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Glycosylation is one of the most common protein modifications and is essential for cells. 

This modification is exceptionally complex because glycans are highly diverse and can be 

covalently bound to several amino acid residues in proteins through various configurations. 

There are two major types of protein glycosylation, i.e., N-linked glycosylation in which 

glycans are attached to the side chain of asparagine and O-linked glycosylation referring to 

glycans being bound to the side chains of serine and threonine.1,2 Glycosylation plays vital 

roles in cells, including determination of protein folding, trafficking and stability, and 

regulation of nearly every extracellular activity such as cell–cell communication and cell–

matrix interactions.3,4 Aberrant protein glycosylation is directly related to multiple diseases, 

including cancer, neurodegenerative disorders, pulmonary diseases, blood disorders, and 

genetic diseases.5,6 Due to the importance and complexity of protein glycosylation in 

biological systems, there is a longstanding interest to develop innovative methods to study 

glycoproteins and apply them for biomedical research. Investigation of protein glycosylation 

has become more popular with the development of modern instrumentation and 

computational methods. According to a PubMed search using the keyword “glycosylation”, 

16 publications were listed during 1960–1970 while over 20 000 studies were reported in the 

past 10 years. With the growing interests in protein glycosylation, this trend is expected to 

continue in the next decades.

Mass spectrometry (MS)-based proteomics provides an excellent opportunity to globally 

analyze proteins and their modifications.7–19 Nonetheless, it is still extremely challenging to 

comprehensively analyze protein glycosylation.20 Unlike many other modifications with a 

fixed structure for the modified group, such as phosphorylation, the diversity of glycans 

makes it more challenging to employ the commonly used database searching methods such 

as SEQUEST and Mascot to identify glycopeptides in bottom-up proteomics. Low-

abundance glycoproteins in complex biological samples are also hindered for detection by 

many high-abundance nonglycoproteins. Furthermore, glycans can interfere with the 

fragmentation of the peptide backbone.20,21 Innovative and effective methods are critical to 

overcome these hurdles and to allow for comprehensive analysis of glycoproteins using MS.
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In this Review, after a brief introduction of protein glycosylation, we highlight several 

enrichment methods to analyze different types of protein glycosylation and describe the 

analysis of glycoproteins with a particular glycan. Recent advances in instrumentation and 

bioinformatics for intact glycopeptide analysis are also covered. Lastly, we summarize some 

recent glycoproteomic applications, including studies of glycoprotein functions, biomarker 

discovery, and analysis of glycoproteins from different biological sources, with a focus on 

their applications in clinical and biomedical research. For general information on proteomic 

analysis, there are many excellent review papers published previously,22,23 including some 

for glycoproteomic analysis.24,25

OVERVIEW OF PROTEIN GLYCOSYLATION

Glycosylation is a common and essential modification where glycans are covalently attached 

to proteins. Among several types of protein glycosylation, N- and O-linked glycosylation are 

the two major ones. For N-linked glycosylation, the glycan precursor GlcNAc2Man9Glc3 is 

transferred en bloc to nascent peptides immediately after they are being translated by the 

ribosome. Thus, glycosylation is also called a cotranslational modification. N-Glycans 

normally contain a common GlcNAc2Man3 core that is further modified with various 

monosaccharides by enzymes in the endoplasmic reticulum (ER) and Golgi apparatus, 

including the terminal sialic acid and core fucose residues. N-Glycosylation sites typically 

have a canonical motif, i.e., N-X-S/T where X can be any amino acid residue except proline. 

However, the presence of this motif does not guarantee that a particular copy of the same 

protein would be glycosylated, which may be referred to as the macroheterogeneity of 

protein glycosylation. Glycans may contain several types of monosaccharides linked 

together through different modes of connections even at the same site on different copies of 

the same protein, which is referred to as the microheterogeneity of protein glycosylation, 

further increasing their complexity. For O-linked glycosylation, glycans are attached to the 

side chains of serine and threonine. Mucin-type O-glycosylation is the most common protein 

O-glycosylation where, typically, monosaccharides are sequentially added to proteins by 

various glycosyltransferases, instead of the en bloc glycan transfer in N-glycosylation. O-

GlcNAcylation, where the GlcNAc group is dynamically added or removed from serine and 

threonine similar to phosphorylation, belongs to this category as well. Unlike N-linked 

glycosylation, there is no canonical motif for O-linked glycosylation.

In a typical glycoproteomic study, proteins are first extracted from cells or tissues before 

glycoproteins or glycopeptides are enriched or separated from the complex samples. MS 

analysis can then be performed at different levels with different glycospecies, including 

glycoproteins, intact or derivatized glycopeptides, deglycosylated peptides, as well as 

released glycans, which provide different information from glycosylation sites to glycan 

structures. As described in the introduction, glycosylation is essential for cells, and 

glycoproteins contain much valuable information regarding the statuses of cellular 

development and disease. Therefore, it is critically important to identify glycosylation sites 

on glycoproteins and elucidate glycan structures.
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ENRICHMENT METHODS FOR GLOBAL ANALYSIS OF GLYCOPROTEINS/

GLYCOPEPTIDES BY MS

Enrichment of glycoproteins/glycopeptides from complex biological samples is imperative 

to achieve their global analysis by MS because of the low abundance of many glycoproteins. 

The heterogeneity of glycans further makes the enrichment more challenging.24–26 A variety 

of enrichment methods have been developed that dramatically improve the coverage of 

glycoproteins/glycopeptides in different samples.

Lectin.

Lectins have been widely used to enrich N- or O-glycopeptides and glycoproteins.27 

Concanavalin A (Con A) and wheat germ agglutinin (WGA) are frequently employed for N-

glycopeptide enrichment.28 Con A recognizes α-linked mannose, while WGA binds to N-

acetylglucosamine and sialic acid. Jacalin and Vicia villosa agglutinin (VVA), which are 

often exploited for mucin-type O-glycopeptide enrichment, bind to O-linked galactosyl 

(β-1,3) N-acetylgalactosamine and α- or β-linked terminal N-acetylgalactosamine, 

respectively.29,30 Lectins are normally immobilized onto solid supports, such as agarose or 

magnetic beads. Recently, magnetic nanoparticles (MNPs) have become an attractive solid 

support because of the increased lectin density on the particle surface, and the easy 

preparation and separation.31 Waniwan et al. identified 2290 and 2767 glycopeptides from 

EGFR-TKI sensitive PC9 cells and resistant PC9-IR cells, respectively, by using MNPs 

conjugated with Con A, Aleuria aurantia lectin (AAL), and Sambucus nigra agglutinin 

(SNA).32

The selective affinity of a lectin toward specific carbohydrates makes lectin-based 

enrichment methods biased for glycoproteins with certain glycans. A combination of 

different lectins, which is normally called multilectin affinity chromatography (M-LAC), can 

be used to improve the coverage of glycopeptides.33 However, the combination of multiple 

lectins complicates the preparation of lectin-based chromatography and does not fully solve 

the problem of biased recognition. Coupling lectin enrichment with other separation 

methods can further improve the enrichment efficiency. Zhou et al. found that the tandem 

use of lectin followed by MAX (a commercial hydrophilic-based strong anion exchange 

column) enrichment resulted in a better performance for fucosylated glycopeptide 

identification. They employed this tandem enrichment method to identify and quantify 973 

intact fucosylated glycopeptides from 252 proteins in nonaggressive and aggressive prostate 

cancer cell lines.34 In order to minimize the biased issue of lectin-based methods, an 

engineered Fbs1 carbohydrate binding protein was recently reported and showed its 

promising application for N-glycopeptide enrichment. Fbs1 is a component of the E3 

ubiquitin ligase complex that can recognize N-glycans of misfolded glycoproteins and thus 

mediates the removal of misfolded N-glycoproteins through the endoplasmic reticulum-

associated degradation (ERAD) pathway.35 However, wild-type Fbs1 prefers to recognize 

high-mannose N-glycans. Through mutagenesis and plasmid display selection, it was 

revealed that the Fbsl GYR mutant, which displayed a higher binding affinity toward diverse 

types of N-glycans, had great potential for N-glycopeptide enrichment. Over 2500 intact 
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glycopeptides were identified through the Fbs1 GYR enrichment, while the lectin 

enrichment resulted in the identification of only 1172 glycopeptides in the same work.36

HILIC.

Hydrophilic interaction liquid chromatography (HILIC), which relies on the hydrophilicity 

difference between glycopeptides and nonglycopeptides, has been widely employed in 

glycoproteomic analysis.37–39 One large disadvantage of HILIC is the low enrichment 

specificity caused by coelution of hydrophilic nonglycopeptides. Recent developments of 

HILIC focus on synthesis of novel solid materials conjugated with various hydrophilic 

groups to increase the enrichment specificity. Different materials were developed as the solid 

matrices including metal–aorganic frameworks (MOF)40 and magnetic particles.41 Wang et 

al. synthesized a MOF-based solid matrix by conjugating Zn–MOF onto the surface of 

magnetic graphene for the enrichment of glycopeptides. The newly functionalized MOF 

enabled the identification of 517 N-glycopeptides from 151 glycoproteins in 1 μL of human 

serum.42 Various types of hydrophilic functional groups were also immobilized onto the 

solid matrices. Zwitterionic stationary phase-based HILIC (ZIC-HILIC), which carries both 

positive and negative charges on the surface, displayed higher enrichment specificity 

compared with normal HILIC.43 Cao et al. introduced zwitterionic groups onto 

poly(amidoamine) dendrimer (PAMAM) and identified 48 glycosylation sites from 28 

glycoproteins in only 0.1 μL of human serum.44 Even though different types of solid 

supports and HILIC materials were reported in the literature, comprehensive evaluation of 

their performance on glycopeptide enrichment for large-scale analysis and systematic 

comparison with other commonly used enrichment methods remain to be performed in order 

to evaluate their practical utility for glycoproteomic analysis.

Hydrazide Chemistry-Based Enrichment Methods.

Hydrazide chemistry-based methods rely on the covalent bond formation between the 

hydrazide groups and the aldehyde groups on oxidized glycans to enrich glycopeptides/

glycoproteins. With the help of peptide N-glycosidase F (PNGase F) to remove N-glycans, 

hydrazide chemistry-based methods showed a great capacity for N-glycosylation site 

mapping.8,45 Recently, a responsive polymer-based platform was developed to achieve 

homogeneous hydrazide chemistry-based enrichment, which is expected to have higher 

enrichment efficiency compared with the traditional solid–liquid heterogeneous enrichment. 

The hydrazide groups were conjugated to a polymeric backbone, i.e., poly(acrylic acid) 

(PAA) that is pH-responsive46 or poly(N-isopropylacrylamide) (PNIPAM) that is thermal-

responsive.47 The obtained polymers can be dissolved in aqueous solution under certain 

conditions, which facilitate the reaction between the hydrazide groups and the aldehyde 

groups on oxidized glycopeptides. By changing the pH or temperature, the polymers were 

precipitated, which allowed for the enrichment of glycopeptides. Based on this strategy, 

1317 N-glycopeptides from 458 N-glycoproteins were characterized in mouse brain samples 

and 329 N-glycosylation sites on 180 N-glycoproteins were identified from the plasma 

exosomes.
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Boronic Acid-Based Enrichment Methods.

Boronic acids can form cyclic boronate esters with cis-diols on glycans under basic 

conditions, and the resulting boronate esters can reversibly undergo hydrolysis under acidic 

conditions, bringing back the boronic acids and cis-diols without affecting the glycan 

structures. Because glycans carry multiple hydroxyl groups, boronic acid-based methods 

hold great potential to globally enrich glycopeptides.48–54 However, the weak interactions 

between boronic acids and glycans restrict its wide applications in glycoproteomic analysis.

Boronic acid was immobilized onto different types of solid supports, including MOF,55 

magnetic nanoparticles,56 and graphene,57 to improve their capacities for glycopeptide and 

glycoprotein enrichment. Recently, a dendrimer platform was employed to further facilitate 

the enrichment.58 Since different types of boronic acids display distinct binding affinities to 

cis-diols, evaluation of several types of boronic acids revealed that benzoboroxole, which 

was reported to possess high binding affinity toward cis-diols,59 allowed for the 

identification of the largest number of N-glycopeptides (Figure 1A,B). The Dendrimer 

conjugated with the Boronic Acid derivative (DBA) can increase the density of 

benzoboroxole molecules on the surface of the dendrimer beads, and thus several 

benzoboroxole molecules can interact with a single glycan simultaneously (Figure 1C,D). 

The synergistic effect between glycans and multiple benzoboroxole molecules in the 

dendrimer platform dramatically enhances their interactions, and therefore, the affinity 

toward glycans is increased. The optimization of dendrimer size revealed that the number of 

identified glycopeptides increased significantly compared with the same magnetic beads 

without a dendrimer (Figure 1E). The enrichment is fast and can be completed in only 10 

min (Figure 1F). The newly developed method was employed to enrich glycopeptides from 

different samples. For N-linked glycosylation, over 1000 sites on 501 glycoproteins and 

4195 sites on 1608 glycoproteins were identified from yeast cells and mouse brain tissues, 

respectively. From three human cell lines (MCF7, HEK 293T, and Jurkat), 4691 sites were 

identified on 1906 glycoproteins. The method was also applied to enrich O-glycosylated 

peptides. Over 230 O-mannosylated proteins were identified from yeast, and more than 200 

O-GlcNAcylated proteins were characterized from human cells even though the modified 

group (GlcNAc) is small and does not have cis-diol, which further demonstrates that the 

DBA method is highly effective for the enrichment of glycopeptides.58

Methods Integrating Chemical and Enzymatic Reactions.

Chemical and enzymatic reactions have been frequently employed to investigate protein 

glycosylation. Sun et al. designed a beautiful method called solid phase extraction of N-

linked glycans and glycosite-containing peptides (NGAG) for global and simultaneous 

analysis of N-linked glycans, glycosylation sites, and intact glycopeptides from complex 

samples (Figure 2).60 In this approach, peptides were first covalently conjugated to beads, 

followed by a series of chemical and enzymatic reactions to release N-glycans and 

deglycosylated peptides (Figure 2A). The identification of N-glycans and deglycosylated 

peptides enabled the construction of a library of all possible intact glycopeptides. Then 

intact N-glycopeptides can be identified by assigning the oxonium ions-containing spectra 

generated from enriched glycopeptides based on the constructed library (Figure 2B). NGAG 

is an excellent example showing an integration of various chemical and enzymatic reactions 
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for glycoproteomic analysis. Recently, the same lab reported another innovative method 

named extraction of O-linked glycopeptides (EXoO) for large-scale analysis of mucin-type 

O-glycosylation.61 In this method, peptides were conjugated to a solid support, and O-

glycopeptides were specifically released by a protease called OpeRATOR, which cleaves N-

terminally the Ser and Thr sites containing O-linked glycans. Using this method, they 

identified 3055 O-linked glycosylation sites from 1060 glycoproteins in different samples 

including kidney tissues, T cells, and sera.

The introduction of bioorthogonal functional groups, including azides, alkynes, or ketones, 

to glycoproteins through metabolic or chemoenzymatic labeling followed by affinity 

enrichment represents a class of useful strategies for comprehensive analysis of protein 

glycosylation.62–65 Integrating metabolic labeling, copper-free click chemistry, and MS-

based proteomics, the global and site-specific analysis of cell-surface glycoproteins have 

been systematically studied, and their analysis is described further in the Applications of 

MS-Based Glycoproteomics in Biological Systems. Cell-surface glycoproteins can also be 

analyzed by chemoenzymatic labeling using recombinant glycosyltransferases and a 

nucleotide sugar functionalized with biotin, followed by enrichment and MS identifications.
66 Isotope-targeted glycoproteomics (IsoTaG), which integrated metabolic labeling, 

chemical enrichment, and isotopic coding of glycopeptides, is an innovative approach for 

intact N- and O-glycopeptide analysis.67 The key for this method is to use a probe with two 

bromine atoms to tag metabolically labeled glycoproteins, which allowed for targeted 

assignment of labeled glycopeptides during MS analysis.

COMPREHENSIVE ANALYSIS OF GLYCOPROTEINS BEARING A SPECIFIC 

GLYCAN

For glycoproteins, both the protein and the glycan components contain valuable information 

about the disease and developmental statuses of cells.68,69 While the majority of 

glycoproteomic studies mainly focus on analyzing glycosylation sites and glycans separately 

due to the complexity of protein glycosylation, the study of proteins containing a particular 

glycan still remains largely unexplored. The development of modern MS-based proteomics 

and effective separation methods provides an opportunity to systematically analyze 

glycoproteins containing a particular and important glycan.

Truncated Mucin-Type O-Glycans.

Aberrant glycosylation is often correlated with different diseases.70,71 The abnormal 

changes include altered expression of certain types of glycans or expression of new glycans.
72 Previous studies revealed that the overexpression of certain glycans is the hallmark of 

cancer. Among those, truncated mucin-type O-glycans including the Tn, Sialyl-Tn (STn), T, 

and Sialyl-T (ST) antigens are often highly expressed in human cancers.73,74 Therefore, it is 

of great importance to detect tumor-associated glycans in order to study the physiological 

and pathological processes that they participate in. Lectins and antibodies have been used to 

study truncated mucin-type O-glycans for decades, but they often suffer from weak binding 

affinity and low specificity.75,76 The combination of effective separation and MS-based 
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proteomics provides a feasible approach to globally characterize glycoproteins with these 

truncated mucin-type O-glycans.

Tn Antigen.—Lectins such as VVA with relatively high affinity toward the Tn antigen can 

be used to separate Tn-bearing glycoproteins. Hoja-Łukowicz et al. employed VVA-based 

chromatography to enrich glycoproteins bearing the Tn antigen, followed by digestion and 

LC–MS/MS analysis.77 They identified 146 Tn-bearing glycoproteins, which represented 

the first large-scale proteomic analysis of glycoproteins with the Tn antigen in human 

melanoma cells. Jacalin was also used to enrich Tn-bearing glycopeptides prior to MS 

analysis for site-specific identifications.78 Recently, a method integrating enzymatic and 

chemical reactions was developed to enrich glycoproteins with the Tn antigen.79 Galactose 

oxidase (GAO) was employed to specifically convert the hydroxyl group at the C6 position 

on the Tn antigen to an aldehyde group, followed by enrichment with hydrazide beads. 

Glycopeptides with the Tn antigen were then released from the beads with methoxylamine 

for MS analysis (Figure 3A). The method enabled the identification of 96 glycoproteins 

bearing the Tn antigen in Jurkat cells (Figure 3B), and the overlap of the glycoproteins with 

the Tn antigen identified from biologically triplicate experiments demonstrated the 

reasonably high reproducibility of the method (Figure 3C).

STn Antigen.—To simplify the identification of STn-bearing proteins, neuraminidase is 

often utilized to remove the terminal sialic acid residue so the resulting Tn-bearing 

glycopeptides or glycoproteins can be enriched by lectins that are commercially available for 

the Tn antigen recognition, followed by LC–MS/MS analysis to achieve protein or site-

specific identifications. Campos et al. used this methodology to analyze glycoproteins with 

the STn antigen in sera from gastric carcinoma patients.80 They identified 37 O-

glycoproteins with 49 O-glycosylation sites. A similar strategy was also applied to identify 

STn-bearing proteins from hypoxic T24, 5637, and HT1376 cells.81

This approach, however, cannot distinguish glycoproteins with the STn antigen from those 

with the endogenous Tn antigen. Further experiments including immunohistochemistry and 

a proximity ligation assay are normally required to validate the STn-bearing glycoproteins. 

The hydrazide chemistry-based method can minimize the limitations of the above method. 

In one study, sialic acid was selectively oxidized by periodate followed by hydrazide 

chemistry-based enrichment. After mild acid hydrolysis to remove the sialic acid residue, the 

identification of Tn-bearing peptides, which is the desialylated form of STn, was performed 

through MS analysis.82 However, this method cannot reveal the degree of sialylation.

T Antigen.—Chemoenzymatic labeling is very promising to study glycoproteins with a 

specific glycan, in which a recombinant glycosyltransferase is employed to transfer a sugar 

analogue with a chemical handle from a nucleotide sugar donor to a specific glycan 

acceptor.83 Li et al. reported a novel tandem chemoenzymatic strategy to selectively detect 

the T antigen (also called the Thomsen–Friedenreich (TF) antigen).84 They first employed 

fucosyltransferase WbwK, a glycosyltransferase from bacteria that can specifically 

recognize the T antigen, to convert the T antigen to Fucα1,2-Galβ1,3-GalNAc-α. Another 

glycosyltransferase (N-acetylgalactosaminyltransferase BgtA) is then used to transfer a 

GalNAc analogue with an azido group, UDP-N-azidoacetylgalactosamine (UDP-GalNAz), 
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to the Fuc-containing trisaccharide. Therefore, the tandem utilization of the two 

glycosyltransferases converted the T antigen into a tetrasaccharide with an azido group, 

which can be tagged by a probe through click chemistry for visualization. MS-based 

proteomics was also performed to identify T antigen-bearing glycoproteins in MCF7 cells. 

The cell lysates were treated with the tandem chemoenzymatic labeling, and the 

glycoproteins were captured by alkyne resins, followed by trypsin digestion and LC–MS/MS 

analysis.

Lectins, including Agaricus bisporus lectin (ABL) and peanut agglutinin (PNA), were also 

utilized to isolate T antigen-containing glycoproteins. A tandem enrichment strategy was 

developed to identify T antigen-bearing glycoproteins on the surface of metastatic prostate 

cancer cells. Cell surface proteins were first labeled by sulfo-NHS-SS-biotin and then 

separated with streptavidin resins. The isolated surface proteins were further enriched with 

PNA-based chromatography, followed by MS analysis for protein identifications.85 

However, without site-specific information, the results may contain false positive 

identifications due to nonspecific binding. With Jacalin-based lectin weak affinity 

chromatography (LWAC), Valoskova et al. site-specifically characterized T antigen-bearing 

glycoproteins in Drosophila embryo and identified 219 T antigen-containing glycosylation 

sites on 106 glycoproteins.78

ST Antigen.—Recently, Wen described an elegant chemoenzymatic strategy to detect ST 

antigen-bearing glycoproteins.86 They found that human sialyltransferase ST6GalNAc-IV 

was capable of specifically recognizing the ST antigen. At the same time, it had unrestricted 

donor specificity, which means that ST6GalNAc-IV can tolerate a sialic acid analog 

containing a bioorthogonal functional group. They labeled the ST antigen on the cell surface 

by transferring a biotin-containing Neu5Ac analogue using ST6GalNAc-IV. The labeled ST 

antigen on the cell surface was visualized by the fluorophore–streptavidin conjugate. In 

addition, proteins with the labeled ST antigen were pulled down by avidin resins (Figure 

4A). After on-bead digestion and MS analysis, they identified 78 and 43 potential cell-

surface glycoproteins containing the ST antigen from MCF7 and HT29 cells, respectively 

(Figure 4B). Based on PANTHER classification, proteins with binding activity and catalytic 

activity were highly enriched in both cell lines (Figure 4C). However, no site-specific 

information was available for ST-bearing glycoproteins. In another study, the ST antigen was 

converted to the T antigen through the removal of sialic acid with the neuraminidase 

treatment, followed by enrichment with PNA-based chromatography and MS analysis.80 

Although this method enabled site-specific analysis, the degree of sialylation was lost, and 

endogenous T antigen-containing glycoproteins may result in false positive identifications.

O-GIcNAc.

The O-linked β-N-acetylglucosamine (O-GlcNAc) modification on the serine and threonine 

residues is another important type of protein glycosylation.87 O-GlcNAcylation is ubiquitous 

in cells and involved in many biological processes including cell signaling and 

transcriptional regulation.88,89 Abnormal O-GlcNAcylation is correlated with various 

diseases including neurodegenerative disorders, diabetes, and cancers.90 The developments 
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of modern MS-based proteomics and novel enrichment methods have greatly facilitated our 

understanding of protein O-GlcNAcylation.

Both lectin- or antibody-based affinity purification and chemical methods including β-

elimination and hydrazide chemistry were reported for selective enrichment of O-

GlcNAcylated proteins/peptides, which provided a wealth of valuable information about 

protein O-GlcNAcylation.91,92 However, these methods suffer from the low specificity and 

weak binding affinity. Moreover, chemical methods based on β-elimination that normally 

take place under basic conditions cause the damage of the peptide backbone, thus affecting 

glycoprotein identification. In addition, the incompletion of the reaction and β-elimination 

from other types of modifications such as phosphorylation may also be an issue. 

Chemoenzymatic and metabolic labeling with a sugar analogue bearing a bioorthogonal 

functional group followed by click chemistry-based tagging with affinity probes has become 

powerful for O-GlcNAcylation profiling.93–95 Photocleavable (PC) linker, such as alkyne-

PC-biotin, was employed in a chemoenzymatic strategy for site-specific analysis of O-

GlcNAcylation.96 A new type of biotin cleavable linker containing 1-(4,4-dimethyl-2,6-

dioxocyclohex-1-ylidene)ethyl (DDE) group was found to have higher cleavage efficiency 

compared with the photocleavable linker.97 The combination of chemoenzymatic labeling 

and polyethylene glycol (PEG) tags, followed by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) separation, enabled the measurement of O-GlcNAcylation 

stoichiometry (Figure 5A).98 More recently, this method was further improved by employing 

strain-promoted 1,3-dipolar cycloaddition (SPAAC) to tag O-GlcNAcylated proteins (Figure 

5B).99

Integrating metabolic labeling with an isotope-tagged cleavable linker (isoTCL), Qin et al. 

site-specifically identified and quantified protein O-GlcNAcylation.94 The characteristic 

mass difference from the isotopic cleavable alkyne-biotin probe allowed for O-

GlcNAcylation site identification and quantification because of the unique isotopic pattern in 

MS1. They also applied this method to quantify O-GlcNAcylation in female and male mouse 

placentas and found that around 40% O-GlcNAcylation sites in the female placentas are 

displayed at a higher level compared with the male ones. Recently, a method based on a new 

linker, triarylphosphine functionalized trimethylpiperidine (TFT), for one-step selective 

enrichment of protein O-GlcNAcylation was reported.100 The triarylphosphine functional 

group reacted with azide-containing O-GlcNAcylated proteins through the copper-free 

Staudinger ligation, and the trimethylpiperidine was specifically recognized by the anti-

TMT antibody conjugated to agarose beads. The new reagent enabled the identification of 

1706 O-GlcNAcylation sites in HeLa cells.

O-Mannose.

O-Mannosylation is the only known type of protein O-glycosylation in yeast. Using the 

DBA method, Xiao et al. site-specifically identified 234 O-mannosylated proteins with 

glycan information in yeast cells. Protein clustering revealed that O-glycoproteins located on 

the cell wall (P = 4.25 × 10−32) were the most highly enriched.58 Neubert et al. used a yeast 

mutant lacking the O-glycan elongation enzyme to simplify the complexity of O-

mannosylation, followed by LWAC enrichment and MS analysis.101 They identified more 
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than 2300 O-mannosylation sites on over 500 proteins in yeast cells and found that half of 

the O-glycoproteins were the targets of protein O-mannosyltransferases localized in the ER.

Conversely, the knowledge on O-mannosylation in mammalian cells is still very limited. 

Compared with yeast, comprehensive analysis of O-mannosylation in mammalian cells is 

more difficult due to the greater structural complexity of O-mannosylation.58,102 Vester-

Christensen et al. used a SimpleCell strategy to simplify the structure of O-mannose glycans 

in human MDA-MB-231 breast cancer cells.103 After the knockout of POMGnT1, which 

controls the first step in the elongation of O-mannose glycans, the peptides were treated with 

PNGase F to remove N-glycans and then O-mannosylated peptides were enriched by Con A 

lectin chromatography. They identified 235 O-mannosylation sites on 51 O-mannosylated 

proteins and found that O-mannosylation sites were mainly distributed on cadherins and 

plexins. While these large-scale studies of protein O-mannosylation reveal their functions in 

mammalian cells, comprehensive analysis of O-mannosylation without trimming the glycans 

in mammalian cells still remains challenging.

Mannose-6-Phosphate.

In mammalian cells, the mannose-6-phosphate (M6P) modification plays a critical role in 

the transportation of soluble lysosomal proteins. Most newly synthesized lysosomal proteins 

are delivered to the lysosome through the M6P pathway, in which the proteins undergo 

specific phosphorylation on mannose residues of high-mannose N-glycans for an efficient 

transportation from the Golgi to the lysosomes.104 Comprehensive analysis of proteins with 

the M6P modification provides valuable information on the enzymes located in the 

lysosomes and establishes the correlation between malfunctions of lysosomal acid 

hydrolases and different human diseases. M6P-modified glycoproteins were purified by 

affinity chromatography based on mannose 6-phosphate receptors (MPRs) or 

ultracentrifugation of the lysosomes, followed by digestion and MS analysis.105,106 

Although these methods were used to analyze M6P-modified glycoproteins from a wide 

range of samples, M6P modification sites were not directly identified, which may result in 

false positive identifications. Recently, Fe3+-IMAC chromatography was optimized to enrich 

M6P modified glycopeptides.107 A specific diagnostic fragment ion of M6P generated 

during higher energy C-trap dissociation (HCD) was utilized to trigger electron-transfer/

higher-energy collision dissociation (EThcD). With that method, 46 M6P glycosylation sites 

from 35 glycoproteins were identified in HeLa cells. The method was also applied to 

analyze M6P-bearing glycoproteins in CHO cells with a double knockout of the Acp2 and 

Acp5 phosphatases that are responsible for the removal of the phosphate group on M6P-

modified glycans, and 160 unique glycopeptides containing M6P were identified, which was 

increased by 4-fold compared with those identified in wild type CHO cells.

COMPREHENSIVE ANALYSIS OF INTACT GLYCOPEPTIDES

In a typical bottom-up glycoproteomic study, especially for N-glycosylation analysis, 

glycopeptides are often deglycosylated to generate a common mass tag on the glycosylation 

sites before MS analysis.8,9,108 Although the deglycosylation-centric strategies greatly 

simplify the MS identification and tremendously expand the knowledge of glycoproteins, the 
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removal of glycans located on glycopeptides results in the loss of the glycan information. 

Intact glycopeptide analysis obtains the information on both the glycosylation sites and 

glycan structures. However, it is challenging to achieve system-wide characterization of 

intact glycopeptides due to the heterogeneity of glycans and the low ionization efficiencies 

of glycopeptides compared with the nonmodified ones. The exploration of comprehensive 

analysis of intact glycopeptides was recently reported mainly because of the advances of 

effective fragmentation methods and novel bioinformatics tools.109

Complete characterization of intact glycopeptides requires sufficient fragments from both 

the peptide backbone and the attached glycans. However, the common fragmentation 

methods alone cannot simultaneously provide substantial details on the two components. 

Collision-induced dissociation (CID) and HCD mainly yield B- and Y-ions from the glycans 

attached to glycopeptides, while electron-transfer dissociation (ETD) and electron-capture 

dissociation (ECD) primarily fragment the peptide backbone to generate c- and z-ions and 

leave the glycans intact.110 Hybrid fragmentation, including a combination of different 

fragmentation methods for the same precursor ions such as EThcD,111,112 and product-ion 

triggered fragmentation strategies such as HCD product-ion dependent EThcD (HCD-pd-

EThcD),113 were shown to be beneficial to characterize intact glycopeptides. In an EThcD 

spectrum (Figure 6B), more information on the peptide backbone and the glycan was 

obtained compared with CID or ETD (Figure 6A).114

Interpretation of complex tandem mass spectra generated from intact glycopeptides requires 

the development of effective search tools. Until now, a variety of software has been 

developed to help identify intact glycopeptides, including Byonic,115 GPQuest,116 pGlyco,
117 SugarQb,118 and GPSeeker.119 Developments of instrumentation and bioinformatics 

were reviewed previously.109,120–122 To avoid the overlap with previous reports, we 

emphasize the large-scale characterization of intact glycopeptides with advanced 

fragmentation methods and software.

Extensive efforts have been made to comprehensively analyze the N-glycoproteome with the 

glycan structure information.123 The development of more powerful instrumentation and 

search tools has facilitated the increase of the N-glycoproteome coverage in recent years. An 

integrated workflow, including an optimized MS/MS acquisition method and a new search 

tool for quality control of intact glycopeptide identifications, was reported to globally 

characterize intact N-glycopeptides.117 Glycopeptides were enriched by ZIC-HILIC and 

then analyzed by MS with stepped collision energies (SCE)-HCD. The use of stepped 

collision energies generated more abundant information from both the glycan and the 

glycopeptide backbone within one scan. The authors also developed a search tool called 

pGlyco 2.0, which enabled the estimation of the false discovery rates (FDRs) of glycans, 

peptides, and glycopeptides at the same time. They identified 1988 glycosylation sites from 

955 glycoproteins in five mouse tissues.

More recently, pGlyco 2.0 was applied to study intact N-glycopeptides from the APP/PS1 

mouse model for Alzheimer’s disease (AD) and wild type mouse, and a total of 3524 intact 

N-glycopeptides were characterized.124 Integrating the identification of intact N-

glycopeptides, quantification of the whole proteome and the N-glycoproteome, and lectin 
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microarray for glycan epitopes, the authors provided a multilayer N-glycoproteome analysis 

in the APP/PS1 versus wild type mice. It was found that oligo-mannose and fucosylated N-

glycans were highly expressed in the brains of both types of mice. N-Glycosylation of most 

membrane proteins including glutamate receptors were down-regulated in the APP/PS1 

mouse, which indicated that the dysfunctions of N-glycoproteins may affect the 

development of AD.

Multilectin weak affinity chromatography (M-LWAC) and different fragmentation methods 

were combined to comprehensively analyze intact N-glycopeptides in human serum and 

brain tissue samples.125 To minimize the bias caused by lectin-based enrichment methods, 

an M-LWAC column immobilized with six types of lectins was employed to enrich 

glycopeptides. Then glycopeptides were analyzed by HCD and EThcD independently, which 

provided complementary information on the glycopeptide backbone and glycan structures. 

pGlyco and Protein Prospector were utilized to interpret tandem mass spectra generated by 

HCD and EThcD, respectively. They identified 7503 intact N-glycopeptides from 666 

glycoproteins in human serum and brain samples. Comparing the N-linked glycoproteomes 

in the two types of tissues, they found different distributions of high-mannose N-glycans, in 

which ~35% of the identified glycopeptides from the brain samples possessed high-mannose 

glycans, while only ~15% occurred in the serum. Nonetheless, glycan sialylation appeared 

more frequently in the serum. They also found that the number of glycans identified at one 

site was proportional to the number of glycans at the remaining sites on one protein, which 

indicated that protein structures may control the glycan microheterogeneity at each 

glycosylation site. The investigation of high-mannose glycan structures processed through 

the canonical glycan biosynthesis pathway revealed many differences between the two types 

of tissues, which demonstrated that intact glycopeptide analysis can be potentially applied to 

study the glycan processing pathways and measure glycan metabolic changes during disease 

development.

Infrared (IR) photoactivation coupled with electron transfer dissociation (AI-ETD), which 

uses IR photoactivation concurrent with ion-ion reaction, has emerged as a highly effective 

fragmentation method for proteomic applications.126 AI-ETD was employed for an in-depth 

study of intact N-glycopeptides from the mouse brain tissue.127 The authors first evaluated 

the performance of AI-ETD on the characterization of glycopeptides and demonstrated that 

the integration of vibrational and electron-driven dissociation methods was capable of 

providing abundant information on both the glycan and the glycopeptide backbone. A total 

of 5662 unique N-glycopeptides with 1545 sites on 771 glycoproteins were identified using 

Byonic as the search tool. Compared with EThcD, AI-ETD was faster because of the 

concurrent vibrational activation and electron-driven dissociation. Therefore, it enabled 

more scans and resulted in more glycopeptide identifications. With the large data set of 

intact N-glycopeptides, they systematically investigated the site-specific microheterogeneity 

of protein N-glycosylation. High-mannose glycans were the most prevalent, while 

fucosylated, paucimannose, and sialylated glycans preferred to be on proteins with multiple 

glycosylation sites (Figure 7A). High-mannose glycans appeared to be on the same 

glycosylation site simultaneously and also co-occurred with complex/hybrid, fucosylated, 

and sialylated glycans (Figure 7B). Protein clustering based on cellular component revealed 

that the diversity of glycans on the plasma membrane, other membranes, and extracellular 
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proteins was increased substantially. Proteins located in the lysosome also showed a high 

occurrence of M6P, which is consistent with the M6P synthesis pathway for lysosomal 

protein trafficking.128

Compared with N-glycosylation, system-wide characterization of intact O-glycopeptides is 

less frequently reported. Studies of O-glycosylation mainly focus on simplifying the glycan 

structures to facilitate the enrichment of glycopeptides and MS identifications.129 

Neuraminidase and various glycosidases were employed to trim O-glycans before 

enrichment and characterization. The SimpleCell technology was proven to be very useful 

for mucin-type O-glycosylation analysis by blocking O-glycan elongation.130 Although O-

glycan simplification strategies help the identification of glycosylation sites, the loss of the 

information on glycan structures is the cost. Methods for intact O-glycopeptide analysis are 

urgently needed to decipher the functions of protein O-glycosylation.

Qin et al. reported an integrated method to comprehensively analyze intact mucin-type O-

glycopeptides by using HILIC enrichment, beam-type CID on a Q-TOF MS, and an in silico 
deglycosylation approach to interpret the recorded spectra.131 The in silico deglycosylation 

approach enabled a “deglycosylated” peptide search by removing the peaks from the spectra 

generated by glycosylated peptide fragments (Y ions). The combination of the mass 

difference between a precursor and the Y0 ion (the precursor ion with the loss of glycan) and 

the presence of oxonium ions allowed for the identification of glycoforms. They identified 

407 intact O-glycopeptides from 93 glycoproteins with various glycan compositions, and 

over 80% of the glycans were sialylated, which revealed the high sialylation of proteins in 

human serum and showed the heterogeneity of O-glycans.

Recently, a similar search tool, named O-Search, was developed to identify intact O-

glycopeptides from the spectra generated by HCD on an Orbitrap MS.132 Compared with N-

glycans, the glycosidic bond between O-glycans and peptides is relatively easily broken 

during MS fragmentation, which makes the localization of O-glycosylation even more 

difficult. The development of EThcD provides an opportunity to identify O-glycopeptides 

site-specifically. In one study, Zhang et al. presented global and site-specific analysis of 

intact mucin-type O-glycopeptides.133 They noticed that EThcD provided more abundant 

fragments of the glycopeptide backbone, which increased the confidence of site localization 

and offered more information on the glycan structures. Combining EThcD and multiple-

enzyme digestion with multidimensional separation including lectin, size-exclusion 

chromatography, and HILIC, they identified 499 unique intact O-glycopeptides containing 

six types of glycan compositions with 173 O-glycosylation sites from 49 O-glycoproteins in 

human serum.

Ultraviolet photodissociation (UVPD) utilizing UV photons with high energy to excite the 

precursor ions for dissociation is another promising method for the characterization of 

protein N- and O-glycosylation.134 Although UVPD showed the capacity to decipher the O-

glycopeptide backbone and the attached glycan structures at the same time, its performance 

on large-scale characterization of intact O-glycopeptides still needs to be systematically 

evaluated. Furthermore, automated data interpretation of intact O-glycopeptide spectra 

generated by the hybrid fragmentation methods is quite challenging. The performance of 
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two suites of popular search software for O-glycopeptide identification, Byonic and Protein 

Prospector, was systematically evaluated for the characterization of intact O-glycopeptides 

from urinary samples.135 The results revealed that the identification rate was low, and thus it 

is necessary to develop new search tools to more effectively interpret the spectra of intact O-

glycopeptides. It is also imperative to increase the sequence coverage of proteins because O-

glycosylation sites are usually clustered on glycoproteins, especially for mucin-type O-

glycosylation, which prevents efficient digestion by the commonly used proteases such as 

trypsin. The newly reported O-proteases, including secreted protease of C1 esterase inhibitor 

(StcE)136 and OpeRATOR61 that cleaves N-terminally the O-glycosylated serine/threonine 

residues, offer new possibilities for intact O-glycopeptide analysis.

Although bottom-up glycoproteomics allows for in-depth glycosylation analysis, it could not 

provide a whole picture of individual glycoproteins. Therefore, intact glycoprotein analysis 

has some advantages over the glycopeptide-centric approaches because it is more powerful 

to identify different proteoforms of glycoproteins, which enables the analysis of one or 

multiple PTMs simultaneously and provides unique information that cannot be readily 

obtained by the glycopeptide-centric approaches. In one study, a combination of middle-

down proteomics and native MS allowed for comprehensive characterization of different 

proteoforms of human erythropoietin and human plasma properdin.137 For the middle-down 

analysis, proteins were digested with enzymes, followed by HCD-pd-CID and HCD-pd-

EThcD MS analysis, to identify glycosylation sites and glycoforms. The middle-down 

proteomics data was then used to interpret the complex native MS spectra and helped 

identify three new C-glycosylation sites on properdin. In another study, a lectin purification 

method coupled with native MS was employed to characterize the interactions between 

lectin and specific glycoproteoforms at the intact protein level. Multifucosylation was found 

to attenuate the interactions between Phaseolus vulgaris leucoagglutinin (PHA-L) and 

haptoglobin but did not affect α1-acid glycoprotein-PHA-L binding.138 The approach for 

intact glycoprotein analysis represents a promising direction to comprehensively 

characterize complex glycoproteins and decipher their biological functions.

APPLICATIONS OF MS-BASED GLYCOPROTEOMICS IN BIOLOGICAL 

SYSTEMS

Innovative enrichment methods, advanced instrumentation, and computational tools have 

been reported to facilitate the investigation of the glycoproteome by MS. These 

developments allow for effective analysis of glycoproteins in different biological systems 

considering that glycans and glycoproteins have emerged as important players in clinics and 

health science. In this section, we review some recent applications of glycoproteomic 

analysis, starting with the use of MS to understand the functions and properties of 

glycoproteins in biological contexts, followed by their applications for studying 

glycoproteins from different biological sources.

Deciphering Glycoprotein Functions and Properties.

Glycosylation has profound impacts on protein functions and properties. With the 

technological advances in glycoprotein analysis, their functions, properties, and behaviors 
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have been studied in various biological settings. Glycosylation regulates the trafficking of 

proteins from the ER to the Golgi apparatus and other subcellular compartments.139 N-

Glycosylation was found to serve as a possible lock mechanism for folded protein structures 

and conformations and protect proteins from degradation.140 Mucin-type O-glycosylation is 

involved in protein secretion and stability and plays crucial roles in cellular development and 

organ homeostasis.141,142 Some O-glycans participate in the immune system and cellular 

recognition, such as the A, B, or O antigen present on red blood cells.143 For both N-linked 

and O-linked glycosylation, while they are well-studied in eukaryotes, these modifications in 

prokaryotes were discovered not a long time ago. Their functions, however, have some 

differences from those in eukaryotes, which are mainly involved in the cell integrity, 

particularly in the S-layer of archaea, response to environmental stress, and host-microbe 

interactions, as reviewed recently by Eichler and Koomey.144

The O-GlcNAc modification was not studied extensively in the past due to the low 

abundance and the dynamic nature of the modification. Early studies unraveled its roles in 

cell signaling and the crosstalk with phosphorylation.145 O-GlcNAcylation was found to 

participate in protein homeostasis and be involved in neurodegenerative diseases such as 

AD.146 Combining MS and molecular biology techniques such as RT-qPCR and ChIP, 

Machacek et al. identified the possible link between O-GlcNAcylation and inflammation, 

with the elevated O-GlcNAcylation level resulting in the increased production of IL-17A.147 

O-GlcNAcylation was also linked to cancer metastasis and progression. In a study from Lo 

et al., O-GlcNAcylation was found to contribute to the stability of histone methyltransferase 

EZH2. Mutation of some O-GlcNAcylation sites on this protein decreased its stability, 

especially near the C-terminus that reduced its histone di- and trimethylation and may inhibit 

tumor progression.148 O-GlcNAcylation can also influence the resistance or sensitivity of 

cancer cells in both cell culture and xenograft models to proteasome inhibitors by activating 

the binding of the transcription factor NRF1, and therefore stabilizing it, to enhance or 

suppress the production of the proteasome subunits.149

The addition of the sialic acid or fucose residues is frequently found in some glycans. 

Sialylated glycans are involved in cell fate decision, embryo development, and disease 

progression.150,151 Terminal sialic acid modification is known to be enriched on the cell 

surface of highly metastatic cancer cells.152 Its cellular metabolism is also significantly up-

regulated in invasive breast tumors.153 The protein identity, cell type and status, and cell 

culture conditions may affect the branches of glycans. Systematic changes of glycan 

structures based on factors such as diets and cell culture environments were observed, 

including hypersialylation when cells were grown in acidic conditions, and increases in 

high-mannose glycans when short chain fatty acids were used in the medium or when 

extracellular fructose, galactose, and glutamine concentrations were elevated.154 These 

modifications by sialic acid or fucose may also affect the binding of proteins to other 

substances such as proteins and drugs.155 Toonstra et al. employed PNGase F and sialidase 

to remodel the glycosylation profiles of platelet proteins before affinity purification with a 

collagen-immobilized column. Collagen is known to activate platelets, and its interactions 

with platelet proteins were altered, suggesting the importance of glycans in protein–protein 

interactions.156 Core fucosylation is also interesting, and its elevation was related to diseases 

such as mucinous adenocarcinoma.157
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The subtle difference in the glycan structures is considered as the microheterogeneity of 

protein glycosylation. Qin et al. developed a “virtual MS3” method where the same intact 

glycopeptides and deglycosylated peptides were analyzed in the same run. After retention 

time adjustment, the site-specific glycoforms were determined as well as the quantification 

at both the glycosite and site-specific glycoform levels.158 Researchers have also 

investigated the site occupancy of protein glycosylation. In one study comparing the 

proteomes and glycoproteomes of benign and malignant ovarian cancer cells, many 

glycosylation site occupancies varied while the expression of many parent proteins did not 

change.159 Yang et al. employed the data-independent acquisition (DIA) approach via 

sequential window acquisition to determine the stoichiometry of N-linked glycosylation 

from cultured cells.160 In this approach, glycopeptides were enriched using a lectin-affinity 

method and subsequently deglycosylated with PNGase F. Peptides from both groups were 

analyzed with SWATH MS and the stoichiometries of 2274 glycosylation sites were 

determined from two cell types. While the stoichiometries varied from 0 to 100%, the 

majority of the sites had low stoichiometry values.

While there is no sequence motif for O-glycosylation sites, the well-known and canonical 

motif for N-glycosylation sites is N-X-S/T. In one of the earlier studies by Zielinska et al., 

several other motifs were also observed including N-X-C, NG, and N-X-V.33 Interestingly, 

the reverse N-glycosylation consensus motif S/T-X-N was also reported.161 So far, only a 

few of these motifs have been confirmed by other orthogonal methods such as the 

glycosylation on the N-X-C motif observed with crystallography.162

Advances in MS-based protein quantification also benefit the field of glycoproteomics. 

Large-scale and relative quantification of proteins using MS can be achieved via label-free 

or label-based techniques.163 In particular, the development of isobaric tagging reagents 

allows for simultaneous quantification of proteins from multiple samples, which can 

increase the throughput and quantification accuracy and enables a time-course analysis of 

glycoproteins under particular conditions. Higher-order multiplexing may be achieved by 

combining TMT (MS2-based quantification) with SILAC (MS1-based quantification).164–166 

Stadlmann et al. separated glycopeptides by HILIC from different sister clones of mouse 

embryonic stem cells before TMT labeling to compare the abundance changes of intact 

glycopeptides. The study resulted in the discovery of glycoproteins that participated in the 

cellular resistance to ricin toxicity.167 Xiao et al. combined pulse-chase labeling and 

multiplexed proteomics using TMT with glycoprotein enrichment to simultaneously 

determine the synthesis and degradation rates of over 700 glycoproteins from MCF7 cells.
168 In the near future, with the development of higher-plexed reagents and approaches, 

simultaneous analysis of more samples will be achievable.

Identification of Glycoproteins as Potential Biomarkers.

There are generally three main steps when developing new protein biomarkers, i.e., 

discovery, verification, and validation.169 Discovery-based proteomics by MS is powerful to 

screen potential candidates in the early phase, followed by further verification and validation 

using orthogonal methods in the later steps. This may be accomplished by comparing cells 

or tissues in different states to pinpoint differentially regulated proteins. With the advances 
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in glycoproteomic analysis, biomarker discovery has shifted toward identifying 

glycoproteins or glycosylation events as biomarkers for early disease detection or 

monitoring disease treatment.170–175 Several FDA-approved cancer biomarkers are 

glycoproteins, such as thyroglobulin (TG), human epidermal growth factor receptor 2 

(HER2/neu), alpha-fetoprotein (AFP), human epididymis protein 4 (HE4), cancer antigen 

15-3 (CA15-3, MUC1), prostate-specific antigen (PSA), cancer antigen 125 (CA125, MUC 

16), and carcinoembryonic antigen (CEA).176 Even though they have been approved by the 

FDA, some current biomarkers have the selectivity and specificity issues for disease 

detection, especially at early disease stages.177 If the glycoforms are considered, the results 

will be more reliable as shown in the case of PSA.178,179

In this section, we focus on glycoproteomic analysis in biomarker discovery from whole 

tissues or cell culture models. According to the recent estimation by the American Cancer 

Society, lung and bronchial cancers have the highest mortality rates among cancer patients in 

the United States, followed by prostate, colon, and rectum cancers.180 Using iTRAQ, Yang 

et al. quantified proteins and glycoproteins in 18 primary lung squamous cell carcinoma, 

adenocarcinoma, and healthy controls. Several glycoproteins enriched by hydrazide 

chemistry were differentially regulated among the tumors, such as procollagen-lysine, 2-

oxoglutarate 5-dioxygenase 2 (PLOD2), calumenin (CALU), and periostin (POSTN).181 

Waniwan et al. used lectin-conjugated magnetic nanoparticles to enrich glycopeptides from 

sensitive and drug-resistant nonsmall cell lung cancer cells, and the higher frequency of 

protein fucosylation in the drug-resistant cancer cells was found.32 Jia et al. recently 

reviewed and highlighted increased fucosylation in lung cancer progression.182 The 

elevation of fucosylation was also reported in other types of prostate cancer. In one study 

where the proteomic and glycoproteomic profiles of LNCap and PC3 prostate cancer cell 

lines were compared, the site occupancy differences among the two types of cells were 

observed.183

In colon cancer, mucin-type O-glycosylation was reported to be altered, which was 

supported by a recent study showing the up-regulation of N-acetylgalactosaminyltransferase 

6 (GalNAc-T6) in colon adenocarcinoma but not in adjacent normal tissue.184 Sinha et al. 

enriched glycoproteins from tissues and sera of patient-derived xenografts with high-grade 

serous ovarian carcinoma and identified potential glycoprotein biomarkers that were further 

verified by parallel reaction monitoring (PRM).185 In melanoma, the overexpression of N-

acetylglucosaminyltransferase III (GnT-III) in metastatic cells caused the increase of N-

glycans containing bisecting GlcNAc.186 The up-regulation of fucosyltransferase FUT8 

resulted in the elevation of core fucosylation, which was involved in metastatic melanoma.
187 Differential expressions of Tn antigen-bearing glycoproteins were also observed in 

cutaneous primary and metastatic melanoma cells.188

Aberrant glycosylation was found in several neurodegenerative diseases as well. In AD, 

aberrant glycosylation, particularly O-GlcNAcylation, was linked to disease progression.189 

By combining TMT labeling with a chemoenzymatic approach to enrich O-GlcNAcylated 

peptides from post-mortem brain tissues, Wang et al. detected 1094 O-GlcNAcylation sites, 

with 131 peptides from 81 proteins being differentially regulated in patients with AD.190 

Lamoureux et al. employed lectin affinity enrichment of glycoproteins from the brain tissues 
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of mice with transmissible spongiform encephalopathies, known as the mad cow disease in 

cows, and identified four glycoproteins that were regulated compared with the aged-matched 

controls.191

Biological and clinical samples are often preserved in the formalin-fixed paraffin-embedded 

(FFPE) platform, which may affect the glycoprotein stability. Earlier, Tian et al. used 

hydrazide chemistry to enrich N-linked glycoproteins from mouse FFPE and frozen lung 

tissues, with an extra deparafinization step performed for the FFPE tissue. While the 

abundance of glycopeptides from the FFPE tissue was lower, the identification was not 

much affected.192 In another study, the proteome, phosphoproteome, and N-glycoproteome 

were found to be quantitatively preserved.193 The glycomes of the FFPE and frozen tissues 

were also compared and only minor differences were found.194 This increases the variety of 

samples available, especially in clinics, for MS-based glycoproteomic analysis.

Cell-Surface Glycoprotein Analysis.

The surface of eukaryotic cells is typically covered with sugars that are attached to various 

embedded proteins and lipids. This thick layer of glycoproteins and glycolipids, including 

N-linked and mucin-type O-glycoproteins, glycosylphosphatidylinositol (GPI)-anchored 

proteins, proteoglycans, and glycosphingolipids, surrounding the cell is called the 

glycocalyx.195 Surface glycoproteins are generally synthesized through the classical 

secretory pathway and modified into the mature glycoforms by many enzymes in the ER and 

Golgi apparatus that add or remove sugars in the glycan moeity.143,196 These cell-surface 

glycoproteins participate in many intra- and extracellular activities, including cell–matrix 

adhesion, cell–cell interaction, cell migration and motility, signal reception and activation of 

intracellular signaling pathways, vesicle-mediated transport, and molecule transportation 

across the plasma membrane.197,198 The presence of specific surface glycoproteins can be 

used as a marker for the classification of cell types.199 Aberrant protein glycosylation or 

abundance changes of surface glycoproteins can reflect the cellular statuses.200,201

Surface glycoproteins are conventionally studied by employing antibodies to specifically 

target proteins of interest. This is normally coupled with methods such as fluorescence 

microscopy or flow cytometry in immunophenotyping.202,203 Besides the low throughput of 

these methods, the availability and specificity of antibodies could be an issue. MS can be 

exploited to alleviate these problems because it can detect thousands of proteins with high 

confidence in one experiment. Furthermore, antibodies are not required, and thus no prior 

knowledge is needed for surface protein detection. However, many surface glycoproteins 

have low abundance, and it is challenging to distinguish surface glycoproteins from those 

inside cells. Therefore, selective separation and enrichment of surface glycoproteins are 

critical prior to MS analysis.

One powerful method to enrich surface glycoproteins is through hydrazide chemistry. In 

2003, Zhang et al. developed a highly innovative MS method for surface glycoproteomic 

analysis based on this approach.8 They identified 104 unique peptides from 64 surface 

glycoproteins in LNCaP cells. Later on, the Cell Surface Capture (CSC) method was 

reported in 2009, where glycans were first oxidized with sodium periodate and a biocytin-

hydrazide tag was employed to generate a chemical handle for the following enrichment 
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with streptavidin beads.204 About 100 surface glycoproteins were identified and quantified 

in each experiment. The CSC method was also applied to study surface glycoproteins in 41 

human and 31 mouse cell types, and on average, 284 surface glycoproteins were identified 

from each cell type.205 The data were compiled for the Cell Surface Protein Atlas (CSPA) 

database. CSC has been modified into an automated system with smaller number of cells 

required, termed autoCSC.206

Chemical oxidization of cis-diol groups using the oxidants such as sodium periodate in 

hydrazide chemistry-based methods may affect the cell viability. Minimizing cell death is 

critical for surface glycoprotein analysis because many highly abundant intracellular 

proteins could leak out and interfere with the tagging and enrichment of surface 

glycoproteins. Recently, a milder approach using galactose oxidase was reported. Ramya et 

al. employed this method, together with aminooxy-biotin tagging and streptavidin 

enrichment, to identify 68 glycoproteins on the cell surface.207 We optimized this method 

and coupled the enzymatic reaction with hydrazide chemistry-based enrichment (Figure 8). 

The approach was further improved by the pretreatment of cells with neuraminidase to 

remove the terminal sialic acid residues. Moreover, the addition of horseradish peroxidase 

during the oxidation reaction, which consumes hydrogen peroxide (one of the oxidation 

products), pushes the reaction to completion.45 Using this approach, we identified, on 

average, 953 N-glycosylation sites from 393 surface glycoproteins per experiment in MCF7 

cells. Combining with SILAC, the approach enabled us to quantify 909 unique N-

glycopeptides from 334 surface glycoproteins with 65% being down-regulated by over 2-

fold in cells treated with brefeldin A, which inhibits protein secretion through the classical 

secretory pathway.

Another approach to analyze cell-surface glycoproteins is through metabolic labeling with 

sugar analogues.62,208 This method results from the development of bioorthogonal 

chemistry, where a specific chemical reaction in biological systems is achieved through 

functional groups that do not naturally exist or interfere with normal biological activities.
209,210 It allows for selective studies of biomolecules including glycoproteins on the cell 

surface.211,212 The sugar analogue is usually peracetylated to increase its passive diffusion 

rate into cells, such as N-azidoacetylmannosaminetetraacylated (Ac4ManNAz). The acetyl 

groups are deacetylated by intracellular esterases into azidosialic acid, which is incorporated 

into glycoproteins including the surface ones, through the Roseman–Warren biosynthetic 

pathway.213 ManNAz was successfully applied to identify sialylated surface glycoproteins in 

both cultured cells and model animals such as the mouse.211,214 Notably, metabolic labeling 

with sugar analogues is very compatible with cultured cell because cells can be grown in a 

medium containing these sugar analogues and incorporate them into their surface 

glycoproteins. Furthermore, Spiciarich et al. applied this method to study human prostate 

cancer tissue ex vivo through a tissue slice culture, in which the tissues stayed metabolically 

active for days.215 The tissues were cultured in the presence of Ac4ManNAz, and surface 

glycoproteins were tagged with the biotin-alkyne reagent before enrichment with avidin 

resins. Over 900 proteins were detected from the normal and cancerous prostate tissues. 

Among those, 68% were membrane or secreted proteins and 45% were known 

glycoproteins.
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Metabolic labeling with Ac4ManNAz may be applied to determine the glycan–protein 

interactions. Li et al. developed a beautiful method called protein oxidation of sialic acid 

environments (POSE) to study surface protein interactions (Figure 9).216 Cells were first 

metabolically labeled and tagged with dibenzocyclooctyne (DBCO)-(S)-1-(p-

bromoacetamidobenzyl)ethylenediaminetetraacetate (FeBABE), followed by hydrogen 

peroxide treatment and quenched with methionine amide hydrochloride. The treatment with 

hydrogen peroxide generated radical species that can oxidize proteins nearby. The study 

identified 150–200 proteins that were oxidized from each cell line. Interestingly, they also 

evaluated the incorporation efficiency of azidosialic acid into glycans. While the 

incorporation rate in PNT2 cells was as high as 87%, it was only 18% in Caco-2 cells. The 

conjugation efficiency between DBCO and azide was estimated to be over 86%. The 

variation of the incorporation efficiency needs to be considered in metabolic labeling with 

the sugar analogue among different cell types in order to increase the quantification 

accuracy.

Another concern with Ac4ManNAz labeling is its effects on cell viability and proliferation. 

In two recent studies from Han et al., cells were treated with different concentrations of 

Ac4ManNAz, Ac4GlcNAz, and Ac4GalNAz from 10 to 50 μM for 72 h.217,218 Higher 

concentrations of Ac4ManNAz were found to affect biological processes such as the MAPK 

activity, apoptotic process, and immune and inflammatory response according to 

transcriptomic analysis. The authors suggested that labeling with 10 μM Ac4ManNAz 

should be sufficient. However, the labeling time and the cell type need to be further 

considered. Our lab previously compared the three sugar analogues in a surface glycoprotein 

identification experiment and found that labeling with 100 μM Ac4GalNAz resulted in the 

highest coverage of surface glycoproteins from HepG2 cells.219 We also compared the 

labeling with 10–250 μM Ac4GalNAz, 100 μM Ac4GalNAc, and a vehicle control group in 

A549 cells. Within the incubation time of 24 h, nearly all quantified proteins in these tested 

conditions were not affected by Ac4GalNAz treatment (unpublished data).

Ac4GalNAz has been used in several applications for surface glycoprotein analysis.208 For 

example, Xiao et al. combined the method with pulse-chase labeling to study the dynamics 

of cell-surface glycoproteins and measure their half-lives.220 Cells were first labeled with 

Ac4GalNAz and then tagged with DBCO-biotin before being switched to the medium 

without the sugar analogue. The cells were collected at different time points, and the tagged 

surface glycoproteins were separated. After digestion and enrichment, the glycopeptides 

were labeled with the TMT reagents. It was found that the half-lives of surface glycoproteins 

were generally longer than those of newly synthesized proteins, which may be due to the 

presence of glycans that can protect proteins from being degraded.

Other methods target all proteins on the cell surface even though the majority, if not all, of 

surface proteins are glycosylated. For membrane separation by ultracentrifugation, 

contamination of membrane proteins from other cellular compartments could be an issue.
221,222 Alternatively, surface proteins may be directly biotinylated for further separation. In a 

study from Hormann et al., three surface protein purification methods were compared, 

including sulfo-NHS-SS-biotinylation, aminooxy-biotinylation, and surface coating with 

silica beads. Sulfo-NHS-SS-biotinylation outperformed the other two in identifying surface 
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proteins, with the localization of over 90% of the proteins on the plasma membrane.223 In 

the same study, instead of a typical avidin denaturation elution by SDS, elution through 

biotin competition further increased the coverage.

The development for cell-surface glycoprotein analysis also benefits other research fields, 

especially biomedical areas. For example, using CSC, surface glycoproteins were identified 

from four human lymphocyte cell lines and human induced pluripotent stem cells, 

respectively, and the results may be used in cell type classification and drug discovery.224,225 

Matta et al. employed a method similar to CSC, but the aminooxy-biotin tag was used, to 

compare the surfaceomes of chondrogenic progenitor cells and bone marrow mesenchymal 

stem cells. Even though the two types of cells are very similar, distinct populations of 

surface glycoproteins were observed.226 Kalxdorf et al. successfully combined chemical 

oxidation of glycans with alkoxylamine-PEG4-biotin tagging and multiplexed proteomics to 

analyze changes of the surfaceome during macrophage differentiation over 72 , as well as 

the effects of a kinase inhibitor on the cell differentiation.227 Zarif et al. isolated CD14+ 

monocytes from human blood and differentiated them in vitro into pro-inflammatory and 

anti-inflammatory macrophages. Using solid-phase extraction of N-linked glycopeptides 

(SPEG) by glycan oxidation and glycopeptide enrichment with hydrazide beads, they 

specifically identified glycoproteins on the surface of anti-inflammatory macrophages that 

may be involved in prostate cancer proliferation and metastasis, as opposed to the pro-

inflammatory ones.228 Another field that benefits from the advances in surface glycoprotein 

analysis is immunotherapy. It is well-known that the expression of specific surface proteins 

is crucial for the effectiveness of the immunotherapy,229 and thus global analysis of surface 

glycoproteins may lead to the discovery of new drug targets for disease treatment.

Although we can currently detect a few hundred surface glycoproteins in a single 

experiment, the total number of glycoproteins present on the cell surface still remains 

elusive. Bausch-Fluck and Goldman et al. employed machine learning to predict if a 

glycoprotein can be localized on the surface based on the experimentally derived surface 

glycoproteins from the CSPA database and those from inside of cells in other subcellular 

compartments.230 The predictor, called SURFY, scores proteins based on factors determined 

from a random forest classifier, including the frequencies of the N-X-S/T motif and cysteine 

residues, the presence of C-glycosylation site, and the length and number of transmembrane 

domains. This approach predicted a total of 2886 proteins that could be present on the 

surface of human cells with the accuracy of 93.5%, corresponding to 14.3% proteins in the 

human proteome that may be present on the cell surface.230 When the results were matched 

with transcriptomic data from an RNA-seq experiment, only a subset of these proteins was 

identified in a specific cell type, such as 507 proteins from HeLa cells, corresponding well 

with the number of surface glycoproteins typically identified from experiments.

Secreted Glycoprotein Characterization.

Cells secrete many biomolecules including proteins, lipids, and other small molecules for 

cell–cell communication, cell–matrix interactions, and manipulation of the surrounding 

microenvironment.231,232 Many proteins that enter the classical secretory pathway may be 

released outside of the cells. Secreted glycoproteins containing much valuable information 
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on their origin cells and thus can serve as noninvasive biomarkers for disease detection, 

diagnosis, and cell or tissue type classification.233

For in vitro experiments, secreted glycoproteins are analyzed from the cell culture medium. 

The major hurdle for global analysis of secreted glycoproteins is their low abundance 

compared with the background proteins such as those in the serum required for the cell 

growth. Typically, cells are initially grown in a serum-containing medium before being 

switched to the serum-free one. This approach was applied to analyze secreted proteins from 

cultured mouse macrophages treated with lipopolysaccharides (LPS), where 775 secreted 

proteins were identified.234 However, serum-free media may affect cell growth and 

proliferation, which could result in cell death and release of highly abundant, intracellular 

proteins. In an early study by Eichelbaum et al., total secreted proteins were analyzed using 

a combination of bioorthogonal noncanonical amino acid tagging (BONCAT) and pulsed-

SILAC in the serum-containing medium. The authors quantified 684 secreted proteins and 

also noted differential secretion of proteins after only 3 h when cells were grown in the 

serum-free medium.235 In a recent study, cells were grown in the serum-free or serum-

containing medium, respectively, and secreted proteins were compared using a similar 

approach reported by Eichelbaum et al. Combining with in silico prediction, the approach 

revealed that the abundance of truly secreted proteins detected from the serum-containing 

medium was generally higher than that from the serum-free medium. Notably, U87MG cells 

secreted 77 proteins exclusively in the serum-containing conditions and 93.5% of these 

proteins were predicted to be truly secreted proteins, while only 39.7% of 58 proteins 

exclusively from the serum-free medium were predicted to be truly secreted.236 This 

highlighted the importance of preserving the optimal growth conditions for secretome 

analysis. The volume of the medium required for cell growth is also generally large in order 

to detect low-abundance secreted glycoproteins. In a recent secretome study from induced 

pluripotent stem cells, the growth conditions and sample preparation were optimized, and 

over 500 secreted proteins were detected from only 500 μL of medium.237

Apart from the cell culture model, secretome analysis may be performed ex vivo or in vivo. 

Kristensen et al. quantified glycoprotein changes in the secretome during ex vivo osteoblast 

differentiation of human stromal stem cells over 14 days using SILAC. One of the 

glycoproteins detected was stanniocalcin 2 (STC2), which was found to enhance the 

differentiation as an autocrine/paracrine factor.238 A study from Kuljanin et al. expanded 

donor-derived human multipotent stromal cells and collected the conditioned media ex vivo. 

Almost all 16 secreted proteins identified that could be used to predict the regenerative 

potency of the cells are glycoproteins.239 For in vivo studies, proteins may be collected from 

several types of bodily fluids, such as blood, plasma, urine, saliva, nipple aspirate fluid, and 

cerebrospinal fluids.240–242 Reduction of the protein complexity by a trap column or 

immunoaffinity depletion to remove abundant proteins before further analysis may be 

performed to increase the coverage of secreted glycoproteins.243 Multidimensional 

fractionation is another effective way to increase the coverage of secreted proteins. In a 

study from Peng’s lab, 2-dimensional fractionation together with TMT labeling was 

performed to achieve one of the deepest proteome analysis from nondepleted sera of normal 

and AD patients. After being labeled with the TMT reagents, peptides were fractionated into 

180 fractions using high-pH HPLC. Each fraction was then analyzed with a 3-h gradient 
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during LC–MS/MS analysis. They identified 4826 proteins, among which 30 proteins may 

be related to the disease progression.244

Targeted proteomics such as selected reaction monitoring (SRM) and multiple reaction 

monitoring (MRM) has also been employed to analyze glycoproteins of interest.245,246 Lim 

et al. employed PRM to quantify the abundance of tryptic fucosylated peptides from human 

hepatocellular carcinoma sera. The level of several fucosylated peptides increased in patients 

with cirrhosis compared with the healthy controls, showing their potential use as biomarkers.
247 N-Glycans were analyzed in the interstitial fluids collected from breast cancer patients 

and the healthy controls, and distinct patterns of N-glycans were clearly observed, i.e., the 

tumor interstitial fluids contained high levels of high-mannose glycans, low bisecting N-

glycans, and low complex N-glycans, which may be used for biomarker development.248 

Interestingly, N-linked glycosylation has been linked to neuropsychiatric disorders. Glycan 

analysis of sera from two mouse groups, one exposed to chronic unpredictable mild stress to 

induce depressive-like behaviors and the other serving as a control group, showed different 

N-glycan profiles that were correlated with their behaviors.249

For the analysis of secreted glycoproteins in clinical and biomedical research, several types 

of bodily fluids can be easily collected as mentioned previously. Belczacka et al. collected 

urine samples from 969 patients with bladder, prostate, and pancreatic cancers, 

cholangiocarcinoma, and renal cell carcinoma and identified three O-glycopeptides and five 

N-glycopeptides that were differentially regulated in those different types of cancer.250 Sajic 

et al. analyzed 284 blood samples from patients with five types of localized-stage 

carcinomas, including colorectal, pancreatic, lung, prostate, and ovarian cancers and healthy 

controls (Figure 10A). Glycoproteins from blood were first conjugated to a solid support by 

hydrazide chemistry, and PNGase F was employed to deglycosylate glycopeptides before 

MS analysis. About 200 N-linked glycoproteins were detected, and the presence of 

potentially specific biomarkers, such as polymeric immunoglobulin receptor (PIGR) for 

pancreatic cancer, and common biomarkers for the tumors were identified (Figure 10B).242 

In a study by Togayachi et al., while secretogranin III was found in the secretome of all 

types of lung cancer, the low molecular weight, short form secretogranin III with two 

fucosylation sites was only found in small cell lung carcinoma and may be used as a 

biomarker.251

Another well-known secreted glycoprotein used in prostate cancer diagnosis is prostate-

specific antigen (PSA), which is secreted by the prostate gland, and the secretion is typically 

tightly regulated. Normal prostatic cells can also secrete PSA but the secretion in prostate 

cancer patients may be ~105 times higher and could be even higher in patients with the 

metastatic stage compared with the localized one. PSA is commonly used as a marker for 

early detection and monitoring of prostate cancer and may be served as a predictor for 

disease recurrence. There have been concerns on the sensitivity and selectivity of PSA 

(termed “grey area concentration” in the range of 4–10 ng/mL) and the concentration 

variations with other conditions such as age.177,252 Since PSA is a secreted glycoprotein, 

researchers have moved toward analyzing its glycosylation forms instead of only detecting 

the protein concentration in the bodily fluids. In general, PSA from cancer patients have 

higher levels of sialylation and core fucosylation compared to those with benign prostatic 
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hyperplasia (BPH).179,253 In one study, the glycosylation profiles of PSA were investigated 

in urine samples from prostate cancer and BPH patients by anti-PSA antibody purification 

before MS analysis. While there is no common distinction between the glycosylation 

profiles of the two groups, an increase of the glycans of FA2 and FM5A2G2S1 was found in 

prostate cancer patients. The increased level of FA2, which contains a core fucosylated 

biantennary glycan, was also observed in ovarian cancer and may be used as a distinction 

marker between low- and intermediate-risk patients from high-risk ones.254 Haga et al. 

immunoprecipitated PSA and subsequently enriched its glycosylated forms before MS 

analysis. The authors found the increase in multisialylated LacdiNAc from sera of prostate 

cancer patients compared with BPH patients. Based on these results, the PSA G-index was 

created as a secondary method to exclude false positive diagnosis in PSA screening.255

Glycoprotein Analysis in Extracellular Vesicles.

Cells release several types of membrane-bound, extracellular vesicle (EV), including 

exosomes and microvesicles. Exosomes are intraluminal vesicles contained within the 

multivesicular body that, upon fusion with the plasma membrane, release their contents 

outside of the cells. Release of exosomes was once thought to be a method for waste 

disposal, but later studies showed that it can mediate intercellular communication through 

transferring molecules such as proteins, lipids, and RNAs to acceptor cells.256,257 Exosome 

analysis has gained increased interest in recent years due to its roles in the immune system 

and the potential to serve as disease biomarkers and targeted drug delivery vehicles for 

therapeutics.258

MS analysis can identify exosomal proteins and their PTMs, including phosphorylation, 

ubiquitination, palmitoylation, sumoylation, and glycosylation, that may unveil the 

mechanisms of exosome formation and their biological significance.259,260 Apart from the 

well-known proteins found in the exosomes such as tetraspanin CD63, certain glycoproteins, 

including MUC1, were highly enriched according to a recent data-independent MS analysis 

of the exosomes from nonsmall cell lung cancer carcinoma.261 In a study by Chauhan et al., 

surface glycoproteins from the exosomes of myeloid-derived suppressor cells were oxidized 

and biotinylated for their enrichment with streptavidin beads, and the majority of the 

proteins identified can also be found on the cell surface of the parent cells.262 

Sialoglycoproteins were found to be enriched in the exosomes of ovarian carcinoma cells. 

Several types of glycans were identified, including di-, tri-, and tetra-antennary N-glycans, 

as well as the core fucose modification and high-mannose glycans. In diantennary glycans, 

bisecting GlcNAc was detected.263 Sharma et al. compared the exosomes that were released 

from cancer cell lines with different invasiveness. It was found that the exosomes from the 

highly invasive cells, which contained several unique glycoproteins involved in cell 

migration, were correlated with greater cell migration than those from the less invasive ones.
264 In cells, glycosylation can regulate the trafficking of proteins to the cell surface. 

Similarly, glycosylation affects the trafficking of proteins to the exosomes. For protein 

EWI-2, the abundance was decreased when its complex N-linked glycan synthesis was 

limited to only the high-mannose ones260.
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The exosomes contain specific molecules from their parent cells, and therefore, 

glycoproteins detected may serve as biomarkers for disease detection. Glypican-1, a cell-

surface glycoprotein on the exosomes, was identified as a potential biomarker for early 

detection of pancreatic cancer using MS.265 In patients with benign and metastatic 

pulmonary nodules, conventional diagnosis is difficult to distinguish them apart. The 

exosomes were isolated from the plasma of these patients, and label-free quantification by 

MS revealed that glycoproteins, such as fibrinogen beta chain (FGB) and fibrinogen gamma 

chain (FGG), were up-regulated in the exosomes from patients with metastatic pulmonary 

nodules.266 In patients with nonsmall cell lung cancer, alpha-2-HS-glycoprotein (AHSG) 

and extracellular matrix protein 1 (ECM1) were upregulated compared with normal patients.
267

Global analysis of glycoproteins in the exosomes may suffer from the high dynamic range of 

proteins, and thus effective enrichment methods can increase the coverage especially for the 

low-abundance ones. For example, Bai et al. recently developed a hydrazide-based polymer 

that can homogeneously enrich N-glycoproteins from the exosomes, and the polymer can be 

recovered by raising the temperature.47 Some protein markers such as aquaporin-2 and 

others related to renal diseases and blood pressure regulation were identified from the 

exosomes separated from urine.268 The glycoproteins tetraspanins-1 and hemopexin were 

recently proposed as early biomarkers for T cell-mediated kidney transplant rejection.269 

Because of the amount of the exosomes needed for proteomic analysis, the large volume of 

urine may hinder the analysis. In one glycomic study, through a combination of miniaturized 

sample preparation and prefractionation, the volume of urine was decreased dramatically 

while comprehensive analysis of glycans was not compromised. The study confirmed the 

presence of sialylated glycans and several core fucosylations, as well as 16 mucin-type O-

glycans and paucimannosidic glycans that were only reported in invertebrates and plants 

previously.270

Recently, a new type of nonmembranous, extracellular nanoparticles termed exomeres was 

discovered trough asymmetric flow field-flow fractionation (AF4).271 The exomeres are 

smaller and stiffer than the exosomes. Unique sets of proteins were found, including N-

glycoproteins and those associated with the extracellular matrix, ER, mitochondrion, and 

cytoskeleton. Proteins involved in glycan processing and control of glycan-mediated protein 

folding, and sialoglycoproteins were both enriched in the exomeres, suggesting the possible 

roles in specific glycan recognition and glycosylation modulation of the recipient cells. 

Analysis with MALDI-TOF MS and LC–MS/MS revealed different N-glycan profiles 

between the exosomes and exomeres. Glycans from the exomeres contain α-2,3-linked and 

α-2,6-linked sialic acids while α-2,3-linked sialic acids were found exclusively in glycans 

from small exosome vesicles. A later study showed that the enzyme β-galactoside α-2,6-

sialyltransferase 1 (ST6Gal-I) was present on the membrane of the exomeres and can be 

transferred to the acceptor cells, causing hypersialylation on the cells.272

There are some major differences between different EVs, such as the size, density, 

biogenesis pathways, and protein markers. Ultracentrifugation or sucrose-gradient 

centrifugation is typically employed to isolate the exosomes based on their physical 

properties. This may lead to a mixed population of EVs due to their similar properties such 
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as the overlapping size and density, which could cause different glycosylation profiles from 

the same sample.273 Ideally, the identity or the presence of specific markers on different EVs 

needs to be confirmed before further characterization. The International Society for 

Extracellular Vesicles (ISEV) has updated the guidelines for exosome studies in 2018 

(Minimal Information for Studies of Extracellular Vesicles, MISEV2018) and the term 

“exosome” may not be appropriate unless the origin of the vesicles can be verified. 

Otherwise, the term should be addressed as small EVs.274 Databases such as ExoCarta 

contain information about proteins, RNAs, DNAs, and lipids that have been found in the 

exosomes and meet the minimum requirements from ISEV.275,276 Other databases including 

information from extracellular vesicles (i.e., microvesicles, apoptotic bodies, and membrane 

blebs) are Vesiclepedia and EVpedia.277,278

SUMMARY AND FUTURE OUTLOOK

The development of novel methods in glycoproteomics has tremendously expanded the 

knowledge of protein glycosylation and facilitated our understanding of glycoprotein 

functions. Here, we review the recent advances in glycoproteomic analysis by MS. Because 

of the low abundance of many glycoproteins and the complexity of biological samples, it is 

imperative to enrich glycopeptides/glycoproteins prior to MS analysis. We summarize 

several enrichment methods to analyze different types of protein glycosylation, including 

glycoproteins with a particular and important glycan. Due to the high diversity of glycans 

and their effects on the ionization efficiencies of glycopeptides, it is very challenging to 

perform global analysis of protein glycosylation. The deglycosylation approaches, especially 

for N-glycopeptides, are commonly used since a mass tag that can facilitate MS analysis is 

generated simultaneously. This allows us to confidently identify glycopeptides and localize 

glycosylation sites, but the glycan information is lost. To avoid such a problem, 

glycoproteomic analysis of intact glycopeptides has become more popular in the past few 

years together with the developments in instrumentation and bioinformatics. Additionally, 

some recent glycoproteomic applications are discussed, including studying glycoprotein 

functions and analyzing glycoproteins from different biological sources for clinical and 

biomedical research.

Considering the importance of glycoproteins and the complexity of glycosylation, it is 

expected that the field of glycoproteomics will continue to thrive in the future. Global 

analysis of protein glycosylation requires further development of effective and innovative 

methods. Glycoproteins with a specific glycan represent a rich source to study the roles of 

abnormal expression of glycoproteins in diseases such as cancer, and innovative methods are 

urgently needed to separate these glycoproteins for MS identifications and quantifications. 

New instrumentation with better sensitivity, resolution, and speed and bioinformatic tools 

with better performance for interpreting MS spectra will not only advance the identification 

of glycoproteins but also improve the throughput and the quantification accuracy. 

Furthermore, it will allow us to detect glycoproteins with extremely low abundance that 

often carry highly valuable information. Future glycoproteomics will further increase the 

depth of glycosylation analysis and reveal the roles of glycoproteins in physiological and 

pathological processes, which will facilitate our understanding of the molecular mechanisms 
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of human diseases and the discovery of glycoproteins as novel and effective biomarkers for 

disease detection and surveillance.
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Figure 1. 
Dendrimer conjugated with the boronic acid derivative (DBA) platform for glycopeptide 

enrichment. (A) Structures of boronic acids tested including benzoboroxole (II). (B) Number 

of glycopeptides identified with each type of boronic acid at different pH values from 

parallel experiments. (C) Structure of DBA. (D) Synergistic interactions between one glycan 

of a glycopeptide and multiple benzoboroxole molecules on the DBA bead. (E) Relationship 

between the number of synthesis cycles (dendrimer size) and the number of identified 

glycopeptides. (F) Effect of the reaction time on the identification of N-glycopeptides and 
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N-glycoproteins from parallel experiments. Reproduced from Xiao, H.; Chen, W.; 

Smeekens, J. M.; Wu, R., An enrichment method based on synergistic and reversible 

covalent interactions for large-scale analysis of glycoproteins, Nat. Commun. 2018, 9, 1692 

(ref 58) under the Creative Commons Attribution 4.0 license (http://creativecommons.org/

licenses/by/4.0/).
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Figure 2. 
(A) Workflow of the NGAG method to separate N-glycans and deglycosylated peptides. (B) 

Principles of NGAG to identify intact N-glycopeptides. Reprinted by permission from 

Springer Nature Customer Service Center GmbH: Springer Nature. Nature Biotechnology, 

Comprehensive analysis of protein glycosylation by solid-phase extraction of N-linked 

glycans and glycosite-containing peptides, Sun, S.; Shah, P.; Eshghi, S. T.; Yang, W.; 

Trikannad, N.; Yang, S.; Chen, L.; Aiyetan, P.; Hoti, N.; Zhang, Z.; Chan, D. W.; Zhang, H., 

Comprehensive analysis of protein glycosylation by solid-phase extraction of N-linked 

glycans and glycosite-containing peptides, Nat. Biotechnol. 2016, 34 (1), 84–88 (ref 60). 

Copyright 2016.
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Figure 3. 
(A) Principle for selective enrichment of Tn antigen-bearing glycopeptides by integrating 

enzymatic and chemical reactions. (B) Identification of total and unique glycopeptides, 

glycosylation sites, and glycoproteins with the Tn antigen from biologically triplicate 

experiments in Jurkat cells. (C) The overlap of glycoproteins with the Tn antigen identified 

from biologically triplicate experiments in Jurkat cells. Reproduced with permission from 

Zheng, J.; Xiao, H.; Wu, R., Specific identification of glycoproteins bearing the Tn antigen 

in human cells, Angew Chem. Int. Ed. 2017, 56 (25), 7107–7111 (ref 79). Copyright 2017 

John Wiley and Sons.
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Figure 4. 
(A) Workflow for global profiling of ST-bearing glycoproteins with the one-step 

chemoenzymatic labeling strategy. (B) Identification of potential ST-bearing glycoproteins 

from MCF7 and HT29 cells. (C) Protein classification using PANTHER. Reproduced with 

permission from Wen, L.; Liu, D.; Zheng, Y.; Huang, K.; Cao, X.; Song, J.; Wang, P. G., A 

one-step chemoenzymatic labeling strategy for probing sialylated Thomsen–Friedenreich 

antigen, ACS Cent. Sci. 2018, 4 (4), 451–457 (ref 86). Further permissions related to the 

material excerpted should be directed to the ACS.
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Figure 5. 
Quantification of protein O-GlcNAcylation stoichiometry by integrating chemoenzymatic 

labeling and (A) oxime chemistry or (B) strain-promoted cycloaddition (SPAAC) chemistry. 

Reproduced with permission from Darabedian, N.; Thompson, J. W.; Chuh, K. N.; Hsieh-

Wilson, L. C.; Pratt, M. R., Optimization of chemoenzymatic mass tagging by strain-

promoted cycloaddition (SPAAC) for the determination of O-GlcNAc stoichiometry by 

Western blotting, Biochemistry 2018, 57 (40), 5769–5774 (ref 99). Copyright 2018 

American Chemical Society.
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Figure 6. 
MS/MS of the N-glycopeptide KL*CPD*CPLLAPLN#DSR from bovine fetuin. (A) CID 

and ETD spectra (inset), and (B) EThcD spectrum. # and * represent glycosylation and 

carbamidomethylation sites, respectively. Reprinted by permission from Springer Nature 

Customer Service Center GmbH: Springer Nature. Journal of The American Society for 

Mass Spectrometry, Electron-transfer/higher-energy collision dissociation (EThcD)-enabled 

intact glycopeptide/glycoproteome characterization, Yu, Q.; Wang, B.; Chen, Z.; Urabe, G.; 

Glover, M. S.; Shi, X.; Guo, L. W.; Kent, K. C.; Li, L., Electron-transfer/higher-energy 
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collision dissociation (EThcD)-enabled intact glycopeptide/glycoproteome characterization, 

J. Am. Soc. Mass Spectrom. 2017, 28 (9), 1751–1764 (ref 114). Copyright 2017.
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Figure 7. 
(A) Network map between glycoproteins and glycans. The edges between different glycans 

and glycoproteins are colored by the original glycan node, except that the edges from 

mannose-6-phosphate are yellow. (B) Glycan co-occurrence heat map, which displays the 

frequency of glycan pairs appeared together at the same glycosylation site. Reproduced from 

Riley, N. M.; Hebert, A. S.; Westphall, M. S.; Coon, J. J., Capturing site-specific 

heterogeneity with large-scale N-glycoproteome analysis, Nat. Commun. 2019, 10, 1311 (ref 

127) under the Creative Commons Attribution 4.0 license (http://creativecommons.org/

licenses/by/4.0/).
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Figure 8. 
Enzymatic approach to identify cell-surface glycoproteins. Glycans on the cell surface were 

first oxidized with galactose oxidase (GAO) and immobilized on hydrazide beads after cell 

lysis. Surface glycopeptides were eluted from the beads with methoxylamine before PNGase 

F treatment and LC–MS/MS analysis. Reproduced with permission from Sun, F.; 

Suttapitugsakul, S.; Wu, R., Enzymatic Tagging of Glycoproteins on the Cell Surface for 

Their Global and Site-Specific Analysis with Mass Spectrometry, Anal. Chem. 2019, 91 (6), 

4195–4203 (ref 45). Copyright 2019 American Chemical Society.
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Figure 9. 
Protein oxidation of sialic acid environments (POSE) approach to map protein environment 

of sialic acid. Cells were first labeled with ManNAz (A) and tagged with DBCO-FeBABE 

(B) before hydrogen peroxide treatment (C). Amino acids in the vicinity were oxidized by 

radical species and proteins were subsequently analyzed with LC–MS/MS. Reproduced 

from Li, Q.; Xie, Y.; Xu, G.; Lebrilla, C. B., Identification of potential sialic acid binding 

proteins on cell membranes by proximity chemical labeling, Chem. Sci. 2019, 10, 6199–

6209 (ref 216). Copyright 2019, with permission from the Royal Society of Chemistry.
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Figure 10. 
(A) SWATH-MS workflow for the identification of glycoproteins from blood of patients 

with colorectal cancer (CRC), lung cancer, pancreatic cancer (Panc), ovary cancer (OC), and 

prostate cancer (Proc). The spectral library was built from a data-dependent acquisition and 

extensive fractionation of native N-glycopeptides from natural blood samples and synthetic 

peptides. Blood samples were then analyzed using SWATH-MS and the OpenSWATH tool. 

(B) Glycoprotein expression across different types of cancer. (a) Violin plots showing the 

distributions of fold changes of cancer/control samples. (b–f) Volcano plots showing 
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differential regulations of glycoproteins from the five samples. FC means fold change. 

Reprinted from Sajic, T.; Liu, Y.; Arvaniti, E.; Surinova, S.; Williams, E. G.; Schiess, R.; 

Huttenhain, R.; Sethi, A.; Pan, S.; Brentnall, T. A.; Chen, R.; Blattmann, P.; Friedrich, B.; 

Nimeus, E.; Malander, S.; Omlin, A.; Gillessen, S.; Claassen, M.; Aebersold, R., Similarities 

and differences of blood N-glycoproteins in five solid carcinomas at localized clinical stage 

analyzed by SWATH-MS, Cell Rep. 2018, 23 (9), 2819–2831 (ref 242). Copyright 2018, 

with permission from Elsevier.
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