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Abstract—Identification of single glycoconjugate components in a complex mixture from the urine of a patient suffering from a con-
genital disorder of glycosylation was probed by MALDIMS analysis on a hybrid quadrupole time-of-flight instrument. In negative
ion mode, complex maps containing more than 50 ionic species were obtained and a number of molecular ions directly assigned
using a previously developed computer-assisted algorithm. To confirm the data and determine the carbohydrate sequence, single
molecular ions were selected and submitted to fragmentation experiments. Interpretation of fragmentation spectra was also assisted
by the software using alignment with spectra generated in silico. According to fragmentation data, the majority of glycoconjugate
ionic species could be assigned to free oligosaccharides along with ten species tentatively assigned to glycopeptides. Following this
approach for glycan identification by a combination of MALDI-QTOFMS and MS/MS experiments, computer-assisted assignment
and fragment analysis, data for a potential glycan data base are produced. Of high benefit for this approach are two main factors:
low sample consumption due to the high sensitivity of ion formation, and generation of only singly charged species in MALDIMS
allowing interpretation without any deconvolution. In this experimental set-up, sequencing of single components from the MALDI
maps by low energy CID followed by computer-assisted assignment and data base search is proposed as a most efficient strategy for
the rapid identification of complex carbohy-drate structures in clinical glycomics.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Structural and functional analysis of glycosylation in
human urine has been established to monitor changes
in glycosylation status in healthy persons and diseased
patients and to indicate possible aberrant structures
as possible biomarkers for congenital diseases. The
analytical task to carry such investigation is to establish
analytical strategies which include as complete as
possible structural identification of any glycoforms
present. Among a number of strategies for the structural
analysis of glycoconjugates in pre-separated fractions or
in complex mixtures obtained from native sources, mass
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spectrometry represents one of the most efficient
methods for mapping and sequencing at high sensitivity
and accuracy of identification.1–6

Congenital disorders of glycosylation (CDG) are
defined as inherited metabolic diseases caused by low or
missing activity of enzymes, transporters or other func-
tional proteins responsible for glycosylation processing
pathways of glycoconjugates.7,8 The observation of the
decreased serum thyroxin-binding globulin and in-
creased arylsulfatase A activity in two patients with
familial psychomotor retardation reported by Jaeken
et al.9 was the basis of the CDG discovery. In 1984, Jae-
ken et al.10 determined sialic acid deficiency in serum and
cerebrospinal fluid transferrin from identical twin sisters
suffering from demyelinating disease. That was the first
demonstration of a new syndrome caused by defective
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protein glycosylation. To date most of the presently
known CDG cases are related to abnormalities in the
N-glycosylation pathway of glycoproteins with only
few O-glycosylation diseases identified.11 CDGs belong
to rare diseases: around 500 cases of all types of CDG
have been discovered so far.12 The types of CDG diseases
have been classified into two main groups, according to
the glycosylation pathway damage.13

Presently, serum transferrin IEF is the most widely
used method for CDG diagnosis. Our attention, how-
ever, was turned towards glycopatterns in urine as an
alternative source of glycoconjugate biomarkers and
therefore potentially useful diagnostic tool to be corre-
lated with a clinical picture of human disorders.14–21

In comparison to the healthy control, the urine of
CDG patients was shown to contain O-linked glycans
and glycosylated amino acids at concentrations two-
to-three orders of magnitude higher.17 In urine analysis
of CDG patients by MS, we applied several approaches
such as high resolution/high-mass accuracy FT-ICR
MS,18 capillary-based19 and chip-based nano-ESI-
QTOF CID fragmentation analysis,20 where we were
able to identify from 40% to 75% of components using
manual and computer-assisted data interpretation strat-
egy. However, it is known that in ionization process due
to still largely unknown factors, different components
express different ionization properties, which causes an
incomplete overlap of in-toto detected components.22

In this study, a MALDI mapping by MS and sequencing
by MS/MS for high coverage of glycoform identification
in the urine of a CDG patient using the QTOF mass
analyzer is presented, involving high sensitivity and
low sample consumption. An additional helpful feature
of the MALDI ionization is the production of predom-
inantly singly charged ionic species, which do not re-
quire deconvolution, generating simpler spectra and
enhancing data interpretation.

MS fragmentation of complex glycans was already
introduced to analytical glycobiology 20 years ago,23

but an assignment of a carbohydrate structure from a
single experiment still represents a challenging task.
Figure 1. Nomenclature of oligosaccharide fragmentation pattern introduce
Basic structural predictions can be proposed for diverse
N- and O-glycan involving already known biosynthetic
pathways, such as N-glycans which include variations
of the common Man3GlcNAc2 pentasaccharide core,
or O-glycans of the GalNAc core type.24 A number of
techniques has been applied for the structural elucida-
tion of components in carbohydrate mixtures, basically
attempting to find diagnostic fragment ions responsible
for single structures.25–35 Five series of fragment ions
are generally expected: the most prone to occur is the
cleavage of one glycosidic bond, resulting in two types
of fragments with the reducing or the non-reducing
end.36 Additional cleavage of a second glycosidic bond
might result into the third series, called internal frag-
ments. The last two series are produced by the double
cleavage of the glycosidic ring (cross-ring) and contain
either the reducing or the non-reducing end of the pre-
cursor ion. The combinations between these series, such
as triple glycosidic or glycosidic and cross-ring dissocia-
tion have often been observed.1,3,14,18–20,28–30,35,37 The
first three series represent major tools for structural elu-
cidation, while according to the cross-ring fragmenta-
tion linkage branching patterns can be established.
Distinct fragmentation patterns under controlled colli-
sion energy and gas conditions along with the ability
of automatic switching between MS and MS/MS mode
by electrospray (ESI) QTOF instrument represent a
powerful option for high-throughput analysis of com-
plex carbohydrate mixtures. Cleavage ions obtained by
tandem mass spectrometry are described according to
the fragmentation nomenclature introduced by Domon
and Costello (Fig. 1).38

Letters Ai, Bi, Ci are used for the assignment of the frag-
mentation with the charge at the non-reducing end, where
index ‘i’ determines the number of the glycosidic bond cal-
culated from the non-reducing side. Those fragmenta-
tions, which carry the charge at the reducing end, have
been denoted as Xj, Yj and Zj, counting the order number
from that side. Cross-ring fragmentation has been
denoted by letters Ai and Xj, where the exact position of
the sugar ring cleavages is determined by superscript at
d by Domon and Costello.38
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the upper left side. In the case of branched structures
Greek symbols (a, b, c) have been introduced as subscript
at the right side to distinguish between fragments origi-
nating from different antennae, where a represents the
largest one. Thus, b, c are assigned with decreasing molec-
ular (fragment) mass (a P b P c). Further branching of
the ‘primary’ antennae has been proposed to be named
a0, b0, c0 and a00, b00, c00, where a0 P a00, b0 P b00, etc.35,38

2. Experimental

2.1. Reagents and samples

Methanol was obtained from E. Merck (Darmstadt,
Germany) and used without further purification.
Distilled and deionized water (Mili-Q water systems
Millipore, Bedford, MA, USA) was used for the prepa-
ration of the sample solutions. 2,4,6-Trihydroxyaceto-
phenone (THAP) and diammonium citrate (DAC)
were purchased from Sigma (Taufkirchen, Germany).
The sample investigated in this study was a native
glycoconjugate mixture, from the urine of patient A.L.,
suffering from symptoms of CDG. For isolation of
components, the patient’s urine was filtered and submit-
ted to a first gel filtration chromatography on Biogel P2
as described before.17–19 The fraction B2 was further
submitted to a second gel filtration chromatography
performed on Fractogel TSK HW 50 with 0.01 M pyri-
dinium acetate at pH 5.4 as the eluting buffer and the
fraction F2 thereof to the anion-exchange chromatogra-
phy on MonoQ to deliver 6 fractions, from which the
fraction M3 was used in the present study.

2.2. Matrix preparation

MALDI matrix used in the present study for the analy-
sis of oligosaccharides and glycoconjugates was pre-
pared as follows: 1 mg of THAP was dissolved in 1:1
EtOH–aq DAC 20 mM (1 mL).

2.3. MALDI target spots preparation

MALDI target spots were prepared by the ‘‘thin layer”

method. The matrix soln (0.5 lL) was loaded onto the
target and dried under a gentle stream of air or nitrogen.
Afterwards, 0.5 lL of the sample soln was deposited on
the matrix layer and immediately dried with a gentle stream
of air or nitrogen. The final sample amount on each spot
was approximately 1–2 pmol as derived from the dried
sample weight taking into account an average molecular
mass of 1200 Da for the glycoconjugate species present.

2.4. MALDI-QTOFMS and CID MS/MS

Mass spectrometry was performed on a MALDI-QTOF
Premier mass spectrometer (Waters, Manchester, UK)
fitted with a 200 Hz repetition rate neody-
mium:yttrium-aluminium-garnet laser (k = 355 nm).
The mass spectrometer was operated in negative ion
mode and prior to analysis was calibrated over the
m/z range 50–3000 using dextran from Leuconostoc mes-

enteroides (Sigma, Gillingham, UK).
Mass spectra were acquired manually over the m/z

range 800–3000. The peptide standard, [Glu1]-fibrino-
peptide (Sigma, Gillingham, UK), was spotted on the
MALDI target plate at a concentration of 50 fmol on
target, on lock mass target-positions, adjacent to the
samples under investigation. Following MS acquisition
from the glycoconjugates sample, the peptide standard
was used to provide accurate mass data.

In MS/MS mode, precursor ions were isolated
using MS (quadrupole) and fragmented in an argon filled
collision cell (4 � 10�3 mbar). MS/MS data were acquired
with the collision energy adjusted in such a way that the
majority of the precursor ion was attenuated. Collision
energies used were typically between 50 and 100 eV.

2.5. Data interpretation algorithm

The computer algorithm for mass spectrometry data
interpretation was developed by using Borland Delphi 7
for Windows (Borland). The proposed algorithm consists
of two stages: compositional calculation and in silico frag-
mentation followed by matching with experimental MS/
MS data. The composition of the respective glycoconju-
gate ions was modelled by using different combinations
of monosaccharide and amino acids building blocks, as
well as various types of anionization, that is, deprotona-
tion, etc. In silico fragmentation was based on the princi-
ple of glycan structure presentation as a 3D array of data,
containing information about current building blocks
and their mutual linkages. The more detailed description
is in preparation and will be published elsewhere.

2.6. Glycan database

Consortium for functional glycomics (CFG): Glycan
database has been searched by sending compositional
information of the structure, such as the type and the num-
ber of monosaccharide building blocks. The list of previ-
ously described oligosaccharide structures related to the
imported composition was generated as the output, pro-
viding information about the sample source, methods of
structural elucidation and the corresponding references.39

3. Results and discussion

3.1. Automated MALDI-QTOFMS of ALM3 mixture

containing glycans and glycosylated amino acids

In the negative ion mode MALDI-QTOFMS of the
ALM3 sample around 50 distinct ionic species with
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the most intense signals at m/z 876.29 and 1038.35 were
observed (Fig. 2). A compositional assignment of
detected components by a previously developed com-
puter-assisted analysis was applied,18,19 which implies
different combinations of glycan building blocks (dHex,
Hex, HexNAc and NeuAc), amino acids (Ser, Thr) and
possible sugar modifications such as phosphates (P) and
sulfates (S) at various types of anionization, that is,
deprotonation and exchange of sodium and potassium
versus hydrogen. All ionic species from the mass spec-
trum expressing relative intensity above 20% have been
submitted for calculation.

Within the accepted mass deviation window of
0.15 DA, the composition of approximately 75% ionic
species present in the spectrum has been proposed with
the mass accuracy in the range of 2–55 ppm (Table 1).
According to the compositional analysis 10 molecular
ions were proposed to represent glycopeptides, whereas
the other represented free oligosaccharides. Molecular
ions at m/z 873.33, 939.28, 955.29 and 1018.32 were
Figure 2. Negative ion mode MALDI-QTOFMS of the fraction M3 obtaine
Peaks are labelled as their monoisotopic m/z values.
proposed by calculation to represent single amino
acid-linked neutral O-glycans such as [dHexHex-
NAc3Thr�H]�, [dHexHex3HexNAcSer�H]�, [Hex4-
HexNAcSer�H]� and [Hex3HexNAc2Ser+Na�2H]�,
respectively. Five molecular ions, detected at m/z
1139.44, 1152.37, 1174.34, 1271.51 and 1293.48 were
matching the composition of single amino acid-linked
sialylated O-glycans [NeuAcHex2HexNAc2Thr�H]�,
[NeuAc2HexHexNAcSerThr�H]�, [NeuAc2HexHex-
NAcSerThr+Na�2H]�, [NeuAcdHexHex2HexNAc2-
Ser�2H]� and [NeuAcdHexHex2HexNAc2Ser+Na�
2H]�, respectively. The ion at m/z 887.22 could be
matched to the single amino acid phosphorylated O-gly-
can [Hex3HexNAcThr(P)�H]�. Monitoring the ratio
between Hex and HexNAc units in the proposed compo-
sitions and applying the basic principles of oligosaccha-
ride assembly,40 the ions detected at m/z 1565.56,
1727.61, 1930.67 and 2076.77 were proposed to repre-
sent free N-glycans. Composition of these ions obtained
by computation was [NeuAcHex4HexNAc3�H]�, [Neu-
d from urine of the patient AL after gel permeation chromatography.



Table 1. Computer-assisted assignment of major molecular ion species detected in the ALM3 mixture by negative ion MALDI-QTOFMS (Fig. 1)

No Detected ions Proposed composition Referencesa

Ionic species m/zexp m/zcalcd

1 [M�H]� 632.18 632.20 NeuAcHex2 41,42
2 [M+Na�2H]� 671.14 671.16 dHexHexNAc2(S) —
3 [M�H]� 673.20 673.23 NeuAcHexHexNAc 41,42,54,60–65
4 [M�H]� 819.26 819.29 NeuAcdHexHexHexNAc b

5 [M�H]� 835.28 835.28 NeuAcHex2HexNAc 66
6 [M�H]� 873.33 873.35 dHexHexNAc3Thr —
7 [M�H]� 876.29 876.31 NeuAcHexHexNAc2 52,61
8 [M�H]� 887.22 887.26 Hex3HexNAcThr(P) —
9 [M�H]� 939.28 939.33 dHexHex3HexNAcSer —

10 [M�H]� 955.29 955.33 Hex4HexNAcSer —
11 [M�H]� 997.32 997.34 NeuAcHex3HexNAc c

12 [M+Na�2H]� 1018.32 1018.33 Hex3HexNAc2Ser —
13 [M�H]� 1038.35 1038.36 NeuAcHex2HexNAc2 54,61,67
14 [M�H]� 1079.38 1079.39 NeuAcHexHexNAc3

c

15 [M+Na�2H]� 1132.33 1132.29 Hex5HexNAc(P) —
16 [M�H]� 1139.44 1139.41 NueAcHex2HexNAc2Thr —
17 [M�H]� 1143.40 1143.40 NeuAcdHexHex3HexNAc —
18 [M�H]� 1152.37 1152.41 NeuAc2HexHexNAcSerThr —

[M+Na�2H]� 1174.34 1174.39
19 [M�H]� 1184.41 1184.42 NeuAcdHexHex2HexNAc2

c

20 [M�H]� 1200.42 1200.42 NeuAcHex3HexNAc2 41,68
21 [M�H]� 1241.45 1241.44 NeuAcHex2HexNAc3

c

22 [M�H]� 1271.51 1271.45 NeuAcdHexHex2HexNAc2Ser —
[M+Na�2H]� 1293.48 1293.43

23 [M�H]� 1362.46 1362.47 NeuAcHex4HexNAc2 59,68
24 [M�H]� 1403.47 1403.50 NeuAcHex3HexNAc3

c

25 [M�H]� 1500.47 1500.48 dHexHex4HexNAc3(P) —
26 [M�H]� 1565.56 1565.55 NeuAcHex4HexNAc3 68–70
27 [M�H]� 1727.61 1727.60 NeuAcHex5HexNAc3 59,68–70
28 [M�H]� 1768.67 1768.63 NeuAcHec4HexNAc4

b

29 [M�H]� 1930.67 1930.68 NeuAcHex5HexNAc4 43,69,71
30 [M�H]� 2076.77 2076.74 NeuAcdHexHex5HexNAc4 43,71

a References are related to glycoconjugates previously found in Homo sapiens urine as free molecular species or as glycans obtained by protein
deglycosylation.

b Glycoconjugates found in different organs from Homo sapiens urogenital system, besides urine.
c Glycoconjugates found in Homo sapiens from systems other than urogenital.
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AcHex5HexNAc3�H]�, [NeuAcHex5HexNAc4�H]�

and [NeuAcdHexHex5HexNAc4�H]�, respectively,
where the presence of Hex3HexNAc2 element in the
structure could represent a pentasaccharide core
Man3GlcNAc2, typical for N-glycans. Other glyco-
forms listed in the table can fit to free oligosaccharides
derived either from O-glycans or from truncated N-
glycans.

Eleven ions detected in the M3 urine fraction of a
CDG patient A.L. and considered as free oligosaccha-
rides arising from glycoproteins were previously found
either in the urine of healthy persons and/or patients
suffering from different diseases. The urinary trisaccha-
rides NeuAcHex2 and NeuAcHexHexNAc detected at
m/z 632.18 and 673.20, respectively, could be correlated
to NeuAc(a2–3)Man(b1–4)Glc and NeuAc(a2–
6)Man(b1–4)GlcNAc, respectively, already found in
the urine of a patient suffering from mannosidosis41 or
to NeuAc(a2–3/6)Gal(b1–4)Glc and NeuAc(a2–3)-
Gal(b1–4)GlcNAc, respectively, collected from the nor-
mal urine of a male aged 23–25 years,42 respectively.
Similar correlation can be established to singly charged
ion detected in the spectrum at m/z 2076.77 (Fig. 2), pre-
viously detected in the urine of a healthy male donor as
the glycan N-linked to uromodulin and identified by
monosaccharide analysis and 1H NMR as the mono-
sialylated biantennary N-glycan containing core
fucose: NeuAc(a2–6)Gal(b1–4)GlcNAc(b1–2)Man(a1–3)-
[Gal(b1–4)GlcNAc(b1–2)Man(a1–6)]Man(b1–4)GlcNAc-
(b1–4)[Fuc(a1–6)]GlcNAc.43 References for other struc-
tures previously found in the human urine are listed in
Table 1.

Thus, according to the MALDI-QTOFMS prelimin-
ary analysis of ALM3 sample and the calculation of
the composition, most components were considered to
represent either free oligosaccharides or O-glycosylated
Ser or Thr, in the ratio approximately 4:1. For sequence
elucidation of molecular species listed in the table, CID
analysis by the negative ion mode MALDI-QTOFMS/
MS has been performed.



S. Y. Vakhrushev et al. / Carbohydrate Research 343 (2008) 2172–2183 2177
3.2. Strategy for glycan assignment by fragmentation

Within the development of automated MS/MS data
interpretation, the concept of comparison between
experimental spectrum and the fragmentation pattern
generated from the proposed structure in silico has been
probed by several groups.44–48 MS/MS data contain ions
from both glycosidic and internal cross-ring cleavages as
well as their mutual combinations resulting in double,
sometimes triple, fragmentation. The glycan sequence
determination is generally based on glycosidic cleavages,
where branching pattern and linkages between monosac-
charides must be evaluated from cross-ring fragmenta-
tion. Taking into account the importance of these ions
for structural characterization of sugar moieties, a com-
puter calculation of all possible elements containing
single glycosidic and internal cleavages as well as their
mutual combinations, like double glycosidic and A-type
cross-ring/glycosidic fragment ions, has been used.

The compositional analysis of fragment ions allows to
estimate their potential relation to the parent ion (P.I.)
as glycosidic and/or cross-ring cleavages. The inspection
of MS/MS data for the presence of diagnostic and
unique ions in the spectrum, such as 0,2An cross-ring
fragment ion diagnostic for the HexNAc motif at the
reducing end,19 2,4An diagnostic for the branching Hex-
NAc at the reducing end,19,35 as well as the presence of
double glycosidic cleavages ‘D’ ions responsible for the
branching determination of the pentasaccharide core
of N-type oligosaccharides35,49 plays an important role
in structural determination.

Taking this into account, as well as biosynthetic rules of
glycan assembly24,40 and the presence of diagnostic ions,
fragment ions can be reconstituted into entire potential
structural candidates. In case of insufficient or incomplete
fragmentation information, certain structural recommen-
dations can still be clearly postulated. However, not all
theoretical fragment ions do appear in the spectra, even
under optimized CID experimental conditions. Next step
of the suggested strategy is to correlate proposed candi-
dates with the previously reported glycan structures which
are present in the database39 or in case of low informative
MS/MS data to make a glycan database search for struc-
tures fitting by composition and to postulate structural
recommendations. In the next step, in silico fragmenta-
tion of structural candidates is performed and matched
with experimental data to calculate the assignment cover-
age. Finally, proposed structural candidates are ranked
according to the assignment coverage and by the presence
of unique and/or diagnostic fragment ions.

3.3. Fragmentation analysis of ionic species observed in

ALM3 mixture by MALDI-QTOFMS/MS

Precursor ion at m/z 876.29 assigned to NeuAcHexHex-
NAc2 (Fig. 2) was submitted to low energy CID tandem
MS/MS fragmentation analysis for structural identifica-
tion (Fig. 3).

B1 fragment ion at m/z 290.06 indicates the presence
of NeuAc in the structure. Diagnostic ring cleavage
0,4A2 ion with the loss of CO2 at m/z 306.08 indicates
the attachments of NeuAc to Hex at the linkage position
(a2–6).50,51 Glycosidic cleavage ions B and C at m/z
655.19 and 673.21 state the attachment of HexNAc to
NeuAc(a2–6)Hex unit to form trisaccharide. Moreover,
compositional analysis of the fragment ion at m/z 572.15
indicates that in case of the tetrasaccharide with one
hexose, this ion can only be formed as 0,2A ring cleavage
of HexNAc unit related to glycosidic fragment ion at
m/z 673.21. By further inspection of MS/MS the loss
of Dm = 101 u from the [M�H]� precursor ion at m/z
775.23 is found, which corresponds to the 0,2An ion.
The presence of this ring cleavage ion indicates the Hex-
NAc unit at the free reducing end of the molecule.19 On
the other hand, the diagnostic ring cleavage ion 2,4An de-
tected as Dm loss of 161 u from the precursor ion
[M�H]� does not allow branching of the HexNAc at
the reducing end, but the extension of only one hydroxyl
group at C-3 or C-4 sugar ring position. Thus, taking
into account biosynthetic pathways of glycan assem-
bly24,40 we can propose two potential structural recom-
mendations: HexNAc(1–3)HexNAc followed by the
attachment of NeuAc(a2–6)Hex or Hex(1–3)HexNAc
followed by the attachment of the NeuAc and the Hex-
NAc to the Hex.

According to the proposed strategy, glycan database
search with applied structural recommendations allowed
to correlate the precursor ions at m/z 876.29 with two
potential candidates summarized in Table 2. Neu-
Ac(a2–6)Gal(1–3/4)GalNAc(a1–3)GalNAc type Core 5
O-glycan (Structure A) was previously found in human
urine, but linkage positions and glycans anomeric con-
figurations were not fully specified.52 Another structural
candidate was found in the human haemic system as a
type Core 1 O-glycan attached to Glycophorin A and
determined by methylation analysis and 1H NMR as
GalNAc(b1–4)[NeuAc(a2–3)]Gal(b1–3)GalNAc (Struc-
ture B).53 These two structural candidates provide equal
assignment coverage, where the structure type Core 5
assigned to NeuAc(a2–6)Gal(1–3/4)GalNAc(a1–3)Gal-
NAc and previously found in the urine can be consid-
ered as the most preferable candidate.52

Precursor ion at m/z 1038.35 proposed as NeuAc-
Hex2HexNAc2 (Fig. 2), submitted to fragmentation ana-
lysis (Fig. 4), delivered fragment ions at m/z 937.30,
919.29 and 859.27, which can unambiguously be as-
signed to 0,2An, 0,2An-H2O and 2,4An-H2O ring cleavages.
Their presence in the spectrum indicates that the reduc-
ing end of the molecules consists of HexNAc, where
only one carbon group can be further extended by the
attachment of other monosaccharides. The loss of Hex-
NAc from the precursor ion [M�H]� detected at m/z



Figure 3. Negative ion mode MALDI-QTOFMS/MS of the precursor ions at m/z 876.29 assigned to NeuAcHexHexNAc2. The fragmentation
pattern is considered as the most probable according to the fragment ion coverage and the presence of diagnostic ions (inset).

Table 2. Structural candidates for the precursor ions at m/z 876.29 assigned to NeuAcHexHexNAc2

Structure Sourcea

NeuAca2–6Gal-GalNAc-GalNAc (A) Urine52

Galβ1 3GalNAc4
GalNAcβ1

3
NeuAcα2

(B) Haemic system53

a References are related to glycoconjugates previously described.
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835.27 can be considered as an evidence that HexNAc is
an external element of the entire molecule and assigned
to Cn glycosidic fragment. Glycosidic B1 fragment ion at
m/z 290.06 shows the presence of sialic acid, whereas B
and C type fragments detected at m/z 655.21 and 673.20
confirm the NeuAcHexHexNAc increment.

Thus, the search for this composition within human
glycans in databases39 with elucidated structural recom-
mendations allows to correlate this precursor ion with
four potential structural candidates, summarized in
Table 3. The sialylated diLacNAc N-glycan antennae
structure NeuAc(a2–3/6)Gal(b1–4)GlcNAc(b1–3)Gal-
(b1–4)GlcNAc (Structure A) was previously discovered
in the urine of a 41 year old woman by 1H NMR,
methylation analysis and FABMS.54 Two other linear
structures (Structures B and C) were discovered by 1H
NMR in the respiratory system (lung) of patients
suffering from cystic fibrosis55 and bronchiectasis,56,57

and in the intestine of a patient suffering from adeno-
carcinoma,58 respectively. The fourth structural candi-
date with the composition fitted to the precursor ions
at m/z 1038.35 (Fig. 2) was the synthetic pentasaccha-
ride Gal(b1–4)GlcNAc(b1–4)[NeuAc(a2–3)]Gal(b1–
4)GlcNAc (Structure D).39 Since the assignment cover-
age of experimental fragment ions provides nearly the
same percentage for all structural candidates, the prefer-
ence can be given to Structure A, according to its origin
(previously found in human urine).54



Figure 4. Negative ion mode MALDI-QTOFMS/MS of the precursor ions at m/z 1038.35 assigned to NeuAcHex2HexNAc2. The fragmentation
pattern is considered as the most probable according to the fragment ion coverage and the presence of diagnostic ions (inset).

Table 3. Structural candidates for the precursor ions at m/z 1038.35 assigned to NeuAcHex2HexNAc2

Structure Sourcea

NeuAca2–3/6Galb1–4GlcNAcb1–3Galb1–4GlcNAc (A) Urine54

NeuAca2–3/6Galb1–4GlcNAcb1–3Galb1–3GalNAc (B) Respiratory systems55

NeuAca2–3/6Galb1–3GlcNAcb1–3Galb1–3GalNAc (C) Digestive system56,57

NeuAcα2

Galβ1 4GlcNAc4
4GlcNAcβ1Galβ1

3 (D) Synthetic39

a References are related to glycoconjugates previously described.
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According to biosynthetic rules, the precursor ion at
m/z 1362.46 assigned to NeuAcHex4HexNAc2 (Fig. 2)
could be correlated with both truncated N- and O-gly-
can chains. Fragmentation pattern performed by CID
tandem MS/MS is shown in Figure 5.

As previously discussed, the presence of ring cleavages
0,2An, 0,2An-H2O and 2,4An at m/z 1261.41, 1243.41 and
1201.39 indicates the HexNAc segment at the reducing
end with the structural elongation at only one carbon
group of the sugar ring. Glycosidic fragment ions B1

at m/z 290.05 (NeuAc), as well as the loss of HexNAc
observed as Yn and Zn fragment ions at m/z 1071.35
and 1089.39 indicate that NeuAc and HexNAc units
are the terminal elements of the molecule. B fragment
ion at m/z 655.19 (sialylated HexHexNAc) and B and
C ions at m/z 817.24 and 835.25, respectively, are related
to the tetrasaccharide NeuAcHex2HexNAc. Composi-
tional analysis of the fragment ion at m/z 545.15 and
730.21 allows to correlate it with Hex3+60 u and
Hex3HexNAc(–H2O) + 60 u increments, respectively,
which might originate from a combination of glycosidic
Y type and cross-ring 0,2X and 2,4A cleavages, either
from Hex or HexNAc. According to biosynthetic
considerations, the glycan Hex3 element can be highly
probably hypothesised as a trimannosyl core of an N-
glycan.



Figure 5. Negative ion mode MALDI-QTOFMS/MS of the precursor ions at m/z 1362.46 assigned to NeuAcHex2HexNAc2. The fragmentation
pattern is considered as the most probable according to the fragment ion coverage and the presence of diagnostic ions (inset).
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Accordingly, potential structural candidates can be
proposed as truncated N-glycans differing in the posi-
tion of sialylated LacNAc antennae attachment to the
core region: NeuAc(a2–3/6)Gal(b1–4)GlcNAc(b1–2)-
Man(a1–3)[Man(a1–6)]Man(b1–4)GlcNAc or NeuAc-
(a2–3/6)Gal(b1–4)GlcNAc(b1–2)Man(a1–6)[Man(a1–3)]-
Man(b1–4)GlcNAc (Table 4). It was previously shown
Table 4. Structural candidates for the precursor ions at m/z 1362.46 assigne

Structure

3
2Manα14GlcNAcβ13/6Galβ1NeuAcα2

6
Manα1

Man1β 4GlcNAc

Man1β 4GlcNAc6
2Manα14GlcNAcβ13/6Galβ1NeuAcα2

3
Manα1

a References are related to glycoconjugates previously described.
that the Man(a1–3)Man linkage is more labile than
the Man(a1–6)Man one, rendering diagnostic C4b and
‘D’ fragment ions.35 The C4b fragment ion at m/z
835.25 (Fig. 5) assigned to NeuAcHex2HexNAc repre-
sents a sialylated LacNAc antennae attached to
Man(a1–3)Man region of the truncated N-glycan core
region. Glycan database search revealed that this struc-
d to NeuAcHex4HexNAc2

Sourcea

(A) Urine59,68,72

(B) Urine72



Figure 6. Negative ion mode MALDI-QTOFMS/MS of the precursor ions at m/z 1403.47 assigned to NeuAcHex2HexNAc2. The fragmentation
pattern is considered as the most probable according to the fragment ion coverage and the presence of diagnostic ions (inset).
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ture was already previously found in the urine of a
patient suffering from sialidosis and assigned by mono-
saccharide analysis and 1H NMR as NeuAc(a2–
6)Gal(b1–4)GlcNAc(b1–2)Man(a1–3)[Man(a1–6)]Man-
(b1–4)GlcNAc (Structure A).59 Thus, this candidates
can be considered as the proposed structure for the pre-
cursor ion at m/z 1362.46. On the other hand, some low
intensity fragments ion like m/z 493.13 assigned to Neu-
AcHexNAc and m/z 876.30 assigned to NeuAcHexHex-
NAc2 could not be correlated to the proposed
structures. This fact can be indicative for the existence
of other isomers related to this precursor ion.

In some other cases, the evidence was less clear, like in
the fragmentation pattern of the precursor ion at m/z
1403.47 assigned to NeuAcHex3HexNAc3 (Fig. 6) which
does not allow to elucidate the glycan structure explic-
itly. Few characteristic fragment ions allow, however,
to propose recommendations for potential structural
candidate in glycan database search.

The presence of 0,2An and 0,2An-H2O ring cleavage
fragment ions at m/z 1302.44 and 1284.44 indicates the
position of the HexNAc unit at the free reducing end.
2,4An cross-ring ion at m/z 1242.44 was another key frag-
mentation determining that the HexNAc element at the
reducing end can be further elongated by the attachment
to only one hydroxyl group in the sugar ring at the posi-
tion at C-3 or C-4. Thus applying these considerations,
only two structures, corresponding to synthetic oligosac-
charides, were found in the glycan database (Table 5).39

Structure A was the synthetic truncated N-glycan with
(a2–6) sialylated LacNAc antennae, whereas the struc-
tural candidate B was represented as (a2–3) sialylated
(LacNAc)3 N-glycan antennae. In silico fragmentation
and further matching with experimental MS/MS data
provided the highest assignment coverage of 83% for
Structure A, in contrast to 76% for Structure B. In addi-
tion, fragment ions at m/z 730.21 and 748.22 could only
be derived from Structure A and assigned to 2,4A6/Z6a

and 2,4A6/Y6a, respectively. Thus, NeuAc(a2–6)-
Gal(b1–4)GlcNAc(b1–2)Man(a1–6)Man(b1-4)GlcNAc-
(b1-4)GlcNAc (Structure A) was considered as the most
likely candidate.

Due to the generation of predominantly singly
charged ionic species by MALDI-QTOFMS, it was
possible to reduce the level of overlapping, like in ESI
generated ions, between glycoforms detected in the urine



Table 5. Structural candidates for the precursor ions at m/z 1403.47 assigned to NeuAcHex3HexNAc3

Structure Sourcea

Manβ1 4GlcNAcβ1 4GlcNAc
6

2Manβ14GlcNAcβ16Galβ1NeuAcα2
(A) Synthetic39

NeuAca2–3Galb1–4GlcNAcb1–3Galb1–4GlcNAcb1–3Galb1–4GlcNAc (B) Synthetic39

a References are related to glycoconjugates previously described.
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of a CDG patient. The absence of multiply charged frag-
ment ions derived from the precursor ions in CID anal-
ysis enhanced the reliability of the elucidated glycan
structures, improving significantly the efficacy of the
automated compositional analysis and fragmentation
pattern interpretation.

A direct computer-assisted compositional assignment
is proved to be a potent tool for the determination of
glycoconjugates composition in case of free and amino
acid-linked oligosaccharides containing sialic acid or
phosphates and is highly suitable for high-throughput
glycoscreening. Detailed fragmentation patterns of
single components from the urine of a CDG patient
obtained by MALDI-QTOF CID MS/MS were intro-
duced for glycan database search together with in silico
fragment calculation, representing an efficient platform
for rapid glycoidentification, or—in the case of lower
sequence coverage—to afford appropriate hints for
database search. Confirmation of the MALDI-
QTOF CID MS/MS approach is obtained by corre-
lation with data obtained by nano-ESI-QTOF CID
MS/MS.18–20 Thus, the ability of MALDI-QTOF
instrumentation to provide a comparable set of glycome
information from the urine using a minimal amount
of sample makes this method especially beneficial for
clinical glycomics applications.
References

1. Harvey, D. J. Mass Spectrom. Rev. 1999, 18, 349–450.
2. Harvey, D. J. J. Am. Soc. Mass Spectrom. 2000, 11, 900–

915.
3. Harvey, D. J. Proteomics 2001, 1, 311–328.
4. Park, Y.; Lebrilla, C. B. Mass Spectrom. Rev. 2005, 24,

232–264.
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