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Abstract
Gangliosides (GGs), sialic acid-containing glycosphingolipids, are known to be involved in the
invasive/metastatic behavior of brain tumor cells. Development of modern methods for
determination of the variations in GG expression and structure during neoplastic cell trans-
formation is a priority in the field of biomedical analysis. In this context, we report here on the first
optimization and application of chip-based nanoelectrospray (NanoMate robot) mass spectrom-
etry (MS) for the investigation of gangliosides in a secondary brain tumor. In our work a native
GG mixture extracted and purified from brain metastasis of lung adenocarcinoma was screened
by NanoMate robot coupled to a quadrupole time-of-flight MS. A native GG mixture from an age-
matched healthy brain tissue, sampled and analyzed under identical conditions, served as a
control. Comparative MS analysis demonstrated an evident dissimilarity in GG expression in the
two tissue types. Brain metastasis is characterized by many species having a reduced N-
acetylneuraminic acid (Neu5Ac) content, however, modified by fucosylation or O-acetylation
such as Fuc-GM4, Fuc-GM3, di-O-Ac-GM1, O-Ac-GM3. In contrast, healthy brain tissue is
dominated by longer structures exhibiting from mono- to hexasialylated sugar chains. Also,
significant differences in ceramide composition were discovered. By tandem MS using collision-
induced dissociation at low energies, brain metastasis-associated GD3 (d18:1/18:0) species as
well as an uncommon Fuc-GM1 (d18:1/18:0) detected in the normal brain tissue could be
structurally characterized. The novel protocol was able to provide a reliable compositional and
structural characterization with high analysis pace and at a sensitivity situated in the fmol range.
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Introduction

Lung adenocarcinoma is a common histologic form of lung
cancer that contains certain distinct malignant tissue

architectural, cytological, or molecular features. Non-small-
cell lung cancer, the most frequent cause of cancer deaths in
many countries, has a high risk of brain metastases that
reportedly reaches 44% in brain autopsy [1]. Compared with
other primary cancers, where brain spread is usually a later
complication, lung cancer develops intracranial metastases
relatively early and is often accompanied by neurologic
symptoms on initial diagnosis [2–6].

Untreated brain metastases have a median survival of
about 4 wk with almost all patients dying from neurological
rather than systemic causes [7]. Whole-brain radiation
therapy and chemotherapy are currently the standard,
unfortunately only palliative, treatments for patients with
brain metastases. The outcome for patients with brain
metastases is generally poor, with median survival time in
the range of 3–6 mo [8, 9].

Essentially all types of malignant cells demonstrate changes
in their glycosylation at the cell surface and many glycosyl
epitopes represent tumor-associated antigens. When highly
expressed, some of those epitopes promote invasion and
metastasis and thus can lead to shorter survival rate of patients,
while some others suppress tumor progression, leading to
higher postoperative survival period [10]. Targeting carbohy-
drate antigens such as gangliosides expressed on tumor cells
represents a challenge for the immunotherapy of cancer since
aberrant glycosylation exhibited by tumor cells is considered a
factor of their uncontrolled growth, invasiveness, and increased
metastatic potential [11, 12].

Gangliosides (GGs) are sialic acid-containing glycosphin-
golipids (GSL) and consist of two main components: a
hydrophobic ceramide unit, which anchors the ganglioside to
the plasma membrane and a hydrophilic oligosaccharide chain,
to which one or more sialic acid groups (N-acetylneuraminic
acid, Neu5Ac) are attached. They are present in the outer layer
of the plasma membranes of all vertebrate cells and are
particularly abundant in the central nervous system, where
they account for about 6% of the weight of lipids from the brain
and the peripheral nervous system; they are also one of the
main constituents of lipid rafts [13, 14]. They are involved in
numerous processes such as cell communication, adhesion,
growth, and differentiation [15], and play a major role in cell
recognition and signaling [16]. Since GGs represent major
components of the cell surface glycocalyx and participate in
cell–cell and cell–matrix interactions, they are implicated in the
invasive/metastatic properties of tumor cells [17, 18]. Marked
changes in the content and distribution of GGs occur
particularly in association with brain tumor formation. Some
of these alterations are intrinsic to the neoplastic tumor cells
and others are associated with the invasion of tumor-infiltrating
host cells. Therefore, changes in their composition and
structure during neoplastic transformation have been studied
and demonstrated for more than two decades [19–23].

From all lung cancers, non-small cell lung cancer has
been shown to exhibit a higher expression levels of GM3 as
well as GM3 synthase (sialyltransferase-I or SAT-I) mRNA
with a positive correlation between expression levels of
SAT-I mRNA and GM3 in tumor tissues [24]. Additionally,
overexpression of GM3 synthase was used to determine the
effects of endogenous gangliosides on the metastatic process
of 3LL Lewis lung carcinoma cells [25].

Recently, it was shown that metastatic potential of mouse
Lewis lung cancer cells is regulated via GM1 by modulating
the matrix metalloproteinase-9. Low GM1 expressing cell
lines showed increase proliferation, invasion, and metastatic
potential [26]. Another ganglioside molecule used in devel-
opment of novel therapies for small cell lung cancer is
fucosyl-GM1, which is specifically expressed in lung cancer
cells [27]. Thus, in the last year, a bidomainal fucosyl-GM1
ganglioside-based vaccine for the treatment of small-cell
lung cancer was developed [28]. It was also shown that an
anti-ganglioside-based cancer vaccine containing 1E10 anti-
idiotypic monoclonal antibody induces apoptosis and anti-
angiogenic effects in a metastatic lung carcinoma [29].

Classic analytical techniques mostly used in GG analysis
include ganglioside isolation and purification from the tissue
followed by liquid chromatography and different immuno-
chemical methodologies, which can be performed after the
chromatographic separation or in direct tissue analysis [30].
Because of its resolving power, robustness, and easy handling,
thin layer chromatography (TLC) has been widely used in GSL
analysis for more than 30 years [31]. However, for the
complete structural analysis of GSL, more sophisticated and
advanced techniques are required. Presently, mass spectrome-
try (MS), intensively exploited for lipid characterization [32,
33], is considered also one of the most precise and sensitive
analytical methods in the detection and structural identification
of different ganglioside species [34–41].

MS potential for sensitive, accurate, and highly reprodu-
cible analysis of complex native GG mixtures increased
dramatically by introduction of chip-based nanoelectrospray
(nanoESI) MS in the positive and negative ion mode as well
as development of instruments able to perform multistage
MS (MSn) experiments for detailed structural elucidation of
single components of biomarker value [38, 39].

In the last few years our group was involved in develop-
ment of chip-based nanoESI techniques and their application
in glycolipid analysis for biomedical purposes. Thus, Nano-
Mate robot coupled to either quadrupole time-of-flight
(QTOF) or high capacity ion trap (HCT) mass spectrometer
was introduced in GSL research for screening, sequencing,
and identification of complex ganglioside mixtures extracted
from normal [36–38] and pathologic human brain with a
particular focus on primary brain tumors [35, 40]. To
continue this systematic mapping of gangliosides in brain
tumors, in the present study, for the first time, chip-based
nanoESI MS was employed for the investigation of ganglio-
side expression and structure in secondary brain tumors, i.e.,
brain metastasis of lung adenocarcinoma. Comparative MS
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screening of gangliosides from metastatic versus healthy
tissue showed considerable discrepancy in expression,
structure, and relative abundances of individual species.
Moreover, differences in ceramide structures and alteration
of sialylation patterns, reported [42] also as tumor-related
changes in human carcinomas were discovered. The data
acquired by combining chip-based NanoMate with quadru-
pole time-of-flight (QTOF) MS and high-performance TLC
(HPTLC) has confirmed the applied analytical strategy as a
powerful tool for finding metastasis-associated structures,
which might serve as potential diagnostic markers or specific
targets in antitumoral therapy.

Experimental
Characterization of Brain Metastasis Originated
from Lung Adenocarcinoma and of Healthy Brain
Tissue

Three years following surgery for lung tumor removal, a
male patient (73-y-old) reports neurological symptoms such
as sudden occipital headaches, dizziness, nausea, and lack of
coordination. By computerized tomography, a hyperdense
formation having the estimated dimensions 40×40×20 mm
was detected in cerebellar vermis. Neurosurgical removal of
the tumor mass and pathohistologic examination of tumor
tissue (Department of Neurosurgery, University Hospital,
Zagreb, Croatia) revealed glandular and papillary structures
lined by anaplastic columnar epithelial cells, many of them
showing mitotic activity. These findings confirmed the
diagnosis of adenocarcinoma brain metastasis. The sample
of normal human cerebellum (male, 79-y-old) was dissected
to serve as a control; it was obtained from the Department of
Forensic Medicine, School of Medicine, University of
Zagreb, Croatia. Tissue samples used for biochemical
analysis were weighed and stored at −20ºC after careful
removal of blood vessels and necrotic elements.

Ganglioside Extraction and Purification

Ganglioside extraction was performed according to the
method of Svennerholm and Fredman [43], as modified by
Vukelić et al. [44]. Tissue sample was weighed and
homogenized in ice-cold distilled water in order to
obtain the 10% homogenate. Lipids were extracted twice
using solvent mixture of chloroform: methanol (1:2, by
vol.), followed by partition and repartition by adding
chloroform, methanol, and water to a final 20 volume
ratio 1:1:0.8. Upper phases containing polar glycosphin-
golipids (GGs) were collected. The crude ganglioside
extracts were purified in several steps: precipitation of
coextracted protein–salt complexes followed by centrifu-
gation; low-molecular-weight contaminants were removed
by gel-filtration on Sephadex G-25 column (Pharmacia,
Uppsala, Sweden) and dialysis against water (overnight
at 4 °C). After complete extraction and purification, the

pure ganglioside extracts were evaporated to complete
desiccation and weighed.

HPTLC and Laser Densitometry

Ganglioside mixtures isolated and purified from brain
metastasis of lung adenocarcinoma and normal cerebellar
brain tissue were analyzed in parallel (Figure 1a and b).
Quantitative analysis of total ganglioside concentration
was performed according to the modified Svennerholm
spectrophotometric method [45, 46]. The absorbances of
samples and Neu5Ac used as a standard in a range of
known concentrations were determined at 580 nm; the
concentrations of GG-bound sialic acids (GG-SA) were
expressed as microgram GG-SA per gram of fresh tissue
w.w. Qualitative analysis was performed by HPTLC
separation of individual ganglioside fractions on glass
backed HPTLC-plates (silica gel 60, 0.2 mm, 10×10 cm,
Merck, Germany). The plates were developed in a
solvent system containing chloroform, methanol, and
0.2 aq. CaCl2 (58:40:9, by volume). After drying, the
plate was sprayed with resorcinol reagent and heated for
30–45 min until GG fractions appeared as bluish bands.
Finally, HPTLC separated and visualized GG fractions
were subjected to laser densitometric scanning (LKB
2202 Laser Ultrascan; LKB, Bromma, Sweden) at
580 nm, as described previously [47], enabling relative
quantification of individual GG, expressed as the relative
proportion (%) in a sample.

Figure 1. High performance thin-layer chromatography of
gangliosides extracted from (a) healthy human cerebellar
tissue and (b) brain metastasis of adenocarcinoma; (c)
densitometric quantification of ganglioside fractions from
brain metastasis of adenocarcinoma
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Sample Preparation for MS

For chip-nano ESI MS analysis, the stock solution of each
native ganglioside extract (approximately 0.5 mg/mL) was
prepared by dissolving the dried material in pure methanol
stored at −27 °C. Working aliquots at a concentration of
approximately 2.5 pmol/μL (calculated for an average
molecular weight of 2000) were obtained by dilution of the
stock solution in pure methanol. Methanol was obtained
from Merck (Darmstadt, Germany) and used without further
purification.

Mass Spectrometry

Mass spectrometry was performed on a QTOF Micromass
spectrometer (Waters, Manchester, UK) in the Z-spray
geometry. QTOF MS is interfaced to a PC computer running
the MassLynx software to control the instrument, acquire,
and process MS data. For all acquisitions, the instrument
was tuned to record the data at a scan speed of 2.1 scans/s.
All mass spectra were acquired in the negative ion mode,
since sialylated glycolipids such as GGs exhibit high
ionization in negative ion mode. For an efficient ionization
and minimal in-source fragmentation, the cone voltage was
varied within the range of 40–50 V. For all experiments, the
desolvation gas was adjusted within 50 L/h while the ion
source temperature was set to 100 °C and kept at this value
during the entire experiment. Tandem MS was performed by
collision-induced dissociation (CID) at low energies using
argon as a collision gas. For ion isolation, the LM and HM
parameters were set to 10 and 10, respectively. These values
provided a fair compromise between the precursor ion
isolation and measurement sensitivity. Collision energy and
gas pressure were readjusted several times during the
ongoing MS/MS experiment to induce an optimal fragmen-
tation of ganglioside species. The product ion spectra were

combined over scans acquired at variable collision energy
within a 40–70 eV range (Elab).

All mass spectra were calibrated using as the calibrant a
commercially available native mixture of bovine brain
gangliosides “Cronassial,” from Fidia Research Laboratories
(Abano Terme, Italy). The reference provided in negative
ion mode a spectrum with a fair ionic coverage of the m/z
range scanned in both MS and CID MS/MS experiments.
The carbohydrate fragment ions were assigned according to
the nomenclature introduced by Domon and Costello [48],
while the ions corresponding to the fragmentation of the
ceramide were designated in agreement with Ann and
Adams [49].

Automated Chip-Based Nanoelectrospray

Fully automated chip-nanoESI was performed on a Nano-
Mate 400 robot incorporating ESI chip technology (Advion
BioSciences, Ithaca, NY, USA) mounted to the QTOF mass
spectrometer. The robot was controlled and manipulated by
ChipSoft software operating under Windows system. The
position of the electrospray chip was adjusted with respect to
the sampling cone potential to give raise to an optimal
transfer of the ionic species into the mass spectrometer. In
order to prevent any contamination, for all experiments a
glass coated microtiter plate was used. Five μL aliquots of
the working sample solutions were loaded onto the 96-well
plate. The robot was programmed to aspirate the whole
volume of sample, followed by 2 μL of air into the pipette
tip and then deliver the sample to the inlet side of the
microchip. Each nozzle has an internal diameter of 2.5 μm
and under the given conditions delivered a flow rate of about
100 nL/min. NanoESI process was initiated by applying
voltages within 1.5 to 1.8 kV and a head pressure of 0.5–0.7
p.s.i. After spray initiation, the infusion parameters such as
ESI voltage on the pipette tip, cone voltage, and desolvation

Table 1. Proportion of HPTLC-separated ganglioside fractions quantified by densitometric analysis and total ganglioside concentration expressed as total
amount of ganglioside-bound sialic acid in (microgram/gram) tissue w.w. in brain metastasis of lung adenocarcinoma

Ganglioside species detected in brain
metastasis of lung adenocarcinoma

Proportion of individual gangliosides
(laser densitometry, %) in brain metastasis
of lung adenocarcinoma tissue

Proportion of individual gangliosides
(laser densitometry, %) in healthy
cerebellar tissue

GM3 52.27 2.24
GM2 34.81 6.16
GM1 1.26 32.25
GD3 4.97 5.30
GD1a - 29.76
GD2 1.08 1.73
X1 1.21 Not detected
GD1b 0.77 13.22
GT1b 3.59 7.92
GQ1b - 0.93
Total concentration of ganglioside-bound
sialic acids (μg GG-SA/g tissue)

59.87 817.10

Tumor mass (g) 0.7266 -
Patient’s gender and age male, 73 y male, 79 y
Primary tumor localization lungs -
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gas flow were optimized within the specified ranges to
enhance a stable spray, proper decomposition of the analyte/
solvent clusters, generation of highly charged negative ions,
and minimize the in-source fragmentation of labile Neu5Ac
or fucose (Fuc) residues. Following sample infusion and MS
analysis, the pipette tip was ejected and a fresh tip and
nozzle were used for each sample, thus preventing any cross
contamination or carry-over.

Results and Discussion
Ganglioside Quantity and Pattern of Brain
Metastasis from Lung Adenocarcinoma Analyzed
by HPTLC and Laser Densitometry

GGs were extracted and purified from brain metastasis tissue
sample weighing 0.7266 g. The total GG content in the
sample was 59.87 μg of GG-bound SAs per gram tissue wet
weight (w.w.) (μg GG-SA/g), as determined by spectropho-
tometric method, which is more than 14 times less than the
total GG content of healthy adult brain reported by us
previously [35]. This corresponds to the lowest total
ganglioside content in extraneural tissue, as shown before
[50, 51]. Qualitative analysis of GG pattern from brain
metastasis sample using HPTLC showed the fractions
migrating as GM3, GM2, and less or no visible fraction

GT1b, GD1b, GD2, GD3, and GM1 (Figure 1a and b) by
simple inspection of the HPTLC plate. Additional minor
fraction X1 with TLC migrating properties of monosialo-GG
structure was observed only by densitometry scanning
(Figure 1c). Proportions of individual GG fractions separated
by HPTLC, as quantified by densitometric analysis, differed
to a great extent between brain metastasis (Table 1) and
healthy brain tissue [35]. In the sample obtained from brain
metastasis, the GG fraction with migration properties of
GM3 was the major one, accounting for 52.27% of the total
GG content followed by GM2 with 34.81%, while propor-
tions of more complex structures (GM1, GD1a, GD1b, and
GT1b) were lower compared with healthy brain tissue. The
characteristic ganglioside pattern having GM3 and GM2 as
the most abundant fractions resembles to ganglioside
patterns of normal lung tissue and lung adenocarcinoma, as
reported previously [52].

Comparative MS Screening of Ganglioside
Mixtures from Healthy and Pathologic Brain
Tissue

Purified native ganglioside mixtures extracted from brain
metastasis of lung adenocarcinoma located in the cerebellum
and from normal cerebellar tissue were submitted to high-
throughput (−)nanoESI QTOF MS screening under identical

Figure 2. (−)Chip-nanoESI QTOF MS of the native ganglioside mixture isolated from brain metastasis of lung adenocarcinoma.
Solvent: MeOH; sample concentration 2.5 pmol/μL; acquisition time 1 min; chip ESI: 1.5 kV; cone voltage: 45 V
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solution and instrumental parameters. Each mass spectrum
was summed over 20 scans, acquired within only 1 min.
Obtained mass spectra are shown in Figures 2 and 3,
respectively, while detected GG molecular ions are listed in
Tables 2 and 3, together with their putative structural
assignment.

The ion assignment and postulation of structures was
carried out by mass calculation and was also based on the
previously described evidences, knowledge upon this type of
substrates [34–41, 53, 54] and known biosynthesis pathway
criteria.

While in MS of brain metastasis sample only singly
charged ions are present, MS profile of normal cerebel-
lum GG extract is characterized by the presence of
singly, doubly, and even triply charged ions. Comparative
inspection of the spectra in Figures 2 and 3 obtained under
identical experimental conditions highlighted a considerable
difference in the number and type of GG components
expressed in brain metastasis (Table 2) versus healthy brain
tissue (Table 3).

Healthy cerebellar tissue was found to contain a higher
variety of GG structures differing in their sialylation degree,
from short, monosialylated (GM) to large, polysialylated

carbohydrate chains (GH) and also ganglioside chains
modified by O-acetyl (O-Ac) and fucosyl (Fuc) attachments.
GM1 (d18:1/18:0) or (d18:0/18:1), GM1 (d18:1/20:0) or
(d18:0/20:1) and Fuc-GM1 (18:1/18:0) were detected as
abundant singly charged ions at m/z 1544.92, 1572.92, and
1690.95 respectively. Beside these species, highly abundant
doubly charged ions at m/z 917.44 and 931.45 assigned to
disialylated GD1 components, with (d18:1/18:0) or (d18:0/
18:1) and (d18:1/20:0) or (d18:0/20:1), respectively, were
identified as well. Seemingly, healthy brain sample is
dominated by mono-, di-, and trisialylated structures.
Thus, 28 distinct m/z signals correspond to 44 possible
GM-type species, 44m/z signals correspond to 63
possible GD- type species, and 32m/z signals are attributable
to 59 GT- type species. Most of these structures have a
tetrasaccharide sugar core and exhibit high heterogeneity in
their ceramide composition. Additionally, six possible tetrasia-
lylated structures (GQ) and only one asialo species (GA) could
be detected. Notable is the presence of a hexasialylated GH2
species having (d18:0/24:1) or (d18:1/24:0) Cer constitution.
This species was detected as [M – 3H]3– atm/z 968,34, and was
not found in the pathologic brain sample. Eighteen possible GG
species modified by fucosylation as well as 30 possible O-

Figure 3. (−)Chip-nanoESI QTOF MS of the native ganglioside mixture isolated from healthy cerebellum tissue. Solvent:
MeOH; sample concentration 2.5 pmol/μL; acquisition time 1 min; chip ESI: 1.5 kV; cone voltage: 45 V
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Table 2. Ganglioside and asialo-ganglioside species from brain metastasis of lung adenocarcinoma detected by (−)chip-nanoESI QTOF MS analysis of
complex native ganglioside mixture

m/z (monoisotopic)
theoretical

m/z (monoisotopic)
experimental

Mass accuracy
(ppm)

Molecular ion Proposed structure

875.19 874.91 33 [M–H]– LacCer(d18:1/17:0)
933.31 932.99 35 [M–H]– LacCer(d18:0/21:0)
947.34 947.19 16 [M–H]– LacCer(d18:0/22:0)
949.22 949.24 21 [M+2Na–3H]– LacCer(d18:0/19:0)
964.24 963.90 35 [M–H]– GM4(d18:0/14:0)
982.19 981.94 25 [M+Na–2H]– GM4(d18:1/14:1)
984.21 983.87 34 [M+Na–2H]– GM4(d18:1/14:0) or GM4(d18:0/14:1)
1122.48 1122.23 22 [M–H]– GA2(d18:0/20:0)
1138.44 1138.15 25 [M–H]– Fuc-GM4(d18:0/16:0)
1138.48 29 GA2(t18:0/20:0)
1150.49 1150.17 28 [M–H]– GA2(d18:1/21:0)
1150.40 20 [M–H]– GM3(d18:1/16:1)
1168.42 1168.01 35 [M–H]– GM3(t18:0/16:0)
1178.46 1178.14 27 [M–H]– GM3(d18:1/18:1)
1179.74 1180.10 30 [M–H]– GM3(d18:1/18:0)
1182.49 1182.21 24 [M–H]– GM3(d18:0/18:0)
1184.37 1184.08 24 [M–H]– O-Ac-GA1(d18:1/10:0)
1194.50 1194.15 29 [M–H]– GM3(d18:1/19:0) or GM3(d18:0/19:1)
1206.51 1206.33 15 [M–H]– GM3(d18:1/20:1)
1206.64 26 [M–H]– GA2(d18:0/26:0)
1222.51 1222.19 26 [M–H]– O-Ac-GM3(d18:1/18:0)
1222.55 29 [M–H]– GM3(d18:0/21:1) or GM3(d18:1/21:0)
1234.56 1234.22 27 [M–H]– GM3(d18:1/22:1)
1234.52 24 O-Ac-GM3(d18:1/19:1)
1248.55 1248.18 33 [M–H]– O-Ac-GM3(d18:1/20:1)
1248.59 30 GM3(d18:1/23:1)
1248.59 1249.02 34 [M–H]– GM3(d18:1/23:0)
1260.60 1260.33 21 [M–H]– GM3(d18:1/24:2)
1262.62 1262.35 21 [M–H]– GM3(d18:1/24:1)
1264.63 1264.19 35 [M–H]– GM3(d18:1/24:0)
1276.61 1277.01 31 [M–H]– O-Ac-GM3(d18:1/22:0)
1276.64 29 [M–H]– GM3(d20:1/23:1)
1276.69 25 [M–H]–(−H2O) GM3(d18:0/26:0)
1278.66 1278.21 35 [M–H]– GM3(d20:1/23:0)
1278.61 31 [M–H]– O-Ac-GM3(d18:1/22:0) or O-Ac-GM3(d18:0/22:1)
1288.67 1289. 04 29 [M–H]– GM3(d18:1/26:2) or GM3(d18:2/26:1)
1288.67 29 [M–H]– GM3(d20:1/24:2)
1292.68 1292.23 35 [M-H]– GM3(d18:1/26:0) or GM3(d18:0/26:1)
1296.54 1296.24 23 [M–H]– Fuc-GM3(d18:1/16:1)
1296.59 27 [M–H]– O-Ac-GA1(d18:1/18:0)
1296.61 28 [M–H]– GA1(d18:0/21:0) or GA1(d18:0/21:0)
1405.65 1405.21 31 [M+Na–2H]– GM2(d18:1/18:0)
1420.68 1420.80 8 [M–H]– O-Ac-GM2(d18:2/18:2)
1435.59 1435.21 26 [M+Na–2H]– GD3(d18:1/14:1) or GD3(d18:0/14:2) or GD3(d18:2/14:0)
1441.66 1441.19 33 [M–H]– GD3(d18:1/16:1) or GD3(d18:0/16:2) or GD3(d18:2/16:0)
1471.73 1471.28 31 [M–H]– GD3(d18:1/18:0)
1493.71 1493.23 32 [M+Na–2H]– GD3(d18:1/18:0)
1515.69 1515.29 26 [M+2Na–3H]– GD3(d18:1/18:0) or GD3(d18:0/18:1)
1515.74 30 [M–H]– GM1(d18:1/16:1) or GM1(d18:0/16:2) or GM1(d18:2/16:0)
1515.78 32 [M–H]– O-Ac-GD3(d18:0/18:0)
1515.71 1516.01 20 [M+Na–2H]– GD3(d18:1/20:2) or GD3(d18:0/20:3) or GD3(d18:2/20:1)
1515.75 17 [M–H]– GM1(d18:2/16:0) or GM1(d18:1/16:1)

GM1(d18:0/16:2)
1527.83 1528. 16 22 [M–H]– GD3(d18:0/22:0)
1541.79 1542. 19 26 [M–H]– GM1(d18:1/18:2) or GM1(d18:2/18:1) or GM1(d18:0/18:3)
1569.78 1570.29 32 [M+2Na–3H]– GD3(d18:1/22:0) or GD3(d18:0/22:1)
1569.83 29 [M–H]– GM1(d18:1/20:1) or GM1(d18:0/20:2) or GM1(d18:2/20:0)
1569.77 33 [M+Na–2H]– GD3(d18:0/24:2) or GD3(d18:1/24:1) or GD3(d18:2/24:0)
1597.88 1598.09 13 [M–H]– GM1(d18:0/22:2) or GM1(d18:1/22:1) or GM1(d18:2/22:0)
1611.77 1612.17 25 [M+2Na–3H]– GM1(d18:1/20:2)
1625.89 1625.40 30 [M+2Na–3H]– GD3(d18:1/26:1) or GD3(d18:0/26:2) or
1624.92 30 [M–H]– GD3(d18:2/26:0)

GM1(d18:1/24:2)
1627.90 1627.41 30 [M+2Na–3H]– GD3(d18:0/26:1) or GD3(d18:1/26:0)
1626.93 29 [M–H]– GM1(d18:0/24:2) or GM1(d18:1/24:1) or GM1(d18:2/24:0)
1629.92 1629.42 31 [M–H]– GM1(d18:0/24:1) or GM1(d18:1/24:0)
1628.94 29 [M–H]– di-O-Ac-GM1(d18:1/18:0)
1659.79 1660.18 23 [M+3Na–4H]– GM1(d18:1/22:3) or GM1(d18:0/22:4) or GM1(d18:2/22:2)
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acetylated GG variants were also identified. Most of the
fucosylated components are of GM1 and GD1-type with
different fatty acid and/or sphingoid base compositions in
the Cer moiety. Unlike fucosylation, O-acetylation was
found for a higher variety of glycoforms such as GM3,
GM1, GD3, GD2, GD1, GT3, GT2, GT1, and GQ1,
which differ not only in oligosaccharide chain composi-
tion but also in their sialylation status. Interestingly, four
possible di-O-Ac GG variants of GT2, GM1, and GM3
were detected as well.

In contrast to healthy cerebellar tissue, the ganglioside
mixture extracted from brain metastasis of lung adenocarci-
noma exhibits mostly species of short oligosaccharide chains
and reduced overall sialic acid content. More than a half,
from the total of 59 different ions detected and correspond-
ing to 125 possible structures in brain metastatic tissue,
represent monosialylated species of GM1, GM2, GM3, and
GM4-type. Besides the large number of monosialylated
components, eight asialo species of GA1 and GA2-type
bearing ceramides of variable constitution are present.
GD1, GD2, and GD3 as well as GT1, GT2, and GT3
with short carbohydrate chains, expressing different
ceramide portions were also identified in the mixture.
Ganglioside components modified by Fuc or O-Ac could
also be detected, but in a different pattern than in
healthy cerebellum; most O-acetylated gangliosides are
monosialo species of GM3, as well as short GT3- and
GT2- type, while fucosylated components are represented
by monosialo species of GM3 and GM4 structure, di-
and trisialylated GD1 and GT3 exhibiting high hetero-
geneity in their ceramide motifs.

The most abundant singly charged ions at m/z 1150.17,
1168.01, 1515.29, and 1627.41 are assigned to GA2 (d18:0/
22:0) or GM3 (d18:1/16:1); GM3 (t18:0/16:0); sodiated

GD3 (d18:1/18:0) or (d18:0/18:1) or GM1 (d18:1/16:1) or
(d18:0/16:2) or GM1 (d18:2/16:0) or O-Ac-GD3 (d18:0/
18:0) and sodiated GD3 (d18:1/26:0) or (d18:0/26:1) or
GM1 (d18:0/24:2) or (d18:1/24:1) or (d18:2/24:0).

CID MS/MS Analysis of GD3 (d18:1/18:0) Species
Associated with Brain Metastasis of Lung
Adenocarcinoma

To achieve a complete structural characterization of GD3
(d18:1/18:0) species associated with brain metastasis of
lung adenocarcinoma, the monodeprotonated species at
m/z 1471.29 corresponding according to mass calculation
to GD3 (d18:1/18:0) was isolated and submitted to
fragmentation using CID at low energies. Obtained MS/
MS results are presented in Figure 4, together with a
scheme depicting the fragmentation pathway experienced
by the precursor ions during the dissociation event (inset
Figure 4).

As visible, chip-nanoESI MS/MS gave rise to product
ions useful for a reliable assignment of the entire
carbohydrate sequence of the disialylated species, as
well as for characterization of the type of its ceramide
portion. Loss of one terminal Neu5Ac is evidenced by
the presence of abundant Y3

– fragment ion at m/z
1178.69 accompanied by the corresponding dehydrated
Z3

– form at m/z 1160.67 and Y3
–/CO2 at m/z 1134.62.

Subsequent mono-desialylation is documented by the
asialo Y2

– fragment at m/z 888.19 and also B1
–

(Neu5Ac–) at m/z 290.16, B2
– (Neu5Ac2

-) at m/z
581.24, B2

–/CO2 at m/z 537.21, B2
–/CO2/H2O at m/z

519.20, and C2
– at m/z 599.26.

Cleavage of the ceramide moiety gave rise to the singly
charged Y0

– ion at m/z 564.00. This fragment ion along with

1674.87 1675.23 21 [M+Na–2H]– (−H2O) GD2 (d18:1/18:2)
1748.97 1749.39 24 [M+Na–2H]– GD2 (d18:1/22:1)
1766.97 1767.28 18 [M–H]–(−H2O) GT3 (d18:1/20:1)
1785.07 1785.37 17 [M–H]– O-Ac-GD2(d18:1/23:0) or O-Ac-GD2(d18:0/23:1)
1833.81 1833.28 29 [M–H]– GT3(d18:0/23:0)
1833.07 11 [M–H]– O-Ac-GT3 (d18:0/20:0)
1861.12 1861.24 6 [M–H]– O-Ac-GT3-lactone(d18:0/22:0)
1861.12 6 [M–H] (−H2O) O-Ac-GT3(d18:0/22:0)
1879.09 1879.39 16 [M+Na–2H]– O-Ac-GT3 (d18:2/22:1)
1879.10 15 [M–H]–(−H2O) Fuc-GT3(d18:0/17:0)
1879.99 32 [M–H]– GT2(d18:1/12:1) or GT2(d18:2/12:0)
1909.16 1909.03 7 [M–H]– GD1 (d18:1/22:0)
1960.21 1959.84 19 [M–H]–(−2H2O) GT2(d18:0/20:0)
1960.12 14 [M–H]– GT2(d18:1/18:3) or GT2(d18:2/18:2)
1990.17 1989.78 20 [M+Na–2H]– GT2(d18:0/18:0)
1990.19 21 [M–H]– GT2(d18:0/20:3) or GT2(d18:1/20:2) or GT2(d18:2/20:1)
1990.19 1990.83 32 [M–H]– GT2(d18:1/20:1) or GT2(d18:0/20:2) or GT2(d18:2/20:0)
2005.20 2005.63 21 [M–H]– Fuc-GD1(d18:1/20:2)
2006.19 28 O-Ac-GT2(d18:1/18:1)
2048.23 2048.80 28 [M–H]– di-O-Ac-GT2(d18:0/18:0)
2048.10 34 [M–H]–(−H2O) GT1(d18:2/14:2) or GT1(d18:3/14:1)

Table 2. (continued)

m/z (monoisotopic) m/z (monoisotopic) Mass accuracy Molecular ion Proposed structure
theoretical experimental (ppm)
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Table 3. Ganglioside and asialo-ganglioside species from healthy cerebellum detected by (−)chip-nanoESI QTOF MS analysis of complex native ganglioside
mixture

m/z (monoisotopic)
theoretical

m/z (monoisotopic)
experimental

Mass accuracy
(ppm)

Molecular ion Proposed structure

708.35 708.38 4 [M–3H]3– GT1(d18:1/18:0)
714.42 714.40 3 [M–3H]3– GT1(t18:0/18:0)

[M+Na–4H]3– GT1(d18:1/18:2)
717.58 717.54 5 [M–3H]3– GT1(d18:1/20:0) or GT1(d18:0/20:1)
734.91 735.12 29 [M–2H]2– GD3(d18:1/18:0) or GD3(d18:0/18:1)
756.38 756.30 11 [M–2H]2– O-Ac-GD3(d18:1/18:0)
771.95 771.93 3 [M–2H]2– GM1(d18:0/18:1) or GM1(d18:1/18:0)
822.05 822.06 1 [M+Na–4H]3– GQ1(d18:1/20:0) or GQ1(d18:0/20:1)
835.95 835.69 31 [M–2H]2– GD2(d18:1/18:1) or GD2(d18:0/18:2)

or GD2(d18:2/18:0)
844.96 844.69 32 [M–2H]2– O-Ac-GD2(d18:0/16:0)
850.47 850.22 29 [M–2H]2– GD2 (d18:1/20:0)
863.51 863.21 35 [M–2H]2– Fuc-GM1(d18:1/22:2) or Fuc-GM1(d18:0/22:3)

or Fuc-GM1(d18:2/22:1)
863.00 24 [M–2H]2– GD2(d18:0/22:3) or GD2(d18:1/22:2)

or GD2(d18:2/22:1)
862.99 26 [M+Na–3H]2– GD2(d18:0/20:0)
878.03 877.88 17 [M–2H]2– GD2(d18:1/24:1)
886.03 885.78 28 [M–2H] –- O-Ac-GD2(d18:1/22:0) or O-Ac-GD2(d18:0/22:1)
890.97 890.76 24 [M+Na–3H]2– GT3(d18:1/18:1)
905.01 905.11 11 [M+Na–3H]2– GT3(d18:1/20:0)
917.48 917.44 4 [M–2H]2– GD1(d18:1/18:0) or GD1(d18:0/18:1)
924.49 924.76 29 [M–2H]2– GD1(d18:1/19:0) or
924.53 25 [M+2Na–4H]2– O-Ac-GT3(t18:1/20:0) or O-Ac-GT3(d18:0/20:1)
931.49 931.45 4 [M–2H]2– GD1(d18:1/20:0) or GD1(d18:0/20:1)
940.50 940.46 4 [M–2H]2– GD1(t18:0/20:0)
940.19 29 [M+2Na–4H]2– GD1 (d18:1/18:0) or GD1(d18:0/18:1)
945.51 945.50 1 [M–2H]2– GD1(d18:1/22:0)
952.52 952.50 2 [M–2H]2– O-Ac-GD1 (d18:1/20:0) or O-Ac-GD1 (d18:0/20:1)
968.03 968.34 32 [M–3H]3– GH2(d18:1/24:0) or GH2(d18:0/24:1)
991.56 991.27 29 [M+Na–3H]2– GT2(d18:1/18:2) or GT2(d18:0/18:3)

or GT2(d18:2/18:3)
1005.58 1005.28 30 [M+2Na–4H]2– GT2 (d18:0/18:0)
1019.02 1019.36 33 [M–2H]2– GalNAc-GD1(d18:0/18:0)
1024.62 1024.68 6 [M–2H]2– di-O-Ac-GT2 (d18:1/18:0)
1024.57 11 [M+2Na–4H]2– O-Ac-GT2 (d18:1/18:1)
1034.24 1033.94 29 [M+2Na–3H] – GM4 (d18:1/16:0) or GM4 (d18:0/16:1)
1042.60 1042.51 9 [M–2H]2 GT1 (t18:1/14:1) or
1042.66 14 GalNAc-GD1(t18:0/20:0)
1046.59 1046.46 12 [M+Na–3H]2– GT1(d18:1/14:0) or GT1(d18:0/14:1)
1049.62 1049.51 10 [M–2H]2– GT1(d18:1/16:0) or GT1(d18:0/16:1)
1059.61 1059.28 31 [M+Na-3H]2– GT1(d18:1/16:1)
1063.03 1063.35 30 [M–2H]2– GT1(d18:1/18:0) or GT1(d18:0/18:1)
1074.02 1074.05 3 [M+Na–3H]2– GT1(d18:1/18:0)
1077.04 1077.37 31 [M–2H]2– GT1\(d18:1/20:0)
1097.18 1096.81 34 M–2H]2– O-Ac-GT1(d18:1/20:1) or O-Ac-GT1(d18:0/20:2)

or O-Ac-GT1(d18:2/20:0)
1097.04 21 [M+Na–3H]2– GT1(t18:0/20:0)
1110.70 1110.36 31 [M-2H]2– O-Ac-GT1(d18:1/22:2)
1118.49 1118.56 6 [M–H]– GM4(t18:1/24:0)
1180.47 1180.09 32 [M–H]– GM3(d18:1/18:0) or GM3(d18:0/18:1)
1228.51 1228.61 8 [M–H]– GA1(d18:0/16:0)
1228.49 10 [M+Na–2H]– GM3(d18:1/20:1) or GM3(d18:0/20:2)
1232.55 1232.12 35 [M–H]– GM3(d18:1/22:2) or GM3(d18:0/22:3)

or GM3(d18:2/22:1)
1232.52 32 [M+Na–2H]– GM3(d18:0/20:0)
1241.29 1240.86 35 [M+Na–3H]2– O-Ac-GQ1(d18:1/18:0)
1252.58 1252.19 31 [M–H]– O-Ac-GM3(d18:0/20:0)
1252.60 33 GM3 (d18:0/23:0)
1264.54 1264.12 33 [M–H]– di-O-Ac-GM3(d18:1/18:0)
1284.60 1284.36 19 [M+Na–2H]– GM3(d18:1/24:1)
1382.82 1382.87 4 [M–H]– GM2(d18:1/18:0) or GM2(d18:0/18:1)
1409.70 1410.19 35 [M–H]– GM2(d18:1/20:0) or GM2(d18:0/20:1)
1467.69 1467.86 12 [M–H]– GD3(d18:1/18:2)
1467.67 13 [M+Na–2H]– GD3(d18:0/16:0)
1492.81 1492.89 5 [M+Na–2H]– GD3(d18:1/18:0)
1509.73 1509.71 1 [M–H]– O-Ac-GD3(d18:1/18:1)
1509.79 5 Fuc-GM2-lactone (d18:1/18:1)
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1513.76 1513.29 31 [M–H]– O-Ac-GD3(d18:1/18:0)
1516.84 1517.30 30 [M–H]– GM1(d18:1/16:0) GD3(d18:2/20:2)
1517.71 27 [M+Na–2H]– Fuc-GM2(d18:2/16:2)
1517.70 26 [M+Na–2H]–

1537.72 1537.26 30 [M+Na–2H]– GM1(d18:1/16:1)
1541.73 1541.21 33 [M+2Na–3H]– GD3(d18:1/20:0)
1544.87 1544.92 3 [M–H]– GM1(d18:1/18:0) or GM1(d18:0/18:1)
1561.80 1561.36 28 [M–H]– O-Ac-GM1(d18:0/16:0)
1566.85 1566.68 11 [M+Na–2H]– GM1(d18:1/18:0) or GM1(d18:0/18:1)
1572.90 1572.92 1 [M–H]– GM1(d18:1/20:0) or GM1(d18:0/20:1)
1589.83 1589.28 35 [M–H]– Fuc-GD3(d18:1/16:0)
1593.82 1594.16 21 [M+Na–2H]– GM1(d18:1/20:0)
1599.89 1600.23 21 [M–H]– GM1(d18:0/22:0)
1629.88 1629.32 34 [M–H]– di-O-Ac-GM1(d18:1/18:0)
1648.88 1648.32 34 [M–H]– GD2(d18:0/16:0)
1656.90 1656.88 1 [M–H]– GD2-lactone (d18:1/18:0)
1662.82 1663.16 20 [M+Na–2H]– GD2(d18:2/16:2)
1674.92 1674.33 35 [M–H]– GD2(d18:1/18:0) or GD2(d18:0/18:1)
1690.93 1690.95 1 [M–H]– Fuc-GM1(d18:1/18:0)
1700.96 1701.42 27 [M–H]– GD2(d18:1/20:0) or GD2(d18:0/20:1)
1708.88 1709.36 27 [M+Na–2H]– O-Ac-GD2 (d18:1/16:1)
1716.94 1716.91 2 [M–H]– Fuc-GM1 (d18:1/20:1)
1717.98 1718.48 29 [M–H]– Fuc-GM1 (d18:1/20:0)
1729.01 1729.62 35 [M–H]– GD2(d18:1/22:0) or GD2(d18:0/22:1)
1741.87 1741.27 34 [M+Na–2H]– Fuc-GM1 (d18:0/20:0)
1746.92 1746.38 31 [M+2Na–3H]– GD2(d18:0/20:0)
1775.04 1775.57 30 [M+Na–2H]– GD2(d18:2/24:3)
1787.98 1787.76 12 [M+2Na–3H]– Fuc-GM1(d18:1/22:1)
1796.07 1796.50 24 [M+Na–2H]– Fuc-GM1(d18:1/24:0)
1803.02 1803.64 34 [M–H]– O-Ac-GT3(d18:1/18:1)
1835.96 1835.91 3 [M–H]– GD1(d18:1/18:0) or GD1(d18:0/18:1)
1857.02 1857.59 31 [M+Na–2H]– GD1(d18:0/18:0)
1863.10 1863.61 27 [M–H]– GD1(d18:1/20:0)
1873.07 1872.68 21 [M+Na-2H]– GD1(d18:1/19:0)
1879.93 1879.91 1 [M+2Na–3H]– GD1(d18:1/18:0)
1887.79 1886.98 5 [M–H]– Fuc-GT3-lactone(d18:1/18:2)

Fuc-GT3-lactone(d18:0/18:3)
Fuc-GT3-lactone(d18:2/18:1)

1895.96 1896.06 5 [M+2Na–3H]– GD1(d18:0/19:0)
1901.05 1901.71 35 [M+2Na–3H]– O-Ac-GT3(d18:1/22:1)
1910.07 1909.43 34 [M–H]– GT2(d18:0/14:0) or GT2(d18:0/14:1)
1915.17 1915.78 31 [M–H]– GD1(d18:1/24:2)
1925.14 1925.77 33 [M+Na–2H]– GD1(d18:1/23:1)
1937.15 1937.80 34 [M+Na–2H]– GD1(d18:1/24:2) or GD1(d18:0/24:3)

or GD1(d18:2/24:1)
1964.16 1964.84 35 [M–H]– GT2(d18:0/18:0)
1983.20 1982.55 33 [M–H]– Fuc-GD1(d18:1/18:0)
2005.20 2004.61 30 [M–H]– Fuc-GD1(d18:1/20:2)
2010.16 2010.78 31 [M+Na–2H]– GT2(d18:1/20:2) or GT2(d18:0/20:3)

or GT2(d18:2/20:1)
2032.23 2032.63 20 [M–H]– O-Ac-GT2(d18:1/20:1) or O-Ac-GT2(d18:0/20:2)

or O-Ac-GT2(d18:2/20:0)
2032.14 24 [M+2Na–3H]– GT2(d18:1/20:2) or GT2(d18:0/20:3)

or GT2(d18:2/20:1)
2050.24 2049.75 24 [M–H]– di-O-Ac-GT2 (d18:1/18:0)
2059.27 2059.78 [M+Na–2H]– Fuc-GD1(d18:1/22:0)
2076.24 2076.85 29 [M–H]– GQ3(d18:1/20:2) or GQ3(d18:0/20:3)

or GQ3(d18:2/20:1)
2106.27 2105.78 23 [M–H]– (−H2O) GT1(d18:1/18:2)
2166.32 2165.56 35 [M–H]– O-Ac-GT1(d18:1/18:2) or O-Ac-GT1(d18:0/18:3)

or O-Ac-GT1(d18:2/18:1)
2165.03 24 [M+Na–2H]– GT1(t18:1/18:0) O-Ac-
2166.29 34 GT1(d18:1/16:0)
2172.19 2172.04 7 [M+2Na–3H]– O-Ac-GT1(t18:1/14:1)
2188.38 2187.62 35 [M+Na–2H]–(−H2O) GT1(d18:1/22:0)
2188.39 35 [M+Na–2H]– GT1(d18:1/21:1)
2198.31 2198.08 10 [M+2Na–3H]– GT1(d18:1/20:0)
2214.25 2215.78 24 [M+Na–2H]– O-Ac-GT1(d18:1/20:2)

Table 3. (continued)

m/z (monoisotopic) m/z (monoisotopic) Mass accuracy Molecular ion Proposed structure
theoretical experimental (ppm)
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the singly charged ions: Y1
– at m/z 726.51 (GlcCer), its

dehydrated counterpart Z1
– at m/z 708.45, Y2

– at m/z 888.45
(GalGlcCer), B3

–/CO2 at m/z 700.26, and C3
–/CO2 at m/z

717.22 characterize the carbohydrate sequence and docu-
ment a (d18:1/18:0) ceramide configuration. This structure
of the ceramide is supported also by the Cer-derived
fragment ions at m/z 238.38, 265.40, 266.41, 282.28,
308.32, and 324.28 attributable to P, Q, V, U, T, and S
type of ions, respectively (Figure 4, inset).

CID MS/MS Analysis of Fuc-GM1 (d18:1/18:0)
Species from Healthy Brain Tissue

Figure 5 presents QTOF CID MS/MS of the singly charged
ion at m/z 1690.95, which, according to calculation,
corresponds to Fuc-GM1 (d18:1/18:0). To determine the
oligosaccharide and ceramide composition as well as for
collecting specific data upon Neu5Ac and Fuc residue
localization, the MS/MS conditions were optimized to
provide as many informative sequence ions as possible.
Consequently, spectra in Figure 5 feature a high number of
structurally-informative ions. Thus, Y1

– ion at m/z 726.46
and its dehydrated counterpart Z1

– at m/z 708.47, Y2α
– at m/z

1325.81, and Y3α
– at m/z 1382.97 together with its counter-

part Z3α
– at m/z 1364.87 obtained after water elimination

correspond to Gal-GalNAc-Gal-Glc-Cer−. Inevitably, these
abundant ions were found accompanied by product ions
derived from the loss of one or both labile attachments of
Fuc and Neu5Ac, respectively. However, a comparison with
the fragmentation pattern of human brain GM1(d18:1/18:0),
obtained previously [53] on a QTOF MS instrument under
similar CID conditions, indicates that in the spectrum in
Figure 5 a number of ions shifted with Δm =146 u, the mass
of Fuc residue, are diagnostic for fucosylation. Fuc attach-
ment site at the inner Gal (as shown in Figure 6) was found
well documented by Y3α

– ion at m/z 1382.97 and its
dehydrated counterpart Z3α

– at m/z 1364.87, Y2α
– at m/z

1325.81, Y3α
–/Y1β

– at m/z 1091.80 corresponding to Gal-
NAc-Gal(Fuc)-Glc-Cer- (d18:1/18:0) sequence and Z3α

–/
Y1β

– complement at m/z 1073.77 occurred after water
elimination. Fuc attachment to the inner Gal is a result of
either α1-2 or α1-6 fucosyltransferase action [55].

Due to the high structural selectivity, a number of fragment
ions were found also diagnostics for the localization of Neu5Ac
moiety at the inner Gal of the monosialotetraose-Cer (d18:1/
18:0) oligosaccharide backbone; these are Y2α

– at m/z 1325.81
corresponding to Neu5Ac-Gal(Fuc)-Glc-Cer– (d18:1/18:0)
sequence, Y2α

–/Y1γ
– at m/z 1179.85 corresponding to

Figure 4. (−)Chip-nanoESI QTOF CID MS/MS of the singly charged ion at m/z 1471.29 corresponding to GD3 (d18:1/18:0) from
brain metastasis of lung adenocarcinoma. Acquisition time 1 min. Insets: fragmentation schemes of the oligosaccharide core
and ceramide moiety
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Neu5Ac-Gal-Glc-Cer- (d18:1/18:0) sequence together with its
dehydrated counterpart Z2α

–/Y1γ
– at m/z 1161.83, Y3α

– at m/z
1382.97 with the GalNAc-Gal(Fuc)(Neu5Ac)-Glc-Cer–

(d18:1/18:0) sequence together with its dehydrated counterpart
Z3α

– at m/z 1364.87. These data give hard evidence on the

presence of the GM1a structural isomer in the healthy
cerebellum tissue (Figure 6).

Besides the complete characterization of the oligosac-
charide sequence of the GM1 molecule and identification of
the GM1a structural isomer, the MS/MS fragmentation
provided data on the (d18:1/18:0) constitution of the
ceramide, which is directly supported by Y0 and Z0 ions
detected at m/z 564.16 and 546.06, respectively, as well as
by P, Q, V, U, T, and S ions (Figure 5).

Conclusions
The present approach, combining a high performance MS
method based on chip-nanoESI with HPTLC and densito-
metric scanning, enabled the detection and structural assign-
ment of 125 possible distinct species expressed in brain
metastasis of lung adenocarcinoma, as well as character-
ization of structural features of single GG components in the
complex native mixture. The chromatographic and densito-
metric analysis indicated a several fold decrease (14×) of the
total GG content in brain metastasis versus healthy human
brain. GG composition of brain metastasis sample was found
to be highly altered in comparison to the composition of

Figure 5. (−)Chip-nanoESI QTOF CID MS/MS of the singly charged ion at m/z 1690.95 corresponding to Fuc-GM1 (d18:1/18:0)
from healthy cerebellum tissue

Figure 6. Fragmentation scheme by CID MS/MS of Fuc-
GM1 (d18:1/18:0) ganglioside from healthy cerebellum tissue
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healthy human brain. Thus, the relative abundances of GM3
and GM2 fractions were 22.5- and 5.5-folds higher, whereas
GM1, GD1b, and GT1b fractions showed 25.5-, 17.0-, and
2.1-fold lower relative abundances. These results are con-
sistent with literature data showing that GM3 was the main
ganglioside component in all metastatic tumors of human
brain of various origins and that the reduced content of
complex gangliosides, i.e., GM1, GD1b, GD1a, and GT1b is
common for many types of transformed cells, especially for
metastatic tumor cells [56–61].

Under identical experimental conditions, MS analysis of
normal versus metastatic tissue sample also revealed a
noticeable variation of GG expression. While brain meta-
stasis is characterized by short ganglioside species with
reduced sialic acid content and prevalence of GM type,
healthy cerebellar tissue is dominated by mono- to hexasia-
lylated structures with higher expression of GD and GT-
type. The reduction in the total GG content and the altered
profile of GGs in brain metastasis versus healthy control
tissue could be a result of both a lower overall biosynthetic
rate, due to change in expression of certain glycosyl- and
sialyltransferases, and a higher turnover rate. An elevated
expression of sialyltransferase I (GM3 synthase) and II
(GD3 synthase) and a lower expression of galactosyltrans-
ferase II could, in part, explain the high GM3 and GD3 and
the low GM1 and GD1b abundances.

MS data indicated the presence in the metastatic tissue of
several unusual monosialylated species modified by fucosy-
lation or O-acetylation such as Fuc-GM4, Fuc-GM3, di-O-
Ac-GM3, and O-Ac-GM3. These species were previously
reported as fetal brain-associated GGs, i.e., developmentally
regulated antigens, which are only minor components of the
normal brain [36].

GD3 (d18:1/18:0) was reported to enhance tumor cell
proliferation, invasion, and metastasis in a variety of brain
tumor cells, especially in glioma and neuroblastoma [62,
63]. GD3 influence tumor angiogenesis and metastasis by
stimulating VEGF release from tumor cells [64], hence its
structural characterization is of high biological importance.
By tandem MS using CID, the oligosaccharide core of the
brain metastasis-associated GD3 (d18:1/18:0) species was
structurally elucidated. At the same time, a number of Cer-
derived fragment ions allowed also the postulation of the
lipid moiety composition.

Optimized MS/MS conditions enabled structural assess-
ment of Fuc-GM1 (d18:1/18:0) detected in healthy cerebel-
lum. It was found that the identified Fuc-GM1 is an atypical
isomer bearing the labile Fuc residue at the inner Gal
molecule together with one Neu5Ac attached at the same
monosaccharide. However, the presence of the isomer with
Fuc attached to the outer Gal of the carbohydrate chain can
be neither excluded nor demonstrated. Because of the
symmetry of the carbohydrate chain, there is no possibility
for formation of diagnostic fragment ions able to unequiv-
ocally support Fuc attachment at the outer Gal. Conse-
quently, the presence of this isomer cannot be excluded.

Although the present approach allowed an unambiguous
determination of Fuc localization at the inner Gal further
development of NanoMate in conjunction with multiple
stage fragmentation (MSn) for discrimination between the
possible (alpha1-2) and (1–6) glycosidic bond types is
planned.

Finally, noteworthy to mention is that chip-nanoESI
QTOF MS and CID MS/MS was able to provide composi-
tional and structural characterization of native ganglioside
mixtures from secondary brain tumors with remarkable
analysis speed and sensitivity. In view of the flow rate
delivered by the chip-nanoESI, which under the applied
conditions was around 100 nL/min, 1 min acquisition time at
a sample concentration of only 2.5 pmol/μL corresponds to
250 fmol biological extract consumption. Thus, a MS
screening followed by CID MS/MS required only 500 fmols
of material. For all these reasons, the bioanalytical platform
demonstrated here for determination of GSL molecular
markers in brain tumors has real perspectives of develop-
ment into a routine, ultrafast, and sensitive method appli-
cable to other types of cancer and molecular markers.
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