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Background: Global analyses of proteins and their modifications by mass spectrometry are essential tools in cell
biology and biomedical research. Analyses of glycoproteins represent particular challenges andwe are only at the
beginnings of the glycoproteomic era. Some of the challenges have been overcome with N-glycoproteins and
proteome-wide analysis of N-glycosylation sites is accomplishable today but only by sacrificing information of
structures at individual glycosites. More recently advances in analysis of O-glycoproteins have been made and
proteome-wide analysis of O-glycosylation sites is becoming available as well.
Scope of review: Here we discuss the challenges of analysis of O-glycans and new O-glycoproteomics strategies
focusing on O-GalNAc and O-Man glycoproteomes.
Major conclusions: A variety of strategies are now available for proteome-wide analysis of O-glycosylation sites
enabling functional studies. However, further developments are still needed for complete analysis of glycan
structures at individual sites for both N- and O-glycoproteomics strategies.
General significance: The advances in O-glycoproteomics have led to identification of new biological functions of

O-glycosylation and a new understanding of the importance of where O-glycans are positioned on proteins.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Independent of other mechanisms for variational control of protein
structure – e.g., alternative splicing and mRNA editing – post-(or co-)
translational modifications (PTMs) provide for virtually unlimited
expansion of the structural space occupied by all the proteins of an
organism (proteome). This expansion, in turn, adds manifold layers of
potentially dynamic complexity to an organism's global molecular
interaction network (interactome). Of the more than 400 known
PTMs [1], protein glycosylation is one of the most abundant, and cer-
tainly the most structurally diverse. Lowe and Marth [2] estimated
that genes involved in glycosylation occupy at a minimum of 1% of
mammalian genomes, which supports the idea that widespread persis-
tence and diversity of glycosylation must underpin processes of major
functional – and therefore adaptive – importance. This is not to say
that each and every residue at every site of glycosylation carries a
unique functional consequence, any more than every single nucleotide
polymorphism (SNP) or amino acid substitution does; nevertheless, in
full analogy, a significant number are known to have consequences,
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either individually or in aggregate. This serves to highlight an important
purpose formapping asmany glycosylation sites and structural variants
as possible— to facilitate discovery of novel biological functions against
the background of variational noise. Currently, for example, a role of
site-specific α-GalNAc (“mucin-type”) O-glycosylation as a regulator
of protein function is a dynamic area of investigation; most recently
this led to discovery of a mechanism for co-regulation of proprotein
convertase processing of proteins [3–6]. A major challenge in the field
has been to fully characterize the human GalNAc O-glycoproteome in
order to uncover other site-specific biological functions of this abundant
PTM. Recent progress in the field of mass spectrometry driven site-
specific O-glycoproteomics – greatly facilitated by high throughput
genome editing technologies [7], along with extensive application of
electron transfer dissociation (ETD) fragmentation – is emphasized in
this review. Throughout, glycosylation in human cells will be referred
to, unless otherwise indicated.

2. Common problems complicate structural and functional analysis
of O-glycosylation

Glycosylation pathways themselves are highly diverse, including
both N-linked (to Asn residues) and O-linked (mainly to Ser/Thr, but
also possible to Tyr and HyL residues) biosynthesis. N-linked glycosyla-
tion is unique in that it is initiated by en bloc transfer of a pre-assembled
complex glycan from amembrane-bound lipid phosphate glycan to the
acceptor Asn residue; transfer requires, almost exclusively, recognition
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of a tripeptide consensus sequence, Asn-Xxx-Ser/Thr (Xxx≠ Pro), and
is known to occur co- as well as post-translationally. This process,
including the entire structure of the prefabricated donor glycan, is con-
served throughout eukaryotes; considerable structural remodeling
occurs post-transfer, and this processing diverges between the eukary-
ote kingdoms and their various orders. Further details are outside the
scope of this review, but are well covered elsewhere [8].

O-glycosylation, in contrast, is initiated by transfer of one of six
different monosaccharides besides α-GalNAc: these are β-GlcNAc, α-
Man, α-Fuc, β-Xyl, β-Glc, and β-Gal (Fig. 1). Among these, the
GalNAc-type O-linked glycosylation pathway, found on Ser, Thr, or Tyr
residues, is distinct from the others by the following characteristics:
(i) initiation is controlled by an extended family of up to 20 polypeptide
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Fig. 1. Schematic depiction of mammalian protein glycosylation. Arrows indicate genes or
gene complexes (OST) encoding key glycosyltransferases involved in biosynthetic initia-
tion for each glycoconjugate. The linkage of the first mono- or oligosaccharide (—) is
depicted as well as examples of processed mature structures. For the sake of simplicity
all classes of glycosylation are shown on the same transmembrane protein.
GalNAc-transferases that have distinct but partly overlapping acceptor
substrate specificities and tissue expression patterns — other types of
O-glycosylation are controlled by only one or two isoenzymes (or, in
the case of O-GlcNAc, by two enzymes fully distinct with respect to
structure, compartmental localization, and function [9]); (ii) potential
for generating the most differentially regulated glycoproteome; and
(iii) lack of any clearly definable peptide consensus acceptor peptide se-
quencemotif (this appears to be shared by O-Man). These factors along
with the general problems; that glycosylation is a non-template driven
process (not coded for directly by genes, but metabolic products gener-
ated by the orchestrated activity of hundreds of enzymes); that carbo-
hydrate residues are not confined to strict linear sequences, but can
vary with respect to linkage positions, anomeric configuration, and
branching; and that glycans present uniquely difficult analytical
challenges, with respect to both structures and sites of attachment on
proteins; have contributed to special difficulties faced in determining
specific functions for O-glycosylation [10,11].

With respect to analytical approaches relying onmass spectrometry –

in other words, mostmethodologies relevant to current glycoproteomics,
especially high throughput strategies – the structural (and therefore
physico-chemical) diversity complicates all phases including enrich-
ment strategies, liquid chromatographic separation, ion yields and
fragmentation, and software processing and subsequent interpreta-
tion of LC–MS data taking into account the presence of PTMs [12,
13]. Heterogeneity with respect to both site occupation and glycan
structure is particularly difficult for currently available data analysis
software to handle, especially in the absence of a straightforward
peptide consensus site to constrain allowable glycosylation sites.
Software searches based on matching peptide precursor m/z in the
MS1 profile with their product ions in MS2 spectra must include
distinct entries for each potential PTM carrying a unique m/z
increment; as the number of distinct variable modifications in-
creases, it eventually outstrips practical limits on computational
power and processing time, and some programs (such as Proteome
Discoverer) place a hard limit on this number.

Another factor contributing to ambiguity in glycan structure
determinations bymass spectrometry, besides thosementioned already
is the problem of isomeric residues, which are indistinguishable bym/z
alone, regardless of instrumental resolution or accuracy. Thus, the m/z
increments for GlcNAc and GalNAc are identical, and in the absence of
other qualifying information must strictly be referred to as “HexNAc”.
Similarly, all “Hex” residues, e.g., Gal, Glc, and Man, are identical to the
mass spectrometer in the absence of other information. This could be
provided by the logic of biology and biochemistry, if the system is
well-characterized, but may be impossible to provide de novo in a less
characterized system. As a result, development of instrumental meth-
odologies based on e.g. MSn fragmentation modes, is in great demand
in the field of glycoproteomics.

With respect to fragmentation in MS2, a further problem is that
under low energy collision induced dissociation (CID) conditions,-
especially such as found in ion trap mass analyzers, sugar residue loss
is the dominant mode for glycopeptides [13,14], resulting in virtually
no peptide-specific fragmentation; identifying peptide sequences,
let alone glycosites, is a challenging task impossible under these condi-
tions. Under higher energy CID (HCD) conditions, there is uncontrolled
and non-uniform loss of sugar residues; this is superior in the sense that
with peptides carrying low-to-moderate glycosylation, energies can be
readily adjusted high enough to efficiently cleave all sugar residues,
with enough left over to provide good fragmentation coverage of the
peptide. There are three disadvantages rendering HCD less optimal for
O-glycoproteomics in particular: (i) in most cases site information is
effectively lost alongwith the glycan; although some peptide fragments
may retain the sugar component, these are generally either absent or
too few to constrain one or more glycosites to one or more specific
peptide residues where potential sites are present in excess (often the
case); and although it is possible to optimize the yield of glycosylated
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fragments by careful adjustment of the collision energy, this is practical
only for single glycopeptide analytes introduced, e.g., via direct infusion,
but not practical in the context of an LC–MS analysis; (ii) the HCD
fragmentation of highly glycosylated peptides may again be dominated
by sugar loss and provide little peptide sequence-specific fragments;
and (iii) an extra provision must be made to match the m/z of the O-
glycosylated precursor in MS1 with the resulting set of mainly
unglycosylated fragment masses in MS2; this can be partially solved
by multiple PTM subtraction algorithms, but this requires an extra
step of calculation, and multiplies the number of data sets that have to
be included in the subsequent search process; and is again ineffective
for highly glycosylated peptides, or cases where high degrees of glycan
complexity and heterogeneity must be accounted for. As will be
outlined in the following section, an effective solution to these limita-
tions is provided by fragmentation by electron capture dissociation
(ECD), or the analogous electron transfer dissociation (ETD) mode.

Other problems include suppression of O-glycopeptide ionization by
the presence in complex mixtures of unglycosylated peptides [12],
which necessitates some form of O-glycopeptide enrichment prior to
LC–MS analysis, which will in turn again be complicated by glycan
structural diversity as already noted above. There is furthermore a lack
of endo-O-glycosidase enzymes with broad specificity that can be
used to release O-glycans en bloc for structural profiling. One O-
glycosidase is known [15], but is effective only for a single O-glycan
structure (core1, T, Galβ1-3GalNAcα1-O-S/T), andmoreover inherently
does not create an opportunity for concomitant chemical labeling of the
former O-glycosite. Chemical methods for de-O-glycosylation (β-elimi-
nation) adapted for use with concomitant or subsequent peptide site
labeling have been applied with some success. Non-reductive β-
elimination employing NH3 or NH2-R reagents has been utilized for
chemical release of O-GalNAc with concomitant aminylation of the mod-
ified residue [16,17]; the tag is relatively stable upon CID-fragmentation
which allows the formerly O-glycosylated residue to be identified. An
additional method, based on non-reductive β-elimination followed by
Michael addition utilizing dithiothreitol (DTT) or biotin-penthylamine
as nucleophiles,which confers a significant advantageby allowing affinity
enrichment of tagged peptides, has been developed for high throughput
identification of O-GlcNAc modifications [18]. Possible pitfalls of these
methods involve peptide degradation and artifactual β-elimination
from phosphorylated, and to some extent unmodified, Ser, Thr, and
alkylated Cys residues. In principle, these methods can also be used for
site identification in O-GalNAc modified peptides, but have not yet been
applied to studies at a proteome-wide scale. In general, in the past, O-
glycoprotein analysis has relied almost exclusively on strategies
decoupling the problems of glycan structure determination from deter-
mination of the glycosites; once a protein has been identified, the O-
glycans are chemically removed with concomitant stabilization (e.g., by
β-elimination in the presence of a reducing agent), with less attention
paid to site determination. Global analysis of O-glycan expression, or O-
glycomics [19,20], has also been carried out using β-elimination from
total cell or tissue protein, again at the expense of information about O-
glycosites or even which specific proteins are O-glycosylated. As a result,
we know hundreds of GalNAc-type O-glycan structures in detail (since
the process can be scaled up sufficiently that other techniques such as
NMRandmethylation linkage analysis can be applied), but, until recently,
the number of knownO-glycosites/O-glycoproteins, on a proteome-wide
scale, could be said to be negligible, except for a relative small number of
well-studied proteins purified and examined intensively one at a time.

3. Current state-of-the-art solutions for O-glycoproteomics

3.1. Application of ETD-MS2 fragmentation

As mass spectrometry-based high throughput PTM proteomics has
advanced, classical approaches to O-glycoprotein characterization
have given way to bottom-up (and to some extent top-down) shotgun
methods for site-specific analysis of PTM features. Many PTMs are suffi-
ciently stable for HCD-MS2 to be an effective mode for fragmentation
(e.g. phosphorylation, acetylation), and sufficiently homogeneous that
enrichment strategies, although diverse, need to include only one or
two straightforward steps. As emphasized in the previous section,
glycans are too labile, and inmost cases too diverse, for such straightfor-
ward enrichment and LC–MS solutions to be applied on a proteome-
wide scale, although some relatively simple higher throughput site-
specific strategies have been effectively applied to subsets of the
glycoproteome, such as the case of N-glycoproteomics [21], or with
methods developed recently for identifying sialylated O-glycopeptides/
O-glycoproteins [22,23]. ECD- and ETD-MS2 were proposed some
time ago as an alternative technique for peptide fragmentation,
where peptide backbone cleavage occurs in N–Cα bond, resulting in
c and z types of fragment ions [24–28]. While the fragmentation
mechanism is still under debate and several hypothesis have been
put forward [29], it is more or less clear that ECD and ETD induce
peptide bond cleavage with minimal loss of PTM and therefore are
very well-suited for analysis of phosphopeptides and glycopeptides
[30]. ECD is mainly implemented into FT-ICR MS, while ETD is part
of OrbiTrap FTMS (for review see [29,30]). In spite of the clear
advantages of ECD and ETD they have their own limitations related
to attaining the most effective charge state, which in turn limits the
size and state of glycopeptides that can be sequenced, especially in
a low abundance, high throughput setting. Another limitation is so-
called “proline effect”, where the peptide bond N-terminal to Pro
residues is not fragmented due to the cyclic secondary amine
structure of this amino acid [29].

Application of ETD-MS2 in O-glycoproteomics first made impact
with O-GlcNAc glycoproteomes, facilitated by the fact that the bulk of
this PTM (cytosolic type) comes without further extension in nature;
it is inherently simple and homogeneous, which makes it amenable to
O-glycopeptide enrichment based on affinity to a single lectin (WGA)
[31], and glycopeptide sequencing with O-glycosite identification
based on ETD-MS2 [32]. It should be noted that more recent studies
have shown that the cytosolic O-GlcNAc residues can in fact bemodified
by 6-phosphate, although the extent to which this occur is still largely
unknown [33,34].

Early advances in high throughput site-specific O-GalNAc proteo-
mics (O-glycoproteome DB, http://www.glycoproteomics.somee.com)
were also made using a combination of lectin affinity and complemen-
tary HCD and ETD-MS2 modes of fragmentation [35]; it was noted,
however, that ETD-MS2 has preferences for low m/z precursors [36]
and therefore the effectiveness could still be limited by the size of the
O-glycan and/or the number of O-glycosites on a given peptide. This
could be ameliorated by application of glycosidase trimming, artifi-
cially reducing the size and complexity of the O-glycans, thereby es-
sentially recapitulating the favorable situation with O-GlcNAc. This
was one of the main lessons we incorporated into developing the
so-called SimpleCell strategy as it applied to mass spectrometry-
based high throughput O-glycoproteomics (Fig. 2) [37].

3.2. Enrichment methods

Four basic classes of enrichment protocols have been used for glyco-
proteins and proteolytically generated glycopeptides: (i) methods
based on chemical or enzymatic oxidation of glycans; (ii) methods
based on click chemistry requiring metabolic labeling with alkyne- or
azide-modified sugars; (iii) methods based on charge affinity; and (iv)
methods based on lectin affinity.

(i) Periodate has been known for decades as the reagent of choice
for oxidation of glycans [38]; periodate has been incorporated
into glycoproteomic strategies utilizing it as a general carbohy-
drate oxidant. In this case the oxidized carbohydrate can be -cap-
tured on an immobilizing solid matrix, e.g., hydrazide beads, and

http://www.glycoproteomics.somee.com
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later eluted by acid treatment or in the case of N-glycans by en-
zymatic release with PNGase F [22,39]. For N-glycans the latter
allows concomitant labeling of the former N-glycosites when
performed in H2

18O [21,40], but recent studies have also identi-
fied H2

18O incorporation as a consequence of natural deamidation
which may result in misinterpreting N-glycosite occupancies
[41–43]. The Larsen group treated Escherichia coli extracts with
PNGase F in H2

18O and found canonical N-glycosylation sites
where Asparagine was converted to 18O-Aspartic acid, clearly
demonstrating the natural deamidation process since E. coli
does not have an N-glycosylation machinery [41].
For the hydrazide capture procedure, washing off unbound
proteins followed by on-bead proteolytic digestion allows
for independent identification of the captured glycoproteins
via the proteolytically released fraction and in the case of
N-glycoproteins also subsequent isolation of their formerly
N-glycosylated peptides by enzymatic PNGase F release. Of
note, the PNGase F enzyme is inactive on N-linked glycans
harboring a α1-3 linked fucose at the chitobiose core [44], a
modification typically found onN-glycans fromplants and inver-
tebrates, and is thus not suited for general N-glycosite studies in
these organisms.
Under mild conditions periodate can be applied for specific
oxidation of sialic acids, thus establishing a method for charac-
terizing the “sialome”, including both N- and O-glycoproteins.
Mild periodate oxidation introduces aldehydes specifically on
sialic acids, and, importantly, does not oxidize the underlying
glycans, thereby allowing N- and O-glycoproteins, with intact
glycans, to be immobilized on a solid phase. The terminal
sialic acids are labile to mild acid treatment [45], relative
to most other glycosidically linked residues, allowing release
of immobilized glycopeptides from, e.g., hydrazide beads,
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with retention of the N- or O-glycan core. The obvious
disadvantages are that all information about sialic acids is
lost, and that unsialylated fractions of the glycoproteome
remain uncaptured.
Galactose Oxidase (GO) may be used for oxidation of terminal
Gal or GalNAc residues of N- and O-linked glycans [46,47]. The
enzymatic reaction converts the C-6 primary alcohol into an
aldehyde, thus making the oxidized Gal or GalNAc residue ame-
nable to conjugation with compounds containing e.g. hydrazide
or aminooxy functionalities. Although the concept of utilizing
GO oxidized Gal or GalNAc for enrichment of N-linked glycopro-
teins/glycopeptides by biotin-tagging or through solid-phase
chemistry has been demonstrated [48,49], studies aimed at
analyzing the unsialylated O-glycoproteome through the GO-
based methodology have not been reported yet.

(ii) Metabolic labeling with GalNAz and GlcNAz has been used for
characterization of O-GalNAc and O-GlcNAc proteomes, respec-
tively. The Bertozzi group originally developed ametabolic label-
ing strategy for O-GalNAc glycosylation using the bioorthogonal
chemical reporter peracetylated N-azidoacetylgalactosamine
(Ac4GalNAz), an azido analog of GalNAc azide [50,51]. GalNAz
was shown to be metabolized by cultured cells and incorporated
into the core position of O-linked glycans [50] and later it was
shown that several GalNAc-Ts functioned with UDP-GalNAz
in vitro [52]. The azide has unique chemical reactivitywith phos-
phine probes in the Staudinger ligation reaction. O-glycoproteins
modified with GalNAz can therefore be tagged for enrichment
for glycoproteome analysis, but care should be taken by the
finding that UDP-GalNAz in cells are epimerized to UDP-
GlcNAz by the C4-Glc/GlcNAc epimerase and hence labeling of
O-GlcNAc glycosylation will also occur [53]. This has been
exploited to probe cytosolic O-GlcNAc glycoproteins [53], al-
though broader glycoproteomics studies have not been reported
yet. Instead the O-GlcNAc glycoproteome has been probed by a
related strategy using enzymatic in vitro incorporation of GalNAz
into O-GlcNAc glycosites by a mutant β4galactosyltransferase
(GalT1Y289L) and subsequent tagging with biotin using Biotin-
PEG-PC-Alkyne. This enables capture of O-GlcNAc glycopeptides
with avidin and using this strategy Alfaro et al. [54] identified the
largest O-GlcNAc glycopeptide data set from mouse brain so far
using a combination of CID, HCD and ETD.

(iii) Titanium dioxide (TiO2) beads, which are effective for enrich-
ment of peptides carrying acidic PTMs, such as phosphoryl,
have also proved useful for enrichment of sialylated glycopep-
tides [55]. The mechanism of sialic acid binding has been
suggested to resemble a multidentate interaction, involving
carboxyl- and hydroxyl groups of sialic acid in engagement
with the TiO2 surface. Typically, the methodology is utilized to
enrich sialylated species and identify formerly N-glycosylated
peptides following PNGase F digestion [56,57]. Theoretically,
this strategy may also be used to capture sialylated O-
glycopeptides but TiO2 based O-glycoproteomic studies have
not been reported yet. As with mild periodate oxidation, the
main weakness is failure to capture unsialylated fractions of
the glycoproteome.

(iv) Lectin weak affinity chromatography (LWAC) was originally
used effectively for enrichment of O-GlcNAc and O-GalNAc
glycoproteomes using WGA and Jacalin, respectively [31,32,35,
58,59]. This was a second lesson incorporated into the workflow
for enrichment of SimpleCell O-glycoproteomes [37]; engineer-
ing cells to produce homogeneous O-glycosylation with only
the innermost GalNAc residues would be efficiently enriched
by LWAC using immobilized Vicia villosa agglutinin (VVA). We
have compared the efficiency of PNA enrichment with wild
type cells that produce homogeneous core1 based O-
glycoproteomes such as K562 [37] and more recently Chinese
hamster ovary (CHO) cells [60], and in general it appears that
VVA enrichment is more sensitive and provides deeper O-
glycoproteomes. The SimpleCell strategy was also recently
expanded to O-mannosylation demonstrating that enrichment
of O-Man SimpleCell O-glycoproteomes can be carried out by
LWAC with immobilized Concanavalin A (ConA) [61]. LWAC
enrichment can be carried out at both the protein and peptide
level [37,62]. Adding enrichment at the protein level was found
to be both necessary and sufficient for analysis of secretome
fractions of SimpleCell O-glycoproteomes [62,63].

4. Genetic engineering of cell lines for glycan structure
simplification — the SimpleCell strategy

A straightforward solution to the multiple analytical challenges
associated with glycan size, complexity, and physico-chemical diversity
is to reduce or eliminate all of these factors through structural simplifi-
cation to small, homogeneous, residual units, e.g., monosaccharides.
While this carries the obvious disadvantage of eliminating site-specific
information about complex glycosylation, it greatly facilitates all other
aspects of bottom-up protein glycosite analysis, including enrichment,
LC–MS/MS protocols, and data processing and interpretation. This is
clearly the way to proceed if the goal is to widely (deeply) expand the
protein “glycosylation space”, that is, to find out – and find out quickly –

where saccharides are located on a proteome-wide basis. Historically,
in the case of GlcNAc O-glycoproteomics, the inherent lack of complex-
ity led immediately to accelerated expansion of the GlcNAc O-
glycoproteome, lending credence to the suggestion that trimming
GalNAc-type O-glycans to a single residue would achieve similar ends
[32,35]. Early approaches to GalNAc O-glycosite simplification through
glycosidase or chemical treatments were indeed successful [35], along
with improved enrichment strategies and the use of ETD-MS2 fragmen-
tation, in expanding the GalNAc O-glycoproteome. However, a true
breakthrough, taking O-glycoproteomics beyond incremental expan-
sions, occurred with the introduction of SimpleCells [37], in which
gene editing was used to generate cell lines essentially lacking the ma-
chinery for extendingmucin-type O-glycosylation beyond the initiating
O-GalNAc residue, except for sialylation (easily removed, where it
occurs, by neuraminidase treatment prior to enrichment).

The SimpleCell strategy relies on precise nuclease mediated gene
editing to knockout glycosyltransferase genes responsible for glycan
elongation such that glycosylation is simplified and present in a more
homogeneous form that enable efficient lectin capture (for a review
see [64]). The O-GalNAc SimpleCell strategy relies on knockout of
COSMC, an obligate chaperone of C1GalT1, the β3Gal-transferase
responsible for Core 1 (Galβ1-3GalNAcα1-O-Ser/Thr) elongation of O-
linked GalNAc (Fig. 2A). Originally Zinc finger nuclease (ZFN) mediated
gene editingwas used and later both TALENs andCRISPR/Cas9mediated
editing have become available [7,37,64]. In the absence of functional
COSMC protein, only truncated O-linked Tn (GalNAcα1-O-Ser/Thr)
and/or STn (NeuAcα2-6GalNAcα1-O-Ser/Thr) structures are formed
in most cell types (a common alternative elongation pathway, core3,
is restricted to gastrointestinal tissues and largely absent in cancer cell
lines) [65]. SimpleCells may express Tn, a mixture of Tn and STn, or
exclusively of STn, which appear to depend at least partly on expression
of the ST6GalNAc-I sialyltransferase. After neuraminidase treatment if
required (depending on STn expression), protease-generated GalNAc-
glycopeptides are efficiently enriched using V. villosa agglutinin (VVA)
LWAC. Secretome analysis was facilitated by an additional short capture
VVA chromatography step at the protein level prior to proteolysis to
isolate endogenously produced O-glycoproteins from media compo-
nents [62,63]. Additional reduction in sample complexity was achieved
by use of isoelectric focusing (IEF) prior to nLC–MS (for current
workflow see Fig. 3). Further depth of coverage was shown to be
increased substantially by the use proteases other than trypsin,
e.g., chymotrypsin [63]. Using a combination of high resolution
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(Orbitrap-FT)MS1with data-dependent acquisition (DDA) of HCD-MS2
and ETD-MS2 spectra, both at relatively high (Orbitrap-FT) spectral
resolution, we have to date reported more than 3000 O-glycosites
distributed over 600 O-glycoproteins from 12 cancer cell lines, provid-
ing a “first global view” of the human GalNAc O-glycoproteome
representing an almost 10-fold expansion over that previously known
[66]. The data set is considered highly reliable, since spectra associated
with each site were reviewed by inspection (notably, a procedure that
we have now abandoned, due to the high volume of new data being
produced). It has to be mentioned that all of these results were
produced using an early generation Orbitrap XL instrument, and with
faster and more sensitive instruments, such as the Velos Pro and Fusion
models an enormous increase in throughput and depth is achievable
(unpublished).

5. O-GalNAc glycosylation of Tyr

Along with expansion of the O-glycoproteome an interesting new
development was the discovery of GalNAc attachment to tyrosine
residues. It was first reported as amodification of the amyloid precursor
protein (APP) from cerebrospinal fluid [67], and immediately thereafter
identified in NUCB2 from colon cancer (COLO205) SimpleCells and,
most likely, inWT Jurkat cells, which are a spontaneous cosmc knockout
cell line [37]. The APPmodificationwas foundon Tyr-681,within awell-
studied region close to the α-secretase cleavage site [67]. As often
happens, once a new structural feature has been identified, more in-
stances can be found by specifically searching for it; thus, 5 additional
GalNAc-O-Tyr sites were subsequently confirmed [63], and the total
number identified from SimpleCells was recently expanded to 23,
distributed among 19 proteins from 11 of the 12 cell lines studied [66].
We have currently identified a total of more than 50 Tyr glycosites (un-
published). Although the mass increment is the same for O-GlcNAc, the
possibility that these could be other than O-GalNAc sites is reduced by
the finding of a complex O-glycan attached to Tyr-681 in APP, along
with the same arguments as those generally validating the SimpleCell
results: by the enrichment with highly specific VVA, and their
observation in the extracellular domains of membrane-associated and/
or secreted proteins processed through the ER-Golgi pathway. Recently,
3 more potential GalNAc-O-Tyr sites were observed in the
glycoproteome of the murine synaptosome [68], although the
authors were more reluctant to identify the HexNAc residue unam-
biguously. In this case, similar to the SimpleCell findings, only
single HexNAc modifications were observed, and WGA, a less spe-
cific lectin, was used for enrichment, justifying some hesitancy; on
the other hand, if the sugar were instead identified as O-GlcNAc,
this would already constitute an additional novelty.

6. Dissection of the function of polypeptide GalNAc-transferases
using isogenic SimpleCells

The O-GalNAc glycoproteome is orchestrated by the large polypep-
tide GalNAc-transferase (GalNAc-T) enzyme family with up to 20mem-
bers and the role of each isoform is poorly understood [10] (Fig. 1).Most
of the current knowledge of these isoenzymes is based on in vitro
enzyme assays with short peptide substrates [10,69,70]. Several knock-
out animal models with deficiency in GalNAc-T isoforms have been
made [69,71–73], but these have not yet provided broad insight
into the specific contribution of individual isoforms to the O-
glycoproteomes, which is likely due to the complexity of performing
O-glycoproteomics studieswith heterogeneous glycoproteomes. Genet-
ically engineered isogenic cell systems based on SimpleCells with and
without individual GalNAc-T isoforms are now opening for discovery
of non-redundant functions of this family of isoenzymes [62]. In a first
preliminary study of HepG2 liver cells, comparing sets of identified
GalNAc-glycopeptides in isogenic cells with and without GALNT2 led
to discovery of unique functions of the GalNAc-T2 isoform [62]. It was
demonstrated that e.g. the major lipoprotein, ApoC-III, and the lipase
inhibitor ANGPTL3 are unique substrates for GalNAc-T2, and thus
expected not to be O-glycoproteins in individuals without a functional
GALNT2 gene [62]. This is important since there is strong evidence that
GALNT2 plays a role in dyslipidemia [74], and in preliminary studies
we have confirmed that APOC-III serves as a biomarker for deficiency
in GALNT2 (unpublished). We previously demonstrated that another
isoform, GalNAc-T3, serves an essential non-redundant role in glycosyl-
ation of FGF23 and deficiency in GALNT3 cause familial tumoral calcino-
sis due to loss of function of FGF23 [3]. Moreover, recently a unique
function of the GALNT11 gene in regulation of Notch signaling and
heart heterotaxy was reported [75]. The access to isogenic cell systems
with and without GalNAc-T isoforms amenable for high throughput O-
glycoproteomics is likely going to dramatically change the perception
of this type of O-glycosylation and serve as a discovery platform for
new biological functions of site-specific glycosylation.

7. The human O-Man glycoproteome

We originally proposed that the SimpleCell strategy could
be adapted for O-glycoproteomes other than O-GalNAc [37]. O-
mannosylation (O-Man) is one type of protein O-glycosylation that for
long remained elusive in mammals [76]. For years, α-dystroglycan
(αDG) remained the only well-characterized glycoprotein with respect
to O-Man glycans and their attachment sites. What started as the
discovery of mannitol containing sugars released by reductive β-
elimination from rat brain proteoglycans [77], later also shown to be a
modification of αDG from bovine peripheral nerve [78], culminated
recently in a series of reports describing the site-specific location of O-
Man glycans on αDG [79–82]. Additional O-Man modified proteins
were identified during the past ten years, including light chain IgG2
[83], receptor-type tyrosine-protein phosphatase β (RPTPβ) [84],
CD24 [85], neurofascin 186 [86] and the lecticans [87]. Applying the
SimpleCell strategy to O-Man glycosylation (Fig. 2B) has now brought
a marked expansion to the human O-Man glycoproteome. The major
O-Man elongation pathway is dependent on the POMGnT1 enzyme,
which adds a GlcNAc residue linked β-1,2 to the initially transferred
α-Man residue. Knockout of the POMGNT1 genewould therefore result
in truncation in the majority of O-mannosylated proteins to single O-
Man residues. Another elongation pathway by POMGnT2 (GTDC2) has
so far only been found on specific sites in dystroglycan [88,89]. Elonga-
tion of O-Man glycans by the POMGnT2 pathway gives rise to a specific
glycan epitope (GalNAcβ3GlcNAcβ4Man-O-Thr) which, following
phosphorylation by SGK196 on the 6-position of O-Man [88] and further
elongation by repeating (-3Xyl-α1,3GlcAβ1-) disaccharide units,
ultimately results in a glycan polymer that is necessary for laminin bind-
ing [90,91]. Disruption of O-Man biosynthetic pathways and defective
αDG glycosylation result in a broad spectrum of muscular dystrophies
[92].

The O-Man SimpleCell O-glycoproteomics strategy was recently
brought to realization in a breast cancer cell line, requiring only
minimal changes to the analytical workflow established for GalNAc
O-glycoproteomics (substitution of ConA for VVA in the LWAC
step) (Fig. 2B) [61]. The strategy enabled identification of the
large family of cadherins and protocadherins as major carriers of
O-Man glycosylation [61]. Plexins, the macrophage-stimulating
protein receptor (MST1R) and the hepatocyte growth factor recep-
tor (HGFR), two proteins that share domain folds with the plexin
superfamily, together members of the protein disulfide-isomerase
(PDI) family, were some of the additional O-Man glycoproteins
identified through the SimpleCell approach; worth mentioning is
also KIAA1549, an uncharacterized transmembrane protein, con-
taining the hitherto largest number of O-Man modifications for a
single protein (64 glycosites in total).

It is reasonable to believe that the 62 proteins identified to date
represent the tip of the iceberg for the elusive O-Man glycoproteome;
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further expansion could thus provide valuable insight into the function
of the O-Man modification. This task is currently undertaken in our lab
through the continuation of our O-Man SimpleCell program not only
by employing cell lines from other tissues and organisms but also by
individually targeting the POMT1 and POMT2 enzymes with ambitions
to generate a differential map over their preferred protein substrates.

8. Perspectives

The challenge of high throughput proteome-wide identification of
O-glycosites has been partly met by recent advances in tagging strate-
gies, genetic engineering of cells, and ETD based mass spectrometry.
Wider application of these strategies should greatly expand our knowl-
edge of the different O-glycoproteomes and open for discovery of
biological functions in health and disease. The O-GlcNAc, O-GalNAc,
and O-Man glycoproteomes are open for discoveries using the outlined
strategies and more O-glycoproteomes should be addressable by the
SimpleCell strategy such as the O-Xyl proteoglycan Ome (Fig. 1). How-
ever, currently these strategies largely ignore glycan structures at
specific glycosites. These obvious limitations are to some extent being
addressed by alternative approaches targeting not the enrichment
methods or MS hardware itself but rather the bioinformatic branch of
glycoproteomics. Among many innovative ideas, one promising appli-
cation includes the subtraction routine employed by several groups to
reduce the computational load associated with multiple variables
(glycoforms) [22,63,93]. In its most simple form, the glycoform mass
is initially subtracted from the precursor ion mass, allowing
proteome-wide database searches without multiple variable modifica-
tions, and subsequently paired back to same precursor ion to couple
glycan structure to peptide backbone. Further bioinformatic develop-
ments in these directions could thus bring us one step closer to global
glycoproteomics addressing also native O-glycans.

Additional technological andmethodological developments certain-
ly call for activity,which,when combinedwith challenging applications,
may promote further advancement of glycoproteomics and pave the
way to exciting discoveries. For example, we look forward to develop-
ments in ion-mobility utilities which certainly will allow us to address
additional structural details (anomeric and epimeric configurations)
that are currently out of reach for conventional glycoproteomics.

The vision must be to be able to address the more difficult problem
of simultaneous identification of O-glycan sites and O-glycan structures
on a proteome-wide level. It is our hypothesis that the combination of
knowledge of O-glycositeswith recent improvements in sample separa-
tion assisted by ultra-high pressure LC (uHPLC) and hydrophilic interac-
tion liquid chromatography (HILIC), along with an entirely new
configuration of the Orbitrap mass spectrometer ion optics, including
a breakthrough redesign of the ETD module (Fusion), will enable the
field to break the barrier and develop a method for analysis of intact
O-glycoproteomes. A successful analytical strategy for analysis of native
O-glycoproteins in complex biological sampleswill open the field wide-
ly for functional studies of O-glycoproteins.
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