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Abstract

Protein N-glycosylation is essential for mammalian cell survival and is well-known to be involved 

in many biological processes. Aberrant glycosylation is directly related to human disease 

including cancer and infectious diseases. Global analysis of protein N-glycosylation will allow a 

better understanding of protein functions and cellular activities. Mass spectrometry (MS)-based 

proteomics provides a unique opportunity to site-specifically characterize protein glycosylation on 

a large scale. Due to the complexity of biological samples, effective enrichment methods are 

critical prior to MS analysis. Here, we compared two lectin-independent methods to enrich 

glycopeptides for the global analysis of protein N-glycosylation by MS. The first boronic acid-

based enrichment (BA) method benefits from the universal and reversible interactions between 

boronic acid and sugars; the other method utilizes metabolic labeling and click chemistry (MC) to 

incorporate a chemical handle into glycoproteins for future affinity enrichment. We 

comprehensively compared the performance of the two methods in the identification and 

quantification of glycoproteins in statin-treated liver cells. Based on the current results, the BA 

method is more universal in enriching glycopeptides, while with the MC method, cell surface 

glycoproteins were highly enriched, and the quantification results appear to be more dynamic 

because only the newly-synthesized glycoproteins were analyzed. In addition, we normalized the 

glycosylation site ratios by the corresponding parent protein ratios to reflect the real modification 

changes. In combination with MS-based proteomics, effective enrichment methods will vertically 

advance protein glycosylation research.
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1. Introduction

Protein glycosylation is critical in determining protein folding, trafficking, stability and 

activity [1, 2]. Among multiple types of protein glycosylation, N- and O-linked 

glycosylation are the two major types [3, 4]. N-linked glycosylation occurs on the side chain 

of the asparagine residue and often has an N-X-S/T/C (X stands for any amino acid residues 

other than proline) [5, 6], while O-linked glycosylation is on the side chains of serine and 

threonine residues [7–9]. N-glycosylation typically begins with the synthesis of the dolichol-

linked precursor oligosaccharide (GlcNAc2Man9Glc3), followed by en bloc transfer of the 

precursor oligosaccharide to newly synthesized peptides in the endoplasmic reticulum (ER) 

[10, 11]. Due to its importance in biological systems [12–16], N-glycosylation has also 

brought extensive attention for its role in human disease, such as Alzheimer’s disease (AD), 

cancer, and infectious diseases [13, 17, 18].

With the development of mass spectrometry (MS) instrumentation and computation 

techniques, current MS-based proteomics is very powerful in analyzing protein 

modifications, including glycosylation, in complex biological samples [19–32]. Due to the 

low abundance of many glycoproteins, sub-stoichiometry of protein glycosylation, and the 

complexity of biological samples, it is imperative to enrich glycoproteins prior to MS 

analysis [28, 33–37]. Conventional lectin-based enrichment methods have been extensively 

used [38, 39]. However, due to the binding specificity of lectin, no single or several types of 

lectin can cover all glycoproteins that have highly diverse glycans in human cells.

In recent years, several very elegant methods have been developed and tremendously 

advanced the glycoproteomics field [6, 28, 29, 40–45]. In this work, we systematically 

compared two lectin-independent chemical methods to enrich and analyze glycoproteins in 

human cells: one based on boronic acid and cis-diol interactions [33, 46–48] and the other 

benefited from metabolic labeling and click reaction [49–51]. For the first method, we 

utilized the universal and reversible interactions between boronic acid and sugar molecules. 

Boronic acid and cis-diols can form reversible covalent bonds in basic solutions, and 

conversely, the bonds are prone to cleavage under acidic conditions. The reversible nature of 

this bond ensures that glycopeptides can be effectively released after capturing. The second 

method takes advantage of the endogenous glycoprotein synthesis machinery to incorporate 

a chemical handle into glycans for further click chemistry and biotin avidin-based 
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glycopeptide enrichment. An unnatural sugar analog containing an azide group was 

employed to feed cells in order to generate the chemical handle mentioned above. 

Comparing to BA, we reasoned that MC has the advantage of better reflecting the dynamic 

changes in cells since only the newly-synthesized glycoproteins are labeled by the sugar 

analog, while BA may be more universal for glycoprotein enrichment.

In this work, we designed an experiment to comprehensively compare the identification and 

quantification of glycoproteins with these two methods. We analyzed the glycoproteome 

changes in statin-treated liver cells using these two methods. Statins are a group of 

cholesterol-lowering drugs that target 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase 

(HMGCR), which is the rate-limiting enzyme of the mevalonate pathway. Upon inhibition of 

HMGCR, the synthesis of many intermediate and end products in this pathway was affected, 

which induced many well-known pleiotropic effects of statins. Dolichol is one of the end 

products and is involved in protein N-glycosylation, functioning as the membrane anchor for 

precursor oligosaccharides formation. Therefore, we expected that protein N-glycosylation 

was attenuated in statin-treated cells. Using liver cells (HepG2) as a biological model, we 

systematically evaluated the performance of these two methods and explained the underlying 

mechanisms for the differences observed. The current work may provide useful information 

for future selection of enrichment methods to study the cell glycoproteome under different 

circumstances.

2. Experimental

2.1. Cell Culture and metabolic labeling

HepG2 (C3A) cells (from American type culture collection (ATCC)) were grown in “heavy” 

and “light” SILAC (stable isotope labeling with amino acids in cell culture) Dulbecco’s 

modified eagle’s medium (DMEM) (Sigma-Aldrich) for five generations before treatment 

with a statin. The medium also contained 1000 mg/L glucose and 10% dialyzed fetal bovine 

serum (diFBS) (Corning). “Heavy” and “light” SILAC media were freshly prepared by 

adding 0.146 g/L 13C6
15N2 L-lysine (Lys-8) and 0.84 g/L 13C6 L-arginine (Arg-6) 

(Cambridge Isotope Lab) or the corresponding non-labeled L-lysine (Lys-0) and L-arginine 

(Arg-0). When cells reached about 70% confluency, we switched to SILAC media without 

diFBS and added 15 μM atorvastatin to the heavy group. Meanwhile, dimethyl sulfoxide 

(DMSO) was used to treat the light group as a vehicle control. For the MC experiments, 100 

μM tetra-acetylated N-azidoacetylgalactosamine (Ac4GalNAz) (Click Chemistry Tools) was 

added into both heavy and light cells at the statin or mock treatment time. Cells were then 

maintained in a humidified incubator at 37 °C and 5.0% CO2 for 24 h.

2.2. Cell lysis, click reaction, and protein digestion

Cells were washed twice with phosphate buffered saline (PBS), harvested by scraping in 

PBS, and pelleted by centrifugation at 500 g for 3 min. Two trial runs using about 2% of 

total cells were conducted to calibrate the heavy and light cell ratios in the BA and MC 

experiments. For the real experiments, heavy and light cells were mixed based on the protein 

ratio of 1:1 according to the results from the trial runs. The cell pellets were lysed through 

end-over-end rotation at 4 °C for 45 minutes in a lysis buffer (50 mM 4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid (HEPES) pH=7.6, 150 mM NaCl, 0.5% sodium deoxycholate 

(SDC), 25 units/mL benzonase and 1 tablet/10 mL protease inhibitor (EDTA-free, Roche)). 

Lysates were centrifuged, and the resulting supernatant was transferred to new tubes. For the 

MC experiment, the supernatant was reacted with 100 μM dibenzocyclooctyne (DBCO)-

sulfo-biotin to have the metabolically labeled glycoproteins tagged with biotin through the 

specific click reaction between the azido group and DBCO [52–54]. Proteins were subjected 

to disulfide reduction with 5 mM 1,4-dithiothreitol (DTT) (56 °C, 25 min) and alkylation 

with 14 mM iodoacetamide (RT, 20 min in the dark). Detergent was removed by the 

methanol-chloroform protein precipitation method. The purified proteins were digested with 

10 ng/μL Lys-C (Wako) in 50 mM HEPES pH 8.2, 1.6 M urea, 5% ACN at 31 °C for 16 h, 

and 10 ng/uL trypsin (Promega) at 37 °C for 4 h.

2.3. Glycopeptide separation, enrichment and deglycosylation

Digestion mixtures were acidified by addition of trifluoroacetic acid (TFA) to a final 

concentration of 0.1%, clarified by centrifugation, desalted using tC18 SepPak cartridge 

(Waters), and lyophilized.

For the BA experiment, purified peptides were dried and enriched with boronic acid-

conjugated magnetic beads (Fig. 1a). Briefly, beads were washed three times with 100 mM 

ammonium acetate. Peptides were dissolved in the same buffer and mixed with the beads. 

The mixture was incubated in a shaking incubator at room temperature for an hour, and the 

beads were washed with the buffer mentioned above to remove non-glycopeptides. Finally, 

the beads were eluted with ACN:H2O:TFA = 49:50:1 with shaking. The elution was 

lyophilized and purified with tC18 SepPak cartridge, dried overnight, and treated with four 

units of peptide-N-glycosidase F (PNGase F, Sigma-Aldrich) in 80 μL buffer containing 50 

mM NH4HCO3 in heavy oxygen water (H2
18O) at 37 °C for 3 h [55]. The reaction was 

quenched by addition of 1% TFA to pH~2, desalted, and dried. The glycopeptides were 

fractionated by high pH reversed-phase high-performance liquid chromatography (HPLC) 

into 10 fractions with a 40-min gradient of 5–55% ACN in 10 mM ammonium acetate 

(pH=10). The fractions were dried and further purified with the stage-tip method.

For the MC experiment, purified and dried peptides were enriched with NeutrAvidin beads 

(Thermo) at 37 °C for 30 min (Fig. 1b). The samples were transferred to spin columns and 

washed according to manufacturer’s protocol. Peptides were eluted from the beads by 3-min 

incubations with 300 μL of 8 M guanidine-HCL (pH=1.5) at 56 °C three times. Eluates were 

combined, desalted using tC18 SepPak cartridge, and lyophilized overnight. Dried peptides 

were deglycosylated as described in the BA experiment and quenched using the same 

method. Subsequently, we also attempted to fractionate the glycopeptide sample using 

HPLC, but the results were not ideal because the enriched sample amount in the MC 

experiment was much lower than the sample amount in the BA experiment since only the 

newly-synthesized and metabolically labeled glycopeptides were enriched. Finally, we 

fractionated the deglycosylated peptides during the stage-tip step, and the sample was 

separated into 3 fractions using the elution buffer with 20%, 50% and 80% ACN, 

respectively, containing 1% HOAc.
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2.4. LC-MS/MS analyses

Purified and dried peptide samples were dissolved in 10 μL solution of 5% ACN and 4% 

formic acid (FA) each, and 4 μL of the resulting solutions were loaded onto a microcapillary 

column packed with C18 beads (Magic C18AQ, 3 μm, 200 Å, 100 μm x 16 cm, Michrom 

Bioresources) by Dionex WPS-3000TPLRS autosampler (UltiMate 3000 thermostatted 

Rapid Separation Pulled Loop Wellplate Sampler). Peptides were separated by reversed-

phase chromatography using UltiMate 3000 binary pump with a 110 min gradient with 

increasing concentration of ACN (in 0.125% FA). Peptides were detected with a data-

dependent Top20 method [56, 57] in a hybrid dual-cell quadrupole linear ion trap – Orbitrap 

mass spectrometer (LTQ Orbitrap Elite, Thermo Scientific, with XCalibur 3.0.63 software). 

For each cycle, one full MS scan (resolution: 60,000) in the Orbitrap at 106 AGC target was 

followed by up to 20 MS/MS in the LTQ for the most intense ions. The selected ions were 

excluded from further analysis for 90 seconds. Ions with singly or unassigned charge were 

not sequenced. Maximum ion accumulation times were 1000 ms for each full MS scan and 

50 ms for MS/MS scans.

2.5. Database searches and data filtering

Raw data files from the mass spectrometer were converted into mzXML format, and 

precursor ion mass measurements were refined by checking the monoisotopic peak 

assignments [58]. All spectra were searched using the SEQUEST algorithm (version 28) 

[59] and matched against a database encompassing sequences of all proteins in the UniProt 

Human (Homo sapiens) database containing common contaminants. Each protein sequence 

was listed in both forward and reverse orders to control the false discovery rate (FDR) of 

glycopeptide identifications. We performed the database search using the following 

parameters: 10 ppm precursor mass tolerance; 1.0 Da product ion mass tolerance; fully 

digested with trypsin; up to two missed cleavages; variable modifications: oxidation of 

methionine (+15.9949), O18 tag of asparagine (+2.9883), heavy lysine (+8.0142), and heavy 

arginine (+6.0201); fixed modifications: carbamidomethylation of cysteine (+57.0214).

The target-decoy method was employed to estimate and control FDRs at the glycopeptide 

levels [60, 61]. Through linear discriminant analysis (LDA), which is similar to other 

methods reported in the literature [62–64], several parameters (such as XCorr, ΔCn, 

precursor mass error, and charge state) were used to distinguish correct and incorrect peptide 

identifications [58]. After scoring, peptides shorter than six amino acid residues were 

removed, and the dataset was restricted to glycopeptides when determining FDRs. 

Glycopeptide FDRs were filtered to <1 % based on the number of decoy sequences in the 

final data set.

2.6. Glycopeptide quantification and glycosylation site localization

For peptide quantification, we required an S/N value larger than 3 for both heavy and light 

species. If the S/N value of one member of a heavy and light pair was less than 3, the partner 

was required to be greater than 5. A probabilistic algorithm was used to localize N-

glycosylation sites and to estimate the assignment confidence [65, 66]. A ModScore was 

calculated for each glycosylation site, and sites with a ModScore >13 (P<0.05) were 

considered to be confidently localized.
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3. Results and discussion

3.1. Examples of glycopeptide identification

The enriched glycopeptides were treated with PNGase F in heavy oxygen water to remove 

N-glycans and to generate a common tag. When this enzymatic reaction occurs in heavy 

oxygen water, the converted Asp from the glycosylation site contains heavy oxygen, which 

creates a mass shift of +2.9883 Da for MS analysis. In this case, heavy oxygen on Asp 

enabled us to distinguish authentic N-glycosylation sites from those caused by spontaneous 

asparagine deamidation, which may happen in vivo and during sample preparation. It could 

also occur during PNGase F treatment, which may result in false positive identifications of 

protein N-glycosylation sites. To minimize false positive identifications, we ran the reaction 

for 3 h, during which the effect of deamidation was nearly negligible [51].

Two examples of N-glycopeptide identifications are shown in Fig. 2. Formerly glycosylated 

peptide YHYN*GTLLDGTLFDSSYSR@ (*-N-glycosylation site, @-heavy arginine) was 

confidently identified with XCorr of 5.9 from the BA experiment (Fig. 2a). This peptide is 

from protein FKBP9, one of the peptidyl-prolyl cis-trans isomerases (PPIases) that 

accelerates the folding of proteins during protein synthesis. The other formerly glycosylated 

peptide SSCGKEN*TSDPSLVIAFGR shown in Fig. 2b is from protein LAMP1- lysosome-

associated membrane glycoprotein 1, which has the major function of presenting 

carbohydrate ligands to selectins. This peptide was identified in the MC experiment with an 

even higher XCorr of 6.2 and mass accuracy of -0.23 PPM. The site N84 is confidently 

identified to be glycosylated with ModScore=1,000, and the score of 1,000 means that only 

one possible glycosylation site exists on the identified glycopeptide.

In this work, a total of 2,641 unique formerly glycosylated peptides were identified with the 

boronic acid-based enrichment method and 1,493 with the method combining metabolic 

labeling with click chemistry. These results indicated that the boronic acid enrichment 

method is more universal.

3.2. N-glycosylation sites identified with the two lectin-independent enrichment methods

Boronic acids and sugars can form reversible covalent bonds. Based on this universal 

reaction, our lab has employed this chemical enrichment method to analyze the yeast 

glycoproteome [33]. The results demonstrated that this method can be used to effectively 

enrich glycopeptides from digested whole cell lysates. The potential pitfall of this reaction is 

that the interactions are relatively weak, which could affect the enrichment of glycopeptides 

from low-abundance glycoproteins.

Metabolic labeling can be employed to label proteins and/or modified proteins, and the 

labeled proteins and modified proteins may bind to fluorophore for visualization or be 

selectively enriched for further analysis [49, 67]. In this study, we incorporated an azide-

containing sugar analog (Ac4GalNAz) into glycans in glycoproteins, and this azide group 

was used as a chemical handle to tag a biotin molecule onto the metabolically labeled 

glycans through click chemistry [68, 69]. Tagging glycoproteins with biotin allowed further 

glycopeptide enrichment through the strong interaction between biotin on labeled peptides 

and NeutrAvidin beads after cell lysis and digestion. The detailed experimental procedure is 
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shown in Fig. 1b. Stringent wash was employed to remove non-glycopeptides. Compared to 

BA, MC has more steps, and the enrichment is largely dependent on metabolic labeling and 

click reaction efficiency. Since only sugar analog-labeled peptides were enriched with the 

MC method, it can largely minimize sample complexity, which is an advantage when 

investigating cellular responses to drug treatment.

For glycosylation site identification, in addition to running the PNGase F treatment for three 

hours and filtering glycopeptides with <1% FDR, we also applied another criterion: all 

glycosylation sites must have the consensus motif of NXS/T/C [6] (X stands for a random 

amino acid other than proline). We confidently identified 1,045 N-glycosylation sites on 432 

proteins with the boronic acid-based enrichment method, and the sites are listed in Table S1. 

Using the enrichment method combined with metabolic labeling and click chemistry, 685 N-

glycosylation sites were identified on 351 proteins (Table S2). 418 common sites were 

identified in both experiments (Fig. 3a). Many proteins contain one glycosylation site while 

some proteins are highly glycosylated. For instance, LRP1, prolow-density lipoprotein 

receptor-related protein 1 is a large protein with molecular weight 504,606 Da and 4,454 

amino acid residues. We identified very similar number of glycosylation sites on this protein 

through the two experiments: 21 sites in BA and 20 in MC. As expected, the overlap at the 

protein level was higher, and 259 common glycoproteins were identified from the two 

experiments (Fig. 3b).

3.3. Protein clustering based on molecular function

We clustered the glycoproteins identified exclusively in either BA or MC experiment 

according to the molecular function analysis using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) [70] (Fig. 4). Interestingly, we found that 

the most enriched categories for glycoproteins identified in the BA experiment are 

intracellular enzyme activity-related, such as hydrolase and transferase activities. However, 

among glycoproteins identified in the MC experiment, the top enriched categories are 

binding, receptor, and molecular transducer activities. These activities are known to occur 

prominently on the cell surface. The differences may be attributed to the following reasons. 

The boronic acid-based enrichment method is universal, which may unbiasedly enrich cell 

surface and intracellular glycoproteins. However, the enrichment method based on metabolic 

labeling and click chemistry is very dependent on the metabolic labeling efficiency, and the 

latter relies on the endogenous glycan synthesis machinery. In this work, we used 

Ac4GalNAz to feed the cells and labeled the glycans containing GalNAc or GlcNAc. 

Normally, cell surface glycoproteins have mature glycan structures in order to be transported 

to the plasma membrane and/or be secreted, thus these glycans are more likely to have 

GalNAc moieties that can be substituted by GalNAz. Although all N-Glycans have GlcNAc, 

GalNAz must convert into GlcNAz before labeling. Therefore, the labeling of GlcNAz may 

not be as efficient as GalNAz over a relatively short labeling period. For intracellular 

glycoproteins, especially those still in the ER and Golgi, because their glycan structures are 

likely immature, the chance of being labeled would be lower than those on the cell surface. 

Overall, BA is a more global and universal method, while MC has better performance on the 

identification of glycoproteins located on the cell surface.
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3.4. Quantification of cell glycoproteome changes in statin-treated cells

Statins are a family of popular drugs for lowering cholesterol, but they may affect protein N-

glycosylation because the inhibition of HMGCR by statins also prevents the synthesis of 

other products in the mevalonate pathway, including ubiquinone, dolichol, and farnesyl-

pyrophosphate (farnesyl-PP) [71]. Dolichol is essential to protein N-glycosylation in the 

form of dolichyl phosphate (Dol-P), which serves as the carrier in pyrophosphate-linked 

oligosaccharide assembly as well as acting as the acceptor in the synthesis of the sugar 

donors Dol-P-Man and Dol-P-Glc from GDP-Man and UDP-Glc, respectively. Thus, protein 

N-glycosylation is expected to be impacted while the dolichol synthesis is hindered by the 

statin treatment. Perturbation of protein N-glycosylation by statins may contribute to the 

well-known “pleiotropic effects” of statins [71, 72]. Systematic and quantitative 

investigation of protein N-glycosylation changes by statins will provide insight into the 

molecular mechanisms of the pleiotropic effects and allow patients to benefit further from 

the drug.

Statin is a relatively mild drug, and patients typically take it for months or years [73]. Here, 

we used it to treat cells only for one day, and the drug indirectly affected N-glycosylation; in 

addition, dolichol in cells was not depleted. Therefore, we did not expect that N-

glycosylation would be dramatically influenced over a short period of the treatment.

An example of the full MS and elution profiles of the heavy and light versions of 

glycopeptide WSFSN*GTSWR are shown in Fig. 5a and b. Based on the areas under the 

curves from both elution profiles, we were able to accurately quantify the ratio of the 

glycopeptide as 2.17. This peptide is from protein NEU1 (sialidase-1), which catalyzes the 

removal of sialic acid moieties from glycoproteins and glycolipids. The protein abundance 

was up-regulated by 2.07 fold under the drug treatment.

We quantified a total of 1,247 unique glycopeptides from BA and 682 glycopeptides from 

MC with an overlap of 376 peptides (Fig. 5c). As anticipated, majority of the quantified 

peptides were not regulated when two-fold change was used as a threshold. With the BA 

method, 59 glycopeptides were down-regulated while 93 were up-regulated before 

normalization. With the MC method, 24 glycopeptides were down-regulated while 62 were 

up-regulated.

3.5. Glycosylation site quantification and normalization by their corresponding parent 
protein abundance changes

For the N-glycosylation site quantification, besides the identification criteria discussed 

above, all glycopeptides must be singly glycosylated with the site ModScore > 13. With the 

site localization confidence, the quantitation can be site-specific. Although 1,045 

glycosylation sites were identified from BA, only 719 sites (Table S3) were quantified; while 

in MC, the combination of MC and SILAC led to the confident quantitation of 584 

glycosylated sites (Table S4) out of 685 unique glycosylation sites identified. 330 sites were 

quantified in both experiments (Fig. 5d). Relatively low overlap was expected because the 

principles of two enrichment methods are different. The powerful MS-based proteomics can 

allow us to site-specifically quantify protein glycosylation changes.
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When performing quantitative study of protein modifications, we need to pay attention to the 

abundance changes of their parent proteins. For instance, if a protein is dramatically up-

regulated in treated cells while the stoichiometry of the modification sites from this protein 

are largely unaffected or even down-regulated, we could still profile these sites to be up-

regulated because site down-regulation cannot cancel out the effect of protein up-regulation. 

As shown in Fig. 6a, for example, if we assume that two out of three copies of a certain 

protein are N-glycosylated, then it will result in 66.7% glycosylation rate. After the drug 

treatment, although four copies of this protein are glycosylated, the glycosylation percentage 

is significantly lowered. This is due to protein expression up-regulation in the treated cells. 

Therefore, we normalized the raw site ratios by the corresponding parent protein ratios we 

obtained previously [50] to provide more quantitative information. This normalization 

strategy was previously applied for phosphorylation analysis in the literature [74].

The site ratio distributions in the BA and MC experiments before and after normalization are 

shown in Fig. 6b and c. The whole series were shifted towards the down-regulation side after 

normalization. We listed a few quantified sites as examples in Table 1; two-fold was set as 

the threshold for defining a site to be regulated. All the listed sites have raw ratios larger 

than 2. However, their protein ratios are also larger than 2, which demonstrated that these 

proteins were up-regulated in the statin-treated cells. For instance, the first site in the list is 

from protein HMGCR, the rate-liming enzyme in the mevalonate pathway and the direct 

target of statins. Since the function of this protein was inhibited by the statin, this protein 

expression was up-regulated dramatically in the statin-treated cells, and the protein ratio for 

HMGCR increased by 15.4 fold. Without normalization by the protein ratio, N-glycosylation 

site 281 on HMGCR was up-regulated by 25.9 fold, while the normalized ratio was 1.7. 

After normalization, six out of seven N-glycosylation sites were determined to be not 

regulated.

Among 640 normalized sites from the BA experiment (Table S5), 22 were up-regulated, and 

35 were down-regulated. In contrast, 30 sites were up-regulated, and 50 were down-

regulated among 518 normalized sites from the MC experiment. Although we quantified 

fewer sites from the MC experiment, more sites were down-regulated. This phenomenon is 

in very good agreement with the expectation that the results from the MC experiment may 

be more dynamic because it only enriches the newly-synthesized glycoproteins during the 

statin treatment.

4. Conclusions

Protein glycosylation alternation is often a hallmark of human disease. In-depth analysis of 

glycoprotein changes may aid in a better understanding of glycoprotein functions and lead to 

the discovery of disease biomarkers and drug targets. Modern MS-based proteomics is very 

powerful in globally analyzing protein modifications, but it is pivotal to enrich modified 

proteins in complex biological samples prior to MS analysis. Lectin-based enrichment 

methods have been used extensively to enrich glycopeptides. However, the binding 

specificity of lectin prevents high coverage of glycopeptides. Here, we evaluated two lectin-

independent chemical enrichment methods (namely, BA and MC) for global analysis of 

protein N-glycosylation. BA is based on the reversible interactions between boronic acids 
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and hydroxyl groups on glycans; MC utilizes the endogenous glycan synthesis pathways in 

human cells to incorporate a sugar analog with a chemically functional, but biologically inert 

group, into the glycan structure, followed by biorthogonal reactions and affinity enrichment. 

BA is more universal and helped identify a greater number of glycosylation sites, whereas 

MC has better performance on cell surface glycoprotein identification. Furthermore, the 

quantitative results from the MC experiment were more dynamic because it enriched the 

newly synthesized glycoproteins under the drug treatment. For the quantification of protein 

modification, normalization using the parent protein ratios can provide more quantitative 

information regarding the protein expression and modification changes. Because of the high 

abundance of proteins and sugars in human cells, the interactions between proteins and 

sugars are ubiquitous. Global analysis of protein glycosylation will dramatically facilitate 

glycoscience research in the biological and biomedical fields.
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Highlights

• Two lectin-independent glycopeptide enrichment methods were 

comprehensively compared for global analysis of glycoproteins by mass 

spectrometry.

• The experimental results demonstrated that boronic acid-based enrichment 

(BA) method was more universal for glycopeptide enrichment, and a greater 

number of unique glycopeptides and glycosylation sites were identified and 

quantified in statin-treated liver cells.

• The method combining metabolic labeling with click chemistry (MC) had 

better performance on the identification of cell surface glycoproteins, and the 

quantification results were more dynamic because only the newly-synthesized 

glycoproteins during the statin treatment were analyzed.

• The glycosylation site ratios were further normalized by the corresponding 

parent protein ratios to extract more quantitative information about protein 

expression and modification changes.
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Figure 1. 
Experimental schemes of the (a) BA and (b) MC experiments. In the BA experiment, cells 

were treated with 15 μM atorvastatin for 24 hours before harvest. After cell lysis, proteins 

were reduced, alkylated, and digested. Enrichment was performed at the peptide level with 

boronic acid-conjugated magnetic beads. Enriched glycopeptides were deglycosylated, 

fractionated, and subjected to LC-MS/MS analysis. In the MC experiment, 100 μM 

Ac4GalNAz was added into both heavy and light cells, and heavy cells were treated with 

atorvastatin. After cell lysis, the lysate was incubated with 100 μMDBCO-sulfo-biotin, 

followed by protein reduction, alkylation, and digestion. Enrichment was performed at the 

peptide level with NeutrAvidin agarose beads.
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Figure 2. 
Tandem mass spectra of (a) the formerly glycosylated peptide 

YHYN*GTLLDGTLFDSSYSR@ (*-N-glycosylation site, @-heavy arginine) from protein 

FKBP9 identified in the BA experiment, and (b) another formerly glycosylated peptide 

SSCGKEN*TSDPSLVIAFGR from protein LAMP1 identified in the MC experiment.
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Figure 3. 
Comparison of glycosylation sites (a) and glycoproteins (b) identified using the two 

enrichment methods.
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Figure 4. 
Clustering of the glycoproteins identified only in the (a) BA or (b) MC experiment based on 

molecular function.
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Figure 5. 
(a) An example of the full MS of the heavy (WSFSN*GTSWR@) and light 

(WSFSN*GTSWR) formerly glycosylated peptides with the same sequence; (b) the elution 

profiles of the two peptides; (c) comparison of unique glycopeptides quantified in the two 

experiments; (d) comparison of the glycosylation sites quantified from the two experiments.
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Figure 6. 
(a) An illustration of glycosylation site and glycoprotein abundance changes; glycosylation 

site regulation distributions before and after normalization using corresponding protein 

ratios in the (b) BA and (c) MC experiments.
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