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Abstract 

Alpha-dystroglycan (αDG) is a heavily glycosylated protein that is part of the dystrophin-

glycoprotein complex present on the membrane of mammalian cells. The function of this complex 

is to give rigidity to a tissue through binding laminin in the extracellular matrix. αDG has a unique 

O-mannosyl glycan, essential for its function, consisting of a phosphorylated trisaccharide core M3 

elongated with two ribitol-5-phosphate (Rbo5P) residues. The terminal Rbo5P acts as a linker to 

which a long chain of alternating xylose and a glucuronic acid residue, named matriglycan, is 

attached. Rbo5P is currently found in mammalian cells uniquely on αDG. Enzymes responsible for 

the synthesis of the alditol donor CDP-Rbo and for the Rbo5P transfer onto the O-mannosyl glycans 

have been identified.  

The driving force of the research presented here is the hypothesis that other mammalian proteins 

might also have glycans with Rbo5P and share a similar function to αDG. This work aimed to 

identify novel Rbo5P glycoconjugates through chemical tagging of Rbo5P residues and subsequent 

enrichment of tagged glycoproteins from cultured cells. A method for tagging, enriching and 

analysing by mass spectrometry glycoproteins modified with Rbo5P has been developed and tested. 

The method consists of oxidising glycoproteins bearing Rbo5P with sodium periodate to generate 

aldehydes, which can then be conjugated with aminooxy-biotin. The biotin tag was exploited for the 

enrichment of Rbo5P glycoconjugates from mammalian cell lysates using streptavidin pulldown. 

Proteins recovered this way were then digested into peptides and analysed by liquid 

chromatography coupled to mass spectrometry. Two putative Rbo5P-containing glycoproteins were 

identified using this method. Moreover, the chemical tagging to recombinant αDG revealed a new 

glycosylation site for the Rbo5P modification.  

 

 

 

 

 

 



3 

Author’s Declaration 

I declare that this Thesis is a presentation of original work, and I am the sole author. I received 

guidance and support in the process of writing this Thesis from my supervisors, Prof Jane Thomas-

Oates and Dr Lianne Willems. All the experiments described in this Thesis were performed by the 

author. This work has not previously been presented for a degree or other qualification at this 

University or elsewhere. All sources are acknowledged as references. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 

Acknowledgements 

I want to thank first my supervisors Prof Jane Thomas-Oates and Dr Lianne Willems. They have 

helped me grow not only as a scientist but also as a person. I also want to thank Prof Daniel Ungar 

for his feedback throughout my PhD. 

I would like to thank Ed Bergström and Dr Adam Dowle for their technical support. Thank you to 

everyone in JTO and Willems’ groups as well as in the Chemical Biology group for the fun shared 

in the last four years. Special thanks go to Karl Heaton. He has been a teacher, a friend and, when 

requested, a therapist! 

My family, despite the distance, is always just a phone call away. Thanks to my parents for their 

support and for teaching me the right values. I want to thank my friends for laughing with me when 

I needed it the most. Finally, thank you, Marco, for your smiles, which always let me know 

everything will be alright. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

Table of contents  

Chapter 1  Introduction   

1.1 Glycosylation          8 

1.2 O-mannosylation                   11 

1.3 O-mannosylated proteins                              17                    

1.4 α-Dystroglycan                    19 

1.4.1 Dystroglycanopathies                  22 

1.5 Glycoproteomics                   23 

1.5.1 Glycoprotein and glycopeptide enrichment                 23 

1.5.2 Metabolic oligosaccharide engineering (MOE)                                                          24 

1.5.3 Exploiting chemical properties of carbohydrates for enrichment                               26 

1.5.4 Mass spectrometric analysis                 28 

1.6 Research aims                    33 

Chapter 2  Method development for tagging, enriching, and analysing glycoproteins modified 

with ribitol-5-phosphate   

2.1 Introduction                    34 

2.2 Aims                     37 

2.3 Materials and Methods                   38 

2.3.1 Sodium periodate and biotinylation                38 

2.3.2 In-gel digestion                   38 

2.3.3 Streptavidin pulldown                  39 

2.3.4 Western blotting                   39 

2.3.5 Mass spectrometric analysis                             39 

2.3.6 Data analysis                                                       40 

2.3.7 Mass spectra annotation                                          41                                            

2.4 Results                     42 

2.4.1 Sodium periodate oxidises NeuAc on glycoproteins               42 

2.4.2 Aminooxy-biotin conjugates to oxidised NeuAc on glycoproteins                           49 

2.4.3 Sodium periodate treatment and biotin conjugation are selective for                        

               NeuAc                   54                                         

2.5 Conclusions                                56 

 

 



6 

Chapter 3  Development of a method for the overexpression and chemical tagging of  

recombinant aDG     

3.1 Introduction                              57 

3.2 Aims                     59 

3.3 Materials and Methods                  60 

3.3.1 Plasmid cloning                   60 

3.3.1.1 paDG-MycFLAG                             60   

3.3.1.2 paDG-S654A-MycFLAG                60           

3.3.1.3 pFLAGaDGh and pFLAGaDGr               60  

3.3.2 Cell culture and lysate preparation                 61 

3.3.3 Transfection and purifications of constructs                61 

3.3.4 Western blotting                   62 

3.3.5 Bioorthogonal ligation with aminooxy-biotin              63 

3.3.6 In-gel digestion                  63 

3.3.7 Mass spectrometric analysis                63 

3.3.8 Data analysis                             65 

3.4 Results                    65 

3.4.1 Expression of endogenous glycosylated αDG in mammalian cells            65 

3.4.2 Expression of recombinant αDG in mammalian cells             66 

 3.4.2.1 Cloned pαDG-MycFLAG is transfected in HEK293T  

and HEK293F cells                                                                           66 

3.4.2.2 Cloned pαDG-S654A-MycFLAG is transfected in HEK293F cells        72  

3.4.2.3 FLAG-tagged αDG is successfully expressed in HEK293T cells            75 

3.4.3 Analysis of recombinant αDG by mass spectrometry              78 

3.4.4 Rbo5P is detected in recombinant αDG                                                                    83 

3.5 Conclusions                              91 

Chapter 4  Towards the identification of novel proteins modified with ribitol-5-phosphate     

4.1 Introduction                                92 

4.2 Aims                               95 

3.3 Materials and Methods                                          96 

4.3.1 Bioinformatic search                  96 

4.3.2 Cell lysate preparation                  96 

4.3.3 Sialidase treatment                  97 



7 

4.3.4 Western blotting                              97 

4.3.5 Bioorthogonal ligation with aminooxy-biotin               97 

4.3.6 Streptavidin pulldown                             98 

4.3.7 In-gel digestion                  98 

4.3.8 Mass spectrometric analysis                 98 

4.3.9 Data analysis                  98 

4.3.10 Sequence alignment                99 

4.4 Results                  100 

4.4.1 Bioinformatic search of published proteomic data            100 

4.4.2 Tagging Rbo5P in cell lysates                         102  

4.5 Conclusions                             111 

Chapter 5  Discussion and future research              112 

5.1 Rbo5P-bearing glycopeptides are not identified by untargeted strategies                        112   

5.2 Chemical tagging of glycoproteins allows their selective enrichment and mass  

 spectrometric identification                                                                                       113 

5.3 Rbo5P is identified from full-length αDG                                                                        114  

5.4 Putative Rbo5P-containing proteins are identified in cell lysate after oxidation and  

 biotinylation                                                                                                                 116 

5.5 Candidates for follow-up studies and future recommendations                                        117 

List of abbreviations                 119 

References                   123 

 

  

 

  



8 

Chapter 1: Introduction 

1.1 Glycosylation 

The central dogma of molecular biology states that genetic information flows in one direction from 

DNA to RNA to proteins (Crick, 1958). In an organism, proteins represent the genome’s phenotype 

which is subject to change in time and space (Lamond et al., 2012). The greatest challenge of 

biologists nowadays is identifying as-yet uncharacterised proteins and understanding their function 

and interactions. The identification of a protein in a biological sample is only the first step towards 

its full characterisation. To study the biological activity of a protein or its role within the cell, 

consideration should also be given to a protein’s post-translation modifications (PTMs). More than 

500 different PTMs are currently known to covalently modify amino acids in proteins (Keenan et 

al., 2021). These modifications affect protein characteristics such as enzyme function (Ryšlavá et 

al., 2013), protein folding (del Monte and Agnetti, 2014) and molecular trafficking (Karve and 

Cheema, 2011). Phosphorylation of serine or threonine residues and acetylation of lysine residues 

are among the most experimentally observed modifications of amino acids (Khoury et al., 2011). 

This does not necessarily imply that these PTMs are more abundant than others but could also 

suggest that certain PTMs are easier to study and identify. Glycosylation is an example of a PTM 

which is predicted to affect about 20% of proteins (Khoury et al., 2011; Z. Li et al., 2021), yet is 

challenging to elucidate experimentally. Glycosylation refers to a covalent bond, formed during or 

after translation of the protein, between a mono/oligo/polysaccharide, or glycan, and an amino acid. 

Glycosylation has a structural function on membrane and secreted proteins since it protects them 

from protease activity (Arike and Hansson, 2016; Corfield, 2015), as well as on newly synthesised 

proteins helping the correct folding to take place and maintaining their conformation and solubility 

(Shental-Bechor and Levy, 2008). Glycans are also used to modulate interactions between proteins, 

acting as on/off switches, for example in the case of growth factor receptors where glycosylation 

‘activates’ them and enables them to bind their target (Cole, 2010). Moreover, glycoproteins on the 

cell surface mediate cell recognition and signalling (Rudd et al., 2001),   

The two most common types of glycosylation are N-linked and O-linked, referring to the type of 

bond by which the glycan is attached to the protein. N-glycosylation is characterised by the bond 

between the glycan and the amidic nitrogen of an asparagine residue; the N-glycan has a common 

core structure (two N-acetylglucosamine (GlcNAc) and three mannose (Man) residues) which can 

be further modified and extended in a variety of different ways. In eukaryotes, N-glycan 

biosynthesis is initiated in the endoplasmic reticulum (ER), where the first steps of processing 

occur, followed by further elongation and branching of the glycans in the Golgi apparatus. More 
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specifically, a precursor made of three glucose (Glc), nine Man and two GlcNAc residues 

(Glc3Man9GlcNAc2) is built on a lipid-like molecule (dolichol-phosphate (Dol-P)) on the cytosolic 

side of the ER membrane. Glycosyltransferases (GTs) are responsible for the precursor synthesis 

using an activated monosaccharide donor (sugar nucleotide) to create a new covalent bond between 

the monosaccharide and either a lipid (the first GlcNAc added to Dol-P) or another monosaccharide 

(Schenk et al., 2001). The glycan precursor Man5GlcNAc2 is flipped into the ER lumen, extended to 

have Glc3Man9GlcNAc2 and transferred ‘en-bloc’ from the Dol-P-linked donor onto a protein by the 

oligosaccharyltransferase, after which it is further processed in the lumen of the ER by glycosidases 

(GHs), which remove monosaccharides from the glycan. The newly synthesised glycoprotein 

undergoes a quality control cycle to ensure the correct folding and eventually moves to the Golgi, 

where other enzymes modify the N-glycan (Herscovics, 1999). 

O-glycosylation is characterised by the bond between the glycan and the hydroxyl group of a serine, 

threonine or, less often, tyrosine or hydroxyproline residue. O-glycans are directly synthesised on 

the target protein by GTs, which create a covalent glycosidic bond between a monosaccharide and 

the protein, using a nucleotide-activated sugar as the donor; once added to the protein, the 

monosaccharide can act in turn as an acceptor and be further extended by GTs making more 

complex glycans. In O-glycoproteins, the first monosaccharide of a glycan commonly defines its 

glycosylation class. O-GalNAcylation (O-linked N-acetylgalactosamine) initiates in the Golgi and 

involves the synthesis of O-GalNAc glycans characterised by different core structures (Figure 1.1), 

which can be extended with galactose (Gal), GlcNAc, fucose (Fuc), or sialic acid (NeuAc).  

 

Figure 1.1/ O-GalNAc glycan core structures 

The glycans are often found on proteins collectively named mucins. One feature that all mucins 

share is the presence of a domain rich in Ser and Thr residues, which are the sites of O-
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GalNAcylation (Davis et al., 1986). Mucins are heavily glycosylated proteins present at epithelial 

surfaces of the body, which they protect from external agents or pathogens. An example is the 

gastrointestinal tract, where mucins form two layers of mucus gel used to prevent colonisation of 

the epithelium by enteric bacteria (Hansson and Johansson, 2010). The function is achieved thanks 

to the O-glycans creating a viscous environment that traps microbes. O-xylosylation (O-linked 

xylose (Xyl)) initiates in the Golgi and is found in proteoglycans, a family of glycoproteins bearing 

linear polysaccharides named glycosaminoglycans (GAG). GAGs such as heparan sulfate, 

chondroitin sulfate and dermatan sulfate all share the same core structure made of a tetrasaccharide 

bound to Ser or Thr through O-linked Xyl (Briggs and Hohenester, 2018; Fransson, 1968). 

Differences among GAG structures lie in the identity of the repeating disaccharide units that 

constitute the polysaccharide (Pedersen et al., 2000). The units consist of a hexosamine and a uronic 

acid sugar, which can be modified by sulfation in various positions. GAGs are essential in animals 

for their role in cell adhesion, growth factor signalling, and inflammatory response (Nicole et al., 

2000; Pilia et al., 1996). O-fucosylation (O-linked Fuc) starts in the ER and occurs on proteins that 

contain an epidermal growth factor (EGF) or a thrombospondin-type repeat (TSR) sequence (Luo et 

al., 2006). The O-linked Fuc covalently bound to Ser or Thr can be elongated to a tetrasaccharide in 

EGF or a disaccharide in TSR sequences, and a consensus motif on the protein is required for the 

modification to take place (Hofsteenge et al., 2001; Wang and Spellman, 1998). An example of 

EGF protein O-fucosylated is Notch, a cell-surface receptor involved in mammal embryonic 

development (Weinmaster and Kintner, 2003). The O-fucosylation in Notch regulates its signalling 

pathway and is necessary for the ability of the protein to bind its ligands (Rampal et al., 2007). EGF 

sequences like the one found in Notch are also O-glucosylated, and the glycans, O-linked Glc either 

single or elongated to a trisaccharide, occur at a consensus sequence (Acar et al., 2008; Sethi et al., 

2010). Similarly to O-fucosylation, the lack of O-glucosylation due to a mutation in the O-

glucosyltransferase in a protein like Notch causes development defects (Fernandez-Valdivia et al., 

2011). O-galactosylation (O-linked Gal) affects hydroxylysine on proteins in the ER and is found 

within collagen domains. Collagens have characteristic repeating repeats of glycine followed by two 

amino acids, more commonly proline and lysine (Spiro, 1967). O-galactosyl glycans on collagens 

are further modified with a single unit of Glc and regulate the protein folding and the size of the 

collagen fibrils (Tang et al., 2020). 

Unlike the types of glycosylation described so far, O-GlcNAcylation does not occur in the ER or the 

Golgi but in the nucleus and the cytoplasm. In most cases, the modification consists of a single O-

linked GlcNAc to Ser and Thr residues, not further elongated. This type of glycosylation is highly 

dynamic since it can be removed and installed multiple times on the same protein, similar to 
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phosphorylation. For this reason, it was discovered later compared to other types of O-glycosylation 

(Torres and Hart, 1984). There is an interplay between O-GlcNAcylation and phosphorylation, as 

the site of a protein can be alternatively modified with either of the two modifications in its lifetime. 

Moreover, O-GlcNAcylation can prevent or increase the phosphorylation of a specific protein (Liu 

et al., 2004). Most proteins exhibiting O-GlcNAc glycans are part of the RNA processing 

machinery, such as RNA polymerase II and its associated transcription factors, but also nuclear pore 

proteins (Comer and Hart, 2001). 

The characterisation of glycans and glycoproteins, which is part of the glycobiology field of study, 

is of great interest but also challenging. One of the main challenges is that information about the 

structure of a glycan is not encoded in the glycoprotein’s gene but instead depends on variables 

such as the levels of glycosyltransferases and availability of glycosyl donors, so it cannot be 

predicted directly from the gene sequence. The structural characterisation of glycans is further 

hampered by their heterogeneous nature (see Section 1.4.1). In the case of N-glycosylation, the 

attachment site for the N-glycan can be predicted. In fact, Asn residues can only carry an N-glycan 

if they are in the amino acid consensus sequence Asn–X–Ser/ Thr (where X can be any amino acid 

except proline) (Marshall, 1974). Nevertheless, the presence of a consensus sequence in a protein is 

not a guarantee of N-glycosylation. On the other hand, O-glycosylation does not have a consensus 

sequence and does not present a unique core structure, making it even more variable and 

unpredictable. Despite these challenges, much progress has been made in the characterisation of 

glycan structures and functions. This is especially true for N-glycans and O-GalNAc (often called 

mucin-type) glycans. Among the relatively less well understood classes of glycans is O-

mannosylation, a form of glycosylation that has gained increasing attention over the past decade 

because of its unique structures and its biomedical relevance (Sheikh et al., 2017; Taniguchi-Ikeda 

et al., 2016). 

1.2 O-mannosylation 

Among the O-glycosylation classes, O-mannosylation represents a relatively poorly studied class in 

mammals. The discovery of O-mannosyl glycans in yeast (Sentandreu and Northcote, 1969) paved 

the way for the characterisation of the O-mannosylation pathway in higher eukaryotes. In yeast, the 

protein O-mannosyltransferases (PMT1-4) are responsible for transferring Man from the activated 

donor dolichol-phosphate-mannose (Dol-P-Man) to a Ser or Thr residue of an acceptor protein 

(Strahl-Bolsinger and Tanner, 1991). The glycosylation starts in the ER lumen and continues in the 

Golgi, where multiple units of Man are added to the O-linked Man using GDP-Man as the donor, 

forming a linear glycan. In higher eukaryotes, a protein homologue to PMTs was identified first in 
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the mutated Drosophila melanogaster with a rotated abdomen (Martin-Blanco and Garcia-Bellido, 

1996). The same protein was later found to have homologues in mammals (Jurado et al., 1999), 

which led to the identification of mammalian protein O-mannosyltransferases (POMT1 and 

POMT2). Like in yeast, the classical pathway of O-mannosylation in mammals starts in the ER, 

where POMT1 and POMT2 are in charge of transferring Man from Dol-P-Man to the protein. The 

pathway regulated by POMT1 and POMT2 selectively modifies a few proteins, including α-

dystroglycan (αDG) and an uncharacterised membrane protein (KIAA1549) (Vester-Christensen et 

al., 2013). Two other pathways for the O-mannosylation of proteins exist. One depends on a 

homologous family of protein O-mannosyltranferases encoded by TMTC1-4 genes (transmembrane 

and tetratricopeptide repeat containing) (Larsen et al., 2017). Substrates for this pathway are the 

protein superfamily of cadherins and protocadherins, which are responsible for cell-cell adhesion 

(Brasch et al., 2012)  and fulfil this function through their O-mannosyl glycans (Lommel et al., 

2013). The last pathway depends on the TMEM260 gene, which encodes a protein with structural 

similarities to O-mannosyltransferases (Larsen et al., 2023). The corresponding gene product, the 

enzyme TME260, is responsible for the O-mannosylation of plexins, which are transmembrane 

protein receptors for semaphorins, a group of extracellular proteins responsible for neurite growth 

and changes to the cytoskeleton outside the neuronal system (Perälä et al., 2012).  

The O-mannosyl modification is conserved from fungi to mammals as it takes its first step in the 

same location (ER lumen) using the same activated donor (Dol-P-Man). Nevertheless, in mammals, 

the O-mannosylation pathway diverges from the fungi one as mature O-mannosyl glycans are not 

linear chains of Man units. In fact, after the addition of the O-linked mannose by POMT1 and 

POMT2, the glycan is further elongated in mammals, giving three possible structures (Figure 1.2) 

named core m1, m2 and m3 (Praissman and Wells, 2014). After transport of the O-mannosylated 

protein from the ER into the Golgi, protein O-linked mannose β-1,2-N-

acetylglucosaminyltransferase 1 (POMGnT1) transfers GlcNAc from the activated donor uridine 

diphosphate (UDP)-GlcNAc to the O-Man, generating core m1 (GlcNAcβ1-2Man). The enzyme 

MGAT5B (β-1,6-N-acetylglucosaminyltransferase) catalyses the formation of the GlcNAcβ1-6Man 

linkage after the activity of POMGnT1, generating core m2 (GlcNAcβ1-6 (GlcNAcβ1-2)Man). The 

GlcNAc moieties of cores m1 and m2 can each be modified by the enzyme B4GALT (β-1,4-

galactosyltransferase) with Gal in a β-1,4 linkage. The resulting O-mannosyl glycans are named 

core M1 and M2 (Praissman and Wells, 2014) and are found on αDG, where they can be further 

capped with NeuAc in α-2,3 linkages (Stalnaker et al., 2010). Cores m1 and m2 can also be found 

extended from GlcNAc to form structures such as the Lewis X (Galβ1-4(Fucα1-3)GlcNAc-) and the 

HNK-1 epitopes (HSO3-3GlcAβ1-3Galβ1-4GlcNAc-, where GlcA stands for glucuronic acid). 
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These glycans are found in the brain on a protein named phosphacan and are essential for brain 

development (Morise et al., 2014a; Yaji et al., 2015). Lastly, among the O-mannosylated proteins in 

mammals, lecticans are modified with extended core m1 or m2 structures and are important for the 

structural stability of the brain tissue (Pacharra et al., 2013). 

 

Figure 1.2/ Structures of the three core O-mannosyl glycans known in humans. Glycan biosynthesis 

starts in the ER with protein O-mannosyltransferase 1/2 (POMT1 and POMT2) and continues in the 

ER for core M3 while it proceeds in the Golgi for cores M1 and M2. Glycosidic linkage 

configuration and enzymes responsible for the biosynthesis of the glycans are indicated. 

Differently from cores m1 and m2, the processing of core m3 proceeds in the ER (Yoshida-

moriguchi et al., 2013). Here, the enzyme POMGnT2 (protein O-linked mannose β-1,4-N-

acetylglucosaminyltransferase 2) catalyses the transfer of GlcNAc to O-linked mannose in β-1,4 

linkage, generating the core m3 structure. αDG is the only example known of a protein modified by 

POMGnT2 so far. POMGnT2 selectively acts on the O-mannosylated Thr residues in the “TPT” 

motif of αDG (Halmo et al., 2017; Imae et al., 2021). Upstream of the modification site, a motif 

“RXR” (where X can be any amino acid) has been shown to be important but not essential for the 

enzyme activity (Halmo et al., 2017). Moreover, residues downstream of the “TPT” motif are 

involved in the enzyme recognition of the protein, but no consensus sequence was identified in this 

region (Imae et al., 2021). POMGnT2 causes the O-mannosylation pathway to split in two. It acts as 
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a gatekeeper enzyme since the O-mannosylation sites it modifies cannot be substrates for 

POMGnT1. The modification of these sites continues in the ER to form core M3 structures (Halmo 

et al., 2017). The O-mannosylated sites that POMGnT2 does not modify in the ER may proceed to 

be modified by the POMGnT1 enzyme when the nascent glycoprotein moves to the Golgi apparatus 

(Figure 1.3). Next, in the M3 pathway, the GlcNAc is modified by β1,3-N-

acetylgalactosaminyltransferase 2 (B3GALNT2), which adds GalNAc in β-1,3 linkage. The 

resulting glycan becomes the substrate for protein O-mannose kinase (POMK), which adds a 

phosphate to the oxygen on C6 of the mannose. The resulting glycan, GalNAcβ1-3GlcNAcβ1-

4(phospho-6)Man, is referred to as core M3 (Praissman and Wells, 2014).  
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Figure 1.3/ The biosynthetic pathway of O-mannosyl glycans in mammals.  

POMT1/2, protein O-mannosyltransferase 1/2; POMGnT1, protein O-linked mannose O-1,2-N-

acetylglucosaminyltransferase 1; POMGnT2, protein O-linked mannose O-1,4-N- 

acetylglucosaminyltransferase 2; B3GALNT2, β1,3-N-acetylgalacosaminyltransferase 2; POMK, 

protein O-mannose kinase; FKTN, fukutin; FKRP, fukutin-related protein; TMEM5, ribitol β1,4-

xylosyltransferase; B4GAT1, β1,4-glucuronyltransferase 1; LARGE like-

acetylglucosaminyltransferase; MGAT5B, β-1,6-N-acetylglucosaminyltransferase; B4GALT β-1,4-

galactosyltransferase. 

 

Core M3 glycans have been found to date exclusively on αDG and they can be further extended in 

the Golgi apparatus. The enzyme fukutin (FKTN) transfers ribitol-5-phosphate (Rbo5P) from CDP-

ribitol (CDP-Rbo) to the 3-position of the GalNAc residue of the core M3 glycan while the enzyme 

fukutin-related protein (FKRP) adds a second Rbo5P to the 1-position of the first Rbo5P (Figure 

1.4) (Gerin et al., 2016; Kanagawa et al., 2016). FKTN and FKRP share homology in their 

sequences but have different activities. In fact, FKRP is not able to add the first Rbo5P in place of 

FKTN and neither of the two enzymes can add extra Rbo5P moieties onto the glycan (Gerin et al., 

2016). The crystal structure of FKRP with sugar donor and acceptor showed that the enzyme exists 

in solution as a tetramer (Kuwabara et al., 2020). One subunit recognises the phosphate group of 

Rbo5P, and a different subunit recognises the phosphate on the O-linked Man. These interactions 

are essential for enzyme activity and could explain why FKRP can form them exclusively on a 

peptide bearing a single unit of Rbo5P. 

 

 

Figure 1.4/ Structure of the core M3 glycan, which is uniquely found in αDG, extended with a 

tandem repeat of ribitol-5-phosphate (Rbo5P) which elongates the core m3 structure.  
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Rbo5P is an alditol that had until recently not been known to exist in humans, yet is commonly 

found in gram-positive bacteria as part of the teichoic acids present in the cell wall (Brown et al., 

2013). In 2016, Rbo5P was found for the first time in mammalian cells by three different groups 

(Kanagawa et al., 2016; Praissman et al., 2016; Yagi et al., 2016). RboP was identified as part of the 

extended core M3 glycan structure on αDG and was uniquely found in this mammalian protein. The 

tandem repeat of Rbo5P is still further processed in the Golgi by the enzyme ribitol β1,4-

xylosyltransferase (TMEM5), which adds xylose (Xyl) in β1,4 linkage to the second Rbo5P, 

followed by the enzyme β1,4-glucuronyltransferase 1 (B4GAT1) which adds GlcA in β1,4 linkage 

to Xyl. The full extension of core M3 glycans is completed by the activity of the enzyme like-

acetylglucosaminyltransferase (LARGE). LARGE is a bifunctional enzyme with Xyl and GlcA 

transfer activities (Inamori et al., 2012). In particular, the enzyme adds sequentially Xyl, to the 

existing GlcA on core M3, and then GlcA to the attached Xyl, forming the disaccharide GlcAα1-

3Xylα1-3. The disaccharide unit can be added multiple times forming an oligo/polysaccharide 

named matriglycan (Yoshida-Moriguchi and Campbell, 2014). αDG is thus far known to be an 

exclusive substrate for LARGE while the enzyme’s paralog, LARGE2, modifies both αDG and 

proteoglycans such as glypican-4 (Inamori et al., 2016). In the case of glypican-4, the matriglycan is 

not added onto a core M3 glycan but is believed to be attached to an O-xylose glycan derived from 

the linkage region of a glycosaminoglycan structure (Inamori et al., 2016). 

1.3 O-mannosylated proteins 

The first examples of O-mannosyl glycans in mammals were discovered in the brains of rats (Finne 

et al., 1979), where this modification accounts for about 30% of the total O-linked glycans (Chai et 

al., 1999). αDG was the first O-mannosylated protein to be identified (Chiba et al., 1997), and since 

then, the importance of its glycosylation in the brain has been demonstrated by several studies 

(Nguyen et al., 2013; Satz et al., 2010; Wright et al., 2012; reviewed in Nickolls and Bönnemann, 

2018;). A few other O-mannosylated proteins were identified after the discovery of αDG. First, 

IgG2 overexpressed in Chinese hamster ovary (CHO) cells was shown to be modified on a Ser with 

a single O-linked Man (Martinez et al., 2007). Then, the glycosylation of the signal transducer 

CD24 was studied, and core M1 and M2 glycans were identified (Bleckmann et al., 2009). At that 

point, αDG was still the only O-mannosylated protein identified in the brain, but O-mannosyl 

glycans could still be identified in the brain of DAG1 knockout mice (Stalnaker et al., 2011). After 

the Stalnaker study, other proteins were identified as O-mannosylated in the brain, such as receptor-

type tyrosine-protein phosphatase zeta (PTPRZ1) (Dwyer et al., 2012; Morise et al., 2014; Trinidad 

et al., 2013), neurofascin 186 (Pacharra et al., 2012), and lecticans (Pacharra et al., 2013). A more 

targeted protocol was developed by the Clausen group with the aim of enriching and analysing 
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proteins modified with O-linked Man (Vester-Christensen et al., 2013). To achieve that, the breast 

cancer line MDA-MB-231, where POMGnT1 is inactive, was used to produce truncated O-glycan 

structures with O-linked Man. Proteins modified with such glycans could be enriched by lectin-

weak affinity chromatography and analysed by mass spectrometry. Over 50 new O-mannosylated 

proteins, mostly belonging to the cadherin, protocadherins or plexin families, were identified. In the 

following years, the glycosylation of the proteins discovered was demonstrated to be unaffected by 

the activity of POMGnT1. In fact, cadherins, protocadherins and plexins O-mannosyl glycans are 

not extended to make core M1 or M2 structures (Larsen et al., 2023, 2017). A list of known O-

mannosylated proteins is shown in Table 1.1.  

 

Table 1.1/ List of known O-mannosylated proteins (Abbott et al., 2008;Bartels et al., 2016; 

Bleckmann et al., 2009; Dwyer et al., 2012; Lommel et al., 2013; Pacharra et al., 2013, 2012; 

Sheikh et al., 2017; Stalnaker et al., 2010; Vester-Christensen et al., 2013; Winterhalter et al., 2013) 

 

 

 

Protein name Uniprot ID

Cadherins
P12830,Q9UEJ6,Q9NYQ6,Q9HCU4,P55287 P55290,Q9H159,

P19022,Q9H251,P22223, P55283,P55285,P55286,P55288,
Q9WTR5,G1TL92

Desmocollin-2 Q02487
Desmoglein-2 Q14126
Dystroglycan Q14118

Hepatocyte growth factor receptor P08581
inter-alpha-trypsin inhibitor 5 Q8BJD1

Intercellular adhesion molecule 1 P05362
Lecticans P55066, F1N2Y8, P81282

Macrophage-stimulating protein receptor Q04912
Neurexin 3 Q6P9K9

Neurofascin 186 Q810U3

Plexins Q9UIW2, O75051, O43157, O15031,
 Q9ULL4, Q9Y4D7, P70206, B2RXS4

Protein disulfide-isomerase P07237
Protein disulfide-isomerase A3 P27773 P30101

Protocadherins

Q9Y5I4,Q9UN67,Q9Y5F2,Q9Y5E9,Q9Y5E7,Q9UN66,Q9Y5E1,
Q14517,Q8BNA6,Q9QXA3,Q6V0I7,Q9Y5H3,Q9Y5G9,Q9Y5G3,
Q9Y5G2,Q9UN70,Q9Y5F6,Q08174,Q9P2E7,Q9NPG4,Q96JQ0,
O14917,O14917,Q9HCL0,O95206,Q91XX5,Q91Y09,F8VPK8,

E9PXQ7,Q91XY7,Q9HC56
Receptor-type tyrosine-protein phosphatase beta P23467
Receptor-type tyrosine-protein phosphatase zeta B9EKR1

Sinal transducer CD24 P24807
SUN domain-containing ossification factor Q9UBS9

TGF-beta receptor type-1 P36897
UPF0606 protein KIAA1549 Q9HCM3
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1.4 α-Dystroglycan 

Dystroglycan was first identified in skeletal muscle tissue (Ervasti and Campbell, 1991) as part of 

the dystrophin-glycoprotein complex (DGC), a multimeric transmembrane protein complex 

connecting skeletal muscle cells to the basement membrane (Ibraghimov-Beskrovnaya et al., 1992). 

The dystroglycan gene (DAG1) is highly conserved in vertebrates and is transcribed into a single 

mRNA that translates into a proprotein (895 amino acids in humans) which is auto-proteolytically 

cleaved into two subunits, αDG and β-dystroglycan (βDG) (Holt et al., 2000). αDG is a highly 

glycosylated protein with both N- and O-glycans making the molecular weight (MW) of the protein 

rise from ~40 kDa (unmodified) to ~156 kDa in skeletal muscle and ~120 kDa in brain 

(Ibraghimov-Beskrovnaya et al., 1992). The structure of αDG is characterised by three domains: an 

N-terminal domain (29-316), a central domain (317-485) and a C-terminal domain (486-653) 

(Figure 1.5). The N-terminal domain facilitates αDG O-glycosylation, allowing the full extension of 

core M3 with matriglycan (Okuma et al., 2023), and is eventually removed from αDG by the action 

of the protease furin (Singh et al., 2004). The central domain of αDG is also referred to as a mucin-

like domain because, similarly to mucins, it contains variable O-glycosylated tandem repeat 

domains rich in Pro, Thr, and Ser (Bansil and Turner, 2018). In this domain, all the O-linked 

glycans of αDG are located. Sites with O-linked N-acetylhexosamine (HexNAc) were first 

identified in αDG from human skeletal muscle (Nilsson et al., 2010) and later identified as O-

GalNAc modification sites (Steentoft et al., 2011). The αDG mucin-like domain also contains O-

mannosyl glycans, which were first identified in bovine peripheral nerve (Chiba et al., 1997) and 

rabbit skeletal muscle (Sasaki et al., 1998) as core M1 capped with NeuAc. Later, core M2 and M3 

glycans were identified in αDG (Stalnaker et al., 2010; Yoshida-Moriguchi et al., 2010). Core M1 

glycans are more abundant than cores M2 and M3 and are thought to assist the recruitment of core 

M3 GTs, in particular FKTN (Xiong et al., 2006).  
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Figure 1.5/ Schematic of the domains present in the DAG1 polypeptide. O-mannosylation sites are 

highlighted in red. SP refers to the signal peptide; TMR refers to the transmembrane domain. 

 

In addition to skeletal muscle and brain, αDG is expressed in several fetal and adult human tissues 

such as lung, liver, and kidney (Ervasti and Campbell, 1993). Tissues of the digestive tract, skin and 

reproductive organs also express αDG (Durbeej et al., 1998). In non-muscle tissues, αDG is found 

in cell types that are in contact with the basement membrane, such as epithelial and neural tissue, 

because of its role in the assembly of the basement membrane (Henry and Campbell, 1998). In early 

development, αDG is needed for the correct formation of Reichert’s membrane, one of the earliest 

basement membranes that form in the embryo (Smith and Strickland, 1981). Dystroglycan deletion 

does not allow complete early mammalian embryonic development and leads to embryonic lethality 

(Williamson et al., 1997). αDG interacts with extracellular matrix (ECM) components such as 

laminin, agrin and perlecan (Bowe et al., 1994; Sugiyama et al., 1994) in the muscle tissue and the 

brain. In particular, laminin forms cell-associated networks that have mechanical functions by virtue 

of linking to the ECM. Distinct laminin isoforms are synthesised in different cell types (Yao et al., 

2015), resulting in crucial, tissue-specific activities; in the skeletal muscle, laminin is essential for 

muscle integrity (Holmberg and Durbeej, 2013), while in brain endothelial cells, it is important for 

neuronal migration (Holzfeind et al., 2002). While binding to laminin, αDG is also indirectly 

connected to the cytoskeleton inside the cell through a non-covalent bond with the transmembrane 

protein βDG, which in turn binds cytoskeletal proteins such as dystrophin. In this way, dystroglycan 

acts as a transmembrane linker between the cytoskeleton and the extracellular matrix (Figure 1.6). 
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The link between αDG and the ECM is dependent on modification of the glycoprotein with core M3 

glycans elaborated with matriglycan and plays a significant role in maintaining muscle membrane 

integrity. For this reason, non-functional αDG, which is not appropriately glycosylated and unable 

to bind laminin, is responsible for a class of neuromuscular diseases that are collectively named 

dystroglycanopathies. Given the connection between core M3 glycans and dystroglycanopathies, 

several studies have focused on the analysis of core M3 biosynthetic pathways. Strikingly, in 2016 a 

novel glycosylation pathway responsible for the Rbo5P modification was discovered during 

attempts to characterise the structure of core M3 glycans extended with matriglycan (see section 

1.2). The tandem Rbo5P repeat was identified in αDG by mass spectrometry thanks to the 

expression of an αDG-derived peptide carrying the site for core M3 glycosylation with an Fc 

(fragment crystallisable) tag used for enrichment of the peptide by immunoprecipitation (Kanagawa 

et al., 2016). After enrichment, hydrofluoric acid treatment was used to cleave the phosphodiester 

bonds of the Rbo5P linker, allowing the site of core M3 attachment to be identified. The presence of 

Rbo was determined by mass spectrometry through monosaccharide composition analysis of the 

glycans released from the enriched glycopeptide. A similar study, also expressing a recombinant 

glycopeptide carrying a site for core M3 glycosylation, was able to identify the glycan structure 

elongated with just one Rbo5P or glycerol phosphate (GroP), as well as a structure modified with 

the tandem Rbo5P linker and one GlcA-Xyl disaccharide (Yagi et al., 2016).  
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Figure 1.6 / Molecular organization of the dystrophin-glycoprotein complex (DGC). The 

glycosylated protein αDG participates in the DGC and mediates interactions with the extracellular 

matrix (ECM) binding laminin through the polysaccharide matriglycan. Indirectly, αDG binds actin 

inside the cell through a non-covalent bond with the transmembrane protein βDG, which in turn 

binds dystrophin. 

 

1.4.1 Dystroglycanopathies 

Dystroglycanopathies are a series of genetic diseases that cause muscular dystrophy, brain 

malformations and eye abnormalities. These diseases are related to the aberrant glycosylation of 

αDG, which is found to be hypoglycosylated in patients affected by dystroglycanopathies. In 

particular, the αDG core M3 glycan, if not fully extended with matriglycan, is unable to fulfil its 

function of binding to the ECM. Disruption of the glycosylation pathway can be caused by 

mutations in the αDG gene itself or in any of the genes responsible for the enzymes involved in the 

biosynthesis of the core M3 glycans. A disease is classified as a primary dystroglycanopathy if a 

mutation occurs in the gene DAG1 which encodes dystroglycan, and secondary if it is caused by 

defects in glycosylation enzymes required for the O-mannosylation of αDG. Last, mutations of 

enzymes involved in the synthesis of sugar donors used to synthesise O-mannosyl glycans are 

responsible for tertiary dystroglycanopathies. A DAG1 mutation in the N-terminal domain of αDG 

affects the length of the matriglycan causing limb-girdle muscular dystrophy (LGMD) and 

cognitive impairment (Geis et al., 2013; Hara et al., 2011), and is an example of primary 

dystroglycanopathy. Mutations in the genes encoding POMT1/2  (Akasaka-Manya et al., 2004), 

POMGnT2, B3GALNT2 and POMK (Jae et al., 2013) cause Walker-Warburg syndrome (WWS). 

WWS is an example of a secondary dystroglycanopathy and is a disorder characterised by 

congenital muscular dystrophy and brain malformations. Other examples are muscle-eye-brain 

disease (MEB) caused by a mutation in the gene encoding POMGnT1 (Yoshida et al., 2001), and 

congenital muscular dystrophy type 1D (MDC1D) caused by mutations in the LARGE gene. 

Notably, the enzymes responsible for transferring Rbo5P onto core M3, FKTN and FKRP, can also 

be inactive due to mutations and this similarly leads to dystroglycanopathies (Kanagawa and Toda, 

2017). In particular, Fukuyama-type congenital muscular dystrophy (FCMD) results from mutations 

in FKTN and leads to congenital muscular dystrophy and eye abnormalities (Kobayashi, et al., 

1998), while a mutation in FKRP is the cause of MDC1C (M. Brockington et al., 2001) and a form 

of LGMD named LGMD21 (Martin Brockington et al., 2001). Lastly, malfunctioning of the 

enzymes involved indirectly in the synthesis of core M3 glycans is responsible for tertiary 
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dystroglycanopathies. An example is the isoprenoid synthase domain-containing protein (ISPD), 

which synthesizes CDP-Rbo, and has been reported to be mutated in subjects affected by WWS 

(Willer et al., 2012). 

 

1.5 Glycoproteomics 

The importance of glycosylation is evident when considering all the processes it regulates in an 

organism. Moreover, altered glycosylation is the cause of various diseases like cancer (Rodrigues et 

al., 2018), infection (Bhat et al., 2019) and neurological disorders (Paprocka et al., 2021), as well as 

the dystroglycanopathy examples discussed above (section 1.3.1). Research aimed at generating a 

better understanding of the roles of glycosylation has pushed the development of methods for the 

analysis of the glycoproteome, which translates into the identification of glycoproteins, 

glycosylation sites and glycan compositions. Glycoproteomics has the objective of studying the 

glycoproteins present in an organism at a certain time, place and under specific biological 

conditions. A typical glycoproteomic experiment requires the isolation of proteins from cells or 

tissue, the enrichment of glycoproteins, their digestion into peptides and the analysis of these 

peptides and glycopeptides by liquid chromatography (LC) coupled to mass spectrometry (LC-

MS/MS). Examples of enrichment strategies and mass spectrometric analyses are provided below. 

 

1.5.1 Glycoprotein and glycopeptide enrichment 

Studying glycosylation represents a challenge because the information about the structure of a 

glycan present on a glycoprotein is not written in the gene encoding the glycoprotein. In fact, glycan 

structures are diverse, often cell-type specific, and can change in response to stimuli. The specific 

glycosylation site cannot be predicted for O-glycans. While it can be predicted for N-glycans, the 

presence of a consensus sequence in a protein does not guarantee the presence of a glycan. The 

result is that only a fraction of the N-glycan sequons or the Ser and Thr residues in a given 

glycoprotein are glycosylated, a characteristic of glycosylation called macroheterogeneity. 

Glycoproteomic studies are also hampered by microheterogeneity of glycosylation, which reflects 

the presence of different glycan structures on the same glycosylation site at different times or on 

different copies of the same protein at the same time (Stanley and Sudo, 1981). Finally, the poor 

ionisation efficiency of glycosylated peptides compared to their non-glycosylated counterparts 

makes detection by mass spectrometry difficult. To overcome these issues, a glycoproteomic 

experiment usually requires an enrichment step aimed at recovering a defined set of glycoproteins 
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from a complex sample and separation of peptides and glycopeptides following glycoprotein 

digestion.  

Glycoprotein enrichment can be achieved by a variety of different methods. The first is lectin 

affinity purification which exploits the interaction of a glycoprotein with a lectin. Lectins are 

carbohydrate-binding proteins with specific affinities towards certain glycan structures or more 

often substructures; lectins can be immobilized on a solid support, such as agarose, and used to 

enrich glycoproteins. Concanavalin A (ConA) is an example of a lectin which recognises terminal 

Man and Glc (Becker et al., 1975) and has an affinity for N-glycans (Morelle et al., 2006). ConA 

affinity purification has been used to study O-mannosylation in mammalian cells. Specifically, a 

stable gene knockout of POMGnT1 prevented the elongation of O-linked Man into core M1 and M2 

structures allowing mono-O-mannosylated glycopeptides to be enriched by ConA affinity protocols 

(Vester-Christensen et al., 2013). A similar approach has been used to study O-GalNAcylation 

(Steentoft et al., 2011). For this purpose, cell lines underwent a stable gene inactivation of cosmc, 

which encodes a protein required for the elongation of O-linked GalNAc, and the resulting mono O-

GalNAc glycopeptides were enriched using Vicia villosa lectin (VVL), a lectin specific for terminal 

O-GalNAc (Tollefsen and Kornfeld, 1983).  

1.5.2 Metabolic oligosaccharide engineering (MOE) 

An alternative method of enrichment involves a chemical biology approach termed metabolic 

oligosaccharide engineering (MOE). MOE is a technique in which unnatural tags are introduced 

into cellular glycans with the aim to enable the labelling, enrichment and eventually identification 

of glycoproteins and glycopeptides, for example by mass spectrometry. MOE involves the use of an 

unnatural monosaccharide, which is fed to cells and incorporated into glycans by the cell’s own 

glycosylation machinery. The unnatural monosaccharide carries a chemical reporter that can be 

conjugated with a complementary reporter group (or probe) after its incorporation into a glycan. 

The probe is used to visualise or enrich all the glycoproteins containing the unnatural 

monosaccharide, after which the enriched glycoproteins can be digested into peptides and analysed 

by mass spectrometry. The reaction between the chemical reporter and the probe is referred to as a 

bioorthogonal chemical reaction and has the characteristics of being selective, non-toxic and 

efficient under mild, aqueous conditions. This is important since the reaction happens in a 

biological context in the presence of many other proteins and other molecules that can possibly 

interfere with the reaction.  

The different functional groups introduced on a monosaccharide can be exploited to tag 

glycoproteins by making use of their unique chemical reactivity. Aldehydes and ketones can be 
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conjugated with a probe modified with an aminooxy or hydrazide by oxime and hydrazone ligation, 

respectively (Kölmel and Kool, 2017). Alkynes can react with an azide probe by a Cu(I)-catalyzed 

[3 + 2] cycloaddition (Rostovtsev et al., 2002), and the reverse sequence, reacting an azido-

monosaccharide with an alkyne probe, is also used. Moreover, azides can react with 

triarylphosphine probes via Staudinger ligation (Saxon and Bertozzi, 2000) or with cycloalkyne 

probes via a strain-promoted [3+2] cycloaddition reaction (Agard et al., 2004). The resulting 

labelled glycoproteins can be detected and enriched by exploiting the conjugated probe. The 

detection is direct when fluorescent probes are used, and Cy5 is an example of this (Chang et al., 

2007). In the case of probes based on biotin or FLAG-peptide (with sequence DYKDDDDK), the 

detection is indirect because these tags need to be visualised using a secondary reagent like 

fluorescein-5-isothiocyanate (FITC) avidin (Saxon and Bertozzi, 2000) and FITC-anti-FLAG 

antibody (Kiick et al., 2002). The same affinity probes can also be exploited to purify glycoproteins 

from a complex largely unlabelled background, using streptavidin or anti-FLAG agarose to enrich 

biotinylated or FLAG-tagged glycoproteins respectively.  

Based on the type of glycosylation under investigation, a specific type of unnatural monosaccharide 

must be synthesised.  The monosaccharide is functionalised and per-O-acetylated to allow its 

passage through the cell membrane into the cell. An example of a functionalised monosaccharide 

used as a chemical reporter is Ac4GalNAz, the azido-tagged version of GalNAc, which has been fed 

to cells (Hang et al., 2003) and animals (Dube et al., 2006) to label various glycans. Ac4GalNAz is 

metabolised by the cell through the GalNAc salvage pathway which converts it to the activated 

UDP-sugar, which is then used as a donor by GalNAc transferases. Not every functionalised 

monosaccharide can be used as a substrate by the native enzymes present in the cell. For example, 

the alkyne version of GlcNAc, Ac4GlcNAlk, is not efficiently incorporated into glycoproteins (Batt 

et al., 2017). Nevertheless, the Ac4GlcNAlk can enter the metabolic pathways of a cell if the 

enzyme involved in the biosynthesis of UDP-GalNAc is mutated (Cioce et al., 2021).  

Despite the successes of these strategies, the design of novel MOE strategies is still challenging. 

First, if the non-native monosaccharide is unavailable commercially, it must be synthesised. Second, 

in vivo or in vitro experiments must be performed to show that the modified monosaccharides can 

be processed by the enzymes that act on the natural substrate, despite the presence of a new 

functional group. Last, the efficiency with which the unnatural substrate is incorporated into glycans 

must be taken into account; low incorporation efficiency could result in a low level of labelling as in 

the case of azido-fucose (Okeley et al., 2013). 
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1.5.3 Exploiting chemical properties of carbohydrates for enrichment 

A different strategy for the enrichment of glycoproteins involves directly modifying native glycans 

in vivo or in vitro to generate chemical reporters which can be covalently linked to an 

enrichment/affinity probe. From a chemical perspective, the potential of hydroxyl groups to be 

oxidized to ketones or aldehydes offers an attractive way to generate reactive groups amenable to 

further modification. Selective oxidation of specific hydroxyl groups can be achieved either 

enzymatically or chemically. In the first case, the enzyme galactose oxidase (GOase) is used to 

oxidise terminal Gal and GalNAc residues in glycoconjugates at C6, generating an aldehyde on the 

glycoproteins (Figure 1.7). The method was used to study collagen O-glycosylation by conjugating 

the aldehyde-modified glycoprotein with hydrazide beads through the formation of hydrazone 

bonds (Taga et al., 2012). Glycoproteins enriched this way were then released from the beads under 

acidic conditions and analysed by mass spectrometry. The oxidation of certain monosaccharides in 

glycoconjugates can also be achieved chemically. Specifically, monosaccharides such as Man, Gal, 

Fuc, and NeuAc with vicinal cis diols are susceptible to oxidation with sodium periodate, which 

results in the cleavage of the carbon-carbon bond between the two hydroxyl groups and 

concomitant formation of an aldehyde group. This approach was reported for the first time applied 

to N-glycosylated proteins which were pulled from a cell lysate after oxidation, exploiting the 

reactivity of the aldehyde groups produced on oxidation with the hydrazide functional group, which 

had been immobilized on a solid support (Zhang et al., 2003). NeuAc oxidation requires a 

concentration of sodium periodate (1 mM) that is lower than that used to oxidise other 

monosaccharides (15 mM) (Walker, 2002). This characteristic has allowed the selective detection of 

sialylated proteins on the cell surface of Chinese hamster ovarian (CHO) cells by exploiting the 

conjugation of oxidized NeuAc with aminooxy-biotin (Zeng et al., 2009) (Figure 1.7). 
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Figure 1.7 / Schematic diagram showing methods of monosaccharide oxidation and conjugation 

with probes. At the top, Gal on a glycoprotein is oxidised by GOase at C6 and is then conjugated 

with hydrazide-bearing beads by forming a hydrazone. At the bottom, NeuAc on a glycoprotein is 

oxidised at C7 with sodium periodate (NaIO4) and then conjugated with aminooxy-biotin by 

forming an oxime. 

 

Other studies used the selective oxidation of NeuAc to enrich sialylated glycoproteins and identify 

them by mass spectrometry. A strategy used to achieve that involved the capture of glycoproteins 

onto hydrazide beads followed by their digestion with a protease (Nilsson et al., 2009). Sialylated 

peptides, still attached to the beads, were released under mild acid conditions which break the bond 

between NeuAc and the penultimate monosaccharide in the glycan, resulting in the release of the 

desialylated glycopeptides from the beads. 

 

Rbo5P, similarly to NeuAc, has vicinal diols which are susceptible to periodate oxidation. Indeed, 

sodium periodate treatment has been proven to effectively generate an aldehyde on αDG 

glycopeptides modified with core M3 structures (Praissman et al., 2016) (Figure 1.8). In that study, 

a recombinant version of the αDG peptide carrying the core M3 glycan extended with matriglycan 

was expressed in cells, purified, and treated with sodium periodate. The treatment removed the 

matriglycan and reduced the mass of the glycopeptide allowing its detection by mass spectrometry. 
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Figure 1.8 / Schematic diagram of Rbo5P oxidation in a core M3 extended glycan. The oxidation 

with sodium periodate affects either the bond between C-2 and C-3 or that between C-3 and C-4 of 

Rbo5P, generating two different products. 

The oxidation of Rbo5P after sodium periodate treatment could also theoretically be exploited to 

generate an aldehyde that could act as a chemical reporter on Rbo5P-containing glycoconjugates. 

The aldehyde, susceptible to conjugation with an enrichment probe, would allow the enrichment of 

proteins modified with Rbo5P. 

 

1.5.4 Mass spectrometric analysis  

A glycoproteomics experiment can be designed in different ways. One approach consists of the 

digestion of enriched glycoproteins into peptides and glycopeptides, which are then analysed by 

LC-MS/MS. This digest and analyse approach is called bottom-up (glyco)proteomics since it 

identifies proteins present in a sample by matching generally only some of its constituent peptides. 

To enable detection, a sample in the liquid phase eluting from an LC column must enter the mass 

spectrometer as gas phase ions in order to be susceptible to the fields used in the mass analysers to 

separate the ions on the basis of their mass to charge ratios (m/z). Electrospray ionization (ESI) is an 

example of a soft ionisation technique that transfers ionised species from solutions into the gas 

phase. The sample enters an ESI needle to which a voltage is applied. The charged needle is 

responsible for attracting or repelling the analytes in solution which are also charged. Analytes 
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attracted this way are removed while the repelled ones stay in solution. The liquid passing through 

the needle is nebulized, often with the help of a stream of N2, into fine droplets containing the 

charged analytes. The ionisation chamber may be heated, and/or be furnished with a counter flow of 

N2 gas so that the solvent from the droplets evaporates over time and the electrical charge density 

on the surface of the droplet increases. Once the Rayleigh limit (the limit for the maximum density 

of charges in a droplet) is reached, charged analytes are expelled from the droplet and enter the gas 

phase. This model for ESI ion desolvation is called the ion evaporation model (IEM) (Nguyen and 

Fenn, 2007). An alternative model, the charged residue model (CRM), proposes a different 

mechanism for ion desolvation. In the CRM, once the Rayleigh limit is reached charge repulsion 

means the droplet explodes into smaller droplets and the cycle of solvent evaporation, droplet 

shrinkage and explosion repeats until all charged analytes have desolvated and reached the gas 

phase (Fernandez De La Mora, 2000). While IEM better explains the ionisation of small molecules, 

CRM describes the behaviour in the ionization chamber of larger molecules (above 1000 Da) 

(Wilm, 2011)  

Gas phase ions are transferred from the ionisation chamber to the mass analyser where they are 

analysed based on their m/z. An example of a mass analyser that is typically used for 

(glycol)proteomics applications is the Orbitrap (Figure 1.9). The reason the Orbitrap family of 

instruments are such powerful instruments in proteomics and glycoproteomics are their versatility, 

excellent detection limits, speed (allowing excellent proteomic penetration) and their excellent mass 

resolution (Makarov, 2000; Michalski et al., 2012). The Orbitrap mass analyser consists of a central 

electrode in the shape of a spindle elongated along the axial axis z, and an outer electrode kept at 

ground potential used to detect image current (Makarov, 2000). A small packet of ions with 

different m/z enter the Orbitrap simultaneously and are subjected to an axial and a radial electric 

field. The radial field pushes ions into a circular movement around the central electrode while the 

axial field induces an oscillatory movement along the z-axis. The oscillation is achieved by applying 

an axial electric field which is zero at the center of the electrode but progressively increases in 

opposite directions along the z axis. The result of combining radial, axial and rotational movement 

of an ion is a stable trajectory, around the central electrode, in the shape of a spiral. Ions with 

different m/z also oscillate around the central electrode with different frequencies. Each component 

of an ion’s movement has a frequency depending on the ion’s m/z and can be detected as image 

current by the outer electrode. Since only the axial frequency is independent of the initial energy 

and position of the ions, this is used to determine the ion’s m/z (Scigelova et al., 2011).  
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Figure 1.9/ Schematic of the Orbitrap. In red an example of a stable ion trajectory. The axial z and 

radial r axes are shown. (Adapted from LTQ-Orbitrap XL manual, Thermo Scientific) 

 

An example of a mass spectrometer equipped with an Orbitrap analyser is the Orbitrap FusionTM 

Tribrid™. The mass spectrometric analyses performed for the work described in this Thesis were 

achieved by LC-MS/MS using an Orbitrap FusionTM Tribrid™, therefore the set-up of the 

instrument is described in more detail here (Figure 1.10). The analysis of peptides or glycopeptides 

by mass spectrometry involves a sequence of events that are set up to take place in the mass 

spectrometer. First, the intensities and m/z values of all the ions injected into the Orbitrap are 

measured and presented as a mass spectrum. The m/z of a peptide detected in the mass spectrum is 

characteristic of the peptide’s composition, but a mass spectrum generated using a soft ionization 

technique, such as ESI, rarely contains fragment ions that provide information on the amino acid 

sequence of the peptide; therefore the peptide is isolated on the basis of its m/z, and fragmented, 

typically following ion acceleration and collision with molecules of a neutral gas, often nitrogen, in 

a process known as collision induced dissociation (CID). Careful choice of the CID energy input 

means that the majority of the product ions produced are so-called sequence ions that provide 

information on the amino acid sequence of the peptide. The product ions that result from these 

collisions are typically mass analysed in either the linear ion trap or in the Orbitrap to generate a 

product ion spectrum. The sequence of scanning to produce a mass spectrum, collision induced 

dissociation and product ion scanning is repeated sequentially throughout the LC run. The peptides 

selected for fragmentation are most commonly the ions in the mass spectrum with the highest 

intensities. This approach is known as data-dependent acquisition (DDA) since it chooses for CID 
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and product ion scanning the ions giving the most intense signals and is generally used when an 

unbiased identification of peptides is required. 

 

 

Figure 1.10/ Schematical view of the Orbitrap FusionTM TribridTM (adapted from Orbitrap FusionTM 

TribridTM manual, Thermo Scientific) 

 

CID fragmentation in the Orbitrap FusionTM TribridTM can be set up to take place in different parts 

of the instrument with different outcomes. In the ion-routing multipole, ions, previously accelerated, 

collide with an inert gas, converting a proportion of their translational energy to vibrational energy 

which causes fragmentation. This experimental arrangement has been called higher energy 

collision-induced dissociation (HCD) by Thermo.  It is a CID experiment using a slightly higher 

energy input than the alternative arrangement (see below), and fragments the peptide bond 

generating b- and y- type sequence ions (Figure 1.11). A lower energy input regime that the 

manufacturer refers to as CID, takes place in the linear ion trap of the Orbitrap FusionTM TribridTM. 

The disadvantage of the latter arrangement is that fragmentation efficiency is poor and so sequence 

ion intensities are compromised. While the collision energy put into the precursor ions is necessary 

to generate peptide product ions, one of the additional consequences is that several PTMs are bound 

to the peptide by bonds weaker than the peptide bond. These weaker peptide-PTM bonds (including 
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peptide-glycan bonds) fragment more readily than the peptide bonds. The result is that, while the 

composition of a PTM can still be derived from the difference between the m/z of the unmodified 

peptide and the m/z detected for the modified peptide in the mass spectrum, the PTM’s location on 

the peptide remains ambiguous. In the linear ion trap, electron transfer dissociation (ETD) can be 

set up to take place. ETD uses fluoranthene radical anions to transfer an electron to positively 

charged peptide ions, which can be mass selected for a product ion experiment. Electron transfer to 

multiply protonated peptide precursors reduces the charge of the latter and generates an unstable 

radical cation (Syka et al., 2004). Importantly, the radical cation fragments without energy 

randomization, which avoids the loss of the PTM, and the modified peptide undergoes 

fragmentation typically at the N-Cα bond of the peptide giving c- and z- type peptide sequence ions 

(Figure 1.11). ETD fragmentation by providing peptide sequence ions that avoid PTM loss makes it 

a very useful technique for analysing the site of modification with PTMs like glycosylation.   

 

Figure 1.11/ Fragmentation of a peptide and resulting fragments. The ions are classed as 

either a, b or c if the charge is retained on the N-terminal fragment. The ions are classed as 

either x, y or z if the charge is retained on the C-terminal fragment (Johnson et al., 1987). A 

subscript indicates the number of amino acid residues in the fragment.  
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1.6 . Research aims 

The recent discovery of the alditol Rbo5P in mammalian cells is fascinating, especially considering 

that the donor for Rbo5P (CDP-Rbo) was not among the monosaccharide glycosylation donors 

known in mammals (Ohtsubo and Marth, 2006). It is even more interesting to notice that only one 

protein, αDG, is known to be modified with Rbo5P in mammalian cells and that Rbo5P has not 

been found in any other glycans than the core M3 glycan. The fact that overexpression of a 

truncated form of αDG was required in all studies that identified Rbo5P in this glycan prompts the 

question of whether there are other glycoproteins in addition to αDG that have Rbo5P moieties in 

their glycans but have so far evaded detection. Another question that remains unanswered is that of 

the presence of Rbo5P (and the structure of the tandem Rbo5P linker) in endogenous αDG, which 

has not yet been demonstrated. 

The overall aim of the research presented in this Thesis was therefore to develop and test a method 

for the enrichment and analysis of glycoproteins modified with Rbo5P, which would facilitate the 

glycoproteomic analysis of endogenous αDG from mammalian cell lysates and the potential 

identification of novel Rbo5P-containing glycoconjugates.   

Among the strategies available for the enrichment of glycoproteins, lectin affinity purification was 

not considered as an option since lectins that recognise Rbo5P selectively are not known. Metabolic 

oligosaccharide engineering of Rbo5P, on the other hand, would first require the synthesis of Rbo5P 

functionalised analogues to be fed to cells, and their inclusion into the metabolism of natural Rbo5P 

would not be guaranteed. For these reasons, the method chosen for the enrichment of glycoproteins 

bearing Rbo5P involves the direct modification of native glycoconjugates to generate a chemical 

reporter that can be conjugated with an enrichment tag. In chapter two, the description of the 

method is laid out. It consists of the chemical modification of proteins by periodate, which affects 

selectively Rbo5P and NeuAc residues in glycans, followed by bioorthogonal ligation with biotin. 

The biotinylated protein can then be enriched by streptavidin pulldown. In chapter two, the results 

are presented of testing the method on a sialylated model protein to establish the efficacy of protein 

tagging and enrichment, and detection of tagged sialylated peptides using mass spectrometric 

analysis. Chapter three describes the application of the method to αDG which is recombinantly 

expressed in mammalian cells, to assess whether the procedure effectively labels Rbo5P residues 

and enables mass spectrometric identification of Rbo5P-containing glycopeptides. Lastly, chapter 

four describes the application of the method to mammalian cell lysates with the purpose of 

identifying novel proteins modified with Rbo5P and firmly establishing the presence of Rbo5P in 

endogenous αDG.  
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Chapter 2: Method development for tagging, enriching, and 

analysing glycoproteins modified with ribitol-5-phosphate 

 

2.1 Introduction 
The recent discovery of Rbo5P in mammalian glycans raises the question of whether any other 

mammalian glycoproteins are modified with this alditol and, if so, how these can be identified. In 

order to answer this question, a powerful approach would be to use the tools of glycoproteomics for 

the selective enrichment of proteins modified with Rbo5P and their mass spectrometric 

identification (Chapter 1). The enrichment by MOE is an example of an enrichment method often 

used in a glycoproteomic experiment. MOE consists of metabolic labelling coupled with 

bioorthogonal reactions and has been used to selectively tag monosaccharides on glycoproteins in 

living cells and even whole organisms. Different functional groups have been used as chemical 

reporters for monosaccharides, such as aldehyde/ketone, alkyne, and azido groups. In particular, 

azido versions of GlcNAc (Vocadlo et al., 2003), GalNAc (Hang et al., 2003), and NeuAc (Saxon 

and Bertozzi, 2000) have been used successfully to label glycoproteins in living cells. MOE could 

be used to label and analyse proteins bearing Rbo5P but to achieve this, the synthesis of the 

modified alditol is required. There is no report describing the synthesis of Rbo5P with 

aldehyde/ketone, alkyne, or azido groups. Moreover, there is no evidence that these modified 

alditols would be tolerated by the endogenous metabolism of cells and animals. 

 

The bioorthogonal reactions between the functional group and the chemical reporter allow the 

introduction of a tag on a glycoconjugate that can be used for both enrichment and detection 

purposes. These reactions can be exploited in MOE strategies but also in approaches where the 

chemical reporter is generated directly on the glycoconjugate. Specifically, a monosaccharide such 

as NeuAc with vicinal cis diols is susceptible to oxidation with sodium periodate to generate an 

aldehyde (Collins et al., 1997; Gahmberg and Andefsson, 1977). The mechanism of periodate 

oxidation of cis 1,2-diols is shown in Figure 2.1. 
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Figure 2.1/ Mechanism of sodium periodate oxidation of cis 1,2-diols 

 

The oxidation modifies the native sialylated glycoprotein and allows an enrichment/affinity probe to 

be conjugated to the aldehyde. Exploiting the chemical properties of NeuAc has been used to label 

sialylated proteins on the surface of mammalian cells (Zeng et al., 2009). The method used 1mM 

sodium periodate for the oxidation step and aminooxy-biotin for conjugating oxidised sialylated 

proteins. Proteins labelled this way can also be digested into peptides and identified by mass 

spectrometry. Streptavidin-based enrichment allows biotinylated proteins to be recovered from a 

complex mixture, such as a cell lysate and eluted. The high-affinity bond between biotin and 

streptavidin (Stayton et al., 1999) requires harsh denaturing conditions to be broken, such as boiling 

in denaturing buffer. As a result, the eluted biotinylated proteins contain salts and detergent, which 

must be removed before protease digestion and mass spectrometric analysis. An alternative is 

performing protease digestion while biotinylated proteins are attached to the beads (Ramya et al., 

2013). The drawback is that biotinylated peptides are not recovered after on-bead digestion; 

therefore, the information on the biotinylated site is lost. More recently, cleavable biotin tags for the 

conjugation with proteins have been used (Li et al., 2021), with the advantage of releasing proteins 

from streptavidin beads without using denaturing conditions.  

The conditions used for tagging sialylated proteins (Zeng et al., 2009) can be, in theory, used also 

for the oxidation and biotinylation of proteins modified with Rbo5P since the alditol has cis vicinal 

diols. In the literature, the oxidation of Rbo5P-containing glycoconjugates was reported (Praissman 

et al., 2016). In Praissman’s work, a truncated version of αDG (amino acids 313-340) was 

overexpressed in mammalian cells. The sequence contains the “TPT” motif bearing core M3 

glycans extended with Rboo5P and matriglycan. The mass spectrometric analysis of the 

glycopeptide was preceded by its oxidation with sodium periodate. The purpose was to remove the 
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matriglycan since its elevated molecular weight would hamper the detection of the glycopeptides by 

mass spectrometry. The analysis showed that site T317 of αDG has a core M3 glycan with a cleaved 

Rbo5P between C2 and C3 or C3 and C4, as shown in Figure 1.8. Based on these observations, it 

would be possible to generate aldehydes on proteins modified with Rbo5P and successively 

conjugate them with aminooxy-biotin, similarly to the NeuAc.  
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2.2 Aims 
The oxidation of monosaccharides with vicinal cis diols has been effectively used to introduce an 

aldehyde group on glycoproteins which allows their conjugation with probes and purification from 

complex mixtures. This strategy has, however, not yet been used for the labelling and enrichment of 

ribitol-containing glycoproteins. This chapter describes the development of a method for oxidising, 

tagging, enriching and analysing the standard protein fetuin. In the absence of a standard protein 

modified with Rbo5P, the sialylated protein fetuin was used since the conditions required for the 

oxidation of NeuAc and Rbo5P were expected to be the same. Fetuin was oxidised with sodium 

periodate, conjugated with aminooxy-biotin, purified using streptavidin agarose beads, and digested 

into peptides which were then analysed by mass spectrometry. The identification of fetuin after 

enrichment could be achieved by digestion with a protease and analysis of the peptides released 

from the beads. Nevertheless, the peptides carrying biotinylated NeuAc, still attached to the 

streptavidin agarose beads, would not be identified. For this reason, biotinylated fetuin was first 

recovered after enrichment and then digested into peptides. This method, when applied to 

glycoproteins modified with Rbo5P, will allow the analysis of the specific glycopeptides carrying 

Rbo5P. 

The first objective of the experiments presented here was to achieve successful enrichment of 

biotinylated fetuin and mass spectrometric identification of the sialylated and biotinylated 

glycopeptides. Furthermore, since the product ion spectrum of such a glycopeptide would be 

expected to give information on the fragmentation of a biotinylated glycan, the second objective 

was to establish a mass spectrometric marker for the presence of biotin that can be used for future 

identification of labelled glycans. The marker will be helpful for the interpretation of data from 

glycoproteins modified with Rbo5P but with unknown glycan structures.    
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2.3 Materials and Methods 

 

2.3.1 Periodate oxidation and biotinylation   

Bovine fetuin (Sigma) was reconstituted in 1X phosphate-buffered saline (PBS, Gibco) pH 7.4. 

Protein was treated with 1 mM sodium periodate (Sigma) for 0.5 h, 2 mM for 0.5 h, or 2 mM for 1.5 

h in 1X PBS (pH 7.4) at 4 °C using an end-to-end rotator in the dark. 100 μg of protein was used for 

each reaction in a final volume of 500 μL. The reaction was quenched by the addition of glycerol to 

a final concentration of 1 mM. Samples were concentrated in 30 kDa molecular weight cut-off 

(MWCO) centrifugal concentrators (Vivaspin), washed three times with 1X PBS pH 7.4, and were 

ready for digestion and mass spectrometry analysis.  

For biotinylation, samples prepared as above were washed twice with 1X PBS pH 6.7 using 30 kDa 

MWCO concentrators. Aminooxy-biotin (Biotium) was added to a final concentration of 100 μM 

and reactions were carried out in 1X PBS pH 6.7 plus 10 mM aniline for 3 hours on an end-to-end 

rotator at 4°C. Samples were washed three times with PBS pH 6.7 using 30 kDa MWCO 

concentrators to remove the excess biotin and stored at -20 °C for subsequent analysis by western 

blotting, digestion, and mass spectrometry. Desialylated fetuin was obtained by reconstituting fetuin 

in 50 mM sodium acetate pH 5.5 and incubating it with sialidase from Arthrobacter ureafaciens 

(Sigma) overnight. Desialylated fetuin was then buffer exchanged with PBS pH 7.4 using a 30 kDa 

MWCO concentrator and treated with sodium periodate and biotin as described above.  
 

2.3.2 In-gel digestion  

Proteins were mixed with Laemmli buffer (final concentration 62.5 mM Tris-HCl pH 6.8, 1% 

lithiumdodecyl sulphate (LDS), 10% glycerol, and 0.005% bromophenol blue, Bio-rad), 

supplemented with 50 mM dithiothreitol (DTT) and separated on a 4-20% SDS-PAGE gradient gel 

(Bio-Rad) for 5 min at 200 V. Gel were stained with InstantBlue Coomassie (Abcam) for 1 h. 

Protein bands were excised and destained by repetitive washes with 100 mM ammonium 

bicarbonate (AMBIC) pH 8.0, followed by acetonitrile (ACN). Protein bands were treated with 100 

μL of 10 mM DTT in 100 mM AMBIC for 45 min at 56 °C to reduce disulfide bonds. Then 100 μL 

of a solution of 55 mM iodoacetamide (IAM) in 100 mM AMBIC was added, and the samples were 

incubated at room temperature for 0.5 h in the dark to carbamidomethylate cysteines. Gel pieces 

were washed thrice with 100 μL of 50 mM AMBIC followed by 120 μL of ACN. Enzymatic 

digestion was carried out with 40 ng of trypsin (expressed in Pichia pastoris Proteomics Grade, 

Sigma) in 40 μL of 10 mM AMBIC pH 8.0. Protein bands were incubated in the trypsin solution at 
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4 °C for 2 h, and then 200 μL of 10 mM AMBIC pH 8.0 was added to cover the bands; the bands 

were incubated in the trypsin/AMBIC mixture for 18 h at 37 °C. The supernatant containing 

released peptides was collected. Gel pieces were dehydrated with ACN, and the supernatant was 

added to the previous aqueous one. Peptide mixtures were dried by using a centrifugal concentrator 

(SpeedVac) at room temperature concentration, then redissolved in 30 μL of 0.1% trifluoroacetic 

acid (TFA) for mass spectrometric analysis.  

 

2.3.3 Streptavidin pulldown  

Biotinylated fetuin was incubated with 50 μL of streptavidin agarose slurry (Thermo) previously 

washed with 500 μL PBS pH 7.4 and incubated at room temperature using an end-over-end rotator 

for 0.5 h. After centrifugation at 500 x g, the supernatant was removed from the agarose and 

discarded, and the agarose was washed three times with 500 μL PBS pH 7.4. The agarose was then 

incubated with 2X Laemmli buffer for 10 min at 100 °C to release bound proteins. The supernatant 

was collected for western blot analysis.  
 

2.3.4 Western blotting  
Samples were separated on a 4-20% SDS-PAGE gradient gel (Bio-Rad) for 40 min at 200 V. The 

gel was then transferred to a PVDF membrane (0.2 μm pore size) by wet transfer using 1 L Towbin 

buffer (25 mM Tris, 192 mM glycine, 10 %(v/v) methanol pH 8.3) at a constant voltage of 45 V for 

1 h, The membrane was blocked in blocking buffer (50 mM Tris-HCl, 150 mM NaCl, 0.25% (w/v) 

BSA, and 0.05 % (v/v) NP-40, pH 7.4, for 30 min at room temperature, then incubated with HRP-

conjugated anti-biotin (0.05 ug/mL, GeneTex) for 1 h at room temperature. The membrane was 

washed with 10 mL of blocking buffer thrice for 10 min. Proteins were detected by enhanced 

luminescence (GERPN2236 ECL kit from Sigma) using a G: BOX Chemi system (Syngene). 

 

2.3.5 Mass spectrometric analysis  

Samples obtained after in-gel digestion were loaded onto a nanoAcquity UPLC system (Waters) 

equipped with a nanoEase M/Z Symmetry 100 Å, C18 5 µm trap column (180 µm x 20 mm, Waters) 

and a PepMap, 2 µm, 100 Å, C18 RSLC nanocapillary column (75 µm x 50 cm, Thermo). The trap 

wash solvent was 0.1% (v/v) aqueous trifluoroacetic acid, and the trapping flow rate was 10 

µL/min. The trap was washed (to waste) for 5 min before switching flow to the capillary column. 

The separation used gradient elution of solvent A (H2O + 0.1% TFA) and solvent B (ACN + 0.1% 
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TFA). The flow rate for the capillary column was 330 nL/min. The linear multi-step gradient profile 

was: 1-5% B over 1 min, 5-30% B over 32 min, 30-90% B over 5 min, then proceeded to wash with 

90% solvent B for 2 min. The column was returned to initial conditions and re-equilibrated for 15 

min before subsequent injections. The nanoLC system was interfaced with an Orbitrap FusionTM 

TribridTM mass spectrometer (Thermo Scientific) with an Easy-Spray ionisation source (Thermo). 

Positive ESI-MS and product ion mass spectra were acquired using the Xcalibur software (version 

4.6, Thermo). The effluent from the column was fed into the mass spectrometer starting 5 min after 

the beginning of the LC gradient. Instrument source settings were: ion spray voltage 2,300 V; sweep 

gas 0 Arb; ion transfer tube temperature 275°C. ESI mass spectra were acquired in the Orbitrap with 

120,000 resolution; scan range: m/z 350-2000; AGC target, 1e6; max fill time, 50 ms; data type, 

profile. HCD spectra were acquired in the Orbitrap specifying: quadrupole isolation, isolation 

window, m/z 2; activation type, HCD; collision energy, 30%; scan range, normal; Orbitrap 

resolution, 30,000; first mass, m/z 110; AGC target, 5e4; max injection time, 60 ms; data type, 

profile. Data-dependent acquisition was performed in top speed mode using a 3 s cycle, with the 

most intense precursors selected. Dynamic exclusion was performed for 10 s post precursor 

selection and a minimum threshold for fragmentation was set at 5e4.   

2.3.6 Data analysis 

Mass spectrometric data acquired from the analysis of biotinylated digested fetuin was searched for 

glycopeptides through the Byonic software (Protein Metrics Inc). The search criteria were set as 

follows: KR (trypsin) cleavage sites; ≤ 1 missed cleavages and semi-specific cleavage allowed; 

error tolerances for the precursor of 3 ppm and 0.05 Da for fragment ions; carbamidomethyl 

cysteine as a fixed modification, oxidation of methionine (common 2), and pyro-Glu from 

glutamine (rare 1) as variable modifications (max common set to 3 and max rare set to 4); false 

discovery rate (FDR) was set to 1%: possible glycan composition was set as Hex5HexNAc4, 

Hex5HexNAc4NeuAc1, Hex5HexNAc4NeuAc2, Hex6HexNAc5, Hex6HexNAc5NeuAc1, 

Hex6HexNAc5NeuAc2 and Hex6HexNAc5NeuAc3 (on Asn), or   Hex1HexNAc1NeuAc1, 

Hex1HexNAc1NeuAc2 and Hex2HexNAc2NeuAc2  (on Ser/Thr). Oxidation and biotinylation of 

NeuAc were implemented in the search by substituting the mass of NeuAc in the glycans with 

either 229.05 (for oxidised NeuAc at carbon 7) or 612.26 (for oxidised and biotinylated NeuAc). 
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2.3.7 Mass spectra annotation 

Glycan fragments obtained after HCD fragmentation of glycopeptides and reported in the product 

ion spectra correspond to B-ions (Domon and Costello, 1988). These ions all have +1 charge and 

are represented here with conventional symbols for monosaccharides (Varky et al., 2009) added of 

the drawing            which represents their fragmented and charged state. 
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2.4 Results 

 

2.4.1 Sodium periodate oxidises NeuAc on glycoproteins 

Sodium periodate treatment affects NeuAc (Zeng et al., 2009) on glycoproteins by oxidising the 

monosaccharide and generating an aldehyde. The aldehyde can then be conjugated by oxime 

ligation with a probe such as aminooxy-biotin to tag the monosaccharide, and consequently, the 

glycoproteins that NeuAc is bound to. To establish an oxidation-oxime procedure for enrichment 

and mass spectrometry analysis, the effectiveness of the sodium periodate treatment was first tested 

on bovine fetuin, a well characterised standard sialylated protein (Windwarder and Altmann, 2014). 

Fetuin is known to have complex N- glycans, which can be sialylated, and, O-GalNAc glycans, also 

sialylated. Different concentrations (1 mM and 2 mM) of sodium periodate have been used in the 

literature to oxidise NeuAc (Nilsson et al., 2009; Zeng et al., 2009) therefore they were tested here 

by applying different incubation times (0.5 h and 1.5 h). After oxidation fetuin was digested with 

trypsin, and the peptides obtained were analysed by LC-MS/MS. Peptides eluted from the column 

were isolated in the mass spectrometer and fragmented by HCD to generate product ion spectra. 

Each mass spectrum obtained in this way contains information on the sequence of the peptide. A 

glycan, if present on the peptide, is also fragmented by HCD. Therefore, the product ion spectrum 

of a glycopeptide also contains information on the composition of the glycan. Ions generated from 

the fragmentation of a glycan after HCD fragmentation are shown in Figure 2.2 
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Figure 2.2 / HCD fragmentation on a glycan. In positive ion mode, the fragments result from 

protonation of the glycosidic bond, which is subsequently broken to generate the B-ion (oxonium 

ion). Alternatively, cleavage of the glycosidic bond is accompanied by a proton transfer which 

generates the Y-ion. 

 

B ions, also referred to as oxonium ions, derived from monosaccharides like HexNAc and NeuAc 

are particularly intense in the product ion spectrum and can be used to distinguish the spectrum of a 

glycopeptide from that of a peptide. To show the effect of sodium periodate treatment on sialylated 

glycopeptides the oxonium ion for NeuAc was monitored. Unmodified NeuAc generates an 

oxonium ion (minus H2O) observed at m/z 274.09 while oxidised NeuAc would produce an 

equivalent signal at m/z 260.08 if carbon 8 is oxidised, or 230.07 if carbon 7 is oxidised (Figure 

2.3). 

 

Figure 2.3 / Oxonium ions generated from monodehydrated NeuAc (m/z 274.09), NeuAc with 

oxidised carbon 7 (m/z 230.07) and NeuAc with oxidised carbon 8 (m/z 260.08) 

 

All the product ion spectra from the sodium periodate-treated fetuin analysis were searched for the 

m/z values of unmodified or oxidised NeuAc. The results of the experiment performed using 1 mM 

sodium periodate incubated for 0.5 h are shown in Figure 2.4.  
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Figure 2.4 / Extracted ion chromatograms (EICs) derived from the product ion spectra of sodium 

periodate-treated fetuin (1 mM for 0.5 h). The m/z values used to generate the EICs correspond to 

the dehydrated oxonium ion for NeuAc (m/z 274.09 unmodified, 230.07 oxidised at carbon 7, 

260.08 oxidised at carbon 8). Relative abundance is set at the same scale for all chromatograms. 

 

The extracted ion chromatograms (EICs) for m/z 230.07 or 260.08 show some signals, but most 

come from the EIC for m/z 274.09. An example of a glycopeptide observed to be affected by 

oxidation is RPTGEVYDIEIDTLETTCHVLDPTPLANCSVR bearing the glycan with composition 

Hex6HexNAc5NeuAc3. The mass spectrum with the glycopeptide’s precursor is shown in Figure 

2.5. 
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Figure 2.5 / Mass spectrum (MS1) from the analysis of bovine fetuin treated with sodium periodate 

(1 mM for 0.5 h) and digested with trypsin. The mass of the peak at m/z 1633.94 with z=4 

corresponds to the monoisotopic mass calculated for the peptide 

RPTGEVYDIEIDTLETTCHVLDPTPLANCSVR bearing 5 HexNAc, 6 Hex, 3 NeuAc and 2 

carbamidomethylated cysteines. The mass of the peaks at m/z 1618.44 and 1625.94 correspond to 

the monoisotopic mass of the same glycopeptide having one unit of NeuAc oxidised at carbon 7 or 

8, respectively. 

 

The peptide RPTGEVYDIEIDTLETTCHVLDPTPLANCSVR is predicted to be N-glycosylated, 

and Hex5HexNAc6NeuAc3 is one of the glycans reported to modify the site N99 (Windwarder and 

Altmann, 2014). In Figure 2.5, three different isotopic patterns can be interpreted as belonging to 

the glycopeptide non-oxidised (m/z 1633.94) or oxidised (m/z 1618.44 and 1625.94) at only one of 

the three units of NeuAc. Moreover, the oxidation can occur at either the carbon 7 (m/z 1618.44) or 

the carbon 8 (m/z 1625.94) of NeuAc. This is an example of how oxidation with sodium periodate 

generates a mixture of oxidised and non-oxidised species. The concentration of sodium periodate 

and incubation time of the reagent with the protein were questioned as factors determining the 

completeness of the reaction. At the same time, the freshness of the sodium periodate was also 

thought to play a role in the reaction. A new experiment was performed using a fresh batch of 

sodium periodate, and the mass spectrometric analysis was repeated. The results of the experiment 

performed using 1 mM of fresh sodium periodate incubated for 0.5 h are shown in Figure 2.6. 
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Figure 2.6 / Extracted ion chromatograms (EICs) derived from the product ion spectra of sodium 

periodate-treated fetuin (1 mM for 0.5 h, fresh batch of reagent). The m/z values used to generate 

the EICs correspond to the dehydrated oxonium ion for NeuAc (m/z 274.09 unmodified, 230.07 

oxidised at carbon 7, 260.08 oxidised at carbon 8). Relative abundance is set at the same scale for 

all chromatograms. 

 

The EIC for m/z 230.07 is the only among the three EICs to show a plethora of signals which 

suggest that the oxidation of NeuAc goes to completion and occurs uniquely between carbon 7 and 

carbon 8 of the monosaccharide, resulting in the cleavage of the bond between these two atoms and 

the generation of an aldehyde at position 7. The only parameter changed in this experiment 

compared to the one described above (Figure 2.4) was the freshness of the sodium periodate used, 

which suggests the importance of a fresh reagent for the success of the oxidation reaction.  

In Figure 2.6, each of the product ion spectra that contributed to the EIC for m/z 230.07 may be 

interpreted as the fragmentation spectrum of a sialylated fetuin glycopeptide after NeuAc oxidation. 

An example of such a spectrum is shown in Figure 2.7. 
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Figure 2.7 / HCD product ion spectrum of a tryptic glycopeptide from bovine fetuin treated with 

sodium periodate (1 mM for 0.5 h). The precursor ion [M+5H]5+ m/z 1224.32 has a monoisotopic 

mass corresponding to that calculated for the peptide 

RPTGEVYDIEIDTLETTCHVLDPTPLANCSVR bearing 5 HexNAc, 6 Hex, 2 NeuAc oxidised at 

carbon 7 and 2 carbamidomethylated cysteines (Δ=8 ppm). Ions corresponding in m/z to a glycan 

fragment bearing the peptide are represented with the tag “PEP”. Oxidised NeuAc is represented 

with the tag “Ox”.  Product ions have a 1+ charge unless specified otherwise (see section 2.3.7). 

 

The product ion spectrum shows peaks corresponding to fragments of the N-glycan attached to the 

peptide, fragments from the backbone of the peptide (b/y ions), and oxonium ions for GlcNAc and 

oxidised NeuAc. The oxidation of NeuAc at carbon 7 is reflected in the presence of the ions at m/z 

230.07 (NeuAc-Ox) and m/z 595.20 (GlcNAc1Gal1NeuAc-Ox1). 

 

The experiments performed with higher concentrations of sodium periodate and different incubation 

times showed no product ion spectra with signals for unmodified NeuAc and NeuAc oxidised at 

carbon 8 (data not shown). This result is similar to the one observed for the experiment performed 

with 1 mM sodium periodate incubated for 0.5 h (Figure 2.6). To compare the results from the 

different experiments, the EICs for m/z 230.07 obtained from the samples treated in different 

conditions are shown in Figure 2.8. 
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Figure 2.8 / EICs derived from the product ion spectra of a range of conditions for sodium 

periodate treatment of fetuin. The m/z used to generate the EICs refers to the oxonium ion for 

oxidised NeuAc oxidised at carbon 7 (m/z 230.07). Relative abundance is set at the same scale for 

all chromatograms. 

 

Product ion spectra containing signals for oxidised NeuAc were obtained from fetuin treated under 

all three conditions. Variability in terms of intensities of each spectrum is expected and still, the 

same oxidised sialylated glycopeptides were detected in all conditions. Since using a higher 

concentration of sodium periodate or higher incubation time did not improve the number of 

glycopeptides identified carrying oxidised NeuAc, the lowest concentration of sodium periodate (1 

mM) and shortest time of incubation (0.5 h) were used for the following experiments. These 

conditions, used here for a single purified protein, were the same used for the oxidation performed 

on the proteins present on the surface of cells (Zeng et al., 2009). This suggests that the same 

conditions could be used for a more complex sample, like a cell lysate, which will be treated in 
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Chapter 4.  

 

2.4.2 Aminooxy-biotin conjugates to oxidised NeuAc on glycoproteins   

Oxidised NeuAc on fetuin was conjugated with aminooxy-biotin with the purpose of labelling the 

monosaccharide with a detectable tag that can also be retrieved by affinity purification. The 

resulting product is shown in Figure 2.9. 

 

Figure 2.9 / Oxidised NeuAc conjugated with aminooxy-biotin 

 

Biotin is commonly used to tag proteins because it can be efficiently purified from a complex 

mixture using streptavidin pulldown and can be detected by western blotting or microscopy using 

anti-biotin or HRP-streptavidin. In the case of this study, biotinylated fetuin is detected by western 

blotting as an intensely stained band at ~ 65 kDa using anti-biotin (Figure 2.10 lane-B). A negative 

control was performed to show that biotinylation depends on the presence of NeuAc. For this 

purpose, fetuin was desialylated with a sialidase before the sodium periodate treatment, biotinylated 

with aminooxy-biotin, and analysed by western blotting (Figure 2.10 lane-A). As expected, sialidase 

treatment prevented biotinylation as evidenced by the absence of a signal on western blot.  

Biotinylated fetuin was incubated with streptavidin agarose to demonstrate that it could be retrieved 

using streptavidin pulldown. The flow-through recovered after incubation (Unb), the following 

washes of the agarose (Wash 1/2) and the proteins eventually eluted from the agarose (Elu) were 

analysed by western blotting and are shown in Figure 2.10. A band at ~ 65 kDa is detected in the 

lane with the Elu sample but is absent in the Unb and Wash 1/2 lanes. The result is indicative of the 

successful recover of biotinylated fetuin using streptavidin pulldown.    
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Figure 2.10 / Western blot analysis of biotinylated bovine fetuin and its retrieval using streptavidin 

pulldown. After sodium periodate and biotinylation treatment, fetuin is detected by binding to HRP-

conjugated anti-biotin (B) while it is not detected if it is incubated with sialidase before oxidation 

(A). Biotinylated fetuin was incubated with streptavidin agarose. Aliquots from the flow-through 

(Unb) washes (Wash1/2) and elution (Elu) are shown. HRP-conjugated anti-biotin was used as the 

antibody. 

 

Biotinylated fetuin obtained after streptavidin pulldown was then digested with trypsin and analysed 

by LC-MS/MS. While on-bead digestion would ease sample preparation, this would prevent direct 

detection and characterisation of the biotinylated glycopeptide. Therefore, proteins were first eluted 

before trypsin digestion. The predicted m/z value for oxidised and biotinylated NeuAc as an 

oxonium ion is 613.26. Therefore, all product ion spectra from the biotinylated fetuin analysis were 

searched for the presence of an ion at m/z 613.26, and the results were plotted as an EIC for m/z 

613.26 (Figure 2.11).  
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Figure 2.11 / EIC derived from the product ion spectra of sodium periodate and aminooxy-biotin-

treated bovine fetuin. The m/z value used to generate the EIC refers to the oxonium ion for oxidised 

and biotinylated NeuAc (613.26). 

 

Several signals for modified peptides eluting at different retention times can be observed in the EIC 

for m/z 613.26 and an example of a product ion spectrum is shown in Figure 2.12. 
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Figure 2.12 / HCD product ion spectrum of a tryptic glycopeptide from bovine fetuin treated with 

sodium periodate and aminooxy-biotin. The precursor ion [M+5H]5+ at m/z 1378.01 has a 

monoisotopic mass corresponding to that calculated for the peptide 

RPTGEVYDIEIDTLETTCHVLDPTPLANCSVR plus 5 HexNAc, 6 Hex, 2 NeuAc oxidised and 

biotinylated at carbon 7, and 2 carbamidomethylated cysteines (Δ=7 ppm). Ions corresponding to 

the m/z of the peptide plus a glycan fragment are represented with the tag “PEP”. Oxidised and 

biotinylated NeuAc is represented with the tag “Ox-Bio”.  Ions have a 1+ charge unless specified 

otherwise (see section 2.3.7). 

 

The signal at m/z 613.27 can be considered to be a marker for the presence of NeuAc in a 

glycopeptide after its oxidation and biotinylation. The monodehydrated oxonium ion at 595.26 m/z 

is thus similarly a marker because it is presumably derived from the ion at m/z 613.27. Additionally, 

two new intense ions appeared at m/z 385.19 and 387.21. These correspond to biotin fragments 

formed by loss from biotinylated NeuAc-containing species (the ion at m/z 385.19 = C17H29O4N4S1, 

Δ= 2 ppm and m/z 387.21 = C17H31O4N4S1, Δ= 1 ppm).  
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The data obtained from the mass spectrometric analysis of biotinylated fetuin were searched, using 

bioinformatic software, for other glycopeptides belonging to fetuin. The list of the glycopeptides 

identified with the relative glycans is reported in Table 2.1.  

 

Peptide sequence Glycan composition 
145LCPDCPLLAPLNDSR159 Hex5HexNAc4NeuAc-Bio1 

 Hex5HexNAc4NeuAc-Bio2 

 Hex5HexNAc4NeuAc-Ox1NeuAc-Bio1 

 Hex6HexNAc5NeuAc-Bio2 

 Hex6HexNAc5NeuAc-Ox1NeuAc-Bio1 
72RPTGEVYDIEIDTLETTCHVLDPTPLANCSVR103 Hex5HexNAc4NeuAc-Bio1 

 Hex5HexNAc4NeuAc-Bio2 

 Hex5HexNAc4NeuAc-Ox1NeuAc-Bio1 

 Hex6HexNAc5NeuAc-Bio2 

 Hex6HexNAc5NeuAc-Ox1NeuAc-Bio1 

 Hex6HexNAc5NeuAc-Ox1NeuAc-Bio2 
160VVHAVEVALATFNAESNGSYLQLVEISR176 Hex6HexNAc5 

 

Table 2.1 / List of glycopeptides identified by LC-MS/MS analysis of the tryptic digest of oxidised (1 

mM sodium periodate for 0.5 h) and biotinylated fetuin. N-glycosylation sites are in bold. NeuAc-

Ox denotes NeuAc oxidised at carbon 7, while NeuAc-Bio denotes NeuAc oxidised and conjugated 

with biotin. 

 

Bovine fetuin has three N- glycosylation sites: N99, N156, and N176. These are all observed in the 

data bearing N-glycans. Fetuin also has five O-glycosylation sites: S271, T280, S282, S296, and 

S341. Glycopeptides bearing O-glycans were not detected. This result can be explained if 

considering that four of the five O-glycosylation sites (S271, T280, S282, and S296) are all within a 

single tryptic glycopeptide with 61 amino acids. The predicted molecular weight of such peptide 

bearing biotinylated O-glycans is high and might have been outside the optimal m/z range of 

analysis used to acquire mass spectrometric data. Lastly, site S341 is expected to have a very low 

occupancy percentage (Windwarder and Altmann, 2014), which would explain why it was not 

detected. Table 2.1 lists different glycoforms for the same glycopeptide. The NeuAc units in these 

glycoforms are all oxidised but not all biotinylated. The result suggests that the biotinylation 

reaction does not go to completion. Nevertheless, at least one biotin unit is found in each 
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glycopeptide bearing NeuAc, which is enough to detect the marker for biotin. The presence of this 

marker will be important for analysing samples that are more complex than a single pure protein. 

 

2.4.2 Sodium periodate treatment and biotin conjugation are selective for 

NeuAc 

Selectivity is one of the required features for tagging NeuAc on glycoproteins if the purpose is to 

exploit the tagging for selective retrieval. In other words, no other monosaccharide on a 

glycopeptide should be affected by the treatment. The incorporation of biotin is evidenced in the 

product ion spectrum of a biotin containing-peptide by the ion at m/z 387.21 while the presence of 

biotinylated NeuAc is marked by the ion at m/z 613.26. Based on this information, the EICs for the 

two ions were compared (Figure 2.13). If biotinylation occurred on a monosaccharide other than 

NeuAc there would be product ion spectra of peptides containing the ion at m/z 387.21 but not the 

ion at m/z 613.26. This was, however, not the case, suggesting the oxidation reaction was selective 

for NeuAc over the other monosaccharides present in the fetuin sample. 
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Figure 2.13 / EICs derived from the product ion spectra of the sodium periodate (1 mM for 0.5 h) 

and biotin-treated bovine fetuin. The m/z values used to generate the EICs refer to the oxonium ion 

for oxidized and biotinylated NeuAc (m/z 613.26) and the fragment for biotin + 2H (m/z 387.21). 

Relative abundance is set at the same scale for all chromatograms. 
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2.5 Conclusions 
The purpose of the work presented in this chapter was to develop a method for the selective tagging, 

enrichment, and analysis of a sialylated protein. The same method can be used for glycoproteins 

modified with Rbo5P with the purpose of identifying new proteins modified with the alditol. The 

results show that incubation with 1 mM sodium periodate for 0.5 h is enough to oxidise NeuAc on a 

sialylated glycoprotein and generate an aldehyde on the monosaccharide. The oxidation occurs 

uniquely between carbon 7 and carbon 8 of the monosaccharide along with the cleavage of the bond 

between these two atoms. It is likely that the oxidation goes to completion as unmodified NeuAc 

was not detected in the HCD spectra after treatment. The oxidised sialylated protein was also 

successfully conjugated with aminooxy-biotin and retrieved with streptavidin agarose. The mass 

spectrometric data show that biotinylated and oxidised NeuAc has a diagnostic oxonium ion at m/z 

613.26. The results also show that biotin produces a diagnostic ion at m/z 387.21 that appears in the 

product ion spectrum of glycopeptides after conjugation. This information is important for future 

experiments. In particular, the discovery of new glycoproteins modified with Rbo5P using the 

method described here relies on the detection of biotinylated and oxidised Rbo5P by mass 

spectrometry. Having a marker for the presence of biotin will aid future studies aimed at 

discovering new glycoproteins modified with Rbo5P, providing a way to detect the presence of 

biotin irrespective of the detection of the Rbo5P ion itself. 
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Chapter 3: Development of a method for the overexpression and 

chemical tagging of recombinant aDG 

3.1 Introduction 

αDG is a heavily glycosylated protein, expressed as a polypeptide with a predicted molecular mass 

of ~72 kDa. The protease furin cleaves the N-terminus of αDG from the protein after glycosylation 

is completed (Motoi Kanagawa et al., 2004; Singh et al., 2004). After furin cleavage, the remaining 

αDG polypeptide backbone would have a predicted molecular mass of ~37 kDa;  however, the 

apparent molecular weight of αDG observed by western blotting ranges between ~120 and ~156 

kDa depending on the type of tissue in which the protein is found (Barresi and Campbell, 2006). 

αDG glycosylation has been intensively studied because of its relationship to congenital diseases 

named dystroglycanopathies (described in Chapter 1). In particular, disruption of the pathway 

responsible for the biosynthesis of αDG O-mannosyl glycans is involved in developing muscular 

dystrophies and muscle-eye-brain diseases (Endo, 2015). The first O-mannosyl glycan identified in 

αDG was in the protein obtained from bovine peripheral nerve and corresponds to a core M1 

structure (Galβ1-4GlcNAcβ1-2Man-O-Ser/Thr) capped with NeuAc (Chiba et al., 1997). The core 

M2 structure (Galβ1-4GlcNAcβ1-6[Galβ1-4GlcNAcβ1-2]Man-O-Ser/Thr) was first found in αDG 

from rabbit skeletal muscle (Stalnaker et al., 2010). Lastly, the structure of the core M3 glycan 

(GalNAcβ1-3GlcNAcβ1-2[Phos6]Man-O-Ser/Thr) was described in recombinant αDG expressed in 

HEK293 cells (Yoshida-Moriguchi et al., 2010) (see Figure 1.2).  

αDG function relies on its O-mannosyl glycans and, in particular, on an oligo/polysaccharide made 

of alternating Xyl and GlcA named matriglycan ([-Xylα1-3GlcAβ1-3-]n) (Yoshida-Moriguchi and 

Campbell, 2014). Matriglycan is synthesised by the enzyme LARGE which presents two 

glycosyltransferase activities (Inamori et al., 2012). While it has been known for several years that 

αDG glycosylation and function depend on LARGE (Barresi et al., 2004), for a long time the way 

matriglycan was attached to the O-mannosyl glycans of αDG was unknown. In 2016, different 

groups identified the linker between core M3 glycan and matriglycan as a tandem repeat of Rbo5P 

(Kanagawa et al., 2016; Praissman et al., 2016; Yagi et al., 2016) by analysing the product of a 

recombinantly expressed peptide carrying the sites of glycosylation T317 and T319, at which 

matriglycan was known to be present. Furthermore, different glycoforms of the same peptide were 

identified as being modified with core M3 glycan and either one or two units of Rbo5P or a single 

unit of GroP. αDG sites T317 and T319 are part of a 317TPT319 motif, which was shown to be 

essential for the core M3 glycosylation to take place. Another TPT motif is present in αDG at 
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379TPT381, and the tryptic peptide it is found on (GAIIQTPTLGPIQPTR) was shown to be modified 

with core M3 glycan (Yoshida-Moriguchi et al., 2010). The peptide could also potentially be 

modified with Rbo5P or GroP, but there is no evidence for this in the literature. It is interesting to 

notice that in preceding years several studies in the literature focused on the glycoproteomic 

analysis of peptides obtained from the digestion of endogenous (Nilsson et al., 2010; Stalnaker et 

al., 2010) or recombinant full-length αDG (Harrison et al., 2012), but none of those studies was able 

to report the presence of Rbo5P or GroP.  This observation suggests that glycopeptides modified 

with Rbo5P or Gro5P in αDG are not very abundant and are difficult to detect using mass 

spectrometry. Specifically, Rbo5P-containing peptides from αDG can be extended with matriglycan 

which has a range of different lengths. This modification increases the mass of the glycopeptide by 

several kDa, pushing the glycopeptide size outside the range of m/z usually scanned during a mass 

spectrometric analysis of peptides. Moreover, matriglycan heterogeneity contributes to splitting the 

signal of peptides bearing Rbo5P over a range of peaks, each of which is then harder to detect.  

O-mannosyl glycans are not the only O-linked glycans present in αDG. Glycoproteomic analysis of 

endogenous αDG from humans (Nilsson et al., 2010) or rabbits (Stalnaker et al., 2010) and the 

analysis of recombinant αDG from mice (Harrison et al., 2012) revealed several O-GalNAc glycan 

structures, in particular, core 1 (Galβ1-3GalNAc-O-Ser/Thr) and core 2 (Galβ1-3[GlcNAcβ1-

6]GalNAc-O-Ser/Thr) structures that can be extended or not. The different species used for αDG 

analysis in these studies present a conserved region-specific glycosylation pattern. This translates 

into the same O-GalNAc and O-Man-initiated glycan structures on glycopeptides from homologous 

protein sequence stretches. The glycosylation sites among the different species can vary, and so can 

the relative abundance of each glycan (Toledo et al., 2012). 

The glycosylation state of αDG has been extensively studied, yet some questions remain 

unanswered. While three αDG sites have been identified as modified with core M3 glycans (T317, 

T319 and T379) (Yagi et al., 2013; Yoshida-Moriguchi et al., 2010), only one (T317) has been 

found to be extended with Rbo5P or GroP (Kanagawa et al., 2016; Praissman et al., 2016; Yagi et 

al., 2016) Moreover, T313 is also the only αDG site found to be extended with matriglycan. These 

observations raise the question of whether Rbo5P, GroP, and matriglycan can modify other αDG 

sites. More importantly, the presence of Rbo5P and GroP has been demonstrated by analysing 

truncated versions of αDG, while the mass spectrometric analyses of peptides obtained from full-

length αDG have not been able to replicate the findings (Harrison et al., 2012; Nilsson et al., 2010; 

Stalnaker et al., 2010). A question left to answer is then if there is a method to detect glycopeptides 

bearing Rbo5P from full-length αDG. Such a method would also be useful to identify glycoproteins 

modified with Rbo5P other than αDG. 
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3.2 Aims 

The interest in understanding the function of αDG and its relation to congenital muscular 

dystrophies has led to several studies of the glycosylation of αDG. Because of those studies, the first 

glycan in mammalian cells to be modified with Rbo5P has been identified. The analysis leading to 

this discovery did not use the full-length aDG protein but instead consisted of selective analysis of 

short recombinant peptides expected to carry the matriglycan. This observation highlights the 

challenge in characterising new proteins modified with Rbo5P in mammalian cells since there are 

no methods in the literature for the selective glycoproteomic analysis of Rbo5P glycoconjugates. 

One potential option for the identification and characterisation of novel proteins modified with 

Rbo5P is the method described in Chapter 2 for tagging and enriching proteins with NeuAc, which 

can in theory also be used for tagging and enriching proteins modified with Rbo5P. The only 

protein known to date to bear Rbo5P is αDG; therefore, the isolation of recombinant full-length 

aDG would facilitate the development of a method for the tagging and enrichment of Rbo5P-

containing protein.  

 

The objective of the work presented here is to identify glycopeptides modified with Rbo5P from 

αDG. In this chapter, the design of constructs used for the overexpression of recombinant αDG is 

described. After expression of the recombinant αDG and purification using anti-FLAG pulldown, 

the protein will be digested into peptides and analysed by mass spectrometry to show that the 

expressed construct is indeed αDG. The analysis will also make it possible to identify glycopeptides 

from αDG and compare them to those reported in the literature. To test the method described in 

Chapter 2 on αDG, the protein will be oxidised with sodium periodate, which is expected to cleave 

the tandem repeat of Rbo5P and release the matriglycan. Oxidised Rbo5P still attached to the 

protein should then be available for conjugation with biotin. αDG that will have undergone this 

biotinylation, will be digested into peptides and analysed by mass spectrometry.  
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3.3 Materials and Methods 

3.3.1 Plasmid cloning  

3.3.1.1 pαDG-MycFLAG 

The plasmid pαDG-MycFLAG was amplified by PCR using Q5 polymerase with 5’AAACTGTA 

GCACCATCACCCTGCAGAATATCACCCGGGGCAGCGGACCGACGCGTACGCG (forward) 

and 5’TGAGTTTCTGCTCGAGCGGCCGCGTACGCGTCGGTCCGCTGCCCCGGGTGATATT 

CTGCA (reverse) primers in the presence of pDAG1-MycFLAG (RC230572 OriGene). The PCR 

product was analysed on a 0.8% agarose gel and extracted from a gel band. The purified plasmid 

was incubated with DnpI for 1 h at 37 °C, then transformed into Stellar competent cells by heat-

shock method (as reported in the manufacturer’s manual, ClonTech). Stellar cells were plated on 

LB agar + 25 μg/mL kanamycin. Colonies were picked, grown overnight at 37 °C shaking at 300 

rpm in LB medium containing 25 μg/mL kanamycin, and their DNA was extracted (using 

QIAprep® Miniprep kit, Qiagen) and sequenced. Plasmid with the correct sequence was purified on 

a μg scale using an EndoFree Plasmid Maxi kit (Qiagen). pαDG-MycFLAG was then used for 

transfection of HEK293T or HEK293F cells. 

3.3.1.2 pαDG-S654A-MycFLAG 

The plasmid pαDG-S654A-MycFLAG was obtained by PCR using Q5 polymerase with the non-

homologous primers 5’CACCCGGGGCAGCGGACCGACG (forward) and 5’ATATTCTGCAG 

GGTGATGGTGC (reverse) in the presence of pαDG-MycFLAG. Alternatively, plasmid pαDG-

S654A-MycFLAG was obtained by PCR using a QuickChange kit (Agilent) with the homologous 

primers 5’ATCACCCGGGGCAGCGGACCGACGCG (forward) and 5’CGCGTCGG 

TCCGCTGCCCCGGGTGAT (reverse). PCR products were eventually transformed into Stellar 

competent cells as described above. The DNA extracted was used for transfection of HEK293T or 

HEK293F cells. 

3.3.1.3 pFLAGαDGh and pFLAGαDGr 

Plasmid pFLAGαDGh was cloned using an In-Fusion HD cloning kit (Clontech) with a linearised 

vector and two inserts. The linearised vector was the PCR product obtained from the amplification 

of the plasmid pαDG-MycFLAG in the presence of the primers 5’TAAACGGCCGGCCGCGGTC 

(forward) and 5’GGACTGAGCCATAACCACAGAGAG reverse. The first insert, encoding for 

αDG, was the PCR product obtained from the amplification of the plasmid pαDG-MycFLAG in the 
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presence of the primers 5’CGATGACAAGCACTGGCCCAGTGAACCCT (forward) and 5’ 

TGACCGCGGCCGGCCGTTTAGCCCCGGGTGATATTCTGCA (reverse). The second insert, 

encoding for 3XFLAG, was custom-purchased. The In-Fusion product was transformed into Stellar 

competent cells as described above. The plasmid (vector pCMV1-FLAG) encoding N-terminally 

FLAG-tagged rabbit aDG (pFLAGαDGr) was kindly donated by the laboratory of Prof Paul Martin 

(Yoon et al., 2013). pFLAGαDGr was transformed into Stellar competent. Stellar cells were plated 

on LB agar + 100 μg/mL ampicillin. Colonies were picked and grown overnight, and their DNA 

was extracted. pFLAGαDGh and pFLAGαDGr were used for transfection of HEK293T cells. 

 

3.3.2 Cell culture and lysates preparation 

HEK293T and Panc-1 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco), 

while SKBR3 cells were grown in McCoy's 5A modified medium (Gibco). Both media were 

supplemented with 10% fetal bovine serum (FBS, heat-inactivated), 2 mM L-glutamine, 100 

units/mL penicillin, and 100 μg/mL streptomycin, and all cells were kept at 37°C in an incubator 

with 5% CO2. HEK293F cells were grown in suspension in FreeStyle 293 Expression medium 

(Gibco) and kept at 37°C in an incubator with 8% CO2. To obtain cell pellets, the medium was 

removed from the plates. Cells were washed with 1X PBS and harvested by scraping in 500 μL of 

1X PBS with a protease inhibitor cocktail (1 mM AEBSF, 20 μM leupeptin, 1 μM pepstatin A). Cell 

pellets were obtained after centrifugation for 5 min at 500 x g.  Cell pellets were lysed in lysis 

buffer (250 mM NaCl, 50 mM Tris-HCl pH 8.0, 0.5% NP-40 and protease inhibitor cocktail) for 30 

minutes on ice agitating every 5 min. The solution was centrifuged at 13000 x g for 30 min at 4°C, 

after which the supernatant was collected. Cell lysate concentration was measured with the Pierce 

BCA protein assay kit (Thermo Scientific) following the manufacturer’s protocol. 

 

3.3.3 Transfection and purification of constructs 

HEK293T cells were seeded in 10 cm cell culture dishes and grown to 90% confluency for 

transfection. The medium was changed 1 h before transfection. Plasmids pFLAGαDGh or 

pFLAGαDGr (10 μg/cell culture dish) were diluted with Opti-MEM (1 mL/cell culture dish, 

Invitrogen) and incubated with X-tremeGENE HP DNA transfection reagent (30 μL/cell culture 

dish, Roche) for 30 min at room temperature before being added dropwise to the cells. Cells 

transfected with pFLAGαDGh were grown in the presence of 50 μM furin inhibitor (Calbiochem). 

Cell medium (10 mL/cell culture dish) was collected two days after transfection into 50 mL corning 
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tubes and centrifuged for 5 min at 500 x g, room temperature, to remove dead cells.  

For transfection with HEK293F, 30 mL (3 x 107 cells) of cells in suspension was used. The 

transfection reagent was prepared by incubating 1 mL of Opti-MEM with 30 μg of DNA for 5 min 

at RT. Another 1 mL of Opti-MEM was incubated with 43.4 μL of 293-Fectin (Gibco) for 5 min at 

RT. The two solutions were combined, incubated for 20 min at RT, and added to the cell culture. 

For the purification of the constructs FLAGαDGh and FLAGαDGr, slurry anti-FLAG M2 affinity 

gel (Sigma) was washed with Tris-buffered saline (TBS, 0.2M Tris-HCl, 1.5 M NaCl, pH 7.6) and 

incubated with medium from transfected cells (150 μL gel/10 mL medium) on an end-to-end rotator 

overnight at 4 °C. After centrifugation at 500 x g, the supernatant was removed from the gel and 

discarded. The gel was washed three times with TBS. The gel was then incubated with 2X Laemmli 

sample buffer (62.5 mM Tris-HCl pH 6.8, 1% LDS, 10% glycerol, and 0.005% bromophenol blue, 

Bio-Rad) for 10 min at 70 °C to release bound proteins. The supernatant was collected for western 

blot analysis, bioorthogonal ligation with aminooxy-biotin and in-gel digestion. 

 

3.3.4 Western blotting 

Cell lysates, media (concentrated 10 X with Vivaspin 30 kDa MWCO centrifugal concentrators) or 

purified constructs were loaded onto a 4-20% SDS-PAGE gradient gel, which was developed for 40 

min at 200 V. The gel was then transferred to a PVDF membrane (0.2 μm pore size) by wet transfer 

using 1 L Towbin buffer (25 mM Tris, 192 mM glycine, 10 %(v/v) methanol pH 8.3) at a constant 

voltage of 45 V for 1 h. The membrane was blocked in blocking buffer (50 mM Tris-HCl, 150 mM 

NaCl, 0.25% (w/v) BSA, and 0.05 % (v/v) NP-40, pH 7.4) for 30 min at room temperature, then 

incubated with primary antibodies IIH6 (1:1000, overnight at 4 °C, Sigma clone IIH6C4) or anti-

FLAG (1:10000, 1.5 h at rt, Sigma) and secondary antibody anti-mouse HRP (1:4000, 1 h at rt, 

Thermo Fisher). Alternatively, the membrane was incubated with HRP-conjugated anti-FLAG 

antibody (HRP-66008, 1;10000 in blocking buffer, Proteintech) for 1.5 h at room temperature. The 

membrane was washed with 10 mL of blocking buffer three times for 10 min, and proteins were 

detected by enhanced luminescence (GERPN2236 ECL kit from Sigma) using a G: BOX Chemi 

system (Syngene).  
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3.3.5 Bioorthogonal ligation with aminooxy-biotin 

Purified FLAGαDGh (obtained after transfection of HEK293T cells from one 10 cm cell culture 

dish) and FLAGαDGr (obtained after transfection of HEK293T cells from nine 10 cm cell culture 

dishes) were concentrated in 30 kDa MWCO centrifugal concentrators (Vivaspin) following the 

manufacturer’s protocol and washed three times with 500 μL of PBS pH 7.4. Proteins were treated 

with 1 mM sodium periodate (Sigma) for 0.5 h in PBS (pH 7.4) at 4 °C using an end-to-end rotator 

in the dark (final volume 4 mL). The reaction was quenched by adding glycerol to a final 

concentration of 1 mM. The samples were buffer exchanged three times with 500 μL of PBS (pH 

6.7) using 30 kDa MWCO centrifugal concentrators. Biotinylation was performed by adding 

aminooxy-biotin (Biotium) to the samples to a final concentration of 100 μM in the presence of 10 

mM aniline (final volume 1 mL). The reaction was carried out in PBS pH 6.7 for 3 hours on an end-

to-end rotator at 4°C. Samples were washed thrice with PBS pH 6.7 using 30 kDa MWCO 

concentrators to remove the excess biotin and were ready for in-gel digestion. 

3.3.6 In-gel digestion  

Purified FLAGαDGh and FLAGαDGr (each obtained after transfection of HEK293T cells from one 

10 cm cell culture dish) were supplemented with 50 mM dithiothreitol (DTT) and separated on a 4-

20% SDS-PAGE gradient gel (Bio-Rad) for 5 min at 200 V. Gel were stained with InstantBlue 

Coomassie (Abcam) for 1 h. Protein bands were excised and in-gel digestion was performed as 

described in Paragraph 2.3.2. The proteolytic digestion was performed with trypsin (expressed in 

Pichia pastoris Proteomics Grade, Sigma) overnight at 37 °C or proteinase K (Invitrogen) for 1 h at 

37 °C. FLAGαDGh and FLAGαDGr recovered after bioorthogonal ligation with aminooxy-biotin 

were mixed with Laemmli sample buffer, separated on a 4-20% SDS-PAGE gradient, and treated 

for in-gel digestion as described above. Trypsin was used for the proteolytic digestion of these 

samples.  

3.3.7 Mass spectrometric analysis  

Samples obtained after in-gel digestion were dissolved into 0.1% TFA and analysed by mass 

spectrometry as described in paragraph 2.3.5.  

3.3.8 Data analysis 

Automated database searches were performed with Byonic software (Protein Metrics Inc) using as 

reference database the Homo sapiens or Oryctolagus cuniculus (rabbit) proteomes (Uniprot). The 

search criteria were set as follows: KR (trypsin) or AVLIYWF (proteinase K) as cleavage sites;  
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≤ 3 missed cleavages and semi-specific cleavage allowed; error tolerances for the precursor of 3 

ppm and 0.05 Da for fragment ions; carbamidomethyl cysteine as a fixed modification, oxidation of 

methionine (common 2), and pyro-Glu from glutamine (rare 1) as variable modifications (max 

common set to 3 and max rare set to 2);  possible glycan composition set as Hex1, HexNAc2, 

Hex1HexNAc2, Hex2HexNAc1, Hex2HexNAc2, Hex1HexNAc1NeuAc1, Hex1HexNAc2NeuAc1, 

Hex1HexNAc1NeuAc2, Hex1HexNAc1NeuAc3, Hex2HexNAc1NeuAc1, Hex2HexNAc2NeuAc1, 

Hex2HexNAc2NeuAc2, Hex3HexNAc2NeuAc1, Hex2HexNAc2NeuAc1Fuc1, 

Hex1HexNAc1NeuAc1NeuGc1 and HexNAc2NeuAc1 (each set as rare 1, on Ser/Thr); false 

discovery rate (FDR) was set to 1%. Putative glycopeptides identified by Byonic were checked 

manually to confirm the assignment.  
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3.4 Results 

3.4.1 Expression of endogenous glycosylated αDG in mammalian cells 

Expression of αDG in mammalian cells has been described in the literature, as summarised in the 

introduction, and was performed to characterise the glycosylation state of the protein. αDG is also 

essential for this project so that it can be used to test whether the method devised and developed for 

tagging proteins modified with Rbo5P, described in Chapter 2, is effective with this protein. The 

method could be technically tested using a peptide from αDG bearing Rbo5P. Nevertheless, the 

overarching purpose of the project presented here is to implement the method on protein mixtures 

(e.g. cell lysates) to identify novel Rbo5P glycoconjugates. For this reason, the full-length αDG 

protein is considered a better sample for method testing than an αDG peptide.   

A mammalian cell line was needed for the recombinant expression of αDG. To be suitable for the 

purpose, a cell line should be able to express glycosylated αDG with glycans bearing Rbo5P and 

matriglycan. Human embryonic kidney 293T (HEK293T) and human breast cancer SKBR3 cell 

lines have both been shown to express glycosylated αDG (Kunz et al., 2005; Oppizzi et al., 2008).  

The expression of endogenous glycosylated αDG in HEK293T and SKBR3 cells was tested before 

attempting the expression of recombinant αDG in these cell lines. Cell lysates obtained from the 

two cell lines were analysed by western blotting using IIH6 as the primary antibody (Figure 3.1). 

The antibody IIH6 recognises matriglycan on αDG and is used in western blot analysis to detect 

glycosylated αDG (Ervasti and Campbell, 1993). Cell lysate from the human pancreatic cancer cell 

line Panc-1 was used as a negative control for the experiment. Panc-1 cells do not express at high 

levels the enzyme LARGE, responsible for the synthesis of matriglycan, therefore IIH6 does not 

detect αDG in their lysate (Esser et al., 2013). 
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Figure 3.1/ Western blot analysis of cell lysates obtained from HEK293T, SKBR3, and Panc-1.  The 

antibodies used were anti-dystroglycan, IIH6, as primary and anti-mouse HRP as secondary. Equal 

amounts of proteins were loaded in each lane. 

 

A band over 130 kDa is observed in the lanes corresponding to HEK293T and SKBR3, while no 

band can be detected in the lane of Panc-1. The bands detected are consistent with glycosylated 

αDG bearing matriglycan. At the same time, the absence of a similar band in the negative control 

shows the ability of the antibody to recognise glycosylated αDG selectively. The result suggests that 

HEK293T and SKBR-3 could be used to express recombinant glycosylated αDG. The transfection 

of HEK293T cells for the expression of recombinant αDG has already been described in the 

literature (Kunz et al., 2005; Yoshida-Moriguchi et al., 2010). Therefore, the cell line was used in 

this study for transfection experiments. 

 

3.4.2 Expression of recombinant αDG in mammalian cells 

3.4.2.1 Cloned pαDG-MycFLAG is transfected in HEK293T and 

HEK293F cells 

The commercially available plasmids for the expression of full-length αDG include the DAG1 gene, 

which encodes for both α and βDG and tags at the C-terminus of βDG. αDG and βDG, despite 

being translated as a single polypeptide, are processed in cells to give two proteins that are non-

covalently bound to each other. Considering these facts, the plasmids result in the expression of 

tagged βDG and untagged αDG. The purpose here is instead to obtain tagged full-length αDG, 

where the tag can be used for both detection and purification of the recombinant αDG. For this 

reason, a new plasmid was cloned. A commercially available plasmid for the expression of human α 

and βDG with a Myc and a FLAG-tag at the C-terminus of βDG was used for cloning and will be 

referred to as pDAG1-MycFLAG Deleting the DNA sequence encoding for βDG from pDAG1-

MycFLAG would result in a plasmid suitable for the expression of αDG with C-terminal Myc- and 

FLAG- tags. For this scope, primers were designed, and a PCR-mediated DNA plasmid deletion 

was performed on pDAG1-MycFLAG. The PCR product was analysed on an agarose gel (Figure 

3.2). 
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Figure 3.2/ Agarose gel electrophoresis of a PCR product. Plasmid pDAG1-MycFLAG was 

amplified by PCR using two primers to delete the DNA sequence encoding for βDG. 

The PCR product lane shows a clear band between 6 and 8 kb. The plasmid after deletion is 

expected to be 6.8 kb, which is consistent with what was observed on the agarose gel. The DNA 

was purified from the gel band, treated with Dnp1 to digest the methylated template, and 

transformed into E. coli competent cells. Colonies were picked for DNA sequencing and showed 

the correct sequence for αDG with C-terminal Myc- and FLAG- tags. The plasmid obtained from 

the transformed cells will be called pαDG-MycFLAG hereafter. A schematic of the maps for the 

plasmids discussed so far is shown in Figure 3.3. 

 

 

Figure 3.3/ Schematic of the maps for the plasmids pDAG1-MycFLAG and pαDG-MycFLAG. SP 

refers to the signal peptide. 
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HEK293T cells were transfected with pαDG-MycFLAG with the purpose of expressing αDG with 

Myc- and FLAG- tags (αDG-MycFLAG). αDG-MycFLAG was expected to be released into the 

media of transfected cells (Kunz et al., 2005; Yoshida-Moriguchi et al., 2010). The reason for the 

presence of recombinant αDG in the media instead of the cell membrane can be explained by 

considering that αDG is non-covalently bound to βDG on the cell membrane. In cells where αDG, 

but not βDG, is overexpressed, the recombinant protein lacks the substrate needed for anchoring to 

the cell membrane and is therefore released into the media.  

Two and five days after transfection of HEK293T cells with pαDG-MycFLAG, cells and media 

were collected. Cells were lysed while the media was concentrated. Cell lysates and media were 

used for western blot analysis using anti-FLAG or IIH6 antibodies as primary antibodies. No signal 

was observed from the cell lysates or media using either of the two antibodies (data not shown). The 

result raised the question of whether the lack of detected recombinant αDG was due to a problem 

with the transfection protocol. HEK293T cells were transfected with the plasmid pEGFP to address 

this concern. pEGFP encodes for the enhanced green fluorescent protein GFP, which can be 

detected in cells by fluorescent imaging. Two days after transfection, cells transfected with pEGFP 

appeared green under the microscope. The result suggests that the plasmid was transfected correctly 

into cells. 

Since the efficacy of the transfection protocol was no longer in doubt, the anti-FLAG antibody's 

efficacy was tested. To achieve that, HEK293T cells were transfected with the plasmid pIdo1-

FLAG. pIdo1-FLAG encodes for the FLAG-tagged protein Ido1 (Ido1-FLAG), which was used 

here to generate a positive control for the anti-FLAG antibody. Cells and media were collected two 

days after transfection of HEK293T cells and used for western blot analysis (Figure 3.4). The 

transfection with pEGFP or pαDG-MycFLAG was also performed in parallel. 

 



69 

 

Figure 3.4/ Western blot analysis of cell lysates and media obtained from transfection of HEK293T 

cells with the plasmids pIdo1-FLAG, pEGFP or pαDG-MycFLAG. HRP anti-FLAG was used as the 

antibody. 

 

The anti-FLAG antibody detects a band at ~ 45 kDa in the cell lysate of HEK293T cells transfected 

with pIdo1-FLAG. Ido1-FLAG has a predicted molecular weight of 45 kDa, so the band detected in 

Figure 3.4 is evidence that the anti-FLAG antibody is able to detect a FLAG-tagged protein by 

western blot analysis. The figure also shows the absence of any signal in the cell lysate or media 

from HEK293T cells transfected with pαDG-MycFLAG. The results taken together suggest that 

αDG-MycFLAG is not detected in HEK293T after transfection with pαDG-MycFLAG and the 

cause is not linked to a problem with the transfection protocol or the ability to detect the FLAG-tag.  

The lack of expression of recombinant αDG in HEK293T was hypothesised to be caused by an 

issue with either the cell line or the plasmid used for transfection. For this reason, a different cell 

line was tested and used for transfection with pαDG-MycFLAG. HEK293F is a human cell line that 

grows in suspension differently from HEK293T. HEK293F cells were transfected with either 

pαDG-MycFLAG or pEGFP and collected with the media after two and five days. As done 

previously, the transfection with pEGFP was used to assess the efficacy of the transfection by 

visually spotting green fluorescent cells. Cells were lysed after transfection, and the media was 
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concentrated. Both cell lysates and media were analysed by western blotting using IIH6 and anti-

FLAG antibodies as primary antibodies. Results are shown in Figure 3.5 A and B. 

 

 

 

Figure 3.5/ Western blot analysis of cell lysates and media obtained from transfection of HEK293F 

cells with the plasmids pEGFP or pαDG-MycFLAG. Cells and media were collected two and five 

days after transfection. The antibodies used were IIH6 as primary and anti-mouse HRP as 

secondary (A) or HRP anti-FLAG (B). 
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In the western blot where IIH6 was used, bands between 130 and 250 kDa are observed in the 

media from cells transfected with pαDG-MycFLAG collected after two or five days. Fainter bands 

at the same molecular weight are observed in the cell lysate obtained after transfection with pEGFP. 

This signal can be associated with the endogenous αDG. On the other hand, the signal from the 

media of cells transfected with pαDG-MycFLAG can be interpreted as the recombinant αDG-

MycFLAG. The result suggests that after transfection, HEK293F can express recombinant αDG. In 

the western blot where anti-FLAG was used as the antibody, only one band between 70 and 100 

kDa is observed in the media collected five days after transfection with pαDG-MycFLAG. The 

signal, which could, in theory, be associated with recombinant αDG, does not appear at the same 

molecular weight as the signals observed in Figure 3.5 A. Moreover, the band between 70 and 100 

kDa is not seen in the media collected two days after transfection with pαDG-MycFLAG. It was 

hypothesised that the signal detected by anti-FLAG could be non-specific; therefore, a different 

anti-FLAG antibody was tested. For the western blot analysis, the media of HEK293F cells 

transfected with αDG-MycFLAG and the cell lysates containing Ido1-FLAG obtained from the 

previous experiment) were used (Figure 3.6). 

 

Figure 3.6/ Western blot analysis of cell lysates obtained from transfection of HEK293T cells with 

pIdo1-FLAG or media obtained five days after transfection of HEK293F with pαDG-MycFLAG. 

Anti-FLAG was used as the primary antibody, and anti-mouse HRP was used as the secondary 

antibody. 
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The new anti-FLAG antibody detects Ido1-FLAG at the correct molecular weight but does not 

detect any signal in the media of HEK293F cells transfected with pαDG-MycFLAG. The result 

confirms that the signal observed in Figure 3.5 B is non-specific, and the FLAG-tag is not detected 

in transfected HEK293F expressing recombinant αDG. The transfection of HEK293F with pαDG-

MycFLAG was repeated a second time, and the media collected after two, three, four and five days 

was concentrated and used for western blot analysis (Figure 3.7). 

 

Figure 3.7/ Western blot analysis of media obtained from transfection of HEK293F cells with the 

plasmid pαDG-MycFLAG. Media was collected two, three, four and five days after transfection. 

The antibodies used were IIH6 as primary and anti-mouse HRP as secondary. 

 

The western blot shows bands between 130 and 250 kDa, similar to what was observed in the first 

experiment in the media collected after three, four and five days. The western blot analysis of the 

same samples using either one of the two anti-FLAG antibodies did not show any signal (data not 

shown). The results taken together confirm the reproducibility of the expression of αDG in 

transfected HEK293F cells and the absence of a detectable FLAG-tag on the recombinant protein.  

 

3.4.2.2 Cloned pαDG-S654A-MycFLAG is transfected in HEK293F cells 

The FLAG-tag was essential in the expression of recombinant αDG because it would be used for its 

purification by immunoprecipitation. For this reason, the issue had to be addressed. The loss of the 

FLAG-tag from αDG after expression was hypothesised. It is known that the gene DAG1 encoding 

for αDG and bDG translates into a single polypeptide, which undergoes autoproteolysis at Ser in 

position 654 to give the two different dystroglycan subunits (Holt et al., 2000). For the 

autoproteolysis to happen, an Ig-like domain upstream of S654 is required. Amino acids around the 

cleavage sites are not conserved between vertebrates and invertebrates, but similarities are found 

with the proteins that undergo autoproteolysis (Akhavan et al., 2008).  For this reason, S654, being 
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part of a domain necessary for the autoproteolysis, cannot be excluded. The recombinant protein 

encoded by the plasmid pαDG-MycFLAG has the same first 654 amino acids encoded in Dag1, 

corresponding to αDG. This means the construct has the Ig-like domain required for the 

autoproteolysis and the S654 where the cleavage happens but lacks the amino acids downstream of 

S654, which could play a role in the autoproteolysis. Based on these considerations, it was 

hypothesised that the autoproteolysis could still happen. To prevent the cleavage and the loss of the 

Myc- and FLAG- tags, the cleavage site was mutated from Ser to Ala, as this mutation has been 

shown to prevent autoproteolysis in the dystroglycan polypeptide (Jayasinha et al., 2003). The 

cloning of the plasmid with the mutation S654A, named from now on pαDG-S654A-MycFLAG, 

started with the design of two non-homologous primers with the forward primer carrying the 

mutation (Figure 3.8). 

 

Figure 3.8/ αDG DNA sequence at the C-terminus in the plasmid pαDG-MycFLAG. Non-

homologous forward and reverse primers designed for the mutation S654A are highlighted. 

 

A PCR using the two primers and the plasmid pαDG-MycFLAG as a template was performed, and 

the resulting product was transformed into E.coli competent cells. DNA was extracted and 

sequenced. The sequence showed missing base pairs at the extremities of the linear plasmid, which 

translated into an erroneous amino acid sequence compared to the predicted one. The cloning was 

therefore repeated using two new primers, which, differently from before, were homologous and 

both carrying the mutation (Figure 3.9) 
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Figure 3.9/ αDG DNA sequence at the C-terminus in the plasmid pαDG-MycFLAG. Homologous 

forward and reverse primers designed for the mutation S654A are highlighted. 

 

This time, the plasmid pαDG-S654A-MycFLAG had the correct sequence and could be used for 

transfection into mammalian cells. As described above, HEK293F cells were transfected with 

pαDG-S654A-MycFLAG, and the media was collected after three, four, and five days. The media 

was concentrated, and the different time points were analysed by western blotting using IIH6 as the 

primary antibody. Results are shown in Figure 3.10. 

 

Figure 3.10/ Western blot analysis of cell lysates and media obtained from transfection of 

HEK293F cells with the plasmid pαDG-S654A-MycFLAG. Cells and media were collected three, 

four and five days after transfection. The antibodies used were IIh6 as primary and anti-mouse 

HRP as secondary. 
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Bands between 130 and 250 kDa and above 250 kDa are observed in the western blot. These bands 

are evidence of the expression of αDG and appear at a higher molecular weight than the bands 

observed in Figure 3.5 A, where media from cells transfected with non-mutated αDG was analysed. 

When anti-FLAG antibodies were used on the samples analysed in Figure 3.10, no bands were 

observed (data not shown). While the increase in molecular weight of the recombinant protein after 

mutation cannot be explained, overall, the result suggests that the S654A mutation did not help the 

detection of the FLAG-tag, which is still hypothesised to be absent on the recombinant αDG. 

 

3.4.2.3 FLAG-tagged αDG is successfully expressed in HEK293T cells 

An issue with the tag's position in the construct could explain the absence of a detectable FLAG-tag 

from recombinant αDG. The FLAG-tag, present in the plasmid at the C-terminus of the sequence 

encoding for αDG, could be moved to the N-terminus. To test the hypothesis that the FLAG-tag 

position could affect its expression and detection, a new plasmid, named pFLAGαDGh, was cloned. 

pFLAGαDGh was designed to have the sequence for expressing a 3X FLAG-tag at the N-terminus 

of the αDG gene. The new plasmid was assembled using an In-Fusion HD cloning kit with a 

linearised vector and two inserts. pαDG-MycFLAG was used as a template to PCR amplify the 

linearised vector and one of the inserts encoding for αDG (30-653). The second insert, encoding for 

3X FLAG-tag, was custom-purchased instead. The PCR products for the linearised vector and the 

insert encoding for αDG were analysed on an agarose gel (Figure 3.11). 

 

Figure 3.11/ Agarose gel electrophoresis of PCR products. Plasmid pαDG-MycFLAG was 

amplified by PCR using two sets of primers to obtain a linearised vector and an insert encoding for 

αDG. 
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The bands in the agarose gel appear between 4 and 5 kb for the linearised vector and between 1.5 

and 2 kb for the insert encoding for αDG. The two PCR products are expected to be 4.9 kb 

(linearised vector) and 1.9 kb (insert αDG), which is consistent with the bands observed in the PCR 

product lanes. Using the two PCR products and the insert encoding for 3X FLAG-tag, 

pFLAGαDGh was successfully cloned.  

The transfection of pFLAGαDGh HEK293T cells requires the presence of a furin inhibitor to 

prevent the loss of the FLAG-tag. This is necessary because, in cells, αDG is further processed by 

furin to cleave the first 312 amino acids of the protein. By deleting the furin cleavage site in αDG, 

the recombinant protein keeps its N-terminus domain, as demonstrated in the work published by 

Yoon (Yoon et al., 2013). The plasmid used in that work for the expression of recombinant αDG, 

named here pFLAGαDGr, presents the sequence for the expression of a 1X FLAG-tag at the N-

terminus of the αDG gene (from rabbit) and has a deletion of R312, the site of furin cleavage. 

pFLAGαDGr, donated by the lab of Dr Paul T. Martin, was used alongside pFLAGαDGh to 

transfect HEK293T cells and constituted a positive control for the expression of glycosylated 

recombinant αDG. The cell media was collected two days after transfection, and western blot 

analysis was performed on the concentrated media (Figure 3.12) 

 

 

Figure 3.12/ Western blot analysis of concentrated media obtained two days after transfection of 

HEK293T cells with the plasmids pFLAGαDGh or pFLAGαDGr. The antibodies used were IIH6 as 

primary, anti-mouse HRP as secondary, or HRP anti-FLAG. 
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IIH6 detects a narrow band between 130 and 250 kDa in the media of cells transfected with 

pFLAGαDGh, while the anti-FLAG detects a faint band around 130 kDa. Similar observation can 

be done for the western blots of samples obtained from the transfection with pFLAGαDGr. The 

molecular weights of the bands detected by IIH6 and anti-FLAG do not match. This result is 

unexpected since both signals should come from the same recombinant protein. Nevertheless, this 

was the first time a signal was detected by both the antibodies for the expression of recombinant 

αDG. In particular, the presence of a signal from the FLAG-tag encouraged the idea that a 

recombinant protein could be purified with anti-FLAG affinity gel from the samples. The 

purification of the expected products FLAGαDGh and FLAGαDGr after transfection of HEK293T 

cells with pFLAGαDGh and pFLAGαDGr, respectively, was performed by incubating the media 

collected after transfection, with anti-FLAG agarose gel. Proteins bound to the gel were eluted and 

analysed by western blotting (Figure 3.13). 

 

 

Figure 3.13 /(A) Schematic of the constructs FLAGαDGh and FLAGαDGr. SP refers to the signal 

peptide. (B) Western blot analysis of the purified recombinant proteins FLAGαDGh and 

FLAGαDGr. The antibodies used were HRP anti-FLAG (left), IIH6 as primary and anti-mouse 

HRP as secondary (right). Proteins were retrieved from the medium of HEK293T cells and purified 

by anti-FLAG pulldown using anti-FLAG agarose gel. Proteins eluted from the anti-FLAG gel with 

Laemmli buffer were used for the western blot analysis. 
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A prominent band at the molecular weight of ~120-190 kDa is detected by anti-FLAG in the lanes 

of the samples expected to contain FLAGαDGh and FLAGαDGr. On the other hand, IIH6’s signal 

in the same sample is faint and diffuse. While a match between the bands detected by IIH6 and anti-

FLAG is not observed, the result shows that FLAG-tagged proteins are purified by anti-FLAG 

agarose gel. The broad bands at a high molecular weight observed with anti-FLAG are consistent 

with those expected for a heavily glycosylated protein like αDG bearing Rbo5P and matriglycan. 

The similarity of the bands detected in the sample containing FLAGαDGh and the positive control 

FLAGαDGr encouraged the idea that the protein recovered was indeed recombinant glycosylated 

αDG. The bands can then be interpreted as the purified glycosylated proteins FLAGαDGh and 

FLAGαDGr. Since the recombinant protein was needed to act as an authentic Rbo5P-containing 

protein for testing the methods for tagging and enrichment, the FLAGαDGh production had to be 

performed to a scale which made the experiment prohibitively expensive, especially for the use of 

furin inhibitor. For this reason, the experiments described in the rest of this chapter will only use 

FLAGαDGr, which could be produced at a lower cost. 

 

3.4.3 Analysis of recombinant αDG by mass spectrometry 

FLAGαDGr construct was purified, reduced and carbamidomethylated, digested into peptides with 

trypsin, and analysed by mass spectrometry to confirm its identity as αDG. The analysis involved 

the separation of peptides obtained from FLAGαDGr by liquid chromatography coupled to tandem 

mass spectrometry (LC-MS/MS). Peptides were isolated and fragmented in the mass spectrometer 

to obtain product ion spectra, which were interpreted with the help of bioinformatic software. The 

identified peptides corresponded to αDG peptides. Other peptides belonging to common 

contaminant proteins, such as human keratins, were identified. The mapped sequence of αDG from 

the analysis is shown in Figure 3.14. 
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Figure 3.14 / Mapped sequence of peptides identified in the mass spectrometric analysis of 

FLAGαDGr after trypsin digestion. Peptides identified are reported in red. 

 

The peptides identified cover ~20% of the αDG sequence and were found to be either glycosylated 

or not. It is interesting to determine whether any glycopeptides modified with Rbo5P or GroP were 

detected in this experiment since there are no literature reports of such glycopeptides detected by 

mass spectrometry after proteolytic digest of recombinant αDG. Glycopeptides modified with 

Rbo5P were first reported in the literature in 2016 and were identified by selectively overexpressing 

the peptide containing the sites of matriglycan glycosylation (Kanagawa et al., 2016; Praissman et 

al., 2016). To reduce the molecular weight of such glycopeptides, allowing their identification by 

mass spectrometry, hydrofluoric acid was used to break the phosphodiester linkage between the two 

units of Rbo5P, thus releasing the matriglycan polysaccharide. The presence of matriglycan on 

glycopeptides modified with Rbo5P would hinder their identification, and that would explain why 

reports present in the literature before 2016, where hydrofluoric acid was not used, were not able to 

identify the peculiar glycosylation of αDG. This logic, though, does not explain why glycopeptides 

modified with GroP were not identified earlier than 2016 since they are not extended with 

matriglycan. One explanation could be the low abundance of such glycopeptides, which were 

identified uniquely by overexpression of a peptide from αDG (Yagi et al., 2016).   

Glycopeptides identified from the analysis of FLAGαDGr are listed in Table 3.1 
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Peptide sequence Glycan composition 
374GAIIQTPTLGPIQPTRVSDAGTVVSGQIR402 Hex2HexNAc2NeuAc4 
383GPIQPTR389 HexNAc2 
383GPIQPTR389 Hex1HexNAc2 
390VSDAGTVVSGQIRA403 Hex3HexNAc2NeuAc1 
390VSDAGTVVSGQIR402 Hex1 
390VSDAGTVVSGQIR402 Hex2 
390VSDAGTVVSGQIR402 Hex2HexNAc1NeuAc1 
462VTTKAPITR470 Hex1HexNAc1NeuAc2 
462VTTKAPITR470 Hex2HexNAc2NeuAc1 
471LETASPPTR479 Hex2HexNAc2 
471LETASPPTR479 Hex3HexNAc3NeuAc1 
471LETASPPTR479 HexNAc2 
471LETASPPTR479 Hex2HexNAc3NeuAc1 
518IPSDTFYDKEDTTTDKLK535 Hex1HexNAc1NeuAc2 

 

Table 3.1 / List of the glycopeptides identified by LC-MS/MS from the tryptic digest of recombinant 

αDG from rabbit (FLAGαDGr). Potential O-glycosylation sites are underlined. Hex denotes 

hexose, e.g., galactose (Gal), glucose (Glc), or mannose (Man). HexNAc denotes N-acetyl 

hexosamine, e.g., N-acetyl galactosamine (GalNAc) or N-acetyl glucosamine (GlcNAc). NeuAc 

denotes N-acetyl neuraminic acid. 

 

The glycan composition for each glycopeptide was deduced from the m/z of the precursor ion and 

the product ion spectrum of each selected precursor ion. The structure of a glycan cannot be inferred 

from its composition. Therefore, looking at the data reported in Table 3.1, it is not possible to 

determine which type of O-glycosylation is present on each glycopeptide identified. To better 

interpret the data obtained, the potential glycosylation sites identified in this analysis were 

compared with those reported in the literature for rabbit αDG (Stalnaker et al., 2010). In Stalnaker’s 

study, sites S391, T395, S398, and S475 were reported as O-mannosylated with compositions 

Hex2HexNAc1 (core M1), Hex2HexNAc1NeuAc1 (core M1 capped with NeuAc) or 

Hex3HexNAc2NeuAc2 (core M2 capped with two NeuAc). Based on this information, the glycan 

compositions associated with αDG peptides identified in this study could be explained and 

correlated to specific glycan structures. For example, glycopeptide 390VSDAGTVVSGQIR402 

presents three O-mannosylation sites and was identified with the glycan Hex2HexNAc1NeuAc1 

whose composition is consistent with core M1 capped with NeuAc. Other glycoforms of the peptide 
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were identified as having glycan composition of Hex3HexNAc2NeuAc1, consistent with core M2 

capped with one NeuAc, and Hex1 or Hex2 which could be one or two O-linked mannose 

respectively. Stalnaker’s work also reported sites T463, T464, T469, T473, S475 and S478 to be 

modified with core 1 (O-GalNAc-type) glycans. An example of an O-GalNAc peptide identified in 

this analysis and reported in Table 3.1 is 462VTTKAPITR470 with glycan composition 

Hex1HexNAc1NeuAc2, consistent with core 1 glycan capped with two NeuAc.  

Peptides modified with core M3 glycans and/or extended with Rbo5P or GroP were not detected in 

the analysis presented here. Core M3 glycans were reported to modify sites T317, T319, T379 and 

T381 (Yagi et al., 2013; Yoshida-Moriguchi et al., 2010) in αDG from mice. The same sites were 

not detected as glycosylated in rabbit αDG (Stalnaker et al., 2010). Considering that sites T317, 

T319, T379 and T381 are conserved among αDG vertebrate homologues (Imae et al., 2021; Toledo 

et al., 2012), it is safe to assume that these sites could be modified with core M3 glycans in rabbit 

αDG. The peptide 374GAIIQTPTLGPIQPTRVSDAGTVVSGQIR402, which includes sites T379 and 

T381, was identified in this analysis as glycosylated with glycan composition 

Hex2HexNAc2NeuAc4 which is not consistent with core M3 (Hex1HexNAc2Phos1). 

The digestion of FLAGαDGr was performed using trypsin. Trypsin is widely used for peptide 

analysis because it cleaves proteins into peptides at an average size of about 700 to 1500 Da, which 

is ideal for mass spectrometric analysis. Moreover, by cleaving the C-terminal to K and R, trypsin 

generates peptides with a positive charge at the C-terminus, which is advantageous for the peptide 

fragmentation analysis (Huang et al., 2005). Due to steric hindrance, tryptic peptides are more 

challenging to obtain in the presence of glycans. Moreover, missed tryptic cleavages generate 

bigger peptides that are more difficult to analyse (Dodds et al., 2009). For these reasons, using 

proteases different from trypsin can help increase the chances to identify glycopeptides. Proteinase 

K is an example of such a protease. It cleaves the C-terminal of aliphatic and aromatic amino acids 

and has been used to generate glycopeptides for MS analysis (Zauner et al., 2010).  Thus, 

FLAGαDGr was digested with proteinase K as an alternative to trypsin, and the obtained 

glycopeptides were analysed again by LC-MS/MS. The mapped sequence of αDG from analysis of 

the proteinase K digest is shown in Figure 3.15 
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Figure 3.15 / Mapped sequence of peptides identified in the mass spectrometry analysis of 

FLAGαDGr after proteinase K digestion. Peptides identified are reported in red. 

 

The peptides identified cover ~17% of the αDG sequence; therefore, proteinase K digestion in this 

context does not improve the overall sequence coverage of αDG. Glycopeptides were also identified 

from the analysis of FLAGαDGr after proteinase K digestion and are listed in Table 3.2 

 

Peptide sequence Glycan composition 
379TPTLGPIQPTRVSDA393 Hex2HexNAc2NeuAc2 
379TPTLGPIQPTRVSDA393 Hex4HexNAc4 
379TPTLGPIQPTRVSDA393 Hex4HexNAc4NeuAc1 
379TPTLGPIQPTRVSDA393 Hex3HexNAc3NeuAc3 
379TPTLGPIQPTRVSDA393 Hex3HexNAc3NeuAc2 
394GTVVSGQIR402 Hex1HexNAc1NeuAc2 
400QIRATVTIPG409 Hex1HexNAc1NeuAc2 
401IRATVTIPG409 Hex1HexNAc1NeuAc2 
442SATTTRRPT450 Hex3HexNAc3 

 

Table 3.2 / List of the glycopeptides identified by LC-MS/MS from the proteinase K digest of 

recombinant αDG from rabbit (FLAGαDGr). Potential O-glycosylation sites are underlined. Hex 

denotes hexose, e.g., galactose (Gal), glucose (Glc), or mannose (Man). HexNAc denotes N-acetyl 
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hexosamine, e.g., N-acetyl galactosamine (GalNAc) or N-acetyl glucosamine (GlcNAc). NeuAc 

denotes N-acetyl neuraminic acid. 

 

New glycosylation sites were identified after proteinase K digestion compared to the data obtained 

after trypsin digestion. In particular, the sites T446 and T450 were reported in the literature to have 

O-GalNAc-type glycans (Stalnaker et al., 2010) and were found after proteinase K digestion in the 

peptide 442SATTTRRPT450. The glycan Hex3HexNAc3 associated with the peptide has a 

composition that can be explained, for example, by the co-presence of three core 1 (Hex1HexNAc1) 

glycans on the peptide. This observation suggests that sites other than T446 and T450 might be 

modified in the peptide 442SATTTRRPT450.  

Similarly to the experiment performed with trypsin, the digestion of FLAGαDGr with proteinase K 

did not result in detection by mass spectrometry of glycopeptides modified with Rbo5P or GroP. 

Rbo5P, differently from GroP, can be further modified with matriglycan polysaccharide, which, due 

to its size and probable heterogeneity, would not be expected to be detected under the conditions for 

glycopeptide analysis by mass spectrometry. In the literature, evidence is presented for a 

glycopeptide modified with core M3 extended with one or two units of Rbo5P or one unit of GroP 

without matriglycan (Yagi et al., 2016). It is worth pointing out that glycoforms of the peptide 

modified with Rbo5P without the matriglycan were identified in Yagi’s work by expressing αDG 

peptide and not full-length αDG. It was recently reported that full-length αDG, and in particular its 

N-terminal domain, was required for the extension of matriglycan by the activity of LARGE. 

Therefore, the glycosylation state of an overexpressed peptide from αDG, lacking the αDG N-

terminus, is expected to differ from the glycosylation observed on a peptide obtained from full-

length αDG. This observation could explain why glycopeptides modified with Rbo5P were not 

found in the experiments described here. 

 

3.4.4 Rbo5P is detected in recombinant αDG  

The method developed in Chapter 2 was designed to help identify glycopeptides modified with 

Rbo5P through a selective chemical tagging strategy. Treatment with sodium periodate under the 

condition used is expected to oxidise Rbo5P and generate an aldehyde on the alditol (Praissman et 

al., 2016). If Rbo5P is modified with matriglycan, the oxidation would release the polysaccharide, 

considerably improving the chances of detecting the glycopeptide by mass spectrometry. Oxidised 

Rbo5P on a glycopeptide would be susceptible to biotinylation if treated with aminooxy-biotin, and 
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the presence of the affinity tag on the modified alditol would help selectively purify proteins with 

Rbo5P. To test the efficacy of oxidation and biotinylation on a protein modified with Rbo5P, 

FLAGαDGr was first treated with sodium periodate and aminooxy-biotin, then digested with 

trypsin into peptides for mass spectrometric analysis. The treatment is also expected to biotinylate 

NeuAc units on the protein, which is not of interest in the context of the experiment. Treating 

FLAGαDGr with a sialidase would have prevented NeuAc from being modified. Nevertheless, the 

presence of biotinylated and sialylated peptides was not expected to hinder the detection of the 

glycopeptides bearing Rbo5P since the sample analysed consisted of a single protein. The mapped 

sequence of αDG from this analysis is shown in Figure 3.16 

 

 

Figure 3.16 / Mapped sequence of peptides identified in the mass spectrometry analysis of 

FLAGαDGr after oxidation, biotinylation and trypsin digestion. Peptides identified are reported in 

red. 

 

The peptides identified cover ~50% of the αDG sequence. The glycopeptides identified from the 

analysis of FLAGαDGr after oxidation, biotinylation and trypsin digestion are listed in Table 3.3. 
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Peptide sequence Glycan composition
313QIHATPTPVTAIGPPTTAIQEPPSR337 HexNAc1
360DPVPGKPTVTTR371 Hex1HexNAc1NeuAc1
360DPVPGKPTVTTR371 Hex1HexNAc1NeuAc2
361PVPGKPTVTTR372 Hex1HexNAc1NeuAc2
374GAIIQTPTLGPIQPTR389 Hex3
374GAIIQTPTLGPIQPTR389 Hex1HexNAc1
374GAIIQTPTLGPIQPTR389 Hex2HexNAc1
374GAIIQTPTLGPIQPTR389 Hex2HexNAc2
374GAIIQTPTLGPIQPTR389 Hex2HexNAc1NeuAc2
374GAIIQTPTLGPIQPTR389 Hex3HexNAc2Phos1
374GAIIQTPTLGPIQPTR389 Hex3HexNAc3NeuAc2Phos1
374GAIIQTPTLGPIQPTR389 Hex3HexNAc2Phos1GroP1
374GAIIQTPTLGPIQPTR389 Hex3HexNAc2Phos1Rbo5P1
374GAIIQTPTLGPIQPTRVSDAGTVVSGQIR402 Hex2HexNAc2
374GAIIQTPTLGPIQPTRVSDAGTVVSGQIR402 Hex2HexNAc2NeuAc2
374GAIIQTPTLGPIQPTRVSDAGTVVSGQIR402 Hex2HexNAc2NeuAc4 *
374GAIIQTPTLGPIQPTRVSDAGTVVSGQIR402 Hex3HexNAc3NeuAc2
374GAIIQTPTLGPIQPTRVSDAGTVVSGQIR402 Hex3HexNAc3NeuAc3
374GAIIQTPTLGPIQPTRVSDAGTVVSGQIR402 Hex3HexNAc3NeuAc4
390VSDAGTVVSGQIR402 Hex1 *
390VSDAGTVVSGQIR402 Hex2 *
390VSDAGTVVSGQIR402 Hex2HexNAc1
390VSDAGTVVSGQIR402 Hex3HexNAc1
390VSDAGTVVSGQIR402 Hex1HexNAc2NeuAc1
390VSDAGTVVSGQIR402 Hex2HexNAc1NeuAc1 *
390VSDAGTVVSGQIR402 Hex2HexNAc2NeuAc1
390VSDAGTVVSGQIR402 Hex2HexNAc2NeuAc2
390VSDAGTVVSGQIR402 Hex3HexNAc1NeuAc1
429VSTPKPATPSTDSSATTTR447 Hex2HexNAc2
429VSTPKPATPSTDSSATTTR447 Hex2HexNAc3
429VSTPKPATPSTDSSATTTR447 Hex3HexNAc3
429VSTPKPATPSTDSSATTTR447 Hex1HexNAc1NeuAc1
429VSTPKPATPSTDSSATTTR447 Hex1HexNAc1NeuAc2
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Table 3.3 / List of the glycopeptides identified by LC-MS/MS from the oxidation, biotinylation and 

tryptic digest of recombinant αDG from rabbit (FLAGαDGr). Potential O-glycosylation sites are 

underlined. Hex denotes hexose, e.g., galactose (Gal), glucose (Glc), or mannose (Man). HexNAc 

denotes N-acetyl hexosamine, e.g., N-acetyl galactosamine (GalNAc) or N-acetyl glucosamine 

(GlcNAc). NeuAc denotes N-acetyl neuraminic acid. Asterisks denote glycopeptides that were also 

identified after tryptic digestion of FLAGαDGr without prior oxidation and biotinylation. 

 

462VTTKAPITR470 Hex2HexNAc2
462VTTKAPITR470 Hex1HexNAc1NeuAc2 *
462VTTKAPITR470 Hex2HexNAc2NeuAc1 *
462VTTKAPITR470 Hex3HexNAc3NeuAc1
462VTTKAPITR470 Hex4HexNAc4NeuAc1
471LETASPPTR479 HexNAc2 *
471LETASPPTR479 Hex1HexNAc2
471LETASPPTR479 Hex1HexNAc4
471LETASPPTR479 Hex2HexNAc2 *
471LETASPPTR479 Hex2HexNAc3
471LETASPPTR479 Hex2HexNAc4
471LETASPPTR479 Hex3HexNAc3
471LETASPPTR479 Hex1HexNAc1NeuAc2
471LETASPPTR479 Hex1HexNAc2NeuAc3
471LETASPPTR479 Hex2HexNAc2NeuAc1
471LETASPPTR479 Hex2HexNAc2NeuAc2
471LETASPPTR479 Hex2HexNAc3NeuAc1 *
471LETASPPTR479 Hex3HexNAc3NeuAc1 *
471LETASPPTR479 Hex3HexNAc3NeuAc2
471LETASPPTR479 Hex4HexNAc4NeuAc2
480IRTTTSGVPR489 Hex2HexNAc2
482TTTSGVPR489 Hex1HexNAc1NeuAc1
482TTTSGVPR489 Hex2HexNAc2NeuAc1
518IPSDTFYDKEDTTTDKLK535 Hex2HexNAc2
518IPSDTFYDKEDTTTDKLK535 Hex1HexNAc1NeuAc2 *
518IPSDTFYDKEDTTTDKLK535 Hex2HexNAc2NeuAc2
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Most of the glycopeptides identified after digestion of FLAGαDGr (listed in Table 3.1) are also 

identified if FLAGαDGr is oxidised and biotinylated before being digested (listed in Table 3.3 with 

an asterisk). The oxidation/biotinylation treatment results in the identification of a more significant 

number of glycopeptides compared to the same analysis performed without the treatment. One 

possible explanation for the difference between the two results is that FLAGαDGr, after oxidation, 

would be more accessible to the proteolytic enzyme since it lost the matriglycan. 

Several glycopeptides from Table 3.3 present a glycan composition with one or more NeuAc units. 

The molecular weight observed for a NeuAc unit is consistent with the mass of the monosaccharide 

unmodified. The result suggests that the sialylated glycopeptides identified in the analysis were not 

detected as oxidised and/or biotinylated. Moreover, glycoforms presenting more than one unit of 

NeuAc were observed to be completely unmodified. This observation contrasts with the results 

presented in Chapter 2, where fetuin was oxidised and biotinylated. Glycopeptides derived from 

fetuin were identified as biotinylated and oxidised, while this is not the case for FLAGαDGr treated 

with the same method. Moreover, the m/z 613.26, marker of biotinylated and oxidised NeuAc, was 

not detected in any of the product ion spectra obtained from the LC-MS/MS analysis of peptides 

from FLAGαDGr. One possible explanation is that the sodium periodate and aminooxy-biotin 

treatments did not completely affect FLAGαDGr. As a result, the sample had a mixture of 

biotinylated and non-biotinylated proteins. The glycopeptides obtained from the digestion of this 

sample were also a mixture of biotinylated and non-biotinylated species, the latter of which were 

exclusively detected by mass spectrometry.  

One striking result is that after oxidation and biotinylation of FLAGαDGr, glycopeptides modified 

with Rbo5P and GroP were detected. In particular, the peptide 374GAIIQTPTLGPIQPTR389 was 

identified in this analysis modified with core M3 glycans extended with one unit of Rbo5P or GroP. 

The glycoforms of the peptide with core M3 glycans listed in Table 3.3 are reported for clarity in 

Table 3.4.  

Peptide sequence Glycan composition 

GAIIQTPTLGPIQPTR Hex3HexNAc2Phos1 

  Hex3HexNAc3NeuAc2Phos1 

  Hex3HexNAc2Phos1GroP1 

  Hex3HexNAc2Phos1Rbo5P1 
 

Table 3.4 / List of the glycoforms of the peptide GAIIQTPTLGPIQPTR identified by LC-MS/MS 

from the oxidation, biotinylation and tryptic digest of recombinant αDG from rabbit (FLAGαDGr). 

Potential O-glycosylation sites are underlined. Hex denotes hexose, e.g., galactose (Gal), glucose 
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(Glc), or mannose (Man). HexNAc denotes N-acetyl hexosamine, e.g., N-acetyl galactosamine 

(GalNAc) or N-acetyl glucosamine (GlcNAc). NeuAc denotes N-acetyl neuraminic acid. Phos 

denotes a phosphate group. 

 

The identification of the glycoforms listed in Table 3.4 was achieved by manually interpreting the 

data, since the bioinformatic software search was unable to detect them. Ions originated from the 

fragmentation of glycans containing Rbo5P and GroP (m/z 233.04 and m/z 358.09, respectively) 

were used to search the product ion spectra of glycopeptides obtained from the mass spectrometric 

analysis. 

As described earlier, sites T379 and T381 are expected to be O-mannosylated with core M3 glycans 

in rabbit αDG by similarity with those identified on the same sites in mouse αDG. While core M3 

glycans are reported in the literature to be extended with Rbo5P or GroP, the only site where this 

was observed is T317. Moreover, the only evidence of Rbo5P and GroP on a peptide is from the 

analysis of overexpressed peptide from αDG. These observations highlight that in this study, for the 

first time, Rbo5P and GroP were identified on a full-length αDG and that sites T379 or T381 can 

carry an extended core M3 glycan. 

Product ion spectra of the glycopeptide 374GAIIQTPTLGPIQPTR389 modified core M3 glycans 

extended with Rbo5P and GroP are shown in Figure 3.17 and Figure 3.18, respectively. 
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Figure 3.17 / HCD product ion spectrum of a tryptic glycopeptide from FLAGαDGr treated with 

sodium periodate and aminooxy-biotin oxidation. The precursor ion [M+3H]3+ at m/z 950.43 has 

a monoisotopic mass corresponding to that calculated for the peptide GAIIQTPTLGPIQPTR 

bearing 2 HexNAc, 3 Hex, 1 Phos and 1 Rbo5P (Δ=0 ppm). Product ions have a 1+ charge (see 

section 2.3.7).  
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Figure 3.18 / HCD product ion spectrum of a tryptic glycopeptide from FLAGαDGr treated with 

sodium periodate and aminooxy-biotin oxidation. The precursor ion [M+3H]3+ at m/z 930.42 has 

a monoisotopic mass corresponding to that calculated for the peptide GAIIQTPTLGPIQPTR 

bearing 2 HexNAc, 3 Hex, 1 Phos and 1 GroP (Δ=11 ppm). Product ions have a 1+ charge (see 

section 2.3.7).  

In the product ion spectrum shown in Figure 3.17, Rbo5P is expected to be oxidised and 

biotinylated since FLAGαDGr was treated with sodium periodate and aminooxy-biotin before 

tryptic digestion. Nevertheless, Rbo5P is not present in its oxidised form in the spectrum and biotin 

is not detected in any of the product ion spectra acquired in the analysis. Even if the biotinylation 

reaction did not go to completion, the fact that the treatment has led to the detection of RboP, which 

was not found in the previous analysis of untreated glycoprotein, suggests that the oxidation 

reaction has been effective. It would thus be reasonable to expect detection of oxidised RboP 

products. One possible explanation for the detection of Rbo5P despite the absence of any evidence 

of oxidation or biotinylation could be that the treatment did affect other glycosylation sites in αDG, 

releasing the matriglycan, which made the rest of the protein more accessible for proteolytic 

digestion. Based on this hypothesis, the glycopeptide identified with Rbo5P would correspond to a 

glycoform unaffected by oxidation.  
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3.5 Conclusions 

The purpose of the work presented in this chapter was to develop a procedure for the production of 

recombinant full-length αDG and to apply the method developed in Chapter 2 for the oxidation and 

tagging of Rbo5P on the recombinant protein, known to be modified with Rbo5P. The results show 

that after oxidation and biotinylation of αDG peptides carrying core M3 extended with Rbo5P or 

GroP were detected. Contrary to expectations, Rbo5P is not oxidised or biotinylated. The finding is 

promising since it opens up the opportunity to treat cell lysates with the same method for the 

detection of Rbo5P on endogenous αDG and the potential identification of and identify novel 

proteins modified with Rbo5P.  

Additionally, the data presented here have demonstrated the presence of Rbo5P and GroP on full-

length αDG for the first time, rather than the truncated protein used in previous reports. The results 

also suggest the presence of Rbo5P at a different glycosylation site, at which this alditol had not 

previously been detected. These findings contribute to the growing body of knowledge on the 

glycosylation of αDG and will impact our understanding of dystroglycanopathies in which Rbo5P 

modification or extension of core M3 glycans is impaired. 
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Chapter 4: Towards the identification of novel proteins modified 

with ribitol-5-phosphate  

 

4.1 Introduction 

αDG is the only mammalian protein known to date to be modified with Rbo5P. The discovery of 

Rbo5P in αDG glycans is the result of an interest in αDG glycosylation due to its connection to 

muscular dystrophy and brain malformation (Beltrán-Valero De Bernabé et al., 2002; Holzfeind et 

al., 2002). For a long time, αDG was known for being part of the dystrophin-glycoprotein complex 

(Ervasti and Campbell, 1991) and for its function in binding laminin in the extracellular matrix 

(Ervasti and Campbell, 1993). A study of muscular dystrophy in mice showed for the first time that 

αDG glycosylation was altered in the diseased animals (Grewal et al., 2001). Since then, the 

enzymes involved in the biosynthetic pathway of the O-mannosyl glycans on αDG have been 

identified and mutations in them correlated with several diseases named dystroglycanopathies 

(Endo, 2015). One of these enzymes is LARGE, the mutation of which is responsible for the 

congenital muscular dystrophy type 1D (MCD1D). LARGE is a glycosyltransferase with dual 

activity: α3-xylosyltransferase activity and a β3-glucuronyltransferase activity (Inamori et al., 

2012). It is responsible for the synthesis of a polysaccharide composed of the repeating disaccharide 

Xylα1- 3GlcAβ1-3 (Inamori et al., 2012). When overexpressed, LARGE was found to increase the 

apparent molecular weight of αDG on SDS-PAGE (Brockington et al., 2005) and to overcome the 

αDG glycosylation defect in cells from individuals with MCD1D (Barresi et al., 2004). The linkage 

between the polysaccharide synthesised by LARGE, named matriglycan (Yoshida-Moriguchi and 

Campbell, 2014) and αDG was unknown until 2016 when three different labs expressed the αDG 

peptide carrying matriglycan and characterised its glycosylation by mass spectrometry (Kanagawa 

et al., 2016; Praissman et al., 2016; Yagi et al., 2016). The three studies showed for the first time 

that αDG has a core M3 O-mannosyl glycan extended with a tandem repeat of Rbo5P. The second 

moiety of Rbo5P is modified with Xyl and GlcA added sequentially by two glycosyltransferases. 

The resulting glycan becomes the substrate for the LARGE enzymatic activity which initiates and 

extends the matriglycan polysaccharide. 

The story of how Rbo5P was discovered in mammalian cells shows that it relied on the targeted 

analysis of a single glycoprotein, αDG (Kanagawa et al., 2016; Praissman et al., 2016; Yagi et al., 

2016). However, the search for novel mammalian proteins similarly modified with Rbo5P should 

rely on a method that specifically targets proteins modified with the alditol. A common 
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glycoproteomic strategy involves the enrichment of glycoproteins by exploiting their affinity for 

antibodies or lectins (Abbott and Pierce, 2010). The enrichment step is important because it reduces 

the complexity of the sample to analyse by mass spectrometry and reduces the background of non-

glycosylated proteins, which can be more prominent than glycoproteins in the sample. Examples of 

lectins used for enrichment strategies are wheat germ agglutinin (WGA), which recognises 

glycopeptides modified with O-GlcNAc (Ma et al., 2013) and Aleuria aurantia lectin (AAL) which 

has an affinity for terminal Fuc (Bandini et al., 2016). Despite the existence of tens of lectins with 

different glycan specificities (Kobayashi et al., 2014), a glycan-binding protein specific to Rbo5P is 

unknown. Other strategies can be used to enrich glycoproteins when affinity purification using 

antibodies or lectins is not an option. The MOE strategy using unnatural monosaccharide analogues 

is a way to incorporate bioorthogonal functional groups into glycoproteins, allowing their 

subsequent conjugation with a tag and enrichment (see Chapters 1 and 2). Another strategy that 

involves tagging a glycoprotein with an enrichment probe is the chemical modification of glycans 

on glycoproteins by periodate oxidation (see Chapters 1 and 2).  

Regardless of the method used, the enrichment of glycoproteins must be followed by their analysis 

and identification. A powerful technique for this purpose is the separation of peptides and 

glycopeptides, obtained from the digestion of proteins, by liquid chromatography and then their 

identification using tandem mass spectrometry, usually in an LC-MS/MS setup. This approach is 

referred to as bottom-up shotgun analysis (Zhang et al., 2013). In a typical shotgun experiment, 

peptides eluted from the column into the mass spectrometer are detected, isolated and fragmented to 

generate a product ion spectrum. This spectrum is given as input data to bioinformatic software like 

PEAKS or Byonic. A bioinformatic software uses a selection of protein sequences, for example, the 

annotated proteins reported for the organism under investigation, to generate virtual or ‘in silico’ 

peptides. The m/z value of each peptide as well as the m/z of product ions generated from the 

peptide after ‘in silico’ fragmentation are compared to the experimental m/z values obtained from 

mass spectrometric analysis. The result is a list of putative peptides identified and the names of the 

proteins of origin. Reducing the sample complexity is a way to increase the number of peptides 

identified. This is related to the fact that the mass spectrometer is usually set up so that the most 

intense peptide ions being detected in the mass spectrometer are selected for further fragmentation; 

therefore, to increase the number of (glyco)peptides analysed the sample complexity can be reduced 

first by enriching for the relevant subset of analytes and/or by introducing more than one step of 

liquid chromatography. An experiment with two chromatographic steps most usefully exploits two 

different stationary phases chemistries to separate analytes on the basis of different chemical 
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properties. An example is using a HILIC column separation (Zauner et al., 2011) as the first step 

and a C18 column as the second step inline with the mass spectrometer. 

Despite all the different techniques available and improvements in mass spectrometric 

instrumentation and analysis, identifying glycoproteins remains challenging. Many glycoproteins 

are usually present in low abundance and in complex protein and glycoprotein mixtures. Moreover, 

each glycoprotein can exist in different glycoforms, which are characterized by a variety of possible 

glycan structures for a specific glycosylation site (microheterogeneity) and differences in the 

number of sites glycosylated (microheterogeneity). It is often necessary to devise a customised 

approach for different classes of glycoproteins to address the different challenges that can 

compromise the success of more generic analytical approaches.  
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4.2 Aims 

The discovery of Rbo5P in αDG O-mannosyl glycans opened a new chapter in the study of 

mammalian glycosylation. The existence of an otherwise un-used biosynthetic pathway that is 

specific for the synthesis of the Rbo5P sugar donor (CDP-Rbo) and the transfer of the alditol onto a 

glycan raises the question of whether there might be other proteins than αDG that have this 

modification. These proteins that are so far unidentified as bearing this modification might have a 

similar function to αDG and, therefore, be linked to muscular dystrophy and brain malformation. 

This chapter describes an investigation of raw mass spectrometric data available in public data 

repositories, with the purpose of determining whether these datasets contain any mass spectrometric 

evidence for glycopeptides carrying Rbo5P. The reason for re-analysing data is the relatively recent 

discovery of the alditol in mammalian cells. Studies published before the identification of Rbo5P on 

αDG in 2016 would not have known to look for glycans containing Rbo5P when interpreting mass 

spectrometric data. Moreover, those carrying out other studies may not have thought to consider this 

modification if they were not working specifically in the αDG/dystroglycan area. 

This chapter also describes the application of a method for enriching proteins with Rbo5P from cells 

through chemical oxidation followed by ligation to a biotin-tagged oxime reagent. The method, 

development which is described in Chapter 2 and the results of testing it on αDG described in 

Chapter 3, will in this chapter be used on a complex mixture, HEK293T cell lysates. Mass 

spectrometric analysis of glycoproteins enriched in this way have the potential to provide the 

identity of novel human proteins modified with Rbo5P. 
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4.3 Materials and Methods 

4.3.1 Bioinformatic search 

Raw mass spectrometric datasets deposited in the ProteomeXchange repository 

(http://www.proteomexchange. org) with the identifier PXD001468 (Chick et al., 2015) were used 

for automated database searching using the PEAKS software suite version X (Bioinformatics 

Solutions Inc., Waterloo, ON, Canada). The search criteria were set as follows: Homo sapiens 

proteome (Uniprot); trypsin as the enzyme with ≤ 3 missed cleavages and ≤ 1 non-specific 

cleavage; the error tolerances for the precursor of 5 ppm and 0.02 Da for fragment ions; 

carbamidomethyl cysteine as a fixed modification; oxidation of methionine and pyro-Glu from 

glutamine as variable modifications. The peptide match threshold (-10 logP) was set to 15. A PTM 

search was performed using the same criteria as above including as variable modifications the O-

linked glycans of composition: Hex2HexNAc1, Hex3HexNAc2, Hex1HexNAc2Phos1, 

Hex1HexNAc2Phos1RboP1, Hex1HexNAc2Phos1RboP2, Hex1HexNAc2Phos1Rbo5P2Xyl1GlcA1, 

Hex1HexNAc2Phos1GroP1. 

4.3.2 Cell lysate preparation 

HEK293T cells were grown in T-75 cell culture flasks in Dulbecco’s modified Eagle’s medium 

(DMEM) with 10% fetal bovine serum (heat-inactivated), 2 mM L-glutamine, 100 units/mL 

penicillin, and 100 μg/mL streptomycin and kept at 37°C in an incubator with 5% CO2. Cells at 90 

% confluence were washed with 1X PBS after removing the medium and incubated with 0.25% 

trypsin-EDTA until detachment from the bottom of the flask was observed. Cells were collected in 

a tube, centrifuged at 500 x g for 5 min, split and seeded into new flasks with fresh medium (10% 

confluence) and kept at 37 °C in an incubator with 5% CO2. To obtain cell pellets, the medium was 

removed from the flasks before cells were washed with 1X PBS and cells were harvested by 

scraping in 500 μL of 1X PBS with protease inhibitor cocktail (1 mM AEBSF, 20 μM leupeptin, 1 

μM pepstatin A). Cell pellets were obtained after centrifugation for 5 min at 500 x g. For cell lysate 

preparation, cell pellets were lysed in 250 μL of lysis buffer (250 mM NaCl, 50 mM Tris-HCl pH 

8.0, 0.5% NP-40 and protease inhibitor cocktail) per T-75 flask for 30 minutes on ice agitating 

every 5 min. The solution was centrifuged at 13000 x g for 30 min at 4°C, after which the 

supernatant was collected. Cell lysate concentration was measured with the Pierce BCA protein 

assay kit (Thermo Scientific) following the manufacturer’s protocol. 
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4.3.3 Sialidase treatment 

Fetuin (100 μg) was reconstituted in 50 mM sodium acetate pH 5.5 (100 μL) and incubated with 1 

μL of a(2®3,6,8,9) sialidase solution (P0722, New England BioLabs) overnight at 37 °C. 

HEK293T lysate (8 mg) was first buffer exchanged with 50 mM sodium acetate pH 5.5 using 30 

MWCO centrifugal concentrators (Vivaspin). The lysates, in a final volume of 4 mL, were then 

incubated with 20 μL of sialidase overnight at 37 °C. 

4.3.4 Western blotting 

Fetuin (100 μg) and HEK293T cell lysate (50 μg), treated or not with sialidase, were mixed with 2X  

Laemmli buffer (62.5 mM Tris-HCl pH 6.8, 1% LDS, 10% glycerol, and 0.005% bromophenol 

blue, Bio-Rad) supplemented with 50 mM (DTT) and separated on a 4-20% SDS-PAGE gradient 

gel (Bio-Rad) for 40 min at 200 V. The proteins on the gel were then transferred to a PVDF 

membrane (0.2 μm pore size) by wet transfer using 1 L Towbin buffer (25 mM Tris, 192 mM 

glycine, 10 %(v/v) methanol pH 8.3) at a constant voltage of 45 V for 1 h. The membrane was 

blocked in blocking buffer (50 mM Tris-HCl, 150 mM NaCl, 0.25% (w/v) BSA, and 0.05 % (v/v) 

NP-40, pH 7.4), made with BSA previously desialylated by oxidation with periodic acid (Glass II et 

al., 1981), for 30 min at room temperature, then incubated with biotin-conjugated Maackia 

amurensis lectin II (MAL B-1265, 3 μg/mL in blocking buffer, Vector Laboratories) overnight at 4 

°C. The membrane was washed with 10 mL of blocking buffer three times for 10 min and incubated 

with anti-biotin antibody (GTX77581, 1:4000, GeneTex) for 1 h at room temperature. Proteins were 

detected by enhanced luminescence (GERPN2236 ECL kit from Sigma) using a G: BOX Chemi 

system (Syngene).  

4.3.5 Bioorthogonal ligation with aminooxy-biotin 

Labelled and control samples were prepared starting from 8 mg of protein, each obtained from the 

same lysate of HEK293T cells. Labelled sample was first buffer exchanged with 50 mM sodium 

acetate pH 5.5 using 30 kDa MWCO centrifugal concentrators (Vivaspin) to a final volume of 4 mL 

and then incubated with 20 μL of a(2®3,6,8,9) sialidase (New England BioLabs) overnight at 37 

°C. The sample was then buffer exchanged with 1X PBS pH 7.4 using 30 kDa MWCO centrifugal 

concentrators and incubated for 0.5 h with sodium periodate (1 mM final concentration) in PBS 

(final volume 8 mL) at 4 °C using an end-to-end rotator in the dark. The sample was buffer 

exchanged with 1X PBS (pH 6.7) using 30 kDa MWCO centrifugal concentrators to a final volume 
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of 4 mL. Biotinylation was performed by adding aminooxy-biotin (Biotium) to the sample in 1X 

PBS pH 6.7 to a final concentration of 100 μM in the presence of 10 mM aniline (final volume 6 

mL). The reaction was carried out for 3 hours on an end-to-end rotator at 4°C. All buffer exchanges 

were performed by concentrating the sample to a volume of 2 mL, then adding 2 mL of fresh buffer 

and repeating the cycle three times.  

Control sample was first buffer exchanged with 1X PBS pH 6.7 and then treated with aminooxy-

biotin as above (without sialidase or sodium periodate treatment). Labelled and control samples 

were eventually washed thrice with PBS pH 6.7 using centrifugal concentrators to remove the 

excess biotin and were ready for streptavidin pulldown. 

4.3.6 Streptavidin pulldown 

Samples obtained after bioorthogonal ligation with aminooxy-biotin were incubated each with 100 

μL of streptavidin agarose slurry (Thermo) previously washed with 1 mL PBS pH 7.4 and incubated 

at room temperature using an end-over-end rotator for 0.5 h. After centrifugation at 500 x g, the 

supernatant was removed from the agarose and discarded, and the agarose was washed three times 

with 1 mL PBS pH 7.4. The agarose was then incubated with 0.1 mL 2X Laemmli buffer for 10 min 

at 100 °C to release bound proteins. The supernatant was collected for SDS-PAGE and in-gel 

digestion. 

4.3.7 In-gel digestion  

Samples obtained after streptavidin pulldown in 2X Laemmli buffer were supplemented with 50 

mM dithiothreitol (DTT) and partially separated SDS-PAGE gradient gel. The protocol followed 

was then the same reported in section 2.3.2.   

4.3.8 Mass Spectrometric Analysis 

Samples obtained after in-gel digestion were analysed by LC-MS/MS as described in paragraph 

2.3.5 

4.3.9 Data analysis 

Automated database searches were performed using the Byonic software (Protein Metrics Inc) using 

the Homo sapiens proteome (Uniprot) as the reference database. The search criteria were set as 

follows: KR (trypsin) cleavage sites; ≤ 3 missed cleavages and semi-specific cleavage allowed; 

error tolerances for the precursor of 3 ppm and 0.05 Da for fragment ions; carbamidomethyl 

cysteine as a fixed modification, oxidation of methionine (common 2), and pyro-Glu from 
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glutamine (rare 1) as variable modifications (max common set to 3 and max rare set to 2);  possible 

glycan composition was set as Hex1, Hex2HexNAc1 (core M1), Hex3HexNAc2 (core M2), 

Hex1HexNAc2Phos1 (core M3), Hex1HexNAc2Phos1Rbo5P1, Hex1HexNAc2Phos1Rbo5P2, 

Hex1HexNAc2Phos1Rbo5P2Xyl1GlcA1, Hex1HexNAc2Phos1GroP1 (each set as rare 1, on Ser/Thr); 

false discovery rate (FDR) was set to 1%. Product ion spectra of putative peptide matches made by 

Byonic were interpreted manually to determine whether the match was accurate.  

4.3.10 Sequence alignment 

Vertebrata orthologues of the protein sequences for PTFRF, NRCAM, LAMP2 and RPN2 were 

searched using the online tool available at https://www.ensembl.org/index.html. The alignment file 

was downloaded in ‘clustal’ format and opened with the software SnapGene. Peptides containing 

the motif “TPT” from orthologues sequences were used to create the weblogo using the tool 

available at https://weblogo.berkeley.edu/logo.cgi. 
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4.4 Results 

4.4.1 Bioinformatic search of published proteomic data 

The study of glycoproteins represents a challenge because glycosylation is characterised by 

macroheterogeneity, which refers to the presence or absence of glycans at specific glycosylation 

sites, and microheterogeneity, which causes a specific glycosylation site on a protein to have 

different glycan structures on different copies of the same protein. Glycoprotein enrichment helps to 

reduce the complexity of the sample analysed and facilitates glycoprotein identification by mass 

spectrometry. In the case of glycoproteins modified with Rbo5P, which were the targets of this 

study, tools for enrichment selective for the alditol are not known. For this reason, the initial 

objective was to isolate the entire proteome of a cell and facilitate the detection of glycoproteins by 

reducing the complexity of the sample at the stage of the mass spectrometric analysis. In particular, 

the mass spectrometric analysis of glycopeptides can be preceded by multiple liquid 

chromatographic steps to allow a better separation of the analytes and increase the chances of 

retention, selection and fragmentation of the glycopeptides.  

While a shotgun analysis would be a valid experiment to investigate a proteome in search of 

glycoproteins modified with Rbo5P, the analysis was not performed in this study. The reason is that 

shotgun analysis data sets have already been obtained on mammalian cell lysates and their raw mass 

spectrometric data sets are available on ProteomeXchange. These data sets may be interpreted using 

bioinformatic software, which gives as output a list of peptide matches and the name of the protein 

they originate from. The type of modifications of a peptide is one of the variables to input in the 

bioinformatic software and is under the user’s control. Therefore, a published data set could not 

have been searched for a modification discovered after its publication, such as glycosylation with 

Rbo5P. This makes it interesting to re-analyse mass spectrometric data sets from before the 

discovery of Rbo5P in mammalian cells and to include in the search the newly discovered glycans 

with Rbo5P as possible modifications of the peptides. The data set used here for the re-analysis 

(Chick et al., 2015) was picked among others because its mass spectrometric analysis was 

performed following two steps of liquid chromatography and a high-resolution mass spectrometer 

(LTQ Orbitrap Elite, Thermo Scientific). In particular, proteins obtained from the mammalian cells 

(HEK293T) were fractioned using basic pH reversed-phase fractionation. Each fraction obtained in 

this way was acidified and the components separated on a C18 column. The raw mass spectrometric 

data contain the m/z measured for each peptide detected and its related product ion spectrum 

acquired with an Orbitrap analyser. Using this information, the data set was re-analysed for the 

purpose of this study, and a list of proteins was identified. Unfortunately, no peptide matches for 
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peptides modified with glycans containing Rbo5P were detected. O-mannosyl glycans, such as core 

M1 M2 and M3 found in αDG, were also searched for but also yielded no matches. 

The absence of product ion spectra consistent with O-mannosylated peptides in the examined data 

can be explained by comparing the methods that have been used in the literature to detect these 

species with the method used to generate the data examined here. O-mannosylated proteins in 

mammalian cells were identified in the literature using a method specifically designed to enrich 

peptides with O-linked Man (Vester-Christensen et al., 2013). The method exploited a stable gene 

knockout of the enzyme POMGnT1; this gene knockout prevents the elongation of O-linked Man 

into core M1 and M2 structures, so allowing mono O-mannosylated glycopeptides to be enriched 

using ConA, a lectin specific for terminal Man and Glc. The enrichment was followed by mass 

spectrometric analysis, which revealed the identity of ~ 50 O-mannosylated proteins besides αDG in 

mammalian cells. The strategy used in the work of Vester-Christensen was tailored to identify a 

specific class of O-glycoconjugates. On the other hand, the study used earlier for the re-analysis of 

mass spectrometric data (Chick et al., 2015) adopted an untargeted strategy since every protein, 

glycosylated or not, was obtained from cells and analysed. These observations suggest that a 

targeted analysis of the glycoproteins of interest is more effective than an untargeted one. O-

mannosylated peptides might be less abundant and harder to detect compared to non-glycosylated 

peptides; therefore, they were identified when enriched but were not detected in more complex 

mixtures. 

The absence of product ion spectra consistent with peptides modified with Rbo5P in the data 

examined here (Chick et al., 2015) can be explained by looking at how Rbo5P-containing peptides 

were identified in the literature. Among the studies that unveiled the presence of Rbo5P in the αDG 

glycans by overexpressing the glycopeptide bearing core M3 O-glycans, one (Yagi et al., 2016) 

reported the existence of the glycoform bearing core M3 with a single unit of Rbo5P. This 

glycoform, cannot be detected even when peptides obtained from full-length αDG are analysed (see 

Chapter 3) unless the protein is first oxidised with sodium periodate. This observation suggests that 

the specific glycoform could be even more difficult to detect in a mixture of proteins and 

glycoproteins. Rbo5P-containing-peptides were also identified with a tandem repeat of Rbo5P and 

are known to be further elongated with the polysaccharide matriglycan. The size of matriglycan 

considerably increases the mass of a glycopeptide, hindering its detection. The treatment of 

overexpressed αDG glycopeptides bearing matriglycan with hydrofluoric acid (HF) (Kanagawa et 

al., 2016) allowed their detection by mass spectrometry because HF cleaves the phosphodiester 

linkages in Rbo5P that connect matriglycan to the core glycan. For this reason, it is not expected to 

detect peptides modified with Rbo5P extended with matriglycan under normal mass spectrometric 
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set up for peptide and glycopeptides analysis and this would explain why these glycoforms are not 

detected in the data re-analysed here. 

The re-analysis of mass spectrometric data described here showed that O-mannosylated peptides 

and in particular peptides modified with Rbo5P could not be detected in the untargeted analysis of 

protein and glycoprotein mixtures from mammalian cells. The result suggests that a shotgun 

analysis might not be the best strategy to identify novel proteins modified with Rbo5P. For this 

reason, the idea of performing such an experiment for this study was abandoned. At the same time, 

it was clear that a strategy tailored for the enrichment of O-glycoconjugates bearing Rbo5P and 

their analysis would have higher chances of success. 

  

4.4.2 Tagging Rbo5P in cell lysates 

Identification of novel proteins modified with Rbo5P requires a method for enriching such proteins. 

No lectins are known to recognise ribitol and therefore a different approach must be used. The 

method described in Chapter 2 of this thesis can enrich by streptavidin pulldown proteins modified 

with NeuAc that have been previously oxidised and biotinylated. Like NeuAc, Rbo5P is susceptible 

to oxidation on treatment with sodium periodate (Praissman et al., 2016) and can so theoretically be 

conjugated with aminooxy-biotin as can NeuAc. This hypothesis was tested on αDG and the 

experiments are described in Chapter 3. The data show a glycopeptide modified with Rbo5P in its 

unmodified state. While no oxidised or biotinylated Rbo5P was observed, the data suggest that the 

oxidation and labelling procedure was essential for the detection of (unmodified) RboP. There is a 

possibility that Rbo5P at a different location on the protein was oxidised or biotinylated, and 

thereby influenced the mass spectrometric analysis, but was not detected by mass spectrometry. 

Despite the absence of direct detection of biotinylated Rbo5P, there is no reason why the method 

tested in the previous Chapter can’t be used on a complex sample such as a cell lysate. The goal 

here was to show that using this method, αDG can be enriched from a cell lysate by exploiting the 

tagging of Rbo5P, and be subsequently identified by mass spectrometry.  

αDG presents several sialylated glycopeptides that would be targeted by the method too. In order to 

show that the method works on Rbo5P, glycoproteins in the cell lysate must first be desialylated by 

enzymatic treatment. The efficacy of the sialidase treatment was tested on a standard sialylated 

protein, fetuin, and on cell lysates. Fetuin is heavily sialylated and the loss of NeuAc moieties from 

the protein after sialidase treatment results in a molecular mass shift that can be observed on SDS-

PAGE, as it is described in the sialidase instruction manual. As expected, treatment of fetuin with 
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sialidase resulted in a noticeable downward shift of the protein on the gel (Figure 4.1-A). Sialidase 

treatment of HEK293T cell lysates resulted in a pattern of gel bands that was undistinguishable 

from that observed in the untreated sample, suggesting that sialidase treatment had no effect (Figure 

4.1-A). It is possible, however, that sialylated proteins do not contribute significantly to the bands 

observed by Coomassie staining of whole cell lysates. Therefore, western blot analysis of the same 

samples was performed using a lectin specific to NeuAc to enable direct detection of sialylated 

proteins, as shown in Figure 4.1-B. A staggering difference in the level of NeuAc staining is 

observed for fetuin treated and untreated with sialidase, suggesting that the enzyme is effective. 

Some staining is still observed for fetuin treated with sialidase, which can be attributed to 

incomplete desialylation of the sample. A difference in staining for HEK293T cell lysates treated 

with sialidase versus the non-treated control is also observed. While some bands are detected in the 

untreated sample, no staining is observed in the desialylating sample. The results suggest that 

sialidase treatment is effective in desialylating pure proteins or complex mixtures of proteins such 

as those found in a cell lysate. The treatment does not necessarily go to completion as judged from 

the fetuin sample in Figure 4.1-B. Therefore, in all following experiments, some sialylated proteins 

can still be expected to remain after sialidase treatment. 

 

 

Figure 4.1 /(A) Coomassie-stained SDS-PAGE gel obtained after loading fetuin or HEK293T cell 

lysate treated with sialidase or left untreated. (B) Western blot analysis of the same samples as in 
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panel A,detected using biotinylated Maackia amurensis lectin,and anti-biotin as secondary 

antibody. 

  

Cell lysates from HEK293T cells were next subjected to the previously developed oxidation and 

aminooxy-labelling procedure with the purpose of biotinylating any proteins that bear Rbo5P. The 

workflow and samples prepared are shown in Figure 4.2. The “labelled” sample consists of a cell 

lysate first treated with sialidase to remove NeuAc residues, then oxidised and biotinylated to tag 

Rbo5P-bearing glycoproteins, and eventually incubated with streptavidin gel in order to recover 

biotinylated proteins so enriching for Rbo5P-bearing species. This sample is predicted to contain 

αDG and other proteins modified with Rbo5P. It must be considered that several proteins might 

bind streptavidin non-specifically and be recovered with the proteins that are biotinylated, both 

naturally and artificially. To account for these proteins, a “control” sample was prepared and 

consisted of a cell lysate treated with aminooxy-biotin but not first treated with sialidase or sodium 

periodate.  

  

 

Figure 4.2 / Schematic representation of the workflow for selectively tagging and enriching proteins 

modified with Rbo5P from HEK293T cell lysates. Labelled and control samples are proteins from 

lysates of HEK293T cells, which were treated with or without sialidase and then oxidised or not 
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with sodium periodate. All samples were treated with aminooxy-biotin to biotinylate susceptible 

structures and then incubated with streptavidin gel to recover biotinylated proteins. Samples 

enriched this way were partially separated on an SDS-PAGE gel which was stained with 

Coomassie. Peptides obtained by in-gel digestion were analysed by mass spectrometry.   

 

Proteins recovered after streptavidin pulldown with either the labelled or the control samples were 

digested into peptides and analysed by LC-MS/MS. Peptides were isolated and fragmented in the 

mass spectrometer to obtain product ion spectra which were interpreted with the help of 

bioinformatic software. Proteins identified following peptide matching of product ion mass spectra 

of the labelled and control samples were then inspected. αDG was identified on matching of seven 

non-glycosylated peptides from the labelled sample, while it was not identified in the control 

sample. The result suggests that αDG does not bind streptavidin non-specifically unless 

biotinylated. After treatment with sodium periodate and aminooxy-biotin αDG could be biotinylated 

at the level of NeuAc and Rbo5P moieties., However, this is not what was observed in the 

experiments reported in Chapter 3 where the treatment of pure αDG was described. In particular, 

glycopeptides modified with NeuAc and Rbo5P from αDG were identified in their native state and 

were not identified in either oxidised or biotinylated form. Despite these earlier observations, the 

data presented here show that αDG was in fact enriched after oxidation and aminooxy-biotin 

treatment, and therefore suggest that biotinylation has been successful. 

The fact that αDG was detected in the labelled sample suggests that αDG is indeed oxidised and 

biotinylated at the level of Rbo5P since it is expected that most of the NeuAc has been removed by 

sialidase treatment. This claim, at first glance, is not consistent with the data shown in Chapter 3, 

where Rbo5P was identified as unoxidised and not biotinylated despite treatment of the sample with 

sodium periodate and aminooxy-biotin. One possible explanation is that one or more of the other 

αDG glycosylation sites that bear Rbo5P are oxidised and biotinylated but not detected. Considering 

the fact that streptavidin pulldown was performed before the digestion of the protein, a single 

modification event would have been sufficient to result in the effective enrichment of the 

glycoprotein. It seems feasible that the modified (glyco)peptide itself has escaped detection. In other 

words, not detecting glycopeptides bearing biotinylated Rbo5P does not suggest that the method is 

not useful. Instead, evidence that the method is effective is provided by the detection of αDG in 

desialylated cell lysates, in which there is a reasonable chance that enrichment has resulted from the 

modification of Rbo5P.  
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It is important to highlight the fact that, while αDG was only identified in the labelled sample, 

several other proteins were identified in both the labelled and control samples. In theory, the protein 

list from the labelled sample contains a mixture of contaminant proteins (binding streptavidin non-

specifically) and proteins modified with Rbo5P. The focus can then be moved to any other proteins 

identified in the labelled sample as they could be novel candidates for also carrying the Rbo5P 

modification. The protein list obtained from the mass spectrometric analysis of the labelled sample 

contains about 700 proteins. None of these proteins was directly observed via a peptide modified 

with Rbo5P. The heterogeneity of glycosylation and the abundance of each glycoform add extra 

complexity to the sample and explain the low likelihood of detecting a specific glycoform of any 

particular glycopeptide. About 500 of the 700 proteins were also identified in the control sample. 

The control sample is expected to recover proteins non-specifically binding streptavidin or proteins 

naturally biotinylated. Therefore, it would be tempting to strike from the labelled sample list all the 

proteins found in the control sample list. Nevertheless, it is not possible to exclude that a candidate 

for glycosylation with Rbo5P might be found in both labelled and control samples but with higher 

intensity in the former. Since the experiment was performed with a single biological replicate, 

directly comparing protein intensities between the two samples would not be statistically relevant. 

For these reasons, the 700 proteins identified in the labelled sample were all considered for the 

following data interpretation.  

Finding candidates worth follow-on studies among those proteins is complicated, given the many 

targets available. Therefore, different criteria were used to extract a smaller subset of targets from 

the protein list. The criteria picked consider the glycosylation state of proteins modified with 

Rbo5P. As described in Chapter 1, Rbo5P has been found on O-mannosyl glycans, a type of 

glycosylation that takes its first step in the ER. Proteins carrying Rbo5P, other than αDG, are likely 

to be also O-mannosylated, therefore they would need to translocate into the ER lumen. A signal 

peptide is required for a protein to enter the ER lumen (Blobel and Dobberstein, 1975a, 1975b). 

Hence, the proteins identified in the labelled sample can be sorted based on the presence of a signal 

peptide in their sequence. It is not surprising that all the sequences of known O-mannosylated 

proteins, reported in Table 1.1, are characterised by a signal peptide. The majority of O-

mannosylated proteins, like cadherins, protocadherins, and plexins, are membrane proteins; 

therefore, they have transmembrane domains. To assess whether all O-mannosylated proteins 

known were characterised by a transmembrane domain, the sequences of proteins reported in Table 

1.1 were submitted to the bioinformatic service DeepTMHMM for the prediction of transmembrane 

domains (Hallgren et al., 2022). Interestingly, 73 out of 76 proteins were found to have at least one 

transmembrane domain. Three proteins, protein disulfide isomerase, protein disulfide isomerase A3, 
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and cadherin 13, were an exception as they did not present a transmembrane domain. The result 

suggested that O-mannosylated proteins bearing Rbo5P will likely have a transmembrane domain. 

For this reason, the sequences of proteins identified in the labelled sample were first analysed with 

the bioinformatic service SignalP-6.0 for the prediction of signal peptides (Teufel et al., 2022) and 

then searched with DeepTMHMM for the prediction of transmembrane domains. The proteins 

identified with at least two peptides in the labelled sample having both a signal peptide and at least 

a transmembrane domain are reported in Table 4.1 

 

Table 4.1 /List of putative proteins modified with Rbo5P. The list was obtained after mass 

spectrometric analysis of peptides obtained from the digestion of proteins from HEK293T cell 

lysates treated with sialidase, then sodium periodate, aminooxy-biotin, and enriched by streptavidin 

pulldown. Proteins all present a signal peptide and at least a transmembrane domain in their 

sequence. 

 

Other factors can be considered to discriminate which proteins in Table 4.1 will most likely be 

modified with Rbo5P. The first factor is the consideration that Rbo5P has (thus far) been identified 

exclusively on core M3 glycans. The enzyme POMGnT2, which adds a β-1,4 GlcNAc to the O-

Protein name Uniprot ID Gene Peptides identified
Receptor-type tyrosine-protein phosphatase F P10586 PTPRF 22

Basigin P35613 BASI 22
Integrin beta-1 P05556 ITB1 14

Cation-independent mannose-6-phosphate receptor P11717 MPRI 13
Prostaglandin F2 receptor negative regulator Q9P2B2 FPRP 10

Dystroglycan Q14118 DAG1 10
Calnexin P27824 CALX 8
Nicastrin Q92542 NICA 7

Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 P04844 RPN2 7
Lysosome-associated membrane glycoprotein 2 P13473 LAMP2 5

Neuronal cell adhesion molecule Q92823 NRCAM 4
Sortilin Q99523 SORT 4

Lysosomal acid phosphatase P11117 PPAL 4
CD166 antigen Q13740 CD166 4
CD276 antigen Q5ZPR3 CD276 4
Integrin alpha-2 P17301 ITA2 4

Lysosome-associated membrane glycoprotein 1 P11279 LAMP1 4
Transmembrane emp24 domain-containing protein 7 Q9Y3B3 TMED7 4

Neuroplastin Q9Y639 NPTN 3
Transmembrane protein 109 Q9BVC6 TM109 3

Cation-dependent mannose-6-phosphate receptor P20645 MPRD 3
Cell adhesion molecule 1 Q9BY67 CADM1 3

Junctional adhesion molecule A Q9Y624 JAM1 2
Myelin protein zero-like protein 1 O95297 MPZL1 2
Leukocyte surface antigen CD47 Q08722 CD47 2

Membrane cofactor protein P15529 MCP 2
Inactive tyrosine-protein kinase 7 Q13308 PTK7 2

Endothelial protein C receptor Q9UNN8 EPCR 2
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linked mannose, is necessary for the synthesis of core M3 glycans. POMGnT2 was recently found 

to recognise a specific amino acid motif in αDG, the “TPT” motif (Imae et al., 2021). αDG has two 

“TPT” motifs modified with core M3 glycans, which are conserved among orthologues vertebrate 

genes. POMGnT2 also recognises in the substrate an “RXR” motif at the N-terminal side of the O-

mannosylated residue, but the absence of such motif only affects the activity of the enzyme 

moderately, therefore, it is not considered essential (Halmo et al., 2017). On the other hand, the 

amino acids at the C-terminal side of the O-mannosylated residue contribute to binding POMGnT2 

and their truncation results in a complete loss of activity (Imae et al., 2021). These amino acids are 

not conserved among vertebrate orthologues of αDG; hence, it is not possible to define another 

motif essential for POMGnT2 activity except for the “TPT” motif. Analysis of the amino acid 

sequences of the proteins in Table 4.1 revealed that four of these proteins have a “TPT” motif, 

excluding αDG. These proteins are receptor-type tyrosine-protein phosphatase F (PTPRF), dolichyl-

diphosphooligosaccharide-protein glycosyltransferase subunit 2 (RPN2), lysosome-associated 

membrane glycoprotein 2 (LAMP2), and neuronal cell adhesion molecule (NRCAM). 

It is possible that finding four proteins with the same triple amino acid motif as αDG could be a 

coincidence. To better understand this result's significance, the human proteome was searched for 

the “TPT” sequence to assess how common this motif is. The tool “MOTIF”, available on 

https://www.genome.jp, allows the generation of a list of annotated human proteins that present the 

motif “TPT” in their sequence. The result showed that ~2000 out of ~20000 proteins searched have 

this same motif (data not shown). Considering that ~10% of human proteins have the “TPT” motif, 

finding four of these proteins in the list shown in Table 4.1 is what would be expected. 

Nevertheless, to further explore the possible significance of the “TPT” motif, a sequence alignment 

was performed to determine if these amino acids were conserved among orthologues of the proteins. 

While the “TPT” motif is essential for αDG function and is therefore conserved it might not be 

conserved in other proteins if it is not essential. To determine if the motif is conserved across 

species, sequences of the proteins PTPRF, RPN2, LAMP2, and NRCAM were compared to the 

sequences of their respective vertebrate orthologues. The tool available on 

https://www.ensembl.org/index.html was used to compare vertebrate orthologues of a specific 

protein. The result is reported using the tool available on https://weblogo.berkeley.edu/logo.cgi and 

is shown in Figure 4.3. 
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Figure 4.3 /Alignment results of amino acid sequences from protein receptor-type tyrosine-protein 

phosphatase F (PTPRF), neuronal cell adhesion molecule (NRCAM). dolichyl-

diphosphooligosaccharide-protein glycosyltransferase subunit 2 (RPN2), and lysosome-associated 

membrane glycoprotein 2 (LAMP2). Vertebrate orthologues were used for the alignment, and the 

results are shown with WebLogo. The amino acid motif “TPT” is highlighted with a red bar in all 

sequences. NRCAM has two “TPT” motifs (labelled 1 and 2). 

 

The image shows how common the presence of particular amino acids is in each position when 

comparing orthologous sequences. The larger the character of a specific amino acid is in a particular 

position the more that amino acid is conserved among species. In Figure 4.3, the “TPT” amino acid 

sequence is well conserved for proteins PTPRF, RPN2, and NRCAM, while it seems less conserved 

for LAMP2. The observation is encouraging but is not proof of the presence of Rbo5P or core M3 

glycan on the proteins. Another detail to consider is that among the four proteins, only PTPRF and 

NRCAM were not identified in the control sample. The experiment performed here would need to 

be repeated with more biological replicates in order to show that these proteins are exclusively 

recovered in the labelled sample, which would give further proof of the proteins being Rbo5P-

containing glycoconjugates.   
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An angle to further understand which of the four proteins might be of interest for follow-up 

experiments is their function. In fact, novel proteins modified with Rbo5P might share a similar 

function to αDG and use their glycan to bind laminin in the extracellular matrix. NRCAM mediates 

cell-cell interaction in the brain and regulates neuronal projection (Hortsch, 1996). Although the 

binding of NRCAM with laminin is reported, the function of this molecular interaction is not clear 

(Grumet and Sakurai, 1996). RPN2 is part of the oligosaccharyltransferase complex responsible for 

the transfer of the N-glycan precursor from the Dol-P donor onto a protein (Kelleher et al., 1992). 

RPN2 can be excluded from the list of potential Rbo5P-containing proteins since it is an integral 

membrane protein of the ER (Crimaudo et al., 1987) and could not be glycosylated in the Golgi. 

LAMP2 is a membrane protein located in the lysosomal compartment, acting as a receptor for the 

degradation of proteins in the lysosome. Lastly, PTPRF is part of the protein tyrosine phosphatase 

subfamily and is involved in the regulation of the phosphorylation state of multiple proteins (Sarhan 

et al., 2016). PTPRF is also involved in the cell-extracellular matrix (ECM) interaction to promote 

neurite outgrowth (Chien and Ryu, 2013). From the functional point of view, PTPRF and NRCAM 

should be highlighted, given their role in the ECM, such as αDG. It is interesting to speculate that 

PTPRF and NRCAM, in particular, could be recognised by POMGnT2, have a core M3 glycan and 

be modified with Rbo5P. 
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4.5 Conclusions 

The work presented in this chapter aimed to identify novel human proteins modified with Rbo5P. 

Given the absence of a known method for selective enrichment of glycoproteins showing Rbo5P on 

their glycans, searching for such proteins started from the proteomic analysis of human cell lysates 

without prior enrichment. The mass spectrometric data that were re-analysed to include novel 

glycans found in mammalian cells did not identify any glycopeptides modified with O-mannosyl 

glycans or glycans with Rbo5P. The limits of glycoproteomics analysis and the challenges 

presented by the study of glycoproteins likely collide to make the identification of a specific 

glycopeptide with a particular glycan very difficult. A method for enriching proteins modified with 

Rbo5P, previously tested on standard proteins, was then used to reduce the complexity of the cell 

lysate sample and facilitate the analysis of the glycoproteins. A list of putative proteins likely to be 

modified with the alditol was obtained. Although glycopeptides with Rbo5P were not detected, the 

method's efficacy was validated by identifying αDG among the proteins detected. Two proteins 

from the list have been identified as candidates for further studies. These proteins present features 

that are common to O-mannosylated proteins and peptides that are likely to be modified with a core 

M3 O-mannosyl glycan, which is also the scaffold for Rbo5P modification. Overexpression of these 

proteins will be necessary to show their glycosylation state. 
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Chapter 5: Discussion and future research 

Glycosylation is a common protein modification and is central to many biological processes. 

Aberrant glycosylation, often a result of changes to the activity or localisation of the enzymes 

responsible for glycan biosynthesis, may lead to non-functional glycoproteins and is the cause of 

many diseases. Understanding the complexity that characterises this post-translational modification 

is a challenge and requires the development and application of ad hoc strategies. Glycoproteomics 

deals with the problem of analytically studying glycoproteins, their glycosylation state and how this 

changes, for example, between healthy and diseased or otherwise compromised individuals. A 

peculiar type of glycans, Rbo5P-containing O-linked glycans, and the glycoproteins bearing them 

were the main focus of the research reported in this Thesis. Glycoproteins modified with Rbo5P are 

currently rare among glycoprotein types in mammalian cells, with the only example reported to date 

being αDG (Kanagawa et al., 2016; Praissman et al., 2016; Yagi et al., 2016). αDG is modified with 

Rbo5P-containing glycans which are responsible for its function of providing muscular rigidity to 

tissues (Nickolls and Bönnemann, 2018). The lack of functional enzymes or their mislocalisation 

are responsible for the Rbo5P modification in mammals and is one of the causes of a series of 

pathologies, the dystroglycanopathies, which present phenotypes ranging from muscular 

dystrophies to brain malformations. The Rbo5P modification has a dedicated biosynthetic pathway, 

which could also be expected to modify proteins other than αDG, although other examples of 

glycoproteins modified by this pathway are currently unknown. The idea that other Rbo5P-modified 

proteins may exist is the force driving the work presented here, which had the overarching aim of 

identifying novel proteins modified with Rbo5P in mammalian cells. 

 

5.1 Rbo5P-bearing glycopeptides are not identified by untargeted 

strategies 

The research approach used here was intended to take the first step towards identifying novel 

Rbo5P-containing glycoconjugates by using an untargeted mass spectrometric (shotgun) analysis of 

proteins isolated from cell lysates. Data obtained by shotgun analysis of a mammalian cell proteome 

was already available in a public data repository and was re-analysed (Chapter 4) in light of the 

novel alditol modification discovered in mammals (Kanagawa et al., 2016; Praissman et al., 2016; 

Yagi et al., 2016). The data interpretation using bioinformatic software failed to identify detectable 

glycopeptides modified with Rbo5P. The result was not surprising, considering that even the 

analysis of pure αDG did not lead to identifying Rbo5P (Harrison et al., 2012; Stalnaker et al., 
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2010). The challenge still exists for the analysis of glycopeptides modified with Rbo5P since the 

alditol is known to be modified by the matriglycan (Yoshida-Moriguchi and Campbell, 2014), 

which is a large and, therefore, highly heterogeneous oligo- or polysaccharide; its presence would 

mean that not all Rbo5P residues are terminal/unextended. Unmodified αDG peptides were detected 

in the shotgun analysis but not in high abundance, which would make the detection of a 

heterogeneous mixture of variably modified αDG peptides even more difficult. Moreover, the 

experiment was carried out in the positive ion mode, so the phosphate-bearing modification, which 

would preferentially ionise as an anion, is likely to further compromise the mass spectrometric 

response in the positive mode. Further heterogeneity is introduced in the positive mode analysis of 

phosphoglycans by the tendency to form a range of sodium salts, compromising the ability to detect 

a single species. On the other hand, targeted strategies have been successfully used to identify 

Rbo5P-containing peptides from αDG. In particular, the overexpression of glycopeptides modified 

with Rbo5P in mammalian cells allowed the characterisation of the novel alditol by mass 

spectrometry (Kanagawa et al., 2016; Praissman et al., 2016; Yagi et al., 2016). A new targeted 

strategy was needed for the identification of novel proteins modified with Rbo5P. 

 

5.2 Chemical tagging of glycoproteins allows their selective enrichment 

and mass spectrometric identification.   

The novelty of the study presented here was to apply a method developed for tagging sialylated 

glycoconjugates (Zeng et al., 2009) to proteins with Rbo5P-containing glycans. The strategy 

involved the oxidation of NeuAc to generate an aldehyde, which then acts as a chemical reporter 

that can be conjugated with an enrichment tag. It is known that Rbo5P is susceptible to oxidation 

with sodium periodate (Praissman et al., 2016) as the method was used to remove matriglycan from 

the Rbo5P-bearing glycopeptide, which considerably increases its mass. Nevertheless, generating an 

aldehyde on Rbo5P was not exploited in the literature for tagging the alditol with a probe that could 

be used for enrichment.  

The chemistry used in this work was already established, particularly the conditions for the 

reactions that involved the oxidation and the biotinylation of sialylated proteins (Bank et al., 2003; 

Ramya et al., 2013; Zeng et al., 2009). Still, testing the method showed the importance of a key 

factor in the success of the oxidation reaction. In fact, sodium periodate's freshness affects the 

oxidation efficiency. In Chapter 2, it was shown that in the same conditions, old reagent leads to 

mixture of oxidised and non-oxidised NeuAc on fetuin, with the oxidation products being mixed as 

aldehydes were generated on two different carbons of NeuAc. Using fresh sodium periodate instead 



114 

leads to the complete oxidiation of sialylated peptides uniquely on the carbon 7 of NeuAc. The mass 

spectrometric analysis of oxidised and biotinylated glycopeptides bearing NeuAc presented a new 

challenge due to the need to identify the oxidised and biotinylated peptides. Studies that used 

tagging of proteins with biotin usually do not have the primary interest of determining the site of 

biotinylation, since identifying the proteins is the goal (Matta et al., 2019; Ramya et al., 2013). In 

the study presented here, biotin used to tag Rbo5P not only would mark the protein bearing the 

alditol but also the glycan modified with Rbo5P. There is an interest in knowing the identity of such 

glycan since it could be a core M3 glycan, as observed in aDG, or a completely new glycan of 

unknown composition. For these reasons, biotinylated glycopeptides were recovered and analysed 

by mass spectrometry. An important step taken in this study was to identify a marker for 

biotinylated peptides. While examples of product ion spectra of bioitnylated peptides are present in 

the literature (Nishino et al., 2022), the way biotin fragments in the collision cell of the mass 

spectrometer depends on the biotin tag used, and the linkage in which it is involved with the 

peptide. Aminooxy-biotin forms an oxime bond with the oxidised glycopeptide, regardless of the 

presence of NeuAc or Rbo5P. In Chapter 2, the specific marker for biotinylation with aminooxy-

biotin was identified as the peak at m/z 387.21. This result required extensive manual searching and 

interpretation of mass spectrometric data. The marker could then be used in Chapter 4 to manually 

search the data of cell lysates oxidised and biotinylated. Moreover, a peak for biotinylated and 

oxidised NeuAc was detected in the product ion spectra of the biotinylated sialylated peptides. The 

result suggested that an analogous marker ion characteristic of oxidised and biotinylated Rbo5P 

might be detected in the product ion spectrum of Rbo5P-containing peptides that had been oxidised 

and biotinylated in the same way. Therefore, such a marker ion could be used to interrogate the 

mass spectrometric data and facilitate the interpretation of the spectra obtained from Rbo5P-

modified glycoproteins such as αDG. Testing the chemical tagging formed the basis for the 

subsequent experiments and proved the efficacy of the method used.  

 

5.3 Rbo5P is identified from full-length αDG 

The interest in αDG glycosylation led to the expression of the recombinant protein (Harrison et al., 

2012; Stalnaker et al., 2010) or the glycopeptide modified with matriglycan (Kanagawa et al., 2016; 

Praissman et al., 2016; Yagi et al., 2016), necessary for αDG function in the ECM of skeletal muscle 

and brain (Goddeeris et al., 2013; Yoshida-Moriguchi and Campbell, 2014). The method for the 

enrichment of proteins modified with Rbo5P could have been tested on a recombinant glycopeptide 

from αDG. Nevertheless, the method would eventually be used on intact proteins (Chapter 4) so 
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there was a reason to express a full-length αDG instead of a single peptide. Having the ability to 

produce recombinant αDG was also important to further characterise the glycosylation of the 

protein. Different studies have reported glycopeptide identified from the digestion into peptides of 

αDG, but they were unable to identify peptides bearing Rbo5P or GroP (Harrison et al., 2012; 

Stalnaker et al., 2010), which so far have been characterised uniquely from recombinant peptides of 

αDG. The expression of αDG, described in Chapter 3, presented several challenges. The main issue 

was related to the inability to detect the FLAG-tag on the protein when the tag was designed to be at 

the C-terminus of the protein. In those conditions, glycosylated αDG could be expressed and 

detected in the media of HEK293T transfected cells but the presence of the FLAG-tag on the 

recombinant proteins could not be demonstrated. It was not possible to prove that the auto-

proteolysis of the recombinant protein was responsible for the loss of the FLAG-tag. This is in line 

with the fact that the region downstream of the auto-proteolytic site (S654), absent in the 

recombinant protein, is likely necessary for the auto-proteolytic event. This region does not have 

conserved residues among orthologue sequences but has a conserved secondary structure (Akhavan 

et al., 2008), which suggests its necessity to properly arrange the polypeptide DAG1 and allow 

autoproteolysis.  

The successful expression of glycosylated αDG with a FLAG-tag at the N-terminus allowed the 

characterization of αDG glycosylation state. Characterising glycopeptides from αDG represents a 

challenge because many glycans are found in a protein region with few tryptic sites, which makes 

difficult to generate peptides of adequate size for mass spectrometry analysis. This problem is 

common for mucin-like proteins (Rangel-Angarita and Malaker, 2021). Compared to studies where 

peptides from recombinant αDG were characterised by mass spectrometry, the results presented in 

Chapter 3 showed some overlap. In particular, many of the known O-glycosylated peptides with 

either O-GalNac or O-Man were identified. While oxidising and biotinylating recombinant αDG did 

not lead to the identification of biotinylated peptides, it increased the number of glycopeptides 

identified. The absence of detectable glycopeptides affected by oxidation and biotinylation does not 

imply their absence in the sample but instead suggests that these species might be more difficult to 

detect. The data interestingly revealed an unmodified Rbo5P-containing αDG glycopeptide, which 

had not previously been reported as being modified with the alditol. The discovery was the result of 

extensive manual data search as bioinformatic software was unable to identify the glycopeptide 

bearing Rbo5P. The finding is interesting because, while αDG is known to be modified with 

glycans bearing Rbo5P, only a single glycosylation site had been proven to bear such glycans. The 

result presented here suggests that more than one Rbo5P glycosylation site may exist on αDG. It is 

possible that only one site was tagged with biotin while a second remained unmodified and was the 
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one detected mass spectrometrically. For the first time, the presence of Rbo5P on αDG was shown 

starting from the analysis of the full-length recombinant protein instead of a truncated peptide 

known to bear matriglycan-extended core M3 glycans. Overall, the data provide new insight into 

the glycosylation of αDG while not excluding that the approach of ribitol oxidation and 

biotinylation may be a viable method for enriching and detecting endogenous glycoproteins bearing 

Rbo5P. 

 

5.4 Putative Rbo5P-containing proteins are identified in cell lysate after 

oxidation and biotinylation  

αDG is not an abundant protein, as the results from the shotgun analyses showed (Chapter 4), and 

targeted strategies have been used in the in the literature to recover endogenous αDG from cells or 

tissues (Kanagawa et al., 2009; Yamada et al., 1996). The strategies are characterised by pulldown 

protocols involving the incubation of lysates first with the lectin WGA, then laminin, a known 

interactor of αDG. The results presented in Chapter 4 show that endogenous αDG can be enriched 

from cell lysates using oxidation, biotinylation and streptavidin pulldown in the absence of NeuAc. 

The absence of αDG in the control sample also shows that the protein cannot be easily recovered by 

streptavidin via non-specific binding. Because the only other monosaccharide that should be tagged 

under the conditions used is Rbo5P, the result also suggests that αDG is biotinylated at the level of 

Rbo5P. Peptides bearing Rbo5P were, however, not identified directly in this experiment, and the 

same can be said for the detection of marker ions for biotinylated and oxidised Rbo5P or biotin 

itself. Nevertheless, the identification of αDG validates the experiment for consideration of the 

other proteins identified together with αDG following enrichment. The list of proteins to further 

investigate can be restricted to proteins that present three features: a signal peptide, a 

transmembrane domain and a TPT motif. The justification of the three conditions is based on the 

assumption that proteins modified with Rbo5P are also O-mannosylated, are modified with core M3 

glycans, which happens on TPT motifs, and might be membrane proteins as the majority of known 

O-mannosylated proteins. Among the candidates that present the three features, PTPRF and 

NRCAM are worth further investigation. 
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5.5 Candidates for follow-up studies and future recommendations 

PTPRF is part of the protein tyrosine phosphatase subfamily and is involved in the regulation of the 

phosphorylation state of multiple proteins (Sarhan et al., 2016). It is characterised by the 

intracellular subunit-P, which holds protein tyrosine activity, anchored to the cell membrane by a 

transmembrane peptide. Extracellularly, PTPRF presents the subunit-E, linked non-covalently to 

subunit-P, consisting of Ig-like domains and extracellular fibronectin type III (FNIII) domains both 

critical for ligand binding (Won et al., 2017; Woo et al., 2010). Interestingly, PTPRF is involved in 

the cell-extracellular matrix (ECM) interaction to promote neurite outgrowth (Chien and Ryu, 

2013). αDG also mediates the cell-ECM adhesion, but while it exploits this function by binding 

laminin, PTPRF binds chondroitin sulfate proteoglycans and heparan sulfate proteoglycans in the 

ECM. NRCAM is a neuronal cell adhesion molecule characterised by Ig-like and FNIII domains 

(Hortsch, 2000). It is found in neurons of both developing and adult nervous systems (Backer et al., 

2002) and is involved in multiple processes in the nervous system, such as cell-cell adhesion, cell 

migration and neurite outgrowth (Hortsch, 1996). NRCAM has been shown to interact with proteins 

in the ECM (Grumet and Sakurai, 1996), such as neurocan, phosphacan, and laminin which is also a 

known interactor of αDG (Yamada et al., 1996). Interestingly, PTPRF is also an interactor of 

NRCAM in the brain (Sakurai et al., 1997).  

For the further investigation of the two putative Rbo5P-containing proteins, peptides from PTPRF 

and NRCAM bearing the TPT motif could be recombinantly expressed and characterised by mass 

spectrometry to show their glycosylation state. While the presence of Rbo5P is expected on core 

M3 glycans, it cannot be excluded that the alditol might be part of glycans with unknown 

composition. Therefore, the expression of full-length PTPRF and NRCAM is also advised. In case 

of discovering an alditol modifying the proteins, monosaccharide analysis of the glycans released 

from the proteins, followed by derivatisation and GC-MS analysis, can be used to identify whether 

ribitol is the alditol released from the purified proteins. 

The results obtained in Chapter 4 offer many ideas for follow-up experiments. Applying the 

oxidation/biotinylation method to other cell lines or tissue extracts would be important to see if the 

results are reproducible or if additional putative proteins modified with Rbo5P can be identified. A 

subset of proteins instead of the whole cell lysate or tissue extract could be analysed to enhance the 

likelihood of detecting glycoforms with potentially low abundance. Therefore, an approach worth 

trying would be applying the method used in this study to proteins present on the cell surface. This 

experiment would involve the use of either purified cell membranes or intact cells as samples to be 

oxidised and biotinylated and eventually lysed and analysed by mass spectrometry.  



118 

The research reported in this Thesis offers new insights into αDG glycosylation and a new approach 

to the analysis of Rbo5P-containing glycoconjugates. Applying this approach to endogenous protein 

mixtures opens the possibility of discovering novel proteins modified with Rbo5P, which would 

improve the knowledge of this rare modification in mammals. 
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List of abbreviations 

AAL  Aleuria aurantia lectin  

AMBIC Ammonium bicarbonate  

B3GALNT2 β1,3-N-acetylgalacosaminyltransferase 2 

B4GALT β-1,4-galactosyltransferase 

B4GAT1 β1,4-glucuronyltransferase 1 

CAN  Acetonitrile 

CDP-Rbo CDP-ribitol 

CHO  Chinese hamster ovarian  

CID  Collision induced dissociation  

ConA  Concanavalin A  

CRM  Charged residue model  

DDA  Data-dependent acquisition  

DGC  Dystrophin-glycoprotein complex  

DMEM  Dulbecco’s modified Eagle’s medium  

Dol-P  Dolichol-phosphate 

DTT  Dithiothreitol 

ECM  Extracellular matrix  

EGF  Epidermal growth factor 

EIC  Extracted ion chromatograms  

ER  Endoplasmic reticulum  

ESI  Electrospray ionization  

ETD  Electron transfer dissociation  

FBS  Fetal bovine serum  
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Fc  Fragment crystallizable 

FCMD  Fukuyama-type congenital muscular dystrophy  

FDR  False discovery rate  

FITC  Fluorescein-5-isothiocyanate  

Fuc  Fucose 

FKRP  Fukutin-related protein 

FKTN  Fukutin 

GAG  Glycosaminoglycans 

Gal  Galactose 

GH  Glycosidase 

Glc  Glucose 

GlcA  Glucuronic acid 

GlcNAc N-acetylglucosamine 

GOase  Galactose oxidase  

GroP  Glycerol phosphate 

GT  Glycosyltransferase 

HCD  Higher energy collision-induced dissociation  

HexNAc N-acetylhexosamine  

HF  Hydrofluoric acid  

IAM  Iodoacetamide 

IEM  Ion evaporation model  

ISPD  Isoprenoid synthase domain-containing protein  

LAMP2 Lysosome-associated membrane glycoprotein 2 

LARGE Like-acetylglucosaminyltransferase  

LC  Liquid chromatography  
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LC-MS/MS Liquid chromatography coupled to mass spectrometry    

LDS  Lithiumdodecyl sulphate  

LGMD  Limb-girdle muscular dystrophy  

Man  Mannose 

MCD1D Congenital muscular dystrophy type 1D  

ME1  NADP-dependent malic enzyme  

MEB  Muscle-eye-brain disease  

MGAT5B β-1,6-N-acetylglucosaminyltransferase 

MOE  Metabolic oligosaccharide engineering  

MS  Mass spectrometry  

MW  Molecular weight 

MWCO  Molecular weight cut-off  

NeuAc  Neuraminic acid 

NRCAM Neuronal cell adhesion molecule 

OGT  O-GlcNAc transferase 

PBS  Phosphate-buffered saline  

PMT  Protein O-mannosyltransferase (Yeast) 

POMGnT1 Protein O-linked mannose O-1,2-N-acetylglucosaminyltransferase 1  

POMGnT2 Protein O-linked mannose O-1,4-N- acetylglucosaminyltransferase 2 

POMK  Protein O-mannose kinase 

POMT1 Protein O-mannosyltransferase 1 

POMT2 Protein O-mannosyltransferase 2 

PTM  Post-translation modification  

PTPRF  Receptor-type tyrosine-protein phosphatase F 

PTPRZ1            Receptor-type tyrosine-protein phosphatase zeta 
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Rbo5P  Ribitol-5-phosphate  

RPN2  Dolichyl-diphosphooligosaccharide-protein glycosyltransferase subunit 2 

SP  Signal peptide 

TBS  Tris-buffered saline  

TFA  Trifluoroacetic acid  

TMR  Transmembrane domain 

TSR  Thrombospondin-type repeat 

TMEM5 Ribitol β1,4-xylosyltransferase 

WGA  Wheat germ agglutinin  

WWS  Walker-Warburg syndrome  

Xyl  Xylose 

αDG  α-dystroglycan 

βDG   β-dystroglycan 
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