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Abstract

Protein glycosylation is one of the most important posttranslational modifications. Numerous 

biological functions are related to protein glycosylation. However, analytical challenges remain in 

the glycoprotein analysis. To overcome the challenges associated with glycoprotein analysis, many 

analytical techniques were developed in recent years. Enrichment methods were used to improve 

the sensitivity of detection while HPLC and mass spectrometry methods were developed to 

facilitate the separation of glycopeptides/proteins and enhance detection, respectively. 

Fragmentation techniques applied in modern mass spectrometers allow the structural interpretation 

of glycopeptides/proteins while automated software tools started replacing manual processing to 

improve the reliability and throughout of the analysis. In this chapter, the current methodologies of 

glycoprotein analysis were discussed. Multiple analytical techniques are compared, and 

advantages and disadvantages of each technique are highlighted.
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7.1 Proteomics, posttranslational modifications (PTMs)

Proteins perform numerous functions in living organisms, including, but not limited to, (i) 

catalyzing reactions, (ii) replicating DNA, (iii) responding to stimuli, and (iv) transporting 

molecules (Y. Zhang, Fonslow, Shan, Baek, & Yates, 2013). The importance of identifying 

the proteins present in cell and tissue samples, so called proteomics studies, becomes readily 

apparent with aberrant cells; often times a splice variant or unique post-translational 

modification (PTM) lends insight into the mutant phenotype.

The term “proteomics” originated from the combination of “protein” and “genomics” in the 

1990s (James, 1997; Wilkins, Pasquali, Appel, Ou, Golaz, Sanchez, et al., 1996). Proteomics 

focuses on the characterization and quantification of all the proteins originating in a 

biological system, including cellular location, splice-variants, interactions, and PTMs. The 

functional capabilities of proteins are often expanded by PTMs which add to the chemical 

repertoire of proteiiinsss by adding small chemical groups (such as phosphate, simple 
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carbohydrates, acetate, and alkyl groups) or larger molecules (such as ubiquitin, small 

ubiquitin-like modifier, and complex glycans).

The essential biological functions of protein PTMs require a comprehensive characterization 

for a complete proteomics analysis. This is a rather daunting task as it has been estimated 

that the 20,000 genes in the human genome encode approximately 100,000 proteoforms 

(Gstaiger & Aebersold, 2009; L. M. Smith, Kelleher, & Consortium for Top Down, 2013); to 

further complicate analysis, over 400 protein PTMs have been identified (Gstaiger et al., 

2009). The accurate proteome and PTM characterization of these complex samples remains 

a challenge.

One of the most commonly used proteomics strategies is bottom-up or shotgun proteomics 

(Wolters, Washburn, & Yates, 2001; Yates, 2004); this approach analyzes peptides to gain 

insight into proteins. This is an indirect measurement of proteins through peptides derived 

from proteolytic digestion of intact proteins. Trypsin is the most commonly used protease in 

shotgun proteomics studies because of its high cleavage specificity to the carboxyl side of 

arginine and lysine (Vandermarliere, Mueller, & Martens, 2013). Endoproteinase Lys-C, 

endoproteinase Glu-C, and elastase are other commonly used proteases; they are typically 

employed when tryptic peptides do not yield the information desired (Keil, 1987; Siepen, 

Keevil, Knight, & Hubbard, 2007). The combination of both highly selective and non-

selective proteases improves protein and PTMs identification (MacCoss, McDonald, Saraf, 

Sadygov, Clark, Tasto, et al., 2002; Xu, Wong, Kashina, & Yates, 2009).

Peptide mixtures are routinely analyzed with a liquid chromatography sample separation 

step coupled to a tandem mass spectrometer detector (LC-MS/MS). Briefly, the complex 

peptide mixture is separated via liquid chromatography immediately followed by mass 

spectrometry analysis. The isolated peptide ions are fragmented to yield product ions; these 

product ions are then used to sequence the peptide. A database search with the peptide 

sequence yields a protein identification. The quantification is generally achieved by relative 

quantification, such as isotope labeling strategy and label free quantification.

7.2 Challenges associated with glycoprotein analysis

Glycosylation is one of the most prevalent protein PTMs; it has been estimated that 

approximately 50% of human proteins are glycosylated (Apweiler, Hermjakob, & Sharon, 

1999). Glycans are either covalently bound to asparagine (Asp, N) to form an N-linked 

glycan or serine (Ser, S) and threonine (Thr, T) residues to form an O-linked glycan 

(Moremen, Tiemeyer, & Nairn, 2012). Numerous biological functions are related to protein 

glycosylation, including cell-cell signaling, protein stability, protein localization, and 

immune response (Helenius & Aebi, 2001; O'Connor & Imperiali, 1996; Varki, 1993). The 

importance of protein glycosylation is readily apparent in human diseases such as 

inflammatory diseases (Campbell, Yu, & Rhodes, 2001; Dube & Bertozzi, 2005; Song, Zhu, 

Hammoud, & Mechref, 2014), rheumatoid arthritis (Elliott, Elliott, Gallagher, McGuire, 

Field, & Smith, 1997; K. D. Smith, Pollacchi, Field, & Watson, 2002), Alzheimer’s disease 

(Botella-Lopez, Burgaya, Gavin, Garcia-Ayllon, Gomez-Tortosa, Pena-Casanova et al., 

2006; J. Z. Wang, Grundke-Iqbal, & Iqbal, 1996), Pompe disease (Dasouki, Jawdat, 
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Almadhoun, Pasnoor, McVey, Abuzinadah et al., 2014), and cancer (Mechref, Hu, Garcia, & 

Hussein, 2012; T. H. Tsai, Song, Zhu, Di Poto, Wang, Luo et al., 2015).

Glycoproteomics, a subset of proteomics focused on glycoproteins, focuses on determining 

changes in glycoprotein macroheterogeneity (glycosylation site occupancy) and 

microheterogeneity (different glycoforms attached to the same glycosylation site). Currently, 

several technical challenges are associated with the analysis of glycoproteins derived from 

biological samples. First, the highly hydrophilic nature of glycans reduces their ionization 

efficiency, which gives one the impression that they are not abundant. To overcome this 

reduced ionization efficiency issue, an enrichment step is usually employed.

Second, glycoproteins commonly have more than one glycosylation sites and/or other 

PTMs, which greatly complicates the characterization of site-specific glycosylation. In order 

to acquire macroheterogeneity and microheterogeneity information on glycoproteins, a 

bottom-up strategy is commonly employed; proteases reduce a complex glycoprotein 

mixture into a simpler glycopeptide sample. LC-MS/MS is currently the most common and 

powerful analytical platform for the analysis of protein glycosylation via glycopeptide 

analysis.

Third, the MS/MS spectra of glycopeptides contain information for both the peptide 

backbone and the glycan moieties. Several MS/MS fragmentation techniques, often 

sequentially, are utilized to identify the peptide backbone, glycosylation site, and diagnostic 

product ions indicative of a glycopeptide.

Fourth, the interpretation of MS/MS spectra requires a significant amount of data processing 

time and experienced personnel; the proteomics data processing workflow is relatively 

robust whereas the glycoprotemics data processing is still in its infancy. Accurate and 

precise software tools for automated data analysis are highly desired. Figure 7.1 summarizes 

the general work flow of glycoproteomics analysis involving (i) cell lysis, (ii) protein 

extraction, (iii) glycoprotein enrichment, (iv) LC-MS/MS analysis, (v) data analysis, and (vi) 

validation (Song & Mechref, 2015). Current enrichment techniques, separation platforms, 

fragmentation methods and software tools will be reviewed in this paper.

7.3 Enrichment techniques of glycopeptides

The low abundance of glycoproteins in biological samples and the poor ionization efficiency, 

when analyzed by electrospray ionization, remain challenges in protein glycosylation 

analysis. In order to overcome these challenges, enrichment techniques are often employed 

with biological specimens (Ongay, Boichenko, Govorukhina, & Bischoff, 2012); these 

enrichment techniques are reviewed below.

7.3.1 Lectin affinity chromatographic enrichment

Lectin affinity chromatographic enrichment has been utilized for glycoproteomic analysis of 

lung (Heo, Lee, Ryoo, Park, & Cho, 2007; Hongsachart, Huang-Liu, Sinchaikul, Pan, 

Phutrakul, Chuang, et al., 2009), breast (Y. Wang, Ao, Vuong, Konanur, Miller, Goodison, et 

al., 2008; Z. Yang, Harris, Palmer-Toy, & Hancock, 2006), and liver cancers (Qin, Chen, 
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Sun, Wang, Peng, Xie et al., 2013) Figure 7.1A. Lectins are proteins that specifically bind 

glycans; the different lectins have different PTMs which differentiate their glycan binding 

specificity. During enrichment, lectins bind the various glycopeptides through hydrogen 

bonding and hydrophilic interactions with saccharide units to retain glycopeptides (Madera, 

Mann, Mechref, & Novotny, 2008; Mechref, Madera, & Novotny, 2008; Ongay et al., 2012). 

Lectin affinity chromatography selectively enriches for a single type of glycan structure. For 

example, Concanavalin A (Con A) selectively binds glycans that possess mannose 

saccharide units, Sambucus Nigra Agglutinin (SNA) will bind N-acetyl neuraminic acid 

(NeuAc; Sialic Acid) units, and AleuriaAurantia lectin (AAL) will bind fucose units. Table 

7.1 lists a few of the lectin materials that are commercially available. The major 

disadvantage of lectin separation is that for any single lectin, only a single glycopeptide with 

a specific saccharide unit can be purified. To overcome this, recent studies have used a 

combination of lectins for broader glycan enrichment (Z. Yang & Hancock, 2004).

7.3.2 Covalent hydrazide chemistry enrichment

Hydrazide chemistry enrichment has also been used for glycoprotein purification (Nilsson, 

Ruetschi, Halim, Hesse, Carlsohn, Brinkmalm, et al., 2009; Ongay et al., 2012; H. Zhang, 

Li, Martin, & Aebersold, 2003) Figure 7.1B. In this technique, the glycan moieties on 

glycopeptides are first oxidized to form aldehydes. The glycans are then covalently 

immobilized on the solid hydrazide support. Following tryptic digestion, the non-

glycosylated peptides are washed off while the glycopeptides are retained. The major 

disadvantage of hydrazide enrichment is that it only provides site specific information and 

does not allow for determination of the glycan structure due to the oxidative chemical 

coupling between the glycan and hydrazide solid support after release by PNGase F (Ongay 

et al., 2012). Hydrazide enrichment has recently been used to identify glycoprotein 

variations in hepatocellular carcinoma (liver cancer) (R. Chen, Tan, Wang, Wang, Yao, Dong 

et al., 2011; X. Li, Jiang, Zhao, Wang, Han, Zhao et al., 2013), lung (Q. K. Li, Shah, Li, 

Aiyetan, Chen, Yung et al., 2013; X. Zeng, Hood, Sun, Conrads, Day, Weissfeld et al., 

2010), breast (Whelan, Lu, He, Yan, Saxton, Faull et al., 2009), and prostate cancers(J. 

Chen, Xi, Tian, Bova, & Zhang, 2013).

7.3.3 Immunoprecipitation enrichment

Immunoaffinity columns can also be used to enrich for specific glycoproteins Figure 7.1C. 

This type of enrichment allows for characterization of site-specific occupancies or glycan 

saccharide units. Since this method relies on the capability of available antibodies to 

recognize target glycoproteins, this approach proves to be more expensive than the previous 

enrichment techniques. Immunoprecipitation has been used to analyze haptoglobin samples 

from lung cancer (H. Y. Tsai, Boonyapranai, Sriyam, Yu, Wu, Khoo, et al., 2011; D. Wang, 

Hincapie, Rejtar, & Karger, 2011).

7.3.4 Hydrophilic interaction liquid chromatography enrichment

Hydrophilic Interaction Liquid Chromatography (HILIC) is an enrichment technique that 

has gained popularity in the last few years (Buszewski & Noga, 2012) Figure 7.1D. This 

enrichment technique is based on the hydrophilic interaction between the cellulose of the 

stationary phase and the hydroxyl groups of the glycoproteins. Peptide washing occurs in an 
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organic solvent followed by glycopeptide elution with an aqueous buffer. HILIC enrichment 

is beneficial due to the sufficient removal of competing peptides from a digested biological 

sample. HILIC enrichment is being developed for both off-line and on-line glycoprotein 

studies.

7.3.5 Click chemistry enrichment

The term “click chemistry” is used to define a reaction process that is quick, easy to employ, 

results in a product that is easy to purify, and gives high yields (Kolb, Finn, & Sharpless, 

2001) Figure 7.1E. Click chemistry was initially developed for pharmaceuticals but has 

since then expanded into other areas of research (Hein, Liu, & Wang, 2008). One such area 

is in the field of glycoproteomics. Azide modified glycan residues are inserted into cell 

membranes during metabolic labeling and then following the pathway of a click chemistry 

reaction based a copper-catalyzed azide-alkyne cycloaddition; glycoproteins are bound, and 

the highly abundant cytosolic proteins are removed. Glycoproteins on the cell surface of 

prostate cancer have been identified using this enrichment technique (L. Yang, Nyalwidhe, 

Guo, Drake, & Semmes, 2011).

7.3.6 Covalent boronic acid chemistry enrichment

Boronic acid chemistry is another type of a covalent separation technique that is often used 

in glycopeptide enrichment processes (Ongay et al., 2012) Figure 7.2A. In this method, 

boronic acid is used to capture 1–2 and 1–3 cis-diol groups of glycopeptides by creating a 

covalent bond and forming a cyclic bromate ester. The non-covalently bonded species are 

then washed away, and the glycopeptides can be further analyzed. The benefit of boronic 

acid chemistry is the ability to reverse the reaction by a change in pH for the release of the 

glycopeptide. Boronic acid has been functionalized to a variety of surfaces for enrichment 

procedures including, monoliths, mesoporous silica, magnetic particles, or gold 

nanoparticles (Ongay et al., 2012). Each functionalized material has shown a high specificity 

for glycopeptides during the enrichment process.

7.3.7 Electrostatic repulsion hydrophilic interaction chromatography enrichment

Glycoprotein enrichment by electrostatic repulsion hydrophilic interaction chromatography 

(ERLIC) is a technique that takes advantage of the electrostatic charge exhibited by the 

glycan saccharide units (L. G. Zacharias, Hartmann, Song, Zhao, Zhu, Mirzaei et al., 2016) 

Figure 7.2B. In ERLIC, the stationary phase consists of silica beads with various modified 

positive, functional groups attached. The negative charge on a sialic acid is attracted to the 

positive functional groups while peptides with positive charges will be repelled. 

Additionally, a hydrophilic interaction occurs between the glycan and the functional group. 

The basic, hydrophobic peptides can, therefore,, be washed out with an organic solvent (such 

as acetonitrile, ACN) and the captured glycopeptides can then be eluted with a more polar 

solvent (such as H2O/0.5% formic acid) (Hao, Guo, & Sze, 2011).

7.3.8 Enrichment methods comparison

Many studies have compared the efficiency and specificity of different glycopeptide 

enrichment methods (Calvano, Zambonin, & Jensen, 2008; Ishihara, Fukuda, Morita, 
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Takinami, Okamoto, Nishimura et al., 2011; Lewandrowski, Moebius, Walter, & Sickmann, 

2006; Song et al., 2014; Wohlgemuth, Karas, Eichhorn, Hendriks, & Andrecht, 2009; L. G. 

Zacharias et al., 2016; C. Zhang, Ye, Xue, Shu, Zhou, Ji et al., 2016; H. Zhang, Guo, Li, 

Datta, Park, Yang et al., 2010; Y. Zhang, Go, & Desaire, 2008). HILIC based methods have 

been proved to produce the highest number of glycopeptide identification when compared to 

other methods (L. G. Zacharias et al., 2016; C. Zhang et al., 2016) Figure 7.3A. However, 

HILIC and lectin enrichment proved to be less specific than Covalent hydrazide chemistry 

enrichment (Whelan et al., 2009). On the other hand, different enrichment methods exhibit 

complimentary to others (Song et al., 2014) Figure 7.3B. Thaysen-Andersen et al. compared 

the glycopeptide enrichment methods using a broad spectrum of HILIC materials (ZIC-

HILIC, PolyHydroxyethyl A, PolySulfethyl A, TSK Amide-80, and LudgerClean S, TiO2), 

graphitized carbon (Hypersil and LudgerClean EB10), and lectin affinity chromatography 

(ConA). The comparison showed that a comprehensive glycopeptide profile is achieved by 

any of the approaches (Thaysen-Andersen, Mysling, & Hojrup, 2009).

7.4 High performance liquid chromatography in proteomics and 

glycoproteomics

High-performance liquid chromatography (HPLC) is the most commonly used separation 

technique in shotgun proteomic and glycoproteomic analysis because of its high resolving 

power, high reproducibility, and compatibility with mass spectrometry; HPLC is considered 

as the most efficient separation technique for large-scale peptide/glycopeptide analysis. 

Glycopeptide separation remains a challenge because of the intrinsic dichotomy between the 

hydrophobic component (peptide backbone) and the hydrophilic component (glycan). To 

address this, a wide range of chromatography approaches have been employed in proteomics 

and glycoproteomics studies, including reversed phase liquid chromatography (RPLC), 

hydrophilic interaction liquid chromatography (HILIC) and porous graphitized carbon LC 

(PGC-LC). Despite all of the improvements in sample separation, the separation of 

glycopeptides remains a challenge because of the isomeric heterogeneity of the glycan 

moieties.

7.4.1 Reversed-phase liquid chromatography (RPLC)

Reversed-phase liquid chromatography (RPLC) utilizes a non-polar stationary phase and a 

polar mobile phase. In the past several decades, RPLC with a C18 stationary phase has been 

widely used in peptides separation because of the relatively high hydrophobicity of peptides 

(Y. Zhang et al., 2013). Meanwhile, large scale glycopeptide separations have relied on 

almost exclusively on C18-RPLC (Anonsen, Vik, Egge-Jacobsen, & Koomey, 2012; Halim, 

Nilsson, Ruetschi, Hesse, & Larson, 2012; Halim, Ruetschi, Larson, & Nilsson, 2013; Yin, 

Bern, Xing, Ho, Viner, & Mayr, 2013). Since RPLC is the standard separation system 

employed by proteomics laboratory, its compatibility with other lines of proteomic research 

permits the wide use of RPLC in glycopeptide separation (Thaysen-Andersen & Packer, 

2014). The retention of glycopeptides in RPLC is directly related to the hydrophobicity of 

the molecules. In a glycopeptide molecule, the glycan moiety contributes hydrophilicity 

while the peptide backbone contributes hydrophobicity. Therefore, the hydrophobicity of a 

glycopeptide is generally lower than its peptide backbone. As a result, those hydrophilic 
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glycopeptides containing relatively larger glycan moieties and smaller peptide moieties 

might not be retained by C18. Moreover, the hydrophobicity variation of glycan isomers are 

very limited. Therefore, RPLC offers poor glycan isomer differentiation (Hua, Nwosu, 

Strum, Seipert, An, Zivkovic, et al., 2012). This limits the use of RPLC in the 

glycoproteomics analysis.

7.4.2 Hydrophilic interaction liquid chromatography (HILIC)

Hydrophilic interaction liquid chromatography (HILIC) allows analytes to interact with 

hydrophilic stationary phases such as bare silica particles, amine-, hydroxy-, amide-bonded 

or zwitterionic (ZIC-HILIC) particles by applying a relative non-polar mobile phase (Alpert, 

1990). The capability of separating glycopeptides using HILIC has been shown in several 

studies (Zauner, Deelder, & Wuhrer, 2011; Zauner, Koeleman, Deelder, & Wuhrer, 2010). 

Since the mobile phase of HILIC contains high organic solvents, which might lead to 

solubility problems of glycopeptide mixture, the use of HILIC in large scale glycopeptide 

separation is limited. On the other hand, HILIC has been proved as the most efficient 

enrichment method for glycopeptides as abovementioned (Mysling, Palmisano, Hojrup, & 

Thaysen-Andersen, 2010).

7.4.3 Porous graphitized carbon LC (PGC-LC)

Porous graphitized carbon or PGC was developed as a very insoluble and stable support for 

HPLC in the 1980s. PGC-LC was first used in the early 1990s to separate glycans isomers 

(Davies, Smith, Carruthers, Chai, Lawson, & Hounsell, 1993). The combined retention 

mechanism allows PGC-LC to become one of the major methods to achieved structural 

isomeric separation of detached glycans (Wuhrer, Deelder, & Hokke, 2005). As an 

alternative separation technique, PGC-LC has also been applied to glycopeptide analysis 

(An, Peavy, Hedrick, & Lebrilla, 2003; Hua et al., 2012; Nwosu, Huang, Aldredge, Strum, 

Hua, Seipert et al., 2013); however, the retention of glycopeptides on PGC might be too 

strong with vast and hydrophobic peptide moieties especially those glycopeptides with 

highly sialylated glycan moieties (Alley, Mechref, & Novotny, 2009b; Thaysen-Andersen, 

Wilkinson, Payne, & Packer, 2011). In order to overcome this issue, non-specific proteases 

are used to generate glycopeptides with small peptide moieties in several works (An et al., 

2003; Froehlich, Barboza, Chu, Lerno, Clowers, Zivkovic et al., 2011; Hua, Hu, Kim, 

Totten, Oh, Yun et al., 2013; Stavenhagen, Plomp, & Wuhrer, 2015). Nonspecific proteases 

such as pronase digest glycoproteins into glycopeptides with small peptide backbone (<4~6 

amino acids). These glycopeptides have better chance to eluted from PGC-LC and generate 

more useful MS/MS spectra than those with large peptide backbones. On the other hand, 

since the non-specific protease will generate multiple peptide backbone of one glycosylation 

site simultaneously, this quantitative application of this strategy is limited. In addition, 

compared to the separation of native glycans isomeric selectivity of glycopeptides were also 

compromised even with a small peptide backbone (Hua et al., 2013). The abovementioned 

common used HPLC separation techniques are limited to its natural disadvantages in 

separating glycopeptides. Therefore, the combination of these techniques is applied to 

glycomic studies (Lam, Lau, Siu, Ng, Kong, Chiu et al., 2011; Liu, Wang, Zhu, Mao, Liu, 

Cheng et al., 2014; Y. Zhao, Szeto, Kong, Law, Li, Quan et al., 2014). Most of the works 

have been performed on a PGC and C18-RPLC platform Figure 7.4 (J. Zhao, Song, Zhu, & 
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Mechref, 2016). The C18-RPLC is majorly used for glycopeptide separation which the PGC 

component is used as purification materials (Liu et al., 2014) or a secondary dimension of 

separation.(Stavenhagen et al., 2015; Y. Zhao et al., 2014). The combination of different 

stationary phases with complementary retention mechanisms has been proved to advance 

glycopeptide analysis.

7.5 Ion Mobility-Mass Spectrometry

Ion mobility-mass spectrometry (IM-MS) has gained the attention of numerous researchers 

because of its unique ability to separate ions based on size, shape, or charge in addition to be 

coupled to a high mass accuracy time of flight mass analyzer. There are several different 

types of ion mobility that have been utilized for glycopeptide analysis. Traveling Wave Ion 

Mobility Mass Spectrometry (TWIMS-MS) (Giles, Pringle, Worthington, Little, Wildgoose, 

& Bateman, 2004), the most popular commercially available ion mobility mass spectrometry 

instrument, has been used to thoroughly characterize an IgG1 mAb’s glycosylation 

heterogeneity profile with glycopeptides of each glycoform being readily identified 

(Olivova, Chen, Chakraborty, & Gebler, 2008). Li et al. found that TWIMS could separate 

peptides from glycopeptides into distinct trend lines that could be used for predicting 

glycosylation status of other peptides; they also noted that ion mobility reduced chemical 

noise to allow for the detection of lower abundant ions (H. Li, Bendiak, Siems, Gang, & 

Hill, 2013). TWIMS-MS has also been used to distinguish epimeric glycopeptides derived 

from Muc 2 (Both, Green, Gray, Sardzik, Voglmeir, Fontana et al., 2014) Figure 7.5A. Two 

isomeric glycopeptides, same peptide backbone but differing only in the attachment of either 

α-GlcNAc or α-GalNAc, were partially separated with TWIMS-MS; interestingly, multiple 

overlapping conformers were identified for each glycopeptide. The authors confirmed the 

identity of each glycopeptide by using CID-IMS-MS Figure 7.5B; the diagnostic oxonium 

ions were separated with TWIMS-MS, highlighting the utility and importance of 

characterizing product ions.

High-field asymmetric wave ion mobility spectrometry (FAIMS) has also been used to 

rapidly separate co-eluting isomeric O-linked glycopeptides, differing only in glycosylation 

site Figure 7.5C. The co-eluting peptides were separated by altering the correction voltage 

(CV) applied. Confirmation of the glycosylation sites was confirmed with ETD Figure 7.5D, 

E; the two glycosylation sites are readily identified by their diagnostic product ions (Creese 

& Cooper, 2012). The combination of FAIMS to separate isobaric peptides and ETD to 

confirm the glycosylation site has proven to be quite useful in analyzing complex 

glycopeptide mixtures.

7.6 Capillary Electrophoresis

Capillary electrophoresis (CE) has long been employed for the rapid and reproducible 

separation and analysis of fluorescently labeled glyans and intact glycoproteins. CE has been 

employed for the rapid separation of glycopeptides before analysis by mass spectrometry. 

Gimenez et al. (Gimenez, Ramos-Hernan, Benavente, Barbosa, & Sanz-Nebot, 2012) 

developed a method utilizing CE coupled to ESI-orthogonal accelerating time of flight mass 

spectrometry (CE-ESI-oaTOF-MS) to rapidly analyze N and O-glycopeptides derived from 
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erythropoietin (EPO), a commonly used glycoprotein hormone abused in athletic 

competitions. Their method also discovered a novel sulfated sialoform glycopeptide.

Lew et al. developed a rapid method for therapeutic antibody quality control utilizing CE-

MS to analyze the tryptic digest of Trastuzumab; the relative abundance of 14-glycoforms 

on one glycopeptide were readily attained (Lew, Gallegos-Perez, Fonslow, Lies, & Guttman, 

2015) Figure 7.6.

Barroso et al. coupled CE-TOF-MS and μLC-TOF-MS for a clinical research application; 

their method was able to detect the relative glycoform abundance of human Transferrin Tf 

glycopeptide to predict the alcohol dependence of individuals utilizing a small serum sample 

(Barroso, Gimenez, Benavente, Barbosa, & Sanz-Nebot, 2013).

7.7 Characterization of intact glycopeptides

In recent years, proteomic and glycoproteomic analysis has benefited from the technological 

advances of new mass spectrometry techniques. The identification of glycopeptide heavily 

relies on tandem MS (MS/MS). Informative and complementary fragments created by 

various fragmentation methods permit the confident interpretation of intact glycopeptides. 

Three useful tandem MS (MS/MS) techniques are widely used, namely collision induced 

dissociation (CID), high energy collision dissociation (HCD), and electron transfer 

dissociation (ETD).

7.7.1 Collision-induced dissociation (CID)

CID MS/MS is the most common and robust fragmentation method used in peptide analysis. 

It has also been widely used in glycopeptide analysis. During CID process, ions are 

transmitted through lenses and ion optics from electrospray ion source. In linear ion trap 

instruments, ions are trapped, isolated, fragmented through resonant-excitation and then 

scanned by electron multipliers. Since glycosidic linkages of glycoforms are more labile 

than amide bonds of peptide backbone, a typical CID MS/MS spectrum of glycopeptides is 

dominated by glycan fragmentation patterns with no or less peptide backbone sequence 

information (Huddleston, Bean, & Carr, 1993; Mayampurath, Wu, Segu, Mechref, & Tang, 

2011). The resulting fragments of glycopeptides are named as B- and Y-type ions (Domon & 

Costello, 1988).

7.7.2 Higher-energy collision dissociation (HCD)

HCD is a beam-type fragmentation has been demonstrated on LIT instruments and on hybrid 

instruments with dedicated collision cells (Bereman, Canterbury, Egertson, Horner, Remes, 

Schwartz et al., 2012; Olsen, Macek, Lange, Makarov, Horning, & Mann, 2007; Ting, 

Cowley, Hoon, Guilhaus, Raftery, & Cavicchioli, 2009). HCD yields informative low mass 

fragment of glycopeptides. Specifically, it creates fragmentation pattern of peptides or 

diagnostic ions of glycan moieties with high intensities at low m/z. The diagnostic ions are 

also referred as oxonium ions (diagnostic ions), such as m/z 138.0551 (HexNAc-2H2O-

CH2O), 204.0875 (HexNAc), 274.0976 (NeuAc-H2O), 366.1395 (Hex+HexNAc), 512.1977 

(Hex+HexNAc+dHex) and 657.2353 (NeuAc+Hex+HexNAc) (Mayampurath et al., 2011; 

Segu, Hammad, & Mechref, 2010). Exists of oxonium ions usually indicate the presence of 
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glycopeptide. The effective characterization of glycopeptides can be performed with the use 

of oxonium ions in HCD and the glycan fragmentations in CID.

7.7.3 Electron transfer dissociation (ETD)

Alternatively, ETD, as a relatively new invented fragmentation scheme can also be applied to 

glycopeptide analysis. ETD induces random fragmentation along the peptide backbone of a 

glycopeptide creating mostly c- and z-type ions (Stephenson & McLuckey, 1998; Syka, 

Coon, Schroeder, Shabanowitz, & Hunt, 2004). ETD has been recently employed to better 

identify glycopeptides with mass of glycans. However, the major drawback of ETD is that 

the efficiency is largely depends on m/z values of glycopeptides, thus limited its use in large 

scale glycoproteomic analysis (Alley, Mechref, & Novotny, 2009a; S. L. Wu, Huhmer, Hao, 

& Karger, 2007).

7.8 Characterization of intact glycoproteins

The previous sections all employed a bottom-up proteomics approach involving a protease, 

usually trypsin, to reduce the large intact protein into smaller peptides before LC-MS/MS 

analysis. Top-down mass spectrometry eliminates the protease step resulting in the analysis 

of intact proteins; proteins are fragmented inside the instrument utilizing different 

dissociation techniques such as ECD, ETD, and UVPD. Top-down mass spectrometry has 

several advantages over the conventional bottom-up approach in that protein heterogeneity is 

preserved; that is different PTM combinations are preserved whereas the bottom-up 

approach loses that connectivity information. Top-down experiments require high mass 

accuracy and so are performed exclusively on FT based mass analyzer such as FTICR and 

orbitrap instruments. Middle-down mass spectrometry is similar to the bottom-up approach 

in that proteins are proteolyzed into smaller peptides but differ in peptide size; middle-down 

peptides are considerably smaller as they employ a more restrictive enzyme such as IdeS.

Tran et al. combined a top-down and middle-down approach to determine the glycosylation 

profile of IgG and IgG-fusion protein (Tran, Barton, Feng, Sandjong, Yoon, Awasthi et al., 

2016) Figure 7.7. They were able to identify the heterogeneous glycosylation on the Fc 

portion; glycan heterogeneity matched oligosaccharide profiling. This approach yielded 

combinatorial information regarding the glycosylation sites that could not have been attained 

with either a bottom-up approach or an oligosaccharide mapping approach.

Nagel et al. employed a top-down approach to rapidly characterize the different sequence 

polymorphisms (SNPs) as well as assess relative abundances of phosphorylation and 

glycosylation on fibrinogen in a single experiment; this was done to accurately screen 

patients for possible cardiovascular risks including stroke (Nagel & Meyer, 2014). They 

were able to identify primary sequence variants in their clinical samples while also 

determining the phosphorylation and glycosylation status of each fibrinogen subunit.

Yang et al. employed a native-ms top-down mass spectrometry approach to identify 59 

proteoforms of chickecn ovalbumin including multiple phosphorylations and 45 different 

glycans (Y. Yang, Barendregt, Kamerling, & Heck, 2013). This approach revealed native-ms 

could rapidly identify the heterogeneity in glycoprotein sample. The authors highlight the 
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advantage of little sample consumption but note that this method cannot yield glycan 

connectivity information, only intact mass measurements.

Currently, most top-down mass spectrometry approaches aimed at characterizing 

glycoproteins rely on existing glycan databases to assign a glycan structure to a proteoform. 

Native-ms and top-down mass spectrometry are well situated to assess the 

macroheterogeneity of glycoproteins but struggle with identifying the sites of glycosylation 

on proteins.

7.9 Software tools for MS/MS based glycopeptide characterization

The combination of state of the art mass spectrometers and the accompanying 

bioinformatics tools have allowed proteomics studies to evolve from single protein 

identification studies to identifying changes in entire proteomes. The data generated from 

these entire proteome studies would be impractical to interpret manually but manageable 

with currently available software. Software for bottom-up proteomics experiments is quite 

robust in determining peptide sequence and consequently protein identity (Hu, Khatri, & 

Zaia, 2016); however, accurate quantitation is still an open question being addressed by 

numerous researchers (Blein-Nicolas & Zivy, 2016).

Glycoproteomics differ from routine proteomics studies in that the glycan cannot be treated 

as a simple post translational modification, like methylation or phosphorylation, because of 

the enormous variance of glycan structures. Glycoproteomics studies are generally focused 

on identifying the different glycans present on glycopeptide, identifying the peptide 

sequence and consequently the protein’s identity, and determining both the glycan and 

glycoprotein abundance. To further complicate analysis, more than one glycan can be 

identified with the same peptide sequence; this is referred to as glycan microheterogeneity. 

Currenlty, several fragmentation techniques are routinly employed To aid in the 

identification of glycan and peptide. CID is the most common technique for fragmenting 

peptides in a bottom-up proteomics approach but it does not work well with glycopeptides; 

CID fragments the glycan while leaving the peptide predominantly intact. This has been 

overcome by using a combination of CID and ETD in a data dependent acquisition 

experiment (Singh, Zampronio, Creese, & Cooper, 2012); CID yields glycan product ions, 

including the glycopeptide diagnostic oxonium ions, while ETD selectively yields peptide 

product ions. The data generated from the above mentioned fragmentation techniques can 

then be analyzed with bioinformatics tools.

The glycoproteomics bioinformatics field is not as well established as the older proteomics 

field. In addition to the previously mentioned difficulties, glycopeptides with similar glycans 

tend to co-elute. Numerous tools encompassing different strategies have been developed for 

various glycoproteomic studies to address these issues. The current software tools annotate 

glycopeptides utilize precursor ion mass and fragmentation patterns matching with known 

glycopeptides. For example, Peptoonist (Goldberg, Bern, Parry, Sutton-Smith, Panico, 

Morris, et al., 2007) combines precursor and fragments information to annotate 

glycopeptides. On the other hand, GlypID (Y. Wu, Mechref, Klouckova, Mayampurath, 

Novotny, & Tang, 2010) utilizes the co-elution of N-glycopeptide on RPLC, thus combines 
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co-eluted N-glycopeptide ions from full scans and fragmentation from CID MS/MS scans to 

identify putative glycoforms associated with the same glycosylation site. In order to improve 

the confidence of glycopeptide identification, software tools are combined with multiple LC-

MS/MS analysis of the same sample (Toghi Eshghi, Shah, Yang, Li, & Zhang, 2015). In this 

type of experiment, a portion of glycopeptide is deglycosylated first and analyzed to create 

an experimental peptide back bone database, while another part of the sample is subjected to 

LC-MS as intact glycopeptide. The experimental database is further utilized by the software 

tool to identify glycopeptides confidently.

He et al. developed Glycomaster DB to analyze glycopeptides extracted from the human 

urinary proteome and fragmented with both HCD and ETD (He, Xin, Shan, Lajoie, & Ma, 

2014). They were able to identify multiple N-linked glycan forms on the same glysoylation 

site but were not able to identify any O-linked glycopeptides. Cheng et al. utilized their own 

program to identify 2200+ unique N-glycopeptides assigned to 1700+ site specific N-

glycans on 450+ glycosylation sites in HEK 293T cells; their low false-discovery rate (FDR) 

indicates a robust identification algorithm for the glycopeptide(Cheng, Chen, Seebun, Ye, 

Figeys, & Zou, 2014).

Zhu et al. developed GlycoPep Evaluator (GPE) to improve upon existing FDR approaches; 

GPE generates decoy glycopeptides de novo for every target peptide (Zhu, Su, Go, & 

Desaire, 2014). Zhang et al. developed c for the specific task of identifying O-linked 

glycosylations in which Gal or Glc-Gal are attached to hydroxylysine residues commonly 

found in collagen (Y. Zhang, Yu, Song, Li, Mechref, Tang et al., 2015); this type of 

glycopeptide is not commonly identified with most software packages. The authors 

proceeded to identify more glycopeptides in collagen, including two additional glycosylation 

sites than what had been previously reported.

GlycoSeq was implemented to determine glycopeptides derived from two breast cancer cell 

lines (Yu, Mayampurath, Zhu, Zacharias, Song, Wang, et al., 2016); the software program 

utilizes a heuristic iterated glycan sequencing algorithm coupled to biological glycosidic 

linkage information to readily identify glycans. Jansen et al. created LaCytools to improve 

glycopeptide identification in therapeutic monoclonal antibodies; a focus on quality control 

measurements including signal-to-noise, isotope pattern quality, and mass accuracy resulted 

in a powerful software suite (Jansen, Falck, de Haan, Hipgrave Ederveen, Razdorov, Lauc, et 

al., 2016). Jansen developed MassyTools to improve glycopeptide data generated from 

MALDI-MS resulting in the improved calibration and quantitation over existing softwares 

(Jansen, Reiding, Bondt, Hipgrave Ederveen, Palmblad, Falck, et al., 2015). Park et al. 

developed a robust software package, Integrated GlycoProteome Analyzer (I-GPA), to 

analyze and map N-glycoproteomes; their method identified 600+ N-glycopeptides and 

quantified ~600 N-glycopeptides from human plasma with an astonishing 0% false positive 

discovery rate manually verified (Park, Kim, Hwang, Lee, Ahn, Lee, et al., 2016). Lih et al. 

developed MAGIC-web, a web server dedicated to targeted and untargeted N-linked glycan 

analysis (Lih, Choong, Chen, Cheng, Lin, Chen, et al., 2016). Zeng et al. developed pGlyco 

to identify N-glycans from HCD-MS/MS and CID-MS/MS data sets; a novel target decoy 

method was implemented to estimate FDR of glycan identification (W. F. Zeng, Liu, Zhang, 

Wu, Fang, Peng, et al., 2016).
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7.10 Concluding remarks and future directions

In recent years, significant development and improvement of analytical methods have been 

implemented to glycoproteomics study. Glycopeptides enrichment using lectin affinity, 

hydrazide chemistry, click chemistry, immunoprecipitation, boronic acid chemistry, HILIC 

and ERLIC allow for sensitive detection of glycopeptides. LC, CE, and ion mobility mass 

spectrometry improves the separation of different glycopeptides and increases the 

identification of micro- and macro heterogeneity of glycoproteins. Multiple mass 

spectrometry based dissociation mechanisms aid with the structural elucidation of 

glycopeptides. In addition to advancements in instrumentation, the development of 

automated annotation software tools for glycopeptide identification and quantitation have 

significantly improved the analytical throughput.

Despite all of the recent advancements, various hurdles still remain in the analysis of 

glycopeptides. A comprehensive enrichment technique unique to all glycopeptides has not 

been developed resulting in an inherent compromise; HILIC based separation is able to 

enrich and allow for the identification of the highest number of glycopeptides, but it is less 

specific than hydrazide chemistry enrichment. Accurate glycopeptide structural elucidation 

results from the use of complementary tandem MS mechanisms to yield accurate 

information about the peptide backbone (ETD), glycan structure (CID), and oxonium ions 

(HCD). Although modern mass spectrometers are able to perform CID, HCD and ETD 

simultaneously, the sensitivity and throughput loss is still considerable. In addition to 

enrichment and instrumentation short comings, the false positive discovery rate of automated 

software tools remains a challenge. There is much room for improvement in developing a 

comprehensive protocol that will yield accurate and quantitative information on all 

glycopeptides in samples.
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Figure 7.1. Flowchart highlighting typical glycoproteomics work flow
Glycopeptide enrichment techniques: A. lectin affinity, B. hydrazide chemistry, C. 
immunoaffinity, D. HILIC, and E. click-chemistry. Figure reproduced with permission 

(Song et al., 2015).
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Figure 7.2. Boronic acid enrichment and electrostatic repulsion hydrophilic interaction 
chromatography enrichment
A. A covalent bond between the stationary media and the glycan hydroxyl groups allows for 

clean separations. Reproduced with permission (Ongay et al., 2012). B. Silica beads 

functionalized with polyethyleneimine attract uncharged glycans (right) while repelling 

charged glycans (left). Reproduced with permission (L. H. Zacharias, A. ; Song, E.; Zhao, J.; 

Zhu, R.; Mirzaei, P.; Mechref, Y., 2016).
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Figure 7.3. Comparison of different glycopeptide enrichment methods
A. The Venn diagram depicts the number of identified unique glycosylation sites for HILIC 

and HILIC-ERLIC enrichment methods (shown bolded in the parentheses is the total 

number of glycopeptides identified in each case) and of those, which glycosylation sites 

were unique to the individual methods. Reproduced with permission (L. G. Zacharias et al., 

2016). B. Comparisons of MRM quantitation for 17 common glycosylation site between 

lectin affinity and hydrazide chemistry enrichments in terms of ratio between different 

groups of biological samples. (DF: disease-free, HGD: high grade dysplasia, EAC: 

esophageal adenocarcinoma.) Reproduced with permission (Song et al., 2014).
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Figure 7.4. Separation of glycopeptides derived from porcine thyroglobulin (PTG) with C18 
analytical column
The same peptide backbone is associated with multiple glycan residues highlighting the 

microheterogeneity at this glycosylation site. Reproduced with permission (J. Zhao et al., 

2016).
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Figure 7.5. Separation and analysis of glycopeptides by Ion Mobility Mass Spectrometry
A. Traveling Wave Ion Mobility Mass Spectrometry (TWIMS) identified multiple 

conformers of the isobaric Muc2 glycopeptides (PTTTPITTTTTVTPTPTPTGTQT with 

GalNAc 19 and GlcNac 20). TWIMS was not able to differentiate between the two intact 

glycopeptides; B. however, after CID, TWIMS-MS could distinguish the diagnostic 

oxonium ions from each Mucin glycopeptide. C. High-field asymmetric wave ion mobility 

mass spectrometry (FAIMS-MS) separation of two isobaric O-linked glycopeptides, 
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differing only in glycan site attachment. D, E. glycopeptide identity confirmed with ETD 

MS2; diagnostic c and z ions are indicated in blue and red.
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Figure 7.6. Capillary electrophoresis mass spectrometry (CE-MS) of therapeutic antibody
CE-MS quantified 14-glycoforms on one glycopeptide from Trastuzumab. Reproduced with 

permission (Lew et al., 2015).
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Figure 7.7. Combined top-down and middle-down proteomics approach to identifying IgG 
glycosylation profile
A Top-down native mass spectrometry of intact IgG to readily identify glycoforms. B 
Middle-down mass spectrometry to identify peptide backbone and any post-translational 

modifications. Reproduced with permission (Tran et al., 2016).
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Table 1

Comercially Available Lectin Materials

Lectin Source Glycan
Specificity

Aleuria aurantia lectin (AAL) Aleuria aurantia mushrooms Fucα6GlcNAc

Concanavalin A (Con A) Canavalia ensiformis (Jack Bean) seeds αMan, αGlc

Galanthus nivalis agglutinin (GNL, GNA) Galanthus nivalis (Snowdrop) bulbs αMan

Jacalin lectin (Jacalin, AIL) Artocarpus integrifolia (Jackfruit) seeds Galβ3GlcNAc

Lens culinaris agglutinin (LCA, LcH) Lens culinaris (lentil) seeds αMan, αGlc

Maackia amurensis lectin I (MAL I, MAL) Maackia amurensis seeds Galβ4GlcNAc

Peanut agglutinin (PNA) Arachis hypogaea peanuts Galβ3GlcNAc

Sambucus nigra agglutinin (SNA, EBL) Sambucus nigra (Elderberry) bark Neu5Acα6Gal/GalNAc

Wheat Germ agglutinin (WGA) Triticum vulgaris (wheat germ) GlcNAc

Common Vendors: Associates of Cape Cod Inc., Biomeda, Biotinylated Lectins, EMD Biosciences, Europa Bioproducts, EY Laboratories, 
Glycorex, Glygen Corporation, Invitrogen, Prozyme, Sigma-Aldrich, U.S. Biologicals, Vector Laboratories, Worthington Biochemical Company

Table adapted from [28] with permission.

Ref [29] for a more through review on lectin materials
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