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RATIONALE: Schindler disease is caused by the deficient activity of α-N-acetylgalactosaminidase, which leads to an
abnormal accumulation of O-glycopeptides in tissues and body fluids. In this work the Schindler condition is for the first
time approached by ion mobility (IMS) tandem mass spectrometry (MS/MS), for determining urine glycopeptide
fingerprints and discriminate isomeric structures.
METHODS: IMS-MS experiments were conducted on a Synapt G2s mass spectrometer operating in negative ion mode. A
glycopeptide mixture extracted from the urine of a patient suffering from Schindler disease was dissolved in methanol
and infused into the mass spectrometer by electrospray ionization using a syringe-pump system. MS/MS was performed
by collision-induced dissociation (CID) at low energies, after mobility separation in the transfer cell. Data acquisition and
processing were performed using MassLynx and Waters Driftscope software.
RESULTS: IMS-MS data indicated that the attachment of one or two amino acids to the carbohydrate backbone has a
minimal influence on the molecule conformation, which limits the discrimination of the free oligosaccharides from the
glycosylated amino acids and dipeptides. The structural analysis by CID MS/MS in combination with IMS-MS of species
exhibiting the same m/z but different configurations demonstrated for the first time the presence of positional isomers for
some of the Schindler disease biomarker candidates.
CONCLUSIONS: The IMS-MS and CID MS/MS platform was for the first time optimized and applied to Schindler
disease glycourinome. By this approach the separation and characterization of Neu5Ac positional isomers was possible.
IMS CID MS/MS showed the ability to determine the type of the glycopeptide isomers from a series of possible
candidates. Copyright © 2015 John Wiley & Sons, Ltd.

Schindler disease is a rare inherited autosomal recessive disorder
caused by the deficient activity of α-N-acetyl-galactosaminidase
(NAGA), a hydrolase previously known as α-galactosidase B
that cleaves the terminal α-N-acetylgalactosaminyl moieties
fromglycoconjugates.[1–7] Responsible for this lysosomal storage
disease (LSD) are basically the mutations in the NAGA gene.[8]

Because of the gene alteration, defects in the folding or stability
of the α-NAGA occur; hence its activity within the lysosome
is reduced. As a consequence, the O-glycan and glycopeptide
enzyme substrates accumulate intralysosomally.[6] Based on
the mutation site, this LSD may have an infantile or an adult
onset,[9,10] while its manifestation depends on the residual
activity of the mutated gene. In all types of this rare inherited
condition, the enzymatic defect is severe; the enzyme residual

activity ranges from only 0.5% to 2% in plasma, lymphoblasts
and fibroblasts, which leads to an abnormal accumulation of
sialylated and asialo-glycopeptides and oligosaccharides with
α-N-acetylgalactosaminyl residues in various tissues and
body fluids.

In human urine, complex carbohydrates are catabolic
products excreted either as free oligosaccharides or linked to
peptides, and their structures and amounts vary under
different physiological and pathological conditions. In all
types of Schindler disease, the deficient NAGA causes
glycopeptiduria.[11,12] The concentration of O-glycans in
urine was estimated to be 100 times higher than in healthy
controls. For this reason, screening, structural characterization
and complete identification of O-GalNAc glycosylated amino
acids and peptides extracted from patients’ urine is of major
diagnostic importance.

Several reports on the investigation of Schindler disease
glycourinome in the case of two male siblings diagnosed with
this condition using advanced mass spectrometry (MS)
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methods were published in recent years.[13–15] In some
instances, the analysis of the glycopeptides from patient urine
was also conducted in comparison with an age-matched
healthy control. Out-of-plane robotized nanochip devices for
automatic sample infusion by nanoelectrospray ionization
(nanoESI), polymer thin microchips for ESI, on-line coupled
with either hybrid quadrupole time-of-flight (QTOF) MS,[13,16]

or Fourier transform ion cyclotron resonance (FTICR) MS[17,18]

were optimized and applied for screening and structural
analysis of glycans and glycopeptides associated with Schindler
condition. Because of the complexity of the mixture, a capillary
electrophoresis (CE) technique was also on-line and off-line
coupled with QTOFMS for separation, followed by compositional
and structural analysis of single components in various
fractions from urine of Schindler disease type I patients.[19,20]

Ion mobility spectrometry (IMS) has emerged recently as
one of the most proficient separation techniques, particularly
suitable for highly complex mixtures. IMS provides the
separation of ions based on their differential mobility through a
buffer gas. In direct couplingwithMS, ionmobility spectrometry
yields IMS-MS, a valuable analytical system able to separate
heterogeneous mixtures, resolve ions indistinguishable solely
byMS, and discriminate isomers, isobars and conformers.[21,22]

Moreover, structurally similar ions and ions of the same charge
state can be separated. IMS-MS was also combined with
tandemmass spectrometry (MS/MS) yielding a unique platform
that offers mixture separation, MS detection and structural
characterization of single components by fragmentation
analysis using collision-induced dissociation (CID).[23] Recently,
the feasibility and benefits of IMS-MS in combination with
electron transfer dissociation (ETD)[24] and electron capture
dissociation (ECD)[25] were also demonstrated.
In the last few years IMS-MS was successively introduced in

metabolomics,[26–28] proteomics,[29–32] lipid analysis[33] and also
in glycomics,[21,34–37] and in studies related to glycosylation
disorders.[38,39] However, so far IMS-MS has been much less
applied to the field of lysosomal storage diseases.[40]

In the present work, Schindler disease is for the first time
approached by IMS-MS and MS/MS. A complex mixture of
sialylated and asialo glycans and glycopeptides extracted
and purified from the urine of the younger sibling (3 years
of age) diagnosed with Schindler disease was screened and
sequenced using IMS-MS and MS/MS by CID.
We demonstrated here that by thoroughly optimized IMS-

MS it is possible to distinguish the presence of positional
isomers in Schindler disease glycourinome, and structurally
confirm them by CID MS/MS sequencing in the transfer cell.
Given that particular isomeric forms may exhibit structures
that are readily separated and discriminated based on
differences occurring in three-dimensional geometries, the
IMS-MS and MS/MS methodology appears relevant for
determining characteristic glycopeptide fingerprints, which
may have diagnostic value for LSDs in general and Schindler
disease in particular.

EXPERIMENTAL

Reagents

Analytical grademethanol anddeionizedwaterwere purchased
from Sigma (St. Louis, MO, USA) and used without further
purification.

Biological samples

In this study, a mixture of glycosylated sialylated amino acids
and peptides (denoted BP2), extracted and purified from the
urine of a 3-year-old male patient presenting the clinical
symptoms of Schindler disease, was investigated. The
complete purification steps applied to the urine of the two
siblings diagnosed with this condition are published
elsewhere.[41,42] Briefly, the procedure for purification and
component extraction encompasses the following steps: (i)
urine filtering, followed by separation by gel filtration
chromatography on Biogel P2 (BIO-RAD,UK); (ii) the
resulting glycopeptide mixture was desalted by overnight
incubation with H+ beads in water at 22°C followed by 10 min
centrifugation; (iii) the aqueous solution of the mixture was
dried in a SpeedVac concentrator (SPD 111V-230; Thermo
Electron Corporation, Asheville, NC, USA) coupled to a PC
2002 Vario vacuum pump with a CVC 2000 controller
(Vaccubrand,Wertheim,Germany). For the IMS-MS experiments
an aliquot of sample solution with a concentration of about
2 pmol μL–1 (calculated for a 2500 Da averagemolecular mass)
was used. The aliquot was obtained by diluting the dried
sample in 2:3 v/v methanol/water.

Ion mobility mass spectrometry

Ion mobility mass spectrometry experiments were conducted
on a Synapt G2s mass spectrometer (Waters, Manchester, UK).
The sample was directly infused into the IMS-MS system at a
flow rate of 1 μL/min using a syringe-pump system. All mass
spectra (MS and MS/MS) were acquired in the negative ion
mode, within the mass range 50–3000 m/z, with a scan speed
of 1 u/s. The capillary potential was varied within the range
1.5–2 kV to generate an efficient ionization of the components;
however, the best result was observed at a potential of 1.8 kV.
The desolvation conditions were as follows: for the desolvation
gas, 600 L/h was used, while the desolvation temperature was
kept at 350°C. The other parameters were adjusted and/or set
as follows: the cone voltage was varied within 30–60 V, the
source block temperature was kept at 100°C, while low-mass
(LM) and high-mass (HM) resolution parameters were set at
12 and 15, respectively. The opening of the shutter grid allowed
the release of a packet of ions that passed through the quadrupole
and reached the T-wave region.As the ionsmigrated through the
drift region under an electric field, structures with different
charges,masses and/or conformationswere separated according
to differences in theirmobility through the buffer gas. To enhance
the IMS separation, IMS wave velocity was set at 650 m/s, IMS
wave height at 40 Vand IMS gas flow at 90 L/min. The T-wave
mobility cell contained nitrogen. After separation in the drift
tube, the ions were orthogonally pulsed into the TOF analyzer
and further detected using the microchannel plates. The TOF
analyzer was operated in the V-mode with an average mass
resolution of 20,000. The selected acquisition mode was the
Mobility TOFNegativeResolutionMSMode andMS/MSMode,
respectively. The fragmentation by CID was performed after
mobility separation in the transfer cell, using energies between
30 and 60 V in order to provide the maximum number of
diagnostic fragment ions. Data acquisition and processing were
performed usingMassLynx (version V4.1, SCN 855) andWaters
Driftscope (version V2.7). The fragment ions were assigned
using the nomenclature introduced by Domon and Costello.[43]
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RESULTS AND DISCUSSION

Mass spectrometry in direct combinationwith high-performance
separation techniques or microfluidics has revealed in the last
decade the ability to discover in Schindler disease patient urine
O-glycosylated amino acids and O-glycopeptides as potential
markers useful for a rapid diagnosis.[13–19]

Considering that ionmobility separates ions based not only on
their charge andmass, but also on their conformation, to test the
possibility to correlate glycan and glycopeptide conformation
with disease state, in the present study we examined a highly
complex mixture, denoted BP2, of O-glycosylated sialylated
amino acids and peptides previously purified from urine of
a patient suffering from Schindler disease.

Figure 1. (A) Driftscope (m/z:drift time) display of the negative ions from the BP2 mixture. Circled regions correspond with
the panels below. (B) Total electrospray spectrum. (C) Contaminants. (D) Singly charged glycans and glycopeptides. (E)
Fragment ions. (F) Doubly charged glycans and glycopeptides. (G) Triply charged glycans and glycopeptides.
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BP2 sample dissolved in 2:3 v/v methanol/water was
submitted to negative ion mode ESI by syringe pump infusion.
By employing ESI IMS-MS, themobility distributions andmass
spectra associated with all ions transmitted through the source
were simultaneously obtained. The IMS-MS separation reduced
spectral congestion by separating components into mobility
families. One outcome of this separation was the reduction of
background chemical noise, which was dispersed across a wide
range of drift times that could be easily recognized.
According to the IMS-MS results, we have observed that the

attachment of only one or two amino acids to the carbohydrate
backbone had a minimal influence on the general molecule

conformation, which limited the discrimination of the free
oligosaccharides existing in the mixture from the glyco-
peptides (Fig. 1). Another important outcomewas the possibility
to perform structural analysis of different molecules which
present the same m/z ratio and have different configurations.
The structural characterization achieved after ion mobility
separation demonstrated the presence of different conformations
for some of potential Schindler disease glycopeptide biomarkers.
For each signal detected in MS, the drift time(s) were extracted.
Interestingly, one of these ions, namely the ion at m/z 677.71,
of very low intensity, exhibited two mobility features, one at
3.42 ms and the other one at 3.75 ms (Fig. 2(a)).

Figure 2. Drift time distribution for: (a) [M–2H]2– detected in MS at m/z 677.71 and (b)
[M–2H]2– precursor ion at m/z 677.72 fragmented by CID.

Figure 3. Extracted fragmentation spectrum of the [M–2H]2– precursor ion at m/z 677.72 from (a) the first mobility feature
at 3.42 ms and (b) the second mobility feature at 3.75 ms in Fig. 2(b).
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To elucidate if the two different drift times arise from two
different structures or from two isomers, the ion at m/z 677.71
of extremely low abundance in the spectrum in Fig. 1(F) was
selected and submitted to structural characterization. The
option to sequence this particular ion was also guided by the
previous information collected on this substrate as follows: (i)
the ion at m/z 677.71 was never detected in the glycopeptide
mixture collected from healthy individuals, although it was
found in patient urine; (ii) this species has never been structurally
characterized before; (iii) it is known that in the case of
complex mixtures extracted from human matrices minor
species may have an important biological relevance.
Fragmentation by CID using collision energies within the
30–60 eV range was performed in the transfer cell. After
fragmentation, in the generated drift time distribution, the

Figure 4. Drift time distribution generated by integrating over narrow regions of each fragment ion. TIC of
the precursor ion fragmented by CID in the transfer cell was combined. Red line marks the td feature at
3.42 ms, while the blue line marks the td feature at 3.75 ms. The m/z values that exhibit only one td feature
are shown in green.

Scheme 1. Possible candidates for the molecular formula
Neu5Ac3HexHexNAc-Thr.
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Figure 5. Fragmentation spectrum of Neu5Ac3HexHexNAc-Thr precursor ion identified at m/z 677.720 and
extracted from (a) the first mobility feature at 3.42 ms and (b) the second mobility feature at 3.75 ms of Fig. 2.
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two mobility features could be observed again (Fig. 2(b)).
The mass spectra extracted from the two mobility features
are presented in Figs. 3(a) and 3(b), while in Fig. 4 the drift
time distribution for all of the fragment ions generated by
integrating over narrow regions of each fragment ions of the
combined TIC is presented. From Figs. 3(a), 3(b) and 4, it is
obvious that almost all fragment ions were characterized by
two mobility features, even if they showed variability in
the associated signal intensities. Exceptions are the fragment
ions detected at m/z 717.239 and 740.250, which were found
characterized by only one mobility feature. Based on these
observations, the first conclusion that can be drawn is that
the two mobility features observed in the MS spectra originate
from different conformations of the same structure and not
from two different structures. The molecular weight of 1357.48
Da corresponds to Neu5Ac3HexHexNAc-Thr structure. This
glycoform was already discovered in the urine of both
siblings and correlated to Schindler disease in previous
studies conducted using other MS approaches[42,44] but never
structurally characterized by MS/MS. Hypothetically, three
possible structural candidates for this molecular formula
exist, as presented in Scheme 1.
The detailed interpretation of the spectra derived from the

two mobility features at 3.42 ms and 3.75 ms provided
evidence on a series of diagnostic fragment ions for the
molecular structure. Thus, both spectra present the singly
charged fragment ions at m/z 290.131 corresponding to
Neu5Ac and at m/z 581.190 attributable to the disialo
(Neu5Ac2) element, which together with their counterparts
at m/z 532.199 and 1065.299 as doubly and singly charged
fragment ions, and at m/z 774.256 as the singly charged ion,
confirm the sialylation of the molecule. The attachment of a
Hex unit at Neu5Ac is supported in both spectra from Fig. 5
by the fragment ion detected at m/z 470.178. Another
fragment ion, having the composition HexHexNAc-Thr,
generated after the detachment of all three Neu5Ac residues,
was detected atm/z 483.211 in both spectra. A specific product
ion that is always detected in the fragmentation spectra of this
type of substrates is the one at m/z 673.225 corresponding to
Neu5AcHexHexNAc trisaccharide. A series of sequence ions
generated after several neutral losses from the precursor ion
are also observed in the two spectra presented in Figs. 5(a)
and 5(b). This is the case of the doubly charged fragment ions
at m/z 668.723, 655.732, 646.728 and 633.745 generated after
the loss of H2O and CO2 and identified as M/H2O, M/CO2,
M/H2O/CO2 and M/2CO2, respectively. Other series of
product ions that could be distinguished in both spectra were
generated from the monodesialylated fragment ion, either by
the neutral loss of CO2 and H2O, or by the detachment of the
Thr. These series encompass: (i) the singly and doubly
deprotonated fragment ions at m/z 481.686 and 964.252
respectively, resulting after Thr detachment; (ii) the ions at
m/z 510.207 and 1021.307 formed after neutral loss of CO2;
and (iii) the low intensity ion at m/z 920.287 generated by the
neutral loss of both Thr and CO2.
The fragment ion corresponding to Neu5AcHexNAc-Thr

was also observed atm/z 594.254. The subsequent neutral loss
of Thr yielded the fragment ion at m/z 493.188. These two
fragment ions might arise only from the first two candidates
depicted in Scheme 1; the ion related to the Neu5AcHexNAc
disaccharide motif could not be formed in the case of the third
candidate. Consequently, the possible structural candidates

that were further taken into consideration were candidate (1)
and candidate (2) in Scheme 1. So far, the ions identified in
the spectra support both candidates. As we mentioned before,
there are only two fragment ions able to differentiate the two
candidate species: the fragment ions at m/z 717.239 and
740.250. Except for the common ions described above, in the
spectrum in Fig. 5(a), generated from the mobility feature at
3.42 ms, a signal of fair intensity was detected at m/z 740.250.
This particular fragment ion was not found in Fig. 5(b),
generated by the mobility feature at 3.75 ms. According to mass
calculation, this ion corresponds to the Neu5Ac2HexNAc/CO2

structure, a fragment that documents exclusively the first
candidate in Scheme 1. Therefore, this particular fragment
ion, identified in Fig. 5(a) as Y1β/Z0/CO2, strongly supports
the structural configuration of the candidate (1). In contrast,
in Fig. 5(b) a signal at m/z 717.239 was evidenced. This
particular ion was, however, not detected in Fig. 5(a).
According tomass calculation, the ion atm/z 717.239, assigned
to C3β/CO2, corresponds to Neu5Ac2Hex/CO2, a sequence
possible only in the case of the second candidate presented
in Scheme 1. Hence, these findings corroborate candidate (2)
in Scheme 1.

CONCLUSIONS

In this study a superior bioanalytical platform based on
electrospray ionization ion mobility mass spectrometry in
combination with collision-induced dissociation was for the
first time optimized in the negative ion mode and applied to
structural analysis of a glycopeptide mixture extracted and
purified from the urine of a patient with Schindler disease.

By IMS-MS it was for the first time demonstrated here
that the O-GalNAc glycosylated amino acid and peptide
components in the urine of patients showing the clinical
symptoms of Schindler disease present isomeric forms. Hence,
Neu5Ac positional isomers were detected, separated and
characterized on the basis of the mobility features, i.e. the
drift time separation of sialylated glycoforms. Moreover, ion
mobility separation following glycopeptide precursor ion
sequencing by collision-induced dissociation in the transfer
cell was able to provide the nature and detailed structure of
the isomers from a series of possible candidates. Sialic acids,
in particular Neu5Ac, are known to exhibit a labile linkage
to the main carbohydrate core. These sugar residues readily
cleave-off under most CID conditions. However, by employing
negative ion mode, under appropriate sequencing conditions
in terms of collision energy, gas pressure and acquisition
time, an efficient fragmentation of the sialylated glycopeptide
was obtained. The optimized CID parameters impeded to a
reasonable extent the molecule desialylation and favored
the formation of diagnostic ions for discriminating Neu5Ac
positional isomers.

An interesting aspect, with biological significance, is that
the Neu5Ac3HexHexNAc-Thr species investigated here by
IMS-MS/MS was previously identified in the urine of the
same patient by studies conducted on direct- and reverse-
polarity on-line CE/(–) nanoESI QTOF MS.[42,44] On the other
hand, the investigations carried out by FTICRMS did not
reveal the presence of Neu5Ac3HexHexNAc-Thr in either of
the two patients.[14,17,18] Thus, in the case of these complex
mixtures, the separation prior to MS analysis appears to play
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a crucial role in detection of low abundance species. The
present findings are of particular significance since by IMS-MS
the occurence of Neu5Ac3HexHexNAc-Thr in Schindler disease
could be confirmed and substantiated. Since this structure was
previously not detected in the urine of the two investigated
age-matched healthy individuals,[13,14] we might postulate that
Neu5Ac3HexHexNAc-Thr represents an important biomarker
candidate for Schindler disease.
Another outcome of this study is related to the

Neu5Ac3HexHexNAc-Ser species which, though identified
in the urine of the same patient by CE/QTOFMS,[42,44] was
not detected by IMS-MS. Unlike Neu5Ac3HexHexNAc-Thr,
in the previous studies conducted using CE/(–)nanoESI-
QTOFMS, the serine-linked homologous species was detected
only in its sodiated form, as a very low intensity ion. This
might explain in part the difficulty to detect it by IMS-MS.
This species also presents a biological relevance for Schindler
disease since it appears solely related to the patient urine;
Neu5Ac3HexHexNAc-Ser was never detected in the urine of
the investigated healthy control.
In this context, the present findings related to the occurrence

of Neu5Ac3HexHexNAc-Thr positional isomers associated to
the disease offer a new perspective on Schindler condition
glycourinome and enlarge the inventory of potential biomarkers
which can be considered for early disease diagnosis.
As Schindler disease is an extremely rare disorder, these

results are based on a single case. However, the species
postulated here as associated with this disease were discovered
previously also by other MS methods. The present data,
generated by one of the most advanced MS techniques
available nowadays, provide hard evidence to support their
status as disease-associated species. Certainly, other patients
are to be investigated and other biochemical and biophysical
methods are to be applied for the determination of the
complete glycopeptide biomarker inventory in the urine of
the Schindler disease patients.
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