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ABSTRACT

ProteinN-glycosylation plays a crucial role in a considerable number of important biological processes.
Research studies on glycoproteomes and glycomes have already characterized many glycoproteins and
glycans associated with cell development, life cycle, and disease progression. Mass spectrometry (MS) is the
most powerful tool for identifying biomolecules including glycoproteins and glycans, however, utilizing
MS-based approaches to identify glycoproteomes and glycomes is challenging due to the technical
di�culties associated with glycosylation analysis. In this review, we summarize the most recent
developments in MS-based glycoproteomics and glycomics, including a discussion on the development of
analytical methodologies and strategies used to explore the glycoproteome and glycome, as well as
noteworthy biological discoveries made in glycoproteome and glycome research.�is review places special
emphasis on China, where scientists have made sizeable contributions to the literature, as advancements in
glycoproteomics and glycomincs are occurring quite rapidly.
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INTRODUCTION

Glycosylation is one of the most important post-
translational modi�cations (PTMs) of proteins. It is
estimated thatmore than50%of all proteins inmam-
mals can be glycosylated, and, most importantly, the
majority of the FDA-approved tumor biomarkers
currently available are glycoproteins. �erefore, in-
tensive e�orts have been devoted to the develop-
ment of glycoproteome and glycome identi�cation
techniques.

Glycoproteomic analysis uses proteomics strate-
gies, in general, to identify proteins and their gly-
cosylation sites. Glycans detached before analysis
are not considered in glycoproteomics. Conversely,
glycomic study focuses on analyzing the whole gly-
can pro�le from samples, without considering the
glycosylation sites. In past years, glycoproteomics
and glycomics were closely related research ar-
eas; now, they are relatively separate disciplines.
Currently, alongside the emergence of mass spec-
trometry (MS) spectrometric techniques for the
analysis of intact glycopeptides, glycoproteomics
practices typically identify glycosylation sites and
glycan changes on a speci�c site as well—glycomics

practices are increasingly developed to identify gly-
cans on a speci�c site.

�ough there has been considerable (and rapid)
progress made in these two overlapping areas of
study in recent years, glycoproteome and glycome
researchers still face signi�cant challenges. For ex-
ample, although glycosylation is prevalent in the
human body, the amount of glycopeptides or gly-
cans is relatively low. As opposed to the protein cy-
cle, glycosylation is a non-template-driven process,
which generates enormous diversity in their struc-
tures (which di�er in composition, branching, and
linkage.) �e a�ached glycan further complicates
the glycoproteome, as each glycosylation site on a
certain glycoprotein contains various glycans. Addi-
tionally, the ionization e�ciency of glycopeptide or
glycan ismuch lower than that of non-modi�ed pep-
tides. �erefore, the detection of glycopeptide and
glycan is muchmore di�cult than the analysis of or-
dinary peptides.

Further, analysis of glycosylaton sites and gly-
can composition requires specialized bioinformatics
so�ware to interpret complex MS spectra. For this
reason, research on the glycome is far more chal-
lenging than on the proteome. In e�ort to achieve
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Figure 1. General strategy of MS-based glycoproteomics and glycomics.

the speci�c and sensitive analysis of glycoproteomes
and glycomes, researchers have achieved tremen-
dous developments in bioanalytical chemistry that
have improved glycoprotein characterization, gly-
cosylation site identi�cation, understanding of the
composition and linkage of glycans, and the quan-
titation of glycoproetins and glycans. �ese techni-
cal advances and their applications in biological pro-
cess research and biomarker discovery are reviewed
in this study. Fig. 1 illustrates general background
information relevant to MC-based glycoproteomics
and glycomics.

SAMPLE PREPARATION
AND ENRICHMENT

Sample preparation is a prerequisite of successful
analysis of glycoproteomes or glycomes. In general,
due to low abundance of glycoproteins, the glyco-
proteome or glycomemust be pre-separated prior to
MS analysis.

Glycoproteome enrichment

�e glycoproteome can be selectively enriched
through lectin enrichment [1], hydrophilic

interaction chromatography HILIC [2], boronic
chemistry [3], hydrazide chemistry (HC) [4],
reductive amination chemistry [5], oxime click
chemistry [6], or non-reductive amination chem-
istry [7]. �ese separation techniques were
reviewed comprehensively in our recently published
paper [8].

Glycopeptidome enrichment

�e glycopeptidome, as opposed to the afore-
mentioned glycoproteome, refers to endogenous
glycopeptides. �e glycopeptidome is an impor-
tant subset of the peptidome, but has been re-
searched less frequently. Peptidomes, the endoge-
nous peptides in biological samples, have garnered
increasing a�ention since 2001. Due to the low
abundance and low molecular weight of the pep-
tidome, peptidome analysis requires special sample
preparation and enrichment techniques. �ese low
molecular weight peptides can be obtained using
size-exclusion methods that e�ectively deplete the
high-molecular-weight proteins. Glycopeptidomes
have been relatively infrequently researched since
about 2007, while the phosphopeptidome, the other
subset of the peptidome, has been studied rather
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Figure 2. Scheme for size-selective enrichment of glycans by O-CMK-3 [9].

intensively. We pro�led the rat serum glycopep-
tidome in a study conducted in our own laboratory
by �rst synthesizing a boronic acid-functionalized,
highly ordered mesoporous nanomaterial (MCM-
41-APTES-CPB) with glycopeptide-suitable pore
size and glycopeptide-speci�c selectivity using a
post-synthesis gra�ing method [3]. �e combined
advantages of size-exclusive e�ect of mesopores
against protein, and glyco-selective e�ect of boronic
acid toward glycopeptide, allowed a successful pro-
�ling of the glycopeptidome of rat serum for the �rst
time.

Glycome enrichment

Generally, glycomes are obtained by detaching the
glycan from the glycoprotein by De-N-glycosylation
using peptide N-glycosidase F (PNGase F). Upon
liberation, the glycome is further puri�ed from the
proteinmixture through size exclusion,HILIC chro-
matography, graphitized carbon chromatography,
or tagging-assisted strategies. Graphitized carbon is
the most commonly used stationary phase for en-
riching glycans, because glycans are typically more
hydrophilic than peptides [9]. In addition to the
commercially available PGC columns and tips, new
solid phases like co�on wool have been developed
for the preparation of glycans fromproteinmixtures.
Co�on wool SPE microtips, for example, allow the
removal of salts, most non-glycosylated peptides,
and detergents, such as SDS from glycoconjugate
samples [10].

�e molecular weights of glycans are small com-
pared to those of proteins. �erefore, glycan can be
easily separated from a protein mixture through size

exclusion. For example, Zou et al. developed a sim-
ple method to enrich the N-linked glycan using oxi-
dized orderedmesoporous carbon. By taking advan-
tage of the size-exclusive e�ect of mesopores against
proteins, as well as the interaction between glycan
and carbon, N-linked glycans from serum samples
were e�ectively puri�ed (Fig. 2) [11].

�e same group of researchers also used
silica-carbon composite nanoparticles with uni-
form shapes and highly ordered mesoporous
structures to enrich N-linked glycan from com-
plex biological samples [12]. Recently, Deng
et al. designed a carbon-functionalized, ordered
graphene/mesoporous silica composite (C-
graphene@mSiO2) for glycome enrichment,
where the newly synthesized material possessed
a uniform pore size. By taking advantage of a
special interaction between carbon and glycan,
as well as size-exclusion ability, glycans were e�-
ciently separated from proteins. A�er enrichment
with the C-graphene@mSiO2 composites, 48
N-linked glycans with su�cient peak intensities
(signal to noise, S/N > 10) were successfully
identi�ed by MS from 400 nL human serum [13].
�e same group further developed a magnetic
nanoporous carbon (NPC) material for glycome
enrichment [14].

Introducing an enrichment tag on glycan enables
the glycan to be speci�cally removed from protein
mixtures due to the strong interaction between the
tag and tailor-made solid phases. Very recently, we
reported anewstrategy for the sensitive and selective
MS analysis of glycans based on �uorous chemistry.
With this strategy, the reducing end of the glycan
is derivatized with a hydrophobic �uorinated car-
bon tag, and then the �uorous solid-phase extrac-
tion (FSPE) is used to speci�cally enrich the glycan-
containing �uorinated carbon tag. Results showed
that the N-glycome of human serum was e�ciently
enriched from highly contaminated solutions and
protein mixtures [15].

Another type of enrichment method with high
speci�city relies on the formation of reversible
bonds between glycans and solid phases. For
example, Qian et al. used 1-pyrenebutyryl chloride-
functionalized, free graphene oxide (PCGO) to
capture glycan through the reversible covalent
bond formation between the hydroxyl groups of
glycan and the acyl chloride groups on graphene
oxide (GO). �e captured glycans were then
released through reversible covalent bond disso-
ciation for MS analysis. When the glycans were
captured, the free PCGO sheets aggregated within
30 s; therefore, this method allows simple and
e�cient visual monitoring of the enrichment
process [16].
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DERIVATIZATION STRATEGIES
FOR GLYCOMES AND GLYCOPROTEOMES

Because the analysis of native glycans or glycopep-
tides by MS is o�en hindered by their poor ion-
ization e�ciency, various chemical derivatization
strategies with di�erent labels have been developed.
�ese derivatization techniques can improve the
ionization e�ciency of glycans and glycolpeptides
in MS by increasing their hydrophobicity; derivati-
zation can also in�uence their tandemMS fragmen-
tation pa�erns, thereby facilitating successful struc-
tural analysis. �e following provides an overview
of the techniques available for glycomic and glyco-
proteomic derivatization, including reductive am-
ination, hydrazide labeling, permethylation, and
amidation.

Derivatization strategies
for glycoproteomes

Glycopeptide analysis is a challenging endeavor due
to the poor ionization e�ciency of glycopeptides
and interference from other highly abundant pep-
tides on the MS signal. Derivation can be used
to address this problem. Junko et al., for exam-
ple, proposed 1-pyrenyldiazomethane as a unique
derivatization reagent for enhanced and selective de-
tection of glycopeptide, which is derivatized at the
C-terminus of the peptide without releasing glycan.
Notably, underivatized forms of glycopeptide on the
spectra were observed due to the dissociation of
pyrene groups from glycopeptide, while ionization
of other peptideswas signi�cantly reduced [17].�e
same group of researchers also developed a method
for structural analysis of N-linked glycopeptide,
where carboxyl groups on the peptide moiety (i.e.
Asp, Glu, and C-terminus) are completely deriva-
tized via methylamidation, and then glycopeptide-
produced informative glycan fragment ions re�ect
detailed glycan structural features, as well as the
sialylated glycopeptide [18]. Very recently, Wuhrer
et al. proposed a novel technique using dimethylami-
dation and lactonization for matrix-assisted laser
desorption/ionization (MALDI)-TOF-MS pro�l-
ing of IgG glycopeptide through which both glycan
and peptide moieties are stabilized, allowing frag-
mentation spectra information to be obtained for
pro�ling glycosylation and peptide sequences [19].

Derivatization strategies for glycomes

�ere are more derivatization strategies for gly-
come than for glycoproteome. Based on the chem-
ical structures of glycan, labeling sites can fall into
di�erent categories: the reducing terminal, the hy-

droxyl groups on the glycan, and the carboxyl group
of sialylated glycan.

Reducing terminal derivatization
To date, the reductive amination reaction labeled at
the terminal aldehyde-groupof glycan is themost of-
ten utilized derivatization approach. In this type of
reaction, the aldehyde group of glycan reacts with a
small molecule containing a primary amine group,
resulting in an imine or Schi� base a�er a condensa-
tion reaction, and then reduced by a reducing agent
to obtain a secondary amine. Its high yields and
the ready availability of amine reagents make this
technique a�ractive for glycomic derivatization, and
as such it is commonly employed in the �eld; 2-
aminobenzoic acid (2-AA), 2-aminobenzamide (2-
AB), and 2-aminopyridine (2-AP) are the labels
most o�en applied to improve the ionization re-
sponse of oligosaccharides. Further, experimental
details for the application of these reductive amina-
tion derivatives were provided in an earlier review
[20].

�e disadvantage of reductive amination
reaction-based derivatization is that it requires
removing of excess reducing reagents (for example,
sodium cyanoborohydride [NaBH3CN]), which
involves tedious cleanup steps that may cause
sample loss. �erefore, non-reductive amination
reactions, which no longer require the reduction
of oligosaccharides with NaBH3CN, are a more
common research object. In fact, we investigated
a new derivatization reagent, aminopyrazine,
which can also act as a co-matrix to improve the
detection of oligosaccharides by MALDI-TOF
MS. �is method eliminates the puri�cation step.
We found that the S/N ratio of glycan increased
about 2–6-fold compared to the control, with good
signal reproducibility [21]. Furthermore, reductive
amination can be used for introducing new tags
in glycans to enhance their ionization e�ciency.
As mentioned above, we proposed a technique for
the sensitive and selective MS analysis of glycan
based on �uorous chemistry (Fig. 3), throughwhich
glycan-reducing terminals are derivatized with a
hydrophobic �uorinated carbon tag based on the
reductive amination reaction. Results indicated
that the �uorous tag signi�cantly increased glycan
hydrophobicity and glycan ionization e�ciency
during MS, by more than one order of magnitude
[15].

Hydrazide labeling is another derivatization
strategy based on a reaction of glycan ends with
labels containing a hydrazide end group. Because
hydrazone formation does not require reductive
conditions, its advantage is the corresponding
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Figure 3. (a) Illustration of �uorous derivatization of glycans

with heptadeca�uoroundecylamine through reductive ami-

nation reaction; (b) schematic diagram of �uorous amine-

based glycan derivatization, FSPE enrichment, and MS anal-

ysis [15].

omission of puri�cation steps. Phenylhydrazine
is the most o�en applied hydrazine derivatization
reagent. (An earlier review discussed the signi�-
cance of hydrazine derivatives in more detail [22].)
Very recently, we proposed hydrazinonicotinic acid
as a novel derivatized reagent for enhanced and se-
lective detection of oligosaccharides, and found that
the derivatives imparted improved MS sensitivity;
in positive mode, S/N of the maltoheptaose was
improved by more than one order of magnitude,
and in negative mode, a 15-fold enhancement
of S/N in the detection for sialylated glycan was
observed compared to the control. In addition,
through using di�erent acid reagents as the catalyst,
derivatized product signals corresponding to [M +

Na]+ or [M + H]+ were obtained. �is discovery
represents complementary fragmentation pa�erns
for the structural elucidation of oligosaccharides
[23].

Derivatives of other sites
Permethylation has long been applied in glycomic
analysis. In this strategy, hydrogen on hydroxyl
groups, amine groups, and carboxyl groups are con-
verted by methyl groups, producing a hydrophobic
glycan derivative. �e advantage of permethylation
is that it enhances glycan signal strength in both ESI
and MALDI-MS [24]. Detailed structural analysis
of detached glycan o�en exploits the permethylation
that stabilizes glycan; acidic structures aswell as neu-
tral ones can be detected in a positive ionmode [25].
Tandem MS of sodium adducts of permethylated
glycan facilitates spectral interpretationbyproviding
detailed information on linkage positions [26]. Per-
methylation can also be applied to analyze sulfated
glycan. Khoo et al. developed a novel technique for
target MS analysis of permethylated glycan in sulfo-
glycomes which works by enriching the sulfated gly-
can, and has had considerable impact on the �eld of

MS-based glycomics [27]. Recently, the same group
of researchers applied reverse phase-basednanoLC–
MS/MS for sulfoglycomic analysis of permethylated
glycan in negative ion mode. Results showed that
this method can obtain complementary sets of di-
agnostic fragment ionswhich facilitate identi�cation
of various fucosylated, sialylated, and sulfated glyco-
topes [28].

Sialic-acid moieties of various sialylated glycans
have been reported to be easily lost duringMSanaly-
sis due to the instability of glycosidic bonds between
sialic-acid and glycan residue during ionization. To
solve this problem, several di�erent derivatization
methods have been developed in e�ort to stabilize
the sialic acid group (e.g. methylester formation,
pyrenylester derivatives, and amide derivatization.)
Further, details regarding derivatization methods
for sialic acid glycomics were presented in an
earlier review [29]. Liu et al., in one such study,
described a facile derivatization in the presence
of methylamine and (7-azabenzotriazol-1-yloxy)
trispyrrolidinophosphonium hexa�uorophosphate
(PyAOP) for sialoglycomics by MALDI-MS.
Results showed that the method e�ectively avoided
the dissociation of sialic acid moieties by MALDI-
MS, and both 3′- and 6′-sialyllactose derivatives
achieve quantitative conversions regardless of their
linkage types [30]. Xin et al. also tried to employ
this derivatization for isomer-speci�c sialyated
glycan pro�ling by nanoLC-MS, and found that the
detection sensitivity of sialylated glycan increased
by 2–80-fold compared to previous ESI-MS meth-
ods. Up to 19 tetrasialylated glycan species and
293 glycan species have been identi�ed in human
serum. Representative XIC of derivatized glycan
and corresponding MS/MS spectra are shown in
Fig. 4 [31].

DEVELOPMENT OF NEWMATRIX FOR
MALDI-MS ANALYSIS

Alongside the development of so� ionization tech-
nology, MALDI-MS has become a very valuable re-
search topic in the life sciences �eld. Due to lack
of basic groups for protonation and the hydrophilic
nature of glycan moieties, glycopeptides or glycans
are more di�cult to ionize than peptides or pro-
teins. Glycoproteins/glycopeptides/glycans are in-
herently suppressed by non-glycosylated species.
To develop successful MALDI analysis techniques,
then, is to improve the ionization e�ciency of gly-
copeptides and glycans. Scientists have used chem-
ical derivation methods to improve the ioniza-
tion e�ciency of glycopeptides/glycans, in addition
to developing new matrices. Compared to these
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Figure 4. Representative XIC of derivatized glycans and corresponding MS/MS spectra [31].

derivatization methods, selecting a suitable matrix
to facilitate the e�ective ionization of glycopep-
tides/oligosaccharides is simple and straightforward
in order to identify signals in their native states and
reduce the complexity of spectra. �e most com-
monly used matrix is 2,5-Dihydroxybenzoic acid
(DHB), but its weak points are notable; for one,
inhomogeneous needle-shaped crystals are o�en
formed around the rim of theMALDI spot a�er dry-
ing. As a result, an ideal spectrum is excessively time-
consuming to produce, and a reproducibility of de-
tection is not satisfactory.

Most of the matrices developed to improve the
ionization e�ciency of glycopeptides/glycans are
ionic liquidmatrices (ILMs), which consist of a con-
ventional solid matrix such as 2,5-dihydroxybenzoic
acid (DHB), α-cyano-4-hydroxycinnamic acid
(CHCA), or trihydroxyacetophenone (THAP),
and an organic base like tributylamine or pyri-
dine, enabling a relative state of ‘liquidity’ under
vacuum conditions. Due to the liquidity state,
ILMs provide high homogeneity of matrix/analyte
mixtures, enabling high reproducibility and high
throughput analysis. Tanaka et al. developed a
direct glycan labelingmethodwith 3-minoquinoline
(3-AQ) on a MALDI target using a liquid matrix
3-AQ/CHCA, and achieved high-sensitivity de-
tection [32]. By removing the labeling process,
Tanaka et al. introduced a similar liquid matrix
3-Aminoquinoline/p-Coumaric Acid (3-AQ/CA)

for glycopeptides and carbohydrates. Compared to
3-AQ/CHCA or DHB, 3-AQ/CA showed higher
sensitivity (maximum of 1000-fold), suppressed the
dissociation of sialic acids or phosphate groups,
and improved the fragmentation of neutral carbohy-
drates [33].

Negative-ion mode analysis of glycopep-
tides/glycans has proven an e�ective complemen-
tary tool to positive-ion mode analysis, but the
sensitivity of negative-ion mode is much lower
than that of positive-ion mode. Wuhrer et al.
used 4-chloro-α-cyanocinnamic acid (Cl-CCA)
as a matrix to analyze glycosylated peptides con-
taining sialic acid and released N- and O-glycans
in negative-ion mode. Compared to DHB, the
Cl-CCA crystal was smaller and homogeneous,
improving the reproducibility and accuracy [34].
For neutral N-glycans, Tanaka et al. used anion-
doped liquid matrix (G3CA), p-coumaric acid,
and 1,1,3,3-tetramethylguanidine to detect neutral
N-glycans in negative-ion mode, and found that
the ILMs suppressed dissociation of sulfate groups
or sialic acids of carbohydrates and the detection
limits of anion-adductedN-glycan were 1 fmol/well
for NO3

− in negative-ion mode. In short, Tanaka
achieved a very sensitive analysis method, especially
for MS2 measurement of neutral N-glycans in
negative-ionMALDI-MSn [35].

In addition to improving the ionization e�ciency
of glycopeptides and glycans, certain matrices can
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also suppress peptide ionization, thereby allowing
the glycopeptide or glycan to be detected directly
in the peptide mixture. We proposed a new matrix,
hydrazinonicotinic acid (HYNIC), which realized
highly selective and sensitive analysis of oligosaccha-
rides without pre-puri�cation.�e detection limit of
maltoheptaose provided by HYNIC was as low as
1 amol. Furthermore, compared to the traditional
matrix DHB, HYNIC exhibited several advantages:
higher homogeneous crystallization and be�er salt
tolerance, for example, and adequate fragmentation
in tandem mass spectrometry, which provided use-
ful information for structural elucidation of the gly-
can [36]. In a similar study, Yisheng et al. used dia-
mond nanoparticles (DNPs) to enhance the sensi-
tivity of carbohydrate analysis in MALDI. A trilayer
was formed using thematrix plus diamond nanopar-
ticles and analyte solutions. Owing to the high ther-
mal conductivity ofDNPs, low extinction coe�cient
in the UV-vis spectral range, and stable chemical
properties, their proposed technique improved sen-
sitivity of dextran about 79- and 7-fold compared to
the control [37]. Cassady et al. analyzed glycans us-
ing a GSH-capped iron oxide NPmatrix, which pro-
duces a clean mass spectral background in the low
m/z region and abundant ISD fragmentation. �is
matrix shows very favorable potential as far as glycan
sequencing [38].

We developed a novel class of ILMs based
on THAP for glycopeptide analysis. Compared to
DHB, the S/N ratios of the proposed matrix were
enhanced more than 10-fold. Moreover, glycopep-
tide derived from10ng tryptic digests of horseradish
peroxidasewas detectablewith high sensitivitywhen
using 2,3,4-THAP/DMA as matrix, while no signals
were obtained when solid matrix 2,3,4-THAP was
used [39].

ION DISSOCIATION METHODS

In addition to the sample preparation and ioniza-
tion techniques discussed above, gas-phase frag-
mentation of glycopeptide or glycan ions dur-
ing MS/MS experiments also plays an important
role, as it provides a considerable degree of struc-
tural information that is di�cult to achieve by any
other means. Analyzing glycopeptides/glycans with
single-stage MS (without dissociation) can provide
valuable information such as measurements, but
fall short of providing unambiguous glycopeptide
or glycan assignments, as there are rather imme-
diate limitations in the context of glycomics re-
search. �e MS/MS fragmentation pa�erns of gly-
copeptide or glycan ions can readily furnish much
of the missing information, however [40]. Here,

we classify ion dissociation methods related to gly-
coproteomics or glycomics into four categories:
ion/neutral, ion/electron, ion/ion, and ion/photon
interactions [41].

Ion/neutral interactions

Ion/neutral interaction is the most common means
of ion dissociation, typically involving collision of a
precursor ion with a gaseous target to convert trans-
lational energy to internal energy; this process is
called ‘collision-induceddissociation’ (CID).CID is
the most commonly used ion dissociation method
in glycoproteomics and glycomics. Combined with
MALDI-TOF/TOF MS instruments, CID is re-
garded as a powerful tool for analysis of carbohy-
drates and glycoconjugates [42]. It can also be in-
corporated into other MS instruments. For exam-
ple, Both et al. used ion-mobility MS to separate
epimericO-linked glycopeptide and enabled charac-
terization of the a�ached glycan based on the dri�
time of the monosaccharide product ions generated
a�erCID[43]. For analysis of glycomics,CID is usu-
ally incorporated with ESI-MS due to its compati-
bility with separation techniques such as LC [44] or
capillary electrophoresis (CE) [45].

In glycoproteomics research, especially N-linked
glycoproteomics, CID has garnered a great deal of
a�ention either for analysis of deglycosylated pep-
tides or glycopeptides. However, classical ion-trap
CID MS cannot be directly used for N-linked gly-
copeptide analysis, because it results in the forma-
tion of oxonium ions of HexNAc (m/z 204) and
HexHexNAc (m/z 336) in addition to other frag-
ments resulting from cleavage within the glycan,
which are not detected in ion-trap CID due to
the low m/z cuto�. As a result, HCD (higher en-
ergy collision dissociation) is preferred for analyzing
unabridged glycopeptides.

Around the time it was �rst proposed, HCD was
accomplished via C-trap coupled to an Orbitrap an-
alyzer (LTQ Orbitrap, �ermo Fisher Scienti�c) as
a collision chamber to enable triple quadrupole-like
fragmentation in theOrbitrap.�e fragmentation of
HCD yields similar pa�erns as CID, except that the
HCD spectrum contains more ions in a low-mass
region of the spectrum [46]. Yehia et al. �rst con-
sidered its application to glycosylation analysis and
found that HCD generated distinct Y1 ions (pep-
tide+GlcNAc) that were useful inN-glycosylation
sites assignment.�e common glycan oxonium ions
in addition to the Y1 ion are also detectable, because
HCDovercomes the 1/3m/z cuto� associated with
ion trap CID [47]. �ere are indeed numerous
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Figure 5. The work�ow of strategy for CF glycoproteomics analysis with stepped CID fragmentation [48].

advantages to HCD in glycoproteomics research
compared to classical ion-trap CID.

By coupling low-energy CID and HCD, Qian
et al. introduced a novel strategy for the precise
and large-scale identi�cation of core fucosylated
(CF) glycopeptide based on stepped CID fragmen-
tation. �e work�ow of this strategy (Fig. 5) con-
sists of three key steps. (i) Glycopeptides in the
peptide digests are obtained through sequential
enrichment by HILIC and lentil lectin. (ii) Endo-
glycosidase F3 is used to simplify the CF glycopep-
tide, leaving the innermostGlcNAc and fucoseα1–6
linked to the GlcNAc (GlcNAcFuc) on the CF gly-
copeptide. (iii)�e simpli�ed CF glycopeptides are
analyzed by LC-MS/MS with stepped (MS2) frag-
mentation. �e stepped fragmentation can be run
using the ‘Stepped NCE’ (normalized collision en-
ergy) function provided by the Q Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer (�ermo,
USA). When the NCE value is set at a low region,
the glycosidic bond between GlcNAc and GlcNAc-
Fuc breaks, resulting in mass shi� of 146 Da which
contributes to the highest peaks in the MS2 spec-
trum. At amoderate NCE energy, the simpli�ed gly-
copeptide is fragmented into a series of b/y-type ions
or a GlcNAc residue a�ached with b/y-type ions,
and when the NCE energy rises again, the spectrum
of simpli�ed glycopeptide is dominated by fragment
ions of GlcNAc residue. All this information can be
presented in one spectrum using the ‘SteppedNCE’
function.�emethodwas successfully applied to an-
alyze CF glycoproteomes of mouse liver tissue and
HeLa cell samples spiked with standard CF glyco-
protein [48].

Ion/electron interactions,
ion/ion interactions

Electron capture dissociation (ECD) was �rst
demonstrated by Zubarev, Kelleher and McLa�erty
[49]. Several years later, Hunt et al. introduced
a similar approach, electron transfer dissociation
(ETD), involving electron transfer to multiply pro-
tonated precursor ions from negatively charged and
radical reagent ions [50]. In both cases, liberation
of the recombination energy is accompanied by
radical-driven fragmentation pathways that are not
observed in CID. Instead of b- and y-ions produced
by CID, mass spectra of peptides generated by
ECD or ETD are usually occupied by c- and z-ions
[40]. �ese methods (collectively called ExD)
show signi�cant potential for the characterization
of glycopeptides, because the modi�cation is largely
a�ected by the fragmentation process, allowing as-
sessment of a�achment sites and information on the
multiple glycans associated with each site. However,
because ExD provides only short peptide sequences,
it is usually combined with other dissociation
methods such as CID or HCD in glycoproteomics
research.

Developments in ExD techniques bene�t N-
linked glycoproteomics research. By incorporating
CID and ETD, Zou et al. developed a chemical and
enzymatic strategy as an alternative to mass spec-
trometric analysis of aberrant glycosylation. First,
glycopeptides bearing terminal sialylation were en-
riched with reverse glycoblo�ing followed by the re-
lease of deglycosylated peptides. Mass spectromet-
ric analysis of both CID and ETD demonstrated a
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speci�c pa�ern of aberrant glycosylation, which car-
ried both terminal sialylation and core fucosyla-
tion. �e application of this method to a study on
serum from hepatocellular carcinoma (HCC) pa-
tients revealed 69 aberrant sites [51]. In a simi-
lar study, Cooper et al. coupled HCD with ETD
and developed a strategy for the targeted analy-
sis of N-linked glycopeptides in complex mixtures;
their technique does not require prior knowledge
of the glycan structures or pre-enrichment of the
glycopeptide. �e researchers applied online ZIC-
HILIC liquid chromatography HCD production-
triggered ETD, and glycopeptides (which were pre-
puri�edbyZIC-HILICandHCD)wereused to gen-
erate GlcNAc oxonium ions as the trigger for ETD.
�e ETD spectrum provided information on glyco-
sylation sites andpeptide sequences,while the corre-
sponding HCD spectrum provided information on
glycan structures. �is product ion-triggered ETD
approach overcomes glycan heterogeneity and al-
lows target analysis of glycopeptides [52].

As mentioned above, ExD also shows more
advantages in researching O-linked glycopro-
teomics, which su�er the lability of O-glycosylation
in CID or HCD, because it can induce peptide
bond cleavage with minimal loss of PTM [53].
Clausen et al., for example, applied Zinc-�nger
nuclease (ZFN) targeting to truncate the O-glycan
elongation pathway in human cells. �ey were
able to generate stable ‘simple cell’ lines with
homogenousO-glycosylation, which only expressed
truncated GalnAcα or NeuAcα2-6GalnAcα O-

glycans, allowing straightforward isolation and
sequencing of GalNAc O-glycopeptides from
total cell lysates using lectin chromatography and
nano�ow liquid chromatography– MS with HCD
and ETD fragmentation. By this means, more
than 100 O-glycoproteins with more than 350
O-glycan sites were identi�ed including a GalNAc
O-glycan linkage to a tyrosine residue. �e vast
majority of these O-linked glycopeptides and
O-glycan sites were previously unidenti�ed [54].
In another example provided by Nilsson et al.,
human cerebrospinal �uid (CSF) was pretreated
with PNGase F to remove N-glycan and enriched
O-glycopeptides with reversible HC, facilitating
the selective characterization of O-glycopeptides.
What is more, they enabled the use of an automated
CID–MS2/MS3 search protocol for glycopeptide
identi�cation. ECD and ETD were then used
to pinpoint the glycosylation sites, identi�ed
as predominantly core-1-like HexHexNAc-
O- structure a�ached to one–four Ser/�r
residues [55].

Ion/photon interactions

Irradiation of precursor ions with photons o�ers an
alternative to dissociation through ion–neutral col-
lisions or electron capture/transfer. Ion dissociation
bymeans of IR irradiation is typically performed, us-
ing a continuous wave CO2 laser at a wavelength
of 10.6 µm. �is process is called ‘infrared multi-
photon dissociation’ (IRMPD) in the literature, be-
cause tens to hundreds of IR photons must be ab-
sorbed to accumulate su�cient vibrational energy
to access dissociation. �is method is an alternative
to CID for glycomics research [56]. Lebrilla et al.
applied Fourier transform ion cyclotron resonance
(FTICR)-IRMPD MS for analysis of O-linked gly-
cans of jelly coat glycoproteins in X. borealis eggs,
and successfully preliminarily determined 29 neu-
tral glycans of X. borealis [57]. Similar studies evalu-
ated the IRMPD behavior of N-glycopeptides [58]
and O-glycopeptides [59], as well. �is technique
has not been used in proteome-wide analysis of
glycoproteins, however, due to instrument-related
and sample complexity limitations. Another dissoci-
ation method of ion/photon interactions, ultravio-
let photo-dissociation (UVPD), has also been used
to analyzeO-glycopeptides but not glycoproteomics
[60]. It may be some time before these strategies be-
come applicable for glycoproteomics.

SOFTWARE FOR INTERPRETATION
OF MS DATA FROM GLYCANS AND
GLYCOPEPTIDES

Unlike protein transcription or DNA replication,
glycosylation is a non-template driven process—the
glycanmay have a large degree of variability, be long
or short, branched or linear, or linked in a variety
of ways [61,62]. �e inherent complexity of gly-
cosylation poses a large challenge to the bioinfor-
matics of glycoproteome. Compared to automated
proteomics so�ware solutions, the so�ware for in-
terpretation of MS data from glycans and glycopep-
tides usually require a great deal of manual interven-
tion and can only focus on a speci�c area.

Glycan analysis

�e most common way that protein glycan popula-
tions are identi�ed is by enzymatically cleaving the
glycan substituents and analyzing the monosaccha-
ride residues directly [61,62]. �e released glycan
can then be analyzed by MS (usually MALDI-MS)
orMS/MS.�emost o�en used program for glycan
spectrum annotation is GlycoWorkbench, which
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evaluates glycan compositions (which are proposed
user-by-user) by searching the spectral peak list of
user-input MS data for matches between calculated
theoretical glycan masses and corresponding m/z
values [63]. GlycoWorkbench also has a particu-
larly user-friendly graphic interface for users to set
up/modify glycan structures. Similar so�ware for
glycan spectral interpretation includes Cartoonist
[64] and GlycoSpectrumScan [65].

�e annotation of N-glycan MS spectra with
glycan compositions is generally fairly simple
[66]. So�ware coupled with speci�cally designed
databases have been developed to resolve isomeric
compounds thereby allowing complete structures
to be readily identi�ed [67]. One such project was
recently launched: building a database containing
both N- and O-glycan structures with their tandem
MS spectra and chromatographic retention times
[68].

Although all the above so�ware provide poten-
tial glycan assignment in a high-throughput man-
ner, none of them report global false positive rate
(FPR). Lack of proven quality control is one of
the weak points of glyco-bioinformatics. Unlike pro-
teins, which have a linear structure database derived
from DNA/RNA analysis, conventional FPR evalu-
ationmethods such as the target-decoy database ap-
proach are not particularly applicable to glycan spec-
tral analysis.

Protein glycosylation site analysis

A�er the release of glycan fromglycoprotein, the gly-
cosylation site on the protein can be elucidated by
routine proteomics techniques. PNGaseF releases
most types ofN-glycans onproteins, and adds amass
tag (0.98402) to ASN. �is tag can be used for the
identi�cation of glycosylation sites. Over 6000 N-

glycosylation sites from�vemouse tissues have been
reported [69]. Other enzymes or chemical methods
could also release N/O-glycans and add mass tags
to the original amino acids [62]. Interpretation of
glycosylation sites is usually performed through pro-
teomics research, and does not require glycan-based
bioinformatics knowledge.

Intact glycopeptide analysis

Con�dent characterization of the microheterogene-
ity of protein glycosylation through identi�cation of
intact glycopeptides remains one of the toughest an-
alytical challenges for glycoproteomics researchers.
Glycopeptides are inherently more diverse and have
less ionization e�ciency than unmodi�ed peptides
due to the enormous complexity of glycosylation

Figure 6. Overview of proposed strategy for automated

glycopeptide analysis. Sample is prepared in two parallel

experiments to generate glycopeptide database and col-

lect glycopeptide spectra with and without deglycosylation;

homemade software elucidates glycopeptide spectra in sev-

eral steps as shown by the decision tree.

and the nature of glycan. In recent years, many re-
searchers have developed di�erent pipelines for gly-
copeptide interpretation, however.

�e most widely used MS con�guration for
the interpretation of intact glycopeptides is CID-
MS/MS coupled with ETD-MS/MS. Generally, in
a CID-MS/MS spectrum, su�cient Y ions can be
observed to deduce the glycan of a glycopeptide,
while somepeptide backbone cleavages can be inter-
preted in ETD-MS/MS. A few so�ware tools have
been developed to identify intact glycopeptides by
integrating complementary information from CID-
andETD-MS/MS, such asGlypID [70,71] andGly-
coPep Grader [72,73]. However, the sensitivity and
the applicable scope of ETD-MS/MS are arguably
limited compared to HCD- and CID-MS/MS in
current-generation MS instruments—only a few
hundred glycopeptides can be identi�ed in complex
samples.

To increase the overall throughput, we devel-
oped so�ware using de-glycopeptide database cou-
pled with CID-MS/MS (Fig. 6). First, parallel
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experiments were performed on the same sample
to collect de-glycopeptides and intact glycopeptides
spectra; a�er that, an integrated so�ware package
generated the de-glycopeptide database, and inter-
preted intact glycopeptide spectra using both de-
glycopeptide and glycan databases [74]. Zou et al.
explored a similar method that included retention
time in the de-glycopeptide database [75].�ese ap-
proaches allow about a thousand glycopeptides in
complex samples to be identi�ed.

Recent studies have investigated the use of
search engines to detect peptide backbone signals
fromCID-MS/MSwith higher collision energy. For
example, the commercial direct protein database
search engine Byonic for glycopeptideMS/MSdata,
which considers the glycan as anormal variablemod-
i�cation a�ached on the glycosylation site [76]. Un-
fortunately, this strategy can result in identi�cations
with high FPR even if the peptide-spectrum match
(PSM) score is high, because the FDR control is ap-
plied at the peptide level only and not at the glycan
level [77].

For core-fucosed glycopeptides, the glycans on
proteins can be partially released by enzymes such
as Endo series. A�er Endo treatment, there are usu-
ally only one or two glycan(s) still a�ached to the
peptide/protein,which signi�cantly lowers the com-
plexity of glycopeptide analysis. Qian et al. devel-
oped an MS-based approach for interpreting core-
fucosed glycopeptides derived from Endo treat-
ment. �ey �rst used neutral-loss-triggered MS3 to
collect high-quality spectra of the core-fucosed gly-
copeptides, and developed a corresponding spec-
tral analysis pipeline. Diagnostic ions from core gly-
cans and neutral-loss from fucose were then in-
tegrated into the database [78]. �ey then devel-
oped a steppedenergy approach speci�cally for core-
fucosed glycopeptides, in which complementary in-
formation from di�erent energies was integrated;
the overall performance of the system increased
about 10-fold [48].

Due to space limitations and lack of any stan-
dard glycopeptide spectral dataset, a fair compari-
son between di�erent so�ware is not fully possible.
A recent review focused on automated glycopeptide
analysis provided useful information regarding fu-
ture developments in so�ware design and data han-
dling [79], and another review listed free available
N- andO-glycopeptide analysis tools [61].Glycomic
and glycoproteomic research would bene�t signi�-
cantly from access to the automated tools described
here. Compared to search engines in proteomics
�elds that focus primarily on database searching or
generating spectral libraries, glycoproteomics so�-
ware packages are much more diverse (and less de-
veloped.) Ideally, the so�ware for glycan analysis

should be able to perform automated spectral inter-
pretation of many di�erent kinds of glycans without
sacri�cing rigid quality control or structural annota-
tion; the so�ware for glycopeptide analysis should
be able to perform systematic analysis of N- and O-
glycopeptides in complex samples without sacri�c-
ing quantitativeness.

GLYCOPROTEOME AND GLYCOME
QUANTITATION

To be�er understand the function of glycosylation,
it is crucial to develop quantitative glycoproteome
and glycome analysis strategies among di�erent bi-
ological samples and physiological conditions. As of
now, many research e�orts have been made to es-
tablish quantitative analysis methods for glycopro-
teins/glycopeptides and glycans [80]. We will fo-
cus this review mainly on two aspects: quantitation
of glycoproteins/glycopeptides and quantitation of
glycans.

Glycoproteome quantitation

Various strategies have been developed to quantify
the abundance of glycoprotein while identifying gly-
cosylation sites.�ese strategies can be split into two
basic categories: relative quantitation and absolute
quantitation. Relative quantitation can be further di-
vided intometabolic labeling, chemical labeling, and
enzymatic 18O-labeling methods.

Metabolic labeling
�e metabolic labeling strategy for glycopro-
teins/glycopeptides is based on incorporating
stable isotope tags into biomolecules via biosyn-
thetic pathways. Stable isotope labeling by amino
acid-coded tagging (AACT, also called SILAC) in
cell culture is a well-accepted quantitation method
[81,82]. Mann et al., for example, developed a
method using a super-SILAC mix from several
labeled breast cancer cell lines as a cross-sample
internal standard for accurate quantitation [83]. In
total, 1398 unique N-glycosylation sites from 11
cell lines that are representative of di�erent stages
of breast cancer were identi�ed and quanti�ed.
It is worth mentioning that metabolic labeling
approaches remain limited due to the di�culties of
culturing cells, as well as relatively high cost.

Chemical labeling
Chemical labeling is commonly applied in pro-
teomics research due to its �exibility and conve-
nience. Zou et al. developed a solid-phase-based
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Figure 7. An integrated sample pretreatment platform for quantitative N-glycoproteome analysis.

labeling approach by integrating glycopeptide en-
richment and stable isotope labeling on hydrazide
beads [84]. �e method showed high enrichment
recovery (10%–330% improvement) and high de-
tection sensitivity, where 42% of the annotated
glycosites were quanti�able using only 10 µg of
four standard glycoprotein mixtures and 400 µg
of bovine serum album interference as a starting
sample. �e conventional protocol for quantitative
analysis of glycoproteomes is usually o�-line, re-
sulting unfortunately in lengthy sample preparation
time and risk of sample loss. Zhang et al. presented
an integrated platform for online quantitative N-

glycoproteome analysis, a combination of HILIC
enrichment, deglycosylation, and dimethyl labeling
(Fig. 7) [85]. Using this platform, 43 upregulated
and 30 downregulated (Hca-F/P) N-glycosylation
sites, and 11 signi�cantly changed N-glycoproteins
from two types of hepatocarcinoma ascites syn-
geneic cell lines were successfully quanti�ed. �ere
are common drawbacks to chemical labeling, how-
ever, such as the additional reaction steps necessary
and low labeling e�ciency.

Enzymatic 18O labeling
Enzymatic 18O labeling has been extensively stud-
ied by proteomic analysis researchers. Proteases that
have high speci�cities on C-terminal residues, such
as trypsin, Glu-C, and Lys-C, can stably incorpo-
rate two atoms of 18O into a newly generated C-
terminal carboxyl of a peptide during proteolytic di-
gestion, displaying a 4 Da mass shi� for peptides.
We developed a tandem 18O stable isotope labeling
(TOSIL) method to precisely quantify the changes
in glycoprotein expression as well as changes in indi-
vidual N-glycosylation site occupancy [86]. In this
work, a unique mass shi� of 6 Da was identi�ed

forN-glycosylatedpeptideswith single glycosylation
sites, which can be distinguished from non-glycosite
peptide pairs (provided they have a mass di�erence
of 4 Da,) thus enabling the simultaneous quanti-
tation of glycoprotein and glycosylation sites. �is
labeling method is e�cient, simple, and low cost.
Based on this work, we recently proposed another
comprehensive strategy, PNGase F-catalyzed glycan
18O labeling (PCGOL) [87]. �is method can be
used for comprehensive N-glycosylation quanti�ca-
tion, achieving simultaneous quanti�cation of gly-
cans, glycopeptides, and glycoproteins in a single
work�ow. �e method showed good linearity and
high reproducibility within at least two orders of
magnitude in the dynamic range, however, due to
the lack of speci�c enzymes forO-glycan release, en-
zymatic 18O labeling may not be applicable for O-
glycoprotein/O-glycopeptide quantitation.

Utilizing the above stable isotope labeling
method, combination with selected reaction mon-
itoring (SRM) or multiple reaction monitoring
(MRM) assays may provide unparalleled sensitivity
and selectivity for absolute quanti�cation of the
glycoproteome. Domon et al., for example, provided
an MS-based absolute quantitation method for
N-glycoproteins [88]. Taking advantage of HC
enrichment and SRM, this strategy was proven to
e�ciently and precisely facilitate glycoproteomic
quantitation.

Protein glycosylation stoichiometry

quantitation
Many studies have been conducted in e�ort to
accurately quantify various glycosylation stoi-
chiometries, which is undoubtedly essential to
further understanding the complex functions of
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glycosylation. Hsieh-Wilson et al. used an engi-
neered glycan transferase and a well-established
chemical reaction to incorporate several distinct
mass tags on O-GlcNAcylated proteins in vivo

[89], and were able to determine whether a protein
was singly, doubly, or multiply glycosylated by
simple inspection of the mass-shi�ed bands on
a Western blot. In addition, in vivo glycosylation
stoichiometries were determinable by quantifying
the relative intensities of each band. Sun and Zhang
developed another method that enables large-scale
determination of absolute glycosylation stoichiom-
etry using three independent relative ratios [90].
�e stoichiometry of a given glycoform can be
determined by comparing the changes in relative
abundance between the glycoform-containing and
non-glycoform-containing forms of the glycosite
using quantitative proteomics and glycoproteomics.
�ese methods are useful especially in studies on
disease-associated changes in protein glycosylation
occupancy and di�erent glycoforms.

Glycome quatitation
Glycan quantitation can provide valuable informa-
tion on glycan abundance alterations and glycan
structure aberrance under various physiological and
pathological conditions, thus representing the di-
agnostic biomarker for a variety of vital human
diseases. Similar to glycoproteomics quantitation,
MS-based quantitation of glycans bene�ts from the
incorporation of stable isotopes in the process of gly-
can generation or sample preparation. Todate, three
main strategies have been developed for glycomic
quantitation: metabolic labeling, chemical labeling,
and enzymatic assisted labeling.

Metabolic labeling
�e metabolic labeling approach applies labels dur-
ing the cell culture process. In a related study,
Orlando et al. developed the isotopic detection
of aminosugars with glutamine (IDAWG) method
[91]. Based on the fact that the amide side chain of
Gln is the sole source of nitrogen for the biosynthe-
sis of GlcNAc, GalNAc, and sialic acid via the hex-
osamine biosynthetic pathway, 15N-Gln media was
used to label mouse embryonic stems cells N- and
O-glycans within a 72-h labeling period. By intro-
ducingmetabolic labeling strategies, di�erentially la-
beled cells can be mixed together at the beginning
of the analytic procedure to minimize sample vari-
ations. Drawbacks to this method include the fact
that it can only quantify cell-culture samples and is
inapplicable to sera, urine, saliva, or tissues, and that
the uncertain amount of heavy labeled aminosugars
complicates the mass spectra interpretation.

Chemical labeling
Chemical labeling strategies incorporate stable
isotopes into glycan via chemical reaction. Per-
methylation labeling and glycan-reducing end
amination are the main chemical labeling methods.
Permethylation labeling utilizes chemical deriva-
tization of hydroxyl groups with iodomethane to
introducemass tags andquantitation via comparison
of the peak areas or intensities of di�erent samples.
Hu, Desantos-Garcia and Mechref developed a per-
methylation labeling strategy using iodomethane
(light) and iodomethane-d1 or -d3 (heavy) reagents
[92], and applied the method to explore glycomic
variance in blood serum samples. Glycan-reducing
end amination or glycan-reductive amination
modi�ed the reduced end of N-glycans, and could
be used in relative quanti�cation. Like perme-
thylation, derivatizations can usually improve the
MS performance of labile glycan. Glycan-reducing
end amination modi�ed by the reduced end of
N-glycan with isotope-coded labels also allows for
relative quanti�cation. For example, a deuterium
reagent, 1-(d5) phenyl-3-methyl-5-pyrazolone
(d5-PMP), was synthesized and used for relative
quantitative analysis of oligosaccharides by MS
using d0/d5-PMP stable isotopic labeling [93].
Orlando et al. [91] introduced another strategy
of methylation-based isotope labeling that uses
13CH3I and CH2DI as labeling reagents. �e mass
di�erence between the two reagents is merely
0.002922 Da, however, the multiple methylation
sites enable quantitation between two samples using
a high-resolution mass spectrometer. Moreover,
with this method, heavy and light N-glycans have
identical chromatographic retentions times and as
such can outperform deuterium-encoded labeling
reagents [94].

Because most homemade isotope-coded
reagents are not commercially available, we devel-
oped a glycan-reductive, isotope-coded amino acid
labeling method (GRIAL) for N-glycomic quanti-
tation that successfully labeled the reducing end of
the N-glycan with isotope-coded arginine through
reductive amination. �e chemical labeling strategy
o�ered a large mass di�erence of 6 Da, avoiding
inaccurate glycan quantitation due to isotope in-
terference [95]. �is method has been successfully
applied to quantify serum N-glycans from healthy
control and CRC patients, and showed favorable
quantitation results. Additionally, compared to
homemade isotopic tags, the GRIAL strategy used
commercially available isotope-coded amino acid
as label material—this feature makes this novel
strategy easily accessible for a variety of laboratories.
�emethod also is applicable to higher-plex labeling
via a well-designed combination of labeling reagents
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(like Arg0, Arg6, and Arg10,) thus broadening the
range of its application.

Enzymatic 18O labeling
Enzymatic 18O-labeling strategies incorporate heavy
or light atoms via the enzymatic process. Enzymatic
18O labeling shows advantages for glycomics simi-
lar to those posed by protease-catalyzed 18O label-
ing for proteomics, like low cost, easy operation,
and high e�ciency.Wedeveloped a glycan-reducing
end 18O-labeling method (GREOL) using endogly-
cosidase to release N-linked glycans from glycopro-
teins and to incorporate an 18O atom into the N-
glycan-reducing end in the presence of H2

18O [96].
�is method provides good linearity with high re-
producibility within two orders of magnitude in the
dynamic range, andwas also used to analyze changes
in human serum N-glycans associated with HCC,
proving it to be an e�ective tool forMS-based glycan
quantitation. However, the isotope overlap caused
by only a 2 Da mass di�erence between 16O- and
18O-labeled glycans requires an extra deconvolu-
tion step to achieve accurate quantitation. In addi-
tion, endoglycosidases are not as comprehensive as
peptide-N-glycosidase F (PNGase F) for glycan re-
lease, making the method less desirable. In e�ort to
solve this problem, we recently devised an improved
method called glycan-reducing end dual isotopic
labeling (GREDIL) for mass spectrometry-based,
quantitative N-glycomics [97]. �is work added
an additional reduction step with NaBH4/NaBD4,
whichnot only stabilized the enzymatic 18O-labeling
glycan but also increased the mass di�erence be-
tween the two samples to 3 Da, making the quanti-
tation results more accurate and reliable.

Despite the powerful quantitation ability of
MRM strategies for glycoproteomes, MS-based ab-
solute quantitation for glycomes remains challeng-
ing due to a lack of glycan internal standards and
generally poor ionization e�ciency of glycans.�ere
have still beenmany valuable contributions to the lit-
erature regarding absolute quantitation of glycans,
however. Kim et al. [88], for example, proposed a
relative and absolute quantitative strategy using car-
boxymethyl trimethylammonium hydrazide deriva-
tization to generate a permanent cationic charge at
the reducing end of neutral oligosaccharides. �e
treated glycans were later analyzed with internal
standards of dextran ladders (using MALDI-TOF
MS) and veri�ed by comparison with those per-
formed by conventional normal-phase (NP)-HPLC
pro�ling. �is method shows promise for neutral
glycan analysis in the future, especially quantifying
minute glycan samples with undetectable levels us-
ing HPLC [98].

NOTABLE FINDINGS IN
GLYCOPROTEOMICS AND GLYCOMICS

Protein glycosylation is implicated in virtually all
cellular processes (e.g. protein folding, molecular
recognition, gene expression, signal transduction,
protein turnover, cell cycle control, and stress pro-
tection.) Although protein glycosylation is crucially
involved in many diseases, this review focuses solely
on its relationship with cancer.

O-GlcNAcylation is a type of post-translational
modi�cation through which only the β-N-
acetylglucosamine (O-GlcNAc) is added to
serine and threonine residues of proteins. In addi-
tion to its important role in biomarker discovery,
O-GlcNAc modi�cation is also closely related to
nervous system function maintenance.

Glycoproteomics and cancer

Cancer is one of the most dangerous and harmful
diseases that threaten humanbeings. Although there
have been notable advancements in cancer treat-
ment in recent decades, cancer still claims hundreds
of thousands of lives each year across the globe.
More and more studies show that protein glycosyla-
tion is essential in cancer development and progres-
sion [99]; for example, the core-fucosylated glyco-
form of AFP, which is also known as AFP-L3, can
be used for speci�c diagnosis of hepatocelluar car-
cinoma (HCC). It has been approved by the FDA
as a supplemental test in patients with elevated total
AFP. Recently, Liu et al. developed an approach that
utilizes lectin arrays combined with an LC-MS/MS-
based quantitative glycoproteomic platform to iden-
tify glycosylated-protein biomarkers in early stages
of HCC. �ey found that fucosylated glycoprotein
is elevated in HCC patient serum, and that C3, CE,
HRG, CD14, and HGF are candidate biomarkers
for distinguishing early HCC [100]. Using a sim-
ilar strategy, we combined the hydrophilic a�nity
(HA) and HC enrichment of glycopeptides with
nano-LC-ESI-MS/MS analysis and found 300 dif-
ferent glycosylation sites within 194 unique glyco-
proteins, in which 172 glycosites had not previously
been determined experimentally. Results showed
that N-glycosylated alpha-fetoprotein, CD44, and
laminin are implicated in HCC development and
metastasis [101]. Recently, Zhang et al. found 26
di�erentially expressed serum glycoproteins derived
from de�ned stages in an orthotopic xenogra� tu-
mor model by using isobaric tags for relative and
absolute quantitation (iT	Q)-based quantitative
N-glycoproteomic analysis. Among them, the lower
N-glycosylated sEGFRwas a potential candidate for
metastasis-associated HCC biomarkers [102].
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Figure 8. A ROC curve for ratios to differentiate ovarian

cancer from benign gynecological conditions; the ROC curve

for CA-125 alone. IgG galactosylation measured from rela-

tive intensities of IgG digalactosyl (G2), monogalactosyl (G1),

and agalactosylated (G0)N-glycans according to the formula

G0/(G1 + G2·2) [103].

Ovarian cancer can cause multiple tumors in pa-
tients, and cannot be detected until large-scale and
remote metastasis occurs. CA-125, the most o�en
used biomarker for ovarian cancer detection, cannot
provide fully accurate diagnosis due to its poor speci-
�city (i.e. it may also mark many benign gynecolog-
ical conditions.) �erefore, researchers are urgently
tasked with discovering metastasis-related biomark-
ers for the detection of ovarian cancer in its occult
metastasis stage. Gu et al. quantitatively analyzed
serum IgG galactosylation in ovarian cancer patients
with similar elevated CA-125 levels, and found that
combining quantitative alteration of IgG galactosy-
lationwithCA-125may represent a robust approach
to thedi�erential diagnosis of ovarian cancer (Fig. 8)
[103].

Breast cancer is a slowly developing disease that
involves the accumulation of genomic aberrations
including ampli�cations, deletions, and rearrange-
ments. In e�ort to elucidate the steps of breast can-
cer progression, Macher et al. identi�ed more than
40 glycoproteins that are di�erentially expressed in
either premalignant (MCF10AT) or fully malignant
(MCF10CA1a) cell lines using a two-dimensional
liquid chromatography-tandem MS system. �ey
found that the collagen alpha-1 (XII) chain is ex-
pressed at dramatically higher (near 10-fold) levels
in breast cancer patients, and as such, can be used as
an identi�cationmarker [104].O’Connor-McCourt
et al. similarly found that 90 glyco-proteins are more
highly expressed and86proteins are underexpressed
in triple-negative breast tumors relative to the lumi-
nal tumors, and can be identi�ed using a label-free
LC-MS based approach [105].

Core fucosylation (CF) is a special glycosylation
pa�ern of proteins that is strongly related to can-
cer. Qian et al. [103] used an innovative strategy to

identify CF glycopeptides at a large scale, integrat-
ing the stepped fragmentation function, one novel
feature of quadrupole-orbitrap mass spectrometry,
with ‘glycan diagnostic ion’-based spectrum opti-
mization. By using stepped fragmentation, 1364 and
856 CF glycopeptides belonging to 702 and 449
CF glycoproteins were identi�ed in HCC [48]. Re-
cently, Lubman et al. used LCA enrichment to im-
prove the identi�cation of core-fucosylation sites in
pancreatic cancer patient serum; they identi�ed 630
core-fucosylation sites from 322 core-fucosylation
proteins in the serum, and eight core-fucosylation
peptides exhibited a signi�cant di�erence between
pancreatic cancer and other controls, suggesting
valuable potential diagnostic biomarkers for pancre-
atic cancer [106]. Studies on core-fucosylated gly-
copeptides are a practical example demonstrating
the signi�cant potential of this proposedmethod for
glycoproteome analysis. We anticipate this �exible
newmethodwill be further applied in other research
�elds, as well.

In addition to large-scale study of the glycopro-
teome, speci�c protein glycosylation studies have
also made notable achievements related to iden-
tifying cancer development and metastasis. Bone
morphogenetic protein-2 (BMP-2), a glycosylated
protein, has been demonstrated to play a key role
in TGF-β-mediated cancer metastasis, for example.
Shen et al. found that BMP-2 contains three poten-
tial N-glycosylation sites (N135, N200, and N338)
and that N135 glycosylation promotes BMP-2 se-
cretion and mediates breast cancer cell metastasis
[107].

�e membrane glycoprotein CD133 is a
commonly used marker for cancer stem cells, as
it contributes to cancer initiation and invasion
in a number of tumor types. Jiang et al. identi-
�ed eight potential N-glycosylation sites on the
CD133 by mass spectrometry, and Asn548 gly-
cosylation as involved in hepatoma cell growth
via a�ecting the β-catenin-signaling pathway,
which may have implications for cancer-targeting
therapies [108].

E-cadherin is a central molecule in the pro-
cess of gastric carcinogenesis. Pinho et al. found
four potential N-glycosylation sites of E-cadherin,
and found that Asn-554 is the key site; selec-
tively modi�ed with β-1, 6-GlcNAc-branched N-

glycans are catalyzed by GnT-V. �is aberrant gly-
can modi�cation on this speci�c asparagine site of
E-cadherin a�ects critical functions in gastric can-
cer cells by a�ecting E-cadherin cellular localization,
cis-dimer formation, molecular assembly and stabil-
ity of the adherens junctions, and cell–cell aggre-
gation, and was further observed in human gastric
carcinomas [109].
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Glycomics and cancer

In addition to protein sites, oligosaccharide struc-
turesmay also be altered during the initiation or pro-
gression of cancer [99]. Gu et al. employed a quan-
titative glycomics approach based on metabolically
stable isotope labeling to compare the di�erential
N-glycosylation of secretome between an ovarian
cancer cell line, SKOV3, and its high metastatic
derivative, SKOV3-ip. �ey identi�ed 17 N-glycans
altogether, and found that theN-glycans with bisect-
ing GlcNAcmarked ovarian cancer in the early peri-
toneal metastasis stage, which may accordingly im-
prove prognoses for ovarian cancer patients [110].

In vitromodels are frequently used to study can-
cer, but li�le is known about the di�erences that
may exist between these model cell systems and tu-
mor tissue. Packer compared the membrane pro-
tein glycosylation of �ve colorectal cancer cell lines
(SW1116, SW480, SW620, SW837, and LS174T)
with epithelial cells from colorectal tumors using
liquid chromatography tandem mass spectrometry,
and found�ve abundantO-glycans in the tumor cells
that were undetected in the low-mucin-producing
cell lines; the O-glycans included the well-known
glycan cancer marker, sialyl-Tn, which is associated
with mucins [111].

In addition to the large-scale observation of gly-
can changes, speci�c protein glycan changes are im-
portant in protein function. A C-type, lectin-like,
oxidized low-density lipoprotein receptor-1 (LOX-
1) was identi�ed as the receptor for Hsp60, for ex-
ample. Inhibition of Hsp60 by LOX-1 decreases
Hsp60-mediated cross-presentation of OVA and
speci�cCTL responses and protective tumor immu-
nity in vivo [112]. Gu et al. paired nano-LC with
MALDI-QIT-TOF MS and identi�ed the Asn 134
glycosylation site in high-molecular-weight CLEC-
2, which contained complex types of bi-antennary,
tri-antennary, tetra-antennary,N-linked, and fucosy-
lated glycans [113]. Ag recognition and Ab produc-
tion in B cells are major components responsing the
humoral immune system. Li et al. found that the CF
of IgG-BCRmediates Ag recognition and, concomi-
tantly, cell signal transduction via BCR and Ab pro-
duction [114].

O-GlcNAc in cancer and nerve
system disease

O-GlcNAc is a post-translational addition of β-N-
acetylglucosamine to serine and threonine residues
of nuclear and cytoplasmic proteins. According
to Hart’s 1984 study, O-GlcNAc glycosylation is
chemically and enzymatically labile, o�en substo-
ichiometric, and subject to complex cellular regu-

lation, including a�ected key transcription factors,
metabolic enzymes, and major oncogenic-signaling
pathways [115]. A shunt of glycolysis known as
the hexosamine biosynthesis pathway (HBP) links
cellular signaling and gene expression to glucose
metabolism. �e HBP generates a metabolically
expensive moiety used for glycosylation, uridine
diphosphate N-acetylglucosamine (UDP-GlcNAc).
�e β-N-acetylglucosaminyltransferase (OGT) en-
zymeusesUDP-GlcNAc to covalently a�ach a single
O-linkedβ-N-acetylglucosamine (O-GlcNAc)moi-
ety to serine or threonine (S/T) residues within tar-
get proteins. During adipocyte di�erentiation, Tang
et al. found that CCAAT enhancer-binding pro-
tein (C/EBP) beta is modi�ed byO-GlcNAcylation
at Ser180 and Ser181, which decreases the rela-
tive phosphorylation and DNA binding activity of
C/EBPbeta and then delays adipocyte di�erentia-
tion [116].

Cancer cells exhibit heightened uptake of glu-
cose and glutamine, and rewire the metabolic �ux
toward anabolic pathways important for cell growth
and proliferation. Understanding of how this altered
metabolism is regulated has recently emerged as an
intense research topic in cancer biology. Yi et al.
found that phosphofructokinase 1 (PFK1) serine
529 is induced by O-GlcNAcylation in response to
hypoxia; glycosylation inhibits PFK1 activity and
redirects glucose �ux through the pentose phos-
phate pathway, conferring a selective growth ad-
vantage on cancer. �is �nding reveals a previously
uncharacterized mechanism for the regulation of
metabolic pathways in cancer patients, and a possi-
ble target for therapeutic intervention [117].

�e PI3K-Akt signal pathway is essential to
cancer development. Geng et al. found that O-
GlcNAcylations at Akt �r 305 and �r 312 inhibit
Akt phosphorylation at�r308 via disrupting the in-
teraction between Akt and PDK1, which suppresses
cell proliferation and migration capabilities [118].
�ey also found that actin-binding protein co�lin
is O-GlcNAcylated at Ser 108. Co�lin O-GlcNAc
modi�cation is required for proper localization and
breast cancer metastasis [119].

Dysfunctions in Wnt signaling increase β-
catenin stability and are associated with several
cancers, including colorectal cancer. Lefebvre
et al. identi�ed 4 O-GlcNAcylation sites at the
N-terminus of β-catenin (S23/T40/T41/T112)
using ETD-MS/MS. �ey also found that elevated
O-GlcNAcylation in human colon cell lines dras-
tically reduced phosphorylation at T41, which
decreased β-catenin/α-catenin interactions and
slowed the development of cancer [120].

Apart from cancer cells, O-GlcNAcylation is
present mainly in the brain. Evidence has been
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mounting in recent years that connect defects
in glucose metabolism in the brain with neu-
rodegenerative diseases [121]. �e amount of O-
GlcNAcylation of Neuro�lament-M and protein
phosphatase 2A are decreased in Alzheimer’s dis-
ease patients, which show compromised neuron
pathological function [122,123]. In a recent study,
Shen et al. found that nitric oxide synthase adap-
tor (NOS1AP), which plays an important part in
glutamate-induced neuronal apoptosis, promotes
the modi�cation of O-GlcNAc at Ser 47, Ser 183,
Ser 204, Ser 269, and Ser 271. Higher O-GlcNAc of
NOS1AP enhances its binding with neuronal nitric
oxide syntheses and causes glutamate-induced neu-
ronal apoptosis during ischemia [124].

PERSPECTIVES

�e past decades have witnessed an explosive
growth in advanced techniques for the analysis of
glycoproteins and glycans. �at said, techniques
for successfully analyzing intact glycopeptides are
in high demand, but have traditionally been quite
di�cult to actualize. Gradual developments such
as the modern mass spectrometer [125–127] and
advanced techniques [128] now allow intact gly-
copeptide analysis, but also represent other new
challenges—glycan a�achment changes the proper-
ties of glycopeptide considerably, making analysis
rather di�cult. To this e�ect, techniques for enrich-
ing the glycopeptide and enhancing the ionization
of glycopeptides are urgently necessary. In addition
to iondissociationmethods for generating glycopep-
tide fragments, so�ware that can e�ectively manage
mass spectra information andmethods of accurately
quantifying glycopeptides must also be developed.
As research continues onMS-based intact glycopep-
tide analysis, we believe that clear understanding the
mechanisms of important biological processes will
be achieved in the near future.

FUNDING

�is work received partial �nancial support from the

National Basic Research Program of China (2013CB911201,

2013CB910502, 2011CB910600, 2014CBA020-00), the

National Natural Science Foundation of China (31570825,

21227805), and National High-tech R&D Program of China

(2012AA020203).

REFERENCES

1. Li Y, Shah P and De Marzo A et al. Identi�cation of glyco-

proteins containing speci�c glycans using a lectin-chemical

method. Anal Chem 2015; 87: 4683–7.

2. Maurice S, Mandi H and Andre D et al. Cotton HILIC SPE mi-

crotips for microscale puri�cation and enrichment of glycans

and glycopeptides. Anal Chem 2011; 83: 2492–9.

3. Liu LT, Zhang Y and Zhang L et al. Highly speci�c revelation

of rat serum glycopeptidome by boronic acid-functionalized

mesoporous silica. Anal Chim Acta 2012; 753: 64–72.

4. Zhang H, Li XJ and Martin DB. Identi�cation and quanti�cation

of N-linked glycoproteins using hydrazide chemistry, stable iso-

tope labeling and mass spectrometry.Nat Biotechnol 2003; 21:

660–6.

5. Zhang Y, Kuang M and Zhang LJ et al. An accessible pro-

tocol for solid-phase extraction of N-linked glycopeptides

through reductive amination by amine-functionalized magnetic

nanoparticles. Anal Chem 2013; 85: 5535–41.

6. Zhang Y, Yu M and Zhang C et al. Highly selective and ultra-

fast solid-phase extraction of N-glycoproteome by oxime click

chemistry using aminooxy-functionalized magnetic nanoparti-

cles. Anal Chem 2014; 86: 7920–4.

7. Zhang Y, Yu M and Zhang C et al. Highly speci�c enrichment

of N-glycoproteome through a nonreductive amination reac-

tion using Fe3O4@SiO2-aniline nanoparticles. Chem Coummun

2015; 51: 5982–5.

8. Zhang Y, Zhang C and Jiang HC et al. Fishing the PTMproteome

with chemical approaches using functional solid phases. Chem

Soc Rev 2015, DOI: 10.1039/C4CS00529E.

9. Hecht ES, McCord JP and Muddiman DC. De�nitive screen-

ing design optimization of mass spectrometry parameters for

sensitive comparison of �lter and solid phase extraction puri-

�ed, INLIGHT plasma N-glycans. Anal Chem 2015; 87: 7305–

12.

10. Selman MHJ, Hemayatkar M and Deelder AM et al. Cotton

HILIC SPE microtips for microscale puri�cation and enrichment

of glycans and glycopeptides. Anal Chem 2011; 83: 2492–9.

11. Qin HQ, Zhao L and Li RB et al. Size-selective enrichment of

N-linked glycans using highly ordered mesoporous carbon ma-

terial and detection by MALDI-TOF MS. Anal Chem 2011; 83:

7721–8.

12. Qin HQ, Hu ZY and Wang FJ et al. Facile preparation of or-

dered mesoporous composite nanoparticles for glycan enrich-

ment. Chem Commun 2013; 49: 5162–4.

13. Sun NR, Deng CH and Li Y et al. Highly selective enrich-

ment of N-linked glycan by carbon-functionalized ordered

graphene/mesoporous silica composites. Anal Chem 2014; 86:

2246–50.

14. Sun NR, Zhang XM and Deng CH. Designed synthesis of MOF-

derived magnetic nanoporous carbon materials for selective

enrichment of glycans for glycomics analysis.Nanoscale 2015;

7: 6487–91.

15. Li LL, Jiao J and Cai Y et al. Fluorinated carbon tag derivati-

zation combined with �uorous solid-phase extraction: a new

method for the highly sensitive and selective mass spectro-

metric analysis of glycans. Anal Chem 2015; 87: 5125–31.

16. Zhang WJ, Han HH and Bai HH et al. A highly ef�cient and

visualized method for glycan enrichment by self-assembling

pyrene derivative functionalized free graphene oxide. Anal

Chem 2013; 85: 2703–9.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
s
r/a

rtic
le

/3
/3

/3
4
5
/2

2
3
6
5
7
2
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



362 Natl Sci Rev, 2016, Vol. 3, No. 3 REVIEW

17. Amano J, Nishikaze T and Tougasaki F et al. Derivatization with 1-

pyrenyldiazomethane enhances ionization of glycopeptides but not peptides

in matrix-assisted laser desorption/ionization mass spectrometry. Anal Chem

2010; 82: 8738–43.

18. Nishikaze T, Kawabata S and Tanaka K. In-depth structural characterization

of N-linked glycopeptides using complete derivatization for carboxyl groups

followed by positive- and negative-ion tandemmass spectrometry.Anal Chem

2014; 86: 5360–9.

19. Haan N, Reiding KR and Haberger M et al. Linkage-speci�c sialic acid deriva-

tization for MALDI-TOF-MS pro�ling of IgG glycopeptides. Anal Chem 2015,

DOI: 10.1021/acs.analchem.5b02426.

20. Ruhaak LR, Zauner G and Huhn C et al. Glycan labeling strategies and their

use in identi�cation and quanti�cation. Anal Bioanal Chem 2010; 397: 3457–

81.

21. Cai Y, Zhang Y and Yang P et al. Improved analysis of oligosaccharides for

matrix-assisted laser desorption/ionization time-of-�ight mass spectrometry

using aminopyrazine as a derivatization reagent and a co-matrix. Analyst

2013; 138: 6270–6.
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