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Abstract Protein glycosylation is acknowledged as one of
the major posttranslational modifications that elicit significant
effects on protein folding, conformation, distribution, stability,
and activity. The changes in glycoprotein abundance,
glycosylation degree, and glycan structure are associated
with a variety of diseases. Therefore, the quantitative
study of glycoproteomics has become a new and popu-
lar research topic, and is quickly emerging as an im-
portant technique for biomarker discovery. Mass
spectrometry-based protein quantification technologies
provide a powerful tool for the systematic and quanti-
tative assessment of the quantitative differences in the
protein profiles of different samples. Combined with
various glycoprotein/glycopeptide enrichment strategies
and other glycoprotein analysis methods, these techni-
ques have been further developed for application in
quantitative glycoproteomics. A comprehensive quantita-
tive analysis of the glycoproteome in a complex biolog-
ical sample remains challenging because of the
enormous complexity of biological samples, intrinsic
characteristics of glycoproteins, and lack of universal
quantitative technology. In this review, recently devel-
oped technologies in quantitative glycoproteome, espe-
cially those focused on two of the most common types
of glycosylation (N-linked and O-linked glycoproteome),
were summarized. The strengths and weaknesses of the
various approaches were also discussed.
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Glycosylation is one of the most frequent and complex
protein posttranslational modifications. More than 50 % of
proteins are predicted to be glycosylated in mammals [1].
The two most common types of glycosylation are N-linked
and O-linked. In N-linked glycoproteins, the carbohydrates
are linked to asparagine residues that fall into the N-X-S/T
sequence motif (X denotes any amino acid except proline).
In O-linked glycoproteins, the carbohydrates are linked to
serine or threonine residues. Some other forms of glycosyla-
tion such as C-linked [2] and S-linked have also been reported
[3, 4]. In this review, we will limit our discussion to the two
most common types of glycosylation, N- and O-glycosylation.

Protein glycosylation plays an important role in many
biological processes such as embryonic development, cell
adhesion and signal transduction, molecular trafficking,
immune response, and so on [5]. In the past years,
aberrant glycosylation has been reported in many diseases.
In addition, many glycoproteins have been identified as cancer
biomarkers, such as prostate-specific antigen (PSA) in pros-
tate cancer [6], Cancer antigen 125 (CA-125) in ovarian
cancer [7], human epidermal growth factor receptor-2
(Her-2/neu) in breast cancer [8], and «-fetoprotein (AFP) in
liver cancer [9]. The changes in glycoprotein abundance,
glycosylation degree, and glycan structure have been shown
to be closely associated with diseases. Therefore, quantitative
glycoproteomics has become a popular research area. Moni-
toring the changes in glycosylation is important for the diag-
nosis, prognosis, and understanding molecular mechanisms
involved in pathogenesis [10]. Techniques based on mass
spectrometry (MS) have been widely used in glycoproteomics
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research [11]. However, previous studies mainly focused on
the enrichment and isolation of glycoproteins/glycopeptides,
identification of glycoproteins and their glycosylation sites,
and glycan structure analysis. To date, the methodology for
the systematic quantitation of glycoproteins and their glyco-
sylation site occupancy remains in its infancy.

In theory, the quantitative techniques used in proteomics
are also applicable to glycoproteomics. However, several
new difficulties due to the inherent characteristics of glyco-
proteins need to be addressed. First, glycopeptides have
relatively low abundance (2 % to 5 %) and ionization
efficiency is much lower compared with nonglycopeptides.
Consequently, nonglycopeptides always significantly
suppress the mass spectrometric response of glycopeptides.
Therefore, highly efficient enrichment strategies are re-
quired to isolate glycoproteins/glycopeptides prior to
MS analysis. Second, complexity arises from the micro-
heterogeneity of glycans, making glycoproteins typically
difficult to be characterized through MS than the mass
spectrometric analysis of proteins. Third, glycosylation degree
is not always consistent with glycoprotein abundance. Quan-
titative methods should be capable of quantifying glycopro-
tein expression and glycosylation levels simultaneously.

The quantitative techniques used in glycoproteomics can be
grouped into two main categories: relative quantitation and
absolute quantitation of target proteins (Fig. 1). The former
may be with or without stable isotope labeling. This review
mainly discusses the recent developments in quantitative gly-

coproteomics, particularly addressing research on N-linked and
O-linked glycoproteins. Table 1 shows the comparison between
the advantages and disadvantages of each method.

Relative quantitation

MS-based relative quantitation can be obtained through
label-based or label-free approaches (Fig. 1). The former is
based on the introduction of a stable isotopic label into
proteins or peptides. The labels change the mass of a protein
or peptide without affecting the analytical or biochemical
properties. Through MS analysis, the protein level can be
obtained by comparing the abundance of the differently
labeled peptides. The isotopic label can be introduced into
the sample at different stages of sample preparation in
various manners, including isotopic labeling through chem-
ical reactions, metabolic incorporation of stable isotope
labels, and introduction of isotope labels via enzymatic
reactions. In label-free quantitation strategies, protein pro-
filing comparisons are based on either mass spectrometric
signal intensities of peptides or the number of MS/MS spectra
matched to peptides and proteins (spectral counting). Changes
in the glycopeptide ratio among different samples can reflect
changes in the glycosylation occupancy of individual glyco-
sylation sites. Changes in the nonglycopeptide ratio can reflect
changes in glycoprotein abundance at the protein level.

Fig. 1 The most commonly
used strategies for quantitative
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they used Con A alone to capture glycopeptides without sialic
acid but with complex biantennary N-linked, hybrid, and
high-mannose glycans. The isotope ratio between these two
groups, which indicated the relative degree of sialylation of
one glycopeptide, was obtained using MS. In this method,
they used glycopeptides for quantitation, which just reflected
the changes in the degree of glycosylation, whereas the gly-
coprotein changes in the protein expression level could not be
obtained. In addition, this group described a similar method
based on serial lectin affinity chromatography for fraction-
ation and comparison of glycan site heterogeneity on glyco-
proteins in human serum [15]. The serum sample was
digested, and the sialic acid-containing glycopeptides were
selected using an SNA affinity column. After elution from
the SNA affinity column, the sialylated glycopeptides with
biantennary complex-type glycans were captured through a
Con A column, whereas the glycopeptides with tri- and
tetraantennary complex-type oligosaccharides passed the
Con A column. The glycopeptides with the two different
glycan forms were collected individually and labeled with the
light (d0) and heavy (d3) forms of N-acetoxysuccinimide, mixed
and deglycosylated through PNGase F, and finally analyzed via
liquid chromatography (LC)-MS. The isotope ratio indicated the
relative abundance of the different glycan forms of one peptide.
Ueda et al. [16] established a system containing the lectin
enrichment step to analyze lung cancer and healthy control
serum glycoproteins. The serum samples were first immunode-
pleted of six high-abundance proteins and then divided into two
equal parts. One part was processed by Lens culinaris (LCA)
lectin column chromatography to enrich glycoproteins contain-
ing o(1-6)-fucosylation. Quantitative analysis was performed
via '2Cg- or '*Cg-2-nitrobenzenesulfenyl (NBS) stable iso-
tope labeling followed by matrix-assisted laser desorp-
tion/ionization quadrupole ion trap time-of-flight mass
(MALDI-QIT) spectrometric analysis. The obtained MS
intensity ratio was designated as '*C/'?Cpca. Another
part was also directly used for quantitative analysis via
12Cg-or PC¢-NBS stable isotope labeling, and the MS
intensity ratio was designated as B3¢y lszre. The alter-
ation of «-1,6-fucosylation level was thereby calculated
as (P C/"CLea)/(PC/"PCpye). Approximately 34 serum
glycoproteins were identified to reveal a significant difference
in the «-1,6-fucosylation level between lung cancer and the
healthy control. In addition, the abundance of glycoproteins in
the protein expression level could be obtained from the ratio of
By lszre. Ueda et al. [17] also reported a new approach for
the identification of carbohydrate-targeting serum biomarkers.
They enriched the glycopeptides through lectin column chro-
matography and site-directed labeled the N-glycosylation sites
in H,"®0 during the elution with N-glycosidase. They termed
this method isotopic glycosidase elution and labeling on
lectin-column chromatography (IGEL). Ueda et al. combined
IGEL with eight-plex iTRAQ labeling for relative
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quantification of glycopeptides and applied them to search
for carbohydrate-targeting serum biomarkers in lung cancer
patient sera. In this approach, nonglycopeptides were used to
quantify the glycoproteins in the protein expression level,
whereas glycopeptides enriched by lectins were used to quan-
tify the glycosylation degree. The most significant advantage of
this technology is that it allows labeling of up to eight different
samples within a single experiment. This method is useful for
quantifying proteins from multiplex samples, such as those in a
time course study. In addition, '*0 was incorporated into the
glycosylation site, which was beneficial for the identification of
the glycosylation site. Shetty et al. [18] developed a lectin-
directed tandem labeling quantitative proteomics strategy. The
sialylated glycopeptides were enriched using SNA, and their
N-termini were labeled using acetic anhydride reagents. The
different labeled peptides were mixed and deglycosylated with
PNGase F in H,'®0 and finally analyzed through LC-MS/MS.
Using this method, the sialylation changes in prostate cancer
serum samples were compared with those in healthy controls.
A total of 45 sialylated glycopeptides were found, and most of
the glycoproteins in prostate cancer serum samples showed an
increase in sialylation level. The mass difference between dif-
ferentially labeled peptides was only 3 Da. Hence, the over-
lapping of light and heavy isotopic envelops could introduce
small errors in the quantitation. Therefore, they considered that
sialylation was increased in a peptide only if the heavy/light
ratio of that peptide was>2 fold.

Kurogochi ef al. [19] devised a method called reverse
glycoblotting for the selective enrichment of sialylated gly-
copeptides from a tryptic peptide mixture using glycoblot-
ting technology in combination with site-specific oxidation
of terminal sialic acid residues. Chen ef al. [20] applied this
method using reverse glycoblotting to enrich sialylated gly-
copeptides. The glycopeptides were cleaved using endogly-
cosidase F3. Finally, the deglycosylated peptides were
labeled with dimethyl reagents and analyzed via MS with
both neutral-loss-triggered MS? in collision-induced disso-
ciation and electron transfer dissociation. Using reverse
glycoblotting, N-glycosylation sites with both terminal
sialylation and core fucosylation were specifically
enriched. Up to 69 aberrant N-glycosylation sites were
identified in serum samples from hepatocellular carcinoma
(HCC) patients. Chen et al. also compared HCC and liver
cirrhosis sera and found six N-glycosites in three glycopro-
teins with increased aberrancy.

Recently, we [21] have developed a technique termed
iTRAQ plus '"*0 combined with antibody purification to
quantify the target glycoprotein. Using this technique,
iTRAQ Reagent 114- and iTRAQ Reagent 116-labeled
samples were mixed and treated with PNGase F in H,'®0,
whereas 115-labeled and 116-labeled samples were mixed
and treated with PNGase F in H,'®0. All samples were then
mixed together and analyzed through LC-MS/MS. The
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nonglycopeptides of glycoproteins were labeled only with
iTRAQ reagents, and glycopeptides were both labeled with
iTRAQ and '°0/'®0. Therefore, the peak area ratio of
reporter ions from nonglycopeptides reflected the changes in
glycoprotein expression level. The peak areas ratio of reporter
ions from glycopeptides was indicative of the relative amount
of glycopeptides. The glycosite ratio was thereby calculated
by dividing the abundance ratio of glycopeptides by the
abundance ratio of protein. For glycopeptides with one
N-glycosylation sites, '®0 and '®0 labeling introduced a
mass difference of 2 Da, which could support the identifica-
tion of glycosylated sites. Therefore, our method afforded
elevated specificity in glycopeptide identification in parallel
with quantitation analysis. This method was applied to ana-
lyze serum haptoglobin 3 in healthy individuals and patients
with hepatitis B virus (HBV), liver cirrhosis (LC), and
HCC. The results showed that the glycosite ratios of
VVLHPN#YSQVDIGLIK significantly changed in HCC
patients compared with LC and HBV patients.

Except for these various glycoprotein/glycopeptide
enrichment methods, Lee et al. [22] described a simple
and efficient strategy for the selective identification and
quantitation of N-linked glycoproteins without extensive
enrichment steps prior to MS/MS analysis. Briefly,
trypsin-digested samples were subjected to 1D LC MS/MS
without prefractionation to construct an exclude peak list
(EPL). All peptides in the exclusion list were nonglycosylated.
Human plasma samples were then digested with trypsin,
deglycosylated with PNGase F treatment, and subjected to
1D LC MS/MS with the EPL. Thus, the nonglycopeptides
identified in previous runs were excluded from the MS/MS
analysis, permitting the available data acquisition time to be
used only for the peptides deglycosylated through PNGase F.
These procedures allow N-linked glycopeptides present in
complex human plasma to be detected using a 1D LC MS/MS
run without prefractionation. This method was combined with
iTRAQ labeling to quantify the N-linked glycoprotein differ-
ences between the plasma of healthy and HCC patients. Up to
14 higher expression N-linked glycopeptides were identified in
the plasma of HCC patients. This method demonstrates an
apparent advantage because it does not require enrichment steps,
thereby reducing the risk of uneven losses of protein or peptide
during enrichment.

The aforementioned methods are mainly applied in
N-linked glycoprotein analysis because no enzymes are
suitable to release the O-glycans. The strategies used for
the quantitative studies of O-linked glycoproteins are
limited. Vosseller et al. [23] described an approach based on
[p-elimination/Michael addition (BEMAD) for the iden-
tification and comparative quantitation of O-linked N-
acetylglucosamine (GlcNAc)-modified peptides. The
peptides were isotope labeled via Michael addition with
normal DTT (dO) or deuterated DTT (d6) and then

enriched through thiol chromatography. The changes in
the glycosylation site occupancy could be obtained from
the changes in the MS signal intensity ratios of d6/d0.
In addition, they used isotope-coded affinity tags (ICAT)
to compare with BEMAD. In the ICAT analysis, the
isotope ratios of nonglycopeptides could indicate the
glycoprotein changes in protein expression level. However,
extensive internal controls are required to determine
which O-linked species is being quantified because the
reaction of (3-elimination can occur in any modified O-linked
serine or threonine residues. Khidekel et al. [24] described a
new strategy termed quantitative isotopic and chemoenzy-
matic tagging for monitoring the dynamics of O-GlcNAc
glycosylation. First, the O-GIcNAc-glycosylated proteins
were chemoenzymatically tagged with a ketogalactose sugar.
The ketone functionality was then reacted with an aminooxy
biotin derivative to biotinylate the proteins. Thus, the
O-GlcNAc-modified species were isolated through avidin
chromatography. Finally, the O-GlcNAc proteins were pro-
teolyzed and labeled with formaldehyde/NaCNBH; or deu-
terated formaldehyde/NaCNBDs, and the labeled peptides
were quantified through LC-MS. In addition, the tagged pep-
tides could produce special ion signals, such as ketogalactose-
biotin moiety (515.3 Da) and GlcNAc-ketogalactose-biotin
moiety (718.4 Da), allowing for unambiguous detection of
O-GIcNAc peptides. Using this method, they proved for the
first time that O-GIcNAc glycosylation is dynamically modu-
lated by excitatory stimulation of the brain in vivo. Rexach et
al. [25] described a different method to visualize the
O-GlcNAc—modified protein subpopulation using resolvable
polyethylene glycol (PEG) mass tags. O-GlcNAc—-modified
proteins were chemoenzymatically labeled using the uridine
diphosphate-ketogalactose analog and an engineered GalT
enzyme and then reacted with an aminooxy-functionalized
PEG mass tag. The O-GlcNAc—modified proteins labeled
with the mass tag were not analyzed through MS but were
resolved using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized in parallel by
immunoblotting with antibodies against proteins of interest.
Simple inspection of the mass-shifted bands would establish
whether a protein was singly, doubly, or multiply glycosy-
lated, and in vivo glycosylation stoichiometries could be de-
termined by quantifying the relative intensities of each band.
This approach enables rapid quantification without the need
for protein purification, advanced instrumentation, or expen-
sive radiolabels.

Proteolytic %0 labeling
In 2002, Reynolds ef al. [26] for the first time described a
sequential double-labeling strategy to characterize N-linked

glycopeptides. Using this approach, the protein mixtures
were first digested by Glu-C in HZIGO or H2180, and the
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peptides were then deglycosylated in H,'°O or H,'%0 with
PNGase F treatment. Thus, a 6 Da difference occurred for
glycopeptides having a single N-glycosylation site. The
isotope-labeled peptides were pooled and measured via
MS. The changes in the glycosylation site occupancy were
obtained from the changes in signal intensity ratios of
"®0/'°0. This strategy has its unique advantages: the mass
shift of 6 Da can avoid the overlapping of light and heavy
isotopic envelops, and the '®0 incorporation during the
deglycosylation process increases the accuracy in identifying
the glycosylation sites. However, no enrichment step is pres-
ent, and the low-abundance glycoproteins are difficult to
quantify. Moreover, Glu C is expensive and less efficient in
proteomics analysis compared with trypsin. In 2010, we [27]
developed a tandem '®O stable isotope labeling (TOSIL)
method to quantify accurately the changes in glycoprotein
expression and changes in individual N-glycosylation site
occupancy. As shown in Fig. 2, in our method, we used
trypsin instead of Glu C and added the enrichment step
(i.e., enrichment of glycopeptides through hydrophilic
affinity extraction) between the two labeling steps. The
C-terminal of peptides were labeled with two 'O in H,'*0
catalyzed by trypsin, and the glycans were released with
PNGase F hydrolysis in H,'®0. For glycopeptides with a
single glycosylation site, a mass shift of 6 Da could be shown.
The relative quantities of N-glycosylated site occupancy and
its parent protein level were obtained simultaneously by mea-
suring the '*0/'°O intensity ratios of glycopeptides and non-
glycopeptides, respectively. The newly developed TOSIL
approach yielded good linearity in quantitative response with-
in a 10-fold dynamic range with a correlation coefficient r*>
0.99. This TOSIL method was successfully applied in the
analysis of the serum glycoproteome of patients with ovarian
cancer and healthy controls. A total of 86 N-glycosylation
sites were quantified, and N-glycosylation levels of 56 glyco-
peptides showed significant changes. Most changes in
N-glycosylation at specific sites have the same trends as those
of protein expression levels. Shakey et al. [28] developed a

Fig. 2 Analytical strategy of
Tandem '*0 Stable Isotope
Labeling (TOSIL) in

C‘QE} A0 LA K
\ A — RN A
ot

similar strategy for relative quantitation of glycoproteins in
complex biological mixtures. In this strategy, '*O stable iso-
tope labeling was also catalyzed by both trypsin and PNGase
F, a different glycopeptide enrichment method was used, the
trypsin digests were first oxidated, and the glycopeptides were
enriched via hydrazide-coupled magnetic beads. Using
this approach, they identified and quantitated 224
N-glycopeptides representing 130 unique glycoproteins
from 20 puL of undepleted mouse serum samples.

In summary, these enzyme-catalyzed methods have the
same features. First, the '®0 labeling is a residue-specific
catalytic method, and no by-product is produced. Second,
reagents are cost-effective and readily available. Third, the
reaction conditions are mild, and the physical and chemical
properties of peptides are not changed. Fourth, the method is
compatible with all peptide-level fractionation methods and
provides uniform labeling of all peptides in each protein.
This proteolytic labeling has its own disadvantages and
limitations. The method is limited to binary comparisons
or series thereof. Incomplete labeling and back exchange
should be considered and carefully controlled in experiments.
In addition, these enzyme-catalyzed '*0 labeling methods
have not been used for the quantitation of O-linked glycopro-
teins owing to the lack of suitable enzymes for releasing
O-glycans.

Metabolic labeling

Metabolic labeling of cultured cells was introduced by Oda
et al. [29] in 1999. Currently, stable isotope labeling with
amino acids in cell culture (SILAC) has become a
highly popular technique for the quantitation of proteins
from cell cultures. It is also used in quantitative glyco-
proteomics studies.

Wollscheid et al. [30] showed a method to analyze cell-
surface glycoproteins. They used the SILAC method to
“pre-label” the proteins for quantitative analysis. The cell-
surface glycoproteins were then captured using a
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bifunctional linker (one side with a hydrazide functional
group to affix covalently to the glycans of cell surface
glycoproteins, and the other side with a biotin tag that
attaches to streptavidin beads for glycoprotein purification).
After tryptic digestion, the glycopeptides were released with
PNGase F. Protein concentration was inferred based on the
differences in abundance of the various isotopically la-
beled peptides. Using this method, they compared the
changes in cell surface glycosylation between T and B
cells during neuronal activation. Metabolic labeling has
many advantages. It reduces the risk of uneven losses of
protein or peptide material during sample preparation. The
stable isotopic tags are incorporated into the early stages of
sample preparation, and SILAC labeling incorporation is virtu-
ally 100 %. As a result, the variation between the samples is
reduced, and highly accurate quantification is achieved. How-
ever, metabolic labeling is relatively expensive and is not
practical for analyzing biological samples (e.g., tissues or body
fluids) that cannot be grown in culture.

Label-free relative quantitation

Label-free methods have been developed because of the
high cost of labeling reagents and some other limitative
factors. Mann et al. [31] developed an approach for label-
free quantitative glycoproteomics. They employed two
lectins, Aleuria aurantia lectin (AAL) and Lotus tetra-
gonolobus agglutinin (LTA), to enrich the fucosylated
glycoproteins. The proteins were then fractionated with
reversed-phase LC. Finally, the proteins were digested
with trypsin and analyzed through LC-MS/MS. The
proteins were quantified by summing the peak areas
for extracted ion chromatograms of the identified peptides.
They investigated the sera from two different esophagus dis-
ease states, high-grade dysplasia (HGD) and esophageal ade-
nocarcinoma (EAC), and disease-free conditions. They
identified 136 putative fucosylated glycoproteins with very
high confidence level and found that Fetuin-B and EMILIN-2
were upregulated in HGD and EAC. During the workflow, a
bicinchoninic acid assay (BCA) was introduced before LC
fractionation to ensure that the same amount of protein was
subjected to the reversed-phase fractionation, which could
increase the accuracy of quantitative results. Goo et al. [32]
also used a label-free method to analyze the secreted glyco-
proteins from cultured normal prostate and bladder stromal
mesenchyme cells. After enrichment using hydrazide resin,
the glycopeptides were analyzed via MS. They used calculat-
ed peptide ion current area to quantify the difference in protein
abundance between the prostate and bladder. Up to 116
prostate- and 84 bladder-secreted glycoproteins were identi-
fied in their analysis. In addition, some stromal proteins were
upregulated in the prostate, such as cathepsin L, follistatin-
related protein, and so on.

Ishihara et al. [33] reported a quantitative label-free 2D
LC-MALDI MS system for large-scale N-glycoproteomic
analysis. In the method, glycoproteins were enriched using
hydrazide resin. After trypsin digestion, the glycopeptides
were deglycosylated by PNGase F and analyzed by 2D LC
(strong cation exchange-+reverse phase high-performance
LC)-MALDI MS. A peptide internal control was used to
normalize the signal intensities produced by 2D LC-MALDI
MS, and the values linked to the LC data were treated using
the DeView '™ software. They applied this method to ana-
lyze plasma samples from HCC patients and identified
several biomarker candidates, including ceruloplasmin,
alpha-1 antichymotrypsin, and multimerin-1. Using this
method, an internal standard peptide was mixed into the
samples for normalization, which increased the quanti-
tation accuracy.

These label-free methods offer advantages, such as simpler
workflow, because additional reagents and extra sample prep-
aration steps are unnecessary. However, these methods always
use nonglycosylated peptides of glycoproteins to quantify the
relative abundance between different samples. Therefore, they
reflect the abundance of glycoproteins in the protein expres-
sion level, but the glycosylation site occupancy is not shown.

Absolute quantitation

In recent years, absolute quantitation of target proteins has
become a burgeoning topic in quantitative proteomics.
However, studies on the absolute quantitation of glycopro-
teins are very limited. In general, stable isotope-labeled
standard (SIS) peptides related to the target glycoproteins
were mixed into the sample. Selected reaction monitoring
(SRM) or multiple reaction monitoring (MRM) techniques
were then employed to accomplish absolute quantitation.
Ahn et al. [34] presented a sensitive method for the
quantitative analysis of aberrant GIcNAcylated tissue inhibitor
of metalloproteinase 1 (TIMP1) in the serum of colorectal
cancer patients. Using this approach, the glycoproteins con-
taining an N-linked glycan terminating with 3(1-6)-GlcNAc
were first enriched by phytohemagglutinin-L4 (L-PHA) and
then digested with trypsin. Using a monoclonal anti-peptide
TIMP1 antibody linked covalently to magnetic beads, a
unique target peptide (antigen) of TIMP1 was immuno-
enriched from the L-PHA-enriched tryptic digests. Two pep-
tides were selected from TIMPI1, and their stable isotope-
coded counterpart was prepared. With these peptides, the
TIMP1 was quantified via the MRM technique at a serum
level of 0.8 ng/mL. Thereafter, the same group [35] used a
method consisting of multiplex lectin-fractionation, mass pro-
filing of the lectin-captured fractions, and MRM-based quan-
titative analysis to monitor quantitatively the protein
glycosylation diversity of human serum. They used different
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lectins to capture the glycoproteins, such as AAL, L-PHA,
Con A, and Datura stramonium agglutinin (DSA). Each
lectin-captured serological glycoprotein was digested with
trypsin and analyzed via 1D LC-MS/MS. Finally, the abun-
dance of certain serological glycoproteins profiled in each
lectin-captured fraction was further verified via the MRM-
based quantitation method. The diversity of serological pro-
tein glycosylation in a human serum sample was quantitative-
ly monitored because different lectins could recognize
different carbohydrate structures. Using lectins and antibodies
to enrich glycoproteins decreases the complexities of samples
and increases the identification efficiency of the glyco-
proteins and accuracy of quantitation. However, during
the enrichment process, some glycoproteins may be lost,
thereby decreasing the accuracy of the quantitation
results. In addition, the method reflects the glycoprotein
abundance in protein expression, but does not show the
degree of glycosylation.

In addition, some techniques were developed to quantify
glycoproteins containing specific glycan structures. Recently,
Ahn et al. [36] developed a lectin-coupled MRM-based mass
spectrometric method to quantify fucosylated glycoproteins
from serum samples. They used AAL immobilized on mag-
netic beads to capture fucosylated glycoproteins, and the
captured proteins were digested by trypsin and profiled by
tandem mass spectrometry, then target glycoproteins were
selected from the proteomic profiling data and quantitatively
analyzed by MRM-based analysis. Targeted glycoproteins
were absolutely quantified, for example, the abundance of
AGP was measured with wide ranges, from 5 fmol to 438
fmol, obtained from eight human plasma samples consisting
of four healthy individuals and four HCC patients. This tech-
nique has also been extended to analyze other glycoproteins
with specific glycan structures. For instance, Zhao et al. [37]
used lectin enrichment (core fucosylation glycoproteins
captured by LCH sepharose 4B) combined with MRM tech-
nique to quantify core fucosylated glycoproteins. Kurogochi
et al. [38] used reverse glycoblotting combined with MRM
assay to quantify sialylated glycoproteins.

Li et al. [39] developed a method combining the glyco-
peptide solid-phase extraction strategy and SRM to analyze
glycosylated and sialylated PSA in prostate cancer and non-
cancer tissues. Through this approach, proteins were first
digested with trypsin, and glycopeptides were isolated from
complex mixtures with solid-phase extraction. The
N-glycopeptides were then released by PNGase F and sub-
sequently identified via LC-MS/MS. Clinical immunoassay
was used to quantify the total PSA protein. The enriched
N-linked glycopeptides from target glycoprotein combined
with SRM were employed to quantify the glycosylated PSA,
whereas enriched sialylated glycopeptides from target glyco-
protein coupled with SRM were used to quantify sialylated
PSA. The data showed that the total PSA and the total
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glycosylated PSA from cancer and non-cancer tissues were
not significantly different. However, the sialylated gly-
copeptide level was elevated in cancer tissues compared
with that in non-cancer tissues. The relative abundance
of glycosylated PSA was not correlated with the total
PSA protein level, and sialylated PSA was not correlated with
either total PSA or glycosylated PSA. In this study, the
amounts of total PSA, glycosylated PSA, and sialylated PSA
were obtained.

Conclusion and future view

Recent research has implied that monitoring cancer-specific
glycosylation states may be a promising approach for detect-
ing cancer with high specificity and sensitivity. Therefore, a
high-throughput and highly sensitive method that can accu-
rately quantify glycosylation site occupancy and analyze the
relationship between the changes in glycosylation site occu-
pancy and protein expression is urgently required for more
effective biomarker development. However, much remains
to be accomplished. First, more effective and higher selec-
tive methods must be developed to enrich glycoproteins/
glycopeptides with high recovery rate, reduce sample com-
plexity, and enhance dynamic ranges. Second, for stable
isotope labeling methods, the efficiency of labeling should
be increased. For example, in enzyme-catalyzed labeling,
immobilized enzymes can be used to increase labeling effi-
ciency and decrease back-exchange. Third, in the label-free
method, fastidious attention should be given to all steps
during the sample preparation, and more robust and repro-
ducible LC-MS/MS method should be developed to increase
quantitation accuracy. In addition, software and bioinfor-
matics methods need to be developed to improve quantita-
tive analysis. With the development in glycoproteomics
research and MS techniques, we hope to see growth in the
development of novel methods for high-throughput quanti-
tative glycoproteomics in the near future.
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