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Abstract Sphingoglycolipids (SGLs) are cell membrane
constituents. As the ceramide structure influences the bio-
logical properties of the SGL, we characterized by electro-
spray ionization tandem mass spectrometry the molecular
species of ceramides present in SGL of mouse brain. We re-
port here for the first time the presence in mammalian
brain of sphingadienine (d18:2). Sphingenine (d18:1) is
present in all SGL species, in contrast to eicosasphingenine
(d20:1), which is a constituent of only gangliosides. Sphin-
gadienine is present in galactosylceramide and sulfatides.
Free ceramides contain the three types of bases.fili Thus,
there could be two separate pools of free ceramides (d18:1,
d18:2 and d20:1, d18:1) as precursors of complex SGL.—
Colsch, B., C. Afonso, I. Popa, J. Portoukalian, F. Fournier,
J-C. Tabet, and N. Baumann. Characterization of the cer-
amide moieties of sphingoglycolipids from mouse brain by
ESI-MS/MS: identification of ceramides containing sphin-
gadienine. J. Lipid Res. 2004. 45: 281-286.
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Sphingoglycolipids (SGLs) are cell membrane constitu-
ents especially enriched in the central nervous system.
SGLs form specialized structures, mediate cell-cell and cell-
substratum interactions, modulate the behavior of cellular
proteins and receptors, and participate in signal transduc-
tion (1). They are synthesized de novo via a common back-
bone [sphinganine; pr-erythro-1,3-dihydroxy-2-aminoocta-
decane (d18:0)] that is modified to produce ceramides and
more complex SGLs. Among the SGLs, gangliosides are
mainly neuronal constituents; galactosylceramides (1-O-
galactosyl-N-acylsphingosine) and sulfatides (galactosylcera-
mide-I>sulfate) are present in myelin and the glia myelin-
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forming cells (i.e., the oligodendrocyte) (2). Although the
glycoepitope is known to be involved in the SGL properties,
the ceramide structure is also implied, as it may influence the
glycosylation pattern of the SGL (3), their presentation at
the cell surface, and the degree of clustering of receptor
molecules and the signaling pathways (3-5). Many studies
have shown the complexity of the fatty acids present in the
ceramide moiety of SGLs. Bovine brain gangliosides con-
tain two major bases: sphingenine [d18:1; i.e., sphingo-
sine (transp-erythro-2-amino-4-octadecene-1,3-diol)] and
eicosasphingenine (d20:1) (6). Galactosylceramides and
sulfatides contain only d18:1 sphingosine (7).

Mass spectrometry was widely used for the characteriza-
tion of SGLs (8-14). These techniques readily discriminate
between various forms of ceramides through: ¢) direct mea-
surements of the molecular weights of native species and
degradation products (15); and ) selective dissociation of
molecular species. We characterized by tandem mass spec-
trometry (16) combined with electrospray ionization (ESI)
(17) the molecular species of ceramides present in ganglio-
sides, sulfatides, galactosylceramides, and free ceramides of
mouse brain. We report here for the first time the presence
in mammalian brain of sphingadienine (d18:2), which has
been described previously only in yeast (18), plants (19),
human plasma (20), and erythrocyte membranes (21), as
indicated by structural investigation.

MATERIALS AND METHODS
Sample preparation

Lipids were extracted from adult OF1 mouse brains and parti-
tioned according to Folch, Lees, and Sloane (22). Gangliosides
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Fig. 1. Mass spectrum of gangliosides by electrospray ionization
(ESI) ion-trap mass spectrometry in the negative ion mode. The
main species are GM1 (m/z 1,544.9), GD1 (m/21,836.1), and GT1
(m/z2,127.1) with C18:0 (d18:1) ceramide. The inset shows an en-
largement of the spectrum for various species of GT1 that are
present in the adult brain of mouse. Multiple cationized species are
present especially in the case of GT1.

and sulfatides were enriched in the upper phase and desalted us-
ing C18:0-bonded silica gel columns (Supelco, I'Isle d’Abeau,
France) according to Williams and McCluer (23).

Gangliosides and sulfatides recovered from the upper phase
of partition were isolated by HPLC on a 250-4 Sil00 column
(Merck, Darmstadt, Germany) with a Hitachi L-6200 apparatus
(Hialeah, FL) using a ternary gradient of hexane-isopropanol-
water (55:36:9 to 55:30:15, v/v/v) at a flow rate 0.5 ml/min ac-
cording to Peguet-Navarro et al. (24). Elution was monitored by
TLC on silica gel 60 high-performance TLC plates (Merck) mi-
grated in chloroform-methanol-water (60:35:8, v/v/v) along with
standard sulfatides and gangliosides (Merck, Fontenay-sous-Bois,
France). Free ceramides and native galactosylceramides were in
the organic phase. The lower phase of partition was evaporated
to dryness and taken up in chloroform. Free ceramides and ga-
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Fig. 2. ESI mass spectrum of sulfatides by ESI ion-trap mass spec-
trometry in the negative ion mode. Numerous sulfatide species
were observed with two different sphingoid bases (d18:1 and d18:2)
and fatty acids from C16:0 to C24:0(OH).

lactosylceramides were purified using aminopropyl-bonded (LC-
NHy) silica gel cartridges (100 mg matrix; Supelco) according to
Bodennec et al. (25). Free ceramides were hydrolyzed to release
sphingoid bases under alkaline conditions according to Kad-
owaki and Grant (26).

Mass spectrometry

All products were analyzed using an ESI ion-trap instrument
(27) (Esquire 3000; Bruker, Bremen, Germany) with a scan rate
of 13,000 Th/s using a m/z range of 3,000 Th (ion ejection to 3, =
2:3). Both positive and negative modes were used. Sequential
MS"experiments were performed under resonant excitation con-
ditions. The automated ion charge control was set to 10,000 to
avoid a space charge effect. The low mass cut-off used during the
collision-induced dissociation (CID) experiments (related to the
excitation at particular 8, values) was set automatically by the in-
strument software. Additional experiments were performed us-

TABLE 1. Ganglioside species characterized from the positive and negative electrospray ionization mass spectra
of the upper phase fraction after HPLC purification

Positive Ions

Negative lons Ceramide Fatty Acid Sphingoid Base

Species [M —H]~ M % M+ H]* [M+ H] Type [M + H — 2H,O]" Type
GM1 1,544.9 1,545.9 81.1 564.5 282.3 C18:0 264.3 d18:1
1,572.9 1,573.9 16.0 592.5 310.3 C20:0 264.3 d18:1

282.3 C18:0 292.3 d20:1

1,601.0 1,602.0 2.9 620.5 338.3 C22:0 264.3 d18:1

310.3 C20:0 264.3 d20:1

GD1 1,836.1 1,837.1 57.6 564.5 282.3 C18:0 264.3 d18:1
1,864.0 1,865.0 42.4 592.5 310.3 C20:0 264.3 d18:1

282.3 C18:0 292.3 d20:1

GT1 2,127.1 2,128.1 46.8 564.5 282.3 C18:0 264.3 d18:1
2,155.2 2,156.2 46.8 592.5 310.3 C20:0 264.3 d18:1

282.3 C18:0 292.3 d20:1

2,181.3 2,182.3 6.4 620.5 338.3 C22:0 264.3 d18:1

310.3 C20:0 292.3 d20:1

“Values are calculated from the relative abundance determined from the negative ion molecular profile.
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TABLE 2. Sulfatide species characterized from the positive and negative electrospray ionization mass spectra of
the upper phase fraction after HPLC purification

Negative Ions

Positive Ions

Sulfatide Ceramide Fatty Acid Sphingoid Base

[M —H]™ M % [M+ H]* [M+ H]* Type [M + H — 2H,0]" Type
778.5 779.5 1.9 538.5 256.3 C16:0 264.3 d18:1
804.5 805.5 0.3 564.5 282.3 C18:1 264.3 d18:1

284.3 C18:0 262.3 d18:2
806.6 807.6 19.8 566.5 284.3 C18:0 264.3 d18:1
822.6 823.6 12.8 582.5 300.3 C18:0(OH) 264.3 di18:1
832.6 833.6 0.9 592.5 312.3 C20:0 262.3 d18:2
834.6 835.6 1.2 594.5 312.3 C20:0 264.3 d18:1
850.6 851.6 3.4 608.5 328.3 C20:0(OH) 262.3 d18:2
852.6 853.6 0.4 610.5 328.3 C20:0(OH) 264.3 di18:1
860.6 861.6 4.5 618.5 338.3 C22:1 262.3 d18:2
862.6 863.6 3.4 620.5 338.3 C22:1 264.3 d18:1

340.4 C22:0 262.3 d18:2
864.6 865.6 1.5 622.5 340.4 C22:0 264.3 d18:1
874.6 875.6 0.9 634.5 352.4 C23:1 264.3 d18:1

354.4 C23:0 262.3 d18:2
876.6 877.6 3.7 636.5 354.4 C23:0 264.3 d18:1

356.4 C22:0(OH) 262.3 d18:2
878.6 879.6 6.3 638.5 356.4 C22:0(OH) 264.3 di18:1
886.6 887.6 3.1 646.5 366.4 C24:1 262.3 d18:2
888.7 889.7 22.6 648.5 366.4 C24:1 264.3 d18:1

368.4 C24:0 262.3 d18:2
890.7 891.7 4.5 650.5 368.4 C24:0/C23:1(OH) 264.3 di18:1

370.4 C23:0(OH) 262.3 d18:2
902.7 903.7 0.9 662.5 380.4 C25:1 264.3 d18:1

382.4 (C25:0/C24:1(OH) 262.3 d18:2
904.7 905.7 6.3 664.5 382.4 (C25:0/C24:1(OH) 264.3 d18:1

384.4 C24:0(OH) 262.3 d18:2
906.7 907.7 1.5 666.5 384.4 C24:0(OH) 264.3 d18:1

ing an ESI triple-quadrupole instrument (Micromass Quattro I,
Manchester, UK) in the positive and precursor ion modes (28,
29). Argon was used as collision gas at a pressure of 3 X 107*
mbar (cone voltage, 30 V; collision energy, 40 V).
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RESULTS AND DISCUSSION

The Folch upper phase was analyzed by mass spectrom-
etry after HPLC purification. Figure 1 presents the ESI mass
spectrum recorded in the negative ion mode. Several ion
distributions centered around m/z 1,550, m/z 1,850, and
m/z 2,150 are displayed that correspond to the deprotonated
molecules of GM1 (II¥-a-N-acetylneuraminyl-gangliotetra-
glycosylceramide), GD1 (II-IV3-a,a-di-M-acetylneuraminyl-
gangliotetraglycosylceramide), and GT1 (II%-o-Macetylneura-
minyl-a2—8-Nacetylneuraminyl-IV3-a-N-acetylneuraminyl-
gangliotetraglycosylceramide) gangliosides, respectively.
It should be pointed out that much of the heterogeneity
observed in the ESI mass spectrum, especially in the GT1
signal, is attributable to the existence of cationized species
fe.g., [IM — (n + 1)H + nNa]~}. Sequential MS"experi-
ments using the ion-trap mass spectrometer were carried

Fig. 3. Production scan of galactosylceramides (m/z 764.6) [M +
H — HyO]" from sulfatides after acid methanolysis by ESI ion-trap
mass spectrometry in the positive mode. Top: Structure of a galacto-
sylceramide with the various fragmentations obtained in the ion-
trap instrument: m/z 264.3 represents d18:1, and m/z 602.6 repre-
sents the ceramide. Bottom: This spectrum indicates ceramide after
the loss of the sugar moiety (neutral loss, 162 Da). The two sphin-
goid bases [M + H — 2H,0]" d18:1 (m/z264.3) and d18:2 (m/z
262.3) were present along with the fatty acids to which they were as-
sociated: C22:1 (m/z 338.3) and C22:0 (m/z 340.3), respectively.
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Fig. 4. Mass spectrum of free ceramides recorded on an ESI ion-
trap instrument in the negative ion mode showing the diversity of
the ceramide species.

out on these [M — H]~ species, allowing confirmation of
the sugar sequences (data not shown) and characteriza-
tion of the ceramide moiety structure. Under these condi-
tions, the sugars of the ganglio series and sialic acids are
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Fig. 5. Precursor ion scans (positive mode) of m/z 264 (d18:1)
(A), m/z2262 (d18:2) (B), and m/z292 (d20:1) (C) recorded using
the ESI triple-quadrupole instrument showing specific ceramide
profiles representing m/z 566.3, m/z 564.3, and m/z 594.4 precursor
ions, respectively. The precursor ion scan of m/z 278 (d19:1) dis-
played no detectable signals (as expected).
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lost consecutively until the ceramide skeleton. The cer-
amide moiety was characterized using the positive ion
mode from the sequential decomposition of the [M +
H]* species. The detected species are reported in Table 1
showing mainly d20:1 and d18:1 sphingoid bases, which
are the same as in bovine brain (6), and C18:0, C20:0, and
(C22:0 as major fatty acid species.

Figure 2 represents the negative ion ESI mass spectrum
of sulfatides obtained from the Folch upper phase. A high
number of sulfatide species related to their ceramide
composition were detected and are reported in Table 2.
The relative abundance was obtained directly from this
ESI mass spectrum. The major sulfatide species were d18:1
(C24:1) and d18:2 (C24:0) (m/2888.7,22.6%), d18:1 (C18:0)
(m/z 806.6, 19.8%), and d18:1 [C18:0(OH)] (m/z 822.6,
12.8%). To obtain additional information, an acidic meth-
anolysis (30) was performed allowing the conversion of
the sulfatides to galactosylceramides, which are more effi-
ciently ionized using the positive ion mode. Native ga-
lactosylceramides isolated from the Folch lower phase
showed the same composition of ceramide species as na-
tive sulfatides (data not shown). This allowed, after se-
quential tandem mass spectrometry experiments, abun-
dant fragment ions to be obtained that correspond to the
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Fig. 6. Collision-induced dissociation spectrum of sphingoid
bases (after alkaline hydrolysis) m/z 280 (d18:2) (A) and m/z 282
(d18:1) (B) displaying successive C-C bond cleavage.
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sphingoid base [M + H — 2H,0]* (Fig. 3). Under the de-
clustering conditions used, dehydrated [M + H — HyO]*
ions were detected (m/z 764.6). Figure 3 shows the CID
spectrum of m/z 764.6, which first lost the galactose to
lead to the product ion m/z 602.6, corresponding to the
ceramide moiety. These results confirmed what was ob-
served with native sulfatide; furthermore, two comple-
mentary ions were detected at m/z 264.3 and m/z 338.3
(from the consecutive dissociation of m/z 602.6) attrib-
uted to protonated d18:1 sphingoid base and the proto-
nated amide of the C22:1 fatty acid, respectively. A lesser
signal at m/z 262.3 was also observed, together with a com-
plementary m/z 340.3 ion. This observation can be ratio-
nalized by considering that the selected m/z 764.6 ion was
a mixture of two isomeric ceramide species, C22:1 (d18:1)
and C22:0 (d18:2). Figure 4 represents a negative ion ESI
mass spectrum of a mixture of different free ceramide
species purified by LC-NHj columns from the Folch lower
phase. Their fatty acid composition showed less diversity
than ceramides obtained from galactosylceramides (data
not shown) and sulfatides. The most abundant signal ob-
served at m/z 564.5 in the negative mode is attributed to
free ceramide C18:0 (d18:1). The m/z 562.5 peak repre-
sented ceramides with two sphingoid bases and two differ-
ent fatty acids, C18:1 (d18:1) and C18:0 (d18:2), as shown
by further fragmentation. We did not observe hydrox-
ylated fatty acids under those experimental conditions.
Most ions displayed in the ESI mass spectra were a mix-
ture of isomers (Fig. 3), which makes interpretation diffi-
cult. To overcome this problem, precursor ion scan exper-
iments under CID conditions were performed on the free
ceramide sample using an ESI triple-quadrupole instru-
ment operated in the positive ion mode. In this ionization
mode, product ions corresponding to the sphingoid base
(m/z 264 for d18:1) were displayed in high abundance.
These species were monitored using the precursor ion
mode. Figure 5 shows the precursor ions of m/z264.2, m/z
262.2, and m/z 292.2, corresponding to the sphingoid
bases d18:1 (m/z566.3), d18:2 (m/z564.3), and d20:1 (m/z
594.4), respectively. As expected, no ceramide signal was
detected from the precursor ion scan of m/z 278 (d19:1),
which was performed as a control experiment. This tech-
nique allowed the detection in a single experiment of the
ceramide species containing specifically the selected
sphingoid base. Figure 6 shows the fragmentation pattern
of the sphingoid bases d18:1 and d18:2 obtained after al-
kaline hydrolysis according to Kadowaki and Grant (26).
This confirms the great similarity between the two sphin-
goid bases. The localization of the second double bond
has not yet been determined.

Sphingadienine (d18:2), first described in mammals in
human plasma, represented 10% of the total sphingoid
bases of mouse brain. The main base was sphingosine
(d18:1), which represented 80% of the base content. Our
results showed that sulfatides and galactosylceramides
contain many ceramide species. This was attributable not
only to the great variety of their fatty acid content [from
C16:0 to C24:0(OH) ] but also to their different sphingoid
base species (d18:1 and d18:2). These two glycolipid spe-

Colsch et al.

cies have the same ceramide distribution; this relates to
the known fact that galactosylceramides are precursors of
sulfatides. On the other hand, gangliosides contained
fewer ceramide species (data not shown), and the base
distribution was different, with a major content of sphin-
gosine (d18:1) and the presence of eicosasphingenine
(d20:1).

In free ceramides, the three types of sphingoid bases
(d18:1, d18:2, and d20:1) have been found with a smaller
variety of ceramides, as shown by the molecular profile.
Thus, there seem to be two pools of free ceramides, one
being precursors of galactosylceramides and sulfatides
(d18:1 and d18:2), the other leading to the synthesis of
gangliosides (d20:1 and d18:1).

The presence of sphingadienine in mouse brain, and
probably in the brains of all mammals, leads to future re-
search on this molecular species of ceramides in relation
to its antigenic properties as well as its involvement in re-
ceptor function and cellular signaling. if§
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