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Preface

Why IsIt Timely to Publish a Book on (Bio)infor matics for
Glycobiology and Glycomics?

The four essential molecular building blocks of cells are nucleic acids, proteins, lipids,
and carbohydrates, often also referred to as glycans. Nucleotide and protein sequences
are the heart of nearly all bioinformatics applications and research, whereas glycan and
lipid structures have been widely neglected. Glycans are the most abundant and diverse
of Nature’s biopolymers. Complex carbohydrates are often covalently attached to proteins
and lipids and thus constitute a significant amount of the mass and structural variation in
biological systems. The field of glycobiology is focused upon understanding the structure,
chemistry, biosynthesis, and biological function of glycans and their derivatives.

It has long been known that carbohydrates encode biological information. For example,
it was shown already in 1952 that variation of blood group determinants is a consequence
of glycosylation, that is, the addition of complex carbohydrates to proteins and lipids.
Thus, the chemistry, biochemistry, and biology of carbohydrates were prominent areas of
research during the beginning and the middle of the last century. Nevertheless, determining
the biological consequences of glycosylation has been extremely difficult. In an editorial
article in the March 2001 edition of Science devoted to glycobiology, it was described as
a “Cinderella field” of research. This means that it is “an area (of research) that involves
much work but, alas, does not get to show off at the ball with her cousins, the genomes and
proteins.”

With the awareness that the human genome encodes for a significantly smaller number of
genes than estimated from genomes of lower organisms such as yeast [1], it became obvious
that each gene can be used in different ways depending on how it is regulated. Consequently,
the study of post-translational protein modifications, which can alter the functions of
proteins, has entered an era of renaissance and come increasingly into the scientific focus.
Glycobiology research has attracted increasing attention because glycosylation is the most
complex and most frequently occurring post-translational modification. Similar to the
developments in genomics and proteomics, high-throughput glycomics projects to decipher
the role of carbohydrates in health and disease are emerging [2-9]. With the increasing
amount of experimental data, the need to develop appropriate glycan related databases and
bioinformatics tools is obvious. However, until recently, informatics have been only poorly
represented in glycobiology [10-12].

Unfortunately, most of the tools and applications developed in bioinformatics for the
description and analysis of DNA (RNA) and protein sequences cannot be directly applied to
carbohydrates. This is mainly due to the fact that oligosaccharides can exhibit various ways
to link together their building blocks, the monosaccharides. In nature, monosaccharides are
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found which are connected to up to four others. This has the consequence that branched
structures can be formed. Such structures can no longer be described as linear sequences, but
rather need to be described as topologies of specifically connected building blocks. In this
respect, the encoding of complex carbohydrates based on building blocks is more similar
to the digital description of organic molecules, which are described in chemoinformatics
through the topology of atoms.

As with proteomics, mass spectrometry (MS) has become a key technology for the
identification of glycans. The experimental procedures in MS-based glycomics analysis are
similar to those applied in proteomics. However, until recently, no efficient software tools
were available to interpret the spectra. Therefore, the annotation of spectra and assignment
of glycan structures to the mass peaks had to be done manually by an expert.

The lack of efficient automatic assignment procedures is still the major bottleneck for
an automatic high-throughput analysis of glycans in glycomics projects. Consequently,
several computational attempts to overcome this unfavorable situation have been published
in recent years. The developed algorithms were mainly implemented by experimentalists
focused on solving the specific needs of their experimental setup and scientific questions.
However, it is obvious that glycomics calls for more general solutions, highly sophisticated
algorithmic approaches, and standardization.

Since the beginning of this century, a small but rather active community of researchers
emerged with the aim of working out the foundations of the informatics for glycobiology and
glycomics. The development and use of informatics tools and databases for glycobiology
and glycomics research have thus increased considerably in recent years. However, this field
must still be considered as being in its infancy compared with genomics and proteomics.

It is the aim of this book to give an introduction to this emerging field of science
for the experimentalist working in glycobiology and glycomics, and also for the computer
scientists looking for new challenges in the development of highly sophisticated algorithmic
approaches.

Glycomics: an Exotic and Somewhat Forgotten Area of Bioinfor matics

The European Bioinformatics Institute (EBI) (www.ebi.ac.uk/) [13, 14] is one of the largest
centers world-wide for research and services in bioinformatics, managing a broad range of
freely available databases of biological sequences, information, and knowledge. However,
in 2007, the EBI did not provide access to any collection containing glycan structures. The
US National Center for Biotechnology Information (NCBI) [15] (www.ncbi.nlm.nih.gov/)
provides the PubChem service (pubchem.ncbi.nlm.nih.gov/), a fairly new service con-
taining information on the biological activities of small molecules, which also includes
carbohydrate structures. However, the main focus of PubChem is to provide access to gly-
cans that can be used as chemical probes or ligands to study the functions of genes, cells, and
biochemical pathways. The Japanese Kyoto Encyclopedia of Genes and Genomes (KEGG)
(www.genome.ad.jp/) [16] is a suite of databases and associated software that aims to inte-
grate the current knowledge on molecular interaction networks in biological processes with
the information about the universe of genes and proteins, in addition to information about
the universe of chemical compounds and reactions. KEGG contains a GLYCAN database
with about 11 000 structures [17]. Most of the data were taken from CarbBank [18, 19], the
largest attempt to build up a comprehensive collection of all known carbohydrate structures
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during the 1980s and 1990s (see also the paragraph on the history of glyco-related databases
in Chapter 1). KEGG is currently the most developed project which links glycan structures
with available proteomics and glycomics data though biosynthetic pathways.

The Bioinformatics Links Directory (www.bioinformatics.ca/links_directory/) [20, 21],
an online community resource that contains a directory of freely available tools, databases,
and resources for bioinformatics and molecular biology research — which is compiled by
collecting applications which have been published in the annual Nucleic Acids Research
Web issues — lists only six tools dealing with the bioinformatics of carbohydrate structures.
This is in contrast to the 376 useful resources for DNA sequence analyses reported, and the
651 links to useful resources for protein sequence and structure analyses, which include
also tools for phylogenetic analyses, prediction of protein structures and functions, and
analyses of protein—protein interactions. On the other hand, collections of links compiled
with special emphasis on glyco-related web applications (see, e.g., www.eurocarbdb.org)
already show more than 60 dedicated websites. This discrepancy reflects the current points
of view from both sides: while the bioinformatics community widely ignores the exis-
tence of macromolecules other than DNAs, RNAs, and proteins, scientists developing soft-
ware applications for glycobiology do not regard themselves as part of the bioinformatics
community.

The Role of (Bio)infor maticsin Glycobiology Research
The involvement of (bio)informatics in glycobiology research can be divided into:

1. The application of classical bioinformatics tools to analyze the DNA and protein se-
quences, which have a relation to carbohydrates. Such sequences may be the proteins
to which glycans are attached, the enzymes which build or modify oligosaccharides,
or the lectins which recognize a certain sugar epitope.

2. Applications and databases where an explicit description of the glycan structure is
required. All analytical tools to determine glycan structures and structure—function
relations depend heavily on appropriate encoding of glycan structures.

3. Atomic descriptions of carbohydrate-protein recognition processes in which the spa-
tial structures of complex carbohydrates, their conformational preferences, and their
energetics are analyzed.

Inthis book, we try to provide a comprehensive overview of all three areas of active research.
The chapters are written by active researchers who have made essential contributions to the
development of the field of glycobioinformatics in recent years.

Use of Classical Bioinfor matics Databases and Tools

Chapter 1, Glycobiology, Glycomics, and (Bio)Informatics, briefly describes the biological
role of carbohydrates, their biosynthesis, and the enzymes which are responsible for the
stepwise synthesis of the branched oligosaccharides — the glycosyltransferases. Special
emphasis is placed on the role of bioinformatics in accelerating the identification of human
carbohydrate active enzymes with the help of bioinformatics databases and appropriate
alignment tools.
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Chapter 5, Carbohydrate-active Enzymes Database: Principles and Classification of
Glycosyltransferases, gives a comprehensive overview of the enzymes responsible for
the biosynthesis of the glycosidic bonds in living organisms. The authors develop and
maintain the CAZy database, the world’s most complete resource describing the families
of structurally related catalytic and carbohydrate-binding modules (or functional domains)
of enzymes that degrade, modify, or create glycosidic bonds. The subsequent chapter gives
a short overview of the focus of other existing data resources which provide access to
glyco-related enzymes.

Chapter 7, Bioinformatics Analysis of Glycan Sructures from a Genomic Perspective,
describes how informatics can help to elucidate the biological function of glycans, which
are intertwined with the rest of the biological system such as interacting proteins and
chemical compounds. In this chapter, an approach is presented based on the data of the
Kyoto Encyclopedia of Genes and Genomes (KEGG) including a comprehensive glycan
data resource called KEGG GLYCAN. It encompasses all aspects of the biological sys-
tem, incorporating genomic information integrated with pathways and reactions and also
chemical compounds.

Chapter 8, Glycosylation of Proteins, gives a short introduction to this phenomenon,
and Section 8.2 therein, GlySeq: an Analysis of Experimentally Determined Occupied
Glycosylation Stes, describes services which provide access to the respective glyco-related
experimental data contained in the Protein Data Bank (PDB) [22] and SWISS-Prot. The
GlySeq service — although focusing on analyzing the data from the viewpoint of carbohy-
drates — provides access to both moieties: the carbohydrates and the proteins. Glycosylation
is known to affect protein folding, localization, and trafficking, protein solubility, antigenic-
ity, biological activity and half-life. Chapter 9, Prediction of Glycosylation Stesin Proteins,
summarizes the ideas of pattern recognition for protein glycosylation site prediction from
peptide sequence alone. It provides a general introduction to data-driven prediction methods
to solving this problem, including a discussion on artificial neural networks.

Informatics Applications Where a Special Encoding of Glycan
Structuresis Required

Due to the structural complexity of complex carbohydrates which can form highly branched
structures, most of the tools and applications developed in classical bioinformatics for the
description and analysis of DNA (RNA) and protein sequences cannot be directly applied
to carbohydrates.

Chapter 2, Introduction to Carbohydrate Sructure and Diversity, provides a short de-
scription of the major types of carbohydrate structural motifs found in nature. The structural
diversity of carbohydrates that is currently available in databases has been analyzed and is
also presented. As excellent reference books are available summarizing the cellular location
and biological function of the various types of glycan, the Editors decided not to repeat this
information here and recommend that readers consult the existing compendia for further
reading.

Special encoding schemes are required which are able to describe all structural features of
complex carbohydrates found in nature. Unfortunately, no standard description existed until
recently that was capable of coping with all structural features of carbohydrates as needed,
for example, for the emerging glycomics projects. Chapter 3, Digital Representations of
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Oligo- and Polysaccharides, gives a comprehensive overview of all structural features
which have to be encoded to cope with all carbohydrate-specific structural elements. It
discusses various often used digital formats, which have so far been suggested and are used
for specific applications or to encode carbohydrate structures in databases. The chapter
gives an outline of future directions of developments.

The introductory part of the book is rounded off by a chapter on evolutionary con-
siderations in studying the structural diversity of the most important class of terminal
monosaccharides — the sialic acids. The contribution suggests that the structural diversity
of sialic acids reflects the often conflicting pressures of evading pathogens, while simul-
taneously maintaining endogenous functions. Since most pathogens replicate much faster
than their hosts, they can rapidly evolve different ways to target or mimic structures that
are critical for host processes, which may be especially relevant to glycans.

An in-depth understanding of the biological functions of complex carbohydrates requires
a detailed knowledge of all structural features of their primary sequence and also the
conformational space that they can access. Analysis of carbohydrates has proved to be
difficult in the past. Fortunately, modern analytical methods have the ability to elucidate
most structural details at the concentration levels required for glycomics projects. However,
at present, informatics tools give only limited support to enable an automatic, reliable
interpretation of the vast amount of data recorded by the analytical methods. This deficiency
currently represents a severe bottleneck for the practical implementation of high-throughput
glycomics projects. Therefore, it is not surprising that the development of algorithms and
tools to interpret analytical data constitutes the most active field of software design in the
glycomics field.

The chapters included in Section 1V, Experimental Methods — Bioinformatics Require-
ments, summarize the status of analytical procedures used in glycomics and the algorithms,
software tools, and services which are available to support the interpretation of data.
Similarly to proteomics, MS, HPLC and NMR are the main experimental techniques in
glycomics research. However, the concrete experimental procedures applied by various
researchers vary considerably, so that it is necessary to outline the analytical procedures
since otherwise the informatics requirements would be difficult to explain.

Spatial Structures of Carbohydrates and Atomic Descriptions of
Carbohydrate—Protein Recognition Processes

The elucidation of conformational preferences of complex carbohydrate structures has a
long history, which dates back to the early 1980s. Chapter 18, Conformational Analysis
of Carbohydrates — A Historical Overview, reviews these developments, and is followed
by Chapter 19, Predicting Carbohydrate 3D Sructures Using Theoretical Methods, where
the various commonly used theoretical approaches and simulation methods are introduced
and their applications to predict 3D structures of carbohydrates are discussed. Section 19.4,
Generation of 3D Structures of Glycoproteins, describes a service available through the
GLYCOSCIENCES.de portal [23], which generates 3D structures of glycoproteins. Chapter
20, Synergy of Computational and Experimental Methods in Carbohydrate 3D Structure
Determination and Validation, describes methods to find and analyze experimental 3D
structures of carbohydrates in the Protein Data Bank.
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Lectins are carbohydrate-binding proteins or glycoproteins which often recognize a
specific sugar epitope and are thus important for a broad variety of specific recognition
processes and signaling events. Crystal structures of members of the different animal and
plant lectin families have revealed a wide variety of lectin folds and carbohydrate binding
site architectures. Despite this large variability, a number of interesting cases of both
convergent and divergent evolution among plant, animal, and bacterial lectins are noted.
These similarities are reviewed in Chapter 21, Sructural Features of Lectins and Their
Binding Stes.

Chapter 22, Satistical Analysis of Protein—Carbohydrate Complexes Contained in the
PDB, provides a detailed overview of the interactions, which specific carbohydrates or
classes of glycans exhibit with proteins in the available experimentally determined protein—
carbohydrate complexes.

Current Status of Informaticsfor Glycosciences

Recent years have seen a variety of new databases and software tools emerging in the field
of glycomics. However, the current situation in glycobioinformatics is characterized by
the existence of multiple disconnected and incompatible islands of experimental data, data
resources, and specific applications, managed by various consortia, institutions, or local
groups. For example, no comprehensive carbohydrate data collections similar to those
currently available for genomic and proteomic data have been compiled so far. There is
currently no location where information about all carbohydrates reported in peer-reviewed
scientific papers is systematically stored. Procedures (similar to those for protein sequences)
have not yet been established for scientists to report the observation of specific glycan
structures in specific environments and to store these observations in a generally accepted
database.

These are the reasons why we have chosen not to describe in detail the currently
available glyco-related databases. It can be anticipated that the development of databases
will be subject to rather rapid changes within the next few years, so that the descriptions
provided could quickly become obsolete. As compensation, we provide a comprehensive
list of web links to glyco-related databases, services, consortia, and communities. As many
of the listed URLs are maintained by larger consortia and longer lasting bioinformatics
projects, it is the hope that these will provide a more sustainable solution for this book.
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1.1 TheRoleof Carbohydratesin Life Sciences Research

Despite their nearly complete neglect in databases and ‘traditional’ bioinformatics projects,
carbohydrates are the most abundant and structurally diverse biopolymers formed in nature.
Historically, the chemistry, biochemistry, and biology of carbohydrates were very prominent
areas of research over a long period of time during the beginning and the middle of the last
century. However, during the initial phase of the development of molecular biology, focusing
on DNA, RNA, and proteins, studies of carbohydrates lagged far behind. Among the main
reasons for this were the inherent structural complexity of carbohydrates, the difficulty in
easily determining their structure, the fact that their biosynthesis cannot be directly predicted
from the DNA template, and that no methods are available to amplify complex carbohydrate
sequences. The more recent development of a variety of new and highly sensitive analytical
tools for exploring the structures of oligosaccharides and for producing larger amounts
of pure complex carbohydrates has opened up a new frontier in molecular biology. The
term glycobiology, which was introduced in the late 1980s [1], reflects the coming together
of the traditional disciplines of carbohydrate chemistry and biochemistry, with modern
understanding of the cellular and molecular biology of complex carbohydrates, which
are often named glycans in this context. The more recently introduced term “glycomics”
[2] describes an integrated systems approach to study structure—function relationships of
complex carbohydrates — the glycome — produced by an organism such as human or mouse.
The glycome can be described as the glycan complement of the cell or tissue as expressed
by a genome at a certain time and location. It includes all types of glycoconjugates:
glycoproteins, proteoglycans, glycolipids, peptidoglycans, lipopolysaccharides, and so on.
The aim of glycomics projects is to create a cell-by-cell catalog of glycosyltransferase
(GT) expression and detected glycan structures using high-throughput techniques such as
DNA glycogene chips, glycan microarray screening and mass spectrometric (MS) glycan
profiling, combined with efficient bioinformatics tools.

Until recently, the role of complex carbohydrates to function as carriers and/or mediators
of biological information was a widely neglected and unexplored area in science. However,
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with the awareness that the human genome encodes for a significantly smaller number of
genes than was estimated from genomes of lower organisms such as yeast [3], it became
obvious that each gene can be used in a variety of different ways depending on how it
is regulated. Consequently, the study of post-translational protein modifications, which
can alter the functions of proteins, came increasingly into scientific focus. Since then,
with glycosylation being the most complex and most frequently occurring co- and post-
translational modification, glycobiology research has attracted increasing attention.

About 70% of all sequences deposited in the SWISS-PROT [4] protein sequence data-
bank include the potential N-glycosylation consensus sequence Asn—X-Ser/Thr (where
X can be any amino acid except proline) and thus may be glycoproteins. However, it is
well known that not all potential sites are actually glycosylated. Based on an analysis of
well-annotated and characterized glycoproteins in SWISS-PROT, it was concluded that
more than half of all proteins are glycosylated [5, 6]. However, this number should be re-
garded as a very crude estimation since this study was hampered by the paucity of reliable,
experimentally determined, and carefully assigned glycosylation sites.

The glycans are exposed on the surface of biomolecules and cells. They form flexible,
branched structures that can extend 30 A or further into the solvent. With a molecular weight
of up to 3kDa each, the oligosaccharide groups of mammalian glycoproteins frequently
make up a sizable proportion of the mass of a glycoprotein and can cover a large fraction
of its surface. The carbohydrate moiety of “proteins” may amount to a few percent of
the molecular weight, but can be as much as 90% in some cases. O-Linked mucin-type
glycoproteins are usually large (more than 200 kDa) with attached O-glycan chains at a high
density. As many as one in three amino acids may be glycosylated and 50-80% of the total
mass is due to carbohydrates [7]. An analysis of the available three-dimensional structures
of glycoproteins contained in the PDB [8] revealed that the glycan and the protein parts of
glycoproteins behave like semi-independent moieties. This behavior has several important
biological consequences:

* N-Glycans can be modified without appreciable effects on the protein. Every N-linked
glycan is subject to extensive modifications. This allows cells to fine-tune the biophys-
ical and biological properties of glycoproteins and to generate the microheterogeneity
[9] that is so characteristic of glycoproteins.

* The semi-independent nature of glycans also allows cell types and cells in different
stages of differentiation and transformation to imprint on their glycoprotein pool
their own specific biochemical characteristics, and thus give their exposed surface a
“corporate identity.”

e This “corporate identity” [10] exposed on their surface makes cells recognizable to
other cells in a multicellular environment. It allows self-recognition and provides a
central theme in development, differentiation, physiology, and disease.

1.2 Glycogenes, Glycoenzymes and Glycan Biosynthesis

The biosynthesis of carbohydrates attached to proteins or to lipids — called glycoconjugates —
is fundamentally different to the expression of proteins. Whereas the enzymes required
for the translation of the genetic information into a polypeptide chain in the ribosome
are always the same for all proteins and amino acids, the subsequent glycosylation is a
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non-template-driven process where dozens of different enzymes are involved in the synthe-
sis of the sugar chains attached to proteins or lipids. Depending on which of these enzymes
are expressed in the cell that synthesizes a glycoprotein, various different glycan chains
can be attached to the protein or lipid. Glycoproteins generally exist as populations of
glycosylated variants — called glycoforms — of a single polypeptide [11, 12]. Although the
same glycosylation machinery is available to all proteins in a given cell, most glycopro-
teins emerge with a characteristic glycosylation pattern and heterogeneous populations of
glycans at each glycosylation site.

Glucose and fructose are the major carbon and energy sources for organisms as diverse
as yeast and human beings (see, e.g., [7]: Monosaccharide Metabolism chapter). Organisms
can derive the other monosaccharides needed for glycoconjugate synthesis from these major
suppliers. It is important to appreciate that not all of the biosynthetic pathways are equally
active in all types of cells.

The biosynthesis of oligosaccharides is primarily determined by sequentially acting en-
zymes, the glycosyltransferases (GTs), which assemble monosaccharides into linear and
branched sugar chains. For this purpose, the monosaccharides must be either imported into
the cell or derived from other sugars within the cell. However, a common factor is that all
glycoconjugate syntheses require activated sugar nucleotide donors. It has long been known
that a nucleotide triphosphate such as uridine triphosphate (UTP) reacts with a glycosyl-
1-P to form a high-energy donor sugar nucleotide that can participate in glycoconjugate
synthesis. Once the sugar nucleotides have been synthesized in the cytosol (or, in the case
of CMP-Neu5Ac, in the cell nucleus), they are topologically translocated, since most gly-
cosylation occurs in the endoplasmic reticulum (ER) and Golgi apparatus. As the negative
charge of the sugar nucleotides prevents them from simply diffusing across membranes into
these compartments, eukaryotic cells have devised no-energy-requiring sugar nucleotide
transporters that deliver sugar nucleotides into the lumen of these organelles [7].

1.2.1 Biosynthetic Pathways

In eukaryotes, more than 10 biosynthetic pathways that link glycans to proteins and lipids
[13, 14] are known. The KEGG PATHWAY resource [15, 16] — a collection of pathway
maps representing current biochemical knowledge of the molecular interaction and reaction
networks — has encoded 18 pathways for the biosynthesis of complex carbohydrates and
their metabolism (see Figure 1.1), and 20 pathways for metabolism where carbohydrates are
involved. More than 200 enzymes are involved in the biosynthesis of carbohydrate structures
found on proteins and lipids. More than 30 different enzymes may participate directly in
the synthesis of a single glycan. One of the best-characterized pathways is the biosynthesis
of complex oligosaccharides that are subsequently attached to a protein through the side-
chain nitrogen atom of the amino acid aspagarine (Asn) to give glycoproteins [10, 17, 18]
(described in Section 8.1 in Chapter 8). Glycosylation of proteins occurs in all eukaryotes
and in many archaea but only exceptionally in bacteria.

O-Linked glycosylation, where carbohydrates are attached to serine (Ser) and threonine
(Thr), takes place post-translationally in the Golgi apparatus. The monosaccharides are
added one by one in a stepwise series of reactions (Figure 1.2). This is in contrast to the
N-linked glycosylation pathway where a preformed oligosaccharide is transferred en bloc
to Asn. A second important difference is that there are no known consensus sequence
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Figure1l.1 lllustration of the pathways for the biosynthesis of complex carbohydrates and their
metabolism encoded in KEGG PATHWAY [15, 16] available at: www.genome.jp/kegg/pathway/
map/map01170.html.
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Figurel.2 Known biosynthesis pathways for carbohydrates attached to the oxygen atom of
the side chain of the amino acids serine or threonine as encoded in the KEGG PATHWAY re-
source [15, 16] (www.genome.jp/kegg/pathway/map/ map01170.html). An IUPAC like nomenclature
(see Chapter 3) is used to characterize the monosaccharides and linkages. The enzymes are given in
the square boxes by their corresponding Enzyme Commission (EC) numbers, which are based on the
recommendations of the Nomenclature Committee of the International Union of Biochemistry and
Molecular Biology (IUBMB).

motifs that define an O-linked glycosylation site analogous to the Asn—X-Ser/Thr motif
for N-linked glycosylation.

1.2.2 TheRole of Bioinformaticsin Identifying Glyco-related Genes

The enzymes required for the biosynthesis of complex carbohydrates can be classified
into those needed for the conversion of monosaccharide building blocks to activated sugar
nucleotides and their transport within the cell, and those which are used to build (glyco-
syltransferases) and remodel (glycosidases) glycoconjugates [19]. Many, but not all, of the
latter enzymes are found within the ER-Golgi pathway for export of newly synthesized
glycoconjugates.

The first mammalian GT gene was reported in 1986 [20]. The progress in identifying
new GT genes at that time was slow because they had to be cloned by identifying the partial
amino acid sequence of the purified enzyme, which was the limiting step. Thereafter,
from the beginning of the 1990s when methods of expression cloning and PCR cloning
with degenerated primers were employed, several novel GT genes were detected each
year. It became obvious that GTs can be classified into several subfamilies which contain
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Figure1.3 Progress in the cloning of glycogenes (including GTs, sulfotransferases, and
sugar—nucleotide transporters). Filled columns indicate the cumulative number of glyco-related en-
zymes reported during the past two decades. Open columns indicate the number of novel enzymes
reported in each year. Reprinted from [24] with permission from Elsevier.

well-conserved sequence motifs. Based on this knowledge and the increasing availability of
gene sequences and the development of appropriate bioinformatics searching algorithms,
the in silico identification of GT genes could be successfully applied [21, 22]. During the
middle of the 1990s, the number of newly reported GT genes began to increase significantly,
reaching a peak in 1999 (Figure 1.3). This was due to the substantial increase in sequenced
genes and the ease of finding new GT genes by homology searching using well-known
BLASTN searches. The number of newly identified GT genes began to decrease gradually
after 1999 to only five by August 2006, suggesting that mammalian GT gene cloning seems
to be approaching its completion. During the past two decades, more than 180 human
glycogenes have been cloned and their substrate specificities analyzed using biochemical
approaches [23, 24]. The current status of knowledge compiled for these human GT genes
and their links with orthologous genes in other species is summarized in the GlycoGene
database [22].

As demonstrated for the identification of GT genes, the application of classical bioin-
formatics tools and also the use of genomic databases had and will continue to have a
significant impact on the rapid development of glycobiology research [25]. The same is
true when searching for all lectins with similar binding affinity for a specific carbohydrate,
which was also significantly accelerated through systematic analysis of gene sequences for
the corresponding sequence motifs [26-29].

However, the use of (bio)informatics in glycobiology research has to be divided between
those applications where an explicit description of the glycan structure is required, and
those where the proteins to which carbohydrates are attached, the enzymes which build and
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modify carbohydrates, or the lectins which recognize a certain sugar epitope, are analyzed.
The latter type of applications can be performed using well-known bioinformatics tools such
as sequence alignment techniques and attempts to understand the evolutionary relationships
through phylogenetic analysis. Where an encoding of the carbohydrate structure is required,
however, for example when looking at carbohydrate specificity of a lectin or classification
of the glycome of an organism, classical bioinformatics approaches cannot be directly
applied.

1.3 Intrinsic Problems of Glycobiology Research

Glycobiologists have to deal with several intrinsic problems, making their research difficult
and time consuming, as well as ambitious.

1.3.1 Carbohydrates Have to Be Analyzed at Physiological Concentrations

The first major challenge is to develop highly sensitive analytical methods. Since the
biosynthesis of complex carbohydrates requires a variety of enzymes, which have to act
in a defined and consecutive way, there are currently no methods available to amplify
glycans readily in the sense that DNA is amplified using polymerase chain reaction (PCR)
techniques. Consequently, highly sensitive analytical methods have to be applied, which
are able to detect the small amounts of material found in cells. The chapters on experimen-
tal methods will discuss the central analytical methods — mass spectrometry, HPLC and
NMR - which are used in different areas of glycobiology to identify glycan structures.

1.3.2 Complexity of Glycan Structures

The second major challenge lies in the complexity of glycan structures: each pair of
monosaccharide residues can be linked in several ways, and one residue can be connected
to three or four others (giving branched structures). The information content which can be
potentially encoded by glycans in a given sequence is therefore high. The four nucleotides
in DNA can be combined to give 256 four-unit structures, and the 20 amino acids in proteins
yield 160 000 four-unit configurations. However, the number of naturally occurring residues
is much larger for glycans which have the potential to assemble into more than 15 million
four-unit arrangements.

Although oligosaccharides potentially carry this high capacity to store biological infor-
mation, only a small part thereof is actually used in nature. A recent analysis of the KEGG
glycan database [15] containing 4107 unique glycan entries [30], which consist of nine fre-
quently occurring monosaccharides (glucose, galactose, mannose, N-acetylglucosamine,
N-acetylgalactosamine, fucose, xylose, glucuronic acid, and sialic acid) showed, that only
302 (54%) of the 558 (nine monosaccharides, two anomers, 31 substitution possibilities)
theoretically possible disaccharides appear in the database. Furthermore, while an enor-
mous number of reaction pattern combinations are theoretically possible, only 2178 of these
combinations actually appear in the database. These numbers suggest that the structural
diversity of glycans is indeed large, but that the combination of reaction patterns which ac-
tually exist in a given cellular environment is limited by the availability of the glyco-related
enzymes which build and modify the glycan structures.
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1.3.3 Sructural Heterogeneity

The third major challenge is the structural heterogeneity and “fuzziness” of glycans.
Glycoproteins normally exhibit various glycoforms when isolated from cells and tissues
[12, 31, 32]. Often several tens of different glycoforms for a given glycosylation site have
been identified. Analytical techniques and also databases and bioinformatics applications
have to cope with this phenomenon. Non-stoichiometric modifications to position and
amount of chemical substitutions are another unique feature of complex carbohydrates,
which requires the development of new concepts to analyze, encode, and handle, for exam-
ple, the statistical occurrence of sulfate groups at specific positions in glycosaminoglycans
such as heparin and heparan sulfate [33, 34].

1.3.4 Multivalent Interactions with Proteins

Glycan-binding proteins mediate diverse aspects of cell biology, including pathogen recog-
nition of host cells, cell trafficking, endocytosis, and modulation of cell signaling [35].
However, the assignment of biological function to carbohydrates in recognition events is
complex because individual glycan structures exhibit only very weak interactions with a
protein surface. For example, the binding affinity of monovalent oligosaccharide ligands to
their respective viral receptors is rather weak, with dissociation constants (Kq) of around
10—3-10—* M. This low affinity is in strong contrast to the high K4 values of 10~8-10-12 M
determined for the binding of complete virions to cell surfaces [36]. It is widely assumed
that this high affinity is contributed to by multivalent binding of the repetitive virion surface
carbohydrate-recognizing proteins/receptors to repetitive oligosaccharide structures on the
cell surface. Unlike protein—protein interactions, which can be generally viewed as “digital”
inregulating function, glycan—protein interactions impinge on biological functions inamore
“analog” fashion that can in turn “fine-tune” a biological response. This fine-tuning by gly-
cans is achieved through the graded affinity, avidity, and multivalency of their interactions.

1.3.5 New Insights Through Highly Sensitive Analytical Techniques

Much of the increase in a better understanding of the versatile regulatory role of glycans
in life can be credited to improvements in existing, and the development of new, highly
sensitive analytical techniques. The details of the current status of the analytical techniques
will be discussed in detail in the chapters on experimental methods. Here, an especially im-
pressive example will be briefly described, where the combination of modern biomolecular
and analytical techniques was used to provide detailed insights into the molecular basis of
the receptor specificity of the 1918 so-called Spanish flu.

It is well known that infection with viruses and bacteria often starts with specific
interactions with glycans on the surfaces of host cells. For example, the host specificity
of influenza A virus infection is mediated by the viral surface glycoprotein hemagglutinin
(HA), which binds to host-cell receptors containing glycans with terminal sialic acids.

The impact of influenza infection is felt globally each year, as this disease develops
in approximately 20% of the world’s population. The 1918 “Spanish” influenza pandemic
represents the largest recorded outbreak of any infectious disease, causing about 20 million
deaths. At the end of the 1990s, an American research team was able to detect fragments
of the viral genome in lung samples taken from the body of an Inuit woman victim of
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the pandemic buried in the Alaskan tundra and a number of preserved samples taken
from American soldiers of the First World War. Using modern biomolecular amplification
techniques, the entire coding sequence of 1701 nucleotides for the viral surface HA was
amplified in 22 overlapping fragments such that the sequences for matching primers could
be confirmed [37].

The HA of influenza virus mediates receptor binding and membrane fusion, the first
stages of virus infection. The sequences found for the 1918 HA did not reveal any charac-
teristics that were obviously responsible for the extreme virulence of the 1918 pandemic.
Independently, two research groups succeeded in growing crystals of the 1918 HA and
analyzed its binding properties [38, 39]. The carbohydrate recognition of influenza virus
HA is highly specific: whereas human viruses infect epithelial cells in the lungs and up-
per respiratory tract which have «2,6-linked sialic acids on their surfaces, avian viruses
preferentially bind to «2,3-linked sialic acids [40]. This slight structural difference in the
recognized sugar epitope obviously prevents a spread of the influenza virus infection across
species. Analysis of the binding specificity of the highly virulent 1918 influenza virus HA
using the glycan array of the US Consortium for Functional Glycomics (CFG) revealed a
clear preference for a2,6-linked sialylgalactose motifs [41]. Glycan microarrays are a rela-
tively new and highly specific technology that allows rapid determination of glycan-binding
protein interactions and specificities.

Subsequently it was shown [42] that a single amino acid substitution in the 1918 human
influenza virus HA — Asp225 to Gly — changes receptor binding specificity from an HA
which preferentially binds to the human «2,6-sialylgalactose motif to one which binds both
the human «2,6- and the «2,3-sialylgalactose motif of the avian cellular receptors. Mutation
of a further single amino acid back to the avian consensus — Asp190 to Glu — resulted in
a preference for the avian receptor. Thus, the species barrier, as defined by the receptor
specificity preferences, of 1918 human viruses compared with likely avian virus progenitors,
can be circumvented by changes at only two positions in the HA receptor binding site.

A combination of highly sophisticated new techniques revealed that the HA of the
1918 influenza virus might be more like that found in avian influenza than was previously
thought. Usually, avian influenza strains do not affect humans directly because bird-adapted
HA proteins are not able to bind well to human receptors. Until very recently, it was thought
that to make the leap to humans successfully a bird strain must pass through an intermediate
animal that contains both bird and human receptors, such as a pig. The new findings suggest
that minimal changes in the receptor binding domain of an avian HA may have been enough
to broaden its binding targets to include the major sialic acid receptor expressed on human
respiratory epithelium.

Modern molecular biology techniques and highly sensitive analytical tools have helped,
80 years after its outbreak, to give some new insights into why the 1918 influenza virus was
so devastating. Additionally, glycan microarray technology has been proven to have the
ability to detect rapidly strains which have the potential capability to cross species barriers,
a major goal for worldwide influenza surveillance [43].

1.4 Carbohydratesasa New Frontier in Pharmaceutical Research

Except for sulfated glycan heparin [44], which belongs to the class of glycosaminoglycans
(GAGs), synthetic carbohydrates have not been widely used as therapeutics. One obvious
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reason is that complex carbohydrates are difficult to synthesize. The recent development of a
(semi-)automated oligosaccharide synthesizer greatly accelerates the assembly of complex,
naturally occurring carbohydrates and also chemically modified oligosaccharide structures
(mimetics) and promises to have major impact on the field of glycobiology [45, 46]. Syn-
thetic carbohydrates and glycoconjugates will be more readily available for broad use, and
will advance the study of their roles in biologically important processes such as inflam-
mation, cell—cell recognition, immunological response, metastasis, and fertilization. Tools
such as microarrays, surface plasmon resonance spectroscopy, and fluorescent carbohydrate
conjugates to map interactions of carbohydrates in biological systems are available [47-49]
and can be used to evaluate systematically the binding specificity and strength of naturally
occurring carbohydrates and also mimetics thereof.

1.4.1 Carbohydratesin Drug and Vaccine Development

Bacteria, viruses, and parasites are the major agents leading to disease. All cells in nature
are covered with a dense and complex coat of glycans. A wide variety of pathogens initiate
infection by binding to the surface glycans of host cells. This is not surprising as cell-surface
glycans are the first molecules encountered by pathogens when they contact potential host
cells or their secretions. Outer, terminal glycan sequences such as those carrying sialic
acid residues are even more likely to be preferred targets, as they are the first residues
that pathogens encounter. Examples of disease in which cell-surface glycan recognition is
involved include influenza virus infection of the lung and upper respiratory tract, erythrocyte
invasion by the malaria parasite Plasmodium falciparum, Helicobacter pylori infection of
the stomach, and intestinal diarrhea caused by the toxin of Vibrio cholerae.

In the case of influenza virus, as described above, infection is mediated by the viral
surface glycoprotein hemagglutinin which binds to host-cell receptors containing glycans
with terminal sialic acids. Surface binding is followed by penetration of the cellular mem-
brane. Complex glycans are involved in cellular adhesion, internalization, and the release of
newly formed virus particles, all of which are of high interest for preventive medicine and
drug design. Highly potent inhibitors of the viral enzyme neuraminidase, which facilitates
release of progeny influenza virus from infected host cells, have been designed with the help
of computational chemistry methods using 3D structures of the enzyme. The neuraminidase
inhibitors mimic the form of sialic acid seen in the transition state of the enzyme reaction,
the cleavage of terminal sialic acid residues from glycans. Neuraminidase inhibitors have
been shown to be effective against all neuraminidase subtypes and, therefore, against all
strains of influenza, a key point in epidemic and pandemic preparedness. These new drugs
have great potential for diminishing the effects of influenza infection [50, 51].

Glycoconjugate vaccines provide effective prophylaxis against bacterial infections.
However, only a few vaccines have been developed by chemical synthesis of the key
carbohydrate antigens. In Cuba, it was demonstrated that a conjugate vaccine composed
of a synthetic capsular polysaccharide antigen of Haemophilus influenzae type b (Hib)
elicited long-term protective antibody titers [52, 53]. This demonstrates that access to syn-
thetic complex carbohydrate-based vaccines is feasible and provides a basis for further
development of similar approaches for other human pathogens [54]. Hib was the leading
cause of bacterial meningitis in many parts of the world before the introduction of conju-
gate vaccines. The use of vaccines against Hib in developing countries is expected to be
an important tool for the reduction of vaccine-preventable morbidity and mortality among
children less than 5 years old.
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About 40% of the world’s population live with the risk of contracting malaria. Although
only about 1% of all malaria cases are lethal, malaria continues to claim the lives of over
two million people annually. No viable vaccine candidate has been developed for malaria.
Glycosylphosphatidylinositol (GPI) anchors are a class of naturally occurring glycolipids
that link proteins and glycoproteins via their C-terminus to cell membranes. The malarial
parasite Plasmodium falciparum expresses GPI in protein anchored and free form on the
cell surface: the GPI constitutes a toxin which is implicated in the pathogenesis and fatalities
of malaria in humans [55]. Recently, it could be demonstrated that mice vaccinated with a
synthetic GPI glycan conjugated to a carrier protein produced anti-GPI antibodies and had a
greatly improved chance of survival upon infection with P. falciparum. Between 60 and 75%
of vaccinated mice survived, compared with 0-9% of sham-immunized mice. The parasite
levels observed in the blood of the vaccine and control groups did not differ significantly,
thus indicating that the synthetic GPI glycan conjugate serves as an anti-toxin vaccine [56].

1.4.2 Carbohydrates Play a Key Role in Many Diseases

Many diseases are caused by disruption of regulatory and control mechanisms within a
particular organism. For example, a DNA point mutation may result into a single amino acid
replacement in a protein, which may completely change or obliterate the function of the
protein. Such mutations may occur in somatic cells of adult individuals, or they may be in-
herited, resulting in inborn defects, such as congenital disorders of glycosylation (CDGs) —
defects in glycan biosynthesis, lysosomal storage diseases — defective glycan catabolism,
and von Willebrand disease. Cancer and some autoimmune diseases, such as rheumatism,
are other examples of diseases caused by failure of the organism’s regulation and control
system. Cancer is associated with changes in glycosylation of proteins exposed on the outer
cell surface. Therefore, monitoring of temporal changes in glycosylation has potential as
a diagnostic tool and as a prognostic indicator. Furthermore, cancer cell-specific complex
glycans may also serve as targets for tissue- or cell-selective delivery of agents that can
kill tumor cells.

In addition to the effects of altered glycan biosynthesis/catabolism in disease, complex
carbohydrate epitopes play key roles in allergy and immune reactions against parasites. They
are also of great significance in xeno-transplantation, where species-specific carbohydrate
structures can be recognized as non-self and promote tissue rejection. On the other hand,
synthetic manipulation of glycosylation patterns is being used to advantage in the biotech-
nological production of recombinant therapeutic glycoproteins; for example, an increase in
the number of sialylated glycans on erythropoietin (EPO) increases its serum half-life [57].

An emerging area of research is so-called metabolic oligosaccharide engineering, the
goal of which is a biosynthetically altered cell-surface repertoire through the introduction of
unnatural sugar residues into cellular glycans. Such engineered cell surfaces are extremely
useful systems for studying biochemistry and cell biology in a broad range of contexts,
such as cell—cell interactions.

1.5 A Short History of Databases and I nformatics for Glycobiology

It can be expected that the rapid evolution of glycomics, including glycan array technolo-
gies, will result in very large data collections that will have to be organized, analyzed,
and compared, requiring standards for structural representation. The development and use
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of informatics tools and databases for glycobiology and glycomics research has increased
considerably in recent years; however, it can still be considered as being in its infancy when
compared with the genomics and proteomics areas. The intrinsic factors which make the
development of informatics for glycobiology and glycomics a challenging task have been
described above. However, there is a general consensus within the community of glycosci-
entists that the availability of comprehensive and up-to-date carbohydrate databases, and
also efficient software to retrieve and handle the data, will be a prerequisite for success-
fully conducting large-scale glycomics projects aimed at deciphering new, so far unknown,
biological functions of glycans. Here, a short overview of the history of databases and
informatics for glycobiology will be given.

151 TheEarly Days: CarbBank

Before information technologies were available, it was a rather time-consuming task to
cope with all structures of complex carbohydrates detected in nature, which were published
in various journals using different ways to describe structural details. Normally, only a few
specialists in the field could successfully access the available knowledge. When digital
documentation systems and search engines were introduced into science during the 1980s,
it was recognized that this new technology could also be very useful for encoding and
retrieving all published glycan structures using a language which was well understood by
glycoscientists. In light of this, the Complex Carbohydrate Structure Database (CCSD)
[58, 59] - often referred to as CarbBank according to the retrieval software used to access
the data — was established in the mid-1980s, the main purpose of which was to allow the
user to find easily all publications in which specific carbohydrate structures were reported.
The CCSD was developed and maintained by the Complex Carbohydrate Research Center
of the University of Georgia (USA) and funded by the National Institutes of Health (NIH).
The need to develop CarbBank as an international effort was clearly recognized and resulted
in worldwide curation teams responsible for specific classes of glycans. During the 1990s,
a Dutch group assigned NMR spectra to CCSD entries (SugaBase) [60, 61]. This was the
first attempt to create a carbohydrate NMR database that complemented CCSD entries with
proton and carbon chemical shift values.

For a variety of reasons, including disagreement on the best ways to integrate the CCSD
into the growing bioinformatics environment and the need to provide more user-friendly
tools compatible with new, Internet-based approaches, the funding for the CCSD stopped
during the second half of the 1990s. In a letter sent to the provider of CarbBank in 1998,
I wrote concerning the infrequent use of the database: “One rather obvious reason for
this situation is that carbohydrate data collections only rarely exhibit cross-referencing
to other available data on the net. CarbBank uses efficient algorithms to provide rapid
access to references following the input of a query expressed in terms of the carbohydrate
nomenclature. Unfortunately, only pure bibliographic information such asauthors, journal,
and titleare displayed, but not abstracts. Using modern Web techniques, it should berather
straightforward to send a request to the public WEB-Medline (PubMed) and provide elegant
access to abstracts. One of the big disadvantages of essentially all carbohydrate Web
applicationsisthat there are no annotated and/or cross-referenced implementations, which
allow glycoscientists to find important data for the compound of interest in a compact and
well-structured representation. Most carbohydrate applications on the WWeb are designed
to answer just one special question.”
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Unfortunately, CarbBank was not developed further and, beyond 1996, the CCSD was no
longer updated. An attempt to transfer responsibility for updating the CCSD to a volunteer
team of glycoscientists around the world obviously failed. Nevertheless, with 49 897 entries,
which correspond to 23 118 distinct glycan structures, the CCSD is still the largest publicly
available repository of glycan-related data. All subsequent open access projects initiated at
the beginning of the new century made use of the CCSD data.

15.2 Beyond CarbBank

The collapse of CarbBank was extremely frustrating, especially for those who were involved
in this international venture. There was very little support for renewal of the project, as the
bioinformatics field — concentrating at that time on the sequencing of the human genome —
completely ignored the potential of carbohydrates as a repository of biological information.

A small informatics oriented group of scientists at the DKFZ (German Cancer Re-
search Center) in Heidelberg, initially interested in elucidating the conformational space of
complex carbohydrates, first put forward the imperative to develop informatics for glycobi-
ology as an independent sub-branch of bioinformatics. This group also realized the need to
make the CCSD entries publicly available using modern Internet-based tools and to cross-
reference the glyco-related data with proteomics and glycomics information. These ideas
led to the development of the GLYCOSCIENCES.de [62, 63] portal and the EUROCarbDB
(www.eurocarbdb.org) project.

At the beginning of the new century, when the gap between encoded and published
glycan structures became obvious, several companies started to provide commercial access
to glyco-related data, which they extracted from the literature. However, due to limited
commercial success, most of these services stopped. The Australian GlycoSuite [64], the
only one of these services that survives today, is willing to provide academic users with
free access to the data they have extracted from literature.

153 Glycomics Initiatives —a New Stimulus for Glycoinformatics
Devel opment

An important stimulation for glycoinformatics development was the establishment of the
Consortium for Functional Glycomics (www.functionalglycomics.org) in 2001. This was
the first large-scale project that clearly emphasized the need for informatics to manage
and annotate automatically the vast amount of experimental data generated by glycomics
research. The development of algorithms for the automatic interpretation of mass spectra —
a severe bottleneck that hampers the rapid and reliable interpretation of MS data in high-
throughput glycomics projects — is critical for all glycomics projects [65]. This is still the
most active area of software development, where various primarily experimentally oriented
groups have been developing software solutions and algorithms to solve their specific
scientific questions.

Another important step was the integration of glyco-related biological pathways into
the schemata of the first “classical’ bioinformatics initiative — the Kyoto Encyclopedia of
Genes and Genomes (KEGG). Subsequent development of associated databases for glycan
structures led to the KEGG GLYCAN [16, 66] approach, which elegantly established
the connection between glycan structures and the knowledge of enzymatic reactions to
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build the glycan structures. Additionally, the KEGG group made significant progress in
applying bioinformatics algorithms to the tree-like structures of glycans for comparison
and alignment, to develop similarity scores, and to establish a global view of all glycans
belonging to related pathways (see also Chapter 7).

As a consequence of the increasing interest in glycomics research, various new databases
were started in recent years (for examples, see the link list at www.eurocarbdb.org/links/).
Among these, the EUROCarbDB project (a distributed bottom to top initiative for primary
experimental data), the Russian Bacterial Carbohydrate Structure Database (aiming to cover
all known structures produced in bacteria), and the Bioinformatics for Glycan Expression
initiative (development of glyco-related ontologies) of the Complex Carbohydrate Research
Center are the largest ones. In general, the development of glyco-related tools and databases
can be described as a small but fairly active field of research.

1.5.4 Thecurrent situation

The current situation in glycoinformatics is characterized by the existence of multiple
disconnected and incompatible islands of experimental data, data resources, and specific
applications, managed by various consortia, institutions, or local groups. These resources
rarely provide communication mechanisms that would permit the widest advantage to be
taken of these data by allowing their combination and comparison. However, approaches
to link the distributed data have been conceptually worked out and examples are already
being implemented. The collaborative spirit recently exhibited by all of the major glycomics
initiatives will significantly help to overcome the current unfavorable situation. This positive
spirit has recently led to an important milestone, the agreement of an XML standard format
for the exchange of glycan structures (GLYDE-II) [67].

None of the existing initiatives has the capacity to fulfill completely the goal of CarbBank
at the beginning of the 1990s, that is, to provide comprehensive access to all published
carbohydrate structures. In particular, the existing initiatives do not have the worldwide
resources to fill the gap of published glycan structures that were not included in CarbBank
after its termination in the mid-1990s.

It is likely that the tendency to set up local databases designed to support specific
areas of research in glycobiology will continue in the near future. The existence of a
centralized glycan structure database would substantially increase the ability to annotate
and cross-reference local data with other bioinformatics resources. Offering clear guidelines
describing the minimal requirements of data exchange formats, which are required for
databases to communicate with each other, will hopefully lead to strong interconnections
and compatibility among glycobiology and glycomics databases.

155 TheFuture

Itis clear that there is an urgent need to develop databases and informatics for glycobiology
and glycomics. The developments in glycomics will produce an enormous amount of data
and there is a need to cut across multiple datasets to understand fully the structure—function
relationships of complex carbohydrates. A critical component that will facilitate this pro-
cess is a bioinformatics platform to store, integrate, and process the recorded data, to
condense them to information and knowledge. Several statements of international scientific
institutions underpin this direction:
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The European Science Foundation has published a statement Sructural Medicine: The
Importance of Glycomics for Health and Disease (see www.eurocarbdb.org), which
emphasizes the need to develop glyco-related databases further.

In September 2006, the NIH organized a workshop, Frontiers in Glycomics. The
workshop was the largest meeting focused on the development of databases and
informatics for glycomics and glycobiology. A white paper was compiled which set
priorities for the most important steps to develop the field [67].

The outcome of this meeting was, on the one hand, an agreement to accept a standard
exchange format for glycan structures called GLYDE-II, and on the other, a list of the
most urgent needs — top priority is a centralized, comprehensive, and highly curated
carbohydrate structure database.

e The European Strategy Forum for Research Infrastructures (http://cordis.europa.eu/

esfri/) published a roadmap emphasizing that “modern science isinconceivable with-
out recourse to well structured, continuously upgraded (...) and freely accessible
databases (.. .). The bioinformatics infrastructure (. ..) will continue to expand, re-
quiring successive investments for major upgrades, and will remain the depository of
biological information for aslong as we now can foresee.”
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Introduction

Carbohydrates — often also called saccharides or glycans — are the most abundant biological
molecules, and are ubiquitously present in the living world [1, 2]. They fulfill numerous
functions in Nature. For many organisms, such as insects and plants, carbohydrate chains,
for example chitin and cellulose, form the principal structural components. Carbohydrates
linked to proteins and lipids — so-called glycoconjugates — play important structural roles
and are also often involved in cell communication and signaling events. Protein glyco-
sylation, the covalent attachment of oligosaccharides to proteins during biosynthesis, is
the most frequent co- and post-translational modification (PTM) (see also Chapters 8 and
9). A number of excellent reviews and books exist, in which the structural diversity of
carbohydrates is discussed with respect to their properties and also biological occurrence
and physiological functions (see, for example, [3-7]).

From a bioinformatics point of view, the logical way to approach the diversity of carbo-
hydrate structures starts with a database analysis. Consequently, in this chapter, we present
an overview of carbohydrate structures stored in publicly available databases, with a focus
on those occurring in mammals, although we also touch on structural aspects of bacterial
and plant saccharides. It has to be kept in mind that — at the time of writing — the content of
current carbohydrate databases does not represent the existing knowledge manifested in sci-
entific publications since not all discovered carbohydrate structures are stored in a database.
Nevertheless, the digitally available carbohydrate structures are appropriate to describe the
frequently occurring structural features of classes of glycans found in various species.

Classical bioinformatics is essentially focused on storing and analyzing sequences of
the two well-characterized classes of macromolecules, DNA/RNA and proteins, which are
composed of a limited number of building blocks (residues) — four nucleotides each for DNA
and RNA and 20 amino acids for proteins. A complete constitutional description of these

Bioinformatics for Glycobiology and Glycomics: an Introduction Edited by Claus-Wilhelm von der Lieth, Thomas Liitteke and Martin Frank
© 2009 John Wiley & Sons, Ltd
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Table 2.1 Major structural differences between nucleotide, protein, and carbohydrate sequences.

Property DNA/RNA/protein Carbohydrates
Topology Linear Linear, branched, cyclic
Linkage Phosphodiester/peptide Glycosidic linkage. Potentially multiple per
bond residue, so position information is crucial
for carbohydrate sequences
Alphabet 4/4/20 distinct Alphabet of >500 different building blocks;
building blocks for certain structural and taxonomic subsets
considerably smaller
Stereochemistry L-Configuration for Stereoconfigurations can vary; however,
amino acids dominant configuration typically exists
Size Variable Variable, oligomers 1-40 residues, polymers

built from repetitive small elements up to
10%-10* residues

Structure/conformers  Secondary, tertiary, Definite secondary structures are rare,
and quaternary molecules are flexible, ensemble of
structures structures; exception: structural

polysaccharides

macromolecules can be accomplished in sequences of characters by abbreviating the build-
ing blocks as letters. Although the concept of defining building blocks (monosaccharides)
which receive unique names is also widely applied in glycobiology, the encoding of carbo-
hydrate structures differs in several fundamental aspects from linear DNA/RNA and protein
sequences (Table 2.1). Carbohydrates, with the exception of polysaccharides, are smaller
than typical proteins, but a greater variety of building blocks is observed. The fact that
carbohydrates can form branched structures renders many of the classical bioinformatics
approaches inapplicable to carbohydrates and has led to the establishment of a new field,
originally called glyco-bioinformatics, now termed glycoinformatics.

One of the challenges in glycobiology is the accurate and thorough description and/or
representation of the complex structures of carbohydrates, and the sequences of polysac-
charides. Both mono- and oligosaccharides can be described using a number of textual
(e.g. IUPAC) or symbolic formats (e.g. Figure 2.1). From a glycoinformatics point of
view, different encoding schemes for monosaccharides are in use, many of which have
some limitations (see Chapter 3). Recently, a novel standard sequence format for carbo-
hydrates has been developed (GlycoCT [8], see Chapter 3) which is used in GlycomeDB
[9] (www.glycome-db.org) to harmonize carbohydrate sequences in globally distributed
carbohydrate structure databases. As a result, GlycomeDB can collate information from
the seven major open-access databases. The following sections provide an overview of the
structural diversity of carbohydrate sequences! derived from this data source.

This chapter presents an overview of carbohydrate nomenclature and structure defi-
nitions, and provides an insight into the theoretical and actual diversity of carbohydrate
structures. The first section deals with the conventions for naming monosaccharides, and
provides an overview of monosaccharide diversity. The second section deals with the con-
stitution of carbohydrate sequences, and is followed by a section describing the major
classifications of carbohydrates.

L In the context of storing or analyzing carbohydrate structures in databases, the term “carbohydrate sequence” is
frequently used instead of the term “carbohydrate structure”.
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Symbol Abbrev. Monosaccharide Symbol Abbrev. Monosaccharide
O Gal Galactose O Man Mannose
[ ] GalNAc N-Acetylgalactosamine [[] ManNAc N-Acetyimannosamine
] GaN Galactosamine N ManN Mannosamine
{> GalA Galacturonic acid <} ManA Mannuronic acid
‘ Glc Glucose ‘ Kdn 2-Keto-3-deoxynononic acid
. GIcNAc N-Acetylglucosamine ‘ Neu5Ac  N-Acetylneuraminic acid
Y GleN Glucosamine Yo Xyl Xylose
Q GlcA Glucuronic acid Q IdoA Iduronic acid
A Fuc Fucose <> Neu5Gc  N-Glycolylneuraminic acid

Figure 2.1  Symbolic representation of a carbohydrate structure. The circles and squares represent
the monosaccharides. The glycosidic linkages are indicated by the connecting lines and the linkage
type annotation (a2, o3, B4, ...). Throughout this chapter, the definitions of the Consortium for
Functional Glycomics (CFG) will be used. The figure shows the symbols for the monosaccharides
in black-and-white, next to the abbreviation and the full monosaccharide name. Fucose and iduronic
acid are in the L-configuration, all other basic monosaccharides are in b-configuration. Color versions
of the symbols can be found on the CFG homepage (www.functionalglycomics.org).

2.1 Monosaccharide Nomenclature and Diversity

This section will start with a brief introduction to the concepts and nomenclature of
monosaccharides, the basic building blocks of carbohydrate sequences. We will then
examine from a more theoretical perspective the maximum diversity on the level of
monosaccharides. The section is concluded with results from a carbohydrate sequence
database analysis identifying and contrasting the prevalent monosaccharides in mammals
and bacteria.

2.1.1 Systematic Nomenclature for Monosaccharides

Historically, the term carbohydrate was coined for chemical structures with a net formula
Cn(H20),, where formally each carbon atom is associated with a water molecule. IUPAC
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recommendations [10] provide standard descriptions to name both simple (i.e. monosac-
charide) and complex carbohydrates systematically. They use a more structurally oriented
definition of a monosaccharide: a chain of three or more carbon atoms, containing at least
one carbonyl and one hydroxyl group, is a carbohydrate. The number of carbon atoms in
the main chain defines classes of related carbohydrates. These classes receive a name (e.g. a
six-carbon chain = hexose) and a three-letter abbreviation (e.g. Hex; see Table 2.3, Section
2.1.1.2: columns class and abbreviated class names). These class names are frequently used
directly if structure elucidation has left ambiguities regarding the exact monosaccharide
identity.

2.1.1.1 Definition of Terms and Properties of Monosaccharides. Monosaccharides are
chiral compounds, as they contain asymmetric tetrahedral carbon atoms [3, 5, 6], which
gives rise to stereoisomers. The pioneering work of Fischer systematically explored this chi-
rality and his definitions are still in use today. According to Fischer, each monosaccharide
has a basic configuration, either o or .. The relative spatial orientation of the hydroxyl groups
defines the “stem” type (stereochemical identifier) of the monosaccharide (Section 2.1.1.2).

Monosaccharides tend to form an intramolecular ring closure, resulting in hemiacetal
forms. The common five- and six-membered ring forms are called furanose and pyra-
nose, respectively. Generated by this cyclization are a new asymmetric C-atom, called the
anomeric C-atom, and a new hydroxyl function. This hydroxyl function (or other sub-
stituents at this position) can be oriented in two different ways, which are designated o
or B (often converted to “a” and “b” in digital representations of carbohydrate sequences)
(Figure 2.2a).

Connection between two monosaccharides (formation of a glycosidic bond) occurs by
condensation between the activated anomeric C-atom of the hemiacetal form and a hy-
droxyl function of another monosaccharide. As there is more than one acceptor hydroxyl
function in normal monosaccharides, multiple condensations on to the one monosaccha-
ride are possible, leading to a variety of different (branched) oligo- and polysaccharides. A
non-carbohydrate connected to a monosaccharide via a glycosidic bond is termed an agly-
cone (Figure 2.2b). The aglycones may be proteins, lipids or small molecules. Abstractly
speaking, the glycosidic bond can be seen as an analog to the commonly known peptide
bond of proteins or phosphodiester bonds in nucleic acids.

The basic monosaccharides may lose chirality at certain C-atoms through deoxygenation
(OH group replaced by H), a phenomenon frequently observed in natural monosaccharides.
Other typical modifications are introduction of acidic functions, double bond formation,
shifts of the carbonyl function or the attachment of small chemical groups (substituents).
Often the resulting monosaccharides receive trivial names (Figure 2.2c, d).

Summarizing the general properties of monosaccharides, five different attributes are
sufficient to identify systematically the basic monosaccharides that are encountered in
nature (Table 2.2).

2.1.1.2 Carbohydrate Stem Types. The IUPAC recommendations contain definitions of
stem types (or stem names) for monosaccharides with three to six carbon atoms (equivalent
to one to four stereogenic centers) for all possible stereoisomers [10]. IUPAC suggests
three-letter codes for stem types starting at the pentose level. Smaller stem types have
commonly accepted abbreviations (Table 2.3). Each of these stem types belongs to either
the p- or the L-series.
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Table 2.2 Five attributes are sufficient to define the properties of all basic unsubstituted
monosaccharides.

Attribute Explanation Example values
Configuration Fischer systematic series D, L
Stem type Stereochemistry of hydroxyl Gal, Glc, Man, Ara, Xyl, ... (see Section
groups 2.1.1.2)
Ring size Cyclic hemiacetal Pyranose (p), furanose (f) (or open chain)
Anomer Orientation of anomeric o B
hydroxyl group
Modifiers Altering the stereochemistry Deoxygenation

A carbohydrate containing more than four chiral centers is named by composite “stem
names” (derived from the [IUPAC name in Table 2.3). “Stem names” are assigned in order of
the chiral centers in groups of four, beginning with the group proximal to C1 (Figure 2.3).
In the composite stem name, the portion relating to the group of carbon atoms furthest from
C1 (which may contain less than four atoms) is given first.

2.1.1.3 Frequent Substituents. Frequently, the hydroxyl group of a monosaccharide is
functionalized (e.g. sulfated) or replaced by another substituent (Figure 2.4). One of the

(a) OH OH (b)
A_~_S
HO -5 A ~CHO
5H OH anomernic C-atom
HO _OH = D-galactose N HO _OH HO _OH glycosidic O-atom
-Gal
0 i 0 ) l
HO OH HO HO _.0—R'
Ho HOOH HO L glycosidic bond
p-anomer a-anomer S ————
f-D-galactopyranose 1,5-hemiacetals a-D-galactopyranose glycosyl unit aglycone
{ p-D-Galp ) { a-D-Galp )
(c) (d) OH
=0 =0 -
o}
HO =t HO e ~ 2 =0
Hw=—{==OH  Deoxygenation at C6 H et OH HO st H Ketose (C2-carbonyl) HO
B — _—
H ot OH H ot OH Hwe—r—= OH He—t—=0OH
HO) st H HC) e Hwe—r=s OH He=—1==0OH
6 Non 6 CHa ~SoH ~SOH
L-galactose 6-deoxy-L-gal D-arabinose D-arabino-Hex-2-ulose
(L-fucose) (D-fructose)

Figure 2.2 (a) The pyranose ring forms of p-galactose. The two anomeric configurations (hemi-
acetals) and the open form are depicted. Isolated monosaccharides typically show an equilibrium
mixture of different cyclic forms in aqueous solution (furanose rings may also be formed through
1,4-cyclization). (b) A monosaccharide bound to a non-monosaccharide molecule (aglycone). The
anomeric configuration is fixed to either o or 8 by this connection. (c) The deoxygenation at C6 (a
non-chiral C-atom) of L-galactose yields L-fucose, a frequently occurring natural monosaccharide.
(d) Ketoses, monosaccharides with non-terminal carbonyl functions, are systematically named with
the suffix -ulo. The chiral C-atoms (gray boxes) define the stereochemical identifier, here the stem
type arabinose. The resulting ketose is fructose, a component of the commonly known table sugar.



28 Carbohydrate Structures

Table 2.3  Stem types for monosaccharides with up to four stereogenic centers. The p- or L- series
is not indicated in this table.

IUPAC Class name Number of
3-letter code IUPAC name Class (abbreviated) C-atoms
Gro Glyceraldehyde Triose TRI 3
Ery Erythrose Tetrose TET 4
Tre Threose Tetrose TET 4
Ara Arabinose Pentose PEN 5
Rib Ribose Pentose PEN 5
Lyx Lyxose Pentose PEN 5
Xyl Xylose Pentose PEN 5

All Allose Hexose HEX 6
Alt Altrose Hexose HEX 6
Gal Galactose Hexose HEX 6
Glc Glucose Hexose HEX 6
Gul Gulose Hexose HEX 6

Ido Idose Hexose HEX 6
Man Mannose Hexose HEX 6

Tal Talose Hexose HEX 6

most commonly found substitutions is the acetylamino group NHC(O)CHj3, abbreviated
NAc, typically at C2 in hexoses. By convention, the C2 atom is the assumed position for this
substitution in a hexose when a positional description is not given (e.g. p-GlcpNAc and not
D-Glcp-2NAc). The number of substituents found in carbohydrate sequence databases
is large, with individual glycobiological communities with different taxonomic foci
contributing different sets of substituents.

2.1.2  Naturally Occurring Monosaccharides Based on Database Analysis

The total number of all potential monosaccharides is very large. For hexoses, eight stereo-
chemical stem types exist, each in two configurations (p/L) and two anomeric configurations

- o]
o HO et ]
= HOm———=H
H—| O H Homm | —=GOH D-manno
HOm=t==H H o |~ O H
el aop | PO Ham| st OH
Hm———=0OH Hw——=0QH | D-ribo
He—|—=OH D-giycero He——=0H |
M2l on 2l on
D-glycero-D-giuco-heptose D-ribo-D-manno-nonose

Figure 2.3 IUPAC defines a consistent naming scheme for carbohydrates with more than four
stereogenic centers, resulting in composite names.
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OH
HsC._ _OR )\{OH _OR O\\S,on
hig HC HO™ ™\
o} o} 0
acetyl (Ac) D-lactyl methyl sulfate
HaN H HaC H H ﬂ < N
- Y-
#"~cnR M ~CR ° Y ~cR Ho/\n’ SCR  He” “CR _s” CR
| HO™
0 0 0 0
amino formylamino  acetylamino (NAc)  glycolylamino (NGc) methylamino sulfamino

Figure 2.4 Nine frequent substituents found in carbohydrate structure databases. The attachment
site to the carbohydrate stem is indicated with OR (i.e. functionalization of the oxygen atom) or CR
(replacement of the hydroxyl group).

(a/B), which results in a total of 32 possible hexoses. With each new stereogenic C-atom,
this number is increased twofold, and a total of 506 basic stereochemical entities for
monosaccharides with less than 10 C-atoms exist. An additional level of complexity is in-
troduced by substitutions and modifications, leading to an immense number of theoretically
possible monosaccharides. However, the large combinatorial potential of monosaccharides
is not populated by natural organisms. Each living organism uses a distinctly smaller set
determined ultimately by its genetic repertoire.

2.1.2.1 Mammalian Monosaccharides. Considering the main saccharide classes —
N-glycans, O-glycans, and components of the extracellular matrix — as deposited in carbohy-
drate sequence databases, the taxonomic class of Mammalia contains 10 monosaccharides
based on seven stem types (Figure 2.5) [3, 11, 12]. The 25 most prevalent mammalian

OH HO _OH OH
OH HOOC,
o Q -0 (o] o
HO HO HO HO 4
5 o o "o R e T o i P
HO HO HO HOOC HO
OH
p-D-glucopyranose f-D-galactopyrancse a-D-mannopyranose f-D-gucopyranuronic acid a-L-idopyranuronic acid
{ p-0-Glcp) { -0-Galp) { a-D-Manp ) { p-O-GlcAp ) ( w-L-idoAp)
OH HO _.OH Y COOH OH
o] Q o]
HO HsC HO
HB’&,OH Ho&&_’ou \/S]@LOH s F&iOH HMOH
AcHN AcHN HO R wo A = NHAC HooH HO
2-acelamido-2-deoxy- 2-acetamido-2-deaxy- a-D-neuraminic acid a-L-lucopyranose f-D-xylopyranose
f-D-glucopyranosa f-D-galactopyranose { e-D-NeupSAc) { a-L-Fucp ) { p-D-Xylp )
{ p-O-GlephNAc ) { f-0-GalpNAc ) [ 5-acetamido-5-deoxy-D-glycerc-a-D-galacto-

non-2-ulopyranosonic acid |

Figure 2.5 The mammalian sequences as reported in carbohydrate databases can be constructed
with 10 monosaccharides. The monosaccharides shown here are depicted in their dominant anomeric
configuration, although the opposite configuration also might exist. Neuraminic acid is a nonose and
exists with multiple substitution patterns. With these 10 monosaccharides, the majority of the digitally
available carbohydrate sequences in mammals can be constructed. Taking into account the common
substitutions of O- and N-sulfate and N-glycolyl, an almost complete coverage can be achieved (Table
2.4).
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Table 2.4 The 25 most prevalent mammalian monosaccharides. The data are based on 4936
sequences with 43 780 monosaccharides in GlycomeDB [9]. The total number of different
monosaccharides is 170. This high number can be attributed to incompletely defined
monosaccharides and obvious database errors.

No. IUPAC name Stem type Proportion (%)
1 B-p-GlcpNAC D-Glc 26.36
2 B-p-Galp p-Gal 21.32
3 a-D-Manp Dp-Man 14.42
4 a-Neup5Ac SIA 7.68
5 a-L-Fucp L-Gal 6.92
6 3-p-Manp D-Man 6.03
7 B-p-GalpNAc p-Gal 1.22
8 B-p-Glcp D-Glc 1.00
9 a-D-Galp p-Gal 0.87
10 a-D-GalpNAc p-Gal 0.71
11 a-Neup5Gce SIA 0.50
12 a-D-Glep D-Glc 0.48
13 B-p-GlcpNAc6Sulfate p-Glc 0.44
14 B-p-GlcpA D-Glc 0.31
15 a-D-GlcpNAC p-Glc 0.27
16 B-p-Galp6Sulfate p-Gal 0.22
17 B-p-GalpNAc4Sulfate p-Gal 0.21
18 a-D-GlcpN-Sulfate6Sulfate p-Glc 0.16
19 a-L-ldopA-Sulfate L-ldo 0.16
20 a-D-GlcpN-Sulfate p-Glc 0.10
21 B-p-Galp3Sulfate p-Gal 0.09
22 B-p-Xylp D-Xyl 0.08
23 a-L-l1doAp L-ldo 0.08
24 a-D-GlcpNAc6Sulfate p-Glc 0.05
25 a-Neup4Ac5Ac SIA 0.04

monosaccharides., based on an analysis of carbohydrate sequences in GlycomeDB [9], are
shown in Table 2.4.

2.1.2.2 Bacterial Monosaccharides. Different organisms have different capabilities of
synthesizing and using monosaccharides in oligo- and polysaccharides. The prokaryotic
repertoire of monosaccharides is different from that of mammalian systems. The bacterial
saccharide sequences have a greater diversity of monosaccharides, with certain monosac-
charides being specific to certain groups of bacteria. An overall comparison of the monosac-
charide distribution in digitally available bacterial sequences with the mammalian situation
reveals a higher content of monosaccharides with more than six C-atoms, a higher degree
of phosphorylation and unusual deoxygenations (Table 2.5) [13].

2.2 The Oligosaccharide Assembly Level
In this section, we will examine the constitution of carbohydrate structures. Data derived

from available glycan sequences in GlycomeDB will provide insights into the complexity
of natural carbohydrate sequences.
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Table 2.5 The 25 most prevalent monosaccharides in bacteria. The data are based on 4720
structures with 24 953 monosaccharides in GlycomeDB [9]. The total number of different
monosaccharides is 1025.

No. IUPAC name Stem type Proportion (%)
1 B-p-Glcp p-Glc 8.94
2 B-p-Galp p-Gal 7.43
3 a-L-Gro-p-Man-Hepp L-Gro-n-Man-Hep 7.09
4 a-D-Glep p-Glc 6.80
5 a-L-Rhap L-Man 6.60
6 a-D-Galp p-Gal 4.68
7 B-p-GlcpNAc D-Glc 4.54
8 a-Kdop KDO 4.36
9 a-D-Manp D-Man 311
10 a-D-GlcpNAC p-Glc 2.04
11 a-D-GlcpN p-Glc 1.53
12 B-p-GlcpA p-Glc 1.50
13 a-D-Gro-n-Man-Hepp D-Gro-n-Man-Hep 141
14 B-p-GalpNAc p-Gal 1.37
15 a-Neup5Ac SIA 1.16
16 a-D-GalpA p-Gal 1.15
17 a-D-GalpNAc p-Gal 1.14
18 a-L-Gro-n-Man- L-Gro-p-Man-Hep 0.93
Hepp6phosphoethanolamine
19 B-p-Manp D-Man 0.92
20 a-L-Fucp L-Gal 0.92
21 a-p-Rhap D-Man 0.85
22 B-p-Glcf p-Glc 0.72
23 B-p-GlcpN4phosphate p-Glc 0.67
24 B-p-GlcpN p-Glc 0.67
25 B-L-Rhap L-Man 0.66

2.2.1 Constitution of Carbohydrate Structures and Sequences

Almost every carbohydrate sequence has a direction caused by the asymmetric character of
the glycosidic linkage. Following a chain along the direction Canomeric = Oglycosidic Will lead
to the monosaccharide whose anomeric center (often connected to an aglycone) is termed
the “reducing end” of the sequence (Figure 2.6a) (this relates to the ability of the free
anomeric position, which is an aldehyde or ketone in the open-chain form, to reduce Cu?*+
to Cut). Biological chain elongation, however, normally proceeds from the reducing end to
the non-reducing end of a chain. A typical hexose has four hydroxyl groups (e.g. at carbons
2, 3, 4, and 6) that can serve as monosaccharide acceptors during the biological elongation
process of the nascent carbohydrate chain. Consequently, branch points can be introduced
into the chain if a monosaccharide is involved in three or more glycosidic linkages, a feature
that is normally not present in other well-known biopolymers. The branching leads to an
enormous increase in structural isomers even for small oligomers (Table 2.6).

A number of descriptors can be used to define a carbohydrate structure (Figure 2.6a).
The most basic description is that of “composition” — a simple list of the monosaccharides
in the structure. The availability of several attachment points on a monosaccharide requires
that the linkage description includes position information. Each glycosidic linkage in a
natural carbohydrate sequence is the product of a distinct enzyme reaction, and the linked
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Figure 2.6 (a) The chemical structure and IUPAC 2D sequence of a frequently occurring motif,
the N-glycan core. Different views of this sequence are used for different purposes (see text for
explanation). (b) Pictorial representation of the structure shown in (a) and its fragmentation into all
possible connected pieces.

entities are frequently termed reaction patterns or disaccharide pairs [14] (Figure 2.6a). As
carbohydrate sequences are secondary gene products, the distribution of reaction patterns
provides a direct link to the enzymes needed to construct a given glycan. In the area of
chemical synthesis of complex carbohydrates, the building blocks required to construct a
carbohydrate are of particular interest. The requirement for particular attachment points
drives the use of protecting group chemistry, the transient masking of hydroxyl groups
during a multi-step synthesis. Deconstructing the glycan into all possible fragments is a
frequently applied procedure (Figure 2.6b). It can be used for diverse applications such as
motif and pattern recognition, substructure searches, and mass spectrometric analysis.
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Table 2.6 Possible isomers for oligonucleotides, peptides, and oligosaccharides for different
oligomer sizes [39]. The numbers given for carbohydrates are based on the 10 mammalian
monosaccharides with two different anomeric configurations.

No. of different oligomers

Oligomer size Nucleotides Peptides Carbohydrates
1 4 20 20
2 16 400 1360
3 64 8000 126 080
4 256 160000 13495040
5 1024 3200000 1569 745920
6 4096 64 000 000 192780943 360

2.2.2 Not All Sequences Are Completely Defined

So far, it has been assumed that all structural features of the monosaccharides and the
topology of a given sequence are completely known and defined. However, a considerable
number of structures have been reported in the literature with structurally incomplete
descriptions. This “fuzziness” can be attributed either to the biosynthesis or to limitations
of the applied experimental method used for structure elucidation.

The biosynthesis of complex carbohydrates is dependent on the coordinated action of
modifying enzymes. The catalyzed reactions can be incomplete, leading to an intrinsic
microheterogeneity of the complex carbohydrate. Prominent examples of this phenomenon
are the sulfated polysaccharides; they are typical representatives of non-stoichiometrically
substituted compounds (see Section 2.3.3.1 on proteoglycans). Other examples are found
in bacteria and plants, as they synthesize macromolecular carbohydrates with very high
masses. These polysaccharides are typically built from smaller precursor units which can
be identified as repeating units. In most cases these polysaccharides are an ensemble of
polymers with varying chain length.

As there is no direct sequencing method for carbohydrates, the results of different
experimental methods are combined to elucidate the structure. Frequently, mass spectrom-
etry is used to gain structural information. This technology cannot distinguish between
stereoisomers such as galactose or glucose, which differ only in the stereoconfiguration
at C4. Often, an empirical formula (composition) of a glycan is the result of a structure
elucidation attempt. Table 2.7 presents an overview of properties which may be missing or
underdetermined in a carbohydrate sequence.

2.2.3 Statistics of Carbohydrate Sequences Based on Database Analysis

The following data are based on statistical analysis of the GlycomeDB [9] and provide
insights into different statistical parameters of typical carbohydrate sequences. First aggre-
gate parameters such as size, length, and branching are examined, and then the dominant
linkages of the carbohydrate sequences are shown.

The size of a sequence is defined as the number of monosaccharides contained, and
its maximum chain length is the longest path from the reducing end to a distal residue.
A branching point is defined as a residue with more than one child residue, resulting
in a furcation of the sequence. The size distribution as deposited in databases is broad,
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Table 2.7 Incomplete descriptions for complex carbohydrates found in the literature.

Missing property Example

Identity of monosaccharide Hex, HexNAc, ?-Galp, p-Glcp or p-Galp

Ring size a-p-Gal?

Anomeric configuration ?-p-Galp

Linkage a-D-Galp-(1-?)-B-p-GlcpNAc

Topology Composition: 5 x Hex, 2 x HexNAc

Substitution quantifier 15% of IdoA is sulfated at position C2

Terminal residue location Two of three N-glycan antennas carry a terminal sialic acid residue
Repeat unit size Size of polymer varies from 150 to 300 repeating units

ranging from carbohydrate sequences with a single monosaccharide to the largest sequence
with more than 100 monosaccharides (Figure 2.7a). The average size of the carbohydrate
sequences in GlycomeDB is seven monosaccharides. The maximum chain length shows a
broad distribution, with the highest frequency seen for 2-10 monosaccharides as the longest
path in the sequences (Figure 2.7b). The longest chain of a sequence, excluding repeating
units, is 16 monosaccharides. The branching point calculation reveals the topological
complexity of the sequences; 38% of the oligosaccharide structures in the GlycomeDB are
linear sequences, with no branching point at all. Only a few carbohydrates contain five or
more branches (Figure 2.7c).

2.2.3.1 Topology: Linkages. All linkages between monosaccharides must contain a po-
sitional identifier for the attachment sites. The most dominant linkages are found to be 1-4,
1-3, 1-6, and 1-2 connections in this order. The anomeric configuration can be seen as
part of the linkage, as the configuration of the linkage is generated by strictly stereospecific
glycosyltransferases during glycosidic bond formation. The anomeric configuration of the
glycosidic bond is constrained by geometric factors, and their distribution pattern varies
depending on the taxonomic class (Table 2.8).

2.2.3.2 Topology: Disaccharide Pairs. Carbohydrate sequences are secondary gene
products constructed by an ensemble of enzymes, namely the coordinated action of elon-
gating glycosyltransferases, truncating glycosidases, and other modifying enzymes. The
enzymes act typically in a spatially and temporally controlled fashion in specialized com-
partments of the cell [11, 12]. For each elongation step, at least one enzyme is needed,
but frequently isoenzymes exist, so the one-enzyme—one-linkage paradigm is not strictly
followed for carbohydrate sequences. Nonetheless, the disaccharide pair distribution for a
given organism does provide a direct link to a minimum set of expressed glycosyltrans-
ferases and can be correlated with expression data [14, 15]. A summary of existing bacterial
and mammalian disaccharide pairs can be found in [13].

2.3 Major Empirical Structural Classifications

This section describes commonly used classifications for oligosaccharides. The major
classifications rely on the substructures connected to the reducing end of the carbohydrates,
thus defining groups of biosynthetically related sequences by conjugation type. Further
breakdown of these classes is often achieved by identifying motifs or topological patterns
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Figure 2.7 Statistical analysis of carbohydrate sequences deposited in GlycomeDB. (a) Frequency
distribution of sequence size (number of monosaccharides, statistics up to 25 residues are shown). (b)
Frequency distribution of the maximum chain length of the sequences. (c) Frequency of branching
points of the sequences. A value of zero stands for linear sequences.

within these groups. This section will introduce important classes of saccharides as defined
by glycobiologists and their specific structural features.

2.3.1 Glycoproteins

2.3.1.1 N-Glycans. The most prominent vertebrate post-translational modification is the
covalent attachment of an oligosaccharide to specific sites in proteins which is due to
processing which begins in the endoplasmic reticulum (ER) [16, 17]. About 50% of the
proteins processed in the ER and the Golgi apparatus are thought to be N-glycosylated
[18]. Protein sequences containing Asn—Xaa—Thr/Ser sequons [19] (where Xaa denotes any
amino acid except Pro) are frequently, but not always, glycosylated at the asparagine residue
by a cotranslational mechanism controlled by a multi-enzyme complex, the oligosaccharyl
transferase (OST) [20]. The exact initiation mechanism of this multi-enzyme complex
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Table 2.8 Dominant linkages in GlycomeDB [9] with anomeric configuration. Three taxonomic
subsets have been analyzed regarding their linkage distribution (Mammalia with 4936 structures
containing 38957 linkages, bacteria with 4720 structures and 21 643 linkages, and 713 plant
structures with 3304 linkages). Unknown anomeric configurations and other ambiguities have been
excluded from this table, resulting in the low percentage portion not shown.

Linkage Mammalia (%) Bacteria (%) Plant (%)
B(1-4) 37.43 16.79 33.44
a(1-3) 10.76 21.16 14.32
a(1-6) 10.22 3.54 9.38
B(1-2) 10.58 3.99 13.83
B(1-3) 9.62 11.22 4.15
a(1-2) 3.70 12.06

a(1-4) 1.75 8.82 1.36
B(1-6) 4.07 4.14 0.15
a(2-3) 4.74 1.43 13.80
a(2-6) 3.72 1.64 5.87
a(1-5) 5.08

a(2-8) 0.22 0.24

a(2-4) 0.06 2.20 0.42
a(1-7) 1.88

B(1-7) 1.01

B(1-5) 0.28

B(2-6) 0.19 1.48
B(1-8) 0.32

B(2-3) 0.10

Sum 96.87 96.09 98.20

is as yet unknown. The OST catalyzes transfer of an oligosaccharide of the composition
GlcsMangGIcNAC; (Figure 2.1) en bloc from an activated dolichol pyrophosphate precursor
to the nascent polypeptide chain. This intermediate oligosaccharide is subsequently trimmed
in a process which is correlated with correct folding of the polypeptide chain [16, 17] (see
also Chapter 8).

All N-glycans share as a minimum structural feature the so-called N-glycan core
(Man3GIcNACc,, Figure 2.8a). The N-glycans are generally classified further into three
topological classes, which share common maotifs. The high-mannose type contains exclu-
sively mannose residues attached to the N-glycan core (Figure 2.8b). Complex types do
not contain additional mannose residues, but rather GIcNAc directly attached to the two
branches of the N-glycan core. Additionally, sialic acids, galactose, and fucose residues
can be attached to the complex N-glycans (Figure 2.8c, e). Hybrid types have both a high-
mannose and a complex branch attached to the core structure (Figure 2.8d). Other empirical
distinctive features of N-glycans in use are the existence of core-fucosylation, the bisecting
criterion, and the number of antennas in a given glycan (Figure 2.8e, f).

2.3.1.2 Ser/Thr O-Glycans with Initiating «-p-GalNAc. The general definition for
O-glycosylation implies the addition of a mono- or oligosaccharide to amino acid residues
with functional hydroxyl groups of a protein. By historical consensus, the classical under-
standing of O-glycosylation is confined to the addition of a GaINAc in the a-configuration
to serine or threonine residues by the action of a member of the family of GalNAc
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(a) (d)

(b) (e)

Figure 2.8 Common classes of N-glycans. The gray boxes indicate the distinctive features that
lead to the respective classifications. (a) The N-glycan core structure is the distinctive feature of N-
glycans. (b) High-mannose types are remains, and further extensions, of the initial GlcsMangGIcNAC,
structure (Figure 2.1) transferred en bloc to the Asn of the protein. (c) The N-glycan core is extended
by attachment of GIcNAc and Gal residues in the complex class. (d) The hybrid class contains features
of both high-mannose and complex types. (e) A tetra-antennary N-glycan with an «(1-3) r-fucose
connected to the core region (gray box). (f) A tri-antennary bisected N-glycan. Bisecting is defined
as the attachment of a B(1-4) p-GIcNAc to the central core mannose.

transferases in the secretory pathway during protein maturation in the ER and Golgi appa-
ratus. Adopting this view, the O-glycans defined can be subdivided into eight subclasses
by identifying common structural motifs at the reducing end (Figure 2.9).

2.3.1.3 Other Types. Historically, protein glycosylation was believed to be restricted
to N- and O-glycosylation carried out in the ER or Golgi apparatus. Recent findings
indicate ubiquitous cellular protein glycosylation events [21] and cellular localizations
of proteoglycans [22]. The most prominent non-standard glycosylation reaction is the
nucleocytosolic O-GIcNAc modification, which presumably has regulative function [23].
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Core 1 (3-D-Galp(1-3)u-D-GalpNAc

Core 2 B-D-GlcpNAC(1-6)[ p-D-Galp(1-3)]Ja-D-GalpNAc
Core 3 [B-D-GlcpNAc(1-3)u-D-GalpNAc

Core 4 [(3-D-GlcpNAc(1-6)[-D-GlcpNAc(1-3)]a-D-GalpNAc
Core 5 [~  oDb-GalpNAc(1-3)e-0-GalpNAC

Core 6 .ﬁD B-D-GlcpNAC(1-6)a-D-GalpNAc

Core 7 M u-D-GalpNAc(1-6)a-D-GalpNAc

Core 8 O_3D a-D-Galp(1-3)a-D-GalpNAc
a

Figure 2.9 The eight core structures for the p-GalNAc O-glycosylation are identified by common
structural elements at the reducing end.

Other less well characterized glycosylation reactions on proteins have been summarized in
the literature [21, 24].

2.3.2 Glycolipids

2.3.2.1 Glycosphingolipids. The substance class of glycosphingolipids is defined by the
conjugation of a mono- or oligosaccharide to a ceramide (Figure 2.10) [25]. Glycosphin-
golipids occur in the outer leaflet of cell membranes and show tissue- and organism-specific
variations on both the lipid and the carbohydrate portions. The ceramide unit serves as a
membrane anchor and is suggested to play a crucial role in the formation of lipid rafts
[26]. Depending on the structural motif connected to the ceramide, basic classes have been
defined (Figure 2.11). Also, physicochemical parameters (acidic, neutral) are applied to
subdivide the glycosphingolipids. Glycosphingolipids are sometimes simply called gly-
colipids, as they were the first carbohydrate—lipid conjugates found in Nature. Despite an
existing IUPAC recommendation [27], a specific nomenclature is still in widespread use.
Originally defined by Svennerholm [28], it results in compact names (e.g. GML1).
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Figure 2.10 (a) Sphingosine is the biosynthetic precursor of ceramide, which serves as the lipid
anchor of glycosphingolipids. (b) Schematic drawing of a glycosphingolipid with its membrane
insertion. The attachment of the saccharide residues is indicated with R.

2.3.2.2 Glycosylphosphatidylinositols (GPIs). The glycosylphosphatidylinositol (GPI)
anchor is capable of anchoring proteins in the cellular membrane [29, 30]. The biosynthesis
of GPl-anchored proteins involves a transfer reaction within the endoplasmic reticulum
to proteins carrying a carboxy-terminal signal sequence. Structurally, the GPI anchor is
phosphatidylinositol glycosidically linked to an unsubstituted glucosamine (GIcN), which
is further linked to a linear chain of three mannose residues. The terminal mannose is
connected to phosphoethanolamine, which links in turn to the C-terminus of a protein.

2.3.2.3 Glycoglycerolipids. In both plant and animal organisms, glycoconjugates of
mono- or oligosaccharides with mono- and diacylglycerols have been detected [31]. The
reducing end monosaccharides seem to be restricted to galactose and glucose (Figure 2.12).

2.3.3 Polymeric Structures

Polymeric saccharides are frequently divided into homo- and heteropolysaccharides. Ho-
mopolysaccharides are built up from only one kind of monosaccharides, whereas het-
eropolysaccharides contain at least two different monosaccharides, mostly combined in
repetitive units with a size from two to six monosaccharides. Commonly known ho-
mopolysaccharides serve heterogeneous functions such as cellulose as a structural cell
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Series Reducing end Sequence

Lacto %h%. B-D-Galp(1-3)B-D-GlcpMNAc(1-3)p-D-Galp(1-4)B-D-Glcp-Ceramide
Nedacto (O ll5O57@  B-0-Galp(1-4)8-D-GlcpNAC(1-3)B-D-Galp(1-4)B-D-Glcp-Ceramide
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Sulfatidyl B-D-Galp3Sulfate-Ceramide

2O

Figure 2.11 Common structural motifs constitute the main classification criterion for glycosphin-
golipids.

wall component of plants, glycogen as an energy storage saccharide, and chitin as the main
exoskeleton material of insects.

2.3.3.1 Proteoglycans and Glycosaminoglycans. Proteoglycans (PGs) [22, 32] are a
ubiquitous family of biomolecules that are composed of a core protein and one or more
covalently attached sulfated glycosaminoglycan (GAG) [33] chains. GAGs can also appear
unconjugated. GAGs are linear polymers built up from disaccharide building blocks, con-
taining, as their name suggests, amino sugars and uronic acids (Figure 2.13). The degree
and position of sulfation and epimerization (GIcA to 1doA) are extremely variable in GAGs.
They constitute a very heterogeneous class of substances, as sulfation and epimerization
reactions occur in a non-stoichiometric manner depending on the tissue/cellular/metabolic
context.

2.3.3.2 Bacterial Carbohydrate Structures. Bacteria are capable of synthesizing com-
plex polysaccharides with an enormous structural variety. These polysaccharides are mainly
associated with the different layers of the cell wall. The more complex cell wall of Gram-
negative bacteria consists of two membrane layers, which are separated by the periplasmic
space (Figure 2.14a). In this intermembraneous cavity, the two main saccharide classes of
glucans and peptidoglycans have been described (Figure 2.14c, 14d). The outer leaflet
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Figure 2.12 An example of a glycoglycerolipid attached to a cellular membrane. It is constituted
of carbohydrate moieties and a membrane-anchoring part, here a diacylglycerol.

of the outer membrane contains the lipopolysaccharide (LPS), a membrane-anchored
polysaccharide with a distinct structure (Figure 2.14b). Depending on bacterial species and
serotype, the LPS can be modified with a diverse range of substituents and rare monosac-
charides. Gram-positive bacteria have a simpler cell wall, which consists of one membrane
and a thicker peptidoglycan layer. Teichoic acids (polyribitol- or polyglycerolphosphates)
conjugated to peptidoglycans or the membrane are distinct marker substances for Gram-
positive bacteria. Frequently, bacteria have the potential to ensheath themselves in an ad-
ditional layer of complex capsular polysaccharides (K-antigens as opposed to O-antigens
from LPS and F-antigens from their mobility apparatus). These capsule polysaccharides
can be coarsely divided into groups according to their monosaccharide content. There is
now also evidence suggesting a glycosylation machinery for proteins in certain bacterial
species [34].

An analysis of digitally available bacterial carbohydrate sequences reveals marked dif-
ferences in disaccharide patterns compared with the mammalian situation [13, 35]. Most of
the frequently occurring disaccharide patterns can be attributed to the specialized polysac-
charides of the bacterial cell as discussed above.

2.3.3.3 Carbohydrate Structures of Plants. Apart from particularities in their N- and
O-glycosylation machinery, which we will not discuss here (for more information, see
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Figure 2.13 Proteoglycans and glycosyaminoglycans. (a) Typical schema of a proteoglycan. A
central protein is bound to a hyaluronan chain. The central protein is heavily glycosylated with both
N- and O-glycans and glycosaminoglycans. (b)—(f) Different glycosaminoglycans. (b) Hyaluronan is
not covalently attached to a protein, but directly secreted to the ECM. A polymer can contain up to
10000 disaccharide building blocks. (c) Keratan sulfate is a sulfated glycosaminoglycan that contains
a polylactosamine building block. Keratan sulfate can be linked both to N- and common O-glycan
cores. (d) Heparan sulfate is linked via a xylose to a serine of the core protein. (¢), (f) Chondroitin
sulfate and dermatan sulfate are linked in the same way.

[36]), plants exhibit in their cell wall a variety of polymeric saccharides [37, 38]. The most
abundant biogenic substance is cellulose, a linear homopolysaccharide built up by several
hundred to over 10 000 B(1-4)-linked glucose residues, with a defined secondary structure.
Other cell wall components are hemicelluloses, a smaller branched heteropolysaccharide
class with glucose, mannose, galactose, xylose, and arabinose content. Rhamnogalacturo-
nans (RG-1) form another diverse class of plant polysaccharides with a—2)-a-1L.-Rhap-(1-4)-
a-D-GalpA-(1- backbone to which side branches containing arabinose, galactose, xylose,
and fucose are connected. The data for plants in carbohydrate sequence databases are
sparse.

2.3.4 Motifs

Another means of grouping saccharides is the identification of sequence motifs, which
can be found in glycolipids and N- and O-glycans. Regulated biosynthetic processes
determine the precise nature of the terminal modifications of the core structures. Im-
portantly, terminal mono- and oligosaccharides are those best accessible for receptor
interactions. The frequently found extensions have received trivial names, with the pri-
mary examples being those of the human blood groups, which correspond to certain
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Figure 2.14 Selected cell wall components of Gram-negative bacteria with a carbohydrate content.
(@) Schematic drawing of an idealized cell wall of a Gram-negative bacterium. Two membrane
layers flank a periplasmic space, in which peptidoglycans and membrane-derived oligosaccharides
(glucans) reside. The outer membrane contains lipopolysaccharides (LPS). (b) The general structure of
lipopolysaccharides. Two glycosidically linked glucosamine residues are conjugated to membrane-
anchoring lipophils; this substructure is called lipid A or endotoxin. An inner core region rich in
ketodeoxyoctulosonic acid (KDO) and heptoses is attached to the lipid A, followed by an outer diverse
core region. The polymeric O-antigen terminates the LPS. (c) B-Glucan structures are frequently found
in the periplasmic space. (d) The main structure of peptidoglycan. A disaccharide repeating unit
builds up long polymers, which are interconnected by a peptide bond between adjacent tetrapeptides
conjugated to muramic acid.

small oligosaccharide fragments located on the erythrocytes (Figure 2.15: blood group
antigens). Other oligosaccharide extensions found on erythrocyte membranes are the
Lewis antigen with its different forms (Figure 2.15: Lewis A-Y, sialyl Lewis A, sia-
Iyl Lewis X), and the lactosamine extension with its different subtypes (Figure 2.15:
lactosamine, neo-lactosamine, LacDiNAc). The polylactosamine motif is a disaccha-
ride repeating unit found on N-glycans, O-glycans, and glycolipids (Figure 2.15: poly-
lactosamine) [3]. The human P-antigens are described on glycosphingolipids (Figure
2.15: P-, Pk- and P1l-antigens). CAD- and Sda-antigens are also found as blood group
determinants.
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2.4 Conclusion

A large variety of carbohydrates exist, which are often specific to certain species. Neverthe-
less, natural organisms do not populate the large number of potential isomers that mono- and
oligosaccharides could provide. Each living organism uses a small set of monosaccharide
building blocks determined ultimately by their genetically determined repertoire of glyco-
related enzymes to produce the monosaccharides and also to link them together. Through
statistical analysis of the carbohydrate structures deposited in databases [13, 39], one can
derive an overview of the structural diversity of experimentally determined mammalian and
bacterial “glycospace.”

It has been recognized that the information available in carbohydrate sequence databases
is not complete, and large “glycome” projects — where all carbohydrates produced by an
organism are systematically determined experimentally — may not be feasible. Therefore,
bioinformatic approaches may be used to estimate the size of the glycome of an organism
by analyzing the so-called “glycogenes.” Bioinformatic methods have already been used
to find all glycosyltransferase genes in humans [40, 41]. Generally, the glyco-related path-
ways in mammals are now well-investigated regulatory networks [15]. However, although
the 10 “mammalian” monosaccharides (Figure 2.5) and about 180 human glycogenes
(http://riodb.ibase.aist.go.jp/rcmg/ggdb/) [40], most of which produce a specific linkage,
are fairly well known and characterized, it is very difficult to give a realistic estimate
of how many glycan structures can really be found in mammalian tissues. Because the
biosynthesis of carbohydrates is not under direct genetic control, dozens of different en-
zymes are involved in the synthesis of the sugar chains attached to proteins or lipids.
Depending on which of these enzymes are expressed and which donors are available
in the cell that synthesizes the carbohydrates, various different glycan chains will be
produced.

Recently, a mathematical model for the N-glycan pathway, the best understood biosyn-
theses process in glycobiology, was developed to simulate possible extension of the
N-glycan core structure encoding the reaction of 11 different enzymes. Although several
simplifications were included, the model generates 7565 N-glycans in a network of 22 871
reactions [42]. The number of distinct N-glycan structures currently deposited in pub-
licly available databases totals about 4000 [9]. In another approach to estimating possible
N-glycan structures, a knowledge-based approach to generate sets of possible N-glycans
was implemented in the Cartoonist program, used to assist rapid interpretation of mass
spectra. Experts have to manually include so-called archetype cartoons. These are essen-
tially known basic substructures occurring for a specific class of glycans. Based on these
archetype cartoons and sets of rules, the program generates a library of possible N-glycan
structures. The latest version of Cartoonist generates about 145000 different N-glycan
structures [43, 44]. Although many details of the N-glycosylation pathway are known,
prediction of the structures actually synthesized is further complicated by the fact that
the N-glycan branching is ultra-sensitive to increases in the UDP-GIcNAc donor levels.
Consequently, glycoprotein receptors have evolved with low or high numbers of N-glycan
sites so they may take advantage of differential N-glycan branching to regulate the strength
of their association with a cell-surface lattice [45, 46]. As a conclusion, systems biology
approaches [47, 48] to estimate the number and structures of N-glycans synthesized in a
specific tissue will have to take into account all of the above-outlined influences on the
level of available enzymes and also donor molecules.
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3.1 Introduction

Glycoscience is an interdisciplinary field of research and scientists from various com-
munities are involved in elucidating the biological roles of carbohydrates from diverse
perspectives, using awide variety of experimental techniques. Each of these communities
has its preferred way to represent carbohydrate structures. Whereas biomedically oriented
scientists tend to use coarse descriptions such as composition and symbolic representa-
tions, biochemically oriented groups often prefer aresidue-based al phanumeric description
(mainly one of the various IUPAC depictions). In contrast, chemists clearly favor graphical
representations, which show all atomic details including stereochemistry. X-ray crystallo-
graphers, NMR spectroscopists and molecular modelers prefer 3D representations. This
chapter will present an overview of the sequence formats used in glycobioinformatics.

3.1.1 An Abstract View of Carbohydrate Sequences

Sequences of DNA or protein can be handled bioinformatically as simple linear strings,
whereas carbohydrate sequences contain specia informatic challenges caused by the prop-
erty of branching. They can probably be best described in computational terms as graphs,
with the monosaccharide residues as the vertices (nodes) and the glycosidic linkages as
edges(lines) (Figure 3.1). Ascarbohydrate sequences contain apreferred direction fromthe
reducing end to the non-reducing end, the graphs can be viewed as directed (digraphs). The
existence of potential multiple connections between two residues (e.g. sialyl glycoside lac-
tonization) can degenerate the graph to a multigraph. The rare cyclization of carbohydrate
structures (e.g. cyclodextrins) can lead to cyclic graphs. To avoid a combinatorial expan-
sion of identical substructures, so-called repeating units are frequently encoded as special
entities. Limited analytical techniques resulting in partial structure elucidation can pro-
duce uncertainties in the sequences, especially regarding the location of terminal residues
(capping units). Some secondary modifications (e.g. sulfation) are present only on afrac-
tion of the residues (nodes) of repeating units, leading to non-stoichiometric modification

Bioinformatics for Glycobiology and Glycomics: an Introduction Edited by Claus-Wilhelm von der Lieth, Thomas L iitteke and Martin Frank
© 2009 John Wiley & Sons, Ltd
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Figure3.1 A generic schemaof acomplex carbohydrate sequence. Squares represent monosaccha-
ride residues (graph vertices), arrows symbolize glycosidic linkages (directed edges). Carbohydrate
seguences may contain repeating units with non-stoichiometric modifications (STA), multiple con-
nections between vertices, cyclic subgraphs, aternative residue declarations, and fuzzily defined
capping unit locations.

patterns. Finally, alternative residue names at a certain position vertex can be the result of
an impartial structure elucidation.

3.1.2 Historical Overview of Carbohydrate Sequence Formats and
Sorage Capabilities

An intuitive way of storing carbohydrate sequence topologies is a simple two-dimensional
sketch analogous to that shown in Figure 3.1a. ASCII 2D plots, with the residues and
linkage data inserted as text in close resemblance to IUPAC recommendations [1], were
used by the first initiative for carbohydrate sequence storage, the Complex Carbohydrate
Structure Database (CCSD) [2, 3] (see Section 3.2.2, Figure 3.5). Subsequent initiatives
using relational databases opted for storing the carbohydrate sequences as strings, similar
to those used in protein or DNA databases. These strings were obtained by an ordered
traversal of the carbohydrate sequences and could thus serve as primary keys in database
systems (e.g. canonicalized string representations such asused in LINUCS [4], GlycoSuite
[5, 6], LinearCode [7], and BCSDB [8]). Later, the connectivity information in carbohy-
drate sequences was stored using connection table-like representations (KCF [9], GlycoCT
[10]). These connection tables can be naturally expressed in XML encodings (Glyde [11],
CabosML [12]). The different formats used in glycobioinformatics have different capa
bilities to store the complex information potentialy present in carbohydrate sequences
(Table 3.2).
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Table3.1 A comparison of the structural information storage capabilities of the different sequence
formats used in glycobioinformatics.

Capping Non-

Sequence Multiple Repeating unit under- stoichiometric Alternative
format connections Cyclization units determined modification  residues
CCsD + - + — — -
LINUCS - + + - - -
BCSDB — — + — — +
LinearCode - + — + — +
KCF + + + - - -
CabosML + + + - - -
Glyde-ll + + + + + -
GlycoCT + + + + + +

The following sections will provide more detailed insights into the different sequence
formats used in glycobioinformatics, focusing mainly on the topological descriptors devel-
oped so far.

3.2 Sequence Formats
3.2.1 The Chemical Sandard I[UPAC-IUBMB

The standardized nomenclature of carbohydrates is the recommendation of the joint com-
mission of the International Union of Pure and Applied Chemistry (IUPAC) and the Inter-
national Union of Biochemistry and Molecular Biology (IUBMB) [1]. Since the IUPAC
definitions are to some extent used by most of the existing databases, the main agreements
and ruleswill be summarized here with respect to digital encoding of complex carbohydrate
topologies. See Chapter 2 for an introduction to monosaccharide naming conventions.

3.21.1 Topological Descriptors Accordingto lUPAC. Sincethe lUPAC recommenda-
tions are able to describe most of the structural features of naturally occurring oligosaccha-
rides, most of their basic definitions have been adopted by the publicly avail able databases:

¢ The conventional depiction has the reducing sugar on the right and the non-reducing
end on the left. Also, when there is a glycosyl linkage to a non-carbohydrate moiety
(e.g. protein, peptide or lipid), the glycosyl residue involved should appear on the | eft.

* The linkage of two monosaccharide units is described by the locant of the anomeric
carbon atom, an arrow or ahyphen, and thelocant of the connecting oxygen of the next
monosaccharide unit which are set in parentheses between the names of the residues
concerned [e.g. Gal-(1—4)-Glc]. The anomeric centers are described either within
the linkage or on the residue level.

IUPAC provides several waysto write the abbreviated forms of oligosaccharide sequences.
Examples are given for three encoding schemata for the N-glycan corein Figure 3.2.

The extended and condensed forms according to IUPAC are two-dimensional graphical
representations of oligosaccharide structures; in the condensed form the more frequent
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a-D-Manp Extended form
1
i
(]
A-D-Manp-(1—+4)-§-D-GlepN Ac-(1—+4)-f-D-GlcpNAc-(1—
S

T

1
a-D-Manp

Man(«1-6) Condensed form

|
Man($1-4)GlcNAc(81-4)GIcNAc(f1-

Man(ee1-3)
Man(a1-3)[Man(a1-6)JMan(81-4)GlcNAc(£1-4)GICNAC(B1- Condensed form
(one line)
Mance3(Man o6)Man f4GIcNAC4GIcNACS Short form
Mann3ManB4GIcNAcB4GIcNACE Short form
| (alternative)
Manx6

Figure3.2 IUPAC defines severa alternatives for the description of oligosaccharide sequences.
Some databases use variants of the condensed form, adding a sorting algorithm to provide a unique
key for relational databases.

configuration (p or L) and ring size can be omitted. The recommendation contains, fur-
thermore, an example of a pure string representation for an oligosaccharide [condensed
form (oneline)], which places branching chainsin square brackets. The short form reduces
the sequence even more, defining the C1 atom of aldoses and the C2 atom of ketoses as
the default connection, which can be left out. The recommendation, however, defines no
precedence rules for sorting and therefore does not result in unique sequences for branched
oligosaccharides.

3.2.2 Complex Carbohydrate Structure Database (CCSD)

The Complex Carbohydrate Structure Database (CCSD) — often called CarbBank with
reference to the retrieval software used to access the data— was devel oped and maintained
by the Complex Carbohydrate Research Center of the University of Georgia (USA) [2, 3].
An online version of the database is still available [13]. It was the largest endeavor during
the 1990s to collect glycan structures, mainly through retrospective manual extraction
from the literature. The main aim of the CCSD was to store all publications in which
specific carbohydrate structures were reported. However, when the funding stopped during
the second half of the 1990s, CarbBank was not devel oped further and the CCSD was no
longer updated. Neverthel ess, with about 50 000 entries of about 20 000 different structures,
the CCSD is till one of the largest repositories of glycan-related data. Figure 3.3 depicts
the CarbBank encoding scheme for monosaccharides.

CarbBank defined the first sequence format for oligosaccharide structures, which
was designed for computational purposes, basically to facilitate retrieval operations. It
stored the sequence information using the extended |UPAC description as 2D graphical
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(a)
@ @ ® @6 ©® 0 ® @@ 06 @ 06

1,6An- D- gro- a- L- 5-en 6-deoxy- araHex 3ulo p A subst -ol

@ anhydro basetype of sugar
@ @ Forsugars with > 6 stereogenic C- @ ulo indicates keto-function
atoms, additional stereocenters are ing fi
designated with an identifier here ® ringform
@ (5 anomeric and configurational @ Uronic acid
information o . : ;
(&) (7) double bonds (en) and deoxygenations @ position and identity of substituents
(deoxy) @3 -ol for alditols, -aric for glycaric
acids, -onic for glyconic acids
(b)
b-D-Glep B-D-glucose, pyranose form
b-D-GlcpA B-D-glucuronic acid
b-D-GalpNAc B-D-galactose, position 2: N-acetylamino
D-Clep-onic b-gluconic acid
a-L-6-deoxy-Talp a-L-talose, pyranose form, C6 deoxygenated
D-Gro-a-D-manHepp o-glycero-a-D-manno-heptose, pyranose form
b-D-3en-eryHexpA B-D-erythro-hexose, uronic acid, 3,4 C-C double bond

Figure3.3 (@ CarbBank introduced a defined encoding scheme for monosaccharides, which re-
sembles a condensed and ordered I[UPAC string. Standard positions for common substitutions and
trivial names were used. In simplification of IUPAC representations, o« and 3 were represented by a
and b, respectively, and the font size of the configurational descriptorsp and . (usually small capitals)
was made the same as that of the normal text. (b) Examples.

representations (Figures 3.4 and 3.5). Extensions of the notation allowed it to encode cyclic
structures, repeating units and ambiguities on both linkage and building block level. No
hierarchy rulesfor the ordering of branches of the oligosaccharide were explicitly defined.
However, by convention, the branch with the highest locant was positioned at the top.

Although the CarbBank rules are in principle able to provide a unique description of a
monosaccharide, they have unfortunately not been consistently applied to all CCSD entries.
The inconsi stency in monosaccharide encoding used within CarbBank results from the fact
that different people have entered structures and that no automatic check using a controlled
vocabulary was implemented. Additionally, the scientific curators had to include modifi-
cations of carbohydrate structures, which were not completely covered by the CarbBank
encoding schema. Unfortunately, only afew copies of the manual are still circulating and
it seems that not all conventions — especially not the latest ones — applied to the database
are completely documented.

a-D-Manp- (1-6) +

|
b-D-Manp-(1-4)-b-D-GlcpNAc- (1-4)-b-D-G1lcpNAc

|

a-D-Manp- (1-3) +

Figure3.4 CarbBank used 2D graphical representations to store the oligosaccharide sequences.
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. start of record Start flag

; db=ccsd29 Database revision

CC: CCsD:17587 Complex Carbohydrate ID
AU: Priem B; Gitti R; Bush CA; Gross KC Authors

TI: Structure of ten free N-glycans in ripening tomato fruit Title of publication

CT: Plant Physiol (1993) 102: 445-458 Citation source

BS: (GS) Lycopersicon esculentum, (CN) tomato Biological source

MT: N-linked glycoprotein Metatype

DA: 23-11-1993 Date of entry

structure:

a-D-Manp-(1-6)+
| ASCII 2 D graph
b-D-Manp-(1-4)-b-D-GlcpNAc-(1-4)+ of structure

I I
a-L-Araf-(1-2)+ D-GlcNAc

|
a-L-Fucp-(1-3)+
================p0nd of record- End f!ag

Figure3.5 Excerpt from CarbBank for CCSD-ID 17587. The sequences were stored in a flat-file,
which contained different sections for additional information and annotation for each entry.

CarbBank provided options for exact and substructure searches, but did not check if a
newly entered structure was aready contained in the database, as the major aim of this
database was literature tracking. Since the CCSD data have been included in nearly all
active projects to some extent, the ideas and conventions introduced by CarbBank are still
of importance.

3.2.3 Linear Notation for Unique Description of Carbohydrate
Sequences (LINUCS)

The GLY COSCIENCES.de portal [14, 15] —the former SweetDB [16] —was established at
the end of the 1990s at the German Cancer Research Center (DKFZ) and includes most of
the sequences from the CCSD and Sugabase [17, 18] (a carbohydrate NMR database that
combines CarbBank data with proton and carbon chemical shift values). Additionally, the
database is updated with manually selected structures and NMR spectra. The CarbBank
nomenclature is used as the encoding scheme for the monosaccharides. For the sequence
format, the GLY COSCIENCES.de portal uses a newly defined sequence format called
LINUCS (LInear Notation for Unique description of Carbohydrate Sequences) [4], which
produces unique strings for branched oligosaccharides by using the linkage information
to establish a hierarchy of branches (Figure 3.6). The sequences start at the reducing end
and are sorted alphanumerically by the linkage information. Each residue is followed by
obligatory curly brackets (braces), which contain possible sub-branches. Theformat allows
implicitly for ambiguities on residue and linkage level to occur: the unknown information
is represented by the metacharacter “?’. Repeating elements and cyclizations have been
foreseen by the devel opers of this format.
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a-D-Manp- (1-6) + Example of N-glycan core
|
b-D-Manp- (1-4)-b-D-GlcpNAc-(1-4) -b-D-G1lcpNAc
|
a-D-Manp- (1-3) +

4] LINUCS Code - indented
[B-D-GlcpNAc] {
[(4+1)] [B-D-G1lcpNAc] {
[{4+1) ] [B-D-Manp] {
[(3+1) ] [A-D-Manp] {}
[ (€+1)] [A-D-Manp] {}

}

B-D-GLepNAC] { [ (4+1) ] [B-D-G1cpNAc] ([ (4+1)] (B-D-Manp]  LINUCS Code - one line

[1L
{[(3+1)]1 [A-D-Manpl{} [(6+1)][A-D-Manpl{}}}}

Figure3.6 Linear notation, which isused in the GLY COSCIENCES.de portal, exemplified for the
N-glycan core. The resulting code is shown in indented and one-line variants.

3.24 Bacterial Carbohydrate Structure Database (BCSDB)

The aim of the Bacterial Carbohydrate Structure Database (BCSDB) [19] is to provide
a database of structural, bibliographic, and related information on bacterial carbohydrate
structures [8, 20]. The BCSDB uses a monosaccharide encoding, which is in some as-
pects similar to the extended IUPAC format. Each residue name is composed of several
identifiers following each other without any separators. anomeric configuration, configu-
rational symbol, carbohydrate stem type, ring size, modification position(s) and modifiers.
In contrast to IUPAC conventions, some monovalent substituents (e.g. Me = methyl,
Ac = acetyl) are described as separate residues, e.g. aDGal (1-3)bDGIcNAc isrecorded as
aDGal (1-3)[Ac(1-2)]bDGIcN. Sequences are encoded in a linear fashion using brackets.
The BCSDB has a set of rules which results in unique representations for oligosaccha
rides by ordering the carbohydrate sequences. A special focusis on repeating units, which
are common in bacteria polysaccharides. Examples of the BCSDB formats are shown in
Figure 3.7; the indented form isincluded for readability.

a-D-Manp- (1-6) + Example of N-glycan core

b-D-Manp-(1-4)-b-D-GlcpNAc-(1-4)-b-D-G1lcpNAc
|
a-D-Manp- (1-3) +

aDManp (1-3) BCSDB Code - indented
[aDManp({1-6) ]
bDManp (1-4)
[Ac(1-2)]
bDGLCPN (1-4)
[Ac(1-2)]
bdGlcpN

aDManp (1-3) [aDManp(1-6) ] bDManp(1-4) [Ac{1-2) ] bDGlcpN (1- BCSDB Code - one line
4) [Ac({1-2)]1bdG1lcpN

Figure3.7 TheBCSDB encoding exemplified for the N-glycan core. Acetyl istreated as a separate
residue, in contrast to other encoding schemes.
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a-D-Manp- (1-6) + Example of N-glycan core
|

b-D=-Manp-(1-4}-b-D-G1lcpNAc- (1-4)-b-D-G1lcpNAc
|
a-D-Manp- (1-3) +

Man(al-3) GlycoSuite format - indented
[Man{al-8) ]
Man(bl-4)
GLlcNAC(bl-4)
GlcNAc
Man (al-3) [Man(a1-6) |Man (bl-4) GlcNAc(bl-4)GlclAc GlycoSuite format - one line

Figure3.8 GlycoSuite's format for representing oligosaccharide sequences.

3.25 GlycosuiteDB — Sequence Format

Established by the Australian company Proteome Systems and derived from the precursor
database BOL D [21], the GlycoSuite database[5, 6] aimsto cover all published, structurally
completely defined, mammalian O- and N-glycan structures. GlycoSuite [22], which is
a commercial, manually curated database, uses its own sequence format. The sequence
format is based on the IUPAC condensed form with extensions for repeating units and
ambiguous structures. Sequences are made unique by ordering them by longest chain,
linkage precedence, and finaly aphanumeric sorting. Examples of the condensed and
one-line GlycoSuite formats are shown in Figure 3.8.

3.2.6 Glycominds— LinearCode

The company Glycominds has developed an encoding scheme for sugar structures which
differsconsiderably from other approaches[23]. In LinearCode, the monosaccharide build-
ing blocks are encoded in an abbreviated form, with the most common forms being repre-
sented by a single-letter code (Table 3.2) [7]. The one-letter code M, for example, stands
for b-mannose in pyranose form. This approach results in very short names for common
monosaccharides (see Figure 3.9). The monosaccharide building blocks are given a
hierarchical order defined by their position in the list. The ordered controlled list of
base-type monosaccharides (Table 3.2a) serves both as a vocabulary and as a sorting
criterion for the algorithm to define the main chain in branched oligosaccharides. An
introduction to the LinearCode is available at the company’s website [24].

The short codes for the monosaccharide stem types can be modified by a series of
operatorsto encode structural changes. Theletters‘a and ‘b’ following the monosaccharide
symbol are used to encode the anomeric configuration (see Figure 3.9). Substituents on
the common core sugars are encoded as suffixes originating from a controlled vocabulary
(Table 3.2b), for example, a sulfate at position 3 of p-glucose in pyranose form is written
as “G[39]". Glycoconjugates are divided in the subclasses of amino acids, lipid moieties,
and other chemical entities.

The sequences of thisformat are grouped along the main chain, which is defined by two
rules:

1. If residues at branch points are identical, the lower numerical linkage defines the
main chain.

2. If residues at a branch point are not identical, the hierarchy of the dictionary defines
the main chain.
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Table3.2 (&) Monosaccharide trandation table for the LinearCode. The order of thislist is crucia
for the sorting algorithm which provides unique sequences. (b) Controlled vocabulary for
substituents. (¢) Examples for modified monosaccharides. The standard definition as found in part
(a) ismodified with suffixes for ring size and configuration using the operators caret (A), apostrophe
(), and tilde (~). The caret symbol indicates a change of ring size (pyranose/furanose) compared
with the definition in part (a), an apostrophe is used to indicate the corresponding stereoi somer
(p/r), and the tilde changes both ring size and absol ute configuration.

(c) Examples of

(a) Basic monosaccharides (b) Substituents modifications

M onosaccharide Code  Substituent Code  Monosaccharide Code
D-Glcp G Acid A D-Araf R
D-Galp A N-Methylcarbamoyl ECO D-Galf AN
D-GIcpNAc GN Pentyl EE D-Xylf XA
D-GlcpN GQ Octyl EH D-Rhaf H~
D-GalpNAc AN Ethyl ET D-GlcpNGe GJ
D-GalpN AQ Inositol IN

p-Manp M N-Glycolyl J

p-ManpNAc MN Methyl ME

Neu5Ac NN Hydroxyl OH

Neu5Gc NJ Phosphate P

Neu N Phosphocholine PC

Kdn K Phosphoethanolamine PE

Kdo W Pyruvate acetal PYR

D-GalpA L Amine Q

L-1dopA | N-Sulfate Qs

L-Rhap H Sulfate S

L-Fucp F O-Acetyl T

D-Xylp X Deoxy Y

p-Ribp B

L-Araf R

D-GIcpA U

p-Allp o

D-Apif P

D-Tagp T

Abe Q

D-Xulf D

D-Fruf E

LinearCode also contains rules to encode repeating units and circular structures. Further-
more, a number of ambiguities can also be encoded (Table 3.3).

3.2.7 The Format of the Kyoto Encyclopedia of Genes and Genomes (KCF)

The Kyoto Encyclopedia of Genes and Genomes (KEGG) [25] has developed the KCF
(KEGG Chemical Function) description for storage and encoding of chemical compounds
[9]. Thisformat has been adapted for saccharide structures. It represents thefirst published
sequence format for saccharides which uses a connection table approach (Figure 3.10). All
other previous attempts to encode glycan structures linearized the tree-like structuresto flat
strings. The KEGG encoding scheme for building blocks follows the established CarbBank
style. The NODE section of the format describes the building blocks (monosaccharides)
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Example of N-glycan core

a-D-Manp- (1-6) +

|
b-D-Manp-(1-4)-b-D-GlcpNRc-(1-4)-b-D-GlcpNAc

|

a-D-Manp- (1-3) +

ﬂ Lookup

Abbreviations (from dictionary)

M D-Man
GN D-Glcp?\lAc Ruleset | jnear Code
GNb  B-D-GlcpNAc E=——=D> Ma3(Ma6)Mb4GNbAGNb

Ma o-D-Manp
Mb p-D-Manp

Figure3.9 LinearCode developed by Glycominds. A compact linear representation results for
common oligosaccharides.

sequentialy. The list is numbered and its members constitute the nodes of a graph. The
EDGE section describes the linkages (glycosidic bonds) between the entries defined in the
NODE section. The resulting sequences are not necessarily ordered. Consequently, more
than one valid KCF description for a given glycan can be generated.

TheKCF descriptionincludes X,Y coordinatesfor each node, used for drawing purposes.
An extension of the format allows repeating structures to be encoded, using an additional
BRACKET section, which introduces X,Y coordinates of parenthesesindicating the repeat-
ing unit in the graphical output. The graphical output can be generated by the KegDraw
software, whichisastand-al one Javaapplication for editing and visualizing oligosaccharide
structures and chemical molecules [26].

3.2.8 Extensible Markup Language (XML)-based Approaches

As demonstrated in the previous sections, a variety of encoding schemes and sequence
formats for glycan structures exist. Essentially, nearly every database project has devel-
oped its proprietary way to encode glycan structures. The current situation of databases
in glycobiology/glycomics can be characterized by the existence of multiple disconnected
and incompatible islands of experimental data, data resources, and specific applications.

Table3.3 Coding of ambiguitiesin LinearCode.

Ambiguity Operator

Anomer ?

Substituent position ?

Unknown sugar *

Undefined linkage List of linkages, delimiter is“/”

Sugar identity List of possibilities, delimiteris“/... /"
Unknown position of terminal residues “...=2%|...=1%)]" to define alist of terminal

residues, “2%", “1%", etc., to mark the possible
positions of these residues in the structure
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a-D-Manp-(1-6)+
I

b-D-Manp-{1-4)-b-D-GlcpNAc- (1-4) -b-GlcpNAc
|
a-D-Manp-(1-3)+

KCF
ENTRY Glycan
NODE 5 Total number of nodes
Number of node in 1 GlcNAc 3.0 0.0
alisne Rl 2 Man 7.0 0.0 | Node (Residue) list
3.000 xv-coordinates (for 3 Man -16.0 5.0 including coordinates for
image display) 4 Man =16.0 =5.0 graphical display
5 GlcNAcC 16.0 OO
EDGE 4 _ Total number of edges
4 number of linkage 1l 2:bl 1:4
1:b1 Residue 1 is connected via 2 3:al 2:6
tCc-atom 1 (beta anomeric) B 2:a1 2:3 Edge (linkage) list
5:4 Residue 5 via C-atom 4 —4 1:bl 5:4

i/

Figure3.10 Theformat of the Japanese initiative Kyoto Encyclopedia of Genes and Genomes.

Therefore, there are several ongoing projects aiming at overcoming this unfavorable situ-
ation, which mainly concentrate on providing an XML -based sequence format for glycan
structures. XML provides a text-based means to describe and apply a tree-based structure
toinformation. At itsbaselevel, al information manifests astext, interspersed with markup
that indicates the information’s separation into ahierarchy of character data, container-like
elements, and attributes of those elements. There are currently two XML descriptions for
sugar structures published in the literature.

3.28.1 Glycan Data Exchange (GLYDE) Format. Asapart of the Integrated Technol-
ogy Resource for Biomedical Glycomics, established by the National Center for Research
Resources, ateam from the Complex Carbohydrate Research Center (CCRC), at the Uni-
versity of Georgia, has proposed GLY DE (Glycan dataexchange format) asan XML -based
representation format to foster interoperability and exchange of glycomics data.

Version 1.1 of GLY DE, which isbased on atree-like representation of glycan structures
(Figure 3.11), using IUPAC-like naming of monosaccharide residues, was published in
2005 [11].

Asaresult of aninternational collaboration, GLY DE-I1 [27] (Figure 3.12), the successor
of GLYDE, based on a connection table approach, has been suggested, to overcome the
limitations of GLYDE. GLY DE-II uses a controlled vocabulary for glycans based on the
conventions of GlycoCT (discussed in Section 3.4.2). GLYDE-II is capable of encoding
incompletely or ambiguously defined oligosaccharides, and can handle repeating units. An
atom replacement formalism model sthe atomistic detail s of the bonds between the different
entities.

3.2.8.2 CabosML. Asapart of the Japanese Glycogene Project carried out at the National
Institute of Advanced Industrial Science and Technology (AIST), a bioinformatics system
for the comprehensive identification and in silico cloning of human genes which encode
for carbohydrate-active enzymes was created. To cope with the complexity of glycan
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a-D-Manp-(1-6)+
|

b-D-Manp- {1-4} -b-D-GlcpNAc- (1-4) -b-D-GlcpNAc
|
a-D-Manp-(1-3)+

GLYDE

<Glycan>
<residue>
<residue anomeric_carbon="1" anomer="b™ chirality="0" monosaccharide="GlcNAc™ ringform="p" >
<residue link="4" anomeric carbon="1" anomer=“b" chirality="D" monosaccharide="GlcNAc* ringform="p" >
<residue link="4" anomeric carbon="1" anomer="b" chirality="D" monosaccharide="Man" ringform="p" >
<residue link="3" anomer:c carbon="1" anomer="a” chirality="D" moncsaccharide="Man" ringform="p" >
</residue>
<residus link="6" anomeric carbon="1" anomer="a" chirality="D" moncsaccharide=“Man® ringform="p®* >
</residua>
</residua>
</residue>
</ rasidue>
<residue>
</Glycan>

Figure3.11 GLYDE initsfirst published version. Tree-like oligosaccharides can be encoded using
aparent-child hierarchy of XML elements.

a-D-Manp-(1-6) +
|

b-D-Manp- [1-4) -b-D-GlcpNAc- (1-4)-b-D-GlcpNAc
|
a-D-Manp-({1-3) +

<?yml version="1.0" encoding="IS0-B8859-1"2>
<!DOCTYPE GlydeII SYSTEM "GLYDE-II_v2.14.0TD"[
<!ENTITY mDBget “ref=http://www.MonoSaccharideDB.org/GLYDE-IT. jsp2G">

1>
<GlydeIl xmlns:GlydeII="http://glycomics.ccrc,uga,.edu/GLYDE-II v2.14">

<structure type="molecule" id="molecule 1" name="pentaglycoside">
<part type="residue" subtype=substituent partid="1" ref="smDBget;=nac"/>
<part type="residue" subtype=substituent partid="2" ref="smDEget:=nac"/>
<part type="residue" subtype=base type partid="3" ref="&mDBget;=b-dglc-hex-1:5"/>
<part type="residue" subtype=base type partid="4" ref="smDBget:;=b-dglc-hex-1:5"/>
<part type="residue" subtype=base type partid="5" ref="imDBget:;=b-dman-hex-1:5"/>
<part type="residue" subtype=base_type partid="6" ref="amDBget:;=a-dman-hex-1:5"/>
<part type="residue" subtype=base type partid="7" ref="smDBget:=a-dman-hex-1:5"/>

<link from="1" to="3">

<link from="N1" to="C2" from replaces="02" bond order="1"/>
</1link>
<link from="2" to="4">

<link from="N1" to="C2" from replaces="02" bond order="1"/>
</link>
<link from="4" to="3">

<link from="Cl" to="04" to_replaces="01" bond order="1"/>
</1ink>
<link from="5" to="4">

<link from="Cl" to="04" to replaces="01" bond order="1"/>
</ link>
<link from="6" to="S5">

<link from="Cl" to="03" to_replaces="01" bond order="1"/>
</1link>
<link from="7" to="5">

<link from="Cl" to="06" to_replaces="0l1" bond_order="1"/>
</ link>

</structurez
</GlydeII>

Figure3.12 GLYDE-II encoding of the N-glycan core. GLYDE-II is based on a connection table
(CT) formalism using XML syntax. Residues as defined by the MonoSaccharideDB (see Section
3.4.1) are either base-type or substituents. All links between residues have to be exactly described,
indicating the atoms which are connected and those which will be replaced in the creation of the
linkage. For example, the monosaccharide N-acetyl-p-glucosamine is encoded with two residues:
its stem type p-Glcp, (dglc-hex-1:5), and the substituent, N-acetylamino (nac). A bond is formed
between the N of the N-acetylamino group and C2 of p-Glcp by replacing the O2 of the stem residue
(atom replacement formalism).



3 Digital Representations of Oligo- and Polysaccharides 61

a-D-Manp- ‘1‘63T Example of N-glycan core

b-D-Manp-(1-4)-b-D-GlcpNAc- (1-4) -b-D-GlcpNAc
|
a-D-Manp- (1-3) +

<¥ml? version="1.0" encoding="UTF-8"2> CabosML
<g:Glyco xmlns:g="http://bio.mki.co.]jp/glycoinformatics/2003">
<g:Carb_ID/>
<g:Carb_structure>
<g:MS name="GlcNac™>
<g:Ms link="1-4" anom="b" name="GlcNac™>
<g:MS link="1-4" anom="b"™ name="Man">
<giMs link="1-3" anom="a* name="Man™ />
<g:M$ link="1-6" anom="a" name="Man™ />
</g:Ms>
</g:iMs>
</geMs>
</g:Carb_structure>
</g:iGlyco>

Figure3.13 CabosML encoding of the N-glycan core. Topologies are reflected by the parent—child
relationships of the element g:MS.

structures, a carbohydrate sequence markup language (CabosML), an XML description
of carbohydrate structures, was developed [12] (Figure 3.13). This encoding is also used
in their non-public structural database [12]. The format is capable of encoding cyclic and
repeating structures.

3.3 Other Descriptorsand Tools
3.3.1 Symbolic Representations

Symbolic representations of complex glycans consist of a series of geometric symbols,
one for each type of monosaccharide, which are connected by a direct line to indicate the
glycosidic linkage. They are intensively used in many biomedically oriented publications.
Recently, a standardized set of symbols to represent monosaccharide residues (see the
inside cover of this book) was proposed by the Consortium for Functional Glycomics
(CFG) [28]. It was adapted, and modified, from the symbol set used in the book Essentials
of Glycobiology [29, 30]. Another set of symbols, and alinkage representation, have been
proposed by the Oxford Glycobiology Institute [31] (Figure 3.144). Two different ways of
depicting the anomeric configuration and the glycosidic linkage arein use:

1. Using characters added to the linkage line to indicate the stereochemistry and con-
nection points of aglycosidic linkage.

2. Using different line types (full lines or dashed lines) to indicate the anomeric con-
figuration, and associating the angle of the line linking to the adjacent residue with
the linkage position. The same angle always represents the same linkage position.
In this way, the linkage position is clearly shown without the need to add additional
numbers.

The CFG system is probably the most prominent example of the first approach. Here, the
anomeric configuration is designated by an o or B symbol, and a number indicates the
position of the carbon on the residue that is receiving the glycosidic bond (Figure 3.14b).
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(@) (b)

(c) (d)

Man Fuc
o o N o
[l [} ° ;
GIcNAc Man GIcNAc GIcNAc
B B B B4 B4 B4
3
o o
Man

Figure3.14 Representation of an oligosaccharide structure using symbols. For the meaning of the
monosaccharide residue symbols, see the inside cover of this book. (a) Oxford notation. (b) CFG
black-and-white symbolic notation. (c¢) CFG symbolic notation with angle-specific indications of
linkages as used in the Oxford notation. (d) ASCII 2D plot. The l[UPAC three-letter codes are used to
describe the monosaccharides. All images in this figure were created using GlycanBuilder [33, 34]
(see Chapter 13).

The second approach to representing anomeric configuration and the linkage (Figure 3.144),
whichwasinitially suggested by Kamerling and Vliegenthart in 1992 [ 32], has been adopted
by the Oxford Glycobiology Institute.

3.3.2 Encoding Monosaccharides Using Small Molecule Descriptors

Since the building blocks of oligosaccharides are small molecules with typically 5-11
C-atoms, in principle the molecular descriptors in use for small organic molecules could
aso be used for the encoding of complex carbohydrates. A prerequisite is, of course, that
the format allows an encoding of the stereochemistry. Such encoding schemes have been
used to represent carbohydrates in small-molecule libraries. However, none of the existing
glyco-related databases uses an atomistic encoding of monosaccharides. Equally important
isaconsistent handling of the non-carbohydrate portions of the oligosaccharides, for which
simple text identifiersare in use.

3.3.21 SMILES. SMILES is a genera-purpose chemical nomenclature and data ex-
change format, for which different variations exist [35] (Figure 3.15). The variants include
stereospecific (isomeric) and unique SMILES. The chemoinformatics community usesthis
format extensively and most of the structurally related chemical databases are capable of
generating this format as an output, for example, PubChem and ChEBI.
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Galactose SMILES
C(C1C(C(C(C(O01)0)0)0)0)0
o SMILES (isomeric)
D‘ c(c@@HI[C@@HI[C@@HKIC@H)(C(01)0)0)0)0)0
R i InChl
n° 1/C6H1206/c7-1-2-3(8)4(9)5(10)6(11)12-2/h211H,1H2/

12-,3+,4+,5-62/m1/s1

Figure3.15 Encodingsfor small moleculescan be used especialy onthe aglyconelevel in database
applications.

3.3.22 InChl. A more recent development is the IUPAC NIST Chemical Identifier
(InChl) [36, 37] (Figure 3.15). It is a digital equivaent of the IUPAC name, contain-
ing composition, connectivity, charge, stereochemistry, isotopic, and tautomerism layers,
which are separated by a dash, “/”. Its primary aim is to provide a unique identifier for
chemical compounds. Thisidentifier isalso broadly used in databases for small molecules.

3.3.2.3 Stereocodes. A direct numerical representation of the stereocenters of the
monosaccharide core has been utilized, for example, to detect carbohydrates in data of
the Protein Data Bank (PDB) [38, 39]. Generally, each carbon atom of the main chain is
assigned a number which reflects its stereochemical status (Figure 3.16). The stereocode
encodes the orientation of the hydroxyl group [or the substituent(s) by which it is replaced]
in relation to the plane spanned by the carbonto whichit is attached and the two neighboring
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a-D-GlcpNAc

Figure3.16 Numerical representation of the stereocenters of a monosaccharide. (@) N-Acetyl-
a-D-glucosamine with stereovectors. The stereovectors indicate the orientation of the hydroxyl
groups/substituents, so at C5 the orientation of the ring oxygen and not that of the CH,OH group is
taken into account. (b), (c) The position of the stereogenerating non-hydrogen substituents is used
to determine a configurational numerical code. (d) The resulting stereocode can be used to identify
uniquely monosaccharide core structures.
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carbons. This approach facilitates computational handling of monosaccharides and main-
tenance of databases.

3.4 Ongoing and Future Developments

The current situation in glycobioinformatics shows clearly alack of standardization on both
monosaccharide and sequence levels, as several “island” databases with different encod-
ings coexist, which are only weakly interconnected. Furthermore, no generally accepted
sequence exchange format exists, and none of the existing sequence formats is truly able
to handle all relevant experimentally derived structural evidence in a consistent manner.
Unpublished analysis has shown that all existing databases in the glycobioinformatics area
contain errors on the monosaccharide level, as the sugar names are typically treated as
free-text entries, which easily leads to errors even by careful and skilled curators. A short
overview of two promising solutions to these challenges is given in this section.

3.4.1 MonosaccharideDB

The MonosaccharideDB, which is currently under development within the EuroCarbDB
project [40], is intended to be a unified resource to validate monosaccharide names. Its
primary target is the generation of a unique identifier for each monosaccharide, along with
two- and three-dimensional standard representations, stereocodes, and different textual

MonoSaccharideDB

* exact search * fuzzy search

Monosaccharide: b-D-GlcpNAc

ID: 1 Ho '

S, OH
Name: b-D-GlcpNAc Y
BaseType: GLC (Glucose) AN 2 )
RootType: GLC Nk A G

Size: 6

Anomeric: b

Anomeric Carbon: | C1

Abs. Config: D Modifications:
Ring Type: p Name: NAc (N-Acetyl)
Stereocode: 212110 Position: 2

Figure3.17 MonosaccharideDB prototype web frontend — entry for 3-p-GlcpNAc. The current
implementation of the MonosaccharideDB is a prototype, which handles CarbBank nomenclature
and performs normalization on this encoding scheme. The long-term goal of this project is a freely
accessi ble standardizing and transl ating web service and dictionary for the glycobiology community.


