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ABSTRACT

Glyco-bioinformatics is an emerging sub-field of bioinformatics, aim-
ing to develop tools, databases, web services and workflows to facil-
itate research in the field of glycomics. Although glyco-bioinformatics
is still in its infancy a large set of web applications, stand-alone appli-
cations and databases have been developed recently. Most of the pro-
grams are available via the Internet and can be used freely by glycos-
cientists. In the first half of this chapter we give a non-comprehensive
overview of the tools that have been developed for the different sub-
fields of glyco-bioinformatics. In the second section we discuss funda-
mental problems that hinder rapid progress in the field and identify
milestones to be achieved in order to overcome these problems.

INTRODUCTION

Bioinformatics is a multidisciplinary enterprise that spans the interface of biology and
computer science. The power of genomics and proteomics to provide insight into the
molecular bases of life stems directly from the application of bioinformatics tools, including
algorithms, databases and programs that have been developed over the last decades. Glyco-
bioinformatics is a sub-field of bioinformatics, aiming to develop similar tools to facilitate
research in the field of glycomics. Glycomics has been overshadowed by its more famous
siblings proteomics and genomics, emerging only recently to reveal the structural basis for
many of the critical roles that complex carbohydrates play in biological development, cell
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function and the progression of disease. In contrast to the well accepted, traditional bioinfor-
matics that is widely used in proteomics and genomics, glyco-bioinformatics is still in its
infancy. One of the main obstacles to the development of effective glyco-bioinformatics is
the fact that the molecular structures of carbohydrates are more complex than those of
nucleic acids and proteins. Two amino-acids or two base-pairs are almost always connected
by a single type of linkage, while a pair of monosaccharides can be linked by several
different linkages. For example, two hexose residues can be linked by 1 -2, 1-3, 1—4 or
1—6 bonds. Thus, a single monosaccharide can have several other monosaccharides at-
tached to it such that carbohydrates, in contrast to polynucleic acids and proteins, are
branched structures rather than linear chains. Furthermore, the number of distinct monosac-
charide residues is much larger than the number of amino-acids and base pairs. Although
some have argued that that less than 20 monosaccharides (D-Glc, b-GIcNAc, p-Man, L-
IdoA, D-GlcA, p-Gal, p-GalNAc, D-Sia, L-Fuc, D-Xyl, each with two different anomeric
states [1]), are required to generate the mammalian glycome, the number of natural mono-
saccharides increases drastically if we include the glycomes of other taxonomic groups such
as plants, fungi and bacteria. This complexity and diversity are the main reasons that
algorithms developed for genomics and proteomics cannot simply be reused for glycomics.
These issues also give rise to problems with the analysis and interpretation of glycomics
data, which are reflected in the slow rate at which such tools have been developed.

Although glyco-bioinformatics has not been as widely received as bioinformatics in other
fields, several databases and tools for interpretation and analysis of glycomics data have
been developed over the last decades. The first half of this chapter provides a non-compre-
hensive overview of the available tools and databases, which are illustrated by way of
example. The second half of the chapter outlines obstacles and problems in the field of
glyco-bioinformatics and suggests milestones that should be achieved in order to make the
tools developed in this field more generally accessible and applicable to the diverse biolo-
gical research that will be performed in the coming years.

GLYCO-BI10INFORMATICS TODAY

Although glyco-bioinformatics is still in its infancy, a sizeable collection of applications,
databases and tools are available in this area. The next section of this chapter provides a non
comprehensive overview of the existing tools.

Sequence representations and sequence formats

In contrast to genes and proteins, carbohydrates are often branched molecules that cannot
easily be abstractly represented and displayed as simple character sequences. Several differ-
ent representational schemes have been developed for the display of glycans in publications
and in databases.
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Figure 1. O-glycan specified by GlycomeDB ID 14282 illustrated using several
different representation schemes. (A) CFG cartoon representation — color, (B) CFG
carton representation — gray scale, (C) Oxford representation, and (D) textual repre-
sentation using IUPAC names. The legend below the structures shows the different
monosaccharide symbols and names used for each scheme together with the full
TUPAC name for each monosaccharide.

Figure 1 shows an overview over the most commonly used glycan representation schemes.
One of the ecarliest ways to represent carbohydrates is as an image that specifies each
monosaccharide using its IUPAC short name (see Figure 1D) [2]. But these images have
proven to be inconvenient when representing a large set of carbohydrates such as those
produced in modern high throughput experiments. Therefore, representation schemes that
replace the monosaccharide names with colored geometric figures (so called cartoon repre-
sentations) have been developed. The CFG scheme (Figure 1A and 1B) was developed by
the Consortium for Functional Glycomics for use by their web database and can be found in
many publications [3]. The representation scheme developed by the Oxford GlycoBiology
group (Figure 1C) uses a different set of black and white symbols [4] with the anomer and
linkage positions indicated by the line style and angle of the bond, respectively, rather than
by annotating it with characters and numbers. Several variations of these cartoons using
different colors or shapes to represent monosaccharides can be found in publications and
web pages.
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Figure 2. O-glycan specified by GlycomeDB ID 14282 using two explicit chemical
representation schemes.

Figure 2 illustrates the same structure shown in Figure 1 but using two different chemical
representation schemes that are often used by analytical and synthetic chemists. In contrast
to the cartoon representations, structural details (individual atoms and their stereochemistry)
are explicitly displayed rather than represented as symbols or names.

However, images of carbohydrates are not suitable as a primary encoding for storing
carbohydrate structures in databases or software applications, since it is quite difficult to
program a computer to extract monosaccharide and linkage information from such images.
In software applications and databases, genes and proteins are usually specified as linear
sequences using one character of the English alphabet to represent each residue. In contrast,
carbohydrates are usually branched molecules that consist of a larger variety of residues
(monosaccharides and their modifications) that cannot be fully represented by the 26 char-
acters in the English alphabet. Software and database developers have therefore been re-
quired to create new sequence formats and digital representations for carbohydrates. This
unfortunately led to the development of several different sequence formats, many of which
are used only in a single application or database.
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Figure 3. O-glycan specified by GlycomeDB ID 14282 using different systematic
sequence encodings. (A) LINUCS, (B) BCSDB encoding, (C) CarbBank sequence
format, (D) sequence format of the GlycoBase(Lille) database, (E) GlycoCT format,
(F) KCF format and (G) Linearcode® encoding.

Figure 3 shows several digital sequence formats that are currently in use. The problem of
branched carbohydrate structures has been solved using three different approaches, which
have been applied in different sequence formats. The first solution is to represent the
carbohydrate as several lines of text, mirroring the textual representation often used in
scientific journals (see Figure 1D). The sequence format used in the CarbBank database
[5, 6] (see Figure 3C) is an example of this. The second solution is to linearize the
carbohydrate by putting the branches in parentheses. Examples for this are LINUCS [7]
(see Figure 3A), the format used by the BCSDB database [8] (see figure 3B), or the
Linearcode® [9] (Figure 3G). In all presented cases, the format definition includes rules
for sorting the branches with the aim of generating a unique character sequence for each
carbohydrate. The third solution is a connection table approach wherein the residues are
listed one by one and the bonds connecting these residues to each other are specified
subsequently. Examples are the GlycoCT encoding [10] (Figure 3E) and the KCF format
[11] (Figure 3F). The sequence format of the GlycoBase(Lille) database [12] (Figure 3D) is
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similar but encodes the linkage path to the reducing end before each of the residue names.
There are also XML based formats that were created to take advantage of the extensibility
and flexibility provided by XML as a data exchange language. Two examples, are shown in
Figure 4A (CabosML [13]) and 4B (Glyde-II [14]).

In addition to the formats shown here, other notations, such as the three notations recom-
mended by IUPAC [2] and several variations of this format have been used in scientific
publications.

A <jcggdb:Glyco xmins:jcggdb="http://jcggdb.jp/xml/2008/structure">
<jcggdb:Carb_ID>JCGG-STR004668</jcggdb:Carb_ID>
<jcggdb:Carb_structure>

<jcggdb:MS SUBCLASS="HEX" ct_name="a-dgal-HEX-1:5"
<jcggdb:MOD ct_name="n-acetyl" na "NACc" node:
<jcggdb:MS SUBCLASS="HEX" anom="b" clink1="1" ct_name="b-dgal-HEX-1:5" name="Gal" node="3" plink3="1">
<jcggdb:MS SUBCLASS="NON" anom="a" clink2="1" ct_name="a-dgro-dgal-NON-2:6|1:a|2:keto|3:d"
name="KDN" node="4" plink3="1">
<jcggdb:MOD ct_name="n-acetyl" name="NAc" node="5" pos5="1"/>
</jcggdb:MS>
<ljcggdb:MS>
<jcggdb:MS SUBCLASS="HEX" anom="b" clink1="1" ct_name="b-dglc-HEX-1:5" name="GIc" node="6" plink6="1">
<jcggdb:MOD ct_name="n-acetyl" name="NAc" node="7" pos2="1"/>
</jcggdb:MS>
</jcggdb:MS>
</jcggdb:Carb_structure>
<ljcggdb:Glyco>

ame="Gal">

B <ciydel>
<molecule subtype="glycan" id="14282">
<residue subtype="base_type" partid="1" ref="http:/www.monosaccharideDB.org/GLYDE-Il.jsp?G=a-dgal-HEX-1:5" />
<residue subtype="substituent" parti " ref="http://www.monosaccharideDB.org/GLYDE-Il.jsp?G=n-acetyl" />
<residue subtype="base_type" partid="3" ref="http://www.monosaccharideDB.org/GLYDE-I|.jsp?G=b-dgal-HEX-1:5" />
<residue subtype="base_type" partid="4" ref="http://www.monosaccharideDB.org/GLYDE-I|.jsp?G=a-dgro-dgal-NON-2:6|1:a|2:keto|3:d" />
<residue subtype="substituent" partid="5" ref="http://www.monosaccharideDB.org/GLYDE-Il.jsp?G=n-acetyl" />
<residue subtype="base_type" partid="6" ref="http://www.monosaccharideDB.org/GLYDE-l.jsp?G=b-dglc-HEX-1:5" />
<residue subtype="substituent" partid="7" ref="http://www.monosaccharideDB.org/GLYDE-Il.jsp?G=n-acetyl" />
<residue_link from="2" to="1">
<atom_link from="N1" to="C2" from_replaces="02" bond_order="1" />
</residue_link>
<residue_link from="3" to="1">
<atom_link from="C1" to="03" to_replaces="01" bond_order="1" />
</residue_link>
<residue_link from="4" to="3">
<atom_link from="C2" to="03" to_replaces="02" bond_order="1" />
</residue_link>
<residue_link from="5" to="4">
<atom_link from="N1" to="C5" from_replaces="05" bond_order="1" />
</residue_link>
<residue_link from="6" to="1">
<atom_link from="C1" to="06" to_replaces="01" bond_order="1" />
</residue_link>
<residue_link from="7" to="6">
<atom_link from="N1" to="C2" from_replaces="02" bond_order="1" />
</residue_link>
</molecule>
</Glydell>

Figure 4. O-glycan specified by GlycomeDB ID 14282 in the XML based sequence
format CabosML (A) and Glyde-II (B).

Carbohydrate structure databases

The first large publicly available database for carbohydrate structures was the CarbBank
database developed and maintained in the 1980 s and 1990 s. This resource contains approxi-
mately 50,000 records with more than 23,000 structures from more than 13,000 publica-
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tions, although no new structures have been added since funding was discontinued in the
mid 1990s. Several subsequent database initiatives, such as GLYCOSCIENCES.de [15],
CFG [16] and BCSDB, began by using some or all the structures from CarbBank as the
initial information content. Currently active carbohydrate structure database projects are
shown in Table 1 along with the URL of the database webpage, the sequence format used
to encode carbohydrate structures and the number of structures in each database. Each of
these resources also stores a set of meta-information that is associated with each structure.
Table 2 provides an overview of this information.

Table 1. List of carbohydrate structure database projects. For each database the name of
the project/database, the web page (URL), the used carbohydrate sequence format with
the reference to Figure 3 in parentheses and the number of carbohydrate sequences in
the database in the used sequence format (as of February 2012) is shown.

Database name URL Sequence Format Number of
(INlustrated in Figure) Sequences
CarbBank http://www.genome.jp/dbget-bin/www_bfind? carbbank CarbBank format (3C) 23402
CFG database http://www.functionalglycomics.org/ Linearcode® (3G) 9201
GLYCOSCIENCES.de http://www.glycosciences.de/ LINUCS (3A) 23367
KEGG http://www.genome.jp/kegg/glycan/ KCF (3F) 10978
EUROCarbDB http://www.ebi.ac.uk/eurocarb/ GlycoCT (3E) 13471
GlycoBase(NIBRT) http://glycobase.nibrt.ie/glycobase/show_nibrt.action GlycoCT (3E) 7365
GlycoBase(Lille) http://glycobase.univ-lillel.fr/base/ GlycoBase (Lille) format (3D) 248
BCSDB http://csdb.glycoscience.ru/bacterial/ BCSDB format (3B) 11565

Table 2. Meta-information archived in carbohydrate structure databases.

Database Biological source information Structural Provenance Other information
Information

CarbBank Species, organ, tissue, disease, aglycon Literature References
CFG database Species, organ, tissue, cell type, disease MS, Glycan array Literature References
GLYCOSCIENCES.de  Species NMR Literature References
KEGG Pathway
EUROCarbDB Species, organ, tissue, disease NMR, HPLC, MS Literature References
GlycoBase(NIBRT) Species, organ, tissue, disease HPLC Literature References
GlycoBase(Lille) Species NMR Literature References

BCSDB Species, strain, sero group NMR Literature References

113


http://www.genome.jp/dbget-bin/www_bfind? carbbank

114

Ranzinger, R. and York, W.S.

The available databases differ not only in the numbers of structures each contains, but also in
the amount of additional information that is stored. All of the databases listed in Table 2
(with the exception of KEGG) provide the species information. Several of the databases
provide a more detailed specification of the biological source, allowing the organ, the tissue
or the cell type of the source sample to be described along with the disease-state of the
source tissue. The BCSDB allows the strain and sero group of the bacterial source of the
carbohydrate to be recorded. Most of the databases identify the experimental data that was
used to characterize the carbohydrate structure and its interactions with other molecules.
This data is either extracted from the literature (GLYCOSCEICNES.de, BCSDB) or is
provided by the scientist that performed the experiment (CFG, GlycoBase [NIBRT], Gly-
coBase [Lille]). Finally almost all of the databases provide references to publications in
which the carbohydrates were described or the experimental data was published.

Carbohydrate related databases

In addition to the databases that store carbohydrate structures, there is a large set of data-
bases that store carbohydrate related information of interest to glycobiologists.

Table 3. Databases with information related to glycobiology.

Database URL Information Content

CAZy http://www.cazy.org/ Enzymes and Carbohydrate
Binding Modules

BRENDA http://www.brenda-enzymes.org/ Enzymes

CFG Glycosyltransferases  http://www.functionalglycomics.org/glycomics/molecule/jsp/ Enzymes

database glycoEnzyme/geMolecule.jsp

CFG Glycan Binding http://www.functionalglycomics.org/glycomics/molecule/jsp/ Lectins

Proteins gbpMolecule-home.jsp

CancerLectinDB http://proline.physics.iisc.ernet.in/cancerdb/ Lectins

LectinDB http://proline.physics.iisc.ernet.in/lectindb/ Lectins

UniProt http://www.uniprot.org/ Proteins and Glycosylation
position

O-GlycBase http://www.cbs.dtu.dk/databases/ OGLY CBASE/ Proteins and Glycosylation

KEGG Pathway

GlycoEpitope

http://www.genome.jp/kegg/pathway.html

http://www.glyco.is.ritsumei.ac.jp/epitope/

position
Pathways
GlycoEpitopes

Table 3 shows some examples for databases with information related to glycobiology, such
as descriptions of carbohydrate active enzymes (e.g., CAZy [17] and the CFG Glycosyl-
transferases database) or enzymes in general (e.g. BRENDA [18]). The KEGG pathway
collection contains visual renderings of complex metabolic pathways that include references
to carbohydrate structures and the enzymes that are involved in their metabolism. Several
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available databases store information about carbohydrate binding proteins, including both
lectins and carbohydrate binding modules. These include the CFG Glycan Binding Proteins
database, the LectinDB [19], the CancerLectinDB [20] and CAZy. A few databases (such as
the GlycoEpitope database) contain information about carbohydrate motifs that are bound by
proteins and antibodies. Some of the established proteomics databases such as UniProt [21]
and O-GlycBase [22] contain other information that is relevant to glycobiology, such as
predicted or experimentally verified glycosylation sites in glycoproteins.

Integration and standardization efforts

Although a considerable amount of structural and biological information for complex car-
bohydrates is available in the databases described above, most of these resources are isolated
islands of data with little or no connection to other data sources. Nevertheless, carbohydrate
structure databases have a significant amount of overlap due to the fact that many of the
structures they contain were initially derived from the CarbBank database. In addition, cross-
referencing of the CFG database and GLYCOSCIENCES.de was implemented to provide
links from the CFG to GLYCOSCIENCES.de structure pages. Cross-database search meth-
ods were also established [23] to allow the BCSDB and GLYCOSCIENCES.de to be
simultaneously searched using either’s Web interface. However, beyond these few estab-
lished interconnections, the databases are not connected to each other or to databases in
other domains.

Scientists interested in finding all of the information available for a particular glycan struc-
ture have thus been forced to search for that structure several times using the web interface
of each database separately. This is not an easy task, since the Web interfaces and the
notations used by each database to describe structures and their searchable properties are
quite different. Therefore, GlycomeDB [24, 25] was developed to provide a single access
point for all of the structures in the carbohydrate structure databases described above.
GlycomeDB integrates these databases and other information resources by specifying a
single identifier (index) for each unique structure that they contain. GlycomeDB uses this
index to maintain and map references for each structure to the data resources in which it is
described, providing an unparalleled ability to identify an extensive set of specific database
entries for each structure. Creation of a single index for each unique structure requires a
single, consistent format to represent structures described in the different resources. There-
fore, all structures and their monosaccharides are translated to GlycoCT format [10] and
archived using customized data importers written for GlycomeDB along with tools, such as
MonosaccharideDB (http://www.monosaccharidedb.org/), that allow monosaccharide repre-
sentations to be translated from diverse namespaces to the GlycoCT namespace.

Another integration approach is implemented by the JCGGDB (http://jcggdb.jp/
index en.html), which provides a search interface comprising almost all glycosciences
databases in Japan. This resource facilitates searching not only for carbohydrate structures
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in different databases but also for terms and keywords in various carbohydrate-related
databases, including those holding information about lectins, antibody binding, glycolipids,
glycoproteins and other aspects of glycoscience. The result of a JCGGDB search is a list of
hyperlinks to resources containing information related to the user query.

Analytical tools

In addition to the databases described above, a large set of web applications and stand-alone
applications has been developed to assist in the interpretation of experimental data.

Table 4. List of analytical tools. For each tool the name, the project URL, the type of
processed data and a short description is given.

Name URL Data Description
Type

CcpnNMR Analysis http://www.ccpn.ac.uk/software/analysis NMR Annotation assistance for NMR data

Caspar http://www.casper.organ.su.se/casper/ NMR Annotation of chemical shifts, spectra
simulation

GlyNest http://www.glycosciences.de/database/nmr/  NMR Matching of shifts with stored NMR data,
spectra simulation

GlycoMod http://web.expasy.org/glycomod/ MS Composition analysis

GlycoPeakfinder http://www.glyco-peakfinder.org/ MS Composition analysis

GlycoWorkbench http://www.glycoworkbench.org/ MS Spectrum annotation with user defined

structures or structures from a database

Most of the available tools have been developed to assist in the interpretation of NMR data
and mass spectrometry data. For NMR tools there are two different approaches: 1) annota-
tion of chemical shifts based on previously recorded experimental data or 2) simulation of a
theoretical spectrum of a structure that can be compared with experimental data. These
approaches are followed by the web based applications Caspar [26] and GlyNest [27]. A
similar tool is available as part of the BCSDB database. The CcpnNMR Analysis application
is a large stand-alone software suite for displaying, analyzing and interpreting NMR data of
diverse types of molecules, including carbohydrates.

Another set of tools has been developed to assist in the interpretation of mass spectrometric
data. Three main approaches are used: 1) de novo composition analysis, where each peak is
annotated with a carbohydrate composition or the composition of a fragment. This approach
is implemented in the web applications GlycoMod [28] and GlycoPeakfinder [29]. Both
tools allow possible structures corresponding to an identified composition to be located in a
structural database (GlycoSuiteDB [30] or GLYCOSCIENCES.de, respectively). 2) Annota-
tion of the spectra with user defined structures or structures retrieved from a database. This
strategy is used in the stand alone application GlycoWorkbench [31], which has access to
several of the carbohydrate structure databases shown above. Each of the structures is
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matched against the spectrum and scored. There are also commercial tools available follow-
ing the same strategy (e.g. SimGlycan® [32] or ProteinScape [33]). 3) Annotation of spectra
with theoretical fuzzy structures (cartoons) generated for each observed monosaccharide
composition using implicit biosynthetic rules rather than selection from a database. This
strategy is implemented in the Cartoonist applications [34, 35] developed by the CFG.

3D structure tools

Due to the importance of molecular geometry in mediating the biological functions of
glycans and glycoconjugates, 3D structural analysis of these molecules has emerged as a
key research area in glycobiology. Nevertheless, carbohydrate moieties of glycoconjugates
are still often neglected in crystallographic or spectroscopic analyses of the 3D structures of
these complex molecules, having either been removed by chemical or enzymatic treatment
before the experimental data is recorded or simply ignored when processing the data. Failure
to fully elucidate the 3D structure of the glycan moieties often stems from their molecular
flexibility, which confounds the interpretation of the experimental data. Thus, primary 3D
structure databases such as the PDB [36] often contain truncated carbohydrate structures,
which are reflected in carbohydrate structure databases whose contents are extracted from
the PDB. These include GLYCOSCIENCES.de, which uses pdb2linucs [37] to extract this
information and the GlycoConjugate Data Bank [38]. However, complete 3D structures are
required as starting points for molecular dynamics simulations of glycoconjugates. Therefore
programs have been developed to generate energetically feasible 3D structures for carbohy-
drates in silico. These tools include Sweet [39] and the Glycam molecular structure builder
(http://glycam.ccre.uga.edu/cerc/biombuilder/biomb index.jsp). The hypothetical 3D struc-
ture can then be attached to protein structure models, either manually or by using other

programs such as GlyProt [40], for use as starting points for molecular dynamics simulations
or docking studies. Other resources such as GlycoMapsDB [41] and GlyTorsion [42] pro-
vide conformational maps and/or statistical analyses of glycan geometry, which can be used
to evaluate and compare the 3D models.

Glycosylation prediction and analysis tools

As mentioned above, several databases contain information about the glycosylation sites of
proteins, either directly stored as meta-information for the protein (e.g. Uniprot, O-Glyc-
Base) or as part of the primary data/structure (e.g. PDB). This information has been ana-
lyzed and used to develop tools for predicting the glycosylation sites of other proteins. These
tools include NetNGlyc and NetOGlyc [43], which predict glycosylation sites for N- and O-
glycans, respectively, using artificial neural networks (ANNSs) trained with glycosylation-site
information gleaned from databases. Similar tools are available for other types of glycosyla-
tion, such as C-mannosylation [44], GPI-anchors [45] or O-GlcNAc substitution [46]. Sev-
eral other data processing and mining strategies have been used in addition to ANNSs for this
purpose. An example is EnsembleGly [47], which implements support vector machines for
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glycosylation site prediction. However, users should be aware that techniques such as ANNs
and support vector machines do not provide predictions that are 100% correct, often gen-
erating false positive or false negative results. The predictive accuracy of these tools depends
on the specific algorithm that is implemented and the range of structural diversity for the
molecules included in the training set.

Table 5. Tools for the prediction of glycosylation sites and analysis of glycosylation.

Name URL Description
NetNGlyc http://www.cbs.dtu.dk/services/NetNGlyc/ Prediction of N-glycosylation sites using neuronal networks.
NetOGlyc http://www.cbs.dtu.dk/services/NetOGlyc/ Prediction of O-glycosylation sites using neuronal networks.

Big-PI Predictor  http://mendel.imp.ac.at/gpi/gpi_server.html Prediction of GPI modification sites.

EnsembleGly http://turing.cs.iastate.edu/EnsembleGly/ Prediction of glycosylation sites using support vector
machines.
GlySeq http://www.glycosciences.de/tools/glyseq/ Statistical analysis of amino acid sequences that are

glycosylated, based on information from PDB.

GlyVicinity http://www.glycosciences.de/tools/glyvicinity/ ~ Statistical analysis of amino acids that are physically close to
carbohydrates, based on information from the PDB.

Other web applications such as GlySeq and GlyVicinity [42] provide statistical analysis of
the amino acid sequences in the neighborhood of the glycosylation site or which are close in
3D space to the sugars. This information, which was extracted from glycosylated proteins in
the PDB, can be used as the basis for other glycosylation-site prediction tools.

OBSTACLES AND CHALLENGES IN GLYCO-BIOINFORMATICS

As the previous chapter section has shown, a basic set of databases and applications is now
available to assist in glycomics research. The number of such tools will likely grow as
analysts develop new high-throughput analytical methods, which require considerable soft-
ware support. In addition, the mining and integration of data from several different resources
will become more important for discovering relationships between diverse aspects of gly-
cobiology, including molecular structure, cell compartmentalization, metabolism, biological
development and disease. However, several obstacles currently slow the development of
software and other glyco-bioinformatics tools for these purposes. This chapter section at-
tempts to identify some of these obstacles from the point of view of the authors.

Sequence representations and sequence formats

The existence of competing graphical representation schemes for carbohydrate structure and
the non-uniform usage of these schemes has long been considered a problem by many
glycobiologists. Adoption of a single graphical representation scheme (or at least one
scheme for each scientific journal) would be preferable. However, it is difficult to get
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glycoscientists to agree on a single scheme, because each of the competing graphical
representations has its own advantages. Due to their complexity, explicit chemical represen-
tation schemes (Figure 2) are not appropriate to describe a large number of carbohydrates
identified in a high-throughput experiment. Generating images of spectra annotated with
structural assignments rendered using this kind of representation is even more problematic,
so cartoon structures are often used for this purpose. On the other hand, cartoon representa-
tions are typically limited to carbohydrate structures composed of small, well-defined sets of
biologically relevant monosaccharide residues and rarely provide the level of structural
detail required to fully describe intermediates in the chemical synthesis of a complex
carbohydrate. A reasonable compromise may be the selection of one explicit representation
scheme for depicting chemically diverse, detailed structures and one cartoon representation
for biological structures composed of common monosaccharide residues. In any case, this
decision is up to the journal editors and the research community; the duty of glyco-bioin-
formaticians is to provide the tools required to generate and process structural representa-
tions using the schemes that are selected by the community. It should be noted that, so far,
no tools that translate carbohydrate structures from one of the digital sequence formats
directly to a chemical representation (Figure 2) are available.

From the view point of bioinformatics, the existence of the different graphical representation
schemes is not a major problem. As pointed out above, images are not suitable as a primary
digital format for storing and exchanging carbohydrate structural information. However,
images that conform to an individual user’s requirements can be generated automatically
from digital sequence information, which is usually encoded as highly formatted text (e.g.,
GlycoCT and XML). Several tools and databases, including GlycoWorkbench [31], Glyco-
meDB [24] and EUROCarbDB [48], already allow users to choose among several different
graphical representation schemes to generate images from such digitally encoded sequences.
The major problem is that each of the various databases and tools uses its own textual
description of carbohydrate structure rather than using a common standard, even though
there is an agreement within the glycobiology community that such a standard is needed.
Although an XML-based format for GLYcan Data Exchange (GLYDE-II) has been selected
as the standard [49], this format is so far supported only by a few databases and applications.

Two impediments to the implementation of GLYDE-II exist.

1. Algorithms designed to search or manipulate structures (e.g. substructure
searches and composition searches) are almost always tied closely to the sequence
format used by the program or database. Thus, adoption of GLYDE-II as the
internal format for structural representation would require a large portion of the
internal logic to be rewritten.

2. No currently available software application or source code supports the translation
of all of the various sequence formats (see above) to GLYDE-II and back. Only a
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part of the translation functionality is available in the existing program code in
GlycomeDB and MonosaccharideDB.

Thus, there is a critical need to rapidly develop freely available software that translates the
different sequence formats into each other. Although it is not practical to replace the internal
encoding of most databases and data-processing tools with GLYDE-II, translation software
would allow all the tools to read and write into the standard format for data export, import
and exchange. Developers of new projects would probably benefit by considering GLYDE-
II (or one of the other existing formats) for structural representations rather than reinventing
the wheel by creating yet another sequence format.

Meta-information and standards

Recently, interest in maintaining and organizing meta-information for the annotation of
glycan sequences has grown since this type of information provides the basis for knowledge
discovery when data mining strategies are implemented. Meta data includes information
about the biological source of a glycan, pointers to relevant database resources and literature
references describing the glycan, its characterization, biosynthesis and biological properties.
Each carbohydrate structure database stores a different set of meta-information related to the
carbohydrate structures that it contains. The first large carbohydrate structure database
initiative, CarbBank, attempted to collect several types of meta data for each glycan struc-
ture, including bibliographic information, biological origin (species, tissue, organ type, cell
line, disease) and an identifier (such as a protein ID) for any aglycon attached to the
reducing end. A large subset of CarbBank records contains most of this information,
although it is not present in every entry. Most of the database projects that succeeded
CarbBank took a step back and reduced the amount of meta-information that they stored.
For example, description of the biological origin might be limited to species only or biblio-
graphic information might not be included. Unfortunately, many of these databases lack a
common vocabulary or syntax to describe the information (such as the identity of the source
species) that has been retained. Sometimes, identifiers that are specified in publicly available
ontologies or dictionaries (e.g. NCBI taxonomy) are used but in other cases local diction-
aries have been created or free text fields are utilized. This makes it very difficult to integrate
or compare data that is retrieved from more than one database.

Solving these problems requires general agreement regarding a minimal set of meta-infor-
mation that should be stored in a glycan structure database to provide a universally infor-
mative data set. Development of such guidelines will require input from members of the
glycobiology community with diverse expertise in order to ensure that they foster datasets
that address current and future research needs of the community. On the other hand, there is
also a critical need for input from computer scientists who should agree, for example, on
digital formats for the storage and exchange of this information. As described above in the
context of carbohydrate structures, efficient data integration across different databases re-
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quires selection of a single standard representation for exchange of each type of data that has
to be stored. Adaptation of the agreed-upon standards by databases and software applications
will create many advantages, including facile exchange of readily parsable information
among these resources, which is required for the development of effective approaches for
data retrieval, browsing and mining.

Experimental data and procedures

The glycobiology community has come to recognize the considerable advantages of archiv-
ing primary experimental data along with meta data that is associated with each glycan
structure. Such primary data, which include NMR and mass spectra that were used to
elucidate molecular structures, can be reused as fingerprints that allow those structures to
be identified in biological samples. Primary data of this type is rarely stored in carbohydrate
databases, and most of the available spectral information is in the form of highly processed
lists of parameter values, such as chemical shifts and lists of ion abundances. This data
reduction is not always desirable, as the raw data is usually a richer source of information for
feature extraction and other data mining approaches or for re-evaluation of the experimental
results. A major impediment to the collection and organization of primary experimental data
is that they are often represented using proprietary, device-specific formats that can only be
processed by customized software applications. As is the case for the meta-information,
community agreement is needed to identify the most valuable types of experimental data that
should be archived and the standard digital formats that should be utilized to store and
export the data.

In addition to the data itself, it is important to record information such as sample preparation
protocols and device setups that were used to generate the data. This information is required
to generate transparent results that can be easily understood and reproduced by other
researchers. In some of the existing resources these parameters are documented as short text
blocks or provided indirectly by reference to the Methods section of a published manuscript.
However, these approaches by themselves rarely provide information that is sufficiently
detailed to allow complete reproduction of the data set, especially by novices in glycoana-
lytics.

Two aspects should be considered when storing such information:
1. sufficiency — the information should be sufficiently detailed to allow the experi-

ment to be understood and reproduced

2. practicability — the minimum information required to achieve consideration 1
should be included, since the collection of large amounts of such information is
often impractical, inefficient and time consuming.
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For example, the level of detail specified by the EXACT ontology [50] may lead to the
storage of too much information, which is difficult to collect and support. Minimum in-
formation checklists based on these considerations have been implemented in other research
areas (e.g. MIAPE [51] for proteomics and MIAME [52] for microarray analysis). Once the
checklists specifying the minimum information describing an experiment are defined, it is
important to standardize the digital format for this information. This will not only facilitate
automatic checking for compliance with the checklists but can also be used to exchange this
information among different systems.

It should be noted that currently accepted checklists are not designed to store information at
the level of detail required by non-experts to reproduce the experiment. Therefore, it would
be very useful to supplement these checklists with references to freely available textual
descriptions of experimental protocols that can be used to perform identical experiments
in a different laboratory.

Data integration

The data integration and cross referencing efforts that have started with GlycomeDB and
JCGGDB bring considerable benefit to the community, bringing several different data
sources together and allowing information to be explored simply by following hyperlinks
to different resources and web pages. We consider continuation of this work and integration
of all carbohydrate databases into a network of interconnected resources to be a high
priority. The next obvious step to this end is to link the different data resources not only
to GlycomeDB but also to each other, developing an easily accessible and comprehensive
glyco-bioinformatics infrastructure. As envisioned by the Japanese JCGGDB initiative, data
integration efforts should extend beyond glycomics resources, providing access to tools and
databases (such as Lipidbank or UniProt) that support genomics, proteomics and lipidomics
research. Together, this infrastructure should establish methods to identify glycoconjugates
that consist of specific carbohydrate structures along with the specific proteins and/or lipids
to which they are attached. Implementation of this functionality should facilitate searches to
find glycoconjugates that contain a moiety (selected from a glycan, protein or lipid database)
connected to moieties that may be fully described in orthogonal databases. Success in this
area clearly demands collaboration and cooperation between informaticians who develop
databases with diverse information content. Again, this will require the adoption of standard
descriptors and exchange formats that allow communication between these data resources.

What is out there?

Not all of the existing glyco-bioinformatics programs and databases have been described in
the scientific literature. This makes it difficult for bench scientists and software developers to
determine whether a software application or database that addresses a specific informatics
need already exists. This lack of information has led to the development of many programs
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with redundant functionality, essentially reinventing the wheel over and over again. To
improve the visibility of the available software applications, several review articles (e.g.
[53 —55]) have been published. In addition, the Web pages of large research initiatives such
as the CFG (http://www.functionalglycomics.org/static/consortium/links.shtml) and EURO-
CarbDB (http://www.eurocarbdb.org/links) often provide links to computational tools that
support their scientific domain of interest. Often, descriptions of the tools in review papers
or on Web pages are rather short, making it difficult to evaluate the usefulness or relevance
of the tools that are listed there. To make matters worse, the URL of the Web page providing
access to a tool may change, leading to dead links that give the mistaken impression the
software project no longer exists. Since the review papers and on Web pages are often
written by a “power user” who may not have been directly involved in the development
of the tool, the technical description may be incomplete, inaccurate or simply irrelevant.
Finally, review papers and Web links tend to focus on databases, web applications or stand
alone applications. Other classes of informatics tools such as Web services and workflows,
which may constitute more efficient ways of solving various problems, are usually not
described since they are more difficult to identify, understand and invoke.

For the reasons described above, we are developing a Web-based, open access system that
allows individuals to register software applications, Web services, workflows, databases and
programming libraries that they have developed to support research in the glycobiology
domain. The information provided by this GlycomicsPortal is entered directly by registered
software developers, making it more likely that it is accurate and up to date. Methods that
facilitate revision of this information ensure that URL changes do not result in dead links. A
Web based search implemented by the Portal can be used by bench scientists and theoreti-
cians to find tools and databases that provide or process data critical for the success of their
research. The system is also of interest to software developers, who can use it to find
existing tools, programming libraries and Web services that they can integrate into their
own informatics systems.

General considerations for glyco-bioinformatics projects

The success of glyco-bioinformatics in a rapidly changing research environment will benefit
immensely by the unconstrained, open exchange of programs, functionality and source code.
Many software applications with nearly identical functionality have been developed from
scratch because individuals did not have access to previously written source code or fully
developed tools that address their current needs. This reinvention of the wheel has resulted
in a considerable waste of human talent and time. There are several approaches that a
software developer can use to make tools available to the community, allowing others to
access their work and benefit from it. One often-used strategy is the development of freely
available Web based applications and Web databases, or to provide programs for free down-
load. Alternatively, Web services allow other software developers to remotely invoke com-
putational resources using standardized interfaces. Perhaps, the most effective way of shar-
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ing the results of software development is to make the source code of a program freely
available. This not only facilitates the reuse of functionality that required extensive effort to
implement and test, but also provides an opportunity to extend and optimize the programs
providing this functionality. Although this may seem like a no-win situation for a software
developer who provides the source code for the benefit of others — nurturing of a culture that
encourages sharing of these resources will eventually benefit everyone. Progress in this area
will require the leadership by funding agencies, who increasingly demand the free and open
dissemination of software developed as a result of projects that they sponsor.
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