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Glycomics is often considered one of the most convoluted omic sciences, reason why 

advancements in this field have been comparatively scarcer. The main focus of glycomics is the 

study of the glycosylation of biomolecules, being glycosylated proteins, or glycoproteins, the 

most important ones. Glycosylation of proteins is the covalent attachment of carbohydrates, 

also known as glycans, to the peptide backbone. Glycosylation is a co- and posttranslational 

modification (PTM) that occurs in the final steps of the protein synthesis which immensely 

enhances its functional diversity. Glycoproteins are known to be responsible for a wide variety 

of biological processes, such as signaling events, cell-cell interaction or even protein folding. 

The fact that in complex organisms, such as mammals, more than half of all secretory and 

cellular proteins are glycosylated serves as proof of their great importance.  

Glycans can have a myriad of structures and be composed of several different monosaccharide 

units. All these possible variations in a glycoprotein contribute to their microheterogeneity 

and are the main obstacle the scientific community faces, often considered the bottleneck in 

glycomics advances. A given glycoprotein exists as a heterogeneous mixture of glycoconjugate 

species known as glycoforms that differ in the amount, size and structure of their glycans or 

the amino acid to which they are bound. A single glycoprotein can have multiple glycoforms, 

ranging from less than five to even more than a hundred. 

Understandably then, a modification of the normal glycosylation profile of a certain 

glycoprotein can have dire consequences, being several biological or pathological processes 

the result of an alteration in the relative abundance of some glycoforms. Hence, the work 

presented in this thesis is focused on the development of analytical methodologies to 

characterize the glycosylation pattern of proteins suspected to be altered, whether due to 

pathological processes or unhealthy practices, and identify new or altered glycoforms as 

potential biomarkers. 
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Additionally, the developed methodologies could also be applied to characterize the 

glycosylation of recombinant glycoproteins. These proteins are quite often used as 

biopharmaceuticals and their glycosylation pattern, which is frequently different from that of 

the endogenous glycoprotein, may cause an adverse immune response. Therefore, the 

characterization of their glycosylation is vital to properly asses their stability, biological activity 

and pharmacokinetic to ensure their proper therapeutic function. 

One of the first glycosylation studies carried out involved the detection and characterization of 

human transferrin (hTf) glycopeptide glycoforms obtained after tryptic digestion by capillary 

liquid chromatography coupled to mass spectrometry (CapLC-MS), using an orthogonal 

acceleration time-of-flight mass analyzer (oa-TOF). The aim was to verify whether its 

glycosylation was altered in individuals with chronic alcoholism and congenital disorders of 

glycosylation (CDG), a rare genetic disease. After CapLC-MS was successfully optimized and 

properly applied to characterize glycopeptide glycosylation of a hTf standard, the proposed 

methodology was, then, applied to serum samples where hTf was isolated from the rest of the 

components of the serum using a home-made immunoaffinity column. 

In the case of chronic alcoholism, after immunoaffinity purification and tryptic digestion, 

serum samples from a teetotaler individual (as control) and from individuals with low and high 

alcohol dependence were analyzed by the aforementioned established CapLC-MS method. 

Several glycoforms were observed to be altered in chronic alcoholism, but mainly, the most 

important ones were the H5N4S2 which decreased and the non-glycosylated glycoform 

(peptide glycoform) which increased in relative abundance. 

With regard to the CDG serum samples, the same methodology was applied to study the 

alteration of hTf glycosylation produced by this disease. However, the data set originated in 

this study was larger and more complex due to the higher number of samples. Reason why, 

multivariate data analysis was necessary to properly determine which altered glycoforms were 
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the most important. Principal component analysis (PCA) and partial least squares discriminant 

analysis (PLS-DA) were evaluated for the classification of the different samples (control, CDG-I 

and CDG-II) and for providing a novel insight into hTf glycopeptide glycoforms alteration in 

CDG. Six out of the fourteen glycoforms detected were considered as the most important ones 

to differentiate between the three groups of samples, and could be regarded as potential 

novel biomarkers for this disease. 

The following work involved the analysis of mouse transferrin (mTf), a suspected altered 

glycoprotein in collagen induced arthritis (CIA). CIA is an inflammatory and autoimmune 

disease which resembles human rheumatoid arthritis (RA) in terms of its disease course, 

histological findings, and in its response to commonly used anti-arthritic drugs. Using the 

developed CapLC-MS method to separate and detect mTf glycopeptide glycoforms, an increase 

in fucosylation and glycan branching was observed in sera from mice with CIA versus control. 

Additionally, the effect of a specific gene was evaluated to assess its contribution to the 

development of CIA. In particular, genetically modified mice deficient in CD38 (CD38-KO mice) 

were compared to standard mice (WT) in regards to mTf glycosylation alteration in CIA. The 

results showed that in both types of mice, the glycosylation of hTf was affected, albeit the 

alteration was somewhat different between WT and CD38-KO. These results validated the 

developed methodology as a proper and reliable approach to study the glycosylation of 

proteins in the glycopeptide level. 

Additionally, a methodology based on capillary electrophoresis coupled to mass spectrometry 

detection (CE-MS), using an orthogonal acceleration time-of-flight mass analyzer, was also 

evaluated as an alternative method to CapLC-MS for the analysis of the glycosylation of 

proteins. However, the use of a mandatory anionic surfactant to correctly perform the 

digestion of proteolytic-resistant glycoproteins, such as human or mouse transferrin, proved 

detrimental to CE-MS analysis. After surfactant hydrolysis, one of the two remaining products 



Abstract  

 

 
 

6 

seemed to interact with the inner surface of the silica capillary walls, resulting in wide and 

distorted electrophoretic peaks. Therefore, as CE is often regarded as an excellent analytical 

technique in glycosylation studies due to its ability to separate glycopeptide glycoforms, 

especially when they differ in the number of sialic acids, some approaches regarding sample 

treatment were evaluated to completely eliminate the anionic surfactant. The so-called 

µElution plates (96-well plates with Oasis® HLB (WATERS®) stationary phase), were the only 

method that provided proper sample clean-up with good retention of the glycopeptides, 

minimal loss of sample and complete elimination of the remaining surfactant product. The 

robustness of the developed method was afterwards evaluated with the analysis of hTf 

glycopeptides in serum samples.  

Another interesting advantage of using CE as separation technique prior MS detection is the 

fact that the electrophoretic migration behavior of ions can be easily predicted using the 

classical semiempirical relationships between electrophoretic mobility and charge-to-mass 

ratio (me vs q/Mα). Prediction of electrophoretic migration behavior is an appealing 

modelization tool to speed-up method development in CE-MS, as well as to refine the 

structural assignments based on the measured molecular mass (M). In this thesis, the classical 

semiempirical relationships were used to predict and model the migration behavior of 

peptides and glycopeptides originated from the digestion of recombinant human 

erythropoietin (rhEPO), a therapeutically relevant glycoprotein, which was considered a good 

model glycoprotein due to its high glycosylation and microheterogeneity. Three different 

relationships were evaluated, being the one that predicted the migration behavior of peptides 

different than the one for the glycopeptides. Simulated electropherograms were elaborated 

with these models, which matched almost perfectly the experimental electropherograms. 

Results were later validated predicting the migration and simulating the separation of a 

different set of rhEPO glycopeptides and also hTf peptides and glycopeptides, which also 

agreed with the experimental electropherograms. 
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As stated before, the study of protein glycosylation is often regarded as an intricate, albeit 

important, task. Complexity of glycan structures can escalate rather quickly when we take into 

account that some monosaccharide units can have different orientation or be bound to 

different carbohydrates, giving rise to the formation of isomeric glycan structures. For 

instance, the sialic acid residue can have mainly two types of linkage in complex N-glycans, 

referred to as α-23 or α-26 linkages. In this regard, ion mobility mass spectrometry (IM-

MS) has gain popularity for the separation of isomeric compounds. For this reason, the last 

work presented in this thesis aimed to assess the capability of IM-MS for the separation of 

isomeric glycoconjugates due to the type of sialic acid linkage, using mTf as model 

glycoprotein. Even though separation of isomeric glycans was evaluated at the intact 

glycoprotein, glycopeptide and glycan levels, straightforward separation of isomers was 

achieved with the analysis of glycans, as opposed to the glycopeptides, which was relatively 

more complicated, or the intact glycoprotein, which was not possible. Positive results were 

obtained with the analysis of the free glycans not only in standard samples but also in serum 

samples from mice control and mice with CIA, acknowledging the applicability of the 

developed methodology to study real complex samples as well as its potential for the 

separation of isomeric glycans. 
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The work presented in this thesis is focused on the development and optimization of analytical 

methodologies for the characterization of the glycosylation of biologically and therapeutically 

relevant glycoproteins, using capillary liquid chromatography, as well as capillary 

electrophoresis, both hyphenated to mass spectrometry (CapLC-MS and CE-MS, respectively), 

with an orthogonal acceleration time-of-flight mass analyzer (oa-TOF). Additionally, ion 

mobility mass spectrometry (IM-MS) has been evaluated, as an alluring platform for glycan 

isomer separation, at three different levels: intact glycoprotein, glycopeptide and glycans. 

 Specifically, in this work we have focused on the study of human transferrin (hTf) and mouse 

transferrin (mTf) as glycoproteins whose normal glycosylation pattern is suspected to be 

altered whether due to pathological processes or unhealthy practices. Additionally, human 

recombinant erythropoietin (rhEPO) has been selected as an excellent model glycoprotein, 

not only due to its relevance as a biopharmaceutical and in the doping field, but also due to its 

high percentage of glycosylation and microheterogeneity.  

A more extended view of the focal points of this thesis can be found below:  

 Optimization of the digestion procedure of hTf, as a proteolytic resistant glycoprotein, 

in order to improve the obtained yield and enhance the sensitivity of the method. 

 Development and optimization of a CapLC-MS method for the characterization of the 

glycosylation of hTf glycopeptides. Evaluation of this methodology for the diagnosis 

and control of chronic alcohol consumption, an unhealthy practice suspected to alter 

the normal glycosylation pattern of hTf in a certain way, although still in debate in the 

scientific community. 

 Evaluation of principal component analysis (PCA) and partial least squares discriminant 

analysis (PLS-DA) as potent exploratory and classificatory mathematical tools for the 

classification of congenital disorders of glycosylation (CDG) on the basis of hTf 

glycopeptides analysis by the developed CapLC-MS method. 
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 Identification of the most discriminant glycoforms that allow differentiating between 

healthy, CDG-I and CDG-II samples, which could become a novel biomarker panel for 

this disease. 

 Application of the previous optimized CapLC-MS method for the study of mTf in mice 

with collagen induced arthritis (CIA), an inflammatory relevant disease homologous to 

human rheumatoid arthritis (RA) in certain aspects. The alteration in the glycosylation 

of this protein due to CIA will be evaluated. 

 Development and optimization of a CE-MS methodology as an appealing alternative to 

CapLC-MS for the analysis of the glycosylation of proteins. Optimization of the sample 

treatment to avoid incompatibility problems with CE when using a surfactant in the 

digestion of proteolytic resistant glycoproteins. 

 Evaluation of the classical semiempirical relationships to study and predict the 

electrophoretic migration behavior in CE-MS of peptides and glycopeptides, originated 

from the digestion of rhEPO, which can be considered a model glycoprotein due to its 

high percentage of glycosylation and microheterogeneity. 

 Assessment of the power of IM-MS for the separation of isomeric glycoconjugates 

differing in the type of sialic acid linkage, using mTf as an example of a glycoprotein, at 

the intact glycoprotein, glycopeptide and glycan level. 
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Omic sciences encompass an increasingly large group of diverse disciplines in the field of 

biology, chemistry or medicine, which aim to comprehend and study the origin, evolution and 

biologic behavior of all living organisms [1, 2]. The first omics to come to life was genomicsa. 

The most notable advancement in this extensive field has been the precise mapping and 

complete sequencing of the human genome, most commonly known as the Human Genome 

Project [3], which, upon completion, has shifted the focus to new fields. Together with the 

great advancement in experimental sciences and new instrumentation, there has been a 

considerable explosion of new omic sciences in the last two decades, being transcriptomicsb or 

proteomicsc two of the most important omic sciences in terms of advancement and dedication 

of the scientific community, in comparison to other more recent omics, such as nutrigenomicsd 

or interactomicse [1, 2].  

One of the relatively recent omic sciences, which has aroused great interest in the last years, is 

glycomics, described as the discipline that aims to study and characterize the carbohydrates in 

an organism, whether in free form or bound to another molecule, such as proteins or lipids [4]. 

Of all the known omic sciences, glycomics can be considered one of the most convoluted due 

to the inherent complexity of carbohydrates, which has made advances in this field scarcer in 

comparison to other omics [5]. The intricacy of glycomics studies often lies in the fact that 

carbohydrates can form complex structures, severely branched, in contrast to more linear 

assembled biological molecules such as proteins or oligonucleotides. Additionally, the 

biosynthetic pathways of carbohydrates are still an obscure area and, even nowadays, not fully 

understood. When focusing on the study of the carbohydrate structure of proteins, glycomics 

is usually referred to as glycoproteomics [4]. 

 

 

aGenomics is the study of the entire genome of an organism, i.e., determine their entire deoxyribonucleic acid 
(DNA) sequence and detailed genetic mapping. 
bTranscriptomics is the study of the acid ribonucleic or RNA and gene expression. 
cProteomics is the study of whole proteins or peptides. 
dNutrigenomics is the study of the interactions between genes and nutrients at a molecular level. 
eInteractomics is the study of the interactions between biomolecules, particularly proteins, and the consequences 
of those interactions in a biosystem. 
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1.1. Glycosylation 

Glycosylation is the covalent attachment of carbohydrate moieties mainly to lipids or proteins 

and is considered one of the most common and complex cotranslational and posttranslational 

modifications in proteins [6, 7]. The attachment of carbohydrates, also known as glycans, to 

the peptide backbone of proteins can occur while the protein is being synthesized 

(cotranslational) or after its synthesis (posttranslational). Glycosylated proteins, commonly 

known as glycoproteins, are synthesized in the endoplasmic reticulum and Golgi apparatus [8]. 

They can be secretory proteins or they can be located inside the cell, mainly in the nucleus or 

cytosol, and as constituents of the cell membrane. 

The presence of carbohydrate chains in proteins alters considerably their physicochemical 

properties, such as charge, solubility, viscosity or stability; however, the effect is highly 

variable depending on the glycan or the peptide sequence. It is also worth mentioning that 

glycosylation of proteins immensely enhances their functional diversity, as the presence of 

glycans is understood to be involved in a wide variety of biological processes, which range 

from signaling events to cell-cell interaction, recognition of other organisms or even protein 

folding [9–11]. In complex organisms, the presence of glycosylated proteins is rather 

considerable with more than half of all secretory and cellular proteins being glycosylated in 

mammals. 

Glycoproteins are well known for their high microheterogeneity [11], which can be defined as 

the slight variations in the chemical structure of almost identical molecules. Specifically, in 

glycoproteins, the high microheterogeneity is due to three main reasons: 

1. Number of glycosylation points or glycosites (the amino acid of the peptide backbone 

where the glycan can be bound). 

2. Occupancy of the different glycosites. 
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3. Structure and composition of the carbohydrate moiety of each glycosite. 

The complexity of glycosylation studies can escalate rather quickly when we take into account 

the diversity of structures the glycans can adopt, from a simple monosaccharide unit to 

severely branched polysaccharide structures. Additionally, different bonds between 

monosaccharide residues can be formed or, even, between the carbohydrate moiety and the 

amino acid of the protein. However, in general, glycan chains are composed of well-known 

monosaccharide units covalently bound to each other by glycosidic bonds, either in the α or β 

form [11, 12], as depicted in Figure 1.1.  

 

Figure 1.1: Schematic representation of the α and β forms of the glycosidic bond. 

 

Table 1.1 shows the most common monosaccharide units that can be found in protein glycans, 

with the standardized symbol nomenclature proposed by the Consortium for Functional 

Glycomics (CFG) [13].  
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Table 1.1: Most common monosaccharide units found in protein glycans. 

 

Monosaccharide Structure Abbreviationa Symbol 

Glucose 

 

Glc (H) 

 

Mannose 

 

Man (H) 

 

Galactose 

 

Gal (H) 

 

N-acetylglucosamine 

 

GlcNAc (N) 

 

N-acetylgalactosamine 

 

GalNAc (N) 

 

Fucose 

 

Fuc (F) 
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Sialic acids (SiA) 

 
N-acetylneuraminic 

acid 

 

Neu5Ac (S) 

 

 
 
 
 

N-glycolylneuraminic 
acid 

 Neu5Gc (S) 

 

Symbol nomenclature follows the rules of the Consortium for Functional Glycomics (CFG) [13]. aIn 

parenthesis the abbreviation of the main group in which the monosaccharide belongs to is indicated: H: 

hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid. 

 

Protein glycosylation can be mainly divided in two groups depending on the type of amino acid 

of the glycosite [11, 14]. In Figure 1.2, the different types of protein glycans are depicted 

following the symbol nomenclature recommended by the CFG showing an example of each 

type [13]. 
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Figure 1.2: Type of glycosidic bonds and type of O- and N-glycan. Symbol nomenclature follows the rules 

of the Consortium for Functional Glycomics (CFG) [13]. 

 

a) O-glycosylation: glycans are bound to the oxygen atom of the hydroxyl group of a serine 

(Ser) or a threonine (Thr). This bond is usually referred to as an O-glycosidic bond [15, 16] (see 

Figure 1.2). O-glycans can be diverse ranging from a single sugar unit to more branched 

structures. There are several types of O-glycans, being the most common the so-called mucin 
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O-glycans or O-GalNAc glycans. This type of O-glycans can be classified depending on their 

central structure, known as core. The main core structures in mucin O-glycans are included in 

Figure 1.2 (a.1-5). 

b) N-glycosylation: through an N-acetylglucosamine residue, glycans are bound to the nitrogen 

atom of the amide group of the side chain of an asparagine (Asn) only within a consensus 

amino acid sequence, Asn-X-Ser/Thr, as long as X is not proline. This union forms the so-called 

N-glycosidic bond, which is also illustrated in Figure 1.2. All N-glycans share a common 

pentasaccharide core as detailed in Figure 1.2. However, to this core structure, several more 

monosaccharide units can be bound to form branched structures, giving rise to the three main 

groups of N-glycans [17]: 

i) High mannose or oligomannose: only mannose residues are attached to the core 

structure of the glycan (Figure 1.2 – b.1). 

ii) Complex: N-acetylglucosamine residues are bound to the mannose of the core, 

resulting in further branched structures, commonly denominated antennae. These 

antennae are formed by N-acetyllactosamine residues (LacNAc: N-acetylglucosamine 

plus galactose) that might end with a sialic acid residue (Figure 1.2 – b.2).  

iii) Hybrid: can be considered a combination of the other two types of N-glycans, as 

only other mannose residues are bound to the α-16 mannose arm of the core 

structure giving rise to a high mannose structure, whereas to the α-13 mannose of 

the core, one or two N-acetylglucosamine can be bound to form a complex type 

structure, which, after the addition of a galactose residue, can be further extended 

with additional LacNAc or sialic acid residues (Figure 1.2 – b.3). 
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Structural diversity of complex N-glycans 

Complex N-glycans have been the main type of glycan studied throughout this thesis, reason 

why their structural diversity will be explained in more detail. This structural variation is 

summarized in Figure 1.3. 

 

Figure 1.3: Structural diversity of complex N-glycans depicted in a tetraantennary glycan (H7N7F2S4) as 

an example. The letters in the figure indicate the section of the text where the several causes of this 

structural variation are explained. 

 

a) Complex N-glycans can form severely branched structures with multiple antennae. 

Each antenna is often formed by a single LacNAc, however, it can be further extended with the 

addition of extra LacNAc units. By way of example, a tetraantennary glycan is depicted in 

Figure 1.3. Commonly, the branching was expressed by the number of antennae of the glycan, 

which led to their classification as monoantennary (1Ant), biantennary (2Ant), triantennary 

(3Ant) and so on, usually the number of sialic acids or fucoses was also indicated (e.g., 
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2Ant/2SiA1Fuc). However, in the last few years, this nomenclature has fallen into disuse, and 

has been replaced by a more standardized one that refers to the number of each 

monosaccharide present in the glycan regardless of the type of glycan (e.g. the 2Ant/2SiA1Fuc 

glycan would be the H5N4F1S2). For the sake of consistency throughout the thesis, only the 

novel nomenclature will be used, however, in Figure 1.4, several examples of complex type N-

glycans are included expressed in both nomenclatures, most of them appearing during the 

thesis. 

 

Figure 1.4: Different examples of complex type N-glycans with the former and novel (bold) 

nomenclature. For the sake of simplicity, the SiA depicted in this picture is only the Neu5Ac. 
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b) Complex N-glycans can show a sialic acid residue (SiA), also known as neuraminic acid, 

at the end of the LacNAc unit, as can be observed in Figure 1.3. Of all the monosaccharides 

that can be present in complex type N-glycans, the sialic acid is the one that can alter 

considerably the physicochemical properties of the glycan [18, 19]. Sialic acid pKa is around 2.6 

due to its carboxylic group (carbon 1 in Figure 1.5). Consequently, at physiological pH, sialic 

acids are negatively charged, being the monosaccharide that gives the negative charge to the 

whole glycan. Sialic acids are commonly modified in most glycans, with several natural 

variations being possible. Quite often carbon 5 can be modified with an N-acetyl group, 

resulting in the so-called, N-acetylneuraminic acid (Neu5Ac), prevalent in humans and birds. 

Whereas, in other animals, the typical sialic acid is the N-glycolylneuraminic acid (Neu5Gc), 

where a hydroxylated N-acetyl group is added to the neuraminic acid. However, plenty more 

modifications are quite frequent, such as acetylation, phosphorylation, etc., thus, contributing 

to the pronounced chemical diversity of sialic acids and their biological relevance [9, 18]. Some 

of these modifications are illustrated in Figure 1.5. 

 

Figure 1.5: Main modifications of the sialic acid (SiA). 
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c) Additionally, the bond between the several monosaccharide units can be different, 

which increases even more the heterogeneity of complex N-glycans (see Figure 1.3). For 

instance, different α linkage might be formed between carbon 2 of the sialic acid and the 

following monosaccharide residue, usually galactose in complex N-glycans. Specifically, as can 

be observed in Figure 1.6, the bond with the galactose can take place between carbon 2 of the 

sialic acid and carbon 3 or 6 of the galactose residue, referred to as α-23 or α-26 linkage, 

respectively, giving birth to new possible structures, most of them isomers [18].  

 

Figure 1.6: Main type of sialic acid linkage in complex type N-glycans. 

 

d) Furthermore, some complex N-glycans may have fucose residues, which can be bond 

to the glycan core, usually to the first GlcNAc residue (fucose core) or, alternatively, to the 

GlcNAc or Gal residue of the antenna (fucose antenna) as shown in Figure 1.3. 

e) Finally, an additional GlcNAc residue can be bound to the central mannose of the core. 

In such cases, the glycan is also categorized as bisecting (see Figure 1.3). To this extra GlcNAc, 

a Gal residue can be bound, which, in turn, can be further extended with additional LacNAc 

units or SiA residues.  
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All the aforementioned variations that are possible in complex N-glycans contribute to 

increase the microheterogeneity of glycoproteins and are usually the main obstacle the 

scientific community faces in glycosylation studies. A given glycoprotein exists as a 

heterogeneous mixture of glycoconjugates species known as glycoforms that differ in the 

amount, size and structure of their glycans or the amino acid to which they are bound. 

Therefore, a single glycoprotein can have multiple glycoforms, ranging from less than five to 

even more than one hundred different glycoforms (e.g. recombinant human erythropoietin 

[20]). 

1.2. Glycoproteins as biomarkers and biopharmaceuticals 

Nowadays, the analysis and characterization of the glycosylation pattern of a protein is of 

great importance as glycosylation is responsible for a wide variety of biological processes and 

is vital for the proper function of the glycoprotein. However, various biological or pathological 

processes are understood to alter the normal glycoform composition of a glycoprotein, thus, 

affecting the normal body functions, which often leads to serious medical complaints or, 

ultimately, to the death of the individual. Additionally, recombinant and endogenous 

glycoproteins quite often differ in their glycosylation pattern, as it is dependent on the host 

cells that synthetize the glycoprotein [21, 22]. Furthermore, the culture media or purification 

methods used for production of the recombinant glycoprotein can also affect its glycosylation 

[22, 23]. As recombinant glycoproteins are frequently used as biopharmaceuticals, 

characterization of their glycosylation is crucial to properly asses their stability, biological 

activity and pharmacokinetic [24, 25].  

Consequently, the work presented in this thesis is focused on the development and 

optimization of analytical methodologies in the glycoproteomic field, whose two main 

purposes would be: a) the analysis of certain glycoproteins whose glycosylation is known to be 

altered, whether due to pathological processes or unhealthy practices, in order to characterize 
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their glycosylation pattern and identify new or altered glycoforms as potential novel 

biomarkers; b) the analysis of recombinant glycoproteins that are relevant biopharmaceuticals 

and whose glycosylation pattern must be properly characterize to ensure their quality and 

proper function. Specifically, in this thesis, human transferrin (hTf) and mouse transferrin (mTf) 

have been studied as relevant glycoproteins involved in some pathological processes or 

unhealthy practices. Whereas, recombinant human erythropoietin (rhEPO) has been selected 

as a model glycoprotein to develop and optimize analytical methodologies in glycoproteomic 

studies, not only due to its high microheterogeneity, but also because of its great interest as 

biopharmaceutical and in the doping field. 

1.2.1. Human Transferrin 

Human transferrin (hTf) is an iron binding serum glycoprotein of approximately 80kDa of 

molecular mass, whose main function is the transport of iron through the blood plasma [26]. 

hTf is a slightly glycosylated protein, with a glycosylation degree of approximately 5.8%. Three 

glycosites are responsible for hTf glycosylation: one O-glycan with one hexose unit at serine 32 

(indicated as O32), and two complex type N-glycans attached to asparagines 413 and 611 

(indicated as N413 and N611, respectively) of the peptide backbone. Figure 1.7 shows the 

peptide sequence of hTf with its O- and N-glycosites marked in red and blue, respectively.  
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1                       V PDKTVRWCAV SEHEATKCQS FRDHMKSVIP SDGPSVACVK 
42 KASYLDCIRA IAANEADAVT LDAGLVYDAY LAPNNLKPVV AEFYGSKEDP QTFYYAVAVV 
102 KKDSGFQMNQ LRGKKSCHTG LGRSAGWNIP IGLLYCDLPE PRKPLEKAVA NFFSGSCAPC 
162 ADGTDFPQLC QLCPGCGCST LNQYFGYSGA FKCLKDGAGD VAFVKHSTIF ENLANKADRD 
222 QYELLCLDNT RKPVDEYKDC HLAQVPSHTV VARSMGGKED LIWELLNQAQ EHFGKDKSKE 
282 FQLFSSPHGK DLLFKDSAHG FLKVPPRMDA KMYLGYEYVT AIRNLREGTC PEAPTDECKP 
342 VKWCALSHHE RLKCDEWSVN SVGKIECVSA ETTEDCIAKI MNGEADAMSL DGGFVYIAGK 
402 CGLVPVLAEN YNKSDNCEDT PEAGYFAIAV VKKSASDLTW DNLKGKKSCH TAVGRTAGWN 
462 IPMGLLYNKI NHCRFDEFFS EGCAPGSKKD SSLCKLCMGS GLNLCEPNNK EGYYGYTGAF 
522 RCLVEKGDVA FVKHQTVPQN TGGKNPDPWA KNLNEKDYEL LCLDGTRKPV EEYANCHLAR 
582 APNHAVVTRK DKEACVHKIL RQQQHLFGSN VTDCSGNFCL FRSETKDLLF RDDTVCLAKL 
642 HDRNTYEKYL GEEYVKAVGN LRKCSTSSLL EACTFRRP   
       
  Red: O-glycosylated    Blue: N-glycosylated  
 
 

Figure 1.7: Human transferrin (hTf) amino acid sequence (UniProtKB / Swiss-Prot Accession Number: 

P02787).  

 

If we take into account the microheterogeneity associated with complex type N-glycans, hTf 

exists as a mixture of glycoforms, each one with a different glycan composition or structure. 

Figure 1.8 shows the major glycoforms present in intact hTf. In spite of having two 

glycosylation points, hTf has only four major glycoforms. The main glycoform is the 

tetrasialoform (also known as S4) which presents two disialylated biantennary glycans 

(H5N4S2), one in each glycosylation point. Therefore, this glycoform shows 4 terminal sialic 

acids (N-acetylneuraminic acids). In a healthy individual, other less abundant glycoforms are 

present: the hexasialoform (S6) with two trisialylated triantennary glycans (H6N5S3); the 

pentasialoform (S5) with one disialylated biantennary (H5N4S2) and one trisialylated 

triantennary glycans (H6N5S3); the trisialoform (S3) with one disialylated (H5N4S2) and one 

monosialylated biantennary glycans (H5N4S1) and the disialoform (S2) with a single 

disialylated biantennary glycan (H5N4S2) in one of the glycosites. S2 is often considered a 

minor glycoform and included, together with the S1 and S0 glycoforms (both with less than 2 

sialic acid residues and non-existent in a healthy individual), in the so-called carbohydrate 

deficient transferrin (CDT) glycoforms [27–29].  

hTf 
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When hTf is digested with a protease like trypsin, three different glycopeptides are obtained. 

The O-glycopeptide has only one possible glycoform, but the two N-glycopeptides can show 

several different glycoforms depending on the intact protein glycoform they are derived from. 

Figure 1.8 also shows the main glycoforms of hTf glycopeptides and the intact glycoform from 

which they are derived.  

 

Figure 1.8: Main human transferrin (hTf) glycopeptide glycoforms and the intact protein glycoform from 

which they are derived. Glycan symbol nomenclature follow the rules recommended by the Consortium 

for Functional Glycomics (CFG) [13]. 
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hTf glycosylation pattern has been described to be altered in certain unhealthy practices and 

diseases, such as chronic alcoholism and congenital disorders of glycosylation (CDG) [30–37]. 

Additionally, hTf is one of the so-called acute phase proteins, whose concentration is reduced 

(negative acute phase proteins) in the acute phase of an inflammatory process [38–40] and 

whose glycosylation is understood to be altered in certain inflammatory diseases [41].  

Chronic alcoholism could be defined as the prolonged and uncontrollable intake in large 

amounts of alcohol-containing products. Chronic alcoholism, considered a modern severe 

health issue, can lead to a premature death, mainly due to several medical complaints such as 

liver cirrhosis, internal bleeding, ethylic intoxication, hepatocellular carcinoma, accidents or 

suicidal behavior [42]. In those individuals with a high intake of ethanol, CDT glycoforms are 

increased in comparison to a healthy individual, reason why, these glycoforms are considered 

reliable biomarkers and are, nowadays, the best indicators of chronic alcohol abuse [32, 43, 

44]. The mechanism behind the abnormality of hTf glycosylation in chronic alcoholism is still 

not completely understood [31–33]. Some authors have suggested that ethanol is responsible 

for the inhibition of galactosyltransferase and sialyltransferase, two important enzymes in the 

second phase of N-linked glycosylation. Additionally, ethanol is also understood to stimulate 

the activity of sialidases. Both effects would suggest that ethanol disrupts the synthesis of N-

glycans, giving rise to truncated or non-sialylated glycoforms [31, 33, 45, 46]. On the other 

hand, some authors have implied that ethanol intake completely impedes the initiation of N-

linked glycosylation. Ethanol has been suggested to greatly reduce the concentration of 

dolichol phosphate (Dol-P) and of adenosine triphosphate (ATP). As Dol-P and ATP availability 

is of great importance for the first phase of N-linked glycosylation, chronic alcoholism is 

supposed to limit the synthesis of N-linked glycoproteins, thus, an increase of non-glycosylated 

glycoforms is expected [31, 32, 47, 48]. Although still a matter of debate, the effects that 

ethanol causes in the first phase of the N-linked glycosylation are often considered 

predominant [32]. In any case, improvements in the detection and characterization of hTf 
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glycoforms are mandatory not only for the early diagnosis of chronic alcoholism, but also to 

monitor the rehabilitation process of alcohol abusers and shed some light on the mechanism 

behind the alteration of hTf due to ethanol intake.  

CDG are a rapidly growing group of genetic diseases that, to date, encompass more than 80 

different known disorders. As an ever-expanding family, there are several variants of CDG and 

new ones are discovered every year, each affecting a different gene [49]. In the majority of 

CDG, the nervous system is involved, leading to developmental disability, hypotonia, 

hyporeflexia, ataxia, growth retardation and possible damage in several organs, such as liver, 

heart or the immune system, among many others [50–52]. Unfortunately, the majority of CDG 

patients die at a very young age due to the several aforementioned complaints. CDG were 

classified until recently in two subgroups, CDG type I (CDG-I) and CDG type II (CDG-II), 

depending on the defective glycosylation pathway of the N-glycosylation of proteins [36, 53, 

54]. Specifically, CDG-I encompassed all defects in the glycan assembly or transfer to the 

nascent glycoprotein in the cytosol or the endoplasmic reticulum, which led to the lack of 

complete N-glycans on some glycosites [49]. Whereas, glycosylation defects caused by the 

abnormal remodeling or processing of the glycan moieties in the Golgi network, generally 

resulting in truncated or structural deficient carbohydrate chains, were considered CDG-II [55, 

56]. However, novel discoveries of new types of CDG affecting not only the N-glycosylation but 

other glycosylation pathways, such as the O-glycosylation of proteins, have rendered this 

classification obsolete. Consequently, this classification has been replaced by a much needed 

standardized nomenclature, which associates the modified gene or genes with the suffix ‘CDG’ 

[57]. However, when referring to CDG affecting the N-glycosylation pathway of proteins, the 

former nomenclature (CDG-I or CDG-II) is still used. 

Table 1.2 shows some of the main diagnosed CDG affecting the N-glycosylation pathway, their 

classification in the former CDG type I or CDG type II groups and the affected gene. 
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Additionally, CDG that only affect the N-glycosylation pathway of proteins are in the blue 

section of the table, whereas those CDG that affect other pathways apart from the N-

glycosylation of proteins are in the orange section. 

Table 1.2: Several of the main diagnosed congenital disorders of glycosylation (CDG) affecting the N-

glycosylation pathway, their classification in the former CDG type I or CDG type II groups and the 

affected gene. The information in this table is a compilation from different sources [35, 57–60]. 

CDG name Affected gene CDG type 

PMM2-CDG Phosphomannomutase 2 CDG-I 

MPI-CDG Mannose phosphate isomerase CDG-I 

RFT1-CDG RFT1 (requiring fifty three 1) homolog CDG-I 

DPAGT1-CDG 
dolichyl-phosphate N-

acetylglucosaminephosphotransferase 1 
CDG-I 

ALG6-CDG Alpha-1,3-glucosyltransferase I CDG-I 

ALG3-CDG Alpha-1,3-mannosyltransferase VI CDG-I 

ALG12-CDG Alpha-1,6-mannosyltransferase VIII CDG-I 

ALG8-CDG Alpha-1,3-glucosyltransferase II CDG-I 

ALG1-CDG 
Chitobiosyldiphosphodolichol 
beta-mannosyltransferase I 

CDG-I 

ALG9-CDG Alpha-1,2-mannosyltransferase CDG-I 

MGAT2-CDG  
mannosyl (alpha-1,6-)-glycoprotein beta-

1,2-N-acetylglucosaminyltransferase 
CDG-II 

GCS1-CDG mannosyl-oligosaccharide glucosidase CDG-II 

DPM1-CDG  
Dolichyl-phosphate mannosyltransferase 

subunit 1 
CDG-I  

MPDU1-CDG Mannose-P-dolichol utilization defect 1 CDG-I 

PGM1-CDGa phosphoglucomutase 1 CDG-I 

DOLK-CDG  Dolichol kinase CDG-I 

SRD5A3-CDG  Steroid 5 alpha-reductase 3 CDG-I 

COG8-CDG  
Component of oligomeric golgi complex 

8 
CDG-II 

SLC35C1-CDG  Solute carrier family 35 member C1 CDG-II 

B4GALT7-CDG  Beta-1,4-galactosyltransferase 7 CDG-II 

ATP6V0A2-CDG ATPase H+ transporting V0 subunit a2 CDG-II 

aThis CDG was formerly known as CDG-It but, nowadays, there is still no consensus on how it should be 

categorized. 
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Like in chronic alcoholism, CDT glycoforms are increased in patients with a CDG that affects the 

N-glycosylation pathway when compared to a healthy individual. Therefore, the development 

of an analytical methodology to study the glycosylation of hTf and discover reliable biomarkers 

for this disease could be of great importance, not only for the early diagnosis and control of 

CDG, but also to look for a treatment to alleviate or eliminate the symptoms.  

Nowadays, there are several reference methods used for the analysis of CDT glycoforms to 

diagnose chronic alcoholism and CDG. These methods usually involve the use of isoelectric 

focusing (IEF), capillary electrophoresis (CE) or anion exchange liquid chromatography (LC) for 

the analysis of hTf intact glycoforms [29, 36, 61–66]. However, these routine methods present 

several disadvantages, which make the development of new methodologies an imperative 

task. Specifically, IEF is an arduous and time-consuming technique not suitable for automation. 

Whereas, in CE and LC, ultraviolet (UV) is used for the detection of hTf intact glycoforms, which 

does not allow their reliable characterization. Therefore, developing a straightforward 

methodology able not only to rapidly separate hTf glycoforms but also unequivocally identify 

them, for instance, with the use of a mass spectrometer, would be essential for the correct 

diagnosis and control of these diseases. 

hTf is also involved in the acute phase of an inflammatory process [38–40]. Inflammation is an 

adaptive and complex biological response to a harmful stimulus, whether due to endogenous 

or exogenous inducers, such as, infection, damaged cells, physical trauma, burns, and surgery, 

among many others [38, 67]. Many systemic physiological and biochemical changes occur 

when an inflammatory response is activated in the organism, for instance, the concentration 

of the so-called acute phase proteins can vary or even the glycosylation of certain proteins can 

be altered. Several authors have shown that an increase in branching (increase of triantennary 

and tetraantennary glycoforms), sialylation and fucosylation in the N-glycosylation of serum 

glycoproteins occur when an inflammatory response is triggered [38, 40, 68–71]. In the case of 
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hTf, an increase of highly sialylated glycoforms with a concomitant decrease in those less 

sialylated glycoforms has been described in patients with human rheumatoid arthritis, a 

chronic autoimmune disease [41]. Hence, developing reliable analytical methodologies able to 

identify and characterize hTf glycosylation could provide a novel insight into the mechanism 

behind the abnormal glycosylation of this protein in several diseases. These methodologies 

would also be helpful for the identification of new potential glycan-based biomarkers for these 

pathologies.  

1.2.2. Mouse Transferrin 

Mouse transferrin (mTf) is also an iron binding glycoprotein of about 80 kDa, responsible for 

the transport of iron through the blood plasma, which shares approximately 72% of its peptide 

sequence with hTf. However, unlike hTf, mTf only has one N-glycosite at asparagine 494, with 

complex type N-glycans. Hence, its microheterogeneity is somewhat reduced compared to hTf. 

Moreover, mTf only presents N-glycolylneuraminic acid instead of N-acetylneuraminic acid. 

Figure 1.9 shows the peptide sequence of mTf, with the N494 glycosite marked in blue.  

 

1 VPDKTVKWCA VSEHENTKCI SFRDHMKTVL PPDGPRLACV KKTSYPDCIK AISASEADAM 
61 TLDGGWVYDA GLTPNNLKPV AAEFYGSVEH PQTYYYAVAV VKKGTDFQLN QLEGKKSCHT 
121 GLGRSAGWVI PIGLLFCKLS EPRSPLEKAV SSFFSGSCVP CADPVAFPKL CQLCPGCGCS 
181 STQPFFGYVG AFKCLKDGGG DVAFVKHTTI FEVLPEKADR DQYELLCLDN TRKPVDQYED 
241 CYLARIPSHA VVARKNNGKE DLIWEILKVA QEHFGKGKSK DFQLFSSPLG KDLLFKDSAF 
301 GLLRVPPRMD YRLYLGHNYV TAIRNQQEGV CPEGSIDNSP VKWCALSHLE RTKCDEWSII 
361 SEGKIECESA ETTEDCIEKI VNGEADAMTL DGGHAYIAGQ CGLVPVMAEY YESSNCAIPS 
421 QQGIFPKGYY AVAVVKASDT SITWNNLKGK KSCHTGVDRT AGWNIPMGML YNRINHCKFD 
481 EFFSQGCAPG YEKNSTLCDL CIGPLKCAPN NKEEYNGYTG AFRCLVEKGD VAFVKHQTVL 
541 DNTEGKNPAE WAKNLKQEDF ELLCPDGTRK PVKDFASCHL AQAPNHVVVS RKEKAARVKA 
601 VLTSQETLFG GSDCTGNFCL FKSTTKDLLF RDDTKCFVKL PEGTTPEKYL GAEYMQSVGN 
661 MRKCSTSRLL EACTFHKH     
       
  Blue: N-glycosylated   
 

Figure 1.9: Mouse transferrin (mTf) amino acid sequence (UniProtKB / Swiss-Prot Accession Number: 

Q921I1).  

mTf 
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Working with mice models of human diseases can be quite alluring for proteomic and glycomic 

studies, due to the fact that mice are cost effective as they are small, have the ability to 

multiply quickly and are easy to look after [72]. Furthermore, mice share several characteristics 

with humans in terms of anatomy, physiology and genetics. Additionally, samples can be 

collected under standard operating protocols while the onset and progression of the disease 

can be closely monitored in well-defined experimental settings [73, 74]. Specifically, collagen 

induced arthritis (CIA) in mice resembles human rheumatoid arthritis not only in terms of its 

disease course or histological findings, but also in its response to commonly used anti-arthritic 

drugs [75, 76]. Consequently, CIA in mice can be considered an appealing option to assess the 

role of certain genes in the induction and/or maintenance of arthritis, to study the efficacy of 

novel drugs and to evaluate the glycosylation changes derived from this disease.  

As previously mentioned, inflammatory diseases have been described to affect the 

glycosylation pattern expected for certain glycoproteins, in particular, an increase in 

fucosylation, sialylation and/or glycan branching [71, 77]. This increase in highly sialylated 

glycoforms has been observed for hTf in patients with rheumatoid arthritis [41], and, as CIA 

shares multiple characteristics with this disease, a similar alteration in the glycosylation 

pattern of mTf could be expected. 

1.2.3. Recombinant Human Erythropoietin 

Recombinant human erythropoietin (rhEPO), also known as epoetin, encompasses a group of 

synthetic glycoproteins produced in mammalian cells using complementary DNA technology. 

There are several types of rhEPO, most of them are commonly expressed in Chinese hamster 

ovary cells (CHO) [78], being epoetin alpha and beta the first ones to be synthesized, and also 

the most used as biopharmaceuticals. In the recent years, new rhEPO have been synthetized 

with different degrees of glycosylation aimed at improving its pharmacological or 

physicochemical properties. rhEPO has been widely used in the last decades as a treatment for 
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anemia, whether from chronic renal failure, cancer, HIV/AIDS or other diseases [79, 80]. 

However, this recombinant glycoprotein has also been the source of countless disputes in 

Olympics and top-level sports, due to its misuse by some athletes as a doping agent in several 

endurance sports, mainly to enhance their performance [80, 81]. 

rhEPO is a highly glycosylated protein of about 30 kDa and approximately 40% of its weight is 

due to its glycosylation. rhEPO shows three N-glycosites with complex type N-glycans, at 

asparagines 24, 38 and 83, and only one O-glycosite in serine 126 [20, 82, 83]. Figure 1.10 

shows the peptide sequence of rhEPO, as well as its O- and N-glycosites marked in red and 

blue, respectively. 

 

1 APPRLICDSR VLERYLLEAK EAENITTGCA EHCSLNENIT VPDTKVNFYA WKRMEVGQQA 
61 VEVWQGLALL SEAVLRGQAL LVNSSQPWEP LQLHVDKAVS GLRSLTTLLR ALGAQKEAIS 
121 PPDAASAAPL RTITADTFRK LFRVYSNFLR GKLKLYTGEA CRTGDR  
     
  Red: O-glycosylated    Blue: N-glycosylated  
 

Figure 1.10: Recombinant human erythropoietin (rhEPO) amino acid sequence (UniProtKB / Swiss-Prot 

Accession Number: P01588).  

 

Besides its high interest as a biopharmaceutical and its importance in the doping field, rhEPO 

can be considered an excellent model glycoprotein to develop and optimize analytical 

methodologies in glycoproteomic studies due to its high microheterogeneity. In fact, our 

research group has already developed several capillary electrophoresis mass spectrometry (CE-

MS) methods with the aim of characterizing rhEPO glycosylation, not only by the analysis of 

the intact glycoprotein but also analyzing the obtained glycopeptides, after the digestion with 

trypsin or endoproteinase Glu-C [20, 82–84]. In this thesis, some of these methodologies have 

been used to study and model the migration behavior of glycopeptides and peptides in CE-MS 

using rhEPO as a model glycoprotein. 

rhEPO 
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1.3. Glycoprotein analysis 

1.3.1. Glycoprotein purification techniques  

In order to study the glycosylation of proteins present in biological fluids, isolation of the 

glycoprotein of interest from the rest of the sample components is mandatory. Affinity 

methodologies for the purification and enrichment of glycoproteins are being developed 

continuously, mainly due to the great importance of glycosylated proteins and the consequent 

high demand in glycosylation analysis [85]. Some of these purification techniques include the 

use of lectins, titanium dioxide (TiO2) or antibodies. A concise illustration of the different 

approaches can be found in Figure 1.11.  

Lectins are an extensive family of proteins of non-immune origin obtained from natural 

sources, mainly used for their high binding capacity to both free glycans and glycans attached 

to glycoconjugates [86, 87]. Their specificity can be rather intricate, as they can recognize not 

only certain monosaccharides within the glycan chain but also entire glycans or specific 

fragments, and even different linkages between monosaccharides or glycan branching [88, 89]. 

Quite often, lectins are immobilized on a stationary support, giving rise to the so-called lectin 

affinity chromatography. In the last few years, advances have been made in regards to the 

type of lectin, the methods used in their purification or regarding the stationary supports, 

resulting in an increase of commercially available lectins and production of state-of-the-art 

multilectin affinity columns [90, 91].  
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Figure 1.11: Different approaches for the isolation of glycoconjugates and main advantages, drawbacks 

and applications. 

 

The use of TiO2 particles is also one of the most promising and noteworthy methods for the 

purification and enrichment of glycoproteins. This highly specific chemo-affinity solid phase 

has been demonstrated to have high affinity toward negatively charged compounds. 

Therefore, it shows an excellent ability to isolate glycoconjugates with sialic acids and has been 

reported in numerous works [85, 92–94]. Nowadays, similarly to lectins, there are several 

types of stationary phases for glycoprotein purification with TiO2, ranging from magnetic 

particles to chromatographic stationary phases for highly specific columns. One of the main 

reasons behind their notable affinity is the fact that sialic acids can form a multipoint binding 

to TiO2 similar to a multidentate binding, with strong ion exchange and ligand exchange 

behavior [95, 96]. However, their main advantage is also their principal drawback, as they are 

only able to isolate sialic acid-rich glycoconjugates.  
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Finally, in the context of glycoprotein purification, immunoaffinity chromatography (IAC) is one 

of the most recurrent and powerful methods for targeted glycoprotein analysis, due to its high 

capacity and specificity [97, 98], being widely used for analytical, clinical and diagnostic 

purposes. The fundamental behind the effective isolation of a molecule is based on the 

reversible interaction between the target molecule in a mobile phase and an antibody (Ab), 

also known as immunoglobulin (Ig), attached to a solid support, creating the so-called 

stationary phase [97–99]. In theory, any molecule should be effectively purified by IAC as long 

as the bond with an antibody is possible [100]. The main reason behind that assumption is that 

the binding antibody-antigen is rather intense as a result of different types of non-covalent 

interactions [97, 101, 102].   

A schematic representation of the steps required to isolate a target molecule by IAC can be 

found in Figure 1.12. Briefly, the antibody is covalently coupled to the inert solid support to 

form the stationary phase, which is subsequently transferred and packed in a column. 

Afterwards, the target antigen, which is in solution in a concentration and condition that favors 

interaction, is passed through the column. After antigen capture, unwanted antigens that 

might bind in a non-specific manner are removed with a washing step, to finally release the 

purified antigen under certain conditions that favor desorption.  

With few and simple steps, high purification and simultaneous concentration of the target 

molecule can be achieved by IAC [102]. For this reason, IAC has been the main affinity 

technique used for the purification of glycoproteins in this thesis. 
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Figure 1.12: Schematic representation of the procedure to isolate a target molecule by immunoaffinity 

chromatography (IAC). 

 

1.3.2. Mass spectrometry 

Before the introduction of mass spectrometry (MS), glycosylation studies were carried out 

using fluorescence or ultraviolet (UV) detection. However, with those techniques, reliable 

structural information and unequivocal identification of glycoconjugates was not possible. 

Nowadays, MS has become the prime option in glycoproteomic studies as it allows high 

sensitivity profiling and accurate characterization of heterogeneous glycan structures [103–

106].  

The study of the glycosylation of a certain protein by MS can be carried out at three different 

levels, each one with their own advantages and drawbacks [103, 107]. A schematic 

representation of the different approaches can be found in Figure 1.13. 
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Figure 1.13: Three main approaches for the analysis of protein glycosylation using mass spectrometry 

detection. 

 

One of these approaches consists in the analysis of the intact glycoprotein, which of course, is 

more direct and considerably faster than the other two alternatives, as no or barely any 

sample treatment is necessary. However, working with the intact glycoprotein can be quite 

challenging due to the fact that detection by MS is rather difficult as the ionization of large 

molecules, such as glycoproteins, is not an easy task [107–109]. Some authors have proposed a 

top-down approach for the analysis of intact proteins [110–112], although, in the case of 

glycoproteins, obtaining information about glycosites and their degree of occupancy is almost 

impossible, due to the limitation of the actual mass spectrometers and the high 

microheterogeneity of this type of proteins. 
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The other two approaches involve the use of enzymes or specific reagents to obtain 

glycosylated structures of lower molecular mass. Hence, following this approach, sample 

preparation is lengthier and information about non-covalent interactions between the 

glycoprotein and other molecules cannot be obtained. One of these two alternative 

approaches consists in the analysis of glycopeptides (glycosylated peptides), obtained after 

the digestion of the intact glycoprotein with a proteasea. There are several different proteases, 

each one with their own efficiency and specificity, being trypsin widely employed in a 

multitude of different studies. The characterization of glycopeptides as low molecular mass 

glycomarkers allows not only to characterize the glycans of the glycoprotein but also to obtain 

information about glycosylation sites and their degree of occupancy [113]. 

The other path to study protein glycosylation is the analysis of the glycans released from the 

intact protein, by chemical release or by enzymatic digestion using O- and N-glycosidasesb. The 

release of glycans can be even a more time-consuming task than the protease digestion of the 

glycoprotein and information of glycosites or the carrier protein is lost. However, isolation of 

glycans from other components of the sample, such as the peptides from the digest, is 

relatively easier, as the polarity of glycans is considerably different compared to peptides or 

the deglycosylated protein. By isolating the glycans, the sensitivity obtained in mass 

spectrometry can be considerably improved. Additionally, glycans can be derivatized, mainly 

by permethylation or by reductive amination, to improve their ionization efficiency, their 

quantification or even to obtain information about the structure of isomeric glycans [114–

116].  

 

 

 

 

 

a Proteases are enzymes that catabolize the hydrolysis of the peptide bonds between amino acids in the peptide 
backbone of a protein. 
b Glycosidases are enzymes that assist the hydrolyzation of the glycosidic bond between the glycan and the amino 
acid of the peptide sequence. 
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All three strategies are complementary as they have their own advantages and drawbacks, 

reason why, to obtain all the possible information and complete the glycoprotein structural 

puzzle, quite often all three approaches must be taken into account. 

In regards to the instrumentation, a mass spectrometer is a complex and sophisticated 

analytical instrument that consists of several parts, being the most important ones the 

ionization source, analyzer and detector [117]. Briefly, the ionization source transforms the 

analyte in a gaseous ion [118] and the analyzer separates the generated ions on the basis of 

their mass to charge ratio; however, the mechanism behind the separation highly depends on 

the type of analyzer, which will also affect sensitivity or resolution of the mass spectrometer 

[119]. Finally, the detector, as the name implies, will give a signal whenever an ion passes by or 

hits its surface, thus, acknowledging the presence of that ion [120]. 

1.3.2.1. Electrospray ionization 

Electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) are the 

most common ionization sources used in glycoproteomics. Both are considered soft ionization 

techniques as relatively little energy is imparted to the analyte, thus, less fragmentation occurs 

during the ionization process. These two revolutionary techniques greatly expanded the use of 

mass spectrometry to almost all fields in science, due to the fact that not only small neutral 

molecules could be transformed in gas-phase ions (which was seemingly possible before with 

other ionization techniques) but also large biomolecules and polar compounds.  

Since the revolutionary introduction of ESI in the late sixties and its application to the 

ionization of large biomolecules in the late eighties, the use of MS hyphenated techniques, like 

CE-MS, or, to a greater extent, HPLC-MS, has given rise to numerous publications and advances 

in all omic sciences. This has made ESI the ionization technique par excellence in the analysis of 

proteins, glycoproteins and other biological relevant macromolecules [121–123]. 
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The formation of gas-phase ions from ions or neutral molecules in solution by ESI consists of 

three different steps, englobed in a schematic representation of the whole process in Figure 

1.14: 1) Spray formation is accomplished by the application of a potential difference between 

the inlet of the mass spectrometer and the end of a conductive capillary, which contains the 

analyte solution [124, 125]. As a result, a spray of charged droplets (Taylor Cone) is formed at 

the end of the capillary, often assisted with an auxiliary gas and heating to obtain better and 

more stable sprays. 2) The solvent in the charged droplets is evaporated, usually using an inert 

gas, until the charged droplets reach the so-called Rayleigh limit, that is, the state at which the 

surface tension is equal to the Coulombic repulsion between the charges on their surface. 3) In 

the Rayleigh limit, new, smaller and more stable droplets are formed from the initial charged 

droplet (fission process). Afterwards, several successive rounds of desolvation and droplet 

fission occur until the gas ion is formed. 

 

 

Figure 1.14: Schematic representation of the basics of spray formation in electrospray ionization (ESI). 

 

The principal advantage of ESI is that multi-charged ions are formed, reason why it is 

continuously praised as a ionization technique that allows both small and large molecules to 

be transformed into gas-phase ions, only requiring a mass analyzer with a limited range of 
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mass-to-charge ratios (m/z). However, when larger molecules with hundreds of thousands of 

daltons (Da) are analyzed, obtained spectra can be really convoluted and mathematical 

approaches might be necessary to fully understand the obtained information. 

Although ESI ionization is considered a soft ionization technique, special care has to be taken 

regarding the potential applied to form the spray. A middle ground has to be found between 

applying too much voltage, which may cause in-source fragmentation or loss of the native 

form, or too low, which will considerably aggravate sensitivity. However, several other 

parameters may affect spray efficiency and, consequently, alter the sensitivity of the method, 

being the composition and pH of the solution and the number of ionizable groups of the 

molecule the most noted ones. 

In the last few years, the scientific community has seen the rise of a new variant of ESI, which 

was already introduced by Wilm and Mann [126, 127] in the late nineties, the noteworthy 

nanoElectrospray (nanoESI). This interface is ideally suited for the ionization of analytes in low 

flow rate systems, such as nano liquid chromatography or capillary electrophoresis. In this 

variant, the initial diameter of the formed droplets is reduced considerably, which provides 

several advantages compared to conventional ESI:  

 Less droplet fissions are needed to ionize the analytes and solvent evaporation is much 

faster.  

 Sensitivity is considerably increased. 

 Less adduct formation.  

Apart from all the aforementioned advantages, one particular and interesting application of 

nanoESI is the study of molecules in native-like conditions, especially proteins and 

glycoproteins. As ionization conditions can be even milder than normal ESI, when neutral 

buffers, with relative low ionic strength, are used, proteins and glycoproteins can be sprayed 

without altering their non-covalent interactions. This allows the study of polymeric structures 
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and protein complexes. Nowadays, this new approach to study protein structure and 

functionality is referred to as Native Mass Spectrometry and is fully recognized as another 

powerful tool in structural biology [128, 129]. 

1.3.2.2. Mass analyzers 

Nowadays, there are several types of mass analyzers, ranging from a simple quadrupole to 

more complex hybrid systems that combine two or more analyzers into one. Each analyzer 

provides certain advantages over other ones and, quite often, different information can be 

obtained depending on the type of analyzer. Most high-end analyzers combine the advantages 

of more than one to form complex hybrid instruments with increased sensitivity and 

resolution. The proper analyzer will be the one with the required sensitivity, resolving power, 

accuracy, acquisition speed and dynamic range, among other characteristics. 

Some of the most common used analyzers in the study of glycoproteins include time-of-flight 

(TOF), quadrupole time-of-flight (qTOF), OrbitrapTM and Fourier transform ion cyclotron 

resonance (FT-ICR). The main analyzer used in this thesis has been an orthogonal acceleration 

TOF (oa-TOF), due to its seemingly unlimited m/z range, high-speed acquisition capabilities, 

high mass accuracy and resolving power, with a relative affordable price. 

Separation in a TOF instrument is based on the different velocity of the introduced ions when 

are accelerated through a high voltage at the beginning of a flight tube. The time taken to 

traverse this tube to reach the detector is dependent on the m/z rates of ions. Ions with 

greater charge but lower mass cross the tube before those ions with higher mass and lower 

charge. As the initial accelerating voltage is pulsed, the output of the detector as a function of 

time can be conveniently converted into a mass spectrum [130, 131]. 

The most important advancement in TOF technology was the development of the orthogonal 

acceleration (oa-TOF) [131, 132]. The most striking difference introduced with oa-TOF was the 
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use of a separated direction for the separation of ions, orthogonal to the continuous ion-beam 

of the ion source. This distribution provided several advantages, such as better efficiency in 

gating ions from an external continuous source (e.g., ESI), reduction of velocity and spatial 

dispersion and the concomitant increase in mass resolving power, mass accuracy and signal-to-

noise ratio (S/N) [133, 134].  

In recent years, hybrid type analyzers have aroused great interest in the analytical community, 

not only for their great performance and amplitude of benefits but, particularly, for the fact 

that more structural information can be obtained as MS/MS experiments are easily carried 

out. In this regard, quadruple time-of-flight (qTOF) is often noted as a versatile, powerful and 

robust instrument and considered one of the typical platforms in the glycoproteomic field 

[103, 135, 136]. This hybrid spectrometer can be regarded as a conventional TOF but with an 

additional mass-resolving quadrupole before the mass analyzer. The principal benefits of this 

distribution are the high sensitivity, mass resolution and mass accuracy obtained for the 

product ions with the relative affordable price, ease of use and simplicity. However, new 

advances in instrumentation have led to the introduction of novel and more powerful hybrid 

mass spectrometers, such as the Thermo ScientificTM Orbitrap FusionTM LumosTM TribridTM, 

being their impact in the glycoproteomic field already reported by some authors [137–139].  

1.3.3. Ion mobility mass spectrometry 

As has been introduced before, glycans can form complex structures, severely branched, with 

many monosaccharide constituents, usually resulting in several isomers [140]. Even though, 

the described MS technology is perfectly suited and capable of obtaining information to 

characterize carbohydrate structures, when analyzing isomeric glycans, conventional MS 

approaches fail to separate them [141–143], as they have identical mass and atomic 

composition. Hence, glycans isomers are undistinguishable unless derivatization or less 

common stationary phases in liquid chromatography (LC) are used [144–146]. In the last few 
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years, several MS/MS methods have been reported that allow the identification and structure 

characterization of glycan isomers [147–151]. Nevertheless, these MS/MS methods are still in 

the early stages of development, therefore, their robustness is somewhat limited and 

obtaining specific fragment ions to reliably identify each isomer can be a difficult task.   

Ion mobility mass spectrometry (IM-MS) provides an easy and straightforward solution to this 

problem. IM-MS has aroused great interest in the last years, not only in the glycomics and 

glycoproteomics fields, but also in other omic sciences, as a proficient analytical technique for 

the separation of isomeric biomolecules [140–143, 152–155]. IM-MS provides a new 

dimension in the separation of compounds, where ions are not only separated due to their 

mass and charge, but also on the basis of their shape and size, hence, resolving ions that would 

be otherwise indistinguishable solely by MS, such as isomers [156–159]. Figure 1.15 illustrates 

the fundamentals of classical IM-MS separation.  

 

Figure 1.15: Separation in classical IM-MS. Ions with smaller CCS and higher charge are separated before 

those with higher CCS and smaller charge. 
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Specifically, IM-MS measures the time (drift time) that a particular ion takes to cross a cell 

filled with a background inert neutral gas (being N2 and He the most commonly used) at a 

controlled pressure under the influence of a weak electric field. The drift time of a specific ion 

is mainly due to the ion-gas collisions; therefore, ions are separated due to their ion-neutral 

collision cross-section (CCS, Ω), related to the overall shape and topology of the ion [156–158]. 

Small compact ions cross first as a result of their smaller CCS. Moreover, the higher the charge 

of the ion, the greater the strength of the separation field, and therefore the more quickly the 

ion will cross the chamber. Hence, those ions with high charge and small CCS will cross the 

mobility cell before than those with higher CCS and lower charge. Consequently, IM-MS is 

often considered as being proportional to collision cross-section-to-charge ratio (Ω/z) [158]. 

IM-MS is regarded as a powerful analytical technique that provides three-dimensional 

analytical information, shape-to-charge, mass-to-charge and abundance, thus, allowing 

reliable analyte identification. 

Nowadays, there are several IM methods next to the classical drift-time ion mobility 

spectrometry (DTIMS), such as field asymmetric waveform ion mobility spectrometry (FAIMS), 

but among them, traveling wave ion mobility spectrometry (TWIMS) is the one that has seen 

a major growth in the last years [160, 161] and the one used in this thesis. Figure 1.16 shows 

the fundamentals of TWIMS separation.  
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Figure 1.16: Fundamentals of TWIMS separation. High mobility ions travel with the wave, thus, arriving 

first to the MS. Whereas, low mobility ions roll over the wave, spending more time in the mobility cell 

and, therefore, arriving later to the MS. 

 

Briefly, in TWIMS, ions are propelled thanks to a sequence of symmetric potential waves 

continually propagating through a cell. An ion will travel along the wave depending on 

different parameters, such as ion charge, CCS, the interaction of the ion with the background 

gas and the characteristics of the wave (i.e., amplitude, velocity). Therefore, those ions with 

higher mobility will be pushed along with the wave, thus, they will travel the drift cell faster. 

Whereas, low mobility ions roll over the top of the wave and, as a result, they stay longer in 

the mobility cell. Particularly, in the case of Figure 1.16, low mobility ions (red) keep rolling 

over the wave, thus they are the last to arrive to the MS. Medium mobility ions (yellow) roll 

over fewer times and, then, arrive sooner. Whereas, high mobility ions (green) travel with the 

wave, arriving first to the MS.  

One of the main advantages of TWIMS is that it disperses ion mixtures allowing the 

simultaneous measurement of multiple species. This, in conjunction with a high sensitivity 

obtained when TWIMS is coupled to certain MS analyzers, such as time-of-flight (TOF), has 

made this platform an alluring option for structural analysis and isomer separation [162, 163]. 
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Figure 1.17: Schematic representation of an ion mobility mass spectrometer (IM-MS) with a traveling 

wave ion mobility cell (Synapt G2 from WATERS® Corp.). 

 

1.3.4. Separation techniques  

Even though complex mixtures of different glycans can be analyzed in a single MS experiment, 

very often it is necessary to couple MS with a separation technique, such as HPLC or CE, to 

separate the different analytes prior MS analysis. In this way, the potential of MS detection can 

be considerable increased due to the fact that ion suppression is minimized, enabling the 

detection of those analytes whose concentration or ionization efficiency is lower.   

1.3.4.1. Liquid chromatography 

High performance liquid chromatography (HPLC), commonly referred to as simply liquid 

chromatography (LC), is considered the analytical technique par excellence which, in the last 

decades, has experienced a worldwide expansion with thousands of applications [164–166]. 

HPLC allows the separation of the compounds of a complex mixture carried by a liquid, 

referred to as mobile phase, due to the different distribution of the compounds between the 
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mobile phase and the solid phase within a column, known as stationary phase. In HPLC the 

mobile phase is pumped with high pressure to improve the efficiency of the separation. The 

time at which a specific compound elutes from the column, is referred to as retention time, 

and is governed by several factors, such as the physicochemical properties of the compound 

and the stationary and mobile phases. 

In regards to glycoproteomics, HPLC is widely used as an analytical technique for the 

characterization of protein glycosylation, especially at the glycopeptide and glycan level, 

mainly due to its good quantification, reproducibility and robustness [167–169]. Nowadays, 

due to the advances made in regard to the particle size and chemistry of stationary phases, 

several subtypes or separation modes of HPLC have emerged [170], all of them used in the 

glycoproteomic field for different purposes, in combination with different types of stationary 

phases. With so many possibilities, several factors, such as sample availability, required 

sensitivity or desired separation, among many others, must be taken into account to correctly 

select the appropriate combination that suits your needs. 

The main HPLC mode used during the thesis has been Capillary Liquid Chromatography 

(CapLC). In CapLC, column dimensions are greatly reduced, particularly, the internal diameter 

(i.d.). The principal benefit from reducing the i.d. is the ability to work with minute sample 

volumes, with the consequent improvement in peak shape and reduction of the limits of 

detection (LODs). The increase in sensitivity is due to the reduced dilution of the 

chromatographic band during analysis when columns with smaller i.d. are used. Additionally, 

as low flow rates are used, less mobile phase is consumed, which, in turn, reduces the costs of 

purchase and disposal of these solvents and diminishes their environmental impact. Moreover, 

in CapLC the flow rate is high enough to be able to use conventional ESI, with the only addition 

of a narrow capillary inside the ESI interface to avoid band spread and loss of separation 

efficiency. 
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Nano Liquid Chromatography (nanoLC) can be considered one of the ultimate advancements 

in LC. In this case, the flow rate is extremely reduced as well as the column i.d. [171]. 

Consequently, the improvement in sensitivity compared to other LC variants is significant, 

usually at least a 100-fold and a 10-fold increase is expected when compared to HPLC or 

CapLC, respectively. However, a small inconvenience when using nanoLC is that the flow rates 

are so low that conventional ESI sources for MS cannot be used. Instead, the more expensive 

nanoESI interface is often required when coupling nanoLC with MS. Recently, a variation of 

nanoLC has become popular which uses the small flow rates and low internal diameter of the 

column with smaller particle size, increasing the system pressure considerably. This system, 

which is a combination of nanoLC and ultra-performance liquid chromatography (UPLC) and, 

therefore, referred to as nano-ultra performance liquid chromatography (nanoUPLC), allows 

separation in less time, improving peak shape and increasing sensitivity when compared to 

normal nanoLC. Additionally, some authors have been able to separate glycopeptide 

glycoforms when using common reversed phase stationary phases, such as C18, in nanoUPLC, 

but also in nanoLC [172–174]. However, the mechanism behind the separation in these cases is 

still not quite understood and a matter of debate. 

Most common stationary phases formerly used in several glycoproteomic studies were C18 

and C8 [116, 173, 175], which had several advantages, such as, the commercial availability of 

columns with these stationary phases in different dimensions, their relative low cost compared 

to other type of stationary phases and the fact that typical mobile phases are used, which 

favor the ionization by mass spectrometry. However, because of their inability to properly 

retain glycans and separate the glycoforms of glycopeptides in most cases, they have been 

recently discarded in favor of novel stationary phases, such as, hydrophilic interaction liquid 

chromatography (HILIC) stationary phases. HILIC provides better separation between glycans, 

sometimes even separating isomeric ones, and also between glycopeptides which differ in the 

content of sialic acid [175–178]. However, mobile phases used in HILIC are quite saline, thus, 
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ionization efficiency in mass spectrometry is severely hampered. In the case of glycans, 

derivatization is an alluring, albeit time-consuming, option to avoid ionization problems and 

increase sensitivity.  

As glycoproteins are negatively charged at physiological pH and in most common mobile 

phases, due to the presence of sialic acids, anion exchange liquid chromatography has been 

generally used for the analysis of intact glycoproteins, allowing the separation of intact 

glycoforms that differ in the content of sialic acid (as they have different total charge). In fact, 

anion exchange liquid chromatography is used as a routine method for the analysis of hTf 

intact glycoforms in CDG and chronic alcoholism [43, 66, 179]. However, the principal 

drawback of this variant is the high content in salt of the mobile phase, which makes the 

coupling with a mass spectrometer a difficult task [168]. 

1.3.4.2. Electrophoresis 

Electrophoresis encompasses a group of analytical techniques that are able to separate a 

mixture of biomolecules according to their molecular size and charge. Separation by 

electrophoresis is based on the fact that charged molecules will migrate at different speed 

through a matrix upon application of an electric field depending on their charge to mass ratio. 

Therefore, highly charged small molecules will migrate faster in comparison to bigger less 

charged ones.  

1.3.4.2.1. Gel electrophoresis 

In gel electrophoresis, as the name indicates, the aforementioned matrix is often an agarose or 

polyacrylamide gel, as they are anti-conductive media that minimize the loss of efficiency due 

to thermal diffusion. This technique is a relatively straightforward, simple and highly sensitive 

tool to study the properties of certain molecules, for instance, proteins. 
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In glycoproteomics, as in proteomics, two main variants of gel electrophoresis are employed 

for the analysis of glycoconjugates: the one dimensional sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and the two-dimensional polyacrylamide gel 

electrophoresis (2D-PAGE). 

SDS-PAGE was first described by Laemmli [180] and can be considered one of the most 

commonly used techniques among all other variants. In SDS-PAGE, a polyacrylamide gel is used 

as the matrix due to its ability to separate molecules ranging from low to relatively high 

molecular weight, such as proteins [181]. It is worth mentioning that the range of molecular 

weights that can be effectively separated is governed by the porous size of the polyacrylamide 

gel [181], narrow porous size for small molecules and wide for larger ones. Nowadays, even 

gels with a gradient in porous size are used to separate proteins with a myriad of molecular 

weights. Additionally, sodium dodecyl sulfate is used as a surfactant to unfold proteins into a 

linear shape and impart a distribution of negative charges per unit mass. In this way, protein 

separation is only due to their approximate size. The typical instrumentation used for SDS-

PAGE as well as an example of a common obtained gel is shown in Figure 1.18-a 

Perhaps even more common than SDS-PAGE in proteomics and glycoproteomics, 2D-PAGE is a 

powerful technique that couples isoelectric focusing (IEF) in the first dimension with SDS-PAGE 

in the second dimension, allowing the separation and fractioning of highly complex mixtures of 

proteins and glycoproteins on the basis of their isoelectric point (pI) and their molecular 

weight, respectively. As with monodimensional SDS-PAGE, the gel can be modified to 

effectively separate molecules of diverse molecular weight and the pH gradient of the IEF strip 

can also be changed to accommodate specific needs. Then, depending on these two 

conditions, 2D-PAGE is able to resolve as many as 5000 proteins simultaneously and even 

detect 1 ng of protein per spot [182, 183]. 2D-PAGE delivers a map of intact proteins of the 

loaded sample as can be observed in Figure 1.18-b. Changes in protein isoforms, expression 
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level and posttranslational modification (PTM) can be easily detected, therefore, 2D-PAGE is 

often regarded as an exceptional tool to study glycoproteins [184]. Another great advantage of 

2D-PAGE is the ability to isolate a specific glycoform for further characterization by MS. In this 

case, digestion of small gel portions, where the glycoprotein of interest has been isolated, is 

also possible and a common practice nowadays for structural analysis, carbohydrate 

characterization or amino acid sequencing by MS [185, 186]. 

 

Figure 1.18: Typical instrumentation and obtained gel with a) polyacrylamide gel electrophoresis (SDS-

PAGE) and b) two-dimensional polyacrylamide gel electrophoresis (2D-PAGE). 

 

1.3.4.2.2. Capillary electrophoresis 

Capillary electrophoresis (CE) is encompassed in the so-called group of microscale separation 

techniques, which also includes capillary liquid chromatography and chip-based techniques. In 

CE, as opposed to gel electrophoresis, separation takes place in a narrow capillary, where the 

loss of efficiency due to thermal diffusion and convection is almost non-existent, generating 

only minimal amounts of heat. Among all the advantages of CE, the minimal sample and 

reagent consumption, its high selectivity, resolution and efficiency, the short analysis times, 
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the ease of use and the potential for automation, are the most prominent ones. However, 

what sets CE apart from gel electrophoresis based techniques is the fact that it can be coupled 

to mass spectrometry. All the aforementioned advantages make CE a more robust and 

competitive technique than those based on gel electrophoresis, and, also, a notably 

complementary technique to HPLC. With CE, multiple separation modes can be used, reason 

why it can be considered a versatile and suitable technique for numerous applications, from 

the analysis of biomolecules to inorganic ions [187–189]. 

The most common modes of operation of CE are capillary zone electrophoresis (CZE), capillary 

gel electrophoresis (CGE), micellar electrokinetic chromatography (MEKC), capillary 

electrochromatography (CEC), capillary isoelectric focusing (CIEF) and capillary 

isotachophoresis (CITP). However, CZE is the most common mode due to its simplicity and 

versatility, which is demonstrated by the wide range of analytes that can be separated, 

including glycoproteins [188]. This is the reason why the use of only CE to refer to CZE has 

been extensively accepted by the scientific community. Apart from the already mentioned 

advantages, the only mode used during this thesis has been CZE (which will be referred to from 

now on as CE) due to the fact that the coupling of the other modes to MS is generally more 

complicated. To further delve into the basics of this technique, the principles of the separation 

in CE will be explained in the next section. 

 Separation principles in CE 

CE is a microscale analytical technique where charged species are separated on the basis of 

their migration velocity when an electric field is applied in a silica capillary of small internal 

diameter (approximately 25-75 μm), filled with a conductor background electrolyte. Therefore 

the migration velocity of a charged specie is dependent on the electric field applied and its 

electrophoretic mobility (me or μe), which is a constant of that specie and depends on the 

electric force that it experiences, balanced by its frictional drag through the medium. When a 
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steady state is attained between these two opposing forces, the me of a given ion can be 

defined as: 

𝑚𝑒 =
𝑞

6𝜋𝜂𝑟
                                                                     𝐄𝐪. 𝟏 

      

where q is the ion total charge, η is the viscosity of the medium (background electrolyte) and r 

is the solvated ion radius. In turn, the radius of a charged specie depends on its molecular 

weight, three-dimensional structure and solvation degree; however, quite often only the 

molecular weight is considered in the above equation for practical purposes. Consequently, 

small, highly charged species have higher mobilities than larger, slightly charged ones.  

Another basic fundament of CE separation is the so-called electroosmotic flow (EOF). When 

silica capillaries are used, the inner wall of the capillary is composed of several silanol groups 

(SiOH) that exist in anionic form at pH above 2 (see Figure 1.19). Therefore, under aqueous 

conditions the inner wall possess an excess of negative charge that favors the formation of a 

diffuse double-layer near the surface where counterions, cations in this case, build up to 

maintain the charge balance. As soon as the voltage is applied across the capillary, the cations 

in the diffuse double-layer are attracted towards the cathode which is usually at the end of the 

capillary (normal polarity). As cations are solvated, their movement drags the bulk solution 

inside the capillary towards the cathode, generating the aforementioned EOF (Figure 1.19). 

Hence, the EOF causes nearly all species to be dragged in the same direction, that is, towards 

the cathode where the detector is located (normal polarity), as the flow goes from the positive 

electrode (anode) to the negative electrode (cathode), as can be observed in Figure 1.19. 

Consequently, the experimental mobility of a given ion, also referred to as effective mobility, is 

dependent on its electrophoretic mobility and the EOF, which, in turn, is mainly affected by the 

pH and composition of the background electrolyte. As, in general, the EOF is at least one order 

of magnitude greater than the electrophoretic mobility of the solutes, cations migrate faster as 
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they are not only propelled by their electrophoretic mobility but also by the EOF. In contrast, 

neutral compounds are only dragged by the EOF with its same velocity and anions are the 

latest to migrate since they are attracted towards the anode because of their electrophoretic 

mobility, but are, nonetheless, carried towards the cathode by the EOF due to its greater 

strength (Figure 1.19). Additionally, another advantage of the generation of the EOF is that the 

flow velocity profile is almost uniform throughout the entire capillary, avoiding the dispersion 

or broadening of the solute zones. 

 

Figure 1.19: Differential ion migration depending on charge and size due to the electroosmotic flow 

(EOF) in capillary electrophoresis (CE). 

 

One of the reason that makes CE a noteworthy technique in glycoproteomics is the fact that it 

allows the correct separation of intact glycoforms and glycans or glycopeptides of a 

glycoprotein digest, within a single run, being for example, the analytical technique of choice in 

the Pharmacopeia Reference Method for the analysis of recombinant human erythropoietin 

[190].  
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 CE-ESI-MS 

The coupling between CE and MS using ESI as ionization source (CE-ESI-MS) has not always 

been an easy task, but since its introduction almost four decades ago, CE-ESI-MS has aroused 

great interest as a powerful and complementary analytical technique to HPLC-ESI-MS. CE-ESI-

MS offers several benefits, as the high resolution and separation efficiency of CE is combined 

with the use of ESI-MS, which generates multicharged species and allows obtaining structural 

information and reliable identification through mass determination of the analyzed species. 

Due to the aforementioned advantages, CE-ESI-MS is well suited for the analysis of 

glycoconjugates, which is demonstrated by the continuous influx of reviews of numerous CE-

ESI-MS applications in several research areas of the glycoproteomic field, such as medicine, 

pharmacology, biochemistry, among many others [191–194]. 

 
Even though ESI was revolutionary to establish a reliable and robust connection between LC 

and MS, in regards to CE, this connection was problematic. This was mostly due to 

compatibility problems between the conventional background electrolytes used in CE and the 

mass spectrometers, which dictate that all the components of the solvent must be volatile. 

This drawback together with the low flow rates in CE and the fact that a voltage is applied to 

accomplish the separation, thus, the electric contact needed to be terminated, were the main 

causes why the first commonly developed interfaces were inappropriate for CE-MS coupling. 

Not until Smith et al. [195] developed the so-called sheath-flow interface was CE successfully 

hyphenated to MS. In this interface, a coaxial sheath liquid is used to increase the flow rate 

and also end the electric contact in the terminus end of the CE capillary [187, 196] (see Figure 

1.20-a). Usually, an inert gas is employed to assist the ionization and improve spray stability. 

Nowadays, this interface is commercially available, being Agilent Technologies® Inc. the 

predominant company in this regard.  
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Figure 1.20: Schematic representation of the a) sheath-flow and b) sheathless interface for coupling 

capillary electrophoresis to mass spectrometry. 

 

This interface provides several advantages, such as increased reproducibility, robustness, ease 

of use and versatility, among others, and, together with the use of volatile BGEs, has resolved 

the main problems faced when coupling CE with MS. However, there are still some notable 

drawbacks when using this interface. First of all, as the flow rate is considerably increased, 

analytes are consequently diluted, which, in fact, reduces the overall sensitivity of the method. 

Secondly, the use of a sheath flow at the end of the capillary with a different composition than 

the background electrolyte might contribute to band spread and affect the separation of the 

analytes or their migration times [197–199]. 

The introduction of nanoESI favored the development of new CE-MS interfaces, being the 

sheathless interface the most noteworthy, due to the fact that, several of the sheath-flow 

interface limitations were solved with this variant as no coaxial liquid was needed (Figure 1.20-

b). Even though this interface is relatively new and needs to be improved, in particular its 
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robustness, several prototypes are being developed, being the sheathless interface from 

Beckman Coulter® Inc. the most noted one [197–200]. 

 Modelization of the electrophoretic migration behavior 

One additional and appealing advantage of choosing CE as separation technique is that the 

electrophoretic migration behavior of the compounds of interest can be easily predicted using 

the classical semiempirical relationships between electrophoretic mobility (me) and charge-to-

mass ratio (q/M) (equation 2), when using CE in combination with MS [196, 201, 202]:  

𝑚𝑒𝑣𝑠 
𝑞

𝑀𝛼⁄                                                                      𝐄𝐪. 𝟐 

the value of α is dependent on the electrophoretic model. This prediction can be quite an 

alluring modelization tool to speed-up method development or to refine the structural 

assignments based on the measured molecular mass [203–205]. In glycoproteomics, 

modelization of the electrophoretic migration behavior could be quite useful to easily generate 

‘dry-lab’ peptide-glycopeptide electrophoretic maps of glycoproteins. In turn, this could 

facilitate the optimization of the separation and identification of the glycopeptides of interest. 

However, this glycopeptide modelization can be a challenging task, mainly, due to the different 

glycoforms that glycopeptides can show. Different glycoforms not only affect the glycopeptide 

size (and, hence, molecular mass), but also its charge, as the presence of sialic acids strongly 

contributes to the global glycopeptide charge and is critical for the electrophoretic separation 

resolution.   

Particularly, in this thesis, three classical semiempirical relationships have been tested to 

model the migration behavior in CE-MS of peptides and glycopeptides of rhEPO, the Stoke’s 

law (α=1/3, equation 2), the classical polymer model (α=1/2, equation 2) and the Offord’s 

surface law (α=2/3, equation 2). These three models differ in how the compound shape is 

assumed to be and how the compound might be affected by the forces that it undergoes 
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during electrophoretic motion [206–208]. Specifically, in the Stoke’s law compounds are 

modelled as spherical particles, whereas in the classical polymer model they are modelled as 

polymers with lower charge densities, and in the Offord’s surface law they are modelled as 

larger molecules with more rigid structures, which experience frictional forces that are 

proportional to their surface area.  

1.4. Data analysis  

In several omic sciences, the amount of data generated is quite often too high and convoluted 

to be able to obtain proper conclusions with a simple exploration without mathematical tools. 

In glycomics and glycoproteomics studies, datasets can be even more massive and complex 

due to the inherent complexity and microheterogeneity associated with carbohydrates. In 

those cases, further data exploration and interpretation might be needed to obtain accurate 

information and representation of the dataset. Statistical and chemometric data analysis 

methods play a crucial role in data processing, exploration and classification of the large 

datasets generated in such studies [209]. 

Conventional statistic methods, which include the common significance tests, only provide 

limited information about the dataset, as mean comparison does not take into account 

multicompound relationships and interactions. To further investigate complex datasets, quite 

often multivariate data analysis methods are required. In this thesis, principal component 

analysis (PCA) and partial-least square discriminant analysis (PLS-DA) have been used and, 

thus, they will be briefly explained in the next section.  

1.4.1. Principal Components Analysis 

PCA is regarded as one of the most old and widely used mathematical tools for data 

decomposition and reduction (i.e. dimensionality reduction), preserving the majority of 

information, which helps to understand and interpret large and complex datasets [210–212]. 
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In PCA, the matrix that forms the dataset is decomposed into several principal components 

(PCs), which could be defined as new variables that are linear functions of those in the original 

dataset. These PCs maximize explained variance in the data on each successive component 

under the constraint of being orthogonal to each other (i.e., they must be uncorrelated to one 

another) [213–215]. As a result, a bilinear model is generated which is a product of scores (T) 

and loadings (P) matrices: 

𝑋 = 𝑇𝑃𝑇 + 𝐸                                                                𝐄𝐪. 𝟑 

where X is the matrix of the dataset (M x N matrix; M, rows: number of samples; N, columns: 

measured variables), T is the scores matrix (M x A matrix; A: number of calculated PCs) and PT 

is the loadings matrix (A x N matrix). T and P consist of orthogonal and orthonormal vectors, 

respectively and E is the residuals (i.e., the variance not explained by the PCs). 

PCA is regarded as a potent visualization technique as each object (sample) gets a scores value 

on each PC and, in the same manner, each variable gets a loadings value on each PC, thus 

objects and variables can be presented in the so-called scores and loadings plots, respectively. 

Scores plots are quite useful for revealing patterns in the data, such as clusters, trends and 

outliers. Whereas, loadings plots are mainly used to check whether there is covariance among 

variables or to explain and interpret the patterns observed in the scores plot. Finally, it is 

worth mentioning that usually only PCs that explain or map the dominant variation patterns in 

the data are extracted and noise is left in the residuals matrix [213–215]. 

1.4.2. Partial Least Squares Discriminant Analysis 

Introduced approximately three decades ago [216, 217], partial least squares (PLS) resembles 

PCA in the fact that it reduces the dimensionality of a dataset matrix by means of 

decomposition into a set of components. In this case, components are referred to as latent 
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variables (LV), but they are created following another criterion than the maximum variance, as 

opposed to PCA [213].  

In PLS, a new matrix comes into play composed of normalized weight vectors (WT), calculated 

as the covariance between the response Y (groups, class membership) and the data matrix X 

(sample readings). Scores for the PLS components are calculated by projecting the spectral 

variables X on WT, whereas loadings are calculated by projecting X on the resulting scores 

vectors. When PLS is used as a supervised classification method, the response variable is just a 

binary vector of zeros and ones (Figure 1.21), which describes the class membership for each 

sample in the investigated groups. In this case, the method is referred to as partial least 

squares discriminant analysis (PLS-DA) [218–220].  

 

Figure 1.21: Representation of partial least squares-discriminant analysis (PLS-DA) for models including 

two classes and three classes. 

 

This method provides important statistics such as loadings weight, regression coefficient and 

variable importance on projection (VIP, a measure of how important a specific variable is for 

the discrimination of a specific group from the others). All of them help in the identification of 

the most important variables. Additionally, the comparison of the loadings and scores plots 

provides information about the relationship between important variables and the groups 

which they are related and permits to detect outliers and samples that are not correctly 
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classified. All in all, this mathematical tool provides a visual interpretation of really complex 

datasets and helps to discern which variables are the most important in the classification of 

samples in groups [218–220].  

1.5. Trends and future applications 

Glycomics and glycoproteomics are ever expanding fields that are surely to continue to grow 

with new advances in the following years. In this regard, MS has become the prime option for 

any glycosylation study whose purpose is to obtain reliable structural information about 

protein glycoforms and glycan composition. 

One of the fundamental aspects of MS-based glycosylation analysis is the need to selectively 

enrich and isolate the glycoprotein of interest. There are several purification and enrichment 

methods available nowadays [104, 221, 222], some of the most important ones have been 

already discussed in section 1.3.1. In the last few years, solid phase extraction (SPE) with HILIC 

and porous graphitic carbon (PGC) stationary phases have gained popularity for the 

purification of glycoconjugates due to their excellent performance in the separation between 

glycans or glycopeptides [104, 223]. Other SPE strategies involving the use of boronic acid 

[224] or hydrazide [225] have also been used in glycoproteomics due to their high affinity to 

glycoconjugates. In addition, several authors have proposed, quite recently, different 

strategies that involve the use of nanomaterials for the purification of glycoconjugates [226–

229]. These new strategies offer several advantages, such as better enrichment capacity, 

quicker adsorption process and higher recovery efficiency, mainly due to the larger specific 

surface area of the nanomaterials. In the following years, most technological advances will 

focus on improving the enrichment and purification rates of glycoconjugates, thus, increasing 

the sensitivity of glycomic-based methods. Furthermore, the automation of the whole 

enrichment process will surely be another important research area.  
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Glycoprotein digestion is another vital aspect of the sample treatment in studies involving 

glycopeptide and glycan analysis. Usually, the digestion is carried out in-solution or in-gel, 

however, the use of reactors where the enzyme is immobilized in a solid support has recently 

gained popularity due to reduced digestion times and their suitability for automation [230, 

231]. Additionally, it has become a common practice to use a combination of different 

enzymes, mainly to increase digestion efficiency and decrease the complexity of the 

glycosylation study, obtaining smaller glycopeptides with a single glycosite or, even, breaking 

down the protein into its individual amino acid components [232]. The automation and 

enhancement of the digestion procedure will probably be important areas of investigation in 

glycopeptide-based studies. In the case of glycans, several strategies are being developed 

continuously in regards to their derivatization and labelling aimed at improving their 

quantification and detection efficiency. Permethylation and reductive amination have been the 

most used derivatization strategies so far, but other strategies have been reported recently, 

each one focusing on improving one specific aspect of the glycan characterization [104, 114, 

233]. The use of novel derivatization or labelling strategies to improve fragmentation 

efficiency, to enhance ionization of glycoconjugates, to avoid sialic acid fragmentation or to 

improve glycan quantification are just some examples of the main purpose of the myriad of 

different procedures available in the literature nowadays [104, 114, 167, 233]. Developing new 

strategies for the derivatization or labelling of glycans in order to improve sensitivity and 

accuracy of glycan profiling will probably continue to be an important area of research in the 

following years.  

In regards to instrumentation, MS is present in the majority of glycoproteomic-related 

publications. However, quite often a separation technique before MS detection must be used 

in order to improve glycan characterization and enhance ionization efficiency. As stated in the 

introduction, HPLC and CE techniques are the most frequent separation techniques used in 

glycoproteomics. However, recent advances in HPLC focus on the use of the most novel 
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stationary phases, such as HILIC or PGC, to improve glycoconjugate separation and detection. 

The use of these stationary phases orthogonally to other conventional ones, like reverse 

phases (C18), or the tendency to use chip-based technology in the separation of 

glycoconjugates are two of the most recent advancements in this regard [234–237]. 

Additionally, monolithic columns are novel tools that have also been used in glycoproteomics 

due to their low back pressure, efficient mass transfer and large surface area [238, 239]. As 

with HPLC, there have also been new advancements in the miniaturization of CE, with the 

development of the so-called microchip electrophoresis (ME), which has shown to be a 

promising separation technique in glycoproteomics [240–243]. Additionally, CE coupling to MS 

will still be an important area of investigation in the near future, as the most recent developed 

sheathless interfaces still need to be perfected. Furthermore, capillary coating is still relevant 

in CE-based glycosylation studies [244–246], and the search of more stable, compact and 

homogenous coatings, which will allow improved separation efficiencies, will surely be 

important in the future. 

In addition to the already mentioned advances in separation techniques, MS/MS approaches 

for the structural characterization of glycans have been important for more than a decade and 

will continue to be an important strategy, even more with the recent advances in MS 

instrumentation. Particularly, for the analysis of glycoconjugates, collision-induced dissociation 

(CID) and electron transfer or capture dissociation (ETD or ECD) have been widely employed 

for the fragmentation of glycans and glycopeptides, in order to characterize their structure 

[105, 136, 247]. However, each fragmentation approach provides different and 

complementary information, thus, to obtain reliable structural information, sometimes, both 

approaches must be used [105, 136, 248, 249]. Moreover, multiple reaction monitoring (MRM) 

is a common practice nowadays to maximize sensitivity in targeted glycoproteomics [222, 

250]. Recently, MS/MS approaches have also shown to be important in the differentiation of 
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isomeric glycans [147–151], although obtaining specific fragments for each isomer is still a 

difficult task. 

Separation of isomeric glycans has also been an important research area in the last few years, 

mainly due to the fact that differences in the abundance of some glycan isomers could be the 

key for the early diagnosis, control or differentiation of certain diseases, such as cancer [251–

254]. Therefore, new techniques and methods that will permit the detection of different 

glycoconjugates isomers in a straightforward manner will be fundamental in the years to 

come. In this regard, HILIC and PGC stationary phases, as well as CE, have already been 

evaluated for the separation of isomeric glycoconjugates, being PGC the most promising one 

[241, 255–257]. Additionally, IM-MS has proved, quite recently, to be a proficient analytical 

technique in the separation of isomeric glycoconjugates, with few, very recent publications 

about their separation and characterization [140–143, 152–155]. Despite its promising 

application on isomer separation, to obtain complete and reliable information about the 

glycan isomers of a certain glycoprotein, IM-MS will need to be complemented with other 

studies, such as the use of specific sialidases or MS/MS analysis.  

For quite some time, MS-based methodologies aimed to study the glycosylation of proteins at 

glycopeptide and glycan levels (bottom-up strategies). However, in recent years, with the 

implementation of new hybrid spectrometers, such as the Orbitrap Fusion™ Lumos™ Tribrid™ 

(Thermo ScientificTM), the interest in top-down (glyco)proteomic analysis has been revitalized 

[110–112, 258–260]. This alternative approach is appealing as not only the glycosylation of 

proteins can be studied, but also the interaction between the glycoprotein and other 

molecules or organisms can be evaluated. Furthermore, the laborious digestion and/or 

derivatization protocols, inherent in glycopeptide and glycan analysis, can be avoided. 

In regards to the importance of glycosylated proteins in the organism, it has been already 

introduced that glycoproteins are responsible for a myriad of biological processes, reason why, 
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a deficiency or alteration of the glycosylation of certain proteins can have dire consequences 

and be the cause of several diseases. For instance, it is widely accepted that the glycosylation 

of acute phase proteins, such as transferrin, might be subjected to marked changes during 

inflammation. Several authors have shown that generally an increase of branching, sialylation 

or fucosylation occurs during an inflammatory process [38, 40, 68–71]. However, these 

changes in glycosylation are not exclusive of an inflammatory process, as it has been suggested 

that other diseases might affect the glycosylation in a similar way [38, 69]. Therefore, the 

search of more specific glycosylated biomarkers that will help to differentiate an inflammatory 

process from other diseases might be the focus of future research.  

Closely tied with inflammation, cardiovascular diseases and strokes have been described to be 

associated with changes in glycosylation, specifically with increased levels of total serum sialic 

acid [40, 261]. Additionally, glycosylation has been reported to have an important role in the 

development and aggravation of neurodegenerative diseases, such as Alzheimer [262–265]. 

Although still under-researched, aberrant N-glycosylation, in certain key proteins, has been 

suggested to be involved in Alzheimer disease [262, 263]. Moreover, O-GlcNAc glycosylation (a 

type of O-glycosylation), which is suspected to have a neuroprotective role, has been observed 

to decrease in certain brain proteins in neurodegenerative diseases [263–265]. 

However, among the most worrying diseases that affect the normal glycosylation pattern of 

proteins is cancer [252, 253, 266–269], which is the second leading cause of death in 

developed countries. For instance, increased fucosylation has been observed in several 

glycoproteins, such as haptoglobulin and fetuin A, in liver cancer [270, 271] and the 

glycosylation of alpha-1-acid glycoprotein has been described to be altered in several types of 

cancer, such as pancreatic [251] or ovarian cancer [272], among others. Additionally, several 

studies have also reported an increase in fucosylation and sialylation of prostate specific 

antigen in prostate cancer [273, 274]. Moreover, the implication of glycosylation in cancer has 
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been broadened quite recently as it has been suggested that the initiation, advancement in the 

organism and metastasis of cancer is also related with changes in glycosylation [270]. 

Consequently, this increasing implication of glycosylation during all steps of tumor progression 

in various cancers must be further investigated, which will surely make cancer the main focus 

of glycomic and glycoproteomic studies in the following years.  

In the context of glycosylation-related diseases, CDG can be considered one of the clearest 

examples of the expanding nature that is quite often seen in glycoproteomics. Even though 

over 80 disorders have been already described [49, 51, 275, 276], new types are continuously 

being discovered due to the fact that new techniques and instrumentation are being employed 

in the study of CDG. Some of these new types are complex multisystemic diseases that might 

affect different pathways in the synthesis of both N- and O-glycosylated proteins. 

Consequently, new types will certainly be discovered in the following years. In this regard, a 

novel group of glycosylation defects have emerged quite recently, the so-called secondary 

disorders of glycosylation, which are, in general, rare autosomal recessive disorders that affect 

the metabolism of certain carbohydrates, such as galactosemia or hereditary fructose 

intolerance. Further research of the effects causing the alteration in these diseases as well as 

the search of new treatment methods and more sensitive biomarkers will surely be important 

topics in glycoproteomics in the following years, which could further our understanding of the 

role and importance of glycosylation in the organism. Additionally, it is generally accepted that 

glycoconjugate-related diseases affect the metabolism of glycoconjugates mainly due to 

alterations in their synthesis, transport, glycosylation or secretion. However, little is known 

about the mechanism involving the degradation or elimination of these glycoconjugates and 

how it might be affected by these diseases [31]. Further research on this topic may improve 

our understanding of how these diseases might alter the normal function of the organism. 
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The study of the glycosylation of molecules, which is, of course, the focus of glycomics, has 

become an important topic nowadays, with multiple works being published every year. In 

complex organisms, glycosylated proteins, i.e. glycoproteins, are the most abundant and 

important glycoconjugates. Glycosylation of proteins is a vital posttranslational modification 

(PTM) in complex organisms, involved in numerous biological processes from signaling to cell-

cell interaction or protein folding. When focusing on the study of the glycosylation of proteins, 

glycomics is usually referred to as glycoproteomics. 

It should come as no surprise, then, giving the implication of glycosylation in the proper 

functioning of the organism, that the main reason behind the several medical complaints 

observed in various biological or pathological processes is the alteration of the standard 

glycosylation pattern of glycoproteins. Additionally, as glycoproteins are important in a 

multitude of biological processes, some relevant biopharmaceuticals are, in fact, recombinant 

glycoproteins. The glycosylation of recombinant glycoproteins is quite often different than 

that of their endogenous homologous. Consequently, the characterization of protein 

glycosylation is mandatory not only to comprehend, diagnose and propose effective 

treatments to the myriad of diseases associated with glycosylation defects, but also to 

guarantee the quality and proper function of the biopharmaceutical.  

Microscale separation techniques, such as capillary liquid chromatography (CapLC), coupled to 

mass spectrometry (MS), can be regarded as a powerful analytical approach for the proper 

characterization of the glycosylation of proteins. The combination of both analytical 

techniques offers high quantification, reproducibility and robustness in the separation of 

glycoconjugates and unequivocal identification and characterization of their glycoforms on the 

basis of exact mass measurements.  
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Protein glycosylation can be studied by MS at three different levels, with the analysis of the 

intact protein, the obtained glycopeptides after proteolysis or the released glycans. However, 

the analysis of glycopeptides allows not only to characterize the glycans of the glycoprotein 

but also to obtain information about glycosylation sites and their degree of occupancy.  

Three different works have been published and included in this chapter of the thesis that focus 

on the analysis of the glycosylation of transferrin glycopeptides by CapLC-MS and the 

application to the diagnosis and study of alcohol dependence, congenital disorders of 

glycosylation and arthritis: 

- Publication 2.1: Analysis of human transferrin glycopeptides by capillary 

electrophoresis and capillary liquid chromatography-mass spectrometry. Application 

to diagnosis of alcohol dependence. Albert Barroso, Estela Giménez, Fernando 

Benavente, José Barbosa, Victoria Sanz-Nebot. Analytica Chimica Acta 2013, 804, 167-

175. 

- Publication 2.2: Classification of congenital disorders of glycosylation based on 

analysis of transferrin glycopeptides by capillary liquid chromatography-mass 

spectrometry. Albert Barroso, Estela Giménez, Fernando Benavente, José Barbosa, 

Victoria Sanz-Nebot. Talanta 2016, 160, 614-623. 

- Publication 2.3: Identification of multiple transferrin species in the spleen and serum 

from mice with collagen-induced arthritis which may reflect changes in transferrin 

glycosylation associated with disease activity: the role of CD38. Antonio Rosal-Vela, 

Albert Barroso, Estela Giménez, Sonia García-Rodríguez, Victoria Longobardo, Jorge 

Postigo, Marcos Iglesias, Antonio Lario, Jesús Merino, Ramón Merino, Mercedes 

Zubiaur, Victoria Sanz-Nebot, Jaime Sancho. Journal of Proteomics 2016, 134, 127-137. 
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Figure S1: a) Scores plot and b) loadings plot of the PCA model applied to the relative abundance of Tf 

glycopeptide glycoforms obtained after integration of the EICs of the different samples. Calibration set: 

nine healthy controls (1-9), five CDG-I (PGM1-CDG (10); DPM1-CDG (11); RFT1-CDG (12); DPAGT1-CDG 

(13); PMM2-CDG (14)) and five CDG-II (ATP6V0A2-CDG (15); CDGIIx (16); CDGIIx(sepsis) (17) and two 

samples of COG8-CDG (18-19)). Validation set: three healthy controls (i-iii), three CDG-I (PMM2-CDG (iv), 

DPAGT1-CDG (v) and DPM1-CDG (vi)) and three CDG-II (ATP6V0A2-CDG (vii), CDGIIx (viii) and CDGIIx 

(sepsis) (ix)).  
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Figure S2: Table with several quality parameters regarding the calibration and (leave-one-out) cross-

validation for the PLS-DA model. 

Modeled Class: Control CDG-I CDG-II

Sensitivity (Cal):  1.000  1.000  1.000

Specificity (Cal):  1.000  1.000  1.000

Sensitivity (CV):  1.000  1.000  1.000

Sensitivity (CV):  1.000  1.000  1.000

Class. Err (Cal):   0 0 0

Class. Err (CV):   0 0 0

RMSEC: 0.209 0.224 0.172

RMSECV: 0.277 0.277 0.234

Bias:    -5.551x10-17 0 -5.551x10-17

CV Bias: 7.703x10-3 8.519x10-3 -1.622x10-2

R2 Cal: 0.823 0.739 0.845

R2 CV: 0.705 0.623 0.725

Supplementary Figure S2
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Even though the analysis of the glycosylation of proteins by CapLC-MS provided good results 

and ended up in three publications, there was still one small drawback, the separation of the 

different glycoforms, at the glycopeptide level, was not possible with the conventional 

stationary phase used in these works. Glycoform separation can provide substantial 

advantages such as improved sensitivity and increased reliability in the identification of the 

detected glycoforms. In this regard, CE-MS can be considered an alluring complementary 

technique to CapLC-MS for the separation and characterization of glycoprotein digests 

following a typical bottom-up strategy. CE-MS is especially interesting in glycosylation studies 

largely due to the fact that glycopeptide glycoforms that differ in the number of sialic acids can 

be separated in a relative easy manner. Additionally, CE-MS presents other remarked 

characteristics, such as minimal sample and reagent consumption, high selectivity, resolution 

and efficiency, short analysis times, ease of use and potential for automation. 

However, certain glycoproteins, such as hTf, have tightly folded structures, mainly due to 

compacted tertiary or quaternary structures with high number of intraprotein connections 

such as disulfide or hydrogen bonds. These proteins are proteolytic resistant, and in order to 

obtain proper digestion yields, a surfactant is mandatory. However, these surfactants might 

interfere in the analysis by CE-MS. Hence, the complete removal of these surfactants might be 

necessary to properly use CE-MS for the analysis and characterization of protein glycosylation 

and, in this way, establish an alternative and complementary methodology to CapLC-MS. 

Another great advantage of choosing CE as separation technique is that the electrophoretic 

migration behavior of ions can be easily predicted using the classical semiempirical 

relationships between electrophoretic mobility (me) and charge-to-mass ratio (q/M). 

Prediction of electrophoretic migration behavior is an appealing modelization tool to speed-up 

method development in CE-MS, as well as to refine the structural assignments based on the 

measured molecular mass (M). 
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The work carried out in both aforementioned topics has led to two new publications, which 

are listed below: 

- Publication 3.1: Improved tryptic digestion assisted with an acid-labile anionic 

surfactant for the separation and characterization of glycopeptide glycoforms of a 

proteolytic-resistant glycoprotein by capillary electrophoresis time-of-flight mass 

spectrometry. Albert Barroso, Estela Giménez, Fernando Benavente, José Barbosa, 

Victoria Sanz-Nebot. Electrophoresis 2016, 37, 987-997. 

- Publication 3.2: Modelling the electrophoretic migration behaviour of peptides and 

glycopeptides from glycoprotein digests in capillary electrophoresis-mass 

spectrometry. Albert Barroso, Estela Giménez, Fernando Benavente, José Barbosa, 

Victoria Sanz-Nebot. Analytica Chimica Acta 2015, 854, 169-177. 
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The analysis of the abnormal glycosylation pattern of certain glycoproteins might not be 

enough to fully understand the extent of certain diseases. The scientific community has 

reported quite recently that the alteration of certain isomeric glycans might be the key to 

comprehend the behavior of these pathologies and propose proper treatments. In complex N-

glycans, isomers are mainly originated due to the different orientation or location of the sialic 

acid and fucose monosaccharide residues. 

Numerous works have been reported which focus their attention on derivatization protocols 

or more recent stationary phases in LC, with the aim of achieving the so-desired isomeric 

separation. MS/MS methodologies have also been proposed as interesting, albeit complex, 

attempts to distinguish between isomeric glycoconjugates. However, all these methods are 

still in their early stages of development, and, certain limitations are expected. Consequently, 

other analytical techniques able to separate and distinguish isomeric glycoconjugates in a 

straightforward manner are much needed.  

In this regard, IM-MS has aroused great interest in the last few years for its power to separate 

isomeric compounds in the gas-phase. And, even more recently, IM-MS is becoming an alluring 

analytical technique for the separation of isomeric glycoconjugates. For this reason, a study 

aimed at assessing the proficiency of IM-MS for the separation of isomeric glycoconjugates 

due to the type of sialic acid linkage, at the three possible levels (intact glycoprotein, 

glycopeptides and glycans) was the last goal of this thesis. 
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The work obtained in this study has resulted in the publication indicated below: 

- Publication 4.1: Ion mobility separation of glycoconjugate isomers due to different 

types of sialic acid linkage at intact glycoprotein, glycopeptide and glycan level. Albert 

Barroso, Estela Giménez, Albert Konijnenberg, Jaime Sancho, Victoria Sanz-Nebot, 

Frank Sobott. Analytica Chimica Acta, submitted for publication. 
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ION MOBILITY SEPARATION OF GLYCOCONJUGATE ISOMERS DUE TO DIFFERENT 
TYPES OF SIALIC ACID LINKAGE, AT THE INTACT GLYCOPROTEIN, GLYCOPEPTIDE AND 

GLYCAN LEVEL 

Albert Barroso1, Estela Giménez1, Albert Konijnenberg2, Jaime Sancho3, Victoria Sanz-Nebot1, Frank Sobott2,4,5 

1 Department of Chemical Engineering and Analytical Chemistry, University of Barcelona, Diagonal 645, 08028 Barcelona, Spain 

2 Biomolecular & Analytical Mass Spectrometry group, Department of Chemistry, University of Antwerp, Antwerp, Belgium 

3 Instituto de Parasitología y Biomedicina “López-Neyra” (IPBLN), CSIC, Armilla, Granada, Spain 

4 Astbury Centre for Structural Molecular Biology, University of Leeds, Leeds LS2 9JT, United Kingdom 

5 School of Molecular and Cellular Biology, University of Leeds, LS2 9JT, United Kingdom 

Keywords: glycosylation, ion mobility, isomers, mouse transferrin, sialic acid. 

Abbreviations: ATD: arrival time distribution; CCS: collision cross section; CIA: collagen induced arthritis; 

hAGP: human α-1-acid glycoprotein; hTf: human transferrin; IM-MS: ion mobility – mass spectrometry; 

mTf: mouse transferrin; nano-ESI: nanoelectrospray ionization; nano-UPLC: nano ultra performance 

liquid chromatography; TOF: time-of-flight; TWIMS: travelling wave ion mobility spectrometry. 

Abstract 

The study of protein glycosylation can be regarded as an intricate but very important task, 

making glycomics one of the most challenging and interesting, albeit under-researched, type of 

“omics” science. Complexity escalates remarkably when considering that carbohydrates can 

form severely branched structures with many different constituents, which often leads to the 

formation of multiple isomers. In this regard, ion mobility (IM) spectrometry has recently 

demonstrated its power for the separation of isomeric compounds. In the present work, the 

potential of traveling wave IM (TWIMS) for the separation of isomeric glycoconjugates was 

evaluated, using mouse transferrin (mTf) as model glycoprotein. Particularly, we aim to assess 

the performance of this platform for the separation of isomeric glycoconjugates due to the 

type of sialic acid linkage, at the intact glycoprotein, glycopeptide and glycan level. 

Straightforward separation of isomers was achieved with the analysis of released glycans, as 

opposed to the glycopeptides which showed a more complex pattern. Finally, the developed 

methodology was applied to serum samples of mice, to investigate its robustness when 

analysing real complex samples. 

 

 

1. Introduction 

Glycosylation is by far one of the most 

common and complex posttranslational 

modifications, with more than half of all 

secretory and cellular proteins being 

glycosylated [1–3]. Carbohydrates enhance 

the functional diversity of proteins, but 

they can also define their destination or 

elicit an immune response. The presence of 

glycans in the surface of eukaryotic cells is 

vital, as they take part in important cellular 

events, such as cell–cell interactions and 

receptor recognition [4]. Notwithstanding 

its importance and the major role of 

glycosylation in a multitude of biological 

processes [5–7], the analysis and 

characterization of carbohydrates is usually 

difficult due to their inherent complexity - 

the main reason why advances in glycomics 



Glycosylation study of glycoproteins 
by ion mobility mass spectrometry 

Chapter 4 

 

 162 

have been scarcer compared to other 

“omics” sciences [8,9]. Very often, in 

contrast to more linearly assembled 

biological molecules such as proteins or 

oligonucleotides, carbohydrates can form 

complex structures, severely branched, 

with many monosaccharide constituents, 

which usually results in a multitude of 

isomers [10]. 

Mass spectrometry (MS)-based techniques 

are the prime option for the 

characterization of glycoproteins, as 

reliable structural information can be 

obtained [7,11]. MS is frequently used in 

conjunction with chromatographic or 

electrophoretic separation techniques, as 

this allows high sensitivity profiling and 

accurate characterization of 

heterogeneous glycan structures [12–14]. 

However, when analyzing isomeric glycan 

structures, MS often fails to separate them 

[8,15–17], as they have identical mass and 

atomic composition - thus they remain 

undistinguishable unless derivatization or 

less common stationary phases in liquid 

chromatography (LC) are used [18–22]. But 

even then, derivatization protocols can be 

time-consuming, expensive or hinder the 

ionization of some glycans, or, in the case 

of LC, the unambiguous identification is still 

impossible when different isomers coelute. 

Moreover, in the last few years, several 

tandem mass spectrometry methods have 

been reported that allow the identification 

of glycan isomers and the characterization 

of their structure [23–25]. However, few 

authors have studied the fragmentation of 

glycans with different sialic acid linkages. 

Even then, distinguishing by MS/MS 

between isomeric glycans due to sialic acid 

linkage is not trivial and, quite often, is 

based on differences in the relative 

abundance of certain fragment ions 

[26,27]. Therefore, a straightforward 

technique that helps to separate and 

differentiate those isomeric compounds is 

much needed. 

In this regard, ion-mobility (IM) 

spectrometry coupled with MS has aroused 

some interest in the last years, not only in 

the glycomics field but also in other omics 

sciences, as a proficient analytical 

technique for the separation of isomeric 

compounds [3,8,10,15–17,28–30]. Ion 

mobility provides an additional dimension 

for the separation of compounds, where 

ions are not only separated due to their 

mass and charge, but also on the basis of 

their shape and size - thereby resolving 

ions that would be otherwise 

indistinguishable solely by MS, such as, for 

instance, isomers [31–35]. Particularly, IM 

measures the time (drift time) that a 

particular ion takes to cross a cell filled 

with an inert, neutral background gas (N2 

and He are most commonly used) at a 

controlled pressure under the influence of 

a weak electric field. The drift time of a 

specific ion is mainly due to ion-gas 

collisions; therefore, ions are separated 

due to their ion-neutral collision cross-

section (Ω), related to the overall shape 

and topology of the ion [31–35]. Small 

compact ions have the shortest drift times, 

i.e. they arrive first, as a result of their 

smaller Ω. Moreover, the higher the charge 

of the ion, the greater the accelerating 

electric force, and therefore the more 

quickly the ion will cross the chamber. 

Consequently, the drift time of an ion is 

often described as being determined by 

the collision cross-section-to-charge ratio 

(Ω/z) [34]. When coupled on-line with MS 

(IM-MS), ion mobility provides three-

dimensional analytical information for each 

detected species, i.e. shape-to-charge, 

mass-to-charge and abundance, thus 

allowing reliable analyte identification. 

Nowadays, there are several IM methods 

next to the classical drift-time ion mobility 

spectrometry (DTIMS), such as field 

asymmetric waveform ion mobility 

spectrometry (FAIMS), but among them, 

traveling wave ion mobility spectrometry 

(TWIMS) is the one that has seen a major 
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growth in the last years [36,37]. In TWIMS, 

ions are propelled thanks to a sequence of 

symmetric potential waves continually 

propagating through a cell, each ion with 

its own velocity, thus different species 

transit the cell in different times. One of 

the main advantages of TWIMS is that it 

disperses ion mixtures, allowing the 

simultaneous measurement of multiple 

species. This, in conjunction with a high 

sensitivity obtained when TWIMS is 

coupled to certain analyzers in MS, such as 

time-of-flight (TOF), has made this 

platform an alluring option for structural 

analysis and isomer separation [37–39]. 

This platform, along with other IM 

methods, have been recently explored for 

the analysis of glycans or glycoconjugates 

by several authors [8,15,16,40–46].  

In this work, TWIMS combined with TOF-

MS was used for the study of 

glycoconjugate isomers which differ in the 

type of sialic acid linkage, with mouse 

transferrin (mTf) as a model glycoprotein. 

Sialic acid, an important monosaccharide 

residue of complex type N-glycans, may 

form primarily two types of linkages: α-

23 or α-26. We aim to assess the 

capacity of TWIMS-TOF-MS (from now on 

referred to as IM-MS) as an analytical 

platform to separate α-23 and α-26 

isomeric glycoconjugates at the intact 

glycoprotein, glycopeptide and glycan 

level. The developed methodology was also 

applied to serum samples of mice, to 

confirm its robustness when analyzing real 

complex samples. 

2. Materials and methods 

2.1. Chemicals 

All chemicals used in the preparation 

of buffers and solutions were of analytical 

reagent grade. Isopropanol (iPrOH), 

hydrochloric acid (HCl, 37% (w/v)), formic 

acid (FA, 98–100%), ammonium acetate 

(NH4Ac, ≥98.0%) and glycine (≥99.7%) were 

supplied by Merck (Darmstadt, Germany). 

CNBr-activated-Sepharose 4B was provided 

by GE Healthcare (Waukesha, WI, USA) and 

“NP-40 alternative” by Calbiochem 

(Darmstadt, Germany). Sodium chloride 

(NaCl, ≥99.5%), DL-Dithiothreitol (DTT, 

≥99%), sodium cyanoborohydride 

(NaBH3CN), 2-mercaptoethanol (β-ME), 

sodium dodecyl sulfate (SDS), 

iodoacetamide (IAA), ammonium 

hydrogencarbonate, sodium azide (NaN3, 

≥99.5%) water (LC-MS grade), acetonitrile 

(LC–MS grade) and mouse apotransferrin 

(mTf, reference: T0523) were supplied by 

Sigma–Aldrich (St. Louis, MO, USA) and 

Tris(hydroxymethyl) aminomethane (TRIS, 

≥99.5%) by J.T. Baker (Deventer, Holland). 

Trypsin (Sequencing grade modified) was 

provided by Promega (Madison, WI, USA). 

RapiGest® from Waters (Bedford, MA, USA) 

was used to facilitate the enzymatic 

digestion. Goat polyclonal antibody against 

human transferrin (hTf) (immunogen 

affinity purified) was purchased from 

Abcam (Cambridge, UK). Human transferrin 

(hTf) and human α-1-acid glycoprotein 

(hAGP) were used as additional examples 

of other glycosylated glycoproteins and 

were also supplied by Sigma–Aldrich. 

2.2. Mice and induction of arthritis 

WT mice were from Harlan Ibérica 

(Barcelona, Spain). All studies with live 

animals were authorized by the Institute of 

Parasitology and Biomedicine "López-

Neyra" (IPBLN) and Universidad de 

Cantabria Institutional Laboratory Animal 

Care and Use Committees. For the 

induction of collagen-induced arthritis 

(CIA), 8-12 weeks-old male mice were 

immunized as described elsewhere [47,48]. 

2.3 Purification of serotransferrin from 

mouse serum samples by immunoaffinity 

chromatography (IAC)  

In order to isolate mTf from the rest 

of serum proteins, an immunoaffinity (IA) 

purification was carried out using a 

cyanogen-bromide sepharose column 
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where a polyclonal antibody against human 

transferrin (hTf) was bound, as detailed 

previously [49]. The IA procedure consisted 

of: first, a conditioning step with two 

washes of 10 mM Tris-HCl; second, 

approximately 25 μL of serum were diluted 

1:8 in 10 mM Tris-HCl (pH 7.6-7.7) in order 

to improve antigen-antibody interaction, 

and passed through the column ten times. 

After washing with 10 mM Tris-HCl and 0.5 

M NaCl (pH 7.6-7.7), retained mTf was 

eluted with 100 mM glycine-HCl (pH 2.5). 

Eluted mTf was immediately neutralized 

with 0.5 M Tris. Afterwards, glycine-HCl 

buffer was exchanged for water by 

ultracentrifugation, using Microcon YM-10 

(MW cut-off 10 kDa, Millipore, Bedford, 

MA, USA). Then, samples were evaporated 

to dryness using a SpeedVacTM 

concentrator (Thermo Fisher Scientific, 

Waltham, MA, USA) and stored at -20˚C 

until use. Finally, the IA column was 

washed and stored in 10 mM Tris-HCl and 

0.01% (w/v) NaN3 (pH 7.6-7.7). 

2.4. Analytical approaches for mTf 

glycosylation study 

2.4.1. Intact glycoprotein analysis 

mTf standard (25 μg) was desalted 

using three different procedures: dialysis, 

size exclusion and ultracentrifugation. 

Briefly, in the first method, D-TubeTM 

dialyzers from Merck-Millipore were left in 

contact with 100 mM NH4Ac for 15 min. 

Afterwards, the sample was placed into the 

dialyzer and left in contact with 500 mL of 

100 mM NH4Ac for 2 h at 4˚C. Later, the 

buffer was renewed with 500 mL and the 

dialysis was allowed to continue for 2 more 

hours, repeating this process twice. Finally, 

the sample was carefully recovered and 

stored at -20˚C until analysis. Regarding the 

size exclusion procedure, the sample was 

desalted and the buffer exchanged using 

Micro Bio-SpinTM columns from BioRad 

(Hercules, California, USA) following the 

manufacturer instructions. Columns were 

centrifuged to remove the excess of 

packing buffer and washed three times 

with 500 μL of 100 mM NH4Ac. Finally, the 

sample was added and collected in a new 

tube after centrifugation. Lastly, the 

ultracentrifugation procedure was carried 

out using Microcon YM-10 (MW cut-off 10 

kDa) to desalt and exchange the buffer of 

the sample. Filters were washed with 100 

mM NH4Ac and centrifuged for 10 min at 

10000 g. Afterwards, the sample was 

added and washed with 50 μL of 100 mM 

NH4Ac a total of 4 times, centrifuging each 

time for 10 min at 10000 g. Finally, the final 

volume was recovered in a new vial after 

centrifugation for 2 min at 1000 g, and 

reconstituted to the initial volume (25 μL). 

Centrifugation procedures were carried out 

in a MiniSpin® centrifuge (Eppendorf, 

Hamburg, Germany) at room temperature. 

In all cases, intact mTf in 100 mM NH4Ac 

was injected directly into the mass 

spectrometer under non-denaturing 

conditions and detected in positive ion 

mode.  

2.4.2. Glycopeptide analysis 

mTf standard (25 μg) was reduced, 

alkylated and immediately subjected to 

trypsin digestion in the presence of 

RapiGest® as explained in a previous work 

[50]. mTf tryptic digests were stored at        

-20˚C until analysis. 

For the analysis of glycopeptides, a Waters 

Nano ACQUITY UPLC® was used with a 

double binary gradient pump, using a 

peptide BEH C18 column (1.7 µm particle 

diameter, 130 Å pore, 100 x 0.1 mm length 

x ID; Waters). Experiments were performed 

at room temperature with gradient elution 

at a flow rate of 400 nL min-1. Eluting 

solvents were A: water with 0.1% (v/v) of 

formic acid (FA), and B: acetonitrile with 

0.1% (v/v) FA. Solvents were degassed by 

sonication (10 min) before use. The 

optimum elution program was: solvent B 

from 10 to 60% (v/v) within 20 min as 
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linear gradient, followed by cleaning and 

re-equilibration steps of B: 60 to 100% 

(v/v) (5 min), 100% (v/v) (5 min), 100 to 

10% (v/v) (5 min) and 10% (v/v) (5 min). 

Before analysis, samples were filtered 

using a 0.22 μm polyvinylidene difluoride 

centrifugal filter (Ultrafree-MC, Millipore, 

Bedford, MA, USA) centrifuging at 10,000 g 

for 4 min. Sample injection (300 nL) was 

performed with an autosampler 

refrigerated at 4˚C. Control of the 

instrument was performed using MassLynx 

4.1 (Waters).  

2.4.3. Glycan analysis 

IAC purified mTf or mTf standard (25 

μg) was reduced with 0.5% 2-

mercaptoethanol (β-ME) and 0.5% SDS and 

subjected to enzymatic digestion with 

PNGase F as described in [19]. Afterwards, 

released glycans were isolated by solid 

phase extraction (SPE) using Hypercarb 

cartridges (25 mg, 1 mL volume, Thermo 

Fisher Scientific) and, subsequently, 

purified by ice-cold acetone precipitation 

following the procedure reported in [19] in 

both cases. Reduced glycans were diluted 

with 50:50 H2O/ACN with 0.1% FA and 

directly analyzed by IM-MS in negative ion 

mode. 

2.5. Ion mobility-mass spectrometry 

For IM-MS analysis a Synapt G2 HDMS 

instrument from Waters was used. 

Samples were directly introduced into the 

vacuum of the mass spectrometer using 

home-made nano-ESI gold-coated 

borosilicate capillaries, unless when 

analyzed by nano-UPLC-IM-MS, in which 

case an in-line nano-ESI interface with 

commercially available coated needles was 

used. 

Spectra were acquired in positive mode for 

the analysis of intact glycoproteins and 

glycopeptides, and in negative mode for 

glycans, and conditions were optimized in 

each case. The voltages for spray capillary, 

sampling cone, trap CE, trap DC bias and 

transfer CE were, respectively: intact 

glycoproteins, 1.4-1.6 kV, 30 V, 4 V, 40 V 

and 0 V; glycopeptides, 1.5-1.7 kV, 50 V, 4 

V, 20 V and 0 V; and glycans, 1.5 kV, 50 V, 4 

V, 45 V and 0 V. The “trap CE” voltage was 

only increased to 60 V when fragmentation 

of the glycopeptides was the goal. Mass 

spectrometer control and spectra 

processing were carried out using 

MassLynx 4.1 (Waters). 

The software IMoS [51,52], available for 

free at imospedia.com, was used for the 

theoretical calculations of the collision 

cross sections (CCS) of glycans, using their 

minimum energy structures. The online 

tool carbohydrate builder, available at 

glycam.org [53], was used to generate the 

required input for theoretical calculations. 

The tool allows building different glycan 

isomers based on monosaccharide unit and 

linkage type, and generates minimum 

energy structures.  

3. Results and discussion 

 3.1. Intact glycoprotein analysis 

It is well established that intact 

proteins can be analyzed mainly in two 

different ways when using electrospray 

ionization: under denaturing or non-

denaturing (i.e., “native”) conditions. In the 

first case, the protein appears highly 

charged with a broad charge state 

distribution; thus, the separation of the 

different glycoforms is difficult. On the 

other hand, an advantage of native MS is 

that it strongly reduces charging, hence the 

different glycoforms can be more clearly 

resolved [54].  
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Using native MS in this work, the 

concentration of ammonium acetate and 

the nano-ESI source parameters were 

optimized to improve and obtain the best 

possible sensitivity and separation 

between mTf glycoforms in positive ion 

mode. Moreover, in order to obtain an 

acceptable separation between the several 

glycoforms, mTf was washed repeatedly 

with 100 mM NH4Ac to eliminate excipients 

and salts, and injected directly into the 

mass spectrometer without further 

separation. Without washing, no glycoform 

separation was observed whatsoever. 

Three methods were evaluated to desalt 

the glycoprotein: dialysis, size exclusion 

and ultracentrifugation, with the latter one 

giving the best results (see supplementary 

Figure 1). Afterwards, the drift times of 

intact glycoforms were determined by ion 

mobility. In Figure 1-a, the ion with charge 

+19 of mTf is shown, as well as the arrival 

time distributions (ATD) of different 

sections of this peak (Figure 1-a (i-v)), each 

corresponding to one intact glycoform of 

mTf). As can be observed in the ATD 

profiles, only one, relatively wide peak is 

obtained for each glycoform. Hence, these 

results imply that, at least for large 

glycoproteins with a low degree of 

glycosylation, the glycan part has barely 

any influence on the overall size of the 

whole molecule as the CCS appears  

Figure 1: Mass spectra showing the ion with charge +19 and the corresponding drift time (arrival 

time) distributions, or ATD, of a) intact mTf and b) intact hTf; and also c) ions with charge +13, +12 

and +11 of intact hAGP and the corresponding ATD. The value indicated corresponds to the 

approximate glycosylation percentage (w/w) of each protein, calculated as the mass of the most 

abundant glycan per glycosylation site divided by the mass of the glycoprotein. i)-v): indicates the 

glycoform or the region of the mass spectrometric peak. H: hexose; N: N-acetylhexosamine; F: 

fucose; S: sialic acid (in this case, all S are N-glycolylneuraminic acid) 
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 virtually unaffected by glycosylation. hTf 

and hAGP were also studied to see if the 

same behaviour was observed with other 

glycoproteins. Figure 1-b and 1-c show the 

separation between intact glycoforms in 

the MS spectra of hTf (for the ion with 

charge +19) and hAGP, respectively. As can 

be observed, the peak was better resolved 

for hTf, but no separation was observed for 

hAGP, as the number of glycoforms was 

considerably higher and the overlapping of 

several ion distributions was unavoidable. 

Moreover, one wide peak was observed 

again when the drift time of each section 

of the mass spectrum was measured for 

both glycoproteins. Regarding hTf, each 

section corresponded to one glycoform 

(Figure 1-b (i-iv)), whereas, in the case of 

hAGP, the resolution was not high enough 

to ensure that a selected region of the 

peak corresponded to one defined 

glycoform (Figure 1-c (i-v)), because of the 

high glycosylation degree of hAGP. The 

higher the m/z region of this peak 

however, the bigger the carbohydrate 

fraction is (usually meaning more complex 

and branched glycans). This is due to the 

fact that an increase of m/z within the 

same charge state can only be due to an 

increase in the number of glycan subunits 

of the carbohydrate fraction, as the 

polypeptide backbone remains unaltered. 

For the sake of consistency, we will refer to 

each section of the peak as glycoform, 

even if, as in the case of hAGP, they are not 

resolved. Interestingly, the drift time 

increased with increasing carbohydrate 

fraction, i.e. complexity and branching of 

the glycoforms, in all three cases (see 

Figure 1-a (i-v), 1-b (i-iv) and 1-c (i-v), type 

of glycoform indicated where possible). 

The relative drift time differences between 

glycoforms were higher in proteins with 

higher glycosylation content, as can be 

observed for hAGP (see Figure 1-c). 

Moreover, if we compare the drift time 

between different glycoforms of mTf and 

hTf, the increase in drift time was more 

noticeable in hTf, as the percentage of 

glycosylation is slightly higher here in 

relation to the total protein mass. As Table 

1 shows, for the same relative increase in 

m/z, the relative drift time increase is 

higher for hAGP, which demonstrates that 

for glycoproteins with a high percentage of 

glycosylation, differences in the 

glycosylation have a greater effect on the 

drift time of the whole molecule (i.e., they 

significantly alter the CCS of the whole 

glycoprotein). It could then also be 

conceivable to separate isomers due to the 

different sialic acid linkage (of the same 

glycoform) at the intact protein level if the 

glycan:peptide ratio was high enough. 

However, this option would not have been 

viable for all types of glycoproteins, thus, 

other alternatives were studied. 

 

 

 mTf hTf hAGP 

Relative m/z difference (%) 0.247 0.239 0.746 

Relative drift time difference (%) 0.149 0.290 1.324 

Normalization* 

Relative m/z (%) 0.247 0.247 0.247 

Relative drift 
time (%) 

0.149 0.299 0.438 

Table 1: Relative increase in m/z and drift time between glycoforms i) and ii) (Figure 1) of mTf, hTf and 

hAGP 

* The relative m/z for hTf and hAGP was changed to have the same value as mTf (0.247%) and, 

therefore, the relative drift time was proportionally modified 
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3.2. Glycopeptide analysis 

 As mTf only shows one glycosite at 

asparagine 494, only one glycopeptide is 

expected after tryptic digestion (N494 

glycopeptide, peptide: NSTLCDLCIGPLK). 

However, with the direct injection of the 

digest, the N494 glycopeptide was not 

detected, hence, an additional separation 

before the MS was mandatory. In this 

regard, nano-UPLC was used as a 

separation technique prior to IM-MS 

detection, in order to separate the 

glycopeptide from the other peptides and 

simultaneously determine the drift time of 

the different glycoforms. Injection volume, 

flow rate and gradient were optimized to 

obtain the best sensitivity with a stable 

spray (see section 2.4, Materials and 

Methods). Table 2 shows the detected 

glycoforms at the peptide level, their 

theoretical and experimental masses, mass 

error and observed charge states.   

Regarding the determination of the 

drift time of the different glycopeptide 

glycoforms, even though a range of 

different values for the wave velocity (WV) 

and wave height (WH) of the TWIMS device 

were tested, only one drift time value was 

observed. This suggests that no isomer 

separation was possible at this mobility 

resolution, which is probably due to the 

fact that the different isomers had similar 

CCS despite the distinct orientation of the 

sialic acid. Recently, Hinneburg et al. [15] 

and Guttman et al. [44] also described this 

observation analyzing glycopeptides 

directly by IM-MS. They observed no 

isomeric separation, unless fragmentation 

of the glycopeptide was carried out and 

one of the observed smaller fragments still 

contained the sialic acid. This fragment 

(obtained before the IM cell) had different 

drift times depending on the sialic acid 

linkage, because a change in the 

orientation of the sialic acid was more 

noticeable (i.e. the CCS was more affected) 

in a smaller analyte. We also tested this 

approach, by fragmenting the most intense 

glycopeptide glycoform 

(N(H5N4S2)STLCDLCIGPLK) before the IM 

cell. Figure 2-a shows the collision induced 

dissociation (CID) MS/MS spectrum for this 

glycoform. Several fragments were 

obtained, e.g., the glycolylneuraminic acid 

Glycopeptide Glycoform* 
Theoretical 

Mr 
Experimental 

Mr 
Mass error 

(ppm) 
Observed 

charge state 

N494 

H3N3S1 2892.2138 2892.2840 24 +2 

H3N3F1S1 3038.2717 3038.2920 7 +2 

H5N4S1 3419.3988 3419.3908 2 +2, +3 

H5N4F1S1 3565.4568 3565.4656 2 +3 

H5N4S2 3726.4892 3726.4993 3 +2, +3 

H5N4F1S2 3872.5471 3872.5600 3 +2, +3 

H5N4S3 4033.579 4033.6210 10 +2, +3 

H5N4F1S3 4179.6374 4179.6958 14 +2, +3 

H6N5S3 4398.7117 4398.7813 16 +3 

H6N5F1S3 4544.7696 4544.8321 14 +3 

Table 2: Theoretical and experimental molecular mass (Mr), mass error and detected charge states of 

the 10 glycoforms for the N494 glycopeptide of mTf detected by nano-UPLC-IM-MS 

 

* H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-glycolylneuraminic 

acid) 
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(S1) and H1N1 and H2N1 fragments. 

Among all the fragments however, H1N1S1 

was the one that still retained the sialic 

acid linkage and had enough intensity to 

yield a good and accurate drift time 

measurement. Isomer separation was 

observed in the aforementioned glycan 

fragment. Specifically, as it is shown in 

Figure 2-c, two drift time peaks were 

clearly observed at this m/z, which are 

postulated to be due to the sialic acid 

being α-26 and α-23 linked.  

 In order to confirm that the distinct 

drift times observed for the glycan 

fragment could be due to different sialic 

acid linkages, the theoretical CCS of the 

H1N1S1 isomers were calculated. The 

obtained CCS values were: 233.4 Å2 for the 

α-26 linkage and 243.7 Å2 for the α-23 

glycan, different enough to be separated 

by IM. This suggests that the more 

prominent, lower drift time peak (i.e., 

Figure 2: a) MS/MS spectrum for the mTf glycopeptide glycoform N(H5N4S2)STLCDLCIGPLK; b) mass 

spectra of a fragment that still keeps the sialic acid (H1N1S1) and c) arrival time distribution of this 

fragment (m/z range: 673.3-673.5). The symbols used for the representation of the glycoform 

H5N4S2 follow the Consortium for Functional Glycomics (CFG) rules [56]. H: hexose; N: N-

acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-glycolylneuraminic acid) 
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lower CCS) corresponds to the α-26 

glycan, whereas the second peak 

represents the α-23 glycan.  

Our results are in accordance with 

those obtained by Hinneburg et al. [15], 

who, using modelling, drew the same 

conclusions. This is also in agreement with 

Guttman et al. [44], who found that 

biantennary glycoforms showed lower 

content of α-23 sialylation. In our case, 

the percentage of α-23 glycan was 

approximately 14% (taking into account 

the measured area of each drift time peak, 

see Figure 2-c). However, this ratio can 

vary depending on the glycoprotein studied 

[44]. With this method, using nano-UPLC-

IM-MS and drift time measurement of the 

MS/MS fragments, separation of 

glycopeptide isomers was achieved.  

3.3. Glycan analysis 

 Finally, we proceeded with the study 

of the enzymatically released glycans using 

PNGase F. Different solvents were tested 

to obtain the best spray and ionization 

yield, and a slightly superior glycan signal 

was obtained at 50:50 H2O:ACN with 0.1% 

FA. Table 3 shows the detected mTf glycans 

along with their theoretical and 

experimental masses, mass error and 

observed charge states. In Figure 3 the ATD 

profile of H5N4S2 glycans at different 

values of WV and WH is shown. Two peaks 

are observed which are believed to 

correspond to two different isomers of the 

glycan H5N4S2, in analogy to the 

previously obtained results with the 

glycopeptide N(H5N4S2)STLCDLCIGPLK. 

Fine tuning of the IM parameters was 

mandatory in order to resolve both drift 

time peaks. A WV value of 450 m s-1 and 

WH of 25 V was selected as optimal for the 

analysis of all mTf glycans. It is worth 

mentioning that in this case, glycans were 

analyzed in negative mode and, as can be 

observed in Figure 3, the first isomer was 

clearly the less abundant one. This is in 

contrast to the glycopeptide analysis which 

was done in positive mode, where the less 

abundant isomer was the second one. This 

could be due to the fact that both 

molecules were, actually, quite different - 

specifically, the glycan had eleven 

monosaccharide units, as opposed to the 

fragment observed in the glycopeptide 

Glycan* Theoretical Mr Experimental 
Mr 

Mass error 
(ppm) 

Observed 
charge state 

H3N3S1 1420.4975 1420.4659 22 -1 

H3N3F1S1 1566.5554 1566.5692 9 -1 

H5N4S1 1947.6825 1947.7031 11 -1 

H5N4F1S1 2093.7404 2093.7891 23 -1 

H5N4S2 2254.7729 2254.7650 4 -2 

H5N4F1S2 2400.8308 2400.8240 3 -2 

H5N4S3 2561.8632 2561.9150 20 -2 

H5N4F1S3 2707.9211 2707.9470 10 -2 

H6N5S3 2926.9954 2926.9334 21 -2, -3 

H6N5F1S3 3073.0533 3073.0036 16 -3 

Table 3: Theoretical and experimental molecular mass (Mr), mass error and detected charge states of 

the 10 mTf glycans detected by IM-MS 

* H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-

glycolylneuraminic acid) 
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analysis which had only three. With regard 

to other glycans, three different peaks, i.e., 

three drift times, were observed for 

H6N5S3 (see supplementary Figure 2-c), 

albeit separation was slightly worse than 

observed for H5N4S2. H5N4S1 on the other 

hand only showed one wide peak (see 

supplementary Figure 2-d), most probably 

implying that only one glycan isomer exists. 

However, the absence of other drift time 

peaks does not preclude the presence of 

other isomers, as they can have similar 

CCS. It is also worth pointing out that when 

the glycan contained a fucose unit, the 

isomeric separation was somewhat 

hampered, as observed in supplementary 

Figure 2-b. We reckon that the addition of 

one extra monosaccharide unit might 

affect the global CCS of the glycan, and as 

the whole glycan is bigger, a small variation 

in the orientation of the sialic acid is less 

noticeable.  

 To confirm that separation of 

isomeric glycans due to the sialic acid 

linkage was also possible with other 

glycoproteins, hAGP was also digested with 

PNGase F and the released glycans 

analyzed by IM-MS. Separation of isomeric 

glycans was achieved, seemingly obtaining 

the same results as with mTf. As an 

example, the arrival time distributions of 

the H5N4S2 and H6N5S2 glycans are 

shown in supplementary Figure 3. As can 

be seen, two drift time peaks were 

obtained for the H5N4S2 glycan and three 

peaks for H6N5S3, albeit separation was 

poorer in both cases when compared to 

mTf.   

Moreover, to confirm that ion 

mobility separation of these possible 

isomers is due to different sialic acid 

linkages, the theoretical CCS values of 

H5N4S2 with (α-23)2, (α-26)(α-23) 

and (α-26)2 sialic acids were calculated. 

The obtained CCS were: 652.3 Å2 for the (α-

23)2 glycan, 635.4 Å2 for (α-26)(α-

23), and 623.9 Å2 for the (α-26)2 form. 

The differences between these calculated 

values suggest that the observed ion 

mobility peaks could be due to isomeric 

glycans with different types of sialic acid 

linkage. With the knowledge of theoretical 

CCS, and the abundance of the α-23 

H1N1S1 fragment being lower than the α-

26 (based on fragmentation of the 

H5N4S2 glycopeptide, see above), the two 

peaks observed for the H5N4S2 glycan 

were tentatively assigned. We suggest that 

the peak with the highest drift time, and 
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Figure 3: Arrival time distributions for the H5N4S2 

glycan released from mTf at different wave height 

(WH, in V) and wave velocity (WV, in m s-1) 

combinations. The symbols used for the 

representation of the H5N4S2 glycan follow the 

Consortium for Functional Glycomics (CFG) rules 

[56]. H: hexose; N: N-acetylhexosamine; F: fucose; 

S: sialic acid (in this case, all S are N-

glycolylneuraminic acid) 
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highest abundance, could be the glycan (α-

26)(α-23) linkage. Whereas, the one 

with the lowest drift time (and lowest 

abundance) could be the (α-26)2-linked 

glycan. However, alternative approaches 

for the study of isomeric glycoconjugates, 

for instance using specific sialidases [18], 

could be useful to obtain complementary 

information and reliably assign the 

different isomers. 

3.4. Mice serum sample 

To further asses the ability of the 

established method to separate isomeric 

glycoconjugates in biological samples, we 

measured the drift time of mTf glycans 

purified from serum samples. Only the 

analysis of the released glycans by IM-MS 

was included in this study, as it was found 

to be the most sensitive and 

straightforward approach to obtain 

information about isomeric forms. Two 

serum samples were analyzed: one healthy 

control and one sample with collagen-

induced arthritis (CIA), an autoimmune 

disease known to alter the glycosylation 

pattern of mTf [50,55]. As can be seen in 

Figure 4, two peaks were observed for 

H5N4S2 glycan and three peaks for H6N5S3 

in both samples, with the same drift time 

and similar relative intensities as in the mTf 

standard (compare Figure 4 with 
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used for the glycan representation follow the Consortium for Functional Glycomics (CFG) rules [56]. H: 
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supplementary Figure 2). Although 

additional samples are required to observe 

possible differences in the relative 

abundance of glycan isomers between 

control and pathological samples, the 

presented methodology shows great 

potential for the separation of isomeric 

glycans and the discovery of novel 

biomarkers in glycomic studies.   

4. Concluding remarks 

In the present paper, the capability of 

IM-MS to separate isomeric 

glycoconjugates which are due to different 

types of sialic acid linkage (i.e. α-23 and 

α-26) has been evaluated at three 

different levels: intact glycoprotein, 

glycopeptides, and the released glycans. 

Separation of isomeric glycoconjugates is 

an important task in the glycomics field, 

because it has been reported that 

differences in the abundance of some 

glycan isomers might be of great 

importance for the early diagnosis or 

control of, for instance, inflammatory 

diseases and certain types of cancer.  

With the current capabilities of Synapt 

IM-MS instrumentation, isomeric 

separation cannot be obtained at the intact 

glycoprotein and glycopeptide level. 

Released glycans however can be 

separated after optimization of the IM 

parameters. As stated before by others 

[15,44], and also demonstrated in this 

work, there is a workaround to distinguish 

different types of sialic acid linkage in 

glycopeptides that takes into account the 

mobility of an MS/MS fragment which still 

retains the sialic acid. This method can 

however be time-consuming and rather 

difficult, as glycopeptides must be 

separated from the rest of the digest and, 

besides, the obtained glycopeptide 

fragment is, actually, a glycan. 

The interest in using ion mobility for 

glycoconjugate separation and 

identification has seen a major growth in 

the last years. Thus, it is likely that new 

technologies and improvements will 

become available soon, including the 

advent of ion mobility instrumentation 

with up to ten times higher resolution. 

Therefore, the separation of sialic acid 

linkage isomers may also become possible 

at the level of glycopeptides and intact 

proteins in the future. 
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Supplementary Figure 1: Mass spectra of the ion with +19 of intact mTf after desalting with three 

different methods: a) dialysis, b) size exclusion columns, and c) ultracentrifugation 
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Supplementary Figure 2: Arrival time distributions for several glycans of mTf standard: a) H5N4S2, b) 

H5N4F1S2, c) H6N5S3 and d) H5N4S1. The symbols used for the glycan representation follow the 

Consortium for Functional Glycomics (CFG) rules [56]. H: hexose; N: N-acetylhexosamine; F: fucose; S: 

sialic acid (in this case, all S are N-glycolylneuraminic acid). 
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Supplementary Figure 3: Arrival time distributions for a) H5N4S2 glycan and b) H6N5S3 glycan of hAGP. 

The symbols used for the glycan representation follow the Consortium for Functional Glycomics (CFG) 

rules [56]. H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-

acetylneuraminic acid).  
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La glicómica se ha convertido en una de las ciencias ómicas de mayor interés, en gran parte 

debido a la importancia de los carbohidratos en multitud de procesos biológicos y a su 

implicación en un gran número de enfermedades. En la última década, los trabajos científicos 

relacionados con la glicómica han aumentado considerablemente, poniendo de manifiesto la 

gran novedad e impacto que posee esta ciencia ómica en campos como el biomédico, 

biotecnológico o farmacológico.  

En la actualidad, la espectrometría de masas (MS) es la técnica analítica más utilizada en el 

estudio de la glicosilación de proteínas (glicoproteómica). Esto es debido a su elevada 

capacidad para obtener información estructural de biomoléculas, y por consiguiente, cualquier 

trabajo desarrollado hoy en día que tenga como objetivo estudiar la glicosilación de una 

proteína, depende, en gran medida, de la MS para alcanzar su objetivo satisfactoriamente.  

El estudio de la glicosilación de proteínas por MS se puede llevar a cabo a tres niveles 

diferentes: analizando la glicoproteína intacta, los glicopéptidos y/o los glicanos, tal y como se 

ha mencionado en el apartado 1.3 de esta tesis doctoral. De todos ellos, el análisis de los 

glicopéptidos proporciona varias ventajas, ya que se obtiene información de la composición de 

los glicanos de cada punto de glicosilación, así como del grado de ocupación. No obstante, el 

análisis de los glicopéptidos obtenidos tras la digestión enzimática de una glicoproteína no se 

puede llevar a cabo con éxito mediante infusión directa del digesto en el espectrómetro de 

masas, ya que los péptidos presentes en el digesto se ionizan con mayor facilidad, suprimiendo 

la ionización de los glicopéptidos. Por tanto, es necesaria una técnica de separación previa a la 

detección por MS.  

Por estos motivos, esta tesis doctoral se ha centrado principalmente en el estudio de la 

glicosilación de diferentes proteínas a nivel glicopeptídico, utilizando la cromatografía de 

líquidos capilar y la electroforesis capilar acopladas a la espectrometría de masas (CapLC-MS y 

CE-MS, respectivamente), utilizando un analizador de tiempo de vuelo de aceleración 
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ortogonal (oa-TOF). Ambas técnicas se engloban dentro de las llamadas técnicas de separación 

miniaturizadas y, como ya se ha explicado en la introducción, proporcionan diferentes 

ventajas que las hacen excelentes para el análisis de la glicosilación en muestras biológicas.  

No obstante, la determinación de la composición de glicanos presentes en una proteína puede 

no ser suficiente para detectar la presencia y/o evolución de un proceso patológico. De hecho, 

se ha sugerido que en ciertas enfermedades, además de una modificación en la composición 

total de glicanos de algunas proteínas, puede existir una alteración de la abundancia relativa 

de ciertos glicanos isómeros [251–254]. En este sentido, la movilidad iónica acoplada a la 

espectrometría de masas (IM-MS), ha suscitado gran interés como una técnica con potencial 

para la separación de isómeros, tal y como han demostrado varios autores [140–143, 152–

155]. Por este motivo, en esta tesis doctoral, también se ha evaluado la eficacia del IM-MS 

para la separación de isómeros glicoconjugados debidos al tipo de enlace del ácido siálico, 

tanto a nivel de glicoproteína intacta como a nivel de glicopéptidos y glicanos. 
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5.1. Estudio de la glicosilación de glicoproteínas por cromatografía de 

líquidos capilar acoplada a la espectrometría de masas  

5.1.1. Desarrollo y optimización de la metodología analítica 

Para poder establecer y optimizar la metodología analítica basada en CapLC-MS, se escogió la 

transferrina humana (hTf), una glicoproteína de interés biológico implicada en varios procesos 

patológicos, cuya glicosilación, a priori, es relativamente sencilla. La hTf muestra tres puntos 

de glicosilación, dos N y uno O, siendo los glicanos en los puntos de N-glicosilación de tipo 

complejo los que pueden verse alterados en presencia de ciertas enfermedades. 

Optimización de la digestión enzimática de la hTf 

Tal y como se detalla en el artículo 2.1, la digestión enzimática de la hTf con tripsina no resultó 

ser eficaz empleando condiciones de digestión en solución convencionales y ampliamente 

descritas en la bibliografía [82, 277–279] (0.5 M DTT, 0.73 M IAA, 50 mM NH4HCO3 pH 7.9, 

37˚C de incubación durante 18h). Con estas condiciones convencionales se detectaron los 

péptidos y glicopéptidos de la hTf a muy baja concentración, lo que dificultaba la detección de 

las glicoformas minoritarias. Este bajo rendimiento de la digestión seguramente fue 

ocasionado por la estructura compacta de la hTf y la presencia de un elevado número de 

puentes disulfuro, lo que podía dificultar la hidrólisis enzimática de la glicoproteína [280, 281]. 

Con el objetivo de aumentar el rendimiento, se probaron diferentes reactivos y condiciones de 

digestión descritos en la bibliografía encaminados a facilitar la acción de la enzima [282–285]. 

No obstante, no fue hasta la utilización de un surfactante aniónico como coadyuvante, llamado 

RapiGest® (WATERS® S.A.), cuando se consiguió desnaturalizar la glicoproteína y obtener 

digestiones eficaces [286–290]. La principal ventaja de este surfactante es su compatibilidad 

con la cromatografía de líquidos y la espectrometría de masas tras acidificar la disolución. Esta 
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acidificación provoca la hidrólisis del surfactante, generando un producto no volátil que se 

elimina por precipitación, y otro que permanece en el digesto pero que no interfiere en el 

análisis por LC-MS (ver Figura 5.1).  

 

Figura 5.1: Hidrólisis del surfactante RapiGest® tras la acidificación de la disolución. 

 

La eficacia de este surfactante a la hora de mejorar el rendimiento de la digestión de proteínas 

ya había sido descrita previamente por algunos autores [286–290]. No obstante, las 

condiciones para la hidrólisis del surfactante recomendadas por el fabricante (ver Figura 5.1) 

resultaron no ser adecuadas para el análisis de glicoproteínas, dado que producían una 

desialilación parcial de los glicopéptidos de la hTf (artículo 3.1). Para evitar esta pérdida de 

ácidos siálicos en la hTf, en esta tesis doctoral se evaluaron diferentes condiciones de 

hidrólisis. Se compararon dos ácidos, el ácido trifluoroacético (TFA) y otro ácido más débil, 

como el ácido fórmico (HFor), a diferentes concentraciones, además de modificar el tiempo de 

reacción. La Figura 5.2 muestra los cromatogramas de iones extraídos (EICs) de las glicoformas 

H5N4S2 y H5N4S1 del glicopéptido N413 en las diferentes condiciones de acidificación y 

reacción para hidrolizar el surfactante. 
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Figura 5.2: EICs de las glicoformas a) H5N4S2 y b) H5N4S1 del glicopéptido N413 de la hTf con diferentes 

condiciones de hidrólisis del surfactante. 

 

Como se puede observar, al sustituir el TFA por el HFor a una concentración del 5% (v/v), la 

glicoforma H5N4S2 aumenta mientras la glicoforma H5N4S1 disminuye, lo que pone de 
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escogió una concentración de HFor del 5% (v/v) como la más adecuada para la hidrólisis del 

surfactante. 

A continuación, se decidió comprobar la influencia del tiempo de reacción (30 o 45 min) en la 

desialilación. Tal y como se muestra en la Figura 5.2, no se observa un cambio significativo en 

el área de ninguna de las dos glicoformas y, en general, la intensidad de ambos picos se 

mantiene igual, independientemente del tiempo de reacción. Consecuentemente, en esta tesis 

doctoral (artículo 3.1) se seleccionaron como condiciones óptimas para la hidrólisis del 

surfactante, minimizando la desialilación de los glicopéptidos y sin provocar una disminución 

general de la sensibilidad, una concentración de HFor del 5% (v/v) y un tiempo de reacción de 

30 min. Estas condiciones han sido las empleadas en todos los estudios posteriores al artículo 

2.1. 

Optimización de las condiciones del sistema CapLC-MS 

El análisis por CapLC-MS de los péptidos y glicopéptidos de la hTf se llevó a cabo con una 

columna cromatográfica C18 (Zorbax 300SB-C18, 3.5 µm diámetro de partícula, 300 Å poro, 

150 × 0.3 mm LT × i.d., Agilent Technologies) y una fase móvil H2O:ACN con 0.1% HFor (v/v). No 

obstante, a fin de mejorar la separación y detección, se optimizaron diferentes parámetros 

cromatográficos como el gradiente de fase móvil y el volumen de inyección. En cuanto al 

espectrómetro de masas, se utilizó un analizador de tiempo de vuelo de aceleración ortogonal 

(oa-TOF), del cual se optimizó principalmente el voltaje del fragmentor para mejorar la 

sensibilidad sin producir una pérdida de los ácidos siálicos. Esta optimización se detalla en el 

artículo 2.1, aun así, las condiciones óptimas se indican a continuación: volumen inyección: 

150 nL; gradiente: de 10% a 60% (v/v) de ACN 0.1% HFor (v/v) en 45 min, seguido de un 60% a 

100% (v/v) (5 min), 100% (v/v) (10 min), de 100% a 10% (v/v) (5 min) y 10% (v/v) (10 min); 

voltaje del fragmentor: 215 V. En la Figura 5.3 se pueden observar los EICs de las glicoformas 

mayoritarias y de algunas glicoformas minoritarias detectadas para ambos N-glicopéptidos (a), 
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así como los EICs del O-glicopéptido y de algunos de los péptidos observados (b). Utilizando 

RapiGest® como surfactante y CapLC-MS como técnica de análisis, de los dos N-glicopéptidos 

originados tras la digestión enzimática, se consiguieron detectar tanto las glicoformas 

mayoritarias como las minoritarias, así como cerca del 100% de los péptidos trípticos del 

digesto. Sin embargo, como se aprecia en la Figura 5.3-a, no existe separación entre las 

diferentes glicoformas de un mismo glicopéptido. En la Tabla 5.1, se recogen las áreas 

normalizadas (Anorm) de todas las glicoformas detectadas para ambos N-glicopéptidos en un 

patrón de hTf con la metodología establecida. Las glicoformas observadas para los 

glicopéptidos provienen de diferentes glicoformas intactas de la hTf (S2-S6) tal y como se 

detalla en la Figura 1.8 del apartado 1.2.1. 

 

 

Figura 5.3: EICs a) de las glicoformas mayoritarias y algunas minoritarias detectadas de ambos N-

glicopéptidos de la hTf y b) del O-glicopéptido y algunos péptidos del digesto de un patrón de hTf. 
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Tabla 5.1: Masa teórica (Mteo) y experimental (Mexp), error de masa, cargas observadas, tiempo de 

retención (tR) y área normalizada (Anorm) para las diferentes glicoformas detectadas de ambos N-

glicopéptidos en un patrón de hTf por CapLC-MS. 

Glico-
péptido 

Glicoforma Mteo (Da) 
Mexp (Da) 

(n=6) 
Error 
(ppm) 

Cargas 
observadas 

tR 
(min) 
(n=6) 

RSD 
(%) 
(tR) 

Anorm
a 

(%) 
(n=6) 

RSD 
(%) 

(Anorm) 

N413 

Péptido - - - - - - - - 

H5N4S1 

 

3389.4213 3389.4130 2.4 +2, +3, +4 14.3 1.1 17.0 3.3 

H5N4S2 

 

3680.5167 3680.5081 2.3 +2, +3, +4 14.4 1.1 70.6 3.2 

H5N4F1S2  

 

3826.5746 3826.5796 1.3 +3, +4 14.3 1.9 1.2 13.9 

H6N5S3 

 

4336.7443 4336.7527 1.9 +4 14.3 1.3 1.0 7.2 

N611 

Péptido 2514.1169 2514.1022 5.8 +2, +3 17.8 0.9 0.6 13.2 

H5N4S1 

 

4427.7939 4427.7875 1.4 +3, +4 16.9 1.0 14.5 5.8 

H5N4S2 

 

4718.8893 4718.8838 1.2 +3, +4, +5 17.1 0.9 74.5 1.6 

H5N4F1S2 

 

4864.9472 4864.9336 2.8 +3, +4 16.9 0.9 4.8 2.2 

H6N5S3 

 

5375.1169 5375.1201 0.6 +4, +5 17.1 0.8 1.9 5.0 

aLas áreas normalizadas se calcularon como: (Área glicoforma / Área péptido DGAGDVAFVK) x 100. 

Los símbolos utilizados para la representación de los glicanos siguen las reglas sugeridas por el 

Consortium for Functional Glycomics (CFG) [13]. 

 

Para poder comparar los cambios de glicosilación entre diferentes muestras se debe tener en 

cuenta que ciertos factores como la cantidad de proteína presente en una muestra biológica, 

el rendimiento de la digestión o las condiciones del espectrómetro de masas pueden afectar al 

área absoluta de las diferentes glicoformas. Por este motivo, es necesario normalizar las áreas 
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de las diferentes glicoformas respecto al área de un péptido del propio digesto (Anorm). De este 

modo, gran parte de las variaciones entre muestras ocasionadas por los factores mencionados 

anteriormente, se corrigen y, consecuentemente, se pueden asignar las diferencias entre 

muestras a cambios de glicosilación de la glicoproteína estudiada. En concreto, se escogió 

como péptido de referencia para el cálculo de las áreas normalizadas aquel que tenía un 

tiempo de migración o retención y un área absoluta parecidos al de las glicoformas 

mayoritarias en cada caso. En la Tabla 5.2 se recogen los péptidos de referencia utilizados en 

los diferentes estudios de esta tesis doctoral. 

Tabla 5.2: Péptidos de referencia utilizados para el cálculo de las áreas normalizadas en los diferentes 

estudios. 

Estudio Péptido de referencia Glicoproteína Artículo 

Alcoholismo DGAGDVAFVK 
Transferrina 

humana 
2.1 

Defectos congénitos de 
la glicosilación por CapLC 

DYELLCLDGTR 
Transferrina 

humana 
2.2 

Artritis inducida por 
colágeno 

CDEWSIISEGK 
Transferrina de 

ratón 
2.3 

Defectos congénitos de 
la glicosilación por CE 

SAGWNIPIGLLYCDLPEPR 
Transferrina 

humana 
3.1 

Modelos de migracióna MEVGQQAVEVWQGLALLSEAVLR 
Eritropoyetina 

humana 
recombinante 

3.2 

aEn este estudio el péptido de referencia se utilizó para calcular el tiempo de migración relativo, pero se 

seleccionó siguiendo los mismos criterios que en los otros estudios. 

 

Purificación por cromatografía de inmunoafinidad 

Uno de los objetivos principales de esta tesis doctoral ha sido el desarrollo de una metodología 

analítica adecuada para caracterizar la glicosilación de glicoproteínas en muestras de suero. 

Debido a la gran complejidad de este tipo de muestras, aislar la glicoproteína de interés no es 

fácil, principalmente, por la presencia de otras proteínas mayoritarias. Dichas proteínas, como 

por ejemplo la albúmina, pueden interferir en el proceso de digestión o impedir la detección 

de la glicoproteína de interés por MS, tal y como se demostró anteriormente en nuestro grupo 
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de investigación para la hTf [291, 292]. Aunque existen kits comerciales que permiten eliminar 

las proteínas mayoritarias presentes en el suero, no suelen ser adecuados cuando se pretende 

analizar la glicoproteína de interés por MS, ya que la cantidad no eliminada puede interferir. 

Como ya se ha mencionado en el apartado 1.3, la cromatografía de inmunoafinidad (IAC), 

debido a su gran especificidad, es la opción más adecuada para llevar a cabo un análisis 

focalizado (targeted analysis) de una proteína concreta en muestras biológicas. En este 

sentido, en el artículo 2.1 se evaluó la eficacia de dos columnas de inmunoafinidad home-

made, activadas con el mismo anticuerpo policlonal anti-hTf. Estas dos columnas diferían en el 

tipo de soporte y en la química de unión entre el anticuerpo y el soporte. La columna de Sílice-

Hidrazida estaba formada por un soporte de sílice derivatizado con grupos hidrazida para unir 

el anticuerpo a través de los carbohidratos de las cadenas pesadas [293]. Por otro lado, en la 

columna de Sefarosa-CNBr el soporte de sefarosa se encontraba derivatizado con grupos de 

bromuro de cianógeno (CNBr), donde el anticuerpo se unía a través de los grupos amino de las 

lisinas y argininas.  

De las dos columnas elaboradas, la de Sefarosa-CNBr fue la que proporcionó mayores 

recuperaciones cuando se analizaron muestras patrón de 1500 µg mL-1 de hTf (~44% (±5), 

n=3). Esta columna se empleó para purificar la transferrina humana del suero (artículos 2.1, 2.2 

y 3.1), así como la transferrina de ratón (artículos 2.3 y 4.1), ya que ambas glicoproteínas 

comparten alrededor de un 72% de la secuencia aminoacídica. 

A modo de ejemplo, en la Figura 5.4 se muestra la glicoforma H5N4S2 de ambos N-

glicopéptidos en el patrón de hTf y en una muestra de suero control donde la hTf ha sido 

purificada previamente con la columna de inmunoafinidad de Sefarosa-CNBr. A pesar de la 

elevada complejidad de la muestra de suero, se consiguió aislar satisfactoriamente la hTf, 

obteniéndose áreas normalizadas muy parecidas para todas las glicoformas de los dos N-
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glicopéptidos, tanto en el patrón como en la muestra de suero, demostrando así la eficacia de 

la columna de Sefarosa-CNBr. 

 

Figura 5.4: EICs de la glicoforma H5N4S2 en ambos glicopéptidos en un patrón de hTf de 1500 µg mL-1 y 

en una muestra de suero control. Los símbolos utilizados para la representación de los glicanos siguen 

las reglas sugeridas por el Consortium for Functional Glycomics (CFG) [13]. 

 

5.1.2. Transferrina humana en suero. Diagnóstico del alcoholismo crónico y los 

defectos congénitos de la glicosilación   

Una vez establecido el método de purificación, digestión y análisis por CapLC-MS de los 

glicopéptidos de la hTf en muestras de suero, se procedió a evaluar el efecto que el 

alcoholismo crónico y los defectos congénitos de la glicosilación (CDG) causan en la 

glicosilación de esta proteína.  
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Análisis de muestras de suero de individuos con diferentes grados de alcoholismo 

Como ya se ha comentado, la ingesta elevada de alcohol se traduce en un aumento de las 

glicoformas de la hTf menos glicosiladas. Existe cierta discrepancia en torno al mecanismo que 

provoca la alteración de la glicosilación de la hTf en individuos con un cierto grado de 

alcoholismo [31–33]. En concreto, algunos autores sugieren que el etanol afecta directamente 

al traslado o a la unión del glicano a la proteína cuando se está formando, hecho que 

provocaría que la N-glicosilación no se llegase a iniciar, dando lugar a una hTf deficiente en 

cadenas completas de N-glicanos [31, 32, 47, 48]. En cambio, otros autores sugieren que el 

etanol afecta al proceso de N-glicosilación, provocando alteraciones en las cadenas de N-

glicanos de las glicoproteínas que se van formando en el aparato de Golgi, lo cual daría lugar a 

una hTf con cadenas de glicanos truncadas o desialiladas [31, 33, 45, 46]. Aunque aún en 

debate, se cree que ambos efectos son posibles en el alcoholismo crónico [32]. Con el estudio 

llevado a cabo y detallado en el artículo 2.1, se pretende caracterizar las glicoformas de la hTf 

de muestras de individuos con distintos grados de consumo de etanol para, por un lado 

determinar su validez para el diagnóstico y el seguimiento del alcoholismo crónico, y, por otro, 

aportar información sobre el mecanismo dominante responsable de la alteración de la 

glicosilación de la hTf.  

Para realizar este estudio, se analizaron varias muestras de suero, aplicando la metodología 

desarrollada y explicada en el apartado anterior: 1 muestra control de un individuo abstemio, 

1 muestra control de alcoholismo leve, 1 muestra control de alcoholismo grave y dos muestras 

de individuos cuyo grado de alcoholismo era desconocido. Los resultados obtenidos se recogen 

en la Tabla 5.3. 
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Tabla 5.3: Áreas normalizadas para las diferentes glicoformas de ambos N-glicopéptidos de la hTf en 

diferentes muestras de suero para el estudio del alcoholismo. 

Alcoholismo Control 
Alcohólico 

leve 
Alcohólico 

grave 
Individuo 1 Individuo 2 

N413 

Péptido - - 3.0 - 2.5 

H5N4 2.5 1.4 1.6 1.7 1.3 

H5N4S1 15.7 12.3 11.4 11.7 11.1 

H5N4S2 66.3 60.9 55.0 62.4 55.3 

H5N4F1S2 1.3 1.1 1.4 1.1 1.2 

H6N5S3 1.1 1.0 1.0 1.0 0.8 

N611 

Péptido 0.8 2.9 8.5 2.0 7.0 

H5N4 0.5 0.5 0.4 0.5 0.4 

H5N4S1 13.8 11.1 12.0 11.0 12.0 

H5N4S2 74.1 71.9 67.0 72.5 68.6 

H5N4F1S2 4.2 3.6 4.4 3.9 4.6 

H6N5S3 1.9 1.0 1.5 1.8 1.2 

Las áreas normalizadas se calcularon como: (Área glicoforma / Área péptido DGAGDVAFVK) x 100 

 

Si se comparan las Tablas 5.1 y 5.3, el área normalizada de las glicoformas del suero control 

son muy parecidas a las obtenidas para las glicoformas del patrón de hTf, ya que ambas 

muestran una distribución de las glicoformas típica de una hTf no alterada (que 

corresponderían a las glicoformas de la proteína intacta predominantes: S2-S6, ver Figura 1.8 

del apartado 1.2.1). Sin embargo, en las muestras de individuos con diferentes grados de 

alcoholismo, se pueden observar variaciones principalmente en dos glicoformas. En concreto, 

para la muestra con un grado de alcoholismo leve se observa una disminución de la glicoforma 

mayoritaria H5N4S2 y un aumento de la glicoforma péptido (aquella en la que no hay glicano), 

aunque únicamente en el glicopéptido N611 ya que el glicopéptido N413 se detecta con menor 

intensidad. Este cambio en la glicosilación se traduce, a nivel de glicoproteína intacta, en un 

aumento de las glicoformas intactas S0 y S2 (CDT, Figura 1.8 del apartado 1.2.1). Este mismo 

patrón de alteración se repite en las muestras con un grado de alcoholismo grave, pero con 

una disminución más pronunciada del área normalizada de la glicoforma H5N4S2 y un 

aumento mayor de la glicoforma péptido, que esta vez se detecta en ambos glicopéptidos. Por 

ejemplo, la glicoforma péptido para el glicopéptido N611 aumenta de un 0.8% a un 8.5% al 

pasar de un control a un alcohólico grave. Estos resultados refuerzan la teoría de que el etanol 
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afecta principalmente al transporte del glicano hacia la proteína impidiendo que se inicie la N-

glicosilación, aumentando así las glicoformas CDT S0 y S2 de la glicoproteína intacta (ver Figura 

1.8 apartado 1.2.1). Si el etanol afectase predominantemente al proceso de N-glicosilación una 

vez ya iniciado, hubiera habido un aumento de glicoformas truncadas o desialiladas como son 

la glicoforma H5N4S1 o H5N4. Tal como se observa en la Tabla 5.3 no es el caso, puesto que 

ambas glicoformas presentan áreas normalizadas muy similares en todos los casos. 

Por otro lado, la metodología desarrollada también se aplicó para estimar el grado de 

alcoholismo de dos muestras desconocidas. Tal y como se puede observar en la Tabla 5.3, la 

primera muestra desconocida (Individuo 1) debe corresponder a un individuo con un grado de 

alcoholismo leve ya que la disminución de la glicoforma H5N4S2 es reducida, al igual que el 

aumento de la glicoforma péptido, y los valores son similares a los obtenidos para la muestra 

de suero control de individuos con un grado de alcoholismo leve. Sin embargo, en la muestra 

de Individuo 2 el aumento de la glicoforma péptido y la disminución de la glicoforma H5N4S2 

son más acusados, al igual que en la muestra de suero control de individuos con un grado de 

alcoholismo severo. Por lo tanto, el método desarrollado no solo nos ha permitido determinar, 

de manera general, el grado de alcoholismo de muestras desconocidas, sino que también nos 

ha permitido aportar datos que pueden resultar útiles para conocer el mecanismo responsable 

de la alteración de la glicosilación de la hTf debido al alcoholismo. No obstante, sería necesario 

un número mayor de muestras para poder validar adecuadamente la metodología establecida 

como técnica para el diagnóstico y seguimiento del alcoholismo.  

Estudio de muestras de suero de pacientes con diferentes tipos de CDG 

En el siguiente trabajo de esta tesis doctoral, que se recoge en el artículo 2.2, se aplicó la 

metodología descrita anteriormente para estudiar el efecto de los CDG sobre la glicosilación de 

la hTf. Este nuevo estudio pretendía encontrar las glicoformas principales que permiten 

distinguir entre muestras de suero de individuos sanos y con CDG-I o CDG-II, con el fin de 
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obtener un panel novedoso de biomarcadores glicopeptídicos. En la Tabla 5.4 se recogen los 

resultados obtenidos tras analizar varias muestras de suero de individuos sanos (9 muestras 

control) y muestras de pacientes con CDG (5 muestras de CDG-I y 5 muestras de CDG-II), 

utilizando la metodología CapLC-MS desarrollada y explicada en el apartado anterior. En la 

Figura 5.5 se muestran, a modo de ejemplo, los EICs de las glicoformas H5N4S2 y H5N4S1 de 

los glicopéptidos N413 y N611 de la hTf en tres muestras de suero: control, CDG-I y CDG-II. 

También se incluye en esta figura los espectros de masas de las glicoformas mencionadas para 

la muestra de suero control. 

Los resultados obtenidos demuestran la robustez del método, ya que al aplicar la metodología 

desarrollada a estas nuevas muestras de suero, fue posible aislar la hTf, digerirla y obtener 

información sobre las diferentes glicoformas de ambos glicopéptidos. A pesar de no obtener 

separación entre glicoformas de un mismo glicopéptido (igual que ocurría en el estudio del 

alcoholismo), ambos glicopéptidos se separan perfectamente pudiendo cuantificar de manera 

relativa las diferentes glicoformas en cada punto de N-glicosilación. 



 

 

Tabla 5.4: Áreas normalizadas para las diferentes glicoformas de ambos glicopéptidos de la hTf en diferentes muestras de suero para el estudio de los CDG. 

CDG Glicopéptido N413 Glicopéptido N611 

Muestra Péptido H5N4 H5N4S1 H5N4S2 
H5N4 
F1S2 

H6N5S2 H6N5S3 Péptido H5N4 H5N4S1 H5N4S2 
H5N4 
F1S2 

H6N5S2 H6N5S3 

1 Control_1 0.3 0.8 6.1 76.3 1.3 1.8 1.2 3.5 0.5 5.7 91.0 4.5 0.7 2.8 

2 Control_2 2.2 0.6 4.6 73.0 1.8 1.5 3.4 4.7 0.8 3.9 92.0 5.5 0.7 2.2 

3 Control_3 2.8 1.1 4.3 103.7 1.4 2.0 4.7 6.0 1.3 4.9 116.1 6.0 0.9 3.9 

4 Control_4 0.5 0.7 7.3 75.7 1.5 1.8 2.3 6.1 0.5 6.2 87.3 4.7 0.9 3.4 

5 Control_5 0.3 0.4 5.8 77.3 1.8 1.6 2.5 5.5 0.5 5.6 94.7 5.1 0.8 3.4 

6 Control_6 2.9 1.2 4.3 55.8 1.4 1.2 3.4 7.6 1.1 5.5 101.0 7.5 0.8 3.4 

7 Control_7 2.9 0.4 4.6 75.6 1.9 1.6 3.9 5.2 0.9 5.5 93.6 6.1 0.8 2.7 

8 Control_8 4.4 0.8 4.4 58.6 1.1 1.8 4.1 6.2 1.0 5.4 98.8 6.2 0.9 4.4 

9 Control_9 4.4 1.3 3.7 68.3 1.5 1.5 4.7 6.1 1.2 4.6 95.5 6.2 1.2 4.4 

10 PGM1-CDG 14.6 1.3 7.3 67.8 2.5 1.5 1.6 14.6 0.5 6.2 63.6 5.9 0.7 1.4 

11 DPM1-CDG 19.1 - 8.3 51.5 1.5 0.7 1.6 20.8 0.3 5.0 52.2 7.1 0.7 1.0 

12 RFT1-CDG 59.4 - 3.3 45.1 3.3 1.9 1.7 46.7 0.4 4.7 45.0 4.6 0.4 1.3 

13 DPAGT1-CDG 21.7 0.7 8.0 55.6 0.9 0.8 1.6 20.5 0.5 5.8 59.2 3.9 0.8 2.1 

14 PMM2-CDG 66.3 - 6.0 46.8 2.2 0.5 2.0 59.5 0.2 2.9 34.3 3.6 0.6 0.5 

15 ATP6V0A2-CDG 2.1 2.9 19.4 43.7 0.6 1.0 1.7 5.9 0.3 10.4 52.6 4.8 1.0 1.7 

16 CDG-IIx (sepsis) - 2.0 14.4 72.6 1.6 2.2 1.1 5.9 0.6 9.5 68.6 7.6 1.1 2.3 

17 CDG-IIx 14.0 1.6 17.4 48.6 1.1 1.4 1.4 12.1 0.7 10.5 66.9 6.7 1.1 1.9 

18 COG8-CDG_1 0.7 1.5 18.1 61.2 1.1 1.0 1.7 6.1 0.7 11.9 81.5 2.3 0.9 1.9 

19 COG8-CDG_2 0.7 1.2 17.3 60.9 1.0 1.1 1.4 5.7 0.6 11.5 83.4 2.6 0.7 2.0 

Las áreas normalizadas se calcularon como: (Área glicoforma / Área péptido DYELLCLDGTR) x 100. Naranja: Controles. Verde: CDG-I. Rojo: CDG-II. 
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Figura 5.5: EIC de las glicoformas a) H5N4S2 y b) H5N4S1 de ambos glicopéptidos de la hTf en 

una muestra de suero control, de CDG-I y de CDG-II. i, ii) Espectros de masas de las glicoformas 

H5N4S2 y H5N4S1 para ambos N-glicopéptidos en una muestra control. 
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Para facilitar la interpretación de los resultados recogidos en la Tabla 5.4, correspondiente a un 

número considerable de muestras y de glicoformas identificadas, en la Figura 5.6 se muestra 

un gráfico de barras con el área normalizada media y la desviación estándar (±s) de las 

diferentes glicoformas para las muestras control, de CDG-I y de CDG-II.  

 

Figura 5.6: Gráfico de barras con el área normalizada media, y la correspondiente desviación estándar, 

de las diferentes glicoformas del a) glicopéptido N413 y b) el glicopéptido N611 de la hTf, para el conjunto 

de muestras control, de CDG-I y de CDG-II. En rojo se marcan las glicoformas cuya área normalizada 

media es considerada similar tras realizar un ANOVA de un factor. 
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Como se puede observar, en algunas glicoformas las desviaciones estándar obtenidas son 

elevadas, dada la gran heterogeneidad de las muestras analizadas dentro del mismo grupo 

(diferentes individuos, mutaciones, presencia de otras patologías, etc.). A pesar de ello, a partir 

de los datos disponibles, se puede obtener cierta información relevante. Por ejemplo, la 

glicoforma péptido (sin glicosilación) aumenta claramente en el caso de las muestras de CDG-I, 

mientras que no lo hace en las de CDG-II, lo cual es razonable, puesto que los CDG-I engloban 

todos aquellos defectos que tienen lugar antes de que llegue a iniciarse la N-glicosilación de las 

glicoproteínas. En cambio, en muestras de CDG-II, la glicoforma H5N4S1 aumenta, lo que 

también parece lógico si se tiene en cuenta que los CDG-II engloban todos aquellos defectos 

en la remodelación o síntesis del glicano durante la N-glicosilación, dando lugar a un aumento 

de glicoformas desialiladas o truncadas (La Figura 5.5 también permite observar las mismas 

tendencias). 

Estudio estadístico y análisis multivariante del conjunto de datos 

Aunque se pueden apreciar diferencias entre algunas glicoformas al observar la Figura 5.5 y 

5.6, dada la complejidad de los datos obtenidos y la heterogeneidad de las muestras 

estudiadas, es aconsejable la utilización de estudios estadísticos y quimiométricos con el 

objetivo de conocer que glicoformas pueden ser las significativas para la diferenciación entre 

los tres grupos de muestras.  

En primer lugar, para comparar las áreas normalizadas de cada glicoforma entre los diferentes 

grupos de muestras, se realizó un análisis de la varianza (ANOVA) de un solo factor. Con este 

tratamiento estadístico, se pudo detectar que dos de las catorce glicoformas analizadas 

(H6N5S2 del glicopéptido N413 y H5N4F1S2 del glicopéptido N611) no eran importantes a la hora 

de diferenciar entre los tres grupos, debido a que su área normalizada permanecía 

prácticamente constante y, por tanto, no eran interesantes como posibles biomarcadores 

(glicoformas marcadas en rojo en la Figura 5.6). 
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Seguidamente, se decidió utilizar dos métodos quimiométricos que tuvieran en cuenta las 

relaciones entre las diferentes glicoformas. Inicialmente, se aplicó un método quimiométrico 

más sencillo, como es el análisis por componentes principales (PCA). Con el PCA se pretendía 

estudiar de manera no supervisada si existían tendencias o grupos entre las diferentes 

muestras y, también, detectar la presencia de posibles outliers [214, 215].  

En la Figura 5.7-a, se muestran los resultados obtenidos tras realizar el PCA al conjunto de 

datos. En dicha figura se muestra el grafico de scores (Figura 5.7-a (i)) para los dos 

componentes principales (PC). El PC 1 explica alrededor del 41% de toda la varianza, mientras 

que el PC 2 explica un 29%. A pesar de la elevada heterogeneidad entre las muestras de un 

mismo tipo (controles, CDG-I y CDG-II), en este estudio no supervisado, se pueden observar 

claramente tres grupos, los cuales corresponden precisamente a los tres tipos indicados 

anteriormente. Estos resultados demuestran, en primer lugar, que las diferencias entre los tres 

grupos son mayores que las variaciones observadas entre muestras de un mismo grupo. 

Adicionalmente, tal y como se observa en el gráfico de scores, el PC 1 permite diferenciar entre 

las muestras control y CDG-I, mientras que el PC 2 permite separar las muestras de CDG-II del 

resto. También es posible ver en el gráfico de scores que no hay ninguna muestra que se 

encuentre muy alejada del resto, confirmándose así la ausencia de outliers. Finalmente, el 

gráfico de loadings de la Figura 5.7-a (ii) proporciona información interesante de las variables, 

es decir, de las glicoformas de los glicopéptidos en este caso, y como éstas están relacionadas 

con los componentes principales (PC).  



Capítulo 5 Resultados y discusión 
 

 207 

 

Figura 5.7: Gráficos de scores (i) y de loadings (ii) para a) el análisis de componentes principales (PCA) y 

b) el análisis discriminante por mínimos cuadrados parciales (PLS-DA), en el estudio de las muestras de 

CDG. 

 

Por ejemplo, se puede deducir que las glicoformas H5N4S2 y H6N5S3, ambas del glicopéptido 

N611, contribuyen a diferenciar entre las muestras control y CDG-I, debido a que su proyección 

en el eje de las X, lo que sería el PC 1, es elevada. Del mismo modo, las glicoformas péptido de 

ambos glicopéptidos también serían destacables en la diferenciación entre CDG-I y muestras 

controles (situadas en el lado negativo del eje de las X y con una proyección elevada en este 

eje). Por otro lado, la glicoforma H5N4S1 de ambos glicopéptidos sería relevante en la 

diferenciación de las muestras de CDG-II del resto, debido a que su proyección en el eje de las 

Y es elevada. Sin embargo, al ser un método exploratorio, PCA no es capaz de indicar con 
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exactitud que glicoformas son las que más contribuyen en la diferenciación de los tres grupos. 

Por este motivo, se optó por realizar un análisis multivariante supervisado del conjunto de 

datos y así poder elaborar un modelo más refinado que permitiese una mejora en la 

clasificación de los diferentes grupos. En concreto, se optó por realizar un análisis 

discriminante por mínimos cuadrados parciales (PLS-DA) [294].  

Para elaborar el modelo de PLS-DA, se tuvo en cuenta la clasificación obtenida por PCA de las 

diferentes muestras en los tres grupos mencionados. En la Figura 5.7-b se presentan los 

gráficos de scores (i) y de loadings (ii) obtenidos con el modelo de PLS-DA. Tal y como se 

observa en el gráfico de scores, dos variables latentes (LV) permiten discriminar entre los tres 

grupos diferentes. Concretamente, la LV 1 y la LV 2 permiten explicar aproximadamente un 

40% y un 30% de la varianza, respectivamente. Si se compara el gráfico de loadings obtenido 

para el PLS-DA con el de PCA, se puede ver como son prácticamente idénticos, con ligeros 

cambios en la posición de algunas variables. Adicionalmente, se puede apreciar cómo, en 

general, las glicoformas con un contenido alto en ácido siálico se sitúan en el lado positivo del 

eje de las X (H6N5S3, H5N4S2 para ambos glicopéptidos), zona en la que se encuentran las 

muestras control si observamos el gráfico de scores. Precisamente, esto indica que estas 

glicoformas tienen cierta relevancia en la diferenciación entre muestras control y CDG, y, en 

efecto, las glicoformas más sialiladas se encuentran en mayor concentración en las muestras 

control. Contrariamente, en líneas generales, son las glicoformas desialiladas o, incluso, sin 

glicosilación (péptido), las que se encontraban en mayor concentración en las muestras de 

CDG, y por ello se sitúan o bien en el lado negativo del eje de las X (zona que corresponde a las 

muestras de CDG-I si observamos el gráfico de scores, Figura 5.7-b (i)), o en lado positivo del 

eje de las Y (zona que corresponde a las muestras de CDG-II). Si exploramos los resultados en 

más detalle, se puede observar como son las glicoformas H5N4S1 y H5N4, para el glicopéptido 

N413, y las glicoformas H5N4S1 y H6N5S2, para el glicopéptido N611, las que están relacionadas 
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con las muestras de CDG-II. Por otro lado, las glicoformas péptido de ambos glicopéptidos 

parecen ser importantes en el caso de las muestras de CDG-I.  

No obstante, y, aunque la información obtenida de ambos gráficos es muy útil para un primer 

análisis del conjunto de datos, sólo es posible obtener información cualitativa. Gracias al 

gráfico de VIP (Importancia de la Variable en la Proyección – Variable Importance in Projection) 

scores, es posible cuantificar la influencia de cada glicoforma en la diferenciación de los 

grupos. Este gráfico incluye una estimación de la importancia de cada variable en la proyección 

del modelo de PLS-DA construido, es decir, es un indicador de las variables originales que más 

contribuyen a la diferenciación entre grupos. En general, aquellas variables con un VIP≥1 

suelen ser consideradas como relevantes [218]. Sin embargo, debido a que varias variables 

tienen un VIP≥1, se estimó oportuno aumentar el umbral (threshold) y considerar como 

variables más importantes sólo aquellas con un VIP≥1.5. En los gráficos de barras de la Figura 

5.8, se muestran los VIP scores de cada glicoforma cuando se pretende diferenciar controles de 

las muestras de CDG (5.8-a), las muestras de CDG-I de los controles y CDG-II (5.8-b) y las 

muestras de CDG-II de los controles y CDG-I (5.8-c). Si observamos los tres gráficos en 

conjunto, se aprecia como únicamente existen dos glicoformas de las 14 identificadas que 

presentan un valor de VIP inferior a uno en todos los casos (marcadas en rojo).  
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Figura 5.8: Gráfico de VIP scores para las diferentes glicoformas de ambos glicopéptidos de la hTf 

cuando se considera la separación entre: a) controles y CDG; b) CDG-I y controles/CDG-II; c) CDG-II y 

controles/CDG-I. d) Tabla resumen de las diferentes glicoformas con VIP≥1 (en negrita se indican las 

glicoformas con VIP≥1.5). 
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Estas glicoformas son, precisamente, las que ya con el test ANOVA, resultaban irrelevantes a la 

hora de diferenciar entre los tres grupos de muestras (H6N5S2 del glicopéptido N413 y 

H5N4F1S2 del glicopéptido N611). Del resto de glicoformas, se deben destacar aquellas que 

tienen un valor de VIP superior a 1.5 en alguno de los tres gráficos, ya que son éstas las más 

importantes para diferenciar entre los tres grupos de muestras. Tal y como se muestra en la 

tabla resumen de la Figura 5.8-d, donde aparecen todas las glicoformas con VIP superior o 

igual a 1 para cada uno de los gráficos, son las glicoformas H6N5S3, H5N4S1 y H5N4 del 

glicopéptido N413 y H6N5S3, H5N4S2 y H5N4S1 del glicopéptido N611, las seis que tienen un VIP 

mayor a 1.5 (marcadas en negrita). Entre estas seis, las glicoformas N413-H6N5S3, N611-H6N5S3 

y N611-H5N4S2, cuya área normalizada disminuye en las muestras patológicas, son las más 

importantes para diferenciar controles de las muestras de CDG. De manera similar, las 

glicoformas N413-H5N4S1, N611-H6N5S3, N611-H5N4S2 y N611-H5N4S1 son las más influyentes 

para discriminar las muestras de CDG-I del resto. Las glicoformas péptido resultan ser 

importantes (VIP>1) pero no las más destacadas (VIP<1.5), seguramente debido a la elevada 

heterogeneidad de las muestras de CDG-I (diferentes individuos, mutaciones, etc.). 

Finalmente, las glicoformas desialiladas y truncadas N413-H5N4S1, N413-H5N4 y N611-H5N4S1 

son las más discriminantes entre las muestras de CDG-II y el resto.  

Finalmente, aunque a la hora de construir el modelo de PLS-DA se realizó una validación 

cruzada leave-one-out, con el fin de realizar una validación externa del modelo, se construyó 

un nuevo set de nueve muestras adicionales (3 controles (i-iii), 3 CDG-I (iv-vi) y 3 CDG-II (vii-ix)) 

que se analizaron y procesaron del mismo modo que las muestras incluidas en el modelo de 

PLS-DA. Tal y como se puede observar en la Figura 5.7-b (i) (muestras i-ix, etiquetadas como 

muestras de validación), el modelo de PLS-DA es capaz de clasificar, con errores muy 

reducidos, cada muestra dentro del grupo correspondiente. 
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Gracias a este trabajo, fue posible establecer un método de análisis multivariante sencillo pero 

que permite obtener información relevante de un set de datos complejos, como el obtenido 

tras el análisis de las glicoformas de los glicopéptidos de la hTf por CapLC-MS. Además se 

puede observar como este tipo de métodos quimiométricos permiten profundizar en la 

relevancia de las diferentes glicoformas para distinguir entre controles, CDG-I y CDG-II. No 

obstante, en un futuro se deberían analizar un número superior de muestras para acabar de 

confirmar si estas seis glicoformas con VIP ≥ 1.5 podrían considerarse biomarcadores 

potenciales para el diagnóstico de CDG. 

Comparación entre el estudio del alcoholismo y CDG-I 

Si se comparan los resultados obtenidos en ambos estudios, cabe destacar la similitud 

existente entre la alteración de la glicosilación de la hTf producida en individuos con CDG-I y en 

los consumidores crónicos de alcohol, motivo por el cual, las glicoformas CDT de la hTf se 

pueden considerar biomarcadores para ambas enfermedades. Sin embargo, en el caso de 

neonatos, en la bibliografía se detalla que un excesivo consumo de alcohol durante el 

embarazo puede dar lugar a alteraciones del feto y en los años posteriores al nacimiento del 

niño, muy parecidas a las producidas por una CDG-I [32]. También se han publicado algunos 

casos de falsos positivos en el diagnóstico de CDG-I o alcoholismo debido a estas similitudes 

[32, 295]. 

Para hacer más sencilla la comparación entre ambos estudios, en la Tabla 5.5 se incluyen las 

áreas normalizadas de las diferentes glicoformas de los glicopéptidos de la hTf para una 

muestra de suero control, y de suero de alcohólico leve y grave. También se incluyen las áreas 

normalizadas de un suero control y de dos muestras de suero de CDG-I, en concreto, la 

DPAGT1-CDG y la RFT1-CDG. Para realizar una comparación más rigurosa las áreas 

normalizadas del estudio de CDG-I se recalcularon con el péptido de referencia utilizado en el 

estudio del alcoholismo (DGAGDVAFVK).  
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Tabla 5.5: Área normalizada de diferentes glicoformas detectadas para el glicopéptido N413 y N611 de la 
hTf en muestras de suero control y patológicas siguiendo la metodología utilizada en el estudio del 
alcoholismo (azul) y el estudio de los CDG (naranja).  

Glicopéptido Glicoforma 
Estudio alcoholismo Estudio CDG-I 

Control 
Alcohólico 

leve 
Alcohólico 

grave 
Control 

DPAGT1 
(CDG-Ij) 

RFT1 
(CDG-In) 

N413 

Péptido - - 3.0 0.4 18.9 56.8 

H5N4 2.5 1.4 1.6 0.7 0.6 - 

H5N4S1 15.7 12.3 11.4 6.2 6.8 3.1 

H5N4S2 66.3 60.9 55.0 74.7 47.4 42.4 

H5N4F1S2 1.3 1.1 1.4 1.5 0.8 3.1 

H6N5S3 1.1 1.0 1.0 1.9 1.3 1.6 

N611 

Péptido 0.8 2.9 8.5 4.9 17.0 44.6 

H5N4 0.5 0.5 0.4 0.8 0.4 0.4 

H5N4S1 13.8 11.1 12.0 5.7 5.0 4.5 

H5N4S2 74.1 71.9 67.0 89.0 49.4 42.3 

H5N4F1S2 4.2 3.6 4.4 4.7 3.3 4.4 

H6N5S3 1.9 1.0 1.5 3.1 1.7 1.3 

Áreas normalizadas calculadas como: (Área glicoforma / Área péptido DGAGDVAFVK) x 100. 

 

Si comparamos todas las muestras, se puede observar como ambas enfermedades presentan 

un aumento de las glicoformas péptido y una disminución de las glicoformas H5N4S2 en 

ambos glicopéptidos, aunque en proporciones distintas. Para poder apreciar mejor estas 

diferencias, en la Figura 5.9 se incluye un gráfico de barras con el aumento de área 

normalizada respecto al correspondiente control de las diferentes muestras de alcohólicos y 

CDG-I. Se puede observar cómo, en líneas generales, el aumento de la glicoforma péptido para 

ambos glicopéptidos de la hTf es bastante inferior en alcohólicos, incluso en aquellos ya 

considerados severos (ejemplo: aproximadamente 9% de área normalizada para el péptido 

N611 para un alcohólico severo, en comparación a un valor del 17% para la muestra de 

DPAGT1). 
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Figura 5.9: Aumento o disminución, con respecto al suero control, del área normalizada de las 

diferentes glicoformas de ambos N-glicopéptidos de la hTf en diferentes muestras de suero tanto para el 

estudio del alcoholismo como el de los CDG-I. 

 

También existe una diferencia considerable entre alcohólicos y CDG-I en cuanto a la 

disminución de la glicoforma H5N4S2 de ambos glicopéptidos, siendo mucho más acusada en 

individuos que sufren una CDG-I que en aquellos con alcoholismo. En cuanto al resto de 

glicoformas, es más complicado extraer una conclusión, debido, principalmente, a que no hay 

una disminución o aumento absoluto de las áreas normalizadas tan notable. Sin embargo, la 

conclusión más importante que se puede extraer de estos resultados es que parece que los 

CDG-I afectan más a la glicosilación de la hTf, produciéndose una mayor alteración que en el 

caso del alcoholismo crónico. 

No obstante, aunque se pueden observar diferencias interesantes entre ambas enfermedades, 

sería necesario hacer un estudio más exhaustivo con un mayor número de muestras y realizar 
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tratamientos quimiométricos, como un PLS-DA, para poder verificar las conclusiones extraídas. 

Una vez realizado este estudio, la metodología desarrollada podría considerarse como una 

alternativa adecuada para discriminar entre alcoholismo y CDG-I en aquellos casos donde el 

diagnóstico no sea claro con los métodos de referencia actuales. 

 

5.1.3. Transferrina de ratón y su implicación en la artritis inducida por colágeno (CIA) 

Como se comentó en la introducción de esta tesis doctoral, la hTf también está implicada en 

procesos de inflamación al ser una proteína de fase aguda negativa, es decir, su concentración 

experimenta una disminución de más del 25% como respuesta inicial a un proceso 

inflamatorio. Estos procesos pueden ser causados por varios motivos, siendo uno de los más 

comunes las enfermedades autoinmunes, que no son más que procesos inflamatorios debidos 

a la acción del sistema inmune del organismo en contra de una célula u órgano propio del 

individuo, que es reconocido como agente extraño. Además de la alteración en la 

concentración de ciertas proteínas, también se ha descrito que algunas glicoproteínas pueden 

ver modificada su glicosilación en un proceso inflamatorio [38, 40, 70]. Por ejemplo, la 

glicosilación de la hTf se ve alterada en la artritis reumatoide (RA), una enfermedad 

autoinmune que provoca un aumento de las glicoformas más sialiladas y una disminución de 

aquellas menos sialiladas [41]. 

El estudio de enfermedades de origen humano en modelos de ratones es una opción muy 

interesante en glicoproteómica, como estudio preliminar a la investigación en humanos. En 

concreto, la artritis inducida por colágeno (CIA) en ratones comparte muchas características 

con la RA en humanos, tanto en la evolución de la enfermedad, en cómo afecta a los tejidos de 

las articulaciones o en su respuesta a diferentes fármacos [75, 76]. Esta similitud hace prever 

que la glicosilación de la transferrina de ratón (mTf) también podría verse alterada en 

presencia de CIA. Por todos estos motivos, en el siguiente estudio (artículo 2.3) se aplicó la 
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metodología desarrollada de purificación, digestión y análisis de los glicopéptidos por CapLC-

MS para estudiar la alteración de la mTf en CIA.  

El trabajo llevado a cabo en este tercer artículo fue posible gracias a la colaboración con el 

Instituto de Parasitología y Biomedicina “López-Neyra” (IPBLN) del Centro Superior de 

Investigaciones Científicas (CSIC) de Granada, que se encargaron de realizar los experimentos 

de electroforesis en gel y de obtener las muestras de bazo y suero de los ratones. 

El estudio de la glicosilación de la mTf surgió a partir de un estudio previo más general donde 

se pretendía observar diferencias de abundancia en las proteínas del bazo de ratones con y sin 

CIA. Este estudio se realizó por electroforesis diferencial en gel (DiGE) y se compararon las 

proteínas detectadas en cuatro tipos de muestras de bazo de diferentes ratones: 

- Wild-type (WT) control (ratones sanos sin CIA). 

- Wild-type (WT) con CIAa. 

- CD38-KOb control. 

- CD38-KOb con CIAa. 

Se aplicaron diferentes métodos estadísticos y quimiométricos (ANOVA de dos factores y PCA) 

con el fin de detectar varios spots cuya diferencia de concentración fuese significativa entre las 

diferentes muestras de ratón con CIA respecto a los controles, tanto en ratones WT como 

CD38-KO. Muchos de estos spots se identificaron, mediante su digestión con tripsina y 

detección de los péptidos resultantes por MALDI-TOF/TOF-MS, como spots pertenecientes a 

diferentes especies de la mTf y por este motivo se decidió analizar la glicosilación de esta 

proteína en más profundidad a partir del análisis de los glicopéptidos con la metodología 

desarrollada para el estudio del alcoholismo y los CDG. 

 

 

 

 

aLos ratones utilizados (tipo C57BL/6 o B6) desarrollan CIA al ser inmunizados con colágeno tipo II de pollo (Col-II) 
juntamente con un inmunopotenciador. 
bRatones modificados genéticamente que no presentan el gen CD38, descritos como resistentes a desarrollar CIA 
[296]. 
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Análisis de un patrón de mTf por CapLC-MS 

Previamente al análisis de las muestras de bazo, se analizó un patrón de 1500 µg mL-1 de mTf 

comercial, además de un suero control (WT) previamente purificado por IAC. Mediante este 

análisis se pudo: 1) confirmar que el método de digestión desarrollado también era adecuado 

para la mTf; 2) verificar que las condiciones cromatográficas y del espectrómetro de masas 

eran también adecuadas para el análisis del glicopéptido de la mTf; 3) detectar y caracterizar 

las diferentes glicoformas del glicopéptido de la mTf presentes en un patrón de mTf; 4) 

comprobar que la columna de inmunoafinidad anti-hTf también retenía y purificaba la mTf de 

las muestras de suero. Tal y como se puede observar con los resultados obtenidos (Figura 5.10, 

Tabla 5.6), no fue necesario modificar ninguno de los procesos mencionados anteriormente, 

probablemente debido a la gran similitud entre la hTf y la mTf (glicanos de tipo complejo, 72% 

de semejanza entre sus secuencias aminoacídicas, glicosilación reducida, estructura compacta 

con varios puentes disulfuro). A modo de resumen, la Figura 5.10 muestra los EICs de las 

glicoformas más abundantes del glicopéptido en el patrón de mTf, así como el espectro de 

masas para dos de ellas, la H5N4S2 y la H5N4F1S3. 
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Figura 5.10: EICs de las glicoformas más abundantes en un patrón de mTf y espectro de masas de las 

glicoformas i) H5N4S2 y ii) H5N4F1S3. El método de digestión y análisis utilizado para el estudio del 

patrón de mTf es el mismo que el utilizado para la hTf en los artículos anteriores (artículo 2.1 y 2.2). Los 

símbolos utilizados para la representación de los glicanos siguen las reglas sugeridas por el Consortium 

for Functional Glycomics (CFG) [13]. 

 

Además también se incluye, en la Tabla 5.6, el área normalizada, la masa teórica y 

experimental, el error de masa y las cargas observadas de todas las glicoformas detectadas, 

siendo las glicoformas más abundantes la H5N4S2 y H5N4F1S2. Cabe destacar que la cobertura 

de la secuencia aminoacídica, a partir del análisis de los péptidos y del glicopéptido del digesto 

de la mTf patrón por CapLC-MS, fue de casi el 91%. También se debe tener cuenta, que a 

diferencia de la hTf, las glicoformas detectadas de la mTf contenían N-glicolilneuramínico 
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como ácido siálico, y no se detectó ninguna glicoforma con N-acetilneuramínico. Además, 

también se puede observar como la fucosilación de esta glicoproteína es muy acusada, 

detectándose siempre un homólogo fucosilado de cada glicoforma, aunque en general es 

menos abundante que el no-fucosilado. Otra diferencia destacable respecto a la hTf es el 

hecho de que se detectaron glicoformas con un mayor grado de sialilación, como la glicoforma 

H5N4S3, o glicoformas más ramificadas, como, por ejemplo, la H7N6S3. 

Tabla 5.6: Masa teórica (Mteo) y experimental (Mexp), error de masa, cargas observadas y área 

normalizada (Anorm) para las glicoformas detectadas del glicopéptido N494 en un patrón de mTf.  

Glicoforma Anorm RSD (%) Mteo Mexp Error (ppm) 
Cargas 

observadas 

H3N3S1 

 
5.0 7.4 2892.2138 2892.2443 10.5 +2,+3 

H3N3F1S1 

 

1.6 7.7 3038.2717 3038.3080 11.9 +2 

H5N4S1 

 

12.5 5.8 3419.3988 3419.4394 11.9 +2,+3,+4,+5 

H5N4F1S1 

 

6.6 6.3 3565.4568 3565.4955 10.9 +2,+3,+4 

H5N4S2 

 

88.2 2.6 3726.4892 3726.5352 12.3 +2,+3,+4,+5 

H5N4F1S2 

 

77.7 2.6 3872.5471 3872.5958 12.6 +2,+3,+4,+5 

H5N4S3 

 

28.7 6.6 4033.5795 4033.6386 14.6 +2,+3,+4 

H5N4F1S3 

 

30.8 5.6 4179.6374 4179.6860 11.6 +2,+3,+4 

H6N5S3 

 

6.9 4.2 4398.7117 4398.7553 9.9 +3,+4 

3
 x

3
 x
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H6N5F1S3 

 

5.9 2.0 4544.7696 4544.8172 10.5 +3,+4 

H7N6S3 

 

4.3 9.2 4763.8439 4763.7646 16.7 +3 

H7N6F1S3 

 

2.6 6.8 4909.9018 4909.9535 10.5 +3 

Las áreas normalizadas se calcularon como: (Área glicoforma / Área péptido CDEWSIISEGK) x 100. 

 

Estudio de la alteración de la glicosilación de la mTf debido a CIA por CapLC-MS 

El estudio de la alteración de la glicosilación de la mTf en ratones que desarrollan CIA, se llevó 

a cabo de dos maneras diferentes. En primer lugar se analizó la mTf de las muestras de bazo 

analizadas anteriormente por DiGE, a partir de la digestión en gel de los spots 

correspondientes a esta glicoproteína. Por otro lado, puesto que en muchas enfermedades 

autoinmunes se producen alteraciones de la concentración de proteínas en el suero y puesto 

que la mTf es una proteína abundante en el suero, se aplicó la metodología establecida 

anteriormente a muestras de suero de ratones que desarrollaban CIA, para comprobar si la 

mTf también se encontraba alterada en este fluido biológico.  

El estudio en muestras de bazo no resultó ser demasiado satisfactorio dado que la 

concentración de mTf en bazo es reducida y, por tanto, no se disponía de sensibilidad 

suficiente para detectar correctamente todas las glicoformas del glicopéptido en los diferentes 

spots. En cambio, el análisis de las muestras de suero sí que permitió detectar con éxito las 

diferentes glicoformas del glicopéptido de la mTf. En la Tabla 5.7, se recogen las glicoformas 

detectadas en las cuatro muestras de suero de ratón: WT control, WT con CIA, CD38-KO 

control y CD38-KO con CIA. 

3
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Tabla 5.7: Área normalizada (Anorm) para las glicoformas detectadas del glicopéptido N494 de la mTf en 

muestras de suero de ratones control y ratones con CIA, tanto en ratones WT como en ratones 

alterados genéticamente (CD38-KO).  

Glicoforma WT control WT CIA CD38-KO control CD38-KO CIA 

 
Anorm RSD (%) Anorm RSD (%) Anorm RSD (%) Anorm RSD (%) 

H3N3S1 7.2 9.7 3.0 2.4 4.9 5.0 3.4 2.8 

H3N3F1S1 1.3 9.9 1.6 4.5 1.9 4.3 2.4 5.6 

H5N4S1 20.4 0.9 16.1 5.9 20.7 1.6 19.9 4.6 

H5N4F1S1 6.0 4.3 4.6 1.2 6.9 4.5 8.4 4.8 

H5N4S2 142.6 1.5 135.4 2.6 153.6 2.1 147.6 0.2 

H5N4F1S2 71.5 3.1 60.8 3.2 58.9 1.2 64.5 1.0 

H5N4S3 46.1 1.2 38.3 3.5 42.9 2.2 35.1 4.6 

H5N4F1S3 3.9 5.0 4.1 6.2 4.0 7.4 4.5 10.0 

H6N5S3 2.2 10.1 4.1 5.0 2.7 2.5 4.6 7.1 

H6N5F1S3 0.5 9.0 0.7 4.7 0.6 12.2 0.6 12.9 

H7N6S3 4.3 4.6 3.9 12.2 5.6 1.6 5.2 6.0 

H7N6F1S3 2.4 7.6 3.0 9.7 2.4 5.7 3.4 5.9 

Las áreas normalizadas se calcularon como: (Área glicoforma / Área péptido CDEWSIISEGK) x 100. 

 

Si se comparan las Tablas 5.6 y 5.7, se puede observar que se detectaron las mismas 

glicoformas en el patrón de mTf y en las muestras de suero, siendo también las más 

abundantes las glicoformas H5N4S2 y H5N4F1S2. Sin embargo, existe cierta diferencia entre el 

área normalizada de algunas glicoformas del glicopéptido en el suero respecto al patrón, 

como, por ejemplo, la glicoforma H5N4S2 o la H5N4F1S3. Aunque no afecta al objetivo de este 

trabajo, esta diferencia de área puede ser debida al tipo de ratón utilizado en el patrón 

comercial respecto a los ratones utilizados en este estudio (ratones C57BL/6, machos de 8-12 

semanas de edad). Es posible que, al igual que la glicosilación en humanos puede variar en 

función de la raza, edad o sexo del individuo, ratones de diferentes tipos tengan una 

glicosilación distinta. 
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Para visualizar mejor los resultados obtenidos y observar con más claridad los cambios en la 

glicosilación de la mTf, en la Figura 5.11, se representa en un gráfico de barras el log
Anorm CIA

Anorm control
 

tanto para las muestras de WT como de CD38-KO.  

 

Figura 5.11: Gráfico de barras del logaritmo en base 10 del cociente de las áreas normalizadas de las 

diferentes glicoformas del glicopéptido de la mTf entre una muestra de suero de ratón con CIA y una 

muestra de suero control, tanto para los ratones WT como para los ratones CD38-KO. 

 

Como se puede deducir de esta figura, la glicosilación de la mTf se ve claramente alterada en 

ratones con CIA, tanto si son WT como CD38-KO. Se puede observar también como el perfil de 

glicosilación también es diferente entre los dos tipos de ratones, WT o CD38-KO. Además, a 

excepción de la glicoforma H7N6S3, el resto de glicoformas más ramificadas, las glicoformas 

tri- y tetraantenarias (H7N6F1S3, H6N5S3 y H6N5F1S3), se ven aumentadas en muestras con 

CIA, tanto en ratones WT como en ratones CD38-KO. También se puede apreciar que, en líneas 

generales, las glicoformas menos ramificadas disminuyen, en especial la glicoforma H3N3S1, y 

que las glicoformas fucosiladas también parecen aumentar en ratones con CIA.  

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

H3N3S1

H3N3F1S1

H5N4S1

H5N4F1S1

H5N4S2

H5N4F1S2

H5N4S3

H5N4F1S3

H6N5S3

H6N5F1S3

H7N6S3

H7N6F1S3

CD38KO WT

Nivel relativo (escala logarítmica)

WTCD38-KO



Capítulo 5 Resultados y discusión 
 

 223 

Aunque con el estudio llevado a cabo en este trabajo es razonable afirmar que la metodología 

establecida también puede ser útil para el diagnóstico y estudio de enfermedades 

inflamatorias en las que exista una alteración en la glicosilación de la transferrina, se debería 

realizar un estudio más amplio, con un mayor número de muestras, para poder extraer 

conclusiones fiables y evaluar el papel de la mTf en CIA y el efecto del gen CD38 en el 

desarrollo de dicha enfermedad. 
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5.2. Estudio de la glicosilación de glicoproteínas por electroforesis capilar 

acoplada a la espectrometría de masas  

5.2.1. Desarrollo y optimización de la metodología analítica  

Con el objetivo de desarrollar una metodología analítica complementaria a CapLC-MS capaz de 

separar las diferentes glicoformas de los glicopéptidos de la hTf, en esta tesis doctoral se 

decidió evaluar la electroforesis capilar acoplada a la espectrometría de masas (CE-MS). Para 

desarrollar dicha metodología, se partió de un método establecido previamente en nuestro 

grupo de investigación para el análisis de los glicopéptidos de otras glicoproteínas, como por 

ejemplo, la eritropoyetina humana recombinante (rhEPO) [20, 82], empleando un electrolito 

de separación de 50 mM HAc / 50 mM HFor (pH 2.2-2.3) y un líquido coaxial auxiliar (sheath 

liquid) de iPrOH:H2O (50:50, v/v) con 0.05% (v/v) de HFor. No obstante, en el caso de la hTf los 

picos obtenidos fueron muy anchos y distorsionados tanto para péptidos como glicopéptidos, 

además de obtener una intensidad de la señal y una reproducibilidad entre inyecciones muy 

baja. Para comprobar si este efecto podía ser causado por el uso de RapiGest®, se decidió 

digerir, con y sin RapiGest®, y analizar por CE-MS otra glicoproteína bastante caracterizada por 

el grupo de investigación, como es la alfa-1-glicoproteína ácida bovina (bAGP). Tal y como se 

puede observar en la Figura 5.12-a, que muestra a modo de ejemplo los electroferogramas de 

iones extraídos (EIEs) de las glicoformas H5N4S2 y H5N4S3 del glicopéptido N118 de la bAGP, se 

detectaron las diferentes glicoformas sin ninguna distorsión en los picos electroforéticos 

cuando no se usó RapiGest® en el proceso de digestión. Por el contrario, cuando se utilizó 

RapiGest®, tal y como ocurría con la hTf, se obtuvieron picos distorsionados, confirmando que 

el fragmento residual del surfactante que queda en solución tras la hidrólisis ácida, parecía 

interaccionar, de alguna manera, con las paredes internas del capilar de CE, dando lugar a 

estos picos distorsionados, no solo para los glicopéptidos pero también para los péptidos (ver 

Figura 5.12-b). Cabe destacar además, que este efecto no es exclusivo del RapiGest®, puesto 
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que se obtuvieron resultados muy similares en referencia a la baja reproducibilidad y a la 

distorsión de los picos, al emplear otros surfactantes aniónicos como el ProteaseMAXTM 

(Promega).  

 

Figura 5.12: Electroferogramas de iones extraídos (EIEs) de a) las glicoformas H5N4S2 y H5N4S3 del 

glicopéptido N118 y b) dos péptidos diferentes de un patrón de bAGP digerido sin (negro) y con (rojo) 

RapiGest®. 

 

Como el uso del RapiGest® es imprescindible en el análisis de los péptidos y glicopéptidos de la 

hTf, en esta tesis doctoral (artículo 3.1) se puso a punto un método de clean-up de la muestra 

para eliminar el residuo de RapiGest® que interfiere en el análisis por CE-MS. 

Para lograr este objetivo, se introdujo un proceso de desalado posterior a la digestión 

enzimática, que consistía en el uso de cartuchos de extracción en fase sólida en una microplaca 
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de elución, los cuales contenían una fase estacionaria polimérica Oasis® HLB (WATERS® S.A). 

Tal y como se puede observar en la Figura 5.13, la eliminación del RapiGest® (residuo con 

grupo sulfónico, ver Figura 5.1) provocó una mejora sustancial de la señal y de la forma de los 

picos electroforéticos de la hTf, tanto para glicopéptidos como para péptidos.  

 

Figura 5.13: EIEs de a) la glicoforma mayoritaria H5N4S2 de ambos glicopéptidos de la hTf y b) de dos 

péptidos diferentes del digesto, en muestras con residuo de RapiGest® y en muestras purificadas con las 

microplacas de elución Oasis® HLB.  

 

Este tratamiento permitió compatibilizar el uso de surfactantes aniónicos como el RapiGest® 

con el análisis de digestos de glicoproteínas por CE-MS. A modo de ejemplo, en la Figura 5.14 

se incluyen los EIEs de varias glicoformas detectadas de los glicopéptidos N413 y N611, del O-

glicopéptido y de algunos péptidos del digesto tríptico de un patrón de hTf aplicando la 

metodología establecida. Como se puede observar la forma de los picos es adecuada y, a 

diferencia de lo que ocurre en CapLC, las glicoformas de los N-glicopéptidos se separan. 
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Figura 5.14: EIEs de a) gran parte de las glicoformas detectadas de ambos N-glicopéptidos y b) EIEs del 

O-glicopéptido y varios péptidos de un digesto de un patrón de hTf por CE-MS una vez eliminado el 

RapiGest® por SPE. Electrolito de separación: 50 mM HFor / 50 mM HAc pH: 2.2-2.3. Líquido coaxial 

auxiliar: iPrOH:H2O (60:40, v/v) con 0.05% (v/v) HFor. 

 

5.2.2. Análisis de muestras de suero 

Finalmente, para evaluar la robustez de la metodología desarrollada al analizar muestras 

biológicas, se procedió al análisis de muestras de suero control y de CDG (artículo 3.1), previa 

purificación de la hTf mediante IAC (apartado 5.1.1). 

En la Figura 5.15, se muestran tres glicoformas del glicopéptido N611 en una muestra de suero 

control y en tres muestras diferentes de CDG (PMM2, MPI y COG8). En general, si comparamos 

los resultados de las muestras reales con los obtenidos con el patrón de hTf (Figura 5.14-a), se 

puede observar que la separación entre las diferentes glicoformas es muy parecida, 

demostrando la aplicabilidad de la metodología en muestras reales. La diferencia más 

destacable es la intensidad observada, siendo más reducida para las muestras de suero, 

debido a las pérdidas de glicoproteína después de la inmunopurificación dado que las 

recuperaciones con las columnas de IAC eran de alrededor un 45% (ver apartado 5.1.1, artículo 
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2.1). En el caso de las muestras de CDG además se observa una clara disminución de la 

glicoforma H5N4S2, debida a la propia enfermedad.  

 

Figura 5.15: EIEs de las tres glicoformas principales del glicopéptido N611 de la hTf en diferentes 

muestras de suero: a) suero control; b) PMM2-CDG (CDG-I); c) MPI-CDG (CDG-I); d) COG8-CDG (CDG-II). 

Los símbolos utilizados para la representación de los glicanos siguen las reglas sugeridas por el 

Consortium for Functional Glycomics (CFG) [13]. 

 

En la Tabla 5.8, se recogen las áreas normalizadas de las diferentes glicoformas para las cuatro 

muestras de suero. Dado que, en general, los péptidos migran antes que los glicopéptidos por 

CE, la elección de un péptido de referencia fue más complicada. Los péptidos DGAGDVAFVK y 

DYELLCLDGTR escogidos para CapLC-MS fueron descartados en este estudio ya que no 

migraban a un tiempo similar ni tenían una intensidad similar a las glicoformas de los 

glicopéptidos. En este caso se seleccionó el péptido SAGWNIPIGLLYCDLPEPR, ya que era el más 

próximo y de intensidad parecida a la glicoforma mayoritaria H5N4S2 de ambos N-

glicopéptidos, con el fin de poder cuantificar de manera relativa y poder comparar entre 

muestras.  
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Tabla 5.8: Área normalizada para las diferentes glicoformas detectadas para ambos N-glicopéptidos de 

la hTf en diferentes muestras de suero control y CDG (n=3).  

Las áreas normalizadas se calcularon como: (Área glicoforma / Área péptido SAGWNIPIGLLYCDLPEPR) x 100. 

 

Si se comparan las áreas normalizadas de esta tabla con las de la Tabla 5.4, se puede observar 

que las áreas normalizadas obtenidas por CapLC-MS y CE-MS no son directamente 

comparables. Esto se debe a que se utiliza un péptido de referencia distinto en cada caso y a 

que la separación es muy diferente. No obstante, la distribución observada de las diferentes 

glicoformas es la misma en CE-MS que la obtenida por CapLC-MS. Además, con los resultados 

obtenidos es posible observar que ambas técnicas analíticas son equiparables por lo que 

respecta a los resultados y conclusiones obtenidas al comparar entre muestras. Así, por CE-MS 

también se observó una disminución de la glicoforma mayoritaria (H5N4S2) en todas las 

muestras de CDG, un aumento de la glicoforma no glicosilada (péptido) en las muestras de 

CDG-I y un aumento de la H5N4S1 en la muestra de CDG-II.  

Comparación entre CapLC-MS y CE-MS y ventajas en el estudio de la glicosilación de proteínas 

Después de analizar la glicosilación de la hTf tanto en muestras patrón como en muestras de 

suero, a partir de las dos metodologías desarrolladas en esta tesis, CapLC-MS y CE-MS, es 

Muestras 

Glicoforma 
Control PMM2-CDG (CDG-I) MPI-CDG (CDG-I) COG8-CDG (CDG-II) 

Anorm (%) RSD (%) Anorm (%) RSD (%) Anorm (%) RSD (%) Anorm (%) RSD (%) 

N
41

3
 

Péptido 0.0 0.0 77.3 1.2 76.5 4.5 0.0 0.0 

H5N4S1 3.5 8.0 2.5 7.8 1.7 1.5 13.4 6.3 

H5N4S2 60.2 1.9 25.8 4.6 25.1 3.2 28.4 0.5 

H5N4F1S2 2.2 2.0 3.3 7.5 2.5 5.0 2.8 2.0 

H6N5S3 7.1 7.5 4.0 6.1 3.5 6.5 5.4 8.1 

N
61

1
 

Péptido 13.0 3.7 31.6 6.1 46.3 1.1 9.9 5.3 

H5N4S1 6.3 9.0 4.4 6.1 4.1 7.4 15.6 10.2 

H5N4S2 83.3 3.1 31.9 9.1 23.2 1.5 36.0 7.4 

H5N4F1S2 6.9 2.9 6.4 4.9 6.4 2.0 6.7 3.4 

H6N5S3 3.0 1.7 2.3 4.3 1.8 6.6 1.8 7.9 
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interesante poder comparar de manera general las ventajas e inconvenientes de cada una y 

destacar su aportación al estudio de la glicosilación en el campo de la glicoproteómica.  

En la Figura 5.16 se muestran los EIEs y EICs de las glicoformas principales del glicopéptido N611 

en un patrón de hTf, utilizando ambas metodologías.   

 

Figura 5.16: EIEs y EICs de las principales glicoformas del glicopéptido N611 detectadas en un patrón de 

hTf analizado por a) CE-MS y b) CapLC-MS. Los símbolos utilizados para la representación de los glicanos 

siguen las reglas sugeridas por el Consortium for Functional Glycomics (CFG) [13]. 
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Una de las primeras ventajas que se puede observar al analizar los resultados obtenidos con CE 

es que los tiempos de análisis son más reducidos, no tan solo debido a que la separación tiene 

lugar en menor tiempo (14 min en CE versus 23 min en CapLC), sino que también los tiempos 

de análisis totales son inferiores (30 min en CE respecto a los 75 min en CapLC), principalmente 

debido a que los tiempos de lavado y equilibrado necesarios en CapLC son muy superiores. No 

obstante, la gran ventaja de la CE como técnica de separación es la posibilidad de separar las 

diferentes glicoformas de un mismo glicopéptido, tal y como se muestra en la Figura 5.16-a. La 

separación de las glicoformas aumenta la sensibilidad debido a su mejor ionización, ya que al 

estar separadas entre sí, no se suprimen la ionización mutuamente (la intensidad de las 

diferentes glicoformas es similar en CE y CapLC a pesar de que el volumen de inyección en CE 

era inferior, 83 nL en CE versus 150 nL en CapLC). Otra ventaja añadida de la separación entre 

glicoformas es que se detectan con mayor fiabilidad ya que se descarta que alguna de las 

glicoformas detectadas sea debida a la fragmentación en la fuente de ionización, de otra 

glicoforma, ya que, de ser así, tanto la glicoforma fragmento como la original comigrarían.  

Sin embargo la reproducibilidad entre inyecciones es inferior en CE, pudiendo llegar a migrar 

una misma glicoforma a tiempos muy dispares, incluso de más de 3 min. de diferencia. En 

cambio, en general las diferentes glicoformas se obtienen en un mismo tiempo de retención 

en CapLC, incluso en muestras muy diferentes.  

No obstante, en muchas ocasiones, para poder completar el mapa glicopeptídico de una 

proteína, es necesario el uso de ambas técnicas de separación al considerarse técnicas 

complementarias. Además, el acoplamiento de ambas técnicas con la espectrometría de 

masas, permite obtener una identificación inequívoca de las diferentes glicoformas. Esto es 

extremadamente útil en aquellos casos donde los métodos de análisis actuales para CDT, 

basados en IEF o HPLC / CE con detección UV, no permiten dar un diagnóstico totalmente 

fiable. El ejemplo más destacado es la confusión en el diagnóstico de CDG, cuando la hTf 
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presenta diferentes variantes genéticas (modificaciones de la secuencia aminoacídica debidas 

a una variación genética). Hasta ahora se han descrito más de treinta variantes genéticas de la 

hTf tan solo en individuos caucásicos, de las cuales, la variante C (sobretodo C1 y C2) es la 

predominante en todas las razas [297, 298]. Sin embargo, otras variantes son relativamente 

comunes, sobretodo en la población no caucásica, por ejemplo la variante B y la variante D. 

Combinaciones heterocigóticas de estas variantes (BC o CD), dan lugar a una distribución de 

bandas o picos de las glicoformas intactas de la hTf que se asemeja a la obtenida para ciertos 

tipos de CDG [299–302]. Esto es debido al cambio en la secuencia aminoacídica que provoca 

que la banda correspondiente a la variante comigre o coeluya en la zona de las glicoformas 

CDT [55, 298–302]. Para solventar este problema, normalmente es necesario hacer análisis 

adicionales, hecho que complica el diagnóstico debido a la limitada cantidad de muestra de la 

que se dispone en la mayoría de casos. Con los métodos desarrollados en esta tesis doctoral, 

en los que el análisis de la glicosilación se realiza a nivel glicopeptídico y utilizando la 

espectrometría de masas, es posible identificar, con tan solo un análisis, si la hTf presenta una 

modificación de la secuencia aminoacídica o si existe alteración en su glicosilación, incluso si la 

variante genética afecta a uno de los puntos de glicosilación. 

Adicionalmente, el estudio de la glicosilación a nivel glicopeptídico llevado a cabo en esta tesis, 

no sólo permite detectar cómo se altera la glicosilación de una proteína debido a una 

enfermedad, sino también saber si esta alteración afecta de igual manera a todos los puntos 

de glicosilación. En general, tanto en el estudio del alcoholismo como de los CDG, ya sea por 

CapLC o CE, se pudo comprobar que ambos puntos de N-glicosilación se veían alterados de 

igual manera.  
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5.2.3. Aplicabilidad de los modelos teóricos de migración al estudio del 

comportamiento electroforético de péptidos y glicopéptidos por CE-MS 

Otra de las grandes ventajas de la CE es la posibilidad de predecir la movilidad electroforética 

de los analitos utilizando las denominadas relaciones semiempíricas clásicas entre la movilidad 

electroforética y la relación carga/masa. Como se introdujo anteriormente, la movilidad 

electroforética (me) está relacionada con la carga (q) y la masa de la especie analizada (M), 

según la siguiente ecuación (apartado 1.3.4.2):  

me = A
q

Mα     Ec. 1 

Este tipo de modelizaciones presentan un gran interés ya que la predicción de la movilidad 

electroforética permite acelerar el desarrollo y optimización de métodos basados en CE, así 

como confirmar las asignaciones estructurales basadas en las masas moleculares medidas por 

MS. 

En esta tesis doctoral se han evaluado tres métodos de modelización clásicos para predecir la 

movilidad electroforética de los glicopéptidos y péptidos presentes en un digesto. Para llevar a 

cabo este estudio, que se recoge en el artículo 3.2, se escogió la eritropoyetina humana 

recombinante (rhEPO) como glicoproteína modelo, dado su especial interés como biofármaco 

y en el control antidopaje. Otro motivo importante por el que se seleccionó esta glicoproteína 

fue por el gran número de glicoformas de glicopéptidos que se obtienen tras su digestión 

enzimática, lo que se debe a su elevada heterogeneidad, ocasionada por un alto porcentaje de 

glicosilación. 

Primeramente, la rhEPO se digirió con tripsina (rhEPO-T) en 50 mM NH4HCO3 pH 7.9 a 37˚C 

durante 18h, previa reducción y alquilación con DTT e IAA. El digesto se analizó mediante CE-

MS para obtener los valores de tiempo de migración experimentales tanto de péptidos como 

de glicopéptidos (O126, N24-36 y N83). Debido a que la mayoría de las glicoformas de los 
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glicopéptidos presentan ácidos siálicos, el cual puede influir considerablemente en la 

movilidad electroforética, al contener un ácido carboxílico y consecuentemente carga negativa 

en el pH de la separación (BGE: 50 mM HFor / 50 mM HAc pH: ~2.2), se decidió digerir 

también la rhEPO con tripsina y neuraminidasa (rhEPO-TN), y así aumentar el número de 

glicopéptidos sin ácidos siálicos (S o SiA) presentes en el modelo. Para la muestra de rhEPO-TN, 

tras la digestión tríptica de la rhEPO, se digirió la muestra con neuraminidasa en 50 mM NH4Ac 

(pH 5.0) a 37˚C durante 18h.  

En la Tabla 5.9, se recogen todos los péptidos y glicopéptidos que se han utilizado para llevar a 

cabo la modelización, su número de referencia (N), así como su masa teórica monoisotópica 

(Mteo), carga (q), tiempo de migración relativo (t’) y fracción glicosilada. Para obtener la carga 

de péptidos y glicopéptidos al pH de la separación electroforética (pH ~2.2), se utilizó la 

ecuación de Sillero y Ribeiro [303], utilizando los valores de pKa para cada aminoácido 

proporcionados por Rickard [206] y un valor de pKa de 2.6 para el ácido siálico. Debido al 

elevado número de glicoformas que pueden presentar los diferentes glicopéptidos de la 

rhEPO, para poder realizar una modelización correcta sólo se utilizaron aquellas glicoformas 

que presentaban una relación señal/ruido adecuada. En cambio, como los péptidos 

generalmente se ionizan mejor, todos los péptidos detectados (97% de la cobertura de la 

proteína) se tuvieron en cuenta en la modelización. 

Tabla 5.9: Lista de péptidos y glicopéptidos incluidos en el estudio de los modelos clásicos de relación 

semiempírica (set de modelización) de un digesto de rhEPO-T y rhEPO-TN.  

N Péptidos Mteo (Da) q 
t’ Fracción  

glicosilada (%)a Media s (n=3) 

1 APPR 439.2543 1.8882 0.759 0.005 - 

2 LICDSR 762.3694 1.8288 0.845 0.003 - 

3 VLER 515.3067 1.8819 0.792 0.004 - 

4 YLLEAK 735.4167 1.8819 0.832 0.003 - 

5 VNFYAWK 926.4650 1.8882 0.836 0.003 - 

6 MEVGQQAVEVWQGLALLSEAVLRc 2525.3311 1.8694 1.00 - - 

7 AVSGLR 601.3547 1.8882 0.806 0.005 - 

8 SLTTLLR 802.4912 1.8882 0.837 0.004 - 

9 ALGAQK 586.3438 1.8882 0.805 0.004 - 

10 TITADTFR 923.4712 1.8288 0.867 0.003 - 
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11 LFR 434.2641 1.8882 0.761 0.005 - 

12 VYSNFLR 897.4708 1.8882 0.841 0.004 - 

13 GK 203.1270 1.8882 0.686 0.003 - 

14 LK 259.1896 1.8882 0.718 0.005 - 

15 LYTGEACR 968.4385 1.8819 0.867 0.004 - 

N-glicopéptidos en rhEPO-T 
    

N N83 (GQALLVNSSQPWEPLQLHVDK)b 

16 H6N5F1S2 5074.1958 2.1547 1.14 0.003 53.5 

17 H6N5F1S3 5365.2911 1.8209 1.26 0.009 56.0 

18 H7N6F1S2 5439.3280 2.1547 1.14 0.001 56.6 

19 H7N6F1S3 5730.4234 1.8209 1.26 0.009 58.8 

20 H7N6F1S4 6021.5188 1.4870 1.30 0.01 60.8 

21 H8N7F1S2 5804.4602 2.1547 1.15 0.003 59.4 

22 H8N7F1S3 6095.5556 1.8209 1.26 0.009 61.3 

23 H8N7F1S4 6386.6510 1.4870 1.31 0.01 63.1 

24 H9N8F1S3 6460.6878 1.8209 1.26 0.009 63.5 

25 H9N8F1S4 6751.7832 1.4870 1.31 0.01 65.1 

26 H10N9F1S4 7116.9154 1.4870 1.31 0.06 66.9 

N N24-N38 (EAENITTGCAEHCSLNENITVPDTK)b      

27 H14N12F2S7 9837.7194 0.4666 1.49 0.02 71.5 

28 H14N12F2S8 10128.8149 0.1327 1.56 0.02 72.3 

29 H15N13F2S7 10202.8516 0.4666 1.49 0.02 72.5 

30 H15N13F2S8 10493.9471 0.1327 1.55 0.02 73.3 

N-glicopéptidos en rhEPO-TN 
    

N N83 (GQALLVNSSQPWEPLQLHVDK)b 

31 H6N5F1 4492.0048 2.8224 1.03 0.0006 47.5 

32 H7N6F1 4857.1370 2.8224 1.04 0.001 51.4 

33 H8N7F1 5222.2692 2.8224 1.05 0.0008 54.8 

34 H9N8F1 5587.4014 2.8224 1.06 0.002 57.8 

35 H10N9F1 5952.5336 2.8224 1.08 0.0005 60.4 

N N24-N38 (EAENITTGCAEHCSLNENITVPDTK)b      

36 H14N12F2 7800.0515 2.8036 1.12 0.001 64.1 

37 H15N13F2 8165.1837 2.8036 1.13 0.001 65.7 

O-glicopéptidos en rhEPO-T 
    

N O126 (EAISPPDAASAAPLR)b 

38 H1N1 1829.8894 1.8226 0.980 0.003 20.0 

39 H1N1S1 2120.9851 1.4887 1.09 0.002 30.9 

40 H1N1S2 2412.0808 1.1548 1.25 0.009 39.3 

O-glicopéptidos en rhEPO-TN 
    

N O126 (EAISPPDAASAAPLR)b 

41 H1N1 1829.8894 1.8226 1.01 0.0006 20.0 
aFracción glicosilada: (masa del glicano / masa del glicopéptido) x 100. 

bSecuencia peptídica de los glicopéptidos N83, N24-N38, O126. 

cEl péptido número 6 se utilizó como referencia en el cálculo del tiempo de migración relativo (tiempo 

de migración medio t=7.68 min.). 

 

Tal y como se puede observar en la Tabla 5.9, existe una gran heterogeneidad dentro de cada 

grupo. En el caso de los péptidos, éstos se diferencian principalmente en la longitud de la 

cadena aminoacídica y, por consiguiente, en su masa molecular. En cambio, en los 

glicopéptidos, su elevada heterogeneidad se debe al tipo (O u N-glicopéptido), la complejidad 
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o ramificación de la cadena hidrocarbonada y a la presencia o no de ácidos siálicos. Para 

aumentar la reproducibilidad entre replicados y poder comparar entre diferentes muestras, 

por ejemplo, entre aquellas digeridas con tripsina (rhEPO-T) y las digeridas con tripsina y 

neuraminidasa (rhEPO-TN), se decidió modelizar a partir del tiempo de migración relativo de 

cada especie respecto a un péptido del digesto. El péptido de referencia escogido fue el 

MEVGQQAVEVWQGLALLSEAVLR, de intensidad parecida al de las glicoformas abundantes y un 

tiempo de migración próximo a la zona donde migraban la mayoría de los glicopéptidos. 

Tal y como se comentó en la introducción, a fin de obtener la mejor correlación lineal entre me 

y q/Mα, se evaluaron tres modelos clásicos: Classical polymer model (α = 1/2), Stoke’s law (α = 

1/3) y Offord’s Surface law (α = 2/3). Cada uno de estos modelos asume que la especie 

analizada tiene una forma concreta y que se comporta de una manera específica bajo las 

fuerzas que se aplican durante la separación electroforética [206–208]. Con el set de péptidos 

y glicopéptidos de la Tabla 5.9, se construyeron los tres modelos lineales, uno para cada valor 

de α, separando péptidos y glicopéptidos, pues se observó que su movilidad era muy diferente 

para poderlos englobar en un mismo modelo. Los parámetros del ajuste de cada modelo con 

ambos grupos se muestran en la Tabla 5.10.  

Tabla 5.10: Parámetros obtenidos tras la aplicación de los modelos clásicos de relación semiempírica a 

los péptidos y glicopéptidos de un digesto de rhEPO-T y rhEPO-TN (y = b + mx). 

 q/M1/2 q/M1/3 q/M2/3 

 b (±s) m (±s) R2 b (±s) m (±s) R2 b (±s) m (±s) R2 

N- y O-
glicopéptidos 
(con y sin SiA) 

1.557 
(±0.008) 

-13.3 
(±0.3) 

0.9891 
1.57 

(±0.02) 
-3.33 

(±0.14) 
0.9569 

1.527 
(±0.015) 

-49 (±2) 0.9598 

Péptidos 
1.054 

(±0.015) 
-3.1 

(±0.2) 
0.9120 

1.18 
(±0.02) 

-1.65 
(±0.08) 

0.9443 
0.989 

(±0.015) 
-6.4 

(±0.5) 
0.8756 

s: desviación estándar. 
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Si nos fijamos en los valores de R2 de la tabla, podemos observar que el classical polymer 

model es el modelo que presenta mejor linealidad para glicopéptidos (R2=0.9891), y en 

cambio, los péptidos parecen ajustarse mejor al modelo de Stoke’s law (R2=0.9443). Para 

intentar mejorar los resultados obtenidos, se consideró el denominado efecto de supresión de 

la carga electroestática, que simplemente indica que, cuando la carga de una especie es muy 

elevada, se puede producir un efecto de supresión, que hace que una parte de su carga no 

influya en su movilidad electroforética. Este efecto se puede evaluar con relativa facilidad si se 

sustituye en la ecuación 1 (Ec.1), la q por ln(1+q). Adicionalmente, se consideró que la fricción 

dieléctrica podía tener un efecto en la movilidad electroforética de las diferentes especies tal y 

como sugiere el modelo de Hubbard-Onsager [304, 305]. No obstante, ninguna de estas dos 

modificaciones mejoró los resultados ya obtenidos con los modelos clásicos. 

Debido a la gran heterogeneidad existente dentro de cada grupo (péptidos y glicopéptidos) las 

diferencias entre los tres modelos no son muy pronunciadas, hecho que impide extraer 

conclusiones fiables respecto a la forma molecular que adoptan los diferentes compuestos. 

Pese a ello, parece claro que son necesarios dos modelos diferentes para péptidos y 

glicopéptidos para predecir correctamente su comportamiento electroforético. Este hecho 

podría atribuirse principalmente a la diferencia de masa más que a la de carga (Tabla 5.9). Por 

un lado, la mayor masa molecular de los glicopéptidos provoca un aumento significativo de los 

t’, respecto a los péptidos. Además, pese a la gran variedad de cargas que presentan los 

glicopéptidos, éstos se ajustan bien al mismo modelo lineal, lo que refuerza la idea de que la 

masa molecular es el elemento diferenciador.  

A continuación, en la Figura 5.17 se muestra un gráfico donde se representa t’ respecto a la 

q/Mα, teniendo en cuenta el mejor modelo para cada grupo. En esta figura además se incluye, 

en forma de línea negra, la recta que se obtiene al calcular el tiempo de migración relativo con 

el modelo correspondiente para cada grupo.  
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Figura 5.17: Gráfico del tiempo de migración relativo (t’) experimental (símbolos) y estimado (línea) al 

aplicar los modelos clásicos de relación semiempírica: t’ vs q/M1/3 (Stoke’s law) y q/M1/2 (classical 

polymer model) para péptidos y glicopéptidos, respectivamente, de un digesto de rhEPO-T y rhEPO-TN 

utilizando la mejor correlación lineal. 

 

Para comprobar la idoneidad de los modelos en la predicción del tiempo de migración se 

realizaron dos validaciones: a) una interna, donde los modelos se aplicaron para predecir la me 

de un conjunto de glicopéptidos de la propia rhEPO, no incluidos en la elaboración del modelo 

y con una relación señal ruido suficiente; b) una externa, donde los modelos se aplicaron para 

predecir la me de un conjunto de péptidos y glicopéptidos de otra glicoproteína, en concreto, 

la hTf. Para visualizar mejor la predicción de la movilidad electroforética y de los tiempos de 

migración relativos, se simularon los electroferogramas de las especies modelizadas y se 

compararon con los electroferogramas experimentales obtenidos por CE-MS. En la Figura 5.18, 

se recogen los electroferogramas experimentales y simulados para una muestra de: a) rhEPO-T 

y b) rhEPO-TN, donde se simulan algunos péptidos y glicopéptidos incluidos en la elaboración 

del modelo, c) rhEPO-T, donde se simulan algunos glicopéptidos no incluidos en la elaboración 

del modelo y d) hTf-T (transferrina humana digerida con tripsina), donde se simulan algunos de 

sus péptidos y glicopéptidos. Debido a que la digestión de rhEPO-T y rhEPO-TN seguían dos 
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procedimientos diferentes, se tuvieron que realizar dos electroferogramas separados, uno 

para cada muestra. 

 

Figura 5.18: Electroferogramas experimentales y simulados para: a) una muestra de rhEPO-T; b) una 

muestra de rhEPO-TN; c) una muestra de rhEPO-T de validación interna; d) una muestra de hTf-T de 

validación externa. Los péptidos y glicopéptidos de los gráficos a y b se incluyeron en el set de 

modelización, en cambio, los de los gráficos c y d no se incluyeron en el set de modelización.  
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Para facilitar la interpretación de los electroferogramas simulados, como se puede observar en 

la Figura 5.18 (ii), a cada pico simulado se le asignó una intensidad relativa fija de 1 y una 

anchura a media altura de 0.005. Además, la escala del electroferograma simulado fue 

normalizada de 0 a 1 ((ti’-tmin’)/(tmax’-tmin’)). En todos los casos la correlación entre el 

electroferograma experimental y el simulado es muy buena, teniendo en cuenta la gran 

diversidad de péptidos y glicopéptidos, incluso de diferentes glicoproteínas, lo que demuestra 

la capacidad de los modelos establecidos para predecir correctamente la movilidad 

electroforética. También cabe destacar como los péptidos y glicopéptidos salen en ventanas de 

tiempo separadas, tanto en los electroferogramas experimentales como en los simulados, lo 

que refuerza el hecho que, para cada grupo, un modelo diferente es el más apropiado. Las 

ligeras diferencias que se pueden observar en algún caso son, probablemente, debidas a 

diferentes factores: inexactitud en algunos valores de pKa lo que puede afectar al cálculo de la 

carga o, por ejemplo, los efectos de difusión longitudinal y conductividad diferente entre los 

tampones de las muestras y el electrolito de separación, los cuales pueden afectar ligeramente 

a la separación de las especies y no se tuvieron en cuenta en la predicción. También es 

importante destacar que, en el caso de la validación interna, se incluyó un glicopéptido con un 

grupo sulfónico (N83-H7N6F1S4(SO3)), y aunque ninguno de los glicopéptidos incluidos en la 

elaboración del modelo tenía este grupo, la concordancia entre el electroferograma 

experimental y el simulado es igualmente buena. Este hecho demuestra que, incluso con 

grupos funcionales no presentes en la elaboración del modelo, se puede predecir la movilidad 

electroforética de ciertos compuestos siempre y cuando no sean grupos muy diferentes, y que 

el pKa utilizado para el cálculo de la carga sea lo más exacto posible. 

En conclusión, los modelos de migración establecidos en esta tesis doctoral pueden resultar 

una herramienta útil, rápida y sencilla para predecir a priori los tiempos de migración y la 

separación electroforética por CE-MS de péptidos y glicopéptidos de glicoproteínas de interés 

biológico. 
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5.3. Estudio de la glicosilación de glicoproteínas por movilidad iónica y 

espectrometría de masas  

En esta tesis se ha demostrado como las técnicas de separación miniaturizadas acopladas a la 

MS (CapLC-MS y CE-MS) pueden resultar muy útiles en el estudio de la glicosilación de 

proteínas. Sin embargo, detectar cambios en la abundancia y en la composición de los glicanos 

unidos a la proteína puede no ser suficiente para diagnosticar ciertas enfermedades y buscar 

dianas terapéuticas. A veces un proceso patológico puede afectar sólo a un isómero del glicano 

y no a los demás, siendo necesario, en este caso, el análisis de los isómeros de los diferentes 

glicanos para entender la extensión de la enfermedad [251–254]. 

Tal y como se mencionó en la introducción, los isómeros de glicanos de tipo complejo están 

relacionados, generalmente, con el tipo de enlace de los ácidos siálicos (SiA) terminales (α-

23 o α-26), o de las fucosas, que pueden estar unidas a la antena o al core del glicano. En 

estos casos, la CapLC-MS y la CE-MS no permiten diferenciar entre los diferentes isómeros. En 

la literatura, algunos autores han propuesto el uso de fases estacionarias como la de 

interacción hidrofílica zwitteriónica (Zwitterionic Hydrophilic Interaction Liquid 

Chromatography - ZIC-HILIC) o el carbono grafitizado poroso (Porous Graphitic Carbon - PGC) 

en cromatografía de líquidos o el uso de la espectrometría de masas en tándem (MS/MS) para 

identificar y caracterizar isómeros de glicoconjugados [147–151]. Sin embargo, estas 

metodologías están todavía en fase de desarrollo y en muchos casos son laboriosas y 

complejas. 

La Movilidad Iónica (IM) es una técnica de separación en fase gas que permite separar 

especies por su forma y tamaño, además de su carga, y que junto con la detección por MS (IM-

MS) ha conseguido popularidad en los últimos años gracias a su capacidad para separar 

compuestos isoméricos [140–143, 152–155]. Por estos motivos, en esta tesis (artículo 4.1) se 
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ha evaluado la eficacia de la travelling wave ion mobility spectrometry (TWIMS), para estudiar 

los isómeros de los glicanos de la mTf a tres niveles: glicoproteína intacta, glicopéptidos y 

glicanos. 

5.3.1. Glicoproteína intacta 

El estudio de la glicoproteína intacta por MS se puede llevar a cabo de dos maneras: a partir de 

la proteína desnaturalizada (utilizando tampones ácidos) o en condiciones nativas, donde se 

utiliza un tampón neutro para conservar su estructura terciaria y sus interacciones no 

covalentes. Una de las principales diferencias al estudiar una glicoproteína en condiciones 

nativas por MS es que adquiere menor número de cargas, lo que permite que las diferentes 

glicoformas se puedan resolver con mayor facilidad. 

En este trabajo se estudiaron diferentes glicoproteínas (mTf, hTf y hAGP) y se optimizaron los 

parámetros de la fuente de nanoelectroespray (nanoESI) y la concentración del tampón neutro 

de acetato de amonio (NH4Ac) para obtener un espray estable y poder trabajar en condiciones 

nativas. Además, a fin de aumentar la sensibilidad y mejorar la resolución de las glicoformas, 

se evaluaron tres tratamientos de desalado de la muestra: 1) diálisis; 2) exclusión por tamaño y 

3) ultracentrifugación, siendo este último el más efectivo y con el que se obtuvieron mejores 

resultados.  

En la Figura 5.19, se muestra el espectro de masas del ion de carga +19 de la mTf intacta (MS 

ampliado en la zona de masas correspondiente a esta carga), obtenido mediante nanoESI-IM-

MS en estas condiciones óptimas de NH4Ac y de desalado (100 mM NH4Ac y 

ultracentrifugación, respectivamente). En concreto, se puede observar como cada pico 

coincide con la masa de una glicoforma distinta, tal y como se muestra en la tabla incluida en 

la Figura 5.19. Una vez obtenida esta separación de las glicoformas intactas, se midió el tiempo 

de deriva (drift time) de cada glicoforma. Este drift time es el tiempo que tarda la molécula en 
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recorrer la celda de movilidad y está relacionado con la forma y tamaño de la molécula, 

además de su carga. En concreto, un drift time mayor indica que la estructura o forma de la 

molécula es más grande, o, dicho de otro modo, que su sección transversal de colisión 

(collision cross section – CCS) es mayor. En el caso de moléculas de drift time menor ocurre 

justo lo contrario. Las distribuciones del tiempo de llegada (arrival time distribution - ATD) de 

cada glicoforma y los valores de drift time correspondientes también se incluyen en la Figura 

5.19 (i-v).  

 

Glicoforma mTf 
m/z experimental 

nominal [M+19H]19+ 
Masa experimental 

nominal glicoproteína 
Masa teórica nominal 

glicoproteína 

i) H5N4F1S1 4048 76893 76908 
ii) H5N4S2 4058 77083 77069 
iii) H5N4F1S2 4066 77235 77216 
iv) H5N4S3 4074 77387 77377 
v) H5N4F1S3 4082 77539 77523 

 

Figura 5.19: Espectro de masas del ion de carga +19 de la proteína intacta (MS ampliado en las masas 

correspondientes a esta carga) en un patrón de mTf y perfil de la distribución del tiempo de llegada 

(ATD) por nanoESI-IM-MS de cada glicoforma (i-v). El valor aproximado incluido en la figura indica el 

porcentaje de glicosilación de la glicoproteína. 
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Como se puede observar en la figura, las glicoformas de la mTf dan valores de drift time muy 

similares, aunque se observa una cierta tendencia: el drift time aumenta a medida que la 

glicosilación también aumenta, es decir, cuando la glicoforma está más ramificada. Este 

comportamiento fue más acusado al analizar la hTf y la hAGP, glicoproteínas con más 

porcentaje de glicosilación que la mTf (ver Figura 5.20). Concretamente, en el caso de la hAGP 

el aumento del drift time fue más perceptible, demostrando que un cambio en la glicosilación 

afecta a la forma, y, por consiguiente, a la CCS de aquellas glicoproteínas con mayor porcentaje 

de glicosilación.  

 

Figura 5.20: a) Espectro de masas del ion de carga +19 (MS ampliado en las masas correspondientes a 

esta carga) de la proteína intacta en un patrón de hTf y perfil ATD por nanoESI-IM-MS de cada 

glicoforma (i-iv). b) Espectro de masas del ion de carga +12 de la proteína intacta en un patrón de hAGP 

y perfil ATD por nanoESI-IM-MS de cada sección del espectro de masas (i-v). El valor aproximado 

incluido en la figura indica el porcentaje de glicosilación de la glicoproteína. 
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No obstante, los resultados obtenidos a nivel de glicoproteína intacta, únicamente permitieron 

evaluar el efecto global que provocaba un cambio considerable de glicosilación en la CCS de la 

proteína. Otras modificaciones más sutiles, como, por ejemplo, un cambio en el enlace del 

ácido siálico de las glicoformas, no parecían provocar una modificación de la CCS. Por este 

motivo, se decidió continuar con el análisis de glicoconjugados de menor tamaño, como los 

glicopéptidos y los glicanos. 

5.3.2. Glicopéptidos y glicanos 

El estudio por nanoESI-IM-MS con glicopéptidos y glicanos también se inició con la mTf, que 

presenta un único punto de glicosilación, y por lo tanto un único glicopéptido. Dada la baja 

complejidad de esta glicoproteína, se decidió realizar el análisis haciendo infusión directa, sin 

utilizar una técnica de separación previa. Sin embargo, el gran número de péptidos originados 

en la digestión suprimieron la ionización del glicopéptido correspondiente y por este motivo se 

utilizó nano cromatografía de líquidos (nanoLC) como técnica de separación, ya que permitía 

un acoplamiento más rápido y sencillo con la fuente de nanoESI. Para el análisis del digesto 

tríptico de la mTf se empleó una nanocolumna C18 (Peptide BEH C18, 1.7 µm diámetro de 

partícula, 130 Å tamaño de poro, 100 x 0.1 mm LT x i.d.; WATERS®) y una fase móvil H2O:ACN 

con 0.1% (v/v) de HFor. En este caso, se detectaron prácticamente las mismas glicoformas ya 

observadas anteriormente para el estudio de la mTf por CapLC-MS (Tabla 5.6, apartado 5.1.3).  

A continuación, se obtuvieron los diferentes ATD por IM-MS de cada glicoforma del 

glicopéptido, observándose un único valor de drift time en cada caso. Al igual que sucede con 

la mTf intacta, estos resultados nos indican que, si en la mTf existen isómeros debidos al tipo 

de enlace del SiA, éstos no alteran significativamente la CCS del glicopéptido. Para poder 

solventar este problema, se decidió reducir el tamaño de la molécula fragmentando el 

glicopéptido por MS/MS y analizar por movilidad iónica un fragmento que todavía conservase 

unido el SiA. En la Figura 5.21, se muestra el espectro de MS/MS de la glicoforma más intensa 
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del glicopéptido de la mTf (H5N4S2), así como el ATD del fragmento que aún conserva el ácido 

siálico, H1N1S1. Como se puede observar en la Figura 5.21-c, el fragmento H1N1S1 muestra 

dos picos con valores de drift time diferentes, pudiendo ser esta diferencia de drift time 

ocasionada por el tipo de enlace del SiA. Estos resultados coinciden con los descritos por otros 

autores en el análisis de glicopéptidos por IM-MS [143, 306]. 

 

Figura 5.21: a) Espectro de MS/MS por CID del glicopéptido N(H5N4S2)STLCDLCIGPLK de la mTf; b) 

espectro de masas del fragmento que aún conserva el ácido siálico (H1N1S1) y tiene una intensidad 

adecuada; c) ATD del fragmento H1N1S1 (rango de masa: 673.3-673.5). Los símbolos utilizados para la 

representación de los glicanos siguen las reglas sugeridas por el Consortium for Functional Glycomics 

(CFG) [13]. 
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Con el fin de comprobar si se observaban también valores de drift time diferentes a nivel de 

glicano, éstos se analizaron por nanoESI-IM-MS tras la digestión de la mTf con PNGasa F (0.1% 

β-ME (v/v) y 0.1% SDS (m/v) en 50 mM NH4HCO3 (pH 7.9) con 1% NP-40 (v/v), incubación de 

18h a 37˚C). En este caso, los glicanos se analizaron por infusión directa y en polaridad 

negativa, tras su purificación por extracción en fase sólida (SPE) con cartuchos de carbono 

grafitizado poroso (HyperSepTM HypercarbTM, Thermo ScientificTM), con el fin de aislarlos de la 

proteína intacta. La Tabla 5.11 muestra los glicanos detectados, los cuales coinciden con las 

glicoformas detectadas del glicopéptido por nanoLC-IM-MS. 

 

Tabla 5.11: Masa molecular (Mr) teórica, Mr experimental, error de masa (ppm) y carga observada para 

cada glicano detectado de la mTf. 

 Mr teórica Mr 
experimental 

Error de 
masa 
(ppm) 

Carga 
observada 

Glicanos 
H3N3S1 1420.4975 1420.4659 22 -1 

H3N3F1S1 1566.5554 1566.5692 9 -1 
H5N4S1 1947.6825 1947.7031 11 -1 

H5N4F1S1 2093.7404 2093.7891 23 -1 
H5N4S2 2254.7729 2254.7650 4 -2 

H5N4F1S2 2400.8308 2400.8240 3 -2 
H5N4S3 2561.8632 2561.9150 20 -2 

H5N4F1S3 2707.9211 2707.9470 10 -2 
H6N5S3 2926.9954 2926.9334 21 -2, -3 

H6N5F1S3 3073.0533 3073.0036 16 -3 
 

En la Figura 5.22, se muestra la separación obtenida para diferentes glicanos tras optimizar la 

altura y la velocidad de la onda de la celda de movilidad, WH y WV, respectivamente. Para 

poder visualizar mejor la presencia de diferentes isómeros, se realizó, una reconstrucción 

gaussiana de cada uno de los picos observados en cada ATD utilizando el programa Origin 

(versión 8, OriginLab Corp., Northampton, MA, USA). En los casos donde no fue posible utilizar 

el programa mencionado, la reconstrucción gaussiana se realizó manualmente. 
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En el caso del glicano mayoritario (H5N4S2), la separación es suficientemente buena como 

para observar que existen dos isómeros, siendo el de mayor drift time y mayor CCS el más 

intenso, contraponiéndose a lo observado en el estudio del glicopéptido (Figura 5.21-c), donde 

el pico más intenso correspondía al isómero de menor drift time. Esto puede ser debido a que 

se tratan de moléculas completamente diferentes cuya CCS puede variar de manera diferente 

al cambiar el tipo de enlace del SiA.  

 

Figura 5.22: ATD de diferentes glicanos de la mTf obtenidos por nanoESI-IM-MS: a) H5N4S2, b) 

H5N4F1S2, c) H6N5S3 y d) H5N4S1. Los símbolos utilizados para la representación de los glicanos siguen 

las reglas sugeridas por el Consortium for Functional Glycomics (CFG) [13]. Los picos gaussianos 

simulados se realizaron con el programa Origin (versión 8, OriginLab Corp.). 
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Con respecto a otros glicanos, se obtuvieron tres drift times diferentes para el glicano H6N5S3, 

un drift time para el glicano H5N4F1S2 y un drift time para el glicano H5N4S1. En el caso del 

glicano H5N4F1S2, aunque sería razonable pensar que también existen dos isómeros (por eso 

se han simulado dos picos gaussianos), realmente sólo se observa un pico. Podría sugerirse 

que la resolución entre los dos isómeros es significativamente peor, haciendo imposible su 

distinción. Esto puede ser debido a que la presencia de una fucosa adicional impide que un 

cambio en el enlace del SiA afecte tanto a la CCS del glicano. En cuanto al glicano H5N4S1, 

parece que solo existe un isómero ya que se observa un único pico. Aun así, no se puede 

asegurar completamente ya que es posible que ambos isómeros tengan una CCS igual o muy 

parecida impidiendo su correcta separación; por lo tanto, la ausencia de un segundo pico no 

descarta por completo la presencia de más de un isómero.  

Para estudiar en más profundidad si el tipo de enlace del SiA puede afectar o no a la forma 

global del glicano y observar así diferencias entre isómeros por movilidad iónica, la Figura 5.23 

muestra de manera esquemática las estructuras 3D obtenidas en la aplicación online de 

Molecular Networks GmbH and Altamira, LLC. [307] para el fragmento H1N1S1, obtenido por 

MS/MS de la glicoforma H5N4S2 del glicopéptido, y para el glicano H5N4S2. Las estructuras 

mostradas son las más estables (menor energía) para cada caso. 
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Figura 5.23: Representación 3D del a) fragmento H1N1S1 del glicopéptido N(H5N4S2)STLCDLCIGPLK y b) 

del glicano H5N4S2, con diferentes enlaces del ácido siálico, utilizando la aplicación online de Molecular 

Networks GmbH and Altamira, LLC [307]. 

 

En el caso del fragmento H1N1S1, cuando el enlace del SiA es α-26 la estructura parece ser 

más compacta que con el enlace α-23 y por este motivo la CCS del isómero α-23 quizás 

sea mayor. En cambio, en el caso del glicano H5N4S2, al comparar la forma de los isómeros 2 x 

α-23 y 2 x α-26, se puede observar que la estructura es muy parecida, siendo difícil 

extraer conclusiones. Quizás podría parecer que el glicano con dos enlaces α-26 tiene una 

estructura ligeramente más compacta que el glicano con los dos enlaces α-23 lo que daría 

lugar a valores de CCS menores. Dado que únicamente con la visualización de la forma de las 

moléculas era muy complicado extraer conclusiones fiables, se decidió aplicar modelos de 

cálculo teórico de CCS utilizando el software IMoS [308, 309], que se encuentra disponible 

gratuitamente en imospedia.com, para el fragmento H1N1S1 y el glicano H5N4S2. En la Tabla 

a) Fragmento H1N1S1

α-23 α-26

b) Glicano H5N4S2

2 x α-23 2 x α-26
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5.12 se muestran los valores de CCS obtenidos. Cabe destacar que, para que los cálculos de las 

CCS fueran los más exactos posibles, se utilizaron las estructuras más estables, las de mínima 

energía, tanto para el fragmento H1N1S1 como para el glicano H5N4S2, obtenidas a partir de 

la aplicación carbohydrate builder disponible gratuitamente en glycam.org [310]. 

Tabla 5.12: CCS teóricas obtenidas con el software IMoS para los diferentes isómeros debidos al ácido 

siálico del fragmento H1N1S1 y el glicano H5N4S2. 

  Isómero CCS (Å2) 

Fragmento 
H1N1S1 α-23 243.7 

H1N1S1 α-26 233.4 

Glicano 

H5N4S2 2 x α-23 652.3 

H5N4S2 
1 x α-23 

1 x α-26 
635.4 

H5N4S2 2 x α-26 623.9 

 

En primer lugar, los resultados obtenidos para el fragmento H1N1S1 concuerdan con los 

obtenidos por otros autores [143, 306], donde el primer pico, aquel con un drift time menor, y 

por lo tanto una CCS menor, correspondería al SiA α-26 y el de mayor drift time y mayor CCS 

correspondería al SiA α-23. Además, si observamos la intensidad relativa entre los dos picos 

(Figura 5.21-c), se puede ver como parece ser bastante más intenso el SiA α-26, lo cual 

también coincide con los resultados obtenidos por ciertos autores [306], que sugieren que, en 

general, las glicoformas biantenarias tienen un contenido de SiA α-23 menor.  

En el caso del glicano H5N4S2, las diferencias de CCS observadas entre los diferentes isómeros 

son suficientemente grandes como para que fuese posible separarlos por IM. Teniendo en 

cuenta que anteriormente se observó que la abundancia del isómero α-26 era mayor que la 

del α-23 (en el estudio del fragmento H1N1S1), y que el isómero con dos enlaces α-23 

sería menos probable según la literatura [306], podríamos asignar el primer pico (el menos 

abundante) de la Figura 5.22-a al glicano con dos enlaces α-26, y el segundo pico al glicano 

con un enlace α-26 y otro α-23. Sin embargo, esta asignación es tentativa, y solo sería 
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completamente fiable si se complementase con algún estudio más exhaustivo de MS/MS o 

donde se utilicen sialidasas específicas [144]. En conclusión, la metodología desarrollada en 

esta tesis doctoral permite separar isómeros debidos al enlace del SiA a nivel glicopeptídico y 

de glicano, aunque su asignación debería ser confirmada con estudios complementarios. No 

obstante, en el caso de los glicopéptidos, es necesario separarlos previamente de los péptidos 

del digesto y fragmentarlos por MS/MS para poder obtener información sobre su isomería, 

siendo esta vía mucho más laboriosa. Por ello, el análisis de los glicanos se puede considerar 

como la opción más adecuada para el estudio de los isómeros debidos al enlace del SiA. 

Para comprobar que la metodología propuesta se puede aplicar a otras glicoproteínas, se 

analizaron los glicanos obtenidos de la hAGP. En general, se obtuvieron resultados muy 

similares a los obtenidos para la mTf: dos drift times diferentes para el glicano H5N4S2 y tres 

drift times para el glicano H6N5S3, aunque la resolución que se obtuvo fue ligeramente peor 

en esta glicoproteína. Aun así, los resultados obtenidos permiten concluir que la metodología 

establecida puede ser utilizada para el estudio de otras glicoproteínas.  

 

5.3.3. Análisis de muestras de suero 

Finalmente, para comprobar la robustez del método al analizar muestras más complejas, se 

analizaron dos muestras de suero de ratón: WT control y WT con CIA, donde la mTf había sido 

previamente purificada por IAC, como en un estudio anterior (artículo 2.3). A modo de 

ejemplo, la Figura 5.24 muestra los ATD de los glicanos H5N4S2 y H6N5S3 en las dos muestras 

de suero (en esta figura también se realizó una reconstrucción gaussiana de los diferentes 

picos). Si se comparan estos resultados con la Figura 5.22, se puede observar que se obtienen 

los mismos resultados que con el patrón de mTf para ambos glicanos (dos drift times para el 

glicano H5N4S2 y tres para el glicano H6N5S3).  
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Figura 5.24: ATD de diferentes glicanos de la mTf, obtenidos por nanoESI-IM-MS, en una muestra de 

suero de ratón WT control y de ratón WT con CIA: a) H5N4S2 y b) H6N5S3. Los símbolos utilizados para 

la representación de los glicanos siguen las reglas sugeridas por el Consortium for Functional Glycomics 

(CFG) [13]. Los picos gaussianos simulados se realizaron con el programa Origin (versión 8, OriginLab 

Corp.). 

 

Aunque existe una ligera diferencia en cuanto a la intensidad relativa de los diferentes 

isómeros entre ambas muestras de suero, sería necesario un número superior de muestras 

para poder llegar a discernir si CIA afecta o no a la abundancia relativa de los isómeros. Aun 

así, los resultados obtenidos demuestran que la metodología propuesta es aplicable al análisis 

de la glicosilación y al estudio de los isómeros de glicanos de glicoproteínas en muestras de 

suero. 

En conclusión, con la instrumentación disponible y con su potencial actual, IM se puede 

considerar una técnica importante en la separación de compuestos isoméricos y, 

complementada con otras técnicas, es posible llegar a obtener información fiable sobre la 
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comparación de isómeros en glicoconjugados. En concreto, IM permite separar glicanos 

isoméricos que difieran en el tipo de enlace del SiA. En cuanto a glicopéptidos y glicoproteína 

intacta, la capacidad actual de esta técnica es insuficiente para poder separar los diferentes 

isómeros debidos a un cambio en el enlace del SiA. Aun así, existe la alternativa de fragmentar 

los glicopéptidos y analizar por IM fragmentos menores, como glicanos, de tal manera que una 

modificación del enlace del SiA sí tenga efecto en la separación. Aunque, en realidad, con esta 

alternativa se mide el drift time de un fragmento y no directamente del glicopéptido. De todos 

modos, el interés de la comunidad científica en IM ha crecido considerablemente en los 

últimos años, lo cual, seguramente, llevará a nuevos avances tecnológicos que mejorarán la 

capacidad de los equipos de IM. Es posible que en un futuro, con una nueva generación de 

instrumentos, sea posible, no sólo mejorar la separación entre glicanos isoméricos, sino que 

incluso se pueda llegar a observar separación de isómeros debidos al tipo de enlace del SiA 

analizando glicopéptidos o glicoproteínas intactas. 
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The following general conclusions can be extracted from the work carried out and explained in 

this thesis:  

 A CapLC-MS methodology has been developed for the glycosylation characterization 

of glycopeptides obtained from the proteolytic digestion of a glycoprotein.  

o The use of an anionic surfactant (RapiGest®) was necessary to enhance the 

enzymatic activity and, consequently, efficiently digest proteolytic resistant 

glycoproteins, such as human transferrin (hTf). 

 The conditions for the surfactant hydrolysis recommended by the 

manufacturer were optimized to minimize sialic acid loss. 

 A concentration of 5% (v/v) of HFor and reaction times of 30 min were 

selected as the optimum conditions for the surfactant hydrolysis.  

 hTf glycopeptide glycoforms have been successfully characterized by CapLC-MS. The 

effect of chronic alcoholism and congenital disorders of glycosylation (CDG) in the 

relative abundance of these glycoforms has been assessed: 

o Chronic alcoholism: 

- The non-glycosylated peptide variant corresponding to each glycopeptide, that 

is, only the amino acid chain without any glycan (referred to as peptide 

glycoform), was observed to be increased in chronic alcoholism, whereas other 

major glycoforms, mainly the H5N4S2 for both glycopeptides, were reduced. 

Additionally, other glycoforms, such as the H5N4S1, decreased just slightly or 

were barely affected. 

- The obtained results suggest that the mechanism causing the abnormality in 

the glycosylation of hTf in heavy alcohol consumption impedes the initiation of 

N-linked glycosylation in the pre-Golgi step. Hence, the effect of ethanol in the 

second step of N-glycosylation is minimal. 
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o Congenital disorders of glycosylation: 

- PCA and PLS-DA were correctly applied as potent exploratory and classificatory 

tools to properly study the huge data set originated in this study. 

- Only six out of the fourteen detected glycopeptide glycoforms were observed 

to be enough to accurately classify the samples in three groups: control, CDG-I 

and CDG-II. This small glycoform set could be regarded as a novel biomarker 

panel for CDG. 

- Unexpectedly, peptide glycoforms were not included in this biomarker panel. 

Even though their relative abundance was increased in CDG-I samples, the high 

heterogeneity of the analyzed samples might be the cause why peptide 

glycoforms are not part of this biomarker panel. 

- The most glycosylated glycoforms (H5N4S2 and H6N5S3) were essential for the 

differentiation of healthy and CDG samples.  

- Some important less sialylated glycoforms (H5N4S1 and H5N4) were present in 

the biomarker panel, as they were increased in CDG-II samples. 

- The alteration of hTf glycosylation seems to be more pronounced in CDG-I than 

in chronic alcoholism; at least, this is the case with the number of samples 

available in each study. 

 Mouse transferrin (mTf) was also observed to be altered in mice with collagen 

induced arthritis (CIA), an autoimmune inflammatory disease homologous to human 

rheumatoid arthritis (RA) in some aspects: 

o Increased fucosylated and branched glycoforms were observed, which was in 

agreement with the reported alteration in other inflammatory diseases. A 

decrease in less branched glycoforms was also observed. 
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o The observed alteration in mTf glycosylation profile was different between WT 

and CD38-KO mice, demonstrating that a defect in CD38 gene can have an 

effect in the development of CIA. 

 The developed CapLC-MS methodology can be regarded as an excellent tool not only 

for the characterization of the glycosylation at the glycopeptide level, but also to study 

the effect of a certain disease in the glycosylation of a protein. Even it could be 

considered an alluring option to assess the contribution of a given gene or protein to 

the development of certain diseases. Additionally, it could be useful to ensure the 

quality of a biopharmaceutical due to the characterization of its glycosylation. 

 Complete elimination of the surfactant required to properly digest proteolytic resistant 

glycoproteins, such as hTf, was achieved, which permitted the use of CE-MS and led to 

the study of the glycopeptide glycosylation of hTf by this technique, which was 

otherwise impossible: 

o Using CE as separation technique prior to MS provided several benefits, for 

instance, all glycopeptide glycoforms were conveniently separated in a single 

run. 

o The developed CE-MS methodology could be regarded as a valid 

complementary approach to CapLC-MS for the glycosylation characterization 

of proteins, each with its own benefits and drawbacks. 

 Additionally, another benefit of using CE is that, theoretically, the migration behavior 

of peptides and glycopeptides originated from the tryptic digest of a glycoprotein can 

be predicted and modelled: 

o This theory was successfully corroborated with recombinant human 

erythropoietin (rhEPO), as the migration behavior of both, its peptides and 

glycopeptides, was predicted. 
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o Peptides were observed to follow the Stoke’s law (q/M1/3), whereas 

glycopeptides fitted better with the classical polymer model (q/M1/2). 

Moreover, peptides and glycopeptides predicted electropherograms perfectly 

matched the experimental electropherograms. 

o The migration behavior of other glycopeptide glycoforms of rhEPO, or even 

other glycoproteins, was also correctly predicted and theoretical 

electropherograms and experimental electropherograms were equivalent. 

 IM-MS has been demonstrated to be an enticing and powerful technique for the 

separation of isomeric glycoconjugates, at least, regarding those isomers owing to the 

type of sialic acid linkage: 

o No differentiation between isomers was observed in IM-MS when analyzing 

mTf at the intact glycoprotein level or at the glycopeptide level. 

o Sialic acid linkage type was successfully studied at the glycopeptide level only 

when the drift time of a glycopeptide fragment that still retained the sialic acid 

was measured. Specifically, two different drift times were observed for the 

glycan H1N1S1, a relative intense fragment of the most abundant glycopeptide 

of mTf. 

o Straightforward separation was possible with the analysis of the free glycans 

from mTf. 

o Two and three different drift times were observed for the H5N4S2 and the 

H6N5S3 glycans, respectively. 

o The aforementioned distinction was not only observed in standard samples 

but also in serum samples from control mice and mice with CIA, which 

demonstrates the robustness of the developed method. 
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 It can be safe to assume that, in the near future, IM-MS technology will improve 

considerably to be able to enhance isomeric separation between glycans or, even, 

distinguish the type of sialic acid linkage at the glycopeptide level. 
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