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1.1 Glycobiology 
1.1.1 General overview 
Molecular biology techniques have dominated the analysis of functional gene 

products for many years, but protein analysis has slowly come back into focus 

because it is now widely recognised that the investigation of many cellular 

processes and their regulation is best studied at the protein rather than the 

nucleotide level. The increase of activities in the field of proteomics promises to 

improve both the technologies necessary for large-scale protein analysis as well 

as providing new insights into important cellular processes and the pathology of 

diseases.  

Nowadays, proteomics is present in many fields. The central goal is the 

identification of proteins that are either involved in a specific cellular process (cell 

map proteomics) or exhibit an altered expression profile as a result of a change in 

physiological condition (expression proteomics). Many times, altered protein 

profiles of tissues or cells are the result of altered protein modification, rather than 

altered gene expression. Therefore, an in-depth analysis of any proteome should 

also take into account post-translational modifications (PTMs) [1]. Given the 

surprisingly limited number of genes in the entire mammalian genome, including 

humans, post-translational modifications regulating protein function should have 

a more important role in cell phenotype than assumed thusfar. The central dogma 

of molecular biology has been revised to include protein PTMs (e.g. acetylation, 

methylation and alkylation, biotinylation, glutamylation, glycylation, isoprenylation, 

lipoylation, phosphopantetheinylation, phosphorylation, sulphation and 

glycosylation) [2]. Glycosylation, or the addition of glycans (carbohydrates) to 

proteins, is perhaps the most extensive and complex form of protein PTM and it 

provides the alleged functional diversity to generate many phenotypes from a 

limited genotype [3].  

Over the years, many theories have been put foward regarding the biological role 

of glycans. However, there is accumulating evidence supporting the participation 

of glycan in cell growth and development, tumour growth and metastasis [4, 5], 
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anticoagulation, immune recognition, cell-cell communication and microbial 

pathogenesis [6]. Although additional paradigms may arise, examples from 

glycoprotein structure, trafficking, cell adhesion and signalling probably illustrate 

the major roles that glycans have. However, although the general question about 

what the function of glycosylation is, has possibly been answered satisfactorily, 

specific questions about the function of a particular glycan on a specific 

glycoconjugate is supposed to be a great deal of future work. In fact, the 

structural characterisation of glycoproteins is of paramount importance for 

understanding biological processes, diagnosing pathological conditions, or 

maintaining pharmaceutical quality control [7], just to name a few. Furthermore, 

this biological and biochemical knowledge has been successfully translated into 

drug discovery resulting in the creation of carbohydrate-based vaccines [8] and 

the development of new therapeutic modalities for a wide range of diseases (e.g. 

NESP for stimulating erythropoiesis [9] or dalteparin, tinzaparin and enoxaparin 

as anticoagulants [10]). Differences in carbohydrate structures may arise from 

different gene expression systems and culture condition [11], so glycan analyses 

can be helpful to discriminate endogenous glycoproteins from recombinant 

analogues of different origin, demonstrating their suitability to monitor the use of 

recombinant hormones or even detect their misuse in sports [12].  

 

1.1.2 Glycoprotein heterogeneity 
A glycoprotein is a macromolecule composed of a protein (a polymer containing a 

constant number of linearly arranged amino acids) and one or several glycans 

(oligosaccharides). The glycan is covalently attached to the protein in a co-

translational or post-translational modification. In the study of protein glycosylaton 

two main aspects should be considered: the macroheterogeneity and the 

microheterogeneity [13]. 
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 1.1.2.1 Macroheterogeneity 
Not all amino acids can be modified by glycosylation (only Ser, Thr, Asn, Trp, 

hLys, and hPro) and this modification does not occur at every potential 

glycosylation site, even among different molecules of the same protein. This 

variation in occupancy with oligosaccharides is referred to as 

macroheterogeneity, and is a function of the site availability, enzyme kinetics, and 

substrate concentrations in the endoplasmic reticulum (ER) [14].  

 
 1.1.2.2 Microheterogeneity 

One of the most fascinating aspects of glycosylation of proteins is the 

phenomenon of microheterogeneity. This term indicates that at any given 

glycosylation site on a specific protein synthesised by a particular cell type, a 

range of variations can be found in the precise structure of the glycan. Even the 

extent of this heterogeneity can vary considerably from glycosylation site to 

glycosylation site, from protein to protein, and from cell type to cell type. 

Glycoproteins with a common polypeptide chain but bearing different glycans are 

called glycoforms [15]. The occurrence of microheterogeneity is associated with 

the processing reactions that take place primarily in the Golgi apparatus. The 

common monosaccharides found in eukaryotic glycoproteins are depicted in 

Table I and include: 

- Hexoses: Six-carbon neutral sugars, including glucose (Glc), galactose 

(Gal), mannose (Man). 

- Hexosamines: Hexose with an amino group at the C2-position, that can 

be either free or more commonly, N-acetylated: N-acetylglucosamine 

(GlcNAc) and N-acetylgalactosamine (GalNAc) 

- Deoxyhexoses: six-carbon neutral sugar without the hydroxyl group at 

the C6-position: fucose (Fuc) 
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Table I. Structure projections using chair conformation, symbols and abbreviations of the 

monosaccharides and variants most commonly found in mammalian glycosylation.  

 
- Sialic acids: Family of nine-carbon acidic sugars. The most common is 

N-acetylneuraminic acid (Neu5Ac). The 5-N-acetyl group can also be 

hydroxylated, giving N-glycolylneuraminic acid (Neu5Gc). Both molecules 

have the potential for additional substitutions at the hydroxyl groups on 

the 4-, 7-, 8-, and 9-carbons (O-acetyl, O-methyl, O-sulphate, and 

phosphate groups). Additional complexity arises from the fact that the O-

acetyl esters can migrate along the side chain (from the 7- to the 9-

position) under physiological conditions [6] (Figure 1). 
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Figure 1. General structure of sialic acids and naturally occurring derivates. Adapted from Varki. 

 

The description of the monosaccharides does not suffice to define glycosylation 

in a protein. In contrast to nucleotides and proteins which are linear polymers 

having only one type of linkage, each monosaccharide can theoretically generate 

an α or a β linkage to any of several labile protons in another monosaccharide or 

to another type of molecule. The potential structural variety is tremendous, 

exemplified by the fact that three nucleotide bases or amino acids can only 

generate six variations whereas three hexoses could produce (depending on 

which factors are considered) anywhere from 1.056 to 27.648 unique 

trisaccharides. As the number of units in the polymer increases, this difference in 

complexity increases exponentially. For mammalian glycans, which have a 

limited monosaccharide pool, the number of possible hexasaccharide structures 

has been calculated to be ∼1012 [16]. Actually, not all of these possibilities exist in 

nature, but it is worth noting that the list of known N-linked glycans contained 

more than 2000 structures in the year 2003 and this list is constantly growing 

[17]. 

 

1.1.3 Type of glycans in glycoproteins 
There are several types of protein glycosylation based on the structure and the 

mechanism of synthesis. Although the most common glycosylation in naturally 

occurring proteins are N- and O-glycosylation, other types have also been 

described.  
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1.1.3.1 N-glycosylation 

In this phenomenon, a pre-formed oligosaccharide moiety is transferred en bloc 

from a long-chain isoprenoid lipid to a potential glycosylation site via N-glycosidic 

linkage to the amido-group of an asparagine (Asn) residue on a nascent 

polypeptide. Asparagine residues to which glycans can be attached must be 

located in a specific sequence context within the primary structure of the protein. 

Glycosylated asparagine residues are almost invariably found in the sequences 

Asn-X-Ser or Asn-X-Thr, where X can be any amino acid except proline (Figure 

2). Few cases in which the sequence Asn-X-Cys becomes glycosylated have 

also been described [18]. In animal cells, the sugar linked to an asparagine 

residue is N-acetylglucosamine and the linkage is always in β configuration.  
 

 
Figure 2. Typical linkage of an N-acetylglucosamine to an Asn residue in N-linked glycans. 

 

The assembly of N-linked glycans occurs in a series of complex pathways that 

can be summarised in three major stages: 

1. formation of the lipid-linked precursor oligosaccharide dolicholphosphoryl-

Glc3Man9GlcNAc2 (Figure 3) 
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Figure 3. Pathway for generation of the dolichol-linked oligosaccharide donor for protein N-

glycosylation. 
 

2. en bloc transfer of the tetradecasaccharide to the polypeptide chain which 

constructs the Asn-X-Ser/Thr sequence (Figure 4) 
 

3. processing and maturation of the oligosaccharide. Processing steps 

include removal of some of the original sugar residues (trimming) through 

specific glucosidases and mannosidases, followed by addition of new 

sugars at the non-reducing termini of the glycan through glycosyl 

transferases. In this biosynthetic pathway, the structure formed after the 

action of glucosidases and mannosidases that may remove one to four 

mannose residues, can remain in this state while the glycoproteins move 

through various luminal compartiments to the cell surface. Such glycans, 

containing between five and nine mannose residues, are called 
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oligomannose type oligosaccharides. Other glycans are processed to 

more complicated structures as complex type and hybrid type sugar 

chains. This variation is formed by the number of antennae (formed by 

adding from one to five GlcNAc residues to the trimannosyl core) and the 

branch to which the GlcNAc is added by the action of five distinct β-N-

acetylglucosaminyltransferases (Figure 4). Then, all the nonreducing 

terminal GlcNAc residues, except for the bisecting GlcNAc, can be 

extended by addition of monosaccharide units. The number of antennae 

combined with kind and linkage of residues elongating the different chains 

will form the large number of existing complex type sugar chains. Within a 

cell, synthesis of glycoproteins takes place in spatially differentiated steps. 

Lipid-linked precursor synthesis, en bloc transfer to the protein and initial 

trimming reactions occur in the rough ER, while subsequent processing 

steps occur as the glycoprotein migrates through the Golgi apparatus.  
 

Perhaps the most striking variation on the core structure is the extension of one 

branch by alternating Gal and GlcNAc residues. This sequence can be viewed as 

a series of repeated Gal-GlcNAc disaccharides and is called N-acetyllactosamine 

repeat (LacNAc). The linkages between these monosaccharides can vary, giving 

rise to type 1 and type 2 LacNAc families. In the most common form (type 2) the 

linkages are Galβ1-4GlcNAc and GlcNAcβ1-3Gal. In contrast to the type 2 

chains, the linkage within each lactosamine unit is Galβ1-3GlcNAc in type 1 

chains. The Galβ1-XGlcNAc groups and the Galβ1-XGlcNAc repeats are further 

elongated by galactosylation, or terminated by fucosylation, sialylation, 

glucuronylation, and/or sulphation to form the final glycan. Addition of sialic acid 

residue to the terminal galactose residue would prevent further elongation of the 

chain, so the length of the final structure results from the balance between the 

activities of the GlcNAc-transferase and the sialyltransferase. 
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Figure 4. General overview of the pathway for N-glycoprotein biosynthesis and its location within a 

cell. 
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According to the IUPAC/IUBMB recommendations, N-glycans can be divided into 

three classes, all having the same pentasaccharide core Man(α1-3)[Man(α1-

6)]Man(β1-4)GlcNAc(β1-4)GlcNAc(β1-N) which is called the trimannosyl core. 

Based on the structures and locations of the sugar residues added to the 

trimannosyl core, N-linked sugar chains are classified into three subgroups [19] 

(Figure 5): 

  

1. Oligomannose type, with a variable number of D-Man residues. This 

term is used for up to nine Man residues (Man≤9GlcNAc2) and the term 

high-mannose type is used for more than nine Man residues 

(Man>9GlcNAc2) including the terms polymannose or hypermannose used 

for yeast-glycoprotein-derived N-glycans. The term paucimannose type is 

also used in the literature to describe the truncated N-glycans 

(Man<9GlcNAc2) with or without fucosylation. 

 
2. Hybrid type, contain the characteristic features of both oligomannose- 

and N-acetyllactosamine-type sugar chains. 

 

3. N-acetyllactosamine type, named also complex type. The outer chains 

with an N-acetylglucosamine residue at their reducing termini are linked to 

the two α-mannosyl residues of the trimannosyl core and apart from 

these, contain no other mannose residues. This class is subdivided into 

a. monoantennary 

b. diantennary 

c. triantennary 

d. tetraantennary 

e. pentaantennary  
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Antennas can present structural variations or substitutions such as: 

- Bisecting GlcNAc(β1-4) residue at the β-Man residue 

- Fuc(α1-6) or Fuc(α1-3) [in plants] at the Asn-bound GlcNAc residue  

- Fuc substitutions in the antennas (Lex structure connecting to Man) 

- occurrence of Xyl(β1-2) at the β-Man residue (in plants) 

- occurrence of GalNAc(β1-4)GlcNAc (LacdiNAc; D-GalNAc) besides 

Gal(β1-4)GlcNAc (LacNAc) 
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Figure 5. Examples of high mannose type glycans (top), hybrid type glycans (middle) and complex 

type glycans (bottom). The common core structure for all N-liked glycans is represented in the box. 
Short-hand notation: ( ) fucose, ( ) N-acetylglucosamine, ( ) mannose, ( ) galactose, (Δ) sialic 

acid. 
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 1.1.3.2 O-glycosylation 

 This type of glycosylation results from the addition, in the Golgi apparatus, of 

sugar residues to the hydroxyl side chain of serine, threonine, hydroxylysine or 

hydroxyproline residues. Unlike N-linked glycoproteins, O-linked glycoproteins 

are synthesised on the protein by the addition of a single sugar residue at a time.  
 

 
Figure 6. Typical linkage of an N-acetylgalactosamine to a Ser residue in O-linked glycans.  

Currently, the O-linked sugar chains are grouped into the eight classes according 

to their core structures (Figure 7). Core 1 and 2 are most commonly found in 

mucins and other glycoproteins. In contrast, cores 3 and 4 are rather restricted to 

mucins. Core 5 was detected in few materials such as meconium and human 

adenocarcinoma, and core 6 only in human glycoproteins. So far, core 7 has 

been detected in bovine submaxillary mucin only. The rare core 8 glycan α-D-

Gal-(1-3)-D-GalNAc was identified in a rather simple trisaccharide form amongst 

the complex oligosaccharides isolated from human respiratory mucins, collected 

from a patient suffering from chronic bronchitis [20]. The core structures can be 

further substituted with fucose and/or sialic acid, or elongated with linear or 

branched sequences of Galβ1-4GlcNAc and/or Galβ1-3GlcNAc groups, similar to 

the outer chain moieties of the complex-type N-linked sugar chains. The 

isozymes that catalyse the N-acetylgalactosaminylation (ppGaNTase) contain a 

ricin-like lectin motif, and many of them preferably use N-

acetylgalactosaminylated peptide as substrate. This substrate specificity 
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produces clustered O-linked sugar chains, which are widely observed in many 

glycoproteins. 

 

Figure 7. Core structures of mucin-type O-glycans. Short-hand notation: (  ) N-

acetylgalactosamine, ( ) N-acetylglucosamine, ( ) galactose. 

 

1.1.3.3 C-mannosylation  
This novel type of protein glycosylation discovered by Hofsteenge et al. [21] is 

unique in that an α-mannose is directly bound to the indole C2 carbon atom of a 

Trp residue through a C-C bond to produce C-mannosylated Trp (CMW). It 

occurs at the first Trp in the consensus amino acid sequence Trp-X-X-Trp in 

proteins (where X can be any amino acid) [22]. There are several examples of 

proteins containing this type of glycosylation, including RNAse2, interleukin-12, 

complement proteins, properdin, thrombospondin, F-spondin, erythropoietin 

receptor and some mucins [23].  

 

1.1.3.4 P-glycosylation  
The attachment of sugar to protein via a phosphodiester bond represents 

another, quite distinct, type of glycopeptide linkage in which GlcNAc, Man, Xyl 

and Fuc have been found to be involved [24]. The GlcNAc-α-1-P-Ser linkage has 



Introduction 
 

 17 

been found in various proteins from Dictyostelium including proteinase-1 [25]. 

Man-α1-P-Ser has been observed in several major proteins of Leishmania, and 

Xyl-1-P-Ser has been found in T. cruzy. Furthermore, evidence for the presence 

of Fuc-β-1-P-Ser in Dictyostelium has also been obtained [26]. 

 
1.1.3.5 Glypiation 
The process of adding glycosylphosphatidylinositol (GPI) to proteins has been 

observed in eukaryotes ranging from yeast to mammals. GPI anchored proteins 

are membrane bound proteins linked at their carboxy-terminus through a 

phosphodiester of phosphoethanolamine, to a trimannosyl glucosamine (Man3-

GlcN) core [27]. The reducing end of GlcN is linked to phosphatidylinositol (PI) 

that is subsequently anchored through another phosphodiester linkage to the cell 

membrane in its hydrophobic region. Furthermore, the Man3-GlcN 

oligosaccharide core may undergo various modifications during secretion from 

the cell.  

 

1.1.3.6 Non-enzymatic glycosylation 
Non-enzymatic glycosylation is denominated glycation and creates glycoproteins 

through the chemical addition of sugars to polypeptides [28]. Because of the 

nature of this type of glycosylation, the factors that control glycation are simply 

time and the concentration of sugar with respect to protein. Older proteins are 

more glycated [29], and people with higher circulating levels of glucose 

experience higher levels of non-enzymatic glycosylation, even though glycation 

also may occur with galactose and even fructose. This is the basis of the 

glycosylated haemoglobin diagnostic test used for the monitoring and long-term 

maintenance of blood sugar levels in diabetics [30]. 

 

1.1.4 Functional properties of glycans 
A comparison among proteins serves as a good starting point to understand how 

glycans carry out useful biological functions. In spite of the diverse biological 
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roles, proteins share two common features that unify the study of their properties: 

each protein is synthesised as identical copy by translation of a messenger RNA 

template that is encoded in the genome, and the activity of a protein results from 

the formation of a precisely folded three-dimensional structure. As described 

above, glycans are assembled without a template through a series of individually 

catalysed reactions. The resulting structures are not unique, because many 

different proteins are modified with a common set of glycan structures and 

different copies of a single polypeptide backbone can be modified with distinct 

glycans. Furthermore, glycans lack a discrete, folded structure. All of these 

features make it difficult to establish structure-function relationships for glycans 

and some novel principles must be defined to describe the ways in which glycans 

function. One explanation for the lack of simple rules why specific glycans are 

attached to specific proteins is that the functions of the protein and glycan 

portions of many glycoproteins can be independent of each other. That is, all 

copies of a particular protein perform the same function regardless of what 

glycans are attached and all copies of a particular glycan perform the same 

function, although they are attached to different proteins.  

Owing to the ubiquitous presence of glycans at the cell-extracellular interface, 

glycans are located in an environment of many proteins of very different and 

complex nature such as enzymes, receptors, molecules of immune-system 

including antibodies (immunoglobulins), cytokines and molecules of the major 

histocompatibility complex (MHC), structural proteins like collagen, components 

of the zona pellucida, which surrounds the oocyte essential for sperm-egg 

interaction, several hormones as follicle stimulating hormone, luteinising 

hormone, thyroid stimulating hormone, human chorionic gonadotropin, alfa-

fetoprotein and erythropoietin [3]. 

The addition of carbohydrates to a peptide chain will change the shape, size, 

polarity, etc. of the protein structure. These glycans will affect many of the 

physiological and biochemical properties of the glycoprotein to which they are 

attached including folding, viscosity, stability, solubility, biological activity, 
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antigenicity, in vivo clearance rate, protection of polypeptide chains against 

proteolytic enzymes, secretion, recognition and interaction with other proteins or 

non-proteins components of the cell. Consequently, the roles of glycans are 

diverse, participating in normal biological development, tumour growth and 

metastasis, anticoagulation, cell-cell communication, immune defence against 

pathogens via the identification of exogenous carbohydrates and microbial 

pathogenesis. Conversely, many bacterial and viral pathogens (such as 

Escherichia coli or Haemophilus influenza) initially adhere to host tissues by 

binding specifically to carbohydrates on the host’s cell surfaces. Thus, there is an 

interest in developing therapeutic agents that can interfere with, modulate, or 

exploit carbohydrate-based host-pathogen interactions [31]. 

 

1.1.5 Strategies for the analysis of glycoprotein glycans 
The analysis of the covalently attached glycans to glycoprotein (glycan 

sequencing) is a more daunting task than the sequencing of proteins and nucleic 

acids. One difficulty lies in the branched nature of the structures and another in 

the extensive heterogeneity of the glycans. When there are 20 or more different 

glycans linked to a particular asparagine residue in a glycoprotein, complete 

sequencing of the glycans requires separation and analysis of each of the 

components, many of which will be present in small amounts. In the end, a profile 

of glycans must be established rather than a single structure. Although glycan 

studies are complex, they are important to perform as they often have particular 

relevance in many areas of advanced clinical and biomedical research. Indeed, it 

is becoming increasingly clear that many “biomarkers” of health and disease are 

in fact glycoproteins. Such biomarkers now encompass many major diseases 

ranging from diabetes, rheumatoid arthritis or cardiovascular pathologies to 

various cancers. Recent advances in analytical instrumentation and methods are 

increasingly allowing high-sensitivity glycoprotein analysis to be performed on a 

routine basis although the precise approach varies according to the nature of 
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each particular glycoprotein. Structural glycoproteomics is a multifaceted problem 

requiring the definition of several important features of glycoproteins.  

- analysis of entire glycoprotein 

- protein sequence (peptide mapping) 

- disulfide bonding 

- glycopeptides after protease digestion 

- sites of glycosylation 

- glycans attached to each glycosylation site after either, a treatment 

with anhydrous hydrazine or by digestion with PNGase F 

- linkage, anomeric configuration, branching and sequence of each 

glycan 

- presence of non-carbohydrate modifications 
 

Although no single method has emerged as the preferred approach to glycan 

structure determination, the approaches used in throughout the thesis are 

summarised in this chapter giving a flavour of the power and the limitations of the 

techniques that are available at present.  

 

1.1.5.1 Intact glycoprotein characterisation  

As stated, detailed structural glycoproteomics requires several experimental 

approaches. Initial experiments begin with isolation of the glycoprotein that is 

generated by either recombinant technology, or extracted from a biological matrix 

such as an organ, tissue, cell or body fluids. This usually involves a variety of 

chromatography-based techniques. Solid-phase chromatography, lectin-based 

glycan capture, immunopurification, and electrophoresis are among the most 

routinely used technique for this task (See appendix I). The generation of 

information about glycoprotein glycosylation can be carried out at different levels 

of structural detail. The choice of the level depends largely on the research 

request and the sample amounts available.  
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Isoelectric focusing and 2-DE gel electrophoresis are often employed as the first 

step for isolation or analysis of glycoproteins [32]. Glycoprotein bands observed 

are broad due to the heterogeneous glycosylation pattern, thus making a 

complete separation of different glycoforms difficult. Furthermore, in 2-DE gels, 

glycoproteins produce characteristic “trains” of protein bands reflecting different 

isoelectric points and/or molecular masses of the glycoforms. However, a 

significant drawback of this technique, not particularly related to the glycosylation, 

is the frequent under-representation of membrane glycoproteins in common 2-DE 

gel electrophoresis due to a low solubilising power of the non-ionic and 

zwitterionic detergents generally used in IEF for hydrophobic proteins. In addition, 

many of these glycoproteins are only weakly stained by conventional dyes due to 

the high carbohydrate content. A sensitive detection and characterisation of the 

glycosylation pattern of electro-blotted proteins may be achieved by 

carbohydrate-specific lectins. Using a panel of lectins with different specificities, 

glycoproteins can be probed for defined oligosaccharide epitopes [33]. This 

strategy is usually applied when analysing structures that resemble others 

already characterised [34]. Additional information on the type of glycans attached 

can be obtained by combining gel electrophoretic separation and/or lectin probing 

in combination with treatment by specific exo- and endo-glycosidases. Using this 

approach, an initial assessment of the glycosylation properties of a given 

glycoprotein may be achieved [35]. 

Capillary electrophoresis (CE) has been also described for analysis of the 

heterogeneity in intact glycoproteins. Resolution of single glycoforms has been 

described, for instance, for ribonuclease B, ovalbumin, α1-acid glycoprotein and 

recombinant human erythropoietin [36]. Whereas the high resolving power of CE 

is undoubtedly very useful for comparative monitoring the glycoform populations 

of, for example, recombinant glycoproteins [37], it does not allow any solid 

conclusion on the nature of glycan chains attached.  

Matrix-assisted laser desorption ionization-time of flight-mass spectrometry 

(MALDI-TOF MS) is extensively used in glycomics because of its robustness, low 
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cost, simplicity, ease of operation and data interpretation. However, when a large 

glycoprotein with multiple glycosylation sites is directly analysed by this 

technique, only an average molecular mass can be calculated because the TOF 

analyser is not able to resolve the molecular ions of the individual glycoforms. 

Despite the widespread use of MALDI-TOF MS, studies recently published have 

demonstrated that glycoproteins undergo fragmentation of the more labile 

carbohydrate (sialic acids) in the ion source or during acceleration, obtaining less 

reliable average molecular mass values [38]. The choice of adequate matrices 

and ionisation parameters are critical and influence drastically in the mass 

accurancy and resolution.  

Electrospray ionization (ESI) MS is better suited to the analysis of intact 

glycoprotein populations than MALDI-TOF MS because its higher resolution 

permits the identification of individual glycoforms [39]. Even though this technique 

presents problems because of the less efficient desolvation and data complexity 

(multiple adduct formation), recent improvements resulted in successful analyses 

of highly glycosylated glycoproteins [40-42]. 

 
1.1.5.2 Peptide and glycopeptide characterisation 
Once the accurate molecular mass of the intact glycoprotein is achieved, more 

detailed methods are performed in order to predict first, and then identify N- and 

O-glycosylation sites. These analyses include the characterisation of the peptides 

and glycopeptides by CE, HPLC, LC-ESI MS and MALDI-TOF MS after 

proteolytic degradation [43]. Trypsin, chymotrypsin, Asp-N, Glu-C and Lys-C are 

most commonly used to obtain glycopeptides carrying single glycosylation sites. 

Mass spectrometric identification of glycopeptides within a complex protein digest 

is still a challenging task due to following reasons; they often constitute only a 

minor portion of the total peptide mixture, the signal intensities of glycopeptides 

are often relatively low compared to those of non-glycosylated peptides 

(heterogeneity in glycan population) and glycopeptide signals are often 

suppressed in the presence of other peptides, especially if the glycans are 
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terminated with a negatively charged sialic acid residue [44]. The proteomic 

analyses provide important information on site occupancy and heterogeneity. 

However, to complete the picture, including linkages definition, branching 

patterns, stereochemistry, etc. glycans must be released from the glycoprotein 

and subjected to the glycomic analyses. 

 

1.1.5.3 Glycan analysis  
In order to obtain structural data of individual glycans, sugar moieties have to be 

separated from the protein. For the generation of free glycans, two general 

procedures are commonly employed, enzymatic digests with endoglycosidases 

or chemical degradation protocols. The former method is often employed for N-

glycans, since PNGase F cleaves N-glycans from the polypeptide backbone. 

Exceptions are glycans with (α1-3) bound fucose at the reducing N-

acetylglucosamine, as found in plant glycoporteins. The digest yields glycans with 

intact reducing termini and the method is applicable to glycoproteins separated 

and contained within an SDS-gel as well as on blotting membranes. The PNGase 

F digestion modifies Asn containing N-glycan to Asp. The subsequent mass shift 

(0.984 Da) may then be detected via ESI-MS/MS and MALDI-TOF MS 

sequencing of the peptide. Further use is made of glycosidases like endo F, endo 

H and PNGase A, which cleave at different sites within the trimannosyl core 

structure of N-glycans.  

Since there is no enzyme available for the release of intact sialylated O-glycans 

from glycoproteins, chemical cleavage (β-elimination) is often used during the 

analysis of this glycosylation type. To identify O-glycosylation sites within a 

peptide sequence, a β-elimination procedure based on the use of NH4OH results 

in the incorporation of NH3 to the amino acid formerly carrying the glycan and the 

mass difference may be observed within the amino acid sequence by ESI-MS/MS 

[45]. Another interesting, mass spectrometry-based, method for the identification 

of sites modified by O-GlcNAc is based on a mild β-elimination followed by 
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Michael addition of dithiothreitol (BEMAD) or biotin pentylamine to tag O-GlcNAc 

sites [46]. 

Mass spectrometry and nuclear magnetic resonance spectroscopy (NMR) [47] 

are the most important methods for analysing glycans that have not previously 

been described or when enzymes are not available to define certain linkages. 

Although the amounts of material required for NMR analyses are substantially 

larger than for mass spectrometry, material is not destroyed during analysis. In 

many circumstances sample quantities are limiting, being in these cases MS the 

method of choice [48]. The accurate masses that can be determined by mass 

spectrometry can provide important compositional information to be used in 

combination with enzymatic digestions. Following the generation of glycan pools, 

both in solution and from gel-separated glycoproteins, a common approach for 

glycan sequencing is the application exo- and endoglycosidases of known 

specificity [49]. The effect of the enzymatic treatments is monitored by MS and by 

chromatography of the digestion products that are previously labelled at the 

reducing end with a fluorescent dye [50]. This method is commonly known as 

RAAM (reagent array analysis method) [51]. Finally, the nature and number of 

the constituent monosaccharides can also be analysed. Nowadays, approaches 

based on GC and LC procedures after hydrolysis or methanolysis are used to 

determine both, the monosaccharide and the sialic acids composition of 

carbohydrate chains [52].  

 

1.1.5.4 Database and informatics for glycobiology and glycomics 
A great deal has been learnt about the roles of glycans, but there are also many 

indications suggesting that glycans have functions that we do not yet understand. 

A range of approaches have been described and as our understanding of 

glycobiology broadens to encompass more examples, new routes to the 

application of this knowledge in the diagnosis and treatment of disease will 

undoubtedly emerge. For this reason, it is essential for the glycobiology 

community to pool and share available knowledge and resources. Indeed, this is 
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already taking place in different regions of the world. C. von der Lieth 

(Heidelberg, Germany) discussed some of the more prominent open-access 

consortia with respect to their methods of operation and particular strengths [53]; 

these include the Kyoto Encyclopedia of Genes and Genomes (KEGG) in Japan, 

the Consortium for Functional Glycomics (CFG) in the USA and EurocarbDB 

(including glycoSCIENCES.de in Germany). Strong interactions between these 

three, as well as further integration of other groups and resources are actively 

being pursued. These efforts are resulting in the development of novel resources 

and technologies for glycomics and also are likely to be the vanguard for future 

advances in integrated glycoproteomics [54] (Table II).  

 
Table II. Summary of the main carbohydrate databases. 

Carbohydrate databases 
NAME CENTRE ACTIVITY 

Glycosciences.de DKFZ-Heidelberg Structures, NMR, MS, X-ray, 

References 

KEGG-Glycan KEGG Kyoto Encyclopedia of 

Genes and Genomes 

Structures, References, Pathways 

CFG-Glycan Database Consortium Functional Glycomics Structures, References, Occurrence 

GlycoSuite Proteome Systems Ltd Structures, References, Occurrence, 

Disease 

Bacterial Carbohydrate 
Structure DataBase 

N.D. Zelinsky Institute of Organic 

Chemistry 

Structural, bibliographic and related 

information on bacterial carbohydrate 

structures 

E.coli O-antigen Database University of Stockholm  

 

Related carbohydrate information in gene or protein databases 
NAME CENTRE ACTIVITY 

CAZy Architecture et Fonction des 

Macromolécules Biologiques 

(AFMB), Marseille 

Carbohydrate active enzymes 

GGDB AIST Human glycogens 

KEGG Orthology KEGG Kyoto Encyclopedia of 

Genes and Genomes 

Glycosyltransferases 

KEGG Pathway KEGG Kyoto Encyclopedia of 

Genes and Genomes 

Carbohydrate Metabolism 
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GPI Anchor Biosynthesis 
Report 

Research Institute of Molecular 

Pathology 

Enzymes for GPI anchor biosynthesis 

Glycosylation Pathways Consortium Functional Glycomics  

NC-IUBMB  Glycosyltransferases 

SphinGOMAP  Pathways of sphingolipid biosynthesis 

BRENDA University of Cologne Enzymes functional data 

ExPaSY ENZYME  Enzyme nomenclature DB 

Lectines CNRS-CERMAV, Grenoble 3D structures of Lectins 

LectinesDB INDIAN INST. OF SCIENCE Plant lectins 

CancerLectinDB INDIAN INST. OF SCIENCE Lectins in Cancer 

CTDL Imperial College London Animal lectins 

PDB2LINUCS DKFZ-Heidelberg Online Acess to carbohydrate relate 

information in PDB 

DOUGAL Birkbeck College, London DB of Glycoprotein Structures 

Glycoconjugate.DB Hokaido University Glycan structures contained in the 

PDB 

GlycoEpitope DB Kawasaki laboratory Antibodies for GlycoEpitopes 

CFG-GBP-DB Consortium Functional Glycomics Glycan Binding Protein 

CFG- Microarray Data Consortium Functional Glycomics Glyco-geme Chip 

Pathogen Sugar-Binding 
Database 

The MITRE Corportation Carbohydrate sequences to which 

pathogenic organism specifically 

adhere 

GlycoPep DB  A glycopeptide database 

 

Prediction / analysis of Glycosylation positions in proteins 

NAME CENTRE ACTIVITY 

GlySeq DKFZ-Heidelberg Analysis of Glycoprotein Sequences 

NetNGlyc Center for Biological Sequence 

Analysis 

N-glycosylation 

NetOGlyc Center for Biological Sequence 

Analysis 

O-glycosylation 

YinOYang Center for Biological Sequence 

Analysis 

Glyco-, Phosphorylation 

Big-PIPredictor Center for Biological Sequence 

Analysis 

GPI- anchor prediction 

DGPI  GPI- anchor prediction 

GlyProt Research Institute of Molecular 

Pathology 

In silico glycosylation 
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Graphical represtnetations and nomenclature 

NAME CENTRE ACTIVITY 

GlycanBuilder EUROCarbDB Visual editor of glycan structures 

LINUCS DKFZ-Heidelberg Linear encoding of sugars 

LiGraph DKFZ-Heidelberg Graphical representation 

IUPAC  Nomenclature 

CarbosML Mitsui Knowledge Industry Carbohydrate sequence markup 

language 

GLYDE University of Georgia Glycan Data Exchange Standard 

CFG  Symbolic Nomenclature for Glycans 

MonoSaccharideDB DKFZ-Heidelberg Systematic names for 

monosaccharides 

 

 

3D structures 
NAME CENTRE ACTIVITY 

SWEET II DKFZ-Heidelberg Generation of 3D structure 

GLYCAM CCRS Building of carbohydrate structures for 

MD simulations using AMBER 

Disaccharides CERMAV Conformational maps 

GlycoMapsDB DKFZ-Heidelberg Conformational maps 

GlyVicinity DKFZ-Heidelberg Analysis of Protein-Carbohydrate 

Interactions 

GlyTorsion DKFZ-Heidelberg Analysis of Carbohydrate Torsion 

Angles found in PDB 

CARP DKFZ-Heidelberg Carbohydrate Ramachandran Plot 

Pdb-care DKFZ-Heidelberg PDB Carbohydrate Residue check 

Dynamic Molecules DKFZ-Heidelberg Molecular dynamics of glycans 
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1.2 Erythropoietin 
1.2.1 Function and production sites 
Erythropoietin (EPO) is a glycoprotein hormone that regulates cellular 

proliferation and differentiation along the erythroid lineage. In humans, EPO is 

mainly produced by hepatocytes in the fetus and in the peritubular cells in the 

kidneys of the adult. It is secreted in response to a decreased oxygen content of 

the blood and targets the bone marrow (Figure 8). 

 
Figure 8. Scheme of human erythopoiesis (left). Feed-back mechanism for regulating the 

erythropoietin production (right).  



Introduction 
 

 29 

Until recently, EPO was thought to act exclusively on erythrocytic progenitors. 

However, recent studies have shown that EPO is a pleiotropic hormone (several 

functions outside of hematopoiesis). For example, EPO receptor mRNA and/or 

protein have been shown to be present in endothelial cells, epicardium and 

pericardium, renal mesangial and epithelial cells, pancreatic islets, placenta and 
defined areas of brain [55]. Based on these findings it has been proposed that 

erythropoietin plays a dual role in vascular protection by preserving endothelial 

cell integrity and by promoting new capillary formation from pre-existing vessels 

into an avascular area, a process known as angiogenesis. EPO also can 

decrease blood-brain barrier permeability during injury [56] and maintain the 

establishment of cell to cell junctions. However, the physiological role of the 

EPO/EPO receptor system in non-erythrocytic tissues requires further clarification 

[57]. 
 

1.2.2 Physiology (mechanism of action) 
As with EPO, the EPO receptor was earlier thought to act exclusively on 

erythrocytic progenitors. It is primarily expressed on the erythroid cells between 

the CFU-E and the pronormoblast stage of erythroid cell development. The 

number of EPO receptors per cell gradually decreases during erythroid cell 

development, and are absent in reticulocyte and mature erythrocyte. 

The production and secretion of EPO, as well as the expression of EPO 

receptors are regulated by the tissue oxygen supply. In most tissues, including 

kidney, liver, uterus and additional organs like brain, the expression of both, EPO 

and the EPO receptor is regulated primarily by hypoxia-inducible factor 1 (HIF-1), 

an α, β-heterodimeric protein that is activated by a variety of stressors, including 

hypoxia. Hypoxia is not the only factor involved in the regulation of EPO and its 

receptor; other metabolic disturbances, a variety of cytokines, insulin release or 

anemic stress can also lead to increased expression of EPO and its receptor [58]. 

Once EPO binds to the receptor, a conformational change is induced resulting in 

a tighter connection of the two receptor molecules [57, 59] (Figure 9). 
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Figure 9. (A) Schematic representation of the quaternary structure of the native EPO receptor 

dimer (without ligand). The individual domain (D1 and D2) configuration of the two EPO receptor 

molecules keeps the intracellular ends far enough apart to prevent autophosphorylation of JAK2. 

(B) The quaternary structure of the EPO-EPO receptors complex. The EPO molecule induces a 

close dimer association of both the D1 and D2 domains so their intracellular regions become 

substrates for phosphorylation with two JAK2 molecules. From Livnah, 1999 [59]. 
 
As a result, two Janus kinase 2 (JAK2) tyrosine kinase molecules, which are in 

contact with the cytoplasmic region of the EPO receptor molecules, are activated. 

Thereupon, several tyrosine residues of the EPO receptor are phosphorylated 

and exhibit docking sites for signalling proteins containing SRC homology 2 

(SH2) domains. Then, several signal transduction pathways are channelled, 

including phosphatidyl-inositol 3-kinase (PI-3K/Akt), JAK2, STAT5, MAP kinase 

and protein kinase C. The signalling cascade results in survival, proliferation and 

differentiation of erythrocytic progenitors. However, the specific roles of the 

various enzymes and transcriptional cofactors in these functions are only partially 

understood. The EPO/EPO receptor complex is internalised and degraded. In 

addition, the action of EPO is terminated by HCP (hemopoietic cell phosphatase) 

which catalyses the dephosphorylation of JAK2 (Figure 10).  
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Figure 10. Simplified scheme of EPO signalling pathways. The signalling cascade results in 

survival, proliferation and differentiation of erythrocytic progenitors. From Jelkmann, 2004 [55]. 

 
1.2.3 Metabolism  
Although it is recognised that erythropoietin is cleared from circulation with a fairly 

short half-life, surprisingly little is known about the metabolism and elimination of 

the hormone in humans. The volume of distribution of EPO is similar to, or slightly 

greater than, the plasma volume. This suggests that the hormone is distributed 

largely intravascularly with any extravascular component being of minor 

importance. However, there has been much debate about which organs may be 

important in the metabolism of erythropoietin; kidneys, liver, and bone marrow 

have all been suggested as playing a possible role [60] (Figure 11). Clinical and 

laboratory studies have led to the concept that catabolism of intact EPO by EPO 

receptor mediated uptake and degradation in erythropoietic tissues could account 

for most of the loss of the hormone from the circulation (dominant pathway). To a 

lower degree, EPO may be cleared by the kidneys following glomerular filtration 

(by means of the galactose receptor), once it is desialylated by action of tissue 

and blood sialidases in the liver. Evidences against a possible role of the bone 

marrow is provided by data suggesting that there is no difference in erythropoietin 

kinetics in condition of bone marrow hypoplasia, hyperplasia, or ablation. 
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However, in these studies, high doses of EPO were administered, producing non-

linear pharmacokinetics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11. Sites and mechanism possibly participating in the degradation of circulating EPO. 

Adapted from Jelkman [61]. 
 

1.2.4 Protein structure and nomenclature 
The gene encoding for erythropoietin is located on chromosome 7 of the human 

genome and encodes a protein of 193 amino acids including a 27 aa signal 

peptide. The intact protein consists of a 165 (des Arg166) AA sequence after 

polypeptide processing (as a result of post-translational modifications, the 

carboxy-terminal arginine is removed). The 166-amino acid protein has a 
molecular weight of 18398 Da [62]. The amino and carboxy termini of the protein 

are linked by a long disulfide bond between (Cys7-Cys161) and the other 
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disulfide bond occurs between (Cys29-Cys33). Post-translational carbohydrate 

addition leads to the final glycoprotein containing three N-linked (Asn-24, 38, 83) 

and one O-linked (Ser-126) oligosaccharide chains representing about 38% of 

the total mass (∼30.000 Da) (Figure 12).  

 

 

 

 

 

 

 

 

 

 
 

Figure 12. Model of the three dimensional structure of erythropoietin. The four α-helices are in 

orange, loops between helices are depicted in green. The 3 N- and 1 O-glycosylation sites are 

indicated by violet and pink respectively. From www.glycam.com 

 

As explained before, carbohydrate moieties of different glycoproteins may have 

many diverse functions. In particular, for EPO it has been shown that the addition 

of carbohydrate is required for secretion from the cell, to increase the solubility of 

the molecule, etc. More specifically, sialic acid residues play an important role for 

biological activity in vivo. When these residues are removed from EPO, the 

resulting molecules have an increased activity in vitro, but less activity in vivo, 

presumably due to removal from circulation by the asialoglycoprotein receptor in 

the liver. The same evidence is obtained when EPO is expressed in E. Coli 

where only the EPO polypeptide is produced. EPO molecules are active in vitro, 

but have very low in vivo activity [63]. The cloning and expression of the 

erythropoietin gene allowed the development of recombinant human 
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erythropoietin as a pharmaceutical. It has become one of the most important 

biotechnology products because it has provided new therapeutic solutions for a 

variety of disease and oxygen-deficiency states. Administration of rEPO is very 

frequent in cases of anaemia produced by chronic renal failure, zidovudine 

treatment in HIV patients, non-myeloid malignancies, prematurity, autologous 

blood donation, chronic inflammation, bone marrow transplantation, surgical 

blood loss, thalassemia, and in case of chemotherapy treatments [64]. Initial 

synthesis using E.Coli was rapidly replaced by Baby hamster Kidney (BHK) cells 

and Chinese Hamster Ovary (CHO) cells once the key role of glycosylation on 

the in vivo activity was demonstrated. Recombinant erythropoietins used in 

pharmaceutical preparations have the same amino acid sequence. Nevertheless, 

different preparations can vary in their degree of glycosylation and in their glycan 

composition and/or structure due to differences in the mammalian cell lines used 

to express the protein, differences in downstream processing and purification 

strategies used. For these reasons, the World Health Organization has 

recommended the following International Nonproprietary Names (INN) for 

recombinant EPOs sharing the same amino acid sequence but differing in their 

glycosylation (Table III). 
 

Table III. International Nonproprietary Names (INN) working document 05.179. World Health 

Organisation, 2006. 

General policies for glycosylated compounds: For glycoproteins  

Identification of the group with a stem, e.g. for erythropoietin: -poetin, indication of differences in 
the amino acid chain by using a random prefix and indication of differences in the glycosylation 
pattern by another designator, expressed by a Greek letter spelt in full and added as second 
word to the name (e.g. epoetin alfa). The Greek letters are used in the Greek alfabetical order.  

Erythropoietin type blood factors  

The common stem for erythropoietin type blood factors is -poetin.  

In the case of erythropoietins, it was decided to select epoetin together with a Greek letter to 
differentiate between compounds of the same amino acid sequence as human erythropoietin 
which vary in the glycosylation pattern (see general policies for naming glycoproteins). 

INNs with different amino acid sequence will be named using the -poetin stem and a random 
prefix. 

darbepoetin alfa, epoetin alfa, epoetin beta, epoetin gamma, epoetin delta, epoetin epsilon, 
epoetin zeta, epoetin theta, epoetin iota (selected during the 42nd

 
Consultation), epoetin omega. 
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An interesting challenge resides in the fast development of the huge market for 

treatment of the anaemia from chronic renal failure and malignancies. Different 

formulations of recombinant EPO have been developed both in academia [65, 

66] and by pharmaceutical industries. Some examples of epoetin are listed in 

Table IV:  
 

Table IV. Different types of rEPO, the main commercial products and manufacturing companies. 

 

The expiration of patents for epoetins has prompted the development of new 

versions of these products, which may increase competition and reduce price. 

For traditional pharmaceutical products, generics are easily developed and gain 

market demonstrating physicochemical similarity and bioequivalence by 

pharmacokinetic and pharmacodynamic studies in normal volunteers. This 

concept of a generic drug cannot be applied directly to biopharmaceuticals due to 

the difficulty in developing equivalent agents for glycoproteins like epoetin. 

INN Origin Commercial Products and Manufacturing Companies 

epoetin alfa hamster cells 

CHO 

Epoade (Sankyo), Epogen (Amgen), Epopen (Esteve), 

Epoxitin (Janssen-Cilag), Eprex (Janssen), Erypo (Janssen-

Cilag), Espo (Kirin Brewery Company, Pharmaceutical 

Division), Globuren (Cilag), Procrit (Ortho Biotech). 

epoetin beta hamster cells  

CHO  

Epoch (Chugai), Epogin (Chugai), Erytrogen (Roche), 

Neorecormon (Roche), Erantin (Boehringer Mannheim), 

Marogen (Chugai), Recormon (Boehringer Mannheim). 

epoetin gamma murine cells 

(C-127) 

not available 

epoetin epsilon hamster cells 

BHK  

not available 

epoetin omega hamster cells 

BHK 

Hemax and Epomax (originally Elanex Pharmaceuticals; 

now owned by Baxter). 

epoetin delta human cells 

(HT-1080)  

Dynepo (co-developed by Transkaryotic Therapies and 

Aventis).  

epoetin zeta human cells Retacrit (Hospira Enterprises B.V., Hoofddorp, The 

Netherlands), Silapo (STADA Arzneimittel AG, Bad Vilbel, 

Germany). 
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Because of their complexity, biopharmaceuticals cannot be adequately 

characterised using current analytical methods. Biological, physiological, and 

overall clinical qualities of epoetins are highly dependent on specific processes of 

production, purification and formulation. Thus, the use of the same cell line and 

gene, and similar production, purification and formulation processes does not 

guarantee the product will be equivalent to the erythropoietin reference standard, 

as even batch-to-batch variation have been observed. For this reason, the study 

of glycosylation from different erythropoietin preparations is necessary [67]. 

 

1.2.5 Endogenous human erythropoietin 
The isolation and purification of naturally occurring EPO, like any other protein 

present at similar concentrations in biological fluids, has always been a very 

difficult task. Nowadays it continues being a great problem due to the large 

amount of starting material needed and the optimisation of the assay required. 

From early studies, it was thought that EPO was not stored in great quantities in 

any organ of the body, so there were no clusters of EPO-producing cells that 

could be isolated readily from which substantial amounts of EPO could be 

purified [68]. Potential sources of naturally occurring EPO included the urine or 

plasma of large anaemic animals, including humans [69], organs such as the 

kidney, and cell lines derived from tumours such as renal tumours that 

spontaneously produced EPO [70].  

 

1.2.5.1 Early data about EPO 
After several years of work to purify EPO from the plasma of anemic sheep, 

Goldwasser and Kung reported the isolation of sub-milligram amounts of 

apparently pure material with a potency of 7450-8250 U/mg [71]. Because the 

EPO amount available was so small, data obtained were limited, being only 

reported the apparent Mw by SDS-PAGE (46 kDa) and sedimentation coefficient 

(4.6 s) [72]. An interesting approach to the isolation of EPO was reported by 

Spivak et al. in 1977 [73]. They discovered that wheat germ agglutinin (WGA) 
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and phytohemagglutinin bound EPO significantly in crude urinary preparations. 

Immobilising WGA on agarose allowed an 8- to 100-fold purification of urinary 

EPO with recoveries of 40% but no homogeneous replicates were achieved. 

Even without pure material, some information on EPO’s biochemical properties 

was obtained in the 70s, that still today is very useful. Some examples are that 

EPO was found to be sensitive to tryptic digestion, and that treatment with 

sialidase markedly shortened its in vivo half life [74]. This effect demonstrated 

that terminal sialic acid residues were present on the EPO’s oligosaccharides. 

Furthermore, the presence of one or more disulfide bonds critical for EPO 

biological activity was proposed [75]. 

  

1.2.5.2 Difficulties in the purification of human urinary and serum EPO 
In 1977, Miyake et al. described a seven step procedure that yielded highly 

purified human EPO [69]. Remarkably, the starting material was approximately 

2550 litters of urine collected in Japan from patients with aplastic anemia. The 

urinary protein was isolated and lyophilised. A lot of work was needed but finally, 

a purification scheme was developed. It resulted in an EPO preparation with a 

potency of 70400 U/mg with a 21% yield. Interestingly, two pure fractions were 

obtained that exhibited slightly different motilities when subjected to gel 

electrophoresis at pH 9. An asialo EPO form was also identified. In this case, the 

apparent Mw of native EPO determined by SDS-PAGE was 39 kDa. A second 

purification method for human urinary EPO was reported by Sasaki et al. [76] and 

consisted of preparation of an immunoaffinity column by coupling a monoclonal 

antibody against EPO to agarose [77, 78]. Approximately 6 mg of EPO were 

isolated from around 700 litters of human urine. They reported a specific activity 

of 81600 U/mg. Some heterogeneity was observed by SDS-PAGE and western 

blot, being presumably due to partial deglycosylation. They also reported an N-

terminal amino acid sequence of 30 aa, which differed in three positions from the 

N-terminal ovine EPO sequence disclosed by Goldwasser et al. [79]. Despite the 

publication of two purification methods, pure human urinary EPO remains difficult 
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to obtain. Therefore, several years passed before any significant biochemical 

characterisation of the material was published.  

 

1.2.5.3 Biochemical properties reported for human urinary and serum EPO  
The human EPO gene was cloned independently by two groups and in 1985 both 

published the human EPO gene sequence. Lin et al. [80] isolated the human 

EPO gene from a genomic phage library using mixed oligonucleotide probes 

derived from primary amino acid sequence information. Jacobs et al. [81], using a 

similar approach, obtained a human cDNA from a human fetal liver library as well 

as the gene itself. Also in 1985, Dordal et al. reported the first data about 

carbohydrate composition of human urinary EPO [82]. In their work it was shown 

that EPO digestion with PNGase F removed most of the carbohydrates from the 

protein indicating that the oligosaccharides were attached to asparagines 

residues. Furthermore it was mistakenly suggested that there was an apparent 

lack of O-linked sugar indicated by the absence of N-acetylgalactosamine 

residues. Removal of carbohydrates resulted in complete loss of in vivo biological 

activity in mice but activity was retained when assayed in vitro in bone marrow 

cell culture. These findings suggested that the oligosaccharide portion of EPO, 

although required for action in vivo, is not required for interaction with the target 

cells of the erythrocytic progenitors. On year later, Lai et al. reported the primary 

structure of human urinary EPO as well as the apparent glycosylation sites, 

disulfide bonds and a preliminary secondary structural characterisation by circular 

dichroism [83]. The authors reported that EPO has a polypeptide chain of 166 aa 

and contains four cysteine residues at positions 7, 29, 33, and 161. Two disulfide 

bonds between Cys7 and Cys161 and between Cys29 and Cys33 were also 

demonstrated, confirming the prediction of the presence of intrachain disulfides 

[84]. The calculated Mw of the de-N-glycosylated protein was reported as 18398 

Da. The consensus sequences for N-linked glycosylation sites, Asn-X-Thr/Ser, at 

positions 24, 38 and 83 were also found. Sequence analysis of peptides 

indicated a serine at position 120 and no identifiable phenylthiohydantoin for 
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position 126. However, amino acid composition analysis revealed the presence of 

two serine residues in this fragment and analysis of the DNA sequence indicated 

that a serine is present at position 126. From these data, the authors deduced 

that position 126 was a serine that was O-glycosylated [83], in contrast to 

previous work from the same group one year earlier [82]. The circular dichroism 

spectrum obtained indicated antiparallel and parallel beta sheet content of 0%, a 

helix content of 50% and “turns and others” of 50%. Just after the human EPO 

gene was cloned several studies were published comparing glycosylation from 

urinary EPO and recombinant preparations. In 1987 Sasaki et al. reported that 

the carbohydrate moiety of uEPO was indistinguishable from rEPO synthesised 

in CHO except for a slight difference in sialylation [85]. Both EPOs were found to 

contain one O-glycan per mol of protein, an its major component was elucidated 

to be Neu5Acα2-3Galβ1-3(Neu5Acα2-6)GalNAc-Ser. The N-glycans, analysed 

after desialylation, for rEPO (CHO) were found to consist of diantennary (1.4%), 

triantennary (10%), triantennary with one LacNAc (3.5%), tetraantennary (31.8%) 

with one (32.1%), two (16.5%) or three (4.7%) LacNAc repeats. Around 75% of 

N-glycans were found to be core-fucosylated. By means of specific sialidase 

digestions it was demonstrated that all sialic acids contained in the rEPO N-

glycans were attached through α2-3 linkage. One year later Takeuchi et al. 

carried out a new comparative study of the N-linked oligosaccharides of rEPO 

synthesised in CHO cells with those of uEPO [86]. They found that glycans were 

similar except for the sialyl linkage. All glycans from rEPO contained only 

Neu5Acα2-3Gal linkage while uEPO presented 60% of this kind of linkage but 

also a 40% of Neu5Acα2-6Gal linkage. They reported that the major glycan 

chains were fucosylated tetraantennary complex type with and without N-

acetyllactosamine repeating units in their outer chain and small amounts of 2,4- 

and 2,6-branched triantennary and diantennary glycans. At the same time, Tsuda 

et al. published a comparative structural study of N-linked oligosaccharides of 

urinary (immunopurified from urine of two arbitrary groups of aplastic anemic 

patients) and rEPO synthesised in BHK cells [87]. They performed EPO 
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digestions with different exoglycosidases and isolated the resulting proteins 

demonstrating that removal of sialic acids yielded EPO with a higher affinity for 

the receptor and an increased in vitro activity. Furthermore, it was also found that 

removal of the oligosaccharides decreased thermal stability of the protein. At the 

glycan level, mass spectrometric analyses were performed after desialylation 

because sialylated glycans undergo prompt and metastable fragmentation. A 

significant degree of variety was observed when samples of uEPO isolated from 

different individuals were compared. Despite the variability observed, they 

reported some differences between glycans contained in uEPO preparations and 

those present in rEPO synthesised in BHK. Although the eight types of 

oligosaccharides identified in uEPO were also present in the rEPO (BHK), 

important differences in abundance were described. The tetraantennary structure 

with N-acetyllactosamine repeats were abundant in rEPO but was not detected in 

uEPO. The monosaccharide analysis resulted in higher sialic acid content in 

rEPO (BHK) than in uEPO. Oligosaccharides without core fucosylation were 

detected in both samples although in lower percentage than the core-fucosylated. 

Moreover, oligosaccharides with unusual structures containing the Gal(β1-

3)GlcNAc group were reported in both, u- and rEPO (BHK) [88]. 

The confirmation that removal of N-linked glycosylation sites increased affinity for 

the receptor and that in vitro activity was retained while in vivo activity was nearly 

absent arose from the work by Yamaguchi et al. [89]. They prepared seven 

mutant genomic clones lacking the N-glycosylation sites in all possible 

combinations and expressed them in BHK cells. Expression of EPO in which all 

three N-glycosylation sites were mutated was only 10% of the wild type EPO. 

Delorme et al. showed that removal of any of the N-glycosylation sited reduced in 

vivo but not in vitro biological activity [90]. These authors specifically addressed 

the question of EPO O-glycosylation and found that mutation of serine 126 to 

valine resulted in a molecule that was only slightly less active in vivo than was 

wild type EPO, and concluded that O-linked glycosylation of Serine 126 is not 

essential for activity. In a study on the role of N-linked glycans on EPO’s activity, 
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Higuchi et al. used enzymatic digestion to partially or completely remove N-linked 

or O-linked glycans. They observed that as de-N-glycosylation progressed, the in 

vivo activity decreased markedly whereas in vitro activity increased and that this 

activity was correlated with the number of sialic acid residues on the molecule. 

The completely de-N-glycosylated EPO has a 3-fold higher specific activity than 

the fully glycosylated hormone. On the other hand, removal of the O-linked 

carbohydrate chain by replacing the serine with glutamine, valine, histidine, or 

alanine allowed the authors to conclude that O-glycan had no effect on either in 

vivo or in vitro activity. Narhi et al. published a new function of EPO glycosylation 

as structural stabiliser of the protein [91]. They studied protein unfolding, 

assessed by circular dichroism, and compared stability between fully glycosylated 

EPO, asialo EPO and non-glycosylated EPO. The oligosaccharides increased 

EPO stability to denaturing agents such as heat and guanidinium hydrochloride. 

With respect to asialo EPO, it was similar to that of fully glycosylated EPO at 

acidic pH, suggesting that although glycosylation was important for tertiary 

structural stability, the sialic acid residues were not. The stability of non-

glycosylated EPO was much less than either of the two other species.  

In 1997 the site-specific glycan heterogeneity of human uEPO was addressed by 

Nielsen et al. [92]. The site-specific glycoprofile was determined on two levels, a 

qualitative profile showing which types of glycans are present, and a quantitative 

profile showing the relative abundances of the different forms. Again, the 

presence of sialic acid residues could not be unambiguously determined, since 

sialylated glycans tend to fragment. For this reason sialylated peptides were 

reported as estimation and are not completely reliable. The data demonstrated 

that all of the three potential N-glycosylation sites of uEPO are glycosylated. The 

types of glycan structures observed for uEPO were the same as those reported 

previously for uEPO and rEPO. The dominating N-glycans were core-fucosylated 

complex type containing a variable number of sialic acids. The estimated 

distribution of di-, tri- and tetraantennary glycans varied significantly between the 

three N-glycosylation sites being the Asn24 the most heterogenous, and the only 
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one containing diantennary glycans. The glycans at Asn38 and Asn83 were 

mainly tri- and tetraantennary. All the N-glinked sites were found to contain small 

amounts (<10%) of tetraantennary glycans with LacNAc repeats. From the 

comparison of the different sets of data published for uEPO some differences 

regarding to the percentages of each type of structures (major discrepancies in 

diantennary glycans) are evident. Sialic acids were disregarded in the 

comparison because analyses reported for uEPO prior to Nielsen were 

performed on desialylated glycans. It must be taken into consideration that the 

glycoprofiles can be influenced by different sources of uEPO and by the 

purification procedures employed, but a certain correlation can be considered in 

all articles about uEPO, especially the reported dominance of core fucosylated 

tetraantenary N-glycans. From the late nineties to now, further studies using 

different methodologies provided greater detail about oligosaccharide structures 

of rEPO [36, 37, 93-96]. As expected, some differences were observed between 

the N-linked structures on BHK and on CHO-cell-produced EPO, e.g. (60% of the 

rEPO protein from BHK cells was O-glycosylated while ∼100% of rEPO from 

CHO contained O-glycan at Ser-126). However, in some aspects reported 

information resulted contradictory [88].  

In 2001 Skibeli et al. reported the isolation of EPO from the serum of anemic 

human donors using an immunoaffinity method [97]. The existence of several 

glycoforms with different pI in human and murine sera had been previously 

suggested, however, only the urinary species of endogenous human EPO had 

been isolated and characterised. The main purpose of the study was to compare 

the glycan structures of naturally occurring EPO with those found in various forms 

of recombinant human EPO. The authors confirmed the differences in 

glycosylation for human serum EPO and rEPO detected by gel-electrophoretic 

methods and established that both are expressed as a population of many 

different glycoforms. They used charge analysis of oligosaccharides released 

from EPO and found that human serum EPO contained only mono-, di-, and tri-

acidic oligosaccharides, lacking the tetra acidic oligosaccharides present in the 
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glycans of recombinant EPO. These observations corresponded with the lower 

molecular weight observed for fully glycosylated human serum EPO compared 

with rEPO. Differences between human serum EPO and rEPO must be 

investigated but could be explained by the fact that different cell systems display 

unique repertoires of oligosaccharides. The glycosylation pattern obtained for 

endogenous serum EPO was also different to the previously reported for also 

endogenous urinary EPO. Several reports on endogenous EPO indicate that 

circulating EPO contains fewer acidic glycoforms than urinary EPO. Wide et al. 

also showed that rEPO secreted in the urine is more acidic than rEPO analysed 

from serum of the same subject and conclude that the charge difference could be 

attributed to a difference in renal handling of the various glycoforms of 

endogenous EPO, indicating reabsorption of certain glycoforms [98]. 

Interestingly, they found that a substantial fraction of human serum EPO lacks O-

glycosylation on serine 126. This may explain the apparently contradictory results 

reported by Dordal et al. [82] and Lai et al. [83]. Several studies reported similar 

Mw for purified urinary EPO and rEPOs. However, more recent papers reported 

urinary EPO to be smaller [99, 100]. Also for human serum EPO, Skibeli et al. 

reported a significantly lower Mw than rEPO, probably because of less extensive 

sialylation and other possible alterations in the glycan structures [97]. Taken 

together, these findings could indicate structural differences between the serum 

and the urinary forms of EPO caused by differential renal reabsorption or post-

secretion processing of the glycans. However, further investigations are required 

in order to elucidate the structure of endogenous EPO glycans and demonstrate 

whether glycan content of EPO from patients with aplastic anemia is identical or 

not to healthy individuals. Sugar profiling of glycoproteins with regard to 

pathologic conditions has lately been a subject of much interest because 

detection of altered glycosylation pattern of specific glycoproteins can be used as 

diagnostic marker of some diseases. Sugar profiling of EPO is a challenging task 

because of its versatility. It may be useful in the diagnosis of medical conditions, 

in pharmaceutical quality control an in evaluating misuse of recombinant EPO in 
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sports. However, glycan analysis entails some difficulties when compared to 

protein analysis. The key to unambiguous protein identification in proteomics lies 

in the general availability of redundant information about the protein under 

investigation. For peptide mass mapping, any set of peptides covering a 

significant portion of a given protein holds sufficient information to warrant 

identification, but in glycosylation analysis, redundant information is obviously no 

longer available. In this case absolute purification of the glycoprotein is required 

to ensure that extracted glycans analysed derive only from the glycoprotein of 

interest. Currently, several groups are investigating methods for purification low-

abundant proteins, including EPO, from urine and serum as well as finding 

alternative approaches, such as the assay currently in development by the 

Swedish biotechnology company MAIIA [http://www.maiiadiagnostics.com]. 

At present, efforts on the development of an approach for efficient endogenous 

EPO purification are also being made within our group. Some preliminary studies, 

showed isoform discrimination when urinary EPO was immunopurified. Either the 

monoclonal anti-human EPO antibody (R&D, AE7A5) retained preferently the 

more basic isoforms of EPOs or elution solution (pH 2.2) is not capable of eluting 

the more acidic bands. A poster including these results [101] is included in the 

Appendix I.  

The optimisation of immunoaffinity purification protocols was considered essential 

from the beginning, not only for the analysis of real serum or urine samples at a 

later stage, but from the fact that the international urinary EPO standard is an 

enriched extract from human urine rather than a pure substance, and thus 

subject to all sorts of interferences. By using an IAC purification method 

developed in our laboratory the urinary EPO standard from NIBSC was further 

purified. Since we are interested in studying particularly those endogenous 

isoforms that may be confused with exogenous by the IEF method, the selectivity 

of the monoclonal antibody resulted favourable to our interests. In a first attempt 

to understand the IEF profiles from uEPO and rEPOs, analyses of glycans from 

immunopurified uEPO standard from NIBSC were performed. Results obtained 
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indicated small structures, mainly diantennary N-glycans, and absence of 

additional charges different from sialic acids, as was expected based on uEPO 

IEF profile [102] (Appendix II). Glycan differences between the immunopurified 

urine EPO standard preparation and the recombinant do not only arise from 

number of antennas, but also branching, sialic acids content and absence of 

Neu5Gc in urinary EPO preparation. These findings are both, contradictory with 

previous works reporting similar structures for both erythropoietins [85, 86] and in 

disagreement with the more acidic IEF profile for uEPO. Given that erythropoietin 

is normally present in urine at a very low concentration (10 ng/L) in comparison 

with the total protein concentration (>50 mg/L) [103] and other abundant 

glycoproteins as for example Tamm-Horsfall glycoprotein which is excreted in 

∼15 mg/L in humans [104]; the glycan pool obtained from immunopurified uEPO 

sample could not be considered pure enough or attributable to uEPO. The 

glycans from non-specific retained glycoproteins different from EPO probably 

masked those belonging to EPO.  

Together with the optimisation of IAC columns in terms of improving purification 

efficiency, recovery and eliminating all possible non-specific binding of other 

glycoproteins different from EPO, a novel plate-immunopurification method has 

been developed in our group (Mallorqui et al. [105]). Although EPO isoform 

discrimination was solved, the low sample capacity makes this technique very 

useful for IEF and western blot purposes but rather inefficient for immunopurifying 

the amount required for glycan characterisation. Despite these efforts, the 

natures of additional charges proposed in urinary erythropoietin have not yet 

been identified. 
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1.2.6 New alternatives to EPO: analogues and mimetics 
As with many other therapeutic areas in modern-day medicine, scientific 

advances in drug development (using such techniques as recombinant DNA 

technology, site-directed mutagenesis, pegylation of molecules, peptide library 

screening, and gene transfer) have resulted in the development of potential new 

agents and strategies for stimulating erythropoiesis. Although other strategies for 

increasing oxygen delivery to tissues are being developed (e.g., respirocytes or 

PBI-1402 created by ProMetic) in this chapter, only the therapeutic molecules 

that exert their activity via the EPO mechanism of action are reviewed. 

 

1.2.6.1 Novel Erythropoiesis Stimulating Protein (NESP) 
Despite the undoubted therapeutic efficacy of epoetin, a major limitation of this 

very often chronic treatment is that it usually has to be administered by injection 

two or three times a week. Efforts directed at producing longer-acting 

erythropoietin analogues that should retain the biological properties of 

erythropoietin but require less frequent dosing gave a novel erythropoiesis 

stimuating protein. The new erythropoietin analogue NESP, pharmaceutically 

named darbepoetin alfa, was synthesised using the latest techniques of DNA 

technology [63]. It was released in 2001 and marketed by Amgen. NESP was 

engineered to contain five N-linked oligosaccharide chains, whereas native 

erythropoietin contains only three (Figure 13). The amino acid sequence of this 

molecule differs from that of native human EPO at five postitions (Ala30Asn, 

His32Thr, Pro87Val, Trp88Asn and Pro90Thr), which allows attachment of two 

additional oligosaccharides at asparagine residue positions 30 and 88. This 

increased the Mw from ∼30 kDa to ∼37 kDa, the average carbohydrate content of 

the molecule from 38% to 51% and the maximum number of sialic acids from 14 

to 22. These changes resulted in an increase of its in vivo half-life of three-fold 

(25.3 h for NESP vs 8.5 h for epoetin alfa after intravenous injection), meaning 

less frequent administration [106].  
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Figure 13. Model of the three dimensional structure of NESP. The four α-helices are in blue and 

the 5 N- and 1 O-glycosylation sites are indicated in red. Adapted from M.R.Wormald, R.A.Dwek 

(Oxford Glycobiology Institute) and P.M.Rudd (NIBRT). 

 

1.2.6.2 Continuous Erythropoietin Receptor Activator (CERA)  
CERA is a methoxy polyethylene glycol-epoetin beta complex that differs from 

erythropoietin through the integration of amide bonds between the N-terminal ε-

amino group of lysine (predominantly lysine-52 or 45), using a single succinimidyl 

butanoic acid linker [107]. The resulting molecule integrates a single 30 kDa 

polymer chain into the erythropoietin molecule, thus increasing the molecular 

weight to twice that of epoetin at about ∼60 kDa, and considerably increasing its 

elimination half-life (Figure 14). Due to its higher Mw, CERA is not expected to be 

significantly secreted in urine for which its detection will probably be done easier 

in serum. The application of SDS-PAGE enables a clear differentiation of CERA 

and rEPO β and their IEF profile show six bands in both but those corresponding 

to CERA are located in a more basic region [108]. Preclinical studies have shown 

that CERA has a long half-life than epoetin (134 h vs 8.5 h after intravenous 

injection). Furthermore, the binding characteristics with the erythropoietin 

receptor are different, mainly because CERA association to the receptor is 

relatively slow. These observations, combined with the pharmacokinetic data, 

suggest that extend administration intervals may be feasible with CERA [109]. 
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Figure 14. Comparison of epoetin and CERA structures (top) and representation of mean half-lives 

of CERA, darbepoetin alfa (NESP), epoetin beta and epoetin alfa (bottom). From Macdougall, 2006, 

[9]. 

 

1.2.6.3 Synthetic Erythropoiesis Protein (SEP)  
SEP is another erythropoietin polymer that exploits recent advances in the 

chemical synthesis of proteins and polymers. Using solid phase peptide synthesis 

and branched precision polymer constructs, a 51-kDa protein-polymer construct 

was made containing a 166-amino-acid polypeptide chain similar to the sequence 

of EPO but differs significantly in the number and type of attached polymers. 

Instead N-glycans, SEP contains two branched polymer moieties bearing a total 

of eight negative charges (Figure 15). The polymer stimulates erythropoiesis 

through activation of the erythropoietin receptor. 
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Figure 15. Molecular structure of SEP. (A) Primary amino acid sequence and disulfide bonds. The 

sites of polymer attachment are coded in blue, and the carboxymethyl-modified cysteine residues in 

green. The three ligation sites are circled in red. (B) Structure of the branched, negatively charged 

polymer moiety. The aminooxyacetyl chemoselective site of protein attachment is coded in blue and 

the charge control center in red. (C) Scheme for the synthesis of SEP by chemical ligation. From 

Kochendoerfer, 2003, [110]. 
 

In SDS-PAGE, SEP migrates as a single sharp band with an apparent molecular 

mass of ∼73 kDa, but mass spectrometry revealed a molecular weight of ∼50.8 

kDa. Its isoelectic point is ∼5 in accord with a single band present in IEF. It has 

been reported that SEP had comparable specific activity in vitro, but superior 

duration of action in vivo (longer circulation lifetime) than EPO [110] (Figure 16).  
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Figure 16. Haemopoietic activity SEP and EPO given once weekly to normal mice. From 

Macdougall, 2006, [9]. 

 
1.2.6.4 Erythropoietin oligomers and fusion proteins 
Another interesting possibility for the anemia treatment is derived from a cDNA 

encoding a fusion protein of two complete human EPO molecules linked through 

flexible chemical linkers (17-aa peptide) or with the Fc portion of immunoglobulin 

(Ig). The Fc portion of Ig imparts the prolonged in vivo half-life characteristic of Ig, 

due, at least in part, to the oligosaccharide attached to this portion of the 

molecule (e.g. CTNO 528; Centocor®) [111]. All fusion proteins have been 

designed to increase the half-life in circulation and extend the biological effects of 

EPO in vivo.  

 

1.2.6.5 Erythropoeitin mimetic agents 
Using random phage display libraries and receptor affinity purifications, it was 

possible to isolate a group of small peptides with no structural homology to the 

endogenous EPO molecule that act as full agonists of the EPO receptor. EPO 

mimetics and hypoxia inducible factor-1 (HIF-1) agonists constitute additional 

efforts to mimic the actions of EPO in a clinical situation. Perhaps the most 

important reason to pursue of agents mimicking the action of EPO, especially 
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small molecules, is the possibility of alternative means of administration including 

oral and inhalation. On the other hand, these small molecules possess much 

shorter in vivo half-lifes than recombinant EPO. Such limitation can be overcome 

by combining the polypeptide to a polymer [e.g. Hematide created by Affimax is 

synthetic PEGylated peptide-based erythropoiesis-stimulating agent (ESA)]. 

Attempts to design orally active erythropoiesis-stimulating agents have led to 

small non-peptide molecules capable of supporting the in vitro proliferation of 

EPO responsive cells. Several compounds have been created, but their EPO 

receptor affinity and biological activity were much lower than those of EPO. 

Although they did not materialise into clinical application, such findings show that 

small, orally active molecules with interesting potential exist [112]. 

 

1.2.6.6 Erythropoietin gene therapy 
A variety of methods have been reported for experimental gene therapy, 

replacing rEPO injections. The use of genetically modified fibroblasts secreting 

EPO resulted in Hb normalisation in EPO-deficient mice [113]. Another method 

could be the injection of a plasmid-encoded EPO into the skeletal muscle 

followed by electroporation (gene incorporation into nuclear DNA using an 

intensified electric current). A hypoxia-dependent gene therapy with an 

adenovirus-associated vector (AAV) carrying EPO gene, driven by hypoxia-

responsive element (HRE), has been tested in vivo. Injection of this AAV into the 

skeletal muscle of EPO-deficient mice resulted in an increase in haematocrit from 

20 to 50%. Interestingly, the haematocrit level stabilised without over-shooting 

the normal ranges as the promoter was switched off by the oxygenation of 

peripheral blood [114]. This finding could have important clinical relevance as 

normalisation of Hb without running any risk of developing secondary 

polycythaemia. Gene therapy includes also implantable capsules containing cells 

expressing the EPO gene either constitutively or in a regulated form (e.g. EPO 

expression in mice and rats only dependent on orally administered mifepristone) 

[115]. In 2002, a British pharmaceutical company (Oxford BioMedica) developed 
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Repoxygen as a treatment for severe anemia. Repoxygen is not merely another 

EPO analogue drug, as those explained above in this chapter, it is an 

experimental virus designed to deliver a therapeutic gene and insert it into a 

person’s DNA. Repoxygen is the tradename for a type of gene therapy that 

induces controlled release of erythropoietin (EPO) in response to low oxygen 

concentration. It has been developed in mice, is still in preclinical development 

and has not been extensively tested in humans. In 2004, Takacs et al. [116] 

made use of the ability of antigen-specific lymphocytes to undergo repeated 

cycles of antigen-driven clonal expansion and contraction as an elaborate tool for 

EPO gene delivery. They introduced genes encoding EPO into a small number of 

antigen-specific B lymphocytes of transgenic mice. The mice were then 

immunised with a specific antigen, phycoerythrin, giving rise to a pool of B cells 

that would proliferate and express EPO when stimulated by exposure to 

phycoerythrin. The mice were subsequently sacrificed, and lymphocytes were 

harvested from their spleen and lymph nodes and injected into mice with 

anaemia due to EPO deficiency. Serum EPO levels and haematocrit values 

increased in the recipient mice in response to the administration of phycoerythrin, 

and the time course of this response was consistent with the known kinetics of 

the clonal expansion of B cells in response to an antigen. Furthermore, the effect 

was maintained during several cycles of antigen challenge. None of these 

approaches has yet gone beyond the preclinical stage and it is likely that this 

approach to EPO therapy will require more investigations [117]. 

 

1.2.7 Erythropoietin and sport 
The ability to carry sufficient oxygen and nutritional substances to the muscles 

represents the major limit to intensity and length of physical effort. Despite the 

very effective homeostatic mechanisms humans possess, oxygen resources are 

rapidly consumed during intense and extended physical activities resulting in a 

decrease of muscular function. As the largest part of the oxygen of the blood is 

normally carried by red blood cells, substantial rises in erythrocytes induce 
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greater power and resistance [118]. The International Olympic Committee (IOC) 

officially banned blood doping after the 1984 Olympics. Following the cloning of 

the EPO gene in 1985, the rEPO became commercially available for therapeutic 

purposes (1987) and its potential usefulness in enhancing athletic performance 

became clear. Beside a few reports proving the benefits on athletic performance 

induced by the administration of rEPO, the theoretical advantages of this practice 

have enormously favoured its diffusion. The advantages offered by the 

administration of rEPO are basically identical to those following the practice of 

blood doping. Additionally, some traditional adverse effects of blood transfusion, 

such as allergic reaction, haemolytic crisis and transmission of pathogens are 

virtually absent. Furthermore, rEPO disappears completely from the blood stream 

within a week from the last injection but its effect on the red blood cells persists 

for months. The affair involving the Festina team during the 1998 Tour de France 

revealed a widespread abuse of EPO in cycling and led to a drastic change in the 

IOC's approach to doping in sports and ultimately to the creation of  the World 

Anti-Doping Agency (WADA) in 1999. Subsequently, rEPO was included in the 

list of prohibited substances shortly after its commercial availability. 
 
Table V. The official list of the Prohibited Substances (S2 group). WADA Prohibited List 2008 [119]. 
 
S2. HORMONES AND RELATED SUBSTANCES  
The following substances and their releasing factors are prohibited:  
 

 1. Erythropoietin (EPO);  
 2. Growth Hormone (hGH), Insulin-like Growth Factors (e.g. IGF-1),  
 Mechano Growth Factors (MGFs);  
 3. Gonadotrophins (e.g. LH, hCG), prohibited in males only;  
 4. Insulins;  
 5. Corticotrophins; 
  

and other substances with similar chemical structure or similar biological effect(s).  
 
Throughout the years the doping control program has produced various rumours 

and scandals related to rEPO abuse. The withdrawal of six Chinese female track- 

and-field athletes from the Sydney 2000 Olympics coincided with the introduction 

of the first EPO blood tests, fuelling suspicions of EPO abuse as the cause for 
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their previous exceptional performances. During the Salt Lake City 2002 Winter 

Olympics four athletes were stripped of their medals after being found positive for 

NESP. In 2006 the "Operación Puerto" investigation of a medical clinic in Spain, 

linked several elite cyclists with blood-doping methods, and uncovered multiple 

doses of EPO and bags of frozen blood for reinfusion [105]. Many examples of 

EPO abuse by elite athletes have been and are still being reported. The 

excessive use of EPO is associated with serious adverse side-effects, including 

hypertension, headaches, and an increased rate of thrombotic events as a result 

of an EPO-induced rise in the hematocrit and thickening of the blood [120]. In 

addition, EPO withdrawal could be implicated in neocytolysis, that is, the 

hemolysis of young red blood cells in the presence of increased hematocrit. 

Ultimately, EPO abuse could cause death [121].  

Methods for detection of doping with EPO include the combination of direct and 

indirect approaches. The indirect methods incorporate changes of hematological 

parameters of erythropoiesis, such as haemoglobin, percentage of reticulocytes, 

and serum concentrations of EPO and soluble transferrin receptors [122, 123]. 

Some of these parameters could be altered up to 4 weeks after rEPO use, 

thereby increasing the chances of detection. In addition, such methods might 

offer the advantage of detecting other manipulations aside from the use of rEPO. 

Algorithms have been developed that are capable of detecting the use of rEPO 

either during the administration (ON-model: haemoglobin, EPO, and soluble 

transferring receptors) or after having discontinued administration (OFF-model: 

haemoglobin and reticulocytes) [124]. The former model detects up to 100% of 

rEPO-containing samples during the period of use, but has a short time window 

of detection (approximately 48 h) following injection of relatively low doses of 

EPO. In contrast, the OFF-model allows detection for up to 2 weeks after EPO 

withdrawal. The direct method, currently used in WADA-accredited antidoping 

laboratories is based on differences in the pattern and extent of glycosylation of 

rEPO as compared to the endogenously produced protein. The glycosylation 

pattern of rEPO preparations is determined by several factors, including the cell 
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line from which they are recombinantly expressed, the media employed for cell 

culturing, and the methods of protein purification [125]. The different 

arrangements of sugar residues found in rEPOs result in differences in their 

isoelectric points that are detected by a method combining isoelectric focusing 

(IEF) and double immunoblotting [103]. The situation is more complicated for the 

detection of EPO variants produced in human cells, such as epoetin delta. 

During the Sydney 2000 Olympics, a combination of the direct (urine) and indirect 

(blood) methods for detection of EPO was implemented. However, since 2004, 

only the urine-based IEF method has been used for the detection of EPO abuse. 

Nevertheless, the indirect EPO methods will be integrated in the model foreseen 

for the creation of the hematological module of the athlete's biological passport 

(longitudinal follow-up over time of the athlete's biological parameters). These 

concerns have emphasised the need for alternative strategies that should either 

be complementary to the IEF method or eventually replace the approach. In this 

thesis, the structural elements contained in single IEF bands of rEPO standards 

are elucidated, in an attempt to better understand the underlying reasons for their 

differential IEF behaviour. This is a challenging task due to the important 

problems that arise from the analytical point of view. The main difficulties are:  

• EPO concentration in human serum/plasma and urine are very low 

(usually in the fM range). 

• Difficulties in EPO purification from biological matrixes. 

• Limitations in the sensitivity of the analytical equipment for this purpose. 

• rEPO and endogenous EPO differ only slightly in the composition of 

their glycoforms.  
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1.2.8 Recombinant erythropoietin and analogues: a challenge for doping 
control 
In this section it is included a review published by our group on substances 

enhancing oxygen delivery to muscles and methods developed by doping control 

laboratories to evidence their misuse. The paper regarding those subjects was 

published in Therapeutic Drug Monitoring, 2004; 26(2): 175-179. 
 
 
 

 



 
Pascual JA, Belalcazar V, de Bolos C, Gutiérrez R, Llop E, Segura J. 
Recombinant erythropoietin and analogues: a challenge for doping 
control. 
Ther Drug Monit. 2004 Apr;26(2):175-9. 

 

http://www.drug-monitoring.com/pt/re/tdm/abstract.00007691-200404000-00016.htm;jsessionid=JwLLbnRyQQx8CZQ2d5nnLvLPHSz5dx9STtBvd5msjngGJ2QdjJXk!-317259742!181195629!8091!-1
http://www.drug-monitoring.com/pt/re/tdm/abstract.00007691-200404000-00016.htm;jsessionid=JwLLbnRyQQx8CZQ2d5nnLvLPHSz5dx9STtBvd5msjngGJ2QdjJXk!-317259742!181195629!8091!-1
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The inception of the present research work resides in the differences observed 

when endogenous erythropoietin and its recombinant analogues are separated in 

an isoelectic focusing gel, according to their pI values, and the lack of 

understanding on the origin of the distinct IEF profiles. Recombinant 

erythropoietins are produced in mammalian cells (CHO and BHK) transfected 

with the authentic human EPO gene, resulting in the same polypeptide chain as 

the endogenous counterpart. The chronic use of EPO for some diseases and the 

development of some health problems, including autoimmune responses and 

enhancement of tumor progression, render these subtle differences very 

interesting. Ultimately, the study of differences between endogenous and 

exogenous EPO, is of utmost importance for the development of an alternative 

method for detection of rEPO misuse in athletes. The working hypothesis was 

that the observed differences are due to post-translational modifications, most 

probably, glycosylation.  

 

The general objective of this thesis was the structural characterisation of N-

glycans from recombinant erythropoietins (epoetin α/β) and its analogue 

(darbepoetin α) establishing the structural features responsible for the differences 

in isoelectric properties (isoforms distribution), with respect to endogenous 

erythropoietin. Once glycan profiles from these samples were obtained, they 

were also compared to glycans contained in a novel rEPO (epoetin δ) that is 

engineered in the human fibrosarcoma cell line HT-1080 by homologous 

recombination and “gene activation”.  

 

This general objective was divided into the following specific objectives: 
 

- Development of an appropriate separation method for glycoproteins 

(2-DE procedure) that allows releasing intact N-glycans and 

subsequently peptide mapping.  

- Optimisation of glycoproteomic techniques for detailed structural 

analysis of N-glycans released from intact glycoproteins (total pool) 



Objectives 
 

76 

and from 2-DE gel bands (individual isoforms) using MS and HPLC 

combined with exoglycosidase array digestions. 

- Improvement of methodologies for sialic acids analysis (rEPO Std, 

pharmaceutical preparations and biological samples) 

 

This research project was performed within the framework of the following 
projects funded by the World Anti-Doping Agency (WADA):  
 

•  “Unequivocal confirmation of recombinant erythropoietin (rEPO) in 
human urine through structural evidences of specific glycosylation”  
 
• “Rapid screening (and confirmatory) method for rhEPO and NESP 
based on immunorecognition of its exogenous N-glycolylneuraminic 
acid content”  
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3.1.1 Introduction 

Recombinant human erythropoietins (rEPO α/β and rEPO δ) and darbepoetin alfa 

(NESP) are glycoprotein pharmaceuticals for the treatment of anemia in humans 

by stimulating erythrocyte production [1]. However these agents are misused in 

the context of human and equine sports due to their potential to enhance 

performance [2]. In both contexts, the development of methods that allow the 

characterisation, identification and differentiation between rEPOs, NESP, and 

endogenous EPO is very important. In the framework of therapeutic proteins, 

because of a better understanding of the structure-functional relationship of 

different erythropoietins with their characteristic glycosylation has facilitated the 

development and approval of several second- and third-generation products, 

engineered specifically through alteration of their carbohydrate content to 

improve the product’s plasma half-life [3]. In the last two years the reliability of the 

exogenous EPO-detection methods has been questioned by several authors [4-

7]. The most worrisome problem is that the method is based on the IEF profile of 

EPO samples [8] and this test is not always easily interpreted [9]. For this reason, 

the development of new complementary techniques based on structural 

differences, preferably using mass spectrometry, is necessary [10]. Darbepoetin 

alfa (NESP) is a hyperglycosylated EPO analogue designed for prolonged 

survival in the circulation and thus extended biological activity [11]. Like epoetin 

alfa and beta, darbepoetin alfa is produced in CHO cells. However, the amino 

acid sequence of NESP differs from that of endogenous and recombinant EPO at 

five positions, allowing incorporation of two additional N-linked oligosaccharides 

to the asparagines residues at position 30 and 88, without alteration of the 

conformation. Differentiation between rEPOs and NESP can be based on the 

difference in amino acid sequence A30N, H32T, P87V, W88N, and P90T, and 

mass spectrometry is the technique of choice for specific identification of these 

differences [12]. Epoetin delta, also called gene-activated erythropoietin or 

DynepoTM, is produced in a human fibrosarcoma cell line HT-1080 by 

homologous recombination. These cells are genetically engineered to transcribe 
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and translate the dormant native human EPO gene under the control of an active 

cytomegaly virus (CMV) promoter, for which the peptide sequence is supposed to 

be identical to that of endogenous EPO [13]. As glycosylation is cell-dependent, 

minor differences are expected when epoetin delta and endogenous EPO are 

compared.  

Although it was supposed identical polypeptide chains for different rEPOs and 

endogenous EPO, the peptide mapping is necessary in order to assess the 

overall peptide sequence, corroborate the assumption, and facilitate decision 

whether or not to investigate glycan structure in more detail. The basic principle 

of mass fingerprinting is the comparison of the measured peptide masses with 

calculated peptide masses from database entries. Every protein results in a 

unique set of peptide masses after cleavage with a specific protease. Depending 

on the mass accurancy and mass resolution of the instrument, only a few peptide 

masses are required for reliable protein identification [14]. Our strategy for 

investigating site-specific glycosylation, combines the glycan-specific 

endoglycosidase PNGase F with trypsin proteolysis. Deglycosylation with 

PNGase F releases intact N-linked glycans and converts the asparagines 

residues of the glycoprotein or glycopeptide into aspartic acid. This change in 

mass can be detected by MS corroborating the existence of N-glycan at that 

residue. The proportion of the amino acid sequence detected after proteolysis 

alone varies depending on the mass spectrometric technique used, and a 

complete sequence has never been observed without deglycosylation. However, 

when rEPO was deglycosylated prior to proteolysis there was an increase in 

sequence coverage and all three N-linked glycosylation sites could be monitored 

for occupancy [15]. In the present study is demonstrated indeed no differences 

exist between polypeptide chains between different rEPOs, and that peptide 

mapping allows O-glycopeptide analysis evidencing the discriminatory power of 

O-glycoforms. The final aim of this work is describing and easy mass 

spectrometric approach for discriminate between rEPOs and its structural 

analogue NESP. It is based on fingerprint of the glycoproteins detecting the two 
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differential tryptic peptides to provide a powerful tool in the fight against blood 

doping with rEPO and NESP in the horse racing industry [10].  

 

3.1.2 Materials and methods 
Materials  
Recombinant human EPO (rEPO produced in CHO cells) was obtained from 

European Pharmacopoeia Commission (rEPO α/β), epoetin delta (rEPO 

produced in human fibrosarcoma HT-1080 cells) was obtained from Shire 

Pharmaceuticals (rEPO δ, Dynepo) and NESP (darbepoetin α) was acquired 

from Amgen. Recombinant peptide-N4-(acetyl-β-glucosaminyl)-asparagine 

amidase F (PNGase F, EC 3.1.27.5) was purchased from Roche. CalbiosorbTM 

and endoproteinase Glu-C (EC 3.4.21.19) were from Calbiochem. Dithiothreitol 

(DTT) was from Amersham Biosciences. Trypsin, bovine serum albumin (BSA), 

bovine fetuin, phosphate-buffered saline (PBS), iodoacetamide (IAA), EDTA and 

3.5-dimethoxy-4-hydroxycinnamic acid were purchased from Sigma. α-Cyano-4-

hydroxycinnamic acid was from Fluka. Poros 20 R2 resin was from Applied 

Biosystems. GELoader Tips were purchased from Eppendorf. All other chemicals 

were of highest purity commercially available.  

 
De-N-glycosylation  
In order to release N-linked oligosaccharides, erythropoietin samples were 

directly dissolved in 50 mM sodium phosphate buffer (pH: 7.3). Then 1 IU of 

PNGase F was added and the mixture incubated 16 h at 37 ºC [16]. As this 

protocol resulted in incomplete deglycosylation of NESP, two different procedures 

for the reduction and alkylation of disulfide bonds were explored in order to 

facilitate complete release of the N-glycans.  

-1- Dried glycoprotein was dissolved in 200 µl of denaturing buffer containing 50 

mM Tris-HCl (pH 7.4), 50 mM EDTA; 3% (w/v) SDS, 1% 2-mercaptoethanol. The 

solution was mixed, boiled for 4 minutes at 100 ºC and cooled to room 

temperature. Decanoyl-N-methyl glutamide (MEGA-10) 6% (w/v) was added to 
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the mixture, vortexed and allowed to stand for 30 min. Subsequently, PNGase F 

(3 IU) was added, and the solution incubated for 18 h at 37 ºC. Samples were 

boiled for 2 min, and a fresh batch of PNGase F (2 IU) was added. The 

incubation was continued for 6 h at 37 ºC. Finally, sample was boiled for 2 min. 

To neutralise the detergent present in the mixture, a proportional amount of 

CalbiosorbTM was added to each sample and then they were incubated for 10 min 

at room temperature with occasional gentle agitation. Then, the resin was settled, 

and the supernatant free of detergent used for purification on SPE columns. 

-2- Glycoproteins were reduced with 50 μl of 10 mM DTT in 50 mM phosphate 

buffer (pH 7.3) for 30 min at 56 ºC. Following DTT treatment, proteins were 

alkylated with 50 µl of 50 mM IAA in 50 mM phosphate buffer (pH 7.3) for 30 min 

in the dark. Then, samples were centrifuged with 10 kDa filter 10 min at 6900 g, 

sonicated for 3 min and the retentate dissolved in 150 µl 50 mM sodium 

phosphate buffer (pH 7.3). PNGase F (1 IU) was added and the mixture 

incubated for 16 h at 37 ºC. 

Protein purification prior to trypsin digestion 

Both, de-N-glycosylated proteins and peptides after proteolysis were desalted 

and separated from the N-glycans by means of micro-column purification; 0.5 µl 

reversed-phase (Poros 20 R2) in acetonitrile (ACN) was packed in a long, narrow 

pipette tip (GELoader, eppendorf) [17]. Prior to use, a washing step was 

performed with 10 µl ACN, followed by an equilibration step with 10 µl 0.1% TFA. 

The protein sample was acidified with acqueous FA 5%, loaded on the column 

and slowly passed through the medium. After loading the sample, the flow-

through fraction containing the N-glycans was collected. Then, a washing step 

was performed with 10 µl of 0.1% TFA and mixed with non-retained fraction. The 

column was run completely dry by pressing air through it for a few seconds. 

Finally a 10 µl volume of ACN:H2O:TFA (80:20:0.1 v/v/v) was loaded, slowly 

passed through the column and the protein eluted. Next, samples were dried in a 

vacuum centrifuge for tryptic and/or endoproteinase digestion.  
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Proteolysis 

Native and de-N-glycosylated EPO and NESP samples (aliquots of 1 μg) were 

digested in 100 mM ammonium bicarbonate (pH 7.9) containing 20 ng of trypsin 

(ratio Enzyme:Substrate 1:50). Incubations were performed at 37 ºC for 16 h. 

Peptide mixtures generated after proteolysis were again desalted and cleaned by 

Poros R2 micro-column. A 1µl-aliquot was separated for MALDI-TOF MS 

analysis and the rest was lyophilised for UPLC-ESI-TOF MS experiments. 

 

Mass spectrometric analysis 
MALDI-TOF MS 

Samples (proteins, peptides) were dissolved in water at varying concentrations. 

An aliquot was mixed with the corresponding matrix and <1 µl of this preparation 

applied to the polished stainless steel target and allowed to dry at room 

temperature. Sinapinic acid (10 mg/ml in ACN:H2O:TFA, 50:50:0.1 v/v/v) was 

chosen for protein analysis and a solution of α-cyano-4-hydroxycinnamic acid (20 

mg/ml in ACN:H2O:TFA, 70:30:0.1 v/v/v) was used for peptide samples. 

Experiments were carried out on a Voyager-DETM STR Biospectrometry 

workstation (Applied Biosystems), equipped with a N2 laser (337 nm). Two 

different analytical strategies were applied in which samples were measured both 

in linear and reflectron mode. The former, being more sensitive but with less 

resolution for glycoprotein analyses, provided information on the mean molecular 

mass. The latter method was used for identification of peptide fingerprinting 

based on precise mass measurements. The array detector was set to the high 

resolution position and mass scans were accumulated in the mass range 

(between 550-3500 Da for peptides and between 10000 and 50000 Da for 

proteins depending on the sample). For data acquisition, the laser intensity was 

1800-2000 and the laser beam was moved manually over the sample in order to 

compensate for sample depletion under the laser beam. External calibration of 

the spectrometer was performed using albumin for glycoprotein analyses and in 

case of peptide spectra, calibration was carried out with SequazymeTM Peptide 
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Mass Standards Kit of the desired range (PerSeptive Biosystems). Recorded 

data were processed with Data ExplorerTM Software (Applied Biosystems). 

 

UPLC-ESI-TOF MS 
Peptide analyses were performed using an AcquityTM Ultra Performance Liquid 

Chromatograph (WATERS) coupled to a LCT premier XE ESI-TOF instrument 

(Micromass). Trypsinised samples were dissolved in 100 µl of H2O:ACN:FA 

(50:50:0.1 v/v/v) and 2 µl injected on a Acquity UPLC BEH C18 column (2.1*100 

mm, 1.7 µm). Peptides were eluted with a linear gradient from 96% A [H2O: 

ACN:FA (95:5:0.1 v/v/v)] to 38% A over 20 min, then the running buffer was 

changed to 95% B [H2O: ACN:FA (5:95:0.1 v/v/v)] in 0.5 min. This condition was 

maintained for 1.5 min, then the buffer was returned to the initial conditions in 0.5 

min, stabilised for 1 min before next injection. The flow rate was 0.2 ml/min. Mass 

spectra were acquired in both positive and negative mode over a range of m/z 

50-1500. The capillary voltage was set at 3000 V (positive) and 2800 V 

(negative), the desolvation temperature was 350 ºC and the desolvation gas-flow 

set to 350-400 L/h. For all analyses the TOF tube voltage was kept at 7200 

(reflectron at 1800 V) with a pusher setting of 900 (pusher offset at 0.93). 

Recorded data were processes using MassLynx version 4.1 (Waters Inc.) The 

calibration of the mass spectrometer was performed using Leucine-enkephalin 

(m/z 556 for positive and m/z 554 for negative mode). 

 

3.1.3 Results and discussion  
Optimisation of de-N-glycosylation protocol 
In order to verify the purity of all preparations and compare samples at level of 

average molecular mass and glycosylation content, MALDI-TOF MS analyses 

were performed, both before and after de-N-glycosylation (Figure 1). The 

molecular weights of rEPOs were determined by MALDI-TOF MS, taking into 

account that the laser intensity value influenced the mass centroid of the 

measured m/z values [18]. Using optimised laser conditions good detection 
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sensitivity was achieved and in-source fragmentation could be minimised, 

rendering an average molecular mass of 29.397 Da for rEPO α/β and 29.753 for 

rEPO δ. NESP was analysed following the same experimental procedure as for 

rEPOs. As NESP bears two additional carbohydrate moieties, the molecular 

weight obtained for the intact glycoprotein was 36.690 which is slightly smaller 

than the theoretical 37.100 Da given by Egrie [19]. Furthermore, as NESP 

presented higher carbohydrate content than rEPOs, the influence of laser 

intensity on its fragmentation during the MALDI process could be more 

pronounced. Due to the high heterogeneity of sugar moieties, values given 

should be only taken as approximate average masses. When the three 

glycoproteins were compared in terms of the broadening of the obtained 

unresolved peaks, NESP showed the higher heterogeneity, followed by rEPO α/β 

and surprisingly rEPO δ yielded a narrower peak. The higher peak-width in NESP 

can not be directly compared to that showed by rEPOs because the former 

contains two additional N-glycans with their respective variability. However, 

differences between rEPOs (both having the same site occupancy) may indicate 

lower glycan heterogeneity. Interestingly, this phenomenon also occurred when 

the two rEPOs are separated in a SDS-PAGE gel in which the rEPO δ appeared 

as a much sharper band, suggesting more homogeneous structure than rEPO 

α/β [20]. 

 
Figure 1. MALDI-TOF MS positive ion spectra of NESP (top), rEPO δ (middle) and rEPO α/β 

(bottom). 
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To achieve complete peptide mapping and addressing the carbohydrate content, 

representative of all N-glycans, a complete enzymatic de-N-glycosylation was 

required. Furthermore, the complete removal of all N-glycans from the rEPOs led 

to molecules containing only one O-glycan allowing the study of this type of 

glycosylation. During our investigations we observed different kinetics of de-N-

glycosylation process of rEPOs and NESP. From the data observed in Figure 2 it 

was concluded that the simplified protocol consisting of the sample incubation 

with PNGase F in 50 mM sodium phosphate buffer pH 7.3, results in a complete 

de-glycosylation of rEPO α/β and rEPO δ. However, such straight-forward de-

glycosylation protocol was not completely efficient for NESP (Figure 2A) possibly 

because the introduction of the two additional N-glycans render one of the five N-

glycans less accessible for the enzyme as evidenced by the observation of a 

peak at ~22 kDa. A mass difference of ∼3 kDa compared with the fully de-N-

glycosylated protein indicated that one N-glycan structure, most likely 

tetraantennary, was still attached to the polypeptide chain. Even after an 

extended incubation time (72 h) and excess enzyme the 22 kDa peak persisted 

(Figure 2B). A steric hindrance for PNGase F is supposed to be responsible for 

this phenomenon in native structure. In order to solve this problem, digestions 

were performed in a denaturing buffer containing SDS. Although this protocol 

permitted an efficient digestion, the addition of detergent suppresses ionisation 

and contributes to the chemical noise [21]. Posterior purification steps to remove 

detergent prior the analyses, were accompanied by significant loss of material. 

This drawback was overcome by a denaturing pre-treatment of the glycoprotein 

with DTT followed by blocking of the resulting sulphidryl groups with IAA. Total 

NESP de-N-glycosylation was achieved with better protein recovery using the 

latter protocol. Posterior analyses were conducted using N-glycans released by 

the latter procedure described here. This phenomenon was previously described 

by Stübiger et al. [22] who hypothesised that sterical features of the native 

glycoprotein, particularly disulfide bonding, may be responsible of PNGase F 

resistant N-glycosylation site. Given that the resistant asparagine residue could 
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actually not be elucidated on the intact protein, further peptide analyses are 

needed to solve this problem. The mass spectra from the fully de-N-glycosylated 

rEPO samples yielded values coherent with O-glycosylated molecules were the 

O-glycosylation corresponded to the T, sialyl-T, disialyl-T antigen (Figure 2C, D, 

E for NESP, rEPO δ and rEPO α/β respectively). From the mass values obtained 

before and after de-N-glycosylation an estimation of the carbohydrate content 

could be made; ~38% for rEPOs, ~49% for NESP. Signals at m/z 18.249 

revealed that a small proportion of non-O-glycosylated glycoproteins exist in all 

three samples. Concerning the C-terminus of rEPOs a comparison between 

theoretical and observed masses permitted concluding that the sequence of 

mature glycoprotein consist of 165 rather than 166 aa predicted from cDNA 

sequence lacking the C-terminal Arg residue (Des-Arg 166) [23]. 
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Figure 2.  MALDI-TOF MS positive mass spectrum of partially de-N-glycosylated NESP after 

PNGase F digestion (A: 16 h); (B: 72 h). C, D, E:  Complete de-N-glycosylated NESP (after 

reduction and alkylation), rEPO δ and rEPO α/β respectively.  
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Peptide mapping  

Although rEPO and NESP are analogous, there is a 3% difference in their amino 

acid sequence. The five variant amino acids in NESP are located in the two 

regions that relate to two tryptic peptides (21-45) and (77-97). The first 

corresponds to sequence EAENITTGCAEHCSLNENITVPDTK in rEPOs and 

EAENITTGCNETCSLNENITVPDTK in NESP; in both a disulfide bond between 

Cys29 and Cys33 is present. The second corresponds to sequence 

GQALLVNSSQPWEPLQLHVDK in rEPOs and GQALLVNSSQVNETLQLHVDK 

in NESP. Theoretically, these two tryptic peptides could be employed for 

differentiation between rEPO and NESP but, they are glycopeptides with N-

glycans at Asn24, Asn38 and Asn83 in rEPOs and two additonal glycans in 

NESP (located at Asn30 and Asn88) which poorly ionise under positive ionisation 

conditions, and thus, cannot be detected in a digestion mixture. Tryptic digestions 

of the three glycoprotein rEPO α/β, rEPO δ and NESP were performed in order to 

elicit their peptide and glycopeptide fingerprint. Peptide mapping of N-

glycosylated samples resulted in the observation of peptides only and absence of 

the glycopeptides containing the differences. These analyses showed identical 

peptides for rEPOs and NESP and differentiation between both could not be 

achieved (data not shown). To overcome this problem and given that only (O-

glyco)-peptides could be detected in the mass spectrum, de-N-glycosylation prior 

to protease digestions was required. De-N-glycosylated samples were digested 

with trypsin obtaining less complex mixtures that permitted greater sensitivity and 

total peptide mapping. Peptide analyses were performed by both, MALDI-TOF 

MS and UPLC-ESI-TOF MS. 

In order to address the partial de-N-glycosylation problem described above for 

NESP, peptide analyses were carried out first, after de-N-glycosylation but 

without reduction and alkylation before PNGase F digestion and second after 

total de-N-glycosylated protein. In the first case, peptide mapping showed peptide 

77-97 but peptide 21-45 was not observed (Figure 3 top). Conversely, peptide 

mass spectrum from reduced, alkylated and de-N-glycosylated NESP yielded 
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complete sequence coverage (Figure 3 bottom), indicating that the Asn resistant 

to PNGase F digestion was located in that peptide. However, this glycopeptide 

contains 3 N-glycosylation sites and the specific position could not be identified. 

From the 3 possible N-glycosylation sites, two (Asn24 and Asn38) are also 

present in rEPOs which do not showed partial de-N-glycosylation and the 

additional site in Asn30 is located between Cys29 and Cys33 that are connected 

by a disulfide bound forming a small loop in the 3D structure of the native 

molecule. For these reasons it is speculated that the glycosylation site 

responsible of partial de-N-glycosylation in NESP is Asn30, but more 

investigations should be done to corroborate this hypothesis. 

Further peptide mapping analyses were performed following reduction and 

alkylation of NESP before de-N-glycosylation in order to obtain higher coverage 

and to be able to analyse the two differential peptides between NESP and 

rEPOs. Conversely, in these experiments, neither reduction of disulfide bonds nor 

alkylation of cysteine residues from rEPO samples were performed prior PNGase 

F digestion.  

 
LC-ESI-TOF-MS 
Peptides from rEPOs and NESP were analysed by MALDI-TOF MS and UPLC-

ESI-TOF MS. A search against the Mascot database showed a sequence 

coverage higher than 90% in both techniques. Here, only results from UPLC-ESI 

TOF analyses are presented. Since the amino acid sequences of EPO and NESP 

are known, simulation of tryptic digestion of the proteins was conducted, and the 

resulting proteolytic peptides are summarised in Table I. As the spectral range 

was limited to 1500 Da in the TOF detector, in these analyses double and triply 

charged ions were used for peptide identification.  
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Table I. Observed peptides for rEPO and NESP using LC-ESI-TOF measurements. CAM indicates 
carbamidomethylated residues and MC is miss cleavages.  
 

 
 

Peptides of the three glycoproteins were obtained from trypsinolysis after de-N-

glycoslation and allowed sequence coverage higher than 97% as depicted in 

figure 3 and 4 for rEPOs and NESP, respectively. As rEPO α/β and rEPO δ 
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displayed identical peptides, mass spectra showed must be consider 

representative of both rEPOs. 

 
Figure 3. UPLC-ESI-TOF MS total ion chromatogram of de-N-glycosylated rEPOs, with in the lower 
segments the extracted ion chromatograms for the single peptides.  
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Figure 4. UPLC-ESI-TOF MS total ion chromatogram of de-N-glycosylated NESP, with in the lower 
segments the extracted ion chromatograms for the single peptides.  
 
Given that rEPOs and NESP share 97% similarity in amino acid sequence, the 

majority of proteolytic peptides are common for both (Table I). In this comparative 

study, one of the differential peptides arose from the difference in sample 

preparation. The disulfide bonds of the two rEPOs were not reduced nor alkylated 

so peptides T2 and T20 are not considered diagnostic peptides. Releasing of the 

peptides T2 and T20 from the T2-T20 cluster (linked together by the disulfide 
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bond between Cys7 and Cys161) would not add further information for 

differentiate the two analogues. As expected, in rEPOs samples, the doubly (808) 

and triply charged (539) ions corresponding to T2+T20 appeared to predominate. 

Ions representing separated peptides T2 and T20 were also detected in lower 

abundance but also these were different from the analogues in NESP as in this 

case the Cys residues are not carboxyamido-methylated. Conversely, reduction 

and alkylation treatments were needed for NESP peptide mapping in order to 

achieve complete de-N-glycosylation. According to this treatment, peptides T2 

and T20 were detected with their cystein residues carboxyamido-methylated. 

This modification is reflected by a mass increment of 57 Da in each peptide 

containing a Cys residue. Neither the T2-T20 peptide nor T2 and T20 without 

CAM were detected (Figure 4).  

The most relevant fragments were the E5/N5 (21-45) and E9/N9 (77-97) because 

these two tryptic peptides could be employed for differentiating rEPOs from 

NESP (Figure 5). Interestingly, the peptide 21-45 contains both a disulfide bond 

and several N-glycosylation sites; two in rEPOs and three in NESP. In case of 

rEPOs, analyses were performed under non-reductive conditions, so the disulfide 

bond remained intact reducing the mass by two protons with respect to the linear 

sequence, whereas the de-N-glycosylation converted asparagine into aspartic 

acid incrementing the mass by two mass units. Thus, the resulting peptide (E5) is 

identical in mass to a non-glycosylated peptide obtained after reduction and 

alkylation and could only be differentiated through MS-MS experiments. For 

identification purposes, the sequence 21-45 is of interest as in NESP this peptide 

contains two mutations (A30-N and H32-T) yielding a theoretical mass difference 

of + 7.00 Da. In practice, however one other aspect must be considered. The 

mutation in A30 to N30 inserts a new glycosylation site that after PNGase F 

digestion is deamidated to aspartic acid. This change is reflected by mass 

increment of 0.98 Da. It should be also noted that before de-N-glycosylation 

NESP sample was reduced and alkylated, so in this case Cys29 and Cys33 are 

carboxyamidomethylated. These two modifications mean a mass increment of 
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114.05 over the non alkylated peptide. Ions 1407 and 938 corresponding to singly 

and double charged of fragment N5 were identified in NESP sample only. N5 

included 21-45 aa sequence in which both Cys are CAM and the three N are 

converted to Asp (D). Alternatively, the peptide N9 (77-97) could be also 

employed for discriminatory purposes as this one incorporates the other three 

amino acid modifications (P87-V, W88-N, and P90-T) giving rise to a theoretical 

mass difference of 66.03 Da. Data showed that this difference was 65.04 as N88 

is a glycosylation site that was converted to Asp (D) after PNGase F digestion. In 

figure 5, the characteristic ions for the differential peptide 77-97 are also shown. 

Ions corresponding to rEPOs 77-97 fragment (1180 and 767; doubly and triply 

charged respectively) were not found in NESP preparation. Conversely, 

characteristic ions belonging to the same fragment in NESP (1148 and 765 

doubly and triply charged respectively) were absent in rEPOs. 
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Figure 5. Example of diagnostic peptides for rEPOs (left) and NESP (right) able to distinguish 
between both. Extracted-ion UPLC-ESI-TOF MS chromatograms for peptides 21-45 (top) and 77-
97 (bottom). Both peptides are truly diagnostic for each substance as demonstrate by absence of  
1407 and 1148 ions in rEPOs and absence of  1345 and 1180 in NESP. The corresponding mass 
spectra are depicted with doubly and triply protonated species for each peptide.  
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Despite that the unique diagnostic peptides for unambiguous discrimination 

between rEPOs and NESP are segments 21-45 and 77-97, additional differences 

arose from the O-glycopeptide. These differences were not only between rEPO 

and NESP but also between rEPO α/β and rEPO δ (Figure 6). First of all it must 

be highlighted that UPLC-ESI-TOF MS allowed the analyses of the intact O-

glycopeptides maintaining all its glycoforms [25]. In previous analyses, conducted 

with MALDI-TOF MS only the non-O-glycosylated peptide 117-131 and Tn 

antigen could be observed in the peptide mixture. Contrary to MALDI-TOF MS, 

UPLC-ESI-TOF MS was capable of detecting peptides containing the Tn, T, 

sialyl-T and disialyl-T antigen at [M+2H]2+ of 834.92, 915.93, 1061.50, and 

1207.56, respectively. Furthermore, the O-glycopeptide 117-131 was also 

observed devoid of O-glycan [M+2H]2+ at m/z 733.38. 

 

 
Figure 6. O-glycopeptide structures of rEPO α/β (left), rEPO δ (middle) and NESP (right) detected 

by UPLC-ESI-TOF MS analysis after trypsinolysis. Short-hand notation: (   ) N-acetylgalactosamine, 

( ) galactose, (Δ) sialic acid. 
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The glycopeptide mapping allowed the determination of the carbohydrate 

structure of O-linked glycans without separation from the peptide backbone. This 

is important because until now, there is no commercially available enzyme, 

capable of releasing intact O-glycans. Chemical methods employed for this 

purpose may alter the original structure of O-glycans by losing labile residues like 

sialic acids. A comparison of the O-glycopeptide signals revealed a considerable 

variability in the three samples. rEPO δ showed the most homogeneous 

structure, being predominant the disialyl-T form, small proportion of T antigen and 

completely absence of sialyl-T and Tn antigen. The peptide without O-glycan 

could also be identified but in low amounts. In rEPO α/β sample, all forms, 

including non-O-glycosylated peptide, Tn, T, sialyl-T and disialyl-T were 

observed, and in NESP all mentioned structures except for T antigen were 

detected. Thus, the analysis of O-glycoforms could be used to differentiate two 

rEPOs that have 100% sequence homology.  

Data obtained for O-glycan isoforms from O-glycopeptides analyses do not seem 

to be in agreement with results obtained by MALDI-TOF MS of the de-N-

glycosylated protein. Some authors described loss of sialic acids when 

glycoproteins are analysed by MALDI-TOF MS [24] and recommended a soft 

ionisation technique (ESI) for more reliable analyses [26]. Further experiments 

must be done in order to understand the reasons for these differences, and 

corroborate the real O-glycoforms present in different EPO samples. 

Furthermore, detection of each individual O-glycoform appears as a very 

promising method for differentiation between rEPOs and the quantification of 

these biomarker candidates could lead to the development of an antidoping test 

[22]. Since mass spectrometry is the technique of choice for specific identification 

of banned substances in doping control analyses [27] and LC-MS is the preferred 

technique for identification of protein-based drugs such as rEPO and NESP, we 

propose the exploitation of the results for, once sensitivity required is achieved, 

developing a confirmatory method capable of detecting the exogenous EPO 

analogues present in biological fluids. 
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3.5.1 Introduction 
In recent years, interest in the diversity of sialic acids has been renewed, 

because these monosaccharides play important biological functions. Sialic acids 

are a family of nine-carbon carboxylated sugars, widely distributed in the 

mammalian glycoconjugates such as glycoproteins and glycolipids, and located 

predominantly at the outermost ends. Sialic acids present an extreme diversity, 

and more than 60 different compounds were identified differing in the presence or 

absence of an amino group in position 5 (sialic acids or 3-deoxy-D-glycero-D-

galacto-nonulosonic acid [Kdn]), different acylations of the NH2 group at position 

5 (acetyl, glycolyl), and various substituents of the different hydroxyl groups 

(acetyl, lactyl, methyl, sulphate, phosphate, etc.) [1]. Although the free forms 

have mainly the β-anomeric ring conformation, sialic acids bound to 

glycoconjugates occur specifically in the α-anomeric form. The diverse roles of 

sialic acids include the microbe binding that leads to infections [2, 3], the 

regulation of the immune response, the progression and spread of human 

malignancies and in certain aspects of human evolution [4]. Sialic acids are 

important not only as part of the oligosaccharides characterisation in 

glycoproteins but also have been reported as markers of some diseases [5]. 

Given that sialic acids are directly related to half-life of pharmaceuticals [6], 

analyses are relevant for monitoring glycosylation in marketed protein drugs for 

quality control [7].  

The most common mammalian sialic acids are N-acetylneuraminic acid (Neu5Ac) 

and N-glycolylneuraminic acid (Neu5Gc). Celular Neu5Gc is generated by 

hydroxylation of the sugar nucleotide donor CMP-Neu5Ac to CMP-Neu5Gc, 

catalysed by CMP-Neu5Ac hydroxylase (CMAH). Although Neu5Gc is a major 

sialic acid in most mammals (including our closest evolutionary relatives, the 

great apes), it is absent in healthy adult humans [8]. Despite this, presence of 

Neu5Gc was demonstrated in human carcinomas [9, 10] and fetal tissues [11]. 

An improved affinity antibody detected not only Neu5Gc expression in tumour 

cells, but also traces in normal human tissues [12], despite the fact that humans 
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are unable of its synthesis. This paradox is now explained by the fact that 

humans may absorb small quantities of Neu5Gc from dietary sources (principally 

red meat and milk) and metabolically incorporate it into certain cell types. A 

similar “contamination” by Neu5Gc apparently could occur also in the 

biotechnology industry, arising from the use of animal cells, animal sera and 

other animal products during manufacture. Presence of Neu5Gc is likely 

widespread in many biopharmaceuticals and cells, and could potentially play a 

part in immune responses against such agents [13]. This scenario of quality 

control of therapeutics together with the possibility of detecting the abuse of some 

recombinant glycoproteins by athletes (rEPO, rhCG, rLH) [14] demands high 

resolution separation techniques for sialic acids and high sensitivity for detection 

this minor compound in biological fluids like serum, plasma, and/or urine. 

Although several methods based on colorimetric assays, lectins and antibodies 

exist for sialic acid detection [15], the structural analysis of naturally occurring 

sialic acis is currently carried out by the following two main approaches: analysis 

of volatile sialic acids derivatives by gas-chromatography (GC) combined with 

electron-impact mass spectrometry (EI/MS), and analysis of fluorescently labelled 

sialic acids by high-performance liquid chromatography (HPLC) [16] eventually 

coupled to electrospray mass spectrometry (ESI/MS) [17]. In this chapter, a 

highly sensitive HPLC method with fluorescence detection, for the determination 

of different sialic acids in plasma and urine is described. 

 

3.5.2 Materials and methods 
Materials  

Recombinant human EPO (rEPO produced in CHO cells) was obtained from the 

European Pharmacopoeia Commission (rEPO α/β) and epoetin delta (rEPO 

produced in human fibrosarcoma HT-1080 cells) from Shire Pharmaceuticals 

(rEPO δ; Dynepo™). Darbepoetin α (NESP) was purchased as pharmaceutical 

preparation from Amgen. Monoclonal anti-human erythropoietin antibody (clone 

9C21D11 was from R&D systems. 96-well microtiter plates were from Costar. 
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Sialic acid reference panel was from Glyco. Phospate-buffered saline (PBS), 

polyvinylpirrolidone (PVP), dimethyl sulfoxide (DMSO), 1,2-diamino-4,5-

methylenedioxy-benzene (DMB) and 2-mercaptoethanol were purchased from 

Sigma. Sodium cyanoborohydride (NaBH3CN) was from Fluka. All other 

chemicals were of highest purity commercially available.  

 

Immunopurification of plasma samples  
Due to the high protein content in plasma, a preliminary step to extract EPO by 

immunoaffinity was necessary prior to sialic acid hydrolysis. An 

immunopurification method was recently developed by our group [18] and 

employed for this purpose. Briefly, a 10 μg/mL solution of monoclonal anti-human 

erythropoietin antibody (clone 9C21D11 from R&D systems) in 50 mM 

ammonium bicarbonate pH 9.0 was coupled to microtiter plates for 1 h at 37 ºC. 

After coupling, plates were washed three times with 10 mM phospate-buffered 

saline pH 7.4 (PBS) and blocked with 1% polyvinylpirrolidone in PBS overnight at 

4 ºC. Once the plates were ready, plasma samples were applied to the plates 

(100 μl/well) and incubated for 16 h at 4 ºC with shaking. After incubation, 

blocking reagent was aspirated and wells washed once with PBS. Next, plates 

were washed twice with PBS and finally erythropoietin was eluted with a 0.7% 

acetic acid solution pH 2.0. Eluates were immediately frozen and lyophilised 

before sialic acid hydrolysis. 

 
Sialic acid analyses 
For the study of the sialic acid heterogeneity, sialic acids were released from the 

carbohydrate chains and derivatised with 1,2-diamino-4,5-methylene 

dioxybenzene (DMB) [19]. Briefly, 10 µg of each standard sample was 

hydrolysed with 10 µl of 2 M aqueous acetic acid solution for 3 h at 80 ºC. Next, a 

7 mM DMB solution (10 µl) in 1.4 M aqueous acetic acid containing 18 mM 

sodium hydrosulphite and 1 M β-mercaptoethanol was added. The mixture was 

kept for 2 h at 50 ºC. Fluorescently labelled residues were diluted twice in water 
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and analysed directly by UPLC ESI-TOF mass spectrometry using an Acquity TM 

Ultra Performance Liquid Chomatograph (WATERS) coupled to a LCT premier 

XE ESI-TOF instrument (Micromass). LC analyses were performed at a flow-rate 

of 0.2 ml/min using an Acquity UPLC BEH C18 column (100 x 2.1 mm, 1.7 µm). 

Derivatised sialic acids were eluted isocratically employing MeOH:ACN:H2O 

(7:9:84) for 5 minutes, then with a 1 min gradient the running buffer was changed 

to MeOH:ACN:H2O (7:25:68), maintained for 1 min, instantaneously returned to 

initial conditions, and stabilised for 1 min before the next injection [20]. Mass 

spectra were acquired in negative ion mode over a mass range-to-charge (m/z) 

ratio of 50-650 Da. The capillary voltage was set at 2800 V (negative), the 

desolvation temperature to 250-300 ºC and the desolvation gas-flow set to 300 

L/h. The TOF tube voltage was kept at 7200 (reflectron at 1800 V) with a pusher 

setting of 900 V (pusher offset at 0.93). Recorded data were processed using 

MassLynx version 4.1 (Waters Inc.). DMB derivatives of sialic acids released 

from 1 µg of recombinant EPO samples and from immunopurified plasma 

samples were also analysed by reversed phase chromatography on a capillary 

column Zorbax SB-C18 (150 x 0.3 mm, 3.5 µm) using ACN:H2O (20:80) as eluent 

(mobile phase) and a flow rate of 4 µl/min. The sialic acid separation was 

completed within 35 min. Chromatographic analyses were performed on an 

Agilent 1100 series capillary instrument equipped with a JASCO micro21FP 

capillary fluorescence detector (λex=373 nm and an λ em =448 nm).  

 
3.5.3 Results and discussion 
Sialic acid profiling of recombinant preparations 
In the framework of this work, sialic acids released from different recombinant 

EPO preparations were analysed by using two different approaches. The first 

method used was based on ultra-performance liquid chromatography coupled 

with electrospray ionisation mass spectrometry (ESI-TOF MS) and was applied to 

sialic acids released from rEPO α/β (BRP standard), NESP (both synthesised in 

CHO cells) and rEPO δ produced in human cells. The resulting chromatograms 

are depicted in Figure 1. The major constituent in the three recombinant EPO 
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preparations was ion m/z 424.1 corresponding to Neu5Ac. Although it was the 

only sialic acid present in rEPO δ, other species appeared in rEPO α/β and 

NESP. The presence of N-glycolylneuraminic acid (Neu5Gc) was confirmed in 

rEPO α/β and NESP by monitoring the molecular ion m/z 440.1 which due to its 

more hydrophilic composition, was eluted at the shortest elution time (2.51 min). 

O-acetylated derivatives were also observed by monitoring molecular ions at m/z 

466.1 and m/z 508.1. The former corresponds to di-acetylated species 

Neu5,7(8)Ac2 and Neu5,9Ac2 that despite their identical molecular mass, were 

identified by comparison to the different retention times of commercial sialic acids 

panel. The later, observed at m/z 508 corresponded to the tri-acetylated variant 

Neu5,7,9Ac3. Data obtained for rEPO α/β and NESP were in perfect agreement 

with literature reporting the presence of ∼1% Neu5Gc in recombinant 

preparations, not only in rEPO [20, 21] but also in other recombinant 

glycoproteins expressed in normal CHO cells such as tissue plasminogen 

activator, chorionic gonadotropin [14], etc. Interestingly, no Neu5Gc was present 

in rEPO δ despite being a recombinant preparation (Figure 1). Although this 

rEPO preparation is produced in human cells that are not able to produce 

Neu5Gc, it has been reported that human cells could potentially take up this 

compound from the media (containing animal product) which rEPO preparation is 

cultured in [22]. This fact is relevant for rEPO δ clinical applications because the 

absence of Neu5Gc could avoid immunogenic response in patients [23] and in 

the framework of anti-doping policies due to the presence of Neu5Gc could be 

suitable for detecting the abuse of some rEPOs preparations but not the rEPO δ 

[21].  
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Figure 1. On the left, the extracted ion chromatograms of LC-MS analysis of the DMB-derivatised 

sialic acid residues derived from rEPO δ (in green); rEPO α/β (in red); NESP (in blue) compared 

with the standard sialic acid (SA) mixture. On the right, the ESI-MS spectra of major sialic acid 

species found in rEPO α/β and NESP preparations. 

 

The method described above, with a limit of detection of 6 pmol (∼2 ng) for 

Neu5Gc and Neu5Ac DMB derivatives, resulted very useful for characterising 

recombinant EPO pharmaceuticals and standards for which sample amount of 

µg’s are available. However the main goal of the present work consists of 

detecting the non-human sialic acid Neu5Gc in human biological fluids (plasma 

and urine) from athletes abusing of recombinant preparations containing this 

compound. Given that the erythropoietin is normally present in urine and plasma 

at a very low concentration (about 10 ng/L and 100 ng/L, respectively) [24] the 

LC-MS method could not be applied to these samples. For this reason, we 

adapted a highly sensitive capillary HPLC method for the determination of sialic 

acids in immunopurified erythropoietin from plasma. Although mass spectrometry 

is the technique of choice for specific identification of banned substances in 

doping control analyses [25], in the method developed, fluorescence detection 



Results 
 

155 

was preferred for its high sensitivity and the possibility of quantitative 

determination (quantitative determination of sialic acids from rEPOs published by 

our group as part of their glycan analyses [21, 26]). Another advantage is that the 

derivatisation reaction is specific for alfa-keto acids (as are sialic acids) [27], so 

very specifically one single fluorescent group is attached to every sialic acid 

minimising matrix interferences and allowing an accurate quantification under the 

conditions reported [28, 29]. Although the method has not been validated yet, the 

limit of detection of capillary HPLC for DMB-Neu5Ac and Neu5Gc was 6 fmol 

(∼1.9 pg) each (s/n=3). In this method, assignment was based on the retention 

times as compared with the reference compounds (Glyco sialic acid reference 

panel). 

 
Characterisation of sialic acids released from biological samples. 
The presence of Neu5Gc was monitored in genuine plasma samples from 

individuals treated with rEPO. Plasma samples were immunopurified according to 

the procedure developed in our group [18], filtered through 50 kDa in order to 

remove possible PVP eluted from the well plates and then lyophilised. The 

purified extracts were derivatised with DMB immediately before analysis. 

Samples chosen as showcases were from 15,2 mL of the following plasma’s: 

from a negative individual (meaning plasma containing only endogenous EPO), 

negative plasma spiked with 30 ng rEPO α/β and positive plasma (meaning 

plasma with an recombinant EPO IEF profile. 
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Figure 2. HPLC-FLD analysis of the DMB-derivatised sialic acid residues derived from EPO 

immunopurified from negative plasma (in green); negative plasma spiked with rEPO α/β (in red) 

and positive plasma (rEPO IEF profile) compared with the standard sialic acid (SA) mixture.  

 

Sialic acid analyses of immunopurified samples indicated, that blank plasma used 

as a negative control does not contain Neu5Gc. However, when this plasma was 

spiked with 30 ng of rEPO before the purification, the resulting chromatogram 

showed the presence of Neu5Gc (Figure 2). In order to corroborate the 

unequivocal presence of Neu5Gc, and as a control of its chromatographic 

behaviour; pure Neu5Gc was added to the sialic acids extract from negative 

plasma to monitor the appearance of its peak. The same procedure was followed 

with the positive plasma confirming by co-elution the exact retention time and 

identification of the NeuGc peak found in the plasma. 
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Figure 3. HPLC-FLD analysis of the DMB-derivatised sialic acid residues derived from EPO 

immunopurified from negative plasma (green thin line); negative plasma spiked with Neu5Gc (green 

thick line); positive plasma (blue thin line) and positive plasma spiked with Neu5Gc (blue thick line) 

compared with the standard sialic acid (SA) mixture.  

 

Finally, a plasma sample from an athlete suspected to be administered with rEPO 

was immunopurified and analysed by the regular IEF method developed by 

Lasne et al. for urine samples [24]. The IEF profile of this sample showed similar 

to the rEPO standard so was subsequently assayed for its sialic acids content 

(Figure 4). 
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Figure 4. Analysis of erythropoietin in plasma samples by isoelectric focusing. (1,5) Mixture of 

rEPO α/β standard plus its analogue NESP; (2) Negative plasma (from a subject known to contain 

endogenous EPO only); (3) Negative plasma spiked with rEPO α/β; (4) Positive plasma. 

 

As can be seen in the chromatogram (Figure 3), the presence Neu5Gc could be 

established. Even though the immunopurification method should not be 

considered 100% specific as the amounts of EPO are very low, in comparison to 

other proteins, the fact that the negative plasma sample did not show any 

Neu5Gc is very promising. The suggestion that Neu5Gc (ingested as part of the 

diet) may be incorporated to other proteins does not seem be a real impediment 

for the developed method because it does not affect EPO. Although this method 

was successful in confirming the presence of rEPO α/β, this observation has to 

be further validated with a larger amount of plasma samples from different origins 

and possibly try to adapt the method to a mass spectrometric detection. 

However, the sensitivity obtained using capillary fluorescence detection is already 

at the limit of what can be achieved using nanoLC/MS. The limitations of this 

methods consist of the matrix and volume required (∼30 ml of blood), the fact that 

urine is preferred in doping control analyses [30], and its usefulness for 

unequivocal discrimination between recombinant and endogenous EPO when the 

recombinant has been synthesised in human like the second-generation product 

rEPO δ. We consider that this method, after validation in both urine and plasma 

samples, should be exploited as screening and/or confirmation method for 
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detecting not only the administration of recombinant erythropoietin but also other 

recombinant drugs synthesised in CHO cells. Given that Neu5Gc can be 

immunogenic in humans; this method could be also used in quality control of 

these pharmaceutical selecting only preparations with minimal Neu5Gc content 

[31]. 
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In the development of this thesis the structural characterisation of the glycans of 

four different, but very closely related erythropoietin preparations, have been 

addressed. First, the variables affecting the IEF profiles of recombinant 

erythropoietin produced in CHO cells (rEPO α/β) endogenous erythropoietin 

obtained from urine samples (uEPO) and the hyper-glycosylated recombinant 

erythropoietin analogue named NESP (also produced in CHO cells) were studied. 

Given the fact that rEPO is purified to maximise sialic acid content [1], the bands 

corresponding to rEPO should be close to the maximum of 14 residues. A similar 

evaluation was done for NESP because it is also a therapeutic drug and enriched 

for the highest number of sialic acids, the maximum being 22 [2]. Given the 

terminal location of sialic acids in glycans, the maximum number of these 

residues reported for erythropoietin is 14, meaning that the IEF bands for uEPO 

cannot be explained by sialic acids alone [3]. From the location of uEPO bands in 

IEF gels, additional negative charges are hypothesised. This lack of insight, 

added to the emergence of profiles shifted towards less acidic pI values (so 

called atypical profiles) generated the necessity of studying factors that could 

potentially affect the erythropoietin isoform distribution. After a careful evaluation 

of the possible charge-attributing residues in proteins a strategy was devised to 

unravel the origin of charges contained in the individual IEF bands. Digestions 

were performed with several exo-enzymes including phosphatases, 

glucuronidases, sulphatases, sialidases and endo-enzymes such as PNGase F. 

In addition, and wherever possible chemical treatments were performed for 

confirmation. From those experiments, it could be concluded that the glycans of 

recombinant molecules contain exclusively sialic acids as charge-conferring 

entities and that the endogenous material contains additional charged structures. 

The differences are located in the glycans as de-N-glycosylation renders 

equivalent IEF profiles for both endogenous and exogenous material but no 

further speciation could be indicated as specific enzymes targeting glycan-

modifications (such as Man-phosphatase or a GlcNAc-sulphatase) were not 

available. An intriguing finding resulted from degradation of rEPO and NESP with 
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a sulphatase from Helix Pomatia. With this sulphatase, that addresses sulphates 

attached to aromatic ring structures, only recombinant molecules gradually loose 

part of the charge in a process, resembling a partial desialylation. As other 

sulphatase preparations did not caused this effect, it could be postulated that an 

enzyme activity similar to sialidase present in commercial preparation of 

sulphatase from Helix Pomatia could be responsible for the altered IEF profiles in 

biological samples. In the absence of any efficient sialidase inhibitor, an effective 

remedy based on the addition of a competing substrate (sialyl-lactose or p-

nitrocathecol sulphate) to samples was proposed to solve the instability of urine 

samples in doping control.  

 
Once the differences between recombinant and endogenous erythropoietin were 

evidenced, proteins were analysed in more detail. First of all, peptide mass 

fingerprints were performed in order to evaluate all possible post-translational 

modifications located in the polypeptide chains that could not be addressed by 

enzymatic treatments. After this, systematic structural elucidation of EPO-glycans 

was conducted, allowing the complete characterisation of the glycoprotein. Given 

the low concentration of EPO found in biological fluids, as well as the low degree 

of purity of the endogenous international standard from NIBSC, purification of 

urinary erythropoietin for structural analyses resulted unviable. In the first attempt 

to characterise uEPO glycans, unreliable data were obtained as glycans coming 

from other urinary glycoproteins contained in the international standard 

contaminated the results. Then, serious efforts were put into the development of 

purification strategies in order to isolate urinary erythropoietin. Exploration of 

immunoaffinity methods using different monoclonal and polyclonal antibodies, 

different immobilisation strategies as well as alternative purification platforms 

resulted in encouraging data. However, more efforts are required to up-scale this 

technique in order to obtain sufficient high purity uEPO for complete 

characterisation. The unique structural data available for urinary erythropoietin 

glycosylation arise from 30-year old papers where hundreds of liters of urine were 

purified. Glycan structures described for uEPO were similar to those reported 
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later on for rEPOs, however these data seem not to fully agree with the present 

findings of lower molecular weight and higher acidity of uEPO as compared to 

rEPO. In general, individuals from which urinary erythropoietin was purified for 

glycan analyses suffered from aplastic anemia, possibly resulting in altered 

glycosylation patterns that should not be necessarily representative of human 

EPO glycan profiles. In this thesis, as a part of the ongoing research on EPO, 

methodology for erythropoietin glycoforms characterisation was developed, 

optimised, and subsequently applied to structural analyses of recombinant 

variants. Peptide mass fingerprint of rEPO α/β, the newly marketed recombinant 

EPO produced in human cells rEPO δ (dynepoTM) and the analogue NESP in 

which 5 aa have been modified, allowed concluding that both rEPO preparations 

are identical from the peptide point of view. As expected, they comprise a 165 aa 

polypeptide chain with two disulfide bridges, three N-glycans and one O-glycan. 

Additional glycosylation sites were discarded as well as other post-translational 

modifications occurring in specific aa; as for example methylation of Cys; 

phosphorylation (Tyr, Thr, Ser) and sulphation (Cys, Tyr). These data 

corroborated those obtained from earlier enzymatic studies (vide supra). The 

peptide analysis of NESP confirmed the 5 mutated amino acids and the two 

additional glycosylation sites. Site occupancy could be verified through the 

transformation of the asparagine residue from which the glycan is removed, into 

aspartic acid after de-N-glycosylation. This conversion is easily detected by its 

mass difference of 0.98 Da in the mass spectrum. One important observation 

derived from peptide and protein analyses was the identification of a PNGase F 

resistant N-glycosylation site of NESP. Without prior reduction and alkylation, 

trypsinolysis only rendered peptide T77-97 containing the N-glycosylation sites at 

Asn83 and Asn88. It was therefore supposed that the PNGase F resistant 

glycans should be located at one of the three other possible N-glycosylation sites. 

Then a reduction and alkylation protocol was optimised, and tryptic digestion of 

the reduced/alkylated and de-N-glycosylated NESP revealed a new peptide 

corresponding to T21-45 bearing the N-glycosylations sites Asn24, Asn30 and 
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Asn38. As this phenomenon of partial de-N-glycosylation was not observed in 

rEPO samples, it was speculated that resistant N-glycosylation site was Asn30. 

Moreover, this glycosylation site is located between Cys29 and Cys33 that is 

interlaced by a disulfide bond to form a small loop in the 3-D structure of the 

native molecule. Despite this evidence, peptide sequencing should be performed 

to unambiguously demonstrate that Asn30 is, in fact, the PNGase F resistant site 

in NESP. Comparison of the rEPOs and NESP peptide analyses after de-N-

glycosylation revealed only two different tryptic peptides T21-45 and T77-97 

containing the 5 aa mutated and the two additional N-glycosylation sites. These 

findings may be used for the development of a mass spectrometric method for 

detection of rEPO and NESP in biological fluids, necessary tools for antidoping 

purposes. During our investigations, peptide analysis turned out to be very useful 

for the structural characterisation of the single O-glycan contained in the rEPOs 

and NESP since no enzymatic release of intact O-glycan is possible. A detailed 

structural analysis of the O-glycoforms disclosed important differences between 

the recombinant products. The di-sialylated O-glycan is the only one present in 

rEPO δ whereas in NESP and rEPO α/β a different proportion of non-sialylated 

and mono-sialylated O-glycoforms were shown. Analysis of O-glycans had been 

previously performed using MALDI-TOF MS of the de-N-glycosylated proteins. 

Despite the poor spectral resolution obtained for the entire O-glycoprotein, this 

approach revealed three O-glycoforms in the three samples. Although differences 

between relative intensity of sialylation degree of rEPO α/β, rEPO δ and NESP 

could be observed, results from MALDI-TOF MS were not in total agreement with 

LC-ESI MS data obtained for O-glycoproteins and O-glycopeptides. The 

evaluations of both techniques allowed concluding that more reliable results arise 

from LC-ESI MS because this soft ionisation minimises sample de-sialylation. 

Although it is stated that the O-glycan appears to lack importance with respect to 

the in vitro and in vivo activity of EPO, these analyses could be exploited for 

differentiating recombinant preparations and possibly the endogenous EPO in 

which more variability is expected. Interestingly, Dordal et al. [4] reported than O-
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glycan was absent in urinary EPO and Skibeli et al. [5] found that a substantial 

fraction of human serum EPO lacks O-glycosylation on Ser126. 

Once the recombinant erythropoietins were characterised at peptide level, and 

following the starting hypothesis, N-glycosylation was investigated. The initial 

work-plan aimed at the development of methodologies for sugar profiling and 

mass spectrometric characterisation. Then, the application of those protocols to 

total glycan pool from rEPO α/β, rEPO δ and NESP, and finally the elucidation of 

the glycan composition of each individual glycoform of the three samples after 

separation by isoelectric focusing. Regarding N-glycosylation analyses, several 

approaches combining SDS-PAGE, IEF and 2-DE with HPLC-FLD, MALDI-TOF 

MS and UPLC-ESI-TOF MS were performed [6]. Average molecular weight was 

calculated by MALDI-TOF MS although an approximate estimation was also done 

by SDS-PAGE. While NESP showed the highest molecular weight by both 

techniques due to the additional N-glycans, mass spectra obtained from rEPO 

α/β yielded a slightly lower average mass than rEPO δ. Conversely, in SDS the 

latter migrated faster indicating lower apparent Mw. The laser intensity during the 

MALDI ionisation process showed to be extremely important as mass variations 

were produced by fragmentation of labile residues such as sialic acids [7, 8]. 

Another important factor to be considered in Mw determination is the possibility of 

sodium and potassium adduct formation during ionisation and/or desorption 

process in MALDI-TOF MS because they could partially modify the average mass 

[9]. Despite the particular instrumental variations, other authors reported similar 

effects when rEPO α/β and rEPO δ were compared by SDS-PAGE and MALDI-

TOF MS [10]. This difference added to the lower Mw reported previously for 

endogenous urinary EPO [11] is currently being exploited by doping control 

laboratories as a screening procedure for differentiating endogenous EPO from 

the recombinant analogues. However, while NESP can be clearly differentiated 

due to its higher molecular weight, more efforts must be dedicated to improve the 

SDS resolution allowing unequivocal differentiation between rEPOs and uEPO. 

The microheterogeneity of different EPOs could be also inferred from SDS-PAGE 
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and MALDI-TOF MS. As expected, NESP showed the broadest peak in mass 

spectra and the most diffuse band gel in SDS. Interestingly, rEPO δ yielded the 

narrowest peak and the sharpest band in gel electrophoresis [10]. More 

homogeneous carbohydrate structures were supposed for rEPO δ but 

surprisingly, its IEF profile showed three additional bands, absent in its 

homologuous rEPO α/β.  

 
In order to enable an unambiguous discrimination between different EPO 

preparations, unique structural features of each product needed to be identified. 

In this thesis, first the overall carbohydrate content and then the constituents 

released from intact glycoproteins were analysed. Finally, attention was paid to 

the structural elucidation of each individual glycoform after separation by 2-DE. 

Comparison of the sugar profiles from rEPO α/β, rEPO δ and NESP revealed 

significant differences. The most characteristic feature of NESP was its most 

extensive acetylation with up to two O-acetyl groups per sialic acid residue, while 

in case of rEPO α/β this modification was less significant and in rEPO δ it was 

completely absent. O-acetylation of sialic acids glycan structures is well known to 

play a regulatory role in several metabolic processes, particularly inhibition of 

neuraminidase activity, leading to a reduced hepatic uptake and subsequent 

increase in glycoprotein circulation time. This phenomenon will certainly 

contribute to the long half-life of NESP and may have been introduced 

deliberately. O-acetylation is easily detected by MALDI-TOF MS through the 

mass increment of 42 Da, and might serve as potential biomarker for EPO α/β 

and NESP administration. Several studies have shown that different 

erythropoietin isoforms have different biological activity, being the less acidic 

isoforms those with a shorter half-life and lower activity.  

 
In order to evaluate the charged residues in EPO are concerned, WAX analyses 

were performed [12]. Results revealed similar charges contained in N-glycans 

from rEPO α/β and rEPO δ, but significant charge differences in the O-glycans, 

being higher for rEPO δ. NESP N-glycans resulted to contain higher sialic acid 
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content than rEPOs whereas its O-glycan contributes more than in rEPO α/β but 

less than in rEPO δ to the total glycan charge.  

 
Differences in microheterogeneity were also found, despite the fact that all this 

biopharmaceuticals are specifically purified for the maximum sialic acid content. 

Comparison of sugar profiles indicated more homogeneous structures for rEPO δ 

containing predominantly tetraantennary structures, some triantennary N-glycans 

and traces of LacNac repeats. Next in heterogeneity was NESP containing a 

glyco repertoire with a high proportion of LacNac repeats and triantennary N-

glycans. Finally rEPO α/β showed the highest heterogeneity, containing, on top 

of the structures mentioned for its analogues, diantennary structures and higher 

proportion of LacNac repeats (up to 3 units per tetraantennary structure). 

Carbohydrates are known to play an important role in protecting the peptide core 

of glycoproteins from the action of proteases and in determining biological 

activity. In particular, the highly branched N-glycans stabilise the conformation of 

glycoproteins, and prevent EPO from renal clearance [13]. It has been reported 

that truncated rEPO with di- instead of tetraantennary glycans is secreted into the 

urine in greater amounts [14]. Considering the possibility that EPO species with 

an increased molecular weight might have a reduced rate of clearance, 

Sytkowski et al. [15] showed that chemically linked EPO dimers or recombinant 

fusion proteins containing two EPO molecules exhibited a prolonged plasma half-

life and stronger erythropoiesis-stimulating activity than monomers [16]. Further 

work is required, however, to identify the pathways of metabolism and elimination 

of this glycoprotein hormone. Data obtained from excretion studies performed in 

our laboratory, showed that urinary EPO profiles of individuals administered with 

rEPO are identical to the rEPO drug when endogenous EPO production has 

been suppressed. Contrary to what happens in rEPO, urinary erythropoietin is 

thought to represent a special fraction of the hormone that has escaped from 

circulation. A different IEF profile has been reported for endogenous EPO from 

urine and plasma, being the former more acidic [5, 17, 18]. However more acidic 

glycoforms seems to represent a higher half-life [19]. Although the 
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pharmacokinetic properties of rEPOs have been extensively studied [20], 

important discrepancies exist about the main site and mechanism of the removal 

of EPO from circulation. The lack of knowledge concerning the metabolic fate of 

EPO hampers the understanding of endogenous EPO differences so more 

investigations on this topic are needed. 

 
The next step in elucidating rEPOs glycan composition was the application of the 

reagent array analysis method (RAAM). These sequential digestions with 

different exoglycosidases allowed arriving to the conclusion that no linkage 

differences exist between the glycans of all three glycoproteins. The fucosylated 

trimannosyl core Man3GlcNAc2 is shared by all N-glycans belonging to rEPO α/β, 

rEPO δ and NESP but there are differences in the sialic acid content and the 

branching level. In contrast to human cells, CHO cells do not express sialyl-α2-6 

transferase [14, 21], so the sialic acids contained in rEPOs produced in these 

cells are exclusively added to galactose via α2-3 linkage [22]. However, several 

papers have been published addressing the issue in which CHO cells have been 

engineered to resemble the human glycan profile by transfecting the appropriate 

sialyl-transferase [23]. Our charge analyses after specific α2-3 sialidase 

confirmed that all N-glycans from the two drugs synthesised in CHO cells 

contained exclusively sialic acids linked in that position. CHO cells are also 

incapable of producing Lex oligosaccharides (lack of α1-3/4 fucosyl transferase) 

and bisecting N-acetylglucosamine transferase [24]. Several reports on 

endogenous urinary EPO have suggested the presence of typical carbohydrate 

features, absent in rEPOs produced in CHO cells, as for example the occurrence 

of a Galβ1-3GlcNAcβ1-4Manα1-3 motif instead of Galβ1-4GlcNAcβ1-4Manα1-3 

[25] or the presence of Neu5Acα2-6Gal linkage [26]. Inconsistencies exist with 

respect to the type of sialic acids linkage in uEPO glycans; Sasaki et al. found 

evidence for the exclusive existence of α2-3 linkages [27], whereas Takeuchi 

demonstrated the occurrence of both α2-3 and α2-6 linkages [26]. It was reported 

that absence of α2-6 linkages may enhance the clearance of a protein from the 



Discussion 
 

173 

bloodstream so special attention should be paid to this issue. With respect to the 

α1-6 fucosylation of the Asn-bound GlcNAc residues in uEPO, different 

percentages have been reported [24], but we found quantitative fucosylation in all 

rEPOs. The occurrence of sulphate groups in urinary EPO has been suggested 

by several groups including ours but structural studies have not been published 

thus far. It has been reported that CHO-cell-derived rEPO also possesses 

sulphated oligosaccharides [28], although it is stated elsewhere that these cells 

are not capable of such sulphation [29]. At branching level, our results show 

absence of LacNAc repeating units in the EPO produced in human cells. This 

seems to be in agreement with studies published by Tsuda et al. [25] and 

Takeuchi et al. [26] where a clear tendency towards higher LacNAc repeats 

content is displayed in CHO and BHK rEPOs. This might be related with the fact 

that uEPO loaded in a SDS-gel runs faster than its recombinant analogues [10]. 

Glycans belonging to rEPO δ did not show charges different from sialic acids 

Further work is required to understand the IEF profile of endogenous EPO, and to 

identify the metabolic pathways and pharmacodynamics of this glycoprotein 

hormone. Several reports on endogenous EPO have shown that circulating EPO 

contains fewer acidic glycoforms than urinary EPO, speculating that the charge 

difference could be attributed to a difference in renal handling of the various 

glycoforms or post-secretion processing of the glycans [14]. However glycan 

structures responsible for those differences have never been reported.  

 
The current work addresses also the characterisation of glycans present in 

individual, IEF separated, isoforms of these recombinant erythropoietins. 

Comparison of glycan structures from different samples confirmed that co-

migrating isoforms contained identical number of sialic acids. Nevertheless, each 

band includes the microheterogeneity in the branching (number of antennas, 

LacNAc repeats, and acetyl-subforms) also observed for the total pool. The 

results further indicated that the more acidic the the pI of the IEF band, the higher 

the level of sialylation. A clear tendency towards increasing tetraantennary 

tetrasialylated structures with increasing acidity of the bands was shared by the 
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three drugs. This effect was more easily observed in rEPO δ due to its more 

homogenous glycan structures. The extensive O-acetylation and the presence of 

triantennary structures of NESP or LacNac repeats and diantennary structures in 

rEPO α/β made these analyses less evident. Mass spectrometry should be the 

basis for identifying any mass differences produced by unusual monosaccharide 

constituents and to unravel the ultimate monosaccharide composition of glycans. 

MALDI-TOF MS was the better choice both for total glycans pool and individual 

IEF separated isoforms. This technique is relatively tolerant to the presence of 

contaminants and gives a quantitative response with negligible fragmentation for 

neutral N-glycans of varying structures. Unfortunately, rEPO glycans are highly 

(negatively) charged, making a quantitative analysis very difficult. In glycan 

analyses of highly sialylated structures, a considerable fragmentation, both in 

source and post-source has been reported, resulting in the loss of sialic acids [7, 

8, 30]. Given that most of the heterogeneity in rEPO glycans resides in the sialic 

acid content, intact characterisation of intact structures was needed. Thus, efforts 

were made for optimising instrument parameters to minimise desialylation. 

Comparison of glycans released from different rEPOs and glycans contained in 

separated isoforms of the same rEPO sample showed sialylation differences 

indicating that either sialic acids loss did not occur or this was minimal [30]. 

Quantities of individual glycan structures present in a single band were estimated 

using peak height measured, smoothing to remove isotopic resolution or 

summation of the peak heights of all isotopes. From percentages of structures 

present in a single band, the charge contents were calculated and compared with 

the values obtained from WAX analyses. The average number of sialic acids 

contained in N-glycans seemed to be two units higher when this data is 

calculated by integrating peaks obtained by weak anion exchange profiling. In 

this technique, N-glycans are derivatised before analysis. As one single 

fluorescent tag is linked to each N-glycan, relative quantification is far more 

robust than when using mass spectrometry. The labelling protocol to introduce 

the fluorophore at the reducing-end sugar is carried out in slightly acidic 



Discussion 
 

175 

conditions. Bigge et al. [31] claim that 2 h at 65ºC yields an optimum between 

labelling and desialylation (only 2%). Nevertheless Watanabe et al. [32] reported 

a significant loss of sialic acids and proposed lowering the temperature to 37 ºC 

and prolonging the incubation to 16 h in order keep the labelling yield. In our 

hands, and employing a mixture of tetraantennary, multisialylated structures, both 

protocols rendered similar labelling yields and structure preservation so the first 

was used in our analyses paying special attention to preservation of sialic acids. 

However, some degree of desialylation cannot be discarded causing slight 

underestimation of sialic acids in WAX analyses. For all these reasons, MALDI-

TOF MS analyses were only performed for identification purposes and 

quantification of sialic acids was performed using peak integration after WAX 

analyses. Surprisingly, the sialic acid average contained in N-glycans resulted to 

be similar for rEPO δ (9.73) and rEPO α/β (9.83). Hence, summing up O- and N-

glycan contribution of sialic acids rEPO δ contains 11.73 as a mean of the 

glycoprotein and rEPO α/β contains 11.39. Despite the two additional acidic 

isoforms in rEPO δ, its mean sialic acid content is only slightly higher. This can be 

explained by the relative proportion of these bands, and from the balancing effect 

of the more basic isoforms (band 6 and 7) that appear more abundant in rEPO δ. 

The mean number of sialic acids obtained from both rEPOs is in agreement with 

European Pharmacopoeia requirements, consisting of values exceeding 10 

mol/mol. Sialic acids calculation in the NESP total glycans resulted in 18.02 for 

the N-glycans plus 1.75 for its O-glycans, giving a mean of 19.78 sialic acids. 

When rEPO α/β from the European Pharmacopoeia is focused in IEF gel, 7 

bands are clearly visible. Considering that the theoretical maximum number of 

sialic acids in rEPO is 14, and the calculated mean value is 11.39, the most 

acidic band should contain close to 14 sialic acids. For rEPOs all possible sialic 

acids combination from 3 N-glycans and 1 O-glycan containing from 0 to 4 and 

from 0 to 2 sialic acids respectively were calculated. Data resulted in one unique 

combination for obtaining a total of 14 sialic acids and 4, 10, 19, 31, 43 and 52 

combinations to obtain 13, 12, 11, 10, 9 and 8 sialic acids respectively. Following 
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theoretical predictions, the most acidic band should contain tetraantennary 

tetrasialylated N-glycans only. Experimental data, however, revealed different 

composition with presence of triantennary structures in the most acidic band of 

rEPO. In rEPO δ where two more acidic bands are shown, only the first one 

(band α) could be analysed by MALDI-TOF MS. This analysis showed only 

tetraantennary N-glycans but containing from 2 to 4 sialic acids. Certain degree 

of desialylation could not be discarded. However a confirmatory WAX analysis 

could not be performed because of the insufficient amount of material recovered 

from single bands. Assuming 14 sialic acid for α-band, then β-band should 

contain additional charges other than sialic acids similarly as for uEPO. By the 

observation of uEPO profile in IEF gel (bands located between rEPO α/β and 

NESP), our starting hypothesis argumenting additional charges is fully 

substantiated. Further analyses must be done in order to ascertain charges 

present in uEPO for better understanding of erythropoietin function and 

metabolism as well as for unequivocal discrimination between rEPOs and 

endogenous EPO in doping control [33].  

 
Once, entire glycans were analysed, particular attention was paid to the particular 

sialic acid species present in the different rEPOs samples as these carbohydrate 

moieties influence the biological and physical properties of biopharmaceutical 

proteins [34]. Despite the more than 60 natural analogues of sialic acid 

described, N-acetylneuraminic acid containing an acetyl substitution at C5 is one 

of the most common sialic acid derivatives [35]. Regarding sialic acid analyses of 

rEPOs, N-glycolylneuraminic acid must be also considered since the majority of 

rEPOs are synthesised by CHO or BHK cells and therefore might also contain 

this species. This sialic acid occurs frequently in animal cells, but is absent in 

humans because of an internal frame-shift mutation in the gene that encodes 

CMP-Neu5Ac hydroxylase. The Neu5Gc is essentially foreign and, hence, 

monitoring its content in biopharmaceutical samples could be very important. The 

primary epitope on this moiety, which is referred to as the Hanganutziu-Deicher 

antigen, might stimulate an immune response in the host. In 2005, Martin et al. 
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[36] demonstrated that when human embryonic stem cells are cultured in a 

specialised medium that is derived from animal sources, the exogenous Neu5Gc 

residues might be introduced into the host. The consumption of animal products, 

such as red meat and milk, could also introduce traces of this residue into human 

proteins. As the addition of sialic acids has been described to enhance the 

therapeutic properties of EPO and a variety of biopharmaceutical proteins [37], 

the versatility of sialic acids, coupled with developments in sialyltransferase 

engineering, should enable more glycoproteins to be hypersialylated and, 

subsequently, evaluated for clinical studies. The optimisation of protocols for the 

large-scale production of hypersialylated proteins in mammalian cell lines, as for 

example the erythropoietin analogue NESP [38], should be considered as a 

mechanism for generating large amounts of highly effective pharmaceutical 

preparations. However, the regulation of the Neu5Gc content needs to be 

addressed with reference to the potential immunogenicity associated with the 

introduction of multiple glycan chains that contain this sialic acid residue. Sialic 

acids contained in rEPO α/β, rEPO δ and NESP were evaluated using the 

method previously described by Hokke et al. [39]. This method consists of a sialic 

acids hydrolysis prior to derivatisation with a fluorescence group. Detection based 

on fluorescence offers the best choice for chromatographic determination of 

carbohydrates at high sensitivity [40]. Despite the good results obtained, 

downscaling of this methodology using a capillary HPLC coupled to a capillary 

fluorescence detector was necessary to improve the limit of detection in one 

order of magnitude. In this thesis, we propose a general strategy for 

simultaneous determination of sialic acids using both, HPLC-FLD and UPLC-ESI-

MS. Although mass values yield useful information for unequivocal discrimination 

between Neu5Gc and Neu5Ac in rEPOs, this method can only be applied to 

biological samples with supraphisiological levels. The three rEPOs evaluated 

showed Neu5Ac as the major constituent but significant differences in the degree 

of O-acetylations could be also identified. These modifications resulted to be 

minimal in rEPO δ, more abundant in rEPO α/β and extensive in NESP. 
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Nevertheless, the identification of the exact locations of the O-acetyl linkage is 

somewhat cumbersome due to the ability of these substituents to migrate from 

one hydroxyl to another along the alkyl structure. Despite the care taken in 

sample handling to avoid migration of O-acetyl groups, the heterogeneity 

observed in replicates could still be affected by the specific batch of rEPO and/or 

sample treatment prior to analysis. As expected, rEPO δ produced in human cells 

(devoid of the corresponding hydroxylase) did not contain Neu5Gc while rEPO 

α/β and NESP yielded 1.3 mol% and 1.5 mol%, respectively. As the sensitivity of 

our analytical method was still not good enough for detecting the expected 

concentrations of Neu5Gc in 20 mL of urine samples from athletes, plasma 

samples from patients treated with rEPO were employed. These samples were 

immunopurified prior to sialic acid analyses and results revealed absence of 

Neu5Gc in blank plasma used as a negative control. In contrast, when this 

plasma sample was spiked with rEPO, its chromatogram showed this compound. 

In a real sample showing a IEF profile consistent with the presence of rEPO, the 

variant Neu5Gc could also be detected. The presence of Neu5Gc in 

immunopurified biological samples would indicate the presence of exogenous 

erythropoietin. However this methodology would not be applicable to rEPOs 

synthesised in human cells like rEPO δ and further analyses are necessary to 

fully discard false positives produced by incorporation of Neu5Gc from diet to 

newly synthesised glycoproteins. 

 
Taken together, these findings may indicate that these analyses (peptide 

mapping + N-glycans + O-glycan + sialic acids analyses) should be used to 

monitor the production process of recombinant EPOs. This is justified because 

rEPOs, even if engineered in the same cell line (e.g. CHO cells) will never be 

identical among different manufacturers. In fact, differences in IEF behaviour and 

in physicochemical properties were detected when 11 samples of CHO cell-

derived rEPOs from eight manufacturers outside the EU and the USA were 

investigated [41]. Differences between batches of the products from the same 

manufacturer were also evidenced. In contrast to other drugs, chemically 
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synthesised, rEPOs are complex therapeutic proteins produced by living 

organisms and cannot be adequately characterised using current analytical 

methods. In our opinion complete characterisation of these biopharmaceuticals 

could help in detection of damaged preparations (e.g. oxidation, deamidation, 

missfolding, aggregation or most importantly contamination with bacterial 

polysaccharides and proteins other than rEPOs coming from host cells) that may 

produce immunogenic responses in patients [42]. According to the rEPO-specific 

annex to the EMEA guidelines (Committee for Medicinal Products for Human 

Use), “biosimilar manufacturers must apply a single reference product and 

conduct tests to demonstrate biophysical similarity, non-clinical 

pharmacodynamics and toxicological data, and data showing the clinical similarity 

to the reference product”. Biosimilar rEPOs have to be tested in at least two 

efficacy studies in chronic kidney disease patients, including a correction phase 

study in erythropoietin-naive patients (s.c. administration of the drug) and a 6-

month maintenance phase study in patients on dialysis who are already treated 

with an erythropoietin (i.v. administration). In addition, it is likely that, even if new 

biosimilar products were immunogeneic, this would probably not be detected 

during the short-term clinical safety studies required because ESA-induced 

antibody formation and pure red cell aplasia (PRCA) become obvious only after a 

median treatment period of 9 months. Biopharmaceutical innovators accumulate 

experience in the production and purification process to select the isoforms with 

high biological activity or lower immunogenic potential [43]. Furthermore, in the 

light of the medical and economic success, structural data concerning rEPO 

glycosylation published by scientific community promote the creation of 

biopharmaceutical congeners and synthetic erythropoiesis stimulating 

compounds [44]. At this moment, only sialic acids analyses, IEF profiles and Mw 

determinations by western blot can be applied to biological samples being 

insufficient for structural characterisation. The sensitivity limitations of analytical 

instruments and the low amounts of EPO present in biological fluids (∼10 ng/L in 
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urine and ∼100 ng/L in serum) [45] are the main reasons for failing in revisiting 

structural investigations on endogenous EPO.  

 
EPO is now considered to have applicability in a variety of nervous system 

disorders that can overlap with vascular disease, metabolic impairments, and 

immune system function [46]. As a result, EPO may offer palliative relieve for a 

broad number of disorders including Alzheimer’s disease, cardiac insufficiency, 

stroke, trauma, and diabetic complications. In a number of clinical conditions, 

EPO has shown to prevent neuronal and vascular degeneration, and reduce 

inflammatory cell activation [47]. Recent works have elucidated a number of 

novel cellular pathways governed by EPO that can open new avenues to avert 

deleterious effects of this agent and offer previously unrecognised perspectives 

for therapeutic strategies. In this context, structural studies as those reported in 

this thesis should be related with the role of EPO in different cellular targets. 

Recently, studies have revealed more about the complexities of differential post-

translational modifications of human proteins and the potential implications on 

different functions in the human body. New findings suggest that differential 

glycosylation patterns of human proteins that occur in the blood (so-called 

“serum-type” modifications) are different from the ones that occur in the 

cerebrospinal fluid in the brain (”brain-type” modifications). This difference may 

be of paramount importance for the design of effective therapeutics. In the case 

of erythropoietin, one can also refer to a serum-type EPO (or a “renal-type” or a 

“urinary-type” EPO) for the protein that is produced in the kidney and that 

circulates in the blood, as compared to EPO that is been produced by other 

tissues such as the brain. The characterisation of individual glycoforms will help 

to decide host cell lines and genetic engineering needed to obtain glycoproducts 

with novel or improved in vivo properties. One interesting example is rEPO 

because only a highly sialylated subfraction (based on the IEF pattern) 

representing ∼20% of the total recombinant glycoprotein is manufactured for 

medical treatment. These preparations usually obtained from CHO, BHK and HT-

1080 cells are very useful in the treatment of chronic kidney disease in which 
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long half-life is required. However, glycoforms contained in these drugs are 

relatively useless in the treatment of disorders related to the central or peripheral 

nervous system as well as in the treatment of afflictions related to 

ischemia/reperfusion induced disorders. Furthermore, it has been found, that 

glycoforms having on average a lower sialic acid residue are more effective for 

the treatment of non-hematopoietic diseases due to their higher receptor affinity 

and high dosage can be used to limit the adverse side effects of erythropoiesis 

because these glycoforms are rapidly cleared from the blood. Other aspects of 

the EPO glycoforms exhibiting anti-inflammatory and immunosuppressive 

activities are hyperfucosylation, and, hence, most likely decorated extensively 

with Lex epitopes. 

 
Human cells named PER.C6TM have been proposed as a suitable but not unique 

expression system for recombinant erythropoietin containing above mentioned 

glycoforms. By using methodology described in articles presented previously, we 

are now able to efficiently characterise and select the glycoforms of a rEPO 

pharmaceutical based not only in their sialic acid content but also LacNac repeats 

and fucosylation degree. However, we need to understand in much more detail 

basic glycosylation structure of different types of endogenous erythropoietin 

(urinary, plasmatic, neural etc.) and the relationship between the structure and 

the function of these erythropoietin variants. 
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The results obtained in this thesis, which are included in all the scientific 

publications included in this manuscript, allow the following general conclusions 

to be extracted: 
 

1. The charge profiles observed in IEF for rEPO α/β and NESP are due to 

the absolute number of sialic acid residues present whereas uEPO shows 

additional charges, different from sialic acids, confined in the 

carbohydrate moiety.  
 
2. Combining the 2-DE gel electrophoresis with mass spectrometric and 

weak anion exchange analyses with fluorescence detection the 

percentages of N-glycans containing different sialic acids number that are 

present in individual IEF bands can be identified and quantified. Although 

both techniques allow calculating percentages of sialylated structures 

present in a single band, the later is preferred for more accurate 

quantification. 
 

3. The additional charges contained in urinary EPO, inferred from its IEF 

profile have been proven to be different from sialic acids and localised 

within the carbohydrate moiety of the hormone. However, the hypothesis 

that these additional charges are due to sulphate substituents at 

galactose or N-acetylglucosamine residues could not be demonstrated.  
 

4. Peptide mapping after de-N-glycosylation allows characterisation of the 

structures contained in the single O-glycosylation site contained in 

different rEPO preparations. The structural analysis of O-glycopeptides 

revealed the same glycan type (core 1) but significant differences in the 

sialic acid content.  
 

5. In order to obtain a reliable glycan profiling of a glycoprotein complete 

deglycosylation is required. Hence, we concluded that sterical features of 

the native molecules, particularly disulfide bonding, may be responsible of 

incomplete deglycosylation of NESP. A reduction and alkylation protocol 
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is needed for complete de-N-glycosylation of the recombinant 

erythropoietin analogue NESP. 
 

6. The characterisation of N-glycans by a combination of different 

approaches (MALDI-TOF-MS, HPLC-FLD, and RAAM) has proven to be 

capable of distinguishing between three very similar glycoproteins as 

rEPO α/β, rEPO δ and NESP. These analyses showed lower 

microheterogeneity for rEPO δ containing almost exclusively 

tetraantennary N-glycans with different degree of sialylation (from 1 to 4). 

The absence of diantennary structures and LacNAc repeats are proposed 

as potential markers for rEPO δ differentiation. This homogeneity seems 

to be responsible for the absence of diagonality in its IEF profile.  
 

7. Important differences in sialic acid acetylations were found between 

rEPOs and NESP. Mass spectra yielded up to 8 O-acetylation in 

tetraantennary NESP N-glycans while this modification was insignificant in 

rEPOs.  
 

8. A very sensitive capillary HPLC separation method for sialic acids was 

developed in order to specifically detect Neu5Gc in biological samples. 

This method, once validated, may be useful as a confirmatory method to 

detect rEPO misuse as well as for quality control of rEPO 

pharmaceuticals manufacture. 
 

9. Sialic acid analysis highlighted a key difference between rEPO δ, 

synthesised in human cells, and other recombinant EPO preparations 

produced in CHO cells. The former lacks N-glycolylneuraminic acid, a 

non-human sialic acid species that could produce immune response in 

patient treated with recombinant preparation containing it. Contrary, rEPO 

α/β and NESP were found to contain around 1% of this sialic acid. 
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