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understand protein glycosylation. Another database being integrated is GlycoEpitope, a com-
prehensive database of carbohydrate epitopes and antibodies. In the current project period,
we started the development of GlyTouCan, the international glycan structure repository provid-
ing unique accession numbers to all glycan structures. Although such databases are sufficiently
important in and of themselves, their integration with other—omics data such as the protein
information in UniProt will be crucial to bring glycosciences to the forefront of life sciences.
However, to integrate such disparate sets of data among different fields in a way such that future
maintenance costs are minimal, standardized ontologies and formats must be established.
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Our latest project has attempted to define the minimal standards that are necessary to enable
this integration. The technical challenges to integrate all these databases and the technologies
to overcome these challenges will be described.
© 2016 Published by Elsevier GmbH. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction

Integrated Life Science Database Project

The purpose of the Integrated Life Science Database Project
of Japan (http://biosciencedbc.jp/en/), sponsored by the
Japan Science and Technology Agency (JST), is to integrate
all life science databases both within and outside Japan. It
is apparent that a plethora of data is currently available on
the Internet, and it can be bewildering for students and new-
comers who come from different life science fields. One of
the problems with the development of life science databases
is that the data are often left around or taken down after
publication or the developer/student has left the organi-
zation/university. Therefore, JST had specifically included
a requirement in this latest project; all funded database
projects must be sustainable even after funding ends. As a
result, the currently funded projects are now being devel-
oped in a way that the data is available and all developed
source code is open source.

In terms of technical sustainability, considering that the
previous project focused initially on web services as the
main technology, it was found that web services were still
limited due to the following:

e Each web service can implement only one query, hav-
ing a specific input, predefined parameters and a specific
output.

e Changing the data often forces changes in the web service
implementation.

e Documentation of each and every web service was cum-
bersome, but required for others to use them.

o Different web service application programming interfaces
(APIs) needed to be developed for different program-
ming languages (although Representational State Transfer
(REST;) was becoming mainstream).

¢ Integration with other databases required knowledge of
other databases’ APIs.

Semantic Web technology

Consequently, participants started looking into the Seman-
tic Web as a means to integrate data among different
databases. In contrast to web services, it was found to be
simpler to implement using the Resource Description Frame-
work (RDF), which consisted of triples of data (subject,
predicate and object) where the subject and objects could
be either a literal (i.e., a text string or numeric, for exam-
ple) or Uniform Resource Identifiers (URIs) that pointed to
data on the Internet. The predicate performs an important
function as it adds the semantics to the data. Predicates
are defined by an ontology which specifies the relation-
ship between different classes of data. For example, if a

particular protein X is glycosylated at position P by an N-
linked glycan, then, the ontology would need to specify
classes of data called proteins and glycans. Moreover, it
would need to define the concept of glycosylation as a predi-
cate that takes proteins as subjects and glycans as objects.
Furthermore, the glycosylation position would need to be
encapsulated by another predicate glycosylated_at whose
objects are classes of data called aminoacids, for example.
The aminoacid class could also serve as a subject of other
predicates, such as positionnumber and aminoacidtype.

Note that such rules to specify the semantics of data
are all stored in an ontology that must be consistently used
by data providers for the data to be accurately linked to
each other. If one database provider uses glycosylatedAt
and another uses glycosylated_at, then these would be con-
sidered different predicates, and their meanings would be
considered different from one another.

As a result, as long as a standardized ontology could
be developed, data no longer needed to be maintained in
relational databases and could be instead provided as URls,
which meant that data could be modified as needed as long
as it could be accessed from the same URI consistently (Aoki-
Kinoshita et al., 2015b). Thus, as a part of the Integrated
Life Science Database Project, the Glycoscience Team also
started looking into the Semantic Web and RDFizing existing
databases, and we were able to show a proof-of-concept
that it was possible to do so with minimal effort (Aoki-
Kinoshita et al., 2013a; Katayama et al., 2014). From this,
a new glycan ontology was developed, called GlycoRDF
(Ranzinger et al., 2015), which is now used by the Carbo-
hydrate Structure Database (Toukach and Egorova, 2015),
MonosaccharideDB, UniCarbKB (Campbell et al., 2014), Gly-
coepitope, GlycoProtDB (Kaji et al., 2012) and GlycomeDB
(Ranzinger et al., 2009). By using this ontology, it is now
possible to integrate these different databases simply by
referencing the URIs of other database entries using RDF.

To implement such integration, data must be stored in a
specialized database for RDF data, called a triplestore. In
the current work, Virtuoso is used as the triplestore data
management system (Erling and Mikhailov, 2009).

Glycoscience Team project

The Glycoscience Team of the Integrated Database Project
was granted funds to develop an International Glycan Struc-
ture Repository which we call GlyTouCan based on WURCS
(Web 3.0 Unique Representation of Carbohydrate Struc-
tures), a new text representation of glycan structures.
These two subprojects started in 2014 in addition to the
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continuation of the integration of glycoscience databases
worldwide. In particular, databases developed previously
as a part of JCGGDB (Japan Consortium for Glycobiol-
ogy and Glycotechnology Database) are being RDFized to
enable this integration. These databases include GlycoEpi-
tope (Kawasaki et al., 2006; http://www.glycoepitope.jp),
GlycoProtDB (Kaji et al., 2012), PacDB (carbohydrate-
binding pathogen database), and GDGDB (glycogene disease
database), among others, and are being released as a part of
ACGGDB (Asian Community of Glycoscience and Glycotech-
nology Database; http://acgg.asia/db/). In this work, we
focus on describing GlyTouCan and WURCS by introducing
Semantic Web technologies.

Materials and methods

WURCS

The original purpose of developing WURCS started with
discussions regarding existing formats to use for represent-
ing and implementing the registration of glycan structures
in the International Glycan Structure Repository (GlyTou-
Can). This will be discussed in the next section. The major
existing glycan structure representations include GlycoCT
(Herget et al., 2008), IUPAC (IUPAC-IUB Joint Commission
on Biochemical Nomenclature (JCBN), 1982), KCF (Aoki-
Kinoshita, 2009), LINUCS (Bohne-Lang et al., 2001) and
LinearCode (Banin et al., 2002). Although each representa-
tion has its own strengths and weaknesses, none could satisfy
all the requirements of the repository, which were:

1. The necessity to represent ambiguous glycan
“‘structures’’ including monosaccharide compositions,
repeating structures and incompletely determined
structures.

2. The necessity to represent glycans on the Semantic Web,
meaning that it must be a linear text string, which could
be used as a URI.

Based on these requirements, it became clear that the
existing representations were insufficient. GlycoCT was the
strongest candidate, but the use of a text library for rep-
resenting monosaccharide modifications and the fact that
it was not a linear text string prevented us from selecting
it. KCF was also a multi-line format. LinearCode was lim-
ited in that it did not cover all possible monosaccharides;
and IUPAC used a human-readable format for representing
monosaccharides, which would be difficult to parse by com-
puter.

Thus, we began by first considering how to repre-
sent monosaccharides uniquely without having to use
human-readable text. The reason for this was that such
human-readable text was the source of problems for
many representations of monosaccharides, such as deoxy-
Galactose and Fucose, which are essentially the same
monosaccharide. This took us to MonosaccharideDB, which
uses the concept of a stereocode to represent monosac-
charides uniquely. We adopted a similar concept in WURCS,
representing each hydroxyl group of a monosaccharide by
a code indicating whether it lies on one side or the other
of the carbon ring. Then each monosaccharide in a glycan

was sorted in such a way so that it would always be uniquely
ordered in the string. Finally, glycosidic linkages were indi-
cated based on this order. Details of the latest WURCS
representation can be found at http://www.wurcs-wg.org/
(Tanaka et al., 2014).

GlyTouCan

The original motivation behind developing WURCS came
from the development of a glycan structure repository,
which had been deemed necessary by the community as a
means to apply identifiers, or accession numbers, to gly-
can structures, especially in the literature and in curated
databases (Aoki-Kinoshita et al., 2013b). The Glycoscience
Team of Japan was suggested to take the lead in this
development, supported by a team of glycoinformaticians
in the United States. This resulted in the development of
GlyTouCan version 1.0 at http://www.glytoucan.org/ (Aoki-
Kinoshita et al., 2015a).

The initial system architecture consisted of a relational
database management system (RDBMS; Postgres) and a
software called GlySpace to interact with the database,
developed by those in the United States, and a triplestore
(Virtuoso 7), developed by the Japanese group. The work-
flow was as follows:

1. User interface (GlyTouCan) receives glycan structure to
register.

2. GlyTouCan calls the GlySpace software to register the
structure into the RDBMS.

3. GlyTouCan processes the data to store in Virtuoso.

The GlyTouCan user interface (Ul) was designed to be
as user-friendly as possible, especially for biologists and
glycobiologists to intuitively search and register glycan
structures. This involved some work in integrating the
GlySpace software into the Ul.

As a part of the Integrated Database Project of Japan, it
was necessary for the data in GlyTouCan to be linked with
other databases, and thus, GlycoEpitope was first selected.
Having a fully-curated database of carbohydrate epitopes
linked with GlyTouCan would allow links to be made to pro-
teomics and lipidomics data as well. Moreover, GlycoEpitope
was already RDFized, so the link with glycan structures in
GlyTouCan would be fairly straightforward. Following Gly-
coEpitope, the RDFized data of BCSDB and GlycomeDB were
also linked with GlyTouCan data, followed by UniCarb-DB
(Hayes et al., 2011) and UniCarbKB.

Results

WURCS

WURCS version 1.0 has been fully refactored in version 2.0
in a way that it can be more easily parsed by GlyTou-
Can. It is more compact and more consistent with GlycoCT.
Fig. 1 is an example of WURCS 2.0. To make the for-
mat more compact, the concept of ‘‘unique residues’’
was incorporated so that the same residues need not be
listed repeatedly. Thus, the general format is as follows:
WURCS = <Version>/<Unit count>/<UniqueRES list>/<RES
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An example of a glycan structure in WURCS 2.0 format. After the version number, the number of unique residues, number

of total residues, and number of linkages are listed, delimited by commas. Then the stereocode-like text for each unique residue
is listed, followed by linkage information, labelling each distinct residue by alphabetical characters. See text for details.

sequence>/<LIN list>, where <Unit count> lists the num-
ber of unique residues, the total number of residues, and
the number of glycosidic linkages, separated by commas.
The <UniqueRES list> lists the stereocode-like string for
each monosaccharide residue. This format has also been
extended in version 2.0 such that the anomer is listed
directly and no longer needs to be inferred from the
stereocode conformation. The backbone and modification
information are also included. The <RES sequence> section
lists the ordering of the unique residues based on a pre-
defined rule such that the string remains unique. The <LIN
list> then uses alphabetical characters corresponding to the
residues ordered in the <RES sequence> such that their gly-
cosidic linkages can be listed.

GlyTouCan functionality

The GlyTouCan web interface (Fig. 2) provides four main
functionalities, which include:

1. Browsing the structures:

(@) The “‘View AW’ menu contains a ‘‘Glycan List’’
option which displays the full content of the reposi-
tory. From this list, filters are presented to help the
users to find a particular glycan based on specific
parameters, namely structures that:

(1) contain a particular glycan motif (e.g., Lewis or
lactosamine structures),

(2) have a particular mass (or within a mass range),
or

(3) contain specific monosaccharide residues.

3.

This view can also be sorted to display struc-
tures according to accession number, contributor
name, mass, or registered date.

(b) The same ‘‘View All’’ menu also contains a ‘‘Motif
List’’ option, which displays a list of the structures
considered as ‘ ‘glycan motifs’’ which are well-known
glycan structure patterns.

. Searching for particular structures:

(@) Graphic input: The GlycanBuilder interface
(Damerell et al., 2012) is displayed for users to
draw their glycan structure query of interest. As a
result, if the specific structure is registered, the
accession number is displayed, along with all other
structures in GlyTouCan that contain the query
structure.

(b) Text input: A glycan structure specified in GlycoCT,
LinearCode, or KCF can be inputted into the textbox
as a query structure. The results are the same as the
graphic input.

(c) By motif: A list of the motifs registered in GlyTouCan
is given; and when one is clicked, it is used as a query
structure. The results are the same as the graphic
input.

Viewing the details (including linked data information)

for a particular structure; the glycan entry page provides

a number of sections of information:

(a) Overview: The graphical representation of the spe-
cific glycan, its accession number, calculated mass,
registered date and user name, as well as WURCS and
GlycoCT representations of the text are provided.
The form of graphical representation to display can
be selected from the preferences menu.
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THE GLYCAN REPOSITORY

40396 61
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! What is GlyTouCan?

GlyTouCan is the international glycan structure repository. This repository is a
freely available, uncurated registry for glycan structures that assigns globally
unique accession numbers to any glycan independent of the level of
information provided by the experimental method used to identify the
structure(s). Any glycan structure, ranging in resolution from monosaccharide
composition to fully defined structures can be registered as long as there are

800

Monosaccharides

no inconsistencies in the structure.

| what you can do

Figure 2 The main web interface of GlyTouCan. The top menu bar provides the main functionality, including glycan data regis-

tration, search, browse and visual preference selection.

(b) Related data: The list of motifs contained in the spe-
cific glycan, its monosaccharide composition, and a
visualization tool to display its relationship to other
glycan structures in GlyTouCan are provided.

(c) Linked DB: If the structure is linked with other
RDFized databases, the list of databases and their
corresponding entry information will be displayed.
This is where the data of external databases can be
accessed. Currently available are BCSDB, GlycoEpi-
tope, GlycomeDB, UniCarbDB and UniCarbKB.

4. Registering structures: To register their own structure,
the users first register as a user by signing in using their
Google account. Registration can then be made via:

(a) Graphicinput using the GlycanBuilder interface, sim-
ilar to the graphic search option.

(b) Text input using GlycoCT.

(c) File upload using a file containing a list of two or
more glycans in GlycoCT format.

There are also options to change the display of the user
interface based on personal preferences, including the lan-
guage used (e.g., Chinese, Japanese, Russian, French and
German), and the symbol notation to use (Essentials of Gly-
cobiology or University of Oxford notation). These options
can be selected under the preferences menu.

Discussion

The first international glycan structure repository utilizes
Semantic Web technology to show that it is possible to use
this new technology to not only integrate various databases,

but also to develop web interfaces that can display the
data in a user-friendly way. Open source software has been
developed to enable this technology, which will hopefully
encourage the further integration of other life science
databases.

As a major part of GlyTouCan development, the WURCS
representation was essential. By building it on work of exist-
ing glycan text representations, a robust, linear and unique
representation that can capture glycan structure ambiguity
has been developed. The software library for WURCS is also
open source and will be made available for those interested
in using it. This library also includes software for RDFizing
glycan structures from WURCS, which is now used in per-
forming the queries in GlyTouCan when searching for glycan
substructures. For future work, we will continue to RDFize
the available glycoscience databases that have yet to be
converted to integrate and link them with GlyTouCan.

Conclusion

Although still fairly new, Semantic Web technologies have
shown great potential to integrate life science databases,
especially considering the wide range of fields that this
encompasses. Glycoscience is an important aspect of the
life sciences that can potentially link proteomics with
metabolomics, lipidomics and genomics. Software such as
triplestores and user interfaces for the Semantic Web are
gradually developing, and it is expected that the current
bottlenecks in terms of speed of data processing will be
overcome in the near future.
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