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Matrix-assisted laser desorption/ionization quadrupole ion trap time-of-flight mass
spectrometry (MALDI-QIT-TOF MS) was applied to the structural characterization of
neutral glycosphingolipids. Lithium adduct ions of glycosphingolipids were analyzed
usingMALDI-QIT-TOFMSunder strong conditions of increased laserpower and cooling
gas flow. The relative intensities of fragment ions were increased under the strong
conditions, and the resulting spectra revealed the presence of oligosaccharide ions
fragmented from the glycosphingolipids. Consequently, the oligosaccharide sequences
of the glycosphingolipids were readily obtained. To obtain more detailed structural
information,MS/MS (MS2) andMS/MS/MS (MS3) analyseswere performedwith selection
of the lactosylceramide and ceramide ions, respectively. The resulting data were suffi-
cient to determine the structures of both the oligosaccharide and the ceramidemoiety of
each glycosphingolipid. The fragmentation patterns of MS2 and MS3 for Forssman gly-
colipid under the strong conditions were comparable to those of MS3 and MS4 obtained
under standard conditions, respectively. Thus, MALDI-QIT-TOF MS with increased
laser power and cooling gas flow is a convenient method for glycosphingolipid analysis.

Key words: alkaline adduct, glycosphingolipids, MALDI-QIT-TOF MS, mass
spectrometry.

Abbreviations: CID, collision-induced dissociation; DHB, 2,5-dihydroxybenzoic acid; ESI, electrospray ioniza-
tion; Gb3Cer, globotriaosylceramide; Gb4Cer, globotetraosylceramide; LacCer, lactosylceramide; MALDI,
matrix-assisted laser desorption/ionization; MS, mass spectrometry; QIT, quadrupole ion trap; and TOF,
time-of-flight.

Glycosphingolipids are a family of membrane components
that consist of a hydrophilic carbohydrate chain and a non-
polar ceramide moiety. The ceramide moiety functions
to anchor the glycosphingolipid in the membrane (1–5).
Glycosphingolipids play important roles in a wide variety
of cell functions, including cell–cell interactions, cell
growth and differentiation, and signaling (6–10).

Mass spectrometry (MS) is an indispensable tool for
the structural characterization of glycosphingolipids.
Soft ionization techniques for MS, such as electrospray
ionization (ESI) and matrix-assisted laser desorption/
ionization (MALDI) have been applied to glycosphingolipid
characterization. Kaga et al. characterized lactosylcera-
mide as lithium adducts using MSn analysis by reverse-
phase HPLC-ESI ion-trap MS (11). Touboul et al. (12)
characterized glycosphingolipids in urine sediments
obtained from patients with Fabry disease using MALDI
time-of-flight (TOF) MS, and Hunnam et al. (13) applied a
quadrupole (Q)-TOF mass spectrometer fitted with a
MALDI ion source to the analysis of neutral and acidic
glycosphingolipids. ESI MS has been used widely to
characterize glycosphingolipid mixtures prepared from
different biological sources (14–21). However, MALDI

MS can ionize glycosphingolipids in the presence of con-
taminating substances, and the introduction of samples
into the MS instrument is simpler in MALDI MS than
in ESI MS (22–24).

Lithium adduct ions are more informative than sodium
adduct ions for the structural characterization of cera-
mides. Therefore, in the present study, lithium adduct
ions were generated by adding LiCl to the glycosphingoli-
pid solutions used for MS analysis (25–30). A convenient
MS method for the structural characterization of lithium
adducts of glycosphingolipids was established by employ-
ing MALDI-quadrupole ion trap (QIT)-TOF MS, MS/MS
(MS2), and MS/MS/MS (MS3) with increased laser power
and cooling gas flow.

MATERIALS AND METHODS

Materials—Lactosylceramide (LacCer, Galb1-4Glcb1-
10Cer), globotriaosylceramide (Gb3Cer, Gala1-4Galb-
4Glcb1-10Cer), and globotetraosylceramide (Gb4Cer,
GalNAcb1-3Gala1-4Galb1-4Glcb1-10Cer) were purified
from human erythrocyte membranes (31, 32). Forssman
glycolipid (GalNAca1-3GalNAcb1-3Gala1-4Galb1-4Glcb1-
10Cer) was purified from sheep erythrocyte membranes
(32, 33). NaCl and LiCl were purchased from Sigma-
Aldrich Japan (Tokyo, Japan) and Wako Pure Chemical
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Industries (Osaka, Japan), respectively. All solvents used
for MS were of HPLC grade. Bradykinin and ACTH were
obtained from Sigma-Aldrich and used as calibration stan-
dards. 2,5-Dihydroxy benzoic acid (DHB) was obtained
from Wako Pure Chemical Industries, recrystallized, and
used as the matrix.
MALDI-TOF and MALDI-QIT-TOF MS—MALDI-TOF

and MALDI-QIT-TOF MS analyses were performed
using AXIMA-CFR and AXIMA-QIT mass spectrometers
(both from Shimadzu; Kyoto, Japan) in positive ion mode.
Ionization was performed with a 337-nm pulsed N2 laser.
The ion-trap chamber was supplied with two separate,
independent gases, helium and argon. A continuous flow
of helium gas was used for collisional cooling. The pulsed
gas, argon, was used to enhance ion cooling and collision-
induced fragmentation (23). Two ionization conditions
were used for MALDI-QIT-TOF MS: the standard condi-
tions employed standard laser power (arbitrary unit 40
of AXIMA-QIT MS) and cooling gas flow, and the strong
conditions employed an increased laser power (about twice
as powerful as the standard laser) and an increased flow
of cooling gas (about 1.5–2 times the standard rate).

The MS spectra were calibrated externally using a stan-
dard peptide calibration mixture containing 1 pmol/ml each
of bradykinin peptide fragment (amino acid residue 1–7)
([M + H]+, m/z 757.40) and human ACTH peptide fragment
(amino acid residue 18–39) ([M + H]+, m/z 2,465.20). A
saturated solution of DHB in 40 mM aqueous LiCl was
used as the matrix. The glycosphingolipids were prepared
as 200 pmol/ml solutions in chloroform:methanol (2:1, v/v).
Two microliters each of the matrix and glycolipid solutions
were mixed thoroughly, and an aliquot of the resulting
mixture was placed on a target plate. The crystallization
process was accelerated under a gentle stream of cold air.
The target plate carrying co-crystals of matrix and analyte
was then introduced into the mass spectrometers.

RESULTS AND DISCUSSION

Structural Characterization of Forssman Glycolipid by
MS, MS2, and MS3 under the Standard Conditions—The
structures of the glycosphingolipids used in this study are
shown in Fig. 1. Because lithium adduct ions are more
informative than sodium adduct ions for the structural

characterization of ceramides (25–30), lithium adduct
ions were generated by the addition of LiCl to the glyco-
sphingolipid solutions before analysis.

In the MALDI-TOF MS spectrum of Forssman glycoli-
pid, the lithiated molecular ion ([M + Li]+) was detected at
m/z 1,548, and no other fragment ions were observed, as
shown in Fig. 2. MALDI-QIT-TOF MS2 with selection of
the ion at m/z 1,548 under the standard conditions, as
shown in Fig. 3a, resulted in the detection of fragment
ions due to the elimination of GalNAc (m/z 1,345), GalNAc-
GalNAc (m/z 1,142), GalNAc-GalNAc-Gal (m/z 980),
GalNAc-GalNAc-Gal-Gal (m/z 818), and GalNAc-Gal-
NAc-Gal-Gal-Glc (m/z 656). The [GalNAc-GalNAc-Gal +
Li] (m/z 575) and [GalNAc-GalNAc + Li] (m/z 413) ions
were also detected.

MS3 of the LacCer ion (m/z 980), the most abundant ion
detected by MS2, was performed for fine structural char-
acterization of the ceramides. In the MS3 spectrum, the
ions resulting from the elimination of Gal (m/z 818) and
Gal-Glc (m/z 656, ceramide ion) were detected, as well as
the [ceramide – H2O – HCHO + Li] (m/z 608), [Gal-Glc +
Li] (m/z 331), and d18-sphingenine (m/z 289) ions (Fig.
3b). These results demonstrate that the oligosaccharide
sequence, ceramide, and sphingosine base of Forssman
glycolipid can be characterized by MS2 and MS3 analyses
of [M + Li]+. The fatty acid of Forssman glycolipid was
estimated as the difference in m/z values of the ceramide
and sphingenine ions.
MALDI-QIT-TOF MS and MS2 Analysis of Forssman

Glycolipid under the Strong Conditions—The MALDI-QIT-
TOF MS spectrum of Forssman glycolipid obtained under
the strong conditions is shown in Fig. 4a. Fragment ions
resulting from the elimination of GalNAc (m/z 1,345),
GalNAc-GalNAc (m/z 1,142), GalNAc-GalNAc-Gal (m/z
980), and GalNAc-GalNAc-Gal-Gal (m/z 818) from the
molecular ion were detected. These fragment ions are com-
parable to those obtained from MS2 with selection of [M +
Li]+ under the standard conditions (Fig. 3a). The LacCer
ion (m/z 980) was the most abundant fragment in the MS
spectrum under the strong conditions. MS2 of LacCer ion
resulted in the detection of fragment ions due to the elim-
ination of Gal (m/z 818) and Gal-Glc (m/z 656, ceramide
ion). The [ceramide – H2O – HCHO + Li] (m/z 608), [Gal-
Glc + Li] (m/z 331), and d18-sphingenine (m/z 289) ions
were also detected, as shown in Fig. 4b.

Fig. 1. Structures of the glycosphingolipids used in this
study: Forssmanglycolipid, globoside or globotetraosylcer-
amide (Gb4Cer), globotriaosylceramide (Gb3Cer), and
lactosylceramide (LacCer).

Fig. 2. MALDI-TOF mass spectrum of Forssman glycolipid
after the addition of LiCl.
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The MS2 spectrum obtained under the strong conditions
contained fragment ions comparable to the MS3 spectrum
obtained by selecting [M + Li]+ under the standard condi-
tions (Figs. 3b and 4b). As a result, MS and MS2 analyses
of the LacCer ion under the strong conditions yielded suf-
ficient information to determine the oligosaccharide
sequence of Forssman glycolipid. The fatty acid structure
of Forssman glycolipid was estimated as the difference in
m/z values of the ceramide and sphingenine ions. Both of
these values were determined from the MS2 spectrum
obtained under the strong conditions.
MS andMS2 Analysis of Three Other Glycosphingolipids

UsingMALDI-QIT-TOFMSunder theStrongConditions—
The MALDI-QIT-TOF mass spectrum of Gb4Cer under
the strong conditions is shown in Fig. 5a. Fragment ions
resulting from the elimination of GalNAc (m/z 1,142),
GalNAc-Gal (m/z 980), and GalNAc-Gal-Gal (m/z 818)
from the molecular ion were detected. Furthermore, the
MS2 spectrum of the LacCer ion at m/z 980 revealed frag-
ment ions resulting from the elimination of Gal (m/z 818)
and Gal-Glc (m/z 656, ceramide ion), as shown in Fig. 5b.
The [ceramide – H2O – HCHO + Li[(m/z 608), [Gal-Glc +
Li] (m/z 331), and d18-sphingenine (m/z 289) ions were
also detected. Thus, the oligosaccharide sequence of
Gb4Cer was readily obtained from MS and MS2 analyses
of the LacCer ion. The fatty acid structure of Gb4Cer was
estimated as described in the case of Forssman glycolipid.
Both of these values were obtained from the MS2 spectrum.

The MALDI-QIT-TOF MS spectrum of Gb3Cer under
the strong conditions is shown in Fig. 6a. Fragment ions
resulting from the elimination of Gal (m/z 980) and Gal-
Gal (m/z 818) were detected. MS2 analysis of the LacCer

Fig. 5. MALDI-QIT-TOF MS and MS2 spectra of Gb4Cer
obtained under the strong conditions. (a) MS of Gb4Cer.
(b) MS2 with selection of the LacCer ion.

Fig. 4. MALDI-QIT-TOF MS and MS2 spectra of Forssman
glycolipid obtained under the strong conditions. (a) MS of
Forssman glycolipid. (b) MS2 with selection of the LacCer ion.

Fig. 3. MALDI-QIT-TOF MS2 and MS3 spectra of Forssman
glycolipid obtained under the standard conditions. (a) MS2

with selection of the lithiated molecular ion [M + Li]+. (b) MS3 with
selection of the LacCer ion. [d18:1] indicates d18-sphingenine.
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ion at m/z 980 provided fragment ions resulting from the
elimination of Gal (m/z 818) and Gal-Glc (m/z 656,
ceramide ion). The [ceramide – H2O – HCHO + Li] (m/z
608), [Gal-Glc + Li] (m/z 331), and d18-sphingenine (m/z
289) ions were also detected, as shown in Fig. 6b. Thus, MS
and MS2 analyses of the LacCer ion yielded the oligosac-
charide sequence of Gb3Cer. The fatty acid structure of
Gb3Cer was estimated as described above. Both of these
values were determined by MS2 under the strong condi-
tions.

The MALDI-QIT-TOF MS spectrum of LacCer under the
strong conditions is shown in Fig. 7a. The LacCer ion was
detected as the major peak. The MS2 spectrum of the
LacCer ion at m/z 868 yielded fragment ions resulting
from elimination of Gal (m/z 706) and Gal-Glc (m/z 544,
ceramide ion). The [ceramide – H2O – HCHO + Li] (m/z
496), [Gal-Glc + Li] (m/z 331), and d18-sphingenine (m/z
289) ions were also detected, as shown in Fig. 7b. Thus, the
oligosaccharide sequence of LacCer was determined by MS
and MS2 analyses of the LacCer ion. The fatty acid struc-
ture of LacCer was estimated as described above. Both of
these values were determined by MS2 under the strong
conditions.

These results confirm that MALDI-QIT-TOF MS and
MS2 analyses of glycosphingolipids under strong the con-
ditions provide sufficient information to determine the oli-
gosaccharide sequence of glycosphingolipids. Furthermore,
the fatty acid structures can be estimated as the difference

in m/z values of the ceramide and sphingenine ions, and
these values can be obtained by MS2 under the strong
conditions.
MALDI-QIT-TOF MS3 and MS4 Analyses for the Fine

Characterization of Glycosphingolipid Fatty Acids—To
characterize the fatty acids of glycosphingolipids,
MALDI-QIT-TOF MS4 analysis of Forssman glycolipid
was performed under the standard conditions, as shown
in Fig. 8a. In the MS4 spectrum, the fragment ions detected
included the ceramide ion (m/z 656), a1 (m/z 638), a1–18
(m/z 620), a2 (m/z 608), c2a (m/z 400), d1a (m/z 374),
d2a (m/z 356), d1b+d1b0 (m/z 289), d2b (m/z 271), e3b00

(m/z 264), and e3b (m/z 258). These annotations are based
on the results reported by Domon and Costello et al. (21)
and Hsu et al. (26) (Fig. 9). The MS4 analysis of Forssman
glycolipid with selection of the ceramide ion under the
standard conditions yielded fragment ions derived from
the ceramide fatty acid.

Under the strong conditions, MALDI-QIT-TOF MS3 of
the ceramide ion (m/z 656) of Forssman glycolipid yielded
fragment ions a1(m/z 638), a1–18 (m/z 620), a2 (m/z 608),
c2a (m/z 400), d1a (m/z 374), d2a (m/z 356), d1b+d1b0 (m/
z 289), e2b+e2b0 (m/z 288), d2b (m/z 271), e3b0 0 (m/z 264),
and e3b (m/z 258) (Fig. 8b). Annotations are shown in Fig.
9. The MS3 analysis of Forssman glycolipid under the
strong conditions with selection of the ceramide ion pro-
vided information on the fragment ions derived from the
fatty acid. The MS3 spectrum obtained under the strong

Fig. 6. MALDI-QIT-TOF MS and MS2 spectra of Gb3Cer
obtained under the strong conditions. (a) MS of Gb3Cer.
(b) MS2 with selection of the LacCer ion.

Fig. 7. MALDI-QIT-TOF MS and MS2 spectra of LacCer
obtained under the strong conditions. (a) MS of LacCer.
(b) MS2 with selection of the LacCer ion.
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conditions is comparable to the MS4 spectrum obtained
by selecting [M + Li]+ under the standard conditions
(compare Fig. 8a and b). These results indicate that
fatty acid characterization of Forssman glycolipid is
achieved by MS4 analysis under the standard conditions
and by MS3 analysis under the strong conditions.

MALDI-QIT-TOF MS analysis of glycosphingolipids as
lithium-adduct ions under the strong conditions provides
fragment ions resulting from oligosaccharide elimination,
and MS2 analysis of the LacCer ions yields the oligo-
saccharide sequence, and ceramide and sphingenine
structures. The fatty acid was estimated as the difference
in m/z values of the ceramide and sphingenine ions.
Furthermore, MS3 analysis of the ceramide ion under
the strong conditions provided fragment ions derived
from the fatty acid, and thus the ceramide structure was
characterized. In terms of setting the strong conditions, we
need to find suitable laser power and cooling gas flow to
obtain informative fragmentations. There are adjustment
and instrument variations of laser power, and the power is
gradually decreased as time passes. Therefore, conditions
comparable to the strong conditions in this report have to
be found for each MS instrument. In addition, sialic acids
of sialylated glycosphingolipids are easily eliminated in
MALDI-QIT-TOF MS analysis with the positive ion mode;
however, the neutral parts of sialylated glycosphingolipids
can be characterized by MALDI-QIT-TOF MS under the
strong conditions.

MALDI-QIT-TOF MS analysis of lithium-adduct ions
under the conditions of increased laser power and cooling
gas flow is a convenient method for the structural charac-
terization of glycosphingolipids. This approach should
prove useful for the structural characterization of more
complex glycosphingolipids.

Fig. 8. MALDI-QIT-TOF MS3 and MS4 spectra of Forssman
glycolipid with selection of the ceramide ion. (a) MS4 spec-
trum obtained under the standard conditions. (b) MS3 spectrum
obtained under the strong conditions.

Fig. 9. Annotation for ceramide
fragment ions based on the
nomenclature established by
Domon and Costello (21). Annota-
tions reported by Hsu et al. are
cited (26).
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