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Abstract

Glycoproteins on the cell surface are essential for various cellular activities including cell-cell 

communication, cell-matrix interaction, and cell signaling. Alterations of glycosylation are 

correlated with many diseases such as cancer and infectious diseases. However, it is greatly 

challenging to systematically and site-specially analyze glycoproteins only located on cell surface 

because of the heterogeneity of glycans, the low abundance of many surface glycoproteins and the 

requirement of effective methods to separate surface glycoproteins. In this chapter, we briefly 

review existing mass spectrometry (MS)-based methods for global analysis of surface 

glycoproteins. Then we discuss an effective method integrating metabolic labeling, click and 

enzymatic reactions, and MS-based proteomics to comprehensively and site-specifically 

investigate cell surface N-glycoproteins. A detailed protocol for this method is also included. In 

combination with quantitative proteomics, we applied this method to quantify cell surface N-

glycoproteins and study the relationship between cell invasiveness and N-sialoglycoproteins on the 

cell surface. Considering the importance of surface glycoproteins, this method can be extensively 

applied to advance glycoscience, which leads to a better understanding of the molecular 

mechanisms of human diseases, and the discovery of surface glycoproteins as biomarkers for 

disease detection.
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1. INTRODUCTION

Protein glycosylation is normally an enzymatic process, in which the anomeric hydroxyl 

group of a glycan is covalently bound to proteins. It is one of the most important protein 

modifications (Ohtsubo and Marth, 2006). Different side chains of the amino acid residues 

could be covalently attached to glycans and two types of the most common glycosylation are 

protein N- and O-glycosylation (Moremen et al., 2012). A growing number of evidence has 
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indicated that glycosylation has fundamental significance for cells and is vital for protein 

folding and trafficking (Jayaprakash and Surolia, 2017). The interactions between glycans 

and proteins affect protein conformation and properties, which may regulate protein activity 

(Abu-Qarn et al., 2008). For protein N-glycosylation in eukaryotic cells, the initial N-glycan 

consisting of 14 monosaccharide residues (Glu3Man9GlcNAc2) is “en bloc” transferred to 

nascent polypeptides in the ER, followed by various glycan modifications with different 

enzymes in the ER and Golgi apparatus. This process determines the folding and trafficking 

of proteins (Aebi et al., 2010).

Glycoproteins located on the cell surface are of great importance to regulate many cellular 

activities, including cell-cell and cell-matrix interactions, cell signaling and cellular immune 

responses (Boscher et al., 2011; Rudd et al., 2001). Extensive studies have demonstrated that 

aberrant glycosylation is often correlated with diseases (Stowell et al., 2015; Veillon et al., 

2018). Compared with normal cells, cancer cells display a wide range of aberrant 

glycosylation (Christiansen et al., 2014; Kim and Varki, 1997). Sialyation plays an important 

role in cellular adhesion and migration, and it increases (usually α2,6‑ and α2,3‑linked 

sialylation) in cancer cells because of the changed expression of glycosyltransferases 

(Dall’Olio and Chiricolo, 2001). Glycans on the cell surface also regulate different types of 

immune responses (Ogata et al., 1992). Changes in glycosylation on the cell surface disrupt 

the interactions between glycans and lectins, which helps cancer cells escape from the 

immune surveillance (Macauley et al., 2014; Rabinovich and Toscano, 2009). Therefore, 

characteristic alterations of glycosylation in many diseases can be used as biomarkers for 

diagnostic and prognostic purposes (Kailemia et al., 2017). Meanwhile, antibodies and 

inhibitors can be designed to specifically target the disease-associated glycan antigens for 

therapeutic treatment (Dalziel et al., 2014; Lavrsen et al., 2013).

Considering the critical roles of cell surface glycoproteins in various biological processes, it 

is an urgent task to systematically analyze them. However, the low abundance of many 

glycoproteins and the heterogeneity of glycans pose great challenges for global analysis of 

glycoproteins. It is even more challenging to specifically investigate glycoproteins only 

located on cell surface because it requires effective strategies to target cell surface 

glycoproteins. Antibody microarray has been employed to analyze cluster of differentiation 

(CD) molecules on the cell surface that are important for differentiation and classification of 

cells, and provided valuable information of cell surface protein expression (Belov et al., 

2001). However, the drawbacks of antibody-based methods are that the availability and 

specificity of antibodies are sometimes problematic, and normally the throughput is low. 

Modern mass spectrometry (MS) has become a powerful tool to globally analyze proteins 

without antibody, and MS-based proteomics enables us to comprehensively identify and 

quantify protein post-translational modifications (PTMs) (Chen et al., 2018; Huang et al., 

2015; Ruhaak et al., 2018; Simithy et al., 2017; Song et al., 2014; Wu et al., 2011; Xiao et 

al., 2018a; Xiao et al., 2019; Yuan et al., 2014; Zhang et al., 2003). Although MS can 

identify many peptides and proteins in bottom-up proteomics, in which proteins need to be 

proteolytically digested into peptides before MS analysis, the high-abundance intracellular 

proteins may mask surface glycoproteins during MS analysis. This results in the failure of 

identifying surface glycopeptides and glycoproteins. Moreover, MS cannot distinguish 
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surface glycoproteins from intracellular ones. Therefore, specific separation and enrichment 

of surface glycoproteins is prerequisite prior to MS analysis.

In 2009, Wollscheid et al. developed an elegant method called cell surface capturing (CSC) 

to comprehensively investigate glycoproteins on the cell surface. They used a chemical 

method to oxidize glycans on the cell surface, and then enriched surface glycoproteins for 

MS analysis (Wollscheid et al., 2009). This method allowed them to identify and quantify 

surface glycoproteins. CSC has been applied to different samples including mouse and 

human cell lines, and primary cells (Gundry et al., 2009; Haverland et al., 2017). Bausch-

Fluck et.al applied it to different types of human and mouse cells and built a MS-derived 

Cell Surface Protein Atlas (CSPA), which provides valuable information about surface 

glycoproteins from different species that forms the basis for classification of cell types and 

drug target screening (Bausch-Fluck et al., 2015). Recently, Leung et al. systemically 

studied the impact of azacitidine (AZA) on the surface proteome of acute myeloid leukemia 

(AML) cells (Leung et al., 2019). AML is one kind of disease involved with abnormal 

hematopoietic differentiation and epigenetic changes. By employing CSC, they identified 

the largest number of surface proteins in AML cells to date and provided a valuable resource 

for AML study and offered potential therapeutic strategies for AML by utilizing AZA.

Another nice approach to capture cell surface glycoproteins with high sensitivity is selective 

exoenzymatic labeling (SEEL) developed by Dr. Boons lab (Sun et al., 2016; Yu et al., 

2016). For SEEL, a recombinant glycosyltransferase is used to specifically transfer a sugar 

analog to install a chemical reporter onto glycans on the cell surface that enables the 

enrichment of surface glycoprotein for MS analysis. Galactose oxidase (GAO), which is an 

enzyme and can specifically convert the hydroxyl group at C6 on galactose/N-

acetylgalactosamine (Gal/GalNAc) to an aldehyde group, can be employed to tag surface 

glycoproteins, followed by the enrichment for MS analysis (Ramya et al., 2013). Since the 

reaction conditions are very mild, this method can eliminate the oxidative stress posed on 

cells and maintain the intact state of cells. Recently, by incorporating horseradish peroxidase 

(HRP) and methoxylamine, the efficiency of GAO-based method to capture cell surface 

glycoproteins has been dramatically improved (Sun et al., 2019). The method has also been 

used to systematically study the surface glycoprotein trafficking by combing with 

quantitative proteomics. However, the GAO-based method is biased for surface 

glycoproteins with glycans terminated with Gal/GalNAc because of the inherent specificity 

of GAO. In combination with the sialidase treatment to remove sialic acid, this method was 

demonstrated to be more effective to analyze surface glycoproteins (Sun et al., 2019). 

Despite the importance of surface glycoproteins, global analysis of surface proteins has been 

understudied compared to the whole proteomic analysis. In this book chapter, we discuss a 

chemoenzymatic method by integrating metabolic labeling, click and enzymatic reactions, 

and MS-based proteomics for global and site-specific analysis of surface glycoproteins.
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2. COMPREHENSIVE ANALYSIS OF SURFACE N-GLYCOPROTEINS BY 

INTEGRATING METABOLIC LABELING, COPPER-FREE CLICK CHEMISTRY 

AND MS-BASED PROTEOMICS

2.1 Metabolic Labeling with Sugar Analogs and Bioorthogonal Chemistry

During the last decades, the rapid development of metabolic labeling with sugar analogs in 

glycobiology research has been achieved. Modified sugar analogs with a chemical reporter 

can be taken up into cells and incorporated into glycoconjugates (Mahal et al., 1997; Woo et 

al., 2015; Zhu et al., 2016). The sialic acid biosynthetic pathway in cells can tolerate 

unnatural sialic acid analogs with chemical reporters. For example, N-

azidoacetylmannosamine (ManNAz) can be converted to sialic acid bearing an azido group 

in cells and then incorporated into glycoproteins through the biosynthetic machinery of a 

cell (Saxon and Bertozzi, 2000; Yang et al., 2011). In addition to the sialic acid biosynthetic 

pathway, both the GalNAc and N-acetylglucosamine (GlcNAc) salvage pathways can 

tolerate unnatural sugars bearing chemical reporters, including N-azidoacetylgalactosamine 

(GalNAz) and N-azidoacetylglucosamine (GlcNAz) (Hang et al., 2003; Vocadlo et al., 

2003).

The chemical reporters incorporated into glycoproteins are critical for the following tagging 

and study of glycoproteins. The first requirement for the chemical reporters is that they 

cannot either exist in the biological systems or react with a plethora of chemical 

functionalities found in living cells, which ensures that the detection and/or enrichment of 

glycoproteins are specific and selective (Hubbard et al., 2011; Lim and Lin, 2010; Sletten 

and Bertozzi, 2009). In addition, ideally the chemical reporters can be recognized by 

biosynthetic machineries in cells without structural and biological perturbations in the 

biological systems. After being installed with the chemical reporters, glycoproteins can be 

tagged with fluorescence probes or other reagents with an affinity group for enrichment 

through a bioorthogonal reaction, which can take place in the presence of biomolecules or in 

living cells without the disruption of the biological systems (Dieterich et al., 2006). 

Normally, a bioorthogonal reaction needs to be fast and form a stable covalent linkage 

without generating toxic byproducts. Bertozzi lab employed the hydrazide/oxime 

condensation to target surface glycoproteins, in which carbonyls were used as the chemical 

reporters and under acidic conditions (pH 4–6) they reacted with hydrazines and 

alkoxyamines. They used N-levulinoyl mannosamine (ManLev), which bears a ketone 

functional group, to metabolically label cell surface glycoproteins, followed by being 

conjugated with molecules containing hydrazide under physiological conditions (Mahal et 

al., 1997). Azide has also been widely used as a chemical reporter in living systems because 

of its special properties including its absence from biological systems, relative stability and 

unique reactivity. A sugar analog containing azide was used to metabolically label cells and 

reacted with triarylphosphine through the Staudinger ligation for cell surface glycoproteins 

(Saxon and Bertozzi, 2000). However, the Staudinger ligation reaction is relatively slow and 

triarylphosphine is not very stable. Azide can also undergo reactions with alkynes through 

Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC), which proceeds faster than the 

Staudinger ligations under physiological conditions (Wang et al., 2003). Through metabolic 
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labeling with ManNAz, glycans with the azide functionality on the cell surface can be 

tagged through CuAAC using tris(hydroxypropyltriazolyl)methylamine (THPTA) as the 

ligand (Hong et al., 2010). However, the copper ions used in CuAAC are toxic to cells and in 

order to lower the toxicity, decreasing copper concentration is a commonly used strategy, 

which leads to a significant decrease in the reaction rate. Strain-promoted azide–alkyne 

cycloaddition (SPAAC) was developed, which relies on the relatively high reactivity of a 

strained alkyne towards the azido group. The reaction can take place under physiological 

conditions without any catalysts (Agard et al., 2004). In order to further speed up the SPACC 

reactions, different types of cyclooctyne were developed and tested and the reaction rate was 

reported up to10−2 to 1 M−1 s−1 (Codelli et al., 2008). The reaction has been widely used in 

complex systems including live cells and animals (Ning et al., 2008).

Besides the hydrazide/oxime condensation, Staudinger ligations, CuAAC and SPAAC, many 

other types of bioorthogonal reactions have been developed and utilized to study biological 

processes, including metal-catalyzed olefin metathesis, the thiol-ene reaction and a light 

induced 1,3-dipolar cycloaddition reaction between tetrazoles and terminal alkenes (Lang 

and Chin, 2014; McKay and Finn, 2014). Inverse-electron demanding Diels–Alder reactions 

between highly strained alkenes or alkynes and tetrazines has recently become increasingly 

popular to label biomolecules in living systems because of its extraordinarily fast reaction 

rate (up to 105 M−1 s−1) (Taylor et al., 2011).

2.2 Combination of Metabolic Labeling and Bioorthogonal Reactions for Comprehensive 
Analysis of Surface N-Glycoproteins

Considering the importance of cell surface glycoproteins, we have worked on the 

development of effective methods to achieve their comprehensive analysis. As described 

above, it is extraordinarily challenging to globally analyze glycoproteins only located on the 

cell surface. With the rapid development in MS-based proteomics, site-specific analysis of 

glycosylation become possible. Site-specific analysis of protein modifications provides 

valuable information about modification sites, and similarly important, it offers solid 

evidence for the identification of modified peptides and proteins. In this book chapter, we 

describe a method integrating metabolic labeling, bioorthogonal chemistry, and MS-based 

proteomics to globally and site-specially identify and quantify surface N-glycoproteins 

(Chen et al., 2015; Smeekens et al., 2015; Xiao et al., 2016; Xiao et al., 2018b). A sugar 

analog including GalNAz, GlcNAz, or ManNAz, was fed to cells and then a chemical 

reporter, i.e. the azido group, can be incorporated into glycoproteins, including those located 

on the cell surface (Figure 1a and 1b). With the help of SPAAC, which takes place under 

physiological conditions and maintains the viability of cells, surface glycoproteins 

containing the azido group were conjugated with dibenzocyclooctyne (DBCO)-sulfo-biotin 

while cells were still alive. Due to the hydrophilic properties of DBCO-sulfo-biotin, it 

cannot penetrate the plasma membrane of cells and therefore only surface glycoproteins 

were tagged. After the removal of the remaining reagents, we lysed cells, extracted proteins 

and then digested them. Glycopeptides from surface glycoproteins contained the biotin tag, 

which allowed us to enrich them through NeutrAvidin beads based on the high affinity 

between biotin and avidin. One limitation of NeutrAvidin enrichment is the non-specific 
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binding, which can be minimized by performing the enrichment at the peptide level instead 

of the protein level.

High heterogeneity of glycans makes site-specific analysis of glycoproteins by MS 

extremely challenging. In order to enable site-specific analysis of surface N-glycoproteins, it 

is necessary to generate a universal tag on the glycosylation sites before MS analysis (Chen 

et al., 2014; Kuster and Mann, 1999). Peptide N-glycosidase F (PNGase F) was employed to 

remove the N-glycans on enriched surface glycopeptides, which converted asparagine (Asn) 

to aspartic acid (Asp). The reaction took place in heavy-oxygen water (H2
18O) and therefore 

a mass shift of +2.9883 Da on glycosylation sites (Asp) was generated, which can be readily 

identified by MS. This method can distinguish authentic glycosylation sites from those 

caused by chemical deamination on Asn that takes place in vivo and during sample 

preparation.

2.3. Identifications of Surface Glycopeptides with LC-MS/MS

Deglycosylated peptides can be analyzed by liquid chromatography-coupled tandem mass 

spectrometry (LC-MS/MS). The full MS of glycopeptides was recorded in the Orbitrap cell 

with high mass accuracy and high resolution, which increases the confidence of peptide 

identifications. Then peptides were fragmented using collision-induced dissociation (CID) 

and the fragments were recorded in a linear ion trap. In order to interpret the obtained 

tandem mass spectra, the observed fragmentation ions were matched against the predicted 

fragmentation ions from all the known protein sequences in the database (Eng et al., 1994). 

After obtaining peptide sequences, it is necessary to determine the confidence of 

glycosylation sites for site-specific analysis. The presence of the fragmentation ions 

generated from the tandem mass spectra were matched against the predicted fragmentation 

ions based on the theoretical sites, which would determine the possibility of the site 

localization (Beausoleil et al., 2006). It is well-known that the N-X-S/T (X is any amino acid 

residue except proline) motif is conserved for protein N-glycosylation and this motif was 

further utilized to control the confidence of glycosylation site identification. Eventually, the 

combination of metabolic labeling, copper-free click chemistry and MS-based proteomics 

enabled to comprehensively and site-specifically investigate N-glycoproteins only located on 

the cell surface.

3. PROTOCOL

Chemical Reagents and Materials

Dulbecco’s Modified Eagle Medium (DMEM), phosphate buffered saline (PBS), 

Benzonase® Nuclease, peptide-N-glycosidase F (PNGase F), dimethyl sulfoxide (DMSO), 

digitonin, sodium deoxycholate (SDC), penicillin-streptomycin, NaCl, HEPES, DTT, 

iodoacetamide, urea, ammonium bicarbonateare from Sigma-Aldrich; GalNAz, GlcNAz, 

ManNAz, DBCO-sulfo-biotin are purchased from Click Chemistry Tools; DMEM for 

SILAC, Pierce NeutrAvidin agarose beads, formic acid, trifluoroacetic acid, acetic acid are 

from Thermo Scientific; Fetal bovine serum (FBS) and dialyzed FBS are purchased from 

Corning and Atlanta Biologicals, respectively. Lys-C (mass spectrometry grade) and trypsin 

(sequence grade) are purchased from Wako and Promega. 13C6
15N2 L-lysine (+8 Da) and 
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13C6 L-arginine (+ 6 Da) are from Cambridge Isotopes Inc. Other chemicals are specified in 

the following protocol.

3.1 Cell Culture

3.1.1 Culture HepG2 (ATCC) in DMEM supplemented with 10% FBS and 1% 

penicillin-streptomycin in a humidified incubator with 5% CO2 at 37 °C.

3.1.2 Wash cells with warm 10 mL PBS twice when the confluency of cells reaches 

about 50% in a T175 flask.

3.1.3 Add sugar analogs GalNAz, GlcNAz, or ManNAz (stock solution: 100 mM in 

DMSO) to the media to a final concentration of 100 μM. The sugar analogs need 

to be passed through a filter (0.2 μm, VWR) before being added to the media in 

order to remove possible microorganisms.

3.1.3 Transfer the prepared media to flasks and culture the cells for another 24 h 

before performing the copper-free click reaction.

3.2 Quantification Experiment Using Stable Isotope Labeling by Amino Acids in Cell 
Culture (SILAC)

3.2.1 Prepare the SILAC media: for heavy media, add 87.5 mg heavy lysine (Lys-8), 

42.0 mg heavy arginine (Arg-6), 100.0 mg proline (Sigma-Aldrich) and 50 mL 

dialyzed FBS to 450 mL SILAC media; for light media, add 73.0 mg lysine 

(Lys-0, Sigma-Aldrich), 34.7 mg arginine (Arg-0, Sigma-Aldrich), 100.0 mg 

proline and 50 mL dialyzed FBS to 450 mL SILAC media.

3.2.2 Grow MCF7 and MDA-MB-231 cells (ATCC) in light and heavy SILAC media 

in a humidified incubator at 37 °C supplemented with 5% CO2, respectively.

3.2.3 Culture cells for at least five generations before adding sugar analogs.

3.3 Cell Surface Glycoproteins Tagging Through Copper-Free Click Chemistry

3.3.1 Prepare the following solution: add DBCO-sulfo-biotin (stock solution: 40 mM 

in DMSO) to PBS to a final concentration of 100 μM.

3.3.2 Remove the media from cells and wash cells with warm 10 mL PBS twice.

3.3.3 Add 5 mL PBS containing DBCO-sulfo-biotin to cells in a T175 flask. Tilt the 

flask to ensure that the surface of cells is covered with the solution. Incubate the 

cells at 37 °C for 1 h.

3.3.4 After the copper-free click reaction, wash cells with 10 mL PBS twice and then 

harvest them in PBS by using cell scraper (Thermo Scientific).

3.3.5 Cells in PBS are pelleted through centrifuging at 500 g for 3 min and the cell 

pellet is washed with PBS one more time.
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3.4 Cell Lysis

3.4.1 Prepare the following buffer: 150 mM NaCl (stock solution: 3 M), 50 mM 

HEPES (pH 7.4) (stock solution: 500 mM, pH 7.4), 25 μg/mL digitonin (stock 

solution: 250 μg/mL), 1 tablet/10 mL protease inhibitor (Roche).

3.4.2 Add 3 mL buffer to cells and pipette the solution up and down several times to 

ensure that cells are suspended in the solution. Put the cell mixture on ice for 10 

min. The purpose of this step is to use digitonin to break the plasma membrane 

and remove cytosolic proteins.

3.4.3 Centrifuge the solution at 2000 g for 10 min. Then remove the supernatant and 

keep the pellet on ice.

3.4.4 Prepare the lysis buffer: 50 mM HEPES (pH 7.4), 150 mM NaCl, 0.5 % SDC, 

20 units/mL benzonase, 1 tablet/10 mL protease inhibitor.

3.4.5 Add 3 mL lysis buffer to the cell pellet and vertex to suspend the pellet in 

solution. Incubate the solution on an end-over-end rotor at 4 °C for 45 min.

3.4.6 Centrifuge the lysis solution at 5000 g for 10 min and keep the supernatant. The 

protein concentrations were determined by the BCA protein assay.

3.5 Protein Reduction, Alkylation and Digestion

3.5.1 Add DTT (stock solution: 1 M) to the lysate to a final concentration of 5 mM 

and incubate the solution at 56 °C for 30 min. In order to minimize side 

reactions from alkylation, the solution needs to cool down to room temperature 

before adding iodoacetamide.

3.5.2 Add iodoacetamide to the lysate solution to a concentration of 14 mM. Use 

aluminum foil to cover the lysate and incubate on the end-over-end rotator at 

room temperature for 30 min.

3.5.3 Isolate proteins from the lysate solution through the methanol-chloroform 

protein precipitation method. For 1 mL of lysate solution, add 4 mL of methanol 

(EMD Millipore), 1 mL of chloroform (EMD Millipore), and 3 mL of deionized 

H2O. Mix and vortex after adding each solvent. Centrifuge the solution at 5000 

g for 10 min and then remove the supernatant. Add the same volume of 

methanol to wash the pellet for one time and centrifuge at 5000 g for 10 min and 

remove the supernatant.

3.5.4 Prepare the digestion buffer: 50 mM HEPES (pH 8.6, stock solution: 500 mM 

pH 8.6), 1.6 M urea, 5% (v/v) ACN (EMD Millipore).

3.5.5 Add 3 mL digestion buffer to the protein pellet and sonicate for 15 seconds to 

suspend the protein pellet in the buffer. Add trypsin to the solution and the ratio 

of trypsin to proteins is 1:100 (w/w). Incubate at 37 °C with shaking overnight.

3.5.6 Quench the digestion by adding trifluoroacetic acid (TFA) until the pH is less 

than two. Centrifuge the solution at 5000 g for 10 min and keep the supernatant 

for peptide desalting.
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3.6 Peptide Desalting

3.6.1 Purify peptides using a tC18 Sep-Pak cartridge (Waters). Here we use a 100 mg 

cartridge as an example. The maximum capacity is 5 % of the cartridge packing 

material weight.

3.6.2 Wash the cartridge with 3 mL ACN and then with 3 mL of 50 % ACN with 0.5 

% acetic acid.

3.6.3 Equilibrate the cartridge with 3 mL of 0.1 % TFA and then load the sample.

3.6.4 Desalt the sample with 3 mL of 0.1 % TFA and then wash with 0.5 mL of 0.5 % 

acetic acid to remove TFA.

3.6.5 Elute peptides with 0.7 mL of 50 % ACN with 0.5 % acetic acid and then 0.3 

mL of 75 % ACN with 0.5 % acetic acid.

6.6 Freeze the eluted peptides at −80 °C and lyophilize the sample using a speed vac 

overnight.

3.7 Glycopeptide Enrichment Using NeutrAvidin Beads

3.7.1 For ~3 mg peptides, get 100 μL NeutrAvidin slurry and wash the beads with 1 

mL PBS for three times.

3.7.2 Dissolve peptides in 0.5 mL PBS and transfer the dissolved peptides to 

NeutrAvidin beads. After vertexing, incubate the mixture at 37 °C with shaking 

for 30 min.

3.7.3 Transfer the mixture to a spin column (Thermo Scientific) and wash the beads 

with 0.6 mL PBS for ten times. For each wash, vertex the spin column and then 

centrifuge at 2000 g for 2 min to remove the washing solution.

3.7.4 Elute glycopeptides by adding 200 μL of 8 M guanidine-HCl (pH 1.5, Sigma-

Aldrich) and incubating at 56 °C for 2 min. The elution step is repeated for 

another two times. Combine the eluates for peptide desalting.

3.7.5 Desalt the gycopeptides using a 50 mg Sep-Pak cartridge. Freeze the eluted 

peptides at −80 °C and lyophilize the sample using a speed vac overnight.

3.8 Peptide Deglycosylation through the PNGase F Treatment

3.8.1 Dissolve lyophilized glycopeptide (entirely dry) in 40 μL 50 mM ammonium 

bicarbonate (NH4HCO3, pH = 9) in heavy-oxygen water (H2
18O) and then add 3 

μL PNGase F (1 U/μL in H2
18O).

3.8.2 Incubate the reaction at 37 °C with shaking for 3 h. Quench the reaction by 

adding formic acid (FA) until the pH is less than 2, followed by stage tip.

3.9 Stage Tip

3.9.1 For each stage tip, load 50 μL methanol (HPLC grade, EMD Millipore), then 

centrifuge at 2500 rpm for 2 min. Remove the flow-through. It is necessary to 

make sure that there is no solvent left above the packing material.
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3.9.2 Load 40 μL 80% ACN (LC-MS grade, EMD Millipore) with 1% acetic acid and 

then centrifuge at 2500 rpm for 2 min.

3.9.3 Equilibrate the stage tip with 40 μL 1% FA and centrifuge at 3000 rpm for 3 

min.

3.9.4 Load the sample to stage tip and centrifuge at 2000 rpm for 10 min.

3.9.5 Load stage tip with 50 μL 1% FA and centrifuge at 3000 rpm for 3 min to desalt 

peptides.

3.9.6 Elute peptides with 20 %, 50% and 80% ACN with 1 % acetic acid, respectively. 

Collect each fraction in a vial used for mass spectrometric analysis.

3.9.7 Freeze the eluted peptides at −80 °C and lyophilize the sample using a speed vac 

for 20 min.

3.10 LC-MS/MS Analysis

3.10.1 Dissolve the dried peptides in 8 μL of 5% ACN with 4% FA. Vertex the 

sample to ensure peptides are completely dissolved.

3.10.2 Load 4 μL of each sample onto an in-house packed microcapillary column 

with C18 beads through a Dionex WPS-3000TPLRS autosampler. Peptides 

are separated by reversed-phase liquid chromatography using an UltiMate 

3000 binary pump.

3.10.3 Thermo LTQ Orbitrap Elite is used to detect peptides with the following 

setup: resolution for one full MS scan in the Orbitrap: 60,000; automatic gain 

control (AGC) target: 106; MS/MS scanning in the LTQ: 20 for the most 

intense ions; normalized collision energy of CID: 40; isolation width (m/z) 

2.0; maximum ion accumulation time for each full MS scan and each MS/MS 

scan: 1000 ms and 50 ms, respectively.

3.11 Database Searches, Data Filtering, and Glycosylation Site Localization

3.11.1 After converting the raw files into mzXML format, search all MS/MS spectra 

using SEQUEST algorithm (Eng et al., 1994), matching mass spectra against 

UniProt human (Homo sapiens) database containing all protein sequences 

with the following parameters: 10 ppm for precursor mass tolerance; 1.0 Da 

for product ion mass tolerance; fully digested with trypsin; up to three missed 

cleavages; fixed modification: carbamidomethylation of cysteine (+57.0214); 

variable modifications: oxidation of methionine (+15.9949), 18O tag of Asp 

(+2.9883), heavy lysine (+8.0142) and heavy arginine (+6.0201).

3.11.2 Employ the target-decoy method (Elias and Gygi, 2007) and linear 

discriminant analysis (LDA) to evaluate and control the false discovery rates 

(FDRs) of glycopeptide and glycoprotein identifications. Multiple parameters 

are integrated, such as Xcorr, ΔCn, and precursor mass error. The FDRs for 

both glycopeptides and glycoproteins are controlled to be less than 1%.
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3.11.3 Use ModScore which indicates the possibility of the glycosylation site based 

on the comparison of fragmentation ions with theoretical ones to evaluate the 

confidence of site localizations (Beausoleil et al., 2006). It employs a 

probabilistic algorithm that considers the presence or absence of fragment 

ions generated in the tandem mass spectrum unique to each glycosylation site 

and calculates the possibility of the best site localization when compared with 

the theoretical fragments. Sites with a ModScore >19 (P < 0.01) are 

considered to be confidently localized.

3.11.4 For peptide quantification using SILAC, the ratio between signal and noise 

(S/N) for both heavy and light peptides need to be larger than 3. The S/N ratio 

of the light peptide needs to be larger than 10 when the S/N ratio of the heavy 

peptide counterpart is lower than 3, and vice versa. If the same peptides are 

quantified several times, their abundance change is the median ratio of those 

same peptides. For the glycosylation site quantification, quantified 

glycopeptide must follow two criteria below: it contains only one 

glycosylation site and the ModScore has to be larger than 19, which ensures 

that glycosylation site is well-localized.

3.11.5 Protein functional annotations can be obtained using the Database for 

Annotation, Visualization and Integrated Discovery (DAVID) and the Protein 

Analysis Through Evolutionary Relationships (PANTHER) classification 

system.

4. DISCUSSION

4.1 Site-Specific Analysis of Surface N‑Glycoproteins with Different Sugar Analogs

An increase of surface glycoproteome coverage is essential to screen the desirable proteins 

for the classification of cells, discovery of biomarkers and treatment of diseases. GalNAz, 

GlcNAz, and ManNAz can all be used through the biosynthetic pathways inside a cell and 

then incorporated into glycoproteins. Each sugar analog enters a different biosynthetic 

pathway in cells and therefore labels glycoproteins on the basis of glycan structures and 

enzymes responsible for the glycan synthesis. Thus, it is expected that the labeling efficiency 

from these sugar analogs could be different, which can be reflected by the number of 

identified surface N-glycoproteins. Based on the biologically duplicate experiments, the 

result of GalNAz outperformed GlcNAz and ManNAz, and GlcNAz covered the fewest 

number of glycosylation sites and glycoproteins. The majority of the glycosylation sites and 

glycoproteins identified in the experiments with ManNAz and GlcNAz as the labeling 

reagents were covered in the experiment with GalNAz (Figure 2). The results clearly 

demonstrated that GalNAz resulted in the highest coverage of the surface N-glycoproteome 

among the parallel experiments (Xiao et al., 2016).

In the process of globally identifying N-glycosylation sites on the cell surface, two potential 

issues need to be considered in order to ensure that the identified sites are authentic. The 

first one is non-specific binding from NeutrAvidin beads, which will undermine the 

hypothesis that only cell surface N-glycopeptides can be enriched and identified in the 
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current method. A control experiment in which the step of copper-free click chemistry was 

omitted and the other steps remained the same. Compared to 886 unique glycopeptides 

identified in the GalNAz labeling experiment, only 20 unique glycopeptides were identified 

in the control experiment, which indicated that the non-specific binding from NeutrAvidin 

beads posed little impact on surface glycopeptide identification. Another issue is the 

chemical deamination of Asn, which leads to false positive identifications of surface 

glycopeptides. This issue can be solved by performing PNGase F treatment in H2
18O for 

only three hours. With this short period of treatment time and the nearly neutral reaction 

conditions, the effect from the chemical deamination on glycosylation site identification is 

minimal, and therefore can be ignored (Xiao et al., 2016).

4.2 Quantification of Cell Surface Glycoproteins in Combination with Quantitative 
Proteomics

Because the current method is effective to globally analyze cell surface N-glycoproteins, it 

can also be applied for quantitative analysis of surface N-glycoproteins, which will enhance 

our understanding of the molecular mechanism of diseases and the discovery of biomarkers 

for disease diagnosis and drug targets for disease treatment. Combing the current method 

with SILAC, we studied the surface N-glycoprotein abundance changes in cells with the 

statin treatment. Statin is an inhibitor of HMG-CoA reductase, an enzyme that controls the 

rate-limiting step in the mevalonate pathway of cholesterol synthesis. The inhibition of 

HMG-CoA reductase prevents the synthesis of one important molecule produced in this 

pathway-dolichol, which acts as a membrane anchor for the formation of the oligosaccharide 

Glc3Man9GlcNAc2 that can be transferred to the Asp residues and glycosylate proteins 

(Burda and Aebi, 1999). Therefore, quantification of surface N-glycoproteins on statin-

treated cells leads to a better understanding of the relationship between N-glycosylation and 

the pleiotropic effects caused by statin. By using GalNAz as the sugar analog, the 

quantification results demonstrated that many N-glycosylation sites on surface proteins were 

down-regulated in statin-treated cells and it was also found that several N-glycosylation sites 

on proteins involved in Alzheimer’s disease pathway were down-regulated (Xiao et al., 

2016).

4.3 Study on the Correlation between Surface N-Sialoglycoproteins and Cell Invasiveness

Sialic acid located at the terminus of glycans on surface glycoproteins carries a negative 

charge under physiological conditions, which may affect the cell surface properties and 

migration of cells. It is speculated that the increase of sialylation on cell surface 

glycoproteins is correlated with cancer development and metastasis. Therefore, in order to 

gain a better understanding of functions of surface N-sialoglycoproteins and cellular 

activities that they participate in, it is of great importance to achieve their comprehensive and 

site-specific analysis. Titanium dioxide, lectins and hydrophilic interaction chromatography 

(HILIC) were reported as the major ways to selectively enrich sialoglycoproteins (Larsen et 

al., 2007; Zhao et al., 2006). However, those methods are not suitable to specifically target 

sialoglycoproteins only located on cell surface.

Combing SILAC and the method discussed in this book chapter, we can quantitatively 

compare the different expression of surface N-sialoglycoproteins between two breast cancer 
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cells, MCF7 and MDA-MB-231 cells with low and high invasiveness, respectively (Figure 

3a) (Chen et al., 2015). In order to specifically study N-sialoglycoproteins, ManNAz was 

employed for the metabolic labeling of sialoglycoproteins, including those on the cell 

surface. Four hundred and thirty-nine N-sialoglycosylation sites were identified on the 

surface of MDA-MB-231 cells and 237 sites were identified in MCF7 cells (Figure 3b). 

There are different types of membrane proteins, including type I and type II membrane 

proteins, which extends the N- or C-terminus in the extracellular region, respectively. Of all 

the N-sialoglycoproteins identified in both types of cells, the vast majority were membrane 

proteins based on the information from Uniprot and the prediction results from SecretomeP 

and Phobius (Figure 3c) (Bendtsen et al., 2004; Käll et al., 2004). The location of all the 

glycosylation sites identified on type I and type II membrane proteins was in the 

extracellular region (Figure 3d). These results demonstrated that the current method is very 

specific for surface N-sialoglycoprotein analysis. Among quantified N-sialoglycopeptides, 

over 40% (179 out of 406) from 99 proteins were up-regulated by over two-fold (Figure 4a). 

Gene Ontology analysis using the Database for Annotation, Visualization and Integrated 

Discovery (DAVID) was performed to determine biological processes those up-regulated N-

sialoglycoproteins are involved in (Huang et al., 2008). Proteins correlated with cell 

adhesion were the most highly enriched, and proteins belonging to the categories of integrin-

mediated signaling, cell motion and cell-matrix adhesion were also overrepresented (Figure 

4b). These results indicated that surface protein sialylation was closely correlated to cell 

migration and invasiveness.

Protein domains represent the functions of a given protein sequence and the investigation of 

their relationship with N-glycosylation sites will provide valuable information about the 

correlation between protein functions and N-glycosylation (Milac et al., 2004). Among all 

the up-regulated N-sialoglycoproteins, over sixty types of protein domains were identified 

and the most frequent domain was the cadherin-like domain, which acts as one of the major 

adhesion domains that regulate cell-cell adhesion (Figure 4c). About 25% of the up-

regulated proteins contained the immunoglobulin (Ig)-like domain, which is one of the most 

widespread domains involved in binding with different types of ligands, ranging from small 

molecules to hormones, and to macromolecules. Fibronectin type III domain related to cell 

adhesion and migration was found in twelve of the identified up-regulated N-

sialoglycoproteins. Integrin, EGF-like, and growth factor receptor domains also frequently 

appeared among these up-regulated N-sialoglycoproteins. The domain analysis further 

indicated that sialylation may regulate the functions of proteins, and then promote the 

migration of cancer cells.

5. SUMMARY

Effective methods are critically important to tackle the mystery of glycoproteins located on 

the cell surface, which will facilitate our understanding of their biological functions and 

reveal the molecular mechanisms of disease. In this book chapter, we describe the challenges 

to analyze surface glycoproteins and briefly review existing methods, including CSC, SEEL, 

and GAO-based techniques, to systematically investigate cell surface N-glycoproteins. We 

mainly focus on an effective method integrating metabolic labeling, click and enzymatic 

reactions, and MS-based proteomics for global and site-specific analysis of surface 
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glycoproteins. In parallel experiments for the comparison of different sugar analogs, 

GalNAz was found to be the most effective for surface N-glycoprotein analysis. This analog 

was then employed to systematically quantify surface N-glycoprotein changes in cells with 

the statin treatment. By utilizing ManNAz that specifically labels sialylated glycoproteins, 

systematic quantification of surface N-sialoglycosylated proteins between MCF7 and MDA-

MB-231 cells with different invasiveness was performed in combination with quantitative 

proteomics. The results provide valuable information about the correlation between cell 

invasiveness and protein N-sialoglycosylation on the cell surface. This method can be 

extensively applied to decipher glycoprotein functions and various biological processes 

regulated by surface glycoproteins.
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Figure 1. 
(a) Experimental procedure for the global analysis of the cell surface N-glycoproteome 

integrating metabolic labeling, copper-free click chemistry, and MS-based proteomics. (b) 

Different types of sugar analogs, GalNAz, GlcNAz, and ManNAz.

Adapted with permission from Xiao, H., Tang, G. X., & Wu, R. (2016). Site-specific 

quantification of surface N-glycoproteins in statin-treated liver cells. Analytical Chemistry, 

88(6), 3324–3332. Copyright by the American Chemical Society.
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Figure 2. 
Identification of (a) surface N-glycosylation sites and (b) N-glycoproteins among GalNAz, 

GlcNAz, and ManNAz labeling experiments.

Adapted with permission from Xiao, H., Tang, G. X., & Wu, R. (2016). Site-specific 

quantification of surface N-glycoproteins in statin-treated liver cells. Analytical Chemistry, 

88(6), 3324–3332. Copyright by the American Chemical Society.
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Figure 3. 
(a) Experimental procedure for the quantification of the surface N-sialoglycoproteome 

between MCF7 and MDA-MB-231cells. (b) Identification of N-sialoglycosylation sites from 

MCF7 and MDA-MB-231 cells. (c) Classification of surface proteins identified from MCF7 

and MDA-MB-231 cells. (d) The distribution of site location of identified N-

sialoglycosylation sites from type I and type II membrane proteins.

Adapted with permission from Chen, W., Smeekens, J. M., & Wu, R. (2015). Systematic and 

site-specific analysis of N-sialoglycosylated proteins on the cell surface by integrating click 

chemistry and MS-based proteomics. Chemical Science, 6(8), 4681–4689. Copyright by the 

Royal Society of Chemistry.
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Figure 4. 
(a) Abundance distribution of quantified N-sialoglycosylation sites between MCF7 and 

MDA-MB-231 cells. (b) Protein clustering of up-regulated N-sialoglycoproteins based on 

biological processes. (c) Domain analysis of up-regulated N-sialoglycoproteins.

Adapted with permission from Chen, W., Smeekens, J. M., & Wu, R. (2015). Systematic and 

site-specific analysis of N-sialoglycosylated proteins on the cell surface by integrating click 

chemistry and MS-based proteomics. Chemical Science, 6(8), 4681–4689. Copyright by the 

Royal Society of Chemistry.
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