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Abstract

As a post-translational modification, protein glycosylation is critical in health and disease. O-Linked $-N-acetylglucosamine
(O-GIcNAc) modification (O-GlcNAcylation), as an intracellular monosaccharide modification on proteins, was discovered
40 years ago. Thanks to technological advances, the physiological and pathological significance of O-GIcNAcylation has
been gradually revealed and widely appreciated, especially in recent years. O-GlcNAc informatics has been quickly evolv-
ing. Clearly, O-GlcNAc informatics tools have not only facilitated O-GlcNAc functional studies, but also provided us a
unique perspective on protein O-GlcNAcylation. In this article, we review O-GlcNAc-focused software tools and servers
that have been developed for O-GlcNAc research over the past four decades. Specifically, we will (1) survey bioinformatics
tools that have facilitated O-GlcNAc proteomics data analysis, (2) introduce databases/servers for O-GlcNAc proteins/sites
that have been experimentally identified by individual research labs, (3) describe software tools that have been developed to
predict O-GIcNAc sites, and (4) introduce platforms cataloging proteins that interact with the O-GlcNAc cycling enzymes
(i.e., O-GlcNAc transferase and O-GlcNAcase). We hope these resources will provide useful information to both experienced
researchers and new incomers to the O-GlcNAc field. We anticipate that this review provides a framework to stimulate the
future development of more sophisticated informatic tools for O-GlcNAc research.
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Introduction

Glycosylation, the covalent addition of glycans onto proteins,
is not only the most structurally diverse but also the most abun-
dant post-translational modification (PTM) [1-3]. The classi-
cal glycosylation mainly occurs as oligosaccharides on proteins
in the secretory pathway (commonly linked via Asn (N-linked)
or Ser/Thr (“mucin-type” O-linked)). In comparison, O-linked
-N-acetylglucosamine modification (O-GlcNAcylation) on
Ser/Thr residues of proteins was not reported until 1984 [4,
5]. Mounting evidence since then gradually revealed that
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O-GIcNAc is distinct in multiple ways: (1) O-GlcNAc is a
monosaccharide which is not elongated to complex sugar struc-
tures [6, 7]; (2) O-GlcNAc is a reversible and highly dynamic
modification catalyzed by only a pair of enzymes: O-GIcNAc
transferase (OGT) (which adds O-GlcNAc to Ser/Thr residues
[8-10]) and p-D-N-acetylglucosaminidase (O-GlcNAcase)
(which removes O-GIcNAc [11]); (3) O-GlcNAc exists almost
exclusively on proteins localized in the nucleus, cytoplasm,
and mitochondria [7, 12, 13]; (4) O-GlcNAc frequently inter-
plays with other PTMs (particularly phosphorylation [14]); and
(5) O-GlcNAc is most common in metazoans, despite the wide
presence across all kingdoms of life (except Archaea) [15]; (6)
due to the monosaccharide nature, functional roles of protein
O-GlcNAcylation can be studied similar to phosphorylation
and other PTMs, where site-specific mutagenesis as well as
other targeted approaches [16—19] can be conducted. Indeed,
O-GIcNAcylation as a single monosaccharide is of critical
importance in numerous biological processes and intimately
linked to physiological/pathological events [20-32]. Moreover,
developing therapeutics and biomarker assays that target pro-
tein O-GlcNAcylation shows great promise [33].
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In the past two decades, there have been tremendous tech-
nical advances, especially with high-throughput analytical
techniques (tandem mass spectrometry in particular), allow-
ing increasingly comprehensive analysis of glycans and
glycoproteins [33—-35]. Correspondingly, glycoproteomics
data explosion promoted the rapid evolution of glycoinfor-
matics, a branch of bioinformatics specifically tailored to
information concerning the primary structure (composition,
sequence, and linkages) and three-dimensional structure
(including dynamics) of glycans and glycoproteins in tis-
sues or cell types as well as their interaction with biological
surroundings [36—40]. Until recently, the development of
glycoinfomatics tools has been slow and difficult due to the
complexity of conventional glycosylation, and O-GlcNAc,
despite being a structurally well-defined monosaccharide
that is found widespread throughout the nucelocytoplasmic
proteome, has also been neglected. Of all the ~20,000 pro-
teins encoded by the human genome, it is estimated that
at least 25% (>5000 proteins) are localized in the secre-
tory pathway (including ER, Golgi apparatus, and plasma
membrane) [41], whereas the majority (~75%, 15,000
proteins) are localized in nucleus (nuclear and nucleolar
structures), cytosol, mitochondria, cytoskeleton, and oth-
ers. Among the ~15,000 proteins, >25% (>4000 proteins)
have been found O-GlcNAcylated, with >11,000 Ser/Thr
sites unambiguously identified to be O-GIlcNAcylated thus
far (O-GIcNAcAtlas, version 3.0) [42]. The numbers of
O-GIcNAc proteins and modification sites clearly suggest
its widespread presence (which may be far more than those
modified by complex glycans). Arguably, O-GIcNAc repre-
sents a large population of glycosylated proteins in humans
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and other species, which has led to substantially increased
research attention over the past few decades, yielding >3400
O-GlcNAc-related publications (Fig. 1). Given the unique
importance of O-GIcNAc in health and disease, increased
efforts in developing O-GIcNAc informatic tools have been
made. Undoubtedly, there is a need to bridge these endeav-
ors to the glycoinformatics, glycobiology, and even a wider
scientific community.

This article thus aims to summarize advances in infor-
matics for O-GlcNAc research in the past 40 years. We will
focus on several closely intertwined aspects: bioinformat-
ics tools for O-GIlcNAc proteomics; databases/servers cata-
loging O-GIcNAc proteins/peptides/sites experimentally
identified; software tools for the prediction of O-GIcNAc
sites; and databases for OGT/OGA interaction proteins
(Fig. 2). Besides addressing the progress and challenges,
we also illustrate how these O-GlcNAc informatics tools
have shaped O-GlcNAc research, especially the elucidation
of O-GlcNAc site-specific functional roles in physiology and
pathology.

Bioinformatic tools for O-GIcNAc proteomics

As for other PTMs, chemical and biochemical tools/meth-
ods are indispensable for O-GIcNAc research. With the
rapid maturation of high-resolution and sensitive mass
spectrometry and accompanying techniques, tandem mass
spectrometry-based proteomics has emerged as a corner-
stone approach, which can be used for either low-through-
put (e.g., immunoprecipitated proteins from cell lysates) or
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Fig.1 Accumulated numbers of O-GlcNAc-focused publications indexed in PubMed from 1984 to 2023 (search queries: O-linked-p-N-

acetylglucosamine, O-GlcNAc, O-GlcNAcylation)
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Fig.2 Application of O-Glc-
NAc informatics tools for

O-GlcNAc site-specific func-
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high-throughput (e.g., whole cell lysates) analysis. Due to
the low stoichiometric nature, enrichment of O-GlcNAc pro-
teins/peptides is generally needed for O-GlcNAc proteomics.
Moreover, the O-GlcNAc moiety is extremely labile in gas
phase, hindering accurate identification of O-GlcNAc sites.
Thus, quite a few O-GlcNAc proteomics studies (especially
in earlier days) reported numerous O-GlcNAcylated proteins
as potential or putative (even after certain types of enrich-
ment) and without information on the specific O-GIcNAc
peptides or sites. It is problematic to consider any of such
proteins as modified by O-GlcNAc. Therefore, identifica-
tion of O-GIcNAc peptides/sites provides direct evidence
for confident assignment of proteins as O-GlcNAcylated.
And mapping O-GlcNAc sites generally serves as the first
step towards elucidation of their functional importance [33,
43-49].

Despite the structural simplicity, site-specific O-GlcNAc
proteomics has never been an easy task. Due to the inherent
challenges of O-GlcNAc aforementioned (e.g., low stoichi-
ometry and extreme lability in gas phase), it is not surprising
that substantial efforts have been focused on sample prepa-
ration (e.g., development of enrichment methods/materials)
and mass spectrometry data acquisition. For example, elec-
tron transfer dissociation (ETD) and hybrid fragmentation
modes (such as electron transfer/higher-energy collision dis-
sociation (EThcD), and higher-energy collisional dissocia-
tion (HCD) product dependent EThcD (HCD-pd-EThcD))
can retain O-GIcNAc moiety on peptides during fragmenta-
tion, largely facilitating O-GIcNAc site mapping [33, 45]. As
an indispensable part, O-GlcNAc proteomics data analysis
is not trivial. So far, a number of software packages have
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been applied for O-GIcNAc site mapping. Instead of intro-
ducing all proteomics software tools available, we aim to
focus on those that have been used more often for O-GlcNAc
proteomics (below). It is notable that other tools (e.g., the
OScore software [50], the Open Mass Spectrometry Search
Algorithm (OMSSA) [51-53], and MS-GF+ [54]) have also
been utilized for site-specific O-GlcNAc analysis.
Proteome Discoverer (PD) software, a commercial plat-
form of Thermo Fisher Scientific, provides streamlined pep-
tide/protein identification and quantification. Since its first
release in 2007, PD has been evolving to integrate multiple
search algorithms such as Sequest HT, Mascot, MSAmanda,
Byonic, and ProSightPD [55]. PD is also commonly used
for PTM analysis, since it includes ptmRS (the successor of
PhosphoRS) as a node for measuring the confidence of mod-
ification localization in peptide sequences in terms of prob-
ability. In order to calculate individual probability values for
each putatively modified site, the algorithm optimizes indi-
vidual peak depths for different regions of the tandem mass
spectrum with a limit of eight peaks per 100 m/z window
[56]. Since PhosphoRS has been validated using synthetic
phosphopeptides, it is not fully clear about the performance
of ptmRS for other types of modifications [56]. Neverthe-
less, as the accompanying software for Orbitrap instruments,
PD is a widely used software by many labs. As a seamlessly
embedded module, ptmRS has been adopted for O-GIcNAc
site localization analysis in many studies (e.g., [57-61]).
MaxQuant, a freely available proteomics software package
integrated with search engine Andromeda, has gained wide
adoption for analyzing large mass-spectrometric datasets
[62]. The PTM scoring algorithm in Andromeda was initially
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developed for phosphorylation and has been expanded to
other types of modification. Andromeda divides the entire
MS/MS spectrum into 100 m/z bins and evaluates the exper-
imental peaks in each bin using a binominal distribution
probability formula, giving priority to peaks with higher
intensities [62]. Specifically, the PTM localization score is
determined by selecting the four highest-intensity fragment
ions from each 100 m/z segment, and this selection is per-
formed for every possible combination of PTM sites within
the peptide sequence [63]. MaxQuant has been applied for
site-specific O-GlcNAc proteomics data analysis, typically
with 0.75 as the PTM score threshold for unambiguously
localization assignment [64—66].

Protein Prospector is another freely accessible suite of
tools developed for analysis of MS-based proteomics. For
ambiguous modified positions, Site Localization In Pep-
tide (SLIP) scores are reported, which are determined by
comparing probability and expectation values for the same
peptide with different site assignments in terms of —logP
[67]. So far, Protein Prospector has been used in a number
of O-GIcNAc proteomics studies [68-72].

The relatively effective identification of O-GlcNAc pep-
tides/sites by the aforementioned search engines shows
that it is possible to use the traditional proteomics soft-
ware packages for O-GlcNAc proteomics by including
HexNAc as a variable modification. To bear in mind, the
HexNAc moiety might be lost from peptides during col-
lision-based fragmentation (especially HCD), producing
peptide fragments without the glycan mass and resulting
in low confident or erroneous site assignment. Thus, data
analysis programs must anticipate the potential HexNAc
loss to correctly calculate the peptide fragment masses.
Besides, in recent years, there has been an emergence
of a series of software tools targeted for glycoproteom-
ics data analysis, due to the failure of complex glycan
analysis by using the commonly used proteomics soft-
ware. For example, to facilitate the structural education
and site mapping of complex O-glycans on peptides, a
series of packages have been developed, including Byonic
[73], MSFragger-Glyco [74], pGlyco [75], O-pair [76],
and GlycReSoft [77]. Although promising, only a few of
them (e.g., Byonic [78, 79]) have been tentatively applied
for O-GlcNAc proteomics analysis thus far.

Of special note, despite the significant progress to iden-
tify O-GIcNAc peptides and localize O-GlcNAc sites, it is
a challenge to distinguish it from O-GalNAc (especially
GalNAcal-S/T, i.e., Tn antigen), since the two isomers of
HexNAc result in the same delta mass on the modified pep-
tides when fragmentated in fragmentation modes such as
HCD. Although subcellular localization of proteins is help-
ful to distinguish GlcNAc and GalNAc, its performance
might be compromised since O-GIcNAc also appears to
be on certain extracellular proteins (e.g., mediated by the
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atypical enzyme EOGT) [80] and a small portion of O-Gal-
NAc proteins appears to be localized in nucleus [81]. To that
end, by leveraging the differential intensities of oxonium
ions (i.e., m/z 126.055, 138.055, 144.066, 168.0655, and
186.0761) for O-GIcNAc and O-GalNAc, a binary logistic
regression model HexNAcQuest was developed recently
[82]. Results from independent validation datasets demon-
strate that HexNAcQuest can accurately discern O-GIcNAc
from O-GalNAc modification mainly based on the intensities
of oxonium ions that have resulted from HCD, EThcD, or
HCD-pd-EThcD mass spectrometry. Moreover, HexNAc-
Quest is a more accurate and general model in comparison
to criteria based on empirical observations [45, 79, 83, 84].
In addition, a detailed protocol has recently been described
to integrate HexNAcQuest with commonly used proteomics
data analysis workflows [85], which will further facilitate
distinguishing HexNAc isomers on peptides from complex
samples.

Taken together, a series of software packages have been
adopted for O-GIcNAc proteomics data analysis. However,
their performance (especially those of the recently developed
software tailored for O-glycoproteomics) has not been rigor-
ously evaluated for O-GIcNAc proteomics. Each algorithm
used may identify overlapping as well as different popu-
lations of O-GIcNAC peptides from the same mass spec-
trometry data files. Furthermore, although some software
(e.g., PD and MaxQuant) allows custom settings (e.g., add-
ing a certain chemical tag onto Ser/Thr residues) for data
analysis, many others do not. This serves as an important
feature when selecting appropriate software tools, as chemi-
cal tagging (e.g., the metabolic labeling- or chemozymatic
labeling-based enrichment) appears to be a powerful strat-
egy for O-GlcNAc enrichment [51, 53, 64, 65, 78]. Besides
identification of O-GlcNAc peptides, accurate O-GIcNAc
site localization is a critical aspect. Although many soft-
ware tools provide site localization scores, unambiguous
site assignment is still challenging (especially for peptides
containing multiple O-GlcNAc sites). Clearly, this field is
still in need of a widely accepted software tool and metric
that can accurately describe the certainty of site localization
in a user-friendly manner for O-GlcNAc proteomics data
analysis of large datasets.

Databases/servers for O-GIcNAc proteins/
sites

Technical advances in O-GlcNAc proteomics have produced a
large amount of data. Several databases (e.g., PhosphoSite Plus
[86], dbPTM [87], and MS-viewer [88]) attempted to collect
O-GlcNAc sites and proteins. Unfortunately, these databases
only covered a limited amount of useful information. Thus,
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several databases have been created to specifically accom-
modate the rapid accumulation of O-GlcNAc information on
proteins.

The database dbOGAP, established in 2011, is the first
public bioinformatics resource dedicated to O-GlcNAcylated
proteins and sites [89]. The initial version contained ~800
O-GlcNAcylated proteins and ~400 sites experimentally deter-
mined in about 500 articles published since 1984 to 2010.
Unfortunately, the website became inaccessible due to the
lack of maintenance. Consequently, we took the initiative to
establish a new one, O-GlcNAcAtlas, to integrate O-GIcNAc
sites and proteins from literature [42]. Stringent selection cri-
teria were applied to select O-GlcNAc sites and proteins, and
proteins identified in large-scale proteomics studies without
O-GIcNAc site localization were not included. Besides unam-
biguously identified sites (with a localization score >0.75),
ambiguously identified sites (mainly due to the low localiza-
tion scores for peptides with clustered Ser/Thr residues espe-
cially when processed by the software tool Protein Prospector)
were also included. Besides O-GlcNAc sites, related informa-
tion (including species, sample type, peptide sequence, protein
name, and site mapping methods used) was also extracted and
presented. Meanwhile, the O-GlcNAc database was devel-
oped as another online resource for O-GlcNAc proteins (first
focusing on human then extended to other species) [90]. Since
many proteins without information on O-GlcNAc peptides/
sites have been included, the O-GIcNAc database appears to
have substantially more proteins. However, as aforementioned,
it is hard to consider such proteins (mostly from O-GIcNAc
proteomics studies without peptides/sites) as O-GlcNAcylated
(lacking basic information). Interestingly, an O-GIlcNAc score
(between 0 and 100) is used as a quantifier to estimate the level
of O-GlcNAc confidence for each protein in the database, with
advertised caution for any score below 10.

Of note, the interplay between Ser/Thr O-GlcNAcyla-
tion and phosphorylation has been extensively studied in
the past few decades [14]. With the public availability of
specifically tailored databases of O-GIcNAc sites/proteins
(as aforementioned) and phosphorylation sites/proteins (such
as PhosphoSitePlus [86] and EPSD [91]), investigators can
integrate such information easily, in whichever way they like
(e.g., explore the potential cross-talk on modification sites
on proteins of interest). The integration would also allow
exploration of the intricate interaction between these two
PTMs (e.g., co-localization evaluation of the two PTMs by
doing meta-analysis [15]).

Bioinformatic tools for O-GIcNAc prediction
So far, >16,000 unambiguous sites and >10,000 ambigu-

ous sites have been identified on a total number of >7000
proteins in multiple species (O-GlcNAcAtlas, version 3.0).

Despite the technological progress, sensitive and robust
methods for global and site-specific O-GIcNAc analysis are
still lacking in many cases. Since protein O-GlcNAcylation
functions in a site-specific manner and accurate determina-
tion of O-GlcNAc sites is also technically demanding, there
is a need to obtain O-GlcNAc site information to afford site-
specific O-GlcNAc functional studies of proteins (without
known modification sites reported). To that end, a number
of computational tools (based on machine learning and deep
learning methods) have been developed to predict O-Glc-
NAc sites (Table 1).

YinOYang, an artificial neuronal network-based predic-
tor developed in 2002, is a pioneering effort in this area
[92]. It was trained on 40 experimentally determined
O-GIcNAc acceptor sites on human proteins to recognize
the sequence context and surface accessibility. Although
the positive dataset is limited, it serves as a benchmark for
comparison in evaluating the effectiveness and reliability
of newly emerging predictors. With the growing knowl-
edge of O-GlcNAcylation and the development of its public
resources, several predictors have been developed by using
larger positive datasets. When the first O-GIcNAc data-
base, i.e., dbOGAP, was launched, a site prediction system
named OGIlcNAcScan was also introduced to the scientific
community, which was based on a support vector machine
(SVM) and trained on nearly 400 O-GlcNAcylated sites in
dbOGAP [89]. However, this predictor and related database
have not been accessible. PGIcS is another O-GlcNAcylated
sites predictor trained on the dbOGAP dataset [93]. It used
k-means cluster and SVM classifier combined with multiple
features to improve the performance. Although it claimed
that PGlcS presented better sensitivity compared to O-Glc-
NAcScan when tested on an independent dataset, its public
access was not provided. Potential OGT substrate motifs
have also been used in developing a two-layered machine
learning-based predictive model, i.e., OGTSite [94]. The
positive training data composed of 410 experimentally
verified O-GlcNAcylation sites was investigated using the
maximal dependence decomposition (MDD) method to
discover substrate motif signatures. Despite the promising
accuracy provided by OGTSite, its web portal is no longer
available. Since 2013, Jia and colleagues developed a series
of predictors to capture O-GlcNAcylated sites on proteins.
The first one, i.e., O-GIcNAcPRED, is an SVM-based model
trained on 41 mer peptide sequences built from 167 proteins
in dbOGAP with application of the adapted normal distri-
bution bi-profile Bayes (ANBPB) feature encoding scheme
[95]. In 2018, Jia et al. [96] introduced an improved predic-
tor, O-GIcNAcPRED-II, based on larger training datasets
(e.g., 945 O-GlcNAc sites) and the rotation forest algorithm.

The quickly evolving deep learning methods, together
with the availability of much larger datasets, have prompted
the development of several new prediction tools for
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Table 1 Computational tools developed for the prediction of O-GlcNAc sites on proteins

Tool name Feature information Model training Positive Species Web server Ref.
instances for
training
YinOYang Local sequence and Artificial neuronal 40 Human services.healthtech.dtu.  [92]
surface accessibility networks dk/services/YinOY-
ang-1.2
OGIcNAcScan Local sequence Support vector machine 373 Not specified cbsb.lombardi.george-  [89]
town.edu/OGAP.html
PGlcS Local sequence, second- Support vector machine 339 Not specified N/A [93]
ary structure, disorder,
position specifice scor-
ing matrix, AAindex
OGTSite Conserved motifs Support vector machine 410 Not specified csb.cse.yzu.edu.tw/ [94]
OGTSite
O-GIcNACPRED Local sequence Support vector machine 339 Not specified N/A [95]
O-GIcNACPRED-II  Local sequence Rotation forest 945 Not specified N/A [96]
O-GIcNACPRED-DL Local sequence, evolu-  Deep neural networks 4424 Human and mouse https://oglcnac.org/ [97]
tionary information, pred_dl/
AAindex
LM-OGIcNAc-Site  Local sequence Feedforward neural 12,644 Not specified kcdukkalab.org/ [98]
network LMOGIcNAcSite

O-GIcNAc sites in recent years. Among the >9000 unam-
biguously identified O-GlcNAc sites on proteins from multi-
ple species (O-GlcNAcAtlas, version 2.0), humans and mice
contain the most O-GlcNAcylated sites. Thus, Jia and col-
laborators built ensemble models based on deep learning net-
works (named O-GIcNAcPRED-DL) for these two species
separately [97]. In short, O-GIcNAcPRED-DL employed a
one-hot encoding approach, BLOSUMG62 (a matrix reflect-
ing sequence similarity), AAindex (reflecting amino acid
physical and chemical properties), and Word2Vec (reflecting
global characteristics and contextual information). Moreo-
ver, four network frameworks were built based on the con-
nection of the convolutional neural network (CNN) and the
bidirectional long short-term memory method (BiLSTM). In
comparison to the traditional machine learning-based tools
reported previously, the ensembled O-GlcNAcPRED-DL
models showed substantially enhanced performance for the
O-GIcNAc site prediction on human and mouse proteins.
Meanwhile, also based upon the datasets from O-GlcNAcAt-
las (version 2.0), Pokharel et al. developed another predictor
LM-OGIcNAc-Site [98]. In brief, it integrates embeddings
from multiple protein language models (Ank, ESM-2, and
ProtT5) by adopting a decision-level fusion approach. LM-
OGIcNAc-Site appears to outperform the models trained on
these individual models as well as the integrated models
using score-level fusion and O-GIcNAcPRED-II.
Collectively, a number of computational models have
been developed to predict O-GIcNAc sites in the past few
decades. It is fortunate that O-GlcNAc prediction, coupled
with downstream experimental approaches (e.g., site-directed
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mutagenesis), has been applied for many site-specific func-
tional studies. Despite the success obtained, some challenges
remain. For example, there is no consensus motif for protein
O-GlcNAcylation, although there appear to be OGT-preferred
amino acid sequences within several species [15]. In addition,
secondary and tertiary structures also appear to affect O-Glc-
NAcylation [15]. Therefore, there may still be challenges to
accurately predict O-GIcNAc sites on certain proteins. Moreo-
ver, the developed models are mostly trained on human and
mouse datasets, due to the limited experimental datasets for
other species. Thus, the performance of current prediction
models for proteins in other species might be compromised.
With the further development of advanced artificial intel-
ligence (e.g., advanced deep learning and protein language
models) and further increased growth of experimental datasets
for training and testing, we anticipate that current models will
be refined and novel models will be developed for enhanced
prediction, sensitivity, and accuracy of O-GIcNAc sites on
proteins from human, mouse, and other species. Prediction
of O-GIcNAc sites will continue to serve as a valuable strat-
egy by many researchers to expedite site-specific functional
elucidation in diverse scenarios.

Databases for OGT/OGA interaction proteins

As the main executors of biological function, proteins are
not working alone. But rather, proteins work closely with
their interaction partners. Defining the interaction proteins
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of OGT/OGA, the O-GIcNAc cycling enzymes, is of criti-
cal importance.

Technologies to map protein—protein interactions (PPIs)
have enabled the global characterization of PPIs of many
proteins in recent years. Some high-throughput methods
(including affinity purification coupled tandem mass spec-
trometry (AP-MS), immunoprecipitation-MS (IP-MS),
cross-linking MS (XL-MS), and proximity labeling MS
(PL-MYS)) have also been tailored for the characterization
of OGT/OGA-interacting proteins [99-107].

To accommodate the exponentially increased datasets
of PPIs, several comprehensive databases (e.g., BioGRID
[108], APID [109], IntAct [110], and STRING [111])
were constructed in the past years. Although these public
repertories categorize hundreds and thousands of PPIs
from many species, they covered only a limited number
of OGT-interacting proteins experimentally described.
Recently, we compiled OGT-Protein Interaction Net-
work (OGT-PIN) [112]. As a specifically designed por-
tal, OGT-PIN is a rigorously curated and comprehensive
database for interaction proteins of OGT and its ortho-
logues identified in several species of intense research
(e.g., SXC in Drosophila melanogaster, SEC in plants,
and OGT-1 in Caenorhabditis elegans). Although over
2500 were experimentally identified as OGT interac-
tion proteins, >1000 can be regarded as high-stringent
interacting proteins of OGT and orthologues (OGT-PIN,
version 2.0). Among them, it appears that human OGT
has >800 high-stringent interacting proteins, suggest-
ing that it is truly one of the hub proteins in cellular
interaction network. Interestingly, only a small portion
(~39%) of OGT-interacting proteins have been found to
be OGT substrates, supporting the notion that they are
not necessarily OGT substrates. The cataloging of OGT
interaction proteins will facilitate functional studies of
OGT-catalyzed O-GlcNAcylation on protein(s) of inter-
est. In addition, it will provide clues to further under-
stand the non-canonical roles of OGT which are yet to
be characterized [113]. In contrast, OGA interactomes
have been much less explored [106, 107, 114], and a spe-
cifically tailored database of OGA interaction proteins
is not available yet. Investigators who are interested in
that aspect might have to retrieve information from com-
prehensive databases aforementioned (such as BioGRID)
and/or related publications.

With the further technical advances (e.g., in vivo prox-
imity labeling), it is anticipated that more proteins will be
identified as OGT/OGA-interacting proteins. The identi-
fication of weak and transient OGT/OGA interaction pro-
teins will be anticipated, which will further expand the
repositories. However, how to accurately define true hits
and avoid false positives continues to be a question. In
addition, as other proteins, interactomes of OGT/OGA are

a dynamic system; thus, cataloging temporal interaction
partners of OGT/OGA may provide us a dynamic view of
the OGT/OGA interaction networks upon perturbation in
different biological settings.

Conclusions

Four decades of research on O-GIcNAcylation has been very
fruitful! In this article, we summarized great progress in infor-
matics for O-GIcNAc research, by focusing on several aspects
(including bioinformatics tools for O-GIcNAc proteomics;
databases/servers cataloging O-GIcNAc proteins/peptides/sites
experimentally identified; software tools for the prediction of
O-GIcNAc sites; and databases for OGT/OGA interaction pro-
teins). Not only have O-GIcNAc studies created large amounts
of datasets (e.g., O-GIcNAc proteomics and interactomics),
urging the development of an array of O-GlcNAc-focused
databases/servers and software tools, but O-GlcNAc informat-
ics resources have been instrumental in facilitating O-GlcNAc
studies along the years (Fig. 2). Besides elucidating functional
roles of O-GIcNAcylation on many proteins, they have pro-
vided us valuable insights into multiple aspects such as a global
and detailed view of protein O-GlcNAcylation and OGT biol-
ogy. Of note, informatics analysis can also be applied to other
O-GIlcNAc-relevant research topics (e.g., prediction of puta-
tive conveyers of OGT intellectual disability [115] and cancer
biomarkers [116]), which are beyond the scope of this article.
Clearly, there are aspects of O-GlcNAc informatics that
need to be improved. For example, performance of software
packages for O-GIcNAc proteomics needs to be rigorously
evaluated and/or refined. A key point is to further improve
O-GIcNAc site localization so that unambiguous and accurate
site assignment can be achieved (especially for peptides con-
taining multiple O-GIcNAc sites). Although certain success
regarding O-GIcNAc prediction has been obtained, there is
room to further enhance prediction sensitivity and accuracy
of O-GIcNAc sites. The continuously expanding repositories
of O-GIcNAc sites from experiments can be used to further
improve O-GlcNAc prediction performance. The rapid evo-
lution of artificial intelligence capabilities (e.g., via machine
learning and deep learning-based algorithms) has begun to
unleash unprecedented potential to modern biology research
(including glycobiology) and precision medicine [117, 118].
With the implementation of these technological advances, we
believe that O-GlcNAc informatics resources will become
more sophisticated. The maturation of these resources will
undoubtedly encourage more researchers to join the glyco-
sciences and particularly O-GlcNAc field. We anticipate that
the advances in O-GlcNAc informatics will make it a handy
and indispensable tool for biomedical scientists in O-GIcNAc-
targeted basic and translation research in the coming years.
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