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Advancing mass spectrometry methods for 

glycosylation analysis and their application to  

disease-related glyco-alteration study 

 

Zhengwei Chen 

Under the supervision of Professor Lingjun Li 

At the University of Wisconsin-Madison 

 

Abstract 

Mass spectrometry (MS) has evolved as a powerful tool for glycosylation analysis 

benefiting from its high speed, high resolution and sensitivity. It enables detailed structure 

characterization of glycans, glycosylation site and the peptide sequences of complex biological 

samples in a high-throughput. This dissertation is dedicated to developing MS-based analytical 

methods for the structure characterization and quantitative analysis of both released glycans and 

intact glycopeptides utilizing a bottom-up approach. We started by developing a hydrophilic 

interaction liquid chromatography (HILIC) coupled with matrix-assisted laser 

desorption/ionization-mass spectrometric imaging (MALDI-MSI) platform for improved 

quantitative analysis of N-glycans compared to MALDI-MS. Faced with the challenges of N-

glycan structure complexity, capillary electrophoresis (CE) emerges as a robust separation 

technique affording very small amount of sample consumption, fast separation speed, and high 



 vi 

resolving power. Therefore, we developed a CE-ESI-MS/MS based 6-plex aminoxy tandem mass 

tag (TMT) labeling method for quantitative analysis of protein N-glycosylation analysis from 

human serum, providing the ability of N-glycan quantitation across up to six samples. Improved 

resolution and quantification accuracy of the labeled human milk oligosaccharides (HMOs) 

isomers was also achieved by coupling CE with traveling wave ion mobility (TWIM)-CID-MS/MS. 

The advantage of the glycan-focused approach (glycomics) is that the wealthy structure 

information and glycan isomer separation could be achieved; however, this approach resulted in 

loss of the glycosylation site-specific information. Therefore, we developed a powerful 

glycoproteomics workflow for system-wide structure characterization and quantitation of intact 

glycopeptides. Improvements of this workflow include improved glycoprotein extraction, 

sequential enrichment strategies for improved N-/O- glycopeptide enrichment, hybrid novel 

fragmentation technique electron transfer and higher-energy collision dissociation (EThcD), 

multiplex quantitation enabled by our custom-made isobaric N, N-dimethyl leucine (DiLeu) tags, 

and automated FDR-based large-scale data analysis by Byonic. We have successfully applied this 

workflow to analyze complex biological samples for disease-related glyco-alteration study, 

including the glycosylation alteration in PKM2 knockout breast cancer cells vs. parental cells and 

glycosylation pattern alteration in AD patients. 
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Introduction  

 In this dissertation, I have developed a multi-dimensional mass spectrometry (MS) 

platform, including HILIC-MALDI-MSI (hydrophilic interaction liquid chromatography coupled 

with matrix-assisted laser desorption/ionization-mass spectrometric imaging) and LC/CE/IM-ESI-

MS (liquid chromatography/capillary electrophoresis/ion mobility-electrospray ionization-MS), to 

characterize both released glycans and intact glycopeptides at a system-wide level. Quantitation 

strategies at MS1 and MS2 level with isotopic and isobaric tags were also developed for quantitative 

analysis of glycans and glycopeptides across different disease/control samples. The developed 

analytical strategies helped to reveal glycosylation alteration in breast cancer and Alzheimer’s 

disease (AD) and contributed to an improved understanding of the role of glycosylation in 

pathological processes.  

Chapter 1 is a general introduction and summary of research reported in each chapter in 

the dissertation. Chapter 2 reviews the recent advances of ion mobility-mass spectrometry for the 

improved structural characterization of glycans and glycoconjugates. Chapter 3 reviews the recent 

advances in MS-based glycoproteomics in complex biological samples. Chapter 4 describes my 

efforts to improve the current MALDI-MS platform by incorporating the HILIC separation and 

MALDI imaging for quantitative N-glycan analysis. Chapter 5 reports on developing a CE-ESI-

MS based strategy for quantitative analysis of N-glycans across up to six different samples enabled 

by aminoxyTMT tags. Chapter 6 illustrates the development of an enhanced site-specific N-

glycoproteomics workflow and its application to the study of PKM2 knockout breast cancer cells 

to better understand the role of glycosylation in breast cancer. Chapter 7 describes the in-depth 

N-glycoproteome profiling in human cerebrospinal fluids (CSF) and the glycosylation landscape 

changes in Alzheimer’s disease (AD). Chapter 8 shows the results of CSF O-glycoproteome 
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profiling and the comprehensive post-translational modifications (PTMs) analysis of CSF 

endogenous peptides, as well as how the O-glycosylation and PTMs of endogenous peptides 

change in AD. Chapter 9 concludes the dissertation and discusses future research directions. 

Additional information about the author’s publications, presentations, background information and 

developed protocols can be found in Appendices I, II and III. 

 Chapter 2 Recent advances in ion mobility–mass spectrometry for improved 

structural characterization of glycans and glycoconjugates 

 Glycans and glycoconjugates are involved in regulating a vast array of cellular and 

molecular processes. Despite the importance of glycans in biology and disease, characterization of 

glycans remains difficult due to their structural complexity and diversity. Mass spectrometry (MS)-

based techniques have emerged as the premier analytical tools for characterizing glycans. However, 

traditional MS-based strategies struggle to distinguish the large number of coexisting isomeric 

glycans that are indistinguishable by mass alone. Because of this, ion mobility spectrometry 

coupled to MS (IM–MS) has received considerable attention as an analytical tool for improving 

glycan characterization due to the capability of IM to resolve isomeric glycans before MS 

measurements. In this review, I present recent improvements in IM–MS instrumentation and 

methods for the structural characterization of isomeric glycans. In addition, we highlight recent 

applications of IM–MS that illustrate the enormous potential of this technology in a variety of 

research areas, including glycomics, glycoproteomics, and glycobiology.1 

Chapter 3 Recent advances in MS-based glycoproteomics in complex biological 

samples 
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  Protein glycosylation has been well-known to play a key role in various biological 

processes as well as in disease-related pathological progression. To better understand 

glycosylation’s role in an underlying mechanism, comprehensive characterization and quantitation 

of glycoproteome in different biological systems are needed. MS-based glycoproteomics is a 

powerful approach that provides a system-wide profiling of the glycoproteome in a high-

throughput manner. There have been significant technological advances in this field, including 

improved glycopeptide enrichment, hybrid fragmentation techniques, maturing specialized 

software, and effective quantitation strategies, as well as more dedicated workflows. With 

increasingly sophisticated glycoproteomics tools on hand, researchers have extensively employed 

this tool to explore different biology systems both in terms of in-depth glycoproteome profiling 

and comparative glycoproteome analysis. Quantitative glycoproteomics enables researchers to 

discover novel glycosylation-based biomarkers in various diseases with a potential to offer better 

sensitivity and specificity for disease diagnosis. In this review, we present the recent 

methodological developments in MS-based glycoproteomics and highlight its applications in 

answering different biological questions in complex biological systems. 

Chapter 4 Development of a hydrophilic interaction liquid chromatography coupled 

with matrix-assisted laser desorption/ionization-mass spectrometric imaging platform for N-

glycan relative quantitation using stable-isotope 

This chapter describes the development of a novel hydrophilic interaction liquid 

chromatography (HILIC) coupled with matrix-assisted laser desorption/ionization-mass 

spectrometric imaging (MALDI-MSI) platform for quantitative analysis of N-glycans.  The 

relative quantitation was achieved by heavy and light stable-isotope labeled hydrazide reagents, 

and feasibility of the HILIC-MALDI-MSI platform for reliable quantitative analysis of N-glycans 

was demonstrated using the labeled maltodextrin ladder. The N-glycans released from human 
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serum was used to demonstrate the utility of this novel platform in quantitative analysis of N-

glycans from a complex sample. Benefiting from the minimized ion suppression provided by 

HILIC separation, the comparison between MALDI-MS and the newly developed platform 

HILIC-MALDI-MSI revealed that HILIC-MALDI-MSI provided higher N-glycan coverage as 

well as better quantitation accuracy in the quantitative analysis of N-glycans released from human 

serum.2 

Chapter 5 Capillary electrophoresis-electrospray ionization-mass spectrometry for 

quantitative analysis of glycans labeled with multiplex carbonyl-reactive tandem mass tags 

Recently developed carbonyl-reactive aminoxy tandem mass tag (aminoxyTMT) reagents 

enable multiplexed characterization and quantitative comparison of structurally complex glycans 

between different biological samples. Compared to some previously reported isotopic labeling 

strategies for glycans, the use of the aminoxyTMT method features a simple labeling procedure, 

excellent labeling efficiency, and reduced spectral complexity at the MS1 level. We developed an 

online capillary electrophoresis (CE)-ESI-MS/MS analyses of multiplexed aminoxyTMT-labeled 

human milk oligosaccharides (HMOs) and different types of N-glycans released from glycoprotein 

standards. Improved resolution and quantification accuracy of the labeled HMO isomers was 

achieved by coupling CE with traveling wave ion mobility (TWIM)-CID-MS/MS. N-Glycans 

released from human serum protein digests were labeled with six-plex aminoxyTMT and subjected 

to CE-ESI-MS/pseudo-MS3 analysis, which demonstrated the potential utility of this glycan 

relative quantification platform for more complex biological samples.3 

Chapter 6 Site-specific characterization and quantitation of N-glycopeptides in 

PKM2 knockout breast cancer cells using DiLeu isobaric tags enabled by electron-

transfer/higher-energy collision dissociation (EThcD) 
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 This chapter describes the development of a dedicated workflow with the capability to 

simultaneously characterize and quantify intact glycopeptides in a site-specific and high-

throughput manner. This enhanced workflow includes improved specific extraction of membrane-

bound glycoproteins using the filter-aided sample preparation (FASP) method, enhanced 

enrichment of N-glycopeptides using sequential HILIC and multi-lectin affinity (MLA) 

enrichment, site-specific N-glycopeptide characterization enabled by EThcD, relative quantitation 

utilizing isobaric N,N-dimethyl leucine (DiLeu) tags and automated FDR-based large-scale data 

analysis by Byonic. When this approach was applied to study the glycosylation alterations in 

PKM2 knockout cells vs. parental breast cancer cells, it revealed altered N-glycoprotein/N-

glycopeptide patterns and very different glycosylation microheterogeneity for different types of 

glycans. With glycosylation being one of the most important signaling modulators, our results 

provide additional evidence that signaling pathways are closely regulated by metabolism.4 

Chapter 7 In-depth site-specific analysis of N-glycoproteome in human cerebrospinal 

fluid (CSF) and glycosylation landscape changes in Alzheimer's disease (AD)  

 In chapter 7, we developed a large-scale site-specific glycoproteomics approach for in-

depth CSF N-glycoproteome analysis, including sequential HILIC and boronic acid enrichment 

for improved N-glycopeptide coverage, intact N-glycopeptide characterization enabled by EThcD 

and automated FDR-based large-scale data analysis by Byonic. This approach allows us to analyze 

thousands of intact N-glycopeptides from CSF proteins in a high-throughput manner, generating 

information about glycopeptide sequences, glycosylation site and glycan composition. In total, 

3596 intact N-glycopeptides from 676 N-glycosylation sites and 358 N-glycoproteins were 

identified in CSF, representing the largest reported site-specific CSF N-glycoproteome dataset so 

far. This developed strategy was also applied to N-glycoproteome analysis of CSF samples from 
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AD patients, allowing us to conduct a glycosylation pattern comparison between healthy control 

and AD. A comparable N-glycoproteome coverage was detected in AD, but very different 

glycoform patterns were detected for glycoproteins such as alpha-1-antichymotrypsin, Ephrin-A3, 

Carnosinase CN1, voltage-dependent T-type calcium channel subunit alpha-1H etc., which serve 

as promising glycosylation-based biomarker candidates for AD. 

Chapter 8 In-depth site-specific O-glycosylation analysis of glycoproteins and 

endogenous peptides in cerebrospinal fluid (CSF) from healthy individual, mild cognitive 

impairment (MCI) and Alzheimer’s disease (AD) patients 

 In this chapter, we first optimized the boronic acid-based enrichment strategy after PNGase 

F pretreatment to efficiently enrich both sialylated and non-sialylated O-glycopeptides in CSF. 

The optimized approach was applied to CSF O-glycoproteome study, where 308 intact O-

glycopeptides from 182 O-glycosites and 110 O-glycoproteins were confidently identified. Up 

until now, the dataset represents the largest site-specific O-glycoproteome reported for CSF, 

including 154 novel O-glycosites. For endogenous peptide analysis, we developed a peptidomics 

workflow that combined CSF endogenous peptide extraction by 10k molecular weight cut-off 

(MWCO), EThcD fragmentation, and a three-step database searching strategy for comprehensive 

PTMs analysis. In this workflow, the use of EThcD enabled preserving of labile PTMs including 

glycosylation and phosphorylation, facilitating the accurate site localization. The three-step 

database searching strategy using Byonic as the search engine allowed a comprehensive PTM 

analysis of endogenous peptides, including both N-/O-glycosylation, phosphorylation, amidation, 

acetylation, Gln to pyro-Glu conversion, which allowed the discovery of 95 O-glycosylated CSF 

endogenous peptides for the first time. To provide a more complete picture of the O-glycosylation 

state of CSF glycoproteins in MCI and AD patients, in-depth O-glycosylation profiling 
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experiments were also conducted in parallel, showing a decreased fucosylation in MCI and AD. 

The PTM analysis of endogenous CSF peptides in MCI and AD patients showed an increased 

percentage of PTMs modified peptides, including O-glycosylation, Gln to pyro-Glu and 

acetylation. 

 Chapter 9 Conclusions and future directions 

 The final chapter presents the conclusions both in terms of the analytical method 

development and its application to disease studies. This chapter also includes the experiences 

gained during the method development process, and also the perspectives on the limitations of the 

current methodology and future directions. 
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Abstract 

 Glycans and glycoconjugates are involved in regulating a vast array of cellular and molecular 

processes. Despite the importance of glycans in biology and disease, characterization of glycans 

remains difficult due to their structural complexity and diversity.  Mass spectrometry (MS)-based 

techniques have emerged as the premier analytical tools for characterizing glycans. However, 

traditional MS-based strategies struggle to distinguish the large number of coexisting isomeric 

glycans that are indistinguishable by mass alone.  Because of this, ion mobility spectrometry 

coupled to MS (IM-MS) has received considerable attention as an analytical tool for improving 

glycan characterization due to the capability of IM to resolve isomeric glycans prior to MS 

measurements. In this review, we present recent improvements in IM-MS instrumentation and 

methods for the structural characterization of isomeric glycans. In addition, we highlight recent 

applications of IM-MS that illustrate the enormous potential of this technology in a variety of 

research areas, including glycomics, glycoproteomics, and glycobiology. 

 

Keywords: Ion mobility, Mass spectrometry, Glycans, Glycoconjugates, Isomers, Glycomics 

 

Highlights:  

 IM-MS is a powerful tool for glycan and glycoconjugate isomer analysis. 

 Coupling IM with orthogonal separation techniques along with gas-phase manipulations 

greatly enhance isomer separation.  

 Coupling IM with MS-based fragmentation and spectroscopic techniques improves structure 

characterization. 

 CCS database provides another dimension of information for confident structural 
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identification. 

 IM-MS contributes to improved characterization of complex biological samples. 

 

Introduction 

As one of the most abundant and complex protein post-translational modifications (PTMs), 

glycosylation is associated with many key biological processes including cell adhesion, molecular 

trafficking, receptor activation, and signal transduction 1.  The analysis of glycans and 

glycoconjugates is challenging due to the large diversity of structures resulting from the non-

template driven biosynthesis 2, 3.  In addition, many of the monosaccharides that compose larger 

glycans are structural isomers, and they can be connected via either α- or β-stereochemistry at 

multiple linkage positions, resulting in many glycan isomers (Figure 1a).  Isomeric glycans can 

also have a variety of connectivities to numerous sites on other classes of molecules such as 

proteins, contributing to their strucutral complexity (Figure 1b).  

 Separation and detailed structural characterization of glycan or glycoconjugate isomers is 

crucial for understanding their roles in various biological processes. Benefiting from speed and 

sensitivity of analysis, liquid chromatography (LC)-MS and capillary electrophoresis (CE)-MS 

have emerged as powerful techniques for glycan characterization 4-6.  Despite recent improvements 

to nearly all aspects of MS-based analyical workflows for glycan and glycoconjugate 

chatacterization, it remains challenging to achieve complete structural elucidation due to the 

complexity of glycans and lack of standard reference databases. Therefore, new techniques and 

methods that enhance the differentiation of glycan and glycoconjugate isomers would be highly 

desirable. 

 Although it has been two decades since IM-MS was orginally used to separate glycan isomers, 
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recent technological advancements have sparked increased interest in IM-MS for glycan and 

glycoconjugate analysis 7.  Unlike other commonly used separation techniques such as LC and CE, 

IM-MS is a post-ionization gas-phase technique that separates ions based on differences in shape 

and charge as they travel through a buffer gas under the influence of an electric field 8, 9.  The time 

it takes for an analyte ion to travel through the IM cell can be used to calculate rotationally 

averaged collision cross section (CCS) which provides an additional parameter that can be used to 

identify compounds as well as information about molecular conformation 8-10.   

Initial applications of IM to carbohydrate analysis focused on distinguishing small isomeric 

carbohydrate standards 11, 12. Due to the advancement and commercialization of IM-MS 

instrumentation, a growing number of labs continue to demonstrate that IM-MS is a fast, sensitive, 

and effective method for resolving carbohydrate isomers.  For example, IM-MS has been used to 

separate a variety of isomeric species, including connectivity and configurational isomers 13.  

Furthermore, studies have been extended to more complex systems such as N- and O-glycans and 

intact glycopeptides 14-20.  Here, we discuss the latest developments in IM-MS methods and 

technology that have allowed for enhanced sepration and strucural characterization of glycans and 

glycoconjugates and discuss advances necessary for IM to become more widely used in glycomics 

and glycoproteomics workflows.  

 

Improving IM-Based Isomer Separations. 

Although many proof-of-principle experiments have shown the potential of IM to separate 

glycan isomers, baseline separation of isomeric glycans is difficult as they often have minor 

differences in CCS.  This is especially problematic as studies are expanded to larger glycans and 

glycoconjugates because minor changes in the glycan composition often result in subtle differences 
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in the overall structure.  Furthermore, improved glycan separation will be crucial for extending the 

applications of IM-MS technology to large-scale studies of glycans and glycoproteins in complex 

mixtures from biological systems (i.e., glycomics and glycoproteomics).  Thus, various analytical 

workflows that include IM separation have been developed to enhance the separation of isomeric 

glycans. 

One of major factors that has limited the utility of IM-MS for many applications is that many 

instrument platforms lack the mobility resolution necessary to resolve isomeric species that have 

minor differences in CCS.  The development of high resolution IM instrumentation using 

structures for lossless ion manipulations (SLIM) technology has shown great potential to enable 

separations of a variety of isomeric species 21.  Recently, a novel instrument was developed capable 

of ultralong pathlength travelling wave ion mobility (TWIM) separations on a serpentine-shaped 

SLIM device that has a 30-fold increase in IM resolution compared to traditional drift tube IM and 

TWIM instruments 22.  In addition to providing baseline separation of isomers lacto-N-hexaose 

and lacto-N-neohexaose, high resolution SLIM IM-MS revealed a new conformation of lacto-N-

neohexaose. This suggests that SLIM-based IM separations will provide a level of conformational 

information about glycans that was previously inaccessible. 

An alternative approach to increase isomer separation by improving IM-MS instrumentation 

is to optimize the charge state or polarity of the glycan ions to yield optimal separation of isomeric 

species.  Numerous studies have demonstrated that mobility separations of glycan isomers can be 

optimized by manipulating the ion charge state or charge polarity 23, 24.  Because of this it is 

important to consider a variety of charge carriers, such as metal cations and anions, and ionization 

methods for improving mobility separations (Figure 2a) 25-29.  Furthermore, it was demonstrated 

that electron transfer reactions with group II metal-coordinated carbohydrates improve separation 
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of isomeric species, suggesting the potential for ion-ion reactions in the gas-phase for 

differentiation of isomeric oligosaccharides 30. 

As the detection and the characterization of glycans is often hindered by the lack of a 

chromophore and their poor ionization properties in either spectroscopic or mass-spectrometric 

detection, a wide variety of glycan labeling reagents have been developed, which provide the 

opportunity to manipulate the conformation of the glycans in the gas-phase. Although 1-phenyl-

3-methyl-5-pyrazolone (PMP) was originally developed to enhance UV detection, a recent study 

showed increased separation of structural isomers after PMP derivatization 31.  Reacting with cis-

diols on carbohydrates, boronic acids (BAs) dereivatization has also been shown great potential in 

increasing isobaric carbohydrates differentiation as an ion mobility shift strategy 32. Besides 

covalent binding, non-covalent binding such as crown ethers for peptides and metal cations for 

carbohydrates is another promising approach to enhance structural selectivity 24, 33, 34. Recently, 

non-covalent complexes between monosaccharides and combinations of metal cations, peptides, 

and amino acids were demonstrated to improve differentiation of 8 pairs of enantiomeric glucose 

isomers 35.  Although there is no universal strategy to use sample preparation or gas-phase 

chemistry to improve glycan isomer separation, the strategies discussed above are important 

considerations for achieving optimal separation. 

 

Coupling IM with orthogonal separation techniques. 

In addition to improving IM-MS technology, it is important to consider the enhanced 

analytical capability by coupling IM-MS with a variety of orthogonal separation techniques.  

Because mobility separations typically occur on the order of milliseconds it is possible to couple 

IM between LC 36, 37 or CE 38 and mass spectrometry for glycan analysis (Figure 2a).  The 



16 

 

combination of orthogonal separation methods has been demonstrated to offer improved 

characterization of isomeric glycans.  For example, the combination of hydrophilic interaction 

chromatography (HILIC) and TWIM was used for separation of isomeric pectic oligosaccharides 

37.  In addition, a straightforward reversed-phase LC-IM-MS platform was developed for 

integrated proteomic and glycomic studies 39.  Furthermore, the combination of CE with (TWIM)-

CID-MS/MS provided improved separation and quantitation of aminoxy tandem mass tag 

(aminoxyTMT)-labeled human milk oligosaccharides (HMOs) (Figure 2b) 38. 

 

Coupling IM with MS-based fragmentation and spectroscopic techniques. 

The development of instrumentation that couples IM with a variety of fragmentation 

techniques has been crucial for improving the identification of glycan and glycopeptide isomers.  

It is important to note that coupling IM with MS/MS is mutually beneficial for both techniques. 

That is, ion mobility separations can be used to deconvolute complex fragmentation spectra that 

arise from coeluting isomeric species (Figure 3a).  In addition, fragmentation spectra can be used 

to deconvolute CCS distributions of partially resolved isomeric species (Figure 3a).   

An increasing number of studies have demonstrated that it is beneficial to perform ion mobility 

experiments on both precursor and fragment ions of isomeric species (Figure 3b).  For example, 

IM analysis of precursor and fragmentation ions was used to differentiate Lewis and blood group 

epitopes 40.  Furthermore, it was recently demonstrated that IM analysis of MS/MS derived 

fragments of glycans can be used to differentiate anomeric glycosidic linkages 41.  Another 

promising approach capable of performing mobility separation of precursor and fragment ions is 

tandem IM (IM-CID-IM) in which two mobility regions are separated by a region where ions can 

be mobility selected and collisionally activated 42. IM-IM-MS was recently used to distinguish 
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underivatized carbohydrate isomers based on differences in mobilities of fragments ions.  By 

probing ion mobility profiles of product ions, IM was also used to distinguish α2,3 or α2,6 sialic-

acid linkage 15, 43.   

In addition to coupling IM with collision-based fragmentation methods, IM has recently been 

combined with a variety of fragmentation and spectroscopic techniques, including electron 

activated dissociation (ExD) 44, UV photodissociation 45, 46, and cryogenic IR spectroscopy 47, 48.   

The combination of selected accumulation-trapped IM (SA-TIMS) with Fourier transform ion 

cyclotron resonance (FTICR) mass spectrometers makes it possible to perform ExD on mobility-

selected ions 44.  It was recently demonstrated that coupling IM with cryogenic IR spectroscopy 

can be used to identify isomeric glycosaminoglycans that are partially resolved by IM 49.  

 

Collision Cross Section Databases. 

Another benefit IM-MS provides is the ability to measure CCS values which can be 

implemented into databases and used as additional criteria for structural identification (Figure 3c) 

43, 50.  Because CCS values are an additional parameter to improve the identification of glycan and 

glycopeptides, several groups have compiled CCS databases of glycans and glycopeptides that 

have potential to aide in glycan identifications 25, 28, 51-53.  For example, GlycoMob is an online 

database of >900 CCS values of glycans and their fragments.  In addition, a database containing 

glycopeptide CCS values was recently presented that has the potential to aide in identification of 

unique glycoforms 54.    

Accurate glycan identification based on CCS values is still in its early stage with several 

challenges remaining before this approach could be used routinely for glycan identification. One 

of the challenges lies in the shortage of available CCS values resulting from the difficulty in 
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synthesizing glycan standards especially for these complex N- or O-glycans 55. Another limitation 

of CCS databases is that CCS values are not intrinsic properties of ions in the same way as m/z 

values.  CCS values depend on a variety of factors such as ionization conditions, buffer gas, 

instrument parameters, and the calibration method if not measured in a linear drift tube.  Because 

of this, the development of robust standard operating procedures, quality controls, and calibration 

methods is necessary for CCS databases to be used effectively.  Despite the challenges listed above, 

implementation of CCS databases into analytical workflows to improve glycan and glycoconjugate 

identification will likely be a crucial step for expanding the role and utility of IM-MS in the 

glycosciences. With increasing amounts of IM-MS data acquired each day, especially after 

coupling with LC, powerful bioinformatics tools that enable easy data acquisition, analysis and 

processing in a high-throughput and rapid way is key in advancing the IM-MS enhanced glycomics 

workflow development. Continuous efforts into platform development to support the storage of 

IM-MS data is also highly needed to facilitate the database query for the glycoscience community. 

Such platform should have the capability to support the complexity of IM-MS data, including the 

precursor ion and fragments m/z information, CCS information and LC information such as PGC-

LC retention time reference 56, and also their connection to each other. Besides, the advancement 

of instrument with higher mobility resolution and CCS measurement accuracy will certainly 

largely improve the effectiveness and accuracy of IM-MS assisted glycomics workflow. 

  

Improved characterization of intact glycoconjugates. 

Although most examples mentioned above illustrate the utility of IM-MS for separating free 

or released glycans, an emerging application of IM-MS is the structural characterization of glycans 

bound to other classes of molecules such as proteins, peptides, and lipids (i.e., glycoconjugates).  
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The analysis of IM-MS can reveal information about the macro- and micro- heterogeneity of 

glycosylation of glycoconjugates.   For example, IM can separate intact glycopeptides that differ 

only in the glycosylation sites 16.  Furthermore, IM-MS analysis of glycopeptide fragments was 

demonstrated to be an effective strategy to distinguish α2,3 versus α2,6 sialic acid linkages on 

intact glycopeptides 15, 16.  In addition to glycopeptides, IM-MS was recently used to separate 

glycolipid isomers 57.  It is also important to note that as IM-MS technologies evolve, they have 

the potential to be extended to characterize glycosylation of larger systems such as intact 

glycoproteins, antibodies, and virus capsids.  For example, IM-MS and collision induced unfolding 

was used to provide qualitative information about glycosylation levels for intact antibodies 58.  

 

Improved characterization of biological samples. 

One of the most promising applications of IM-MS is the characterization of glycans and 

glycoconjugates in complex mixtures from biological systems.  Several studies have shown the 

benefit of adding IM into MS-based workflows for the analysis of biological samples 20, 59.  For 

example, incorporation of field asymmetric ion mobility spectrometry (FAIMS) into a bottom-up 

proteomic workflow increased the number of glycopeptides identified from flagellin from 

Campylobacter jejuni 11168 20.  It is important to note that IM separation of isomeric and isobaric 

species prior to MS analysis has been shown to improve quantification accuracy of both peptides 

and glycans 38, 60.  In addition to separating isomers, IM can also be used to extract glycan and 

glycopeptide regions from interference ions or other molecular species 39, 61-63. Being able to 

separate various molecular species, IM has the potential to aide multi-omics studies, which could 

greatly simplify sample preparation procedures and provide more detailed information about 

molecular and cellular processes 64, 65.  Due to the recent improvements in technology and methods 
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described here, the application of IM-MS will likely continue to be extended beyond proof-of-

principle experiments performed on glycan standards to complex mixtures from a variety of 

biological samples. 

 

Conclusions. 

IM-MS continues to emerge as a powerful method for characterizing the enormous structural 

diversity and complexity of glycans and glycoconjugates.  Recent advances in IM-MS 

instrumentation and methods have positioned this technique to enable discoveries in the 

glycosciences.  In the future, the development of hybrid methods that couples high-resolution IM 

with orthogonal separation techniques and MS-based fragmentation and spectroscopic techniques 

will likely provide the analytical capability to extend the application of IM-MS to more complex 

biological systems in order to unravel the role of glycans and glycoconjugates in biology and 

disease. 
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Figure 1. The isomerization of glycan and glycoconjugates. a) The building blocks 

(monosaccharides) that compose larger glycans are structural isomers (Hexose: galactose, glucose, 

mannose, N-acetylhexosamine: N-acetylgalactosamine, N-acetylglucosamine); monosaccharides 

can be connected either α- or β-stereochemistry at multiple potential linkage position; fucose could 

be either be attached to N-glycan core or branches. b) Epimeric glycoconjugates results from 

alternative configurations (α- or β-) at the anomeric linkages or the presence of epimeric glycan 

monomers (galactose or glucose), scheme modified from reference 43; two isomeric N-

glycopeptides differ in the site of N-glycan attachment. 
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Figure 2. Coupling IM with LC or CE. a)  After LC or CE separation, analytes were ionized by 

ESI and subject to another dimension of separation afforded by IM based on their shape and charge 

through a buffer gas under a weak electric field (E). Sample preparation or gas-phase chemistry 

could be manipulated to improve glycan isomer separation. b) CE-ESI-TWIM-MS/MS analysis of 

a mixture of aminxoyTMT6-128 (light) and aminoxyTMT6-131 (heavy) differentially labeled 

sialyllacto-N-tetraose a, b, c (LSTa, LSTb, LSTc). CE was able to separate LSTa with LSTb/c, but 

was unable to resolve LSTb and LSTc. Benefiting from another dimension of separation afforded 

by TWIM, baseline separation between LSTb and LSTc was achieved, which enables quantitative 

analysis of each isomer following MS/MS 38. 
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Figure 3. IM-MS analysis of precursor ions and their fragments. a) Two scenarios exist for co-

eluted isomers A/B for IM-MS analysis after being selected by quadrupole. Scenario one:  A and 

B could be baseline-separated by IM. The mobility-selected ions could be subject to CID 

separately and signature product ions could be obtained for each †isomer. Scenario two: A and B 

could not be completely resolved by IM. Signature products ions were obtained for unresolved 

species. Drift time profiles of these signature products ions were extracted from total drift time 

profiles to differentiate A and B. b) Co-eluted isomers A/B were selected by quadrupole for 

MS/MS and the drift time profiles could be obtained for all product ions. Those product ions that 

are indicative of the isomeric structures of the analyte could be distinguished by IM and be used 

to differentiate the isomer. c) The CCS of both precursor ions and product ions could be measured 

and implemented into a CCS database. The CCS values could be used as an additional parameter 

for glycan identification besides the commonly used m/z, mass fragments, and retention time. 

Furthermore, conformational study could be conducted by molecular dynamics to acquire the 3D 

structures of glycans.  
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Abstract 

Protein glycosylation has been well-know to play a key role in various biological processes as well 

as in disease-related pathological progesssion. To better understand glycosylation’s role in an 

undelying mechanism, comprehensive characterization and quantitation of glycoproteome in 

different biological systems is needed. Mass spectrometgry (MS)-based glycoproteomics is a 

powerful approach that provdies a system-wide profiling of the glycoproteome in a high-

throughput manner. There has been a significant technology advances in this field, including 

improved glycopeptide enrichment, hybrid fragmentation techniques, maturing specialized 

softwares, and effective quantitation strategies, as well as more dedicated workflows. With 

incresingly sophiscated glycoproteomis tools on hand, researshers have extensively adpated this 

approach to explore different biology systems both in terms of in-depth glycoprteome profiling 

and comparative glycoproteome analysis. Quantitative glycoproteomics enables reserachers to 

discover novel glycosylation-based biomarker in various diseases with a potential to offer better 

sensitivity and specificity for disease diagnsois. In this review, we present the recent methodology 

developments in MS-based glycoproteomics and highlight its application in answering differernt 

biology questions in complex biological system. 

 

Keywords: Mass Spectrometry, Glycoproteomics, N-glycosylation, O-glycosylation, Biological 

samples, Biomarker, Disease 
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1. Introduction 

As one of the most common protein post-translational modifications (PTMs), protein glycosylation 

plays an important role in protein stability, intra- and intercellular signaling, fertilization, 

embryogenesis, organ development, hormone activity, and immunological regulation 1. It is 

estimated that half of the proteins expressed in cells are glycoproteins. There are many types of 

protein glycosylation, and the most widely studied types are N-linked (amide nitrogen of 

asparagine residue) and O-linked (hydroxyl oxygen of serine or threonine residue). There is a 

consensus amino acid sequence (Asn-X-Thr/Ser (X is any amino acid except proline)) that contains 

the glycosylation site of N-glycoproteins, while no sequences has been found in O-linked 

glycoproteins yet. 

Numerous studies have shown altered glycosylation played a key role in the pathological 

process along the disease progression. Mass spectrometry (MS)-based glycoproteomics is a 

powerful, high-throughput approach that enables system-wide screening of glycosylation-based 

biomarkers. In fact, many current disease biomarker are glycoproteins, such as CEA for colorectal 

cancer, CA-125 for ovarian cancer, and AFP for hepatocellular carcinoma etc., and the glycans 

attached to them have been shown to be altered during oncogenesis 2-4. With glycosylation being 

particularly sensitive to malignant transformation, glycosylation-based biomarkers hold great 

promise to improve the sensitivity and specificity of current protein-based biomarkers and may 

eventually contribute to disease early diagnosis and better treatment 5. Therefore, comprehensive 

profiling of protein glycosylation is prerequisite to better understand its role in these pathological 

and physiological processes. 
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Over the past decade, substantial progress has been made to obtain detailed information of 

protein glycosylation, including glycan structures, glycosylation site and its occupancy, and 

protein sequence. Traditionally, there are two very different approaches to study protein 

glycosylation: (1) the ‘glycomics’ approach, which focuses on the glycan structures after glycan 

release from proteins and other sugar-containing moieties and (2) the ‘glycoproteomics’ approach, 

which explores the localization and structural elucidation of glycans, as well as protein sequence. 

In this review, we will focus on MS-based glycoproteomics approach. A lot of advances have been 

made in this field, and here we highlight recent methodologies development and their application 

toward the comprehensive understanding of the function of protein glycosylation. 

2. Glycopeptides enrichment 

Comprehensive profiling of the glycoproteome from a complex biological sample is still 

challenging due to the high dynamic range of proteins and the micro- and macro-heterogeneity of 

glycosylation. Isolating glycopeptides from complex samples by an appropriate enrichment 

method is the most efficient way to reduce the sample complexity and achieve an in-depth 

glycoproteome analysis. 

2.1 Hydrazide chemistry enrichment 

Hydrazide chemistry (HC) enrichment is based on the formation of covalent bonds between the 

NaIO4 oxidized glycans and the hydrazide groups on the hydrazide beads. The advantage of HC 

method is its high enrichment specificity, as normally 90% of the enriched peptides are 

glycopeptides 6. In the original workfow, the glycopeptides captured on hydrazide beads were 

deglycosylated and released by the treatment of PNGase F for glycosylation site analysis 7, 8. 
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Recently, the capture and release steps were modified to allow glycopeptides to be released without 

losing the glycan. Specifically, samples were treated with moderate NaIO4 to selectively oxidize 

the terminal sialic acid of the glycan to generate an aldehyde while leaving the other parts intact. 

Next, the sialylated glycopeptides were captured by the hydrazide beads and released through acid 

hydrolysis of the glycosidic bond of sialic acid by trifluoroacetic acid (TFA) 9, 10. This method 

enabled sialylated glycopeptides to be analyzed, but, unfortunantly, the degree of sialylation 

information was lost. 11. To preserve the sialylation information, Nishimura et al. employed ice-

cold 1M hydrochloride to cleave hydrazone bond between the sialic acid and hydrazide beads, 

allowing the sialic acid to remain on the glycan 12. 

2.2 Lectin affinity chromatography 

Lectin affinity chromatography (LAC) is another popular enrichment method for protein 

glycosylation analysis and has been approved by FDA for cancer glycoprotein biomarker detection 

13. Several well characterized lectins had been used for glycopeptide enrichment, which is based 

on the specific affinity of lectin to glycans with specific structure motif 14. Multiple lectins can be 

combined to improve the glycoproteome coverage 15-17, and adding other enrichment methods 

sequentially after LAC enrichment would further improve the enrichment specificity 18. Moreover, 

lectin enrichment has also been incorporated in serial online reactors to allow simultaneous online 

proteolysis and glycopeptide enrichment, which is useful for the analysis of minute samples 19. 

2.3 Hydrophilic interaction chromatography 

Enrichment of glycopeptides by hydrophilic interaction chromatography (HILIC) is based upon 

glycopeptides being more hydrophilic than non-glycopeptides due to the attached glycans 20. To 
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increase the hydrophilicity difference between glycopeptides and non-glycopeptides, ion pairing 

reagents like TFA can be used 21. Compared with the HC and LAC method, HILIC method is more 

versatile and thus can provide a more comprehensive glycoproteome profile 22. The disadvantage 

of HILIC is its poor enrichment specificity, which means new HILIC materials with stronger 

hydrophilic functional group need to be developed to improve the specificity 23-26. The enrichment 

specificity can also be further improved by combing the HILIC with other enrichment methods 

such as LAC 27, 28. New devices, which integrate the HILIC materials in micro-column or tip, have 

been developed to minimize the sample loss during enrichment procedure and facilitate the 

detection of low abundant glycopeptide 29-33. 

3. Characterization and quantitation of glycopeptides 

Qualitative characterization of glycopeptides includes two aspects: glycosylation site profiling and 

site-specific intact glycopeptide analysis. A typical MS-based glycoproteomics was shown in Fig. 

1. 

3.1 Glycosylation site profiling 

3.1.1 N-glycosylation site profiling 

Since N-glycosylation site profiling was originally performed by deglycosylaiton with peptide-N-

glycosidase F (PNGase F) or endo-β-N-acetylglucosaminidase F&H (endo F&H), some studies 

have focused on improving the deglycosylation efficiency. Zou et al. found that when 

glycosylation site profiling was performed by HC method, glycopeptides with an N-terminal 

serine/threonine can be oxidized on both the N-termini and glycans; thus, this type of 

glycopeptides cannot be released by PNGase F treatment due to being covalently coupling to the 
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hydrazide beads through the N-termini. To overcome this problem, they utilized a peptide N-

terminal protection strategy to block the primary amine groups on peptides, which avoided the 

adjacent amino alcohols on peptide N-termini being oxidized. The results showed that this strategy 

successfully prevented the oxidation of peptide N-termini and significantly improved the coverage 

of glycoproteome 34. Recently, the same group found that releasing the glycopeptides captured on 

hydrazide beads by PNGase F deglycosylation was inefficient due to steric hindrance in the 

heterogeneous condition. Thus, they developed a hydroxylamine-assisted PNGase F 

deglycosylation method which used the hydroxylamine to efficiently cleave hydrazone bonds by 

transamination and release intact glycopeptides. As deglycosylation of the released glycopeptides 

was performed in homogeneous condition, the recovery rate of deglycosylated peptides was 

improved significantly 35. Other paper by Zhang et al. found that N-terminal glycosylated peptides 

are difficult to be deglycosylated due to limitation of PNGase F enzymatic specificity, which 

requires that the glycosylation site is linked to an amino acid at both the N- and C- termini. To 

overcome this drawback, they developed a N-terminal site-selective succinylation strategy by 

incorporating an amide bond to mimic an amino acid at the peptide N-termini, which greatly 

improved N-glycosylation sites coverage 36. 

Other researchers mainly resorted to combining different sample preparation techniques, 

enrichment methods, and fractionation strategies to improve the glycoproteome coverage. Mann 

et al. developed an N-glyco-FASP sample preparation approach, where the lectin column in 

conventional method was replaced with ultrafiltration units, to decrease the glycopeptide loss. In 

this method, the glycopeptides were enriched by binding to lectins on the top of a filter, which 
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greatly reduced the sample loss and improved the glycosite coverage. The robustness of this 

approach was successfully demonstrated in the large-scale glycosylation site profiling in mouse 

plasma and four different tissues where 6367 N-glycosylation sites identified. Combining different 

enrichment methods is also an effective approach to increase the glycosite coverage 37. Recently, 

Qian et al. combined two widely used glycopeptide enrichment methods, HC and HILIC, for N-

glycosylation site analysis in the secretome of two human hepatocellular carcinoma (HCC) cell 

lines. A total of 1,212 unique N-glycosylation sites from 611 N-glycoproteins were confidently 

identified. Overall, the N-glycosylation site overlap of two methods was only 28.4% 38. Zou et al. 

performed a similar strategy which combined the click maltose-HILIC and the HC method to 

comprehensively map the N-glycosylation sites of human liver tissue. Altogether, 14,480 N-

glycopeptides, corresponding to 2,210 N-glycoproteins and 4,783 N-glycosylation sites, were 

identified 39. As another example, Yang et al.  combined seven protease treatments (trypsin, 

trypsin coupled with Lys-C (Try&Lys), trypsin coupled with Glu-C (Try&Glu), Lys-C, Glu-C, 

chymotrypsin and pepsin), four different enrichment techniques (HILIC, ZIC-HILIC, HC, and 

TiO2 chromatography), and two different fractionation strategies (SCX and high-pH RP), which 

aided in identifying a total of 13492 N-glycopeptides, corresponding to 8386 N-glycosylation sites 

on 3982 proteins in the mouse brain. Considering the efficiency and simplicity, a workflow 

combined used the trypsin, Try+Lys and Try+Glu for protein digestion, HILIC and ZIC-HILIC for 

the glycopeptide enrichment, and 1D-RPLC-MS/MS for N-glycopeptide detection can also 

acquire a comparable glycosite coverage 40. 

3.1.2 O-glycosylation site profiling 
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Mapping of O-glycosylation is also a thriving field. Among the different types of O-glycosylation, 

the O-GlcNAcylation and O-GalNAcylation are the most widely studied 41, 42. Profiling of the O-

glycosylation sites is even more difficult compared to N-glycosylation due to a lack of a consensus 

sequon and the lack of an enzyme that can effectively deglycosylate the O-linked glycans. 

To date, the most successful approach for the profiling of O-GlcNAcylation was metabolic 

and enzymatic labeling, which incorporates an azide containing group to the O-GlcNAc moiety 43. 

Then, the derivatized O-GlcNAc is enriched by an alkynyl biotin or photocleavage tag containing 

alkynyl beads to be analyzed by LC-MS/MS. By using this highly specific strategy, tens to 

hundreds of O-GlcNAcylation sites can be mapped 44-47. The drawback of this approach its low 

labeling efficiency, leading to the limited coverage of O-GlcNAcylation sites 48. Besides the 

enzymatic and metabolic labeling methods, Burlingame et al. developed a lectin weak affinity 

chromatography (LWAC) strategy to enrich O-GlcNAc peptides with wheat germ agglutinin 

(WGA) lectin 49. The same group lately optimized this LWAC strategy and identified over 1750 

sites of O-GlcNAcylation from murine synaptosomes 50. Due to the particularly low abundance, 

low hydrophilicity of the O-GlcNAcylation peptides, and severe interference from other N/O-

glycopeptides, isolating O-glycopeptides from a complex sample by HILIC enrichment was 

originally thought to be ineffective. However, after combining PNGase F, sialidase and O-

glycosidase to selectively cleave and remove most of the N/O-linked glycans in glycoproteins, 

Shen et al. was able to eliminate the interference of other N/O-glycopeptides while still preserving 

the O-GlcNAcylation modified peptides. Benefiting from the improved enrichment specificity of 

the O-GlcNAc peptides, a total of 474 O-GlcNAc peptides from 457 proteins were identified from 
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human urinary sample. In comparison, performing HILIC enrichment without the deglycosylation 

step only identified 107 O-GlcNAc proteins, and an immunoprecipitation (IP) approach using an 

anti-O-GlcNAc antibody only profiled 31 O-GlcNAc proteins 51. 

For O-GalNAcylation, the glycan structures are of higher diversity than O-GlcNAcylation. To 

facilitate the MS identification of these glycopeptide sequences and their attached sites, 

Medzihradszky et al. utilized exoglycosidase digestion to partially deglycosylate O-

GalNAcylation peptides and reduce the complexity of glycan structures and was able to identify 

124 O-GalNAcylation sites in 51 O-GalNAcylation proteins from human serum samples 52. 

Besides this in vitro approach, Clausen et al. developed an alternative method called “simple cell” 

strategy in vivo, which utilized a zinc-finger nuclease gene targeting to block the O-GalNAcylation 

elongation pathway to generate short glycan homogenous O-GalNAcylation. This strategy allowed 

directly enrichment by the LWAC method followed by MS/MS detection of O-GalNAcylation 

peptides from different cell lines 53. Recently, they extended this approach to characterize samples 

from 12 human cell lines and profiled almost 3000 O-GalNAcylation sites in over 600 O-

GalNAcylation glycoproteins, which represented the first map of the human O-glycoproteome 54. 

3.2 Site-specific characterization of intact glycopeptides 

Along with rapid development of glycosylation site profiling, two major breakthroughs have 

significantly facilitated the site-specific characterization of intact glycopeptides. These 

breakthroughs are the advancement of MS/MS dissociation methods towards acquiring both the 

glycan and peptide backbone fragments and the development of new search engines to decipher 

the MS/MS spectra of intact glycopeptides. 
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3.2.1 Comparison of dissociation methods for intact glycopeptides 

The dissociation modes for peptide analysis mainly include collision-induced dissociation (CID), 

beam-type CID (occurs in triple quadrupole (QQQ) and quadrupole time-of-flight (Q-TOF) 

instruments, and the so called high-energy collisional dissociation (HCD) in Thermo-Fisher™ 

instruments), and electron transfer/capture dissociation (ETD/ECD). Each of these methods alone 

can’t provide a full picture of the glycopeptide structure. 55. CID prefers to break glycosidic bonds, 

and it generates strong characteristic ions of peptides bearing different numbers of glycans after 

stepwise release of peripheral monosaccharides (Y ions) (Fig. 2). It provides abundant information 

for glycan structure deciphering but poor peptide backbone identification. As for HCD dissociation, 

in low collision energy, a series of Y ions are preferentially generated, which is similar to CID; 

while in high collision energy, the peptide backbone fragmentation can also be generated with a 

decreased intensity of Y ions. ETD/ECD mode mainly fragments the peptide backbone while 

leaving the glycan intact (Fig. 2), which is suitable for the localization of glycosylation sites with 

a wealth of peptide fragments 56. 

3.2.2 Intact glycopeptides analysis by combing different dissociation methods 

As no single dissociation method is available to produce a complete picture of intact glycopeptides, 

combining the complementary fragment information from multiple dissociation modes is an 

effective strategy to decipher the intact glycopeptides. Larson et al. combined CID and ECD to 

analyze desialylated glycopeptides, where CID-MS2 spectra of glycopeptides were used for the 

glycan characterization and the subsequent CID-MS3 spectra of selected CID-MS2 fragment ions 

for peptide sequence identification. Moreover, ECD as a complementary peptide fragmentation 
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mode was used for the characterization of O-glycosylation sites, where 58 N- and 63 O-

glycopeptides from 53 glycoproteins were identified and 40 of the 57 putative O-glycosylation 

sites were accurately localized 57. However, the requirement of prior knowledge of the targeted 

peptides to be selected for MS3 and the longer duty cycle due to ETD reaction time in ETD-MS2 

limit its capacity compared to HCD- and CID-MS2, and currently only tens to hundreds of intact 

glycopeptides can be profiled from complex biological samples using this strategy 58. 

Zou & Figeys et al. developed an alternative complementary method to interpret intact 

glycopeptides that is sequentially analyzing the deglycosylated peptides and intact glycopeptides 

by CID and HCD, respectively. A total of 811 N-glycosylation sites from 567 glycoproteins were 

identified from HEK293T membrane proteins, and 177 intact N-glycopeptides were also identified 

by manually integrating the CID and HCD spectra. The number of identified intact glycopeptides 

was much smaller than the number of identified N-glycosites, which can be attributed to the low 

ionization efficiency of intact glycopeptides and manual interpretation of the complicated MS/MS 

spectra 59. Recently, the same group developed a fully-automated software platform for the high-

throughput characterization of intact N-glycopeptides. They used the strong correlation of 

retention time to effectively remove the random matches and were able to control the probability 

of random matches within 1%. In total, 2249 intact glycopeptides, representing 1769 site-specific 

N-glycans on 453 glycosylation sites, were identified 60. Yang et al. developed a similar strategy 

which profiled 1145 non-redundant glycopeptides from 225 core peptides and 95 glycoproteins 

from human serum samples 61. 

3.2.3 Intact glycopeptides analysis by integrated dissociation methods 
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Rather than implementing two dissociation methods to get the complementary structure 

information in two separate LC-MS/MS runs, it would be beneficial if hybrid fragmentation 

spectra were acquired in a single run. To this end, the evolution of new dissociation modes has 

shed light on solving this problem. Among them, the stepped collision energy HCD (step-HCD), 

beam-type CID with high energy, and electron-transfer/higher-energy collision dissociation 

(EThcD) stand out. 

As different HCD collision energies could generate complementary fragments, performing step-

HCD (e.g. 30±10%) will give a more complete intact glycopeptide structure information in a single 

spectrum. Qian et al. first applied the step-HCD to analyze partially deglycosylated core-

fucosylated glycopeptides in mouse liver tissue and HeLa cell samples and found that the overall 

performance increased by 7-fold 62. Recently, this method has been wildly used in intact 

glycopeptides analysis and outstanding results were obtained 63, 64. Current MS instruments can 

only provide a three-step collision energy in one spectrum, and more flexible collision energy 

settings could definitely improve intact glycopeptide analysis. 

Under typical beam-type CID conditions, ions produced from dissociation of the peptide backbone 

are in low abundance. Zaia et al. found abundant peptide backbone fragments could be generated 

by increasing the collision energy, along with oxonium ions and intact peptide ions with varying 

numbers of saccharide units attached. They successfully used this approach for intact glycopeptide 

analysis from several standard N-glycoproteins 65. Recently, Sung et al. utilized the same strategy 

in complex sample analysis and profiled 36 intact glycopeptides of 26 glycoproteins in a HeLa cell 

sample 66. Ye & Zou et al. continually explored this strategy in intact O-GalNAcylation peptide 
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analysis and established an automated workflow for O-GalNAcylation peptide MS2 spectra 

interpretation, with an identification of 407 intact O-GalNAcylation peptides from 93 

glycoproteins in human serum sample 67. 

Integrating the HCD and ETD in one spectrum (Fig. 2), EThcD also enables both glycan and 

peptide fragments to be acquired 68. Li et al. first optimized the parameters of EThcD for intact 

glycopeptides analysis, and found that the efficiency of the dissociation was greatly improved by 

using charge-dependent optimized ETD reaction times 28. Large scale experiments in rat carotids 

collected over the course of restenosis progression resulted in over 2000 N-glycopeptide 

identifications 69. Qian et al. found that EThcD provided more complete fragmentation information 

on O-GalNAcylation peptides and a more confident site localization of O-GalNAcylation than 

HCD. By combining multiple enzyme digestions and multidimensional separation, they identified 

173 O-glycosylation sites, 499 non-redundant intact O-glycopeptides, and 6 glycan compositions 

originating from 49 O-glycoprotein groups from normal human serum 70. 

3.2.4 Database search for intact glycopeptides analysis  

The biggest challenge for intact glycopeptide characterization is the accurate interpretation of the 

spectra. Based on different strategies, several new search engines have been developed for intact 

glycopeptide identification, such as GlycoMaster DB 71, GPQuest 72, I-GPA 73, Byonic 74, 

SweetNET 75, pGlyco 76, pGlyco 2.0 63, etc. Particularly, pGlyco 2.0 conducted a comprehensive 

FDR evaluation at all three levels of glycans, peptides and glycopeptides, greatly improving the 

accuracy of intact glycopeptide identification (Fig. 3). Some other analytical tools, like MAGIC 

and SugarQb, which translate the intact glycopeptide spectra and enable them to be analyzed using 
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current peptide search engines, have also been developed 64, 66, 77. Due to space limitations and lack 

of standard glycopeptide spectral datasets, a fair comparison between different software has not 

been performed 78. Comprehensive evaluation of the current software regarding the coverage of 

the glycoprotome and quality control of the identification results would provide valuable insights 

for future software design 79. Large-scale glycoproteomics research would especially benefit 

greatly from the improvement of automated glycopeptide identification, due to the large volumes 

of data generated. 

3.3 Quantitation of glycopeptides 

Quantitation of protein glycosylation could be performed at the glycan, glycopeptide or 

glycoprotein level based on the target molecule, and at relative or absolute quantitation levels 

based on the strategies used. Absolute quantitation is often conducted by employing targeted MS 

approach. As the theme of the current review is non-targeted bottom-up glycoproteomics, the 

quantitation strategy discussed here will focus on quantitation at the glycopeptide level. 

3.3.1 Label-free quantitation 

The label-free approach has been regularly used in proteomics studies to measure protein 

abundance changes, and it offers the advantage of a simple workflow, low cost and high proteome 

coverage 80. Normalization is needed to overcome the MS response variations in different samples 

and reliable quantitation results could be obtained by normalizing the data to the total ion 

abundance 81, 82. However, it could be problematic for glycopeptide analysis due to the low 

ionization efficiency of glycopeptides, which means small changes of nonglycosylated 

interferences could lead to large variability in quantitative assays. To overcome this problem, 
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Rebecchi et al. developed a new normalization strategy based on the intensity of all glycopeptides 

and a two-tiered quantitative analysis to discriminate between glycosylation changes of a given 

protein and glycoprotein’s concentration changes 83. Additionally, the large volumes of data 

produced by label-free experiments need rigorous statistical assessment for accurate data 

processing and interpretation, which requires effective algorithm models and software tools to be 

developed 84. Mayampurath et al. developed a novel ANOVA-based mixed effects model for label-

free glycopeptide quantitation and demonstrated its effectiveness by applying this method to 

biomarker discovery in human serum 85. To facilitate simultaneous identification and label-free 

quantitation of glycopeptides, Park et al. developed an automated Integrated GlycoProteome 

Analyzer (I-GPA) platform and successfully quantified 598 N-glycopeptides from human plasma 

sample 86. 

3.3.2 Label-based quantitation 

Compared with label-free methods, the greatest advantage of stable isotope labeling is that 

different samples are mixed together and analyzed simultaneously, which largely reduces 

instrument time and run-to-run variations. In general, stable isotope labeling can be classified into 

three major categories: metabolic labeling, chemical labeling and enzymatic labeling. 

The most commonly used metabolic labeling in quantitative proteomics is the stable isotope 

labeling by amino acids in cell culture (SILAC), which incorporates stable isotope-encoded 

essential amino acids into living cells 87. The main advantage of SILAC is that it allows different 

samples to be combined at the intact cell level, minimizing the possible quantitation error 

introduced by the sample preparation process 88. By incorporating a glycopeptide enrichment step, 
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the regular SILAC workflow can be easily modified for quantitative glycoproteomics studies. 

After treatment with PNGase F, the total glycosylation expression changes at each site can be 

quantified through comparison of light and heavy-labeled deglycopeptides, and a number of 

studies have successfully utilized this approach to quantify glycosylation changes on hundreds of 

N-glycosites 89-93. Furthermore, Parker et al. utilized the SILAC approach to quantify the intact 

glycopeptides without PNGase F treatment, which enabled the changes in N-glycosylation 

microheterogeneity to be revealed 94. By combining glycopeptide enrichment using hydrazide 

chemistry with SILAC, Taga et al. conducted a quantitative analysis of O-glycosylation and 

showed increased glycosylation of collagen in Osteogenesis Imperfecta 95.  

However, the disadvantage of metabolic labeling is that some biological systems are not suited to 

efficient metabolic labeling and the cost is relatively high 96. To this end, chemical labeling 

approaches have been developed to label proteins or peptides extracted from tissues/cells with 

stable isotope-incorporated tags. In early 2003, Zhang et al. used stable isotope labeling by 

succinic anhydride after glycoprotein capture by hydrazide beads for identification and 

quantitation of N-glycopeptides 97. However, succinic anhydride labeling method requires repeated 

labeling to achieve reaction completeness and side reactions may happen during the process 98. To 

overcome this problem, Sun et al. developed an approach that enables sequential glycopeptide 

enrichment and dimethyl labeling on hydrazide beads, which showed high quantitation accuracy 

over a 2 order of dynamic range 99. However, both succinic anhydride and dimethyl labeling has a 

limited capability for quantitative analysis across different samples; hence, isobaric tags have been 

developed to allow for multiplexing capability, such as 10-plex tandem mass tag (TMT),100, 101 8-
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plex isobaric tags for relative and absolute quantitation (iTRAQ),102, 103 and 12-plex N,N-dimethyl 

leucine (DiLeu) isobaric tags 104, 105 etc. Employing a 6-plex TMT labeling strategy, Kroksveen et 

al. conducted a quantitative glycoproteomics analysis between 21 subjects in relapsing-remitting 

multiple sclerosis group and 21 subjects in neurological control group, and successfully quantified 

1700 deglycopeptides with 235 deglycopeptides showing significant differences between disease 

group and control group 106. Notably, Braga et al. conducted a global comparative proteomic study, 

as well as changes in N-glycosylation, phosphorylation, and Lys-acetylation with a 4-plex iTRAQ 

in parallel 107. The reason that multiple quantitative PTMs analysis could be conducted in parallel 

is because both proteome and PTMs analysis shared the same upper stream steps and samples 

could be split into aliquots and subject to different PTMs-targeted enrichment methods after 

isobaric labeling. Such capacity allows multiple PTMs to be analyzed from a limited amount of 

sample and largely facilitates the study of cross-talking between different PTMs. Besides chemical 

labeling, enzymatic labeling was also developed by incorporating 18O into the peptides during the 

enzyme-catalyzed digestion process 108. Later, Liu et al. developed a tandem 18O stable isotope 

labeling strategy for quantitation of N-Glycoproteome by combining 18O labeling in the C-terminal 

carboxylic acid during proteolytic process and another 18O labeling in the asparagine residue 

during deglycosylation process by PNGase F hydrolysis 109. 

4. Application in MS-based glycoproteomics in complex biological sample 

4.1 In-depth glycoproteome profiling in complex biological sample 

4.1.1 Human Serum 
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In-depth glycoproteome profiling have been extensively conducted in different biology systems, 

including body fluids, cells and tissues, etc. Serving as an indicator of physiological and 

pathological states alteration in the body system, serum/plasma is the most common clinical 

specimen for disease diagnosis. The majority of serum proteins are glycosylated as many proteins 

are secreted in glycosylated form, with an estimated 50% after removing high abundance proteins 

110. To facilitate the detection of low abundant glycoproteins, Sparbier et al. utilized magnetic 

lectins (ConA, LCA, WGA) beads and boronic acid beads for the enrichment on both protein and 

peptide level, resulting in 95 N-glycosylation sites from 193 N-glycoproteins 111. Nevertheless, the 

coverage is still not desirable mainly due to the serum extreme complexity and highly dynamic 

concentration spanning over 10 orders of magnitude 112. To further decrease sample complexity, 

various approaches have been applied, including immunoaffinity depletion of high-abundance 

serum proteins (albumin, IGG etc.), sequential enrichment strategies (lectins, HILIC etc.), off-line 

fractionation (HpH, SCX) and 2D-LC, which yielded more than 600 N-glycosylation sites from 

over 300 N-glycoproteins 113, 114. Faced with the challenges of sample complexity brought by 

various glycoforms, some studies focused on a subset of total glycopeptides such as core-

fucosylated peptides which could be enriched by highly specific binding afforded by lectin LcH 

115-117. Park et al. developed a novel automated Integrated GlycoProteome Analyzer (I-GPA) with 

FDR control for fast and confident intact N-glycopeptide identifications, and successfully 

identified 619 intact N-glycopeptides with an FDR below 1% from human serum 86. Compared to 

N-glycosylation, O-glycosylation in serum is less studied mainly due to its lack of consensus motif 

and diversity of core structures. Recently, Zhang et al. have developed a systemic strategy that 
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combined multiple enzyme digestion, multidimensional separation and EThcD fragmentation, and 

identified 499 non-redundant intact O-glycopeptides in serum, covering singly, doubly and triply 

O-glycosylated peptides 70. 

4.1.2 Cell culture 

Other than human serum, the glycoproteome of different cell types have also been extensively 

explored. Cell culture has helped us gain valuable insights into various biological processes and 

disease-related pathological alterations, and has contributed enormously in drug discovery 118. 

Adding glycoproteome data to the cellular models would help us gain a better understanding of 

the inherent complexity in biological systems 119. Notably, the Levery group developed a robust 

SimpleCells approach for an O-GalNAc study, and successfully mapped human O-GalNAc 

glycoproteome with almost 3000 glycosites from over 600 O-glycoproteins in 12 human cell lines 

from different organs 54, 120. Although SimpleCells approach has shown extraordinary performance 

in terms of O-glycosite mapping, it falls short in intact glycopeptide analysis due to glycan 

truncated during the process. To this end, Bertozzi group developed an IsoTaG strategy for intact 

glycopeptide characterization, and 1375 intact N-glycopeptides and 2159 intact O-glycopeptides 

were successfully identified from 15 human tissue-derived cell lines 121, 122. Later, this approach 

was also applied for human T-cells O-GlcNAcylation analysis, with over 2000 O-GlcNAcylation 

peptides identified 123. Some other studies focused on the glycoproteome on the cell surface, which 

are crucial in cell-cell communication and cell-environment interaction 124, 125. In order to 

selectively capture surface glycoproteins, in 2009, Wollscheid et al. developed a powerful 

unbiased cell surface-capturing (CSC) technology through covalently labeling cell surface N-
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glycan moieties 126. Since then, this approach has been widely used for cell surface N-

glycoproteome profiling including embryonic stem cells 127, induced pluripotent stem cells (iPSCs) 

128, gastric adenocarcinoma cells 129, hepatocellular carcinoma cells 130, and hundreds of surface 

glycoproteins have been identified. Another rich source of glycoproteins come from the secreted 

proteins, or secretome, as many proteins undergo glycosylation prior to secretion 131. For secreted 

glycoproteins analysis, conditioned media from serum-free cell culture is usually collected, 

followed by extraction of the secreted proteins, and then is subject to a typical glycoproteomics 

workflow. Li et al. have extensively conducted glycoproteome profiling of hepatocellular 

carcinoma cell lines and have mapped 1,213 unique N-glycosites from 611 N-glycoproteins 38, 132. 

Cell component analysis revealed that these N-glycoproteins were primarily localized to the 

extracellular space and plasma membrane, indicating important role of N-glycosylation in the 

secretory pathway. The study of secreted glycoproteome of other commonly used cell lines such 

as human embryonic kidney (HEK) cells 133, Chinese hamster ovary cells (CHO) and endothelial 

cells 134, and some microorganisms such as green alga 135 and filamentous fungi 136 have also been 

conducted, which provide valuable insights into the secretory pathway and their responses to the 

environmental stimuli. 

4.1.3 Animal tissues and plants 

Due to their easy accessibility, the glycoproteome of animal tissues and plants have also been 

comprehensively profiled. Among them, mouse or rat brain is perhaps the most thoroughly 

explored tissue. By employing different enrichment strategies, including lectin, HILIC, hydrazide 

chemistry and TiO2, Zhang et al. have successfully mapped 3446 unique glycosylation sites from 



49 

 

1597 N-glycoproteins in mouse brain, and 65% of the identified N-glycoproteins are membrane or 

extracellular proteins 22. To take a step further, Fang et al. further increased the coverage by 

optimizing protease treatments and fractionation strategies and identified 8386 glycosylation sites 

on 3982 N-glycoproteins, representing the largest N-glycosylation site dataset in mouse brain ever 

reported 40. Site-specific N-glycoproteome study in rat brain has also been conducted by utilizing 

a combined glycomics and glycoproteomics approach, resulting in the identifications of 863 

unique intact N-glycopeptides 137. The N-glycosylation sites mapping studies in other mouse/rat 

tissues such as liver, kidney, heart, plasma, stomach, ovary etc. revealed a tissue-specific 

expression pattern of N-glycosylation, indicating the close relation between glycosylation and the 

specialized function of different organs/tissues 37, 138, 139. Compared with many number of 

glycoproteome studies in mammalian, the glycoproteome studies in plants are quite limited,despite 

an increased interest in deciphering the plants glycoproteome 140-142. So far, hundreds of N-

glycosites have been mapped in rice 143, cereal crop Brachypodium distachyon L. 113, tomato 17, 

flowering plant Arabidopsis 144 etc., providing valuable insights into the biological role of this 

ubiquitous protein modification in different plant species. 

4.1.4 Microorganisms 

As one of the most popular models for basic biological research, yeast has also gained plenty of 

researchers’ interest in the glycoscience field. Breidenbach et al. started out mapping the N-

glycosites in yeast, yielding a total of 133 N-glycosites spanning 58 glycoproteins, which were 

mainly distributed in the yeast ER, plasma membrane, vacuole, and cell wall 145. It has been a 

puzzle for researchers that O-GlcNAcylation was found in all eukaryotic cells except yeast until 



50 

 

Halim et al. discovered and mapped nucleocytoplasmic O-mannose glycoproteome in yeast in 

2015, which opened new avenues for O-glycosylation based biological events exploration in yeast 

146. Latter, Neubert et al. successfully mapped 2300 O-mannosylation sites from 500 O-

glycoproteins from whole yeast cell, and one interesting finding was that these O-mannosylation 

sites were in the proximity of N-glycosylation sites, indicating their potential interplay 147. The 

glycoproteome of some common bacteria 148-150 and viruses 151, 152 have also been mapped, 

affording a molecular foundation for further understanding glycosylation-assisted physiological 

processes. 

4.2 Comparative MS-based glycoproteomics in complex samples 

4.2.1 Disease biomarker discovery 

Previously, glycosylation-based biomarkers studies relied on lectin staining or 2D gel 

electrophoresis approaches to measure the total glycosylation changes or the total glycoprotein 

changes, which suffer from low-throughput, limited sensitivity, and limited site-specific 

glycosylation information 153, 154. With the advancement of glycoproteomics methodologies, 

glycosylation level changes can be pinpointed on a specific site and further microheterogeneity 

differences can be revealed through intact glycopeptide analysis in a high-throughput manner. 

 In a quantitative proteome and glycoproteome study of relapsing-remitting multiple sclerosis  

and neurological controls, Kroksveen et al. identified 96 altered deglycopeptides where their 

associated protein abundance was not affected, indicating the alterations were due to glycosylation 

occupancy changes instead of changes at the protein level 106. Similarly, Shah and co-worker 

utilized an integrated proteomics and glycoproteomics approach to explore the mechanism of 
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castration resistance for androgen-deprivation therapy in prostate cancer 155. This integrated omics 

approach not only allowed the detection of changes in glycosylation occupancy and 

microheterogeneity, but also identified associated altered fucosyltransferase and fucosidase 

expression. To take it a step further, after the initial finding of the increased terminal 

galactosylation and up-regulation of B4GalT5 galactosyltransferases upon TNF-Alpha-Induced 

insulin resistance in Adipocytes through an integrated proteomics and glycoproteomics approach, 

Parker et al. showed that the knockdown of B4GalT5 down-regulated the terminal galactosylation, 

confirming the involvement of B4GalT5 in the TNF-alpha-regulated N-glycome 94. Instead of 

analyzing the whole glycoproteome, some other studies focused on a specific type of glycopeptides 

(fucosylated, sialylated etc.) to improve the coverage depth. Tan et al. employed an LCA 

enrichment approach to selectively enrich core-fucosylated glycopeptides, and were able to 

identify 613 core-fucosylated peptides and 8 of them exhibited a significant difference between 

pancreatic cancer and controls 156. Due to close crosstalk between cells and the extracellular space, 

the secreted glycoproteins in extracellular space is another rich source for biomarker discovery. Li 

et al. conducted a glycoproteomics study in the secretome of human hepatocellular carcinoma 

metastatic (HCC) cell lines, and two glycoproteins FAT1 or DKK3 was proposed as novel 

prognostic biomarkers of HCC after validation with western blot and tissue array 

immunohistochemistry (IHC) 132. Specifically, extracellular vesicles (EVs) in the secretory system 

been exploited as an attractive source for biomarker discovery. Very recently, Chen et al. identified 

1,453 unique deglycosylated glycopeptides from 556 glycoproteins in plasma-derived EVs, among 

which 20 were verified significantly higher in breast cancer patients 157. Additionally, 5 of these 
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glycoprotein candidates were later successfully validated in patient and healthy individuals 

through a novel polymer-based reverse phase glycoprotein array (polyGPA) platform.  

4.2.2 Biological process exploration 

With glycosylation playing a key role in many biological processes, comparative glycoproteomics 

could reveal the dynamic changes and further shed light upon its functions along these processes. 

In a recent study, Kang et al. employed the quantitative glycoproteomics approach to explore the 

molecular mechanism underlying the increased insulin secretion of normal pancreatic islet β-cells 

(PBCs) in response to elevated blood glucose levels 158. Their results showed that altered 

sialylation of surface glycoproteins, such as integrins, integrin ligands, semaphorins and plexins 

was involved in the process of glucose-stimulated insulin secretion (GSIS). In order to uncover 

the glycomarkers in the neuronal differentiation process, Tyleckova et al. have successfully 

quantified hundreds of N-glycoproteins at onset and upon neuronal differentiation, as well as in 

mature hNT neurons using the cell surface capture (CSC) technology, and validated the 

glycosylation alterations of several cell adhesion glycoproteins using selected reaction monitoring 

(SRM) strategy 159. Glycosylation has been known to affect the development of central nervous 

system (CNS) and defective glycosylation has also been shown to impair development and 

neurological function 160. To this end, Palmisano et al. conducted a glycoproteomics study to 

monitor the glycosylation changes associated with cell signaling during mouse brain development 

using the postnatal mice from day 0 until maturity at day 80 161. Their results confirmed the role 

of sialylation in organ development and provided the first extensive global view of dynamic 

changes N-glycosylation during mouse brain development. A comprehensive N-glycoproteomics 
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was also conducted to investigate the role of N-glycosylation during the de-etiolation process, 

which is one of the most dramatic developmental processes known in plants 162. The study has 

shown 186 N-glycosylation sites from 162 N-glycoproteins were significantly regulated over the 

course of the 12 hour de-etiolation period, indicating the important role of N-glycosylation during 

de-etiolation process. Besides the biological process without disturbance, the biological processes 

that are the result of environmental stimuli, such as infection, haves also been investigated by some 

studies. Braga et al. explored the modulation of N-glycosylation in grape by Lobesia botrana 

pathogen infection and demonstrated the importance of N-glycosylation in plant response to biotic 

stimulus through the glycosylation changes of disease-resistance response glycoprotein DDR206 

107. In another study into regulation of protein N-glycosylation in human macrophages and their 

secreted microparticles (MPs) upon Mycobacterium tuberculosis infection, Hare et al. showed an 

increased complex-type glycosylation and concomitant down-regulation of paucimannosylation of 

macrophages upon infection 163. 

5. Concluding remarks 

With rapid advancements in various methodologies, including improved enrichment methods, 

novel MS/MS fragmentation techniques, powerful workflows, and advanced bioinformatics, MS-

based glycoproteomics is gaining more attention and has been increasingly applied into different 

biological systems. Unprecedented glycoproteome depth has been achieved in different complex 

samples, providing valuable molecular basis for further structure-function study of glycosylation. 

Due to the advances in hybrid fragmentation methods and maturing search engines for intact 

glycopeptide analysis, site-specific glycoproteomics will eventually become a routine and practical 
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approach for large-scale glycosylation analysis, which could help decipher the long-time puzzle 

of glycosylation microheterogeneity. Furthermore, quantitative glycoproteomics could reveal the 

alterations in glycosylation microheterogeneity, providing explicit molecule targets for follow-up 

studies in different physiological and pathological processes. 
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Figure 1. A typical workflow for MS-based glycoproteomics in different complex biological 

samples. 
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Figure 2. MS/MS of 3+ charge state precursor ion at m/z 1577.9 of bovine fetuin triantennary N-

glycopeptide KLCPDCPLLAPLNDSR (AA 126–141). Alternating between CID/ETD/EThcD 

resulted in different sets of ions. (a) CID and ETD spectra (inset). Asterisk (*) in the peptide 

sequence indicates carbamidomethylation. (b) EThcD spectrum. Starred peaks (*) in the spectra 

were deconvoluted and annotated in the inset. [69] 
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Figure 3. Design of a dedicated software pGlyco 2.0 for intact glycopeptide interpretation. [61] 
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Chapter 4 
Development of a Hydrophilic Interaction Liquid 

Chromatography Coupled with atrix-Assisted Laser 

Desorption/Ionization-Mass Spectrometric Imaging 

Platform for N-glycan Relative Quantitation Using Stable-

isotope Labeled Hydrazide Reagents 

 

 

 

 Adapted from Chen, Z., Zhong, X., Tie, C., Chen, B., Zhang, X., & Li, L. (2017). 

Development of a hydrophilic interaction liquid chromatography coupled with matrix-assisted 

laser desorption/ionization-mass spectrometric imaging platform for N-glycan relative 

quantitation using stable-isotope labeled hydrazide reagents. Analytical and bioanalytical 

chemistry, 409(18), 4437-4447. 
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Abstract 

In this work, the capability of newly developed platform-hydrophilic interaction liquid 

chromatography (HILIC) coupled with matrix-assisted laser desorption/ionization-mass 

spectrometric imaging (MALDI-MSI) for quantitative analysis of N-glycans has been 

demonstrated. As a proof-of-principle experiment, heavy and light stable-isotope labeled 

hydrazide reagents labeled maltodextrin ladder were used to demonstrate the feasibility of the 

HILIC-MALDI-MSI platform for reliable quantitative analysis of N-glycans. MALDI-MSI 

analysis by Orbitrap mass spectrometer enabled high-resolution and high-sensitivity detection of 

N-glycans eluted from HILIC column, allowing the reconstruction of LC chromatograms as well 

as accurate mass measurements for structural inference. MALDI-MSI analysis of the collected LC 

traces showed that the chromatographic resolution was preserved. The N-glycans released from 

human serum was used to demonstrate the utility of this novel platform in quantitative analysis of 

N-glycans from a complex sample. Benefiting from the minimized ion suppression provided by 

HILIC separation, comparison between MALDI-MS and the newly developed platform HILIC-

MALDI-MSI revealed that HILIC-MALDI-MSI provided higher N-glycan coverage as well as 

better quantitation accuracy in the quantitative analysis of N-glycans released from human serum. 

 

Keywords: Glycomics, N-glycans, MALDI imaging, Quantitation, HILIC, Hydrazide reagents. 
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Introduction 

Glycosylation, the most diverse and complex form of protein post-translational modifications 

(PTMs), has been proven to play essential role in many key biological processes including cell 

adhesion, molecular trafficking and clearance, receptor activation, signal transduction and 

endocytosis 1. In fact, glycosylation has been widely detected in different kinds of proteins such 

as growth factors, cytokines, immune receptors and enzymes 2. It is estimated that over 70% of all 

human proteins are glycosylated 3. Aberrant glycosylation has been implicated in various diseases, 

most strikingly in a class of diverse diseases collectively referred to as congenital disorders of 

glycosylation 4. Furthermore, it has been well-established that glycosylation pattern alters 

significantly in cancer cells 5, 6. Thus, accurate and reliable glycan structure charaterization and 

quantitation is crucial for glycan biomarker discovery and understanding the roles of glycosylation 

in biological processes. 

Electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) mass 

spectrometry (MS) have become very powerful and widely used analytical tools for structure and 

quantitative analysis of N-glycans. As a complementary ionization method to ESI, MALDI 

generates only singly charged ions which simplifies the spectrum and the signal of a specific 

analyte are “focused” and “enhanced” on these singly charged ions. As MALDI is more tolerant 

to salts and other contaminants when proper matrix or matrix additives was applied 7-10, less sample 

clean-up is needed, thus increasing sample recovery rate and decreasing sample preparation time. 

However, MALDI-MS analyses of complex glycan samples are often hampered by the complexity 

of the sample due to ion suppression effect 11, leading to low glycan coverage, poor MS/MS 
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fragmentation quality and increased quantitation inaccuracy. One possible solution is to couple 

offline liquid chromatography (LC) separation with MALDI-MS to decrease the complexity of the 

analyte mixtures by chromatographic separation before MS analysis, which could provide 

improved sensitivity and dynamic range. In addition, decoupling the separation from MS analysis 

provides the opportunity to independently optimize LC separation performance and the MS 

performance. Another benefit for LC coupled to MALDI is that non-volatile salts such as ion 

pairing agent could be used to improve the chromatographic separation capability without negative 

impact on the MS signal. 

In fact, the powerful analytical potential of both commercial and in-house built devices for 

LC-MALDI MS coupling have been demonstrated for both proteomics and glycomics studies 12-

17. Due to the strong retention of polar compounds, hydrophilic interaction liquid chromatography 

(HILIC) has been widely used for the separation of both native 18-21 and derivatized 22-28 glycans 

in glycomics studies. Offline coupling of HILIC with automated MALDI-MS analysis has been 

established for glycan structure characterization 16, 17. However, one disadvantage is that discrete 

spotting of the eluate on the MALDI plate causes loss of chromatographic resolution. To overcome 

this weakness, our lab 29, 30 has previously developed LC-MALDI-MSI platform to demonstrate 

its ability for enhanced proteomics and peptidomics studies. In contrast to the offline LC-MALDI-

MS coupling schemes, continuous real-time LC flow is collected on a MALDI plate and subject 

to MSI analysis after applying matrix. In this way, chromatographic resolution from LC separation 

dimension could be almost fully preserved, which leads to minimized ion suppression and 

enhanced signal. Comparable LC chromatograms can be re-constructed, allowing visualization of 
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separation of analytes. Herein, taking advantage of the powerful separation ability of HILIC for 

glycans, we developed a novel HILIC-MALDI-MSI platform to demonstrate its capability for 

carbohydrate analysis or glycomics study. 

The present study is the first demonstration of HILIC-MALDI MSI as a novel platform for 

relative quantitative analysis of N-glycans using stable-isotope labeled hydrazide reagents. 

Maltodextrin ladder was used to demonstrate the feasibility of this approach for accurate relative 

quantitative analysis. To demonstrate the practical utility of the developed approach in complex 

biological samples, we conducted relative quantitative analysis of the N-glycans enzymatically 

released from human serum. The data revealed that the approach is reproducible and reliable. A 

comparison between the commonly used MALDI-MS platform and the newly developed HILIC-

MALDI-MSI platform revealed that HILIC-MALDI-MSI outperformed MALDI-MS analysis in 

both N-glycan coverage and quantitation accuracy. Collectively, our study suggests that HILIC-

MALDI-MSI assisted by the hydrazide labeling reagent is a promising new approach for 

quantitative N-glycan profiling with significant potential in glycan biomarker discovery and 

comparative glycomic studies. 

 

Experimental section 

Chemicals and materials 

Acetic acid, acetonitrile, ammonium acetate and ammonium bicarbonate were obtained from 

Fisher Scientific (Pittsburgh, PA). Formic acid (FA), N,N-Dimethylaniline (DMA), maltooctose, 

maltodextrin and ribonuclease B (RNase B) from bovine pancreas were purchased from Sigma-
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Aldrich (St. Louis, MO). 2,5-Dihydroxybenzonic acid (99%, DHB) was from Acros Organics 

(Geel, Belgium). Dithiothreitol (DTT) and PNGase F were from Promega (Madison, WI). 

Microcon filters YM-30 was purchased from Merck Millipore (Billerica, MA). Human serum 

powder, LC/MS grade isopropanol (IPA), acetonitrile (ACN), methanol (MeOH) and water were 

from Fisher Scientific (Pittsburgh, PA). The hydrazide labeling reagents, light tag 2-hydrazino-

4,6-bis-(diethylamino)-s-triazine (HDEAT) and heavy tag 2-hydrazino-4,6-bis-(d10-

diethylamino)-s-triazine (d20-HDEAT), were synthesized according to a protocol described 

previously 31. 

Release of N-glycans 

The filter-aided N-glycan separation (FANGS) strategy was modified based on the previous 

protocol 32. Briefly, 100 μg of human plasma or RNase B dissolved in 100 μL digestion buffer (50 

mM ammonium bicarbonate) was loaded onto a 30 kDa molecular weight cutoff filter. Then 100 

μL of 20 mM DTT in digestion buffer was added to the filter. Filters were incubated in water bath 

alternating between 100 °C (boiling water) and 25 °C (room temperature) for 15 seconds each for 

four cycles (2 minutes total time) to denature protein. Then the samples were concentrated onto 

the filter by centrifugation at 14, 000 xg for 40 min. The samples were washed with 100 μL of 

digestion buffer by centrifugation at 14, 000 xg for 20 min three times to remove small molecular 

weight contaminants. After that, the filter was transferred to a fresh collection vial, and 4 μL of 

PNGase F (1 IUB milli-unit/mL) and 96 μL of digestion buffer was added. The reaction was 

incubated at 37 °C for 18 h to enzymatically cleave N-glycans. N-Glycans were eluted by 

centrifugation at 14, 000 xg for 20 min. To ensure complete elution of N-glycans from the filter, 

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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two more washes with 100 μL digestion buffer were collected. Purified N-glycans were dried down 

in SpeedVac and re-dissolved in 100 μL 50% MeOH 0.1% formic acid and incubated in 37 °C 

water bath for 1 hour to allow deamidation. The samples were then dried down again and stored 

at -20 °C before further derivatization. 

Derivatization of glycans 

To each reaction vial, 230 μg of HDEAT and d20-HDEAT was aliquoted. Glycan samples (100 

μg maltooctose, 100 μg maltodextrin and human serum N-glycans from 100 μg protein) were 

reconstituted in 200 μL 1% acetic acid, 70% IPA solution and transferred to the reaction vial. Then 

the reaction was incubated at 37 °C water bath for 2 hours. To quench the reaction, the labeled 

samples were dried down in SpeedVac. The light and heavy labeled maltooctose were mixed at 

different ratios of 5:1, 4:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:4 and 1:5 for the following MALDI-MS analysis. 

The heavy and light labeled maltodextrin and human serum N-glycans were mixed at a ratio of 1:1 

and re-dissolved in HILIC gradient initial condition for HILIC-MALDI-MSI analysis without 

further purification. The heavy and light labeled human serum N-glycans were also subject to 

MALDI-MS analysis. 

Nano-flow hydrophilic interaction liquid chromatography (HILIC) 

The LC separation was performed with a homemade HILIC column on a Waters 

nanoACQUITY UPLC system. Samples were loaded and separated on a 75 μm × 40 cm homemade 

capillary column packed with 3 µm poly(2-hydroxyethyl aspartamide) (PHEA) (Poly LC, 

Columbia, MD). Mobile phase A and B were 10 mM ammonium acetate in water (pH 4.7) and 

100% ACN, respectively. The flow rate was set at 0.3 μL/min. After dissolved in the initial gradient 
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condition (25% A for labeled human serum N-glycans, 10% A for labeled maltodextrin), 1 μL 

sample was injected. The gradient for labeled human serum N-glycans was from 25% A to 80% A 

over 55 min. The gradient for labeled maltodextrin was set as follows : 10-35% A (0–20 min), 35-

40% A (20–21 min), 40–40% A (21-30 min), 40–45% A (30–31 min), 45–45% A (31–40 min), 

45–55% A (40–41 min), 55-55% A (41-46 min), 55-70% A (46-47 min), and 70-70% A (47-55 

min). 

HILIC-MALDI interface and matrix application 

The LC flow was collected directly on a ground stainless steel MALDI plate, which was fixed 

on a syringe pump (Pump 11 Elite, Harvard Apparatus, Holliston, MA, USA) and moved along 

with the pump.. The tip of the column directly touches the MALDI plate to deposit LC traces with 

an angle of 45 degree. Compared to the original capillary, the pooled tip with a smaller diameter 

at the very distal end could minimize the effluent diffusion. The LC eluent from 15 min to 40 min 

eluent was collected for labeled human serum N-glycans. After that, matrix (100 mg/mL DHB, 2% 

DMA in 50% ACN) was sprayed on the dried traces using a TM-Sprayer from HTX Technologies 

(Carrboro, NC). The parameters were carefully adjusted and set as follows: matrix flow rate: 0.25 

mL/min; nozzle velocity: 1000 mm/min; temperature: 85 degree Celsius; gas pressure: 10 psi; line 

spacing: 3 mm; number of layers: 2; dry time: 1 min. 

Data acquisition and processing 

The MS images of collected LC traces were acquired with a MALDI-Orbitrap mass 

spectrometer (Thermo Scientific, Waltham, MA, USA) in positive ion mode. The instrument 

methods were set using Xcalibur (Thermo Scientific, Waltham, MA, USA). Labeled maltodextrin 
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was acquired in a mass range of m/z 500-4000, and labeled human serum N-glycans were acquired 

in the mass range of m/z 1000-3500 with a resolution of 60,000. A laser energy of 30 μJ was used 

in all spectra collection. The LC traces to be imaged and the raster step size were controlled using 

the LTQ Tune software (Thermo Scientific, Waltham, MA, USA). To generate images, the spectra 

were collected at 150 μm intervals in both the x and y dimensions. The images of analyte ions 

were extracted centered at the m/z with a window of 10 ppm using ImageQuest (Thermo Scientific, 

Waltham, MA, USA). ImageQuest enables construction of MS images by reconstituting the x and 

y coordinates of the spectra in the acquired image file with their original locations within the LC 

traces. Images was assigned an intensity based color scale for optimal visualization. The same 

intensity scales were used for the MS images of different analytes from the same image file. For 

each analyte, the averaged intensity of the monoisotopic peak in the extracted ion image was used 

for relative quantitation. The composition of human serum N-glycans was identified by matching 

the accurate mass (<5 ppm) with the established human serum N-glycan library 33, 34. LC 

chromatograms was re-constructed using Excel and Origin based on the extracted ion intensities 

information exported using Xcalibur. Namely, the x coordinate of each MS spectrum was 

converted into the retention time, while the MS intensities at the same x coordinate but different y 

coordinate were summed up. In this way, the actual peak intensity of a specific ion can be plotted 

against the retention time. 

 

Results and Discussion 

Isotopic hydrazide labeling reagent 
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Zhang group 31 has synthesized the hydrazino-s-triazine based labeling reagents and previous 

study 35, 36 showed that the hydrazide labeling reagent HDEAT enabled a 40-fold detection 

enhancement in ESI mode. The labeling reagent contains three basic tertiary amine and is thus 

readily protonated, the labeled high-mannose N-glycans released from RNase B are almost 

exclusively observed as protonated species as shown in Fig. S1-A in MALDI source. While for 

the N-glycans released from human serum, which includes all kinds of high-mannose, complex, 

fucosylated and sialylated glycans, sodiated peaks dominated in the mass spectrum as shown in 

Fig. S1-B, probably due to the sodium ions brought by glass bottles used for human serum storage. 

In our study, the intensity of the most intense peak was used for relative quantitation. Stable-

isotope labeling appears to be one of the most popular and effective strategy in the relative 

quantification of N-glycans. An identifiable mass difference was generated by incorporation of 

different isotopic species onto chemically similar analytes of interest, allowing simultaneous MS 

analysis of multiple samples. By introducing twenty deuterium atoms into light tag HDEAT, a 

heavy tag d20-HDEAT was synthesized. With a 20 Da mass shift between the light and heavy tag, 

the possible isotopic distribution can be avoided for a glycan with molecular weight up to 10,000 

Da, ensuring quantitation precision, simplifying data processing as well as accurate glycan 

identification. The structure information of the isotopic hydrazide labeling reagent and its reaction 

scheme with N-glycans is in shown Fig. 1b & 1c. The overall workflow including labeling with 

heavy and light tags, HILIC separation, matrix applying, MALDI imaging and MS1-based 

quantitation was shown in Fig. 1a. 

Method validation of isotopic labeling strategy for quantitation in MALDI mode 
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The hydrazide labeling efficiency was evaluated using maltooctose as standards with different 

labeling ratio. As we could see from the Fig. S2, when the labeling reagent VS. maltooctose molar 

ratio reaches 20, the labeling efficiency reaches above 90%. The labeling reaction almost went to 

complete when the labeling ratio was increased to 50. The labeling efficiency was determined 

based on the sum of the monoisotpopic peak of proton, sodium and potassium adducts of labeled 

and unlabeled standard maltooctose. Previously, the reliability and accuracy of quantitation of the 

isotopic labeling reagent HDEAT and d20-HDEAT has been demonstrated in ESI mode 37. In our 

study, Maltooctose and high-mannose N-glycans released from RNase B were used to evaluate 

their feasibility and reliability in MALDI mode. Our results shows that accurate quantitation can 

be achieved. 

Even though the synthesized d20-HDEAT achieved rather high purity above 90% benefiting 

from the commercially available high deuterated (99.6%) d11-diethylamine, there is still 8.2% of 

d19-HDEAT in the final product 37. Thus, the intensity of d20-HDEAT labeled glycans peak need to 

be corrected to ensure accurate quantitation. As shown in the example of labeled maltodextrin(3) 

in Fig. S3, instead of being labeled exclusively by d20-HDEAT, part of the samples were labeled 

by d19-HDEAT. On the other hand, the isotopic peak of d19-HDEAT labeled glycan overlaps with 

the monoisotopic peak of d20-HDEAT labeled glycan at resolution of 60,000 used in our study. 

Taking these two aspects into consideration, we can get the equation for the corrected peak 

intensity of heavy labeled glycan as shown in equation (1) and (2). The correction factor varies 

from each N-glycan, thus we calculated the factor based on the N-glycan composition with 

resolution set at 60,000 using the isotope distribution calculation tools on the website 
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http://www.chemcalc.org/. 

Intensity of heavy labeled glycan monoisotopic peak = Intensity of d20-HDEAT labeled glycan 

monoisotopic peak + Correction factor×Intensity of d19-HDEAT labeled monoisotopic peak   

(1) 

Correction factor=1-Abundance of 2nd isotopic peak of Intensity of d19-HDEAT labeled 

monoisotopic peak / Abundance of 1st isotopic peak of d19-HDEAT labeled monoisotopic peak   

(2) 

Light and heavy labeled maltooctose was used to evaluate the quantification accuracy of the 

isotopic quantification in different ratio. A total of 9 samples were prepared in different ratios: 5:1, 

4:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:4 and 1:5. The quantitation errors were well within 10 % when the 

light/heavy (L:H) ratio varied from 1:1 to 1:5. To verify that there was no essential difference 

between the light and heavy tag, the accuracy of a reverse labeling, namely light/heavy ratio from 

5:1 to 1:1 was also evaluated. The results showed that comparable coefficients of variations within 

10 % was obtained. Fig. 2A plots experimental log2(L:H) vs. theoretical log2(L:H) ratio and a 

weighted least squares regression was calculated. One example of the mass spectrum of light and 

heavy labeled maltooctose at the ratio of 5:1 and 1:5 was shown in Fig. 2B. The linear range of 

quantification spans a 5-fold change in glycan abundance in both directions.  Labeling accuracy 

and efficiency was also evaluated using the high-mannose N-glycans released from RNase B. The 

mass spectrum of heavy and light labeled (ratio 1:1) N-glycans released from RNase B was shown 

in Fig. 3A. A percentage difference within 15% compared with the theoretical ratio was achieved 

as shown in Fig. 3B using three technical replicates. When labeling the two samples in parallel 
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with light and heavy tags, the labeling efficiency difference plays a vital role in the accuracy of 

quantitation. Thus, we evaluated the labeling efficiency in two parallel labeling experiments. The 

results in Fig. 3C showed pretty consistent labeling efficiency for the same N-glycan with a 

maximum difference of 4 % and an average difference of 3.4% (95% confidence interval, 3.2%–

3.7%). 

Reconstruction of HILIC chromatograms from MALDI-MSI results 

Maltodextrin ladder, a mixture of oligomers, was used for the methodology evaluation. 

MALDI-Orbitrap mass spectrometer was used to image the collected LC effluent trace. On the 

basis of a HILIC pre-run, a time span from 14 to 35 min was set as the effluent and imaging data 

collection window, which covered an effective distance of 7.6 cm on the MALDI sample plate. 

The relative coordinates for each spectrum taken along the sample trace were recorded during 

acquisition and were converted to LC retention times. The MALDI plate mounted on a syringe 

pump moved at a speed of 3.3 mm/min. Thus, a 1.5 min HILIC peak, a typical peak width of LC 

separation achieved using our homemade column, can generate a length of 4.95 mm (3.3 

mm/min×1.5 min) trace on the plate. As the raster increment was set at 0.15 mm for both x and y 

coordinates, up to 33 (4.95 mm÷0.15 mm) data points could be collected for each chromatographic 

peak imprinted on the MALDI plate, which was sufficient for re-constructing LC chromatograms. 

Fig. S4 shows a typical reconstructed peak in our study, which contains 35 data points across the 

analyte peak. A complete re-construction of eight extracted maltodextrin peaks and the base peak 

imaging results are shown in Fig. 4. From the figure, we can see spatial distribution of the extracted 

ion images on the collected LC trace on the MALDI plate correlate well with the re-constructed 
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peak in terms of retention time. The quantitative results were shown in Table S1. 

HILIC-MALDI-MSI quantitative analysis of isotopic labeled maltodextrin standards 

To verify the feasibility of isotope relative quantitative analysis on the newly developed 

HILIC-MALDI-MSI platform, maltodextrin was selected as model analytes. Maltodextrin 

standards at a 1:1 ratio were labeled with HDEAT and d20-HDEAT respectively and combined for 

HILIC-MALDI-MSI analysis. The chromatograms were re-constructed based on the imaging 

results shown in Fig. 4B,which shows that a baseline separation of maltodextrin oligomers (n= 2-

8) was achieved on the homemade HILIC column (Fig. 4A). Retention time shift has often been 

an issue for deuterium encoded tag in reversed phase LC runs due to isotopic effect, which may 

negatively affect the quantitation accuracy. The extracted ion chromatograms shown in Fig. S5 

indicated that negligible retention time shift (<5s) was observed on our homemade HILIC column. 

The almost identical image distribution and retention time of the reconstructed peak based on the 

extracted ion images of the light and heavy labeled N-glycans shown in Fig. 5A & B also support 

this conclusion. The previous study in our lab 38 using CE-MALDI-MSI for quantitation of 

peptides using isotopic formaldehyde labeling has shown the peak pair ratios of the extracted ion 

intensity from MALDI MS imaging can achieve reliable and accurate quantitation results (with 

CV <15%). Hence, the intensity of the monoisotopic peak from extracted ion image was used for 

quantitation, and the results shows that a good quantitation accuracy was achieved, which was 

detailed in Table S1. An example of the peak pair intensity ratios from the extracted ion images of 

isotopically labeled maltodextrin (Degree of polymerization=4) is shown in Fig. 5C. 

Improved quantitative N-glycan profiling on HILIC-MALDI-MSI platform 
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To demonstrate the feasibility of the currently developed approach in complex sample, N-

glycans enzymatically cleaved from the human serum were labeled by HDEAT and d20-HDEAT 

respectively and mixed at a 1:1 ratio and subjected to HILIC-MALDI-MSI analysis. A total of 35 

N-glycans were detected in protonated and sodiated form, with sodiated peak dominating the 

spectra as detailed in Table S2. Base peak images from MSI results in Fig. 6 show that the signal 

of the detected N-glycans spread out along the entire trace of the MALDI plate with a span of 9.0 

cm, significantly reducing ion suppression, which would help to produce enhanced ion signals for 

targeted analytes. The extracted ion images of two high-mannose and two sialylated N-glycans 

were also shown in Fig. 6. The spatial separation of the N-glycans on the MALDI plate confirms 

our previous observation that the temporal resolution of the LC separation was well-preserved. 

MALDI-MS analysis was used as a comparison to evaluate the capability of HILIC-MALDI-MSI 

platform for quantitative analysis of N-glycans in complex sample. MALDI-MS analysis was 

conducted using the same amount of sample. As shown in Fig. 7A, although three N-glycans 

(H5N4S2, H5N4F1S2, H7N6) show a slight smaller quantitation error on MALDI-MS platform, 

probably due to the “sweet spots” sampled, an overall better quantitation accuracy was achieved 

and 5 more N-glycans were detected on HILIC-MALDI-MSI platform. A further examination of 

the intensity of each analyte ion revealed that the peak intensity was ~10-fold higher on the HILIC-

MALDI-MSI platform as shown in Fig. 7B, due to less ion suppression after separation. 

These results indicated that the newly developed HILIC-MALDI-MSI platform provided 

improved performance for quantitative profiling of N-glycans. In fact, initially quantitative 

analysis was viewed as irreproducible and implausible in MALDI mode, because crystallization 
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does not yield a uniform distribution of the analyte and the measured ion intensity may vary for a 

given amount of analyte loaded onto the MALDI target 39. The intensity of an analyte extracted 

from MALDI mass spectrum is highly dependent on the spot that is irradiated by the laser. The 

presence of so-called “sweet spots” is the main cause, which often results in poor shot-to-shot 

reproducibility and poor quantitation accuracy. Various approaches including matrix-comatrix 

system 40, 41 or other improved sample preparation methods 42, 43 have been developed to overcome 

this issue. In our study, instead of irradiating just a couple of spots of the crystallized sample, mass 

spectrometric imaging irradiates almost the entire samples via step-wise rastering in an area on the 

MALDI plate, which functions as “scanning” or “mapping” every spot in the whole area. In this 

way, the variations caused by “sweet spot” can be reduced. Furthermore, numerous studies 44-46 

have discussed that suppression effects can also distort the quantitation accuracy when complex 

biological samples are analyzed due to different analytes’ charge competition, basicity, 

hydrophobicity and relative abundances. To this end, benefiting from mass spectrometric imaging 

analysis, the HILIC chromatographic resolution used in our study could be well preserved, largely 

reducing the ion suppression effects, thus improving quantitation accuracy. 

Isobaric tags, such as aminoxy TMT 47 and QUANTITY 48, have been extensively developed and 

applied for quantitative glycomics in ESI source, with reporter ions readily generated in an 

automated data dependent association (DDA) fashion. However, tandem MS experiments in 

MALDI source needs prior knowledge of the analytes to build up an inclusion list of precursor 

ions and far less automated compared to the tandem analysis in ESI source, which makes MS1-

based quantitation more feasible in MALDI source. In the present study, isotopic tags HDEAT and 
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d20-HDEAT with 20 Da mass difference were utilized, which largely facilitated the MS1 ion 

intensity based quantitation. With various effective approaches developed such as MALDI-MS, 

LC-MALDI-MS and LC-ESI-MS for quantitative glycomics study, our current developed 

approach enriches the toolbox by pushing MALDI-based quantitative glycomics one step forward 

utilizing mass spectrometric imaging to thoroughly sample the analytes on a typical MALDI plate. 

Benefiting from the almost 10 fold intensity improvement, increased N-glycans quantitation 

accuracy and coverage of HILIC-MALDI-MSI has been demonstrated compared to regularly used 

MALDI-MS in the present study, but still there are many facets of this platform worth being further 

explored. For example, how will it perform in characterization and quantitation of glycan isomers 

when a porous graphic carbon (PGC) column is used? To what extent can the glycan separation, 

especially for glycan isomer, benefit from using high concentration of volatile salts or even non-

volatile salts such as ion pairing agent? Besides, a systematic performance comparison with LC-

ESI will be quite interesting to see how they complement with each other, in terms of glycan 

separation efficiency, glycan coverage, glycan isomer characterization and efforts needed in 

sample preparation. All of these evaluations are needed and will certainly help us to put HILIC-

MALDI-MSI platform in a proper place in the quantitative glycomics toolbox. However, these 

evaluations are beyond the scope of current study. To conclude, faced with the various challenges 

in quantitative glycomics study, we believe more platforms will certainly contribute to a deeper 

glycomics study. 

Conclusion 

Our study explored the utility of a novel HILIC-MALDI-MSI platform for quantitative 
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glycomics analysis for the first time. MALDI-MSI analysis of the collected LC traces showed that 

the chromatographic resolution was preserved, making the most use of HILIC separation to 

minimize ion suppression. Accurate and reliable relative quantitation with stable isotope labeled 

hydrazide reagents was demonstrated using a variety of samples ranging from maltooctose, 

maltodextrin standards, N-glycans released from RNase B to more complex human serum sample. 

Compared to direct MALDI-MS, HILIC-MALDI-MSI provided higher N-glycan coverage as well 

as better quantitation accuracy due to unbiased sampling of all the spots by mass spectrometric 

imaging and minimized ion suppression after HILIC separation. Overall, the HILIC-MALDI MSI 

system utilizing hydrazide labeling reagents is robust with highly reproducible results, providing 

great potential in comparative glycomics studies. 
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Fig. 1 (A) Overall workflow for quantitative analysis of N-glycans using duplex HDEAT labeling 

reagents and LC-MALDI-MSI platform. Light and heavy labeled samples were mixed together 

and separated by HILIC; HILIC traces were collected on MALDI plate and subjected to MSI 

analysis; the intensity of the analyte peak was extracted from the imaging area and used for 

quantitation. (B) The Chemical structures of light and heavy version of HDEAT. (C) Labeling 

reaction, hydrazide group of labeling reagent react with aldehyde group in glycans to form stable 

hydrazone product. 
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Fig. 2 (A) A plot of theoretical log2(H:L) vs. experimental log2(H:L) for the labeling ratios at 5:1, 

4:1, 3:1, 2:1, 1:1 and reverse labeling at ratios of 1:2, 1:3, 1:4, 1:5 using maltooctose as standards. 

A weighted linear least squares regression is plotted for the data. (B) The mass spectra of heavy 

and light labeled maltooctose at the ratios of 5:1 and 1:5, respectively; the ion peak shown here is 

in protonated form. Note: The experiments were conducted using MALDI-MS. 
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Fig. 3 (A) Mass spectrum of heavy and light labeled (ratio 1:1) N-glycans released from RNase B 

(Pink shaded peaks are light labeled and blue shaded peaks are heavy isotope labeled). (B) 

Experimental ratios of heavy and light labeled RNase B N-glycans. The error bars stand for 

standard deviations in three technical replicates. (C) Labeling efficiency comparison of the heavy 

and light labeled RNase B N-glycans in the two parallel reaction vials. (H: Hexose, N: N-

acetylhexoseamine). Note: The experiments were conducted using MALDI-MS. 
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Fig. 4 (A) Re-constructed extracted ion chromatograms of heavy and light labeled maltodextrin 

labeled at 1:1 ratio based on MSI results. (B) HILIC traces base peak images for heavy and light 

labeled maltodextrin labeled at 1:1 ratio. Note: The image area of heavy and light labeled 

maltodextrin overlapped with each other. 
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Fig. 5 (A) Extracted ion images of heavy and light labeled maltodextrin(4) at 1:1 ratio based on 

MSI results. (B) Re-constructed LC peak of heavy and light labeled maltodextrin (DP=4) based on 

HILIC-MALDI-MSI results. (C) Mass spectrum of heavy and light labeled maltodextrin (DP=4) 

in protonated form. 
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Fig. 6 HILIC traces base peak images for heavy and light labeled N-glycans released from human 

serum and extracted ion imaging results of four representative light labeled N-glycans. All the ions 

are in sodiated form. Note: Heavy and light labeled N-glycans overlapped with each other, the 

extracted images presented here are light labeled N-glycans. 
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Fig. 7 (A) Quantitation accuracy and N-glycan coverage comparison between HILIC-MALDI-

MSI and MALDI-MS using 1:1 labeled N-glycans released from human serum. The pink shaded 

represents the N-glycans only identified and quantified on HILIC-MALDI-MSI platform. 

Quantitation accuracy was represented as the percentage difference between experimental ratio 

and theoretical ratio. The error bar stands for standard deviations of measured ratios from three 

experiment replicates. (B) Average intensity difference between these two platforms. 
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Supporting information: 

 

Figure S1. (A) Mass spectrum of d20-HDEAT labeled high-mannose N-glycan (H5N2) released 

from RNase B. (B) Mass spectrum of d20-HDEAT labeled N-glycan (Hex5N4S1) released from 

human serum. (H:hexose, N: N-acetylhexoseamine, F: fucose, S: sialic acid). 
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Figure. S2 The labeling efficiency under different reaction ratio between labeling reagent HDEAT 

and maltooctose 

 

 

 

Figure. S3. (A) Mass spectrum of d20-HDEAT. (B) Mass spectrum of d20-HDEAT labeled 

matodextrin (DP=4), Resolution was set at 60, 000 on Orbitrap. 
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Figure. S4 Re-constructed LC peak for maltodextrin (DP=4) based on HILIC-MALDI-MSI results, 

the peak includes 35 data points from MSI results. 

 

 

 

Figure. S5 Extracted ion chromatograms for light and heavy labeled maltodextrin (DP=4) and 

maltodextrin (DP=5) in protonated form on our homemade HILIC column. 
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Table S1. Quantitation results of light and heavy labeled maltodextrin at a theoretical 1:1 ratioon HILIC-MALDI-MSI platform. 

 

 

No. 
Maltodextrin 

ogligomers 

m/z of HDEAT labeled 

maltodextrin in protonated 

form 

m/z of d20-HDEAT labeled 

maltodextrin in protonated 

form 

Expeirmental ratio Error 

1 Maltodextrin(2) 578.31 598.44 1.13 13% 

2 Maltodextrin(3) 740.37 760.49 0.99 -1% 

3 Maltodextrin(4) 902.42 922.55 1.08 8% 

4 Maltodextrin(5) 1064.47 1084.60 1.12 12% 

5 Maltodextrin(6) 1226.53 1246.65 1.06 6% 

6 Maltodextrin(7) 1388.58 1408.70 1.07 7% 

7 Maltodextrin(8) 1550.63 1570.76 1.02 2% 

8 Maltodextrin(9) 1712.68 1732.81 1.12 12% 
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Table S2. Comparison of MS-MALDI and HILIC-MALDI-MSI quantitative results of HDEAT and d20-HDEAT labelled N-glycans 

released from human serum. (H:hexose, N: N-acetylhexoseamine, F: fucose, S: Sialic acid) 

No. 
Glycan  

compositions 

m/z of 

HDEAT 

Labelled 

glycans in 

sodiated 

form 

m/z of 

d20-

HDEAT 

Labelled 

glycans 

in 

sodiated 

form 

Correction  

factor 

Peak Intensity 

of HDEAT 

labeled peak 

using   

MALDI-MS 

Peak Intensity of 

d20-HDEAT 

labeled peak 

using 

HILIC-MALDI-

MSI 

Quantitation 

error  

using 

HILIC-

MALDI-

MSI 

Quantitat

ion Error  

using 

MALDI-

MS 

RSD 

using  

MALDI-

MS 

RSD using 

HILIC-MALDI-

MSI 

1 H3N3F1 1517.65 1537.77 0.31 3.4E+04 8.9E+04 0% 17% 4% 4% 

2 H5N4F1 2044.83 2064.96 0.08 1.4E+05 6.7E+05 2% 17% 1% 2% 

3 H4N4F1 1882.78 1902.90 0.15 3.5E+05 6.7E+06 2% 5% 0% 2% 

4 H3N5F1 1923.80 1943.93 0.12 2.8E+04 1.9E+05 3% -3% 11% 6% 

5 H7N2 1816.72 1836.85 0.20 4.0E+04 2.0E+05 -3% 13% 4% 1% 

6 H3N5 1777.75 1797.87 0.19 4.7E+04 2.6E+05 -4% 12% 3% 0% 

7 H6N5S1 2555.00 2575.13 -0.14 6.6E+03 1.4E+05 5% 38% 4% 6% 

8 H4N3 1533.64 1553.77 0.31 1.5E+05 2.5E+05 5% 9% 3% 7% 

9 H4N5 1939.80 1959.92 0.12 3.7E+04 5.1E+05 5% 7% 2% 6% 

10 H4N5F1 2085.86 2105.98 0.05 3.1E+04 4.3E+05 5% 18% 4% 6% 

11 H5N4 1898.77 1918.90 0.15 8.6E+05 4.0E+06 5% 9% 1% 3% 

12 H6N3 1857.75 1877.87 0.17 3.9E+04 8.1E+04 6% 10% 3% 6% 

13 H5N5 2101.85 2121.98 0.05 1.6E+04 1.1E+05 6% 21% 3% 2% 

14 H6N2 1654.67 1674.79 0.27 1.7E+05 4.0E+06 6% 18% 2% 1% 

15 H8N2 1978.77 1998.90 0.13 6.3E+03 4.3E+05 6% 23% 10% 0% 

16 H5N4F1S1 2539.01 2559.13 -0.15 4.3E+04 1.0E+05 7% 17% 5% 1% 
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17 H3N3 1371.59 1391.71 0.38 9.9E+04 1.3E+05 8% 15% 3% 1% 

18 H4N3F1 1679.70 1699.82 0.24 3.3E+04 9.0E+04 9% 22% 6% 7% 

19 H5N4S1 2189.87 2209.99 0.02 1.4E+05 1.0E+06 9% 19% 3% 1% 

20 H5N4F1S1 2335.93 2356.05 -0.05 1.6E+04 1.9E+05 10% 36% 5% 6% 

21 H5N2 1492.61 1512.74 0.33 1.6E+05 1.4E+06 11% 9% 2% 4% 

22 H3N4F1 1720.73 1740.85 0.21 3.1E+05 1.8E+06 -12% 16% 1% 2% 

23 H5N3 1695.69 1715.82 0.24 2.9E+04 3.4E+05 12% 24% 9% 1% 

24 H4N4 1736.72 1756.85 0.21 1.2E+05 2.3E+05 13% 15% 1% 9% 

25 H5N4S2 2480.96 2501.09 -0.11 8.7E+04 4.4E+05 13% 12% 3% 2% 

26 H5N4F1S2 2627.02 2647.15 -0.18 2.5E+03 4.1E+04 14% -30% 24% 7% 

27 H4N3S1 1824.74 1844.86 0.18 2.3E+03 3.3E+04 16% 67% 13% 4% 

28 H6N5 2263.91 2284.03 -0.02 4.1E+04 8.4E+04 -20% 16% 5% 2% 

29 H6N5S2 2846.10 2866.22 -0.27 4.9E+03 1.2E+04 25% 57% 20% 3% 

30 H7N6 2629.04 2649.16 -0.18 6.E+03 3.4E+04 -42% 20% 6% 3% 

31 H5N5S1 2392.95 2413.07 -0.08 - 4.9E+04 -1% - - 7% 

32 H9N2 2140.83 2160.95 0.06 - 3.7E+04 -2% - - 4% 

33 H6N4 2060.83 2080.95 0.08 - 1.2E+05 5% - - 2% 

34 H4N4S1 2027.82 2047.94 0.09 - 3.1E+04 6% - - 3% 

35 H6N4S1 2351.92 2372.05 -0.05 - 2.8E+05 -29% - - 0% 
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Chapter 5 

Capillary electrophoresis-electrospray ionization-mass 

spectrometry for quantitative analysis of glycans labeled 

with multiplex carbonyl-reactive tandem mass tags 

 

 

 

 

 

 

 

 

 

 Adapted with permission from (Zhong, X., Chen, Z., Snovida, S., Liu, Y., Rogers, J. C., & 

Li, L. (2015). Capillary electrophoresis-electrospray ionization-mass spectrometry for 

quantitative analysis of glycans labeled with multiplex carbonyl-reactive tandem mass tags. 

Analytical chemistry, 87(13), 6527-6534.) Copyright (2015) American Chemical Society. 

 Author contribution: study was designed by Zhong, X., Chen, Z., Rogers, J.C., Li, L.; 

experiment was performed by Zhong X., Chen, Z. and Snovida, S., Liu, Y.; manuscript was 

written by Zhong, X. and Chen, Z., and edited by Zhong, X., Chen, Z., and Li, L. 
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ABSTRACT 

The recently developed carbonyl-reactive aminoxy tandem mass tag (aminoxyTMT) reagents 

enable multiplexed characterization and quantitative comparison of structurally complex glycans 

between different biological samples. Compared to some previously reported isotopic labeling 

strategies for glycans, the use of aminoxyTMT method features a simple labeling procedure, 

excellent labeling efficiency and reduced spectral complexity at MS1 level. Presence of the tertiary 

amine functionality in the reporter region of the aminoxyTMT labels leads to increased ionization 

efficiency of the labeled glycans, thus improving ESI-MS detection sensitivity. The use of the 

labeling reagent also makes electrophoretic separation of the labeled neutral and acidic glycans 

feasible. In this work, we characterized the electrospray ionization (ESI) and collision induced 

dissociation (CID) behaviour of the aminoxyTMT-labeled neutral and sialyted glycans. For the 

high-mannose type of N-glycans and small sialyted oligosaccharides, CID fragmentation of [M 

+Na+H]2+ provides the most informative MS2 spectra for both quantitative and qualitative analysis. 

For complex type of N-glycans, MS3 of the protonated Y1(H) ion provides an approach for accurate 

quantification. Online CE-ESI-MS/MS analyses of multiplexed aminoxyTMT-labeled human 

milk oligosaccharides (HMOs) and different types of N-glycans released from glycoprotein 

standards were demonstrated. Improved resolution and quantification accuracy of the labeled 

HMO isomers was achieved by coupling CE with traveling wave ion mobility (TWIM)-CID-

MS/MS. N-glycans released from human serum protein digests were labeled with sixplex 

aminoxyTMT and subjected to CE-MS analysis, and good accuracy and reproducibility of relative 

quantification based on the reporter ion peak intensity were achieved through MS3 of Y1(H) ion.  
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INTRODUCTION 

Glycosylation of proteins is one of the most important post-translational modifications. Studies 

have shown that the glycan moieties on the glycoproteins play critical roles in structural 

modulation, and function as specific binding ligands for endogenous receptors or 

exogenous agents in many biological processes such as protein trafficking, cell-cell signalling, 

cellular adhesion1, 2. Changes in glycomic profiles have been linked to various diseases3-7 including 

immunological disorders, cancer, and cardiovascular problems. These implications urge 

researchers to develop cutting-edge bioanalytical platforms for quantitative analysis of glycans 

which would facilitate the elucidation of the diverse biological roles of glycans and their roles in 

human diseases8.  

Quantitative analysis of native glycans remains challenging due to high complexity and 

diversity of glycan structures9, the difficulty of synthesizing glycan standards, and the relatively 

low response in both optical and mass spectrometric detection methods. Several fluorescence 

detection methods based on reducing-end labeling strategies have been developed10, 11 and are 

routinely applied in conjunction with liquid chromatography (LC)12 or capillary electrophoresis 

(CE) separation13-15. Reductive amination is the most common method used to attach the glycans 

with chromophores, such as 2-aminobenzamide (2-AB)16, 2-aminopyridine (2-PA)17, 2-

aminobenzoic acid (2-AA)18, and 1-aminopyrene-3, 6, 8-trisulfonic acid (APTS)19. Although high 

separation efficiency and sensitive detection could be achieved with LC or CE combined with 

fluorescence or laser induced fluorescence detection6, 10, 20, structural identification is largely 

dependent on the availability of standards, sequential enzymatic digestion, and highly reproducible 

LC retention times or CE migration times.  
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With the recent advances in mass spectrometry, a variety of MS-based glycan 

quantification strategies have been developed, which also allow more confident assignment of 

glycan compositions based on mass-to-charge ratios of the intact glycans and fragment ions 

generated by different types activation methods 21-24. These include both chemical and metabolic 

labeling approaches22. Metabolic incorporation of 15N into N- and O-linked glycans for 

quantitative glycomics has been demonstrated by Orlando et al, which involves the use of amide-

15N-Gln in the cell medium to provide the only source of nitrogen for biosynthesis of 

aminosugars25. While metabolic labeling is relatively more expensive and restricted to the 

investigation of limited types of biological samples, chemical labeling strategies can be applied to 

glycan samples from different sources. MS1 precursor ion intensity-based relative quantification 

is realized by labeling glycans with ‘heavy’ and ‘light’ pairs of reagents. These strategies include 

permethylation of glycan samples with d0- and d3-CH3I,
26 or 12CH3I and 13CH3I,

27 enzymatic 

release of glycans in H2
16O and H2

18O,28 reductive amination with normal and isotopically encoded 

tags such as d0- and d4-PA29, d0 and d4 2-AA30, 2-12[C6]-AA and 2-13[C6]-AA31, 12[C6] aniline and 

13[C6]-aniline32, or even tetraplex isotopic tags33, formation of glycan hydrazones with 12[C6] and 

13[C6] 4-phenethylbenzohydrazide34,  or d0 and d5 Girard’s reagent P35. Incorporation of stable 

isotopes through permethylation can lead to variable mass shift between the differentially labeled 

glycans, depending on the total number of -OH, -NH, -COOH groups in one glycan, and thus 

complicating the spectral interpretation. In contrast, isotopic labeling at the reducing end of the 

glycans results in constant mass shift between the heavy and light labeled pairs, however, spectral 

interference caused by overlapping of the isotopes of the differentially labeled glycans is observed 

if the mass difference induced by the isotopic labeling is not large enough.  
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Originated from the tandem mass tags (TMT) that have been widely applied in quantitative 

proteomics36-38, several multiplex isobaric tags, which are usually composed of a reporter group 

and an aldehyde reactive group linked by a mass balance group, have been developed for high 

throughput relative quantification of glycans based on reporter ion intensities generated by MS/MS. 

Compared to isotopic labeling, the MS1 spectra of isobarically labeled glycans are simplified 

because the differentially labeled glycans have the same mass. The isobaric aldehyde reactive tags 

(iARTs) were derived from the deuterium isobaric amine-reactive tags (DiARTs) by modifying 

the amino reactive group to a primary amine group for reductive amination39. Two versions of 

glycan-specific carbonyl-reactive TMT reagents with hydrazide and alkoxyamine reactive 

functionalities, which form hydrazones or oximes with reducing sugars, respectively, were 

evaluated by Hahne et al40. One of these tags, the aminoxyTMT that employs the alkoxyamine 

functional group, has recently become commercially available. The previous study indicated that 

under MALDI condition, mainly the monosodium adduct ions of the aminoxyTMT-labeled 

glycans were observed, and the low intensity of the reporter ions generated by post-source 

dissociation (PSD) compromised the accuracy and dynamic range of relative quantification40. 

However, the performance of the aminoxy-TMT labeled glycans in ESI mode, CID fragmentation 

of the multiply charged precursor ions, as well as the reporter ion intensity based quantification by 

ESI-CID MS/MS remain unexplored. In this work, we characterized the aminoxyTMT-labeled 

different types of glycans using an ESI-Q-ToF instrument and found that the CID MS/MS of 

multiply charged aminoxyTMT-labeled glycan generated sufficient reporter ions for accurate 

quantification.  

Another aspect that has not been explored previously is the coupling of microscale 

separation platforms with ESI-MS detection for analysis of multiplex aminoxyTMT-labeled 
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glycans, which is critical for improving coverage of complex samples with limited amounts. The 

tertiary amine group in the aminoxyTMT makes the labeled glycan positively charged in acidic 

buffers and thus provides possibility of electrophoretic separation of the aminoxyTMT-labeled 

glycans. As an attractive separation technique alternative to hydrophilic interaction 

chromatography (HILIC) and porous graphitized carbon (PGC) liquid chromatography, CE offers 

advantages for separation of polar molecules including low-cost of column material, very small 

amount of sample consumption, fast separation speed and high resolution power. Accompanied by 

efforts towards developing robust and sensitive CE-ESI-MS over the past decades41, 42, more and 

more researchers have incorporated this technique in their toolboxes for analysis of 

oligosaccharides in biological samples and glycans from different types of glycoconjugates20, 43-46, 

such as human milk oligosaccharides47, N-glycans from therapeutic recombinant glycoproteins48-

51, N-glycans released from serum52, 53, oligosaccharides derived from glycosphingolipids54. Most 

of these CE-ESI-MS studies involve separation of native glycans carrying negatively charged 

functionalities48, 52, 53, 55 or APTS-labeled glycans47, 49-51, 53, 55, 56, which have to be coupled with 

negative ESI detection that is inherently less sensitive and more susceptible to corona discharge 

compared to positive ESI57-59. In contrast, the aminoxyTMT labeling promotes sensitivity in 

positive ESI of the labeled glycans by introducing hydrophobic and basic groups. Here, we 

demonstrated, for the first time, online coupling of CE and ESI-CID-MS/MS detection for the 

analysis of multiplex aminoxyTMT-labeled human milk oligosaccharide (HMO) standards, 

different types of N-glycans released from glycoprotein standards and human serum proteins. In 

addition, CE coupled with travelling wave form ion mobility mass spectrometry (TWIMS) was 

explored and proven to be effective of improving the resolution of small isomeric glycans and 

quantification accuracy. These results show significant promise of applying multiplex 
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aminoxyTMT labeling along with CE-ESI-MS/MS for high-throughput characterization of more 

complicated biological systems.  

EXPERIMENTAL SECTION 

Chemicals and Materials (see supporting information) 

N-glycan release and aminoxyTMT labeling of glycans (see supporting information) 

Direct infusion ESI-MS/MS and ESI-IMS-MS/MS (see supporting information) 

CE-ESI-MS setup (see supporting information) 

MS parameters for online CE-ESI-MS/MS and CE-ESI-IM-MS/MS analysis    

For CE-MS/MS analysis of three-plex aminoxyTMT-labeled N-glycan released from RNase B, 

full MS scan over the range of m/z 400~1500 was acquired to generate the inclusion list for the 

following data-dependent analysis (DDA). Top 2 DDA with the inclusion list of all the 

[M+H+Na]2+ and [M+2H+K]3+ precursor ion m/z was performed in a separate CE-MS run using 

parameters as follows. The MS survey scan range was acquired over the range of m/z 400~1400 

Da, scan duration was 1 second. +2 and +3 charged ions with intensity arising above a threshold 

of 1500 were selected for MS/MS scans. The precursor ion isolation window was ~3 m/z, MS/MS 

scan was acquired over the range of m/z 100~1900, and the scan duration was 1.5 seconds. The 

trap collision cell voltage profile was set as the following equation: 𝐶𝐸 (𝑉) = 25 + (
𝑚

𝑧
− 400) ×

0.055. After one MS/MS scan, the current precursor was then excluded from the rest of the run.  

For CE-ESI-IMS-MS/MS analysis of differentially labeled HMO standards, traveling wave 

velocity was set at 700 m/s, and wave height 40 V. Alternative full MS scan and targeted MS/MS 
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scan of m/z 661.9 were acquired during the CE separation. The CID MS/MS was performed in the 

transfer collision cell with collision energy of 50 V. 

        Alternative full MS scan and pseudo MS3 scan events were applied for CE-MS/MS analysis 

of aminoxyTMT labeled N-glcans released from fetuin and human serum protein digests. The cone 

voltage was set at 30 V for 0.5 second of full MS scan in the range of m/z 400 ~1700, and switched 

to100 V for 0.5 second of pseudo-MS3 scan during CE separation. For the pseudo-MS3 scan,Y1(H) 

ion m/z 523.3 generated in the ion source was selected by the quadrupole and fragmented in the 

trap collision cell with a collision energy of 40 V, and the TOF scan range was m/z 100~150.  

RESULTS AND DISCUSSION 

CID MS/MS fragmentation of aminoxyTMT-labeled glycan standards and relative 

quantification of isobarically labeled glucose oligomers (see supporting information) 

CE-ESI-MS analysis of aminoxyTMT labeled high-mannose N-glycans  

For improving the glycan coverage and resolving potentially existing isomeric species, a unique 

platform that couples microscale separation technique with MS detection is usually required for 

analysis of complex samples with small volume. CE-ESI-MS is a promising tool for analysis of 

aminoxyTMT labeled glycans because the modification introduces a tertiary amine group at the 

reducing end, making electrophoretic separation of neutral glycans feasible in acidic environment. 

When the tertiary amine on the reporter ion group is attached by a proton under acidic environment, 

the labeled carbohydrate molecule will possess overall positive charge and migrate towards the 

cathode end of the capillary under electric field.  

CE separation of three-plex aminoxyTMT-labeled N-glycans released from RNase B (1:1:1 

ratio) was conducted using methanol/water/formic acid (v/v/v) 50:49:1 as background electrolyte. 
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Figure 1 shows the EIEs of the [M+H+Na]2+ ions of the (Man)5~9(GlcNAc)2. The five labeled high 

mannose N-glycans migrated out of the separation capillary in the order of increasing number of 

monosaccharide residues. The total amount of glycans loaded onto the column corresponded to 

the glycans released from approximately 0.2 µg of RNase B. By pooling together the differentially 

labeled glycans, ion intensities of both MS1 and MS2 scans were boosted because the isobarically 

labeled glycans were detected at the same precursor m/z, and most fragment ions (except the 

reporter ions) originated from different samples were also detected at the same m/z.  

Similar as the glucose oligomers, the ESI generated [M+Na+H]2+ precursor ions of the high-

mannose N-glycans produce abundant reporter ions for quantification and diverse fragment ions 

for structural inference. The CID MS/MS spectrum of [(Man)5(GlcNAc)2-TMT+Na+H]2+ ion (m/z 

779.8) is shown in Figure 2 as an example. At trap collision cell voltage of 46 V, the reporter ions 

dominated the spectrum, and abundant fragment ions associated with the N-glycan structure were 

present as well. Except Y1(H) ion (m/z 523.3) and several doubly charged Y(Na+H) ions, most 

fragment ions were observed as sodium adducts. Sodiated Y(Na) ions (m/z 1396.6, 1234.5, 1072.5, 

910.4) and doubly charged Y(Na+H) ions (m/z  698.8, 617.7) were formed by consecutive loss of 

mannose residues. B2(Na), B3(Na), B4(Na) ions (m/z 509.1, 833.2, 1036.3), as well as some B/Y(Na) 

ions (m/z 874.2, 671.2, 550.1, 347.1) produced from internal cleavage formed by different routes 

were observed. C3(Na) and C3-2H (Na) (m/z 851.2, 849.2) ions, and C4(Na) and C4-2H(Na) ions (m/z 

1054.3, 1052.3) were formed by cleavage of the two β1-4 bonds of the chitobiose core respectively. 

Cross-ring cleavages of the GlcNAc at the reducing terminus produced 3,5A4(Na) (m/z 907.2), 

2,4A5(Na)
 (m/z 1096.3) ,

 0,2A5(Na) (m/z 1156.3), and internal fragment ion 0,2A5 /Y3β(Na) or 0,2A5 /Y4α(Na) 

(m/z 944.3). The intensity of the [M-reporter ion-CO+H+Na]+ ion was also prominent.  
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In addition to [M+Na+H]2+, [M+2H]2+ and [M+2H+K]3+ precursor ions were also abundant 

in MS1 scan and they could be subjected to CID MS/MS during the online data-dependant analysis. 

Figure S3 shows the CID MS/MS spectra of [(Man)6(GlcNAc)2-TMT+2H]2+, [(Man)6(GlcNAc)2-

TMT+2H+K]3+, [(Man)6(GlcNAc)2-TMT+Na+H]2+ acquired during CE-MS separation. Although 

the trap collision energy profile was optimized for [M+Na+H]2+ precursor ions, [M+2H]2+ and 

[M+2H+K]3+ ions of the high-mannose N-glycans also produced decent amount of reporter ions in 

spite of few fragment ions in the high mass range. Table 1 summarizes the reporter ion intensity 

ratios calculated from the sum of the reporter ion intensity generated from CID MS/MS of 

[M+Na+H]2+ , [M+2H]2+, [M+2H+K]3+ precursor ions and the error calculated in this way was 

within 17% for the five high-mannose N-glycans. 

CE-ESI-TWIMS-CID MS/MS analysis of aminoxyTMT labeled acidic oligosaccharide 

Oligosaccharides containing acidic monosaccharide residues such as NeuAc and NeuGc become 

amphoteric compounds after being labeled with aminxoyTMT reagents. To study the CE 

separation behaviour of amnixoyTMT labeled acidic glycans, we selected four human milk 

oligosaccharides (sialyllacto-N-tetraose a, b, c, DSLNT) and subjected them to isobaric labeling 

and CE-ESI-MS analysis. With methanol/water/formic acid (v/v/v) 50:49:1 as background 

electrolyte, the aminoxyTMT labeled DSLNT could be separated from the sialyllacto-N-tetraoses 

because of its lower pKa and larger size, however, only two CE peaks corresponding to the three 

pentasaccharide isomers were observed. By further investigation, it was confirmed that the labeled 

sialyllacto-N-tetraose b (LSTb) and sialyllacto-N-tetraose c (LSTc) co-eluted at 34.6 min, 

followed by sialyllacto-N-tetraose a (LSTa) eluting at 38.1 min (Figure 3A). If the co-migrated 

isomeric compound ions were subjected to CID MS/MS simultaneously, the observed reporter ion 
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intensities would only reflect the total amounts of the co-eluted isomers instead of the relative 

quantity of each individual component in the samples. 

Recent studies have shown promises of differentiation of isomeric carbohydrate as metal ion 

adducts by traveling wave ion mobility mass spectrometry60, 61. Taking advantage of the TWIM 

capability of the Waters Syanpt G2 Q-ToF instrument, we were able to further improve the 

resolution of aminoxyTMT labeled isomeric HMO standards by integrating a second separation 

dimension, the ion mobility separation in the gas phase, with CE separation. Although both CE 

and IMS are electrophoretic based separation techniques, they could be orthogonal separation 

dimensions because the aqueous phase mobility and gas phase mobility of an analyte molecule are 

dependent on different parameters that affect ‘charge-to-shape ratio’ of the molecule in specific 

environment. In terms of an amphoteric compound during CE separation, the pKa values of the 

compound and pH of the BGE define the ‘average charge’ carried by an ensemble of analyte 

molecules which co-migrated in the aqueous phase and the ‘shape’ of the molecule refers to the 

hydrated aqueous phase conformation of the molecule in the buffer. After the analyte molecules 

are converted to gas-phase ions by electrospray ionization, the number of H+, Na+, K+ and other 

charge carriers attached to one analyte molecule defines the charges carried by the single analyte 

molecule ions, and the ‘shape’ of one analyte ion refers to the gas phase conformation of a specific 

type of ion adduct of the analyte molecule. As different types of ion adducts of glycans are usually 

observed under positive ESI mode, we first compared the IMS separation of [M+H+Na]2+, 

[M+H+K]2+, [M+2Na]2+, [M+K+Na]2+ adducts of the three aminoxyTMT labeled isomeric 

pentasaccharides at a set of  DC traveling wave velocity / wave height combinations by direct 

infusion experiments. Figure S4 shows the arrival time distributions of the labeled LSTa, LSTb and 

LSTc as different types of ion adduct at wave velocity of 700 m/s and wave height of 40 V. 
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Interestingly, the [M+H+Na]2+ adduct ion of amixoxyTMT labeled LSTc could be differentiated 

from those of  LSTa and LSTb by TWIMS, which provides complementary results to CE 

separation. 

As a demonstration of coupling CE with TWIMS-CID-MS/MS for improved relative 

quantification accuracy of the aminoxyTMT labeled isomeric oligosaccharides, LSTa , LSTb, 

LSTc were differentially labeled with aminoxyTMT6-128 and aminoxyTMT6-131 in 1:4, 1:1, 3:1 

ratio respectively, and mixed together with aminoxyTMT labeled DSNLT, followed by CE-ESI-

TWIM-CID-MS/MS analysis. With the optimized CE and IMS conditions, the 

coelutingaminoxyTMT labeled LSTb and LSTc at 34.6 min were resolved in the ion mobility drift 

cell, with the drift time of the [M+Na+H]2+ ion adducts at 4.35 ms and 4.83 ms respectively (Figure 

3B, top panel). It was also noticed the in-source fragmentation produced of Y4α(H+Na) and Y3β(H+Na) 

ions of labeled DSLNT have the same arrival time distribution as the [M+Na+H]2+ ions of the 

earlier eluted aminoxyTMT labeled LSTa and LSTb (Figure 3B). After the two dimensional 

separation, the three differentially labeled isomers were almost completely resolved and the 

[M+Na+H]2+  (m/z 661.9) precursor ions from each isomer were subjected to CID MS/MS in the 

transfer collision cell separately. The reporter ion intensities obtained at three different CE 

migration time/IM drift time combinations, shown in Figure 3C, represent the relative quantities 

of each individual pentasacchride isomers; and the observed reporter ion ratios were close to the 

expected values because of the improved separation.  

CE-ESI- pseudo-MS3 analysis of aminoxyTMT labeled sialyted complex N-glycans  

Complex type of N-glycans released from bovine fetuin, which contain terminal sialic acid 

residues, were also investigated by CID MS/MS and CE-MS after being labeled with 
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aminoxyTMT reagents. By direction infusion CID MS/MS experiments, it was found that the 

reporter ion yield of the aminoxyTMT labeled complex type of N-glycans are generally not as 

good as that of the high-mannose type of N-glycans because the GlcNAc fragment ion m/z 138.06 

always dominates the CID MS/MS spectra. The representative MS/MS spectra of different ion 

adducts of the triantennary complex N-glycan (Hex)6(GlcNAc)5(NeuAc)3 is shown in Figure S5. 

In order to overcome this limitation, we propose a pseudo-MS3 based quantification method here 

for CE-MS applications on Q-TOF MS platform. Since acidic BGE and modifier are used for CE-

MS and a tertiary amine group is incorporated into the aminoxyTMT reagent, abundant Y1(H) ions 

(m/z 523.3), which is common for all types of N-glycans labeled with aminoxyTMT reagents, can 

be easily generated in the ion source from the fully and partially protonated precursor ion adducts 

by raising the sample cone voltage and then subjected to CID MS/MS in the collision cell for 

production of reporter ions. In order to obtain both intact glycan mass and the decent reporter ion 

intensities during online separation, two scan events, full MS scan at low cone voltage (30 V) and 

targeted MS/MS scan of Y1(H) ion at high cone voltage (100 V) were acquired alternatively during 

one CE-MS run.  

The pseudo-MS3 method was applied to the aminoxyTMT6-128,131 (1:1) labeled N-glycans 

released from bovine fetuin. As shown in Figure 4A, the labeled N-glycans from fetuin migrated 

in the order of neutral, monosialyted, disialyted, trisialyted, tetrasialyted, and pentasialyted glycans  

(TIE from full MS scans, top panel); the EIE of m/z 523.3 (bottom panel) corresponding to the 

Y1(H) generated by in-source fragmentation at low cone voltage defined the migration zone of 

aminoxyTMT labeled N-glycans. Figure 4B present the EIEs of the two reporter ions, m/z 128.1 

and m/z 131.1, generated from targeted MS/MS scans of m/z 523.3 at high cone voltage (pseudo-

MS3 scans). The migration peak profiles of the two ion channels were almost identical and the ion 
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intensity ratios in glycan migration zone were close to 1:1. Despite that the pseudo-MS3 method 

is only ideal for highly efficient separation techniques coupling with MS and the generated reporter 

ions intensities have to be deconvoluted in case of coeluting and partially resolved components, 

this issue can be alleviated if the real MS3 method, isolating a specific aminoxyTMT labeled 

precursor ion to produce the common Y1(H) and Y2(H) ions and submitting them to further 

fragmentation, is applied on an MS platform with trap-type of mass analyzer such as LTQ-Orbitrap.  

Multiple isomeric structures associated with the same N-glycan composition occur frequently 

in this sample. After examining and excluding the in-source fragmentation generated components, 

a total of 10 sialyted N-glycan compositions, containing at least 23 glycan structures, were 

putatively identified from the CE-MS experiments (Figure S6). Two representative extracted ion 

electropherograms, corresponding to the [M+3H]3+ ions of the biantennary complex type glycan 

(Hex)5(GlcNAc)4(NeuAc)2 and the triantennary complex type glycan (Hex)6(GlcNAc)5(NeuAc)3 

respectively, are shown in Figure 4C and 4D. Four isomeric structures associated with the 

composition (Hex)5(GlcNAc)4(NeuAc)2 were resolved by CE and at least three isomeric structures 

associated with the composition (Hex)6(GlcNAc)5(NeuAc)3 were detected. Although efforts have 

been made to improve the N-glycan isomer separation by employing TWIM as the second 

separation dimension, the limited resolution of TWIM, the more complicated tertiary structures of 

multiply charged large gas phase N-glycan ions and the multiple conformers generated from one 

isomer ion, are still barriers for application of CE-ESI-IM-MS on N-glycan samples.  

CE-ESI-pseudo-MS3 analysis of sixplex aminoxyTMT labeled N-glycans released from 

human serum proteins 



121 

 

N-glycans released from human serum proteins labeled with sixplex aminoxyTMT6 -126, 127, 128, 

129, 131 in a 1:2:1:1:1:2 ratio were used as a complex biological sample to assess the developed 

platform for glycan quantification. Data-dependant analysis was performed during online 

separation first to inspect interfering ions in the reporter ion region. Figure S7 shows the MS/MS 

spectra of [M+2H]2+, [M+2H+K]2+, [M+H+Na]2+ ion adducts of the core-fucosylated complex N-

glycan (Hex)3(GlcNAc)4Fuc. It was found that, the reporter ion yield of neutral complex type of 

N-glycans was also low and the HexNAc fragment ion of the formula [C6H8O2N +H]+ ,40 m/z 

126.06 and its isotope m/z 127.06 could be just resolved from the two reporter ions m/z 126.13 and 

m/z 127. 13 by the TOF-MS under resolution mode. However, the pseudo-MS3 method is still 

applicable for the core-fucosylated N-glycans since the Y1Y1δ(H) ion m/z 523.3 was also observed 

when the protonated precursor ions were activated. The TIE of the sixplex aminxoyTMT labeled 

human serum N-glycans is shown in Figure 5. The hydrophilic peptides retained in the glycan 

fraction during sample purification migrated out of the capillary column first, followed by the 

aminoxyTMT labeled neutral N-glycans, monosialyted, disialyted, trisialyted, and tetrasialyted N-

glycans. 46 N-glycan compositions were identified within 30 ppm accuracy of at least two 

precursor adduct ions belonging to the same composition. By manually excluding the in-source 

fragmentation peaks, 84 isomeric structures belonging to the 46 N-glycan compositions were 

putatively identified (Table S1). The inset of Figure 5 shows the pseudo MS3 spectra acquired at 

during the migration time zones of the sixplex aminoxyTMT labeled (Hex)3(GlcNAc)4Fuc, 

(Hex)5(GlcNAc)4(NeuAc), (Hex)5(GlcNAc)4 NeuAc)2, (Hex)6(GlcNAc)5 (NeuAc)3 respectively, 

which were free from the spectral interference of the fragment ions of GlcNAc residues. The 

corrected reporter ion intensity ratios of the four spectra are summarized in Table S2. 

CONCLUSIONS 
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Combining the isobaric labeling strategy and CE-ESI-MS/MS, the aminoxyTMT-labeled neutral 

and acidic glycans can be efficiently separated in acidic background electrolytes and quantified 

with CID MS/MS or pseudo-MS3 method (MS/MS of Y1(H) ion). CE coupled with TWIM-CID 

MS/MS was demonstrated to be efficient in resolving human milk oligosaccharide isomers and 

improving the relative quantification accuracy. The labeled sialyted isomeric N-glycans can also 

be resolved by CE separation in normal polarity. For the high-mannose type of N-glycans, online 

data-dependent analysis of the precursor ion adducts [M+H+Na]2+,[M+2H]2+, [M+K+2H]3+ could 

give rise to high-intensity reporter ions for accurate relative quantification between different 

samples, and CID MS/MS of  [M+H+Na]2+ ions generate most useful tandem mass spectra in 

terms of abundant reporter ions and rich the fragment ions for structural inference. For the complex 

type of N-glycans, MS3 method could be applied to generate reporter ions avoiding interference 

from the fragment ions of HexNAc residues. Future work will extend the application of these 

aminoxyTMT tags to more complex biological systems for high throughput glycan biomarker 

discovery.  
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Figure 1. Extracted ion electropherograms of [M+H+Na]2+ ions of aminoxyTMT-labeled N-

glycans released from a glycoprotein RNase B. BGE, 50:49:1 (v/v/v) MeOH/H2O/formic acid; 

modifier solution, 50:49:0.2 (v/v/v) MeOH/H2O/formic acid. Full MS scan was acquired from m/z 

400 to1500. 
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Figure 2. CID MS/MS spectrum of [(Man)5(GlcNAc)2-aminoxyTMT+Na+H]2+ m/z 779.8 

acquired by data-dependent analysis during online CE separation. Domon and Costello 

nomenclature62 is used for annotation of fragment ions in this and following figures. 
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Figure 3. CE-ESI-IM-MS/MS analysis of aminxoyTMT6-128 and aminoxyTMT6-131 

differentially labeled LSTa (128/131, 1:4), LSTb (128/131, 1:1), LSTc (128/131, 3:1) and DSLNT 

mixture. (A) Extracted ion electropherograms of [LST-aminoxyTMT+H+Na]2+ m/z 661.9 (top) 

and [DLST-aminoxyTMT+H+2Na]2+ m/z 545.9 (bottom). The peak at 47.3 min in the top pannel 

corresponds to in-source fragmentation ion Y4α(Na+H) or Y3β(Na+H) of labeled DSLNT. (B) 

Arrival time distributions of [LST-aminoxyTMT+H+Na]2+ m/z 661.9 at CE migration time of 34.6 

min (top), 38 min (middle) and 47.3 min (bottom). (C) Reporter ion ratios of aminoxyTMT labeled 

LSTb (top), LSTc (middle), LSTa (bottom) obtained by CE-IM-targeted CID MS/MS.  The 

precursor ion [LST-aminoxyTMT+H+Na]2+ m/z 661.9 was isolated by quadrupole, separated in 

the ion mobility drift cell and then subjected to CID MS/MS in the transfer collision cell. CE 

conditions were as described in Figure 1. Alternative IM-full MS scan and IM-targeted MS/MS 

scan of m/z 661.9 were acquired during CE separation. IMS conditions: trap bias voltage was set 

at 48 V, helium cell DC 35 V, wave velocity 700 m/s, wave height 40 V. Transfer cell collision 

energy was set at 50V for targeted MS/MS.  



130 

 

Figure 4. CE-ESI-MS of aminoxyTMT6-128 and aminoxyTMT6-130 (1:1) labeled N-glycans 

released from bovine fetuin. (A) Total ion electropherogram (top) and extracted ion 

electropherogram of Y1(H) ion m/z 523.3 generated by in-source fragmentation. Cone voltage was 

set at 30 V for full MS scan and scan range was m/z 400 ~1700.  (B) Extracted ion 

electropherograms of reporter ions m/z 128.1 and m/z 131.1 generated by pseudo-MS3 scans. Cone 

voltage was set at 100 V, Y1(H) m/z 523.3 was isolated and fragmented in the trap collision cell 

with collision energy of 40 V, scan range was m/z 100~150. (C) Extracted ion electropherogram 

of [Hex5GlcNAc4NeuAc2+3H]3+ m/z 842.4. (D) Extracted ion electropherogram of 

[Hex6GlcNAc5NeuAc3+3H]3+ m/z 1061.1. 
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Figure 5. Total ion electropherogram of six-plex aminoxyTMT labeled N-glycans released from 

human serum protein digests. Inset: four representative peudo-MS3 spectra of Y1(H) ion m/z 523.3 

integrated over 0.2 min periods marked with asterisks corresponding to the migration time zones 

of  aminoxyTMT labeled (Hex)3(GlcNAc)4Fuc, (Hex)5(GlcNAc)4(NeuAc), (Hex)5(GlcNAc)4 

NeuAc)2, (Hex)6(GlcNAc)5 (NeuAc)3 respectively. 
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Table 1 Reporter ion intensity ratios of the three-plex aminoxyTMT-labeled N-glycans released 

from RNase B. N-glycans released from RNase B was labeled with aminoxyTMT6-128, 

aminoxyTMT6-130 and aminoxyTMT6 -131 in 1:1:1 ratio. The ratios were calculated from CID 

MS/MS spectra acquired from CE separation coupled with online data-dependent analysis.  

Glycan 

composition 
Precursor  m/z a I128:I130:I131 

b CV(%,I130/I128) 
bCV(%,I131/I128

) 

(Man)5(GlcNAc)2 779.83(Na+H),768.85 (2H) 1:1.12:0.89 11.1 1.8 

(Man)6(GlcNAc)2 860.87(Na+H), 849.88(2H), 579.56 (2H+K) 1:1.11:0.88 3.0 7.8 

(Man)7(GlcNAc)2 941.88(Na+H), 930.91(2H), 633.58(2H+K) 1:1.11:0.91 3.8 10.6 

(Man)8(GlcNAc)2 1022.92(Na+H), 1011.93(2H), 687.56(2H+K) 1:1.12:0.91 2.5 0.3 

(Man)9(GlcNAc)2 1103.95(Na+H), 1092.96(2H), 741.62(2H+K) 1:1.17:0.96 6.9 5.4 

 

a Reporter ion intensities from MS/MS scans of precursor ions belonging to the same glycan 

composition are summed for the calculation of the ratios.  b CV are calculated from three technical 

replicates of CE-ESI-MS/MS analysis. 
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Supporting information: 

EXPERIMENTAL SECTION 

Chemicals and Materials 

Optima LC/MS grade water, methanol (MeOH), acetonitrile (ACN), formic acid, trifluoroacetic 

acid (TFA) and acetic acid were purchased from Fisher Scientific (Fair Lawn, NJ, USA). 

Maltopentose, maltohexaose, maltoheptaose, disialyllacto-N-tetraose (DSLNT), ribonuclease B 

(RNase B) from bovine pancreas, fetuin from fetal bovine serum, dithiothreitol, iodoacetamide, 

guanidine hydrochloride, triethylammonium acetate were purchased from Sigma-Aldrich (St. 

Louis, MO, U.S.A.). Maltooctaose (80% purity), sialyllacto-N-tetraose a (LSTa) sodium salt and 

sialyllacto-N-tetraose c (LSTc) were purchased from Carbosynth Limited (Bershire, UK). 

Sialyllacto-N-tetraose b (LSTb) was purchased from Prozyme (Hayward, CA). Human serum 

palette, MS grade trypsin, 10 kDa molecular weight cut-off spin-columns, carbonyl-reactive 

aminoxyTMT reagents were provided by Thermo Scientific Pierce (Rockford, IL). PNGase F was 

from Promega (Madison, WI). SepPak C18 solid phase extraction column, 3 cc Oasis MAX and 

Oasis HLB cartridges were purchased from Waters (Milford, MA). Fused silica capillary (75 and 

50 µm ID, 360 µm OD) was purchased from Polymicro Technologies (Phoenix, AZ).  

N-glycan release from glycoprotein standards 

1 mg RNase B or bovine fetuin was dissolved in 300 μL of 6 M guanidine hydrochloride (pH 8), 

reduced with dithiothreitol and alkylated by iodoacetamide. Sample was then dialyzed against 

water using a 10 kDa molecular weight cut-off membrane to remove guanidine hydrochloride and 

reagents. Dialyzed protein samples were dried in a SpeedVac concentrator (Thermo Scientific, 

Waltham, MA, USA), resuspended in 50 mM triethylammonium acetate, and digested with 
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PNGase F for 18 hours to release N-glycans. Glycans were purified using SepPak C18 SPE column, 

eluted with 1% acetic acid in water solution, dried completely using a SpeedVac concentrator, and 

stored at -20°C before use. 

N-glycan release from human serum proteins 

10 mg of human serum palette was dissolved in 6 M guanidine hydrochloride and reduced by DTT, 

alkylated with iodoacetamide. Then the sample was dialyzed against water using a 10 kDa MWCO 

membrane to remove guanidine hydrochloride and reagents. Trypsin digestion of the serum 

proteins were performed in a solution containing 20% n-propanol and 20 mM solution of 

triethylammonium bicarbonate with 1:50 enzyme-to-substrate ratio. The sample was digested for 

18 hours and then acidified with TFA. After the digestion, large insoluable proteins/peptides were 

removed by spinning the sample at 5,000g for 20 minutes, and filtering the solution with 10 kDa 

MWCO spin-columns. The filtered solution was dried in a speedvac, followed by glycopeptide 

enrichment with OasisMAX SPE cartridges. The MAX cartridges were equilibrated with 

acetonitrile, 1 M triethylammonium acetate, water and 1% TFA in 95% acetonitrile sequentially. 

The digested peptides was dissolve in 200 μL of 1:1 water/acetonitrile with 0.5% TFA solution 

and loaded into the cartridge filled with washing solution. The SPE column was then washed by 

1% TFA in 95% acetonitrile, and the bound glycopeptides was eluted with with 1:1 

water/acetonitrile 0.5% TFA solution. The dried glycopeptides were resuspended in 50 mM 

triethylammonium acetate, and digested with PNGase F for 18 hours to release N-glycans. The 

glycans were then purified with SepPak C18 SPE column. 

AminoxyTMT labeling of glycans 
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Oligosaccharide standards (less than100 µg) or purified N-glycan released from ~200 µg 

of glycoprotein standards was dissolved in 50 µL 0.1% acetic acid solution before labeling. 200 

µg of aminoxyTMT reagent was dissolved in 100 µL methanol and mixed with the glycan solution. 

The reaction mixture was incubated at room temperature under constant shaking for 15 minutes, 

and then evaporated to dryness by a SpeedVac concentrator. The dried contents was re-suspended 

in 100 µL of 1:3 (v/v) water/methanol solution, vortexed, and evaporated to dryness again. The 

excess aminoxyTMT reagent was quenched by adding 200 µL of 1:4:95 (v/v/v) 

benzaldehyde/H2O/MeOH into the labeled sample.  

After drying down, the samples labeled by different aminoxyTMT channels were 

combined and cleaned up using Oasis HLB solid phase extraction cartridges. The Oasis HLB 

cartridge was first conditioned with 1:1 (v/v) ACN/H2O, and washed by 3:97 (v/v) ACN/H2O. The 

samples dissolved in 100 µL of 1:1 (v/v) ACN/H2O were dispensed into the cartridge filled with 

the washing solution. The excess labeling reagent was removed by flushing the SPE cartridge by 

3:97 (v/v) ACN/H2O, and the labeled glycans were eluted by 1:1 (v/v) MeOH/H2O. The eluates 

were evaporated to dryness and re-suspended in 1:1 (v/v) MeOH/H2O solution for subsequent 

mass spectrometric analysis. 

Direct infusion ESI-MS/MS and ESI-IMS-MS/MS 

Waters Synapt G2 mass spectrometer was employed to acquire both direct infusion ESI-MS/MS 

and IMS-MS/MS data. Direct infusion experiments were performed with the nanoSpray ion source. 

The aminoxyTMT labeled glucose oligomers and human milk oligosaccharides were dissolved in 

1:1 (v/v) water/methanol and infused at a flow rate of 0.4 μL/min for ESI-CID MS/MS or ESI-

IMS-MS analysis.  The mass spectrometer was operated in positive mode. The source temperature 
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was set at 100° C, the electrospray voltage 3.1 kV, the sampling cone 30 V, extraction cone voltage 

4.0 V, and the cone gas flow 20 L/hr. The collision gas in the trap cell and transfer cell was argon, 

and the low mass resolution of resolving quadrupole was set to 8 during MS/MS data acquisition. 

All the data were acquired in resolution mode.  

For the traveling wave ion mobility spectrometry study, the trap bias voltage was set at 48 V, 

helium cell DC voltage 35 V, and different combination of traveling wave velocity (m/s)/ traveling 

wave height (V) (500/30, 500/35, 600/35, 600/40, 700/35, 700/40, and 800/40) were compared to 

optimize the separation efficiency of aminoxyTMT labeled sialyllacto-N-tetraose isomers.  

CE-ESI-MS setup 

An Agilent HP 3D capillary electrophoresis system was coupled with the Waters Synapt G2 MS 

using a junction-at-the tip type interface originally developed by Maxwell et al63-65. Briefly, the 

terminal end of the CE column was inserted into a concentric stainless steel (s.s.) needle, which 

was internally tapered and externally bevelled at the tip, and secured using PEEK fittings through 

the opposing ports of a tee union. A second capillary, connected to the orthogonal port of the tee 

union, delivered the modifier solution to the flow-through microvial formed by the interior of the 

sprayer needle tip and the column end. The nano-source of the mass spectrometer was adapted to 

host the s.s. tee union with the s.s needle positioned in an orthogonal configuration. The bevelled 

face of the sprayer tip was positioned towards the sampling cone.  

Capillary electrophoresis was performed with an 80 cm long, 360 µm OD×50 µm ID bare 

fused silica capillary column. The background electrolyte (BGE) solution was made up of a 

solution of 50:49:1 (v/v/v) MeOH/H2O/formic acid. Prior to each run, the column was flushed 

with water and BGE for 5 minutes each. The sample dissolved in 1:1 (v/v) MeOH/H2O was loaded 
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into the column by applying 50 mbar for 20 seconds at the capillary inlet. 30 kV was applied at 

the capillary inlet throughout the separation and the current was around 4 µA. To facilitate ESI 

and electrical continuity at the column end, the modifier solution containing MeOH/H2O/formic 

acid (v/v/v) 50:49:0.2 was infused at 0.6 µL/min during the CE-MS run. The MS source parameters 

in CE-MS experiments were set the same as those for direct infusion experiments unless specified. 

RESULTS AND DISCUSSION 

CID MS/MS fragmentation of aminoxyTMT-labeled glycan standards 

Native glycans are easily ionized as alkali metal adducts in positive ESI mode66. Labeling the 

glycans with aminoxyTMT increases the molecules’ overall hydrophobicity, and the tertiary amine 

on the reporter ion group provides a basic site for proton attachment. Both factors make the labeled 

compounds more easily ionized in ESI. Two glycan standards, maltooctaose and disialyllacto-N-

tetraose (DSLNT), were labeled with aminoxyTMT and direct infusion CID MS/MS experiments 

were performed to examine the fragmentation pattern of different types of ion adduct of the labeled 

compounds. Precursor ions such as [M+2H]2+, [M+Na+H]2+,  [M+K+2H]3+ , [M+K+H]2+ were 

commonly observed in MS1 scan, and decent amount of reporter ions could be generated from 

these multiply charged protonated precursors at optimized collision energy. For both 

aminoxyTMT labeled  maltooctaose and disialyllacto-N-tetraose (DSLNT), CID MS/MS of the 

precursor ion [M+Na+H]2+ at a trap cell collision energy of 45 V provides the highest yield of 

reporter ions for accurate MS2 based quantification as well as the most informative fragment ions 

(Figure S1). Figure S1A shows the tandem mass spectrum of threeplex aminoxyTMT (128, 130, 

131) labeled maltooctaose. The reporter ions m/z 128.1, 130.1, 131.1 were the base peaks in the 

MS2 spectrum, and the major fragment ions generated were Bn(Na), Cn(Na), Cn-2H(Na), 
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Yn(H+Na), Yn(H) and Yn(Na) formed by glycosidic bond cleavage. Small amount of 0,2An(Na), 

3,5An(Na), 2,4An(Na), 1,5An(Na) ions generated by cross-ring fragmentation of the glucose unit were 

also observed, and some of these masses could be attributed to internal fragment ions (A/Y ions) 

formed by cross-ring fragmentation at the reducing terminus and glycosidic cleavage at the non-

reducing end. The [M-reporter ion-CO+H+Na]+ ion, generated from the cleavage of the amide 

bond near the reporter group, exhibited an isotopic mass ratio distribution related to the 

multiplexed isobaric labeling of the glycan (Figure S1A inset). We have also noticed that the 

formation the Cn-2H (Na) ion was not commonly observed with ESI-CID fragmentation or 

MALDI-post source decay of native glycans. For this type of fragment ions, a hydroxy lactone 

structure and an epoxy-hydroxycyclopentanone structure of the residue at reducing end were 

proposed by Harvey et al in an earlier study 67. Figure S1B shows the tandem mass spectrum of 

duplex aminoxyTMT (128, 131) labeled DSLNT. The reporter ions were intensive in the low mass 

region. As the NeuAc residues are very labile during activation, most of the fragments observed 

were internal fragment ions (C/Y, B/Y, A/Y) with the two NeuAc monosaccharide residues 

cleaved off.  

Relative quantification of isobarically labeled glucose oligomers  

Previous studies showed that low yield of reporter ions generated from post-source decay of the 

sodiated aminoxyTMT-labeled glycans using MALDI ToF/ToF compromised the quantification 

accuracy and dynamic range40. Here, we assessed the relative quantification accuracy and dynamic 

range by CID fragmentation of isobarically labeled glycans on an ESI-Q-ToF mass spectrometer. 

Glucose oligomer mixtures (DP 5~8) with known ratios of concentration (1:1:1, 1:4:8, 4:8:1), were 

first labeled differentially with aminoxyTMT6-128, TMT6-130, TMT6 -131 and then pooled 

together for direct infusion ESI-MS analysis. Each [(Glc)n-aminoxyTMT+Na+H]2+  precursor (n = 
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5-8) was isolated by quadrupole and fragmented in the trap collision cell. As shown in Figure S2A, 

the pronounced signals of reporter ions recovered from [M+Na+H]2+ precursor made the accurate 

quantification possible. Since the mass resolution of the ToF analyzer is not enough to resolve the 

isotopic peak of reporter ion m/z 130.1 from the reporter ion m/z 131.1, the measured ion intensities 

of reporter ion m/z 131.1 was corrected using the following equation 𝐼131,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =

𝐼131,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 0.0494 × 𝐼130,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑. In Figure S2B, the corrected reporter ion intensities ratios 

showed good agreement with the expected ratios (error <20%) and acceptable variation (CV<13%) 

within at least one order of magnitude.  
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Figure S1. CID MS/MS spectra of   (A)  [(Glc)8-aminoxyTMT +Na+H]2+ at m/z 819.7, (B) 

[(DSLNT)8-aminoxyTMT +H+Na]2+ at m/z 807.3. Domon and Costello nomenclature62 is used for 

annotation of fragment ions in this and following figures. B,Y and C ions generated by the 

cleaveage of glycosidic bonds and A ions generated from cross-ring fragmentation were observed 

as different types of ion adducts, which are indicated in the bracketed subsprict of the fragment 

ion anotation. Top pannel inset, proposed chemical structures of the glucose residue at the reducing 

end of the C-2H(Na) ions67.  
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Figure S2. (A) Representative MS/MS spectra and (B) reporter ion intensity ratios measured by 

CID MS/MS of three groups of glucose oligomers (DP 5~8) mixture differentially labeled using 

three-plex aminoxyTMT reagents. Mixture of glucose oligomers (DP 5~8) with known ratios (left, 

1:1:1; middle, 1:4:8; right, 4:8:1) were labeled with aminoxyTMT6-128, aminoxyTMT6-130 and 

aminoxyTMT6-131 respectively, and mixed for direct infusion MS/MS analysis. The sample 

concentration was approximately 30 ng/μL for each glucose oligomer. The trap collision cell 

voltage was set as 30 V for m/z 576.7, 40 V for m/z 657.7 and m/z 738.8, 45V for m/z 819.8. 58 

spectra at 0.5 Hz scan rate were recorded for each [(Glc)n-aminoxyTMT+Na+H]2+  precursor (n = 

5-8). Ion intensities of reporter m/z 131.1 used in Figure 2B were corrected for isotopic peak 

interfering from reporter ion m/z 130.1 using the equation 𝐼131,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐼131,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 −

0.0494 × 𝐼130,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑. The measured average reporter ion ratios (I128:I130:I131) of the three groups 

of differentially labeled samples were 1:1.04:1.20 (left), 1:3.83:8.67 (middle), 3.68:8.44:1(right).  
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Figure S3. CID MS/MS spectra of (A) [(Man)6(GlcNAc)2-aminoxyTMT+2H]2+ m/z 849.9,   (B) 

[(Man)6(GlcNAc)2-aminoxyTMT+2H+K]3+ m/z 579.6, (C) [(Man)6(GlcNAc)2-

aminoxyTMT+Na+H]2+ m/z 860.9 acquired by data-dependant analysis during online CE 

separation.  
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Figure S4. Arrival time distributions of (A) [M+H+Na]2+ m/z 661.9, (B) [M+H+K]2+ m/z 669.8, 

(C) [M+2Na]2+ m/z 672.9, (D) [M+K+Na]2+ m/z 680.8 ion adducts of aminoxyTMT labeled LSTa 

(top panel), LSTb (middle panel), LSTc (bottom panel). IMS conditions: trap bias voltage was set 

at 48 V, helium cell CD 35 V, wave velocity 700 m/s, wave height 40 V.  
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Figure S5. CID MS/MS spectra of (A) [(Hex)6(GlcNAc)5(NeuAc)3-aminoxyTMT+3H]3+ m/z 

1061.1, (B) [(Hex)6(GlcNAc)5(NeuAc)3+2H+Na]3+ m/z 1068.4, (C) 

[(Hex)6(GlcNAc)5(NeuAc)3+2H+K]3+ m/z 1073.7, (D) [(Hex)6(GlcNAc)5(NeuAc)3+2Na+H]3+ 

m/z 1075.7 of tri-antennary complex N-glycan from bovine fetuin.   
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Figure S6. Extracted ion electropherograms of sialyted N-glycan compositions from bovine fetuin. 

Peaks labeled in red correspond to isomers associated with the same composition. Nomenclature 

is as follows: H = mannose or galactose (Hex),N = N-acetylglucosamine (HexNAc), F = fucose, 

and S = sialic acid(Neu5Ac). 
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Figure S7. CID MS/MS spectra of (A) [(Hex)3(GlcNAc)4(Fuc)-aminoxyTMT+2H]2+ m/z 882.9, 

(B) [(Hex)3(GlcNAc)4(Fuc)+2H+K]2+ m/z 601.6, (C) [(Hex)3(GlcNAc)4(Fuc)+Na+H]2+ m/z 893.9 

acquired by data-dependent analysis during online CE separation of N-glycans released from 

human serum proteins. 
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Table S1 Compositions of N-glycans from human serum proteins identified from CE-ESI-MS. 

No. Hex HexNAc Fucose NeuAc 
Native 

glycan mass 

Labeled 

glycan mass 

Isomers 

observed 
Migration time (min) 

Most intense 

adduct ions 

observed 

1 3 3 0 0 1113.407 1414.639 3 31.7, 32.4, 33.2 H+Na 

2 4 2 0 0 1072.381 1373.612 2 32.0, 32.6 2H 

3 3 3 1 0 1259.465 1560.697 1 32.7 H 

4 3 4 0 0 1316.487 1617.718 2 32.5, 33.1 H+K 

5 4 3 0 0 1275.460 1576.692 3 32.4, 33.6, 34.1 2H 

6 5 2 0 0 1234.433 1535.665 1 32.0 2H 

7 3 4 1 0 1462.544 1763.776 2 33.0, 33.5 2H 

8 3 5 0 0 1519.566 1820.798 1 32.9 2H 

9 4 3 1 0 1421.518 1722.750 4 32.8, 33.4, 34.0, 34.1 H+Na 

10 4 4 0 0 1478.539 1779.771 1 32.9 2H+Na 

11 5 3 0 0 1437.513 1738.744 3 32.7, 33.4, 34.1 H+K 

12 6 2 0 0 1396.486 1697.718 1 32.6 2H+K 

13 3 5 1 0 1665.624 1966.856 1 33.1 2H 

14 4 4 1 0 1624.597 1925.829 1 33.4 2H 

15 4 5 0 0 1681.619 1982.850 1 33.1 2H+Na 

16 5 4 0 0 1640.592 1941.824 1 33.5 2H+Na 

17 6 3 0 0 1599.566 1900.797 1 33.3 H+Na 

18 7 2 0 0 1558.539 1859.771 1 33.7 3H 

19 4 5 1 0 1827.677 2128.908 1 33.6 H+Na 

20 5 4 1 0 1786.650 2087.882 1 34.1 2H 

21 5 5 0 0 1843.672 2144.903 1 33.6 2H+Na 

22 6 4 0 0 1802.645 2103.877 1 34.1 2H+Na 

23 8 2 0 0 1720.592 2021.823 2 33.2, 33.6 2H 

24 5 4 2 0 1932.708 2233.940 1 34.2 3H 

25 5 5 1 0 1989.729 2290.961 2 38.6, 39.2 3H 

26 5 4 3 0 2078.766 2379.998 1 39.4 3H 

27 5 5 3 0 2281.845 2583.077 1 39.2 3H 

28 6 5 2 0 2297.840 2599.072 2 39.0, 39.8 3H 

29 4 3 0 1 1566.555 1867.787 2 38.3, 39.0, 39.1 2H 

30 4 3 1 1 1712.613 2013.845 2 38.7, 39.3 2H 

31 4 4 0 1 1769.635 2070.866 1 38.7 2H 

32 5 3 0 1 1728.608 2029.840 1 38.5 2H 

33 4 4 1 1 1915.693 2216.924 2 39.2, 41.6 H+K 

34 5 4 0 1 1931.688 2232.919 2 39.2, 41.6 2H 

35 5 4 1 1 2077.745 2378.977 1 39.5 3H 

36 5 5 0 1 2134.767 2435.999 1 38.9 3H 

37 5 5 1 1 2280.825 2582.057 1 39.2 3H 

38 6 5 0 1 2296.820 2598.051 2 39.2, 41.8 2H+Na 

39 6 5 1 1 2442.878 2744.109 3 39.3, 39.7, 41.9 2K+Na 

40 5 4 0 2 2222.783 2524.015 3 44.9, 47.9, 49.9 3H 
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41 5 4 1 2 2368.841 2670.073 3 44.9, 47.9, 49.9 3H 

42 5 5 1 2 2571.920 2873.152 3 44.9, 47.9, 49.9 2H+K 

43 6 5 0 2 2587.915 2889.147 3 44.9, 47.9, 49.9 3H 

44 6 5 1 2 2733.973 3035.205 3 44.9, 47.9, 49.9 H+2Na 

45 6 5 0 3 2879.011 3180.242 4 50.8,51.9,54.9,58.2 3H 

46 6 5 1 3 3025.068 3326.300 4 50.8,51.7,54.2,57.8 3H 

 

Table S2 Corrected reporter ion ratios of 6-plex aminoxyTMT labeled N-glcyans released from 

human serum proteins. Data were generated by pseudo MS3 method. The following equations are 

used to correct the isotopic contribution from adjacent reporter ion where Ic represents corrected 

intensity. I126 = Ic,126  ，I127 = Ic,127 +0.0927×Ic,126， I128 = Ic,128 +0.0891×Ic,127，I129 = Ic,129 +0.0711×Ic,128  ， 

I130 = Ic,130 +0.0675×Ic,129  ，I131= Ic,131 +0.0494×Ic,130 

Migration time (min) Ic,127/Ic,126 Ic,128/Ic,126 Ic,129/Ic,126 Ic,130/Ic,126 Ic,131/Ic,126 

32.8-33.0 2.21 0.97 1.32 0.69 2.04 

39.0-39.2 2.10 1.05 1.30 0.53 1.95 

49.8-50.0 2.77 1.30 1.49 0.67 2.58 

51.8-52.0 2.18 1.08 1.20 0.65 1.89 
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Chapter 6 
Site-specific characterization and quantitation of N-

glycopeptides in PKM2 knockout breast cancer cells using 

DiLeu isobaric tags enabled by electron-transfer/higher-

energy collision dissociation (EThcD) 
 

 

 

 Adapted from Chen, Z.,# Yu, Q.,# Hao, L., Liu, F., Johnson, J., Tian, Z., Kao. J., Xu, W. & Li, 

L. (2018). Site-specific characterization and quantitation of N-glycopeptides in PKM2 

knockout breast cancer cells using DiLeu isobaric tags enabled by electron-transfer/higher-

energy collision dissociation (EThcD). Analyst, 143(11), 2508-2519. (# These authors 
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Abstract: 

The system-wide site-specific analysis of intact glycopeptides is crucial for understanding the 

exact functional relevance of protein glycosylation. Dedicated workflow with the capability to 

simultaneously characterize and quantify intact glycopeptides in a site-specific and high-

throughput manner is essential to reveal specific glycosylation alteration patterns in complex 

biological systems. In this study, an enhanced, dedicated, large-scale site-specific quantitative N-

glycoproteomics workflow has been established, which includes improved specific extraction of 

membrane-bound glycoproteins using filter aided sample preparation (FASP) method, enhanced 

enrichment of N-glycopeptides using sequential hydrophilic interaction liquid chromatography 

(HILIC) and multi-lectin affinity (MLA) enrichment, site-specific N-glycopeptide characterization 

enabled by EThcD, relative quantitation utilizing isobaric N, N-dimethyl leucine (DiLeu) tags and 

automated FDR-based large-scale data analysis by Byonic. For the first time, our study shows that 

HILIC complements to a very large extent to MLA enrichment with only 20% overlapping in 

enriching intact N-glycopeptides. When applying the developed workflow to site-specific N-

glycoproteome study in PANC1 cells, we were able to identify 1067 intact N-glycopeptides, 

representing 311 glycosylation sites and 88 glycan compositions from 205 glycoproteins. We 

further applied this approach to study the glycosylation alterations in PKM2 knockout cells vs. 

parental breast cancer cells and revealed altered N-glycoprotein/N-glycopeptide patterns and very 

different glycosylation microheterogeneity for different types of glycans. To provide a more 

comprehensive map of glycoprotein alterations, N-glycopeptides after treatment with PNGase F 

were also analyzed. A total of 484 deglycosylated peptides were quantified, among which 81 
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deglycosylated peptides from 70 glycoproteins showed significant changes. KEGG pathway 

analysis revealed that the PI3K/Akt signaling pathway was highly enriched, which provided 

evidence for the previous finding that PKM2 knockdown cancer cells rely on activation of Akt for 

their survival. With glycosylation being one of the most important signaling modulators, our 

results provide additional evidence that signaling pathways is closely regulated by metabolism. 

 

Keywords: glycoproteomics, mass spectrometry, PTM enrichment, PKM2, N-glycosylation, 

cancer 

 

Introduction: 

Glycosylation is one of the most prevalent and complex protein post-translational 

modifications (PTMs). It has been reported to play essential role in many key biological processes 

including cell adhesion, molecular trafficking and clearance, receptor activation, signal 

transduction and endocytosis.1-4 Altered glycosylation has been associated with different diseases 

such as cancer,5-7 neurodegenerative diseases,8 and rheumatoid arthritis.9 Thus, the accurate site-

specific characterization and quantitation of N-glycopeptides is of vital importance to provide 

insights into the molecular mechanisms of diseases and reveal potential biomarkers and therapeutic 

targets.10 

Enrichment of N-glycopeptides is often needed due to their low abundance and signal 

suppression by more abundant non-glycosylated peptides. Various glycopeptide enrichment 

strategies have been developed, including hydrophilic interaction chromatography (HILIC),11-14 
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lectin affinity,15, 16 TiO2 affinity,17 immobilized metal affinity chromatography (IMAC),18, 19 

hydrazide 20 and boronic acid chemistry.21, 22 Among them, MLA and HILIC are the most widely 

used strategies, which not only enables the analysis of deglycosylated peptides after PNGase F 

treatment but also the analysis of intact N-glycopeptides.23 The former strategy relies on N-

glycopeptides’ glycan structure motif recognition, while the latter takes advantage of the 

differences in physicochemical properties between non-glycosylated peptides and glycopeptides 

due to glycan attachment. Previous studies 24, 25 have indicated these two methods complement 

each other in mapping glycosylation sites, and recommended combined strategies should be used 

for better glycosylation site coverage. Very recently Zhang et al 26 showed that HILIC alone is 

almost as effective as the combined strategies in mapping glycosylation sites. However, these prior 

studies targeted at deglycosylated peptides after treatment with PNGase F and none of these studies 

had investigated performance of HILIC and MLA in enriching intact N-glycopeptides. We propose 

that an evaluation of the performance of these two most commonly used strategies in enriching 

intact N-glycopeptides will provide valuable guidance for the site-specific glycoproteomics. 

Previous glycoproteomics studies were somewhat biased towards glycosylation sites mapping 

or released glycan analysis mainly due to a multitude of structural complexity encompassing 

attached glycans and a lack of enabling analytical technology.23, 27, 28 However, with the rapid 

development of various glycoproteomics approaches, especially more advanced instrumentation 

equipped with new features, site-specific characterization of glycoproteins has become 

increasingly feasible.29 Among various emerging techniques, the electron transfer and higher-

energy collision dissociation (EThcD) technique has significantly contributed to the enhanced site-
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specific glycoproteomics analyses. Commonly used for PTMs analysis, electron-transfer 

dissociation (ETD) was well known to preserve labile PTM on peptide backbones. It provides 

peptide backbone fragmentation c/z-ion series with glycan unit attached for confident mapping of 

glycosylation site and peptide identification; however, it only reveals the glycan as a “blind” 

modification with an accurate mass. On the other hand, glycan diagnostic oxonium ions and glycan 

backbone B- and Y-ion series produced by high-energy collision dissociation (HCD) provides 

confident glycan identification,30, 31 but without glycosylation site information. Since its initial 

introduction by Heck and coworkers,32 the “hybrid” dissociation method (EThcD) has shown great 

potential for PTM analysis with improved site localization, as well as generating richer and more 

informative backbone fragmentation spectra.33, 34 When applied to intact glycopeptide analysis, 

EThcD can produce rich fragment ion information for glycan, peptide and glycosylation site 

identification in one spectrum, providing the opportunity for site-specific glycoproteomics.35, 36 

Cancer cells display altered patterns of metabolism in order to support their growth and 

survival.37 These changes in metabolism are often described as the Warburg effect,38, 39 which 

diverts intermediates away from oxidation respiration in mitochondria into the biosynthesis of 

carbohydrates, proteins, lipids and nucleic acids, supporting the biosynthetic requirements of 

uncontrolled proliferation. One of the metabolism pathway alteration is the preferential expression 

of pyruvate kinase isozymes M2 (PKM2) in the glycolysis pathway. Unlike other pyruvate kinases 

such as PKL, PKR, and PKM1 that form stable tetramers (the active form of PK), PKM2 exists as 

both dimers and tetramers.40 The PKM2 dimer has a reduced enzyme activity, which results in a 

buildup of glycolytic intermediates that enhances anabolic metabolism.41, 42 Pentose phosphate 
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pathway (PPP) and hexosamine biosynthetic pathway (HBP) are two of those affected pathways 

that will utilize these glycolytic intermediates as substrates to synthesize nucleotide sugars such as 

uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), which are utilized as donor substrates 

for protein glycosylation.43 In fact, studies have shown glycosylation alterations in various cancers, 

including breast cancer, pancreatic cancer and lung cancer.44 With an increased expression of 

PKM2 in cancer cells at the same time, this leads to the speculation that PKM2 plays a vital role 

in the glycosylation alterations during cancer progression.37 However, no study has been conducted 

to explore how PKM2 affects the overall glycosylation patterns in cancer cells. 

In this work, we first evaluated the intact N-glycopeptide enrichment efficiency of HILIC and 

MLA respectively. The parallel experiments showed that sequential enrichment utilizing both 

HILIC and MLA largely increased N-glycopeptide coverage by 80% compared to utilizing either 

one of them alone. With hybrid fragmentation technique EThcD incorporated in the workflow, we 

confidently achieved glycan, glycosylation site and peptide backbone identification in one 

spectrum. Besides highly confident intact glycopeptide identification, reporter ions from DiLeu 

labeled glycopeptides generated in the low mass region enabled accurate quantitation. Utilizing 

the enhanced workflow, we were able to conduct comparative, quantitative, site-specific 

glycoproteomics study between PKM2 knockout cells and parental breast cancer cells (Figure 1), 

which revealed altered N-glycoprotein/N-glycopeptide expression in PKM2 knockout cells with 

increased fucosylation in several of the examined glycosylation sites. Further deglycoproteomics 

study confirmed the significantly altered glycosylation pattern after PKM2 knockout and revealed 

the altered PI3K/Akt signaling pathway, which supports the previous finding that PKM2 
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knockdown cancer cells rely on activation of Akt for their survival. 

 

Experimental section 

Chemicals and materials 

Dithiothreitol (DTT), PNGase F and sequencing grade trypsin were from Promega (Madison, 

WI). Optimal LC/MS grade acetonitrile (ACN), methanol (MeOH) and water were from Fisher 

Scientific (Pittsburgh, PA). Concanavalin A (ConA), wheat germ agglutinin (WGA), 

Ricinuscommunis agglutinin (RCA120), iodoacetamide (IAA), acetyl-D18 glucosamine, D-lactose, 

methyl α-D-mannopyranoside and manganese dichloride were obtained from Sigma-Aldrich (St. 

Louis, MO). Tris base, urea (UA), sodium chloride, ammonium bicarbonate (ABC) and calcium 

chloride (CaCl2) were obtained from Fisher Scientific (Pittsburgh, PA). Trifluoroacetic acid (TFA), 

triethylammonium bicarbonate (TEAB), N, N-dimethylformamide (DMF), 4-(4,6-dimethoxy-

1,3,5-triazin-2-yl)-4- methylmorpholinium tetrafluoroborate (DMTMM), N-methylmorpholine 

(NMM) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO). 

Hydroxylamine solution was purchased from Alfa Aesar (Ward Hill, MA). C18 OMIX tips were 

obtained from Agilent (Santa Clara, CA). Hydrophilic interaction chromatography material 

(PolyHYDROXYETHYL A) was obtained from PolyLC (Columbia, MD). Microcon filters YM-

30 (30 kDa) was purchased from Merck Millipore (Billerica, MA). PANC-1 pancreatic ductal 

adenocarcinoma cells were from ATCC (Manassas, VA). Duplex DiLeu tags were custom 

synthesized in our own lab.45 

PANC-1 cells and breast cancer cells 

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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Commercially available PANC1 pancreatic ductal adenocarcinoma cells were routinely 

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 

placed in an incubator containing 5% CO2 and 98% humidity. Cells were used for a maximum of 

15 passages and trypsinized using 0.25% trypsin EDTA solution (Gibco) once 80% confluence 

was achieved. Cell pellets were rapidly washed twice with phosphate-buffered saline, flash frozen 

in dry ice, and stored at -80 °C. PKM2 knockout cancer cells and parental breast cancer cells were 

provided by our collaborator Xu’s group.46 

Protein extraction and digestion 

PANC1 cell pellets were lysed by sonication in a solution containing digest buffer (4% SDS, 

100 mM Tris/Base pH 8.0). The bicinchoninic acid assay (BCA assay) was applied to determine 

the protein concentration. To extract proteins from PKM2 knockout breast cancer cells and parental 

cells, after removing the cell media, cells were rapidly rinsed with saline, quenched with methanol, 

and scraped with addition of water. Chloroform was added at certain methanol/water/chloroform 

ratio (v/v/v). Protein precipitate in the middle layer was collected and dried. The upper and lower 

layers of supernatant were collected as polar and nonpolar metabolites for a separate study. The 

proteins were stored at -80℃. The experiments were performed with three biological replicates. 

Trypsin digestion was performed based on previously reported filter-aided sample preparation 

(FASP) protocol47 with some modifications. Briefly, the protein extracts were thawed and 

centrifuged at 16, 000 ×g for 5 min. Then 200 µg protein was taken out to the vial and 1 M DTT 

in digest buffer was added to make DTT final concentration 0.1 M. Incubate the sample at 95℃ 
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for 3 min to reduce disulfide bonds. 200 μL of urea (UA) buffer (8 M UA in 100 mM Tris/Base) 

was added into the vial and transferred onto the 30 kDa filter. The filter was centrifuged at 14, 000 

×g for 15 min. Another 200 μL of UA buffer was added to the sample and centrifuge at 14, 000 ×g 

for 15 min. Add 100 μL of IAA buffer (0.05 M IAA in UA buffer) onto the filter and gently swirl 

to mix, then incubate in darkness for 20 min, followed by centrifugation at 14, 000 ×g for 10 min. 

Add 100 μL of UA buffer onto the filter, and centrifuge at 14, 000 ×g for 15 min. Repeat another 

2 times. Add 100 μL of ABC buffer (50 mM) onto the filter, and centrifuge at 14, 000 ×g for 15 

min. Repeat another 2 times. All the centrifugation was at 20℃. 10 μL of trypsin and 40 μL of 

ammonium bicarbonate (ABC) buffer was added onto the filter. The filter was incubated at 37 ℃ 

water bath for 18h. After incubation, the filter was transferred to a fresh collection vial and 

centrifuged at 14, 000 ×g for 10min. 50 μL 0.5 M NaCl solution was added onto the filter and 

centrifuged at 14, 000 ×g for 10min. Repeat for one more time. TFA was added into the vial to 

make TFA final concentration 0.25%. Samples were desalted using a SepPak C18 SPE cartridge 

(Waters, Milford, MA). 

Protein digest labeling with DiLeu tags for quantitation 

Digested peptides from PKM2 knockout cells and parental cells were dissolved in 0.5 M 

TEAB prior to labeling. DiLeu tags were suspended in anhydrous DMF and combined with 

DMTMM and NMM at 0.6× molar ratios to DiLeu. The mixture was then vortexed at room 

temperature for 1h. Following centrifugation, the supernatant was immediately mixed with protein 

digest. Labeling was performed by addition of labeling solution at a 10:1 label to peptide digest 

ratio by weight and vortexing at room temperature for 2 h. The labeling reaction was quenched by 
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addition of hydroxylamine to a concentration of 0.25%, and the labeled peptide samples were dried 

in vacuo. The samples labeled with different DiLeu channels were combined and were subject to 

strong cation exchange (SCX) chromatography to remove excess DiLeu tags. 

HILIC enrichment 

HILIC enrichment was conducted following a previously reported protocol with minor 

modification.26 Namely, 5 mg of HILIC beads (PolyLC) were first activated in 100 μL elution 

buffer (0.1% TFA) by vortexing for 30 min. Then the activated beads were washed with 100 μL 

binding buffer (0.1% TFA, 19.9% H2O, 80% ACN) for two times. 100 μg tryptic peptides were 

dissolved in 250 μL of binding buffer and mixed with beads at a 1:50 peptide-to-beads mass ratio. 

Vortex for 1 h to allow N-glycopeptides to bind to beads. The beads were washed with 50 μL 

binding buffer for 6 times. N-glycopeptides were eluted by washing the beads with elution buffer 

for 5 times. The eluted N-glycopeptides were dried down in vacuo. Supernatant during the process 

were collected for sequential MLA enrichment. The separation between beads and supernatant was 

achieved by centrifugation. 

MLA enrichment 

MLA enrichment was performed based on a previously reported protocol with some 

modifications.48-51 Tryptic peptides were dissolved in 80 μL 1×binding solution (1 mM CaCl2, 1 

mM MnCl2, 0.5 M NaCl in 20 mM Tris/Base, pH 7.3) and transferred to the 30 kDa filter. Adding 

36 μL lectin mixtures (90 μg ConA, 90 μg WGA and 90 μg RCA120 in 2×biniding buffer) onto 

the filter. Incubate at room temperature for 1 h and unbound peptides were eluted by centrifuging 

at 14, 000 ×g for 10 min at 18℃. Wash with 200 μL binding solution for four times. Transfer the 
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filter to a new collection vial. Add 100 μL sugar mixtures (300 mM N-acetyl-D-glucosamine, D-

lactose, methyl α-D-mannopyranoside in 1xbinding buffer) and incubate at room temperature for 

30 min. This step was repeated once. The N-glycopeptides were eluted by centrifugation. Then the 

samples were acidified to 0.25% TFA and desalted by C18 OMIX tip. To prepare deglycosylated 

N-glycopeptides, after adding lectin mixtures and incubation for 1 h, wash with 200 μL binding 

solution for four times and 50 μl digest buffer (50 mM NH4HCO3) for two times. 8 μl PNGase F 

in 72 μl digest buffer was added onto the filter and incubated in 37℃ water-bath for 3 h. The 

deglycosylated N-glycopeptides were eluted with 2×50 μl digest buffer by centrifugation at 14, 

000 ×g for 10 min at 18℃. 

LC-MS/MS analysis 

Samples were dissolved in 0.1% FA and analyzed on the Orbitrap Fusion™ Lumos™ 

Tribrid™ Mass Spectrometer (Thermo Fisher Scientific, San Jose, CA) coupled to a Dionex UPLC 

system. A binary solvent system composed of H2O containing 0.1% formic acid (A) and MeCN 

containing 0.1% formic acid (B) was used for all analyses. 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 for intact N-glycopeptides was set 

as follows, 3%-30% B (18-98min), 30%-75% B (100-108 min) and 75%-95% B (108-118min). 

The mass spectrometer was operated in data dependent mode to automatically switch between MS 

and MS/MS acquisition. For intact N-glycopeptide analysis, an MS1 scan was acquired from 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 
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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. The LC gradient for 

deglycosylated N-glycopeptides was set as follows: 3%-30% B (18-100min), 30%-75% B (100-

110 min) and 75%-95% B (110-111min). For deglycosylated N-glycopeptide analysis, an MS1 

scan was acquired from 300–1500 (60,000 resolution, 2e5 AGC, 100 ms injection time) followed 

by MS/MS data-dependent acquisition of the 15 most intense ions with HCD and detection in the 

Orbitrap (15,000 resolution, 1e4 AGC, 30 NCE, 100 ms injection time). 

Data analysis 

All raw data files were searched against UniProt Homo sapiens reviewed database (08.10.2016, 

20, 152 sequences). Deglycosylated peptides data were searched using Sequest HT algorithm 

incorporated in Proteome Discoverer (version 2.1.1.21, Thermo Scientific). Trypsin was selected 

as the enzyme and two maximum missed cleavages were allowed. Searches were performed with 

a precursor mass tolerance of 20 ppm and a fragment mass tolerance of 0.03 Da. Static 

modifications consisted of DiLeu labels on peptide N-termini and lysine residue (+145.1240 Da), 

carbamidomethylation of cysteine residues (+57.02146 Da). Dynamic modifications consisted of 

oxidation of methionine residues (+15.99492 Da), deamidation of asparagine (+0.98402 Da) and 

oxidation of methionine (+15.9949 Da). Three maximal dynamic modifications were allowed. 

Peptide spectral matches (PSMs) were validated based on q-values to 1% FDR (false discovery 

rate) using percolator. Quantitation was performed in Proteome Discoverer with a reporter ion 

integration tolerance of 20 ppm for the most confident centroid.  
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For intact N-glycopeptide analysis, data were searched using PTM-centric search engine 

Byonic (version 2.9.38, Protein Metrics, San Carlos, CA) incorporated in Proteome Discoverer 

(Figure 1). All the parameters were set the same as deglycosylated N-glycopeptide analysis except 

the following settings. N-glycosylation on asparagine and deamidation on asparagine and 

glutamine were set as common modifications. Oxidation of methionine (+15.9949 Da) was set as 

rare modification. Two common modification and one rare modification were allowed. Human N-

glycan database embedded in Byonic, which included 182 glycan entities, was used. As for 

glycopeptide FDR control, Byonic default settings was applied that cut the protein list after the 

20th decoy protein or at the point in the list at which the protein FDR first reached 1%, whichever 

cut resulted in more proteins. After that, Byonic estimated the spectrum-level FDR of the 

remaining PSMs to the reported proteins which typically were in the range 0-5%. Only those N-

glycopeptides with PSMs FDR ≤ 1% were reported. 

 

Results and Discussion 

Comparison between HILIC and MLA 

In a previous study, ion paring HILIC has been reported to increase the difference in 

hydrophilicity between glycosylated and non-glycosylated peptides, which largely decreased the 

non-specific binding and increased the coverage of N-glycosylation sites.52 Thus, ion pairing 

HILIC (IP-HILIC) method was used in our study by adding TFA as the ion pairing reagent. 

Compared with single lectin method, multi-lectin affinity (MLA) method can increase N-

glycopeptide coverage by binding to different glycan moiety.50 In our study, lectin mixtures 
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containing ConA, WGA and RCA 120 were selected to simultaneously capture mannose, sialic 

acid, N-acetylglucosamine and galactose to improve N-glycopeptide enrichment ability. Starting 

from 200 μg proteins from PANC1, a total of 433 intact N-glycopeptides were identified using 

HILIC method and 582 intact N-glycopeptides were identified using MLA method. The Venn 

diagram analysis in Figure 2 shows that only 103 N-glycopeptides were overlapped. HILIC and 

MLA enrichment were also carried out in a separate cell aliquot to demonstrate the reproducibility 

of the results (Figure S2). A closer look at the composition of the 433 N-glycopeptides enriched 

by HILIC shows that sialylated N-glycopeptides comprise 71% of the identified N-glycopeptides. 

This is probably because sialic acid increases the hydrophilic interactions between the N-

glycopeptides and HILIC beads, resulting in preferential enrichment of sialylated N-glycopeptides. 

It has been reported that sialylated N-glycopeptides bind HILIC sorbent stronger than non-

sialylated N-glycopeptides under commonly used acidic conditions.53 While for MLA method, the 

sialylated N-glycopeptides enriched only comprise 12%, even though WGA in the lectin mixtures 

binds to sialic acid. One possible reason is that WGA also binds to N-acetylglucosamine, which 

may lead other high-mannose and complex glycans to compete the binding. Our results showed 

that HILIC preferentially enriches sialylated N-glycopeptides, while MLA preferentially enriches 

non-sialylated N-glycopeptides. For example, N-glycopeptide [R].EAGNHTSGAGLVQINK.[S] 

from cation-dependent mannose-6-phosphate receptor, which was N-glycosylated at the 4th 

asparagine residue, was identified using both of these two methods. With HILIC method, eight out 

of nine N-glycans identified at this site were sialylated glycans. In sharp contrast, three out of eight 

were sialylated glycans using MLA method. Another interesting observation between these two 
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methods is the ability to enrich paucimannosidic N-glycopeptides, which consist of two N-

acetylglucosamine, 1-3 mannose residues and an optional fucose residue. Out of 433 glycopeptides 

identified by HILIC, only 3 of them were paucimannosidic N-glycopepitdes. For MLA enrichment 

method, 80 out of 582 were paucimannosidic N-glycopeptides. This is because, in order for 

glycopeptides to be captured by HILIC beads, a minimum degree of local hydrophilicity is needed, 

which does not appear to be provided by the paucimannosidic N-glycopepitdes.54 This indicates 

that the nature of the individual glycan significantly influences the HILIC retention behavior of 

these lowly hydrophilic truncated N-glycans attached to peptides. In comparison, lectin captures 

N-glycans through recognizing a specific glycan moiety, which is not influenced by the 

hydrophilicity of glycans. Therefore, in order to achieve more comprehensive enrichment of 

different N-glycopeptides, our results indicate that there is a need for sequential enrichment. With 

no salt used in HILIC method, MLA enrichment could be directly performed with the flow-through 

after HILIC enrichment. After combining these two enrichment methods, a total of 1067 intact N-

glycopeptides were identified, representing 311 glycosylation sites and 88 N-glycan compositions 

from 205 glycoproteins as shown in Figure 3A. As a consequence of sequential enrichment, there 

are about 80% increase in the number of intact N-glycopeptides, 40% increase in glycosylation 

sites and 35% increase in glycoproteins compared to individual enrichment method. Among the 

88 N-glycans identified along with the 1067 N-glycopeptides, we found that almost all categories 

of N-glycans were identified, including high-mannose, hybrid and complex types along with the 

N-glycan synthesis pathways (Figure 3B). Besides 79 of N-glycans identified in the classical 

synthesis pathway, 9 paucimannosidic N-glycans from 84 N-glycopeptides and 38 glycoproteins 
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were also identified in the unconventional truncation pathway. Gene ontology analysis of these 

glycoproteins revealed that they were most enriched in lysosome, which was in accordance with 

the previous finding.55 

Intact N-glycopeptide quantitation enabled by EThcD 

Intact N-glycopeptide analysis was conducted by utilizing EThcD as fragmentation method. 

As shown in Figure 4A, a series of fragment ions including c/z, b/y ions, glycan fragment ions 

and glycopeptide with one or more loss of monosaccharides were detected. In the low mass region, 

the glycan signature oxonium ions including m/z 138.06 (HexNAc-2H2O-CH2O), 168.06 

(HexNAc-2H2O), 186.08 (HexNAc-H2O) and 204.09 (HexNAc), were detected, confirming that 

the spectrum belonged to a glycopeptide. For relative quantitation, intact N-glycopeptides from 

different samples were labeled by isobaric duplex DiLeu tags, which were custom synthesized by 

incorporating stable isotopes (13C, 2H, 18O and 15N) into the reporter group and mass-balanced 

group, creating reporter ions m/z at 115.12476 and 117.13731. When designing the DiLeu tags, we 

have intentionally grouped the deuterium atoms surrounding the tertiary amine group in the DiLeu 

tag and also only used a small number of deuterium atoms in DiLeu tag to minimize the isotope 

effect. As a result, the increased polarity of the amine group has successfully offset the small 

deuterium number difference in the tags with a negligible differences in retention time on RP 

chromatography.45 The reliable and robust quantitation ability of DiLeu tags up to 12-plex for 

quantitative proteomics studies have been demonstrated.56-61 Recently, our group has successfully 

applied DiLeu tags for quantitation of labile PTM enabled by EThcD.62 Even though ETD has 

been well-known to preserve labile PTMs, the intensity of reporter ions produced is often quite 
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low so that the quantitation accuracy is compromised. While HCD provides high reporter ion 

intensity, labile PTMs are poorly preserved. Utilizing the novel EThcD hybrid fragmentation 

method, where a supplemental energy is applied to all fragment ions formed by ETD, our group 

was able to successfully apply DiLeu tags to reliable quantitative phosphoproteomics study with 

increased phosphorylation site confidence.62 In this regard, we propose quantitation of intact 

glycopeptides could also benefit from EThcD for site-specific characterization as well as accurate 

quantitation. As shown in Figure 4A, reporter ions with a decent intensity next to the base peak 

(HexNAc oxonium ion) were produced in the low mass region, which ensured the accurate and 

reliable quantitation of intact glycopeptides. As oxonium ions are easily generated due to the labile 

glycosidic bonds, the oxonium ion would always be the base peak, which was also observed for 

isobaric tags for relative and absolute quantitation (iTRAQ) and tandem mass tags (TMT) labeled 

intact N-glycopeptides.63-65  

To delineate to what extent the labile glycans affect the overall reporter ion yield, we compared 

the reporter ion yield efficiency between the labeled N-glycopeptides and labeled nonglycosylated 

peptides. After HILIC and MLA enrichment, there were still a few nonglycosylated peptides 

residuals, because of overlapping hydrophobicity between N-glycopeptides and non-glycosylated 

peptides and non-specific binding of nonglycosylated peptides to lectin. Thus, the reporter ions 

generated from the labeled N-glycopeptides and labeled nonglycosylated peptides in the same run 

would serve as perfect examples for their reporter ion yield comparison with a minimized 

instrument and sample variations. As shown in Figure S1, compared to nonglycosylated peptides, 

the average reporter ion intensity generated by labeled N-glycopeptides was 6× times lower and 
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the average precursor intensity was 3× times lower, which is largely due to the lower abundance 

and poorer ionization efficiency of N-glycopeptides. In addition, the fragile glycosidic bonds 

impair the yield of reporter ions, which leads to a 2-fold lower reporter ion yield for N-

glycopeptides. To this end, compared to EThcD, HCD mode may generate a higher reporter ion 

yield of intact N-glycopeptides given sufficient collision energy used. However, it should be noted 

that if a higher HCD collision energy was used to increase the reporter ion yield, glycan fragments 

may dominate and compromise the peptide backbone fragmentation. Unlike the longer cycle time 

needed for ETD reaction, HCD also affords a faster scan speed that allows more spectra to be 

collected in one cycle. But the EThcD could produce much more fragments including c/z ions and 

peptide ions with partial or intact glycan preserved, resulting in better spectra quality. To conclude, 

the reporter ion yield, the number of total scans, and spectra quality should be considered when 

choosing the most effective fragmentation technique for quantitative analysis of intact 

glycopeptides. 

Intact N-glycopeptide quantitation between PKM2 knockout cells vs. parental breast cancer 

cells. 

PKM2 knockout breast cancer cell lines were recently generated by CRISPR/cas9 method46 

and used in glycopeptide studies. In total, 45 intact N-glycopeptides (39 up-regulated and 6 down-

regulated) on 22 glycoproteins were significantly regulated (p≤ 0.05 and ±1.5-fold) in PKM2 

knockout cells vs. parental breast cancer cells (Figure 5B). Using the developed approach, we 

were able to quantify different glycoforms on a single glycosylation site and reveal different 

glycosylation pattern. One example is lysosome-associated membrane glycoprotein 1 (LAMP-1), 
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which has been shown heavily N-glycosylated previously.66, 67 A total of 20 N-glycopeptides from 

6 glycosylation sites were quantified and N-glycopeptides from four representing glycosylation 

sites were shown in Figure 7. Five glycoforms were quantified on the 7th asparagine residue on 

glycopeptide [R].LLNINPNK.[T], including one high-mannose N-glycan and four fucosylated N-

glycans. The results show that the high-mannose glycoform was up-regulated, while the four 

fucosylated glycoforms remained unaltered after PKM2 knockout, which indicates that different 

kinds of glycoforms respond differently even on the same glycosylation site. On the third 

asparagine residue of N-glycopeptide [R].KDNTTVTR.[L], 4 out of 5 fucosylated glycoforms 

detected showed an up-regulation after PKM2 knockout. Overall, there was an up-regulation of 

fucosylation on glycoprotein LAMP-1, which was also observed for LAMP-2. LAMP1 and 

LAMP-2 were mainly found in the lysosomes and late endosomes and were known to maintain 

the lysosomal acidification and lysosomal membrane integrity.68 In addition to their role in 

lysosomal biogenesis, it was also reported that LAMP-1 and LAMP-2 is associated with 

autophagosome accumulation and biogenesis.69, 70 A lack of fucosylation may alter the integrity of 

LAMP-1 and LAMP-2, which in turn may affect the dynamic distribution of lysosomes. In addition, 

the fucosylated LAMP-1 and LAMP-2 forms are responsible for regulating autophagy biogenesis, 

which may influence tumor development and progression.71 Besides LAMP-1 and LAMP-2, an 

increased fucosylation was also observed for other glycoproteins including prosaposin, palmitoyl-

protein thioesterase 1, galectin-3-binding protein and dipeptidyl peptidase 2. In fact, increased 

fucosylation has been reported to have unique biological significance in cancer.72 For example, in 

breast cancer, increased core fucosylation of epidermal growth factor receptor (EGFR) has been 
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found to result in increased EGFR-mediated signaling associated with tumor cell growth and 

malignancy.73, 74  

On the other hand, PKM2 was found to be preferentially expressed in cancer cells75 and it 

significantly affected the levels of substrates used for protein glycosylation by regulating the last 

step of glycolysis.76 Thus, it has been speculated that PKM2 attributes to glycosylation alteration 

in cancer by affecting the availability and abundance of the sugar nucleotide donors.75 However, 

whether PKM2 alters the glycosylation pattern remains unknown. Our comparative 

glycoproteomics study using paired parental and PKM2 knockout breast cancer cells revealed 

alteration in glycosylation patterns after PKM2 knockout, providing evidence that PKM2 

contributed to the altered glycosylation in cancer. In particular, fucosylation, one of the most 

widely reported glycosylation often altered in cancer cells, was notably affected by knocking out 

PKM2. 

Deglycosylated peptide quantitation enabled by HCD 

Due to glycosylation micro-heterogeneity, various glycoforms can exist on the same 

glycosylation site. By enzymatically removing these glycoforms with PNGase F, deglycosylated 

peptides could be obtained with the marker of asparagine (Asn) being deamidated indicating the 

exact glycosite.77 After this step, the abundance of glycopeptides with different glycoforms will be 

merged into one glycosylation site-containing peptide, increasing the chance to be detected. Also 

the ionization efficiency will be largely increased by removing the hydrophilic glycan and signal 

suppression was greatly reduced by other more abundant nonglycosylated peptide, increasing the 

coverage of glycosylation site. Despite of losing the site-specific glycoform information, 
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deglycoproteomics approach could provide complementary information about alterations of 

glycoproteins. Thus, deglycosylated peptides were analyzed using HCD after PNGase F treatment. 

Figure 4B shows the spectrum of a duplex DiLeu labeled deglycosylated peptide, with a wealth 

of peptide backbone fragments and reporter ions fragments being detected. The N-glycosylation 

site was identified by the signature asparagine deamidation after PNGase F treatment. To avoid 

any false-positive assignment of N-glycosites brought by the spontaneous deamidation,77 aliquots 

of intact N-glycopeptides were used as negative control samples and analyzed directly by LC-

MS/MS without PNGase F treatment. Furthermore, all the deglycosylated glycopeptides identified 

in the study contain NXS/T (where X≠proline) consensus motifs to ensure confident identification. 

A total of 484 deglycosylated peptides were quantified, among which 81 glycosylations sites from 

70 glycoproteins, showed significant changes with more than 1.5-fold (p≤0.05) alterations (Figure 

5A). KEGG pathway analysis revealed that these altered glycoproteins are highly enriched in 

ECM-receptor interaction, arrhythmogenic right ventricular cardiomyopathy (ARVC), PI3K/Akt 

signaling pathway, cell adhesion molecules (CAMs) and focal adhesion pathways (Figure 6A).   

One interesting observation was the alteration of the PI3K/Akt signaling pathway that was 

highly enriched. In our study, 10 glycoproteins along the PI3K/Akt pathway were found to be 

significantly altered in PKM2 knockout cells, including insulin like growth factor 1 receptor 

(IGF1R), insulin receptor (INSR), integrin subunit alpha V (ITGAV), integrin subunit beta 1 

(ITGB1), integrin subunit beta 6 (ITGB6), ephrin A4 (EFNA4), laminin subunit alpha 5 (LAMA5), 

laminin subunit beta 1(LAMB1), laminin subunit beta 2 (LAMB2) and thrombospondin 1 (THBS1) 

(Table 1). PKM 2 plays an important role for anabolic glycolysis to support rapid proliferation of 
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cancer cells.76 Previous studies have shown that PKM2 knockdown only leads to a modest 

impairment of cancer cell survival but the mechanism remains elusive. One study showed that 

knockdown of PKM2 leads to activation of Akt and inhibition of PI3K/Akt signaling pathway, 

resulting in significant growth inhibition and apoptosis in PKM2 knockdown cells, which indicated 

Akt activation was necessary for the survival of PKM2 knockdown cells.78 In fact, activated Akt 

is a well-established survival factor and activated Akt modulates the function of many substrates 

involved in the regulation of cell survival, cell cycle progression and cellular growth.79 Thus, our 

results offer additional evidence to support that PKM2 knockout cells may rely on regulation of 

the PI3K/Akt pathway to survive. Gene ontology biological process analysis revealed that cell 

adhesion, positive regulation of cell migration, cell adhesion mediated by integrin, viral entry into 

host cell, extracellular matrix organization, leukocyte migration and integrin-mediate signaling 

pathways are the main biological processes that have been affected (Figure 6C). According to our 

observation, there was a decrease in cell migration after PKM2 knockout, which agreed well with 

the alteration of positive regulation of cell migration pathway. Gene ontology cellular component 

analysis showed that both intracellular and extracellular glycoproteins were affected, including 

those localized in extracellular exosome, cell surface, and endoplasmic reticulum, etc. (Figure 6B). 

Both altered glycosylation and metabolic reprogramming have been extensively reported in 

cancer cells.80, 81 Glycosylation is generated from metabolites and is also a nutrient-sensitive post-

translational modification of proteins. At the same time, as one of the key cue for cellular signals, 

glycosylation also regulates metabolism through various receptors and signal transduction 

pathways that regulate metabolism.37 This implies that these two most common features, 
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glycosylation signaling and metabolism, of cancers cells might be intervened.82 PKM2, a limiting 

glycolytic enzyme that catalyzes the final step in glycolysis, plays essential role in metabolic 

changes in cancer cells. Many studies83-85 have shown PKM2 was preferentially expressed in 

cancer cells and it contributes to the accumulation of metabolites intermediates, which are the 

sources of substrates for protein glycosylation. Thus, PKM2 has been implicated to be involved in 

the glycosylation alteration in cancer.37 To directly address the question whether and how PKM2 

knockout alters the overall glycosylation pattern in cancer cells, we employed PKM2 knockout 

cell lines for quantitative glycosylation studies. Indeed, altered glycosylation was detected by 

knocking out PKM2, which confirms the previous speculation as well as provides direct evidence 

that metabolism and signaling pathway were tightly related. On the other hand, previous study 

showed that activation of Akt is necessary for the survival of PKM2 knockdown cells, suggesting 

that combination of PKM2 knockdown with PI3K or Akt inhibitors may be therapeutically 

effective. Our study identified 10 N-glycoproteins with altered glycosylation in the PI3K/Akt 

pathway upon loss of PKM2, which could provide the explicit targets for follow-up studies. 

 

Conclusions 

In the present study, a dedicated large-scale site-specific quantitative N-glycoproteomics workflow 

has been established. By employing FASP method for trypsin digestion, SDS could be used to 

enhance the extraction efficacy of membrane glycoproteins. Intact N-glycopeptides enrichment 

efficiency with HILIC and MLA was compared for the first time. The results show that HILIC 

preferentially enriched sialylated N-glycopepitdes while MLA preferentially enriched 
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nonsialylated glycopeptides, implying that a sequential enrichment procedure would improve 

intact N-glycopeptide enrichment efficiency. Benefiting from EThcD, site-specific intact 

glycopeptide structure characterization and quantitation can be achieved in one spectrum, which 

also provides an opportunity for FDR control at the intact glycopeptide level. Using PTM-centric 

search engine Byonic, FDR-based large-scale glycoproteomics was achieved. Furthermore, we 

successfully applied this developed workflow to study the glycosylation alteration in PKM2 

knockout breast cancer cells vs. parental cells. Upon loss of PKM2, the abundance ratios of 

different glycoforms on the same glycosylation vary differently and an increased fucosylation was 

observed in several of the examined glycosylation sites. Further deglycoproteomics study revealed 

that the 10 glycoproteins in PI3K/Akt signaling pathway were altered, which supports the previous 

finding that PKM2 knockdown cancer cells rely on the activation of Akt for their survival. 
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Figure 1. Schematic illustration of the workflow for intact N-glycopeptides and deglycosylated 

peptide analysis. 

 



180 

 

 

Figure 2. The Venn diagram analysis of intact N-glycopeptides (A) and N-glycosylation sites (B) 

enriched by HILIC and MLA methods. (C) The comparison of the percentage of sialylated N-

glycopeptides enriched by HILIC and MLA respectively. 
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Figure 3. (A) The comparison of the number of intact N-glycopeptides, N-glycosylation sites and 

N-glycoproteins enriched by HILIC, MLA and sequential HILIC and MLA enrichment. (B) 

Different types of N-glycans along the N-glycan synthesis enriched by sequential HILIC and MLA 

enrichment. EThcD was used for N-glycopeptide identification. 
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Figure 4. (A) The EThcD mass spectrum of duplex DiLeu labeled intact N-glycopeptide. (B) The 

HCD mass spectrum of duplex DiLeu labeled deglycosylated peptide. 
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Figure 5. (A) Volcano plot of the quantitation results of deglycosylated peptides in PKM2 

knockout (PKM2 KO) and parental breast cancer cells. (B) Volcano plot of the quantitation results 

of intact N-glycopeptides in PPKM2 KO and parental breast cancer cells. 
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Figure 6. KEGG pathway analysis (A), gene ontology cellular component (B) and gene ontology 

cellular component (C) analysis of the significantly altered glycoproteins.  
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Figure 7. Quantitative analysis of intact N-glycopeptides from Lysosomal-associated membrane 

protein 1 (LAMP-1). The letter “N” in red denotes the N-glycosylation site. 
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Table 1. Altered glycoproteins involved in PI3K-Akt signaling pathway 

 

Uniprot 

ID 

Gene 

Name 

Glycosylation  

position 

Fold 

change 

Up or 

down 

P52798 EFNA4 P52798 [28-38] 0.63 ↓ 

P08069 IGF1R P08069 [223-252] 0.56 ↓ 

   P08069 [741-753] 0.47 ↓ 

P06213 INSR P06213 [697-714] 1.67 ↑ 

P06756 ITGAV P06756 [73-88] 1.84 ↑ 

   P06756 [865-883] 2.07 ↑ 

P05556 ITGB1 P05556 [403-414] 1.89 ↑ 

P18564 ITGB6 P18564 [459-466] 3.17 ↑ 

   P18564 [567-594] 3.21 ↑ 

O15230 LAMA5 O15230 [3106-3123] 0.61 ↓ 

P07942 LAMB1 P07942 [1271-1283] 3.58 ↑ 

P55268 LAMB2 P55268 [1347-1365] 0.57 ↓ 

P07996 THBS1 P07996 [1065-1077] 0.50 ↓ 
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Figure S1. The reporter ions intensity (A), precursor ions intensity (B) and reporter ion yield (C) 

of glycopeptides and nonglycosylated peptides in the same run. 
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Figure S2. The Venn diagram analysis of (A) intact N-glycopeptides (A) and (B) N-glycosylation 

sites identified with HILIC and MLA enrichment methods. (C) The comparison of the percentage 

of sialylated N-glycopeptides enriched between two methods. 
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landscape changes in Alzheimer's disease (AD) 
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Abstract 

As the only body fluid that directly interchanges with the extracellular fluid of the central nervous 

system (CNS), CSF serves as a rich source for CNS-related disease biomarker discovery. Extensive 

proteome profiling has been conducted for CSF, but studies aimed at unraveling components of 

the site-specific CSF N-glycoproteome are lacking. Initial efforts into site-specific N-

glycoproteomics study in CSF yielded quite low coverage, hindering further experiment design 

into glycosylation-based disease biomarker discovery in CSF. In the present study, we developed 

an N-glycoproteomics approach that combines enhanced N-glycopeptide sequential enrichment 

by hydrophilic interaction chromatography (HILIC) and boronic acid enrichment with electron 

transfer and higher-energy collision dissociation (EThcD) for large-scale intact N-glycopeptides 

analysis. After applying the developed approach on CSF samples, a total of 3596 intact N-

glycopeptides from 676 N-glycosylation sites and 358 N-glycoproteins were identified. To our 

knowledge, this is the largest site-specific N-glycoproteome dataset reported for CSF to date. As 

accumulating evidence suggests that defects in glycosylation may be involved in Alzheimer's 

disease (AD) pathogenesis, we employed the method to examine the N-glycoproteome in CSF 

from AD patients and controls. A similar overall N-glycopeptide coverage in AD patients and 

controls was obtained but striking differences in certain glycoforms were evident, particularly 

decreased fucosylation in AD CSF. Altered glycosylation patterns were detected for a number of 

N-glycoproteins including alpha-1-antichymotrypsin, Ephrin-A3, carnosinase CN1, and voltage-

dependent T-type calcium channel subunit alpha-1H etc., which serve as interesting targets for 

further glycosylation-based AD study and may eventually contribute to improved understanding 
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of the role of glycosylation in AD progression. 

 

Keywords: Glycoproteomics, Mass spectrometry, Alzheimer’s disease, N-glycosylation, 

Cerebrospinal fluid, Glycoproteins 

 

Introduction 

Originating from the brain ventricles and subarachnoid spaces around the brain and spinal 

cord, cerebrospinal fluid (CSF) surrounds and supports the central nervous system (CNS) 1. It is 

predominantly secreted by the choroid plexuses, with a minor portion produced from cerebral 

interstitial fluid and cerebral capillaries 2. For healthy individuals, around 80% of the CSF proteins 

are derived from plasma filtrate, while the remaining 20% originates directly from CNS 3. Apart 

from acting as a protection against mechanical trauma, CSF plays an important role in brain 

development, regulation of brain interstitial fluid homeostasis, and neuronal functioning. It is the 

only body fluid that directly interchanges with the extracellular fluid of CNS, and reflects the 

ongoing pathological changes in the CNS most directly 4, 5. Thus, biochemical analysis of CSF has 

great potential for CNS-related diseases diagnostics, such as neurological disorders 6. 

 The global CSF proteome has been extensively mapped, which has largely contributed to our 

understanding of CNS functioning under both physiological and pathological conditions 7. Various 

protein post-translational modifications (PTMs) such as phosphorylation, glycosylation, 

methylation etc. greatly increase the proteome complexity and functional diversity, and analysis 

of these “subproteomes” would further improve our understanding of protein function. However, 
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the characterization of CSF “subproteomes” is still lagging behind proteome study due to 

underdeveloped and less sophisticated analytical technologies. Among PTMs, glycosylation 

represents one of the most common and complex PTMs, and acts as a key regulatory mechanism 

controlling protein folding, cell adhesion, molecular trafficking and clearance, receptor activation, 

signal transduction, and endocytosis 8.  

Defects in glycosylation in humans and their links to disease suggest that glycosylation 

contains a remarkable amount of biological information that can potentially help elucidate various 

disease mechanisms and provide potential targets for disease diagnosis and therapeutic strategies 

9. In fact, glycosylation-based biomarker discovery has achieved great success for cancer research, 

contributing to improved cancer diagnosis, and monitoring of malignant progression and prognosis 

9. On the other hand, alterations in protein glycosylation have also been related to human 

neurodegenerative disease (ND) states, such as Alzheimer’s disease (AD), Parkinson disease and 

Creutzfeldt-Jakob disease 10, 11. Abnormal glycosylation patterns of amyloid precursor protein 

(APP), tau and numerous other proteins have been reported in AD 11. It has also been shown that 

O-glycosylation protects tau against aberrant phosphorylation and subsequent aggregation 12-14. 

 Nevertheless, there are few reports on the CSF N-glycoproteome. One study has reported 846 

N-glycosylation sites from 520 N-glycoproteins in CSF after removing the glycan part with 

PNGase F 7. Another study utilizing glycomics approach identified 90 N-glycan structures in 

human CSF 15. These studies are either protein-targeted (deglycoproteomics) or glycan-targeted 

(glycomics), losing the site-specific information of each individual glycan. Initial efforts into site-

specific analysis of intact glycopeptides in CSF have been made, but the depth reached is not 
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satisfactory, with one study showing the identification of 36 N-glycosylation sites from 23 N-

glycoproteins 16, and another study showing the identification of 55 N-glycosylation sites from 36 

N-glycoproteins 17. With such limited site-specific N-glycoproteome information, the process of 

uncovering potential roles of different glycoproteins in the CNS is hampered, and it will also hinder 

the design of studies to explore disease-related glycosylation alterations. 

In the present study, we developed an enhanced dedicated large-scale site-specific 

glycoproteomics approach for in-depth CSF N-glycoproteome analysis, including sequential 

HILIC and boronic acid enrichment for improved N-glycopeptide coverage, intact N-glycopeptide 

characterization enabled by EThcD and automated FDR-based large-scale data analysis by Byonic. 

This approach allows us to analyze thousands of intact N-glycopeptides from CSF proteins in a 

high-throughput manner, generating information about glycopeptide sequences, glycosylation site 

and glycan composition. In total, 3596 intact N-glycopeptides from 676 N-glycosylation sites and 

358 N-glycoproteins were identified in CSF, representing the largest reported site-specific CSF N-

glycoproteome dataset so far. This developed strategy was also applied to N-glycoproteome 

analysis of CSF samples from AD patients, allowing us to conduct a glycosylation pattern 

comparison between healthy control and AD. A comparable N-glycoproteome coverage was 

detected in AD, but very different glycoform patterns were detected for glycoproteins such as 

alpha-1-antichymotrypsin, Ephrin-A3, Carnosinase CN1, voltage-dependent T-type calcium 

channel subunit alpha-1H etc., which serve as promising glycosylation-based biomarker 

candidates for AD. 
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Experimental Procedures 

Chemicals and materials 

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

LC/MS grade acetonitrile (ACN), methanol (MeOH) and water were from Fisher Scientific 

(Pittsburgh, PA). Concanavalin A (ConA), wheat germ agglutinin (WGA), Ricinuscommunis 

agglutinin (RCA120), iodoacetamide (IAA), acetyl-D18 glucosamine, D-lactose, methyl α-D-

mannopyranoside and manganese dichloride were obtained from Sigma-Aldrich (St. Louis, MO). 

Tris base, urea (UA), sodium chloride, ammonium bicarbonate (ABC) and calcium chloride (CaCl2) 

were obtained from Fisher Scientific (Pittsburgh, PA). Formic acid (FA), 10% Sodium dodecyl 

sulfate solution (SDS), trifluoroacetic acid (TFA), 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). Hydrophilic interaction 

chromatography material (PolyHYDROXYETHYL A) was obtained from PolyLC (Columbia, 

MD). 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 

32 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 and 16 individuals with AD dementia. Detailed subjects information can 

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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be found in Supplemental Table S1. All AD participants were diagnosed via applicable clinical 

criteria in standardized and multidisciplinary consensus conferences. (25,26) 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 (27, 28). 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 and AD subjects. 

 

PANC1 cells 

The proteins extracted from PANC1 cells were intended for the optimization of enrichment method. 

Commercially available PANC1 pancreatic ductal adenocarcinoma cells were routinely 

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 

placed in an incubator containing 5% CO2 and 98% humidity. Cells were used for a maximum of 

15 passages and trypsinized using 0.25% trypsin EDTA solution (Gibco) once 80% confluence 

was achieved. Cell pellets were rapidly washed twice with phosphate-buffered saline, flash frozen 

in dry ice, and stored at -80 °C. 

 

Protein extraction and digestion from PANC1 cells 
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PANC1 cell pellets were lysed by sonication in a solution containing digest buffer (4% SDS, 100 

mM Tris/Base pH 8.0). The bicinchoninic acid assay (BCA assay) was applied to determine the 

protein concentration. Trypsin digestion was performed based on previously reported filter-aided 

sample preparation (FASP) protocol 18 with some modifications. Briefly, the proteins was thawed 

and centrifuged at 16×000g for 5 min. Then 200 µg protein were taken out to the vial and 1 M 

DTT in digest buffer was added to make DTT final concentration 0.1 M. The sample was incubated 

at 95℃ for 3 min to reduce disulfide bonds. 200 μL of UA buffer (8 M UA in 100 mM Tris/Base) 

was added into the vial and 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 centrifuge at 14×000g for 

15 min. 100 μL of IAA buffer (0.05 M IAA in UA buffer) was added onto the filter; the buffer was 

gently swirled to mix and then incubated in darkness for 20 min followed by centrifugation at 

14×000g for 10 min. One hundred μL of UA buffer was added onto the filter followed by 

centrifugation at 14×000g for 15 min. The procedure was repeated twice. 100 μL of ABC buffer 

(50 mM) was added onto the filter and centrifuged at 14×000g for 15 min. The procedure was 

repeated twice. All the centrifugation steps took place at 20℃. 10 μL of trypsin and 40 μL of ABC 

buffer was added onto the filter. The filter was incubated at 37 ℃ water bath 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 centrifuge the filter at 14×000g 

for 10min. Repeat for one more time. TFA was added into the vial to make TFA final concentration 

0.25%. Samples were desalted using a SepPak C18 SPE cartridge (Waters, Milford, MA). 
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CSF sample processing  

1 mL of pooled CSF samples were separated into peptides fraction and protein fraction using 10 

kDa MWCO following the previous protocol 19, 20. The peptide fractions were analyzed in a 

separate study. Protein fraction were 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 by adding a second aliquot of DTT at room temperature. 

The samples were diluted with 50 mM tris buffer to make urea below 1 M. Trypsin was added in 

a 1:50 (w/w) ratio and incubated for 18 h at 37 °C. The digestion was quenched by the addition of 

TFA to a final concentration of 0.3%. Finally, the samples were desalted on a C18 SepPak cartridge 

(Waters, Milford, MA) and dried under vacuum. 

 

HILIC enrichment 

HILIC enrichment was conducted following a previously reported protocol with minor 

modifications 21. In brief, 5 mg of HILIC beads (PolyLC) were first activated in 100 μL elution 

buffer (0.1% TFA) by vortexing for 30 min. Then the activated beads were washed with 100 μL 

binding buffer (0.1% TFA, 19.9% H2O, 80% ACN) for two times. 100 μg tryptic peptides were 

dissolved in 250 μL of binding buffer and mixed with beads at a 1:50 peptide-to-beads mass ratio. 

Vortex for 1 h to allow N-glycopeptides bind to beads. The beads were washed with 50 μL binding 

buffer for 6 times. N-glycopeptides were eluted by washing the beads with elution buffer for 5 

times. The volume of solvent used was scaled up accordingly when different starting material of 

peptides were used. The eluted N-glycopeptides were dried down under vacuum. Supernatant 
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during the process were collected for sequential lectin affinity enrichment or boronic acid 

enrichment. The separation between beads and supernatant was achieved by centrifugation. 

 

Lectin affinity enrichment 

Lectin affinity enrichment was performed based on a previously reported protocol with some 

modifications 22-25. Briefly, 200 μg tryptic peptides were dissolved in 80 μL 1×binding solution (1 

mM CaCl2, 1 mM MnCl2, 0.5 M NaCl in 20 mM Tris/Base, pH 7.3) and transferred to the 30 kDa 

filter. Adding 36 μL lectin mixtures (90 μg ConA, 90 μg WGA and 90 μg RCA120 in 2×biniding 

buffer) onto the filter. Incubate at room temperature for 1 h and unbound peptides were eluted by 

centrifuging at 14, 000 g for 10 min at 18℃. Wash with 200 μL binding solution for 4 times. 

Transfer the filter to a new collection vial. Add 100 μL sugar mixtures (300 mM N-acetyl-D-

glucosamine, D-lactose, methyl α-D-mannopyranoside in 1xbinding buffer) and incubate at room 

temperature for 30 min. This step was repeated once. The N-glycopeptides were eluted by 

centrifugation. Then the samples were acidified to 0.25% TFA and desalted by C18 OMIX tip. The 

enriched glycopeptides were dried down under vacuum. 

 

Boronic acid enrichment 

Boronic acid enrichment was performed based on previous reported protocol with slight 

modifications 26. PBA cartridges were first washed with 1 mL of anhydrous DMSO for 3 times. 

Tryptic peptides were dissolved in 35μL DMSO, loaded onto the cartridge, and incubated in 37℃ 

for 2 h with both ends of the cartridge sealed. The non-bound peptides were washed away with 1 
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mL anhydrous ACN for 3 times. Then the glycopeptides were eluted after incubation in 600μL of 

0.1% TFA in 37℃ for 1 h. In order to elute all the bound glycopeptides, this step was repeated 

once. The enriched glycopeptides were dried down under vacuum.  

 

High-pH fractionation 

Enriched glycopeptides were fractionated using a C18 reverse-phase column (2.1 × 150 mm, 5 µm, 

100 Å) operating at 0.3 mL/min. Samples were reconstituted in 100 µL of 10 mM ammonium 

formate at pH 10 (HPLC mobile phase A). Mobile phase B consisted of 90% ACN, 10 mM 

ammonium formate, pH=10. Glycopeptides were eluted with a gradient as follows: 1 % A (0–3 

min), 1-35% (3-50 min), 35-60% (50-54 min), 60-70% (54-58 min), 70-100 % (58-59 min). Seven 

fractions were collected from 4 min to 62 min. The column effluent was monitored at 280 nm with 

a Waters 2489 UV/Visible detector. Each fraction was dried down under vacuum. 

 

LC-MS/MS analysis 

Samples were dissolved in 0.1% FA and analyzed on the Orbitrap Fusion™ Lumos™ Tribrid™ 

Mass Spectrometer (Thermo Fisher Scientific, San Jose, CA) coupled to a Dionex UPLC system. 

A binary solvent system composed of H2O containing 0.1% formic acid (A) and MeCN containing 

0.1% formic acid (B) was used for all analyses. 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 for intact N-glycopeptides was set as 

follows, 3%-30% A (18-98min), 30%-75% A (100-108 min) and 75%-95% A (108-118min). The 



200 

 

mass spectrometer was operated in data dependent mode to automatically switch between MS and 

MS/MS acquisition. For intact N-glycopeptides analysis, an MS1 scan was acquired from 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 (PD 2.1). 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), deamidation of asparagine and glutamine 

(+0.98402 Da), and N-glycosylation on asparagine. Oxidation and deamidation were set as “rare” 

modification, and N-glycosylation was set as “common” modification through Byonic node. Two 

rare modification and one common modification were allowed. Human N-glycan database 

embedded in Byonic, which contains 182 glycan entities, was used. Only these N-glycopeptides 

with PSMs with an FDR ≤ 1% and Byonic score over 50 were reported, and such criteria were set 
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based on the expertise experience of manual spectra check and previous evaluation of the software 

27. Each glycopeptide identified should have the consensus motif NX/T/S, X≠P. 

Experimental design and statistical rationale 

The experiment design is summarized in Fig. 1 and Fig. S1. Firstly, different N-glycopeptide 

enrichment methods and their combinations were evaluated in order to get an optimized 

enrichment strategy to maximize the glycoproteome coverage. The most commonly used 

enrichment methods including HILIC, lectin and boronic acid were evaluated respectively, and the 

benefits of high pH fractionation were also investigated. Secondly, in order to obtain an overall 

picture of human CSF N-glycoproteome, CSF samples from 16 healthy individuals were pooled 

together to obtain 1 mL sample. Trypsin digestion and following optimized enrichment strategy 

were applied to the CSF samples. A total of 5 fractions of enriched glycopeptides were collected, 

including 1 from HILIC enrichment and 4 fractions from boronic acid enrichment. For each 

fraction, two technical replicates were performed for LC-MS/MS analysis. Meanwhile, the same 

amount of CSF samples from 16 AD patients were processed in parallel to get a landscape N-

glycoproteome picture in AD state. As a descriptive and qualitative comparison of site-specific N-

glycoproteome between healthy control and AD state were conducted, no statistical tool was used. 

Further discussions could be found in the Discussion section.  

Results 

Optimization of enrichment strategies 

Although advances in various analytical technologies have made large-scale analysis of 

glycopeptides feasible, the depth of glycoproteome study in complex sample is still lagging behind 
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other PTMs studies, such as phosphoproteomics. This is because glycopeptides only constitute a 

minor portion (2% to 5%) of the total peptides mixtures, and the signal is often suppressed in the 

presence of other more abundant non-glycosylated peptides 28, 29. The glycoform heterogeneity 

(microheterogeneity) at each glycosylation site will further reduce the relative abundance of each 

unique glycopeptide. Thus, glycopeptide enrichment is a key step in the success of glycopeptide 

analysis in complex biological samples. Many enrichment strategies have been developed in recent 

years, including hydrophilic interaction chromatography (HILIC), titanium dioxide (TiO2) affinity, 

lectin affinity, hydrazide and boronic acid chemistry 30. Among them, HILIC and lectin affinity 

enrichment are two of the most widely used strategies, with enrichment occurring at the intact 

glycopeptide level fully preserving the native glycan information. Due to the inherent glycopeptide 

structure complexity, single enrichment strategy is usually not enough to enrich all kinds of 

glycopeptides, suggesting multiple enrichment strategies should be used to maximize the 

glycoproteome coverage of a certain sample. To further reduce sample complexity and improve 

glycoproteom coverage, off-line fractionation such as high-pH fractionation (HpH) is often 

utilized due to its ease of implementation and its capacity for large amounts of starting material, 

which has also been shown highly orthogonal to the following LC-MS/MS analysis using low-pH 

reversed-phase chromatography 31. 

Proteins extracted from PANC1 cells were used for method optimization. As a starting point, 

a sequential enrichment with HILIC and lectin followed by HpH fractionation was employed for 

N-glycoproteome analysis of 200 µg proteins from PANC1 cells. In total, 732 intact N-

glycopeptides were identified using 7 fractions and only a slight improvement was found after 
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increased to 10 fractions with 777 N-glycopeptides identifications (Fig. 1). Lectin affinity 

enrichment relies on certain glycan motif recognition, while HILIC takes advantage of increased 

hydrophilicity due to glycan attachment. Both of these two methods are somewhat biased towards 

certain categories of glycopeptides, and these glycopeptides with lower lectin binding affinity or 

more hydrophobic peptide sequences may be lost. Besides, hydrophilicity overlapping region 

exists between glycopeptides and non-glycosylated peptides, which results in non-specific 

enrichment of non-glycosylated peptides hampering the glycopeptide detection 32. Compared to 

HILIC and lectin enrichment, boronic acid enrichment is a less biased and more universal 

enrichment strategy. Boronic acids enrichment works by forming a strong reversible covalent bond 

with 1,2 or 1,3 cis-diols present in any glycan moiety under alkaline conditions 33. The reversible 

property of the covalent bond allows the intact glycopeptides to be easily released under acidic 

conditions without any side effect. 

With the same amount of starting material (200 µg protein), boronic acid enrichment with 7 

fractions resulted in 1236 intact N-glycopeptide identifications, a 59% increase compared to 

HILIC and lectin enrichment (Fig. 1). A closer look at the number of N-glycopeptides identified 

in the 7 HpH fractions showed that N-glycopeptides were mainly in fractions 2, 3 and 4 as shown 

in Supplemental Fig. S2-a, whereas the number of peptides identified are almost evenly 

distributed in 7 fractions in a typical proteomics study as shown in Supplemental Fig. S2-b. This 

is not surprising considering the increased hydrophilicity of glycopeptides, which results in an 

earlier elution on a C18 column. Then, another round of enrichment combining fractions 1, 5, 6, 

and 7 with four technical replicates was conducted, resulting in a further increase of N-
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glycopeptide identifications (1289 N-glycopeptides). The results showed that boronic acid 

enrichment alone yielded higher N-glycopeptide coverage than combined HILIC and lectin 

enrichment. 

Further investigation was needed to decide which enrichment method, HILIC or lectin, 

provides the most complementary enrichment capability to boronic acid enrichment? A 

comparison between these three enrichment strategies (Supplemental Fig. S3) showed that 

although HILIC gave the lowest glycopeptide identifications, the number of sialyated 

glycopeptides identified was the highest among these three methods. This is probably because 

sialic acid increases the hydrophilic interactions between the glycopeptides and HILIC beads, 

resulting in a preferential enrichment of sialylated N-glycopeptides 34. On the other hand, although 

boronic acid enrichment gives the highest total glycopeptide coverage, the percentage of sialylated 

glycopeptides is only 16% (Supplemental Fig. S4). Thus, we propose that combining HILIC with 

boronic acid enrichment will further increase the N-glycopeptide coverage, especially sialylated 

glycopeptides. As shown in Fig. 1, after combining HILIC enrichment with boronic acid 

enrichment, a total of 1422 N-glycopeptides were identified, with an increase of 133 N-

glycopeptides compared to boronic acid enrichment alone. Benefiting from using HILIC, the 

number of sialylated glycopeptides identified had a 1.8-fold increase (Supplemental Fig. S4). 

Such improvements are significant when a larger number of sialylated glycopeptides exist in the 

sample, such as in the case of CSF. 

 

Site-specific intact N-glycopeptide characterization 
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Since its introduction by Heck and co-workers 35, electron transfer and higher-energy collision 

dissociation (EThcD) has shown great potential for labile PTMs analysis (i.e. phosphorylation) 

with improved site localization, as well as generating richer backbone spectra 36. When applied to 

intact glycopeptide characterization, EThcD can produce rich fragment ions information for glycan 

(B/Y ions), peptide (b/y, c/z ions) and glycosylation site (c/z ions) identification, providing the 

opportunity for site-specific intact glycopeptide analysis 37, 38. The representative EThcD spectra, 

deriving from N-glycopeptides with three main N-glycan classes including high-mannose, hybrid 

and complex types attached, were shown in Fig. 2. A series of fragment ions including c/z, b/y 

ions, glycan fragment ions and glycopeptide with one or more loss of monosaccharides were 

detected. The highly abundant oxonium ions were detected in the lower mass region, including 

138.06 (HexNAc-2H2O-CH2O), 168.06 (HexNAc-2H2O), 186.08 (HexNAc-H2O) and 204.09 

(HexNAc), confirming that the spectra belonged to a glycopeptide. For the fucoyslated and 

sialylated glycopeptide, the signature fragment ions supporting the presence of fucose (i.e. 

HexHexNAcFuc) and sialic acid (i.e. NeuAc, NeuAc-18) were used to further confirm their 

identity apart from the accurate precursor mass match. Notably, besides the glycopeptides with N-

glycan classes synthesized in the classical pathway, glycopeptide with truncated N-glycan 

(GlcNAc0-2Man0-3Fuc0-1) in an unconventional pathway were also detected and confidently 

identified in a site-specific manner. As shown in Fig. 2a, the glycan oxonium ions 138.06, 168.06, 

186.08 and 204.09 from HexNAc and fucose containing glycan fragment ion 553.23 

(HexNAc2Fuc1) along with the precursor accurate mass match (0.6 ppm), confirms the 

composition of the glycan as HexNAc2Fuc1. The intact glycopeptide ion with a HexNAc loss 
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(peptide + HexNAcFuc, +2, 1134.58) indicates that the fucose group was attached to the innermost 

HexNAc. Peptide sequence SVVAPATDGGLNLTSTFLR was deduced based on the abundant 

backbone fragment ions including both b/y and c/z ions. The peptide, belonging to prostaglandin-

H2 D-isomerase, has an N-glycan consensus motif at 12th asparagine (Asn, N) residue, and it has 

been reported as an N-glycosylation site previously; however, he truncated N-glycan form has 

never been reported on this site 16. The presence of a glycosylation site-containing c/z ions c12, 

c13, c14, c15 with intact N-glycan preserved and c11 ion without N-glycan further helps 

unambiguously identify the intact glycopeptide in a site-specific manner. 

 

Site-specific glycoform mapping in CSF 

As discussed previously, the current depth of site-specific N-glycoproteome in CSF is far less than 

satisfactory, which will largely hinder glycosylation-based biomarker discovery studies in CSF for 

various diseases. Here, the developed enhanced glycoproteomics strategy was applied to the in-

depth site-specific N-glycoproteome analysis of the CSF sample. In total, 3596 intact N-

glycopeptides from 676 N-glycosylation sites and 358 N-glycoproteins were identified (Fig. 3a), 

representing the largest site-specific CSF N-glycoproteome dataset so far.  

To obtain an overview of the cellular component, molecular functions and biological processes 

of the 358 N-glycoproteins identified, Gene Ontology (GO) function enrichment analysis was 

conducted using DAVID tool (http://david.abcc.ncifcrf.gov/) 39. The majority of the identified 

glycoproteins are mainly distributed in extracellular region and membrane or cell surface, agreeing 

well with the fact that most of N-glycoproteins are membrane or secreted proteins 40. In terms of 

http://david.abcc.ncifcrf.gov/
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molecular functions, the top six enrichment clusters are heparin binding, integrin binding, serine-

type endopeptidase inhibitor activity, calcium ion binding, cell adhesion molecule binding and 

serine-type endopeptidase activity. Many biological processes that are known to involve 

glycosylation are enriched, including cell adhesion, platelet degranulation, negative regulation of 

endopeptidase activity, extracellular matrix organization, axon guidance. 

In terms of the glycosylation site distribution among the glycoproteins, more than half of them 

(54%) carry only one glycosylation site, and the majority (more than 90%) of them have less than 

or equal to 5 glycosylation sites (Fig. 3c). Only 10 N-glycoproteins carry more than 5 glycosylation 

sites, which include clusterin, voltage-dependent calcium channel subunit alpha-2/delta-1, prolow-

density lipoprotein receptor-related protein 1, galectin-3-binding protein contactin-1, BDNF/NT-3 

growth factors receptor, multiple epidermal growth factor-like domains protein 8, neural cell 

adhesion molecule L1-like protein, neuronal cell adhesion molecule and Ig GFc-binding protein 

(FcγBP). The results were in accordance with previous findings that these proteins were highly N-

glycosylated 41, 42. Among them, FcγBP was found to carry the most number of N-glycosylation 

sites, with 11 N-glycosylation sites detected. According to sequence analysis, it could have 33 

potential N-glycosylation sites with typical N-glycan consensus motif (NXT/S, X≠P), and 9 N-

glycosylation sites were recorded in the Uniprot without any microheterogeneity information 

available 42. FcγBP is a secretory mucin-like glycoprotein present widely throughout mucous 

membranes and in external body fluids 43. The importance of O-glycosylation has long been 

recognized in the processing and biological properties of mucins, and the role of N-glycosylation 

starts to come to light and has been found to support mucin stability, folding, sorting, membrane 
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trafficking, and secretion recently 44, 45. Due to a lack of glycosylation microheterogeneity 

information available at each site, further study into its more specific and precise biological role 

is hampered 46. A total of 22 N-glycoforms were identified on the detected 11 N-glycosylation sites, 

with 4 N-glycoforms on 3719Asn, 3 N-glycoforms on 3339Asn, 4540Asn and 5186Asn, 2 N-

glycoforms on 2138Asn and 2518Asn, and 1 N-glycoform on 75Asn, 91Asn, 1743Asn, 2944Asn 

and 4145Asn, respectively. With the site-specific glycoform information available, it provides an 

opportunity for a further and more complete biological role investigation for the N-glycosylation 

as well as FcγBP as a whole glycoprotein.  

On the other hand, a total of 3311 unique glycoforms from 676 N-glycosylation sites were 

detected from these glycoproteins after removing the redundant N-glycopeptides (glycopeptides 

with the same glycosylation site and glycan but different peptide sequence length were combined). 

On average, each N-glycosylation site carried ~4.9 glycoforms and each N-glycoprotein carried 

~9.2 glycoforms, suggesting a highly diverse microheterogeneity. More than half of the 

glycosylation sites (62%) carried less than or equal to 2 glycoforms, whereas there were 12% 

glycosylation sites with more than 10 glycoforms and 1.5% glycosylation sites with more than 50 

glycoforms (Fig. 3d). For example, 68 glycoforms were identified at 93Asn on alpha-1-acid 

glycoprotein 2 (AGP-2), including 58 complex, 6 hybrid, 2 high-mannose and 2 truncated N-

glycans. AGP-2 is an acute-phase glycoprotein containing 45% carbohydrate and was once 

considered to be the protein with the highest carbohydrate content 47. It mainly contains complex 

N-glycans and their variation (branched, sialylated and fucosylated) has been shown to be sensitive 

to various pathophysiological conditions 48, 49. There were 40 sialylated, 31 fucosylated, and 30 
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highly-branched (tetra-antennary or more) N-glycoforms detected among the 58 complex N-

glycoforms, which indicates AGP-2 has plenty of flexibility altering the N-glycosylation pattern 

in response to different physiological or external stimuli. 

Most glycoforms detected were complex N-glycans (76%), with a minor percent of high-

mannose (7%) and hybrid N-glycans (7%) (Fig. 3b). Such distinct difference in their abundance 

results from the N-glycan biosynthesis pathway and their different molecular function. 

Synthesized early in the glycan biosynthesis pathway, high-mannose glycans plays important role 

in assisting protein folding in the endoplasmic reticulum (ER) and also protects the proteins against 

degradation during intracellular transport 50, 51. However, a majority of these high-mannose N-

glycans will be further trimmed by mannosidases in cis-Golgi to give Man5GlcNAc2, a key 

intermediate in the pathway to hybrid and complex N-glycans 52. A small part of these high-

mannose N-glycans are not fully processed to Man5GlcNAc2 escaping further modification, 

resulting in a small percentage of mature membrane or secreted glycoprotein carrying high-

mannose N-glycans, in accordance with the 7% high-mannose glycoforms detected in our study. 

In the medial-Golgi and trans-Golgi, further modification will generate an extensive array of 

mature hybrid and complex N-glycans, differing in branch number, composition, and capping 

arrangements and so on, fulfilling the needs for various functions needed for different biological 

processes 52. In fact, constituting the 76% complex N-glycans detected in the present study, 25% 

of them are bi-antennary, 29% tri-antennary and 22% tetra-antennary or more branches. Besides, 

as two of the most common and important “capping” reactions to elongate the glycan branch, 

sialylation and fucosylation plays a key role both in biological process such as cellular recognition, 
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cell adhesion, cell signaling, as well as in altered glycosylation associated disease development 9. 

In CSF, 47% and 51% glycoforms detected in our study were fucosylated and sialylated, 

respectively. Such a high percentage of sialylated glycopeptides detected in our study resulted from 

the sequential enrichment using HILIC and boronic acid enrichment, especially the preferential 

enrichment of sialylated glycopeptides by HILIC. Besides the majority of glycoforms detected in 

the main N-glycan synthesis pathway, there were 10% paucimannosidic glycoforms (Fuc0-1Man0-

3GlcNAc1-2) detected in the unconventional truncation pathway. Different from the well-defined 

N-glycan synthesis pathway, this kind of protein N-glycosylation, also referred to as 

paucimannosylation, was discovered initially in plants and invertebrates 53, 54. Growing evidence 

have shown that paucimannosylation are also present in mammals, including mouse embryonic 

neural stem cells, human buccal epithelial cells, human colorectal cancer epithelial cells etc. 55-59. 

Although paucimannosylation in the extracellular environment was believed to be a feature of cells 

to communicate within the immune system and altered expression of paucimannosidic epitopes 

was implicated in cancer, their exact physiological functions and roles in diseases remains largely 

unknown 60. The discovery of these truncated N-glycans in CSF proteins lays a foundation for their 

further biological role studies. 

 

Glycosylation alteration in AD 

As discussed previously, numerous evidence has demonstrated glycosylation alteration is 

implicated in the pathophysiological development of AD. To get a landscape picture of 

glycosylation pattern of CSF in AD subjects, CSF samples pooled from 16 AD subjects were 
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subject to the same in-depth N-glycoproteome analysis. To minimize the variations brought by 

sample preparation, the AD CSF samples were processed simultaneously with control CSF 

samples. In total, 3683 N-glycopeptides, 718 N-glycosylation sites and 369 N-glycoproteins were 

identified in AD CSF (Fig. 4), which is quite comparable with the coverage in control CSF. Venn 

diagram analysis between AD and control indicates that extensive glycoforms changes and 

glycosylation on/off switch exist during AD development, with 58% overlapping for N-

glycopeptides, 68% for N-glycosylation sites, and 77% for N-glycoproteins (Fig. 4). This results 

also suggest that an in-depth glycoproteomics study that focus on characterization of the 

glycofomrs changes is necessary before any quantitative glycoproteomics study is conducted for 

any site-specific glycoproteomic study. Based on the degree of branching, sialylation, fucosylation 

and composition complexity, these glycoforms were divided into 12 categories. As shown in Fig. 

4, compared to control CSF, the fucosylated (-6.8%), sialylated (-2.4%), fucose only (-5.0%) and 

complex type (-2.2%) in AD CSF has a decrease over than 2%, while only paucimannosidic type 

has an increase over than 2% percent (+2.7%). 

 For the detected 463 N-glycosylation sites shared by control and AD, a heat map analysis was 

conducted to give a bird’s view of the landscape glycosylation alterations in AD (Fig. 5). At first 

glance, the overall glycoforms distributions may appear the same, but the difference in the number 

of various glycoforms on each site started to show when looking more closely. These spots marked 

on the heat map represented the site-specific glycoform difference between control and AD and 

may act as promising glycosylation-based biomarker candidates. To get a more clear idea of the 

identify of these altered N-glycoproteins/N-glycosylation sites and their glycoform changes, a two-
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dimensional plot depicting the changes in the number of glycoforms as a function of the number 

of glycoforms in AD was constructed (Supplemental Fig. S5). These interesting glycoprotein 

candidates with glycosylation pattern changes are further discussed later. Besides the shared N-

glycoproteins/N-glycosylation sites detected in both control and AD, there were 213 unique N-

glycosylation sites detected for control and 215 unique N-glycosylation sites for AD. And 81 

unique N-glycoproteins were detected for control and 92 unique N-glycoproteins for AD, 

respectively. Such N-glycoproteins could also be potential markers for AD as glycosylation on/off 

switching mechanism exists to regulate different biological process or disease states 52. Selective 

interesting potential biomarker candidates with altered glycosylation patterns are discussed below. 

 

Discussion 

The current knowledge of site-specific protein glycoforms in CSF is quite limited due to the 

inherent structure complexity of intact glycopeptide and analytical technologies or workflows 

lagging behind other PTMs studies. Benefiting from the improved workflow, including optimized 

sequential glycopeptide enrichment and intact N-glycopeptide characterization enabled by EThcD, 

thousands of intact N-glycopeptides from CSF were identified. In order to map the site-specific 

glycoforms of proteins in human CSF, an in-depth glycoproteomics analysis was conducted using 

the CSF samples pooled together from 16 healthy subjects. The identified 3596 intact 

glycopeptides from 358 N-glycoproteins represents the largest site-specific N-glycoproteome 

dataset so far.  As many studies have shown the glycosylation alteration is implicated in AD 

development, it will be quite interesting to get a picture of the N-glycoproteome landscape of CSF 
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in AD and compare it with healthy control.  

Unlike in bottom-up proteomics study, where different proteoforms contributed by PTMs were 

not considered and quantitation was at the protein level, glycoproteomics study targets at each 

individual intact glycopeptide, which involves the characterization of various glycoforms at each 

site 61. Due to this reason, there are two aspects for glycosylation alterations in glycoproteomics 

study, the abundance changes of the same glycoform at the same site and the glycoform changes 

at the same site, and the latter includes increased/decreased sialylation, fucosylation, branching 

etc. 9. Therefore, for any glycoproteomics-driven biomarker discovery study, an in-depth 

glycoproteomics study is necessary in order to get an idea what are the glycoforms out there and 

to what extent the glycoform changes are involved in the disease state and control state before a 

quantitative study is conducted.  

Thus, an in-depth qualitative glycoproteomics study was conducted focusing on exploring the 

glycoform changes in AD patients using the CSF samples pooled from 16 age-matched AD 

patients. Although ideally an in-depth glycoproteomics study conducted in individual control and 

AD subject would allow us to account for any individual variation, the limited CSF sample amount 

available, instrument/labor time and financial constraints are the limiting factors that make such 

experiments difficult to carry out 62. Additionally, pooling the samples together will increase the 

chance of the detection of low abundant glycoproteins. In total, a comparable total number of intact 

N-glycopeptides were identified compared to control CSF, but with a very different percentage 

constitute of different categories of glycoforms, indicating AD was affecting the body by 

manipulating glycoform changes in a subtle and delicate way instead of massive total glycoform 
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number changes. There are a few glycoproteins showing altered glycosylation patterns. Here, some 

of the interesting targets were selected for further discussion. 

  As a member of the serine protease inhibitor family of acute phase proteins, alpha-1-

antichymotrypsin (ACT) is predominantly synthesized in the liver, and also produced in the brain 

by the astrocytes 63. Studies have shown increased ACT serum and CSF in AD patients, indicating 

ACT may act as a biomarker for early AD diagnosis 64. In vitro experiments have demonstrated 

that ACT binds to Aβ peptides and promotes the assembly of the Aβ peptides into amyloid 

filaments 65, 66, and later in vivo studies in transgenic AD mouse models confirmed ACT is an 

integral component of the amyloid deposits and accelerates amyloid plaque formation 67, 68. 

Additionally, ACT has also been shown to induce tau phosphorylation in neurons and subsequent 

neuronal cells apoptosis 69. ACT is an N-glycoprotein with an estimated 24% content of 

carbohydrates content distributed among the six potential N-glycosylation sites 70. The glycan 

moiety compositions have been partially revealed by previous studies of the extracted plasma ACT 

using affinity immune-electrophoresis and NMR spectroscopy 71, 72, showing evidence for disialyl 

diantennary, trisialyl triantennary, disialylated triantennary structures. Glycosylation patterns of 

accurate phase proteins (i.e. ACT) in response to chronic inflammatory diseases (i.e. AD) has been 

extensively studied as potential biomarkers and reviewed recently 73. In fact, altered glycosylation 

profiles (reduced terminal GlcNac and sialic acid) have been detected in the purified plasma ACT 

in AD patients 74. However in the previous study, lectin-assisted glycan array analysis was used, 

which cannot provide exact microheterogeneity alterations information for each site. No studies to 

date have explored the glycosylation alterations in CSF ACT. Benefiting from the site-specific 
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glycosylation analysis of the workflow, our study was able to show the glycosylation micro-

heterogeneity alterations on each site. In total, 4 N-glycosylation sites (Asn106, Asn127, Asn186, 

Asn271) were detected for ACT in both AD patients and healthy control. The results show that 

there is an increase in the complex N-glycans, especially sialylated glycans, on site 106 and 186, 

while a comparable number of N-glycans were detected on site 127 and 271 (Fig. 6).  

Another interesting glycoprotein target with altered glycosylation in AD is ephrin A3, a 

membrane ligand for Eph receptors. Although ephrin A3 has been shown to have 3 potential N-

glycosylation sites (Asn38, Asn67, Asn100) by Uniprot sequence analysis, there is no 

experimental evidence so far. In accordance with the Uniprot sequence analysis, our results 

identified Asn38 as the glycosylation site in CSF ephrin A3. A total of 12 glycoforms were 

identified on this site, while only 4 gycoforms were identified in AD, with a decreased degree of 

glycosylation, especially fucosylation and sialylation. The Eph receptors belong to the superfamily 

of transmembrane Tyr kinase receptors, and the Eph/ephrin pathway mediates short-distance cell-

cell communication after activation 73 and regulates various developmental processes, including 

cardiovascular and skeletal development, as well as axon guidance, synapse formation, 

maintenance and plasticity in the nervous system 75. Studies have shown dysregulation of 

Eph/ephrin signaling could lead to synaptic deficits associated with AD and suggest that 

Eph/ephrin signaling could act as a target for new therapeutic opportunities for AD 76, 77. 

Glycosylation of ephrin has been shown to play important role in the Eph/ephrin signaling. A study 

into the interaction between ephrin A1 and EphA2 demonstrates that deglycosylation of ephrin A1 

decreased its binding affinity to EphA2 and did not activate the downstream signaling pathways 



216 

 

78. Analysis of Eph/ephrin crystal structures revealed an interaction between the ligand’s 

carbohydrates and two residues of EphA2 receptor 76, 78. Our results indicate that decreased ephrin 

glycosylation in AD may lead to dysregulated Eph/ephrin signaling, and thus contribute to AD 

progression. 

A decreased glycosylation, mainly fucosylation, of glycoprotein carnosinase CN1 was also 

found in AD. Studies of human plasma carnosinase CN1 have shown there were two potential N-

glycosylation sites (Asn322, Asn382) 79, with Asn382 identified in our study. Carnosinase CN1 is 

a secreted dipeptidase glycoprotein expressed predominantly in the liver and brain, and selectively 

secreted by brain cells into CSF, which catalyzes the hydrolysis of the dipeptides carnosine (β-

alanyl-L-histidine) 80. Increased levels of CSF carnosinase CN1 have been found in normal aging, 

while decreased CSF levels was found in AD 81. In vitro experiments has shown that N-

glycosylation is essential for appropriate secretion and enzyme activity 82. Our results indicate that 

decreased N-glycosylation of carnosinase CN1 may contribute to the decreased level of CSF 

carnosinase CN1 and may act as a marker for AD. Another interesting candidate is voltage-

dependent T-type calcium channel subunit alpha-1H (CaV3.2), which was detected glycosylated 

only in AD. Uniprot sequence analysis shows three potential N-glycosylation sites (Asn192, 

Asn271, Asn1466) exist, and Asn271 was detected in AD with 18 N-glycoforms. As a calcium 

channel, CaV3.2 is expressed throughout the nervous system and controls cellular excitability and 

synaptic transmission. Studies have shown that changes in the N-glycosylation pattern can affect 

ion channel function, leading to neurological disorders 83, 84.  

These glycoprotein candidates with altered glycosylation discussed above were representative 
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examples that may potentially correlate to AD progression. The current exploratory glycosylation-

based biomarker study focuses on in-depth mapping the representative and averaged glycosylation 

landscape of CSF proteins in healthy control and AD. Such a comparison will shed light upon the 

overall average, dominant glycosylation difference and similarities, and also some of the 

interesting glycoprotein candidates with specific glycosylation patter alterations in AD. To select 

the interesting targets for discussion, there were several considerations to minimize the effects of 

detection bias in complex sample. Strict criteria were set to pick out those interesting N-

glycoprotein/ N-glycosite candidates, including at least 4 glycoforms changes for these shared N-

glycoproteins/ N-glycosites and at least 3 glycoforms changes for these N-glycoproteins/ N-

glycosites detected only in AD or control. Other factors are also considered including the 

increased/decreased percentage in terms of the absolute number of detected glycoforms, the 

reported association with AD or ND, and their roles in CNS biological processes. Still, such list is 

merely a preliminary exploration and further investigations are needed to narrow down or provide 

a more complete list of potential interesting glycosylation-based biomarker candidates in AD. 

Future studies includes conducting a high-throughput quantitative studies using 12-plex DiLeu 

isobaric tags developed in our lab 85, which could allow us to take the individual patient-to-patient 

variation into account and validate the results described here. 
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Figure 1. N-glycopeptide enrichment strategy optimization. Different enrichment strategies 

including either single enrichment or sequential enrichment were employed to enrich N-

glycopeptides from tryptic peptides derived from 200 μg proteins from PANC1 cells. The number 

of N-glycoroteins, N-glycopeptides and N-glycosylation sites of each strategy were compared. The 

combination of HILIC and boronic acid enrichment gives the highest coverage. (F: fractions, R: 

technical replicates) 
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Figure 2. Representative EThcD spectra of intact N-glycopeptides with different categories of N-

glycan attached were shown, including truncated N-glycan (a), high-mannose N-glycan (b), hybrid 

N-glycan (c), complex N-glycan (d). Peptide fragment ions are denoted as b/y, c/z ions using the 

most commonly used nomenclature,  and ~b/y ions denote the loss of labile glycan. (Asterisk: 

glycan oxonium ion and glycan fragment ions, “pep” : peptide sequence, HexNAc: 

acetylglucoseamine, Hex: hexose, Fuc: fucose, NeuAc: sialic: N-acetylneuraminic acid) 
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Figure 3. Site-specific N-glycoproteome profiling in CSF samples from healthy control. a) The 

number of N-glycoproteins, N-glycopeptides and N-glycosylation sites identified. b) The 

percentage of different N-glycoforms in CSF. c) N-glycosylation sites distribution among 

glycoproteins. d) N-glycoforms distribution among glycosylation sites. 
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Figure 4. Comparison of CSF N-glycoproteome between healthy control and AD. a) Venn diagram 

analysis N-glycoproteins, N-glycopeptides and N-glycosylation sites identified between healthy 

control and AD. b) Comparison of different categories of glycoforms between healthy control and 

AD. 
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Figure 5. Comparative heat map analysis of N-glycoproteome between healthy control and AD. 

The horizontal axis represents 13 categories of glycoforms, and vertical axis represents specific 

N-glycosylation site (Portein Uniprot ID + glycosylation site position). The number of a certain 

category of glycoform on each site is color coded. Different marked region (A-F) represents 

glycosylation alteration of different categories glycoforms (A: Fucosylation, B: Sialylation, C: 

High-mannose, paucimannosidic, hybrid, D: Complex, E: Bi-antennary, Tri-antennary, F: Tetra-

antennary). The number of glycoforms is color-coded. Green represents a low number and red 

represents a high number. 
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Figure 6. Glycosylation pattern changes for alpha-1-antichymotrypsin (ACT) in AD. The changes 

of the number of N-glycoforms for each site and the total glycoforms were shown. (Asterisk 

denotes changes ≥ 4) 
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Figure S1. Overall experiment design processing CSF samples from healthy control and AD 

patients.   

 

 

 

Figure S2. High-pH-fractionation comparison between glycoproteomics a) and proteomics b).  
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Figure S3. The enriched sialyalted and nonsialylated glycopeptides percentage comparison by 

lectin, HILIC and boronic acid methods.  

 

Figure S4. The increase of sialylated glycopeptides after combining HILIC with boronic acid 

enrichment from 200 µg PANC1 cells proteins. (F: fractions, R: technical replicates) 
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Figure S5. A two-dimensional plot depicting the changes in the number of fucosylated (A) and 

sialylated (B) glycoforms on each site (AD vs. Control) as a function of the number of glycoforms 

from AD. 

Table S1. Subjects information of 16 healthy control and 16 AD patients. 

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%) 

AD 16 8 (50%) 8 (50%) 73.2 (8.6) 10 (63%) 
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Chapter 8 
In-depth site-specific O-glycosylation analysis of 

glycoproteins and endogenous peptides in cerebrospinal 

fluid (CSF) from healthy individual, mild cognitive 

impairment (MCI) and Alzheimer’s disease (AD) patients 
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Abstract 

Site-specific O-glycoproteome mapping in complex biological system provides 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, and many CSF glycoproteins have not been 

characterized comprehensively with respect to their O-glycosylation. In order to provide an 

unbiased O-glycosylation profiling, we have developed an integrated strategy combining universal 

boronic acid enrichment, high-pH fractionation, and electron-transfer and higher-energy collision 

dissociation (EThcD) for improved intact O-glycopeptide analysis. This strategy was applied to 

analyze O-glycoproteome in CSF, leading to identifications of 308 O-glycopeptides from 110 O-

glycoproteins, covering both sialylated and non-sialylated glycoforms. To our knowledge, this is 

the largest number of O-glycoproteins and O-glycosites reported for CSF so far, including 154 

novel O-glycosites. Due to a lack of peptidomics workflow that could incorporate glycosylation 

analysis, the glycosylation state of CSF endogenous peptides has not been comprehensively 

studied. Here, we developed a peptidomics workflow that utilizes the EThcD fragmentation and a 

three-step database searching strategy, allowing both N-glycosylation and O-glycosylation, as well 

as other common peptide PTMs, to be analyzed at the same time. Interestingly, among the 1492 

endogenous peptides identified, 95 of them were O-glycosylated and only 1 N-glycosylated 

peptide was found, indicating CSF endogenous peptides were preferentially O-glycosylated. By 

referring to human neuropeptide database, 15 of them were actually O-glycosylated neuropeptides 

deriving from ProSAAS and secretogranin-1. O-glycoproteome and endogenous peptidome PTMs 
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analysis were also conducted in MCI and AD patients to give a landscape picture of glycosylation 

in these disease states. The results showed that a decreased fucosylation trend was found in MCI 

and AD, suggesting its potential relation to the progression of AD. 

 

Introduction 

Predominantly produced in choroid plexuses, human cerebrospinal fluid (CSF) 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, though remaining to be defined precisely, includes 

mechanical protection of central nervous system (CNS), homeostasis of the interstitial fluid in the 

brain, and regulation of neuronal functioning.3, 4 Being in direct contact with CNS, CSF reflects 

the ongoing physiological or pathological state of CNS most directly.5, 6 CSF contains metabolites, 

peptides, proteins, enzymes, and hormones etc. that play important roles in many biological 

processes in CNS.7 Changes in the compositions of CSF acts as a sign of pathological alterations 

in the CNS, and thus provides great opportunity for biomarker discovery in neurological diseases. 

 As one of the most complex forms of protein post-translational modifications (PTMs), 

glycosylation acts as a key regulatory mechanism controlling protein folding, molecular trafficking, 

cell adhesion, receptor activation and signal transduction.8 According to the different amino acids 

glycans attached to, glycosylation could be classified into two major classes, N-glycosylation and 

O-glycosylation. Biosynthesis of N-glycosylation is initiated by transfer of a pre-assembled 14 

monosaccharide complex glycan to asparagine residue (Asn) within the consensus motif (Asn-X-
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Ser/Thr, X≠P) containing polypeptides followed by sequential addition or removal of certain 

monosaccharide in a well-defined process.9 In contrast, O-glycosylation synthesis involves 

attachment of a single monosaccharide to the serine/threonine (Ser/Thr) residue of a polypeptide 

without any definable peptide consensus motif and latter transfer of many diverse monosaccharide 

residues.10, 11 As a result, a higher extent of occupancy and a larger degree of structure complexity 

and diversity were found for O-glycosylation. 

In general, O-glycosylation could be categorized into mucin and non-mucin types according 

to the monosaccharide residue directly linked to polypeptides. The attached monosaccharide 

residue is N-acetylgalactosamine (GalNAc/HexNAc) in mucin type, whereas the attached residue 

can be N-acetylglucosamine (GlcNAc/HexNAc), fucose (Fuc), galactose (Gal/Hex), mannose, 

glucose in the non-mucin type.9 The clustered regions of O-GalNAcylation on mucins has been 

shown to provide protection from proteolysis as well as unique rheological properties.12 Mucin 

type O-glycosylation on cell surface and secreted proteins has also been shown to modulate 

recognition, adhesion, communication between cells and also their surrounding environments.13 

As a nutrient- and stress-responsive modification, non-mucin 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 protein, O-

glycosylation could also happen on the endogenous peptides, including neurotransmitters and 

hormones. In fact, it has been well recognized that after initial peptidase cleavages, endogenous 

peptides could undergo further post-translational modifications such as amidation, acetylation, 

phosphorylation, sulfation, and N-/O-glycosylation.15, 16 As an example, it has been reported that 
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there was an extensive N-/O-glycosylation of gonadotropin, a glycoprotein polypeptide 

hormones.17 Recently, our group also discovered that mouse insulin-1B and -2B chains, human 

insulin-B chain were O-glycosylated, and multiple O-glycoforms were identified.18 These findings 

suggest that O-glycosylation may play a crucial role in the folding, trafficking, metabolic clearance 

and biological activity of neurotransmitters and hormones and it is import to characterize their 

glycosylation state. 

 The CSF proteome and endogenous peptidome has been extensively characterized, but there 

are only few reports on the O-glycosylation study. One study reported 39 O-glycopeptides from 

22 CSF O-glycoproteins,19 and another study identified 43 O-glycopeptides from 28 CSF O-

glycoproteins.20 Utilizing enrichment approach based on hydrazide chemistry after oxidizing sialic 

acid (NeuAc), both of the two studies suffered from the weakness that sialic acid information was 

lost and only a subset of O-glycoproteome (sialylated O-glycopeptides) were characterized. As a 

result, the current O-glycoproteome depth is far less than satisfactory, hindering the design of 

studies to explore disease-related O-glycosylation alterations. For endogenous peptidome study in 

CSF, one study identified 730 endogenous peptides, including 138 peptides with PTMs such as 

acetylation, amidation, phosphorylation, Gln to pyro-Glu conversion.21 But none of the identified 

peptides is reported to be glycosylated. In another study with 563 endogenous peptides identified,22 

Zougman et al. noted the presence of glycan oxonium ions in some spectra, indicating the existence 

of glycosylated endogenous peptides in CSF. By lowering the HCD collision energy, labile glycan 

moiety could be partially preserved, and 28 O-glycopeptides were successfully identified. 

However, only two O-glycan compositions were found. Considering that the two O-glycan 
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modifications set in the search engine were found by merely incidental observation and the large 

diversity of O-glycans out there, it’s highly possible that there are more O-glycosylated 

endogenous peptides in CSF, even N-glycosylation. Therefore, a systemic approach needs to be 

developed, which features a glycosylation-centered analytical strategy and searching strategy to 

take vast categories of N-/O-glycans into account. 

 In the present study, we first optimized the boronic acid-based enrichment strategy after 

PNGase F pretreatment to efficiently enrich both sialylated and non-sialylated O-glycopeptides in 

CSF. Combined with high-pH (HpH) fractionation and intact O-glycopeptide characterization 

enabled by EThcD, 987 intact O-glycopeptides were identified using 200 µg tryptic peptides from 

PANC1 cells. The optimized approach was then applied to CSF O-glycoproteome study, 308 intact 

O-glycopeptides from 182 O-glycosites and 110 O-glycoproteins were confidently identified. 

About 30% of the O-glycosites identified contained at least two O-glycoforms, revealing the 

microheterogeneity of O-glycosylation. Up until now, the dataset represents the largest site-

specific O-glycoproteome reported for CSF, including 154 novel O-glycosites. For endogenous 

peptides analysis, we developed a peptidomics workflow that combines CSF endogenous peptides 

extraction by 10k molecular weight cut-off (MWCO), EThcD fragmentation, and a three-step 

database searching strategy for comprehensive PTMs analysis. In this workflow, the use of EThcD 

enables the preserving of labile PTMs including glycosylation and phosphorylation, facilitating 

the accurate site localization. The three-step database searching strategy using the Byonic as the 

search engine allows a comprehensive PTMs analysis of endogenous peptides, including both N-

/O-glycosylation, phosphorylation, amidation, acetylation, Gln to pyro-Glu conversion. To our 
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knowledge, the peptidomics workflow developed here is the first workflow that enables a thorough 

and systemic analysis of N-/O-glycosylation state of endogenous peptides. In total, 1492 

enodgenous peptides were identified, and 370 of them underwent post-translational modifications 

including O-glycosylation, phosphorylation, acetylation, amidation, Gln to pyro-Glu conversion. 

Among them, 95 endogenous peptides were O-glycosylated, and 15 of them were O-glycosylated 

neuropeptides. Interestingly, only 1 N-glycosylated peptide was found, indicating endogenous 

peptides were preferentially O-glycosylated. To provide a landscape picture of the O-glycosylation 

state of CSF glycoproteins in MCI and AD patients, in-depth O-glycoprofiling experiments were 

also conducted in parallel, showing a decreased fucosylation in MCI and AD. The PTMs analysis 

of endogenous CSF peptides in MCI and AD patients showed an increased percentage of PTMs 

modified peptides, including O-glycosylation, Gln->pyro-Glu and acetylation. Furthermore, the 

developed strategy here is readily applicable for site-specific O-glycosylation analysis of 

glycoproteins or endogenous peptides in other complex biological systems. 

  

Experimental Procedures 

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), dimethyl sulfoxide (DMSO) were 
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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 

subjects information can be found in Supplemental Table S1. All MCI and AD participants were 

diagnosed via applicable clinical criteria in standardized and multidisciplinary consensus 

conferences. 23, 24 And 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.25, 26 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 cells 

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% 

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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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 digestion from PANC1 cells 

Protein extraction and trypsin digestion was performed based on previously reported filter-aided 

sample preparation (FASP) protocol27 with some modifications. Cell pellets were lysed by 

sonication in a solution containing digest buffer (4% SDS, 100 mM Tris/Base pH 8.0). To 

determine the protein concentration, the bicinchoninic acid assay (BCA assay) was conducted. 

Briefly, the proteins was thawed and centrifuged at 16, 000g for 5 min. Take out 200 µg protein to 

the vial and add 1 M DTT into digest buffer to make DTT final concentration 0.1 M. Incubate the 

sample at 95℃ for 3 min to reduce disulfide bonds. 200 μL of UA buffer (8 M UA in 100 mM 

Tris/Base) was added into the vial and transferred onto the 30 kDa filter. The filter was centrifuged 

at 14, 000g for 15 min. Add another 200 μL of UA buffer was to the sample and centrifuge at 14, 

000g for 15 min. Add 100 μL of IAA buffer (0.05 M IAA in UA buffer) onto the filter and gently 

swirl to mix, then incubate in darkness for 20 min. And the filter was centrifuged at 14, 000g for 

10 min. Add 100 μL of UA buffer onto the filter, and centrifuge at 14, 000g for 15 min. Repeat this 

step for another 2 times to completely exchange SDS with UA buffer. Add 100 μL of ABC buffer 

(50 mM) onto the filter, and centrifuge at 14, 000g for 15 min. Repeat this step for another 2 times. 

All the centrifugation is done at 20℃. Then add 10 μL of trypsin and 40 μL of ABC buffer onto 

the filter. Incubate the filter at 37 ℃ water bath for 18h. After incubation, the filter was transferred 
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to a fresh collection vial and centrifuged at 14, 000g for 10min. Add 50 μL 0.5 M NaCl solution 

onto the filter and centrifuge the filter at 14, 000g for 10min. Repeat for once. Add TFA into the 

vial to make its final concentration 0.25%. Samples were desalted using a SepPak C18 SPE 

cartridge (Waters, Milford, MA). 

CSF sample processing 

Separate CSF sample into peptide fraction and protein fraction using 10 kDa molecular weight 

cut-off (MWCO) following the previous protocol.28, 29 The peptide fraction was injected for LC-

MS/MS analysis after desalting with SepPak C18 SPE cartridge. 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 

by adding a second aliquot of DTT at room temperature. Dilute the samples with 50 mM Tris 

buffer to make urea below 1 M. Trypsin was added in a 1:50 (w/w) ratio and incubated for 18 h at 

37 °C. Quench the digestion by adding TFA to a final concentration of 0.3%. Finally, the samples 

were desalted on a C18 SepPak cartridge (Waters, Milford, MA) and dried under vacuum. Tryptic 

peptides were then incubated with PNGase F to remove N-glycans to avoid detection interference 

with O-glycosylated peptides. Then the samples were subject to C18 SepPak cartridge to get rid 

of salts and released N-glycans. Samples were dried down under vacuum and stored under -80 °C. 

Boronic acid enrichment 

Boronic acid enrichment was conducted according to previous reported protocol with slight 

modifications.24 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℃ 
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for 2 h with both ends of the cartridge sealed. Wash the non-bound peptides away with 1 mL 

anhydrous ACN, and repeat for another 2 times. Then the O-glycopeptides were eluted after 

incubation in 600μL of 0.1% TFA in 37℃ for 1 h. Repeat for once. 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 reverse-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), 35-60% (50-54 min), 60-70% (54-58 min), and 70-100 % 

(58-59 min). Seven fractions were collected from 4 min to 62 min. Fractions were 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% formic acid 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 (DDA) mode to automatically switch 

between MS and MS/MS acquisition. An MS1 scan was acquired from 400–1800 (120,000 
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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 (PD 2.1). 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), deamidation of asparagine and glutamine 

(+0.98402 Da). Oxidation and deamidation were set as “rare” modification, and O-glycosylation 

was set as “common” modification through Byonic node. Two rare modification and one common 

modification were allowed. Human O-glycan database embedded in Byonic, which contains 70 

glycan entities, was used. As for glycopeptide FDR control, Byonic default settings was applied 

that cuts 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 gives more proteins. After that, Byonic estimated the 

spectrum-level FDR of the remaining PSMs to the reported proteins which will typically be in the 

range 0-5%. Only these O-glycopeptides with PSMs FDR ≤ 1% and Byonic score over 50 and 
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Delta Mod Score over 40 were reported. For endogenous peptides, three consecutive searches were 

conducted as shown in Figure S1. Searches were performed with a precursor mass tolerance of 10 

ppm and a fragment mass tolerance of 0.01 Da, and digestion was set to unspecific. The 1st search 

was using the whole human protein database and total “rare” modification was set to 1, and 

dynamic modifications includes oxidation of  methionine residues (+15.99492 Da), amidation at 

peptide C-terminal (-0.984016), acetylation at peptide N-terminal and lysine, serine (+42.010565), 

and Gln to pyro-Glu conversion (-17.026549). The proteins precursors identified in the first search 

were combined with the reported protein precursors21, 22 to construct focused protein database. The 

2nd search was using the same dynamic modification as first search, except adding N-glycosylation 

and O-glycosylation as “common” modification, with total common modification set as 1. The 

human glycan database used is 182 entities for N-glycan and 70 entities for human O-glycan, and 

focused protein database was used. The 2nd searche yielded a list of identified N-glycans and O-

glycans, and these glycans were used to build a focused glycan database. For the 3nd search, 

dimethylation at peptide N-terminal, lysine, arginine (+28.0313), deamidation at asparagine 

(+0.984016), methylation at peptide N-terminal, lysine, arginine, glutamine (14.01565), 

phosphorylation at serine, tyrosine, threonine (+79.966331) were added to dynamic “rare” 

modifications. N-glycosylation and O-glycosylation as “common” modification, with total 

common modification set as 1. Focused protein database and focused glycan database were used 

in the 3rd search. Only these peptides with PSMs FDR ≤ 1% and Byonic score over 50 were 

reported. For endogenous peptides with PTMs, a Delta Mod Score over 40 was required. The 

reported O-glycosylation information was extracted from Uniprot (07.13.2017). The peptide 
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sequence analysis of glycosylation site-containing peptides was conducted using the on-line tool 

Weblogo 3 (http://weblogo.threeplusone.com).30 

 

Results 

Optimization of boronic acid enrichment strategy 

To avoid the interference of highly abundant nonglycosylated peptides, enrichment is a key step 

for the success of glycopeptide detection. Different aspects of the properties of O-glycopeptide 

could be utilized for enrichment purpose, including lectin recognized glycan motif, metabolic 

labeling by azido analog and sialic acid binding affinity to titanium dioxide (TiO2) beads.31 The 

cis-diol groups on sialic acid group could also be converted to aldehydes by periodate oxidation, 

and the sialyalted glycopeptides could further be enriched based on hydrazide chemistry.19 In 

addition, the cis-diol groups could react with boronic acids to form reversible covalent bond and 

later be released under acidic conditions without any side effect.32, 33 The presence of cis-diol 

groups in all glycoproteins and glycopetpides makes it a universal enrichment method for both N-

glycopeptide and O-glycopeptide. Although this method has been applied for large-scale N-

glycoproteome study34 and small-scale analysis of O-GlcNAcylation24, it has not yet been used for 

the comprehensive O-glycoproteome analysis in complex biological samples. 

Here, we used phenylboronic acid (PBA) solid phase extraction cartridge to extract the O-

glycopeptides from complex tryptic peptides sample. PNGase F was first used to remove the N-

glycans to avoid its interference with the enrichment process and the later MS detection of O-

glycopeptides. Starting from 200 µg tryptic peptides from PANC1 cells, a total of 213 intact O-
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glycopeptides were identified (Figure 1a). In the spectra, we found that quite many 

nonglycosylated peptides were co-enriched which may suppress the glycopeptide signal. Thus, to 

reduce sample complexity and minimize the effects of co-eluted nonglycosylated peptides, off-

line high-pH fractionation (HpH) was utilized, which has also been shown highly orthogonal to 

the following LC-MS/MS analysis using low-pH reversed-phase chromatography.35 Seven HpH 

fractions were collected and injected for analysis. The results showed that 229 intact O-

glycopeptides were identified, with only a slight improvement (Figure 1a, supplemental table 

S2). A closer look at the distribution of the number of O-glycopeptides identified showed that O-

glycopeptides were mainly distributed in the first four fractions (Figure 1b), whereas the number 

of peptides identified in a typical proteomics study using the same HpH methods resulted in an 

evenly distributed peptides number in all fractions. This should be no surprise considering that the 

increased hydrophilicity of O-glycopeptides would shift the elution to an earlier time frame on a 

C18 column. Then the first fraction was combined with the last three fractions and the saved 

instrument time by using less fractions will be used for more technical replicates. Another round 

of experiment using the same amount of starting material employing four fractions and four 

technical replicates yielded a total number of 987 intact O-glycopeptides, with a 4-fold increase. 

Such a large increase mainly result from the four replicates employed for each fraction. It is well-

known that two or more technical replicates are needed to get the maximum coverage of peptides 

in a certain sample due to the randomness of data-dependent analysis (DDA) mode in short-gun 

proteomics.36 Such effects would be more significant when it comes to glycoproteomics study, as 

the co-enriched nonglycosylated peptide would compete with glycopeptide for fragmentation and 
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the higher ionization efficiency would help them gain advantage over glycosylated peptide. Here, 

four replicates were used to find an optimal number of replicates. As shown in Figure 1c, two 

replicates only yielded less than 60% coverage, and at least three technical replicates were needed 

to reach a coverage of more than 90%. 

 

Site-specific O-glycopeptide characterization 

Due to the inherent structural complexity of O-glycopeptide, multiple facets exist for site-specific 

O-glycopeptide analysis, including glycosylation site localization, glycan structure and peptide 

sequence information. Various analytical technics have been developed to advance the MS-based 

O-glycopeptide analysis, which has greatly improved the overall performance of large-scale O-

glycoproteomics workflow.31 One focus is the development and optimization of fragmentation 

techniques. In general, 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. HCD produces B/Y 

ions and abundant oxonium ions for glycan identification, as well as b/y ions for peptide sequence 

information, but it does poorly in glycosylation site localization. In order to obtain comprehensive 

information, multiple dissociation modes are usually needed to draw a complete picture of O-

glycopeptide structure. To this end,   

the “hybrid” dissociation method electrontransfer and higher-energy collision dissociation 

(EThcD), introduced by Heck and co-workers37 has shown great potential for O-glycopepitde 

analysis. Its superior performance in labile PTM analysis was first demonstrated in phosphopeptide 



250 

 

analysis, with improved site localization, richer and more informative peptide backbone spectra 

compared to ETD and HCD.38 When applied to O-glycopeptide analysis, EThcD can produce rich 

fragment ions information for glycan moiety, peptide backbone and glycosylation site 

identification in one spectrum, enabling enhanced site-specific O-glycopeptide analysis.39-42  

 As an example, EThcD spectrum of the identified O-glycopeptide 

VHENENIGTTEPGEHQEAK was shown in Figure 2a. In the low mass region, the glycan 

signature oxonium ions, including 138.06 (HexNAc-2H2O-CH2O), 168.06 (HexNAc-2H2O), 

186.08 (HexNAc-H2O) and 204.09 (HexNAc), indicates the spectrum belongs to a glycopeptide. 

The glycan fragments 274.05 (NeuAc) and 292.11 (NeuAc-18) suggests the presence of sialic acid. 

Based on these information, along with fragments HexNAcHex (366.14), HexNAcHexNeuAc 

(657.23) and accurate precursor mass match (1.2 ppm), the O-glycan composition can be assigned 

as HexNAcHexNeuAc, a sialylated Tf antigen (Figure 2a). The peptide sequence 

VHENENIGTTEPGEHQEAK were deduced based on the wealthy backbone fragments b/y ions 

and c/z ions. Two possible O-glycosylation sites, 9th and 10th threonine, exist on the peptide 

sequence, and the c2−c10 ions enabled unambiguous localization of the glycan at 9th threonine, 

which agrees well with previous reports.19, 20 Besides, abundant glycopeptide peaks with total or 

partial glycan moiety loss (pep, pep+HexNAc, pep+HexNAcHex) were also detected, further 

confirming the assignment. In the same way, the O-glycosites of endogenous O-glycopeptide 

AAVGTSAAPVPSDNH, with 3 potential O-glycosites (5th T, 6th S, 12th S), were also 

unambiguously localized at 6th serine residue using the c3-c7 ions, and peptide sequence and O-

glycan compositions were deduced using c/z, b/y and glycan fragment ions (Figure 2b). This O-



251 

 

glycopeptide originates from Apoliprotein E, and the O-glycosite at 6th serine has been tentatively 

identified and reported as a novel O-glycosite in the previous study.19 In the previous report, 

although the author narrowed down the O-glycosite to the 5th threonine and 6th serine, the accurate 

site was not able to be assigned due to a lack of informative fragments generated by electron-

capture dissociation (ECD). Furthermore, limited by the enrichment method (sialic acid was 

periodate-oxidized) used in their study, the sialylation information of the O-glycan was lost. The 

EThcD spectrum in the current study not only helps us precisely pinpoint this novel O-glycosite, 

but also explicitly assign the O-glycan composition as HexNAcHexNeuAc(2), fully preserving 

sialylation information. Similar to O-glycosylation, phosphorylation is also quite labile. 

Benefitting from EThcD, the detection of c4 ion without phosphorylation group and c5 ion with 

phosphorylation group help us unambiguously localize the phosphorylation site at the 5th serine 

residue. Thus, along with other b/y, c/z ions and 98 Da neutral loss, the endogenous phosphorylated 

peptide VDPKSKEEDKH could be confidently identified as shown in Figure 2c. 

 

Site-specific O-glycoproteome analysis in CSF 

As discussed previously, the current depth of site-specific O-glycoproteome in CSF is not 

satisfactory. One of our goal in the present study is to improve the current O-glycoproteome 

coverage by developing a more robust analytical strategy. Benefiting from the optimized O-

glycopeptide enrichment strategy, along with robust hybrid fragmentation EThcD techniques, we 

were able to identify 308 intact O-glycopeptides from 181 O-glycosites and 110 O-glycoproteins, 

which is a large increase compared to previous reports (Figure 3a). After combining O-
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glycopeptides with the same glycosite and glycan composition but different peptide sequence 

length, there were 292 unique O-glycoforms in total (Figure 3a). Overall, the majority of O-

glycoproteins (72%) carry only one single O-glycosite, and 25% carry 2-3 O-glycosites, with a 

slight percentage (5%) more than 4 sites (Figure 3b). There are around 30% O-glycosites 

identified carrying more than 2 O-glycan compositions, indicating the microheterogeneity of O-

glycosylation (Figure 3c). 

Among different kinds of O-glycoforms, mucin-type core 1 (Galβ1→3GalNAc) is known to 

be the major constituent of O-glycans.43 In the present study, around 48.3% (141/292) of O-

glycoforms had core 1 glycoforms (including HexNAc(1)Hex(1), HexNAc(1)Hex(1)Fuc(1), 

HexNAc(1)Hex(1)Fuc(1)NeuAc(1), HexNAc(1)Hex(1)NeuAc(1), HexNAc(1)Hex(1)NeuAc(2), 

HexNAc(1)Hex(1)NeuAc(3), HexNAc(1)Hex(2)Fuc(1)). This O-glycosylation feature also agrees quite 

well with the core 1 O-glycoform percentage in human serum, with 46.4% reported.44 The 

sialylated core 1 glycoforms, mainly HexNAc(1)Hex(1)NeuAc(1) and HexNAc(1)Hex(1)NeuAc(2), 

were the domain compositions (~67%), and the same phenomenon was also observed in human 

serum. This is probably because more than 80% of CSF proteins originates from the plasma filtrate, 

preserving a similar glycosylation pattern.19, 44, 45 Such sialylation signature information obtained 

here could never be obtained if O-glycopeptide enrichment was based on sialic acid oxidation, 

which was the case in previous studies.19, 20 Overall, the sialylated O-glycoforms accounted for 51% 

of the total O-glycoforms, suggesting sialylation was a common modification on O-glycans and 

an enrichment approach that can preserve full sialylation information is highly desirable. 

Interestingly, acting also as a capping unit to elongate the glycan branch, fucosylated core 1 O-
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glycoforms only accounted for 7% and total fucosylated O-glycoforms accounted for 29%, a lot 

smaller percentage compared to sialylated forms. As shown in Figure 3d, the number of O-

glycoforms with 2 sialic acids largely exceeded the number of O-glycoforms with 2 fucoses, while 

the number of O-glycoforms with 1 or 3 sialic acids/fucoses were close.  

 

Peptide sequence analysis of CSF O-glycopeptides 

Unlike N-glycosylation, there is no consensus motif for O-glycosylation; whereas, some O-

glycosylated peptide sequences might be preferred than others. Many preferred structure motifs 

have been proposed placing significant effects of the amino acids adjacent to the glycosite, 

including proline, alanine, serine, threonine, glycine, charged residue and amino acids with small 

side chains.46-48 Among them, the effects of adjacent proline residues on the O-glycosylation 

biosynthesis is perhaps the most extensively studied. O’Connell et al48 has shown the proline from 

−6 to +4 positions facilitates the process of glycosylating the proteins, agreeing well with another 

study that proposed proline residue from −4 to +4 positions are important for O-glycosylation.47 

More specifically, another study shows that the proline at -1 and +1 sites enhances O-glycosylation 

on recombinant erythropoietin.49 Using a statistical analysis based on 174 O-glycosites, Wilson et 

al50 has shown a high frequency of occurrence at +3 and -1 positions relative to the glycosite. Thus, 

we performed a proline frequency analysis of the ±10 residues surrounding the 181 identified O-

glycosites. Note that such proline frequency analysis results may differ depending on the origins 

of the O-glycosites dataset, and the proline frequency may vary from different tissues used. Despite 

of being tissue-specific, we did observe that the proline residue was sequence conserved at the -1 
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and +3 positions based on the 181 O-glycosites identified in CSF (Figure 4a, c), which agrees 

quite well with previous global statistical analysis50 and report in CSF.20 As increasing amount of 

new O-glycosites information were added to the known database each day, we also conducted the 

proline frequency analysis of the experimentally verified 435 O-glycosites from Uniprot 

(2017_12). The results revealed that proline showed the highest frequency from -4 to +7 positions, 

except at +1 position only next to threonine (Figure 4b, d). The conservative proline frequency 

was most pronounced at -1 and +3 positions in accordance with our findings. Such observation 

indicates that although a complete picture of conservative sequence may not be fully preserved in 

a specific tissue carrying a subset of global O-glycosites, the most pronounced conservative 

sequence was able to be preserved. These conservative sequence features that are unique to CSF 

may represent CSF-specific features affected by factors such as the origins of the glycoproteins, 

different biosynthesis routes of these glycoproteins, glycotransferase enzyme actives etc. One of 

these CSF-specific features is the higher frequency of glutamic acid (E) adjacent to the O-glycosite 

compared to the results from global O-glycosites database, especially at +1 and +2 positions. 

Previous study has shown O-glycosylation was markedly reduced when glutamic acid residue was 

substituted at position -1 and +3, but glutamic acid replacement at +1 and +2 had no effect,51 which 

may explain a higher glutamic acid frequency at +1 and +2 positions rather than other positions. 

 

Selected examples of CSF O-glycoproteins 

Selected identified O-glycoprotein examples were discussed below. In the previous CSF O-

glycoproteome study, Halim et al. discussed the situation of O-glycosylation identified at Thr 
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residues of the N-glycosylation Asn-X-Ser/Thr consensus sequence.20 To make a comparison with 

their results, we will start out discussing these identified O-glycopeptides containing this special 

O-glycosylation site. As a first example, the GNLTGAPGQR peptide from endothelin B receptor-

like protein 2 (ETBR2) was found to be O-glycosylated at 4th Thr residue, and the 2nd asparagine 

(Asn) underwent deamination (Table 1). As enzyme PNGase F was used in our study to first get 

rid of N-glycans, any Asn residue with an N-glycan attached would go through deamidation. It 

should also be noted that chemical deamidation may also occur during sample preparation 

process,52 so further experimental evidence is needed before the deamidated Asn can be assigned 

to an N-glycosite. Sequence analysis showed that the Asn residue is in the Asn-X-Ser/Thr N-

glycosylation consensus motif and it has been annotated as N-glycosylation site in Uniprot. In 

addition, in our previous CSF N-glycoproteome study (data in a separate manuscript), the 2nd Asn 

residue has been confidently identified as N-glycosite. Thus it confirmed that the deamidation at 

2nd Asn residue was truly due to the release of N-glycans by PNGase F. Such finding is in 

agreement with Halim et al report.20 In addition, our study was able to identify the intact O-glycan 

compositions as HexNAc(2)Hex(2) and HexNAc(2)Hex(2)Fuc(1)NeuAc(1). In the same protein ETBR2, 

they also identified O-glycopeptide VSGGAPLHLGR from ETBR2, which is different from the 

proposed signal sequence cleavage at 4th Gly. In our study, the same O-glycopeptide with 

HexNAc(1)Hex(1)NeuAc(2) attached was identified supporting the previous finding.20 A second 

example was the O-glycopeptide LPTTVLNATAK from protein YIPF3, with O-glycosylation at 

9th Thr and demidation at 7th Asn. Both previous reports and our N-glycoproteome study confirmed 

7th Asn as a true N-glycosite, which is also in accordance with Halim et al. report.20 Two sialylalted 
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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 hasn’t been reported 

before are the two O-glycopeptides ELPGVCNETMMALWEECK and LANLTQGEDQYYLR 

from Apolipoprotein J (also known as clusterin) (Table 1). The deamidation at Asn residue in the 

two peptide sequences, along with our previous N-glycoproteome study results and literature 

report,19, 53, 54 confirmed their identity as N-glycosites. The reason that we were able to detect these 

two sites was related to the different O-glycoforms attached to the two sites on apoliprotein J. In 

contrary to the sialylated O-glycoforms detected in the first two examples, the O-glycoforms 

detected here were nonsialyated forms HexNAc(3)Fuc(1) and HexNAc(6)Hex(5)Fuc(3). The non-

sialylated O-glycopeptide cannot be enriched by the previous enrichment method based on sialic 

acid oxidation. Whereas, the boronic acid enrichment method used in our study was able to capture 

the non-sialylated O-glycoforms, which enables the detection of this nonsialylated O-glycopeptide. 

As structural components of lipoprotein particles, apoliproteins play important roles in 

maintaining their structure and regulating their metabolism and enzyme activities. Studies have 

shown apoliproteins are often modified by O-glycosylation, including apoliprotein E, A-I, A-II 

and C-III.55-57 In our study, four apoliproteins, apoliprotein D, E, A-I, and J were found to be O-

glycosylated (Table 1). Although N-glycosylation of apoliprotein D (APOD) has been extensively 

studied at 65Asn and 98Asn and many potential O-glycosylation sites (8 serine residues and 10 

threonine residues) existed in its peptide sequence, O-glycosylation of APOD has not been 

reported before. The APOD-derived tryptic peptides 

VLNQELRADGTVNQIEGEATPVNLTEPAK and ADGTVNQIEGEATPVNLTEPAK were 
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found to be O-glycosylated at 86Thr, and deamidation was also found at 96Asn in accordance with 

the expected outcome of the PNGase F pre-treatment, indirectly supporting the assignment. A total 

of three O-glycoforms were detected at this site, and all of them were fucosylated  

(HexNAc(2)Hex(2)Fuc(1), HexNAc(2)Hex(2)Fuc(1)NeuAc(2), HexNAc(4)Hex(4)Fuc(3)). For apoliprotein 

E (APOE), two O-glycosites at 36th Thr and 212th Thr were identified with 11 O-glycoforms and 

2 O-glycoforms detected at each site respectively. Using lectin-based isolation method, Cubedo et 

al reported the O-glycosylation of serum apoliprotein A-I, but the exact O-glycosite or O-

glycoform information was lacking.58 In our study, the O-glycopeptide EQLGPVTQEFWDNLEK 

from apoliprotein A-I was identified, with 1 O-glycoform detected (HexNAc(3)Hex(2)Fuc(1)). 

Despite the fact that APOJ has been shown carrying several PTMs such as N-glycosylation, 

ubiquitination and phosphorylation, O-glycosylation hasn’t been reported before.59-62 In our study, 

three O-glycosites 105Thr, 210Ser, 376Thr with 5 O-glycoforms were found. Only 210Ser carried 

a sialylated O-glycoform, and the rest of them carried non-sialylated O-glycoforms. 

 

Comprehensive PTMs analysis of CSF endogenous peptides 

Although deemed as a common PTM for endogenous peptides, glycosylation was not considered 

as a possible dynamic modification in most of current peptidomics workflow. This is largely 

because unlike other PTMs such as phosphorylation, glycosylation requires its own glycan 

database that contains hundreds of glycan compositions, which requires special software platforms 

with the ability to de novo glycopeptide spectra.63 In addition, glycosylation is a quite labile PTM 

and can be easily lost in the most commonly used CID/HCD-based peptidomics workflow. As a 
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result, to our best knowledge currently there is no peptidomics workflow that takes the 

glycosylation into account, along with other common PTMs. To solve this two problems, EThcD 

was utilized to preserve the labile glycosylation and the raw data will be analyzed by PTM-centric 

Byonic searching engine to enable site-specific glycoprofiling.64 We first tried to search the raw 

data directly by setting all the possible PTMs (glycosylation, phosphorylation, acetylation etc.) 

and using the whole human protein and glycan database, which leaded to computational explosion. 

Then a constructed “focused” CSF endogenous peptides database based on literature was used but 

also failed, indicating that the size of glycan database may be too large. Therefore, we developed 

a 3-step searching strategy (Figure S1) to facilitate the search and details could be found in 

“Experimental Procedures” section. The key idea is that focused protein and glycan database 

would be constructed by the first and second wild searches, and would be used to facilitate the 

final search, where all the possible PTMs (including N-glycosylation and O-glycosylation) could 

be searched all at once. 

For endogenous peptides analysis in CSF, our lab previously developed an optimized 10kDa 

MWCO-based protocol to achieve an optimal recovery rate.28, 29 Here, we compared 10kDa 

MWCO-based protocol developed in our lab with another 30kDa MWCO-based protocol reported 

previously in terms of their recovery rate.65 As shown in Figure 5 (Supplemental Table S3), 10k-

based protocol outperformed 30k-based protocol in both the total number of identified endogenous 

peptides, peptides without PTMs and peptides with PTMs. Thus, the 10k-based protocol was used 

to separate CSF samples into peptide fraction and protein fraction (Figure S2). Peptide fraction 

would be directly injected for LC-MS/MS analysis after desalting, and the acquired data would be 
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subject to search engine Byonic for comprehensive PTMs analysis.  

 In CSF samples from healthy individual, a total of 1492 endogenous peptides were identified 

(Figure 6), with an over 2-fold increase compared to previous reports.21, 22 The large increase could 

possibly result from multiple factors including the use of instrument with higher sensitivity, 

optimized 10kDa MWCO protocol to increase the recovery rate, as well as more comprehensive 

PTMs included. Benefiting from the hybrid fragmentation method EThcD utilized in our study, 

the labile PTMs including N-/O-glycosylation and phosphorylation could be well preserved, which 

otherwise could be lost in CID used by previous studies. In total, 370 endogenous peptides with 

PTMs were identified (Figure 6), indicating that endogenous peptides in CSF went through 

extensive modifications. Among them, 95 and 35 peptides were O-glycosylated and 

phosphorylated, respectively. It is worth noting that the present study is the first report that CSF 

endogenous peptides were extensively O-glycosylated, and in fact the number of O-glycosylated 

endogenous peptides exceeded all other PTMs modified peptides. These O-glycopeptides were 

derivatized from 32 protein precursors, and 28 O-glycan compositions were identified. 

Interestingly, only 1 N-glycosylated peptide TNSTFVQALVEHVK from precursor protein 

prosaposin was found with N-glycosite at previously reported 215th Asn residue. 

 Of all these identified endogenous peptides, neuropeptides as a subset is of special interest 

due to their large variety of functions as inter-cellular signaling molecules.66 By referring to the 

human neuropeptide database NeuroPep,67 282 were identified as neuropeptides (Figure 6). More 

than half of them (182, 65%) belonged to chromogranin/secretogranin family, with ProSAAS (28, 

10%), NPY (19, 7%), VGF (18, 6%), opioid (11, 4%) and 7B2 (7, 2%) following behind (Figure 
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S3). As mentioned previously, neuropeptides could undergo further post-translational 

modifications after initial peptidase cleavages. In the present study, 88 out of the 282 identified 

neuropeptides were modified by PTMs, including acetylation, amidation, O-glycosylation, 

phosphorylation, Gln to pyro-Glu conversion. Among them, 15 neuropeptides were O-

glycosylated, with 14 originating from ProSAAS and 1 from secretogranin-1. Broadly expressed 

in brain and neuroendocrine tissues, ProSAAS is the precursor of a number of neuropeptides.68 

The proSAAS-derived neuropeptides SAAS, PEN, and LEN, which are among the most abundant 

peptides present in mouse hypothalamus,69-71 have been implicated in the regulation of food intake 

and body weight.72, 73 In the present study, the two O-glycosylation sites (53Asn, 247Asn) detected 

were in the LEN and SAAS region, and 11 O-glycosylated LEN peptides and 3 O-glycosylated 

SAAS peptides were identified (Supplemental Table S4). Previous study of intact glycoprotein 

ProSAAS also identified these two sites, but the detailed O-glycoforms information were missing. 

At site 53Asn, two O-glycoforms with sialylated T-antigen were identified, whereas at site 247Asn 

three O-glycoforms with T-antigen in both sialylalted form and non-sialylated forms were 

identified, along with another O-glycoform with non-sialylated Tn-antigen. O-glycosylated 

neuropeptide EEKGHPQEESEESNVSMA derived from precursor protein secretogranin-1 was 

also identified with fucosylated O-glycan attached (HexNAc(3)Hex(3)Fuc(1)). 

 

CSF O-glycoproteome and endogenous peptidome mapping in MCI and AD 

There have been a few studies that reported the N-glycosylation pattern alterations in some of the 

well-known AD-related proteins, including APP, tau, acetylcholinesterase, and transferrin.74-77 
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Some other studies described global glycosylation-related alterations in the brain and CSF of AD 

patients.78-83 Most of these global studies relied on lectin-based staining techniques by recognizing 

specific glycan motif. Even fewer studies exist for O-glycosylation alteration study due to its larger 

degree of structure complexity and diversity. As a special case of O-glycosylation, O-

GlcNAcylation has been shown to protect tau against aberrant phosphorylation and subsequent 

aggregation, suggesting O-GlcNAcase could be used as a potential therapeutic target in AD 

intervention.77, 84, 85 However, the landscape O-glycosylation mapping in states along the AD 

progression hasn’t been conducted yet. Here, we applied the developed site-specific O-

glycoproteomic strategies into CSF samples from MCI and AD to get an idea of the overall picture 

of O-glycosylation in these disease states. Venn diagram analysis of O-glycoproteins, O-glycosites 

and O-glycopeptides from control, MCI and AD was shown in Figure 7a (Supplemental Table 

S5). In order to highlight the more specific features of O-glycosylation pattern belonging to each 

stage, the percentage of different categories of glycoforms were compared. As discussed 

previously, the core 1 O-glycoform accounts for the most percentage of all kinds of O-glycoforms, 

so we compared the core 1 percentage across the three states, along with their sialylated and 

fucosylated forms. The percentage of global sialylated and fucosylated O-glycoforms were also 

compared, because altered sialylation and fucosylation were often implicated in various diseases.86 

However, quite comparable percentage of core 1, fucosylated core 1, sialylatd core 1 and global 

sialylated was obtained between these three states except for the fucosylated O-glycoforms, which 

showed a decrease trend in MCI and AD (Figure 7b, Supplemental Table S5). This is quite 

interesting because we also found alteration in fucosylation was the most dominant in another 
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separate N-glycosylation study (in a separate manuscript). Unfortunately, there is few study we 

can correlate, and further studies are needed to reveal the role of fucosylation in AD mechanism. 

Endogenous peptides analysis showed that there is a decrease in the number in MCI and AD, and 

a closer look into the percentage constitute showed shat the decrease is mainly the unmodified 

peptides (Figure 8a, Supplemental Table S6). In terms of the different kind of PTMs detected in 

control, MCI and AD, there is an gradual increase for O-glycosylation, Gln->pyro-Glu, acetylation, 

phosphorylation and a decrease for amidation, deamination. (Figure 8b, Supplemental Table S6). 

Such observations above represents a global landscape of the O-glycoproteome and endogenous 

peptidome from control, MCI and AD, revealing the dominant differences in different states. 

Further qualitative and quantitative analysis based on individual subject is needed to account for 

individual variation, pinpointing more specific changes of interesting 

glycoprotein/glycosite/glycoform. 

 

Conclusion 

In summary, a workflow that combined site-specific O-glycoproteome study and comprehensive 

PTMs analysis of endogenous peptides in CSF was developed. For O-glycoproteome study, an 

optimized boronic acid enrichment method combined with HpH fractionation was developed for 

enhanced site-specific O-glycopeptide analysis enabled by EThcD. After applying the optimized 

approach to CSF O-glycoproteome study, 308 intact O-glycopeptides from 182 O-glycosites and 

110 O-glycoproteins were identified, representing the largest dataset for CSF site-specific O-

glycoproteome study so far. For endogenous peptides study, a peptidomics workflow that enables 
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comprehensive PTMs analysis, including glycosylation, phosphorylation etc, of CSF endogenous 

peptides was developed, which was the first report that incorporates both N-glycosylation and O-

glycosylation in the workflow. It was found that 95 CSF endogenous peptides were O-glycosylated, 

whereas few peptides were N-glycosylated. Among them, 15 O-glycosylated peptides were 

neuropeptides originating from ProSAAS. Besides, site-specific O-glycoproteome and 

endogenous peptides analysis were also conducted in CSF samples from MCI and AD patients, 

which yielded a glycosylation landscape picture to guide any following-up studies.  
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Figure 1. Boronic acid enrichment optimization. a) Optimizing the number of fractions and 

technical replicates used. b) The effects of technical replicates on the overall coverage. c) The 

distribution of O-glycopeptides identified in different HpH fractions. (F: fractions, R: technical 

replicates) 
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Figure 2. EThcD spectra of O-glycopeptide from O-glycoproteome analysis (a), endogenous O-

glycopeptide (b), and endogenous phosphorylated peptide (c). 

 

 

 

 

 

 



272 

 

 

Figure 3. a) The O-glycoproteome mapping in CSF proteins. b) The number of O-glycoforms with 

1-3 sialic acids/fucoses. c) The distribution of the number of O-glycosites among O-glycoproteins. 

d) The distribution of the number of O-glycoforms among O-glycosites. 
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Figure 4. 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 5. The performance comparison between 10k-based protocol and 30k-based protocol. 
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Figure 6. The number of endogenous peptides and neuropeptides identified with/without different 

PTMs. 
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Figure 7. O-glycoproteome comparison between control, MCI and AD. a) Venn diagram analysis 

of total O-glycoproteome in control, MCI and AD. b) The comparison of different O-glycoforms 

in control, MCI and AD.  
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Figure 8. Endogenous peptidome comparison between 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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Table 1 Representative O-glycopeptides identified from human CSF glycoproteins. 

O-glycoprotein ID 
O-

glycosite 
O-glycopeptide sequence O-glycan compositions 

Prosaposin receptor 

GPR37L1 

107 [R].GNLTGAPGQR.[L] HexNAc(2)Hex(2) 

107 [R].GNLTGAPGQR.[L] HexNAc(2)Hex(2)Fuc(1)NeuAc(1) 

Protein YIPF3 
339 [R].LPTTVLNATAK.[A] HexNAc(1)Hex(1)NeuAc(1) 

339 [R].LPTTVLNATAK.[A] HexNAc(1)Hex(1)NeuAc(2) 

Apoliprotein D 

86 [K].VLNQELRADGTVNQIEGEATPVNLTEPAK.[L] HexNAc(2)Hex(2)Fuc(1) 

86 [K].VLNQELRADGTVNQIEGEATPVNLTEPAK.[L] HexNAc(2)Hex(2)Fuc(1)NeuAc(2) 

86 [R].ADGTVNQIEGEATPVNLTEPAK.[L] HexNAc(4)Hex(4)Fuc(3) 

Apoliprotein E 

212 [R].AATVGSLAGQPLQER.[A] HexNAc(1)Hex(1)NeuAc(1) 

212 [R].AATVGSLAGQPLQER.[A] HexNAc(1)Hex(1)NeuAc(2) 

212 [R].AATVGSLAGQPLQER.[A] HexNAc(2)Hex(1) 

212 [R].AATVGSLAGQPLQER.[A] HexNAc(2)Hex(2) 

212 [R].AATVGSLAGQPLQER.[A] HexNAc(2)Hex(2)Fuc(1) 

212 [R].AATVGSLAGQPLQER.[A] HexNAc(2)Hex(2)Fuc(1)NeuAc(1) 

212 [R].AATVGSLAGQPLQER.[A] HexNAc(2)Hex(2)NeuAc(1) 

212 [R].AATVGSLAGQPLQER.[A] HexNAc(2)Hex(2)NeuAc(2) 

212 [R].AATVGSLAGQPLQER.[A] HexNAc(3)Hex(1) 

212 [R].AATVGSLAGQPLQER.[A] HexNAc(3)Hex(1)Fuc(1) 

212 [R].AATVGSLAGQPLQER.[A] HexNAc(3)Hex(1)Fuc(1)NeuAc(1) 

36 [R].QQTEWQSGQR.[W] HexNAc(1)Hex(1)NeuAc(1) 

36 [R].QQTEWQSGQR.[W] HexNAc(1)Hex(1)NeuAc(2) 

Apoliprotein A-I 92 [R].EQLGPVTQEFWDNLEK.[E] HexNAc(3)Hex(2)Fuc(1) 

Apoliprotein J 

105 [K].ELPGVCNETMMALWEECK.[P] HexNAc(3)Fuc(1) 

210 [R].EPQDTYHYLPFSLPHR.[R] HexNAc(1)Hex(1) 

210 [R].EPQDTYHYLPFSLPHR.[R] HexNAc(1)Hex(1)NeuAc(2) 

376 [R].LANLTQGEDQYYLR.[V] HexNAc(5)Hex(5)Fuc(3) 

376 [R].LANLTQGEDQYYLR.[V] HexNAc(6)Hex(5)Fuc(3) 
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Figure S1. The three-step searching strategy for comprehensive PTMs analysis of CSF 

endogenous peptides.  

 

 

Figure S2. The overall workflow for O-glycoproteome and endogenous peptides analysis. 
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Figure S3. Different families of neuropeptides in CSF. 

 

Supplemental Table S1 Subjects 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%) 
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Chapter 9 

Conclusions and future directions 

 

 

 

 

 

 

 

 

Conclusions 

 In this dissertation, novel methodologies including separation techniques such as RPLC, 

HILIC, CE and IM, sample preparation techniques such as glycoprotein extraction and 

glycopeptide enrichment, and also MALDI and ESI-based quantitative MS strategies were 

developed to characterize and quantify protein glycosylation both at released glycans and intact 

glycopeptide level. Such novel methodologies and workflow were successfully applied to analyze 

complex biological samples to answer glycosylation-related biological questions in disease 

progression. This work not only provides powerful MS-based glycomics and glycoproteomics 

tools for protein glycosylation study for the glycoscience community, but also generates a wealth 
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of site-specific glycosylation data to better understand the role of glycosylation in the pathological 

processes of disease. 

 Traditional MS-based strategies struggle to distinguish the large number of coexisting 

isomeric glycans that are indistinguishable by mass alone. Ion mobility spectrometry coupled to 

MS (IM–MS) has received considerable attention as an analytical tool for improving glycan 

characterization due to the capability of IM to resolve isomeric glycans before MS measurements. 

In Chapter 2, I reviewed recent applications of IM–MS that illustrate the enormous potential of 

this technology in a variety of research areas, including glycomics, glycoproteomics, and 

glycobiology.  

 Mass spectrometry (MS)-based glycoproteomics is a powerful approach that provides the 

ability for large-scale analysis protein glycosylation in complex bioloigcal sample. Significant 

advances have been achieved including novel glycopeptide enrichment, hybrid fragmentation 

techniques, maturing softwares, and effective quantitation strategies. In Chapter 3, I reviewed the 

recent advances in MS-based glycoproteomics and their application to glycosylatio pattern 

changes in various diseases. This review not only serves as an introduction to the basic knowledge 

of MS-based glycoproteomics, but also offers perspectives and suggestions for the future direction 

of this field. 

 As a complementary ionization method to ESI, MALDI generates only singly charged ions 

which simplifies the spectrum and the signal of a specific analyte is “focused” and “enhanced” on 

these singly charged ions. As MALDI is more tolerant to salts and other contaminants when proper 

matrix or matrix additives is applied, less sample cleanup is needed, thus increasing sample 

recovery rate and decreasing sample preparation time. However, MALDI-MS analyses of complex 
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glycan samples are often hampered by the complexity of the sample due to ion suppression effect, 

leading to low glycan coverage, poor MS/MS fragmentation quality, and inaccurate quantitation. 

To this end, Chapter 4 focused on solving these problems by introducing HILIC as a front-end 

separation and mass spectrometric imaging (MSI) to thoroughly sample all the analytes on the 

MALDI plate. I demonstrated the capability of the newly developed HILIC-MALDI-MSI platform 

by analyzing the N-glycans released from human serum, providing a 10-fold intensity 

improvement, increased N-glycan quantitation accuracy and coverage compared to conventional 

MALDI-MS. With various effective approaches being developed such as MALDI-MS, LC-

MALDI-MS, and LC-ESI-MS for quantitative glycomics study, our current developed approach 

enriches the toolbox by pushing MALDI-based quantitative glycomics one step forward. 

Many of the monosaccharides that compose larger glycans are structural isomers, and they 

can be connected via either α- or β-stereochemistry at multiple linkage positions, resulting in many 

glycan isomers.  In Chapter 5, by taking advantage of the TWIM capability of the Waters Synapt 

G2 Q-TOF instrument, we were able to further improve the resolution of aminoxyTMT-labeled 

isomeric HMO standards by integrating a second separation dimension, the ion mobility separation 

in the gas phase, with the first dimension CE separation. In the IM drift time profile, aminoxyTMT 

labeled LSTc could be differentiated from those of LSTa and LSTb, while LSTa and LSTb 

exhibited the same drift time. In the CE electropherogram, LSTa and LSTb were successfully 

separated, but LSTb was co-eluted with LSTc. After on-line coupling CE with IM, we showed that 

aminoxyTMT labeled LSTa, LSTb and LSTc could be base-line separated, demonstrating the 

separation complementary capability between CE and IM. Benefiting from the successful 

separation of these three isomers, we were able to achieve accurate quantitation of each isomer 

across different samples.  
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 Besides the glycomics approach, another strategy for MS-based glycosylation study is 

glycoproteomics approach. Previous glycoproteomics studies were somewhat biased towards 

glycosylation site mapping or released glycan analysis mainly due to a multitude of structural 

complexity encompassing attached glycans and a lack of enabling analytical technology. In order 

to achieve quantitative glycosylation analysis in a site-specific manner, Chapter 6 focused on 

developing a powerful workflow including improved specific extraction of membrane-bound 

glycoproteins using the filter aided sample preparation (FASP) method, enhanced enrichment of 

N-glycopeptides using sequential hydrophilic interaction liquid chromatography (HILIC) and 

multi-lectin affinity (MLA) enrichment, site-specific N-glycopeptide characterization enabled by 

EThcD, relative quantitation utilizing isobaric N,N-dimethyl leucine (DiLeu) tags and automated 

FDR-based large-scale data analysis by Byonic. To demonstrate the effectiveness of this workflow, 

we applied the workflow to study the glycosylation alteration in PKM2 knockout breast cancer 

cells vs. parental cells. Upon loss of PKM2, the abundance ratios of different glycoforms on the 

same glycosylation site vary differently and increased fucosylation was observed in several of the 

examined glycosylation sites. Further deglycoproteomics studies revealed that the 10 

glycoproteins in the PI3K/Akt signaling pathway were altered, which supported the previous 

finding that PKM2 knockdown cancer cells rely on the activation of Akt for their survival. 

 As the only body fluid that directly interchanges with the extracellular fluid of CNS, CSF 

reflects the ongoing pathological changes in the CNS most directly. Thus, biochemical analysis of 

CSF has great potential for CNS-related diseases diagnostics, such as neurological disorders. 

Initial efforts into site-specific analysis of intact glycopeptides in CSF have been made, but the 

depth reached is not satisfactory, with one study showing the identification of 36 N-glycosylation 

sites from 23 N-glycoproteins 1, and another study showing the identification of 55 N-
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glycosylation sites from 36 N-glycoproteins 2. With such limited site-specific N-glycoproteome 

information, the process of uncovering potential roles of different glycoproteins in the CNS is 

hampered, and it will also hinder the design of studies to explore disease-related glycosylation 

alterations. Therefore, Chapter 7 focused on developing an enhanced dedicated large-scale site-

specific glycoproteomics approach for in-depth CSF N-glycoproteome analysis, including 

sequential HILIC and boronic acid enrichment for improved N-glycopeptide coverage, intact N-

glycopeptide characterization enabled by EThcD and automated FDR-based large-scale data 

analysis by Byonic. In total, 3596 intact N-glycopeptides from 676 N-glycosylation sites and 358 

N-glycoproteins were identified in CSF, representing the largest reported site-specific CSF N-

glycoproteome dataset to date.  

Site-specific O-glycoproteome mapping in complex biological system provides molecular 

basis for understanding the structure-function relationships of glycoproteins and their roles in 

physiological and pathological processes. Previous O-glycoproteome analysis in CSF focused on 

sialylated glycoforms, and many CSF glycoproteins have not been characterized comprehensively 

with respect to their O-glycosylation. In order to provide an unbiased O-glycosylation profiling, 

Chapter 8 describes the development of an integrated strategy combining universal boronic acid 

enrichment, high-pH fractionation, and EThcD for improved intact O-glycopeptide analysis. This 

strategy was applied to analyze O-glycoproteome in CSF, leading to identifications of 308 O-

glycopeptides from 110 O-glycoproteins, covering both sialylated and non-sialylated glycoforms. 

To our knowledge, this is the largest number of O-glycoproteins and O-glycosites reported for 

CSF so far, including 154 novel O-glycosites. 

Alterations in protein glycosylation have been implicated in human neurodegenerative 

diseases, such as Alzheimer’s disease (AD), Parkinson disease and Creutzfeldt-Jakob disease. 
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Abnormal glycosylation patterns of amyloid precursor protein (APP), tau and numerous other 

proteins have been reported in AD. It has also been shown that O-glycosylation protects tau against 

aberrant phosphorylation and subsequent aggregation. Thus, comparative glycoproteomics were 

conducted in Chapters 7-8 to examine the glycosylation alterations in AD patients. A similar 

overall N-glycopeptide/O-glycopeptide coverage in AD patients and controls was obtained but 

striking differences in certain glycoforms were evident, particularly decreased fucosylation in AD 

CSF. Altered glycosylation patterns were detected for a number of N-glycoproteins including 

alpha-1-antichymotrypsin, Ephrin-A3, carnosinase CN1, and voltage-dependent T-type calcium 

channel subunit alpha-1H etc., which serve as interesting targets for further glycosylation-based 

AD study and may eventually contribute to improved understanding of the role of glycosylation 

in AD progression. 

 For endogenous peptidome study in CSF, one study identified 730 endogenous peptides, 

including 138 peptides with PTMs such as acetylation, amidation, phosphorylation, Gln to pyro-

Glu conversion.3 But none of the identified peptides is reported to be glycosylated. In another 

study with 563 endogenous peptides identified,4 Zougman et al. noted the presence of glycan 

oxonium ions in some spectra, indicating the existence of glycosylated endogenous peptides in 

CSF. By lowering the HCD collision energy, labile glycan moiety could be partially preserved, 

and 28 O-glycopeptides were successfully identified. However, only two O-glycan compositions 

were found. Considering that the two O-glycan modifications set in the search engine were found 

by merely incidental observation and the large diversity of O-glycans known in existence, it is 

highly possible that there are more O-glycosylated endogenous peptides in CSF, and perhaps some 

N-glycosylated endogenous peptides are present in CSF as well. Therefore, a systemic approach 

needs to be developed, which features a glycosylation-centered analytical strategy and searching 
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strategy to take vast categories of N-/O-glycans into account. In Chapter 8, we developed a novel 

peptidomics workflow that combined CSF endogenous peptide extraction by 10k molecular weight 

cut-off (MWCO), EThcD fragmentation, and a three-step database searching strategy for 

comprehensive PTM analysis. This developed workflow enables a comprehensive PTM analysis 

of endogenous peptides, including both N-/O-glycosylation, phosphorylation, amidation, 

acetylation, Gln to pyro-Glu conversion. In total, 1492 endogenous peptides were identified, with 

370 of them carrying post-translational modifications including O-glycosylation, phosphorylation, 

acetylation, amidation, Gln to pyro-Glu conversion. Among them, 95 endogenous peptides were 

O-glycosylated, and 15 of them were O-glycosylated neuropeptides, which serves as the first report 

on the discovery of endogenous O-glycosylated peptides and neuropeptides in human CSF. 

Future directions 

With various effective approaches being developed such as MALDI-MS, LC-MALDI-MS, 

and LC-ESI-MS for quantitative glycomics studies, our current developed approach enriches the 

toolbox by pushing MALDI-based quantitative glycomics one step forward via the incorporation 

of mass spectrometric imaging to thoroughly sample the analytes on a typical MALDI plate. 

Benefiting from the almost 10-fold intensity improvement, increased N-glycan quantitation 

accuracy and coverage using the HILIC-MALDI-MSI platform has been demonstrated compared 

to conventional MALDI-MS in the present study, but still there are many facets of this platform 

worth being further explored. For example, how will it perform for the characterization and 

quantitation of glycan isomers when a porous graphitic carbon (PGC) column is used? To what 

extent can the glycan separation, especially for glycan isomer, benefit from using high 

concentration of volatile salts or even non-volatile salts such as ion pairing agent? Moreover, a 

systematic performance comparison with LC-ESI will be quite interesting to see how they 
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complement with each other, in terms of glycan separation efficiency, glycan coverage, glycan 

isomer characterization, and required efforts in sample preparation. Future work include additional 

in-depth evaluations of these aspects to help further promote the HILIC-MALDI-MSI platform as 

a viable alternative that can be included in the rapidly expanding quantitative glycomics toolbox. 

The current exploratory glycosylation-based biomarker study in AD utilizing MS-based 

glycoproteomics approach focuses on in-depth mapping the representative and averaged 

glycosylation landscape of CSF proteins in healthy control and AD. Such a comparison will shed 

light upon the overall average, dominant glycosylation difference and similarities, and also some 

of the interesting glycoprotein candidates with specific glycosylation pattern alterations in AD. 

Still, such list is merely a preliminary exploration and further investigations are needed to narrow 

down or provide a more complete list of potentially interesting glycosylation-based biomarker 

candidates in AD. Future studies include conducting high-throughput quantitative studies using 

12-plex DiLeu isobaric tags developed in our lab, which could allow us to take the individual 

patient-to-patient variation into account and validate the results described here. Besides, we found 

a gender difference for the glycoproteome analysis in the previous study, so subjects from healthy 

control and AD group will be divided into groups based on their gender. 

Future work on developing a more robust spinnable and automated hydrophilic interaction 

chromatography-stationary phase extraction (HILIC-SPE) tips based enrichment method for N-

glycoproteomics study is also ongoing. The current data we acquired shows that such method 

provides a highly-efficient, fast and cost-effective method for N-glycopeptide enrichment. 

Different HILIC materials including SAX, neutral and ZIC will be evaluated in terms of their 

ability to enrich DiLeu labeled N-glycopeptides. And also we will continue to develop more robust 

O-glycopeptide enrichment method based on boronic acid or SAX HILIC enrichment for 
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quantitative analysis of O-glycopeptides. The glycoform changes captured by using the pooled 

samples from 16 subjects from each stage will further be validated in the quantitative studies based 

on the individual samples, which would also provide abundance changes information. After 

summarizing the interesting biomarker candidates from this study and correlating these candidates 

with previous reports on their association with AD or neurodegeneration, a compiled list could be 

generated as potential targets for the following-up validation study. The following targeted studies 

exploring the glycosylation function of these markers both in vitro and in vivo will be conducted 

to help us better understand their role in AD progression. 
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Review on structure analysis of neuropeptides with Ion 

Mobility Mass Spectrometry 
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When combined with molecular dynamics (MD) simulations, ion mobility-mass spectrometry 

(IM-MS) is a powerful tool to provide gas-phase peptide ion structural insights at atomic level. 

Analyte structure is determined from temperature-dependent rotationally averaged experimental 

collision cross sections (CCS) values, which reflects the gas-phase ion conformations originating 

from solution-phase after desolvation. 1 Compared to other biophysical techniques such as X-ray 

crystallography or NMR spectroscopy, IM-MS can be used to ascertain structural information 

using much lower purity and trace amount of sample due to its ability to select a specific ion of 

interest and high sensitivity. 2 Moreover, unlike other biophysical techniques that provide an 

averaged structure, IM-MS can be used to interrogate dynamic heterogeneity, which allows 

snapshots of short-lived intermediates and conformational transitional states to be obtained. 3, 4 In 

fact, quite a few studies 5-9  have been conducted to explore analyte ion gas phase structure and 

conformational dynamics, which provides important insights into conformational dynamics that 

occur in solution.  

Owning to their biological significance, neuropeptides have attracted much attention and are 

extensively studied on their conformation dynamic nature which is most biologically relevant 

aspect in defining their biological function. Among them, bradykinin, a nine residue neuropeptide, 

stands out as a model peptide both for its conformational dynamics studies 10-15 and development 

of IM-MS assisted by MD approach for structures study in general. Previous studies 16-18 revealed 

that the region Ser6-Pro7-Phe8 -Arg9 favors a β-turn motif, while Arg1-Pro2-Pro3-Gly4-Phe5 is a 

highly flexible random coil that results in a large degree of conformational flexibility and doesn’t 

adopt a single preferred stable conformation in solution. Clemmer group extensively utilized IM-
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MS assisted by MD approach to characterize bradykinin conformational dynamics, revealing there 

exists 10 independent populations of structures in solution and 3 gas-phase quasi-equilibrium 

conformations. 10-12, 15 Investigations into these multiple conformations revealed that they are 

associated with different combinations of cis and trans forms of the three proline residues. 12 

Inspired by the fact that penultimate proline residues are frequently found in neuropeptides, Glover 

and co-workers 19 utilized IM-MS to probe the effect of penultimate proline on neuropeptide 

conformations. Their results showed that, besides penultimate proline’s well-known role in 

protecting peptides from enzymatic degradation, it also plays a key role in increasing the 

conformational heterogeneity of neuropeptides, which may have different functions or binding 

affinities for their receptors.  

In some cases, neuropeptides perform their biological activity through self-assembling into 

oligomers 20, 21 and IM-MS has proved extremely useful in advancing our understanding in self-

assembly mechanism and oligomerization process. As an example, various amyloid-forming 

peptides self-assembly mechanism was deduced, providing important insights into fundamental 

mechanism for the amyloid firbils formation that is central implication in amyloid diseases such 

as Alzheimer’s or Parkinson’s diseases. 22, 23 Also, the study revealed that the largest oligomer for 

neuropeptide Leu-enkephalin identified is sixfold protonated nonadecamer and the the self-

assembly mechanism is proposed, which is the same as granular, isotropic, insoluble macroscopic 

aggregates. 23 Subsequently, IM-MS studies of various Leu-enkephalin mutants highlighted the 

importance of characterizing dimer and higher oligomers in determining possible protofibril 

structures that a peptide system can access (i.e., single β-sheet or doublesheet steric zipper). 24, 25  
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Utilizing IM-MS approach, Soper and colleges 26 screened a panel of neuropeptides for their direct 

interactions with Aβ monomers and small oligomers, aiming at finding a new class of 

biotherapeutics that can modulate aggregation and toxicity of the amyloid-β protein (Aβ), 

demonstrated that Leu-enkephalin binds selectively within a region of Aβ between its N-terminal 

tail and hydrophobic core.  

One of the concern when conducting structure analysis by IM-MS is that how different 

conformations evolve during the ESI process. Even though a number of studies 27-30 demonstrated 

that peptide and protein ions in the gas phase can retain a memory of their solution structures upon 

ESI, but it remains unresolved how exactly the structure in the gas phase mimic the solution phase. 

Considerable efforts by Russell group 31-34 using cryogenic IM-MS (cryo-IM-MS) has revealed 

that intramolecular interactions can stabilize the kinetically trapped substance P dehydrated 

conformer on the time scale of several milliseconds, demonstrating cryo-IM-MS as a powerful 

approach that can provide a means to experimentally monitor snapshots of the structural evolution 

of biomolecule ions during the final stages of the evaporative processes of ESI.  

Indeed, various factors including peptide inherent secondary structural elements and external 

environmental factors (solvent composition, temperature etc.) may affect peptide conformational 

preference in the gas phase. Increasing number of studies have been conducted utilizing the IM-

MS tool to investigate the temperature 35, 36, activation voltage, 10 solvent composition, 11 and metal 

binding 37 dependant peptide conformational dynamics, which offers us important insights into 

peptide structure-functional relationship. 
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Appendix III 
Protocols for protein extraction, enzymatic digestion, 

glycopeptide enrichment and DiLeu labeling etc. 
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1. Preparation of cell lysate: (~0.5 hours) 

Prepare 4% SDS (Sigma), 100mM Tris/Base in 10 mL of water.  

(4 mL 10% SDS, 2.5 times of dilution). 

(0.1M x 121.1 mg/mol x 0.01 L=121.1 mg). 

Turning on the 95℃ heating block first if it’s needed. 

1. Add 65 μL 12 M HCl into it to adjust the pH to 8. The solution prepared here is buffer. 

2. Lyse cells or tissues in buffer using (1:3-1:10, volume ratio) sample to buffer ratio is added 

and vortex to dissolve the cells. (From experience, below 200 μL buffer works fine.) 

 50 µl Hela cell pellet, 150 µl buffer. 

 Usually 100-200µl buffer. 

3. Use micro sonicator 15s, 30s (interval) to dissolve the cells, 4 cycles in total. I’ve put the tube 

in ice water to avoid heating. 50% Amplitude. (FASP website: 95℃ for 3 min) 

4. Store it in -80℃ freezer. 

For PSC cells: Add 30 μL digestion buffer to PSC cells pellets, 95 ℃ for 3 min, 4 cycles of 

sonication at 10% amplitude.  

 

2. BCA assay: （~1.5 hours） 

1. Use DI water to dilute protein extract solution, 10x or 20x of dilution is good. (Prepare 70 

μL,7μL + 63μL, two replicates for proteins) 

2. Put the sample in -4 or -80 degree. 

3. Calculate how much working reagent is needed.   (Standards+1+samples)*replicates*200 

μL.  

Standards: 2, 1, 0.5, 0.25, 0.125 μg/μL 

e.x. Standards=5, samples=1, replicates=2 

4. (5+1+1)*2*200 μL=2.8 mL 

5. Working reagent (A:B=50:1), A=5mL, B=0.1mL. Total volume: 5.1 mL. 

6. Serial dilution to prepare standards, use DI water to dilute in a 0.6 ml vial. (75 μL + 75 μL). 

(Prepare 75 μL for each standard, two replicates for standards). 

7. Transfer 25 μL of standards and diluted protein solution into 96 plate.  

8. Add 200 μL working reagent into each vial and vortex for 1min. 

9. Incubate in 37℃ for 40 min. 

10. Turn on the UV 10 minutes beforehand and measure @570 nm.  
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3. FASP protocol: (~ 5 hours) 

Turn on the 95℃ heating block first before preparing solution. 

1. Solution preparation, please use the EXCEL. (Calculate how much solution is needed first) 

1.5 hours. IAA should be put in darkness. 

2. Centrifuge the thawed protein at 16, 000g for 5 min. 

3. Combine 3 μL of DTT solution with 27 μL (200 μg protein in total, need to calcuLate how 

much volume is needed) protein extract. (10 times of dilution for DTT). (From previous 

experience, protein solution with a 70 μL works fine.) 

4. Incubate the sample at 95℃ for 3 min to reduce disulfide bonds. 

5. Add 200 μL of UA to the sample, transfer it to the YM-30 filter, Centrifuge at 14, 000g for 15 

min at 20℃. 

6. Add another 200 μL of UA to the sample, Centrifuge at 14, 000g for 15 min at 20℃. 

7. Add 100 μL of IAA solution, gently swirl to mix, then incubate in dark for 20 min. 

8. Centrifuge at 14, 000g for 10 min at 20℃. 

9. Add 100 μL of UA, Centrifuge at 14, 000g for 15 min at 20℃, repeat 2x times. 

10. Add 100 μL of ABC, Centrifuge at 14, 000g for 15 min at 20℃, repeat 2x times. 

Trypsin digestion: 

11. 200 μg protein needs 4 μg of enzyme (Ratio: 50:1). Add 8 μL 0.5 μg/μL onto the filter and 40 

μL of ABC buffer. 

PNGase-F: (Promega, 8 μL PNGase F is added for 200 μg of protein, 72 μL of ABC buffer is 

added.) 

12. Incubate in 37℃ for 18h.  

13. Transfer the filter unit to new collection tube and centrifuge at 14, 000g for 10min. 

14. Add 50 μL 0.5 M NaCl and Centrifuge the filter units at 14, 000g for 10min. Repeat for 1x 

time. 

Preparation of 10% TFA 

15. Add 350 μL DI water and 12.5 μL (10% TFA) to the vial. (Bigger volume to decrease loss, 

finally 0.25% TFA, pH 2~3, use pH paper to test the pH, finally 500 μL) 

16. Use Sep-Pak to desalt. (Use Ziptip if it’s less than 100 μg) 

Calculate how much solution is needed, Preparation of 0.1% TFA (4.5 mL/vial), 50% ACN 0.2% 

FA (1 mL/vial), 70% ACN 0.2% FA (0.7 mL/vial) 

1. Conditioning solution: 100% ACN, 1mL. 

2. Equilibration solution: 0.1% TFA in water, 3 mL. 

3. Loading sample: 500 μL of sample. 

4. Use another 500 μL 0.1% TFA to wash the sample. 

5. Desalting solution: 0.1% TFA in water, 1 mL. 

6. Elution solution:  

50% ACN 0.2% FA 1 mL. 

70% ACN 0.2% FA 0.7 mL. 

7. Drying down. 

Note: After SCX, if ammonium formate wants to be removed. Then add 1 mL 0.1% TFA to it and 
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add 10 uL TFA to the sample to adjust the pH to 2-3. Use 2 mL 0.1% TFA to wash to get rid of 

salts.  

 

4. Dileu labeling: (3.5 hours, drying down takes another 1 hour) 

Calculate how much activation is needed: 50 μL x number of samples 

Preparation of activation solution, see EXCEL on P107 on notebook. (1mL activation solution: 

12.0651 mg DMTMM (in -20℃ freezer), 4.0434 μL NMM (in the hood), the solvent is DMF) 

Note: 115a and 117b were used. (0.5 mg dileu, 50 uL activation solution) 

 Dissolve 1 mg of Dileu in 100 μL MeOH and take (10xsample weight) in new vials. 

 Dry vials down. 

 Weigh out DMTMM and NMM and dissolve them in DMF to make activation solution. 

Dissolve labels in 50 μL activation solution and vortex for 1h. 

 Dissolve samples in 10 μL (50 ug peptides) 0.5 M TEAB buffer and combine activated labels 

with samples in each vial, vortex for another 2h. 

 Quench with 5% NH2OH to make final NH2OH 0.25%, vortex. (60 μL reaction solution, 

3.16 μL of 5% NH2OH is needed.) 

 Drying down. 

 

5. Getting rid of Dileu (Use SCX column, for proteomics column): (~3.5 hours and drying 

down takes another 2 hours) PolySULFOETHYL A™ 

Preparation of mobile phase A and B, (Mobile phase A: 25% ACN, 10 mM ammonium formate, 

mobile phase, formic acid to adjust it to pH=3 B: 25% ACN, 500 mM ammonium formate, 

pH=6.8 ) 

200 mL A needs 126 mg ammonium formate, and 710 uL FA to adjust pH TO 3. 

200 mL B needs 6.3 g ammonium formate, and don’t need NH3 to adjust pH. 

Proteomic SCX column less pressure 1500~2000 psi. 

1. Preparing the LC system following the instructions. LC method used: 

SCX_QY_CombineAll. 

2. Install the column, set the column temperature at 30℃, let it condition for 15 min. 

3. Pressure should be ~1000 psi at 0.2 μL/min, 100% A. 

4. Run a blank 85 min. 

5. Dissolve two samples in 54 μL mobile phase A and combine two channels, total volume 108 

μL, transfer it to an injection vial. 

6. Run sample, and discard the first 20 min (Dileu labeling reagent). 

7. Use 8 vials to collect 40 min runs, at 0.2 mL/min, 5 min/vial, namely 1 mL/vial. Use 2 mL 

vial to collect samples. 

8. Drying down and combine all the samples in ONE vial. 
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6. High pH fractionation on C18 column,  

Method used: 2015_Xiaofan_HpH_C18_94min 

Normal Pressure ~1500 psi. Prime again if pressure not stable. 

Mobile phase A: H2O, 10 mM ammonium formate, pH=10,  

(126mg is needed to make 200 mL, 920 uL ammonium hydroxide to adjust the pH) 

Mobile phase B: 90% ACN, 10 mM ammonium formate, pH=10 

(126mg is needed to make 200 mL, 4.4mL ammonium hydroxide to adjust the pH) 

 

7. Buffers to prepare: 

1. Binding buffer: 0.1% TFA, 19.9% H2O, 80% ACN 

2. Elution buffer: 0.1% TFA, 99.9% H2O 

Calculate how much solvent is needed: 

1) 1.5 mL binding buffer per experiment for 200μg tryptic peptides. 

2) 0.6 mL elution buffer per experiment for 200μg tryptic peptides. 

3)  

4)  Total volume ACN H2O TFA 

Biding buffer 10 mL 8 mL 1.99 mL 10 uL 

Biding buffer 5 mL 4 995 uL 5 uL 

Elution buffer 5 mL 0 4995 uL 5 uL 

 

 Activation washing Dissolving peptide Wash/Elute 

50 ug peptide 50 uL 50 uL 125 uL 25 uL 

100 ug peptide 100 uL 100 uL 250 uL 50 uL 

200 ug peptide 200 uL 200 uL 500 uL 150 uL 

 

The concentration of beads in elution buffer in the activation step is 0.05 mg/uL, which means 

100 ul, there is 5 mg, 200 uL there is 10 mg. Beads concentration: 0.05 mg/uL, weighing 16.1 

mg, volume needed is 16.1/0.05=322 uL. 

For 100 μg tryptic peptides 

1. The ZIC-HILIC beads were activated with 100 uL of elution buffer for 30 min, vortex @ rt. 

2. Beads were washed with 100 uL binding buffer (2X). 

3. 100 ug tryptic peptides were dissolved in 250 uL of binding buffer and mixed with beads at a 

1:50 peptide-to-material mass ratio. 

4. The tube was shaken over a vortex mixer for 1 h. 

5. Supernatant was collected by centrifugation. 

6. The beads were washed with 50 uL binding buffer (6X). 

7. The beads were eluted with 50 uL elution buffer (5x) and supernatant was dried down. 
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8. Glycopeptides enrichment by lectin method: （~3.5 hours） 

 Preparation of lectin mixtures solution (90 μg ConA, 90 μg WGA and 90 μg RCA120 in 36 

μL 2xbiniding buffer). 

 Preparation of sugar mixtures solution (300 mM N-acetyl-D-glucosamine, D-lactose, methyl 

α-D-mannopyranoside 1xbinding buffer). Vortex for 30 min to allow it fully dissolve. 

 Preparation of 2xbiniding buffer, 1xbinding buffer (1 mM CaCl2, 1 mM MnCl2, 0.5 M NaCl 

in 20 mM TrisBase, pH 7.3). Note: Use HCl to adjust the pH, ~30 μL 12 M HCl. 

1. Dissolve the tryptic peptides in 80 uL binding solution and transfer it to a new filter. 

2. Adding 36 uL lectin mixtures solution onto the filter. 

3. Incubate at room temperature for 1 hour. 

4. Centrifuge at 14, 000 for 10 min at 18 degree. 

5. Wash with binding solution for 4 times, each time 200 uL. 

6. Change to a new collection vial. Add 100 uL sugar mixtures solution to the filter and vortex 

for 1min, incubate in room temperature for 30min. 

7. Add another 100 uL sugar mixtures to the filter and vortex for 1min, incubate in room 

temperature for 30min. 

8. Acidify with 10% TFA to reach 0.25% TFA (pH 2-3), and desalt with Omix-Tip. Namely, as 

total volume is 200 uL, add 5 uL 10% TFA. 

 

9. O-glycopeptide enrichment according to Benjamin Garcia Protocol 

1. O-HexNAc peptide enrichment was done by solid state extraction with PBA cartridges and 

non-aqueous DMSO.  

2. After washing the cartridge with 3 mL anhydrous DMSO, digested peptides dissolved in 35 

uL DMSO were loaded and incubated with PBA resin at 37 oC for 2 hours. Let one and a half 

drop flow and then start to seal the SPE column with parafilm and plug. 

3. Then non-bound peptides were washed away with anhydrous ACN 3mL. 

4. Lastly, bound peptides were eluted with 0.1% TFA solution after incubation at room 

temperature for 1 hour. 600 uL one time, incubate, 600 uL another time, incubate.  

5. Dry down 

 

10. OMIX tip to get rid of salts: (80 μg/tip protein amount, small scale of removing salts) 

(Takes ~30min) 

Preparation of washing solution (0.1% TFA, 600 μL/sample), Samples were dissolved in 100 μL 

0.1% TFA 

1. 100 μL ACN to condition tips, 2x times. 

2. 100 μL washing solution and discard, 3x times. 

3. Load samples onto the tip, aspirate and dispense for 10 cycles. 

4. Use 100 μL of washing solution to wash for 3x times. 

5. Elute with 100 μL 0.2% FA 50% ACN and 100 μL 0.2% FA 75% ACN, each 10x times in two 

vials and combine.  

6. Drying down. 
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11. Injection on Fusion Lumos: (Takes 1 day)  

1. Dissolve the sample with 0.1% FA water to a concentration of 1 μg/μL. For glycopeptides, 

dissolve in 10 μL solvent. 

2. Injection volume 1-2 μL. 

3. Search QC sample with Compass, 16,000-18000 peptides.  

 

12. Glycosylation mapping: 

1mL ABC buffer, 3.95 mg (O18 water is in 5234) 

1. Following step 3 in lectin enrichment protocol, the captured peptides were washed four times 

with 200 μl binding buffer and twice with 50 μl 50 mM NH4HCO3 in H218O.  

2. Finally 8 μl PNGase F (1 U/μl H218O) (Roche) in 72 μl 50 mM NH4HCO3 in H218O were 

added to the filter units and the samples were incubated for 3 hr at 37°C .  

3. Centrifuge and collect flow-through at 14, 000 for 10 min at 18℃。 

4. The deglycosylated peptides were eluted with 2 × 50 μl 50 mM NH4HCO3. 

5. Acidify with 10% TFA to reach 0.25% TFA (pH 2~3) and desalt with Omix-tip. Namely, as 

total volume is 200 μL, add 5 μL 10% TFA. 

6. OMIX tip to desalt.  

 

1. Glycopeptides in 50mM Ammonium Bicarbonate H2O(18) (pH 7.8) to a final volume of 50 

uL. 

2. Add 2μl of recombinant PNGase F. 

3. Incubation 2.5 hours for 37 degree. 

4. Zip-tip do desalt. 

 

13. Conditioned media collection protocol: 

~ 7 hours (10 am - 5:00 pm) 

1. Approximately 1×107 cells were cultured at 37 °C in 5 % CO2 in DMEM (Hyclone, USA) 

supplemented with 10 % fetal bovine serum until reaching 80 % confluence.  

2. Cells were washed gently 4 times with Dulbecco’s phosphate buffered saline with calcium and 

magnesium (DPBS) and 4 times with serum-free DMEM (Conditioned media, CM), each time 

3 mL. 

3. Cells were then incubated in the serum-free DMEM at 37 °C for 24 h for pancreatic cancer 

cells, 48 h for PSC cells. 

4. Centrifuge at 3, 500g for 10min at 4℃ to get rid of dead cells and cell debris. 

5. Filter with 0.45 um filter to get rid of smaller debris. 

After centrifugation take the tube down to the 5 th floor.  

6. Formic acid (FA, final concentration of 0.1 %) was immediately added to the final supernatant, 

which was then stored at -80 °C. The addition of FA lowered the pH (pH < 4) of the culture 

supernatants, thus reducing the activity of many proteases[11,22]. 20 uL FA for 20 mL 

conditioned media. 
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7. The proteins in the culture supernatants were extracted by Trichloroacetic acid (TCA) (Fridge 

2, 5234) precipitation. (Keep supernatant) 

8. 66.7 uL (Cell media 20 mL) of 30% NLS was added to the solution to reach a concentration of 

0.1%。 

9. 2.22 mL 100% TCA was added (Cell media 20 mL) to the CM solution to a final concentration 

of 10 % (w/v, mg/mL). ( (100g/100mL, w/v), 1g/mL solution is 100% TCA) 

10. After mixing, the solution was precipitated on the ice for 2 hours. 

11. Followed by centrifugation (15,000 ×g, 10 min, 4 °C). 

12. Add 1.7 mL precooled (5236 hood, precooled on ice) THF and transfer it to 2 mL vials and the 

protein pellet was carefully washed twice with 1.7 mL tetrahydrofuran (THF) and each wash 

was followed by centrifugation (15,000 ×g, 10 min, 4 °C). (Total washes: 2x times!) 

13. The final pellet was re-dissolved in 35 uL lysis buffer (4 % SDS, 0.1 M Tris-HCl, pH 7.6) with 

a sonicator bath (30 min extraction). ( Prepare 1 mL lysis solution, 400 uL 10% SDS + 100 uL 

1 M Tris/Base (121 mg in 1 mL H2O)+ 500 uL H2O, add 35 uL 10% HCl.)  

14. The concentrations of the extracted proteins were measured by BCA assay. 

 

14. PNGase F digestion: 

1. 800 ug tryptic peptides from CSF protein, 16 uL PNGase F from Promega then add 144 uL 

ABC buffer, 1 promega unit equals to 65 NEB unit.  

2. 10 mL of 50 mM ABC buffer, weigh 39.5 mg ABC. pH = 7.8 

3. Sep-pak, 1 column (50 mg packing material) for 500 ug tryptic peptides most. 

4. While for PBA boronic acid catridge (100 mg packing material), 1 column for 1 mg tryptic 

peptides. 

 

After PNGase F digestion to get rid of N-glycans, use Sep-pak to seprate released N-glycans and 

peptides. Dry down! 

 

15. IMAC Protocol (for 1 mg protein) 

1. Pipette 500 uL magnetic IMAC beads suspension into 2 mL tube (change beads amt according 

to protein amt) 

2. Wash beads with 1 mL H2O (3x) 

3. Add 1 mL 40 mM EDTA (prepare 10 mL), pH = 8 (need at least 300 uL 2M NaOH to adjust 

pH, sonicate to dissolve), shake for 30 min @ vortex vigorously 

4. Wash beads with 1 mL H2O (5x) 

5. Add 1 mL 100 mM FeCl3 (prepare before this step), shake for 30 min @ vortex vigorously  

6. Wash beads with 1 mL 80% ACN 0.15% TFA (4x). 

7. Resuspend sample in 500 uL 80% ACN 0.15% TFA. Quantitatively transfer to beads, shake 

for 30 min 

8. Centrifuge 15 s, save supernatant. (phosphor-depleted peptides) 

9. Wash beads with 1 mL 80% ACN 0.15% TFA (3x), save first two washes 

10. Rinse 0.6 mL tube with ACN, fill with 50 uL 4% FA 
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11. Elute with 100 uL 50% ACN 0.7% NH4OH (2x), vortex 1 min, elute into 4% FA tube (2x)  

Wash beads:  

12. H2O 3 x 1 mL 

13. 1mL 40 mM EDTA, shake for 5 min 

14. H2O 3 x 1 mL 

Store beads: 

15. 30% EtOH 


