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ABSTRACT 

Glycosylation is one of the most important post translational modifications.  Aberrant 

glycosylation has been correlated to a number of disease conditions.  Changes in glycosylation 

can provide valuable information about the etiology of the disease state and also can be used as 

potential biomarkers for early prognosis and diagnosis.  Currently, liquid chromatography 

interfaced to mass spectrometry is the most widely used techniques for the characterization of 

glycans and glycopeptides in order to detect changes in glycosylation.  Development of reliable 

methods is required for correlation of these changes with the disease condition. 

The first part of the thesis describes method development and validation for the successful 

quantification of the glycopeptides using oxonium ions as transitions in multiple reaction 

monitoring (MRM) mode.  The invariable presence of oxonium ions as a result of fragmentation of 

glycopeptides makes them an excellent choice as transitions for MRM of the glycopeptides.  

MRM on a triple quadrupole mass spectrometer enables very high sensitivity and is explored as a 

technique for quantification of glycopeptides.  The various parameters influencing quantification of 

glycopeptides including MRM time segments, number of transitions and normalized collision 

energies were optimized.  The results indicate that oxonium ions could be adopted for the 

characterization and quantification of glycopeptides in general, eliminating the need to select 

specific transitions for individual precursor ions.  Also, enhanced sensitivity of analysis is attained 

when specific time segments are employed. This approach can also be applied to comparative 

and quantitative studies of glycopeptides in biological samples as illustrated for the case of 

depleted blood serum. 

The second part of the thesis describes characterization and quantification of glycans and 

glycopeptides of the aqueous humor samples collected from Fuchs endothelial corneal dystrophy 

(FECD) and normal subjects using LC-ESI-MS/MS.  FECD is an eye disorder which results in 

progressive degeneration of the corneal epithelium causing impaired vision and in some cases 

total blindness.  The exact biological events that cause this disorder are still unknown.  In an 

attempt to establish a correlation between aberrant glycosylation and FCED, the glycome and the 
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glycoproteome of aqueous humor was probed.  The results suggest a significant difference 

between the disease and disease-free-states of one glycan.  A general upregulation of glycan 

expression in the disease state was observed according to results of the glycomic study.  These 

changes can be used to distinguish between the subjects with and without FECD.  Also, these 

changes suggest that glycosylation is either an effect or cause of the disease condition. 
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CHAPTER 1 

INTRODUCTION 

1.1 Protein Glycosylation 

Post translational modifications (PTMs) of proteins permit alteration in a proteome beyond 

what is encoded in the genome [1].  As suggested by the name, these are modifications that 

occur after the proteins have been translated from the mRNA which in turn is transcribed from the 

DNA.  PTMs could be classified into two common types as shown in Figure 1.1.  The first type 

involves the addition of chemical groups to a side chain residue in a protein, while the second 

involves the cleavage of the peptide backbone.  Based on the covalent additions, PTMs are 

categorized into five major types which are phosphorylation, alkylation, acylation, glycosylation, 

and oxidation [2]. 

1.1.1. Types of Glycosylation 

Protein glycosylation is one of the most important and complex post translational 

modifications.  Glycans are classified according to the type of linkage to a protein.  N-Glycans are 

attached to the amide nitrogen atom in the side chain of asparagine residue of a polypeptide 

chain with a peptide consensus sequence of Asn-X-Ser/Thr, in which X could be any residue 

except proline as shown in Figure 1.2.  This promotes identification of potentially N-glycosylated 

sites; however, which of these sites is actually glycosylated is dependent on various factors.  N-

Glycans typically have a pentasaccharide core structure consisting of two N-acetylglucosamine 

(GlcNAc) residues and three mannose (Man) residues to which additional monosaccharides are 

attached to form a wide variety [3, 4].  N-Glycans could be mainly distinguished into three main 

types based on the monosaccharide residues and attachment: complex type (Figure 1.3a), 

hybrid type (Figure 1.3b), and oligomannose (or high-mannose) type (Figure 1.3c).  The 

oligomannose type includes glycans that have only mannose residues attached to the core 

structure while the complex type contains only N-acetyllactosamine (Galα1-3/4 GlcNAc) in the  
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Figure 1.1: The two major types of protein post translational modifications of proteins 
(Figure adapted from Walsh C.T. et al ,2005) 
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Figure 1.2: Glycosidic bonds between proteins and carbohydrates.  A glycosidic bond links a 
carbohydrate to the side chain of asparagine (N-linked) or to the side chain of serine or threonine 
(O-linked).  The glycosidic bonds are shown in red. (Figure adapted from Berg .J.M et al ,2002) 
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Figure 1.3: Types of N-glycans (a) Tri-antennary complex-type, (b) Hybrid-type, and (c) High 
mannose-type N glycans.  Reprinted by permission from Macmillan Publishers Ltd: [Nature 
Reviews Microbiology] (583-597), copyright (2007) 
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antenna attached to the core structure.  The hybrid type consists of both the mannose residues 

as well as the N-acetyllactosamine residues in their antenna region [3].  

The complexity of glycan structures is increased through the addition of bisecting GlcNAc 

(GlcNAc residue attached in C-4 position of the core mannose) or alpha fucose residue.  Fucose 

and N-acetylneuraminic acid (sialic acid-NeuAc ) residues are also added at the last stage of the 

synthesis of the glycans [3].  The monosaccharide units involved in glycosylation mostly occur in 

their D-form with the exception of L-fucose.  O-Glycans, on the other hand, are most commonly 

linked to a hydroxyl group of a serine or threonine residue via an N-acetylgalactosamine 

(GalNAc) by an O-glycosidic bond and are called mucin O-Glycans or O-GalNAc glycans as 

shown in Figure 1.2.  There are also several types of nonmucin O-Glycans, including α-linked O-

fucose, β-linked O-xylose, α-linked O-mannose, β-linked O-GlcNAc, α- or β-linked O-galactose, 

and α- or β-linked O-glucose glycans.  The O-Glycans, unlike the N-Glycans, do not share a 

consensus core structure.  The most commonly seen structures of O-Glycans are represented in 

Figure 1.4.  These structures are extended with the attachment of different sugar residues such 

as Gal, GlcNac, Fuc and NeuAc.  The existence of numerous substitution sites and anomeric 

structures increases the complexity of O-glycan structures [6].   

Both N and O glycosylation are associated with microheterogeneity and macroheterogeneity.  

Microheterogeneity refers to the variety of glycan structures associated with each glycosylation 

site.  Macroheterogeneity refers to the uncertainty that not all the glycosylation sites are actually 

glycosylated.  These phenomena make analysis of glycopeptides more complex [7].  The core 

structures of major classes of glycans seem to be preserved across various species, although 

there is significant variability in their outer structure.  This may be a technique to create variations 

in morphology to suit different functions that are specific to a species.  However, there might also 

be significant variation between glycans within the same species, without being associated with 

any functional variability [6].   

http://en.wikipedia.org/wiki/N-acetylneuraminic_acid
http://www.ncbi.nlm.nih.gov/books/n/glyco2/glossary/def-item/glossary.gl1-d126/
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Figure 1.4: Structural composition of O-glycans.  The O-glycans are commonly attached to 
the protein via serine or threonine residues. The eight different cores described for O-glycans are 
shown.  Structures can be extended from the basic cores by lactosamine repeats, fucosylation 
and sialylation, as shown in the extended core 2 example.  Reprinted by permission from 
Macmillan Publishers Ltd: [Nature chemical biology] (713-723), copyright (2010) 
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1.1.2. Biosynthesis of N-and O-Glycans 

Proteins are synthesized by ribosomes and are attached to the ER membrane facing cell 

cytoplasm.  The peptide chain is then inserted into the lumen of the ER as it grows with the help 

of a signal sequence consisting of 29 amino acids as shown in Figure 1.5.  Post translational 

modifications of proteins originate in the ER and are continued in the golgi complex during the 

course of their expression.  Core N-glycosylation takes place in the ER and the terminal 

glycosylation takes place in the golgi complex.  The process of N-glycosylation requires 

monosaccharides for reactions which are catalyzed by glycosyltransferases [6].  The 

monosaccharides are retrieved from glycans that are degraded from other sugar residues within 

the cell.  Next, nucleotides are attached to these monosaccharides prior to crossing the double-

layered membrane into the lumen of the ER and golgi apparatus. 

A sugar moiety consisting of 2 GlcNAc and 5 mannose residues are synthesized, assembled 

and attached to the terminal phosphate group of a dolichol phosphate precursor present in the 

cytoplasmic surface of the ER.  This structure is later flipped through the ER membrane into the 

lumen of the ER as shown in Figure 1.6.  Additional sugars are added to this structure by 

enzymes in the lumen of the ER to form a 14-residue sugar precursor [6].  This is then transferred 

as a whole to an aspargine residue in the recognition sequences.  This structure undergoes 

hydrolytic trimming catalysed by enzymes and rearrangement of the linkages of N-glycans.   

Three glucose molecules are removed from this structure before it leaves the ER and proceeds 

towards the golgi complex.  This is predicted to be a quality control mechanism ensuring that the 

proteins are properly folded before they leave the ER [4]. 

The golgi complex performs two functions which are as follows: firstly, it alters and modifies 

the carbohydrate units attached to the glycoprotein and secondly, it sorts the glycoproteins 

according to the signals encoded in their amino acid sequences as shown in Figure 1.7.  The N-

linked oligosaccharide sequence of a glycoprotein is determined both by the sequence and 

conformation of the protein that is being glycosylated and the glycosyltransferases present in the 

golgi compartment [4, 6].   
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Figure 1.5: Role of signal sequence in N-glycosylation.  As translation takes place, a signal 
sequence on membrane and secretory proteins directs the nascent protein through channels in 
the ER membrane and into the lumen.  In most cases, the signal sequence is subsequently 
cleaved and degraded.  Reprinted by permission from W.H. Freeman & Company: [Biochemistry] 
, copyright (2002) 
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Figure 1.6: Assembly of an N-linked oligosaccharide precursor on dolichol phosphate.  
The first stage of oligosaccharide synthesis takes place in the cytoplasm on the exposed 
phosphate of a membrane-embedded dolichol molecule.  Synthesis of the precursor is completed 
in the lumen of the ER after flipping of the dolichol phosphate and attached oligosaccharide. 
Reprinted by permission from W.H. Freeman & Company: [Biochemistry], copyright (2002) 
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Figure.1.7: Role of the Golgi complex in N-glycosylation.  The Golgi complex is the sorting 
center in the targeting of proteins to lysosomes, secretory vesicles, and the plasma membrane.  
The cis face of the Golgi complex receives vesicles from the ER, and the trans face sends a 
different set of vesicles to target sites.  Vesicles also transfer proteins from one compartment of 
the Golgi complex to another.  Reprinted by permission from W.H. Freeman & Company: 
[Biochemistry], copyright (2002). 
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O-Linked glycopeptides are mainly synthesized in the golgi apparatus [4].  Monosaccharide units 

are added in series to a completely synthesized polypeptide chain.  O-Glycans, unlike the N-

glycans, are not associated with any specific amino acid sequence.  In contrast to N-

glycosylation, O-glycosylation does not involve a dolichol phosphate precursor.  The process 

begins with the addition of UDP-GalNAc (UDP-N-acetylgalactosamine) to a Ser or Thr on the 

polypeptide chain that is being modified by the enzyme GalNAc transferase.  The process 

continues with the addition of galactose, sialic acid, GlcNAc and fucose residues through the 

action of their respective transferases to form eight core structures which might further be 

elongated [8, 9] 

1.1.3. Biological Roles of Glycosylation
 

Glycosylation has a variety of biological roles spanning from those being relatively vague to 

functions that are central to the survival of the organism.  There are two major categories of 

biological roles that glycans play: (i) structural and modulatory functions and (ii) the specific 

recognition of glycans by other molecules such as glycan binding proteins.  Most glycans are 

located externally on the glycoproteins forming a protective shield from recognition by proteases 

and antibodies [6]. Glycans ensure precise folding of the newly formed polypeptides in the ER 

and also maintain the protein solubility and conformation.  For example, the removal of glycan 

residue from the β2 glycoprotein I alters the secondary structure of the protein [10, 11].  Glycans 

also act as a protective storage depot for important biological molecules, thus protecting them 

against non specific proteolysis and making sure that they are released under specific conditions 

[12, 13].   

Glycans also play an important role in cell-cell recognition and cell matrix interaction.  For 

examples the selectin molecules mediate critical interactions between blood and vascular cells by 

recognizing the glycan structures on their ligands [6, 14-18].  Studies also show that glycosylation 

(O-linked oligosaccharides on the zona pellicida glycoprotein ZP3) plays a role in the binding of 

the sperm to the egg [19, 20].  Interactions between proteins are also mediated by glycans [10]. 
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Additionally, glycans act as specific binding sites for a variety of viruses, bacteria and 

parasites, as part of their role as extrinsic recognition structures.  The sialic acid residues of the 

host are recognized by many virus hemagglutinins [19, 21-24].  This function has been termed as 

“traitorous” by Varki et al. and does no good to the organism that synthesized these glycans.  In 

some cases, this property as a pathogen receptor could be modified to the advantage of the host 

by acting as decoys for the microorganisms [25, 26].  The microorganisms first encounter the 

oligosaccharide ligands that are attached to their mucins, which are similar to their receptors.  

They could then be swept by ciliary action after they are bound to these sequences, thus 

protecting the mucosal cells.  The receptor function of the oligosaccharides can also aid symbiotic 

relationships between the host and certain microorganisms which are useful to both.  It is also 

seen that, in certain cases, the presence of glycans can regulate biological effects, thus playing 

the role of hormones.  For example, certain high mannose sugars are known to have 

immunosuppressive effects in mammalian systems with the effect specific to the structure of the 

glycan [27, 28]. 

Studies have shown that the same glycans on different glycoconjugates expressed in 

different tissues at various stages of development of the organism have different roles to play 

[13].  A well characterized example is that of Man-6-P containing glycans that were first found on 

lysosomal enzymes involved in lysosomal trafficking [29].  Man-6-P is also found on a variety of 

proteins (including proliferin, thyroglobulin, the EGF receptor, and the transforming growth factor-

β (TGF-β) precursor) with different biological functions [12, 30, 31].  Also, there are certain 

glycans that evolved as a result of the host organism trying to ward off attack by pathogenic 

organisms.  Although they provide structure scaffolding, they do not serve any other specific role 

and may be referred to as “junk” glycans [13].   

Glycosylation in most cases seems to play a role in tuning a function of a protein rather than 

completely turning it off or on.  An example of the tuning function is seen in the neutral cell 

adhesion molecule (N-CAM) which mediates hemophilic binding with identical molecules on other 

cells.  The oligosaccharides of this protein carry extended highly anionic chains of sialic acid in 

http://www.ncbi.nlm.nih.gov/books/n/glyco2/glossary/def-item/glossary.gl1-d156/
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the embryonic stage and this markedly reduces its hemophilic binding capacity.  However, the 

length of these chains is altered during development making the N-CAM capable of effective 

binding to the molecules.[32, 33]  There is also evidence that some glycoproteins that are quite 

unaffected with alteration in their glycan residues. For example, the effect of lack of or alterations 

in the glycoproteome of erythropoietin (EPO) had no effect on its biological activity [34-37]. 

1.1.4. Aberrations in Glycosylation are Associated with Diseases
 

As discussed above glycans are omnipresent and are involved in many vital biological 

processes and functions.  Acquired changes in glycosylation could result in the formation and 

development of several diseases, including diabetes, skin diseases, rheumatoid arthritis, 

alzhiemers disease, cystic fibrosis and cancer [6] [38]  Studies have shown that disrupted O 

GlcNAc signaling also plays a role in diabetes [39-42].  Altered N-glycosylation has been linked to 

a number of genetic disorders of fibrinogen as it has high levels of sialic acid content, which is 

involved in calcium binding and clotting.  Increased branching of the N-Glycans results in an 

overall increase in sialic acid content, which is also seen in hepatomas and liver disorders [43, 

44].   

Differential expression of sialic acid and increased branching of N-Glycans and fucosylation 

has also been associated with hepatitis and hepatocellular carcinoma [45, 46]  The N-Glycans in 

the constant (CH2) region of the human IgG are usually biantennary complex N-Glycans with 

antenna carrying terminal β-linked galactose residues which are mostly asialylated.  Studies have 

shown that patients with rheumatoid arthritis have decreased levels of galactose in the N Glycans 

of the IgG molecules with some having none (G0 molecules).  The severity of the disease 

depends on the extent of change in glycosylation [47-50]. 

The histiopathology of Alzheimer’s disease has been found to be associated with O-GlcNAc. 

The neurofibrillary tangles, which are characteristic of the disease, are due to paired helical 

filaments composed of the microtubule-associated protein Tau.  It is hypothesized that 

modifications in the O-GlcNAc addition alter the Tau protein function and also contribute to the 
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formation of the paired helical filaments which are responsible for the death of neurons. [51-54]  

Patients with cystic fibrosis showed increased sialylation in the secretion proteins and increased 

fucosylation in the mucus glycoproteins.  The abnormality in the cystic fibrosis transmembrane 

conductor regulator (CFTR) is found to increase the pH in the golgi causing abnormal 

glycosylation [55-57].   

Alterations in glycosylation have also been associated with malignancy and most of these 

alterations are characteristic to a specific type of cancer and are markers for the disease [58].  A 

variety of changes in glycosylation are known to be associated with cancer some of which as 

follows: an increase in the β1–6 branching of N-glycans [59]; changes in the expression and 

glycosylation of mucins [60] [61]; alterations in the expression of sialic acid [62], sialylated Lewis 

structures and selectin ligands. [63] [6, 64]  Studies in transgenic mice (MUC1) have shown that 

sialylated O-glycans play a role in the aggravated growth rate of mammary carcinoma cells [65].  

Cancer cells capable of metastasis are often detected with increased amounts of sialyl-Lewisa 

and SLex, as well as sialyl-dimeric Lewis.[66, 67]  Colon cancer cells have been found to express 

increased amounts of ppGalNAc T (polypeptide N-acetylgalactosaminyl transferase), which 

initiates the mucin type O-glycosylation and Tn-antigen synthesis [68-70].  Breast cancer cells 

have shown to have an increase in expression of (α3-sialyltransferase) ST3Gal-I which acts on 

the core 1 structure [71, 72].  Hence, breast cancer cells, unlike normal mammary epithelial cells, 

have a more widespread sialylated core 1 structure as compared to a core 2 structure.  Several 

studies have shown that glycomic and glycoproteomic profiling of the tissue, serum and other 

matrices can provide reliable markers for the prognosis of many of the above mentioned 

abnormalities and cancer in particular [73-75]. 

1.1.5. Detection of Aberrations in Glycosylation 

In order to gain more insight into the effect of changes in glycosylation on a particular 

disorder and to detect these changes, a thorough analysis must be done.  There are different 

approaches for analysis of glycosylation: analysis of glycans attached to glycoproteins 

(glycoproteomic analysis) and analysis of glycans that have been chemically or enzymatically 

http://www.ncbi.nlm.nih.gov/books/n/glyco2/glossary/def-item/glossary.gl1-d162/
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(glycomic analysis) released [76].  Various criteria help gauge the type of analysis that is required 

which include the level of information required, type of data needed (qualitative or quantitative 

data), amount of substance available for the analysis and whether or not the biological sample is 

needed for further investigation [3]  There are several methods that could be used for 

characterization of glycopeptides and glycans including gel electrophoresis, High performance 

liquid chromatography (HPLC), lectin affinity chromatography, NMR, X-ray crystallography etc.  

However, analysis of glycopeptides using mass spectrometry is the main focus of this thesis.  

Some of the above mentioned techniques are used in conjunction with mass spectrometry are 

also discussed. 

1.1.6. Glycomics and Glycoproteomics 

Glycomics refers to the studies that involve profiling of glycans and glycoconjugates that are 

produced in cells under particular conditions [77].  It is a field of study that aims at forming an 

understanding of how a collection of glycans are related to a biological event.  Information about 

the biosynthesis, structure and function of glycans would allow access to regulate disease 

processes [78].  Glycomics is extensively used for the discovery and analysis of glycans as 

disease markers.   

While glycomics is the study of the glycome, glycoproteomics focuses on the glycoproteome 

which consists of glycosylated proteins.  Glycoproteomics is a study that combines the 

enrichment techniques of glycoproteins with proteomic technologies to identify and quantify 

glycosylated proteins in a complex sample [79].   

Glycans have the following attributes which make excellent disease markers.  The 

association of changes in glycosylation with disease states has been well documented through 

glycobiology and changes in glycosylation are amplified as a result of a disease condition [80].  

Therefore, glycomics and glycoproteomics have been used to determine changes in the 

glycosylation in patients with the disease as compared to controls, without prior information about 

the proteome associated with the glycans. Mass spectrometry is a rapid, sensitive and versatile 

technique which has become one of the most widely used analytical tool in glycomics and 
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glycoproteomics.  It could be used alone or combined with other enrichment and separation 

techniques towards identification, profiling and quantification of the glycome and glycoproteome 

in complex biological systems.  There is a wide range of mass spectrometers that are commonly 

used in glycomics and glycoproteomics, including ion trap mass spectrometers, quadrupole mass 

spectrometers, and more recently Orbitrap mass spectrometers.  The field of glycomics and 

glycoproteomics has hugely benefitted from the development of soft-ionization techniques 

(electrospray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI)), and high 

mass accuracy instruments such as the orbitrap mass analyzers, ion cyclotron resonance (ICR), 

and modern time-of-flight (TOF). 

1.2. Glycoproteomic Analysis Using Mass Spectrometry 

The analysis of glycopeptides most commonly involves a chemical or an enzymatic digestion 

followed by their characterization using various methods.  Analysis of glycans/glycopeptides is far 

more challenging as compared to that of proteins.  Lack of an underlying templates during 

synthesis produces a high degree of heterogeneity.  The amount of glycans released is 

infinitesimally small making the analysis all the more tedious [3]. 

Due to its sensitivity, selectivity and high throughput mass spectrometry has become the 

most sought after technique for the analysis of glycopeptides.  The introduction of soft ionization 

techniques, such as ESI and MALDI, have contributed to the development of glycopeptide 

analysis using mass spectrometry.  Although mass spectrometry is by far the most conclusive 

method for analysis of glycopeptides, it still has a few drawbacks associated with it. Low 

sensitivity of detection associated with glycopeptides due to their site heterogeneity and formation 

of adducts with other ions making analysis of glycoproteins challenging, especially in complex 

matrices.  Sialylated glycans, which have a negative terminal charge, are even more suppressed 

in the presence of other peptides.  Due to the above mentioned occurrences the overall 

glycopeptide peaks are divided into several peaks of lower intensity and do not produce strong 

signals when detected by MS.  This prompts the usage of several techniques including separation 

and enrichment procedures in combination with mass spectrometry [3, 10, 76].   
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Analysis of glycopeptides with the intact glycan structure gives a better understanding of the 

protein structure at a molecular level and helps understanding structure-function relationships.  

The general approach starts with isolation of the glycoproteins from complex matrices followed by 

chemical and enzymatic treatment for the digestion of the proteins.  The glycopeptides are then 

purified or enriched and subjected to mass spectral analysis.  This approach holds good for both 

N-linked and O-linked glycans although the focus in this thesis is mainly on N-glycans [10].  

1.2.1. Isolation of Glycoproteins 

One of the most commonly used techniques for isolation of glycoproteins has been gel 

electrophoresis.  They have found wide application in the analysis of glycoproteins due to their 

simple approach and robust nature.  However, due to the heterogeneity associated with 

glycopeptides there is inadequate separation of the different glycoforms.  Lectin affinity 

chromatography is another widely used technique for the isolation of glycopeptides.  Lectins are 

proteins that are isolated from plant and animal sources and have a high specificity towards the 

sugars bound to the glycopeptides.  These are immobilized on agarose and other matrices and 

are commercially available as columns.  In order to obtain a better separation, more than one 

type of lectin can be used in combination.  They are mainly used to isolate cohorts of 

glycoproteins in general and are not specific to a particular structure of glycan associated with the 

glycoproteins. Concanavalin A (Con A) is commonly used in lectin affinity chromatography and 

selectively binds to N-glycopeptides with preference to oligomannosidic, hybrid and di-antennary 

N-glycans [3, 10]. 

1.2.2. Reduction and Alkylation of Glycoproteins 

In order for the enzyme to efficiently digest the glycoproteins, they have to be unfolded. 

Proteins can be unfolded by subjecting them to denaturation using surfactants such as SDS 

(sodium dodecyl sulfate), urea etc.  The glycoproteins can also be reduced and alkylated using 

DTT (dithrioethol) and IAA (iodoacetamide) respectively.  The DTT reduces the disulfide bonds of 

proteins and IAA adds a carbamidomethyl group to the sulfhydryl groups to prevent reformation of 

the bonds. 
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1.2.3. Enzymatic Digestion of Glycoproteins  

Some of the most commonly used enzymes for the proteolysis of the glycoproteins is trypsin, 

proteinase K and pronase.  Trypsin cleaves the glycoproteins at Lys and Arg on their carboxy 

terminus. The resulting glycopeptides can be easily predicted, provided the amino acid sequence 

is known.  However, it is associated with certain drawbacks such as missed cleavages and 

presence of multiple glycosylation sites on the same glycopeptides making the data complicated 

[10].  The use of proteinase K and pronase can avoid some of these limitations.  However, the 

resulting peptides are difficult to predict [12].   

1.2.4. Separation of Glycopeptides
 

Glycoproteins can be separated using reversed phase liquid chromatography.  The 

hydrophobicity of the peptide part of the glycopeptides determines the retention on the column. 

This technique can also be used in combination with other enrichment techniques in order to 

ensure sufficiently high signals when detected using a mass spectrometer.  Hydrophilic 

interaction chromatography is another technique used for separation of glycoproteins which 

involves the polar interactions between the hydroxyl groups on the glycans and the stationary 

phase.  The retention of the glycans is based on size of the glycan.  Glycoproteins can also be 

separated using high performance capillary electrophoresis (HPCE).  The high resolving power 

enables analysis of glycopeptides on the microscale level [3, 76, 81].   

1.2.5. Ionization of Glycopeptides 

The extensive heterogeneity and low ionization efficiency of glycopeptides make their MS 

analysis more challenging than that of proteins.  In the recent past, MALDI -MS and ESI/MS have 

revolutionized the analysis of large biomolecules. Using these methods, the majority of 

glycoforms could be easily detected. 

Electrospray ionization has emerged as one of the most indispensible tools for the analysis of 

biomolecules especially glycopeptides.  The gentleness associated with the ionization process in 

ESI ensures little or no fragmentation making it convenient to characterize entire structures.  The 

typical process involves the passage of the analyte along with an electrolyte through a metal 
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capillary which is present at a high potential.  This generates a mist of highly charged droplets, 

which pass into the analyzer of the mass spectrometer propelled by a potential and a pressure 

gradient.  Application of dry gas and heat causes the solvent in the droplets to evaporate, 

reducing the size of the droplet to the extent that coluombic forces overcome surface tension.. 

Thus, fragmenting the droplet into smaller droplets.  This continues until ions are formed and the 

solvent is completely evaporated. Some of the problems associated with electrospray ionization 

of glycopeptides are that they produce complex data with multiply charged ions and adduct 

formation with the salts.  Also, the presence of glycans on the protein shields the potential 

protonation sites and result in ions with lower charge state and a high m/z value, which might be 

beyond the m/z range of the MS instruments.  The nanospray technology has significantly 

widened the scope of ESI MS applicability.  The desolvation efficiency associated with a 

nanospray source makes it possible to analyze intact glycoproteins and highly glycosylated 

proteins.  Nanospray allows usage of solvents that cannot be used in conventional ESI.  It also 

has a higher tolerance for salt and buffer concentrations making it convenient to use in 

combination with electro migration techniques.  One of the biggest attribute of ESI-MS is low 

sample consumption which is especially useful for studies involving glycoproteins given their 

presence in low amounts [76, 82].   

MALDI-MS is one of the most widely used techniques for the analysis of carbohydrates.  The 

sample to be analyzed is mixed with a matrix which is usually an organic compound and then is 

exposed to pulse from a laser. The matrix absorbs the energy given out by the laser (UV range) 

and passes it to the sample which is then ionized.  Time of flight analyzers are most often used 

with MALDI making them fast and easy to use.  Selecting the right parameters such as the 

desorption matrix, sample matrix preparation; pH and other instrumental conditions further 

enhance the reproducibility and the resolution.  The most commonly used matrices for the 

analysis of peptides, glycopeptides, and glycans are 2,5-dihydroxybenzoic acid (DHB) and α-

cyano-4-hydroxycinnamic acid (CHCA).  Although MALDI is widely used for the analysis of 

glycopeptides and glycans, this technique could produce complex results especially when these 
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structures are sialylated.  This complexity originates from the in source fragmentation or 

metastable decay of sialic acid residues [82-84].   

1.2.6. Identification and Characterization of Glycopeptides 

The characterization of the intact glycopeptide involves the identification of the peptide, the 

potential glycosylation site as well as the glycan that is attached.  Liquid chromatography/mass 

spectrometry and tandem mass spectrometry (LC-MS/MS) is the technique that is most 

commonly used for the characterization of glycopeptides.  This involves several steps such as 

identifying peaks that belong to glycopeptides, peptides to which the glycopeptides are attached 

and the structure of the glycan that is attached to the peptide.  The structure of the glycan is 

deduced from tandem MS and the peptide backbone bearing the glycan. 

Glycopeptides are most typically characterized by subjecting them to tandem MS using 

collision Induced dissociation (CID), high energy collision induced dissociation (HCD) and 

electron transfer dissociation (ETD.)  The focus in this study is exclusively on analysis of 

glycopeptides using CID and HCD in ion trap instruments.  The advantage of this technique is 

that it allows repetitive ion isolation/fragmentation cycles.  B-type and Y-type fragmentation of 

glycosidic linkages is most predominant during fragmentation of glycopeptides thus revealing the 

composition and the structure of the glycan moiety.  Tandem MS of glycopeptides using CID and 

HCD produces diagnostic or maker ions that are specific to the glycopeptides.  These are low 

molecular weight oxonium ions.  These fragments can result either due to in source fragmentation 

by increasing the voltage in the ESI source or through CID in the collision cell.  High energy 

collision dissociation (HCD) is a beam type CID which is a characteristic feature of the LTQ 

Orbitrap hybrid mass spectrometer, and allows the formation of a distinct Y1 ion (peptide + 

GlcNAc) originating from glycopeptides when appropriate activation energy is employed.  Once 

the glycopeptides spectra have been shortlisted, the glycan structure attached to the peptide can 

be manually interpreted using tandem MS data.  There are several softwares, which are available 

commercially for interpreting the structure.  However, the reliability of data is questionable.  Once 

the glycan structure has been determined, the mass of the peptide can be deduced from the 
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characteristic Y1 ion which is the peptide backbone attached to a GlcNAc residue.  The mass of 

the peptide can then be matched to a protein list.  The list of proteins that are potentially available 

in the sample is usually derived with the help of softwares such as Swiss-Prot and GlycoPeP ID 

[3, 10, 12, 76, 85] 

1.3. Glycomic Analysis Using Mass Spectrometry 

This deals with the approach in which the glycans are cleaved from the glycoprotein prior to 

analysis using mass spectrometry.  Glycomic analysis without the peptide backbone overcomes 

the problem of competitive ionization usually associated with intact glycopeptides  MS analysis of 

glycans typically involves the following steps: enzymatic or chemical release of glycans from the 

peptide backbone, isolation and purification of glycans, derivatization of glycans , analysis of 

glycans using LC-MS, and interpretation of data. 

1.3.1. Chemical and Enzymatic Release of N-Glycans 

N-glycans can be chemically released using hydrazine at a temperature of about 95°C.  

However, this cleaves the amide bonds including the one between the glycans and the aspargine 

and the information pertaining to the site of glycosylation is lost.  Also, reacetylation step is 

required in the case of sialic acid and N acetyl-amino sugars.  Most often, the hydrazine group is 

also incorporated into the reducing terminal of the glycans.  Strict anhydrous conditions must also 

be maintained.  The above mentioned limitations have decreased the use of this technique and 

given way to alternative enzymatic methods [3, 76, 86, 87].   

There are several endoglycosidase and glycoamidase that are routinely used for the 

enzymatic release of N-glycans.  The most commonly used enzyme is N-glycosidase F (PNGase 

F). Cleavage using PNGase F produces glycosylamines which can be converted to a regular 

glycan.  PNGase has wide applicability and can cleave glycans bound to all proteins except those 

bound to a fucose with a α1.3 linkage.  Another enzyme that is used for the release of glycans is 

the Endoglycosidase H (Endo-H).  This enzyme is associated with a higher specificity and 

exclusively cleaves high mannose structures and most of the hybrid type of N-glycans.  It cleaves 

the glycan by hydrolyzing the bond between the GlcNAc residues of the chitobiose core leaving 



Texas Tech University, Swetha Pyreddy, December 2012 

22 
 

the core GlcNAc and fucose if any are present, attached to the protein.  Thus in structures that 

have fucose attached to the core GlcNAc, information pertaining to the linkage is lost.  There are 

other enzymes that are specific to the type of the glycan structure.  Endo F1 cleaves both high-

mannose and hybrid type of glycans.  Endo F2 cleaves high mannose type and biantennary 

glycans.  Endo F3 cleaves bi and tri antennary glycans but is inactive towards the high mannose 

structures [76, 86, 87].   

1.3.2. Solid Phase Purification 

The N-glycans, which have been released as a result of chemical or enzymatic treatment, are 

then purified from salts, detergents, proteins and reagents used for the release of the glycans.  

The mostly commonly used techniques are SPE, liquid–liquid extraction, gel filtration, paper 

chromatography, and precipitation.  SPE is generally used for analyzing larger sample sizes as it 

can be adapted to high-throughput setups.  The stationary phases for SPE, that have been used 

for purification of derivatized glycans, are reversed phase (RP), porous graphitized carbon (PGC), 

HILIC, and anion exchange media.  PGC was originally applied to nonderivatized glycans [81], 

but it has also been used for labeled glycans [88]. Although the separation mechanism of this 

stationary phase is not clearly understood, this method is highly specific for glycans [88, 89].   

1.3.3. Derivatization Strategies  

In order to enhance the detection sensitivity of glycans in ESI-MS, they are often derivatized.  

The increased reproducibility and fast analysis of glycans are attributed to the significant 

advances made in isolation and derivatisation techniques that are routinely used.  There are 

several derivatisation techniques that are usually employed of which the most widely used are 

permethylation, reductive amination, hydrazine labeling and reducing agents.  

Permethylation involves replacing the hydroxyl, amine and carboxyl groups with methyl 

groups, conferring hydrophobicity on the glycan residue.  The process involves the reaction of the 

glycans with methyl iodide in the presence of sodium hydroxide beads prepared in dimethyl 

sulfoxide.  Permethylation of glycans enhances signals in both ESI and MALDI.  It also enables 

simultaneous analysis of both acidic and neutral glycans in the positive ion mode, as the sialic 
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acid residues on the acidic glycans are stabilized.  Permethylated glycans typically form sodium 

adducts, the tandem MS of which provides linkage information.  The aldose end of the glycans is 

generally reduced using sodium borohydride prior to permethylation.  This is to enable open-ring 

alditol and provides a mass tag that makes spectral interpretation easier.  Although, glycan 

permethylation is widely used, the peeling reactions and oxidative degradation, due to the high 

pH conditions resulting from the solubilization of sodium hydroxide beads, make it less 

satisfactory for the analysis of small amounts of glycans.  Solid-phase permethylation method, 

which involves the packing of sodium hydroxide in small columns, overcome these limitations.  

The excess reagent is separated from samples, resulting in better sample recovery, especially 

when working with small amounts of samples [87, 90].  Also through the use of isotope labeling 

enables quantitative comparison in a single analytical run [91].  Studies using [13CH3-I] as an 

isotopic label in permethylation reactions of oligosaccharides analysis show that it can be used 

for accurate and rapid detection of differences in abundance of glycan structures. [92].   

Labeling of the reducing ends of glycans can also be done using reductive amination.  The 

process involves a label containing a primary amine group which undergoes a condensation 

reaction with the aldehyde group of the glycan and forms an imine of a schiffs base which forms a 

secondary amine on reaction with a reducing agent.  Dimethyl sulfoxide is most commonly used 

for the reaction.  The most commonly used labels are 2-aminobenzamide (2-AB), 2-aminobenzoic 

acid (2-AA), 2-aminopyridine (PA), 2-aminonaphthalene trisulfonic acid(ANTS), and 1-

aminopyrene-3,6,8-trisulfonic acid (APTS).  Another labeling technique for glycans is through the 

use of labels that providing a hydrazide end group.  Studies have shown that this technique is 

quantitative and converts all glycans to their respective phenylhydrazones [87].   

1.3.4. Ionization and Characterization of Glycans Using ESI-MS 

The analysis of both native and labeled glycans is mostly done using ESI-LC-MS, sometimes 

in combination with labeling techniques for quantitative studies.  Structural analysis of the glycans 

is accomplished using both positive and negative ion modes, depending on the charge of the 

substituents in the glycan structure and the derivatization employed.  CID of permethylated 
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glycans produces fragments that result from glycosidic bond cleavages, providing information 

pertaining to the structure of the glycan but not the type of linkage.  Presence of weak cross ring 

cleavage fragments was also reported, which when trapped and dissociated produce additional 

cross linked cleavage products that aid structural interpretation.[68]  The labeling technique that 

is most often used along with ESI is permethylation.  Permethylation not only provides higher 

signals in MS, but also distinguishes between terminal, internal, and branching monosaccharide 

residues.  Isotope labeling strategies using isotope-labeled PA or 2-AA, 15N metabolic labeling, 

isobaric labeling can be used for absolute quantification.  The mass spectrometer used for 

analysis of glycans using ESI-MS is commonly an ion trap, since it provides multiple ion 

isolation/fragmentation cycles for in-depth structural characterization.  [3, 76, 83, 88].   

1.4. Description of Mass Spectrometers in This Study 

Triple Stage Quadrupole mass spectrometer.  The triple quadrupole mass spectrometer 

consists of three quadrupoles arranged in series as shown in Figure 1.8.  The first and the last 

quadrupoles are mass analyzers which are operated, with varying r.f and d.c voltages involved in 

mass selection.  The quadrupole placed in the centre or the second quadrupole has a fixed r.f 

voltage and is used as a collision cell with ion focusing properties.  The collision cell is usually 

filled with the collision gas (nitrogen gas) which collides with the sample molecules selected by 

the first quadrupole. These collisions result in the formation of product ions and neutral 

fragments.  The product ions then pass towards the third quadrupole where they get selected 

according to the user specified product ion.  The triple quadrupole mass spectrometer can be 

used for a variety of scan modes including the precursor ion scan, the product ion scan, neutral 

loss scan, multiple reaction monitoring, selected reaction monitoring.  Segmenting the scan time 

according to the ions that are being eluted also provides greater sensitivity. This would be 

discussed in detail in chapter 2 [93].   

LTQ Orbitrap Mass Spectrometer.  The LTQ Orbitrap mass spectrometer is a highly 

advanced mass spectrometer which can be effectively used for identification, characterization  



Texas Tech University, Swetha Pyreddy, December 2012 

25 
 

and quantitation.  It provides very high mass accuracy and resolution. It consists of three parts.  

The first part is the linear ion trap which is situated after the source is capable of MS and MS 

detection at low resolution and mass accuracy.   

Ions get accumulated in the linear ion trap and are transferred into an RF-only quandrupole 

called a C-trap.  It derives its name from the letter C due to its shape (Figure 1.9).  The C-trap 

accumulates and stores the ions and is capable of higher energy collision fragmentations (HCD).  

The orbitrap mass analyzer is usually filled with ions that were accumulated in the C-trap.  The 

LTQ Orbitrap is capable of performing CID, HCD and electron transfer dissociation (ETD) tandem 

MS.  CID takes place in the collision cell and ions are detected through the electron multipliers.  

The HCD takes place in a high pressure collision cell that is situated behind the C-trap and the 

ions get detected in the orbitrap mass analyzer.  ETD takes place in the ion trap and requires 

radical ions from radical anions from reagent ion source, fluoranthene. The current study focuses 

on CID and HCD [94] [95].   

1.5. Summary of Projects  

The thesis consists of two projects that involve glycoproteomics and glycomics.  The first 

study involves the development and optimization of multiple reaction monitoring (MRM) for the 

quantification of glycopeptides using oxonium ions.  MRM is a technique, which is selective and 

sensitive enabling reliable quantification of glycopeptides of utmost importance in disease 

biomarker studies.  Oxonium ions are characteristic of the glycopeptides and are present in the 

tandem MS of glycopeptides.  Choice of oxonium ions as transitions eliminates the need for 

manual selection of individual transitions for quantification of glycopeptides using MRM.  This 

study optimizes various parameters involved in MRM of glycopeptides in order to enable 

maximum quantification.   

The second study involves identification and quantification of the glycans and glycoproteins 

using ESI-LC-MS/MS in aqueous humor samples of subjects with Fuchs endothelial corneal 

dystrophy in order to observe changes between the disease and disease-free states.  Fuchs 

endothelial corneal dystrophy is the major cause for keratoplasty.  The actual cause of the  
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disease is still uncertain and has been attributed to various phenomena.  This study aims at 

investigating aqueous humor samples of the eye of both subjects with FECD and control at the 

glycomic and glycoproteomics level in order to obtain a better understanding of the cause and 

also set parameters to distinguish between the disease and disease-free states. 
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CHAPTER 2 

QUANTIFICATION OF GLYCOPROTEINS USING MRM MODE LC-MS/MS 

2.1. Introduction 

Multiple reaction monitoring (MRM) is an LC-MS/MS method which has not been extensively 

explored as an option for the quantification of glycopeptides.  In the MRM mode, the mass 

spectrometer scans for only specific precursor ions defined by the users.  During MRM, the first 

quadrupole (Q1) scans for specific precursor ions which undergo collision induced dissociation 

(CID) in the second quadrupole (Q2), and result in fragments.  Specific fragments of the 

precursor ions are scanned in the third quadrupole (Q3).  These fragments are specific m/z 

originating from the precursor ion and are commonly referred to as transitions.  This mode of 

analysis greatly reduces noise and enhances signal intensity since the number of precursor ions 

having identical product ions is limited.  Selected reaction monitoring (SRM) involves a single 

transition to detect a precursor ion, whereas MRM involves multiple transitions.  The selection of 

fragment ions that represent and characterize the precursor ion is an essential requirement for 

effective MRM quantification.  MRM relies on the ionization efficiency as well as fragmentation 

efficiency; therefore, it is critical to attain optimum conditions that prompt efficient fragmentation.  

Previous studies have demonstrated MRM as a sensitive method for quantification of proteins 

[96-100].   

The focus of this study is to quantify the glycosylation site, thus providing information 

regarding the occupancy of glycosylation site and the extent of occupancy with a particular glycan 

structure.  This would enable observation of quantitative changes associated with a glycosylation 

site.  Quantification of glycopeptides was performed using MRM.  Oxonium ions that are 

diagnostic of glycopeptides were used as transitions in MRM mode.  This approach eliminates the 

need to select transitions from tandem MS data, thus minimizing time required to devise an MRM 

experiment for the quantification of glycopeptides. A Precursor ion scan (PIS), determining all 

precursor ions generating oxonium ions, was used as a criterion for selection of glycopeptides.  
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Optimization of MRM experimental conditions was performed by evaluating several parameters, 

including the number of transitions, MRM time segmentation, and normalized collision energies.  

The optimum normalized collision energy (CE) value allowed efficient fragmentation of 

glycopeptides, thus permitting effective MRM quantification.  Model glycoproteins like fetuin and 

AGP were initially utilized to optimize the abovementioned parameters.  Optimized conditions 

were then employed to quantify glycopeptides derived from depleted human blood serum.   

2.2. Experimental 

2.2.1. Materials 

Fetuin, ⍺1-acid glycoprotein (AGP) and human blood serum (BS) were obtained from Sigma-

Aldrich (St. Louis, MO).  DL-dithiothreitol (DTT), iodoacetamide (IAA), ammonium bicarbonate, 

and MS-grade formic acid were also purchased from Sigma-Aldrich.  HPLC-grade solvents, 

including methanol and isopropanol, were procured from Fisher Scientific (Pittsburgh, PA).  HPLC 

grade water was acquired from Mallinckrodt Chemicals (Phillipsburg, NJ).  HPLC grade 

acetonitrile was acquired from J.T.Baker (Phillipsburg, NJ).  Trypsin gold, mass spectrometry 

grade was obtained from Promega (Madison, WI).  

2.2.2. Depletion of the 7-Most Abundant Proteins in Blood Serum 

A Plasma 7 Multiple Affinity Removal Spin Cartridge from Agilent Technologies (Santa Clara, 

CA) was used to deplete the 7-most abundant human serum proteins, namely albumin, IgG, 

antitrypsin, IgA, transferrin, haptoglobin and fibrinogen.  A 15-µl aliquot of human blood serum 

was depleted as stated in the protocol recommended by the manufacturer.  The buffer of the 

depleted sample was exchanged into 20 mM ammonium bicarbonate using 5kDa molecular 

weight cut off (MWCO) spin concentrators from Agilent Technologies. This buffer is needed for 

efficient tryptic digestion  

2.2.3. Protein Assay 

Prior to tryptic digestion, the protein concentration of depleted BS was determined through 

micro BCA protein assay (Thermo Scientific/Pierce, Rockford, IL).  A bovine serum albumin 

(BSA) standard stock solution of 2.0 mg/ml concentration provided in the micro BCA assay kit 
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was used to prepare a set of diluted BSA standard samples with concentrations of 200 µg/ml, 40 

µg/ml, 20 µg/ml, 10 µg/ml, 5 µg/ml, 2.5 µg/ml and 1 µg/ml.  Ammonium bicarbonate (20mM) 

buffer was used to prepare the BSA standard samples.  The micro BCA working reagent required 

for the assay was prepared by mixing reagents A, B, and C (provided by the vendor) at a ratio of 

50:48:3.  Next, a 10-µl aliquot of depleted BS was diluted in 140 µl of 20 mM ammonium 

bicarbonate buffer.  BSA standard samples and BS sample were then mixed with 150-µl aliquots 

of the working buffer and transferred to a 96-Well Plate prior to incubation at 37° C for 2 hours.  

The concentration was then measured at 620 nm wavelength on Multiskan plate-reader (Thermo 

Scientific, Rockford, IL).  The calculated concentration was multiplied by the dilution factor to 

determine the original concentration of the depleted BS sample.  These numbers suggest a 

90.8% depletion of high abundant proteins.  

2.2.4. Tryptic Digestion of Model Glycoproteins and Blood Serum Proteins 

Model glycoproteins fetuin and AGP were reduced by adding a 10-µl aliquot of 10 mM DTT 

prior to incubation at 60o C for 45 min.  The reduced model glycoproteins were then alkylated with 

the addition of a 20-µl aliquot of 18.5 mM IAA and incubated at room temperature for 25 min in 

the dark.  Unreacted IAA was consumed through the addition of a second 20-µl aliquot of 10 mM 

DTT.  The reaction was allowed to proceed at room temperature for 25 min in the dark.  This was 

followed by tryptic digestion involving the addition of a 4-µl aliquot of trypsin (enzyme/substrate 

ratio of 1:30 w/w) and overnight incubation at 37° C.  To ensure complete enzymatic digestion, 

samples were subjected to microwave digestion at 45° C and 50W for 30min as previously 

described [101].  Tryptic digestion was quenched through the addition of a 7.4 µl aliquot of 0.1% 

aqueous formic acid solution to the samples.   

In the case of the depleted BS sample, thermal denaturation was performed at 65°C for 5 

min.  A 1.25-µl aliquot of 200 mM DTT solution, which was prepared in 20 mM ammonium 

bicarbonate buffer, was then added to the sample prior to incubation at 60o C for 45 min.  The 

sample was then alkylated through the addition of a 5-µl aliquot of 200 mM of IAA (prepared in 

the ammonium bicarbonate buffer) and incubation at room temperature for 45 min in the dark.  
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Excess IAA was consumed through the addition of a second aliquot of DTT and incubation at 

room temperature for 30 min.  The sample was then tryptically digested and incubated at 37°C 

overnight followed by microwave digestion at 45°C and 50W for 30min.  The amount of trypsin 

added to the samples (enzyme/substrate ratio of 1:25 w/w) was determined based on the protein 

concentration value calculated from micro BCA protein assay.  Finally, the enzymatic digestion 

was terminated by adding 1 µl of neat formic acid. 

2.2.5. LC-MSMS Conditions 

The tryptically digested glycopeptides were subjected to the LC-MS/MS analysis using 

Dionex 3000 Ultimate nano-LC system from Dionex (Sunnyvale, CA) interfaced to TSQ Vantage 

triple stage quadrupole mass spectrometer from Thermo Scientific (San Jose, CA) equipped with 

nano-ESI source.  Tryptically digested samples were initially online-purified on a PepMap 100 

C18 cartridge (3 µm, 100Å, Dionex) and separated using a PepMap 100 C18 capillary column (75 

µm id x 150 mm, 2 µm, 100Å, Dionex).  The separation of model glycoproteins was achieved 

using a reversed-phase gradient, 20% solvent B (100% ACN with 0.1% formic acid) at 350 nl/min 

flow rate over 10 min, 10-45% over 35 min, 45-80% over 1 min, 80% over 4 min, 80-10% over 1 

min, and 10% over 9min.  Solvent A was an aqueous 2% ACN solution containing 0.1 % formic 

acid.  In the case of the BS sample separation, LC gradient of solvent B was 10% over 10 min, 

45% over 150 min, 45-80% over 5 min, 80% over 5min, 80-10% over 1 min, and 10% over 9 min.  

The separation and scan time for model glycoproteins was 60min.  The BS samples were 

separated and analyzed for 180 min.   

The TSQ Vantage mass spectrometer was operated in the data dependent acquisition (DDA) 

mode with two scan events.  The first scan event was a full scan (300-1500 m/z) performed in the 

third quadrupole (Q3).  The scan time and the peak width were 0.5 sec and 0.7 FWHM, 

respectively.  In the second scan event (data dependant scan), 5 most intense ions based on 

masses determined from the first scan event were selected and subjected to tandem MSMS.  PIS 

was also performed on the TSQ Vantage mass spectrometer after separating the glycopeptides 

using similar LC conditions as mentioned earlier.  The PIS experiment consisted of 7 scan events 
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each of which used an oxonium ion commonly observed in the tandem MS of glycopeptides.  The 

glycopeptides identified in the PIS experiment were later on subjected to MRM experiments, 

using the oxonium ions utilized to generate PIS as transitions.  The MRM experiments were 

performed at a scan time (dwell time) of 0.10 s and peak width of 0.70 FWHM for 400-1500 m/z 

mass range.  The normalized CE value was varied from 25-55% to determine the most conducive 

conditions.  Peak areas/heights and S/N were determined using Xcalibur software (Thermo 

Scientific, San Jose, CA).  In the case of multiple transition experiments, the software generates a 

single chromatogram for each precursor ion which is generated by summing the intensities of all 

detected transitions.   

The samples were also analyzed using Dionex 3000 Ultimate nano-LC system interfaced to 

LTQ Orbitrap Velos mass spectrometer (Thermo Scientific, San Jose, CA) in a data dependant 

mode with three scan events.  The separation conditions were as mentioned above.  The first 

scan event was a full MS scan of 380-2000 m/z at a resolution of 15,000.  The second scan event 

was a CID tandem MS of precursor ions selected from the first scan event with an isolation width 

of 3.0 m/z, a normalized CE of 35%, and an activation Q value of 0.250.  The third scan event 

was a higher energy collision dissociation (HCD) tandem MS on precursor ions selected from the 

first scan event.  The isolation width was 3.0 m/z, while the normalized CE was 45% with an 

activation time of 0.1 ms.  The CID and HCD tandem MS was performed on the 8 most intense 

ions observed in the first scan event.  The LTQ orbitrap mass spectrometer offers high mass 

accuracy (2 ppm), thus permitting an unambiguous identification of glycopeptides. 

Protein identification was accomplished using MASCOT database searching, and 

glycopeptides identification was performed using ExPASy GlycoMod tool.  Proteome Discoverer 

version 1.2 software (Thermo Scientific, San Jose, CA) was used to generate mascot generic 

format file (*.mgf) which was subsequently employed for database searching using MASCOT 

version 2.3.2 (Matrix Science Inc., Boston, MA).  Precursors were selected from a mass range of 

350-5000 Da with a minimum peak count of 1.  The parameters from Mascot Daemon were set to 

search against IPI-human database for AGP and human blood serum proteome and swissprot for 



Texas Tech University, Swetha Pyreddy, December 2012 

32 
 

fetuin.  Iodoacetamide modification of cysteine was set as a fixed modification, while oxidation of 

methionine was set as a variable modification.  An m/z tolerance of 5 ppm was set for the 

identification of peptide with 2 missed cleavages.  Also, tandem MS ions were searched within 

0.8 Da mass tolerance set with label-free quantification.  ExPASy GlycoMod tool was utilized with 

searching parameters set to monoisotopic masses, 3 ppm mass tolerance and IAA modified 

cysteine. 

2.3. Results and Discussion  

2.3.1. MS Parameters Critical for MRM Quantification of Glycopeptides 

Kuzyk et al. have previously demonstrated the ability to use [13C]Arg or [13C]Lys isotopes to 

quantify 45 proteins in human plasma using MRM [99].  This quantification was achieved by 

comparing peak area ratios.  While they have focused on standard proteins, we are interested in 

the quantification of glycoproteins existing at low levels in biological samples.  The high sensitivity 

and selectivity offered by MRM mode is expected to be advantageous for the quantification of 

glycopeptides.  Quantification through MRM experiments can be performed with and without 

using time segments, which are termed here as segmented (SMRM) and non-segmented MRM 

(NSMRM), respectively.  In the NSMRM mode, the triple quadrupole mass spectrometer is 

programmed to scan all the selected ions with specific transitions during any given time.  This 

MRM mode is advantageous when the specific elution time of a particular peak is not known.  In 

the SMRM mode, the mass spectrometer is programmed to scan for only those ions which elute 

during the predetermined time segment specified for that particular ion.  Hence, the cycle time of 

the mass spectrometer for those ions decreases and more data points are collected, thus 

increasing measurement sensitivity.   

The number of transitions selected for a specific ion also contributes to its quantification.  The 

transitions enable a more certain and unequivocal identification and quantification of the 

glycopeptides.  In the case of peptide quantification, transitions are representative of intense 

fragments ions that are unique for the peptide to be quantified, thus ensuring high sensitivity and 

reduced interference from other peptides [102].  Therefore, interrogation of individual MS/MS 
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scans for selection of different transitions is required; however, several commercial software 

programs have somewhat eliminated the need for this step since they are capable of generating a 

list of peptides with their corresponding transitions.  This is not true for glycopeptides; none of the 

commercially available software programs are able to generate a list of transitions for 

glycopeptides. Therefore, the use of oxonium ions as transitions for glycopeptides in MRM 

experiments appears to be ideal and eliminated the need to interrogate MS/MS data to select the 

appropriate transition. This is always true, since oxonium ions are invariably present as a result of 

glycan fragmentation of glycopeptides. Oxonium ion fragments originate from the glycan 

associated with a glycopeptide [103].  Figure 2.1 shows the fragmentation of glycopeptides in 

MS/MS acquired under different fragmentation mechanisms using different mass spectrometers.  

Figure 2.1A shows CID MS/MS of an ion with m/z 1039.565 (from depleted blood serum) 

acquired using triple quadrupole mass spectrometer, while Figures. 2.1B and 2.1C show HCD 

and CID MS/MS of the same ion acquired using the orbitrap mass spectrometer.  Red-labeled 

fragments correspond to the characteristic oxonium ions derived from the fragmentation of the 

glycans associated with this glycopeptide.  CID MS/MS prompted an extensive fragmentation of 

the glycan moiety, since CID presents a lower energy fragmentation pathway and hence, results 

in a series of characteristic fragments associated with the glycopeptide [104].  As shown in 

Figure 2.1, unlike CID, HCD tandem MS using orbitrap mass spectrometer exhibits low m/z 

oxonium ions. As shown in Figure 2.1, the intensities of oxonium ions are at least twice as high 

as that of the other fragments observed in the CID MS/MS spectra acquired by the triple 

quadrupole mass spectrometer, thus suggesting that a better quantification of glycopeptides is 

attained when these ions are used as transitions in an MRM experiment.  To determine the most 

favorable number of transitions required for maximum quantification, a series of NSMRM and 

SMRM experiments was conducted.  These included MRM experiments with 1 transition (274 

m/z, selected reaction monitoring mode), 2 transitions (138 and 274 m/z), and 3 transitions (138, 

274 and 657 m/z). 
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Figure 2.1: Distribution of oxonium ion fragments.  Tandem MS of an ion with m/z 1039.565 
from depleted blood serum using CID from the triple quadrupole mass spectrometer (A), and 
using HCD (B) and using CID from the orbitrap mass spectrometer (C). Ions shown in red are 
oxonium ion fragments.  
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Additionally, optimum fragmentation contributes to maximum quantification.  Collision energy 

determines the fragmentation patterns of the glycopeptides and hence, it is important to have 

adequate CE for sufficient and efficient fragmentation.  If the CE supplied to the ions is high, it 

might result in excess fragmentation which leads to loss of integrity of diagnostic fragments.  On 

the other hand, if the CE is inadequate, it might result in insufficient fragmentation of the 

glycopeptide.   

Several optimization experiments were performed with different number of MRM segments 

and transitions.  Also, experiments with different normalized CE values were conducted to 

determine the most optimum CE.  These experiments were performed on model glycoproteins 

with the ultimate goal of determining universal conditions that can be effectively employed for the 

quantification of glycopeptides in general using MRM approach.   

2.3.2. Optimization of MRM Conditions for the Quantification of Fetuin Glycopeptides.  

The glycopeptides listed in Table 2.1 were selected based on DDA and PIS.  The PIS was 

conducted using oxonium ions characteristic of N-acetyl-hexosamine (HexNAc), N-

acetylneuraminic acid (NeuAc, Sialic acid), and fucose (deoxyHex) as product ions.  These 

included 138, 274, 657, 512, and 803 m/z which could aid in determining the N-glycan structures 

of the glycopeptides.  The m/z value of 138 is that of an oxonium ion originating from HexNAc 

(HexNAc–2H2O–CH2O), while the ions with m/z values of 274 (NeuAc–H2O) and 657 

(NeuAc+Hex+HexNAc) are diagnostic ions originating from sialylated glycopeptides with N-

acetylneuraminc acid moiety (ies).  The ions with m/z values of 512 (Hex+HexNAc+deoxyHex) 

and 803 (NeuAc+Hex+HexNAc+deoxyHex) are for fucosylated as well as fucosylated and 

sialylated glycopeptides, respectively.  The chromatograms generated through PIS experiments 

were averaged and ions exhibiting an intensity of 103 or higher were selected and manually 

checked against the theoretical glycopeptide ions originating from fetuin.  The identity of 

glycopeptides was also validated by comparing the fragmentation observed in the DDA acquired 

by both triple quadrupole and orbitrap mass spectrometers. As shown in Table 2.1, 17 

glycopeptides were identified for fetuin.  The glycan structures of these glycopeptides included  
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Table 2.1. List of glycopeptides selected for fetuin MRM experiments 

Peptide 
Peptide  

mass 
Glycan Theoretical m/z 

Observed m/z 

(1 Da mass 

accuracy) 

Observed m/z 

(2 ppm mass 

accuracy) 

LCPDCPLL-

APLNDSR 
1739.8334 

 

[987.1592]+4 [987.69]+4 [987.6924]+4 

 

[1315.876]+3 [1316.45]+3 [1315.4503]+3 

 

[1437.587]+3 [1437.76]+3 [1437.7600]+3 

 

[1151.216]+4 [1151.77]+4 [1151.7770]+4 

KLCPDCPL-

LAPLNDSR 
1867.9284 

 

[1358.575]+3 [1359.14]+3 [1358.1371]+3 

 

[1480.285]+3 [1480.6]+3 [1480.6000]+3 

 

[1183.2399]+4 [1183.75]+4 [1183.7639]+4 

VVHAVEVA-

LATFNAE-

SNGSYLQL-

VEISR 

3015.5665 

 

[1324.6017]+4 [1324.16]+4 [1324.1619]+4 

 

[1176.5227]+5 [1176.77]+5 [1176.7700]+5 

 

[1470.1494]+4 [1470.83]+4 [1470.7120]+4 

RPTGEVYD-

IEIDTLETT-

CHVLDPTP-

LANCSVR 

3760.7606  

 

[1176.316]+5 [1176.77]+5 [1176.7700]+5 

 

[1469.8911]+4 [1470.83]+4 [1469.7120]+4 

 

[1191.1233]+5 [1190.3]+5 [1190.3111]+5 

  

 

[1249.3424]+5 [1249.86]+5 [1249.8580]+5 
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monosialylated biantennary (1 glycopeptide), disialylated biantennary (4 glycopeptides), 

monosialylated triantennary (2 glycopeptides), disialylated triantennary (4 glycopeptides), 

trisialylated triantennary (4 glycopeptides), and tetrasialylated triantennary (2 glycopeptides).  

These glycopeptides were then selected for the MRM optimization experiments.  Figure 2.2 

illustrates selection of ions producing 274 m/z in PIS spectra.  The PIS spectra originated from 

274 m/z product ion was averaged over ~5 min as shown in Figure 2.2 A.  The m/z values, such 

as 1151.19, 1183.12, and 1315.85, were selected (Figure 2.2 B). In the similar manner, ions with 

m/z values of 1176.15, 1249.19, and 1307.43 (Figure 2.2 C), and 1176.26 and 1470.29 (Figure 

2.2 D) were selected.  The ions shown in red (Figure 2.2) were manually validated against the 

theoretical glycopeptide ions originating from fetuin.  Other sialylated glycopeptides were 

determined from the PIS spectra of 138 and 657 m/z product ions.   

Each of the MRM experiments was performed in triplicate to allow statistical evaluation of the 

data.  The peak height of the glycopeptides was assessed and the average peak height along 

with standard deviation (STD) was calculated as shown in Table 2.2.  The data suggest that the 

average peak height for all the observed glycopeptides, except for an ion with m/z values of 

987.69, increased as the number of MRM segments and transitions increased).  Figure 2.3 

represents the bar graphs of the individual peak heights and the extracted ion chromatograms 

(EICs) of 1308.12 m/z (possessing a trisialylated triantennary glycan) acquired under different 

conditions.  Figures 2.3 A, 2.3 B, and 2.3 C correspond to EICs obtained for NSMRM with 1 

transition (274 m/z), 2 transitions (138 m/z and 274 m/z), and 3 transitions (138 m/z, 274 m/z, and 

657 m/z), respectively.  Figures 2.3 D, 2.3 E, and 2.3 F correspond to EICs obtained for SMRM 

with 1 transition (274 m/z), 2 transitions (138 m/z and 274 m/z) and 3 transitions (138 m/z,274 

m/z, and 657 m/z), respectively.  The SMRM experiment with 3 transitions (Figure 2.3F) resulted 

in maximum peak height and least STD values as shown in bar graphs.  Employing multiple 

transitions for quantification is expected to prompt higher specificity of analysis.  This is due to the 

fact that all three transitions would be generated with high intensities only in the case of precursor 

ions chosen for quantification.  The increased specificity can also be demonstrated by the fact 

that the intensities of non specific peaks were found to be significantly lower in the case of 
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Figure 2.2.  Precursor ion-scan (PIS) chromatogram for the 274 m/z product ion of tryptic 
digest of fetuin glycoprotein (A). PIS averaged spectra from 36-40 min (B), 40-45 min (C), and 45-
49 min (D). Ions shown in red are selected for subsequent MRM quantification experiments. 
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Table 2.2: MRM quantification data for glycopeptides derived from fetuin model glycoprotein 

 
 

NSMRM  
1 transition 

NSMRM  
2 transitions 

NSMRM  
3 transitions 

SMRM 
1 transition 

SMRM 
2 transitions 

SMRM 
3 transitions 

m/z 
Average 

(xE4) 
STD  
(xE4) 

Average 
(xE4) 

STD  
(xE4) 

Average 
(xE4) 

STD  
(xE4) 

Average 
(xE4) 

STD  
(xE4) 

Average 
(xE4) 

STD  
(xE4) 

Average 
(xE4) 

STD  
(xE4) 

987.69 2.01 1.2 2.76 2.0 3.58 0.7 4.68 0.8 6.00 2.3 5.45 3.8 

1151.77 15.10 9.0 17.36 12.0 25.73 5.4 29.16 7.3 32.93 2.3 36.23 10.3 

1176.77 
7.95 4.9 7.40 5.1 10.71 0.8 11.76 0.3 14.66 3.8 14.99 3.1 

6.22 2.8 8.50 3.2 10.14 1.4 8.56 0.9 11.98 3.0 12.37 4.3 

1183.75 10.10 6.3 12.36 9.1 15.71 3.9 17.31 3.4 19.45 0.1 23.54 9.7 

1190.3 0.23 0.1 0.30 0.2 0.42 0.2 0.35 0.1 0.48 0.1 0.60 0.1 

1249.86 6.73 3.9 7.59 5.2 10.17 0.5 9.05 0.6 12.44 0.3 13.74 2.1 

1308.12 42.49 23.9 41.09 28.7 57.85 4.3 54.63 1.8 64.01 2.6 79.61 9.6 

1316.45 8.47 5.1 12.55 9.4 19.95 4.9 13.75 1.8 21.67 2.5 28.45 8.4 

1324.16 0.40 0.2 0.72 0.6 1.14 0.3 0.60 0.1 1.26 0.0 1.59 0.4 

1359.14 1.29 0.9 2.21 1.7 3.38 0.3 1.73 0.2 3.49 0.3 5.47 1.2 

1366.35 9.20 5.1 8.30 5.9 12.69 1.2 10.90 0.3 12.13 1.1 15.26 2.7 

1437.76 1.92 1.2 4.03 2.8 8.05 1.0 3.62 0.7 7.39 1.0 11.38 4.1 

1470.83 
3.68 2.0 4.84 3.3 10.08 0.5 4.85 0.3 7.68 0.5 12.88 0.9 

4.02 1.3 5.55 1.9 7.75 4.6 4.35 0.8 7.23 1.3 11.72 2.6 

1474.86 0.46 0.1 0.74 0.3 2.39 0.1 0.72 0.2 1.21 0.4 3.22 1.2 

1480.6 0.47 0.3 1.50 1.1 2.35 0.4 0.80 0.1 2.25 0.1 3.45 1.5 
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Figure 2.3.: Effect of MRM segmentation and number of transitions on the quantification of 

glycopeptides: for m/z 1308.12. Extracted ion chromatograms (EIC) of NSMRM with 1 transition 
(A), NSMRM with 2 transitions (B), NSMRM with 3 transition (C), SMRM with 1 transition (D), 
SMRM with 2 transitions (E), and SMRM with 3 transitions (F).  The inset represents 
quantifications data of 3 MRM LC-MS/MS experiments. 
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NSMRM experiments with multiple transitions as compared to NSMRM experiments with single 

transition. Moreover, the increase in S/N ratios observed for glycopeptides is 3-fold higher than 

that of peptides when three transitions are used as shown in Figure 2.4   

Additionally, data points, cycle time, and the number of transitions affect the quality of MRM 

quantification.  As the number of transitions increases, the cycle time increases leading to lower 

data points acquired across a peak since the dwell time is constant at 0.1 sec.  The optimum 

number of data points for quantification is expected to be more than 10 across a peak [105].  

Thus, NSMRM experiments with 3 transitions ensure a minimum of 6 data points at FWHM which 

is set at 0.7.  If the number of transitions exceeds 3, the number of data points acquired would be 

less than 5 across the half width of a peak, thus compromising the quality of data collected. 

Also, segmenting the MRM experiments according to the elution time of glycopeptides 

increases the sensitivity of the analysis, since the mass spectrometer scans only these ions 

during that specific time interval.  Higher specificity and sensitivity observed when employing 

MRM segmentation and multiple transitions is expected to allow in better quantification. 

Quantification of fetuin glycopeptides was also evaluated at different normalized CEs, 

including 25, 30, 35, 40, 45, and 55%.  As shown in Figure 2.5, the triply charged ion with m/z 

1316.45 (possessing disialylated biantennary glycan structure, Figure 2.5 A) and the quadruply 

charged ion with m/z 1151.77 (possessing trisialylated triantennary glycan structure, Figure 2.5 

B) exhibit higher peak height at 40% normalized CE.  The ion with charge state of 5 at m/z value 

of 1308.12 (possessing trisialylated triantennary glycan structure, Figure 2.5 C) exhibits higher 

peak height at normalized CEs of 35% and higher.  Although glycopeptides have different glycan 

structure (Figure 2.5 A and 2.5 B) associated with the same peptide backbone, the fragmentation 

efficiency observed for different normalized CEs appeared to be comparable.  Also, the 

glycopeptides with same glycan structure on different peptide backbone (Figure 2.5 B and 2.5 C) 

exhibited comparable fragmentation efficiency for different normalized CE values.  Accordingly, 

normalized CE of 40 % was adopted as the optimum CE needed to prompt efficient fragmentation 

for all glycopeptides. Andersen et al [106] and Green et al. [107] have shown that the most 

abundant glycan structure associated with fetuin glycopeptides was the trisialylated triantennary  
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Figure 2.4: Comparing the signal to noise rations of DDA to MRM experiments with one 
,two and three transitions.  The first two peaks are glycopeptides, while the third is a peptide.  
The increase in the S/N of the glycopeptides is 32-36 folds when using three transitions relative to 
one transition.  This increase is 6-8 folds when two transitions are used.  However, the increase 
in S/N for peptide is substantially lower (only 3 and 14 folds for 2 transitions and 3- transitions, 
respectively. 
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Figure 2.5: Comparison of normalized collision energies required to attain optimum 
quantification of glycopeptides.  Bar graphs summarizing the distribution of peak heights for 
glycopeptides with m/z values of 1316.45 (A), 1151.77 (B), and 1308.12 (C). 



Texas Tech University, Swetha Pyreddy, December 2012 

44 
 

glycans.  The second most abundant structure associated was the disialylated triantennary 

structure.  The results in this study agreed with the relative abundances of most fetuin glycans 

although with slight variations which can be attributed to the differences in sample preparation, 

method of analysis, etc. Additionally, the concentration linear dynamic range associated with 

fetuin glycopeptides on an average extended over more than 3 orders of magnitude with a limit of 

detection less than 1.4 fmol (linear plots of four fetuin glycopeptides) are shown in Figure 2.6. 

2.3.3. MRM Quantification of AGP Glycopeptides.  

Like fetuin glycopeptides, AGP glycopeptides subjected to MRM quantification were selected 

from the acquired PIS spectrum averaged for 8-10 minutes (Figure 2.7).  The selected ions were 

determined to be glycopeptides as described for the case of fetuin.  As shown in Figure 1.7B, 

ions with m/z 1000.92 and 1335.11 were observed in the PIS spectrum averaged from 16 to 23 

min.  Similarly, ions with m/z values of 1231.06, 1374.37 and 1495.97 (Figure 2.7C) were 

selected.  Similar to fetuin, the ions shown in red (Figure 2.7) were manually checked against the 

theoretical glycopeptide ions originating from AGP.  Selected glycopeptides were subsequently 

subjected to MRM quantification. 

The SMRM experiment with 3 transitions appeared to be optimum in the case of fetuin 

glycopeptides.  We attempted to determine if these conditions are also valid for other 

glycopeptides derived from other glycoproteins.  Hence, we conducted another set of SMRM and 

NSMRM with 3 transitions using 40% CE for glycopeptides originating from AGP.  The data 

suggested that the SMRM experiment gave the highest peak heights with low STD values as 

compared to NSMRM (Table 2.3).  The ions with m/z values of 1232.217 and 1396.366 exhibited 

higher peak heights for the NSMRM experiment as compared to SMRM.  However, the SMRM 

experiment had lower STD values.  Except these ions, most other ions resulted in the higher peak 

heights and lower STD values for SMRM experiment.  Accordingly, it can be concluded that 

SMRM employing 3 transitions is the most suitable parameters for quantification of glycopeptides.  

2.3.4. MRM Quantification of Depleted BS Glycopeptides  

Since MRM experiment was effective for the quantification of glycopeptides derived from 

model glycoproteins, the applicability of this method to quantify human blood serum  
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Figure 2.6: Linear concentration dynamic ranges of representative fetuin 

glycopeptides.  The ranges of these glycopeptides extend from 1.4fmol to 2.7nmol using 
oxonium ions, m/z 138,274 and 657, as transitions for the MRM experiments.  Insets are 
representing 1.4 fmol to 27.8 fmol range  
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Figure 2.7: Precursor ion-scan (PIS) chromatograms for AGP glycopeptides for the 274 m/z 

product ion of tryptic digest of AGP glycoprotein (A). PIS averaged spectra from 16-23 min 
(B), 24-36 min (C), and 36-47 min (D). Ions shown in red are selected for subsequent MRM 
quantification experiments. 
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Table 2.3. List of glycopeptides selected for AGP MRM experiments, and summary of 

results 

Peptide m/z 
Glycan 

structure 

NSMRM 

3 Transitions 

SMRM 

3 Transitions 

Average 

(xE3 ) 

STD 

(xE3 ) 

Average 

(xE3 ) 

STD 

(xE3 ) 

ENGTISR 1335.592 

 

2.76 0.9 4.46 0.7 

NEEYNK 1001.61 
 

5.89 1.4 9.50 1.5 

QIPLCANL-

VPVPITNAT-

LDQITGK 

1251.823 

 

0.29 0.0 0.37 0.0 

QDQCIYNTT-

YLNVQR 

1375.041 
 

5.08 0.5 5.18 0.6 

1496.82 

 

12.98 1.4 13.53 1.0 

1232.217 

 

2.59 0.3 2.54 0.3 

1396.366 

 

2.56 0.3 2.14 0.2 
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glycopeptides was also explored, especially for the low abundant glycoproteins.  Kurogochi et al. 

[28] have demonstrated the MRM quantification of pyridyl aminated (PA)-labeled sialylated 

glycopeptide (deglycosylated and non-depleted) from blood serum of mice enriched using reverse 

glycoblotting technique.  Also, Li et al. [108] have previously shown the utility of SRM for the 

quantification of glycopeptide from serum samples spiked with different amounts of PSA 

(Prostrate-specific antigen).  The optimum transitions used in their SRM experiments were 

fragments of heavy-isotope-labeled-peptide (deglycosylated) selected from tandem MS after 

performing multiple experiments.  Unlike those studies, our approach is label free based on using 

oxonium ions as MRM transitions.  Moreover, the use of oxonium ions eliminates the need for 

performing multiple experiments to determine the most optimum transitions for each specific 

glycopeptide. 

In the case of the MRM quantification of depleted BS experiments, ions were selected from PIS 

spectrum as mentioned above.  Although we identified more than 11 glycopeptides, we focused 

on these glycopeptides since they were easily identified and assigned to a known protein.  As 

shown in Table 2.4, out of 11 glycopeptides, 9 were determined to possess mono/disialylated 

biantennary glycan structures, and 2 possess monofucosylated mono/disialylated biantennary 

glycan structures.  This is expected since the most predominant glycan structure derived from 

human blood serum is disialylated biantennary [30].  Four of these glycopeptides originated from 

α-2-macroglobulin, two from hemopexin, and two from vitronectin.  The other glycopeptides 

originated from antithrombin-III, complement component C9, and cDNA FLJ55606, which is 

highly similar to α-2-HS-glycoprotein.  Figure 2.8 illustrates EIC of 2 glycopeptides and the bar 

graphs corresponding to their peak heights.  The ion with m/z 1092.983 structure.  Both 

glycopeptides originated from α -2-macroglobulin.  As the data suggest, these transitions are 

optimum for characterization of glycopeptides resulting in peaks with good intensities.  Wang et 

al. [109] have previously demonstrated an approach for characterization of glycopeptides from 

CID/ETD (electron transfer dissociation) using oxonium ions on the LTQ orbitrap mass 

spectrometer.  Theoretical characterization of glycopeptides was based on 
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Table 2.4. List of glycopeptides selected for depleted BS MRM experiments, and summary 
of results. 

Protein Peptide 
Peptide  

mass 
m/z Glycan 

SMRM 

3 transitions 

Average 

(xE5 ) 

STD 

(xE5 ) 

Alpha-2-

macroglobulin 

VSNQTLSL-

FFTVLQDV-

PVR 

2162.174 

1092.983 
 

12.59 2.5 

1129.547 
 

1.47 0.2 

1360.26 
 

3.57 1.2 

1408.43 

 

1.45 0.4 

Antithrombin-III 

SLTFNETY-

QDISELVY-

GAK 

2177.053 1462.158 

 

1.48 0.5 

Complement  

component C9 

AVNITSENL-

IDDVVSLIR 
1970.068 1044.426 

 

0.98 0.2 

Hemopexin 

SWPAVG-

NCSSALR 
1403.662 1204.091 

 

22.62 5.4 

ALPQPQNVT-

SLLGCTH 
1734.872 1314.647 

 

7.25 3.0 

cDNA 

FLJ55606, 

highly similar to 

Alpha-2-HS-

glycoprotein 

VCQDCPLL-

APLNDTR 
1770.839 1327.165 

 

10.09 2.0 

Vitronectin NGSLFAFR 910.466 1039.565 
 

4.83 0.6 
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Protein Peptide 
Peptide  

mass 
m/z Glycan 

SMRM 

3 transitions 

Average 

(xE5 ) 

STD 

(xE5 ) 

NISDGFDGIP-

DNVDAALAL-

PAHSYSGR 
2771.315 1245.473 

 

4.46 1.8 

 

Table 2.4 continued 
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Figure 2.8: MRM quantification of glycopeptides derived from depleted human blood 

serum sample.  Extracted ion chromatograms of glycopeptides with m/z values of 1092.983 
(sialylated glycopeptide, A) and 1408.430 (fucosylated sialyated glycopeptide, B). The insets 
represent bar graphs summarizing the quantification of the glycopeptides resulting from three 
experiments. 
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averaged MS of the retention time of oxonium ions.  Although they have suggested the use of 

MRM to validate their approach, no data were presented.  On the other hand, our study mainly 

involves the identification and quantification of glycopeptides from minor proteins which 

collectively represent 9.2% of the total protein in blood serum.  Also, Zhao et al [110] have shown 

the site-specific quantification of core fucosylated glycoprotein from hepatocellular carcinoma. 

(HCC) samples adopting MRM technique using 3 optimum transitions which included a peptide 

backbone attached to GlcNAc and 2 other y-series ions.  However, this technique only achieved 

the quantification of seven glycopeptides from six proteins.  Out of the six, only three proteins 

were significantly different according to their study. On the other hand, with the technique 

mentioned in our study, we could quantify 11 glycopeptides from 6 proteins with minimal standard 

deviation. 

2.4. Conclusion 

The enhanced sensitivity and selectivity of MRM makes it a better tool for quantification.  

To optimize conditions for MRM, we performed SMRM and NSMRM experiments on model 

glycoprotein fetuin evaluating the different number of transitions.  The transitions were oxonium 

ions characteristic of glycopeptides.  The results suggested that the SMRM with 3 transitions 

experiment exhibited maximum peak heights and reliable STD values.  Also, 40% normalized CE 

produced better results with more efficient fragmentation.  These conditions were validated using 

AGP and applied to blood serum and the results were found to be consistent with those for fetuin.  

These conditions appeared to be reliable for efficient glycopeptide quantification.  We are 

currently utilizing this approach at its optimum conditions in comparative studies between disease 

and disease-free samples of esophageal adenocarcinoma. [111] 
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CHAPTER 3 

DETECTION OF ABERRATIONS IN AQUEOUS HUMOR OF PATIENTS WITH 

FUCH’S ENDOTHELIAL CORNEAL DYSTROPHY 

3.1. Introduction 

Fuchs endothelial corneal dystrophy is a type of posterior corneal dystrophy which is 

characterized by abnormalities of the corneal endothelium and Descemet’s membrane.  It was 

described by Ernst Fuchs in 1902 and was later named after him.  Being the most predominant 

corneal dystrophy, it affects about 4% of the population of age more than 40 years as it is a late 

onset disease [112].  It is found to be more common and severe amongst women.  FECD can be 

either sporadic or hereditary.  When hereditary, it is determined to be autosomal dominant with 

100% penetrance [113].  Molecular genetics including Gly455Lys missense mutation in the 

COL8A2 gene, [114, 115] and a mutation in the SLC4A11 gene [116] is associated to be a cause 

of FECD.  FECD is characterised by an initial stage that most commonly starts in the fifth of the 

sixth decade of life which includes corneal guttae (focal excrescences) that begin in the central 

part of the cornea and grow towards the periphery.  At this stage the patients do not experience 

any symptoms.  This is followed by a second stage in which the corneal guttae start merging and 

grow along the Descemet’s membrane.  This causes thinning of the endothelial cells and loss of 

the hexagonal shape.  Due to increasing edema of the stromal layers, patients experience blurred 

vision and glare symptoms.  The third stage of FECD involves the formation of epithelial and sub 

epithelial bullae which are painful when they rupture and the patient is highly prone to infection.  

This culminates in a final stage, when the cornea becomes opaque with accumulation of 

subepithelial fibrous tissue and the vision is severely affected and in some cases might also lead 

to complete blindness [117].   

Penetrating keratoplasty (PK) is the most conclusive treatment available for FECD.  There 

have been reports of substantial improvement in vision in patients who underwent PK, although 

there are cases that have reported otherwise.  Novel techniques such as posterior lamellar 
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techniques to replace the diseased endothelium such as posterior lamellar keratoplasty (PLK) are 

currently preferred [118].  This technique is modified and is popularly known as deep lamellar 

endothelial keratoplasty (DLMK).  More recently techniques such as Descemet’s stripping with 

endothelial keratoplasty (DSEK) and Descemet’s stripping with automated endothelial 

keratoplasty (DSAEK) are gaining popularity.  These techniques are associated with lower 

potential complications and faster recovery of vision [113].   

Several mechanisms have been proposed to define the cause of FECD.  Some of which are 

genetic defects and apoptosis.  In order to understand the primary cause of FECD, several 

proteomic and genomic analyses have been performed.  The genetic and environmental factors 

interact and alter the proteome and the genome in a complex manner.  Proteomic analysis 

performed on the native FECD and normal endothelium Descemet’s membrane complex, 

demonstrated several differences suggesting that additional investigation would help decipher 

more precise causes for FECD [117].   

Aqueous humor is a clear watery fluid that is present between the cornea and the anterior 

chamber (iris).  It originates from the epithelium and has several functions.  It helps in maintaining 

intraocular pressure and keeps the shape inflated.  It also helps in delivering oxygen and 

nutrients and removal of waste products from the anterior segment of the eye.  Several studies 

have shown the association of aqueous humor composition with diseases related to the eye.  

Ramesh et al had observed increased levels of transforming growth factor (TGF-β2) in aqueous 

humor samples samples of patients with primary open angle glaucoma (POAG) [119] [120].  

Duan et al. had performed comparative proteomic analysis on patients with myopia and control 

[121].  Aqueous humor levels of vascular endothelial growth factor and pigment epithelium-

derived factor were also compared between samples from high myopic and control eyes by Shin 

et al [122].   

The composition of aqueous humor was suspected to have an effect on FECD.  Richardson 

et al. [123] performed label free quantitative mass spectrometry on aqueous humor samples from 

patients with late stage FECD and without FECD who were scheduled to undergo cataract 
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extraction.  They identified about 64 proteins out of which 6 proteins demonstrated significant 

differences (p <0.01).   

In this study a comparative and quantitative analysis of the glycome and glycoproteome of 

aqueous humor was conducted to gain further insights into the pathogenesis of FECD and 

generate information needed for targeted studies involving identification of biomarkers and non-

invasive therapies. LC-ESI-MS/MS has been performed on samples of aqueous humor collected 

from normal subjects and those with FECD.   

3.2. Experimental 

3.2.1. Materials 

HPLC-grade solvents like methanol and isopropanol were purchased from Fisher Scientific 

(Pittsburgh, PA).  HPLC grade water was purchased from Mallinckrodt Chemicals (Phillipsburg, 

NJ). HPLC grade acetonitrile was procured from J.T.Baker (Phillipsburg, NJ).  Human Aqueous 

humor samples were supplied by Price Vision Group (Indianapolis, IN).  Ammonium-borane 

complex, dimethyl sulfoxide sodium hydroxide beads, trifluoroacetic acid methyl iodide, 

chloroform and formic acid were procured from Sigma-Aldrich (St.Louis, MO).  N-Glycosidase 

(PNGase F) was purchased from New England Biolabs (Ipswich, MA, USA).  Sodium hydroxide 

was purchased from Mallinckrodt Chemicals (Phillipsburg, NJ). DL-dithiothreitol (DTT), 

iodoacetamide (IAA), ammonium bicarbonate, and MS-grade formic acid were purchased from 

Sigma-Aldrich.  HPLC-grade solvents, including methanol and isopropanol, were procured from 

Fisher Scientific (Pittsburgh, PA).  Trypsin gold, mass spectrometry grade was obtained from 

Promega (Madison, WI).  

3.2.2. Sample Collection 

The samples were collected from patients who were scheduled to undergo cataract surgery 

at a tertiary referral centre, Price Vision Group.  The exclusion criteria were previous intraocular 

surgery, history of conjunctivitis or any ocular infection, intraocular inflammation or any other eye 

disease with the exception of FECD within a period of 3 months from scheduled date.  The 

samples were stored in a frozen condition in liquid nitrogen until analysis.  Any sample which was 
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presumed to have been contaminated was eliminated.  Samples from 20 subjects were collected, 

out of which 10 were cataract patients and 10 were patients with FECD and cataract [123] . 

3.2.3. Protein Assay for Estimation of Protein Amount 

BCA standard samples with concentrations of 200 µg/ml, 40 µg/ml, 20 µg/ml, 10 µg/ml, 5 

µg/ml, 2.5 µg/ml and 1 µg/ml were prepared using the bovine serum albumin (BSA) standard 

stock solution provided in the micro BCA assay kit which had a concentration of 2.0 mg/ml.  The 

buffer used to prepare the BSA standard samples was ammonium bicarbonate (20mM).  The 

working reagent required for the assay was prepared by mixing reagents A, B, and C (provided 

by the vendor) at a ratio of 50:48:3.  Next, aqueous humor samples (1-µl aliquots) were diluted in 

149 µl of 100mM ammonium bicarbonate buffer.  BSA standard samples as well as the aqueous 

humor sample were then mixed with working buffer (150-µl aliquots) and transferred to a 96-Well 

Plate.  After which they were incubated at 37o C for 2 hours.  The concentration was then 

measured at 620 nm wavelength on Multiskan plate-reader (Thermo Scientific, Rockford, IL).  

The calculated concentration was multiplied by the dilution factor to determine the original 

concentration of the  

3.2.4. Release, Purification, and Reduction of N-Glycans 

The amount of glycans is usually estimated to be half the percentage of the protein 

concentration which was estimated using the BCA Assay.  A 10µl aliquot of the sample was 

added to 40 µl of PBS buffer which consists of RXN G7 (50mM sodium phosphate buffer, pH 7.5) 

and glycoprotein denaturing buffer diluted with HPLC water.  These samples were then subjected 

to thermal denaturation at 60°C for 45 min.  Next, the samples were allowed to cool to room 

temperature and NP-40 was added to the samples prior to PNGase digestion to protect the 

PNGase F from the SDS (detergent) which is present in the denaturing buffer.  PNGase F 

digestion was then performed with the addition of a 1µl aliquot of PNGase F solution which is 

diluted ten times (50 units) to each of the samples and incubating the samples overnight at 37⁰C 

in a water bath.   
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3.2.5. Solid-Phase Purification and Reduction of Glycans 

The samples were then purified and the glycans were extracted using charcoal microspin 

columns (Harvard Apparatus, Holliston, MA).  The columns were first washed with 400 µl of 100 

% ACN.  The columns were then conditioned using 400 µl 85% ACN with 0.1% TFA and 400 µl of 

5%ACN with 0.1% TFA.  These steps were repeated 3 times and 2 times, respectively.  A 350 µl 

aliquot of 5%ACN with 0.1%TFA was added to each of the samples that were previously digested 

using PNGase F such that the total volume of the samples was 400 µl.  These samples were then 

loaded onto the column and all the impurities from the columns with the glycans bound to them 

were washed using 400 µl of 5%ACN with 0.1% TFA three times.  The N-glycans bound to the 

spin columns were eluted using 400 µl of 40% ACN with 0.1%TFA.  This step was repeated three 

times and the eluents were collected, combined and dried under vacuum (Labconco, Kansas 

City, MO) [124]. 

The purified and dried samples were then reduced to their respective alditols by 

resuspending them in a 10-µl aliquot of ammonium-borane complex solution (10 µg/µl 

concentration) and incubating them in the water bath at 60⁰C for 60 min.  The excess ammonium-

borane was consumed through the addition of a 10-µl aliquot of an aqueous 5% acetic acid 

solution.  The samples were then dried under vacuum and 100 µl aliquots of HPLC-grade 

methanol were added for the formation of volatile methyl borate.  This step was repeatedly 

performed till the white precipitate (methyl borate) has evaporated and is no longer visible. 

3.2.6. Solid-Phase Spin Column Permethylation 

The enzymatically released and chemically reduced N-glycans were then permethylated and 

purified online in accordance with the procedure that was previously published by our group [90, 

124, 125].  Empty spin columns procured from Harvard Apparatus (Holliston, MA) were filled with 

sodium hydroxide beads to a depth of 1cm.  These beads were previously suspended in ACN to 

prevent absorption of moisture from the atmosphere.  The spin columns were then placed in 

eppendorf tubes and spun down at 1.6K rpm.  The spin columns were then conditioned by adding 

200 µl of DMSO and spinning at 1.6K rpm.  This step was repeated again.  These spin columns 
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were transferred to a clean eppendorf tube. The glycan sample reaction mixture was prepared by 

adding 7.5 µl DMSO, 0.3 µl water and 15 µl methyl iodide to the dried samples.  This sample 

mixture was then added to the spin columns and held for 25min and centrifuged at 1.6K rpm for a 

min.  A second aliquot of methyl iodide was added to the spin column and was held for 15 min 

and then centrifuged at 1.6K rpm for 1 min.  The column was then washed with 50 µl aliquot of 

ACN to make certain that all the glycans have eluted through the column.  The samples were 

then dried and resuspended in 2% ACN and 0.1% formic acid making sure that the organic 

content does not exceed 20% of the total solution.  This is to ensure that the permethylated 

glycans are effectively retained on the trapping column.   

3.2.7. Online Purification of N-Glycans 

The samples were then introduced onto an Acclaim® PepMap100 C18 nanotrap column 

(Dionex, Sunnyvale, CA).  The samples were initially washed using mobile phase A (98% HPLC-

grade water,2% ACN and 0.1% formic acid ) for 10 min at a flow rate of 3 µl/min before loading it 

onto a C18 column.  The equivalence of N-glycans derived from 5µl of aqueous humor sample 

was injected.  The glycans that were purified using the C18 trapping columns were then 

introduced onto a nano Acclaim®PepMap100 C18 column(75 µm id*15cm) which is hyphenated 

to a nano source of the orbitrap mass spectrometer.   

3.2.8. Reduction, Alkylation, and Tryptic Digestion of Glycoproteins  

Based on the results obtained from the BCA assay, the amount of the protein in the samples 

was estimated.  The samples were then subjected to thermal denaturation at 65°C for 15 min.  

The proteins were then subjected to reduction of the disulfide binds by the addition of a 1-µl 

aliquot of 50 mM DTT prepared in 50mM ammonium carbonate buffer and incubation in the dark 

at 65°C for 45 min in a water bath.  The samples were then alkylated with the addition of a 2-µl 

aliquot of 92.5 mM IAA, freshly prepared in 50mM ammonium bicarbonate buffer and allowing the 

reaction to proceed in the dark for 25 min at room temperature.  A second aliquot of DTT was 

added to the samples and incubated at room temperature for 30 min to react with excess IAA.  

The samples were then subjected to tryptic digestion and incubation overnight at 35°C in a water 
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bath.  The amount of trypsin to be added was estimated based on the protein concentration value 

from the BCA assay.  The enzymatic reaction was quenched with the addition of 0.1% formic 

acid. 

3.2.9. LC-MS/MS of N-Glycans 

The permethylated glycans were online purified using the C18 trapping columns prior to 

separation on a nano Acclaim® PepMap100 C18 column (75 µm id*15cm).  The eluents from the 

column were electrosprayed via. a nano source connected to the orbitrap mass spectrometer.  A 

reversed-phase gradient of solvent B (100% ACN with 0.1% formic acid) at 20%-38% over 1 min, 

from 38%-45% over 32 min and from 45-90% over 3 min at a flow rate of 300 nL/min was utilized.  

The mass spectrometer was operated in a data-dependant acquisition.  The first scan event was 

a full scan from m/z 500 to 2000 in the Orbitrap at a resolution of 15000.  The second scan event 

was a CID tandem MS of precursor ions selected from the first scan event with an isolation width 

of 3.0 m/z, a normalized CE of 30%, and an activation Q value of 0.250.  The third scan event 

was a higher energy collision dissociation (HCD) tandem MS on precursor ions selected from the 

full scan at an isolation width of 3.0 m/z and normalized CE of 45% with an activation time of 0.1 

ms.  The 8 most intense ions from the full scan were subjected to CID and HCD tandem MS.A 

dynamic exclusion setting of 60s was used for the entire LC-MS run. The separation and scan 

time for the samples was 60 min. 

3.2.10. LC-MS/MS of Glycopeptides 

LC-MS/MS analysis of the tryptic digests were performed on the Dionex 3000 Ultimate nano-

LC system interfaced to LTQ Orbitrap Velos mass spectrometer (Thermo Scientific, San Jose, 

CA)  Purification and separation of the tryptically digested samples was obtained using a PepMap 

100 C18 cartridge (3 µm, 100Å, Dionex) and a PepMap 100 C18 capillary column (75 µm id x 150 

mm, 2 µm, 100Å, Dionex) respectively. A reversed-phase gradient with 20% solvent B (100% 

ACN with 0.1% formic acid) at 350 nl/min flow rate over 10 min, 10-45% over 35 min, 45-80% 

over 1 min, 80% over 4 min, 80-10% over 1 min, and 10% over 9min was used to attain 

separation.  Solvent A was an aqueous 2% ACN solution containing 0.1 % formic acid. 
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The mass spectrometer is operated in a data dependant mode with three scan events.  The 

first scan event was a full scan for an m/z range of 450-2000.  The second scan event consisted 

of the 8 most intense ions observed in the first scan event that were selected as precursor ions to 

undergo a CID tandem MS.  The parameters used for the scan were as isolation width of 3.0 m/z, 

normalized collision energy of 35% and an activation Q value of 0.250.  The third scan event was 

a higher energy collision dissociation (HCD) tandem MS on 8 precursor ions selected from the 

first scan event.  The isolation width was 3.0 m/z, while the normalized CE was 45% with an 

activation time of 0.1 ms.   

Protein identification was accomplished using MASCOT database searching, and 

glycopeptides identification was performed using ExPASy GlycoMod tool.  Proteome Discoverer 

version 1.2 software (Thermo Scientific, San Jose, CA) was used to generate mascot generic 

format file (*.mgf) which was subsequently employed for database searching using MASCOT 

version 2.3.2 (Matrix Science Inc., Boston, MA).  Precursors were selected from a mass range of 

350-5000 Da with a minimum peak count of 1.  The parameters from Mascot Daemon were set to 

search against IPI-human database.  Iodoacetamide modification of cysteine was set as a fixed 

modification, while oxidation of methionine was set as a variable modification.  An m/z tolerance 

of 5 ppm was set for the identification of peptide with 2 missed cleavages.  Also, tandem MS ions 

were searched within 0.8 Da mass tolerance set with label-free quantification.  ExPASy 

GlycoMod tool was utilized with searching parameters set to monoisotopic masses, 3 ppm mass 

tolerance and IAA modified cysteine.   

3.3. Results  

3.3.1. Glycomic Analysis of the Aqueous Humor Samples 

The glycans were released from the aqueous humor samples and were subjected to LC-ESI-

MS and MS/MS analysis using CID and HCD.  The structures of the glycans attached to the 

glycopeptides were interpreted manually from the tandem MS scans.  The peak height of 

individual m/z value was calculated from the extracted ion chromatogram (EICs) using the 
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Xcalibur software.  Figure 3.1 A-C represents examples of the EICs (top panel) and the tandem 

MS (bottom panel) of ions with m/z values of 929.4841, 915.4933 and 1017.5436.  The inserts in 

each of the top panels represent the isotopic distribution of the ions.  Figure 3.1 A represents an 

ion with m/z 929.4841, which is a triply charged ion with complex type disialylated biantennary 

structure.  Figure 3.1 B represents an ion with m/z 915.4933, which is a doubly charged ion with 

asialylated monofucosylated structure.  Figure 3.1 C represents an ion with m/z 1017.5436, 

which is a doubly charged ion with a complex type monofucosylated asialylated biantennary 

structure.   

The relative intensities of the glycans observed in both the disease and disease-free states 

are represented in Figures 3.2A-D in descending orders of their intensities with Figure 3.2 A 

representing the glycans with the highest intensity and Figure 3.2 D representing the glycans 

with lowest intensity.  Figure 3.2 A shows the relative intensities between the disease and 

disease-free states of all the glycans that have been identified.  The structures of the 13 most 

intense glycans are represented, of which 11 glycans were of the complex type (7 out of these 

glycans were sialylated while the remaining 4 were asialylated ) and of the remaining 2 were of 

the high mannose and the hybrid type respectively.  Figure 3.2 B shows the relative intensities of 

8 glycans with relatively lower intensity as compared to those represented in Figure 3.2A .Out of 

these, 6 glycans were of the complex type, one high mannose type and one hybrid type.  Out of 

the complex type, one was only sialylated, three were fucosylated and two were asialylated.  

Figure 3.2 C shows the relative intensities of 16 glycans that have intensities lower than those in 

Figure 3.2 B.  Out of which 14 were of the complex type and 2 of them were of the hybrid type.  

Out of the 14 complex structures 10 of them were both sialylated and fucosylated.  Figure 3.2 D 

represents relative intensities of 5 glycans that have the lowest intensity.  All of which belonged to 

the complex type.  Two of these 5 were sialylated out of which one of them was both sialylated 

and fucosylated.   

The total number of glycan structures identified were 43 as shown in Table 3.1.  Out of these, 2 

structures were high mannose type, 5 were hybrid type and 36 were complex type N-glycans.   
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Figure 3.1.A-C: Extracted ion chromatograms of glycans identified from aqueous humor 
samples The top panel shows the isotopic distribution (insert) and the bottom panel shows the  
tandem MS of the ions with (A) m/z 929.4841,(B) m/z 915.4933 and (C) m/z 1017.5436 
Figure 3.1A
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Figure 3.1.A-C continued
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Figure 3.1.A-C continued 
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A 

  
B 

 
Figure 3.2 A-D: The relative intensities of the glycans between the disease-free and 
disease states.  Structures of the glycans beginning with the most intense glycans in Figure 
3.2A in the descending order of their intensity through 3.2 D are shown. 
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Figure 3.2 continued 
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Table 3.1: List of glycans identified in aqueous humor samples and summary of results  

Glycan structure [M] 
Theoretical 
m/z ± Std 

Observed 
m/z ± Std 

Intensity 
Disease-

free ± 
SEM 

Intensity 
Disease 
± SEM 

P 
value  

  

 

1556.793
5 

[1573.832]1+ 

[787.4203]2+ 

[1573.8368]1
+ 

[787.4219]3+ 

790263 ±  
182548 

1752686.
1 ± 

667879.9 
0.2 

  

 

1760.893
3 [889.4702]2+ [889.4721]2+ 272976.8 

± 70510.8 
348722 ± 
128819.8 0.6 

  

 

1812.935
7 

[1829.9749]1
+ 

[915.4915]2+ 

[1829.9762]1
+  

[915.4931]2+ 

712753 ± 
157783 

1934172.
1 ± 

1014662.
8 

0.2 

  

 

1842.946
3 

 [930.4967]2+ [930.4999]2+ 7265.7 ± 
2849.1 

113366.6 
± 

69751.7 
0.3 

  

 

1883.972
8  [951.009]2+ [951.0162]2+ 9705.1 ± 

4880.3 

19352.5 
± 

14253.5 
0.6 

  

 

1958.993
7  [988.5204]2+ [988.5245]2+ 3870.2 ± 

1951.7 

32684.7 
± 

22163.8 
0.1 

  

 

2006.019
6 

[1012.0333]2
+ [1012.036]2+ 14700.5 ± 

6713.2 

52704.3 
± 

36057.8 
0.2 

 

2017.035
5 

[1017.5413]2
+ 

[1017.5437]2
+ 

1090193.
6 ± 

242280.8 

2217176.
9 ± 

887645.6
5 

0.2 

 

 

2058.062 [1038.0545]2
+ 

[1038.0569]2
+ 

390048.3 
± 75170.9 

914291.7
± 

503551.3 
0.3 



Texas Tech University, Swetha Pyreddy, December 2012 

68 
 

Glycan structure [M] 
Theoretical 
m/z ± Std 

Observed 
m/z ± Std 

Intensity 
Disease-

free ± 
SEM 

Intensity 
Disease 
± SEM 

P 
value  

  

 

2088.072
6 

[1053.0598]2
+ 

[1053.0626]2
+ 

96316.6 ± 
19573.7 

168154.5 
± 

85601.7 
0.4 

  

 

2204.12 [1111.0835]2
+ 

[1111.0821]2
+ 

8648.3  ± 
2939 

58494.6 
± 

42513.7 
0.1 

  

 

2221.135
3 

[1119.5912]2
+  

[1119.5936]2
+ 

472960.5 
± 

110979.5 

807018.5 
± 

304426.6 
0.3 

  

 

2262.161
8 

[1140.1044]2
+ 

[760.4056]3+ 

[1140.1064]2
+ 

[760.4072]3+ 

393928  ± 
63322.3 

832866 ± 
431173.4 0.3 

 

 

2292.172
4 

[1155.1097]2
+  [1155.111]2+ 8250.5 ± 

3719.5 

40237.1 
± 

34204.1 
0.3 

 

2378.209
2 

[1198.1281]2
+ 

[799.08813+ 

[1198.1198]2
+ 

[799.0896]3+ 

24396.2 ± 
6477.7 

74500.1 
± 

35924.2 
0.2 

  

 

2425.235
1 

[1221.6411]2
+ 

[814.7634]3+ 

[1221.6483]2
+ 

[814.7686]3+ 

29989.1 ± 
14728.2 

200576.1 
± 

131684.7 
0.2 

 

2466.261
6 

[1242.1543]2
+ 

[828.4389]3+ 

[1242.1562]2
+ 

[828.4394]3+ 

112303.5 
± 23808.8 

 
280690.7 

± 
176913.9 

0.2 

  

 

2582.309 
[1300.1780]2

+ 
[867.1213]3+ 

[1300.1797]2
+ [867.123]3+ 

113757.8 
± 41966.2 

375995.7 
± 

207952.3 
0.3 

  

 

2640.350
8  [886.4686]3+ [886.4625]3+ 6337.7 ± 

3176.961 
12859.2 
± 5195.3 0.3 

Table 3.1 continued 
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Glycan structure [M] 
Theoretical 
m/z ± Std 

Observed 
m/z ± Std 

Intensity 
Disease-

free ± 
SEM 

Intensity 
Disease 
± SEM 

P 
value  

  

 

2741.398
5 

[1379.7228]2
+ 

[920.1512]3+ 

[1379.7062]2
+ 

[920.1412]3+ 

134398.8 
± 

40713.06 

189604.1 
± 

59211.01 
0.6 

  

 

2769.393
5 

[1393.7203]2
+ 

[929.4828]3+ 

[1393.7218]2
+ [929.484]3+ 

1705812.
6 ± 

470960.8 

7780546.
3 ± 

4833475.
5 

0.2 

  

 

2775.392
9 

[1396.72]2+ 
[931.4826]3+ 

[1396.721]2+ 
[931.4813]3+ 

275801 ± 
114935.9 

156781.2 
± 

60975.8 
0.5 

  

 

2803.424
1 

[1410.7356]2
+ 

[940.8264]3+ 

[1410.7477]2
+ 

[940.8345]3+ 

70690.7 ± 
23598.6 

798943.2 
± 

660465.3 
0.2 

 

2827.435
3 

[1422.7412]2
+  

[948.8301]3+ 

[1422.7407]2
+ 

[948.8322]3+ 

25060.7 ± 
9355.438 

39864.5 
± 

14898.9 
0.3 

  

 

2915.487
7 

[1466.7674]2
+ 

[978.1809]3+ 

[1466.7539]2
+ [978.173]3+ 

260471.1 
± 

128439.5 

52413.8 
± 

32886.1 
0.1 

  

 

2943.482
7 

[1480.7649]2
+ 

[987.5126]3+ 

[1480.7686]2
+ 

[987.5166]3+ 

406995.8
± 

114874.2 

986176.5 
± 

436064.6 
0.2 

  

 

3031.535
1 

[1524.7911]2
+ 

[1016.863]3+ 

[1524.7903]2
+ 

[1016.868]3+ 

1635.1 ± 
656.3 

14459.5 
± 

13013.2 
0.3 

  

 

3188.609 
[1603.3280]2

+ 
[1069.221]3+ 

[1603.3284]2
+ 

[1069.2243]3
+ 

17717.1 ± 
5783.1 

100027.1 
± 

49681.9 
0.1 

  

 

3218.619
6 

[1618.3333]2
+ 

[1079.225]3+ 
[1079.227]3+ 13325.1 ± 

5249.7 

102480.5 
± 

57280.2 
0.2 

Table 3.1 continued 
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Glycan structure [M] 
Theoretical 
m/z ± Std 

Observed 
m/z ± Std 

Intensity 
Disease-

free ± 
SEM 

Intensity 
Disease 
± SEM 

P 
value  

  

 

3306.672 [1108.576]3+  [1108.5712]3
+ 

4631.8 ± 
2533.04 

12419.1 
± 9556.4 0.1 

  

 

3392.708
8 [1137.255]3+  [1137.2571]3

+ 
9460.5 ± 
3100.005 

93727.25 
± 

66093.7 
0.2 

  

 

3579.793
3 

[1199.616]3+ 
[899.9640]4+ 

[1199.6199]2
+ 

[899.9668]4+ 

178963.8 
± 56064.8 

1269701.
9 ± 

695773.6 
0.2 

 
 

3684.861 [1234.639]3+ 
[926.2309]4+ 

[1234.6432]3
+ 

[926.2324]4+ 

14709.6 ± 
5731.6 

40707.2 
± 

24605.7 
0.3 

  

 

3753.882
5 

[1257.646]3+ 
[943.4863]4+ 

[1257.6503]3
+ 

[943.4903]4+ 

148659.1 
± 41005.1 

674403.7 
± 

334861.3 
0.2 

  

 

3787.913
1 

[1268.989]3+ 
[951.994]4+ 

[1268.9987]3
+ 

[952.0018]4+ 

12229.5 ± 
4700.9 

92362.3 
± 

35232.2 
0.04 

 
 

4029.019
4 

[1349.358]3+ 

[1012.2705]4
+ 

[1349.3628]3
+ 

[1012.2743]4
+ 

8926 ±    
3072.6 

99624.1 
± 

54162.4 
0.09 

 
 

4203.108
6 

[1407.388]3+ 
[1055.7928]4

+ 

[1407.3904]3
+ 

[1055.7956]4
+ 

2658.8 ± 
937.0917 

58803.7 
± 

46160.8 
0.2 

 
 4390.193

1 
[1469.749]3+ 
[1102.564]4+ 

[1469.756]3+ 
[1102.5697]4

+ 

21452 ± 
6619.1 

104963.3 
± 

44943.9 
0.06 

Table 3.1 continued 
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Glycan structure [M] 
Theoretical 
m/z ± Std 

Observed 
m/z ± Std 

Intensity 
Disease-

free ± 
SEM 

Intensity 
Disease 
± SEM 

P 
value  

  

 

4564.282
3 

[1527.779]3+ 

[1146.0863]4
+  

[1527.7854]3
+ 

[1146.0916]4
+ 

22710.7          
± 7895.5 

183061.6 
± 

125068.3 
0.2 

  

 

4738.371
5 

[1585.809]3+ 
[1189.6086]4

+ 

[1585.8124]3
+ 

[1189.6137]4
+ 

11463.1 ± 
4135.1 

119775.2 
± 

84433.3 
0.2 

Table 3.1 continued 
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Table 3.1 summarizes the intensities (peak height) of the glycans and their relative standard 

deviation.  The data was also statistically evaluated using ANOVA test.  One of the glycans listed 

in Table 3.1 depicted statistical difference between the samples from patients with FECD and 

normal subjects with a p-value less than 0.05 which are highlighted in the table.  The glycan was 

a triply charged with an m/z of 1268.989 and had a hybrid type with a mono sialylated and 

triantennary structure.  

3.3.2. Glycoproteomic Analysis of Aqueous Humor Samples 

Tryptically digested glycoproteins were subjected to LC-ESI-MS and MS-MS. The tandem 

MS data was manually inspected for the CID and HCD scans that produced the diagnostic peaks 

of glycopeptides.  The structures of the glycans were then manually interpreted using the method 

that was previously mentioned in Chapter 2.  The peak heights of the individual glycopeptides 

were measured using the Xcalibur software.  The extracted ion chromatograms of three ions are 

shown in Figure 3.3 A-C.  Figure 3.3 A represents the ion with m/z 1423.9577 which is a triply 

charged glycopeptides with a complex type disialylated monofucosylated biantennary glycan 

structure originating from prostaglandin-H2 D-isomerase.  Figure 3.3 B represents the ion with 

m/z 1203.8158 which is triple charged with a complex type disialylated biantennary structure 

originating from the Hemopexin.  Figure 3.3 C represents the ion 1211.8837 which is triply 

charged with a high mannose structure originating from Complement C3.  Figure 3.4 A 

represents the relative intensity between the disease and disease-free states of 23 glycopeptides 

with high intensities.  Figure 3.4 B represents the relative intensities of 7 glycopeptides with 

relatively lower intensities as compared to those in Figure 3.4 B.   

Using the method previously described, 30 glycopeptides were identified and assigned to 20 

proteins as shown in Table 3.2.  Out of 30 glycopeptides, 24 glycopeptides had complex glycan 

structures, 5 high mannose glycan structures and 1 hybrid glycan structures.  Of the 24 complex 

glycan structures, 22 were sialylated and 2 were asialylated.  However none of these glycans 

showed statistical difference between the disease-free and disease states. 
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A

 
 
Figures 3.3 A-C Extracted ion chromatograms of glycopeptides identified from aqueous 
humor samples The top panel represents the isotopic distribution (insert) and the bottom panel 
represents the tandem MS of the ions with (A) m/z 1423.9577, (B) m/z 1203.8158 and (C) m/z 
1211.8837 
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B 

 
 
Figure 3.3 continued
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C 

 
 

Figure 3.3 continued
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Figure 3.4 A 

 

Figure 3.4 B 

 
 
Figure 3.4 A-B: Relative intensities of the glycopeptides between the disease and the 
disease-free states.  (A) Shows the structures of the glycopeptides which are most intense (B) 
Shows the structures of the glycopeptides which are less intense as compared to those in (A) 
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Table 3.2: List of glycopeptides identified in aqueous humor samples and summary of 
results 

Glycan 
structure 

Protein Sequence 
Monoisotopic 

Mass 
Glycan 

Intensity 
disease-

free 
±SEM  

Intensity 
disease 
±SEM 

P 
value 

  

 

Desmoplakin NQFETEINITK 2714.1381 1396.4
862 

129270.4 
±  

19048.05 

13518
6.7 ± 

42402.
7 

0.9 

  

 

Desmoplakin LNDSILQATEQRRR 2753.2936 1072.3
806 

139484.1 
± 

22139.6 

13120
0.5 ± 

20563.
2 

0.8 

  

 

Desmoplakin DLKDEIVRLNDSILQATEQR 3571.673 1234.4
335 

38096 ± 
23028.8 

63953.
9 ± 

52394.
6 

0.7 

  

 

Desmoplakin AIEDKSRSLNESK 3680.5265 2222.7
83 

1264695 
± 

378714.8 

10576
70.6 ± 
47269

9.1 

0.7 

  

 

Complement 
C3 

TVLTPATNHMGNVTFTIPAN
R 3632.6314 1396.4

862 

31597.3 
± 

21448.4 

51182.
3 ± 

48343.
05 

0.7 

  

 

Complement 
C3 

TVLTPATNHMGNVTFTIPAN
R 4603.747 2368.8

406 

10818.8 
± 

4220.01 

41284.
2 ± 

28988.
8 

0.2 

  

 

Hemopexin SWPAVGNCSSALR 3608.4362 2222.7
83 

764610.1 
±  

248534.1 

63752
3.7 ± 

33213
2 

0.7 

  

 

Hemopexin SWPAVGNCSSALR 3613.408 2222.7
83 

71627.2 
± 

37642.9  

60057.
7 ± 

50163.
2 

0.8 

  

 

Hemopexin EALQIKYNFSFR 3939.6506 2222.7
83 

769448.1 
± 

210567.5 

65077
1.6 ± 

27531
4.2 

0.7 

  

 

Hemopexin 
CSDGWSFDATTLDDNGTM

LFFK 4731.8485 2222.7
83 

24933.9 
± 

12733.5 

8060.2 
± 

6229.5 
0.4 

  

 

Prostaglandi
n-H2 D-

isomerase 
WFSAGLASNSSWLR 3931.6036 2368.8

406 

338820.4 
± 

123390.8 

28441
9.5 ± 

14254
0.8 

0.7 

  

 

Prostaglandi
n-H2 D-

isomerase 
SVVAPATDGGLNLTSTFLR 4268.8474 2368.8

406 

1283393
± 

285926.6 

10350
74.8 ± 
24637

8.5 

0.5 

 

Prostaglandi
n-H2 D-

isomerase 
SVVAPATDGGLNLTSTFLR 3012.3366 1113.4

072 
39421 ± 
14358.8 

43129 
± 

21289.
8 

0.4 
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Glycan 
structure 

Protein Sequence 
Monoisotopic 

Mass 
Glycan 

Intensity 
disease-

free 
±SEM  

Intensity 
disease 
±SEM 

P 
value 

  

 

Neuroserpin WVENNTNNLVK 3389.4102 2077.7
454 

44813 ± 
15970.4 

51186.
9 ± 

29393.
4 

0.8 

  

 

Vitamin D-
binding 
protein 

ELPEHTVKLCDNLSTK 3634.5617 1769.6
349 

50366.8 
± 

30467.3 

82516.
5± 

74175.
62 

0.5 

  

 

Haptoglobin VVLHPNYSQVDIGLIK 3998.7771 2222.7
83 

628843.7 
± 

490138.3 

20869
9.8 ± 

13046
4.6 

0.3 

  

 

Alpha-2-HS-
glycoprotein VCQDCPLLAPLNDTR 3975.6163 2222.7

83 

146211.6 
± 

35763.3 

23276
1.5 ± 

12193
1 

0.5 

  

 

Prothrombin NFTENDLLVRIGK 4290.8019 2790.9
944 

126150.2 
± 

44248.7 

13623
3.2 ± 

86231.
7 

0.7 

  

 

Spondin-1 YRLTFYGNWSEK 3663.5029 2118.7
72 

269368.9 
± 

70744.35 

22641
4.2 ± 

89062.
1 

0.7 

  

 

Alpha-1-
antitrypsin YLGNATAIFFLPDEGK 3959.6711 2222.7

83 

1168742 
± 

486996.1 

93189
2.5 ± 

59511
0.5 

0.7 

  

 

Carboxypepti
dase E GNETIVNLIHSTR 3981.6454 2546.8

884 

185880.3 
± 

77380.8 

13959
8.1 ± 

80189.
4 

0.6 

  

 

Clusterin MLNTSSLLEQLNEQFNWVS
R 3624.6021 1234.4

335 
13175.9 
± 6937.4 

15061.
6 ± 

12928.
1 

0.6 

  

 

Antithrombin-
III LGACNDTLQQLMEVFK 4070.6872 2222.7

83 

24764.3 
± 

10909.5  

22401.
8 ± 

14482.
09 

0.9 

  

 

Fibronectin YEVSVYALKDTLTSRPAQG
VVTTLENVSPPR 5740.6058 2368.8

406 
11052.5 
± 6250.8 

6776.2 
± 

5706.5 
0.8 

 
  

 

Monocyte 
differentiation 

antigen 
CD14 

NVSWATGRSWLAELQQWL
KPGLK 5498.4536 2849.0

364 
2619.1 ± 
1525.025 

4147.2 
± 

2401.1 
0.9 

Table 3.2 continued 
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Glycan 
structure 

Protein Sequence 
Monoisotopic 

Mass 
Glycan 

Intensity 
disease-

free 
±SEM  

Intensity 
disease 
±SEM 

P 
value 

  

 

Ig gamma-1 
chain C 
region 

EEQYNSTYR 3246.651 2077.7
455 

85324.3 
± 

26734.4 

56035.
7 ± 

15263.
1 

0.3 

  

 

Serrotransfer
rin 

QQQHLFGSNVTDCSGNFC
LFR 4719.8939 2222.7

83 

1338778 
± 

417515.8 

95010
0 ± 

49134
4 

0.6 

 

Ig gamma-1 
chain C 
region 

EEQYNSTYR 2633.0357 1462.5
446 

184633.6 
± 

45732.7 

25682
2.4 ± 

13231
6.2 

0.6 

  

 

Semaphorin-
7A GKVYLFDFPEGKNASVR 4026.7485 2118.7

72 

170419.3 
± 

48467.2 

15491
7.3 

±7100
4.6         

0.8 

Table 3.2 continued 
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3.4. Discussion 

Fuchs endothelial dystrophy is a primary disorder of the corneal epithelium and accounts for 

upto 29% of the cases for a corneal keratoplasty.  Several studies have shown that alterations in 

aqueous humor are associated with several ailments of the eye.  The aqueous humor is produced 

by the ciliary epithelium and hence, it is very likely that changes in aqueous humor may be a 

causative for development of FECD which is a disorder of the epithelium.  In this study the 

aqueous humor samples were subjected to ESI-LC-MS to characterize and compare the glycome 

and glycoproteome between the disease and disease-free states.  LC-ESI-MS and LC-ESI-

.predominant structures were the complex type sialylated structures.  As seen in Figures 2A-AD, 

there is an upregulation of the glycan structures in disease state as compared to the normal state 

in all the structures observed, excepting two glycan structures which showed a down regulation in 

the disease state.  One glycan structure showed significant difference with a p value less than 

0.05, between the disease and disease-free states and exhibited an upregulation in the disease 

states.  LC-ESI-MS of glycopeptides from the aqueous humor samples revealed 30 structures 

belonging to 21 different proteins.  Of the 30 structures 16 glycopeptides had shown a 

downregulation in the expression while 14 glycopeptides had shown an upregulation.  However, 

none of them exhibited significant statistical differences.  The most predominant and the most 

intense glycopeptides possessed the complex type disialylated biantennary structure.   

3.5. Conclusion 

A comparative glycomic and glycoproteomic study was performed on samples from subjects 

with and without FECD.  ESI LC MS of glycans and glycopeptides revealed 43 glycan structures 

and 30 glycopeptides.  A general upregulation was seen in disease samples as per the glycomic 

study.  However, the glycoproteomic study did not reveal a common trend for all the 

glycopeptides that were observed.  Statistical analysis reported a significant difference between 

the disease and disease-free states in 1 glycan structure.  However the glycoproteomics study 

did not show any significant differences between the disease and disease-free states.  This 

method can be used for thorough glycomic and glycoproteomics profiling.  Also the significant 
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differences between the disease and disease-free states reported by both the study enables the 

use of these differences as markers to distinguish between the disease and disease-free states.  

The changes in the glycomic and the glycoproteomic composition indicate a possibility of either 

they being a cause or an effect of the disease.   
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CHAPTER 4 

FUTURE WORK 

As mentioned earlier, this thesis is divided into two parts.  The first part deals with 

optimization of methods to quantify glycopeptides with enhanced sensitivity.  Although, MRM 

considerably increases the sensitivity associated with analysis of glycopeptides, competitive 

ionization is still a problem when analyzing glycopeptides by LC-ESI-MS/MS.  Also, the amount of 

glycopeptides present in a tryptic digest of a sample is much smaller than the peptides.  

Accordingly, glycopeptide enrichment is needed to reduce/minimize competitive ionization which 

would result in better signal intensities.  Enrichment is also expected to increase the abundance 

of the glycopeptide relative to the peptides in the sample.   

Lectin enrichment is based on the ability of the lectins to specifically bind to oligosaccharides 

on the glycopeptides.  Their interaction with the glycoproteins is reversible and can be modified 

with changes in pH.  There is a wide variety of lectins available with different binding capabilities, 

which increases the versatility of the technique.  Hydrazine chemistry is another technique that 

could be used to isolate glycoproteins from complex samples.  This technique involves the 

oxidation of the monosaccharide residues in glycopeptides with periodate followed by a reaction 

with a hydrazide resin [126].  Washing elutes the peptides and other contaminants leaving behind 

the glycopeptides that are covalently attached to the resin.  In the future, we would like to enrich 

the glycopeptides using lectin enrichment and/or hydrazine chemistry prior to analysis using 

MRM.  This would enable an effective quantification of glycopeptides at higher sensitivity.   

The second part of the thesis involves a comparative quantitative analysis of the glycome and 

the glycoproteome associated with aqueous humor samples collected from patients with FECD 

as well as subjects who are disease-free.  The study indicates differences between the disease-

free and FECD disease states in the aqueous humor glycome and glycoproteome.  However, in 

order to conclusively establish the changes, further validation of results should be performed.   

In the future, we would like to confirm the results obtained in this study using complimentary 

techniques using MRM and Western blotting.  Glycopeptide enrichment prior to analysis would 
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also increase the signal intensity of glycopeptides present in low concentrations which are 

suppressed due to ionization techniques.  This would allow comparative quantification between 

glycopeptides derived from disease and disease-free samples which are present in very low 

abundance.  An independent LC-ESI-MS profiling of samples from patients with different stages 

of the FECD would give a reliable quantitative picture of the pathology of the disease.   
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