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Glycomics, the study of the entire complement of sugars of an organism has received significant attention
in the recent past due to the advances made in high throughput mass spectrometry technologies. These
analytical advancements have facilitated the characterization of glycans associated with the
follicle-stimulating hormones (FSH), which play a central role in the human reproductive system both
in males and females utilizing regulating gonadal (testicular and ovarian) functions. The irregularities
in FSH activity are also directly linked with osteoporosis. The glycoanalytical studies have been
tremendously helpful in understanding the biological roles of FSH. Subsequently, the increasing number
of characterized FSH glycan structures and related glycoform data has thrown a challenge to the
glycoinformatics community in terms of data organization, storage and access. Also, a user-friendly
platform is needed for providing easy access to the database and performing integrated analysis using
a high volume of experimental data to accelerate FSH-focused research.
FSH Glycans DataBase (FGDB) serves as a comprehensive and unique repository of structures, features,

and related information of glycans associated with FSH. Apart from providing multiple search options, the
database also facilitates an integrated user-friendly interface to perform the glycan abundance and
comparative analyses using experimental data. The automated integrated pipelines present the possible
structures of glycans and variants of FSH based on the input data, and allow the user to perform various
analyses. The potential application of FGDB will significantly help both glycoinformaticians as well as
wet-lab researchers to stimulate the research in this area.
FGDB web access: https://fgdb.unmc.edu/

� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Advances made in the development and application of
high-throughput technologies including Mass Spectrometry (MS),
and Nuclear Magnetic Resonance (NMR) have revolutionized gly-
comic studies focusing on structures, glycosylation, and biological
roles of glycans in the cellular systems. Previous studies have
widely explored the involvement of glycans in a variety of cellular
functions such as protein folding to provide specialized functions
in eukaryotes [1,2], occurrence of nucleocytoplasmic glycosylation
to regulate cellular metabolism [3,4], disease progression [5,6], cell
proliferation and differentiation [7], cell-to-cell interactions [8,9],
immune evasion [10] and many more. Our understanding of the
involvement of glycans in human reproductive systems is still in
its infancy; however, owing to the access to advanced technologies,
in-depth characterization of FSH associated glycans has been
carried out in the recent past [11–13]. FSH is a heterodimeric
glycoprotein with a common a and the hormone-specific
b-subunits. a-Subunit is N-glycosylated at positions Asn52 and
Asn78, while, b-subunit is N-glycosylated at Asn7 and Asn24 in
their amino acid sequences. Previous researches have demon-
strated the regulatory role of FSH in reproduction [14,15] and
osteoporosis in humans [16].

Recent glycoanalytical innovations have provided a large
amount of experimental data for structural analysis of complex
glycan molecules in various organisms, which warranted the need
to develop bioinformatic and computational solutions for data
storage and organization, and build analytical platforms for easy
access, analysis and visualization [17]. In this context, GlycomeDB
[18] (now part of GlyTouCan 1.0 [19], CFG (Consortium for
Functional Glycomics), and GlycoWorkbench [20] are among the
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most used databases and tools that provide structural data of
glycans accompanied with analytical tools [21]. Notably, GlyTou-
Can 1.0 [19] is one of the largest repositories of glycan structures.
Some databases such as GLYCOSCIENCES.de harbor more specific
data on NMR-based glycan 3D structures [22] and facilitate
structure-based computational analyses including molecular mod-
eling and drug designing [23,24] for investigating biological roles
of glycans [25].

The glycomic research for characterizing glycans associated
with FSH in human reproductive systems is advancing at a rapid
pace and a large amount of structural information on FSH glycans
is available in the literature. However, these data are archived in
the literature by independent groups and are not easily accessible
in a user-friendly manner, thus limiting their use by the research
community. There are several hundreds of characterized FSH gly-
cans, of which 91 are core-fucosylated while 139 lacked fucose
residue [13]. To the best of our knowledge, there is no specific
database which provides structural information of FSH glycans.
Existing public databases poorly store metadata on FSH glycans
and are inconsistent in the data formats used to represent
structural information. They also lack a user-friendly interface to
perform analysis on FSH-specific glycan structures or their relative
abundance. To address these issues, glycobiologists and glycoinfor-
maticians are encouraged to develop bioinformatics-based solu-
tions to support large scale data-driven analyses focusing on FSH
glycans.

We address this issue by developing an open-source webserver
that provides a platform to store curated FSH glycan structures,
and supports searching and retrieval of pertinent information
using various features. In addition, we provide an integrated inter-
face with analytical tools for abundance calculation and
comparison of data between experiments. This web server is
expected to significantly promote research in the FSH glycomics
domain. With this objective, we developed an FSH Glycans
Fig. 1. A) Architecture of FGDB and associated functionalities. B) An exampl
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DataBase (FGDB) using the Python framework, which provides
access not only to the glycan structural data but also facilitates
analytics using the raw experimental data. The FGDB will uniquely
serve as a central hub for accessing FSH glycans data, depositing
new glycan structures, and performing analyses using mass
spectrometry data using its user-friendly features.
2. Architecture of FGDB and web interface

The FGDB primarily stores information of glycan structures and
their features in flat files, and python scripts are used to process
queries to the database, as illustrated in Fig. 1. The web interface
was built using Flask (https://flask.palletsprojects.com/en/1.1.x/)
in a python environment, where most information related to gly-
can structures and their features are generated using python pack-
age glypy [26]. All glycan abundance calculations and graph
plotting tasks are carried out by scripts developed using python
libraries as they provide better capabilities for integration with
existing open-source algorithms and tools designed for biological
data analysis.
3. Data formats

3.1. Glycan structure representation

3.1.1. Graphical representation
FGDB uses two graphical formats for representing glycan

structures: 1) the symbol nomenclature for glycans (SNFG) [27],
and 2) the OGI format, which is recommended by Oxford
Glycobiology Institute [28,29]. SNFG structures were generated
programmatically using python package glypy, whereas, OGI struc-
tures were drawn manually and curated by our experts following
Oxford Glycobiology Institute system’s conventions, which display
e showing the core information that FGDB stores on a glycan structure.

https://flask.palletsprojects.com/en/1.1.x/


Table 1
Structural features of glycans that are incorporated into the FGDB database. A brief description of each feature is provided below.

Features Sub-features Description Examples

Fucosylation Core
fucosylation

Fucose residue attached to the reducing terminal GlcNAc residue attached to Asn

Branch
fucosylation

Fucose residue attached to GlcNAc or Gal residues in one or more branches

Terminal
fucosylation

Fucose residue terminating a branch

No fucosylation No fucose residue attached to oligosaccharide

Synthetic
complexity

High mannose Glycans with two N-acetylglucosamines and 4–9 mannose residues

Hybrid Glycans contain 1 to 6 mannose residues on the a1-6 mannose branch while one or more complex branches are
present on the a1-3 mannose branch

Complex Glycans possessing two or more antenna composed of GlcNAc, Gal, GalNAc, Fucose, or sialic acid residues

Branching
complexity

Mono-
antennary

Single, complex branches initiated with GlcNAc residues to one of the core mannose residues, either the a1-3 or
a1-6 mannose

Bi-antennary Two GlcNAc-initiated complex branches linked to the pentasaccharide core

Tri-antennary Three GlcNAc-initiated branches linked to the pentasaccharide core

Tetra-
antennary

Four GlcNAc-initiated branches linked to the pentasaccharide core

Penta-
antennary

Five GlcNAc-initiated branches linked to the core

Sialyation Neutral No charged moieties, such as sulfate, phosphate or sialic acid in glycan

(continued on next page)
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Table 1 (continued)

Features Sub-features Description Examples

Full One sialic acid residue on mono-antennary, 2 on bi-antennary, 3 on tri-antennary, or 4 on tetra-antennary glycan

Partial One sialic acid residue on bi-antennary, 1–2 on tri-antennary, or 1–3 on tetra-antennary glycan

GlcNAc
bisection

Yes Attachment of beta1-4 GlcNAc to the branching, beta-1–4 mannose residue

No No GlcNAc residue attached to the branching, beta-1–4 mannose residue

Fig. 2. Demonstration of FGDB search and glycan abundance analysis with user input data.
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embedded specificity and anomericity. More information about
monosaccharide linkage and orientations defined in OGI structures
are provided on the database webpage.

3.1.2. Text-based representation
Similar to drawing SNFG structures, glypy packagewas also used

to parse glycan structures in the widely used text-based formats,
such as IUPAC, WURCS [30], LinearCode [31], and GlycoCT [32].

3.2. Glycan structures: sources and features

FGDB stores information of glycans that are associated with
FSH-a subunit (attached at Asn52 and Asn78 positions), and FSH-
1638
b subunit (attached at Asn7 and Asn24 positions). A variety of
features based on the interlinkage of monosaccharides in the gly-
can structures are also incorporated. The current version of the
database accommodates the following features of the glycan struc-
tures: ‘‘Fucosylation”, ‘‘Synthetic complexity”, ‘‘Branching
complexity”, ‘‘Sulfation”, ‘‘Phosphorylation”, ‘‘Sialyation”, and
‘‘GlcNAc bisection”, each of which is briefly described in Table 1.
4. Database accessibility and current status

FGDB database can be accessed on the web at https://fgdb.un-
mc.edu/ to perform search queries and glycan data analyses. Both
operations require input data in a specific format, which has been

https://fgdb.unmc.edu/
https://fgdb.unmc.edu/
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shown in the example text file on corresponding web pages. FGDB
output tables are downloadable to local desktop along with appro-
priate data labels. The database is available as an open-source
resource under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial reuse, redistribution, and reproduction
in any medium provided the original work is properly cited. For
commercial reuse, permission in writing should be taken from
the developers. The full list of FGDB entries can be provided to
users up on request. We also request the user community to sub-
mit glycan structures to FGDB, curate, and update annotations by
using the correspondence form provided on the FGDB web page.

FGDB on its first release (FGDB 1.0) includes 230 N-glycans
(represented in OGI format) from FSH alpha and beta subunits,
and our group will continue to update the database with recombi-
nant human FSH glycans as well as FSH from horse and other spe-
cies. From these 230 glycans, we generated the images of over 850
possible glycan variants in SNFG format. For each glycan structure,
features as mentioned above can be accessed from the ‘glycan
details page’.
5. Database usage: search and analysis of glycans abundance

FGDB facilitates web-based queries using a variety of user input
data such as molecular weight range, monosaccharide composi-
tion, and text-based IDs such as IUPAC, LinearCode, WURCS, or
database-specific FGDB ID (Fig. 2). Every search can be coupled
with different filtering criteria such as FSH subunit (a or b or both)
as glycan source, glycosylation site location on the protein chain,
glycan fucosylation, complexity of glycan structures from synthetic
perspectives, and other features, which allow users to interactively
narrow down the results. The results page simply lists glycans
along with SNFG and OGI structures and other information. Each
glycan entry in the output table is hyperlinked to the correspond-
ing ‘glycan details page’ which contains detailed information of the
glycan structure such as glycan source, structural features,
molecular weight, and names in IUPAC, LinearCode, WURCS, and
GlycoCT formats, and monosaccharide composition, as shown in
Fig. 1B.

An integrated interface in FGDB was developed to facilitate
analysis and plotting of output data such as the relative abundance
of glycans and comparison between the datasets. The monosaccha-
ride composition along with the abundance of information in a
specific format can be entered or uploaded in text files to perform
simple glycan abundance analysis (as shown for 24 kDa-FSHb gly-
cans in Fig. 2). Moreover, advanced analysis can also be performed
to compare glycan abundance from either different experimental
settings or different sources in a whole glycan population. For
instance, Fig. 2 displays an example from FGDB on the relative
abundance of 24 kDa-FSHb and 21 kDa-FSHb glycans. Along with
configuring the output plots, we also facilitate additional options
on the input form to sort the order of glycans on the bar chart
based on their abundance levels (Fig. 2).
6. Future work

In the future versions, we plan to update FGDB to include more
glycan structures and variants from human, horse and other spe-
cies along with their experimental sources and biosynthetic path-
way information. We will continue to add more functionalities,
especially to perform abundance focused analysis that includes
structural features as mentioned above. Also, we will emphasize
on interlinking FGDB with other glycomic and glycoproteomic
databases such as GlyTouCan and KEGG GLYCAN Database [33]
to facilitate more robust and interactive analyses.
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