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Abstract

Proteins on the cell surface are frequently glycosylated, and they are essential for cells. Surface 

glycoproteins regulate nearly every extracellular event, but compared with global analysis of 

proteins, comprehensive and site-specific analysis of surface glycoproteins is much more 

challenging and dramatically understudied. Here, combining metabolic labeling, click-chemistry 

and enzymatic reactions, and mass spectrometry-based proteomics, we globally characterized 

surface glycoproteins from eight popular types of human cells. This integrative and effective 

method allowed for the identification of 2172 N-glycosylation sites and 1047 surface 

glycoproteins. The distribution and occurrence of N-glycosylation sites were systematically 

investigated, and protein secondary structures were found to have a dramatic influence on 

glycosylation sites. As expected, most sites are located on disordered regions. For the sites with 

the motif N-!P-C, about one-third of them are located on helix structures, while those with the 

motif N-!P-S/T prefer strand structures. There is almost no correlation between the number of 

glycosylation sites and protein length, but the number of sites corresponds well with the 

frequencies of the motif. Quantification results reveal that besides cell-specific glycoproteins, the 

uniqueness of each cell type further arises from differential expression of surface glycoproteins. 

The current research indicates that multiple surface glycoproteins including their abundances need 

to be considered for cell classification rather than a single cluster of differentiation (CD) protein 

normally used in conventional methods. These results provide valuable information to the 

*Corresponding Author: Phone: 404-385-1515; Fax: 404-894-7452; ronghu.wu@chemistry.gatech.edu. 

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.anal-chem.9b01447.
Methods for cell culture; metabolic labeling and click-chemistry reaction; protein extraction and purification; LC-MS/MS analysis and 
database searching; bioinformatic analysis; cell-surface glycoprotein interaction and pathway analyses; examples of cell-specific 
surface glycoproteins (Table S6); reproducibility of the identification (Figure S1); site-specific analysis (Figure S2); label-free 
quantification (Figure S3); protein interaction and pathway analyses (Figure S4); protein interaction and KEGG analyses (Figure S5 
and S6) (PDF)
Identified glycosylation sites (Table S1) (XLSX)
Prediction of membrane proteins (Table S2) (XLSX)
Prediction of structure and solvent accessibility (Table S3) (XLSX)
Calculated entropy values and LFQ intensities of proteins (Table S4) (XLSX)
Absolute protein abundance (Table S5) (XLSX)

Notes
The authors declare no competing financial interest.

HHS Public Access
Author manuscript
Anal Chem. Author manuscript; available in PMC 2020 May 21.

Published in final edited form as:
Anal Chem. 2019 May 21; 91(10): 6934–6942. doi:10.1021/acs.analchem.9b01447.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org/
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01447/suppl_file/ac9b01447_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01447/suppl_file/ac9b01447_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01447/suppl_file/ac9b01447_si_003.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01447/suppl_file/ac9b01447_si_004.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01447/suppl_file/ac9b01447_si_005.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b01447/suppl_file/ac9b01447_si_006.xlsx


glycoscience and biomedical communities and aid in the discovery of surface glycoproteins as 

disease biomarkers and drug targets.

Graphical abstract

Proteins located on the cell surface are normally modified with carbohydrates.1 These 

surface glycoproteins play vital roles in nearly every extracellular event, including cell−cell 

communication, cell−matrix interactions, and cellular response to environmental cues.2,3 

Many surface glycoproteins function as ion channels and transporters for molecules across 

the plasma membrane, while others are receptors, such as G-protein-coupled receptors, that 

sense and mediate cellular responses to extracellular stimuli.4,5 Enzymes and binding 

proteins located on the cell surface are also commonly glycosylated.3

Surface glycoproteins frequently reflect the developmental and diseased statuses of cells. A 

number of surface glycoproteins serve as disease biomarkers and for cell-type classification.
6−8 Moreover, these surface glycoproteins are often the targets of macromolecular drugs 

such as antibodies or enzymes in the emerging immunotherapy field.9 Comprehensive and 

site-specific analysis of cell-surface glycoproteins will aid in a better understanding of 

glycoprotein functions and cellular activities. Immunophenotyping of surface glycoproteins 

has been performed using flow cytometry.10 This technique, however, requires prior 

knowledge of the proteins of interest or the cell type. The availability and the specificity of 

antibodies and the low throughput could also be an issue. Modern mass spectrometry (MS)-

based proteomics provides a unique opportunity for global and site-specific analysis of 

proteins and their modifications.11−20 However, it is extraordinarily challenging to 

comprehensively and site-specifically analyze glycoproteins located only on the cell surface 

because of the following reasons. First, many glycoproteins occur in very low abundance, 

and their analysis is hampered by highly abundant proteins.21,22 Second, the heterogeneity 

of the glycans further complicates the analysis.23,24 In addition, surface glycoproteins have 

to be effectively separated before MS analysis.
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Previously, Zhang et al. developed an innovative MS-based method to identify surface N-

glycoproteins by first oxidizing the glycans with NaIO4, and the resulting aldehyde groups 

on the glycoproteins were used for the enrichment with hydrazide beads.22 A few years later, 

Wollscheid et al. designed a beautiful cell surface-capturing (CSC) method to identify and 

quantify cell surface N-glycoproteins. This was based on glycan oxidation with NaIO4 and 

biocytin hydrazide tagging prior to the enrichment with streptavidin beads.25 Despite the 

importance of glycoproteins on the cell surface, their comprehensive analysis is much 

understudied compared with global analysis of proteins.

In this work, we systematically studied glycoproteins on the surface of eight types of 

commonly used human cells. Surface glycoproteins were metabolically labeled with a 

functionalized sugar and then tagged with biotin through the strain-promoted copper-free 

click chemistry reaction. Surface glycopeptides with biotin were selectively enriched and 

subsequently deglycosylated with PNGase F in heavy-oxygen water for site-specific analysis 

using MS. This approach allowed for global and site-specific identification of >2000 N-

glycosylation sites from >1000 surface glycoproteins, with an average of 683 glycosylation 

sites and 354 surface glycoproteins per cell type. We also quantified glycoproteins using 

label-free quantification and discovered that only a small portion of the proteins are cell-

specific, while many were differentially expressed across the cell types. Furthermore, 

different groups of proteins were more highly expressed in one cell line than in the others 

and served particular functions depending on the cell type. Benefiting from site-specific 

analysis, we explored the behaviors and occurrence of the glycosylation sites, including the 

solvent accessibility of the sites and the effect of protein structures on the sites. The current 

results lead to a better understanding of cell-surface glycoproteins and provide vital 

information in discovering new biomarkers and drug targets.

EXPERIMENTAL SECTION

Cell Culture, Metabolic Labeling, and Click-Chemistry Reaction.

Adherent cell lines, including HEK293T, HeLa, HepG2, MCF7, and PANC1 cells, were 

maintained in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich) 

containing 10% fetal bovine serum (FBS, Corning). Suspension cell lines (i.e., Jurkat, K562, 

and U266 cells) were maintained in RPMI-1640 medium (Sigma-Aldrich) containing 10% 

FBS. All cells were grown in a humidified incubator at 37 °C with 5% carbon dioxide 

(CO2). While different media were used for these cells, they are considered as standard 

media for culturing each cell line. Therefore, the cells should be in their normal states for 

general biological experiments.

When adherent cells reached ~50% confluency, they were labeled with 100 μM N-

azidoacetylgalactosamine-tetraacylated (Ac4GalNAz). Suspension cells were cultured until 

the cell density was ~7 × 105 cells/mL and then labeled similarly to the adherent cells. After 

24 h of metabolic labeling, cells were tagged with 100 μM dibenzocyclooctyne (DBCO)-

biotin for 1h. The reaction was quenched with 10 mM dithiothreitol (DTT). A more detailed 

description is in Supporting Information.
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Protein Extraction and Peptide Purification.

Cells were lysed, and proteins were extracted. Proteins were reduced with 5 mM DTT at 

56 °C for 25 min and subsequently alkylated with 14 mM iodoacetamide (Sigma-Aldrich) 

for 30 min in the dark. The alkylation reaction was quenched by incubating with DTT to the 

final concentration of 5 mM in the dark for another 15 min.26 Proteins were purified and 

digested with trypsin for 16 h. The peptides were desalted using a Sep-Pak Vac tC18 

cartridge. The detailed information is included in Supporting Information.

Enrichment of Cell-Surface Glycopeptides.

Glycopep-tides tagged with biotin were enriched with high-capacity NeutrAvidin agarose 

resin (Thermo Scientific) according to the manufacturer’s protocol. The enriched peptides 

were eluted three times with 200 μL 8 M guanidine hydrochloride (pH = 1.5, Promega) at 

56 °C for 2 min each. The eluates were pooled, desalted, and dried in a vacuum concentrator 

overnight. Glycopeptide deglycosylation was performed with 3 units of PNGase F (Sigma-

Aldrich) in 40 μL of 40 mM ammonium bicarbonate (pH = 9, Sigma-Aldrich) in heavy-

oxygen water (H 18
2O, Isoflex) at 37 °C for 3 h with shaking. The reaction was quenched 

with formic acid (FA, Fisher Scientific) to the final concentration of 1%. The peptides were 

desalted with StageTips and eluted into three fractions with 20%, 50%, and 80% ACN 

containing 1% acetic acid (Sigma-Aldrich).27 The eluates were dried again in a vacuum 

concentrator.

LC-MS/MS Analysis and Database Searching.

The peptides were analyzed by an online LC-MS system. They were separated by reversed-

phase liquid chromatography (LC), and the LC is coupled to an LTQ Orbitrap Elite Hybrid 

Mass Spectrometer (Thermo Scientific). MS/MS analysis was performed with a data-

dependent Top20 method. The detailed information is in Supporting Information.

Raw MS files were analyzed by MaxQuant (version1.6.2.3).28 MS spectra were searched 

against the human proteome database downloaded from UniProt using the integrated 

Andromeda search engine.29 All default parameters were left unchanged, except adding 

variable modification for glycosylation site identification (+2.9883 Da) and 3 maximum 

missed cleavages. Label-free quantification was also enabled with the LFQ min ratio count 

of 1, the match-between-runs option was enabled, and the iBAQ option was enabled. The 

false discovery rates (FDRs) were kept at 0.01 at the peptide spectrum match, protein, and 

site decoy fraction levels.

Bioinformatic Analysis.

Data analyses were performed with Perseus30 and Excel. Glycopeptides were filtered to only 

contain the sequences N-X-S/T/C (X is any amino acid except proline) for N-linked 

glycosylation. Human membrane protein information was extracted from UniProt database. 

For those whose membrane information is not available, further sequence analyses were 

performed using Phobius (phobius.sbc.su.se).31 SecretomeP (cbs.dtu.dk/services/

SecretomeP) was used to further predict protein secretion through nonclassical secretory 

pathways.32 Gene ontology (GO)-based enrichment analysis was performed on Gene 

Ontology Consortium Web site (http://www.geneontology.org). Residue solvent accessibility 

Suttapitugsakul et al. Page 4

Anal Chem. Author manuscript; available in PMC 2020 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.geneontology.org/


and structure were predicted using NetsurfP (version 1.1).33 For the quantification, the 

glycopep-tide LFQ intensity was extracted from the peptides.txt table and limited to only 

glycopeptides. iBAQ was used to estimate the absolute protein abundance ranking.34 

Shannon’s entropy was calculated the same way as the previous report.35 More information 

is in Supporting Information. Cell-surface glycoprotein interactions and pathway analysis 

were performed, and the results are included in Supporting Information

RESULTS AND DISCUSSION

Global Analysis of Cell-Surface Glycoproteins in Human Cells.

Sugar analogues containing a biologically inert but chemically functional group have been 

proven to be powerful labeling reagents for glycoproteomic studies.36,37 We previously 

demonstrated that labeling with Ac4GalNAz resulted in the highest coverage of cell-surface 

N-glycoproteins compared with N-azidoacetylglucosamine-tetraacetylated (Ac4GlcNAz) 

and N-azidoacetylmannosamine-tetraacetylated (Ac4ManNAz),38 and thus, Ac4GalNAz is 

used in this study. Cells incorporated GalNAz into the glycans on glycoproteins, including 

those located on the cell surface. These surface glycoproteins were selectively tagged 

through the strain-promoted, copper-free click chemistry reaction between the azido group 

and dibenzocyclooctyne (DBCO)-biotin in flask under very mild conditions.39 They are then 

enriched with NeutrAvidin beads at the peptide level, deglycosylated with PNGase F in H 
18

2O to generate a common tag, and analyzed with LC-MS/MS (Figure 1A).

Using this approach, a total of 1047 glycoproteins and 2172 N-glycosylation sites were 

identified with an average of 354 glycoproteins and 683 sites from each cell type (Figure 1B, 

Table S1). The average posterior error probability of the peptide identification is 0.005. 

Compared with the previously reported results, including total glycoproteomic analysis,40−42 

we identified 349 new glycosylation sites. Protein occurrence analysis showed that the 

number of glycoproteins identified in only one cell line is the highest, and as the number of 

cell types increases, the occurrence decreases (Figure 1C). Biological duplicate experiments 

revealed that, on average, over 70% of glycoproteins and glycosylation sites were identified 

in both experiments, showing high reproducibility of the approach (Figure S1). The 

conditions for tagging cell surface glycoproteins are mild, which do not stimulate cellular 

response, or harm the cells because copper or oxidizing reagents are not employed. This 

allows site-specific quantification and dynamic studies of cell-surface glycoproteins.38,43,44 

Even though we globally analyzed surface glycoproteins in cultured cells, Spiciarich et al. 

recently employed metabolic labeling with ManNAz for the identification of 

sialoglycoproteins from the proteomes of human prostate cancer and normal tissues. The 

authors identified 972 proteins from both samples with about 50% of the proteins localized 

on the plasma membrane.45 This is very promising and shows the efficiency of metabolic 

labeling for tissue samples. Sugar analogues can also be fed to animals, such as zebrafish46 

and mouse.47 Therefore, this method is applicable to study surface glycoproteins in tissue 

samples and model animals.

Suttapitugsakul et al. Page 5

Anal Chem. Author manuscript; available in PMC 2020 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Classification of Identified Surface Glycoproteins.

Among the identified surface glycoproteins (1047), over 800 belong to membrane proteins 

(P = 4.51 × 10−128) according to gene ontology analysis based on cellular component. 

Compared with UniProt subcellular location information, on average, 75% of the 

glycoproteins identified from all cell types are classified into single-pass types I−IV, 

multipass, and peripheral membrane proteins (Figure 1D). For those without membrane 

protein classification information available, Phobius was employed to predict if they have 

either a transmembrane domain (TM) and/or a signal peptide (SP).31 SecretomeP 2.0 was 

also used to predict whether they may be secreted through the nonclassical secretory (NC) 

pathways and then located on the cell surface (Table S2).32 Eventually, only 5.9% of the 

identified glycoproteins were left without information supporting their localization on the 

cell surface. These proteins may not be annotated or discovered at the cell surface yet. 

Another possibility is that their identifications could be due to nonspecific binding of some 

peptides during the enrichment. In spite of that, the approach specifically targets proteins on 

the extracellular side because the cells were tagged with DBCO directly in the flask without 

affecting the cell integrity. These sites on types I and II single-pass membrane proteins from 

K562 cells are displayed as yellow dots in Figure 1E, with the X-axis representing the 

transmembrane region and the Y-axis showing how far away the glycosylation sites are from 

the transmembrane region. No glycosylation sites inside the cells were identified.

The biological functions of the identified proteins from GO enrichment analysis correspond 

very well with the known functions of cell-surface glycoproteins (Figure 1F), including 

biological adhesion (P = 2.36 × 10−76), cell surface receptor signaling pathway (P = 2.30 × 

10−50), locomotion (P = 2.24 × 10−43), and cell communication (P = 2.19 × 10−30). Proteins 

with binding activities, such as growth factor binding (P = 3.64 × 10−19), collagen binding 

(for cell-matrix adhesion, P = 5.23 × 10−10), and calcium, copper, and chloride ion bindings 

were also enriched. Many membrane enzymes with signaling receptor activity (P = 7.06 × 

10−49) were identified, including those involved in the regulation of protein kinase B 

signaling, phosphatidylinositol 3-kinase signaling, and MAP kinase activity. Other less 

famous functions of cell surface glycoproteins, such as the regulation of cell size (P = 7.09 × 

10−15), the regulation of body fluid level (P = 3.24 × 10−7), ossification (P = 5.86 × 10−7), 

and learning or memory (P =5.31 × 10−5) were also found. Interestingly, we identified 

proteins involved in DNA-binding transcription factor activity, such as vasculin and alpha-

enolase, which were reported to localize in both the plasma membrane and the nucleus.48,49 

Therefore, some proteins without the membrane information could still be localized at the 

surface.

Distribution and Occurrence of N-Linked Glycosylation Sites on Surface Glycoproteins.

Benefiting from the deglycosylation reaction with PNGase F in H 18
2O to generate a mass 

tag on glycosylation sites, we confidently localized the sites with an average probability of 

0.97. N-glycosylation has a well-known N-!P-S/T canonical sequences, and here, the N-!PC 

motif was also included because of the previous reports.50,51 The majority of the identified 

proteins contains 1 or 2 sites (Figure 2A), and some have many more such as 25 sites 

identified on LRP1 (prolow-density lipoprotein receptor-related protein 1). The protein is 

made of over 4000 amino acid residues and has 75 N-!P-S/T/C motifs. The total number of 
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glycosylation sites does not depend on the number of glycosylation motifs (Figure S2A). In 

our data set, 39% of all glycosylation motifs were glycosylated. For example, both neural 

cell adhesion molecule 1 (L1CAM) and lymphocyte antigen 75 (LY75) have 22 

glycosylation motifs but 19 and 2 glycosylation sites were identified, respectively. More than 

half of the identified glycosylation sites have the N-!P-T sequence despite the similar 

occurrence of the N-!P-S and N-!P-T motifs (Figure 2B), agreeing with the previous results.
50 Only 2% of the sites have the N-!P-C sequence when this motif occurs at 10% of the total 

motifs. As the protein length increases, the number of motifs also increases with an 

acceptable R2 value of0.71. However, this does not translate into a higher number of 

glycosylation sites (R2 = 0.02) (Figure S2B). Because the surface glycoproteome is 

relatively small, the number of glycosylation sites from a large-scale study by Xiao et al.,40 

which identified one of the largest experimental data sets for N-glycosylation, was also 

evaluated, and the result is the same (Figure S2C).

The relatively large and hydrophilic N-glycans play critically important roles in the 

regulation of protein folding and structures. Accordingly, the location of the asparagine 

residues in each protein was predicted using NetsurfP algorithm (Table S3).33 It was found 

that the asparagine residues are, as expected, exposed to the solvent with only a small 

fraction buried inside proteins (0.79 and 0.21, respectively) (Figure 2C). A closer look into 

these residues shows that those containing a glycosylation motif are even more exposed to 

the solvent than those without one (0.87 and 0.76, respectively). This observation also 

applies to the glycosylated residues. We also determined the solvent accessibility for each of 

the N-!PS/T/C sequons. The fractions of N-!P-S and N-!P-T exposed to the solvent are very 

similar (0.87 and 0.89), compared to0.80 for N-!P-C. Overall, the fractions of the solvent 

accessibility for the glycosylated sites are similar to those for the motifs (Figure S2D).

We then investigated the predicted structure of these sites in proteins using the results from 

NetsurfP (Table S3). Because of its structural role, N-glycosylation sites are usually located 

on loops and turns.52 The majority of the asparagine residues are on coils (loops and turns), 

and fewer on helices and strands, respectively (Figure S2E). The fractions of the identified 

sites and the motifs are very similar for each structure. For the helix structure, the fractions 

of identified sites and residues with the glycosylation motifs are half of those without the 

motif and the total, but for the strand structure they are twice, even though both are ordered 

structures. Surprisingly, a higher fraction of the N-!P-C motifs is located on coils than the 

N-!P-S and N-!P-T motifs, but a lower fraction is actually glycosylated (Figure 2D). 

Glycosylation with the N-!P-C motif is, however, more preferred at the helices even though 

the fraction of helical N-!P-C is smaller than that of coiled N-!P-C. The prediction was 

compared with the solved structures of some proteins, and the results agree very well.

To further investigate the occurrence of glycosylation sites along the protein length, each 

protein length was divided into 100 bins, and the number of glycosylation sites in each bin 

was counted (Figure 2E). Generally, fewer identified glycosylation sites on the N- and C-

termini were observed. For the N-termini, it may be due to the inability of the accepting site 

near the signal peptide sequence to reach the active site of oligosaccharyltransferase (OST) 

before the signal peptide is cleaved.53 For the C-termini, it may be because of the steric 

hindrance from the secondary structures formed in the near-complete nascent polypeptide or 

Suttapitugsakul et al. Page 7

Anal Chem. Author manuscript; available in PMC 2020 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the ineffciency of N-linked glycosylation when the polypeptide translation is terminated 

before the glycosylation accepting residue reaches the active site of OST.54,55 Not only is 

the frequency of glycosylation sites lower at both termini, but also the number of the 

glycosylation motifs themselves are different in each bin and lower at both termini. A 

similar pattern of the glycosylation motifs and the glycosylation sites was observed (Figure 

2E). Even though we showed earlier in Figure S2B that the number of glycosylation sites 

does not depend on the protein length, the correlation between the number of glycosylation 

sites and the number of the motifs is reasonably high with R2 of 0.73 when their position 

along the protein length is considered (Figure 2F). We compared this with proteins annotated 

with GO surface proteins (Figure 2E) and those from Xiao et al.,40 and we also found a 

similar correlation (Figure S2F,G).

Some glycopeptides might be present but were not identified by the mass spectrometer. For 

example, tryptic glycopeptides that are too short or too long may not be identified. Other 

post-translational modifications on the same glycopeptide may also hinder its identification. 

Therefore, some peptides with a particular glycosylation site could be missing from the 

analysis. Nevertheless, our approach is very sensitive as 87 proteins containing only one 

glycosylation motif (maximally one glycosylation site) were identified. It should also be 

noted that these sites are pooled from all cell types, so some sites may not be found in a 

specific cell type.

The coverage of surface glycoproteins may be further improved. For example, previously, 

different sugar analogues were used for labeling different subsets of surface glycoproteins 

such as ManNAz for sialoglycoproteins,36,38,46 and thus a combination of sugar analogues 

may further increase the coverage. Many surface glycoproteins are also present in low 

abundance. Therefore, more cells used in the experiments will allow us to more effectively 

identify low-abundance glyco-proteins on the surface.

Label-Free Quantification of Cell-Surface Glycoproteins.

The identification of cell-surface glycoproteins from eight types of cells does not provide 

quantitative information. Therefore, we quantified these cell-surface glycoproteins between 

cell types with label-free quantification (LFQ) using MaxQuant.28 Based on the LFQ results, 

784 surface glycoproteins were quantified (Table S4). The reproducibility of LFQ 

quantification was first evaluated between two biological duplicate experiments because the 

abundance of cell-surface glycoproteins is intrinsically low compared to intracellular 

proteins, which may affect the quantification precision between runs. The log2 intensities 

from both runs are in an acceptable agreement with an average R2 of 0.81 (Figure 3A). 

Proteins with zero intensities were excluded because the log values cannot be determined. 

Conversely, a comparison between different cell types showed a weaker correlation with an 

average R2 of 0.45 (Figures 3B and S3A). These results differ from the previous proteome 

experiments where the correlations from biological replicate experiments are very similar 

(0.83) while the correlation between the results from different cell lines were much higher 

(0.74).56 These results clearly demonstrate that the method is reasonably reproducible, and 

compared with intracellular proteins, surface glycoproteins are much more unique to the cell 

type.
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The identified proteins are categorized into globally expressed and cell-specific surface 

glycoproteins. Here, we define globally expressed surface glycoproteins as those quantified 

across all cell lines without any missing values while the cell-specific ones are quantified in 

a single cell type. Shannon’s entropy was also applied to the quantified proteins to show the 

expression of each protein across the cell types.35 Generally, a higher entropy value means a 

more uniform expression across cell types or that the protein is quantified with valid 

abundance values in more cell types, while a lower entropy indicates differential expression 

of the protein or it is expressed in particular cell types (Figure S3B,C and Table S4). We 

quantified 104 globally expressed surface glycoproteins (Figure 3C), with Shannon’s 

entropy in the range of 0.71−2.04 (Table S4). These proteins are involved in biological 

processes such as adhesion, cell-surface receptor signaling pathway, and cell migration. 

Four-hundred and eighty-three proteins were found in 2−7 cell lines. Surprisingly, a total of 

197 proteins were cell-specific, corresponding to an average of 25 proteins or 7% of all 

quantified proteins per cell type (examples are included in Table S6). The proteins have the 

Shannon’s entropy values in the range of 1.76 × 10−4 − 8.26 × 10−8. The number is different 

from that in Figure 1C because the match-between-runs option was enabled during the 

quantification, and some proteins were assigned to more than one cell line. Protein 

clustering analysis did not yield much valuable information about these proteins for a 

specific cell type due to the low number of proteins. Nevertheless, the functions enriched 

from HEK293T-specific proteins are consistent with relevant biological processes to kidney 

cells including kidney development and nervous system development.

The absolute abundance of these surface glycoproteins was also estimated using intensity-

based absolute quantification (iBAQ). The log2-transformed intensity plots show a normal S-

shaped distribution and varies within 5 orders of magnitude (Figure S3D and Table S5). 

Surface glycoproteins from each cell type are categorized as high or low abundance if their 

intensities fall within the fourth or the first quartiles, respectively. The 104 glycoproteins that 

are globally expressed have higher absolute abundance while the cell-specific ones are 

present in relatively low abundance. The estimated absolute abundance of 77% globally 

expressed proteins falls into the third and fourth quartiles while 83% of those K562-specific 

proteins are in the first and second quartiles (Figure 3D). There are also 12 high-abundance 

glycoproteins that were quantified in all cell types. These high-abundance proteins are 

mostly transporters or adhesion molecules, including integrin beta-1 (ITGB1), basigin 

(BSG), and neutral amino acid transporter (SLC1A5). No common low-abundance proteins 

were found in all cell types.

We then performed a hierarchical clustering analysis with the LFQ intensities to compare the 

surface glycoprotein expression between cell types. The heat map shows differential 

expression of proteins across the cell types (Figure 3F). ANOVA test was also performed 

and the expression of over half of the proteins were statistically different in at least one cell 

type (65% without missing value imputation and 71% with the imputation). Because of the 

intrinsic low abundance of cell-surface glycoproteins, it is expected that many values would 

not pass the cutoff for statistical significance, and thus, the percentages may be 

underestimated. The first, closest expression pattern from hierarchical clustering analysis 

arose from MCF7 and HEK293T while the second was from Jurkat and K562 cells. There 

are also groups of glycoproteins that are more abundant in a specific cell type than in the 
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others. These glycoproteins are responsible for particular processes regarding the cell type. 

For example, those from K562 cells (in the yellow frame of Figure 3F) are involved in the 

processes such as neutrophil degranulation, while those from Jurkat include positive 

regulation of T cell activation. Interestingly, the estimated absolute abundances of these 

proteins span a wide range in that cell line, as shown in Figure 3E for K562 cells, but their 

relative abundances are higher than the corresponding ones in the other cell lines if 

expressed.

Overall, the current results demonstrate that the majority of commonly identified surface 

glycoproteins across the cell types usually have higher absolute abundance. Most of these 

proteins are necessary for normal cellular functions and cell survival. In biomedical 

research, cell lines are often chosen on the basis of specific protein expression on the surface 

that are appropriate for the experiment. We observed, however, that only a small portion of 

quantified surface glycoproteins from each cell type are cell-specific, and their absolute 

abundances are quite low. While we cannot disregard that these cell-specific proteins define 

the cell type, the difference among the cell types further arises from their differential 

expression. The cell-specific proteins cannot be excluded in other cell types. If the detection 

limit is lower, some of these proteins may be detected in another different cell type, but the 

relative abundance is still different. In this case, quantification information will be more 

meaningful. In addition, proteins responsible for specific functions of the cell type are 

expressed at any absolute abundance, but the relative abundances of these proteins are 

normally higher than in other cell types. It also illustrates that not only the expression but 

also the abundance of the protein of interest should be taken into consideration when 

choosing a cell type for a specific experiment.

Classification of Cell Types by Cluster of Differentiation.

As of December 2018, 451 cluster of differentiation (CD) molecules were listed on UniProt 

(https://www.uniprot.org/docs/cdlist), among which 396 are proteins. Here, we identified a 

total of 155 CD proteins with an average of 76 proteins per cell type. With LFQ intensity 

and the MBR option enabled, we quantified 148 CD proteins. Twenty-nine CDs were 

globally expressed in all cell lines, and most of these proteins function in the response to 

stimulus process. On average, 26 of the CD proteins were cell-specific, such as CD7 protein 

that was identified and quantified only in Jurkat cells.

Similar to the surface glycoproteome results, we performed hierarchical clustering analysis 

and observed differential expression with specific groups of proteins being more abundant in 

specific cell types (Figure 4A). For example, proteins highlighted in the yellow box in the 

figure are highly expressed in Jurkat cells. These are proteins involved in specific T-cell 

processes, such as CD3D, CD5, and CD6. Despite the use of CDs as markers for a specific 

cell type, we noticed that some CD proteins can be expressed in other types of cells. For 

example, CD28 was detected in both Jurkat and U266B1 (Figure 4B), and the relative 

abundance of CD28 in U266B1 is even greater than that in Jurkat cells. Similarly, CD6 was 

also detected in both cell lines. The estimated absolute abundance of CD28 in both types of 

cells is high, and that of CD6 is high in Jurkat, but is low in U266B1 (Figure S4C). Another 

example is CD56, a phenotype marker for natural killer cells, which was also found in 
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HEK293T, HeLa, Jurkat, and U266B1 at different expression levels (Figure 4B). Previous 

studies found that CD56 could be expressed in different cell types, including T cells, 

dendritic cells, and monocytes.57 There are also some published cases where a specific CD 

molecule was discovered in other different cell lines.58,59

With the differential expression of CD proteins, the abundances of these CD molecules 

might need to be taken into consideration when using them to classify cell types. There is an 

effort to determine the expression of CD molecules through the CDmaps project.8 A 

combination of surface CD molecule identification with their abundances may help increase 

the accuracy of the classification considering that many of CD proteins are expressed with 

different abundances in different cell types.

CONCLUSIONS

Cells are normally covered with glycans, and almost all proteins on the surface are 

glycosylated. Surface glycoproteins are essential for cells and regulate nearly every 

extracellular event, and aberrant protein glycosylation on the cell surface is often related to 

human diseases. Compared with global analysis of proteins, comprehensive analysis of 

surface glycoproteins is much more understudied despite their importance. It is 

extraordinarily challenging to globally characterize surface glycoproteins because of the low 

abundance of many surface glycoproteins, the heterogeneity of glycans, and the requirement 

of selective separation of glycoproteins only located on the cell surface. In this work, we 

comprehensively analyzed cell-surface glycoproteins from eight types of commonly used 

human cells. The distribution and occurrence of N-glycosylation sites were systematically 

investigated, and it was found that protein secondary structures have a dramatic influence on 

N-glycosylation sites. Quantification results reveal that besides cell-specific surface proteins, 

the relative expression of surface glycoproteins also contributes to the uniqueness of each 

type. Our results suggested that it is better to consider multiple surface glycoproteins 

including their abundances for cell classification, rather than a single CD protein normally 

used in conventional methods. Global analysis of cell-surface glycoproteins facilitates a 

better understanding of protein glycosylation and cellular properties, and their quantitative 

analysis may lead to the identification of important surface glycoproteins as effective disease 

biomarkers and drug targets.
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Figure 1. 
Overview of global and site-specific analysis of cell-surface glycoproteins from eight 

popular types of human cells. (A) A diagram showing the experimental procedure. (B) 

Numbers of cell-surface glycoproteins and glycosylation sites identified from each cell type. 

The error bars represent one standard deviation from two biological duplicate experiments. 

(C) Number of cell-surface glycoproteins identified from multiple cell types. (D) Types of 

the identified surface glycoproteins. Types I−IV for single-pass membrane protein types I

−IV, TM for transmembrane domain, SP for signal peptide, and NC for proteins entering the 

non-classical secretory pathway. (E) Single-pass types I and II suface glycoproteins from 

K562 cells are aligned against TM. Yellow dots represent the identified glycosylation sites. 

(F) Protein clustering of all identified surface glycoproteins based on biological process and 

molecular function. The number in the parentheses show the −logP values.
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Figure 2. 
Site-specific analysis shows the distribution and occurrence of N-glycosylation sites and the 

motifs of cell-surface glycoproteins. (A) Number of protein glycosylation sites from each 

cell type. (B) Relative abundance of the glycosylation motifs and the identified glycosylation 

sites.(C) Solvent accessibility prediction of all asparagine residues. (D) Distributions of the 

predicted structure at each N-glycosylation motif and glycosylation site. (E) The occurrence 

of the identified glycosylated sites, the glycosylation motifs, and total sites from GO surface 

proteins extracted from UniProt when each protein length is divided into 100 bins. (F) The 

correlation between the number of identified glycosylation sites and the number of the 

motifs in each bin.
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Figure 3. 
Label-free quantification of surface glycoproteins. (A) Correlation of LFQ intensity from 

biological duplicate experiments of each cell type. (B) Correlation and hierarchical 

clustering of LFQ intensity between cell lines. R2 values are displayed in the figure. The 

log2-transformed average LFQ intensity of the two duplicate experiments were used when 

calculating the correlation. (C) The numbers of proteins that are cell-specific, are in 2−7 cell 

lines, and are globally expressed from each cell line from the quantification with LFQ. (D) 

Ranking of absolute protein abundance by iBAQ from K562 cells. Data points from global 

and cell-specific proteins were shifted by +5 and −5, respectively, to clearly show their 

positions. (E) A similar plot as Figure 3E. However, the iBAQ intensity of proteins in the 

yellow square of K562 cells of Figure 3F are plotted as orange circles against total proteins 

from K562. Data points were shifted by +5 to more clearly show their positions. (F) A Z-

score transformed heat map of log2 LFQ protein intensity showing relative protein 

expression of surface glycoproteins. Missing values were imputed with a normal distribution 

(width = 0.3, shift = 1.8).
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Figure 4. 
Cluster of differentiation (CD) proteins are differentially expressed in different cell types. 

(A) A heat map with hierarchical clustering showing relative expression of CD proteins. 

Missing values were imputed similar to that in Figure 3F. (B) Relative expression of CD6, 

CD28, and CD56. Missing values were imputed and are indicated by blank data points.
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