Azza El-Baz 
  
Amira Radwan 
  
Wala Samy 
  
Mai Abdul-Rahem 
  
Soha Nosir 
  
Marwa Dakroury 
  
Zeinab Youssef 
  
Mostafa El-Sharkawy 
  

List of Figures

1] Biochemical aspects of glycosylation

Glycosylation is a biological process in which macromolecules like proteins and lipids are enzymatically modified with sugars to from glycoconjugates. The cell content of glycans linked to macromolecules (lipids or proteins) is called The Cellular Glycome 1 . Glycosylation occurs in eukaryotes as well as prokaryotes.

1.1] Where does glycosylation take place in the cell? 1) Glycosylation in the endomembrane system

In eukaryotes, glycosylation processes take place mainly in two subcellular compartments; the rough endoplasmic reticulum (rER) and the Golgi apparatus (GA). Each compartment possesses its specific enzyme-machinery (glycosyltransferases and glycosidases) either bound to its membranes (most glycosyltransferases are type II transmembrane (TM) proteins with their catalytic carboxyl-terminal oriented towards the ER-or GA lumen whereas their amino-termini are oriented to the cytosolic-face of the compartment) or soluble glycosyltransferases. For example, O-fucosyltransferase is a soluble enzyme within the lumen of the ER. In addition, the ER and the GA have a specific sugar-transport system in the form of membrane-bound transporters for each of the nucleotide sugars that are synthesized in the cytoplasm 1 .

Moreover, these two sites contain the glycan acceptors whether it is a nascent protein in the lumen of the ER in the case of protein N-glycosylation, or an ER-synthesized lipid (ceramide) that is then translocated to the luminal face of the GA to produce the glycosphingolipids (GSLs). Other factors within the ER and the GA are responsible for providing the appropriate conditions for the glycosylation process. For instance, the ER-lumen represents the optimum environment for glycoprotein quality control processes that occur as an important step of protein N-glycosylation (see below). The ER-lumen contains the chaperone-machinery, Ca 2+ reservoir, and protein disulfide isomerase (PDI) that is required to form disulfide bonds in the folding protein 2 .

Another example is the contribution of both, the ER and GA, to the recycling of dolichol, (see below). The dolichol-synthesizing enzymes are ER-located while the dolichol-recycling enzymes (phosphatases) with all the required divalent cations are both ER-and GA-located 3 .

In prokaryotes where the ER-GA system is absent, cell surface glycans are synthesized in the periplasm (the zone between the cytoplasmic membrane and the cell wall) 1 . Exceptionally, in eukaryotes hyaluronan, a polysaccharide containing D-glucuronic acid (GlcUA) and N-acetylglucosamine (GlcNAc) is synthesized at the plasma membrane 1 .

2) Nuclear and cytoplasmic glycosylation

Glycosylation processes are not restricted to the endomembrane systems but also take place in the nucleus and cytoplasm 4 . Lectin binding studies revealed the presence of glycans that contain mannose, GlcNAc and fucose in the cytoplasm and nucleus 4,5 .

Some ideas were proposed to identify the source of these glycans. First, concerning the glycosylation machinery, the cytoplasm and nucleus could contain soluble glycosyltransferases. Second, these glycans found in the nucleocytoplasmic compartment could be degradation products of proteasome-mediated degradation of misfolded glycoproteins translocated from the ER to the cytoplasm by the bidirectional Sec61/63 translocator 4,6 .

Now, nucleocytoplasmic protein O-GlcNAcylation is one of the most intensely studied glycosylation events. This process involves a dynamic cycle of O-GlcNAc addition and removal mediated by cytosolic O-GlcNAc transferase (OGT) and cytosolic O-GlcNAcase (OGA) 7 . Other nucleocytoplasmic glycans probably exist, but have not been characterized due to technical limitations such as the possible lack of specificity of some lectins and the difficulty in purifying proteins from the nuclear and cytosolic compartments without contamination with proteins from other cellular organelles 4 .

3) Mitochondrial glycosylation

Mitochondria represent another site for glycosylation. However, unlike the ER and GA wherein almost all types of glycosylation occur, mitochondria are involved only in protein O-GlcNAcylation that is mediated by mitochondrial splice variants of O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) 8 . Disruption of the mitochondrial O-GlcNAcylation cycle has been shown to cause impaired mitochondrial functions such as cellular respiration and glycolysis (especially under stress conditions).

Experimental studies revealed that mitochondrial OGT/OGA-overexpressing cells showed markedly reduced expression levels of mitochondrial proteins such as respiratory chain proteins (e.g. complex I protein NDUFA 9), β-oxidation enzymes (e.g. MCAD, medium chain acylCoA dehydrogenase), tricarboxylic acid (TCA) cycle components (e.g. PDHX, pyruvate dehydrogenase complex component X) and some transport proteins in both inner mitochondrial membrane (IMM) and outer mitochondrial membrane (OMM) 8 . Interestingly, a galactolipid was detected to be synthesized in mitochondrial membranes of plants 4 .

1.2] Biological importance of macromolecule glycosylation

As they are widely expressed with great structural diversity in all types of cells and tissues, Glycans are directly or indirectly involved in several biological processes.

The outermost protective layer of eukaryotic cells is called the glycocalyx and is composed of glycoconjugates that link the cell to the extracellular matrix. During many biological events, the glycocalyx mediates intercellular communication 9 .

In humans, the major functions of glycans can be grouped as follows:

1.2.1) Tissue Construction

Glycans play a major role in the physical properties of tissues in terms of integrity, porosity rigidity and stability 10,11 . Glycans are expressed in a tissue-specific way where each tissue contains different glycans in distinct proportions 11 .

Collagen, for example, is one of the major types of O-glycoprotein, and constitutes 25 -35 % of the total body protein content. It represents a major constituent of connective tissues in skin, bone, cornea, teeth and cartilages 12 .

Similarly, glycosaminoglycans (GAGs) are linked to the proteoglycans of different types of connective tissue where they contribute directly to organ function. For example, the GAG keratin sulfate type I (KS I) is highly abundant in collagen fibrils of the cornea and is required to maintain the spatial arrangement of the fibrils that is essential for the passage of light 13 .

Being integrated into tissues to a high extent, glycans can function as a reservoir for a lot of biologically important molecules. For example, during the angiogenesis process, heparin, which is one of the GAGs, is found in the extracellular matrix where it binds to growth factors preventing their diffusion into surrounding tissues. In this way, non-specific proteolytic degradation of growth factors is prevented until they are required 14 .

In humans, the mucosa of almost all the physiological systems is coated with a heavy layer of glycans of different structure and therefore, different functions 15 . The major role of these glycan layers is to act as a barrier to protect the underlying tissue. Complex glycoproteins and GSLs, for example, are involved in lining the whole respiratory system 15 .In addition, the pulmonary secretions contain mucin (O-glycoprotein) which is a hydrating molecule that protects bronchi and bronchioles from dryness and provides a physical protection against external microbes and foreign particles 15 . The gastrointestinal tract (GIT) mucosa possesses GSLs on its surface that function as ligands for gastric commensal bacteria (symbiotic bacteria or gut microbiota) 16 .

1.2.2) Regulation of biological activity

The activity of many biological mediators such as hormones and enzymes can be regulated by their glycosylation 17 . The glycosylation effect on the biomolecules can range from fineadjustment (tuning) to switching on or off the activity 11 .

For example, the activity of human chorionic gonadotrophin (hCGT) is abolished when it is deglycosylated and it becomes unable to stimulate adenylate cyclase 18 .

Certain glycoconjugates have an indirect activity-regulating role 19 . For example, membranebound GSLs undergo self-association in response to some stimuli (antibody, for an example) forming lipid rafts that consist of clusters of GSLs 20 . This clustering causes physical changes in which the membrane-bound tyrosine kinase is brought closer to its substrates such as Epidermal Growth Factor (EGF) and insulin receptors to be phosphorylated and thereby, modulating their activity. These GSL clusters are called glyco-synapes because of their signaling enhancing properties 19 .

1.2.3) Ligands for Glycan Binding Proteins (GBPs)

Glycan binding proteins are antibodies, lectins or sulfated GAG binding proteins. According to their cellular location, GBPs are classified into:

1) Membrane-associated GBPs that upon interaction with their specific glycans mediate many cellular events like endocytosis, cell-cell signaling, and cell adhesion.

2) Soluble GBPs that recognize glycans in non-restricted sites i.e. can bind to their ligands in the surrounding tissues or in the blood stream 21 .

Lectins are macromolecules that contain carbohydrate-recognition domains (CRDs). They show high specificity toward the terminal non-reducing sugars of glycans 22 . They comprise a large family of proteins that show selectivity for diverse glycan structures. Lectins are found in animals, plants, viruses and bacteria 22 .

Via their interaction with their cognate glycans, lectins mediate several biological processes in those organisms 22 . The interaction takes place when the specific sugar is physically embedded in a well-defined binding pocket 22 .

Lectins are classified into four major classes according to their cognate sugar. These classes are: i) Siglecs and selectins: sialic acid-recognizing lectins 23,24 , ii) Galectins; which bind to galactose-terminated glycans 23,25 , iii) P-lectins, that bind to mannose-6-phosphate (M6P)labeled glycoproteins 26 , and iv) C-lectins: they bind many sugars in a Ca 2+dependent process 27 .

Another type of GBP is the sulfated GAG-binding proteins (SGAG-BPs). Unlike lectins, SGAG-BPs interact specifically with the negatively charged sugars of GAGs. These SGAG-BPs display clusters of positively charged amino acids on the cell surface 28 . For example, heparin binds to anti-thrombin in this way to mediate the anti-coagulating action 28,29 . Here, the anti-thrombin protein contains 2-positively charged amino acids that specifically interact with an internal pentasaccharide sequence in heparin 28,29 .

The GBPs exist either in the same glycan-producing organism or they can recognize glycans that have been made by another organism. Accordingly, GBP recognition modes can be classified as follows 17 :

a) Intrinsic glycan-recognition:

This type of recognition underlies many biological events. The biological consequences occur at the single cell and whole organism level. Here, glycans produced by one organism or within the same cell are recognized by GBPs within the same organism (extracellular) or the same cell (intracellular). Accordingly, intrinsic glycan-recognition can be sub-classified into extracellular and intracellular processes.

Here are examples of some of these biological events in which intrinsic glycan-recognition is involved:

a.1) Intracellular intrinsic glycan-recognition

These include biological processes that take place inside the cells and are regulated by glycan-GBP interactions. Some examples are:

o

Lysosomal enzyme sorting

After being synthesized in the ER (Figure 1), lysosomal hydrolases are transported along the secretory pathway to the cis-GA where they are labeled with a M6P molecule (Figure 2) 30 . 

o ER-quality control (ERQC)

Intrinsic glycan-recognition represents the principle feature of N-glycoprotein ER-situated ER-quality control (ERQC) and ER-associated degradation (ERAD) processes. These processes take place during, and soon after, protein synthesis and post-translational Nglycosylation in the ER lumen. The role of the ERQC system is to ensure correct protein folding. The three terminal glucose residues of an N-glycan chain (Figure 11) function as a signal for the N-glycoprotein to enter the ERQC process 33 . The ER-resident lectins (calnexin; CNX and calreticulin; CRT) bind to the N-glycoprotein by specifically recognizing glycans with a terminal α1-3 glucose residue in a Ca 2+ -dependent manner 34 . CNX is a transmembrane protein that recognizes glycans close to the ER-membrane. Conversely, CRT is a soluble lectin that recognizes glycans in the ER-lumen 35 . This binding occurs during several folding/refolding cycles until the glycoprotein is properly folded.

a.2) Extracellular intrinsic-glycan recognition

They include the biological processes that take place within one organism and are regulated by glycan-GBP interactions. Some examples are:

o

Lymphocyte homing to the lymph nodes

Circulating lymphocytes home into peripheral lymph nodes in a glycan-recognition mediated process. Lymphocytes carry L-selectin receptors on their surface. These receptors recognize the Lewis X determinants on O-GalNAc-terminated glycoproteins on the surface of high endothelial venules (HEVs), thereby assuring the delivery of lymphocytes to lymph nodes and lymphatic organs 36 .

o

Hormone clearance by the liver

Internal glycan-recognition plays a major role in liver-mediated clearance of glycosylated plasma proteins where glycan epitopes are recognized by specific asialoglycoprotein receptors (ASGRs) on liver cells 37 . For example, the ovulatory cycle in mammals is regulated by the internal glycan-recognition mode: here the clearance of glycosylated luteinizing hormone (LH) from the circulation is assured by the terminal sulfated GalNAc-β1-4GalNAc LH epitope that is recognized by liver as well as Kupffer cells 37 .

b) Extrinsic glycan-recognition:

In this mode, the glycans of one organism are recognized by GBPs from a different organism. As a result, certain processes are initiated such as:

o The reproduction process in mammals

In most of the mammalian species, but not human, the glycocalyx coating both the egg and sperm is the key element in the fertilization process 38 . The mammalian egg glycocalyx is called the zona pellucida (ZP). It is a three-dimensional glycoprotein matrix that surrounds and protects the unfertilized oocyte. Three genes that are conserved in all the mammalians, ZPA, ZPB and ZPC, encode three ZP glycoproteins, zp1, zp2, and zp3. These glycoproteins have been characterized in both humans and mice 39 .

Conversely, the mammalian sperm glycocalyx is composed of hundreds of glycoconjugates. Compared to the glycocalyx of somatic cells, the sperm glycocalyx is 2 -6 times thicker and it has a four dimensional structure 38 . The sperm surface is highly negatively charged due the fact that 40 % of its glycocalyx is accounted for by sialic acid (Sia) 38 . After ejaculation, glycosyltransferases and glycosidases in the epididymal lumen provoke changes in the sperm surface glycoconjugates that are suggested to be essential for sperm maturation.

The fertilization process is initiated when lectins on the sperm surface specifically recognize their cognate glycoconjugates on the oviduct epithelium. This glycan-lectin interaction leads to the formation of a reservoir of sperm in the oviduct prior to the egg fertilization, and ensures adequate sperm maturation (capacitation) and viability 38,40 .

The next step of oocyte fertilization is the sperm acrosome reaction. Here, the acrosome, a vesicle situated over the nucleus in the anterior of the sperm head, starts an exocytic process that releases hydrolytic enzymes that favourise sperm penetration of the ZP 38,40 . This penetration is a secondary lectin-glycan binding process. Sperm adhesion molecules, AQN and AWN, for example, are lectins on the porcine sperm surface that specifically bind Galβ1-3GalNAc and Galβ1-4GalNAc epitopes on glycoproteins of pig ZP 38 .

o

Microbial invasion of hosts

Another biological event that can be mediated by extrinsic glycan-recognition mode is the invasion of a host by microbes causing severe pathological consequences 41 . The attacking microorganism masks its surface with glycans of a structure similar to those of the host organism in order to escape immune surveillance.

Some infections cause serious pathological consequences when the attacking microorganism recognizes the host glycans. For example, Campylobacter jejuni is a diarrhea-causing bacterium that synthesizes an exopolysaccharide whose sugar structures are similar to the neuronal glycans, especially the ganglioside GD1a 42 . After infection, the host generates antibodies against the c. jejuni glycans, which react also with the host's glycans. Consequently, the body attacks its own nerves causing paralysis. Campylobacter jejuni infections are the commonest origin of Guillain Barré syndrome [START_REF] Houliston | Recognition characteristics of monoclonal antibodies that are cross-reactive with gangliosides and lipooligosaccharide from Campylobacter jejuni strains associated with Guillain-Barré and Fisher syndromes[END_REF] .

o

Innate immunity and inflammatory response

Extrinsic glycan-recognition is the principle underlying mechanism during induction of innate immunity. Eukaryotic innate immunity against bacterial infection is mediated by recognition of a bacterial pathogen-associated molecular pattern molecules (PAMPs) by host cell receptors known as pattern-recognition receptors (PRRs) [START_REF] Nizet | Bacterial and Viral Infections[END_REF] .

Gram-negative bacteria lipopolysaccharide (LPS) is one of the most extensively studied examples [START_REF] Munford | Shield as signal: lipopolysaccharides and the evolution of immunity to gram-negative bacteria[END_REF] . LPS contains a highly conserved PAMP called lipid A that is composed of a glucosamine-associated phospholipid. A host cell Toll-like receptor called TLR-4 recognizes the glycan. Upon glycan-receptor interaction, TLR-4 forms a complex with CD-14, which is another host cell surface protein, initiating a series of inflammatory and anti-microbial responses such as pro-inflammatory cytokine release by the host cell (Figure 3) [START_REF] Mazmanian | The love-hate relationship between bacterial polysaccharides and the host immune system[END_REF] . All the above-described glycan-GBP interactions have been exploited in biotechnology and pharmaceutical industries in order to produce several glycomimetics. A glycomimetic is a pharmaceutical compound that contains the essential glycan core of a glycoconjugate that has been modified to ameliorate its pharmacological properties such as stability (hence bioavailability), and solubility. For example, an early event of the inflammatory response is the glycan/GBP-initiated leukocytes extravasation and recruitment to the site of inflammation. Studies on the inflammation in animal models revealed that the synthetic sialylated Lewis X glycomimetics have physiological effects comparable to those of the natural sialylated Lewis x molecules [START_REF] Brown | Glycan antagonists and inhibitors: a fount for drug discovery[END_REF][START_REF] Bertozzi | Glycans in Biotechnology and the Pharmaceutical Industry[END_REF] .

1.3] How does a GBP interact with its corresponding glycan?

In 1894, the Nobel Prize laureate, Emil Fisher described the key-lock theory for substrateenzyme interaction [START_REF] Fischer | Master of Organic Chemistry Research, and Inspired Trailblazer of Biological Chemistry[END_REF] . Later, Laschteschenko observed lysozyme action, and then another Nobel Prize laureate, Sir Alexander Fleming, coined the name lysozyme. Lysozymes are antimicrobial glycosidases that hydrolyze the glycosidic linkages in some glycans in bacterial cell wall peptidoglycans conferring an antimicrobial activity. More specifically, lysozyme hydrolyzes the 1-4 glycosidic link between N-acetylmuramic and GlcNAc residues in peptidoglycans of the bacterial cell wall [START_REF]Human lysozyme: sequencing of a cDNA, and expression and secretion by Saccharomyces cerevisiae[END_REF] .

Hydrogen bonding, van der Waals interaction, electrostatic interaction, and dipole attraction mediate all the known ligand-receptor interactions. Glycan-GBP interactions are also mediated by all those forces [START_REF] Cummings | Principles of Glycan Recognition[END_REF] . The mechanism of glycan-GBP interaction involves a solvation/desolvation process (Figure 4). The surfaces of the glycan and GBP are both solvated i.e. hydrated with water molecules that interact with the highly abundant glycanhydroxyl groups in the glycan and amino acids on the GBP surface [START_REF] Weis | Structural basis of lectin-carbohydrate recognition[END_REF] . If the key (glycan) fits the lock (GBP), water molecules will be displaced from both sides, that is to say the glycan and GBP will be desolvated, and then the interaction takes place driven by one or several of the previously mentioned forces [START_REF] Cummings | Principles of Glycan Recognition[END_REF][START_REF] Weis | Structural basis of lectin-carbohydrate recognition[END_REF][START_REF] Der Lieth | Lectin ligands: new insights into their conformations and their dynamic behavior and the discovery of conformer selection by lectins[END_REF] . The dashed lines represent different binding mechanisms.

1.4] Biosynthesis of glycans 1) General considerations

Despite the fact that genes encode enzymes, transporters and chaperones of the glycosylation process, the biochemical modification itself is not, and the glycan products are secondary gene products. In other words, there are no specific templates for glycan structures (protein sequences have their specific patterns coded by DNA) and this fact explains the absence of a well-defined steady state cellular glycome 1 .

The glycosylation process and the structure of its glycan products are controlled by many factors, which include regulation of gene expression and availability of nucleotide sugar donors as well as glycan acceptors. The situation is further complicated by the fact that certain sugar donor pools are required for several glycosylation processes.

Moreover, there is continuous competition between different glycosyltransferases for the same glycan acceptor and that results in diversity of glycan structures 1 .

Some glycans display a tissue-specific and or differentiation-dependent mode of production.

Physiological and pathological factors, for instance, such as malignancies and inflammation, greatly control the rate of production and composition of glycans 1 .

2) Chemistry of the glycosylation reaction

As a chemical reaction, glycosylation is an SN 2 (bimolecular nucleophile substitution) reaction [START_REF] Rini | Glycosyltransferases and Glycan-Processing Enzymes[END_REF] . In this type of reaction, a nucleophile (sugar acceptor) attacks an electrophile (sugar donor) forming a bond (glycosidic bond). This reaction results in an inversion in the C1 stereochemistry i.e. from α-to β-configuration (Figure 5) [START_REF] Rini | Glycosyltransferases and Glycan-Processing Enzymes[END_REF][START_REF] Qasba | Substrate-induced conformational changes in glycosyltransferases[END_REF][START_REF] Davies | Recent structural insights into the expanding world of carbohydrate-active enzymes[END_REF] . 

3) Glycosylation reactions can require multiple components

Glycosylation reactions may require sugar donors, sugar donor transporters, glycosyltransferases, chaperone proteins, divalent cations, and sugar acceptors. Each member will be discussed in more details in the coming sections.

3.1) Activated Sugars

Activated sugars are high-energy nucleotide sugars, which serve as sugar donors in the glycosylation process. They are utilized by specific glycosyltransferases to form a glycosidic bond with certain stereochemistry in relation to the acceptor anomeric (chiral) carbon. They include GDP-Man, GDP-Fuc, UDP-Glc, UDP-Gal, UDP-Xyl, UDP-GlcUA, UDP-GlcNAc, UDP-GalNAc and CMP-Sia. Sugar donors are synthesized in the cytoplasm except for Sia donor; CMP-Sia, which is synthesized in the nucleus 57,[START_REF] Freeze | Glycosylation Precursors[END_REF] . The biosynthesis and interconversion of nucleotide sugars are illustrated in figures 6-9. 

3.2) Nucleotide sugar transporters

Activated sugars are transported through membranes by specific nucleotide sugar transporters (NSTs) in an ATP-independent process. These transporters are called antiporters because they transport two different molecules in two opposite directions [START_REF] Varki | Factors controlling the glycosylation potential of the Golgi apparatus[END_REF] . NTSs deliver the activated sugar into the lumen of subcellular organelles (GA, for example) wherein glycosyltransferases release the nucleoside mono-or diphosphate byproducts, which then cross the membrane to be recycled in the cytoplasm (Figure 10). NTSs are competitively inhibited by their specific mono-or diphosphate nucleosides, but not by the free sugar [START_REF] Varki | Factors controlling the glycosylation potential of the Golgi apparatus[END_REF][START_REF] Hadley | Structure and function of nucleotide sugar transporters: Current progress[END_REF] . In humans, the solute carriers (SLCs) are transporters that translocate different solutes across the hydrophobic membranes of subcellular organelles. SLCs are grouped into 52 subfamilies based upon both the transport mechanism and the type of solute that is transported [START_REF] Hadley | Structure and function of nucleotide sugar transporters: Current progress[END_REF] . The SLC35 subfamily comprises the highly conserved human NSTs, and is sub-classified into seven subfamilies (SLC35A-G) based on sequence homology considerations. Within each of these subfamilies, there is another classification according to the nucleotide sugar(s) being transported [START_REF] Hadley | Structure and function of nucleotide sugar transporters: Current progress[END_REF] . Table 1, represents some examples for NSTs that have been characterized in human and their relative abundance in the ER and GA. Dolichol metabolism will be treated in more detail later because it is an important aspect of my experimental work.

3.3) Glycosyltransferases

Glycosyltransferases comprise a large family of sugar-linking enzymes in which subfamilies have been identified. They are encoded by 1-2 % of the human genome. Ninety glycosyltransferase families have been identified. They include 30,000 glycosyltransferases with great variability in many aspects [START_REF] Rini | Glycosyltransferases and Glycan-Processing Enzymes[END_REF][START_REF] Breton | Structures and mechanisms of glycosyltransferases[END_REF] . Here are some features of glycosyltransferases.

Substrate specificity

Within the same family, all the glycosyltransferases use the same sugar donor but can catalyze the formation of a glycosidic linkage with different specific stereochemistry. For example, α2-3, α 2-6 and α2-8 glycosidic linkages of sialic acid (Sia) are formed by different sialyltransferases (STns) of the same family [START_REF] Li | Sialic acid metabolism and sialyltransferases: natural functions and applications[END_REF][START_REF] Harduin-Lepers | The human sialyltransferase family[END_REF] .

Some glycosyltransferases, by contrast, are non-specific i.e. they catalyze the formation of more than one glycosidic linkage with different stereochemistry. For example, fucosyltransferase (III) forms α1-3 or α1-4 linkages [START_REF] Rini | Glycosyltransferases and Glycan-Processing Enzymes[END_REF] .

One single glycosyltransferase can be specific for transferring two different sugars to their acceptors. Chondroitin synthase, for example, possesses two catalytic domains that are both involved in the biosynthesis of chondroitin sulfate (one of the GAGs). One domain has β1-3glucuronic acid transferase activity, and another domain has β1-4 Nacetylgalactosaminyltransferase activity [START_REF] Mikami | Biosynthesis and function of chondroitin sulfate[END_REF][START_REF] Silbert | Biosynthesis of chondroitin/dermatan sulfate[END_REF] .

Tissue-specific expression

In mammals, many glycosyltransferases are expressed in a tissue-specific way. Let us take the example of STns that transfer a terminal sialic acid residue onto a galactose residue forming an α 2-3 glycosidic linkage, ST3GalTs. ST3Gal (I) is expressed in liver, spleen and bone marrow, ST3Gal (II) is expressed in the brain and ST3Gal (III) and (IV) are expressed in most tissues 37,[START_REF] Harduin-Lepers | The human sialyltransferase family[END_REF] .

In another example, the α1-2 fucosyltransferases (α1-2 FucT) that transfer fucose residues onto galactose during the biosynthesis of H, A and B determinants on blood groups show distinct tissue distribution. The H α1-2 FucT which is encoded by (H) group loci and expressed in red cell precursors, and Se α1-2 FucT which is encoded by (Se) group loci is expressed in secretory tissues like salivary glands and the GIT-lining epithelium 37,[START_REF] Yamamoto | Review: ABO blood group system--ABH oligosaccharide antigens, anti-A and anti-B, A and B glycosyltransferases, and ABO genes[END_REF] .

Acceptor specificity

Glycosyltransferases recognize their acceptors by specific amino sequences in the acceptor protein as in the case of oligosaccharide transferase (OST) that recognizes the Nglycosylation consensus sequence (-Asn-X-Ser/Thr) (where X could be any amino acid residue except proline) that exists in almost two thirds of proteins [START_REF] Cherepanova | N-linked glycosylation and homeostasis of the endoplasmic reticulum[END_REF] .

A similar type of glycosyltransferase-acceptor specificity appears when a specific motif (Pro-X-Arg/Lys) in hCGT hormone is recognized by N-acetylgalactosaminetransferase [START_REF] Rini | Glycosyltransferases and Glycan-Processing Enzymes[END_REF][START_REF] Fournier | Review: hCGs: different sources of production, different glycoforms and functions[END_REF] .

Glycosyltransferase complex formation

One of the most characteristic properties of glycosyltransferases is their formation of multienzyme complexes with other glycosyltransferases, and it has been shown that complex formation greatly affects the glycosyl-transfer activity. In GSL biosynthesis, for example, there are two multi-glycosyltransferase complexes that have been identified in CHO-K1 cells (Chinese Hamster Ovary wild type cells). A complex is formed from galactosyltransferase (GalT2) and N-acetylgalactosaminyltransferase (GalNAcT), and another one consists of GalT1, STn1 and STn2. In the latter case, it has been shown that the activity of STn1 was increased by 2.5 fold in CHO-K1 cells that express high levels of the STn2 enzyme [START_REF] Spessott | Glycosyltransferase complexes improve glycolipid synthesis[END_REF] .

1.5] Types of Glycoconjugate

A] Glycoproteins

In humans, more than one half of proteins are post-or co-translationally glycosylated.

Glycans can represent from 1 to 80 % of the total molecular weight of a glycosylated protein [START_REF]Structural Biology of Glycoproteins[END_REF] .

Glycoproteins are classified according to the functional group of the amino acid residue to which the first sugar residue is attached. In N-glycoproteins, the sugar residue (GlcNAc) is linked to the amino group (-NH 2 ) of asparagine in the (-Asn-X-Ser/Thr-) consensus sequence, while in the case of O-glycoproteins, the first sugar residue (N-acetylgalactosamine, xylose, fucose, mannose or galactose) is linked to the hydroxyl group (-OH) of serine or threonine residues. For C-glycoproteins, the C2 of a tryptophan residue is mannosylated 1 .

A.1) N-glycoproteins

One of the functions of N-glycans is to confer some hydrophilicity to the glycosylated proteins in order to improve their solubility and, in some cases, provoke conformational changes that improve their activities [START_REF] Stanley | N-Glycans[END_REF] .

Structurally, N-glycans are subdivided into three subtypes: i) oligomannose ii) complex and iii) hybrid (Figure 11). 

o N-glycan biosynthesis

Protein N-glycosylation involves the biosynthesis of a dolichol linked oligosaccharide (DLO) carrier and subsequent transfer of the oligosaccharide onto nascent proteins in the lumen of the ER. This process can be divided into four phases (Figure 12).

Phase I involves the synthesis of the dolichol-linked oligosaccharide (DLO) on the cytoplasmic face of the ER membrane. Many genes that code for glycosyltransferases involved in DLO biosynthesis are known as (ALGs) for Asparagine Linked Glycosylation and were originally identified in the yeast Saccharomyces cerevisiae [START_REF] Barnes | Asparagine-Linked Glycosylation in Saccharomyces cerevisiae: Genetic Analysis of an Early Step[END_REF][START_REF] Kornfeld | Assembly of asparagine-linked oligosaccharides[END_REF] . Two multi-ALGs complexes mediate this phase. The first complex is composed of UDP-N-acetylglucosamine: dolichol phosphate N-acetylglucosamine phosphotransferase (ALG7) that generates Dol-PP-GlcNAc from Dol-P and UDP-GlcNAc and UDP-N-acetylglucosamine: GlcNAc-PP-Dol Nacetylglucosamine transferase (ALG13/ALG14). This complex initiates the N-glycosylation process. Another multi-ALG complex consisting of three GDP-Man-requiring mannosyltransferases (ALG1/ALG2/ALG11) elongates GlcNAc 2 -PP-Dol to yield Man 5 GlcNAc 2 -PP-Dol. This structure is then flipped onto the luminal surface of the ER by the action of a flippase whose function is enhanced by a protein encoded by the RFT1 gene [START_REF] Lannoo | Review/N-glycans: The making of a varied toolbox[END_REF][START_REF] Suzuki | Free N-linked oligosaccharide chains: formation and degradation[END_REF][START_REF] Harada | Generation and degradation of free asparaginelinked glycans[END_REF] .

Exceptionally for glycosyltransferases, which usually add single sugars to glycans, three of the mannosyltransferases involved in DLO biosynthesis transfer two mannose residues. During this phase, the ALG2-encoded mannosyltransferase transfers α1-3 followed by α1-6 mannose residues, then the ALG11-encoded mannosyltransferase transfers consecutively two α1-2 linked mannose residues.

Phase II takes place in the ER lumen and concerns the elongation of Man 5 GlcNAc 2 -PP-Dol.

Here, Dol-P-Man-and Dol-P-Glc-dependent mannosyl-and glucosyltransferases sequentially add 4 mannose and 3 glucose residues, respectively, to the growing DLO to yield Glc 3 Man 9 GlcNAC 2 -PP-Dol, which is the mature DLO species [START_REF] Lannoo | Review/N-glycans: The making of a varied toolbox[END_REF][START_REF] Suzuki | Free N-linked oligosaccharide chains: formation and degradation[END_REF][START_REF] Harada | Generation and degradation of free asparaginelinked glycans[END_REF] .

Phase III takes place in the ER lumen and involves the co-or post-translation transfer of the glycan chain from mature DLO onto protein in the ER lumen by the OST complex. OST catalyzes the formation of a hydrogen bond with the asparagine (Asn) residue in a glycosylation consensus sequence to yield Glc 3 Man 9 GlcNAc 2 -Asn-X-Ser/Thr-polypeptide 74- 76 . Now, the N-glycosylated protein will be subjected to the ERQC system we have described before to ensure proper protein folding [START_REF] Caramelo | A sweet code for glycoprotein folding[END_REF][START_REF] Tannous | N-linked sugar-regulated protein folding and quality control in the ER[END_REF] .

Phase IV involves the GA-mediated N-glycoprotein modification during which sequential removal and addition of monosaccharides to the N-glycoprotein occurs. The different GA sub-compartments, contain distinct groups of glycosyltransferases that work in concert to convert N-glycans into their final structure (oligomannose, complex or hybrid N-glycans) [START_REF] Lannoo | Review/N-glycans: The making of a varied toolbox[END_REF] . 

A.2) O-glycoproteins

Protein is O-glycosylated by the formation of a covalent bond between a sugar residue and the hydroxyl group of a serine (Ser) or threonine (Thr) residue.

o O-glycosylation versus N-glycosylation 1) Whereas N-glycosylation starts in the ER and subsequent N-glycan processing takes place in the GA, O-glycosylation is initiated either in the ER-lumen or within the GA depending on the O-glycosylation type.

2) GlcNAc is the only monosaccharide that forms a direct covalent bond with the amino group of asparagine residues in N-glycoproteins. By contrast, residues of Nacetylgalactosamine (GalNAc), mannose (Man), fucose (Fuc), glucose (Glc), and xylose (Xyl), can be linked to the hydroxyl group of serine or threonine residues. O-glycans display a high degree of variation in their structure. This variation results from core extension mediated by glycosyltransferases specific for the core monosaccharides [START_REF] Cylwik | Congenital disorders of glycosylation. part ii. defects of protein o-glycosylation[END_REF] .

3) O-glycoprotein biosynthetic pathways do not involve glycosidases as is the case for N-glycosylation where processing involves removal of many sugar residues by ERand GA-resident glycosidases.

4) On the other hand, protein N-and O-glycosylation do share some biochemical features. For instance, as well as being required for DLO biosynthesis, DPM is the mannose donor for the generation of an interesting O-glycan found on the protein α-dystroglycan (α-DG) [START_REF] Lefeber | Autosomal recessive dilated cardiomyopathy due to DOLK mutations results from abnormal dystroglycan Omannosylation[END_REF] . Another common feature is that terminal α2-3 and α2-6 sialic acid residues are added to both N-and O-glycans by the same STns.

o

Types of O-glycans

O-glycans can be classified according to whether the first monosaccharide is attached to the hydroxyl group of Ser/Thr residues, or attached to hydroxyl lysine/proline residue [START_REF] Cylwik | Congenital disorders of glycosylation. part ii. defects of protein o-glycosylation[END_REF] .

I) N-acetylgalactosamine-O-Ser/Thr glycans (O-GalNAc)

o O-GalNAc glycan core structure O-glycoproteins in which GalNAc is linked to the hydroxyl group of serine or threonine via α-glycosidic link are usually known as Mucins [START_REF] Brockhausen | O-GalNAc Glycans[END_REF] .

o The biological importance of O-GalNAc glycans O-GalNAc constitutes up to 80 % of the total molecular weight of mucin. Mucins are found in mucous secretions as soluble molecules and as TM glycoproteins with the glycans exposed towards the extracellular medium. Mucins are encoded by about 20 genes (MUC genes), which have a tissue-specific mode of expression suggesting that each mucin performs a specific biological function [START_REF] Brockhausen | O-GalNAc Glycans[END_REF] .

o

Biosynthesis of O-GalNAc glycans

Synthesis of O-GalNAc glycans takes place in the cis-GA where the catalyzing enzymes; polypeptide N-acetylgalactosamine transferases (pp GalNAcTns), are located (Figure 13) [START_REF] Hagen | All in the family: the UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferases[END_REF] . The pp GalNAcTns recognize specific regions in the acceptor proteins called Variable Number of Tandem Repeats (VNTRs) that are rich in Ser and Thr as well as proline amino acids. The role of the proline residue is thought to expose Ser and/or Thr residues in a β-turn conformation facilitating O-GalNAcylation [START_REF] Hagen | All in the family: the UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferases[END_REF] . The resulting Ser/Thr-O-GalNAc motif is called the Tn-antigen, and it has antigenic properties. Ser/Thr-O-GalNAc is further extended by specific glycosyltransferases to produce four core structures (Figure 13) [START_REF] Hurtado-Guerrero | Recent structural and mechanistic insights into protein O-GalNAc glycosylation[END_REF] .

Core structures were found to have pathological significance in cancer and other diseases. In leukemia and other cancer cells, large amounts of sialylated cores 1 and 2 have been observed. Core 2 was shown to be correlated to cancer metastasis [START_REF] Cornelissen | A Bitter Sweet Symphony: Immune Responses to Altered O-glycan Epitopes in Cancer[END_REF] . Some other pathological conditions such as inflammatory bowel disease are accompanied with elevated levels of non-substituted T-antigen [START_REF] Raclawska | Mucins and Their Sugars. Critical Mediators of Hyperreactivity and Inflammation[END_REF] . 

II) Mannose-O-Ser/Thr glycans (O-Man glycans) o O-Man glycan core structure

In this type of O-glycosylation a mannose residue is attached to the hydroxyl group of a Ser or Thr residue via an α-glycosidic link. O-mannose glycans represent one third of brain O-glycans [START_REF] Freeze | Other Classes of ER/Golgi-Derived Glycans[END_REF] .

o The biological importance of O-Man glycans

The importance of studying these O-glycans emerged in the early 2000s when dystroglycanopathies, a group of congenital muscular dystrophies, were discovered [START_REF] Dobson | O-Mannosylation and human disease[END_REF] . These diseases are caused by defective α-DG (also known as cranin) that was later characterized as an O-mannosylated glycoprotein [START_REF] Dobson | O-Mannosylation and human disease[END_REF] .

Dystroglycan is expressed in almost all tissues but mainly in the brain and skeletal muscles. The major function of dystroglycan is to connect the cytoskeleton to extracellular matrix (ECM) proteins like laminin via a dystrophin-dystroglycan complex (Figure 14).

The DAG1 gene encodes a proprotein that is cleaved to yield α-DG and β-dystroglycan (β-DG), which subsequently dimerise to form mature dystroglycan. DAG -/-mice showed embryonic lethality due to deformed basement membranes [START_REF] Dobson | O-Mannosylation and human disease[END_REF][START_REF] Moore | The inside and out of dystroglycan post-translational modification[END_REF] . α-DG is the soluble-glycosylated subunit of dystroglycan. It has both N-and Oglycosylation sites and the latter is a prerequisite for its function. α-DG has O-GalNAc and O-mannose glycans, but its function has shown to be dependent on O-mannosylation only. The binding of α-DG to laminin requires mannose linked to glucuronic acid-xylose repeats via a phosphodiester bond (Figure 14) [START_REF] Endo | Glycobiology of α-dystroglycan and muscular dystrophy[END_REF] . In addition to connecting the cytoskeleton to ECM proteins, α-DG was identified as a cell surface receptor for many arenaviruses and the O-Man glycan was found to facilitate virus entry to the cells [START_REF] Rojek | Cell entry by human pathogenic arenaviruses[END_REF] .

o Biosynthesis of O-Man glycans N-glycosylation and O-mannosylation of α-DG take place in the ER. After transport to GA processing of both glycan occurs (Figure 15) [START_REF] Lefeber | Autosomal recessive dilated cardiomyopathy due to DOLK mutations results from abnormal dystroglycan Omannosylation[END_REF] . O-mannosylation is initiated in the ER by the DPM-dependent protein-O-mannosyltransferases (POMT1/2) [START_REF] Lefeber | Autosomal recessive dilated cardiomyopathy due to DOLK mutations results from abnormal dystroglycan Omannosylation[END_REF] . o

The biological importance of O-Fuc glycans

O-fucosylation was first discovered when the structure Glcβ1-3Fucα-Thr was detected in human urine [START_REF] Freeze | Other Classes of ER/Golgi-Derived Glycans[END_REF] .

Later, O-Fuc glycans were extensively studied and found to be present in many biologically important molecules such as clotting factors and receptors of various signaling pathways. O-fucosylation only takes place after correct folding of acceptor proteins [START_REF] Freeze | Other Classes of ER/Golgi-Derived Glycans[END_REF][START_REF] Vasudevan | Novel roles for O-linked glycans in protein folding[END_REF] .

Interestingly, there are two protein repeats (motifs) that are O-fucosylated and it has been shown that their function is highly regulated by fucosylation. These repeats possess Ofucosylation sites with six conserved cysteine residues forming three disulfide bonds. A specific fucosyltransferase (FucTn) recognizes each of the two repeats. Epidermal Growth Factor (EGF)-like repeats and thrombospondin type 1 repeats (TSRs) exist in hundreds of cell surface receptors as well as many secretory proteins.

EGF-like repeats are small protein sequences (~ 40 amino acid residues) found in many blood clotting factors and members of the Notch receptor family.

Similarly, thrombospondin type 1 repeats (TSRs) are protein sequences consisting of 50-60 amino acid residues, and they are involved in protein-protein interactions and the Notchsignaling pathway [START_REF] Stanley | Regulation of Notch signaling by glycosylation[END_REF] .

The Notch signaling pathway exists in most multicellular organisms, and Notch receptors are expressed on the surface of many mammalian cells where their activation is involved in cell proliferation. Defective Notch-signaling pathways are associated with many human pathological conditions such as different types of cancer and developmental diseases (e.g. neurodegenerative disorders) [START_REF] Stanley | Regulation of Notch signaling by glycosylation[END_REF][START_REF] Rampal | Notch signaling in normal and disease States: possible therapies related to glycosylation[END_REF] .

o Biosynthesis of O-Fuc glycans O-fucosylation of both repeats takes place within the ER lumen wherein O-FucTns recognize specific sequences around the Ser/Thr acceptor sites (Figure 16). For EGF-like repeats, the O-fucosylation site is C 2 X 4-5 (S/T) C 3,[START_REF] Stanley | Regulation of Notch signaling by glycosylation[END_REF] . The fucose residue is transferred by the action of POFUT1.

Subsequent extension on the O-Fuc residue takes place in the GA by a specific β1-3 Nacetylglucosaminyltransferase (also known as Fring) that transfers a GlcNAc residue to the O-Fuc forming a β1-3 glycosidic bond. Fring was first identified in drosophila as a Notchactivity modifier (Figure 16). It has been shown that Notch-receptors without Nacetylglucosamine-extended O-Fuc glycans have no ability to bind to their activating ligands [START_REF] Stanley | Regulation of Notch signaling by glycosylation[END_REF] . The TSR specific O-fucosylation site is C 1 X 2-3 (S/T) C 2 X 2 G. TSR are selectively fucosylated by POFUT2 [START_REF] Vasudevan | Novel roles for O-linked glycans in protein folding[END_REF] . By contrast with EGF-like repeats, α-O-Fuc in TSRs is substituted with a β3-linked glucose residue by β1-3 glucosyltransferase (β3GlcTn) that is located within the ER lumen (Figure 16) [START_REF] Heinonen | Peters'-plus syndrome is a congenital disorder of glycosylation caused by a defect in the beta1,3-glucosyltransferase that modifies thrombospondin type 1 repeats[END_REF] . 

VI) Glucose-β-O-Ser/Thr glycans (O-Glc glycans)

These structures are found in EGF-like repeats where O-Glc is covalently linked to Ser or Thr residue in a C 1 X (S/T) XPC2 consensus site [START_REF] Takeuchi | Site-specific Oglucosylation of the epidermal growth factor-like (EGF) repeats of notch: efficiency of glycosylation is affected by proper folding and amino acid sequence of individual EGF repeats[END_REF] . The enzyme responsible for O-β-Glc addition is the ER-resident protein-O-glucosyltransferase (POGLUT 1).

The O-β-Glc glycan is extended to yield the trisaccharide (Xylα1-3Xylα1-3Glc that is found in clotting factors VII and IX. Notch receptors also carry O-β-Glc glycans and it has been suggested that they play a role in Notch-signaling in drosophila [START_REF] Leonardi | Structure-function analysis of Drosophila Notch using genomic rescue transgenes[END_REF] .

V) Galactose-β-O-hydroxy-Lys/Pro glycans

Collagens are the most abundant proteins in the human body. The structure of collagen was elucidated in 1969 by Miller and Matukas, and a disaccharide (Glcα1-2Gal) was found to be linked to hydroxylysine or hydroxyproline [START_REF] Ricard-Blum | The collagen family[END_REF] .

In the lumen of the ER, hydroxylation of lysine and proline takes place by three lysyl hydroxylases and four prolyl hydroxylases [START_REF] Gorres | Prolyl 4-hydroxylase[END_REF] . Hydroxy lysine/proline is then substituted with a residue of galactose or the disaccharide Glcα1-2Galβ by the action of collagen galactosyltransferases (ColGalT) and glucosyltransferase (GlcTn).

B] Proteoglycans o Proteoglycan structure

Proteoglycans consist of a core protein to which one or more polysaccharide chains known as glycosaminoglycans (GAGs) are attached via a glycosidic bond. GAGs exhibit a heterogeneous structure resulting from the diversity in composition of the polysaccharide chains.

With respect to molecular weight, proteoglycans carry GAG chains that comprise up to 80 sugar residues producing a molecular weight of 20 kDa. This is in contrast to N-glycans, which generally contain 10 -20 sugar residues.

The GAG chains consist of repeating disaccharides that comprise an amino sugar (GalNAc or GlcNAc) and an uronic acid (GlcUA or iduronic acid).

The core glycan structure (GlcAβ1-3Galβ1-4Xyl-Ser) is shared by most of the GAG classes. The xylose (Xyl) residue is attached to the hydroxyl group of a serine residue acid via a β-glycosidic link.

An exception is one class of GAGs called keratan sulfate (KS) in which the polylactosamine chains are linked to the (NH 2 ) group of an Asn residue or the hydroxyl group of Ser or Thr residues. It is classified as either keratan sulfate (KS) I or II according to its core glycan structure.

According to the type of repeating disaccharide unit, GAGs are classified into four major classes:

1) Chondroitin sulfate (CS: GalNAcβ1-4GlcAβ1)

2) Dermatan sulfate (DS: GalNAcβ1-4IdoAβ1)

3) Keratan sulfate (KS: Gal β4GlcNAc β1)

4) Heparan sulfate (HS: GlcNAcβ1-4GlcAβ1). o The biological importance of proteoglycans

All mammalian cells synthesize GAGs in highly variable amounts, and these structures can occur on the cell surface and in the ECM as well as intracellularly.

GAGs are classified into four major classes according to their tissue-specific biological role [START_REF] Iozzo | Proteoglycan form and function: A comprehensive nomenclature of proteoglycans[END_REF]100 .

1) Interstitial GAGs, which include CS, KS and DS, are present in the ECM and perform a tissue-stabilizing function. For example, KS (I) supports the collagen fibrils in corneal tissue. For example, KS (II), or skeletal KS with core 2 glycans with polylactosamine chains, is found in high levels in connective tissues, especially cartilage and plays an important role in providing structural integrity to connective tissues 100,101 .

2) Cytoplasmic secretory granule GAGs include CS and heparin. These granules are found mainly in endocrine, endothelial and hematopoietic cells. Serglycin is major member of this class of GAG.

3) Basement membrane GAGs contain mainly HS. HS plays an important role in cellular differentiation, embryogenesis and morphogenesis of cartilages. These GAGs are also found at the neuromuscular junction where they form aggregates with acetylcholine receptors (AchRs). Members of this class include perlecan and agrin.

4) Membrane-bound (cell surface) GAGs include CS and HS. Their function is to facilitate cellular interactions with extracellular molecules such as growth factors and signal transmission mediators. Here, the proteoglycans are expressed as TM molecules that undergo specific cleavage mediated by metalloproteases, and then the released GAG fragments bind to extracellular ligands. Members of this class are known as syndecans [START_REF] Iozzo | Proteoglycan form and function: A comprehensive nomenclature of proteoglycans[END_REF]100 .

o

Biosynthesis of GAGs

The biosynthesis of HS, CS, and DS is initiated within the ER by the formation of a glycosidic link between Xyl and the hydroxyl group of a Ser or a Thr residue by the action of two ER-located xylosyltransferase isoforms (XTn1/2). Then the Xyl-O-Ser/Thr containing polypeptides are exported to the GA where they are elongated to yield the different GAGs (Figure 17) 100 .

Biosynthetic pathways of KI and KII are distinguishable from the other GAGs. For instance, KI biosynthesis begins as a protein N-glycosylation process. Once the Nglycosylated glycoprotein has been exported to the GA, again N-glycan processing similar to that of N-glycoproteins is initiated. However, one of the N-glycan antennae is further elongated by addition of poly N-acetyllactosamine chains (Figure 17). On the other hand, KSII biosynthesis is initiated in the GA by elongation of core 2 (O-GalNAc glycan) with addition of poly N-acetyllactosamine chains (Figure 17) 101 . 

C] Glycosylphosphatidylinostol anchored proteins (GPI-anchor) o GPI anchor structure

The GPI-anchor consists of a tetrasaccharide unit (6Manα1-2Manα1-6Manα1-4GlcN) whose glucosamine residue is α1-6 linked to a phosphatidylinositol group that is substituted with one or two long chain (C18:0 and C24: 4) fatty acids. An ethanolamine phosphate link anchors a protein to the terminal non-reducing mannose residue of the tetrasaccharide (Figure 18). Human acetylcholine esterase and alkaline phosphatase are examples of GPI-anchored proteins 102 . Proteins "anchored" in membranes with GPI moieties are found in lipid rafts of the plasma membrane. It has been suggested that the GPI-moiety is bound to lipids and TM proteins to increase their solubility in the surrounding medium 103 .

o Biosynthesis of GPI anchored proteins

The biosynthesis of the GPI-anchor takes place in four steps: i) phosphatidylinositol group biosynthesis on the cytoplasmic face of the ER; ii) tetrasaccharide core biosynthesis and association with a protein molecule in the lumen of the ER; iii) fatty acid and carbohydrate side chain modifications in the ER, and iv) GPI anchor insertion into lipid rafts in the GA the export to cell surface (Figure 19) 104 . 

D] Glycosphingolipids (GSLs)

o Historical background Johan L.W. Thudichum discovered GSLs in 1884 105 . He analyzed ethanol-extracts of brain and characterized an assembly of three components. He found a fatty acid molecule and a sugar residue that turned out to be D-galactose. The third component was an alkaloid with a structure that was mysterious to Thudichum, so he called it sphingosin after the great mythological Egyptian Sphinx 105 .

As Egyptologists had been trying to uncover the enigmatic structure of the Sphinx, with its head of a royal pharaoh and a body of a lion looming before the Egyptian Pyramids, lipidologists characterized the structure of the sphingolipid. The phospho-ethanolamine group is the head while the ceramide is the body and the resulting compound is called sphingomyelin. If the head group is a glycan, the resulting compound is a GSL (Figures 20 and21). o GSL structure

Ceramide, the lipid molecule in GSLs, is composed of a long chain fatty acid linked to a sphingoid base through an amide linkage (Figure 22).

The ceramide moiety of GSLs is inserted in the plasma membrane, leaving the glycan head group on the cell surface to mediate several biological processes. The ceramide fatty acid chain length, and sphingoid base stereochemistry have a significant impact on the biological function of GSLs 107,108 . For example, GSLs are commonly classified according to their charge: i) Acidic sialylated GSLs (also known as gangliosides)

ii) Neutral GSLs that are not sialylated.

A more useful classification based upon the nature of the monosaccharide that is linked to the ceramide moiety, has been described 109 . Using this approach, GSLs are separated into two major classes:

1) β Glucosylceramides (β GlcCer)

The majority of GSLs possess a glucosyl-ceramide core. This core is substituted with a galactose residue resulting in lactosylceramide (LacCer, Galβ1-4Glc-Cer).

There are 3 LacCer-containing GSL series:

1.1) Ganglio-series: The basic glycan core is Galβ1-4GalNAcβ1-4Galβ1-4GlcCer. This core is decorated with various constituents yielding a high degree of structure complexity. 1.2) Globo-and isoglobo-series: The core structures are Galα1-4Galβ1-4GlcCer and Galα1-3Galβ1-4GlcCer for the globo-(Gb3 and Gb4) and isoglobo-series (iGb3 and iGb4), respectively. The ''globo'' root name was derived from the globular precipitate formed by these GSLs. 1.3) Lacto-and neo Lacto-series: The glycan core of the lacto-series is Galβ1-3GlcNAcβ1-3Galβ1-4GlcCer (also known as type II core) and is expressed in secretory organs. The neo lacto-series is synthesized in hematopoietic cells especially leukocytes and its core glycan is Galβ1-4GlcNAcβ1-4Galβ1-4GlcCer (type I core) 109 .

2) β Galactosylceramides (β GalCer)

Here, galactose is linked directly to ceramide (β GalCer). GalCer is modified at the hydroxyl group at C3 by addition of a sulfate group to produce sulfatide (SM4) or 3-Osulfogalactosylceramide.

o

Biological importance of GSLs

GSLs, along with cholesterol and phospholipids, constitute a major part of plasma membrane lipid rafts 109 . GSLs represent a major component of the cellular glycocalyx.

Their glycans are much closer to the cell surface in comparison with those of glycoproteins that have glycans extending 1μm from the cell surface 110 .

In humans, this class of glycoconjugate displays a great degree of diversity in terms of structure, biological function, and tissue-distribution 110 . The GSL-producing cell type is the major factor that determines the structure and expression level of GSLs. GSLs exist in all types of tissue and are highly expressed in neural tissues where they play pivotal roles in development and function 110 .

Examples for biological functions of GSLs include:

1) β GalCer and its sulfatide play a principle role in nervous system development and function, and are responsible for the proper arrangement of myelin end-feet from a multi-layer sheath around the axon to create the ''nodes of Ranvier'' 111 . 2) Members of the ganglio-series are variably expressed in almost all tissues and those with complex structure are highly abundant in the mammalian nervous system 111 .

3) The globoids (Gb3 and Gb4) are mainly expressed on human erythrocytes as blood group determinants. They are also receptors for shiga and shiga-like toxins produced by Shigella dysenteria and shigatoxigenic strains of E. coli, respectively, where globoids facilitate the entry of these bacteria into target cells 112 . 4) Another tissue-specific GSL is a sulfated glycerolipid called seminolipid.

Seminolipid constitutes more than 90 percent of glycolipid in the mammalian testis 109 .

o GSLs nomenclature

Many systems have been used to describe the different classes of GSLs. IUPAC-IUB systematic naming, for instance, is based upon the nature and linkages of the sugars in GSLs 113 . Additionally, this system describes the ceramide backbone structure in terms of the number of hydroxyl groups, sphingosine base chain length and its number of double bonds as well as the amide-linked fatty acid chain length. Using this nomenclature, the GSL, GM1a, for example, is referred to as: Neu5Acα2-3 (Galβ1-3GalGalNAcβ1-4) Galβ1-4Glcβ1Cer (d18: 1/C18:0), where (d) is for di-(OH) 107 .

Another system uses Roman numerals to describe the sugar residue in the GSL-core with respect to its position to the ceramide backbone, a superscript to indicate which hydroxyl group in that sugar residue is substituted, and a root structure (Gg n ) that describes the number of GSL core sugar residues. For example, GM1 is identified as: II 3 NeuAc-Gg 4 Cer. That is to say: the GSL-core is a tetrasaccharide (Gg4) of which the galactose residue located next to the ceramide-bound glucose (II) is substituted, on the hydroxyl group at C3 with a Sia residue 107 . Both systems are quite complex and are not presently in common use.

Nowadays, the more convenient and simple Svennerholm nomenclature system is the most commonly used. The general formula of the Svennerholm nomenclature is GN (n) where G is for ganglioside, N is the number of Sia residues (Mono-, Di-, Tri,…) and (n) is the order of migration of a GSL on a thin layer chromatography (TLC) plate according to its molecular weight i.e. n = 1 means higher molecular weight than n = 2 or 3 etc. For example, GM1: G is for ganglioside, M is for mono-sialylated and ( 1) is its order of migration on a TLC in relation with the other mono-sialylated gangliosides 114,115 .

Figure (13) enzyme key:

B4GALNT1, β1-4-N-acetylgalactosaminyl transferase-1; B3GALT4, UDP-Gal: β N-acetylgalactosamine β 1-3 galactosyltransferases; ST3GAL2, galactoside α2-3 sialyltransferase 2; ST8Sia5, α2-8 sialyltransferase 5; α4GalT, α1-4 galactosyltransferase; α3GalT, α1-3 galactosyltransferase; β3GalNAcT1, β N-acetylgalactosamintransferase 1; β3GalT, UDP-Gal :β N-acetyl-glucosamine β1-3 galactosyltransferase; β4GalT1, UDP-Gal :β N-acetyl-glucosamine β1-4 galactosyltransferase.

2] Human Glycosylation Disorders

By considering the biological functions of the glycoconjugates that have been described in the previous chapter, it would be logical to think that any abnormality in the glycosylation process that results in hypoglycosylated protein or lipid would have serious consequences for several biological systems. A glycosylation abnormality can be secondary to a pathological condition, or genetically inherited. Although hypoglycosylation is generally associated with disease, it is also a part of the normal physiological ageing process, and age-related disorders.

Accordingly, human glycosylation disorders can be classified into:

2.1] Age-associated hypoglycosylation

Hypoglycosylation takes place as a consequence of the ageing process and some disorders are known to be associated with ageing. This can result in phenotypes with variable degrees of severity. These phenotypes involve:

1) Immunodeficiency

This occurs in the majority of aged people, where the enzymatic activity of β1-4 galactosyltransferase is decreased with a concomitant increase in β1-4 galactosidase. Serum IgG, for instance, becomes agalactosylated resulting in less efficient binding to the Fc receptors.

2) Age-associated dementia

During ageing, the biantennary agalactosylated structures with an α1-6 fucosylated core (NGA2F) increase at the expense of the normal digalactosylated structures with the α1-6 fucosylated core (NA2F). The ratio NGA2F/NA2F (in the GlycoAge Test) is used as an effective biomarker of ageing. Aged persons having dementia show high a GlycoAge Test value in comparison to controls with matched age 116 .

3) Alzheimer's disease (AD)

AD is associated with many protein hypoglycosylation events. For example: -Brains of AD patients display a decrease in glucose uptake and hence, metabolism. As a consequence, there is reduced O-GlcNAcylation, resulting in hypo-O-GlcNAcylated Tau protein with a corresponding increase in its phosphorylation. Tau is an O-GlcNAcylated protein that is associated with dying and degenerating neurons. Phosphorylated Tau protein is used as a biomarker in AD 116 .

-Reelin is a glycoprotein of molecular weight 420 kDa. During brain development, reelin plays a cytoarchitectonic (pertaining to cell shape and organization) role in many brain areas. Hypoglycosylated reelin of molecular weight 180 kDa was found in CSF of AD patients 116 .

2.2] Secondary hypoglycosylation disorders

Hypoglycosylation is sometimes secondary to another inherited metabolic disorder. Some inborn errors of metabolism (IEM) result from an inherited abnormality of sugar metabolism, which in turn will be reflected on that sugar utilization in the glycosylation processes. Galactosemia and hereditary fructose intolerance, for instance, are IEMs in which patients were found to have hypoglycosylated proteins.

a) Classic galactosemia

This IEM is caused by a decreased activity in galactose-1-phosphate uridyltransferase (GALT) that catalyzes the interaction between galactose-1phosphate (Gal1P) and UDP-Glc resulting in UDP-Gal production. Galactosemia is a fatal metabolic disorder for neonates. The typical clinical picture is diarrhea, dehydration, vomiting, hepatomegaly, hypoglycemia, cataract and failure to thrive 117 .

Analysis of plasma glycoproteins revealed hypoglycosylation of both N-and O-glycoproteins. Elevated levels of high-mannose and truncated N-glycans with corresponding reduced levels of complex sialic acid and galactose-containing N-glycans were detected in plasma of galactosemic neonates 117 .

They also had increased levels of O-glycan core 1 (Tn-antigen) accompanied with decreased levels of monosialylated T-antigen (Figure 13). Gal1P, at high concentrations, competitively inhibits hepatic glycosyltransferases, and hence, disturbs glycosylation. Galactosemia-caused hypoglycosylation could explain why some galactosemic patients have serious clinical manifestations such as white matter hypomyelination while other patients have a milder presentation. Defective UDP-Gal biosynthesis results in hypogalactosylation of brain GSLs and glycoproteins which may lead to long-term complications of galactosemia that cannot be relieved by galactose-restriction treatment 118 . Galactosemia patients on galactose-free diet show normalized glycosylation of serum transferrin (Tf) 117,119 .

b) Hereditary fructosemia intolerance (HFI)

This is another IEM where secondary hypoglycosylation is noted. HFI is caused by congenital defective fructose 1-6-bisphosphate aldolase B resulting in an accumulation in fructose-1phosphate (F1P). HFI patients manifest severe hypoglycemia, vomiting on fructose intake, hepatomegaly, jaundice, hemorrhage, proximal renal tubular syndrome, hepatic failure and death. Here, the accumulated F1P inhibits mannose phosphate isomerase (MPI) (Figure 7). Serum of HFI patients shows hypoglycosylated Tf glycoforms 120 .

2.3] Congenital Disorders of Glycosylation (CDGs)

These diseases were formerly called Carbohydrate Deficient Glycoprotein Syndromes (CDGS), and are inherited diseases that result from defective glycosylation of macromolecules (lipids and/or proteins).

These disorders constitute one of the major classes of IEMs and their identification is increasing rapidly compared to other IEMs because recently developed, time-efficient and cost-effective techniques are used to determine the often complex glycosylation profiles of multiple glycoconjugates in different biological samples.

2.3.1] Discovery of CDG

The first CDG case was reported in the 1980s by Helena Stibler and Jaak Jaeken 121 . The case presented with severe neurological manifestations including psychomotor retardation, ataxia and seizures. The clinical picture also involved coagulation defects, hepatic involvement, immune system involvement and gastrointestinal problems 121 .

This presentation was misleading to the physicians because it overlapped with those of other IEMs such as aminoacidopathies, some lysosomal storage diseases (LSDs) and mitochondrial disorders. However, a distinguishing feature of the CDG case was the presence of hypoglycosylated serum Tf with missing glycan chains 122 .

2.3.2] Molecular levels of CDG

The underlying causes of CDG affect the glycosylation process at different levels. Over 100 CDG subtypes have been discovered 123 . This high number of CDG subtypes results from the presence of many defective factors (including glycosyltransferases, nucleotide sugar transporters, and dolichol biosynthesis enzymes), which were found to be the underlying reasons of CDG. For instance, one defective biochemical event in two glycosylation pathways can result in different subtypes of CDG in terms of biochemical and clinical phenotypes. For example, defective protein mannosylation caused by a mutation in one of the mannosyltransferases can take place in different glycosylation steps i.e. either initiation or elongation (as in case of N-glycans biosynthesis) (Figure 12) or the initiation step of α-DG in the ER (Figure 15), and in each case, a totally different CDG subtype takes place. Figure 24 shows the biochemical defects that underlie the majority of CDG subtypes. It displays the perturbed glycosylation biochemical reaction and the affected glycoconjugate assigned to the subcellular compartment.

2.3.3] Nomenclature and Classification of CDGs

Originally, CDGs were classified into two major types. Type I CDG (CDG-I) includes diseases caused by mutations in genes required for the biosynthesis of DLO and transfer of the oligosaccharide from DLO onto protein in the ER (Figure 1). Type II-CDG (CDG II) comprises diseases provoked by mutations in genes required for correct processing of Nglycans in either the ER or GA 124 . For both CDG-I and CDG-II, disease subtypes were denoted alphabetically according to the chronology of their discovery. Accordingly, phosphomannomutase 2-deficeincy was originally called CDG-Ia because it was the first CDG to be discovered in which DLO biosynthesis is perturbed 124 .

In 2009, a new nomenclature was introduced in which the name of the mutated gene is appended to the abbreviation "-CDG" (for example, PMM2-CDG) 125 . The new nomenclature of CDGs is more useful because the old nomenclature focused on defects in protein Nglycosylation 125 .

Clinicians have tried to classify CDGs according to the clinical presentations. However, the same clinical picture could result from many different IEMs. For example, PMM2-CDG (Appendix P.170) has been classified as a neurodegenerative disorder because the patients' MRI (Magnetic Resonance Imaging) showed deformed cerebellar hemispheres with severely decreased volume accompanied with abnormally enlarged fissures 126 . However, in some cases, the neurologic manifestations were misleading. For example, three patients with neurodegenration were misdiagnosed with mitochondrial disease, which turned out to be PMM2-CDG eventually confirmed by hypoglycosylated serum Tf 127 .

Another example is West syndrome (WS) (Appendix P188), which is an epileptic encephalopathic syndrome that develops progressively into a more severe syndrome called Lenox Gusto syndrome with difficult-to-manage epilepsy. WS causative mutations have been identified in ARX and CDKL5 genes that are known to play a role in normal brain development and function. Recently, a mutation in one of the STns (ST3Gal III) was characterized as another underlying cause of WS with unknown mechanism. The patients showed the typical WS clinical picture and progressively developed the more serious prognosis, Lenox Gusto syndrome 128 .

Consequently, I attempted to classify CDG from a biochemical perspective to avoid the overlapping between different subtypes with similar clinical pictures (see Chapter 5, Appendix).

2.3.4] Clinical presentation of CDGs

The majority of CDGs are multisystem disorders, and this could be due to many reasons. First, a high percentage of proteins including enzymes, hormones, receptors, inflammatory or immune mediators… etc. are glycosylated and any disturbance in their glycosylation could severely affect many biological systems (see "Biological importance of macromolecule glycosylation", P17).

A second reason could be that many elements that are rate limiting to the glycosylation process such as glycosyltransferases and activated sugar pools are common to the synthesis of glycoproteins and GSLs, each with its specific biological functions. For example, most STns are involved in sialylation of glycoproteins and GSLs and utilize the same CMP-Sia pool in the GA.

A third reason is that most of the glycosyltransferases (for example the ALG family) are glycoproteins that are produced by the action of other glycosyltransferases or they undergo an autoglycosylation 129 . In this case, a defect in one glycosylation pathway might lead to a secondary defect in another one.

One characteristic feature of CDG is that in a few CDG subclasses, two different mutations in the same glycosyltransferase were shown to result in two completely different syndromes.

One example is GM3 synthase (or ST3GAL5), a sialyltransferase that transfers a Sia residue to LacCer to produce GM3, which is the precursor for all the complex gangliosides (Figure 23). Two mutations in GM3 synthase have been shown to cause two different syndromes. One mutation produces a truncated protein that is unable to bind to LacCer and the resulting disease is called Amish infantile syndrome. The other mutation produced an intact but likely disordered protein where the enzyme can bind LacCer but with less efficiency than normal causing a disease called salt and pepper syndrome (OMIM: 609056) 130 (Apprendix; P.188).

Another example is the GNE enzyme, which has two enzymatic activities, UDP-Nacetylglucosamine 2-epimerase (GlcNAc 2-epimerase) and N-acetylmannosamine kinase (ManNAc). GNE is the key enzyme in Sia biosynthesis. Bombay phenotype is a condition caused by a congenital deficiency of α1-2 FucTn that adds a fucose residue to galactose residue during the synthesis of blood group determinants A, B or H. Bombay individuals are healthy in their appearance but they are incompatible with all blood groups and they can receive blood from donors with the same phenotypes 135 .

A mild clinical presentation is noticed in MPI-CDG (mannosephosphate isomerase) (OMIM: 602579). MPI is the enzyme that catalyzes the reversible conversion of fructose-6-phosphate to M6P in the cytoplasm (Figure 7). MPI-CDG patients show manifestations that are limited to gastrointestinal disorders like diarrhea, and protein-losing enteropathy (App, P.170). MPI-CDG GIT disorders are treatable by oral mannose supplementation (see below) 124 .

2.3.5] Mode of inheritance of CDGs

CDGs are monogenic autosomal recessive disorders except for two disorders that are inherited in an autosomal dominant mode (EXT1/EXT2-CDG, OMIM: 133700, and sialuria, OMIM: 269921) and some others are X-linked disorders (SSR4-CDG, OMIM: 300934 136 , ALG13-CDG, OMIM: 300884 137 and SLC35A2-CDG, OMIM: 300896 138 ) (App., P. 186, 170, 174).

2.3.6] Diagnosis

2.3.6.1] CDG diagnostic biomarkers a) Glycoprotein biomarkers a.1) Plasma glycoproteins 1) N-glycoproteins:

-Transferrin (Tf)

The story behind using Tf as a diagnostic biomarker for CDG began in the late 1970s when Helena Stibler used serum Tf as a tool for detecting chronic alcohol abuse where she demonstrated that serum Tf was hyposialylated in persons with chronic alcohol consumption 122 . Afterwards, she and Jaak Jaeken discovered CDG 121 . Since then Tf glycosylation profile has become an important diagnostic tool for suspected CDG cases ever since.

Tf is a glycoprotein with two N-glycan chains and each contains two Sia residues (tetrasialylated). In the case of defective N-glycan chain biosynthesis, asialo-and di-sialo Tf levels increase, while in the case of defective N-glycan processing in the GA all the hyposialylated Tf isoforms, (asialo-, mono-sialo-, di-sialo, and trisialo), are increased.

The analysis of Tf glycosylation profiles is based on the charge imparted to the Tf molecule by Sia residues. Isoelectric focusing (IEF) and capillary electrophoresis (CE) are techniques that are used to detect hyposialylated Tf. More recently, CDG diagnosis laboratories use mass spectrometry (MS) to detect the hypoglycosylated Tf.

Plasma Tf as a CDG diagnostic biomarker has the advantage of being highly abundant (5 % of all plasma proteins) and its glycosylation profile can be easily detected. However, using plasma Tf as the only CDG diagnostic biomarker has some drawbacks 139 .

First, hypoglycosylated plasma Tf can result from some pathological conditions other than CDG such as hepatic insufficiency or infection with sialidase-producing bacteria. Second, many CDG subtypes show normally glycosylated plasma Tf (ALG13-, ALG14-, SLC35A3-, SLC35C1-, GFPT1-, GNE-, and PGM3-CDG) 139 (Chapter 5, Appendix).

Additionally, some patients with ALG2-CDG showed hypoglycosylated plasma Tf while some others had normal or marginally hypoglycosylated isoforms 140 .

Third, because Tf is an N-glycoprotein it cannot be used as an indicator for the hypoglycosylation of other glycoconjugates such as GSLs, GPI anchors, and O-glycoproteins.

There are a lot of other plasma N-glycoprotein biomarkers synthesized in the liver such as orsomucoid (5 N-glycan chains), haptoglobulin (4 N-glycan chains), alpha-1-anti-trypsin (3 N-glycan chains), which are also used as CDG diagnostic biomarkers 141 .

2) O-glycoprotein

-Apolipoprotein C-III (Apo C-III)
Apo C-III is an O-glycoprotein with a single core 1 mucin structure linked to hydroxyl group of Thr residue (Figure 13). Like Tf, Apo C-III is synthesized in the liver. Apo C-III function is to inhibit clearance of lipoproteins VLDL or LDL by hepatic lipases 142 .

Apo C-III has 3 glycoforms, Apo C-III 0-2 , corresponding to the asialo, mono-sialo, and disialo-isoforms, respectively. In the case of a defect in O-glycan biosynthesis the Apo C-III 0 and Apo C-III 1 levels increase with a corresponding decrease in Apo C-III 2 with respect to total Apo C-III 142 .

The major problem associated with using the Apo C III sialylation profile as a CDG diagnostic marker is the false positive results take place in some pathological conditions such as the acute phase of hemolytic uremic syndrome (HUS) caused by Streptococcus pneumonia, which produces neuraminidase (sialidase) that promotes glycoconjugates desialylation 133 .

Conversely, increased Apo C-III 2 relative to Apo c-III 1 (i.e. hypersialylation), was detected in patients with sialuria 133 due to the uncontrolled biosynthesis of CMP-Sia as well as in patients with chronic renal dysfunction 143 . The Apo C-III sialylation profile can be analyzed using MS and IEF.

a.2) Cell-derived glycoproteins

The most commonly used membrane glycoproteins are ICAM-1 (Intercellular adhesion molecule 1) and LAMP-1 (Lysosomal associated membrane protein 1).

ICAM-1 (or CD54 for Cluster of Differentiation 54) is a heavily glycosylated transmembrane protein. ICAM-1 was found to be hypoglycosylated in PMM2-, MPI-, and ALG1-CDG subtypes where it appeared to be expressed at reduced levels in these patient fibroblasts in comparison to controls 144 . ICAM-1 is not only used as a CDG diagnostic marker but also as a marker to monitor therapy. For example, its expression level was restored to normal when MPI-deficient cells were supplemented with mannose 144 .

LAMP-1 (also called CD107a) is a lysosomal TM glycoprotein. It contains 18 Nglycosylation sites 145 . It has been used recently as a CDG diagnostic biomarker in patients with NgBR-CDG (Nogo B receptor) where they had hypoglycosylated fibroblasts-derived LAMP-1 appeared as many bands of molecular weight inferior to the fully glycosylated molecule 146 .

b) GPI anchor markers

Assessment of change in GPI anchor glycosylation profile is used as a marker for some CDG subtypes such as PIGA-CDG (Figure 19) or paroxysmal nocturnal hemoglobinuria type I (PNH, OMIM: 300818) (Ap., P.179). PNH patients have repeated hemolysis episodes and increased incidence of leukemia and thrombosis. PNH results from defective biosynthesis of GPI anchored proteins CD55 and CD59 (are complement regulatory proteins) that exist on the surface of many cell types such as leukocytes, red blood cells, platelets, epithelial, and endothelial cells 147,148 .

c) GSL markers

GSLs are used as markers for certain CDG subtypes. Unlike the situation where a single glycoprotein is used as a marker (ICAM-1, for example) that suggests the presence or absence of a defect in the glycosylation process (either N-or O-glycosylation) without giving information about the exact site of the defect, GSLs are analyzed as a total profile in which the precursors and the products exist together without any derivatization or analysis pretreatment. Consequently, it is feasible to detect the site of the glycosylation defect.

Additionally, given that gangliosides and neutral GSLs share the same precursor, LacCer (Figure 23), in certain CDG subtypes with defective GSLs biosynthesis, a global image can be obtained when analyzing both types of GSL. For example, Amish infantile epilepsy syndrome caused by mutated ST3GAL5 (Lactosylceramide 2-3 STn, or GM3 synthase) the decreased levels of GM3 and all the subsequent complex gangliosides was accompanied with a significant increase in the neutral GSLs (Gb3 and Gb4) 130,149 .

2.3.6.2] Glycomics

Glycomics is the extensive study of glycomes (P.15) using several approaches to analyze glycan structure and expression level under different conditions (genetic, environmental…. etc.) 150 . The prefix 'Glyco-' refers to sugars and the suffix '-omics' as in genomics, proteomics, and lipidomics …etc. refers to the qualitative and quantitative analysis of specific molecules (DNA, protein, lipid, …etc.) that exist in all the biological systems and how these molecules perform their biological roles in those systems 151 .

o Mass spectrometry (MS)

MS is the approach of choice to analyze the glycome of a biological sample for many reasons: i) High sensitivity and ability to detect low amounts of glycans (fmol).

ii) High resolution, where MS can be used to analyze individual glycans in complex mixtures.

iii) Can be coupled online with many other techniques such as High Performance Liquid Chromatography (HPLC), CE, High Performance Thin Layer Chromatography (HPTLC), and Gas Chromatography (GC) to adapt different separation methods and cover all glycan types. iv) MS/MS analysis can be applied to provide detailed information about the glycan structure.

v) Specific proteome analysis can be useful to detect the glycan linkage-sites in specific glycoprotein 152 .

MS, however, is like any other technique has its limitations. These include: i) Biological samples require purification steps before their analysis by MS.

ii) MS is destructive to the samples.

iii) Complicated troubleshooting 150 .

In glycomics, the most commonly used MS machines are MALDI (Matrix Assisted Laser Desorption Ionization) and ESI (Electro Spray Ionization). Each MS machine has a different way of ionization, which can be selected depending on the type of glycan to be analyzed 150 . For some glycoproteins, analysis by MS requires release of the glycan from the protein molecule by PNGase F enzyme for N-glycans or chemical hydrolysis for O-glycans. Then the released glycans can be derivatized before MS analysis. Conversely, GSLs are MS-analyzed directly i.e. the glycan does not need to be hydrolyzed from the ceramide moiety. HPTLC coupled with MS is the most applicable technique for GSLs analysis 150 .

o Electrophoresis

The commonly used electrophoresis approaches for glycan analysis are Isoelectric focusing (IEF) and Capillary Electrophoresis (CE).

The principle of IEF is based on separation of proteins based on their charge in a pH gradient and electric field. At low pH, protein molecules acquire positive charge, so, they migrate towards the negatively charged cathode. As the proteins migrate, pH increases in the gel and hence, the protein charge decreases until it becomes neutral and stops migrating. The point at which the protein molecule is neutralized and does not migrate toward either electrode is called isoelectric point (IP). Each protein has its specific IP, accordingly, proteins can be separated as sharp bands according to differences of their charge state, which in the case of a given glycoprotein is determined by number of Sia residues on either N-glycans (Tf) or Oglycans (Apo C-III). Limitations of the IEF technique include being time-consuming and nonquantitative 153 .

o Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

1) Western Blot

It is a commonly used approach to separate glycoproteins based on their molecular weight.

Glycoproteins with one or more missing glycans will appear as bands migrating faster than the fully glycosylated protein.

2) Lectin Blot

Lectin blots are a type of western blot where lectins, and not antibodies, are used to detect the sugar residues of glycoproteins.

There are many other techniques that are currently used in glycome analysis each one has its advantages and disadvantages with respect to sensitivity, specificity, time-consumption, cost effectiveness, etc. Nuclear Magnetic Resonance (NMR) and flow cytometry are also widely used techniques for glycan analysis.

2.3.7] Treatment approaches for CDGs

Depending on the glycosylation defect, there are a few CDG subtypes that are treated etiologically. In most cases, however, symptomatic treatments are the only treatments that are available.

A] Etiologic treatment

This type of treatment is based on a direct intervention in the glycosylation process by supplementing the patient with specific a sugar that can bypass the defective point in the glycosylation pathway. This type of treatment is applied in the following CDG subtypes:

1) MPI-CDG (OMIM: 602579)

Glycosylation defect: It is caused by defective MPI that reversibly converts fructose-6phosphate to M6P ( Figure 12 and Figure 24 (App, P.170).

Clinical presentation: MPI-CDG patients manifest a mild clinical picture that involves gastrointestinal disorders (diarrhea, proteinuria) and hepatomegaly. Their serum Tf is hypoglycosylated upon IEF analysis.

Treatment: Oral supplementations of these patients with mannose at a dose of 0.1 -0.2 g/kg body weight every 4 hrs for 3 -5 times/day results in remarkable improvement.

Upon mannose therapy, serum Tf glycosylation is restored to normal and GIT disturbances are almost completely relieved. Other symptoms, however, such as hepatomegaly are refractory to mannose supplementation 154 .

The treatment approach here depends on introducing an exogenous monosaccharide beyond the defective point in the glycosylation pathway thereafter that monosaccharide can be further processed to give the required precursors.

Unfortunately, the positive outcomes with mannose therapy are not absolute because of the toxicity of mannose. "Honeybee syndrome" was discovered when honeybees were fed mannose. When free mannose enters the insect's cells it is immediately phosphorylated by hexokinase into M6P with consumption, and consequent depletion of ATP leading to death. The same phenomenon was determined to be the underlying reason for teratogenicity that takes place in rat embryos when their mothers are fed mannose [START_REF] Freeze | Glycosylation Precursors[END_REF] . Mannose therapy is like any other treatment in terms of being not tolerated by some patients, accordingly, MPI-CDG patients on mannose treatment should be under strict monitoring 154 .

2) SLC35C1-CDG (OMIM: 266265)

Glycosylation defect: This disease, also known as Leukocyte Adhesion Deficiency type II (LAD II), is caused by a mutation in the SLC35C1 gene that encodes the GDP-Fuc transporter. This transporter translocates GDP-Fuc synthesized in the cytoplasm into the GA where it is utilized by FucTns (Figure 12and Figure 24). As a consequence, LAD II patients have a significantly reduced production of fucosylated glycoconjugates 155 (App, P.174).

The biochemical hallmarks of this disorder are i) the defective migration of leukocytes toward the site of inflammation resulting from the reduced expression of fucosylated Lewis X and sialyl-Lewis X epitopes on leukocytes. This leads in turn to a disruption in the interaction between these epitopes and their P-and E-selectins on the surface of activated endothelia, ii) Bombay phenotype, where the patient' erythrocytes do not carry the fucosylated H-antigen, which is the precursor for A, B, and O blood group determinants 156 (P.63).

Clinical presentation:

It involves severe psychomotor retardation, dwarfism, characteristic facial appearance, and recurrent infections due to immune insufficiency 156 .

Treatment: Fucose administration via gastrointestinal tube in a dose of 25 mg/kg body weight 5 times/day. The fucose single doses were gradually increased to reach 492 mg/kg body weight after 277 days.

Fucose supplementation partially corrected both biochemical and clinical phenotypes. Clinically, psychomotor improvement was noticed, and there were no fever-causing infections upon fucose therapy.

Biochemically, neutrophil binding to P-and E-selectins was elevated to 50 percent of the controls. Fucosylation of serum N-glycoproteins that normally possess α1-6 fucosylated core such as IgM (μ chain) was also corrected after fucose therapy.

The Bombay phenotype, however, did not disappear and no hemolysis due to serum anti-H took place upon fucose therapy 156 .

In 2001 Etzioni A and co-workers demonstrated that some LAD II patients were unresponsive to fucose supplementation therapy. They reported 2 Israeli and 1 Turkish LAD II patients. The Turkish patient responded to fucose therapy and showed a clinical improvement while the 2 Israeli patients had no response to fucose therapy 155 .

3) PIG-M-CDG (OMIM: 610293)

Glycosylation defect: It is caused by a mutation in the promoter region of PIG-M gene that encodes for the ER-located mannosyltransferase that transfers the 1 st mannose residue in GPI anchored protein biosynthesis (Figure 19). Mutation in the conserved promoter region inhibits the binding of the transcription factor SP1, which results in reduced PIG-M mRNA levels.

Clinical presentation:

Portal vein thrombosis and hypertension, general hypotonia, dependence on a wheel chair, and seizures. GPI anchored proteins (CD59 and CD24) were expressed in low levels on hematopoietic cells 157 (App, P.184).

Treatment: Sodium phenylbutyrate at a dose of 20 mg/kg body weight 3 times/day and after two months, the dose was increased to 30 mg/kg body weight 3 times/day 154 .

Sodium phenylbutyrate treatment resulted in a significant amelioration in the clinical symptoms, where the patients could walk and feed themselves and this was accompanied with a remission of seizures. Additionally, GPI anchored proteins expression levels were normalized after sodium phenylbutyrate treatment.

The described mutation in the PIG-M gene promoter results in inhibition of histone acetylation. Histone acetylation is a prerequisite for SP1 binding and PIG-M transcription. Sodium phenylbutyrate acts as a histone deacetylase inhibitor and hence, it increases PIG-M mRNA levels and GPI anchored proteins biosynthesis 154,157 .

4) SLC39A8-CDG (OMIM: 616721)

Glycosylation defect: It is caused by mutations in the SLC39A8 gene that encodes for a manganese (Mn 2+ ) and zinc (Zn 2+ ) transporter, which is localized to the cell surface, mitochondrial, and lysosomal membranes 158 . The GA-resident β1-4 galactosyltransferase requires Mn 2+ for its activity. Defective SLC39A8 results in hypoglycosylated serum Tf with increases in mono-, di-, and tri-sialo isoforms 159 (App, P.189).

Clinical presentation:

It is a multisystem development disorder. Patients present with psychomotor retardation, severe hypotonia, seizures, intellectual disability, and dwarfism.

Treatment: Galactose supplementation via gastrointestinal pump feeding at a dose of 1 g/kg body weight 5 times/day for two weeks, then the dose is increased to 2 g/kg body weight 5 times/day for four weeks. The treatment was stopped for two weeks then restarted with 3.75 g/kg body weight over 22 hrs. Galactose supplementation was accompanied with uridine supplement at a dose of 150 mg/kg body weight to provide the essential uridine for UDP-Gal biosynthesis. After galactose supplementation therapy, a spectacular restoration of serum Tf glycosylation with increase in tetra-sialo isoforms was noticed 159 .

B] Symptomatic treatment

This type of treatment aims to alleviate the symptoms of the disease without any interference in the underlying glycosylation defect. Some CDG subtypes are considered as Congenital Myasthenic Syndromes (CMSs). CMS is a genetically inherited defective neuromuscular transmission and patients manifest variable onset of muscle weakness from childhood till adulthood 160 . Assembly of acetylcholine receptor (AchR) pentamers as well as its export to the cell surface depends on its glycosylation. Accordingly, any defective AchR glycosylation can lead to disruption of Ach-AchR interaction and reduced synaptic response to Ach 161,162 .

Treatment of CMS in CDG subtypes:

A cholinergic agonist such as pyridostigmine is used. This inhibits acetylcholine esterase (AchE) in the synaptic cleft to decrease the rate of acetylcholine hydrolysis and increasing the number of activated AchRs 160 . CDG-CMS subtypes are:

1) GFPT1-CDG (OMIM: 610542)

Glutamine: fructose-6-phosphate transaminase 1 (GFPT 1) is involved in the biosynthesis of UDP-GlcNAc sugar donor ( Figure 8) (App, P170). Patients show limb-girdle muscle weakness due to decreased AchRs expression 163 .

2) DPAGT1-CDG (OMIM: 608093)

DPAGT1 (or ALG7) is UDP-GlcNAc: Dol-P-GlcNAc phosphotransferase catalyses the synthesis of GlcNAc-P-Dol (Figure 12) (APP, P.170). Patients show progressive fatigue and weakness, intellectual disability, and autistic features. These patients also have decreased AchR expression level 164 .

3) ALG2-CDG (OMIM: 616228)

ALG2 gene encodes a mannosyltransferase that transfers two mannose residues to the growing N-glycosylation DLO precursor in the ER cytoplasmic side (Figure 12) (APP, P.180). Patients show slowly progressive deterioration, wheelchair dependency, proximal joints contractures, distal joint laxity, psychomotor retardation, hypomyelination, and seizures 140 .

4) ALG14-CDG (OMIM: 616227)

ALG14-encoded enzyme forms a complex with the enzymes encoded by ALG13 and ALG7 genes in the initial steps in N-glycosylation for GlcNAc 2 -PP-Dol biosynthesis (Figure 12) (App, P. 170). Patients show difficulty in walking, running, and climbing stairs. There is generalized limb and trunk weakness and multiple joints contractures. AchR expression on the cell surface was markedly reduced 140 .

5) GMPPB-CDG mild form (OMIM: 615352)

GDP-Man pyrophosphorylase B (GMPPB) is the enzyme that catalyzes the conversion of M6P to GDP-Man (Figure 7). GMPPB-CDG patients present with limb griddle muscle dystrophy (LGMD) 165 .

Before presenting my work I will explain how molecular CDG diagnosis is achieved at Hôpital Bichat, and how the patients are selected for in depth biochemical explorations.

The process of CDG diagnosis encompasses 3 major steps:

Step 1: Referral of CDG-suspected patients to Hôpital Bichat-Claude Bernard

As described in Chapter 1, CDG is associated with a complex multisystem clinical picture that is often referred to as the CDG syndrome. However, there is a large overlap of this clinical picture with those of other rare metabolic diseases with pediatric expression. Clinicians from hospitals allover France refer patients to be screened for the presence of CDG after some other IEM are excluded. For instance, patients could be screened for some mitochondrial disorders, galactosemia, fructosemia, etc., and if no of the previously mentioned disorders are confirmed to be the pathological reason, some clinicians suspect the presence of a glycosylation disorder. Accordingly, a blood sample is sent to one of the reference centers in France. One such center is the Service Biochemie A at Hôpital Bichat, run by Professor Nathalie Seta, where a strategy for the diagnosis of CDG has evolved over 20 years.

Step 2: CDG-diagnosis protocol followed at Hôpital Bichat-Claude Bernard

Before starting the diagnostic procedures, a signed consent made by la commité de protection des personne d'îlede France 2 (CPP IDF2) is obtained from the patient parents.

CDG-diagnostic procedures involve biochemical analysis and causative-mutation detection:

a) Biochemical analysis 1) Serum glycoproteins glycosylation status detection

As previously mentioned (P.65), the biochemical hallmark of CDG is the presence of hypoglycosylated serum glycoproteins, and the N-glycosylation status of serum Tf is examined using 2D-electrophoresis and SDS-PAGE/WB, and the O-glycosylation status of Apo C-III is evaluated using 2D gel electrophoresis. If an abnormal glycosylation profile is observed then, depending on the type of hypoglycosylation observed, distinct targeted gene sets are sequenced. When entire N-glycans are missing from serum Tf then genes involved in DLO biosynthesis and the transfer of the oligosaccharide from DLO onto proteins are sequenced.

At this stage, the patients are classified as CDG-Ix because they present with CDG-like syndrome, which is associated with serum Tf that is missing one or two whole glycans, but whose molecular origin remains unknown. Alternatively, if all Tf glycans are present but possess abnormal structures then the patients are classified as CDG-IIx and genes involved in N-glycan processing are sequenced. Likewise, if serum Apo C-III O-glycans are aberrant, the patients are classified as CDG-IIx and the appropriate gene set is sequenced.

2) PMM2 and MPI enzymatic activity assay

As a screening for the most common CDG subtype (PMM2-CDG) and one of the treatable CDG subtype (MPI-CDG), the activities of PMM2 and MPI enzymes are assessed in patientderived leukocytes.

b) Causative-mutation detection

To identify the disease-causing mutation, DNA extracted from the patient's blood sample will be subjected to either one or two steps:

1) Sanger sequencing

Here, targeted gene sequencing is performed for some genes encoding for proteins involved in DLO biosynthesis. These genes are, PMM2, ALG6, ALG2, ALG1, ALG11, ALG7, ALG13, ALG14, MPUD1, DPM1/2/3, and DHDDS. Sanger sequencing can reveal a previously described mutation, and in that case the diagnosis is considered to be complete. When Sanger analysis reveals a new mutation in one of the sequenced genes or no mutation has been detected in these genes, a skin biopsy is taken from the patient and step 3 is followed.

2) Whole exome sequencing (WES)

This approach is used when Sanger targeted gene sequencing does not reveal any detectable mutations in one of the previously mentioned genes. Now, this WES could reveal the presence of mutations in some genes that were not previously reported to cause CDG. The results analysis is performed using special WES libraries based on the filtering process to narrow the window within which the diagnostic measures could be resumed. The technical details have been described in the next chapter (P.94). To start biochemical exploration, a skin biopsy is taken from the patient and step 3 is followed.

Step 3: Biochemical exploration of glycosylation pathways in skin biopsy fibroblasts

This step takes place in the glycobiology lab at UMR 1149-INSERM-Faculté de Médicine Xavier Bichat where several biochemical approaches could be applied. These approaches involve:

a) Metabolic radiolabeling of patient-derived fibroblasts with sugars, which allows identification of the step at which glycosylation is blocked. Additionally, the metabolic radiolabeling approach is useful for confirming the presence of previously reported damaging mutations if, for example, there is ambiguity in the sequencing data.

b) In vitro direct enzyme activity measurement in fibroblasts-derived microsomes is another approach for validating sequencing data.

c) Setting up a planned strategy that includes different experiments, which are more specific for the suspected defect. The specific biochemical approaches followed during my PhD for conducting an extended biochemical study for each patient will be described in detail in the coming chapter. The bulk of the experimental work undertaken during my PhD studies concerned investigations into the molecular origins of two cases of suspected CDG. The first part (patient I) selected for detailed study had been through all the diagnostic steps have been described before. Patient I was chosen from a cohort of eleven patients who presented with CDG-like syndromes associated with hypoglycosylation of serum Tf.

The second part (patient II) had a different situation, where the case was referred to Hôpital Bichat-Claude Bernard with a previous knowledge of the suspected defect that might be the underlying reason of the disease. Accordingly, this patient did not follow the regular CDG diagnosis protocol, and the specific biochemical study has been commenced directly.

Abstracts of studied CDG patients

Patient I Abstract:

Background: Type I congenital disorders of glycosylation (CDG-I) are mostly complex multisystemic diseases associated with hypoglycosylated serum glycoproteins. A subgroup harbour mutations in genes necessary for the biosynthesis of the dolichol-linked oligosaccharide (DLO) precursor that is essential for protein N-glycosylation. Here, our objective was to identify the molecular origins of disease in such a CDG-Ix patient presenting with axial hypotonia, peripheral hypertonia, enlarged liver, micropenis, cryptorchidism and sensorineural deafness associated with hypo glycosylated serum glycoproteins.

Results: Targeted sequencing of DNA revealed a splice site mutation in intron 5 and a nonsense mutation in exon 4 of the dehydrodolichol diphosphate synthase gene (DHDDS). Skin biopsy fibroblasts derived from the patient revealed ~20 % residual DHDDS mRNA, ~35 % residual DHDDS activity, reduced dolichol-phosphate, truncated DLO and N-glycans, and an increased ratio of [2-3 H]mannose labeled glycoprotein to [2-3 H]mannose labeled DLO. Predicted truncated DHDDS transcripts did not complement rer2-deficient yeast. SiRNAmediated down-regulation of DHDDS gene in human hepatocellular carcinoma HepG2 cells largely mirrored the biochemical phenotype of cells from the patient. The patient also harboured the homozygous ALG6 (F304S) variant. WES did not reveal other strong candidate causal genes. There was no significant difference between the patient and the control in the levels of short chain length dolichols isolated from fibroblasts. Zaragozic acid supplementation reduced the level of truncated protein-linked oligosaccharides (NLOs) without a noticeable effect on the lipid-linked oligosaccharides (DLOs) in the patient fibroblasts. Defective Nogo B receptor (NgBR) was ruled out to be the reason of decreased DHDDS expression level.

Conclusions:

We describe a patient presenting with severe multisystem disease associated with DHDDS deficiency. As retinitis pigmentosa is the only clinical sign in previously reported cases, this report broadens the spectrum of phenotypes associated with this condition. The biochemical hallmark of this patient was the reduced size of endogenous dolichol phosphate pool, which could be corrected by supplementing the patient cells with zaragozic acid. Restoration of N-glycoproteins biosynthesis by zaragozic acid could be suggestive for a possible treatment in the future.

Patient II

Abstract

Background -The CMP-sialic acid (CMP-Sia) transporter (SLC35A1) translocates CMP-Sia from the cytoplasm into the Golgi apparatus where sialyltransferases assure glycoconjugate sialylation. The two cases of congenital disorders of glycosylation (CDG) caused by SLC35A1 mutations (SLC35A1-CDG) so far described, presented with macrothrombocytopenia. One of the patients also presented with hyposialylated plasma glycoproteins associated with CNS deficits and dysmorphias. Here biochemical findings in two siblings presenting with thrombocytopenia and CNS deficits associated with a biallelic, likely damaging, SLC35A1 (Ser147Pro) variant are reported.

Results -2-D electrophoresis and mass spectrometry revealed hyposialylated N-, and Oglycoproteins in serum from the patients. Sia assay revealed a 65 % reduction of total glycoconjugate sialylation in skin biopsy fibroblasts from the patient compared to control cells. CMP-Sia levels were variable in patient cells but within the normal range. Lectinoblot using Sia-specific lectins could not detect glycoprotein hyposialylation in extracts of patient cells. Glycosphingolipids (GSL) pattern in patient-derived fibroblasts showed absent a-series gangliosides with abnormally increased GM3 level. GSLs pattern has shown some changes when patient cells had been grown under high-and low-serum culturing conditions. Patient fibroblasts supplementation with exogenous Sia resulted in biosynthesis of some of b-series gangliosides.

Conclusions -These patients add to the previously reported SLC35A1-CDG cases where serum glycoprotein hypoglycosylation, thrombocytopenia and CNS defects are associated with mutations in the CMP-Sia transporter gene. Mutated CMP-Sia transporter is associated with defective a-series gangliosides biosynthesis in an unknown mechanism. Exogenous Sia supplementation has altered gangliosides profile in SLC35A1-CDG patient;

Perspectives -The capacity of the SLC35A1 (Ser147Pro) variant to restore glycoconjugate sialylation in Lec2 cells is being evaluated. Mass spectrometry is being used to provide more structural information about the altered GSL pattern in patient-derived fibroblasts. The capacity of Sia supplementation to normalize GSL profiles in patient cells is underway.

Patient I 1] Introduction 1.1] Fucntional studies in cells from a cohort of CDG-Ix patients

The whole CDG-Ix cohort results: A cohort of eleven CDG-Ix patients (Table 2) was referred to our lab to perform biochemical studies after it had been through the diagnostic process that has been explained in the previous chapter (Chapter 2).

I) Results of CDG-diagnostic procedures followed at Hôpital Bichat-Claude Bernard

Plasma protein hypoglycosylation secondary to galactosemia or fructosemia was ruled out in only one case among the cohort subjects. Enzymatic activity of PMM2 and MPI was measured in the patient-derived leukocytes. The activity of both enzymes was within the normal range for all the patients (normal range is > 3.4 U/g and > 5.5 U/g, respectively). The whole cohort was subjected to Sanger sequencing. Two cases did not have detectable mutations in any of the targeted genes. This could mean the presence of protein hypoglycosylation that is secondary to liver insufficiency or that there is mutation in a gene that is not known to be involved in protein N-glycosylation or that a mutation has been missed due to technical problem. g Sanger sequencing identified potentiallly causal mutations in the indicated genes and where no gene name is given, Sanger sequencing was performed but no mutations were found.

II) Results of biochemical study of the whole cohort performed in the glycobiology lab at UMR 1149-INSERM-Faculté de Médicine Xavier Bichat

The metabolic radiolabelling results, shown in figure 26, reveal coherence between sequencing results in some subjects. Patients (P1-11) and 3 control subjects (C1-3). Patient 7 was later revealed not have a CDG-like syndrome and presented with an unrelated disease (see footnote to Table 2).

Patients 9 and 10 have mutations in the ALG6 gene that encodes for the α1-3 glucosyltransferase that catalyzes the transfer of the 1 st glucose residue onto DLO, to produce G 1 M 9 GlcNAc 2 -PP-Dol (Figure 12). The fibroblasts of these two patients showed the anticipated accumulation of M 9 GlcNAc 2 -PP-Dol, which is the acceptor substrate of this enzyme. Patients 3 and 6 revealed increased levels of M 5 GlcNAc 2 -PP-Dol (Figure 26). These data reinforce the sequencing data that revealed patient 3 to harbor mutations in RFT1, which encodes a protein required for the flipping of M 5 GlcNAc 2 -PP-Dol into the ER lumen, and patient 6 to harbor mutations in ALG3 gene, which encodes the enzyme that catalyzes the transfer of the 6 th mannose residue onto the growing DLO, to produce M 6 GlcNAc 2 -PP-Dol (Figure 12).

The DLO profile in cells from Patient 5 reveals an accumulation of M 7 GlcNAc 2 -PP-Dol (Figure 26), which is the intermediate that accumulates in ALG12-CDG, but Sanger sequencing did not reveal mutations in ALG12 gene, which encodes the α1-6 mannosyltransferase that catalyzes the transfer of the 8 th mannose residue in the growing DLO (Figure 12).

Patients 1, 4, 7, and 11 revealed normal DLO profiles when the fibroblasts were radiolabeled with [2-3 H]mannose indicating a possible block in the steps required Man 1 GlcNAc 2 -PP-Dol biosynthesis (Figure 26). As mentioned in a footnote to Table 2, it was subsequently noted that Patient 7 presented to the hospital with a disease unrelated to CDG. Metabolic radiolabelling of the fibroblasts with [2-3 H]glucosamine (Figure 27) did not reveal DLO profiles with accumulation of either GlcNAc 2 -PP-Dol or GlcNAc-PP-Dol. This suggests the absence of ALG1-CDG in which the addition of the first mannose residue to the growing DLO is deficient (Figure 12).

These TLC profiles (Figure 27) may also indicate the absence of patients with ALG13-CDG and ALD14-CDG where the addition of the second residue of GlcNAc onto the growing DLO (Figure 12) is defective.

Sanger sequencing did not reveal mutations in genes required for protein glycosylation in any of these patients, Patient 11 did harbor mutations in POLG, which encodes a mitochondrial protein called polymerase gamma. Mutations in POLG have previously been shown to underlie mitochondrial diseases, which can sometimes cause a secondary plasma glycoprotein hypoglycosylation. 

Figure 27: TLC of oligosaccharides released from DLO that was derived from metabolically [6-3 H]glucosamine radiolabeled cells from a cohort of CDG-Ix

Finally, Sanger sequencing of DNA from patient 2 revealed two mutations in the DHDDS gene, and fibroblasts from this patient showed accumulation of Man 5-9 GlcNAc 2 -PP-Dol species.

We got interested in this case for many reasons: first, in comparison to the previously described DHDDS-mutated cases (K42E) who reported to have a very mild clinical picture restricted to autosomal recessive retinitis pigmentosa 166 , while Patient 2 presented with severe clinical manifestations, which almost all the organ systems.

Second, recently, a new CDG type has been reported and one of the most characteristic phenotypes was the extremely reduced DHDDS activity of the patients along with reduced mannose incorporation in oligosaccharides 146 .

Accordingly, it was decided to subject that case to extended biochemical study to identify the molecular defect underlies that disorder.

1.2] The role of DHDDS in the biosynthesis of dolichol 1.2.1] Dolichol

1.2.1.1] Structure and occurrence of dolichol in nature

Dolichol belongs to a large family of fatty alcohols called polyisoprenoid alcohols. The polyisoprenol family encompasses two major subfamilies: polyprenols and dolichols 3 . Both subfamilies possess structural variations, though they share the same terpenoid biosynthetic pathway. Dolichol chain lengths range from 14 to 24 isoprene units with an α-saturated isoprene unit adjacent to the alcohol group. Conversely, polyprenols are relatively shorter (5 to 21 isoprene units) and their α-isoprene unit is unsaturated (Figure 28) 3,167 . Typical dolichols and polyprenols display one important structural feature: they are poly-cis alcohols with two or three trans isoprene units at the ω end. One exception to this is solanesol, which is the only all-trans polyisoprenol 168 .

Polyisoprenoid alcohols are widely distributed in nature. They exist in bacteria as well as higher animals. Each organism has a specific polyisoprenoid alcohol in terms of the number of isoprene units and structural variations (α-saturation, trans/cis ratio) within the polyisoprenol chain. Bacteria synthesize only one polyprenol (bactoprenol or undecaprenol), which is composed of 11 isoprene units. In other organisms polyisoprenoid alcohols occur as mixtures (isoprenologues). Higher plants contain polyprenols in their photosynthetic tissues (leaves) and dolichols in their roots. Animals, yeast, and fungi contain only dolichols 3 .

1.2.1.2] Dolichol biosynthesis

In humans, dolichol is synthesized in almost all tissues at variable levels. Human dolichol levels are 5-10 fold higher than the corresponding tissues in other mammals. Pituitary gland tissues contain the highest dolichol level followed by testis, liver then spleen. Animal studies showed that there is no equilibrium in tissue distribution of dolichol, and different dolichol pools do not seem to be linked by exchange through the circulation. The most abundant human dolichol contains 19 isoprene units (C95, D19) followed by 18 and 20 isoprene units and their ratio varies between tissues. Serum dolichol (80 % of total dolichol in human) is bound to circulating High Density Lipoprotein (HDL) at a concentration 300 ng/mL 168 .

Dolichol synthesis takes place in two phases: i) A cytosolic phase in which the isoprene units are synthesized from acetoacetate producing mevalonate which through several steps gives rise to farnesyl pyrophosphate (FPP), the substrate for cholesterol, dolichol, and ubiquinone biosynthesis as well as protein prenylation, and ii) An ER phase in which dolichol biosynthesis is initiated by the sequential addition of isoprene units to FPP in a "head-to-tail" way by cis-prenyltransferase (CPT) (or DHDDS) which will be dephosphorylated, then reduced to give free dolichol, then re-phosphorylated to dolichol phosphate, the lipid carrier required for the N-glycosylation (Figure 12 and 29) 168,169 .

Only 30 % of newly synthesized dolichol is converted to dolichol phosphate, whereas about 20 % of the remaining dolichol remains as free dolichol, and the rest is transformed into dolichol fatty acyl ester (oleate ester) in the ER (Figure 30) 3 .

Interestingly, dolichol biosynthesis is not restricted to the ER. It has been demonstrated that rat liver peroxisomes contain similar enzyme-machinery responsible for the synthesis of free dolichol, yet, it has not been shown if that machinery is also involved in the synthesis of polyprenols or in dolichol derivatives (fatty acyl esters and phosphorylated dolichol) 170,171 .

Peroxisomes account for almost one half of the total cellular dolichol content. Peroxisomal cis-IPTase is distinguishable from the ER-bound activity because: 1) it has higher affinity for FPP than squalene synthase, 2) Peroxisomal cis-IPTase requires a sterol carrier protein-2 (SCP-2), which exists in the cytosol and peroxisomes, and 3) Peroxisomal cis-IPTase is 4 fold more active than that of the ER-enzyme 172 . 

1.2.1.3] Dolichol and its role in glycosylation

Dolichol phosphate recycling, (Figure 30) is the second source for intracellular dolichol phosphate. Dolichol phosphate linked to sugars is released during the various glycosylation processes (Figure 12,Figure 15, and Figure 19). Along with the de novo synthesis of dolichol phosphate, this continuous dynamic recycling is responsible for the endogenous dolichol phosphate pool used in the glycosylation pathways within the ER 173,174 . In addition to its major role in glycosylation processes, dolichol has a protective role in biological membranes through being a part of the anti-oxidant machinery in the cell membrane. This machinery comprises polyunsaturated fatty acid (PUFA), vitamin E and dolichol, which forms a free radical-transfer chain. A lot of PUFA molecules trap and store electrons which are then transferred to dolichol that delivers them to vitamin E, which in turn transfers the electrons to the cellular hydrophilic compartment. Rat liver cells have equimolar amount of vitamin E and dolichol in the cell membrane, and it has been shown that vitamin E protects dolichol from peroxidation 175 .

1.2.2] DHDDS

1.2.2.1] DHDDS is a cis-prenyltransferase

Prenyltransferases are the key enzymes in polyisoprenoid alcohol biosynthesis. They catalyze polyisoprenoid alcohol elongation through a condensation reaction in which an isoprenyl pyrophosphate (IPP) unit (C5) is added to an acceptor. The IPP-acceptor could be a protein molecule, short chain allylic pyrophosphate such as FPP -or geranyl pyrophosphate (GPP), or quinone. The reaction starts with removal of the diphosphate group of the allylic pyrophosphate acceptor from C1 creating an allylic cation with subsequent "stereospecific" removal of a proton from C2 in the IPP being added. Depending on the "pro-chirality" status of the eliminated proton from C2, prenyltransferases are classified into: a) trans-(E)prenyltransferases that add IPP to the acceptor in a trans (or E) configuration with removal of a pro-R C2 proton (e.g. FPP synthase, FPPS) b) cis (Z)-prenyltransferases that adds IPP in a cis (Z) configuration with removal of a pro-S C2 proton (e.g. Undecaprenol diphosphate synthase (UPPS), yeast Saccharomyces cerevisiae cis-prenyltransferase (RER2), and DHDDS) 176 (Figure 31).

Figure 31: Mechanism of action of trans-and cis-prenyltransferases

Products of both types of reaction are involved in many of biological processes. All-trans (E)polyisoprenoid alcohols, for instance, include quinones that are involved in mitochondria respiratory chain reactions. On the other hand, trans (E)-cis (Z)-polyprenols are involved in protein farnesylation and geranylation as well as the biosynthesis of steroids, terpenes and dolichols 176 .

1.2.2.2] DHDDS structure and mechanism of action

Based on the fact that trans-and cis-prenyltransferases catalyze almost the same reaction, it would be axiomatic to assume that they would have a similar 3D structure. Surprisingly, it has been demonstrated that the two types of prenyltransferase possess completely different amino acid motifs essential for their polyprenol-elongation activities. Unlike the trans-prenyltransferases, the cis-prenyltransferases do not have the aspartic-rich motifs 176 . Instead, X-ray crystallography and site-directed mutagenesis studies on UPPS from Micrococcus luteus revealed the presence of many conserved motifs that create highelectrostatic potential regions for FPP binding 176 .

A simplified model suggests that UPPS from Micrococcus luteus consists of two domains: 1) an FPP-binding hydrophobic cleft formed by helices (H3 and H2) and two sheet regions (S2 and S4). The FPP hydrocarbon chain is bound to hydrophobic amino acids, and 2) a structural P-loop made of four positively charged arginine residues which make electrostatic interactions with the diphosphate group of the FPP (acceptor) and IPP (carbon donor) 179 (Figure 32).

Briefly, the proposed mechanism of action for cis-prenyltransferase involves the elimination of the diphosphate group from FPP producing an allyl group with a positive end at C1 that forms a covalent bond with C4 of the incoming IPP unit. According to this model, the polyprenol remains bound in a kinky position in the hydrophobic cleft while IPP units are being continuously added, and once the final polyprenol chain length is attained, the full chain length polyprenol is released from the enzyme 179 . 

3] Discussion

DHDDS-CDG patient

Historical background

In Unfortunately, neither of the groups assessed the impact of K42E mutation on enzymatic activity of DHDSS in AJ patients. However, due to the crucial role that dolichol plays in the glycosylation process, the previously diagnosed patients with K42E mutation in DHDDS were screened for hypoglycosylated serum Tf. Using IEF, it was demonstrated that none of the patients had abnormal N-glycosylation 166 .

o

Potential impact of low DHDDS expression level on dolichol chain lengths

The chain lengths of polyprenols/dolichols are characteristic for each cis-prenyltransferase among different species 173 . For instance, when yeast cis-IPTase (rer2), which makes polyprenols of chain length C70-80, was substituted with bacterial UPPS the synthesized polyprenol has a chain length of C55 182 .

Using HPLC analysis, the ratio of dolichol species containing 18 and 19 isoprene units (D18 = C90 and D19 = C95, respectively) in plasma and urine from three patients with homozygous K42E mutated DHDDS was 8.7 times higher than normal. This ratio was also used to distinguish these patients from carriers of the same mutation, and the patients with the biallelic K42E mutation had a D18/19 ratio that was 2.7 times higher than that of the carriers 183 .

In a study of another CDG subtype, NUS1-CDG, in which cells from the patient showed reduced DHDDS activity (20 % of the control), the HPLC/MS analysis revealed that the D18/D19 ratio for dolichol recovered from urine and serum of the patient was about 6 times higher than that of the control 146 .

In our study, we did not have serum or urine samples from the patient, so we attempted to characterize the dolichol chain length in skin fibroblasts isolated from the patient. We were not able to detect the full chain length dolichols (C90 and C95) in lipid extracts from our control or patient fibroblasts. This might be due to the high limit of detection of TLC method we followed in our study. Instead, we could detect shorter (C15 to C45) polyprenols (Figure 33). We determined the ratio of the shortest isoprenol that could be detected, farnesol (C15) and the longest dolichol (C45). C15/C45 was slightly lower in our patient than in the control (Figure 34). Our hypothesis is that, the reduced DHDDS expression level results in accumulation of its substrate FPP, which in turn is dephosphorylated by farnesyl diphosphatase to produce the corresponding alcohol, trans-trans (2E, 6E)-farnesol (Figure 35). Immunofluorescence studies show that DHDDS is located to the ER membrane. However, DHDDS has no signal peptide or TM domain. It is now known that DHDDS forms a complex with the Nogo B receptor (NgBR), which is an ER-situated TM protein that is encoded by NUS1 gene 184 , and as it has mentioned before (P. 108), mutated NUS1 has been associated with reduced DHDDS activity 146 . This complex is essential for DHDDS activity. For instance, expression of human DHDDS in the rer2Δ yeast strain caused a modest increase in dolichol biosynthesis. However, co-expression of NgBR and DHDDS resulted in a remarkable C15/C45 ratio elevation of long chain dolichol level. On the other hand, when rer2Δ mutant strain was complemented with NgBR alone no dolichol was detected 184 .

In our patient fibroblasts, western blotting revealed normally translated amount of NgBR (Figure 36) and WES did not reveal detectable mutations in the NUS1 gene. Thus, the reduced DHDDS expression level in our patient cell does not result from low NgBR expression. Nevertheless, it is possible that NgBR is not localized correctly in our patient cells. o

Zaragozic acid (ZA)-induced reduction of truncated N-glycans in skin fibroblasts

In an attempt to correlate the decreased level of endogenous dolichol phosphate with the high level of truncated oligosaccharides, we treated our patient skin fibroblasts with ZA. This drug is a competitive inhibitor of squalene synthase, the key enzyme in cholesterol biosynthesis, and could divert FPP and IPP, which are the substrates of squalene synthase, toward the dolichol and dolichol phosphate biosynthesis 185 .

It has been shown that the size of dolichol phosphate pool in skin fibroblasts from a patient with DPM1-CDG, where there is a defect in dolichol phosphate mannose synthase, was increased from 65 to 120 % of the control after treatment with ZA. In the ZA-treated cells, a reduction in dolichol-and protein-linked M 5 GlcNAc 2 was also noted 185 .

In our experiment, the DLO fraction showed ZA-induced reduced levels of relatively increased oligosaccharides (M 7 and M 8 ) in the patient fibroblasts (Figure 37, left panel, lane 6) resulting in a profile similar to that of non-treated control cells (Figure 37, left panel, lane 1). The effect of ZA on NLOs is more profound in comparison with DLOs in both cell populations. Accordingly, the N-linked Man 5 GlcNA 2 species is strikingly reduced in the patient cells that were treated with ZA (Figure 37, right panel, lanes 1 and 6). Incorporation of radioactivity into NLOs is reduced with ZA in both control and patient cells, without striking decreases of incorporation of radioactivity into DLOs. The DLO and NLO profiles were analyzed as described in the article.

Here, two things concerning the DLO profile in patient fibroblasts must be denoted, firs, is the profile of non-treated cells (Figure 37, left panel, lane 3) is different from that observed in the first time the cells were metabolically labeled (the article section, Figure 2B, P. 97) suggesting the possibility of losing the phenotype by time. Second, the difference was subtle between the ethanol-and ZA-treated cells, except for M 5 , which was higher in ZA-treated cells.

These findings partially agree with those of Haeuptle et al., where ZA treatment of the DPM1-CDG patient skin fibroblasts reduced the amount of the dolichol-and protein-linked truncated oligosaccharides. He suggested that ZA increases the level of endogenous dolichol phosphate thereby allowing increased N-glycosylation process and a reduction in truncated DLO 185 .

The data generated by Haeuptle et al., and perhaps our own experiment, demonstrate that dolichol produced from de novo synthesis is crucial for normal protein glycosylation in addition to the dolichol phosphate that is recycled during protein N-glycosylation. Our experiment indicates that the beneficial effect of ZA on protein glycosylation is still apparent when the de novo dolichol biosynthesis is compromised by low DHDDS activity.

Patient II 1] Introduction 1.2] Introduction to experimental work

The second part of my thesis concerns another CDG subtype that is different from Patient 1 in terms of the underlying defective glycosylation pathways and the clinical presentation of the patients.

This patient did not arise from the classic CDG diagnostic strategies outlined in Figure 25. In fact, the clinicians decided upon a WES strategy without any prior knowledge about protein hypoglycosylation. The finding of CST mutations led to the biochemical explorations that were carried out at Hôpital Bichat and in the glycobiology lab at UMR 1149-INSERM-Faculté de Médicine Xavier Bichat.

Here, we are studying the biochemical phenotype of biological material derived from two siblings presenting with thrombocytopenia associated with mutations in gene that encodes the GA-resident cytidine 5'-monophosphosialic acid (CMP-Sia) transporter (CST).

As will be explained in more detail later, CMP-Sia is the Sia donor that is utilized in the sialylation of glycoproteins and GSLs (gangliosides).

In the following subchapter I will present background information on the metabolic pathway of glycoconjugate sialylation and the biological role of CST.

1.2.1] Cellular Sialome

The term ''Sialome'' is used to describe the total sialoglycan content of an individual or a cell. It includes all the Sia with different linkages and structures that are produced by the cell. The sialome is cell-specific and shows great variability as it is regulated by several genetic, physiologic, pathologic and environmental factors 111,186 .

The cell surface sialome comprises many types of sialoglycans, each one has several subtypes with different structures in terms of its constituent monosaccharaides and glycosidic linkages. The cell surface sialome has been linked to a forest canopy. In this analogy, the terminal Sia residues represent the leaves that are linked to the branches (the rest of sialoglycan chain) via small stems (the α-links). The branches grow from a tree (the sialoglycan core, which could be a glycolipid or a glycoprotein) whose roots are deeply implanted the soil (the cell surface) (Figure 38). All the trees are arranged close to each other on the cell surface producing the glycocalyx which is the forest canopy 187 .

Taken from Hildebrant H. et al, 2014 

1.2.2] Sialoglycan biosynthesis

The sialylation of N-and O-glycoproteins and gangliosides occurs in the GA by the action of about twenty STns of different α-linkage and acceptor specificities. These STns share two major and two minor conserved amino acid sequences called sialylmotifs that are essential for binding the sialic acid donor, CMP-Sia (Figure 39) [START_REF] Harduin-Lepers | The human sialyltransferase family[END_REF]188 . 

1.2.3] Biological importance of sialylation

The terminal non-reducing or "capping" sugar residue of a glycan usually has a determining role in the glycan function. In many glycans the capping sugar is Sia.

1) Sialoglycans mediate many biological processes

Through the specific interaction of their capping Sia residues with their cognate lectins, glycoproteins and GSLs play pivotal roles in many biological processes (see General Introduction, P.49). Based on the type of the lectin that recognizes the terminal Sia, a particular biological event will be initiated. Sia -recognizing lectins are categorized into two families: selectins and siglecs (Sia-binding immunoglobulin-like lectins). Table 3 presents the major characteristics of the two sialic acid binding lectins 111 . 

2) Sialoglycans are recognized by viruses and bacteria

The mechanism by which many viruses and bacteria invade the human body involves host cell recognition of the terminal Sia residue on the sialoglycan produced by the invading microbe (see General Introduction, P.22). An example of a host/pathogen interaction mediated by the recognition of sialoglycans by GBPs is the infection by the influenza virus.

Here, it is a GBP of the virus envelope, hemagglutinin that recognizes the terminal Sia residues of sialoglycans on the host cell surface 189,190 . In general, the influenza virus is highly specific regarding the glycosidic linkage type that is attacked 190 . Hemagglutinin of human influenza virus, for instance, recognizes glycans with terminal α2-6 Sia residues whereas that of the pig influenza virus recognizes glycans with terminal α2-3 Sia residues 191 .

3) The lectin-independent roles of sialoglycans NCAM is responsible for homophilic binding between neuronal cells. NCAM molecules contain variable numbers of polysialic acid (PSA) chains and because of their negative charge, these glycans hinder NACM-dependent homophilic binding. So, the physiological function of NCAM is tuned by of glycosylation 192 .

1.2.4] Sialic acid structure and biosynthesis

In 1936, Gunnar Blix isolated a crystalline substance from bovine submaxillary gland mucin and called it "Sialic" after "saliva" 193 . A few years later the German scientist E. Klenk named the hydrolysis product of brain grey matter lipids "Neuraminic acid" 111 . Sia is a nine-carbon acid monosaccharide (Figure 40). Fifty Sia(s) have been identified. Sia(s) display a high degree of structure diversity that results from their (α) linkage to the glycan chain and from their substitution in different positions. Sia forms α-linkages at position C2 with C3 and C6 of galactose residues, C6 of N-acetylgalactosamine residue and C8 of another Sia residue. Sia is modified by its substitution at C5 with an N-acetyl group to make the most common type of Sia, N-acetylneuraminic acid (Neu5Ac) 186 . Free Sia biosynthesis in the cytoplasm is initiated by a bifunctional enzyme called GNE to produce N-acetylmannosamine-6-phosphate (ManNAc6P), which is then condensed with phosphoenolpyruvate to give sialic acid-9-phosphate (Sia9P) by the action of neuraminic acid-phosphate synthase. Sia9P is then dephosphorylated to produce Sia, which is then transported to the nucleus where it gets activated to CMP-Sia (Figure 9 and 40) 186 .

1.2.5] Solute Carrier family 35 (CMP-Sia transporter, CST) member 1 (SLC35A1)

Subcellular location: CST is exclusively localized in the medial-trans Golgi stacks, while some other NSTs such as UDP-Gal, GDP-Fuc, UDP-GlcNAc transporters are localized in both ER and GA with different expression levels, (Table 1) [START_REF] Freeze | Glycosylation Precursors[END_REF] .

Structure and topology:

CST is a 337 amino acid protein with a molecular weight of 29 kD. CST shares with the other NSTs many structural features. CST is a type III TM protein and it has 10 TM domains (TMDs) where both carboxyl-and amino termini face the cytosol 194 . These TMDs of CST were found to play different roles in CMP-Sia transport across the Golgi membranes. TMD 7, for instance, was found to be essential for substrate specificity, and TMDs 2 and 3 are important for the transport process 194 . It was found that human CST (hCST) and human UDP-Gal transporter (hUGT) have structural similarity with about 43 % amino acid identity 195 .

Function: CST translocates CMP-Sia synthesized in the cytoplasm to the GA lumen. CST is an antiporter. It transports CMP-Sia in exchange for an equal number of CMP molecules that have to be transported out the GA (Figure 10 andFigure 39). The CST is inhibited by CMP but not by Sia. Unlike some NSTs that can transport more than one nucleotide sugar (for example, SLC35D1 is a human transporter that transports UDP-GlcNAc and UDP-GlcA 196 ), CST shows an a high specificity to CMP-Sia 195 .

INTRODUCTION

Sialic acids (Sia) are structurally diverse and are the most abundant sugars found on glycoconjugates [1]. Sia-containing sugar motifs play important roles in fertilization [2, 3], immune cell interactions [4] and development and functioning of the central nervous system [1]. The commonest form of Sia, N-acetylneuraminic acid (Neu5Ac), is a constituent of the the sialyl Lewis X antigen (SLe x , NeuNAc-α2-3Gal-β1-4(Fuc-β1-3) GlcNAc, and the homing of lymphocytes to sites of injury or infection is initiated by SLe X /selectin-mediated rolling of lymphocytes along the inner walls of blood vessels [4]. The extent of sialylation of platelet glycoconjugates is determinant in controlling the plasma halflife of platelets and therefore blood clotting [5]. Sialylated glycoconjugates including glycosphingolipids (GSLs) and polysialic acid-containing N-glycoproteins are crucial for brain development and function [1].

The importance of Sia is underlined by the identification of diseases that are caused by mutations in genes required for glycoconjugate sialylation [6, 7]. Glycoconjugates are sialylated by at least 20 sialyltransferases (STns) situated in the lumen of the Golgi apparatus (GA) [8]. These enzymes require the Sia donor CMP-Sia, which is generated by enzymes that are located in both the cytoplasm and nucleus (see Fig 1 for CMP-Sia biosynthesis) [9, 10]. CMP-Sia is then transported from the cytoplasm into the lumen of the GA [11] by the CMP-Sia transporter that is encoded by the SLC35A1 gene [12].

Two cases of CMP-Sia transporter deficiency (SLC35A1-CDG) have been reported. The first patient presented with macrothrombocytopenia and variable neutropenia associated with lifethreatening hemorrhagic episodes and recurrent infections, but was otherwise normal [13, 14]. Analysis of serum glycoproteins did not reveal glycan hyposialylation, and this patient died at 3 years of age from complications after a bone marrow transplant [13, 14]. By contrast, the second patient presented with macrothrombocytopenia associated with hyposialylated serum glycoproteins, microcephaly, facial dysmorphia, intellectual disability, ataxia, and seizures [15].

Here we report on the molecular origin and biochemical findings in 2 siblings presenting with similar multisystem clinical pictures to that of the latter previously described SLC35A1-CDG patient [15]. Whole exome sequencing (WES) revealed a homozygous point mutation in the SLC35A1 gene which gives rise to a CMP-Sia transporter (Ser147Pro) variant that is predicted to be damaged. Serum glycoproteins from patients revealed O-and N-glycan hyposialylation. Whereas glycoprotein hyposialylation could not be demonstrated in skin biopsy fibroblasts from the patients, GSL profiles were modified.

METHODS

Patients -A girl (Pt1), the first of two siblings born to consanguineous parents, was admitted to the clinic at 12 years of age with slow gain of height and weight, dysmorphia, low occipital-frontal circumference (-2DS), severe cognitive deficits, spastic paraplegia, hypotonia, mild epilepsy, thrombocytopenia and haemorrhagic colitis. The brother (Pt2) admitted to the clinic at the same time was 8 years old and presented with dysmorphia, severe cognitive deficits, spastic paraplegia, hypotonia, mild epilepsy, thrombocytopenia and chronic urticaria. Reagents -RPMI 1640 medium, penicillin-streptomycin (PS), fetal bovine serum (FBS), and the BCA™ Protein assay kit were from Thermo Scientific, Cergy Pontoise, FR. Sialic acid, ganglioside standards and SPE EnviCarb columns were purchased from Sigma-Aldrich. Peptide Nglycosidase F (PNGase F) was from Roche Diagnostics, Meylan, Fr. Anti-Tf and anti-AAT antibodies were from Siemens Healthcare GmbH, Erlangen, De. Anti-Hpt and anti-Agp antibodies were from DAKO France, Les Ulis, France.

Cell culture -Skin biopsy fibroblasts [16] and the Chinese hamster ovary (CHO) K1 and Lec2 cell lines (kindly provided by Dr.

François

Foulquier, Unité de Glycobiologie Structurale et Fonctionelle (UGSF) Université de Lille, France) were cultivated as previously described [17].

Two-dimensional electrophoresis (2-DE) and Western-blot of serum glycoproteins

Two µL of 10-fold diluted serum/plasma in deionized water was analyzed by 2-D electrophoresis (2-DE)/Western-blot as previously described [18]. 2-DE was carried out as described by the manufacturer's instructions (Life Technologies) using pH 4-7 ZOOM Strips for the first dimension and 4-12% NuPAGE Bis-Tris gels for the second dimension. Proteins were then transferred to nitrocellulose (100 Volts, 1 h) and glycoforms of transferrin (Tf), Aat, Hpt and Agp were detected on the same sheet using a mix of rabbit primary antibodies and HRP-linked anti-rabbit IgG secondary antibody. Antibody dilutions in Trisbuffered saline (TBS) were as follows: anti Tf: 1/4000, anti-Hpt: 1/5000, anti-AAT: 1/10000, anti-AGP: 1/2000 and secondary anti-rabbit IgG: 1/5000. Finally, 2-DE profiles were acquired using the Chemidoc XRS camera system from Bio-Rad.

Mass spectrometry (MS)-based profiling of plasma N-glycans

Sample processing for N-glycomic profiling of the plasma samples was carried out essentially as described previously [19]. Plasma samples (5µL) were diluted in 20 mM sodium phosphate buffer (pH 7.4) and 10 mM dithiothreitol solutions, and then heated at 95°C for 5 min. PNGase F digestion of the resulting solutions was then performed overnight at 37°C. After sample acidification, proteins were precipitated using ice-cold ethanol. Released N-glycans were purified using porous graphitic carbon solid phase extraction cartridges (Thermo Scientific, les Ulis, France). The native N-glycans were subsequently permethylated and purified on a C18 spin-column (Thermo Scientific) before analysis by matrixassisted laser desorption/ionization timeof-flight mass spectrometry (MALDI-TOF MS).

The dried permethylated samples were resuspended in 10 μL of a 50% methanol solution. 0.5 μL of the sample was then spotted on the MALDI target and thoroughly mixed with 0.5 μL of 2, 5dihydroxybenzoic acid solution (10 mg/mL in 50% methanol containing 10 mM sodium acetate). Glycan analyses were performed on an UltrafleXtreme instrument (Bruker Daltonics, Bremen, Germany) operating in the reflectron positive ion mode. Manual assignment of glycan sequences was done from MS and MS/MS data on the basis of previously identified structures [19] and using GlycoWorkBench software [20].

MALDI-TOF of serum apolipoprotein C-III (Apo C-III) glycoforms -MALDI-

TOF analysis of plasma samples was performed as previously described [21]. Plasma samples were worked up as previously described [22]. Briefly, 1.0 µL of plasma was diluted in 15 µL of water/acetonitrile/trifluoroacetic acid (95:5:0.1), extracted using C4 Zip-Tip (Millipore) and eluted in 0.75 µL of water/acetonitrile/trifluoroacetic acid (25:75:0.1). Eluates were applied to the MALDI target and mixed with an equal volume of sinapinic acid as the matrix (saturated solution in water/acetonitrile/trifluoroacetic acid, 50:50:0.1). After crystallization, samples were analyzed with a Voyager-DE STR MALDI-TOF MS (Applied Biosystems) operating in positive linear mode with 200 laser shots per sample (accelerating voltage: 25.000 V, grid voltage: 93%, extraction delay time: 350 nsec, acquisition mass range: 5000-15 000 Da). A laser power of 2211 was chosen after optimization of laser intensity was carried out to determine a power required for high signal to noise ratio with minimal terminal Sia removal. After background subtraction, internal calibration (m/z 9423, Apo C-III1), and smoothing of spectra (Gaussian smooth: 31 points), peaks corresponding to Apo C-III glycoforms were assigned and a peak intensity list was generated. For MALDI-TOF determination of CDGnegative reference values of Apo C-III glycoforms, samples were obtained from 15 CDG-negative patients (previously screened by normal Tf and Apo C-III electrophoresis patterns) encompassing a large clinical spectrum. Comparisons were made according to peak intensity percentages.

Assay of nucleotide sugars -Nucleotide sugars were determined after solid phase (SPE) extraction [23] and HPLC as previously described [24]. Cells were seeded (1.0 -2.5 x 10 5 cells per 25 cm 2 flask) and grown for 3-5 days prior to being extracted in ice-cold 75% ethanol. After centrifugation, supernatants were dried and loaded onto Supelclean TM ENVI TM -Carb SPE (3 ml) tubes (SIGMA-Aldrich SARL, Saint Quentin Fallavier, FR) in 5 ml 10 mM ammonium bicarbonate. The tubes were washed with the following solutions in the indicated order: 2 ml H 2 O, 2 ml 25% acetonitrile in H 2 O, 2 ml 50 mM triethylammonium acetate (TEAA), pH 7.0, before eluting sugar nucleotides with 4 ml 25% acetonitrile in 50 mM TEAA, pH 7.0. The sugar nucleotides were analysed by HPLC (Waters 600 solvent delivery system) on a reversed phase column (Inertsil ODS-4 (particle size, 3 µm; 250 x 4.6 mm; GL Science) equilibrated in buffer A: 100 mM potassium phosphate buffer pH 6.4 containing 8 mM tetrabutylammonium hydrogensulphate. Sugar nucleotides were injected onto the column in a volume of 20 µL and separated by elution with the same buffer at 0.5 ml / min for 50 min. Subsequently, a linear gradient 0 -77 % buffer B (70 % buffer A and 30% acetonitrile) over 40 min was applied. Nucleotide sugars were detected by spectrophotometer (Waters 2487 Dual Wavelength Detector) at 254 nm.

Sialic acid assay -Free Sia was measured using the thiobarbituric acid (TBA) assay [25], after being released from whole cell pellets by heating with 50 mM H 2 SO 4 at 100°C for 1h. After neutralization with equimolar barium acetate, the mixture was clarified by centrifugation and aliquots of the supernatant were taken for assay. Control samples in which the hydrolysis step was omitted were included, and parallel cell pellets were taken for protein assay.

Analysis of GSLs -Lipids were extracted by the method of Svennerholm [26], using 4 x 225 cm 2 tissue culture flasks for each sample. The aqueous phase obtained, containing gangliosides, was evaporated to dryness, applied to a C18 Sep Pak cartridge, and washed extensively before eluting the gangliosides with 100 % methanol. After drying, the gangliosides were resuspended in chloroform/methanol, 2/1, by vol, and analyzed using high performance thin layer chromatography (HPTLC) (Silica gel 60) plates developed in chloroform/methanol/0.2% acqueous CaCl 2 , 55/42/11, by vol (solvent system A). Visualization was performed using the orcinol/H 2 SO 4 spray reagent. The organic phase obtained after the Svennerholm extraction, containing neutral GSLs, was evaporated to dryness, and after mild alkaline hydrolysis, the neutral GSLs were resuspended in chloroform/methanol, 4/1, by vol, and analyzed using HPTLC (Silica gel 60) plates developed in chloroform/methanol/formic acid/water, 65/25/8.9/1.1, by vol (solvent system B).

Lectinoblot -Proteins were extracted using a lysis buffer containing 20 mM Tris-HCl, 150 mM NaCl, 1 % TX-100, 1 % protease and phosphatase inhibitors, and subjected to SDS-PAGE using NuPage 4 -12 % Bis-Tris gels (Fisher-Thermo Scientific). Lectinoblots were performed as previously described [27] using biotinylated Maackia amurensis (MAA) lectin II and Sambucus niger (SNA) lectin (Vector Laboratories) at a concentration of 5 µg / mL. Supplementation of fibroblasts with sialic acid -2 x 225 cm 2 tissue culture flasks with about 65 % confluent fibroblasts were supplemented with 5 mM (one supplementation) or 10 mM (3 supplementations) in RPMI medium containing 2 % FBS. The cells were harvested after 3 days supplementation with 5 mM Sia and 11 days with 10 mM Sia.

RESULTS

A biallelic SLC35A1 mutation in siblings presenting with thrombocytopenia and CNS defects

Two siblings born of consanguineous parents presented with thrombocytopenia associated with CNS signs as detailed in the Table . WES of patient DNA revealed a homozygous mutation in the SLC35A1 gene (NM_006416.4, c.439T>C, p.Ser147pro). As can be seen in the Table, although the two previously characterized SLC35A1-CDG patients also present with thrombocytopenia, only the case described by Mohamed et al. presented with CNS signs similar to those of the patients reported here.

Glycan profiling of serum glycoproteins

In the first reported case of SLC35A1-CDG, isoelectric focusing (IEF) revealed normal sialylation of serum Tf and Western Blot (WB) analysis also revealed normal glycosylation profiles for Tf, α1antitrypsin (Aat), haptoglobin (Hpt) and α1-acid glycoprotein (Aag), which all possess N-glycans only [13, 14]. By contrast, in the second reported case of SLC35A1-CDG, IEF revealed hyposialylated Tf, and MS profiling of plasma total N-glycans also revealed increased amounts of hyposialylated structures [15]. Furthermore, IEF demonstrated hyposialylation of plasma Apo C-III, which possesses a single mucin-type Oglycan [15]. 2-D electrophoresis results of plasma proteins from the siblings reported here is shown in Figure 2 and it is apparent that the Tf, Aat and Hpt profiles are abnormal and reveal the increased presence of hyposialylated glycoforms. MS analysis of plasma total N-glycans is shown in Figure 3, where it can be seen that Nglycans from the control plasma comprise mainly the disialylated biantennary structure (m/z: 2792.4) and smaller amounts of its monosialylated counterpart (m/z: 2431.2), the trisialylated triantennary component (m/z: 3602.8) and smaller amounts of its disialylated counterpart (m/z: 3241.6) are also apparent. The Nglycan profiles derived from the patients' serum are different and are enriched in structures missing Sia residues so that the predominant bianatennary and triantennary structures possess only a single Sia residue. 2-D electrophoresis followed by Apo C-III immunodetection, and MS of Apo C-III, shown in Figures 4A and4B, respectively, demonstrate that the relative amount of the glycoprotein containing the non-sialylated O-glycan (Apo C-III 0c ) is increased in both patients, and the ratio of the relative amounts of Apo C-III bearing the monosialylated O-glycan (Apo C-III 1 ) to that with the monosialylated O-glycan (Apo C-III 2 ) is increased about two-fold. Accordingly, the biallelic SLC35A1 (Ser147pro) variant is associated with hyposialylation of multiple serum Nglycoproteins and the O-glycoprotein, Apo C-III.

The SLC35A1 Ser147pro substitution is predicted to destabilize a transmembrane helix that is important for CMP-Sia transport Four prediction softwares predict a deleterious effect of the Ser147pro substitution on CMP-Sia transporter function: Align GVGD; C25 (GV: 30.92 -GD: 65.28), SIFT; deleterious (score: 0.02, median: 3.50), MutationTaster; disease causing (p-value: 1) and Polyphen2 (HumDiv 1 and HumVar 0.989) probably damaging.

Bioinformatics and experimental approaches indicate that the CMP-Sia transporter comprises 10 transmembrane domains (TMDs) of which TMDs 2, 3, and 7 seem to be required for CMP-Sia binding whereas TMDs 5-8 have been suggested to form a hydrophilic pore [28, 29]. The amino acid sequence alignments shown in Figure 5 demonstrate that the TMD5 sequences are highly conserved in the CMP-Sia (14/19 residues conserved) and UDP-Gal (12/19 residues conserved) transporters, and despite each having its own signature sequence, 8 residues, including Ser147, are common to this TMD in both class of transporter. The short cytoplasmic loop between TMDs 4 and 5 is also important for CMP-Sia transporter activity because the genetically engineered SLC35A1(Leu136Gly) variant is inactive [29]. It would appear, therefore, that a region comprising TMD5 along with the cytoplasmic loop that links this TMD to TMD4 is crucial for activity. When proline residues occur in TMDs they are often highly conserved (e.g. proline 162 in TMD5 of CMP-Sia transporters; see sequence alignment in Figure 5) [30]. These residues perform important structural functions on account of their capacity to disrupt α-helices [31]. Accordingly, inappropriate insertion of a Pro residue into a TMD is predicted to have profound consequences [30]. 

Analysis of CMP-Sia levels and glycoconjugate sialylation in patient fibroblasts

To date there is little information on the glycosylation status of fibroblasts from patients diagnosed with SLC35A1-CDG. CMP-Sia levels have been found to be similar in CMP-Sia transporter-deficient CHO cell lines, Lec2 cells, and wild type CHO-K1 cells [32, 33]. Nevertheless, blocks in both glycoprotein and glycolipid sialylation have been noted [32, 33]. First, CMP-Sia levels were assayed in patient and control skin biopsy fibroblasts as well as in the Lec2 and wild type CHO-K1 cell lines as shown in Figures 6A, B andC. CHO cells contain small amounts of CMP-Sia when compared to either UDP-Glc/Gal or UDP-GlcNAc/GalNAc. Lec2 cells contained more UV absorbing material coeluting CMP-Sia than the wild type cells. Confirmation of the elution position of CMP-Sia in these analyses was achieved by mixing the cellular nucleotide sugar extracts with standard CMP-Sia. The quantities of CMP-Sia in control and patient fibroblasts were found to be variable with respect to the quantities of other nucleotide sugars present in the same samples. Assuming that that no other UV substances co-elute with CMP-Sia, we can conclude that CMP-Sia levels in the patient cells are within the range of those seen in the two control cell lines. Next, Sia, released from total cellular glycoconjugates by hydrolysis with 50 mM H 2 SO 4 , was measured using the highly specific TBA assay, as described in Methods. Because cells can scavenge Sia from serum glycoconjugates (See Figure 1), which could mask a subtle sialylation defect, cells were cultivated in medium containing low (2%) and normal (10%) levels of fetal bovine serum (FBS). Results, shown in Figure 6D show that when cells are grown in medium containing 2% FBS there is a 65% decrease in total glycoconjugate Sia in patient fibroblasts compared to control cells. This difference is not apparent when cells are grown in medium containing 10% FBS, although both cell lines display higher levels of bound Sia. Next, in order to determine whether or not glycoproteins are hyposialylated in patient fibroblasts, SDS-PAGE of cell protein extracts were performed, glycoprotein sialylation was assessed using MAA lectin that selectively binds to α2-3 linked Sia, and SNA lectin that binds both α2-3 and α2-6 linked Sia, with a preference for the latter [34]. Similar results were obtained with both lectins, and results obtained with MAA are shown in Figure 6E and F. First, MAA staining of membranes revealed little difference between proteins derived from the control and patient cell extracts (Figure 6E). In order to test the validity of this procedure, Lec2, CHO-K1, as well as the patient and control fibroblast cell extracts were treated with sialidase before SDS-PAGE. As a supplementary control, apo Tf was also treated with sialidase and submitted to SDS PAGE. The lectinoblots are shown in Figure 6F, and show that the sialidase treatment strikingly reduces the MAA signal. However, these MAA lectinoblots did not reveal glycoprotein hyposialylation in the Lec2 cells that have been previously shown, by other methods, to produce hyposialylated glycoproteins [32, 33]. ) and two normal subjects (Ctrl1 and Ctrl2) were cultivated in medium containing 10 % FBS. Cells were harvested, washed with PBS and then scraped from the flasks in ice-cold 75% ethanol. After centrifugation, the supernatants were dried under vacuum and nucleotide sugars were recovered from this material by SPE as described in Methods. Nucleotide sugars were resolved by reversed phase HPLC and detected by monitoring the UV absorbance of the column effluent at 254 nm. The quantity of material injected was not normalized for cell number. Cells from patient 2 grow slowly and fewer cells were harvested. The elution times of standard CMP-Sia (CMP-NeuAc), UDP-Glc (U-Glc), UDP-Gal (U-Gal), UDP-GlcNAc (U-GlcNAc) and UDP-GalNAc (U-GalNAc) are indicated. D. Control (Ctrl) and patient 1 (Pt1) fibroblasts were grown in media containing 2 % and 10 % FBS. Cells were harvested, washed with PBS and pelleted by centrifugation. Protein and total glycoconjugate-linked Sia was measured as described in Methods. The results are expressed as the mean and standard error of the mean of three experiments. E. Cells, grown as described above, were washed, lysed and submitted to SDS-PAGE as described in Methods. After transfer of proteins to nitrocellulose membranes, sialylglycocojugates were detected using biotinylated MAA lectin and HRP-streptavidin. D. In another experiment the indicated cells were cultivated in medium containing 10 % FBS and lysed as described above. The cell lysates, and the sialylglycoprotein apo transferrin (apo Tf), were incubated in the presence or absence of sialidase for 1h at 37°C. The samples were then analyzed by SDS-PAGE as described above.

Altered GSL profiles in patient cells -GSLs extracted from Lec2 cells have previously been shown to be hyposialylated [32, 33]. Wild type CHO-K1 cells have unusual GSLs because GM2 synthase (B4GALNT1; [35]) and GD3 synthase (ST8SIA1; [36]) required for complex GSL biosynthesis are deficient (Figure 7A). Furthermore, Gb3 synthase (A4GALT) is also deficient, leading to an absence of the globo series GSLs, Gb3 and Gb4 [37]. Therefore CHO-K1 cells reveal a simple GSLs profile comprising mainly GM3 and smaller amounts of lactosylceramide (Figure 7A and7B). As has been reported previously [32, 33], Lec2 cells synthesize GM3 inefficiently, and lactosylceramide accumulates (Figure 7A and7B). By contrast, control human skin biopsy fibroblasts produce a complex mixture of GSLs comprising mainly Gb3, Gb4, GM3, and lesser amounts of structures that migrate in the regions of GM2 and GM1 (Figure 7C). Components with migration positions similar to GD1a and GD1b were also noted in the control cells. The profile of GSLs extracted from control cells did not vary strikingly as a function of the amount of FBS in the cell culture medium (Figures 7C andD). GSLs extracted from patient cells, however, revealed a different profile, with reductions in GM2, and the components migrating in the GD1a and GD1b regions. In addition, a relatively less intense band was observed in position suspected to be the migration position of GD3 (no GD3 standard was loaded on the plate). Indeed, taking into account the amount of material loaded onto each lane (see legend to Figure 7C) it can be seen that GM3 and the neutral GSLs (GB3 and GB4) occur at higher levels in the patient cells. Finally, as shown in Figure 8A, cell supplementation with 5 mM Sia caused a significant increase of GM3 in patient cells compared to control cells. Nevertheless, in a second supplementation experiment in which the cells were supplemented 3 times with 10 mM Sia, it was noticed that a component migrating as GD1b was selectively increased in the patient cells. Under these conditions, GD1a was not detected in either the control or patient cells irrespective of Sia treatment, and GD1b was the major ganglioside detected in control cells in the absence of Sia supplementation. Culture of control and patient fibroblasts with exogenous sialic acid -Cells were cultivated in the presence of 5 mM Sia for once before harvesting and preparation of GSLs as described in the legend to Figure 7. A. HPTLC analysis of GSLs found in the upper phase of the organic solvent extraction procedure. In a second experiment, cells were grown in 5 mM Sia for 3 days. GSLs were submitted to HPTLC as described above. After staining with the orcinol/H 2 SO 4 reagent, the chromatogram was scanned and the pixels recorded for bands that migrated in the positions of GM3 and GD1b are expressed per µg protein. B and C. HPTLC analysis of GSLs found in the upper phase of organic solvent extraction from cells were grown in 10 mM Sia for 11 days. The arrow points at the newly produced GSL species after Sia supplementation.

DISCUSSION

Here we report clinical findings in siblings who have a biallelic mutation in the SLC35A1 gene that encoded the CMP-Sia transporter in the GA. The mutation is predicted to be damaging because it leads to the appearance of a proline residue in a TMD that is highly conserved in CMP-Sia transporter. Definitive proof that the mutation affects CMP-Sia transport activity is underway and we are testing the capacity of SLC35A1 (Ser147Pro) variant to restore GSL sialylation in Lec2 cells.

Whether or not the SLC35A1 (Ser147Pro) variant has diminished capacity to transport CMP-Sia into the GA, the two patients described here present with a rather similar clinical picture to that presented by the SLC35A1-CDG patient described by Mohamed et al. (see Table 1) [15]. Interestingly, these three patients have biallelic mutations that cause substitutions of amino acids that are conserved in both the CMP-Sia and UDP-Gal transporter families. The Gln101His substitution found in the case described by Mohamed et al. occurs in TMD3 that is thought to be important for CMP-Sia binding to the transporter [15]. On the other hand the Ser147Pro substitution occurs in TMD5, which has been proposed to be involved in forming a transmembrane channel [29]. These considerations are important when thinking about possible SLC35A1-CDG treatment strategies. If the transporter variant is a K uptake mutant, then it is conceivable that raising cytoplasmic CMP-Sia levels could boost CMP-Sia transport into the GA. On the other hand, assuming that cytoplasmic CMP-Sia is saturating under physiological conditions, raising cytoplasmic CMP-Sia would not be expected to promote increased CMP-Sia into the GA when the mutations affect, for example, the stability or subcellular location of the transporter.

The different clinical presentation of the SLC35A1-CDG patient reported by Mohamed et al. [15] to that of the patient presented by Willig et al. [13, 14] is also likely due to the different mutations fund in these patients. The latter patient did not present with CNS signs, and this more restricted phenotype might be linked to the fact that one of the defective alleles in this patient contains an intronic CACT insertion that is proposed to effect splicing of exon 6. However, this CACT insertion may occur in up to 30 % of the population, and has been shown to be biallelic in several normal blood donors [13, 38]. It is therefore likely that the splicing defect caused by this insertion is leaky and that people with the biallelic insertion generate sufficient transporter to assure health [13]. Therefore the patient described by Willig et al. probably has more residual CMP-Sia transporter activity than the two patients reported here and the patient reported by Mohamed et al. [15].

It has been suggested that the neurological findings in SLC35A1-CDG are perhaps due to perturbed O-mannosylation of αdystroglycan [39], which is a glycoprotein required for skeletal muscle and brain function [40, 41]. Mutations in genes of the O-mannosylation pathway underlie muscular dystrophydystroglycanopathy (MDDG) syndromes, which present with muscle, eye and brain symptoms including cognitive disabilities and seizures [40, 41]. As the O-mannose glycan of αdystroglycan does not contain Sia, it is thought that the CMP-Sia transporter may be required to transport some as yet undescribed activated sugar, which is required for O-mannosylation, into the GA [39]. To summarise, it is possible that residual CMP-Sia transporter activity is insufficient to allow appropriate platelet glycoconjugate sialylation in all the SLC35A1-CDG cases so far described, but is sufficient to allow correct Omannosylation in the patient described by Wittig et al. [13, 14].

While trying to detect a biochemical phenotype in skin biopsy fibroblasts from the patients described here we were able to detect a 65% decrease in Sia content of total glycoconjugates after cells had been cultured in low serum-containing media. Why this difference is lost when cells are cultured in medium containing the more usual 10 % FBS is not clear. There are two possibilities: first, Sia could be scavenged from glycoconjugates in the FBS after endocytosis and lysosomal degradation as indicated in Figure 1. This Sia could be converted into CMP-Sia and boost cellular glycoconjugate sialylation.

Second, sialylated glycoconjugates in the serum could associate with cells in a non-specific adsorption or bulk uptake process, and the presence of these undegraded components could falsify assay of endogenously synthesised Sia-containing glycoconjugates. We next sought to determine which glycoconjugates are hyposialylated. MAA and SNA lectin blots did not reveal hypoglycosylation in either Lec2 or patient cells. However, as glycoprotein hyposialylation has been demonstrated in Lec2 cells using metabolic radiolabelling techniques [32, 33]; we are now performing similar studies on the patient cells. Although we demonstrated reduced amounts of the sialylated ganglioside GM3 accompanied by accumulation of its non-sialylated precursor lactosylceramide (LacCer) in Lec2 cells, we have shown that the GM3 level was elevated in the patient-derived fibroblasts with no observed change in the level of LacCer. Nevertheless, an unusual GSL pattern was seen in extracts from patient cells. Gb3, Gb4 and GM3 occur at higher levels in patient cells, whereas GM2, GD1a and GD1b are markedly reduced. This pattern would be anticipated if GM2/GD2 synthase (B4GALNT1) is deficient. As shown in Figure 7A, GM2/GD2 synthase is also involved in the generation of GD1b from GD3 via GD2 (b-series gangliosides). A small band that is suspected to be representative for GD3, which is known to migrate to a position slightly higher than GD1a, was observed in the gangliosides profile of the patient but not of the control. In one of the Sia supplementation studies increased GD1b was detected in patient cells and this would imply that the patient cells do possess normal B4GALNT1 activity. It is not clear how this data should be interpreted as another confirmatory GSL structural information is required, and only one patient and one control were analysed, nevertheless it is noteworthy that clinical signs of GM2/GD2 synthase (B4GALNT1)-deficiency include spastic tetraplegia, cognitive disabilities and dysmorphias [42]. We are presently using mass spectrometry to examine GSL profiles in several control samples as well as samples from both patients.

CONCLUSIONS

We describe a patient presenting with multisystem disease and hyposialylated plasma N-, and O-glycoproteins associated with a biallelic, probably damaging, mutation in the gene encodes for CMP-Sia transporter. The patients described here add to the previously described SLC35A1-CDG case where a thrombocytopenia/bleeding disorder is associated with CNS defects [15]. If the perturbed GSL pattern seen in patient fibroblasts can be extrapolated to neural tissue, then this could contribute to the CNS deficits seen in these patients. 
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Discussion

Historical background

In 2001, Wilig T. et al. described the first case of dysmegakaryocytopoietic syndrome that was suggested to result from defective protein glycosylation 197 . The patient was 4 months old and presented with severe bleeding in the posterior chamber of the right eye accompanied with skin hemorrhage. Blood analysis showed significant thrombocytopenia and neutropenia. For the next 30 months, the patient had many bleeding episodes including six severe pulmonary hemorrhage episodes causing acute respiratory distress and hypoxia.

He also had recurrent infections resulting in pneumonia, post-vaccinal abscess, and external otitis media. Biochemical analysis revealed markedly reduced sialyl Lewis x levels on neutrophils as well as platelet membrane-bound glycoprotein GIb, which also manifested an increased molecular weight that was suggested to be due to changed glycosylation. Sialyltransferases and fucosyltransferase activities were normal. The patient received a bone marrow transplant at 34 months of age, and passed away at 37 months of age. In spite of all these findings, the underlying molecular cause of this case remained obscure 197 .

Later, Martinez-Duncker et al. found that serum Tf and other glycoproteins were normally sialylated suggesting that the clinical signs that were manifested by the patient were not due to a general hyposialylation of glycoconjugates, but were due to defective sialyl Leiws x sialylation 198 .

Deficient sialyl Lewis x , along with deficiency in other fucosylated structures such as ABH antigens, was observed in LAD II (Leukocyte adhesion deficiency type II, OMIM: 266265) caused by defective GDP-Fuc transporter. Taking into account that the patient had normal sialyltransferase and fucosyltransferase activities, Martinez-Duncker et al. suggested that the deficient sialyl Lewis x could have resulted from defective transport of CMP-Sia into the GA by CST 198 . The DNA sequence analysis revealed the presence of two mutations in the SLC35A1 gene, and neither of the mutant alleles could complement the CST-deficient CHO (Lec2) cells. However, it was explained why serum glycoproteins were normally sialylated while sialyl Lewis x and platelet membrane-bound glycoprotein GIb were defective. Many hypotheses were proposed such as sample contamination from repeated platelet transfusions, or that one of the mutations is a leaky mutation that allows the expression of some functioning CST 198 .

In 2013 E. MORAVA et al. reported another case of mutated SLC35A1, however, the clinical picture involved multisystem deterioration 199 . A 22-year-old female had a history of developmental delay and generalized seizures during childhood and developed into behavioral violent actions at puberty. She had microcephaly, dysmorphic features, hypotonia of lower extremities, hyporeflexia, mild ataxia, clinodactyly of 4 th and 5 th fingers of both hands, and systolic cardiac murmur. Blood analysis showed macrothrombocytopenia.

The case had a severe prognosis, and after surgery she had post-operative bleeding that developed into hemolytic anemia, fever, renal and respiratory failure, and death at 22 years of age. Serum glycoprotein analysis revealed increased tri-and di-sialo structures of serum Tf as well as increased mono-and asialo-Apo C-III isoforms. Genetic studies showed a homozygous mutation in CST encoding gene (SLC35A1). The mutation was predicted to be damaging, and when expressed in yeast, the activity of the CST variant was assessed and found to be about 50 % of the wild type protein 199 .

Newly reported SLC35A1-CDG cases

In this study, we describe two siblings for which WES revealed the presence of a homozygous mutation in SLC35A1 gene.

o CMP-Sia levels in patient fibroblasts

Hypothetically, a defective CST would result in accumulation of CMP-Sia in the cytosolic side of the GA. Using SPE/HPLC, we did not detect any accumulation of CMP-Sia in the patient fibroblasts, however, there was a slight increase in CMP-Sia level in Lec2 cells compared to the wild type cells (Manuscript, Figure 6A). The same method has been previously used for patients with an inherited disorder of defective sialic acid biosynthesis called sialuria (OMIM: 269921), and showed accumulated CMP-Sia in their fibroblasts 133 .

Assessment of the sialylation status of the patient sialoglycans o Glycoproteins

Glycoprotein glycosylation profiles of these patients remains enigmatic for two reasons. On one hand, IEF of serum Tf and Apo C-III revealed increased levels of hyposialylated isoforms and these results were confirmed by MS analysis of Apo C-III as well as total serum glycoproteins. On the other hand, when SNA or MAA lectinoblots were performed on extracts of patient fibroblasts we found sialylation profiles similar to those of the control. The difference in the sialylation status of, on one hand, plasma glycoproteins and fibroblast glycoproteins on the other hand, could result from the presence of bacterial sialidase in the plasma that can de-sialylate the circulating glycoproteins. This could be true for our patients who manifested chronic inflammation that can change their immune response to infection.

A technical factor cannot be ruled out; lectin blots may not be the method of choice to detect total membrane protein hyposialylation. What made the results more complicated was that the same results were obtained for CST-deficient Lec2 cells. That is to say, lectin blotting did not show any reduced sialylation in Lec2 cell protein extract. It has been reported that the detection of hyposialylation of total proteins by lectin-based cell surface staining of Lec2 cells is not a highly sensitive approach, and assessing the sialylation status of one single protein called erythropoietin (EPO) is a better way to detect the hyposialylation 194 . Conversely, in another study, a reduced α2-3 sialylation was detected in HAP1 cells using lectin blotting 200 .

o Glycosphingolipids (GSLs)

o Gangliosides (sialylated GSLs)

In an attempt to detect the impact of the variant CST on sialoglycans other than glycoproteins, we analyzed the GSL profiles in control and patient skin fibroblasts.

Examination of the ganglioside-containing aqueous phase of lipid extracts from the patient-derived fibroblasts revealed a remarkable accumulation of the simple ganglioside GM3 accompanied with an absence of all the subsequent complex gangliosides i.e. GM1, GM2, GD1a, GD1b, and GT1b. A faint band that appears to migrate slightly faster than GD1a, appears in the extracts of the patient cells (Manuscript, Figure 7C), and this could correspond to GD3. At present, it is not clear whether this compound occurs in the control cell extracts.

As described in Chapter 1 (Introduction, P49), GSLs are major constituents of plasma membranes where they play several biological roles some of which have been described and many are still to be elucidated 105 . Adult human brain tissues express the four complex gangliosides: GM1, GD1a, GD1b, and GT1b, in levels significantly higher than any other tissue, they constitute about 97% of total brain gangliosides 111 . Given that these complex gangliosides play a pivotal role in the neural tissue function and development 110 , the defective biosynthesis of complex gangliosides could be the underlying molecular cause of the neurologic manifestations observed in our patients.

Ganglioside deficiency has been extensively studied in animal models by knocking down enzymes involved in GSLs biosynthesis 111 . For example, when the BGALNT1 gene that encodes GM2/GD2 synthase was knocked-out in mice, the simple gangliosides, GM3 and GD3, were highly expressed in null mice brain without being converted to the complex gangliosides (Figure 23). The null mice had normal nervous system structure and normal behavior at birth. At 10 weeks of age, the null mice showed decreased nerve conduction 201 . Upon ageing, mutant mice showed severe neuropathy in the form of defective motor activity accompanied with hyperactivity and whole-body tremors. BGALNT1 -/-null mice showed defective spinal cord myelination 202 .

Myelin is the multilayered outer insulating sheath of axons in the nervous system. It also controls the action potential arrival at nodes of Ranvier for accelerated nerve conduction 203 . The role of complex gangliosides in axon myelination depends upon sialoglycan-siglec interactions where GD1a and GT1b expressed on the axon surface specifically bind to myelin-associated glycoprotein (MAG), which is also known as siglec4 204 . Interestingly, it was shown that when the biosynthesis of complex gangliosides was blocked by down-regulating the GALT1 gene that encodes GalT1 that is required for GM2 and GD2 synthesis (Figure 23), the expression level of MAG was reduced by 77 % 205 .

To summarise, all the above-mentioned facts could potentially help explain the CNS signs seen in our patients. For instance, the hypotonia could result from compromised nerve conductance caused by reduced interaction between GD1a / GT1b and MAG.

o Neutral GSLs Given that LacCer is the substrate that is shared by ST3GAL5, A4GALT, and B3GNT5 enzymes to initiate the biosynthesis of gangliosides, globo-series and lacto-series, respectively (Figure 23), it would be axiomatic to assume that disturbance in one of the LacCer-consuming biosynthetic pathways, would be reflected on the two other pathways.

In our study, the decreased levels of the charged GSLs (gangliosides) were accompanied with a corresponding increase in neutral GSLs, Gb3 and Gb4. These results are in accordance with a previous study where it was shown that patients with defective ST3GAL5 (GM3 synthase) had almost no gangliosides but had significantly increased Gb3 and Gb4 species 130 .

Is this is a case of defective sialylation? -Sialic acid content of total sialoglycans

As shown in manuscript (Manuscript, Figure 6D), the Sia liberated from pellets prepared from patient fibroblasts that were grown in 2 % FBS (Fetal Bovine Serum) was about one third of that liberated from the control fibroblasts that were cultured under the same conditions. The point of growing the cells in low FBS-containing medium is to reduce the exposure of the cells to exogenous Sia salvaged from the glycoconjugates in the serum 206,207 , assuming that the patient's sialidases and Sia lysosomal transporter (sialin) are normally functioning. This idea was supported by the fact that the level of Sia liberated from the patient fibroblasts, which were grown in 10 % FBS, was almost the same as that of the control cells grown under the same conditions.

Taking into account that the lectin blots (Manuscript, Figure 6E-F) did not reveal glycoprotein hyposialylation; we hypothesized that the decreased total sialoglycanliberated free Sia released from the total cellular glycoconjugates must be due to reduced sialylation of GSL. However, because GM3 is also increased in the patient cells, it is not clear how much Sia is missing from "GSL" compartment.

o GSL profile of patient fibroblasts cultured in 2% and 10% FBS-containing media

As shown in the manuscript (Manuscript, Figure 7C-D), when the patient fibroblasts were cultured in medium containing 10% FBS, it was observed that GD1a, GD1b, and GT1b, were produced, but still at low levels in compared to the control fibroblasts. This finding supported the possibility that the mutation in CST might affect its Km for CMP-Sia. Therefore Sia could be salvaged from glycoproteins in the serum, activated into CMP-Sia, transported into the GA by CST, and incorporated into gangliosides. The mutated CST was able to transport enough CMP-Sia for GM3 synthase (ST3GAL5) to make at least normal levels of GM3. By contrast, the luminal concentration of CMP-Sia may be too low for efficient sialylation by the GD1a/GT1b synthesizing sialyltransferases (ST3GAL2 and ST3GAL3).

However, there are two caveats with this hypothesis: first, the GD1a and GT1b precursors, GM2 and GM1 that have one Sia residue (already present in GM3) were also absent in the patient fibroblasts. Second, a band, which is thought to correspond to GD3 is present in the patient fibroblasts, and GD3 has two Sia residues and is produced by sialylation of GM3 (Figure 23).

To investigate the possible effect of Sia on ganglioside profiles, the patient-derived fibroblasts were supplemented with Sia.

o Sialic acid supplementation of patient fibroblasts

It has been established that human skin fibroblasts 206 and lymphoblasts 208 , can take up Sia from the surrounding medium. The scavenged Sia is activated to CMP-Sia, and incorporated into specific protein markers 208 . In another study where young rats were fed Sia, post-mortem analysis of brain sialoglycans showed that 80 % of exogenous sialic acid, which entered into their circulation was incorporated into brain gangliosides whereas only 20 % was incorporated into glycoproteins 209 .

Based on these observations, the patient fibroblasts were supplemented with free Sia in low serum-containing medium to find out if the exogenous Sia would have an effect on GSL profiles. Unfortunately, time did not allow two important parameters to be measured, first, we did not confirm conversion of the exogenous free Sia into CMP-Sia, and second, we did not measure the amount of acid-labile Sia in liberated from the total sialoglycans from fibroblasts-derived pellets.

Unfortunately, due to low cell numbers, we had faint gangliosides profile in the patient as well as the control fibroblasts, yet, the production of GD1b in the Sia-supplemented patient fibroblasts was clear. These results suggest that Sia can be transported across the Golgi membrane, and then be incorporated into certain gangliosides species.

Taking into account that GD3 may occur in the patient-derived fibroblasts but not in the control cells, and GD1b is produced in the Sia-supplemented patient fibroblasts, we can conclude that the biosynthesis of b-series gangliosides has been enhanced in the Siasupplemented patient fibroblasts. Now, a new question arises, how can the patient-derived fibroblasts be incapable of synthesizing the a-series gangliosides while they are able to synthesize the b-series gangliosides, given that GM2/GD2 synthase (B4GALNT1) is the initiating enzyme of both series? Moreover, how can the patient fibroblasts cultured in medium containing 10% FBS synthesize some of a-series gangliosides?

Conclusion

o The bialleleic SLC35A1 (Ser147Pro) variant is associated with hyposialylation of serum glycoproteins.

o Multisialylated complex ganglioside biosynthesis is compromised in cells derived from this patient although CMP-Sia can be transported into the GA lumen for GM3 biosynthesis.

o Sialic acid can be salvaged from serum glycoconjugates and incorporated into sialoglycans.

o Patient-derived fibroblasts grown in high serum-containing medium synthesized some multisialylated complex a-series gangliosides.

o Mutated CST was able to transport CMP-Sia produced from exogenous free Sia supplementation.

o Sialic acid supplementation increased the biosynthesis of b-series gangliosides.

o CST mutation is reported here for the first time to be associated with defective GSLs biosynthesis.

Prospectives

o The sialylation status of individual glycoproteins in cell extracts will be examined. Antibodies to CD15 (sialylated Lewis X ) could be used to probe the cell surface of patient-derived fibroblasts. o The impact of Ser147pro mutation in SLC35A1 on the CST will be assessed by: o Complementation studies of the Lec2 cells and looking for normalization of the GSL profile o Measurement of the CST transport activity in intact Golgi vesicles derived from yeast/Lec2 cells/patient fibroblasts that have been transduced with plasmids containing SLC35A1 transcripts. o GSLs extracted from control and patient-derived fibroblasts, cultured in either the absence or presence of Sia, will be characterized by MS.

From the previous studies and findings some conclusions can be drawn:

o An extended biochemical investigation beyond the routine diagnostic procedures for CDG subtypes is a prerequisite to uncover biochemical phenotypes that might be the underlying cause of the clinical manifestations, in other words, attempting to identify the clinical-glycosylation phenotype relationship.

o The aim of these expanded biochemical studies is to obtain a global image about the glycosylation state in a CDG subtype. It is necessary to assess the glycosylation profile of several glycomarkers in different biological samples. This type of extended analysis is important for glycoconjugates that show tissue-specific expression, and that in turn would explain the diversity of CDG clinical phenotypes (either mono-or multisytemic).

o Based on the findings of these investigations, supplementation-experiments with specific biochemical molecules could be conducted, and according to the results treatment strategies could be suggested.

o Another outcome of the extended biochemical studies of CDG could be the possible implication of the approaches used in these studies in the CDG-prenatal diagnosis to confirm the presence of a glycosylation defect when the molecular analysis is not enough to confirm the presence of biochemical consequences of the found mutation (carrier or affected case?).

Chapter 6 Appendix

Here, we present a new approach for CDG classification. CDG have been assigned, from a biochemical perspective, to the major steps involved in the different glycosylation processes. The glycosylation events according to which CDGs have been classified here involve the biosynthesis, inter-organelle transport, or transfer of a monosaccharide or a glycan onto an acceptor. Based on its role in these glycosylation events, defective element could be the underlying cause of diseases with different clinical pictures. Galactose, for example, is involved in N-and O-glycoprotein as well as GSL biosynthesis. Accordingly, disturbed galactosylation, which can result from compromised translocation of UDP-Gal from the cytoplasm to the GA or from a non-functioning galactosyltransferase (see the tables for more details), can cause different CDG subtypes.

CDGs can be classified into five major classes:

A) Dolichol biosynthesis defects B) Sugar donor (activated sugars) defects C) Sugar donor transport defects D) Glycan biosynthesis and conjugation defects E) Defective Golgi-resident proteins F) Miscellaneous

In the following tables, the majority of CDG subtypes are presented with respect to 6 aspects:

1) The defective glycosylation step and its reference number in OMIM (phenotype description and molecular basis) 2) The role of the defective protein in the glycosylation process.

3) The types of glycoconjugate involved 4) Reported causative mutations 5) Glycosylation status markers (glycomarkers) evaluated in the reported cases 

I-N-acetylhexosaminylation Defects a) Protein N-acetylhexosaminylation Defects

b) GPI-anchors Mannosylation Defects
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 1 Figure 1: M6P biosynthetic pathway in the cis-GA.
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 2 Figure 2: M6P-labelled lysosomal hydrolase targeting from the Golgi apparatus to the lysosome.
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 3 Figure 3: Glycan-recognition in an LPS-induced inflammatory response.
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 4 Figure 4: The "key-lock" theory of glycan-GBP interaction.
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 5 Figure 5: Bimolecular nucleophilic substitution (SN 2 ) reaction of a monosaccharide addition to an acceptor via glycosidic linkage formation
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 66778299 Figure 6: The biosynthetic and interconversion pathways of UDP-Glc and UDP-Gal in the cytoplasm Figure (6) enzyme key: DPGS, dolichol phosphoglucose synthase; HK, hexokinase; GALK, galactokinase
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 10 Figure 10: The transport mechanism of a nucleotide sugar across an organelle membrane by its specific NST.
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 11 Figure 11: N-glycan structures showing their glycosidic linkages.
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 1212 Figure 12: A simplified scheme showing protein N-glycosylation in the ER lumen and modifications in the GA
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 13 Figure 13: N-acetylgalactosamine-O-Ser/Thr glycan (O-GalNAc) biosynthesis in the GA Figure (13) enzyme key: ppGalNAcT-1, polypeptide N-acetylgalactosamine; C1GalT-1 or T synthase, Core 1 β1-3 galactosyltransferase; C2GnT-1/C2GnT-3, Core 2 β1-6 nacetylglucosaminyltransferase; C3GnT-1, Core 3 β1-3 N-acetylglucosaminyltransferase; C2GnT-2, Core 2/4 β1-6 N-acetylglucosaminyltransferase; ST3GalI/ST3GalIV, Core 1 α2-3 sialyltransferase; ST6GalNAc I/II/III or IV, α2-6 sialyltransferase.
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 14 Figure 14: The intracellular localization of O-mannosylated α-DG demonstrating its role in connecting the ECM to components of cytoskeleton.
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 15 Figure 15: O-Man glycan biosynthesis in the ER and GA

Figure 16 :

 16 Figure 16: Protein-O-fucosylation of EGF-and TS-repeats Figure (16) enzyme key: POFUT1 /2, protein-O-fucosyltransferase; B3GlCTL, β1-3glucosyltransferase; B3GlcNAT, β1-3 N-acetylglucosaminyltransferase; B4GalT, β1-4 galactosyltransferase; ST3/6; α2-3/2-6 sialyltransferase
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 17 Figure 17: Glycosaminoglycans (GAGs) biosynthesis in the ER and GA.
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 17 Figure (17) enzyme key: XTn1/2, UDP-Xyl: O-serine D-xylosyltransferase; B4GalT7, β 1-4 galactosyltransferase; B3GalT6, β 1-3 galactosyltransferase; GlcAT, β 1-3 glucuronyltransferases, GalNAcT1, β1-4 N-acetylgalactosaminyltransferase; GlcNAcT1, α1-3 N acetylglucosaminyltransferase; NDST, N-deacetylase sulfotransferase; HS2/3/6STn, heparan sulfate 2/3/6-O-sulfotransferase; CS 6/4/2STn, chondroitin sulfate 6/4/2-O-sulfotransferase; DS epimerase, dermatan sulfate epimerase; Gal6STn, Gal-6-O-sulfotransferase; GlcNAc6STn, GlcNAc-6-O-sulfotransferase; PAPS, 3' -phosphoadenyl-5'-phosphosulfate.
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 18 Figure 18: GPI anchor structure

Figure 19 :

 19 Figure 19: GPI-anchor biosynthesis and attachment to protein in the ER Figure (19) enzyme key: PIG-, phosphatidyl inositol glycan anchor biosynthesis class-, ManTn1/2/3, mannosyltransferase 1/2/3; EtNPTn, ethanolamine phosphate transferase; PAGP, Post GPI-Attachment to Proteins.
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 20 Figure 20: The Egyptian Sphinx and sphingolipid structure Image taken from 106
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 21 Figure 21: Glucosylceramide (GlcCer) structure.
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 22 Figure 22: Ceramide structure

Figure 25

 25 Figure 25 represents a simple diagram of the diagnostic protocol of a CDG-X patient at Hôpital Bichat-Claude Bernard.
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 25 Figure 25: Flow chart of CDG diagnostics at Hôpital Bichat and and the Faculté de mécine Xavier Bichat

a

  Age at time of diagnosis, b Consanguinity, c In some cases galactosemia and/or fructosemia were ruled out of the diagnosis, nd: not determined, d serum transferrin (Tf) was analyzed by SDS-PAGE/WB and in all cases a CDG-I profile revealing glycoforms missing one or two N-glycans was noted, e phosphomannomutase 2 (PMM2) activity, f mannose phosphate isomerase (MPI) activity.
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 26 Figure 26: TLC of oligosaccharides released from DLO that was derived from metabolically [2-3 H]mannose-radiolabeled cells from the cohort of CDG-Ix patients.
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 28 Figure 28: Structure of dolichol (α-saturated) and polyprenol. The number of isoprene units is indicated in square brackets.
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 29 Figure 29: De novo dolichol biosynthesis and phosphorylation Figure (29) ezyme key: MVAK, mevalonic acid kinase; PMVAK, phosphomevalonic acid kinase; IPP, isoprene phosphate; GPPS, geranyl pyrophosphate synthase; FPPS, farnesyl pyrophosphate synthase; SRD5A3, steroid 5α reductase type 3.
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 30 Figure 30: The metabolic fates of dolichol and dolichol phosphate. Esterification to dolichol fatty esters, phosphorylation to dolichol phosphate that enters many glycosylation processes. The number of dolichol phosphate molecules required for the different glycosylation reactions are shown. Figure (30) enzyme key: SRD5A3, steroid 5α reductase type 3; DOLK, CTP-dependent dolichol kinase; DPGS, dolichol phosphoglucose synthase; DPMS, dolichol phosphomannose synthase; DOLPP1; dolichol pyrophosphate phosphatase 1.
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 32 Figure 32: A model for the bacterial cis-prenyltransferase UPPS
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 3334 Figure 33: TLC of dolichols extracted from DHDDS-CDG and control Lipids were extracted according to Wen et al., 2013 183 ,and after saponification, dolichols were extracted into n-hexane and analyzed using RP-TLC (98:2 acetone:H 2 O). These results are representative for two separate experiments.
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 35 Figure 35: The production of farnesol (C15) in the presence of reduced DHDDS activity
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 36 Figure 36: WB of expression level of Nogo B receptor in fibroblasts (Abcam antibody used: ab168351)
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 37 Figure 37: DLO (left) and NLO (right) profiles of ZA-treated fibroblasts
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 38 Figure 38: Different sialoglycan classes, showing their structure and arrangement on the cells surface
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 3939 Figure 39: CMP-Sialic acid biosynthesis and utilization in sialoglycan biosynthesis Figure (39) enzyme key: CMAS, CMP-Sia synthase; CTP, cytidine triphosphate; SLC35A1, solute carrier 35 member A1 or CMP-Sia transporter; NEU1, neuraminidase 1; SLC35A5, solute carrier 35 member A5 or lysosomal sialic acid transporter; NEU2, neuraminidase 2.

Figure 40 :

 40 Figure 40: N-acetylneuraminic acid (sialic acid) structure

Figure1:

  Figure1: The biosynthesis of CMP-Sia and sialylglycoconugates in mammalian cells -Sialic acids are metabolised by complex pathways. Here, metabolic pathways for Neu5Ac, to commonest Sia in humans, are illustrated. The biosynthesis of Neu5Ac is initiated by the conversion of UDP-GlcNAc into ManNAc and UDP by the UDP-GlcNAc 2-epimerase domain of the GNE protein (GNE gene product). ManNAc is then converted to ManNAc-6P by the ManNAc kinase domain of the same GNE protein. ManNAc-6P and phosphoenolpyruvate are condensed to yield Neu5Ac-9P by Neu5Ac-9phosphate synthase (NANS gene product). Neu5Ac-9P is dephosphorylated by Neu5Ac-9-phosphate phosphatase (NANP gene product) and the resulting Neu5Ac is activated in the nucleus by CMP-Sia synthase (CAMS gene product). Cellular CMP-Sia concentrations are maintained in part by a feedback loop where elevated CMP-Sia inhibits the UDP-GlcNAc 2-epimerase (but not the ManNAc kinase) activity of GNE. The importance of this feedback loop is underligned by the fact that there is no known degradation pathway for CMP-Neu5Ac. The control of glycoconjugate sialylation is determined in large part by cytoplasmic CMP-Neu5Ac concentrations and it has been shown that artificially increasing cytoplasmic CMP-Sia leads to hypersialylation of NCAM. Increasing CMP-Sia has been achieved by incubating cells with ManNAc or Sia. Sialyl glycoconjugates are desialylated in the lysosome by lysosomal neuraminidase (NEU1) and the resulting Sia is transported out of the lysosome into the cytoplasm by sialin (SLC17A5). Cytoplasmic sialylglycoconjugates are desialylated by cytoplasmic neuraminidase (NEU2). Cytoplasmic Sia can be reutilized by a scavenging pathway (not shown). The red dots associated with certain gene names indicate that mutations in these genes have been shown to underlie rare inherited diseases.

Figure 2 :

 2 Figure 2: 2-D electrophoresis of plasma N-glycoproteins -A. 2-D electrophoresis of serum proteins derived from a control subject (Ctrl) and the patients (Pt1 and Pt2) was performed as described in Materials and Methods. In the first dimension, proteins were focused in a linear (4 -7) pH gradient as indicated above the gel scans. After running in the second dimension proteins were transferred onto nitrocellulose membranes that were probed with an antibody mix containing antibodies against transferrin (Tf), albumin (Alb), α1-antitrypsin (Aat) and haptoglobin (Hpt). The boxes indicate the migration positions of hyposialylated glycoforms.

Figure 3 :

 3 Figure 3: Characterization of whole serum N-glycans by mass spectrometry -Mass spectra of Nglycans released from total serum glycoproteins from a control subject (Ctrl) and the two patients (Pt1 and Pt2). au: arbitrary units, m/z: mass-to-charge ratio.

Figure 4 :

 4 Figure 4: Analysis of plasma apolipoprotein C-III glycoforms -A. 2-D electrophoresis of serum proteins derived from a control subject (Ctrl) and the patients (Pt1 and Pt2) was performed as described in the legend to Figure 2. After transfer of proteins to nitrocellulose membranes, apolipoprotein C-III (Apo C-III) glycoforms were probed by immunodetection. The migration positions of Apo C-III glycoforms possessing 0, 1 and 2 Sia residues are indicated. B. MALDI-TOF spectra of affinity purified Apo C-III glycoforms. Peaks associated with unglycosylated (Apo C-III 0a ), non-sialylated, (Apo C-III 0c ), mono-sialylated (apo C-III 1 ) and di-sialylated (Apo C-III 2 ) Apo C-III are shown. The peak indicated with an asterisk corresponds to contaminating Apo C-III.

Figure 6 :

 6 Figure 6: CMP-Sia levels and glycoconjugates sialylation in CHO-K1 and Lec2 cells and skin biopsy fibroblasts from the patients -A -C. CHO-K1 and Lec2 cells along with skin biopsy fibroblasts derived from the two patients (Pt1 and Pt2) and two normal subjects (Ctrl1 and Ctrl2) were cultivated in medium containing 10 % FBS. Cells were harvested, washed with PBS and then scraped from the flasks in ice-cold 75% ethanol. After centrifugation, the supernatants were dried under vacuum and nucleotide sugars were recovered from this material by SPE as described in Methods. Nucleotide sugars were resolved by reversed phase HPLC and detected by monitoring the UV absorbance of the column effluent at 254 nm. The quantity of material injected was not normalized for cell number. Cells from patient 2 grow slowly and fewer cells were harvested. The elution times of standard CMP-Sia (CMP-NeuAc), UDP-Glc (U-Glc), UDP-Gal (U-Gal), UDP-GlcNAc (U-GlcNAc) and UDP-GalNAc (U-GalNAc) are indicated. D. Control (Ctrl) and patient 1 (Pt1) fibroblasts were grown in media containing 2 % and 10 % FBS. Cells were harvested, washed with PBS and pelleted by centrifugation. Protein and total glycoconjugate-linked Sia was measured as described in Methods. The results are expressed as the mean and standard error of the mean of three experiments. E. Cells, grown as described above, were washed, lysed and submitted to SDS-PAGE as described in Methods. After transfer of proteins to nitrocellulose membranes, sialylglycocojugates were detected using biotinylated MAA lectin and HRP-streptavidin. D. In another experiment the indicated cells were cultivated in medium containing 10 % FBS and lysed as described above. The cell lysates, and the sialylglycoprotein apo transferrin (apo Tf), were incubated in the presence or absence of sialidase for 1h at 37°C. The samples were then analyzed by SDS-PAGE as described above.

Figure 7 :

 7 Figure 7: Analysis of GSLs in CHO-K1 and Lec2 cells and control and patient fibroblasts -A. A simplified scheme showing the biosynthetic relationships that exist between the GSLs mentioned in the text (LacCer, lactosylceramide). The genes encoding the enzymes are indicated. GM2/GD2 synthase is encoded by B4GALNT1 whereas GM3 synthase is encoded by STL3GAL5, and mutations in these genes cause rare inherited diseases (red dots). The red crosses indicate enzyme reactions that are defective in CHO-K1 cells. B. CHO-K1 and Lec2 cells were harvested and GSLs were extracted according to the procedure of Svennerholm as described in Methods. After the phasing step, lower phase, mainly neutral components were resolved by HPTLC in solvent system A (upper panel) whereas upper phase components were resolved by HPTLC in solvent system B (lower panel). Both HPTLC plates were stained with the H 2 SO 4 /orcinol reagent. The migration positions of standard GSLs are shown to the left of the chromatograms. The arrowhead indicates the position of the solvent front. C. Control and patient fibroblasts were grown as described in the legend to Figure 6D. After harvesting and washing with PBS, GSLs were extracted from the cell pellets and resolved by HPTLC as described above (upper panel, lower phase, mainly neutral, components; lower panel upper phase, mainly charged, components). Different protein equivalents were spotted in each lane: Ctrl (2% FBS), 185.1 µg; Pt (2% FBS), 49.3 µg; Ctrl (10% FBS), 343.9 µg; Pt (10% FBS), 227.8 µg. D. The plates shown in C were scanned and quantified and the amount of each component has been expressed as a fraction of the total recovered.

Figure 8 :

 8 Figure 8: Culture of control and patient fibroblasts with exogenous sialic acid -Cells were cultivated in the presence of 5 mM Sia for once before harvesting and preparation of GSLs as described in the legend to Figure 7. A. HPTLC analysis of GSLs found in the upper phase of the organic solvent extraction procedure. In a second experiment, cells were grown in 5 mM Sia for 3 days. GSLs were submitted to HPTLC as described above. After staining with the orcinol/H 2 SO 4 reagent, the chromatogram was scanned and the pixels recorded for bands that migrated in the positions of GM3 and GD1b are expressed per µg protein. B and C. HPTLC analysis of GSLs found in the upper phase of organic solvent extraction from cells were grown in 10 mM Sia for 11 days. The arrow points at the newly produced GSL species after Sia supplementation.
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Table 1 : Human NST selectivity and subcellular localization

 1 

	Nucleotide sugars are not the only sugar donors in the glycosylation process. Dolichol
	phosphate acts as a sugar carrier in many glycosylation processes. Dolichol phosphate carries
	mannose and glucose during protein N-glycosylation. During protein O-glycosylation and
	GPI-anchored protein biosynthesis, dolichol carries only mannose. Dol-P-mannose (DPM)
	and Dol-P-glucose (DPG) are synthesized by two ER-bound enzymes, DPM synthase
	(DPMS) and DPG synthase (DPGS), respectively.

(PAPS) 3'-Phosphoadenosine-5'-Phosphosulfate, (>) means more abundant

  Two different disorders result from mutated GNE. Hereditary inclusion body myopathy type II (HIBM II) (or Nonka myopathy) is a neuromuscular disorder with late onset of myopathy limited to legs. Muscle biopsies from patients show vacuoles and cytoplasmic inclusions 131 . Neural Cell Adhesion Molecule 1 (NCAM 1) is hyposialylated in HIBM II patient muscles 132 . The second disorder is Sialuria (or French type Sialuria, OMIM: 269921). It results from defective allosteric regulation of GNE2-epimerase, which in turn leads to excessive uncontrolled production of Sia that is excreted in urine. Patients have mild mental retardation, coarse facies, and hepatomegaly. Serum O-glycoprotein, apoC III, is hypersialylated while serum N-glycans are normally sialylated 133 (App, P170).As a part of the enigmatic clinical picture of CDG, there are a few CDGs associated with absent or mild manifestations. Bombay phenotype (OMIM: 616754) is an interesting example of CDG where severe clinical manifestations are absent. Y. M. Bhende reported the first case in 1952 in Bombay. In this phenotype the serum interacted with all blood types 134 .

Table 2 :

 2 CDG-Ix diagnostics performed at Hôpital Bichat

  In 1989, Clarke et al., cloned the cDNA of rat liver FPPS as the first characterized trans (E)-prenyltransferase177 . Thereafter, the full 3D structure of the enzyme was elucidated. FPPS has been shown to possess two aspartic-rich motifs (DDX 2-4 D and DDXXD) that are indispensible for its catalytic function and substrate-binding activity176 .Much less information about cis-prenyltransferase structure-activity relationships has been published176 . Almost a decade after the cloning of FPPS, a Japanese group (Shimitzu et al., 1998) identified for the first time a bacterial UPPS in Micrococcus luteus 178 . Using database alignment programs it has been shown that UPPS sequences contain several regions that are highly conserved among many cis-prenyltransferases such as DHDDS and its yeast ortholog RER2 178 .

  2010, Pericak-Vance MA. et al., studied an Ashkenazi Jewish (AJ) family in which three of four siblings presented with retinitis pigmentosa (RP). WES revealed a single nucleotide mutation c.124A>G in exon 3 of DHDDS (MIM: 608172) causing the highly conserved lysine residue at position 42 to be substituted with glutamic acid 180 .At the same time, another group had been studying the different underlying genetic deficits in autosomal recessive retinitis pigmentosa (ar RP) in an AJ population. Out of eight families, three patients were homozygous for a certain region in chromosome 1p.36.11. that contained the DHDDS gene. Accordingly, a cohort of 121 AJ patients with RP was screened for the mutation c.124A>G in the DHDDS gene and 12 patients (almost 10 %) had the homozygous c.124A>G (K42E) DHDDS varient 181 .

The impact of the Lys42Glu mutation on DHDDS activity was examined by Pericak-Vance MA. et al., in 2011. Using the MODELER software they created a model of an FPP/Mg 2+ complex with human DHDDS. According to this model, FPP binds inside the hydrophobic cleft using ion-pairing interactions between the pyrophosphate group of the FPP molecule and the basic amino acid Arg 38. This interaction is facilitated by the basic-basic amino acid repulsive forces between Arg38 and Lys42, where Arg38 is sterically oriented towards the FPP molecule. Substitution of Lys42 with Glu is predicted to cause a complete loss of the activity because Glu42 will compete with the pyrophosphate group for ion-pairing with Arg38 181 .

Table 3 :

 3 Human Sia-binding lectins

	Selectins	Siglecs

GPI anchors N-acetylhexosaminylation Defects Defective step Role in glycosylation Glycoconjugates involved

  

	II-Mannosylation Defects
	Defective step ALG13-CDG X-linked disorder (OMIM: 300884) N-acetylglucosami nyl-transferase II MGAT 2 -CDG (OMIM: 212066) N-acetylgalctosami nyl transferase GALNT3 -CDG (OMIM: 211900) Defective step Addition of the 2 nd Role in glycosylation GlcNAc residue to GlcNAc-PP-Dol Golgi modification N-glycans Glycoconjugates involved N-glycans One of the polypeptide GalNAc-transferases essential for O-glycosylation of fibroblasts growth factor 23 (FGF23) that regulates Ca +2 and P levels. O-glycans Role in glycosylation Glycoconjugates involved Lunatic Fringe O-fucose specific 1,3-N-acetylglucosamin yl transferase. SCDO3-CDG (OMIM: 609813) Fringe is located in the Golgi apparatus. Addition of N-acetylglucosami ne to O-fucosylated Ser and Thr residues of epidermal growth factor (EGF-like domains) no. 12 which is a part of the binding site of Notch receptor. This O-focusylation process takes place in the ER and catalyzed by protein-O-fucosyl transferase (POFUT 1). O-glycans ALG 14-CDG (OMIM: 616227) A membrane protein that forms a cpx ALG13 and ALG7 for the in N-glycosylation N-glycans Defective step Role in glycosylation Glycoconjugate Mutations Mutations ASN107S ER, LYS94GL U, THR141L EU SER290PH E, HIS262AR G, ASN318A SP, CYS339T ER, LYS237A SN IVS7DS, G-A, +5, IVS1AS, A-T, -2, IVS7, G-A, +1, ARG162T ER. Mutations Glycomarkers Glycomarkers -Serum Tf of type I (in one case) -Normal serum Tf in one case -Not reported for the rest ↑ monoantennary glycan and its fucosylated equivalent , ↓ biantennary N-glycans, absent triantennary N-glycans, ↑ bisecting glycans, ↑ -TP di-, mono-& unglycosylated forms (CSF). NM PHE188L EU NM PRO65LE U, ARG104T ER Normal serum Tf Glycomarkers a) Glycoproteins Mannosylation Defects s involved O-mannosyl--1,2-N-acetylgluco saminyl-transferase 1 (POMGNT 1-CDG) Catalyses the 2 nd step in synthesis of O-Man glycan core in the GA. It has two functions: 1) addition of 1-2 GlcNAc to the non-reducing end of O-linked mannose residue, 2) building the classical and branched structure 1-6 / 1-2 found only in neuronal tissues (tissue-specificity. -DG MDDGA3: 1-BP DEL, ARG442CY S, ARG311GL N, ARG63TER, 1-BP DEL, 1970G, PRO493AR G, 1-BP DEL, 1813C, SER550ASN , IVS17DS, G-A, +1, IVS17DS, G-T, +1 MDDGB3: ARG605PR O, 652+1G-A, CYS490TYR MDDGC3: ASP556ASN , 9-BP DUP, -83 Hypoglycosylated α-DG Muscular Dystrophy-Clinical picture Refractory epilepsy, Hepatomegaly, recurrent infections, increased bleeding tendency, microcephaly, horizontal nystagmus, and bilateral optic nerve atrophy, extrapyramidal and pyramidal signs. Craniofacial dysmorphy, skeletal abnormalities, psychomotor involvement, GIT disorders. Familial hyperphosphatemic tumoral calcinosis: painful calcified subcutaneous masses with secondary infection. Clinical picture Spondoylocostal dysostosis type 3 in notch-pathway severe vertebral phenotype with malsegmentatiopn due to disruption of somitogenesis. Somites are precursors of the axial skeleton and associated musculature (a glycosyltransferase that regulates a signal transduction pathway) CMS 15 (Congenital myasthnic syndrome 15) without tubular aggeregates (d.t.↓ AchR. Cell surface expression), normal motor milestones, generalized proximal and truncal weakness, mild Clinical picture Defective step Role in glycosylation Glycoconjugates Mutations Glycomarkers Clinical picture Mutations Glycomarkers Clinical picture involved dystroglycanopathy (with brain and eye anomalies) type A3 (MDDGA3) (OMIM: 253280): 2 subtypes: POMGNT1-related Muscle-Eye-Brain disease (POMGNT1/MEB): hypotonia, early-onset glaucoma, psychomotor retardation, abnormal facies, seizures. POMGNT1-related Walker-Warburg syndrome (POMGNT1/WWS): Brain malformations result in severe neurological manifestations with ocular involvement. There is a lack in phenotype-genotype correlation. Muscular Dystrophy-dystroglycanopathy (with brain and eye anomalies) type B3 (MDDGB3) (OMIM: 613151): Mental retardation, myopia, optic atrophy. Ch.ch. by cerebellar cysts. Muscular Dystrophy-dystroglycanopathy (with brain and eye anomalies) type C3 (MDDGC3) Limb Girdle type 20 (LGM20) B4GALNT1-CDG GM2/GD2 synthase-CDG β1-4 N-acetylgalactosa minyl transferase-1 (OMIM: 609195) Transfers β1-4 GalNAc to GM3 and GD3 to produce GM2 and GD2 respectively. GSLs 1-BP DEL, 395C, ARG228T ER, 1-BP DUP, 263G, GLN120T ER, ASP433A LA ↑ GM3 ↓ GM2 Spastic paraplegia-26 (SPG26): onset in the first 2 decades of life of gait abnormalities due to lower PIGA-CDG One subunit of GlcNAc Tn GPI-anchors 1-BP DEL, T, IVSDS, TYR98TER, 1-Changed glycosylation pattern of -Paroxysmal nocturnal hemoglobinuria type I (OMIM: Defective step Role in glycosylati on Glycoconjugates Mutations Glycomarkers Clinical picture involved 300818): haemolytic anemia. limb spasticity and muscle weakness. Some patients have upper limb involvement. Intellectual disability, peripheral neuropathy, dysarthria, cerebellar signs, extrapyramidal signs, and cortical atrophy. Mild intellectual UDP-GlcNAc:PI α1-6 N-acetylglucosa minyltransfera se (GlcNAcTn) complex catalyzes the first step in GPI anchors biosynthesis BP INS, 460A, 1-BP DEL, 1114C, GLN55TER, 2-BP INS, 334GT, 1-BP CD59 on leukocytes The absence of GPI-anchored ALG 1-CDG Addition of N-glycans SER258LEU, GlcNAc 2 -PP-Nephrotic syndrome proteins renders RBCs sensitive mannose GLU342PRO, Dol Epilepsy, Severe to complement-mediated lysis GDP-Man: Dol-PP-no. 1 to SER150ARG, psychomotor retadrdation, leading to --↑ Hb in urine. ↑ GlcNAc2 ( 1-DLO MET377VAL, Blindness, Liver leukemia incidence and 4Mannosyltransferase) GLY145ASP, dysfunction thrombotic episodes (OMIM: 608540) ARG276TRP Cardiomyopathy. DEL, 516C, 2-impairment, scoliosis, urinary symptoms, dyskinesia, dystonia, cataracts, and cerebellar signs. Hyporeflexia became apparent later in the disease course. Defective step Role in glycosylation Glycoconjugates involved Mutations Glycomarkers Clinical picture EXT1/EXT2 -CDG EXT1/EXT2 cpx in GA has glucuronyl-GAGs 1-BP DEL, 2120T, 1-BP DEL, 1364C, Proteoglycans with ↓ HS Multiple hereditary exostoses: Osteochondromas: multiple cartilaginous exostoses at the BP DEL, Normally CMS 14 (OMIM: 1408CT, IVS5DS, G-A, +1, 2-BP INS/32-BP DUP, ARG412TER ARG412TER, 1-BP DUP, 76T, ARG77LEU, ILE206PHE, ARG119TRP, Decreased expression of CD16 on granulocytes glycosylated 616228): Slowly Multiple congenital anomalies-ALG 2-CDG Addition of N-glycans NT214, Tf progressive deterioration, hypotonia-seizures syndrome type II (OMIM: 300868) :Pierre-Robin sequence, a prominent occiput, enlarged fontanel, depressed nasal bridge, short, mannoses VAL68GLY Wheelchair dependency, -GDP-Man:Dol-PP-no. 2 & 3 to Proximal joints GlcNAc2Man1 DLO contractures, Distal joint 1,3mannosyltransfera laxity, Psychomotor se retardation, anteverted nose, malar flattening, upslanted palpebral fissures, overfolded helix, small mouth with downturned corners, and short neck.Severe infantile spasms, including myoclonic and generalized seizures. Cortical and cerebellar atrophy, neuronal Hypomyelination, -GDP-Man:Dol-PP-Seizures, Colobomas of GlcNAc2Man2 1,6 mannosyltransferase iris, Hepatomegaly, N-glycans Subsarcolemmal 1-BP DEL, accumulated structurally 1040G, 393G-normal mitochondria (one T, DEL/INS case). Hypoglycosyla (OMIM: 613157): proximal limb (OMIM: transferase and N-4-BP INS, end of long bones they present at 3-BP DEL, loss, systolic murmur, atrial ted Tf Multisystem disorder muscle weakness, positive Gowers sign (a patient that has to use their hands and arms to "walk" up their own body from a squatting position due to 133700) acetyl-D-hexosaminiyltrans ferase activities → polymerization NT1035, ARG340LEU, 4-BP DEL, GLN172TER, birth then their growth slows during adolescence and stops at adulthood. Complications result from compression of peripheral 328CTT, PRO93LEU septal defect. (OMIM: 607906): Early -↑ Man1-and childhood (2 Ms): poor Man2GlcNAc vision, bilateral cataract, 2-PP-Dol nystagmus. At 4 Ms: lack of hip and thigh muscle strength). of HS IVSDS, G-A, nerves and BVs. It is a infantile spasms and Hyperphosphatemia d.t. ↑ contractures, stable +1, monosystemic CDG. hyperrhythmia. At 5 Ms: phosphate renal retention. course on treatment. RP76: ILE28 7SER, ARG63TER, GLU156LYS, IVS21DS, G-1-BP DEL, LEU120ARG synthesis PRO539ARG, GLY502ALA, transferase for CS -3, dysmorphism and hearing loss. A, +1, ASP227ASN, severe hypomyleination, Retinitis pigmentosa -76 (RP76) TYR222TER, delayed motor and mental (OMIM: 617123): Constricted visual GLN258TER, development and cardiac fields, severely reduced rod responses. 605282) and 1-4GalNAc IVS1AS, C-G, growth retardation, facial Night blindness. (OMIM: 3GlcA transferase LN69TER, brachydactyly with MR and macular involvement in both eyes. (CHSY1) domains: 1-DEL, 14G, malformation called preaxial scattered throughout the retina, with synthase 1 two catalytic NT55, BP proteoglycans brachydactyly syndrome: digits vessels. Salt and pepper pigmentation Chonroitin GA-located. It has CS 30-BP DEL, ↓ CS on Temtamy-preaxial pigmentation and attenuated retinal -2 Funduscopy revealed bone spicule IVS4AS, A-C, murmur.
	96C.

b) GSL N-acetylhexosaminylation Defects c) GAGs N-acetylhexosaminylation Defects d)

resident proteins (continued): Defective step Role in glycosylation Glycoconjugates involved

  Les désordres congénitaux de la glycosylation (CDGs) sont des maladies génétiques rares dues à des mutations sur des gènes codant pour des protéines impliquées dans la biosynthèse des glycoconjugués. Les CDGs présentent un large spectre clinique pouvant aller jusqu'à une atteinte multiviscérale. Le plus souvent, ces maladies sont dépistées après mise en évidence de protéines hypoglycosylées dans le sérum. Dans quelques rares cas, des traitements étiologiques sont envisageables mais la plupart des CDGs sont uniquement traités symptomatiquement. Le diagnostic moléculaire des CDGs est très important dans le cadre du diagnostic prénatal et du développement de stratégies thérapeutiques.Objectif : Tenter de déterminer les éventuelles mutations causales dans une cohorte de cas suspects de CDG. Deux cas ont fait l'objet d'explorations biochimiques approfondies afin de comprendre les conséquences des mutations et d'envisager des stratégies thérapeutiques. Sujets/méthodes : Des explorations biochimiques ont été réalisées sur des fibroblastes cutanés d'une cohorte de patients présentant des signes cliniques et des anomalies de glycosylation des protéines sériques suggérant un CDG.Le patient présentait une maladie multisystémique sévère compatible avec un CDG. L'étude de ses fibroblastes a montré la présence de formes tronquées d'oligosaccharides liés au dolichol et de N-glycanes polymannosylés. Des mutations affectant le gène codant pour la dehydrodolichol diphosphate synthase (DHDDS) ont été trouvées. Une activité diminuée de DHDDS était accompagnée de la diminution du dolichol phosphate. Le traitement des fibroblastes par l'acide zaragosique, un inhibiteur de la squalène synthase, a normalisé le profil de glycosylation des N-glycanes polymannosylés des cellules du patient. A côté d'un cas précédemment décrit comme ne présentant qu'une atteinte rétinienne (retinitis pigmentosa), ce patient est le premier cas de DHDDS-CDG présentant une atteinte multiviscérale.Ce patient présentait une thrombopénie associée à des atteintes neurologiques. Le séquençage d'exome a révélé une mutation bi-allèlique dans le gène codant pour le transporteur golgien du CMP-Ac sialique (SLC35A1). Une hypoglycosylation des protéines sériques a été détectée mais l'étude de la sialylation des glycoprotéines des fibroblastes n'a pas révélé d'anomalies. Des profils anormaux des glycosphingolipides ont été mis en évidence dans les cellules du patient et leur supplémentation par de l'acide sialique a augmenté la biosynthèse des gangliosides des séries b.

	Defective step Defective step a) GAGs Galactosylation Defects Role in glycosylation Glycoconjugates involved Role in glycosylation Glycoconjugates involved Defective step Role in glycosylation Glycoconjugates involved Defective GA-Mutations Mutations Mutations Mutations Defective step Role in glycosylation Glycoconjugates involved Mutations RESUME	Glycomarkers Glycomarkers Glycomarkers Glycomarkers Glycomarkers	Clinical picture Clinical picture Clinical picture Clinical picture Clinical picture
	Defective step PIGM (OMIM: 610293) PIGV (OMIM: 610274) Glucosyltransfera se I ALG6-CDG Dol-P-Glc:Dol-PP-GlcNAc 2 Man 9 1-3glucosyltransfer ase (OMIM: 603147) Glucosyltransfera se II ALG8-CDG Dol-P-Glc:Dol-PP-GlcNAc 2 Man 9 Gl c1 1-3glucosyltransfer ase (OMIM: 608104) 1,3-glucosyl transferase B3GALTL-CDG (β1-3 galactosyltransfer ase-like gene ) (OMIM : 261540) 1-3GlcUA transferase B3GAT3-CDG GLCAT1-CDG (OMIM: 608545) Chonroitin synthase 1 (CHSY1) (OMIM: 605282) LARGE Like-glycosyltransferase Defective site Xyl 1-4Gal transferase B4GALT 7-CDG (OMIM: 130070) Addition of 1 st Role in glycosylation ER-mannosyl transferase that adds 1 st mannose residue in the growing GPI-anchor ER-mannosyl transferase that adds 2 nd mannose residue in the growing GPI-anchor Addition of glucose no. 1 to DLO N-glycans Glycoconjugates involved GPI-anchors GPI-anchors ALA333VAL, Mutations -270C-G ALA341GLU, HIS385PRO, GLN256LYS, ALA341VAL, CYS156TYR, NT494C-A SER478PRO, IVS3DS, G-A, +5, 3-BP DEL, 895ATA, 3-BP DEL, 897AAT, IVS7DS, T-G, +2, TYR131HIS ↑ M 9 GlcNAc 2 -PP-Glycomarkers Decreased expression of GPI-linked proteins, including CD59 and CD24, on hematopoietic cells. Leukocytes have defective expression of GPI-anchored proteins Dol ↑ monoglycosylated -TP with absent aglycosylated form (CSF) Addition of glucose no. 2 to DLO N-glycans 1-BP DEL, 413C, 1-BP INS, 396A, IVS1AS, A-G,2, THR47PRO, IVS6DS, A-G, +4, GLY275ASP Glc 1 M 9 GlcNAc 2 -PP-dol It is an ER-located enzyme. Addition of glucose to O-linked fucose on thrombospod in I (TSPI) involved in cell-cell and cell-matrix interactions. The O-fucosylation is catalyzed by protein-O-fucose transferase 2 O-glycans IVS6, G-A, +1, 1-BP INS, 230T, GLY393GLU. NM Addition of 1 unit of glucuronic acid (GlcUA) to Ser-Xyl-Gal GAGs ARG277GLN ↓ HS, DS, CS on proteoglycans. Decorin without DS Splanchnic vein Clinical picture thrombosis, and epilepsy Mabry syndrome: hyperphosphatesia bec ALP is a GPI-anchored protein. MR, facial dysmprohism, variable neurological features. Less severe manifestations like psychomotor retardation, antithrombia, and dysmorphy. (The second most common CDG-subtype) Multiorgan failure Peter's Plus syndrome: eye chamber defects in form of developmental delay and growth impairment caused by kerato-lenticular adhesion caused by developmental defect of the lens anterior eye chamber. Larsen syndrome: short stature, congenital heart disease and joint dislocation. Has two catalytic domains: 1-3GlcA transferase and 1-4GalNAc transferase for CS synthesis in the GA GAGs 30-BP DEL, NT55, 1-BP DEL, 14G, GLN69TER, IVS1AS, C-G, -3, PRO539ARG, 1-BP DEL, 96C ↓ CS chaine on proteoglycans Temtamy-preaxial brachydactyly syndrome: digits malformation called preaxial brachydactyly with MR and growth retardation, facial dysmorphism and hearing loss. -A Golgi-resident enzyme -Has two catalytic domains mediate the addition of a disaccharid e repeat (-3GlcUA-3Xyl-) -It has DXD motif (GT-A family member) -The exact position of this disaccharid e repeats is not known -DG GLU509LYS, 1-BP INS, 1999T, 63-KB DEL, TRP495ARG, GLN87FS, SER331PHE, 667FS, 42.9-KB INS/4.1-KB DEL. Absent α-DG Reduced expression of α-DG -dystroglycanopathies: Muscular dystrophy dystroglycanopathy (congenital mental retardation) type A6 (MDDGA6) (OMIM: 613154): is both of the more severe form of Walker Warburg Syndrome (WWS) and the slightly less severe form of membrane-eye-brain disease (MEB) Muscular dystrophy dystroglycanopathy (congenital mental retardation) type B6 (MDDGB6) (OMIM: 608840): mental retardation and structural brain abnormalities. Overexpression of Role in glycosylation Glycoconjugates involved Mutations Glycomarkers Clinical picture Gal residue to xylose in the GA. GAGs ALA186ASP, LEU206PRO, ARG270CYS -↑ small DS -↓ mature GAG-bearing proteoglycans Ehlers-Danlos syndrome with short stature and limb anomalies (EDSSLA) (progeroid type 1): ch.ch. by MR, connective tissue abnormalities like loose skin, osteopenia, and joint hyper mobility. b) Glycoproteins Galactosylation Defects Defective step Role in glycosylation Glycoconjugates involved Mutations Glycomarkers Clinical picture 1-4 Gal transferase 1 B4GALT 1-CDG GTB Galactosyl transferase 1; GT1 or Glycoprotein 4--galactosyl transferase 2; GGTB2 (OMIM: 607091) Elongation of N-glycans by the addition of galactose moieties to terminal GlcNAc in the GA. N-glycans 1-BP INS, 1031C ↑ truncated bi-and triantennary with missing 1 or 2 Sia-Gal moiety of serum Tf Two cases were identified: 1-Dandy-Walker malformation, no psychomotor retardation 2-HM no Dandy-Walker malformation Core 1 1-3 Gal transferase C1GALT1 (OMIM: 300622) Is a single enzyme in the GA catalyzes the extension O-GalNAc It requires COSMC chaperone for its folding O-glycans ASP131GLU, GLU152LYS, SER193PRO, MET1ILE NM Tn-syndrome: mild haematological disorder. GM3 synthase (SIAT9, ST3GAL5, Lactosylceramide 2-3 sialyltransferase) The 1 st step in synthesis of gangliosides from lactosylceramid e. Addition of 2-3 Sia to lactosylceramid e to produce GM3. Gangliosides ARG288TER (R232X) ↓↓↓↓lactosylce ramide. Absent GM3 and complex gangliosides. ↑↑↑ Gb3 and Gb4. ↑ N-glycans with terminal galactose residue Amish-infantile epilepsy: infantile-onset epilepsy with developmental retardation and blindness. GM3 synthase (SIAT9, ST3GAL5, Lactosylceramide 2-3 sialyltransferase) (OMIM: 609056) The 1 st step in synthesis of gangliosides from lactosylceramid e. Addition of 2-3 Sia to lactosylceramid e to produce GM3. Gangliosides GLU332LYS (E332K) Normal lactosylcerami de levels. Absent GM3 and complex gangliosides. Normal Gb3 and Gb4 levels. Ceramide with longer fatty acids. ↑↑ complex sialylated N-and O-glycans. Salt and pepper syndrome: severe intellectual disability, hyper-and hypo-pigmented skin maculae at various locations, dysmorphic features, choreoathetosis, scoliosis, seizures, spasticity. ST3Gal III Galactose 2-3 sialyltransferase Transfers 2-3 Sia to galactose residues. ND ALA320PRO ND West syndrome: infantile spasms with severe prognosis ATP6V0A2 defect (OMIM: 219200) Vacuolar ATPase is a heteromultimeric enzyme allows the acidification of the membrane enclosed organelles. A2 subunit of the vesicular ATPase H + -pump involved in pH regulation in the GA along the secretory pathway N-and O-glycans GLN765TE R, ARG63TER, 10132G-A 7-BP DEL, NT2355, 1-BP INS, 100A. -Tropo-elastin aggregates are found in the Golgi ↑ monosialylated and asialylated glycans Cutis laxa type 2 STT3A-It is one of the catalytic N-glycans VAL626ALA Serum Tf Developmental delay, Defective step Role in Glycoconjugates Mutations Glycomarkers Clinical picture (wrinkled skin CDG subunits of hypoglycosylation failure to thrive, seizures, glycosylation involved syndrome): wrinkly (OMIM: Oligosaccharyltransferase and hypotonia, inability to PIGN A subunit of GPI anchors ARG709G NM Multiple congenital anomalies-skin at birth becomes 601134) (OST) complex. OST sit, weak visual tracking. (OMIM: ethanolamine LN, hypotonia-seizures syndrome 1 less obvious with age. transfers 614080) phosphotransferas SER270PR (MCSH1): severe neurological Joint laxity, Osteopenia, Ophthalmological e I that catalyzes O, 963G-A. manifestations, seizures, Glc 3 M 9 GlcNAc2-PP-Dol to the Asn residue in the the addition of 1 st dysmorphic features, multiorgan abnormalities, nascent proteins. ethanolamine failure. Normal ALP Microcephaly and phosphate group delayed motor Flippase Translocates Dol-PP-N-glycans ARG67CYS, -↑ Feeding difficulties and development that protein M 5 GlcNAc 2 from the LYS152GLU Man 5 GlcNAc failure to thrive in infancy. PIGT A subunit from GPI anchors IVS10AS, NM Multiple congenital anomalies-improves with age. SLC39A8-CDG (OMIM: 616721) a transporter of several divalent cations, including manganese (Mn) and zinc (Zn), across the plasma membrane. These divalent cations are essential for GA located β1-4 galactosyltransferas e. N-, O-glycans GSLs GLY38ARG , ILE340ASN, VAL33MET andSER335T HR, GLY204CY S Abnormal Tf glycosylation patterns, with ↓tetrasialo-Tf and ↑trisialo-, monosialo-and disialo-Tf in a type II pattern Severe multisystem developmental disorder. cytosolic to the luminal , 2 -PP-Dol and Dysmorphic features (OMIM: transaminase cpx A-G, -2 hypotonia-seizures syndrome 3 RFT1-side of ER GLU298LYS ↓ mature N-including microcephaly, 615398) catalyzes the (MCSH3): the symptoms are the CDG , glycan micrognathia, short neck, transfer of the same as PIGN-CDG. Reduced Psychomotor retardation with delayed head control, severe ILE296LYS, adducted thumbs, valgus nascent GPI to ALP with normal calcium level. (OMIM: ILE296ARG, foot deformities, and protein 612015) MET408VAL inverted nipples. Severe PIGL Carries out the 2 nd GPI anchors LEU167PR NM Ocular coloboma, heart defect, hypotonia, inability to , mental retardation with (OMIM: step in the O, 1-BP ichthyosis, mental retardation, walk, variable ability to ARG442GLN limited development, 280000) pathway; de-N-DEL, and ear anomalies (CHIME sit independently, and hypotonia, seizures, acetylation of N-274C, syndrome) profound intellectual disability. Other myoclonic jerks, decreased visual acuity, and acetylglucosamin ylphosphatidylino GLN218TE Résultats et conclusions: R, IVS3AS, features included strabismus, short stature, and recurrent infections. SEC23P-CDG (OMIM: 224100) SEC23P is one of the subunits of coating protein II (COP II). COP II a type of vesicle proteins that N-and O-glycans GSLs GLU109LY S, ARG14TRP, ARG530TR P, Hypoglycosylatio n of red blood cells surface glycoproteins. Abnormal N-Congenital dyserythropoietic anemia type II (CDAN2) or Hereditary erythroblastic sensorineural deafness. SSR4-CDG X-linked (OMIM: 300934) It is the delta subunit of a heterotetramer complex called TRAP, which consists of SSR1-4 subunits. It is located in the ER translocon which is the entry of nascent N-glycans 1-BP DEL, 316T -Hypoglycosyl ated serum Tf sitol G-A, -1 PIGO A subunit from GPI anchors LEU957PH NM Patient 1 Hyperphosphatasia with MR At birth: (OMIM: ethanolamine E, 1-BP syndrome Microcephaly, dysmorphic 614749) phosphotransferas DUP, features (excess skin e II that catalyzes 2361C, around the neck and the addition of 2 nd IVS8DS, micrognathia i.e. ethanolamine G-A, +5 abnormally small lower phosphate group jaw), fat pads, clinodactyly to Lenox Gastaut syndrome transports proteins ARG264TE glycosylation. multinuclearity with a proteins to the ER lumen. of the 4 th and 5 th toes with difficult to control from ER to Golgi R, It is associated positive acidified serum TRAP protein forms a bilaterally. Two episodes seizures. apparatus ARG324TE with low (HEMPAS) test with complex with OST of respiratory distress. Persons with Tn-syndrome are healthy and have only mild hemolytic anemia caused by polyagglutination of RBCs by (anterograde transport) R, ARG217TE R, VAL594GL mannosidase II expression and ↑ high mannose and hybrid glycans in (oligosaccharide increased susceptibility transferase multisubunit At 7 months of age: to lysis by anti-I complex). The direct role MR, hypotonia, antibody. gastroesophageal reflux, of TRAP complex in N-the naturally occurring anti-Tn antibodies, with ↓ platelets and leukocytes count. Y, VAL164LE U bruising. glycoconjugates. evidenced. bleeding and easily RBCs glycosylation has not been and seizures. Persistent Patient 2
	609180) MPDU1 MPDU1-CDG (OMIM:	(POFUT 2) which is located in the ER. enzyme also resides in the ER. B3GALTL ↑ accessibility of Dol-P-Man and Dol-P-Glu to glycosyltransferases	N-glycan	511C, DEL, R, 1-BP MET1TH GLY73G LU, RO, LEU119P	cancerous cells 2-prevents metastasis of LARGE: RBCs carry GalNAc or Tn-Hypoglycosyl Scaly erythmatous skin 1-rescues the glycosylation in WWS and MEB cells antigen on their surface. The ated serum Tf disorder, severe disease is caused by mutation in COSMC gene. encephalopathy.
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Biosynthesis of GSLs

The first step of GSL biosynthesis takes place in the ER where the ceramide is synthesized. Ceramide is transported to the GA by a specific ER-situated Ceramide Transport protein (CERT). With the exception of GalCer, which is synthesized within the ER lumen, all GlcCer -based GSLs are synthesized in the GA (Figure 23). First, the core of all GlcCer GSLs, LacCer, is synthesized by sequential addition of glucose and galactose residues. LacCer is the branching point in GSLs biosynthesis. Many glycosyltransferases compete for LacCer whose further extension results in the synthesis of both the acidic (gangliosides) and neutral GSLs (Figure 23). 

2] Work in progress, results presented in the form of a manuscript

A biochemical study of fibroblasts from patients with mutations in the CMP-Sialic acid transporter gene (SLC35A1) reveals a new disorder of gangliosides biosynthesis

Sabry, S. 1,2,3,4, Bruneel, A. 5 , Maurey, H. 6,7 , Vuillaumier-Barrot, S. 1,2,5, Dupré, T. 1,2,5, Melki, J. 6,7 , Seta, N. 5,8 , Moore, S.E.H. Aims: To determine the molecular origins of disease in a cohort of cases of suspected CDG. Two cases were chosen for more extended biochemical explorations in order to investigate the consequences of the mutations and possible treatment strategies.

Subjects/Methods: Biochemical explorations of skin biopsy fibroblasts from a cohort of patients presenting with clinical pictures suggestive of CDG and serum protein hypoglycosylation.

Results and conclusions: Study 1 concerns a patient presenting with severe multisystemic disease suggesting CDG syndrome. Patient-derived cells revealed truncated dolichol-linked oligosaccharides and truncated polymannose-type N-glycans. Sanger sequencing uncovered mutations in the dehydrodolichol diphosphate synthase (DHDDS) gene. Low DHDDS activity accompanied low dolichol phosphate levels. Treatment of fibroblasts with the squalene synthase inhibitor, zaragozic acid, normalized the profile of polymannose-type Nglycans in patient-derived cells. As previous cases of DHDDS-CDG present with retinitis pigmentosa only, we describe the first case of a CDG syndrome associated with mutations in DHDDS. In study 2, two siblings presented with thrombocytopenia associated with CNS signs. Whole exome sequencing revealed a biallelic mutation in the gene that encodes the CMP-Sialic acid transporter (SLC35A1). In this case, hyposialylated serum glycoproteins were detected, however, hyposialylated glycoproteins could not be detected in patient-derived fibroblasts. Altered glycosphingolipid profiles were seen in patient-derived cells and supplementation of these cells with sialic acid enhanced the biosynthesis of b-series gangliosides.