 (C5); and at 1184.8 (X3), 1156.8 (Y3), 1022.8
(X2) and 994.7 (Y2). In addition, although they are small,
the ion at m/z 1268.6 [b5(d18:1) − H + Na] continuous ions
with a 14-Da difference including the ions indicating the
occurrence of a double bond Δ9 in C24:1, and Y4 (1359.8)

Fig. 9 MS/MS analyses of
LacCer and Gb3Cers. The spec-
tra for the protonated ion at m/z
565.6 evoked with TFA (left)
and the [M + Na]+ ion at m/z
928.6 (right) from the LacCers,
consistently indicating that the
[M + Na]+ at m/z 928.6 was
composed of LacCer d18:1-
C16:0h and d16:1-C18:0h (a).
MS/MS spectra for the isobaric
ions at m/z 1172.8 from the
Gb3Cer d18:1-C24:1h from
porcine erythrocytes (b) and
Gb3Cer d18:1-C25:0 from the
kidneys (c). The ion at m/z
808.4 was observed in the spec-
tra for d18:1-C24:1h, but not in
the spectra for d18:1-C25:0.
Instead, the ion at m/z 862.4 was
observed in the spectra from
d18:1-C25:0 (right panels in b
and c). The ion at m/z 259.1
(3,5A2), indicating a Hex1-4Hex
linkage, revealed both Hex3Cers
as Gb3Cers, but not iGb3Cers
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and 1,5X4 (1387.8), are clearly observed. Furthermore, by
adding TFA to the matrix, a protonated ion at 630.6 (Y0 −
H2O + 2H) was observed, from which an ion at m/z 264.3
(b1 − 2H2O + 2H) was produced by MS/MS analysis (data
not shown). Collectively these product ions definitely
indicate that the ion at m/z 1562.9 comprises Forssman
glycolipid whose ceramide portion is composed of d18:1-
C24:1. The composed ceramides in sphingomyelin were
analyzed as free ceramides after sphingomyelinase treat-

ment. The results indicated that the ion at m/z 705.6 was
composed of d16:0-C18:0 and d18:0-C16:0, and that
the ion at m/z 731.6 was composed of d16:1-C20:0 and
d18:1-C18:0.

%
 in
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ity
%

 in
te

ns
ity

a

b

c

Fig. 10 Fragmentation scheme (a) and whole MS/MS profile of the
[M + Na]+ ion at m/z 1562.9 derived from Forssman glycolipid with
d18:1-C24:1 (b) and its enlargement spectrum, showing the ion at m/z

1268.6 [b5(d18:1) − H + Na], continuous ions with a 14-Da difference
including three skips, Y4 (1360.4) and

1,5X4 (1387.4)

Fig. 11 Ceramide compositions of the free ceramides, sphingomyelin
and GSLs from equine kidneys. Compositions were calculated based
on the peak areas of linear mass spectra. Each column represents a
single ceramide with an OD-LCB, and the asterisks above the
columns indicate additional numbers of isomers with NOD-LCBs

b
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Compositional comparison of the ceramides species
among the free ceramides, sphingomyelins, GalCers,
GlcCers, LacCers, Gb3Cers, Gb4Cers and Forssman
glycolipids in the equine kidneys

Figure 11 summarizes the ceramide compositions of the
free ceramides, sphingomyelin and GSLs from equine
kidneys. The free ceramides previously analyzed by ESI
[5] were re-analyzed using this MALDI-TOF MS, resulting
in the similar outcomes (data not shown). These composi-
tions were tentatively calculated based on the peak areas of
the linear mass spectra. We compared the FA compositions
of the authentic Cers and GalCers containing NFAs and
HFAs determined by conventional gas-liquid chromatogra-
phy and by peak area calculation based on the MALDI-
TOF MS results. Because these results showed similar
trends (personal communication), the ionization potentials
of sphingolipids with HFAs and NFAs might be similar,
although the exact potential of each class of lipid should be
examined in the future. To avoid expanding the figure, each
column represents a single ceramide with OD-LCB, and the
asterisks above the columns indicate additional numbers of
isomers with NOD-LCBs. Free ceramides are the most
diverse group (total 69), comprising dLCB-NFAs (11, no
ceramides with NOD-LCBs), dLCB-HFAs (22, including
12 ceramides with NOD-LCBs), tLCB-NFAs (15, including
6 ceramides with NOD-LCBs) and tLCB-HFAs (21,
including 12 ceramides with NOD-LCBs). The NOD-
LCBs in the free ceramides are d16:1/t16:0, d17:1/t17:0,
d19:1/t19:0 and d20:1/t20:0 and the ceramides with NOD-
LCBs tended to contain FAs with longer acyl chains, but
contained neither palmitate (C16:0) nor its hydroxylated
form C16:0h as previously reported [6]. The sphingomye-
lins were composed of nine species that contained dLCB-
NFAs only without dLCB-HFAs, tLCB-NFAs/HFAs. Al-
though NOD-LCBs were not found in the dLCB-NFAs of
the free ceramides, these were detected as d16:0-C18:0 and
d16:1-C20:0 in the sphingomyelins. The species with
d18:1-C24:1, which was not found among the free
ceramides, was detected in the sphingomyelins. On the
other hand GalCers are composed of 25 species (including
six ceramides with NOD-LCBs as d16:1, d17:1 and t20:0)
and their major species are ceramides possessing HFAs
with dLCB or tLCB. The major HFA combined with dLCB
was C16:0h, while that with tLCB was a very long acyl
chain of C24:0h. GlcCers are composed of 30 species
including five ceramides with NOD-LCBs (d16:1 and
t20:0). Their major ceramides species are the so-called
hydroxyl-ceramides [6], tLCB-NFAs/HFAs and dLCB-
HFAs, but dLCB-NFAs were minor. These results suggest
characteristic preferences of sphingomyelins, GalCers and
GlcCers for employing their constituent ceramides. Ceram-
ides are synthesized at the cytosolic surface of the

endoplasmic reticulum through condensation of L-serine
palmitoyl-CoA (at least OD-LCBs), reduction, acylation,
and/or desaturation [1]. Some of them are hydroxylated to
become tLCB-NFAs/HFAs. These processes produce diver-
sity among the ceramide species found in the free
ceramides. Nevertheless, the sphingomyelins in the equine
kidneys persistently employed dLCB-NFAs only, suggest-
ing some preference, although, there have been several
reports of the presence of HFAs and/or tLCBs in sphingo-
myelins from bovine kidneys [44, 45], rennet stomach [46]
and intestinal mucosa [45], murine epidermis [47] and the
testes and spermatozoa of various animals [48]. The results
observed in the GalCers are consistent with previous
reports that ceramide galactosyltransferase in the endoplas-
mic reticulum prefers ceramides possessing HFAs as
substrates to those possessing NFAs [49, 50].

LacCers were composed of 23 species including six
ceramides with NOD-LCBs (d16:1 and t20:0). In contrast
to GlcCers, their major ceramides were dLCB-NFAs/HFAs,
but tLCB-NFAs/HFAs are very minor, suggesting that once
GlcCers with dLCB are synthesized in the kidneys they are
converted to LacCers through the actions of the GlcCer
transfer protein FAPP2 [51, 52] and LacCer synthase [53];
this trend is more obvious for dLCB-NFAs than for dLCB-
HFAs. Most GlcCers with tLCBs and LacCers with dLCB-
HFAs stayed as GlcCers and LacCers themselves. As sugar
elongation proceeds from LacCers to the globo-series
GSLs, the ceramides of dLCB-NFAs become dominant.
Gb3Cers were composed of 22 species including five
ceramides with NOD-LCBs (d16:1, d17:1 and t20:0) and
their major ceramides were dLCB-NFAs. Although
Gb4Cers and Forssman glycolipids were composed of only
nine species of dLCB-NFAs, they had the characteristic
major species d18:1-C24:0 and d18:1-C24:1, the latter of
which was minor in their precursor GSLs, with reciprocal
reduction of species with C16:0 and C18:0. To exclude the
possibility that such a preference of ceramide species is
artificial because of different levels of ion intensities, we
converted Gb3Cers to LacCers by digestion with α-
galactosidase, and Forssman glycolipids to Gb3Cers
through Gb4Cers by sequential digestions with α-N-
acetylgalatosaminidase and β-N-acetylhexosaminidase,
and analyzed them by MALDI-TOF MS and HPTLC. As
shown in Supplemental Fig. V, the compositions of the
digested GSLs are very similar to the original ones. In
addition, while the Gb3Cers from equine kidneys showed
triple bands (probably the upper, middle and lower bands
are composed of Gb3Cer with d18:1-C24:0, Gb3Cer with
d18:1-C22:0/C20:0, and Gb3Cer with d18:1-C16:0, respec-
tively), Forrsman glycolipids showed a single band prob-
ably due to the predominance of d18:1-C24:1/C24:0
(Supplemental Fig. V). These results clearly indicated the
preference of ceramide species, according to proceeding
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glycosylation in the GSLs. NOD-LCBs were detected
mostly in the free ceramides, and as glycosylation advan-
ces, they become less abundant and are not detected in
Gb4Cers and Forssman glycolipids. Because we could not
know the exact differences in diagnostic ion intensities
between the sphingolipids with OD-LCBs and those with
NOD-LCBs, lower abundance of the GSLs with NOD-
LCBs may be due to differences in these ion intensities.
However, this is unlikely because all of the isomeric
sphingolipids we found in this experiment are relatively
similar in terms of their structures, suggesting similar ion
intensities among them. The differences between them are
limited to a single -CH2- or -(CH2)2- in the alkyl chain
length of either the FA or the LCB. Isomeric sphingolipids
exhibiting a difference of -(CH2)n-, where n=3 or larger,
were not found in this experiment. Although it is still
theoretically possible that ion intensities from such lipids
are extremely low, this is supposed to be unlikely. Among
the NOD-LCBs, d16:1 and d20:1 are major LCBs. It was
reported that gangliosides containing d20:1 were accumu-
lated in the mouse hippocampus during aging [54].
Likewise, the sphingolipids containing NOD-LCBs may
exhibit specific functions in the kidneys, even though they
are minor. These results likely reflect the fact that different
types of cells utilize specific ceramide species according to
their individual functions. In addition, these results may
also reflect in part the substrate preferences of FAPP2 and/
or the glycosyltransferases, although these possibilities
have not been reported.

Combining free ceramides and the constituent ceramides
in GSLs in the equine kidneys, we detected a total of 80
ceramide species. Interestingly, we could not detect one
type of ceramide, namely d0LCB with unsaturated fatty
acid such as d18:0-C16:1. Because it is premature to
conclude the absence of such ceramide species as d18:0-
Cn:1, careful attention to the presence or absence of such
species should continuously be paid for better understand-
ing of sphingolipid metabolism.

Our method can be applied to free ceramides and
constituent ceramides in neutral GSLs including those with
longer oligosaccharides such as Forrsman glycolipid, being
governed by the same principles used for the characteriza-
tion of free ceramide species. We believe that this
systematic approach can help address unanswered subjects
regarding not only the metabolism but also the functions of
sphingolipids including GSLs.
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