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Abstract 

Glycans introduce complexity to the proteins to which they are attached. These 

modifications vary during the progression of many diseases; thus, they serve as potential 

biomarkers for disease diagnosis and prognosis. The immense structural diversity of glycans 

makes glycosylation analysis and quantitation difficult. Therefore, a better understanding of 

various glycosylation profiling strategies; their strengths and weaknesses, is important towards 

selecting the best approach for a given clinical glycomics study. Not only that, successful 

application of glycomics analysis methods in the clinical glycomics field depends on using 

effective sample preparation strategies and better classification systems to accurately classify 

glycomics samples.  

Among many analytical methods in the glycoproteomics analysis field, LC-MS analysis 

of glycopeptides is a frequent choice, as it provides information of both the glycans and their 

attachment sites. Numerous software tools have been developed to assist the glycopeptide 

identification workflow; however, those tools typically do a sub-optimal job when the 

glycopeptides of interest are in low abundance or when they are poorly ionized. Therefore, in 

such incidences, expert targeted analysis approaches, where LC-MS data is manually interpreted 

to confidently identify the recalcitrant glycopeptides would be beneficial. Thus, chapter 2 of this 

dissertation introduces a simple, expert analysis method, the peak alignment approach, which 

relies on high-resolution MS data and chromatographic retention times to assign the 

glycosylation sites. The method identifies a set of co-eluting glycopeptides in an LC-MS 

experiment using a reverse phase column; these glycopeptides are extracted based on a limited 

N-linked glycan library, and once the co-eluting glycopeptides are identified, they are verified by 

using high-resolution MS data and confirmed by using MS/MS data. The developed method 
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successfully quantified many of the glycosylation sites of a heavily glycosylated human plasma 

glycoprotein within a single LC-MS run while requiring less sample amount and less analysis 

time, compared to the state-of-the-art competing analysis method.  

Sample preparation is a vital step in all glycomics analysis studies, as it affects both the 

sensitivity and the selectivity of the analysis. Altered glycosylation of specific proteins can serve 

as a biomarker for diverse diseases. Uromodulin is one such glycoprotein; it is a biomarker for 

kidney health. Current strategies of uromodulin glycosylation analysis are time-consuming and 

tedious; they involve complex steps to enrich uromodulin, label glycans, followed by post 

sample clean-up, which limit the utility of these methods in clinical glycomics studies. 

Therefore, chapter 3 of this dissertation introduces a simple and straightforward direct ESI-MS 

analysis performed in the negative ion mode to quantify N-linked glycans of uromodulin, 

enriched from urine samples of two different biological states. The developed method enriches 

uromodulin directly from urine via ultrafiltration performed with a 50 kD molecular weight cut-

off filter; it omits any labeling steps that require post-sample clean-up and includes steps to 

reduce the salt contents of the samples to minimize the ion suppression during the direct ESI-MS 

detection. The method proved to be highly reproducible over multiple samples’ preparations and 

over multiple analyses; it was useful for accurately quantifying uromodulin glycans and 

classifying the samples of different biological states into clearly distinguishable groups by PCA.  

Sample classification based on the whole glycomic profile, instead of selecting a single 

glycan feature or a few glycan features, could benefit the sample classification through 

identifying underlying trends of the glycomics data. The Aristotle Classifier is one such 

supervised classification algorithm that uses not only all the individual glycans abundances, but 

also their relative proportions to each other, to classify samples. Once this classifier was built, 
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its’ classification ability needed to be challenged and compared with standard classification 

methods, like PCA. However, acquiring large sets of real glycomics samples with known 

glycosylation differences is difficult; thus, we chemically generated large sets of IgG glycomics 

data in-house, to mimic two different biological states as healthy and disease. Therefore, chapter 

4 of this dissertation describes the optimization of both the sample preparation and LC-MS 

conditions to generate large sets of IgG glycopeptides’ data to mimic samples of a healthy state 

and a disease state. Of these samples, the healthy state was represented by samples with a native 

IgG glycosylation profile while the disease state was represented by samples with a slightly 

altered IgG glycosylation profile. The generated data were quantified, but the samples could not 

be classified into healthy versus disease based on any individual glycopeptide of the samples. 

Therefore, the data proved to be challenging; thus, they were submitted to both the Aristotle 

Classifier and to a principal components analysis (PCA), to challenge each approach’s 

classification ability. The generated results showed that the Aristotle Classifier outperformed the 

PCA classification in multiple data sets.  
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Chapter 1 . Introduction 

1.1 Protein Glycosylation 

Protein glycosylation is the most complex post-translational modification, and more than 

50% of human proteins are glycosylated. The process of protein glycosylation occurs within the 

endoplasmic reticulum and Golgi apparatus, and it is controlled by a series of enzymes that 

modify the carbohydrates that are covalently attached to proteins through certain amino acid 

residues.1-3 This modification is complex to study, in part, because of the heterogeneous nature 

of the glycans. Unlike protein biosynthesis, glycan biosynthesis does not rely on an underlying 

template; thus, the resultant glycan structures can be very heterogeneous. Both the enzyme 

availability and the cellular environment can affect the final glycosylation profile.2 In addition, 

this complexity is further enhanced by the presence of multiple monosaccharide units, which are 

linked together in a variety of ways to form glycan structures; glycans can have various 

compositions, and even differently-linked isomers with identical composition, due to variety in 

linkage and branching.4-5 

These heterogeneous glycans (oligosaccharides) attached on proteins play crucial roles in 

regulating various biological processes such as fertilization,6-7 protein folding and stabilization,8-9 

cellular recognition, cellular adhesion,10-11 and immune defense.12 In addition, glycosylation is 

considered as a critical quality attribute in biotherapeutics production, since the glycans attached 

on proteins greatly affect the safety and the efficacy of protein-based drugs. Thus, a minor 

change in glycosylation profile of these drugs can lead to serious conditions, such as adverse 

immune reactions,13-14 rapid clearance,15-16 and loss of therapeutic potency. Furthermore, 

aberrant glycosylation of various endogenous proteins have been associated with the progression 

of diseases, such as cancers,17-19 kidney diseases20 among others; thus, glycans may serve as 
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clinical biomarkers for disease diagnosis and prognosis.21 Therefore, deeper understanding of 

this complex modification, protein N-linked glycosylation, and current N-linked glycosylation 

profiling strategies, is critical, not only to identify sensitive biomarkers, but also to provide 

information necessary to regulate the glycosylation in biotherapeutics, so the safety and the 

activity of glycoprotein-based drugs is ensured.  

1.1.1 N-linked Glycosylation 

The most common glycosylation type, N-linked glycosylation, occurs when the glycans 

are attached to the proteins through the amide nitrogen on the side chain of an Asn residue. 

These glycosylated Asn are usually located within a unique amino acid sequence: Asn-Xxx-

Ser/Thr, where Xxx can be any amino acid except proline.1-3, 22 Glc3Man9GlcNAc2 is the 

common building block for all the N-linked glycans, and this precursor is attached to the protein 

during the initial phase of the glycosylation process, as shown in Figure 1. This precursor 

undergoes many enzymatic trimming and monosaccharide addition steps that introduce 

modifications to the precursor glycan while preserving the tri-mannosyl-pentasaccharide core 

(Man3GlcNAc2).
2-3 These modifications to the precursor glycan result three major types of N-

linked glycan structures; they are high-mannose (Man), complex, and hybrid. (See Figure 1.)  
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Figure 1. Symbolic representation of different N-linked glycans. High mannose, complex and hybrid are 

three major N-linked glycan types; all derived from the common precursor Glc3Man9GlcNAc2. These 

glycans are made of N-acetyl glucosamine (GlcNAc), mannose (Man), glucose (Glc), Galactose (Gal), N-

acetyl neuraminic acid (Neu5Ac), and fucose (Fuc). 

  

The high-mannose type glycans are formed by trimming of monosaccharides from the 

precursor without addition of new monosaccharides, thus leaving only Man residues attached to 

the core structure. In contrast, complex- type glycans are formed by trimming monosaccharides 

of the precursor glycan, followed by addition of new sugars to the terminal mannose residues of 

both arms of the Man3GlcNAc2 core. In complex type structures, GlcNAc is the very first 

monosaccharide unit directly linked to the terminal mannoses in the core-structure, and it is 

further extended with additional monosaccharides; the most common pattern involves attachment 
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of galactose (Gal) units and terminal sialic acid (N-acetylneuraminic acid) units. Based on the 

number of GlcNAc attached to the terminal mannose sugars in the core structure of the complex-

type glycans, the number of branches are defined as bi-, tri- and tetra-antennary. In addition, in 

complex-type glycans, core-fucosylation and/or antennary fucosylation can be observed when 

the fucose (Fuc) is attached to the innermost GlcNAc of the core structure or the GlcNAc at the 

non-reducing end. The hybrid-type glycans, the last glycan category, share the characteristic 

features of both high-mannose and complex-type glycan structures.2-3 

1.1.2 Altered N-linked Glycosylation and Diseases 

During the progression of many diseases, alteration of the N-linked glycosylation profile 

is observed. These alterations may include both upregulation and/or downregulation of glycans, 

elevated branching, size increase, and modifications to the core-structure.20, 23-26 For instance, 

differentially expressed serum IgG N-linked glycans, with decreased levels of high-mannose 

structures, reduced levels of core-fucosylation and sialylation were observed during colorectal 

cancer progression,23 while decreased levels of fully galactosylated N-linked glycan structures 

were identified in gastric cancers,24 lung adenocarcinoma tissues,25 and rheumatoid arthritis 

(RA).27 In addition, significantly decreased levels of Man5 and bi-antennary N-linked glycans, 

along with elevated levels of branching, antennary fucosylation, and core-fucosylation were 

observed in the serum glycans of primary epithelial ovarian cancer patients.26 The altered 

glycans and glycosylation patterns that are unique to certain types of diseases may serve as 

biomarkers, and discovery of those biomarkers is important, not only to understand disease 

pathology, but also to perform more selective treatments and disease diagnoses.  

In the past few decades, impressive efforts have been made to identify clinically relevant 

glycan biomarkers for diseases. More than 90 potential N-linked glycan biomarkers have been 
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identified based on previously published studies, including biomarkers for certain types of 

cancers, such as breast, liver, ovarian, kidney, and pancreatic cancers, as well as for Hepatitis B 

and C, Alzheimer’s disease, and diabetes.28 This large number of potential glycan-based 

biomarkers clearly show the significance of quantitative glycomic studies in discovering 

selective candidate glycan biomarkers for distinguishing disease states from healthy states, and 

also in disease prognosis, diagnosis and/or treatment. However, the discovery of unique 

biomarkers for various diseases is greatly dependent on not only the availability of sensitive and 

reliable analytical methods, but also on careful selection of the most appropriate and cost-

effective approach for any clinical glycomics study. Thus, in this chapter, we compare the 

performance of four commonly used quantitative glycomics methods to guide the selection of an 

appropriate analytical strategy for a given clinical and pre-clinical study.  

1.2 General Considerations 

1.2.1 Glycosylation Analysis 

Glycosylation analysis can be performed in two ways: glycopeptide-based analysis and 

glycan-based analysis.2-3, 29 During glycopeptide-based analysis, the glycans remain attached to 

the glycosylation site, and therefore, retain information about the protein to which they are 

attached and the site of attachment. This information increases the specificity of the analysis, but 

the trade-off is that the analyses are more complex. Site-specific glycosylation analysis is used 

limitedly in the glycan biomarker discovery field,30 due to the glycopeptides’ lower abundance, 

lower ionization efficiency, need of method optimization for each glycoprotein,31 and difficulties 

in data interpretation.32  By contrast, glycan-based analysis, where glycans are released from the 

glycoproteins and then are analyzed, is useful for obtaining aggregate information about the total 

glycan pool. While the method provides substantially less specificity, it is frequently employed 
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in clinical glycomics due to the availability of universal and well-established protocols for 

glycan analysis. One way to balance the strengths of both methods is to perform glycan analysis 

on a specific protein target that has been enriched from the sample. In this case, the glycan 

analysis provides information specific to the protein of interest, and well-established methods 

can be used to facilitate quantitation and analysis. 

1.2.2 Sample Preparation 

Figure 2. shows multiple ways of generating glycans or glycopeptides from complex 

biological samples for glycosylation analysis.  

 

Figure 2. Different sample preparation routes for generating glycans and glycopeptides from complex 

biological samples for quantitative glycosylation analysis. In this workflow, for glycan profiling; glycans 

are released from purified glycoprotein(s), or directly from the crude biological mixture. Alternatively, 

glycans can be released from glycopeptides. For glycopeptide profiling; glycopeptides that are generated 

from either the purified glycoprotein(s) or directly from complex biological mixtures (for high abundant 

glycoproteins) are subjected to proteolysis; then, the resulting mixture of glycopeptides and peptides are 

subjected to quantitative analysis.  
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Of these sample preparation steps, glycoprotein purification at the crude protein mixture 

level is performed especially when a targeted quantitation of a specific protein’s glycome profile 

is necessary; for example, IgG is affinity purified with protein A or G, prior to the quantitation of 

IgG N-linked glycans associated with cancer in serum samples.23-24 On the other hand, glycans 

can be released directly from the non-enriched biological samples when the total glycome pool 

of a biological matrix is quantified;33 however, the method yields limited specificity. In 

glycopeptide analysis, proteolysis at crude mixture level is performed when the targeted 

glycoprotein is in high abundance;30, 34 but, the proteolysis on purified glycoprotein(s)32, 35-36 is 

used more frequently as it improves both the sensitivity and the specificity of the analysis. Once 

these glycans or glycopeptides are generated, further purification can be performed by solid 

phase extraction-based methods (SPE) with porous graphitized carbon (PGC) 33, 37 and 

hydrophilic interaction liquid chromatography (HILIC),32, 38-39 or by using specific lectins for 

glycopeptides.40  

1.2.3 Quantitation 

Glycan abundances from healthy patients versus those of a disease state are compared by 

either absolute4, 37 or relative quantitation;4, 17, 37 relative quantitation being the more common 

choice, since absolute quantitation usually requires glycan standards that are not readily 

available.41 In relative quantitation, the proportion of glycans present in the two sample types 

(healthy versus disease state) is reported by dividing an individual glycan abundance by the total 

glycan abundance,42-43 or by the abundance of the most intense glycan peak,31, 44 or by a peak 

among the major signals.31  While these methods do not report exact glycan concentrations, the 

ratios measured typically are useful for allowing the identification of under- or over-expressed 

glycans between healthy versus disease groups, which is the ultimate goal of the analysis.     
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1.3 Quantitative Strategies in Clinical Glycomics 

1.3.1 Mass Spectrometry (MS)-Based Approaches  

MS-based approaches are widely used in clinical and pre-clinical glycomic studies. This 

choice is preferred by many researchers because the method is sensitive, and it can be used to 

differentiate species with unique masses. Structural information can also be obtained through 

MS/MS and MSn experiments.45-49 These benefits, especially when coupled with separation and 

enrichment techniques, facilitate the identification and quantitation of glycans originating from 

complex biological matrices. Matrix-assisted laser desorption ionization mass spectrometry 

(MALDI-MS) and electrospray ionization mass spectrometry (ESI-MS) are the most common 

ionization techniques for glycan analysis, and the latter may be done in conjunction with widely 

used separation techniques, such as liquid chromatography and capillary electrophoresis, while 

the former requires offline separation.  

1.3.1.1 MALDI-TOF MS Analysis of Released N-linked Glycans 

MALDI-TOF MS is widely applied in quantitative clinical glycomics. It is a simple, 

sensitive, high-throughput method.20, 23, 33, 37, 50-51 The most common sample preparation 

procedure for glycan analysis by MALDI-TOF MS is the workflow appearing at the top of 

Figure 2: the desired glycoprotein of interest is isolated and purified from the complex biological 

matrix; next, release of N-linked glycans from glycoproteins via PNGase F treatment typically 

follows. The glycans are subsequently purified and labeled 20, 23, 33, 37, 51  for MALDI-TOF MS 

analysis. Figure 3A shows more detail about the MALDI-MS specific sample preparation steps.  
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Figure 3. General workflows for Released N-linked glycan quantitation by MALDI-TOF MS (A) and by 

LC-ESI-MS (B). In MALDI-TOF MS analysis, labeled N-linked glycans are mixed with a MALDI-

matrix and irradiated with laser shots to collect MS data (A). In LC-ESI-MS, labeled or unlabeled N-

linked glycans are separated by using a liquid chromatography method, followed by ESI-MS analysis (B).  
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Once the glycans are purified, labeling of released N-linked glycans is usually performed 

to enhance the ionization efficiency of glycans, to improve the sensitivity of the analysis, and 

sometimes to allow simultaneous detection of both neutral and acidic N-linked glycans.23, 51 

MALDI-TOF MS analysis of permethylated N-linked glycans20, 33, 37, 50 has been performed in 

many clinical glycomics studies. In addition, derivatization of sialic acid via methyl 

esterification43 or ethyl esterification38 is another useful labelling method. Once the labeled 

glycans are purified again; they are prepared for MALDI-TOF MS analysis. 

Sample-matrix preparation greatly affects the quality of the resultant MS spectra, as 

matrix plays a vital role in promoting solid phase analytes into the gaseous phase. Therefore, 

prior to MALDI-TOF MS analysis, the labeled glycans are mixed in a 1:1 ratio with a MALDI 

matrix, such as 2,5-dihydroxy-benzoic acid (2,5-DHB),38, 52 Super DHB,20 4-chloro-α-

cyanocinnamic acid (Cl-CCA),52 2,4,6-trihydroxyacetophenone (THAP),52 or 9-Aminoacridine 

(9-AA),53 followed by spotting the aliquots of the mixed sample solutions onto a MALDI plate. 

Then multiple laser shots are applied on each sample spot to ionize the samples, followed by the 

MS analysis.20, 23, 33, 37, 51 During the analysis, reflectron-positive20, 37-38, 54-55 and negative,52 as 

well as the linear-positive and negative ion modes52 are used. Among them, positive-ion mode is 

more commonly used due to higher ionization efficiency and higher S/N ratio reported for 

labeled glycans.29 However, negative ion mode is also used to detect acidic glycans with 

improved detection sensitivity.52 

1.3.1.2 LC-ESI-MS Analysis of Released N-linked Glycans  

ESI-MS is also used in quantitative glycomics studies. A general LC-ESI-MS/MS 

workflow of glycan quantitation includes: glycan release, purification, labeling, followed by 

glycan separation, and ESI-MS quantitation. Similar to MALDI-TOF MS, in LC-ESI-MS-based 
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glycan quantitation; glycan release is commonly performed at the crude mixture level for total 

glycome quantitation, followed by enrichment of released glycans using SPE.4, 25 However, as 

mentioned above, performing glycan release after enriching for a target protein gives protein-

specific information; this approach affords the opportunity of providing larger differences 

between disease states and healthy states when glycans from a disease-impacted protein are 

selected for profiling. 

Figure 3B represents the general workflow for LC-ESI-MS analysis. Once the glycans 

are purified, analysis can be performed on labeled, 33, 48, 56-58 unlabeled,4, 24 or chemically 

reduced25, 59 glycans. Glycan labeling is performed to improve the sample throughput, by 

allowing for multiple, differentially labeled samples to be analyzed together, and to enhance the 

ionization. Isobaric tags or tandem mass tags (TMT)48, 56-58 that have identical masses, but with 

various heavy isotopes distributed within the structure, are commonly used in labeling 

experiments. AminoxyTMT,48, 58 is one such tag that allows simultaneous labeling of glycans 

derived from multiple samples; resulting in a single chromatographic peak at the full MS level 

for various glycans, yielding sample-specific reporter ions at the MS/MS level for comparative 

N-linked glycan quantitation. Alternatively, stable isotopic labeling of glycans where small mass 

differences to the glycans derived from multiple samples are introduced through isotopically 

labeled reducing-end labeling agents, or isotopic permethylation, are used to quantify glycans at 

the MS1 level.56 Permethylation improves the sensitivity of the analysis by enhancing ionization, 

while allowing simultaneous detection of neutral and acidic glycans;60 and when incorporated 

with isotopic labeling, it improves the throughput of the analysis. For example, 8-plex 

quantitative glycan analysis of multiple breast cancer cell lines was feasible through isotopic 

permethylation; performed by using isotopically labeled iodomethane during the permethylation 
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reaction.56 Furthermore, metabolic isotope labeling, where cells from different samples are 

labeled isotopically, is also used in quantitative glycomics analyses to reliably quantify glycans 

from different samples while minimizing potential sample preparation bias.33 At the end of the 

appropriate glycan labeling step, the samples are purified from the labeling agent and/or 

biological matrix molecules, and they are analyzed by MS.  

Glycan separation prior to the MS detection facilitates the enrichment of various glycan 

structures derived from complex biological samples, while allowing sensitive detection of 

multiple glycans by MS. Liquid chromatography (LC) is used frequently, due to its ability to 

resolve complex mixtures, its compatibility with MS methods, and its capacity for facilitating 

automation. As compared to the traditional LC-ESI-MS or MALDI-TOF MS, nano-LC-MS is 

used in many studies, as it significantly improves the detection sensitivity.4 Nano-LC columns 

packed with C18
56, 60-61

 or PGC-bonded stationary phases58 are frequently used to separate 

permethylated N-linked glycans, while HILIC columns are used to separate more hydrophilic 

glycans.48 Alternatively, by incorporating a microfluidic chip to the nano-LC workflow, a greater 

retention time reproducibility, better separation, and high sensitivity for the glycans can be 

achieved.4, 24 For example, PGC chip-nano-LC separation was used in many quantitative 

glycomic studies, as PGC is capable of separating glycans by their polarity, size, and the 3D 

structure, while exhibiting good isomer separation capacity.4, 24-25, 59 Once the glycans are 

effectively separated, they are detected with MS for quantitation.  

Electrospray ionization (ESI) is a commonly used ionization technique in quantitative 

glycomics studies because it generates glycan ions without the loss of labile groups; thus, it 

provides complete composition information. In many studies where ESI-MS is used, the 

instrument is operated in a data dependent mode,57-58, 61 acquiring full MS scans in an Orbitrap,57, 
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61 for example, followed by MS/MS scans of the most intense ions. Also, in some studies, 

targeted quantitation is performed using a triple quadrupole mass spectrometer operated in 

multiple reaction monitoring (MRM) mode.61 Once the LC-MS data are acquired, they are 

analyzed by using software tools or by combining both expert analysis and automated tools prior 

to the N-linked glycan quantitation.  

1.3.1.3 LC-MS Analysis of Glycopeptides  

LC-MS analysis of glycopeptides is another method used in biomarker discovery; this 

approach provides glycosylation site-specific information. However, the method is challenging 

because it involves determination of both an unknown peptide and an unknown glycan. The 

general workflow for glycopeptide analysis using LC-MS includes: isolation of desired 

glycoprotein(s) from the biological matrices, glycoprotein denaturation, reduction and alkylation, 

all prior to the enzymatic digestion; then separation of enriched or non-enriched glycopeptides is 

achieved, usually by HPLC, followed by MS analysis.   

In this workflow, isolation of glycoprotein(s) at either the crude mixture level32 or at 

glycopeptide level35-36 is important due to the glycopeptides’ low abundance as compared to the 

non-glycosylated peptides. Of these enrichment methods; lectin-based enrichment, where 

carbohydrate-binding proteins or lectins bind to specific carbohydrate moieties via affinity 

binding, is widely implemented for both glycoprotein level62 and glyopeptide level enrichment.40, 

46, 63 For example, Aleuria aurantia lectin (AAL) 62 and Lens culinaris Agglutinin (LCA)46 are 

two lectins that bind to fucosylated carbohydrate motifs, and Sambucus nigra lectin (SNA) is 

another lectin that binds to the carbohydrates that contain sialic acids.62 Furthermore, unique 

antibodies that identify specific epitopes present on protein backbones are also used to isolate 

glycoproteins from complex biological samples.32, 64 Anti-IgA64 and antihuman Haptoglobin 
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(Hp)32 are two such antibodies that used to isolate IgA and haptoglobin, derived from cancer-

associated serum samples. Additionally, protein G or protein A-based isolation of IgG64-65 and 

glycopeptide level enrichment with sepharose beads65 are also reported. However, when the 

targeted glycoprotein is in high abundance, such as immunoglobulin G in serum, enrichment 

steps at either the crude mixture level or glycopeptide level can be avoided, while performing 

proteolytic digestion directly on crude biological samples, as shown in Figure 2.30, 34  

To generate glycopeptides, the (enriched) samples are subjected to proteolytic digestion 

with site-specific proteases, such as trypsin,30, 66 or non-specific proteases, or a combination of 

both.32, 34, 41 The most common means of generating glycopeptides is to use proteases that have 

high specificity, such as trypsin. Site-specific proteases are useful because they produce peptides 

that can be predicted in advance, and the number of different peptides generated per 

glycosylation site is very limited; often a single unique peptide will be generated per 

glycosylation site. Some researchers, however, are concerned that specific proteases limit the 

number of glycopeptides identifed when the resultant glycopeptides are multiply glycosylated or 

miscleaved. They support the use of non-specific proteases, which may be better in the specific 

cases of multiply glycosylated and difficult-to-digest peptides. This strategy, either on its own, or 

in combination with specific proteases, may be useful in obtaining more complete glycopeptide 

identification in some cases.34 After protease digestion, the resulting glycopeptide mixture, 

which is subjected to purification/enrichment35, 63, 66 or not,30, 34 is typically analyzed by LC-MS, 

as shown in Figure 4. 
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Figure 4. General workflow for LC-MS analysis of glycopeptides. In this workflow, enriched or non-

enriched mixtures of glycopeptides generated at purified glycoproteins level or at crude mixture level are 

further separated followed by the mass spectrometry detection and analysis for glycopeptide identification 

and quantification.  

 

Glycopeptide separation prior to MS detection is important because it permits enrichment 

of glycopeptides from peptide counterparts that co-exist in the mixture; those can reduce the 

ionization of glycopeptides if they co-elute. LC is the method of choice for glycopeptide 

separation owing to its MS compatibility, glycopeptide resolving capacity, and ability to be 

automated.3 Reverse phase (RPLC) columns with C18- bonded phases are the most popular in 

glycopeptide separation;30, 36, 40-41, 66-72 these columns separate glycopeptides based on the 
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interactions between the peptide backbone and the hydrophobic stationary phase rather than the 

glycan interactions.  

Once the glycopeptides are separated, they are detected by using MS. Multiple reaction 

monitoring (MRM) mode, a targeted mass spectrometry approach, is frequently used for 

quantifying glycopeptides due to its high sensitivity and selectivity.30, 34, 63, 73  Alternatively, 

untargeted approaches are also possible; in these cases, glycopeptides can be quantified by their 

high-resolution ESI-MS signal74-75 or by using data-dependent LC-MS/MS.62 ESI with positive 

ionization mode is frequently used, but in some cases, negative ion mode is also performed to 

enhance the ionization of sialylated glycopeptides.40 Finally, the data analysis is performed by 

using either software tools30, 34 or by combining both software tools and manual verification.32  

1.3.2 Spectroscopy-Based Approaches  

1.3.2.1 LC/CE-Fluorescence Profiling of Released N-linked Glycans  

Another widely used method in quantitative clinical glycomics studies is HPLC with 

fluorescence detection. In this case, labeled glycans are analyzed. As with previously discussed 

methods, this one also requires isolation and purification of glycoprotein(s) of interest from 

complex biological samples, prior to sample preparation; see Figure 2. Then the isolated 

glycoprotein(s), which are either denatured76 or non-denatured20 are subjected to enzymatic 

glycan release with PNGase F enzyme, followed by glycan purification, which can be done using 

HILIC-SPE.31 The samples undergo fluorescent labeling prior to analysis.20, 77-78 Some common 

fluorescent labeling reagents include 2-aminobenzoic acid (2-AA)38 and 2-aminobenzamide (2-

AB).20, 43, 77-78  Once the glycans are fluorescently labeled, the excess labeling reagent is removed 

using SPE,31, 43-44, 76 paper chromatography,77, 79 or size-exclusion chromatography80 and the 

labeled glycans are separated by HPLC. Options include HILIC-LC (hydrophilic interaction 
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liquid chromatography),43-44 HPAEC (high pH anion exchange chromatography),20, 78 and NP-

HPLC (normal phase high performance liquid chromatography).42  The separated, derivatized 

glycans are quantified based on their fluorescence signal. See Figure 5 for a representative 

workflow for this method. 

 

Figure 5. Workflow for the analysis of released N-linked glycans via liquid chromatography (LC)/ 

capillary electrophoresis (CE)-fluorescence detection. In this workflow, released N-linked glycans are 

labeled with a suitable fluorescence labeling reagent, purified, and then are separated by using LC or CE. 

Finally, the resultant peaks of chromatograms or electropherograms are assigned by using established data 

bases and/or follow-up experiments followed by N-linked glycans quantitation.  

 

Capillary electrophoresis (CE) separation paired with fluorescence detection is also used 

to profile N-linked glycans in clinical glycomics studies, as the method is high-throughput and 

readily adaptable to microfluidic devices.55, 80-81 The sample preparation for CE and HPLC are 

similar; however, 8-aminopyrene-1,3,6-trisulfonic acid (APTS), 20, 31, 43, 77, 82 and 8-

aminonaphthalene-1,3,6-trisulfonic acid (ANTS)83 labels are often used; these labels carry three 

negative charges from sulfonic acids. The charges on fluorophores increase the electrophoretic 
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separation.84 However, when the glycans carry negatively-charged sialic acid groups, before the 

APTS labeling, cleavage of the sialic acids81 or neutralization via chemical modifications such as 

methylamidation55 is performed. This modification yields glycans all bearing the same charge 

state, thus, allowing glycans’ electrophoretic migrations to be based on their hydrodynamic 

volumes; resulting increased migration times for sialylated glycans while preserving the 

efficiency of separation.55 Once the glycans are labeled, they are separated by using various CE 

modes, such as conventional CE55, 80 or capillary gel electrophoresis (CGE);43, 77 then are 

detected with fluorescence.  

1.4 Performance Comparison 

As described in the previous section, various glycomic analysis and quantitation 

strategies have been developed; each of these methods are currently used in glycomics-based 

biomarker studies. However, each of these methods has differences in their workflows and 

unique advantages and disadvantages. Thus, one must carefully consider when to use a particular 

quantitative strategy for a biomarker study. To assist in this selection process, herein we 

compared the performance of the four quantitative strategies described above with respect to 

various key figures of merit. Table 1 summarizes the methods’ performance.  
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Table 1. Performance comparison of four glycomics analysis platforms. 
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1.4.1 Sample Size  

In complex biological mixtures, the glycoprotein(s) of interest are usually present at low 

abundance compared to the non-glycosylated proteins. Therefore, the detection of these low 

abundant glycans/glycopeptides depends on not only the method sensitivity, but also the initial 

sample amount used for the analysis. Table 1. shows the comparison of methods in terms of 

typically used initial glycoprotein amounts for the quantitative glycomics analysis.  

Generally, MS-based methods are highly sensitive; these methods can be implemented 

with lower microgram quantities of glycoproteins to provide reliable quantitative glycomics data. 

When LC-MS-based analysis of glycopeptides/glycans is implemented, higher quantitation 

sensitivity is achieved by using different MS-based strategies, such as targeted multiple reaction 

monitoring (MRM)30, 34, 60 or advanced tandem MS techniques;32, 65 these methods permit lower 

initial sample amounts. For examples, two studies performed by Hong et al.30, 34 used MRM-

mode to quantify immunoglobulin glycopeptides generated from approximately 24 µg of IgG,30, 

34 5 µg of IgA,34 and 3 µg of IgM,34 derived from 2 µL of un-enriched serum samples; the 

glycoprotein amounts indicated in here are approximate values calculated based on these 

glycoproteins’ average plasma concentrations reported in the literature.85 In addition, MS/MS 

techniques, such as LC-ESI-MS/MS65 and LC-EThcD MS/MS32 were used to quantify 

glycopeptides of IgG (~24 µg),65 and haptoglobin (3 µg)32  derived from serum samples of 

pancreatic cancer and liver cirrhosis patients, respectively. LC-MS analysis of released N-linked 

glycans is also performed at lower microgram levels;24, 60 one study quantified more than 55 

permethylated serum N-linked glycans, by using approximately 0.1 µg of total glycoproteins 

derived from 0.005 µL of enriched-serum sample injected on column;60 yet readers should be 

aware that the amount of glycoprotein initially subjected to sample preparation for these studies 
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was more than 100 times greater than the reported injection amounts. Similar to LC-MS analysis 

methods, MALDI-TOF MS analysis also uses initial glycoprotein amounts ranging from 0.5 – 30 

µg, derived from up to 5 µL of biological samples for N-linked glycan quantitation.20, 23, 37, 86 The 

study performed by Gao and coworkers86 quantified more than 50 TMPP-Ac-labeled N-linked 

glycan structures derived from approximately 0.5 µg of serum glycoproteins per MALDI spot; 

however, the starting quantities, prior to sample preparation, were 20 times higher. 

Compared to all MS-based methods, fluorescence-based methods typically require 

comparatively higher initial glycoprotein amounts, ranging from approximately twenty to a few 

hundred micrograms.76, 80  

1.4.2 Sample Throughput  

High-throughput methods that are capable of analyzing glycomic profiles of several 

thousands of biological samples are necessary to perform large-scale clinical studies.42 The 

throughput of MALDI-TOF MS is superior to all other glyco-analytical techniques, and it is 

followed by CE-LIF and HPLC-FLD.39, 43, 77, 82 See Table 1 for an abbreviated comparison.   

To assess the throughput of profiling human plasma IgG N-glycosylation of 1201 

individuals, four platforms were compared: MALDI-TOF MS, LC-ESI-MS, and two 

spectroscopic approaches.77 MS analysis was performed on purified tryptic glycopeptides, while 

non-mass spectrometric methods, UPLC-HILIC-FLR and multiplex capillary gel 

electrophoresis-laser induced fluorescence detection (xCGE-LIF), were performed on 2-AB and 

APTS labeled, released N-linked glycans, respectively.77 MALDI-TOF MS proved to be far 

superior, while LC-ESI-MS was the slowest. In another example, HILIC-UHPLC-FLD, xCGE-

LIF and MALDI-TOF MS approaches were compared for identifying the serum N-glycome 

changes associated with the rheumatoid arthritis and pregnancy. Again, MALDI-TOF MS 
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sample throughput outperformed the spectroscopic methods.43, 77 These studies showed that 96-

384 samples could be analyzed by MALDI within a single run, providing the measurement of a 

sample at a sub-minute time scale.77, 87  

Apart from MALDI-TOF MS, CGE-LIF, when multiplexed, proves to be the method 

with the second-best throughput. It allows for the analysis of thousands of samples within a 

day.43, 77 The typical run time for either the CGE-LIF or HPLC-FLD is approximately in 40 – 60 

min range, but once CGE is multiplexed with up to 96 capillaries in parallel, the required 

analysis time per sample can be reduced to the low minute scale.43 As compared with CGE-LIF, 

the throughput of conventional CE-LIF is lower as it lacks multiplexing ability, but the typical 

run time is generally lower than both CGE-LIF and UPLC-FLR.  

UPLC-FLR and LC-ESI-MS show medium throughput;77 the throughput of both of these 

methods are limited by the front-end gradient time. For example, one study quantified total 

plasma N-linked glycan profiles obtained from 2396 individuals by using an HPLC-FLD. The 

reported total analysis time was 106 min per sample.44 

While LC-ESI-MS/MS analysis of glycans is one of the slowest methods, sample 

throughput can be improved by using different multiplexing agents, such as tandem mass tags 

(TMT) or isobaric labels,58 and stable isotopic labels.56  Introducing multiplexing agents is useful 

not only for improving the reliability of the quantitation, but also for increasing the number of 

samples that can be analyzed within a single LC-MS run, while lowering the analysis time per 

sample.58 Recently, sixplex AminoxyTMT mass tags were used by Merchef and co-workers58 to 

reliably quantify serum N-linked glycans derived from individuals with various esophageal 

diseases. They quantified 44 glycans after labeling them with TMT sixplex reagents, followed by 

glycan separation on a PGC column and analysis with nano-LC-ESI-MS/MS.58 In addition, a 
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very recent study performed by Li and coworkers88 presented mass-defect-based, duplex-

dimethyl pyrimidinyl ornithine (DiPyrO) tags with a mass difference of 45.3 mDa at the MS1 

level; these tags were used to quantify N-glycome profile differences of human serum samples 

derived from cancer patients before and after chemotherapy; the study permitted quantification 

of 36 glycans, presented at relatively high abundance in the control samples as compared to the 

samples collected after chemotherapy.88  

1.4.3 Sample Preparation Time 

Sample preparation is required for all these methods because of the complexity of the 

sample matrix and the heterogeneity within the sample. Typically, on a glycoprotein, a variety of 

glycans can be attached to either a single glycosylation site or to multiple glycosylation sites 

found on the peptide backbone. This heterogeneity results many different protein glycoforms, 

which are usually in low abundance compared to the non-glycosylated proteins present in the 

biological matrix.2-3 Therefore, efficient glycoprotein purification and separation at the crude-

mixture level or the glycan/glycopeptide level is vital in glycomics analysis, as any contaminant 

present in the sample can affect the detection sensitivity, reproducibility, and relative glycan 

quantitation.76 Therefore, many improvements in glycoprotein purification, sample preparation, 

including release of N-linked glycans, glycan enrichment, and labeling, have been reported in the 

literature; these methods are described in sections 1.3.1.1, 1.3.1.2, 1.3.1.3 and 1.3.2.1. However, 

the complexity of these multiple glycan/glycopeptide processing steps directly affects the total 

sample preparation time of the analysis; making it difficult to perform large-scale clinical studies 

on disease-related glycan biomarkers.80  

The throughput of preparing samples for HPLC-FLD, CE-LIF and MALDI-TOF MS 

analysis of released N-linked glycans is quite similar.43 All of these methods include 
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glycoprotein enrichment, enzymatic N-linked glycan release performed overnight, glycan 

derivatization, and detection of purified glycans. However, the sample preparation throughput of 

MALDI-TOF MS currently surpasses the non-MS based methods. This is well-evidenced by two 

previous studies performed by Shubhakar et al.50 and Bladergroen et al.;89 they have presented 

high-throughput, clinically-feasible, automated sample preparation for MALDI-TOF MS 

analysis; these automated protocols allowed 96 clinical samples to be processed and detected 

within about 7 h for permethylated samples 50 and 3.5 h for samples with sialic acids esterified.89  

During these studies, the sample preparation workflow was expedited through introducing 

robotic liquid handling systems, which significantly reduced the sample preparation time for the 

analysis. On the other hand, automation of non-MS-based sample preparation, for example 

HPLC-FLD, has been also reported; one of these studies reduced the sample processing time for 

96 2-AB labeled samples from 72 h79 to 22 h76 by introducing an alternative approach to the 

conventional in-gel block method; the new method supported full automation of sample 

preparation for the glycosylation analysis of an individual glycoprotein. Another study done by 

the same group90 reported processing of 100 samples within approximately 14 hours, by using 

the same method, but with some modifications that permitted whole serum glycan analysis.  

Compared to MALDI-TOF MS and fluorescence-based methods, relatively little effort 

has been directed at speeding up sample preparation for LC-ESI-MS of released glycans and LC-

MS of glycopeptides, and these methods typically have lower sample preparation throughput.91 

In principle, sample preparation for LC-ESI-MS analysis of glycans would be approximately 

equivalent to that of MALDI-TOF MS, since the same types of analytes are studied. Yet efforts 

to demonstrate expedient sample preparation methods for ESI-MS based analysis have not been 

published, likely because the slow step becomes the instrument throughput, not the sample prep. 
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In contrast to analyzing released glycans, LC-MS analysis of glycopeptides requires different 

sample preparation steps that must be done in advance: glycoprotein enrichment, denaturation, 

reduction, alkylation, and enzymatic digestion. The sample preparation time consumes about 3 

hours prior to the enzymatic digestion; enzymatic digestion is typically performed overnight.32 

The time allotted to the LC-MS/MS analysis can vary from 20 min34, 73 to a few hours,41 which 

reduces the analytical throughput of the method.   

1.4.4 Number of Structures Identified  

Identification of as many as unique glycan/glycopeptide species present in biological 

samples is important in biomarker research; the more structures quantified, the greater the 

likelihood that researchers will be able to identify glycans whose abundance changes with the 

disease sate. 

Among different MS-based methods, LC-MS analysis of glycopeptides is capable of 

identifying the highest number of analytes per analysis. For example, one recent study quantified 

more than 600 glycopeptides across over 50 serum glycoproteins by implementing a dynamic 

multiple-reaction monitoring (dMRM) method optimized in a UHPLC-QqQ; the study permitted 

quantitation of sialylated, fucosylated glycans, in addition to low abundant high mannose-type 

glycans.41 In another study, Kazuhiro et al.40 identified more than 30 000 AAL-affinity-enriched 

glycopeptides derived from serum samples of hepatocellular carcinoma (HCC) patients, chronic 

hepatitis patients, and healthy controls via LC-TOF-MS while allowing the identification of 

multifucosylated glycans of alpha-1-acid glycoprotein (AGP), as a candidate HCC biomarker.  

LC-ESI-MS analysis of released N-linked glycans, provides the second-best coverage of 

glycosylated analytes. Among many studies where a higher number of glycan identifications 

were reported, PGC-chip-based separation was used. Song et al.59 performed an analysis on 
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reduced serum N-linked glycans and identified more than 170 N-linked glycan structures, 

including complete (50) and partially elucidated (100) structures that were included in a 

representative library for serum. Moreover, in another study, out of 115 glycan structures 

identified, 29 were altered in lung adenocarcinoma tissue samples as compared to the non-

malignant tissues.25 

 Among all MS-based methods, MALDI-TOF MS shows the lowest coverage of unique 

glycans. However, compared to fluorescence-based methods, MALDI-TOF MS is capable of 

assigning more glycan compositions, and it provides good separation for more complex tri- and 

tetra-antennary glycan structures.43  

In fluorescence-based methods, the number of unique species detected is limited43, 55, 92 

and the assignment of each individual analyte peak requires prior knowledge about the retention 

time or the migration time of the species being analyzed. Table 1 summarizes the different 

methods’ capacities. 

1.4.5 Isomer Separation and Structural Characterization Ability  

Glycomics analysis is complicated because of structural diversity introduced by different 

glycan compositions, linkages, and branching patterns.4-5 Accurate identification of numerous 

glycan compositions and in-depth structural characterization of different glycans or 

glycopeptides structures, including isomers, is very important due to their biological 

significance, diagnostic relevance, and biotherapeutic importance.5 As indicated in Table 1, LC-

MS-based methods are thus far the most informative for structural assignment of 

glycans/glycopeptides; however, combination of both the optimized separation strategies and 

tandem MS techniques, are required to perform isomer separation and structural 

characterization.5  
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Considerable research has been invested into achieving isomeric separation for released 

glycans, followed by characterization by tandem mass spectrometry. Porous graphitized carbon 

(PGC),4, 93-94 hydrophilic-interaction liquid chromatography (HILIC),95 and reversed-phase (RP)-

LC61 are potential choices for the stationary phases for isomer separation, while tandem MS 

techniques, such as collision induced dissociation (CID)59, 61, 93-94 and higher energy collision 

dissociation (HCD) 97-98 are main choices for glycans’ structural characterization. Two recent 

studies performed by Yehia Mechref and coworkers,93-94 used a PGC-nLC-MS/MS method 

performed at higher temperature (75 o C), to effectively separate and characterize permethylated 

glycans derived from multiple cancer cell lines. This study allowed efficient separation of glycan 

structures including many different glycan isomers; such as monosaccharide positional isomers 

(core- or branched fucose and α3- or α6-branched galactose) and linkage isomers; these isomers 

were then effectively identified by using specific diagnostic fragment ions observed in tandem 

MS spectra. Overall, these studies allowed identification of more than 100 glycan isomer 

structures derived from less than 50 glycan compositions. Apart from the frequently used PGC-

nLC-MS/MS, RP-nLC-MS/MS is also used for glycan isomer separation and characterization; in 

one example, permethylated N-linked glycans from HCC patients were characterized, and 82 

potential isomeric glycans from 52 glycan compositions were identified.61 However, the use of 

RP-LC for N-linked glycan isomer separation is limited due to the poor resolution observed for 

permethylated isomeric glycans, and the poor retention observed for hydrophilic glycans.93 In 

addition to RP-LC, HILIC is also used to separate N-linked glycan isomers, for an example, 

linkage isomers of ProA-labeled sialylated glycans.95 

 Isomer separation at the glycopeptide level is also important, as it permits the quantitation 

of site-specific isomeric glycan alterations. Generally, RP-LC is the method of choice for 
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glycopeptide separation; it successfully separates multiple glycopetides with different peptide 

backbones; but, it poorly resolves the glycan isomers those all have a common peptide 

backbone.96-97 Therefore, RP-LC has been used limitedly in glycopeptides’ isomer-specific 

studies; one such example is the study performed by Yuan et al.;47 they used RP-nLC-MRM-MS 

to quantify linkage-specific fucosylation differences of N-linked glycopeptides of seven plasma-

derived  glycoproteins of liver cirrhosis patients; these authors used outer arm fucosylation-

specific fragment ion(s) in the tandem MS spectra for targeted transitions; they found that 

increased outer arm fucosylation is related to the progression of disease. Instead of reverse phase 

chromatography, HILIC separation obtained significant attention in recent years because of their 

glycopeptide isomer separation ability.96-97 Two recent studies performed by Huang et al.96 and 

van der Burgt et al.97 used HILIC-LC in combined with targeted MS approaches to separate 

glycopeptide isomers of human IgG96 and prostate-specific antigen (PSA);97 both of these studies 

allowed differentiation of linkage-specific sialylated glycopeptides, and also resolved galactose 

position of G1F glycan of IgG glycopeptides.96 Though, glycopeptide-based analysis provides 

site-specific information, it typically shows poor isomer separation ability as compared to the 

LC-ESI-MS analysis of released N-linked glycans while providing limited glycan-specific 

structural information. Therefore, if the goal of the study is to obtain comprehensive structural 

information of various glycans; the best choice would be the LC-ESI-MS of released glycans, 

which enables effective separation and in-detail characterization of glycan structures including 

many different isomers.  

As compared to LC-MS-based methods discussed in this chapter, MALDI-TOF MS lacks 

the ability to separate glycan isomers as the method is not supported by front end glycan 

separation; thus, typically provide glycans’ compositional assignments, but not the isomer-
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specific information.43 However, MALDI-TOF MS by itself permits sialic acid linkage 

differentiation, only when sialic acids are subjected to linkage-specific derivatization prior to the 

analysis.38, 43, 98 For an example, Reiding et al.38 identified 77 plasma N-linked glycan 

compositions belonging to 108 glycan structures, after subjecting sialic acid α-2,6 and α-2,3 

linkages to ethyl esterification and lactonization, respectively. In another study, MALDI-TOF 

MS was used to identify differences in sialylation linkages of ethyl esterified serum N-linked 

glycans derived from the samples of normal pregnant individuals and those with rheumatoid 

arthritis.43 Moreover, though MALDI-TOF MS is useful for assigning different glycan 

compositions, structural elucidation of those compositions requires additional tandem 

capabilities, and also, the structural assignment of glycans can be complicated due to the loss of 

labile groups as a result of in-source decay.99  

Many studies have compared the glycan isomer separation capacity of MALDI-TOF MS 

and non-MS-based approaches. Among various methods discussed in this chapter, CE-LIF and 

UPLC-FLR methods also allow for effective separation of N-linked glycans while permitting 

branch-specific information and separation of various isomers.43, 77, 82 HILIC-FLR and CGE-LIF 

methods are able to distinguish between the 3-arm and 6-arm galactosylation differences, in 

addition to the fucose position (core- or branched-) of fucosylated glycans.43, 77 By contrast, 

during these studies, MALDI-TOF MS analysis was not able to provide isomer-specific 

information for these glycans.  

However, fluorescence is not a method that is well-suited to provide structural 

information about the glycans in a sample, as it primarily is used for quantitation. When using 

fluorescence to quantify glycans, other methods or tools need to be paired with it if information 

about the glycan is needed. For example, well-characterized glycan standards can be used to 
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match the retention times in LC-fluorescence analyses; or additional follow-up MS 

experiments44, 55, 84 could be done; or sequential enzymatic digestion can be used 39, 42-43, 84 to 

obtain structural information. These additional methods, which need to be done in conjunction 

with fluorescence-based quantification, introduce limitations when one of the researchers’ goals 

is to identify the structure(s) of the glycan(s) that interest them. 

1.4.6 Differences in Quantitative Data Generation  

MS-based approaches used in glycomic quantitation are more complex than LC/ CE-

fluorescence-based methods. In MS-based methods, the glycan response (peak abundances) are 

affected by both structural composition of the glycans and as well as the co-eluting interferences 

that suppress the ionization of glycans or glycopeptides (LC-MS based approaches). Therefore, 

the relative abundances of the glycans or glycopeptides cannot be compared across different 

compositions within the same sample. However, in LC/CE-fluorescence methods, glycan 

labeling is stoichiometric and is not affected by the nature of the glycan type or composition. In 

these methods, fluorescence dye is attached only to the reducing end of the glycan, and none of 

the structural differences of N-linked glycans are found at this end.42 Therefore, it is possible to 

assume that all the labeled N-linked glycans fluoresce with a similar quantum yield, while 

allowing reliable quantitation of glycan peak areas in the same sample and between samples.42, 77 

Because of this point, LC/CE-fluorescence based methods are preferable if the research study 

requires that the relative quantities of glycans within a sample to be measured accurately.   

1.4.7 Method Repeatability  

Method repeatability is an important factor that needs to be considered during 

quantitative clinical glycomics studies where many sample sets are being analyzed. When the 
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method is highly reproducible; it permits improved sensitivity, thus, allowing for differentiation 

of minor changes occurring in multiple samples.34 

Many studies show that the repeatability of LC-FLD analysis of released N-linked 

glycans is superior to all other analytical methods.43-44, 76 Typically, HPLC-FLD yields lower 

than 10% coefficient of variation, especially for major glycan peaks of the sample,43-44, 76 and 

even a lower CV value (1.6%) was reported for the 10 most abundant N-linked glycans derived 

from plasma samples of RA patients.43 CE-LIF analysis of glycans is also highly reproducible, 

but it is second to the LC-FLD method.31, 43  

In MALDI-TOF MS, the reproducibility is affected by not only the variation of the 

analyte ionization but also the spot-to-spot variation of the laser pulse. Therefore, compared to 

the non-MS based methods, MALDI-TOF MS analysis reported the least reproducible glycan 

quantitation data in many studies;43, 89 these studies showed that the reproducibility of the 

analysis can be improved when quantifying glycan-derived traits instead of individual glycan 

peaks.  

Similar to MALDI-TOF MS, other MS-based methods also show lower repeatability as a 

result of both LC run-to-run variation and the ionization differences that occur during the MS 

analysis.58 Throughout the literature, the use of MS-based methods with sufficient repeatability 

(CV<15%) for the quantitative clinical glycomics analysis have been reported for both LC-MS 

analysis of glycopeptides and released N-linked glycans. Lebrilla and colleagues34, 41 and Shih et 

al.65 reported a less than 15% intra-day and inter-day repeatability for serum glycopeptide 

quantitation. Similarly, for LC-ESI-MS N-linked glycan quantitation, sufficient reproducibility 

was reported in many studies with lower run-to-run variation and over multiple sample 

preparations.58-59 
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1.4.8 Required Expertise  

MS-based methods typically require higher expertise compared to non-MS based 

methods; both the operation of the mass spectrometer and the more complex data analysis 

require significant experience.43, 77 Among the MS-based methods, MALDI-TOF MS is the most 

straightforward, but for LC-ESI-MS analysis of both glycopeptides and released N-linked 

glycans, the required expertise is very high; researchers not only have to have a solid command 

of mass spectrometry, but also HPLC separation. Additionally, ESI data is often more 

complicated to analyze, especially if it is from glycopeptides. In contrast to MS-based methods, 

the primary skill necessary to perform UPLC-FLR and CE-LIF methods is expertise in 

separations. While these methods also require training for sample preparation and instrument 

handling, well-established glycan preparation protocols are available; a straight forward 

detection method and well-established data bases also simplify data analysis for fluorescence-

based methods. 43, 76-77    

1.4.9 Cost for Instrumentation and per Sample  

Typically, the instrumentation cost for high-resolution LC-ESI-MS is higher than 

MALDI-TOF MS, followed by the UPLC-FLR, and the cost for the CE-LIF instrumentation is 

the lowest. In terms of costs per sample, when the analysis is performed in high-throughput 

mode, both CE-LIF and MALDI-TOF MS provide low costs per sample, as they are the highest-

throughput methods. In contrast, UPLC-FLD can be rather expensive, due to the low throughput 

of the method, and LC-ESI-MS provides the highest cost per sample as a result of the cost 

associated with the instrumentation as well the low throughput of the method.77 
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1.5 Summary of Subsequent Chapters 

Chapter 2 describes an efficient and a simple analysis method that we developed to track 

the N-linked glycosylation sites of glycoproteins within a single experiment. The method relies 

on high-resolution MS data and chromatographic retention times; it identifies the glycopeptides 

that all bear the same peptide backbone by tracking the co-eluting incidences of those 

glycoforms in an LC-MS experiment using a reverse phase column. Once the approximate 

retention time for a particular glycosylation site is identified; the co-eluting glycopeptides at that 

retention time are verified with the full MS data, followed by the confirmation of the 

assignments by using CID data. This method was benefitted from the use of a limited N-linked 

glycan library that contained 18 glycans, which we developed by identifying abundant 

glycoforms in the literature of human plasma N-linked glycoproteins. The method successfully 

identified all the glycosylation sites of two model glycoproteins; thus, it was further extended to 

glycosylation site identification of a heavily glycosylated human plasma protein: apolipoprotein 

B100. The developed approach effectively mapped many of the glycosylation sites of apoB100 

with a single LC-MS experiment while requiring less sample amount and less analysis time 

compared to the state-of-the-art analysis method.  

Chapter 3 describes a rapid, direct ESI-MS approach that we developed to quantify N-

linked glycans that ionize well in the negative ion mode. The method is straightforward; it omits 

glycan labeling steps; thus, reduces the need for additional post-sample clean-up steps. We 

successfully applied the developed (-)ESI-MS approach to quantify N-linked glycans of standard 

glycoproteins; the generated results showed higher reproducibility over multiple samples 

preparations and over multiple analyses. Then, the method was extended to quantify N-linked 

glycans of uromodulin: the most abundant protein excreted in human urine, which is a potential 
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biomarker for various kidney diseases. Therefore, uromodulin was extracted directly from 

human urine samples of two different biological states prior to the quantitation of uromodulin N-

linked glycan via (-)ESI-MS. The resulting N-linked glycosylation differences across different 

groups of samples were subtle; however, the method provided very tight within-group 

reproducibility, yielding clearly separable, unique, sample-related groups. Therefore, this method 

will be useful for kidney researches those use uromodulin N-linked glycosylation signatures to 

classify disease state samples, as this method is a simple and a straightforward one.  

 Chapter 4 describes a systematic approach used to chemically generate large sets of LC-

MS glycopeptides data to mimic two different biological states; these data were generated with 

the goal of optimizing a newly developed supervised machine learning classifier that classifies 

the samples based on an entire whole glycomic profile, instead of using a single glycan feature or 

a few selected glycan features to classify samples. Human immunoglobulin G, IgG, is an 

important protein for biomarker studies; its glycosylation is affected during the progression of 

many diseases; thus, IgG was used in this study to generate samples of two biologically different 

states. We optimized the sample preparation to generate two groups of IgG glycopeptide 

samples, one with a native IgG glycosylation profile to mimic samples of a healthy state and the 

other with a slightly altered IgG glycosylation profile to mimic samples of a disease state; these 

samples were prepared by introducing a small percentage of partially desialylated or partially 

defucosylated IgG in to a native IgG tryptic digest. Finally, large sets of IgG glycopeptide data 

were generated for both of the samples groups; they were submitted to the newly developed 

Aristotle classifier and also to a more established classification approach, known as the Principal 

Components Analysis (PCA), to challenge their classification abilities. The generated data were 
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challenging; yet, the Aristotle classifier outperformed the PCA while accurately classifying many 

of the samples of two different biological states into their accurate groups.  
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Chapter 2 . Hunting for Hidden Glycopeptides in Highly Glycosylated 

Proteins 

 

Abstract 

How can you find hidden glycopeptides, which remain undetected after an LC-MS 

analysis of a digested glycoprotein sample?  Herein we introduce a rapid and simple method for 

targeted identification of recalcitrant glycopeptides. A list of eighteen likely glycoforms is used 

to search for each hidden glycosylation site, and incidences of co-eluting peaks are investigated; 

multiple co-eluting peaks most often indicate the retention time of the hidden glycopeptides of 

interest. This strategy, of searching for co-eluting peaks, was developed because different 

glycoforms from the same glycosylation site tend to co-elute when subjected to reverse phase 

liquid chromatography. If co-eluting peaks can be found that are consistent with likely 

glycopeptide masses, those co-eluting peaks are putatively assigned as the hidden glycopeptides 

of interest. These assignments can be confirmed, and other glycoforms beyond the initial search 

of 18, can then be easily identified after the glycopeptides’ retention time has been deciphered.  

We demonstrate the peak alignment approach is effective at identifying the glycosylation sites of 

common glycoprotein standards, and we apply it to analyze apoB100: a heavily glycosylated 

human plasma protein. Many glycoforms of this protein are successfully identified within a 

single experiment. Finally, we compared the results from the new method with a competing 

existing strategy, and we demonstrate that the new method is optimally effective, while requiring 

less sample, less instrument time, and less analysis time. 
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2.1 Introduction 

Protein glycosylation, the covalent addition of glycans to a protein, is one of the most 

common post-translational modifications.1-4 The glycans attached on proteins are crucial for 

regulating various biological processes, such as protein folding and stabilization,3 cellular 

communication, cellular recognition and adhesion,4 fertilization,5 and immune defense.6 

However, aberrant glycosylation profiles of various endogenous proteins have been associated 

with the progression of various diseases such as cancers,7-9 congenital disorders,10 and 

inflammatory diseases.11-12 Thus, glycosylation changes on some proteins aid as prognostic 

biomarkers for various disease states,13-14 while some glycosylated proteins, such as the HIV-1 

envelope glycoprotein, (Env,) 15-16 serve as a major target for vaccine development. Therefore, 

development of effective protein glycosylation site profiling strategies is important to identify 

the alterations of site-specific glycosylation during the progression of various diseases and also 

to develop effective vaccine candidates and biotherapeutics.  

In recent years, mass spectrometry (MS) has emerged as the most powerful technique for 

glycosylation analysis because of its high resolution, high sensitivity, and the availability of 

complementary tandem mass spectrometry (MS/MS) techniques.15, 17-18 A commonly employed 

workflow for glycopeptide-based analysis using mass spectrometry includes proteolytic 

digestion of purified glycoproteins, HPLC separation, and detection using MS, followed by data 

analysis with software tools for glycopeptide identification, which attempt to assign all possible 

glycopeptides present.19  Recently, many bioinformatics tools, such as Byonic,20-21 GlycoPep 

Grader (GPG),22 MAGIC23 and Glycopeptide search24 have been developed to improve the N-

linked glycopeptide identification. In general, these bioinformatics tools assign the best-matching 

glycopeptide composition to a CID or ETD spectrum by identifying glycopeptides’ specific 
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fragment ions in the resultant MS/MS data. The accurate identification and assignment of 

glycopeptides critically depends on the quality of the resultant MS/MS data, so the tools are 

biased towards detecting particular glycopeptides that ionize well and have easily assignable 

MS/MS data.25  The current tools are inadequate when an exhaustive analysis is required, since 

they often only detect the easy-to-find glycoforms. For example, MAGIC only identified 36 

glycopeptides from the HeLa cell proteome.23   

When automated, untargeted strategies fail to identify all the glycoforms present in a 

sample, or when more complete glycosylation coverage is required, expert targeted analysis 

approaches are used, where additional experiments are conducted and MS and MS/MS data are 

manually interpreted to provide more complete glycosylation coverage. The benefits of targeted, 

expert analysis can be dramatic: in one example, two different labs characterized the same 

protein using either expert analysis or an automated approach that relied on Bionic software: the 

experts identified ~600 glycopeptides,26 while the Bionic-based approach identified ~160 

glycopeptides.27 While the benefits of expert analysis can clearly be seen in increased coverage, 

the cost in time and expertise is massive. Targeted glycopeptide analysis strategies, which can be 

done expediently by relative novices, therefore, would greatly benefit the field. 

One strategy to find reclusive glycosylation sites is shown in Figure 1A. The method is 

tedious but reasonably effective. PNGase F is used to deglycosylate the glycoprotein followed by 

two parallel LC-MS analyses: the first relies on the analysis of deglycosylated peptides to 

identify the approximate retention time(s) of the peptides of interest; the second analysis, of 

glycosylated peptides using the same LC-MS conditions, identifies the glycoforms that 

correspond to the glycopeptides eluting at the retention time(s) of interest.25, 28 Many times this 

approach is not optimal, due to the need for increased sample amounts. Additionally, the 
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approach requires at least twice the sample preparation and data analysis time, since two 

different LC-MS files need to be run and interpreted.    

 

Figure 1. Schematic representation of the experimental workflow for N-linked glycosylation site mapping 

using the existing approach (deglyco- and glyco-peptide analysis) (A) and novel peak alignment approach 

(B). 
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Herein, we introduce an efficient and simple strategy that identifies hidden N-linked 

glycopeptides, even if they ionized poorly and/or if they generate sub-optimal MS/MS data that 

could not be effectively assigned in an automated, untargeted search. The novel strategy depends 

on using high-resolution MS data and chromatographic retention times to map the N-linked 

glycosylation sites of the protein, as shown in Figure 1B. When using the new method, one 

searches for a set of common or likely glycopeptides that all contain the same peptide backbone; 

if they are present, they all co-elute on a reverse phase column. Therefore, when peaks 

corresponding to the masses of different glycopeptides appear at a similar retention time, one can 

provisionally assign those as glycopeptides for a particular glycosylation site and confirm with 

the available high-resolution MS and MS/MS data. The method was validated on two model 

glycoprotein standards and extended to glycosylation sites analysis of apoB100, a heavily 

glycosylated human plasma glycoprotein. Finally, we compared the results of the novel method 

with an existing targeted analysis strategy and verified that our method is optimally effective, 

while requiring half the sample prep, half the sample quantity, half the instrument time, and less 

analysis time. 

2.2 Experimental 

2.2.1 Materials and Reagents 

Bovine ribonuclease B (RNAse B), bovine fetuin and apolipoprotein B from human 

plasma were purchased from Sigma Aldrich (St. Louis, MO). Sequencing grade trypsin was 

acquired from Promega (Madison, WI), and PNGase F (500, 000 units/mL) was from New 

England BioLabs (Ipswich, MA). All the chemical reagents were of analytical grade or better. 
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2.2.2 Glycoprotein Digestion 

The glycoproteins (100 – 250 µg) were dissolved in 100 mM Tris-HCl buffer (pH 8.5) to 

give ≥ 4 mg/mL initial concentration; they were thermally denatured by at 100 °C for 10 mins. 

The samples were cooled to room temperature followed by the addition of urea to a final 

concentration of 6 M for further denaturation. For reduction and alkylation of disulfide bonds, 

tris (2-carboxyethyl)-phosphine (TCEP) and iodoacetamide (IAM) were added to give a final 

sample concentration of 5 mM and 25 mM, respectively. The samples were then incubated for 1 

h at room temperature in the dark. Subsequently, the alkylation reaction was quenched via the 

addition of dithiothreitol (DTT) to give a final concentration of 30 mM followed by a 30 min 

incubation period at room temperature. For the apoB100, TCEP and IAM were added to give a 

final sample concentration of 0.6 mM and 1 mM, followed by the neutralization of excess IAM 

via the addition of DTT (2 mM final concentration). After these steps, samples were diluted with 

Tris- HCl buffer (pH 8.5) to a final concentration of 1 µg/µL, followed by the addition of trypsin 

at an enzyme-to-protein ratio of 1:30 (w/w) and an incubation period of 18 h at 37 °C. This step 

was followed by a second trypsin addition at 1:100 enzyme-to-protein ratio (w/w) to ensure 

complete digestion of the protein samples. The trypsin digestion of all the samples were then 

quenched by adding 1 µL of acetic acid for every 100 µL of sample. All the digested solutions 

were stored at -20 °C until the analysis, except the apoB100 sample, which required an additional 

step of centrifugation at 10,000 g for 4 min to obtain the supernatant, prior to the storage. 

2.2.3 Glycoprotein Deglycosylation 

Glycoprotein samples in Tris-HCl buffer (protein concentration of ≥4 mg/mL) at pH 8.5, 

were thermally denatured at 100 °C for 10 min and cooled to room temperature. To carry out the 

deglycosylation, for RNAse B, fetuin, and apoB100, 1 µL, 2 µL, and 6 µL of PNGase F stock 
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solution (50 units /µL solution in H2O) was added. The first two samples were incubated at 37 °C 

overnight while the latter was incubated for 24 h, at pH 8.5. The deglycosylated samples were 

then subjected to trypsin digestion by following the same experimental conditions as described in 

the glycoprotein digestion section. The prepared solutions were stored at -20 °C prior to the 

analysis. 

2.2.4 LC-MS Analysis 

LC-MS analysis of digested glycoprotein samples were performed on an LTQ Orbitrap 

Velos Pro hybrid mass spectrometer (Thermo Scientific, San Jose, CA) coupled to an Acquity 

UPLC system (Waters, Milford, MA). Digested glycoprotein samples; 5 µL of RNAse B (5 µM), 

fetuin (1 µM) or apoB100 (1 µM) were injected on to a C18 column (320 µm i.d. × 5 cm, 3.5 µm 

pore size, Micro-Tech, Vista, CA) at a flow rate of 10 µL/min, for the separation. Mobile Phase 

A consists of 99.9% H2O plus 0.1% formic acid, while Mobile Phase B consists of 99.9% 

CH3CN plus 0.1% formic acid. Different gradients were used to maximize the glycopeptide 

separation of different glycoprotein samples. For RNAse B, 2% Mobile Phase B for 5 min, 5% to 

15% B in 5 min, and 15% to 35% linear increase of B in next 40 min was used. For fetuin and 

apoB100, 2% B for 5 min, 2% to 12% B in 2 min, 12% to 35% linear increase of B in 43 mins 

were used. After the separation gradient of each glycoprotein digest, the column was washed by 

increasing Mobile Phase B to 80% in 10 min and holding it at 80% B for another 10 min 

followed by decreasing the B to 5% in 5 min and subsequent re-equilibrating the column at 2% B 

for another 10 min. The LC-MS analysis of deglycosylated and corresponding glycosylated 

protein digests were run back-to-back with a wash and blank run in between to minimize the 

sample carry over. 
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For mass spectrometric analysis, positive ion mode was used with an ESI spray voltage 

of 3.0 kV and capillary temperature of 260 °C (250 °C for apoB100). For all the experiments, full 

scan mass spectra were acquired in the Orbitrap, for the mass range of (m/z 400 – 2000) at a 

resolution of 30,000 (at m/z 400). The CID data were acquired in a data dependent mode to 

confirm the compositional assignments of glycopeptides. The CID spectra were collected in the 

ion trap by picking the top 8 intense ions (top 5 for apoB100) of the full MS, with a repeat count 

of one, repeat duration of 30 s, and dynamic exclusion window of 180 s. For each CID scan, 

normalized collision energy of 35%, and an activation time of 10 ms was used.  

2.3 Results and Discussion 

2.3.1 Method Conception and Overview 

One important principal of the method described here is that different glycoforms of the 

same glycosylated peptide typically co-elute when subjected to RP-HPLC. Figure 2A 

demonstrates this by representing the extracted ion chromatograms (XICs) of multiple doubly 

charged glycoforms of the N33LTK glycopeptide, generated from tryptic digest of RNAse B. As 

shown in this figure, the glycoforms co-eluted within the retention time range of (1.88 – 3.97) 

min. Using this principal, that on a reverse-phase column, the glycoforms would co-elute while 

allowing the identification of  likely retention time range for a set of glycoforms of interest, 

which can be verified by using high resolution MS data as shown in Figure 2B. Thus, we 

developed a method to identify the retention time of any new glycopepetide by searching for 

glycoforms that were likely to be present in the sample and finding instances of co-eluting peaks 

in the XICs.   
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Figure 2. The XICs’ for the doubly charged multiple glycoforms of the N33LTK glycopeptide of RNAse 

B, co-eluted within the retention time range of (1.88 – 3.97) min (A). High resolution MS spectrum 

recorded for the tryptic digest of RNAse B for the time range of (1.88 – 3.97) mins (B). This full MS 

shows two co-eluting tryptic glycopeptides of RNAse B, a missed cleaved SRN
33

LTK (red star) and 

N
33

LTK (blue star) glycopeptides. Each glycopeptide was denoted with different symbols (as shown in 

the legend) to represent various high-mannose type glycans attached to the glycosylation site. 

 

The key intellectual challenge in developing this method is determining which 

glycoforms to search for when the glycosylation profile is unknown. To solve this problem, we 

developed a representative N-linked glycan library, using the most common literature-reported 
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glycan compositions for the human plasma glycoproteins.29-31 We selected 18 of the most 

abundant glycoforms (shown in Table 1), and use those to search the XICs and identify 

incidences of co-eluting peaks. After the glycosylation site is tentatively identified by the 

presence of co-eluting peaks corresponding to possible glycoforms, the glycopeptides in that 

portion of the chromatogram are assigned based on high-resolution mass and further confirmed 

by manually interpreting corresponding CID data.   

2.3.2 Developing the N-linked Glycan Library 

The success of this method hinges on identifying a list of glycans, where at least a few of 

them can be reasonably expected to be present on the glycopeptides. To build the limited glycan 

library for this workflow, we used literature reported information of human plasma proteins’ N-

linked glycosylation.29-31  Glycosylation information reported for 20 different human plasma 

glycoproteins, including Alpha-1-acid glycoprotein, Alpha-1-antitrypsin, Immunoglobulins, 

Ceruloplasmin, Fibrinogen, Vitronectin, and others were used. The identified glycan 

compositions for each glycoprotein were compiled for each reported glycosylation site on the 

proteins. The glycoforms were tracked in three major categories: high mannose, complex, and 

hybrid.  All the instances of all the different glycans detected were tabulated; in total, 225 

glycans on 83 different glycosylation sites were recorded; See Appendix A, Table 1. Using these 

data, representative N-linked glycans were chosen to build the limited glycan library by 

considering the number of times each glycan appears on different proteins and the total number 

of proteins that contain a particular glycan composition. By doing so, we identified the most 

commonly introduced N-linked glycans for abundant human plasma glycoproteins and picked 18 

glycan compositions to use in a limited glycan library. These glycans were selected to cover all 

three major glycans types (high-mannose, complex, and hybrid); therefore, five, eight and, five 
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N-linked glycan compositions were included for high mannose, complex and hybrid groups, 

respectively (see Table 1).   

Table 1. The developed N-linked glycan library for human plasma glycoproteins. “A” denotes for number 

of antennae. 
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Our rationale for choosing 18 glycans, and not more or less, is somewhat arbitrary:  

clearly, searching with a larger library might be advantageous in some cases; using a larger 

library could be helpful if the limited library proves insufficient for a given analysis. Choosing 

fewer than 18 glycans would nominally speed up the search, since fewer chromatograms would 

need to be extracted. Balancing these competing considerations, we chose a relatively small set 

of abundant glycoforms and determined the utility of this limited library on several proteins. All 

of the 18 N-linked glycans compositions in the library were used together for the targeted 

identification of particular glycosylation sites in several proteins by searching co-eluting 

glycoforms from a reverse phase column. 

2.3.3 Using the Library to Search for Co-eluting Peaks 

Monoisotopic glycoform masses for a glycopeptide of interests are generated by adding 

the monoisotopic peptide mass to that of the glycan masses in the library. Secondly, the m/z’s for 

the multiple charge states of those glycoforms are generated. Next, the 18 glycoforms’ m/z’s that 

bear the least possible charge state within the instrument scan range (m/z 400 – 2000) are 

considered first. In here, a single charge state of eighteen glycoforms of a particular peptide is 

taken into account, if all of the glycoform m/z’s of that specific charge state lie within the 

instrument scan range. If not, the m/z’s of two consecutive charge states of glycoforms are 

combined to generate 18 m/z’s for the extraction. For example, during the glycosylation site 

search of fetuin, two consecutive m/z’s of RPTGEVYDIEIDTLETTCHVLDPTPLAN81CSVR 

(3+ and 4+ charge states) and LCPDCPLLAPLN138DSR (2+ and 3+ charge states) glycopeptides 

were considered together for the extraction, as shown in Figures 3A and 3B.  At the end of the 

glycoform extraction, the retention time of the glycopeptide of interest is provisionally identified 

by the presence of co-eluting peaks in the XIC’s. Once the retention time is found, that region of 
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the chromatogram can easily be manually investigated to determine all glycoforms present at that 

site. Examples are included below. 

2.3.4 Method Demonstration 

The method was applied to a well-characterized model glycoprotein; fetuin. Figure 3A 

and 3B represent the resultant extracted ion chromatograms obtained for the 18 glycoforms of 

fetuin peptides RPTGEVYDIEIDTLETTCHVLDPTPLAN81CSVR and 

LCPDCPLLAPLN138DSR, respectively. In these figures, a set of co-eluting peaks corresponding 

to the two glycopeptides mentioned above were identified in the time ranges of 39.00 – 41.00 

min (Figure 3A) and 25.00 – 27.00 min (Figure 3B). This result allowed the rapid identification 

of N81 and N138 glycosylation sites respectively. Afterwards, the provisionally assigned 

glycosylation sites were verified with the full MS data generated for the retention time ranges 

where the co-eluting peaks were identified. Figure 3C and Figure 3D illustrate the high-

resolution MS data generated for the N81 and N138 glycosylation sites, respectively.  
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Figure 3. The XIC’s of eighteen glycoforms of two fetuin glycopeptides, RPTGEVYDIEIDTLETTCHV 

LDPTPLAN81CSVR at +3 and +4 charge states (A) and LCPDCPLLAPLN138DSR at +2 and +3 charge 

states (B). The corresponding high-resolution MS spectra of the N81 (C) and N138 (D) sites containing 

glycopeptides recorded for the time ranges of (39.00 – 41.00) min and (25.25 – 27.06) min. A set of co-

eluting glycoforms (A2G2S2, A3G3S3 and A3G3S2) were identified for both N81 and N138 

glycosylation sites and the co-eluting time ranges are highlighted in pink.  
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In both of these figures, glycoforms corresponding to multiple charge states of A2G2S2, 

A3G3S3, and A3G3S2 were identified, verifying the rapid glycosylation site assignment of N81 

and N138 glycosylation sites. Finally, these glycopeptide assignments were further confirmed by 

manually validating the corresponding CID data. Once the glycosylation site is assigned, the rest 

of the candidate glycoform compositions that all contain the same glycosylation site, but are not 

included in the N-linked glycan library, are identified. For example, the parent ion m/z’s can be 

transported to Glycomod, and the resulting glycoform candidates can be validated with available 

CID data. By using this strategy, an additional glycoform: [Hex]6[HexNAc]5[NeuAc]4 

(A3G3S4) was confirmed for both N81 and N138 glycosylation sites of fetuin. In addition to the 

aforementioned glycosylation sites, we applied the method to identify glycopeptides of N158 

glycosylation site; the third glycosylation site of fetuin that bears the 

VVHAVEVALATFNAESN158GSYLQLVEISR peptide backbone. Figure 4 shows the XIC’s of 

eighteen glycoforms of fetuin glycopeptide: VVHAVEVALATFNAESN158GSYLQLVEISR at 

+4 charge state.  
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Figure 4. The XIC’s of eighteen glycoforms of fetuin glycopeptide, VVHAVEVALATFNAESN158GSY 

LQLVEISR at +4 charge state. A set of co-eluting glycoforms (A2G2S2, A3G3S3 and A3G3S2) were 

identified for N158 glycosylation site at the retention time range of (45.00 – 47.00) min. The co-eluting 

time range is highlighted in pink.  

 

Similar to the N81 and N138 glycosylation sites of fetuin, the method afforded the 

identification of A2G2S2, A3G3S3 and A3G3S2 from the library and A3G3S4, which was not 

included in the limited glycan library. Finally, multiple charge states of these glycoforms were 

identified, verified, and confirmed with the full MS and CID data, as described earlier.   
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Users of this peak alignment approach should be aware that sometimes more than one set 

of co-eluting peaks are observed in the extracted ion chromatograms. For example, two sets of 

co-eluting peaks were observed for N158 glycosylation site of fetuin (Figure 4) at (39.00 – 

41.00) min and (45.00 – 47.00) min, respectively. In such instances, the correct set of co-eluting 

peaks can be easily identified by querying the high-resolution MS data at both retention times.  

In the set of peaks eluting at ~45 minutes, the extracted peaks indeed matched the theoretical 

monoisotopic masses of the glycopeptides that were extracted. This was not the case for the 

peaks eluting around 40 minutes. Here, the extracted peaks’ monoisotopic, high-resolution 

masses were not consistent with the masses of the glycopeptide ions that were searched. In 

addition to verification by high-resolution mass, the correct co-eluting peaks are also verified by 

assigning CID data for the peaks.  

2.3.5 Method Validation 

To validate the glycosylation site identification results obtained for fetuin with the novel 

approach, we used an established analysis method, which is shown in Figure 1A.  It relies on two 

parallel LC-MS experiments. In this workflow, the retention time for a particular deglycosylated 

tryptic peptide of interest is identified in a preliminary LC-MS experiment, and glycopeptides are 

identified in a second LC-MS file by searching at the same retention times. The glycopeptides in 

this retention time region are putatively assigned by the full MS data, and they are confirmed 

with CID data. Figure 5 shows an example of the two parallel LC-MS experiments for the 

identification of N81 glycosylation site of fetuin.  
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Figure 5. The overlapped total ion chromatograms of the tryptic digests of deglycosylated (black) and 

glycosylated (blue) fetuin samples ran under the same LC-MS conditions (A). The highlighted time range 

(red box) shows the retention times of fetuin deglycopeptide (black color peak, 41.54 min) and 

corresponding glycopeptide (blue color peak, 40.63 min) that each contains N81 glycosylation site. The 

full MS generated within the retention time range of (39.00 – 41.00) min for the fetuin glycopeptide (blue 

color peak) that contains N81 glycosylation site (B). The symbols represent the peaks correspond to the 

different glycoforms of N81 glycosylation site at their multiple charge states, A3G3S3 (five point blue 

star), A3G3S2 (purple diamond), A2G2S2 (green triangle), and A3G3S4 (red arrow). 
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In Figure 5A, deglycosylated RPTGEVYDIEIDTLETTCHVLDPTPLAD81CSVR peptide 

elutes at 40.00 – 43.00 min, while the corresponding glycosylated peptide elutes at 39.00 – 42.00 

min. Figure 5B shows the high-resolution mass spectrum at this retention time, which includes 

the RPTGEVYDIEIDTLETTCHVLDPTPLAN81CSVR glycopeptides. Four different 

glycoforms: A3G3S3, A3G3S2, A2G2S2, and [Hex]6[HexNAc]5[NeuAc]4 (A3G3S4) are 

identified in multiple charge states. The glycoforms identified in this approach for the N81 

glycosylation site of fetuin are consistent with the literature data.32 Importantly, both literature 

precedent and this existing approach give identical results to the new approach we developed, 

which does not require analysis of a deglycosylated sample.   

Since we were able to use the developed glycan library along with the full MS data to 

successfully track the glycosylation sites and all the glycoforms of both RNAse B and fetuin, we 

applied the method to a more complex human plasma protein: apolipoprotein B100. 

2.3.6 Apolipoprotein B100 Demonstration 

Apolipoprotein B100 is a 550 kDa protein with 19 potential N-linked glycosylation sites.  

It is the major protein component in low-density lipoprotein (LDL) and is recognized by the 

LDL receptor. A detailed characterization of the site-specific N-linked glycosylation of apoB100 

has been reported previously.29 This protein is a suitable candidate for the assessment of the 

novel peak alignment approach because of its biological importance and its significant number of 

glycosylation sites.   

Hence, apolipoprotein B100 was used to test the efficiency of the developed N-linked 

glycan library for identifying glycosylation sites of complex glycoproteins. The same 18 

glycoforms selected previously were used to identify the retention time of the glycosylation sites 

by checking for the incidences of co-eluting peaks. Once the retention time is identified, the 
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glycosylation sites were provisionally assigned; they were verified and confirmed with high-

resolution MS and CID data, respectively. 

Figure 6 shows an example where this approach successfully identifies the retention time 

and glycan type for the N158 (G2) glycosylation site of apoB100.  

 

Figure 6. Representative data showing the application of the peak alignment approach to identify the 

N158 (G2) glycosylation site of apoB100. The XIC’s of 18 triply-charged glycoforms obtained for the 

QVLFLDTVYGN158CSTHFTVK glycopeptide with corresponds to the N-linked glycan library: the co-

elution of five high-mannose type glycans (M5 to M9), highlighted in blue, were observed in the time 

range of (31.50 – 34.50) mins. The N-linked glycosylation site identification was confirmed by full MS 

and MS/MS data. For details on all of the identified glycoforms, see Appendix A, Table 2. 
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The m/z’s corresponding to eighteen glycoforms generated for the 

QVLFLDTVYGN158CSTHFTVK glycopeptide at 3+ charge state were extracted, and the 

resultant XIC’s were aligned to identify co-eluting glycoforms. The generated XIC’s of the G2 

glycosylation site show a clear co-elution of a set of high-mannose glycoforms within the time 

range of (31.50 – 34.50) min, indicating the retention time for the 

QVLFLDTVYGN158CSTHFTVK peptide. The full MS data generated for the retention time of 

interest (31.50 – 34.50) min were searched to further verify the glycoforms on this peptide. 

Appendix A, Table 2 represent the N-linked glycopeptides of apoB100 extracted and verified 

with the full MS and MS/MS data. These data confirmed that the G2 glycosylation site is 

occupied by high-mannose glycans. The resultant glycoform identification data were then 

compared with the literature reported information,29 to assess the reliability of the new strategy.  

The new approach successfully identified the glycosylation site and all the glycoforms (M5-M9) 

reported for the N158 glycosylation site of apoB100, consistent with the literature.  

Figure 7 shows another example where the workflow described here clearly identified the 

N1496 (G6) glycosylation site; this site has a higher glycan diversity.  
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Figure 7. Representative data showing the application of the peak alignment approach to identify the 

N1496 (G6) glycosylation site of apoB100. The XIC’s of doubly charged and triply charged glycoforms 

obtained for the FN1496SSYLQGTNQITGR glycopeptide are shown. Co-elution of six different 

glycoforms, containing high-mannose, complex and hybrid-type glycans, highlighted in blue, were 

observed in the time range of (21.00 – 24.00) mins. The N-linked glycosylation site identification was 

verified and confirmed by full MS and CID data. For details on the identified glycoforms, see Table 2 of 

the Appendix A. 

 

The extracted m/z’s of the G6 glycosylation site included doubly charged high-mannose 

and hybrid glycoforms, and both doubly and triply charged complex glycoforms. For the G6 
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glycosylation site, a clear co-elution pattern was observed within the time range of (21.00 – 

24.00) mins, and the co-eluted glycoforms represent glycans of three N-linked glycan groups. In 

other words, the G6 site of apoB100 was found to be occupied by high-mannose (M5), complex 

(A2G2S2 and A2G2S1) and hybrid (M4G1S1, M5G1S1 and M6G1S1) glycans. To find the 

additional glycoforms attached to the G6 glycosylation site, the full MS data corresponding to 

the G6 glycosylation site was submitted to Glycomod. The software assisted in the identification 

of two other candidate glycoforms: monoantennary complex [Hex]4[HexNAc]3[NeuAc]1 and 

biantennary complex [Hex]4[HexNAc]4[NeuAc]1. These glycoform identifications were then 

confirmed with the available CID data, see Appendix A, Table 2.   

2.3.7 ApoB100 Summary 

The overall findings for ApoB100 are in Table 2, which includes a glycosylation site 

identification summary, and Appendix A, Table 2 includes all the identified glycoforms of 

apoB100.   
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Table 2. Apolipoprotein B100 glycosylation site identification summary. 

 

 

In total, thirteen of the nineteen sites were detectable as glycopeptides using the approach 

described herein. Two of the sites, G1 and G8, were not identifiable as glycosylated using the 

targeted method, and a quick check for the nonglycosylated forms of the peptide indicated that, 

indeed, these sites are nonglycosylated. The fact that the method did not identify glyocforms for 

these sites is evidence that it is not susceptible to false positive identification. For the sites that 

were identified, a total of 43 unique glycoforms on 13 glycosylation sites were characterized. 
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Many of the sites had remarkably homogenous glycosylation, with only two glycoforms present. 

This finding is consistent with prior studies; only seven of 19 tryptic glycopeptides were shown 

previously to contain more than two glycoforms.29 In hindsight, this finding demonstrates the 

power of the targeted approach used herein. Glycosylation sites with only two glycoforms 

present would be expected to be very difficult to find using an approach centered on searching 

for only 18 glycoforms. Yet, by choosing the forms that abundantly appear in glycopeptides from 

human serum, the approach was remarkably successful. However, not all sites were identified. 

Among the four unidentified glycosylation sites: G4, G5, G11 are not routinely observed upon 

trypsin digestion of apoB100,29 so the lack of data on these sites was not surprising. The G18 

glycosylation site could be detected previously, but it was not identified in this study. To 

investigate this anomaly, the entire protein was deglycosylated, and the deglycosylated peptide 

was searched for in a separate LC-MS experiment. It was not detectable, even as a 

deglycosylated peptide. As this particular peptide is the most hydrophobic in the study – it eluted 

at 100 minutes in a prior analysis – perhaps the chromatographic conditions in this study were 

not optimal for its detection. Finally, the method described herein performed identically to the 

comparator method (in Figure 1A), where two samples need to be prepared and two LC-MS files 

are collected and analyzed. While the comparator method required twice the protein, twice the 

sample prep, twice the data, and more analysis time, it did not result in any more identifications.  

Therefore, the new method is preferable, due to its simplicity. 

2.4 Conclusion 

We developed a rapid and simple approach for the N-linked glycosylation site mapping 

of glycoproteins within a single experiment. The novel approach, which relies on high-resolution 

MS data and chromatographic retention time, effectively identifies N-linked glycosylation sites 
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by tracking co-eluting glycoforms corresponding to a particular glycosylation site in a reverse 

phase column. We successfully applied the workflow to profile the N-linked glycosylation sites 

of a heavily glycosylated human plasma glycoprotein; it was useful for efficiently mapping many 

of the glycosylation sites. The results showed the method’s utility in rapidly analyzing a complex 

glycoprotein using a single LC-MS experiment and limited analysis time.   
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Chapter 3. A Clinically Viable Assay for Monitoring Uromodulin 

Glycosylation 

 

Abstract 

Uromodulin, known as the Tamm-Horsfall protein or THP; the most abundant protein 

excreted in human urine, is associated with the progression of kidney diseases. Therefore, 

changes in the glycosylation profile of this protein could serve as a potential biomarker for 

kidney health. The typical glycomics analysis approaches used to quantify uromodulin 

glycosylation involve time-consuming and tedious glycoprotein isolation and labeling steps, 

which limit their utility in clinical glycomics assays. Herein we introduce a radically simplified 

sample preparation with direct ESI-MS analysis, enabling the quantitation of N-linked glycans 

that originate from uromodulin. The method omits any glycan labeling steps, but includes steps 

to reduce the salt content of the samples, to reduce the ion suppression. The method is effective 

for quantifying subtle glycosylation differences of uromodulin samples derived from different 

biological states. Furthermore, it provided highly reproducible quantitation data for within-group 

samples, which allow different samples from the same biological state to be classified together 

using PCA.   

3.1 Introduction 

Protein glycosylation, where glycans are covalently attached to the proteins through the 

side chains of certain amino acid residues, is one of the most abundant post translational 

modifications (PTMs) found in nature. Like other PTMs found on proteins, this modification 

introduces huge diversity not only to the protein structure, but also to its’ functions.1 However, 

protein glycosylation is highly sensitive to the changes in the cellular environment; yielding 
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aberrantly glycosylated proteins during the progression of many diseases, such as cancers,2-4 

kidney diseases,5-6 arthritis,7 and Parkinson’s disease.8 Therefore, the relative abundances of 

these altered glycans often represent changes in biological states, such as healthy versus 

disease.6-7 Hence, these altered glycans derived from complex biological fluids or a specific 

protein provides unique opportunities for disease diagnosis and prognosis.  

One important example of a protein whose glycosylation could serve as a biomarker is 

uromodulin. Uromodulin, also known as the Tamm-Horsfall protein or THP, the most abundant 

glycoprotein excreted in human urine with a daily excretion rate of 50 – 100 mg,5, 9-10 found to 

play important roles in preventing kidney stone formation5 and urinary tract infections.11  

Uromodulin is 94 kDa in size and glycans represent approximately 25 - 30% of its weight. This 

glycoprotein contains eight potential N-linked glycosylation sites, of which 7 are reported to be 

glycosylated; these sites are mainly occupied by various complex-type di-, tri-, and tetra-

antennary glycans, in addition to the minute level of high mannose-type glycans.10, 12 One unique 

feature of uromodulin glycosylation profile is that the acidic nature of the many of the reported 

glycans; these glycans can contain sialic acids and/or sulfate substituents, such as 3-O-sulfated 

galactose (Gal3S) and/or 4-O-sulfated N-acetylgalactosamine (GalNAc4S).9, 13-14 Analysis of 

these different glycans of uromodulin is important because of their significance in distinguishing 

samples of various biological states; for examples, reduced levels of overall glycosylation and 

sialylation of uromodulin glycoprotein was reported in patients with interstitial cystitis10 and 

kidney stones.5 Therefore, development of efficient methods for the sensitive detection of 

uromodulin glycans is important in clinical studies, as they can serve as critical biomarkers for 

various diseases, while allowing discriminating of samples of different health states.     
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While analysis of uromodulin glycosylation has the potential to improve diagnosis and 

treatment of a variety of kidney-related conditions, a simple, and accurate assay that would be 

clinically viable is not currently available. The purification of the protein from urine is currently 

done using complex sample preparation procedures; using either diatomaceous earth,5, 15 or salt 

precipitation.10, 12 Furthermore, once the glycans are purified and released, general application of 

existing glycomics assays introduces many more additional steps; these steps typically include 

glycan labeling and post-sample clean-up steps, which are laborious and time-consuming. To 

resolve the challenges of laborious sample preparation methods described above, and to provide 

kidney researchers with the opportunity to readily assess uromodulin glycosylation changes for 

improving the diagnosis and prognosis of kidney diseases, we developed a clinically viable 

procedure for the analysis of uromodulin glycans.   

Because uromodulin is, by far, the most abundant protein in urine,5, 9-10 it is possible to 

develop a radically simplified procedure to generate highly enriched uromodulin samples 

without the need for purification from diatomaceous earth, which is the most common protocol. 

In the protocol described below, all proteins below 50 kD are removed using a molecular weight 

cut-off filter, removing many potential low molecular weight interferents. IgG is the next most 

abundant in urine after uromodulin,16-20 but its concentration is still ~ 100X lower than that of 

uromodulin,16  so its glycosylation in general would minimally impact this assay. To further 

reduce the minimal impact of IgG, the uromodulin analysis is exclusively conducted in the 

negative ion mode, which is optimal for uromodulin glycans but a poor choice if the goal is to 

detect IgG glycans, since IgG’s main glycoforms are neither sialylated nor sulfated.21-23 Overall, 

this enrichment procedure and analysis in negative ion mode optimizes the balance between the 
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need for samples that are highly enriched in uromodulin with the need for a radically simplified 

workflow that could be applied on large sample sets.   

Aside from simplifying the protein enrichment step, the other aspect of the work 

described herein, which is necessary to advance researchers’ ability to analyze uromodulin on 

large banks of clinical samples, is to address the (typically many) labeling steps that are 

generally thought to be necessary prior to a quantitative glycomics analysis. These steps usually 

involved reductive amination (a two-step reaction that generates hazardous waste), removal of 

additional derivatization reagents, and then analysis of the labeled glycans typically with LC-

Fluorescence and MALDI-MS.5, 10, 12, 24  

We hypothesized that since uromodulin is available in abundant quantities, the typical 

glycan labeling and enrichment steps would not be necessary. While the analyte could be 

analyzed at relatively high concentrations, because enough of it was available, the salts that were 

present in the analysis would have to be removed or minimized. We therefore developed an 

efficient strategy for salt removal that could be applied on large sample sets. The method was 

first developed using fetuin as a model glycoprotein to demonstrate the generality of the 

approach for analyzing for acidic glycoproteins, then it was applied to uromodulin. It proved to 

be highly reproducible over multiple sample preparations and multiple analyses. It was 

successfully applied to quantify N-linked glycans of the uromodulin standards, followed by 

quantitation of N-linked glycans of uromodulin, enriched from human urine samples of two 

different biological states. The method provided highly reproducible quantitation results over 

multiple samples of the same biological state resulting very tight within-group clustering with 

PCA, while showing its potential utility in classifying samples of patients with kidney diseases 

based on uromodulin-specific glycan biomarkers.  
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3.2 Experimental 

3.2.1 Materials and Reagents 

Bovine fetuin and human uromodulin standards were purchased from Sigma Aldrich (St. 

Louis, MO) and BioVendor (Asheville, NC), respectively. PNGase F (500, 000 units/mL) was 

from New England Biolabs (Ipswich, MA). Single donor human urine from a de-identified 

healthy female and a de-identified third trimester pregnant female were purchased from 

Innovative Research (Novi, MI). All the chemical reagents used for this study were of analytical 

grade or better. 

3.2.2 PNGase F Enzyme Preparation  

PNGase F (1 µL, 500 units) was diluted to 100 µL (for fetuin) or PNGase F (2 µL, 1000 

units) was diluted to 200 µL ( for uromodulin and urine samples) with NH4HCO3 buffer (10 mM, 

pH 7.5) and concentrated in a pre-rinsed 10 kD MWCO filter (14000 g × 15 min) to 

approximately 50 µL of final volume. Then, the concentrated enzyme solution was diluted by a 

factor of 10 with the buffer (10 mM NH4HCO3, pH 7.5) followed by another concentrating step 

(14000 g × 15 min) to obtain approximately 35 µL of final enzyme solution. Finally, the PNGase 

F concentrate was collected through reverse spin (1000 g × 2 min).  

3.2.3 N-linked Glycan Release from Fetuin and Uromodulin Standard 

Glycoprotein samples (50 µg) were obtained by transferring appropriate volumes of 

fetuin (5 mg/mL in 10 mM NH4HCO3 buffer) and uromodulin (2 mg/mL in water) glycoprotein 

stock solutions. Then, the final glycoprotein solution concentration was adjusted to 2 mg/mL by 

diluting with the buffer (for fetuin). The PNGase F enzyme solution (35 µL), prepared as 

described in above, was added to each glycoprotein solution and incubated for 24 hours at 37 °C. 

After the incubation period, samples were diluted up to 500 µL with 50:50 MeOH: H2O, 
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transferred to pre-rinsed 10 kD MWCO filters, and centrifuged (14000 g × 15 min) to collect the 

filtrate with released N-linked glycans. The resultant filtrates were then concentrated in a 

centrivap vacuum concentrator, to yield a final volume of 15 µL, and stored at -20 °C. Prior to 

the direct ESI-MS analysis, N-linked glycans’ concentrate solutions of fetuin and uromodulin 

were diluted approximately 70 and 17 times with 50:50 MeOH: H2O, respectively. 

3.2.4 Enrichment of Uromodulin from Human Urine and N-linked Glycan Release 

Uromodulin was enriched from the crude urine samples obtained from a healthy and a 

pregnant individual. Urine samples, which were stored at - 80 °C, were thawed to room 

temperature, vortexed for 10 seconds, and then aliquoted into 10 mL fractions. Three of the 10 

mL aliquots of each urine sample (healthy and pregnant) were vortexed for 10 seconds, followed 

by transferring the vortexed urine samples into pre-rinsed Amicon 50 kD molecular weight cut-

off filters (Millipore), separately. The samples were centrifuged at 3500 rpm for 15 mins (at 4 

°C) to reduce the volume approximately down to 300 µL. Then the protein concentrate was 

washed by adding the buffer up to 15 mL and the samples were centrifuged at 3500 rpm for 15 

mins. The washing step was repeated another two times to obtain the final concentrate (~ 300 

µL) for each triplicate samples; the retentate was carefully transferred to a pre-rinsed 50 kD 

MWCO filter (0.5 mL); centrifuged at 7000 rpm for 30 mins to further reduce the sample volume 

to 50 µL. Then the final concentrate was collected by performing reverse spin at 1000 g for 2 

min. After that, the N-linked glycan release was performed by adding salt-reduced PNGase F 

enzyme (1000 units), which was subjected to 100 times of dilution with the buffer, 

centrifugation, and second-buffer exchange step as described above. Thereafter, the samples 

were incubated, N-linked glycans were collected, samples were concentrated, and stored as 

described for the protein standards. Finally, the concentrated N-linked glycan solutions, which 



79 
 

were generated from triplicate samples of a healthy and a pregnant urine, were diluted 17 times 

with 50:50 MeOH: H2O (v/v), prior to the direct ESI-MS analysis.   

3.2.5 Direct ESI-MS Analysis of Released N-linked Glycans 

Direct ESI-MS analysis of the released N-linked glycans was performed using an 

Orbitrap Fusion Tribrid mass spectrometer (Thermoscientific, San Jose, CA). The mass 

spectrometer was operated in negative ion mode with a sample injection flow rate of 5 µL/min. 

The heated-electrospray source was held at 2.4 kV while the ion transfer tube temperature, 

sheath and auxiliary gas flow rates were set at 300 °C, 10, and 8 Arb units, respectively. The full 

MS scans for the m/z range of (750 – 1600) were acquired in the Orbitrap with a resolution of 

120 k (at m/z 200). The AGC target value for the full MS scan was 4×105, and the maximum 

injection time was 100 ms. For full MS data of fetuin and uromodulin standards, 30 scans were 

averaged, while 100 scans were averaged during the analysis of uromodulin N-linked glycans 

extracted from urine samples.   

Both CID and HCD data for the N-linked glycans derived from fetuin and uromodulin 

standards, were generated; some additional MS/MS data were acquired by using uromodulin; 

extracted from normal and pregnant urine samples, to confirm the glycan compositions those 

were not observed in the uromodulin standard samples. For MS/MS, the isolation window for the 

precursor ions were set as 2 Da, activation time, and activation qz were 10 ms and 0.25, 

respectively. The selected precursor ions were fragmented by applying appropriate normalized 

collision energies ranging between 30% - 35%. All the MS data were acquired by using Xcalibur 

software, version 4.2 (Thermoscientific, San Jose, CA).  
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3.2.6 Data Analysis 

Appendix B, Table 1 represents a list of 40 potential uromodulin N-linked glycans 

tabulated from previous reports.5, 9, 12-14, 25 The resultant full MS data were searched against the 

N-linked glycans listed in Table 1 of the Appendix B, for glycan assignment; these assignments 

were done by comparing the theoretical monoisotopic masses of listed N-linked glycans with 

their experimental m/z’s, and identified the N-linked glycans within 5 ppm mass error. These 

assignments were further confirmed by analyzing the resultant MS/MS data. 

3.2.6.1 Quantifying the Glycans 

Full MS scans; 30 and 100 scans for N-linked glycan samples derived from standard 

glycoproteins and urine samples, respectively, were averaged. The first four isotopic peaks’ raw 

abundances of each N-linked glycan were summed over all the identified charge states and 

adducts (protonated forms and sodiated adducts). Then, the percent of each glycan, based on its 

peak intensity was calculated by dividing a particular glycan peak intensity by the total N-glycan 

peak intensity of the analyzed sample, multiplied by 100.26   

3.2.6.2 Classification of Sample Groups 

Principal Component Analysis (PCA) was conducted in R, version 3.5.1, using the 

package “factoextra”. The data were centered and scaled prior to the PCA transformation. 

3.3 Results and Discussion 

3.3.1 Overview of the Label-free N-linked Glycan Quantitation Approach 

Sample preparation is one critical step in the clinical biomarker discovery field that 

affects the final throughput of the method. Therefore, development of simple and efficient 

sample preparation strategies is necessary in quantitative glycomics analysis. Figure 1 shows a 
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schematic diagram of a simple N-linked glycan preparation protocol that enables efficient release 

and direct ESI-MS quantitation of N-linked glycans without labeling.  

 

Figure 1. Experimental Workflow for N-linked glycan profiling of fetuin and uromodulin standard 

glycoproteins and uromodulin, extracted from urine samples. 
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In this protocol, as the first step, N-linked glycans are released from the glycoproteins of 

interest by incubating them with salt-reduced PNGase F enzyme. In direct ESI-MS analysis, the 

presence of salts can increase the ion suppression, reduce the stability of electrospray, and affect 

the sensitivity of the analysis.27-29 Thus, reducing the amount of salt present in the samples being 

analyzed is important prior to the direct ESI-MS analysis. Both urine samples and PNGase F, 

used in this study contained salts, thus, these samples needed to be desalted prior to any other 

sample processing steps. Urine samples typically contain high salt concentration;30 thus, they 

were desalted by following several washing steps as shown in Figure 1. Additionally, PNGase F, 

which contains 50 mM of NaCl, was also buffer exchanged several times to minimize the initial 

salt concentration by at least three orders of magnitude before adding to the glycoprotein 

solution. Then, after a 24 h incubation period, the glycans were directly extracted, concentrated 

and analyzed with direct ESI-MS in the negative ion mode without prior labeling.  

This protocol differs from other standard glycomics approaches because it omits a 

labeling step. Glycan labeling prior to the MS analysis improves glycan’s ionization efficiency;1, 

31-34 however, the labeling process and post-sample clean up steps are time-consuming and 

potentially introduce additional variability into the analysis. The developed protocol is more 

rapid, while allowing highly reproducible quantification of the relevant N-linked glycans derived 

from standard glycoproteins and uromodulin, enriched from human urine samples via direct ESI-

MS in the negative ion mode.  

The ultimate goal of this study was to develop a simple, label-free, direct ESI-MS 

approach to effectively profile N-linked glycosylation of uromodulin glycoprotein, which is 

mainly occupied by negatively charged glycans those ionize well in the negative ion mode. 

However, as this glycoprotein has a complex N-linked glycosylation profile, we performed the 



83 
 

initial method development on a standard glycoprotein that has a simpler glycosylation profile 

than the uromodulin, yet, contains negatively charged glycans those ionize well in the negative 

ion mode. Therefore, we selected fetuin as the standard glycoprotein for the method development 

and optimization, and the generated results were used to test the method reproducibility and the 

instrument precision, as described below.  

3.3.2 Reproducibility of the Method 

Higher reproducibility of a method generally permits enhanced sensitivity towards 

differentiating minor changes across multiple samples with a higher confidence.35 If the method 

is reproducible, small differences that are introduced during the sample preparation steps, such as 

PNGase F release, extraction of N-linked glycans, and dilution of concentrated N-linked glycan 

samples prior to the MS analysis, should not affect the final quantitation results. Therefore, to 

test the reproducibility of the quantitative sample preparation workflow, fetuin (50 µg) obtained 

from the same stock solution was subjected to N-linked glycan release protocol on three different 

days and analyzed by (-)ESI-MS under identical instrumental parameters, as described in the 

experimental section. Figure 2 represents a direct ESI-MS N-linked glycan profile derived from 

the fetuin N-linked glycan sample, in the negative ion mode; the resulted fetuin N-linked glycans 

were assigned across multiple charge states and multiple adducts (protonated and sodiated).  
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Figure 2. Negative ion mode direct ESI-MS spectrum of released label-free N-linked glycan profile of 

fetuin sample. The protonated and sodium adducts are indicated across multiple charge states. 

Monosaccharide symbol key: blue square (N-acetylglucosamine); green circle (mannose); yellow circle 

(galactose); pink diamond (N-acetylneuraminic acid). 

 

After obtaining the N-linked glycan profile of fetuin, the relative glycan peak percent of 

the individual glycans were calculated as described in the data analysis section. See Figure 3A, 

which includes data for four different complex-type N-linked glycans of fetuin over three 

separate sample preparations. In every sample preparation, the observed relative glycan peak 

percentage differences across major N-linked glycans were subtle.   
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Figure 3. Method reproducibility (A) and instrument precision (B) calculated for four different fetuin N-

linked glycans. The relative glycan peak percent for each N-linked glycan composition is plotted for three 

different sample preparations from the same stock (A) and for the same sample analyzed over week 0, 

week 22, and week 24 (B). The N-linked glycans are rank ordered from the largest percentage to the 

smallest percentage. Less than 8% of CV values were recorded for 3 major fetuin N-linked glycans and 

about 24% of CV was calculated for the least abundant fetuin N-linked glycan in both A and B. The 

relative glycan peak percentages recorded for the least abundant fetuin N-linked glycan are zoomed in for 

both (A) and (B).  
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Table 1A summarizes the raw abundances, mean relative glycan peak percentages, and 

coefficients of variation values calculated for four fetuin N-linked glycans: H6N5S3, H5N4S2, 

H6N5S4, and H6N5S2; the glycan abundances were 67%, 19%, 14%, and 0.067% for the four 

fetuin N-linked glycans, respectively. Additionally, the coefficient of variation values were 1.2%, 

7.7%, 7.1%, and 24%, respectively. The results showed that the method is highly reproducible 

while showing less than 8% of coefficients of variation for all major fetuin N-linked glycans, 

except for the least abundant H6N5S2 glycan peak, which represented less than 1% of the 

sample.  

Table 1.  Raw abundances, mean relative glycan peak percentages and coefficients of variation values 

calculated for four fetuin N-linked glycans; over multiple sample preparations for method reproducibility 

(A) and over multiple analysis of a single fetuin sample for instrument precision (B).   
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3.3.3 Instrument Precision 

Label-free quantitative assays performed with mass spectrometers can be subjected to 

reproducibility issues over lengthy time periods, as a result of slight changes occurring in the 

instrument conditions.26 Therefore, the instrument precision over the time period of the analysis 

was tested by analyzing a fetuin sample on three different days: at week 0, week 22, and week 

24. After the first analysis performed on week 0, the released N-linked glycans from the sample 

were stored at -20 °C and re-analyzed in week 22 and week 24 under identical ESI-MS 

conditions.  

Table 1B shows the recorded raw abundances, mean relative glycan peak percentages, 

and coefficients of variation values calculated for four fetuin N-linked glycans. The rank order 

recorded for the fetuin N-linked glycans were consistent over the analysis at different time 

points, and the coefficients of variation of relative glycan peak percentages calculated across all 

the N-linked glycans were lower than 6%, except for the least abundant glycan peak: H6N5S2, 

which showed about 24% of coefficient of variation. Figure 3B illustrates the relative glycan 

peak percentages recorded for four fetuin N-linked glycans across three time points, and these 

data clearly show that the instrument performance remained unchanged during the time period of 

the study.  

Based on the initial quantitative data obtained with the fetuin N-linked glycans, the 

method showed to be highly reproducible over multiple sample preparations and under the MS 

conditions used for the study. Therefore, we tested the applicability of the developed label-free 

direct ESI-MS method towards efficient quantitation of N-linked glycans derived from a more 

complex, glycoprotein, uromodulin. 
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3.3.4 Quantification of Human Uromodulin N-linked Glycans  

The N-linked glycans of human uromodulin were released and extracted from 50 µg of a 

purchased glycoprotein standard; the released glycans were concentrated, diluted, and analyzed 

directly by ESI-MS. This glycoprotein contains glycans with negatively charged groups, such as 

sialic acid and/or sulfate groups; thus, negative ionization mode was used to detect these glycans 

with higher sensitivity.36 A representative mass spectrum is in Figure 4.  

 

Figure 4. A representative uromodulin N-linked glycome profile recorded with direct ESI-MS in negative 

ion mode. Relative abundance of the eighteen most abundant glycan compositions of the 28 identified 

glycans are represented. Glycan signals’ deprotonated and sodiated adducts ([deglycosylated glycan 

mass+Na+-4H+]3-) are assigned. Monosaccharide units: blue square (N-acetylglucosamine), green circle 

(mannose), yellow circle (galactose), purple diamond (N-acetyl neuraminic acid, red triangle (fucose), 

yellow square (N-acetylgalactosamine), and white star (sulfate groups). 
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The glycans were assigned by comparing the high-resolution MS data to the masses of 

glycans that had been assigned from uromodulin previously, and assignments were confirmed 

with MS/MS data as described in the experimental section. This procedure resulted in the 

assignment of twenty-eight uromodulin glycans of a possible forty that had been reported 

previously.5, 9, 12-14, 25  

The developed, direct ESI-MS quantitative approach, accompanied by detection in the 

negative ion mode, was useful for detecting many of the uromodulin N-linked glycans, while 

omitting any labeling steps. Table 2 includes information of raw abundances and relative glycan 

peak percentages recorded across individual glycan compositions of uromodulin standards.  
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Table 2. Represents the raw abundances, mean relative glycan peak percentages and coefficients of 

variation values calculated for N-linked glycans; identified for three uromodulin standards (Ustd1, Ustd2, 

and Ustd3), derived from three different lots.  
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From 40 possible N-linked glycans that had been reported  for uromodulin previously, 5, 9, 

12-14, 25  which are listed in the Table 1 of the Appendix B, a total of 28 glycan compositions were 

identified for Ustd2 sample (G1-G28), while 24 glycan compositions were identified in both 

Ustd1 and Ustd3 samples (G1-G24), respectively. Therefore, all the glycans that were identified 

in at least one of the standard samples were used for the quantitation (G1-G28). Figure 5 

illustrates the relative distribution of 28 N-linked glycan compositions quantified for the three 

uromodulin standards.  

 

Figure 5. Uromodulin standards’ N-linked glycans’ relative peak percent recorded across 28 glycan 

compositions. G1 to G28 glycan labeling is in consistent with the N-linked glycan list provided in the 

Table 1 of the Appendix B. Ustd1, Ustd2, and Ustd3 are three different uromodulin standards generated 

from three different stock solutions; prepared in three different days; analyzed under identical negative 

ESI-MS conditions. For the clarity of the figure, G15-G28 N-linked glycans are zoomed in.  
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Among the quantified N-linked glycans, G1 glycan with H7N6F1S4 composition, which 

is reported to be a complex-type, tetra-antennary glycan, was the most abundant in all the 

analyzed uromodulin standard samples, while contributing about 49% to the total glycan pool. 

Successively, G2 glycan with H7N6S4 composition followed the G1 glycan, while contributing 

about 12% to the total glycan pool. Among the other glycan compositions quantified for 

uromodulin standards, 12 glycan compositions (G3 – G14) showed relative glycan peak 

percentages lower than 10%, but higher than 1%, while the rest of the 14 glycan compositions 

(G15 – G28) contributed less than 1% to the total glycan pool.  

In this study, three different uromodulin standard samples (Ustd1, Ustd2, and Ustd3), 

derived from three different lots, were analyzed separately to assess lot-to-lot reproducibility of 

the glycosylation profile. As shown in Table 2, the method yielded less than 8% of coefficients 

of variation for the relative glycan peak percentages calculated for the three most abundant 

glycan compositions; these three glycans: G1, G2, and G3 contributed about 49%, 12%, and 

8.6% to the total glycan pool. However, the coefficients of variation for all the other glycan 

compositions, except for G5 and G12, showed relatively higher CV values; this might be a result 

of lot-to-lot variation of the uromodulin standards used for this study.  

3.3.5 Quantification of Uromodulin N-linked Glycans Extracted from Human Urine  

We next extended the developed approach to analyze N-linked glycans of uromodulin; 

enriched from human urine derived from two different biological states. As uromodulin is the 

most abundant protein excreted in urine, we performed direct filtration to enrich uromodulin 

from 10 mL aliquots of urine samples of a pregnant and a normal women. Briefly, urine samples 

were passed through 50 kD MWCO filters, then, the resulting uromodulin-enriched urinary 

proteins were desalted by performing multiple washing steps, all prior to the N-linked glycan 
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release and quantitation (see Figure 1 for uromodulin isolation and N-linked glycan quantitation 

workflow).  

Table 3 includes all the N-linked glycans quantified for uromodulin extracted from 

triplicate samples of a normal urine (NU1, NU2, and NU3) and a pregnant urine sample (PU1, 

PU2, and PU3), along with three uromodulin standard samples. The method allowed quantitation 

of a total of 31 and 40 N-linked glycan compositions for NU and PU samples, respectively. 

Similar to the uromodulin standards’ quantitation data, in both normal urine and pregnant urine 

samples; G1 glycan with H7N6F1S4 composition showed to be the highest intense glycan peak; 

the mean relative peak percentage calculated for G1 glycan was about 49%, 24% and 18% for 

uromodulin standard, uromodulin, extracted from normal urine, and from pregnant urine 

samples, respectively. Apart from the most abundant glycan composition, the rest of the glycans 

quantified for both NU and PU samples contributed less than 12% to the total glycan pool, while 

about a half of these glycans of each group showed less than 1% of mean relative glycan peak 

percentages.  
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Table 3. Mean relative glycan peak percentages and coefficients of variation values calculated for N-

linked glycans; derived from uromodulin; extracted from triplicate samples of a normal urine (NU1, NU2, 

and NU3), pregnant urine (PU1, PU2, and PU3), and uromodulin standards (Ustd1, Ustd2, and Ustd3). 

 

 

When the quantitation reproducibility of the developed label-free (-)ESI-MS method is 

considered; the method proved to be highly reproducible for quantifying N-linked glycans of 

uromodulin, extracted from human urine. For both NU and PU sample groups, a very high 
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within-group reproducibility was observed; the CV values obtained for all the N-linked glycans 

of NU sample group were below 9%, except for very low abundant G32 and G37 glycans; and 

even a lower (<3%) CV’s were reported for glycan compositions that contributed more than 1% 

to the total glycan pool. Similarly, for pregnant urine triplicates, less than 13% of CV values 

were reported for all of 40 N-linked glycans, except for one glycan composition. Overall, these 

results clearly showed that the presented approach is highly reproducible while showing its 

applicability towards targeted quantification of N-linked glycans derived from complex 

biological matrices.   

3.3.6 Quantification of Glycosylation Differences of Three Sample Groups  

During this study, N-linked glycosylation profiles of three uromodulin standards, 

uromodulin, extracted from triplicate samples of a normal urine and a pregnant urine sample 

were quantified; Figure 6 represents the relative distribution of uromodulin N-linked glycans 

derived from triplicates of these three sample groups.  
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Figure 6. N-linked glycans’ Relative peak percentages reported for three separate uromodulin standards 

(Ustd1, Ustd2, Ustd3), uromodulin, extracted from triplicate samples of a normal urine (NU1, NU2, 

NU3) and a pregnant urine sample (PU1, PU2, PU3). Glycosylation differences observed in each group 

were very subtle; however, the data showed high within-group reproducibility. 

 

Among the quantified N-linked glycans, many of the glycans showed subtle glycosylation 

differences in each group; however, the method allowed quantitation of these subtle changes 

while showing a very high within-group reproducibility. For an example, G22-G24 glycans in 

NU samples contributed less than 1.5% to the total glycan pool, but the within group 

reproducibility obtained for these three glycans were very high, while showing CV values below 

5%. Similarly, these three glycans contributed less than 0.6% to the total glycan pool of the PU 

samples; but, still the within-group reproducibility was high and reported CV values less than 
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8%. This example, along with the data presented in the Table 3, clearly show that the developed 

method provides highly reproducible data over multiple sample preparations and over multiple 

analyses. 

  Figure 7 represents PCA data generated for three different sample groups; normal urine 

(group 1), pregnant urine (group 2), and uromodulin standards (group 3).  

 

Figure 7. Classification of three sample groups based on their glycosylation data by using Principal 

component analysis (PCA). Group 1, group 2, and group 3 represent samples of normal urine (NU), 

pregnant urine (PU), and uromodulin standards (Ustd), respectively. The data clearly showed that all three 

sample groups are unique, even though the glycan differences within them are subtle.   

 

These data clearly show that these three groups are unique and clearly separable, even 

though the glycosylation differences observed among the groups are subtle. For both group 1 and 

group 2 samples, within-group clustering was very tight; this is because of the high 
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reproducibility provided by the developed approach. Even for the group 3, variability within the 

group was not very broad. The greater spread in this group was very likely to be a result of lot-

to-lot variability of the uromodulin standards, yet, this variability is very small compared to the 

biological variability among the three groups.  

3.4 Conclusion 

We developed a rapid, direct ESI-MS approach to quantify N-linked glycans that ionize 

well in the negative ion mode. The method is straightforward, omits any glycan labeling steps, 

which typically require additional post-sample clean up steps prior to the analysis. The 

developed (-)ESI-MS method was applied to quantify N-linked glycans of standard 

glycoproteins; it proved to be highly reproducible across multiple sample preparations and 

multiple analyses. Then, we further extended this method to quantify N-linked glycans of 

uromodulin, directly extracted from human urine samples of two different biological states; the 

observed glycosylation differences were subtle in each group; however, within-group 

reproducibility provided by the method was very high. Moreover, all of the analyzed samples 

were clearly separable into distinct, sample-related groups, even though the glycosylation 

differences among groups were subtle. Therefore, this method can be applied in quantitative 

glycomics studies, as it is a simple, straightforward one, which effectively permits highly 

reproducible quantitation data even though the glycosylation differences of the glycomics 

samples are subtle.  
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3.7 Appendix B 

Table 1. The list of 40 potential N-linked glycans prepared for uromodulin glycoprotein in consistent 

with the literature.5, 9, 12-14, 25 These compositions were confirmed by using MS/MS data as described in 

the data analysis section.      
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Chapter 4. Chemically Generated Large Sets of IgG Glycopeptides’ Liquid 

Chromatography-Mass Spectrometry (LC-MS) Data for the Optimization of a 

Classifier that Uses Whole Glycomic Profile to Classify Samples into Disease 

versus Healthy 

A part of the data described in this chapter has been published in Analytical Chemistry: David 

Hua, Milani Wijeweera Patabandige, Eden P. Go and Heather Desaire. Anal. Chem. 2019, 91, 

17, 11070-11077. It is reproduced here with the permission from The American Chemical 

Society. 

 

Abstract 

Classification of glycomics samples by considering the whole glycomic profile, instead 

of selecting a single or a few glycan features, may be more useful in tracking the underlying 

trends of the glycomics data to effectively classify samples into their accurate groups. To test this 

hypothesis, the Aristotle Classifier; a newly developed classification algorithm, which uses all 

the individual glycan abundances and their relative proportions to each other to classify samples, 

was recently developed. Once the classifier was built, it needed to be optimized with challenging 

glycomics data; however, acquiring clinical glycomics samples from diseased patients and 

healthy controls, where known glycosylation differences differentiated the sample sets, was a 

challenge. Therefore, we generated large sets of glycomics data in-house, to represent samples of 

two biologically different states as healthy and disease; these samples were prepared by slightly 

altering the glycosylation profile of human Immunoglobulin G (IgG) glycoprotein. Sample 

preparations were optimized to generate two groups of IgG glycopeptides samples in which 
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healthy state represented native IgG glycosylation profile while the disease state represented 

slightly altered IgG glycosylation (sialylation or fucosylation) profile. Once the LC-MS 

glycomics data were generated; they were analyzed with the Aristotle Classifier, in addition to a 

standard classification system known as PCA (Principal Components Analysis), to compare the 

classification capabilities of each method. The Aristotle Classifier outperformed the sample 

classification of the standard approach while showing its capability of accurately classifying 

glycomics samples; therefore, this new classification algorithm is indeed useful for the clinical 

biomarker field. 

4.1 Introduction 

Protein glycosylation analyses provide unique opportunities in the biomarker discovery 

field because glycosylated proteins are subjected to change during the progression of many 

diseases including various cancers,1-8 Parkinson’s disease,9 heart disease,10 kidney diseases,11-12 

and Alzheimer’s disease.13 The analyses of protein glycosylation is important especially to 

diagnose and monitor diseases; thus, specific glycans1, 5-11, 13 or glycopeptides,2-3 which are 

over/under expressed and/or altered, could be used to distinguish patients with various diseases 

from that of healthy individuals.  

 Glycomics data differ from proteomics or genomics data because of the very 

heterogeneous nature of glycans; this heterogeneity is a result of non-template driven and 

enzymatically-controlled, glycans’ biosynthesis process.14-15 Therefore, glycans’ heterogeneity 

typically complicates the glycomics analyses because of the splitting of the glycosylation signal 

of any given protein into many different protein glycoforms, which are usually presented in low 

abundance.16 However, these diverse glycans/glycopeptides are useful in biomarker discovery 

field, because they provide multiple features that can be used to distinguish samples of a healthy 
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state from that of a disease state. When these different glycans are used to classify samples into 

disease versus healthy; the standard approaches typically use one glycan signature17-18 or a few 

glycan signatures5, 8 that best discriminate samples into their accurate groups; but, these methods 

omit considering all the glycans or glycopeptides in a sample, which can be useful in providing 

important information that might improve the sample classification.  

The concept of using whole glycomic profile of a sample, instead of using one or a few 

glycan features to indicate a disease state is well explained in a recent report 19 by using an 

artistic analogy. Briefly, in a fragmented image, as shown in Figure 1A, all the individual pieces, 

when viewed one at a time, do a sub-optimal job in showing the underlying object that they 

represent; by analogy, this is similar considering isolated glycan features that could be potential 

biomarkers, to classify a disease state sample. In contrast, if we bring some of the fragmented 

pieces of the image together while viewing them in context to each other; part of the image can 

be built, as shown in Figure 1B; but still, it is not sufficient to provide complete information of 

the representative image. Likewise, glycans also can be viewed in context to each other by 

comparing glycan peak ratios of a sample instead of their absolute abundances. Throughout the 

literature, the use of a single or a few glycan peak ratios as potential biomarkers, to classify 

samples into disease versus healthy, is reported; however, considering of “thousands” of possible 

glycan ratios, as a whole signal or a single scorable unit, is certainly new in the biomarker 

discovery field. This is analogous to bringing all the fragmented pieces of the image together 

while viewing them in context to each other to build the entire image, as shown in Figure 1C, 

which is the best in classifying the underlying information of the image of the interest; which 

indeed shows that the image is about a bird sitting on a branch.  
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Figure 1. Panel (A) represents six separate image fragments, which, individually, are not useful at 

defining the image of the bird. (B) The same six separate image fragments arranged by viewing them in 

context to each other, which in turn, more useful in classifying the image of the bird. (C) The entire image 

of the bird sitting on a branch, which provides the most useful information for identification of the object.  

Based on the concept described above, our group has developed a new, supervised 

machine learning algorithm, known as the Aristotle Classifier, which uses not only all the 

glycans, but also their ratios with each other for classification of glycomics samples. The 

methods section of the reference 19 contains detailed information about the Aristotle Classifier, 

including feature building, discriminating feature identification, and scoring for sample 

classification. Once the classifier was built, a set of data was required to optimize it; however, 

identifying two sets of clinical glycomics data with known differences in their glycosylation 

profiles was a challenge. Therefore, the intellectual contribution to the Aristotle classifier project 

undertaken as part of this dissertation, was to chemically generate two groups of glycomics data 
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to mimic two different biological states, healthy versus disease, by slightly altering the 

glycosylation profiles of a model glycoprotein, human immunoglobulin G or IgG.  

IgG is by far the most abundant glycoprotein in human plasma and serum;1 it has four 

subclasses as IgG1, IgG2, IgG3, and IgG4, each represents approximately about 60%, 32%, 4%, 

and 4% relative abundances, respectively.20 This glycoprotein has a single N-linked 

glycosylation site, located at the N297 position of the CH2 domain of the fragment crystalizable 

(Fc) region9, 21 and it is occupied by many different N-linked glycans, majorly complex-type bi-

antennary glycans, which can be fucosylated (major type), sialylated, bi-sected or not.9, 22 These 

different glycans present on IgG introduce huge diversity to its glycosylation profile and they can 

affect the solubility, stability and therapeutic activity of recombinantly expressed 

biotherapeutics.23-24 Not only that, alteration to these glycans, especially, the degree of 

sialylation, fucosylation, or galactosylation,1-2, 9, 25 have been reported  during the progression of 

many diseases; including various type of cancers,1-2, 25 autoimmune diseases,2 and Parkinson’s 

disease;9 thus, they serve as potential biomarkers.  

Herein we chemically generated large sets of LC-MS data for IgG glycopeptides; these 

glycopeptides were generated to mimic two different biological states as healthy versus disease. 

The IgG glycopeptide data of healthy group represented a native IgG glycosylation profile while 

the disease group represented IgG glycopeptides those were purposely altered either by slightly 

changing their degree of sialylation or the fucosylation. Multiple samples belonging to healthy 

versus disease states were chemically generated; they were analyzed under identical LC-MS 

conditions, followed by quantitation of different glycoforms of IgG1 and IgG2 based on their 

high-resolution MS signal. Finally, the generated quantitation data were submitted to the 

Aristotle Classifier to test its ability to classify these chemically generated large sets of IgG 
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glycopeptides data based on their whole glycomic profile. The generated data were useful; the 

data system successfully classified many of the IgG glycopeptide samples into their accurate 

groups, far better than the standard classification system in the current field, the Principal 

Components Analysis (PCA) and showed that the developed classifier can be successfully 

applied to classify glycomics samples of different biological states.  

4.2 Experimental 

4.2.1 Materials and Reagents 

Human serum IgG, ammonium bicarbonate, guanidine hydrochloride (GdnHCl), 

dithiothreitol (DTT), iodoacetamide (IAM), formic acid and HPLC grade acetonitrile and 

methanol were purchased from Sigma Aldrich (St. Louis, MO). Sequencing grade trypsin was 

from Promega (Madison, WI), and α2-3,6,8,9 Neuraminidase A (Sialidase A), α1-2,3,4,6 

fucosidase, 10X glycobuffer (pH 5.5), 100X BSA, was from New England BioLabs (Ipswich, 

MA). Ultrapure water was obtained from a Direct-Q water purification system (MilliporeSigma, 

Darmstadt, Germany). 

4.2.2 Preparation of Native and Partially Desialylated IgG Tryptic Digests 

Two aliquots of Human IgG samples; each containing 100 µg of glycoprotein dissolved 

in 10X glycobuffer at pH 5.5, were treated separately with either the α2-3,6,8,9 Neuraminidase A 

enzyme (2.0 µL) or with an identical volume of deionized water. Both samples were incubated 

for 1 week at 37 °C, the samples’ pH was adjusted to pH 8.0 with 300 mM NH4OH followed by 

diluting the samples with 50 mM ammonium bicarbonate buffer (pH 8.0) to obtain IgG 

glycoprotein solutions with a 4 mg/mL final concentration. To denture each glycoprotein sample, 

GdnHCl was added separately to give 6 M final concentration. Then, to reduce the disulfide 

bonds, DTT was added to the glycoprotein solutions to a 10 mM final concentration, followed by 
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sample incubation at room temperature for 1 h. Thereafter, disulfide bonds were alkylated by 

adding IAM to a final concentration of 25 mM, and this reaction was carried out in the dark, at 

room temperature for 1 h. After the alkylation step, the excess IAM was neutralized by adding 

DTT to the reaction mixture (at a 30 mM final concentration), and the reaction was continued for 

30 mins at room temperature. Then, the resultant glycoprotein solutions were filtered separately 

through 10 kD MWCO filters; subjected to buffer exchange twice, followed by diluting the 

resultant glycoprotein concentrate with NH4HCO3 buffer (50 mM, pH 8.0) to yield 1 µg/µL 

concentrated glycoprotein solutions. Thereafter, the trypsin digestion was performed by adding 

trypsin to each glycoprotein solution at a protein-to-enzyme ratio of 30:1, followed by incubating 

at 37 °C for 20 hours. Finally, the trypsin digestion was stopped by adding 1 µL of formic acid to 

each 100 µL of glycoprotein solution and the resultant IgG tryptic digests were aliquoted and 

stored at -20 °C until the analysis is performed.   

4.2.3 Preparation of Native and Partially Defucosylated IgG Tryptic Digests 

IgG glycoprotein (160 µg) was dissolved in 50 mM NH4HCO3 buffer at pH 8.0, to give a 

4 mg/mL concentrated glycoprotein solution; then, the glycoprotein solution was denatured by 

adding GdnHCl (at 6 M final concentration). The denatured glycoprotein was then reduced with 

DTT and alkylated with IAM; excess IAM was neutralized with DTT to yield final solution 

concentrations as similar to the previous section; the added reagent volumes were adjusted based 

on the initial glycoprotein amount. After these steps, the resultant glycoprotein solution was 

filtered through a 10 kD MWCO filter and was buffer exchanged two times with the NH4HCO3 

buffer at pH 8.0. Subsequently, the glycoprotein concentrate was collected through reverse spin 

(1000 g × 2 min) and diluted with the buffer to give a 1 µg/µL final concentration prior to the 

trypsin digestion. Then, trypsin was added to the glycoprotein solution at a protein-to-enzyme 
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ratio of 30:1 and incubated for 20 h at 37 °C. After the trypsin digestion, the pH of the IgG 

tryptic digest was adjusted to pH 5.5 by using 0.01% formic acid; then, the tryptic digest was 

filtered through 10 kD MWCO filters to remove trypsin, and the filtrate was collected. The 

filtrate that contains a mixture of IgG glycopeptides and peptides was aliquoted into two 

fractions; both aliquots (67 µL each) were treated with equal volumes (7.6 µL of each) of 10X 

glycobuffer and 10X BSA, which was diluted from 100X BSA stock solution. Then α1-2,3,4,6 

fucosidase enzyme (10 µL) was added to one sample aliquot to obtain defucosylated IgG, while 

the other aliquot was treated with an equal volume of 10X glycobuffer to obtain a native or a 

control sample. After that, both the aliquots were incubated at 37 °C for 1 week; filtered through 

10 kD MWCO filters, separately, to remove BSA and/or fucosidase enzyme, and then, the 

filtrates were collected. Subsequently, the final volumes of the filtrates were brought up to 80 

µL, after acidifying them with the 0.1% FA. Both IgG glycopeptide samples: native and partially 

defucosylated, were then stored at -20 °C prior to the analysis. 

4.2.4 IgG Mixed Sample Preparation with Partially Desialylated or Partially Defucosylated 

IgG Samples  

To prepare various IgG native samples mixed with IgG desialo- or defuco- samples, first, 

tryptic digests of partially desialylated or partially defucosylated IgG samples, which were at 1.0 

µg/µL initial concentration were diluted five times with deionized water to obtain 0.2 µg/µL 

concentrated IgG tryptic samples, separately. Subsequently, IgG desialo 0%, 5%, and 20% 

mixed samples were prepared; 0% sample was prepared by directly diluting appropriate volume 

of IgG native sialo control sample (at 1.0 µg/µL) with deionized water, to yield 0.5 µg/µL final 

concentration; then, 5% and 20% IgG desialo mixed samples were prepared by mixing 

appropriate volumes of IgG native sialo control sample (1.0 µg/µL) and partially desialylated 
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IgG sample (0.2 µg/µL), while maintaining the final sample concentrations of all the samples at 

0.5 µg/µL. A similar approach was used to prepare IgG defuco 0%, 5%, and 20% mixed samples 

by mixing appropriate volumes of IgG native fuco control sample and the partially defucosylated 

IgG sample, at a fixed final concentration (0.5 µg/µL). All the samples were run in triplicates. 

4.2.5 IgG Sialo, IgG Desialo 20% Mixed and IgG Fuco, IgG Defuco 20% Mixed Samples 

Preparation  

IgG sialo native and IgG desialo 20% mixed samples were prepared by using native and 

partially desialylated IgG tryptic digest samples, which were at 0.9 µg/µL initial concentration. 

From these samples, native IgG tryptic peptides sample at 0.05 µg/µL was prepared by diluting 

the original native IgG sialo sample (0.9 µg/µL) to obtain stock solution 1 at 0.45 µg/µL 

concentration, followed by subsequent dilution of stock 1 with appropriate volume of deionized 

water. This sample is known as IgG sialo sample or group 1. Prior to the preparation of IgG 

desialo 20% mixed sample, partially desialylated IgG tryptic peptide sample at 0.9 µg/µL 

concentration was diluted with deionized water to obtain stock solution 2 at 0.1 µg/µL of 

concentration. Then, IgG desialo 20% mixed sample was prepared by mixing appropriate 

volumes of stock 1 and stock 2, while maintaining the final concentration of the sample at 0.05 

µg/µL. This sample is referred to as IgG desialo 20% mixed sample or group 2.  

In addition to group 1 and group 2 sample preparation, IgG fuco native and IgG defuco 

20% mixed samples were also prepared, separately. IgG fuco native sample (group 3) at 0.1 

µg/µL final concentration was prepared by diluting 0.9 µg/µL concentrated IgG native tryptic 

digest with deionized water, directly. Then, IgG partially defucosylated tryptic digest solution at 

0.9 µg/µL concentration was diluted three times with deionized water to obtain a stock solution 

at 0.3 µg/µL. Then, appropriate volumes of this stock solution (0.3 µg/µL) and IgG native tryptic 
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digest (at 0.9 µg/µL) was mixed to generate IgG 20% defuco mixed sample, while keeping its 

final concentration at 0.1 µg/µL. This sample is henceforth referred to as group 4.    

4.2.6 Liquid Chromatography-Mass Spectrometry Analysis of IgG Glycopeptide Samples 

IgG glycopeptide samples were separated in a reverse phase C18 capillary column (3.5 

µm, 300 µm i.d. ×10 cm, Agilent Technologies, Santa Clara, CA) connected online to a Waters 

Acquity high performance liquid chromatography system (Milford, MA) followed by mass 

spectrometric (MS) data acquisition using an Orbitrap Fusion Tribrid mass spectrometer 

(Thermo Scientific, San Jose, CA). For each run, 3 µL of sample volume was injected into the 

C18 column with a mobile phase flow rate of 10 µL/min. A gradient elution was performed to 

separate IgG glycopeptides with mobile phase A and mobile phase B; mobile phase A consists of 

99.9% of water with 0.1% formic acid while the mobile phase B consists of 99.9% acetonitrile 

with 0.1% of formic acid. The liquid chromatography (LC) gradient used for the study was as 

follows. The column was equilibrated by running 5% of mobile phase B for 3 mins, followed by 

linear increase of B from 5% to 20% in 22 min to separate the glycopeptides. Then B was 

ramped to 90% in 20 min for glycopeptide elution, followed by decrease of B to 5% in 5 min, 

and re-equilibrating the column at 5% B for another 10 mins. During the IgG sample runs, when 

IgG tryptic samples prepared in sections 4.2.2, 4.2.3, and 4.2.4 were subjected to LC separation, 

blank runs were performed in between each sample run to minimize the sample carryover. 

However, when IgG native and IgG desialo/defuco 20% mixed samples described in the section 

4.2.5 were subjected to LC separation, blank runs were performed either in between each sample 

or after two sample runs, as described next.  

For IgG glycopeptides’ large data set generation, the samples prepared as described in 

section 4.2.5 were used. During the sample runs, the samples from either the group 1 and group2 
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or group 3 and group 4 were alternated during the LC-MS analyzes. For group 1 (IgG sialo 

native) and group 2 (IgG desialo 20% mixed), a total of 21 samples were acquired for each group 

in two different days: during the first day, altogether 12 samples were acquired, which included 6 

samples from each group; 3 weeks after, the second data set with 30 samples, which included 15 

samples per each group, were acquired. When acquiring the small data set, blank runs were 

included in between each sample run, for large data set, a single blank run was included after 

each pair of sample runs. For group 3 (IgG fuco native) and group 4 (IgG defuco 20% mixed) 

samples, small data set with five sample runs for each group were acquired in the first day by 

including blank runs in between each sample run. The large data set for group 3 and group 4 

samples were acquired after 3 weeks, 14 sample runs were included for each group, and blank 

runs were performed after a pair of sample runs. 

4.2.7 Mass Spectrometry (MS) Conditions     

Electrospray ionization (ESI)-MS in the positive ion mode with a heated ion source, 

which was held at 2.3 kV was used. The temperature of the ion transfer tube and the vaporizer 

was set as 300 °C and 20 °C, respectively.  Full MS scans were acquired with the Orbitrap 

resolution at 60 k (at m/z 200) and the scan range was set at m/z range of 400 – 2000. The AGC 

target and the maximum ion injection time were set at 4 × 105 and 50 ms, respectively. Data 

dependent MS/MS data were acquired to confirm the glycopeptide compositions; collision-

induced dissociation (CID) data were collected by selecting the first five most abundant peaks 

from the full MS run. CID spectra were collected in the ion trap with a rapid scan rate, exclusion 

duration was set at 30 s with a repeated count of one. For CID, AGC target of 2 × 103 and 

maximum injection time of 300 ms was used. Furthermore, during the MS/MS data acquisition, 

2 Da isolation width was used for parent ions selection, and the selected precursor ions were 
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fragmented by applying 35% of collision energy for 10 ms. Once the full MS and CID data were 

analyzed and IgG glycopeptides were confidently identified; fifteen different IgG1glycopeptides 

and thirteen different IgG2 glycopeptides for group 1 and 2 analysis, thirteen IgG2 glycopeptides 

for group 3 and 4 analysis, were identified for the quantification. For glycopeptide quantitation, 

raw abundances of each glycoform recorded at 50% abundance of extracted ion chromatogram 

(XIC) were recorded; then, the relative glycan peak percentage for each individual glycopeptide 

was calculated by dividing the individual glycopeptide’s raw abundance from the total 

abundance calculated by summing the raw abundances of all the fifteen IgG1 or thirteen IgG2 

glycopeptides (for group 1 and 2) or all thirteen IgG2 glycopeptides (for group 3 and 4) recorded 

for each sample run. Appendix C, Table 1, Table 2, and Table 3 show the relative glycan peak 

percentages calculated across IgG1 and IgG2 glycopeptides generated from 42 samples of group 

1 and 2 pair and IgG2 glycopeptides generated from 38 samples of group 3 and 4 pair, 

respectively.  

4.2.8 Classification of Sample Groups 

The quantitation data generated for IgG glycopeptides identified for group 1 and 2 and 

group 3 and 4 samples were separately submitted for data classification by Principal Components 

Analysis (PCA) and the Aristotle Classifier. PCA was conducted in R, version 3.5.2, using the 

package “factoextra”. The data were centered and scaled prior to the PCA transformation. The 

Aristotle Classifier was performed using the version of the software provided in reference 19; it 

was run in R, version 3.5.0.  
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4.3 Results and Discussion 

4.3.1 Overview of the Study 

Glycomics sample classification based on the whole glycomic profile of a sample, 

including all the individual abundances of samples’ glycans/glycopeptides, along with their 

relative proportions to each other, is certainly new in the glycomics analysis field, but this 

approach could be helpful for identifying useful trends in the glycomics data. The Aristotle 

Classifier is a new data system developed by our group; its classification is based on using whole 

glycomic profile of a sample as a single scorable unit, instead of using a single feature or a few 

features to classify the samples. Once the new classifier was built, a challenge data set of mass 

spectrometry data from glycomics samples, which could enable the optimization of the classifier, 

was required; thus, large sets of IgG glycopeptides data were generated in-house, to mimic two 

different biological states as healthy and disease. Among these samples, samples with a native 

IgG glycopeptide profile were considered as a healthy state, while the IgG samples with slightly 

altered sialylation or fucosylation were considered as the disease state. However, generating IgG 

glycopeptide samples to mimic two different biological states was a challenge, and it required 

careful selection and optimization of both the sample preparation and the instrument conditions. 

Thus, during this study, first, IgG glycopeptides were generated, LC-MS methods were 

optimized for effective separation of multiple IgG subclasses and their glycopeptides, followed 

by identification of IgG glycosylation profile. After that, methods were optimized to generate 

partially deglycosylated (partially desialylated or defucosylated) IgG tryptic digests; these 

samples were used to slightly contaminate the glycosylation profile of a native IgG tryptic digest 

in order to generate samples of a disease state. Finally, large sets of LC-MS IgG glycopeptides 

data were generated by using IgG tryptic digests with native glycosylation profile (healthy state) 
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and that with a slightly altered glycosylation profile (disease state). The resulted IgG 

glycopeptides’ data were quantified and submitted to the newly developed Aristotle Classifier 

and also to another standard classifier (PCA), to challenge their classification ability. Most of the 

generated data proved to be optimum, and these data were classified more accurately by the new 

classification system compared to the standard approach.  

4.3.2 Identification of IgG Glycopeptides 

Immunoglobulin G (IgG), the most abundant glycoprotein in human plasma has four sub 

classes as IgG1, IgG2, IgG3, and IgG4, each represents approximately 60%, 32%, 4%, and 4% 

relative abundances, respectively.20  Each sub class of IgG has a single glycosylation site majorly 

occupied by complex-type bi-antennary glycans that can be fucosylated (major type), sialylated, 

bisected, or not.9, 22 Therefore, optimization of LC-MS conditions were necessary not only to 

effectively separate these different IgG subclasses, but also to obtain better ionization for 

multiple IgG glycopeptides. Figure 2A and 2B represent two extracted ion chromatograms 

(XICs) obtained for triply charged IgG1 and IgG2 peptides, each attached to a bi-antennary, 

core-fucosylated, [Hex]4[HexNAc]4[Fuc]1 glycan composition. As shown in this Figure, we 

were able to detect and separate the two most abundant subclasses of IgG: IgG1 and IgG2, each 

bears peptide sequence of EEQYNSTYR (mw =1188.5047) and EEQFNSTFR 

(mw=1156.5149), respectively. Two well separated chromatographic peaks were obtained for 

IgG1 and IgG2 glycopeptides, and they eluted approximately around 15.26 min and 21.54 min, 

respectively.  
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Figure 2. Extracted ion chromatograms (XICs) obtained for triply charged IgG1 (EEQYNSTYR) (A) and 

IgG2 (EEQFNSTFR) (B) peptides attached to [Hex]4[HexNAc]4[Fuc]1 glycan composition. IgG1 and 

IgG2 showed well separated peaks in the same LC-MS run while showing an approximate retention time 

of 15.26 min (IgG1) and 21.54 min (IgG2), respectively. Figure 2 (C) and (D) represent N-linked 

glycopeptides assigned for IgG1 (15.00 - 16.50 min) and IgG2 (21.40 – 22.50 min), across their multiple 

charge states. Monosaccharide units: blue square (N-acetylglucosamine), green circle (mannose), yellow 

circle (galactose), purple diamond (N-acetyl neuraminic acid), and red triangle (fucose). 
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For each identified IgG sub class, possible glycopeptides were searched against a list of 

potential N-linked glycans that had been assigned from IgG in previous reports;16, 26 glycan 

compositions were assigned by comparing the high-resolution MS data to the theoretical m/z’s of 

the glycans within 5 ppm mass error, and these assignments were then confirmed by using CID 

data. Figure 2C and 2D represent N-linked glycopeptide profiles obtained for IgG1 and IgG2 

glycopeptides for the retention time ranges of (15.00 -16.50) min and (21.40 – 22.50) min, 

respectively. Table 1 represents the N-linked glycans identified for both IgG1 and IgG2 after 

performing multiple analyses on tryptic digests of native IgG samples. In addition, this list 

includes some other possible N-linked glycans that are expected to be observed when the 

glycosylation changes are introduced to the IgG glycosylation profile, as described in sections 

4.2.4 and 4.2.5.  
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Table 1. The list of 20 N-linked glycans identified for IgG1 and IgG2 glycopeptides. Among these 

glycans, those labeled with the crossed mark (×) were not observed in native IgG samples being analyzed, 

but they were expected to be observed when the glycosylation changes are introduced to the IgG 

glycosylation profile. 
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4.3.3 Quantifying the Degree of IgG Deglycosylation Achieved at Glycopeptide Level 

The ultimate goal of this study was to generate two groups of IgG samples to mimic two 

biologically different states as healthy and disease; these two groups were expected to generate 

by using a tryptic digest of native IgG as the healthy state, and a tryptic digest of IgG with 

slightly altered glycosylation as the disease state. Altered glycosylation of IgG is associated with 

the progression of many diseases, and some of these alterations include changes to the degree of 

sialylation, fucosylation, and galcatosylation.1-2, 9, 25 Therefore, a disease state sample was 

expected to generate by slightly adulterating the native glycosylation profile of a IgG tryptic 

digest with a partially desialylated or a partially defucosylated IgG tryptic digest. Therefore, as 

the first step of the sample preparation, partially desialylated or partially defucosylated IgG 

samples needed to be prepared; the detailed protocols are described in the experimental sections 

4.2.2 and 4.2.3.  

Figure 3A and 3B show representative workflows of the implemented sample preparation 

protocol to generate tryptic digests of partially desialylated and partially defucosylated IgG 

samples along with their control samples, respectively.   
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Figure 3. Representative workflows that used to generate tryptic digests of partially desialylated IgG and 

its control sample (IgG native tryptic digest) (A) and tryptic digest of partially defucosylated IgG and its 

control sample (IgG native tryptic digest) (B). The resulted IgG tryptic digest samples were analyzed 

under identical LC-ESI-MS/MS conditions and the data were used to calculate the degree of desialylation 

or defucosylation achieved with the optimized sample preparation protocol.  

 

In these two sample preparation protocols, the sialidase A reaction was performed at the 

glycoprotein level, while the fucosidase reaction was carried out at the glycopeptide level to 

improve the digestion efficiency of the fucosidase enzyme. After obtaining LC-MS data for IgG 

desialylated/defucosylated tryptic digest samples and the control samples (IgG native tryptic 

digests); the relative glycopeptide peak percentages of each individual glycopeptide, from both 

sample types, were calculated; then, the degree of desialylation/defucosylation achieved at the 

individual glycopeptide level was calculated as follows.  
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𝐷𝑒𝑔𝑙𝑦𝑐𝑜𝑠𝑦𝑙𝑎𝑡𝑖𝑜𝑛 %

=
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑔𝑙𝑦𝑐𝑜𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑝𝑒𝑎𝑘 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 (𝑑𝑒𝑔𝑙𝑦𝑐𝑜𝑠𝑦𝑙𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑛𝑎𝑡𝑖𝑣𝑒 𝑠𝑎𝑚𝑝𝑙𝑒)

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑔𝑙𝑦𝑐𝑜𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑝𝑒𝑎𝑘 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑜𝑓 𝑛𝑎𝑡𝑖𝑣𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
 

Figure 4 represents the relative glycopeptide peak percentages calculated for 14 different 

N-linked IgG2 glycopeptides generated from IgG native and IgG desialo tryptic digests.  

 

Figure 4. Relative peak percentages calculated for IgG2 glycopeptides generated from IgG native and 

IgG desialo tryptic digest samples.  

 

In this figure, the glycan compositions in the blue box represent three sialylated glycans, 

the red box includes three non-sialylated glycans that correspond to the sialylated ones, while the 

rest of the eight glycan compositions represent other non-sialylated glycans identified in IgG2 

glycopeptides. After treating a IgG sample with sialidase A enzyme; upon completion of the 

reaction, in an ideal situation, three observation were expected in the IgG desialo sample as 

compared to the IgG native sample; these observations include; (1) a decrease of relative peak 

percentages of sialylated glycopeptides, (2) an increase of relative peak percentages of 
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corresponding non-sialylated glycopeptides, and (3) unchanged relative peak percentages for the 

rest of the non-sialylated glycopeptides. As shown in the Figure 4, the relative peak percentages 

of individual glycopeptides of IgG desialo digest, as compared to the IgG native digest, were 

changed; these changes included a (88 – 100) % decrease of relative glycopeptide peak percent 

of sialylated glycopepetides, (10 – 31) % increase of relative glycopeptide peak percentages of 

corresponding desialylated glycopepetides and less than 18% relative glycopeptide percentage 

differences for rest of the glycopeptides. This result clearly shows that the optimized 

desialylation protocol generated partially desialylated IgG2 glycopeptides that showed about 

88% to 100% of desialylation at the individual glycopeptide levels. 

Similarly, IgG2 glycopeptides’ relative peak percentages obtained for the IgG 

defucosylated sample compared to the IgG native sample were used to calculate the degree of 

defucosylation achieved by following the defucosylation protocol shown in Figure 3B. The 

calculated relative peak percentages of thirteen IgG2 glycopeptides identified in IgG native and 

IgG defuco tryptic digested samples are shown in Figure 5.  

 

Figure 5. Relative peak percentages calculated for IgG2 glycopeptides generated from IgG native and 

IgG defuco tryptic digests.  
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As shown in this figure, among ten fucosylated glycopeptides observed in the IgG defuco 

tryptic digest sample, almost all of the glycopeptides (except [Hex]5[HexNAc]4[Fuc]1) showed 

decreased relative glycopeptide peak percentage compared to that of the native IgG tryptic 

digest, as expected. The observed degree of defucosylation ranged in between (0.5 – 46) % at 

individual glycopeptide level. In addition, the corresponding defucosylated glycopeptides, the 

last three glycopeptides shown in Figure 5, showed increased relative glycopeptide peak 

percentages as compared to the control sample. 

Based on the results obtained for IgG desialylated and IgG defucosylated tryptic digested 

samples, the sample preparation methods proved to be good enough to generate partially 

desialylated and partially defucosylated IgG glycopeptides for generating glycosylation altered 

samples as described next.  

4.3.4 Identifying the Best Mixing Ratio of IgG Native and IgG Desialo/Defuco Digest  

The final goal of this study was to generate large sets of IgG glycopeptides’ LC-MS data 

to mimic samples of a healthy state (IgG native tryptic digest) and a disease state (a mixture of 

IgG native and IgG desialo/defuco tryptic digest). Therefore, after optimizing protocols to obtain 

partially desialylated or partially defucosylated IgG tryptic digested samples, the next step was to 

identify the amount of partially deglycosylated IgG that should be mixed with the native IgG to 

introduce slight changes to the glycosylation profile, mimicking a disease state sample. 

Therefore, a preliminary study was performed by spiking 0%, 5%, and 20% of partially 

desialylated or partially defucosylated IgG tryptic digest into corresponding IgG native tryptic 

digest samples, separately, while maintaining the final concentration of all the samples at a fixed 

concentration of 0.5 µg/µL. Table 2. represents the glycopeptide peak intensity ratios calculated 

for multiple IgG2 glycopeptide peak pairs; three and five glycopeptide pairs were selected for 
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partially desialylated and partially defucosylated IgG spiked samples, respectively, to find out 

the best possible mixing ratio between the native and the partially deglycosylated IgG samples.  

Table 2. IgG2 glycopeptide peak pair ratios calculated for 0%, 5%, and 20% of partially desialylated or 

partially defucosylated IgG2 tryptic digest spiked samples. 

 

Each of these glycopeptide pairs contains a sialylated/fucosylated glycopeptide along 

with the corresponding desialylated/defucosylated glycopeptide. For an example, H4N4F1S1 and 

H4N4F1 represent a sialylated glycopeptide and its corresponding desialylated glycopeptide, 

respectively. The peak ratios for each glycopeptide pair were calculated by dividing the raw 

abundance recorded for the deglycosylated glycopeptide from that of the corresponding 

glycosylated glycopeptide in the same LC-MS run. Figure 6A and 6B illustrate the distribution 

of calculated IgG2 glycopeptides’ peak intensity ratios of triplicate sample runs across 0%, 5%, 

and 20% desialylated (A) or defucosylated (B) IgG spiked samples.  
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Figure 6. IgG2 glycopeptides’ peak ratios calculated for multiple glycopeptide peak pairs identified in 

partially desialylated (A) or partially defucosylated (B) IgG spiked samples. 0% dS/dF mix sample 

represents native IgG tryptic digest at 0.5 µg/µL final concentration, while 5% and 20% dS/dF mix 

samples represent native IgG tryptic digest samples spiked with 5% and 20% of partially desialylated (dS) 

or partially defucosylated (dF) IgG tryptic digest at a fixed final concentration of 0.5 µg/µL. Error bars 

represent standard deviations (SDs) calculated for triplicate sample runs. 
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Based on the results, compared to the 0% desialo/defuco mixed samples (controls), 

glycopeptide peak pair ratios observed for 5% desialo/defuco spiked samples were very subtle 

and likely too similar to tell apart. By contrast, the 20% desialo/defuco mixed samples also 

showed subtle differences in glycopeptide peak ratios across many of the individual glycoform 

pairs, but their differences were somewhat more pronounced, so they would likely produce a data 

set that would be challenging to classify, but not so challenging that the samples could not be 

discriminated at all. Therefore, the 20% of partially desialylated/defucosylated IgG spiked mix 

sample was selected to mimic a disease state sample with subtle glycosylation differences.  

4.3.5 Quantification of Large Sets of LC-MS Glycopeptides Data of IgG Native and IgG 

Samples with Altered Sialylation 

To optimize The Aristotle Classifier, the classification algorithm that uses the whole 

glycomic profile to classify samples, a set of optimized data were necessary; thus, we sought to 

chemically generate large sets of LC-MS data for IgG glycopeptides to mimic samples of a 

healthy state and a disease state. Of these samples, healthy state sample composed of a tryptic 

digest of IgG with a native glycosylation profile while the disease state sample contains IgG 

native tryptic digest purposely adulterated with 20% of partially desialylated or partially 

defucosylated IgG tryptic digest. Furthermore, to effectively use these two sets of data to 

optimize the Aristotle Classifier, they needed to be different, but not so different where any of 

the glycopeptide peak heights of these samples can tell them apart.  

As described in the experimental section 4.2.5, as the first set of samples, IgG sialo native 

and IgG desialo 20% mixed samples were prepared; the samples were slightly different in terms 

of their sialylation profile; these samples were used to generate group 1 and group 2 data. Group 

1 includes 21 samples, each containing IgG native tryptic digest, while group 2 samples contains 
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80% of native IgG tryptic digest mixed with 20% of partially desialylated IgG sample. Both 

IgG1 and IgG2 glycopeptides were detected in LC-MS runs acquired for group 1 and group 2 

samples (21 for each group); these data were separately analyzed and quantified; see Appendix 

C, Table 1 and Table 2 for percent of different glycopeptides obtained for both IgG1 and IgG2 

glycopeptides across 42 samples. The quantitation results obtained for IgG1 and IgG2 

glycopeptides are represented in Figure 7A and 7B, respectively. Figure 7A represents fifteen 

different IgG1 glycopeptides’ percentages calculated for group 1 and group 2 samples; the data 

showed that the samples of group 1 and group 2 are not distinguishable based on any single 

glycopeptide in the group. Similarly, Figure 7B represents thirteen different IgG2 glycopeptides 

quantified for the same group 1 and group 2 samples; again, any of the quantified glycopeptides 

were not useful in distinguishing samples of group 1 and group 2. These data clearly showed that 

the glycosylation differences among two groups of samples are very subtle; thus, these data sets 

represent a challenging classification problem that can be used to test different classification 

tools. Therefore, we submitted these data to the existing standard approach, PCA, and also to the 

Aristotle Classifier, the classifier that our group has developed, with the aim of comparing the 

classification powers of each method.   
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Figure 7. Comparison of the abundance of 15 different IgG1 glycopeptides (A) and 13 different IgG2 

glycopeptides (B) quantified in two groups of IgG samples. Group 1 includes 21 native IgG samples; 

group 2 includes 21 IgG samples with slightly altered sialylation (20% desialo mixed). The percent of 

each different IgG glycopeptides is plotted for both group 1 and group 2; group 1 data are shown in the 

left (red dots) for each different IgG glycopeptide, while group 2 data are shown on the right (blue dots). 

Figure 7B is reproduced from reference 19 with permission from the American Chemical Society.   
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Figure 8A and 8B represent the PCA plot of the IgG1 glycopeptides’ data originating 

from group 1 and group 2 sample sets (A) and the output plot of the same data from the Aristotle 

Classifier (B). Similarly, Figure 8C and 8D represent output plots of PCA and the Aristotle 

Classifier for the IgG2 glycopeptides’ data. 

 

Figure 8. Comparison of two different data sets (group 1 and group 2) by PCA and the Aristotle 

Classifier. (A) PCA classification of a total of 42 IgG samples based on IgG1 glycopeptodes’ quantitation 

data; samples were from group 1 and group 2; each group with 21 samples. (B) Classification of the same 

set of 42 IgG samples of panel A by using the Aristotle Classifier; the Aristotle Classifier accurately 

assigned 26/42 samples into their correct groups. Results of PCA (C) and the Aristotle Classifier (D) 

classification of the same 42 IgG samples based on IgG2 glycopeptides’ quantitation data. PCA correctly 

classified 30/42 samples, while the Aristotle Classifier assigned 41 of the 42 samples accurately. The 

correctly classified samples are in green area of the Aristotle Classifier plots. Figures 8C and 8D are 

reproduced from reference 19 with permission from the American Chemical Society.   
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Based on the outcome of the PCA and the Aristotle Classsifier, the latter proved to be 

better than the PCA for discriminating generated large sets of glycomic data; for IgG1 

glycopeptides’ samples; as shown in Figure 8A, PCA showed substantial overalap between the 

samples of both healthy and disease states while showing that the variability of group 1 and 

group 2 samples are not related to the glycosylation differences between two sample groups. 

Compared to the poor classification performed by PCA for classifying  samples of group1 and 

group 2, based on IgG1 glycopeptides’ data, the Aristotle Classifier performed better; see Figure 

8B; it accurately classified 26/42 samples (62% accuracy) into their accurate groups based on 

their glycosylation differences. Furthermore, for IgG2 glycopeptides’ samples, 98% of the data 

were classified correctly by the Aristotle Classifier (D), in contrast to the PCA (C), where a 

considerable overlapping of the samples from two groups were observed, resulting only 30 of the 

42 samples to be correctly classified into accurate groups. These results clearly show that the 

Aristotle Classifier can handle challenging glycomics data while showing its capacity to 

distinguish samples based on their glycosylation differences.  

4.3.6 Quantification of Large Sets of LC-MS Glycopeptides Data of IgG Native and IgG 

Samples with Altered Fucosylation 

Not only the degree of sialylation, but also the degree of fucosylation of the IgG samples 

were slightly altered during this study to generate two groups of IgG samples, IgG fuco native 

(group 3) and IgG defuco 20% mixed samples (group 4). Among the two groups; group 3 

composed of 19 IgG samples with native IgG glycosylation profile and the group 4 composed of 

19 IgG samples, those fucosylation profiles that were slightly altered purposely by mixing 80% 

of the native IgG tryptic digest with a 20% of partially defucosylated IgG tryptic digest; see 

sections 4.2.5 to 4.2.7 for detailed sample preparation and data analysis performed for the group 
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3 and group 4 samples. During the LC-MS runs of these samples, the retention time of the IgG1 

glycopeptides varied significantly between multiple LC-MS runs; therefore, for this data set with 

38 samples (19 samples per each group), only IgG2 glycopeptides were considered for the 

quantitation.  

Appendix C, Table 3 includes IgG2 glycopeptide peak ratio percentages obtained for 

group 3 (IgG fuco native sample) and group 4 (IgG defuco 20% mixed sample); 19 samples were 

acquired for each group in two different days. The quantitation results obtained for thirteen 

different IgG2 glycopeptides generated for group 3 and group 4 samples are shown in Figure 9A; 

this figure clearly showed that the classification of group 3 and group 4 samples is difficult based 

on any of the individual glycopeptides in the samples.  
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Figure 9. Comparison of the abundance of 13 different IgG2 glycopeptides relative percentages of group 

3 (native IgG) and group 4 (20% defuco mixed) IgG samples (A). Group 3 data are shown in the left (red 

dots) while group 4 data are shown on the right (blue dots). PCA plot generated for 19 native IgG samples 

(group 3) and 19 IgG samples with slightly altered fucosylation (group 4) (B). Classification of the same 

set of 38 IgG samples based on the IgG2 glycopeptides data by using the Aristotle Classifier (C).  

 

Figure 9B represents the classification of 38 IgG samples by using PCA; in this example, 

PCA clearly separated IgG samples of group 3 and group 4 into their accurate groups. This 
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indicates that the introduced fucosylation changes (20% mix) to the IgG native glycosylation 

profile contributed significantly, which in turn resulted better separation of the group 3 and 

group 4 samples by PCA. The classification of the same 38 IgG samples with the Aristotle 

Classifier is shown in Figure 9C; similar to PCA, it also separated all the samples accurately into 

their groups  

Overall, the generated IgG data, mimicking two different biological states, were useful to 

challenge both PCA and the newly developed Aristotle Classifier. The classification results 

clearly showed that the Aristotle Classifier, which uses supervised classification on the whole 

glycomic profile, performed far better than PCA and thus, it can be applied to differentiate 

challenging clinical glycomics samples. 

4.4 Conclusion 

Multiple data sets of glycomics data were developed to study the merits of a new 

classifier, the Aristotle Classifier, a supervised machine classification algorithm, which uses the 

whole glycomic profile to classify glycomics samples. We used IgG glycoprotein to chemically 

generate two challenging glycomics sample groups mimicking two different biological states as 

healthy and disease; of these samples, healthy state represented samples with a native IgG 

glycosylation profile, while the disease state represented samples with a slightly altered IgG 

glycosylation profile. We optimized both the sample preparation and the LC-MS conditions to 

effectively generate large sets of IgG glycopeptides data of two sample groups; the resulting 

glycopeptides’ LC-MS data were quantified; however, those samples could not be classified into 

native or disease state by considering any of the individual glycopeptides of the samples. 

Therefore, these data proved to be challenging; thus, they were used to challenge the 

classification ability of a standard approach: PCA and the newly developed algorithm: the 
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Aristotle Classifier. The results showed that the classification ability of the Aristotle Classifier 

outperformed the PCA, while successfully classifying many of the glycomics samples into their 

accurate groups. 
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Chapter 5. Conclusion 

5.1 Dissertation Summary 

The work reported in this dissertation mainly focuses on method development towards 

identification and quantification of glycopeptides or glycans derived from multiple glycoprotein 

samples via mass spectrometry-based (MS-based) strategies. MS-based strategies among other 

analytical methods, are frequently used in the field of glycomics analysis due to the higher 

sensitivity, higher resolution, and tandem capabilities provided by them.1-3  

Protein glycosylation is one of the most prevalent post-translational modifications, which 

affects both the structures and the functions of the proteins.4 However, this modification is 

sensitive to the changes of the cellular environment,1, 5 resulting aberrantly glycosylated proteins 

during the progression of many diseases.6-13 Therefore, altered glycans or glycopeptides derived 

from specific protein(s) of biological samples can serve as potential biomarkers for disease 

diagnosis and prognosis. However, the accurate identification and quantification of these 

heterogeneous glycans or glycopeptides is a challenge; it depend on not only the sensitivity of 

the analytical method, but also on the availability of effective sample preparation strategies and 

proper data classification approaches that handle multiple data inputs.  

 In glycomics analysis, development of effective strategies for glycosylation site profiling 

of complex glycoproteins is important; because, it allows not only the full characterization of the 

glycoproteins, but also the identification of site-specific glycan alterations that occur during the 

progression of diseases. The state-of-the-art expert analysis method for the glycosylation site 

identification typically requires higher initial glycoprotein amounts, two parallel LC-MS 

experiments, and higher data analysis time, which reduces the efficiency of the method.14-15  
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Therefore, chapter 2 introduces a rapid glycosylation site profiling method, which relies on high-

resolution MS data and chromatographic retention times to track the glycosylation sites of 

proteins; the method identifies co-eluting glycoforms those extracted based on a pre-developed 

N-linked glycan library. The method successfully profiled glycosylation sites of a heavily 

glycosylated human plasma protein while identifying even the low abundant glycopeptides, those 

that could have gone undetected if the analysis was based on software tools. Therefore, the 

developed expert analysis approach, which relies on a single LC-MS run, while requiring half the 

analysis time and half the protein amount compared to the competing analysis method, would be 

useful not only to track the glycosylation sites of proteins, but also to identify low abundant 

glycopeptides that might represent an immunogenic glycoform of a biotherapeutic drug or a 

potential glycan biomarker for a certain disease. 

Uromodulin, the most abundant protein excreted in human urine, is glycosylated and 

changes to its glycosylation profile have been reported during the progression of kidney diseases; 

thus, it can serve as a biomarker for kidney health.9 Current methods for analyzing uromodulin 

glycosylation involve many time-consuming and laborious sample preparation steps, such as, 

glycoprotein enrichment, glycan labeling, and post-sample clean-up steps, all prior to the MS 

analysis.9, 16-17 These complex sample preparation steps limit the current method’s applicability 

in readily assessing the uromodulin glycosylation changes in kidney-related studies. Therefore, 

resolving the challenges of tedious sample preparation steps involved in uromodulin 

glycosylation analysis is important; thus, chapter 3 introduces a clinically viable direct (-)ESI-

MS method that allowed the quantification of N-linked glycans of uromodulin, extracted from 

human urine samples of two different biological states. The developed method omitted glycan 

labeling steps and post-sample clean up steps; it provided highly reproducible uromodulin glycan 
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quantitation data over multiple analyses and over multiple sample preparations, while allowing 

glycomics samples of the same biological state to be classified together by PCA. Therefore, this 

method can be applied to quantify glycosylation differences of uromodulin samples derived from 

large cohorts of clinical samples of different biological states, followed by sample classification 

based on their glycosylation differences. 

Sample classification based on a single glycan feature or a few selected glycan features is 

the typical approach; however, considering of all the individual glycan abundances of a sample 

along with their relationships to each other, to classify samples, can be useful in identifying the 

underlying trends that benefit the sample classification.18 The Aristotle Classifier is one such 

newly developed data classification approach; it distinguishes glycomics samples based on their 

whole glycomic profile, instead of selecting one glycan feature or a few glycan features.18 Once 

the classifier was built, it needed to be optimized; but, acquiring clinical glycomics samples with 

known glycosylation differences within them was a challenge. Therefore, chapter 4 describes an 

optimized sample preparation approach that we performed to chemically generate large sets of 

IgG glycopeptides data mimicking two different biological states, followed by the application of 

those data to the Aristotle Classifier and to a competing classification approach: PCA, to 

challenge and compare each approaches’ classification abilities. The generated data proved to be 

optimum; they produced a challenging but tractable classification problem that allowed different 

algorithms’ merits to be compared. The Aristotle Classifier outperformed the PCA classification, 

while showing its capability in successfully handling multiple data inputs. Therefore, the 

Aristotle Classifier can be used to distinguish glycomics samples from a large sample set; one 

good example is the classification of uromodulin samples derived from large groups of clinical 
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samples. Furthermore, this classifier can be applied to other challenging classification problems 

where the competing PCA approach fails. 
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