Research

© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Discovery of O-GlcNAc-modified Proteins in
Published Large-scale Proteome Data*s

Hannes Hahnet, Amin Moghaddas Gholamit, and Bernhard Kustert§9|

The attachment of N-acetylglucosamine to serine or thre-
onine residues (O-GIcNAC) is a post-translational modifica-
tion on nuclear and cytoplasmic proteins with emerging
roles in numerous cellular processes, such as signal trans-
duction, transcription, and translation. It is further pre-
sumed that O-GlcNAc can exhibit a site-specific, dynamic
and possibly functional interplay with phosphorylation. O-
GIcNAc proteins are commonly identified by tandem mass
spectrometry following some form of biochemical enrich-
ment. In the present study, we assessed if, and to which
extent, O-GlcNAc-modified proteins can be discovered
from existing large-scale proteome data sets. To this end,
we conceived a straightforward O-GIcNAc identification
strategy based on our recently developed Oscore software
that automatically analyzes tandem mass spectra for the
presence and intensity of O-GIcNAc diagnostic fragment
ions. Using the Oscore, we discovered hundreds of O-
GlcNAc peptides not initially identified in these studies, and
most of which have not been described before. Merely
re-searching this data extended the number of known O-
GIcNAc proteins by almost 100 suggesting that this modi-
fication exists even more widely than previously anticipated
and the modification is often sufficiently abundant to be
detected without enrichment. However, a comparison of
O-GlcNAc and phospho-identifications from the very same
data indicates that the O-GlcNAc modification is consider-
ably less abundant than phosphorylation. The discovery of
numerous doubly modified peptides (i.e. peptides with one
or multiple O-GIcNAc or phosphate moieties), suggests
that O-GlcNAc and phosphorylation are not necessarily mu-
tually exclusive, but can occur simultaneously at adjacent
sites. Molecular & Cellular Proteomics 11: 10.1074/mcp.
M112.019463, 843-850, 2012.

The modification of proteins with N-acetylglucosamine (O-
GIcNAc)" is an emerging dynamic post-translational modifi-
cation of serine or threonine residues of proteins. O-GIcNAc is
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found on a wide range of proteins involved in virtually all
cellular processes as well as various human diseases (1, 2)
including cancer (3). In addition, O-GIcNAc can interplay with
phosphorylation, which, for instance, modulates the stability
and activity of p53 (4). Despite its biological importance, the
analysis of O-GIcNAc-modified proteins remains highly chal-
lenging. In fact, of the ~800 reported O-GIcNAc proteins,
direct and unambiguous evidence for the site of O-glyco-
sylation is available for less than 25% of these (5).

The identification of O-GIcNAc proteins is typically
achieved by combining selective enrichment and liquid chro-
matography tandem mass spectrometry (LC-MS/MS). Albeit
powerful, the identification of modified peptides and sites is
hindered by the substoichiometric occupancy of O-GIcNAc
sites (2) and the lability of the O-glycosidic bond in the gas
phase (6). In mass spectrometry-based proteomics, peptides
are usually sequenced via collision-induced dissociation
(CID). However, under typical CID conditions, the concurrent
O-GIcNAc peptide and site identification is difficult, because
peptides readily lose the GIcNAc moiety, and spectra are
dominated by neutral loss species along with the GIcNAc
oxonium ion and fragments thereof (7). Peptide sequence
identification is often still possible from fragments that lost the
O-GIcNAc moiety, but site information is irretrievably lost
upon dissociation of the O-glycosidic bond. In contrast, the
fragmentation of peptides with electron capture dissociation
(ECD) or electron transfer dissociation (ETD) typically pre-
serves PTM sites and allows the direct and simultaneous
identification of O-GlcNAc peptide sequences and sites (8, 9)
but these techniques also have shortcomings notably con-
cerning sensitivity on most current commercial platforms.

Although not ideal for O-GIcNAc site localization, the initial
detection of O-GIcNAc peptides is strongly facilitated in CID-
type experiments (10, 11) because diagnostic GIcNAc losses
along with the GIcNAc oxonium ion and its fragments define a
characteristic pattern, which identifies O-GIcNAc peptides
even in very complex proteomics samples (9). The availability
of high resolution and high mass accuracy instruments further
improves the selectivity of these diagnostic fragment ions
(12, 13).

We have recently developed a bioinformatics tool, termed
Oscore that automatically assesses tandem MS spectra for

galactosamin, N-acetylglucosamin; NSAF, normalized spectral abun-
dance factor; PSM, peptide-spectrum-match.
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the presence and intensity of O-GIcNAc diagnostic fragment
ions and, in turn, allows ranking spectra according their prob-
ability of representing an O-GIcNAc peptide (12). On a test
data set of 750 O-GIcNAc spectra and 11,300 spectra from
unmodified peptides, the Oscore was able to discriminate
O-GIcNAc spectra from spectra of unmodified peptides with
95% sensitivity and >99% specificity and outperformed al-
ternative approaches such as the simple filtering for diagnos-
tic ions. In the present study, we show that the Oscore can be
applied to existing large-scale proteomic data to discover
hundreds of O-GIcNAc peptides not initially identified in these
studies. Merely re-searching this data extended the number of
known O-GIcNAc proteins by almost 100 suggesting that this
modification exists even more widely than previously antici-
pated and is often abundant enough to be detected without
specific biochemical enrichment.

EXPERIMENTAL PROCEDURES

Publically Available Data—Publically available raw mass spectro-
metric data from published proteome-wide studies of 11 different cell
lines (14), HelLa cells (15), as well as data from published proteome-
wide and phospho-proteome studies of hES and iPS cells (16) were
downloaded from respective repositories (see also supplemental Ta-
ble S1).

Data Analysis—The mass spectrometric data were processed es-
sentially as described (12). Briefly, peak picking and processing was
performed using Mascot Distiller 2.4.2.0 (Matrix Science, London, UK)
in which merging of tandem MS spectra from the same precursor as
well as isotope fitting of fragments below m/z 205 was disabled. The
resulting peak list files were processed by the Oscore perl script,
which calculates the Oscore for every peptide precursor for which the
tandem MS spectrum contains at least one diagnostic O-GlcNAc
feature within a tolerance of 10 ppm. The peak list files were searched
with Mascot 2.3.0 against the UniProtKB complete human (download
date 26.10.2010, 110,550 sequences) combined with sequences of
common contaminants. In case of the phospho-proteome dataset of
hES and iPS cells (16), the spectra were searched against a subset
database generated with Scaffold 3.3.1 (Proteome Software, Port-
land, OR) including only protein identifications from the respective full
proteome data set (11,288 sequences). Carbamidomethylation of
cysteine residues, oxidation of methionine, and HexNAc modification
of serine, threonine and asparagine residues were taken into account
as variable modifications. Where applicable, phosphorylation of ser-
ine, threonine and tyrosine residues was set as variable modification.
Likewise, 4-plex or 8-plex iTRAQ was set as fixed modification at the
peptide amino terminus and lysine side chain for data sources using
these peptide tags. According to the proteases employed in the
original studies, enzyme specificity was set to trypsin (lysine, argi-
nine), LysC (lysine), or GIuC (aspartic acid, glutamic acid) allowing for
up to two missed cleavage sites. The modification definition for
HexNAc is described in detail in supplemental Fig. S1. The target-
decoy option of Mascot was enabled and peptide mass tolerance was
set to 10 ppm and fragment mass tolerance to 0.02 Da. Search results
were imported into Scaffold 3.3.1. Proteins were required to have at
least 99% protein probability and 80% peptide probability (supple-
mental Table S2). Candidate O-GIcNAc spectra were filtered against
false-positive O-GIcNAc peptide-spectrum-matches (PSMs) to retain
only O-GlcNAc PSMs with Oscores smaller than 2.3. Candidate O-
GlcNAc PSMs were inspected and validated manually (see supple-
mental Spectra).

A list of known human and murine O-GIcNAc proteins and sites
was compiled from recent publications (13, 17-19) as well as from the
databases dbOGAP (5) and PhosphositePlus (20). Information on
phosphorylated and ubiquitinylated proteins was retrieved from the
PhosphositePlus database. Reported N-linked glycosylation sites
were extracted from UniProtKB, and subcellular localization informa-
tion from Ingenuity Pathway Analysis software (Ingenuity Systems,
Redwood City, CA).

The Oscore script is available from www.wzw.tum.de/proteomics/
content/research/software/; and the peaklist files for all processed
data can be downloaded from ProteomeCommons.org Tranche using
the following hash key:

ChunHgKHVaLCoocgKoyBjphK1QntOh6ehUOMzulLgwf+ FZHjEf-
AntlyzzY38Rv051iVNoNFNJQHibLYJI4dDRotCm1UAAAAAAAAE-
pg==(passphrase: sa3sh7mgcf6eolskt57p).

RESULTS AND DISCUSSION

Oscore-based O-GIcNAc Protein Identification Strategy—
We recently developed the Oscore as a means to assess the
probability of a tandem MS spectrum to represent an O-
GIcNAc modified peptide (12). The high specificity of the
score is further increased by the high mass accuracy provided
by modern mass spectrometers. We therefore reasoned that
it may be possible to identify O-GIcNAc modified peptides
from large-scale proteomic data and, if so, to assess the
overall abundance of the modification. To this end, we down-
loaded a number of published data sets from public data
repositories (supplemental Table S1), which were all acquired
on dual pressure linear ion trap Orbitrap hybrid mass spec-
trometers using HCD fragmentation (21). The first data set
comprises the label-free comparison of 11 commonly used
cell lines (14); the second data set comprises a comprehen-
sive characterization of the HelLa cancer cell line proteome
employing multiple protease digestion (15), and the third data
set represents an iTRAQ-based quantitative comparison of
the proteome and the phospho-proteome of four human em-
bryonic stem (hES) cell lines and four induced pluripotent
stem (iPS) cell lines (16). Together, these data sets constitute
13,897,945 tandem MS spectra.

We conceived a straightforward strategy for data re-analy-
sis, which combines standard Mascot database searching
and Oscoring of tandem mass spectra for the assessment of
potential O-GIcNAc spectra (Fig. 1A). Both algorithms exploit
complementary properties of tandem MS spectra. Although
the Mascot ion score reflects peptide sequence information,
the Oscore assesses tandem MS spectra solely based on the
presence of O-GIcNAc diagnostic fragment ions (supplemen-
tal Fig. S2). Given the particular fragmentation behavior of
O-GIcNAc peptides, the Mascot ion score alone is not able to
discriminate accurately between O-GIcNAc and non-O-
GIcNAc spectra (Fig. 1B). However, when O-GIcNAc PSMs
assigned by Mascot are re-assessed according to their Os-
core, it is easily possible to discriminate between O-GIcNAc
and non-O-GIcNAc spectra. Low Oscores represent strong
O-GIcNAc spectra, high Oscores represent weak or unlikely
O-GIcNAc spectra and no Oscore represent the absence of
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Fic. 1. O-GlcNAc protein identification strategy. A, Raw LC-MS/MS data is downloaded from public data repositories, tandem mass
spectra are processed into peak lists. These are examined for candidate O-GlcNAc information using the Oscore and identified by database
searching using Mascot. B, Mascot ion score distribution of candidate O-GIcNAc PSMs. For FDR estimation, PSMs which were assigned to
O-GlcNAc-modified sequences, but did not contain O-GlcNAc diagnostic features, were considered as false-positive hits and are indicated as
“non-O-GIcNAc” PSMs. C, Oscore distribution of candidate O-GIcNAc PSMs. The FDR is calculated on target and decoy PSMs and spectra

with Oscores of <2.3 correspond to an FDR of 2.5%.

typical O-GlcNAc features. The Oscore-based ranking of O-
GIcNAc PSMs then allows filtering the data at the desired
target-decoy FDR while maintaining adequate sensitivity
(Fig. 1C).

O-GIcNAc Sites From HCD Spectra—The Oscore-based
re-analysis of three comprehensive cell line proteome data
sets resulted in the identification of 158 O-GIcNAc peptides
containing 194 sites from 628 spectra (Table I). Manual inter-
pretation of the best PSM for every peptide allowed the un-
ambiguous localization of 26 O-linked GIcNAc and 12 N-
linked GIcNAc sites (see below). The localization of 13 sites
could be narrowed down to three or less residues, and the
localization of 140 sites remained ambiguous. An example
O-GIcNAc HCD spectrum is depicted in Fig. 2 (see supple-
mental Spectra for all annotated spectra). The high mass
accuracy and the large dynamic range of HCD spectra facil-
itate not only the identification of the SQSAAVTPSgSTTSSTR
peptide from ADRM1, but also support the detection of the
PTM via diagnostic fragments and allows the unambiguous
localization of the O-GlcNAc site even in the presence of nine
alternative sites. Although it has been possible to identify
numerous O-GIcNAc sites from HCD spectra, the low stability
of the O-glycosidic bond during CID conditions render the
localization of O-GIcNAc sites very difficult. Clearly, the frag-
mentation method of choice for an accurate O-GIcNAC site
localization is ETD, which retains the O-GIcNAc site during
fragmentation and enables direct site localization. However,
stretches of serine and threonine residues around the actual

O-GlIcNAc site further impede site localization. Only five out of
158 peptides have only a single possible O-GIcNAc site (Ser,
Thr), and the average number of potential sites per peptide is
5.6. This is consistent with published O-GIcNAc transferase
consensus motifs (5, 17, 19). Interestingly, nonmodified pep-
tides contain only 1.5 possible O-GIcNAc acceptor sites and
phospho-peptides (see below) harbor 3.3 possible O-GIcNAc
sites, suggesting that O-GIcNAc is more likely to occur on
serine/threonine-rich peptides.

Among the 158 GIcNAc peptides are 12 peptides for which
the GIcNAc modification could be localized to N-linked as-
paragine residues within an NX[ST] consensus motif. In addi-
tion, 20 peptides for which the site of modification could not
be reliably deduced from tandem mass spectra, harbor N-
linked glycosylation sites reported in UniProt (also see sup-
plemental Table S4). Although single N-linked GIcNAc resi-
dues are not generally expected to be present on proteins, our
result is in accordance with previous findings (18). A possible
explanation raised by Chalkley et al. is that these N-linked
HexNAc peptides are artifacts formed upon cell lysis by the
activity of the cytosolic endo-B-N-acetylglucosaminidase.
The enzyme cleaves the B-1,4-glycosidic bond in the N,N’-
diactylchitobiose core of high mannose glycopeptides and
glycoproteins leaving an N-linked GIcNAc residue. However,
these N-GIcNAc peptides, as well as peptides from O-gly-
cans, may also arise from in-source fragmentation of the
glycan structure in the high pressure region at the front end of
the mass spectrometer.
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TABLE |
O-GIcNAc protein and peptide identifications from published large-scale proteome studies

Project MS/MS PSM Peptides Sites Proteins
Geiger et al. 5,985,620 454 104 125 76
Nagaraj et al. 4,829,525 75 36 38 29
Phanstiel et al. 1,766,566 99 41 50 32
Total 12,581,711 628 1582 1942 1142
Phanstiel et al. (phospho data set) 1,316,234 107 28 34 22
Total + phospho 13,897,945 735 1742 2042 1242
2 nonredundant peptides, sites, and proteins.
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Fic. 2. Example HCD spectrum of a novel O-GlcNAc site corresponding to the sequence SQSAAVTPSgSTTSSTR of the proteasomal
ubiquitin receptor ADRM1. The large dynamic range of the HCD spectrum and the high mass accuracy allows determining the peptide
sequence and the localization of the O-GIcNAc site despite the presence of nine alternative modification sites. Diagnostic O-GIcNAc features
(i.e. reporter ions and the GIcNAc oxonium loss) are depicted as well (¥).

Identified O-GIcNAc Proteins— After processing more than
12 million tandem mass spectra, 628 O-GIcNAc spectra cor-
responding to 158 peptides and 114 candidate O-GIcNAc
proteins were identified (supplemental Tables S3-S5). The
three re-examined studies contribute common and exclusive
protein identifications (Fig. 3A). The highest number of mod-
ified proteins originates from the 11 cell line proteomes pro-
filed by Geiger et al. (14). Within that study, the number of
identified spectra and proteins varies significantly between
cell lines (supplemental Fig. S3) and may reflect cell-type
specific differences of protein expression and O-GIcNAcyla-
tion. Interestingly, the analysis of the HelLa deep proteome
published by Nagaraj et al. (15) also contributed a significant
number of exclusive and novel O-GIcNAc proteins, even
though the Hela cell line was also part of the panel analyzed
by Geiger et al. (14). A closer inspection of the data revealed
that 16 out of the 18 exclusive protein identifications originate
from GIuC (7 proteins) or LysC digests (nine proteins), under-
scoring the usefulness of multiple protease digestion for pro-
teomics in general and O-GlcNAc and PTM studies in partic-
ular. Interestingly, the only O-GIcNAc protein identified in all
studies is the Host cell factor 1, a protein known to be highly
O-GlcNAcylated.

We note that for ten proteins, the GIcNAc site was assigned
to an asparagine residue (N-GIcNAc). Moreover, although O-
GIcNAc has been reported for proteins of almost all cellular
compartments as well as on extracellular proteins (22), we
cannot rule out the possibility that several of the identified ER-
and Golgi-resident proteins are early synthesis products of
O-GalNAc-type glycans. The subcellular localization of can-
didate O-GIcNAc proteins is depicted in Fig. 3B. For 47 of the
identified proteins, the O-GIcNAc modification has been pre-
viously reported, while 57 represent novel O-GIcNAc proteins.
In addition, for nine of the known O-GIcNAc proteins, we
report direct evidence for the modification for the first time.
Collectively, this data shows that O-GIcNAc modified pep-
tides can be identified from large-scale proteomic data, which
makes a point in favor sharing proteomic data with the sci-
entific community.

O-GlIcNAc is Less Abundant Than Phosphorylation—The
modified and unmodified peptides identified in the present
re-analysis of proteomic data enabled us to perform a crude
estimation of the frequency and abundance of these modifi-
cations on the most abundant modified proteins. From the
Geiger et al. data (11 cell lines), we identified 2,023,960 tan-
dem mass spectra, 6124 of which correspond to phosphor-
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Fic. 3. Number of O-GIcNAc proteins identified in different studies from various cell lines. A, Number of O-GIcNAc proteins and known
proteins (in parentheses) from three different data sets. B, Subcellular localization of candidate O-GIcNAc proteins and spectra.
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Fic. 4. Protein abundance data for the eleven cell lines analyzed by Geiger et al. A, Protein abundance distribution (expressed as

logarithmic NSAF) of 76 O-GlcNAc- and 736 phospho-proteins. B, Protein abundance distribution (expressed as summed peptide precursor
intensity) of 454 O-GIcNAc spectra, 6124 phospho-spectra and >2 million unmodified spectra. Note the secondary y axis for O-GIcNAc- and

phospho-identifications.

ylated peptides and 454 matched to O-GIcNAc peptides.
Hence, the frequency of phospho-spectra is 1 in 334 and the
frequency of O-GIcNAc spectra is 1 in 4500 indicating that
O-GIcNAc is numerically ~13-fold less frequent than phos-
phorylation. We are aware that this estimation rests upon the
assumption that O-GIcNAcylated peptides are, by and large,
identified at the same rate as phosphopeptides from HCD
data, which may not necessarily be the case (although prob-
ably approximately true). We also expressed the protein abun-
dance for all 11 cell lines as the logarithmic normalized spec-
tral abundance factor (23) (NSAF, Fig. 4A). As expected, the
detected modified proteins are mostly among the medium to
high abundant proteins. Interestingly, but somewhat unex-
pectedly, the NSAF distributions of O-GlcNAc- and phospho-
proteins are quite similar. This clearly indicates that the ob-
served O-GIcNAc- and phospho-proteins are, by and large,
equally abundant, but that the O-GlcNAc modification is less
frequent. Alternatively, we also used the distribution of pep-

tide precursor intensities (Fig. 4B) as a proxy for the abun-
dance of the detected (modified) peptides.

The data shows that the distributions of phospho-peptides
and ordinary peptides are very similar. In contrast, the distri-
bution of O-GIcNAc peptides is massively skewed toward
high intensity proteins indicating that many high abundance
proteins are also O-GIcNAc modified and that the site occu-
pancy of the detected peptides is likely significantly higher for
O-GIcNAc peptides than for phospho-peptides. To test this
hypothesis, we estimated the site occupancy of all identified
O-GIcNAc and phospho-peptides via the summed precursor
intensities for modified and unmodified peptides. By this
method, we found an average site occupancy of 0.73 for
phospho-peptides and of 0.90 for O-GIcNAc peptides. This
difference in site occupancy is supported by the fact that the
unmodified peptide counterpart could be identified for 46% of
all phospho-peptides, but only for 26% of the O-GIcNAc
peptides. We do realize that the above estimates are crude
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3 O-GlcNAc sites
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Fic. 5. Graphical representation of post-translational modifications along the sequence of histone H2B (a, acetylation; g, O-GIlcNAc;

m, methylation; p, phosphorylation; u, ubiquitination).

because the assumption that the detection efficiencies of
modified and unmodified peptides by the employed methods
are not grossly different may not be well justified. Still, we
think the data suggests that the O-GlcNAc modification ap-
pears to be considerably less frequent than phosphorylation.
At the same time, however, the average occupancy of the
sites that we detected appears to be rather high indicating
that many of the observed (i.e. abundant) O-GIcNAc proteins
are stably modified under physiological conditions. This is
consistent with recent in vitro data on human O-GIcNAc trans-
ferase suggesting that some substrates are constitutively
modified (24).

Simultaneous O-GIcNAc/Phospho Occupancy of Proximal
Sites—Given the potential interplay of O-GIcNAc and phos-
phorylation (25), we investigated whether O-GIcNAc peptide
identifications are also possible from large-scale phospho-
proteome data. To this end, we employed the Oscore-strat-
egy to identify O-GIcNAc sites from the phospho-proteome of
hES and iPS cells (16). Overall, we identified 107 spectra
corresponding to 28 O-GlcNAc-modified peptides and 34
O-GIcNAc sites on 22 proteins (Table | and supplemental
Tables S6-S8). Of these peptides, 67% were doubly modified
with one or multiple O-GlcNAc and phosphate moieties. The
identification of O-GIcNAc peptides, which are not phosphor-
ylated, is not surprising given that only around 50% of all
identified peptides from the phospho-proteome data harbor
phosphorylation sites.

According to common notion, the cross-talk between O-
GIcNAc and phosphorylation on identical or proximal sites is
extensive and usually referred to as being either antagonistic
or synergistic (1). Most of the reported cases in the literature
show competitive occupancy by O-GIcNAc or phosphate of
the same or neighboring residues, and it is argued that the
reciprocal exclusion results from either the large size of an
O-GlIcNAc residue (with an Stokes radius four to fivefold larger
than a phosphate moiety) or by the negative charge of the
phosphate group or by conformational changes induced by
either modification (26). The observation of 23 doubly modi-
fied peptides with a median length of 24 residues suggest that
both modifications cannot only occur simultaneously on distal
sites of the same protein, but that also proximal residues can
be occupied by O-GIcNAc and phosphate simultaneously. A
striking example is given by the peptide SEApSg(SS)PPV-

VTSSSHSR of the SOX2 transcription factor. Here, the tan-
dem mass spectrum (supplemental Spectrum #208) localizes
the phosphorylation at S4 and the O-GIcNAc modification at
either S5 or S6, indicating that both modifications can, at the
same time, occur even on (almost) adjacent sites.

Functional Roles of Novel Human O-GIcNAc Proteins—
Numerous of the novel O-GIcNAc proteins (supplemental Ta-
ble S9) highlight the emerging role of O-GIcNAc as part of the
histone code and in the regulation of histone modifications
(27, 1). Among the novel proteins identified, histone H2B is a
particularly interesting case as we identified three O-GIcNAc
sites that are in close proximity to (di-)methylation, ubiquitin-
ation, and phosphorylation sites (Fig. 5). O-GIcNAcylation of
S118 has, very recently, been reported to facilitate mono-
ubiquitination at K121. Interestingly, here, the O-GIcNAc moi-
ety seems to act as primer for a histone H2B ubiquitin ligase,
and monoubiquitination presumably results in transcriptional
activation (28). Although the precise roles of the novel O-
GlcNACc sites between T53 and S65 on H2B are unknown, one
might speculate about further relationships of O-GIlcNAc and
ubiquitination.

Further noteworthy examples for O-GIcNAc modified pro-
teins include the transcription factors SOX-2 and Sal-like
protein 4 (SALL4) as well as STAT3, which have been dis-
covered in the hES and iPS cell proteomes (16). Although
SALL4 and SOX-2 have been previously reported to be
O-GlcNAc-modified in mouse (19), no site has been deter-
mined yet for STAT3 (29). The STAT3 O-GlcNAc site could
be localized between T714 and T721 (supplemental Spec-
trum #193). For SALL4, three novel O-GIcNAc sites have
been found: one site between S480 and T501, one site at
T608, S609, or S612; and one additional site between T608
and S628 (supplemental Spectra: #203, 149, and 156, re-
spectively). All three proteins are involved in maintaining
stem cell identity and governing stem cell-renewal (30, 31)
by up-regulating pluripotency genes and down-regulating
developmental genes. The discovery of novel O-GlcNAc-
modified stem cell transcription factors is in line with the
finding that O-GlcNAc transferase might regulate transcrip-
tion during early development via the modification of pro-
teins required to maintain the embryonic stem cell transcrip-
tional repertoire (19).
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CONCLUSIONS

We revisited >13 million tandem mass spectra from four
large-scale human proteome and phosphoproteome data
sets and identified several hundred O-GIcNAc modified pep-
tides, most of which have not been reported before. This
shows that at least some O-GIcNAc modified proteins are
abundant enough so that they can be identified without bio-
chemical enrichment. The current study also makes a point in
favor of sharing data between laboratories because one can
expect to be able to discover many hundreds more modified
peptides from the vast quantities of published proteomic
data. Interestingly, the number of O-GIcNAc peptides and
sites reported in this work is larger than those of most other
O-GlcNAc studies which all use some form of biochemical
enrichment. This may indicate that the development of such
enrichment methods is still in its infancy. The fact that the
number and abundance of O-GIcNAc peptides we identify “in
passing” as it were, is much smaller than those of phosphor-
ylated peptides further highlights the need for the develop-
ment of better biochemical tools.
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