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Abstract 

Proteins are essential biomolecules that perform a wide range of biological functions. Post-

translational modifications (PTMs) substantially impact protein structure and function, making 

their characterization essential for understanding complex biological systems. This dissertation 

focuses on developing and applying novel mass spectrometry (MS)-based methodologies to 

address challenges in studying two common and important PTMs: phosphorylation and 

glycosylation. To this end, new enrichment materials and their corresponding workflows, 

including Cotton Ti-IMAC, epoxy-ATP-Ti4+ IMAC, and Very Weak Anion Exchange (VWAX) 

have been introduced for efficient phosphopeptide and glycopeptide enrichment. A strategy 

combining boronic acid enrichment, high-pH fractionation, and EThcD has been developed for 

comprehensive O-glycosylation profiling. Additionally, the Boost-DiLeu quantitative approach 

has been introduced to enhance glycopeptide quantification in size-limited samples, while a 

periodate oxidation-based SUGAR tag labeling method has been established for high-throughput, 

intact sialylated glycopeptide-specific quantification. These methods have been applied to study 

human diseases, such as Alzheimer's Disease, providing insights into dysregulated glycosylation 

patterns and their potential implications in disease pathogenesis. Overall, this work contributes to 

advancing MS-based proteomics strategies and broadening our understanding of the roles of PTMs 

in biological systems and is anticipated to inspire future research endeavors in related fields.
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Introduction 

Proteins are important biomolecules that play critical roles in nearly all biological processes, 

including enzymatic catalysis, signal transmission, and structural support.1 A systematic study of 

proteins is essential for a comprehensive understanding of biological networks and systems, both 

structurally and functionally. The proteome refers to the total number of proteins present within 

either a cell, tissue, or organism at a given time.2 However, it should be noted that the proteome is 

not static, as the protein population can differ from cell to cell and change over time. Proteomics, 

as a postgenomic discipline, aims to identify and quantify all proteins in a proteome, including 

their expression, cellular localization, interactions, post-translational modifications (PTMs), and 

turnover across time, space, and cell type.3 Exploring the proteome poses more significant 

challenges than sequencing the genome, making it an exciting and challenging field of study. 

Mass spectrometry (MS) is a powerful tool for large-scale proteome analysis, with soft 

ionization techniques such as matrix-assisted laser desorption/ionization (MALDI) and 

electrospray ionization (ESI) commonly used to analyze biomolecules.4,5 ESI involves applying a 

high voltage to a flow of liquid at atmospheric pressure, generating gas phase ions through the 

desolvation of highly charged droplets. Due to its ability to produce multiply charged ions, ESI is 

ideal for high-molecular-weight molecule analysis such as peptides and proteins. Tandem mass 

spectrometry can isolate different analyte ions in the analyzer, generate fragment ions from the 

selected ions and analyze the fragmented ion spectra, providing more structural information of the 

original parent ions. When coupled with liquid chromatography for separation, LC-ESI-MS/MS is 

a suitable platform for large-scale proteomics analysis.  
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While the MS-based bottom-up workflow has been well-established for global proteomic 

analysis in the past decades,6 an additional layer of complexity arises from PTMs of proteins. 

Besides the post-transcriptional regulation, the proteins can be further post-translationally 

modified by covalently adding some chemical functional groups or altering the structure of the 

amino acids, which can significantly impact the function and properties of proteins.3 Mapping 

PTMs is therefore a critical aspect of characterizing the whole proteome. 

This dissertation focuses on two of the most common protein PTMs: phosphorylation and 

glycosylation. Approximately one-third of all proteins in mammalian cells are phosphorylated at 

any given time, with this reversible modification mainly happening on serine, threonine, and 

tyrosine residues.7 Phosphorylation is involved in numerous cellular functions, including protein 

synthesis, cell signaling, apoptosis, and enzymatic regulation.8–10 On the other hand, glycosylation 

is critical for physiological and pathological cellular functions, with almost half of all proteins 

being glycosylated.11,12 Aberrant glycosylation has been correlated with altered cancer cell 

adhesion, invasion, and proliferation.13 N-linked and O-linked glycosylation are the two main 

types, with a consensus amino acid sequence (Asn-X-Thr/Ser, X can be any amino acid except 

proline) containing the glycosylation site of N-linked glycoproteins, while no consensus motif has 

been found for O-linked glycoproteins yet.14 

Despite many technological improvements in MS instruments, the MS analysis of these two 

PTMs still faces numerous challenges, particularly arising from the low abundance and poor 

ionization efficiency of modified peptides.15 Additionally, the heterogeneity of glycosylation 

raises the complexity of performing site-specific MS analysis. Furthermore, development of high-
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throughput quantification methods is still in need to reveal protein and PTM expression patterns 

in different biological systems and disease models. This dissertation aims to address some of these 

challenges by developing novel and improved MS-based analytical strategies, as well as to apply 

these new methodologies to the studies of human diseases. 

Research Summary 

Chapter 1 serves as a general introduction to the work in this dissertation and briefly 

introduces the background and major findings in each project. 

Due to the low abundance and poor ionization efficiency, direct analysis of phosphopeptides 

in complex biological samples by MS is challenging and a reliable and efficient enrichment 

method is essential. Chapter 2 introduces a phosphorylated cotton fiber-based Ti(IV)-IMAC 

material (termed as: Cotton Ti-IMAC) as a novel platform for phosphopeptide enrichment. The 

material can be easily prepared using cost-effective reagents within 4 hours and can be packed as 

a spin-tip for convenient enrichment. Experimental results demonstrate its high selectivity and 

sensitivity in phosphopeptide enrichment from both protein standards and cell digests. With its 

flexibility and reproducibility, Cotton Ti-IMAC is ready to serve as a widely applicable and robust 

platform for achieving large-scale phosphopeptide enrichment and expanding our knowledge of 

phosphoproteomics in complex biological systems. 

Chapter 3 describes a method that extends the enrichment approach from a single PTM to 

multiple PTMs. Previously, we explored the electrostatic and hydrophilic properties of commercial 

centrifuge-assisted-extraction Titanium (IV) IMAC (CAE-Ti-IMAC) material and its application 

in simultaneously separating common N-glycopeptides, phosphopeptides, and M6P glycopeptides 
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with a dual-mode enrichment.16,17 Yet we found the hydrophilic property of the CAE-Ti-IMAC 

microspheres was not satisfactory, since the material was not specifically developed for 

hydrophilic interaction chromatography (HILIC). To address this issue, this chapter presents the 

development of a hydrophilicity-enhanced bifunctional Ti-IMAC material with grafted adenosine 

triphosphate (denoted as: epoxy-ATP-Ti4+). The epoxy-ATP-Ti4+ IMAC material can be prepared 

from epoxy-functionalized silica particles via a convenient two-step process. The ATP molecule 

not only provides strong and active phosphate sites for binding phosphopeptides in conventional 

IMAC mode,18–21 but also contributes significantly to the hydrophilicity, which permits the 

enrichment of glycopeptides via HILIC. Both modes can be implemented simultaneously, allowing 

for the sequential collection of glycopeptides and phosphopeptides in a single experiment from the 

same sample. This material and associated fractionation method enable simple and effective 

enrichment and separation of glycopeptides and phosphopeptides from HeLa cell digests and 

mouse lung tissue samples, providing a useful tool to study potential crosstalk between these two 

important PTMs in biological systems. 

Apart from IMAC-based enrichment strategy, Chapter 4 introduces the application of 

electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) in the field of 

glycopeptide enrichment. While HILIC has been widely used for glycopeptide enrichment,14,15 

signals of glycopeptides carrying a negatively charged glycan can still be suppressed by the more 

abundant neutral glycopeptides in positive ion mode LC-MS/MS analysis, thus impairing their 

detection and identification.17 ERLIC overcomes this limitation by using charged stationary phases 

with HILIC mobile phases (MPs), where electrostatic and hydrophilic interactions between 
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analytes and stationary phase are superimposed.22 The charge states of analytes can be adjusted 

via altering the pH of the MPs to control the electrostatic interaction between the analytes of 

interest and the stationary phase. However, the MPs used for conventional ERLIC involve high 

concentrations of salt, which are not compatible with MS analysis without extra desalting steps.23–

25 In this chapter, we introduce experimental materials for Very Weak Anion Exchange (VWAX) 

that become uncharged more readily than conventional anion-exchange materials. Well-retained 

peptides are eluted with significantly less salt, which enables a desalt-free workflow. With 

optimized eluting gradient, VWAX can effectively separate glycopeptides with negatively charged 

glycans from neutral glycopeptides, allowing for enhanced detection of sialylated, M6P, and 

sulfated glycopeptides. We anticipate VWAX become a new tool to profile the glycoproteome and 

provides new insights into those less-studied glycosylation types. 

Chapter 5 represents an extension of the study to investigate O-glycosylation in addition to 

N-glycosylation. Although O-glycosylation is also involved in different biological interactions and 

disease progression and development, its structural complexity and lack of robust enrichment 

methods from complex biological systems have impeded its study.26 In this chapter, we present an 

integrated strategy that combines universal boronic acid enrichment, high-pH fractionation, and 

electron-transfer and higher-energy collision dissociation (EThcD) for enhanced intact O-

glycopeptide analysis to achieve an unbiased O-glycosylation profiling. This strategy is applied to 

analyze the O-glycoproteome in cerebrospinal fluid (CSF), which is a direct source reflecting the 

ongoing physiological or pathological state of the central nervous system (CNS).27,28 The results 

provide the largest dataset of O-glycoproteins and O-glycosites reported for human CSF to date. 
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Additionally, we develop a peptidomics workflow that utilizes EThcD and a three-step database 

searching strategy for comprehensive PTM analysis of endogenous peptides, including N-

glycosylation, O-glycosylation, and other common peptide PTMs. Subsequently, we profile CSF 

samples from healthy individuals, mild cognitive impairment (MCI), and Alzheimer’s Disease 

(AD) patients, and revealed a landscape of glycosylation patterns in different disease states. 

Chapter 2-5 of this thesis focus on the development of new enrichment techniques and 

qualitative analysis of PTMs, whereas Chapter 6-7 shift the focus to the development of 

quantitative strategies for investigating changes in PTM expression in biological samples. 

Chapter 6 introduces the Boost-DiLeu strategy for intact glycopeptide quantification, which 

utilizes an additional boosting channel to enhance N,N-dimethyl leucine (DiLeu) tagging-based 

quantitative glycoproteomic analysis from quantity-limited samples. By integrating a one-tube 

sample processing workflow and high-pH fractionation, over 3500 quantifiable N-glycopeptides 

are identified from only 30 µg HeLa cell tryptic digests with reliable quantification performance. 

Furthermore, this strategy is applied to human CSF samples to differentiate N-glycosylation 

profiles between AD patients and non-AD donors. The results reveal processes and pathways 

affected by dysregulated N-glycosylation in AD, including platelet degranulation, cell adhesion, 

and extracellular matrix, which highlights the involvement of N-glycosylation aberrations in AD 

pathogenesis. Moreover, weighted gene co-expression network analysis (WGCNA) shows 9 

modules of glycopeptides, two of which are associated with the AD phenotype. Collectively, our 

findings demonstrate the feasibility of using this strategy for comprehensive glycoproteomic 
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analysis of size-limited clinical samples, as well as its great potential in identifying novel 

therapeutic targets or biomarkers in other biological systems with limited sample quantity. 

Sialylation is one of the most common glycosylation types and plays a crucial role in cellular 

recognition, cell adhesion, and cell signaling. The high acidity and numerous hydroxyl groups in 

sialic acids strongly influence the surrounding species.29 Altered expression of sialylation has been 

reported in many diseases.11 To gain further insights into its role with site-specific information, 

there is a need for developing efficient quantification strategies that target intact sialylated 

glycopeptides (SGPs). In Chapter 7, we describe a novel high-throughput quantification strategy 

for intact SGPs by combining mild periodate oxidation and our in-house developed 12-plex 

isobaric multiplex labeling reagents for carbonyl-containing compound (SUGAR) tag labeling. 

The oxidation reaction exclusively introduces an aldehyde group to the sialic acid, which can 

directly react with the SUGAR tag. We first demonstrate the efficacy of this pipeline using an SGP 

standard and further extend its utility to provide accurate and precise quantitation when analyzing 

complex samples. The labeled sample achieves comparable sialyl-glycoproteome coverage 

compared to label-free samples in bovine fetuin and mouse heart homogenates while maintaining 

good quantification accuracy. The method is then applied to quantify SGP in two brain regions 

between wild-type and AD mouse models. Quantitative results reveal dysregulated sialylated 

glycoforms in both cortex and hippocampus regions, with more distinct differences observed for 

hippocampus region. We performed the gene ontology (GO) analysis to illustrate the network of 

enriched biological processes based on the dysregulated glycoforms. Our results demonstrate the 
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feasibility of our method for high-throughput and site-specific quantification of sialylation from 

different disease models in a single experiment. 

Chapter 8 provides a comprehensive overview of the significant results and findings obtained 

from the preceding chapters. Furthermore, it deliberates on the future possibilities and potential 

future directions of my dissertation research.   
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Abstract  

Protein phosphorylation is one of the most common post-translational modifications (PTMs), 

which is involved in many important cellular functions. Understanding protein phosphorylation at 

the molecular level is critical to decipher its relevant biological processes and signaling networks. 

Mass spectrometry (MS) has been proven to be a powerful tool for comprehensive characterization 

of protein phosphorylation. Yet the low abundance and poor ionization efficiency of 

phosphopeptides in complex biological samples make its MS analysis challenging; an enrichment 

strategy with high efficiency and selectivity is always necessary before MS analysis. In this study, 

we developed a phosphorylated cotton fiber-based Ti(IV)-IMAC material (termed as: Cotton Ti-

IMAC) that can serve as a novel platform for phosphopeptide enrichment. The cotton fiber can be 

effectively grafted with phosphate groups covalently in a single step, where the titanium ions can 

then be immobilized to enable capturing phosphopeptides. The material can be prepared using 

cost-effective reagents within only 4 hours. Benefiting from the flexibility and filterability of 

cotton fibers, the material can be easily packed as a spin-tip and make the enrichment process 

convenient. Cotton Ti-IMAC successfully enriched phosphopeptides from protein standard digests 

and exhibited a high selectivity (BSA/β-casein = 1000:1) and excellent sensitivity (0.1 fmol/µL). 

Moreover, 2354 phosphopeptides were identified in a single LC-MS/MS injection after enriching 

from only 100 µg HeLa cell digests with an enrichment specificity of up to 97.51%. Taken together, 

we believe that Cotton Ti-IMAC can serve as a widely applicable and robust platform for achieving 

large-scale phosphopeptide enrichment and expanding our knowledge of phosphoproteomics in 

complex biological systems.  
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Introduction 

Protein phosphorylation is among the most prevalent protein post-translational modifications 

(PTM), as one-third of all proteins in eukaryotic cells are estimated to be phosphorylated at any 

time.1 This reversible modification is involved in many cellular functions, such as protein synthesis, 

cell signaling, apoptosis, and enzymatic regulation.2–4 Consequently, detailed analyses of protein 

phosphorylation at a molecular level are critical to decipher its relevant biological processes and 

signaling networks. Mass spectrometry (MS)-based methods have been widely applied to study 

phosphoproteome owing to the high sensitivity and high throughput capability.5 However, the low 

abundance and ionization efficiency of phosphopeptides pose challenges for their direct analysis, 

especially in complex biological samples. To address this issue, an efficient enrichment method is 

necessary to separate the phosphopeptides from the bulk of unmodified peptides prior to MS 

analysis. 

 Various techniques have been developed for phosphopeptide enrichment so far.6 Among 

them, immobilized metal affinity chromatography (IMAC) has become the most effective and 

widely used one. IMAC was first introduced in 1975 by Porath et al. to fractionate protein solutions 

based on the affinity of transition metal ions.7 Since then the technique has been successfully 

adapted to phosphopeptide enrichment, where strong, specific interaction between metal ions and 

phosphate groups on phosphopeptides separate the phosphopeptides from other peptides.8 

Commonly immobilized metal ions include Fe3+, Ga3+ and Ni2+, which are bound to chelating 

ligands including iminodiacetic acid (IDA) and nitrilotriacetic acid (NTA).8–11 However, the 
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enrichment still suffer from non-specific binding of acidic peptides as the metal ion also binds to 

the carboxylic acid groups.12 To enhance the enrichment selectivity, Zhou et al. discovered that 

using phosphate groups as binding ligands and Ti4+ as metal ions provides stronger metal-

phosphate affinity, as in the MO6 octahedra layer structure of metal(IV) ions, each metal ion 

coordinates to multiple phosphate molecules and vice versa.13 Many Ti(IV)-IMAC materials have 

been reported since then.14–19 Despite their excellent enrichment specificity, the synthesis and 

phosphate group functionalization of these nanomaterials or mesoporous polymeric materials are 

often expensive or require specialized expertise in material science, potentially limiting their 

applicability in a MS lab. 

 Cellulose, the most abundant natural polymer and a sustainable green resource, has been 

utilized for various materials and applications.20 Examples include phosphorylated cellulose in 

flame retardant materials,21,22 drug delivery matrices,23 and metal ion adsorbents for wastewater 

purification.24,25 Phosphorylation of cellulose material can be achieved through both chemical 

modification22 and enzymatic phosphorylation26. Although both methods can effectively substitute 

hydroxyl groups on the cellulose surface, chemical methods are generally more cost-effective and 

faster.27,28 The phosphorylation reaction of cellulose can be realized with various phosphorylation 

reagents, e.g., phosphoric acid, phosphate, polyphosphate, phosphorus pentoxide, and phosphoryl 

chloride with the assistance of urea in one step.29–36 Inspired by the abundance of phosphate groups 

on the material surface, phosphorylated cellulose has also been used as IMAC material to enrich 
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phosphopeptides.37,38 However,  the preparation process of cellulose itself is still complicated, 

which hinders its application for large-scale MS-based analysis. 

 On the other hand, cotton fiber is the most common source of cellulose with good flexibility, 

strength, chemical resistance, and hydrophilicity. It has been used as the plug material in pipette 

tip-based solid-phase extractions,39,40 and as hydrophilic stationary phase for glycans and 

glycopeptides enrichment through hydrophilic interaction liquid chromatography (HILIC).41–43 

Cotton fiber has also been reported to be grafted with carboxyl groups or phosphate groups to 

function as Ti-IMAC material for phosphopeptide enrichment.44,45 However, the reported chemical 

modification steps in these cases are still relatively complicated. 

 To address the above limitations and develop a more accessible IMAC material, we have 

developed a phosphorylated cotton fiber-based Ti(IV)-IMAC material (termed as: Cotton Ti-

IMAC) as a novel platform for phosphopeptide enrichment. Taking advantage of the convenient 

phosphorylation modification of cellulose materials with phosphoric acid and urea, the cotton fiber 

can be effectively grafted with phosphate groups in a single step. Titanium ions can then be 

immobilized onto the surface of the cotton fiber to capture phosphopeptides. In addition to the 

monophosphate groups, polyphosphate groups can also be introduced to the phosphorylated cotton, 

which facilitate to chelate more Ti4+ ions.46,47 Moreover, these modifications maintain the cotton’s 

properties, such as flexibility and filterability, enabling the material to be easily packed into a spin-

tip and making the phosphopeptide enrichment procedures more convenient. Overall, the material 

can be prepared in just two steps within 4 hours, which do not require any specialized procedures 
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or equipment. Through the evaluation with standard protein digests, Cotton Ti-IMAC has been 

proven to have excellent selectivity and high sensitivity. Our method has also been applied to 

enrich phosphopeptides from HeLa cells, achieving an enrichment specificity as high as 97.51%. 

Taken together, we have developed a widely applicable, cost-effective, and robust platform for 

phosphopeptide enrichment that is suitable for large-scale LC-MS/MS analysis of complex 

biological samples. 

Experimental Section 

Chemicals. Dithiothreitol (DTT) and sequencing grade trypsin were from Promega (Madison, WI). 

Optima LC/MS grade solvents, formic acid (FA), urea, sodium chloride, ammonium hydroxide, 

2,5-Dihydroxybenzoic acid (DHB), phosphate buffered saline (PBS), and fetal bovine serum were 

purchased from Fisher Scientific (Pittsburgh, PA). Phosphoric acid, trifluoroacetic acid (TFA), 

iodoacetamide (IAA), triethylammonium bicarbonate (TEAB) sodium dodecyl sulfate (SDS), 

penicillin-streptomycin, bovine serum albumin (BSA), and α-casein and β-casein from bovine 

milk were purchased from Sigma-Aldrich (St Louis, MO). Dulbecco's Modified Eagle Medium 

(DMEM) was from Cytiva (Marlborough, MA). Titanium sulfate (Ti(SO4)2) was purchased from 

Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Sterile cotton was from First Aid Only 

(Shelton, CT). Empty 200 µL TopTips were from Glygen Corp (Columbia, MD). Protease 

inhibitor cocktail tablets and phosphatase inhibitor cocktail tablets were from Roche (Mannheim, 

Germany). Centrifuge-assisted extraction Ti-IMAC (CAE-Ti-IMAC) microspheres were obtained 

from J&K Scientific Ltd. (Beijing, China). 
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Preparation of Cotton Ti-IMAC. The phosphorylation of cotton fiber was performed based on 

previous literature with slight modification.30 A total of 200 mg cotton fiber was wetted with a 

solution containing 49.6% urea (w/v), 18.4% phosphoric acid, and 32% water. Excess solution 

was squeezed out of the cotton. The cotton fiber was placed in a flask and heated at 150oC for 60 

minutes, followed by thorough washing with distilled water. After squeezing out the extra water, 

the cotton fiber was incubated in 100 mM Ti(SO4)2 in 0.1% TFA for 2 h. The cotton fiber was then 

washed with 0.1% TFA solution for three times to remove excess Ti4+ and stored at 4oC for future 

use. 

Characterization. Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR FT-

IR) spectra were measured with an Equinox 55/S FT-IR spectrophotometer (Bruker, Germany). 

Scanning electron microscope (SEM) images were obtained with a Zeiss Gemini 450 field 

emission scanning electron microscope (Carl Zeiss, Germany). Energy-dispersive spectroscopy 

(EDS) images were acquired by Thermo Noran Energy dispersive X-ray microanalysis system 

(Thermo Fisher Scientific, San Jose, CA). 

Cell Lysate. The samples were prepared per previous work.39 HeLa cells were cultured in DMEM 

supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, and incubated at 37 oC in 

a humidified chamber with 5% CO2. Cells were harvested by washing with PBS buffer and the 

pellets were lysed in buffer consisting of 50 mM Tris base (pH 7.4), 4% SDS, 65 mM DTT, 175 

mM NaCl. 1 phosphatase inhibitor tablet and 1 protease inhibitor tablet were added per every 10 

mL of the lysis buffer. The lysate was sonicated with a probe sonicator in ice water bath at 50% 
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power with a 5s on/5s off pulse for 12 cycles. Cell lysates were centrifuged, and supernatant was 

collected and mixed with ice-cold precipitation buffer (acetone: ethanol: acetic acid=50: 50: 0.1, 

v/v) at a 1:5 ratio. The mixture was allowed to precipitate overnight at -20oC. Protein pellets were 

collected by centrifugation at 18000 g and washed twice with the ice-cold precipitation buffer. The 

pellets were dried in the fume hood for 10 min and then redissolved in 8M urea/50 mM TEAB 

buffer (pH 8.0). Protein concentrations were determined using a BCA assay kit (Thermo Fisher 

Scientific, San Jose, CA).  

Protein Digestion. Standard proteins or protein extracts from cell lysate were dissolved in 8M 

urea/50 mM TEAB buffer, reduced by adding DTT to a final concentration of 20 mM and 

incubated at 37 oC for 2h. Proteins were alkylated with 40 mM IAA at room temperature in the 

dark for 30 min. Alkylation was quenched by adding 20 mM DTT and incubating for another 10 

min. The urea buffer was diluted to 1 M with 50 mM TEAB buffer. Proteins were initially digested 

with trypsin at a protein-to-enzyme ratio of 100:1 and incubated at 37 oC for 12 h. The same 

amount of trypsin was added again and incubated at 37 oC for another 4 h to achieve a final protein-

to-enzyme ratio of 50:1. The digestion was stopped by adding TFA to a final concentration of 1%. 

The samples were stored at -80oC for future use. 

Phosphopeptide Enrichment. Cotton Ti-IMAC material (3 mg) was packed into an empty 

TopTip, which was placed on a 2 mL microcentrifuge tube using an adapter unit. The Cotton Ti-

IMAC tip was equilibrated by adding 300 µL of 0.1% TFA solution and centrifuging at 200 g three 

times. Peptide samples were dissolved in 100 µL of loading buffer (40% ACN, 3% TFA) and 
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loaded onto the Cotton Ti-IMAC tip. The tip was centrifuged at 200 g for 2 min, and the flow-

through was re-loaded four more times to ensure complete retention. The Cotton Ti-IMAC tip was 

washed three times each with washing buffer I (50% ACN, 6% TFA and 200 mM NaCl) and 

washing buffer II (30% ACN, 0.1% TFA) at 200 g for 2 min. Finally, phosphopeptides were eluted 

with consecutive additions of 150 µL of 1% NH4OH (v/v), 150 µL of 5% NH4OH (v/v), and 150 

µL of 10% NH4OH (v/v). The phosphopeptides enrichment procedures of CAE-Ti-IMAC 

followed the manufacturer's instructions. The eluent was pooled together and dried down in vacuo 

before MS analysis. 

MALDI-TOF and NanoLC-MS/MS analysis. Standard protein samples were analyzed on a 

Bruker Rapiflex MALDI-TOF/TOF instrument (Bruker Daltonik, Bremen, Germany) with DHB 

matrix (25 mg/mL in 50%ACN/1%H3PO4 (v/v)). Ion source parameters were set as the following: 

laser energy at 80%, frequency at 5000 Hz, and each data collection comprising 2000 shots. HeLa 

cell samples were analyzed by LC–MS/MS with an Orbitrap Fusion Lumos mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA) interfaced with a Dionex Ultimate 3000 UPLC system 

(Thermo Fisher Scientific, San Jose, CA). Samples were reconstituted in 20 mM citric acid/1% 

FA solution prior to MS analysis. Peptides were separated on a 15 cm length, 75 μm i.d. in-house 

packed BEH C18 (1.7 μm, 130 Å, Waters) capillary column with a 96 min gradient from 0 to 30% 

ACN (0.1% FA). The flow rate was set at 0.3 µL/min. MS1 scans of peptides were acquired from 

300 to 1800 m/z at a resolution of 120 K, with the AGC target of 2E5 and maximum injection time 

of 50 ms. MS/MS data was collected in a top 20 data-dependent acquisition (DDA) mode, where 
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spectra with a charge state between 2–8 were selected for stepped higher-energy collision 

dissociation (HCD) fragmentation. The normalized collision energy (NCE) was set as 30 ± 8%. 

Other MS/MS parameters included resolution of 30 K, an AGC target of 5E4, and a maximum 

injection time of 150 ms. 

Data Analysis. Raw data files were searched using MaxQuant software (Version 1.6.7.0) against 

UniProt Mus musculus reviewed database (January 2021, 17033 sequences).48 Precursor ion mass 

tolerance was set as 4.5 ppm and fragment ion mass tolerance was set as 20 ppm. 

Carbamidomethylation on cysteine was set as a fixed modification, while oxidation on methionine 

and phosphorylation on serine, threonine, and tyrosine were set as variable modifications. Trypsin 

was set as the specific proteolytic enzyme, with up to two missed cleavages allowed. Peptides and 

proteins were filtered at FDR < 0.01, and a minimum score of 40 was accepted as confident peptide 

identification. The MS data have been deposited to the ProteomeXchange Consortium via the 

PRIDE partner repository with the dataset identifier PXD037549.49 Gene ontology (GO) 

annotations of identified phosphoproteins were performed on the DAVID Bioinformatics 

Resources following the website instructions.50 

Results and Discussion 

Synthesis and Characterization of Cotton Ti-IMAC material. The Cotton Ti-IMAC material 

was prepared as illustrated in Figure 1A. In the presence of urea and phosphoric acid, the cellulose 

of the cotton fiber underwent phosphorylation through a dehydration condensation reaction 

between the hydroxy groups and phosphoric acid, which primarily occurred at the C2 and C6 
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positions of glucose.46 Consequently, the reaction product may contain the following functional 

groups: PO3
2-, P-O-P, and HPO2

-.47  

To confirm the phosphorylation of cotton fiber, both unmodified cotton fiber and  

phosphorylated cotton fiber was characterized using ATR-FTIR. As shown in Figure 2, the 

spectrum of the phosphorylated cotton exhibited a peak at 2366cm-1 which was attributed to P-H 

stretching in a phosphite group.31 The peak at 1220 cm-1 was assigned to P-O-P vibrations. Peaks 

observed at 970 cm-1 and 1003 cm-1, as well as the broader shoulder from 900cm-1 to 942 cm-1 on 

the main 1030 cm-1 peak, were evidence of P-O stretching vibrations.34,51 In the range of 3200–

3600 cm-1, the OH stretching vibration band became more asymmetric due to the introduction of 

more acidic OH groups of phosphoric acids into the polymer.35 The presence of these characteristic 

bands indicate the successful reaction between phosphoric acid and cotton fiber, with phosphate 

groups chemically bonding to the cellulose structure. Owing to the abundant phosphate groups in 

the modified cotton fiber, Ti4+ ions were easily immobilized onto the surface of the material via 

ionic interaction at room temperature.  

Furthermore, SEM analysis was carried out to investigate the effect of these modifications on 

the cotton morphology. The SEM images (Figure S1) revealed that the fibrous morphology of the 

cotton fiber was not significantly affected during each step of the reaction, and the diameter of the 

cotton fiber remained around 15 µm. To examine the elemental composition, the Cotton Ti-IMAC 

fiber was characterized by EDS spectroscopy. As depicted in Figure 3, the Cotton Ti-IMAC fiber 

contained evenly distributed O, P, and Ti elements. The detailed composition of each element and 

the corresponding EDS spectrum are included as Figure S2. It should be noted that the atom 
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percentages of P and Ti were estimated to be 12.76% and 35.03%, respectively, indicating that the 

Ti4+ ions were successfully chelated to the cotton fiber, and the Cotton Ti-IMAC material had high 

Ti content that would contribute to a great binding capacity for phosphopeptides.  

Evaluating the Phosphopeptide Enrichment Performance of Cotton Ti-IMAC. After the 

successful fabrication of Cotton Ti-IMAC material, it was first tested to enrich phosphopeptides 

from standard protein digests, including α-casein and β-casein. The protein digests were loaded 

onto the Cotton Ti-IMAC spin-tip with an acidic loading buffer (40% ACN, 3% TFA), and washed 

several times by washing buffer I (50% ACN, 6% TFA and 200 mM NaCl) and washing buffer II 

(30% ACN, 0.1% TFA) to remove non-specific bindings based on previous reported workflow.17 

The retained phosphopeptides were eventually eluted in an ammonia solution. As shown in Figure 

4A, the signals on the MALDI-TOF spectrum were dominated by unmodified peptides, where only 

two singly phosphorylated peptides were detected. After the Cotton Ti-IMAC enrichment, most 

unmodified peptides were removed, and phosphopeptides could be detected with enhanced signals 

(Figure 4B). In total, 15 phosphopeptides were detected from the α-casein digests with greatly 

improved signal-to-noise (S/N) ratios, including 5 singly phosphorylated and 10 multiply 

phosphorylated peptides. Our identification result covered all phosphorylation sites reported in α-

casein that were enriched by other IMAC or commercial TiO2 materials.16,19,52 The detailed 

information of identified phosphopeptides is listed in Table S1. The results demonstrate the ability 

of the modified cotton fibers to enrich phosphopeptides as an IMAC material. 
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 As phosphopeptides are often of very low abundance in real samples, it is essential to 

prepare a Ti-IMAC material that possesses high enrichment selectivity and sensitivity. To examine 

the selectivity of Cotton Ti-IMAC material, a mixture of BSA and β-casein tryptic digests were 

used for the enrichment. BSA is a protein without any phosphorylation modification, so it was 

chosen as the background interference sample when enriching phosphopeptides from β-casein 

tryptic digests. When BSA and β-casein tryptic digests were mixed at a molar ratio of 100:1, it 

was hard to find any signals of phosphopeptides in the MALDI MS spectrum which were all 

suppressed by the high abundance unmodified peptides (Figure 5A). After enrichment, the signals 

from phosphopeptides were significantly improved with practically no interference from other 

peptides (Figure 5B). Three phosphopeptides including 2 multiply phosphorylated 

phosphopeptides were successfully separated from the mixture of peptides. The same experiment 

was also performed at higher molar ratios; the material exhibited remarkable selectivity even at 

molar ratios of 500:1 and 1000:1 (Figure 5C, 5D), where signals from both singly and multiply 

phosphorylated peptides could still be clearly observed. 

 To further investigate the sensitivity of the Cotton Ti-IMAC enrichment, this approach was 

applied to enrich phosphopeptides from diluted β-casein tryptic digests, with sample 

concentrations starting to decrease from 10 fmol/µL. The MALDI-MS spectra showed that signals 

from the phosphopeptides were still clearly observed with S/N over 3 when the concentration was 

as low as 0.1 fmol/µL (Figure 6). The results demonstrated that the abundant phosphate groups 

on the modified cotton fiber provided strong chelation to Ti4+ ions, which in turn contributed to 
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the strong affinity for phosphopeptides, thus greatly enhancing the sensitivity of phosphopeptide 

enrichment and subsequent detection. Taken together, the remarkable selectivity and sensitivity 

suggest exciting the potential of this material in enriching phosphopeptides from more complex 

biological samples. 

Phosphopeptide Enrichment from HeLa cell lysate. In view of the outstanding performance of 

phosphopeptide enrichment in standard samples, the Cotton Ti-IMAC spin-tip approach was 

applied to enrich phosphopeptides from HeLa cell protein digests. The enrichment procedures 

were the same as the one performed on the standard samples. As a comparison, we also performed 

phosphopeptide enrichment from the same aliquots of HeLa cell protein digests with conventional 

CAE-Ti-IMAC material following the manufacturer’s instructions. The enriched phosphopeptides 

were analyzed by LC-MS/MS, and the identification results were listed in Table S2. Generally, 

Cotton Ti-IMAC and CAE-Ti-IMAC identified 2354, and 2029 phosphopeptides, respectively, as 

an average of three technical replicates (Figure 7A). This demonstrated that the Cotton Ti-IMAC 

method could identify 300 more phosphopeptides in a single injection compared to the 

conventional enrichment approach. It is also worth noting that the numbers of multi-

phosphopeptides identified by the two methods were comparable, which means that the Cotton-

Ti-IMAC method identified more mono-phosphopeptides. Mono-phosphopeptides generally have 

a lower affinity for IMAC enrichment than multi-phosphopeptides. With more mono-

phosphopeptide identified, Cotton Ti-IMAC demonstrated greater affinity for phosphopeptides 

than the conventional CAE-Ti-IMAC. Moreover, although both methods exhibited very high 
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enrichment specificity, the Cotton Ti-IMAC method (97.51%) still slightly outperformed the CAE-

Ti-IMAC method (96.56%). The Cotton Ti-IMAC also showed a better reproducibility due to its 

simpler enrichment procedure. The complementarity of the phosphopeptides and phosphoproteins 

identified by the two approaches was also investigated. As shown in Figure 7B and 7C, the 

combined results of three replicates demonstrated that the two methods enabled profiling of 5356 

phosphopeptides in total corresponding to 1759 phosphoproteins, with an overlap of 2780 

phosphopeptides (51.90%), and 1182 phosphoproteins (67.20%), respectively. According to 

Figure 7B, 1570 phosphopeptides were uniquely identified in the Cotton Ti-IMAC method while 

only 1006 unique phosphopeptides were presented in the CAE-Ti-IMAC dataset. The distribution 

of the phosphoprotein closely followed the pattern of the phosphopeptides, with 398 

phosphoproteins uniquely identified in the Cotton Ti-IMAC dataset and 179 identified in the CAE-

Ti-IMAC dataset, repectively (Figure 7C). These data clearly showed that the majority of 

phosphopeptides found in the CAE-Ti-IMAC dataset could be identified using the Cotton Ti-

IMAC, and more importantly, the Cotton Ti-IMAC approach enabled profiling of more 

phosphopeptides and phosphoproteins. 

    To functionally categorize the profiled phosphoproteins, GO annotation of phosphoproteins 

identified in the Cotton Ti-IMAC method was performed based on three categories: biological 

process (Figure 7D), cellular component (Figure 7E), and molecular function (Figure 7F). The 

top 20 most significant categories were plotted. The results of biological processes showed that 

the most significant terms were associated with translation and transcription, representing major 
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biological processes of cancer cells. The top 5 significant cellular component annotation showed 

that the phosphoproteins were evenly distributed in the cell nucleus, cytosol, and membrane, which 

indicated that the phosphoprotein enrichment was unbiased for all cellular components. Molecular 

functional analysis of the identified phosphoproteins showed that the majority of the 

phosphoproteins were binding associated proteins, especially for protein and RNA binding, which 

was consistent with the fact that phosphorylation was an important signaling modification in cells. 

Conclusions 

In this study, a novel Cotton Ti-IMAC platform for phosphopeptide enrichment was 

developed based on the phosphorylation modification of cotton fibers. The synthesis of Cotton Ti-

IMAC was facile, rapid, and cost-effective, as only sterile cotton, urea, phosphoric acid, and 

titanium sulfate were involved during the synthesis. The whole synthesis only requires two 

reaction steps which can be completed within a short time without any requirement for specialized 

procedures or equipment, indicating its broad applicability to any analytical or MS lab. The Cotton 

Ti-IMAC has been demonstrated to have excellent phosphopeptide enrichment performance on 

both standard protein digests and cell lysate digests, including extremely high selectivity and 

sensitivity. Owing to its good biocompatibility and high titanium content, the enrichment 

specificity could achieve 97.51% when analyzing complex samples. In addition, benefiting from 

the physical property of cotton fiber, the enrichment can be performed in various forms. Depending 

on the sample type or amount, the enrichment can be achieved either in a packed spin-tip, a packed 

pipette tip, or even just in-solution mode, which offers great flexibility to bioanalysis. Given the 
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numerous merits of the material, it is anticipated to serve as a widely applicable and robust 

platform for large-scale phosphopeptide enrichment, which can provide deeper understanding of 

phosphoproteome in any complex biological or clinical samples. 
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Figures 

Figure 1. (A) Illustration of procedure for the preparation of Cotton Ti-IMAC; (B) Workflow of 

phosphopeptide enrichment by Cotton Ti-IMAC on a spin-tip. 
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Figure 2. FT-IR characterization of the cotton fiber before (i) and after (ii) the phosphorylation 

modification. 
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Figure 3. EDS elemental mapping images of Cotton Ti-IMAC. (A) SEM image, (B) O element, 

(C) P element, and (D) Ti element. 
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Figure 4. MALDI-TOF mass spectra of tryptic digests from α-casein (10 μg) before (A) and after 

(B) phosphopeptide enrichment by Cotton Ti-IMAC. Phosphopeptides are labeled with red “#”. 
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Figure 5. MALDI-TOF mass spectra of phosphopeptides enriched from mixture of BSA and β-

casein digests at different molar ratios. (A) Direct analysis at 100:1 ratio; After enrichment at (B) 

100:1, (C) 500:1 and (D) 1000:1 ratio. Phosphopeptides are labeled with red “#”, neutral loss is 

labeled with red “▲”. 
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Figure 6. MALDI-TOF mass spectra of phosphopeptides enriched from β-casein digests with 

Cotton Ti-IMAC at different concentrations: (A) 10 fmol/µL, (B) 1 fmol/µL, and (C) 0.1 fmol/µL. 

Phosphopeptides are labeled with red “#”, neutral loss is labeled with “▲”. 

  



 

 

41 

Figure 7. LC-MS/MS analysis of phosphopeptides enriched from HeLa cell tryptic digests. (A) 

Comparison of phosphopeptide identification number and enrichment specificity by CAE-Ti-

IMAC and Cotton Ti-IMAC enrichment, (B) Overlap of phosphopeptides enriched by the two 

methods, (C) Overlap of phosphoproteins identified by the two methods. Gene ontology analysis 

of phosphoproteins identified in the Cotton Ti-IMAC method based on (D) biological process, (E) 

cellular component, and (F) molecular function. Top 20 most significant categories were plotted. 
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Figure S1. SEM images of (A) unmodified cotton, (B) phosphorylated cotton, and (C) Ti4+ 

immobilized phosphorylated cotton. 
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Figure S2. EDS spectrum and chemical composition of cotton Ti-IMAC. 
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Table S1. MALDI-TOF MS analysis of phosphopeptides enriched from α-casein tryptic digests. 

Protein Amino acid sequence 
No. of 

phosphosites 

Theoretical 

[M+H]+ 

Observed 

[M+H]+ 

α-

casein 

EQL[pS]T[pS]EENSK 2 1411.5026  1411.5323  

TVDME[pS]TEVFTK 1 1466.6120  1466.6721  

VPQLEIVPN[pS]AEER 1 1660.7941  1660.8747  

YLGEYLIVPN [pS]AEER 1 1832.8465  1832.9387  

DIG[pS]E[pS]TEDQAMEDIK 2 1927.6915  1927.7422  

DIG[pS]E[pS]TEDQA[Mo]EDIK  2 1943.6864  1943.7266  

YKVPQLEIVPN[pS]AEER  1 1951.9524  1952.0486  

NMAINP[pS]KENLCSTFCK 1 2093.8855  2093.9559  

NTMEHV[pS][pS][pS]EE[pS]IISQETYK 4 2618.9047  2618.8628  

VNEL[pS]KDIG[pS]E[pS]TEDQAMEDIK 3 2678.0228 2677.8536 

Q*MEAE[pS]I[pS] [pS] [pS]EEIVPN[pS]VEAQK  5 2703.8864  2703.7165  

QMEAE[pS]I[pS][pS][pS]EEIVPNPN[pS]VEQK 5 2720.9129  2720.7054  

NTMEHV[pS][pS][pS]EE[pS]IISQETYKQ 4 2746.9997  2746.7533  

EKVNEL[pS]KDIG[pS]E[pS]TEDQAMEDIK  3 2935.1604  2934.7824  

NANEEEYSIG[pS][pS][pS]EE[pS]AEVATEEVK  4 3008.0295  3007.5083  

     

a[pS], phosphorylated site; b[Mo], oxidation on methionine; cQ*, pyroglutamylation on the N-terminal Gln. 
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Abstract  

Protein glycosylation and phosphorylation are two of the most common post-translational 

modifications (PTMs), which play an important role in many biological processes. However, low 

abundance and poor ionization efficiency of phosphopeptides and glycopeptides make direct MS 

analysis challenging. In this study, we developed a hydrophilicity-enhanced bifunctional Ti-IMAC 

material with grafted adenosine triphosphate (denoted as: epoxy-ATP-Ti4+) to enable simultaneous 

enrichment and separation of common N-glycopeptides, phosphopeptides, and M6P glycopeptides.  

The enrichment was achieved through a dual-mode mechanism based on the electrostatic and 

hydrophilic properties of the material. The epoxy-ATP-Ti4+ IMAC material was prepared from 

epoxy-functionalized silica particles via a convenient two-step process. The ATP molecule 

provided strong and active phosphate sites for binding phosphopeptides in conventional IMAC 

mode and also contributed significantly to the hydrophilicity, which permitted the enrichment of 

glycopeptides via HILIC. The two modes could be implemented simultaneously, allowing 

glycopeptides and phosphopeptides to be collected sequentially in a single experiment from the 

same sample. Besides standard protein samples, the material was further applied to glycopeptide 

and phosphopeptide enrichment and characterization from HeLa cell digests and mouse lung tissue 

samples. In total, 2928 glycopeptides and 3051 phosphopeptides were identified from mouse lung 

tissue sample, supporting the utility of this material for large-scale PTM analysis of complex 

biological samples. Overall, the newly developed epoxy-ATP-Ti4+ IMAC material and associated 

fractionation method enable simple and effective enrichment and separation of glycopeptides and 
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phosphopeptides, offering a useful tool to study potential crosstalk between these two important 

PTMs in biological systems. 

Introduction 

As two of the most commonly studied post-translational modifications (PTMs), protein 

glycosylation and phosphorylation play an important role in many biological processes. Both 

PTMs are covalently added to specific protein sites through enzymatic modifications. It is 

estimated that one-third of all proteins are phosphorylated in mammalian cells at any time.1 The 

reversible phosphorylation of proteins is usually involved in the regulation of protein synthesis, 

cell division, signal transduction, cell growth, development and aging.2,3 Glycosylation is critical 

for physiological and pathological cellular functions and almost half of all proteins are 

glycosylated.4,5 As abnormal phosphorylation or glycosylation have been implicated in various 

human diseases, it is critical to study these PTMs in a site-specific manner on the corresponding 

proteins. Liquid chromatography tandem mass spectrometry (LC-MS/MS) has become an 

essential tool for profiling PTMs on a large scale.6 However, low abundance and poor ionization 

efficiency of phosphopeptides and glycopeptides largely hinder their direct MS analysis.7 To 

overcome such limitations, an efficient enrichment is necessary prior to MS analysis. Typical 

enrichment techniques for phosphopeptides include metal oxide affinity chromatography (MOAC) 

and immobilized metal affinity chromatography (IMAC).8 Common enrichment strategies for 

glycopeptides involve hydrazide chemistry enrichment, lectin affinity chromatography, boronic 

acid enrichment and hydrophilic interaction chromatography (HILIC).9,10 Despite their excellent 

enrichment efficiency, these techniques are mainly used to target just one type of PTM.   
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It is worth noting that PTMs do not exist in isolation, as proteins are likely to be modified at 

several sites simultaneously. “Crosstalk” between PTMs reveals additional information about 

functional protein regulation and cellular processes.11 For example, phosphorylation and N-linked 

glycosylation have been implicated in various diseases, including diabetes, cancer, and 

Alzheimer’s disease (AD). There is involved crosstalk between them, including competitive or 

noncompetitive occupancy of proximal sites, glycosylation of kinases, and phosphorylation of 

glycosylation-related enzymes.12 To investigate the crosstalk of two PTMs, a single enrichment 

technique may not be capable of capturing both modifications. To address this issue, sequential 

enrichment was adopted by several studies.13–16 However, this requires tedious sample preparation, 

multiple enrichment materials, and a large sample quantity by applying two different enrichment 

strategies. It is highly desirable to develop a new strategy to achieve simple and effective 

enrichment of both glycopeptides and phosphopeptides from the same sample. Previously, we 

explored the hydrophilic properties of commercially available centrifuge-assisted-extraction 

Titanium (IV) IMAC (CAE-Ti-IMAC) material and its utility for simultaneously enriching 

phosphopeptides, glycopeptides, and mannose-6-phosphate (M6P) glycopeptides through a dual-

mode enrichment.17,18 While we achieved great glyco- and phospho-proteome coverage, we found 

that the hydrophilic properties of the material were inadequate, since the material was not 

specifically developed for HILIC. New materials with better hydrophilicity and affinity for 

phosphate groups would be desirable to enhance the simultaneous enrichment workflow. Recent 

studies have explored new materials such as smart polymer-based or nanocomposite materials that 

possess great hydrophilicity and excellent affinity for phosphopeptides via switchable hydrogen 
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bond and surface charge,19–22 positively charged metal ions,23–29 or Lewis acid-base interaction.30–

32 These materials can both retain both phosphopeptides and glycopeptides; however, some studies 

only examined simple samples using matrix-assisted laser desorption/ionization mass 

spectrometry (MALDI-MS) without assessing their utility for complex biological samples. 

Additionally, glycopeptides and phosphopeptides coeluted in one fraction for some materials, 

which may cause interference during MS analysis. Furthermore, many studies performed 

deglycosylation for glycopeptides and did not discuss the availability of adopting a fractionation 

strategy for their material, which lost the site-specific information of glycopeptides and limited the 

PTM coverage, especially for peptides with negatively charged glycans or multiple phosphates. 

Most importantly, fabrication of these materials requires complicated reactions and expertise in 

material science, which may limit their accessibility and availability in a MS lab.  

To address these issues, we aimed at developing a hydrophilicity-enhanced Ti(IV)-IMAC 

material which is easy to prepare and applicable to large-scale profiling of glycosylation and 

phosphorylation via LC-MS/MS. Adenosine triphosphate (ATP) is an important signaling 

biomolecule that also possesses properties desirable for this application. ATP has three phosphate 

groups that can chelate heavy metal ions, which in turn can bind to phosphopeptides. Previous 

studies have used ATP as a ligand in IMAC materials and achieved excellent selectivity and 

sensitivity in phosphopeptide enrichment.33–36 However, the strong hydrophilicity of ATP 

provided by its hydrophilic adenine base and ribose sugar groups has not been exploited, which 

can superimpose the HILIC-mode enrichment upon the electrostatic attraction. The structure and 

good biocompatibility of ATP make it a promising ligand for the purpose. 
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To take advantage of the properties of ATP, we have developed an ATP-grafted IMAC 

material (Epoxy-ATP-Ti4+) with facile preparation as shown in Scheme 1A. The epoxy-ATP-Ti4+ 

IMAC material was prepared by coupling ATP to a commercially available epoxy-functionalized 

silica and then immobilizing titanium ions. The preparation can be achieved in only two steps and 

does not require specialized techniques or equipment. Enrichment of glycopeptides and 

phosphopeptides were tested and evaluated using both standard protein digests and complex 

biological samples, including cell lines and mouse tissues (Scheme 1B). The epoxy-ATP-Ti4+ 

IMAC material was found to be a promising tool for simultaneous enrichment and separation of 

glycopeptides and phosphopeptides, with minimal interference between the fractions. Its 

considerable hydrophilicity and metal ion affinity make it an excellent platform for analyzing 

phosphorylation and N-glycosylation, and their potential crosstalk. 

Experimental Section 

Chemicals. Dithiothreitol (DTT) and sequencing grade trypsin were from Promega (Madison, WI). 

Optima LC/MS grade solvents, formic acid (FA), urea, sodium chloride, phosphoric acid, 

ammonium hydroxide, sodium carbonate and 2,5-Dihydroxybenzoic acid (DHB) were from Fisher 

Scientific (Pittsburgh, PA). Trifluoroacetic acid (TFA), iodoacetamide (IAA), triethylammonium 

bicarbonate (TEAB) and sodium dodecyl sulfate (SDS), bovine serum albumin (BSA), 

ribonuclease B from bovine pancreas (RNase B), and α-casein and β-casein from bovine milk were 

purchased from Sigma-Aldrich (St Louis, MO). Adenosine-5’-triphosphate (ATP) was from DOT 

Scientific Inc (Burton, MI). Titanium sulfate was purchased from Sinopharm Chemical Reagent 

Co., Ltd (Shanghai, China). Oasis HLB 1 cc (10 mg) extraction cartridges were purchased from 
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Waters Corporation (Milford, MA). Epoxy-functionalized silica bulk material (12 µm, 300 Å) was 

obtained from PolyLC (Columbia, MD). Empty 200 µL TopTips were from Glygen Corp 

(Columbia, MD). Protease inhibitor cocktail tablets and phosphatase inhibitor cocktail tablets were 

from Roche (Mannheim, Germany). CAE-Ti-IMAC microspheres were obtained from J&K 

Scientific Ltd. (Beijing, China). 

Synthesis of Epoxy-ATP-Ti4+ IMAC Material. 1 g epoxy-functionalized silica was incubated in 

1.5 mL ATP solution (0.1 g/mL in 0.5 M Na2CO3, pH > 8) at 65oC for 16 hours. The material was 

then washed with 50 mM TEAB buffer and water three times. Ti4+ ions were immobilized onto 

the epoxy-ATP functionalized silica beads by incubating the material in 100 mM Ti(SO4)2 in 0.1% 

TFA for 2 h. The material was washed with 0.1% TFA solution for three times and stored in 0.1% 

TFA solution at 4oC for future use. 

Characterization. Scanning electron microscope (SEM) images were obtained using Zeiss 

Gemini 450 field emission scanning electron microscope (Carl Zeiss, Germany). Fourier-

transform infrared spectroscopy (FT-IR) spectra were measured with an Equinox 55/S FT–IR 

spectrophotometer using KBr pellets (Bruker, Germany). Energy-dispersive spectroscopy (EDS) 

images were obtained by Thermo Noran Energy dispersive X-ray microanalysis system (Thermo 

Fisher Scientific, San Jose, CA). 

Sample Preparation. The samples were prepared per previous work.18 The details of cell culture, 

protein extraction and protein digestion are provided in Supplemental Information.  

Simultaneous Enrichment of N-glycopeptides and Phosphopeptides. The protocol of 

conventional single-mode phosphopeptide enrichment followed previous publications with slight 
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modification.18,37 The details are provided in Supplemental Information. For simultaneous 

glycopeptide and phosphopeptide enrichment, protein standard digest mixtures (10 µg each 

sample), HeLa cell digest (100 µg) or mouse lung tissue digest (500 µg) were loaded onto a Ti-

IMAC-cotton tip in loading buffer (80% ACN, 3% TFA). The flow-through was collected and 

reloaded five more times. The IMAC-cotton tip was washed with 300µL loading buffer and 

centrifuged at 200 g for 2 min, which was repeated for six times to remove non-modified peptides. 

Different numbers of elution fractions were collected at 200 xg centrifugation speed depending on 

the sample type. For protein standard digests, two fractions were collected sequentially: 1) 300 µL 

0.1% TFA and 2) 300 µL 10% NH4OH. For HeLa cell digests, three fractions were collected in 

acidic conditions and one fraction was collected in basic conditions: 1) 300 µL 50% ACN/ 0.1% 

FA; 2) 300 µL 0.1% FA; 3) 300 µL 40% ACN/3% TFA, 300 µL 50% ACN/6% TFA/200 mM 

NaCl, 300 µL 30% ACN/0.1% TFA (these three elutions were pooled together as one fraction and 

desalted by HLB cartridge) and 4) 300 µL 10% NH4OH. For mouse lung sample, six fractions 

were collected for analysis. Fraction 1 was eluted by 300 µL 60% ACN/0.1% FA. Fraction 2 was 

eluted by 300 µL 40% ACN/0.1% FA. Fraction 3 was eluted by 300 µL 20% ACN/0.1% FA and 

300 µL 0.1% FA solution. Fraction 4 contained pooled eluates of 300 µL 40% ACN/3% TFA, 300 

µL 50% ACN/6% TFA/200 mM NaCl and 300 µL 30% ACN/0.1% TFA and this fraction was 

desalted by a HLB cartridge. Fraction 5 was eluted by 300 µL 40% ACN/10% NH4OH and fraction 

6 consisted of eluates from 300 µL 20% ACN/10% NH4OH, 300 µL 10% ACN/10% NH4OH and 

300 µL 10% NH4OH. The IMAC-cotton tip was reconditioned with 300 µL 90% ACN/2.5% 
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NH4OH for three times between fraction 4 and 5. Samples were dried down in vacuo before MS 

analysis. 

MALDI-TOF and NanoLC-MS/MS analysis. Standard samples were analyzed on a Bruker 

Rapiflex MALDI-TOF/TOF instrument (Bruker Daltonik, Bremen, Germany) with DHB matrix 

(25 mg/mL in 50%ACN/1%H3PO4 (v/v)). Ion source parameters: laser energy 80%, frequency 

5000 Hz and each data collection of 2000 shots. HeLa cell samples and mouse lung tissue samples 

were analyzed by LC–MS/MS with an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA) interfaced with a Dionex Ultimate 3000 UPLC system (Thermo Fisher 

Scientific, San Jose, CA). Glycopeptide fractions eluted in acidic conditions were reconstituted in 

0.1% FA and phosphopeptide fractions collected in basic conditions were reconstituted in 20 mM 

citric acid/1% FA solution prior to MS analysis. Peptides were separated on a 15 cm length, 75 

μm i.d. in-house packed BEH C18 (1.7 μm, 130 Å, Waters) capillary column with an 80 min 

gradient from 0 to 30% ACN (0.1% FA). The flow rate was set at 0.3 µL/min. For N-glycopeptides 

analysis, data acquisition was performed in top speed mode with a cycle time of 3s. Survey scans 

of peptide precursors from m/z 400 to 2000 were performed at resolving power of 120 K and AGC 

target of 4E5 with a maximum injection time (IT) of 100 ms. The precursors were selected for 

higher-energy C-trap dissociation (HCD) analysis with a normalized collision energy (NCE) of 30 

and ± 3% stepped HCD collision energy. Tandem MS acquisition was at resolving power of 60 K, 

lower mass limit of 120 m/z, and dynamic exclusion of 12 s with 10 ppm mass tolerance. For 

phosphopeptide analysis, the MS scan was acquired from m/z 300 to 1800 at 120 K resolution and 

AGC target of 2E5 with maximum IT of 50 ms. MS/MS method was a top 20 data-dependent 
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acquisition (DDA) mode in which all MS/MS dissociations were performed with NCE of 30 and 

± 8% stepped HCD collision energy. MS/MS parameters include resolution of 30 K, AGC target 

of 5E4, and maximum IT of 150 ms. 

Data Analysis. Byonic software (version 2.9.38, Protein Metrics Inc, San Carlos, CA) was used 

to process intact N-glycopeptide data. Raw files were searched against UniProt Homo sapiens 

reviewed database (August 2020, 20311 sequences) or UniProt Mus musculus reviewed database 

(January 2021, 17033 sequences). Trypsin was selected as the enzyme and two maximum missed 

cleavages were allowed. Searches were performed with a precursor mass tolerance of 10 ppm and 

a fragment mass tolerance of 0.01 Da. Fixed modifications were specified as 

carbamidomethylation (+57.02146 Da) on cysteine residues. Dynamic modifications included 

oxidation of methionine (+15.99492 Da, rare1) and N-glycosylation (common1). Glycan 

modifications were searched against a glycan database expanded from Byonic embedded human 

N-glycan database (182 entries) to include N-linked M6P glycans consisting of HexNAc (2-4) Hex 

(3-9) Phospho (1-2) modifications. Peptide identification results were filtered at Byonic score > 

150, PEP 2D < 0.05, |Log Prob| > 1 and Delta Mod Score > 10. MS/MS spectra of M6P 

glycopeptide PSMs were manually inspected to ascertain the existence of phosphorylated hexose 

diagnostic ions. The same raw files and database were also searched on MaxQuant software 

(Version 1.6.7.0).38 Precursor ion mass tolerance of 4.5 ppm and fragment ion mass tolerance of 

20 ppm were set. Carbamidomethylation on cysteine was set as a fixed modification, whereas 

oxidation on methionine and phosphorylation on serine, threonine, and tyrosine were set as the 

variable modifications. Trypsin was set as the specific proteolytic enzyme with up to two missed 
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cleavages allowed. Both peptides and proteins were filtered at FDR < 0.01 and a minimum score 

of 40 was accepted as confident peptide identification. The MS data have been deposited to the 

ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier 

PXD029775.39 

Results and Discussion 

Synthesis and Characterization of Epoxy-ATP-Ti4+ IMAC material. The synthetic procedure 

of epoxy-ATP-Ti4+ IMAC material is presented in Scheme 1A. To develop a facile and widely 

applicable workflow for synthesizing this IMAC material, we began with commercially available 

porous epoxy-functionalized silica particles with average diameter of 12 µm and pore size of 300 

Å. ATP reacts with the epoxy groups and forms a covalent bond through the amine group of the 

adenine ring in a single reaction.35,40 Ti4+ ions were then easily chelated onto the ATP-modified 

material surface via ionic interaction at room temperature. 

The morphology of the synthesized material was characterized by SEM. Figure 1A, 1B and 

S1 showed the spherical shape and mesoporous structure of the silica particles after reaction with 

ATP and after Ti4+ ion immobilization, suggesting that the chemical reactions did not affect the 

overall shape and surface structure of the modified silica particles. To confirm the successful 

preparation of epoxy-ATP material, FTIR was used to characterize the functional groups of epoxy-

silica particles before and after reaction with ATP (Figure 1C). The band at 1650 cm-1 was 

attributed to the C=N stretching vibration from the adenine ring in the ATP molecule.41 The band 

at 1417 cm-1 further confirmed the presence of the CH2-N units.35 The broad peak at approximately 

3430 cm-1 was enhanced by the stretching vibrations of O-H groups from phosphates and N-H 
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stretching vibrations.42,43 The wide and strong absorption bands at around 1105 cm-1 were 

attributed to the asymmetric stretching vibration of Si-O-Si bond from the silica, which overlapped 

with the characteristic peaks from the P-O bond in the ATP after modification.40 Overall, the FTIR 

spectra indicated ATP was covalently attached to the epoxy-silica particles. In addition, high 

resolution SEM image of the epoxy-ATP-Ti4+ silica particles (Figure 1D) with corresponding 

EDS elemental mapping images (Figure 1E-H) clearly showed that the layer contained evenly 

distributed Si, O, P and Ti elements, which implied successful fabrication of the proposed epoxy-

ATP-Ti4+ IMAC material. 

Investigating the Phosphopeptide Enrichment Performance with Standard Proteins. After 

synthesis, the epoxy-ATP-Ti4+ IMAC material was first tested to enrich phosphopeptides from 

standard protein digests using conventional phosphopeptide enrichment protocol.37 β-casein and 

α-casein were chosen as the model sample due to their simple structure and multiple 

phosphorylation sites. As shown in Figure 2A and Figure 2C, the signals of phosphopeptides 

were largely suppressed by highly abundant non-phosphorylated peptides before enrichment. After 

enriching and eluting with ammonia solution, 3 and 14 phosphopeptides were detected from the 

β-casein digests (Figure 2B) and α-casein digests (Figure 2D) with high intensities, respectively, 

including 2 and 9 multiply phosphorylated peptides. Detailed information of the identified 

phosphopeptides is provided in Table S1. The results well-demonstrated the ability of the epoxy-

ATP-Ti4+ material to effectively enrich phosphopeptides as an IMAC material. 

 To further evaluate its performance in phosphopeptide enrichment, a mixture of BSA and 

β-casein tryptic digests were used for testing the selectivity. As a standard protein with no 
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phosphorylation modification, BSA was chosen as the background interference sample when 

enriching phosphopeptides from β-casein tryptic digests. When BSA and β-casein tryptic digests 

were mixed at 100:1 molar ratio, the MALDI-MS spectrum was dominated by the signals from 

non-modified peptides from BSA and no signal from phosphopeptides was observed (Figure 3A). 

The signal from phosphopeptides improved dramatically after enrichment with practically no 

interference from other peptides (Figure 3B). Higher molar ratios (500:1 and 1000:1) were also 

tested, and the material showed excellent selectivity (Figure 3C, 3D). To investigate the sensitivity 

of this method, epoxy-ATP-Ti4+ IMAC material was applied to enrich phosphopeptides from 10 

fmol/µL of diluted β-casein tryptic digests. The MALDI-MS spectra showed that signal of the 

phosphopeptides could still be well-detected with S/N over 3 when concentration was as low as 1 

fmol/µL (Figure S2). As expected, the multiple phosphate groups on the ATP molecule provided 

strong chelation of Ti4+ ions, which in turn bound phosphopeptides strongly, thus enhancing the 

sensitivity of phosphopeptide enrichment.33 The outstanding selectivity and sensitivity 

demonstrated the potential of this material for enriching phosphopeptides from complex biological 

samples. 

Assessing the Separation Efficiency of Epoxy-ATP-Ti4+ IMAC Material for Glycopeptide 

and Phosphopeptide Separation. Typically, IMAC or HILIC methods alone cannot enrich both 

glycopeptides and phosphopeptides at the same time, and low-abundance modified peptides can 

experience signal suppression when co-eluted in one fraction.18 However, we found that certain 

IMAC materials, possessing hydrophilic functional groups, can act as a HILIC stationary phase to 

retain glycopeptides in high organic phase while also retaining phosphopeptides through ionic 



 

 

59 

interaction.17 To evaluate the ability of epoxy-ATP-Ti4+ material to conduct glycopeptide and 

phosphopeptide enrichment in a HILIC mode, we tested it on a mixture of glycoprotein and 

phosphoprotein tryptic digests (RNase B and β-casein). The sample loading buffer was switched 

from 40% ACN/3% TFA to 80% ACN/3% TFA since the conventional buffer for phosphopeptide 

enrichment did not contain enough organic content to form a water-rich layer with the stationary 

phase that enabled the retention of hydrophilic analytes.44 3% TFA in 80% ACN could effectively 

protonate the acidic amino acid residues and thereby prevent non-specific binding of acidic 

peptides when capturing phosphopeptides.37 As 0.1% TFA aqueous solution could interrupt 

hydrophilic interaction while keeping the electrostatic interaction between Ti4+ ions and 

phosphopeptides, it was used as elution buffer to collect a fraction mainly consisted of 

glycopeptides. The remaining phosphopeptides were then eluted in 10% NH4OH solution where 

the high concentration of hydroxyl groups would compete with the phosphate groups for forming 

ionic bonds with metal ions. As shown in Figure 4A, no signal of phosphopeptide or glycopeptide 

was observed when directly analyzing the mixture of RNase B and β-casein digests. However, 

after enriching the sample in HILIC mode and collecting two fractions under different pH 

conditions, strong signals of glycopeptides and phosphopeptides were detected in two fractions 

respectively (Figure 4B and 4C). In total, 18 glycopeptides from RNase B were identified in the 

first fraction and all three phosphopeptides from β-casein were detected in the second fraction. 

Detailed information about the identified peptides is provided in Table S2. It is worth noting that 

there was practically no overlap between two fractions, in contrast to our previous work on the 

CAE-Ti-IMAC material where a relatively strong phosphopeptide signal (m/z 2061.8284) was also 
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found in the first fraction together with glycopeptides.18 This suggested that epoxy-ATP-Ti4+ 

IMAC material had greater hydrophilicity for retaining glycopeptides and more affinity for 

phosphopeptides, permitting these two kinds of peptides to be were well-separated in two distinct 

fractions, demonstrating enhanced selectivity. 

Evaluating the Dual-mode Enrichment Performance of Epoxy-ATP-Ti4+ IMAC material 

with HeLa Cell Lysate. After demonstrating the potential of epoxy-ATP-Ti4+ IMAC material for 

enrichment and separation of glycopeptides and phosphopeptides from protein standards, the new 

material was adapted to enrich more diverse glycopeptides and phosphopeptides from a HeLa cell 

sample using dual-mode enrichment. The core principle of a dual-mode enrichment is enriching 

one class of peptides through single interaction of enrichment material while enriching the other 

class of peptides by other synergistic interactions. In this way, dual-mode elution can be applied: 

one disrupts the single interaction, while the other can disrupt the synergistic interactions, which 

allows the two classes of peptides to be eluted separately. Here, 100 µg of HeLa cell tryptic digests 

were loaded onto the epoxy-ATP-Ti4+ IMAC material in HILIC mode. At the same time, a parallel 

experiment was performed with CAE-Ti-IMAC material. Four fractions were collected for a larger 

scale analysis. The first two fractions, eluted in weakly acidic conditions with decreasing ACN 

concentration, were expected to release neutral glycopeptides retained by hydrophilic interaction. 

The third fraction, eluted with different concentrations of ACN under strongly acidic conditions, 

mimicked the conventional loading and washing buffer of the IMAC method for phosphopeptide 

enrichment. The sialylglycopeptides captured through synergistic hydrophilic and electrostatic 

interactions were expected to be thoroughly released in this step since the strong acid in the elution 
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buffer could protonate sialic acid residues and disrupt the electrostatic interaction. The 

phosphopeptides and M6P glycopeptides would still be retained on the IMAC material, because 

the phosphate group has a lower pKa value (0.7–1.0) than sialic acid (~2.6), which cannot be 

protonated by current strong acid condition.18 The fourth elution with ammonia solution was 

intended to wash off all remaining phosphopeptides and M6P glycopeptides. Figure 5A and 

Figure 5B show the identification numbers of the different types of modified peptides for the two 

IMAC materials. The results suggest that the epoxy-ATP-Ti4+ IMAC material outperformed the 

CAE-Ti-IMAC material in all aspects of a dual-mode enrichment. First, the epoxy-ATP-Ti4+ 

IMAC material better separated sialylglycopeptides from neutral glycopeptides in the first three 

fractions. The ratio of sialylglycopeptides in four fractions increased gradually, indicating the 

successful separation enabled by the dual-mode elution (Figure S3). This separation is necessary 

to enhance the detection sensitivity for sialylated glycopeptides, as ionization of 

sialylglycopeptides tends to be suppressed by co-eluting neutral glycopeptides due to their 

negatively charged ions.45 With lower ACN concentration and pH, more multi-sialylglycopeptides 

were eluted in later fractions, which are usually underexplored in conventional HILIC enrichment. 

The epoxy-ATP-Ti4+ IMAC material exhibited better retention of these peptides as more of them 

were distributed in the last two fractions (Figure 5C and 5d). Second, the epoxy-ATP-Ti4+ IMAC 

material had better affinity for phosphopeptides. In the last fraction, 3425 phosphopeptides were 

identified with enrichment specificity as high as 81.6% (Figure 5F), which was more than two 

times the phosphopeptides identified with CAE-Ti-IMAC material. Additionally, very few 

phosphopeptides were eluted in the first three fractions with epoxy-ATP-Ti4+ IMAC material while 
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171 and 866 phosphopeptides were found in the second and the third fractions in CAE-Ti-IMAC 

enrichment, leading to lower enrichment specificity of phosphopeptides in each fraction (Figure 

5E). Overall, the total identified modified peptides with epoxy-ATP-Ti4+ IMAC material exceeded 

those with CAE-Ti-IMAC in all categories (Figure S4). These findings demonstrate the 

advantageous properties of the epoxy-ATP-Ti4+ IMAC material for dual-mode PTM enrichment, 

benefitting from the low interference between fractions and extremely high enrichment specificity. 

Applying the Epoxy-ATP-Ti4+ IMAC Material to Mouse Lung Sample Analysis. The material 

and dual-mode elution strategy were further applied to enrich PTM peptides from mouse lung 

tissue, a more complex biological sample. Starting with a larger sample amount, the workflow was 

expanded to collect six fractions, including four fractions under acidic conditions and two in basic 

conditions. Figure 6A shows that a good separation of glycopeptides and phosphopeptides was 

achieved. Specifically, 1640, 1383, 1450 and 980 glycopeptides were found in the acidic fractions 

and 2746 and 1138 phosphopeptides were found in the basic fractions, respectively. Notably, 

almost no phosphopeptides were eluted in the first four fractions and only a small number of 

glycopeptides were eluted in the last two fractions, which mainly contained negatively charged 

sialylated or phosphorylated peptides. Because multi-sialylglycopeptides had stronger affinity for 

Ti4+ ions, these peptides were not eluted until a high-pH solvent was added (Figure S5), which 

suggested that conventional HILIC enrichment and single-mode elution were likely to miss these 

peptides. In accordance with the results with HeLa cell samples, the ratio of enriched 

sialylglycopeptides went up gradually when lowering ACN concentration and pH (Figure 6B). 

The decreasing ACN concentration at high pH enabled separation of phosphopeptides and M6P 
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glycopeptides. Given the low abundance of M6P glycopeptides, they often suffer from signal 

suppression when analyzed together with phosphopeptides. Nevertheless, these two peptides could 

be separated in the HILIC mode at high pH with IMAC material based on their different 

hydrophilicity.17 As reflected in Figure S6, the percentage of phosphopeptides and multi-

phosphorylated peptides eluted increased with decreasing ACN concentration. In addition, 58.3% 

of M6P glycopeptides were found in the last fraction. These might have remained undiscovered 

without the dual-mode elution strategy at different pH conditions. In total, this method enabled 

identification of 2928 unique N-glycopeptides and 3051 unique phosphopeptides, of which 896 

were sialylglycopeptides, 24 were M6P glycopeptides and 493 were multi-phosphorylated 

peptides (Figure 6C). This large-scale simultaneous enrichment and separation of diverse 

glycopeptides and phosphopeptides shed light on the PTM crosstalk analysis. These PTM peptides 

were mapped to 491 glycoproteins and 1471 phosphoproteins, with 99 proteins found to be both 

glycosylated and phosphorylated, and 4 M6P glycoproteins also found to be phosphorylated 

(Figure 6D). Figure 6E visualized the site numbers of two PTMs on the same protein and 

classified the glycoproteins based on their glycan type. N-glycoproteins were exclusively 

classified into four glycosylation type categories based on the glycan composition identified: (1) 

M6P (containing M6P glycan); (2) sialylated (containing sialic acid); (3) fucosylated (containing 

fucose); (4) other type (containing only complex, hybrid, high-mannose or paucimannose glycans). 

The scatter plot revealed several hypermodified proteins that contained both PTMs and the 

microheterogeneity of each glycoprotein as well. Sialylation was found to be the predominant 



 

 

64 

glycosylation type, with 53.5% of these proteins being sialylated, suggesting that sialylation may 

play a crucial role in PTM crosstalk with phosphorylation. 

Conclusions 

In this work, we have introduced a novel epoxy-ATP-Ti4+ IMAC material that is easy and facile 

to prepare in any MS lab. With ATP as the functional ligand, the material possessed enhanced 

hydrophilicity and superior metal ion binding affinity, which made it an effective stationary phase 

for both N-glycopeptide and phosphopeptide enrichment. In conventional IMAC mode, the 

material showed excellent selectivity and sensitivity in phosphopeptide enrichment. When using 

loading buffer containing high organic content and TFA concentration, the material enabled 

simultaneous enrichment and separation of N-glycopeptides and phosphopeptides, with practically 

no overlap between the two sets. The material outperformed the well-developed CAE-Ti-IMAC 

material in parallel experiments, highlighting the importance of enhanced hydrophilicity in dual-

mode enrichment. The novel material was successfully applied to different PTM enrichment from 

complex biological samples, including HeLa cells and mouse lung tissues. The results showed that 

the material was not only able to separate N-glycopeptides and phosphopeptides, but also able to 

separate sialylglycopeptides and M6P glycopeptides with more fractions due to their synergistic 

electrostatic and hydrophilic interaction with the stationary phase. Large-scale analysis of different 

PTMs can be achieved at the same time with less sample loss and the need for more than one 

enrichment material. We anticipate that this newly developed material and the associated 

fractionation strategy will serve as a useful tool for studying the N-glycoproteome and 

phosphoproteome, as well as their potential crosstalk, in complex biological samples. 
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Figures 

Scheme 1. (A) Synthesis of epoxy-ATP-Ti4+ IMAC material; (B) Workflow of simultaneous 

enrichment of N-glycopeptides and phosphopeptides using epoxy-ATP-Ti4+ IMAC material. 
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Figure 1. SEM images of (A) epoxy-ATP silica particles and (B) epoxy-ATP-Ti4+ silica particles; 

(C) FTIR spectra of epoxy-functionalized silica particles (i) before and (ii) after ATP coupling 

reaction; (D) SEM image of epoxy-ATP-Ti4+ silica particles with EDS elemental mapping images 

of (E) Si, (F) O, (G) P, and (H) Ti. 
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Figure 2. MALDI-TOF mass spectra of tryptic digests from standard protein (10 μg) before and 

after phosphopeptide enrichment by epoxy- ATP-Ti4+ IMAC material: (A)(B) β-casein; (C)(D) α-

casein. Phosphopeptides are labeled with red “#”, neutral loss is labeled with “▲”. 
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Figure 3. MALDI-TOF mass spectra of phosphopeptides enriched from mixture of BSA and β-

casein digests at different molar ratios. (A) Direct analysis at 100:1 ratio; After enrichment at (B) 

100:1, (C) 500:1 and (D) 1000:1 ratio. Phosphopeptides are labeled with red “#”, neutral loss is 

labeled with red “▲”. 
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Figure 4. MALDI-TOF mass spectra of tryptic digests from β-casein (10 μg) and RNase B (10 μg) 

(A) before enrichment by epoxy-ATP-Ti4+ IMAC material; (B) eluted with 0.1% TFA; (C) eluted 

with 10% ammonia. Phosphopeptides are labeled with red “#” and neutral loss is labeled with red 

“▲”; glycopeptides are labeled with blue “*”. 
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Figure 5. Simultaneous enrichment of glycopeptides and phosphopeptides from HeLa cells with 

two IMAC materials. Identification numbers refer to peptides in each fraction enriched by (A) 

CAE-Ti-IMAC and (B) epoxy-ATP-Ti4+ IMAC material; Distribution of glycopeptides with 

different number of sialic acids enriched by (C) CAE-Ti-IMAC and (D) epoxy-ATP-Ti4+ IMAC 

material; phosphopeptide ratio and multi-phosphorylated peptide percentages in fractions enriched 

by (E) CAE-Ti-IMAC and (F) epoxy-ATP-Ti4+ IMAC material. *: The mixed TFA/ACN fraction 

was pooled from three eluates: 40% ACN/3% TFA, 50% ACN/6% TFA/200 mM NaCl, and 30% 

ACN/0.1% TFA, and was desalted before LC-MS/MS analysis. 
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Figure 6. Simultaneous enrichment of glycopeptides and phosphopeptides from mouse lung tissue. 

(A) Number of peptides identified in each fraction; (B) Sialylated glycopeptide and multi-

sialylated glycopeptide percentages in six fractions; (C) Total identification number of modified 

peptides; (D) Venn diagram showing coexistence of N-glycosylation and phosphorylation at the 

protein level; (E) Scatter plot of the number of modified sites within proteins that contain both 

PTMs. Error bar represented sample standard deviation. *: The mixed TFA/ACN fraction was 

pooled from three eluates: 40% ACN/3% TFA, 50% ACN/6% TFA/200 mM NaCl, and 30% 

ACN/0.1% TFA, and was desalted before LC-MS/MS analysis. 
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Experimental Section.  

Cell Culture and Sample Preparation. For standard proteins, 1 mg protein was dissolved in 100 

µL 8M urea/50 mM TEAB buffer. HeLa cells were cultured in DMEM (Hyclone) supplemented 

with 10% fetal bovine serum (Gibco), 1% penicillin/streptomycin (Sigma Aldrich), and incubated 

at 37 oC in a humidified chamber with 5% CO2. Cells were harvested by washing with PBS buffer 

(Gibco, pH 7.4) and the pellets were lysed in buffer consisting of 50 mM Tris base (pH 7.4), 4% 

SDS, 65 mM DTT, 175 mM NaCl. 1 protease inhibitor tablet and 1 phosphatase inhibitor tablet 

were added per every 10 mL of the lysis buffer. The lysate was sonicated with a probe sonicator 

in ice water bath at 50% power with pulse 5s on 5s off for 12 cycles. Cell lysates were centrifuged, 

and supernatant was collected and poured into ice-cold precipitation buffer (acetone: ethanol: 

acetic acid=50: 50: 0.1) at a ratio of 1:5. The precipitation went overnight in -20oC. Protein pellets 

were collected through centrifugation at 18000 xg and washed twice with ice-cold precipitation 

buffer. The pellets were dried in the fume hood for 10 min and redissolved in 8M urea/50 mM 

TEAB buffer (pH 8.0).  Protein concentrations were measured by a BCA assay kit (Thermo Fisher 

Scientific, San Jose, CA). For mouse lung tissue, the tissue was collected from male adult C57BL/6 

mice. The tissue sample was sliced into 1-2 mm3 pieces in a clean dish in an ice bath and washed 

with 150 mM ice-cold PBS buffer for 3 times. The sample was then lysed and sonicated as 

described above. Proteins were precipitated and the concentration was measured. 

Protein Digestion. Proteins were reduced in 20 mM DTT at 37 oC for 2h, followed by alkylation 

with 40 mM IAA at room temperature in the dark for 30 min. Alkylation was quenched by adding 

20 mM DTT for another 10 min. The urea buffer was diluted to 1.6 M with 50 mM TEAB buffer. 
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The proteins were first digested with trypsin at a protein-to-enzyme ratio at 100:1 and incubated 

at 37 oC. After 12 h, the same amount of trypsin was added again and incubated at 37 oC for another 

4 h to make a final protein-to-enzyme ratio of 50:1. Digestion was quenched by adding TFA to a 

final concentration of 1%. The samples were stored at -80oC for future use. 

Phosphopeptide Enrichment. IMAC material was packed into an empty TopTip with 3 mg cotton 

at bottom. The TopTip was placed on a 2 mL microcentrifuge tube with the help of an adapter unit. 

Peptide samples were resuspended in 100 µL loading buffer (40% ACN, 3% TFA) and loaded 

onto the IMAC-cotton tip. The IMAC-cotton tip was centrifuged at 200 xg for 2 min and flow-

through of the sample was re-loaded two more times to ensure complete retention. The IMAC-

cotton tip was washed with washing buffer I (50% ACN, 6% TFA and 200 mM NaCl) and washing 

buffer II (30% ACN, 0.1% TFA) at 200 g for 2 min for three times, respectively. Finally, the 

phosphopeptides were eluted with 150 µL 10% NH4OH (v/v). Samples were dried down in vacuo 

before MS analysis. 
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Figure S1. SEM images of (A) epoxy-ATP silica particles and (B) epoxy-ATP-Ti4+ silica particles 

on a smaller scale.   
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Figure S2. MALDI-TOF mass spectra of phosphopeptides enriched from β-casein digests with 

epoxy-ATP-Ti4+ IMAC material at different concentrations: (A) 10 fmol/µL, (B) 5 fmol/µL, and 

(C) 1 fmol/µL. Phosphopeptides are labeled with red “#”, neutral loss is labeled with “▲”. 
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Figure S3. Simultaneous enrichment of glycopeptides and phosphopeptides from HeLa cells with 

the two IMAC materials. Sialylated glycopeptide percentages with (A) CAE-Ti-IMAC and (B) 

epoxy-ATP-Ti4+ IMAC material. 
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Figure S4. Total number of glycopeptides and phosphopeptides identified from HeLa cells 

among four fractions in LC-MS/MS analysis with (A) CAE-Ti-IMAC material and (B) epoxy-

ATP-Ti4+ IMAC material. 
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Figure S5. Distribution of glycopeptide with different numbers of sialic acids in six fractions of 

simultaneous enrichment of glycopeptides and phosphopeptides from mouse lung tissue. 
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Figure S6. Phosphopeptide and multi-phosphorylated peptide percentages in six fractions with 

simultaneous enrichment of glycopeptides and phosphopeptides from mouse lung tissue. 
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Table S1. MALDI-TOF MS analysis of phosphopeptides enriched from β-casein and α-casein 

tryptic digests.  

Protein Amino acid sequence 
No. of 

phosphosites 

Theoretical 

[M+H]+ 

Observed 

[M+H]+ 

β-casein 

FQ[pS]EEQQQTEDELQDK 1 2061.8284  2061.8844  

ELEELNVPGEIVE[pS]L[pS][pS][pS]EESITR 4 2966.1645  2966.2463  

RELEELNVPGEIVE[pS]L[pS][pS][pS]EESITR 4 3122.2656  3122.3700  

α-casein 

EQL[pS]T[pS]EENSK 2 1411.5026  1411.5397  

TVDME[pS]TEVFTK 1 1466.6120  1466.6463  

VPQLEIVPN[pS]AEER 1 1660.7941  1660.8523  

YLGEYLIVPN [pS]AEER 1 1832.8465  1832.9064  

DIGSE[pS]TEDQAMEDIK 1 1847.7252  1844.9436  

DIG[pS]E[pS]TEDQAMEDIK 2 1927.6915  1927.7441  

DIG[pS]E[pS]TEDQA[Mo]EDIK  2 1943.6864  1943.7354  

YKVPQLEIVPN[pS]AEER  1 1951.9524  1952.0156  

VNEL[pS]KDIG[pS]E[pS]TEDQAMEDIK 3 2678.0228 2678.0426 

Q*MEAE[pS]I[pS] [pS] [pS]EEIVPN[pS]VEAQK  5 2703.8864  2703.9050  

QMEAE[pS]I[pS][pS][pS]EEIVPNPN[pS]VEQK 5 2720.9129  2720.9132  

Q[Mo]EAE[pS]I[pS][pS][pS]EEIVPNPN[pS]VEQK  5 2736.9077  2736.9211  

EKVNEL[pS]KDIG[pS]E[pS]TEDQAMEDIK  3 2935.1604  2935.1602  

NANEEEYSIG[pS][pS][pS]EE[pS]AEVATEEVK  4 3008.0295  3008.0250  

a[pS], phosphorylated site; b[Mo], oxidation on methionine; cQ*, pyroglutamylation on the N-terminal Gln. 
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Table S2. MALDI-TOF MS analysis of glycopeptides and phosphopeptides enriched from 

mixture of RNase B and β-casein tryptic digests.  

Protein Enzyme 
Peptide 

sequence 

Glycan 

composition 

Glycosylation 

site 

Theoretical 

[M+H]+ 

Observed 

[M+H]+ 

Rnase B trypsin NLTK GlcNAc2 Man5 Asn-60 1691.7104  1691.6906  

Rnase B trypsin NLTK GlcNAc2 Man6 Asn-60 1853.7632  1853.7420  

Rnase B trypsin SRNLTK GlcNAc2 Man5 Asn-60 1934.8435  1934.8459  

Rnase B trypsin NLTKDR GlcNAc2 Man5 Asn-60 1962.8384  1962.8361  

Rnase B trypsin NLTK(cam)DR GlcNAc2 Man5 Asn-60 2005.8442  2005.8435  

Rnase B trypsin NLTK GlcNAc2 Man7 Asn-60 2015.8160  2015.7935  

Rnase B trypsin SRNLTK GlcNAc2 Man6 Asn-60 2096.8963  2096.9000  

Rnase B trypsin NLTKDR GlcNAc2 Man6 Asn-60 2124.8912  2124.8757  

Rnase B trypsin NLTK(cam)DR GlcNAc2 Man6 Asn-60 2167.8970  2167.9052  

Rnase B trypsin NLTK GlcNAc2 Man8 Asn-60 2177.8688  2177.8453  

Rnase B trypsin SRNLTK GlcNAc2 Man7 Asn-60 2258.9491  2258.9512  

Rnase B trypsin NLTKDR GlcNAc2 Man7 Asn-60 2286.9440  2286.9121  

Rnase B trypsin NLTK GlcNAc2 Man9 Asn-60 2339.9217  2339.8881  

Rnase B trypsin SRNLTK GlcNAc2 Man8 Asn-60 2421.0019  2420.9995  

Rnase B trypsin NLTKDR GlcNAc2 Man8 Asn-60 2448.9968  2448.9637  

Rnase B trypsin NLTK(cam)DR GlcNAc2 Man8 Asn-60 2492.0026  2492.9817  

Rnase B trypsin SRNLTK GlcNAc2 Man9 Asn-60 2583.0548  2583.0441  

Rnase B trypsin NLTKDR GlcNAc2 Man9 Asn-60 2611.0497  2611.0323  

cam: carbamylation at lysine 
 

Protein Peptide sequence 
No. of 

phosphosites 

Theoretical 

[M+H]+ 

Observed 

[M+H]+ 

β-casein FQ[pS]EEQQQTEDELQDK 1 2061.8284  2061.8234  

 ELEELNVPGEIVE[pS]L[pS][pS][pS]EESITR 4 2966.1645  2966.1020  

  RELEELNVPGEIVE[pS]L[pS][pS][pS]EESITR 4 3122.2656  3122.1776  
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Abstract  

The low abundance and poor ionization efficiency of glycopeptides necessitate efficient 

enrichment prior to mass spectrometry (MS) analysis. Although numerous enrichment methods 

have been developed, the detection and identification of glycopeptides with negatively charged 

glycans can still be impaired by the more abundant neutral glycopeptides in positive ion mode LC-

MS/MS analysis. Electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) 

addresses this limitation by combining charged stationary phases with hydrophilic interaction 

chromatography (HILIC) mobile phases. However, conventional anion-exchange materials 

usually lose the positive charge in the range of 9–12 and require high salt concentration gradients, 

which are incompatible with MS analysis without additional desalting steps. In this study, we 

introduce novel Very Weak Anion Exchange (VWAX) chromatography materials that lose their 

positive charge by pH 6, facilitating ERLIC-mode peptide separation and fractionation with a 

conventional binding capacity but a pH gradient using volatile salts at much lower concentration.  

Starting from 75% ACN, glycopeptides are well-retained on the stationary phase. Peptides with 

negatively charged glycans including sialylated, mannose-6-phosphate (M6P), and sulfated 

glycopeptides, elute in later fractions, which separates them from neutral glycopeptides and 

enhances their detection. Successful glycopeptide enrichment is achieved from mixtures of tryptic 

digests of both glycoprotein standards and cell lysates. This method enables direct MS analysis 

without desalting, greatly simplifying the experimental workflow and reducing sample loss. In 

total, 2255 N-glycopeptides were identified across eight fractions from 200 µg of HeLa tryptic 

digests, including 682 sialyl-glycopeptides, 144 M6P glycopeptides and 17 sulfated glycopeptides. 
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Our approach offers a powerful tool to profile the glycoproteome from complex biological systems 

and sheds light on less-studied glycosylation types. 

Introduction 

Glycosylation is a common post-translational modifications (PTMs) and is an essential 

determinant of protein activity and function.1 Over 50% of mammalian proteins are estimated to 

be glycosylated, and glycoproteins are involved in many intra- and intercellular processes, 

including cell–cell recognition, immune response, and host–pathogen interactions.2,3 Aberrant 

glycosylation has been associated with the pathological processes of various diseases, such as 

neurodegenerative diseases, autoimmune disease, and cancers.4–6 However, the complexity of 

glycosylation has pose a challenge for comprehensive analysis. Glycosylation can occur on 

multiple glycosites, and multiple glycan structures can exist on the same site, leading to 

heterogeneity at both the site and glycan levels.7 Previous studies have focused on either glycan 

structures or glycosites, which only provides partial information on glycosylation.8 In contrast, 

intact glycopeptides has become an ideal research target because they retain information on both 

glycosylation sites and glycan structures, which enables site-specific investigation this PTM across 

the whole proteome.  

Liquid chromatography tandem mass spectrometry (LC-MS/MS) has emerged as a powerful 

tool for profiling PTMs on a large scale.9 However, detection of intact glycopeptides remains 

challenging, primarily due to their suppressed ionization efficiency and low abundance among the 

bulk of unmodified peptides after enzymatic digestion.10,11 Therefore, an efficient enrichment is 

necessary prior to MS analysis. 
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To date, many techniques have been reported for N-linked glycopeptide enrichment. 

Hydrazide chemistry-based enrichment has been used to capture glycans on glycopeptides through 

oxidation and solid-phase immobilization. Despite the high selectivity, subsequent analyses 

require the release of glycans, which eliminates the glycan information.12–14 Affinity-based 

methods, such as lectin affinity chromatography and metal oxide affinity chromatography, have 

also been widely used.15,16 However, these methods tend to target at specific types of glycans and 

are unable to profile all glycopeptides in a single enrichment. Alternatively, hydrophilic interaction 

chromatography (HILIC) is another long-established and widely used tool for glycopeptide 

enrichment, where glycopeptides can be separated from other peptides based on the hydrophilic 

interaction between the stationary phase and the hydroxyl groups of the glycans.17,18 HILIC 

possesses several advantages, including no bias toward diverse glycopeptides, satisfactory MS 

compatibility, low cost, and high throughput.19 However, it has been observed that in positive ion 

mode LC-MS/MS analysis, signals of glycopeptides carrying a negatively charged glycan might 

still be suppressed by the more abundant neutral glycopeptides, which can impede their detection 

and identification.20,21 To address this issue, a variant of HILIC called electrostatic repulsion 

hydrophilic interaction chromatography (ERLIC) has been developed. ERLIC, which was first 

introduced by Alpert in 2008,22 is a mode of separation utilizing charged stationary phases with 

HILIC mobile phases, where hydrophilic interaction and electrostatic interaction between analytes 

and stationary phase are superimposed. The charge states of analytes can be adjusted by altering 

the pH of the mobile phase (MP) to control the electrostatic interaction between the analytes of 

interest and the stationary phase. For glycopeptides, ERLIC typically employs anion exchange 
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(AX) materials as stationary phases, and buffer pH to control the charges of amino acid residues 

on peptide backbones and acidic groups on glycans. This extra degree of tunability provides 

ERLIC with some advantages over conventional HILIC, particularly for enrichment and separation 

of negatively charged glycopeptides.18  

Since its first implication to glycopeptide enrichment by Lewandrowski et al.,23 ERLIC has 

been successfully applied to large-scale profiling of N- and O-glycoproteomes, as well as 

simultaneous enrichment of glycopeptides and phosphopeptides through fractionation in sample 

preparation.24–27 These approaches have demonstrated the effectiveness of ERLIC in enriching 

glycopeptides, especially those with negative charges. However, an increasing salt concentration 

is required during the fractionation process to disrupt the ionic interaction between the charged 

analytes and the stationary phase, which is not compatible with MS analysis. Desalting is a 

necessary step after fractionation, but it is time-consuming and introduces sample loss, especially 

for hydrophilic or highly charged peptides with PTMs.28 

Anion-exchange materials are generally categorized as strong anion-exchange (SAX) or weak 

anion-exchange (WAX) materials, with SAX materials retaining positive charge up to pH 12 and 

WAX materials retaining positive charge up to pH 9-9.5.29,30 The terms “weak” and “strong” refer 

to the range of pH over which the materials lose their positive charge, not the interaction strength 

with negatively charged analytes. The development of AX materials has historically favored the 

use of DEAE-groups or equivalents based on their capacity to maintain a high charge density over 

a wide pH range since the first work of Peterson and Sober.31 However, this feature may bring up 

new challenges, as the use of mass spectrometry (MS) for detection is now widespread and the 
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high salt concentration gradients are not desired for MS analysis. For analysis of highly charged 

analytes, an alternative to a high salt gradient is a gradient of pH. This either changes the charge 

on the analytes or uncharges the stationary phase. However, the extensive use of silica-based 

materials for life science chromatography imposes an upper limit of pH 8 for sustained use, which 

is inadequate for completely uncharging WAX materials. To address this issue, S. Bäurer et al 

introduced a material consisting of silica derivatized with a silane containing a pyridylurea 

ligand.32 This material exhibits a net positive charge below pH 6.5 and a net negative charge above 

that pH, allowing for elution of negatively charged analytes with very low salt levels using 

gradients from pH 5–7. Despite the innovation, two issues persist with its implementation: First, 

by using a thin, silane-based coating, the underlying negatively charged silanol groups appear to 

have had access to the pyridylurea groups. This permits the oppositely charged groups to titrate 

each other, thereby lowering the positive charge density significantly. A similar situation was seen 

in the work of Mant et al,33 where a layer of sulfonate groups steadily lost capacity as an underlying 

polyamine layer’s charge density increased with decreasing pH. Second, the proximity of the 

pyridylurea groups in the coating means that the ease of protonation of one group can be affected 

by the charge on neighboring groups. Such situations result in titration curves featuring loss of 

charge in a continuum over a wide pH range.29 

 To circumvent these limitations, we introduce experimental materials termed Very Weak 

Anion-Exchange (VWAX) chromatography, which become uncharged more readily than 

conventional anion-exchange materials. We have examined a different set of functional groups, 

and present here a set of AX materials that have a neutral net charge above pH 6 rather than 
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negative. With the VWAX column, well-retained peptides are eluted with significantly less salt. 

We successfully developed a desalting-free fractionation method with volatile MPs, allowing the 

separation of neutral glycopeptides and negatively charged glycopeptides based on the pH gradient. 

Peptides with negatively charged glycans eluted in later fractions, which enhanced their detection. 

With this approach, we mapped intact sialyl, mannose-6-phosphate (M6P) and sulfated 

glycopeptides from the tryptic digests of both protein standard and cell lysate samples. Our study 

provides a new tool for in-depth profiling glycoproteomes from complex biological systems and 

offers new insights into those underexplored glycosylation types. 

Experimental Section 

Chemicals. Optimal LC/MS grade solvents, Tris base, urea, formic acid (FA), acetic acid (AA), 

ammonium acetate, ammonium bicarbonate (ABC), calcium chloride (CaCl2) and sodium chloride 

(NaCl) were purchased from Fisher Scientific (Pittsburgh, PA). Bovine fetuin, thyroglobulin from 

bovine thyroid (BTG), Tris(2-carboxyethyl) phosphine hydrochloride (TCEP), triethylammonium 

bicarbonate (TEAB), sodium dodecyl sulfate (SDS), iodoacetamide (IAA), 4-(2-Aminoethyl) 

morpholine and histamine free base were purchased from Sigma-Aldrich (St Louis, MO). 4-(2-

Aminoethyl) pyridine was purchased from Oakwood Products (Estill, SC). Dithiothreitol (DTT) 

and sequencing grade trypsin were from Promega (Madison, WI). WAX and VWAX columns 

(100x2.1 mm; 3-µm, 300-Å) was obtained from PolyLC (Columbia, MD). Protease inhibitor 

cocktail tablets and phosphatase inhibitor cocktail tablets were from Roche (Mannheim, Germany). 

Dulbecco's modified eagle medium (DMEM) and PBS buffer (pH 7.4) was from Cytiva 



 

 

96 

(Marlborough, MA). Synthetic phosphopeptide standards were from United BioSystems Inc. 

(Herndon, VA, USA). 

VWAX Material Preparation. The VWAX column materials were prepared in accordance with 

a previous publication, with some modifications.34 The initial step involved attaching the 

aminopropyl-silane to the silica surface. Subsequently, a solution of the reactive polymer 

polysuccinimide was introduced to the silane-coated silica, to form covalent amide bonds between 

the amino groups of the silane and some of the succinimide rings of the polymer. Finally, the 

remaining succinimide rings were reacted with a reagent containing a primary, aliphatic amine, to 

incorporate the functional group into the coating. which included derivatives of pyridine, histamine, 

and morpholine,  

Cell Culture. HeLa cells were cultured in DMEM supplemented with 10% fetal bovine serum 

(Gibco), 1% penicillin/streptomycin (Sigma Aldrich), and incubated at 37 °C in a humidified 

chamber with 5% CO2. Cells were harvested by washing with PBS buffer. 

Sample Preparation. HeLa cell pellet was lysed in extraction buffer composed of 50 mM Tris 

base (pH 7.4), 4% SDS, 65 mM DTT, 175 mM NaCl, and 1% (v/v) protease and phosphatase 

inhibitor cocktail. The lysates were subjected to probe sonication in an ice water bath at 50% power, 

with a pulsing cycle of 5 seconds on and 5 seconds off for a total of 12 cycles. Following sonication, 

the cell lysates were centrifuged at 18000 ×g for 5 min, and the resulting supernatant was mixed 

with ice-cold precipitation buffer (acetone: ethanol: acetic acid=50: 50: 0.1) at a 1:5 ratio. The 

mixture was incubated overnight at -20°C for protein precipitation. Protein pellets were obtained 

by centrifuging at 18000 ×g for 10 min and washing twice with ice-cold precipitation buffer. The 
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pellets were air-dried in the fume hood for 10 min before being reconstituted in an 8M urea/50 

mM TEAB buffer (pH 8.0). Protein concentrations were determined using a BCA assay kit from 

Thermo Fisher Scientific (San Jose, CA). 

Protein digestion. The protein digestion process was adapted from the filter-aided sample 

preparation (FASP) protocol with some modifications.35 For standard proteins, 1 mg of protein 

was dissolved in 500 µL of 50 mM TEAB buffer and heat-denatured at 95oC for 10 min. Proteins 

were reduced in 10 mM TCEP at room temperature for 30 min and alkylated with 20 mM IAA in 

the dark for 30 min. The protein solution was transferred to a 30k MWCO filter unit and 

centrifuged at 14000 ×g for 10 min. The filter was washed thrice with 250 µL of 50 mM TEAB 

and centrifuged at 14000 ×g for 20 min each time. Afterward, the filter was moved to a new 

collection tube, and the sample was resuspended with 250 µL of 50 mM TEAB. Trypsin digestion 

was performed at a 50:1 protein-to-enzyme ratio and incubated at 37 oC for 18 h. Peptide digests 

were collected via centrifugation at 14000 ×g for 10 min, and the process was repeated once with 

an additional 50 µL of water. The resulting samples were dried down in vacuo and stored at -80oC 

for future use. 

Offline ERLIC Fractionation. For both VWAX and WAX experiments, binary MPs were used 

for LC separation. Mobile phase A consisted of 10 mM FA with a high concentration of ACN in 

water. Various concentrations of ACN, ranging from 70% to 80%, were evaluated. Mobile phase 

B comprised 50 mM ammonium acetate in 10% ACN. 50 µg of peptides from protein standard 

digests or 200 µg of HeLa cell digests were fractionated with the following gradient at a flow rate 

of 0.2 mL/min: 0–10 min, 0% B; 10–35 min, 0-100% B; 35–40 min, 100% B; 40–50 min, 0% B. 
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The eluent was collected using a FC-4 fraction collector (Rainin Dynamax) at 2-min intervals. The 

fractions were then combined into fewer tubes for subsequent MS analysis. 

NanoLC-MS/MS analysis. An in-house packed nano-C18 column (15 cm length, 75 μm i.d.,) 

filled with Bridged Ethylene Hybrid C18 material (1.7 μm, 130 Å, Waters) was used for sample 

separation. Initial MS analysis of bovine fetuin and BTG samples on the Q Exactive mass 

spectrometer are provided in Supplemental Information. Both BTG and HeLa cell samples were 

analyzed via LC–MS/MS using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA) connected to a Dionex Ultimate 3000 UPLC system (Thermo Fisher 

Scientific, San Jose, CA). The BTG and HeLa peptides were eluted using a 36-min and 80-min 

gradient from 0 to 30% ACN (0.1% FA), respectively, with a flow rate of 0.3 µL/min. Data 

acquisition was conducted in top-speed mode with a cycle time of 3s. Survey scans of peptide 

precursors from m/z 400 to 2000 were performed at a resolving power of 60 K and an AGC target 

of 4E5, with a maximum injection time of 100 ms. Precursors were chosen for higher-energy C-

trap dissociation (HCD) analysis with a normalized collision energy (NCE) of 30 and ± 3% stepped 

HCD collision energy. Tandem MS acquisition parameters included a resolving power of 60 K, 

lower mass limit of 120 m/z, and dynamic exclusion of 12 s with 10 ppm mass tolerance. 

Data Analysis. Byonic software (version 4.5.2, Protein Metrics Inc, San Carlos, CA) was 

employed to process intact N-glycopeptide data. Raw files were searched against the bovine fetuin 

protein sequences, the BTG sequence, or the UniProt Homo sapiens reviewed database (August 

2020, 20311 sequences). Trypsin was chosen as the enzyme, and a maximum of two missed 

cleavages were permitted. Searches were performed with a precursor mass tolerance of 10 ppm 
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and a fragment mass tolerance of 0.01 Da. Fixed modifications were specified as 

carbamidomethylation (+57.02146 Da) on cysteine residues. Dynamic modifications included 

oxidation of methionine (+15.99492 Da, rare2) and N-glycosylation (common1). Glycan 

modifications were searched against a glycan database expanded from Byonic embedded 

mammalian N-glycan database (309 entries). For BTG, potential sulfated glycan compositions 

were included based on previous report.36 For HeLa cell samples, N-linked M6P glycans 

comprising HexNAc (2–4) Hex (3–9) Phospho (1–2) modifications were incorporated. Possible 

sulfated glycan compositions were generated by adding 1–2 sulfate groups to the original 

complex/hybrid glycans in the database. For protein standards, the peptide identification results 

were filtered at FDR < 1% and Byonic score > 150. For complex biological samples, peptide 

identification results were filtered at FDR < 1%, Byonic score > 150, PEP 2D < 0.05, and |Log 

Prob| > 1. MS/MS spectra of M6P glycopeptide PSMs were manually inspected to confirm the 

presence of phosphorylated hexose diagnostic ions.  

Results and Discussion 

Rationale of VWAX. To facilitate the elution of highly charged analytes using a pH gradient 

rather than a high salt concentration gradient, our objective was to develop an AX material that 

loses its positive charge at lower pH values appreciably lower than those of conventional WAX 

materials, and the opposite of SAX materials. In this study, we prepared three VWAX materials 

containing aliphatic amine groups, which are expected to lose their positive charge at around pH 

6. These materials include: PolyHISTAMINE A, prepared with histamine; PolyAE-PYRIDINE A, 
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prepared with 4-Aminoethyl-pyridine; and PolyAE-MORPHOLINE A, prepared with 4-

Aminoethyl-morpholine. 

To avoid the interference to the charge density caused by the underlying negatively charged 

silanol groups and the proximity of functional groups, the VWAX materials were designed with 

anionic (positively charged) functional groups within a thick polymeric coating covalently 

attached to the surface. This design ensures that the functional groups are situated far enough from 

the surface to avoid titration by the silanols' negative charge. Furthermore, the polymeric coating 

shields the underlying silanols, a feature not present in the coating prepared by S. Bäurer et al.32 

Additionally, silane-based coatings are two-dimensional, which restricts their capacity. Integrating 

positively charged groups into a thick polymeric coating overcomes this limitation, enabling the 

anionic groups to outnumber the cationic silanols. As a result, the chromatography is dominated 

by the properties of the positively charged functional group embedded the coating. 

Figure 1 displays the titration curves of the three VWAX materials, measured with salicylic 

acid (pKa 2.97) and a mobile phase of 20 mM Na3PO4 at different pH levels with 10% ACN. 

Retention peaks around pH 4 and declines sharply above pH 5. Compared to the three VWAX 

materials, the WAX material (PolyWAX LP) maintains significant charge density to much higher 

pH values. This suggests that the VWAX material holds the potential to facilitate the elution of 

well-retained peptides with considerably less salt than required for standard WAX or SAX 

materials. It can also be observed that the pyridine-containing material loses its positive charge 

cleanly at lower pH values than other two materials. 
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Evaluation of IEX/ERLIC with Peptide Standards. Figure 2 presents a comparison of the 

separation of synthetic peptides with 1, 2 or 3 phosphate groups on a regular PolyWAX LP column 

versus the three VWAX columns, using a salt and pH gradient. MP A consisted of 20 mM 

ammonium formate in either 65% or 70% ACN with pH adjusted to 3.0, while MP B contained 

0.4 M ammonium acetate in 10% ACN (pH 7). In 65% ACN, the difference in retention times 

between the PolyWAX LP column and the three VWAX columns is dramatic, particularly for 

peptides with 2 or 3 phosphates. All phosphopeptides were eluted within 30 min on VWAX 

columns, whereas the WAX column retained the phosphopeptides for longer time and did not elute 

all phosphopeptides during the gradient. This demonstrates the significant advantage of VWAX 

materials in eluting strongly retained analytes with considerably less salt. Similar comparisons 

were also conducted at 70% ACN. It is noteworthy that increasing ACN from 65% to 70% resulted 

in a significant increase in the retention of the peptide with 1 phosphate on any column. Its 

retention reflects a combination of electrostatic attraction and hydrophilic interaction.22 However, 

increasing ACN from 65% to 70% ACN had minimal effect on the retention of peptides with 2 or 

3 phosphates, suggesting their retention was dominated by electrostatic effects. 

Evaluation with Glycoprotein Standards. Given the ERLIC-mode retention of phosphopeptide 

standards on the VWAX columns, we reasoned that this mode would also be suitable for N-

glycopeptides, especially for those carrying negatively charged glycans. Considering that pyridine-

containing material lost its positive charge at lower pH than other two materials, the PolyAE-

PYRIDINE A column was chosen for subsequent evaluation of glycopeptide enrichment. Tryptic 

digests prepared from bovine fetuin and thyroglobulin from bovine thyroid (BTG) were employed 
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as glycoprotein standards, as bovine fetuin is known to exhibit sialylation at multiple sites,37–39 

and BTG features more diverse glycan types, including neutral, sialylated, and sulfated 

glycans.36,40 Since multiple interactions, such as hydrophilic interaction and electrostatic 

interaction, work simultaneously in ERLIC, it is essential to select optimized MPs for glycopeptide 

separation. To enable a desalt-free offline fractionation method, only volatile components were 

considered in MPs.  

For initial testing, we compared two MP A compositions at 80% and 70% ACN, both with 10 

mM FA added, while consistently using 50 mM ammonium acetate as MP B. The inclusion of FA 

in MP A generated a pH between 2.5–2.6, which was expected to protonate the majority of peptides 

with acidic residues while leaving the sialic acid, phosphate, and sulfate groups charged, as aspartic 

acid and glutamic acid have pKa values of 3.9 and 4.1, respectively. The gradient was 0–5 min at 

0% B followed by 0–100% B in 25 min. Fractions were pooled into 6 tubes, as illustrated in Figure 

S1 for direct LC-MS analysis on the Q Exactive orbitrap instrument. Figure 3 displays the number 

of total PSMs, total glycol-PSMs (GPSMs), sialyl-glycopeptide PSMs (Neu-PSMs), and sulfated 

glycopeptide PSMs (Sulfated-PSMs). Though 80% ACN was proven to be optimal for 

glycopeptide enrichment in our previous study on SAX materials,26 MP A with 70% ACN 

appeared to perform better than the one with 80% ACN in this VWAX study, as more peptides 

were eluted in the first five minutes and more GPSMs were detected in the later fractions. Since a 

higher ACN concentration might be overly retentive, causing many non-modified peptides with 

minimal hydrophilicity to be co-retained with glycopeptides,26 it is plausible that 80% ACN results 

in such strong retention for the current VWAX material. Figure S2 shows the distribution of 
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identified peptides in fetuin with varying numbers of Asp and Glu residues. It can be observed that 

more peptides with multiple acidic residues were retained in 70% ACN, while no obvious trend 

was seen in 80% ACN. This suggests that a MP with lower ACN concentration could wash off 

more non-specific binding that would present in 80% ACN and the electrostatic interaction played 

a more significant role in 70% ACN on this VWAX column. 

 Following the initial profiling, BTG was selected as a model to further optimize the MPs 

and gradient. To minimize the interference from non-specific binding, the duration of 100% MP 

A was increased from 5 to 10 minutes, allowing more time to remove the bulk unmodified peptides 

from the column. The separation of BTG digests in 80% ACN MP A was repeated with an adjusted 

gradient: 0–10 min, 0% B; 10–20 min, 0-14% B; 20–45 min, 100% B. The collected samples were 

analyzed on the Fusion Lumos orbitrap instrument. The resulting chromatogram and identification 

numbers are shown in Figure S3. Although the bulk peak was eluted in the first 10 min, the 

identification of GPSMs remained low, following a similar pattern to the previous experiment. 

Adjusting the gradient time did not significantly enhance glycopeptide enrichment, suggesting that 

ACN content was the major variable in this case. We further compared MP A with 70% and 75% 

ACN using the following gradient: 0–10 min, 0% B; 10–35 min, 0-100% B. Figures S4A and S4B 

present the corresponding chromatograms, where the majority of peptides were eluted in the first 

10 min under both conditions. Surprisingly, unlike the considerable disparity between 70% ACN 

and 80% ACN, the identification of PSMs (Figures 4A, 4B) shows a similar pattern. There is a 

clear trend that peptides with a neutral glycan eluted first, and the peptides with negatively charged 

glycans tended to elute in latter fractions due to their additional electrostatic interaction with the 
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VWAX stationary phase. When examining the total unique glycopeptides identified (Figures S4C, 

S4D), it turns out that the 75% ACN enriched more unique glycopeptides, especially for neutral 

glycopeptides, as a result of the stronger hydrophilic interaction. This also suggests that 75% ACN 

in MP A established a better balance between electrostatic attraction and hydrophilic interaction. 

 It is noteworthy that the VWAX column successfully enriched both sulfated and sialylated 

glycopeptides in the last two fractions. Proteins carrying sulfated glycans are associated with 

various diseases, such as cancer,41 osteoarthritis,42 and rheumatoid arthritis.43 Sulfation typically 

occurs on complex N-glycans, with a sulfate localized on C-6 of N-acetylglucosamine (GlcNAc), 

C-4 of N-acetylgalactosamine (GalNAc), and C-3 of galactose (Gal) of terminal GalNAc-GlcNAc 

and Gal-GlcNAc residues.44 Analyzing intact sulfated glycopeptides remains challenging due to 

the lack of efficient enrichment methods and MS signal suppression caused by their negative 

charge. Ion pairing methods have been introduced to enhance the signal of sulfated glycopeptides 

from hormone proteins.45,46 Toyoda et al. proposed a method combining protease digestion, 

chemical derivatization, and SAX separation to characterize intact sulfated N-glycopeptides.47,48 

However, these methods either focus on single proteins or require multiple processing steps, 

making them unsuitable for high-throughput analysis. In contrast, the VWAX method 

demonstrated its potential for large-scale profiling of intact sulfated glycopeptides from peptide 

mixtures. The sulfate group has a pKa of 1, maintaining its charge under the current MP A 

conditions.49 These peptides were attracted to the VWAX stationary phase until the stationary 

phase became uncharged as pH increased. Among the two conditions (70% ACN and 75% ACN), 

a total of 24 sulfated-PSMs were identified. Six out of these contained the diagnostic ion 
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(SulfoHexNAc, m/z 284.044) in the spectra, which significantly enhanced the identification 

confidence. One example spectrum is shown in Figure 4C. Our observation also aligns with the 

previous report that only a small portion of sulfated-PSMs contained the diagnostic oxonium ion 

upon HCD fragmentation, and the occurrence became fewer when sialic acids were present on the 

same glycopeptide.36  

Glycopeptide Enrichment from Complex Biological Samples. The VWAX approach was 

adapted to enrich more diverse glycopeptides from a more complex biological sample. 200 µg of 

HeLa tryptic digests were loaded to the VWAX column with the optimized gradient and MPs, 

starting either from 75% ACN or 70% ACN with 10 mM FA. The fractions were pooled into eight 

tubes for the MS analysis (Figure S5A and Figure S6A). During the database search, another less 

studied glycosylation, M6P glycosylation, was included in the glycan database along with common 

N-glycans and sulfated N-glycans. M6P glycosylation results from phosphorylation of glycans at 

the C-6 position of mannose in high-mannose glycans, playing an important role in transferring 

lysosomal hydrolases to the lysosome and many other important biological processes.50,51 Similar 

to sulfated glycopeptides, the phosphate group has a negative charge and a pKa value of 0.7–1.0, 

which can cause signal suppression during MS detection if not well-separated from other 

glycopeptides during enrichment.20,51 It is expected that M6P glycopeptides will also be captured 

on the VWAX stationary phase, and elute after the neutral glycopeptides, once the electrostatic 

interaction is disrupted.  

 The identification results are displayed in Figure 5A, Figure S5B and Figure S6B, and 

Figure S6C. Consistent with previous observation, the MP with 75% ACN resulted in a higher 
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identification number of glycopeptides compared to the MP with 70% ACN, particularly for 

neutral glycopeptides, suggesting that enhanced hydrophilic interaction is crucial for retaining 

these glycopeptides. There was a clear trend that neutral glycopeptides eluted first, and the 

negatively charged glycopeptides only eluted in the later fractions, demonstrating an ERLIC-mode 

separation mechanism. All M6P and sulfated GPSMs were manually inspected to screen for the 

presence of signature oxonium ions. While M6P glycopeptides commonly generate 

phosphorylated hexose diagnostic ions, the identified sulfated glycopeptides rarely have the 

sulfate-containing diagnostic ions. This might be due to the low sulfate-oxonium ion generation 

rate or low intensity, as observed from the BTG standards. Therefore, we categorized the identified 

sulfated glycopeptides as tentative matches, and further validation is necessary to confirm their 

existence in HeLa cells.  

 Another interesting observation was made during the manual inspection of sulfated 

glycopeptides. We found that several sulfated PSMs actually belonged to M6P peptides, which 

contained the diagnostic phosphorylated oxonium ions at m/z 243.027. Sulfation (SO3, +79.9569) 

and phosphorylation (HPO3, +79.9663) have almost identical mass, making them difficult to 

distinguish by MS. Since glycan phosphorylation was typically considered to occur on high 

mannose glycans,51 only these glycans were included as M6P glycans in the glycan database during 

the search, leading Byonic to mismatch the PSMs to the isobaric sulfated glycopeptides. Although 

previous studies have reported the detection of phosphorylated hybrid glycans in gastric cancer 

cells and human serum,52,53 no study has reported the detection of intact glycopeptides with such 

glycans due to their extremely low abundance.54 Here we successfully identified a glycoprotein, 
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PLOD2 (Uniprot accession: O00469), carrying both phosphorylated high mannose and hybrid 

glycans on site N63. One example PSM is shown in Figure 5B. This protein has been found to be 

overexpressed in different cancers and closely related to a poor prognosis.55 Further investigation 

of its M6P glycosylation may provide deeper insights into its biological roles in disease 

progression. 

Overall, 2255 N-glycopeptides were identified among the eight fractions, including 682 sialyl 

glycopeptides, 144 M6P glycopeptides and 17 tentative sulfated glycopeptides. The total 

glycoproteome coverage was comparable with our previously reported dataset generated by the 

Epoxy-ATP-Ti4+ dual-functional IMAC enrichment approach (see Chapter 3), with a higher 

number of sialyl glycopeptides and M6P glycopeptides identified, highlighting the advantages of 

the VWAX method in mapping these negatively charged glycopeptides. 

Comparison Between WAX and VWAX. The optimized fractionation method was tested on both 

the conventional WAX column and the VWAX column with 200 µg of HeLa tryptic digests. As 

depicted in Figure S7, the VWAX column enriched a considerably higher number of 

glycopeptides in each fraction, exhibiting greater specificity. The difference was more pronounced 

for negatively charged species eluted in the last three fractions. VWAX significantly outperformed 

WAX in enriching sialyl and M6P glycopeptides. Among all sialyl glycopeptides enriched by 

VWAX, 25.2% and 2.9% of them possessed two or three sialic acids, respectively, while only 6.1% 

of sialyl glycopeptides had two sialic acids and no tri-sialylated glycopeptides were detected when 

enriched by WAX. Figure S8 illustrates the distribution of identified peptides with varying 

numbers of Asp and Glu residues for the two methods. With the current MPs, the WAX column 
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may be prone to a higher degree of non-specific binding from peptides containing acidic amino 

acid residues. Using the current MP B, the WAX column is unable to fully neutralize its positive 

charge, thus continuing to retain more acidic targets of interest and resulting in a lower 

glycoproteome coverage.  

Conclusions 

In this work, we introduced new experimental materials for VWAX chromatography, which 

possess the similar binding capacity but neutralizes at lower pH compared to conventional AX 

materials. This allows the use of a pH gradient for elution instead of a high salt concentration 

gradient, enabling MS-compatible, desalt-free sample preparation. We assessed the ERLIC 

properties of the VWAX column and optimized the MPs and gradient for glycopeptide enrichment. 

Glycopeptides were successfully enriched from mixture of tryptic digests from both glycoprotein 

standards and cell lysates. The ERLIC-mode chromatography mechanism not only separated the 

glycopeptides from the bulk of unmodified peptides but also enabled simultaneous separation of 

neutral glycopeptides, sialyl glycopeptides, M6P glycopeptides, and sulfated glycopeptides. 

Detection of these negatively charged glycopeptides was enhanced, thereby improving the 

glycoproteome coverage. Notably, we detected intact M6P glycopeptides with hybrid glycan 

structures from HeLa cell digests, which, to our knowledge, is the first report of such findings in 

complex biological mixtures like cell lysates. VWAX demonstrated considerably higher 

specificity for glycopeptides and facilitated easier elution of glycopeptides with negatively charged 

glycans compared to the conventional WAX column using the optimized mobile phases composed 

of low concentrations of volatile salts. This approach allows for direct sample analysis on MS 
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without the need for desalting, greatly simplifying the experimental workflow and reducing sample 

loss. Collectively, we believe this new material and workflow will serve as a useful tool for 

profiling the glycoproteome from complex biological systems and offer new insights into those 

less-studied glycosylation types. 
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Figures 

Figure 1. Titration curves for the three VWAX materials and a conventional PolyWAX LP 

material, determined by measuring the retention time of salicylic acid under varying pH conditions.  
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Figure 2. Comparison of the separation of peptides with 1, 2 or 3 phosphate groups on a regular 

PolyWAX LP column versus the three VWAX columns, using a salt and pH gradient in either 65% 

ACN or 70% ACN. 
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Figure 3. Number of PSMs identified in each fraction from bovine fetuin in (A) 80% ACN and 

(B) 70% ACN; and from BTG in (C) 80% ACN and (D) 70% ACN. 
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Figure 4. Number of PSMs identified in each fraction from BTG in (A) 70% ACN and (B) 75% 

ACN. (C) Representative PSM of a sulfated glycopeptide from BTG, as identified by Byonic. The 

tentative glycan structure is illustrated based on its glycan composition. Sulfate-containing 

diagnostic oxonium ion is highlighted in red. 
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Figure 5. (A) Number of glycopeptides identified in each fraction from HeLa cell digests enriched 

by VWAX in 75% ACN. (B) Representative PSM of an M6P glycopeptide featuring a hybrid 

glycan, as identified by Byonic. The tentative glycan structure is illustrated based on its glycan 

composition. Phospho-containing diagnostic oxonium ion is highlighted in yellow. 
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Experimental Section.  

LC-MS/MS analysis. Bovine fetuin and BTG samples were analyzed on an Q Exactive mass 

spectrometer (Thermo Fisher Scientific, San Jose, CA) coupled with a Waters nanoAcquity UPLC 

(Milford, MA). Binary buffers (A, 0.1% FA; B, 100% ACN, 0.1%FA) were used in LC and the 

linear gradient was from 3 to 75% B for 60 min. MS survey scans of peptides were acquired from 

300 to 2000 m/z at a resolution of 70K, using an AGC target setting of 1E6 and a maximum 

injection time of 50 ms. For MS2 scan, the top 15 precursor ions were selected for fragmentation 

by stepped higher-energy collision dissociation (HCD) with normalized collision energy (NCE) of 

25 ± 5%. The MS2 data acquisition was performed at a resolution of 70K, an isolation width of 

0.9 Da, a lower mass limit of m/z 110, an AGC target of 2E5, and an IT of 100 ms.  
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Figure S1. Chromatograms of 50 µg of glycoprotein standard digests separated by VWAX: (A) 

Bovine fetuin using MP A containing 80% ACN; (B) Bovine fetuin using MP A containing 70% 

ACN; (C) BTG separated by VWAX using MP A containing 80% ACN; and (D) BTG separated 

by VWAX using MP A containing 70% ACN. 
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Figure S2. Number of peptides with varying number of Asp and Glu amino acid residues 

identified in each fraction of bovine fetuin enriched in (A) 80% ACN and (B) 70% ACN.  
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Figure S3. Chromatograms of 50 µg of BTG digests separated by VWAX using MP A containing 

80% ACN. (B) Number of PSMs identified in each fraction. 
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Figure S4. Chromatograms of 50 µg of BTG digests separated by VWAX using MP A containing 

(A) 70% ACN and (B) 75% ACN. The total number of identified glycopeptides among all fractions 

enriched by (C) 70% ACN and (D) 75% ACN. 
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Figure S5. (A) Chromatogram of 200 µg of HeLa cell digests separated by VWAX using MP A 

containing 75% ACN. (B) The total number of identified glycopeptides among all fractions. 
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Figure S6. (A) Chromatogram of 200 µg of HeLa cell digests separated by VWAX using MP A 

containing 70% ACN. (B) The total number of identified glycopeptides among all fractions. (C) 

Number of glycopeptides identified in each fraction. 
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Figure S7. Chromatograms of 200 µg of HeLa cell digests separated by (A) VWAX and (B) WAX 

using MP A containing 75% ACN. Number of glycopeptides identified in each fraction enriched 

by (C) VWAX and (D) WAX. 
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Figure S8. Number of peptides with varying number of Asp and Glu amino acid residues identified 

in each fraction of HeLa cell digests enriched by (A) VWAX and (B) WAX.
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 In-Depth Site-Specific O-Glycosylation Analysis of Glycoproteins 

and Endogenous Peptides in Cerebrospinal Fluid (CSF) from 

Healthy Individuals, Mild Cognitive Impairment (MCI), and 

Alzheimer’s Disease (AD) Patients 
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Abstract 

Site-specific O-glycoproteome mapping in complex biological systems provides a molecular basis 

for understanding the structure-function relationships of glycoproteins and their roles in 

physiological and pathological processes. Previous O-glycoproteome analysis in cerebrospinal 

fluid (CSF) focused on sialylated glycoforms, while missing information on other glycosylation 

types. In order to achieve an unbiased O-glycosylation profiling, we developed an integrated 

strategy combining universal boronic acid enrichment, high-pH fractionation, and electron-

transfer and higher-energy collision dissociation (EThcD) for enhanced intact O-glycopeptide 

analysis. We applied this strategy to analyze the O-glycoproteome in CSF, resulting in the 

identification of 308 O-glycopeptides from 110 O-glycoproteins, covering both sialylated and 

nonsialylated glycoforms. To our knowledge, this is the largest data set of O-glycoproteins and O-

glycosites reported for CSF to date. We also developed a peptidomics workflow that utilized the 

EThcD and a three-step database searching strategy for comprehensive PTM analysis of 

endogenous peptides including N-glycosylation, O-glycosylation and other common peptide 

PTMs. Interestingly, among the 1411 endogenous peptides identified, 89 were O-glycosylated and 

only one N-glycosylated peptide was found, indicating that CSF endogenous peptides were 

predominantly O-glycosylated. Analyses of the O-glycoproteome and endogenous peptidome 

PTM were also conducted in the CSF of MCI and AD patients to provide a landscape of 

glycosylation patterns in different disease states. Our results showed a decreasing trend in 

fucosylation and increasing trend of endogenous peptide O-glycosylation, which may play an 

important role in AD progression.  
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Introduction 

Human cerebrospinal fluid (CSF) is predominantly produced in choroid plexuses, circulates 

within the ventricles of the brain, and surrounds the brain and spinal cord.1 The functional role of 

CSF includes mechanical protection of the central nervous system (CNS), homeostasis of the 

interstitial fluid in the brain, and regulation of neuronal functioning.2,3 Through direct contact with 

CNS, the CSF reflects the ongoing physiological or pathological state of CNS.4,5 Metabolites, 

peptides, proteins, enzymes, and hormones in CSF are involved in many biological processes, and 

changes in these compositions are viewed as a sign of pathological alterations in CNS. These 

biological compositional changes provide an opportunity to mine the CSF for biomarker discovery 

in neurological diseases.6 

 As one of the most complicated protein post-translational modifications (PTMs), 

glycosylation serves as a key regulatory mechanism controlling protein folding, molecular 

trafficking, cell adhesion, receptor activation and signal transduction.7–10 Based on the amino acids 

that glycans attach to, glycosylation can be classified into two major categories: N-glycosylation 

and O-glycosylation. Biosynthesis of N-glycosylation is initiated by transferring a preassembled 

14 monosaccharide complex glycan to asparagine residue (Asn) within the consensus motif (Asn-

X-Ser/Thr, X≠P) followed by sequential addition or removal of certain monosaccharides in a well-

defined process.11,12 In contrast, O-glycosylation synthesis involves the attachment of a single 

monosaccharide to the serine/threonine (Ser/Thr) residue of a polypeptide without any definable 

peptide consensus motif and subsequent attachment of numerous diverse monosaccharide residues. 
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As a result, a higher degree of site occupancy, structural heterogeneity, and diversity have been 

observed in O-glycosylation. 

O-glycosylation is further categorized into mucin and nonmucin types, according to the 

monosaccharide residue directly linked to polypeptides. The attached monosaccharide residue is 

N-acetylgalactosamine (GalNAc/HexNAc) in the mucin type, whereas the attached residue can be 

N-acetylglucosamine (GlcNAc/HexNAc), fucose (Fuc), galactose (Gal/Hex), mannose, and 

glucose in the nonmucin type.11 Mucin type O-glycosylation on the cell surface and on secreted 

proteins has also been shown to modulate recognition, adhesion, communication between cells, 

and the cell’s surrounding environments.13 As a nutrient- and stress-responsive modification, 

nonmucin type O-GlcNAcylation is extensively involved in the spatiotemporal regulation of 

diverse cellular processes, including transcription, epigenetic modifications and cell signaling 

dynamics.14 Apart from modifying proteins, O-glycosylation can also happen on the endogenous 

peptides, including neurotransmitters and hormones. In fact, it has been well recognized that after 

initial peptidase cleavages, endogenous peptides can undergo further post-translational 

modifications such as amidation, acetylation, phosphorylation, sulfation, and N-/O-glycosylation. 

As an example, it has been reported that there was an extensive N-/O-glycosylation of 

gonadotropin, which is a glycoprotein polypeptide hormone.15 Recently, our group reported O-

glycosylation on mouse insulin-1B and -2B chains and the human insulin-B chain, as well as 

multiple O-glycoforms of signaling peptides.16 We also discovered 14 O-glycosylated 

neuropeptides in the crustacean nervous system.17 These findings highlight the crucial role of O-
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glycosylation on neurotransmitters and peptide hormones, and the necessity to characterize the 

glycosylation state of endogenous peptides. 

 Though the CSF proteome and endogenous peptidome have been extensively characterized, 

there are only a few reports on CSF O-glycosylation. One study reported 39 O-glycopeptides from 

22 CSF O-glycoproteins,18 and another study identified 43 O-glycopeptides from 28 CSF O-

glycoproteins.19 By utilizing an enrichment approach based on the oxidation of sialic acid and 

hydrazide chemistry, both studies lost the information on sialic acid and characterized only a subset 

of O-glycoproteome. As a result, the current O-glycoproteome depth of human CSF is rather 

limited, hindering the design of studies to explore more disease-related O-glycosylation alterations. 

On the other hand, CSF is a valuable source for studying neurodegenerative diseases, with previous 

studies exploring O-glycosylation changes in CSF samples from Alzheimer’s disease (AD) 

patients. However, they are generally targeted at some well-known glycoproteins such as amyloid 

precursor protein (APP) or apolipoprotein E (APOE).20,21 A comprehensive study at a system-wide 

scale used to explore the O-glycosylation changes in the AD state is still needed. For the 

endogenous peptidome study in CSF, one study identified 730 endogenous peptides, including 138 

peptides with PTMs such as acetylation, amidation, phosphorylation, and Gln to pyro-Glu 

conversion.22 However, none of the identified peptides were reported to be glycosylated. In another 

study with 563 endogenous peptides identified, the presence of glycan oxonium ions was observed 

in some spectra, and 28 O-glycopeptides were eventually identified with lower collision energy 

during fragmentation.23 Nonetheless, only two O-glycan compositions were found. It is highly 

possible that there are many more O-glycosylated endogenous peptides undiscovered. Therefore, 
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an approach with a glycosylation-centered analysis workflow needs to be developed to 

systematically evaluate N-/O- glycosylation on endogenous peptides. 

 In the present study, we optimized the boronic acid-based enrichment strategy to efficiently 

enrich both sialylated and nonsialylated O-glycopeptides. High-pH (HpH) fractionation was 

performed to further improve O-glycoproteome coverage. With EThcD fragmentation, site-

specific information was obtained for intact O-glycopeptide characterization. The optimized 

approach was then applied to O-glycoproteome analysis in CSF from healthy individuals, mild 

cognitive impairment (MCI) and AD patients. For endogenous peptide analysis, we developed a 

peptidomics workflow that combined CSF endogenous peptide extraction by 10 kDa molecular 

weight cutoff (MWCO), EThcD fragmentation, and a three-step database searching strategy for 

comprehensive PTM analysis. This workflow was further adopted to study the endogenous CSF 

peptides in MCI and AD patients. Overall, we believe that the developed analytical strategies in 

this study are readily applicable for site-specific O-glycosylation analysis of both glycoproteins 

and endogenous peptides in other complex biological systems. 

Results and Discussion 

Optimization of Boronic Acid Enrichment Strategy for O-Glycoproteomic Analysis. To avoid 

the interference of highly abundant nonglycosylated peptides, enrichment is a key step to enhance 

glycopeptide detection. Common enrichment techniques include lectin affinity enrichment 

chromatography and hydrophilic interaction liquid chromatography (HILIC).24 However, each 

enrichment method possesses inherent limitations. Lectin only enriches specific types of glycans, 

while HILIC-based methods usually suffer from interference from many hydrophilic non-
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glycopeptides and is also complicated by the difference in hydrophilicity  between O-

glycopeptides and N-glycopeptides.25 Instead, boronic acid enrichment is a more universal method 

for enriching both N-glycopeptides and O-glycopeptides because the cis-diol groups on glycans 

can react with boronic acids to form a reversible covalent bond. This can later be released under 

acidic conditions without any side effects.26,27 Despite its application to a large-scale N-

glycoproteome study28 and a small-scale analysis of O-GlcNAcylation,29 boronic acid enrichment 

has not yet been used for comprehensive O-glycoproteome analysis of complex biological samples. 

Here, we used a phenylboronic acid (PBA) solid phase extraction cartridge to extract the O-

glycopeptides from complex tryptic digests. PNGase F was first used to remove the N-glycans to 

avoid interference from N-glycopeptides during enrichment and MS detection of O-glycopeptides. 

Starting from 200 µg of tryptic peptides from PANC1 cells, a total of 213 intact O-glycopeptides 

were identified right after enrichment in three technical replicates, and 100 O-glycopeptides could 

be identified in a single replicate on average (Figure 1a and 1c). To minimize the interference 

from coenriched nonglycosylated peptides, we performed off-line HpH fractionation, which has 

shown high separation orthogonality to low-pH reversed-phase liquid chromatography coupled 

with MS analysis.30 A total of 229 intact O-glycopeptides were identified from seven HpH 

fractions in one replicate, representing nearly 2 times the number of identifications in the direct 

analysis (Figure S1a, Table S2). A closer look at the distribution of the number of O-

glycopeptides among seven fractions showed that O-glycopeptides were mainly in the first four 

fractions (Figure S1b). This could be explained by the hydrophilicity of O-glycopeptides that 

shifts the elution to an earlier time frame on a C18 column. To better utilize instrument time and 
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run more replicates, the first fraction was combined with the last three fractions in another round 

of experiments. It is well-known that two or more technical replicates are needed to get the 

maximum coverage of peptides due to the randomness and stochastic sampling of data-dependent 

analysis (DDA) mode, which is more significant in glycoproteomic analyses.31–33 Therefore, we 

evaluated the glycoproteome coverage within the context of multiple replicates. Among all O-

glycopeptides identified with four repetitive injections, two replicates only yielded less than 60% 

cumulative coverage, and at least three technical replicates were needed to reach a coverage of 

more than 90% of the total identified glycopeptides (Figure 1b). As shown in Figure 1c, 

prefractionation improved the glycoproteome coverage by 4 times compared to direct analysis with 

the same number of replicates. When four replicates were analyzed, the total identification number 

of O-glycopeptide could further reach up to 987, representing nearly a 5-fold increase. 

Site-Specific O-Glycoproteome Analysis in CSF. Benefiting from the optimized O-glycopeptide 

enrichment strategy and site-specific information provided by EThcD fragmentation (as discussed 

in the Supplemental Information), we identified 308 intact O-glycopeptides and 292 unique O-

glycoforms from 181 O-glycosites and 110 O-glycoproteins in CSF from healthy individuals, 

which was a large increase compared to previous reports (Figure 2a). Overall, the majority of O-

glycoproteins (72%) carried only a single O-glycosite, 25% carried two or three O-glycosites and 

a low percentage (5%) of glycoproteins were found to have more than four glycosites (Figure 2b). 

There were around 30% O-glycosites identified with more than two O-glycans, demonstrating the 

microheterogeneity of O-glycosylation (Figure 2c). 
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Among different kinds of O-glycoforms, mucin-type core 1 (Galβ1→3GalNAc) is known to 

be the major component of O-glycans.34 In the present study, around 48.3% of O-glycoforms had 

core 1 glycoforms with a large portion of them sialylated (72.9%). This agreed well with the core 

1 O-glycoform percentage in human serum (46.4%) as well as the dominant composition of 

sialylated core 1 glycoforms (~67%), because more than 80% of CSF proteins originated from the 

plasma filtrate and contained a similar glycosylation pattern.35,36 Interestingly, as another capping 

unit to elongate glycan branches, only 5.1% of core 1 O-glycoforms were fucosylated and total 

fucosylated O-glycoforms only accounted for 29.1%, which was much lower than sialylated forms. 

As shown in Figure 2d, the number of O-glycoforms with two sialic acids far exceeded the number 

of O-glycoforms with two fucoses, while the number of O-glycoforms with one or three sialic 

acids/fucoses were similar.  

 Though there is no consensus motif for O-glycosylation, the role of adjacent proline 

residues is extensively studied, as it occurs frequently near the glycosylation site and may facilitate 

the process of protein glycosylation.37–39 Here, we performed a proline frequency analysis of the 

±10 residues surrounding the 181 identified O-glycosites. Though such proline frequency analysis 

results may differ depending on the origins of the O-glycosites data set and different tissues used, 

we did observe that the proline residue exhibited conserved sequence at the –1 and +3 positions in 

CSF (Figure 3a, c), which was consistent with previous global statistical analysis39 and reports in 

CSF.19 We also conducted the proline frequency analysis of the experimentally verified 435 O-

glycosites from Uniprot (2017_12). The results revealed that the highest frequency of proline was 

from –4 to +7 positions, except for the +1 position right next to threonine (Figure 3b, d). The 
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conserved proline frequency was most pronounced at –1 and +3 positions in accordance with our 

findings. This unique conserved sequence information may represent CSF-specific features that 

resulted from various factors including the origins of the glycoproteins, different biosynthesis 

routes of these glycoproteins, glycotransferase enzyme activities, etc. Another CSF-specific 

feature was the higher frequency of glutamic acid (E) adjacent to the O-glycosite, compared with 

the results from the global O-glycosite database, especially at +1 and +2 positions. A previous 

study showed that O-glycosylation was markedly reduced with glutamic acid residue substituted 

at positions –1 and +3, while glutamic acid replacement at +1 and +2 had no such effect.40 This 

may explain a higher frequency of glutamic acid at +1 and +2 positions, compared with other 

positions. 

O-Glycosylation Alteration in MCI and AD. In addition to analyzing CSF from healthy 

individuals, we also applied this strategy to systematically analyze CSF samples from MCI and 

AD patients to obtain global profiles of O-glycosylation in these disease states. In total, 366 O-

glycopeptides mapping to 197 O-glycosites and 128 O-glycoproteins were found in MCI CSF and 

358 O-glycopeptides mapping to 214 O-glycosites and 136 O-glycoproteins were found in AD 

CSF (Table S3). The Venn diagrams demonstrate the diversity and overlap of O-glycosylation at 

these three stages (Figure 4a). 22.8%, 20.9% and 22.1% of unique O-glycopeptides are presented 

in each group, suggesting the necessity to obtain a global profile of the O-glycosylation landscape 

before performing further quantitative O-glycoproteomic study. The overlap of O-glycopeptides, 

O-glycosites and O-glycoprotein between MCI and AD were 27.3%, 30.2% and 39.0%, 

respectively, which was higher than the overlap between healthy vs. MCI and healthy vs. AD. 
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These results indicated certain glycosylation pattern changes during disease progression. To 

highlight more specific features of O-glycosylation patterns at each stage, the percentages of the 

different disease states of glycoforms were compared (Figure 4b, Table S3). Since the core 1 O-

glycoform is the most prevalent glycoform, we compared the core 1 percentage across the three 

states along with their sialylated and fucosylated glycoforms. Most of the percentages were quite 

comparable among three stages with a slight increase in core 1 and sialylated glycoforms. However, 

we observed a trend in decreased global fucosylation during disease progression. This was quite 

interesting because we also found reduced fucosylation patterns in the N-glycosylation study of 

AD CSF.41 Future biological mechanistic investigations may be necessary to reveal the functional 

role of fucosylation in AD pathogenesis and progression.  

Selected Examples of O-Glycoproteins. Among all identified O-glycoproteins, we selected some 

proteins of interest to discuss below. As structural components of lipoprotein particles, 

apolipoproteins play important roles in maintaining their structure and regulating their metabolism 

and enzyme activities. Studies have shown that apolipoproteins are often modified by O-

glycosylation, including apolipoprotein E, A-I, A-II and C-III.42–44 In our study, four 

apolipoproteins, apolipoproteins D, A-I, E, and J were found to be O-glycosylated (Table S4). 

Although N-glycosylation of apolipoprotein D (APOD) has been extensively studied and there are 

many potential O-glycosylation sites (8 serine residues and 10 threonine residues) that exist in its 

protein sequence, O-glycosylation of APOD has not been reported before. In our data sets, APOD 

was found to be O-glycosylated at Thr86. A total of three O-glycoforms were detected at this O-

glycosite, and all of them were fucosylated. In contrast, none of the glycoforms were found in MCI 
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and AD CSF (Figure 5a). Using a lectin-based isolation method, Cubedo et al. reported the O-

glycosylation of serum apolipoprotein A-I, but the exact O-glycosite or O-glycoform information 

was lacking.45 In our study, one glycoform was detected in healthy and MCI CSF at Thr92 and an 

additional glycosite was found in AD CSF at Ser 76 (Figure 5b). For APOE, two O-glycosites at 

Thr36 and Thr212 were found in all three states and one additional glycosite at Ser 215 was found 

in MCI CSF. Over half of the glycoforms were sialylated, and our results suggested a high degree 

of microheterogeneity of glycosylation at Thr 212 (Figure 5c). Despite APOJ having been shown 

to carry several PTMs such as N-glycosylation, ubiquitination and phosphorylation, O-

glycosylation has not been reported before.46–49 In our study, seven glycosites were found among 

three states and only Thr 105 and Ser 210 were glycosylated in all three states (Figure 5d). 

Compared to ApoE, glycosylation on ApoJ showed higher degree of macro-heterogeneity and the 

change in site occupancy may play an important role in AD progression.50 

APP is another protein of interest in AD research, because its aberrant proteolytic processing 

into amyloid β (Aβ) in the brain is an essential step during the pathogenesis of AD and O-

glycosylation is considered to be related to Aβ formation.51 Here, we found that Thr 22 was 

glycosylated at all three states with fucosylated glycoforms, and MCI state had one additional 

glycosite at Thr 667 (Figure 5e), which was one of the previously reported sites.52  

In addition, we observed several interesting cases of O-glycosylation occurring at Thr residues 

of the N-glycosylation Asn-X-Thr consensus motif. These proteins are discussed in detail in the 

Supplemental Information. 
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Strategy for Comprehensive PTM Analysis of CSF Endogenous Peptides. Glycosylation is not 

included as a possible dynamic modification in most peptidomic analyses, because it requires an 

additional glycan database to conduct the search, which requires much larger computational 

capacities. To overcome such limitation, we utilized EThcD to preserve the labile glycosylation 

and PTM-centric Byonic searching engine to enable site-specific glycoprofiling.53 We first tried 

to search the raw data directly by setting all the possible PTMs (glycosylation, phosphorylation, 

acetylation etc.) and then using the whole human protein and glycan databases. However, this 

caused computational issues. A second trial with a “focused” CSF protein database constructed 

based on the literature also did not work for this data set, suggesting that the size of glycan database 

might be too large. Therefore, we developed a 3-step searching strategy (Figure S3) to facilitate 

the search; details can be found in the Experimental Section of the Supplemental Information. The 

key idea of this search method is that a focused protein and glycan database are constructed by the 

first two rounds of searches. These databases will then be used to perform the final round search, 

where all the possible PTMs can be searched all at once. 

For endogenous peptide separation, our lab previously developed a 10 kDa MWCO-based 

protocol to achieve an optimal recovery rate.54,55 Here, we compare this 10 kDa MWCO-based 

protocol with another 30 kDa MWCO-based protocol reported in literature in terms of their 

performance on CSF samples.56 As shown in Figure S4 (Table S5), 10 kDa-based protocol 

outperformed 30 kDa-based protocol in identification numbers of both total peptides and modified 

peptides. Therefore, we adapted the 10 kDa-based protocol to separate CSF samples into peptide 

fraction and protein fraction (Figure S5).  



 

 

144 

CSF Endogenous Peptidome Mapping in Control, MCI, and AD. With an optimized analysis 

strategy, a total of 1411 endogenous peptides were identified in CSF samples from healthy 

individuals (Figure 6a), which was an over 2-fold increase compared to previous reports.22,23 

Benefiting from EThcD fragmentation, labile PTMs including glycosylation and phosphorylation 

are well preserved (Figure S2). In total, 339 endogenous peptides with PTMs were identified, 

indicating that endogenous peptides in CSF went through extensive modifications. Among them, 

89 and 34 peptides were O-glycosylated and phosphorylated, respectively. It is worth noting that 

this work is the first report to show extensive O-glycosylation on CSF endogenous peptides, and 

the number of O-glycosylated peptides exceeded the number of peptides with other PTMs. Overall, 

these O-glycopeptides were derivatized from 27 protein precursors, and 27 O-glycan compositions 

were identified. Interestingly, only one N-glycosylated peptide TNSTFVQALVEHVK from 

precursor protein prosaposin was found with N-glycosite at previously reported Asn215 residue. 

 As a subset of endogenous peptides, neuropeptides are of interest because of their 

involvement in various biological processes such as intercellular signaling molecules.57 By 

referring to the human neuropeptide database NeuroPep,58 276 peptides were identified as 

neuropeptides. More than half of them (178, 64.5%) belonged to chromogranin/secretogranin 

family, followed by ProSAAS (28, 10.1%), NPY (18, 6.5%), VGF (17, 6.2%), opioid (11, 4.0%) 

and 7B2 (7, 2.5%) (Figure S6). A total of 88 were modified, including acetylation, amidation, O-

glycosylation, phosphorylation, and Gln to pyro-Glu conversion. Among the 15 O-glycosylated 

neuropeptides, 14 originated from ProSAAS and one was from secretogranin-1. ProSAAS-derived 

neuropeptides, SAAS, PEN, and LEN, are among the most abundant peptides present in the mouse 
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hypothalamus,59–61 which have been implicated in the regulation of food intake and body 

weight.62,63 We detected two O-glycosylation sites (Thr53, Thr247) in the LEN and SAAS regions 

with 11 O-glycosylated LEN peptides and 3 O-glycosylated SAAS peptides (Table S6). At site 

Thr53, two O-glycoforms with sialylated T-antigen were identified, whereas at site Thr247 three 

O-glycoforms with T-antigen in both sialylated and nonsialylated forms and one nonsialylated Tn-

antigen glycoforms were found. 

 There was a decrease in the number of endogenous peptides in MCI and AD compared 

with healthy individuals. A closer look into the peptide modifications showed that the decrease 

mainly came from the unmodified peptides (Figure 7a, Table S7). A more detailed analysis of 

PTM types revealed that there was a trend of increasing O-glycosylation, Gln→pyro-Glu, 

acetylation, phosphorylation, and a trend for slightly decreased oxidation (Figure 7b). These 

intriguing observations represent a global landscape of endogenous peptidome from control, MCI 

and AD, exhibiting distinct features at different states of AD progression. Further investigation is 

needed to explore the biological function, thier potential roles of these endogenous peptides in AD 

progression, and how each PTM regulates their bioactivities.  

Conclusion 

In summary, we developed an effective workflow to simultaneously analyze site-specific O-

glycoproteome and endogenous peptides with PTMs in CSF. For the O-glycoproteome study, an 

optimized boronic acid enrichment method enhanced site-specific O-glycopeptide analysis. In 

total, 308 intact O-glycopeptides from 182 O-glycosites and 110 O-glycoproteins were identified 

from healthy individuals, representing the largest data set of site-specific O-glycoproteome study 
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in CSF to date, including 154 novel O-glycosites reported for the first time. We also profiled the 

O-glycoproteome in MCI and AD patients. For endogenous peptide study, we developed a 

peptidomics workflow that enabled comprehensive PTM analysis. From this analysis, a 

considerable number of CSF endogenous peptides were O-glycosylated in all three states, while 

only a few notable peptides were N-glycosylated. Although an in-depth glycoproteomic biomarker 

discovery study on individual control, MCI and AD subjects is ideal for biomarker discovery, the 

relatively small size of CSF samples, instrument/labor time, and financial constraints limited these 

experiments in this study. Instead, the samples in each group are pooled to reduce biological 

variation and allow deeper profiling of low-abundance glycoproteins.64 Our findings shed light on 

the CSF O-glycoproteome landscape, dominant glycosylation differences, similarities during AD 

progression, and PTM focused peptidome mapping. Future investigations will be conducted using 

strategies developed here to explore potential O-glycosylated or endogenous proteolytic biomarker 

candidates in a more quantitative manner, such as using 12-plex DiLeu isobaric labeling to analyze 

individual subjects and pinpoint more specific changes of interesting 

glycoprotein(s)/glycosite(s)/glycoform(s).65 

Experimental Section 

Chemicals and Materials. See the Supplemental Information for details. 

CSF Samples. See the Supplemental Information and Table S1 for details. In short, 48 enrollees 

(16 cognitively normal individuals, 16 individuals with MCI and 16 individuals with AD dementia) 

in the Wisconsin Alzheimer’s Disease Research Center (ADRC) participated in this study. The 
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University of Wisconsin Institutional Review Board approved all study procedures. CSF aliquots 

from 16 individuals of each group were pooled together for analysis. 

Sample Processing and Protein Digestion. Details of PANC1 cell culture, protein extraction and 

digestion, and CSF sample processing were provided in the Supplemental Information. Briefly, 

the CSF sample was separated into a peptide fraction and a protein fraction using 10 kDa MWCO 

protocol. The peptide fraction was injected for LC-MS/MS analysis after desalting. The protein 

fraction was reduced, alkylated, and digested with trypsin. N-glycans were removed by PNGase F 

before O-glycopeptide enrichment. 

Boronic acid enrichment. See the Supplemental Information for details. 

LC-MS/MS Analysis. Details of LC-MS/MS data acquisition are provided in the Supplemental 

Information. Briefly, samples were analyzed on the Orbitrap Fusion™ Lumos™ Tribrid™ Mass 

Spectrometer (Thermo Fisher Scientific, San Jose, CA) coupled to a Dionex UPLC system. Data 

were acquired in data dependent acquisition (DDA) mode with EThcD fragmentation. 

Data Analysis. All data were searched by Byonic (version 2.9.38, Protein Metrics Inc., San Carlos, 

CA) incorporated in Proteome Discoverer 2.1. Details of search parameters, databases, and 

postsearch processing were provided in the Supplemental Information. Data are available at Mass 

Spectrometry Interactive Virtual Environment (https://massive.ucsd.edu) with deposit ID of 

MSV000087160. 
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Figures 

 

Figure 1. Boronic acid enrichment optimization. a) Comparison of O-glycoproteome coverage 

between direct analysis and prefractionation with four fractions. (F: fractions); b) The effects of 

technical replicates on the overall coverage; c) Comparison of O-glycoproteome coverage between 

direct analysis, prefractionation with three technical replicates and prefractionation with four 

technical replicates.  



 

 

156 

 

Figure 2. a) The O-glycoproteome mapping in CSF from healthy individuals. b) The distribution 

of the number of O-glycosites per O-glycoproteins. c) The distribution of the number of O-

glycoforms per O-glycosite. d) Number of O-glycoforms with 1, 2 or 3 sialic acid or fucose 

residues. 
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Figure 3. Weblogo probability plots and proline frequency analysis. a) Weblogo plot for 181 

identified O-glycosites in the current study. b) Weblogo plot for 435 O-glycosites from Uniprot. 

c) Proline frequency analysis of 181 identified O-glycosites in the current study. d) Proline 

frequency analysis of 435 O-glycosites from Uniprot. ±10 amino acid residues surrounding the O-

glycosite were analyzed.  
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Figure 4. O-glycoproteome comparison between control, MCI, and AD. a) Venn diagram analysis 

of total O-glycoproteome in control, MCI, and AD. b) Comparison of distribution of different 

types of O-glycoforms in control, MCI, and AD.  
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Figure 5. Site-specific O-glycosylation analysis for a) apolipoprotein D, b) apolipoprotein A-I, c) 

apolipoprotein E, d) apolipoprotein J (clusterin), and e) amyloid-beta precursor protein (APP) in 

control, MCI, and AD. 
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Figure 6. Endogenous peptidome coverage in CSF from healthy individuals. a) The number of 

endogenous peptides and neuropeptides identified with/without PTMs. b) The number of 

endogenous peptides and neuropeptides with different PTMs. 
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Figure 7. Endogenous peptidome comparison among control, MCI, and AD. a) The number of 

endogenous peptides identified with/without PTMs. b) The comparison of the percentage of 

endogenous peptides with different PTMs identified in control, MCI, and AD. 
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Supplemental Results and Discussion 

Site-specific O-glycopeptide characterization enabled by EThcD. Among the various 

analytical techniques developed to advance the MS-based intact O-glycopeptide analysis, one 

focus is the fragmentation technique. The commonly used HCD fragmentation generates B/Y ions 

and abundant oxonium ions for glycan identification and b/y ions for peptide sequence information, 

but it does not provide much information for glycosite localization. On the other hand, c/z ions 

produced in ETD-MS/MS provide information on the glycosylation site and the peptide identity, 

but the abundant unreacted and charge reduced precursors hamper its performance and glycan 

fragments B/Y ions cannot be obtained in this mode. To take advantage of both modes, the “hybrid” 

dissociation method electron-transfer and higher-energy collision dissociation (EThcD), 

introduced by Heck and co-workers1 has shown great potential for O-glycopeptide analysis. 

EThcD can produce rich fragment ion information for glycan moiety, peptide backbone and 

glycosylation site identification in one spectrum, which enables site-specific O-glycopeptide 

analysis.2–6  

 As an example, EThcD spectrum of the identified O-glycopeptide 

VHENENIGTTEPGEHQEAK is shown in Figure S2a. The O-glycan composition of 

HexNAcHexNeuAc, a sialylated Tf antigen, was assigned through the signature oxonium ions 

including 138.06 (HexNAc-2H2O-CH2O), 168.06 (HexNAc-2H2O), 186.08 (HexNAc-H2O) and 

204.09 (HexNAc), 274.05 (NeuAc-18), 292.11 (NeuAc), HexNAcHex (366.14), and 

HexNAcHexNeuAc (657.23). The peptide sequence VHENENIGTTEPGEHQEAK were deduced 

based on the rich backbone fragments b/y ions and c/z ions. The c2−c10 ions enabled unambiguous 
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localization of the glycan at 9th threonine other than 10th threonine, which agreed well with 

previous reports.7,8 Similarly, the O-glycosite of an endogenous O-glycopeptide 

AAVGTSAAPVPSDNH with 3 potential O-glycosites (5th T, 6th S, 12th S), was also 

unambiguously localized at the 6th serine residue using the c3-c7 ions (Figure S2b). This O-

glycopeptide originates from Apolipoprotein E, and the O-glycosite at 6th serine has been 

tentatively identified and reported as a novel O-glycosite in the previous study.7 Although the 

author narrowed down the O-glycosite to the 5th threonine and 6th serine, the precise location could 

not be assigned due to a lack of informative fragments generated by electron-capture dissociation 

(ECD). Furthermore, limited by the enrichment method used in their study, the sialylation 

information of the O-glycan was lost. The EThcD spectrum in the current study not only helped 

us to precisely pinpoint this novel O-glycosite, but also allowed explicit assignment of the O-

glycan composition with sialic acid structure fully preserved. In addition, labile phosphorylation 

was preserved as well benefitting from EThcD. As shown in Figure S2c, along with other b/y, c/z 

ions and 98 Da neutral loss, the detection of c4 and c5 ions helped us unambiguously localize the 

phosphorylation site at the 5th serine residue of an endogenous phosphorylated peptide 

VDPKSKEEDKH. 

Selected examples of O-glycoproteins. In a previous CSF O-glycoproteome study, Halim et al. 

discussed the presence of O-glycosylation happened at Thr residues of the N-glycosylation Asn-

X-Ser/Thr consensus motif.8 This simultaneous occurrence of N- and O-glycosylation on this motif 

indicated that a preformed N-glycan structure might not necessarily prevent the polypeptide 

GalNAc transferase from interacting with its substrate. In our data set, we also found several O-
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glycopeptides containing this special O-glycosylation site. For example, the GNLTGAPGQR 

peptide from endothelin B receptor-like protein 2 (ETBR2) was O-glycosylated at the 4th Thr 

residue, and the 2nd asparagine (Asn) underwent deamination (Table S4). The deamidation of Asn 

residue was a sign of previous N-glycosylation since enzyme PNGase F was used in our study to 

first remove N-glycans. This finding was supported by the sequence analysis that this Asn residue 

was in the Asn-X-Ser/Thr N-glycosylation consensus motif and its annotation as a N-glycosylation 

site in Uniprot. Our previous CSF N-glycoproteome study also confidently identified the 2nd Asn 

residue of the GNLTGAPGQR peptide as N-glycosite.9 Our results not only agreed with previous 

literature,8 but also enabled identification of the intact O-glycan compositions as HexNAc(2)Hex(2) 

and HexNAc(2)Hex(2)Fuc(1)NeuAc(1). A second example was the O-glycopeptide LPTTVLNATAK 

from protein YIPF3, with O-glycosylation at the 9th Thr and deamidation at 7th Asn. Both previous 

reports and our N-glycoproteome study confirmed 7th Asn as a true N-glycosite.8,9 Two sialylated 

O-glycoforms HexNAc(1)Hex(1)NeuAc(1) and HexNAc(1)Hex(1)NeuAc(2) were identified. A third 

example of O-glycosylation within the N-glycosylation consensus motif that has not been reported 

before were the two O-glycopeptides ELPGVCNETMMALWEECK and LANLTQGEDQYYLR 

from Apolipoprotein J (also known as clusterin) (Table S4). The deamidation at Asn residue in 

the two peptide sequences were proven to be N-glycosites.8–11 These O-glycosites were first 

reported in our study due to their glycosylation type. Unlike sialylated ones on other two proteins, 

the O-glycan detected here were nonsialylated forms HexNAc(3)Fuc(1) and HexNAc(6)Hex(5)Fuc(3). 

Such glycoforms are likely to be missed using sialic acid-specific enrichment method, while the 
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boronic acid enrichment method used in our study successfully captured nonsialylated O-

glycoforms. 

Experimental Section 

Chemicals and Materials. Dithiothreitol (DTT), PNGase F, sequencing grade trypsin were from 

Promega (Madison, WI). Optimal LC/MS grade acetonitrile (ACN), methanol (MeOH) and water 

were from Fisher Scientific (Pittsburgh, PA). Tris base, urea (UA), sodium chloride and 

ammonium bicarbonate (ABC) were obtained from Fisher Scientific (Pittsburgh, PA). Formic acid 

(FA), 10% Sodium dodecyl sulfate solution (SDS), trifluoroacetic acid (TFA), and dimethyl 

sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO). C18 OMIX tips and 

Phenylboronic acid (PBA) solid phase extraction cartridges were obtained from Agilent (Santa 

Clara, CA). Microcon filters YM-30 (30 kDa) and amicon Ultra-0.5 mL centrifugal filters (10 kDa) 

were purchased from Merck Millipore (Billerica, MA). PANC-1 pancreatic ductal 

adenocarcinoma cells were from ATCC (Manassas, VA). 

CSF Samples. 48 enrollees in the Wisconsin Alzheimer’s Disease Research Center (ADRC) 

participated in this study. The subjects comprised of 16 cognitively normal individuals who 

enrolled in the Wisconsin ADRC at late middle age, 16 individuals with MCI and 16 individuals 

with AD dementia. Detailed subject information can be found in Table S1. All MCI and AD 

participants were diagnosed via applicable clinical criteria in standardized and multidisciplinary 

consensus conferences.12,13 Cognitive normalcy was determined based on intact cognitive 

performance by a comprehensive battery of neuropsychological tests, lack of functional 

impairment, and absence of neurological or psychiatric conditions that might impair cognition.14,15 

https://www.google.com/search?espv=2&biw=1920&bih=911&q=Billerica+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MKoyLjMtUuIAsUuqqjK0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUA5Ax-ikQAAAA&sa=X&ved=0ahUKEwip9vKZ_dDMAhWp1IMKHTk_Cf4QmxMIiwEoATAP
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CSF was collected by lumbar puncture of individuals under written informed consent. The 

University of Wisconsin Institutional Review Board approved all study procedures. Each enrollee 

provided a signed informed consent form before participation. CSF aliquots from each of the 16 

individuals at each stage were combined into a pool of 1 mL for control, MCI, and AD subjects. 

PANC1 Cell Culture. PANC1 pancreatic ductal adenocarcinoma cells were maintained in 

complete media of DMEM/Ham’s F-12 (1:1) (ATCC) supplemented with 10% fetal bovine serum 

(Hyclone) and 1% antibiotic-antimycotic solution (Cellgro). Cell culture flasks were incubated in 

the incubator containing 5% CO2 and 98% humidity. Cells were harvested once 80% confluence 

was achieved, and cells with a maximum of 15 passages were used. Cell pellets were washed twice 

with phosphate-buffered saline, flash frozen in dry ice, and stored at –80 °C. 

Protein Extraction and Sigestion of PANC1 Cells. Protein extraction and trypsin digestion was 

performed based on previously reported filter-aided sample preparation (FASP) protocol16 with 

some modifications. Cell pellets were lysed by sonication in lysis buffer (4% SDS, 100 mM 

Tris/Base pH 8.0). Bicinchoninic acid assay (BCA assay) was conducted to determine the protein 

concentration and 200 µg proteins were aliquoted. Disulfide bond reduction was performed with 

DTT at final concentration of 0.1 M at 95 oC for 3 min. 200 μL UA buffer (8 M UA in 100 mM 

Tris/Base) was added and sample solution was then transferred onto the 30 kDa filter. The filter 

was centrifuged at 14, 000g for 15 min. Another 200 μL of UA buffer was added to the sample 

and centrifuged again. 100 μL of IAA buffer (0.05 M IAA in UA buffer) was added onto the filter, 

followed by gentle swirl and incubation in darkness for 20 min. The filter was centrifuged at 14, 

000g for 10 min. 100 μL more of UA buffer was added onto the filter and centrifuged. This step 
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was repeated for two more times to completely remove SDS. 100 μL of ABC buffer (50 mM) was 

added onto the filter and centrifuged at 14, 000g for 15 min. This step was repeated for two more 

times. All the centrifugation was done at 20 oC. Then 10 μL of trypsin and 40 μL of ABC buffer 

was added onto the filter, which was then incubated at 37 oC for 18h. After incubation, the filter 

was transferred to a fresh collection vial and centrifuged at 14, 000g for 10min. 50 μL 0.5 M NaCl 

solution was added onto the filter and centrifuged at 14, 000g for 10min for two times. TFA was 

added to make final concentration at 0.25%. Samples were desalted using a SepPak C18 SPE 

cartridge (Waters, Milford, MA). 

CSF Sample Processing. The CSF sample was separated into a peptide fraction and a protein 

fraction using 10 kDa molecular weight cutoff (MWCO) following the previous protocol.17,18 The 

peptide fraction was injected for LC-MS/MS analysis after desalting with SepPak C18 SPE 

cartridge (Waters, Milford, MA). The protein fraction was dissolved in 8 M urea, reduced (5 mM 

DTT, 1 h at room temperature) and alkylated (15 mM IAA, 30 min at room temperature in the 

dark). Alkylation was quenched by incubation in 9 mM DTT at room temperature. Samples were 

diluted with 50 mM Tris buffer to make urea concentration below 1 M. Trypsin was added at a 

1:50 (w/w) ratio and incubated for 18 h at 37 °C. Digestion was quenched by adding TFA to a 

final concentration of 0.3%. Finally, the samples were desalted on a C18 SepPak cartridge and 

dried under vacuum. Tryptic peptides were incubated with PNGase F to remove N-glycans to avoid 

interference with O-glycosylated peptide detection. Salts and released N-glycans were removed 

by C18 SepPak cartridge desalting. 
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Boronic Acid Enrichment. Boronic acid enrichment was conducted according to a previously 

reported protocol with slight modifications.13 PBA cartridges were first conditioned with 1 mL of 

anhydrous DMSO for 3 times. Tryptic peptides were dissolved in 35μL DMSO, loaded onto the 

cartridge, and incubated in 37 oC for 2 h with both ends of the cartridge sealed. Unbound peptides 

were washed away with 1 mL anhydrous ACN for 3 times. The O-glycopeptides were eluted twice 

through incubation in 600μL 0.1% TFA at 37℃ for 1 h. The enriched O-glycopeptides were dried 

down under vacuum and stored under –80 °C before analysis.  

High-pH Fractionation. Enriched O-glycopeptides were fractionated using a C18 reversed-phase 

column (2.1 × 150 mm, 5 µm, 100 Å) operating at 0.3 mL/min in high-pH mode. Samples were 

first reconstituted in 100 µL of 10 mM ammonium formate at pH 10 (mobile phase A). Mobile 

phase B consisted of 90% CAN and 10 mM ammonium formate at pH=10. O-glycopeptides were 

eluted with a gradient as follows: 1 % A (0–3 min), 1-35% (3–50 min), 35–0% (50–54 min), 60–

70% (54–58 min), and 70–100 % (58–59 min). Seven fractions were collected from 4 min to 62 

min and dried down under vacuum. 

LC-MS/MS Analysis. After dissolved in 0.1% FA (mobile phase A), samples were analyzed on 

the Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer (Thermo Fisher Scientific, San Jose, 

CA) coupled to a Dionex UPLC system. Mobile phase B consisted of 0.1% FA in ACN. Peptides 

were loaded and separated on a 75 μm x 15 cm homemade column packed with 1.7 μm, 150 Å, 

BEH C18 material obtained from a Waters UPLC column (part no. 186004661). The LC gradient 

was set as follows, 3%–30% A (18–98min), 30%–75% A (100–108 min) and 75%–95% A (108–

118min). The mass spectrometer was operated in data dependent acquisition (DDA) mode. An 
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MS1 scan was acquired from m/z 400–1800 (120,000 resolution, 4e5 AGC, 100 ms injection time) 

followed by EThcD MS/MS acquisition of the precursors with the highest charge states in an order 

of intensity and detection in the Orbitrap (60,000 resolution, 3e5 AGC, 100 ms injection time). 

EThcD was performed with optimized user defined charge dependent reaction time (2+ 50 ms; 3+ 

20 ms; 4+ 20 ms; 5+ 20ms; 6 + 9 ms; 7+; 9 ms; 8+ 9ms) supplemented by 33% HCD activation. 

Data analysis. All raw data files were searched against UniProt homo sapiens reviewed database 

(08.10.2016, 20, 152 sequences), using PTM-centric search engine Byonic (version 2.9.38, Protein 

Metrics, San Carlos, CA) incorporated in Proteome Discoverer 2.1 (PD 2.1). For O-glycopeptide 

analysis, trypsin was selected as the enzyme and two maximum missed cleavages were allowed. 

Searches were performed with a precursor mass tolerance of 10 ppm and a fragment mass tolerance 

of 0.01 Da. Static modifications consisted of carbamidomethylation of cysteine residues 

(+57.02146 Da). Dynamic modifications consisted of oxidation of methionine residues 

(+15.99492 Da) and deamidation of asparagine and glutamine (+0.98402 Da) as “rare” 

modification. O-glycosylation was set as “common” modification. Two rare modification and one 

common modification were allowed. Human O-glycan database embedded in Byonic containing 

70 entries were used. For FDR control, Byonic default settings were applied that cut the protein 

list after the 20th decoy proteins or at the point in the list at which the protein FDR first reaches 

1%, whichever cut generated more proteins. After that, Byonic estimated the spectrum-level FDR 

of the remaining PSMs to the reported proteins which were typically in the range 0-5%. Only those 

O-glycopeptides with PSMs FDR ≤ 1%, Byonic score > 50 and Delta Mod Score > 40 were 

reported. For endogenous peptides, three consecutive searches were conducted as shown in Figure 
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S1. Searches were performed with a precursor mass error tolerance of 10 ppm and a fragment mass 

error tolerance of 0.01 Da, and unspecific digestion. The 1st search used the whole human proteome 

database. Total “rare” modification was set to 1, and dynamic modifications included oxidation of 

methionine residues (+15.99492 Da), amidation at peptide C-terminus (-0.984016), acetylation at 

peptide N-terminus and lysine, serine (+42.010565), and Gln to pyro-Glu conversion (-17.026549). 

For 2nd search, a focused protein database was built on the protein precursors identified in the first 

search at 1% FDR together with proteins reported in literature.19,20 The 2nd search used the same 

dynamic modification settings as 1st search, except for adding N-glycosylation and O-

glycosylation as “common” modification, with total common modification set as 1. The human 

glycan database containing 182 N-glycans and 70 O-glycans were used. The 2nd search yielded a 

list of identified N-glycans and O-glycans, and these glycans were used to build a focused glycan 

database. For the 3rd search, focused protein database and focused glycan database were used. 

Dimethylation at peptide N-terminus, lysine, arginine (+28.0313), deamidation at asparagine 

(+0.984016), methylation at peptide N-terminus, lysine, arginine, glutamine (14.01565), 

phosphorylation at serine, tyrosine, threonine (+79.966331) were set as dynamic “rare” 

modifications and N-glycosylation and O-glycosylation were set as “common” modification, with 

total common modification set as 1. Only peptides with PSM FDR < 1%, Byonic score > 50 and 

PEP 2D < 0.01 were reported. For endogenous peptides with PTMs, a Delta Mod Score > 40 was 

required. All O-glycosylated endogenous peptide spectra were manually inspected. The peptide 

sequence analysis of glycosylation site-containing peptides was conducted by on-line tool 

Weblogo 3 (http://weblogo.threeplusone.com).21   
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Figure S1. Boronic acid enrichment optimization. a) Comparison of O-glycoproteome coverage 

between direct analysis and prefractionation with 7 HpH fractions. b) Distribution of identified O-

glycopeptides in 7 HpH fractions. 
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Figure S2. Representative EThcD fragmentation spectra of a) O-glycopeptide, b) endogenous O-

glycopeptide, and c) endogenous phosphorylated peptide. 
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Figure S3. The three-step searching strategy for comprehensive PTMs analysis of CSF 

endogenous peptides. 
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Figure S4. Comparison of endogenous peptide identification numbers between 10 kDa MWCO-

based protocol and 30 kDa MWCO-based protocol. 
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Figure S5. The overall workflow for O-glycoproteome and endogenous peptide analysis. 
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Figure S6. Different families of neuropeptides in CSF from healthy individuals. 
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Table S1. Subject information from healthy control, MCI, and AD group. 

Groups 
No. of  

Subjects 

Male,  

No. (%) 

Female,  

No. (%) 

Age,  

mean (SD) 

APOE4  

positive, No. (%) 

Normal Control 16 8 (50%) 8 (50%) 73.0 (5.3) 3 (19%) 

MCI 16 12 (75%) 4 (25%) 75.6 (7.7) 9 (56%) 

AD 16 8 (50%) 8 (50%) 73.2 (8.6) 10 (63%) 

 

Table S2. O-glycopeptides identified using different enrichment strategies. 

https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00932/suppl_file/cb1c00932_si_003.xlsx 

Table S3. O-glycoproteome characterization in control, MCI and AD. 

https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00932/suppl_file/cb1c00932_si_004.xlsx 

Table S4. Selected O-glycoproteins in control, MCI and AD. 

https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00932/suppl_file/cb1c00932_si_005.xlsx 

Table S5. Endogenous peptides identified using 10kDa MWCO and 30kDa MWCO. 

https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00932/suppl_file/cb1c00932_si_006.xlsx 

Table S6. O-glycosylated neuropeptides identified in CSF. 

https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00932/suppl_file/cb1c00932_si_007.xlsx 

Table S7. Endogenous peptides identified in control, MCI and AD. 

https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00932/suppl_file/cb1c00932_si_008.xlsx 

 

 

https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00932/suppl_file/cb1c00932_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00932/suppl_file/cb1c00932_si_004.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00932/suppl_file/cb1c00932_si_005.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00932/suppl_file/cb1c00932_si_006.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00932/suppl_file/cb1c00932_si_007.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00932/suppl_file/cb1c00932_si_008.xlsx
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Chapter 6 

 

Boost-DiLeu: Enhanced Isobaric N,N-Dimethyl Leucine Tagging 

Strategy for Comprehensive Quantitative Glycoproteomic Analysis 
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Abstract  

Intact glycopeptide analysis has been of great interest because it can elucidate glycosylation site 

information and glycan structural composition at the same time. However, mass spectrometry 

(MS)-based glycoproteomic analysis is hindered by the low abundance and poor ionization 

efficiency of glycopeptides. Relatively large amounts of starting materials are needed for the 

enrichment, and this makes the identification and quantification of intact glycopeptides from 

samples with limited quantity more challenging. To overcome these limitations, we developed an 

improved isobaric labeling strategy with an additional boosting channel to enhance N,N-dimethyl 

leucine (DiLeu) tagging-based quantitative glycoproteomic analysis, termed as Boost-DiLeu.  

With the integration of one-tube sample processing workflow and high-pH fractionation, 3514 

quantifiable N-glycopeptides were identified from 30 µg HeLa cell tryptic digests with reliable 

quantification performance. Furthermore, this strategy was applied to human cerebrospinal fluid 

(CSF) samples to differentiate N-glycosylation profiles between Alzheimer’s disease (AD) 

patients and non-AD donors. The results revealed processes and pathways affected by dysregulated 

N-glycosylation in AD, including platelet degranulation, cell adhesion, and extracellular matrix, 

which highlighted the involvement of N-glycosylation aberrations in AD pathogenesis. Moreover, 

weighted gene co-expression network analysis (WGCNA) showed 9 modules of glycopeptides, 

two of which were associated with the AD phenotype. Our results demonstrated the feasibility of 

using this strategy for comprehensive glycoproteomic analysis of size-limited clinical samples. 

Taken together, we developed and optimized a strategy for the enhanced comprehensive 

quantitative intact glycopeptide analysis with DiLeu labeling, showing significant promise for 
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identifying novel therapeutic targets or biomarkers in biological systems with limited sample 

quantity.  

Introduction 

Glycosylation is one of the most common post-translational modifications (PTMs), which is 

involved in many physiological processes including cell signaling, host-pathogen interaction, and 

immune response.1–3 Studies have shown that aberrant glycosylation plays a key role in the 

pathological processes during disease progressions, such as neurodegenerative diseases, diabetes, 

and cancers.4–7 Intact glycopeptide analysis has been of great interest recently because it retains 

information on glycosylation sites while elucidating peptide sequences and glycan structures, 

which enables the investigation of functional effects of heterogeneity across glycoproteome.8 

However, akin to many other PTMs, mass spectrometry (MS)-based glycoproteomic analysis has 

been hindered by the low abundance of glycopeptides among complex protein digests and their 

poor ionization efficiency.9,10  

To overcome these limitations, various enrichment strategies have been developed to separate 

glycopeptides from other non-glycosylated peptides in biological samples before MS analysis.4 

For example, hydrophilic interaction liquid chromatography (HILIC) has been extensively used to 

enrich glycopeptides based on their increased hydrophilicity introduced by glycan moieties.11–13 

However, even utilizing these highly efficient enrichment methods, an in-depth glycoproteomic 

analysis still requires a relatively large amount of starting sample. This drawback particularly 

limits glycoproteomic analysis of precious clinical samples such as pathological tissues and 
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cerebrospinal fluid (CSF), which cannot be expanded in vitro and are often limited in quantities 

for research.14 

On the other hand, insufficient MS signal intensity from low-abundance peptides usually leads 

to low proteome coverage in the LC-MS/MS analysis because the poor-quality MS/MS spectra 

hardly generate confident peptide identifications. Isobaric labeling can be used to enhance MS 

detection sensitivity in the data-dependent acquisition (DDA) mode analysis since the signal 

intensities of precursor ions in the full scan are combined from all labeling channels of the same 

species.13 Abundant peptide backbone fragments and enhanced signal intensities in MS/MS 

facilitate identification while achieving multiplex quantification at the same time. Recent studies 

have taken advantage of isobaric labeling and introduced the concept of a “boosting” (or “carrier”) 

channel, in which a large amount of content-relevant samples is labeled by one channel of the 

isobaric tags and combined with those size-limited samples labeled by the rest channels. The 

combined signal intensity of a given peptide can be greatly amplified, thus enhancing the detection 

of low-abundance peptides, as well as mitigating the impact of sample loss on low-volume samples 

during sample preparation.15,16 Such a strategy has been applied to single-cell proteomics,17,18 

quantification of phosphopeptides,15 phosphotyrosine-containing peptides,16 deglycosylated 

peptides of secreted glycoproteins,19 stable isotope labeling using amino acids in cell culture 

(SILAC)-labeled peptides,20 and low-abundant proteins in thermal proteome profiling (TPP).21 

These studies showed promising features of the boosting approach to increase the proteome 

coverage and enable quantification of low-abundance proteins/peptides simultaneously, which 
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would be especially useful for the PTM analysis of size-limited samples. Nonetheless, such a 

strategy has not been applied to intact glycopeptide analysis yet.  

Our group previously developed N,N-dimethyl leucine (DiLeu) isobaric tags for quantitative 

proteomics analysis, where the amine-reactive group reacted with N-termini and lysine residues 

of peptides similar to tandem mass tags (TMTs)22 and isobaric tags for relative and absolute 

quantification (iTRAQ)23. Compared to these commercially available tags, DiLeu is much more 

cost-effective and can be synthesized in-house readily at high yields.24 It was first designed as a 4-

plex set25 and then has been expanded to 12- and 21-plex by incorporating neutron encoding 

(NeuCode) strategy, which utilized the differences in mass between each isotope of every element, 

arising from their differences in nuclear binding energy.24,26–28 In the 12-plex DiLeu setting, 

reporter ions are grouped into four regions ranging from m/z 115 to m/z 118, and the mass 

difference of adjacent channel is as small as 6 mDa within each region.24 DiLeu tag is well-suited 

for developing a boosting strategy for intact glycopeptides since it has been successfully applied 

to intact glycoproteomic quantification using cell lines and tissue samples in our previous 

studies.11,29 More importantly, it is less likely to be affected by the isotopic impurity “leakage” 

problem reported for 10-plex TMT due to the use of the NeuCode strategy.15 

In this study, we developed a 12-plex DiLeu tag-based boosting strategy (Boost-DiLeu) to 

perform a comprehensive quantitative N-glycoproteomic analysis of size-limited samples (Figure 

1). To further recover glycopeptides from samples of small quantity, we adapted a one-tube 

processing strategy14 for DiLeu labeling, leveraging the benefits of an acid-cleavable detergent, 

RapiGest SF, to circumvent the necessities of sample desalting. The strategy was well established 
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by carefully optimizing the sample-handling processes, boosting-to-study channel (B/S) ratios, and 

instrumental parameters for data acquisition including automatic gain control (AGC) and ion 

injection time. Coupling with HILIC enrichment and high-pH (HpH) reversed-phase liquid 

chromatography (RPLC) fractionation, large-scale global mapping of N-glycoproteome was 

achieved from a small amount of HeLa cell digests. To further demonstrate the feasibility of the 

Boost-DiLeu strategy for size-limited clinical sample analysis, we quantified alterations of the N-

glycoproteomes in CSF between Alzheimer’s disease (AD) patients and non-AD donors. Taken 

together, the Boost-DiLeu strategy not only increased the glycoproteome coverage but also 

enabled accurate and robust quantification, which shed light on future applications to site-specific 

quantitative glycoproteomic studies involving samples of limited availability. 

Experimental Section 

Supplementary Experimental Procedures. Details about chemicals and materials, cell culture, 

sample preparation with the conventional protocol, offline HpH fractionation, global proteomic 

analysis, and expanded data analysis are provided in the Supporting Information. 

HeLa Cell Sample Preparation. In the one-tube sample processing workflow, HeLa cell pellets 

were solubilized in 0.1% (w/v) RapiGest prepared in 100 mM TEAB with 1% (v/v) protease 

inhibitor and phosphatase inhibitor. The mixture was then incubated at 60 oC for 30 min and 

sonicated at 4 oC for 1 min. Lysates were centrifuged at 21000 g at 4 oC for 5 min and the 

supernatant was collected. Protein BCA assay, reduction, alkylation, and trypsin digestion were 

performed in the same way as mentioned in the conventional method. After digestion, peptides 

were dried down in vacuo without acidification and desalting. 
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CSF Sample Preparation. Detailed information on CSF samples is provided in Supplemental 

Information and Table S1. The study was approved by the regional ethics committee at the 

University of Gothenburg. After a BCA protein assay, 30 µg of proteins was aliquoted for each 

study channel. 900 µg of proteins pooled from both AD patients and non-AD donors CSF samples 

at a ratio of 3:5 was used as the boosting channel. The aliquots were dried down in vacuo and 

treated with the one-tube sample preparation approach, as described above. 

DiLeu Labeling. DiLeu tags synthesis and labeling were performed as previously reported.24,29 

DiLeu tags were activated in anhydrous DMF with DMTMM and NMM at 0.6× molar ratios to 

tags. The mixture was vortexed at room temperature for 1h and the supernatant was then added to 

each sample for labeling. After vortexing at room temperature for 2 h, the reaction was quenched 

by adding 5% NH2OH to a final concentration of 0.25%. Each batch of labeled peptides was pooled 

together and dried down in vacuo. 

SAX-HILIC Enrichment. Enrichment of DiLeu-labeled glycopeptides was performed with in-

house-packed strong anion exchange (SAX)-HILIC SPE tips following previous publications with 

minor modification.29,30 Briefly, 3 mg of cotton wool was plugged into a 200 µL empty TopTip, 

which was placed on a 2 mL microcentrifuge tube with an adapter unit. After activation in 1% 

TFA for 15 min, the SAX material was transferred into the cotton-packed TopTip at a beads-to-

peptide ratio of 30:1. The solvent was removed at 200 g for 2 min. The stationary phase was 

conditioned with 300 µL of 1% TFA and loading buffer (80% ACN/1% TFA) three times. The 

DiLeu-labeled sample was dissolved in 300 µL of loading buffer and loaded onto the SAX-cotton 

tip. The tip was centrifuged at 200 g for 2 min and flow-through was reloaded to the SAX-cotton 
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four more times to ensure complete retention. The SAX-cotton tip was washed with 300 µL of 

loading buffer six times, and then eluted with 150µL of 0.1% FA solution three times. Samples 

were dried down in vacuo before direct MS analysis or HpH fractionation. 

LC-MS/MS Analysis. Lyophilized samples reconstituted in 0.1% FA were loaded onto a 15 cm 

length, 75 μm i.d. in-house-packed Bridged Ethylene Hybrid C18 (1.7 μm, 130 Å, Waters) column 

and analyzed on an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific, 

San Jose, CA) interfaced with a Dionex UltiMate 3000 UPLC system (Thermo Fisher Scientific, 

San Jose, CA). Two technical replicates were run for each fraction. For the intact N-glycopeptide 

analysis, binary buffers (A, 0.1% FA; B, 90% ACN, 0.1%FA) were used in LC and the linear 

gradient was from 0 to 30% B for 80 min. MS survey scans of peptides were acquired from 400 to 

2000 m/z at a resolution of 120 K, using an AGC target setting of 4E5 and a maximum injection 

time of 100 ms. For the MS2 scan, a duty cycle of 3s was set in top speed mode. Only spectra with 

a charge state among 2-7 were selected for fragmentation by stepped higher-energy collision 

dissociation (HCD) with a normalized collision energy (NCE) of 30 ± 3%. The MS2 spectra were 

acquired with a resolution of 60 K, a lower mass limit of m/z 110, and a dynamic exclusion of 12 

s with 10 ppm mass tolerance. Different AGC settings and maximum injection times were tested 

for method optimization. All data were acquired in profile mode. 

Data Analysis. Raw files were searched against the UniProt Homo sapiens reviewed database 

(August 2020, 20311 sequences) using the Byonic search engine (version 2.9.38, Protein Metrics 

Inc) embedded within Proteome Discoverer 2.1 (PD 2.1, Thermo Fisher Scientific). Trypsin was 

selected as the enzyme and two maximum missed cleavages were allowed. Searches were 
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performed with a precursor mass tolerance of 15 ppm and a fragment mass tolerance of 0.03 Da. 

Static modifications were specified as carbamidomethylation (+57.02146 Da) on cysteine residues 

and 12-plex DiLeu (+145.12801 Da) on peptide N-terminus and lysine residues. Dynamic 

modifications consisted of the oxidation of methionine residues (+15.99492 Da), deamidation 

(+0.984016 Da) of asparagine and glutamine residues, and N-glycosylation. Oxidation and 

deamidation were set as “rare” modification, and N-glycosylation was set as “common” 

modification. Glycan modifications were searched against a glycan database expanded from the 

Byonic embedded 182 human N-glycan database to include mannose-6-phosphate (M6P) glycans 

consisting of HexNAc (2-4) Hex (3-9) Phospho (1-2) modifications. N-glycopeptides were filtered 

at a 1% peptide FDR, Byonic score >150 and log|Prob| >1. Glycopeptides were exclusively 

categorized into six glycosylation type categories based on the glycan composition identified: (1) 

M6P (containing M6P glycan); (2) both sialylated and fucosylated; (3) sialylated only; (4) 

fucosylated only; (5) complex/hybrid (> 2 HexNAc); (6) oligomannose (2 HexNAc and ≥ 5 Hex), 

and (7) paucimannose (1-2 HexNAc and < 5 Hex). Quantification was performed in PD 2.1 with 

a reporter ion integration tolerance of 10 ppm for the most confident centroid. Reporter ion 

intensities were exported, and isotopic interference correction was performed with a Python script 

according to the previously described equations.24 The reporter ion intensity of each channel was 

normalized by the median to correct systematic biases of 12-plex DiLeu tags via Perseus.31 

Student’s t-test was performed, where significant change was defined by a p-value less than 0.05 

and fold-change over 1.5.31 The MS data have been deposited in the ProteomeXchange Consortium 

via the PRIDE partner repository with the accession code PXD029269.32 
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Results and Discussion 

One-Tube Sample Processing Workflow for DiLeu-Labeled Glycoproteomics. Recently, Wu 

et al introduced a strategy termed Nanogram TMT Processing in One Tube (NanoTPOT) to 

achieve desalt-free isobaric labeling using TMT tags in a single tube.14 An acid-cleavable detergent, 

RapiGest SF, was utilized to eliminate the need for commonly used SDS lysis buffer and urea that 

are detrimental to MS and tag labeling. Here we adapted and optimized this strategy to conduct 

desalting-free DiLeu labeling. To assess the performance of this optimized one-tube DiLeu 

labeling sample processing, the same amounts of HeLa cell pellets were processed both in the 

conventional method and this method as described in the Experimental Section. SDS-PAGE result 

suggested that the trypsin digestion was complete in both methods (Figure S1). In terms of 

proteome coverage, both workflows identified comparable numbers of labeled peptides in global 

proteome analysis (Figure S2A), and 80.1% of proteins identified in one-tube processing 

workflow were also found in the conventional method (Figure S2B). For DiLeu-labeled 

glycoproteomics, the one-tube sample processing method outperformed the conventional one in 

all aspects, including identification of glycopeptide-spectrum matches (GPSMs), unique 

glycopeptides and corresponding glycoproteins (Figure 2A). Among all identified glycoproteins, 

57.1% were found in both methods, while the one-tube processing method recovered 13.8% (35 

out of 254) more unique glycoproteins than the conventional one (Figure 2B, Table S2). The 

excellent performance of the one-tube sample processing method can be attributed to two factors: 

(1) RapiGest is a preferred reagent for handling membrane proteins and the protein precipitation 

step can be omitted since there is no need to remove RapiGest after extraction.33 (2) Avoiding 
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desalting before labeling effectively reduces sample loss, especially for hydrophilic glycopeptides. 

Taken together, the one-tube sample processing strategy is suitable for DiLeu-labeled 

glycoproteomic analysis. 

Evaluation of Boost-DiLeu Strategy. In the Boost-DiLeu strategy, the analysis of small-quantity 

samples labeled with study channels was enhanced by utilizing a boosting channel that contained 

a much larger amount of labeled glycopeptides from analogous biological samples. After being 

pooled together, isobaric labeled glycopeptides from each channel appeared as a single precursor 

ion at the MS1 level, and the existence of boosting channel greatly increased the intensity of the 

precursor ions and facilitated triggering MS2 fragmentation. To validate the design of the Boost-

DiLeu strategy and evaluate the effects of different boosting-channel-to-study-channel (B/S) ratios 

of the sample amount on glycoproteomic coverage and quantification, a series of comparisons 

were performed using HeLa cell tryptic digests prepared with the one-tube sample processing 

workflow. The first three channels (115a,115b, and 116a) in 12-plex DiLeu were set as study 

channels and loaded with 10 µg tryptic peptides respectively. The last channel, DiLeu 118d, was 

selected as the boosting channel to generate different B/S ratios at 30×, 50×, and 100× (Figure 

3A). A control group was prepared at the same time that only consisted of the first three study 

channels. Each group of samples was pooled together after labeling and enriched through HILIC 

before LC-MS/MS analysis. 

DiLeu 118d was selected as the boosting channel because the reporter ion in this channel had 

no interference with other channels. Its -1 isotopic peak (2H to 1H) caused by isotopic impurity 

was at m/z 117.14656, which was 3 mDa away from the DiLeu 12-plex 117c reporter ion at m/z 
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117.14363. Such mass difference can be resolved using high-resolution capability during LC-

MS/MS analysis. Figure 3B displayed the reporter ion signal intensity distribution at a 30× B/S 

ratio. A similar reporter ion intensity distribution in study channels were observed in all groups 

and none of the empty channels had unusually high reporter ion signal, indicating that 118d 

channel successfully served as a boosting channel and avoided the isotopic interference problem 

reported in 10-plex TMT tags,15 which ensured high quantification accuracy and maximum 

multiplexing capacity of DiLeu tags.  

Figure 3C demonstrats the effectiveness of adding a boosting channel, as the quantifiable 

glycopeptides in study channels, which stand for glycopeptides without missing reporter ion 

intensities, increased three times at B/S 30× compared to the control group. As expected, the 

identified number of GPSMs went up from 2132 to 2370 as the B/S ratios increased. However, the 

unique glycopeptide number and the quantifiable glycopeptides dropped as the B/S ratios 

increased. Simultaneously, an increased median coefficient of variations (CV) from 13.41% to 

28.19% (Figure 3D) was observed, which showed a similar trend reported in other studies.15,18 

Since the total number of ions entering the Orbitrap was controlled in each scan, ions from boosting 

channel were likely to occupy more space than those in study channels. At a higher B/S ratio, the 

signal intensity of reporter ions from study channels showed a slightly decreasing trend (Figure 

S3), which could be a result of reporter ion suppression. This negatively affected the quantification 

performance, including more missing values found in 50× and 100× groups and increased CVs. 

The same comparison was also made at three different B/S ratios using samples prepared with the 

conventional method (Figure S4). Despite the lower identification number, a similar trend of fewer 
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quantifiable glycopeptides and a higher median of CVs was observed with the increase of B/S 

ratios, suggesting that 30× boosting ratio was optimal in the aspect of identification and 

quantification accuracy. 

Optimization of Instrument Parameters. When performing MS/MS analysis, the number of 

precursor ions reaching to the orbitrap analyzer is controlled by the AGC setting and maximum 

injection time. These parameters are essential to balance the detection sensitivity and MS2 scan 

rate. For global proteomic analysis, AGC is usually set in the range of 5E4 to 1E5 to improve the 

overall coverage.18 However, such a setting may not be well suited for PTM analysis, especially 

in the case where a large portion of boosting samples are mixed with study samples. Ions from 

boosting samples can fill in the analyzer quickly, thus impairing the detection of signals from study 

channels. To understand the influence of AGC settings on glycoproteome coverage and 

quantification quality, four different AGC settings including 5E3, 3E4, 5E4, and 5E5 were 

compared with DiLeu-labeled HeLa cell tryptic digests with a 30× boosting channel added. The 

maximum injection time was fixed at 200 ms. In general, a higher AGC setting allows more ions 

to accumulate for MS/MS analysis at expense of MS2 scan rate and longer duty cycle time, thus 

affecting proteome coverage.18,34 Such a trend was observed in Figure 4A, where AGC 3E4 

achieved the highest identification numbers of GPSMs, glycopeptides, and quantifiable 

glycopeptides while higher AGC values led to decreasing identification numbers. As reflected in 

Figure 4B, the median injection time increased from 18 ms to 200 ms when increasing AGC. The 

lowest AGC setting 5E3 resulted in significantly poorer glycoproteome coverage, indicating the 

necessity of allowing enough ions to enter the orbitrap for high-quality MS/MS analysis. On the 
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other hand, accumulating more ions improves quantification performance since more ions from 

study channels are allowed to enter the mass analyzer.18,35 Though the reporter ion intensity 

decreased slightly at higher AGC settings due to potential space charge effects36 or preference of 

fragmentation on glycosidic bonds (Figure 4D), the median of CV distribution decreased from 

23.63% to 12.97% (Figure 4C).  

Besides the AGC settings, maximum injection time is another important parameter to control 

the number of ions for MS2 analysis. To determine an optimal setting, two different maximum 

injection time at 200 ms and 300 ms were evaluated with the same B/S ratio of 30× and AGC 

setting of 5E4. As shown in Figure S5A, increased injection time elongated duty cycle time, thus 

resulting in lower identification numbers. In terms of quantification performance, the distribution 

of reporter ion signal intensity (Figure S5B) and CVs (Figure S5C) were almost similar in both 

cases, despite that 200 ms injection time had a slightly lower median of CV of 16.61% than 17.71% 

of 300 ms injection time setting.  

These results clearly demonstrated a trade-off between glycoproteome coverage and 

quantification performance in different AGC settings. Higher AGC improved quantification 

quality at expense of the number of identified glycopeptides. Maximum injection time also had a 

great impact on glycoproteome coverage, while the influence on quantification performance was 

not as significant as AGC settings. To achieve a balance between glycoproteome coverage and 

quantification performance, AGC 3E4 and maximum injection time 200 ms were employed in the 

following experiments for glycoproteomics analysis. 
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Global Glycoproteome Mapping in HeLa Cell Line. HpH provides an additional dimension of 

separation from conventional low-pH RPLC due to its high orthogonality and compatibility with 

direct MS analysis.37 Since the conventional HILIC fractionation based on decreasing ACN 

concentration showed less efficiency for glycopeptide fractionation, HpH fractionation was 

implemented to further boost the glycoproteome coverage in this study.38 Though HpH 

fractionation has been adopted in several PTM analyses to bolster the proteome coverage, 

additional separation requires a sufficient amount of sample to compensate for the potential sample 

loss during the process, and this is usually unsuitable for samples of low quantity.15,39–41 With the 

Boost-DiLeu strategy, a larger amount of boosting sample can serve as a “carrier” sample that 

mitigates the impact of sample loss.42 After HILIC enrichment and HpH fractionation, a total of 

4119 glycopeptides corresponding to 277 proteins were identified from 30 µg HeLa tryptic digest 

peptides labeled in the first three study channels, among which 3514 were quantifiable (Figure 

5A, Table S3). Glycoproteome coverage was expanded by approximately 2.5-fold compared to 

the analyses without HpH fractionation. Figure 5B displays the overlap of glycopeptides identified 

in four fractions, and 29.62%, 15.36%, 17.56%, and 23.64% of glycopeptides were unique in each 

fraction, indicating the high separation efficiency provided by HpH fractionation. Such 

comprehensive intact glycoproteome coverage also enabled the global profiling of site-specific 

micro-heterogeneity of HeLa cell glycosylation, as visualized in Figure 5C. This glycoprotein-

glycan network diagram mapped which glycans (outer nodes, 151 total) modified which proteins 

(inner bar, 277 total). The glycoproteins were sorted based on the different numbers of glycosites, 

and all nodes and edges were colored by the corresponding glycosylation type. Of note, more than 
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half of the glycoproteins had only one glycosylation site, but 79.1% of glycosites have more than 

one glycan. In addition, several glycosylation patterns were observed, such as the prevalence of 

oligomannose glycosylation (44.11% of glycopeptides). Interestingly, 34 out of 151 glycans were 

found to be M6P glycans (a representative MS/MS spectrum shown in Figure S6). Due to the 

negatively charged phosphate group and extremely hydrophilic property, the detection of M6P 

glycopeptides usually suffers from interference by other N-glycopeptides.43 With HpH 

fractionation, M6P glycopeptides were better separated from other glycopeptides so the detection 

sensitivity was enhanced. Along with improved glycoproteome coverage, the Boost-DiLeu 

strategy also presented good quantification performance after HpH fractionation. Figure 5D shows 

that the median intensities of study channels were close to 1:1:1 without any isotopic interference 

from the DiLeu 118d channel. A CV median of 16.75% (Figure 5E) and the average Pearson 

correlation over 0.97 (Figure 5F) among three biological replicates demonstrated the robustness 

and accuracy of quantification of this strategy. 

Site-Specific Quantitative Glycoproteomic Analysis of Human CSF Samples. Through direct 

interchanges with the extracellular fluid of the central nervous system (CNS), CSF can directly 

reflect pathological changes in the CNS, providing the opportunity for biomarker discovery in 

neurological diseases.44–47 However, the analysis of CSF samples is challenging due to the limited 

availability and the relatively low total protein concentration (0.2 - 0.8 mg/mL).48 To address these 

challenges, the Boost-DiLeu strategy was adopted to profile glycoproteomic changes in CSF 

between AD patients and non-AD donors at B/S ratio of 30×. In total, 1321 intact N-glycopeptides 

were identified, and 1172 of them were quantifiable (with at least three valid reporter ion intensities 
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in one group), mapping to 164 glycoproteins and 158 different glycans (Figure S7A, Table S4). 

Figure S7B shows the glycoprotein-glycan network of all quantifiable glycopeptides. Nearly 62% 

of the glycoproteins were observed with only one glycosite, yet 47% of the glycosites were 

modified with more than one glycan. In the meantime, 5% of glycoproteins were found to have 

more than 4 glycosylation sites, suggesting a high degree of heterogeneity in CSF glycosylation. 

Among all quantifiable glycopeptides, 49% and 22% of them were sialylated and fucosylated, and 

the prevalence of these two glycosylation types was also in line with our previously reported label-

free study of N-glycopeptides in CSF samples.39  

Compared to non-AD controls, 18 glycopeptides were found significantly changed, with 9 

upregulated and 9 downregulated by student’s t-test (p-value<0.05) with a fold-change over 1.5 

(Figure 6A, Figure S8A). The corresponding 14 glycoproteins were not observed to display the 

alteration of abundances in parallel global proteomics analysis, suggesting that the dysregulation 

of glycopeptides was likely from the PTM level (Figure S8B). Among these glycopeptides, 13 of 

them were sialylated and 7 were fucosylated, which further emphasized the significance of the two 

types of glycosylation on the pathogenesis of AD.5,49 GO analysis showed that these dysregulated 

glycoproteins were significantly enriched in platelet degranulation, reverse cholesterol transport, 

cell adhesion, and complement activation, which have been reported to be associated with neuronal 

degeneration in AD (Figure S8D).50–53 A majority of dysregulated glycoproteins in AD were 

localized in the extracellular region, in accordance with the fact that CSF is in direct contact with 

the extracellular space of the brain and many N-glycoproteins are secreted proteins (Figure 

S8E).54,55 The protein-protein interaction network indicated that these proteins were mainly related 
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to platelet degranulation and response to elevated platelet cytosolic Ca2+ (Figure S8C). Platelet 

degranulation was reported to play a pivotal role in platelet-mediated amyloid-β (Aβ) 

oligomerization in AD, which is believed to be greatly relevant to disease progression.56,57 

Alterations in calcium homeostasis have been found to be critically implicated in brain aging and 

the neuropathology of AD, and the involvement of glycoproteins with response to elevated platelet 

cytosolic Ca2+ may provide deeper insight into the role of the cytosolic calcium level during the 

progression of AD.58,59 Among these glycoproteins, four upregulated sialyl-glycopeptides were 

observed at two sites of prostaglandin-H2 D-isomerase (PTHDS, Uniprot accession: P41222), a 

protein that is involved in multiple CNS functions and acts as a chaperone for preventing the 

formation of neurotoxic agents such as Aβ fibrils.60 This finding suggests that aberrant sialylation 

on this protein might play a specific role in AD progression through accelerated Aβ aggregation.61  

To further study individual N-glycoproteome organization in CSF and its alterations in AD, 

WGCNA was conducted to construct an N-glycoproteomic network. Nine modules with similar 

expression patterns were grouped via the average linkage hierarchical clustering (Figure 6B). 

Module-trait association analysis was performed to determine the correlation relationships 

between each module eigenglycopeptide and AD-relevant phenotypic traits and other clinical or 

sample characteristics (Figure S9A). Our analysis identified one positively correlated module 

(pink module) and one negatively correlated module (red module) that showed significant 

association with AD status, amyloid-β pathology, total-tau (T-tau), and phospho-tau 181 (P-tau 

181) level. Subsequently, GO enrichment analysis was performed on the two disease-associated 

network modules (Figure 6C, 6D) which uncovered that these two modules were closely 



 

 

200 

associated with brain development and extracellular function. In addition, the top 30 most 

connected hub glycopeptides in the two modules are plotted in Figure S9B and S9C. 

Conclusions 

Herein, we successfully developed a robust and highly sensitive strategy, Boost-DiLeu, for 

enhanced isobaric labeled quantitative intact glycoproteomic analysis. For the first time, we 

incorporated the one-tube sample processing workflow into DiLeu labeling experiments, which 

not only simplified experimental steps but also greatly reduced sample loss and increased proteome 

coverage. During labeling, we utilized a boosting channel consisting of relatively large amounts 

of biological samples analogous to samples of interest to enhance the MS signal, and this further 

increased glycoproteome coverage and ensured quantification performance. A boost/study ratio of 

30× was found to be optimal in both identification and quantification accuracy. MS2 parameters 

including AGC settings and maximum injection times were optimized, and a trade-off between 

glycoproteome coverage and quantification accuracy was observed. As a compromise, 3E4 AGC 

and 200 ms injection time were suggested as a starting point. Additional HpH fractionation after 

conventional HILIC enrichment provided complementary orthogonality in separation, which 

further boosted glycoproteome coverage. As a proof-of-principle experiment, the Boost-DiLeu 

strategy was applied to the site-specific N-glycoproteome analysis of human CSF samples from 

AD patients and non-AD donors. Overall, 1172 quantifiable intact glycopeptides were identified 

from 164 glycoproteins, and 18 glycopeptides were found to be dysregulated. WGCNA revealed 

that two modules of glycopeptides significantly correlated with AD. These results demonstrated 

the feasibility of using this strategy for glycoproteomic analysis of size-limited clinical samples, 
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which would be essential for future biomarker discovery and the development of personalized 

medicine. Notably, while we developed the Boost-DiLeu strategy with the 12-plex DiLeu tag set 

in this study, a similar strategy may also be adapted to the 21-plex DiLeu tags for higher multiplex 

capacity without apparent isotopic interference from the boosting channel.28 Future 

implementation of this strategy could also be extended to other DiLeu-labeled PTM analyses of 

size-limited biological samples, such as phosphorylation and citrullination in clinical specimens. 
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Figures 

  

Figure 1. Workflow of Boost-DiLeu strategy. Proteins from biological samples were extracted, 

enzymatically digested, and labeled through a one-tube sample preparation workflow. DiLeu 118d 

was used as a boosting channel. Samples were pooled after labeling for HILIC enrichment and 

HpH fractionation, followed by the LC-MS/MS analysis. 
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Figure 2. Comparison of sample preparation using conventional and one-tube sample processing. 

(A) Identification number in glycoproteomic analysis. (B) Overlap of glycoproteins by the two 

methods, as shown using the Venn diagram.  
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Figure 3. Comparison of different B/S ratios. (A) Experimental design: first three channels were 

labeled as study channels and DiLeu 118d channel was used as a boosting channel. (B) Reporter 

ion signal intensities at a 30× B/S ratio. (C) Identification number of GPSMs, total glycopeptides 

and quantifiable glycopeptides at different B/S ratios. (D) CV distribution of quantifiable 

glycopeptides.  
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Figure 4. Comparison of different AGC settings. (A) Identification number of GPSMs, total 

glycopeptides, and quantifiable glycopeptides with different AGCs. (B) Distribution of the actual 

ion injection time. (C) CV distribution of quantifiable glycopeptides. (D) Distribution of reporter 

ion signal intensities. 
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Figure 5. Global glycoproteome mapping in HeLa cell line. (A) Identification number of GPSMs, 

total glycopeptides and quantifiable glycopeptides. (B) Overlap of unique glycopeptides identified 

in each fraction. (C) A glycoprotein-glycan network diagram that maps which glycans (outer nodes) 

modify which proteins (inner bar). Glycoproteins are sorted by the number of glycosites. Glycan 

nodes and their linkage to the proteins are colored according to the glycosylation type. (D) 

Distribution of reporter ion signal intensities across 12 channels. (E) CV distribution of 

quantifiable glycopeptides. (F) Pearson correlation of reporter ion intensities between three study 

channels.  
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Figure 6. Site-specific quantitative glycoproteomic analysis of human CSF samples. (A) 18 

aberrant N-glycopeptides in AD CSF samples with site-specific information (*p < 0.05, **p < 0.01, 

and ***p < 0.001). Each glycan structure only represents one possible glycan candidate due to the 

lack of structural information (N: HexNAc, H: Hex, F: fucose, S: NeuAc). (B) WGCNA cluster 

dendrogram of 1172 glycopeptides. Nine modules with similar expression patterns were grouped 

via the average linkage hierarchical clustering. (C) GO analysis of the red module glycopeptides 

clustered in WGCNA dendrogram. (D) GO analysis of the pink module glycopeptides clustered in 

WGCNA dendrogram. 
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Experimental section 

Chemicals and Materials. Dithiothreitol (DTT), sequencing grade trypsin were from Promega 

(Madison, WI). Optimal LC/MS grade solvents, Tris base, urea, and sodium chloride were from 

Fisher Scientific (Pittsburgh, PA). Trifluoroacetic acid (TFA), iodoacetamide (IAA), 

triethylammonium bicarbonate (TEAB), sodium dodecyl sulfate (SDS), N,N-dimethylformamide 

(DMF), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium tetrafluoroborate 

(DMTMM), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St Louis, MO). 

N-methylmorpholine (NMM) was purchased from TCI America (Tokyo, Japan). Oasis HLB 1 cc 

(10 mg) extraction cartridges and RapiGest SF (RapiGest) were purchased from Waters 

Corporation (Milford, MA). Hydroxylamine solution was purchased from Alfa Aesar (Ward Hill, 

MA). Strong anion exchange (SAX) bulk material PolySAX LP (12 µm, 300 Å) and strong cation 

exchange (SCX) spin tips were purchased from PolyLC (Columbia, MD). Empty TopTips were 

from Glygen Corp (Columbia, MD). Protease inhibitor cocktail tablets and phosphatase inhibitor 

cocktail tablets were from Roche (Mannheim, Germany). 

Cell Culture. HeLa cells were cultured in DMEM (Hyclone) supplemented with 10% fetal bovine 

serum (Gibco), 1% penicillin/streptomycin (SigmaAldrich), and incubated at 37 °C in a humidified 

chamber with 5% CO2. Cells were harvested by washing with PBS buffer (Gibco, pH 7.4) 

HeLa Cell Sample Preparation. HeLa cell pellet was lysed in extraction buffer consisting of 50 

mM Tris base (pH 7.4), 4% SDS, 65 mM DTT, 175 mM NaCl, and 1% (v/v) protease and 

phosphatase inhibitor cocktail. Lysates were sonicated with a probe sonicator in an ice water bath 

at 50% power with pulse 5s on 5s off for 12 cycles. Cell lysates were centrifuged at 18000 g for 5 
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min, and the supernatant was collected and poured into ice-cold precipitation buffer (acetone: 

ethanol: acetic acid=50: 50: 0.1). The ratio of lysate to precipitation was 1:5. The precipitation 

went overnight at -20oC. Protein pellets were collected through centrifugation at 18000 g for 10 

min and washed twice with ice-cold precipitation buffer. The pellets were dried in the fume hood 

for 10 min and redissolved in 8M urea/50 mM TEAB buffer (pH 8.0). Protein concentrations were 

measured by a BCA assay kit (Thermo Fisher Scientific, San Jose, CA). Protein extracts were 

reduced with 5 mM DTT at 37 oC for 2h, followed by alkylation with 15 mM IAA at room 

temperature at dark for 30 min. Alkylation was quenched by adding 5 mM DTT for another 10 

min. The urea buffer was diluted to 1.6 M with 50 mM TEAB buffer. The proteins were first 

digested with trypsin at a protein to enzyme ratio at 100:1 and incubated at 37 oC. After 12 h, the 

same amount of trypsin was added again and incubated at 37 oC for another 4 h to make a final 

protein to enzyme ratio of 50:1. The digestion was quenched by adding TFA to a final 

concentration of 1%, and peptides were then desalted by Oasis HLB cartridges. Peptides were 

dried down in vacuo.  

CSF Sample Information. CSF samples were collected by lumbar puncture from five male AD 

patients and five male non-AD donors. The samples were from patients who sought medical advice 

because of cognitive impairment. Patients were designated as AD and non-AD according to CSF 

biomarker levels using cutoffs that are >90% specific for AD1: total-tau (T-tau) >350 pg/mL, 

phospho-tau 181 (P-tau181) >60 pg/mL and Aβ42 <530 pg/mL (2 out 3 positive). None of the 

biochemically normal subjects fulfilled these criteria. Detailed subjects’ information is provided 
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in Table S1. The study was approved by the regional ethics committee at the University of 

Gothenburg. Protein concentration was determined by a BCA protein assay.  

Offline HpH Fractionation. HpH fractionation was performed on a Waters Alliance e2695 HPLC 

using a 150 mm x 2.1 mm, 5mm, 100 Å, C18 column (Phenomenex) operating at 0.2 mL/min. 

Mobile phase A was 10 mM ammonium formate in water (pH 10) and mobile phase B was 10 mM 

ammonium formate in 90% acetonitrile (ACN) (pH 10). Separation was performed with the 

following gradient: 1% B (0–5 min), 1–40% B (5–50 min), 40–60% B (50–54 min), 60–70% B 

(54–58 min), and 70–100% B (58–59 min). Fractions were collected every 4 minutes and 14 

fractions were collected in total. Nonadjacent fractions were concatenated into 4 tubes for MS 

analysis. 

CSF Global Proteomic Analysis. 10 µg proteins were aliquoted for each study channel and 300 

µg proteins pooled from both AD patients and non-AD donors CSF samples at a ratio of 3:5 were 

used as boosting channel. The aliquots were dried down in vacuo and treated with the one-tube 

sample preparation approach. After DiLeu labeling, the samples were pooled and went through 

SCX spin-tip clean-up according to manufacturer’s protocols and HpH fractionation. Samples 

were analyzed on the Orbitrap Q-Exactive HF mass spectrometer (Thermo Fisher Scientific, 

Bremen, Germany) coupled to a Dionex UPLC system. Peptides were separated on BEH C18 

column using a linear gradient from 0% to 30% ACN (0.1% FA). Top 20 precursors were selected 

for MS/MS data acquisition. Survey scans of peptide precursors from m/z 300 to 1500 were 

performed at a resolving power of 120 K and AGC target of 1E6 with a maximum injection time 

of 100 ms. The precursors were fragmented by HCD with NCE of 30 and ± 3% collision energy. 
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Tandem MS acquisition was at resolving power of 60 K, a lower mass limit of 110 m/z, dynamic 

exclusion of 45 s, AGC of 1E5 and maximum injection time of 200 ms. 

Expanded Data Analysis. For global proteomic analysis, raw files were searched by the same 

database and parameters as the glycoproteomic dataset by using Byonic and PD 2.1, except that 

N-glycosylation was not included as a dynamic modification. Proteins were filtered at a 1% protein 

FDR. Gene ontology analysis was conducted using Database for Annotation, Visualization and 

Integrated Discovery (DAVID) version 6.8.2 Protein-protein interaction network was generated by 

Metascape and Cytoscape.3,4 WGCNA algorithm was used for network analysis.5 A total of 1172 

glycopeptides (Table S4) were screened and no outlier samples were excluded. The power of β = 6 

(scale-free R2 = 0.9) was selected as the soft-thresholding parameter to ensure a scale-free network.  

  

https://www.nature.com/articles/s41598-020-69708-2#ref-CR2
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Figure S1. SDS-PAGE of proteins before and after trypsin digestion in two sample preparation 

workflows. 
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Figure S2. Comparison of sample preparation using conventional and one-tube sample processing 

workflow. (A) Identification number in proteomic analysis. (B) Venn diagram showing the overlap 

of identified proteins.
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Figure S3. Distribution of reporter ion signal intensities at different B/S ratios.  
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Figure S4. Comparison of different B/S ratios with the sample prepared in the conventional 

workflow using 4% SDS lysis buffer. (A) Identification number of GPSMs, total glycopeptides 

and quantifiable glycopeptides at different boosting ratios. (B) CV distribution of quantifiable 

glycopeptides. 
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Figure S5. Comparison of different ion injection time (IT) settings. (A) Identification number of 

GPSMs, total glycopeptides and quantifiable glycopeptides with different IT. (B) Distribution of 

reporter ion signal intensities. (C) CV distribution of quantifiable glycopeptides. 
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Figure S6. Representative MS/MS spectrum of an M6P glycopeptide in HeLa Cell digests. The 

peptide is identified as EAINITLDHK with HexNAc(2)Hex(8)Phospho(1) on N4. The existence 

of the M6P glycan is evidenced by the phospho-oxonium ions PhosphoHex at m/z 243, 

PhosphoHex -H2O at m/z 225, and HexPhosphoHex at m/z 405. 
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Figure S7. Site-specific glycoproteomic mapping of human CSF samples. (A) Identification 

number of GPSMs, total glycopeptides and quantifiable glycopeptides. (B) A glycoprotein-glycan 

network maps which glycans (outer nodes) modify which proteins (inner bar). Glycoproteins are 

sorted by the number of glycosites.  
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Figure S8. Site-specific quantitative glycoproteomic analysis of human CSF samples. (A) Volcano 

plot displays dysregulated intact glycopeptides. Student’s t-test, p < 0.05, fold-change > 1.5. (B) 

Volcano plot displays dysregulated proteins in a parallel proteomic analysis. Student’s t-test, p < 

0.05, |fold-change| > 1.5. (C) Protein-protein interaction network of dysregulated glycoproteins in 

AD. (D) GO biological process analysis of dysregulated glycoproteins in AD. (E) GO cellular 

component analysis of dysregulated glycoproteins in AD. 
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Figure S9. Site-specific quantitative glycoproteomic analysis of human CSF samples. (A) 

Identification of disease-relevant glycopeptide modules associated with AD phenotypic traits. 

Module-trait relationships were determined by biweight midcorrelation between module 

eigenglycopeptide expression and the indicated clinical or neuropathological feature. Correlation 

coefficients are indicated on the top of each cell. (B) N-glycopeptide co-regulation network plots 

of AD-associated pink module with top 30 hub glycopeptides. (C) N-glycopeptide co-regulation 

network plots of AD-associated red module with top 30 hub glycopeptides.   
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Table S1. CSF subject information. 

LID-nr age gender T-tau Aβ 

P-tau 

181 AD stage 

DiLeu labeling 

channel 

3382 84 m 667 429 93 AD 115a 

3625 70 m 699 205 82 AD 116a 

3699 75 m 777 382 100 AD 117a 

3751 73 m 625 564 76 AD 117c 

3600 77 m 781 274 94 AD 118c 

3451 73 m 241 996 34 non-AD 116b 

3496 75 m 300 1250 48 non-AD 116c 

3509 67 m 359 744 44 non-AD 117b 

3628 75 m 382 830 58 non-AD 118a 

3594 72 m 152 656 21 non-AD 118b 
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Table S2. Glycoproteins from two sample preparation methods. 

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01773/suppl_file/ac2c01773_si_003.xlsx 

Table S3. Quantifiable glycopeptides in HeLa cells. 

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01773/suppl_file/ac2c01773_si_004.xlsx 

Table S4. Quantifiable glycopeptides in CSF samples. 

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01773/suppl_file/ac2c01773_si_005.xlsx 

Table S5. GO analysis of red and pink modules from WGCNA analysis. 

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01773/suppl_file/ac2c01773_si_006.xlsx 

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01773/suppl_file/ac2c01773_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01773/suppl_file/ac2c01773_si_004.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01773/suppl_file/ac2c01773_si_005.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01773/suppl_file/ac2c01773_si_006.xlsx
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Chapter 7 

 

High-throughput Quantification of Intact Sialylated Glycopeptides 

Enabled by 12-plex SUGAR Isobaric Tags 

 

 

 

 

 

 

 

 

 

Adapted from: Wang, D.#; Li, M.#; Wang, Z.; Huang, J.; Gu, T.-J.; Cui, Y.; Li, L. High-throughput 

Quantification of Intact Sialylated Glycopeptides Enabled by 12-plex SUGAR Isobaric Tags. (To 

be submitted; #co-first authors) Author contribution: study was designed by D.W. under the 

supervision of L.L.; experiment was performed by D.W.; SUGAR tags were synthesized by M.L. 

and Z.W.; data was analyzed by D.W; manuscript was written by D.W. and M.L., and edited by 

J.H., T.G., Y.C., and L.L.  



 

 

233 

Abstract  

Protein sialylation plays a crucial role in many biological processes. The high acidity and number 

of hydroxyl groups in sialic acids have a profound influence on surrounding species. Altered 

expression of sialylated glycoproteins has been associated with many diseases. However, direct 

mass spectrometry (MS) analysis of intact sialylated glycopeptides (SGPs) remains a great 

challenge due to their micro- and macro-heterogeneities, low abundances, and poor ionization 

efficiencies stemming from their negative charges. Furthermore, quantification strategies targeting 

at SGP are also limited. Here we present a high-throughput quantification strategy for intact SGPs 

that combines mild periodate oxidation and 12-plex isobaric multiplex labeling reagents for 

carbonyl-containing compound (SUGAR) tag labeling. The oxidation reaction exclusively 

introduces an aldehyde group to the sialic acid, which can react directly with the SUGAR tag. The 

chemical labeling strategy achieves almost complete reaction efficiency and enhances the 

detection of labeled SGPs. We validated our method using both peptide standards and complex 

tissue samples, demonstrating a promising glycoproteome coverage and excellent quantification 

accuracy. Moreover, we applied this strategy to investigate sialylation alterations in different brain 

regions using Alzheimer's disease (AD) mouse models. Our results revealed dysregulated 

sialylated glycoforms in both cortex and hippocampus regions, with a more distinct down 

regulation trend observed for hippocampus region. Overall, this study provides a robust and highly 

efficient approach for profiling and quantifying site-specific sialylation changes in complex 

biological samples, which is readily applicable to various biological applications. 
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Introduction 

As one of the most common post-translational modifications (PTMs), glycosylation is present 

in most human proteins and plays a vital role in various biological processes such as cellular 

recognition, immune signaling, and host-pathogen interactions.1 Of the various glycosylation 

forms, sialylation is unique where the end of glycans are decorated by the negatively charged sialic 

acids (SAs). SAs are a class of nine-carbon monosaccharides, with 5-N-acetylneuraminic acid 

(Neu5Ac) and 5-N-glycolylneuraminic acid (Neu5Gc) being widely distributed on membrane and 

secreted proteins in vertebrates.2 The high acidity and numerous hydroxyl groups in SAs have a 

profound effect on surrounding species, resulting in partially charge-mediated promotion or 

inhibition of binding between proteins and cells, and high viscosity of highly sialylated surfaces.3–

5 Aberrant expression of SAs can induce pathological changes in various diseases, such as 

inflammatory diseases and cancers.6,7 Therefore, in-depth analysis of protein sialylation is crucial 

for gaining insights into its myriad of functions. 

Sialylation, like other types of glycosylation, exhibits both macro- and microheterogeneity, 

due to its occurrence on multiple glycosites and the presence of multiple glycan structures on the 

same site.8 Previous studies have primarily focused on either glycan structures or glycosites, 

providing only average results of glycans from different glycosites or glycosite occupancies from 

total glycoforms, thereby missing the full picture of sialylation.9,10 In contrast, intact sialylated 

glycopeptides (SGPs) has become a great research target because it contains the information of 

both glycan structure and glycosite, which enables site-specific analysis. Mass spectrometry (MS)-

based proteomics has greatly advanced the characterization of glycoproteins.11 However, the 
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analysis of intact SGPs still faces several obstacles, resulting from the low stoichiometry after 

digestion, and the reduced ionization efficiency due to the negatively charged SAs.4,12 Moreover, 

SAs are labile and can be lost during sample preparation or in-source fragmentation.9 Hence, the 

direct analysis of intact SGPs remains an analytical challenge.  

In recent years, tremendous efforts have been made to enhance MS detection of SGPs, 

particularly through the development of highly efficient enrichment methods prior to LC-MS 

analysis.13 While the traditional enrichment methods including lectin-based affinity 

chromatography and hydrophilic interaction liquid chromatography (HILIC) are still prevalent,13,14 

many novel materials have been developed recently for solid-phase extraction of SGPs based on 

their exclusive interactions.15–20 In addition to physical adsorption, the cis-diol groups within the 

SAs structure offer chemical selectivity. By selective oxidation and derivatization, SGPs can be 

differentiated from the background matrix. This chemical strategy, called “reverse-glycoblotting”, 

has shown outstanding specificity.21–23 

In addition to enrichment and qualitative profiling, quantitative characterization of SGPs takes 

the in-depth analysis a step further. Targeted MS using multiple reaction monitoring (MRM) was 

employed to investigate SGPs in mouse serum long time ago,24 whereas a more sophisticated 

design utilizing mass-defect chemical labeling to guide targeted characterization of SGPs in MS1 

level was reported recently.25 Qin, H. et al achieved site-specific quantification of SGPs and 

identified significant changes in certain glycoforms between hepatocellular carcinoma and control 

samples.26 Our group previously developed a novel chemical labeling strategy to enhance the 

ionization efficiency and fragmentation performance of glycopeptides, which is particularly 
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beneficial for the analysis of SGPs during electron-transfer/higher-energy collision dissociation 

(EThcD), as the charge states of the analytes are elevated and much more abundant c/z ions are 

collected.27 Although these endeavors have made significant contributions to quantitative 

investigations of SGPs, they are mostly limited by sample handing capacity and analysis 

throughput. 

Isobaric labeling is a popular method for achieving high-throughput analysis in MS, as it 

allows for the labeling of the same analytes from different samples with different channels of 

isobaric tags before combining them for LC-MS/MS. Labeled analytes have the same nominal 

mass in full MS but will produce distinct reporter ions in MS2 scan which contains relative 

abundance information.28 Our group previously developed isobaric multiplex reagents for 

carbonyl-containing compound (SUGAR) tag for released glycan analysis.29,30 It was designed as 

a 4-plex set initially and soon extended three times larger, capable of processing 12 samples at one 

time.31 SUGAR tag employs reductive amination chemistry targeting the reducing end of glycans 

and possesses high labeling efficiency. The ionization and fragmentation of glycans were also 

enhanced after SUGAR conjugation.30 We reasoned that these outstanding features could be 

further exploited and would be beneficial to quantitative SGP analysis. 

In this study, we integrated selective chemical oxidation, 12-plex SUGAR tag isobaric 

labeling, and HILIC enrichment to develop a novel high-throughput quantitative method for intact 

SGPs analysis. Specifically, we used mild periodate oxidation to selectively convert the cis-diols 

of SAs on SGPs into aldehyde groups, which could be labeled by 12-plex SUGAR tags 

subsequently. The labeled samples were then equally pooled before HILIC enrichment, followed 



 

 

237 

by LC-MS/MS analysis. Our method was first validated using an SGP standard and further 

evaluated for quantitative accuracy and proteome coverage in analyzing complex samples such as 

bovine fetuin digests and mouse tissues. Finally, we applied our method to quantify SGPs in two 

brain regions of wild-type (WT) and Alzheimer's disease (AD) mouse models, revealing 

dysregulated sialylated glycoforms in both cortex and hippocampus regions, with more distinct 

differences observed for hippocampus region. Overall, our method offers a new and efficient way 

of quantitatively characterizing intact SGPs, which can aid in better understanding their roles in 

complex biological systems. 

Experimental Section 

Chemicals and Materials. Sequencing grade trypsin were from Promega (Madison, WI). Optimal 

LC/MS grade solvents, Tris base, urea, formic acid (FA), acetic acid (AA), ammonium acetate, 

ammonium bicarbonate (ABC), calcium chloride (CaCl2) and sodium chloride (NaCl) were from 

Fisher Scientific (Pittsburgh, PA). Bovine fetuin, trifluoroacetic acid (TFA), Tris(2-carboxyethyl) 

phosphine hydrochloride (TCEP), iodoacetamide (IAA), and sodium cyanoborohydride 

(NaBH3CN) were purchased from Sigma-Aldrich (St Louis, MO). Sodium periodate (NaIO4) was 

obtained from Thermo Scientific Chemicals (Waltham, MA). Sialylglycopeptide (SGP) standard 

was purchased from TCI (Portland, OR). HILIC bulk material PolyHYDROXYETHYL (12 µm, 

300 Å) was purchased from PolyLC (Columbia, MD). Empty TopTips were from Glygen Corp 

(Columbia, MD). Protease inhibitor cocktail tablets and phosphatase inhibitor cocktail tablets were 

from Roche (Mannheim, Germany). Microcon 30kDa molecular weight cut-off (MWCO) filter 

units were purchased from MilliporeSigma (Burlington, MA). 
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Mouse tissue sample preparation. The mouse heart tissue used in this study was collected from 

male adult C57BL/6 mice. The mouse brain tissue was collected from APP/PS1 double transgenic 

mice and their WT littermates. Tissues were lysed in buffer consisting of 8M urea, 50 mM Tris 

(pH 8), 5 mM CaCl2, 20mM NaCl, and 1 EDTA-free Roche protease inhibitor tablet and 1 Roche 

PhosSTOP phosphatase inhibitor tablet with a probe sonicator in ice water bath at 50% power with 

pulse 5s on 5s off for 12 cycles. Tissue homogenates were centrifuged at 14000 ×g for 5 min, after 

which the supernatant was collected. Protein concentrations were measured by a BCA assay kit 

(Thermo Fisher Scientific, San Jose, CA).  

Protein digestion. Protein digestion was performed based on filter-aided sample preparation 

(FASP) protocol with some modifications.32 For standard proteins, 1 mg protein was dissolved in 

500 µL of 50 mM ABC buffer and heat denatured at 95oC for 10 min. Proteins were reduced in 10 

mM TCEP at room temperature for 30 min, followed by alkylation with 20 mM IAA in the dark 

for 30 min. The protein solution was transferred to a 30k MWCO filter unit and centrifuged at 

14000 ×g for 10 min. The filter was washed three times with 250 µL of 50 mM ABC followed by 

centrifugation at 14000 ×g for 20 min each time. The filter was then transferred to a new collection 

tube, and the sample was resuspended with 250 µL of 50 mM ABC and digested with trypsin at a 

protein-to-enzyme ratio of 50:1 at 37 oC for 18 h. The peptide digests were collected by 

centrifugation at 14000 ×g for 10 min, and the process was repeated once with an additional 50 

µL of water. The resulting samples were dried down in vacuo and stored at -80oC for future use. 

Sialic acid oxidation and Sugar Labeling. SUGAR tags were synthesized as described in 

previous publication.31 Peptides were dissolved in 100 mM ammonium acetate (pH 5.5). For 12-
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plex experiment, 0.1 µg of SGP standard was spiked into 100 µg peptide sample as an internal 

standard to minimize variation during sample preparation. Sialic acids were selectively oxidized 

by adding NaIO4 to a final concentration of 5 mM and incubating on ice in the dark for 30 min. 

SUGAR tags were dissolved in MeOH containing 1% FA at a concentration of 10 mg/mL and 

directly added to the peptide sample at a tag-to-peptide ratio of 10:1. The mixture was vortexed at 

room temperature for 10 min, followed by addition of NaBH3CN to a final concentration of 50 

mM. The mixture was vortexed at room temperature for another 30 min to allow for reductive 

amination, after which the reaction was quenched by adding AA to a final concentration of 5% 

(v/v). Labeled peptides was pooled together and dried down in vacuo. 

HILIC Enrichment. Enrichment of unlabeled or SUGAR-labeled glycopeptides was performed 

with in-house packed HILIC SPE tips following previous publications with minor modification.33 

Briefly, a 200 µL empty TopTip was plugged with 3 mg cotton wool and placed on a 2 mL 

microcentrifuge tube with an adapter unit. The HILIC material was activated in 1% TFA for 15 

min and then transferred into the cotton-packed TopTip at a beads-to-peptide ratio of 30:1. After 

removing the solvent at 200 ×g for 2 min, the stationary phase was conditioned with 300 µL 1% 

TFA and loading buffer (80% ACN/1% TFA) for three cycles. The peptides were dissolved in 300 

µL loading buffer and loaded onto the HILIC-cotton tip. The tip was centrifuged at 200 ×g for 2 

min, and the flow-through was reloaded to the HILIC-cotton five more times to ensure complete 

retention. The HILIC-cotton tip was washed six times with 300 µL loading buffer, and then eluted 

with 150 µL 0.1% FA solution three times. Samples were dried down in vacuo before direct MS 

analysis or HpH fractionation (details provided in Supplemental information). 



 

 

240 

LC-MS/MS Analysis. An in-house fabricated nano-C18 column (15 cm length, 75 μm i.d.,) 

packed with Bridged Ethylene Hybrid C18 material (1.7 μm, 130 Å, Waters) was used for sample 

separation. Details of MS analysis of SGP standard and bovine fetuin samples are provided in 

Supplemental information. For mouse tissue samples, lyophilized peptides were reconstituted in 

0.1% FA and analyzed on an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA) coupled with a Dionex UltiMate 3000 UPLC system (Thermo Fisher 

Scientific, San Jose, CA).  The LC was performed with binary buffers consisting of buffer A (0.1% 

FA) and buffer B (90% ACN, 0.1% FA), and a linear gradient from 0% to 30% buffer B was used 

over 80 minutes. MS survey scans were acquired over the range of 400 to 2000 m/z at a resolution 

of 60K, with an AGC target setting of 4E5 and a maximum injection time of 50 ms. For MS2 scan, 

a duty cycle of 3s was set in top speed mode. Only spectra with a charge state among 2-7 were 

selected for fragmentation by stepped higher-energy collision dissociation (HCD) with normalized 

collision energy (NCE) of 30 ± 5%. The MS2 spectra were acquired with a resolution of 60 K, a 

lower mass limit of m/z 110, dynamic exclusion of 12 s with 10 ppm mass tolerance, an isolation 

width of 1 Da, an AGC target of 5E4, and an IT of 200 ms. 

Data Analysis. Raw files were searched against the bovine fetuin protein sequence or the UniProt 

Mus musculus reviewed database (January 2021, 17033 sequences) using Byonic search engine 

(version 4.5.2, Protein Metrics Inc) embedded within Proteome Discoverer 2.5 (PD 2.5, Thermo 

Fisher Scientific). The precursor mass tolerance was set at 10 ppm, and the fragment mass 

tolerance was set at 0.02 Da. Searches were performed with a precursor mass tolerance of 10 ppm 

and a fragment mass tolerance of 0.02 Da. Static modifications were specified as 
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carbamidomethylation (+57.02146 Da) on cysteine residues. Dynamic modifications included 

oxidation of methionine residues (+15.99492 Da, rare 2), and N-glycosylation (common 1). For 

the bovine fetuin samples, glycan modifications were searched against a glycan database in Table 

S1 as reported in previous literature.25,34 For mouse tissue samples, the glycan modifications were 

searched against the Byonic embedded 309 mammalian N-glycan database. The sialic acid 

containing glycans were modified with an additional mass of +152.1426 or +156.1586 per sialic 

acid for nonisotopic (NI) or 12-plex SUGAR tag-labeled samples. The Custom Peaks function in 

Byonic was utilized to include the labeled oxonium ions and reporter ions (Table S2) in database 

search and enhance the scoring of SUGAR-labeled glycopeptides.35 Dynamic modifications on 

peptide N-terminal Ser (NI SGUAR: +183.13720 Da, or 12-plex SUGAR: +187.1532, rare 1) , 

threonine (NI SGUAR: +169.12155 Da, or 12-plex SUGAR: +173.13755, rare 1) and oxidation 

on Cys (rare 2) were set to include potential side reactions during oxidation and labeling.36 The N-

glycopeptides identified were filtered at 1% peptide FDR and Byonic score ≥ 250. Further manual 

inspection was performed to ensure the existence of the signature oxonium ions. Quantification 

was performed in PD 2.5 with a reporter ion integration tolerance of 10 ppm for the most confident 

centroid. Reporter ion intensity of each channel was normalized by the intensity of the spike-in 

SGP standard to mitigate the variation in sample handling or systematic biases of 12-plex SUGAR 

tags using a Python script. Student’s t-test was performed by Perseus,37 where significant change 

was defined by a p-value less than 0.05 and fold-change over 1.2. 

Results and Discussion 
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SGP Oxidation and SUGAR Tag Labeling. The SUGAR tags were originally developed for N-

glycan labeling and quantification,29,31  but can be adapted for proteome-level quantification if an 

aldehyde group can be generated on a peptide to provide an active reaction site with the hydrazide 

group. Previous studies have shown that the cis-diol group of the sialic acid can be selectively 

oxidized, and an aldehyde group is formed at the C7 position using periodate under mild 

conditions.21,25,30,38 The resulting aldehyde group can directly react with SUGAR tag to enable 

subsequent high-throughput relative quantification. The strategy was first tested with an SGP 

standard. As shown in Figure 2A and 2B, the two sialic acids on the SGP standard were completely 

oxidized after incubating in 5mM NaIO4 on ice for 30 min, resulting in a mass shift of -124 Da in 

the MALDI-TOF MS spectra. Next, NI SUGAR tag solution was directly added to the peptide 

sample and reacted at room temperature for 10 min. Figure 2C shows that the oxidized SGP 

successfully reacted with the SUGAR tag, as reflected by the mass shift of +424 Da. In this step, 

the hydrazide formed a hydrazone bond with the aldehyde group as a reversible conjugation. To 

preserve the labeled peptide during the subsequent sample clean-up and MS data acquisition, it is 

necessary to convert hydrazone bond into hydrazine bond through irreversible reductive amination. 

In the original N-glycan SUGAR labeling workflow, a high concentration of the reducing agent, 

1M NaBH3CN in 7:3 (v/v) dimethyl sulfoxide: acetic acid, was used and reacted at 70oC for 2h to 

facilitate the yield of glycan reducing end and achieve complete irreversible labeling.29 We first 

tried the same condition on the SGP labeling, however our result suggested that the condition was 

too harsh for SGP labeling, as no signal of intact SGP was observed on MALDI-MS after the 

reaction and clean-up. We then decreased the reaction temperature and reduced the concentration 
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of NaBH3CN, as we found that a mild concentration is sufficient to reduce the hydrazone bond 

and there is no need to yield the glycan reducing end in this workflow. Ultimately, we achieved 

the complete reductive amination reaction and preserved the labile glycosidic bond in SGP by 

adding NaBH3CN directly to the original peptide solution to a final concentration of 50 mM and 

reacted at room temperature for 30 min. The product was spotted on MALDI plate right after the 

reaction, and showed a mass increase of 4 Da, indicating the successful addition of four H atoms 

(Figure 2D). Finally, the labeled peptide was cleaned up by HILIC to remove the excess salts and 

tags. The MALDI spectrum clearly showed that the labeled SGP was well-recovered from the 

reaction system and exhibited near complete labeling efficiency (Figure 2E).  

LC-MS/MS Performance of Labeled SGP. After validating the completeness of the labeling 

strategy with MALDI-MS, we assessed the LC-MS/MS performance of the labeled SGP. Figure 

3A illustrates the chemical structure of the NI SUGAR-labeled sialic acid on the peptide and the 

resulting product ions upon HCD fragmentation. Figure 3B is a representative MS/MS spectrum 

of the NI SUGAR labeled SGP, which shows a high intensity of the reporter ion at m/z 114.13. 

Besides the commonly observed oxonium ions at m/z 204.09 and 366.14, the labeled SGP also 

generated the sialic acid oxonium ions carrying the SUGAR tag, which had a significantly 

enhanced signal intensity at m/z 444.25. These signature ions provide evidence of successful 

labeling on the sialic acid and can serve as diagnostic ions for validating the identification of 

glycopeptides when analyzing complex biological samples. SGP standards were also labeled with 

12-plex SUGAR tags and mixed at 1:1:1:1 ratio. As shown in Figure 3C, equal ratio of 12 reporter 

ions were observed from m/z 115 to 118, all of which were well-resolved at a MS2 resolution of 
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70K on the Q Exactive mass spectrometer. A high intensity of sialic acid oxonium ion was also 

detected at m/z 448.26, which indicates the consistency of the generation of signature ions.  

Furthermore, a charge state enhancement was observed for labeled SGP compared to the 

unlabeled SGP. While over 70% of PSMs of the unlabeled SGP were identified with charge state 

of 3+, 41.6% and 43.5% of PSMs of the labeled SGP were found to have a charge state of 5+ and 

6+, respectively (Figure S2). The higher charge state might be a result of the increased 

hydrophobicity provided by the SUGAR tag structure. This increase in ionization efficiency is 

beneficial for SGP analysis since intact glycopeptides have considerably greater m/z distributions 

compared to unmodified peptides, and low-charge density precursors (z ≤3) can be challenging to 

dissociate.39 The extra negative charge on sialic acid further suppresses their detection in positive 

mode MS, and the increase of charge state helps to mitigate the suppression.40 This feature may 

also be useful when performing EThcD fragmentation for SGP characterization, as higher charge 

states prevent the non-dissociative electron transfer (ETnoD) phenomenon.41,42 

Next, the chromatographic property of the labeled SGP was evaluated to examine whether the 

incorporation of isotopologues in different channels would potentially cause retention time shifts 

and affect quantification accuracy. Unlike our previously reported DiLeu tags,43 half of the 12-

plex SUGAR tags incorporated deuterium atoms within the structure to eliminate the need for O18 

exchange. However, this puts a risk of causing retention time shift, also referred to deuterium 

effect.44,45 We divided the 12 channels into 5 groups based on the number of deuterium ions and 

evaluated the chromatography retention time alignment of the labeled SGP on RPLC. According 

to the extracted ion chromatograms (EIC), no retention time shifts were observed (Figure S3) 
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which confirmed the accuracy of SUGAR tag-based isobaric quantification. This can be explained 

by the fact that the deuterium atoms were distributed around the polar glycan structure, while the 

hydrophobic peptide backbone played a major role in interacting with the C18 stationary phase, 

thus minimizing the effect of deuterium shift.  

Evaluation of the Labeling Strategy with Bovine Fetuin Digests. To further test this labeling 

strategy with protein digests and establish a database search workflow, we selected bovine fetuin 

as a model protein due to its reported sialylation at multiple sites.23,25,34,46 The protein standard was 

denatured at high temperature and processed with the FASP method to obtain tryptic digested 

peptides. With our optimized sample oxidation and labeling workflow, all reactions can be directly 

conducted in a single tube without the need of extra drying down or desalting process before the 

final HILIC enrichment. As the LC-MS/MS data was acquired from a more complex sample, it is 

necessary to build an efficient workflow to interpret the data with current software tools. Our initial 

attempt with the regular Byonic search and default database settings resulted in a low number of 

identified SGP PSMs, as Byonic failed to recognize the SUGAR labeled sialic acid oxonium ions.  

To overcome this issue, we used the new feature introduced by Byonic in 2021, Custom Peaks, to 

include information about signature ions during database search.35 Specifically, we included the 

reporter ion peak and the sialic acid oxonium ion peaks (m/z 444.2458 for NI SUGAR and m/z 

448.2619 for 12-plex SUGAR) via the “CustomPeaks” command. This allowed Byonic to use a 

median predicted peak intensity for new peaks added, thus improving the scoring. With this 

function, the PSM number of NI SUGAR labeled bovine fetuin digests increased from 244 to 478. 

Figure S4 shows one MS/MS spectrum that was identified by using the conventional approach 
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and by using the new setting with custom peaks. The conventional method failed to recognize the 

reporter ion at m/z 114.13 and the sialic acid oxonium ions at m/z 444.25 and 364.23, whereas all 

these ions were well-annotated in the current method. The score also dramatically increased from 

503.4 to 835.9.  

 After setting up the Byonic search method, we compared the SUGAR labeled datasets with 

bovine digests analyzed using the conventional label-free approach. Overall, the labeled samples 

showed a comparable coverage with the label-free samples in terms of the total N-glycopeptides 

and N-glycoforms (Figure 4A, Table S3). 18 glycoforms overlapped in three experiments (Figure 

4B), covering all reported N-glycosylation sites on protein P12763 and Q58D62 in Uniprot. This 

demonstrates the efficacy of the labeling strategy and good recovery of labeled glycopeptides from 

peptide mixtures. In the 12-plex experiment, samples were mixed at 1:1:1:1 ratio, and the observed 

ratios were all well-matched to the theoretical ratios, with less than 7% of deviations across all 

channels (Figure 4C).  

Streamlined Workflow of Multiplex SGP Quantification from Complex Biological Samples. 

With the successful implementation of the labeling and database search strategy on glycoprotein 

standards, we aimed to streamline the full workflow for samples with higher complexity. We 

extracted proteins from mouse heart tissues and performed the same oxidation and labeling in one 

tube after FASP digestion. We also analyzed the same amount of peptide aliquots as a label-free 

control in parallel experiments. As an average of two technical replicates, 253 intact SGP labeled 

with SUGAR tags were identified with high confidence, corresponding to 230 unique glycoforms 

(Figure 5A). This identification accounted for 83.8% of the identification number in the label-free 
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dataset. Given the fact that multiple steps of chemical derivatization were conducted, and label-

based quantification strategies were reported to have considerably lower proteome coverage 

compared to label-free approaches,47,48 the slight decrease in identification is acceptable. 49,50Still, 

it can be offset by the high-throughput feature of this labeling strategy, as additional fractionation 

or multiple injections can be performed while still saving the instrument time compared to 

analyzing 12 samples individually. Additionally, the label-free and labeled datasets showed a 

decent overlap of identified glycosites and glycan compositions (Figure S5). In the meantime, the 

labeling strategy improved the mapping of multi-sialylated glycopeptides, as evidenced by the 

discovery of more such peptides in the labeled dataset (Figure 5B). The enhanced ionization 

efficiency and oxonium ion signal intensities likely contributed to this improvement. Furthermore, 

our modified database search strategy also contributed to the SGP identification. As both NeuAc 

and NeuGc may be present in mammalian tissue samples, it can be challenging to differentiate the 

glycan compositions that have the same mass, e.g., Hex(1)NeuAc(1) = Fuc(1)NeuGc(1).49 By 

using the conventional searching parameters, Byonic not only scored lower for a spectrum with 

good quality but also misassigned the isobaric glycan composition due to a lack of sialic acid-

specific oxonium ion information (Figure S6A). However, after applying the Custom Peak 

function, the signature ions were well-annotated, resulting in a much higher scoring. With the 

confident assignment of glycan compositions, we observed similar percentages of SGPs containing 

only NeuAc in the two datasets and a slight increase of glycans containing both NeuAc and NeuGc, 

likely due to the enhanced detection of multiply sialylated species (Figures 5C, 5D). In general, 

more NeuGc-containing SGPs were found in mouse heart, which was consistent with the previous 
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literature,50 indicating that our method did not show any bias towards the sialylation type in 

biological samples. 

 To evaluate the quantification performance in complex biological samples, we prepared 

12-plex labeled samples mixed at 1:1:1:1 and 1:2:5:10 ratios and performed the quantitative 

analysis. To minimize potential variation during sample preparation and bias in data acquisition, 

the same amount of SGP standard was spiked into the mouse heart digests as an internal standard. 

The peptide intensities were normalized by the intensity of the SGP standard in each channel 

during data analysis. The resulting ratio boxplots showed good quantification performance, with 

median ratios measured within 8% of the expected values and an average coefficient of variation 

of 19.1% across all channels at the two ratios (Figures 6A, 6B). Altogether, the results indicated 

a highly effective, accurate and streamlined workflow for multiplex intact SGP quantification. 

Site-specific SGP Quantification in APP/PS1 Mouse Model. Alzheimer’s disease (AD) is the 

most common cause of dementia and has affected more than 50 million patients worldwide,51 yet 

its underlying pathogenic mechanisms remain elusive, and a cure is not available. 52,53 As a proof-

of-principle study, we adopted our 12-plex SUGAR tag method to quantify sialylation changes in 

different mouse brain regions during AD progression. We extracted proteins from the cortex and 

hippocampus tissues of three WT and three APP/PS1 mice, labeled their tryptic digests, pooled 

the samples, and analyzed them simultaneously by LC-MS/MS. In total, 390 sialylated glycoforms 

were identified and quantified from one 12-plex experiment, mapping to 134 glycoproteins and 

125 different glycans. 84.3% of the glycoproteins were observed with only one sialylated glycosite, 

while 39.6% of the glycosites were modified with more than one sialic acid-containing glycan. Of 
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note, 9.1% of the sialylated sites were found to have more than 5 glycans attached, suggesting a 

high degree of heterogeneity in mouse brain sialylation. Near half of identified glycans contain 

more than one sialic acid, with 14.4% and 4.8% of them possessing 3 and 4 sialic acid residues 

respectively, indicating the importance to develop a highly sensitive method to detect and quantify 

these SGP species (Figure S7A). Unlike the mouse heart tissue, the mouse brain was dominated 

by NeuAc-containing SGPs in accordance with previous findings (Figure S7B).54,55  

 Quantitative results revealed dysregulated sialylated glycoforms in both cortex and 

hippocampus regions by student’s t-test (p-value<0.05) with a fold-change over 1.2 (Table S4). 

More pronounced difference was observed for the SGPs from the hippocampus region than the 

cortex region, as 45 unique glycoforms were found to be downregulated in hippocampus while 

only 2 were significantly changed in cortex (Figure 7A, Figure S8A). The hierarchical clustering 

also indicated larger intergroup differences than intragroup variations in hippocampus compared 

to cortex (Figure 7B, Figure S8B). This can be explained by the fact that hippocampus is the 

crucial region for learning and memory and is among the first structures affected by AD.56–60 The 

decreasing trend of sialylation were also observed in other AD-related studies,55,61,62 and might be 

a result of decreasing sialyltransferase levels as the disease progresses.63,64 To further understand 

the functions of dysregulated proteins in hippocampus, GO analysis was performed and a network 

of enriched biological processes was constructed using Metascape (Figure 7B).65 The results 

revealed that these proteins were associated with several important signaling and developmental 

processes, including transmission across chemical synapses, axon development, cell-cell adhesion, 

and regulation of neuron apoptotic process, which have been discussed to have potential 
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correlation with the neuronal degeneration in AD.66–70 While further studies are necessary to 

decipher the mechanism of the dysregulation of sialylation in AD hippocampus, the results 

demonstrated the feasibility of our method for high-throughput and site-specific quantification of 

sialylation from different disease models in a single experiment. 

Conclusions 

In summary, our study presents a high-throughput quantification strategy for intact SGP using 

mild periodate oxidation and 12-plex SUGAR isobaric tag labeling. The optimized experimental 

conditions allow for all reactions to be performed in one tube, greatly simplifying the workflow 

and minimizing sample loss. The strategy was validated using both peptide standards and complex 

biological samples, demonstrating promising glycoproteome coverage and quantification accuracy. 

Furthermore, we successfully applied our method to explore sialylation changes between AD and 

WT mouse model, providing new insights into brain region-specific PTM expression in disease 

progression. While the current study focuses on N-linked sialylation, this method can be adapted 

for O-linked SGP profiling in the future. Overall, the high-throughput capability of our method 

provides a valuable tool for large-scale and in-depth quantitative analysis of SGPs in complex 

biological systems.  
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Figures 

Figure 1. Workflow for multiplexed relative quantification of intact SGP from biological samples 

using SUGAR tags. Proteins are extracted and digested enzymatically. The resulting peptides are 

oxidized in a mild condition and labeled with SUGAR tags in one tube. Samples labeled with 

different channels are pooled after labeling for HILIC enrichment, followed by LC-MS/MS 

analysis. 
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Figure 2. Test of reaction efficiency using an SGP standard. MALDI-MS spectrum of the SGP 

peptide standard (A) before reaction; (B) after periodate oxidation; (C) after NI SUGAR tag 

labeling; (D) after reductive amidation with NaBH3CN; (E) after HILIC enrichment. “*” indicates 

neutral loss of one sialic acid residue. 
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Figure 3. Evaluation of the LC-MS/MS performance of the SUGAR labeled SGP standard. (A) 

Structure of the labeled sialic acid and product ions generated upon HCD fragmentation. 

Representative HCD-MS/MS spectra for (B) NI SUGAR tag labeled SGP standard and (C) 12-

plex SUGAR tag labeled SGP standard. 

  



 

 

261 

Figure 4. Evaluation of the labeling strategy with bovine fetuin tryptic digests. (A) Identification 

number of sialylated N-glycopeptides and N-glycoforms of the label-free, NI SUGAR-labeled, 

and 12-plex SUGAR-labeled samples. (B) Overlap of identified N-glycoforms among three 

experiments. (C) Measured quantitative ratios of N-glycopeptides labeled by 12-plex SUGAR tag 

and mixed at a 1:1:1:1 ratio. Boxplots indicate the median (line), the 25th and 75th percentile 

(interquartile range; box), and 1.5 times the interquartile range (whiskers). 
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Figure 5. Comparison of SGP identification using label-free and SUGAR labeling approach. (A) 

The identification numbers of sialylated GPSMs, glycopeptides and glycoforms. Error bars 

represent technical duplicates. (B) Distribution of the number of sialic acids on identified glycans. 

Percentage of NeuAc- and NeuGc-containing SGPs in the (C) label-free and (D) the labeled 

experiment. 
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Figure 6. Quantitative performance in complex biological samples. The 12-plex SUGAR-labeled 

mouse heart tissue digests were combined in two known ratios of (A) 1:1:1:1 and (B) 1:2:5:10. 

The boxplots depict the measured ratios of each detected SGP. Boxplots indicate the median (line), 

the 25th and 75th percentile (interquartile range; box), and 1.5 times the interquartile range 

(whiskers). Gray lines indicate the theoretical ratios. 
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Figure 7. Quantitative intact SGP analysis between WT and APP/PS1 mice in hippocampus. (A) 

Volcano plot displays dysregulated SGP glycoforms. Student’s t-test, p < 0.05, fold-change > 1.2. 

(B) Hierarchical clustering of SUGAR reporter ion intensities of all quantified sialylated 

glycoforms. (C) Network of biological processes enriched from proteins with significantly 

changed sialylated glycoforms. Each node represents an enriched term, and its size is proportional 

to the number of input genes fall under that term. Different terms were grouped into clusters based 

on their similarities, and the cluster name was annotated with the most statistically significant term. 
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Experimental section 

Offline HpH Fractionation. HpH fractionation was performed on a Waters Alliance e2695 HPLC 

using a 150 mm x 2.1 mm, 5mm, 100 Å, C18 column (Phenomenex) operating at 0.2 mL/min. 

Mobile phase A was composed of 10 mM ammonium formate in water with pH adjusted to10, and 

mobile phase B was 10 mM ammonium formate in 90% acetonitrile (ACN) with pH adjusted to10. 

The gradient used for separation was as follows: 1% B (0–5 min), 1–40% B (5–50 min), 40–60% 

B (50–54 min), 60–70% B (54–58 min), and 70–100% B (58–59 min). Fractions were collected 

every 4 minutes and 14 fractions were collected in total. Nonadjacent fractions were concatenated 

into 4 tubes for MS analysis. 

Matrix-Assisted Laser Desorption/Ionization (MALDI)-MS analysis. SGP standards were 

analyzed on a Bruker Rapiflex MALDI-TOF/TOF instrument (Bruker Daltonik, Bremen, 

Germany) with DHB matrix (150 mg/mL in 50%ACN/H2O(v/v), 15mM NaHCO3). Ion source 

parameters: laser energy 80%, frequency 5000 Hz and each data collection of 2000 shots. 

LC-MS/MS analysis. SGP standard and bovine fetuin samples were analyzed on an Q Exactive 

mass spectrometer (Thermo Fisher Scientific, San Jose, CA) coupled with a Waters nanoAcquity 

UPLC (Milford, MA). Binary buffers (A, 0.1% FA; B, 100% ACN, 0.1%FA) were used in LC and 

the linear gradient was from 3 to 75% B for 60 min. MS survey scans of peptides were acquired 

from 300 to 2000 m/z at a resolution of 70K, using an AGC target setting of 1E6 and a maximum 

injection time of 50 ms. For MS2 scan, the top 15 precursor ions were selected for fragmentation 

by stepped higher-energy collision dissociation (HCD) with normalized collision energy (NCE) of 
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25 ± 5%. The MS2 data acquisition was performed at a resolution of 70K, an isolation width of 

0.9 Da, a lower mass limit of m/z 110, an AGC target of 2E5, and an IT of 100 ms.   
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Figure S1. The structure and isotope configuration of 12-plex SUGAR tags.  
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Figure S2. The charge state distribution between unlabeled and SUGAR labeled SGP standard. 
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Figure S3. Evaluation of the chromatographic property of the 12 plex SUGAR tag labeled SGP. 

(A) 12 channels were divided into 5 groups based on the number of deuterium ions; (B) Extracted 

ion chromatograms (EIC) of five representative channels of the SUGAR tag labeled SGP. 
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Figure S4. Representative Byonic identification result of one MS/MS spectrum from the SUGAR 

NI-labeled bovine fetuin digests by using (A) conventional searching approach and (B) Custom 

Peaks searching approach. The glycopeptide was identified with a glycan composition of 

HexNAc(5)Hex(6)NeuAc(3). The unrecognized reporter ion and oxonium ions in the conventional 

approach are annotated with “*”. 
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Figure S5. Overlap of (A) glycosites and (B) glycan identified in the mouse heart tissue samples. 
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Figure S6. Representative Byonic identification result of one MS/MS spectrum from the SUGAR 

NI-labeled mouse heart tissue digests by using (A) conventional searching approach and (B) 

Custom Peaks searching approach. The conventional searching approach assigned an incorrect 

glycan composition of HexNAc(4)Hex(6)NeuAc(1) and ignored the sialic acid oxonium ions. By 

using the new searching approach, the glycan composition is correctly assigned as 

HexNAc(4)Hex(5)Fuc(1)NeuGc(1), as evidenced by the corresponding oxonium ions. The 

unrecognized reporter ion and oxonium ions in the conventional approach are annotated with “*”. 
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Figure S7. Identification of SGPs in mouse brain. (A) Distribution of the number of sialic acids 

on identified glycans. (B) Percentage of NeuAc- and NeuGc-containing SGPs. 
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Figure S8. Quantitative intact SGP analysis between WT and APP/PS1 mice in cortex. (A) 

Volcano plot displays dysregulated SGP glycoforms. Student’s t-test, p < 0.05, fold-change > 1.2. 

(B) Hierarchical clustering of SUGAR reporter ion intensities of all quantified sialylated 

glycoforms.  
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Table S1. Bovine fetuin N-glycan database. 

N-glycan composition 

HexNAc(4)Hex(5)NeuAc(1)  

HexNAc(4)Hex(5)NeuAc(2) 

HexNAc(5)Hex(6)NeuAc(1)   

HexNAc(5)Hex(6)NeuAc(2)  

HexNAc(5)Hex(6)NeuAc(3)  

HexNAc(5)Hex(6)NeuAc(4) 
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Table S2. Signature ion list for SUGAR-labeled SGP 

Signature ions NI SUGAR 12-plex SUGAR 

Reporter ion 114.1283 118.1354 (118a) 

NeuAc+SUGAR 444.2458  448.2619  

NeuAc+SUGAR-H2O 426.2352  430.2513  

NeuAc+SUGAR-CO2 400.2560  404.2720  

NeuAc+SUGAR-CO2-H2O 382.2454  386.2615  

NeuAc+SUGAR-CO2-2H2O 364.2349  368.2509  

NeuGc+SUGAR 460.2408  464.2569  

NeuGc+SUGAR-H2O 442.2302  446.2463  

NeuGc+SUGAR-CO2 416.2510  420.2670  

NeuGc+SUGAR-CO2-H2O 398.2404  402.2565  

NeuGc+SUGAR-CO2-2H2O 380.2299  384.2459  
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Table S3. Identified SGP glycoforms in bovine fetuin. 

Sample Glycoform 

Label-free 

P12763_N156_HexNAc(4)Hex(5)NeuAc(1) 

P12763_N156_HexNAc(4)Hex(5)NeuAc(2) 

P12763_N156_HexNAc(5)Hex(6)NeuAc(1) 

P12763_N156_HexNAc(5)Hex(6)NeuAc(2) 

P12763_N156_HexNAc(5)Hex(6)NeuAc(3) 

P12763_N156_HexNAc(5)Hex(6)NeuAc(4) 

P12763_N176_HexNAc(4)Hex(5)NeuAc(2) 

P12763_N176_HexNAc(5)Hex(6)NeuAc(2) 

P12763_N176_HexNAc(5)Hex(6)NeuAc(3) 

P12763_N176_HexNAc(5)Hex(6)NeuAc(4) 

P12763_N99_HexNAc(4)Hex(5)NeuAc(1) 

P12763_N99_HexNAc(4)Hex(5)NeuAc(2) 

P12763_N99_HexNAc(5)Hex(6)NeuAc(2) 

P12763_N99_HexNAc(5)Hex(6)NeuAc(3) 

P12763_N99_HexNAc(5)Hex(6)NeuAc(4) 

Q58D62_N271_HexNAc(4)Hex(5)NeuAc(2) 

Q58D62_N271_HexNAc(5)Hex(6)NeuAc(2) 

Q58D62_N271_HexNAc(5)Hex(6)NeuAc(3) 

Q58D62_N271_HexNAc(5)Hex(6)NeuAc(4) 

SUGAR NI 

P12763_N156_HexNAc(4)Hex(5)NeuAc(1) 

P12763_N156_HexNAc(4)Hex(5)NeuAc(2) 

P12763_N156_HexNAc(5)Hex(6)NeuAc(2) 

P12763_N156_HexNAc(5)Hex(6)NeuAc(3) 

P12763_N156_HexNAc(5)Hex(6)NeuAc(4) 

P12763_N176_HexNAc(4)Hex(5)NeuAc(2) 

P12763_N176_HexNAc(5)Hex(6)NeuAc(2) 

P12763_N176_HexNAc(5)Hex(6)NeuAc(3) 

P12763_N176_HexNAc(5)Hex(6)NeuAc(4) 

P12763_N99_HexNAc(4)Hex(5)NeuAc(1) 

P12763_N99_HexNAc(5)Hex(6)NeuAc(1) 

P12763_N99_HexNAc(4)Hex(5)NeuAc(2) 

P12763_N99_HexNAc(5)Hex(6)NeuAc(2) 

P12763_N99_HexNAc(5)Hex(6)NeuAc(3) 

P12763_N99_HexNAc(5)Hex(6)NeuAc(4) 

Q58D62_N137_HexNAc(5)Hex(6)NeuAc(3) 

Q58D62_N137_HexNAc(5)Hex(6)NeuAc(4) 
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Q58D62_N271_HexNAc(4)Hex(5)NeuAc(1) 

Q58D62_N271_HexNAc(4)Hex(5)NeuAc(2) 

Q58D62_N271_HexNAc(5)Hex(6)NeuAc(2) 

Q58D62_N271_HexNAc(5)Hex(6)NeuAc(3) 

Q58D62_N271_HexNAc(5)Hex(6)NeuAc(4) 

SUGAR 12-plex 

P12763_N156_HexNAc(4)Hex(5)NeuAc(1) 

P12763_N156_HexNAc(4)Hex(5)NeuAc(2) 

P12763_N156_HexNAc(5)Hex(6)NeuAc(2) 

P12763_N156_HexNAc(5)Hex(6)NeuAc(3) 

P12763_N156_HexNAc(5)Hex(6)NeuAc(4) 

P12763_N176_HexNAc(4)Hex(5)NeuAc(2) 

P12763_N176_HexNAc(5)Hex(6)NeuAc(2) 

P12763_N176_HexNAc(5)Hex(6)NeuAc(3) 

P12763_N176_HexNAc(5)Hex(6)NeuAc(4) 

P12763_N99_HexNAc(4)Hex(5)NeuAc(1) 

P12763_N99_HexNAc(4)Hex(5)NeuAc(2) 

P12763_N99_HexNAc(5)Hex(6)NeuAc(2) 

P12763_N99_HexNAc(5)Hex(6)NeuAc(3) 

P12763_N99_HexNAc(5)Hex(6)NeuAc(4) 

Q58D62_N271_HexNAc(4)Hex(5)NeuAc(2) 

Q58D62_N271_HexNAc(5)Hex(6)NeuAc(2) 

Q58D62_N271_HexNAc(5)Hex(6)NeuAc(3) 

Q58D62_N271_HexNAc(5)Hex(6)NeuAc(4) 
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Table S4. Dysregulated SGP glycoforms in mouse brain. 

Brain region Glycoform T: Gene name p-value 
log2(Fold 

change) 

Cortex 
Q9QXL2_N506_N6H6F1S1 Kif21a 0.0300469 -0.316729 

P43006_N205_N5H6F3S1 Slc1a2 0.00125917 0.507676 

Hippocampus 

Q8CBW3_N117_N5H6S2 Abi1 0.0436141 -0.389958 

P14094_N158_N5H4F1S1 Atp1b1 0.031222 -0.351966 

P14094_N158_N6H4F1S1 Atp1b1 0.0200026 -0.308453 

Q8R5M8_N116_N6H4F1S1 Cadm1 0.00289956 -0.298786 

Q8VBY2_N147_N6H5F1S1 Camkk1 0.0222248 -0.328993 

Q9JLQ0_N196_N7H8F1S4 Cd2ap 0.0489768 -0.325768 

P70232_N513_N6H7S2G1 Chl1 0.0304095 -0.375573 

Q9WUM4_N185_N9H10F1S4 Coro1c 0.0209947 -0.327956 

Q9WVJ3_N394_N6H4S1 Cpq 0.0171645 -0.303553 

P22935_N3_N5H4F1S1 Crabp2 0.0283811 -0.347553 

Q9Z218_N258_N6H4S1 Dpp6 0.00909946 -0.387095 

Q9D6F4_N157_N5H6F1S3 Gabra4 0.00019947 -0.304732 

Q6I6G8_N1114_N4H4F1S1 Hecw2 0.0382684 -1.33403 

Q6I6G8_N1114_N8H9F1S3 Hecw2 0.00215985 -0.40681 

Q60625_N397_N5H5S2 Icam5 0.0333496 -0.298514 

Q60625_N74_N5H4F2S1 Icam5 0.038432 -0.277937 

P11438_N70_N4H3S1 Lamp1 0.0301497 -0.370103 

P11438_N101_N3H5S1 Lamp1 0.00727451 -0.426086 

Q9JIA1_N277_N4H5S1 Lgi1 0.0239847 -0.318192 

P20917_N541_N7H8F1S3 Mag 0.0132791 -0.521683 

Q61885_N59_N4H5S1 Mog 0.0199793 -0.317364 

Q9QY06_N1563_N3H4S1 Myo9b 0.0395452 -0.440945 

P13595_N479_N5H4S1 Ncam1 0.0448001 -0.304599 

P13595_N450_N4H4F1S1 Ncam1 0.0111927 -0.653815 

Q9QZC2_N1084_N5H6F1S1 Plxnc1 0.0137636 -0.333542 

Q61207_N459_N3H4S1 Psap 0.0271821 -0.390608 

Q61207_N459_N5H7F1S1G1 Psap 0.00671537 -0.277282 

P97797_N302_N6H10F1S1 Sirpa 0.0297235 -0.339367 

P97797_N302_N6H9F1S2 Sirpa 0.0320308 -0.43126 

P97797_N92_N5H6S1 Sirpa 0.00131831 -0.283356 

P43006_N205_N5H5F1S2 Slc1a2 0.00731051 -0.286855 

P43006_N205_N5H6F1S1G1 Slc1a2 0.0388423 -0.264812 

P43006_N205_N5H6F1S3 Slc1a2 0.0147201 -0.401543 
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P60879_N77_N5H4F1S2 Snap25 0.015341 -0.678559 

Q6PHU5_N160_N5H4F1S1 Sort1 0.0376812 -0.485675 

Q8BG39_N516_N4H5F3S1 Sv2b 0.0167238 -0.27389 

Q64332_N171_N4H5F1S2 Syn2 0.0417319 -0.318952 

Q64332_N171_N6H7F1G1 Syn2 0.0319691 -0.408518 

Q64332_N171_N7H6F1S4 Syn2 0.0469099 -0.405485 

Q921I1_N513_N4H5G2 Tf 0.00115156 -0.292686 

P01831_N118_N4H6F1S1 Thy1 0.0434186 -0.330075 

P01831_N94_N3H4F1S1 Thy1 0.0312902 -0.321775 

P01831_N94_N4H4F2S1 Thy1 0.0417257 -0.315683 

Q8BKI2_N1571_N3H6F1S1 Tnrc6b 0.045738 -0.27827 

Q62384_N57_N7H7F1S4 Zpr1 0.0233037 -0.272433 
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Conclusions 

In this dissertation, I have developed several novel mass spectrometry (MS)-based strategies 

for studying phosphoproteomics and glycoproteomics, both qualitatively and quantitatively. New 

enrichment methods were introduced to improve the separation of PTM peptides and enhance their 

MS detection. Additionally, new isobaric-labeling based quantification methods were developed 

to facilitate site-specific quantification of intact glycopeptides and explore altered glycosylation in 

disease models. The dissertation encompasses extensive method development and valuable 

datasets collected from a variety of biological and clinical samples, contributing to a deeper 

understanding of the diverse and essential roles of proteins and their PTMs in various biological 

systems.  

Chapter 2–4 highlighted the development of new materials and methodologies for highly 

effective PTM enrichment. Chapter 2 presented an innovative Cotton Ti-IMAC platform for 

phosphopeptide enrichment based on the phosphorylation modification of cotton fibers. The 

synthesis of Cotton Ti-IMAC was simple, rapid, and cost-effective, with broad applicability to any 

analytical or MS lab. The Cotton Ti-IMAC was shown to have excellent phosphopeptide 

enrichment performance, including extremely high selectivity and sensitivity. An enrichment 

specificity of 97.51% could be achieved when analyzing cell lysate samples. Additionally, the 

enrichment process can be conducted in various forms, such as in a packed spin-tip, a packed 

pipette tip, or simply in-solution mode, offering considerable flexibility for bioanalysis. Given the 

numerous merits of the material, we expect this tool to serve as a widely applicable and robust 

platform for large-scale phosphopeptide enrichment in any complex biological or clinical samples. 
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In Chapter 3, we introduced a novel epoxy-ATP-Ti4+ IMAC material that extended the 

enrichment approach from a single PTM to multiple PTMs. The material was easy and facile to 

prepare and possessed enhanced hydrophilicity and superior metal ion binding affinity, making it 

an effective stationary phase for both glycopeptide and phosphopeptide enrichment. In 

conventional IMAC mode, the material showed excellent selectivity and sensitivity in 

phosphopeptide enrichment. In a dual-functional IMAC mode, the epoxy-ATP-Ti4+ IMAC 

material enabled effective separation of N-glycopeptides and phosphopeptides, as well as 

sialylglycopeptides and M6P glycopeptides in complex biological samples. The material 

outperformed the well-established CAE-Ti-IMAC and is anticipated to serve as a useful tool for 

investigating the N-glycoproteome and phosphoproteome, and their potential crosstalk. 

Apart from the IMAC-based enrichment strategy, Chapter 4 explored ERLIC-based 

enrichment strategies and introduced new materials for VWAX chromatography. These materials, 

with similar binding capacities but neutralizing at lower pH compared to conventional anion 

exchange materials, allowed for pH gradient elution, enabling MS-compatible, desalt-free sample 

preparation. The optimized mobile phases and gradient enabled glycopeptide enrichment from 

various samples, including glycoprotein standards and cell lysates. The ERLIC-mode 

chromatography mechanism not only enabled separation of the glycopeptides from the bulk of 

unmodified peptides but also enabled simultaneous separation of neutral glycopeptides, sialyl 

glycopeptides, M6P glycopeptides, and sulfated glycopeptides. Detection of these negatively 

charged glycopeptides was enhanced, thereby improving the overall glycoproteome coverage. 



 

 

285 

Collectively, the approach simplified the experimental workflow, reduced sample loss, and 

provided deeper insights into less-studied glycosylation types in complex biological systems. 

Chapter 5 extended the study to investigate O-glycosylation in addition to N-glycosylation. 

We developed an effective workflow to simultaneously analyze site-specific O-glycoproteome and 

endogenous peptides with PTMs in cerebrospinal fluid (CSF). The approach identified 308 intact 

O-glycopeptides from 182 O-glycosites and 110 O-glycoproteins from healthy individuals, 

representing the largest data set of site-specific O-glycoproteome study in CSF to date, including 

154 novel O-glycosites reported for the first time. We also profiled the O-glycoproteome in MCI 

and AD patients. In addition, we identified a considerable number of CSF endogenous peptides to 

be O-glycosylated in all three states, while only a few notable peptides were N-glycosylated. Our 

findings shed light on the CSF O-glycoproteome landscape, dominant glycosylation differences, 

similarities during AD progression, and PTM-focused peptidome mapping.  

In Chapters 6–7, our focus was shifted to quantitative strategies for investigating changes in 

PTM expression in biological samples. Chapter 6 introduced the Boost-DiLeu strategy for 

enhanced isobaric tag labeled quantitative intact glycoproteomic analysis. We incorporated the 

one-tube sample processing workflow into DiLeu labeling experiments, which not only simplified 

experimental steps but also greatly reduced sample loss and increased proteome coverage. During 

labeling, we utilized a boosting channel consisting of relatively large amounts of biological 

samples analogous to samples of interest to enhance the MS signal, which further increased 

glycoproteome coverage and ensured quantification performance. Eventually, the strategy was 

successfully applied to human CSF samples from AD patients and non-AD donors, demonstrating 
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its feasibility for glycoproteomic analysis of quantity-limited clinical samples, which would be 

essential for future biomarker discovery and personalized medicine development. 

Chapter 7 concentrated on sialylation quantification, presenting a high-throughput 

quantification strategy for intact SGP analysis using mild periodate oxidation and 12-plex SUGAR 

isobaric tag labeling. The optimized reaction conditions simplified the workflow and minimized 

sample loss. Validated with peptide standards and complex biological samples, the strategy 

showed promising glycoproteome coverage and quantification accuracy. Furthermore, we applied 

this method to explore sialylation changes between AD and WT mouse model, which provided 

new insights into brain region-specific PTM expression during disease progression.  

Future Directions 

In Chapter 2, we demonstrated the exceptional performance of Cotton-IMAC as a platform 

for phosphopeptide enrichment. Preliminary data also demonstrated its potential for enriching 

intact phosphoproteins from protein mixtures. In the future, this platform can be expanded to 

enrich phosphate-containing samples at both protein and peptide levels. These two levels of 

enrichment can also be combined together and developed into an in situ sample processing strategy, 

enabling sequential phosphoprotein enrichment, enzymatic digestion, phosphopeptide enrichment 

and isotopic labeling of phosphopeptides on the same platform, as described in a previous 

literature.1 This in situ workflow can greatly simplify the experimental procedure and reduce 

sample loss and contamination. In addition, given the flexibility of Cotton-IMAC, it can be used 

together with other enrichment materials, such as silica materials or nanoparticles. For example, 
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they can be packed in a form of cotton-spin tip, facilitating multifunctional enrichment within the 

same experiment.  

Chapter 3 introduced the simultaneous enrichment workflow for N-glycopeptides and 

phosphopeptides using the epoxy-ATP-Ti4+ IMAC material. The dual-functional Ti-IMAC 

material is also suitable for O-glycosylation enrichment, and a method based on dual-functional 

Ti-IMAC materials has been established to enrich the intact O-GalNAc glycopeptides 

exclusively.2 However, several challenges must be overcome when taking both N-glycopeptides 

and O-glycopeptides into consideration: First, O-glycopeptides are much less abundant than N-

linked glycopeptides and they have different hydrophilicity due to the different glycan sizes. The 

current eluting gradient might not be optimal for O-glycopeptides. Second, when searching the 

dataset with Byonic, more false-positive matches may occur if N-glycopeptides and O-

glycopeptides are searched simultaneously. To eliminate the interference from N-glycopeptides, 

PNGase F deglycosylation of N-linked glycosylation is required before O-glycopeptide 

enrichment. Future efforts will focus on incorporating O-glycopeptide enrichment into the current 

workflow, including optimizing the gradient for PNGase F deglycosylated samples and exploring 

an improved database search strategy. 

Chapter 4 introduced VWAX chromatography and the desalt-free offline fractionation 

method for glycopeptide enrichment. With the use of MS-compatible volatile mobile phases, this 

method can be further developed into an online method coupled with MS analysis directly. 

Moreover, the online ERLIC separation can be extended to other PTMs, such as non-canonical 

phosphorylation that occurs on histidine (His), arginine (Arg), lysine (Lys), aspartate (Asp), 
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glutamate (Glu) and cysteine (Cys) residues. Unlike the more common and stable phosphate esters 

(pSer, pThr, pTyr), the phosphoramidate bond in pHis, pLys and pArg, and the phosphorothioate 

bond of pCys are highly susceptible to hydrolysis at low pH and/or at elevated temperature, 

preventing their enrichment with regular IMAC methods using highly acidic buffers.3,4 The unique 

features of the VWAX column allow for the direct and rapid elution of peptides into a mass 

spectrometer with minimal hydrolysis. As the VWAX column loses its positive charge at pH 6, 

multiply phosphorylated peptides can also be easily eluted, enabling more comprehensive 

phosphoproteome profiling compared to current strategies. 

In addition, the qualitative work completed in Chapter 2–5 can be further integrated with 

quantitative aspects. Specifically, in Chapter 5, we pooled the CSF samples in each group to 

reduce biological variation and enable deeper profiling of low-abundance glycoproteins. However, 

this approach reduced the statistical power and was insufficient for conducting quantitative 

analysis for in-depth glycoproteomic biomarker discovery. Future investigations will employ the 

isobaric reagents to label individual CSF samples to explore potential O-glycosylated or 

endogenous proteolytic biomarker candidates in a more quantitative manner. This approach will 

more efficiently evaluate patient-to-patient variations and pinpoint specific changes in 

glycoproteins/glycosites/glycoforms of interest. 

In Chapter 6, we developed the Boost-DiLeu strategy with a 12-plex DiLeu tag set. A similar 

strategy could be adapted to the 21-plex DiLeu tags for higher multiplex capacity without apparent 

isotopic interference from the boosting channel.5 Future implementation of this strategy could also 
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be extended to other DiLeu-labeled PTM analyses of size-limited biological samples, such as 

phosphorylation and citrullination in clinical specimens.6,7 

For Chapter 7, there are two possible future directions: First, since our method only 

derivatized the cis-diol groups on SGPs, the carboxyl groups could be further derivatized to 

differentiate the sialic acid α2,3- and α2,6-linkage isomers. Combining the two derivatization 

strategies would enable high-throughput quantification of SGP linkage isomers. Second, while the 

current study focused on N-linked sialylation, preliminary data collected from glycoprotein 

standards suggested its feasibility on O-linked sialyl glycopeptide quantification. To date, 

quantification strategies for intact O-glycopeptides are not as well-developed as those for N-

glycopeptides. Challenges primarily stem from the lack of effective enrichment strategies, macro-

heterogeneity of O-glycosylation, and the absence of suitable software for data interpretation. 

Future work will explore and establish an O-glycopeptide targeted quantification strategy. 

Collectively, the methodologies developed in this dissertation demonstrate significant 

potential for large-scale MS profiling of glycosylation and phosphorylation, as well as high-

throughput quantification. It is anticipated that the continuous and expansive applications of these 

novel analytical approaches will ultimately contribute to the pharmaceutical and biomedical fields 

in the future.  
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Abstract  

Simultaneous enrichment and fractionation of diverse proteins/peptides possessing different post-

translational modifications (PTMs) from the same biological samples is highly desirable to reduce 

sample consumption, avoid complicated sample processing, and enable studies of potential 

crosstalks between different PTMs. In this work, we report a new approach to enable the 

simultaneous enrichment and separation of glycopeptides, phosphopeptides and mannose-6-

phosphate (M6P) glycopeptides by using dual-functional Ti(IV)-IMAC material. Moreover, we 

also made the separation of neutral and sialyl glycopeptides, mono- and multi-phosphopeptides 

possible by performing different elution according to the differences in their electrostatic or 

hydrophilic properties. These separations are effective and efficient to eliminate the signal 

suppression from neutral glycopeptides for sialyl glycopeptide detection, allowing separation of 

mono-phosphopeptides from multi-phosphopeptides, as well as detection of M6P glycopeptides 

that are free from the above-mentioned modifications. This new strategy significantly improves 

the coverage and identification numbers of glycopeptides, phosphopeptides and M6P 

glycopeptides by 1.9, 2.3, and 4.3-fold compared with the conventional method, respectively. This 

is the first report on simultaneous enrichment and separation of neutral and sialyl glycopeptides, 

mono- and multi-phosphopeptides and M6P glycopeptides via dual-functional Ti(IV)- IMAC, 

revealing novel insights into potential crosstalk among these important PTMs.  

Introduction 

Protein post-translational modifications (PTMs) are covalent and generally enzymatic 

modifications on specific protein sites, which increase the functional diversity of the proteins and 
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affect almost all aspects of biological processes of a cell.1 It is reported that numerous proteins can 

bear multiple PTMs, which suggests the possibility of regulatory crosstalk between unique 

modification events.2 Liquid chromatography tandem mass spectrometry (LC-MS/MS) based 

proteomics strategy has become the crucial tool for the analysis of protein PTMs. To 

comprehensively profile protein PTMs, an efficient enrichment method is a prerequisite due to the 

typical low abundance and sub-stoichiometry of most protein PTMs in complex biological 

samples.3 Numerous enrichment methods have been developed, however, each method may only 

focus on one type of PTM.4 For example, immobilized metal affinity chromatography (IMAC) has 

been developed for phosphopeptide enrichment and hydrophilic interaction chromatography 

(HILIC) has been utilized primarily for enrichment of glycopeptides.5,6 Crosstalk analysis of 

different PTMs must perform different enrichment methods on different samples, which is not 

only tedious and time-consuming but also requires more precious samples that may not be 

available.3 Carr and coworkers developed a PTM crosstalk analysis strategy called serial 

enrichments of different post-translational modifications (SEPTM) that enabled enrichment of 

multiple PTMs from the same biological sample.7 Similar strategy have also been applied to enrich 

glycopeptides and phosphopeptides from plasma-derived extracellular vesicles.8 However, these 

methods still suffer from the requirement of different enrichment materials. Several research 

groups have developed new IMAC materials to simultaneous enrich and separate glycopeptides 

and phoshopetides.9-12 However, without proper fractionation, negatively charged sialylated 

glycopeptides will be supressed by more abundant neutral glycopetides in the positive ion mode 



 

 

298 

LC-MS/MS analysis, and multi-phosphopeptides and M6P glycopeptides will be supressed by 

mono-phosphopeptides as well.  

Previously, we demonstrated that M6P glycopeptide identifications increased significantly 

when using the dual-functional Ti-IMAC materials for enrichment while simultaneously 

eliminating the interference of phosphopeptides. 13  This strategy is based on the special properties 

of the Ti(IV)-IMAC materials we developed, which not only possesses substantial phosphate 

chelated Ti(IV) ions, enabling enrichment of phosphopeptides through electrostatic interaction, 

but also contain numerous hydroxyl, amine and phosphate groups on the material surface that are 

highly hydrophilic, enabling enrichment of glycopeptides through hydrophilic interactions.14,15 As 

M6P glycopeptides possess features of both phosphopeptides and glycopeptides, they could be 

captured by the dual-functional Ti(IV)-IMAC material through the synergistic electrostatic and 

hydrophilic interactions. Therefore, by performing HILIC-mode stepwise elution, M6P 

glycopeptides can be separated from phosphopeptides. However, in this strategy, glycopeptides 

were discarded together with the non-phosphopeptides.   

In order to overcome the shortcomings of the above methods, in the current study, we 

improved and optimized the previous strategy and continually explored the hydrophilic 

characteristics of the Ti(IV)-IMAC material to enable simultaneous enrichment and separation of 

neutral and sialyl glycopeptides, mono- and multi-phosphopeptides and M6P glycopeptides 

(Figure 1). This strategy improves the quality of each individual PTM analysis significantly and 

can be effectively implemented and integrated to perform crosstalk analysis of these three 

important PTMs in a single experiment from the same biological sample. 
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Experimental section 

Sample preparation and protein digestion. Details are provided in Supporting Information.  

HILIC-mode Ti(IV)-IMAC enrichment and elution. Typical enrichment and elution method 

for Ti(IV)-IMAC and HILIC are provided in Supporting Information. For HILIC-mode Ti(IV)-

IMAC enrichment the standard (10 μg each sample) and mouse lung protein digests (500 μg each 

sample) were loaded onto Ti(IV)-IMAC materials with 80% ACN/3%TFA buffer and then Ti(IV)-

IMAC materials captured samples were washed three times with the loading buffer, which was 

similar with the conventional HILIC enrichment. The flowthrough and washing buffer of the 

standard proteins were collected for MALDI MS analysis. After enrichment, the standard protein 

samples were eluted with following two elution procedures: 1)10% NH4OH (v/v) 10 min; 2) 0.1% 

FA (v/v) 10 min and 10% NH4OH (v/v) 10min, respectively. Samples were immediately dried 

down in SpeedVac. Samples were re-dissolved in 0.1% formic acid (FA) and load 5% of each 

sample for MALDI analysis (details are provided in Supporting Information). 

For mouse lung protein sample, the elution was also performed with two methods: 1) direct eluted 

with 10% NH4OH (v/v); 2) sequentially eluted with the following four elution procedures: Elution 

1 uses weak acidic buffer (0.1 TFA%) with decreased ACN gradient (1st fraction 60%, 2nd fraction 

40%, and 3rd fraction 20% ACN (v/v)); Elution 2 uses strong acidic condition (6 TFA%)  with 

decreased ACN gradient (40%, 20%, and 0% ACN (v/v) ), the three elution were combined for 

analysis (4th fraction); elution 3 uses basic buffer (10% NH4OH) with high and medium ACN 

content (5th fraction 60% and 6th fraction 40% ACN (v/v)); elution 4 uses basic buffer (10% 

NH4OH) with low ACN content (20%, 10%, and 0% ACN (v/v)), the three elution were combined 
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for analysis (7th fraction). The elution was immediately dried down in SpeedVac. Samples were 

stored at -20 oC and re-dissolved in 1% formic acid (FA) and load 15% of each sample for LC-

MS/MS analysis (details are provided in Supporting Information). It is worth mentioning that 

the number of the elution steps was determined based on the sample complexity. For standard 

samples containing only a few neutral glycopeptides and several phosphopeptides, 2-step elution 

was sufficient. For complex biological samples like mouse lung protein digests, 4 or more steps of 

elutions were needed to enable better separation and fractionation of multiple PTMs peptide.  

Data processing. Byonic software (Protein Metrics, San Carlos, CA) was used to analyze the 

acquired MS and MS/MS spectra of intact N-linked glycopeptides and M6P glycopeptides. Raw 

files were searched against Mus musculus protein database of reviewed (Swiss-Prot) sequences 

downloaded from Uniprot. Precursor ion mass tolerance of 10 ppm and fragment ion mass 

tolerance of 0.01 Da were selected. The phosphorylation of serine (S), threonine (T) and tyrosine 

(Y) and the oxidation of methionine (M) were set as variable modifications. Meanwhile, the 

carbamidomethylation of cysteine (C) was set as fixed modification. Common N-linked 

glycopeptides searching used a mammalian N-glycome database that contains 309 glycans in 

addition to M6P glycans. Peptide identifications were filtered at two-dimensional false discovery 

rate (2D FDR) <1%, PEP 2D <0.05, |Log Prob|>1, and Byonic Score >150. Manual inspection of 

MS/MS spectra of M6P glycopeptides was performed to examine if Byonic identification results 

contained phosphorylated hexose diagnostic ions. With the same raw files and database, 

phosphopeptides were searched against MaxQuant software (Version, 1.5.8.3). Precursor ion mass 

tolerance of 4.5 ppm and fragment ion mass tolerance of 0.05 Da were selected. Phosphopeptides 
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with the false discovery rate <0.01 and minimum score of 40 were accepted as confident 

identifications.  

Results and Discussion 

Conventional IMAC and HILIC approaches for glycopeptide, phosphopeptide and M6P 

glycopeptide enrichment. In general, IMAC is suitable for phosphopeptide and M6P 

glycopeptide enrichment as they both contain phosphate group and HILIC is applicable to enrich 

common glycopeptides and M6P glycopeptides as both types of peptides possess hydrophilic 

glycans. To investigate glycopeptide, phosphopeptide and M6P glycopeptide profiling status by 

these two conventional methods, we first performed typical Ti(IV)-IMAC and HILIC (homemade 

spin-tip)  enrichment procedures using mouse lung tissue samples.16,17  As shown in Figure 2A, 

the conventional IMAC method enabled profiling of 2404 phosphopeptides, however, only 

resulted in the identification of 7 common N-glycopeptides and 11 M6P glycopeptides from 25 μg 

mouse lung protein digests. This result suggested that majority of glycopeptides cannot be 

effectively enriched by Ti(IV)-IMAC materials using its typical enrichment procedures. 

Furthermore, the M6P glycopeptide signals can be suppressed by the coeluted phosphopeptides in 

LC-MS/MS analysis. As comparison, conventional HILIC method enabled profiling of 2014 

common N-glycopeptides and 15 M6P glycopeptides, however, only identified 233 

phosphopeptides from the same amount of sample (Figure 2B). This result demonstrated that only 

a small fraction of phosphopeptides were enriched by HILIC materials due to their low 

hydrophilicity and the M6P glycopeptide signals were also suppressed by the coeluted common 

N-glycopeptides in LC-MS/MS analysis. Therefore, development of a new enrichment strategy to 
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simultaneously enrich and separate glycopeptides, phosphopeptides, and M6P glycopeptides from 

the same biological samples would overcome ion suppression issue during MS analysis, which is 

highly beneficial for the global mapping of these PTMs. 

Exploring hydrophilicity of the Ti(IV)-IMAC material. The Ti(IV)-IMAC material we 

developed not only possesses substantial phosphate chelated Ti(IV) ions, which can be used to 

capture phosphopeptides through electrostatic interactions, but also contains numerous hydroxyl, 

amine and phosphate groups on the material surface. We previously demonstrated the high 

hydrophilicity of Ti(IV)-IMAC material and used this characteristic to separate the Ti(IV)-IMAC 

enriched phosphopeptides and M6P glycopeptides.13 However, this strategy was not able to enrich 

common glycopeptides due to non-HILIC mode loading procedures. To overcome this problem, 

we continually optimize the loading procedure and change it to HILIC mode. We aim to 

simultaneously capture glycopeptides during the phosphopeptide and M6P glycopeptide 

enrichment.  

To test this possibility, we first used standard phosphoprotein β-casein and standard 

glycoprotein RNase B digests to perform the enrichment. Standard M6P glycoprotein was not 

found commercially available, so it was not included in the initial test experiment. The sample 

loading buffer was changed from 40% ACN/3%TFA to 80% ACN/3%TFA, which was similar 

with the conventional HILIC enrichment protocols. The increased ACN content can help to 

generate an aqueous layer across the substantial hydroxyl, amine groups and phosphate chelated 

Ti (IV) ions on the material surface, therefore, the glycopeptides can be captured on materials 

through hydrophilic interaction. Initially, the aqueous buffer of 10% ammonia was used as a single 
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elution buffer because it can interrupt both electrostatic and hydrophilic interactions and should be 

able to elute captured phoshopeptides and glycopeptides simultaneously.  

The flow-through and eluted samples were analyzed by MALDI-TOF MS and the results were 

shown in Figures 3A and 3B. Figure 3A showed that flow-through did not reveal the trace of 

phosphopeptides and glycopeptides, which demonstrated that majority of these modified peptides 

were captured on the materials. And in Figure 3B, the two intense peaks labeled with red pound 

signs can be annotated as the two phosphopeptides of β-casein. There are also some peaks that can 

be annotated to the glycopeptides of RNase B, however, their intensities are very low. We infer 

that the glycopeptides of RNase B are either not effectively enriched by Ti (IV)-IMAC materials 

or their signals are greatly supressed by the coeluted phosphopeptides. To evaluate these 

possibilities, we performed another elution experiment, that is the glycopeptides and 

phosphopeptides were eluted separately. As 0.1% FA can interrupt the hydrophilic interactions, 

we used it to elute the glycopeptides of RNase B, and then 10% ammonia was used to elute 

phosphopeptides. Figure 3C was similar with Figure 3A and no trace of phosphopeptides and 

glycopeptides was found. As shown in Figure 3D, significantly enhanced and increased 

glycopeptide peaks were observed with the 0.1% FA elution. And in Figure 3E, we detected the 

two phosphopeptides of β-casein without signals from glycopeptides (Annotated MALDI-TOF 

MS peaks were also shown in Table S1). These results demonstrated that Ti (IV)-IMAC materials 

can be used to simultaneously enrich glycopeptides and phosphopeptides from the same sample. 

And separating the glycopeptides from the phosphopeptides after enrichment can increase the MS 

signals for glycopeptides and improving their detection and coverage. 
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Applying dual-functional Ti(IV)-IMAC material to enrichment of PTM peptides from 

complex biological samples. After demonstrating the potential of dual-functional Ti(IV)-IMAC 

material for the enrichment and separation of both glycopeptides and phosphopeptides. We then 

applied this novel strategy to the enrichment of N-glycopeptides, phosphopeptides and M6P 

glycopeptides from complex biological samples consisting of mouse lung protein digests. Initially, 

the samples were loaded onto the Ti(IV)-IMAC materials with conventional HILIC mode. In this 

way, neutral glycopeptides were captured on the materials through hydrophilic interaction, 

phosphopeptides were captured with electrostatic interaction and sialyl and M6P glycopeptides 

were captured by the synergistic electrostatic and hydrophilic interaction. We then performed 

stepwise elution of these captured peptides. Generally, as shown in Figure 4A, in Elution 1 

(fractions 1-3), the numbers of identified glycopeptides were 888, 1630, and 1705, respectively, 

and majority of them were neutral glycopeptides. In Elution 2 (4th fraction), 1787 glycopeptides 

were identified, while the glycopeptides with sialylated glycan were continually increased to 834. 

Higher number of sialylated glycopeptides was profiled in this fraction. This observation is likely 

due to the fact that the pKa value of sialic acid is 2.1, therefore sialic acids may not be fully 

protonated in low TFA elution buffer and they can still be captured by Ti(IV)-IMAC materials 

through electrostatic interaction. However, if we increased the TFA content from 0.1% to 6%, 

more sialic acids can be protonated and continually be eluted. It is worth mentioning that this 

strong acid condition did not elute much phosphopeptides and M6P glycopeptides, as the pKa 

value of phosphate group is 0.7-1.0, which is much lower than sialic acid and is hard to be 

protonated. 



 

 

305 

In fractions 1-4, in which majority of glycopeptides were identified, we found that the ratios 

of sialylated glycopeptides in all identified glycopeptides were 3.4%, 16.4%, 40.3%, and 46.7%, 

respectively, and the ratios were gradually increased in these four fractions. Moreover, the ratios 

of multi-sialylated glycopeptides in all identified sialylated glycopeptides in these four fractions 

were 10.0%, 7.1%, 23.7%, and 40.7%, respectively, and the ratios also have a general trend of 

increasing (Figure 5A, Figure S1). This is because the sialic acid is more hydrophilic than other 

monosaccharides and it is also negatively charged, eluting sialylated glycopeptides from dual-

functional Ti(IV)-IMAC material is more difficult than other neutral glycopeptides due to stronger 

retention. The increasing trend of sialylated and multi-sialylated glycopeptide ratio corresponded 

well to the decreasing ACN content, increasing TFA content. These results demonstrated that the 

dual-functional Ti(IV)-IMAC materials can not only effectively enrich glycopeptides with 

excellent efficiency, it can also separate sialylated glycopeptides from neutral glycopeptides. As 

sialylation has been widely implicated in various biological processes. Therefore, comprehensive 

sialylation analyses will help to elucidate their roles in the related biological process and facilitate 

the discovery of novel biomarkers for diseases and drug targets.18 We assume that by performing 

negative ion mode MS,19 or explore sialic acid derivatization strategy20-22 and combine these 

approaches with our high efficiency enrichment and separation strategy, the coverage of  sialylated 

glycopeptide analyses will continually be improved. 

As a comparison, we also performed fractionation for conventional HILIC enriched 

glycopeptides. In total, four fractions were collected, and the elution buffers all contained 0.1% 

FA and gradient decrease of ACN content at 60%, 40%, 20%, and 0%, respectively. The identified 
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glycopeptides were 1684, 1404, 711, and 188, respectively, and the sialylated glycopeptides were 

691, 572, 183, and 22 (Figure S2A). The data showed that conventional HILIC did not fractionate 

the glycopeptides like the dual-functional Ti-IMAC done. The greatest number of sialylated 

glycopeptides were identified in the first fraction and it decreased with the reduction of ACN 

content and the total number of glycopeptides in other three fractions, the sialylated glycopeptides 

ratio have the same trends (Figure S2B), which showed opposite trends with the dual-functional 

Ti-IMAC fractionation. This demonstrated that sialylated glycopeptides were not separated well 

from neutral glycopeptides in conventional HILIC fractionation. Moreover, the identified M6P 

glycopeptides in the four fractions were 15, 9, 2, and 0, respectively, which was also lower than 

the dual-functional Ti-IMAC approach profiled (Figure S2C). 

After eluting most glycopeptides, materials were resuspended in 80% ACN to recover the 

aqueous layer and continually eluted with gradient ACN containing ammonia. In Elution 3 (5th and 

6th fraction), only the majority of phosphopeptides were eluted, the results in Figure 4B 

demonstrated that in the 5th fraction, 3883 phosphopeptides were profiled, of which only 150 were 

multi-phosphopeptides, while in the 6th fraction, 2634 phosphopeptides were identified and the 

identified multi-phosphopeptides were increased to 703. In Elution 4 (7th fraction), the ACN 

content was continually decreased to the aqueous elution buffer, in this fraction, the total number 

of identified phosphopeptides was decreased to 1504, with 489 of them being multi-

phosphopeptides. In the 5-7th fractions, the multi-phosphopeptides ratios were 3.9%, 26.7%, and 

32.5%, respectively. It was contrary to the decreasing trend of phosphopeptides, the ratio of multi-

phosphopeptides increased gradually (Figure 5B). This counter-intuitive result is likely due to the 
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strong hydrophilicity of the phosphate group on phosphopeptides,23 and in general multi-

phosphopeptides are more hydrophilic than mono-phosphopeptides, which will enhance their 

retention on materials under HILIC conditions.24 These results demonstrated dual-functional 

Ti(IV)-IMAC materials can not only effectively enrich phosphopeptides with high efficiency, but 

can also separate multi-phosphopeptides from mono-phosphopeptides according to their 

differences in hydrophilicity. Comprehensive isolation and characterization of both mono- and 

multi-phosphopeptides is important for understanding the graded regulation of phosphorylation 

signal that can more precisely modulate the switch of signal transduction pathways.25-27 

Previously, separation of multi-phosphopeptides from mono-phosphopeptides was achieved by 

applying two enrichment materials with different mono- and multi-phosphopeptide selectivity.28-

30 However, these methods cost additional enrichment material and often lead to greater sample 

loss during the sample transfer.31 Therefore, our simultaneous enrichment and separation strategy 

through dual-functional Ti(IV)-IMAC materials have unique advantages to enable more 

comprehensive profiling of mono- and multi-phosphopeptides. It is worth noting that, in the 7th 

fraction, we also identified 361 glycopeptides with 69.0% being sialylated glycopeptides and 

61.9% being multi-sialylated glycopeptides (Figure 4A, Figure 5A), which were remnants of 

strong acid elution and were continually eluted by aqueous and basic elution conditions.  

 In Elution 1-3, only a handful of M6P glycopeptides were identified, if any. However, in 

Elution 4, we profiled 57 M6P glycopeptides (Figure 4C). These results demonstrated that M6P 

glycopeptides have the strongest retention on Ti(IV)-IMAC materials due to the unique properties 

of this class of glycopeptides possessing both hydrophilic glycans and negatively charged 
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phosphate groups. Only the highest elution strength with aqueous buffer plus electrostatic 

interaction interruption reagent could effectively elute these peptides. Therefore, the separation of 

M6P glycopeptides from common N-glycopeptides and phosphopeptides based on their 

differences in hydrophilicity and electrostatic interactions using the dual-functional Ti(IV)-IMAC 

materials can be achieved with systematic optimization.  

Through this sequential elution and separation, we identified 3896 N-glycopeptides, 5539 

phosphopeptides, and 65 M6P glycopeptides in mouse lung and the identified glycopeptides, 

phosphopeptides and M6P glycopeptides by the new strategy were 1.9, 2.3, and 4.3 times higher 

than those achieved using the conventional method, respectively (Figure 4D). And we also 

performed the HILIC mode Ti-IMAC without fractionation, the result was similar with the 

standard protein result. The identified phosphopeptides and M6P glycopeptides were similar with 

the conventional Ti-IMAC method. However, the enriched N-glycopeptides only increased to 295, 

which was much lower than the conventional HILIC method and demonstrated that they were also 

suppressed by the co-eluted phosphopeptides in LC-MS/MS analysis. By analyzing the overlap of 

identified glycoproteins, phosphoproteins, and M6P glycoproteins, we observed that 2 proteins 

bear all three PTMs, 3 proteins have both M6P glycosylation and phosphorylation, 19 proteins 

have both common N-glycosylation and M6P glycosylation, and 76 proteins possess both 

glycosylation and phosphorylation sites, which shed light on the crosstalk analysis of these 

multiply modified peptides (Figure 4E).  

Characterization of common N-glycoproteome and M6P glycoproteome datasets. Of the 3961 

N-glycopeptides (including common N-glycopeptides and M6P glycopeptides), we mainly focus 
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on the analysis of unique glycoforms and remove the redundant results. This analysis resulted in 

the identification of 3279 unique glycoforms, corresponding to 724 N-glycosites and 388 N-

glycoproteins. We compared our current results with a published mouse lung glycoproteome.32 

The comparison revealed that the two datasets profiled similar number of glycoproteins (388 vs. 

394) and glycosites (724 vs. 686), and among the 724 glycosites, 335 were commonly identified 

in both datasets while 389 were newly identified in our dataset. Our dataset also contained more 

identifications of glycoforms, whereas 2433 glycoforms were uniquely identified in our dataset 

(Figure S3).  

We then analyzed the heterogeneity of the profiled glycoproteome. In brief, 65.2% (253) of 

glycoproteins possess only one glycosite and each glycoprotein had an average of 1.9 N-linked 

glycosites (Figure 6A, left). However, the number of glycans per glycosite showed different trend, 

59.1% (428) of profiled glycosites were modified with more than one glycan and 21.8% of them 

have more than six glycans, and each glycosite had an average of 4.5 different glycans (Figure 

6A, right). These data demonstrated the significant heterogeneity of N-linked glycosylation.  

In total, we identified 210 unique glycans and categorized the identified glycans into six 

groups based on the state of their biosynthetic process. The six categories represented a gradual 

maturation of glycans from mature high mannose, to paucimannose, mannose-6-phosphate, 

complex/hybrid, and finally fucosylated and sialylated. We found that 20.3% and 11.2% of the 

identified N-glycoforms possess high mannose and paucimannose glycans, respectively. And 

1.6% of them corresponded to M6P glycosylation. 14.6% of the N-glycoforms possessed 

complex/hybrid glycans. Given our glycan categorization rules, any glycan with a NeuAc and/or 
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NeuGc moiety was categorized as sialylated, therefore some glycans in the sialylated group were 

also fucosylated. However, the fucosylated glycan type group contained any glycans containing a 

fucose moiety that was not sialylated. Fucosylated and sialylated glycans corresponded to 14.0% 

and 38.2% of the identified N-glycoforms (Figure 6B). In total, 66.8% N-glycoforms were 

complex/hybrid glycans or decorated with fucose or sialic acid, which was in accordance with the 

results obtained with conventional HILIC method revealing 67.1% of mouse lung glycoproteome 

contained complex/hybrid glycans. These data demonstrated that, the majority of the glycans in 

mouse lung have been processed to their mature state. 

We identified 54 unique M6P glycoforms corresponding to 23 N-glycoproteins. It is 

interesting that 18 M6P glycoforms have their common N-glycoform counterparts. We selected 

some of them and showed in the left panel of Figure 7, N-acetylglucosamine-6-sulfatase (Gns) 

possesses the M6P glycans Man6GlcNAc2Phospho1, Man7GlcNAc2Phospho1, 

Man7GlcNAc2Phospho2, and Man9GlcNAc3Phospho1 at Asn354, and it also possesses 

Man6GlcNAc2, Man7GlcNAc2, and Man9GlcNAc2 at the same site. The situation for 

Tripeptidyl-peptidase 1 (Tpp1) and Cathepsin L1 (Cts1) was similar. These findings are consistent 

with literature reports that phosphate on M6P glycans can be removed by acid phosphatase after 

M6P glycoproteins are distributed to their appropriate cellular localization.33 With this in mind, to 

comprehensively profile the glycosylation of M6P glycoproteins, especially to quantify their 

changes during specific biological process, the non-M6P counterparts must be considered. 

Therefore, the simultaneous enrichment strategy is essential for this situation. As shown in the 

right panel of Figure 7, conventional HILIC method revealed fewer M6P glycoforms and their 
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counterparts than the HILIC mode Ti-IMAC enrichment method, therefore our simultaneous 

enrichment and separation strategy can achieve more comprehensive profiling and quantification 

of M6P glycosylation in complex biological sample. 

Characterization of phosphoproteome dataset and its crosstalk with glycoproteome. Another 

great advantage of our method is that we can also perform comprehensive profiling of the 

phosphoproteome in the same sample. In total, we identified 5539 phosphopeptides corresponding 

to 2004 phosphoproteins. To examine the potential cross-regulation between glycosylation and 

phosphorylation, we analyzed the proteins containing these two PTMs. A total of 76 proteins 

possesses both glycosylation and phosphorylation sites (Figure 4B). A representative example is 

angiotensin-converting enzyme (ACE), a zinc-dependent peptidase responsible for converting 

angiotensin I into the vasoconstrictor angiotensin II, which plays a critical role in the blood 

pressure regulation.34 Moreover, as a relatively nonspecific peptidase that can cleave a wide range 

of substrates, it also affects many other physiological processes including hematopoiesis, 

reproduction, renal development, renal function, and immune response.35 It has been demonstrated 

that N-linked glycosylation is crucial for maintaining the stability and enzymatic activity of ACE, 

since the expressed ACE without glycosylation is catalytically inactive and subjects to rapid 

degradation.36 Phosphorylation of ACE cytoplasmic tail at site Ser1305 regulates its retention in 

the endothelial cell plasma membrane and affect it secretion to extracellular space to perform its 

function.37 As shown in Figure 8, with our HILIC mode Ti-IMAC enrichment method, we 

successfully profiled 129 unique glycoforms of ACE across its nine glycosites and identified a 

phosphopeptide with phosphorylation at site Ser1305. As a comparison, in a published mouse lung 
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glycoproteome, 133 unique glycoforms were mapped on the same nine glycosites in ACE, which 

was similar with our data (Table S2), however the phosphorylation site was not reported for ACE 

in that study.32 Our simultaneous enrichment strategy will facilitate more in-depth investigation of 

the cross-regulation of glycosylation and phosphorylation on ACE function in future studies. This 

new strategy will also shed light on the large-scale crosstalk analysis of protein glycosylation and 

phosphorylation based on the simultaneously enriched glycoproteome and phosphoproteome data 

collected from the same biological sample.  

Conclusion 

We explore and demonstrate the potential of Ti-IMAC for the simultaneous enrichment of 

common N-glycopeptides, phosphopeptides, and M6P glycopeptides from the same complex 

biological sample. Moreover, as majority of glycopeptides were captured on materials with only 

hydrophilic interaction, they were eluted first with aqueous buffer containing formic acid (FA) or 

trifluoracetic acid (TFA). Phosphopeptides were mainly captured on the materials with 

electrostatic interaction. Therefore, they can be eluted with high acetonitrile (ACN) content buffer 

containing ammonia. Finally, M6P glycopeptides captured on materials with synergistic 

electrostatic and hydrophilic interaction can be eluted with low ACN content buffer containing 

ammonia. The three classes of PTM peptides were successfully separated with appropriate 

fractionation, therefore, the interference among these three classes of peptides can be substantially 

eliminated and the coverage of N-glycopeptides, phosphopeptides and M6P glycopeptides were 

significantly increased to 1.9, 2.3, and 4.3-fold respectively compared with conventional 
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enrichment method. The enrichment and fractionation of three different PTMs from the same 

biological sample can also facilitate the crosstalk analysis of these three PTMs. 
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Figures 

Figure 1. Scheme of IMAC and HILIC dual-mode affinity enrichment approach for the 

simultaneous enrichment of glycopeptides, phosphopeptides and M6P glycopeptides. Elution is 

performed in four steps to separate different peptides according to their chemical properties: 

Elution 1 uses weak acidic buffer with decreased ACN gradient and mainly elutes neutral 

glycopeptides; Elution 2 uses strong acidic condition that allows protonating sialylated 

glycopeptides to be collected and makes them isolated from the IMAC beads that bind to the 

unprotonated phosphopeptides and M6P glycopeptides; Elution 3 uses basic buffer with high and 

medium ACN content, which can elute mono- and multi- phosphopeptides, respectively; Elution 

4 uses basic buffer with low ACN content and M6P glycopeptides are mainly eluted in this 

fraction. 
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Figure 2. Common N-glycopeptide, phosphopeptide and M6P glycopeptide enrichment with 

conventional method. (A) conventional Ti-IMAC method. (B) conventional HILIC approach.  
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Figure 3. MALDI-TOF MS analysis of Ti-IMAC enriched β-casein and RNase B digest mixture. 

(A, B) Ti-IMAC enrichment in HILIC-mode and elution without fractionation. (C-E) Ti-IMAC 

enrichment in HILIC-mode and elution with 0.1% FA (D) and 10% ammonia (E) fractionation. (# 

represents phosphopeptides and * represents glycopeptides) 
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Figure 4. Dual-mode affinity enrichment approach enables the enrichment and separation of 

common N-glycopeptides, phosphopeptides, and M6P glycopeptides. (A) Common N-

glycopeptide identification results. (B) Phosphopeptide identification results. (C) M6P 

glycopeptide identification results. (D) Comparison of identified N-glycopeptides, 

phosphopeptides and M6P glycopeptides across different enrichment methods. (E) Overlap 

analysis of N-glycoproteins, phosphoproteins and M6P glycoproteins profiled in the HILIC mode 

Ti-IMAC with fractionation method. (F1-7 represent fractions 1-7) 
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Figure 5. Fractionation efficiency of different elution conditions. (A) Sialylated and multi-

sialylated glycopeptides ratio. (B) Multi-phosphopeptides ratio. (F1-7 represent fractions 1-7) 
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Figure 6. Glycoproteome heterogeneity analysis. (A) Distribution of the number of glycosites per 

glycoprotein (left) and the number of unique glycans per glycosites (right). (B) Glycan 

categorization of identified unique glycoforms. 
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Figure 7.  Mouse lung M6P glycosylation and its phosphate free counterpart revealed by the 

HILIC mode with fractionation and conventional HILIC mode enrichment. 
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Figure 8．Glycan diversity and phosphorylation on angiotensin-converting enzyme (ACE). 
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Experimental Section.  

Sample preparation. Weigh 1 mg of standard phosphoprotein β-casein and standard glycoprotein 

Ribonuclease B (RNase B) and dissolve them in 125 ml 8M urea and 50 mM TEAM buffer (pH 

8.0), respectively. The mouse lung tissue was collected from male adult C57BL/6 mice. The tissue 

sample was sliced into 1-2 cubic millimeter pieces in clean dish with ice bath and washed with 

150 mM ice cold PBS buffer for 3 times. Then they were homogenized and lysed in a 

homogenization buffer consisting of 4% v/v SDS, 65 mM DTT, 150 mM NaCl, and 25 mM Tris 

(pH 7.4) (1 protease inhibitor tablet (Roche, Mannheim, Germany) and 1 phosphatase inhibitor 

tablet (Roche, Mannheim, Germany) were added in every 10 mL of the lysis buffer). Lysed buffer 

was continually sonicated in a probe sonicator with 60 W energy and pulse 5s on 5s off for 60 

cycles. The homogenates were centrifuged with 3000 x g for 15 min and the supernatants were 

collected and poured into 5-fold ice cold precipitation buffer (acetone: ethanol: acetic acid=50: 50: 

0.1). The precipitation was put in -20 ℃ for 12 h and then was centrifuged with 3000 x g at 4 ℃ 

for 15 min. The protein pellet was washed with 10 ml ice cold precipitation buffer twice and 

centrifuged with 3000 x g for 15 min to remove the supernatants. The pellet was put in hood for 

15 min to dry the remaining precipitation buffer and then was re-dissolved in 8M urea and 50 mM 

TEAB buffer (pH 8.0). Protein concentration was measured by a BCA assay kit (Thermo Fisher 

Scientific, San Jose, CA) and stored in -80 oC.  

Protein digestion. 1 mg of standard phosphoprotein, glycoprotein, and mouse lung protein 

samples were weighed respectively. The samples were treated with 10 mM dithiothreitol (DTT) 

for 1 h to reduce the disulfide bonds. After reduction, the samples were alkylated with 20 mM 
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iodoacetamide for 30 min in the dark to block the reduced cysteine. The samples were quenched 

by adding 10 mM DTT for 5 min. In the end, the sample buffer was diluted to 1 M urea with 50 

mM TEAB and trypsin (Promega, Madison, WI) was added to the samples with protein: trypsin 

ratio at 50:1 and incubated at 37 oC water bath for 16 h. Digested samples were stored at -80 oC 

for later use. 

Typical Ti(IV)-IMAC enrichment and elution. Ti(IV)-IMAC adsorbents were home-made and 

the enrichment protocol was adapted from our previous protocol.1-3 Briefly, the 200 μg tryptic 

mouse lung peptide mixture was added in the loading buffer (80% acetonitrile (ACN) (v/v) and 

6% trifluoroacetic acid (TFA) (v/v)) with 1:1 ratio (v/v) and then they were incubated with Ti(IV)-

IMAC adsorbents with a ratio of 1:10 (w/w) for 30 min. Then the non-specific adsorbed peptides 

on the surface of adsorbents were washed sequentially by washing buffer 1 (50% ACN (v/v) 6% 

TFA (v/v) and 200 mM NaCl) and washing buffer 2 (30% ACN (v/v) and 0.1% TFA (v/v)). Finally, 

the enriched phosphopeptides and M6P glycopeptides were eluted from the adsorbents with 10% 

NH4OH (v/v). After centrifugation at 20,000 x g for 5 min, the supernatant was collected and 

immediately dried down in SpeedVac. Samples were stored at -20 oC and re-dissolved in 1% 

formic acid (FA) before LC–MS/MS analysis and load 15% of each sample for analysis. 

Typical HILIC enrichment and elution. HILIC enrichment was performed with homemade 

HILIC stage-tip which uses a neutral, polar material (PolyHYDROXYETHYL A: 12μm and 300 

Å from PolyLC Inc.). Briefly, 2 mg of cotton wool was weighed and inserted into a 200 µL pipette 

tip. Place the pipette tip on a 2 mL sample vial with the help of an adapter unit. HILIC beads were 

dissolved into 1% trifluoroacetic acid (TFA) solvent and the HILIC beads slurry was vortexed for 
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15 min to activate the HILIC beads. Transfer the HILIC slurry onto the top of the cotton wool. 

Centrifuge the sample vial to remove the solvent at 500 xg for 2 min. Add 200 µL of 1% TFA to 

flush the beads. Centrifuge the sample vial at 500 xg for 2 min to remove the liquid. Condition the 

HILIC beads with 200 µL 80% ACN/1% TFA for three times. 200 μg of tryptic mouse lung sample 

was dissolved in 80% ACN/1% TFA and loaded onto the HILIC stage-tip. Centrifuge the sample 

vial at 500 xg for 2 min and flow through of the sample was re-loaded to the HILIC stage-tip twice. 

Then wash away the non-glycopeptides with 200 µL of 80% ACN/ 1% TFA for three times, and 

then elute the glycopeptides with 300 µL of 0.1% FA water. The sample was immediately dried 

down in SpeedVac. Samples were stored at -20 oC and re-dissolved in 0.1% formic acid (FA) 

before LC–MS/MS analysis and load 15% of each sample for analysis. 

Fractionation method: Two aliquots of 250 μg of tryptic digested mouse lung sample were 

dissolved in 80% ACN/1% TFA and loaded onto the HILIC stage-tip. Centrifuge the sample vial 

at 500 xg for 2 min and the flow-through sample was re-loaded to the HILIC stage-tip twice. The 

non-glycopeptides were washed with 200 µL of 80% ACN/ 1% TFA for three times, followed by 

elution of the glycopeptides with 60% ACN (v/v) and 0.1% FA (v/v), 40% ACN (v/v) and 0.1% 

FA (v/v), 20% ACN (v/v) and 0.1% FA (v/v), 0.1% FA (v/v), respectively. The elutions from the 

two aliquots of samples were combined and were immediately dried down in SpeedVac. Samples 

were stored at -20 oC and re-dissolved in 0.1% formic acid (FA) before LC–MS/MS analysis and 

20% of each sample was loaded for analysis. 

MALDI-TOF and NanoLC-MS/MS analysis. Standard samples were tested on a Bruker 

Rapiflex MALDI-TOF/TOF instrument (Bruker Daltonik, Bremen, Germany) with 2,5-
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Dihydroxybenzoic acid matrix (Sigma Aldrich, St. Louis, USA). Ion source parameters: laser 

energy 70%, frequency 200 Hz, laser 355 nm and each data collection of 10,000 shots. Complex 

samples were analyzed with an Ultimate 3000 nanoLC coupled to an Orbitrap Fusion Lumos 

Tribrid mass spectrometer (Thermo Fisher Scientific, San Jose, CA). Re-dissolved sample was 

injected onto a 75 μm i.d. × 15 cm length homemade column with an integrated HF etched emitter 

tip and packed with 1.7 μm, 130 Å, BEH C18 material from a Waters UPLC column (Waters, 

Milford, MA). Peptides were separated with a gradient that ramped from 97% solvent A (0.1% FA 

in H2O) and 3% solvent B (0.1% FA in ACN) to 30% solvent B over 80 min and then kept each 

of 75% solvent B, 95% solvent B, and 100% solvent A for 10 min. The flow rate was set at 300 

nL/min. MS method was set according to the following parameters: MS scan range (m/z) = 400-

2000; resolution = 120,000; AGC target = 1.0e6; maximum injection time = 250 ms; included 

charge state = 2-6; dynamic exclusion duration = 30 s. MS/MS method is a top 20 data-dependent 

acquisition (DDA) mode in which all MS/MS dissociations were performed with higher energy 

collisional dissociation (HCD): resolution = 60,000; AGC target =2.0e5; maximum injection 

time = 150 ms; collision energy = 30%. 
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Figure S1. Distributions of sialic acid numbers of sialylated glycopeptides in each fraction.  
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Figure S2. Glycopeptide fractionation with conventional HILIC approach. (A) Total N-

glycopeptide and sialylated glycopeptide identification results. (B) Sialylated glycopeptide ratio. 

(C) M6P glycopeptide identification results. 
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Figure S3. Comparison of mouse lung glycoproteomes profiled in this study and previously 

published data. 
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Table S1. MALDI-TOF MS analysis of HILIC-mode Ti-IMAC enriched peptides from β-casein 

and RNase B digest mixture with or without fractionation 

Protein Peptide Glycosite Glycan  [M+H]+ No fractionation Fractionation 

Rnase B NLTK Asn-60 GlcNAc2 Man5 1691.71 1 1 

Rnase B NLTK Asn-60 GlcNAc2 Man6 1853.76 1 1 

Rnase B SRNLTK Asn-60 GlcNAc2 Man5 1934.84 

 

1 

Rnase B NLTKDR Asn-60 GlcNAc2 Man5 1962.84 

 

1 

Rnase B NLTK(cam)DR Asn-60 GlcNAc2 Man5 2005.84 

 

1 

Rnase B NLTK Asn-60 GlcNAc2 Man7 2015.82 

 

1 

Rnase B SRNLTK Asn-60 GlcNAc2 Man6 2096.9 

 

1 

Rnase B NLTKDR Asn-60 GlcNAc2 Man6 2124.89 

 

1 

Rnase B NLTK(cam)DR Asn-60 GlcNAc2 Man6 2167.9 

 

1 

Rnase B NLTK Asn-60 GlcNAc2 Man8 2177.87 

 

1 

Rnase B SRNLTK Asn-60 GlcNAc2 Man7 2258.95 

 

1 

Rnase B NLTKDR Asn-60 GlcNAc2 Man7 2286.94 1 1 

Rnase B NLTK Asn-60 GlcNAc2 Man9 2339.92 

 

1 

Rnase B SRNLTK Asn-60 GlcNAc2 Man8 2421 

 

1 

Rnase B NLTKDR Asn-60 GlcNAc2 Man8 2449 

 

1 

Rnase B SRNLTK Asn-60 GlcNAc2 Man9 2583.05 

 

1 

β-casein FQ[pS]EEQQQTEDELQDK 

 

2061.83 1 1 

β-casein ELEELNVPGEIVE[pS]L[pS][pS][pS]EESITR 2966.16 1 1 

β-casein RELEELNVPGEIVE[pS]L[pS][pS][pS]EESITR 3122.27 1 1 
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Table S2. MALDI-TOF MS analysis of glycopeptides and phosphopeptides enriched from 

mixture of RNase B and β-casein tryptic digests.  
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Profiling CSF Endogenous Peptidome in Alzheimer's Disease 
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Abstract  

Human cerebrospinal fluid (CSF) is a rich source for central nervous system (CNS)-related disease 

biomarker discovery due to its direct interchange with the extracellular fluid of the CNS. Though 

extensive proteome-level profiling has been conducted for CSF, studies targeting at its endogenous 

peptidome is still limited. It is harder to include the post-translational modifications (PTMs) 

characterization of the peptidome in the mass spectrometry (MS) analysis because of their low 

abundance and the challenge of data interpretation. In this chapter, we present a peptidomic 

workflow that combines molecular weight cut-off (MWCO) separation, EThcD fragmentation, and 

a three-step database searching strategy for comprehensive PTM analysis of endogenous peptides 

including both N-glycosylation and O-glycosylation and other common peptide PTMs. The 

method has been successfully adopted to analyze CSF samples from healthy donors, mild cognitive 

impairment (MCI) and Alzheimer’s disease (AD) patients to provide a landscape of peptidome in 

in different disease states. 
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1. Introduction  

Human cerebrospinal fluid (CSF) is predominantly produced in choroid plexuses, circulates 

within the ventricles of the brain, and surrounds the brain and spinal cord.1 The averaged total 

volume of CSF is estimated to be about 150 mL in adults, and daily volume of CSF produced 

varies between 400 to 600 mL.2 The functional role of CSF includes mechanical protection of the 

central nervous system (CNS), homeostasis of the interstitial fluid in the brain, and regulation of 

neuronal functioning.3,4 Through direct contact with CNS, the CSF reflects the ongoing 

physiological or pathological state of CNS most directly.5,6 Metabolites, peptides, proteins, 

enzymes, and hormones in CSF are involved in many biological processes, and changes in these 

compositions are viewed as a sign of pathological alterations in CNS. These biological 

compositional changes provide an opportunity to mine the CSF for biomarker discovery in 

neurological diseases.7 

 To date, many studies have characterized the proteome and the proteome-level PTMs of 

human CSF.8–12 Some studies have also explored the correlation between proteome-level 

dysregulation with the progression of neurogenerative diseases, including Alzheimer's disease 

(AD) and Parkinson’s disease.13–17 Nevertheless, few reports focus on the small proteins and 

peptides in CSF, which mostly derive from the processing of larger protein precursors. As one 

crucial but often underestimated post-translational processing step, the endogenous proteolytic 

activity results in specific generation of important classes of peptides, such as peptide hormones 

or cytokines by proteases, along with the unspecific degradation of proteins in metabolism.18 The 

occurrence and quantity of the endogenous peptides as protein fragments can therefore depict a 
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measure of protease and protease inhibitor activities and so many more biological processes and 

disease states that those typically considered.18,19  

What’s more, the discussion on the post-translational modifications (PTMs) on the 

endogenous peptidome is scarcer due to the challenge of their mass spectrometry (MS) detection 

and identification. Yet the PTMs on the endogenous peptides have important functions, for 

example, they can alter the functional properties of some neuropeptides by increasing the binding 

affinity to receptors or making peptides more resistant to enzymatic degradation.20,21 The most 

common PTMs are C-terminal amidation and pyroglutamic acid at the N-terminus.22,23 In addition, 

endogenous peptides may carry various other PTMs, such as acetylation, oxidation, deamidation, 

methylation, phosphorylation, and glycosylation. Therefore, it is essential to consider multiple 

variable PTMs during the database search to better profile the landscape of the endogenous 

peptidome. 

Among these PTMs, glycosylation is the most challenging one to study due to the 

heterogeneity of glycans and glycosylation sites. Glycosylation serves as a key regulatory 

mechanism controlling protein folding, molecular trafficking, cell adhesion, receptor activation 

and signal transduction.24–27 Based on the amino acids that glycans attach to, glycosylation can be 

classified into two major categories: N-glycosylation and O-glycosylation. Biosynthesis of N-

glycosylation is initiated by transferring a pre-assembled 14 monosaccharide complex glycan to 

asparagine residue (Asn) within the consensus motif (Asn-X-Ser/Thr, X≠P) followed by sequential 

addition or removal of certain monosaccharide in a well-defined process.28,29 In contrast, O-

glycosylation synthesis involves the attachment of a single monosaccharide to the serine/threonine 
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(Ser/Thr) residue of a polypeptide without any definable peptide consensus motif and subsequent 

attachment of numerous diverse monosaccharide residues. As a result, a higher degree of site 

occupancy, structural heterogeneity, and diversity have been observed in O-glycosylation. Similar 

to protein modifications, glycosylation can also happen on the endogenous peptides, including 

neurotransmitters and hormones. As an example, it has been reported that there is an extensive N-

/O-glycosylation of gonadotropin, which is a glycoprotein polypeptide hormone.30 Our group 

recently reported O-glycosylation on mouse insulin-1B and -2B chains and human insulin-B chain, 

as well as multiple O-glycoforms of signaling peptides.31 We also discovered 14 O-glycosylated 

neuropeptides in the crustacean nervous system.32 These findings highlight the crucial role of 

glycosylation on neurotransmitters and peptide hormones, and the necessity to characterize the 

glycosylation state of endogenous peptides. 

 For endogenous peptidome in CSF, previous studies only reported PTMs such as 

acetylation, amidation, phosphorylation, Gln to pyro-Glu conversion, and limited observation of 

glycan oxonium ions in some MS spectra.33,34 Even if a small number of O-glycopeptides were 

eventually identified with lower collision energy during fragmentation, only two O-glycan 

compositions were found in this case.34 It is highly possible that there are many more O-

glycosylated endogenous peptides undiscovered. Therefore, an approach with a glycosylation-

centered analysis workflow will be especially beneficial to systematically evaluate N-/O- 

glycosylation on endogenous peptides. 

 Herein, we describe a peptidomic workflow for comprehensive PTM analysis of 

endogenous peptides including both N-glycosylation and O-glycosylation and other common 
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peptide PTMs. The protocol consists of CSF endogenous peptide extraction by 10kDa molecular 

weight cut-off (MWCO), LC-MS/MS analysis with EThcD fragmentation, and a three-step 

database searching strategy for comprehensive PTM analysis (as shown in Fig. 1).35 With EThcD 

fragmentation, site-specific information can be obtained for peptide PTM characterization. This 

workflow can be further adopted to study the endogenous CSF peptides in mild cognitive 

impairment (MCI) and AD patients, which helps to explore the alteration of peptidome during the 

disease progression. 

2. Materials 

2.1 Chemicals and Equipment 

1. Ultrapure water, used for all the solutions listed below unless stated otherwise. 

2. HPLC grade acetonitrile (ACN). 

3. HPLC grade methanol (MeOH). 

4. Formic acid (FA). 

5. Microfuge tubes with low protein binding. 

6. 10 kDa molecular weight cut-off (MWCO) centrifugal filter devices. 

7. 50% (v/v) MeOH in water. 

8. 70:30 (v/v) aqueous 1 M sodium chloride/MeOH. 

9. Protease inhibitor cocktail, complete mini EDTA-free 20× stock solution (we use the 

product from Roche.) Dissolve 1 tablet in 500 µL water to prepare the stock solution. 

10. C18 reversed-phase material to remove salts from samples. (We use Sep-Pak C18 SPE 

cartridges from Waters). 
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11. 0.1% (v/v) trifluoroacetic acid (TFA) in water for peptide desalting. 

12. 0.1% (v/v) TFA in 40% ACN/water solution for peptide desalting. 

13. 0.1% (v/v) TFA in 80% ACN/water solution for peptide desalting. 

14. LC mobile phase A: 0.1% (v/v) FA in water. Use LC-MS grade water and FA. Prepare 

the solution and sonicate it for 15 min to degas the solvent. 

15. LC Mobile phase B: 0.1% (v/v) FA in acetonitrile (ACN). Use LC-MS grade ACN and 

FA. Prepare the solution and sonicate it for 15 min to degas the solvent. 

16. A C18 column (75 µm inner diameter × 15 cm, either home-packed or commercially 

available. We use the homemade column packed with 1.7 μm, 150 Å, BEH C18 

material obtained from a Waters UPLC column (part no. 186004661)). 

2.2 Instrumentation and Software 

1. A refrigerated centrifuge that can achieve 14000 × g and accommodate 1.5 mL 

microfuge tubes. 

2. An ultrasonic cleaner. 

3. A vacuum centrifuge/concentrator. 

4. Ultraperformance liquid chromatography (UPLC) system (we use the Thermo Dionex 

UPLC system). 

5. A Tribrid Quadrupole-Orbitrap Mass Spectrometer with ETD capability (we use the 

Thermo Orbitrap Fusion Lumos).  

6. Database search software capable of searching intact glycopeptides (we use Byonic 

developed by Protein Metrics). 
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3 Methods 

3.1 CSF sample collection 

1. All study procedures involving human subjects have been approved by the 

University of Wisconsin Institutional Review Board and abide by the 

Declaration of Helsinki principles. Each enrollee was provided a signed 

informed consent form before participation. 48 enrollees in the Wisconsin 

Alzheimer’s Disease Research Center (ADRC) participated in this study. The 

subjects comprised of 16 cognitively normal individuals who enrolled in the 

Wisconsin ADRC at late middle age, 16 individuals with MCI and 16 

individuals with AD dementia. All MCI and AD participants were diagnosed 

via applicable clinical criteria in standardized and multidisciplinary consensus 

conferences.36,37  

2. Cognitive normalcy was determined based on intact cognitive performance by 

a comprehensive battery of neuropsychological tests, lack of functional 

impairment, and absence of neurological or psychiatric conditions that might 

impair cognition.38,39 

3. CSF was collected by lumbar puncture of individuals under written informed 

consent.  

4. To enable in-depth profiling of CSF peptidome, CSF aliquots from each of the 

16 individuals at each stage were combined into a pool of 1 mL for control, 

MCI, and AD subjects. (see Note 1) 
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3.2 CSF sample processing 

1. Add 50 µL of Protease inhibitor cocktail 20× stock solution to 1 mL of CSF 

immediately before use. 

2. Perform endogenous peptide separations using 10 kDa MWCO centrifugal 

filters. Before the MWCO separation, wash the filters three times to remove 

the contaminants from the filter and achieve optimal peptide coverage. The 

three washes are 500 μL of 50% methanol in water, 500 μL of water, and 400 

μL of 70:30 aqueous 1 M sodium chloride/MeOH. For each step of washing, 

centrifuge the MWCO filters at 14000 × g for 5 min. 

3. Add the CSF sample to the MWCO filters and centrifuge the MWCO filters at 

14000 × g for 30 min at 4oC. Collect the flow-through from this step in a 1.5 

mL microfuge tube. (see Note 2). 

4. Dry down the flow-through in vacuo. 

3.3 Peptide desalting 

1. Condition a C18 cartridge with 3×1 mL ACN and 3×1 mL 0.1% TFA. 

2. Resuspend the peptide sample in 1 mL of 0.1% TFA and load the sample onto 

the desalting cartridge. (see Note 3) 

3. Wash the mixture using 3×1 mL 0.1% TFA. If the elution is slow, apply positive 

pressure but avoid a flow over one drop per second. (see Note 4) 

4. Elute peptides using 700 µL 40% ACN, 0.1% TFA followed by 700 µL 80% 

ACN, 0.1% TFA. Pool the eluate together. 
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5. Dry down the eluate in vacuo. 

3.4 LC-MS/MS analysis 

1. Resuspend the sample in 0.1% FA. 

2. Put the resuspended sample in a vial and load the sample to LC-MS. 

3. Set the LC gradient as follows: 3%–30% A (18–98min), 30%–75% A (100–108 

min) and 75%–95% A (108–118min). 

4. Operate the mass spectrometer in data dependent acquisition (DDA) mode. 

Acquire MS1 scan from from m/z 400–1800 (120,000 resolution, 4e5 AGC, 

100 ms injection time), followed by EThcD MS/MS acquisition of the 

precursors with the highest charge states in an order of intensity and detection 

in the Orbitrap (60,000 resolution, 3e5 AGC, 100 ms injection time). Perform 

EThcD with optimized user defined charge dependent reaction time (2+: 50 ms; 

3+: 20 ms; 4+: 20 ms; 5+: 20ms; 6+: 9 ms; 7+: 9 ms; 8+: 9ms) supplemented 

by 33% HCD activation. (see Note 5) 

3.5 Data analysis 

1. Search the LC-MS/MS raw data with PTM-centric search engine Byonic. 

2. Perform three consecutive searches as show in Fig. 2. Set precursor mass error 

tolerance of 10 ppm, and a fragment mass error tolerance of 0.01 Da.  

3. Set unspecific enzyme digestion. 

4. Use the whole human proteome database in the 1st search. Set total “rare” 

modification number to 1 and include oxidation of methionine residues 
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(+15.99492 Da), amidation at peptide C-terminus (-0.984016), acetylation at 

peptide N-terminus and lysine, serine (+42.010565), and Gln to pyro-Glu 

conversion (-17.026549) as dynamic modifications. 

5. In the 2nd search, build a focused protein database on the protein precursors 

identified in the 1st search at 1% FDR together with proteins reported in 

literature.33,34  

6. Use the same dynamic modification settings as in the 1st search, except for 

adding N-glycosylation and O-glycosylation as “common” modification, with 

total common modification set as 1. Use the human glycan database embedded 

in Byonic containing 182 N-glycans and 70 O-glycans.  

7. The 2nd search yields a list of identified N-glycans and O-glycans. Build a 

focused glycan database by using the identified glycans. 

8. Set the protein database as the focused protein database in the 3rd search. 

9. Set dimethylation at peptide N-terminus, lysine, arginine (+28.0313), 

deamidation at asparagine (+0.984016), methylation at peptide N-terminus, 

lysine, arginine, glutamine (14.01565), phosphorylation at serine, tyrosine, 

threonine (+79.966331) as dynamic “rare” modifications.  

10. Load the focused glycan database. Set N-glycosylation and O-glycosylation as 

“common” modifications, with the total common modification number set as 1. 

Perform Byonic search. 
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11. After searching, filter peptides with PSMs of FDR < 1%, Byonic score > 50 

and PEP 2D < 0.01. For endogenous peptides with PTMs, include Delta Mod 

Score > 40 in the filtering criteria. (see Note 6) 

4 Notes 

1. Here the CSF samples from 16 individuals are pooled to reduce biological variation 

and allow deeper profiling of low-abundance peptides.40 It is also recommended to 

study on individual control, MCI and AD subjects for studies like biomarker discovery 

if the size of CSF samples collected, instrument/labor time, and financial budget allows. 

2. Many times, the MWCO filters become clogged when there are too many proteins 

loaded. To speed up the centrifugation step, the CSF samples can be loaded to separate 

filters, and the flow-through can be pooled together later. The centrifugation may take 

longer time than 30 min depending on the sample type. 

3. It is important to estimate the loading capacity of the C18 cartridge and choose the 

right size for the experiment. For example, the peptide loading capacity estimate for 

the Waters C18 Sep-Pak cartridge is about 0.1% to 0.3% weight of the sorbent. 

4. Unlike other Waters Oasis cartridges, Sep-Pak C18 cartridge is not a water wettable 

product, so be careful not to let the cartridge go dry during the desalting. 

5. The commonly used HCD fragmentation generates B/Y ions and abundant oxonium 

ions for glycan identification and b/y ions for peptide sequence information, but it does 

not provide much information for PTM site localization. On the other hand, c/z ions 

produced in ETD-MS/MS provide information on the PTM site and the peptide identity, 
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but the abundant unreacted and charge reduced precursors hamper its performance and 

glycan fragments B/Y ions cannot be obtained in this mode. To take advantage of both 

modes, electron-transfer and higher-energy collision dissociation (EThcD) is 

developed as a “hybrid” dissociation method to better identify and localize peptide 

PTMs. Fig. 3A shows a representative EThcD spectrum of an O-glycosylated peptide. 

Its glycan composition can be assigned through the signature oxonium ions including 

138.06 (HexNAc-2H2O-CH2O), 168.06 (HexNAc-2H2O), 186.08 (HexNAc-H2O) and 

204.09 (HexNAc), 274.05 (NeuAc-18), 292.11 (NeuAc), HexNAcHex (366.14), and 

HexNAcHexNeuAc (657.23). Its O-glycosite is unambiguously localized at the 6th 

serine residue instead of the 5th threonine and 12th serine residues by using the c3-c7 

ions. Fig. 3B demonstrates the benefit of using EThcD for other labile PTMs like 

phosphorylation. Along with other b/y, c/z ions and the 98 Da neutral loss, the 

detection of c4 and c5 ions helps to unambiguously localize the phosphorylation site 

at the 5th serine residue of an endogenous phosphorylated peptide VDPKSKEEDKH. 

6. Though the output of Byonic has been filtered by several parameters to control the 

FDR rate, we still recommend to manually inspect the PSMs, especially the glycol-

PSMs to avoid potential mismatch and misassignment. 
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Figures 

Figure 1. The general experimental workflow. 
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Figure 2. The three-step searching strategy for comprehensive PTMs analysis of CSF endogenous 

peptides. 
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Figure 3. Representative EThcD fragmentation spectra of (A) an endogenous O-glycopeptide, and 

(B) an endogenous phosphorylated peptide. 
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