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Glycobioinformatics: Current strategies and tools
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Glycobioinformatics is a rapidly developing field providing a vital support for MS-based gly-
coproteomics research. Recent advances in MS greatly increased technological capabilities for
high throughput glycopeptide analysis. However, interpreting MS output, in terms of iden-
tifying glycan structures, attachment sites and glycosylation linkages still presents multiple
challenges. Here, we discuss current strategies used in MS-based glycoproteomics and bioin-
formatics tools available for MS-based glycopeptide and glycan analysis. We also provide a
brief overview of recent efforts in glycobioinformatics such as the new initiative UniCarbKB
directed toward developing more comprehensive and unified glycobioinformatics platforms.
With regards to glycobioinformatics tools and applications, we do not express our personal
preferences or biases, but rather focus on providing a concise description of main features
and functionalities of each application with the goal of assisting readers in making their own
choices and identifying and locating glycobioinformatics tools most suitable for achieving their
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experimental objectives.
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PTMs of proteins are the primary means used by prokary-
otic and eukaryotic cells to regulate the activity of key pro-
teins [1-3]. PTMs may involve both chemical alterations of
protein side chains and a cleavage of the main chain peptide
bonds. The dynamic modification and diversification enabled
by PTMs greatly increases molecular variants of cellular pro-
teins by an estimated one or two orders of magnitude over
the number encoded by the genome [4]. Therefore, charac-
terizing structures, sites, and dynamics of the protein PTMs
is essential for understanding their diversity, structure, and
function in the “-omics” age [5].
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1 Glycosylation: Most abundant and
structurally diverse posttranslational
modification

Covalent attachment of sugars or glycans to proteins or
lipids is defined as glycosylation. Glycosylation represents
not only the most abundant protein PTM, but also by far
the most structurally diverse one [6]. Although monosac-
charides do not constitute overly complicated chemical
group, 13 different monosaccharides and eight differ-
ent amino acids involved in glycoprotein linkages results
in a total of at least 41 different glycan-protein bonds.
Comprehensive information about various monosaccharide
residues can be found in the MonosaccharideDB database
(http://www.monosaccharidedb.org), which is being devel-
oped as part of the EUROCarbDB and GLYCOSCIENCES.de
projects [7]. Furthermore, due to additional modifications on
terminal glycans of oligosaccharide branches such as fuco-
sylation, sulfation, acetylation, and/or sialylation (about 50
different sialic acids are known), the molecular diversity of
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glycosylation rapidly increases exponentially and becomes in-
credibly complicated [8-10]. There are estimated 250-500
“glycogenes” in human genome (about 1-2% of the total
genome), which are directly involved in glycan assembly [11].
Glycogenes are involved in the attachment and subsequent
processing of the sugar portion of glycoconjugates and can be
divided into several categories including glycosyltransferases,
glycolytic enzymes, sugar nucleotide synthetases, and sugar
nucleotide transporters, while glycosyltransferases comprise
one of the largest and most diverse groups of enzymes with
over 180 glycogenes being cloned and characterized to date
[12,13].

Consequently, it has been estimated that more than 50%
of the entire human proteome is covalently modified with gly-
cans, although latest reports suggest that less than one-fifth of
proteins are glycosylated [14,15]. In addition to a diversity of
the attached glycan structures, macroheterogeneity (variable
occupancy of several glycosylation sites), and microhetero-
geneity (variable degree of type, trimming, and elongation of
the glycan attached to a single glycosylation site) contribute
further to the complexity of protein glycosylation [16]. The
macroheterogeneity and microheterogeneity of the glycosyla-
tion are controlled by multiple factors. For example, within
a particular cell, not only the primary and secondary struc-
ture of the protein affects the location of the glycosylation
sites and the level of their occupancy, but also the tertiary and
quaternary structures influence the subsequent processing
of the attached glycans [17]. Recent precision mapping of the
in vivo N-glycoproteome clearly reveals rigid topological and
sequence constraints of N-linked glycosylation of glycopro-
teins [18]. Thus, glycosylation is one of the most common
PTMs existing in nature, which is characterized by the ex-
treme structural diversity. Glycosylation plays essential role
in many biological processes such as cell recognition, cell-cell
communication, signaling, embryo development, immunity,
etc.[19,20]. Therefore, identifying the glycosylation sites, their
occupancy, and the attached glycan structures is crucial for
proper understanding of the glycoprotein biological function.
Yet tools for systematic identification and analysis of protein
glycosylation are greatly underdeveloped.

2 Glycoproteomics: Systematic
identification of glycosylation
on proteome level

Based on the concept of proteome, the complete subset of
glycosylated proteins (glycoproteins) generated by a cell or
an organism under specific conditions, is defined as “glyco-
proteome.” Therefore, the term “glycoproteomics” refers to
studies that aim to define or quantify the complete set of pro-
teins containing glycosylation modifications in a cell, tissue,
or organism [19]. Rather than separating glycan and protein
analyses into glycomics and proteomics, major tasks of gly-
coproteomics include not only identifying the protein main
chains modified by glycosylation, but also assigning and/or
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mapping the structures and sites of these modifications [21].
Compared with identifying protein main chains, assigning
or mapping glycan structures and sites in glycoproteomics
is much more challenging. First, the biosynthesis of glycans
is a nontemplate driven process involving coordinated ex-
pression of several glycosyltransferases, some of which have
additional tissue-specific isoforms [22]. Consequently, the in-
herent heterogeneity and large diversity of glycan structures
cannot be predicted from any reference database due to a com-
plex biosynthesis and lack of proofreading machinery [23],
although N-linked glycoproteins do have quality control
“proofreading,” whereby misfolded proteins or those proteins
attached with Glc1-3ManygNAc; are typically recycled with the
help of calreticulin and calnexin in the ER [24, 25]. Second,
based on the backbone chemical structure of glycosylation,
glycans can be classified broadly as linear and branched sug-
ars. Due to the branched nature of glycosylation, the chemical
heterogeneity, and diversity of glycans challenge the develop-
ment of analytical techniques such as MS to accurately define
their chemical structures. Some glycosylation PTMs could be
very difficult (if not impossible) to differentiate with MS tech-
nology alone, when individual monosaccharides having the
same masses are involved, or the differences between glycans
are caused not by the attachment of distinct chemical groups
but by the different glycan-protein linkages or glycosidic link-
ages between individual monosaccharides are employed such
as in core 5 O-glycans GalNAcal-3GalNAca-Ser/Thr and
core 7 O-glycans GalNAcal-6GalNAca-Ser/Thr, or in core
1 O-glycans Galp1-3GalNAcaSer/Thr, and core 8 O-glycans
Gala1-3GalNAcaSer/Thr. In addition, the presence of het-
erogeneous mixtures of different chemical structures within
glycans always need to be considered [26].

Based on the mode of attachment, two types of protein gly-
cosylation with important biological functions are most com-
mon in nature: “N-linked” glycosylation (N-glycosylation),
where glycans are attached to asparagines in a consensus
sequence N-X-S/T (where X can be any amino acid except pro-
line) via an N-acetylglucosamine (N-GlcNAc) residue; and “O-
linked” glycosylation (O-glycosylation), where glycans are at-
tached to serine or threonine through acyl linkages. N-Linked
glycosylation is initiated via en bloc transfer of a tetradecasac-
charide (Glc;ManyGlcNAc,) from the lipid-linked oligosac-
charide Glc;ManyGlcNAc,-PP-dolichol to specific asparagine
residues of nascent proteins in the ER by oligosaccharyltrans-
ferases [27]. Subsequent trimming or further elaboration to
form one of the three standard types of N-glycan cores (high
mannose, complex, or hybrid) is mediated by a series of
glycosidases and glycosyltransferases in the Golgi apparatus
based on this tetradecasaccharide [28]. O-linked glycans are
formed by a series of glycosyltransferase-catalyzed steps that
begin with the transfer of the first glycan from UDP-GalNAc
directly to either a Serine or Threonine residue by one of a
large number of polypeptide GalNAc-transferases found in
the Golgi [29]. Different O-glycan core structures are synthe-
sized by subsequent glycan addition based on the first gly-
can O-GalNAc (there are eight O-GalNAc-based glycan core
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structures, most of which may be further glycosylated [30].
N- and O-glycosylation classification leads to further subdi-
vision of glycoproteomics into N-linked and O-linked gly-
coproteomics focusing on these two important biologically
functional PTMs.

Of note, it is important to remember that O-GlcNAc mod-
ification or O-GlcNAcylation is in many ways distinct from
“classical” N- and O-linked glycosylation. O-GlcNAcylation is
found mostly within the cytoplasm or nucleoplasm (with a
few exceptions) and it is not elongated or further processed
into a complex oligosaccharide [31]. O-GlcNAcylation is sim-
ilar to protein phosphorylation, O-GlcNAc can be attached by
O-GlcNAc transferase or removed by O—-GlcNAcase, and this
process is a dynamical response to changes in the cellular en-
vironment triggered by stress, hormones, or nutrients [32].
O-GlcNAcylation is very labile upon ionization in a mass spec-
trometer, and much of O-GIcNAc is often lost at the source,
which makes O-GlcNAcylation very difficult to detect and
map corresponding attachment sites [33]. In addition to N-
and O-linked glycosylation, proteins can cross-link with re-
ducing sugars and form advanced glycation end-products in
a process called glycation or nonenzymatic glycosylation [34].
Strategies and tools for analyzing other known but less com-
mon forms of glycosylation such as C- and S-linked as well
as other will not be discussed here.

3 MS technology: Method of choice
in glycoproteomics

The general workflow in glycoproteomics consists of glyco-
protein or glycopeptide enrichment, multidimensional pro-
tein or peptide separation, tandem mass spectrometric anal-
ysis, and bioinformatic data interpretation [35, 36]. Based on
the general pipeline of glycoproteomics, two complementary
strategies (the “bottom-up” and the “top-down”) are currently
widely used to identify proteins in glycoproteomics (Fig. 1)
and each strategy has its own strengths and weaknesses (al-
though sometimes a combination of these two complemen-
tary strategies being employed) [37-39]. In the “bottom-up”
approach, the peptides resulting from proteolytic digestion
or chemical cleavage of proteins are used for identification of
peptide sequences and PTMs. Because the “bottom-up” strat-
egy is based on peptide-centric approach, some PTMs may
be ultimately unobtainable in MS as only a portion of the en-
tire protein is generally detected. Further, PTMs and proteins
resulting from alternative splicing as well as the same enzy-
matic peptide sequences from highly related protein fami-
lies are difficult to be probed completely by the “bottom-up”
approach. Nonetheless, “bottom-up” strategy plays a domi-
nant role in the current glycoproteomics research, because it
is more suitable for automation and high sample through-
put making it easier to use employing current MS technolo-
gies [40,41].

The advantage of the “top-down” approach is that sequence
information and PTM data are acquired from intact pro-
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teins allowing for identification of protein isoforms, alter-
natively spliced isoforms, and PTMs once full-length protein
sequence coverage has been demonstrated. The most signif-
icant recent advancements in the “top-down” approach are
electron capture dissociation (ECD)and electron transfer dis-
sociation (ETD) MS techniques, which are discussed in more
detail later in this chapter. However, the “top-down” strategy
currently still suffers from limited sensitivity and throughput.

No matter whether “bottom-up,” “top-down,” or a combi-
nation of the two approaches is used, MS is the method of
choice for rapidly identifying the protein main chains and
the structures and the sites of glycan attachment [42]. To elu-
cidate peptide sequences, glycan structures, and the sites of
their attachment on intact glycopeptides, they need to be iso-
lated and dissociated (typically by a gas phase reaction) into
smaller product ions in a MS instrument so as the product
ions could be subsequently isolated and subjected to further
dissociation reaction and mass analysis [43]. Thus, the con-
trol of the dissociation process from parent ions into product
ions is the key aspect of MS/MS technique in glycopeptide
analysis. Currently, CID, ECD, ETD, and infrared multi pho-
ton dissociation are the methods most widely employed to
identify intact glycopeptides using MS/MS dissociation tech-
niques [44]. CID, also known as collision activated dissocia-
tion, is a common fragmentation method utilizing a vibra-
tional activation fragmentation process that breaks the weak
bonds within peptides. However, if used to analyze O-linked
glycopeptides, CID will normally return no or very low in-
tensity information on the sites of O-linked modifications.
Because O-linkages between glycans and serines or thre-
onines are considerably more labile than peptide bonds, gly-
can residues will be generally eliminated during CID before
peptide fragmentation [5,45]. On the other hand, N-linkages
are relatively more stable than O-linkages. Consequently, N-
linked modifications have been successfully analyzed using
CID, including identification of the peptide backbones and
the sites of N-linked glycosylation [46].

To overcome these limitations, ECD and ETD dissociation
techniques were developed to complement CID in MS anal-
ysis of O-glycopeptides and/or N-glycopeptides [47,48]. ECD
is a “mild” fragmentation technique based on partial recom-
bination of multiply protonated polypeptide molecules with
low-energy electrons (<0.2 eV), so the intact glycopeptides
can be recorded by mass analyzer [49,50]. However, the need
of FT-ICR-MS greatly limited ECD use, though it has been
reported on an ion trap MS as well [51]. ETD is a recently
developed dissociation technique that shows promising alter-
native fragmentation pathways, which fragments peptides by
transferring an electron from a radical anion (e.g. fluoran-
thene) to a protonated peptide [52]. Analogous to ECD, ETD
results preferentially in the cleavages of the N-Ca bonds
of the peptide backbone to generate homolog series of c’-
and z’- type fragment ions without loss of the glycan moiety
(Fig. 2). Compared to CID, ETD preserves glycosylation
PTMs, which are often removed by CID, while sequence in-
formation being obtained for peptide identification [52, 53].
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Thus, glycosylation can be identified through the tandem
spectra analysis of mass shift (the m/z increase due to the at-
tached glycans) as glycan structures are still attached on the ¢’-
or z’ fragment ions after dissociation by ETD. For example, as
shown in Fig. 2, ETD spectra have been used successfully to
deduce the glycosylation sites based on the mass shift in com-
parison to the CID spectra from the same precursor ions [54].
Consequently, integrated CID and ETD tandem mass spectra
in data-dependent LC-MS/MS are expected to play an increas-
ingly important role in intact glycopeptide analysis [55].

In addition to MS, other approaches including HPLC,
NMR, chemical reactions, radioactive labeling, as well as de-
tection with specific lectins or antibodies have been adopted
to probe the monosaccharide composition or determine the
structure of glycans released from glycoproteins. As these
approaches, which are often labor intensive and time con-
suming, have been recently reviewed elsewhere [56, 57] they
will not be covered in this review.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Bottom-up approach

Figure 1. “Top-down” and
“bottom-up” workflows in glyco-
proteomics.

4 Glycoinformatics: Data interpretation
strategies and tools in glycoproteomics

The next important challenge in MS-based glycoproteomics
is efficient interpretation of tandem mass spectra data gener-
ated from intact glycopeptide analysis using adequate bioin-
formatics tools. However, analyzing large amounts of data
generated in high-throughput MS-based glycoproteomics ex-
periments constitutes presently a major bottleneck in glyco-
proteomics research.

In general, two main strategies (“two-step” and “one-step”)
are most commonly utilized in glycoproteomics to ascer-
tain glycosylation of intact glycopeptides. Two-step strategy
involves stripping glycans from intact glycopeptides using
enzymatic or chemical methods including widely used N-
glycanase enzymes (e.g. PNGase F and PNGase A) to release
N-linked glycans, or alternative chemical cleavage (e.g. B-
elimination or hydrazine) to release O- or N-linked glycans
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Figure 2. CID (A) and ETD (B)
spectra of the precursor ion
m/z690.8 (3+), corresponding to
glycopeptide 574-587 of the full-
length APP695, showing amino
acid Thr 576 occupied with the
indicated Core 1 type trisaccha-
ride. The ETD spectrum was
obtained using data-dependent
acquisition and the activation
energy was 0.10 V. Color code:
yellow, N-acetyl galactosamine;
blue, galactose; purple, sialic
acid. The fragmentions relevant
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and identifying deglycosylated peptides and glycans sepa-
rately by MS [58]. Releasing an attached N-glycan moiety by
PNGase F or A results in the conversion of Asn to Asp on
the attachment site, which in turn causes a mass shift for
each N-glycosylation site on the mass spectrum. Thus, when
a deglycosylated protein is further digested with trypsin, the
peptides that were bound to the glycan moiety will be about
1Da heavier than the expected theoretical mass. After sub-
jecting these peptides to MS/MS, each peptide that possesses
Asp (instead of Asn) is identified as formerly attached to the
glycan moiety [59]. A similar approach involves glycan release
with PNGase F in the presence of H,¥0. The deglycosylated
Asn will be labeled with 80 and its mass altered by about
3 Da (1 Da for the Asn-to-Asp conversion and 2 Da con-
tributed by *0) could be followed [60,61]. However, the sub-
sequent bioinformatics (glycoinformatics) analysis in this ap-
proach may require significant human interference with data
interpretation for assigning glycan structures as information
about the sites of glycan attachment cannot be inferred from
MS results automatically.

The one-step strategy is to input intact glycopeptides into
MS instrument and resolve peptide backbones and/or glycan
structures using different dissociation modes such as CID
or CID combined with ECD or ETD. In this approach, both

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

for determination of the glyco-
sylation site are indicated with
black boxes. Adapted with per-
mission from [54].

peptide sequences could be identified and the sites and struc-
tures of glycosylation modifications assigned through the
analysis of MS data using database search tools or integrated
analysis software platforms. Some of the features of bioinfor-
matics tools utilized in one-step and two-step glycoproteomics
experiments to identify glycopeptide sequences and assign
the sites and structures of attached glycans are summarized
below.

5 Bioinformatics tools used in one-step
strategy approach

IGAP (intact glycopeptide analysis pipeline) is an automated
data analysis pipeline that can be utilized in one-step
strategy glycoproteomics analysis for identification of
N-glycopeptides and glycan attachment sites (Table 1). In
IGAP, the raw data of intact glycopeptide MS/MS acquired
without stripping down the attached glycans are used to mine
for possible sites and structures of attached glycans. The
raw file generated by Xcalibur is extracted to mzXML format
file by ReAdw, which is a tool used for converting Thermo
Scientific RAW formats into the open format mzXML and
depends on Windows-only vendor libraries from Thermo.
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Table 1. Partial list of software tools currently used in glycopeptide analysis utilising a one-step strategy

Software Function

Reference? Availability

IGAP
Protein prospector

Analysis of N-linked glycopeptides

General tandem MS search engine featured

with partially predefined glycosylation

GlyDB (sequest)
Peptoonist

Analysis of N-linked glycopeptides

single-MS and tandem MS
N-glycopeptide library

Analysis of N-linked glycopeptides with

Analysis of N-glycopeptides with custorm

Free®
Access through the web

[65]b)
http://prospector.ucsf.
edu/prospector/mshome.

generated human N-glycopeptides library

GP finder (glycox)

Analysis of N-, or O-linked glycopeptides

htm
[72] NAD
[73] NAD
[76] NAD
[74,75] NAD

based on tandem MS with diagnostic ions

GlycoPep ID
target protein and CID spectra

Analysis of N-linked glycosylation based on

http://hexose.chem.ku. Access through the web

edu/predictiontable. php

a) If the software, program, or web service is an open access resource, the web address is provided, otherwise the paper reference numbers

are provided.

b) This software can be downloaded through supplementary program from http://www.nature.com/nprot/journal/v6/n3/full/nprot.

2010.176.html#/supplementary-information.

c) This software is free for academic use. For commercial use, the developers should be contacted.
NAD, not accessible directly, the authors of the papers should be contacted.

However, ReAdw was last released in 2009 and is no longer
supported. Although, the instructions on how to install
and run ReAdw could be found at the following website
(http://tools.proteomecenter.org/wiki/index.php?title= Soft-
ware:ReAdW), the raw format files could be also converted
to the mzXML format by other format converters such as
MSConvert [62]. Then the mzXML format files are used to

search against database with X!Tandem open source database
search engine (other search engines such as MASCOT or
SEQUEST may also be used), and the identified proteins
are saved as local Refinement protein database. The search
results are validated with PeptideProphet and ProteinProphet
based on the use of expectation-maximization algorithm
to derive a mixture model of correct and incorrect peptide

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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identifications from the data [63]. Next, IGAP utilities are
used to construct local N-Glycan database based on CFG
(consortium for functional glycomics) glycan structure
database, which offers detailed structural and chemical in-
formation on thousands of glycans, including both synthetic
glycans and glycans isolated from biological sources [64]. For
example, as of May 2012, searching the glycan structures
database with the N-linked “core” substructure containing
three mannose and two N-acetylglucosamine residues
returns 4605 N-linked glycan records [http://www. func-
tionalglycomics.org/glycomics/molecule/jsp/carbohydrate/

structure/searchThisStructure.jsp?lincode=Ma3%28Ma6%

29Mb4GNDb4GN]. The acquired glycopeptide MS/MS spectra
are processed through IGAP to compute the possible
theoretical glycopeptides based on protein sequences from
local Refinement protein database and local CFG glycan
database. IGAP in silico digests the theoretical tryptic
peptides from the Refinement protein database with 0, 1
and 2 missed cleavages, and only peptides containing a con-
sensus sequence N-X-S/T (X except proline) are considered
as potential N-glycosylated peptides. IGAP considers the
fragmentation of the glycosidic bonds (with Y ions and X%
of N-glycans on the intact potential N-linked glycopeptides)
and the fragmentation of the peptide bonds (with both b and
y series ions of the potential N-linked glycopeptides along
with an attached GIcNAc). Then these two kinds of fragment
ions are merged together to generate the theoretical MS/MS
spectrum. Experimental spectrum is cumulative intensity
normalized, the measured m/z range is divided into 100
Th (Thomson) regions, the eight most intensive peaks in
each Th region is extracted to form the intensity spectrum,
which is used to match against the theoretical spectrum.
In this process, A-Score algorithm is used to score the
matching, and the collected matches are ranked by glycan
moiety score, glycopeptide probability of random matches,
and glycopeptide score. The top 20 glycan composition
results are retained and further narrowed down based on
other available information. Thus, without striping down
the attached glycans, data generated by MS/MS could be
used to identify intact glycopeptide sequences and the sites
and structures of the attached glycans based on in-depth
tandem mass spectra data mining technologies. Typical
bioinformatics workflow in IGAP is depicted in Fig. 3.
IGAP program can be obtained from the Nature website
(http://www.nature.com /nprot/journal /v6/n3/full /nprot.

2010.176.html#supplementary-information) from the sup-
plementary files of the following article [65]. However,
currently IGAP can be used for N-glycoproteomics analysis
only.

Protein prospector is also a tandem mass spectra database
search software used for identifying the glycosylation sites
in one-step strategy glycoproteomics analysis. It has been
optimized and successfully utilized for O-glycoproteomics
[66,67]. MS data acquired using CID combined with ECD or
ETD have been used to identify O-GlcNAc modification sites
on native peptides with concomitant identification of pep-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

347

tides sequences by the protein prospector database search
engine [5, 68, 69]. Compared with ECD, ETD markedly in-
creases the number of O-GIcNAc modification sites deter-
mined in a single experiment, which could be related to a
higher charge and lower m/z components in the ETD frag-
mentation process [70]. Unlike many of the modification site
scoring tools implemented in other database search engines,
the Batch-Tag scoring used in protein prospector is applicable
to all modifications, and the scoring algorithm named SLIP
(site localization in peptide) has been designed to calculate
and compare probability and expectation values for the same
peptide with different site assignments [71].

GlyDB annotates tandem mass spectra of N-linked gly-
copeptides using an in-house custom-built linearized glycan
structure database and utilizes a general peptide database
search engine Sequest to assign experimental tandem mass
spectra to individual glycoforms [72]. Some other in-house
developed software tools or scripts like Peptoonist, GlycoPep
ID, GlycoX, or the upgrade version of GP finder can also
be used for interpreting glycopeptide MS data in one-step
strategy glycoproteomics [73-77].

In addition to using fully automated software tools like
IGAP or Protein Prospector, identification of many N-, and O-
glycosylation sites was reported based on manual analysis of
tandem mass spectra or using in-house developed scripts. For
example, in the analysis of O-glycosylation, diagnostic glycan
oxoniums such as m/z 163 (Hex+), m/z 292 (NeuAc+), m/z
204 (HexNAc+), or m/z 366 (HexHexNAc+) will be formed
in the tandem mass spectra generated from B-type and Y-
type cleavages of glycosidic bonds [78,79]. By tracking these
diagnostic glycan oxoniums in the MS2, the glycosidic link-
age fragmentation patterns of MS2 and MS3 spectra can be
used to analyze and determine the sites and structures of the
attached glycans. However, this kind of manual interpreta-
tion is time consuming and potential errors including false
positives and false negatives cannot be accounted for due to
the lack of statistical validation process.

6 Bioinformatics tools used in two-step
strategy approach

Two-step strategy is another glycosylation analysis strategy
commonly used in glycoproteomics research. In this ap-
proach, glycans are stripped down from intact glycopeptides
and then “deglycosylated” peptides and recovered glycans
identified separately by MS. In this approach, glycopeptide
backbone sequences and the structures of the attached gly-
cans could be identified, but information regarding the sites
of glycan attachment cannot be acquired [80]. The first step or
the process of identifying “deglycosylated” peptide sequences
is the same that is used in general proteomics research, and
the software tools or algorithms for analyzing the MS/MS
data have been well reviewed [81-84]. Mascot and Sequest are
currently the two database search engines most commonly
used for identifying protein sequences with MS, which are
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Table 2. General database search engines used in MS/MS

Proteomics 2013, 13, 341-354

Software Function Reference Availability

MASCOT MS data search engine http://www.matrixscience.com/ Commercial

OMSSA MS data search engine http:/pubchem.ncbi.nim.nih.gov/omssa/ Open source free
Protein prospector MS data search engine http:/prospector.ucsf.edu/prospector/mshome.htm Access through the web
SEQUEST MS data search engine http:/fields.scripps.edu/sequest/ Commercial

Spectrum mill MS data search engine http://www.chem.agilent.com/ Commercial

X!Tandem MS data search engine http://www.thegpm.org/tandem/ Open source free

publicly available (Table 2). Other open source software tools
like X!tandem or OMSSA are also available and could be
downloaded and installed on local computers offering much
flexibility in configuring the search parameters and databases.

The second step in the two-step strategy glycopeptide anal-
ysis is to identify the structures of the separated glycans.
Although automatic interpretation of glycan MS data is still a
challenging task, there are several software applications avail-
able to deduce probable carbohydrate compositions from MS
data [85, 86] generated from a single round mass analysis
or a tandem mass analysis (MS/MS or higher order (MS")).
Consequently, these glycoinformatics tools can be generally
divided into single-MS glycan analysis software and/or tan-
dem MS glycan analysis software (Table 3).

GlycoMod is one of the first such tools developed to com-
pute all possible glycan compositions from experimentally
derived mass spectra data by comparing the actual mass of
the glycan to a list of precomputed masses of glycan compo-
sitions thus allowing for the composition of a glycan attached
to a peptide to be computed if the sequence or the mass of
the peptide is known [87]. Cartoonist is another program de-
signed for computing glycans based on data generated from a
single round of mass analysis, which is used by CFG to profile
glycans from various organisms and tissues [88, 89]. Glypeps
is the software that allows unraveling information encrypted
in the deltamass value of accurate peptide masses. When the
deltamass value is indicative of a glycopeptide, Glypeps could
be used to compute a list of proposed N-glycan structures if
the sequence of the peptide is known [90]. GlycoSpectrum-
Scan is a web-based tool to identify the glycoheterogeneity on
a peptide from mass spectra data. It uses single-MS data and
two experimental datasets, including oligosaccharide com-
positions of the N- and/or O-linked glycans present in the
sample and in silico derived peptide masses of proteolytically
digested proteins, to identify glycopeptides and determine the
relative distribution of N- and O-glycoforms at each site [91].

The structures of the attached glycans could be success-
fully identified with MS/MS as well. This also requires the
use of advanced data interpretation tools to decipher compli-
cated glycan structures. GlycoFragment and GlycoSearchMS
are two web tools available to compute all theoretically pos-
sible fragments of complex carbohydrates based on MS/MS
data. GlycoFragment computes all theoretically possible MS-
relevant fragments of oligosaccharides as defined by the ex-
tended IUPAC nomenclature, while GlycoSearchMS takes

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the experimental mass spectra peak values as an input and
searches for matches with the calculated fragments of all
structures contained in the SweetDB database [92]. Gly-
cosidIQ interprets oligosaccharide mass spectra based on
matching experimental data with theoretically fragmented
oligosaccharides generated from the database GlycoSuiteDB
[93]. GlycoWorkbench is a tool developed by the EURO-
CarbDB initiative, which is designed to provide support for
the routine interpretation of MS data. It evaluates a set of
structures proposed by the user via matching the list of peaks
derived from the tandem mass spectra against the corre-
sponding theoretical list of fragment masses [7,94]. Glyquest
determines asparagine-linked glycan (N-glycan) structures
based on tandem mass spectra of glycopeptides using a built-
in N-glycan structure database and an integrated database
search engine [95]. Glycominer identifies N-glycans from tan-
dem mass spectra based on an empirical algorithm, which
determines the low mass oxonium ions, deduces oligosac-
charide losses from the protonated molecule, and identifies
the mass of the peptide residue [96]. SimGlycan™ is a desktop
tool designed to predict the glycan structures from MS/MS
spectra through using database searching and propriety scor-
ing algorithm against its own database of theoretical frag-
mentation of over 9000 glycans. SimGlycan™ can predict the
attached glycan structures if the mass of the peptide or the
peptide sequence is known [97].

In contrast to adopting a strategy of matching the oligosac-
charide mass spectra with databases of the theoretically frag-
mented ones employed in bioinformatics tools mentioned
above, several software tools interpret tandem mass spectra
data based on de novo glycan sequencing. STAT is a web-
based tool for saccharide topology analysis (Table 4). It ex-
tracts information from a set of MS™ spectra and computes
all possible structures, which are generated and evaluated
against the MS" data so the list of possible structures is
assigned a rating based on the likelihood that it is the cor-
rect sequence [98]. GlySpy is the prototype tool that imple-
ments the OSCAR algorithms. It accepts user-selected MS"
ion fragment paths and applies logical constraints to produce
the full set of glycan structures that could yield the selected
ions [99]. StrOligo algorithm first builds a relationship tree ac-
counting for each observed loss of a monosaccharide moiety
and then evaluates the agreement between the tree and each
proposed possible structure from combinations of adducts
and fragment ion types generated by MS/MS with a score.
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Table 3. Partial list of software tools currently used in glycopeptide analysis utilising a two-step strategy

Software Function

Reference? Availability

Tools for assigning glycan structures based on single-MS

GlycoMod Predict glycan strutures based on single-MS

Cartoonist Annotate permethylated N-glycans with
single-MS

GlyPeps Annotate N-glycans with single-MS when

peptide sequences are known

Web-based tool to identify the
glycoheterogeneity on a peptide from MS
data

Tools for assigning glycan structures based on tandem MS

GlycoFragment Annotate glycan structures based on
theoretically possible fragments and
tandem MS

Annotate glycan structures based on
theoretically possible fragments from
SweetDB

Annotate glycan structures based on
theoretically possible fragments from
GlycoSuite DB

Design for rapid drawing of glycan
structures and it can automatically match
to tandem MS data

GlycoSpectrumScan

GlycoSearchMS

GlycosidlQ

GlycoWorkbench

GlyQuest Determine N-glycan structures with built-in
database and search engine
GlycoMiner Determine N-glycans from tandem MS data

with empirical algorithm

http://web.expasy.org/
glycomod
[88,89]

Access through the web
NAD

http://www.glycosciences.
de/spec/glypeps/
http://www.
glycospectrumscan.org/

Access through the web

Access through the web

http://www.glycosciences.
de/tools/GlycoFragments/

Access through the web

http://www.glycosciences Access through the web
.de/sweetdb/start.php?
action=form_ms_search
http://glycosuitedb.expasy.

org/glycosuite/query

Access through the web

http://www.glycoworkbench.  Free
org/

[95] NAD
http://www.chemres.hu/ms/ Free

glycominer/index.php

a) If the software, program, or web service is an open access resource, the web address is provided, otherwise the paper reference numbers

are provided.

NAD, not accessible directly, the authors of the papers should be contacted.

Subsequently, the best combination is selected based on the
score and the relevant peaks are labeled in the experimental
mass spectrum using a modified nomenclature [100]. Gly-
coMaster uses heuristic dynamic programing technique to
compute the best possible sequence structure among all pos-
sible monosaccharide combinations [101]. GLYCH interprets
tandem mass spectra of oligosaccharides based on the ap-
pearance pattern of cross-ring ions taking into account double
fragmentions as well [102]. Glyco-Peakfinder is a tool for a fast
annotation of glycan MS spectra, which provides the option of
detecting differently and/or multiply charged ions in one cal-
culation cycle accounting as well for modifications in the re-
ducing ends or within the sequences of oligosaccharides [103].

7 Other issues related to glycan analysis
pipeline and concluding remarks

The interpretation and implementation of bioinformatic solu-
tions for glycopeptide data generated by MS/MS is still a very
challenging task due to the overlap in both peptide and glycan
fragmentation. The evaluation of the matches between exper-
imental and theoretical spectra (peptide-spectrum matches,
PSMs) is vital for correctly identifying the PSMs with statis-
tical confidence, especially in glycoproteomics based on the
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bottom-up pipeline. However, to the best of our knowledge,
to date only two algorithms have been implemented in the
evaluation of PSMs in glycoproteomics. IGAP evaluates the
matching between experimental spectra against combined
theoretical spectra with the A-score algorithm, originated
from phosphorylation analysis, to discriminate the N-linked
glycopeptides from unmodified peptides. Similarly, OScore
algorithm has been reported to validate the identification of
O-GlcNAc modified peptides generated from data-dependent
ETD tandem experiments [104]. However, due to the extreme
complexity of glycosylation, additional efforts are urgently
needed to develop more reliable tools and algorithms assist-
ing with the evaluation of PSMs, assignment of the glycosyla-
tion sites on glycopeptides, and identification of the structures
of the attached glycan moieties.

As glycan structures cannot be predicted from theoretical
sequence databases, no matter which glycan site assignment
strategy is used, a glycomics database is necessary for glycan
identification in MS-based glycoproteomics. Currently, there
are several carbohydrate databases developed and maintained
by different academic and commercial organizations includ-
ing CFG Glycan database, GLYCOSCIENCES.de Glycan
database, KEGG Glycan database, and other glycan databases
and resources such as EUROCarbDB, UniCarb-DB, GMDB,
glycosuite database, glycominds, bacterial carbohydrate
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Table 4. Partial list of software tools currently used for de novo sequencing based on tandem MS

Software Function Reference? Availability

STAT De novo assign tandem MS spectra for an [98] NAD
oligosaccharide of up to 10 residues

GlySpy (OSCAR) Assign glycan structures based on [99] NAD
user-selected MS" ion fragment paths logical
constraints

StrOligo Interpret tandem MS data with relationship tree [100] NAD
model to fit the experimental data

GlycoMaster De novo assign N-glycan structures with [101] NAD
heuristic dynamic programming technique
and Branch-and-Bound algorithm

GLYCH Interpret glycan strucutres from tandem MS [102] NAD

data based on the appearance pattern of
cross-ring ions and dynamic programming

algorithm
P)Glyco-Peakfinder

De novo assign tandem MS data with all types
of fragment ions including monosaccharide

http://www.glyco-
peakfinder.org/

Access through
the web

cross-ring cleavage products and multiply

charged ions

a) If the software, program, or web service is an open access resource, the web address is provided, otherwise the paper reference numbers

are provided.

b) This tool can be accessed through the website http://www.glyco-peakfinder.org/.
NAD, not accessible directly, the authors of the papers should be contacted.

structural databases (BCSCD), CAZy (Carbohydrate-Active
enZYmes Database), which have been well introduced
and/or reviewed elsewhere [7, 23, 105, 106]. However, due
to the different data formats used to encode carbohydrate
structures, there is almost no direct cross-referencing
between these established carbohydrate databases leading
to the existence of multiple disconnected and incompatible
islands in glycomics. Although, several efforts to correct
this situation (generation of GlyDE data exchange standard,
GlycoCT sequence format, GlycomeDB database) have
been reported [85, 107-109], currently it presents major
roadblocks for efficient communication and data sharing
within the glycoscience community. In this situation, a
closer collaboration regarding the development of glyco-
bioinfomatic concepts between major North-American,
European, and Asian bioinformatics centers could be
expected to eliminate the lack of commonly recognized
standards for glycan definition formats, data exchange
formats, and data share databases. The 2"¢ Beilstein Sym-
posium on glycobioinformatics “Cracking the Sugar Code
by Navigating the Glycospace” showed trends of cooperation
between several big bioinformatics centers and toward
integration of glycoprotein resources (http://www.beilstein-
institut. de / en / symposia / overview / proceedings / 2011-

glycobioinformatics/). The new initiative UniCarbKB
represents recent efforts of glycobioinformatics community
toward integrating different resources into one universal
glycomics knowledgebase, which could provide a com-
prehensive publically accessible catalogue of information
about carbohydrates [110]. Also, developing proteomic
resources like Tranche repository should improve the data
exchange and tool share in glycoproteomics as well [111].

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

EUROcarbDB project has published their software li-
braries and bioinformatics tools through googlecode at
http://eurocarb.googlecode.com, under the terms of the
Lesser General Public License like many other open source
projects. However, many glycobioinformatics tools still
can only be downloaded from the developer’s websites
or through the paper’s attachments. Enhancing rapidly
developing field of glycobioinformatics, which provides vital
support for glycomics and glycoproteomics research, with
new comprehensive and universal tools for data mining
and structural analysis will greatly improve glycopeptide
decoding.
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