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Glycomics: an integrated systems approach
to structure-function relationships of glycans

Rahul Raman?, S Raguram?, Ganesh Venkataraman®-3, James C Paulson? & Ram Sasisekharan?

In comparison with genomics and proteomics, the advancement of glycomics has
faced unique challenges in the pursuit of developing analytical and biochemical
tools and biological readouts to investigate glycan structure-function relationships.
Glycans are more diverse in terms of chemical structure and information density
than are DNA and proteins. This diversity arises from glycans’ complex nontemplate-
based biosynthesis, which involves several enzymes and isoforms of these enzymes.
Consequently, glycans are expressed as an ‘ensemble” of structures that mediate
function. Moreover, unlike protein-protein interactions, which can be generally
viewed as ‘digital” in regulating function, glycan-protein interactions impinge

on biological functions in a more "analog” fashion that can in turn “fine-tune” a
biological response. This fine-tuning by glycans is achieved through the graded
affinity, avidity and multivalency of their interactions. Given the importance of
glycomics, this review focuses on areas of technologies and the importance of
developing a bioinformatics platform to integrate the diverse datasets generated
using the different technologies to allow a systems approach to glycan structure-

function relationships.

Given the limited number of genes in the entire
genome of mammals including humans, protein post-
translational modifications (PTM) regulating protein
function have a more important role in cell phenotype
than was previously suspected. The central dogma of
molecular biology has been revised to include pro-
tein PTM such as glycosylation. Glycosylation, or the
attachment of glycans or carbohydrates to proteins, is
perhaps the most extensive and complex form of pro-
tein PTM, and it provides for the needed functional
diversity to generate extensive phenotypes from a lim-
ited genotype.

Based on their backbone chemical structure, gly-
cans can be classified broadly as linear and branched
sugars. Branched glycans are present as N-linked and
O-linked glycosylation on glycoproteins or on glyco-

lipids!-3. The majority of the linear sugars are glycos-
aminoglycans, which contain long polymers of sulfat-
ed disaccharide repeat units that are O-linked to a core
protein, forming a proteoglycan aggregate* (Fig. 1).
There is accumulating evidence for the role of glycans
in cell growth and development®>-% tumor growth
and metastasis!®-1°, anticoagulation6-18 immune rec-
ognition/response®-23, cell-cell communication?425
and microbial pathogenesis?%:26-30_ Owing to their
ubiquitous presence at the cell-extracellular inter-
face, glycans are located in an environment of many
proteins such as growth factors, cytokines, immune
receptors, enzymes and others. The numerous biologi-
cal roles of glycans are attributed to their interactions
with these proteins, and thus, glycans modulate pro-
tein activity at the cell-extracellular interface.
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The study of glycans presents unique

Table 1 | Large-scale glycomics initiatives

challenges that necessitate a systems Web resource (URL)

Glycomics initiatives

approach involving multiple components as
well as integration of information at molec-
ular, cellular, tissue and higher levels31,
Three fundamental and interrelated aspects
of glycans make this field both intriguing

CFG (http://www.functionalglycomics.org)
EuroCarbDB (http://www.eurocarbdb.org)
HGPI (http://www.hgpi.jp)

CCRC (http://www.ccrc.uga.edu)

Consortium for Functional Glycomics (CFG; USA)
Collaborative Glycomics Initiative (Europe)

Human Disease Glycomics/Proteomics Initiative (Japan)
Complex Carbohydrate Research (Georgia, USA)

and challenging. First, the biosynthesis of
glycans is a non-template driven process
involving coordinated expression of several glycosyltransferases,
some of which have additional tissue-specific isoforms!-3:3233 The
complex biosynthesis and lack of proofreading machinery leads
to inherent heterogeneity and large diversity of glycan structures.
Furthermore, this complicates investigation by a functional genetics
approach to knock in or knock out specific structures and directly
evaluate their effect on the whole-organism phenotype. Second,
the chemical heterogeneity and diversity of glycans has challenged
the development of analytical techniques to accurately define their
chemical structures. Also, owing to their mode of biosynthesis,
ubiquitous subcellular distribution and glycoprotein diversity aris-
ing from one or more glycosylation sites, glycans always need to be
considered as a heterogeneous mixture of different chemical struc-
tures when isolated from cells and tissues. Finally, understanding
the biochemical basis of glycan-protein interaction is complicated
by the multivalency and graded affinity involving an ensemble of
glycans making multiple contacts with multivalent protein bind-
ing sites*24, Thus, glycomics—defined as a systems or integrated
approach to glycan investigation—is necessary to truly delineate
glycan structure-function relationships.

Recognizing the need to take an integrated approach to advance
glycan structure-function relationships, several international col-
laborative efforts, namely the Consortium for Functional Glycomics
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(CFG; amultimillion dollar initiative funded by US National Institute
of General Medical Sciences), EuroCarb, the Japanese Consortium for
Glycomics and many other resources have been established (Table
1). Motivated by the need to address the challenges outlined above,
these collaborative efforts are resulting in the development of novel
resources and technologies for glycomics.

Using CFG asa model system, this review aims to provide a perspec-
tive on the different technologies ranging from a functional genetics
approach to structural characterization of glycans and biochemical
aspects of glycan-protein interactions. The focus of this review is on
the datasets provided by these technologies, how they are interrelated
and how they need to be integrated to enable glycomics. The review
also discusses the development of a bioinformatics platform that
bridges multiple datasets collected using the different technologies
to provide a systems framework for glycomics. Although emphasis is
given to branched sugars in this review, the overall concepts behind
the integrated systems approach are applicable to both linear and
branched sugars.

Functional genetics approach to glycomics

Toward obtaining functional readouts on the various biological roles
of glycans, there have been advances in transgenetic technologies to
evaluate the effect of knockouts of glycan biosynthesis enzymes.
The number of known glycan biosynthetic
enzymes has increased dramatically since
the identification of the first set of glycos-
yltransferase genes in 1980s. Human and
mouse glycosyltransferases have been pri-
marily used in engineering glycosylation
of proteins and antibodies that are used as
therapeutics to improve their therapeutic

%
4 ]6s

B Ly parameters3t. The glycosyltransferases have
p3 [i%) . . .
Q4 also been used in de novo synthesis of specific
ORI glycan structures3435,

There are 98 genes in humans correspond-
ing to glycosyltransferases that have been
annotated in the KEGG database (Table
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Figure 1 | Chemical diversity of glycans. (a) Different classes of glycans in the symbol nomenclature
developed as a collaborative effort to homogenize glycan representation. Directionality is from
nonreducing end at the top to the reducing end at the bottom with the arrows indicating the
extension at the nonreducing end. Linkages between monosaccharides contain the anomeric
configuration of the monosaccharide (a, alpha and b, beta) and the oxygen atom in the reducing end
monosaccharide to which it is linked to. “/” is used to represent either-or case (b3/4 means b3 or
b4). In the case of complex N-linked glycans, the common terminal motifs attached to Gal are shown
in a dotted box. Abbreviations HS, CS and DS correspond to heparin or heparin sulfate, chondroitin

sulfate and dermatan sulfates, respectively.
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2). As a part of the collaboration with the
Japanese glycomics initiative, the CFG has
expanded this list to around 200 genes and
is now in the process of annotating them
in terms of the reaction specificity of the
enzymes. Characterization of the glycosyl-
transferases has permitted studies in which
these genes are knocked out in somatic cell
cultures to investigate effects of alteration or
complete inhibition of glycosylation on cel-
lular phenotype?. Given that glycans are at
the interface of the cell-extracellular region,
it was necessary to develop whole-organism
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genetics to understand how genotype influences the phenotype of the
entire organism. Advances in mammalian transgenetic technologies
have led to engineering knockouts of these genes in vivo.
Whole-organism functional genetic studies have provided valu-
able insights by directly linking the role of glycosylation of proteins
and glycan diversification to the phenotype at the cellular and the
whole-organism level. For example, knockouts of the GIcNAc and
GalNAc transferases involved in the early stages of N-linked and
O-linked glycan biosynthesis, and diversification often result in severe
phenotypes—specifically, developmental defects, immune dysfunc-
tion, inflammation deficits and even embryonic lethality®. This is
perhaps not surprising as such mutations affect the majority of cells
and their glycoproteins. But transgenic mice containing a knockout
of later-stage enzymes such as fucosyl and sialyl transferases, which
are involved in the cell type diversification and capping of N-linked
and O-linked glycans, provide more discrete and consequently more
difficult-to-detect phenotypes. Recent phenotype analysis of knock-
out strains of sialyl and fucosyl transferases has revealed interesting

Table 2 | Web-based resources for glycomics

phenotypes that provide evidence for specific glycan sequences in
mediating aspects of cell-surface biology36-38,

Large initiatives such as CFG now are generating transgenic mouse
lines representing knockouts of later-stage fucosyl and sialyl trans-
ferases. These transgenic mice are subject to a battery of phenotype
analysis studies, namely (i) hematology and coagulation chemistry,
(i) histological staining of tissues, (iii) immunology assays such as
FACS, Ig level analysis, measurement of B- and T-cell proliferation
upon induction with various agents and cytokines and (iv) various
metabolism and behavioral tests. These studies have generated vol-
umes of new data that provide many parameters to quantify distinct
phenotypic abnormalities in these mice.

Owing to the chemical diversity of glycans, the above highlight
the complexity and challenges in unraveling how glycans modulate
whole-organism phenotype. Thus it is necessary to couple the func-
tional genetics and whole-organism phenotyping studies with mea-
suring gene expression of glycan biosynthesis enzymes, their binding
proteins and to correlate these measurements with the repertoire of

Web resource (URL)

Key datasets or information

Consortium for Functional Glycomics (CFG; USA)

GBP Molecule Page
(http://www.functionalglycomics.org/glycomics/molecule/jsp/gbpMolecule-
home.jsp)

Glycan Database (http://www.functionalglycomics.org/glycomics/molecule/
jsp/carbohydrate/carbMoleculeHome.jsp)

Glycan Profiling Data (http://www.functionalglycomics.org/glycomics/
publicdata/glycoprofiling.jsp)

Glycan Array Screen Data

Information portal with access to CFG and public databases

Database of glycan structures with search interfaces and links to CFG glycan
array and MALDI-MS data

Raw and annotated MALDI-MS profiles of glycans from mouse and human cells
and tissues

Raw data, bar graph of mean binding signal of GBP to each glycan in the array

(http://www.functionalglycomics.org/glycomics/publicdata/primaryscreen.jsp) With links to their structures in glycan database

Gene Microarray Data (http://www.functionalglycomics.org/glycomics/
publicdata/microarray.jsp)

Transgenic Mice Phenotyping Data (http://www.functionalglycomics.org/
lycomics/publicdata/phenotyping.jsp)

Gene expression profiles of glycan biosynthesis enzymes and GBPs in various
cells and tissues supplied by investigators

Experimental protocols, data files corresponding to various phenotyping
analysis of transgenic mice

Kyoto Encyclopedia of Genes and Genomes (KEGG; Japan)

Database of glycan structures obtained from CarbBank and updated with
structures from other labs

Collection of 15 glycan biosynthesis pathways with links to around 100 glycan
biosynthesis enzymes

=% KEGG Glycan Database (http://glycan.genome.jp)

KEGG Pathways dDatabase (http://www.genome.jp/kegg/pathway.html)

Glycomics Initiative of the German Cancer Research Institute (Glycosciences.de; Germany)
Database of glycan structures

Glycan Database
(http://www.glycosciences.de/sweetdb/structure/)
Glycans in Protein Data Bank (PDB) (http://www.glycosciences.de/sweetdb/ Glycan structures extracted from PDB entries using computational tools
start.php?action=form_pdb_data)

Characteristic chemical shifts monosaccharides in different glycans
Collection of tools to analyze and query glycan structures and predict
glycosylation sites on glycoproteins

Collection of tools to investigate conformational aspects of glycans and model
their 3D structures

Glycan NMR Profiles (http://www.glycosciences.de/sweetdb/nmr/)
Computational Tools for Glycans (http://www.glycosciences.de/tools/index.
php)

Three-dimensional Modeling of Glycans (http://www.glycosciences.de/
modeling/index.php)

Other glycomics resources

Glycosuite Database (http://www.glycosuitedb.org)

Sugabase (http://www.boc.chem.uu.nl/sugabase/sugabase.html)

Lectin Database (http://www.imperial.ac.uk/research/animallectins/)
Three-dimensional Lectin Database (http://www.cermav.cnrs.fr/lectines/)
Bacterial Glycan Database (http://www.glyco.ac.ru/bcsdb/)

CAZy (http://afmb.cnrs-mrs.fr/CAZY/)

Commercial database and tools for glycans

Glycan NMR database: chemical shifts of glycan structures
Collection of information on animal lectins
Three-dimensional structures of lectins in the PDB
Database of bacterial glycan structures

Carbohydrate active enzymes database
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glycan structures present on specific tissue or cell types. The develop-
ment of technologies for taking such an approach is discussed in the
following sections.

Development of glyco-gene microarray for glycomics
Measurement of simultaneous expression of several thousand genes
in different cells to construct genetic networks and pathways has been
an important component of a systems approach to molecular and cell
biology. There have been considerable advances in the development of
commercially available genome-wide microarrays (such as Affymetrix
chips) to improve gene expression measurements, such as enhancing
signal-to-noise ratio, among others. Investigating gene expression of
enzymes involved in glycan biosynthesis and that of glycan binding
proteins provides a new dimension to study processes at the cell-extra-
cellular interface. There are challenges in using genome-wide arrays to
investigate the dynamic nature of glycans-protein interactions. Some
of these challenges arise from a limited representation of glycan bio-
synthesis enzymes on human and mouse genome microarrays and
limited sensitivity in measuring expression of these genes relative to
other downstream events®,

Glyco-gene—based DNA microarrays, which focus on glycan bio-
synthesis and binding protein genes, were designed to overcome
the above challenges. After careful consideration of choice of DNA
printing technology, DNA probe format and appropriate sequence
for the probes, an Affymetrix array—based glyco-gene microarrays
were designed?®. These customized microarrays have been valuable
resources for advancing glycomics. For example, over the past few
years, around 400 samples representing various tissues and cell types
have been analyzed on the CFG glyco-gene microarrays as a part of
focused experiments to study differences in expression of glycan bio-
synthesis genes. The focus of the experiments include analysis of dif-
ferent tumor cell lines, cell types or tissues from glycosyltransferase
or glycan binding protein (GBP) knockout mice strains, cells under
mechanical stress such as chondrocytes and others. Thus these glyco-
gene microarrays provide information on simultaneous expression of
glycan biosynthetic enzymes that can be then correlated with the actu-
al glycan structures, which had been characterized in a given sample.

Glycan analysis—from high-throughput to fine structure
characterization

An important aspect of functional glycomics is the characterization
of the primary chemical structure of glycans. Owing to heterogeneity
of glycans arising from their complex nontemplate-driven biosynthe-
sis, glycans isolated from cells and tissues comprise a heterogeneous
repertoire of structures. Independent of the challenges in isolating
glycans, there is a practical need to characterize the entire repertoire
of glycan structures from the cell surface or on proteins as glycan-GBP
interactions involve multivalent binding with several glycan structures

Figure 2 | Informatics approach to characterize glycans. Schematic

of the technology developed to sequence HS-glycosaminoglycans in a

rapid and unbiased fashion. The best set of attributes obtained using

each methodology, namely disaccharide composition from capillary
electrophoresis, monosaccharide composition and linkage information from
NMR and chain length from MALDI-MS are incorporated as constraints into
a computational framework that iteratively reduces the large solution space
to the final set of solutions that satisfy all the experimental constraints.

U, uronic acid (o-L-iduronic or 3-D-glucoronic acid); H, o-D-glucosamine;
linkage between U-H and H-U is 1-4. X represents sulfation sites (S03-) and
Y represents sites of sulfation or acetylation (COCH3).
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on the cell surface. Several biochemical and analytical methodologies
have been developed to address the above challenges.

There has always been trade-off between the sensitivity of fine struc-
ture characterization of glycan mixture (in terms of the exact sequence
of each glycan) and the ability to perform a high-throughput analysis
of alarge number of glycans in the mixture. Mass spectrometric (MS)
methods have been valuable in obtaining high-throughput mass pro-
file of glycans from entire cells and tissues*0-4°, Matrix-assisted laser
desorption/ionization (MALDI)-MS—based analysis of human and
mouse cells and tissues (as done by CFG) has provided a snapshot
of the mass profiles along with the most likely set of glycan struc-
tures annotated by an expert. More recently, automated algorithms
to annotate MALDI-MS spectra based on incorporating the domain
knowledge have been developed?. Whereas such a high-throughput
analysis provides a good snapshot of the most likely structures to be
present in a given tissue, the exact structures of the glycans in terms of
the explicit monosaccharides and linkages are difficult to assign, par-
ticularly at higher molecular weights. A more-detailed linkage analysis
of each glycan in the mixture is necessary for rigorous assignment of
structure and also to quantify its relative abundance in the mixture.

High-performance liquid chromatography (HPLC) is a well-devel-
oped technique to obtain a profile of glycans in a mixture based on
their elution profile*”48. The glycans are labeled using a radioactive
or fluorescent tag and are quantified based on the intensity values.
HPLC-based analyses also provide quantitative information on rela-
tive abundance of different glycans. One such approach involves the
use of a library of exo-glycosidases that specifically cleave individual
monosaccharides from the nonreducing end of the glycan. The shifts
in the chromatographic elution profile of glycans upon treatment
with each glycosidase are used to assign the structure based on the
specificity of cleavage®®.

Fine structure characterization of glycans involves selection of a
mass or chromatographic peak followed by fragmentation or depoly-
merization and characterization of the fragments formed. Techniques
involving different types of MALDI-MS and electrospray ionization
(ESI)-MS analysis capture specific mass ions and fragment them to do
a MS-MS or MS-MS-MS fragmentation pattern analysis. There have
been considerable advances in the development of computational
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Figure 3 | Glycan arrays to identify novel glycan specificities of proteins.
The layout of a well-based glycan array; the principle of detecting

the relative binding of GBP using primary and secondary antibodies is
highlighted in the red box. The data obtained from the array in the form of
a two-dimensional image with signal intensities corresponding to each well
are transformed into a bar chart to facilitate ranking of the glycan ligands
based on their relative affinities for the protein screened. The details of
the glycan structure corresponding to one of the high-affinity binders are
shown. Data collected on the glycan array with the ability to navigate
through these data as shown in the figure are available via user-friendly
interfaces at the CFG website (Table 2).

methods for automatic assignment of glycan structure based on MS
fragmentation patterns*®-52, The fragment ions are compared to those
obtained from theoretical fragmentation of known glycan structures,
and the structure of the unknown glycan is assigned. More recently,
a highly sensitive approach using Fourier transform ion cyclotron
mass spectrometry (FT-ICR-MS) was used to characterize different
glycans including glycolipids®3-%, Further, nanoscale liquid delivery
using chip-based electrospray interface has been coupled with tan-
dem MS as well as FT-ICR-MS for high-sensitivity characterization
of glycans®6:57,

Nuclear magnetic resonance (NMR) spectroscopy is another pow-
erful technique for obtaining important sequence information on gly-
cans. The one-dimensional proton and carbon spectra (specifically
anomeric nuclei) of a glycan mixture along with the coupling con-
stants from homonuclear (gradient selected correlation spectroscopy,
gCOSY and total correlated spectroscopy, TOCSY) and heteronucelar
(heteronuclear multiple quantum correlation, HMQC and hetero-
nuclear multiple bond correlation, HMBC) spectra provide quanti-
tative information on distinct monosaccharides®®-69, For example,
the ratio of abundances of glucose to galactose to mannose can be
obtained. The anomeric chemical shifts of the monosaccharides can
be classified further based on the neighboring monosaccharide (at
the reducing end), which would provide the abundance of the spe-
cific linkage between the two monosaccharides. This information is
particularly important for terminal sialic acids, which can be 0:2-3—or
02-6-linked to the penultimate monosaccharide. The characteristic
NMR chemical shifts and coupling constants of various glycans in
literature have been compiled into databases to facilitate assignment
of glycan structures based on NMR data (Table 2).

Techniques for fine structure characterization of glycans have
limitations when considering biological samples with a large mix-
ture of glycans. The requirement of high sample amounts (in the
case of NMR) and multiple steps of enzymatic or other fragmenta-
tion methods for larger glycan mixtures complicate the use of these
techniques for high-throughput analysis. To enhance the utility of the
above-mentioned analytical methods, informatics-based sequencing
methodologies that incorporate data from multiple complimentary
techniques as constraints to assign unique glycan sequence in an unbi-
ased manner have been developedS162 (Fig. 2). As these methods use
the best set of attributes provided by an analytical method on gly-
cans, they also facilitate rapid and improved characterization of an
ensemble of glycan structures.

Biochemical analysis of specificity of glycan-protein
interactions

GBPs are often used to describe proteins that bind to N-linked and
O-linked glycans and mediate cell adhesion, trafficking and signal-
ling events in inflammation and immune responses?3-63, The main
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classes of GBPs include C-type lectins, galectins and siglecs. The GBPs
also act as receptors for viruses, bacteria and other microbes that use
the glycans attached to cell-surface glycoproteins as ligands for the
host-cell GBPs. The glycan binding sites on GBPs typically accom-
modate mono- to tetrasaccharide glycan ligand motifs. The interac-
tion between any single glycan binding site and the glycan motif is
low affinity with values in the micro- to millimolar range. Most of
the physiological glycan-GBP interactions, however, are multivalent
involving binding of an ensemble of glycan motifs to multimeric
CRDs formed by association of GBPs. GBPs are either expressed as
soluble or membrane-bound proteins in the monomeric or multi-
meric forms with multiple glycan binding sites. Also, the GBPs can
either be dispersed on the cell surface or localized in a microenviron-
ment such as microvilli or clathrin-coated pits?*.

Based on the multivalency and distribution of GBPs on the cell
surface, different synthesis strategies have been adopted to construct
appropriate multivalent glycan ligand probes for high-affinity bind-
ing. Advances in chemical synthesis strategies such a solid-phase syn-
thesis® and the one-pot chemo-enzymatic approach3*3° have led to
synthesis of hundreds of glycan structures that capture the diversity
of the glycans present at the cell surface. The primary utility for these
large multivalent glycoconjugates has been in competitive assays to
assess the relative binding affinities of GBPs2* and for designing inhib-
itors to physiological glycan-GBP interactions. On the other hand,
lectin-based approaches such as lectin columns and lectin arrays have
been used to fingerprint glycosylation on glycoproteins®®. The pro-
teins used in these approaches are typically plant lectins or antibodies
with defined specificities toward specific glycan motifs.

To expand the current knowledge of the glycan ligand specificity
of individual GBPs, arrays of synthetic and physiological glycans are
being developed®-58. There are many approaches to development of
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glycan arrays. For example, the CFG has developed two types of gly-
can arrays—a well-based plate array on which a specific glycan ligand
is prepared as a solution of fixed concentration and a solid-phase,
printed array comprising NHS-activated glass slides on which the
glycans are printed®. Compared to the well-based array, the printed
array better mimics the physiological distribution of glycans on a cell
surface that will be presented to the multivalent GBPs. The GBP is
introduced into the array upon treatment with a primary antibody,
and the signal is obtained by using a secondary antibody attached
to a fluorophore, similar to the enzyme-linked immunosorbent ass-
say (ELISA). Typically, to promote multivalent high-affinity binding,
conditions such as protein concentration are optimized to ensure
that the GBP would be present in the dimeric or other multimeric
forms. The glycan arrays have been extensively used to screen for
novel ligand specificities for GBPs and for development of antibodies
to target specific glycan motifs (Fig. 3). For example, using the CFG
glycan arrays, detailed insights into the distinct ligand specificities
of dendritic cell-specific ICAM grabbing nonintegrin (DC-SIGN)
and DC-SIGN-related protein (DC-SIGNR) were identified. Both
of these GBPs bound to high mannose—containing glycan structures,
whereas only DC-SIGN bound to Lewis* (motif in which Gal and Fuc
are linked b4 and a3, respectively, to GIcNAc) and other fucosylated
motifs2, This analysis was important in understanding the struc-
tural basis for differences in host cell and pathogen recognition by
these proteins. Thus the glycan array data are rapidly expanding the
knowledge on the ligand specificity of different GBPs, thus providing
a biochemical context to understanding how cellular phenotype is
modulated by glyco-related gene expression.

Bioinformatics platform for glycomics

Itis clear that there is a need to cut across multiple datasets to truly
understand the structure-function relationships of glycans. A critical
component that enables this process is a bioinformatics platform to
store, integrate and process the information generated by the above
methods and disseminate it in a meaningful fashion via the internet
to the scientific community worldwide. The evolution of informa-

1 tion generation for glycomics is different from that for genomics and

proteomics. Representation of glycan chemical structure analogous to
the primary sequence of proteins or DNA was challenging owing to
the chemical complexity and branching patterns6®. Issues with repre-
sentation of glycans were augmented by challenges in characterizing
glycan structures using analytical techniques in the past. Owing to
these challenges, earlier efforts to develop databases for storing gly-
can structures such as Complex Carbohydrate Structures Database
(CCsD) had to be discontinued. In recent years, with the recognition
of the importance of glycobiology and with advances in technology
for characterizing glycan structures, academic and commercial orga-
nizations including the CFG are making considerable efforts to build
databases such as Glycosuite database’®, KEGG Glycan database’?
and tools*6:72-75 for representation and analysis of glycan structures
(Table 2).

An important aspect of the systems approach to glycan investiga-
tion is to define relationships between different entities that would
facilitate the integration of information. As an analogy, gene ontolo-
gies developed by the Gene Ontology Consortium go beyond catalog-
ing gene information. They capture relationships between molecular
function of the gene product in context of a biological process. To
capture complex relationships between diverse data, it is necessary to
develop an object-based relational database. Datasets from the differ-
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ent glycomics technologies include Microsoft Excel spread sheets to
ASCIlI-delimited data of field and field-value pairs in which each indi-
vidual parameter is important for data analysis and integration. For
example, there are three primary objects in glycomics datasets—GBPs,
glycan biosynthetic enzymes and the glycan structures. The differ-
ent methodologies that provide datasets are further organized into
secondary and other levels of objects with defined inter-relationships
and relationships to the primary objects. The Supplementary Note
online comprises an animated presentation showing the important
components and features of large-scale glycomics databases using
CFG as amodel system.

The blueprint of the object-based relational database is the data
model or ontology diagram that captures data definitions and
inter-relationships, which is quite complex for glycomics databases
(Supplementary Note). It is therefore important to develop a software
architecture that keeps this complexity hidden from the user during
data acquisition and dissemination. The three-tier software architec-
ture comprising the back-end relational database to store the data and
annotate their relationships, a middleware application layer that com-
municates between the database and the user interface, and the top
layer comprising the user interfaces to the database is best-suited for
this purpose. This software architecture facilitates the scientist to easily
deposit the data into the database, which is automatically organized
into the relational tables by the middleware application layer.

Central to the data integration is the ability to link orthogonal data
sets derived from identical or similar samples. For example, the gene
expression profile of a specific tissue or cell line isolated from a given
strain of transgenic mice needs to be automatically associated in the
database with orthogonal information such as glycan profile, histo-
logical staining and immunological profile from a similar or identi-
cal sample. Such an integration would allow researchers to cut across
multiple datasets and start asking the questions such as “does the
expression of glycosyltransferase correlate with glycan profile of that
tissue?” or “can the pathological analysis of the tissue be explained on
the basis of gene expression profile?”.

Another emerging concept in data integration is the molecule page
interface, which provides a portal to information and data ranging
from molecule to mouse. The molecule pages are evolving into stan-
dardized interfaces not only for glycomics but also for genomics and
proteomics initiatives’®. In the case of glycomics, the molecule page
interface was introduced by CFG to capture information pertain-
ing to different families of glycan binding proteins (Supplementary
Note). The CFG molecule pages contain three main components:
(i) automatic acquisition of information from other public databases
on that molecule, (ii) automatic interface with CFG data pertaining
to that molecule, (iii) contribution from a group of experts on that
particular molecule.

Finally, the bioinformatics platform needs to support computa-
tional tools to perform data mining analysis on the large scale gly-
comics data sets. For example the prediction of glycan structures
based on gene expression profiles of glycan biosynthetic enzymes
and the identification of patterns in an ensemble of glycans that gov-
ern the multivalent high-affinity interactions with specific GBPs are
now enabled because of the user-friendly access to diverse datasets
via relational databases.

Conclusions and future directions
Technological advances in DNA microarrays and mass spectrometric
methods coupled with availability of genome-wide sequence informa-
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tion has steered postgenomics research towards a ‘systems’ approach

to

understanding cellular phenotype as a function of its gene and

protein components. Glycomics has emerged as a fundamental field

in

eX

providing an important dimension to this approach.
The challenges that lie ahead for advancing glycomics include: (i)
plaining how glycan diversity is regulated as a function of its bio-

synthesis, (ii) understanding the basis for specificity of glycan-pro-
tein interactions, and (iii) elucidating how an ensemble of glycans
displayed on the cell surface govern extracellular signal transduction
and cell-cell communication via multivalent interactions with pro-
teins. The availability of diverse data sets and their integration via
object-oriented relational databases has motivated the development

of
to

computational tools to perform data mining and pattern analysis
begin addressing these questions. It is important to address these

kinds of questions before modeling biochemical pathways and net-
work interactions.

There has also been an increasing awareness for the need to devel-

op data exchange formats such as XML for consistent description

of

glycan structures’ and glycomics data sets across different large

scale glycomics initiatives. There is a practical need to set standards

fo

r incorporating glycan structures into a database to develop the

glycan database into an international resource similar to GenBank
and SwissProt. In summary, it is envisioned that large scale glycom-
ics initiatives would continue their focus on developing and applying
technologies to advance this important field.

Note: Supplementary information is available on the Nature Methods website.
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