
Journal of Chromatography B, 870 (2008) 74–83

Contents lists available at ScienceDirect

Journal of Chromatography B

journa l homepage: www.e lsev ier .com/ locate /chromb

High-sensitivity analysis of glycosphingolipids by matrix-assisted laser
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spectrometry on transfer membranes
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1. Introduction

Glycosphingolipids (GSLs), consisting of a hydrophilic carbohy-
drate chain and a hydrophobic ceramide moiety, are amphipathic
molecules and ubiquitous constituents of cell membranes, where
they appear to be involved primarily in biological processes such
as cell proliferation, differentiation, cell-to-cell recognition, and
signaling [1–5]. The human brain contains many GSLs, espe-
cially gangliosides, and it is thought that GSLs play important
roles in brain functions. Many brain diseases, for example, Tay-
Sachs disease [6–10] have been shown to be related to GSLs. To
investigate the mechanism of brain function in more detail, it is
necessary to understand the composition and function not only
of proteins as we have reported previously [11–14] but also of
GSLs. However, a more highly sensitive method than the existing
ones is required to investigate the total GSL composition in the
brain.

Thin-layer chromatography (TLC) is routinely used for separa-
tion and partial characterization of neutral and acidic GSLs and
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ous constituents of cells. Yet there is still room for improvement in the
phingolipids. Here we report our highly sensitive and convenient analytical

spectrometry for detailed structural analysis of glycosphingolipids. We
d ceramide structures; i.e., both the sphingosine base and fatty acid, by

membrane with 10 pmol of GM1, with which only faint bands were visible
t of detection was approximately 1 pmol of GM1, which is lower than the
ts (10 pmol).

© 2008 Elsevier B.V. All rights reserved.

phospholipids in mixtures [15–17]. However, even under opti-
mized TLC conditions, TLC characterization of individual GSLs does
not yield unambiguous structural information. The information
obtained for the composition of these highly complex mixtures

remains limited; namely, GSLs that contain the same sugar may
migrate to different positions owing to differences in their ceramide
structures. Unless combined with additional methods, e.g., with
immunoassays, species of similar structure and mobility cannot be
differentiated.

Mass spectrometry (MS) is an indispensable tool for the struc-
tural characterization of GSLs. Both electrospray ionization (ESI)
[18] and matrix-assisted laser desorption/ionization (MALDI) [19]
mass spectrometry have been applied for the analysis of GSLs
[20–23]. MALDI MS can ionize GSLs even in the presence of con-
taminated substances, and the introduction of samples into the
MS instrument is simpler in MALDI MS than in ESI MS [24–26].
However, it is difficult to identify individual molecular species by
MS alone. Mass spectrometry cannot fully supply sugar sequences
because metastable decay of sialic acid yields degenerate spectra
with the base peak being the monosialo or asialo peak, nor can it
differentiate isobaric species; however, multi-stage MS (MSn) anal-
ysis can supply information on each ceramide structure. Although
TLC offers information on sugar sequences, only one broad band
could be detected with each GSL, which contains distinct ceramide
moieties. Combining these data, we could finally obtain total
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mailto:setou@hama-med.ac.jp
dx.doi.org/10.1016/j.jchromb.2008.06.001


romat
N. Goto-Inoue et al. / J. Ch

information on GSLs. We consider that both TLC and MS are useful
methods to analyze GSLs.

Several methods involving a combination of TLC and MS have
been reported. One is the indirect method where identified silica
bands are scraped off the TLC plate, and subsequently, the analyte
molecules are extracted from the silica gel and purified [27]. This
method would be applied to either MALDI MS or ESI MS with high
mass accuracy. However, it is not a sufficient method because it is
time-consuming work that involves the potential loss of materials,
where closely spaced narrow bands that similarly migrate are dif-
ficult to scrape off separately. Furthermore, it requires more than
1 �g for a single species of GSL to be analyzed.

Another method that combines TLC and MS is direct TLC–MS.
This method largely eliminates the disadvantages of the indirect
method, thus increasing the utility of TLC for structural character-
ization [28–33]. Direct TLC–MS presents difficulties with regard to
complete retrieval of the target compound from the silica coated
on the plate and could also cause contamination of silica to the MS
instrument. These difficulties were largely resolved in a method
that we previously introduced for the transfer of separated lipids
from a high-performance TLC (HPTLC) plate onto a polyvinylidene
difluoride (PVDF) membrane; we designated this method as TLC-
Blot (Far-Eastern blot) [34]. In a previous study, lipid bands that
had been transferred onto a PVDF membrane were cut and intro-
duced onto the target stage for secondary ion MS (SIMS) [33],
however, the analytical sensitivity and resolution of this method
were inadequate. In TLC-MALDI MS or TLC-Blot-MALDI MS, prob-
lems related to obtaining good mass accuracy and resolution arise
due to the difficulties associated with the desorption of analytes
from the rough surface. Recently, remarkable advances achieved in
the development of MALDI MS ion trap instruments have enabled
TLC-MALDI MS analysis to be performed with high mass accu-
racy and sensitivity despite the irregular surface of the plate [35].
Some instruments include an external ion trap, such as a Fourier
transform ion cyclotron resonance ion trap (FTICR) [28,29] and
an orthogonal extracting ion trap [30,31] could also apply to TLC-
MALDI MS. Developed GM1 was difficult to be identified even by
using highly sensitive TLC-FTICR MS at the amount of 120 fmol [28].
TLC coupled with orthogonal (o)-time-of-flight (TOF) MS was also
used to determine molecular masses and partial sugar sequences
of gangliosides with high resolution; in particular, the attachment
positions of the sialic acids were determined [30].

In another study, GSLs developed on a TLC plate were trans-
ferred to a PVDF membrane then coupled to MALDI MS; this was

called the TLC-Blot-MALDI MS method [35–37]. There have been
only a few recent reports on TLC-Blot-MALDI MS, because the addi-
tional work, i.e., the transfer from TLC plates to PVDF membranes,
requires, and the orthogonal configuration of the instrument allows
for direct desorption of samples from the irregular surface of the
TLC plate without impairment of either mass accuracy or resolu-
tion [38]. However, Costello and co-workers have mentioned in
their report that the spectral quality is better on PVDF membranes
than on TLC plates, in terms of sensitivity, mass resolution, and
background interference [36]. We showed that GSLs were concen-
trated on the reverse surface of the transferred membrane [39].
The membrane is available for further biochemical processes, e.g.,
enzyme reactions, and is easier to handle than the silica-coated
plate. Moreover, it has an advantage in terms of storage: GSLs on
PVDF membranes are stable at room temperature for a longer time.
Thus, we considered that TLC-Blot-MALDI MS is better than TLC-
MALDI MS for analysis of minor components in small amounts of
biologically complex mixtures.

The aim of the previous study was to analyze the visible GSLs
with the conventional staining method; i.e., GSLs were analyzed
based on the combined information from TLC and MS. Due to the
ogr. B 870 (2008) 74–83 75

similarity of the properties of the procedures, the limits of detec-
tion of these studies were the same as that of the conventional
staining method; 10 pmol [30,31]. However, we tried to detect far
more minor components to fully identify the components of the
sample, regardless of the detection limit of staining, by the use of
the imaging mass spectrometry method.

Imaging mass spectrometry (IMS) (or mass microscopy) that uti-
lizes MALDI technology can provide a molecular ex vivo view of
dissected organs or whole-body sections from an animal, making
possible the label-free tracking of both endogenous and exogenous
compounds with sufficient spatial resolution and molecular speci-
ficity of targets [40–49]. Though there has been a report in which
distribution of glycolipids species was analyzed by raster scan of
TLC bands [30], the work did not realize a detailed structural anal-
ysis of that particular ceramide species. Recently we reported the
system of imaging mass spectrometry by MALDI-quadrupole ion
trap (QIT)-TOF MS. This procedure enabled us to identify molecu-
lar species with high-resolutional MSn analyses from mixture ions
[48].

There are plural molecular species in GSLs, depending on the dif-
ferences in the chains of fatty acids and sphingoids in ceramides,
but it is impossible to differentiate and detect all of these species
by TLC. In the present work, we performed not only imaging of
GM1 on a PVDF membrane to visualize and obtain the relative
to front (Rf) value of each molecular species, but also structural
analyses of the oligosaccharide chain and identification of molec-
ular species of ceramides by conducting MS/MS and MS/MS/MS
analyses. Because the detection limit of GSLs depends on the MS
sensitivity in this case, the sensitivity is expected to be increased
compared to the detection using the conventional staining method.
As a result, we demonstrated that as little as about 1 pmol GM1
is detectable, which has not been the case thus far. By combining
the MS information with the imaging technology, we are now able
to visualize analytes and obtain the Rf values of different GSLs in
ceramide moieties that have been impossible to discriminate with
the previous detection methods. Indeed, imaging of the GM1 band
that appeared singular with primuline staining successfully dis-
criminated each molecular species, and even the structural analysis
of ceramide molecular species – i.e., that of the sphingosine base
and fatty acid – is possible by including the result of MS/MS/MS
analysis. This procedure is very easy to conduct and needs no spe-
cific equipment to discriminate analytes or specific antibodies to
detect them; usually, only one-time TLC and the transfer to a PVDF
membrane make it possible to separate, visualize, and identify GSLs

at a low picomole level. It is useful to detect minor components of
GSLs and each molecular species and to identify ceramide struc-
tures in detail. We consider that this system will be useful in fully
investigating GSL compositions including minor components.

2. Experimental

2.1. Chemicals

GM1 was purchased from Wako Pure Chemical Industries
(Osaka, Japan). All solvents used for MS were of HPLC grade
and were purchased from Kanto Chemical Co., Inc. (Tokyo,
Japan). Bradykinin, angiotensin-II, and ACTH were obtained from
Sigma–Aldrich Japan (Tokyo, Japan) and used as calibration stan-
dards. 2, 5-Dihydroxy benzoic acid (DHB) obtained from Bruker
Daltonics (Leipzig, Germany) was used as the matrix.

2.2. Thin-layer chromatography

GM1 dissolved in chloroform/methanol (1/1, v/v) was applied
as 5-mm spots to silica gel 60 HPTLC plates (Merck, Darmstadt,
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Fig. 1. Molecular structures of GM1 used in this study. Abbreviations correspond to
the nomenclature of Svennerholm et al. [59]. It has been shown that major molecular
species of GM1 from the bovine brain were d18:1/18:0 shown in (A) and d20:1/18:0
shown in (B) [57,58].

Germany). Plates were developed with a solvent system of
chloroform/methanol/0.2% aqueous CaCl2 (55/45/10, v/v/v). After
developing of GM1, the HPTLC plate was sprayed with primu-
line reagent until the plate became wet and then was air-dried

Fig. 2. Imaging mass spectrometry of GM1 by TLC-Blot-MALDI-QIT-TOF MS. (A) The overal
of GM1 on thin-layer chromatogram stained with primuline. (C) and (D) Ion images obtai
Ion images were merged with m/z 1572 shown in red and m/z 1544 in green. The arrow s
ogr. B 870 (2008) 74–83
thoroughly. GM1 bands were visualized under UV light at
365 nm.

2.3. TLC-Blot

The HPTLC plate was dipped in the blotting solvent (2-
propanol/0.2% aqueous CaCl2/methanol, 40/20/7, v/v/v) for 20 s,
after which the HPTLC plate was immediately placed on a flat glass
plate. First, a PVDF membrane, a Teflon membrane, and then a glass
fiber filter sheet were placed over the plate. This assembly was
pressed evenly for 10–15 s with a TLC thermal blotter (ATTO, Tokyo,
Japan). The PVDF membrane, removed from the HPTLC plate, was
then air-dried. Samples were transferred to the PVDF membrane
facing the HPTLC plate, but the GSLs were exclusively located on
the reverse side.

2.4. MALDI-QIT-TOF MS

MALDI-QIT-TOF MS analyses were performed using AXIMA-QIT
mass spectrometer (Shimadzu, Kyoto, Japan) in negative ion mode.
Ionization was performed with a 337-nm pulsed N2 laser. The ion
trap chamber was supplied with two separate and independent

l spectrum obtained from a GM1 band on the PVDF membrane. (B) An optical image
ned from GM1 of different ceramide moieties, m/z 1572 and 1544, respectively. (E)
hows the direction of the raster scan.
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Table 1
Theoretical mass and observed mass of major ceramide species of GM1 from the
bovine brain in negative ion mode desorbed directly from the PVDF membrane

Ganglioside Predicted m/z (M − H)− Observed m/z

GM1 (d18:1/18:0) 1544.8 1544.8
GM1 (d20:1/18:0) 1572.9 1572.8
GM1 (d18:1/20:0) 1572.9 1572.8

gases, helium and argon. A continuous flow of helium gas was used
for collisional cooling. The pulsed gas, argon, was used for collision-
induced fragmentation [50]. Precursor and fragment ions obtained
by collision-induced dissociation (CID) were ejected from the ion

trap and analyzed by a reflectron TOF detector.

The MS spectra were calibrated externally using a standard pep-
tide calibration mixture containing 10 pmol/�l each of bradykinin
peptide fragment (amino acid residue 1–7) ([M − H]−, m/z 755.40),
human angiotensin-II peptide fragment ([M − H]−, m/z 1044.54),
and human ACTH peptide fragment (amino acid residue 18–39)
([M − H]−, m/z 2463.19). 50 mg/ml DHB in methanol/0.1% TFA solu-
tion (1/1, v/v) was used as the matrix. DHB solution (totaling
10–20 �l) was deposited sufficiently to GSLs on the PVDF mem-
brane, which was transferred by the heat iron method from TLC
plates. The crystallization process was accelerated under a gentle
stream of cold air. To achieve good mass spectra, we pressed the
PVDF membrane thoroughly so as to flatten its surface and remove
the excess matrix crystals. The PVDF membrane was attached to
a MALDI sample plate with electrified double-adhesive tape to
reduce charge-up of the plate.

2.5. Imaging mass spectrometry

The raster scan of the PVDF membrane was performed auto-
matically. The number of laser irradiations was 5 shots in each

Fig. 3. Distributional analysis of GM1 by TLC-Blot-MALDI-QIT-TOF MS. (A) The densitome
PVDF membrane (red, m/z 1572; green, m/z 1544). The X-axis indicates the distance from
Semi-quantitative mass spectra acquired from the area with asterisks in (A). Each area of t
in the mass spectrum with the same number of asterisks. (*m/z 1572 was mainly observe
ogr. B 870 (2008) 74–83 77

spot. The analyzed area was approximately 8 mm × 4 mm; it was
scanned in both the X and Y directions to produce an array of
81 × 41 (3321 profiles): the interval of data points was 100 �m.
A data converter (Axima2Analyze, Novartis, Basel, Switzerland)
was developed to generate a BioMap readable data file from
imaging data of AXIMA-QIT. Two-dimensional ion density maps
were created using the image reconstruction software (BioMap,
Novartis).

2.6. Analysis of glycosphingolipids obtained from the brain of a
patient with Tay-Sachs disease
Crude GSL extract was prepared from the brain sample (75 g)
of a patient with Tay-Sachs disease variant B. The GSL extract was
dissolved in 70 ml of chloroform/methanol/water (30/60/8, v/v/v)
and was applied onto a Q-Sepharose column (2.5 cm × 75 cm) that
had been equilibrated with the same solvent. After the column
was washing the above-mentioned solvent, the gangliosides were
eluted with a linear gradient of sodium acetate. The flow rate was
1.0 ml/min, and 7-ml fractions were collected. The detailed proce-
dure has been described previously [51]. Fractions 186–196 were
pooled and developed by TLC, the solution of the pooled fractions
was designated as fraction X. The solvent system was chloro-
form/methanol/0.2% aqueous CaCl2 (55/45/10, v/v/v), and the GSLs
were visualized by primuline staining.

3. Results and discussion

3.1. The detection of GM1 by TLC-Blot-MALDI-QIT-TOF MS

Gangliosides belong to a family of complex glycosphingolipids
(GSLs) and consist of an oligosaccharide head group containing at

tric analysis of imaging data acquired from the raster scan of the GM1 band on the
the top to the bottom pixel. The arrow shows the direction of the raster scan. (B)

he rectangles with asterisks shows a parallel ratio between m/z 1572 and m/z 1544
d, **m/z1572 and 1544 were equally detected, ***m/z 1544 was mainly observed.)
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Fig. 4. TLC-Blot-MALDI-QIT-TOF MS spectra of primuline-stained GM1 on the PVD
Lanes 1–8 contain bovine brain GM1: (lanes 1–2) 1 nmol, (lanes 3–4) 100 pmol
form/methanol/0.2% aqueous CaCl2, (55/45/10, v/v/v), and GM1 spots were detecte
analyzed by TLC-Blot-MALDI-QIT-TOF MS. (B), (C), (D), and (E) are spectra derived
respectively. The detection limit of GM1 was estimated at 1 pmol. The number of la
least one sialic acid residue, attached to a hydrophobic ceramide
anchor. This class of compounds presents a challenge for a mass
spectrometric analysis because of the ready elimination of sialic
acid [52] and the high degree of heterogeneity that frequently char-
acterizes both the carbohydrate and the ceramide portions [53].
Although the glycoepitope is known to be involved in the GSL prop-
erties, the ceramide structure is also implied as it may influence
the glycosylation pattern of the GSL, their presentation at the cell
surface, the degree of clustering of receptor molecules, and the sig-
naling pathways [54–56]. Many studies have shown the complexity
of the ceramide moiety of GSLs. A previous report showed that
bovine brain GM1 contains equal amounts of two major bases, sph-
ingenine (d18:1) and eicosasphingenine (d20:1), and other bases at
less than 5% [57,58]. Carbohydrate sequences of bovine brain GM1
and its major ceramide molecular species are shown in Fig. 1(A)
and (B), respectively.

Gangliosides are routinely analyzed in the negative ion mode
in order to reduce metastable fragmentation of sialic acid. As we
conducted MS analysis of GM1 bands on PVDF membranes trans-
ferred from TLC plates, we observed simple spectra in which the
[M − H]− ion was detected as the only major component, m/z 1544
brane (negative ion mode). (A) Thin-layer chromatogram stained with primuline.
s 5–6) 10 pmol, and (lanes 7–8) 1 pmol. The plate was developed with chloro-
primuline staining then transferred to a PVDF membrane. Each GM1 was directly
1 nmol (lane 1), 100 pmol (lane 3), 10 pmol (lane 5), and 1 pmol (lane 7) of GM1,
adiations was 2 shots in arbitrarily 100 spots per band.
(d18:1/18:0) and m/z 1572 (d20:1/18:0) (Fig. 2(A), negative ion
mode spectra). Therefore, the system would be proper for the analy-
sis of complex mixtures. Despite irregular surfaces of the GM1 band
on PVDF membranes, the ion trap helped to minimize the mass
error between the predicted and the observed masses, and it was
revealed that the mass accuracy was highly preserved even on PVDF
membranes (Table 1). However, as Table 1 shows, there is one more
possible molecular species in m/z 1572 of GM1; whether m/z 1572
originates from d20:1/18:0 or d18:1/20:0 could not be determined
merely by mass spectra. While m/z 1572 in this case is already
known to be d20:1/18:0 from the previous reports [57,58], molec-
ular identification of the corresponding mass spectra in unknown
samples would require more detailed MS/MS and MS/MS/MS anal-
yses in practice.

3.2. Imaging mass spectrometry of GM1 by
TLC-Blot-MALDI-QIT-TOF MS

It is impossible to distinguish the molecular species of GM1,
m/z 1544 and m/z 1572, when detected by staining methods on
TLC plates or PVDF membranes. Practically, GM1 was revealed as



N. Goto-Inoue et al. / J. Chromat
Fig. 5. Nomenclature for cleavages of precursor ions of ceramides. Annotations
reported by Ann et al. are cited [60].

a concentrated band by primuline staining. The molecular species
in this band were not distinguished quantitatively (Fig. 2(B)). We
attempted in this work to precisely discriminate those molecular
species, by applying the technique of IMS. We expected that apply-
ing IMS would visualize GSLs and distinguish the minute patterns
of GM1 moiety that are developed on TLC based on the information
of their mass sizes or hydrophobicity, and enable us to discriminate
molecular species in greater detail than the previous procedure.

In the present study, we performed imaging of m/z 1544
(d18:1/18:0) and m/z 1572 (d20:1/18:0) as target molecules of GM1.
The result is shown in Fig. 2. Fig. 2(B) shows the optical image of

Fig. 6. TLC-Blot-MALDI-QIT-TOF MS, MS/MS, and MS/MS/MS spectra of GM1 to identify cer
ion at m/z 1544; (C) MS/MS/MS spectrum obtained with the second precursor ion at m/z 56
spectrum obtained with the second precursor ion at m/z 592.
ogr. B 870 (2008) 74–83 79

primuline staining. GM1 was observed as a single, concentrated
band. Fig. 2(C) is the imaging result of m/z 1572; the observed
band appeared concentrated especially in its upper part. By con-
trast, Fig. 2(D), the imaging result of m/z 1544, showed a stronger
intensity in its lower part. Merging of Fig. 2(C) and (D) gave rise to
an image clearly separating these two molecular species between
the upper and lower part (Fig. 2(E)), both of which have seemingly
appeared as a single band of GM1. The localization of m/z 1572 in
the upper part in the TLC development would be explained by the
fact that sphingosine base in m/z 1572 is longer than that in m/z
1544 by two carbon chains and that m/z 1572 has relatively higher
hydrophobicity.

We conducted IMS with a 100-�m interval between data points,
yielding a total of 3321 profiles. Fig. 3(A) shows the densitometric

analysis of the ion images. The X-axis indicates the distance from
the top to the bottom; the total length of the image area is 4000 �m.
The arrow shows the direction of the raster scan. The detection lim-
its was fixed by setting a threshold at gray value 10. As the results
show, m/z 1572 was detected in the area of 1700–2800 �m and
m/z 1544 was detected in the area 2200–3000 �m from the top.
In the area around 2300–2400 �m, m/z 1572 and m/z 1544 were
equally detected. By the use of the IMS method, we could analyze
the minute patterns of GM1 on the �m-order with fine resolu-
tion because we could select an appropriate interval of data points,
while the conventional TLC method could not separate and detect
each GSL distribution as well. The mass spectrum in each area is
shown in Fig. 3(B). The red spectrum in the area nearby 1800 �m
from the top exhibited a higher intensity for m/z 1572 than m/z
1544, whereas the yellow spectrum in the area nearby 2400 �m
from the top exhibited comparable intensities for m/z 1572 and m/z
1544, and the green spectrum in the area nearby 3000 �m from the
top showed a lower intensity for m/z 1572 than m/z 1544. These
mass intensities in conjunction with the area information as well
showed how each of the molecular species was distributed in the
single GM1 band. It seems that IMS method is useful for GSL anal-

amide moieties. (A) MS spectrum; (B) MS/MS spectrum obtained with the precursor
4. (D) MS/MS spectrum obtained with the precursor ion at m/z 1572; (E) MS/MS/MS
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Table 2
Major fragment ions observed for each molecular species of GM1

Molecular species Negative ions

M Ceramide Sphingoid chain

[M − H]− [M − H]− P [M − H]− R

GM1 (d18:1/18:0) 1544 564 237 2
GM1 (d20:1/18:0) 1572 592 265 2
GM1 (d18:1/20:0) 1572 592 237 2
yses of a concentrated mixed sample which could not be separated
only by TLC. The capability of discriminating the molecular species
was examined and proved not only for gangliosides but also for
neutral GSLs or phospholipids (data not shown).

There have been previous reports in which the detailed dis-
tribution of molecular species in a band of glycolipid [30] or
phospholipid [38] was shown using mass spectra alone. But the
present report on detection of GM1 is quite new in that such a result
was visualized by the imaging data with �m-order resolution, and
further that structural analyses by MS/MS and MS/MS/MS analyses
demonstrated the precise structure of these molecular species.

3.3. The detection limit of GM1 by TLC-Blot-MALDI-QIT-TOF MS

The detection limit of GSLs in TLC-MALDI MS or TLC-Blot-MALDI
MS reported thus far is about 10 pmol, which is because the detec-
tion of GSLs was at first conducted with primuline staining and
then only those detected were used for the analyses. In the present
work, the detection sensitivity solely depends on MS, because the
visualization of GM1 distribution was attempted with use of IMS,
rather than staining. This allowed us to expect a higher sensitivity

Fig. 7. Sensitivity test of TLC-Blot-MALDI-QIT-TOF MS for the analysis of the ceramide st
the precursor ion at m/z 1544; (C) MS/MS/MS spectrum obtained with the second precu
structural identification of the ceramide moiety was found to be almost 10 pmol.
ogr. B 870 (2008) 74–83

Fatty acid

H]− S [M − H]− T [M − H]− U [M − H]− V [M − H]−

324 308 282 265
324 308 282 265
352 336 310 293
in detection than that by the conventional methods. Results of
the primuline staining of the various concentration GM1 bands
are shown in Fig. 4(A). As the results show, the detection limit of
GM1 in this staining method is about 10 pmol, and we were hardly
able to detect a band at 1 pmol. We also measured the detection
limit of our method by varying the concentration of GM1 applied;
namely, 1 nmol (lane 1), 100 pmol (lane 3), 10 pmol (lane 5), and
1 pmol (lane 7). As a result, we were barely able to detect the
GM1 species of m/z 1544 (d18:1/18:0) at the level of about 1 pmol
(Fig. 4(E)). The signal-to-noise ratios (S/N) were approximately
243, 80, 24, and 5, respectively. Thus, TLC-Blot-MALDI-QIT-TOF MS
has almost 10 times higher sensitivity compared to the detection
by the conventional staining method and is considered to be a
very efficient way to detect ultra trace amounts of GSLs on PVDF
membranes.

3.4. Analyses of molecular species of GM1 by
TLC-Blot-MALDI-QIT-TOF MS

The fact that the difference in molecular weight between m/z
1544 and m/z 1572 of bovine brain GM1 is m/z 28, together with

ructure at 10 pmol of GM1. (A) MS spectrum; (B) MS/MS spectrum obtained with
rsor ion at m/z 564. The detection limit of TLC-Blot-MALDI-QIT-TOF MS/MS/MS for
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Fig. 8. TLC-Blot-MALDI-QIT-TOF MS analyses of GSLs extracted from a Tay-Sachs patien
(GM1, GD1a, GD1b, and GT1b); (lane 2) GSLs derived from the brain of a patient with Ta
chloroform/methanol/0.2% aqueous CaCl2, (55/45/10, v/v/v), and spots were detected on th
(a)–(d) The spectra derived from the band produced by fraction X, and (e) the spectrum c
MALDI-QIT-TOF MS and bands (a), (b), (c), and (d) were identified as sulfatide, GM2, GM1

results of some previous reports [57,58], allow us to assume that
they are molecular species of a sphingosine base, i.e., d18:1/18:0
and d20:1/18:0, respectively. However, because GM1 with altered
fatty acid, d18:1/20:0, shows the same molecular weight of m/z
1572 (Table 1), analyses of the fragmentation pattern of ceramide
together with analyses of the fragment ion (S, T, U, V, and P, R) (Fig. 5)
that originates from the ceramides shown in Table 2 are needed to
definitively identify them as molecular species.
t. (A) Thin-layer chromatogram stained with primuline: (lane 1) GSLs standards
y-Sachs disease and pooled to produce fraction X. The plate was developed with

e TLC plate by primuline staining and were then transferred onto a PVDF membrane.
orresponding to the GD1a standard. Each band was directly analyzed by TLC-Blot-
, and GalNAc-GD1a, respectively.

The MS analysis of about 1 nmol of GM1 was developed by
TLC-Blot-MALDI-QIT-TOF MS (Fig. 6(A)) and the subsequent MS/MS
analysis of each of the m/z 1544 and m/z 1572 obtained provided
peaks that originated from the discrimination of oligosaccharide
chains. These also allowed us to know the sequence information
of the oligosaccharide chains (Fig. 6(B) and (D)). We were able to
detect peaks that originated from the ceramide, though they were
only represented in small amounts (m/z 564 and m/z 592). Then, fur-
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ther MS/MS/MS analysis of these ions as precursors would exhibit
fragment patterns specific to each sphingosine base and fatty acid
listed in Table 2. Indeed, MS/MS/MS analysis of the ceramide m/z
564 that originates from m/z 1544 exhibited P and R ions originat-
ing from d18:1 (m/z 237 and 263, respectively) and S, T, U, and V ions
originating from C18:0 (m/z 324, 308, 282, and 265, respectively),
while MS/MS/MS analysis of the ceramide m/z 592 that originates
from m/z 1572 exhibited P and R ions originating from d20:1 (m/z
265 and 291, respectively) and S, T, U, and V ions originating from
C18:0 (m/z 324, 308, 282, and 265, respectively). These facts surely
revealed that d18:1/18:0 and d20:1/18:0 are the major molecular
species included in bovine brain GM1, quite as the previous reports
demonstrated. It is considered that the variations in matrix crys-
tallization alter the ionization efficiency. However, our method is
undoubtedly reproducible because it provides homogeneous con-
ditions for sample-analyte crystallization and uses purified samples
obtained after development by TLC. In particular, crude samples
can cause the variations in the ionization efficiency due to their
complex constitutions, thus the use of these samples results in
poor efficiency of reproducibility. However, excessive processing
for purification can result in sample loss. In this regard, our method
enables reproducible and sensitive measurement because it facili-
tates in situ MS analysis on the transfer membrane. The ionization
efficiency of the method depends on the molecular constitutions
of the samples; high reproducibility of ionization efficiency could
be achieved by our method with same samples. Thus, we consider
that this method also enables quantitative approach between the
d18:1/18:0 and d20:1/18:0 species of GM1 because these molecules
were almost identical in their molecular constituents.

The analyses in the previous study of TLC-MALDI MS were only
MS analysis in general. No work has been reported that involves
ceramide analysis for precise identification of the molecular species
using MS/MS/MS analysis. In this study, we were able to detect
to a limit of almost 1 pmol on MS analysis (Fig. 4). In addition,
we measured the detection limit of MS/MS/MS analysis (Fig. 7).
Finally we could detect each unique fragment ion of the sphin-
goid chain (P and R) and fatty acid (S, T, U, and V) to identify the
ceramide structure of molecular species in MS/MS/MS analysis to
as little as 10 pmol of GM1 (Fig. 7(C)) but could not detect at a
lower picomole level (data not shown). This suggests the possi-
bility of even identifying the molecular species of a sample, with
only a limited amount of it, barely stained on TLC by primuline
staining.
3.5. Analyses of GSLs derived from the brain of a human patient
with Tay-Sachs disease

Tay-Sachs disease is a classical GSL storage disease. Although the
genetic and biochemical bases for massive cerebral accumulation
of the ganglioside GM2 have been well established, the mechanism
underlying neural dysfunction in this disease remains elusive. In
this study, we used the method described above to analyze GSLs
derived from the brain of a Tay-Sachs patient in order to obtain
more information regarding the detailed composition of GSLs. In
this manner, we hoped to achieve a breakthrough with regard to
identifying the mechanisms operating in Tay-Sachs disease.

First, the tissue extract was column fractionated. Further one of
the fractions, designated as fraction X (obtained by pooling frac-
tions 186–196), was developed along with GSL standards (GM1,
GD1a, GD1b, and GT1b). Fig. 8(A) shows the result of TLC of stan-
dards and fraction X visualized by primuline staining. Fraction X
seemed to contain various GSLs. We arbitrarily selected 4 bands,
namely, bands (a), (b), (c), and (d) for TLC-Blot-MALDI-QIT-TOF MS
analysis.

[
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MS analysis revealed that bands (a), (b), (c), and (d) corre-
sponded to sulfatide, GM2, GM1, and GalNAc-GD1a, respectively.
Bands (b) and (c) were very faint, therefore, we were unable to
identify the compounds therein solely by the primuline stain-
ing. However, MS analysis of each band successfully produced the
precise spectrum with sufficient sensitivity, and the molecules
corresponding to these bands were identified as GM2 and GM1,
respectively. The results demonstrated that our method is more
sensitive than previous staining methods for detection in patient
samples. Moreover, based on its Rf value, the band of (d) was
estimated as GD1a, however, TLC-Blot-MALDI-QIT-TOF MS anal-
ysis suggested this molecule to be GalNAc-GD1a. We speculated
the molecular structure by MS analysis in this study helped
by literatures. Further MS/MS analysis compared with standard
GalNAc-GD1a will serve reliability. These results showed that our
method can enable the analysis of glycolipids on PVDF membranes
with high sensitivity and accuracy.

4. Conclusion

Here we described a procedure involving a combination of TLC-
Blot-MALDI-QIT-TOF MS and IMS (designated as TLC-Blot-MALDI-
QIT-TOF IMS) for highly sensitive and convenient detection as well
as detailed structural analysis of GSLs. The positions of GSL spots on
the PVDF membrane were determined by primuline staining using
the conventional method, the limit of detection of which is almost
10 pmol. In this report, we could identify GM1 on PVDF membranes
directly subjected to MALDI-QIT-TOF MS at only 1 pmol. Further-
more, MS, MS/MS, and MS/MS/MS spectra of GM1 revealed simple
and informative fragmentation patterns and allowed structural
characterization of the ceramide structures as well as the sugar
sequences. Thus, no additional procedure is required to separate,
visualize, and identify GSLs but TLC-Blot-MALDI-QIT-TOF imaging
mass spectrometric analysis in this system.

The results demonstrated that TLC-Blot-MALDI-QIT-TOF IMS
would be a powerful tool for sensitive identification of minor
species and structural identification of novel structures. Therefore,
the method can potentially be applied for a detailed screen-
ing/mapping of complex GSL mixtures from tissue sources, which
are often available in only very limited amounts.
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