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ABSTRACT 

Experimental evidence supports the notion that glycans exert a significant role on the 
physiological and pathological processes in a mammalian cell. The importance of 
identification of the specific structural motif of the glycan or the glycocode is realized for 
various purposes including identifying the biomarkers and therapeutic purposes. Incidentally, 
glycan synthesis is neither template-driven nor it is a linear molecule like DNA, RNA or 
protein. It is synthesized by a set of glycosyltransferases under a tightly controlled cellular 
regulation forming a branched structure often with high complexity. Although analytical 
techniques have significantly improved to obtain glycomics data, needed improvement for 
bioinformatics analysis is yet to be materialized. A number of glycobioinformatics tools have 
been developed over the years. However, a major effort is needed to make those accessible to 
the larger Glyco-community. This article focuses on the glycobioinformatics tools that have 
been developed earlier and discusses the grid-based technology that can be used for developing 
a web-based Glycomics Workbench for glycomes analysis. 
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INTRODUCTION 

 
Glycomics focuses on the study of defining the structures and functions of complex 

carbohydrates, as found in the glycoproteins, glycolipids and proteoglycans [1]. These 
complex carbohydrates, often referred to as glycans, are synthesized by glycosyltransferses 
that are tightly regulated at multiple levels ([2]; [3]). These are one of the four major classes 
of biomolecules, next to nucleic acids, proteins, and lipids. Among these, carbohydrates are 
the most abundant and most complex ([4]; [5]). These molecules can exist in the biological 
systems either as free or conjugated with proteins or lipids forming glycoproteins or glycolipids 
respectively. These glycoconjugates also cover most of the mammalian cell surface forming 
glycocalyx ([6] and the references therein). While the estimated number of translated proteins 
in human is ~ 20,000 ([7]; [8]), post-translational modification with glycans exceeds this 
number by multiple folds, the total number of which is yet to be determined [9]. Recent 
experiment has shown the evidence of more unknown glycoproteins than were previously 
estimated [10]. These authors developed a novel algorithm for quantitative approach to identify 
intact glycopeptides from comparative proteomic datasets. Using their approach, this group 
uncovered a significant number of novel glycoproteins in the nucleus and cytosol of human 
and murine embryonic stem cells (also see, [5]). 

These glycans exert a tight control on the biological pathways and regulation. These 
have two vital roles: i. Glycans can contribute to protein conformation, folding, 
oligomerization, stability, and turnover, and ii. Glycans can be directly recognized by proteins 
that accounts for various physiological and pathological events [1]; [5]). In most of these cases 
these glycans are covalently joined to a protein or a lipid to form a glycoconjugate, which is 
the biologically active molecule that accounts for various physiological functions and are 
covered in detail in the other chapters in this book (readers can also see, [11]). Mammalian 
cells use specific glycan motifs to encode important information, termed as glycocode, for 
intracellular targeting of proteins, cell-cell interactions, extracellular signals, and cell 
differentiation and tissue development [6]. 

Glycoproteomics specifically involves the study of glycosylation events on protein 
sequences. Formation of the glycan-amino acid linkage that participates in various biological 
events is a crucial event in the tightly regulated biosynthesis of the saccharide units of 
glycoproteins. With the exception of the Asn-linked carbohydrate and the GPI anchor, which 
are transferred to the polypeptide en bloc  [12], the glycan-amino acid linkages are formed by 
the enzymatic transfer of an activated monosaccharide directly to the protein (Chapter 51 in   
[11]). Experimental evidence indicated that 13 different monosaccharides and 8 amino acids 
are involved in glycoprotein linkages leading to a total of at least 41 bonds, if the anomeric 
configurations, the phosphoglycosyl linkages, as well as the GPI (glycophosphatidylinositol) 
phosphoethanolamine bridges are also considered [13]. These bonds represent the products of 
N- and O-glycosylation, C-mannosylation, phosphoglycation, and glypiation (for more recent, 
readers can see the relevant Chapters in [11]). Formation of these glycan-peptide linkages are 
tightly regulated at multiple levels, dysregulation of which often leads to the development of 
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pathological conditions. For example, in human, dysregulation of O-GlcNAcylation of 
protein has been observed to occur in a wide range of diseases, including cancer, diabetes, 
neurodegenerative diseases, and cardiovascular diseases [14]. Bennun, et. al. [15] summarized 
some of the recent advances in both experimental profiling and analytical methods involving 
N- and O-linked glycosylation processing for biotechnological and medically relevant cells. 
At least 16 enzymes involved in their formation were identified and in many cases cloned [16]. 

On the other hand, proteoglycans (PG), which are complex heterogeneous molecules 
consisting of one or more glycosaminoglycan (GAG) chains, are attached like bristles to a core 
protein molecule that make up a major part of the extracellular matrix [17]. These GAGs are 
characterized by repeating disaccharide units and variable sulfation patterns along the chain. 
GAG length and sulfation patterns impact disease etiology [18]; [19]; [20]), cellular signaling 
([21]; [22]), and structural support for cells [23]. Because of the high degree of glycosylation 
by glycosaminoglycan (GAG), N-glycan and mucin-type O-glycan classes, the peptide 
sequence coverage of complex proteoglycans is revealed poorly by standard mass 
spectrometry-based proteomics methods. As a result, not much information could be 
deciphered concerning how proteoglycan site specific glycosylation changes during normal 
and pathological processes. Earlier, Ly et. al. [24] published a review on proteoglycomics and 
Frey [25] on the bioinformatics tools for the analysis of proteoglycans. Since then, a significant 
progress has been made in the analytical techniques that led to a better understanding on the 
structure and function of glycocodes associated with the proteoglycans and 
glycosaminoglycans. Several methods have been developed for proteoglycan analysis since 
then. Klein, et. al. [26], as for example, developed a workflow utilizing bioinformatics 
approach and LC-MS to improve the analytical processes and improved the identification of 
glycosylated peptides in proteoglycans. Improved analytical techniques also identified various 
proteoglycans as potential biomarkers [27]. Following data mining in multiple databases, Cui, 
et. al. [28] showed a positive correlation between heparan sulfate proteoglycan 2 (HSPG2) and 
Maternally Expressed Gene 3 (MEG3) expression in breast cancer tissues. Thus, this 
combination can be used as a biomarker to predict the prognosis of breast cancer.  

Alternations in glycosylation are often associated with vast numbers of pathological 
conditions. Experimental evidence clearly suggests that the glycocodes are responsible for 
various functions ranging from physiological phenomena to pathological events. Therefore, 
the need for identifying specific structural motif in the glycans and glyconjugates is critical to 
correlate with its functions [29]. Such information will not only be helpful in identifying 
biomarkers, such information is also essential for therapeutic purpose. Because of such 
biological importance, detailed analysis were performed by various groups [30-32]) to identify 
the codes associated with the carbohydrate motifs, peptides and the glycans involved. 

Incidentally, glycans can be branched at multiple points and have multiple options in 
the sequence of monosaccharides, the reducing-carbon linkage, and anomeric type of linkage, 
causing a given set of monosaccharides composing a glycan with many possible isomers  [33]. 
Until recently, such complexity posed at least three challenges: i). Selecting appropriate 
experimental analytical tool to identify the structure of the glycocode. Simple mass 
spectrometry analysis does not provide information about the branching, sequence, linkages, 
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or anomeric state [33]; ii). To obtain enough glycan material from a clinical specimen for 
structural analysis. The analytical tools are not sensitive enough to identify the glycan structure 
from the minute amount of clinical specimen, and iii). Lack of appropriate database and 
software tools available for bioinformatics analysis of glycomes that can provide needed 
knowledge. Even when appropriate tools have been developed in some specific labs, 
technology platform used for such developments restrict its use by the majority in the Glyco-
community. Most of those software tools and databases were custom made and used as 
standalone tools by the research groups that developed those tools. Recent efforts are underway 
to improve that situation. A significant number of publications are now available including 
those in the other chapters in this book that addresses the first two challenges. This article 
focuses on the recent advances made to address the bioinformatics challenges for the 
mammalian glycomics to decifer the glycocode and proposes a need for a robust workbench, 
termed here as Glycomics Workbench1. Readers can check Toukach and Egorova [34] for 
bacterial glycomics tools including bacterial Carbohydrate Structure Database. Throughout 
this article, the term glycobio-informatics or simply ‘glycobioinformatics’ has been used to 
describe the bioinformatics of glycobiology (Figure 1), a term that was also used earlier by 
other authors [35]. 
 

Figure 1: Glycocode in relation to Glycans. For understanding and identification of 
glycocode, glycobioinformatics analysis is an integral part for the data analysis, the data that 
are generated by various analytical techniques. 

 
Bioinformatics analysis provides convenient and efficient means of searching, 

visualizing, comparing, and often predicting, interactions in numerous and diverse molecules 
and molecular biology applications related to the -omics fields [36]. However, compared to 
Bioinformatics analysis for proteomics, transcriptomics and genomics [37], 
glycobioinformatics adds additional and much more difficult challenges [38, 39]. It is because 

 
1Presented by these authors at the NIH & FDA *Virtual* Glycoscience Research Day 2020 meeting. 



Glycobioinformatics in Deciphering the Mammalian Glycocode: Recent Advances 5 

glycans are not template driven linear molecules, rather exhibit a complex branched structure 
with high diversity. Significant improvements of sensitivity in experimental analytical methods 
over recent years have led to a tremendous increase in the amount of glycan structural data. 
Consequently, the availability of robust databases and hardware-software tools to store, 
retrieve and analyze these data in an efficient way is of fundamental importance to progress in 
glycobiology. Incidentally, data processing software for glycomics is relatively 
underdeveloped compared to software for other ‘–omics’ fields [40]. 

COMPUTATIONAL TOOLS & RESOURCES 

.............Blank pages....... 

Table I: List of portals that are commonly used for glycobioinformatics analysis. 
However, not all the portals have been described here. The selection of these portals is partly 
based on their popularity, usefulness and importance. 

Name Refere
nce 

Domain address2 Use Comment 

Glycomics@ExPaSy [86,78] expasy.org/glycomics Gateway to 
multiple 
resources 

A part of SIB 
resources; also 
includes 
GlyConnect 

Glycosciences.de [36] glycosciences.de Gateway to 
multiple 
resources 

Description is 
provided above 

GlyCosmos This 
article 

glycosmos.org Glycome 
database 

Supported by 
JSCR 

Glyco3D [51] glyco3d.cermav.cnrs.fr/ Identification 
of 3D 
structure 

A database with 
glycan and lectin 
structures 

GlyGen This 
article 

glygen.org A data 
integration 
and 
dissemination 
project 

Supported by 
UGA (CCRC) 
and GWU; 
While this 
article is in 
press, York et. 

2‘http’ is now the standard protocol for hyperlinking and ‘www’ is the standard address for any Uniform Resource Locator (URL) in 
the Internet for any browser; so, these are omitted in the domain address unless required. 
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al. reported on 
GlyGen [210]. 

KEGG Glycan [93] genome.jp/kegg/glycan/ Gateway to 
multiple 
resources 
including 
genes and 
diseases 

One of the most 
well-known 
projects starting 
in 1995 by 
Kanehisa Lab 

NCFG This 
article 

ncfg.hms.harvard.edu Gateway to 
multiple 
resources 
including 
CFG 

A rich source of 
data from 
multiple 
experimental 
analysis 

RINGS [83] rings.t.soka.ac.jp Gateway to 
multiple 
resources 

Provides 
multiple 
algorithmic and 
data mining tools 

 
Databases: Table II shows the list of glycan databases that are commonly used for  
 
.....Blank pages.... 
 
Table II: List of some selected databases that are often used for glycobioinformatics 
analysis. Some of these databases are for special purpose and has been indicated in the 
comment section. 

 
Name Reference Domain address Use Comment 
CAZy [82] cazy.org Carbohydrate-

Active EnZyme 
database 

More information is 
available in the Web 
site 

EuroCarbDB [104] 
 

code.google.com/archi
ve/p/eurocarb/ 

For identifying 
carbohydrate 
structures 

Published Web site is 
no longer available 

GlycoGeneDB
(GGDB) 

[105] acgg.asia/ggdb2/ Glyco enzyme 
database 

More information is 
available in the Web 
site 

GlycoEpitope [106] glycoepitope.jp On Glycan Binding 
Proteins 

Also available at: 
glycosmos.org 
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Glycoscientists often need to search other relevant databases (a short list is provided in 
Table III). Among these, EMBL-EBI (ebi.ac.uk/) and neXtProt (nextprot.org) provides tools for 

3 Under migration to https://services.healthtech.dtu.dk 
4JCGGDB is proceeded by ACGG-DB and now at https://acgg.asia/db/ 

O-GlycBase [108] cbs.dtu.dk/databases/og
lycbase/3 

O- and C-
glycosylated
proteins

Part of CBS Prediction 
Server;  version 6.00 
has 242 glycoprotein 
entries. 

Glycosciences
.DB 

[36] glycosciences.de On glycan 
structure, MS, 
NMR, etc. 

Primary database of 
glycosciences.de 

GlycoStore [111, 112] glycostore.org curated chromato-
graphic, electro-
phoretic and mass-
spectrometry 
composition 
database 

An integrated platform 
of Glycan Retention 
Properties; accessible 
via Web. 

GlyTouCan [98] glytoucan.org International glycan 
structure repository 

Data from 
GlycomeDB [120]  is 
now integrated into 
this portal. 

JCGGDB [113] jcggdb.jp Querying across 
multiple Japanese 
databases 

The English version is 
no longer available4.  

PolySac3DB [114] polysac3db.cermav.cnr
s.fr

Glycan 3D 
structure 

Also, provides 
information on 
structure determination 
techniques 

SugarBindDB [115] sugarbind.expasy.org on Glycan Binding 
Proteins and its 
ligands 

Plan to include 
synthetic glycan data 

UniCarb-DB [117, 118] unicarb-db.expasy.org MS-glycomic data 
repository 

Now, a part of ExPaSy 

UniLectin3D [75] unilectin.eu On Lectin 3D 
structures 

SIB ExPASy external 
link 

UniProt [121] uniprot.org On glycosylation 
sites 

A protein database 
with notation on 
glycosylation site/s 
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proteomics [122]. UniProt of EMBL-EBI is a major protein database that also includes 
glycosylation-site annotations [121]. These annotations are marked as predicted from computer 
simulations or experimentally verified. ViralZone [123,124]), available at ExPASy, is a major 
resource on viruses that includes DNA viruses (both ds- and ss-), RNA viruses (ds-, circular-,and 
both ss+ and ss-) and Reverse-Transcribing Viruses. Glycans often serve as their receptors and 
glycocodes are known for some of those interactions [125]. Additionally, PDB and Cambridge 
Structural databases provide experimentally determined 3D carbohydrate structures. 

Table III: Relevant Portals, databases, etc. that are useful for glycobioinformatics 
analysis. 

Name References Domain address Use Comment 
BRENDA [126] brenda-enzymes.org/ A Comprehensive 

Enzyme Information 
system 

Also provides 
structure-based 
search function 

EMBL-
EBI 

[127] ebi.ac.uk Gateway to multiple 
resources 

Provides 
advanced 
bioinformatics 
training 

neXtProt [122] nextprot.org Protein knowledge 
database 

A SIB product 

wwPDB [128] wwpdb.org Protein structural 
database  

Includes 
glycosylation-
site annotations 

UniProt [121] uniprot.org/ Protein database Includes 
glycosylation-
site annotations 

ViralZone [124] viralzone.expasy.org Resource on viruses A SIB resource 

Software Tools: A list of software tools for Glycome analysis is provided in Table IV. This 

...Blank pages... 

Other Relevant Computational tools and Resources 

...Blank pages.... 

TABLE IV: A list of specialized software tools that are used for analysis of glycomes. This 
list also specifies the usage, such as, for (a) mass spectral analysis. (b) NMR analysis, (c) 
modelling and simulation, and (d) other miscellaneous usage. 



Glycobioinformatics in Deciphering the Mammalian Glycocode: Recent Advances 9 

(a) List of commonly used specialized software tools for Mass Spectral (MS/MS/LC-MS)
Data Analysis:

Name Refer
ence 

Domain address Use Comment 

Byonic [142] Glycopeptide 
identification 

Proprietary 
software 

Cartoonist [143] For MS analysis of glycan 
structure 

A standalone tool 

GAGfinder [71] MS analysis specifically 
for GAGs 

A standalone 
software 

GAG-ID [64] MS analysis of 
heparin/heparan sulfate 

A standalone 
software 

Glycoforest [144] LC-MS analysis of glycan A standalone tool 

GlycoFragment [36] Glycosciences.de/to
ols/ 

For MS analysis of glycan A part of 
glycosciences.de 
portal 

Glycolyzer [145] Automated glycan 
annotation software from 
MS analysis data 

A standalone 
software 

GlycoMiner [146] szki.ttk.mta.hu/ms/gl
ycominer/ 

Glycan structure 
determination by MS 
analysis  

Published Web 
site is no longer 
available 

GlycoMod [47] expasy.org/tools/gly
comod/ 

To determine the glycan 
structure from MS analysis 
data 

Part of ExPaSy 
portal 

GlycoPAT [43] virtualglycome.org/g
lycopat 

Designed to analyze 
shotgun glycoproteomics 
data with parallel 
computing facilities 

Fully 
documented 
source code 
is provided 

GlycoSearchMS [147] glycosciences.de/dat
abase/start.php?actio
n=form_ms_search 

For MS analysis of 
glycans 

Web-based tool; 
part of 
glycosciences.de 
portal 

GlycanSolver [33] To obtain information on 
the isomeric variants of 
glycans 

A standalone 
software 
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Glyco-
peakfinder 

[148] glyco-
peakfinder.org/ 

MS Glyco-Analytic tool Forwarded to 
glycome-db.org/; 
a part of 
GlyTouCan 

GlycoWorkben
ch 

[60, 
149] 

code.google.com/arc
hive/p/glycoworkbe
nch/ 

MS Glyco-Analytic tool Available for 
download from 
Google site 

GP Finder [150] N- and O-site specific
glycosylation

A standalone 
software 

GRITS Toolbox [151] grits-toolbox.org MS data analysis for 
glycans 

A standalone 
software; source 
code freely 
available 

MotifFinder [73] haablab.vai.org For identifying glycan 
motifs present in a clinical 
sample 

Source code 
available for 
download at the 
Web site 

MultiGlycan [139] LC-MS analysis A standalone 
software; can be 
downloaded from 
sourceforge.net 

pGlyco 2.0 [67] MS identification of intact 
glycopeptide 

A standalone 
software 

PepSweetener [72] expasy.org/glycomics Annotation of intact 
glycopeptides in MS 
spectra 

Available at 
ExPaSY 

Pinnacle [152] O-Glycopeptide analysis Proprietary 
software 

Protein 
Prospector 

[152, 
153] 

prospector.ucsf.edu/
prospector/mshome.
htm 

Glycopeptide analysis Web-based 

SimGlycan [140, 
141] 

premierbiosoft.com/
glycan 

Glycans and glycopeptides 
characterization 

Proprietary 
software 

Skyline [152] skyline.ms/project/h
ome/begin.view? 

O-glycopeptide analysis Open source 

SweetNET [65] MS data evaluation in 
glycomics 

A standalone 
software 

SysBioWare [154]; 
also 

MS data evaluation in 
glycomics 

Was a part of 
GlycoWorkbench 
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see: 
[63] 

(b) List of software tools for NMR data Analysis:

Name Reference Domain address Use Comment 
CARP [53] glycosciences.de/tools/ca

rp/ 
For NMR 
analysis 

Now a part of 
glycosciences.de 

CASPER [61] organ.su.se/gw/doku.php For NMR 
analysis 

Supported by a 
database on 
NMR 

CCPN [129, 133] ccpn.ac.uk For NMR 
analysis 

A major initiative 
dedicated to 
NMR users’ 
group; accessible 
via Web 

GODESS [155] csdb.glycoscience.ru/data
base/ 

NMR analysis 
of glycan 

A web-based 
software 

GlyNest [156] glycosciences.de/databas
e/nmr/ 

NMR analysis A part of 
glycosciences.de 

(c) List of software tools for 3D Modelling and Simulation:

Name Reference Domain address Use Comment 
CarbBuilder [157] people.cs.uct.ac.za/~mku

ttel/Downloads.html 
Building 3D 
molecular 
model of glycan 

A standalone 
software; 
however, source 
code is available 

Glycam-Web [135] dev.glycam.org Modeling of 
oligosaccharides 
and 
glycoproteins 

Web-based tool 

Glycan Reader [138] glycanstructure.org/glyca
nreader/ 

Glycosylation 
sites 
determination in 

Web-based tool 
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the PDB 
structure 

GlyProt [158] glycosciences.de/tools/ For 3D model 
of glycoproteins 

Part of 
glycoscience.de 
portal 

Shape [56] sourceforge.net/projects/s
hapega/ 

fully automated 
conformation 
prediction 
software 

Source code can 
be downloaded 

SweetII [159] glycosciences.de/modelin
g/sweet2/doc/ 

For constructing 
3D models of 
glycans 

Available at 
glycoscience.de 

(d) Other tools for Glycome analysis:

Name Refe
rence 

Domain address Use Comment 

GlycanBuilde2 [102] rings.t.soka.ac.jp/ 
downloads.html 

Glycan drawing Part of RINGS portal; also, 
can be downloaded from 
code.google.com/archive/p
/glycanbuilder/ 

GlycoBase, 
autoGU 

[110] HPLC data analysis A standalone software 

GlycomeAtlas [100] rings.t.soka.ac.jp/ To visualize and 
perform queries of 
glycome data 

A part of RINGS portal 

GlycoPattern [96] glycopattern.emor
y.edu/

For analysis of 
glycan array data at 
CFG 

Part of NCFG/CFG portal 

GlycoRDF [57] github.com/ReneR
anzinger/GlycoRD
F/wiki 

GlycoRDF is a 
standard 
representation for 
storing Glycomcis 
data 

Source code is available 
for download from the 
Web site 

GlycoViewer [160] glycoviewer.babs.
unsw.edu.au 

To visualize glycan 
structure 

Codes are publicly 
available 
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GLYDE-II [161] For glycan data 
exchange format 

Information for the GUI 
used are in the publication 

GlySEQ [53] glycosciences.de/t
ools/glyseq/ 

Statistical 
Analytical tool 

Part of glycosciences.de 
portal 

GlyVicinity [162] glycosciences.de/t
ools/ 

Statistical analytical 
tool for 
carbohydrate 
notation in PDB 
database 

Part of glycosciences.de 
portal 

GPI-SOM [163] gpi.unibe.ch/ To predict GPI-
anchored proteins 

Source code available from 
the Web site 

GUcal [70] For calculating the 
Glucose Unit 
values 

A standalone software 

NETD [164] For GAG analysis A standalone software 

Pdb-care [52] glycosciences.de/t
ools/pdb-care/ 

To check 
carbohydrate 
structure in PDB 
database 

Now a part of 
glycoscience.de portal 

PredGPI [165] gpcr2.biocomp.uni
o.it/predgpi

Glycosylation sites 
prediction tool for 
GPI 

Web-based tool 

ProfilePSTMM [101] rings.t.soka.ac.jp/ Data mining tool Part of RINGS portal 

Qrator [166] code.google.com/a
rchive/p/qrator/ 

Curation tool for 
glycan structures 

Source code is available 

SugarSketcher [79] expasy.org/glycom
ics 

Glycan drawing 
tool 

Part of ExPaSY 

UniCarbKB [118]
; also 
see: 
[41] 

unicarbkb.org/ To support online 
data storage and 
search on glycans 

Now, a part of GlyGen 
(glygen.org) 

CHALLENGES AND OPPORTUNITIES 

Presently, there are multiple challenges for a researcher to perform glycobioinformatics 
analysis. Until recently, there was no standard notation for representing glycan structures. 
Therefore, most of the glycan databases available had have lack of standards representing 
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glycan structures thereby causing a challenge to obtain the desired output by searching. The 
format that is returned by query of such a database often needs to be converted to another 
format for subsequent meaningful glycobioinformatics analysis. Various tools, such as, 
GlycanBuilder2 [102], SugarSketcher [79], REStLESS [167], WURCS [168], and relevant 
tools available at multiple portals, such as in RINGS [83], were developed to resolve this issue: 
converting output format to the desired format for subsequent analysis. Such lack of standard 
notation also possesses a challenge while searching glycan substructure [169]. Recently, a 
consensus has been reached for notation and a universal Symbol Nomenclature For the 
Graphical representation of glycan structures (SNFG) has been formulated [116,170]). 
Creating any new glycan database or updating the already developed glycan databases will 
now be possible following SNFG that should solve this notation related problems. Moreover, 
supporting software tools (available at https://www.ncbi.nlm.nih.gov/glycans/snfg.html), 
namely, 3D-SNFG [171], DrawGlycan [172] and GlycanBuilder2 (the updated version of 
GlycanBuilder; [102]) will greatly benefit to advance glycan structure analysis and identifying 
glycocodes. Adoption of this notation should also simplify the representation of glycans for 
visualization. Presently, researchers are using various visualization tools for various purposes. 
For example, GlycoViewer is to visualize glycan structures and summarizes their variations in 
2D [160], GlycomeAtlas is to visualize the expression of glycans in a specific tissue [100], 
GlycoDomainViewer is to visualize the glycosylation sites in the glycoproteins [173]. 3D 
modeling tools, such as, in Glyco3D [51], and LiteMol have also generated interactive images 
of glycans and glycoconjugates [174]. Recently, a plug-in, 3D-SNFG, has also been published 
[175] for LiteMol in order to visualize a 3D depiction of glycan ligands in the glycoprotein. 
More recently, GlyConnect has also been developed for resolving this issue [78]. Additionally, 
the consensus for assigning an unique ID for every known glycan structure repository in the 
GlyTouCan [98] will also help a glycobioinformatics analyst to obtain a desired output by 
searching the glycan database. 

Another major challenge is the accessibility to useful glycobioinformatics tools that 
have been developed over the years and used for some specific analysis. It is because most of 
those tools are standalone. Appropriate Web services via which these tools can be used are 
lacking. Even when it is Web-based, the web site address either no longer exists or changed to 
a different address that is harder to find. This challenge is also augmented by the lack of 
information on the underlying software technology that was used for developing those software 
tools, making the integration of these tools in a Web-based system difficult, if not impossible. 
Except a few (e.g., [48] for CFG; [78] for GlyConnect, etc.), most often the publications 
describing the development of a software tool do not specify what sort of architecture (e.g., 
Model-View-Controller) and/or technology were used for such development. Moreover, use 
of multiple technology platforms (e.g., asp.net vs. php) for application development also makes 
it difficult to serve from the same server. Same is true for the databases as well. Often, the 
information on how the database was developed even if that is relational, what type of Database 
Management System (MSSQL vs. MySQL, etc.) was used, often remains missing in the 
description. Moreover, lack of information on database schema makes it difficult for a 
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developer to understand whether the said database has a single table or multiple tables and 
whether those satisfy the normalization (e.g., 3rd Normalization Form or 3NF). Such  
information is needed for database integration and transferring data from one database to 
another for bringing uniformity and eliminating the redundancy. All of these challenges 
become more obvious when the glycan analysis generates multiple data types with multiple 
formats. 

Such complexity often demands accessing multiple resources appropriate for 
glycobioinformatics analysis. Mercier et. al. [176], for example, had to access multiple 
databases (Table 1 in their article) and software resources (Table 2 in their artcle) for analysis 
of glycan-virus interaction using bioinformatics approach. This effort needed mapping of the 
resources (Figure 1 in their article) to begin with. The resources used for this analysis by these 
authors include ViralZone [123], UniProtKB [121], neXtProt [122], GlyConnect [78], CAZy 
[82], GlyTouCan [98], SugarBindDB [115], MatrixDB [177], UniLectin3D [75], IMGT [178], 
IEDB [179], DAGR [180], PDB  [128], PubMed [181], etc. One can easily understand the 
amount of efforts needed for bioinformatics analysis of a single event (a single instance on 
glycan-virus interactions in this case). When a System Biology approach is needed to identify 
biomarkers  ([2, 182, 183]) or for developing a strategy for personalized medicine [184], such 
approach poses more challenges. This creates a demand for more efficient system where 
integration of databases and tools are flawless and the workflow is semi-automated, if not fully 
automated. Nevertheless, presently cross-referencing to multiple databases and tools, which 
often lacks in a portal, would certainly benefit an analyst. 
 

NEED FOR A ROBUST WORKBENCH 
 

An workbench, termed GlycoWorkbench, was developed earlier by Anne Dell and her 
group  as a tool for the computer-assisted annotation of mass spectral data of glycans [60,149]. 
Its GlycanBuilder was designed to display glycan structures [46,61]. Software like Glycomod, 
GlycoQuest, Glyco-Peakfinder, and SysBioWare were also employed in GlycoWorkbench for 
glycomic data processing. This might have been an attempt to provide necessary software tools 
under an informatics framework. Incidentally, that project was discontinued although the codes 
are now available at https://code.google.com/archive/p/glycoworkbench/. More recently, 
Barnett, et. al. [35] described Glycome Analytics Platform to address this issue in which a set 
of tools were integrated into the analytic functionality of the Galaxy bioinformatics platform. 
Nevertheless, considering the amount of data generated now from various experiments, a need 
for a more robust workbench is needed where necessary resources and tools can be integrated 
under a common framework that can provide seemless access for glycomes analysis. 

Since last 15-20 years, particularly under the Consortium of Functional Glycomics 
(CFG) [48]), the effort on glycobiology research has generated a lot of useful data that can be 
exploited for various purposes including developing new drugs. Data generated from various 
experimental methods ranging from gene microarray screening, glycan array screening, glycan 
profiling, mouse phenotyping experiments, Glycan–protein interaction screening to glycome 
related gene sequencing, has become so voluminous that the need for a better management of 
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data is realized for meaningful glycobioinformatics analysis especially if these are to be used 
for developing a therapeutic strategy. 

Since the Internet was made available to the public ([185, 186]), a number of tools and 
technologies have been developed to utize the resources through the Web. Such approach can 
also be followed for the development of glycobioinformatics tools. The developers, however, 
need to address the challenges posed by the incompatibilities in interfaces and data types. Such 
an approach was earlier initiated by Katayama et al. [187]. These authors developed TogoWS 
(accesible at http://togows.dbcls.jp) to integrate various databases and software tools. They 
developed REST-based Web service for accessing the existing databases and client-side 
SOAP-based Web service to address the incompatibilities in the interfaces (it may be noted 
that while this article is in press, Vos et al.  [211] reported on Semantic Web Technology for 
resolving these issues). A more recent effort to resolve such issues has been elaborated by 
Alocci, et al. [78]. These authors provided detailed description of the development of 
GlyConnect and integrated multiple databases and tools that are now made available through 
the Web (available at https://glyconnect.expasy.org). With the advancement of these various 
technologies, it is now possible to make the standalone but useful software tools (shown in 
Table IV) available to the Glyco-community. In a collaborative environment, such as in 
GitHub (github.com), programmers can participate in developing Web services for making 
those standalone tools available to any researchers from anywhere with appropriate 
authentication. 

The above examples clearly indicate that despite the availability of multiple databases 
and multiple software tools, accessibility to those are often restricted because of lack of a 
uniform developmental framework. While which framework should be adopted as standard 
can be debatable, a framework based on grid infrastructure for portal development offers 
multiple advantages including high scalability ([188,189]). In this context, grid infrastructure 
includes grid services, grid computing, and data grid. Grid computing provides accessibility to 
High Performance Computing (HPC) similar to a power grid; a user simply accesses to the 
power/electricity via a power point in the building; does not need to generate power in the 
building. For accessing to the high-performance computing, a user simply can use a laptop or 
desktop to the grid computing infrastructure, such as, the one provided by the NSF supported 
Extreme Science and Engineering Discovery Environment (XSEDE; more information 
available at https://www.xsede.org). Earlier, this author was involved in developing neoGrid 
for the analysis of sialylmotifs [190], a cardinal feature of mammalian sialyltransferases [191]. 
Similar to our earlier effort [192], this system was developed using Open Source Portal 
Technology with three-tired Open Grid Services Architecture (OGSA; e.g., Figure 1 in [192]), 
an accepted standard for accessing Grid and other services (ogce.org) under Open Grid 
Collaborating Environments (OGCE; collab-ogce.org/ogce). OGSA, based on several Web 
service technologies, is a distributed interaction and computing architecture based around 
services, assuring interoperability on heterogenous systems so that different types of resources 
can communicate and share information [193]. OGCE Software system has a bundled set of 
Java Portlet Specifications JSR 168/286 compatible portlets and services for building Grid 
Portals and related tools for Web access to Grid and Cloud computing resources. A number of 
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Science Gateways have been built utilizing this technology [194]. As a part of XSEDE 
program [195], this author (AKD) was involved in developing neoGrid in Quarry, a virtual 
hosting environment, for working with Taverna-based workflow utilizing grid computing. 
Taverna (taverna.org.uk/) is a graphical workbench often used for biomedical informatics  
([196] and the references therein). neoGRID was designed to offer a HPC-supported 
collaborative environment for the researchers from multidisciplinary scientific fields to gather 
data, integrate and analyze using XSEDE resources. Moreover, a significant number of 
bioinformatics resources including InterPro  [197] are available in XSEDE. Besides, the 
myGrid team (mygrid.org.uk/about-us/) produced a suite of tools that can be used for analysis 
of glycosyltransferases. In addition, their myExperiment site makes it easy to find, use and 
share scientific workflows and building scientific communities with common interests. This 
Cyberinfrastructure (CI)-supported neoGRID was utilized for glycomotifs analysis ([198]; 
[190]). neoGrid was made available in HUBzero (hubzero.org) for drug discovery research 
using members of glycosyltransferase enzyme family as target protein(s) [199]. Currently, 
XSEDE resources include more than a petaflop of computing capability and more than 30 
petabytes of online and archival data storage. Moreover, researchers can access more than 100 
discipline specific databases through XSEDE. Through a set of Web Application Programming 
Interface (API) and built on authenticated services, neoGrid was designed for a user to access 
such resources remotely from anywhere anytime. Its interface to access XSEDE supported 
bioinformatics tools allowed a clinician/researcher for comparative genomics/proteomics 
analysis for personalized medicine. Such analysis demanding high-performance computing 
power was made available in neoGRID. Incidentally, this project has been discontinued. 
Nevertheless, similar approach can be undertaken for developing a Grid technology-based 
portal, termed here as Glycomics Workbench (Figure 2), in a collaborative environment that 
can serve the Glyco-community. 
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Figure 2: Proposed Grid technology-based portal, Glycomics Workbench. Supported by 
XSEDE resources for High-Performance computing and other available resources, this portal 
will enable data analytics and data visualization in addition and will integrate C-Grid for 
creating, storing, and managing virtual data collection ([200, 201]). 

 
Any ‘-omics’ analysis needs a large digital space for storing the data that includes 

genomics, proteomics, glycomics, transcriptomics, interactomics, metabolomics, to name a 
few. Eficient storage, retrieval, and analysis of such large volume multi-omics data, in the order 
of petabytes to hexabytes, is a huge obstacle. As a solution, we worked on data grid technology 
to develop a community grid, termed as C-Grid, to store and manage large amount of user 
collaborative data objects ([200, 201]). It has been developed to serve as a distributed 
computing environment and data management system for sharing data with the collaborators. 
Data grid technology enables a user to store large amount of data or files into a huge distributed 
structure that is fabricated using many geographically dispersed heterogeneous storage 
instruments. Data grid technology provides two fundamental services: allowing access to data, 
and its metadata (data about data). Data access services provide mechanism to access, manage, 
and initiate third-party data transfer in distributed storage systems. Metadata access services 
provide mechanisms to access and manage information about the data stored in storage systems 
[202]. A number of large scale data grid projects, such as, the Biomedical Informatics Research 
Network (BIRN) [203], have been developed that uses data grid to discover, transfer, store and 
manage distributed heterogeneous data ([204] and the references therein). Remote 
management of this data grid is performed using a middleware. Among the various middleware 
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available, these authors [200] utilized Integrated Rule-Oriented Data System (iRODS; [205]) 
because of multiple advantages as elaborated by Chiang and colleagues [206]. iRODS allows 
metadata to be applied to all components of its system, collections, users, files and entire zones. 
The metadata can be used for data discovery and workflow automation within the system. 
iRODS is equipped with a rule engine system that when certain conditions are met, background 
processes are automatically triggered [207]. This allows automatic data discovery and provides 
methods to search through the metadata stored on the system. Moreover, since iRODS 
installation metadata is stored in a SQL database (either MySQL, PostgreSQL, or Oracle) 
[207], there is opportunity of analyzing that data independently of iRODS for data analytics. 
We also developed a front-end-interface (GUI), termed ez-iRODS, to interact with this 
middleware. Similar to ezSRB that was developed earlier using PHP [200], we have recently 
developed a Python-based ez-iRODS to access and interact with iRODS server of C-Grid with 
10 TB size and RAID 5 configuration [201]. The ez-iRODS was developed as a direct wrapper 
of the iRODS Client API, Python-iRODS Client (PRC; [207]). ez-iRODS provides input forms 
for users to interact with iRODS-server. This data grid, supported by a PostgreSQL database 
application, has been designed to help a user for creating and managing ‘virtual data collection’ 
that could be stored in heterogenous data resources across the distributed network in a 
collaborating environment (Figure 3). The server for C-Grid web portal and the iRODS, is 
located at the Slippery Rock University (SRU)’s Obsidian server that runs with Linux 
operating system (Red Hat Enterprise). This server provides functions for storing user 
accounts, verifying user accounts, communicating with the iRODS-server, and transmitting 
data objects. This Web-based system, supported by the LAVA supercomputing system at SRU, 
has been developed with an objective of long-term data preservation, unified data access and 
sharing domain specific data amongst the scientific research collaborators [201]. 

Another major hurdle in the glycobioinformatics analysis is curating data from the 
published literature, which is now mostly done manually. Such hurdle can be overcome by 
taking a similar approach that Wikipedia has undertaken - involving volunteers from global 
community to develop web pages. It may be envisioned that Glyco-community members 
would be involved in developing Web-based glyco-related 'Molecule page' based on their 
research interest. A Web-based form can be made available to insert data for each molecule, 
submission of which will populate corresponding tables (or tuples, a database terminology) in 
the appropriate glyco-related database, a task that can be accomplished with an Object-
Oriented approach. Earlier, this author developed a molecule page on ST6Gal I (Appendix I5) 
as a participating member of James Shaw's effort on PROW (Protein Reviews On the Web) at 
NCBI. This Web-based ‘Molecule Page’, peer-reviewed by two experts from the glycoscience 
community, was then made available at NCBI for viewing from anywhere via Web. 
Incidentally, Shah's effort was discontinued and the earlier web site address at NCBI no longer 
exists. Anyway, later, Raman et. al. [48] used a similar approach for developing ‘Molecule 
Page’ as a part of CFG initiative. More recently, Saunders et. al. [208] published a detailed 
description of ‘Molecule Page’ design for signaling molecules. Similar approach can be 

 
5Also, made available at http://www.arundatta.info/PROWGuideST6GalI.html for view. 
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undertaken for developing glyco-related 'Molecule Page'. While XML-based approach can 
develop proposed database/s, anyone from anywhere can view such a page on-the-fly by 
clicking on the molecule of interest. Experts from the Global Glyco-Community can also be 
provided 'edit' feature after authenticated access. 

 

 
 
 
 
 
 
 

 
Figure 3. C-Grid or Community Grid Portal framework. It also shows core functionality 
offered by C-grid web portal based on Integrated Rule-Oriented Data System (iRODS) 
(adapted from [201]). 

CONCLUSION 
 

Developing a fully automated technology infrastructure for glycobioinformatics 
analysis is a monumental job. This can be accomplished by involving ‘volunteers’ from the 
Glyco-community globally. A researcher can be involved in developing peer-reviewed 
‘Molecule Page’ that can relatively quickly populate appropriate glyco-related database/s. As 
has been demonstrated by the XSEDE supporting team, more tools can be integrated in a grid 
infrastructure-based portal (Glycomics Workbench) whenever such need arises for glycomes 
analysis. Considering that a large number of databases and software tools are already available, 
a team of scientists can determine their usefulness, while the Application developers can utilize 
collaborating environment, such as GitHub (github.com/), for developing Web-services for 
making those available to the Glyco-community. Some of those tools, developed outside of 
the Glyco-Community can also be considered because of the relevancy, such as, InterPro [197]. 
Any new software tool can be developed based on Model-View-Controller (MVC), which is a 
standard architecture for software development, by using open source yet portable (e.g., Java) 
technology that can easily be made available though a portal. Regarding the choice of database 
management system, a search engine works well if a data is stored in a relational database 
(although one may argue for NoSQL, [209]). A relational database has less redundancy, 
especially in a 3NF (third normal form) where every table represents an entity. Stadleman et. 
al. [10] showed the evidence that a significant number of glycoproteins are still unknown. 
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Therefore, it may be argued that such a database should be developed with an Object-
Oriented approach where any new ‘glycoprotein’ be considered as an ‘object’. Authenticated 
access to a collaborative environment can be provided by the grid infrastructure. In these 
authors’ opinion, portal development utilizing grid infrastructure may provide a solution to the 
informatics challenges encountered by a glycobiologist while performing bioinformatics 
analysis for deciphering the glycocodes. 
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