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Abstract Four types of neutral glycosphingolipids (LacCer,
Gb3Cer, Gb4Cer, and IV3αGalNAc-Gb4Cer; 10 pmol each)
were analyzed using high-performance liquid chromatography
(HPLC)-electrospray ionization quadrupole ion trap time-of-
flight (ESI-QIT-TOF) mass spectrometry (MS) with a repeated
high-speed polarity and MSn switching system. This system
can provide six types of mass spectra, including positive and
negative ion MS, MS2, and MS3 spectra, within 1 s per cycle.
Using HPLC with a normal-phase column, information on the
molecular weights of major molecular species of four neutral
glycosphingolipids was obtained by detecting [M+Na]+ in the
positive ion mode mass spectra and [M−H]− in the negative ion

modemass spectra. Sequences of glycosphingolipid oligosaccha-
ride were obtained in the negative ion MS2 spectra. In addition,
information on the ceramide structures was clearly obtained in
the negative ion MS3 mass spectra. GlcCer molecular species
were analyzed by HPLC-ESI-QIT-TOF MS with a reversed-
phase column using 1 pmole of GlcCer. The structures of the
seven molecular species of GlcCer, namely, d18:1-C16:0, d18:1-
C18:0, d18:1-C20:0, d18:1-C22:0, d18:1-C23:0, d18:1-C24:1,
and d18:1-C24:0, were characterized using positive ion MS and
negative ion MS, MS2, and MS3. The established HPLC-ESI-
QIT-TOF MS with MSn switching and a normal phase column
has been successfully applied to the structural characterization of
LacCer and Gb4Cer in a crude mixture prepared from human
erythrocytes.
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Introduction

Glycolipids are present ubiquitously in mammalian tissues and
cell membranes. Cell membranes contain glycolipids in the form
of glycosphingolipids (GSLs). GSLs, consisting of a hydropho-
bic ceramide and a hydrophilic carbohydrate chain, are typically
located in the outer leaflet of the lipid bilayer of cell membranes,
and their carbohydrate chains extend into the extracellular space.
Recent studies have explored the biological functions of GSLs as
a component of various types of microdomains or lipid rafts,
which are formed together with cholesterol and sphingomyelin.
Microdomains are thought to play a critical role in cellular
functions such as cell–cell recognition, cell growth, and signal
transduction [1–8]. To elucidate the physiological roles of GSLs,
characterization of both carbohydrate structures and ceramide
species is essential [9–12].

Mass spectrometry (MS) is an indispensable tool for the
structural characterization of GSLs because it provides informa-
tion on molecular weight, carbohydrate sequences, and ceramide
structures of GSLs prepared from biological materials, even in
small amounts [13–16]. Recently, electrospray ionization quad-
rupole ion trap time-of-flight (ESI-QIT-TOF) MS, which can
perform collision-induced dissociation (CID)-MSn analysis, was
developed and applied to the fine structural characterization of
organic compounds [17, 18].

We previously reported the structural characterization of gan-
gliosides using QIT-TOF MS equipped with an atmospheric
pressure matrix-assisted laser desorption/ionization (AP-MALDI)
source and repeated high-speed polarity and MSn switching. This
method can maintain analytes under atmospheric conditions and
performMSn analysis with both positive and negative ion modes.
Using this technique, the structures of gangliosides, including
GM1, GM2, GD1a, GD1b, and GT1b, were characterized [19].

In this study, we applied ESI-QIT-TOF MS equipped with
high-performance liquid chromatography (HPLC) and the
high-speed polarity and MSn switching system to structurally
characterize a mixture of neutral GSLs. This HPLC-MS sys-
tem provides positive- and negative-MS, MS2, and MS3 spec-
tra within 1 s per cycle. In this report, a mixture of GSLs was
analyzed using this HPLC-MS method with a normal-phase
column, and molecular species of GlcCer were separated and
analyzed with a reversed-phase column [20–21]. We have
applied this established method with a normal phase column
to the structural characterization of LacCer and Gb4Cer in a
crude mixture prepared from human erythrocytes.

Materials and methods

Materials

HPLC-grade isopropanol, n-hexane, water, acetic acid, chloro-
form, and methanol were purchased fromWako Pure Chemical

Industries (Osaka, Japan). GlcCer (glucosylceramide, Glcβ1-1′
Cer) purified from the spleen of a patient with Gaucher’s disease
was kindly supplied by Dr. M. Oshima (Tohoku University of
Community Service and Science). LacCer (lactosylceramide,
Galβ1-4Glcβ1-1′Cer), Gb3Cer (globotriaosylceramide, Galα1-
4Galβ1-4Glcβ1-1′Cer), and Gb4Cer (globotetraosylceramide,
GalNAcβ1-3Galα1-4Galβ1-4Glcβ1-1′Cer) were purified from
human erythrocyte stroma [22], and IV3αGalNAc-Gb4Cer
(Forssman antigen, GalNAcα1-3GalNAcβ1-3Galα1-4Galβ1-
4Glcβ1-1′Cer) was purified from sheep erythrocyte stroma [23]
in our laboratory. We purified several fractions of LacCer with
different ceramide structures and we used in this experiment,
one of the late fractions obtained from a silica column. Then, the
major molecular species is LacCer (d18:1–16:0).

Sample preparation for the measurement of mass spectra
of neutral glycosphingolipids

Amixture containing 5 pmol/μl of four neutral GSLs, including
LacCer, Gb3Cer, Gb4Cer, and IV3αGalNAc-Gb4Cer, was pre-
pared in chloroform–methanol (2:1, v/v). GlcCer was dissolved
in chloroform–methanol (2:1, v/v) at 0.5 pmol/μl. The mixture
solution (2 μl) of neutral GSLs and 2 μl of the GlcCer solution
were injected into a HPLC and analyzed using HPLC-MS.

HPLC conditions

HPLC was performed with a model Prominence apparatus
(Shimadzu Corp., Kyoto, Japan) and a normal-phase column
(Develosil 100–7 micron silica gel, 2.0 mm i.d.×150 mm,
Nomura Chemical Co., Ltd., Aichi, Japan) or a reversed-phase
column (PEGASIL ODS, 2.0 mm i.d.×150 mm, Senshu
Scientific Co., Ltd., Tokyo, Japan).

Normal phase HPLC separation of the neutral GSL mixture
was performed with a programmed gradient elution with isopro-
panol–n-hexane–water–acetic acid from 10 % of 175:45:20:0.07
(by vol.) in 30:275:0.05:0.09 (by vol.) to 100%within 10 min at
a flow rate of 0.2 ml/min. GlcCer molecular species were ana-
lyzed using HPLC-MSwith the reverse phase column and 5mM
acetic acid in methanol at a flow rate of 0.2 ml/min.

HPLC-ESI-IT-TOF MS with high-speed polarity and MSn

switching

All experiments were performed on an ESI-QIT-TOFmass spec-
trometer (Shimadzu Corp.) equipped with a high-performance
liquid chromatograph and an electrospray ionization interface.
The instrument consists of five main sections: an ion source, a
lens system, an ion trap, a reflectron time-of-flight mass analyzer,
and an ESI ion source. Ions generated in the ESI ion source
passed through the lens system, accumulated in an ion trap, and
were then discharged to time of flight. A pulsed gas, Ar, was used
for ion cooling and CID. To maintain mass precision, the
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temperature inside the mass spectrometer was controlled within
40±0.3 °C. ESI source voltage was set at 4.5 kV (positive ion
mode) and −3.5 kV (negative ionmode), and the heated capillary
temperature was 200 °C using nitrogen nebulizer gas. The polar-
ity switching (positive/negative ion mode switching) speed was
0.1 s or less. The mass spectrum measurement cycle time for all
positive and negative ionMS,MS2, andMS3 spectra (six types of
mass spectra), including ion accumulation time, precursor ion
selecting time, and CID time, was set to 0.9 s/cycle.

An application to the GSL analysis of human erythrocytes

Human erythrocytes were separated from 10ml of commercially
available human blood (AKC Co. Kyoto, Japan), and washed
with 0.85 % NaCl solution three times by centrifugation at
1,600×g for 10 min at room temperature. Packed erythrocytes
were suspended in 2 volumes of 0.85%NaCl solution, 210μl of
the suspension equivalent to 70 μl of the packed erythrocytes
were mixed well with 3 ml of methanol by a Vortex mixer, and
6 ml of chloroform was added and mixed well. After filtered
with paper (No. 2, Whatman, Maidstone, England), the filtrate
wasmixedwith 2ml of water and the lower phase was separated
from the upper phase. The lower phase lipids were dried under
N2 and treated with 1 ml of 0.1 N NaOH in methanol for 40 °C
for 2 h. After neutralized with 1ml of 0.1 N acetic acid, 2.7ml of
chloroform and 1.4 ml of methanol were added to make phase
separation and to remove salts to the aqueous phase. The alkaline
stable lipids of the lower phase were dried under N2 and
suspended with 100 μl of hexane-isopropanol (1 : 1). Aliquots
were injected to a Develosil silica column (2.0×150 mm) and
separated by the gradient elution as described. The selected ion
mass chromatograms in negative ion mode for 1 μl injection
monitored ions at m/z 860, 970, and 972 for LacCer, and 1335
and 1337 for Gb4Cer. MS2 and MS3 spectra for each molecular
species were obtained with 4 μl injection by a manual mode
analysis monitoring m/z 860 and then 530 as precursor ions for
MS2 and MS3, respectively. The same analysis was performed
for m/z 970 and 646, and 972 and 648 for LacCer, and m/z 1335
and 646, and 1337 and 648 for Gb4Cer.

Results

Mass chromatograms of a mixture of neutral GSLs, LacCer,
Gb3Cer, Gb4Cer, and IV3αGalNAc-Gb4Cer

Figure 1 shows mass chromatograms obtained by injection of
the mixture containing 10 pmol each of LacCer, Gb3Cer,
Gb4Cer, and IV3αGalNAc-Gb4Cer. These mass chromato-
grams were recorded by selecting the major molecular related
ions of [M+Na]+ and [M–H]–, with high-speed polarity
switching. In the chromatograms, major molecular species of
GSLs are clearly observed at m/z 884 as [M+Na]+ and 860 as
[M–H]– for LacCer (d18:1-C16:0), m/z 1158 as [M+Na]+ and
1134 as [M–H]– for Gb3Cer (d18:1-C24:0), m/z 1361 as [M+
Na]+ and 1337 as [M–H]– for Gb4Cer (d18:1-C24:0), and m/z
1564 as [M+Na]+ and 1540 as [M–H]– for IV3αGalNAc-
Gb4Cer (d18:1-C24:0) [24–26]. These four GSLs were well
separated within 15 min. Thus, the molecular weights of the
major molecular species were 861 for LacCer (d18:1–16:0),
1135 for Gb3Cer (d18:1-C24:0), 1138 for Gb4Cer (d18:1-
C24:0), and 1541 for IV3αGalNAc-Gb4Cer (d18:1-C24:0).

Negative ion MS2 mass spectra of neutral GSLs, LacCer,
Gb3Cer, Gb4Cer, and IV3αGalNAc-Gb4Cer

Negative ionMS2 mass spectra were obtained by selecting the
major molecular ions at m/z 860 for LacCer, m/z 1134 for
Gb3Cer, m/z 1337 for Gb4Cer, and m/z 1540 for IV3αGalNAc-

Fig. 1 Mass chromatograms of the major molecular species of LacCer,
Gb3Cer, Gb4Cer, and IV

3αGalNAc-Gb4Cer using [M+Na]+ and [M–H]–

Fig. 2 Negative ion MS2 mass spectra of the major molecular species of
neutral glycosphingolipids. MS2 was performed with selected precursor
ions at m/z 860 for LacCer (a), m/z 1134 for Gb3Cer (b), m/z 1337 for
Gb4Cer (c), and m/z 1540 for IV

3αGalNAc-Gb4Cer (d)
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Gb4Cer as the precursor ions. As shown in Fig. 2a, sequential
elimination of galactose (Gal) and glucose (Glc) from LacCer
were observed at m/z 698 and 536, respectively. The ion at m/z
680 is the dehydrate ion of GlcCer. Sequential elimination of
carbohydrate species from the molecules were also observed for
Gb3Cer at m/z 972, 810, and 648 (Fig. 2b), for Gb4Cer at m/z
1134, 972, 810, and 648 (Fig. 2c), and for IV3αGalNAc-Gb4Cer
at m/z 1337, 1134, 972, 810, and 648 (Fig. 2d). These were
responsible for the elimination of Gal, Gal, and Glc from the
oligosaccharide Gb3Cer, N-acetylgalactosamine (GalNAc), Gal,
Gal, and Glc from Gb4Cer, and GalNAc, GalNAc, Gal, Gal, and
Glc from IV3αGalNAc-Gb4Cer, respectively.

Negative ion MS3 (MS/MS/MS) mass spectra of neutral
GSLs, LacCer, Gb3Cer, Gb4Cer, and IV3αGalNAc-Gb4Cer

Characteristic product ions of ceramide generated in the nega-
tive ion mode [13], which were established by Ann and Adams
[27, 28] and reported by Lee et al. [29], are shown in Fig. 3.

Figure 4 shows negative ion MS3 mass spectra obtained by
selecting the precursor ions for ceramides:m/z 536 for LacCer and
m/z 648 for Gb3Cer, Gb4Cer, and IV3αGalNAc-Gb4Cer. In the
MS3 spectrum of LacCer shown in Fig. 4a, fragment ions derived
from fatty acid structures, S, T, U, and V (shown in Fig. 3), were
clearly observed atm/z 296, 280, 254, and 237, indicating that the
fatty acid structure of the ceramide of LacCer was C16:0 fatty
acid. The ions responsible for the sphingosine structure of LacCer
were detected at m/z 263 and 237 (R and P, shown in Fig. 3),
indicating that the sphingosine structure of LacCer was identified
as d18:1. These results indicated that the fine structure of LacCer
was LacCer with d18:1 sphingosine and C16:0 fatty acid.

In the negative ion MS3 spectrum of Gb3Cer, as shown in
Fig. 4b, the ions identified as S, T, U, V, R, and P were clearly
observed atm/z 408, 392, 366, 349, 263, and 237, respectively,

Fig. 3 Characteristic product
ions in the negative ion mode for
ceramide. The nomenclature used
here was established by Ann and
Adams [27, 28] and reported by
Lee et al. [29]

Fig. 4 Negative ion MS3 mass spectra of the major molecular species of
neutral glycosphingolipids. MS3 was performed with select precursor
ions at m/z 536 for LacCer (a), m/z 648 for Gb3Cer (b), m/z 648 for
Gb4Cer (c), and m/z 648 for IV3αGalNAc-Gb4Cer (d)

Fig. 5 Mass chromatograms of the major molecular species of GlcCer
detected using [M+Na]+ and [M–H]–
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indicating that the structure of Gb3Cer was Gb3Cer containing
d18:1-C24:0. As shown in Fig. 4c for Gb4Cer, S, T, U, V, R,
and P ions are clearly observed atm/z 408, 392, 366, 349, 263,
and 237, respectively, indicating that the structure of Gb4Cer
was Gb4Cer containing d18:1-C24:0. As shown in Fig. 4d for
IV3αGalNAc-Gb4Cer, S, T, U, V, R, and P ions were clearly
observed at m/z 408, 392, 366, 349, 263 and 237, respectively,
indicating that the ceramide structure of IV3αGalNAc-Gb4Cer
was d18:1–24:0.

Mass chromatograms detecting ions of [M+Na]+ and [M–H]–

of glucosylceramide molecular species obtained using
high-speed polarity switching MS

Figure 5 shows mass chromatograms of GlcCer molecular
species obtained by injecting 1 pmol of GlcCer. Molecular ions
of seven molecular species were clearly detected at m/z 722
([M+Na]+) and 698 ([M–H]–) for GlcCer (d18:1-C16:0), 750
([M+Na]+) and 726 ([M–H]–) for GlcCer (d18:1-C18:0), 778
([M+Na]+) and 754 ([M–H]–) for GlcCer (d18:1-C20:0), 806
([M+Na]+) and 782 ([M–H]–) for GlcCer (d18:1-C22:0), 832
([M+Na]+) and 808 ([M–H]–) for GlcCer (d18:1-C24:1), 820
([M+Na]+) and 796 ([M–H]–) for GlcCer (d18:1-C23:0), and
834 ([M+Na]+) and 810 ([M–H]–) for GlcCer (d18:1-C24:0).
Thus, the molecular weights of the molecular species of GlcCer
were determined to be 699 [GlcCer (d18:1-C16:0)], 727
[GlcCer (d18:1-C18:0)], 755 [GlcCer (d18:1-C20:0)], 783
[GlcCer (d18:1-C22:0)], 809 [GlcCer (d18:1-C24:1)], 797
[GlcCer (d18:1-C23:0)], and 811 [GlcCer (d18:1-C24:0)]. The-
se seven molecular species of GlcCer were separated within
25 min.

Mass chromatographic fine structural characterization
of molecular species of GlcCer obtained by high-speed
polarity and negative ion MS, MS2, and MS3 switching

Figure 6 shows mass chromatograms of seven molecular spe-
cies of GlcCer obtained by negative ion MS, MS2, and MS3.

MS2 analyses of seven molecular species of GlcCer were
performed by selecting [M-H]- ions as the precursor ions at
m/z 698 for d18:1-C16:0,m/z 726 for d18:1-C18:0,m/z 754 for
d18:1-C20:0, m/z 782 for d18:1-C22:0, m/z 808 for d18:1-
C24:1, m/z 796 for d18:1-C23:0, and m/z 810 for d18:1-
C24:0, which were clearly detected in the mass chromatograms
shown in Fig. 6. Ceramide ions were detected at m/z 536 for
d18:1-C16:0, m/z 564 for d18:1-C18:0, m/z 592 for d18:1-
C20:0, m/z 620 for d18:1-C22:0, m/z 646 for d18:1-C24:1, m/
z 634 for d18:1-C23:0, andm/z 648 for d18:1-C24:0, as shown
in the chromatograms. Structures of the ceramide of seven
GlcCers were analyzed using negative ion MS3 MS selecting
the ceramide ions as the precursors: m/z 536, 564, 592, 620,
646, 634, and 648. As a result, ions due to the sphingosine base
(R) and fatty acid (U) of GlcCer were clearly detected at m/z
263 and 254 for d18:1-C16:0, m/z 263 and 282 for d18:1-
C18:0, m/z 263 and 310 for d18:1-C20:0, m/z 263 and 338
for d18:1-C22:0, m/z 263 and 364 for d18:1-C24:1, m/z 263
and 352 for d18:1-C23:0, and m/z 263 and 366 for d18:1-
C24:0. These results indicated that the fine structures of the
seven molecular species of GlcCer were GlcCer containing
d18:1-C16:0, d18:1-C18:0, d18:1-C20:0, d18:1-C22:0, d18:1-
C24:1, Cd18:1–23:0, and d18:1-C24:0.

An application to the GSL analysis of human erythrocytes

Figure 7a shows selected ion mass chromatograms detecting
m/z 860, 970, and 972 for LacCer and 1315 and 1337 for
Gb4Cer. Figure 7b and c exhibit MS2 and MS3 spectra
detecting fragment ions fromm/z 970 and 646 as the precursor
ions, respectively, providing sufficient information for the
identification of oligosaccharide sequence and ceramide struc-
ture to be LacCer(d18:1–24:1). Figure 7d and e exhibit MS2

andMS3 spectra detecting fragment ions derived fromm/z 860
and 536 as the precursor ions, respectively, identifying the
structure to be LacCer(d18:1–16:0). LacCer(d18:1–24:0) was
also identified by MS2 and MS3 spectra in a similar way (data
not shown). Figure 7f and g show MS2 and MS3 spectra
detecting fragment ions derived from m/z 1337 and 648 as
the precursor ions, respectively, providing sufficient informa-
tion for the identification of oligosaccharide sequence and
ceramide structure to be Gb4Cer(d18:1–24:0). Figure 7h and
i show MS2 and MS3 spectra detecting fragment ions derived
from m/z 1335 and 646 as the precursor ions, respectively,
identifying the structure to be Gb4Cer(d18:1–24:1). The frag-
ment ion at m/z 237 (P) derived from ceramide in MS3 was
small or undetectable in the case of long chain fatty acid
containing ceramides, as shown in Fig. 7i. However, the ion
at m/z 263 (R) was detected, indicating that sphingosine is
d18:1. It is clearly shown that identification of LacCer and
Gb4Cer by the present method is possible using alkaline stable
lipids prepared from a small amount of erythrocytes equivalent
to 70 μl of packed erythrocytes.

Fig. 6 Mass chromatograms of the molecular species of GlcCer using
negative ion MS, MS2, and MS3. Molecular species containing d18:1 -
24:1 are shown on the dotted line
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Discussion

GSLs consist of a large number of molecules with different
carbohydrate structures, as well as a variety of ceramide struc-
tures. Therefore, obtaining detailed structural information on
ceramides as well as carbohydrates is important.

Kushi et al. [30] analyzed the molecular species of neutral
GSLs using HPLC-MS with a reversed-phase column. We also
reported the structural characterization and separation of a mix-
ture of GSLs and gangliosides, focusing on differences in their
carbohydrate structures using HPLC-MS with a normal-phase
column [24]. Based on these HPLC-MS systems in the early
stages of technical development, at least more than 100 pmol of
GSLs or gangliosides were required to obtain information on
the molecular weights and carbohydrate sequences. Further-
more, information on the ceramide structures of the GSLs or
gangliosides were not obtained using these systems. Therefore,
more sensitive and sophisticated HPLC-MS systems are re-
quired to provide information on molecular weights, carbohy-
drate sequences, and ceramide structures.

Previously, we reported that QIT-TOFMS coupled to anAP-
MALDI source with positive and negative ion-MS, MS2, and
MS3 switching has been successfully applied to the structural
characterization of mono-, di-, and trisialogangliosides [19].
The system has high sensitivity and can be used to obtain
information on the molecular weights, carbohydrate sequences,
and ceramide structures of gangliosides. However, structural
characterization can be applied for only purified gangliosides,

indicating that the development of efficient and microscale
separation methods are required to analyze mixtures of various
types of gangliosides.

In this report, neutral GSLs were successfully separated using
HPLC with a normal phase-column and analyzed by ESI-QIT-
TOFMSwith a repeated high-speed polarity andMSn switching
system. This method can provide information on the molecular
weights, carbohydrate sequences, and ceramide structures of
GSLs by injecting 10 pmol of each GSL as a mixture (Figs. 1,
2, and 4). Structural characterization of the GlcCer molecular
species was also achieved with 1 pmol injection into the HPLC
with a reversed-phase column (Figs. 5 and 6). These results
indicated that structural characterization of GSLs is possible
using a normal-phase or reversed-phase column.

The HPLC-ESI-QIT-TOF MS with polarity and MSn

switching system provides six types of mass spectra, namely,
MS, MS2, and MS3 spectra in the positive and the negative ion
modes within 1 s per cycle. The MS2 spectra of [M+Na]+ for the
GSLs provide fragment ions due to sequential monosaccharide
elimination, giving information on glycan structures, but MS3

spectra of ceramides as the precursor ions do not detect sets of
fragments like the negative ion mode analysis, giving insufficient
information on ceramide structures as reported previously [19].
Therefore, we selected negative ionmode for the present analysis.
Selecting negative ionmodeMSn switching increases acquisition
time for data collection and can improve spectra quality.

The developed method has been successfully applied to the
structural analysis of LacCer and Gb4Cer in a lipid mixture

Fig. 7 An application to the GSL analysis of human erythrocytes. The
selected ion-mass chromatogram a monitored signals at m/z 860, 970,
972, 1335, and 1337. MS2 andMS3 spectra, b for 970 and c for 646 as the
precursors, respectively, clearly detected carbohydrate chain- and cer-
amide-derived fragments, characterizing LacCer(d18:1 - 24:1). MS2 and
MS3 spectra, d for 860 and e for 536 as the precursors, respectively,

detected fragments characterizing LacCer(d18:1 - 18:0). MS2 and MS3

spectra, f for 1337 and g for 648 as the precursors, respectively, detected
fragments for characterizingGb4Cer(d18:1 - 24:0). MS2 andMS3 spectra,
h for 1335 and i for 646 as the precursors, respectively, detect fragments
for characterizing Gb4Cer(d18:1 - 24:1)
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prepared from a small amount of human erythrocytes. In this
analysis, we have detected Cl-adduct ions which consist about
70 % of LacCer and Gb4Cer molecular related ions. To obtain
structural information of ceramides from the Cl-adduct molec-
ular ions, we need to do MS4 analysis. MS2 and MS3 spectra
shown in Fig. 7b to i were obtained using [M−H]− ions as the
precursor ions. Information on ceramide structures obtained by
MS3 of [M−H]− was much better than that obtained by MS4

using Cl-adduct molecular ions as the precursor ions. When we
analyzed the purified GSLs to establish the analytical method,
Cl-adduct molecular ions were much smaller than in the case of
crude GSLs, about 40 %, and we took [M−H]− ions for the
further analysis. Reasons how Cl-adduct ions are formed are
not clear at present but there are several possibilities; the for-
mation of the Cl-adducts depends on GSL concentration in the
electron spray droplets, and Cl may derive from silica column
packing material, chloroform used for the extraction or sample
solvent for the injection, or 0.85 % NaCl for erythrocyte wash-
ing. We have experienced that neutral GSLs rather likely form
molecular-related adduct ions, compared to gangliosides, and
we need to solve this problem to screen for better matrices.

Another issue is the quantification. Figure 7a clearly shows
that the peaks of selected ion mass chromatograms are much
higher in LacCer than Gb4Cer, but it is well described that
human erythrocytes contain Gb4Cer in a much higher content
than LacCer [31]. This is due to the difference in the ionization
and detection efficiency in LC-MS analysis. Therefore, the
quantitation requires stable isotope-labeled internal standards.

Thus, the developed HPLC-ESI-TOF MS could be applied
to the structural characterization of neutral GSLs prepared from
small amounts of biological materials including tissues, isolated
cells, and membrane fractions. We are now applying this meth-
od for neutral GSL analysis of membrane fractions, sera, and
body fluids. Enrichment of GSLs is required because GSLs are
minor components, excluding GalCer and sulfatide in myelin,
globo-series GSLs in the kidney, and gangliosides in the brain.
GSLs are very well described as one of critical lipid compo-
nents of microdomains [32], but biochemical methods for the
isolation of different types of microdomains from membrane
fractions are not available at present, indicating that structural
analysis of GSLs as the member of microdomains is not possi-
ble. We consider that not the detergent insoluble fraction called
the raft but membrane proteins keeping biological functions
and purified from detergent soluble membrane fractions are the
target for microdomain component analysis for tightly bound
membrane lipids including GSLs. An excellent example can be
seen for essential phospholipids to support enzymatic activity
of cytochrome c oxidase [33]. We consider the same type of
specific interaction is possible between GSLs and membrane
functional proteins. Then, LC-MS is a powerful method to
demonstrate the presence of GSLs in the purified membrane
proteins because of its high sensitivity and applicability to
GSLs in crude lipid mixtures.
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