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Abstract 
 

Protein glycosylation is indisputably the most omnipresent protein modifications across 

mammalian cells. In eukaryotes, different types of oligosaccharides are linked to glycoproteins 

through two major types of glyosidic linkages, N- and O-linked glycosylation. However, the 

investigations on O-linked glycosylation has long been barricaded by the limitations on suitable 

methodologies. Recently, the development of chemical enzymatic method using solid phase 

peptide capture and specific releasing of O-glycosylated peptides followed by mass spectrometry 

analysis serves as the stepping stone for site-specific extraction of O-linked glycopeptide 

(EXoO)1. In this study, a novel data search workflow was adopted in addition to the 

incorporation of EXoO and liquid chromatography tandem mass spectrometry platform (LC-

MS/MS). SEQUEST analysis assigned 19,275 spectra to 3,540 intact O-linked glycopeptides 

containing at least 2,600 O-linked glycosylation sites from 754 glycoproteins in human brain. 

Compared to 2,076 in kidney, 1,421 in T cells, and 805 in serum, human brain EXoO analysis 

identified the most O-linked glycopeptides and 1,206 were novel O-linked glycosylation sites, 

bringing the total identified O-linked glycopeptides to 4,672. Spectra were further analyzed using 

GPQuest, identifying at least 1,873 O-linked glycosylation sites on over 570 proteins with 61 O-

glycan compositions in human brain tissues.  
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Introduction 
 

In cellular protein biosynthesis, glycosylation is one of the most common protein modifications. 

Glycosylation helps maintain stable protein structures within their microenviornments2 . It plays 

a critical role in various physiological and pathological functions including, but not limited to, 

cellular signaling, protein folding, apoptosis regulation, inflammatory responses, immune escape 

and cancer metastasis3 . Moreover, glycosylation grants the protein forms with a scope (~ 50% of 

the proteome4 ) unmatched by any other protein modification, since glycosylation is highly 

diversified to facility an assortment of functions5 .  

 

Compared to N-linked glycosylation where the linkage to the peptide is via a β-glucosamine unit 

attached as a glycosyl amine (amide) from the terminal carboxamide of an asparagine, the O-

linked glycosylation is linked to a serine or threonine. The first monosacchride attached to serine 

or threonine residues for O-linked glycosylation include galactosamine (GalNAc), mannose, 

galactose, fucose, glucose, and glucosamine (GlcNAc). Based on these structures, branched or 

unbranched oligosaccharide chain of various lengths could be further extended. After elaborative 

extension and branching, other enzymes join the orchestra, giving the glycan structures with the 

finishing touches. The termini of O-GalNAc glycans may contain Fuc and Sia in α-linkages, Gal, 

GalNAc and GlcNAc in both α- and β-linkages, and sulfate. All of these aspects of O-linked 

glycosylation confer O-linked glycosylation with multiple complexities. 

 

Glycans initiated by GalNAc attached to the hydroxyl of serine or threonine residues account for 

a large portion of O-glycans found on extracellular and secreted glycoproteins6 7 , especially 

mucins, which lines the epithelial surfaces of the body8 . Mucins are characterized by a variable 

number of tandem repeats (VNTR) with a high content of Pro, Ser and Thr, which provides 

abundant sites for O-glycosylation8 . These sites often have extended O-glycan cores that form 

repeating clusters of hydrated sugars, which create not only steric repulsions between 

carbohydrates cluster, but between the clusters and the peptide backbone9 , which results in less 

flexible rod-like configuration affected by concentration, pH, and ionic strength10 11 . When 

multiple O-glycans are more evenly distributed about the peptide backbone, a gel-like barrier 

would form which acts to protect both the glycoproteins and cellular surfaces from external 

stimuli, such as protease cleavage, infection and self-recognition of protein epitopes by the 
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immune system8 3 . O-GalNAc contains six basic structures – core 1-4, terminal GalNAc (Tn 

antigen) and siayl-Tn antigens (Figure 1, adapted from Joseph J. Barchi Jr. 2013)5 . Each of 

core 1-4 could be extended, capped and modified, in either branched or unbranched forms.   

 

 

With the diversity also comes the major challenge to define intact O-glycoproteome, which is the 

assignment of specific O-glycan structures to protein sites in a whole proteome12 .  Being able to 

profile intact O-glycoproteome grants us with the ability to establish the correlation between O-

glycan structures and biological functions in both healthy and diseased states. This would also 

facilitate the discovery of potential disease biomarkers and therapeutic targets12 . To characterize 

O-glycoproteome from complex biological samples, mass spectrometry (MS) is the general 

approach to adopt. Compared to other uniform protein modifications such as phosphorylation13  

and acetylation14 , the development of suitable MS-based methodology and database searching 

regimes to accommodate the plasticity of glycosylation are needed. On one hand, glycosylation 

is not directly template-driven, a number of structurally distinct glycans could be anchored to 

multiple glycosylation sites. A protein contains 4 glycosylation sites with 10 different glycans 

could yield 10,000 possible glycoforms, which at some point is simply impossible to incorporate 

into the database searching algorithms15 . The lack of consensus sequence for O-glycosylation 

Figure 1. Six basic structures of O-GalNAc glycosylation. 
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hasn’t improved the situation, if any. On the other hand, the heterogeneity generates various sub-

stoichiometric modifications to the glycopeptide that further decrease the quantities of unique 

glycoform15 . Coupled with the fact that glycosylation tends to lower the ionization efficiency16 , 

it is necessary to increase sample quantities and improve enrichment methods. At the moment, a 

selection of enrichment methodologies of specific glycoprotein subtypes has been adopted to this 

purpose, including hydrazide chemical tagging17 18 , metabolic labeling12 15 , chemoenzymatic 

labeling19 , lectin chromatography20 21 22 , HILIC23 24 , and “SimpleCell” technology with 

homogenized O-glycans25 26 . All of these aforementioned methodologies were previously 

adopted in the studies of intact O-glycoproteome. However, the challenge to identify and match 

O-glycosylation sites and their corresponding O-glycans in a large-scale persists. To address this 

issue in O-glycoproteome, another chemoenzymatic enrichment methodology (EXoO) was 

introduced, coupled with ETD-MS/MS, to achieve the site-specific mapping of O-glycoproteome 

in a large-scale in human serum, kidney tissues and T cells 1 .  

 

Ever since the advent and introduction of liquid chromatography tandem mass spectrometry 

platform (LC-MS/MS), this powerful technology has been widely deployed in the multifaceted 

field of proteomics27 28 . To achieve full identification and quantification of proteins and post-

translational modifications in complex biological samples of interest, is the ultimate goal of 

proteomics. For the past two decades, LC-MS/MS in data-dependent acquisition (DDA) mode 

has been the standard procedure for proteomics with sampling breadth and discovery being the 

main objectives. Using a DDA strategy, LC-MS/MS based proteomics could achieve 

identification and relative quantification in the scale of thousands across various biological 

samples.  

 

Here, an EXoO-based mapping of O-glycopeptides procedure (Figure 2) was further deployed 

on the glycoproteomic analysis of human brain tissues, where we first performed database search 

using SEQUEST, followed by glycoproteomics analysis using GPQuest. 3,540 intact O-linked 

glycopeptides on 754 glycoproteins were identified in human brain by SEQUEST, compared to 

3,382 intact O-linked glycopeptides on 575 glyycoproteins by GPQuest. Among EXoO 

mappings of human brain (2,600 O-linked glycopeptides), kidney (2,076 O-linked 

glycopeptides), T cells (1,421 O-linked glycopeptides) and serum (805 O-linked 
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glycopeptides)1  , mapping of human brain yielded the most O-linked glycopeptides and 

glycosylation sites. As a result, the scale of known human O-glycoproteome was further 

expanded.     

 

Figure 2. Workflow of Site-specific human O-glycoproteome mapping using EXoO 

 

 

Results 
 

Mapping of O-glycopeptides using EXoO and the novel data analysis workflow 
 

Peptides from human brain tissues were conjugated to solid support using AminoLink™ resin 

(Pierce, Rockford, IL). Intact O-linked glycopeptides were released site-specifically using 

OpeRATOR from solid support (Figure 3). Released O-linked glycopeptides contain both the O-

glycans and O-linked glycosylation sites information due to the enzymatic trait of OpeRATOR. 

OpeRATOR was discovered in one of the mucin degrading human intestinal bacteria 

Akkermansia muciniphila, and is able to efficiently cleave protein at the N-terminus of O-glycans 

Figure 3. EXoO Procedure for site-specific mapping of O-linked glycosites and glycans. 
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anchored to S or T1 . Extracted O-linked glycopeptides were fractionated into 24 fractions and 

then subject to HCD LC-MS/MS analysis in data-dependent acquisition (DDA) mode (Figure 

2). SEQUEST in Protein Discoverer™ was used to assign the glycopeptide spectra to peptide 

sequences by searching peptides with O-GalNac modification for the presence of dynamic 

modifications (oxidation (M), guanidination (K), Hex(1)HexNAc(1) (S/T), and HexNAc (S/T)), 

and fixed modification (carbamidomethylation (C)). With 1% false discovery rate (FDR), 19,275 

PSMs could be assigned to 3,540 intact O-linked glycopeptides containing at least 2,600 O-

linked glycosylation sites from 754 glycoproteins. It was observed that, among the assigned 

peptide spectral matches (PSMs), 63.05% were modified by a single Core 1 (Hex(1)HexNAc(1), 

composition: N1H1F0S0) structure, 14.50% were modified by a single Tn structure (HexNAc(1), 

composition: N1H0F0S0), while 8.20% and 4.75% were modified by two or three Core1 

structures. Examples of matched spectra of the site-specific O-linked glycopeptide were shown 

in Figure 4, a diagnostic oxonium ion generated by HCD fragmentation could be observed at 

366.1 m/z (purple) for the Core 1 structure (Figure 4 A and B). EXoO identified O-linked 

glycopeptides from human brain tissues were compared with results obtained in normal/tumor 

human kidney tissues (2,076 identified O-glycopeptides), T cells (1,421 identified O-
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glycopeptides) and serum (805 identified O-glycopeptides) in previous study1 . In total, 4,672 O-

linked glycopeptides were identified across human brain, kidney, T cells and serum, 1,206 out of 

the 2,600 identified O-glycopeptides in human brain were unique, while 94 were shared by all 

(Figure 5). To visualize the composition of identified O-linked glycopeptides across different 

samples, the PSM numbers of the 4,672 identified O-linked glycopeptides were compared across 

four samples and clustered using unsupervised hierarchical clustering (Figure 6). It showed that 

the O-linked glycopeptides varied in composition and abundance in different samples. Brevican 

core protein (BCAN) has the highest PSM numbers in human brain, which functions by 

stabilizing interactions between hyaluronan (HA) and brain proteoglycans29 . While glucosidase 

Figure 4. MS/MS spectra of identified O-linked glycopeptides. 
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2 subunit beta (PRKCSH) has the highest PSM numbers in T cells, which is required for efficient 

PKD1/Polycystin-1 biogenesis and trafficking to the plasma membrane of the primary cilia30 . In 

human brain, kidney and serum samples, immunoglobulin heavy constant alpha 1 (IGHA1) has 

significantly high PSM numbers, especially in kidney (second highest) and serum (the highest).  

Figure 6. Unsupervised hierarchical clustering of samples and PSM number of O-linked peptides (Euclidean distance and city 

block distance were used for centroid clustering of samples and peptides, respectively). 

 

Figure 5. Venn diagram of identified O-linked glycopeptides across different human samples. 
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Gene ontology (GO) analysis of all 4,672 identified O-linked glycopeptides and 1,206 uniquely 

identified O-linked glycopeptides in brain were also carried out (Figure 7, 8). The major cellular 

Figure 7. Gene Ontology Analysis. A) Semantic similarity-based scatterplots for 4,672 identified O-linked glycopeptides in 

human brain, kidney, T cells and serum. B) Semantic similarity-based scatterplots for 1,206 uniquely identified O-linked 

glycopeptides in human brain. (Rainbow-colored scale represents the log10 p-value, red indicates statistically most significant; 

dot size indicates frequency). 

Figure 8. Word clouds of molecular function and sequence feature. A) Molecular function word cloud for 4,672 identified O-

linked glycopeptides in human brain, kidney, T cells and serum. B) Molecular function word cloud for 1,206 uniquely identified 

O-linked glycopeptides in human brain. C) Sequence feature word cloud for 4,672 identified O-linked glycopeptides in human 

brain, kidney, T cells and serum. D) Sequence feature word cloud for 1,206 uniquely identified O-linked glycopeptides in human 

brain. 
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components for identified O-linked glycopeptides were membrane, extracellular region, 

extracellular matrix, integral component of membrane, cell surface and Golgi lumen. (Figure 7A 

and B). As for the 1,206 uniquely identified O-linked glycopeptides in brain, the GO analysis 

revealed that, apart from these major cellular components, synapse, neuronal cell body, anchored 

component of membrane, neuromuscular junction and collagen trimer were exclusively 

annotated (Figure 7B). Additionally, molecular function analysis and sequence feature analysis 

suggested that O-linked glycopeptides are involved in various physiological and pathological 

activities (Figure 8). Glycoprotein, transmembrane helix, alternative splicing and signal were 

most represented in molecular function word clouds (Figure 8A and B). It was revealed in 

sequence feature word clouds that O-linked glycopetides are likely to be associated with 

epidermal growth factor (EGF), especially with the calcium-binding feature of EGF (not shown 

in word clouds), and N-linked glycopeptides (Figure 8C and D).     

 

Site-specific Assignment of MS/MS Spectra to Intact O-linked Glycopeptides Using GPQuest  

 

Based on the 2,600 O-linked glycopeptides identified by SEQUEST, an experimental spectral 

library (ESL) was built. Based on the ESL, a site-specific identification of intact O-linked 

glycopeptides using GPQuest analysis was performed. The MS/MS spectra of the glycopeptides 

were distinguished from peptide MS/MS based on the presence of oxonium ions, only MS/MS 

spectra containing oxonium ion at 204 m/z and at least one of other oxonium ions shown in 

Table 1 would be used. The O-glycan taking up each O-glycosite was determined by matching 

the mass difference between the precursor ion of intact O-linked glycopeptide and the glycosite-

containing peptide to the O-glycan database. 

Table 1 List of oxonium ions in the MS2 spectra of glycopeptides 

Oxonium ion (m/z) Glycan 

126.055 [HexNAc-C2H6O3]
+ 

138.055 [HexNAc-CH6O3]
+ 

144.066 [HexNAc-C2H4O2]
+ 

168.0655 [HexNAc-2H2O]+ 

186.0761 [HexNAc-H2O]+ 
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204.0866 [HexNAc]+ 

274.0927 [Neu5Ac-H2O]+ 

292.1032 [Neu5Ac]+ 

366.140 [HexHexNAc]+ 

After filtering (IR score ≥ 0.2, Morpheus Score ≥ 7, FDR ≤ 0.1), a total of 24,608 PSMs were 

attained. 1,873 unique O-linked glycosite-containing peptides were matched to 61 O-glycan 

compositions, and 3,382 unique intact O-linked glycopeptides were identified from human brain 

tissue using the GPQuest algorithm. An array of 61 O-glycan compositions were identified, 

among which the composition of N1H1F0S0G0 (Core 1) is of the highest percentage with 

N2H2F0S0G0 (2 Core 1) and N1H0F0S0G0 (Tn) being the second and third most abundant 

respectively (Figure 9). According to previous research1 , this could be explained by the 

cleavage preference for Core 1 structure of OpeRATOR1 . Moreover, the analysis on O-glycosite 

containing peptides revealed that up to 6 O-linked sites (Ser or Thr) could exist on a single O-

glycosite-containing peptide (Table 2).  

 

 

 

Figure 9. O-glycan composition donut chart. 
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Table 2. O-glycopeptides with potentially multiple O-linked sites. 

Glycopeptide Thr Sites Ser Sites Sum of Ser/Thr Sites Pro Sites 

TVHPIPDEDSPWITDSTDRIPATR 4 2 6 4 

TVEYVVSVYAQNPSGESQPLVQTAVTNIDRPK 3 3 6 3 

TTVPPSGLSVPFSTWDQDHDLRR 3 3 6 3 

SGTPELEVPKPGQPSEPEHGPSPGQDTFCQGK 2 3 5 7 

TDPNLIPSAPSKPEVTDVSR 2 3 5 4 

TDEPPPSGPSTTQGAQAPLLQQRPQELGELR 3 2 5 6 

TPPTPSPSCCHPR 2 2 4 5 

STTPFPSQHR 2 2 4 2 

TPPAPEPHLGELTVEEATSH 3 1 4 4 

SPEPTQRPPTICER 2 1 3 4 

TPPPQSAPPKENPSER 1 2 3 6 

TPPPDAPRPGTCNLQCFNGGSCFLNAR 2 1 3 5 

TALPPGASDGR 1 1 2 2 

STAPLAPR 1 1 2 2 

SRPPRVHGPPTE 1 1 2 4 

 

Due to the vicinity of these possible sites and the cleavage pattern of OpeRATOR, the enzymatic 

digestion on these possible sites could be inefficient. To further identify possible O-linked 

glycosylation motifs or OpeRATOR recognizing motifs, the +6 amino acids following the 4,672 

identified O-linked glycosites were subject to motif analysis using pLogo. 65.9 % the O-linked 

glycans were added onto Thr while 34.1% were added onto Ser (Figure 10). Analysis of the 

surrounding amino acids revealed that Pro was overrepresented at the +1 to +4 positions 

disregarding the type of amino acids that were O-glycosylated, especially at +3 (Figure 10).  
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Sixty-one unique O-glycan compositions were individually matched in available online libraries 

of The Consortium for Functional Glycomics and Complex Carbohydrate Research Center. The 

Single complex O-glycan structure or a combination of O-glycan structures could be attributed to 

each of the 61 O-glycan compositions (exemplified in Figure 11), expanding the scope of O-

glycan compositions array to 73 (Table 3).  

Table 3. O-glycan Compositions before and after database matching. 

Before Online Database Matching After Online Database Matching 

N1H0F0S0 

N1H0F0S1 

N1H1F0S0 

N1H1F0S1 

N1H1F0S2 

N1H1F1S0 

N1H1F1S1 

N1H2F0S0 

N1H2F1S0 

N2H0F0S0 

N2H0F0S1 

N1H0F0S0 

N1H0F0S1 

N1H1F0S0 

N1H1F0S1 

N1H1F0S2 

N1H1F1S0 

N1H1F1S1 

N1H2F0S0 

N1H2F1S0 

N1H2F1S0 

N2H0F0S0 

Figure 10. Motif Analysis of O-linked Glycosites. 
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N2H1F0S0 

N2H1F0S1 

N2H1F1S0 

N2H1F1S1 

N2H1F1S2 

N2H1F2S0 

N2H1F2S1 

N2H2F0S0 

N2H2F0S1 

N2H2F0S2 

N2H2F1S0 

N2H2F1S2 

N2H2F2S0 

N2H2F2S1 

N2H2F3S0 

N3H0F0S0 

N3H1F0S0 

N3H1F0S1 

N3H1F1S0 

N3H1F1S1 

N3H1F2S0 

N3H2F0S0 

N3H2F0S1 

N3H2F0S3 

N3H2F1S0 

N3H2F2S0 

N3H2F4S0 

N3H3F0S0 

N3H3F0S1 

N2H0F0S1 

N2H1F0S0 

N2H1F0S0 

N2H1F0S1 

N2H1F1S0 

N2H1F1S1 

N2H1F1S2 

N2H1F2S0 

N2H1F2S1 

N2H2F0S0 

N2H2F0S1 

N2H2F0S2 

N2H2F1S0 

N2H2F1S1 

N2H2F1S2 

N2H2F2S0 

N2H2F2S1 

N2H2F3S0 

N3H0F0S0 

N3H1F0S0 

N3H1F0S1 

N3H1F1S0 

N3H1F1S1 

N3H1F2S0 

N3H2F0S0 

N3H2F0S1 

N3H2F0S2 

N3H2F0S3 

N3H2F1S0 



    14 

N3H3F0S2 

N3H3F1S0 

N3H3F1S2 

N3H3F2S0 

N3H3F2S2 

N3H3F3S0 

N4H2F0S0 

N4H2F1S0 

N4H2F2S0 

N4H3F0S0 

N4H3F0S3 

N4H4F0S0 

N4H4F0S1 

N4H4F1S0 

N4H4F3S1 

N5H2F0S0 

N5H5F0S0 

N6H3F0S0 

N6H3F1S0 

N6H3F1S2 

N6H6F0S0 

 

 

 

 

 

 

 

 

N3H2F2S0 

N3H2F3S0 

N3H2F4S0 

N3H3F0S0 

N3H3F0S1 

N3H3F0S2 

N3H3F1S0 

N3H3F1S2 

N3H3F2S0 

N3H3F2S1 

N3H3F2S2 

N3H3F3S0 

N4H2F0S0 

N4H2F0S1 

N4H2F1S0 

N4H2F2S0 

N4H3F0S0 

N4H3F0S1 

N4H3F0S3 

N4H3F2S0 

N4H4F0S0 

N4H4F0S1 

N4H4F1S0 

N4H4F3S1 

N4H5F3S0 

N5H2F0S0 

N5H3F0S0 

N5H3F1S0 

N5H5F0S0 
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N6H3F0S0 

N6H3F1S0 

N6H3F1S2 

N6H6F0S0 

 

Materials and Methods  

 

Reagents and Tools 

Reagents / Resources References / Sources Identifier / Catalog 

No. 

Experimental Models 

Figure 11. Example of possible O-glycan combinations for single O-glycan composition N3H3F3S0. 
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Human Brain Tissue This study  

Chemicals, enzymes and other reagents 

OpeRATOR™ Genovis G2-OP1-020 

SialEXO™ Genovis G1-SM1-020 

Sequencing grade modified trypsin Promega V5111 

UltraPure™ dithiothreitol ThermoFisher Scientific 15508013 

Iodoacetamide Sigma Aldrich I1149-5G 

Ammonium bicarbonate Sigma Aldrich 09830-500G 

Urea ThermoFisher Scientific 29700 

Ammonium hydroxide solution Sigma Aldrich 338818-1L 

O-Methylisourea hemisulfate salt Sigma Aldrich 455598-100G 

Sodium cyanoborohydride Sigma Aldrich 156159-10G 

Trizma® hydrochloride solution Sigma Aldrich T2663-1L 

NaCl Solution, 5 M Santa Cruz Biotechnology sc-295833 

Trifluoroacetic acid Sigma Aldrich 302031-100ML 

Acetonitrile, Optima™ LC/MS grade ThermoFisher Scientific A955-4 

Pierce™ formic acid, LC-MS grade ThermoFisher Scientific  

85178 

Triethylammonium acetate buffer Sigma Aldrich 90358-100ML 

Certified Sep-Pak tC18 3 cc vac 

cartridge 

Waters 186004619 

HyperSep™ retain AX cartridges ThermoFisher Scientific  

60107-406 

AminoLink™ plus coupling resin ThermoFisher Scientific 20505 

Software 

Proteome Discoverer™ 2.2 ThermoFisher Scientific 

GPQuest Center for Biomarker 

Discovery & Translation, Johns Hopkins University 
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Methods and Protocols 

 

EXoO Sample Preparation 

Collection and use of human tissue have been approved by Johns Hopkins Institutional Review 

Board (IRB). Human brain tissue samples were kept at -80°C before use. Tissue samples were 

dissected, sonicated and further denatured in 8 M urea and 1 M ammonium bicarbonate (AB) 

buffer. Then samples were reduced in 5 mM DTT at 37°C for 1 h. Proteins were alkylated in 10 

mM iodoacetamide at room temperature (RT) for 40 min in the dark. Right before trypsin 

digestion (enzyme/protein ratio of 1/40 w/w), samples were diluted eightfold using 100 mM 

ammonium bicarbonate (AB) buffer, then samples were subject to overnight trypsin digestion at 

Toghi Eshghi, Shadi, et al. Analytical chemistry 87.10 

(2015): 5181-5188. 

Online software UniProt https://www.uniprot.org/ 

 

Online software pLogo University of Connecticut 

O’Shea et al (2013) 

Online software DAVID informatics Laboratory of Human Retrovirology 

and Immunoinformatics (LHRI) 

Huang da et al (2009) 

QCanvas software Center for Advanced Bioinformatics 

& Systems Medicine 

Kim et al (2012) 

Online software REVIGO IRB Barcelona Institute for Research in Biomedicine 

Fran Supek et al (2011) 

Online software VENN DIAGRAMS The Bioinformatics and Evolutionary Genomics group 

Online Glycan Composition Database The Consortium for Functional Glycomics 

Online Glycan Composition Database Complex Carbohydrate Research Center (CCRC) 

Online software Peptide Match Protein Information Resouce (PIR) 

https://www.uniprot.org/
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37°C. After tryptic digestion, peptides were loaded on a pre-conditioned C18 column. The 

column was then washed three times with 0.1% TFA and guanidination solution (equal volumes 

of 2.85 M aqueous ammonia, 0.6 M Omethylisourea, and 0.1% TFA, final pH 10.5) orderly. 

After the final wash, guanidination solution was added to cover the C18 material in the column, 

which was later incubated at 65°C for 20 min. C18 column was cooled to RT and washed three 

times with 0.1% TFA after the incubation. Peptides were then eluted using 60% acetonitrile / 

0.1% TFA and adjusted to 95% acetonitrile / 1% TFA shortly after. Intact glycopeptides were 

enriched using a SAX HyperSep™ Retain AX column (RAX), which further facilitates the 

enrichment of intact glycopeptides underwent small-volume enzyme-substrate reactions1 . The 

RAX column was conditioned in 3X acetonitrile, 3X 100 mM triethylammonium acetate, 3X 

water, and finally 3X 95% acetonitrile / 1%. Samples were then loaded, washed with 3X 95% 

acetonitrile / 1% TFA, and eluted in 50% acetonitrile / 0.1% TFA.  

 

Obtained peptides were conjugated to AminoLink resin as recommended by manufacturer. 

Peptides were incubated with the resin (100 μg/100 μl resin, 50% slurry) and 50 mM sodium 

cyanoborohydride (NaCNBH3) at RT for > 4 h on rotator. The resin was later blocked by adding 

1 M Tris–HCl buffer (pH 7.4) containing 50 mM NaCNBH3 at RT for 30 min. The resin was 

washed three times using 50% acetonitrile, 1.5 M NaCl, and 20 mM Tris–HCl buffer (pH 6.8). 

O-linked glycopeptides were released from the resin by incubating with the enzymes 

OpeRATOR™ and SialEXO™ (1 unit/1 μg peptides per enzyme) in 100 μl of 20 mM Tris–HCl 

buffer (pH 6.8) at 37°C for 16 h. After enzymatic releasing, samples were spun down and 

supernatant was collected. Resin was washed twice with 20 mM Tris–HCl buffer (pH 7.4) and 

pooled into afore mentioned supernatant. At last, the pooled samples were desalted using C18 

column and lyophilized using SpeedVac concentrators.  

 

Peptide Fractionation and LC-MS/MS Analysis  

Peptides (100 μg) were fractionated into 96 fractions using a 1220 Series HPLC (Agilent 

Technologies, Inc., CA). The 96 fractions were combined into 24 fractions and lyophilized. 

Peptides were reconstituted in 0.1% formic acid (FA) and analyzed on a Q-Exactive HF mass 

spectrometer (Thermo Fisher Scientific, Bremen, Germany) with a Waters NanoAcquity UPLC 

(Waters, Milford, MA). The mobile phase flow rate was set at 0.2 μl/min with 0.1% FA / 3% 
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acetonitrile in water as phase A and 0.1% FA  / 90% acetonitrile as phase B. The gradient profile 

was set as follows: 6% B for 1 min, 6–30% B for 84 min, 30–60% B for 9 min, 60–90% B for 1 

min, and 90% B for 5 min and equilibrated in 50% B, and flow rate was 0.5 μl/min for 10 min. 

MS analysis was performed using a spray voltage of 1.8 kV. Spectra (AGC target 4 × 105 and 

maximum injection time of 50 ms) were collected from 350 to 1,800 m/z at a resolution of 60 K 

followed by data-dependent HCD MS/MS (at a resolution of 50 K, collision energy of 29, 

intensity threshold of 2 × 105, and maximum IT of 250 ms) of the 15 most abundant ions using 

an isolation window of 0.7 m/z. Using charge-state screening, unassigned, single, and more than 

six protonated ions were rejected. Fixed first mass was 110 m/z. A dynamic exclusion time of 45 

s was used to avoid multiple selections of the same ions.  

 

SEQUEST search of site-specific O-linked Glycopeptides 

A randomized decoy search database was generated based on the RefSeq human protein database 

(72,956 sequences, downloaded from NCBI website March 25, 2015), using the Trans-Proteomic 

Pipeline (TPP)31 . The target and decoy protein database were concatenated and digested at the 

carboxyl side of Lys/Arg with two miss-cleavage sites (trypsin digestion) followed by digested at 

the amine side of Ser/Thr with five miss-cleavage sites (OpeRATOR digestion) in silico. In the 

end, Ser/Thr-containing peptides with peptide lengths between 6 and 46 amino acids were 

selected, resulting in 30,759,520 unique peptide entries.  

 

The mass spectrometry results of the EXoO-enriched O-linked glycosite-containing peptides 

were analyzed using SEQUEST in Proteome Discoverer 2.2. The MS/MS spectra matched to 

each peptide from our previously generated search database were searched for the presence of 

dynamic modifications (oxidation (M), guanidination (K), Hex(1)HexNAc(1) (S/T), and 

HexNAc (S/T)), and fixed modification (carbamidomethylation (C)). FDR was set at 1% using 

Percolator. MS/MS scan numbers of oxonium ion containing spectra were extracted with 10 ppm 

tolerance from raw files. MS/MS scans with oxonium ion 204 together with two of the other 

oxonium ions were kept. The result was filtered to report identification with glycan modification 

and oxonium ions in the MS/MS spectra. MS/MS spectra were inspected manually using spectral 

viewer in Proteome Discoverer to determine the spectral pattern and further ensure the 

identification confidence.  
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Spectral Library Generation and Glycoproteomics Analysis Using GPQuest  

The mass spectral results of the EXoO-enriched O-linkd glycosite-containing peptides were 

searched using SEQUEST in the Proteome Discoverer 2.2 (PD), to identify 2,600 O-linked 

glycosite-containing peptides in the human brain sample, later the PD output was used to 

compile the list of peptides in the experimental spectral library (ESL). The list of b and y 

fragment ions, including doubly and triply charged ions, was generated for the ESL peptides. 

The spectral library was built by identifying all the experimentally observed b and y ions for 

each identified peptide in the human brain sample. Peptides with < 4 observed fragment ions 

were removed from the target database and experimental library. The raw files for 24 fractions 

containing the acquired mass spectra were first converted into mzXML files using msconvert in 

ProteoWizard package. The intact O-linked glycopeptides were identified by using GPQuest to 

search against the experimental spectral library of O-linked glycopeptide sequences of human 

cells and two databases containing 83 single O-linked glycan compositions and 4,866 

combinatorial O-linked glycan compositions. The O-glycan databases were collected and 

generated based on available database at The Consortium for Functional Glycomics.    

 

Bioinformatics 

Peptides with more than six amino acids of site-specific O-linked glycopeptides were extracted 

and reconstructed into 7 aa peptides with the O-linked glycosylation sites being the first amino 

acid. Online software pLogo was used to predict the motifs32 . Hierarchical clustering (Euclidean 

distance and city block distance were used for centroid clustering of samples and peptides, 

respectively) was employed to cluster the samples based on the number of PSM of O-linked 

glycosite-containing peptides using QCanvas version 1.2133 . The Database for Annotation, 

Visualization and Integrated Discovery (DAVID)34  , PIR peptide match and UniProt 

(http://www.uniprot.org) were used for Gene Ontology (GO) analysis. GO analysis results 

(Figure 7, 8) were visualized using online interactive tool REVIGO35 .  

 

Discussions and Conclusions 

 

http://www.uniprot.org/
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Overall, we identified 2,600 O-linked glycopeptides, including 1,206 novel O-linked 

glycopeptides from human brain tissues, bringing the total number of identified human O-linked 

glycopeptides to a total of 4,672 using EXoO. SEQUEST analysis assigned 19,275 PSMs to 

3,540 intact O-linked glycopeptides containing at least 2,600 O-linked glycosylation sites from 

754 glycoproteins, while the attained 24,608 PSMs using GPQuest algorithm and ESL were 

assigned to 3,382 unique intact O-linked glycopeptides containing 1,873 O-linked glycosylation 

sites from 575 glycoproteins. Among 1,873 O-glycosites identified, 727 O-glycosites were not 

analyzed by GPQuest and ESL, which could be explained by the following reasons: 1) the 

MS/MS spectra of these peptides do not have enough observed fragment ions to be qualified for 

GPQuest analysis, 2) since the MS/MS spectra of HCD-fragmented O-linked intact 

glycopeptides are selected using oxonium ions (204 m/z and at least one other oxonium ion 

shown in Table 1) and matched against the generated spectral library, a lack of identifiable 

oxonium ions could lead to the un-identified glycosites. By changing the threshold of the 

percentage of b and y ions overlapping with the generated spectral library, we might be able to 

incorporate more O-linked glycosite-containing peptides into GPQuest analysis.  

 

Meanwhile, it was also observed that some glycopeptides were not assigned with any O-glycan 

compositions. O-glycan assignment is based on calculating the mass difference between the 

precursor ion of intact glycopeptide and the glycosite-containing peptide and matching it to the 

known O-glycan database. Consequently, if the corresponding glycan structure of a certain mass 

is not included in the O-glycan database, the O-glycan of the glycopeptide remains inconclusive. 

However, this could potentially lead to the discovery of novel O-glycan structures or O-glycan 

modifications. Other aspects such as glycan mass calculating errors, experiment-induced glycan 

modifications also affect the O-glycan assignment 

 

Assignment of intact O-linked glycopeptides to MS/MS spectra of complex biological samples 

remains as a challenging topic since little is known with regard to O-glycoproteome. Most 

available algorithms are based on known peptide and glycan database, which is barricading the 

discovery of new O-linked glycopeptides and O-glycan structures. In our O-glycan composition 

analysis, we discovered that more than one O-glycan structure (Figure 11) could be attached to 

O-linked glycosite-containing peptides which have multiple Ser/Thr sites (Table 2). By taking 
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into considerations of the possibility of a combinatorial O-glycan profile, we might be able to 

modify the algorithm to achieve a higher assignment rate for O-glycans. 
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(Co-author, Nature Protocol, 2020) 

 

Systematic Detecting Technology for Protein Sequencing at a Single-molecule Level  
(Project lead, R21 grant application in process) 

 

HONORS AND SCHOLARSHIPS                                     
 

Medical Student of Excellence of Peking University               For year 2015-2016 and year 2016-2017 

 

Outstanding Individual in Social Practice                                  For year 2015-2016 and year 2016-2017 

 

Qianjin Pharmaceutical Company Scholarship                                                                  For year 2015-2016 

 

Aomei Pharmaceutical Company Scholarship                                                                   For year 2016-2017 

 

Gold Medal at 2017 iGEM Giant Jamboree                                                                              November 2017 

 

EMPLOYMENT HISTORY                                     
 

Kunming BEITAINI (BTN) Biological Technology Co., LTD                              Kunming, China     
Quality Inspection Intern                                                                             August 2016 to September 2016 

Responsible for chemical examination on crude materials    

 

The Stanford Asian Liver Center at Peking University                                              Beijing, China     
Media Intern                                                                                              September 2016 to February 2017 

In charge of promotion and holding online & offline events on anti-discrimination against people with 

Hepatitis B in campuses and work places and daily operation of social media accounts 

 

OTHER EXPERIENCES                                     
 

General English + Health Sciences Program, the University of Adelaide       Adelaide, Australia  

Summer Courses July 2016 to August 2016 

Courses on Anatomy, Physiology, Case-Based Learning (CBL), Australian Health System and General 

English   

Anatomy and Clinical Lan Skills Training 

 

Student Union, Peking University                                                                                    Beijing, China  

Head of Promotion  2014 to 2016 

In charge of promotion of major events like “Top 10 Singers”, “New Year’s Eve” inside the campus  

 

Youth Volunteers Association, Peking University                                                    Beijing, China 

Head of Promotion  2015 to 2016 

In charge of promotion of volunteer activites 

https://www.biorxiv.org/content/10.1101/840298v1?from=singlemessage&isappinstalled=0

