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The proximity of cerebrospinal fluid (CSF) with the brain, its permanent renewal and better availability
for research than tissue biopsies, as well as ganglioside (GG) shedding from brain to CSF, impelled lately
the development of protocols for the characterization of these glycoconjugates and discovery of central
nervous system biomarkers expressed in CSF. Currently, the investigation of CSF gangliosides is focused
on concentration measurements of the predominant classes and much less on their profiling and
structural analysis.

Since we have demonstrated recently the high performance of ion mobility separation mass spec-
trometry (IMS MS) for compositional and structural determination of human brain GGs, in the present
study we have implemented for the first time IMS MS for the exploration of human CSF gangliosidome,
in order to generate the first robust mass spectral database of CSF gangliosides. IMS MS separation and
screening revealed 113 distinct GG species in CSF, having similar compositions to the species detected in
human brain. In comparison with the brain tissue, we have discovered in CSF several components
containing fatty acids with odd number of carbon atoms and/or short glycan chains. By tandem MS (MS/
MS) we have further analyzed the structure of GD3(d18:1/18:0) and GD2(d18:1/18:0), two glycoforms
exhibiting short carbohydrate chains found in CSF, but discovered and characterized previously in brain
as well. According to the present results, human CSF and brain show a similar ganglioside pattern, a
finding that might be useful in clinical research focused on discovery of ganglioside species associated to
neurodegenerative diseases and brain tumors.

© 2019 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction

Due to its constant physical contact with the brain and spinal
cord and its daily renewal [1], cerebrospinal fluid (CSF) is a body
fluid, which reflects the pathophysiological state of the brain. In the
last decades, CSF started to represent an increasingly sought matrix
for the detection and characterization of central nervous system
(CNS) disorders. Although the existence of a clear, colorless fluid
that surrounds the brain was known since the time of Hippocrates
r. 1, RO-300224, Timisoara,
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[2], the first descriptions of CSF production-absorption cycle
belonged to Cushing in 1914 [3], and in 1919 to Dandy [4]. Produced
in the choroid plexuses of the ventricles of the brain, and absorbed
in the arachnoid granulations, containing mainly water (99%), and
in a lesser extent (1%) proteins, glucose, neurotransmitters and
electrolytes, the CSF has multiple functions [5,6]. CSF is designed to
i) protect the brain tissue from trauma when jolted or hit by acting
as a shock absorber; ii) offer immunological protection of the CNS;
iii) transport nutrients, hormones, drugs and clean CNS from
different metabolic waste, by purging them via the blood-brain
barrier. Besides, CSF acts as a cushion for the brain, ensuring the
buoyancy of the brain, preventing therefore the cut off blood supply
and the death of neurons in the lower part of the brain [7], by
reducing its normal weight from 1400 to 1500 g, to about 25e50 g
aire (SFBBM). All rights reserved.
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when floating in CSF [1,8].
Nowadays, CSF collected by lumbar puncture is routinely

examined to diagnose or to further confirm an established diag-
nosis for a variety of CNS disorders, such as Alzheimer disease, Rett
syndrome, GM1 gangliosidosis, HIV-1 infection [9e11]. Addition-
ally to CSF color and pressure monitoring, the current investigation
techniques enable the counting and identification of several
markers. While elevated levels of white blood cells are specific for
infections, such as meningitis, increased levels of red blood cells are
characteristic for subarachnoid haemorrhage [12]; the type and
nature of proteins in CSF may serve for the diagnosis of multiple
sclerosis, paraneoplastic syndromes, neurosarcoidosis, etc. [1],
while Aquaporin 4 antibody for autoimmune conditions [1].
Glucose, lipids, hormones, secreted growth factors, neurotrans-
mitters, cytokines, morphogens, viruses, bacteria and microRNAs
interfere in the production, absorption, and functions of CSF and
may be used as markers of hydrocephaly, tumors, intraventricular
hemorrhages and congenital webs [6,13e16].

An important class of molecules with vital biological roles,
whose changes in concentration and composition could be also
monitored in CSF, is represented by the gangliosides (GGs). GGs are
sialic acidic-containing glycosphingolipids found in the outer
plasma membrane in all human cells, with the lipid moiety rooted
into the external surface of the membrane and the saccharide core
covering the membrane. The expression of GGs was demonstrated
to be cell type-specific. At the brain level, gangliosides are consid-
ered valuable markers as their expression has a topographical
specificity and varies with brain development, maturation and
aging, as well as in neurodegeneration and malignant trans-
formation [17e21]. Highly concentrated, especially in the cerebral
cortex, up to 1000 times more than in any other extra-neural organ
[22], to a certain extent, GGs are released into the intercellular
space through the normal cell surface turnover, known as “cell
surface shedding” [23]. Since in the intercellular space CSF and the
GGs released from brain come in direct contact, CSF is enriched
with brain ganglioside species [24,25]. However, their concentra-
tion in CSF is highly reduced, up to only 0.3e0.5 nmol/mL [25e27];
hence, the extraction, quantification and analysis of GGs from CSF
require high performance techniques, characterized by elevated
sensitivity and resolution.

GGs in CSF were approached primarily for the quantification of
GM1, GD1 and GD3 classes by immunostaining [25], high perfor-
mance thin layer chromatography (HPTLC) with densitometry [28],
microimmunoaffinity by using anti-cholera toxin-B subunit
monoclonal antibody coupled with chromatography and sialidase
hydrolysis [29,30] or radioassay [31]. The aforementioned methods
exhibit a series of limitations, since: i) large sample amounts are
required; ii) GG preparation and their analysis are rather laborious
and time-consuming; and iii) these methods provide insufficient
sensitivity, specificity and structural information.

Over the past few years, mass spectrometry (MS) used alone, or
in combination with separation techniques provided qualitative
and quantitative data, at high sensitivity, accuracy, resolution and
reproducibility, helpful for the characterization of GG species and
their structural and functional interactions [17,20,21,32]. Electro-
spray ionization (ESI), nanoESI, chip-based nanoESI, or matrix
assisted laser/desorption ionization (MALDI) coupled with high
performance mass analyzers, such as quadrupole time-of-flight
(QTOF), ion trap (IT) and Orbitrap [30,33e39], were implemented
for screening, structural and semi-quantitative analyses of GGs,
especially of those expressed in healthy or diseased brain tissue
[40].

Nowadays, ion mobility separation (IMS) represents one of the
most advanced analytical systems for MS, which demonstrated a
high potential in identification of GG components in highly
complex mixtures extracted from brain tissue. By IMS, the ions are
separated not just according to the differences in size, but also in
analyte collision cross section. Thereby, IMS is able to provide an
exhaustive separation of gangliosides, according to glycan chain,
sialylation degree and ceramide composition. This particular
feature of IMS MS makes possible the discrimination of GG isomers
and isobars. Besides, there are several other advantages which
recommend IMS as a modern method of choice in the investigation
of complex ganglioside mixtures, such as: i) identification of low
abundant ions, indistinguishable solely by MS; ii) incorporation
within the MS instrument; iii) the method does not require either
special solvents or sample preparation procedures prior to MS; iv)
can function properly for high-throughput analyses. Combined
with fragmentation techniques, IMS MS is capable of complex
mixture separation, detection by MS and structural characteriza-
tion in a single run.

ESI IMS MS studies on native GG extracts from normal human
brain [21,41,42] revealed amuch higher number of glycoforms, than
ever reported before. Novel structures, characterized by a higher
degree of sialylation and diversity of the ceramide composition,
some of them bearing non-carbohydrate type of attachments, were
for the first time discovered by IMS MS. All these data could be
obtained by efficient separation according to the carbohydrate
chain length and the number of sialic acid (Neu5Ac) residues.

Up to now, only a limited number of studies based on MS tar-
geted the detection and quantification of GGs from CSF
[25,32,43e45]. Based on the similarities between the profile of
gangliosides in CSF and cerebellum [26,46e49], the earlier results
support the concept of brain ganglioside shedding into CSF.

Presently, the investigation of GG profile in CSF represents an
approach of choice for early diagnosis of CNS afflictions based on
molecular fingerprints, for the following reasons: i) the vital role
played by GGs in neuronal and brain development by cell adhesion,
activation, proliferation, motility and growth mediation, the for-
mation and stabilization of functional synapses and neural circuits;
ii) the preceding observations related to the similarity of GG con-
tent in CSF and brain; iii) the restricted access to brain biopsies or
tumor tissue specimens; in some cases there is availability only
post-mortem; iv) the constant renewal of CSF; v) the imperative
necessity for development of routine protocols able to detect bio-
markers prior the symptoms to occur, allow permanent examina-
tion of the biochemical changes during disease progression/
regression or to follow the treatment effectiveness, which can be
achieved through CSF sampling and analysis.

In this context, in the present study, for the first time, the native
ganglioside extract was screened in healthy human CSFs to offer the
first overview on the GG pattern in this body fluid with a crucial
role at the CNS level. Moreover, this study employed the mobility
separation system, MS and collision induced dissociation (CID) MS/
MS, a combination of simple, rapid and highly sensitivity tech-
niques that proved earlier their capability for a reliable separation,
mapping, and structural analysis of glycolipids and discovery of
ganglioside biomarkers in brain tissue.

Using this platform, the screening experiments revealed a large
number of glycoforms in normal human CSF, which are analogous
to the species detected by IMS MS in normal human brain. The ion
mobility system allowed the separation based on the carbohydrate
chain length and the degree of sialylation and thus, the detection
even of low abundant GGs. Moreover, the elevated degree of sia-
lylation identified in CSF, specific to human brain as well, supports
the previous data related to the similarity of ganglioside expression
in CSF and brain. Additionally, the combination of IMS with tandem
MS (MS/MS) by CID was applied to confirm the structure of two
ganglioside molecules associated to normal human CSF, charac-
terized by shorter glycan chains.
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IMS MS data obtained here represent a first step in generating a
CSF GG inventory, which further might be used for finding specific
molecular fingerprints valuable for early diagnosis of CNS
disorders.

2. Experimental

2.1. Cerebrospinal fluid sampling

The normal lumbar CSFs investigated here were obtained from
adult individuals exhibiting no signs of tumors, demyelination,
intracranial haemorrhage, congenital errors of lipid metabolism
or acute inflammatory process of the CNS. The CSFs were sampled
by the Clinical Hospital Centre Zagreb, Department for General
Clinical Biochemistry and Diagnostics of CSF, Croatia. The lumbar
puncture and CSF characterization were performed in order to
exclude meningitis associated to the patients, during an epidemic
episode. Following these investigations, all CSF samples were
found normal.

Approximately 1 mL of CSF was collected per individual patient
diagnosed as healthy, as a residual volume after clinical analysis.
The residual volumes of CSF samples from 21 patients were pooled
and the total volume of 21 mL of pooled sample was collected.
Gangliosides were extracted from 21 mL of normal CSF, which was
provided for scientific purposes. Permission for experiments with
human material for scientific purposes was obtained from The
Ethical Commission of the University of Zagreb, Croatia, under
project no. 108120 by the Ministry of Science and Technology of the
Republic of Croatia. All procedures on the human tissue and/or
human body fluids were in agreement with the 1964 Helsinki
declaration and its later amendments.

After biochemical examinations, CSF samples were centrifuged
for 10 min at 6,000 rpm in a mini-centrifuge (Thermo Fisher Sci-
entific, USA). The native CSF supernatants were further used for
ganglioside extraction.

2.2. Gangliosides extraction and purification

Ganglioside extraction was performed according to the method
of Svennerholm and Fredman [50], modified by Vukeli�c et al. [51].
Briefly, the available volume of the CSF sample (21 mL) was divided
into 7 aliquots containing 3 mL of CSF that were used for ganglio-
side isolation and purification. The 3 mL aliquots were treated as a
corresponding water (W) homogenates in the extraction procedure
usually performed with 10% water homogenates prepared from
tissue samples. Chloroform (C) and methanol (M) were added to
the CSF sample in order to obtain a total volume ratio 1:2:0.75 (C/
M/W, with “W” corresponding to CSF; therefore 4 mL of C, 8 mL of
M and 3 mL of CSF). After lipid extraction (overnight at þ4BC), the
mixture was centrifuged (25 min, 3000 rpm atþ4BC) and the clear
supernatant was collected. The re-extraction was made on the
precipitate using 1/4 of the total volume used for the first extraction
(1:2:0.75; C/M/W, therefore 1 mL of C, 2 mL of M and 0.75 mL of
water), and the procedure was repeated. Both supernatants were
pooled and used for GG extraction by phase partition: for every
6 mL of C:M ¼ 1:2 mixture in the pooled supernatant, 2.5 mL of
water and 2.0 mL of C was added (therefore, 7 mL of W and 6 mL of
C), gently mixed and left at room temperature until the complete
separation of the phases. Clear upper phase (containing GGs) was
collected and repartition was performed with lower phase by
adding 1.0 mL of C, 1.0 mL of M and 0.7 mL of water for every 6.0 mL
of the C:M ¼ 1:2 mixture (therefore, 2.5 mL of C, 2.0 mL of M and
1.75 mL of W). After complete separation of the phases, upper
phase was collected and pooled with the upper phase from the first
partition and evaporated to dryness in air stream. The samples
were divided into aliquots of smaller volumes to accelerate the
evaporation procedure, which approximately took 1 h per sample
aliquot. The temperature during evaporation was always below
37BC and centrifugation with cooling was performed in order to
avoid potential GG degradation by high temperatures. To induce
precipitation of residual proteins, the dried ganglioside extract
(acquired from 3 mL of CSF) was dissolved in 1.0 mL of C/M/W
(60:30:4.5, by vol.) and left for 12 h at �20 BC. The precipitated
protein complexes were removed by centrifugation (4000 rpm,
25 min at �5BC) and the clear supernatant was evaporated to
dryness. Purification primarily from salts and possible residual
protein-salt complexes was performed by gel-filtration on
Sephadex-G25 Fine gel (Sigma-Aldrich). Dried GG extract was
dissolved in 0.1 mL of C/M/W (60:30:4.5, by vol.), applied to the gel
(total gel volume 1mL) and elutedwith 5 bed volumes (5mL) of the
mobile phase (C/M/W ¼ 60:30:4.5, by vol.). The collected eluates
were evaporated and pooled during evaporation into one sample,
representing the extract from 21 mL of CSF. To preserve physio-
logically relevant alkali-labile species, no alkaline hydrolysis step
was performed during purification. The entire ganglioside extract
(from 21 mL of CSF) was dissolved in pure methanol and an aliquot
of 1/30 of total GG extract was diluted in methanol to prepare a
stock solution of 0.5 mg/mL (corresponding to approximately 700 mL
of CSF). Prior to the experiments the stock solution was stored
at �40 �C.

2.3. Ion mobility mass spectrometry

The ion mobility mass spectrometry experiments on CSF were
conducted in negative ionization mode on a Synapt G2S mass
spectrometer (Waters, Manchester, UK) equipped with nanoESI
source. The Synapt G2S MS was interfaced to a PC computer
running the Waters MassLynx (version V4.1, SCN 855) and Waters
Driftscope (version V2.7) software for data acquisition and IMS data
processing.

Uncoated borosilicate glass (ID: 1.2 mm, OD: 1.5 mm) was pur-
chased from Sutter Instrument Co. (Novato, CA). The 10 cm long
capillaries were pulled with a Sutter p-97 micropipette puller to
produce electrospray capillaries with 10 mm tip sizes and taper
lengths of 4 mm. An aliquot of the stock solution was prepared by
diluting the stock solution (0.5 mg/mL) in methanol 300 times to
yield a solution of 5 pmol/mL GG-SA concentration. 30 mL of the
solution at 5 pmol/mL GG concentration were introduced into the
back of a pulled emitter and a 0.25 mm platinumwire was inserted
into the solution. The potential values applied to the platinumwire
and the cone was thoroughly adjusted to achieve an efficient
ionization of the components and a negligible in-source fragmen-
tation. A sustained and consistent spray was obtained at 1.6 kV and
45 V potential for capillary and cone, respectively. The emitter was
positioned onto a stage for alignment to the Synapt G2S instru-
ment. Other conditions responsible for the ionization process were
set as follows: source block temperature 100 �C, desolvation gas
flow rate 800 L/h, desolvation temperature 150 �C.

Besides the size, charge, shape and apparent surface area, which
are distinctive for each molecule and have a great influence on the
separation process, the instrumental setup parameters, such as IM
cell gas pressure, amplitude and travel velocities are also respon-
sible for the drift velocity. To increase the GG separation, the IMS
parameters were adjusted to 90 mL/min IMS gas flow, 650 m/s IMS
wave velocity, 40 V IMS wave height. For the screening experiment,
low-mass (LM) and high-mass (HM) resolution parameters were
set at 18 and 15, respectively, while for CID tandem MS, both at 15.
The fragmentation experiments were conducted in the transfer cell,
which is situated after the mobility cell, as the discrimination of the
parent ion isomers, if present, is provided. For high sequence ion
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coverage, collision energies between 30 and 40 eV were applied.
The sensitivity of the employed analytical method is evidenced by
the reduced sample consumption. Hence, for the approximate
sample concentration of 5 pmol/mL, 660 scans, acquired in 5min for
MS screening and 6 min for structural characterization by CID MS/
MS, are equivalent with a consumption of 3.2 mL, which correspond
to only 16 pmols of GGs from CSF.

2.4. Ganglioside abbreviation and assignment of the spectra

For assigning the gangliosides, the abbreviation system intro-
duced by Svennerholm [52] and the recommendations of IUPAC-
IUB Commission on Biochemical Nomenclature (IUPAC-IUB 1998)
[53] were applied. Further, the assignment of the sugar backbone
sequence ions generated subsequent the fragmentation experi-
ment was conducted according to the nomenclature introduced by
Domon and Costello [54] and revised by Costello et al. [55].

GA3 - II3-LacCer; GM1 - II3-a-Neu5Ac-Gg4Cer; GM2 - II3-a-
Neu5Ac-Gg3Cer; GM3 - II3-a-Neu5Ac-LacCer; GM4 - II3-a-Neu5Ac-
GgCer; GD1 - II3-a-(Neu5Ac)2-Gg4Cer; GD2 - II3-a-(Neu5Ac)2-
Gg3Cer; GD3 - II3-a-(Neu5Ac)2-LacCer; GT1 - II3-a-(Neu5Ac)3-
Gg4Cer; GT2 - II3-a-(Neu5Ac)3-Gg3Cer; GT3 - II3-a-(Neu5Ac)3-
LacCer, GT4 - II3-a-(Neu5Ac)3-GgCer; GQ1 - II3-a-(Neu5Ac)4-Gg4Cer

3. Results and discussion

3.1. IMS MS screening

Thirty mL of ganglioside solution originating from CSF, at a
concentration of 5 pmol/mL in methanol, were infused into Synapt
G2S and submitted to negative ion mode nanoESI IMS MS after a
thorough adjustment and optimization of the parameters.

The two-dimensional (2D) data set of CSF, generated after 5 min
of signal acquisition is presented in Fig. 1a, while Fig. 1b and c
illustrate the summed drift time distributions and mass spectrum
obtained by integrating the 2D data across all m/z values and all
drift times, respectively.

As also observed in the earlier studies conducted on this class of
molecules [21,41,42], IMS reduces the spectral congestion by
separating on a millisecond time-scale i) the chemical noise across
a wide range of drift times that can be easily recognized as a broad,
well-defined region; ii) the species into mobility groups, based on
charge state, carbohydrate chain length and degree of sialylation
(Fig. 1a). IMS method enhanced the detection of an elevated
number of species, even of those low abundant, which could not be
detected only by separation according to their mass to charge ratio.
Considering that in CSF, the GGs are less expressed than in brain
tissue [25e27], this feature is of major importance for decoding the
complex mixtures in high-throughput mode.

The mass spectra of singly to quadruply charged GGs, illustrated
in Fig. 2a,b,c,d, were generated by retaining the drift time for each
region indicated in Fig. 1a and combining the chromatograms. An
overview on the detected molecular ions, together with their pu-
tative structural assignment is provided in Table 1. For ion desig-
nation and postulation of structures, the exact mass calculation, the
known biosynthesis pathway criteria and the previous knowledge
upon this type of substrates [33e38,41,42,56,57], were considered.

Gangliosides are complex molecules, their variability being
attributed not only to the carbohydrate chain length and degree of
sialylation, but also to the length and unsaturation degree of both
long-chain base (LCB) (sphingoid base) and fatty acid encom-
passed in the structure of the ceramide. Whereas glycoforms with
C18-LCB, especially (d18:1/18:0) and (d18:1/20:0)-type of
ceramides were found distributed in all tissues as main compo-
nents, GGs with (d20:1/18:0), containing C20-LCB are specific
only for CNS [58,59], and their content increases throughout the
life span [60e63]. In view of the C18-LCB ubiquity in brain, Table 1
lists the species with the more probable LCB; however, the inci-
dence of GGs with C20-LCB cannot be excluded either and remains
to be elucidated in a future study dedicated to the lipid structure
of CSF gangliosides.

A detailed evaluation of Table 1 indicates that the spectra are
dominated by singly-, doubly- and triply charged species and a
rich molecular pattern characterized by a prominent diversity of
the ceramide chains and the prevalence of biologically-relevant
modifications. Following the differences in GG mobility through
the buffer gas, 138 ions were detected and identified with an
average mass accuracy of 6.5 ppm. These ions were assigned to
113 distinct ganglioside species. Of these, 76, mainly poly-
sialylated belonging to GD, GT and GQ classes, were also found in
different human brain regions following IMS MS [21,41,42],
microfluidics-MS [17,64e66] or ultrahigh resolution MS
[17,20,56,67] analyses. The rest of 37 structures from asialo-to
tetrasialogangliosides, including two OeAc were up to date
solely detected in CSF, an aspect claiming for further research
upon their role as CSF biomarkers.

More than 76% of the total 113 GGs identified here by (�)
nanoESI IMS MS were found polysialylated which is similar with
the percentage of the polysialylated ganglioside species (over 78%)
detected in human brain using same approach [18,38,39]. This
aspect substantiates the previous findings related to the similarity
of GG expression in CSF and brain [26,46e49]. Thus, 40 m/z signals
correspond to 34 GT-type species, 38 m/z signals correspond to 35
GD-type species, and 27 m/z signals are attributable to 17 GQ-type
species, most of them having a tetrasaccharide sugar core in their
composition (Fig. 3).

Moreover, by applying the same investigation technique, the
polysialylated glycoforms in the GT1>GQ1>GD1 descending series
were defining the adult human brain [41]. Such findings are in
agreement with the previously published literature, according to
which, the expression of GGs in CSF is similar to the one in brain
and that GD1 and GT1 represent the main components in adult
brain [25e27,68].

Additionally, 13 monosialylated structures (GM), characterized
by shorter glycan chain could be detected. Interestingly, an elevated
number of ions, more exactly 19 signals, were detected in Figs. 1a
and 2a, and identified as corresponding to 14 asialo species of GA3-
type bearing ceramides of variable constitution.

An elevated variation of fatty acid chain length, from 12 up to 26
carbon atoms in their composition, was also observed. Among the
113 species identified here, 17 were bearing fatty acids with odd
number of carbon atoms, mainly C17 and C19, and no less than
22 GGs contained trihydroxylated sphingoid bases and/or hydrox-
ylated fatty acids, over a half being GT1-type molecules.

The presence of O-fucosylation and O-acetylation attachments
to biologically relevant species was previously associated to the
advanced stages of tissue development [40,41], being influenced
both by age and topographical factors [20]. Here, nine species were
found modified by peripheral non-carbohydrate type of attach-
ments. Of these, O-acetylation was predominant in GQ1 glyco-
forms, while O-fucosylation in GT1. Moreover, one O-Ac-GT1, one
Fuc-GT3 were detected as well. According to preceding reports,
human brain is likewise characterized by OeAc and Fuc glycoforms
in a larger extent [21,41,42]; from the total number of 31 O-acety-
lated and 43 O-fucosylated structures detected by (�) nanoESI IMS
MS in different brain regions, more than a half were also identified
in CSF. The observed variation could be correlated with the reduced
expression of gangliosides in CSF, on the one hand, and the differ-
ences in the activity of fucosyl- and acetyltransferases on the other
hand.



Fig. 1. (a) Driftscope display (drift time versusm/z) showing the total distribution of electrosprayed GG ions from CSF. The GG separation in the drift cell was according to the charge
state (from singly to quadruply deprotonated species), carbohydrate chain length and the degree of sialylation; (b) the summed drift time distributions and (c) summed mass
spectrum obtained by integrating the two-dimensional data across all m/z values and all drift times, respectively.
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Fig. 2. Extracted mass spectra of (a) singly charged GA3 and GM3, (b) doubly charged GA3, GM2, GM1 & GD3, GD2, GD1 & GT3, GT1 and GQ1, (c) triply charged GT1 and GQ1 and (d)
quadruply charged GQ1 from the corresponding areas indicated in Fig. 1a.
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Table 1
Assignment of major ionic species detected in CSF by (�) nanoESI IMS MS.

No. Crt. m/z exp. m/z theor. Mass accuracy (ppm) Proposed structure* Molecular ion

433.782 433.788 13.9 GA3(d18:1/17:3) [M � 2H]2-

434.791 434.796 11.5 GA3(d18:1/17:2) [M � 2H]2-

438.775 438.780 11.4 GA3(d18:1/16:2) [M � 3H þNa]2-

439.781 439.788 15.9 GA3(d18:1/16:1) [M � 3H þNa]2-

440.790 440.796 13.6 GA3(d18:1/18:3) [M � 2H]2-

447.797 447.804 15.7 GA3(d18:1/19:3) [M � 2H]2-

449.817 449.820 6.7 GA3(d18:1/19:1) [M � 2H]2-

454.815 454.811 �8.8 GA3(d18:1/18:0) [M � 3H þNa]2-

456.833 456.828 �11.0 GA3(d18:1/20:1) [M � 2H]2-

458.850 458.844 �13.1 GA3(d18:0/20:0) [M � 2H]2-

490.289 490.294 10.2 GM4(d18:1/16:4) [M � 2H]2-

513.340 513.333 �13.6 GM4(d18:1/19:2) [M � 2H]2-

525.929 525.934 9.5 GT4(d18:1/17:3) [M � 3H]3-

578.319 578.328 15.6 GM3(d18:1/17:4) [M � 2H]2-

585.344 585.336 �13.7 GM3(d18:1/18:4) [M � 2H]2-

586.635 586.637 3.4 GT3(t18:0/18:0) and/or GT3(d18:0/h18:0) [M-H2O-3H]3-

592.337 592.344 11.8 GM3(d18:1/19:4) [M � 2H]2-

596.276 596.272 �6.7 GQ1(d18:1/16:1) [M � 4H]4-

596.770 596.775 8.4 GQ1(d18:1/16:0) [M � 4H]4-

597.388 597.384 �6.7 GM3(d18:0/19:0) [M � 2H]2-

603.284 603.280 �6.6 GQ1(d18:1/18:1) [M � 4H]4-

603.778 603.783 8.3 GQ1(d18:1/18:0) [M � 4H]4-

607.280 607.278 �3.3 GQ1(t18:1/18:1) and/or GQ1(d18:1/h18:1) [M � 4H]4-

607.780 607.783 4.9 GQ1(t18:1/18:0) and/or GQ1(d18:1/h18:0) [M � 4H]4-

610.284 610.288 6.6 GQ1(d18:1/20:1) [M � 4H]4-

610.784 610.791 11.5 GQ1(d18:1/20:0) [M � 4H]4-

617.793 617.799 9.7 GQ1(d18:1/22:0) [M � 4H]4-

618.787 618.789 3.2 O-Ac-GQ1(t18:0/18:0) and/or O-Ac-GQ1(d18:0/h18:0) [M � 4H]4-

624.296 624.302 9.6 GQ1(d18:1/24:1) [M � 4H]4-

638.971 638.973 3.1 GT2(d18:1/15:2) [M � 3H]3-

643.649 643.644 �7.8 GT2(d18:0/14:0) [M � 4H þNa]3-

648.028 648.021 �10.8 GD1(d18:1/26:1) [M � 3H]3-

648.323 648.317 �9.3 GT2(d18:1/17:2) [M � 3H]3-

652.984 652.989 7.7 GT2(d18:1/18:2) [M � 3H]3-

657.656 657.661 7.6 GT2(d18:1/19:2) [M � 3H]3-

658.667 658.660 �10.6 Fuc-GD1(d18:1/18:2) [M � 3H]3-

659.001 659.005 6.1 GT2(d18:1/19:0) [M � 3H]3-

668.343 668.349 9.0 GT2(d18:1/21:0) [M � 3H]3-

681.883 681.883 0.0 GM2(d18:1/17:2) [M � 2H]2-

682.893 682.891 �2.9 GM2(d18:1/17:1) [M � 2H]2-

689.892 689.899 10.2 GM2(d18:1/18:1) [M � 2H]2-

698.999 699.004 7.2 GT1(d18:1/16:0) [M � 3H]3-

703.661 703.666 7.1 GT1(t18:1/16:1) and/or GT1(d18:1/h16:1) [M � 3H]3-

707.671 707.676 7.1 GT1(d18:1/18:1) [M � 3H]3-

708.344 708.348 5.6 GT1(d18:1/18:0) [M � 3H]3-

713.003 713.008 7.0 GT1(t18:1/18:1) and/or GT1(d18:1/h18:1) [M � 3H]3-

713.664 713.659 �7.0 GT1(d18:1/16:0) [M � 5H þ2Na]3-

714.346 714.351 7.0 GT1(t18:0/18:0) and/or GT1(d18:0/h18:0) [M � 3H]3-

717.016 717.020 5.6 GT1(d18:1/20:1) [M � 3H]3-

717.687 717.692 7.0 GT1(d18:1/20:0) [M � 3H]3-

720.889 720.896 9.7 GD3(d18:1/16:0) [M � 2H]2-

722.348 722.352 5.5 GT1(t18:1/20:1) and/or GT1(d18:1/h20:1) [M � 3H]3-

723.031 723.025 �8.3 GT1(t18:1/20:0) and/or GT1(d18:1/h20:0) [M � 3H]3-

723.691 723.697 8.3 GT1(t18:0/20:0) and/or GT1(d18:0/h20:0) [M � 3H]3-

726.359 726.363 5.5 GT1(d18:1/22:1) [M � 3H]3-

727.031 727.036 6.9 GT1(d18:1/22:0) [M � 3H]3-

728.332 728.337 6.9 GT1(t18:1/20:3) and/or GT1(d18:1/h20:3) [M-4HþNa]3-

729.012 729.009 �4.1 GT1(t18:1/20:2) and/or GT1(d18:1/h20:2) [M-4HþNa]3-

732.364 732.369 6.8 GT1(t18:1/22:0) and/or GT1(d18:1/h22:0) [M � 3H]3-

733.045 733.041 �5.5 GT1(t18:0/22:0) and/or GT1(d18:0/h22:0) [M � 3H]3-

733.898 733.904 8.2 GD3(d18:1/18:1) [M � 2H]2-

734.907 734.912 6.8 GD3(d18:1/18:0) [M � 2H]2-

735.712 735.707 �6.8 O-Ac-GT1(d18:0/22:0) [M-H2O-3H]3-

741.709 741.713 5.4 GT1(t18:1/24:0) and/or GT1(d18:1/h24:0) [M � 3H]3-

748.925 748.928 4.0 GD3(d18:1/20:0) [M � 2H]2-

762.937 762.943 7.9 GD3(d18:1/22:0) [M � 2H]2-

769.930 769.936 7.8 GD3(t18:1/22:1) and/or GD3(d18:1/h22:1) [M � 2H]2-

771.942 771.949 9.1 GD3(t18:0/22:0) and/or GD3(d18:0/h22:0) [M � 2H]2-

774.939 774.946 9.0 GD3(d18:1/24:2) [M � 2H]2-

775.949 775.951 2.6 GD3(d18:1/24:1) [M � 2H]2-

776.964 776.962 �2.6 GD3(d18:1/24:0) [M � 2H]2-

785.941 785.944 3.8 GM1(d18:1/20:0) [M � 2H]2-
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Table 1 (continued )

No. Crt. m/z exp. m/z theor. Mass accuracy (ppm) Proposed structure* Molecular ion

789.964 789.970 7.6 GD3(d18:1/26:1) [M � 2H]2-

796.033 796.036 3.8 GQ1(d18:1/16:0) [M � 3H]3-

804.706 804.708 2.5 GQ1(d18:1/18:1) [M � 3H]3-

805.376 805.377 1.2 GQ1(d18:1/18:0) [M � 3H]3-

810.038 810.041 3.7 O-Ac-GQ1(d18:1/16:0) [M � 3H]3-

810.706 810.713 8.6 O-Ac-GQ1(d18:0/16:0) [M � 3H]3-

811.359 811.365 7.4 GQ1(d18:1/18:2) [M � 4H þNa]3-

812.032 812.037 6.2 GQ1(d18:1/18:1) [M � 4H þNa]3-

814.057 814.053 �4.9 GQ1(d18:1/20:1) [M � 3H]3-

814.718 814.724 7.4 GQ1(d18:1/20:0) [M � 3H]3-

824.042 824.044 2.4 O-Ac-GQ1(t18:1/18:1) and/or O-Ac-GQ1(d18:1/h18:1) [M � 3H]3-

827.448 827.444 �4.8 GD2(d18:1/18:0) [M-H2O-2H]2-

828.463 828.457 �7.2 GD2(d18:0/18:0) [M-H2O-2H]2-

836.449 836.452 3.6 GD2(d18:1/18:0) [M � 2H]2-

843.408 843.413 5.9 GD2(d18:1/16:1) [M � 4H þ2Na]2-

849.459 849.463 4.7 GD2(d18:1/20:1) [M � 2H]2-

850.466 850.471 5.9 GD2(d18:1/20:0) [M � 2H]2-

851.472 851.479 8.2 GD2(d18:0/20:0) [M � 2H]2-

857.423 857.429 7.0 GD2(d18:1/18:1) [M � 4H þ2Na]2-

859.441 859.446 5.8 GD2(d18:1/20:2) [M � 3H þNa]2-

880.459 880.463 4.5 GT3(d18:1/18:0) [M � 2H]2-

882.594 882.600 6.8 GA3(d18:1/18:3) [M � H]-

884.621 884.616 �5.7 GA3(d18:1/18:2) [M � H]-

898.661 898.669 8.9 GA3(d18:1/20:0) [M-H2O-H]-

900.550 900.548 �2.2 GA3(d18:1/16:2) [M � 3H þ2Na]-

903.462 903.462 0.0 GD1(d18:1/16:0) [M � 2H]2-

907.464 907.468 4.4 GD1(d18:1/18:1) [M-H2O-2H]2-

909.489 909.484 �5.5 GD1(d18:0/18:0) [M-H2O-2H]2-

916.469 916.470 1.1 GD1(d18:1/18:1) [M � 2H]2-

916.686 916.680 �6.6 GA3(d18:1/20:0) [M � H]-

917.474 917.478 4.4 GD1(d18:1/18:0) [M � 2H]2-

918.693 918.696 3.3 GA3(d18:0/20:0) [M � H]-

924.469 924.471 2.2 GD1(t18:1/18:1) and/or GD1(d18:1/h18:1) [M � 2H]2-

925.475 925.479 4.3 GD1(t18:1/18:0) and/or GD1(d18:1/h18:0) [M � 2H]2-

926.488 926.487 �1.1 GD1(t18:0/18:0) and/or GD1(d18:0/h18:0) [M � 2H]2-

928.572 928.580 8.6 GA3(d18:1/18:2) [M � 3H þ2Na]-

930.481 930.486 5.4 GD1(d18:1/20:1) [M � 2H]2-

931.493 931.494 1.1 GD1(d18:1/20:0) [M � 2H]2-

932.705 932.712 7.5 GA3(d18:0/21:0) [M � H]-

945.515 945.510 �5.3 GD1(d18:1/22:0) [M � 2H]2-

946.733 946.728 �5.3 GA3(d18:0/22:0) [M � H]-

956.506 958.514 �8.4 GD1(d18:1/24:3) [M � 2H]2-

958.506 956.498 8.4 GD1(d18:1/24:1) [M � 2H]2-

967.511 967.504 �7.2 Fuc-GT3(d18:1/20:0) [M � 2H]2-

981.590 981.595 5.1 GM4(d18:1/16:4) [M � H]-

988.488 988.492 4.0 Fuc-GD1(d18:1/18:2) [M � 2H]2-

989.495 989.499 4.0 Fuc-GD1(d18:1/18:1) [M � 2H]2-

990.501 990.507 6.1 Fuc-GD1(d18:1/18:0) [M � 2H]2-

991.992 991.985 �7.1 GT2(d18:1/18:1) [M-3HþNa]2-

1018.958 1018.963 4.9 GT1(d18:1/12:2) [M � 2H]2-

1019.966 1019.974 7.9 GT1(d18:1/12:1) [M � 2H]2-

1049.005 1049.010 4.8 GT1(d18:1/16:0) [M � 2H]2-

1062.014 1062.018 3.8 GT1(d18:1/18:1) [M � 2H]2-

1063.027 1063.026 �0.9 GT1(d18:1/18:0) [M � 2H]2-

1077.040 1077.042 1.9 GT1(d18:1/20:0) [M � 2H]2-

1091.053 1091.057 3.7 GT1(d18:1/22:0) [M � 2H]2-

1092.073 1092.068 �4.6 GT1(d18:0/22:0) [M � 2H]2-

1181.751 1181.759 6.8 GM3(d18:0/18:0) [M � H]-

1195.766 1195.775 7.5 GM3(d18:1/19:1) [M � H]-

1209.795 1209.791 �3.3 GM3(d18:1/20:1) [M � H]-

1208.573 1208.576 2.5 GQ1(d18:1/18:0) [M � 2H]2-

1209.580 1209.584 3.3 GQ1(d18:0/18:0) [M � 2H]2-

1212.565 1212.560 �4.1 GQ1(d18:1/17:0) [M-3HþNa]2-

1219.565 1219.567 1.6 GQ1(d18:1/18:0) [M-3HþNa]2-

1222.587 1222.589 1.6 GQ1(d18:1/20:0) [M � 2H]2-

1233.585 1233.583 �1.6 GQ1(d18:1/20:0) [M-3HþNa]2-
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3.2. IMS CID MS/MS structural characterization

Given the predominance in CSF of GG species characterized by
shorter glycan chain, two doubly deprotonated molecules
encompassing (d18:1/18:0) ceramide and two sialic acids linked to
a di- and a trisaccharide core, were chosen for further detailed
investigation by CID MS/MS. For the first fragmentation experi-
ment, the ion detected atm/z 734.907 in Fig. 2b, displaying only one



Fig. 3. Histogram plotting the number of the identified species in CSF of normal in-
dividuals, according to the composition of their glycan core and the sialylation degree.
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mobility feature at 4.41ms (Inset Fig. 4a), and assigned, according to
mass calculation, to the doubly deprotonated GD3(d18:1/18:0), was
isolated by setting LM to 15 and HM to 15 and submitted to low
energy CID MS/MS in the negative ion mode.

The fragmentation spectrum obtained by combining 180 scans
acquired for 3 min under variable collision energy within 30e40 eV
range is presented in Fig. 4a. A scheme depicting the fragmentation
pathway experienced by the precursor ion during the dissociation
event is provided in Fig. 4b. As a result of the proper optimization of
CID MS/MS parameters, a complete series of product ions, valuable
for the assignment of both the carbohydrate and ceramide
composition, were generated (Fig. 4a and b).

The sialylation status of the molecule is documented by the
abundant B1

� at m/z 290.019, C1
� at m/z 308.030, the disialo

element (Neu5Ac2) as B2
� at m/z 581.083, together with their

counterparts Y3
� at m/z 1179.622 and the asialo Y2

� detected at m/z
888.532, respectively. On the other side, a series of diagnostic
fragment ions, such as Y0

� at m/z 564.443, U� at m/z 283.195 and
V� at m/z 267.272 support the (d18:1/18:0) composition of the
ceramide. Several other fragment ions, such as C3

2- at m/z 380.011,
C3/CO2

� at m/z 717.278, Z1- at m/z 708.485 and Y1
� at m/z 726.501

corroborate together for the GD3(d18:1/18:0) composition of the
fragmented ion. The spectrum in Fig. 4a also reveals that several
double bond and internal cross-ring cleavages were induced,
leading to the formation of [2,4A4/C1]-, [Z2/Z1]- and [Y2/Z1]-

detected as signals at m/z 493.098, m/z 160.998, and m/z 179.003,
respectively.

In the second CID MS/MS experiment, the ion at m/z 836.449 in
Fig. 2b and assigned by mass calculation to GD2(d18:1/18:0) was
submitted to structural characterization under identical experi-
mental conditions. The resulted fragmentation spectrum is repre-
sented in Fig. 5a, while the fragmentation scheme of GD2(d18:1/
18:0) is depicted in Fig. 5b. Exhibiting a quasi-similar constitution,
with only a GalNAc residue in addition to the structure of the
previously characterized GD3(d18:1/18:0), its fragmentation
pattern was comparable. The MS/MS is dominated by typical B and
Y-type fragment ions (Fig. 5a), as well. B1a� at m/z 290.019 with its
counterpart Y3a

� at m/z 1382.669, as well as C1a
� at m/z 308.068 are

indicative for the partial desialylation of the molecule, while the
detachment of both Neu5Ac residues, leading to complete desia-
lylation is documented by B2a

� , B2a/CO2
�, Y2a

� and C2a
� at m/z 581.125,

m/z 564.443, m/z 1091.611 and m/z 599.257, respectively. The
detected Y series: Y2b

2- at m/z 734.880 generated by subsequent
GalNAc detaching, Y1

� at m/z 726.524 and Y0
� at m/z 564.443 serves

also for the confirmation of the reducing end.
In particular, Y0

� atm/z 564.443 together with U� atm/z 283.195
corresponding to the C18:0 fatty acid, validate (d18:1/18:0) cer-
amide composition. Likewise, [2,4A4/C1a/C1b]-, [B3/C2a]-, [C3/B1b]2-

and [Y2a/B1b]- at m/z 493.108, m/z 346.978, m/z 380.044 and m/z
888.558 formed by double bond and/or internal cross-ring cleav-
ages are diagnostic for both nonreducing and reducing end.
4. Conclusions

In this work, the gangliosidome of normal human cerebrospinal
fluid was investigated in details for the first time. Our strategy
involved the combination of the most advanced separation tech-
nique, namely ion mobility separation, with high resolution MS,
followed by CID MS/MS for separation, profiling and structural
analysis in a single experiment of native gangliosides extracted
from healthy CSFs.

Following a thorough optimization of both ionization and sep-
aration parameters, the results obtained here indicate along with a
reduced spectral congestion, and a background chemical noise
separation, the detection of highly rich glycoform pattern. The
specific feature of GGs when separated by IMS, i.e. their division in
classes based on the charge state, m/z ratio, carbohydrate chain
length and degree of sialylation, was beneficial for the identifica-
tion of no less than 113 species characterized by a high diversity of
both glycan and ceramide chain lengths. Many of the structures
were previously detected in human brain, while others were newly
discovered, assigned with an averagemass accuracy of 6.5 ppm and
associated to the normal adult CSF. As revealed by IMS MS the
ganglioside classes found in CSF are GT1>GQ1>GD1>GA3>
GD3>GD2¼ GT2>GM3>GM2¼ GT3>GM4>GM1¼ GT4, given here
in descending order, based on their abundances. A relatively large
number of species containing in their composition either fatty acids
with odd number of carbon atoms, mainly C17 and C19, and/or
short glycan moieties, were also identified. In addition, IMS MS
evidenced four components modified by O-fucosylation and five by
O-acetylation.

Overall, the data achieved by IMS MS screening experiments
conducted in negative ion mode not only support the previously
reported information gathered by quantitative studies upon the
similarity of brain and CSF ganglioside composition, but also pro-
vide strong evidence upon the complexity of the GG pattern in this
body fluid.

In the next stage of research, the structural confirmation of
two biologically relevant glycoforms with shorter carbohydrate
chain, a feature of CSF, was achieved by CID tandem MS at low
collision energies in the transfer cell. Under optimized fragmen-
tation conditions, using variable collision energy within
30e40 eV, a significant number of fragment ions diagnostic for
both the glycan core and ceramide moiety of the postulated
GD3(d18:1/18:0) and GD2(d18:1/18:0) were generated. Remark-
ably, the occurrence of a single mobility feature for each frag-
mented species discloses that only a single structural
conformation exists for each case.

To our knowledge, this is the first systematic compositional and
structural characterization of gangliosides in human cerebrospinal
fluid and the first implementation of IMSMS and IMS CIDMS/MS in
human CSF ganglioside research. The valuable information ac-
quired through the present study indicates on one side the efficacy
of IMS MS technique for detection and structure elucidation of
glycolipid species in biological fluids, where suchmolecules are in a
reduced concentration, and, on the other side, provides the basis for
advanced investigations targeting the discovery in CSF of ganglio-
side species associated to neurodegenerative diseases and brain
tumors.



Fig. 4. (a) (�)nanoESI IMS CID MS/MS of the [M � 2H]2- at m/z 734.907 corresponding to GD3(d18:1/18:0) species isolated and fragmented from CSF sample. Inset: drift time
distribution for the ion at m/z 734.907 fragmented by CID. Cone voltage 45 V. Capillary voltage 1.6 kV. Acquisition 180 scans. CID at variable collision energy within 30e40 eV; (b)
fragmentation scheme of GD3(d18:1/18:0).
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Fig. 5. (a) (�)nanoESI IMS CID MS/MS of the [M � 2H]2- at m/z 836.449 corresponding to GD2(d18:1/18:0) species isolated and fragmented from CSF sample. Inset: drift time
distribution for the ion at m/z 836.449 fragmented by CID. Cone voltage 45 V. Capillary voltage 1.6 kV. Acquisition 180 scans. CID at variable collision energy within 30e40 eV; (b)
fragmentation scheme of GD2(d18:1/18:0).
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