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O-GlcNAcylation is an inducible, highly dynamic and reversible posttranslational modification, which regulates nu-
merous cellular processes such as gene expression, translation, immune reactions, protein degradation, protein–
protein interaction, apoptosis, and signal transduction. In contrast to N-linked glycosylation, O-GlcNAcylation does
not display a strict amino acid consensus sequence, although serine or threonine residues flanked by proline and va-
line are preferred sites of O-GlcNAcylation. Based on this information, computational prediction tools of O-GlcNAc
sites have been developed. Here, we retrospectively assessed the performance of two available O-GlcNAc prediction
programsYinOYang 1.2 server andOGlcNAcScan by comparing their predictions for recently discovered experimen-
tally validated O-GlcNAc sites. Both prediction programs efficiently identified O-GlcNAc sites situated in an environ-
ment resembling the consensus sequence P-P-V-[ST]-T-A. However, both prediction programs revealed numerous
false negative O-GlcNAc predictions when the site of modification was located in an amino acid sequence differing
from the known consensus sequence. By searching for a common sequencemotif, we found that O-GlcNAcylation of
nucleocytoplasmic proteins preferably occurs at serine and threonine residues flanked downstream by proline and
valine and upstream by one to two alanines followed by a stretch of serine and threonine residues. However, O-
GlcNAcylation of proteins located in the mitochondria or in the secretory lumen occurs at different sites and does
not follow a distinct consensus sequence. Thus, our study indicates the limitations of the presently available compu-
tational predictionmethods forO-GlcNAc sites and suggests that experimental validation ismandatory. Continuous-
ly update and further development of available databases will be the key to improve the performance of O-GlcNAc
site prediction.

© 2013 Published by Elsevier B.V.
1. Introduction

O-GlcNAcylation describes the reversible posttranslational addition
of the single monosaccharide β-1,4-N-acetylglucosamine (GlcNAc) in
an O-glycosidic linkage to the hydroxyl groups of serine and threonine
residues. O-GlcNAc has been found on a myriad of cytoplasmic and nu-
clear proteins and has the ability to modulate molecular processes such
as transcription, translation, protein stability, and signal transduction, as
well as cellular processes includingproliferation, apoptosis and develop-
ment [1]. O-GlcNAc serves as a metabolic sensor, as O-GlcNAcylation is
linked to the glucosemetabolism of a cell: up to 3% of the incoming glu-
cose is converted to UDP-GlcNAc, the donor sugar nucleotide for the ad-
dition of O-GlcNAc to proteins [2].

The addition and removal of O-GlcNAc are catalyzed by two unique
enzymes called O-GlcNAc transferase (OGT) and O-GlcNAc hexosamin-
idase (O-GlcNAcase) [3]. To date, it is still not completely understood,
howOGT recognizes andO-GlcNAcylates hundreds of individual protein
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substrates. The acceptor site for O-GlcNAc does not display a strict
amino acid consensus sequence. The sequence previously suggested as
consensus sequence is P-P-V-[ST]-T-A [4], although this sequence is
not sufficient to define an O-GlcNAc site. Beside the consensus se-
quence, adjacent amino acids also affect O-GlcNAcylation. These include
β-branched amino acids like threonine, valine, and isoleucine, aswell as
the structural disruptor proline, which enforce an extended conforma-
tion [4]. In addition, OGT seems to be recruited via “bridging proteins”
to target substrates. As such, interaction of OGT with Tet2, an enzyme
which regulates gene transcription by converting 5-methylcytosine to
5-hydroxymethylcytosine, facilitates O-GlcNAcylation of histones [5],
possibly by exposing the target amino acid and making it accessible
for O-GlcNAcylation or by enhancing binding affinity.

Working with O-GlcNAc-modified proteins is challenging due to the
dynamic and posttranslational nature of O-GlcNAc modification, as well
as laborious methods to enrich and detect O-GlcNAcylated proteins.
Unbiased identification of posttranslational modification sites by experi-
mental methods is expensive and time consuming. In contrast, advanced
computational algorithms trained on available experimental data may
identify functional candidates leading to reduced experimental efforts.
To date, two algorithms are available, which recognize and predict O-
GlcNAc sites: The YinOYang prediction program developed 2001 [6,7]
and the OGlcNAcScan prediction program developed in 2011 [4].
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Table 1
Evaluation of the predictive performance of the two O-GlcNAc prediction programs
YinOYang and OGlcNAcScan.

Prediction of
O-GlcNAc–modified site

Sensitivity

Predicted Not predicted

YinOYang 518 [44%] 663 [56%] 44%
Taking into account O-GlcNAc
prediction at adjacent sites

588 [50%] 592 [50%] 50%

O-GlcNAcScan 354 [30%] 827 [70%] 30%
Taking into account O-GlcNAc
prediction at adjacent sites

437 [37%] 744 [63%] 37%
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The YinOYang prediction program is based on a neural network
trained on 40 experimentally determined O-GlcNAc acceptor sites. It
recognizes and predicts potential O-GlcNAc sites depending on the se-
quence context and the surface accessibility of the respective sites,
which also defines the threshold. The YinOYang prediction programdif-
ferentiates between four different prediction strengths, from low
[marked with “+”] to very high [marked with “++++”], depending
on the O-GlcNAc prediction strength and the threshold. Moreover, the
YinOYang prediction program is linked to the NetPhos prediction pro-
gram, which recognizes phosphorylation sites. Therefore, the YinOYang
algorithm can predict as well potential Yin-Yang sites, which can be al-
ternately modified by O-GlcNAc and O-phosphate, often resulting in a
reciprocal relationship in respect to protein function [8,9].

OGlcNAcScan prediction program is based on the recently developed
dbOGAP database [4], which includes a very large number of O-GlcNAc-
modified proteins collected from the literature. The published version of
dbOGAP contains 1163 entries, composed of 798 experimentally deter-
mined O-GlcNAcylated proteins and 365 proteins with inferred O-
GlcNAc sites from validated orthologs [4]. The OGlcNAcScan prediction
program is based on Support Vector Machine, a machine learning pro-
gram able to categorize objects into two classes: O-GlcNAcylated and
not O-GlcNAcylated. The data set used to train the OGlcNAcScan predic-
tion program consisted of 373 experimentally identified O-GlcNAc sites
from 167 proteins. The negative group consisted of the rest of the non-
identified serine and threonine sites in the same protein sequences
(29,897 negative sites).

As the deposited information on O-GlcNAc-modified proteins has
strongly increased within the last decade and computational methods
are usedmore frequently, the aim of this studywas to assess the perfor-
mance of the YinOYang and OGlcNAcScan prediction program in
predicting O-GlcNAc sites. For this purpose, we performed a retrospec-
tive analysis by comparing experimentally validated O-GlcNAc sites
with the predictions using the YinOYang and OGlcNAcScan prediction
programs.

2. Materials and methods

2.1. Data set

Data shown in this paper were derived from recent publications of
newly identified O-GlcNAc sites on O-GlcNAcylated proteins [10–21].
An O-GlcNAc site had to fulfill several criteria to be included into this
study. First, it had to be unambiguously confirmed by mass spectrome-
try (MS) to contain an O-GlcNAcmodification. Second, to enable an un-
biased evaluation, the O-GlcNAcylated protein should not be included
into the dbOGAP database, which was used to design the OGlcNAcScan
prediction program. To rule this out, only O-GlcNAc sites published
since 2011 were evaluated, as they were not part of the training data
set for O-GlcNAcScan. Third, the O-GlcNAc site had to be surrounded
by at least 5 amino acids in both directions, to be included in the evalu-
ation. A total of 1181 O-GlcNAc sites on more than 520 proteins were
collected. The proteins are listed in the supplementary Table S1 in an
alphabetical order together with their accession number, protein
function, subcellular localization and correspondingO-GlcNAc site eval-
uated by MS.

2.2. Prediction of O-GlcNAc-modified sites

Previously published O-GlcNAc sites were retrospectively compared
to O-GlcNAc predictions using the YinOYang [6,7] and OGlcNAcScan
prediction programs [4]. To this goal, the complete amino acid sequence
(obtained from the UniProt database) was uploaded into the program
template and submitted to O-GlcNAc prediction. For predictions using
the OGlcNAcScan prediction program, the default threshold of 0.1 was
used.
2.3. Estimation of the predictive performance of both algorithms

The predictive performance of a prediction program can bemeasured
by calculating the prediction sensitivity (Sn) and specificity (Sp). The
sensitivity of a prediction program indicates its ability to correctly iden-
tify positive results (here referred to as O-GlcNAcylated sites), while
the specificity indicates the ability of a prediction program to identify
negative results (here referred to as non-O-GlcNAcylated sites). Howev-
er, conclusions about non-O-GlcNAcylated sites cannot be made with
certainty, as the negative data set is usually composed of the rest of the
serine and threonine residues from the known O-GlcNAcylated proteins,
which may include true, but not yet identified, O-GlcNAcylation sites.
Therefore, only the MS data available for O-GlcNAcylated sites were
used for the calculation of the prediction sensitivity according to the fol-
lowing equation:

Sn ¼ truepositivepredictions
truepositivepredictionsþ falsenegativepredictionsð Þ :

2.4. Sequence logo-based representations

The sequence logo-based representations of the sequence patterns
surrounding true positively and false negatively predicted sites were
generated by the Motif & Logo Analysis Tool from PhosphoSitePlus on
http://www.phosphosite.org/homeAction.do [22]. The respective se-
quences were inserted into the mask of the Sequence Logo Generator
and the PhosphoSitePlus Logo was generated.

2.5. Gene ontology analysis

Gene ontology analyses regarding molecular function and biological
processes were performed by submitting the protein accession numbers
to the Panther database (http://www.pantherdb.org/) [23,24]. The sub-
cellular localization of the analyzed proteins was attributed with the
help of the UniProt/SwissProt server (http://www.uniprot.org/uniprot/)
[25].

3. Results and discussion

A total of 1181 experimentally validatedO-GlcNAc sites onmore than
520 proteinswere collected [10–21]. Selection criteria are summarized in
the materials and methods section. The proteins are listed in the supple-
mentary Table S1 in an alphabetical order together with their accession
number, protein function, subcellular localization and corresponding O-
GlcNAc site evaluated by MS. Using the YinOYang prediction program,
518 out of the 1181 O-GlcNAcylated sites were predicted with at least
low prediction strength to be O-GlcNAcylated, while 663 sites were
false negative predictions (Table 1 and supplementary Table S2). Similar-
ly, using the OGlcNAcScan algorithm, 354 out of the 1181 evaluated O-
GlcNAcylated sites were predicted to be O-GlcNAc-modified using the

http://www.phosphosite.org/homeAction.do
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default threshold of 0.1, while the remaining 827 sites were false nega-
tive predictions (Table 1 and supplementary Table S3).

In order to evaluate theprediction performance of the twoprediction
programs, the ability to correctly predict true O-GlcNAcylated sites (sen-
sitivity, Sn) was calculated (Table 1). The YinYang prediction program
exhibits a sensitivity of 44%, whereas the OGlcNAcScan prediction pro-
gram performs with a sensitivity of 30%, which is rather low compared
to the values of more than 70% reported for other sequence-based pre-
dictions of protein features [26–29]. These relatively low values might
be explained by the fact that the thresholds used by prediction programs
generally represent a compromise between a reasonable sensitivity and
specificity. Hence, a high sensitivity (correct prediction of all true posi-
tive O-GlcNAc sites) goes to the expense of a high specificity (correct
prediction of all true negative O-GlcNAc sites), and vice versa. In this
context it is important to mention that the OGlcNAcScan algorithm pro-
vides an estimated precision threshold as a measure of prediction accu-
racy. The default threshold is set at 0.1, but can be adjusted manually.
Therefore, it is conceivable that a decrease in the threshold leads to an
improved sensitivity of the algorithm, but unfortunately also to lower
specificity. Thus, the problem of low sensitivity cannot readily be solved
by reducing the threshold for the prediction of glycosylation sites be-
cause this would also significantly increase the number of false positive
hits.

However, OGT exhibits some inaccuracy when it comes to adjacent
O-GlcNAc sites. Therefore, we investigated the predictive performance
of both programs under the condition that the positive prediction of a
site adjacent (+/−1) to a negatively predicted O-GlcNAc site is
regarded as a positive prediction. The predictions by YinOYang server
included in total 204 false negative predicted O-GlcNAc sites containing
adjacent serine or threonine residues. Of these, 70 adjacent sites were
predicted to be O-GlcNAc-modified (supplementary Table S4), which
leads in total to 588 true positive predictions and to an increased sensi-
tivity of 50% (Table 1). The predictions by the O-GlcNAcScan prediction
program included 296 false negative predicted O-GlcNAc sites contain-
ing adjacent serine or threonine residues. Of these, 83 adjacent sites
were predicted to be O-GlcNAcylated (supplementary Table S4), lead-
ing in total to 437 true positive predictions and to a still very low sensi-
tivity of 37% (Table 1). Thus, even when looking at the predictive
performance on adjacent sites, both prediction programs exhibit a
very low sensitivity.

Although, we cannot completely rule out false positive identification
of O-GlcNAcylated sites by MS, the high percentage of false negative
predictions of both prediction programs (up to 70% of all predictions)
led to the hypothesis that many of the experimentally validated O-
GlcNAc sites might be situated in a sequence surrounding differing
from the known consensus motif. In order to identify differences
in the sequence patterns of true positively and false negatively predict-
ed O-GlcNAcylation sites, graphical sequence logo-based representa-
tions were performed. To this goal, the experimentally validated O-
GlcNAcylated sites were divided into two groups: true positively
predicted O-GlcNAc sites and false negatively predicted O-GlcNAc
sites (supplementary Table S2 and S3). The sequence logo-based repre-
sentation of the sequence pattern surrounding the true positively pre-
dicted O-GlcNAcylation sites identified for both prediction programs a
sequence motif x-x-P-P-V-[ST]-[AT]-A-S-[ST]-[STV], which strongly re-
sembles the previously described sequence motif (P-P-V-[ST]-T-A),
where letters in italics indicate the position of O-GlcNAcylation
(Fig. 1A and C). Especially the accumulation of serine/threonine residues
has also been observed by others [10]. Unexpectedly, the sequence pat-
tern surrounding the false negatively predicted O-GlcNAcylation sites
does not exhibit a clearly distinct recognition motif (Fig. 1B and D). Com-
mon features are the two alanine residues at the +1/+2 positions and
the stretch of serine and threonine residues at +3–+5 positions. By
searching for a common sequence motif, we found that O-GlcNAcylation
preferably occurs at serine and threonine residues flanked downstream
by proline and valine and upstream by two alanines followed by a stretch
of serine and threonine residues (Fig. 1E). However, from this evaluation,
it also becomes evident that O-GlcNAcylation does not follow a stringent
recognition motif. The lack of such a defined recognition motif might
explain the poor predictive outcome of the two prediction programs.

In order to investigate whether there are any correlations between
the motif properties and the protein function, gene ontology classifica-
tions using the panther gene ontology software were performed. Gene
ontology analysis showed that proteins containing either true positively
or false negatively predicted O-GlcNAc sites are involved in a variety of
molecular functions and biological processes (Supplementary Fig. S1).
However, although the distribution is slightly different, no significant
correlation between the predictive performance andmolecular function
(Supplementary Fig. 1A) or biological process (Supplementary Fig. 1B)
was detected.

Second, the subcellular localization of the studied proteins was ad-
dressed (see supplemental Table S1, 4th column) using the UniProt
server. To date, several OGT isoforms are known, which localize to
the mitochondria (mOGT) or the nucleocytoplasmic compartment
(ncOGT). Moreover, an additional gene has recently been identified,
encoding an OGT variant which localizes into the lumen of the ER
(eOGT) and is responsible for O-GlcNAcylation of extracellular pro-
teins [30]. As such proteins are co-translationally integrated into the
ER and Golgi, they are unlikely to be modified by ncOGT. We thus in-
vestigated whether different OGT variants prefer different sites.
Therefore, sequence logo-based representations of the respective pep-
tides located either on nucleocytoplasmic, mitochondrial or secreted
proteinswere performed (supplemental Table S6-S8 and Fig. 2). Inter-
estingly, O-GlcNAc peptides from proteins localizing to the nucleo-
cytoplasmic (nc) compartment exhibited a preference for the motif
x-x-P-P-V-[ST]-[AT]-A-S-T-T (Fig. 2A), which is strongly similar to
the described motif P-P-V-[ST]-T-A. In contrast, O-GlcNAc peptides
from proteins localizing to the mitochondria or the extracellular site
(secretory lumen) exhibited a rather different sequence motif
(Fig. 2B and C). The only common characteristics are the valine at
position −1 and the alanine at position +2. This indicates that all
three OGT variants have different target sequences. Thus, it might be
helpful to include this information into the prediction programs.

Based on the present analysis, however, we conclude that both
prediction programs have a rather low sensitivity, which is due to
(1) the low number of O-GlcNAc sites used to train both programs (40
O-GlcNAc sites for YinOYang, 373 O-GlcNAc sites for dbOGAP), and
(2) the existence of different protein substrate recognition patterns of
OGT. The variety of substrate recognition patterns is not adequately cov-
ered by the present prediction tools. Even a very recently developed
prediction program named O-GlcNAcPRED, based on a support vector
machine (SVM) model using the novel adapted normal distribution
bi-profile Bayes (ANBPB) feature extraction method, performed only
slightly better than the two other prediction programs [31]. This implies
that prediction of O-GlcNAc sites based on the primary amino acid se-
quence requires the continuous improvement of prediction tools
based on the larger data sets that became recently available. Hence,
the benefit of computational prediction methods to identify O-GlcNAc
sites is yet limited and experimental validation is mandatory.

4. Conclusion

O-GlcNAcylation occurs on serine/threonine residues embedded
into a stretch of neutral or non-polar amino acids. Specifically O-
GlcNAcylation of nucleocytoplasmic proteins follows a more or less
stringent sequence motif characterized by downstream proline and
valine residues and upstream by one to two alanines followed by a
stretch of serine and threonine residues. However, O-GlcNAcylation of
mitochondrial and secreted proteins does not follow the same pattern.
Our data enforces the assumption that O-GlcNAcylation does not
occur at a strict amino acid consensus sequence and suggests that pre-
diction of O-GlcNAc sites solely based on the peptide sequence requires



Fig. 1. Sequence-logo-based graphical representation of the sequence patterns surrounding experimentally validatedO-GlcNAc sites. The upper panels represent the sequencemotifs true
positively predicted to bemodifiedwith O-GlcNAcusing theYinOYang (A) or theOGlcNAcScanprediction program (C). Themiddle panels represent the sequencemotifs of the siteswhich
failed to be recognized by the YinOYang (B) and OGlcNAcScan prediction program (D) as O-GlcNAc-modified (false negatively predicted). The lower panels represent the common
sequence motif of all experimentally validated O-GlcNAc sites. The modified serine or threonine residue is at position 0, indicated on the x-axis (from −5 to +5). The height of the
amino acid represents the relative frequency in the surrounding sequence. The graphical representation was obtained from www.phosphosite.org by uploading the sequences of the
O-GlcNAc-modified sites presented in the supplementary Tables S2 and S3.
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the continuous improvement of prediction tools based on the larger
data sets that became recently available. In addition, several other
processes might influence O-GlcNAcylation of a protein, such as ty-
rosine phosphorylation [32] and binding to bridging factors [5].
Especially the latter might bring OGT in the spatial proximity to
potential O-GlcNAc sites, which would not be targeted by OGT
alone. Altogether, these factors yet hamper the reliable prediction
of O-GlcNAc sites.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbapap.2013.12.002.
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Fig. 2. Sequence-logo-based graphical representation of the O-GlcNAc-peptides clustered by subcellular localization. The sequence motif was obtained from all peptides from proteins
localized either in the nucleocytoplasmic compartment (A), mitochondria (B), or secretory lumen (C). The modified serine or threonine residue is at position 0, indicated on the x-axis
(from −5 to +5). The height of the amino acid represents the relative frequency in the surrounding sequence. The graphical representation was obtained from www.phosphosite.org
by uploading the sequences of the O-GlcNAc-modified sites presented in the supplementary Tables S6–S8.
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